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Preface

Some thirty years ago it was still possible, as Loeve so ably demonstrated,
to write a single book in probability theory containing practically everything
worth knowing in the subject. The subsequent development has been ex-
plosive, and today a corresponding comprehensive coverage would require a
whole library. Researchers and graduate students alike seem compelled to a
rather extreme degree of specialization. As a result, the subject is threatened
by disintegration into dozens or hundreds of subfields.

At the same time the interaction between the areas is livelier than ever,
and there is a steadily growing core of key results and techniques that every
probabilist needs to know, if only to read the literature in his or her own
field. Thus, it seems essential that we all have at least a general overview of
the whole area, and we should do what we can to keep the subject together.
The present volume is an earnest attempt in that direction.

My original aim was to write a book about “everything.” Various space
and time constraints forced me to accept more modest and realistic goals
for the project. Thus, “foundations” had to be understood in the narrower
sense of the early 1970s, and there was no room for some of the more recent
developments. 1 especially regret the omission of topics such as large de-
viations, Gibbs and Palm measures, interacting particle systems, stochastic
differential geometry, Malliavin calculus, SPDEs, measure-valued diffusions,
and branching and superprocesses. Clearly plenty of fundamental and in-
triguing material remains for a possible second volume.

Even with my more limited, revised ambitions, I had to be extremely
selective in the choice of material. More importantly, it was necessary to look
for the most economical approach to every result I did decide to include. In
the latter respect, I was surprised to see how much could actually be done
to simplify and streamline proofs, often handed down through generations of
textbook writers. My general preference has been for results conveying some
new idea or relationship, whereas many propositions of a more technical
nature have been omitted. In the same vein, I have avoided technical or
computational proofs that give little insight into the proven results. This
conforms with my conviction that the logical structure is what matters most
in mathematics, even when applications is the ultimate goal.

Though the book is primarily intended as a general reference, it should
also be useful for graduate and seminar courses on different levels, ranging
from elementary to advanced. Thus, a first-year graduate course in measure-
theoretic probability could be based on the first ten or so chapters, while
the rest of the book will readily provide material for more advanced courses
on various topics. Though the treatment is formally self-contained, as far
as measure theory and probability are concerned, the text is intended for
a rather sophisticated reader with at least some rudimentary knowledge of
subjects like topology, functional analysis, and complex variables.



vi Preface

My exposition is based on experiences from the numerous graduate and
seminar courses I have been privileged to teach in Sweden and in the United
States, ever since I was a graduate student myself. Over the years I have
developed a personal approach to almost every topic, and even experts might
find something of interest. Thus, many proofs may be new, and every chapter
contains results that are not available in the standard textbook literature. It
is my sincere hope that the book will convey some of the excitement I still
feel for the subject, which is without a doubt (even apart from its utter use-
fulness) one of the richest and most beautiful areas of modern mathematics.

Notes and Acknowledgments: My first thanks are due to my numerous
Swedish teachers, and especially to Peter Jagers, whose 1971 seminar opened
my eyes to modern probability. The idea of this book was raised a few years
later when the analysts at Gothenburg asked me to give a short lecture course
on “probability for mathematicians.” Although I objected to the title, the
lectures were promptly delivered, and I became convinced of the project’s fea-
sibility. For many years afterward I had a faithful and enthusiastic audience
in numerous courses on stochastic calculus, SDEs, and Markov processes. |
am grateful for that learning opportunity and for the feedback and encour-
agement I received from colleagues and graduate students.

Inevitably I have benefited immensely from the heritage of countless au-
thors, many of whom are not even listed in the bibliography. I have further
been fortunate to know many prominent probabilists of our time, who have
often inspired me through their scholarship and personal example. Two peo-
ple, Klaus Matthes and Gopi Kallianpur, stand out as particularly important
influences in connection with my numerous visits to Berlin and Chapel Hill,
respectively.

The great Kai Lai Chung, my mentor and friend from recent years, offered
penetrating comments on all aspects of the work: linguistic, historical, and
mathematical. My colleague Ming Liao, always a stimulating partner for
discussions, was kind enough to check my material on potential theory. Early
versions of the manuscript were tested on several groups of graduate students,
and Kamesh Casukhela, Davorin Dujmovic, and Hussain Talibi in particular
were helpful in spotting misprints. Ulrich Albrecht and Ed Slaminka offered
generous help with software problems. I am further grateful to John Kimmel,
Karina Mikhli, and the Springer production team for their patience with my
last-minute revisions and their truly professional handling of the project.

My greatest thanks go to my family, who is my constant source of happi-
ness and inspiration. Without their love, encouragement, and understanding,
this work would not have been possible.

Olav Kallenberg
May 1997
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Chapter 1
Elements of Measure Theory

o-fields and monotone classes; measurable functions; measures
and integration; monotone and dominated convergence; transfor-
mation of integrals; product measures and Fubini’s theorem; LP-
spaces and projection; measure spaces and kernels

Modern probability theory is technically a branch of measure theory, and any
systematic exposition of the subject must begin with some basic measure-
theoretic facts. In this chapter we have collected some elementary ideas
and results from measure theory that will be needed throughout this book.
Though most of the quoted propositions may be found in any textbook in
real analysis, our emphasis is often somewhat different and has been chosen
to suit our special needs. Many readers may prefer to omit this chapter on
their first encounter and return for reference when the need arises.

To fix our notation, we begin with some elementary notions from set the-
ory. For subsets A, Ay, B, ... of some abstract space €2, recall the definitions
of union AU B or U, Ag, intersection AN B or N, A, complement A°, and
difference A\ B = AN B°. The latter is said to be proper if A D B. The
symmetric difference of A and B is given by AAB = (A\ B) U (B \ A).
Among basic set relations, we note in particular the distributive laws

AmUkBk :Uk(AmBk)., AuﬂkBk :ﬂk(AuBk),

and de Morgan’s laws

{UkAk'}c - mkAz’ {mkAk}c = Uksz

valid for arbitrary (not necessarily countable) unions and intersections. The
latter formulas allow us to convert any relation involving unions (intersec-
tions) into the dual formula for intersections (unions).

A o-algebra or o-field in € is defined as a nonempty collection A of subsets
of Q such that A is closed under countable unions and intersections as well
as under complementation. Thus, if A, Ay, Ay, ... € A, then also A€, U, Ay,
and N, A lie in A. In particular, the whole space Q and the empty set 0
belong to every o-field. In any space Q there is a smallest o-field {0, 2} and a
largest one 2%, the class of all subsets of 2. Note that any o-field A is closed
under monotone limits. Thus, if A;, As,... € Awith A, T Aor A, | A, then
also A € A. A measurable space is a pair (€2, A), where € is a space and A
is a o-field in €.
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For any class of o-fields in 2, the intersection (but usually not the union)
is again a o-field. If C is an arbitrary class of subsets of {2, there is a smallest
o-field in Q containing C, denoted by o(C) and called the o-field generated
or induced by C. Note that o(C) can be obtained as the intersection of all
o-fields in ) that contain C. A metric or topological space S will always be
endowed with its Borel o-field B(S) generated by the topology (class of open
subsets) in S unless a o-field is otherwise specified. The elements of B(.S)
are called Borel sets. In the case of the real line R, we shall often write B
instead of B(R).

More primitive classes than o-fields often arise in applications. A class
C of subsets of some space () is called a w-system if it is closed under finite
intersections, so that A, B € C implies AN B € C. Furthermore, a class
D is a A-system if it contains 2 and is closed under proper differences and
increasing limits. Thus, we require that Q0 € D, that A, B € D with A D B
implies A\ B € D, and that Ay, Ay, ... € D with A, 1T A implies A € D.

The following monotone class theorem is often useful to extend an estab-
lished property or relation from a class C to the generated o-field o(C). An
application of this result is referred to as a monotone class argument.

Theorem 1.1 (monotone class theorem, Sierpinski) Let C be a mw-system
and D a \-system in some space 0 such that C C D. Then o(C) C D.

Proof: We may clearly assume that D = A(C), the smallest A-system
containing C. It suffices to show that D is a w-system, since it is then a o-
field containing C and therefore must contain the smallest o-field o(C) with
this property. Thus, we need to show that AN B € D whenever A, B € D.

The relation A N B € D is certainly true when A, B € C, since C is a 7-
system contained in D. The result may now be extended in two steps. First
we fix an arbitrary set B € C and define Ap = {A C ; AN B € D}. Then
Ap is a A-system containing C, and so it contains the smallest \-system D
with this property. This shows that AN B € D for any A € D and B € C.
Next fix an arbitrary set A € D, and define By = {B C Q; AN B € D}. As
before, we note that even B4 contains D, which yields the desired property. O

For any family of spaces €2, t € T, we define the Cartesian product Xier§
as the class of all collections (wy; ¢ € T), where wy € ; for all ¢. When
T=A{l,...,n}or T=N={1,2,...}, we shall often write the product space
as 0y X -+ x €, or Q7 Xy X - -+, respectively, and if ; = € for all ¢, we shall
use the notation Q7, Q" or Q°°. In case of topological spaces €, we endow
X with the product topology unless a topology is otherwise specified.

Now assume that each space €, is equipped with a o-field A;. In X,
we may then introduce the product o-field &, A;, generated by all one-
dimensional cylinder sets Ay x Xsz8s, where t € T and A; € A;. (Note
the analogy with the definition of product topologies.) As before, we shall
write A, @ @ Ap, A1 @Ay @ -+, AT, A" or A in the appropriate special
cases.
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Lemma 1.2 (product and Borel o-fields) Let Sy,Ss,... be separable metric
spaces. Then

B(Sy x Sy x ) =B(S1) @ B(Sa) @ - - .

Thus, for countable products of separable metric spaces, the product and
Borel o-fields agree. In particular, B(R?) = (B(R))? = B¢, the o-field gener-
ated by all rectangular boxes Iy X --- x Iy, where I, ..., I; are arbitrary real
intervals.

Proof: The assertion may be written as o(C;) = 0(Cy), and it suffices to
show that C; C ¢(C2) and Cs C o(Cy). For C3 we may choose the class of
all cylinder sets Gy x X,2,S, with & € N and Gy open in Sy. Those sets
generate the product topology in S = X,,S,, and so they belong to B(S).

Conversely, we note that S = X,S5, is again separable. Thus, for any
topological base C in S, the open subsets of S are countable unions of sets
in C. In particular, we may choose C to consist of all finite intersections of
cylinder sets G x XS, as above. It remains to note that the latter sets
lie in ®,, B(S,). 0

Every point mapping f between two spaces S and T induces a set mapping
f~1 in the opposite direction, that is, from 27 to 2, given by

f'B={seS; f(s)e B}, BcCT.

Note that f~! preserves the basic set operations in the sense that for any
subsets B and By of T,

'B=("'B)e UB=Uf"Be, fOBe=(f"Br. (1)
k k k

k

The next result shows that f~! also preserves o-fields, in both directions.
For convenience we write

flc={f"'B;BecC}, cc2.

Lemma 1.3 (induced o-fields) Let [ be a mapping between two measurable
spaces (S,S) and (T, T). Then f~'T is a o-field in S, whereas {B C T;
['BeS}isao-fieldinT.

Proof: Use (1). O

Given two measurable spaces (S,S) and (T,7T), a mapping f: S = T
is said to be S/T-measurable or simply measurable if f~'T C S, that is,
if f7'B € S for every B € T. (Note the analogy with the definition of
continuity in terms of topologies on S and T.) By the next result, it is
enough to verify the defining condition for a generating subclass.
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Lemma 1.4 (measurable functions) Consider two measurable spaces (S,S)
and (T, T), a class C C 2T with o(C) = T, and a mapping f: S — T. Then
f is 8/T -measurable iff f7'C C S.

Proof: Use the second assertion in Lemma 1.3. m|

Lemma 1.5 (continuity and measurability) Any continuous mapping be-
tween two topological spaces S and T is measurable with respect to the Borel

o-fields B(S) and B(T).
Proof: Use Lemma 1.4, with C equal to the topology in T'. O

Here we insert a result about subspace topologies and o-fields, which will
be needed in Chapter 14. Given a class C of subsets of S and a set A C S,
we define ANC={ANC,; CeC}.

Lemma 1.6 (subspaces) Fix a metric space (S, p) with topology T and Borel
o-field S, and let A C S. Then (A, p) has topology TA = ANT and Borel
o-field Sy = ANS.

Proof: The natural embedding I4 : A — S is continuous and hence
measurable, and so ANT = I;'T C Taand ANS = I;'S C S4. Conversely,
given any B € T4, we may define G = (B U A°)°, where the complement and
interior are with respect to S, and it is easy to verify that B = ANG. Hence,
T4 C ANT, and therefore

Sa=0(Ta) Ca(ANT)Co(ANS)=ANS,

where the operation o(-) refers to the subspace A. m

Next we note that measurability (like continuity) is preserved by compo-
sition. The proof is immediate from the definitions.

Lemma 1.7 (composition) For any measurable spaces (S,S), (T,7T), and
(U, U), and measurable mappings f: S — T and g: T — U, the composition
go f: S — U is again measurable.

To state the next result, we note that any collection of functions f;: Q —
Si, t € T, defines a mapping f = (f;) from Q to X;S; given by

fw)=(filw); teT), we 2)
It is often useful to relate the measurability of f to that of the coordinate
mappings fi.

Lemma 1.8 (families of functions) For any measurable spaces (2, A) and
(S, S1), t € T, and for arbitrary mappings fi: Q@ — Sy, t € T, the function
f=1(f1): Q= X;S; is measurable with respect to the product o-field ®, S;
iff fi is S;-measurable for every t.
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Proof: Use Lemma 1.4, with C equal to the class of cylinder sets A; x
Xs;,étSt with ¢ cT and At € St. O

Changing our perspective, assume the f; in (2) to be mappings into some
measurable spaces (S;,S;). In Q we may then introduce the generated or
induced o-field o(f) = o{f;; t € T}, defined as the smallest o-field in 2 that
makes all the f, measurable. In other words, o(f) is the intersection of all
o-fields A in Q such that f; is A/Si-measurable for every ¢ € T. In this
notation, the functions f; are clearly measurable with respect to a o-field
Ain Qiff o(f) C A. Tt is further useful to note that o(f) agrees with the
o-field in © generated by the collection {f,'S;; t € T}.

For real-valued functions, measurability is always understood to be with
respect to the Borel o-field B = B(R). Thus, a function f from a measurable
space (£2,.A) into a real interval I is measurable iff {w; f(w) < z} € A
for all x € I. The same convention applies to functions into the extended
real line R = [—00, 0] or the extended half-line Ry = [0, 00|, regarded as
compactifications of R and Ry = [0, 00), respectively. Note that B(R) =
o{B,+oo} and B(R,) = o{B(R,), 00}

For any set A C 2, we define the associated indicator function14: 2 — R
to be equal to 1 on A and to 0 on A°. (The term characteristic function has
a different meaning in probability theory.) For sets A = {w; f(w) € B}, it is
often convenient to write 1{-} instead of 1;. Assuming A to be a o-field in
Q, we note that 1, is A-measurable iff A € A.

Linear combinations of indicator functions are called simple functions.
Thus, a general simple function f: {2 — R is of the form

f=calgy +---+cula,,

where n € Z, = {0,1,...}, ¢1,...,¢, € R, and Ay,..., A, C Q. Here we
may clearly take cq,..., ¢, to be the distinct nonzero values attained by f
and define Ay, = f~'{cx}, k = 1,...,n. With this choice of representation,
we note that f is measurable with respect to a given o-field A in Q iff
A, . A, €A

We proceed to show that the class of measurable functions is closed under
the basic finite or countable operations occurring in analysis.

Lemma 1.9 (bounds and limits) Let f1, f2, ... be measurable functions from
some measurable space (2, A) into R. Then sup,, f,, inf, f,, limsup, f., and
liminf, f, are again measurable.

Proof: To see that sup,, f,, is measurable, write

{w; sup,, fu(w) <t} = {w; fulw) <t} = fi ' [-00,1] € A,

and use Lemma 1.4. The measurability of the other three functions follows
easily if we write inf,, f,, = —sup,,(—f,) and note that

lim su = inf su liminf f,, = sup inf f;. O
msup f, = in Sup Jr; minf f, = sup inf fi
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From the last lemma we may easily deduce the measurability of limits
and sets of convergence.

Lemma 1.10 (convergence and limits) Let fi, fa,... be measurable func-
tions from a measurable space (Q, A) into some metric space (S, p). Then
(1) {w; fu(w) converges} € A if S is complete;
(il) fo — f on Q implies that f is measurable.

Proof: (i) Since S is complete, the convergence of f,, is equivalent to the
Cauchy convergence

T}Lm sup p(fm, fn) = 0.

© m>n
Here the left-hand side is measurable by Lemmas 1.5 and 1.9.
(i) If f, — f, we have gof,, — go f for any continuous function g: S — R,
and so go f is measurable by Lemmas 1.5 and 1.9. Fixing any open set G C 5,

we may choose some continuous functions gq,¢s,...: S — Ry with g, T 1¢
and conclude from Lemma 1.9 that 1g o f is measurable. Thus, f~'G € A
for all G, and so f is measurable by Lemma 1.4. |

Many results in measure theory are proved by a simple approximation,
based on the following observation.

Lemma 1.11 (approzimation) For any measurable function f: (2, A) —
R, there exist some simple measurable functions fi, fo,...: Q — Ry with

0<fut/f.
Proof: We may define

falw)=2""12"f(W)]An, weQ, neN. O

To illustrate the method, we may use the last lemma to prove the mea-
surability of the basic arithmetic operations.

Lemma 1.12 (elementary operations) Fiz any measurable functions f,g:
(Q, A) = R and constants a,b € R. Then af +bg and fg are again measur-
able, and so is f/g when g # 0 on Q.

Proof: By Lemma 1.11 applied to fo = (£f) V0 and g+ = (£g) vV 0, we
may approximate by simple measurable functions f,, — f and g, — ¢. Here
afn,+bg, and f,g, are again simple measurable functions; since they converge
to af 4+ bg and fg, respectively, even the latter functions are measurable by
Lemma 1.9. The same argument applies to the ratio f/g, provided we choose
gn # 0.

An alternative argument is to write af + bg, fg, or f/g as a composition
o, where o = (f,g): @ — R% and ¥(x,y) is defined as ax + by, xy,
or z/y, repectively. The desired measurability then follows by Lemmas 1.2,
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1.5, and 1.8. In case of ratios, we are using the continuity of the mapping
(z,y) = z/y on R x (R {0}). =

For statements in measure theory and probability, it is often convenient
first to give a proof for the real line and then to extend the result to more
general spaces. In this context, it is useful to identify pairs of measurable
spaces S and T that are Borel isomorphic, in the sense that there exists a
bijection f: S — T such that both f and f~! are measurable. A space S
that is Borel isomorphic to a Borel subset of [0,1] is called a Borel space. In
particular, any Polish space endowed with its Borel o-field is known to be a
Borel space (cf. Theorem A1.6). (A topological space is said to be Polish if
it admits a separable and complete metrization.)

The next result gives a useful functional representation of measurable
functions. Given any two functions f and g on the same space €1, we say
that f is g-measurable if the induced o-fields are related by o(f) C o(g).

Lemma 1.13 (functional representation, Doob) Fix two measurable func-
tions [ and g from a space S into some measurable spaces (S,S) and (T, T),
where the former is Borel. Then f is g-measurable iff there exists some mea-
surable mapping h: T — S with f = hog.

Proof: Since S is Borel, we may assume that S € B([0, 1]). By a suitable
modification of h, we may further reduce to the case when S = [0,1]. If
f = 14 with a g-measurable A C €, then by Lemma 1.3 there exists some
set B € T with A = ¢ !'B. In this case f = 14 = 1z 0g, and we may choose
h = 1. The result extends by linearity to any simple g-measurable function
f. In the general case, there exist by Lemma 1.11 some simple g-measurable
functions fi, fa,... with 0 < f, 1T f, and we may choose associated T-
measurable functions hq, he,...: T — [0,1] with f, = h, o g. Then h =
sup,, h,, is again T-measurable by Lemma 1.9, and we note that

hog = (sup,h,) o g = sup,(h, o g) = sup, f, = f. o

Given any measurable space (©,.4), a function pu: A — R is said to be
countably additive if

’uUkZIAk = ZkZI’UAk’ Ay, Ay, ... € A disjoint. (3)

A measure on (2, A) is defined as a function p: A — R, with uf) = 0 and
satisfying (3). A triple (Q, A, 1) as above, where u is a measure, is called a
measure space. From (3) we note that any measure is finitely additive and
nondecreasing. This implies in turn the countable subadditivity

MUk21Ak < Zk21“Akv A, Ay, .. € A

We note the following basic continuity properties.
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Lemma 1.14 (continuity) Let p be a measure on (Q, A), and assume that
A17 A27 ... € A Then

(i) A, T A implies pA, 1 pA;
(ii)) A, | A with pAy < oo implies pA, | pA.

Proof: For (i) we may apply (3) to the differences D,, = A, \ A,_1 with
Ag = 0. To get (ii), apply (i) to the sets B, = A; \ A,. 0

The class of measures on (2,.4) is clearly closed under positive linear
combinations. More generally, we note that for any measures puq, 2, ... on
(©, A) and constants ¢y, ¢z, ... > 0, the sum pu = Y, ¢, 1, is again a measure.
(For the proof, recall that we may change the order of summation in any
double series with positive terms. An abstract version of this fact will appear
as Theorem 1.27.) The quoted result may be restated in terms of monotone
sequences.

Lemma 1.15 (monotone limits) Let py, pto, ... be measures on some mea-
surable space (2, A) such that either w, T u or else p, | p with py bounded.
Then p is again a measure on (§2, A).

Proof: In the increasing case, we may use the elementary fact that, for
series with positive terms, the summation commutes with increasing limits.
(A general version of this result appears as Theorem 1.19.) For decreas-
ing sequences, the previous case may be applied to the increasing measures

M1 — M- d

For any measure ;2 on (€2, A) and set B € A, the function v: A — u(ANDB)
is again a measure on (£, A), called the restriction of 1 to B. Given any
countable partition of € into disjoint sets A, As,... € A, we note that
= >, ltn, where u, denotes the restriction of u to A,. The measure y is
said to be o-finite if the partition can be chosen such that pA, < oo for all
n. In that case the restrictions pu, are clearly bounded.

We proceed to establish a simple approximation property.

Lemma 1.16 (reqularity) Let p be a o-finite measure on some metric space
S with Borel o-field S. Then

uB:?Cl%qugerlfBuG, BeS,

with F and G restricted to the classes of closed and open subsets of S, re-
spectively.

Proof: We may clearly assume that p is bounded. For any open set G
there exist some closed sets F,, T G, and by Lemma 1.14 we get puF, T uG.
This proves the statement for B belonging to the w-system G of all open sets.
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Letting D denote the class of all sets B with the stated property, we further
note that D is a A-system. Hence, Theorem 1.1 shows that D D ¢(G) =S. O

A measure p on some topological space S with Borel o-field S is said to
be locally finite if every point s € S has a neighborhood where p is finite.
A locally finite measure on a og-compact space is clearly o-finite. It is often
useful to identify simple measure-determining classes C C S such that a
locally finite measure on S is uniquely determined by its values on C. For
measures on a Euclidean space R?, we may take C = ¢ the class of all
bounded rectangles.

Lemma 1.17 (uniqueness) A locally finite measure on R? is determined by
its values on I°.

Proof: Let p and v be two measures on R? with ul = vI < oo for all
I € T¢. To see that p = v, we may fix any J € Z% put C = Z¢N.J, and let D
denote the class of Borel sets B C J with uB = vB. Then C is a w-system,
D is a A-system, and C C D by hypothesis. By Theorem 1.1 and Lemma
1.2, we get B(J) = o(C) C D, which means that uB = vB for all B € B(J).
The last equality extends by the countable additivity of p and v to arbitrary
Borel sets B. O

The simplest measures that can be defined on a measurable space (5, S)
are the Dirac measures 05, s € S, given by d;A = 14(s), A € §. More
generally, for any subset M C S we may introduce the associated counting
measure fy = Yogen 0s With values uyyA = |[M N A|, A € S, where |A]
denotes the cardinality of the set A.

For any measure i on a topological space .S, the support supp p is defined
as the smallest closed set F' C S with puF° = 0. If |[supp p| < 1, then p is
said to be degenerate, and we note that u = c¢d, for some s € S and ¢ > 0.
More generally, a measure p is said to have an atom at s € S if {s} € S and
u{s} > 0. For any locally finite measure p on some o-compact metric space
S, the set A = {s € S; u{s} > 0} is clearly measurable, and we may define
the atomic and diffuse components p, and pq of p as the restrictions of p to
A and its complement. We further say that p is diffuse if u, = 0 and purely
atomic if pg = 0.

In the important special case when p is locally finite and integer valued,
the set A above is clearly locally finite and hence closed. By Lemma 1.14
we further have suppp C A, and so g must be purely atomic. Hence, in
this case p = Y ,c4 ¢s0s for some integers c¢,. In particular, p is said to be
simple if ¢, = 1 for all s € A. In that case clearly p agrees with the counting
measure on its support A.

Any measurable mapping f between two measurable spaces (5,S) and
(T, T) induces a mapping of measures on S into measures on 7. More pre-
cisely, given any measure u on (S,S), we may define a measure po f~! on
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(T,T) by
(no f)B=p(f'B)=pu{s€S; f(s)e B}, BeT.

Here the countable additivity of o f~1 follows from that for u together with
the fact that f~! preserves unions and intersections.
Our next aim is to define the integral

uf = [ fan= [ fw)utd)

of a real-valued, measurable function f on some measure space (£2, A4, u).
First assume that f is simple and nonnegative, hence of the form ¢;14, +
cooFepla, forsomen € Zy, Ay, ... Ay € Ajand ¢, ..., ¢, € Ry, and define

Hf = Cl,uAl +oF Cn,uAn-

(Throughout measure theory we are following the convention 0 - co = 0.)
Using the finite additivity of y, it is easy to verify that pf is independent of
the choice of representation of f. It is further clear that the mapping f — uf
is linear and nondecreasing, in the sense that

wlaf +bg) = apf+bug, ab>0,
f<g = pf<upg
To extend the integral to any nonnegative measurable function f, we may
choose as in Lemma 1.11 some simple measurable functions fi, fa,... with

0< f. 1 f, and define puf = lim, uf,,. The following result shows that the
limit is independent of the choice of approximating sequence (f,,).

Lemma 1.18 (consistency) Fiz any measurable function f > 0 on some
measure space (0, A, 1), and let fi, fa,... and g be simple measurable func-
tions satisfying 0 < f, T f and 0 < g < f. Then lim, uf, > ug.

Proof: By the linearity of p, it is enough to consider the case when g = 14
for some A € A. Fix any € > 0, and define

Ap={we A fulw)>1—¢}, nelN
Then A, T A, and so
ffn = (1 =g)pAn T (1—e)pA = (1 —e)ug.

It remains to let ¢ — 0. O

The linearity and monotonicity properties extend immediately to arbi-
trary f > 0, since if f,, T f and g, 1 g, then af, +bg, T af +bg, and if f < g,
then f, < (fu Vgn) T g. We are now ready to prove the basic continuity
property of the integral.
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Theorem 1.19 (monotone convergence, Levi) Let f, fi1, fa ... be measurable
functions on (Q, A, u) with 0 < f, + f. Then uf, T uf.

Proof: For each n we may choose some simple measurable functions g,
with 0 < gux T fn as kK — oco. The functions h,r = g1x V - -+ V gnir have the
same properties and are further nondecreasing in both indices. Hence,

f> lm by > lim by = f T f,
k—o0 k—ro0

and so 0 < hyg, T f. Using the definition and monotonicity of the integral,
we obtain

wf = lim phy < lim pfy < pf. O
k—o0 k—o0
The last result leads to the following key inequality.

Lemma 1.20 (Fatou) For any measurable functions fi, fa,... > 0 on (£,
A, 1), we have

liminf/ufy, > pliminf f,.
Proof: Since f,, > infy>, fi for all m > n, we have
. >
inf pfi = pnof fi, neN.
Letting n — oo, we get by Theorem 1.19

liminf pufy > lim g inf f, = pliminf f. o
iminf o fy > lim Nignfk pliming fi

A measurable function f on (€2,.A4, p1) is said to be integrable if u|f| < oc.
In that case f may be written as the difference of two nonnegative, integrable
functions g and h (e.g., as fy — f_, where fo = (£f)V0), and we may define
uf as pg—ph. Tt is easy to check that the extended integral is independent of
the choice of representation f = g—h and that uf satisfies the basic linearity
and monotonicity properties (the former with arbitrary real coeflicients).

We are now ready to state the basic condition that allows us to take
limits under the integral sign. For g, = ¢ the result reduces to Lebesgue’s
dominated convergence theorem, a key result in analysis.

Theorem 1.21 (dominated convergence, Lebesgue) Let f, f1, fa,... and g,
g1, 92, - .. be measurable functions on (2, A, ) with |fn| < gn for all n, and
such that f, = f, go — g, and pg, — g < oco. Then pf, — puf.
Proof: Applying Fatou’s lemma to the functions g, + f, > 0, we get
pg 4 liminf (0 fy) = Iminf (g, £ fo) = plg £ f) = pg + pf.

Subtracting pug < oo from each side, we obtain
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pf < liminf pf, <limsuppf, < pf. 0
n—oo n—00

The next result shows how integrals are transformed by measurable map-
pings.

Lemma 1.22 (substitution) Fiz a measure space (A, 1), a measurable
space (S, S), and two measurable mappings f: 2 — S and g: S — R. Then

p(go f)=(uof g (4)

whenever either side exists. (Thus, if one side exists, then so does the other
and the two are equal.)

Proof: If g is an indicator function, then (4) reduces to the definition
of wo f~!. From here on we may extend by linearity and monotone con-
vergence to any measurable function g > 0. For general g it follows that
plgo f| = (o f71)]gl, and so the integrals in (4) exist at the same time.
When they do, we get (4) by taking differences on both sides. O

Turning to the other basic transformation of measures and integrals, fix
any measurable function f > 0 on some measure space (€2, .4, i), and define
a function f - u on A by

(/- wA=p(af) = [ fdu, Aea

where the last relation defines the integral over a set A. It is easy to check
that v = f - u is again a measure on (€, A). Here f is referred to as the
u-density of v. The corresponding transformation rule is as follows.

Lemma 1.23 (chain rule) Fix a measure space (2, A, n) and some mea-
surable functions f: Q — Ry and g: Q@ — R. Then

w(fg) = (f-nyg

whenever either side exists.

Proof: As in the last proof, we may begin with the case when g is an
indicator function and then extend in steps to the general case. a

Given a measure space (2,4, 1), a set A € A is said to be p-null or
simply null if uA = 0. A relation between functions on € is said to hold
almost everywhere with respect to p (abbreviated as a.e. p or p-a.e.) if it
holds for all w € Q2 outside some p-null set. The following frequently used
result explains the relevance of null sets.

Lemma 1.24 (null functions) For any measurable function f > 0 on some
measure space (Q, A, ), we have uf =0 iff f =0 a.e. pu.
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Proof: The statement is obvious when f is simple. In the general case, we
may choose some simple measurable functions f, with 0 < f,, T f, and note
that f =0 a.e. iff f, =0 a.e. for every n, that is, iff uf,, = 0 for all n. Here
the latter integrals converge to pf, and so the last condition is equivalent to

uf=0. O

The last result shows that two integrals agree when the integrands are
a.e. equal. We may then allow integrands that are undefined on some p-null
set. It is also clear that the basic convergence Theorems 1.19 and 1.21 remain
valid if the hypotheses are only fulfilled outside some null set.

In the other direction, we note that if two o-finite measures p and v are
related by v = f-u for some density f, then the latter is y-a.e. unique, which
justifies the notation f = dv/du. It is further clear that any p-null set is
also a null set for v. For measures p and v with the latter property, we say
that v is absolutely continuous with respect to u and write v < . The other
extreme case is when p and v are mutually singular or orthogonal (written
as L v), in the sense that pA = 0 and vA° = 0 for some set A € A.

Given any measure space (€, A, 1), we define the p-completion of A as
the o-field A* = o(A, N,,), where N, denotes the class of all subsets of y-null
sets in A. The description of A* can be made more explicit, as follows.

Lemma 1.25 (completion) Consider a measure space (2, A, 1) and a Borel
space (S,8). Then a function f: Q — S is A*-measurable iff there exists
some A-measurable function g satisfying f = g a.e. p.

Proof: With N, as before, let A’ denote the class of all sets AU N with
Aec Aand N € N,. Tt is easily verified that A’ is a o-field contained in
A#. Since moreover AU N, C A’, we conclude that A" = A*. Thus, for
any A € A" there exists some B € A with AAB € N, which proves the
statement for indicator functions f.

In the general case, we may clearly assume that S = [0,1]. For any
AF-measurable function f, we may then choose some simple A*-measurable
functions f, such that 0 < f,, 1 f. By the result for indicator functions, we
may next choose some simple A-measurable functions g, such that f,, = g,
a.e. for each n. Since a countable union of null sets is again a null set, the
function g = limsup,, g, has the desired property. O

Any measure ;1 on (2, .4) has a unique extension to the o-field A*. Indeed,
for any A € A* there exist by Lemma 1.25 some sets AL € A with A_ C
A C Ay and p(Ay \ A-) = 0, and any extension must satisfy pA = pAy.
With this choice, it is easy to check that p remains a measure on A*.

Our next aims are to construct product measures and to establish the
basic condition for changing the order of integration. This requires a prelim-
inary technical lemma.
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Lemma 1.26 (sections) Fix two measurable spaces (S,S) and (T,T), a
measurable function f: S xT — R, and a o-finite measure p on S. Then
f(s,t) is S-measurable in s € S for each t € T, and the function t — uf(-,t)
is T -measurable.

Proof: We may assume that p is bounded. Both statements are obvious
when f =14 with A= B x C for some B € § and C € T, and they extend
by a monotone class argument to any indicator functions of sets in S ® T.
The general case follows by linearity and monotone convergence. |

We are now ready to state the main result involving product measures,
commonly referred to as Fubini’s theorem.

Theorem 1.27 (product measures and iterated integrals, Lebesgue, Fubini,
Tonelli) For any o-finite measure spaces (S, S, 1) and (T, T ,v), there exists
a unique measure p @ v on (S X T, S®T) satisfying

(V) (BxC)=puB-vC, BeS, CeT. (5)

Furthermore, for any measurable function f: S xT — Ry,

(wev)f = [ ulds) [ (s, tdt) = [vidt) [ f(s.tutds).  (6)

The last relation remains valid for any measurable function f: S xT — R
with (p @ v)|f| < oo.

Note that the iterated integrals in (6) are well defined by Lemma 1.26,
although the inner integrals vf(s,-) and pf(-,t) may fail to exist on some
null sets in S and T, respectively.

Proof: By Lemma 1.26 we may define
(L@ v)A = / 1(ds) / La(s,tw(dt), AeS®T, (7)

which is clearly a measure on S x T satisfying (5). By a monotone class
argument there can be at most one such measure. In particular, (7) remains
true with the order of integration reversed, which proves (6) for indicator
functions f. The formula extends by linearity and monotone convergence to
arbitrary measurable functions f > 0.

In the general case, we note that (6) holds with f replaced by |f|. If
(k@ v)|f] < o0, it follows that Ng = {s € S; v|f(s,-)| = oo} is a p-null set
in S whereas Np = {t € T; p|f(-,t)] = oo} is a v-null set in 7. By Lemma
1.24 we may redefine f(s,t) to be zero when s € Ng or t € Ny. Then (6)
follows for f by subtraction of the formulas for f, and f_. |
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The measure p ® v in Theorem 1.27 is called the product measure of p
and v. Iterating the construction in finitely many steps, we obtain product
measures [ ® ... Q® i, = @ iy satisfying higher-dimensional versions of (6).
If . = p for all k, we shall often write the product as u®* or u™.

By a measurable group we mean a group G endowed with a o-field G
such that the group operations in G are G-measurable. If uq,..., u, are
o-finite measures on G, we may define the convolution py * - - * p, as the
image of the product measure py ® - - - ® p,, on G™ under the iterated group
operation (x1,...,%,) — @1+ -x,. The convolution is said to be associative
if (p1q % o) * pug = p * (po * pg) whenever both g % o and g * 3 are o-finite
and commutative if py * po = o * i1.

A measure p on G is said to be right or left invariant if p o Tg’1 = p for
all g € G, where T, denotes the right or left shift z — xg or x — gxz. When
G is Abelian, the shift is called a translation. We may also consider spaces
of the form G x S, in which case translations are defined to be mappings of
the form Tj: (z,s) — (z + g, s).

Lemma 1.28 (convolution) The convolution of measures on a measurable
group (G, G) is associative, and it is also commutative when G is Abelian. In
the latter case,

(pxv)B /M —s)v(ds) = /( —s)u(ds), Beg.

Ifu=f-Xandv =g- X\ for some invariant measure X\, then j * v has the
A-density

(f * g)(s /fb—t A(dt) /f (s — )A(dt), seq.
Proof: Use Fubini’s theorem. |

On the real line there exists a unique measure A, called the Lebesgue
measure, such that A[a,b] = b—a for any numbers a < b (cf. Corollary Al.2).
The d-dimensional Lebesgue measure is defined as the product measure A%
on R? The following result characterizes A\? up to a normalization by the
property of translation invariance.

Lemma 1.29 (invariance and Lebesque measure) Fix any measurable space
(S,8), and let u be a measure on R x S such that v = p([0,1]4x ) is o-finite.
Then i is translation invariant iff p = A\ @ v.

Proof: The invariance of A\ is obvious from Lemma 1.17, and it extends to
M @ v by Theorem 1.27. Conversely, assume that p is translation invariant.
The stated relation then holds for all product sets I; x - -+ X I; X B, where
I, ..., 1; are dyadic intervals and B € §, and it extends to the general case
by a monotone class argument. a
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Given a measure space (2,4, 1) and some p > 0, we write LP = LP(Q, A, i)
for the class of all measurable functions f: 2 — R with

1£llp = (ul fIP)/? < 0.

Lemma 1.30 (norm inequalities, Holder, Minkowski) For any measurable
functions f and g on §,

1 fall- < NIfllpllglles prayr >0 withp™ + ¢ =17, (8)

and
I+ gl <A1 + g™, p > 0. 9)

Proof: To prove (8) it is clearly enough to take r = 1 and || f||, = ||¢gll; = 1.
The relation p~' 4+ ¢~ = 1 implies (p — 1)(¢ — 1) = 1, and so the equations
y = aP"! and 2 = y7! are equivalent for z,y > 0. By calculus,

LI ol e L 1t
Fol < [ et [Ty tay = p g+ g7 gl

and so . ) ) .
1ol < w7t [IfPdp+a7 [lgldp =p +q7 = 1.

Relation (9) holds for p < 1 by the concavity of 2? on R,. For p > 1, we
get by (8) with ¢ =p/(1 —p) and r =1

1F gl < [1A1F+ gl du+ [1gl1f +glrdp
10+ glls™ + llgholf + gl 0

IN

In particular, ||- ||, becomes a norm for p > 1 if we identify functions that
agree a.e. For any p > 0 and f, f1, fo,... € LP, we say that f, — f in LP if
Il fn— fll, = 0 and that (f,,) is Cauchy in L* if || f,, — full, — 0 as m,n — oo.

Lemma 1.31 (completeness) Let (f,) be a Cauchy sequence in LP, where
p>0. Then || f, — fll, = O for some f € LP.

Proof: First choose a subsequence (ng) C N with 3 || fr,, — fu I <
co. By Lemma 1.30 and monotone convergence we get || 3 | fnpy — foi | 5
< 00, and 80 X | fus, — fu,| < 00 ae. Hence, (fy,) is a.e. Cauchy in R, so
Lemma 1.10 yields f,, — f a.e. for some measurable function f. By Fatou’s
lemma,

19 = Sully < ninf L, = full < s0p [ = fuly 0. 1= o

which shows that f,, — f in LP. |

The next result gives a useful criterion for convergence in LP.
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Lemma 1.32 (LP-convergence) For any p > 0, let f, fi, f2,... € LP with
fo— f ae Then f, — f in LP iff || full, = I fllp-

Proof: If f, — fin L?, we get by Lemma 1.30

£l = I < WL = FIEM = 0,

and so || f,|l, = || fll,- Now assume instead the latter condition, and define

gn = 2(fal? +1117), g =2""1|fP,

Then g, — ¢ a.e. and pg, — pg < oo by hypotheses. Since also |g,| >
|fo — fIP = 0 a.e., Theorem 1.21 yields ||f,, — f|} = p[fn — fIP — 0. O

We proceed with a simple approximation property.

Lemma 1.33 (approzimation) Given a metric space S with Borel o-field
S, a bounded measure p on (S,S), and a constant p > 0, the set of bounded,
continuous functions on S is dense in LP(S, S, ). Thus, for any f € LP there
exist some bounded, continuous functions fi, fo,...: S — R with ||f, — f|l,
— 0.

Proof: If f =14 with A C S open, we may choose some continuous func-
tions f, with 0 < f,, 1 f, and then || f,, — f||, — 0 by dominated convergence.
By Lemma 1.16 the result remains true for arbitrary A € §. The further
extension to simple measurable functions is immediate. For general f € LP
we may choose some simple measurable functions f, — f with |f,| < |f].
Since | f,— f|P < 207 f|P, we get || f,— f|l, — 0 by dominated convergence. O

Taking p=¢=2 and r=1 in Holder’s inequality (8), we get the Cauchy-
Buniakouvsky inequality (often called Schwarz’s inequality)

1Fglle < N1 fllzllgll2-

In particular, we note that, for any f, g € L?, the inner product (f, g) = u(fg)
exists and satisfies |(f, g)| < || fll2llg|l2- From the obvious bilinearity of the
inner product, we get the parallelogram identity

1f + gl + 11 = gll* = 201" + 2llgl*,  f,9 € L*. (10)

Two functions f,g € L? are said to be orthogonal (written as f L g)
if (f,g) = 0. Orthogonality between two subsets A, B C L? means that
fLgforall fe Aand g € B. A subspace M C L? is said to be linear if
af +bg € M for any f,g € M and a,b € R, and closed if f € M whenever f
is the L2-limit of a sequence in M.

Theorem 1.34 (orthogonal projection) Let M be a closed linear subspace
of L?. Then any function f € L* has an a.e. unique decomposition f = g+h
with g € M and h L. M.
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Proof: Fix any f € L?, and define d = inf{||f — g||; g € M}. Choose
91,92, .. € M with || f — gn|| = d. Using the linearity of M, the definition of
d, and (10), we get as m,n — oo,

AP + [|gm — gall* < N2f = g — gull® + lgm — gull?
= 2|f = gmll* +2[If — gal* — 4d>.

Thus, ||gm — gull — 0, and so the sequence (g,) is Cauchy in L?. By Lemma
1.31 it converges toward some g € L2, and since M is closed we have g € M.
Noting that h = f — ¢ has norm d, we get for any [ € M,

d? < ||h+t))? = d* +2t(h, 1) + 2|1]*, teR,

which implies (h,l) = 0. Hence, h L M, as required.

To prove the uniqueness, let ¢’ + k' be another decomposition with the
stated properties. Then g — ¢’ € M and also g —¢ = K —h L M, so
g—¢ L g— g, which implies ||g — ¢||> = (¢ — ¢, 9 — ¢’) = 0, and hence
g=4 ae. O

For any measurable space (5, S), we may introduce the class M(S) of o-
finite measures on S. The set M(S) becomes a measurable space in its own
right when endowed with the o-field induced by the mappings mg: u — uB,
B € S§. Note in particular that the class P(S) of probability measures on
S is a measurable subset of M(S). In the next two lemmas we state some
less obvious measurability properties, which will be needed in subsequent
chapters.

Lemma 1.35 (measurability of products) For any measurable spaces (S,S)
and (T,T), the mapping (u,v) — p @ v is measurable from P(S) x P(T) to
P(SxT).

Proof: Note that (u®v)A is measurable whenever A = Bx C with B € S
and C' € T, and extend by a monotone class argument. o

In the context of separable metric spaces S, we shall assume the measures
w € M(S) to be locally finite, in the sense that uB < oo for any bounded
Borel set B.

Lemma 1.36 (diffuse and atomic parts) For any separable metric space S,
(i) the set D C M(S) of degenerate measures on S is measurable;
(i) the diffuse and purely atomic components pg and p, are measurable

functions of up € M(S).

Proof: (i) Choose a countable topological base By, Bs, ... in S, and define
J ={(i,7); B; N Bj = 0}. Then, clearly,

D= {ieMS): X, ., nB)wuB) = 0}.
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(i) Choose a nested sequence of countable partitions B, of S into Borel
sets of diameter less than n~!. Introduce for ¢ > 0 and n € N the sets U =
U{BeB,;uB>c}h, U ={seS;pu{s} >c},and U = {s € S; u{s} > 0}.
It is easily seen that U; | U® as n — oo and further that U® T U as ¢ — 0.
By dominated convergence, the restrictions u, = p(UzN-) and pf = p(UN-)
satisfy locally uf, | p® and p® 1 p,. Since g, is clearly a measurable function
of p, the asserted measurability of 1, and p,; now follows by Lemma 1.10. O

Given two measurable spaces (S,S) and (T, T), a mapping p: SxT — R,
is called a (probability) kernel from S to T if the function u,B = (s, B) is
S-measurable in s € S for fixed B € T and a (probability) measure in B € T
for fixed s € S. Any kernel p determines an associated operator that maps
suitable functions f: T — R into their integrals uf(s) = [ u(s, dt) f(t). Ker-
nels play an important role in probability theory, where they may appear in
the guises of random measures, conditional distributions, Markov transition
functions, and potentials.

The following characterizations of the kernel property are often useful.
For simplicity we are restricting our attention to probability kernels.

Lemma 1.37 (kernels) Fiz two measurable spaces (S,S) and (T,T), a -
system C with o(C) = T, and a family u = {ps; s € S} of probability mea-
sures on T'. Then these conditions are equivalent:

(i) w is a probability kernel from S to T';
(ii) p is a measurable mapping from S to P(T);
(iii) s+ psB is a measurable mapping from S to [0, 1] for every B € C.

Proof: Since 7p : u — pB is measurable on P(T) for every B € T,
condition (ii) implies (iii) by Lemma 1.7. Furthermore, (iii) implies (i) by
a straightforward application of Theorem 1.1. Finally, under (i) we have
plngt[0,7] € S for all B € T and & > 0, and (ii) follows by Lemma 1.4. O

Let us now introduce a third measurable space (U,U), and consider two
kernels 1 and v, one from S to T" and the other from S x T to U. Imitating
the construction of product measures, we may attempt to combine p and v
into a kernel ;4 ® v from S to T' x U given by

(L®v)(s,B) = /,u(s,dt) /l/(s,t,du)lB(t,u), BeT®U.

The following lemma justifies the formula and provides some further useful
information.

Lemma 1.38 (kernels and functions) Fiz three measurable spaces (S,S),
(T,T), and (U, U). Let u and v be probability kernels from S to T and from
S x T to U, respectively, and consider two measurable functions f: S xT —
Ry and g: S xT — U. Then
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(i) wsf(s,-) is a measurable function of s € S;
(ii) pso (g(s,-))~" is a kernel from S to U;
(ili) p@v is a kernel from S to T x U.

Proof: Assertion (i) is obvious when f is the indicator function of a set
A= BxC with B e S and C € 7. From here on, we may extend to
general A € § ® T by a monotone class argument and then to arbitrary f
by linearity and monotone convergence. The statements in (ii) and (iii) are
easy consequences. O

For any measurable function f > 0 on T x U, we get as in Theorem 1.27

/usdt/ (s,t,du)f(t,u), se€S,

or simply (u® v)f = pu(vf). By iteration we may combine any kernels gy
from Sg X -+ X Sp_1to Sy, k=1,...,n, into a kernel y; ® - - - ® u,, from S
to S1 x -+ x S, given by

(1 @ @ pn) f = pa(paal- -+ (pnf) )

for any measurable function f > 0 on S; X -+ X S,.

In applications we may often encounter kernels py from S;_1 to Sy, k =
1,...,n, in which case the composition i --- u, is defined as a kernel from
Sp to S, given for measurable B C S, by

®//Ln s(Sl : XS’I’L 1XB)

= //,Ll S, d$1 /[LQ él,dSQ

"//’Lnfl 5n727d5n71)/v’/n(8n717B>-

(Nl e Un)sB

Exercises

1. Prove the triangle inequality u(AAC) < u(AAB) + u(BAC). (Hint:
Note that 1AAB = |1A — 13‘)

2. Show that Lemma 1.9 is false for uncountable index sets. (Hint: Show
that every measurable set depends on countably many coordinates.)

3. For any space S, let A denote the cardinality of the set A C S. Show
that p is a measure on (S, 2%).

4. Let K be the class of compact subsets of some metric space S, and let
1 be a bounded measure such that inf e pK¢ = 0. Show for any B € B(S)
that uB = supgecxnp K.
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5. Show that any absolutely convergent series can be written as an inte-
gral with respect to counting measure on N. State series versions of Fatou’s
lemma and the dominated convergence theorem, and give direct elementary
proofs.

6. Give an example of integrable functions f, f1, f,... on some proba-
bility space (92, A, ) such that f,, — f but puf, 4 uf.

7. Fix two o-finite measures p and v on some measurable space (§2, F)
with sub-o-field G. Show that if 4 < v holds on F, it is also true on G.
Further show by an example that the converse may fail.

8. Fix two measurable spaces (S,8) and (T,T), a measurable function
f: S — T, and a measure y on S with image v = po f~'. Show that f
remains measurable w.r.t. the completions S* and 7.

9. Fix a measure space (5,8, u) and a o-field T C S, let S* denote the
p-completion of S, and let T# be the o-field generated by 7 and the p-null
sets of S*. Show that A € T* iff there exist some B € 7 and N € §" with
AAB C N and puN = 0. Also, show by an example that 7# may be strictly
greater than the p-completion of T

10. State Fubini’s theorem for the case where y is any o-finite measure
and v is the counting measure on N. Give a direct proof of this result.

11. Let fi, fo,... be p-integrable functions on some measurable space S
such that g = Y, fx exists a.e., and put g, = > ;.<,, fx- Restate the dominated
convergence theorem for the integrals g, in terms of the functions fi, and
compare with the result of the preceding exercise.

12. Extend Theorem 1.27 to the product of n measures.

13. Show that Lebesgue measure on R? is invariant under rotations. (Hint:
Apply Lemma 1.29 in both directions.)

14. Fix a measurable Abelian group G such that every o-finite, invariant
measure on G is proportional to some measure A. Extend Lemma 1.29 to
this case.

15. Let A denote Lebesgue measure on R, and fix any p > 0. Show that
the class of step functions with bounded support and finitely many jumps is
dense in LP(\). Generalize to R%.

16. Let M D N be closed linear subspaces of L?. Show that if f € L? has
projections g onto M and h onto N, then g has projection h onto V.

17. Let M be a closed linear subspace of L?, and let f,g € L? with
M-projections f and §. Show that (f, g9)=(f,9) = (f, g).

18. Let pq,fo,... be kernels between two measurable spaces S and T.
Show that the function =Y, i, is again a kernel.

19. Fix a function f between two measurable spaces S and T, and define
(s, B) =1po f(s). Show that u is a kernel iff f is measurable.



Chapter 2

Processes, Distributions,
and Independence

Random elements and processes; distributions and expectation;
independence; zero—one laws; Borel-Cantelli lemma; Bernoulli
sequences and existence; moments and continuity of paths

Armed with the basic notions and results of measure theory from the previ-
ous chapter, we may now embark on our study of probability theory itself.
The dual purpose of this chapter is to introduce the basic terminology and
notation and to prove some fundamental results, many of which are used
throughout the remainder of this book.

In modern probability theory it is customary to relate all objects of study
to a basic probability space (2, .4, P), which is nothing more than a normal-
ized measure space. Random variables may then be defined as measurable
functions £ on €2, and their expected values as the integrals E{ = [£&dP.
Furthermore, independence between random quantities reduces to a kind of
orthogonality between the induced sub-o-fields. It should be noted, how-
ever, that the reference space (2 is introduced only for technical convenience,
to provide a consistent mathematical framework. Indeed, the actual choice
of Q plays no role, and the interest focuses instead on the various induced
distributions P o £71.

The notion of independence is fundamental for all areas of probability
theory. Despite its simplicity, it has some truly remarkable consequences. A
particularly striking result is Kolmogorov’s zero—one law, which states that
every tail event associated with a sequence of independent random elements
has probability zero or one. As a consequence, any random variable that
depends only on the “tail” of the sequence must be a.s. constant. This result
and the related Hewitt—Savage zero—one law convey much of the flavor of
modern probability: Although the individual elements of a random sequence
are erratic and unpredictable, the long-term behavior may often conform to
deterministic laws and patterns. Our main objective is to uncover the latter.
Here the classical Borel-Cantelli lemma is a useful tool, among others.

To justify our study, we need to ensure the existence of the random ob-
jects under discussion. For most purposes, it suffices to use the Lebesgue unit
interval ([0, 1], B, \) as the basic probability space. In this chapter the exis-
tence will be proved only for independent random variables with prescribed

22
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distributions; we postpone the more general discussion until Chapter 5. As
a key step, we use the binary expansion of real numbers to construct a so-
called Bernoulli sequence, consisting of independent random digits 0 or 1
with probabilities 1 — p and p, respectively. Such sequences may be regarded
as discrete-time counterparts of the fundamental Poisson process, to be in-
troduced and studied in Chapter 10.

The distribution of a random process X is determined by the finite-
dimensional distributions, and those are not affected if we change each value
X; on a null set. It is then natural to look for versions of X with suitable
regularity properties. As another striking result, we shall provide a moment
condition that ensures the existence of a continuous modification of the pro-
cess. Regularizations of various kinds are important throughout modern
probability theory, as they may enable us to deal with events depending on
the values of a process at uncountably many times.

To begin our systematic exposition of the theory, we may fix an arbi-
trary probability space (2, A, P), where P, the probability measure, has total
mass 1. In the probabilistic context the sets A € A are called events, and
PA = P(A) is called the probability of A. In addition to results valid for all
measures, there are properties that depend on the boundedness or normal-
ization of P, such as the relation PA¢ =1 — PA and the fact that A, | A
implies PA,, — PA.

Some infinite set operations have special probabilistic significance. Thus,
given any sequence of events A;, Ay, ... € A, we may be interested in the
sets {4, i.0.}, where A, happens infinitely often, and {A, ult.}, where A,
happens ultimately (i.e., for all but finitely many n). Those occurrences are
events in their own right, expressible in terms of the A,, as

{Anio} = {3 14, =00} =, Uy, A (1)
{Anult} = {3 1ae < oo} =U, Mo, A (2)

From here on, we are omitting the argument w from our notation when there

is no risk for confusion. For example, the expression {3, 14, = oo} is used

as a convenient shorthand form of the unwieldy {w € ©; 3, 14, (w) = o0}
The indicator functions of the events in (1) and (2) may be expressed as

1{A, i.0.} =limsuplga,, 1{A, ult.} = liminfly,,
n—oo n—oo

where, for typographical convenience, we write 1{-} instead of 1y.y. Applying
Fatou’s lemma to the functions 1,4, and 14¢, we get

P{A, i.0.} > limsup PA,, P{A, ult.} < lirginf PA,.
n—o0 n—0o

Using the continuity and subadditivity of P, we further see from (1) that

P{A,io} = nlLI&PUanAk < lim ZanPAk'
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If 3, PA, < 0o, we get zero on the right, and it follows that P{A, i.0.} =
0. The resulting implication constitutes the easy part of the Borel-Cantelli
lemma, to be reconsidered in Theorem 2.18.

Any measurable mapping £ of {2 into some measurable space (5,8) is
called a random element in S. If B € S, then {¢ € B} = (7'B € A, and we
may consider the associated probabilities

P{¢€B}=P('B)=(Pot™)B, BEeS.

The set function Po ¢~ is again a probability measure, defined on the range
space S and called the (probability) distribution of . We shall also use
the term distribution as synonomous to probability measure, even when no
generating random element has been introduced.

Random elements are of interest in a wide variety of spaces. A random
element in S is called a random wvariable when S = R, a random wvector
when S = R? a random sequence when S = R*, a random or stochastic
process when S is a function space, and a random measure or set when S
is a class of measures or sets, respectively. A metric or topological space
S will be endowed with its Borel o-field B(S) unless a o-field is otherwise
specified. For any separable metric space S, it is clear from Lemma 1.2 that
&= (&,&,...) is arandom element in S iff &, &5, ... are random elements
in S.

If (S,8) is a measurable space, then any subset A C S becomes a mea-
surable space in its own right when endowed with the o-field ANS = {ANB;
B € S8}. By Lemma 1.6 we note in particular that if S is a metric space with
Borel o-field S, then AN S is the Borel o-field in A. Any random element in
(A, ANS) may clearly be regarded, alternatively, as a random element in S.
Conversely, if £ is a random element in S such that £ € A a.s. (almost surely
or with probability 1) for some A € S, then £ = 7 a.s. for some random
element 7 in A.

Fixing a measurable space (S,S) and an abstract index set T, we shall
write ST for the class of functions f: T'— S, and let ST denote the o-field in
ST generated by all evaluation maps 7;: ST — S, t € T, given by 7, f = f(t).
If X:Q— U c ST, then clearly X, = m, 0 X maps  into S. Thus, X may
also be regarded as a function X (t,w) = X;(w) from T x Q to S.

Lemma 2.1 (measurability) Fiz a measurable space (S,S), an index set T,
and a subset U C ST. Then a function X : Q — U is U N ST -measurable iff
X, : Q — S is S-measurable for everyt € T.

Proof: Since X is U-valued, the U N ST-measurability is equivalent to
measurability with respect to ST. The result now follows by Lemma 1.4
from the fact that S” is generated by the mappings ;. o

A mapping X with the properties in Lemma 2.1 is called an S-valued
(random) process on T with paths in U. By the lemma it is equivalent to
regard X as a collection of random elements X; in the state space S.
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For any random elements & and 7 in a common measurable space, the
equality & < n means that ¢ and n have the same distribution, or Po ¢~ =
Pon™l. If X is a random process on some index set 7', the associated
finite-dimensional distributions are given by

,U'tl 11111 tn:PO(Xt17--~7th)7la tl,...,tn€T7 TLGN

The following result shows that the distribution of a process is determined
by the set of finite-dimensional distributions.

Proposition 2.2 (finite-dimensional distributions) Fiz any S, T, and U as
i Lemma 2.1, and let X and Y be processes on T with paths in U. Then

XLy i
(Xp o X)L (Y., V), t,....t,eT, neN. (3)

Proof: Assume (3). Let D denote the class of sets A € ST with P{X € A}
= P{Y € A}, and let C consist of all sets

A={fesS" (fi,....f,)E€B}, t,...,t, €T, B€S", neN.

Then C is a m-system and D a A-system, and furthermore C C D by hypoth-
esis. Hence, ST = ¢(C) C D by Theorem 1.1, which means that X £Y. O

For any random vector £ = (&,...,&;) in RY we define the associated
distribution function F by

F(zy,...,x2q) = Pﬂkgd{fk <}, x1,...,2q4 €R.
The next result shows that F' determines the distribution of &.

Lemma 2.3 (distribution functions) Let & and 1 be random vectors in R?
with distribution functions F' and G. Then & & niff F=G.

Proof: Use Theorem 1.1. O

The expected value, expectation, or mean of a random variable £ is defined
as

E&zLﬁMEiAMPo{UMm (4)

whenever either integral exists. The last equality then holds by Lemma
1.22. By the same result we note that, for any random element £ in some
measurable space S and for an arbitrary measurable function f: S — R,

| f©ar= [ fs)(Pogds)
LatPo(fo8) ) d), 5)

Ef(§)
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provided that at least one of the three integrals exists. Integrals over a
measurable subset A C Q are often denoted by

Bl Al = B(§la) = [ €aP. Ac A

For any random variable £ and constant p > 0, the integral E[¢[? = [[£][?
is called the pth absolute moment of £&. By Holder’s inequality (or by Jensen’s
inequality in Lemma 2.5) we have ||£]|, < [|€]|, for p < ¢, so the corresponding
LP-spaces are nonincreasing in p. If £ € LP and either p € N or ¢ > 0, we
may further define the pth moment of £ as E&P.

The following result gives a useful relationship between moments and tail
probabilities.

Lemma 2.4 (moments and tails) For any random variable £ > 0,
B — p/ P{¢> 7 tdt — p/ P{e> )" dt, p>0.
0 0

Proof: By elementary calculus and Fubini’s theorem,

Ber = E/ 1{e? > s}ds = E/ 1{e > s1/7}ds
0 0
= pE /OO e >t tdt = p/w P{¢ >t} dt.
0 0
The proof of the second expression is similar. ]

A random vector £ = (&,...,&4) or process X = (X;) is said to be
integrable if integrability holds for every component & or value X, in which
case we may write B{ = (F&,...,E&) or EX = (EX;). Recall that a
function f:R? — R is said to be convez if

flpz+ (1 =p)y) <pf(x)+(1-p)f(y), z.yeR) pel0,1]. (6)

The relation may be written as f(E€) < Ef(£), where £ is a random vector
in R with P{¢ = 2} = 1 — P{¢ = y} = p. The following extension to
arbitrary integrable random vectors is known as Jensen’s inequality.

Lemma 2.5 (convex maps, Héolder, Jensen) Let & be an integrable random
vector in R?, and fix any convex function f:R? — R. Then

Ef(§) = f(EY).

Proof: By a version of the Hahn—Banach theorem, the convexity condition

(6) is equivalent to the existence for every s € R? of a supporting affine

function hy(z) = ax + b with f > hy and f(s) = hy(s). In particular, we get
for s = F¥¢,

Ef(§) = Ehy(§) = hs(EE) = f(EE). =
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The covariance of two random variables &, € L? is given by

cov(§,n) = E(§ — E§)(n — En) = E¢n — E¢ - En.

It is clearly bilinear, in the sense that

cov {ngm%{j, Zkgnbkﬁk} = ngmzkgajbkco"(ﬁw Mk)-

We may further define the variance of a random variable ¢ € L? by

var(€) = cov(§,§) = B(§ — B¢)* = B¢ — (E§)?,

and we note that, by the Cauchy-Buniakovsky inequality,

[cov(€,m)] < {var(¢) var(n)}/*.

Two random variables £ and 7 are said to be uncorrelated if cov(§,n) = 0.

For any collection of random variables & € L2, t € T, we note that
the associated covariance function ps; = cov(&s, &), s,t € T, is nonnegative
definite, in the sense that 3°;; a;a;py, ¢, > 0 for any n € N, t4,...¢, € T, and
ai,...,a, € R. This is clear if we write

Ziyjaiajpti,tj = Zivjaiajcov(&i, &,) = var {Zﬂi@i} > 0.

The events A, € A, t € T, are said to be (mutually) independent if, for
any distinct indices t1,...,t, € T,

The families C; C A, t € T, are said to be independent if independence holds
between the events A; for arbitrary A; € C;, t € T. Finally, the random
elements &, t € T, are said to be independent if independence holds between
the generated o-fields o(&), t € T. Pairwise independence between two
objects A and B, £ and 7, or B and C is often denoted by ALLB, £1ln, or
B1LC, respectively.

The following result is often useful to prove extensions of the indepen-
dence property.

Lemma 2.6 (extension) If the w-systems Cy, t € T, are independent, then
so are the o-fields Fy = o(Cy), t € T.

Proof: We may clearly assume that C, # () for all . Fix any distinct
indices ti,...,t, € T, and note that (7) holds for arbitrary A;, € C;,, k =
1,...,n. Keeping A,,, ..., A, fixed, we define D as the class of sets 4;, € A
satisfying (7). Then D is a A-system containing C;,, and so D D o(Cy,) = F,
by Theorem 1.1. Thus, (7) holds for arbitrary A;, € Fy, and Ay, € Gy, k =
2,...,n. Proceeding recursively in n steps, we obtain the desired extension
to arbitrary A4, € F,, k=1,...,n. a
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As an immediate consequence, we obtain the following basic grouping
property. Here and in the sequel we shall often write F V G = o{F,G} and
Fs =Vies Fe = o{ Fi; t € S}

Corollary 2.7 (grouping) Let F;, t € T, be independent o-fields, and con-
sider a disjoint partition T of T'. Then the o-fields Fs = Vyes Fi, S € T,
are again independent.

Proof: For each S € T, let Cs denote the class of all finite intersections
of sets in U;cg Fi. Then the classes Cg are independent m-systems, and by
Lemma 2.6 the independence extends to the generated o-fields Fg. O

Though independence between more than two o-fields is clearly stronger
than pairwise independence, we shall see how the full independence may be
reduced to the pairwise notion in various ways. Given any set T, a class
T c 27 is said to be separating if, for any s # ¢ in T, there exists some
S € T such that exactly one of the elements s and ¢ lies in S.

Lemma 2.8 (pairwise independence)
(i) The o-fields Fy, Fs, ... are independent iff \/y<,, Fi 1L Fryr for all n.

(ii) The o-fields Fy, t € T, are independent iff Fs L Fse for all sets S in
some separating class T C 27.

Proof: The necessity of the two conditions follows from Corollary 2.7. As
for the sufficiency, we shall consider only part (ii), the proof for (i) being
similar. Under the stated condition, we need to show for any finite subset
S C T that the o-fields F;, s € S, are independent. Let |S| denote the
cardinality of S, and assume the statement to be true for |S| < n. Proceeding
to the case when |S| = n+ 1, we may choose U € T such that S’ = SNU
and S” = S\ U are nonempty. Since Fg Ll Fgr, we get for any sets A, € F,

s€S,
PﬂseSAs = (P r-LGS’AS> (P mseS”As) = HSESPAS’

where the last relation follows from the induction hypothesis. O

A o-field F is said to be P-trivial if PA =0 or 1 for every A € F. We
further say that a random element is a.s. degenerate if its distribution is a
degenerate probability measure.

Lemma 2.9 (triviality and degeneracy) A o-field F is P-trivial iff F LLF.
In that case, any F-measurable random element & taking values in a separable
metric space is a.s. degenerate.

Proof: 1f F1LF, then for any A € F we have PA = P(AN A) = (PA)?,
and so PA = 0 or 1. Conversely, assume that F is P-trivial. Then for any
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two sets A, B € F we have P(ANB) = PAAPB = PA - PB, which means
that FLULF.

Now assume that F is P-trivial, and let ¢ be as stated. For each n we may
partition S into countably many disjoint Borel sets B,,; of diameter < n™!.
Since P{¢ € B,;} = 0 or 1, we have £ € B,; a.s. for exactly one j, say for
J = jn. Hence, £ € N, B, ;, a.s. The latter set has diameter 0, so it consists

of exactly one point s, and we get £ = s a.s. ]

The next result gives the basic relation between independence and prod-
uct measures.

Lemma 2.10 (product measures) Let &,...,&, be random elements with
distributions fiy, . .., [t in some measurable spaces Sy, ...,S,. Then the &
are independent iff € = (&1,...,&,) has distribution pn ® -+ ® py.

Proof: Assuming the independence, we get for any measurable product
set B= By x---x B,

Pe e BY = [] P{& € Bi} = [1 By = @ i B.

k<n k<n k<n

This extends by Theorem 1.1 to arbitrary sets in the product o-field. O

In conjunction with Fubini’s theorem, the last result leads to a useful
method of computing expected values.

Lemma 2.11 (conditioning) Let & and n be independent random elements
in some measurable spaces S and T, and let the function f: S xT — R be
measurable with E(E|f(s,1)|)s=e < 00. Then Ef(&,n) = E(Ef(s,1))s=-

Proof: Let p and v denote the distributions of £ and 7, respectively.
Assuming that f > 0 and writing g(s) = Ef(s,n), we get, by Lemma 1.22
and Fubini’s theorem,

Bf€n) = [ fs0)(n®v)(dsdr
= [utas) [ fis.tpwiat) = [ gls)u(ds) = Eg(e).

For general f, this applies to the function |f|, and so E|f(£,n)| < co. The
desired relation then follows as before. a

In particular, for any independent random variables &1, ..., &,,

EHkﬁk = HkEflm var Zkfk = Zkvarfk,

whenever the expressions on the right exist.

If £ and n are random elements in a measurable group G, then the product
&n is again a random element in G. The following result gives the connection
between independence and the convolutions in Lemma 1.28.
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Corollary 2.12 (convolution) Let & and n be independent random elements
with distributions p and v, respectively, in some measurable group G. Then
the product £n has distribution p* v.

Proof: For any measurable set B C G, we get by Lemma 2.10 and the
definition of convolution,

P{éne By = (nev){(zr,y) € G* xy € By = (u*v)B. 0

Given any sequence of o-fields Fj, Fs, ..., we may introduce the associ-
ated tail o-field

T= ﬂn \/k>nfk = ﬂno{fk; k> n}.

The following remarkable result shows that 7T is trivial whenever the F,, are
independent. An extension appears in Corollary 6.25.

Theorem 2.13 (zero—one law, Kolmogorov) Let Fi,Fs,... be independent
o-fields. Then the tail o-field T = N, Visn Fr is P-trivial.

Proof: For each n € N, define 7, = V>, Fk, and note that Fy,..., F,, Tn
are independent by Corollary 2.7. Hence, so are the o-fields F, ..., Fn, T,
and then also Fy, Fa, ..., 7. By the same theorem we obtain 7oL 7, and so
T1LT. Thus, T is P-trivial by Lemma 2.9. O

We shall consider some simple illustrations of the last theorem.

Corollary 2.14 (sums and averages) Let &1,&s, ... be independent random
variables, and put S, = & + -+ + &,. Then each of the sequences (S,) and
(Sp/n) is either a.s. convergent or a.s. divergent. For the latter sequence,
the possible limit is a.s. degenerate.

Proof: Define F,, = o{&,}, n € N, and note that the associated tail o-
field 7 is P-trivial by Theorem 2.13. Since the sets of convergence of (.S,)
and (S, /n) are T-measurable by Lemma 1.9, the first assertion follows. The
second assertion is obtained from Lemma 2.9. m|

By a finite permutation of N we mean a bijective map p: N — N such
that p, = n for all but finitely many n. For any space S, a finite permutation
p of N induces a permutation 7}, on S* given by

Tp(s) =s0p=(Sp,Spps-.-); &=(51,82,...) € 5.
A set I C 5% is said to be symmetric (under finite permutations) if

—17 — 00, —
T,' I={s€ S sopecl}=1
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for every finite permutation p of N. If (S, S) is a measurable space, then the
symmetric sets I € §™ form a sub-o-field Z C 8%, called the permutation
invariant o-field in 5.

We may now state the other basic zero—one law, which refers to sequences
of random elements that are independent and identically distributed (abbre-
viated as i.i.d.).

Theorem 2.15 (zero—one law, Hewitt and Savage) Let & be an infinite se-
quence of i.i.d. random elements in some measurable space (S,S), and let
T denote the permutation invariant o-field in S®. Then the o-field E71T is
P-trivial.

Our proof is based on a simple approximation. Write

AAB = (A\ B)U(B\ A),
and note that

P(AAB) = P(A°AB®) = B|14 — 15, A,B€ A 8)

Lemma 2.16 (approzimation) Given any o-fields F; C Fo C --- and a set
A eV, F,, there exist some Ay, As, ... € U, Fn with P(AAA,) — 0.

Proof: Define C = U,, Fp, and let D denote the class of sets A € \V,, F,
with the stated property. Then C is a m-system and D a A-system containing
C. By Theorem 1.1 we get \,, F,, = o(C) C D. O

Proof of Theorem 2.15: Define i = Po &', put F, = 8" x S, and
note that Z € &* =V, F,. For any I € 7 there exist by Lemma 2.16
some sets B, € 8" such that the corresponding sets I, = B,, X S satisfy
w(IAL) — 0. Writing I,, = S x B, x 5%, it is clear from the symmetry of
pand I that pl, = pl, — pl and p(IAIL,) = p(IAIL,) — 0. Hence, by (8),

pUIA(L, N 1)) < p(IAL) + p(IATL) = 0.
Since moreover I,, 1.1, under W, we get
pl — (L, 0 1) = (ul) (pl,) — (ul)?
Thus, ul = (uI)?, and so Po & = pul =0or 1. O
The next result lists some typical applications. Say that a random vari-
able £ is symmetric if £ LA —£.

Corollary 2.17 (random walk) Let &1,&s, ... be i.i.d., nondegenerate ran-
dom wvariables, and put S, =& + ...+ &, Then

(i) P{S, € B io.} =0 orl for any B € B;

(ii) limsup, S, = 00 a.s. or —0 a.s.;

(iii) limsup,, (£S,) = oo a.s. if the &, are symmetric.
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Proof: Statement (i) is immediate from Theorem 2.15, since for any finite
permutation p of N we have x,, +---+x,, = 1+ -+ x, for all but finitely
many n. To prove (ii), conclude from Theorem 2.15 and Lemma 2.9 that
limsup,, S, = ¢ a.s. for some constant ¢ € R = [—o00, cc]. Hence, a.s.,

¢ = limsup,Sp+1 = limsup,(Sp41 — &) + & =c+ &.

If |c] < oo, we get & = 0 a.s., which contradicts the nondegeneracy of &;.
Thus, |¢| = oo. In case (iii), we have

¢ = limsup,S, > liminf,S, = —limsup,,(—S,) = —c,
and so —c¢ < ¢ € {00}, which implies ¢ = cc. O

Using a suitable zero—one law, one can often rather easily see that a
given event has probability zero or one. Determining which alternative ac-
tually occurs is often harder. The following classical result, known as the
Borel-Cantelli lemma, may then be helpful, especially when the events are
independent. An extension to the general case appears in Corollary 6.20.

Theorem 2.18 (Borel, Cantelli) Let Ay, Ay, ... € A. Then y, PA, < o
implies P{A,, i.0.} =0, and the two conditions are equivalent when the A,
are independent.

Here the first assertion was proved earlier as an application of Fatou’s
lemma. The use of expected values allows a more transparent argument.

Proof: If >, PA,, < oo, we get by monotone convergence

EznlAn = ZnEIAn = ZnPA” < 00.

Thus, 3, 14, < 0o a.s., which means that P{A, i.0.} = 0.
Next assume that the A, are independent and satisfy >, PA, = oo.
Noting that 1 — x < e~ for all z, we get

PUanAk = 1- PﬂanAz =1- HanPAz
= 1—- Han(l - PAk) Z 1-— Han exp(—PAk)
= 1—exp {—EanPAk} =1.

Hence, as n — oo,

1= PUkznAk 1P, UanAk = P{A, 10},

and so the probability on the right equals 1. O
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For many purposes it is sufficient to use the Lebesgque unit interval ([0, 1],
B[0,1],\) as the basic probability space. In particular, the following re-
sult ensures the existence on [0,1] of some independent random variables
&1,&, ... with arbitrarily prescribed distributions. The present statement is
only preliminary. Thus, we shall remove the independence assumption in
Theorem 5.14, prove an extension to arbitrary index sets in Theorem 5.16,
and eliminate the restriction on the spaces in Theorem 5.17.

Theorem 2.19 (existence, Borel) For any probability measures piy, fia, . . .
on some Borel spaces S1,Ss, ..., there exist some independent random ele-
ments &1,&a, ... on ([0,1], \) with distributions py, s, . . . .

In particular, there exists some probability measure g on S; X So X - - -
with
Mo(ﬂ'l,...,ﬂ'n)_l =1 -, nelN

For the proof we shall first consider two special cases of independent interest.

The random variables &;,&,, ... are said to form a Bernoulli sequence
with rate p if they are i.i.d. with P{§, = 1} = 1 — P{§, = 0} = p. We
shall further say that a random variable ¥ is uniformly distributed on [0, 1]
(written as U(0,1)) if P o 9! equals Lebesgue measure A on [0,1]. By
the binary expansion of a number x € [0,1], we mean the unique sequence
71,72, ... € {0,1} with sum 0 or oo such that z = 3, 7,27". The following
result provides a simple construction of a Bernoulli sequence on the Lebesgue
unit interval.

Lemma 2.20 (Bernoulli sequence) Let d be a random variable in [0, 1] with
binary expansion &1,&s,.... Then ¥ is U(0,1) iff the &, form a Bernoulli
sequence with rate 3.

Proof: If ¥ is U(0,1), then P;,{§ = k;} = 27" for all ky, ... k, €
{0,1}. Summing over ky, ..., k,—1, we get P{{, =k} =1 for k =0 and 1.
A similar calculation yields the asserted independence.

Now assume instead that the &, form a Bernoulli sequence with rate 1

L
Letting ¢ be U(0,1) with binary expansion £,&, ..., we get (&) 4 (fn)

Thus,
=3 &2 LY g2 =1 O

The next result shows how a single U(0, 1) random variable can be used
to generate a whole sequence.

Lemma 2.21 (duplication) There exist some measurable functions fi, fa,
. on [0,1] such that wheneverd is U(0,1), the random variables ¥, = fn(9)
are i.i.d. U(0,1).
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Proof: Introduce for every x € [0,1] the associated binary expansion
g1(x), g2(x), ..., and note that the g; are measurable. Rearrange the g into
a two-dimensional array h,;, n,j € N, and define

falx) =30 27 hyy(z), @ €[0,1], n€N.

By Lemma 2.20 the random variables gi(¢) form a Bernoulli sequence with
rate 1, and the same result shows that the variables 9,, = f,,(J) are U(0, 1).
The latter are further independent by Corollary 2.7. |

Finally, we need to construct a random element with arbitrary distribu-
tion from a given randomization variable. The required lemma will be stated
in a version for kernels, in view of our needs in Chapters 5, 7, and 12.

Lemma 2.22 (kernels and randomization) Let u be a probability kernel
from a measurable space S to a Borel space T. Then there exists some mea-
surable function f: S x [0,1] = T such that if ¥ is U(0,1), then f(s,9) has
distribution u(s,-) for every s € S.

Proof: We may assume that T is a Borel subset of [0, 1], in which case we
may easily reduce to the case when T' = [0, 1]. Define

f(s,t) =sup{x € [0,1]; u(s,[0,2]) <t}, s€S, tel0,1], (9)

and note that f is product measurable on S x [0, 1], since the set {(s,t);
w(s, [0,x]) <t} is measurable for each = by Lemma 1.12, and the supremum
in (9) can be restricted to rational x. If 9 is U(0, 1), we get

P{f(s’ﬁ) < {E} = P{ﬁ < /~L(57 [va])} = N(Sv [Ov‘r])v T € [07 1]7

and so f(s,¥) has distribution p(s,-) by Lemma 2.3. |

Proof of Theorem 2.19: By Lemma 2.22 there exist some measurable
functions f,: [0,1] — S, such that Ao f, ! = yu,. Letting ¥ be the identity
mapping on [0, 1] and choosing ¥, ¥, . .. as in Lemma 2.21, we note that the
functions &, = f,(¢,), n € N, have the desired joint distribution. |

Next we shall discuss the regularization and sample path properties of
random processes. Two processes X and Y on a common index set T are
said to be versions of each other if X; =Y, a.s. for each ¢ € T'. In the special
case when 7' = R? or R, we note that two continuous or right-continuous
versions X and Y of the same process are indistinguishable, in the sense that
X =Y as. In general, the latter notion is clearly stronger.

For any function f between two metric spaces (5, p) and (S5, p'), the
associated modulus of continuity w; = w(f,-) is given by

we(r) = sup{p'(fs, f1); s,t €S, p(s,t) <7}, 7 >0.
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Note that f is uniformly continuous iff w¢(r) — 0 as r — 0. Say that f is
Hélder continuous with exponent ¢ if wy(r) < r° as v — 0. The property
is said to hold locally if it is true on every bounded set. Here and in the
sequel, we are using the relation f < g between positive functions to mean
that f < cg for some constant ¢ < co.

A simple moment condition ensures the existence of a Hélder-continuous
version of a given process on R¢. Important applications are given in Theo-
rems 11.5, 18.3, and 19.4, and a related tightness criterion appears in Corol-
lary 14.9.

Theorem 2.23 (moments and continuity, Kolmogorov, Loéve, Chentsov)
Let X be a process on R with values in a complete metric space (S, p),
and assume for some a,b > 0 that

E{p(Xs, X))} <|s —t|"" st e R (10)

Then X has a continuous version, and for any c¢ € (0,b/a) the latter is a.s.
locally Holder continuous with exponent c.

Proof: Tt is clearly enough to consider the restriction of X to [0,1]%
Define

Dy ={(k1,..., kg)27"; ky,..., ko, €{1,...,2"}}, neN,
and let
& = max{p(Xs, Xy); s,t € Dy, |[s—t|=2""}, neN.

Since
H(s,t) € D2 |s—t|=2""} < a2, neN,

n’

we get by (10), for any ¢ € (0,b/a),

EZ(anén)a _ Z 2aan£Z < Z 2acn2dn(27n)d+b _ Z 2(acfb)n < o0.
n n n n
The sum on the left is then a.s. convergent, and therefore §, < 27" as.
Now any two points s,t € U,, D,, with |s — ¢| < 27™ can be connected by a
piecewise linear path involving, for each n > m, at most 2d steps between
nearest neighbors in D,,. Thus, for r € [27™71 27™],

sup {p(Xs,Xt); s,t € UnDn, |s —t] < 7”}

—Cn —Ccm C
S ol S0, 2T <2 <

which shows that X is a.s. Holder continuous on {J,, D,, with exponent c.

In particular, there exists a continuous process Y on [0,1]¢ that agrees
with X a.s. on U,, Dy, and it is easily seen that the Holder continuity of ¥ on
U, D, extends with the same exponent c to the entire cube [0, 1]¢. To show
that Y is a version of X, fix any ¢ € [0,1]¢, and choose t,ts,... € U, D,
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with ¢, — t. Then X; =Y, a.s. for each n. Furthermore, X, EiY X; by
(10) and Y;, — Y; a.s. by continuity, so X; = Y; a.s. m]

The next result shows how regularity of the paths may sometimes be
established by comparison with a regular process.

Lemma 2.24 (transfer of regularity) Let X LY be random processes on
some index set T, taking values in a separable metric space S, and assume
that Y has paths in some set U C ST that is Borel for the o-field U =
(B(S)TNU. Then even X has a version with paths in U.

Proof: For clarity we may write Y for the path of Y, regarded as a random
element in U. Then Y is Y-measurable, and by Lemma 1.13 there exists a
measurable mapping f: ST — U such that Y = f(Y) a.s. Define X = f(X),

and note that (X, X) = (Y,Y). Since the diagonal in S? is measurable, we
get in particular

P{X,=X,}=P{Y,=Y,} =1, teT. O

We conclude this chapter with a characterization of distribution functions
in RY, required in Chapter 4. For any vectors x = (x1,...,74) and y =
(y1,--,vaq), write z < gy for the componentwise inequality =), < yi, k =
1,...,d, and similarly for x < y. In particular, the distribution function F’
of a probability measure ; on R? is given by F(z) = pu{y; y < x}. Similarly,
let © V y denote the componentwise maximum. Put 1 = (1,...,1) and
00 = (00,...,00).

For any rectangular box (z,y] = {u; 2z < v < y} = (2, 1] X -+ X
(%4, ya)] we note that u(x,y] = X, s(u)F(u), where s(u) = (—1)? with p =
>k H{ur = yx}, and the summation extends over all corners u of (z,y]. Let
F(z,y] denote the stated sum and say that F' has nonnegative increments if
F(z,y] > 0 for all pairs 2 < y. Let us further say that F' is right-continuous
if F(z,) = F(z) as x, | « and proper if F(z) — 1 or 0 as ming xx — +o00,
respectively.

The following result characterizes distribution functions in terms of the
mentioned properties.

Theorem 2.25 (distribution functions) A function F: R? — [0,1] is the
distribution function of some probability measure r on R? iff it is right con-
tinuous and proper with nonnegative increments.

Proof: The set function F(x,y] is clearly finitely additive. Since F is
proper, we further have F(x,y] — 1 as ¢ — —oo and y — oo, that is, as
(z,y] T (—00,00) = R Hence, for every n € N there exists a probability
measure f,, on (27"Z)? with Z = {...,—1,0,1,...} such that

{27k = F(2"(k—1),27"k], ke€Z' neN.
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From the finite additivity of F'(z,y] we obtain
pn (27 (k — 1,K]) = pn(27™(k — 1,k]), k€Z' m<mninN. (11)

By successive division of the Lebesgue unit interval ([0, 1], B[0, 1], A), we
may construct some random vectors &1, &, ... with distributions pq, po, . ..
such that &, — 2™ < &, < &, for all m < n, which is possible because of
(11). In particular, & > & > --- > & — 1, and so &, converges pointwise to
some random vector £. Define gy = Ao &L,

To see that p has distribution function F', we note that since F' is proper

ME, <27k} = pp(—00,27"k] = F(27"k), keZ' neN
Since, moreover, &, | ¢ a.s., Fatou’s lemma yields for dyadic z € R?

Mé, <z ult.} <liminf, A{¢, < x}
F(z) = limsup,\{&, < x}
M& < zio} < Me <z},

ME <z}

IAINA

and so
Fl)<Me¢<z}<F(z+27"1), neN

Letting n — oo and using the right-continuity of F', we get AM{¢ < 2} = F(x),
which extends to any x € R? by the right-continuity of both sides. O

The last result has the following version for unbounded measures.

Corollary 2.26 (unbounded measures) Let the function F on R? be right-
continuous with nonnegative increments. Then there exists some measure [
on R? such that pu(x,y] = F(z,y] for all x <y in R9.

Proof: For each a € R? we may apply Theorem 2.25 to suitably normal-
ized versions of the function F,(z) = F(a,a V z], to obtain a measure y,

on [a,00) with p,(a,z] = F(a,z] for all x > a. In particular, u, = p, on

(a V b,00) for all a and b, and we note that y = sup, y, is a measure with

the desired property. O
Exercises

1. Give an example of two processes X and Y with different distributions
such that X; £ V; for all t.

2. Let X and Y be {0, 1}-valued processes on some index set 7. Show
that X £ Y iff P{X,, +---+X;, >0} = P{Y;, +---+Y, >0} foralln € N
and tq1,...,t, € T.



38 Foundations of Modern Probability

3. Let F be a right-continuous function of bounded variation and with
F(—00) = 0. Show for any random variable £ that EF(§) = [ P{{ > t}
F(dt). (Hint: First take F' to be the distribution function of some random
variable n1L.¢, and use Lemma 2.11.)

4. Consider a random variable £ € L' and a strictly convex function f
on R. Show that Ef(§) = f(E¢) iff £ = F€ as.

5. Assume that § = 3°; a;&; and n = 32, bjn;, where the sums converge
in L. Show that cov({,n) = X, ; a;bjcov(&;, m;), where the double series on
the right is absolutely convergent.

6. Let the o-fields F;,, t € T, n € N, be nondecreasing in n for each ¢
and independent in ¢ for each n. Show that the independence extends to the
o-fields F, = V,, Fin-

7. For each t € T, let &,&L, €L, ... be random elements in some metric
space S; with & — &' a.s., and assume for each n € N that the random ele-
ments & are independent. Show that the independence extends to the limits
&'. (Hint: First show that El,cq fi(§) = [les Ffi(§) for any bounded,
continuous functions f; on Sy and for finite subsets S C T.)

8. Give an example of three events that are pairwise independent but
not independent.

9. Give an example of two random variables that are uncorrelated but
not independent.

10. Let &1,&, ... be i.i.d. random elements with distribution p in some
measurable space (5,S). Fix a set A € § with uA > 0, and put 7 =
inf{k; & € A}. Show that & has distribution u[-|A] = u(- N A)/uA.

11. Let &,&,, ... be independent random variables taking values in [0, 1].
Show that E'T], &, = I, E&.. In particular, show that P, A, = [I, PAx
for any independent events Ay, A, .. ..

12. Let &1,&, ... be arbitrary random variables. Show that there exist
some constants cy, co, ... > 0 such that the series Y, ¢,&, converges a.s.

13. Let &1,&, ... be random variables with £, — 0 a.s. Show that there
exists some measurable function f > 0 with -, f(&,) < oo a.s. Also show
that the conclusion fails if we only assume L'-convergence.

14. Give an example of events Aj, Ay, ... such that P{4, i.0.} = 0 but
>, PA, = .

15. Extend Lemma 2.20 to a correspondence between U(0,1) random
variables ¥ and Bernoulli sequences i, &, . .. with rate p € (0,1).

16. Give an elementary proof of Theorem 2.25 for d = 1. (Hint: Define
& = F71(¥9), where 9 is U(0, 1), and note that & has distribution function F'.)



Chapter 3

Random Sequences, Series,
and Averages

Convergence in probability and in LP; uniform integrability and
tightness; convergence in distribution; convergence of random se-
ries; strong laws of large numbers; Portmanteau theorem; contin-
uous mapping and approximation; coupling and measurability

The first goal of this chapter is to introduce and compare the basic modes of
convergence of random quantities. For random elements £ and &, &, ... in a
metric or topological space S, the most commonly used notions are those of
almost sure convergence, &, — £ a.s., and convergence in probability, &, 5 &,
corresponding to the general notions of convergence a.e. and in measure,
respectively. When S = R, we have the additional concept of LP-convergence,
familiar from Chapter 1. Those three notions are used throughout this book.
For a special purpose in Chapter 22, we shall also need the notion of weak
L'-convergence.

For our second main topic, we shall study the very different concept
of convergence in distribution, &, LN &, defined by the condition Ef(&,) —
Ef (&) for all bounded, continuous functions f on S. This is clearly equivalent
to weak convergence of the associated distributions p, = Po ¢! and u =
Po&™t written as p,, — g and defined by the condition p, f — pf for every
f as above. In this chapter we shall only establish the most basic results of
weak convergence theory, such as the “Portmanteau” theorem, the continuous
mapping and approximation theorems, and the Skorohod coupling. Our
development of the general theory continues in Chapters 4 and 14, and further
distributional limit theorems appear in Chapters 7, 8, 10, 12, 13, 17, and 20.

Our third main theme is to characterize the convergence of series > &
and averages n”°> <, §k, Where £, &, ... are independent random variables
and c is a positive constant. The two problems are related by the elementary
Kronecker lemma, and the main results are the basic three-series criterion
and the strong law of large numbers. The former result is extended in Chap-
ter 6 to the powerful martingale convergence theorem, whereas extensions
and refinements of the latter result are proved in Chapters 9 and 12. The
mentioned theorems are further related to certain weak convergence results
presented in Chapters 4 and 13.

Before beginning our systematic study of the various notions of conver-
gence, we shall establish a couple of elementary but useful inequalities.

39
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Lemma 3.1 (moments and tails, Bienaymé, Chebyshev, Paley and Zyg-
mund) Let & be an Ry -valued random variable with 0 < E€ < co. Then

2 (EE)?
+ E€2

=S |

(1—r) < P{>rEE < r>0. (1)

The second relation in (1) is often referred to as Chebyshev’s or Markov’s
inequality. Assuming that E¢? < oo, we get in particular the well-known
estimate

P{|¢ — E¢| > e} < e var(€), &> 0.

Proof of Lemma 3.1: We may clearly assume that £ = 1. The upper
bound then follows as we take expectations in the inequality r1{¢ > r} < €.
To get the lower bound, we note that for any r,t > 0

PUHES T > (E—r) 2t +r—&) =26(r +t) —r(2t +7) — £
Taking expected values, we get for 7 € (0,1)

P{E>r}>2(r+t) —r(2t+71) — EE > 2t(1 — 1) — EE.
Now choose t = E€2/(1 — 7). O

For random elements £ and &, o, . .. in a metric space (5, p), we say that
&n converges in probability to £ (written as &, =i ¢) if

Jim P{p(&n. &) > e} =0, €>0.

By Chebyshev’s inequality it is equivalent that E[p(&,,&) A 1] — 0. This
notion of convergence is related to the a.s. version as follows.

Lemma 3.2 (subsequence criterion) Let &, &1,&, ... be random elements in

a metric space (S,p). Then &, Eit & iff every subsequence N' C N has a
further subsequence N" C N’ such that &, — £ a.s. along N". In particular,

& — € a.s. implies &, Eil .

In particular, the notion of convergence in probability depends only on
the topology and is independent of the choice of metric p.

Proof: Assume that &, EiY ¢, and fix an arbitrary subsequence N’ C N.
We may then choose a further subsequence N” C N’ such that

E Y A{p(En ) A1} = 3 Elp(&a,€) Al < o0,

neN" nenN”

where the equality holds by monotone convergence. The series on the left
then converges a.s., which implies &, — £ a.s. along N”.
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Now assume instead the stated condition. If &, 54 &, there exists some
e > 0 such that E[p(&,, &) A 1] > € along a subsequence N’ C N. By hypoth-
esis, &, — £ a.s. along a further subsequence N” C N’, and by dominated
convergence we get E[p(&,,&) A 1] — 0 along N”, a contradiction. O

For a first application, we shall see how convergence in probability is
preserved by continuous mappings.

Lemma 3.3 (continuous mappings) Fix two metric spaces S and T. Let
£,€1,&, ... be random elements in S with &, 5 &, and consider a measurable
mapping f: S — T such that f is a.s. continuous at §. Then f(&,) Ei8 f(&).

Proof: Fix any subsequence N’ C N. By Lemma 3.2 we have §, — &
a.s. along some further subsequence N” C N’, and by continuity we get

f(&) — f(&) a.s. along N”. Hence, f(&,) EiY f(&) by Lemma 3.2. O

Now consider for each k € N a metric space (S, px), and introduce the
product space S = XS, = S X Sy X - - - endowed with the product topology,
a convenient metrization of which is given by

p(l’,y) = Zk2ik{pk(xk>yk) A 1}> T,y € XkSk- (2)

If each Sy is separable, then B(S) = ®;, B(Sr) by Lemma 1.2, and so a
random element in S is simply a sequence of random elements in S, k € N.

Lemma 3.4 (random sequences) Fix any separable metric spaces Sy, Ss, .. .,
and let & = (&1,&,...) and & = (§1,&Y,...), n € N, be random elements in

X3Sy, Then ¢ 5 ¢ iff & B ¢ in Sy, for each k.
Proof: With p as in (2), we get for each n € N
Elp(€",€) A1) = Bple", &) = 3, 2 *Elpg(ef, &) A 1],

Thus, by dominated convergence E[p(§", &) A1] — 0 iff E[pr(&f, &) A1} — 0
for all k. O

Combining the last two lemmas, it is easily seen how convergence in
probability is preserved by the basic arithmetic operations.

Corollary 3.5 (elementary operations) Let &,&1,&a, ... and n,m,m9, ... be
random variables with &, Eit & and ny, Rt n. Then a&, + bn, Eil a& + bn for

all a,b € R, and &mn = €. Furthermore, &n/Mn EiY &/n whenever a.s. n # 0
and 1, # 0 for all n.
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Proof: By Lemma 3.4 we have (&,,n,) Eis (&,m) in R?, so the results for
linear combinations and products follow by Lemma 3.3. To prove the last as-
sertion, we may apply Lemma 3.3 to the function f: (z,y) — (z/y)1{y # 0},
which is clearly a.s. continuous at (£,7). |

Let us next examine the associated completeness properties. For any
random elements 1, &, . .. in a metric space (S, p), we say that (&,) is Cauchy

(convergent) in probability if p(&,,, &) £ 0 as m,n — 00, in the sense that
E[p(&m, &) AN 1] — 0.

Lemma 3.6 (completeness) Let &y, &, ... be random elements in some com-

plete metric space (S, p). Then (&) is Cauchy in probability or a.s. iff &, RS
or &, — & a.s., respectively, for some random element £ in S.

Proof: The a.s. case is immediate from Lemma 1.10. Assuming &, EiY &,
we get

Elp(&m, &) A1) < Elp(&m, §) A] + E[p(&n, §) A 1] =0,

which means that (&,) is Cauchy in probability.
Now assume instead the latter condition. Define

ny = inf {n > k; sup,s, Blp(§m, §n) A1) < 2"“} , keN.
The ny, are finite and satisfy

EY {p(Gnr&np ) A1 <D0 278 < o0,

and s0 Y25 p(&ny Enpyy) < 00 a.s. The sequence(§,, ) is then a.s. Cauchy and

converges a.s. toward some measurable limit £&. To see that &, =i &, write

Elp(&m, &) A1) < E[p(§m, &n) N1 4 Elp(&ny,, ) A1,

and note that the right-hand side tends to zero as m, k — oo, by the Cauchy
convergence of (§,) and dominated convergence. ]

Next consider any probability measures p and gy, o, . .. on some metric
space (S,p) with Borel o-field S, and say that u, converges weakly to p
(written as g, — p) if pnf — pf for every f € Cy(S), the class of bounded,
continuous functions f: .S — R. If £ and &,&,, ... are random elements in
S, we further say that &, converges in distribution to & (written as &, LN €) if
Po&; 1 B Pot™! that is, if Ef(&,) — Ef(€) for all f € Cy(S). Note that the
latter mode of convergence depends only on the distributions and that & and
the &, need not even be defined on the same probability space. To motivate
the definition, note that z,, — « in a metric space S iff f(z,) — f(z) for all
continuous functions f: S — R, and also that P o ¢! is determined by the
integrals Ff(€) for all f € Cy(S).

The following result gives a connection between convergence in probability
and in distribution.
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Lemma 3.7 (convergence in probability and in distribution) Let &, &1, &, ...

be random elements in some metric space (S, p). Then &, Eis & implies &, KN
&, and the two conditions are equivalent when & is a.s. constant.

Proof: Assume &, = ¢. For any f € Cy(S) we need to show that
Ef(&) — Ef(&). If the convergence fails, we may choose some subsequence
N’ C N such that inf,cn [Ef(&,) — Ef(€)] > 0. By Lemma 3.2 there ex-
ists a further subsequence N” C N’ such that &, — £ a.s. along N”. By
continuity and dominated convergence we get Ef(&,) — Ef(£) along N”, a
contradiction.

Conversely, assume that &, % s € S. Since p(z,s) A1 is a bounded and
continuous function of x, we get E[p(&,,s) A 1] = E[p(s,s) A 1] =0, and so
&n 5. O

A family of random vectors &, t € T, in R? is said to be tight if
lim sup P{|&| > r} = 0.
r—=00 4cp
For sequences (&,,) the condition is clearly equivalent to
lim limsup P{|{,| > r} =0, (3)
T pooo

which is often easier to verify. Tightness plays an important role for the
compactness methods developed in Chapters 4 and 14. For the moment we
shall note only the following simple connection with weak convergence.

Lemma 3.8 (weak convergence and tightness) Let & &1,&,... be random
vectors in R¢ satisfying &, N &. Then (&,) is tight.

Proof: Fix any r > 0, and define f(z) = (1 — (r — |#])+)+. Then
limsup P{I&,| > r} < lim Ef(&,) = EF(€) < P{¢l >~ 1).
Here the right-hand side tends to 0 as r — oo, and (3) follows. O

We may further note the following simple relationship between tightness
and convergence in probability.

Lemma 3.9 (tightness and convergence in probability) Let &,&o, . .. be ran-
dom wvectors in R, Then (&,) is tight iff c.&, L0 for any constants
c1,Co,... >0 with ¢, — 0.

Proof: Assume (&,) to be tight, and let ¢,, — 0. Fixing any r,¢ > 0, and
noting that c¢,r < ¢ for all but finitely many n € N, we get

limsup P{|c,&,| > ¢} < limsup P{|¢,| > r}.
n—oo n—oo
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Here the right-hand side tends to 0 as r — oo, so P{|c,&,| > ¢} — 0.

Since ¢ was arbitrary, we get ¢,&, £ 0. If instead (&) is not tight, we may
choose a subsequence (ng) C N such that inf, P{|¢,, | > k} > 0. Letting
¢, = sup{k™%; ny > n}, we note that ¢, — 0 and yet P{|c,,&n,| > 1} # 0.
Thus, the stated condition fails. O

We turn to a related notion for expected values. A family of random
variables &, t € T', is said to be uniformly integrable if

lim sup E[|&]; [&] > 7] = 0. 4)
teT
For sequences (&,) in L', this is clearly equivalent to
lim limsup F[|&,]; &, > 7] = 0. (5)
T—=00  n—co

Condition (4) holds in particular if the & are LP-bounded for some p > 1, in
the sense that sup, E|&|P < co. To see this, it suffices to write

E[&l]; |&] > ] < r PHE|GP, rp > 0.

The next result gives a useful characterization of uniform integrability.
For motivation we note that if £ is an integrable random variable, then
EJl¢]; A] — 0 as PA — 0, by Lemma 3.2 and dominated convergence. The
latter condition means that sup e 4 pac. E[|¢]; A] = 0 as e — 0.

Lemma 3.10 (uniform integrability) The random variables &, t € T, are
uniformly integrable iff sup, F|&| < oo and

Aim jlelgEH&l; Al =0. (6)
Proof: Assume the & to be uniformly integrable, and write

E[|&]; Al < rPA+ E[|&); |&) > ], r>0.

Here (6) follows as we let PA — 0 and then r — oco. To get the boundedness
in L', it suffices to take A = Q and choose r > 0 large enough.

Conversely, let the & be L'-bounded and satisfy (6). By Chebyshev’s
inequality we get as r — oo

sup, P{|&| > r} < r~'sup, E|&] — 0,

and so (4) follows from (6) with A = {|&] > r}. O

The relevance of uniform integrability for the convergence of moments
is clear from the following result, which also contains a weak convergence
version of Fatou’s lemma.
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Lemma 3.11 (convergence of means) Let &,&1,&s, ... be Ry -valued random

variables with &, N &, Then EE < liminf, EE,, and furthermore EE, —
E¢ < oo iff (5) holds.

Proof: For any r > 0 the function z — = A r is bounded and continuous
on R,;. Thus,

liminf £¢, > lim E(§, A1) = E(§ Ar),

and the first assertion follows as we let 7 — co. Next assume (5), and note
in particular that F¢ < liminf, F¢, < co. For any r > 0 we get

‘Efn - Ef‘ S |Efn - E(gn /\7")| + |E(En /\T) - E(f/\?")|
+|E(EAT) — E¥|.

Letting n — oo and then r — oo, we obtain E¢, — F£. Now assume instead
that F¢, — EF£ < co. Keeping r > 0 fixed, we get as n — oo

E[fm fn > T] S E[fn _fn/\(r_gn)Jr] — E[§—§A(r—§)+].

Since z A (r — x)4 T @ as r — o0, the right-hand side tends to zero by domi-
nated convergence, and (5) follows. O

We may now examine the relationship between convergence in LP and in
probability.

Proposition 3.12 (LP-convergence) Fiz any p > 0, and let £,&1,&s,... €
L? with &, EiY &. Then these conditions are equivalent:

(i) & — & in LP;
(1) (1&nlly = 1€l

(iil) the variables |£,|P, n € N, are uniformly integrable.

Conversely, (1) implies &, EiY £.

Proof: First assume that &, — & in LP. Then ||&,|l, — ||€]l, by Lemma
1.30, and by Lemma 3.1 we have, for any ¢ > 0,

P{lgn =&l > e} = P{[&n — &P > e <76 — €I} — 0.

Thus, &, Rl £. For the remainder of the proof we may assume that &, Eil (o In
particular, |£,[? % |¢|P by Lemmas 3.3 and 3.7, so (ii) and (iii) are equivalent
by Lemma 3.11. Next assume (ii). If (i) fails, there exists some subsequence
N’ C N with inf,enr [|&, — €|, > 0. By Lemma 3.2 we may choose a further
subsequence N” C N’ such that &, — £ a.s. along N”. But then Lemma 1.32
yields ||&, — &||, — 0 along N”, a contradiction. Thus, (ii) implies (i), so all
three conditions are equivalent. O
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We shall briefly consider yet another notion of convergence of random
variables. Assuming &,&,... € L? for some p € [1,00), we say that &, — ¢
weakly in LP if EE,n — E&n for every nn € L4, where p~! 4+ ¢! = 1. Taking
n = |E[P"sgn &, we get [nll, = I€]57", so by Hélder’s inequality

€l = Eén = lim E€n < [|¢]7~" lim inf [|€,]],.

n—oo n—oo

which shows that [|£]|, < liminf, ||&,]|,-

Now recall the well-known fact that any L?-bounded sequence has a sub-
sequence that converges weakly in L?. The following related criterion for
weak compactness in L' will be needed in Chapter 22.

Lemma 3.13 (weak L'-compactness, Dunford) Every uniformly integrable
sequence of random variables has a subsequence that converges weakly in L'.

Proof: Let (£,) be uniformly integrable. Define ¢¢ = ¢,1{|¢,| < k}, and
note that (¢%) is L?-bounded in n for each k. By the compactness in L? and
a diagonal argument, there exist a subsequence N’ C N and some random
variables 71, 7s, ... such that ¥ — n, holds weakly in L? and then also in
L', as n — oo along N’ for fixed k.

Now ||ne — ]|y < liminf, ||€F — &)1, and by uniform integrability the
right-hand side tends to zero as k,l — oco. Thus, the sequence (n;) is Cauchy
in L', so it converges in L' toward some ¢. By approximation it follows easily
that &, — & weakly in L! along N'. O

We shall now derive criteria for the convergence of random series, begin-
ning with an important special case.

Proposition 3.14 (series with positive terms) Let &,&s, ... be independent
R, -valued random variables. Then Y, &, < 00 a.s. iff >, Elén N 1] < 0.

Proof: Assuming the stated condition, we get EY,(§, A1) < oo by
Fubini’s theorem, so Y, (&, A1) < oo a.s. In particular, >, 1{&, > 1} < o0
a.s., so the series 3, (&, A1) and X, &, differ by at most finitely many terms,
and we get >, &, < 00 a.s.

Conversely, assume that Y, &, < 0o a.s. Then also 3°,,(§, A 1) < 00 a.s.,
so we may assume that &, < 1 for all n. Noting that 1 —z <e™* <1 —azx
for z € [0,1] where a =1 — ¢!, we get

0 < Bexp{-Y &}=][ Ee*
< Hn(l —aFE¢,) < Hne_“Eg” = exp {—aZnEEn} ,
and so Y., F&, < oc. a
To handle more general series, we need the following strengthened ver-

sion of the Bienaymé-Chebyshev inequality. A further extension appears as
Proposition 6.15.
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Lemma 3.15 (maximum inequality, Kolmogorov) Let&y,&s, ... be indepen-
dent random variables with mean zero, and put S, =& + -+ &,. Then

P{sup,,|Su| > r} < r_QZnngw r>0.

Proof: We may assume that 3, E€2 < oo. Writing 7 = inf{n; |S,| > r}
and noting that Sp1{r = k}1L(S, — Sk) for k < n, we get

Zlcgn'Egl3

ES? > ZK"E[S?I; T =k

e LE[SE ™ = K]+ 2B[Sk(Sn — Sk); 7 = K}
> EISE T =k 2 P{r <n},

Y

As n — oo, we obtain

ZkEf,f > 7’2P{7' < oo} = TQP{supk|Sk| >} O

The last result leads easily to the following sufficient condition for the
a.s. convergence of random series with independent terms. Conditions that
are both necessary and sufficient are given in Theorem 3.18.

Lemma 3.16 (variance criterion for series, Khinchin and Kolmogorov) Let
&1,&, ... be independent random wvariables with mean 0 and Y, FE2 < oo.
Then >, &, converges a.s.

Proof: Write S,, =& + -+ + &,. By Lemma 3.15 we get for any £ > 0,

P{supys, Sy — Skl > £} < eY o EG

Hence, supy,.,, [Sn—Sk| £ 0asn — oo, and by Lemma 3.2 we get SUDj>p, | Sn—
Skl =0 a.s. along a subsequence. Since the last supremum is nonincreasing
in n, the a.s. convergence extends to the entire sequence, which means that
(S,) is a.s. Cauchy convergent. Thus, S,, converges a.s. by Lemma 3.6. O

The next result gives the basic connection between series with positive
and symmetric terms. By &, £ o we mean that P{&, > r} — 1 for every
r > 0.

Theorem 3.17 (positive and symmetric terms) Let &1,&s, ... be indepen-
dent, symmetric random variables. Then these conditions are equivalent:

(i) X, & converges a.s.;
(i) ¥, & < 0 a.s.;
(iii) Z,LE(@% A1) < oo.

If the conditions fail, then | Yy, &l £ .
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Proof: Conditions (ii) and (iii) are equivalent by Proposition 3.14. Next
assume (iii), and conclude from Lemma 3.16 that >, £,1{|&,| < 1} converges
a.s. From (iii) and Fubini’s theorem we further note that 3, 1{|&,| > 1} < o0
a.s., so the series 3, £,1{|&,| < 1} and 3, &, differ by at most finitely many
terms, and even the latter series must converge a.s. Thus, (iil) implies (i).

We shall complete the proof by showing that if (ii) fails, so that 3>, &2 =
oo a.s. by Kolmogorov’s zero—one law, then |S,,]| = oo, where S, = Y.<, &k
Since the latter condition implies |S,| — oo a.s. along some subsequence,
even (i) will fail, and so conditions (i) to (iii) are equivalent.

For this part of the proof, it is convenient to introduce an independent
sequence of i.i.d. random variables ¥, with P{¢,, = £1} = 1, and note that
the sequences (&,) and (¢,/€,|) have the same distribution. Letting 1 denote
the distribution of the sequence (|&,|), we get by Lemma 2.11

P{|S,| >r}= /P{’Zkgnﬁkxk‘ > r} p(dx), >0,

and by dominated convergence it is enough to show that the integrand on
the right tends to 0 for y-almost every x = (x1,29,...). Since 3, 22 = 00
a.e., this reduces the argument to the case of nonrandom |, = ¢,, n € N.

First assume that (¢,) is unbounded. For any r > 0 we may recursively
construct a subsequence (n;) C N such that ¢,, >r and ¢,, > 43, ¢y, for
each k. Then clearly P{> ;<) &, € I} < 27F for every interval I of length
2r. By convolution we get P{|S,| < r} < 27F for all n > ny, which shows
that P{|S,| <r} — 0.

Next assume that ¢, < ¢ < oo for all n. Choosing a > 0 so small that
cosz < e for |z < 1, we get for 0 < [t| < ¢

0 < EeitSn — H cos(teg) < H exp(—at2ci) = exp {—atQZkSnCi} — 0.

k<n k<n

Anticipating the elementary Lemma 4.1 of the next chapter, we again get
P{|S.] <r} — 0 for each r > 0. O

The problem of characterizing the convergence, a.s. or in distribution, of a
series of independent random variables is solved completely by the following
result. Here we write var[; A] = var(£14).

Theorem 3.18 (three-series criterion, Kolmogorov, Lévy) Let &,&,,... be
independent random variables. Then ", &, converges a.s. iff it converges in
distribution and also iff these conditions are fulfilled:

(i) $, P{l&] > 1} < o0;
(i) Yn Elén; €] < 1] converges;
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For the proof we need the following simple symmetrization inequalities.
Say that m is a median of the random variable £ if P{& > m} VvV P{{ < m}
< 1. A symmetrization of £ is defined as a random variable of the form
€=¢— ¢ with ¢1L¢ and ¢ £ ¢ For symmetrized versions of the random
variables &1, &, ..., we require the same properties for the whole sequences

(&) and (&)-

Lemma 3.19 (symmetrization) Let € be a symmetrization of a random
variable & with median m. Then

1P{lE —m| > r} < P{lg] > r} < 2P{l¢] > r/2}, r>0.
Proof: Assume & = & — £ as above, and write

{E—m>r, gigm}u{g—m< —r, & >m}
C{IEl >} C{lEl > r/2 U{[E| > r/2}. 0

We also need a simple centering lemma.

Lemma 3.20 (centering) Let the random variables &1, &, ... and constants
1, Co, . .. be such that both &, and &, + ¢, converge in distribution. Then even
Cn converges.

Proof: Assume that &, LN £ If ¢, — +oo along some subsequence
N’ C N, then clearly &, + ¢, 5 +eo along N’, which contradicts the tight-
ness of &, + ¢,. Thus, (¢,) must be bounded. Now assume that ¢, — a and
¢n — b along two subsequences Ny, No C N. Then &, + ¢, N &+ a along Ny
and &, + ¢, LN &+ balong Ny, s0 & +a LA &+ b. Tterating this relation, we
get £+ n(b — a) £ ¢ for arbitrary n € Z, which is impossible unless a = b.
Thus, all limit points of (c,) agree, and ¢, converges. O

Proof of Theorem 3.18: Assume conditions (i) through (iii), and define
& = &1{|&| < 1}. By (iil) and Lemma 3.16 the series 3, (&, — EE),) con-
verges a.s., 8o by (ii) the same thing is true for -, &,. Finally, P{¢, # &, i.0.}
= 0 by (i) and the Borel-Cantelli lemma, so 3, (&, —¢/,) has a.s. finitely many
nonzero terms. Hence, even Y, &, converges a.s.

Conversely, assume that -, &, converges in distribution. Then Lemma
3.19 shows that the sequence of symmetrized partial sums <, §~k is tight,
and so ), én converges a.s. by Theorem 3.17. In particular, én — 0 a.s. For
any £ > 0 we obtain ¥, P{|€,] > €} < oo by the Borel Cantelli lemma.
Hence, Y, P{|¢, — my,| > €} < oo by Lemma 3.19, where my,ma, ... are
medians of &,&,.... Using the Borel-Cantelli lemma again, we get &, —
m, — 0 a.s.

Now let ¢y, o, ... be arbitrary with m,, — ¢, — 0. Then even ¢, — ¢, — 0
a.s. Putting n, = &,1{|&, — cu| < 1}, we get a.s. &, = n, for all but finitely
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many n, and similarly for the symmetrized variables é,L and 7,. Thus, even
> . e converges a.s. Since the 7, are bounded and symmetric, Theorem 3.17
yields ¥, var(n,) = 3>, var(7,) < co. Thus, >, (n, — En,) converges a.s.
by Lemma 3.16, as does the series >, (&, — En,). Comparing with the distri-
butional convergence of ¥, &,, we conclude from Lemma 3.20 that Y, En,
converges. In particular, En, — 0 and 1, — En, — 0 a.s., so n, — 0 a.s.,
and then also ¢, — 0 a.s. Hence, m,, — 0, so we may take ¢, = 0 in the
previous argument, and conditions (i) to (iii) follow. O

A sequence of random variables 1, &, ... with partial sums 5, is said to
obey the strong law of large numbers if S, /n converges a.s. to a constant.
If a similar convergence holds in probability, one says that the weak law is
fulfilled. The following elementary proposition enables us to convert conver-
gence results for random series into laws of large numbers.

Lemma 3.21 (series and averages, Kronecker) If 3, n ‘a, converges for
some ay, as, ... € R and ¢ >0, then n™¢3 ., ar, — 0.

Proof: Put b, = n~‘a,, and assume that >, b, = b. By dominated
convergence as n — oo,

Zbk—n_”Zak = Z(l— (k/n)° bk—(‘Zbk/ ¢ dx

k<n k<n k<n k<n
1
- c/ g 3 bk%bc/ 2 Ly = b,
0 k<nzx
and the assertion follows since the first term on the left tends to b. O

The following simple result illustrates the method.

Corollary 3.22 (variance criterion for averages, Kolmogorov) Let&y, &, ...
be independent random variables with mean 0, such that 3, n"*FE&2 < oo
for some ¢ > 0. Then n™°Y <, & — 0 a.s.

Proof: The series Y., n=¢¢, converges a.s. by Lemma 3.16, and the asser-
tion follows by Lemma 3.21. m]

In particular, we note that if £, &, &, ... areii.d. with B¢ = 0 and F¢? <
00, then n7¢Y <, & — 0 a.s. for any ¢ > 1. The statement fails for ¢ = 1,
as may be seen By taking £ to be N(0,1). The best possible normalization is
given in Corollary 12.8. The next result characterizes the stated convergence
for arbitrary ¢ > 1. For ¢ = 1 we recognize the strong law of large numbers.

Corresponding criteria for the weak law are given in Theorem 4.16.
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Theorem 3.23 (strong laws of large numbers, Kolmogorov, Marcinkiewicz
and Zygmund) Let £ &1,&, ... be i.i.d. random variables, and fix any p €
(0,2). Then n= VP Y1, & converges a.s. iff E|¢[P < oo and either p < 1 or
EE=0. In that case the limit equals EE for p =1 and is otherwise 0.

Proof: Assume that E|£|P < oo and for p > 1 that even E{ = 0. Define
¢ = &,1{|¢€,| < n'/P}, and note that by Lemma 2.4

SPIE # 6} = S PP > n} < [T PLIEl > that = Ble < oo.

By the Borel-Cantelli lemma we get P{¢/, # &, i.0.} = 0, and so &, = &,
for all but finitely many n € N a.s. It is then equivalent to show that
n-l/p Yk<n &, — 0 as. By Lemma 3.21 it suffices to prove instead that
S.n YPE converges a.s.

For p < 1, this is clear if we write

EY o Pl = 3 nTVPE[E]; €] < ']
el 1e] < ¢

el /‘;t‘l/pdt] < El¢]? < .

N

If instead p > 1, it suffices by Theorem 3.18 to prove that ¥, n~'/PE¢/,
converges and 3, n~%Pvar(¢!) < co. Since B¢/, = —E[¢; |¢] > n'/P], we have
for the former series

S o PEG] < Y nTYPELE; (€] > 0t
< [TeeElE: el > 1 ar

El¢] / t7rdt) < E|¢P < oo.

As for the latter series, we get

> var(e) <3 nTPE(E)?
>2 B[ 1e) < n'7)
| rEL 6] < £rar
0

IN

52/H 2/ dt] < B¢ < oo.
51’

If p=1, then E¢, = E[¢; || < n] — 0 by dominated convergence. Thus,
n Y < B, — 0, and we may prove instead that n=' >, ., & — 0 a.s.,
where £” = ¢ — E¢.. By Lemma 3.21 and Theorem 3.18 it is then enough
to show that 3>, n™?var(¢],) < oo, which may be seen as before.
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Conversely, assume that n='/7S, = n=1/? > k<n &k converges a.s. Then

&n Sh (TL — 1)1/p Sn_1

nl/e — plp N g (n—1)1/»

— 0 a.s.,

and in particular P{|¢,|’? > n i.0.} = 0. Hence, by Lemma 2.4 and the
Borel-Cantelli lemma,

Bl = /OOO P{lel > thdt < 1+ 3 P{Ie]” > n} < .

n>1

For p > 1, the direct assertion yields n='/?(S, — nE¢) — 0 a.s., and so
n'~YPE¢ converges, which implies F¢ = 0. 0

For a simple application of the law of large numbers, consider an arbitrary
sequence of random variables &, &, ..., and define the associated empirical
distributions as the random probability measures fi, = n~' Y <, d,. The

corresponding empirical distribution functions F), are given by

Fo(z) = fin(—o00,2] = nflzkgnl{ﬁk <z}, zeR, neN

Proposition 3.24 (empirical distribution functions, Glivenko, Cantelli) Let

§1,&2, - .. be i.i.d. random variables with distribution function F and empirical
distribution functions Fy, Fy,.... Then
Jim sup |Fy(z) — F(z)| =0 a.s. (7)

Proof: By the law of large numbers we have F,(z) — F(z) a.s. for every
r € R. Now fix a finite partition —co = z1 <@y < -+ < T, = 00. By the
monotonicity of F' and F,

sup £, («) — F(2)] < max|F () — F(an)| + max | F(zgg) — F(a)|-
Letting n — oo and refining the partition indefinitely, we get in the limit

lim sup sup | E,(z) — F(z)] < sup AF(z) as.,
n—oo x xT
which proves (7) when F' is continuous.

For general F, let ¥, ... be i.i.d. U(0,1), and define 7, = ¢(,) for
each n, where ¢(t) = sup{z; F(z) < t}. Then n, < z iff 9, < F(z), and
5o (M,) 2 (£&,). We may then assume that &, = 7,. Writing Gy, G, ...
for the empirical distribution functions of 1, s, ..., it is further seen that
F, = G, o F. Writing A = F(R), we get a.s. from the result for continuous
F,

sup | F,(x) — F(z)| = sup |G, (t) — t| < sup |Gn(t) —t| — 0. O
T teA te[0,1]
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We turn to a systematic study of convergence in distribution. Although
we are currently mostly interested in distributions on Euclidean spaces, it is
crucial for future applications that we consider the more general setting of
an abstract metric space. In particular, the theory is applied in Chapter 14
to random elements in various function spaces.

Theorem 3.25 (Portmanteau theorem, Alexandrov) For any random ele-
ments £,£1,&, ... in a metric space S, these conditions are equivalent:

(i) & % &

(ii) liminf, P{&, € G} > P{{ € G} for any open set G C S;
(iii) limsup,, P{¢, € F} < P{¢ € F} for any closed set F C S;
(iv) P{¢, € B} — P{{ € B} for any B € B(S) with ¢ ¢ 0B a.s.

A set B € B(S) with £ € OB a.s. is often called a &-continuity set.

Proof: Assume (i), and fix any open set G C S. Letting f be continuous
with 0 < f < 1g, we get Ef(&,) < P{&, € G}, and (ii) follows as we let
n — oo and then f 1 1. The equivalence between (ii) and (iii) is clear from
taking complements. Now assume (ii) and (iii). For any B € B(S),

P{{e B} < lirgian{fn € B} <limsup P{¢, € B} < P{¢ € B}.
n—00 n—o00

Here the extreme members agree when ¢ ¢ 0B a.s., and (iv) follows.
Conversely, assume (iv) and fix any closed set F C S. Write F* = {s € S;
p(s,F) < e}. Then the sets 0F¢ C {s; p(s,F') = e} are disjoint, and so
& ¢ OF¢ for almost every € > 0. For such an ¢ we may write P{{, € F} <
P{¢ € F¢}, and (iii) follows as we let n — oo and then ¢ — 0. Finally,
assume (ii) and let f > 0 be continuous. By Lemma 2.4 and Fatou’s lemma,

EfE) = [T PU© > i< [Tlimint P& > )t

< liminf [T P{/(€) > t}dt = liminf EF(&,) (8)

N

Now let f be continuous with |f] < ¢ < oo. Applying (8) to ¢ + f yields
Ef(&,) — Ef(€), which proves (i). O

For an easy application, we insert a simple lemma that is needed in Chap-
ter 14.

Lemma 3.26 (subspaces) Fiz a metric space (S, p) with subspace A C S,

and let £,&1, &, ... be random elements in (A, p). Then &, ¢ in (A, p) iff
the same convergence holds in (S, p).
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Proof: Since &,&1,&, ... € A, condition (ii) of Theorem 3.25 is equivalent
to
li7£gior01fP{§n €EANG}>P{€ec ANG}, GCS open.

By Lemma 1.6, this is precisely condition (ii) of Theorem 3.25 for the sub-
space A. a

It is clear directly from the definitions that convergence in distribution is
preserved by continuous mappings. The following more general statement is
a key result of weak convergence theory.

Theorem 3.27 (continuous mappings, Mann and Wald, Prohorov, Rubin)
Fix two metric spaces S and T, and let £,&1,&, ... be random elements in

S with &, KN &. Consider some measurable mappings f, f1, fay...: S = T
and a measurable set C C S with £ € C a.s. such that f,(s,) — f(s) as

sp — s € C. Then f,(&) 4 f().

In particular, we note that if &, N &in S and if f: S — T is a.s. contin-

uous at &, then f(&,) N f(€). The latter frequently used result is commonly
referred to as the continuous mapping theorem.

Proof: Fix any openset G C T, and let s € f"'GNC. By hypothesis there
exist an integer m € N and some neighborhood N of s such that fy(s') € G
for all K > m and s’ € N. Thus, N C (>, f+'G, and so

'anccly {ﬂkme,;la}" .

Now let g, pi1, fi2, . .. denote the distributions of £,&,&,,.... By Theorem
3.25 we get
u(176) < wU{N,., /') =swu |, /G
<

< sup liminfp,, () fi'G < liminf , (f;'G).
m ) k>m

Using the same theorem again gives j1, o ;% =5 g o f~1, which means that

Fal&a) 2 £(6). O

We will now prove an equally useful approximation theorem. Here the
idea is to prove &, LN ¢ by choosing approximations 7, of &, and n of £ such
that n, KN 7. The desired convergence will follow if we can ensure that the
approximation errors are uniformly small.

Theorem 3.28 (approzimation) Let &, &, 0k, and n® be random elements in
a metric space (S, p) such that nk KN n* as n — oo for fived k, and moreover
nk N & Then &, LN & holds under the further condition

lim lim sup E[p(n¥, £,) A 1] = 0. (9)

k—o0 n—
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Proof: For any closed set F' C S and constant € > 0 we have
P{&, € F} < P{n, € F7} + P{p(n,. &) > e},
where F© = {s € 5; p(s, F) < e}. By Theorem 3.25 we get as n — 0o
limsup P{¢, € F} < P{n" € F*} + limsup P{p(ny;, &) > <}
Now let & — oo, and conclude from Theorem 3.25 together with (9) that
ligis;gp P{¢, € F} < P{¢ e F°}.

As e — 0, the right-hand side tends to P{¢ € F'}. Since F was arbitrary, we
get &, LN & by Theorem 3.25. O

Next we consider convergence in distribution on product spaces.

Theorem 3.29 (random sequences) Fix any separable metric spaces S, Sa,
cyandlet &= (4,62, .. ) and &, = (€},€2,...), n € N, be random elements

in XyS. Then &, % & iff
€, S ) in Sy x xSk, keN. (10)

If € and the &, have independent components, it is further equivalent that
&k A &F in Sy for each k.

Proof: The necessity of the conditions is clear from the continuity of the

projections s — (s1,...,8;) and s — s;. Now assume instead that (10)
holds. Fix any a € Sk, £ € N, and conclude from the continuity of the
mappings (s1,...,8k) — (S1,..., Sk, Qgr1, - - ) that
q
€ g, ) S (€ R ap,. ), keN. (11)

Writing 1 and n* for the sequences in (11), and letting p be the metric in
(2), we further note that p(&,n¥) < 27% and p(&,,n*) < 27* for all n and k.
Hence, &, LN & by Theorem 3.28.

To prove the last assertion, it is clearly enough to consider the product of
two separable metric spaces S and T. We need to show that if &, KN &in S
and 1, % n in T with &, 1Ln, and 117, then (&ns M) LN (&,n)in S x T. To
see this, we note that 0B, = 0 a.s. for each s € S and almost every € > 0,
where B, . denotes the e-ball around s. Thus, S has a topological basis Bg
consisting of {-continuity sets, and similarly T has a basis By consisting of
n-continuity sets. Since (B U C) C 9B U JC, even the generated fields Ag
and Agr consist of continuity sets.

Now fix any open set G in S x T. Since S x T is separable with basis
Bs x Br, we have G = U;(B; x () for suitable B; € Bs and C; € Br.
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Here each set Uy = U;<x(B; x C;) may be written as a finite disjoint union
of product sets A € Ag x Ar. By the assumed independence and Theorem
3.25, we obtain

h%gg.}fp{(fnann) € G} > nh_>nclo P{(én;nn) € Uk} = P{(&n) € Uk}

As k — oo, the right-hand side tends to P{({,n) € G}, and the desired
convergence follows by Theorem 3.25. O

In connection with convergence in distribution of a random sequence
&1,&, ..., it is often irrelevant how the elements &, are related. The next
result may enable us to change to a more convenient representation, which
sometimes leads to very simple and transparent proofs.

Theorem 3.30 (coupling, Skorohod, Dudley) Let &, &1,&s, ... be random el-
ements in a separable metric space (S, p) such that &, KN &, Then, on a suit-

able probability space, there exist some random elements 7 2 & and n, 2 &,
n € N, with n, = n a.s.

In the course of the proof, we shall need to introduce families of inde-
pendent random elements with given distributions. The existence of such
families is ensured, in general, by Corollary 5.18. When S is complete, we
may instead rely on the more elementary Theorem 2.19.

Proof: First assume that S = {1,...,m}, and put p = P{¢ = k} and
pp = P{&, = k}. Assuming ¢ to be U(0,1) and independent of &, we may
easily construct some random elements En 4 &, such that fn = k whenever
¢ =k and ¥ < p}/py. Since pi — py for each k, we get £ — € as.

For general S, fix any p € N, and choose a partition of S into &-continuity
sets By, Ba,... € B(S) of diameter < 277. Next choose m so large that
P{& & Uk B} < 277, and put By = (i<, Bi. For k = 0,...,m, define
k = k when ¢ € By and kK, = k when &, € By, n € N. Thcn/iniwi7 and
by the result for finite S we may choose some &, 4 Kn, With &, — k a.s.
Let us further introduce some independent random elements ¢¥ in S with
distributions P[&, € -|&, € By and define & = 3, ¢51{%, = k}, so that
5{; 2 &, for each n.

From the construction it is clear that
{p(@, 9 >27} c{R. #r}U{ € B}, mpeN
Since &, — & a.s. and P{€ € By} < 277, there exists for every p some n, € N
with
PU,., 0@ >27 <27 peN,

and we may further assume Ehat ny < ng < ---. By the Borel-Cantelli
lemma we get a.s. sup,,>,, p(€2 &) < 277 for all but finitely many p. Now

define 7, = ég for n, < n < nyi1, and note that &, 4 N — & a.s. O
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We conclude this chapter with a result on functional representations of
limits, needed in Chapters 15 and 18. To motivate the problem, recall from
Lemma 3.6 that if &, =i 71 for some random elements in a complete metric
space S, then n = f(§) a.s. for some measurable function f: S*° — S,
where £ = (&,). Here f depends on the distribution p of &, so a universal
representation must be of the form n = f(&, ). For certain purposes, it is
crucial to choose a measurable version even of the latter function. To allow
constructions by repeated approximation in probability, we need to consider
the more general case when 7, LY 7 for some random elements 1, = f,(&, p).

For a precise statement of the result, let P(S) denote the space of prob-
ability measures 1 on S, endowed with the o-field induced by all evaluation
maps u— uB, B € B(S).

Proposition 3.31 (representation of limits) Fix a complete metric space
(S,p), a measurable space U, and some measurable functions fi, fa,... :
Ux PU) = S. Then there exist a measurable set A C P(U) and some
measurable function f: U x A — S such that for any random element £ in
U with distribution u, the sequence n, = fn(&, 1) converges in probability iff

€ A, in which case 1, > f& ).

Proof: For sequences s = (si,5,...) in S, define I(s) = limy sy when
the limit exists and otherwise put [(s) = s, where s, € S is arbitrary.
By Lemma 1.10 we note that [ is a measurable mapping from S to S.
Next consider a sequence n = (11,7, . ..) of random elements in S, and put
v = Pon~l. Define ni,ny,... as in the proof of Lemma 3.6, and note that
each ny = ng(v) is a measurable function of v. Let C be the set of measures
v such that ng(v) < oo for all k, and note that 7, converges in probability
iff v € C. Introduce the measurable function

(s, ) = USp () Snaw)s - - ), S = (81,82,...) € S, v e P(S%).

If v € C, it is seen from the proof of Lemma 3.6 that 7,, () converges a.s.,

and so 7, Eil g(n,v).

Now assume that n, = f,(£, 1) for some random element ¢ in U with
distribution p and some measurable functions f,,. It remains to show that v
is a measurable function of . But this is clear from Lemma 1.38 (ii) applied
to the kernel K(u,-) = p from P(U) to U and the function F = (fi, f2,...):
UxPU)— S=. O

As a simple consequence, we may consider limits in probability of mea-
surable processes. The resulting statement will be useful in Chapter 15.

Corollary 3.32 (measurability of limits, Stricker and Yor) For any mea-
surable space T and complete metric space S, let X', X2, ... be S-valued
measurable processes on T. Then there exist a measurable set A C T and
some measurable process X on A such that X' converges in probability iff

t € A, in which case X}' £ X,
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Proof: Define & = (X}, X?,...) and py = P o & '. By Proposition 3.31
there exist a measurable set C' C P(5%) and some measurable function
f:5% x C — S such that X]* converges in probability iff y; € C, in which

case X/ EiR f(&, pe). Tt remains to note that the mapping ¢ — p; is measur-

able, which is clear by Lemmas 1.4 and 1.26. O
Exercises
1. Let &,...,&, be independent symmetric random variables. Show that

P{(p&)? > r>i & > (1 —1r)?/3 for any r € (0,1). (Hint: Reduce by
means of Lemma 2.11 to the case of nonrandom |¢|, and use Lemma 3.1.)

2. Let &,...,&, be independent symmetric random variables. Show
that P{maxy [&] > r} < 2P{|S| > r} for all » > 0, where S = Y, &.
(Hint: Let 1) be the first term &, where maxy, |£| is attained, and check that
(n,S =) = (nn—5).)

3. Let &,&, ... be ii.d. random variables with P{|¢,| > t} > 0 for all
t > 0. Show that there exist some constants ¢, ¢y, ... such that ¢,&, — 0 in
probability but not a.s.

4. Show that a family of random variables &, is tight iff sup, Ef(|&]) < oo
for some increasing function f: R, — Ry with f(oc0) = co.

5. Consider some random variables &, and 7, such that (¢,) is tight and
Mn 5 0. Show that even Ealn £o.

6. Show that the random variables & are uniformly integrable iff sup,

Ef(|&]) < oo for some increasing function f: Ry — Ry with f(x)/x — oo
as r — oo.

7. Show that the condition sup, F|&;| < oo in Lemma 3.10 can be omitted
if A is nonatomic.

8. Let &,&,... € L'. Show that the &, are uniformly integrable iff the
condition in Lemma 3.10 holds with sup,, replaced by lim sup,,.

9. Deduce the dominated convergence theorem from Lemma 3.11.

10. Show that if {|&|?} and {|m|"} are uniformly integrable for some p > 0,
then so is {|a& + bn|P} for any a,b € R. (Hint: Use Lemma 3.10.) Use this
fact to deduce Proposition 3.12 from Lemma 3.11.

11. Give examples of random variables &, &1, s, ... € L? such that &, — &
holds a.s. but not in L?, in L? but not a.s., or in L' but not in L2.

12. Let &, &, ... be independent random variables in L2. Show that 3°,, &,
converges in L? iff ¥, F¢, and 3, var(&,) both converge.

13. Give an example of independent symmetric random variables &, &,
... such that Y, &, is a.s. conditionally (nonabsolutely) convergent.

14. Let &, and 7, be symmetric random variables with |&,| < |n,| such
that the pairs (,,7,) are independent. Show that >, £, converges whenever
> on N does.
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15. Let &,&,, ... be independent symmetric random variables. Show that
E[(X,&)* A1) <3, E[€2 A 1] whenever the latter series converges. (Hint:
Integrate over the sets where sup,, |&,| < 1 or > 1, respectively.)

16. Consider some independent sequences of symmetric random variables
Eeomb, 2, ... with || < | such that 3, & converges, and assume 7" =5 7
for each k. Show that >, n} =i > k- (Hint: Use a truncation based on the
preceding exercise.)

17. Let Y, &, be a convergent series of independent random variables.
Show that the sum is a.s. independent of the order of terms iff 3=, |E[&,; |&n]
<1]| < 0.

18. Let the random variables &,; be symmetric and independent for each
n. Show that 3, &,; = 0 iff 2, B[€2, A 1] — 0.

19. Let &, N ¢ and a,é&, N ¢ for some nondegenerate random variable
¢ and some constants a, > 0. Show that a, — 1. (Hint: Turning to
subsequences, we may assume that a,, — a.)

20. Let &, N ¢ and a,&,+0b, LN ¢ for some nondegenerate random variable
&, where a, > 0. Show that a,, — 1 and b, — 0. (Hint: Symmetrize.)

21. Let &, &, ... be independent random variables such that a, > <, &k
converges in probability for some constants a, — 0. Show that the limit is
degenerate.

22. Show that Theorem 3.23 is false for p = 2 by taking the &, to be
independent and N(0,1).

23. Let &,&, ... be i.id. and such that n='/? > k<n &k i a.s. bounded for
some p € (0,2). Show that F|&|P < co. (Hint: Argue as in the proof of
Theorem 3.23.)

24. Show for p < 1 that the a.s. convergence in Theorem 3.23 remains
valid in LP. (Hint: Truncate the &.)

25. Give an elementary proof of the strong law of large numbers when
El¢]* < co. (Hint: Assuming E¢ = 0, show that EY,(S,/n)* < 00.)

26. Show by examples that Theorem 3.25 is false without the stated
restrictions on the sets G, F, and B.

27. Use Theorem 3.30 to give a simple proof of Theorem 3.27 when S
is separable. Generalize to random elements £ and &, in Borel sets C' and
C,,, respectively, assuming only f,(z,) — f(z) for z, € C,, and z € C with
x, — x. Extend the original proof to that case.

28. Give a short proof of Theorem 3.30 when S = R. (Hint: Note that
the distribution functions F),, and F satisfy F;* — F~! a.e. on [0, 1].)



Chapter 4

Characteristic Functions
and Classical Limit Theorems

Uniqueness and continuity theorem; Poisson convergence; posi-
tive and symmetric terms; Lindeberg’s condition; general Gaus-
sian convergence; weak laws of large numbers; domain of Gaus-
sian attraction; vague and weak compactness

In this chapter we continue the treatment of weak convergence from Chapter
3 with a detailed discussion of probability measures on Euclidean spaces.
Our first aim is to develop the theory of characteristic functions and Laplace
transforms. In particular, the basic uniqueness and continuity theorem will
be established by simple equicontinuity and approximation arguments. The
traditional compactness approach—in higher dimensions a highly nontrivial
route—is required only for the case when the limiting function is not known in
advance to be a characteristic function. The compactness theory also serves
as a crucial bridge to the general theory of weak convergence presented in
Chapter 14.

Our second aim is to establish the basic distributional limit theorems in
the case of Poisson or Gaussian limits. We shall then consider triangular
arrays of random variables &,;, assumed to be independent for each n and

such that &,; L oasn— o uniformly in j. In this setting, general criteria
will be obtained for the convergence of 3°; &,; toward a Poisson or Gaussian
distribution. Specializing to the case of suitably centered and normalized
partial sums from a single i.i.d. sequence &1, &,, ..., we may deduce the ulti-
mate versions of the weak law of large numbers and the central limit theorem,
including a complete description of the domain of attraction of the Gaussian
law.

The mentioned limit theorems lead in Chapters 10 and 11 to some basic
characterizations of Poisson and Gaussian processes, which in turn are needed
to describe the general independent increment processes in Chapter 13. Even
the limit theorems themselves are generalized in various ways in subsequent
chapters. Thus, the Gaussian convergence is extended in Chapter 12 to
suitable martingales, and the result is strengthened to uniform approximation
of the summation process by the path of a Brownian motion. Similarly, the
Poisson convergence is extended in Chapter 14 to a general limit theorem
for point processes. A complete solution to the general limit problem for

60
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triangular arrays is given in Chapter 13, in connection with our treatment of
Lévy processes.

In view of the crucial role of the independence assumption for the meth-
ods in this chapter, it may come as a surprise that the scope of the method
of characteristic functions and Laplace transforms extends far beyond the
present context. Thus, exponential martingales based on characteristic func-
tions play a crucial role in Chapters 13 and 16, whereas Laplace functionals
of random measures are used extensively in Chapters 10 and 14. Even more
importantly, Laplace transforms play a key role in Chapters 17 and 19, in
the guises of resolvents and potentials for general Markov processes and their
additive functionals.

To begin with the basic definitions, consider a random vector ¢ in R? with
distribution p. The associated characteristic function fi is given by

a(t) = /emu(dﬂc) = FEe™ teRY,

where tx denotes the inner product tyx1 + - - - + t424. For distributions p on
R? | it is often more convenient to consider the Laplace transform fi, given
by

~ —uzr — U d
f(u) :/e p(dr) = Be ™, ueRL.

Finally, for distributions p on Z, it is often preferable to use the (probability)
generating function 1, given by

U(s) =Y s"P{¢{=n}=FEs", s€l0,1].

n>0

Formally, ji(u) = fi(iv) and i(t) = fi(—it), and so the functions fi and
are essentially the same, apart from domain. Furthermore, the generating
function ¢ is related to the Laplace transform f by fi(u) = ¢(e™™) or ¢(s) =
fi(—log s). Though the characteristic function always exists, it may not be
extendable to an analytic function in the complex plane.

For any distribution z on R?, we note that the characteristic function
¢ = [i is uniformly continuous with |p(¢)| < ¢(0) = 1. It is further seen to
be Hermitian in the sense that ¢(—t) = @(t), where the bar denotes complex
conjugation. If £ has characteristic function ¢, then the linear combination
a& = a1&1 +- - - + aq€y has characteristic function ¢ — ¢(ta). Also note that if
& and 7 are independent random vectors with characteristic functions ¢ and
1, then the characteristic function of the pair (£, 7) is given by the tensor
product ¢ ® 1 : (s,t) — @(s)1(t). Thus, £ + 1 has characteristic function
Y. In particular, the characteristic function of the symmetrization £ — &’
equals |¢]?.

Whenever applicable, the mentioned results carry over to Laplace trans-
forms and generating functions. The latter functions have the further ad-
vantage of being positive, monotone, convex, and analytic—properties that
simplify many arguments.
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The following result contains some elementary but useful estimates in-
volving characteristic functions. The second inequality was used in the proof
of Theorem 3.17, and the remaining relations will be useful in the sequel to
establish tightness.

Lemma 4.1 (tail estimates) For any probability measure p on R, we have

2/r

plaslzl =0} < [ a r>0, &)
2 2/7‘

ul=r,r] < 2r/ \fldt, 7> 0. 2)
1

If v is supported by R, , then also
ulr,00) < 201 — i(1/r), > 0. (3)

Proof: Using Fubini’s theorem and noting that sinz < /2 for x > 2, we
get for any ¢ > 0

[ a=pdr = [ulds) [ 0= ear

= 20/ {1 - Smcx}u(dm) > cu{z; |ex| > 2},
cx

and (1) follows as we take ¢ = 2/r. To prove (2), we may write

werl < 2 [ =S

r/u (dx) / (1 —r|t|) e dt

/ﬂ*rMhmﬁ<r/ el dt.

To obtain (3), we note that e < § for > 1. Thus, for ¢t > 0,
1—jy = /(1 — e " u(dr) > tp{z; te > 1} a

Recall that a family of probability measures p, on R? is said to be tight
if
lim sup pio{z; [z > r} = 0.

The following lemma describes tightness in terms of characteristic functions.

Lemma 4.2 (equicontinuity and tightness) A family {u.} of probability
measures on R® is tight iff {fia} is equicontinuous at 0, and then {fi,} is
uniformly equicontinuous on R:. A similar statement holds for the Laplace
transforms of distributions on Ri.
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Proof: The sufficiency is immediate from Lemma 4.1, applied separately
in each coordinate. To prove the necessity, let &, denote a random vector
with distribution jio, and write for any s,t € R?

lfia(s) = fia(t)] < Ele®t —¢ita] = B|1 — ¢(t9)a]
< 2B[|(t - s)| A1),

If {&,} is tight, then by Lemma 3.9 the right-hand side tends to 0 ast—s — 0,
uniformly in «, and the asserted uniform equicontinuity follows. The proof
for Laplace transforms is similar. a

For any probability measures p, jy, fi2, . .. on R%, we recall that the weak
convergence [, — u holds by definition iff u,f — puf for any bounded,
continuous function f on R?, where pf denotes the integral [ fdu. The
usefulness of characteristic functions is mainly due to the following basic
result.

Theorem 4.3 (uniqueness and continuity, Lévy) For any probability mea-
SUTeS [, iy, fl2, - - . on R we have p, > p iff fin(t) — j(t) for every t € RY,
and then fi, — [ uniformly on every bounded set. A corresponding statement
holds for the Laplace transforms of distributions on R%.

In particular, we may take p, = v and conclude that a probability mea-
sure 1 on R? is uniquely determined by its characteristic function . Simi-
larly, a probability measure p on R‘fr is seen to be determined by its Laplace
transform fi.

For the proof of Theorem 4.3, we need the following simple cases or con-
sequences of the Stone-Weierstrass approximation theorem. Here [0, co] de-
notes the compactification of R.

Lemma 4.4 (approximation) Every continuous function f: R — R with
period 2w in each coordinate admits a uniform approximation by linear com-
binations of cos kx and sinkzx, k € Zi. Similarly, every continuous function
g: (0,00 = R, can be approzimated uniformly by linear combinations of
the functions e %%, k € Zi.

Proof of Theorem 4.3: We shall consider only the case of characteristic
functions, the proof for Laplace transforms being similar. If p, > u, then
i (t) — fu(t) for every t, by the definition of weak convergence. By Lemmas
3.8 and 4.2, the latter convergence is uniform on every bounded set.

Conversely, assume that fi,(t) — fi(t) for every t. By Lemma 4.1 and
dominated convergence we get, for any a € R? and r > 0,

2/r
limsup pp{z; lax| >r} < lim 2/ (1 — fn(ta))dt
n—oo

n—oo 2/7“

. / 702 ata))dt.
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Since {1 is continuous at 0, the right-hand side tends to 0 as r — oo, which
shows that the sequence (u,) is tight. Given any € > 0, we may then choose
r > 0 so large that u,{|z| > r} <e for all n, and u{|z| > r} <e.

Now fix any bounded, continuous function f: RY — R, say with |f| <
m < co. Let f, denote the restriction of f to the ball {|z| < r}, and extend
fr to a continuous function f on R? with | f | < m and period 277 in each
coordinate. By Lemma 4.4 there exists some linear combination g of the
functions cos(kx/r) and sin(kz/r), k € Z%, such that |f — g| < . Writing
| - || for the supremum norm, we get for any n € N

ltnf = tng] < padlz] > rHIF = FIl +11f = gl < @m + 1)e,

and similarly for . Thus,

\nf — pf| < |png — pgl +2(2m + 1)e, n € N.

Letting n — oo and then ¢ — 0, we obtain u, f — uf. Since f was arbitrary,
this proves that j, — . O

The next result provides a way of reducing the d-dimensional case to that
of one dimension.

Corollary 4.5 (one-dimensional projections, Cramér and Wold) Let § and
£1,&, ... be random vectors in RY. Then &, LN & aff t&, KN t& for all t € RY.
For random wvectors in Ri, it suffices that u&, N u€ for all u € R‘i.

Proof: If t&, % t¢, then Eeié — Eei by the definition of weak conver-

gence, so &, LN & by Theorem 4.3. The proof for random vectors in R‘i is
similar. a

The last result contains in particular a basic uniqueness result, the fact
that & 4 n iff t& 4 tn for all t € R? or R‘fr, respectively. In other words,
a probability measure on R? is uniquely determined by its one-dimensional
projections.

We shall now apply the continuity theorem to prove some classical limit
theorems, and we begin with the case of Poisson convergence. For an in-
troduction, consider for each n € N some i.i.d. random variables &1, ..., &
with distribution

and assume that nc, — ¢ < oo. Then the sums S, = &,; + ... + &, have
generating functions

cs”

Yu(s) = (1— (1= 8)c,)" —» e ) =y 0 S€ [0,1].

n>0
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The limit 1(s) = e~*179) is the generating function of the Poisson distribu-
tion with parameter ¢, possessing the probabilities p, = e °c"/nl, n € Z,.
Note that the corresponding expected value equals ¢'(1) = ¢. Since ¥, — ¥,
it is clear from Theorem 4.3 that S, -5 n, where P{n =n} = p, for all n.

Before turning to more general cases of Poisson convergence, we need to
introduce the notion of a null array. By this we mean a triangular array of
random variables or vectors &,;, 1 < j < m,, n € N, such that the ¢,; are
independent for each n and satisfy

suij[|£nj\ A1] = 0. (4)

The latter condition may be thought of as the convergence &,; L oasn — 0,
uniformly in j. When &,; > 0 for all n and j, we may allow the m, to be
infinite.

The following lemma characterizes null arrays in terms of the associated
characteristic functions or Laplace transforms.

Lemma 4.6 (null arrays) Consider a triangular array of random vectors
&y with characteristic functions p,; or Laplace transforms 1,;. Then (4)

holds i
olds iff sup,|1 — ni(t)] = 0, R, (5)

respectively, )
Y infji,;(u) -1, ueRL,

Proof: Relation (4) holds iff &, , £ 0 for all sequences (Jn). By Theo-
rem 4.3 this is equivalent to ¢, ; (t) — 1 for all ¢ and (j,), which in turn is
equivalent to (5). The proof for Laplace transforms is similar. O

We shall now give a general criterion for Poisson convergence of the row-
sums in a null array of integer-valued random variables. The result will be
extended in Lemmas 13.15 and 13.24 to more general limiting distributions
and in Theorem 14.18 to the context of point processes.

Theorem 4.7 (Poisson convergence) Let (£,;) be a null array of Z.-valued
random variables, and let § be Poisson distributed with mean c. Then 37; &n;

N & iff these conditions hold:
(i) X, P{&; > 1} = 0;
(ii) > P{&,; =1} —c.

Moreover, (i) is equivalent to sup; &5 V 1 51 If 32, &y converges in distri-
bution, then (i) holds iff the limit is Poisson.

We need the following frequently used lemma.

Lemma 4.8 (sums and products) Consider a null array of constants ¢,; > 0,
and fiz any c € [0,00]. Then [T;(1 — cnj) — e iff X cnj — C.
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Proof: Since sup; c,; < 1 for large n, the first relation is equivalent to
> jlog(1—cpj) — —c, and the assertion follows from the fact that log(1—z) =
—z+o(z) as v — 0. |

Proof of Theorem 4.7: Denote the generating function of &,; by ¥n;. By
Theorem 4.3 the convergence Y-, &, KN ¢ is equivalent to [T; 1n;(s) — e—c(1=)
for arbitrary s € [0, 1], which holds by Lemmas 4.6 and 4.8 iff

Zj(l —1y(s)) = c(1—s), sel0,1]. (6)
By an easy computation, the sum on the left equals

(1—S)ZP{§TLJ'>0}+Z(S—Sk)zp{§nj:k}:T1+T2a (7)

k>1 J

and we further note that

Assuming (i) and (ii), it is clear from (7) and (8) that (6) is fulfilled. Now
assume instead that (6) holds. For s = 0 we get >°; P{&,; > 0} — ¢, so in
general 71 — ¢(1 — s). But then 75 — 0 because of (6), and (i) follows by
(8). Finally, (ii) is obtained by subtraction.

To prove that (i) is equivalent to sup; &,; vV 1 £ 1, we note that

P{sup&n; < 1} = [ P{&; <1} =][ (1 - P{&, > 1}).

By Lemma 4.8 the right-hand side tends to 1 iff 3>, P{£,; > 1} — 0, which
is the stated equivalence.
To prove the last assertion, put c,; = P{§,; > 0} and write

Eexp {—ijnj} — P{sup;&,; > 1} < Eexp {*Zj(énj A 1)}
= [LEexp{—(6; A1)} = T[ {1~ (1= ¢ e}
<TL el - e e} = e {1 = e HT e}

If (i) holds and X=; &y; LN 7, then the left-hand side tends to Fe™" > 0, so
the sums ¢, = 3_, c¢,; are bounded. Hence, ¢, converges along a subsequence
N’ C N toward some constant ¢. But then (i) and (ii) hold along N’, and
the first assertion shows that 7 is Poisson with mean c. a

Next consider some i.i.d. random variables &, &y, ... with P{&, = +1} =
1 and write S, = & + -+ + &,. Then n=1/2S, has characteristic function

2

©n(t) = cos™(n~V?t) = {1 — ;TL + O(n2)}n S e = ().
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—z2/2

By a classical computation, the function e has Fourier transform

/OO e Ry — (2m)2e P2 teR.
—0Q

Hence, ¢ is the characteristic function of a probability measure on R with
density (27)~'/2¢=**/2, This is the standard normal or Gaussian distribution
N(0,1), and Theorem 4.3 shows that n=/2S, <5 ¢, where ¢ is N(0,1). The
general Gaussian law N (m, 0?) is defined as the distribution of the random
variable = m + o¢(, and we note that n has mean m and variance o?.
From the form of the characteristic functions together with the uniqueness
property, it is clear that any linear combination of independent Gaussian
random variables is again Gaussian.

The convergence to a Gaussian limit generalizes easily to a more general
setting, as in the following classical result. The present statement is only
preliminary, and a more general version is obtained by different methods in
Theorem 4.17.

Proposition 4.9 (central limit theorem, Lindeberg, Lévy) Let & &1,&, ...
be i.i.d. random wvariables with E€ = 0 and EE* = 1, and let ¢ be N(0,1).

Then n~ /2 > k<n Sk 4 C.
The proof may be based on a simple Taylor expansion.

Lemma 4.10 (Taylor expansion) Let ¢ be the characteristic function of a
random variable & with E|€|" < co. Then

ﬂﬂ=§?@%?;+dﬂx t = 0.

Proof: Noting that |e® — 1| < ¢ for all t € R, we get recursively by
dominated convergence

oW (t) = BGi&)ke™, teR, 0<k<n.

In particular, ¥ (0) = E(i€)* for k < n, and the result follows from Taylor’s
formula. O

Proof of Proposition 4.9: Let the & have characteristic function ¢. By
Lemma 4.10, the characteristic function of n='/23,, equals

2

onlt) = (¢(”71/2t)>n - {1 - ;71 + o(nl)}n et

where the convergence holds as n — oo for fixed t. O

Our next aim is to examine the relationship between null arrays of sym-
metric and positive random variables. In this context, we may further obtain
criteria for convergence toward Gaussian and degenerate limits, respectively.
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Theorem 4.11 (positive and symmetric terms) Let (&,;) be a null array
of symmetric random variables, and let & be N(0,c) for some ¢ > 0. Then

> &nj LN §iff X 572”» £ ¢, and also iff these conditions hold:
(1) X, P{lénjl > €} = 0 for alle > 0;
(i) 5, B(€; A1) = c.

Moreover, (i) is equivalent to sup; |l Bo. 11 3 Eng 0 ;&0 converges in

distribution, then (1) holds iff the limit is Gaussian or degenerate, respectively.

Here the necessity of condition (i) is a remarkable fact that plays a crucial
role in our proof of the more general Theorem 4.15. It is instructive to com-
pare the present statement with the corresponding result for random series
in Theorem 3.17. Note also the extended version appearing in Proposition
13.23.

Proof: First assume that 3=, &,; LN ¢. By Theorem 4.3 and Lemmas 4.6
and 4.8 it is equivalent that

Z]E(l —costéy;) — Let’, tER, (9)

where the convergence is uniform on every bounded interval. Comparing the
integrals of (9) over [0, 1] and [0, 2], we get 3=; E'f(&,;) — 0, where f(0) =0

and ) )
4sinx  sin2z

fla)=3- "2 B g eR\ (o).

Now f is continuous with f(z) — 3 as |z] — oo, and furthermore f(z) > 0
for x # 0. Indeed, the last relation is equivalent to 8sinz — sin 2x < 6z for
x > 0, which is obvious when = > /2 and follows by differentiation twice
when = € (0,7/2). Writing g(z) = inf,~, f(y) and letting £ > 0 be arbitrary,
we get

ijﬂfnﬂ >e} < ij{f(fnj) >g(e)} < ZjEf(fnj)/g(s) -0,

which proves (i).

If instead >=; f,%j EiY ¢, the corresponding symmetrized variables n,,; satisfy
> My 50, and we get > P{|mj| > €} — 0 as before. By Lemma 3.19 it
follows that 3; P{|¢?; — mn;| > e} — 0, where the m,,; are medians of &2},

and since sup; m,; — 0, condition (i) follows again. Using Lemma 4.8, we

further note that (i) is equivalent to sup; |£,;] £ 0. Thus, we may henceforth
assume that (i) is fulfilled.
Next we note that, for any t € R and € > 0,

> ElL = costéns [€n] < e] = 327 (1-o0(e) > Bl €nl <cel.
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Assuming (i), the equivalence between (9) and (ii) now follows as we let
n — oo and then € — 0. To get the corresponding result for the variables
»j» we may instead write

2 _ 2
ZjE[l m,g <¢el=t(1 - Ofte)) ZEW, b <el, te>0,

and proceed as before. This completes the proof of the first assertion.
Finally, assume that (i) holds and Y7, &,; N 1. Then the same relation
holds for the truncated variables &,;1{|¢,;] < 1}, and so we may assume that
|€nj| < 1 for all j and k. Define ¢, = 37, Eg;ij. If ¢, — oo along some sub-
sequence, then the distribution of ¢;'/2 3, &,; tends to N(0,1) by the first
assertion, which is impossible by Lemmas 3.8 and 3.9. Thus, (¢,) is bounded
and converges along some subsequence. By the first assertion, 3, &,; then
tends to some Gaussian limit, so even 7 is Gaussian. O

The following result gives the basic criterion for Gaussian convergence,
under a normalization by second moments.

Theorem 4.12 (Gaussian convergence under classical normalization, Lin-
deberg, Feller) Let (&,;) be a triangular array of rowwise independent random
variables with mean 0 and ; EE); — 1, and let & be N(0,1). Then these
conditions are equivalent:

(1) ;& $§ and sup; E€2; — 0;
(ll) Z] [nj7 |§nJ|>5]_>0f07" all e > 0.

Here (ii) is the celebrated Lindeberg condition. Our proof is based on two
elementary lemmas.

Lemma 4.13 (comparison of products) For any complex numbers zy, ..., z,
and 21, ...,z of modulus < 1, we have

1=
k

§Z|zkfz,'€.
&

Proof: For n = 2 we get
|z122 — 2125] <[22 — 2120| + [2122 — 2125] < o1 — 21| + |22 — 2],
and the general result follows by induction. a

Lemma 4.14 (Taylor expansion) For anyt € R and n € Z,, we have

w - (it)F
=2

k=0

< 2|t|n A |t|n+1
— ol (n+ 1)
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Proof: Letting h,(t) denote the difference on the left, we get

t
hat) = z/ ho_1(s)ds, t>0, n € Z,.
JO

Starting from the obvious relations |h_;| = 1 and |hg| < 2, it follows by
induction that |h,_1(t)] < [t]*/n! and |h,(¢)| < 2|¢"/n!. O

We return to the proof of Theorem 4.12. At this point we shall prove
only the sufficiency of the Lindeberg condition (ii), which is needed for the
proof of the main Theorem 4.15. To avoid repetition, we postpone the proof
of the necessity part until after the proof of that theorem.

Proof of Theorem 4.12, (ii) = (i): Write ¢,; = E&2; and ¢, = X ¢y
First we note that for any ¢ > 0

SUpP;Cnj < e+ StuE[erzﬁ |€nj| > €] < e + ZJE[ 733‘; |€nsl > €],

which tends to 0 under (ii), as n — oo and then € — 0.

Now introduce some independent random variables (,,; with distributions
N(0, ¢nj), and note that ¢, = >°; (n; is N(0,¢,). Hence, ¢, 2 ¢ Letting
¢n; and 1),,; denote the characteristic functions of &,; and (,;, respectively, it
remains by Theorem 4.3 to show that []; ¢n; — I1;%n; — 0. Then conclude
from Lemmas 4.13 and 4.14 that, for fixed t € R,

L) ~ L s (8)] < 3, lus(®) = vy (0)
D loni(8) = 1k 3t + 37 U () = 1+ 3t
< BN wl) + X0 EC (L AIG).

IN

For any € > 0, we have
Zngij(l A €nsl) < stcnj + ZJ-E[ 255 |€nsl > €],
which tends to 0 by (ii), as n — oo and then ¢ — 0. Further note that
: 3/2 : 1/2
by the first part of the proof. ]

The problem of characterizing the convergence to a Gaussian limit is
solved completely by the following result. The reader should notice the strik-
ing resemblance between the present conditions and those of the three-series
criterion in Theorem 3.18. A far-reaching extension of the present result is
obtained by different methods in Chapter 13. As before var[¢; A] = var(£14).
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Theorem 4.15 (Gaussian convergence, Feller, Lévy) Let (&,;) be a null
array of random variables, and let & be N(b,c) for some constants b and c.

Then 3 &nj N & iff these conditions hold:
(1) X, P{lénj| > €} = 0 for alle > 0;
(i) X; Elénss [€ns] < 1] = b;

(ii) 325 var(€n s [&ns] < 1] = c.

Moreover, (i) is equivalent to sup; €] £o. If 32, &y converges in distribu-
tion, then (i) holds iff the limit is Gaussian.

Proof: To see that (i) is equivalent to sup; |&,] 4 0, we note that

P{sup;|&n;] > e} =1— Hj(l — P{|&;] > €}), e>0.

Since sup; P{|{,;| > €} — 0 under both conditions, the assertion follows by
Lemma 4.8.
Now assume 3°,,; &y LN . Introduce medians m,; and symmetrizations

£n; Of the variables &,;, and note that m,, = sup; [my;| — 0 and 32; €nj w3

where §~ is N(0,2¢). By Lemma 3.19 and Theorem 4.11, we get for any € > 0
ij{lgnj‘ >e} < ijﬂfnj — Myj| > € —my}

QZJ_P{KM\ >¢e—my} — 0.

IN

Thus, we may henceforth assume condition (i) and hence that sup; [, £o.
But then Y5, &, N 1 is equivalent to 32, &, LN n, where & = &,;1{|€,5] < 1},
and so we may further assume that |§,;] < 1 a.s. for all n» and j. In this
case (ii) and (iii) reduce to b, = >3; E,; — b and ¢, = > ; var(§,;) — ¢,
respectively.

Write b, = E&,;, and note that sup; |b,;| — 0 because of (i). Assuming
(i) and (iii), we get >=; £nj — bn 4 & —0b by Theorem 4.12, and so 3=, &,; LN €.
Conversely, >, & LN § implies 3, énj KN £, and (iii) follows by Theorem
4.11. But then 37, &, — by N & — b, so Lemma 3.20 shows that b, converges
toward some 0'. Hence, >; &, N £+ —b,s0l = b, which means that even
(ii) is fulfilled.

It remains to prove that, under condition (i), any limiting distribution
is Gaussian. Then assume >, &, KN n, and note that 3, énj LN 7, where
denotes a symmetrization of 1. If ¢, — oo along some subsequence, then
¢, /232, &, tends to N(0,2) by the first assertion, which is impossible by
Lemma 3.9. Thus, (¢,) is bounded, and we have convergence ¢, — ¢ along
some subsequence. But then }°,.&,; — b, tends to N(0,c), again by the

first assertion, and Lemma 3.20 shows that even b, converges toward some
limit b. Hence, }°,,; &n; tends to N (b, ¢), which is then the distribution of 5. O
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Proof of Theorem 4.12, (i) = (ii): The second condition in (i) implies
that (£,;) is a null array. Furthermore, we have for any € > 0

S varlns; 16l < € < 30 BIEL: J6uil <€) < 3 BEL 1
By Theorem 4.15 even the left-hand side tends to 1, and (ii) follows. O

As a first application of Theorem 4.15, we shall prove the following ulti-
mate version of the weak law of large numbers. The result should be com-
pared with the corresponding strong law established in Theorem 3.23.

Theorem 4.16 (weak laws of large numbers) Let £,&1,&s, ... be i.i.d. ran-

dom variables, and fix any p € (0,2) and ¢ € R. Then n='? Y. & B ciff
the following conditions hold as r — oo, depending on the value of p:

p<l: rPP{l¢{|>r} =0 andc=0;
p=1: rP{{|>r} =0 and E[&; || <] —¢;
p>1: rPP{|{|>r} =0 and EE=c=0.

Proof: Applying Theorem 4.15 to the null array of random variables
Enj = n’l/pfj, j < n, we note that the stated convergence is equivalent to
the three conditions

(i) nP{|¢| > n'/Pe} — 0 for all € > 0,
(i) n'VPElE €] < n'/P] > ¢,
(iil) n'=¥Pvar(¢; €] < n'/P] — 0.

By the monotonicity of P{|¢| > r!/?}, condition (i) is equivalent to 7* P{|¢| >
r} — 0. Furthermore, Lemma 2.4 yields for any r > 0

1
g 6 <] < B[P AL = [ P{IEl 2 Vi,
0
1
Bl Il <1l < B/ A1) =7 [ P{IE| 2 rtdt.
0
Since t~* is integrable on [0, 1] for any a < 1, it follows by dominated con-
vergence that (i) implies (iii) and also that (i) implies (ii) with ¢ = 0 when

p <1l
If instead p > 1, it is seen from (i) and Lemma 2.4 that

Ble| = /w P{l€| > r}dr < /°°(1 ArP)dr < 0.
0 0
Thus, E[¢; |¢] < r] — E¢, and (ii) implies E{ = 0. Moreover, we get from (i)
PUB(El €] > 1) = PS> 1kt [T P{IEl > et — 0.

Under the further assumption that E€ = 0, we obtain (ii) with ¢ = 0.
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Finally, let p = 1, and conclude from (i) that
Ell¢; n < €] <n+1] <nP{[{]>n} = 0.

Hence, under (i), condition (ii) is equivalent to E[¢; || < r] — ¢ O

We shall next extend the central limit theorem in Proposition 4.9 by
characterizing convergence of suitably normalized partial sums from a single
i.i.d. sequence toward a Gaussian limit. Here a nondecreasing function L > 0
is said to vary slowly at oo if sup, L(xz) > 0 and moreover L(cz) ~ L(z) as
x — oo for each ¢ > 0. This holds in particular when L is bounded, but it is
also true for many unbounded functions, such as log(z V 1).

Theorem 4.17 (domain of Gaussian attraction, Lévy, Feller, Khinchin)
Let €,&1,&, ... be i.i.d. nondegenerate random variables, and let ¢ be N(0,1).

Then an Y g<n(§p — mn) A ¢ for some constants a,, and m, iff the function
L(z) = E[¢%; |€] < ] varies slowly at oo, in which case we may take m,, =
E¢. In particular, the stated convergence holds with a, = n~'? and m,, =0
iff E€ =0 and BE€% = 1.

Even other so-called stable distributions may occur as limits, but the
conditions for convergence are too restrictive to be of much interest for ap-
plications. Our proof of Theorem 4.17 is based on the following result.

Lemma 4.18 (slow variation, Karamata) Let £ be a nondegenerate random
variable such that L(z) = E[€?; |€| < x| varies slowly at oo. Then so does the
function L, (x) = E[(§ —m)?% |€ —m| < 2] for every m € R, and moreover

lim 2 PE[€]; |¢] > 2)/L(x) =0, pe[0,2). (10)

Proof: Fix any constant 7 € (1,227?), and choose 7o > 0 so large that
L(2x) < rL(x) for all x > xy. For such an z, we get

STEEls 16> 0] = Y Bllel l6l/z € (21,2
ZnZOQ(p_mnE[Sz; |£‘/I c (271/ 2n+1]]

27202(”’2”(7’ —1)r"L(x)
(r—1)L(z)/(1 — 2P~ %r).

IA

IA

Now (10) follows, as we divide by L(z) and let x — oo and then r — 1.

In particular, we note that F|{|P < oo for all p < 2. If even F&* < oo,
then E(£ —m)? < oo, and the first assertion is obvious. If instead F&2 = oo,
we may write

Lin(z) = El¢* € —m| < 2] + mE[m — 2¢; [§ —m| < a.
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Here the last term is bounded, and the first term lies between the bounds
L(z£+m) ~ L(z). Thus, L,,(z) ~ L(x), and the slow variation of L,, follows
from that of L. o

Proof of Theorem 4.17: Assume that L varies slowly at co. By Lemma
4.18 this is also true for the function L,,(z) = E[(£ — m)% | — m| > z],
where m = E¢, and so we may assume that £{ = 0. Now define

cn = 1Vsup{z > 0; nL(z) > 2*}, n €N,

and note that ¢, T co. From the slow variation of L it is further clear that
¢, < oo for all n and that, moreover, nL(c,) ~ c2. In particular, ¢, ~ nt/2
iff L(c,) ~ 1, that is, iff var(f) 1.

We shall verify the conditions of Theorem 4.15 with b = 0, ¢ = 1, and
&nj =&/, 7 < n. Beginning with (i), let ¢ > 0 be arbitrary, and conclude
from Lemma 4.18 that

Fip{lf\ > caf} - CiP{|§| > cpe}

nP{|¢/cn| >} ~ L(e) L(ce) — 0.
Recalling that E¢ = 0, we get by the same lemma
Sk n
nlBlE e /e <111 < " Eel 16 > e ~ PP L= AL g gy

L(cn)

which proves (ii). To obtain (iii), we note that in view of (11)

nvar(§/cn; [£/cal < 1] = 2 L(Cn) —n(E[/cn; €] < Cn])2 — 1

n

By Theorem 4.15 the required convergence follows with a,, = ¢;* and m,, = 0.

Now assume instead that the stated convergence holds for suitable con-
stants a, and m,. Then a corresponding result holds for the symmetrized
variables f 51,52, ... with constants a,/v/2 and 0, so we may assume that
c, Zkgn §k LN (. Here, clearly, ¢,, — oo and, moreover, ¢,11 ~ ¢,, since even

oty Yhen & 4 ¢ by Theorem 3.28. Now define for z > 0

T(z) = P{I¢| >z}, L(x)=EE;|{] <a], Ulx)=EE A2

By Theorem 4.15 we have nT(cae) — 0 for all € > 0, and also nc;2L(c,)
— 1. Thus, 2T (c,e)/L(c,) — 0, which extends by monotonicity to

Next define for any = > 0

T(x) = P{lg| > o}, Ule) = E(E* A a?).
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By Lemma 3.19 we have T'(z + |m|) < 27 (x) for any median m of £&. Fur-
thermore, by Lemmas 2.4 and 3.19 we get

0(x) = /0 T pLE st < 9 /O " PLAE = b = SU(x)2).

Hence, as x — o0,

L(2z) — L(z) < 42°T (z) < _ 82T (x — |~m|)
L(x) T U(x) —2*T(x) — 8-1U(2z) — 222T (x — |m])

— 0,

which shows that L is slowly varying.

Finally, assume that n="/237, ., & < ¢. By the previous argument with
¢n = n'/?, we get L(n'/?) — 2, which implies €2 = 2 and hence var(¢) = 1.
But then n=1/2 Y, (& — E€) < ¢, and by comparison E¢ = 0. O

We return to the general problem of characterizing the weak convergence
of a sequence of probability measures p, on R? in terms of the associated
characteristic functions fi,, or Laplace transforms fi,. Suppose that fi, or
[, converges toward some continuous limit ¢, which is not recognized as a
characteristic function or Laplace transform. To conclude that u, converges
weakly toward some measure p, we need an extended version of Theorem
4.3, which in turn requires a compactness argument for its proof.

As a preparation, consider the space M = M(R?) of locally finite mea-
sures on R%. On M we may introduce the vague topology, generated by the
mappings p — uf = [ fdu for all f € C}, the class of continuous functions
f: R4 - R, with compact support. In particular, y, converges vaguely to
w (written as p, — p) iff p, f — pf for all f € Cf. If the p, are probability
measures, then clearly pR? < 1. The following version of Helly’s selection
theorem shows that the set of probability measures on R? is vaguely relatively
sequentially compact.

Theorem 4.19 (vague sequential compactness, Helly) Any sequence of prob-
ability measures on RY has a vaguely convergent subsequence.

Proof: Fix any probability measures ji1, o, ... on R%, and let Fy, Fy,. ..
denote the corresponding distribution functions. Write Q for the set of ra-
tional numbers. By a diagonal argument, the functions F, converge on Q%
toward some limit G, along a suitable subsequence N’ C N, and we may
define

F(z) =inf{G(r); r € Q% r >z}, zeR% (12)

Since each F, has nonnegative increments, the same thing is true for G and
hence also for F'. From (12) and the monotonicity of G, it is further clear that
F is right-continuous. Hence, by Corollary 2.26 there exists some measure
on R? with u(z,y] = F(z,y] for any bounded rectangular box (z,y] C RY,
and it remains to show that u, — p along N'.
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Then note that F,(z) — F(z) at every continuity point = of F. By the
monotonicity of F' there exist some countable sets Dy, ..., Dy C R such that
Fis continuous on C' = D{ x - - - x D5. Then u,,U — pU for every finite union
U of rectangular boxes with corners in C', and by a simple approximation we
get for any bounded Borel set B C R?

pB° < liminf 1, B < limsup p, B < ub. (13)
n—00 n—00

For any bounded p-continuity set B, we may consider functions f € Cj
supported by B, and proceed as in the proof of Theorem 3.25 to show that
pinf = pf . Thus, pi, = p. m

If p, % p for some probability measures p,, on R? we may still have
puR? < 1, due to an escape of mass to infinity. To exclude this possibility, we
need to assume that (u,) be tight.

Lemma 4.20 (vague and weak convergence) For any probability measures
s f, - - on RE with p, — p for some measure p, we have uR? = 1 iff (u,,)
is tight, and then p, — p.

Proof: By a simple approximation, the vague convergence implies (13)
for every bounded Borel set B, and in particular for the balls B, = {z € R%
lz| <7}, 7> 0. If uR? = 1, then uB? — 1 as r — 0o, and the first inequality
shows that (f,,) is tight. Conversely, if (u,,) is tight, then limsup,, i, B, — 1,
and the last inequality yields yR? = 1.

Now assume that () is tight, and fix any bounded continuous function
f: R4 — R. For any r > 0, we may choose some g, € Cit with 15 < g, <1
and note that

ltinf — 1f| |t f = tinfgel + i for — nfge| + |10fgr — 1f|

lnfgr — pfgel + | f 1kt + 12) By

[VANVA

Here the right-hand side tends to zero as n — oo and then r — 00, so
tnf — pof. Hence, in this case p, — L. |

Combining the last two results, we may easily show that the notions
of tightness and weak sequential compactness are equivalent. The result is
extended in Theorem 14.3, which forms a starting point for the theory of
weak convergence on function spaces.

Proposition 4.21 (tightness and weak sequential compactness) A sequence
of probability measures on R? is tight iff every subsequence has a weakly
convergent further subsequence.

Proof: Fix any probability measures pq, to, ... on R?. By Theorem 4.19
every subsequence has a vaguely convergent further subsequence. If () is
tight, then by Lemma 4.20 the convergence holds even in the weak sense.
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Now assume instead that (u,) has the stated property. If it fails to be
tight, we may choose a sequence ny — co and some constant £ > 0 such that
tn, B > € for all k£ € N. By hypothesis there exists some probability mea-
sure p on R? such that ju,, — p along a subsequence N’ C N. The sequence
(ttn,; k € N') is then tight by Lemma 3.8, and in particular there exists some
r > 0 with p,, B < ¢ for all k € N'. For k > r this is a contradiction, and

the asserted tightness follows. O
We may now prove the desired extension of Theorem 4.3.

Theorem 4.22 (extended continuity theorem, Lévy, Bochner) Let p, s,
... be probability measures on R with f1,,(t) — p(t) for every t € R, where
the limit ¢ is continuous at 0. Then pu, — p for some probability mea-
sure u on R with i = ¢. A corresponding statement holds for the Laplace
transforms of measures on R%.

Proof: Assume that [, — ¢, where the limit is continuous at 0. As in
the proof of Theorem 4.3, we may conclude that (u,) is tight. Hence, by
Proposition 4.21 there exists some probability measure x on R? such that
i — p along a subsequence N’ C N. By continuity we get [, — fi along
N, so ¢ = [1, and by Theorem 4.3 the convergence u, — 4 extends to N.
The proof for Laplace transforms is similar. a

Exercises

1. Show that if £ and n are independent Poisson random variables, then
& 4+ n is again Poisson. Also show that the Poisson property is preserved
under convergence in distribution.

2. Show that any linear combination of independent Gaussian random
variables is again Gaussian. Also show that the class of Gaussian distribu-
tions is preserved under weak convergence.

3. Show that ¢,.(t) = (1 — t/r); is a characteristic functions for every
r > 0. (Hint: Compute the Fourier transform }/;T of the function ¢,.(t) =
1{|t| < r}, and note that the Fourier transform v? of ¢? is integrable. Now
use Fourier inversion.)

4. Let ¢ be a real, even function that is convex on R and satisfies p(0) =
1 and ¢(o0) € [0,1]. Show that ¢ is the characteristic function of some
symmetric distribution on R. In particular, o(t) = e~ is a characteristic
function for every ¢ € [0,1]. (Hint: Approximate by convex combinations of
functions ¢, as above, and use Theorem 4.22.)

5. Show that if i is integrable, then p has a bounded and continuous

density. (Hint: Let ¢, be the triangular density above. Then (,) = 27w p,,
and so [ e ™[, (t)dt = 27 [ o, (x — u)p(dx). Now let r — 0.)
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6. Show that a distribution p is supported by some set aZ + b iff || = 1
for some t # 0.

7. Give an elementary proof of the continuity theorem for generating
functions of distributions on Z,. (Hint: Note that if p, > u for some
distributions on R, then f, — & on (0,00).)

8. The moment-generating function of a distribution p on R is given by
fy = [e“u(dz). Assuming fi; < oo for all ¢ in some nondegenerate interval
I, show that [ is analytic in the strip {z € C; Rz € I°}. (Hint: Approximate
by measures with bounded support.)

9. Let w, p1, fto, . .. be distributions on R with moment-generating func-
tions fi, fi1, fi2, . .. such that i, — & < oo on some nondegenerate interval
I. Show that p, — p. (Hint: If ju, — v along some subsequence N, then
fin, — v on I° along N’, and so 7 = ji on I. By the preceding exercise we get
vR=1and &= . Thus, v =pu.)

10. Let g and v be distributions on R with finite moments [ z"u(dz) =
[ a"v(dx) = m,, where 3, t"|m,|/n! < co for some t > 0. Show that p = v.
(Hint: The absolute moments satisfy the same relation for any smaller value
of t, so the moment-generating functions exist and agree on (—t,t).)

11. For each n € N, let p,, be a distribution on R with finite moments m#,

k € N, such that lim,, m* = a;, for some constants a;, with 3, t*|a.|/k! < oo
for some t > 0. Show that p,, — p for some distribution g with moments a.
(Hint: Each function z* is uniformly integrable with respect to the measures
fn. In particular, (u,) is tight. If 4, — v along some subsequence, then v

has moments ay,.)

12. Given a distribution g on R x R, introduce the mixed transform
o(s,t) = [e"* Wyu(dr dy), where s € R and ¢ > 0. Prove versions for ¢ of
the continuity Theorems 4.3 and 4.22.

13. Consider a null array of random vectors &,,; = ( }lj, e ,fffj) in Zi, let

€1 ..., &% be independent Poisson variables with means ¢, ...,cq, and put
£ = (€...,¢%. Show that 3;&,; % € iff ¥, P{e}; = 1} — ¢; for all k
and >; P{>"; fﬁj > 1} — 0. (Hint: Introduce independent random variables

TIij 4 £F .. and note that i &nj N § it 325 7 N )

njs
14. Consider some random variables £ Ll n with finite variance such that
the distribution of (£,7) is rotationally invariant. Show that £ is centered
Gaussian. (Hint: Let &1, &, ... be i.i.d. and distributed as &, and note that
n=Y2 Y <, & has the same distribution for all n. Now use Proposition 4.9.)

15. Prove a multivariate version of the Taylor expansion in Lemma 4.10.

16. Let p have a finite nth moment m,,. Show that i is n times contin-

uously differentiable and satisfies ﬂ(()") = i"m,. (Hint: Differentiate n times

under the integral sign.)
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17. For p and m,, as above, show that ;1(()2") exists iff mo, < co. Also,

characterize the distributions such that ﬂanil) exists. (Hint: For fij proceed
as in the proof of Proposition 4.9, and use Theorem 4.17. For /i use Theorem
4.16. Extend by induction to n > 1.)

18. Let p be a distribution on R, with moments m,. Show that (" =

(=1)"m,, whenever either side exists and is finite. (Hint: Prove the statement
for n =1, and extend by induction.)

19. Deduce Proposition 4.9 from Theorem 4.12.
20. Let the random variables £ and &,,; be such as in Theorem 4.12, and
assume that Y, E|¢,;|° = 0 for some ¢ > 2. Show that >, &,; e,

21. Extend Theorem 4.12 to random vectors in R?, with the condition
¥, E&2; — 1 replaced by 32 cov(&n;) — a, with € as N(0,a), and with &2
replaced by [&,;]?. (Hint: Use Corollary 4.5 to reduce to one dimension.)

22. Show that Theorem 4.15 remains true for random vectors in R?, with
var[€,;; |€n;] < 1] replaced by the corresponding covariance matrix. (Hint:
If a,aq, a9, ... are symmetric, nonnegative definite matrices, then a,, — a iff
w'a,u — v'au for all u € R%. To see this, use a compactness argument. )

23. Show that Theorems 4.7 and 4.15 remain valid for possibly infinite
row-sums 3 ; &,;. (Hint: Use Theorem 3.17 or 3.18 together with Theorem
3.28.)

24. Let £,&,&, ... be iid. random variables. Show that n='/2%,_, &
converges in probability iff £ = 0 a.s. (Hint: Use condition (iii) in Theorem
4.15.)

25. Let &1,&, ... be i.id. u, and fix any p € (0,2). Find a g such that
n~YP S & — 0 in probability but not a.s.

26. Let &, &, ... beii.d., and let p > 0 be such that n= /7?3, .. & — 01in
probability but not a.s. Show that limsup, n="?| <, &| = 0o a.s. (Hint:
Note that E|&|P = o0.)

27. Give an example of a distribution with infinite second moment in
the domain of attraction of the Gaussian law, and find the corresponding
normalization.



Chapter 5
Conditioning and Disintegration

Conditional expectations and probabilities; reqular conditional dis-
tributions; disintegration theorem; conditional independence;
transfer and coupling; Daniell-Kolmogorov theorem; extension by
conditioning

Modern probability theory can be said to begin with the notions of condi-
tioning and disintegration. In particular, conditional expectations and dis-
tributions are needed already for the definitions of martingales and Markov
processes, the two basic dependence structures beyond independence and
stationarity. Even in other areas and throughout probability theory, condi-
tioning is constantly used as a basic tool to describe and analyze systems
involving randomness. The notion may be thought of in terms of averaging,
projection, and disintegration—viewpoints that are all essential for a proper
understanding.

In all but the most elementary contexts, one defines conditioning with
respect to a o-field rather than a single event. In general, the result of the
operation is not a constant but a random variable, measurable with respect
to the given o-field. The idea is familiar from elementary constructions of
the conditional expectation E[|n], in cases where (£,7n) is a random vector
with a nice density, and the result is obtained as a suitable function of 7.
This corresponds to conditioning on the o-field F = a(n).

The simplest and most intuitive general approach to conditioning is via
projection. Here E[¢|F] is defined for any € € L? as the orthogonal Hilbert
space projection of £ onto the linear subspace of F-measurable random
variables. The L2?-version extends immediately, by continuity, to arbitrary
¢ € L'. From the orthogonality of the projection one gets the relation
E( — E[|F])¢ = 0 for any bounded, F-measurable random variable (.
This leads in particular to the familiar averaging characterization of E[¢|F]
as a version of the density d(£ - P)/dP on the o-field F, the existence of
which can also be inferred from the Radon-Nikodym theorem.

The conditional expectation is defined only up to a null set, in the sense
that any two versions agree a.s. It is then natural to look for versions of
the conditional probabilities P[A|F] = E[14]F] that combine into a random
probability measure on 2. In general, such regular versions exist only for
A restricted to suitable sub-o-fields. The basic case is when ¢ is a random
element in some Borel space S, and the conditional distribution P[¢ € -|F]

80
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may be constructed as an F-measurable random measure on S. If we further
assume that F = o(n) for a random element 7 in some space T', we may write
P[¢ € B|n] = p(n, B) for some probability kernel u from T to S. This leads
to a decomposition of the distribution of (£,n) according to the values of 7.
The result is formalized in the disintegration theorem—a powerful extension
of Fubini’s theorem that is often used in subsequent chapters, especially in
combination with the (strong) Markov property.

Using conditional distributions, we shall further establish the basic trans-
fer theorem, which may be used to convert any distributional equivalence
& 4 f(n) into a corresponding a.s. representation £ = f(7) with a suitable
N 4 7. From the latter result, one easily obtains the fundamental Daniell-
Kolmogorov theorem, which ensures the existence of random sequences and
processes with specified finite-dimensional distributions. A different ap-
proach is required for the more general Tonescu Tulcea extension, where the
measure is specified by a sequence of conditional distributions.

Further topics treated in this chapter include the notion of conditional in-
dependence, which is fundamental for both Markov processes and exchange-
ability and also plays an important role in Chapter 18, in connection with
SDEs. Especially useful in those contexts is the elementary but powerful
chain rule. Let us finally call attention to the local property of conditional
expectations, which in particular leads to simple and transparent proofs of
the strong Markov and optional sampling theorems.

Returning to our construction of conditional expectations, let us fix a
probability space ({2, .4, P) and consider an arbitrary sub-o-field F C A. In
L* = L?(A) we may introduce the closed linear subspace M, consisting of all
random variables 7 € L? that agree a.s. with some element of L?(F). By the
Hilbert space projection Theorem 1.34, there exists for every ¢ € L? an a.s.
unique random variable n € M with ¢ —n 1 M, and we define E¥¢ = E[¢|F]
as an arbitrary F-measurable version of 7.

The L2-projection E7 is easily extended to L', as follows.

Theorem 5.1 (conditional expectation, Kolmogorov) For any o-field F C
A there exists an a.s. unique linear operator EZ: L' — LY(F) such that

(i) BE7¢ Al =BG Al ¢e L, Ae F.

The following additional properties hold whenever the corresponding expres-
stons exist for the absolute values:

(i) &€ > 0 implies B¢ >0 a.s.;

(iif) B|E7¢| < El¢l;

(iv) 0 <&, 1 & implies EFE, 1 E7€ a.s.;

(v) ET¢n = EE7n a.s. when & is F-measurable;
(vi) E(§E"n) = E(nE7¢) = E(E7¢- E7n);
(vii) BXE9¢ = B¥¢ a.s. for all F CG.
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In particular, we note that £¥¢ = € a.s. iff € has an F-measurable version
and that E7¢ = E¢ as. when E1LF. We shall often refer to (i) as the
averaging property, to (ii) as the positivity, to (iii) as the L-contractivity, to
(iv) as the monotone convergence property, to (v) as the pull-out property, to
(vi) as the self-adjointness, and to (vii) as the chain rule. Since the operator
E7 is both self-adjoint by (vi) and idempotent by (vii), it may be thought
of as a generalized projection on L.

The existence of E¥ is an immediate consequence of the Radon—Nikodym
Theorem A1.3. However, we prefer the following elementary construction
from the L2-version.

Proof of Theorem 5.1: First assume that ¢ € L?, and define E7¢ by
projection as above. For any A € F we get £ — EZ¢ 1 14, and (i) follows.
Taking A = {EF¢ > 0}, we get in particular

E|ET¢| = B[ET¢ Al — E[E7¢ A7) = B[ Al — E[§ A7 < B¢,

which proves (iii). Thus, the mapping E¥ is uniformly L'-continuous on L.
Also note that L? is dense in L' by Lemma 1.11 and that L' is complete
by Lemma 1.31. Hence, EZ extends a.s. uniquely to a linear and continuous
mapping on L'.

Properties (i) and (iii) extend by continuity to L', and from Lemma 1.24
we note that £¥¢ is a.s. determined by (i). If € > 0, it is clear from (i) with
A = {E7¢ <0} together with Lemma 1.24 that E¥¢ > 0, which proves (ii).
If0 <&, 1& then &, — € in L by dominated convergence, so by (iii) we get
E7¢, — E7¢ in LY. Now the sequence (E7¢,) is a.s. nondecreasing by (ii),
so by Lemma 3.2 the convergence remains true in the a.s. sense. This proves
(iv).

Property (vi) is obvious when £,1 € L% and it extends to the general
case by means of (iv). To prove (v), we note from the characterization in (i)
that E7¢ = ¢ a.s. when ¢ is F-measurable. In the general case we need to
show that

El¢n; Al = EETn; A], A€ F,

which follows immediately from (vi). Finally, property (vii) is obvious for
¢ € L? since L*(F) C L*(G), and it extends to the general case by means of
(iv). |

The next result shows that the conditional expectation E¥¢ is local in
both ¢ and F, an observation that simplifies many proofs. Given two o-
fields F and G, we say that F =G on Aif Ac FNGand ANF=ANG.

Lemma 5.2 (local property) Let the o-fields F,G C A and functions £,n €
L' be such that F = G and € = 1 a.s. on some set A € FNG. Then
E7¢ = E9% a.s. on A.
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Proof: Since 1,E¥¢ and 1,E9n are F N G-measurable, we get B = AN
{E7¢ > E9) € FN G, and the averaging property yields

E[E”¢; B] = El&; B] = Eli: B] = E[E“n; B).

Hence, E7¢ < EY) a.s. on A by Lemma 1.24. Similarly, 9y < E¥¢ as.
on A. O

The conditional probability of an event A € A, given a o-field F, is defined
as
PFA=FE"1, or P[A|F]=E[14F], AcA

Thus, P7A is the a.s. unique random variable in L'(F) satisfying
E[P”A;B]= P(ANB), B¢cF.

Note that P7A = PA a.s. iff AILF and that P7A = 1, a.s. iff A agrees a.s.
with a set in F. From the positivity of EZ we get 0 < P¥A < 1 a.s., and by
the monotone convergence property it is further seen that

PFUnAn = ZnPfAn a.s., A, Ay, ...€ A disjoint. (1)

Here the exceptional null set may depend on the sequence (A,,), so P¥ is not
a measure in general.

If  is a random element in some measurable space (S,S), then condi-
tioning on 7 is defined as conditioning with respect to the induced o-field
o(n). Thus,

En¢ = E”(mf, P1A = Pr 4
or

Elgln] = Elglo(n)l,  PlAIn] = P[Alo(n)].

By Lemma 1.13, the n-measurable function E"7¢ may be represented in the
form f(n), where f is a measurable function on S, determined P o n~l-a.e.
by the averaging property

E[f(n)ineBl=E[§;neB], BeS.

In particular, we note that f depends only on the distribution of (&,n).
The situation for P"7A is similar. Conditioning with respect to a o-field F is
clearly the special case when 7 is the identity mapping from (€2, A4) to (Q, F).
Motivated by (1), we proceed to examine the existence of measure-valued
versions of the functions P” and P7. Then recall from Chapter 1 that a kernel
between two measurable spaces (T, T) and (S, S) is a function p: TxS — R
such that u(t, B) is T-measurable in ¢ € T for each B € S and a measure in
B € S for each t € T. Say that p is a probability kernel if u(t,S) = 1 for all
t. Kernels on the basic probability space €2 are called random measures.
Now fix a o-field F C A and a random element £ in some measurable
space (S,8). By a regular conditional distribution of &, given F, we mean
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a version of the function P[§ € - |F] on Q x S which is a probability kernel
from (2, F) to (S,S), hence an F-measurable random probability measure
on S. More generally, if n is another random element in some measurable
space (T, T), a regular conditional distribution of &, given 7, is defined as a
random measure of the form

u(n, B) = P[¢ € B|n] as., BE€S, (2)

where p is a probability kernel from 7" to S. In the extreme cases when ¢ is
F-measurable or independent of F, we note that P[{ € B|F] has the regular
version 1{{ € B} or P{{ € B}, respectively. The general case requires some
regularity conditions on the space S.

Theorem 5.3 (conditional distribution) Fiz a Borel space S and a measur-
able space T, and let £ and n be random elements in S and T, respectively.
Then there ezists a probability kernel v from T to S satisfying Pl € - |n] =
w(n,-) a.s., and p is unique a.e. Pon=t.

Proof: We may assume that S € B(R). For every r € Q we may choose
some measurable function f. = f(-,r): T — [0, 1] such that

f(n,r) =PlE<rh] as., reQ. 3)

Let A be the set of elements ¢ € T such that f(¢,r) is nondecreasing in
r € Q with limits 1 and 0 at +0c0. Since A is specified by countably many
measurable conditions, each of which holds a.s. at 7, we have A € T and
n € A a.s. Now define

F(t,z) =140)inf,o, f(t,7) + 1ac(t)1{z > 0}, z€R, teT,

and note that F(¢,-) is a distribution function on R for every ¢ € T'. Hence,
there exists some probability measures m(t,-) on R with

m(t, (—o0,z]) = F(t,z), ze€R, teT.

The function F(¢,z) is clearly measurable in ¢ for each x, and by a monotone
class argument it follows that m is a kernel from T to R.
By (3) and the monotone convergence property of E", we have

m(n, (—oo,x]) = F(n,z) = P[{ < z|n] as., z€R.

Using a monotone class argument based on the a.s. monotone convergence
property, we may extend the last relation to

m(n, B) = Pl¢ € Bln] as., B e B(R). (4)

In particular, we get m(n, S¢) = 0 a.s., and so (4) remains true on S = BN S
with m replaced by the kernel

pt, ) =m(t, )1 {m(t,S) =1} + 6, 1{m(t,5) < 1}, teT,
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where s € S is arbitrary. If p/ is another kernel with the stated property,
then

/~L(777 (—OO,TD = P[f < 7n|77] = /1‘/(777 (—OO/I“]) as., reQ,

and a monotone class argument yields u(n,-) = ¢/(n, ) a.s. ad

We shall next extend Fubini’s theorem, by showing how ordinary and con-
ditional expectations can be computed by integration with respect to suitable
conditional distributions. The result may be regarded as a disintegration of
measures on a product space into their one-dimensional components.

Theorem 5.4 (disintegration) Fiz two measurable spaces S and T, a o-field
F C A, and a random element & in S such that P[{ € -|F] has a regular
version v. Further consider an F-measurable random element n in T and a
measurable function f on S x T with E|f(£,n)| < co. Then

EIf(En)|F] = [vids)f(s.m) as. 5)

The a.s. existence and F-measurability of the integral on the right should
be regarded as part of the assertion. In the special case when F = o(n) and
P[¢ € -|n] = p(n, ) for some probability kernel u from T to S, (5) becomes

B (€l = [ uln.ds)f(s,n) as (6)

Integrating (5) and (6), we get the commonly used formulas

Ef(&.n) = E [ v(ds)f(s.) = B [ p(n.ds)f (s.n). ™

If £1ln, we may take pu(n,-) = Po &1 and (7) reduces to the relation in
Lemma 2.11.

Proof of Theorem 5.4: If B € § and C € T, we may use the averaging
property of conditional expectations to get

P{¢eB,neC}

E[P[§ € B|F);ne C] = E[vB;n € C]
= E/Z/(ds)l{s € B, neC},

which proves the first relation in (7) for f = 1pxc. The formula extends,
along with the measurability of the inner integral on the right, first by a
monotone class argument to all measurable indicator functions, and then by
linearity and monotone convergence to any measurable function f > 0.

Now fix a measurable function f: S x T — R, with Ef(§,n) < oo,
and let A € F be arbitrary. Regarding (1, 14) as an F-measurable random
element in T x {0,1}, we may conclude from (7) that

ELf(€ )i Al = B [v(ds)f(s,m)1a, A€ F,
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This proves (5) for f > 0, and the general result follows by taking differ-
ences. a

Applying (7) to functions of the form f(£), we may extend many prop-
erties of ordinary expectations to a conditional setting. In particular, such
extensions hold for the inequalities of Jensen, Holder, and Minkowski. The
first of those implies the LP-contractivity

IB7Ell, < llEll,, €€ L, p>1.

Considering conditional distributions of entire sequences (£,&1,&,...), we
may further derive conditional versions of the basic continuity properties of
ordinary integrals.

The following result plays an important role in Chapter 6.

Lemma 5.5 (uniform integrability, Doob) For any & € L', the conditional
expectations E[¢|F], F C A, are uniformly integrable.

Proof: By Jensen’s inequality and the self-adjointness property,
B[|E7¢|; A] < E[ET[¢]; A] = B[[¢|P7A], A€ A,

and by Lemma 3.10 we need to show that this tends to zero as PA — 0,
uniformly in F. By dominated convergence along subsequences, it is then
enough to show that P*» A, B0 for any o-fields F,, C A and sets A, € A
with PA,, — 0. But this is clear, since EP"r A, = PA, — 0. O

Turning to the topic of conditional independence, consider any sub-o-
fields Fi,...,F,, G C A. Imitating the definition of ordinary independence,
we say that Fi,...,F, are conditionally independent, given G, if

PgﬂkSan:HkSnPgBk a.s., _BkG_?'—k7 k:17""n'

For infinite collections of o-fields F;, t € T, the same property is required
for every finite subcollection Fy,, ..., F, with distinct indices t4,...,t, € T.
The relation 1Lg will be used to denote pairwise conditional independence,
given some o-field G. Conditional independence involving events A; or ran-
dom elements &, t € T, is defined as before in terms of the induced o-fields
a(Ay) or o(&;), respectively, and the notation involving L carries over to this
case.

In particular, we note that any F-measurable random elements &; are
conditionally independent, given F. If the £ are instead independent of F,
then their conditional independence, given F, is equivalent to the ordinary
independence between the &. The regularization theorem shows that any
general statement or formula involving conditional independencies between
countably many random elements in some Borel space remains true in a
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conditional setting. For example, as in Lemma 2.8, the o-fields F, Fs, ...
are conditionally independent, given G, iff

(Fi,... . F) |l Fuyr, neN.
g

Much more can be said in the conditional case, and we begin with a fun-
damental characterization. If nothing else is said, F, G, ... with or without
subscripts denote sub-o-fields of A.

Proposition 5.6 (conditional independence, Doob) For any o-fields F, G,
and ‘H, we have F 1 gH iff

P[H|F,G] = P[H|G] a.s., HeH. (8)
Proof: Assuming (8) and using the chain and pull-out properties of con-
ditional expectations, we get for any F' € F and H € ‘H
PY(FNH) = EYP™Y9(FNH)=EP"IH;F)
E9[POH: F| = (POF) (POH),

which shows that F1LgH. Conversely, assuming F_ll g and using the chain

and pull-out properties, we get for any F € F, G € G, and H € H
E[P'H; FNG] E[(PF)(PYH); G|

E[P(FNH);G]=P(FNGNH).

By a monotone class argument, this extends to
E[PH;A]=PHNA), AcFVG,

and (8) follows by the averaging characterization of P79 H. m|

From the last result we may easily deduce some further useful proper-
ties. Let G denote the completion of G with respect to the basic o-field A,
generated by G and the family N ={N C A; A€ A, PA = 0}.

Corollary 5.7 For any o-fields F, G, and H, we have
(i) FUgH iff FUG(G,H);
(i) FlgF iff FCgG.
Proof: (i) By Proposition 5.6, both relations are equivalent to
P[F|G,H] = P[F|G] as., F€F.
(i) If F U gF, then by Proposition 5.6
1p = P[F|F,G] = P[F|G] as., F€F,
which implies F C G. Conversely, the latter relation yields
P[F|G] = P[F|G] = 1p = P|F|F,G] as., FeF,
and so F 1L gF by Proposition 5.6. a

The following result is often applied in both directions.
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Proposition 5.8 (chain rule) For any o-fields G, H, and F1, Fa, ..., these
conditions are equivalent:

(i) HJEL(]-'I,]-'Q,...);

@U?%f , Fu 20,
[ P n

Proof: Assuming (i), we get by Proposition 5.6 for any H € H and n > 0
PlH|G, F,...,F,) = P[H|G) = PIH|G, F1, ..., Fni1l,

and (ii) follows by another application of Proposition 5.6.
Now assume (ii) instead, and conclude by Proposition 5.6 that for any
HeH
P[H|g7.7:17‘..,.7:n]:P[H|g.,.7:1,...7.7:n+1}, TZZO

Summing over n < m gives
P[H|G] = P[H|G, Fr, ..., Ful, m>1,

so by Proposition 5.6
HJ_L(fl,...,]:m), le,
g

which extends to (i) by a monotone class argument. O

The last result is even useful for establishing ordinary independence. In
fact, taking G = {0, Q} in Proposition 5.8, we note that H_1L(Fy, Fo,...) iff

Our next aim is to show how regular conditional distributions can be used
to construct random elements with desired properties. This may require
an extension of the basic probability space. By an extension of (2,4, P)
we mean a product space (€, 4) = (2 x S, A® S), equipped with some
probability measure P satisfying ]5( x §) = P. Any random element £ on
Q may be regarded as defined on Q). Thus, we may formally replace £ by the
random element &(w, s) = &(w), which clearly has the same distribution. For
extensions of this type, we may retain our original notation and write P and
¢ instead of P and é

We begin with an elementary extension suggested by Theorem 5.4. The
result is needed for various constructions in Chapter 10.

Lemma 5.9 (extension) Fiz a probability kernel yn between two measurable
spaces S and T, and let & be a random element in S. Then there exists a
random element n in T, defined on some extension of the original probability
space Q, such that P[n € -|&] = p(€,-) a.s. and, moreover, nll¢:C for any
random element ¢ on 2.
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Proof: Letting T be the o-field in 7', we may put (Q,A) = (OxT, A2 T),
and define a probability measure P on {2 by

PA= E/ La( (e, dt), Ae A

Then clearly P(-xT) = P, and the random element 7(w, t) = t on { satisfies
Pln € -|A] = u(§,-) a.s. In particular, we get nll¢A by Proposition 5.6, and
so nll¢C. O

For most constructions we need only a single randomization variable.
By this we mean a U(0,1) random variable ¢ that is independent of all
previously introduced random elements and o-fields. The basic probability
space is henceforth assumed to be rich enough to support any randomization
variables we may need. This involves no serious loss of generality, since we
can always get the condition fulfilled by a simple extension of the space. In
fact, it suffices to take

Q=0x[0,1, A=A®B[0,1], P=Px),

where A denotes Lebesgue measure on [0, 1]. Then d(w,t) = ¢ is U(0,1) on
Q) and ¥ 1L A. By Lemma 2.21 we may use ¥ to produce a whole sequence of
independent randomization variables 1, ¥, . .. if required.

The following basic result shows how a probabilistic structure can be car-
ried over from one context to another by means of a suitable randomization.
Constructions of this type are frequently employed in the sequel.

Theorem 5.10 (transfer) Fiz any measurable space S and Borel space T,
and let & 4 é and n be random elements in S and T, respectively. Then

there exists a random element 7 in T with (£,7) 2 (&,m). More precisely,
there exists a measurable function f: S x [0,1] — T such that we may take
7= f(&,9) whenever 91L.€ is U(0,1).

Proof: By Theorem 5.3 there exists a probability kernel x4 from S to T
satisfying

u(& B) = Pln e Blg], BeB0,1],

and by Lemma 2.22 we may further choose a measurable function f: S x
[0,1] = T such that f(s,9) has distribution u(s,-) for every s € S. Define

7= f(£,9). Using Lemmas 1.22 and 2.11 together with Theorem 5.4, we get
for any measurable function ¢g: S x [0,1] — R,

By(€ JE9) = E [ g(&. f(&.w)du
E [ (& tulc.dt) = Bg(c.m),

Eg(&. 1)

which shows that (€,7) < (& n). O
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The following version of the last result is often useful to transfer repre-
sentations of random objects.

Corollary 5.11 (stochastic equations) Fix two Borel spaces S and T, a
measurable mapping f: T — S, and some random elements £ in S and n

i T with & 4 f(n). Then there exists a random element 1) 2 n in T with
§=f(n) as

Proof: By Theorem 5.10 there exists some random element 7 in 7" with

(&:77) = (f(n),m). In particular, i £ y and, moreover, (&, f()) < (f(n), f(n))-
Since the diagonal in S? is measurable, we get P{¢ = f(7)} = P{f(n) =

Fm)} =1, and so € = f(7]) ass. 0
The last result leads in particular to a useful extension of Theorem 3.30.

Corollary 5.12 (extended Skorohod coupling) Let f, fi1, fa,... be measur-
able functions from a Borel space S to a Polish space T, and let £,£1,&, . ..

be random elements in S with f,(&,) KA f(&). Then there exist some random

elements € £ ¢ and &, 2 &, with ful&n) = F(E) aus

Proof: By Theorem 3.30 there exist some 7 = (&) and nn fn(fn) Wlth
n. — 1 a.s. By Corollary 5.11 we may further choose some f § and §n §"
such that a.s. f(€) = 5 and f,(&,) = nn for all n. But then f,(&,) — f(£)
a.s. O

The next result clarifies the relationship between randomizations and
conditional independence. Important applications appear in Chapters 7, 10,
and 18.

Proposition 5.13 (conditional independence and randomization) Let &, n,
and ¢ be random elements in some measurable spaces S, T, and U, respec-
tively, where S is Borel. Then §1L,¢ iff £ = f(n,9) a.s. for some measurable
function f: T x [0,1] = S and some U(0,1) random variable ¥ 1L (n, ().

Proof: First assume that £ = f(n,9) a.s., where f is measurable and
91 (n, (). Then Proposition 5.8 yields ¥1L,¢, and so (n, ¥)1L,¢ by Corollary
5.7, which implies £ 1L,,C.

Conversely, assume that £11,(, and let 9_1L(n, ¢) be U(0,1). By Theorem
5.10 there exists some measurable function f:T x[0,1] —> S such that the
random element & = f(n,9) satisfies ¢ L f and (f 77) (&,m). By the
sufficiency part, we further note that §J_Ln( Hence, by Proposition 5.6,

PlEe-In¢ =P |n=PEe-|n=PEe-|n,

and so (é,n,g) 4 (&,m,¢). By Theorem 5.10 we may choose some 9L
with (&,7.¢,0) £ (£7,¢,9). In particular, J1L(5,¢) and (&, f(n,7))

> <



5. Conditioning and Disintegration 91

(€, f(n,0)). Since € = f(n,9) and the diagonal in S2 is measurable, we
get € = f(n,V) a.s., and so the stated condition holds with ¢ in place of ¥. O

We shall now use the transfer theorem to construct random sequences or
processes with given finite-dimensional distributions. Given any measurable
spaces S1, 59, ..., a sequence of probability measures p, on S; X «-- X S,
n € N, is said to be projective if

:un+1(' X SnJrl) = lp, N E N. (9)

Theorem 5.14 (ezistence of random sequences, Daniell) Given any Borel
spaces S1, S, ... and a projective sequence of probability measures i, on Sy X

- X Sp, n € N, there exist some random elements &, in S,, n € N, such
that (&1, .. .,&,) has distribution u, for each n.

Proof By Lemma 2.21 there exist on the Lebesgue unit interval some
iid. U(0,1) random variables ¥;,3s,..., and we may construct &;,&s,. ..
recursively from the ,,. Then assume for some n > 0 that &;,...,&, have
already been constructed as measurable functions of ¥4,...,d, with joint
distribution p,. Let ny,...,n,+1 be arbitrary with joint distribution pu,.
The projective property yields (&1,...,&) = (11, ...,m.), so by Theorem
5.10 we may form &, as a measurable function of &, ..., &,, 9,41 such that
&1y oy &nt1) < (M1, -+, Mas1). This completes the recursion. O

The last theorem may be used to extend a process from bounded to
unbounded domains. We state the result in an abstract form, designed to
fulfill our needs in Chapters 16 and 21. Let I denote the identity mapping
on any space.

Corollary 5.15 (extension of domain) Fiz any Borel spaces S,S1,Ss, ...
and some measurable mappings 7,: S — S, and 7 : S, — Sk, k < n, such
that

Ty =mpom,, k<m<n. (10)
Let S denote the set of sequences (s, Sg,...) € Sy xSy X+ -+ with s, = s, for
all k < n, and assume that there exists some measurable mapping h: S — S
with (my,m,...)oh =1 on S. Then for any probability measures p, on S,
with pi, o (7)~1 = pg for all k < n, there exists some probability measure
on S with pom, ' = p, for alln.

Proof: Introduce the measures
fin = fino (77, ...,7") 7, neN, (11)
and conclude from (10) and the relation between the p, that

fin1(- X Sng1) = pgro (apth o a7

n n\—1
7T-17"'777-71)

=
3
T+
=
o
—
N
33
F
_
~—
L
o -
—~
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By Theorem 5.14 there exists some measure fi on S; X Sg X - -+ with
fo(Ty, ..., ®n) b =fin, nEN, (12)

where 71,79, ... denote the coordinate projections in S} x Sy X ---. From
(10) through (12) it is clear that i is restricted to S, which allows us to define
i = jio h™!. It remains to note that

pomt =jo(mh)t =pomt =i om,t = ppo(my) T = . O

We shall often need an extension of Theorem 5.14 to processes on arbi-
trary index sets T'. For any collection of spaces S;, t € T, define S; = X175,
I C T. Similarly, if each S; is endowed with a o-field Sy, let S; denote the
product o-field ®,¢; S;. Finally, if each & is a random element in S;, write
&; for the restriction of the process (&) to the index set 1.

Now let 7' and T denote the classes of finite and countable subsets of T,
respectively. A family of probability measures uy, I € T or T, is said to be
projective if

p(-x Spg) =pr, I CJ in7T orT. (13)

Theorem 5.16 (existence of processes, Kolmogorov) For any collection of
Borel spaces Sy, t € T, consider a projective family of probability measures
ur on Sy, I € T. Then there exist some random elements & in Sy, t €T,
such that & has distribution py for every I € T.

Proof: Recall that the product o-field St in St is generated by all coor-
dinate projections 7y, t € T, and hence consists of all countable cylinder sets
B x Spy, B € Sy, U €T. For each U € T, there exists by Theorem 5.14
some probability measure py on Sy satisfying

po (- x Sone) = pr, I € U,
and by Proposition 2.2 the family py, U € T, is again projective. We may
then define a function p: Sy — [0, 1] by

u(- x Sr) = po, U ET.

To check the countable additivity of u, consider any disjoint sets Ay, Ag, ... €
Sr. For each n we have A, = B, x Sp\p, for some U, € T and B, € Sy,.
Writing U = U, U, and C,, = B,, x Siny,,, we get

MUnAn = pu Uncn = ZHMUC" = ZnﬂAn«

The process £ = (&) may now be defined as identity mapping on the proba-
bility space (St,Sr, ). m]

If the projective sequence in Theorem 5.14 is defined recursively in terms
of a sequence of conditional distributions, then no regularity condition is
needed on the state spaces. For a precise statement, define the product p® v
of two kernels 4 and v as in Chapter 1.
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Theorem 5.17 (extension by conditioning, Tonescu Tulcea) For any mea-
surable spaces (Sn,S,) and probability kernels p, from Sy x +-+ x S,_1 to
Sn, n € N, there exist some random elements &, in S,, n € N, such that
(&1, ..., &) has distribution py ® - -+ & py, for each n.

Proof: Put F,, =S ®---®8,, and T,, = Sy, 11 X Spyo X -+ -, and note that
the class C = U, (F, x T),) is a field in Ty generating the o-field F,,. We may
define an additive function p on C by

M(A XTn) = (M1®®MH)A7 Aej:na n EN, (14)

which is clearly independent of the representation C' = A x T,,. We need
to extend p to a probability measure on F,. By Carathéodory’s extension
Theorem Al.1, it is then enough to show that x is continuous at (.

For any sequence Cp,Cs,... € C with C,, | §), we need to show that
nC, — 0. Renumbering if necessary, we may assume for each n that C, =
A, x T, with A, € F,,. Now define

o=t ® - @ pn)la,, k<n, (15)

with the understanding that f = 14, for k = n. By Lemma 1.38 (i) and
(i), each fJ' is an Fp-measurable function on Sy x -+ x Sk, and from (15)
we note that

e =menfin, 0<k<n. (16)

Since C), | @, the functions f}* are nonincreasing in n for fixed k, say with
limits g;. By (16) and dominated convergence,

Ok = Mk+19k+1, Kk =>0. (17)

Combining (14) and (15), we get uC, = f§ | go. If go > 0, then by (17)
there exists some s; € S; with g;(s;) > 0. Continuing recursively, we may
construct a sequence § = (s, Sg,...) € Ty such that g,(s1,...,s,) > 0 for
each n. Then

1e, (3) =1a,(81,--8n) = fr (81, -, 80) = gn(S1, ..., 8n) >0,

and so 5 € N, C,, which contradicts the hypothesis C,, | #. Thus, gy = 0,
which means that uC,, — 0. a

As a simple application, we may deduce the existence of independent ran-
dom elements with arbitrary distributions. The result extends the elementary
Theorem 2.19.

Corollary 5.18 (infinite product measures, Lomnicki and Ulam) For any
collection of probability spaces (S, St, i), t € T, there exist some independent
random elements & in S; with distributions p,, t € T'.
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Proof: For any countable subset I C T, the associated product measure
1 = Quer i exists by Theorem 5.17. Now proceed as in the proof of Theo-
rem 5.16. O

Exercises

1. Show that (€,7) £ (¢',n) iff P[¢ € Bly] = P[¢’ € By] ass. for any
measurable set B.

2. Show that E7¢ = E9¢ as. forall € € L' iff F =G.

3. Show that the averaging property implies the other properties of con-
ditional expectations listed in Theorem 5.1.

4. Let 0< &, 1 €and 0 < < & where &, &y, ...,n € LY, and fix a o-field
F. Show that EXn < sup, E7¢,. (Hint: Apply the monotone convergence
property to B (&, An).)

5. For any [0, oo]-valued random variable £, define E7¢ = sup,, EZ (£An).
Show that this extension of E¥ satisfies the monotone convergence property.
(Hint: Use the preceding result.)

6. Show that the above extension of E¥ remains characterized by the
averaging property and that E7¢ < oo a.s. iff the measure £ - P = E[¢; ] is
o-finite on F. Extend E”¢ to any random variable ¢ such that the measure
|€] - P is o-finite on F.

7. Let &1, &, . .. be [0, o0]-valued random variables, and fix any o-field F.
Show that liminf, EF¢, > E7 liminf, &, a.s.

8. Fix any o-field F, and let £, &1, &o, . .. be random variables with &, — ¢
and E7 sup,, |£,| < oo a.s. Show that E7¢, — E7¢ as.

9. Let F be the o-field generated by some partition Ay, Ao, ... € A of Q.
Show for any ¢ € L' that E[{|F] = E[¢|Ay] = E[¢; Ay]/PAg on Ay whenever
PAk > 0.

10. For any o-field F, event A, and random variable ¢ € L', show that
E[§|F,14] = E[§; A|F]/P[A|F] a.s. on A.

11. Let the random variables &1,&,... > 0 and o-fields Fi, Fs,... be
such that E[¢,|F,] 5 0. Show that &, 2> 0. (Hint: Consider the random
variables &, A 1.)

12. Let (&,1) £ (€, 77), where £ € L'. Show that E[¢|n] L E[€|7). (Hint:
If El¢|n] = f(n), then E[¢|7n] = f(7) a.s.)

13. Let (£,m) be a random vector in R? with probability density f, put
F(y) = [ f(z,y)dz, and let g(z,y) = f(z,y)/F(y). Show that P[¢ € B|n] =
[z 9(x,n)dz as.

14. Use conditional distributions to deduce the monotone and dominated
convergence theorems for conditional expectations from the corresponding
unconditional results.
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15. Assume that E7¢ 4 ¢ for some ¢ € L'. Show that ¢ is a.s. F-
measurable. (Hint: Choose a strictly convex function f with Ef(§) < oo,
and apply the strict Jensen inequality to the conditional distributions.)

16. Assume that (£,n) 4 (&,¢), where n is (-measurable. Show that
&1L,¢. (Hint: Show as above that P[¢ € B|n] L Pl¢ € B|¢], and deduce the
corresponding a.s. equality.)

17. Let £ be a random element in some separable metric space S. Show
that P[¢ € -|F] is a.s. degenerate iff £ is a.s. F-measurable. (Hint: Reduce
to the case when P[¢ € -|F] is degenerate everywhere and hence equal to 6,
for some F-measurable random element 7 in S. Then show that £ =7 a.s.)

18. Assuming &11,¢ and vy (&, 0, ¢), show that {11, ¢ and £11,((, 7).
19. Extend Lemma 2.6 to the context of conditional independence. Also

show that Corollary 2.7 and Lemma 2.8 remain valid for the conditional
independence, given some o-field H.

20. Fix any o-field F and random element ¢ in some Borel space, and
define n = P[¢ € -|F]. Show that { 1L, F.

21. Let & and 1 be random elements in some Borel space S. Prove
the existence of a measurable function f: S x [0,1] — S and some U(0, 1)
random variable v1ln such that £ = f(n,7) a.s. (Hint: Choose f with

(f(n,9),m) & (&,m) for any U(0, 1) random variable ¢l (£, n), and then let
(v.7) £ (9. 9) with (€,1) = (f(7.7),7) as.)

22. Let £ and 7 be random elements in some Borel space S. Show that
we may choose a random element 7 in .S with (£,7) 4 (¢,7) and nllen.



Chapter 6
Martingales and Optional Times

Filtrations and optional times; random time-change; martingale
property; optional stopping and sampling; maximum and upcross-
g inequalities; martingale convergence, regularity, and closure;
limits of conditional expectations; reqularization of submartin-
gales

The importance of martingale methods can hardly be exaggerated. Indeed,
martingales and the associated notions of filtrations and optional times are
constantly used in all areas of modern probability and appear frequently
throughout the remainder of this book.

In discrete time a martingale is simply a sequence of integrable random
variables centered at the successive conditional means, a centering that can
always be achieved by the elementary Doob decomposition. More precisely,
given any discrete filtration F = (F,), that is, an increasing sequence of
o-fields in 2, one says that a sequence M = (M,,) forms a martingale with
respect to F if E[M,|F,_1] = M,_1 a.s. for all n. A special role is played
by the class of uniformly integrable martingales, which can be represented in
the form M, = E[¢|F,] for some integrable random variables &.

Martingale theory owes its usefulness to a number of powerful general
results, such as the optional sampling theorem, the submartingale conver-
gence theorem, and a variety of maximum inequalities. The applications
discussed in this chapter include extensions of the Borel-Cantelli lemma and
Kolmogorov’s zero—one law. Martingales are also used to establish the ex-
istence of measurable densities and to give a short proof of the law of large
numbers.

Much of the discrete-time theory extends immediately to continuous time
thanks to the fundamental regularization theorem, which ensures that every
continuous-time martingale with respect to a right-continuous filtration has a
right-continuous version with left-hand limits. The implications of this result
extend far beyond martingale theory. In particular, it enables us in Chapters
13 and 17 to obtain right-continuous versions of independent-increment and
Feller processes.

The theory of continuous-time martingales is continued in Chapters 15,
16, 22, and 23 with studies of quadratic variation, random time-change, inte-
gral representations, removal of drift, additional maximum inequalities, and
various decomposition theorems. Martingales further play a basic role for es-
pecially the Skorohod embedding in Chapter 12, the stochastic integration in
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Chapters 15 and 23, and the theories of Feller processes, SDEs, and diffusions
in Chapters 17, 18, and 20.

As for the closely related notion of optional times, our present treatment
is continued with a more detailed study in Chapter 22. Optional times are
fundamental not only for martingale theory but also for a variety of models
involving Markov processes. In the latter context they appear frequently in
the sequel, especially in Chapters 7, 8, 10, 11, 12, 17, and 19 through 22.

To begin our systematic exposition of the theory, we may fix an arbitrary
index set T C R. A filtration on T is defined as a nondecreasing family
of o-fields F; C A, t € T. One says that a process X on T is adapted to
F = (F) if X, is Fi-measurable for every ¢t € T. The smallest filtration with
this property is the induced or generated filtration F;, = o{X,; s <t},t € T.
Here “smallest” should be understood in the sense of set inclusion for every
fixed t.

By a random time we shall mean a random element in 7 =T U {sup T'}.
Such a time is said to be F-optional or an F-stopping time if {T < t} € F,
for every ¢t € T, that is, if the process X; = 1{r < t} is adapted. (Here
and in similar cases, the prefix F is often omitted when there is no risk for
confusion.) If T' is countable, it is clearly equivalent that {r = ¢} € F; for
every t € T. For any optional times o and 7 we note that even o V 7 and
o A T are optional.

With any optional time 7 we may associate the o-field

F.={Ae A An{r<tteF, teT}

Some basic properties of optional times and the associated o-fields are listed
below.

Lemma 6.1 (optional times) For any optional times o and T, we have
(i) 7 is Fr-measurable;
(i) Fr=F on{r =t} forallt € T;

(i) FoN{o <7} C Forr = Fo N Fr.

In particular, it is seen from (iii) that {o < 7} € F, N F;, that F, = F,
on {0 = 7}, and that F, C F, whenever o < 7.
Proof: (iii) For any A € F, and t € T we have
An{o<tin{r<t}=An{oc<th)n{r<t}n{oAt <7t At}
which belongs to F; since 0 At and 7 At are both F;-measurable. Hence
Fon{o <71} CF.

The first relation now follows as we replace 7 by o A 7. Replacing o and 7
by the pairs (o A7,0) and (o A 7,7), it is further seen that F,,. C F, N Fr.
To prove the reverse relation, we note that for any A € F,NF, andt € T

An{font<ty=(An{o <thU(An{r <t}) e F,
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whence A € Fynr.

(i) Applying (iii) to the pair (7,t) gives {7 < ¢} € F, for all t € T, which
extends immediately to any ¢t € R. Now use Lemma 1.4.

(ii) First assume that 7 =t. Then F, = F,. N {r <t} C F,. Conversely,
assume that A€ Frand seT. If s>tweget AN{r<s}=A€F CF,,
and if s <t then AN{r < s} =0 € F,. Thus, A € F,. This shows that
Fr = F; when 7 = t. The general case now follows by part (iii). O

Given an arbitrary filtration F on R, we may define a new filtration F*
by Fit = Must Fu, t > 0, and we say that F is right-continuous if F+ = F.
In particular, F7 is right-continuous for any filtration F. We say that a
random time 7 is weakly F-optional if {7 < t} € F; for every t > 0. In
that case 7 + h is clearly F-optional for every h > 0, and we may define
Frt = Niso Frin- When the index set is Z,, we write F* = F and make
no difference between strictly and weakly optional times.

The following result shows that the notions of optional and weakly op-
tional times agree when F is right-continuous.

Lemma 6.2 (weakly optional times) A random time T is weakly F-optional
iff it is F+-optional, in which case

Fro=Fr={Ae AL An{r <t} e F, t >0} (1)
Proof: For any t > 0, we note that

{r <t} = ﬂr>t{7' <r}, {r<t}= Ur<t{7' <r}, (2)

where r may be restricted to the rationals. If AN{r <t} € Fy for all ¢, we
get by (2) for any t > 0

Aﬂ{7<t}:UT<t(Aﬂ{T§r}) e F.

Conversely, if AN {7 < t} € F, for all ¢, then (2) yields for any ¢ > 0 and
h>0
An{r<t}= () (An{r<r}) € Fip,
re(t,i+h)

and so AN{r <t} € F,. For A= this proves the first assertion, and for
general A € A it proves the second relation in (1).

To prove the first relation, we note that A € F,, iff A € F,,,, for each
h > 0, that is, if AnN{r+h <t} € Fforallt >0 and h > 0. But
this is equivalent to AN {r < ¢} € Fp for all £ > 0 and = > 0, hence to
An{r <t} € F; for every ¢t > 0, which means that A € F. O

We have already seen that the maximum and minimum of two optional
times are again optional. The result extends to countable collections as
follows.
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Lemma 6.3 (closure properties) For any random times 1, Ta, ... and fil-
tration F on Ry or Z,, we have the following:
(i) if the 7, are F-optional, then so is 0 = sup,, T,;

(ii) if the 7, are weakly F-optional, then so is T = inf, 7,, and moreover
Fr=nN.Ft.

Proof: To prove (i) and the first assertion in (ii), we note that

fo<tt=NAm<tt, {r<ty=U {m <t} (3)

where the strict inequalities may be replaced by < for the index set T' = Z, .
To prove the second assertion in (ii), we note that 7} C N, F, by Lemma
6.1. Conversely, assuming A € (N, F,, we get by (3) for any t > 0

An{r <t} :AﬂUn{Tn < t} :Un(Aﬂ{Tn <t}) e F,
with the indicated modification for 7' = Z,. Thus, A € F. O

Part (ii) of the last result is often useful in connection with the following
approximation of optional times from the right.

Lemma 6.4 (discrete approximation) For any weakly optional time T in
R, there exist some countably valued optional times 7, | T.

Proof: We may define
T, =2""[2"r+1], neN.

Then 7, € 27"N for each n, and 7, | 7. Also note that each T, is optional,
since {7, < k27"} = {1 < k27"} € Fyo-n. O

We shall now relate the optional times to random processes. Say that
a process X on R, is progressively measurable or simply progressive if its
restriction to Q x [0,t] is F; ® B0, t]-measurable for every ¢ > 0. Note that
any progressive process is adapted by Lemma 1.26. Conversely, a simple
approximation from the left or right shows that any adapted and left- or
right-continuous process is progressive. A set A C Q x R, is said to be
progressive if the corresponding indicator function 1,4 has this property, and
we note that the progressive sets form a o-field.

Lemma 6.5 (optional evaluation) Fiz o filtration F on some index set T,
let X be a process on T with values in some measurable space (S,S), and
let T be a T-valued optional time. Then X, is F,-measurable under each of
these conditions:

(i) T is countable and X is adapted;
(ii) T =Ry and X is progressive.
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Proof: In both cases, we need to show that
{X,eB,7<t}eF, t>0, BeS.
This is clear in case (i) if we write

{(X,eB}=U, _{X;eB, 7=steF, BeS.

In case (ii) it is enough to show that X, ,; is F;-measurable for every t > 0.
We may then assume 7 < t and prove instead that X, is F;-measurable.
Then write X, = X o1 where ¢(w) = (w,7(w)), and note that 1 is mea-
surable from F; to F; ® B0, t] whereas X is measurable on 2 x [0, ¢] from
F; ® B[0,t] to S. The required measurability of X, now follows by Lemma
1.7. O

Given a process X on R, or Z; and a set B in the range space of X, we
may introduce the hitting time

7 = inf{t > 0; X, € B}.

It is often important to decide whether the time 75 is optional. The following
elementary result covers most cases arising in applications.

Lemma 6.6 (hitting times) Fiz a filtration F on T =Ry or Z,, let X be
an F-adapted process on T with values in some measurable space (S,S), and
let Be S. Then 1 is weakly optional under each of these conditions:

(1) T = Z+ ;

(ii) T =Ry, S is a metric space, B is closed, and X is continuous;

iii) T =Ry, S is a topological space, B is open, and X is right-continuous.
+

Proof: In case (i) it is enough to write

{78 <n}= U {XxeB}eF,, neN.

ke[l,n]

In case (ii) we get for t > 0

{m<t}=U N U {X.B)<n}er,

h>0 neN reQnlh,t]
where p denotes the metric in S. Finally, in case (iii) we get

{me<tt= | {X,eB}eF, t>0,
reQN(0,t)

which suffices by Lemma 6.2. a

For special purposes we may need the following more general but much
deeper result, known as the debut theorem. Here and below a filtration F is
said to be complete if the basic o-field A is complete and each F; contains
all P-null sets in A.
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Theorem 6.7 (first entry, Doob, Hunt) Let the set A C Ry x 2 be progres-
siwe with respect to some right-continuous and complete filtration F. Then
the time 7(w) = inf{t > 0; (t,w) € A} is F-optional.

Proof: Since A is progressive, we have AN [0,t) € F; @ B([0,¢]) for every
t > 0. Noting that {r < ¢} is the projection of A N [0,t) onto 2, we get
{r <t} € F; by Theorem A1.8, and so 7 is optional by Lemma 6.2. O

In applications of the last result and for other purposes, we may need
to extend a given filtration F on R, to make it both right-continuous and
complete. Then let A be the completion of A, put N' = {A € A; PA = 0},
and define F;, = o{F;, N'}. Then F = (F,) is the smallest complete extension
of F. Similarly, F* = (F,;) is the smallest right-continuous extension of
F. The following result shows that the two extensions commute and can be
combined into a smallest right-continuous and complete extension, commonly
referred to as the (usual) augmentation of F.

Lemma 6.8 (augmented filtration) Any filtration F on R, has a smallest
right-continuous and complete extension G, given by

gt :K:?P‘ra tZ 0. (4)
Proof: First we note that
Fi CF CFepy t>0.

Conversely, assume that A € F,.. Then A € F,,, for every h > 0, and
so, as in Lemma 1.25, there exist some sets A;, € F,y;, with P(AAA,) = 0.
Now choose h, — 0, and define A" = {A;, i.0.}. Then A’ = F,; and
P(AAA") =0, so A € Fy. Thus, F;y C Fiy, which proves the second
relation in (4).

In particular, the filtration G in (4) contains F and is both right-contin-
uous and complete. For any filtration H with those properties, we have

G =Fuy Cﬁtq— =Hiyy =Hy, 20,
which proves the required minimality of G. a
The next result shows how the o-fields F. arise naturally in the context
of a random time-change.

Proposition 6.9 (random time-change) Let X > 0 be a nondecreasing,
right-continuous process adapted to some right-continuous filtration F. Then

7, =inf{t >0; X; > s}, s>0,

18 a right-continuous process of optional times, generating a right-continuous
filtration Gg = F.., s > 0. If X is continuous and the time 7 is F-optional,
then X, is G-optional and F. C Gx,. If X is further strictly increasing, then
f‘r - gXT .
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In the latter case, we have in particular F; = Gy, for all £, so the processes
(75) and (X;) play symmetric roles.

Proof: The times 75 are optional by Lemmas 6.2 and 6.6, and since (75)
is right-continuous, so is (G;) by Lemma 6.3. If X is continuous, then by
Lemma 6.1 we get for any F-optional time 7 > 0 and set A € F,

An{X, <s}=An{r<r}eF, =G, s>0.

For A = Q it follows that X, is G-optional, and for general A we get A € Gx. .
Thus, F, C Gx,. Both statements extend by Lemma 6.3 to arbitrary 7.

Now assume that X is also strictly increasing. For any A € Gx, with
t > 0 we have

Am{tSTe}:Am{XfSS}GQGZJT‘TN 5207

SO
An{t<rs<u}eF,, s>0, u>t

Taking the union over all s € Q,—the set of nonnegative rationals—gives
A€ F,, and as u | t we get A € F;y = F;. Hence, F; = Gx,, which extends
as before to t = 0. By Lemma 6.1 we now obtain for any A € Gx_

An{r <t} =An{X, <X} eGx,=F, t>0,

and so A € F.. Thus, Gx. C F,, so the two o-fields agree. m|

To motivate the introduction of martingales, we may fix a random variable
¢ € L' and a filtration F on some index set T, and put

The process M is clearly integrable (for each t) and adapted, and by the
chain rule for conditional expectations we note that

M, = E[M,|F] as., s<t. (5)

Any integrable and adapted process M satisfying (5) is called a martingale
with respect to F, or an F-martingale. When T' = Z | it suffices to require
(5) for t = s+ 1, so in that case the condition becomes

E[AM,|F,-1] =0 as.,, neN, (6)

where AM,, = M, — M,_,. A process M = (M*,..., M%) in R? is said to be
a martingale if M, ..., M? are one-dimensional martingales.

Replacing the equality in (5) or (6) by an inequality, we arrive at the
notions of sub- and supermartingales. Thus, a submartingale is defined as an
integrable and adapted process X with

X, < E[Xy|F] as., s<t; (7)



6. Martingales and Optional Times 103

reversing the inequality sign yields the notion of a supermartingale. In par-
ticular, the mean is nondecreasing for submartingales and nonincreasing for
supermartingales. (The sign convention is suggested by analogy with sub-
and superharmonic functions.)

Given a filtration F on Z,, we say that a random sequence A = (A4,)
with Ag = 0 is predictable with respect to F, or F-predictable, if A,, is F,_1-
measurable for every n € N, that is, if the shifted sequence 04 = (A1) is
adapted. The following elementary result, often called the Doob decomposi-
tion, is useful to deduce results for submartingales from the corresponding
martingale versions. An extension to continuous time is proved in Chap-
ter 22.

Lemma 6.10 (centering) Given a filtration F on Z., any integrable and
adapted process X on Zy has an a.s. unique decomposition M + A, where M
is a martingale and A is a predictable process with Aq = 0. In particular, X
is a submartingale iff A is a.s. nondecreasing.

Proof: If X = M + A for some processes M and A as stated, then clearly
AA, = E[AX,|F,1] a.s. for all n € N, and so

A, = ZkSnE[AXﬂfk_ﬂ a.s., neEly, (8)

which proves the required uniqueness. In general, we may define a predictable
process A by (8). Then M = X — A is a martingale, since

E[AM,|Foy] = E[AXo|Fot] — AA, =0 as., neN. 0

We proceed to show how the martingale and submartingale properties
are preserved under various transformations.

Lemma 6.11 (conver maps) Let M be a martingale in R, and consider
a conver function f: R — R such that X = f(M) is integrable. Then X
18 a submartingale. The statement remains true for real submartingales M,
provided that f is also nondecreasing.

Proof: In the martingale case, the conditional version of Jensen’s inequal-
ity yields

F(M,) = f(EIM|F]) < E[f(M)|FS] as., s <t, (9)
which shows that f(M) is a submartingale. If instead M is a submartin-

gale and f is nondecreasing, the first relation in (9) becomes f(M,) <
f(E[M;|Fs]), and the conclusion remains valid. O

The last result is often applied with f(z) = |z|? for some p > 1 or, for
d=1, with f(z) =2, =2z V0.
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Say that an optional time 7 is bounded if 7 < w a.s. for some u € T.
This is always true when 7T has a last element. The following result is an
elementary version of the basic optional sampling theorem. An extension to
continuous-time submartingales appears as Theorem 6.29.

Theorem 6.12 (optional sampling, Doob) Let M be a martingale on some
countable index set T with filtration F, and consider two optional times o
and T, where T is bounded. Then M. is integrable, and

Mopr = E[M:|F,] a.s.
Proof: By Lemmas 5.2 and 6.1 we get for any t <u in T
E[Mu|.7:-,—] = E[Mu|]:t] = Mt — MT a.s. on {T — t}7

and so E[M,|F,;] = M, a.s. whenever 7 < w a.s. If 0 <7 <, then F, C F,
by Lemma 6.1, and we get

E[M,|F,] = E[E[M,|F,)|F,] = E[M,|F,] = M, a.s.

On the other hand, clearly E[M.|F,] = M, a.s. when 7 < o A u. In the
general case, the previous results combine by means of Lemmas 5.2 and 6.1
into

E[MT‘f(r] E[M7|f(r/\-r] = Ma’/\T a.s. on {O’ S 7‘},
E[M.|F,] = E[Mon:|Fo] = Mop, as.on {c > T} O

In particular, we note that if M is a martingale on an arbitrary time scale
T with filtration F and (7;) is a nondecreasing family of bounded, optional
times that take countably many values, then the process (M., ) is a martingale
with respect to the filtration (F,,). In this sense, the martingale property is
preserved by a random time-change.

From the last theorem we note that every martingale M satisfies EM, =
E M., for any bounded optional times o and 7 that take only countably many

values. An even weaker property characterizes the class of martingales.

Lemma 6.13 (martingale criterion) Let M be an integrable, adapted pro-
cess on some index set T. Then M is a martingale iff EM, = EM, for any
T-valued optional times o and T that take at most two values.

Proof: If s <tinT and A € F;, then 7 = sl4 + t1 4. is optional, and so
0=EM, — EM, = EM, — E[M,; A] — E[M;; A°] = E[M, — Mj; A].
Since A is arbitrary, it follows that E[M; — M,|F,] = 0 a.s. O

The following predictable transformations of martingales are basic for
stochastic integration theory.
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Corollary 6.14 (martingale transforms) Let M be a martingale on some
index set T with filtration F, fix an optional time 7 that takes countably
many values, and let ) be a bounded, F,-measurable random variable. Then
the process Ny = n(M; — Mya;) is again a martingale.

Proof: The integrability follows from Theorem 6.12, and the adaptedness
is clear if we replace n by n1{r < t} in the expression for N,. Now fix any
bounded, optional time o taking countably many values. By Theorem 6.12
and the pull-out property of conditional expectations, we get a.s.

E[N0'|fT} = nE[MO' - Ma/\'r|~7:7'] = 77(-1\40/\‘1' - Ma/\'r) = 07
and so EN, = 0. Thus, N is a martingale by Lemma 6.13. O

In particular, we note that optional stopping preserves the martingale
property, in the sense that the stopped process M = M, is a martingale
whenever M is a martingale and 7 is an optional time that takes countably
many values.

More generally, we may consider predictable step processes of the form

Vi = Zkﬁnnkl{t > Tk}7 te 717

where 4 < --- < 7, are optional times, and each 7 is a bounded, F, -
measurable random variable. For any process X, we may introduce the
associated elementary stochastic integral

t
(VX)tE/O ‘/SdX‘s:ZkSnnk(Xt_Xt/\Tk)’ teT.

From Corollary 6.14 we note that V' - X is a martingale whenever X is a
martingale and each 7, takes countably many values. In discrete time we
may clearly allow V' to be any bounded, predictable sequence, in which case

(V . X)n = Zk<ndAXk’ n e Z+.

The result for martingales extends in an obvious way to submartingales X
and nonnegative, predictable sequences V.

Our next aim is to derive some basic martingale inequalities. We begin
with an extension of Kolmogorov’s maximum inequality in Lemma 3.15.

Proposition 6.15 (mazimum inequalities, Bernstein, Lévy) Let X be a
submartingale on some countable index set T. Then for any v > 0 and
uel,
rP{sup;.,X; > r}
rP{sup,| X;| > r}

E[X,; sup,c, X; > 1] < EX, (10)

<
< 3sup,B|X,. (11)
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Proof: By dominated convergence it is enough to consider finite index
sets, so we may assume that T = Z,. Define 7 = u A inf{t; X; > r} and
B = {max;<, X; > r}. Then 7 is an optional time bounded by u, and we
note that B € F, and X, > r on B. Hence, by Lemma 6.10 and Theorem
6.12,

rPB < E[X,;B] < E[X,: B| < EX",
which proves (10). Letting M + A be the Doob decomposition of X and
applying (10) to —M, we further get

rP{mini,X; < —r} < rP{mine,M; < —-r} < EM,
— EM'— EM,<EX! — EX,
2 max<, F| Xy|.

IN

Combining this with (10) yields (11). O
We proceed to derive a basic norm inequality. For processes X on some
index set 1", we define
X7 = sup,,| Xy, X" = supyep| Xyf.

Proposition 6.16 (norm inequality, Doob) Let M be a martingale on some
countable index set T, and fix any p,q > 1 with p~t + ¢t = 1. Then

M/, < ql|Mllp, teT.

Proof: By monotone convergence we may assume that T = Z.. If
[|M:ll, < oo, then ||[M]l, < oo for all s < ¢ by Jensen’s inequality, and
so we may assume that 0 < || M}, < co. Applying Proposition 6.15 to the
submartingale |M|, we get

rP{M} > r} < E[|M]; M} >r], r>0.
Hence, by Lemma 2.4, Fubini’s theorem, and Hélder’s inequality,

I = » [ PAME > e
0

< p/ E[|M,|; M} > r]rP~2dr
Jo
ME o *(p—1)
= pEIM| [ 2dr = g B 0]
0
*(p—1 * || p—
< qlMil, [MEETV| = gl 1
It remains to divide by the last factor on the right. O

The next inequality is needed to prove the basic Theorem 6.18. For any
function f on T and constants a < b, the number of [a, b]-crossings of f up to
time ¢ is defined as the supremum of all n € Z, such that there exist times
§1 <t < Sg <ty <.+ <s, <t,<tinT with f(sy) <aand f(ty) > b for
all k. The supremum may clearly be infinite.
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Lemma 6.17 (upcrossing inequality, Doob, Snell) Let X be a submartingale
on a countable index set T, and let N2(t) denote the number of [a, b]-crossings
of X up to time t. Then

EX;—a)"

ENb(t) <
§H < =

teT, a<binR.

Proof: As before, we may assume that 7= Z,. Since Y = (X —a)" is
again a submartingale by Lemma 6.11 and the [a, b]-crossings of X correspond
to [0, b—al-crossings of Y, we may assume that X > 0 and a = 0. Now define
recursively the optional times 0 =19 < 01 <71 < 09 < -+ by

o =inf{n > 7_1; X,, =0}, 7 =inf{n >oy; X,, >0}, k€N,
and introduce the predictable process
V., = Zk211{0k <n<m}, nmneN.

Then (1 — V) - X is again a submartingale by Corollary 6.14, and so E((1 —
V)-X); > E((1-V)-X)y=0. Also note that (V - X); > bN}(t). Hence,

bENL(t) < E(V - X), < E(1-X), = EX, — EX, < EX,. O

We may now state the fundamental regularity and convergence theorem
for submartingales.

Theorem 6.18 (regularity and convergence, Doob) Let X be an L'-bounded
submartingale on some countable index set T'. Then X; converges along every
increasing or decreasing sequence in T, outside some fixed P-null set A.

Proof: By Proposition 6.15 we have X* < 0o a.s., and Lemma 6.17 shows
that X has a.s. finitely many upcrossings of every interval [a, b] with rational
a < b. Outside the null set A where any of these conditions fails, it is clear
that X has the stated property. O

The following is an interesting and useful application.

Proposition 6.19 (one-sided bounds) Let M be a martingale on Z, with
AM < ¢ a.s. for some constant ¢ < co. Then a.s.

{M,, converges} = {sup, M,, < cco}.

Proof: Since M — M, is again a martingale, we may assume that M, = 0.
Introduce the optional times

T = inf{n; M, >m}, meN.
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The processes M ™ are again martingales by Corollary 6.14. Since M™ <
m + ¢ a.s., we have E|M™| < 2(m + ¢) < oo, and so M™ converges a.s. by
Theorem 6.18. Hence, M converges a.s. on

{sup, M,, < oo} = Um{M =M},

The reverse implication is obvious, since every convergent sequence in R is
bounded. a

From the last result we may easily derive the following useful extension
of the Borel-Cantelli lemma in Theorem 2.18.

Corollary 6.20 (extended Borel-Cantelli lemma, Lévy) Fix any filtration
F onZy, and let A, € F, n € N. Then a.s.

{An i0} = {3 PlA,|F, ] = oo}
Proof: The sequence
M, =3, (Lo, — PIAF]), nels,
is a martingale with [AM,| < 1, and so by Proposition 6.19

P{M,, = oo} = P{M,, = —c0} = 0.
Hence, a.s.

{A, 10} = {anAn = oo} - {ZHP[AnU-"n,l] - oo} . 0

A martingale M or submartingale X is said to be closed if u = sup T
belongs to T In the former case, clearly M; = E[M,|F;] a.s. for allt € T. If
instead u € T, we say that M is closable if it can be extended to a martingale
on T =T U{u}. If M, = E[{|F] for some £ € L', we may clearly choose
M, = £. The next result gives general criteria for closability. An extension
to continuous-time submartingales appears as part of Theorem 6.29.

Theorem 6.21 (uniform integrability and closure, Doob) For martingales
M on an unbounded index set T, these conditions are equivalent:

(i) M is uniformly integrable;
(ii) M is closable at supT';
(iii) M is L'-convergent at sup T.
Under those conditions, M is closable by the limit in (iii).

Proof: First note that (ii) implies (i) by Lemma 5.5. Next (i) implies (iii)
by Theorem 6.18 and Proposition 3.12. Finally, assume that M, — £ in L!
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ast — u = supT. Using the L!-contractivity of conditional expectations,
we get, as ¢t — u for fixed s

M, = E[M,|F.] — E[¢|F,] in L.

Thus, M, = E[¢|F,] a.s., and we may take M, = £. This shows that (iii)
implies (ii). 0

For comparison, we may examine the case of LP-convergence for p > 1.

Corollary 6.22 (LP-convergence) Let M be a martingale on some unboun-
ded index set T, and fix any p > 1. Then M converges in LP iff it is LP-
bounded.

Proof: We may clearly assume that 7" is countable. If M is LP-bounded, it
converges in L' by Theorem 6.18. Since |M|? is also uniformly integrable by
Proposition 6.16, the convergence extends to LP by Proposition 3.12. Con-
versely, if M converges in LP it is LP-bounded by Lemma 6.11. O

We shall now consider the convergence of martingales of the special form
M, = E[¢|F,] as t increases or decreases along some sequence. Without loss
of generality, we may assume that the index set T is unbounded above or
below, and define respectively

Foo = \/teT}—t’ F oo = ﬁteT]:t'

Theorem 6.23 (limits in conditioning, Jessen, Lévy) Fiz a filtration F on
some countable index set T C R that is unbounded above or below. Then for
any € € LY,

E[¢|F) — El¢|Fine] ast — +oo, a.s. and in L'

Proof: By Theorems 6.18 and 6.21, the martingale M; = E[¢|F;] con-
verges a.s. and in L' as t — o0, and the limit M., may clearly be taken
to be Fi-measurable. To see that Myo, = E[¢|Fie] a.s., we need to verify
the relations

E[Miw; Al = E[§; 4], A€ Fio. (12)

Then note that, by the definition of M,
E[My; Al = E[§ 4], AeF, s<t. (13)
This clearly remains true for s = —oo, and as t — —oo we get the “minus”

version of (12). To get the “plus” version, let ¢ — oo in (13) for fixed s, and
extend by a monotone class argument to arbitrary A € F.. O

In particular, we note the following useful special case.
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Corollary 6.24 (Lévy) For any filtration F on Z,, we have
PIA|F,] — 14 as., A€ Fy.

For a simple application, we shall consider an extension of Kolmogorov’s
zero—one law in Theorem 2.13. Say that two o-fields agree a.s. if they have
the same completion with respect to the basic o-field.

Corollary 6.25 (tail o-field) If F1,Fs, ... and G are independent o-fields,
then

ﬂna{fnvfn-k—la . ’g} = g a.s.

Proof: Let T denote the o-field on the left, and note that T L g(F V-V
F,.) by Proposition 5.8. Using Proposition 5.6 and Corollary 6.24, we get for
any AeT

P[A|G]) = P[A|G, F1,..., Fu] = 14 as.,

which shows that 7 C G a.s. The converse relation is obvious. d

The last theorem can be used to give a short proof of the law of large
numbers. Then let &,&,,... be ii.d. random variables in L', put S, =
& 4 ...+ &, and define F_,, = o{S,, Sny1,...}. Here F_ is trivial by
Theorem 2.15, and for any k < n we have E[{|F_,] = E[&1|F-n] a.s., since

(&, Sny Sty - -) 4 (&1, Sny Spat, - - -). Hence, by Theorem 6.23,

n7'S, = EnTSuFoa) =070 Bl Fo]
= BlalFa] = Bla|F o] = EG.

As a further application of Theorem 6.23, we shall prove a kernel version
of the regularization Theorem 5.3. The result is needed in Chapter 18.

Proposition 6.26 (kernel densities) Fiz a measurable space (S,S) and two
Borel spaces (T, T) and (U,U), and let p be a probability kernel from S to
T x U. Then the densities

w(s,dt x B)

t,B) =220 "2
V(S7 ) ) M(S’ dt X U)7

seS, teT, Bel, (14)

have versions that form a probability kernel from S x T to U.

Proof: We may assume T" and U to be Borel subsets of R, in which case
it can be regarded as a probability kernel from S to R% Letting D,, denote
the o-field in R generated by the intervals I, = [(k — 1)27",k27"), k € Z,
we define

Sy In X B
M,(s,t, B) = ZM

H{t € L}, €S, teT, Beb,
k U(SylnchU) { k} ’
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under the convention 0/0 = 0. Then M, (s,-, B) is a version of the density
in (14) with respect to D, and for fixed s and B it is also a martingale with
respect to u(s,- x U). By Theorem 6.23 we get M, (s, , B) — v(s,-, B) a.e.
w(s, - x U). Thus, a product-measurable version of v is given by
v(s,t, B) = limsup M,,(s,t,B), s€S, teT, BeU.
n—oo
It remains to find a version of v that is a probability measure on U for
each s and t. Then proceed as in the proof of Theorem 5.3, noting that
in each step the exceptional (s,t)-set A lies in S ® T and is such that the
sections A, = {t € T; (s,t) € A} satisty u(s, A, x U)=0forallseS. O

In order to extend the previous theory to martingales on R, we need
to choose suitably regular versions of the studied processes. The next result
provides two closely related regularizations of a given submartingale. Say
that a process X on R, is right-continuous with left-hand limits (abbreviated
as rcll) if X; = Xy for all t > 0 and the left-hand limits X,_ exist and are
finite for all ¢ > 0. For any process Y on Q. , we write Yt for the process of
right-hand limits Y;, t > 0, provided that the latter exist.

Theorem 6.27 (reqularization, Doob) For any F-submartingale X on R,
with restriction Y to Qy, we have the following:

(i) Y+ exists and is rcll outside some fired P-null set A, and Z = 1Y+
is a submartingale with respect to the augmented filtration F;

(i) of F is right-continuous, then X has an rcll version iff EX is right-
continuous; this holds in particular when X is a martingale.

The proof requires an extension of Theorem 6.21 to suitable submartin-
gales.

Lemma 6.28 (uniform integrability) A submartingale X on Z_ is uni-
formly integrable iff EX is bounded.

Proof: Let EX be bounded. Introduce the predictable sequence
Ay = E[AXTL|-7:7L—1] Z 07 n S 07

and note that
Ezn<0an = EXO - infngoEXn < 0.

Hence, Y, a,, < o0 a.s., so for n € Z_ we may define
An == Zkﬁnak’ Mn = Xn - An

Here FA* < oo and M is a martingale closed at 0, so both A and M are
uniformly integrable. a
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Proof of Theorem 6.27: (i) By Lemma 6.11 the process Y V0 is L'-bounded
on bounded intervals, so the same thing is true for Y. Thus, by Theorem
6.18, the right- and left-hand limits Y;. exist outside some fixed P-null set
A, 50 Z =14Y" is rell. Also note that Z is adapted to F+.

To prove that Z is an Ft-submartingale, fix any times s < ¢, and choose
sp 4 sand t, |t in Qp with s, < t. Then Y < E[Y; |Fs,.] a.s. for all m
and n, and as m — oo we get Z; < E[Y;,|Fs+] a.s. by Theorem 6.23. Since
Y,, — Z; in L' by Lemma 6.28, it follows that Z, < E[Z;|F..| = E[Z|F 4]
a.s.

(ii) For any ¢t < t,, € Q.

(EX), = E(Y1,), Xy < EY,

F] as.,
and as t, | t we get, by Lemma 6.28 and the right-continuity of F,
(EX>t+ = EZt, Xt S E[Zt|]:t] = Zt a.s. (15)

If X has a right-continuous version, then clearly Z; = X; a.s., so (15) yields
(EX);y = EX,, which shows that FX is right-continuous. If instead EX
is right-continuous, then (15) gives FE|Z; — X;| = EZ; — EX; = 0, and so
Z; = X; a.s., which means that Z is a version of X. O

Justified by the last theorem, we shall henceforth assume that all sub-
martingales are rcll unless otherwise specified and also that the underlying
filtration is right-continuous and complete. Most of the previously quoted
results for submartingales on a countable index set extend immediately to
such a context. In particular, this is true for the convergence Theorem 6.18
and the inequalities in Proposition 6.15 and Lemma 6.17. We proceed to
show how Theorems 6.12 and 6.21 extend to submartingales in continuous
time.

Theorem 6.29 (optional sampling and closure, Doob) Let X be an F-
submartingale on Ry, where X and F are right-continuous, and consider
two optional times o and T, where T is bounded. Then X, is integrable, and

Xonr < E[X|F,] as. (16)
The statement extends to unbounded T iff X T is uniformly integrable.

Proof: Introduce the optional times o, = 27"[2"0+1] and 7, = 27" [2"7+
1], and conclude from Lemma 6.10 and Theorem 6.12 that

Xomnmm < E[ X, |Fo,] as., m,neN.
As m — oo, we get by Lemma 6.3 and Theorem 6.23

Xorr, < E[X,,|F,] as., neN. (17)
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By the result for the index sets 27"Z,, the random variables Xo;. .., X,,, X5,
form a submartingale with bounded mean and are therefore uniformly inte-
grable by Lemma 6.28. Thus, (16) follows as we let n — oo in (17).

If X* is uniformly integrable, then X is L!-bounded and hence converges
a.s. toward some X, € L'. By Proposition 3.12 we get X;" — X in L',
and so E[X; |F,] — E[XL|F] in L' for each s. Letting ¢ — oo along a
sequence, we get by Fatou’s lemma

X, < limyE[X;"|F] - liminf, E[X, | F,]
< E[X:o‘]:s} - E[Xo_olj:s] = E[Xoow:s]
We may now approximate as before to obtain (16) for arbitrary o and 7.

Conversely, the stated condition implies that there exists some X, € L!
with Xy < E[Xw|Fs] as. for all s > 0, and so X < E[XT|F] as. by
Lemma 6.11. Hence, X is uniformly integrable by Lemma 5.5. O

For a simple application, we shall consider the hitting probabilities of a
continuous martingale. The result is useful in Chapters 12 and 20.

Corollary 6.30 (first hit) Let M be a continuous martingale with My = 0,
and define T, = inf{t > 0; My = x}. Then for any a <0< b

b
P{r, <m} < " < P{r, <7}

Proof: Since 7 = 7, A 1, is optional by Lemma 6.6, Theorem 6.29 yields
EM,p; =0 for all ¢t > 0, so by dominated convergence EM, = 0. Hence,

0 aP{r, <} +b0P{m < 7,} + E[My; T = 9]
aP{r, < n}+bP{n, <7,}

b—(b—a)P{1, <71},

IN

which proves the first inequality. The proof of the second relation is simi-
lar. O

The next result plays a crucial role in Chapter 17.

Lemma 6.31 (absorption) Let X > 0 be a right-continuous supermartin-
gale, and put 7 = inf{t > 0; X; A X;_ =0}. Then X =0 a.s. on [1,00).

Proof: By Theorem 6.27 the process X remains a supermartingale with
respect to the right-continuous filtration F*. The times 7,, = inf{t > 0; X; <
n~'} are Ft-optional by Lemma 6.6, and by the right-continuity of X we
have X, <n~'on {1, < co}. Hence, by Theorem 6.29

E[Xy;m <t]<E[X,;m<t]<n™', t>0,neN.
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Noting that 7, T 7, we get by dominated convergence E[X;; 7 < t] = 0, so
X: =0a.s. on {7 <t}. The assertion now follows, as we apply this result to
all t € Q4 and use the right-continuity of X. o

We proceed to show how the right-continuity of an increasing sequence of
supermartingales extends to the limit. The result is needed in Chapter 22.

Theorem 6.32 (increasing limits of supermartingales, Meyer) Let X' <
X2 < .-+ be right-continuous supermartingales with sup, EX? < oo. Then
Xy =sup, X7, t >0, is again an a.s. right-continuous supermartingale.

Proof (Doob): By Theorem 6.27 we may assume the filtration to be right-
continuous. The supermartingale property carries over to X by monotone
convergence. To prove the asserted right-continuity, we may assume that X!
is bounded below by an integrable random variable; otherwise consider the
processes obtained by optional stopping at the times m A inf{t; X} < —m}
for arbitrary m > 0.

Now fix any € > 0, let T denote the class of optional times 7 with

limsup, | Xy — Xi| <2, t <7,

and put p = inf 7 Fe™ 7. Choose 01,09,... € T with Ee™" — p, and note
that ¢ = sup,, 0, € T with Fe™® = p. We need to show that ¢ = oo a.s.
Then introduce the optional times

T, = inf{t > 0; | X — X,| > ¢}, neN,
and put 7 = limsup,, 7,. Noting that
|Xt—Xa|:li£gi£f|Xt”—Xa| <eg te€l]oT),

we obtain 7 € T.
By the right-continuity of X", we note that |X? — X,| > ¢ on {7, < oo}
for every n. Furthermore, we have on the set A = {o =7 < 0}

h,{gi;}f Xr > stlipnlggo an = Sl;ip Xk =x,,

and so liminf, X' > X, 4 ¢ on A. Since A € F, by Lemma 6.1, we get by
Fatou’s lemma, optional sampling, and monotone convergence,

E[X, +¢; A] Elliminf, X ; A] <liminf, E[X] ; A]

<
< lim,E[X"; A] = E[X,; Al

Thus, PA = 0, and so 7 > o as. on {0 < oco}. If p > 0, we get the
contradiction Fe™™ < p, so p = 0. Hence, 0 = o a.s. O
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Exercises

1. Show for any optional times o and 7 that {o = 7} € F, N F, and
F, = F, on {o = 7}. However, F, and F., may differ on {7 = oo}.

2. Show that if o and 7 are optional times on the time scale Ry or Z,
then so is o + 7.

3. Give an example of a random time that is weakly optional but not
optional. (Hint: Let F be the filtration induced by the process X; = J¢ with
P{9 = £1} =1, and take 7 = inf{¢; X; > 0}.)

4. Fix a random time 7 and a random variable £ in R\ {0}. Show
that the process X; = £ 1{7 < t} is adapted to a given filtration F iff 7 is
F-optional and ¢ is F,-measurable. Give corresponding conditions for the
process Y; = £ 1{r < t}.

5. Let P denote the class of sets A € R, x Q2 such that the process 14 is
progressive. Show that P is a o-field and that a process X is progressive iff
it is P-measurable.

6. Let X be a progressive process with induced filtration F, and fix any
optional time 7 < oco. Show that o{r, X7} C F, C Ff C o{r, X"*"} for
every h > 0. (Hint: The first relation becomes an equality when 7 takes only
countably many values.) Note that the result may fail when P{r = oo} > 0.

7. Let M be an F-martingale on some countable index set, and fix an
optional time 7. Show that M — M7 remains a martingale conditionally
on F,. (Hint: Use Theorem 6.12 and Lemma 6.13.) Extend the result to
continuous time.

8. Show that any submartingale remains a submartingale with respect
to the induced filtration.

9. Let X!, X2 ... be submartingales such that the process X = sup,, X"
is integrable. Show that X is again a submartingale. Also show that
lim sup,, X™ is a submartingale when even sup,, | X™| is integrable.

10. Show that the Doob decomposition of an integrable random sequence
X = (X,) depends on the filtration unless X is a.s. Xy-measurable. (Hint:
Compare the filtrations induced by X and by the sequence Y,, = (Xo, X;41).)

11. Fix a random time 7 and a random variable ¢ € L', and define
M; = £1{r < t}. Show that M is a martingale with respect to the induced
filtration F iff E[§; 7 < t|7 > s] = 0 for any s < ¢. (Hint: The set {T > s}
is an atom of F.)

12. Let F and G be filtrations on a common probability space. Show that
every F-martingale is a G-martingale iff F; C G, L 5, F,, for every ¢t > 0.
(Hint: For the necessity, consider F-martingales of the form M, = E[§|F]
with & € LY(F).)

13. Show for any rcll supermartingale X > 0 and constant » > 0 that
rP{sup, X; > r} < EXj.
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14. Let M be an L2-bounded martingale on Z,. Imitate the proof of
Lemma 3.16 to show that M, converges a.s. and in L.

15. Give an example of a martingale that is L'-bounded but not uniformly
integrable. (Hint: Every positive martingale is L'-bounded.)

16. Show that if Gl x H for some increasing o-fields F,,, then G 1L x H.

17. Let &, — & in L'. Show for any increasing o-fields F,, that E[&,|F,]
— E[¢|Fo] in LY

18. Let £,&,&,... € L' with &, 1T ¢ a.s. Show for any increasing o-
fields F, that E[&,|F,] — E[¢|Fx) a.s. (Hint: By Proposition 6.15 we have
sup,, B[¢ — &, Fn] 5 0. Now use the monotonicity. )

19. Show that any right-continuous submartingale is a.s. rcll.

20. Let ¢ and 7 be optional times with respect to some right-continuous
filtration F. Show that the operators E7° and E/* commute on L' with
product E¥eA7. (Hint: For any & € L', apply the optional sampling theorem
to a right-continuous version of the martingale M, = E[{|F].)

21. Let X > 0 be a supermartingale on Z,, and let 79 < 73 < --- be
optional times. Show that the sequence (X, ) is again a supermartingale.
(Hint: Truncate the times 7,, and use the conditional Fatou lemma.) Show
by an example that the result fails for submartingales.



Chapter 7

Markov Processes
and Discrete-Time Chains

Markov property and transition kernels; finite-dimensional dis-
tributions and existence; space homogeneity and independence of
increments; strong Markov property and excursions; invariant
distributions and stationarity; recurrence and transience; ergodic
behavior of irreducible chains; mean recurrence times

A Markov process may be described informally as a randomized dynamical
system, a description that explains the fundamental role that Markov pro-
cesses play both in theory and in a wide range of applications. Processes
of this type appear more or less explicitly throughout the remainder of this
book.

To make the above description precise, let us fix any Borel space S and
filtration F. An adapted process X in S is said to be Markov if for any times
s < t we have X; = fs+(X,,¥s,) a.s. for some measurable function fs; and
some U(0, 1) random variable 0, 1L F;. The stated condition is equivalent to
the less transparent conditional independence X, 1l x F;. The process is said
to be time-homogeneous if we can take f;; = fy:—s and space-homogeneous
(when S = RY) if f,(x,-) = f.4+(0,-) + x. A more convenient description of
the evolution is in terms of the transition kernels p; (x, ) = P{fs+(z,9) € -},
which are easily seen to satisfy an a.s. version of the Chapman—Kolmogorov
relation fisfte = [sq- In the usual axiomatic treatment, the latter equation
is assumed to hold identically.

This chapter is devoted to some of the most basic and elementary por-
tions of Markov process theory. Thus, the space homogeneity will be shown
to be equivalent to the independence of the increments, which motivates our
discussion of random walks and Lévy processes in Chapters 8 and 13. In
the time-homogeneous case we shall establish a primitive form of the strong
Markov property and see how the result simplifies when the process is also
space-homogeneous. Next we shall see how invariance of the initial distri-
bution implies stationarity of the process, which motivates our treatment of
stationary processes in Chapter 9. Finally, we shall discuss the classification
of states and examine the ergodic behavior of discrete-time Markov chains
on a countable state space. The analogous but less elementary theory for
continuous-time chains is postponed until Chapter 10.

117
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The general theory of Markov processes is more advanced and is not con-
tinued until Chapter 17, which develops the basic theory of Feller processes.
In the meantime we shall consider several important subclasses, such as the
pure jump-type processes in Chapter 10, Brownian motion and related pro-
cesses in Chapters 11 and 16, and the above-mentioned random walks and
Lévy processes in Chapters 8 and 13. A detailed discussion of diffusion pro-
cesses appears in Chapters 18 and 20, and additional aspects of Brownian
motion are considered in Chapters 19, 21, and 22.

To begin our systematic study of Markov processes, consider an arbitrary
time scale T C R, equipped with a filtration F = (F;), and fix a measurable
space (S,8). An S-valued process X on T is said to be a Markov process if
it is adapted to F and such that

Foll X,, t<wuin T (1)
Xt

Just as for the martingale property, we note that even the Markov property
depends on the choice of filtration, with the weakest version obtained for the
filtration induced by X. The simple property in (1) may be strengthened as
follows.

Lemma 7.1 (extended Markov property) If X satisfies (1), then

Fll {Xyu>t}, teT. (2)

Xt

Proof: Fix any t =ty < t; < ---in T. By (1) we have 7, Il x, X;,.,, for
every n > 0, and so by Proposition 5.8

By the same proposition, this is equivalent to

ﬂJ_l_(XtUXth . ')7

Xt

and (2) follows by a monotone class argument. O

For any times s <t in T, we assume the existence of some regular condi-
tional distributions

p1s4(Xs, B) = P[X; € B|X,| = P[X, € B|F,] as, BeS. (3)

In particular, we note that the transition kernels us; exist by Theorem 5.3
when S is Borel. We may further introduce the one-dimensional distributions
v, = PoX; ' t € T. When T begins at 0, we shall prove that the distribution
of X is uniquely determined by the kernels p; together with the initial
distribution vy.
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For a precise statement, it is convenient to use the kernel operations
introduced in Chapter 1. Note in particular that if g and v are kernels on
S, then 1 ® v and pv are kernels from S to S? and S, respectively, given for
s €S by

(n@v)(s,B) = /u(s,dt)/l/(t,du)lg(t,u), B e 8%
(w)(5,B) = (u®v)(s,Sx B) = / u(s,di)(t,B), BES.

Proposition 7.2 (finite-dimensional distributions) Let X be a Markov pro-
cess on T with one-dimensional distributions v, and transition kernels pis;.
Then for any to < --- <t, inT,

Po (Xtm s 7th)71 = Vi @ ity @ 0 @ [ty tns (4)
P[(th s 7th) € |'7:to] = (/uto,tl K lLLtn—lstn)<Xt0’ ) (5)

Proof: Formula (4) is clearly true for n = 0. Proceeding by induction,
assume (4) to be true with n replaced by n — 1, and fix any bounded measur-
able function f on S"*'. Noting that X;,,...,X;, , are F, ,-measurable,
we get by Theorem 5.4 and the induction hypothesis

Ef(Xtm cee Jth,) = EE[f(Xtov cee 7th,)“7:tn—1]
= E/f(Xtm s 7th717 xn)utnflytn (thfu dx’ﬂ)
= (Uto ® Hto bty - ® p’tn—lytn>f7

as desired. This completes the proof of (4).
In particular, for any B € S and C' € §™ we get

P{(Xto,. ..7th) € B x C}
= [ o) ® -+ @ a1 0,)(@.C)
= E[(Mtoytl ®---® Mtnﬂ,tn)(Xim C)’ Xto € B]>
and (5) follows by Theorem 5.1 and Lemma 7.1. a
An obvious consistency requirement leads to the following basic so-called

Chapman—Kolmogorov relation between the transition kernels. Here we say
that two kernels p and p' agree a.s. if p(x, ) = p/(x,-) for almost every z.

Corollary 7.3 (Chapman, Smoluchovsky) For any Markov process in a
Borel space S, we have

Psu = Us it @.S. Vs, S<t<u.
Proof: By Proposition 7.2 we have a.s. for any B € S
wsu(Xs, B) = P[X, € B|F;] = P[(Xy, X,) € S x B|F]
(Hst @ pru)(Xs, S % B) = (psppeu) (X, B).

Since S is Borel, we may choose a common null set for all B. O
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We shall henceforth assume the Chapman—Kolmogorov relation to hold

identically, so that
Wsu = Msitlin, S<t<u. (6)

Thus, we define a Markov process by condition (3), in terms of some tran-
sition kernels p; satisfying (6). In discrete time, when T' = Z, the latter
relation is no restriction, since we may then start from any versions of the
kernels pt, = pin—1,, and define fip, , = flmy1 - - - pin, for arbitrary m < n.

Given such a family of transition kernels jp,, and an arbitrary initial
distribution v, we need to show that an associated Markov process exists.
This is ensured, under weak restrictions, by the following result.

Theorem 7.4 (existence, Kolmogorov) Fiz a time scale T starting at 0, a
Borel space (S,S), a probability measure v on S, and a family of probability
kernels pis on S, s <t in T, satisfying (6). Then there exists an S-valued
Markov process X on T with initial distribution v and transition kernels s ;.

Proof: Introduce the probability measures
Uity = Vhtot; @ - @ g4y 0=t <t <---<t,, n€N.

To see that the family (14, ) is projective, let B € S"~! be arbitrary, and
define for any k € {1,...,n} the set

B, ={(z1,...,2,) € 5" (1,..., k-1, Tp41,---,%n) € B}.
Then by (6)

Vi, tan = (V:utmh Q- lutk_l,tk_u Q- Ntnfl.,tn)B
= Vy tn B,

,,,,, th—15lk41,tn

as desired. By Theorem 5.16 there exists an S-valued process X on T with
Po(Xy, ... Xp) " =viy gy <o <ty meEN, (7)

and, in particular, Po X;' =1y = v.
To see that X is Markov with transition kernels j,,, fix any times s; <
<< s, =s<tandsets Be€ S"and C € S, and conclude from (7) that

P{(Xs,....X;,, X)) € BxC} = vy  s.1(BxC)
= Elps(Xs,C); (Xsy--.,Xs,) € Bl

Writing F for the filtration induced by X, we get by a monotone class argu-
ment
P[X: € C; Al = Elus+(X,,C); Al, A€ Fs,

and so P[X; € C|F;] = pus (X5, C) as. O
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Now assume that S is a measurable Abelian group. A kernel g on S is
then said to be homogeneous if

w(z,B)=p(0,B—2x), z€8, BES.

An S-valued Markov process with homogeneous transition kernels fi,; is said
to be space-homogeneous. Furthermore, we say that a process X in S has
independent increments if, for any times ¢, < --- <t,, the increments X;, —
Xy, are mutually independent and independent of X,. More generally,
given any filtration F on T, we say that X has F-independent increments
if X is adapted to F and such that X; — X, ILF, for all s < ¢ in T. Note
that the elementary notion of independence corresponds to the case when F
is induced by X.

Proposition 7.5 (independent increments and homogeneity) Consider a
measurable Abelian group S, a filtration F on some time scale T, and an
S-valued and F-adapted process X on T. Then X is space-homogeneous
F-Markov iff it has F-independent increments, in which case the transition
kernels are given by

pst(z,B) =P{X;—X;€B—x}, z€8 BeS, s<tinT. (8
Proof: First assume that X is Markov with transition kernels
psi(z,B) =ps(B—x), z€8, BeS, s<tinT. 9)
By Theorem 5.4, for any s <t in T and B € S we get
P[X, — X, € B|F,| = P[X; € B+ X |F| = ps (X5, B+ X,) = s, B,

so X; — X, is independent of F; with distribution ps., and (8) follows by
means of (9).

Conversely, assume that X; — X is independent of F; with distribution
ts¢. Defining the associated kernel p,, by (9), we get by Theorem 5.4 for
any s, t, and B as before

P[X; € B|Fs] = P[X: — X5 € B — X,|Fs] = psi(B — Xs) = pst(Xs, B).

Thus, X is Markov with the homogeneous transition kernels in (9). O

We may now specialize to the time-homogeneous case—when T'= R, or
Z4 and the transition kernels are of the form f,;, = p;_s, so that

P[X; € B|F,| = u—s(Xs,B) as., BeS, s<t in T.

Introducing the initial distribution v = P o X!, we may write the formulas
of Proposition 7.2 as

Po (Xtm s vth,)71 = Vit @ Py~ @ - @ fhty—t,_q,
P[(thv s 7th> € |~7:t0} = (/J‘tl—to Q- ® /’l’tn_tnfl)(XtO’ ')v
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and the Chapman—Kolmogorov relation becomes

Hs+t = Hsfit, Sat € Ta

which is again assumed to hold identically. We often refer to the family (u;)
as a semigroup of transition kernels.

The following result justifies the interpretation of a discrete-time Markov
process as a randomized dynamical system.

Proposition 7.6 (recursion) Let X be a process on Z, with values in a
Borel space S. Then X is Markov iff there exist some measurable functions
fi, f2, .18 %x[0,1] = S and i.i.d. U(0,1) random variables ¥, s, ... 1L Xy
such that X,, = f(Xy-1,9,) a.s. for all n € N. Here we may choose f; =
fo=---= fiff X is time-homogeneous.

Proof: Let X have the stated representation and introduce the kernels
tn (2, ) = P{fn(x,9) € -}, where 9 is U(0,1). Writing F for the filtration
induced by X, we get by Theorem 5.4 for any B € S

P[X, € B|F,.1] = Plfu(Xn1,9,) € B|F,_1]
= )‘{t; fn(anlvt) € B} = Nn(anlvB)v

which shows that X is Markov with transition kernels .

Now assume instead the latter condition. By Lemma 2.22 we may choose
some associated functions f,, as above. Let V1, 1527 ... be i id. U(O7 1) and in-
dependent of X’o Xo, and define recursively X, fn( e 1, n) for n € N.
As before, X is Markov with transition kernels - Hence, X4x by Propo-
sition 7.2, so by Theorem 5.10 there exist some random variables 1,, with
(X, (9,)) £ (X, (Dy)). Since the diagonal in S? is measurable, the desired
representation follows. The last assertion is obvious from the construction. O

Now fix a transition semigroup (u;) on some Borel space S. For any proba-
bility measure v on .S, there exists by Theorem 7.4 an associated Markov pro-
cess X, and by Proposition 2.2 the corresponding distribution P, is uniquely
determined by v. Note that P, is a probability measure on the path space
(ST, 8T). For degenerate initial distributions §,, we may write P, instead of
Ps,. Integration with respect to P, or P, is denoted by E, or E,, respectively.

Lemma 7.7 (mixtures) The measures P, form a probability kernel from S
to ST, and for any initial distribution v we have

PA= /S'(PIA)y(dx), Ae s (10)

Proof: Both the measurability of P,A and formula (10) are obvious for
cylinder sets of the form A = (m,,...,m, ) 'B. The general case follows
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easily by a monotone class argument. O

Rather than considering one Markov process X, for each initial distribu-
tion v, it is more convenient to introduce the canonical process X, defined
as the identity mapping on the path space (ST,S8T), and equip the latter
space with the different probability measures P,. Note that X; agrees with
the evaluation map m;: w — w; on ST, which is measurable by the definition
of ST. For our present purposes, it is sufficient to endow the path space ST
with the canonical filtration induced by X.

On ST we may further introduce the shift operators 0,: ST — ST, te T,
given by

(Ow)s = weyy, s, t€T, we ST,

and we note that the 6, are measurable with respect to S”. In the canonical
case it is further clear that 6,X =0, = X o 6,.

Optional times with respect to a Markov process are often constructed
recursively in terms of shifts on the underlying path space. Thus, for any
pair of optional times o and 7 on the canonical space, we may introduce
the random time v = o + 7 0 6,, with the understanding that v = oo when
o = oo. Under weak restrictions on space and filtration, we may show that
~ is again optional. Here C(S) and D(S) denote the spaces of continuous or
rcll functions, respectively, from Ry to S.

Proposition 7.8 (shifted optional times) For any metric space S, let o and
T be optional times on the canonical space S, C(S), or D(S), endowed with
the right-continuous, induced filtration. Then even v = o+ 708, is optional.

Proof: Since 0 An + 70 0,r, T 7, we may assume by Lemma 6.3 that ¢
is bounded. Let X denote the canonical process with induced filtration F.
Since X is F-progressive, X, ., = X 00, is F, ,-measurable for every s > 0
by Lemma 6.5. Fixing any ¢ > 0, it follows that all sets A = {X; € B} with
s <tand B € S satisfy 0;'A € F},,. The sets A with the latter property
form a o-field, and therefore

0,'F C Ff,, t>0. (11)
Now fix any ¢ > 0, and note that

{v<t}= U {o<rtob,<t—r} (12)

reQn(0,t)

For every r € (0,t) we have {T <t—r} € F,,s0 0, {r<t—r}eF .,
by (11), and Lemma 6.2 yields

{o<r,tob,<t—r}={o+t—r<t}ng{r<t—r}eF.

Thus, {y <t} € F; by (12), and so v is F+-optional by Lemma 6.2. O
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We proceed to show how the elementary Markov property may be ex-
tended to suitable optional times. The present statement is only preliminary,
and stronger versions are obtained under further conditions in Theorems
10.16, 11.11, and 17.17.

Proposition 7.9 (strong Markov property) Fix a time-homogeneous Mar-
kov process X on T = Ry or Z., and let T be an optional time taking
countably many values. Then

Pl0.X € A|F,] = Px,A as. on{r <o}, AecS’. (13)

If X is canonical, it is equivalent that
E,[£00.|F.] = Ex, &, P,-a.s. on {1 < o0}, (14)
for any distribution v on S and bounded or nonnegative random variable €.

Since {7 < oo} € F,, we note that (13) and (14) make sense by Lemma
5.2, although 0. X and Py, are defined only for 7 < oc.

Proof: By Lemmas 5.2 and 6.1 we may assume that 7 = ¢ is finite and
nonrandom. For sets A of the form

A:(ﬂ'tl,...,ﬂ'tn)ilB, tlggtn, BGSTL,TLGN, (15)
Proposition 7.2 yields

P[QtX E A|./’Tt] = P[(Xt+t13 e 7Xt+tn) 6 B|.E]
= (ft, ® sty @+ @ i, -1, ) (X, B) = Py, A,

which extends by a monotone class argument to arbitrary A € S7.

In the canonical case we note that (13) is equivalent to (14) with £ = 14,
since in that case £ 00, = 1{6,X € A}. The result extends by linearity and
monotone convergence to general £. |

When X is both space- and time-homogeneous, the strong Markov prop-
erty can be stated without reference to the family (P,).

Theorem 7.10 (space and time homogeneity) Let X be a space- and time-
homogeneous Markov process in some measurable Abelian group S. Then

PA=P(A—1x), z€85, AeST. (16)

Furthermore, (13) holds for a given optional time 7 < oo iff X, is a.s. F,-
measurable and

X—Xo £ 0.X-X, 1LF. (17)
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Proof: By Proposition 7.2 we get for any set A as in (15)

P,A = P,o(my,...,m,) 'B
= (s @ flty—ty @+ @ g1, ,) (2, B)
= (e, @ pty—ty @ -+ @ phe—1,,)(0, B — )
= Pyo(my,..,m,) "(B—1z)=Py(A—uz).

This extends to (16) by a monotone class argument.
Next assume (13). Letting A = 75 ' B with B € S, we get

1B(X-r) = PXT{WO € B} = P[XT € B|./,T7-] a.s.,
so X, is a.s. Fr-measurable. By (16) and Theorem 5.4, we further note that
Pl0,X — X, € A|F,] = Px.(A+X,) = P,A, AecST, (18)

and so 0, X — X, is independent of F, with distribution Fy. In particular,
this holds for 7 = 0, so X — X has distribution Fy, and (17) follows.

Next assume (17). To deduce (13), fix any A € ST, and conclude from
(16) and Theorem 5.4 that

PO, X € A|F,] = Pl6,X —X, € A— X, |F]
Py(A— X,) = Px A O

If a time-homogeneous Markov process X has initial distribution v, then
the distribution at time ¢t € T equals v, = vy, or

B = /V(d:v)ut(x,B), BeS, teTl.

A distribution v is said to be invariant for the semigroup (p) if v, is inde-
pendent of ¢, that is, if vy, = v for all t € T. We further say that a process
X on T is stationary if 6,X £ X for all t € T. The two notions are related
as follows.

Lemma 7.11 (stationarity and invariance) Let X be a time-homogeneous
Markov process on T with transition kernels u; and initial distribution v.
Then X is stationary iff v is invariant for (u).

Proof: Assuming v to be invariant, we get by Proposition 7.2
d .
(Xt+t17 . 7Xt+tn) = (Xt“ . ,th)7 t, tl S e S tn m T7
and the stationarity of X follows by Proposition 2.2. O

For processes X in discrete time, we may consider the sequence of suc-
cessive visits to a fixed state y € S. Assuming the process to be canonical,
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we may introduce the hitting time 7, = inf{n € N; X, = y} and then define
recursively

T;H = T;+Ty097.§, keZ,,

starting from T; = 0. Let us further introduce the occupation times

ry = sup{k; 7)) < oo} = anll{Xn =y}, yes.
The next result expresses the distribution of x, in terms of the hitting prob-
abilities

Tacy:Px{Ty<Oo}:P${/{y>0}’ x’ygs'

Proposition 7.12 (occupation times) For any x,y € S and k € N,

PAk, >k} = PQD{T;C < oo} = rwyr];y_l, (19)
r

E, = - 20

Ky 1— Tyy ( )

Proof: By the strong Markov property, we get for any k € N

PArt' <0} = P, {Tf <00, Ty 0l < oo}

PQE{T;c < oo}P{m, < oo} = T‘ny;C{T; < 00},

and the second relation in (19) follows by induction on k. The first relation
is clear from the fact that s, > k iff 77 < co. To deduce (20), conclude from
(19) and Lemma 2.4 that

Eyky = Z Pk, > k} = Z rrydjy_l fow o

E>1 k>1 1=y,
For x = y the last result yields

Pk, >k} =PirF <oo}=rF, keN

Tx)

Thus, under P,, the number of visits to x is either a.s. infinite or geometri-
cally distributed with mean E,x, +1 = (1 — r,,)~! < co. This leads to a
corresponding classification of the states into recurrent and transient ones.

Recurrence can often be deduced from the existence of an invariant dis-
tribution. Here and below we write p}, = p, (7, {y}).

Proposition 7.13 (invariant distributions and recurrence) If an invariant
distribution v exists, then any state x with v{x} > 0 is recurrent.

Proof: By the invariance of v,

0<v{z}= /V(dy)p;’m, n € N. (21)
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Thus, by Proposition 7.12 and Fubini’s theorem,

T 1
00 = Z/V(dy)p’y‘z = /V(dy) Y Py = /V(dy)1 ot :
n>1 n>1 — Taa — Tz
Hence, 7., = 1, and so z is recurrent. O

The period d, of a state x is defined as the greatest common divisor of
the set {n € N; p?, > 0}, and we say that z is aperiodic if d, = 1.

Proposition 7.14 (positivity) If v € S has period d < oo, then p™? > 0 for
all but finitely many n.

Proof: Define S = {n € N; p*¢ > 0}, and conclude from the Chapman—
Kolmogorov relation that S is closed under addition. Since S has greatest
common divisor 1, the generated additive group equals Z. In particular,
there exist some ny,...,np € S and z1,..., 2, € Z with 35; zyn; = 1. Writing
m = ny Y, |2;|n;, we note that any number n > m can be represented, for
suitable h € Z; and r € {0,...,n; — 1}, as

n:m+hn1+r:hn1+2j§k(n1|zj|+rzj)nj €S. O
For each z € S, the successive excursions of X from x are given by
Y,=X"00m, neZg,

as long as 7)) < oo. To allow for infinite excursions, we may introduce

an extraneous element 9 ¢ S%Z+ and define Y, = 9 whenever 7" = oc.
Conversely, X may be recovered from the Y,, through the formulas
Tp = Zk<n inf{t > 0; Y;.(¢t) =z}, (22)
Xy = Yn(t - Tn)7 Tn << Tyy1, NE Ly, (23)

where 0y is arbitrary.

The distribution v, = P, o Y5 ! is called the excursion law at x. When
2 is recurrent and ry, = 1, Proposition 7.9 shows that Y7, Y5, ... are i.i.d. v,
under P,. The result extends to the general case, as follows.

Proposition 7.15 (excursions) Consider a discrete-time Markov process
X in a Borel space S, and fixr any x € S. Then there exist some independent
processes Yo, Y1, ... in S, all but Yy with distribution v,, such that X is a.s.
given by (22) and (23).

Proof: Put Y, 2 Yy, and let Y3, Ys, ... be independent of Yy and ii.d. v,.
Construct associated random times 7y, 71, . .. as in (22), and define a process

X as in (23). By Corollary 5.11, it is enough to show that X £ X. Writing

Kk =sup{n > 0; 1, < oo}, Rk =sup{n >0; 7, < oo},
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it is equivalent to show that
(Yo, ..., Y0, 0,0,..) L (Yy,...,Y%,0,0,...). (24)

Using the strong Markov property on the left and the independence of the
Y, on the right, it is easy to check that both sides are Markov processes in
SZ+ U {0} with the same initial distribution and transition kernel. Hence,
(24) holds by Proposition 7.2. O

By a discrete-time Markov chain we mean a Markov process on the time
scale Z ., taking values in a countable state space I. In this case the transition
kernels of X are determined by the n-step transition probabilities pj; =
wn(4,{5}), 1,5 € I, and the Chapman—Kolmogorov relation becomes

ptt = ij{-?p?k, i,kel, m,neN, (25)

or in matrix notation, p™*" = p™p"™. Thus, p" is the nth power of the matrix
p = p', which justifies our notation. Regarding the initial distribution v as
a row vector (v;), we may write the distribution at time n as vp".

As before, we define r;; = P;{7; < oo}, where 7; = inf{n > 0; X,, = j}.
A Markov chain in I is said to be irreducible if r;; > 0 for all ¢, j € I, so that
every state can be reached from any other state. For irreducible chains, all
states have the same recurrence and periodicity properties.

Proposition 7.16 (irreducible chains) For an irreducible Markov chain,

(i) the states are either all recurrent or all transient;
(i) all states have the same period;
(ili) if v is invariant, then v; > 0 for all i.

For the proof of (i) we need the following lemma.

Lemma 7.17 (recurrence classes) Let i € I be recurrent, and define C; =
{j € Iy rij > 0}. Then rjx = 1 for all j,k € C;, and all states in C; are
recurrent.

Proof: By the recurrence of i and the strong Markov property, we get for
any j € C;

0 = P{rj<o0, 100, =00}
Pi{rj < 0o} P{7i = oo} = ri;(1 —rj).

Since r;; > 0 by hypothesis, we obtain r; = 1. Fixing any m,n € N with
Py}, > 0, we get by (25)

m+n-+s 7,8 M

E "{J — >()p > p]zpupz] = pJZp”E R; = OO
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and so j is recurrent by Proposition 7.12. Reversing the roles of ¢ and j gives
r;; = 1. Finally, we get for any j,k € C;

rjkzpj{Ti<OO7 Tk097—1<00}:7"ji7‘ik:1. O

Proof of Proposition 7.16: (i) This is clear from Lemma 7.17.
(ii) Fix any i,j € I, and choose m,n € N with pi%, p}; > 0. By (25),

h /
P;-H "> Pjipupiy, h=0.

For h = 0 we get pj;™™ > 0, and so d;|(m +n) (d; divides m+n). In general,
plt > 0 then implies d;|h, so d; < d;. Reversing the roles of ¢ and j yields
di S dj, SO dz = dj.

(iii) Fix any ¢ € I. Choosing j € I with v; > 0 and then n € N with
pj; > 0, we may conclude from (21) that even v; > 0. O

We may now state the basic ergodic theorem for irreducible Markov
chains. For any signed measure p we define ||u|| = sup 4 |1A].

Theorem 7.18 (ergodic behavior, Markov, Kolmogorov) For an irreducible,
aperiodic Markov chain, exactly one of these conditions holds:

(i) There ezists a unique invariant distribution v; furthermore, v; > 0 for
all i € I, and for any distribution u on I,

lim [P, 06, = B[ =0. (26)

(i) No invariant distribution exists, and

lim pit =0, 4,j€l. (27)

n—oo

A Markov chain satisfying (i) is clearly recurrent, whereas one that sat-
isfies (ii) may be either recurrent or transient. This leads to the further
classification of the irreducible, aperiodic, and recurrent Markov chains into
positive recurrent and null recurrent ones, depending on whether (i) or (ii)
applies.

We shall prove Theorem 7.18 by the method of coupling. Here the general
idea is to compare the distributions of two processes X and Y, by construct-
ing copies X2 XandY 2V on acommon probability space. By a suitable
choice of joint distribution, it is sometimes possible to reduce the original
problem to a pathwise comparison. Coupling often leads to simple intuitive
proofs, and we shall see further applications of the method in Chapters 8§,
12, 13, 14, and 20. For our present needs, an elementary coupling by inde-
pendence is sufficient.
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Lemma 7.19 (coupling) Let X and Y be independent Markov chains on
some countable state spaces I and J, with transition matrices (p;v) and (g;;),
respectively. Then the pair (X,Y) is again Markov with transition matriz
Ty = D@y If X and Y are irreducible and aperiodic, then so is (X,Y),
and in that case (X,Y) is recurrent whenever invariant distributions ezist
for both X and Y.

Proof: The first assertion is easily proved by computation of the finite-
dimensional distributions of (X,Y") for an arbitrary initial distribution p® v
on I x J, using Proposition 7.2. Now assume that X and Y are irreducible
and aperiodic. Fixing any 4,7 € I and j,j' € J, it is seen from Proposition
7.14 that 77}, = piq;y > 0 for all but finitely many n € N, and so even
(X,Y) has the stated properties. Finally, if g and v are invariant distribu-
tions for X and Y, respectively, then u ® v is invariant for (X,Y), and the

last assertion follows by Proposition 7.13. |

The point of the construction is that if the coupled processes eventually
meet, their distributions must agree asymptotically.

Lemma 7.20 (strong ergodicity) Let the Markov chain in I* with transition
matriz p;yp;;e be irreducible and recurrent. Then for any distributions ji and
vonl,

lim ([P, 06, = P, 00, =0. (28)

Proof (Doeblin): Let X and Y be independent with distributions P, and
P,. By Lemma 7.19 the pair (X,Y) is again Markov with respect to the
induced filtration F, and by Proposition 7.9 the strong Markov property
holds for (X,Y) at every finite optional time 7. Taking 7 = inf{n > 0; X,, =
Y.}, we get for any measurable set A C I

Pl0.X € A|F,] = Py A= Py A= P[0,Y € A|F,].

In particular, (7, X7, 0,X) 4 (1, X7,0.Y). Defining X, =X, forn <7 and
X,, =Y, otherwise, we obtain X L x , so for any A as above

|P{0,X € A} — P{6,Y € A}|

|P{6,X € A} — P{6,Y € A}

|P{6,X € A, 7 >n} — P{6,Y € A, 7 > n}|

P{r >n} —0. O

IA

The next result ensures the existence of an invariant distribution. Here a
coupling argument is again useful.

Lemma 7.21 (existence) If (27) fails, then an invariant distribution exists.
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Proof: Assume that (27) fails, so that limsup,, Piy, o > 0 for some i, jo €
I. By a diagonal argument we may choose a subsequence N’ C N and some
constants ¢; with ¢;, > 0 such that p; ; — ¢; along N' for every j € I. Note
that 0 < > <1 by Fatou’s lemma.

To extend the convergence to arbitrary ¢, let X and Y be independent
processes with the given transition matrix (p;;), and conclude from Lemma
7.19 that (X,Y) is an irreducible Markov chain on I? with transition prob-
abilities gy = puwpjy. If (X,Y) is transient, then by Proposition 7.12

Yo W)= dh <00, ijel

and (27) follows. The pair (X,Y") is then recurrent and Lemma 7.20 yields
pi; — piy ; — 0 for all 4, j € I. Hence, p}; — ¢; along N’ for all 7 and j.
Next conclude from the Chapman—Kolmogorov relation that

it =30 pipie = 3 b, ik € L.

Using Fatou’s lemma on the left and dominated convergence on the right, we
get as n — oo along N’

chjpjk < ijijck =c¢, kel (29)

Summing over k gives 3-; ¢; < 1 on both sides, and so (29) holds with equal-
ity. Thus, (¢;) is invariant and we get an invariant distribution v by taking

ViZCi/ZjCj. O

Proof of Theorem 7.18: If no invariant distribution exists, then (27) holds
by Lemma 7.21. Now let v be an invariant distribution, and note that v; > 0
for all ¢ by Proposition 7.16. By Lemma 7.19, the coupled chain in Lemma
7.20 is irreducible and recurrent, so (28) holds for any initial distribution g,
and (26) follows since P, o ;! = P, by Lemma 7.11. If even ¢/ is invariant,
then (26) yields P, = P, and so ' = v. O

The limits in Theorem 7.18 may be expressed in terms of the mean re-
currence times I;7;, as follows.

Theorem 7.22 (mean recurrence times, Kolmogorov) For a Markov chain

in I and for states i,j € I with j aperiodic, we have
bi{r; < oo}

Jim pi = T B (30)

Proof: First take ¢ = j. If j is transient, then p7, — 0 and E;7; = oo,
and so (30) is trivially true. If instead j is recurrent, then the restriction of
X to the set C; = {i; r;; > 0} is irreducible recurrent by Lemma 7.17 and
aperiodic by Proposition 7.16. Hence, pj; converges by Theorem 7.18.
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To identify the limit, define
L,=sup{k € Zy; 7f <n} =) 1{X,=j}, nel
k=1

The 7}' form a random walk under P, so by the law of large numbers

L(t} 1
<n ) z%%i Pj-a.s.
7! 7] E;T;

By the monotonicity of Lj and 77" it follows that L,/n — (E;7;)"" as. P;.
Noting that L, < n, we get by dominated convergence

EL 1

1 n
n 2P B

and (30) follows.
Now let @ # j. Using the strong Markov property, the disintegration
theorem, and dominated convergence, we get

pz = R{X = .]} = B{Tj S n, (QT]X)nij = ]}
= E [p;l] T7, 1 S TL] — R{TJ < OO}/EJTJ O
We return to continuous time and a general state space, to clarify the
nature of the strong Markov property of a process X at finite optional times
7. The condition is clearly a combination of the conditional independence
0. X U x F, and the strong homogeneity

P0.X € -|X;] = Px, as. (31)

Though (31) appears to be weaker than (13), the two properties are in fact
equivalent, under suitable regularity conditions on X and F.

Theorem 7.23 (strong homogeneity) Fix a separable metric space (S, p),
a probability kernel (P,) from S to D(S), and a right-continuous filtration
F on Ry. Let X be an F-adapted rcll process in S satisfying (31) for all
bounded optional times 7. Then the strong Markov property holds at any
such time T.

Our proof is based on a zero—one law for absorption probabilities, involv-
ing the sets

I ={w € D; wy = wp}, A={xeS; P,I=1}. (32)

Lemma 7.24 (absorption) For X asin Theorem 7.23 and for any optional
time T < 00, we have

PXT] = II(BTX) = IA(XT) a.s. (33)
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Proof: We may clearly assume that 7 is bounded, say by n € N. Fix any
h > 0, and divide S into disjoint Borel sets By, Bs, ... of diameter < h. For
each k € N, define

Ty = n Ainf{t > 7; p(X;, X;) > h} on {X, € By}, (34)

and put 7, = 7 otherwise. The times 7, are again bounded and optional, and
we note that

{X,, € By} C{X, € By, supte[T’n]p(XT,Xt) < h}. (35)
Using (31) and (35), we get as n — oo and h — 0
E[Px. I 6,X € | =Y E[Px. I 6,X € I, X, € By
S E[Px, I% X, € By]
S P, X ¢1, X, € By}

< Y P{6,X ¢ 1, X, € By, supyeppyn(Xs, Xo) < 1}
— P{0;X ¢ I, sup;>, p(X7, X;) =0} =0,

and so Px, I =1 as. on {6,X € I}. Since also EPx, I = P{6,X € I} by
(31), we obtain the first relation in (33). The second relation follows by the
definition of A. O

Proof of Theorem 7.23: Define I and A as in (32). To prove (13) on
{X, € A}, fix any times t; < --- < t, and Borel sets By, ..., B,, write
B =, By, and conclude from (31) and Lemma 7.24 that

PN Xy € B 7] = PIX, € B|IF]=1{X, € B}
— P[X, € B|X,] = Py {wo € B}
= PX*ﬂk{wik € Bk}'
This extends to (13) by a monotone class argument.
To prove (13) on {X, ¢ A}, we may assume that 7 < n a.s., and divide
A€ into disjoint Borel sets By of diameter < h. Fix any F' € F, with F' C
{X, ¢ A}. For each k € N, define 7, as in (34) on the set F*N{X, € By},

and let 7, = 7 otherwise. Note that (35) remains true on F°. Using (31),
(35), and Lemma 7.24, we get as n — oo and h — 0

|P[0;X € - F] — E[Px,; F|

= |3 Bl{6-X €} - Px,; X, € By, F|
S EN{0,X €} - Py, X, € By, F
\ZkE[l{eTkX €} —Px,; Xy, € By, F|
> PIX., € By F9|

IA
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< Y P{X: € By, supiepp( Xy, Xi) < 1}
— P{XT ¢ A: Suptz-rp(X‘raXt) = 0} =0.

Hence, the left-hand side is zero. O
Exercises

1. Let X be a process with X Ul v, {X,, u >t} for all s < ¢. Show that
X is Markov with respect to the induced filtration.

2. Let X be a Markov process in some space S, and fix a measurable
function f on S. Show by an example that the process Y; = f(X;) need not
be Markov. (Hint: Let X be a simple symmetric random walk on Z, and
take f(zr) = [z/2].)

3. Let X be a Markov process in R with transition functions p, satisfying
wi(z, B) = u(—x, —B). Show that the process Y; = | X;| is again Markov.

4. Fix any process X on R, and define ¥; = X! = {X,,;; s > 0}. Show
that Y is Markov with respect to the induced filtration.

5. Consider a random element £ in some Borel space and a filtration F
with Foo C 0{&}. Show that the measure-valued process X; = P[¢ € -|F] is
Markov. (Hint: Note that {1l x, F; for all ¢.)

6. For any Markov process X on R, and time u > 0, show that the
reversed process Y; = X, 4, t € [0,u], is Markov with respect to the induced
filtration. Also show by an example that a possible time homogeneity of X
need not carry over to Y.

7. Let X be a time-homogeneous Markov process in some Borel space
S. Show that there exist some measurable functions f; : S x [0,1] — S,
h >0, and U(0,1) random variables ¥, , L X", t,h > 0, such that X, =
n( Xy, Vep) as. for all ¢, h > 0.

8. Let X be a time-homogeneous and rcll Markov process in some Pol-
ish space S. Show that there exist a measurable function f: .S x [0,1] —
D(R4,S) and some U(0,1) random variables 9,1l X* such that 6,X =
f(X;,9) a.s. Extend the result to optional times taking countably many
values.

9. Let X be a process on R, with state space S, and define Y; = (X, ),
t > 0. Show that X and Y are simultanously Markov, and that Y is then
time-homogeneous. Give a relation between the transition kernels for X and
Y. Express the strong Markov property of Y at a random time 7 in terms
of the process X.

10. Let X be a discrete-time Markov process in S with invariant distri-
bution v. Show for any measurable set B C S that P,{X,, € B io.} > vB.
Use the result to give an alternative proof of Proposition 7.13. (Hint: Use
Fatou’s lemma.)
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11. Fix an irreducible Markov chain in S with period d. Show that S has
a unique partition into subsets S, ..., Sq such that p;; = 0 unless i € Sy and
J € Sky1 for some k € {1,...,d}, where the addition is defined modulo d.

12. Let X be an irreducible Markov chain with period d, and define
Si1,...,Sq as above. Show that the restrictions of (X,4) to Si,..., Sy are
irreducible, aperiodic and either all positive recurrent or all null recurrent.
In the former case, show that the original chain has a unique invariant dis-
tribution v. Further show that (26) holds iff uS, = 1/d for all k. (Hint: If
(X,q) has an invariant distribution v* in Sy, then 1/]“1 = Y, vFp;; form an
invariant distribution in Sk;.)

13. Given a Markov chain X on S, define the classes C; as in Lemma 7.17.
Show that if j € C; but ¢ ¢ C; for some ¢, j € S, then 7 is transient. If instead
i € C; for every j € C;, show that C; is irreducible (i.e., the restriction of X
to C; is an irreducible Markov chain). Further show that the irreducible sets
are disjoint and that every state outside all irreducible sets is transient.

14. For an arbitrary Markov chain, show that (26) holds iff 3=; [p}; —v;| —
0 for all 4.

15. Let X be an irreducible, aperiodic Markov chain in N. Show that X is
transient iff X,, — oo a.s. under any initial distribution and is null recurrent
iff the same divergence holds in probability but not a.s.

16. For every irreducible, positive recurrent subset Sy C S, there ex-
ists a unique invariant distribution vy, restricted to S, and every invariant
distribution is a convex combination Y cxvg.

17. Show that a Markov chain on a finite state space S has at least
one irreducible set and one invariant distribution. (Hint: Starting from any
ip € S, choose i; € Cyy, is € Cy,, ete. Then N, C;, is irreducible.)

18. Let X and Y be independent Markov processes with transition ker-
nels p;; and vg,. Show that (X,Y) is again Markov with transition kernels
tst(x,)@s4(y, ). (Hint: Compute the finite-dimensional distributions from
Proposition 7.2, or use Proposition 5.8 with no computations.)

19. Let X and Y be independent, irreducible Markov chains with periods
dy and dy. Show that Z = (X,Y) is irreducible iff d; and dy have greatest
common divisor 1 and that Z then has period d;d,.

n

20. State and prove a discrete-time version of Theorem 7.23. Further
simplify the continuous-time proof when S is countable.



Chapter 8
Random Walks and Renewal Theory

Recurrence and transience; dependence on dimension; general re-
currence criteria; symmetry and duality; Wiener—Hopf factoriza-
tion; ladder time and height distribution; stationary renewal pro-
cess; renewal theorem

A random walk in R? is defined as a discrete-time random process (S,,) evolv-
ing by i.i.d. steps &, = AS,, = S, — S,_1. For most purposes we may take
So =0, so that S,, =& + ...+ &, for all n. Random walks may be regarded
as the simplest of all Markov processes. Indeed, we recall from Chapter 7
that random walks are precisely the discrete-time Markov processes in R?
that are both space- and time-homogeneous. (In continuous time, a similar
role is played by the so-called Lévy processes, to be studied in Chapter 13.)
Despite their simplicity, random walks exhibit many basic features of Markov
processes in discrete time and hence may serve as a good introduction to the
general subject. We shall further see how random walks enter naturally into
the discussion of certain continuous-time phenomena.

Some basic facts about random walks were obtained in previous chapters.
Thus, some simple zero—one laws were established in Chapter 2, and in Chap-
ters 3 and 4 we proved the ultimate versions of the laws of large numbers and
the central limit theorem, both of which deal with the asymptotic behavior
of n=¢S,, for suitable constants ¢ > 0. More sophisticated limit theorems of
this type are derived in Chapters 12, 13, and 14 through approximation by
Brownian motion and other Lévy processes.

Random walks in R? are either recurrent or transient, and our first major
task in this chapter is to derive a recurrence criterion in terms of the tran-
sition distribution . Next we consider some striking connections between
maximum and return times, anticipating the arcsine laws of Chapters 11,
12, and 13. This is followed by a detailed study of ladder times and heights
for one-dimensional random walks, culminating with the Wiener—Hopf fac-
torization and Baxter’s formula. Finally, we prove a two-sided version of the
renewal theorem, which describes the asymptotic behavior of the occupation
measure and associated intensity for a transient random walk.

In addition to the already mentioned connections to other chapters, we
note the relevance of renewal theory for the study of continuous-time Markov
chains, as considered in Chapter 10. Renewal processes may further be re-
garded as constituting an elementary subclass of the regenerative sets, to be

136
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studied in full generality in Chapter 19 in connection with local time and
excursion theory.

To begin our systematic discussion of random walks, assume as before
that S, = & + - + &, for all n € Z,, where the &, are i.i.d. random
vectors in R%. The distribution of (S,) is then determined by the common
distribution g = P o &, ! of the increments. By the effective dimension of
(S,) we mean the dimension of the linear subspace spanned by the support
of pu. For most purposes, we may assume that the effective dimension agrees
with the dimension of the underlying space, since we may otherwise restrict
our attention to a suitable subspace.

The occupation measure of (S,) is defined as the random measure

nB=>% _1{S.eB}, BeB"
We also need to consider the corresponding intensity measure
(En)B=E(mB) =Y. _ P{S,€B}, Beh"

Writing BE = {y; |t — y| < €}, we may introduce the accessible set A, the
mean recurrence set M, and the recurrence set R, respectively given by

A = () {z eR% BnB; > 0},
M = (_,{z €RY EnB; = o0},
R = ﬂ5>0{x €RY nB: =0 as.}.

The following result gives the basic dichotomy for random walks in R

Theorem 8.1 (recurrence dichotomy) Let (S,) be a random walk in R?,
and define A, M, and R as above. Then ezxactly one of these conditions
holds:

(i) R= M = A, which is then a closed additive subgroup of R?;

(i) R=M =0, and |S,| — oo a.s.

A random walk is said to be recurrent if (i) holds and to be transient
otherwise.

Proof: Since trivially R € M C A, the relations in (i) and (ii) are
equivalent to A € R and M = (), respectively. Further note that A is a
closed additive semigroup.

First assume P{|S,| — oo} < 1, so that P{|S,| < r i.0.} > 0 for some
r > 0. Fix any € > 0, cover the r-ball around 0 by finitely many open balls
By, ..., B, of radius /2, and note that P{S, € By i.0.} > 0 for at least one
k. By the Hewitt—Savage 0—1 law, the latter probability equals 1. Thus, the
optional time 7 = inf{n > 0; S,, € By} is a.s. finite, and the strong Markov
property at 7 yields

1= P{S, € B, 1.0.} < P{|Sr4n — S;| <e 1.0.} = P{|S,] <¢e io.}.
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Hence, 0 € R in this case
To extend the latter relation to A C R, fix any x € A and € > 0. By the
strong Markov property at o = inf{n > 0; |S,, — z| < ¢/2},

P{|S,—z|<e 1.0} > P{o<oo, |Soin— S, <e/2 i0.}
= P{o < oo}P{|S.] <¢/2 i.0.} >0,
and by the Hewitt—Savage 01 law the probability on the left equals 1. Thus,

x € R. The asserted group property will follow if we can prove that even
—x € A. This is clear if we write

P{|S,+z| <e 10} = P{|Sein—S5,+z|<e i0}
P{|S,] <¢/2 i0.} =1

V

Next assume that |S,| — oo a.s. Fix any m, k € N, and conclude from
the Markov property at m that

P{|Sm| <r, infn2k|5m+n| > T}
> P{|Sn| <7, inf,>k|Smin — Sm| > 21}
P{|Sn| < r} P{inf,>¢|S,| > 2r}.

Here the event on the left can occur for at most k different values of m, and
therefore

Plinf,sg[Sn| > 2r} Y P{|Sn]| <7} < oo, keN.

As k — oo the probability on the left tends to one. Hence, the sum converges,
and we get EnB < oo for any bounded set B. This shows that M =§. O

The next result gives some easily verified recurrence criteria.

Theorem 8.2 (recurrence for d = 1,2) A random walk (S,) in R is re-
current under each of these conditions:

(i) d=1 and n18, 5 0;

(ii) d=2, E& =0, and E|&]? < .

In (i) we recognize the weak law of large numbers, which is characterized
in Theorem 4.16. In particular, the condition is fulfilled when E¢; = 0.
By contrast, F¢; € (0,00] implies S,, — oo a.s. by the strong law of large
numbers, so in that case (S,,) is transient.

Our proof of Theorem 8.2 is based on the following scaling relation. As
before, a < b means that a < cb for some constant ¢ > 0.

Lemma 8.3 (scaling) For any random walk (S,) in R?,

Yoo PUSH < el <30 P{ISu <€}, r>1 >0
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Proof: Cover the ball {z; || < re} by balls By, ..., B, of radius £/2, and
note that we can make m < r¢. Introduce the optional times 7, = inf{n; S, €
B}, k=1,...,m, and conclude from the strong Markov property that

S PUSI <vel < 3030 P{S. € By}
< ZanPﬂS‘FkJﬂL - STk' <g < OO}
= ZkP{Tk < oo} ZnP{|Sn\ <e}
< 7t ZnP{|Sn| <e}. O

Proof of Theorem 8.2 (Chung and Ornstein): (i) Fix any € > 0 and r > 1,
and conclude from Lemma 8.3 that

S P{S. <} = S P{IS,| < re} = /O°° P{|Spq| < re}dt.

Here the integrand on the right tends to 1 as r — oo, so the integral tends
to oo by Fatou’s lemma, and the recurrence of (S,) follows by Theorem 8.1.

(ii) We may assume that (S,) is two-dimensional, since the one-dimen-
sional case is already covered by part (i). By the central limit theorem we
have n~1/283, KN ¢, where the random vector ¢ has a nondegenerate normal
distribution. In particular, P{|¢| < ¢} > ¢? for bounded ¢ > 0. Now fix any
e >0and r > 1, and conclude from Lemma 8.3 that

S P8 < b 2t S P{ISul < veh = [T P{ISpayl < re}at.
As r — oo, we get by Fatou’s lemma
S P{IS <<} 2 [P et By = & [T = o,
and the recurrence follows again by Theorem 8.1. O

We shall next derive a general recurrence criterion, stated in terms of the
characteristic function i of u. Write B. = {x € R%; |z| < €}.

Theorem 8.4 (recurrence criterion, Chung and Fuchs) Let (S,) be a ran-
dom walk in RY based on some distribution p, and fix any & > 0. Then (S,)
18 recurrent iff

1
sup R4

— dt = oo. 1
0<r<1JBe 1*7"/% ( )

The proof is based on an elementary identity.

Lemma 8.5 (Parseval) Let ji and v be probability measures on R with
characteristic functions i and v. Then [ jdv = [ Ddpu.



140 Foundations of Modern Pobability

Proof: Use Fubini’s theorem. O

Proof of Theorem 8.4: The function f(s) = (1 — |s|)+ has Fourier trans-
form f(t) = 2¢7%(1— cost), so the tensor product f®4(s) = [[y<y f(sx) on R
has Fourier transform f®d(t) = Tli<a f(z‘k) Writing u** = P o S, !, we get
by Lemma 8.5 for any a > 0 and n E Zy

[ @/ de) = a® [ 7> (atyiyat.

By Fubini’s theorem, it follows that, for any r € (0,1),

/f®d xfa) Y =q¢ f®d(at>dt (2)

n>0 L=y
Now assume that (1) is false. Taking § = e~'d"/2, we get by (2)

S PUSI <8y = 3 By < [ fao) Zw(dw)

®d (5t dt
= 0dsup D )dt <e “sup n
r<l — 7l r<1JB. 1 — 1l

and so (S,) is transient by Theorem 8.1.

To prove the converse, we note that f®¢ has Fourier transform (27)4 &4,
Hence, (2) remains true with f and f interchanged, apart from a factor (2m)%
on the left. If (S,,) is transient, then for any € > 0 with § = e~ 'd"/? we get

dt Fod (¢
sup/ - <  sup L/f)dt
r<1 /B 1 — riy T r<i 1-— Tt
o ot f P S
< ey wT(Bs) < oo O

In particular, we note that if y is symmetric in the sense that & 2 =&,
then i is real valued and the last criterion reduces to

/ dt
= OQ.
B 1-— ﬂt

By a symmetrization of (S,) we mean a random walk S, =8, — SHon >0,
where (5}) is an independent copy of (S,). The following result relates the
recurrence behavior of (S,,) and (S,).

Corollary 8.6 (symmetrization) If a random walk (S,) is recurrent, then
so0 is the symmetrized version (S,).
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Proof: Noting that (Rz)(Rz7!) < 1 for any complex number z # 0, we

get
1 1 1

R < < .
1—rp?2 = 1—rRa2 — 1—r|a)?

Thus, if (S,,) is transient, then so is the random walk (Ss,) by Theorem 8.4.
But then |Ss,| — oo a.s. by Theorem 8.1, and so |Sa,11] — oo a.s. By com-
bination, |S,| — oo a.s., which means that (S,) is transient. O

The following sufficient conditions for recurrence or transience are often
more convenient for applications.

Corollary 8.7 (sufficient conditions) Fiz anye > 0. Then (S,) is recurrent

if
g 1
dt =
. 3‘%1 -y 00 (3)

and transient if
dt
—_— . 4
Jo T < W

Proof: First assume (3). By Fatou’s lemma, we get for any sequence
r, T 1

1 1
lim inf xr — > lim R — = x — = 00.
n—ooo Jp. 1 —r,f B. 20 1 —1r.ji B. 1—p

Thus, (1) holds, and (S,,) is recurrent.
Now assume (4) instead. Decreasing ¢ if necessary, we may further assume
that R > 0 on B.. As before, we get

P 1 </ 1 </ 1 -
00
B. 1l—rig = Je.1—1mRa ~ /. 1—-Ri ’

and so (1) fails. Thus, (S,) is transient. O

The last result enables us to supplement Theorem 8.2 with some conclu-
sive information for d > 3.

Theorem 8.8 (transience for d > 3) Any random walk of effective dimen-
ston d > 3 is transient.

Proof: We may assume that the symmetrized distribution is again d-
dimensional, since u is otherwise supported by some hyperplane outside the
origin, and the transience follows by the strong law of large numbers. By
Corollary 8.6, it is enough to prove that the symmetrized random walk (S'n)
is transient, and so we may assume that p is symmetric. Considering the
conditional distributions on B, and B¢ for large enough r > 0, we may

write u as a convex combination cpy + (1 — ¢)ug, where py is symmetric and
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d-dimensional with bounded support. Letting (r;;) denote the covariance
matrix of uq, we get as in Lemma 4.10

fia(t) =1— %Zi’jrijtitj +o(|t]?), t—0.

Since the matrix (r;;) is positive definite, it follows that 1 — jy(¢) > |¢]? for
small enough |¢|, say for t € B,. A similar relation then holds for fi, so

dt dt : .
/ — < / — < / ri3dr < oo.
B 1=y = JB |t]2 ~ Jo

Thus, (S,) is transient by Theorem 8.4. O

We turn to a more detailed study of the one-dimensional random walk
Sp =& + -+ &, n € Zy. Say that (S,) is simple if || = 1 a.s. For a
simple, symmetric random walk (S,,) we note that

n

Up = P{Syy = 0} = 272" (2”> neZ,. (5)

The following result gives a surprising connection between the probabilities
u, and the distribution of last return to the origin.

Proposition 8.9 (last return, Feller) Let (S,) be a simple, symmetric ran-
dom walk in Z, put o, = max{k < n; S, = 0}, and define u,, by (5). Then

Plo, =k} =wupg, 0<k<n.

Our proof will be based on a simple symmetry property, which will also
appear in a continuous-time version as Lemma 11.14.

Lemma 8.10 (reflection principle, André) For any symmetric random walk

(S,) and optional time 7, we have (S,) % (S,), where
g’n = Sn/\'r - (Sn - Sn/\T)a n 2 0

Proof: We may clearly assume that 7 < oo a.s. Writing S/, = S,4, — S-,
n € Z,, we get by the strong Markov property S < S'1(S7,7), and by
symmetry —S L3, Hence, by combination (—S’, S, 1) 4 (8,87, 7), and
the assertion follows by suitable assembly. O

Proof of Proposition 8.9: By the Markov property at time 2k, we get
P{o, =k} = P{Sox =0}P{0,,_, =0}, 0<Ek<mn,

which reduces the proof to the case when k£ = 0. Thus, it remains to show
that
P{S27£07"'752n#O}:P{SQ’IL:O}a n € N.
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By the Markov property at time 1, the left-hand side equals
%P{minkgnsk = 0} + %P{maxkdnsk = 0} = P{Mzn_l = 0},
where M,, = maxg<, Sg. Using Lemma 8.10 with 7 = inf{k; Sy = 1}, we get

1 — P{My, 1 =0} = P{My, 1 > 1}
= P{Ms,—1 > 1, Syp_1 > 1} + P{M3,—1 > 1, Sz, < 0}
= P{Sn_1>1}+ P{Ss—1 > 2}
1—P{Sy,_1 =1} =1— P{Sy, =0}. O

We shall now prove an even more striking connection between the maxi-
mum of a symmetric random walk and the last return probabilities in Propo-
sition 8.9. Related results for Brownian motion and more general random
walks will appear in Theorems 11.16 and 12.11.

Theorem 8.11 (first mazimum, Sparre-Andersen) Let (S,) be a random
walk based on a symmetric, diffuse distribution, put M, = maxy<, Si, and
write T, = min{k > 0; S, = M, }. Define o, as in Proposition 8.9 in terms

of a simple, symmetric random walk. Then T, 4 on for every n > 0.
Here and below, we shall use the relation
(Sty- 1 S0) £ (Sn = Spts.os Su—Sp), neN, (6)

valid for any random walk (S,,). The formula is obvious from the fact that

Erreeerbn) L (Eny o )

Proof of Theorem 8.11: By the symmetry of (S,) together with (6), we
have

v =P{n.=0}=P{rn =k}, k>0 (7)

Using the Markov property at time k£, we hence obtain
P{r, =k} =P{r =k}P{1,x =0} =vpv,t, 0<k<n. (8)

Clearly 09 = 19 = 0. Proceeding by induction, assume that oy 2 T and
hence uy = vy, for all k < n. Comparing (8) with Proposition 8.9, we obtain
P{o, =k} = P{r, = k} for 0 < k < n, and by (7) the equality extends to
k =0 and n. Thus, o, 4 Tn- |

For a general one-dimensional random walk (.5,,), we may introduce the
ascending ladder times T, Ty, . . ., given recursively by

T, =inf{k >7,_1; Sp > S, _,}, neEN, 9)
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starting with 79 = 0. The associated ascending ladder heights are defined as
the random variables S;, , n € N, where S, may be interpreted as co. In a
similar way, we may define the descending ladder times 7, and heights S, -,
n € N. The times 7,, and 7, are clearly optional, so the strong Markov prop-
erty implies that the pairs (7, 55,) and (7,7, S,-) form possibly terminating
random walks in R".

Replacing the relation Sy, > S, _, in (9) by S, > S, _,, we obtain the weak
ascending ladder times o, and heights S, . Similarly, we may introduce the
weak descending ladder times o, and heights S_-. The mentioned sequences
are connected by a pair of simple but powerful duality relations.

Lemma 8.12 (duality) Letn, ', (, and {’ denote the occupation measures
of the sequences (Ss,), (So,), (Sn; n <71 ), and (Sy; n < o7), respectively.
Then En = EC and Eq' = EC.

Proof: By (6) we have for any B € B(0,00) and n € N

P{Sl/\"'/\sn,1>O,SnEB} = P{Sl\/"'\/Sn,1<Sn€B}
= > Pln=n, S, €B}. (10)

Summing over n > 1 gives E('B = EnB, and the first assertion follows. The
proof of the second assertion is similar. O

The last lemma yields some interesting information. For example, in a
simple symmetric random walk, the expected number of visits to an arbitrary
state k # 0 before the first return to 0 is constant and equal to 1. In
particular, the mean recurrence time is infinite, and so (5,,) is a null recurrent
Markov chain.

The following result shows how the asymptotic behavior of a random walk
is related to the expected values of the ladder times.

Proposition 8.13 (fluctuations and mean ladder times) For any nonde-
generate random walk (S,) in R, exactly one of these cases occurs:

(i) Sp — o0 a.s. and E1y < 00;

(i) Sp = —o0 a.s. and BT < 005

(iii) limsup, (£5,) = 0o a.s. and Eo; = Eo] = 0.

Proof: By Corollary 2.17 there are only three possibilities: .S,, — oo a.s.,
Sy — —o0 a.s., and limsup,, (£S5,) = oo a.s. In the first case o, < oo for
finitely many n, say for n < k < oo. Here k is geometrically distributed,
and so ETy = Fx < oo by Lemma 8.12. The proof in case (ii) is similar.
In case (iii) the variables 7, and 7, are all finite, and Lemma 8.12 yields
Eoy = Eo; = o0. |

Next we shall see how the asymptotic behavior of a random walk is related
to the expected values of & and S,,. Here we define B¢ = E¢t — E&™
whenever EET A EFE™ < oo.
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Proposition 8.14 (fluctuations and mean ladder heights) If (S,) is a non-
degenerate random walk in R, then

(i) E& =0 implies limsup,, (+S,) = oo a.s.;
(i) E& € (0,00] implies S, — oo a.s. and ES,, = ET1E&;;
(iii) B¢ = EE = oo implies ES,, = —ES, - =oc.

The first assertion is an immediate consequence of Theorem 8.2 (i). It
can also be obtained more directly, as follows.

Proof: (i) By symmetry, we may assume that limsup, S, = oo a.s. If
ETm < oo, then the law of large numbers applies to each of the three ratios

in the equation
ST n S‘r
7"7_7 — 7"’ n e N7
Tn M n
and we get 0 = E& By = ES;, > 0. The contradiction shows that £ = oo,
and so liminf, S,, = —oco by Proposition 8.13.
(ii) In this case S,, = o0 a.s. by the law of large numbers, and the formula
ES,; = En E& follows as before.

(iii) This is clear from the relations S,, > & and S < =& O

We shall now derive a celebrated factorization, which can be used to ob-
tain more detailed information about the distributions of ladder times and
heights. Here we shall write y* for the possibly defective distributions of
the pairs (7,.5;,) and (77, ST;), respectively, and let 1)* denote the corre-
). Put xf = xF({n} x-) and
E =F({n} x ). Let us further introduce the measure x° on N, given by

sponding distributions of (01, S,,) and (o7, S,

91

X?L = P{Sl/\/\Sn,1>O:Sn}
= P{Sl\/~--\/Sn,1<O:Sn}, TLEN,

where the second equality holds by (6).

Theorem 8.15 (Wiener—Hopf factorization) For random walks in R based
on a distribution p, we have

do—0®@p = (do—x")*(do—47)=(do—¢")* (G —x"), (11)
So— 1T = (6 —xF)* (6 — X°). (12)

Note that the convolutions in (11) are defined on the space Z, x R,
whereas those in (12) can be regarded as defined on Z,. Alternatively, we
may consider x° as a measure on N x {0}, and interpret all convolutions as
defined on Z, x R.
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Proof: Define the measures pq, pa, ... on (0,00) by

pnB = P{Sl/\"'/\Sn,1>O, SnEB}
= Ezkl{Tk =n, S, € B}, neN, BeB(0,00), (13)

where the second equality holds by (10). Put py = ¢, and regard the sequence
p = (pn) as a measure on Z; x (0,00). Noting that the corresponding
measures on R equal p, + 1, and using the Markov property at time n — 1,
we get

Pnt Uy =poorxp=(p* (1 ®p))n, neN (14)

Applying the strong Markov property at 71 to the second expression in (13),
it is further seen that

Pn = ZX]-: * Pn—k = (X+ * p)m n €N (15)
k=1

Recalling the values at zero, we get from (14) and (15)
pHYT =00 +px (1 @p),  p=2d+x"*p

Eliminating p between the two equations, we obtain the first relation in (11),
and the second one follows by symmetry.

To prove (12), we note that the restriction of 1) to (0, 00) equals 1, —x2.
Thus, for B € B(0, c0),

(= +xY)B = P{max;,S, =0, S, € B}.

Decomposing the event on the right according to the time of first return to
0, we get

n—1
X = =Y 0 = (X x ), nEN,
k=1

and so T — ¢+ + x® = ¥ * x*, which is equivalent to the “plus” version of
(12). The “minus” version follows by symmetry. o

The preceding factorization yields in particular an explicit formula for
the joint distribution of the first ladder time and height.

Theorem 8.16 (ladder distributions, Sparre-Andersen, Baxter) If (S,) is
a random walk in R, then for |s| <1 and u >0,

E s™exp(—uS;,) =1—exp {— > S—E[e’“S"; Sy > O]} . (16)

n=1 n

For (01,S4,) a similar relation holds with S, > 0 replaced by S,, > 0.
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Proof: Introduce the mixed generating and characteristic functions
X, = Es™exp(itS,,), 1/3; =Es1 exp(itS,-),
and note that the first relation in (11) is equivalent to
1—spy=1-x5)1—4,,), |s|<L teR

Taking logarithms and expanding in Taylor series, we obtain

2o (s)" =30 nT )"+ X

For fixed s € (—1,1), this equation is of the form 7 = o™ 4+ 7™, where v and
v* are bounded signed measures on R, (0, 00), and (—o0, 0], respectively. By
the uniqueness theorem for characteristic functions we get v = v™ +v~. In
particular, v equals the restriction of v to (0,00). Thus, the corresponding
Laplace transforms agree, and (16) follows by summation of a Taylor series

for the logarithm. A similar argument yields the formula for (o4, S5, ). O

From the last result we may easily obtain expressions for the probability
that a random walk stays negative or nonpositive and deduce criteria for its
divergence to —oo

Corollary 8.17 (negativity and divergence to —oo) For any random walk
(Sp) in R, we have

P{r =00} = (Eoy)™! = exp {_anln_IP{S" > 0}}, (17)
P{oy =00} = (Ery)™ = exp{-Y_ _ n'P{S, 20}}.  (18)

Furthermore, the following conditions are both equivalent to S, — —o0 a.s.:

anln_IP{Sn > 0} < oo, Zn21n_1P{Sn >0} < 0.

Proof: The last expression for P{m; = oo} follows from (16) with u =0
as we let s — 1. Similarly, the formula for P{o; = oo} is obtained from the
version of (16) for the pair (01,S,,). In particular, P{r = oo} > 0 iff the
series in (17) converges, and similarly for the condition P{oy = oo} > 0 in
terms of the series in (18). Since both conditions are equivalent to S,, — —oo
a.s., the last assertion follows. Finally, the first equalities in (17) and (18) are
obtained most easily from Lemma 8.12 if we note that the number of strict
or weak ladder times 7, < 0o or g, < oo is geometrically distributed. O

We turn to a detailed study of the occupation measure n = 3,5 dg, of
a transient random walk on R, based on transition and initial distributions
1 and v. Recall from Theorem 8.1 that the associated intensity measure
En = v« 1*" is locally finite. By the strong Markov property, the sequence
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(Sr1n —S;) has the same distribution for every finite optional time 7. Thus,
a similar invariance holds for the occupation measure, and the associated
intensities must agree. A renewal is then said to occur at time 7, and the
whole subject is known as renewal theory. In the special case when p and v
are supported by R, we shall refer to n as a renewal process based on p and
v, and to En as the associated renewal measure. One usually assumes that
v = dy; if not, we say that 7 is delayed.

The occupation measure 7 is clearly a random measure on R, in the sense
that nB is a random variable for every bounded Borel set B. From Lemma
10.1 we anticipate the simple fact that the distribution of a random measure
on R, is determined by the distributions of the integrals nf = [ fdn for all
f € Cf(R,), the space of continuous functions f: R, — R, with bounded
support. For any measure pu on R and constant ¢ > 0, we may introduce
the shifted measure O, on R, given by (6;u)B = u(B + t) for arbitrary
B € B(R;). A random measure 1 on R is said to be stationary on R, if
0m = Bon.

Given a renewal process 1 based on some distribution p, the delayed
process 7] = J, * 1 is said to be a stationary version of n if v = Poa™!
is chosen such that the random measure 77 becomes stationary on R, . The
following result shows that such a version exists iff ;4 has finite mean, in
which case v is uniquely determined by p. Write A\ for Lebesgue measure on
R, and recall that §, denotes a unit mass at x.

Proposition 8.18 (stationary renewal process) Let n be a renewal process
based on some distribution p on Ry with mean c. Then n has a stationary
version 1 iff ¢ € (0,00). In that case Efj = ¢~ '\, and the initial distribution
of 7 is uniquely given by v = ¢~ 1(8g — p) * A, or

v[0,t] =c* /Ot,u(s, oo)ds, t>0. (19)

Proof: By Fubini’s theorem,

En = Eznésn :z:nPoS;1 :Zny*u*n
V+u>k27Ll/*/L*n:V+/j,*E17,

and so v = (dy — p) * En. If n is stationary, then En is shift invariant, and
Lemma 1.29 yields En = a\ for some constant a > 0. Thus, v = a(dy—p) * A,
and (19) holds with ¢! replaced by a. As t — co, we get 1 = ac by Lemma
2.4. Hence, ¢ € (0,00) and a = ¢ .

Conversely, assume that ¢ € (0,00), and let v be given by (19). Then

En = vx Znﬂ*” =c (6 —p) x A% Znu*”

Cil)\ * {anou*n - ZnZlu*n} = CilA.
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By the strong Markov property, the shifted random measure 6,7 is again a
renewal process based on p, say with initial distribution v;. As before,

vy = (00 — p) * (0:En) = (6 — p) x En = v,

which implies the asserted stationarity of 7. a

From the last result we may deduce a corresponding statement for the
occupation measure of a general random walk.

Proposition 8.19 (stationary occupation measure) Letn be the occupation
measure of a random walk in R based on distributions p and v, where p has
mean ¢ € (0,00), and v is defined as in (19) in terms of the ladder height
distribution i and its mean ¢. Then 1 is stationary on R, with intensity 1.

Proof: Since S,, — oo a.s., Propositions 8.13 and 8.14 show that the
ladder times 7, and heights H,, = 5., have finite mean, and by Proposition
8.18 the renewal process ( = Y, 6y, is stationary for the prescribed choice
of v. Fixing t > 0 and putting oy = inf{n € Z;; S, > t}, we note in
particular that S,, — ¢ has distribution v. By the strong Markov property at
oy, the sequence Sy, 1n — ¢, n € Z,, has then the same distribution as (S,,).
Since S, < t for k < oy, we get 6;n & n on Ry, which proves the asserted
stationarity.

To identify the intensity, let 7, denote the occupation measure of the
sequence Sy — Hp, 7, < k < 7,41, and note that H, 1l n, 4 1o for each n, by
the strong Markov property. Hence, by Fubini’s theorem,

En=EY n,*6u, =Y E(0m, * En,) = Engx B 6, = Eng = EC.
Noting that E¢ = ¢ '\ by Proposition 8.18, that Eny(0,00) = 0, and that
¢ = cE'm; by Proposition 8.14, we get on R
E?]()R_

A BTy O
C

En=

The next result describes the asymptotic behavior of the occupation mea-
sure i and its intensity E7n. Under weak restrictions on u, we shall see how
0,n approaches the corresponding stationary version 7, whereas E7 is asymp-
totically proportional to Lebesgue measure. For simplicity, we assume that
the mean of p exists in R. Thus, if £ is a random variable with distribution
i, we assume that E(§ A E7) < oo and define E€ = FEY — EE.

It is natural to state the result in terms of vague convergence for measures
on R, and the corresponding notion of distributional convergence for ran-
dom measures. Recall that, for locally finite measures v, vy, v, ... on Ry, the
vague convergence v, — v means that v, f — vf for all f € C}z(R,). Simi-
larly, if , 11,19, . . . are random measures on R, we define the distributional
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convergence 1), N 1 by the condition 7, f N nf for every f € C(R,). (The
latter notion of convergence will be studied in detail in Chapter 14.) A mea-
sure 1 on R is said to be nonarithmetic if the additive subgroup generated
by supp p is dense in R.

Theorem 8.20 (two-sided renewal theorem, Blackwell, Feller and Orey)
Let n be the occupation measure of a random walk in R based on distributions
w and v, where p is nonarithmetic with mean ¢ € R\ {0}. If ¢ € (0,00),
let i be the stationary version in Proposition 8.19, and otherwise put 7 = 0.
Then as t — o0,

(i) 6;En = Ei= (¢ VO)A.

Our proof is based on two lemmas. First we consider the distribution
v, of the first nonnegative ladder height for the shifted process (S, — t).
The key step for ¢ € (0,00) is to show that v, converges weakly toward
the corresponding distribution o for the stationary version. This will be
accomplished by a coupling argument.

Lemma 8.21 (asymptotic delay) If ¢ € (0,00), then vy — U as t — 0.

Proof: Let a and o’ be independent random variables with distributions
v and 7. Choose some i.i.d. sequences (&)1 (Y)) independent of o and o/
such that Po &' =y and P{d, = +1} = 1. Then

Sn :o/_a—zkgnﬁkfk, nely,

is a random walk based on a nonarithmetic distribution with mean 0, and so
by Theorems 8.1 and 8.2 the set {Sn} is a.s. dense in R. For any € > 0, the
optional time o = inf{n > 0; S, € [0,¢]} is then a.s. finite.

Now define ¢, = (—1)"*=<e}9, k € N, and note as in Lemma 8.10 that
{o, (&, 9)} L {d, (&, 0)}. Let 5y < Ky < --- be the values of k with
Jr = 1, and define k] < k5 < --- similarly in terms of (¢}). By a simple
conditioning argument, the sequences

’ /
Sh :a+Zan£HJ" Sn:a +Z]«Sn£n;’ neZ-‘r?

are random walks based on g and the initial distributions v and 7, respec-
tively. Writing 04 = >p<, 1{¥y, = 1}, we note that

!
Saern

~Syiin=25,€[0,¢e], nezZ,.

Putting v = S5, VS, , and considering the first entry of (S,) and (S},) into
the interval [t, 00), we obtain

Ule,x] — P{y >t} < 14[0,2] < 0[0,z + ] + P{y > t}.
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Letting ¢ — oo and then ¢ — 0, and noting that 7{0} = 0 by stationarity,
we get 4]0, z] — P[0, x]. O

The following simple statement will be needed to deduce (ii) from (i) in
the main theorem.

Lemma 8.22 (uniform integrability) Let n be the occupation measure of a
transient random walk (S,) in RY with arbitrary initial distribution, and fix
any bounded set B € BY. Then the random variables n(B + x), * € RY, are
uniformly integrable.

Proof: Fix any x € RY, and put 7 = inf{t > 0; S, € B + z}. Letting ng
denote the occupation measure of an independent random walk starting at
0, we get by the strong Markov property

n(B+z) L no(B+x—5.)1{r < oo} < ny(B - B).

In remains to note that Eng(B — B) < oo by Theorem 8.1, since (S,) is
transient. O

Proof of Theorem 8.20 (¢ < c0): By Lemma 8.22 it is enough to prove
(i). If ¢ < 0, then S,, — —oo a.s. by the law of large numbers, so 6;n = 0
for sufficiently large ¢, and (i) follows. If instead ¢ € (0,00), then v, = ¥
by Lemma 8.21, and we may choose some random variables «; and a with
distributions v; and v, respectively, such that ay — « a.s. We may further
introduce the occupation measure 7, of an independent random walk starting
at 0.

Now fix any f € C(R,), and extend f to R by putting f(z) = 0 for
x < 0. Since 7 < A\ we have no{—a} = 0 a.s., and so by the strong Markov
property and dominated convergence

Om)f £ [ Flaw+@)mlde) [ fla+2)m(dz) L if.

(¢ = 00): In this case it is clearly enough to prove (ii). Then note that
En =vx* Ex * EC, where x is the occupation measure of the ladder height
sequence of (S, — Sp), and ¢ is the occupation measure of the same process
prior to the first ladder time. Here E(R_ < oo by Proposition 8.13, so by
dominated convergence it suffices to show that 8, Ey - 0. Since the mean of
the ladder height distribution is again infinite by Proposition 8.14, we may
henceforth take v = §y and let u be an arbitrary distribution on R, with
infinite mean.

Put I = [0,1], and note that En(l + t) is bounded by Lemma 8.22.
Define b = limsup, En(I + t), and choose a sequence t;, — oo with En(I +
tr) — b. Here we may subtract the finite measures u* for j < m to get
(™« En)(I 4+ tx) — b for all m € Z,. By the reverse Fatou lemma, we
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obtain for any B € B(R;)

liminf En(I — B+ t;)u™™ B
k—o0

> lim inf/ En(I —x + tp) ™™ (dx)
k—o0 B
= b—limsup | En(I—x+tx)p""(dz)
k—oo /B¢
> b— | limsup En(I —x +tg)p™™(dzx) > bu™™B. (20)
B¢ koo

Now fix any h > 0 with p(0, 2] > 0. Noting that En[r,r+h] > 0 for allr > 0
and writing J = [0, a] with a = h + 1, we get by (20)

lilzn inf En(J +t,—r) >b, r>a. (21)
c—00

Next conclude from the identity dy = (09 — ) * En that

1= /Otk (e — x,00)En(dz) > > p(na,00)En(J + t; — na).

n>1

As k — oo we get by (21) and Fatou’s lemma 1 > b7, p1(na, 00), and since
the sum diverges by Lemma 2.4, it follows that b = 0. O

We shall use the preceding theory to study the renewal equation F =
f + F % u, which often arises in applications. Here the convolution F * p is
defined by

(Fxpy = [ Fle=s)ulds), t20,

whenever the integrals on the right exist. Under suitable regularity condi-
tions, the renewal equation has the unique solution F' = fx*ji, where i denotes
the renewal measure 3o ¢#*". Additional conditions ensure the solution F’
to converge at oo.

A precise statement requires some further terminology. By a regular step
function we shall mean a function on R, of the form

fr=2_ 051510 (t/h), =0, (22)

where h > 0 and ag,as,... € R. A measurable function f on R, is said to
be directly Riemann integrable if \|f| < oo and there exist some regular step
functions f with f,; < f < fF and A(f;f — f,;) — 0.

Corollary 8.23 (renewal equation) Fix a distribution p # dy on Ry with
associated renewal measure i, and let f be a locally bounded and measurable
function on Ry. Then the equation F' = f + F %y has the unique, locally
bounded solution F' = fxp. If f is also directly Riemann integrable and if
is monarithmetic with mean c, then F, — ¢ '\f ast — oo.
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Proof: Tterating the renewal equation, we get
F=Y, [xp*+Fxp", neN (23)

The law of large numbers yields **[0,¢] — 0 as n — oo for fixed ¢ > 0, so
for locally bounded F' we get F'* p*™ — 0. If even f is locally bounded, then
by (23) and Fubini’s theorem

F=3 o fruwt=f«3 pw*=[*p

Conversely, f+ f* fixpu = f*p, which shows that F' = f * i solves the given
equation.

Now let g be nonarithmetic. If f is a regular step function as in (22),
then by Theorem 8.20 and dominated convergence we get as t — co

Ro— /O’f f(t = s)i(ds) = 3. a;fi((0,h] + ¢ = jh)
= TRy 0 = TS

In the general case, we may introduce some regular step functions f with
fo < f<fland A(f;f = f7) — 0, and note that

(foxme < B <(fox )y, 20, neN

Letting t — oo and then n — oo, we obtain F, — ¢ ' \f. O

Exercises

1. Show that if (.S,) is recurrent, then so is the random walk (S,;) for
each k € N. (Hint: If (S,) is transient, then so is (Sy4;) for any j > 0.)

2. For any nondegenerate random walk (5,) in R%, show that |5,| % occ.
(Hint: Use Lemma 4.1.)

3. Let (S,) be a random walk in R based on a symmetric, nondegenerate
distribution with bounded support. Show that (S,) is recurrent, using the
fact that lim sup,,(£S,) = co a.s.

4. Show that the accessible set A equals the closed semigroup generated
by supp p. Also show by examples that A may or may not be a group.

5. Let v be an invariant measure on the accessible set of a recurrent
random walk in RY. Show by examples that En may or may not be of the
form oo - v.

6. Show that a nondegenerate random walk in R? has no invariant dis-
tribution. (Hint: If v is invariant, then p* v = v.)

7. Show by examples that the conditions in Theorem 8.2 are not neces-
sary. (Hint: For d = 2, consider mixtures of N(0,0?) and use Lemma 4.18.)
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8. Consider a random walk (.S,,) based on the symmetric p-stable distri-
bution on R with characteristic function e~1". Show that (S,,) is recurrent
for p > 1 and transient for p < 1.

9. Let (S,) be a random walk in R? based on the distribution u?, where
i is symmetric p-stable. Show that (S,,) is recurrent for p = 2 and transient
for p < 2.

10. Let g = cug + (1 — ¢)po, where pq and pp are symmetric distributions
on R? and ¢ is a constant in (0,1). Show that a random walk based on p is
recurrent iff recurrence holds for the random walks based on p; and ps.

11. Let p = puq * jip, where g, and py are symmetric distributions on R?.
Show that if a random walk based on  is recurrent, then so are the random
walks based on p; and ps. Also show by an example that the converse is
false. (Hint: For the latter part, let p; and ps be supported by orthogonal
subspaces.)

12. For any symmetric, recurrent random walk on Z¢, show that the
expected number of visits to an accessible state k # 0 before return to the
origin equals 1. (Hint: Compute the distribution, assuming probability p for
return before visit to k.)

13. Use Proposition 8.13 to show that any nondegenerate random walk in
Z¢ has infinite mean recurrence time. Compare with the preceding problem.

14. Show how part (i) of Proposition 8.14 can be strengthened by means
of Theorems 4.16 and 8.2.

15. For a nondegenerate random walk in R, show that limsup,, S, = o
a.s. iff oy < oo a.s. and that S, — oo a.s. iff Fo; < co. In both conditions,
note that oy can be replaced by 7.

16. Let n be a renewal process based on some nonarithmetic distribution
on R,. Show for any € > 0 that sup{¢t > 0; En[t, ¢t +¢] = 0} < co. (Hint:
Imitate the proof of Proposition 7.14.)

17. Let p be a distribution on Z, such that the group generated by supp p
equals Z. Show that Proposition 8.18 remains true with v{n} = ¢~!u(n, co),
n > 0, and prove a corresponding version of Proposition 8.19.

18. Let n be the occupation measure of a random walk on Z based on
some distribution p with mean ¢ € R\ {0} such that the group generated by
supp i equals Z. Show as in Theorem 8.20 that En{n} — ¢=1 Vv 0.

19. Derive the renewal theorem for random walks on Z, from the ergodic
theorem for discrete-time Markov chains, and conversely. (Hint: Given a
distribution p on N, construct a Markov chain X on Z, with X1 = X, +1
or 0, and such that the recurrence times at 0 are i.i.d. p. Note that X is
aperiodic iff Z is the smallest group containing supp p.)

20. Fix a distribution g on R with symmetrization . Note that if g is
nonarithmetic, then so is u. Show by an example that the converse is false.
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21. Simplify the proof of Lemma 8.21, in the case when even the sym-
metrization fi is nonarithmetic. (Hint: Let &, &, ... and &,&,, ... be ii.d.
11, and define S, =a —a-+ Seen(&e — &k)-)

22. Show that any monotone and Lebesgue integrable function on R, is
directly Riemann integrable.

23. State and prove the counterpart of Corollary 8.23 for arithmetic
distributions.

24. Let (&,) and (17,) be independent i.i.d. sequences with distributions p
and v, put S, = > <, (& + M), and define U = U,;5¢[Sn, Sn + &n41). Show
that F, = P{t € U} satisfies the renewal equation F' = f 4+ F * y * v with
fi = p(t,00). Assuming p and v to have finite means, show also that F;
converges as t — oo, and identify the limit.

25. Consider a renewal process ) based on some nonarithmetic distribution
p with mean ¢ < oo, fix an h > 0, and define F; = P{n[t,t + h] = 0}. Show
that F' = f 4+ F * pu, where f; = u(t + h, 00). Also show that F; converges as
t — oo, and identify the limit. (Hint: Consider the first point of 7 in (0, t),
if any.)

26. For 7 as above, let 7 = inf{¢t > 0; n[t,t + h] = 0}, and put F; =
P{r < t}. Show that F; = u(h,00) + o™ u(ds)F,_s, or F = f + F x py,
where pi, = 1o - o and f = p(h, 00).



Chapter 9

Stationary Processes and
Ergodic Theory

Stationarity, invariance, and ergodicity; mean and a.s. ergodic
theorem; continuous time and higher dimensions; ergodic decom-
position; subadditive ergodic theorem, products of random matri-
ces; exchangeable sequences and processes; predictable sampling

A random process in discrete or continuous time is said to be stationary if its
distribution is invariant under shifts. Stationary processes are important in
their own right; they may also arise under broad conditions as steady-state
limits of various Markov and renewal-type processes, as we already saw in
Chapters 7 and 8 and will see again in Chapters 10 and 20. The aim of this
chapter is to present some of the most useful general results for stationary
and related processes.

The most fundamental result for stationary random sequences is the mean
and a.s. ergodic theorem, a powerful extension of the law of large numbers.
Here the limit is generally a random variable, measurable with respect to the
so-called invariant o-field. Of special interest is the ergodic case, when the
invariant o-field is trivial and the time average reduces to a constant. For
more general sequences, the distribution admits a decomposition into ergodic
components, obtainable through conditioning with respect to the invariant
o-field.

We will consider several extensions of the basic ergodic theorem, including
versions in continuous time and in higher dimensions. Additionally, we shall
prove a version of the powerful subadditive ergodic theorem and discuss an
important application to random matrices.

Just as the elementary Markov property may be extended to a strong
version, it is useful to strengthen the condition of stationarity by requiring
invariance in distribution under arbitrary optional shifts. This leads to the
notions of exchangeable sequences and to processes with exchangeable incre-
ments. The fairly elementary mean ergodic theorem yields an easy proof of
de Finetti’s theorem, the fact that exchangeable sequences are conditionally
i.i.d. In the other direction, we shall establish the striking and useful pre-
dictable sampling theorem, which in turn will lead to simple proofs of the
arcsine laws in Chapters 11, 12, and 13.

The material in this chapter is related in many ways to other parts of
the book. Apart from the already mentioned connections, there are also

156
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links to the ratio ergodic theorem for diffusions in Chapter 20 as well as
to various applications and extensions in Chapters 10, 11, and 14 of results
for exchangeable sequences and processes. Furthermore, there is a relation
between the predictable sampling theorem here and some results on random
time-change appearing in Chapters 16 and 22.

We now return to the basic notions of stationarity and invariance. A
measurable transformation T on some measure space (S, S, 1) is said to be
measure-preserving or p-preserving if 4o T—' = p. Thus, if € is a random
element of S with distribution g, then 7' is measure-preserving iff T¢ =
To& 4 ¢. In particular, consider a random sequence & = (&, &1, ...) in some
measurable space (5’ S’), and let § denote the shift on S = (S")*° given by
O(zo,z1,...) = (z1,22,...). Then ¢ is said to be stationary if 6 L ¢ The
following result shows that the general situation is equivalent to this special
case.

Lemma 9.1 (stationarity and invariance) Let & be a random element in
some measurable space S, and let T be a measurable transformation on
S. Then T¢ 4 & iff the sequence (T"E) is stationary, in which case even
(f oT™E) is stationary for any measurable function f. Conversely, any sta-
tionary sequence of random elements admits such a representation.

Proof: Assuming T 2 £, we get

O(f o T"¢) = (f o T"1€) = (f o T"TE) £ (f 0 T™€),

and so (f o T"¢) is stationary. Conversely, assume that n = (19, n1,...) is
stationary. Then 7, = m(0™n), where my(zo, z1,...) = o, and we note that

0n 2 7 by the stationarity of 7. a

In particular, we note that if &y, &y, . .. is a stationary sequence of random
elements in some measurable space S, and if f is a measurable mapping of
S°° into some measurable space S’, then the random sequence

7]n:f(§n,€n+1,~--), TLGZ+,

is again stationary.

The definition of stationarity extends in the obvious way to random se-
quences indexed by Z. The two-sided case is often more convenient because
of the group structure of the associated family of shifts. The next result
shows that the two cases are essentially equivalent. Recall our convention
from Chapter 5 about the existence of randomization variables.

Lemma 9.2 (two-sided extension) Let &y,&1,... be a stationary sequence
of random elements in some Borel space S. Then there exist some random
elements £€_1,&_o,... in S such that the extended sequence ...,&_1,&p, &1, . ..
18 stationary.
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Proof: Using some i.i.d. U(0,1) random variables ¢1,%s,... indepen-
dent of & = (&,&1,...), we may construct the {_, recursively such that
(€ n&ntt, ) L ¢ for all n. In fact, assume that the required elements
&.1,...,&_, have already been constructed as functions of £, 94, ...,%,. Then
(Eny&ngty--2) £ ¢, so even &_,,_; exists by Theorem 5.10. Finally, note
that the extended sequence is stationary by Proposition 2.2. O

Now fix a measurable transformation 7" on some measure space (S, S, 1),
and let S* denote the pu-completion of S. A set I C S is said to be invariant
if 7' = I and almost invariant if T-'I = I a.e. u, in the sense that
w(T~'IAT) = 0. Since inverse mappings preserve the basic set operations, it
is clear that the classes Z and 7’ of invariant sets in S and almost invariant
sets in the completion S* form o-fields in S, the so-called invariant and
almost invariant o-fields, respectively.

A measurable function f on S is said to be invariant if f oT = f and
almost invariant if f ol = f a.e. u. The following result gives the basic
relationship between invariant or almost invariant sets and functions.

Lemma 9.3 (invariant sets and functions) Fix a measurable transforma-
tion T on some measure space (S,S, 1), and let f be a measurable mapping
of S into some Borel space S'. Then f is invariant or almost invariant iff it
is T-measurable or T'-measurable, respectively.

Proof: First apply a Borel isomorphism to reduce to the case when S’ = R.
If f is invariant or almost invariant, then so is the set I, = f~(—o0, ) for
any ¢ € R, and so I, € T or 7', respectively. Conversely, if f is measurable
w.r.t. Z or Z', then I, € T or 7', respectively, for every z € R. Hence, the
function f,,(s) = 27"[2"f(s)], s € S, is invariant or almost invariant for ev-
ery n € N, and the invariance or almost invariance clearly carries over to the
limit f. |

The next result shows how the invariant and almost invariant o-fields
are related. Here we write Z" for the p-completion of Z in S&*, the o-field
generated by Z and the p-null sets in S*.

Lemma 9.4 (almost invariance) Let T and I' be the invariant and almost
invariant o-fields associated with a measure-preserving mapping T on some
probability space (S, S, ). Then T' = TH.

Proof: If J € T*, there exists some I € Z with u(IAJ) = 0. Since T is
p-preserving, we get
w(THIAT) < (T JAT ) + (T HIATL) + p(IAJ)
po T HJAI) = u(JAI) =0,
which shows that J € Z'. Conversely, given any J € Z’, we may choose some

J' € § with u(JAJ') = 0 and put I = N, Uy, T7"J". Then, clearly, I € T
and pu(IAJ) =0, and so J € I*. O
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A measure-preserving mapping 7' on some probability space (5,8, p) is
said to be ergodic w.r.t. i, or u-ergodic if the invariant o-field Z is p-trivial, in
the sense that uI = 0 or 1 for every I € Z. Depending on our viewpoint, we
may prefer to say that p is ergodic w.r.t. T, or T-ergodic. The terminology
carries over to any random element ¢ with distribution w, which is said to be
ergodic whenever this is true for T or pu. Thus, £ is ergodic iff P{{ €I} =0
or 1 for any I € Z, that is, if the o-field Zy = £7'7 in Q is P-trivial. In
particular, a stationary sequence £ = (§,) is ergodic if the shift-invariant
o-field is trivial w.r.t. the distribution of .

The next result shows how the ergodicity of a random element ¢ is related
to the ergodicity of the generated stationary sequence.

Lemma 9.5 (ergodicity) Consider a random element & in S and a mea-
surable transformation T on S with T& 2 & Then & is T-ergodic iff the
sequence (T"€) is 0-ergodic, in which case even n = (f oT") is O-ergodic for
any measurable mapping f on S.

Proof: Fix any measurable mapping f: S — S', and define F' = (f o T™;
n > 0). Then FoT = 0o F, so if the set I C (5)* is #-invariant, we have
T-'F~1] = F~19~'] = F~']. Thus, F~'] is T-invariant in S. Assuming &
to be ergodic, we hence obtain P{n € I} = P{¢ € F~'I} = 0 or 1, which
shows that even 7 is ergodic.

Conversely, let the sequence (7"¢) be ergodic, and fix any T-invariant set
I'in S. Put F = (T™; n > 0), and define A = {s € S; s, € I 1.0.}. Then
I =F1'A and A is f-invariant, so we get P{¢ € I} = P{(T"¢) € A} =0 or
1, which shows that even £ is ergodic. a

We proceed to state the fundamental a.s. and mean ergodic theorem for
stationary sequences of random variables. The result may be regarded as an
extension of the law of large numbers.

Theorem 9.6 (ergodic theorem, von Neumann, Birkhoff) Fiz a measurable
space S, a measurable transformation T on S with associated invariant o-

field Z, and a random element & in S with T¢E < &. Consider a measurable
function f: S — R with (&) € LP for some p > 1. Then

n' > F(TR) — E[f(€)|¢7'T] a.s. and in LP.

k<n

The proof is based on a simple, but clever, estimate.

Lemma 9.7 (mazimal ergodic lemma, Hopf) Consider a stationary sequence
of integrable random variables &1,&,, ..., and define S, = & +---+&,. Then
E[&y; sup,, S, > 0] > 0.
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Proof (Garsia): Write S/, = & + -+ - + &,41, and define

n € N.

n’

M, =5SyV--VS,, M, =SV---VS
Fixing n € N, we get on the set {M,, > 0}
M,=5V---VS, =G+M, <&+ M.

On the other hand, M, < M! on {M, = 0}. Noting that M, 4 M) by the
assumed stationarity, we obtain

E[¢1; M, > 0] > E[M,, — M'; M, > 0] > E[M, — M'] = 0.

n’

Since M, 1 sup,, S, as n € N, the assertion now follows by dominated con-
vergence. u

Proof of Theorem 9.6 (Yosida and Kakutani): Write n = f(£), npx =
F(TF1E), Sp=m + -+ +np, and Zg = £71Z. First assume that E[n|Z¢] = 0
a.s. Fix any ¢ > 0, and define

A = {limsup,(S,/n) > e}, = (N, —€)la.
Writing S;, = 1} + - - 4+ 7n},, we note that
{sup,, S, > 0} = {sup,,(S,,/n) > 0} = {sup,(S,/n) >c}NA=A.
Now A € I, so the sequence (1)) is stationary, and Lemma 9.7 yields
0 < E[ny; sup, S, > 0] = E[n — e; A] = E[E[n|Z¢]; A] — ePA = —cPA,

which implies PA = 0. Thus, limsup,(S,/n) < e a.s. Since ¢ is arbi-
trary, we get limsup,, (S,/n) < 0 a.s. Applying this result to (—=S,,) yields
liminf,(S,/n) > 0 a.s., and by combination S, /n — 0 a.s.

If E[n|Z¢] # 0, we may apply the previous result to the sequence ¢, =
N, — En|Z¢], which is again stationary, since the second term is an invariant
function of &, because of Lemma 9.3.

To prove the LP-convergence, introduce for fixed 7 > 0 the random vari-
ables ' = nl{|n| < r} and ' = n — 7/, and define 1/, and n! similarly in
terms of 7,. Let S/ and S! denote the corresponding partial sums. Then
|S;,/n] < r, and so the convergence S),/n — E[n|Z¢] remains valid in L?.
From Minkowski’s and Jensen’s inequalities it is further seen that

IS = Eln"|Zellp < n7" 32 Ikl + 11 Zellly < 200”1,
k<n

ThUS, . -1 "

timsup 1715, — Bl < 20
Here the right-hand side tends to zero as r — oo, and the desired conver-
gence follows. |
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Writing Z and T for the shift-invariant and tail o-fields, respectively,
in R*, we note that Z C 7. Thus, for any sequence of random variables
€= (&,&,...) we have I, = £'7 C £'T. By Kolmogorov’s 0-1 law the
latter o-field is trivial when the &, are independent. If they are even i.i.d.
and integrable, then Theorem 9.6 yields n=1(&; + -+ - +&,) — F& a.s. and in
L', in agreement with Theorem 3.23. Hence, the last theorem contains the
strong law of large numbers.

Our next aim is to extend the ergodic theorem to continuous time. We
may then consider a family of transformations 7; on S, t > 0, satisfying
the semigroup or flow property Tsyy = TT;. A flow (T;) on S is said to be
measurable if the mapping (z,t) — Tz is product measurable from S xR to
S. The invariant o-field T now consists of all sets I € S such that 7,7'1 = I
for all ¢. A random element & in S is said to be (T})-stationary if T;£ 4 & for
all t > 0.

Theorem 9.8 (continuous-time ergodic theorem) Fix a measurable space S,
let (T3) be a measurable flow on S with invariant o-field Z, and let € be a (T;)-
stationary random element in S. Consider a measurable function f: S — R
with f(§) € LP for some p > 1. Then as t — oo,

O [ F(8as - BIF@IET] as and in I, 0

Proof: We may clearly assume that f > 0. Writing X, = f(T:£), we get
by Jensen’s inequality and Fubini’s theorem

t p "t t
E ‘t’l/ Xds| < Et’l/ XPds = t*l/ EXPds = EX? < co.
0 0 0

Thus, to see that the time averages in (1) converge a.s. and in L,, it suffices to
apply Theorem 9.6 to the function g(x) = f; f(T.z)ds and the shift T = Tj.

To identify the limit 7, fix any I € Z, and conclude from the invariance
of I and the stationarity of £ that

E[f(Ti€); £ € I = E[f(T.€); T.§ € 1] = E[f(§); § € 1].
By Fubini’s theorem and the established L!-convergence,
t
E[Xy;,E€ell=FE {t’l/ Xds; £ € I} — Elnp; £ €1).
0
Thus, E[n|¢1Z] = E[Xo|¢7'Z] ass., and it remains to show that 7 is a.s.

¢~ 17-measurable. This is clear since

r+n
n = lim limsup n~" Xsds a.s. O
T—00

n—oo T
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Next we shall see how the LP-convergence in Theorem 9.6 can be extended
to higher dimensions. As in Lemma 9.1 for d = 1, any stationary array X
indexed by Zi can be written as
KXoy = FTF - T59€), (a,. .. ka) € Z4, (2)
where £ is a random element in some measurable space (5,S), and T, ..., Ty
are commuting measurable transformations on S that preserve the distribu-
tion = P o &7t The invariant o-field Z now consists of all sets in S that
are invariant under Ti,...,T}.

Theorem 9.9 (multivariate mean ergodic theorem) Let (Xy) be given by (2)
in terms of some random element £ in S, some commuting, Pof~1-preserving
transformations Ty, ...,T; on S, and some measurable function f: S — R
with f(&) € LP for somep > 1. Write T for the (T, ..., Ty)-invariant o-field
i S. Then as ny,...,ng — o0,

() S e Y Xepow > BT in D (3)

k1<ny kqg<ng

Proof: For convenience we may write (3) in the form [n]™* >, Xi —
E[f(&)|¢Z), where k = (ki,...,ka), n = (n1,...,nq), and [n] = ny---ng.
The result will be proved by induction on d. If it holds in dimensions < d—1,

then in the d-dimensional case there exist some 7,7, ... € LP with
), X =y in P, j € Zy, (4)

where k' = (kq,...,kq) and n’ = (ng,...,ng), and the convergence holds

as na,...,ng — 0o. The sequence (n);) is again stationary, and so the one-

dimensional result yields m™"'>;_,,n; — 1 in L? for some 1 € L?. Noting
that the rate of convergence in (4) is independent of 7, we get by Minkowski’s
inequality, as nq,...,nqg — 0o,

[ 2 X =,

< 175 Xowr = ), +|

-1
™ Zj<n1nj o an -0,

We may finally deduce the a.s. relation n = E[f(£)|¢7'Z] in the same way as
for Theorem 9.8. ad

We turn to another main topic of this chapter, the decomposition of an
invariant distribution into ergodic components. For motivation, consider the
setting of Theorem 9.6 or 9.9, and assume that S is Borel, to ensure the
existence of regular conditional distributions. Writing n = P[¢ € -|€71Z], we
get

Pot ' = EP[tc |¢T] = Ey = /mPon—l(dm). (5)
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Furthermore, for any I € Z we note that nI = P[{ € I|¢7'Z] = 1{¢ € I}
a.s., and so n/ = 0 or 1 a.s. If the exceptional null set can be chosen to be
independent of I, we may conclude that 7 is a.s. ergodic, and (5) gives the
desired ergodic decomposition of = P o ¢~1. Though the suggested result
is indeed true, a rigorous proof is surprisingly hard.

Theorem 9.10 (ergodicity via conditioning, Farrell, Varadarajan) Let S,
Ty,...,Ty, & and T be such as in Theorem 9.9, and let S be Borel. Then
the random measure n = P[§ € -|€7'I] is a.s. invariant and ergodic under
Ty,...,Ty.

Our proof is based on a lemma involving the empirical distributions n, =

fin(§, -), where

pin(s, B) =n~? Z Z IB(leln-des), BeS, neN.

ki<n kq<n

Note that 7,B £l nB for every B € § by Theorem 9.9. A class C C S is
said to be (measure) determining if a probability measure on S is uniquely
determined by its values on C.

Lemma 9.11 (ergodicity via sample means) Assume for some countable
determining class C C S and subsequence N' C N that n,B — P{¢ € B}
a.s. along N’ for all B € C. Then £ is ergodic.

Proof: By Theorem 9.9 we have P{{ € B} =B a.s. for all B € C. Since
C is countable and determining, it follows that Po&~! = 5 a.s. Letting [ € Z,
we get a.s.

P{¢ eI} =nl = PlEeI|l¢'T] =1,(¢) € {0,1}.
Hence, the left-hand side is either 0 or 1, which shows that £ is ergodic. O

Proof of Theorem 9.10: Since S is Borel, we may choose a countable
determining class C C S. For any B € C and i € {1,...,d}, we have a.s.

7]T;13 = P[TZ§ S B|IE] = P[g € B|I§] =B,

where Z; = ¢7'Z. Thus, n is a.s. invariant.

By Theorem 9.9 and Lemma 3.2 together with a diagonal argument, we
may next choose a subsequence N’ C N such that n,B — nB a.s. along N’
for every B € C. Using Theorem 5.4, we get along N’

1= Pn,B = nB|Z| = n{s € S; pn(s,B) - nB} as., BeC.

The asserted a.s. ergodicity of 7 now follows by Lemma 9.11. O
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As we have seen, (5) gives a decomposition of the invariant distribution
i = Po¢ ! into ergodic components. The next result shows that the decom-
position is unique; it further characterizes the ergodic measures as extreme
elements in the convex set of invariant measures.

To explain the terminology, recall that a subset M of a linear space is
said to be convex if emy + (1 — ¢)mg € M for all my, my € M and ¢ € (0,1).
In that case, we say that an element m € M is extreme if any relation
m = cmy + (1 —c)mgy with my, mgy, and ¢ as above implies m; = my = m. For
sets of measures p on some measurable space (S, S), we define measurability
with respect to the o-field induced by all evaluation maps g : p +— ubB,
BeS.

Theorem 9.12 (ergodic decomposition, Krylov and Bogolioubov) Let Ty,
..., Ty be commuting measurable transformations on some Borel space S.
Then the (T4, ..., Ty)-invariant probability measures on S form a convex set
M whose extreme elements are precisely the ergodic measures in M. More-
over, every measure p € M has a unique representation p = [ muv(dm) with
v restricted to the class of ergodic measures.

Proof: The set M is clearly convex, and Theorem 9.10 shows that every
measure i € M has a representation [ mv(dm), where v is restricted to the
class of ergodic measures. To see that v is unique, introduce a regular version
n = p]-|Z], and fix a determining class C C S. By Theorem 9.9, there exists
a subsequence N’ C N such that p,B — nB a.s. u along N’ for all B € C.
Thus,

m{s € S; un(s,B) = n(s,B), Be€C} =1 ae. v, (6)

again with convergence along N’. Since v is restricted to ergodic measures,
(6) remains true with n(s, B) replaced by mB, and since C is determining we
obtain m{s; n(s,-) =m} =1 a.e. v. Hence, for any measurable set A C M,

pln € A} = [m{n € A}p(am) = [ 1a(m)v(dm) = vA,

which shows that v = pon™L.

To prove the equivalence of ergodicity and extremality, fix any measure
€ M with ergodic decomposition [mv(dm). First assume that p is ex-
treme. If it is not ergodic, then v is nondegenerate, and we may write
v = cv; + (1 — ¢)ry for some 3Ly and ¢ € (0,1). Since p is extreme,
we get [muvi(dm) = [muy(dm), and so v; = vy by the uniqueness of the
decomposition. The contradiction shows that u is ergodic.

Next let p be ergodic, so that v = ¢, and assume p = cuy + (1 — ¢)po
with p, e € M and ¢ € (0,1). If p; = [muv;(dm) for i = 1,2, then ¢, =
cv1 + (1 — ¢)vp by the uniqueness of the decomposition. Hence, v; = vy = ¢,
and so 1 = po, which shows that p is extreme. o
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Our next aim is to prove a subadditive version of Theorem 9.6. For
motivation and later needs, we begin with a simple result for nonrandom
sequences. A sequence ¢y, o, ... € Rissaid to be subadditive if ¢,y < ety
for all m,n € N.

Lemma 9.13 (subadditive sequences) For any subadditive sequence cy, ¢,
... €R, we have

. Cy . .C
lim — = inf — € [—00,00).
n—00 n, n o n

Proof: Tterating the subadditivity relation, we get for any k,n € N
cn < [n/E]ck + ok < [n/kjck + 1V - Voep.

Noting that [n/k] ~ n/k as n — oo, we get limsup,,_,..(¢,/n) < ¢/k for all
k, and so

.+ C . . pC . C . . C
inf = < liminf = < limsup — < inf 2. O
non n—oo  n n—oo N n.on

We turn to the more general case of two-dimensional arrays c;z, 0 <
J < k, which are said to be subadditive if ¢, < com + Cm, for all m < n.
For arrays of the form c;; = cx—;, the present definition reduces to the
previous one. Also note that subadditivity holds trivially for arrays of the
form ¢ = ajp1 + -+ + ag.

We shall extend the ergodic theorem to subadditive arrays of random
variables X5, 0 < j < k. Recall from Theorem 9.6 that, when X,,, =
Nj+1+- - -+ for some stationary and integrable sequence of random variables
M1, then Xy, /n converges a.s. and in L'. A similar result holds for general
subadditive arrays (X ;) whenever they are jointly stationary, in the sense
that (Xji1641) 2 (X;x). To allow a wider range of applications, we shall
prove the result under the slightly weaker assumptions

( X2k, Xok 3k, - - -) L (Xoes Xb2ks - ), k€N, (7)
(X1 Xiepg2s - - -) L (Xo,1, Xog2,---), ke N. (8)

For reference, we may restate the subadditivity condition

XO,n < XO,m + X’m,n> 0<m<n. (9)

Theorem 9.14 (subadditive ergodic theorem, Kingman) Let (Xmn) be a
subadditive array of random variables satisfying (7) and (8), put &, = Xo,
and assume that BE€T < co. Then &,/n converges a.s. toward some random
variable £ in [—00,00) with B¢ = inf, (B¢, /n) = c. The convergence holds
even in L' when ¢ > —oo. If the sequences in (7) are ergodic, then € is a.s.
a constant.
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Proof (Liggett): By (8) and (9) we have B < nE&F < oo. Let us first
assume ¢ > —o0, so that the X, , are all integrable. Iterating (9) yields

[n/k] n
& n 'Y Xgooegr+n7t Y, X1, mkeN (10)
J=1 j=kn/k]+1

For fixed k the sequence X—1kje, J € N, is stationary by (7 ), and so
Theorem 9.6 yields n~ Z]<n XG—)kjk — & a.s. and in L', where EE, = F¢;.
Hence, the first term in (10) tends a.s. and in L' toward & /k. Similarly,
n 'Y, Xjo1; — & as. and in L', so the second term in (10) tends in the
same sense to 0. Thus, the right-hand side tends a.s. and in L' toward & /k,
and since k is arbitrary we get

limsup(&,/n) < mf(fn/n) £ <00 as. (11)

n—oo

The variables £ /n are clearly uniformly integrable by Proposition 3.12, and
moreover

Elimsup(§,/n) < B¢ < %f(Egn/n) = i%f(Egn/n) =c. (12)

n—oo

To get a lower bound, introduce for each n € N a random variable
KndL(Xinn), uniformly distributed over the set {1,...,n}, and define

flrcb = X"quﬁn+k7 771? = §K71+k - fﬁn"!‘k_l? k€ N.

By (8) we have
(€., )L (&,6,...), neN (13)
Moreover, 7} < Xy tk—1rntk 4 & by (9) and (8), and so the random

variables ()" are uniformly integrable. On the other hand, the sequence
E¢&, ES,, . .. is subadditive, and so Lemma 9.13 yields as n — oo

Ent =n"Y(E&x — E&1) — iI%f(Egn/n) =c¢, keN (14)

In particular, sup,, E|n}!| < oo, and so the sequence 1}, 7%, . . . is tight for each
k. By Theorems 3.29, 4.19, and 5.14 there exist some random variables &,
and 7, such that

n ¢n no,n d
(517527"';77177727"') - (£i7£é7777177727) (15)

along a subsequence. Here (&}) 4 (&) by (13), and by Theorem 5.10 we may
then assume that £, = & for each k.

The sequence 71, 7s, . . . is clearly stationary, and by Lemma 3.11 it is also
integrable. Using (9) we get

77711 +eee 77]? = fnn-ﬁ—k - gﬁn < Xﬂn»'ﬂn,+k = 5}?7
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and in the limit n; + - - - + 1, < & a.s. Hence, Theorem 9.6 yields

Enfn > n’lqunn — 7 as. and in L'

for some 7j € L'. In particular, even the variables &, /n are uniformly inte-
grable, and hence so are &,/n. Using Lemma 3.11 and the uniform integra-
bility of the variables (n)* together with (12) and (14), we get

c=limsup Eny < En = E7 < Ehmlnfg— < Ehmbupg— < Ef<e.
n

n—oo n—oo

Thus, &,/n converges a.s., and by (11) the limit equals . By Lemma 3.11
the convergence holds even in L' and E = c. If the sequences in (7) are
ergodic, then &, = E¢, a.s. for each n, and so £ = ¢ a.s.

Now assume instead that ¢ = —oo. Then for each r € Z the truncated
array X, Vr(n —m), 0 < m < n, satisfies the hypotheses of the theo-
rem with ¢ replaced by ¢" = inf,(EE./n) > r, where & = &, V rn. Thus,
&, /n = (&/n) Vr converges a.s. toward some random variable £ with mean
¢, and so &, /n — inf, &" = €. Finally, B¢ = inf, ¢" = ¢ = —o0o by monotone
Convergence. a

As an application of the last theorem, we may derive a celebrated ergodic
theorem for products of random matrices.

Theorem 9.15 (random matrices, Furstenberg and Kesten) Consider a sta-
tionary sequence of random d x d matrices X™ whose elements are strictly
positive with integrable logarithms. Then there exists some random variable
€ such that n='log(X' - X");; — & a.s. and in L* for alli and j.

Proof: First let ¢ = j = 1, and define
Emm = log(X™ . X™)y, 0<m<n.

The array (—&u,,) is clearly subadditive and jointly stationary, and moreover
E|&o1| < oo by hypothesis. Further note that

(X Xn 11 dn 1H maxw

Hence,

fo (’I’L — 1)

k<n k<n i,

and so

n_lEfom <logd+ ZME ’10g Xl < o0,

Thus, by Theorem 9.14 and its proof, there exists some invariant random
variable ¢ with & ,,/n — & a.s. and in L'.
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To extend the convergence to arbitrary i,j € {1,...,d}, we may write
for any n € N

XZ?l(Xi3 . ~-X")11X{Lj+1 (X2 .. ~X"+1)¢j

<
< (XX AT X

Noting that n~"log X}» — 0 a.s. and in L' by Theorem 9.6 and using the sta-
tionarity of (X™) and invariance of £, we obtain n=!log(X?--- X"™),; — ¢
a.s. and in L', and the desired convergence follows by stationarity. O

We shall now consider invariance under transformations other than shifts.
A finite or infinite random sequence & = (&1, o, . . .) in some measurable space
(S,S) is said to be exchangeable if

(s Erar o) 2 (61,60, ) (16)

for all finite permutations ki, ko, ... of the index set I. For infinite I, we
further say that € is spreadable if (16) holds for all subsequences k1 < ko < - - -
of N. Finally, given any random probability measure 1 on S, we say that
¢ is conditionally n-i.i.d. if P[¢ € -|n] = n®! a.s., where the conditioning is
with respect to the o-field generated by all random variables nB, B € S.
The latter property clearly implies that £ is exchangeable. Also note that
any infinite exchangeable sequence is trivially spreadable. We shall prove the
remarkable fact that, for infinite sequences, all three properties are in fact
equivalent.

Theorem 9.16 (infinite exchangeable sequences, de Finetti, Ryll-Nardzew-
ski) Let & = (&) be an infinite random sequence in some Borel space S.
Then & is spreadable iff P[§ € «|n] = n™ a.s. for some random probability
measure 1 on S, in which case 1 s a.s. unique.

Proof: Assume that £ is spreadable, and let n be a regular version of
P[¢; € -|¢7'Z]. Fix any bounded measurable functions fi, fa,... on S and a
bounded Z-measurable function g on S*°. Using the spreadability of £, we
get by Lemma 9.3, Theorem 9.6, and dominated convergence

EHkénfk(fk) 9(&) = EI,_ fr&) 'milzjémfn<§n+j) -9(&)
= B[, /&) - nfa-9(6).

Since 7 is £~ 'Z-measurable, Lemma 1.13 shows that nf, = g,(£) for some
Z-measurable functions g,. We may then proceed by induction to obtain

E1], . fe(&) - 9(€) = ET],_ nfu- 9(6)-

Thus, P[¢ € A|¢7'Z] = n™°A a.s. for any measurable cylinder set A = By X
-+ x B, x5%, and the general relation follows by a monotone class argument.
Finally, P[¢ € -|n] = n™ a.s., since 7 is £ 'Z-measurable.
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To prove the uniqueness of 1, conclude from the law of large numbers and
Theorem 5.4 that

n’lzkgnlB(fk) —nB as., BeS. O

The last result shows that any infinite, exchangeable sequence in a Borel
space is mixed i.i.d., in the sense that Po£~! = En® for some random prob-
ability measure 7. For finite sequences the statement fails, and we need to
replace the i.i.d. sequences by so-called urn sequences, generated by succes-
sive drawing without replacement from a finite set.

To make this precise, fix any measurable space S, and consider a measure
of the form p = Y ;<, ds,, where s1,...,s, € S. The associated factorial
measure " on S™ is defined by

M(n) — Zp(ssopa

where the summation extends over all permutations p = (pi,...,p,) of
1,...,n, and we are writing sop = (sp,,...,5,,). Note that p™ s in-
dependent of the order of sq,...,s, and is measurable as a function of p.

Proposition 9.17 (finite exchangeable sequences) Let &y, ... &, be random
elements in some measurable space, and put & = (&) and n =Y, 0¢,. Then
¢ is exchangeable iff P[¢ € -|n] = n™ /n! a.s.

Proof: Since n is invariant under permutations of &1, ..., &,, we note that
(€ op,n) 4 (&,n) for any permutation p of 1,...,n. Now introduce an
exchangeable random permutation 7 L€ of 1,...,n. Using Fubini’s theorem
twice, we get for any measurable sets A and B in appropriate spaces

P{¢eB,neA} = P{{omeB,neA}
= E[P[ome Blg];n € Al
= E[(n)9™B;ne A a

Just as for the martingale and Markov properties, even the notions of
exchangeability and spreadability may be related to a filtration F = (F,).
Thus, a finite or infinite sequence of random elements £ = (£, &, . . .) is said
to be F-exchangeable if ¢ is F-adapted and such that, for every n > 0, the
shifted sequence 0, = (§,41,&r0, - - .) is conditionally exchangeable, given
Fn. For infinite sequences &, the notion of F-spreadability is defined in a
similar way. (Since those definitions may be stated without reference to
regular conditional distributions, no restrictions need to be imposed on S.)
When F is the filtration induced by &, the stated properties reduce to the
unqualified versions considered earlier.

An infinite sequence £ is said to be strongly stationary or F-stationary if
0.& 2 ¢ for every finite optional time 7 > 0. By the prediction sequence of £
we mean the set of conditional distributions

7 = Pl0,§ € |F), neEZ,. (17)
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The random probability measures 7y, 71, . .. on .S are said to form a measure-
valued martingale if (7, B) is a real-valued martingale for every measurable
set B C S.

The next result shows that strong stationarity is equivalent to exchange-
ability and exhibits an interesting connection with martingale theory.

Proposition 9.18 (strong stationarity) Fixz a Borel space S, a filtration F
on Zy, and an infinite, F-adapted random sequence & in S with prediction
sequence w. Then these conditions are equivalent:

(1) & is F-exchangeable;

(ii) & is F-spreadable;

(iii) & is F-stationary;
)

(iv) 7 is a measure-valued F-martingale.

Proof: Conditions (i) and (ii) are equivalent by Theorem 9.16. Assuming
(ii), we get a.s. for any B € S and n € Z,

E[tps1B|F,] = Pl0n1& € B|F,] = P[0,¢ € B|F,] =m,B,  (18)

which proves (iv). Conversely, (ii) is easily obtained by iteration from the
second equality in (18), and so (ii) and (iv) are equivalent.
Next we note that (17) extends by Lemma 5.2 to

m.B = P[0, € B|F,] as., BeS&™,

for any finite optional time 7. By Lemma 6.13 it follows that (iv) is equivalent
to
P{0,¢§ € B} = Em,B = EnyB=P{{ € B}, BeS>,

which in turn is equivalent to (iii). O

We shall now see how the property of exchangeability extends to a wide
class of random transformations. For a precise statement, we say that an
integer-valued random variable 7 is predictable with respect to a given filtra-
tion F, if the time 7 — 1 is F-optional.

Theorem 9.19 (predictable sampling) Let & = (&1,&,...) be a finite or
infinite F-exchangeable sequence of random elements in some measurable

space S, and let 1,...,T, be a.s. distinct F-predictable times in the index
set of €. Then

Ery e bn) Z (&1 ). (19)

Of special interest is the case of optional skipping, when 71 < 7o < ---. If
Tk = T + k for some optional time 7 < oo, then (19) reduces to the strong
stationarity in Proposition 9.18. In general, we are requiring neither £ to be
infinite nor the 75, to be increasing.
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For both applications and proof, it is useful to introduce the associated
allocation sequence
aj:inf{k;; Tk :]}, jEI,

where I is the index set of £&. Note that a finite value of a; gives the po-
sition of j in the permuted sequence (7). The random times 7, are clearly
predictable iff the «; form a predictable sequence in the sense of Chapter 6.

Proof of Theorem 9.19: First let £ be indexed by I = {1,...,n}, so that

(11,...,7a) and (ayq, ..., ) are inverse random permutations of I. For each
m € {0,...,n}, put o' = a; for all j < m, and define recursively

oy =min(l\ {a",...,a]"}), m<j<n
Then (af?,...,a") is a predictable and F,,_j-measurable permutation of
1,...,n. Since, moreover, o' = oz;-”’l = «a; whenever j < m, Theorem 5.4
yields for any bounded measurable functions fi,..., f, on .S

EIL (&) = EB[ILfar(&)
= EBIL., fop &) B[] ., fep (&)

= EIL. fup @) E|TL, e (€)
= EIL ().

fm—1:|

]:m71:|

fm71:|

Summing over m € {1,...,n} and noting that aj = a; and a? = j for all 7,
we get

Ekak(&k) = Eija] (&) = Ekak(fk)a

which extends to (19) by a monotone class argument.
Next assume that I = {1,...,m} with m > n. We may then extend the
sequence (1) to I by recursively defining

T =min(I \ {m,...,7%}), k>n, (20)
so that 71, ..., 7, form a random permutation of I. Using (20), it is seen by
induction that the times 7,.1,..., 7, are again predictable, so the previous

case applies, and (19) follows.
Finally, assume that I = N. For each m € N we may introduce the
predictable times

w=nl{m <mt+(m+k){n>m}, k=1,...,n,

and conclude from (19) in the finite case that

Errye s o) 2 (61, &) (21)
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As m — oo, we have 7" — 74, and (19) follows from (21) by dominated
convergence. O

The last result yields a simple proof of yet another basic property of
random walks in R, a striking relation between the first maximum and the
number of positive values. The latter result will in turn lead to simple proofs
of the arcsine laws in Theorems 11.16 and 12.11.

Corollary 9.20 (positivity and first maxzimum, Sparre-Andersen) Let &,
.., &, be exchangeable random variables, and put Sy, = & + -+ + &. Then

> 1Sk > 0} £ min{k > 0; S; = max;<, S}

Proof: Put ék = &uky1 for k= 1,...,n, and note that the ék. remain
exchangeable for the filtration Fj, = 0{Sy,,&1,...,&}, £ =0,...,n. Write
Sk =&+ -+ + &, and introduce the predictable permutation

k—1
=Y S < St +(n—k+1)1{S1 >S5}, k=1,....n.

=0

Define &, = 3°; gjl{aj =k} for k = 1,...,n, and conclude from Theorem
9.19 that (&) < (&). Writing S}, = &} + - - - + &, we further note that

n—1 n
min{k > 0; S = max;S}} = > 1{S; < S, } = > 1{S > 0}. m
j=0 k=1

Turning to continuous time, we say that a process X on some real interval
has exchangeable or spreadable increments if, for any disjoint subintervals
(s,t] of equal length, the associated increments X; — X are exchangeable
or spreadable, respectively. Let us further say that the increments of X are
conditionally stationary and independent, given some o-field Z, if the stated
property holds conditionally for any finite set of intervals. Finally, say that
X is continuous in probability if X EN X;as s —t.

The following continuous-time version of Theorem 9.16 characterizes the
exchangeable-increment processes on R;. The much harder finite-interval
case is not considered until Theorem 14.25.

Theorem 9.21 (exchangeable-increment processes, Bihlmann) Let the pro-
cess X on Ry be continuous in probability. Then X has spreadable increments

iff the increments are conditionally stationary and independent, given some
o-field T.

Proof: The sufficiency is obvious, so it is enough to prove that the stated
condition is necessary. Thus, assume that X has spreadable increments.
Then the increments &, over the dyadic intervals I, = 27"(k — 1, k] are
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spreadable for fixed n, so by Theorem 9.16 they are conditionally 7,-i.i.d.
for some random probability measure 7, on R. Using Corollary 2.12 and the
uniqueness in Theorem 9.16, we obtain

$Qn—m

n, =17, as, m<n. (22)

Thus, for any m < n, the increments &, are conditionally n,,-i.i.d. given n,.
Since the o-fields o(n,) are a.s. nondecreasing by (22), Theorem 6.23 shows
that the &,x remain conditionally 7,,-i.i.d. given Z = o {no,n1,. . .}.

Now fix any disjoint intervals Iy, ..., I, of equal length with associated
increments &1, ..., &,. Here we may approximate by disjoint intervals I7*, ...,
I of equal length with dyadic endpoints. For each m, the associated incre-
ments £ are conditionally i.i.d., given Z. Thus, for any bounded, continuous
functions f1,..., fn,

B [T, /(60| 2] = TLe, EUA(EIT) =TT, ELA(EMIT). (23)

Since X is continuous in probability, we have & K8 &, for each k, so (23)
extends by dominated convergence to the original variables £,. By suitable
approximation and monotone class arguments, we may finally extend the re-
lations to any measurable indicator functions f = 1p,. O

Exercises

1. State and prove continuous-time, two-sided, and higher-dimensional
versions of Lemma 9.1.

2. Consider a stationary random sequence £ = (&1,&,...). Show that
the &, are i.i.d. iff & 1L(&, &, .. .).

3. Fix a Borel space S, and let X be a stationary array of S-valued
random elements in S, indexed by N?. Show that there exists a stationary
array Y indexed by Z¢ such that X =Y a.s. on N%

4. Let X be a stationary process on R, with values in some Borel space
S. Show that there exists a stationary process ¥ on R with X 2Y on R,.
Strengthen this to a.s. equality when S is a complete metric space and X is
right-continuous.

5. Consider a two-sided, stationary random sequence £ with restriction
n to N. Show that £ and n are simultaneously ergodic. (Hint: For any
measurable, invariant set I € SZ, there exists some measurable, invariant set
I'e SN with I = S%- x I' as. Po&™1)

6. Establish two-sided and higher-dimensional versions of Lemmas 9.4
and 9.5 as well as of Theorem 9.8.
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7. A measure-preserving transformation 7" on some probability space
(S, S, ) is said to be mizing if p(ANT"B) — pA-uB for all A,B € S.
Prove the counterpart of Lemma 9.5 for mixing. Also, show that any mixing
transformation is ergodic. (Hint: For the latter assertion, take A = B to be
invariant.)

8. Show that it is enough to verify the mixing property for sets in a
generating m-system. Use this fact to prove that any i.i.d. sequence is mixing
under shifts.

9. Fix any a € R, and define T's = s + a (mod 1) on [0,1]. Show that T'
fails to be mixing but is ergodic iff a € Q. (Hint: To prove the ergodicity, let
I € [0,1] be T-invariant. Then so is the measure 1; - A, and since the points
ka are dense in [0, 1], it follows that 1;- A is invariant. Now use Lemma 1.29.)

10. (Bohl, Sierpiriski, Weyl) For any a ¢ Q, let pu, = n~' Y j<,, 6ra, Where
ka is defined modulo 1 as a number in [0,1]. Show that u, = \. (Hint:
Apply Theorem 9.6 to the mapping of the previous exercise.)

11. Prove that the transformation T's = 2s (mod 1) on [0, 1] is mixing.
Also show how the mapping of Lemma 2.20 can be generated as in Lemma
9.1 by means of T

12. Note that Theorem 9.6 remains true for invertible shifts T, with
averages taken over increasing index sets [a,,b,] with b, — a,, — oco. Show
by an example that the a.s. convergence may fail without the assumption of
monotonicity. (Hint: Consider an i.i.d. sequence (&,) and disjoint intervals
[an, by, and use the Borel-Cantelli lemma.)

13. Consider a one- or two-sided stationary random sequence (&) in some
measurable space (S,S), and fix any B € S. Show that a.s. either &, € B°
for all n or &, € B i.o. (Hint: Use Theorem 9.6.)

14. (von Neumann) Give a direct proof of the L2-version of Theorem 9.6.
(Hint: Define a unitary operator U on L?(S) by Uf = foT. Let M denote
the U-invariant subspace of L? and put A = I — U. Check that M+t = Ry,
the closed range of A. By Theorem 1.34 it is enough to take f € M or
f € Ra.) Deduce the general LP-version, and extend the argument to higher
dimensions.

15. In the context of Theorem 9.12; show that the ergodic measures form
a measurable subset of M. (Hint: Use Lemma 1.38, Proposition 3.31, and
Theorem 9.9.)

16. Prove a continuous-time version of Theorem 9.12.
17. Deduce Theorem 3.23 for p < 1 from Theorem 9.14. (Hint: Take
Xinn = |Sn — Sm|?, and note that E|S, |’ = o(n) when p < 1.)

18. Let £ = (&1,&,...) be a stationary sequence of random variables, fix
any B € B(R?), and let x,, be the number of indices k € {1,...,n — d} with
(&, ..., &a) € B. Prove from Theorem 9.14 that ,/n converges a.s. Deduce
the same result from Theorem 9.6, by considering suitable subsequences.
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19. Show by an example that a finite, exchangeable sequence need not be
mixed i.i.d.

20. Let the random sequence ¢ be conditionally n-i.i.d. Show that ¢ is
ergodic iff 7 is a.s. nonrandom.

21. Let £ and 7 be random probability measures on some Borel space such
that EE® = En™. Show that £ < 1. (Hint: Use the law of large numbers.)

22. Let &1, &, ... be spreadable random elements in some Borel space S.
Prove the existence of a measurable function f: [0,1]* — S and some i.i.d.
U(0,1) random variables ¥y, 91, ... such that &, = f(J,9,) a.s. for all n.
(Hint: Use Lemma 2.22, Proposition 5.13, and Theorems 5.10 and 9.16.)

23. Let & = (&,&,...) be an F-spreadable random sequence in some
Borel space S. Prove the existence of some random measure 1 such that, for
each n € Z., the sequence 6™¢ is conditionally n-i.i.d. given F,, and 7.

24. Let &, ..., &, be exchangeable random variables, fix a Borel set B, and
let 7y < --- <7, be the indices k € {1,...,n} with >, ;. & € B. Construct a
random vector (11, ..., 7,) 4 (&1,...,&,) such that &, = as. forall k < v.
(Hint: Extend the sequence (73) to k € (v,n], and apply Theorem 9.19.)

25. Prove a version of Corollary 9.20 for the last maximum.



Chapter 10

Poisson and Pure Jump-Type
Markov Processes

Existence and characterizations of Poisson processes; Cox pro-
cesses, randomization and thinning; one-dimensional uniqueness
criteria; Markov transition and rate kernels; embedded Markov
chains and explosion; compound and pseudo-Poisson processes;
Kolmogorov’s backward equation; ergodic behavior of irreducible
chains

Poisson processes and Brownian motion constitute the basic building blocks
of modern probability theory. Our first goal in this chapter is to introduce the
family of Poisson and related processes. In particular, we construct Poisson
processes on bounded sets as mixed sample processes and derive a variety of
Poisson characterizations in terms of independence, symmetry, and renewal
properties. A randomization of the underlying intensity measure leads to the
richer class of Cox processes. We also consider the related randomizations
of general point processes, obtainable through independent motions of the
individual point masses. In particular, we will see how the latter type of
transformations preserve the Poisson property.

It is usually most convenient to regard Poisson and other point processes
on an abstract space as integer-valued random measures. The relevant parts
of this chapter may then serve at the same time as an introduction to random
measure theory. In particular, Cox processes and randomizations will be
used to derive some general uniqueness criteria for simple point processes
and diffuse random measures. The notions and results of this chapter form
a basis for the corresponding weak convergence theory developed in Chapter
14, where Poisson and Cox processes appear as limits in important special
cases.

Our second goal is to continue the theory of Markov processes from Chap-
ter 7 with a detailed study of pure jump-type processes. The evolution of
such a process is governed by a rate kernel a,, which determines both the rate
at which transitions occur and the associated transition probabilities. For
bounded « one gets a pseudo-Poisson process, which may be described as a
discrete-time Markov chain with transition times given by an independent,
homogeneous Poisson process. Of special interest is the case of compound
Poisson processes, where the underlying Markov chain is a random walk. In

176
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Chapter 17 we shall see how every Feller process can be approximated in a
natural way by pseudo-Poisson processes, recognized in that context by the
boundedness of their generators. A similar compound Poisson approximation
of general Lévy processes is utilized in Chapter 13.

In addition to the already mentioned connections to other topics, we note
the fundamental role of Poisson processes for the theory of Lévy processes
in Chapter 13 and for excursion theory in Chapter 19. In Chapter 22 the
independent-increment characterization of Poisson processes is extended to a
criterion in terms of compensators, and we derive some related time-change
results. Finally, the ergodic theory for continuous-time Markov chains devel-
oped at the end of this chapter is analogous to the theory for discrete-time
chains in Chapter 7, and also to the relevant results for one-dimensional
diffusions obtained in Chapter 20.

To introduce the basic notions of random measure theory, we may fix
a topological space S, which we assume to be locally compact, second-
countable, and Hausdorff (abbreviated as lcscH). We denote the Borel o-field
in S by S. In applications, S is typically an open subset of a Euclidean space
R?, and on a first reading one may assume that S = R?. Write S for the
ring of relatively compact sets in S. By a random measure on S we mean
a locally finite kernel £ from the basic probability space (€2,.4) into (S,S).
Thus, & is a mapping from Q x S to [0, oo] such that {(w, B) is a locally finite
measure in B for fixed w and an [0, co]-valued random variable in w for fixed
B. Here the term locally finite means that £(-, B) < oo a.s. for all B € S.

By Lemma 1.37 it is equivalent to think of £ as a random element in the
space M (S) of locally finite measures on S, equipped with the o-field induced
by all evaluation maps 7g: p +— uB. For convenience we write £B = £(+, B)
and &f = [ fd§ = [ f(s)€(-,ds). The integral £f is measurable, hence an
[0, 0o]-valued random variable, for every measurable function f: S — R,. In
particular, we note that £ f < oo for all f € Cf(S), the space of continuous
functions f:.S — R, with compact support. By monotone convergence, the
intensity E€, given by (E€)B = E(£B), is again a measure on S, although
it may not be o-finite in general.

The following result provides the basic uniqueness criteria for random
measures. Stronger results are given for simple point processes and diffuse
random measures in Theorem 10.9, and related convergence criteria appear
in Theorem 14.16.

Lemma 10.1 (uniqueness of random measures) Let & and n be random
measures on S. Then & < n iff Ee=f = Ee™F for all f € C(S) and also
if

(gBl7a€Bn)g(nBl7aan)a Bl7-'-aBn€‘§7 n € N. (1)

Proof: The sufficiency of (1) is clear from Proposition 2.2. Now assume
that Fe=¢/ = Ee ™ for every f € C};. Since Cj is closed under positive
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linear combinations, Theorem 4.3 yields

d

(fflaaffn) = (nfla"'anfn)a fla~"7f’n ec}t: TLEN

By Theorem 1.1 we get Po &' = Pon~' on F = o{ny; f € Cit}, where
my: > pf, and it remains to show that F contains G = o{mp; B € S}
Then fix any compact set B C S, and choose some functions f,, € Cj
with f, | 1g. Then puf, | uB for every u € M(S), and so the mapping 7p is
F-measurable by Lemma 1.10. Next apply Theorem 1.1 to the Borel subsets
of an arbitrary compact set, to see that 75 is F-measurable for any B € S.
Hence, G C F. O

By a point process on S we mean an integer-valued random measure £.
In this case B is clearly a Z,-valued random variable for every B € S. The
support of ¢ is a locally finite random subset = C S. We say that £ is simple
if each point of E has mass 1, so that ¢B = |[EN B| for all B € S, where | B
denotes the cardinality of the set B. In general, (B > |=N B|, and a simple
approximation shows that £*B = |Z N B| is measurable and hence a simple
point process on S. Point processes may be regarded as random elements in
the space NV (S) € M(S) of locally finite, integer-valued measures on S.

We shall often use partitions of the sample space S. By a dissecting system
we mean an array of Borel sets D,,; C S that form a nested sequence of finite
partitions of S, one for each n, and have the following further property. For
any compact set K C S with open cover {G;}, we assume the existence of
some n such that every set K N D,; is contained in some G;. To construct a
dissecting system, we may start from any countable base Bj, Bs, ..., and let
D,1, Dya, . .. be the partition of S induced by the sets By, ..., B,. It is then
easy to verify the dissecting property. For a simple application, note that if
(Dy;) is dissecting and p € N(S), then Y= ;{ (BN Dyj) A1} — pi* B for every
B € §. In particular, this shows that the mapping p — p* is measurable.

A random measure £ on S is said to have independent increments if
¢By, ..., B, are independent for any disjoint sets By,..., B, € S, n € N.
By a Poisson process on S with intensity measure u € M(S) we mean a
point process £ on S with independent increments such that £B is Poisson
distributed with mean B for every B € S. By Lemma 10.1 the stated condi-
tions specify the distribution of £, which is then determined by the intensity
measure fi.

Results for Poisson and related processes may often be derived by easy
computations involving Laplace functionals. For this purpose we need the
real version of the following formula; the complex version is not required until
Chapter 13.

Lemma 10.2 (characteristic functional) Let & be a Poisson process on S
with intensity p. Then for any measurable function f: S — Ry,

Ee¢ = exp{—p(1 — e /)}. (2)
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If instead f: S — R is measurable with p(|f| A1) < oo, then (2) holds with
f replaced by —if.

Proof: If n is a Poisson random variable with mean ¢, then

(ca)"”

_ —c(1-a)
I =e , a€C.

Ee™ =e¢

Thus, for f = >« axlp, with ay,. .., a, € C and disjoint By, ..., B, € S,
FEe ¥ = Eexp {—Zkak§Bk} = HkEefaka’f

Hk exp{—uBr(1 —e )}

= exp {_ZkﬂBk(l — e_a’“)} = e =),

For general f > 0 we may choose some simple functions f,, > 0 with f, T f
and conclude by monotone convergence that £f, — £f and p(1 — e /) —
u(l —e=f). Formula (2) then follows by dominated convergence from the
version for f,.

Next assume that p(|f|A1) < co. Writing (2) with f replaced by ¢|f| and
letting ¢ | 0, we get by dominated convergence P{¢|f| < oo} =€’ =1, and
so &|f] < oo a.s. Next choose some simple functions f,, — f with |f,| < |f],
and note that |1 —e~%/»| < (|f| A 2) by Lemma 4.14. By dominated conver-
gence we obtain £f,, — f and pu(1 —e™n) — p(1 —e~*). Thus, (2) follows
with f replaced by —if from the version for —if,,. a

To prepare for the construction of a general Poisson process, fix an ar-
bitrary probability measure p on .S, and let 7y, 79, ... be i.i.d. random ele-
ments in S with distribution p. A point process with the same distribution
as £ = Y p<pn 0y, is called a sample process based on p and n. Note that
& = nfiy,, where i, denotes the empirical distribution based on the random
sample 71, ...,7,. Next consider a Z,-valued random variable 1L (~,) with
distribution v. A point process distributed as & = Y-y« 95, is called a mized
sample process based on y and v. -

The following result gives the basic connection between Poisson and mixed
sample processes. Write u[-|B] = u(- N B)/pB for uB > 0.

Proposition 10.3 (Poisson and mized sample processes) Let & be a point
process on some o-finite measure space (S,S,u). Then & is Poisson with
intensity u, iff for every B € S with uB € (0,00), the restriction 1g - £ is a
mized sample process based on the measure |- |B] and the Poisson distribu-
tion with mean uB.

Proof: Fix any B € S with 0 < pB < oo, and define n = > <, 6,,,
where 71,72, ... are i.i.d. p[-|B] and & is an independent Poisson variable
with mean pB. Then Es* = e #B(1=%) and so by Fubini’s theorem

B = Bexp{-Y,_ J(w)} = BB/ = Blule™|B))"
exp{—pB(1 = ple”/| B)} = exp{=pll = /s B}
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By Lemmas 10.1 and 10.2 we may conclude that 7 is Poisson with En = 13-4,
and the asserted equivalence follows since B is arbitrary. O

We may now state the basic existence theorem for Poisson processes. For
this result alone, no regularity conditions are imposed on the space S. Recall
that a measure p on S is said to be diffuse if u{s} =0 for all s € S.

Proposition 10.4 (Poisson existence and simplicity, Kingman, Mecke) For
any o-finite measure space (S, S, ) there exists a Poisson process & on S with
E& =p. When S is Borel, £ is a.s. simple iff p is diffuse.

Proof: We may decompose S into disjoint subsets By, By,... € § with
measures uB, € (0,00). By Corollary 5.18 there exist some independent
mixed sample processes &;,&,... on S such that each &, is based on the
measure - |B,] and the Poisson distribution with mean pB,,. Then Propo-
sition 10.3 shows that each process &, is Poisson with F¢,, = 1p, - u, and so
& =13,¢&, is Poisson with intensity F§ =3, (1, - 1) = p.

To prove the last assertion, it is enough to establish the corresponding
property for mixed sample processes. Then let 71,7, ... be i.i.d. with distri-
bution u. By Fubini’s theorem

Plyi=} = [ nlshulds) = 3 (u{sh?, i 4.

and so the v, are a.s. distinct iff ;1 is diffuse. |

Now return to the setting of an arbitrary lescH space S. We shall intro-
duce two basic constructions of point processes from a given random measure
or point process on S. First consider an arbitrary random measure £ on S.
By a Cox process directed by & we mean a point process 17 on S such that 7
is conditionally Poisson, given £, with E[n|¢] = ¢ a.s.

We next define a v-randomization ¢ of an arbitrary point process & on
S, where v is a probability kernel from S to some lescH space T. As-
suming first that & is nonrandom and equal to m = >, d;,, we may take
¢ = Yk s, > Where the v, are independent random elements in 7" with dis-
tributions v(sg, -). Note that the distribution p,, of ¢ depends only on m. In
general, we define a v-randomization ¢ of £ by the condition P[¢ € -[£] = p¢
a.s. In the special case when 7' = {0,1} and v(s,{0}) = p € [0, 1], we refer
to the point process &, = ((- x {0}) on S as a p-thinning of &.

The following result ensures the existence of Cox processes, randomiza-
tions, and thinnings.

Proposition 10.5 (Cox processes and randomizations) For any random
measure £ on some lcscH space S, there exists a Cox process n directed by &,
defined on a suitable extension of the basic probability space. Similarly, given
any point process & on S and probability kernel v from S to some lcscH space
T, there exists in the same sense some v-randomization ¢ of €.
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Proof: Let p,, denote the distribution of a Poisson process with intensity
m € M(S). For disjoint sets By,..., B, € S we have

mB;)k
pu (VB; = k) = [ P2 cmom,
|

Jj<n j<n

and so the left-hand side is a measurable function of m. In general, the prob-
ability on the left is a finite sum of such products, and so the measurability
remains valid. Since the sets on the left form a 7-system generating the o-
field in NV(S), Lemma 1.37 shows that p is a probability kernel from M(S)
to N(S). The existence of n now follows by Lemma 5.9.

In case of randomizations, we may first assume that 7" = [0,1] and
v(s,-) = A\. For each m € N(S), let p,, denote the distribution of a -
randomization of m. By Lemma 5.9 we need to verify that p is a kernel
from N(S) to N(S x T). It is then enough to show that pn, N;<.{n4; = k;}
is measurable for any measurable rectangles Ay, = By x C, C S x [0,1],
and we may further reduce to the case when By = --- = B, and the sets
Cy, ..., C, are disjoint. The stated probability is then given by a multinomial
distribution, and the desired measurability follows.

For general T' and v, Lemma 2.22 provides a measurable function f :
S x [0,1] — T such that f(s,9) has distribution v(s,-) when ¢ is U(0, 1).
Letting i be a A-randomization of £ and writing g(s,t) = (s, f(s,t)), we may
define ¢ = no ¢g~!, which is clearly a v-randomization of &. O

The following result shows in particular that the Poisson and Cox prop-
erties are preserved under randomizations and thinnings.

Proposition 10.6 (iterated transforms) For any lcscH spaces S, T, and U
and probability kernels p and v from S to T and from SxT to U, respectively,
we have the following:

(i) If n is a Cox process directed by some random measure & on S and ¢
is a p-randomization of n with (1L, then ¢ is again Cox and directed
by €@ p;

(i) if n is a p-randomization of some point process & on S and ¢ is a
v-randomization of n, then C is a p @ v-randomization of €.

Note that the conditional independence in (i) holds automatically when ¢
is constructed by randomization, as in Lemma 5.9. The result will be proved
by means of Laplace functionals, which requires a simple lemma. Here a
kernel p is regarded as an operator, given by uf(s) = [u(s,dt)f(t). We
shall further write fi(s,-) = 05 ® pu(s,-), so that v ® u = v

Lemma 10.7 (Laplace functionals) Consider a Cox process n directed by
&, a p-randomization ¢ of £, and a p-thinning &, of £&. The corresponding
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Laplace functionals are related by

Veu(fr9) = Ye(fH+1—e79), (3)
Pe(f) = ve(—logpie™), (4)
Vee,(f9) = Ye(f —log{l —p(1—e)}). (5)

A comparison of (3) and (5) suggests that, for small p > 0, a p-thinning
should be nearly Cox. The statement will be made precise in Theorem 14.19.

Proof: To prove (3), we note that by Lemma 10.2
wfa”?(fv g) = Eeigfing = EefffE[efng|§}
Ee ¥ exp{—€£(1—e )} =e(f+1—e79).

To prove (4) we may first assume that £ = °; J, is nonrandom. Introducing
random elements 7, in T with distributions p(sg, ), we get

Ue(f) = Be ¥l = Eexp {_Zkf(3k>7'k)}
— HkEe*f(Sk,Tk) — Hkﬂe*f(sk)
= exp)_ log e (si) = exp Elog e

Hence, in general,

Ye(f) = Eexp&log jie = qpe(—log fie™/).

Relation (5) may be either deduced from (4) or derived directly by the same
method. |

Proof of Proposition 10.6: To prove (i), we may conclude from Lemma
10.7 and the conditional independence that

Vene(frg) = Ee S E[e™9|¢,n] = Be S enloshe™
= Ye(pf +1—je™) =ep(f +1—e79).

The result now follows by Lemmas 10.1 and 10.7.
To prove (ii), we may use Lemma 10.7 to obtain

Ye(f) = ty(—logve™ ) = ye(~log five™") = Ye(~log(n@v)e™). O

We now proceed to establish a simple uniqueness property of Cox pro-
cesses and thinnings, which is needed in a subsequent proof.

Lemma 10.8 (uniqueness for Cox processes and thinnings) Ifn andn' are
Cox processes directed by & and &, respectively, then & < & iff n < .
Similarly, if &, and &, are p-thinnings of § and &', respectively, for some

pe(0,1), then § L& iff g, £ ¢,
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Proof: Inverting the first relation in Lemma 10.7, we get for any bounded
measurable function f: S — Ry

ve(tf) = vy(=log(L = tf)), te[0[f]7),

where || f|| = sup, fs. Here the left-hand side is analytic in ¢ € (0, 00), and
so Ye(f) is uniquely determined by v,. The first assertion now follows by
Lemma 10.1. The proof of the second assertion is similar. O

We shall use the Cox transformations and thinnings to establish some
general uniqueness criteria for simple point processes and diffuse random
measures, improving the elementary statements in Lemma 10.1. Related
convergence criteria are given in Proposition 14.17 and Theorems 14.27 and
14.28.

Theorem 10.9 (one-dimensional uniqueness criteria)
(i) Let & and n be simple point processes on S. Then & 4 n iff P{¢B =0}
= P{nB =0} forall B€S.
(i) Let & and n be simple point processes or diffuse random measures on
S, and fix any ¢ > 0. Then & 2 n iff Ee=%B = Fe="8 for all B € S.
(iii) Let & be a simple point process or diffuse random measure on S, and

let 1 be an arbitrary random measure on S. Then & 4 n iff EB < nB
forall BeS.

Proof: (i) Assume the stated condition. The class C of sets {y; uB = 0}
with B € S is clearly a m-system, and so Theorem 1.1 yields Po&~! = Pon~!
on o(C). From the construction of * via dissecting systems, it is further seen
that the mapping p +— p* is o(C)-measurable. Hence, £ = £* 4 nt=n.

(ii) In the diffuse case, let éand 71 be Cox processes directed by ¢£ and cn,
respectively. By dominated convergence, Lemma 10.7 applies with g = oco-1p,
and we get

P{EB=0}=FEe P = e = P{B=0}, BeS.

Since é and 7 are a.s. simple by Proposition 10.4, part (i) yields é 4 7, and
hence & 4 1 by Lemma 10.8. For simple point processes we may use a similar
argument, based on thinnings instead of Cox processes.

(iii) Fix a dissecting system (D,;). Under the stated condition, we get

in the point process case nD,,; € Z4 outside a fixed null set, and it follows
easily that even 7 is a point process. Then (i) yields & 2 7", so for any B € S
we get Be "’ = Fe=¢P = Ee ™ P and therefore nB = n*B a.s. Hence, 7 is
a.s. simple, and so & 4 nt=n.

Next assume that £ is a.s. diffuse. Introduce Cox processes é and 7 as
before, and note that B 4 7B for each B € S. Since € is also a.s. simple
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by Proposition 10.4, we may conclude as before that fg 7. Hence, & 2 n by

Lemma 10.8. O

As a simple consequence, we get the following characterization of Poisson
processes.

Corollary 10.10 (one-dimensional Poisson criterion, Rényi) Let & be a
random measure on S with £{s} =0 a.s. for all s € S. Then & is Poisson iff
&B is Poisson distributed for every B € S, in which case p = E¢ is locally
finite and diffuse.

Proof: The measure 1 is locally finite and diffuse, since uB = E{B < oo
for all B € S and pu{s} = E{{s} =0 for all s € S. By Proposition 10.4 there
exists some a.s. simple P01sson process n on S with En = u. Since £€B = nB
for every B € S, we get f =7 by Theorem 10.9. |

We proceed to extend the basic definitions to the case of marks. Let us
then fix two lescH spaces S and K, equipped with their Borel o-fields S and
K, respectively. By a K-marked point process on S we mean a point process
¢ on S x K such that £({s} x K) <1 holds identically for all s € S. Note
that the projection (- x K) is not required to be locally finite.

We say that € has independent increments if the point processes £(By X -),

..,&(B, x ) on K are independent for any disjoint sets By, ..., B, € S. We
further say that £ is a Poisson process if it is Poisson in the usual sense on the
product space S x K. The following result characterizes Poisson processes
in terms of the independence property. The result plays a crucial role in
Chapters 13 and 19. A related characterization in terms of compensators is
given in Corollary 22.25.

Theorem 10.11 (independence and Poisson property, Erlang, Lévy) Let &
be a K-marked point process on S such that ({s} x K) = 0 a.s. for all
s € S. Then & is Poisson iff it has independent increments, in which case
E¢ is locally finite with diffuse projections onto S.

The proof will be based on a simple lemma.

Lemma 10.12 (dissection properties) Let & be a simple point process on S
with £{s} = 0 a.s. for all s € S. Fiz a set B € § and a dissecting system
(Dy;), and define B,; = BN D,;. Then
(i) max; (B, V1 —1 a.s.;
Proof: (i) Fix any p € N(S). For each s € B we may choose an open set

G, 3 s with u*G, < 1. By the dissecting property we may next choose n so
large that each set B,; lies in some G,. Then max; p*By; < 1.
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(ii) Fix any ¢ > 0. For each s € B we have P{{{s} > 0} = 0, and
by dominated convergence we may then choose an open set Gy > s with
P{¢(G, > 0} < e. By the dissecting property we may next choose n so large
that each set B,; lies in some G;. Then max; P{{B,; > 0} < ¢. O

Proof of Theorem 10.11: Fix any bounded Borel set B C S x K, and note
that the projection n = (15 - £)(- x K) is a simple point process on S with
independent increments such that n{s} = 0 a.s. for all s € S. Now introduce
a dissecting system (D,,;) of S. By Lemma 10.12 the random variables 7D,
form a null array with max;nD,; V1 — 1 a.s., and so {B =nS = >, nD,;
is Poisson by Theorem 4.7. Since B was arbitrary, the whole process £ is
Poisson by Corollary 10.10. a

The last theorem yields in particular a representation of random measures
with independent increments. A version for general processes on R, will be
proved in Theorem 13.4.

Corollary 10.13 (independent-increment random measures) A random
measure £ on S has independent increments and satisfies £{s} = 0 a.s. for

all s iff oo R
EB:aB—I—/O xn(B xdz), BES, (6)

for some nonrandom, diffuse measure o on S and some Poisson process n
on S x (0,00) with n({s} x (0,00)) =0 a.s. for all s € S and

/OOO(J: A1) En(B x dz) < 0o, BeS. (7)

Proof: Define n = 37, 6,¢5) and note that n may be regarded as a §-
measurable point process on S with marks in (0, c0). Subtracting the atomic
part, we get a diffuse random measure « satisfying (6). If ¢ has independent
increments and £{s} = 0 a.s. for all s, then the corresponding properties hold
for a and 7, and so « is nonrandom by Theorem 4.11 whereas 7 is Poisson by
Theorem 10.11. Furthermore, Lemma 10.2 shows that (7) is necessary and
sufficient for the local finiteness of the integral in (6). o

The next result gives a related characterization by symmetry. Given a
random measure £ and a diffuse measure p on .S, we say that £ is u-symmetric

if o f7! 2 ¢ for every p-preserving mapping f on S.

Theorem 10.14 (symmetric and mized Poisson processes) Fix a diffuse,
locally finite, and unbounded measure j on S, and let £ be a simple point
process on S. Then & is p-symmetric iff it is conditionally Poisson with
intensity measure o, giwen some random variable oo > 0.

Proof: First assume that uB = 0 for some B € §. Fix any a € B¢, and
define f(z) =z on B¢ and f(z) = a on B. Then f is p-preserving, so we get

E€B L ¢o f~1B =0, and therefore B = 0 a.s.
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By Theorem A1.6 we may assume that S is a Borel subset of R,. Let
f be p-preserving on R, and define f = fon f71S and f =a € Son
f~18e. Since po f~15¢ = 0, we note that f is p-preserving on S and that
Eof1S°=0as. Thus, Eof ' =¢o f‘l 4 &, which reduces the discussion
to the case when S =R,.

Next assume that A € § with pA¢ = 0, and let f be p-preserving on A.
Define f = f on A and f(x) =z on A°. Then f is p-preserving on R, ; and
so o f~1 2L ¢ which implies €0 f~1 £ ¢ on A. Since, moreover, £A° = 0 a.s.,
it is equivalent to take S = A. Now define g(z) = inf{t > 0; u[0,t] > x},
and note that g maps bijectively onto the right support A = Nso{t > 0;
plt,t +h) >0} with Ao g~! = p. Since pA° = 0, we may henceforth assume
that u= .

By Theorem 9.21, the increments of £ over dyadic intervals are condi-
tionally stationary and independent, given some o-field Z. By Theorem 4.7
applied to the conditional distribution of all dyadic increments, the latter
are seen to be conditionally Poisson, and so ¢ is conditionally a homoge-
neous Poisson process. The associated rate @ may be constructed as an
Z-measurable random variable, using the law of large numbers, and so it is
equivalent to condition on a. O

Integrals with respect to Poisson processes occur frequently in applica-
tions. The next result gives criteria for the existence of the integrals £f),
& —-&)f, and (£ — pu)f, where £ and £ are independent Poisson processes
with a common intensity measure p. In each case the integral may be defined
as a limit in probability of elementary integrals & f,,, (§ — &) fn, or (§ — 1) fu,
respectively, where the f, are bounded with compact support and such that
|ful < |f] and f, — f. The integral of f is said to ezist if the appropriate
limit exists and is independent of the choice of approximating functions f,.

Theorem 10.15 (Poisson integrals) Let & and &' be independent Poisson
processes on S with a common o-finite intensity measure p, and fix any
measurable function f on S. Then

(i) &f emists iff p(|f] A1) < oo;
(i) (& —¢&)f exists iff u(f2 A1) < oo;
(i) (& —p)f exists iff n(f* A |f]) < oo.

If one of the conditions fails, then the corresponding set of approximating
elementary integrals is not tight.

Proof: (i) If €|f| < oo a.s., then u(|f| A1) < oo by Lemma 10.2. The
converse implication was established in the proof of the same lemma.
(ii) First consider a deterministic counting measure v = Y, ds,, and define
= Y Uids, where ¥q,9s, ... are i.i.d. random variables with P{v) = +1}
By Theorem 3.17 the series 7 f converges a.s. iff vf? < oo, and otherwise

A

1
o
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|71l £ o0 for any bounded approximations f, = 1p, f with B, € S. The re-
sult extends by conditioning to arbitrary point processes v and their symmet-
ric randomizations 7. Now Proposition 10.6 exhibits £ — &’ as such a random-
ization of the Poisson process & 4 &', and by part (i) we have (£ +¢&')f? < oo
a.s. iff u(f2A1) < oo.

(iii) Write f = g+ h, where g = f1{|f| <1} and h = f1{|f| > 1}. First
assume that pug® + plh| = u(f2A|f]) < oo. Since clearly E(Ef — uf)? = uf?,
the integral (£ — p)g exists. Furthermore, £h exists by part (i). Hence, even
(€ —p)f =(&—ng+Eh— ph exists.

Conversely, assume that (§ — p)f exists. Then so does (£ — &) f, and by
part (i) we get ug® + pu{h # 0} = u(f?> A1) < co. The existence of (€ — u)g
now follows by the direct assertion, and trivially even £h exists. Thus, the
existence of ph = (§ — p)g + &h — (€ — p) f follows, and so plh| < oco. ]

A Poisson process € on R, is said to be time-homogeneous with rate ¢ > 0
if E¢ = cA. In that case Proposition 7.5 shows that N; = £[0,¢], ¢ > 0, is
a space- and time-homogeneous Markov process. We shall introduce a more
general class of Markov processes.

A process X in some measurable space (S, S) is said to be of pure jump
type if its paths are a.s. right-continuous and constant apart from isolated
jumps. We denote the jump times of X by 7,75, ..., with the understanding
that 7, = oo if there are fewer than n jumps. By Lemma 6.3 and a simple
approximation, the times 7,, are seen to be optional with respect to the right-
continuous filtration F = (F) induced by X. For convenience we may choose
X to be the identity mapping on the canonical path space 2. When X is
Markov, the distribution with initial state x is denoted by P, and we note
that the mapping x — P, is a kernel from (S, S) to (€, F).

We begin our study of pure jump-type Markov processes by proving an
extension of the elementary strong Markov property in Proposition 7.9. A
further extension appears as Theorem 17.17.

Theorem 10.16 (strong Markov property, Doob) A pure jump-type Markov
process satisfies the strong Markov property at every optional time.

Proof: For any optional time 7, we may choose some optional times o,, >
T 4+ 27" taking countably many values such that o,, — 7 a.s. By Proposition
7.9 we get, for any A € F, N {7 < 00} and B € F,

Pl0,,X € B; A] = E[Px, B; Al (8)
By the right-continuity of X, we have P{X, # X,} — 0. If B depends on
finitely many coordinates, it is further clear that

P({6,,X € B}A{6,X € B}) -0, n— oo.

Hence, (8) remains true for such sets B with o, replaced by 7, and the rela-
tion extends to the general case by a monotone class argument. O



188 Foundations of Modern Probability

We shall now see how the homogeneous Poisson processes may be char-
acterized as special renewal processes. Recall that a random variable 7 is
said to be exponentially distributed with rate ¢ > 0 if P{y >t} = e~ for all
t > 0. In this case, clearly By = ¢ 1.

Proposition 10.17 (Poisson and renewal processes) Let & be a simple point
process on Ry with atoms at 1y < 75 < ---, and put 79 = 0. Then & s
homogeneous Poisson with rate ¢ > 0 iff the differences 7, — T,_1 are i.i.d.

and exponentially distributed with mean ¢~ .

Proof: First assume that ¢ is Poisson with rate ¢. Then N; = £[0,¢] is a
space- and time-homogeneous pure jump-type Markov process. By Lemma
6.6 and Theorem 10.16, the strong Markov property holds at each 7,, and
by Theorem 7.10 we get

Tl iTnH -7, UL (71,...,7), ne€N.
Thus, the variables 7,, — 7,,_1 are i.i.d., and it remains to note that
P{m >t} = P{£[0,t] =0} =e“.

Conversely, assume that 71, 75, ... have the stated properties. Consider a
homogeneous Poisson process n with rate ¢ and with atoms at o1 < g9 < - -,
and conclude from the necessity part that (c,) < (7). Hence,

=306, L 5, =1 O

We proceed to examine the structure of a general pure jump-type Markov
process. The first and crucial step is then to describe the distributions
associated with the first jump. Say that a state € S is absorbing if
PA{X =z} =1, that is, if P,{my = 00} = 1.

Lemma 10.18 (first jump) If x is nonabsorbing, then under P, the time 1
until the first jump is exponentially distributed and independent of 0., X.

Proof: Put m = 7. Using the Markov property at fixed times, we get for
any s,t >0

PAr>s+t}=P{r>s, 700, >t} = P{r > s}P{r > t}.

The only nonincreasing solutions to this Cauchy equation are of the form
P {7 >t} = e~ with ¢ € |0, o0]. Since z is nonabsorbing and 7 > 0 a.s., we
have ¢ € (0,00), and so 7 is exponentially distributed with parameter c.

By the Markov property at fixed times, we further get for any B € F,

PAr >t 0. X € B} = P{r>t, (0,X)o0b, € B}
= P {r>1t}P.{0.X € B},

which shows that 71160, X. O
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Writing X, = x when X is eventually absorbed at x, we may define the
rate function ¢ and jump transition kernel u by

o(x) = (E.m)™', p(x,B)=PAX, €B}, z€S BeS.

For convenience we may combine ¢ and p into a rate kernel a(xz, B) =
c(x)p(x, B) or a = cp, where the required measurability is clear from that
for the kernel (P,). Conversely, 1 may be reconstructed from « if we add
the requirement that p(z,-) = ¢, when a(z,-) = 0, conforming with our con-
vention for absorbing states. This ensures that p is a measurable function
of a.

The following theorem gives an explicit representation of the process in
terms of a discrete-time Markov chain and a sequence of exponentially dis-
tributed random variables. The result shows in particular that the distribu-
tions P, are uniquely determined by the rate kernel a. As usual, we assume
the existence of required randomization variables.

Theorem 10.19 (embedded Markov chain) Let X be a pure jump-type Mar-
kov process with rate kernel « = cu. Then there exist a Markov process
Y on Z, with transition kernel p and an independent sequence of i.i.d.,

exponentially distributed random variables vy, Y, ... with mean 1 such that
a.s.
Xt = Yn fOT te [TnaTn+1)7 n e Z+, (9)
where noo
k
Ty = , NEZ. 10
n = C(Yk_l) + ( )

Proof: To satisty (9), put 79 = 0, and define Y,, = X, for n € Z,. In-
troduce some i.i.d. exponentially distributed random variables v{,~3, ... 1L.X
with mean 1, and define for n € N

Yo = (T — Tno1)e(Yo) {71 < 00} +7.,1{c(Y,) = 0}.
By Lemma 10.18, we get for any t > 0, B € S, and x € S with ¢(z) > 0
Py >t Y, € B} = P{nc(z) > t, Y, € B} = e 'u(x, B),

a result that clearly remains true when c¢(z) = 0. By the strong Markov
property we obtain for every n, a.s. on {7, < oo},

Pz[7n+1 > 1, Yn+1 € B|f7'n] = PYn{'Vl >t Y€ B} = eit/‘(YnaB)' (11)

The strong Markov property also gives 7,11 < 00 a.s. on the set {7, < 00,
e(Y,) > 0}. Arguing recursively, we get {c¢(Y,,) = 0} = {741 = o0} a.s., and
(10) follows. Using the same relation, it is also easy to check that (11) re-
mains a.s. true on {7, = oo}, and in both cases we may clearly replace F,,
by G, = Fr, V o{",...,7,}. Thus, the pairs (v,,Y,) form a discrete-time
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Markov process with the desired transition kernel. By Proposition 7.2, the
latter property together with the initial distribution determine uniquely the
joint distribution of Y and (7,,). O

In applications the rate kernel « is normally given, and it is important to
decide whether a corresponding Markov process X exists. As before we may
write a(z, B) = c¢(x)u(z, B) for a suitable choice of rate function ¢: § — R
and transition kernel p on S, where p(z, ) = d, when ¢(z) = 0 and otherwise
p(z, {z}) = 0. If X does exist, it clearly may be constructed as in Theorem
10.19. The construction fails when ¢ = sup, 7, < oo, in which case an
explosion is said to occur at time (.

Theorem 10.20 (synthesis) Fiz a kernel « = cu on S with a(x,{z}) =0,
and consider a Markov chain'Y with transition kernel p and some indepen-
dent, i.i.d., exponentially distributed random variables vy, s, . . . with mean 1.
Assume that 3, yn/c(Yn_1) = 00 a.s. under every initial distribution for'Y.
Then (9) and (10) define a pure jump-type Markov process with rate kernel c.

Proof: Let P, be the distribution of the sequences Y = (V,,) and ' = ()
when Yy = x. For convenience, we may regard (V,T') as the identity mapping
on the canonical space 2 = S* x RY. Construct X from (Y,T') as in (9) and
(10), with X, = s arbitrary for ¢ > sup,, 7,,, and introduce the filtrations
G = (Gn) induced by (Y,7) and F = (F;) induced by X. It suffices to prove
the Markov property P.[0;X € -|F;] = Px,{X € -}, since the rate kernel may
then be identified via Theorem 10.19.

Then fix any t > 0 and n € Z, and define

Kk = sup{k; 7, < t}, B=(t—1)c(Yn)

Put Tm(Y7 F) = {(Y}m"//wrl); k > m}7 (Y/vrl) = Tn+1(Ya F)a and ’}/ = Tn+1-
Since clearly
Fo=G.voly > B} on {x=n}.
it is enough by Lemma 5.2 to prove that
PY' TYe v =B>7Gn,y >8] =P {T(Y,[)e -, v >r}

Now (Y, I") g, (v, 3) because v/ LL(G,, Y’ IV), and so the left-hand side
equals

PIY"\T") €, ~ = B> r|G)
Px[’}/ > ﬂ|gn}

= Px[(Y’7F/) € |gn]

th/ - B3> r‘gn}
th/ > mgn]

as required. O

= (PYn © T_l)e_r>

To complete the picture, we need a convenient criterion for nonexplosion.
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Proposition 10.21 (explosion) Fiz a rate kernel a and an initial state x,
and let (Y,) and (1,) be such as in Theorem 10.19. Then a.s.

Ty — OO iff Zn{c(Yn)}_1 = 00. (12)
In particular, T, — 00 a.s. when x is recurrent for (Y,).

Proof: Write 3, = {¢(Y,_1)}'. Noting that Ee~*" = (1 +u)~! for all
u > 0, we get by (10) and Fubini’s theorem

Bley] = [[,0+uf)™ =exp{-3 log(1 +ub,)} as  (13)

Since 1(r A1) <log(l+4r) < r for all > 0, the series on the right converges
for every u > 0 iff 3°,, B, < oo. Letting « — 0 in (13), we get by dominated
convergence

Pl( <oo|Y]=1 {Znﬁn < oo} a.s.,

which implies (12). If z is visited infinitely often, then the series 3, 8, has
infinitely many terms c;' > 0, and the last assertion follows. O

By a pseudo-Poisson process in some measurable space S we mean a
process of the form X = Y o NV a.s., where Y is a discrete-time Markov
process in S and N is an independent homogeneous Poisson process. Letting
1 be the transition kernel of Y and writing ¢ for the constant rate of N, we
may construct a kernel

a(z, B) = cu(z, B\ {z}), =z €S, BeB(9), (14)

which is measurable since p(z, {x}) is a measurable function of z. The next
result characterizes pseudo-Poisson processes in terms of the rate kernel.

Proposition 10.22 (pseudo-Poisson processes) A process X in some Borel
space S is pseudo-Poisson iff it is pure jump-type Markov with a bounded
rate function. Specifically, if X =Y o N a.s. for some Markov chain'Y with
transition kernel p and an independent Poisson process N with constant rate
¢, then X has the rate kernel in (14).

Proof: Assume that X = YoN with Y and N as stated. Letting 7,79, ...
be the jump times of N and writing JF for the filtration induced by the pair
(X, N), it may be seen as in Theorem 10.20 that X is F-Markov. To identify
the rate kernel «, fix any initial state x, and note that the first jump of X
occurs at the first time 7,, when Y,, leaves x. For each transition of Y, this
happens with probability p, = u(z, {z}¢). By Proposition 10.6 the time until
first jump is then exponentially distributed with parameter cp,. If p, > 0,
we further note that the location of X after the first jump has distribution
w(z, -\ {x})/ps. Thus, « is given by (14).
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Conversely, let X be a pure jump-type Markov process with uniformly
bounded rate kernel a # 0. Put r, = a(z,S) and ¢ = sup, r,, and note that
the kernel

wlz, ) =c Halz,")+ (c—r)0}, x€S,
satisfies (14). Thus, if X’ = Y' o N’ is a pseudo-Poisson process based on

i and ¢, then X’ is again Markov with rate kernel «, so X < X Hence,
Corollary 5.11 yields X =Y o N a.s. for some pair (Y, N) 2 (Y',N'). |

If the underlying Markov chain Y is a random walk in some measurable
Abelian group S, then X =Y o N is called a compound Poisson process. In
this case X — X 1. Xy, the jump sizes are i.i.d., and the jump times are given
by an independent homogeneous Poisson process. Thus, the distribution of
X — X, is determined by the characteristic measure v = cu, where c is the
rate of the jump time process and p is the common distribution of the jumps.
A kernel o on S is said to be homogeneous if a(z, B) = (0, B — z) for all =
and B. Furthermore, a process X in S is said to have independent increments
if Xy — X, 1L{X,; r <s} for any s < t.

The next result characterizes compound Poisson processes in two ways,
analytically in terms of the rate kernel and probabilistically in terms of the
increments of the process.

Corollary 10.23 (compound Poisson processes) For a pure jump-type pro-
cess X in some measurable Abelian group, these conditions are equivalent:
(1) X is Markov with homogeneous rate kernel;
(ii) X has independent increments;
(i) X is compound Poisson.

Proof: If a pure jump-type Markov process is space-homogeneous, then
its rate kernel is clearly homogeneous; the converse follows from the repre-
sentation in Theorem 10.19. Thus, (i) and (ii) are equivalent by Proposition
7.5. Next Theorem 10.19 shows that (i) implies (iii), and the converse follows
by Theorem 10.20. ]

We shall now derive a combined differential and integral equation for the
transition kernels p;. An abstract version of this result appears in Theorem
17.6. For any measurable and suitably integrable function f: S — R, we
define

Theorem 10.24 (backward equation, Kolmogorov) Let « be the rate kernel
of a pure jump-type Markov process on S, and fix any bounded, measurable
function f: S — R. Then T;f(x) is continuously differentiable in t for fized
x, and we have

0

STI@) = [ o d){Tif@y) -Tf @)}, t=0,aes  (19)
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Proof: Put 7 = 7 and let x € S and ¢ > 0. By the strong Markov
property at ¢ = 7 At and Theorem 5.4,

th(l’) = Exf(Xt) = wa((edX)tfo) = Eacthaf(XO')
( )P{T>t}+E [Ti—r f(X7); T < 1]

—tes +/ “ng/ z, dy)T—s f(y),

and so

et T, £ () +/ SCTds/ x, dy)Ts f(y). (16)

Here the use of the disintegration theorem is justified by the fact that X (w, t)
is product measurable on 2 X R, because of the right-continuity of the paths.

From (16) we note that T;f(z) is continuous in ¢ for each z, and so by
dominated convergence the inner integral on the right is continuous in s.
Hence, T;f(x) is continuously differentiable in ¢, and (15) follows by an easy
computation. a

The next result relates the invariant distributions of a pure jump-type
Markov process to those of the embedded Markov chain.

Proposition 10.25 (invariance) Let the processes X and Y be related as
in Theorem 10.19, and fix a probability measure v on S with [cdv < oco.
Then v is tnvariant for X iff c- v is invariant for'Y .

Proof: By Theorem 10.24 and Fubini’s theorem we have for any bounded
measurable function f: S — R

f(Xy) = /f v(dx) Jr/ ds/ (dx) / alx, dy){Tsf(y) — Ts f(x)}.

Thus, v is invariant for X iff the second term on the right is identically zero.
Now (15) shows that T f () is continuous in ¢, and by dominated convergence
this is also true for the integral

Ii= [ vde) [ (e, d){Tif () - Tif @)}, ¢20.

Thus, the condition becomes I; = 0. Since f is arbitrary, it is enough to take
t = 0. The condition then reduces to (va)f = v(cf) or (¢-v)u = ¢- v, which
means that ¢ - v is invariant for Y. O

By a continuous-time Markov chain we mean a pure jump-type Markov
process on a countable state space I. Here the kernels u; may be specified
by the set of transition functions pj; = (i, {j}). The connectivity proper-
ties are simpler than in discrete time, and the notion of periodicity has no
counterpart in the continuous-time theory.
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Lemma 10.26 (positivity) For any i,j € I we have either pﬁj > 0 for all
t>0 orp; =0 for allt > 0. In particular, p}; >0 for all t and i.

Proof: Let ¢ = (gi;) be the transition matrix of the embedded Markov
chain Y in Theorem 10.19. If ¢f; = P;{Y,, = j} = 0 for all n > 0, then clearly
HX; # j} =1 as. P, and so pj; = 0 for all ¢ > 0. If instead ¢f; > 0 for
some n > 0, there exist some states ¢ = 4g,%1,...,%, = j with ¢;,_,;, > 0
for k = 1,...,n. Noting that the distribution of (71, ...,7,4+1) has positive
density [[j<p 1 e > 0 on RT™, we obtain for any t > 0

; LA = o\
Dij > P Z <t< Z H iy, iy, = 0.

k=1 “k—1 k=1 Yik-1 ) k=1

Since pY; = ¢ = 1, we get in particular p!, > 0 for all ¢t > 0. O

A continuous-time Markov chain is said to be irreducible if pj; > 0 for
all i,5 € I and t > 0. Note that this holds iff the associated discrete-time
process Y in Theorem 10.19 is irreducible. In that case clearly sup{t > 0;
X, =j} < oo iff sup{n > 0;Y,, = j} < co. Thus, when Y is recurrent, the
sets {t; X; = j} are a.s. unbounded under P; for all ¢ € I; otherwise, they
are a.s. bounded. The two possibilities are again referred to as recurrence
and transience, respectively.

The basic ergodic Theorem 7.18 for discrete-time Markov chains has an
analogous version in continuous time.

Theorem 10.27 (ergodic behavior) For an irreducible, continuous-time
Markov chain, exactly one of these cases occurs:

(i) There exists a unique invariant distribution v; furthermore, v; > 0 for
all i € I, and for any distribution p on I,

Jim 17,06, — Pl =0, (17
(ii) No invariant distribution exists, and pj; — 0 for alli,j € I.

Proof: By Lemma 10.26 the discrete-time chain X,,, n € Z,, is ir-
reducible and aperiodic. Assume that (X,;) is positive recurrent for some
h > 0, say with invariant distribution v. Then the chain (X,,;/) is positive re-
current for every A’ of the form 27™h, and by the uniqueness in Theorem 7.18
it has the same invariant distribution. Since the paths are right-continuous,
we may conclude by a simple approximation that v is invariant even for the
original process X.

For any distribution p on I we have

< ZZ'LLZZ] |p§] - Vj|'

1By 07 = Pl =[S s 0, — v)Fs
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Thus, (17) follows by dominated convergence if we can show that the inner
sum on the right tends to zero. This is clear if we put n = [t/h] and r = t—nh
and note that by Theorem 7.18

Dol = vl <3037 P — vilwg = 37 v — vl = 0.

It remains to consider the case when (X,p) is null recurrent or transient
for every h > 0. Fixing any ¢,k € I and writing n = [t/h] and r =t — nh as
before, we get

Pig = D2 Pt < P+ 200k = pi + (1= pf),

which tends to zero as t — oo and then h — 0, by Theorem 7.18 and the
continuity of p;. O

As in discrete time, we note that condition (ii) of the last theorem holds
for any transient Markov chain, whereas a recurrent chain may satisfy either
condition. Recurrent chains satisfying (i) and (ii) are again referred to as
positive recurrent and null recurrent, respectively. It is interesting to note
that X may be positive recurrent even when the embedded, discrete-time
chain Y is null recurrent, and vice versa. On the other hand, X clearly has
the same ergodic properties as the discrete-time processes (X,;), h > 0.

Let us next introduce the first exit and recurrence times

~v; = 1inf{t > 0; X, # j}, 7, =inf{t > v;; Xy = j}.

As in Theorem 7.22 for the discrete-time case, we may express the asymptotic
transition probabilities in terms of the mean recurrence times F;7;. To avoid
trivial exceptions, we may confine our attention to nonabsorbing states.

Theorem 10.28 (mean recurrence times) For any continuous-time Markov
chain in I and states i,7 € I with 7 nonabsorbing, we have

o P{r; < oo}

lim p;; = (18)

¢ EyT;

Proof: 1t is enough to take i = j, since the general statement will then
follow as in the proof of Theorem 7.22. If j is transient, then 1{X; = j} — 0
a.s. P;, and so by dominated convergence pz-j = P;{X; = j} — 0. This agrees
with (18), since in this case P;{7; = co} > 0. Turning to the recurrent case,
let C; be the class of states ¢ accessible from j. Then C} is clearly irreducible,
and so p§j converges by Theorem 10.27.

To identify the limit, define

. t
L{:A{sgt;stj}z/o X, = j}ds, >0,
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and let 77" denote the instant of nth return to j. Letting m,n — oo with

m —n| < 1 and using the strong Markov property and the law of large
numbers, we get Pj-a.s.

s m on E;r;  E;T;

By the monotonicity of L7, it follows that t 'L} — (c;E;7;)~! a.s. Hence, by
Fubini’s theorem and dominated convergence,

1 gt E; L} 1
—_ Sd = Jt — R
t /O pJJ 5 t C]‘ Ej’]'j

and (18) follows. O

Exercises

1. Show that two random measures ¢ and 7 are independent iff Ee=¢/=79
= Ee 8/ Ee™ for all f,g € C}. In the case of simple point processes, prove
also the equivalence of P{{B + nC = 0} = P{{B = 0} P{nC = 0} for any
B,C € 8. (Hint: Regard the pair (£,7) as a random measure on 25.)

2. Let &, &, ... be independent Poisson processes with intensity measures
141, f2, - - . such that the measure p = >, py is o-finite. Show that & = > &
is again Poisson with intensity measure p.

3. Show that the class of mixed sample processes is preserved under
randomization.

4. Let £ be a Cox process on S directed by some random measure 7, and
let f be a measurable mapping into some space T such that no f~! is a.s.
locally finite. Prove directly from definitions that £ o f~! is a Cox process on
T directed by 1o f~1. Derive a corresponding result for p-thinnings.

5. Consider a p-thinning 7 of £ and a p’-thinning ¢ of n with {1L,£. Show
that ¢ is a pp/-thinning of &.

6. Let & be a Cox process directed by 1 or a p-thinning of n with p € (0, 1),
and fix two disjoint sets B,C € S. Show that EBULC ift nBUnC. (Hint:
Compute the Laplace transforms. The if assertions can also be obtained from
Proposition 5.8.)

7. Use Lemma 10.7 to derive expressions for P{¢B = 0} when ¢ is a Cox
process directed by 7, a p-randomization of 7, or a p-thinning of 7. (Hint:
Note that Ee %8 — P{¢B =0} ast — 0.)

8. Let & be a p-thinning of 7, where p € (0,1). Show that £ and n are
simultaneously Cox. (Hint: Use Lemma 10.8.)
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9. Let the simple point process & be symmetric with respect to Lebesgue
measure A on [0, 1]. Show that £ is a mixed sample process based on A. (Hint:
Reduce to the case when £[0,1] is a constant, and estimate P{{U = 0} for
finite unions U of dyadic intervals.)

10. Show that the distribution of a simple point process £ on R is not
determined, in general, by the distributions of £1 for all intervals . (Hint: If
€ is restricted to {1,...,n}, then the distributions of all {1 give >y, k(n —
k +1) < n? linear relations between the 2" — 1 parameters.)

11. Show that the distribution of a point process is not determined, in
general, by the one-dimensional distributions. (Hint: If £ is restricted to
{0,1} with £{0} Vv £{1} < n, then the one-dimensional distributions give 4n
linear relations between the n(n + 2) parameters.)

12. Show that Lemma 10.1 remains valid with By, ..., B, restricted to an
arbitrary preseparating class C, as defined in Chapter 14 or Appendix A2.
Also show that Theorem 10.9 holds with B restricted to a separating class.
(Hint: Extend to the case when C = {B € &; (€ +1)dB = 0 a.s.}. Then use
monotone class arguments for sets in S and in M(S5).)

13. Show that Theorem 10.11 remains true for any measurable space K

that admits a partition into measurable sets A;, A, ..., where (- x A,) is
a.s. locally finite for each n. (Hint: Reduce to the case when (- x K) is
a.s. locally finite, fix any disjoint measurable sets By,..., B, C S x K, and

define ny = (1p, - &)(- X K), k < n. Then n,...,n, are independent Poisson,
by Theorem 12.3 applied to the space nS.)

14. Extend Corollary 10.13 to the case when p; = P{&{s} > 0} may be
positive. (Hint: By Fatou’s lemma, ps > 0 for at most countably many s.)

15. Prove Theorem 10.15 (i) and (iii) by means of characteristic functions.

16. Let & and &’ be independent Poisson processes on S with B¢ = E¢' =
w, and let fi, fa,...: S — R be measurable with oo > u(f> A1) — co. Show
that (€ — &) fa] & oo. (Hint: Consider the symmetrization 7 of a fixed

measure v € N'(S) with vf? — oo, and argue along subsequences as in the
proof of Theorem 3.17.)

17. For any pure jump-type Markov process on S, show that P.{rm < t}
= o(t) for all x € S. Also note that the bound can be sharpened to O(t?) if
the rate function is bounded, but not in general. (Hint: Use Lemma 10.18
and dominated convergence.)

18. Show that any transient, discrete-time Markov chain Y can be embed-
ded into an exploding (resp., nonexploding) continuous-time chain X. (Hint:
Use Propositions 7.12 and 10.21.)

19. In Corollary 10.23, use the measurability of the mapping X =Y o N
to deduce the implication (iii) = (i) from its converse. (Hint: Proceed as in
the proof of Proposition 10.17.) Also use Proposition 10.6 to show that (iii)
implies (ii), and prove the converse by means of Theorem 10.11.
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20. Consider a pure jump-type Markov process on (5, S) with transition
kernels p; and rate kernel a. Show for any z € S and B € S that a(x, B) =
fio(x, B\{z}). (Hint: Take f = 1p\1z} in Theorem 10.24, and use dominated

convergence.)

21. Use Theorem 10.24 to derive a system of differential equations for the
transition functions p;;(¢) of a continuous-time Markov chain. (Hint: Take
f(i) = d;; for fixed j.)

22. Give an example of a positive recurrent, continuous-time Markov
chain such that the embedded discrete-time chain is null recurrent, and vice
versa. (Hint: Use Proposition 10.25.)

23. Establish Theorem 10.27 directly, imitating the proof of Theorem
7.18.



Chapter 11

Gaussian Processes
and Brownian Motion

Symmetries of Gaussian distribution; existence and path proper-
ties of Brownian motion; strong Markov and reflection properties;
arcsine and uniform laws; law of the iterated logarithm; Wiener
integrals and isonormal Gaussian processes; multiple Wiener—Ité
integrals; chaos expansion of Brownian functionals

The main purpose of this chapter is to initiate the study of Brownian motion,
arguably the single most important object in modern probability theory.
Indeed, we shall see in Chapters 12 and 14 how the Gaussian limit theorems
of Chapter 4 can be extended to approximations of broad classes of random
walks and discrete-time martingales by a Brownian motion. In Chapter 16
we show how every continuous local martingale may be represented in terms
of Brownian motion through a suitable random time-change. Similarly, the
results of Chapters 18 and 20 demonstrate how large classes of diffusion
processes may be constructed from Brownian motion by various pathwise
transformations. Finally, a close relationship between Brownian motion and
classical potential theory is uncovered in Chapters 21 and 22.

The easiest construction of Brownian motion is via a so-called isonor-
mal Gaussian process on L*(R,), whose existence is a consequence of the
characteristic spherical symmetry of the multivariate Gaussian distributions.
Among the many important properties of Brownian motion, this chapter
covers the Holder continuity and existence of quadratic variation, the strong
Markov and reflection properties, the three arcsine laws, and the law of the
iterated logarithm.

The values of an isonormal Gaussian process on L?(R,) may be identi-
fied with integrals of L2-functions with respect to the associated Brownian
motion. Many processes of interest have representations in terms of such
integrals, and in particular we shall consider spectral and moving average
representations of stationary Gaussian processes. More generally, we shall
introduce the multiple Wiener—It6 integrals I, f of functions f € L*(R") and
establish the fundamental chaos expansion of Brownian L?-functionals.

The present material is related to practically every other chapter in the
book. Thus, we refer to Chapter 4 for the definition of Gaussian distributions
and the basic Gaussian limit theorem, to Chapter 5 for the transfer theorem,
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to Chapter 6 for properties of martingales and optional times, to Chapter
7 for basic facts about Markov processes, to Chapter 8 for some similarities
with random walks, to Chapter 9 for some basic symmetry results, and to
Chapter 10 for analogies with the Poisson process.

Our study of Brownian motion per se is continued in Chapter 16 with the
basic recurrence or transience dichotomy, some further invariance properties,
and a representation of Brownian martingales. Brownian local time and
additive functionals are studied in Chapter 19. In Chapter 21 we consider
some basic properties of Brownian hitting distributions, and in Chapter 22 we
examine the relationship between excessive functions and additive functionals
of Brownian motion. A further discussion of multiple integrals and chaos
expansions appears in Chapter 16.

To begin with some basic definitions, we shall say that a process X on
some parameter space 1" is Gaussian if the random variable ¢; Xy, +- - -+¢, X3,
is Gaussian for any choice of n € N, t1,...,t, € T, and ¢, ...,c, € R. This
holds in particular if the X, are independent Gaussian random variables. A
Gaussian process X is said to be centered if EX; = 0 for all t € T. We shall
further say that the processes X on Tj, i € I, are jointly Gaussian if the
combined process X = {X}; t € T}, i € I} is Gaussian. The latter condition
is certainly fulfilled if the processes X* are independent and Gaussian.

The following simple facts clarify the fundamental role of the covariance
function. As usual, we assume all distributions to be defined on the o-fields
generated by the evaluation maps.

Lemma 11.1 (covariance function)
(i) The distribution of a Gaussian process X on T is determined by the
functions EX; and cov(Xs, Xy), s,t € T.
(i) The jointly Gaussian processes X on T;, i € I, are independent iff
cov(XL, X)) =0 foralls €Ty andt € Tj, i # j in I.

Proof: (i) Let X and Y be Gaussian processes on T with the same
means and covariances. Then the random variables ¢; X;, + -+ + ¢, X, and
aYy + -+ ¢ Y, have the same mean and variance for any ¢p,...,c, € R
and t1,...,t, € T, n € N, and since both variables are Gaussian, their
distributions must agree. By the Cramér—Wold theorem it follows that
(Xeoo 0 X)) E (V... Y, ) forany ty,....t, € T,neN, andso X £V
by Proposition 2.2.

(ii) Assume the stated condition. To prove the asserted independence, we
may assume I to be finite. Introduce some independent processes Y, i € I,
with the same distributions as the X?, and note that the combined processes
X = (X% and Y = (Y?) have the same means and covariances. Hence, the
joint distributions agree by part (i). In particular, the independence between
the processes Y implies the corresponding property for the processes X*. O

The following result characterizes the Gaussian distributions by a simple
symmetry property.
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Proposition 11.2 (spherical symmetry, Mazwell) Let &,...,&; be i.i.d.
random variables, where d > 2. Then the distribution of (&1,...,&4) is spher-
ically symmetric iff the & are centered Gaussian.

Proof: Let ¢ denote the common characteristic function of &3, ..., &,, and
assume the stated condition. In particular, —&; L &1, and so ¢ is real valued
and symmetric. Noting that s&; +t&s 4 &1V s% + 12, we obtain the functional
equation p(s)e(t) = @(v/s? +t2), and by iteration we get ©"(t) = ¢(t/n)
for all n. Thus, for rational ¢> we have (t) = ¢ for some constant a, and
by continuity the solution extends to all real ¢. Finally, a < 0 since |¢| < 1.

Conversely, assume &p,...,& to be centered Gaussian, and let (7y,. ..,
n4) be obtained from (&,...,&;) by an arbitrary orthogonal transforma-
tion. Then both random vectors are Gaussian, and we note that cov(n;, n;)
= cov(&;, &) for all i and j. Hence, the two distributions agree by Lemma
11.1. O

In infinite dimensions, the Gaussian distribution can be deduced from the
rotational symmetry alone, without any assumption of independence.

Theorem 11.3 (unitary invariance, Schoenberg, Freedman) For any infi-
nite sequence of random variables &1,&, ..., the distribution of (&1,...,&,)
is spherically symmetric for every n > 1 iff the & are conditionally i.i.d.
N(0,0?), given some random variable o* > 0.

Proof: The &, are clearly exchangeable, and so there exists by Theorem
9.16 some random probability measure y such that the &, are conditionally
p-ii.d. given p. By the law of large numbers, we get

pB = lim n_lzkgnl{fk € B} as., BEeB,

which shows that p is a.s. {£3,&, .. .}-measurable. Now conclude from the
spherical symmetry that, for any orthogonal transformation 7" on R?

P[(&1,&) € Bl&, ..., &) = P[T(&,&) € Bl&, ..., &), B e B(R?).

As n — oo, we get u? = p? o T-! a.s. Considering a countable dense set
of mappings T, it is clear that the exceptional null set can be chosen to
be independent of T'. Thus, u? is a.s. spherically symmetric, and so y is a.s.
centered Gaussian by Proposition 11.2. It remains to take 0 = [ 2?u(dx). O

Now fix a separable Hilbert space H. By an isonormal Gaussian process
on H we mean a centered Gaussian process nh, h € H, such that E(nhnk) =
(h, k), the inner product of h and k. To construct such a process 7, we
may introduce an orthonormal basis (ONB) e, es,... € H, and let &,&, . ..
be independent N(0,1) random variables. For any element h = Y, b;e;, we
define nh = 3, b;&;, where the series converges a.s. and in L? since 3, b? < oc.
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The process 7 is clearly centered Gaussian. Furthermore, it is linear, in the
sense that n(ah+bk) = anh+bnk a.s. for all h, k € H and a,b € R. Assuming
that k =3, ¢;e;, we may compute

E(nhnk) = Z bic; B () = Zibici = (h, k

By Lemma 11.1 the stated conditions uniquely determine the distribution
of n. In particular, the symmetry property in Proposition 11.2 extends to a
distributional invariance of  under any unitary transformation on H.

The following result shows how the Gaussian distribution arises naturally
in the context of processes with independent increments. It is interesting to
compare with the similar Poisson characterization in Theorem 10.11.

Theorem 11.4 (independence and Gaussian property, Lévy) Let X be a
continuous process in RY with independent increments. Then X — X is
Gaussian, and there exist some continuous functions b in R? and a in RdQ,
the latter with nonnegative definite increments such that X, — X, is N(b, —
bs, ay — ag) for any s < t.

Proof: Fix any s < t in R; and u € R% For every n € N we may
divide the interval [s, t] into n subintervals of equal length, and we denote the
corresponding increments of uX by &,1,...,&u,. By the continuity of X we
have max; [£,;| — 0 a.s., and so Theorem 4.15 shows that u(X;—X;) = >, &;
is a Gaussian random Varlable. Since X has independent increments, it
follows that the process X — X is Gaussian. Writing b; = EX; — F X, and
a; = cov(X, — Xy), we get E(X, — X,) = EX; — EX, = b, — b, and by the
independence,

0 < cov(X; — X;) =cov(Xy) —cov(Xg) =ar —as, s<t.

The continuity of X yields X KN Xy as s = t, 80 by — by and a; — a;. Thus,
both functions are continuous. O

If the process X in Theorem 11.4 has stationary, independent increments
and starts at 0, then the mean and covariance functions are clearly linear.
The simplest choice in one dimension is to take b = 0 and a; = t, so that X; —
X, is N(0,t — s) for all s < t. The next result shows that the corresponding
process exists, and it also gives an estimate of the local modulus of continuity.
More precise rates of continuity are obtained in Theorem 11.18 and Lemma
12.7.

Theorem 11.5 (existence of Brownian motion, Wiener) There exists a
continuous Gaussian process B in R with stationary independent increments
and By = 0 such that By is N(0,t) for everyt > 0. For any c € (0,1), B is
further a.s. locally Hélder continuous with exponent c.
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Proof: Let n be an isonormal Gaussian process on L?(Ry,\), and de-
fine B; = nljy, t > 0. Since indicator functions of disjoint intervals are
orthogonal, the increments of the process B are uncorrelated and hence in-
dependent. Furthermore, we have ||1(4||> = t — s for any s < ¢, and so
B, — By is N(0,t — s). For any s <t we get

B~ B, £ B, = (t )/ °B, (1)
whence,
E|B, — B,|* = (t — 5)?E|By|° < 00, ¢ >0,
and the asserted Holder continuity follows by Theorem 2.23. O

A process B as in Theorem 11.5 is called a (standard) Brownian mo-
tion or a Wiener process. By a Brownian motion in R? we mean a pro-
cess By = (Bl,..., BY), where B!,..., B¢ are independent, one-dimensional
Brownian motions. From Proposition 11.2 we note that the distribution of
B is invariant under orthogonal transformations of R%. It is also clear that
any continuous process X in R? with stationary independent increments and
Xy = 0 can be written as X; = bt + 0B, for some vector b and matrix o.

From Brownian motion we may construct other important Gaussian pro-
cesses. For example, a Brownian bridge may be defined as a process on [0, 1]
with the same distribution as X; = B, —¢Bj, t € [0,1]. An easy computation
shows that X has covariance function r,; = s(1 —¢),0<s <t <1.

The Brownian motion and bridge have many nice symmetry properties.
For example, if B is a Brownian motion, then so is —B as well as the process
¢ 'B(c*) for any ¢ > 0. The latter transformation is frequently employed
and will often be referred to as a Brownian scaling. We may also note that, for
each u > 0, the processes B,+; — B, are Brownian motions on R, and [0, u],
respectively. If B is instead a Brownian bridge, then so are the processes
—B; and B;_;.

The following result gives some less obvious invariance properties. Fur-
ther, possibly random mappings that preserve the distribution of a Brownian
motion or bridge are exhibited in Theorem 11.11, Lemma 11.14, and Propo-
sition 16.9.

Lemma 11.6 (scaling and inversion) If B is a Brownian motion, then so is
the process t By, whereas (1 —t)Byjq—y) and tBa_y) ) are Brownian bridges.
If B is instead a Brownian bridge, then the processes (1 + t)Byja44) and
(1+ t)Bl/(Ht) are Brownian motions.

Proof: Since all processes are centered Gaussian, it suffices by Lemma
11.1 to verify that they have the desired covariance functions. This is clear
from the expressions s At and (s A ¢)(1 — sV t) for the covariance functions
of the Brownian motion and bridge. a
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From Proposition 7.5 together with Theorem 11.4 we note that any space-
and time-homogeneous, continuous Markov process in R? has the form o B, +
tb+c, where B is a Brownian motion in R?, ¢ is a d x d matrix, and b and c are
vectors in R?. The next result gives a general characterization of Gaussian
Markov processes.

Proposition 11.7 (Gaussian Markov processes) Let X be a Gaussian pro-
cess on some index set T C R, and define ryy = cov(Xs, Xy). Then X is
Markov iff

Touw = Tstltu/Tee, S<t<u in T, (2)

where 0/0 = 0. If X is further stationary and defined on R, then rs; =
ae 57U for some constants a > 0 and b € [0, 00].

Proof: Subtracting the means if necessary, we may assume that £X; = 0.
Now fix any times ¢t < w in T, and choose @ € R such that X| = X, —
aXy L X Thus, a = 14/ when 1y # 0, and if r,; = 0, we may take
a = 0. By Lemma 11.1 we get X/ 11 X;.

First assume that X is Markov, and let s < t be arbitrary. Then
XAl x, X, and so X, 1L x, X/. Since also X; L X! by the choice of a, Propo-
sition 5.8 yields X1l X|. Hence, 5, = arss, and (2) follows as we insert
the expression for a. Conversely, (2) implies X L X for all s < ¢, and so
F, 1L X! by Lemma 11.1, where F;, = 0{X,; s < t}. By Proposition 5.8 it
follows that F; 1l x, X,,, which is the required Markov property of X at ¢.

If X is stationary, then r,; = rs_y0 = 7}s—¢, and (2) reduces to the
Cauchy equation rorgy, = rery, s,t > 0, which admits the only bounded so-
lutions r, = ae™. m|

A continuous, centered Gaussian process on R with covariance function
Ty = %e"” is called a stationary Ornstein—Uhlenbeck process. Such a process
Y can be expressed in terms of a Brownian motion B as Y; = e ‘B(}e*),
t € R. The last result shows that the Ornstein—Uhlenbeck process is essen-
tially the only stationary Gaussian process that is also a Markov process.

We will now study some basic sample path properties of Brownian motion.

Lemma 11.8 (level sets) If B is a Brownian motion or bridge, then
Mt; Bi=u} =0 as, uweR

Proof: Introduce the processes X" = Bing/m, t € Ry or [0,1], n € N, and
note that X' — B! for every ¢. Since each process X™ is product measurable
on Q x Ry or  x [0,1], the same thing is true for B. Now use Fubini’s

theorem to conclude that
EMt; By = u} = /P{Bt —u}dt=0, ueR. 0
The next result shows that Brownian motion has locally finite quadratic

variation. An extension to general continuous semimartingales is obtained in
Proposition 15.18.
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Theorem 11.9 (quadratic variation, Lévy) Let B be a Brownian motion,
and fix anyt > 0 and a sequence of partitions 0 = 1,0 <tp1 < -+ <tpi, =t,
n € N, such that h, = maxg(tor — thr—1) = 0. Then

G = Zk(Btn,k — Btnyk71>2 —t in L% (3)

If the partitions are nested, then also (, — t a.s.

Proof (Doob): To prove (3), we may use the scaling property B, — B; 4
|t — s|'/2B,; to obtain
E¢, = ZkE(Btn,k — Btn,k—l)Q
Zk(tn,k —tox1)EB} =1t,
var((,) = Zkvar(Btmk — B, )’
= > (tux —tag1)*var(BY) < hyt EBy — 0.

For nested partitions we may prove the a.s. convergence by showing that
the sequence ((,) is a reverse martingale, that is,

E[Ci-1 — Gl Cut1, -] =0 as., neN (4)

Inserting intermediate partitions if necessary, we may assume that k,, = n for
all n. In that case there exist some numbers t1,ts,... € [0,¢] such that the
nth partition has division points ¢4, . .., ,. To verify (4) for a fixed n, we may
further introduce an auxiliary random variable ¥ L B with P{¢ = £1} = 1,
and replace B by the Brownian motion

B; - Bs/\tn + 79(33 - Bs/\tn)a S Z 0.

Since B’ has the same sums (,, (. 1,... as B whereas (,_1 — (, is replaced
by (¢, — Cn-1), it is enough to show that E[Y((, — Cu-1)|Cns Cag1,---] = 0
a.s. This is clear from the choice of ¢ if we first condition on (,_1,(,,.... O

The last result implies that B has locally unbounded variation. This
explains why the stochastic integral [ VdB cannot be defined as an ordinary
Stieltjes integral and a more sophisticated approach is required in Chapter 15.

Corollary 11.10 (linear variation) Brownian motion has a.s. unbounded
variation on every interval [s,t] with s < t.

Proof: The quadratic variation vanishes for any continuous function of
bounded variation on [s, ¢]. O

From Proposition 7.5 we note that Brownian motion B is a space-homo-
geneous Markov process with respect to its induced filtration. If the Markov
property holds for some more general filtration F = (F;) —that is, if B is
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adapted to F and such that the process B, = By, — By is independent of
Fs for each s > 0 —we say that B is a Brownian motion with respect to F,
or an F-Brownian motion. In particular, we may take F, = G, VN, t > 0,
where G is the filtration induced by B and N =o{N C 4; A€ A, PA = 0}.
With this construction, F becomes right-continuous by Corollary 6.25.

The Markov property of B will now be extended to suitable optional
times. A more general version of this result appears in Theorem 17.17. As
in Chapter 6, we shall write ;" = F;.

Theorem 11.11 (strong Markov property, Hunt) For any F-Brownian mo-
tion B in RY and a.s. finite F*-optional time T, the process B} = B,y — B,
t > 0, is again a Brownian motion independent of F.

Proof: As in Lemma 6.4, we may approximate 7 by optional times 7, — 7
that take countably many values and satisfy 7, > 7+27". Then F.* C N, Fr,
by Lemmas 6.1 and 6.3, and so by Proposition 7.9 and Theorem 7.10 each
process B = B, 4 — B,,, t > 0, is a Brownian motion independent of
FF. The continuity of B yields B — B; a.s. for every t. By dominated
convergence we then obtain, for any A € Ff and ty,...,%, € Ry, k € N, and
for bounded continuous functions f: R¥ — R,

E[f(Bj,,...,By); Al = Ef(By,,...,By,) - PA.

The general relation P[B’ € -, A] = P{B € -}- PA now follows by a straight-
forward extension argument. t

If B is a Brownian motion in R?, then a process with the same distribution
as |B] is called a Bessel process of order d. More general Bessel processes
may be obtained as solutions to suitable SDEs. The next result shows that
| B| inherits the strong Markov property from B.

Corollary 11.12 (Bessel processes) If B is an F-Brownian motion in R?,
then |B| is a strong F-Markov process.

Proof: By Theorem 11.11 it is enough to show that |B + 2| < |B + y|
whenever |z| = |y|. We may then choose an orthogonal transformation 7' on
R? with Tz = y, and note that

|B+a|=|T(B+x)|=|TB+y|<|B+yl 0

We shall use the strong Markov property to derive the distribution of
the maximum of Brownian motion up to a fixed time. A stronger result is
obtained in Corollary 19.3.

Proposition 11.13 (maximum process, Bachelier) Let B be a Brownian
motion in R, and define M; = sup,, Bs, t > 0. Then

M, LM, —~B 2B t>0.
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For the proof we shall need the following continuous-time counterpart to
Lemma 8.10.

Lemma 11.14 (reflection principle) For any optional time T, a Brownian
motion B has the same distribution as the reflected process

By = Bijp, — (By — Bipr), t>0.

Proof: Tt is enough to compare the distributions up to a fixed time ¢, and
so we may assume that 7 < co. Define Bf = B.x; and B, = B,,; — B;. By
Theorem 11.11 the process B’ is a Brownian motion independent of (7, BT).
Since, moreover, —B’ 4 B, we get (1, B", B’) LA (1, B™,—DB’). It remains to
note that

B,=B[+B, ,,, B=B-B,,, t>0. O

Proof of Proposition 11.13: By scaling it is sufficient to take t = 1. Ap-
plying Lemma 11.14 with 7 = inf{¢; B; = x}, we get

P{M; >z, Blgy}zP{Blz%t—y}, z>yVO0.

By differentiation it follows that the pair (M, By) has probability density
—2¢'(2x — y), where ¢ denotes the standard normal density. Changing vari-
ables, we may conclude that (M, My — By) has density —2¢'(z+y), z,y > 0.
Thus, both M; and M; — By have density 2¢(x), > 0. O

To prepare for the next main result, we shall derive another elementary
sample path property.

Lemma 11.15 (local extremes) The local mazima and minima of a Brow-
nian motion or bridge are a.s. distinct.

Proof: Let B be a Brownian motion, and fix any intervals I = [a,b] and
J =[e,d] with b < c. Write

sup B; — sup By = sup(B; — B..) + (B. — By) — sup(B; — By).

teJ tel teJ tel
Here the second term on the right has a diffuse distribution, and by inde-
pendence the same thing is true for the whole expression. In particular, the
difference on the left is a.s. nonzero. Since I and J are arbitrary, this proves
the result for local maxima. The case of local minima and the mixed case
are similar.

The result for the Brownian bridge B° follows from that for Brownian
motion, since the distributions of the two processes are equivalent (mutually
absolutely continuous) on any interval [0, t] with ¢ < 1. To see this, construct
from B and B° the corresponding “bridges”

X, =B, — §Bt, Y,=B° - §B§, s € 0,4,



208 Foundations of Modern Probability

and check that B, 1LX < Y 1l BY. The stated equivalence now follows from
the fact that N(0,t) ~ N(0,¢(1 —¢)) when ¢ € [0, 1). O

The next result involves the arcsine law, which may be defined as the
distribution of ¢ = sin® @ when « is U(0, 27). The name comes from the fact
that

2
P{{<t} = P{\ sina| < \/i} = Zarcsinvt, te€0,1].
T
Note that the arcsine distribution is symmetric around 1, since

. d .
€ =sina=cos’a=1—sinfa=1-¢.

The following celebrated result exhibits three interesting functionals of Brow-
nian motion, all of which are arcsine distributed.

Theorem 11.16 (arcsine laws, Lévy) For a Brownian motion B on [0, 1]
with maximum My, these random variables are all arcsine distributed:

71 =Mt B, >0}; 7 =inf{t; B, = M}; 75=sup{t; B, =0}.

It is interesting to compare the relations 7 4 Ty L1 73 with the discrete-
time versions obtained in Theorem 8.11 and Corollary 9.20. In Theorems
12.11 and 13.21, the arcsine laws are extended by approximation to appro-
priate random walks and Lévy processes.

Proof: To see that 71 < 79, let n € N, and note that by Corollary 9.20
n—lzk<n1{Bk/n > 0} g ’n,—l mln{k 2 O7 Bk/n = maijnBJ/n}

By Lemma 11.15 the right-hand side tends a.s. to 7 as n — oo. To see that
the left-hand side converges to 7, we may conclude from Lemma 11.8 that

Mtelo,1]; B,>0}+XMte[0,1]; B,<0} =1 as.
It remains to note that, for any open set G C [0, 1],

liminf n ! Z

n—»00 k<n

1o(k/n) > AG.

For i = 2, fix any ¢ € [0,1], let £ and n be independent N(0,1), and let
a be U(0,27). Using Proposition 11.13 and the circular symmetry of the
distribution of (£, 7), we get

Pir <t} = P{sup,,(Bs = Bi) > sup>(Bs — Bi)}

P{|Bi| > |By — Bi|} = P{t&* > (1 — t)n*}

2
n _ .2
P{52+772 §t}—P{sm a <t}
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For ¢+ = 3, we may write
P{rs <t} = P{sup,s,Bs <0} + P{inf,B, > 0}

QP{SHpSZt(BS - Bf) < 7Bf} = 2P{|Bl - Bt' < Bf}
P{|B, - B,| < |B/|} = P{m < t}. O

The first two arcsine laws have the following counterparts for the Brow-
nian bridge.

Theorem 11.17 (uniform laws) For a Brownian bridge B with mazimum
M, these random variables are both U(0,1):

7 =Mt B, >0} Ty = inf{t; B, = M;}.

Proof: The relation 7y LA T9 may be proved in the same way as for Brow-
nian motion. To see that 7 is U(0, 1), write (z) = = — [z], and consider for
each u € [0,1] the process B} = B,y — By, t € [0,1]. It is easy to check
that B* £ B for each u, and further that the maximum of B* occurs at
(19 — u). By Fubini’s theorem we hence obtain for any ¢ € [0, 1]

P{TQSt}:/OlP{(Tz—u)gt}du:E)\{u; (ry —u) <t} =t O

From Theorem 11.5 we note that t~°B, — 0 a.s. ast — 0 for any c € [0, 1).
The following classical result gives the exact growth rate of Brownian motion
at 0 and co. Extensions to random walks and renewal processes are obtained
in Corollaries 12.8 and 12.14.

Theorem 11.18 (laws of the iterated logarithm, Khinchin) For a Brownian
motion B in R, we have a.s.

. B, . B,
lim su = lim sup

p ——— G ——
t—0 2t log log(1/t) t—o0 2tloglogt

Proof: The Brownian inversion E’t = 1By of Lemma 11.6 converts the
two formulas into one another, so it is enough to prove the result for t — oc.
Then we note that as u — oo

9 _ 1 42
/ ex/zdxwulf xe Ay = u e /2,
u

u

By Proposition 11.13 we hence obtain, uniformly in ¢ > 0,
P{M, > ut'?} = 2P{B, > ut'/*} ~ (2/7)"2u"e"/?,

where M, = sup,, B,. Writing hy = (2tloglogt)'/?, we get for any r > 1
and ¢ >0

P{M (") > ch(r" ")} < n=/"(logn)~"?, neN.



210 Foundations of Modern Probability
Fixing ¢ > 1 and choosing r < c2, it follows by the Borel-Cantelli lemma
that

P{limsup,_,(B;/h;) > c} < P{M(r") > ch(r"') i0.} =0,

which shows that lim sup,_,..(B;/h) <1 a.s.
To prove the reverse inequality, we may write

P{B(r") = B(r"™") > ch(r™)} > n="/0"V(logn)"/?, neN.

Taking ¢ = {(r — 1)/r}'/2, we get by the Borel-Cantelli lemma

B—B, n — B n—1 —1
limsupthit/ > limsup ) (") > (7“ )1/2 a.s.

t—o00 + n—oo h(T") T

The upper bound obtained earlier yields limsup,_, . (—=By/r/ht) < =12 and
combining the two estimates gives

B
limsup — > (1 —r Y2 —p71/2 a5
t—o0 t
Here we may finally let »r — oo to obtain limsup,_, . (B;/h;) > 1 a.s. O

In the proof of Theorem 11.5 we constructed a Brownian motion B from
an isonormal Gaussian process n on L?(Ry, A) such that B, = nlyy a.s. for
all t > 0. If instead we are starting from a Brownian motion B on R, the
existence of an associated isonormal Gaussian process n may be inferred from
Theorem 5.10. Since every function h € L*(R,, \) can be approximated by
simple step functions, as in the proof of Lemma 1.33, we note that the random
variables nh are a.s. unique. We shall see how they can also be constructed
directly from B as suitable Wiener integrals [ hdB. As already noted, the
latter fail to exist in the pathwise Stieltjes sense, and so a different approach
is needed.

As a first step, we may consider the class S of simple step functions of
the form

ht = ngnajl(tj—lytj](t)7 t Z 07

wheren € Z,,0=1ty < --- <t,, and aq,...,a, € R. For such integrands h,
we may define the integral in the obvious way as

wh= [ mdB,=Bh=Y _ B, ~B,.).
Here nh is clearly centered Gaussian with variance
Blnh)? = X2, a3t~ t,) = [~ hide = ],

where ||h|| denotes the norm in L*(Ry,\). Thus, the integration h +— nh =
[ hdB defines a linear isometry from & C L?(R,, \) into L?((2, P).
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Since S is dense in L*(R,, \), we may extend the integral by continuity
to a linear isometry h — nh = [ hdB from L?()\) to L?(P). Here nh is again
centered Gaussian for every h € L*()\), and by linearity the whole process
h — nh is then Gaussian. By a polarization argument it is also clear that
the integration preserves inner products, in the sense that

E(phnk) = /Ooo hekedt = (h, k), hok € LE(\).

We shall consider two general ways of representing stationary Gaussian
processes in terms of Wiener integrals nh. Here a complex notation is conve-
nient. By a complez-valued, isonormal Gaussian process on a (real) Hilbert
space H we mean a process ( = £ + i on H such that ¢ and n are indepen-
dent, real-valued, isonormal Gaussian processes on H. For any f = g + ih
with g, h € H, we define (f = &g — nh + i(Eh + ng).

Now let X be a stationary, centered Gaussian process on R with co-
variance function r;, = E X, X4, s,t € R. We know that r is nonnegative
definite, and it is further continuous whenever X is continuous in probability.
In that case Bochner’s theorem yields a unique spectral representation

Ty :/ e u(dr), teR,

where the spectral measure p is a bounded, symmetric measure on R.

The following result gives a similar spectral representation of the process
X itself. By a different argument, the result extends to suitable non-Gaussian
processes. As usual, we assume that the basic probability space is rich enough
to support the required randomization variables.

Proposition 11.19 (spectral representation, Stone, Cramér) Let X be an
L2-continuous, stationary, centered Gaussian process on R with spectral mea-
sure yu. Then there exists a complex, isonormal Gaussian process ¢ on L*(j)
such that o
X, = 3‘%/ ed¢, a.s., teR. (5)
—00

Proof: Denoting the right-hand side of (5) by Y, we may compute
EYY, = E/(cos sz d&, — sin sx dn,) /(cos tx d¢, — sintx dn,)
= /(COS sz costr — sin sz sintx)p(dr)
= /cos(s —t)x p(dz) = /ei(sft)xu(dx) =Ty

Since both X and Y are centered Gaussian, Lemma 11.1 shows that Y 4 x.
Now both X and ¢ are continuous and defined on the separable spaces L*(X)
and L?(p), and so they may be regarded as random elements in suitable Pol-
ish spaces. The a.s. representation in (5) then follows by Theorem 5.10. O
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Another useful representation may be obtained under suitable regularity
conditions on the spectral measure p.

Proposition 11.20 (moving average representation) Let X be an L?*-con-
tinuous, stationary, centered Gaussian process on R with absolutely contin-
uous spectral measure (. Then there exist an isonormal Gaussian process 1)
on L*(R,\) and some function f € L*(\) such that

X, = /oo fi—sdns a.s., teR. (6)

Proof: Fix a symmetric density g > 0 of u, and define h = g'/2. Then
h € L*()\), and we may introduce the Fourier transform in the sense of
Plancherel,

fo=hs=(2m)"1/? Jim e hydr, s€R, (7)

which is again real valued and square integrable. For each ¢ € R the function
k, = e~ h, has Fourier transform k, = f,_;, and so by Parseval’s relation

Ty = /OO €itzhidx = /OO hzg‘xdl‘ = /DO foS*tdS' (8)

Now consider any isonormal Gaussian process 1 on L*()\). For f as in (7), we
may define a process Y on R by the right-hand side of (6). Using (8), we get
EY,Y;y = r, for arbitrary s,t € R, and so Y LX by Lemma 11.1. Again
an appeal to Theorem 5.10 yields the desired a.s. representation of X. O

For an example, we may consider a moving average representation of
the stationary Ornstein—Uhlenbeck process. Then introduce an isonormal
Gaussian process n on L*(R, \) and define

t
X, = / etdn,, t>0.

The process X is clearly centered Gaussian, and we get

SAL
Tse =B X Xy = / eV Ty = ée‘ls_t|7 s, t €R,

—0o0

as desired. The Markov property of X follows most easily from the fact that
t
X, = et X, +/ e tdn,, s<t.

We proceed to introduce multiple integrals I, = n®" with respect to an
isonormal Gaussian process 1 on a separable Hilbert space H. Without loss of
generality, we may then take H to be of the form L2(S, ). In that case H®"
can be identified with L?(S™, u®"), where u®" denotes the n-fold product
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measure 4 ® - - - ® p, and the tensor product @<, hy, = h1 ® - -+ ® hy, of the
functions hy, ..., h, € H is equivalent to the function hy(t1) - - - hyp(t,) on S™.
Recall that for any ONB ey, ey,... in H, the tensor products &<, ex; with
arbitrary ki, ..., k, € N form an ONB in H®".

We may now state the basic existence and uniqueness result for the inte-
grals I,.

Theorem 11.21 (multiple stochastic integrals, Wiener, Ité) Let n be an
isonormal Gaussian process on some separable Hilbert space H. Then for
every n € N there exists a unique continuous linear mapping I,, : H®" —
L*(P) such that a.s.

I, ® hy = H nhg, hi,...,h, € H orthogonal.

k<n k<n

Here the uniqueness means that I,h is a.s. unique for every h, and the
linearity means that I,(af + bg) = al,f + bl,g a.s. for any a,b € R and
f,g € H®". Note in particular that I;h = nh a.s. For consistency, we define
Iy as the identity mapping on R.

For the proof we may clearly assume that H = L?([0, 1], \). Let &, denote
the class of elementary functions of the form

f=2 6@ Las, (9)
j<m  k<n
where the sets A}, ..., A7 € B[0, 1] are disjoint for each j € {1,...,m}. The
indicator functions 1 4% are then orthogonal for fixed j, and we need to take
J

Lf=> ¢]] nA?, (10)

ji<m  k<n

where nA = nl4. From the linearity in each factor it is clear that the value
of I,,f is independent of the choice of representation (9) for f.

To extend the definition of I,, to the entire space L*(R"}, \*"), we need
two lemmas. For any function f on R’}, we may introduce the symmetrization

f(tla cee 7tn) = (n!)ilzpf(tpm s atpn)7 t17 s 7tn S R+7

where the summation extends over all permutations p of {1,...,n}. The
following result gives the basic L2-structure, which later carries over to the
general integrals.

Lemma 11.22 (isometry) The elementary integrals I,,f defined by (10) are
orthogonal for different n and satisfy

E(Lf)> =nl|lfI> <nlfI’, f €& (11)
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Proof: The second relation in (11) follows from Minkowski’s inequality.
To prove the remaining assertions, we may first reduce to the case when all
sets Aé? are chosen from some fixed collection of disjoint sets By, Bs, . ... For
any finite index sets J # K in N, we note that

EllnB; I[I nBe= ][I EmB;)*> [l EnB; =0.

jeJ keK jeJnK JEJAK

This proves the asserted orthogonality. Since clearly (f,g) = 0 when f and
g involve different index sets, it further reduces the proof of the isometry in
(11) to the case when all terms in f involve the same sets By, ..., B,, though
in possibly different order. Since I,,f = I,f, we may further assume that
f=Qu1p,. But then

E(L.f)* = I,EnBw* = [[AB: = IIf1I* = nl| FI,

where the last relation holds since, in the present case, the permutations of
f are orthogonal. o

To extend the integral, we need to show that the elementary functions
are dense in L*(\®").

Lemma 11.23 (approzimation) The set &, is dense in L*(\®™).

Proof: By a standard argument based on monotone convergence and a
monotone class argument, any function f € L?(A®") can be approximated by
linear combinations of products @;,<, 14, , and so it is enough to approximate
functions f of the latter type. Then divide [0, 1] for each m into 2™ intervals
B,,,; of length 27™, and define

fo=1 3 @lb., (12)

Froemadn k<n

where the summation extends over all collections of distinct indices jy1, ..., Jn
€ {1,...,2m}. Here f,, € &, for each m, and the sum in (12) tends to 1 a.e.
A®". Thus, by dominated convergence f,,, — f in L*(A®™). O

By the last two lemmas, I, is defined as a uniformly continuous map-
ping on a dense subset of L*(A\®"), and so it extends by continuity to all
of L?(A\®"), with preservation of both the linearity and the norm relations
in (11). To complete the proof of Theorem 11.21, it remains to show that
I, ®p<p b = 1 nhy, for any orthogonal functions hy, ..., h, € L*(\). This is
an immediate consequence of the following lemma, where for any f € L2(\®m)
and g € L*(\) we are writing

(f @1 9)(t1,- - 1) = /f(tl,...,tn)g(tn)dtw
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Lemma 11.24 (recursion) For any f € L*(\*") and g € L*(\) withn € N,
we have

Lii(f ®g) = I.f -ng — nl,_i(f 1 g). (13)

Proof: By Fubini’s theorem and the Cauchy—Buniakowski inequality,

IF gl =Ifgl, — IF gl <A gl < 1£1 gl

Hence, the two sides of (13) are continuous in probability in both f and g,
and it is enough to prove the formula for f € &, and g € &;. By the linearity
of each side we may next reduce to the case when f = Q;<, 14, and g = 14,
where Ay,..., A, are disjoint and either AN, Ay, = 0 or A = A;. In the
former case we have f ®; g = 0, so (13) is immediate from the definitions.
In the latter case, (13) becomes

L1 (A% x Ay x -+ x A,) = {(nA)? = ANAInA, ---nA,. (14)

Approximating 142 as in Lemma 11.23 by functions f,, € & with support in
AZ% it is clear that the left-hand side equals I,A2nA;---nA,. This reduces
the proof of (14) to the two-dimensional version I,bA? = (nA)> — AA. To
prove the latter, we may divide A for each m into 2™ subsets B,,; of measure
< 27™ and note as in Theorem 11.9 and Lemma 11.23 that

(1A =32, (0Bi)® + 3, 1Bumi 1Binj — AA + LA® in L2, O

The last lemma will be used to derive an explicit representation of the
integrals I, in terms of the Hermite polynomials pg, p1,.... The latter are
defined as orthogonal polynomials of degrees 0,1,... with respect to the
standard Gaussian distribution on R. This condition determines each p,
up to a normalization, which may be chosen for convenience such that the
leading coefficient equals one. The first few polynomials are then

po(x)=1; pi(z) == pala)=2"—1; ps(z) =2 —3u;

Theorem 11.25 (orthogonal representation, Ité) On a separable Hilbert
space H, let n be an isonormal Gaussian process with associated multiple Wie-

ner—Ito integrals Iy, I, . ... Then for any orthonormal elements ey, ..., ey €
H and integers ny,...,ny, > 1 with sum n, we have
Xn
L@ e;™ = I pu;(ney)-
j<m j<m

Using the linearity of I, and writing h = h/||R]|, it is seen that the stated
formula is equivalent to the factorization

L @ h{™ = [[ L,hi™. hi,....hy € H orthogonal, (15)

j<m j<m
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together with the representation of the individual factors
LR = ||h|"pa(nh), h € H\{0}. (16)

Proof: We shall prove (15) by induction on n. Then assume the rela-
tion to hold for all integrals up to order n, fix any orthonormal elements
h,hi,..., hy, € H and integers k,nq,...,n, € N with sum n + 1, and write
J=Q®j<m hj-@"j. By Lemma 11.24 and the induction hypothesis,

Lua(f @ b)) = L(f @ h*ED) nh— (k= 1)l (f @ 2472
= (In-rs1f) {[k—1h®(k71) -nh — (k — 1)Ik_2h®(’“*2)}
= Inkarlf . Ikh®k

Using the induction hypothesis again, we obtain the desired extension to
]n+1.

It remains to prove (16) for an arbitrary element h € H with ||| = 1.
Then conclude from Lemma 11.24 that

Lyr R = [Lh®" b — nl,_1h®"Y, neN.

Since Iyl = 1 and I;h = nh, it is seen by induction that I,,h®" is a polynomial
in nh of degree n and with leading coefficient 1. By the definition of Hermite
polynomials, it remains to show that the integrals I,h®" for different n are
orthogonal, which holds by Lemma 11.22. |

Given an isonormal Gaussian process 1 on some separable Hilbert space
H, we may introduce the space L?(n) = L*(Q,0{n}, P) of n-measurable
random variables £ with E£? < co. The nth polynomial chaos P, is defined
as the closed linear subspace generated by all polynomials of degree <n in
the random variables nh, h € H. For each n € Z; we may further introduce
the nth homogeneous chaos H,,, consisting of all integrals I, f, f € H®".

The relationship between the mentioned spaces is clarified by the following
result. As usual, we are writing @ and & for direct sums and orthogonal
complements, respectively.

Theorem 11.26 (chaos expansion, Wiener) On a separable Hilbert space
H, let n be an isonormal Gaussian process with associated polynomial and
homogeneous chaoses P,, and H,, respectively. Then the H, are orthogonal,
closed, linear subspaces of L*(n), satisfying

Pn=EPHi, n€y; L*(n) = P Ha. (17)
k=0 n=0

Furthermore, every & € L?(n) has a unique a.s. representation & = Y, I, fn
with symmetric elements f, € H®, n > 0.
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In particular, we note that Hy = Py = R and
Hy=P,OPn1, neN.

Proof: The properties in Lemma 11.22 extend to arbitrary integrands,
and so the spaces H, are mutually orthogonal, closed, linear subspaces of
L*(n). From Lemma 11.23 or Theorem 11.25 it is further seen that H,, C P,.
Conversely, let ¢ be an nth-degree polynomial in the variables nh. We may

then choose some orthonormal elements eq,...,e,, € H such that £ is an
nth-degree polynomial in ney, ..., ne,. Since any power (ne;)* is a linear
combination of the variables po(ne;), . .., pr(ne;), Theorem 11.25 shows that

£ is a linear combination of multiple integrals I f with & < n, which means
that § € @<, Hi. This proves the first relation in (17).

To prove the second relation, let ¢ € L*(n) © @, H,. In particular,
EL(nh)" for every h € H and n € Z,. Since ¥, [nh|"/n! = el € L2 the
series e = Y~ (inh)"/n! converges in L?, and we get & Le™" for every h € H.
By the linearity of the integral nh, we hence obtain for any hy,...,h, € H,
n €N,

E [5 exp Zkgni“knhk} =0, uy,...,u, €R.

Applying the uniqueness theorem for characteristic functions to the distribu-
tions of (nhy,...,nh,) under the bounded measures y* = E[¢*; ], we may
conclude that

El&; (nhy,...,nhy,) € Bl =0, B e B([R").

By a monotone class argument, this extends to E[; A] = 0 for arbitrary
A € o{n}, and since & is n-measurable, it follows that £ = E[¢|n] = 0 a.s.
The proof of (17) is then complete.

In particular, any element ¢ € L?(n) has an orthogonal expansion

5 = anojnfn = anolnfna

for some elements f, € H®" with symmetric versions fn, n € Z,. Now as-
sume that also & = Y, I,,g,. Projecting onto H,, and using the linearity of I,,,
we get I,(gn — f) = 0. By the isometry in (11) it follows that ||, — fu | = 0,
and so G, = fy. O

Exercises

1. Let &,...,&, be iid. N(m,0?). Show that the random variables
E=n1YL& and s2 = (n — 1), (& — €)? are independent and that
(n —1)s L Shen(éx — m)? (Hint: Use the symmetry in Proposition 11.2,
and no calculations.)
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2. For a Brownian motion B, put ¢,, = k27", and define &y, = By, — Bj_1
and & = By, , — 3(Bi,_,,, + Bi,_,,), k,n > 1. Show that the &, are
independent Gaussian. Use this fact to construct a Brownian motion from a
sequence of i.i.d. N(0,1) random variables.

3. Let B be a Brownian motion on [0, 1], and define X; = B, —tB;. Show
that X 11 By. Use this fact to express the conditional distribution of B, given
By, in terms of a Brownian bridge.

4. Combine the transformations in Lemma 11.6 with the Brownian scal-
ing ¢! B(ct) to construct a family of transformations preserving the distri-
bution of a Brownian bridge.

5. Show that the Brownian bridge is an inhomogeneous Markov process.
(Hint: Use the transformations in Lemma 11.6 or verify the condition in
Proposition 11.7.)

6. Let B = (B!, B?) be a Brownian motion in R? and consider some
times ¢, as in Theorem 11.9. Show that >,(B} — B} = )(B}  —Bf )
— 0 in L? or a.s., respectively. (Hint: Reduce to the case of the quadratic

variation.)

7. Use Theorem 6.27 to construct an rcll version B of Brownian motion.
Then show as in Theorem 11.9 that B has quadratic variation [B]; = ¢, and
conclude that B is a.s. continuous.

8. For a Brownian motion B, show that inf{t > 0; B, > 0} = 0 a.s. (Hint:
Conclude from Kolmogorov’s 0-1 law that the stated event has probability
0 or 1. Alternatively, use Theorem 11.18.)

9. For a Brownian motion B, define 7, = inf{t > 0; B; = a}. Compute
the density of the distribution of 7, for a # 0, and show that E7, = oo.
(Hint: Use Proposition 11.13.)

10. For a Brownian motion B, show that Z; = exp(cB; — ¢%*t) is a mar-
tingale for every c. Use optional sampling to compute the Laplace transform
of 7, above, and compare with the preceding result.

11. (Paley, Wiener, and Zygmund) Show that Brownian motion B is a.s.
nowhere Lipschitz continuous, and hence nowhere differentiable. (Hint: If B
is Lipschitz at ¢ < 1, there exist some K, > 0 such that |B, — By| < 2hK for
all 7, s € (t — h,t + h) with h < . Apply this to three consecutive n-dyadic
intervals (r, s) around ¢.)

12. Refine the preceding argument to show that B is a.s. nowhere Holder
continuous with exponent ¢ > 1.

13. Show that the local maxima of a Brownian motion are a.s. dense in
R and that the corresponding times are a.s. dense in Ry. (Hint: Use the
preceding result.)

14. Show by a direct argument that limsup, ¢t /2B, = oo a.s. ast — 0
and oo, where B is a Brownian motion. (Hint: Use Kolmogorov’s 0-1 law.)
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15. Show that the law of the iterated logarithm for Brownian motion at
0 remains valid for the Brownian bridge.

16. Show for a Brownian motion B in R? that the process |B]| satisfies
the law of the iterated logarithm at 0 and oo.

17. Let &,&,,... be i.i.d. N(0,1). Show that limsup,(2logn)~/2¢, =1
a.s.

18. For a Brownian motion B, show that M; = ¢! B, is a reverse martin-
gale, and conclude that t7*B; — 0 a.s. and in LP, p > 0, as t — oco. (Hint:
The limit is degenerate by Kolmogorov’s 0—1 law.) Deduce the same result
from Theorem 9.8.

19. For a Brownian bridge B, show that M; = (1 —t)"1B; is a martingale
on [0,1). Check that M is not L'-bounded.

20. Let I, be the n-fold Wiener—It6 integral w.r.t. Brownian motion B
on R;. Show that the process M; = I,(1p4») is a martingale. Express M in
terms of B, and compute the expression for n = 1,2,3. (Hint: Use Theorem
11.25.)

21. Let n,...,n, be independent, isonormal Gaussian processes on a
separable Hilbert space H. Show that there exists a unique continuous linear
mapping ®j, nx from HE" to L?(P) such that @y nr Qp hi = [1; khx a.s. for
all hy,..., h, € H. Also show that @, 7 is an isometry.



Chapter 12

Skorohod Embedding
and Invariance Principles

Embedding of random variables; approximation of random walks;
functional central limit theorem; law of the iterated logarithm;
arcsine laws; approximation of renewal processes; empirical dis-
tribution functions; embedding and approzimation of martingales

In Chapter 4 we used analytic methods to derive criteria for a sum of inde-
pendent random variables to be approximately Gaussian. Though this may
remain the easiest approach to the classical limit theorems, the results are
best understood when viewed as consequences of some general approximation
theorems for random processes. The aim of this chapter is to develop a purely
probabilistic technique, the so-called Skorohod embedding, for deriving such
functional limit theorems.

In the simplest setting, we may consider a random walk (.S,,) based on
some i.i.d. random variables &, with mean 0 and variance 1. In this case there
exist a Brownian motion B and some optional times 7 < 75 < --- such that
Sp, = B, a.s. for every n. For applications it is essential to choose the 7,, such
that the differences A7, are again i.i.d. with mean one. The step process Sy
will then be close to the path of B, and many results for Brownian motion
carry over, at least approximately, to the random walk. In particular, the
procedure yields versions for random walks of the arcsine laws and the law
of the iterated logarithm.

From the statements for random walks, similar results may be deduced
rather easily for various related processes. In particular, we shall derive a
functional central limit theorem and a law of the iterated logarithm for re-
newal processes, and we shall also see how suitably normalized versions of
the empirical distribution functions from an i.i.d. sample can be approxi-
mated by a Brownian bridge. For an extension in another direction, we shall
obtain a version of the Skorohod embedding for general L?-martingales and
show how any suitably time-changed martingale with small jumps can be
approximated by a Brownian motion.

The present exposition depends in many ways on material from previous
chapters. Thus, we shall rely on the basic theory of Brownian motion as set
forth in Chapter 11. We shall also make frequent use of ideas and results from
Chapter 6 on martingales and optional times. Finally, occasional references

220
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will be made to Chapter 3 for empirical distributions, to Chapter 5 for the
transfer theorem, to Chapter 8 for random walks and renewal processes, and
to Chapter 10 for the Poisson process.

More general approximations and functional limit theorems are obtained
by different methods in Chapters 13, 14, and 17. We also note the close
relationship between the present approximation result for martingales with
small jumps and the time-change results for continuous local martingales in
Chapter 16.

To clarify the basic ideas, we begin with a detailed discussion of the
classical Skorohod embedding for random walks. The main result in this
context is the following.

Theorem 12.1 (embedding of random walk, Skorohod) Let&;,&s, ... be i.i.d.
random variables with mean 0, and put S,, = &+ - -+&,. Then there exists a
filtered probability space with a Brownian motion B and some optional times
0=1 <7 <...suchthat (B,,) 4 (S,) and the differences A1, = T, — Th1

are i.i.d. with EAT, = E€ and E(AT,)? < 4B

Here the moment requirements on the differences Ar, are crucial for
applications. Without those conditions the statement would be trivially true,
since we could then choose B1L(,) and define the 7, recursively by 7, =
inf{t > 7,,_1; B; = S,}. In that case E7,, = co unless &; = 0 a.s.

The proof of Theorem 12.1 is based on a sequence of lemmas. First we
exhibit some martingales associated with Brownian motion.

Lemma 12.2 (Brownian martingales) For a Brownian motion B, the pro-
cesses By, B} —t, and B} — 6tB? + 3t* are all martingales.

Proof: Note that EB, = EB? = 0, EB? = t, and EB} = 3t>. Write F
for the filtration induced by B, let 0 < s < ¢, and recall that the process
By = Byy — By is again a Brownian motion independent of F;. Hence,

E[B}|F,) = E[B? 4+ 2B,B,_, + B. | F,| = B+t — s.

Moreover,
E[BYF,] = E[B!+4B3B, ,+6B>B? ,+4B,B} .+ B} |F.]
= B!+6(t—s)B>+3(t—s)%
and so

E[B} — 6tB}|F.] = B! — 65B2 + 3(s* — 1°). 0
By optional sampling, we may derive some useful formulas.

Lemma 12.3 (moment relations) Consider a Brownian motion B and an
optional time T such that B™ is bounded. Then

EB, =0, Er = EB?, Er? <4EB:. (1)
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Proof: By optional stopping and Lemma 12.2, we get for any ¢ > 0
EB.,, =0, E(rAt)=EB?,, (2)
3E(T At)> + EBL,, = 6E(r At)B2,,. (3)

The first two relations in (1) follow from (2) by dominated and monotone
convergence as t — co. In particular, BT < 0o, so we may take limits even
in (3) and conclude by dominated and monotone convergence together with
the Cauchy—Buniakovsky inequality that

3ET? + EB! = 6ETB? < 6(ET?EBYH)Y/2.

Writing r = (E7%/EBY)Y2, we get 3r> 41 < 6r. Thus, 3(r — 1)? < 2, and
finally, » < 1+ (2/3)Y/2 < 2. |

The next result shows how an arbitrary distribution with mean zero can
be expressed as a mixture of centered two-point distributions. For any a <
0 < b, let v, denote the unique probability measure on {a,b} with mean
zero. Clearly, v, = dp when ab = 0; otherwise,

yab:M, a<0<b.
’ b—a
It is easy to verify that v is a probability kernel from R_ x R, to R. For
mappings between two measure spaces, measurability is defined in terms of
the o-fields generated by all evaluation maps np: p — pB, where B is an
arbitrary set in the underlying o-field.

Lemma 12.4 (randomization) For any distribution p on R with mean zero,
there exists a distribution p* on R_ x Ry with p = [ p*(dx dy)v,,. Here we
may choose p* to be a measurable function of p.

Proof (Chung): Let py denote the restrictions of o to Ry \ {0}, define

l(x) = z, and put ¢ = [ldu, = — [ldu_. For any measurable function
f:R— R, with f(0) =0, we get
o [ran = [uap, [ fap-~ [1an [ ran,

= // — z)p_(dz) s (dy) /fdl/zy,
and so we may take

p*(dx dy) = p{0}doo(da dy) + ¢~ (y — x)p—(dz)py (dy).

The measurability of the mapping p — p* is clear by a monotone class ar-

gument if we note that u*(A x B) is a measurable function of p for arbitrary
A, B € B(R). |

The embedding in Theorem 12.1 will now be constructed recursively, be-
ginning with the first random variable &;.
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Lemma 12.5 (embedding of random variable) Fix a probability measure
on R with mean 0, let the pair (o, 3) have distribution p* as in Lemma 12.4,
and let B be an independent Brownian motion. Then 7 = inf{t > 0; B, €
{a, 8}} is an optional time for the filtration Fy = o{«, 8; Bs, s < t}, and
moreover

PoB ' =y, Er = /xzu(dx), Er? < 4/x4y(d:p).

Proof: The process B is clearly an F-Brownian motion, and it is further
seen as in Lemma 6.6 (ii) that the time 7 is F-optional. Using Lemma 12.3
and Fubini’s theorem, we get

PoB;' = EP[B, € |a,0] = Evap = u,
Er = EE[r|a,fp] = E/xQVa,g(da;) = /xz,u(dx),

Er* = EE[*|a,0] < 4E/x4uaﬁ(d:):) = 4/m4u(dx). O

Proof of Theorem 12.1: Let u be the common distribution of the &,.
Introduce a Brownian motion B and some independent i.i.d. pairs (ay, 5,),
n € N, with the distribution p* of Lemma 12.4. Define recursively the
random times 0 =79 < 74 < --- by

T, =inf{t > 1,1; By — B, , € {an, Gn}}, neN

Here each T, is clearly optional for the filtration F; = o{ay, B, k > 1; B'},
t > 0, and B is an F-Brownian motion. By the strong Markov property at
Tn, the process Bt(n) = B, ++— B,, is then a Brownian motion independent of
Gpn = o{m, By,; k < n}. Since moreover (a1, Bus1) LL(B™,G,), we obtain
(ns1, Bus1, B™) LG, and so the pairs (A7,, AB,,) are ii.d. The remaining
assertions now follow by Lemma 12.5. a

The last theorem enables us to approximate the entire random walk by a
Brownian motion. As before, we assume the underlying probability space to
be rich enough to support any randomization variables we may need.

Theorem 12.6 (approzimation of random walk, Skorohod, Strassen) Let
&1,&, ... be i.i.d. random wvariables with mean 0 and variance 1, and write
S, =&+ -+ &,. Then there exists a Brownian motion B with

t’l/zsup8§t|5[s] ~BJ| 50, t— oo, (4)

and S — B
lim 22 o as 5
s v/2tloglogt s (5)

The proof of (5) requires the following estimate.
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Lemma 12.7 (rate of continuity) For a Brownian motion B in R, we have

B,— B
lim limsup sup | d =0 a.s.

rT oo t<usrt /2tloglogt

Proof: Write h(t) = (2tloglogt)'/2. Tt is enough to show that

B, — Byn
lim limsup ~ sup 1B = Bl =0 as. (6)

il n—oo  4n <t<pntl h(?"n’>

Proceeding as in the proof of Theorem 11.18, we get as n — oo for fixed
r>1landc>0

P {sup;ciyn ni| By = Bin| > ch(r™)} < P{B("(r — 1)) > ch(r")}

< n’cz/(“l)(logn)’lm,

—~

where as before a < b means that a < ¢b for some constant ¢ > 0. If
¢ >r —1, it is clear from the Borel-Cantelli lemma that the lim sup in (6)
is a.s. bounded by ¢, and the relation follows as we let r — 1. m|

For the main proof, we need to introduce the modulus of continuity

w(f,t,h) = sup |fr — fsl, t,h>0.

r,s<t,|r—s|<h

Proof of Theorem 12.6: By Theorems 5.10 and 12.1 we may choose a
Brownian motion B and some optional times 0 = 7 < 7y < --- such that
Sp, = B, as. for all n, and the differences 7,, — 7,—1 are i.i.d. with mean 1.
Then 7,/n — 1 a.s. by the law of large numbers, so 71/t — 1 a.s., and (5)
follows by Lemma 12.7.

Next define

& =sup|rg —s|, t=>0,
s<t

and note that the a.s. convergence 7,,/n — 1 implies ¢;/t — 0 a.s. Fix any
t,h,e > 0, and conclude by the scaling property of B that
P {t*l/ZSupsgt\BT[s] — B,| > g}
< P{w(B,t+ th,th) > et'/*} + P{5, > th}
= P{w(B,1+ h,h) >¢e}+ P{t "6, > h}.

Here the right-hand side tends to zero as ¢ — oo and then h — 0, and (4)
follows. =

As an immediate application of the last theorem, we may extend the law
of the iterated logarithm to suitable random walks.
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Corollary 12.8 (law of the iterated logarithm, Hartman and Wintner) Let
&1,&, ... be i..d. random variables with mean 0 and variance 1, and define
Sp=&+--+&,. Then

Sn
lim sup 1 a.s.

n—oo  +/2nloglogn -
Proof: Combine Theorems 11.18 and 12.6. a

To derive a weak convergence result, let D[0, 1] denote the space of all
functions on [0, 1] that are right-continuous with left-hand limits (rcll). For
our present needs it is convenient to equip D[0,1] with the norm |z| =
sup, |x;| and the o-field D generated by all evaluation maps m;: x — ;. The
norm is clearly D-measurable, and so the same thing is true for the open
balls B,, = {y; ||z — y|| < r}, € D[0,1], » > 0. (However, D is strictly
smaller than the Borel o-field induced by the norm.)

Given a process X with paths in D[0,1] and a mapping f: D[0,1] — R,
we shall say that f is a.s. continuous at X if X & D; a.s., where Dy is the
set of functions x € D[0, 1] where f is discontinuous. (The measurability of
Dy is irrelevant here, provided that we interpret the condition in the sense
of inner measure.)

We may now state a functional version of the classical central limit the-
orem.

Theorem 12.9 (functional central limit theorem, Donsker) Let &;,&s, ... be
i.1.d. random variables with mean 0 and variance 1, and define

Xp=n23¢, tel0o,1], neN.
k<nt
Consider a Brownian motion B on [0,1], and let f: D[0,1] — R be measur-
able and a.s. continuous at B. Then f(X™) % f(B).

The result follows immediately from Theorem 12.6 together with the fol-
lowing lemma.

Lemma 12.10 (approzimation and convergence) Let X1, Xs, ... and Y}, Y5,
... be rell processes on [0,1] with Y, £ Y1 =Y for all n and || X, — Y,|| 50,
and let f : D[0,1] — R be measurable and a.s. continuous at Y. Then

FX) S F(Y).

Proof: Put T = QN [0,1]. By Theorem 5.10 there exist some processes
X! on T such that (X, Y) £ (X,,Y,) on T for all n. Then each X/, is a.s.
bounded and has finitely many upcrossings of any nondegenerate interval,
and so the process X,(t) = X! (t+) exists a.s. with paths in D[0,1]. From
the right continuity of paths, it is also clear that (X,,Y) < (X,,Y,) on [0,1]
for every n.



226 Foundations of Modern Probability

To obtain the desired convergence, we note that || X, — Y| < || X, =Y, || &
0, and hence f(X,) £ f(X,) 5 f(Y) as in Lemma 3.3. 0

In particular, we may recover the central limit theorem in Proposition 4.9
by taking f(z) = x; in Theorem 12.9. We may also obtain results that go
beyond the classical theory, such as for the choice f(z) = sup, |z;|. As a less
obvious application, we shall see how the arcsine laws of Theorem 11.16 can

be extended to suitable random walks. Recall that a random variable ¢ is

2

said to be arcsine distributed if ¢ < sin® o, where o is U(0, 27).

Theorem 12.11 (arcsine laws, Erdos and Kac, Sparre-Andersen) Let (S,,)
be a random walk based on some distribution p with mean 0 and variance 1,
and define forn € N

- nilzkgnl{Sk > 0}7
= n'min{k >0; S, = max;<,S;},

= n 'max{k < n; SpS, <0}.

Sﬂw Sﬂm S\L

Then 7. s for i =1,2,3, where 7 is arcsine distributed. The results for
1 = 1,2 remain valid for any nondegenerate, symmetric distribution pi.

For the proof, we consider on D0, 1] the functionals

filr) = MMt e€]0,1]; x> 0},
fo(x) = inf{t € [0,1]; 2 V 2, = sup,, 7.},
fs(x) = sup{t € [0,1]; zx; < 0}.

The following result is elementary.

Lemma 12.12 (continuity of functionals) The functionals f; are measur-
able. Furthermore, fi is continuous at x iff \M{t; x; = 0} = 0, fo is continuous
at x iff x; V xy_ has a unique mazimum, and f3 is continuous at x if 0 is not
a local extreme of x; or x— on (0, 1].

Proof of Theorem 12.11: Clearly, 7i = f;(X") for n € N and i = 1,2, 3,
where
X =n""2S,y, tel0,1], neN.
To prove the first assertion, it suffices by Theorems 11.16 and 12.9 to show
that each f; is a.s. continuous at B. Thus, we need to verify that B a.s.
satisfies the conditions in Lemma 12.12. For f; this is obvious, since by
Fubini’s theorem

1
EMt <1, B, =0} = / P{B, = 0}dt = 0.
0

The conditions for fs and f3 follow easily from Lemma 11.15.
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To prove the last assertion, it is enough to consider 7! since 72 has the
same distribution by Corollary 9.20. Then we introduce an independent
Brownian motion B and define

o, =n""y _ HeBp+(1-¢)S >0}, neN, ee(0,1].

By the first assertion, together with Theorem 8.11 and Corollary 9.20, we
have 0 £ g1 % 7. Since P{S, = 0} — 0, e.g. by Theorem 3.17, we further
note that
limsup |0 — 74| < n 7" > 1{S, = 0} £o.
e—0 k<n
EiY 0, and by
Theorem 3.28 we get 7.1 % 7. O

Hence, we may choose some constants €, — 0 with 05" — 7}

Theorem 12.9 is often referred to as an invariance principle, because the
limiting distribution of f(X™) is the same for all i.i.d. sequences (&) with
mean 0 and variance 1. This fact is often useful for applications, since a
direct computation may be possible for some special choice of distribution,
such as for P{{, = +£1} = 1.

The approximation Theorem 12.6 yields a corresponding result for re-
newal processes, regarded here as nondecreasing step processes.

Theorem 12.13 (approzimation of renewal processes) Let N be a renewal
process based on some distribution p with mean 1 and variance o € (0, 00).
Then there exists a Brownian motion B such that

t72sup [N, — s —0B,| 50, t— o0, (7)
s<t
and N,—t—oB
lim ————"t =0 a.s. 8
=N loglogt @ ®)
Proof: Let 1, 11, . .. be the renewal times of N, and introduce the random

walk S,, = n—7,4+79, n € Z,. Choosing a Brownian motion B as in Theorem
12.6, we get
. N’rn — Tn — UBn . Sn - UBn

Iim ———— = lim —— =

n—oo  /2nloglogn n—oc \/2nloglogn
Since 7,, ~ n a.s. by the law of large numbers, we may replace n in the
denominator by 7,, and by Lemma 12.7 we may further replace B,, by B, .
Hence,

0 a.s.

Nf/ —t— O'Bt
v2tloglogt

To obtain (8), it remains by Lemma 12.7 to show that

— 0 a.s. along (7,).

Tn+1 — Tn N
V271, loglog 7,

which may be seen most easily from Theorem 12.6.

0 as.,
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From Theorem 12.6 it is further seen that

n~ 2 sup IN,, =7 —0oB| =n""!

Sup /2i1;£)|5k—7'0—03k| Lo,
and by Brownian scaling,
nY?w(B,n,1) £ w(B,1,n"") — 0.
To get (7), it is then enough to show that
n_l/qukanh’k —Tpp — 1] = n_l/zsupk§n|5k — Sy_1] £o,

which is again clear from Theorem 12.6. |

We may now proceed as in Corollary 12.8 and Theorem 12.9 to deduce
an associated law of the iterated logarithm and a weak convergence result.

Corollary 12.14 (limits of renewal processes) Let N be a renewal process
based on some distribution p with mean 1 and variance 0® < oo. Then

lim (N — 1)
1IMSsup —F/———— —
t—mp V2tloglogt

If B is a Brownian motion and

g a.s.

NM —rt

orl/2

X7 = , tel0,1], r>0,
then also f(X") % f(B) asr — oo, for any measurable function f: D[0,1] —
R that is a.s. continuous at B.

The weak convergence part of the last corollary yields a similar result
for the empirical distribution functions associated with a sequence of i.i.d.
random variables. In this case the asymptotic behavior can be expressed in
terms of a Brownian bridge.

Theorem 12.15 (approzimation of empirical distribution functions) Let
&1,8, ... be i.i.d. random variables with distribution function F and em-
pirical distribution functions F17F27 .... Then there exist some Brownian
bridges B', B, ... with

sup, ‘nlﬂ{ﬁn(x) —F(x)} —B"o F(:z:)‘ B0, n— oo 9)

Proof: As in the proof of Proposition 3.24, we may easily reduce the
discussion to the case when the &, are U(0,1), and F(t) =t on [0,1]. Then,
clearly,

WP (E() ~ F() =n 2, (& <t} —1), te[0.1]



12. Skorohod Embedding and Invariance Principles 229

Now introduce for each n some independent Poisson random variable k,, with
mean 7, and conclude from Proposition 10.3 that Nj* = 3., 1{& <t} isa
homogeneous Poisson process on [0, 1] with rate n. By Theorem 12.13 there
exist some Brownian motions W™ on [0, 1] with

_ n n| P
SUp,<; ‘n V2(N® —nt) — W] ‘ = 0.
For the associated Brownian bridges By = W — tW]* we get

SUP;<q )nil/Q(Nt" —tNy') — B} Lo.

To deduce (9), it is enough to show that

Zkg‘ﬁn,n‘(l{fk < t} — t)

Tfl/zsuptSl £o. (10)

Here |k, —n| £ 0, e.g. by Proposition 4.9, and so (10) holds by Proposition
3.24 with n'/? replaced by |x, — n|. It remains to note that n=/2|k, — n| is
tight, since F(k, —n)? = n. O

Our next aim is to establish martingale versions of the Skorohod embed-
ding Theorem 12.1 and the associated approximation Theorem 12.6.

Theorem 12.16 (embedding of martingales) Let (M,,) be a martingale with

My = 0 and induced filtration (G,). Then there exist a Brownian motion B

and associated optional times 0 = 19 < 1 < --- such that M,, = B, a.s. for
all n and, moreover,

EIAT,|Fo] = E[(AMn)Z‘gnflL (11)

E[(ATn)QU:nfl} < 4E[(AMn)4|gnfl]v (12)

where (F,) denotes the filtration induced by the pairs (M, T,).
Proof: Let py, pa, . .. be probability kernels satisfying
PIAM,, € -1G,_1] = pn(My, ..., M, _1;-) as., néeN. (13)

Since the M, form a martingale, we may assume that u,(x;-) has mean 0
for all z € R"™!. Define the associated measures p(z;-) on R? as in Lemma
12.4, and conclude from the measurability part of the lemma that p is a
probability kernel from R™! to R2. Next choose some measurable functions
fn: R" — R? as in Lemma 2.22 such that f,(x,9) has distribution p(z,-)
when 9 is U(0, 1).

Now fix any Brownian motion B’ and some independent i.i.d. U(0,1)

random variables ¥y, ¥, . ... Take 75 = 0, and recursively define the random
variables a,, 8,, and 7/, n € N, through the relations
_ / ’
(amﬁn) - fn(B-ria"‘an—T'l_laﬁn% (14)

T inf {t > 7 ;s B{— Bl € {on,Ba}} (15)
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Since B’ is a Brownian motion for the filtration B, = o{(B’)", (¢¥,)}, t > 0,
and each 7/ is B-optional, the strong Markov property shows that Bg") =
B, — B;, is again a Brownian motion independent of F = O'{T,;,B:_};;
k < n}. Since also ¥, 1L(B™ F'), we have (B™ 9, ,)1LF. Writing
g = O'{B;_]/c; k < n}, it follows easily that

(AT, ABY Lo P (16)
By (14) and Theorem 5.4 we have

P[(Ozm ﬂn) € ‘g;—l} = M;(B;—fv BERE) B-lry’kl; ) (17)

Moreover, B®" V1 (o, B, G}, 1), s0 B" D 1lg  (an, ) and B"Y is con-

ditionally a Brownian motion. Applying Lemma 12.5 to the conditional
distributions given G/ _,, we get by (15), (16), and (17)

P[AB;;’, € |g1l171] = MH(B;'{v s B;—’

n—1

), (18)

E[An|F, ] = E[A71G, \] = E[(AB,)*|G, 1], (19)
E[(A)*|F, ] = E[(A7)%|G, ] < 4B[(AB},)YG, ). (20)

Comparing (13) and (18), it is clear that (B;,) £ (M,). By Theorem

5.10 we may then choose a Brownian motion B with associated optional
times 71, 79, ... such that

{B,(M,),(r.)} £ {B',(B.,).(m})}.

All a.s. relations between the objects on the right, involving also their con-
ditional expectations given any induced o-fields, remain valid for the objects
on the left. In particular, M, = B, a.s. for all n, and relations (19) and (20)
imply the corresponding formulas (11) and (12). O

We shall use the last theorem to show how martingales with small jumps
can be approximated by a Brownian motion. For martingales M on Z,, we
may introduce the quadratic variation [M] and predictable quadratic variation
(M), given by

(Ml =30, (AMY?, (M) =3, EI(AM)*|Fi-a].

Continuous-time versions of those processes are considered in Chapters 15
and 23.

Theorem 12.17 (approzimation of martingales with small jumps) For each
n € N, let M™ be an F"-martingale on Z, with My = 0 and |AM}| < 1,

and assume that supy, |AM}| £0. Define

Xp =3 AMPM{[M", <t} te0,1], nEN,
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and put ¢, = [M"]. Then (X" — B")¢ ., B0 for some Brownian motions
B™.  This remains true with [M"] replaced by (M™), and we may further
replace the condition supy, |AM]| L0 by

S PIAM| > el Fp ] 50, >0 (21)

For the proof we need to show that the time scales given by the sequences
), [M™], and (M™) are asymptotically equivalent.
k

Lemma 12.18 (time-scale comparison) Let the martingales in Theorem
12.17 be given by M} = B™ o1} a.s., for some Brownian motions B™ with as-
sociated optional times 7} as in Theorem 12.16. Put k' = inf{k; [M™]; > t}.
Then, as n — oo for fixred t > 0,

sup (|7 — (M V(M) = (M")e]) Lo (22)

Proof: By optional stopping, we may assume that [M"] is uniformly

bounded and take the supremum in (22) over all k. To handle the sec-

ond difference in (22), we note that D, = [M"] — (M"™) is a martingale for

each n. Using the martingale property, Proposition 6.16, and dominated
convergence, we get

E(D")? < sup,E(D})? =3, B(AD})?
- Y EE[ AD”) 7]
< D EEBIAM)FL]

Ezk AMk < Esup,(AM})* =0

and so (D")* £ 0. This clearly remains true if each sequence (M™) is defined
in terms of the filtration G" induced by M™.
To complete the proof of (22), it is enough to show, for the latter versions

of (M™), that (7" — (M™))* £ 0. Then let 7 denote the filtration induced
by the pairs (M}, 77), k € N, and conclude from (11) that

(M") =32, AT, moneN.

Hence, D" = 7 — (M™) is a T"-martingale. Using (11) and (12), we then
get as before

E(D")? < sup,E(D}) Z E E[(ADy)’| T ]
< ZkEE (AT T
< Y EE(AM)YG]

Ezk(AM£)4 < Esup,(AM})* — 0. O

The sufficiency of (21) is a consequence of the following simple estimate.
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Lemma 12.19 (Dvoretzky) For any filtration F on Z, and sets A, € F,,
n € N, we have

P, Ay < P{> PlA|F, ] >} +e, >0,

Proof: Write &, = 14, and é" = P[A,|F._1], fix any € > 0, and define
T=inf{n; & +---+&, >e}. Then {7 < n} € F,_; for each n, and so

EZ{H:ZE[&;T>n]:ZE[én;T>n]:EZgn§6.

n<tT n<tT

Hence,

PUAngP{T<oo}+EZ§nSP{Zn€n>s}+s. O

n<t

Proof of Theorem 12.17: To prove the result for the time-scales [M™], we
may reduce by optional stopping to the case when [M"] < 2 for all n. For
each n we may choose some Brownian motion B™ and associated optional
times 7' as in Theorem 12.16. Then

(X" — B”)znAl <w(B" 14 6,,0,), neN,
where
On = sup{|7i — [M"]| + (AM)*},
and so

E[(X" = B". . A1] < E[w(B", 1+ h,h) A 1] + P{5, > h}.

Since 6, 50 by Lemma 12.18, the right-hand side tends to zero as n — oo
and then h — 0, and the assertion follows.

In the case of the time-scales (M™), define ,, = inf{k; [M"] > 2}. Then
[M™],., — (M™),.. 5 0 by Lemma 12.18, so P{(M™),, < 1, k, < oo} — 0,
and we may reduce by optional stopping to the case when [M™] < 3. The
proof may now be completed as before. O

Though the Skorohod embedding has no natural extension to higher di-
mensions, one can still obtain useful multidimensional approximations by
applying the previous results to each component separately. To illustrate the
method, we shall see how suitable random walks in R¢ can be approximated
by continuous processes with stationary, independent increments. Extensions
to more general limits are obtained by different methods in Corollary 13.20
and Theorem 14.14.

Theorem 12.20 (approximation of random walks in R?) Consider in R a

Brownian motion B and some random walks S*, S?, ... such that Sp LN 0B
for some d x d-matriz o and some integers m,, — co. Then there exist some
processes X" (Shung) with (X™ — o B); L0 forall t > 0.
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Proof: By Theorem 4.15 we have

max |[AS| 50, ¢>0,
k<mpt

and so we may assume that |[AS?| < 1 for all n and k. Subtracting the means,
we may further assume that ES} = 0. Writing Y} = Sf}nnt] and applying

Theorem 12.17 in each coordinate, we get w(Y™, t,h) £ 0asn — oo and
then h — 0. Furthermore, w(cB,t,h) — 0 a.s. as h — 0.

Using Theorem 4.15 in both directions gives Y;" KN oB; as t, —t. By
independence, it follows that (Y;",...,Y/") % 6(By,,...,By,) for alln € N
and ty,...,t, € Q,, and so Y 4 5B on Q. by Theorem 3.29. By Theorem
3.30, or more conveniently by Corollary 5.12 and Theorem A2.2; there exist

some rcll processes X" L Y™ with X' = oB,as. forallQ,. Forany ¢, h >0
we have

E[(X" = oB); ] < E[maxjeyn| X}, — 0 Bju| Al]
FE[w(X™,t,h) A1)+ E[w(oB,t,h) A1)

Multiplying by e, integrating over ¢ > 0, and letting n — oo and then
h — 0 along Q,, we get by dominated convergence

/ e tE[(X"™ — o B): A1]dt — 0.
0
Hence, by monotonicity, the last integrand tends to zero as n — oo, and so
(X" —oB); 5 0 for cach ¢ > 0. O

Exercise

1. Proceed as in Lemma 12.2 to construct Brownian martingales with
leading terms B} and BJ. Use multiple Wiener-It6 integrals to give an
alternative proof of the lemma, and find for each n a martingale with leading
term By'. (Hint: Use Theorem 11.25.)



Chapter 13

Independent Increments
and Infinite Divisibility

Regularity and jump structure; Lévy representation; independent
increments and infinite divisibility; stable processes; character-
istics and convergence criteria; approximation of Lévy processes
and random walks; limit theorems for null arrays; convergence of
extremes

In Chapters 10 and 11 we saw how Poisson processes and Brownian motion
arise as special processes with independent increments. Our present aim is
to study more general processes of this type. Under a mild regularity as-
sumption, we shall derive a general representation of independent-increment
processes in terms of a Gaussian component and a jump component, where
the latter is expressible as a suitably compensated Poisson integral. Of spe-
cial importance is the time-homogeneous case of so-called Lévy processes,
which admit a description in terms of a characteristic triple (a, b, ), where a
is the diffusion rate, b is the drift coefficient, and v is the Lévy measure that
determines the rates for jumps of different sizes.

In the same way that Brownian motion is the basic example of both a
a diffusion process and a continuous martingale, the general Lévy processes
constitute the fundamental cases of both Markov processes and general semi-
martingales. As a motivation for the general weak convergence theory of
Chapter 14, we shall further see how Lévy processes serve as the natural
approximations to random walks. In particular, such approximations may
be used to extend two of the arcsine laws for Brownian motion to general
symmetric Lévy processes. Increasing Lévy processes, even called subordi-
nators, play a basic role in Chapter 19, where they appear in representations
of local time and regenerative sets.

The distributions of Lévy processes at fixed times coincide with the in-
finitely divisible laws, which also arise as the most general limit laws in the
classical limit theorems for null arrays. The special cases of convergence to-
ward Poisson and Gaussian limits were considered in Chapter 4, and now we
shall be able to characterize the convergence toward an arbitrary infinitely
divisible law. Though characteristic functions will still be needed occasion-
ally as a technical tool, the present treatment is more probabilistic in flavor
and involves as crucial steps a centering at truncated means followed by a
compound Poisson approximation.

234
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To resume our discussion of general independent-increment processes, say
that a process X in R? is continuous in probability if X, EiY X; whenever
s — t. Let us further say that a function f on R, or [0,1] is right-continuous
with left-hand limits (abbreviated as rcll) if the right- and left-hand limits
fi+ exist and are finite and if, moreover, f;;. = f;. A process X is said to
be rcll if its paths have this property. In that case only jump discontinuities
may occur, and we say that X has a fized jump at some time ¢t > 0 if
P{X;# X,_}>0.

The following result gives the basic regularity properties of independent-
increment processes. A similar result for Feller processes is obtained by
different methods in Theorem 17.15.

Theorem 13.1 (regularization, Lévy) Let the process X in R? be continu-
ous in probability with independent increments. Then X has an rcll version
without fized jumps.

For the proof we shall use a martingale argument based on the charac-
teristic functions

por(u) = Eexpliu(X; — X,)}, ueR’, 0<s<t.

Note that ¢, s = ¢ for any r < s <t, and put o, = ;. In order to
construct associated martingales, we need to know that ¢, # 0.

Lemma 13.2 (zeros) For anyu € R and s <t we have @,,(u) # 0.

Proof: Fix any u € R? and s < t. Since X is continuous in probabil-
ity, there exists for any » > 0 some h > 0 such that ¢, ,.(u) # 0 whenever
|r — r'| < h. By compactness we may then choose finitely many division
point s =ty < t; < --- < t, =t such that ¢, (u) # 0 for all k, and by
the independence of the increments we get ¢ (u) = [ 01,4, (W) 0. O

We also need the following deterministic convergence criterion.

Lemma 13.3 (convergence in ]Rd) Fiz any a1, a9, ... € R Then a, con-
verges iff €™ converges for almost every u € R%,

Proof: Assume the stated condition. Fix a nondegenerate Gaussian ran-
dom vector 7 in RY, and note that exp{itn(a, —a,)} — 1 a.s. as m,n — 0o
for fixed ¢ € R. By dominated convergence the characteristic function of
(@ — a,) tends to 1, and 0 7(ay, — a,) - 0 by Theorem 4.3, which implies
Ay, — @, — 0. Thus, (a,) is Cauchy and therefore convergent. O

Proof of Theorem 13.1: We may clearly assume that X, = 0. By Lemma
13.2 we may define

TuXy
M} = y t>0, ueR?
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which is clearly a martingale in t for each u. Letting 2, C £ denote the set
where Xt has limits from the left and right along Q. at every t > 0, it is
seen from Theorem 6.18 that PQ, = 1.

Restating the definition of €2, in terms of upcrossings, we note that
the set A = {(u,w); w € Q,} is product measurable in R? x Q. Writ-
ing A, = {u € R4 w € Q,}, it follows by Fubini’s theorem that the set
Q) = {w; MA¢ = 0} has probability 1. If w € ' we have u € A,, for almost
every u € R?, and so Lemma 13.3 shows that X itself has finite right- and
left-hand limits along Q. Now define X; = X;, on € and X = 0 on Q,
and note that X is rcll everywhere. Further note that X is a version of X
since Xyip EiY X, as h — 0 for fixed ¢ by hypothesis. For the same reason X
has no fixed jumps. o

We proceed to state the general representation theorem. Given any Pois-
son process 17 with intensity measure v = En, we recall from Theorem 10.15
that the integral (n — v)f = [ f(z)(n — v)(dx) exists in the sense of approx-
imation in probability iff v(f* A |f]) < oo.

Theorem 13.4 (independent-increment processes, Lévy, I1to) Let X be an
rell process in R with Xo = 0. Then X has independent increments and no
fized jumps iff, a.s. for each t > 0,

Xi=m + Gy +/Ut/|1|§1:1:(17 — En)(dsdz) +/0t/‘z‘>13:n(dsd:c), (1)

for some continuous function m with myg = 0, some continuous centered
Gaussian process G with independent increments and Go = 0, and some
independent Poisson process n on (0,00) x (R4\ {0}) with

ot
/ /(|x|2 A1) En(dsdz) < 0o, t> 0. 2)
0
In the special case when X is real and nondecreasing, (1) simplifies to

t roo
Xi=a + / / xn(dsdzx), t>0, (3)
0 Jo

for some nondecreasing continuous function a with ag = 0 and some Poisson
process 1 on (0,00)? with

/Ot/ow(x A1) En(dsdz) < oo, > 0. (4)

Both representations are a.s. unique, and all functions m,a and processes
G,n with the stated properties may occur.

We begin the proof by analyzing the jump structure of X. Let us then
introduce the random measure

n=>0ax =2 H(tAX,) €}, ()
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where the summation extends over all times ¢t > 0 with AX, = X, — X, # 0.
We say that 7 is locally X -measurable if for any s < ¢ the measure 1((s, t] x -)
is a measurable function of the process X, — X, r € [s,1].

Lemma 13.5 (Poisson process of jumps) Let X be an rcll process in RY
with independent increments and no fized jumps. Then n in (5) is a locally
X -measurable Poisson process on (0,00) x (R®\ {0}) satisfying (2). If X
is further real valued and nondecreasing, then 1 is supported by (0,00)% and
satisfies (4).

Proof (beginning): Fix any times s < ¢, and consider a sequence of parti-
tions s =ty < - -+ < ty, with maxg(tnr — thr—1) — 0. For any continuous
function f on R? that vanishes in a neighborhood of 0, we have

S K = X)) = [ F@n((s,8] x da),

which implies the measurability of the integrals on the right. By a simple
approximation we may conclude that n((s,t] x B) is measurable for every
compact set B C R?\ {0}. The measurability extends by a monotone class
argument to all random variables nA, where A is included in some fixed
bounded rectangle [0,¢] x B, and the further extension to arbitrary Borel
sets is immediate.

Since X has independent increments and no fixed jumps, the same prop-
erties hold for 7, which is then Poisson by Theorem 10.11. If X is real valued
and nondecreasing, then (4) holds by Theorem 10.15. O

The proof of (2) requires a further lemma, which is also needed for the
main proof.

Lemma 13.6 (orthogonality and independence) Let X and Y be rcll pro-
cesses in R with Xo = Yy = 0 such that (X,Y) has independent increments
and no fized jumps. Also assume that Y is a.s. a step process and that
AX-AY =0 a.s. Then X1Y.

Proof: Define 1 as in (5) in terms of Y, and note as before that 7 is locally
Y-measurable whereas Y is locally n-measurable. By a simple transformation
of n we may reduce to the case when Y has bounded jumps. Since 7 is Poisson,
Y then has integrable variation on every finite interval. By Corollary 2.7 we
need to show that (Xi,,..., X, )L (Yy,,...,Y;:,) for any t; < --- < t,, and
by Lemma 2.8 it suffices to show for all s < ¢ that X; — X, 1LY, —Y,. Without
loss of generality, we may take s =0 and ¢t = 1.

Then fix any v, v € R?, and introduce the locally bounded martingales

etuXt oY

Mt:W’ Nt:m’ tZO
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Note that N again has integrable variation on [0,1]. For n € N we get by
the martingale property and dominated convergence

EMN, —1 = Ezkgn(Mk/" — Ma—1)/n) (Nijn — Nig—1)/n)

1

= E/O (M[anrlf]/n - M[snf]/n)st
1

= E/ AM,dN, = EY. _ AM,AN, = 0.
0 =

Thus, £ M;N; =1, and so
EeiuX1+ivY1 _ Eeiqu Evei'qu7 u, v c Rd.

The asserted independence X7 11Y; now follows by the uniqueness theorem
for characteristic functions. O

End of proof of Lemma 13.5: It remains to prove (2). Then define 1, =
n([0,¢] x -), and note that n:{x; |z| > e} < 0o a.s. for all ¢, > 0 because X
is rcll. Since 7 is Poisson, the same relations hold for the measures Emn;, and
so it suffices to prove that

/H 2 2Em(da) < 00, > 0. (6)
z|<1

Then introduce for each € > 0 the process

X; =3 AXI{AX,| > e} = /MX eni(dz), >0,

and note that X° 1l X — X¢ by Lemma 13.6. By Lemmas 10.2 and 13.2 we
get for any ¢, > 0 and u € R?\ {0}

0 < |Ee™| < |EeXi| = ’Eexp/ iuz ny(dz)
x|>e

= exp (cosux — 1)En(dz).

|z|>e

exp [ ("~ 1)En(da)
|z|>e
Letting € — 0 gives
/ |uz|* En,(dz) < /(1 — cosux)En(dz) < oo,
Juz|<1

and (6) follows since u is arbitrary. |

Proof of Theorem 13.4: In the nondecreasing case, we may subtract the
jump component to obtain a continuous, nondecreasing process Y with in-

dependent increments, and from Theorem 4.11 it is clear that Y is a.s. non-
random. Thus, in this case we get a representation as in (3).
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In the general case, introduce for each ¢ € [0, 1] the martingale

t
Mf:/ / x(n— En)(dsdz), t>0.
0 J|z|e(e1]

Put M, = M}, and let J; denote the last term in (1). By Proposition 6.16
we have E(M¢® — M%) — 0 for each ¢t. Thus, M + J has a.s. the same
jumps as X, and so the process Y = X — M — J is a.s. continuous. Since
7 is locally X-measurable, the same thing is true for Y. Theorem 11.4 then
shows that Y is Gaussian with continuous mean and covariance functions.
Subtracting the means m; yields a continuous, centered Gaussian process G,
and by Lemma 13.6 we get GLL(M* + J) for every ¢ > 0. The independence
extends to M by Lemma 2.6, and so G_1Ly.

The uniqueness of 7 is clear from (5), and G is then determined by sub-
traction. From Theorem 10.15 it is further seen that the integrals in (1) and
(3) exist for any Poisson process n with the stated properties, and we note
that the resulting process has independent increments. O

We may now specialize to the time-homogeneous case, when the distribu-
tion of X, — X, depends only on h. An rcll process X in R? with stationary
independent increments and Xy = 0 is called a Lévy process. If X is also real
and nonnegative, it is often called a subordinator.

Corollary 13.7 (Lévy processes and subordinators) An rcll process X in R?
is Lévy iff (1) holds with m; = bt, G; = 0By, and En = A\@v for some b € RY,
some d x d-matriz o, some measure v on R?\ {0} with [(|z[*A1)v(dz) < oo,
and some Brownian motion B1Ln in R?. Furthermore, X is a subordinator
iff (3) holds with a; = at and En = A® v for some a > 0 and some measure
v on (0,00) with [(z A 1)v(dx) < oo. The triple (oo’,b,v) or pair (a,v) is
determined by Po X1, and any a, b, o, and v with the stated properties may
occur.

The measure v above is called the Lévy measure of X, and the quantities
oo’,b, and v or a and v are referred to collectively as the characteristics of X.

Proof: The stationarity of the increments excludes the possibility of fixed
jumps, and so X has a representation as in Theorem 13.4. The stationarity
also implies that En is time invariant. Thus, Lemma 1.29 yields En = A ®@v
for some measure v on R?\ {0} or (0,00). The stated conditions on v are
immediate from (2) and (4). Finally, Theorem 11.4 gives the form of the
continuous component. Formula (5) shows that 7 is a measurable function
of X, and so v is uniquely determined by P o X~!. The uniqueness of the
remaining characteristics then follows by subtraction. O

From the representations in Theorem 13.4 we may easily deduce the fol-
lowing so-called Lévy—Khinchin formulas for the associated characteristic
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functions or Laplace transforms. Here we shall write u’ for the transpose
of u.

Corollary 13.8 (characteristic exponents, Kolmogorov, Lévy) Let X be a
Lévy process in R® with characteristics (a,b,v). Then Ee™Xt = e for all
t >0 and u € R?, where

hy = iu'b— Ju'au + /(ei“lm — 1 —d/z1{|z| < 1}v(dz), weR: (7)

If X is a subordinator with characteristics (a,v), then also Ee "Xt = e~Xu
for all t,u > 0, where

Xu = ua + /(1 —e “y(dr), u>0. (8)
In both cases the characteristics are determined by the distribution of Xi.

Proof: Formula (8) follows immediately from (3) and Lemma 10.2. Sim-
ilarly, (7) is obtained from (1) by the same lemma when v is bounded, and
the general case then follows by dominated convergence.

To prove the last assertion, we note that v is the unique continuous func-
tion with 1y = 0 satisfying e¥* = Ee™X1. By the uniqueness theorem for
characteristic functions and the independence of the increments, ¢ deter-
mines all finite-dimensional distributions of X, and so the uniqueness of the
characteristics follows from the uniqueness in Corollary 13.7. |

From Proposition 7.5 we note that a Lévy process X is Markov for
the induced filtration G = (G,;) with translation-invariant transition kernels
wi(z, B) = (B — x) = P{X; € B — z}. More generally, given any filtra-
tion F, we say that X is Lévy with respect to F, or simply F-Lévy, if X is
adapted to F and such that (X; — X)L F, for all s < ¢t. In particular, we
may take F; = G, VN, t >0, where N =0{N C A; A€ A, PA=0}. Note
that the latter filtration is right-continuous by Corollary 6.25. Just as for
Brownian motion in Theorem 11.11, it is further seen that a process X which
is F-Lévy for some right-continuous, complete filtration F is a strong Markov
process, in the sense that the process X' = 0, X — X satisfies X 4 X' UF,
for any finite optional time 7.

We turn to a brief discussion of some basic symmetry properties. A
process X on R, is said to be self-similar if for any r > 0 there exists some
s = h(r) > 0 such that the process X,;, t > 0, has the same distribution as
sX. Excluding the trivial case when X; = 0 a.s. for all ¢ > 0, it is clear that
h satisfies the Cauchy equation h(zy) = h(z)h(y). If X is right-continuous,
then h is continuous, and the only solutions are of the form h(z) = z* for
some « € R.

Let us now return to the context of Lévy processes. Such a process X
is said to be strictly stable if it is self-similar and weakly stable if it is self-
similar apart from a centering, so that for each r > 0 the process (X,;) has
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the same distribution as (sX; + bt) for suitable s and b. In the latter case,
the corresponding symmetrized process is strictly stable, so s is again of the
form r¢. In both cases it is clear that & > 0. We may then introduce the
index p = a~! and say that X is strictly or weakly p-stable. The terminology
carries over to random variables or vectors with the same distribution as Xj.

Proposition 13.9 (stable Lévy processes) Let X be a nondegenerate Lévy
process in R with characteristics (a,b,v). Then X is weakly p-stable for some
p > 0 iff exactly one of these conditions holds:

(i) p=2andv =0;
(i) p € (0,2), a =0, and v(dz) = ci|z| P 'dz on Ry for some cx > 0.
For subordinators, weak p-stability is equivalent to the condition

(iii) p € (0,1) and v(dz) = cx P *dz on (0,00) for some ¢ > 0.

Proof: Writing S, : * — rx for any v > 0, we note that the processes
X (rPt) and rX have characteristics 7*(a, b, v) and (r?a,rb,v o S;), respec-
tively. Since the latter are determined by the distributions, it follows that
X is weakly p-stable iff rPa = r?a and rPv = v o St for all 7 > 0. In par-
ticular, a = 0 when p # 2. Writing F(x) = v[z,00) or v(—oo, —z], we also
note that r?F(rz) = F(x) for all r,z > 0, and so F'(z) = 2 PF(1), which
yields the stated form of the density. The condition [(z* A 1)v(dz) < oo
implies p € (0,2) when v # 0. If X > 0, we have the stronger condition
Sz A1)r(dx) < oo, so in this case p < 1. O

If X is weakly p-stable for some p # 1, it can be made strictly p-stable by
a suitable centering. In particular, a weakly p-stable subordinator is strictly
stable iff the drift component vanishes. In the latter case we simply say that
X is stable.

The next result shows how stable subordinators may arise naturally even
in the study of continuous processes. Given a Brownian motion B in R,
introduce the maximum process M; = sup,., B, and its right-continuous
inverse -

T.=inf{t >0; My >r} =inf{t >0; By >r}, r>0. 9)

Theorem 13.10 (inverse maximum process, Lévy) Define T as in (9) in
terms of a Brownian motion B. Then T is a }-stable subordinator with Lévy
measure v(dr) = (2m) V22732 dz, x > 0.

Proof: By Lemma 6.6, the random times T, are optional with respect
to the right-continuous filtration F induced by B. By the strong Markov
property of B, the process 8,1 —T, is then independent of Fr, with the same
distribution as T'. Since T is further adapted to the filtration (Fr.), it follows
that T" has stationary independent increments and hence is a subordinator.
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_ To see that T is -stable, fix any ¢ > 0, put B, = ¢ 'B(c*t), and define
T, =inf{t > 0; B; > r}. Then

T, = inf{t > 0; B, > cr} = Zinf{t > 0; B, > r} = *T,.

By Proposition 13.9 the Lévy measure has a density of the form az=%/2,

x > 0, and it remains to identify a. Then note that the process
X, = exp(uB; —u*t/2), t>0,

is a martingale for any v € R. In particular, £ X, ,, = 1 for any r,t > 0,
and since clearly B, = r, we get by dominated convergence

Eexp(—u’T,/2) =e™™, u,r > 0.

Taking v = v/2 and comparing with Corollary 13.8, we obtain
2 oo . oo
i = / (1—e )z dx = 2/ e x ' 2dy = 24/7,
a 0 0
which shows that a = (27)~1/2, O

If we add a negative drift to a Brownian motion, the associated maximum
process M becomes bounded, and so T'= M~ terminates by a jump to in-
finity. For such occasions, it is useful to consider subordinators with possibly
infinite jumps. By a generalized subordinator we mean a process of the form
X, =Y+ o0 1{t > (} as., where Y is an ordinary subordinator and ¢ is
an independent, exponentially distributed random variable. In this case we
say that X is obtained from Y by exponential killing. The representation
in Theorem 13.4 remains valid in the generalized case, except that v is now
allowed to have positive mass at oco.

The following characterization is needed in Chapter 19.

Lemma 13.11 (generalized subordinators) Let X be a nondecreasing and
right-continuous process in [0, oo] with Xo = 0, and let F denote the filtration
induced by X. Then X is a generalized subordinator iff

PXsy — Xs € |Fs] =P{X; €} as on{X;<o0}, st>0 (10)
Proof: Writing ¢ = inf{t; X; = oo}, we get from (10) the Cauchy equation
P{{>s+t} =P{(>stP{{>t}, s,t>0, (11)

which shows that ¢ is exponentially distributed with mean m € (0, 0o]. Next
define py = P[X; € -|X; < o0], t > 0, and conclude from (10) and (11) that
the p; form a semigroup under convolution. By Theorem 7.4 there exists a
corresponding process Y with stationary, independent increments. From the
right-continuity of X, it follows that Y is continuous in probability. Hence, Y
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has a version that is a subordinator. Now choose 5 2 ¢ with §¢LY7 and let X
denote the process Y killed at {. Comparing with (10), we note that X < X
By Theorem 5.10 we may assume that even X = X a.s., which means that
X is a generalized subordinator. The converse assertion is obvious. O

The next result provides the basic link between Lévy processes and tri-
angular arrays. A random vector £ or its distribution is said to be infinitely
divisible if for every n € N there exist some i.i.d. random vectors &,1,. . ., &m
with >, &k < & By an d.i.d. array we mean a triangular array of random
vectors &, 7 < My, where the &,; are i.i.d. for each n and m,, — oo.

Theorem 13.12 (Lévy processes and infinite divisibility) For any random
vector € in R?, these conditions are equivalent:
(i) & is infinitely divisible;
(ii) 32 &n; KN ¢ for some i.4.d. array (&,;);
(iii) & 2L X, for some Lévy process X in R%
Under those conditions, the distribution of X is determined by that of .

A simple lemma is needed for the proof.
Lemma 13.13 If the &,; are such as in (ii), then &, Lo.

Proof: Let p and p,, denote the distributions of ¢ and &,;, respectively.
Choose r > 0 so small that /i # 0 on [—r, 7], and write i = ¥ on this interval,
where ¢ : [-r,r] — C is continuous with ¢(0) = 0. Since the convergence
[ — i is uniform on bounded intervals, it follows that fi,, # 0 on [—r, 7]
for sufficiently large n. Thus, we may write fi,(u) = ¥ for |u| < r, where
mu, — ¥ on [—r,r]. Then 1, — 0 on the same interval, and therefore
fin — 1. Now let ¢ < r~! and note as in Lemma 4.1 that

sinrz

[ = fm(ndu = 20 [ (1= 05) ()
> (1= = u{le] = ).

As n — oo, the left-hand side tends to 0 by dominated convergence, and we
get iy, — Jo. O

Proof of Theorem 13.12: Trivially (iii) = (i) = (ii). Now let &,;, j < my,
be an i.i.d. array satisfying (ii), put p, = P o §;]~1, and fix any k£ € N. By
Lemma 13.13 we may assume that & divides each m, and write >>;&,; =
Nn1 + - -+ + Nk, where the 7,; are i.i.d. with distribution (/%) For any
u € R? and r > 0 we have

(Pl > 1)) = P {mingequnyy > 1} < P{S2_umy > kr}



244 Foundations of Modern Probability

and so the tightness of > iy carries over to the sequence 1,;. By Proposition
4.21 we may extract a weakly convergent subsequence, say with limiting
distribution v,. Since Y2, 7y; KN &, it follows by Theorem 4.3 that ¢ has
distribution v*. Thus, (ii) = (i).

Next assume (i), so that Po ¢! = p = " for each n. By Lemma
13.13 we get fi, — 1 uniformly on bounded intervals, so f # 0, and we may
write i = e¥ and fi, = e¥" for some continuous functions 1 and v, with
(0) = 1,(0) = 0. Then v = n, for each n, so e¥ is a characteristic func-
tion for every t € Q. and then also for ¢ € R, by Theorem 4.22. By Theorem
5.16 there exists a process X with stationary independent increments such
that X; has characteristic function e® for every t. Here X is continuous in
probability, and so by Theorem 13.1 it has an rcll version, which is the desired
Lévy process. Thus, (i) = (iii). The last assertion is clear from Corollary
13.8. O

Justified by the one-to-one correspondence between infinitely divisible
distributions g and their characteristics (a,b, ) or (a,v), we shall use the
notation pu = id(a,b,v) or pu = id(a, v), respectively. The last result shows
that the class of infinitely divisible laws is closed under weak convergence,
and we proceed to derive explicit convergence criteria. Then define for each
h>0

a" =a+ xa'v(dz), br=1b— v (dw),
Jiz|<h h<|e|<1
where [, j.1<1 = — fi<z<, When h > 1. In the positive case we may instead

define a" = a + [,.,, xv(dr). Let RY denote the one-point compactification
of R%, -

Theorem 13.14 (convergence of infinitely divisible distributions)
(i) Let pu = id(a,b,v) and p, = id(an, by, v,) on RY, and fix any h > 0
with v{|z| = h} = 0. Then p, =5 pu iff ak — a”, b — V", and v, > v
on R4\ {0},
(ii) Let pp = id(a,v) and p, = id(a,v) on Ry, and fix any h > 0 with
v{h} = 0. Then p, = p iff a® — a" and v, = v on (0, 00].

For the proof we shall first consider the one-dimensional case, which allows
some important simplifications. Thus, (7) may then be written as

ux >1+:132~
1422 v

o = et + / (e —1 (da), (12)

22

where
2

mu(dw), (13)

c = b+/<1—fx2 —zl{jz| < 1})1/(dx), (14)

v(dr) = o%6(dx) +
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and the integrand in (12) is defined by continuity as —u?/2 when = = 0.
For infinitely divisible distributions on R, , we may instead introduce the
measure

v(dz) = ady + (1 — e *)v(dx). (15)

The associated distributions p will be denoted by Id(c, 7) and 1d(7), respec-
tively.

Lemma 13.15 (one-dimensional criteria)
(i) Let u = 1d(c,v) and p, = Id(c,, ) on R. Then p, — p iff ¢n — ¢
and Uy, = .
(ii) Let p=1d(7) and p, = 1d(%,) on Ry. Then p, — p iff 0 — 0.

Proof: (i) Defining ¢ and 1, as in (12), we may write i = e¥ and
Qi = e¥n. If ¢, = c and 7, = D, then 1,, — 9 because of the boundedness
and continuity of the integrand in (12), and so fi,, — f1, which implies j,, >
by Theorem 4.3. Conversely, jt, — u implies fi, — fi uniformly on bounded
intervals, and we get ,, — 9 in the same sense. Now define

x) = [ (@) — ot s)ds = 2 [ (1 - )T gy

-1 T 72

and similarly for x,, where the interchange of integrations is justified by
Fubini’s theorem. Then y,, — X, and so by Theorem 4.3

(1 B Sinx)ll—ifﬁn(dw) u (1 B sinx) 1 +2I217(dx)'

T T T

Since the integrand is continuous and bounded away from 0, it follows that
U, — 0. This implies convergence of the integral in (12), and by subtraction
Cn — C.

(i) This may be proved directly by the same method, where we note that
the functions in (8) satisty x(u+ 1) — x(u) = [ e *(dx). O

Proof of Theorem 13.14: For any finite measures m,, and m on R we note
that m,, = m iff m,, = m on R\ {0} and m,,(=h,h) — m(—h,h) for some
h > 0 with m{£h} = 0. Thus, for distributions p and p, on R we have
Uy = v iff v, = v on R\ {0} and a" — a” for any h > 0 with v{£h} = 0.
Similarly, 7, = # holds for distributions y and p,, on R, iff v, = v on (0, o]
and a — a" for all b > 0 with v{h} = 0. Thus, (ii) follows immediately from
Lemma 13.15. To obtain (i) from the same lemma when d = 1, it remains to
notice that the conditions b — b" and ¢, — ¢ are equivalent when 7, - ¥
and v{+h} =0, since |z — z(1 + 2?)7! < |z|3.

Turning to the proof of (i) when d > 1, let us first assume that v,, — v
on R4\ {0} and that a — a" and b — V" for some h > 0 with v{|z| = h}
= 0. To prove j, — p, it is enough by Corollary 4.5 to show for any one-

dimensional projection 7, : x — v’z with u # 0 that p, o 7w, ' = pom, L
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Then fix any k& > 0 with v{|v/z| = k} = 0, and note that o 7' has the
associated characteristics v* = v o, ! and

a** = va'u+ /(u/z)Q{l(o,k]ﬂu'xD — Lo (|z|) jv(de),
bt = b [l (e)) = L) v(do).

Let a®* bk and v* denote the corresponding characteristics of p, o 7, !.

Then v = v* on R\ {0}, and furthermore a®* — a** and b** — b**. The
desired convergence now follows from the one-dimensional result.

Conversely, assume that y1,, — p. Then p,om, 1 = pom, ! for every u # 0,
and the one-dimensional result yields v* = v on R\{0} as well as a®* — a%*
and b%* — b%* for any k > 0 with v{|v/z| = k} = 0. In particular, the
sequence (v, K) is bounded for every compact set K C R?\ {0}, and so the
sequences (v'au) and (v'b]!) are bounded for any u # 0 and h > 0. In follows
easily that (a”) and (b") are bounded for every h > 0, and therefore all three
sequences are relatively compact.

Given any subsequence N’ C N, we have v, — 1/ along a further subse-
quence N” C N’ for some measure v/ satisfying [(|z|* A1)/ (dz) < oo. Fixing
any h > 0 with v/{|z] = h} = 0, we may choose a still further subsequence
N" such that even a” and b converge toward some limits ' and &'. The
direct assertion then yields p, — i’ along N, where 1/ is infinitely divisible
with characteristics determined by (a’,¥’,v'). Since u' = u, we get v/ = v,
a’ = a", and ¥ = b". Thus, the convergence remains valid along the original
sequence. O

By a simple approximation, we may now derive explicit criteria for the
convergence _; & KN & in Theorem 13.12. Note that the compound Poisson
distribution with characteristic measure y = Po&~! is given by i = id(0, b, ),
where b = E¢; || < 1]. For any array of random vectors §,;, we may in-
troduce an associated compound Poisson array, consisting of row-wise inde-

pendent compound Poisson random vectors &,,; with characteristic measures
-1
Pog, .

Corollary 13.16 (i.i.d. arrays) Consider in R? an i.i.d. array (&,;) and
an associated compound Poisson array (&,;), and let & be id(a,b,v). Then

>iknj ¢ iff > énj 2 ¢, For any h > 0 with v{|z| = h} =0, it is further
equivalent that
(i) maPo & % v oon RE\ {0};
(i) mnLEn&ni [l < h] = al;
(iii) m,E[&n; €] < h] — V.

Proof: Let p = P o ¢! and write /i = e¥, where 1 is continuous with
P(0) = 0. If g™ 5 u, then g™ — i uniformly on compacts. Thus, on
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any bounded set B we may write /i,, = e¥" for large enough n, where the v,
are continuous with m,,, — v uniformly on B. Hence, m,(e¥" — 1) — 1,
and so ji¥™ % p. The proof in the other direction is similar. Since ji*™»
is 1d(0, by, mnpy) with b, = my, [, <1 Tpa(dz), the last assertion follows by
Theorem 13.14. a

The weak convergence of infinitely divisible laws extends to a pathwise
approximation property for the corresponding Lévy processes.

Theorem 13.17 (approximation of Lévy processes, Skorohod) Let X, X!,
X2, ... be Lévy processes in R with X7 N X1. Then there exist some
processes X™ £ X with (X" — X): 50 for all t > 0.

Before proving the general result, we shall consider two special cases.

Lemma 13.18 (compound Poisson case) The conclusion of Theorem 13.17
holds when X, X', X2, ... are compound Poisson with characteristic measures
U, V1, Vs, . .. satisfying v, — v.

Proof: Allowing positive mass at the origin, we may assume that v and
the v, have the same total mass, which may then be reduced to 1 through
a suitable scaling. If &, &, ... and &£7,&7, ... are associated i.i.d. sequences,
then (€7,&7,...) < (&1,&,...) by Theorem 3.29, and by Theorem 3.30 we
may assume that the convergence holds a.s. Letting N be an independent
unit-rate Poisson process, and defining X; = 3;<y, & and Xj' = 3oy, &7,
it follows that (X" — X); — 0 a.s. for each ¢ > 0. O

Lemma 13.19 (case of small jumps) The conclusion of Theorem 13.17
holds when EX" =0 and 1 > (AX™): 5 0.

Proof: Since (AX™)% £ 0, we may choose some constants h, — 0 with
m, = h;' € N such that w(X™,1,h,) = 0. By the stationarity of the
increments, it follows that w(X™, ¢, h,) L0 for all t > 0. Next, Theorem
13.14 shows that X is centered Gaussian. Thus, there exist as in Theorem
12.20 some processes Y™ £ (X7 . ) with (Y" — X); 5 0 for all ¢ > 0.
By Corollary 5.11 we may further choose some processes Xr L X7 with

Y =X, g, &S Then, as n — oo for fixed t > 0,

E(X" - X)i A1 < B(Y" = X)i A] + Elw(X", t,h,) A1] = 0. O

Proof of Theorem 13.17: The asserted convergence is clearly equivalent
to p(X™, X) — 0, where p denotes the metric

p(X,Y) = /0 Tt E[(X — V) ALt
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For any h > 0 we may write X = L* + M" + J" and X" = L™" + M™" +
Juh with LF = ot and L}" = bl't, where M" and M™" are martingales
containing the Gaussian components and all centered jumps of size < h, and
the processes J" and J™" are formed by all remaining jumps. Write B for
the Gaussian component of X, and note that p(M", B) — 0 as h — 0 by
Proposition 6.16.

For any h > 0 with v{|z| = h} = 0, it is clear from Theorem 13.14 that
bt — bh and v 5 VP where " and v denote the restrictions of v and
Vn, respectively, to the set {|z| > h}. The same theorem yields a” — a as
n — oo and then h — 0, and so under those conditions M]"" 4 By.

Now fix any € > 0. By Lemma 13.19 there exist some constants h,r > 0
and processes M™" £ Mmh guch that p(M", B) < ¢ and p(M™", B) < ¢ for
all n > r. Furthermore, if v{|z| = h} = 0, there exist by Lemma 13.18 some
number ' > r and processes Jruh L gnh independent of M™" such that
p(jh, J™M) < e for all n > . We may finally choose r” > 7’ so large that
p(L", L™") < ¢ for all n > . The processes X" = L™h  Mnh 4 jnh L xn
then satisfy p(X, X™) < 4e for all n > 7. O

Combining Theorem 13.17 with Corollary 13.16, we get a similar approx-
imation theorem for random walks, which extends the result for Gaussian
limits in Theorem 12.20. A slightly weaker result is obtained by different
methods in Theorem 14.14.

Corollary 13.20 (approzimation of random walks) Consider in R a Léuvy
process X and some random walks S*,S2,... such that Sn. 4 X1 for some
integers m, — 00, and let N be an independent unit-rate Poisson process.
Then there exist some processes X™ < (S™ o Ny,,i) with (X" — X)¥ £0 for
allt > 0.

In particular, we may use this result to extend the first two arcsine laws
in Theorem 11.16 to symmetric Lévy processes.

Theorem 13.21 (arcsine laws) Let X be a symmetric Lévy process in R
with X1 # 0 a.s. Then these random variables are arcsine distributed:

n=Mt<1; Xy >0} m=inf{t>0; X;VX,_ =sup,,X,}. (16)

The role of the condition X; # 0 a.s. is to exclude the case of pure jump
type processes.

Lemma 13.22 (diffuseness, Doeblin) A measure p = id(a,b,v) in R is
diffuse iff a # 0 or VR? = cc.

Proof: If a = 0 and vR? < oo, then 4 is compound Poisson apart from a
shift, so it is clearly not diffuse. When either condition fails, then it does so
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for at least one coordinate projection, and so we may take d = 1. If a > 0,
the diffuseness is obvious by Lemma 1.28. Next assume that v is unbounded,
say with v(0,00) = co. For each n € N we may then write v = v, + 1/,
where v/, is supported by (0,n7!) and has total mass log2. For p we get a
corresponding decomposition p, * p,, where u! is compound Poisson with
Lévy measure v, and 4, {0} = 1. For any x € R and ¢ > 0 we get

p{r} < pn{a {0} + pnlz — &, 2)10,,(0, €] + 41, (e, 00)
S %Mn[‘r - & IL'] + :u‘{rz(ga OO)
Letting n — oo and then € — 0, and noting that p!, = do and p, — u, we
get p{z} < ip{x} by Theorem 3.25, and so p{z} = 0. O

Proof of Theorem 13.21: Introduce the random walk Si = Xj/p, let N
be an independent unit-rate Poisson process, and define X;* = S™ o N,,;. By
Corollary 13.20 there exist some processes X" £ X" with (X" — X)1 5 0.
Define 7* and 73 as in (16) in terms of X", and conclude from Lemmas 12.12

and 13.22 that 7 4 1 fori=1and 2.
Now define

of =NV S 1Sy > 04 of = Ny min {k; S = max;<y, 57} .
k<N,

Since t 7' N, — 1 a.s. by the law of large numbers, we have SUPy<; [n "IN, — ¢
— 0 a.s., and so 0§ — 75 — 0 a.s. Applying the same law to the sequence

of holding times in N, we further note that of — 77" £ 0. Hence, ol 47
fori =1,2. Now o} 4 oy by Corollary 9.20, and by Theorem 12.11 we have
o < sin® a where a is U(0,2r). Hence, 7 L Lsin?a. O

The preceding results will now be used to complete the classical limit
theory for sums of independent random variables begun in Chapter 4. Recall
that a null array in R? is defined as a family of random vectors &,;, j =
1,...,my, n € N, such that the ,; are independent for each n and satisfy
sup; E[[§,;| A1] — 0. Our first goal is to extend Theorem 4.11, by giving the
basic connection between sums with positive and symmetric terms. Here we
write py for the mapping = — 2.

Proposition 13.23 (positive and symmetric terms) Let (§,;) be a null ar-
ray of symmetric random variables, and let & and n be infinitely divisible with
characteristics (a,0,v) and (a,vopy '), respectively, where v is symmetric and

Again the proof may be based on a simple compound Poisson approxi-
mation.
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Lemma 13.24 (approzimation) Let (£,;) be a null array of positive or sym-
metric random variables, and let (&,;) be an associated compound Poisson

array. Then for any random variable § we have 3; &, LN §iff ¥, énj LN .

Proof: Write p = Po & and p,; = Po §;j1. In the symmetric case we
need to show that

Hjﬂnj = < Hj exp(fin; — 1) — fi,

which is immediate from Lemmas 4.6 and 4.8. In the nonnegative case, a
similar argument applies to the Laplace transforms. O

Proof of Proposition 13.23: Let p,; denote the distribution of &,;, and fix
any h > 0 with v{|z| = h} = 0. By Theorem 13.14 (i) and Lemma 13.24 we

have >°; &nj L € iff
Zju”j —U> v on R\{O}:
DB &gl <B = a+ | aPu(d),

[z]<h
a .
whereas 35, &2 = 1 iff

Zj,unjop;l % vopy' on (0,00,

Z]-E[fiﬁ ’I?Lj <Rh] = a+ y(vopy")(dy).

Jy<h?
The two sets of conditions are equivalent by Lemma 1.22. O
The limit problem for general null arrays is more delicate, since a com-

pound Poisson approximation as in Corollary 13.16 or Lemma 13.24 applies
only after a careful centering, as prescribed by the following key result.

Theorem 13.25 (compound Poisson approxzimation) Let (€,;) be a null ar-
ray of random vectors in R?, and fix any h > 0. Define 1,; = &,j — byj, where
bn; = El&nj; [€njl < B], and let (7,;) be an associated compound Poisson ar-
ray. Then for any random vector &,

Yo b HE X (e +bag) B E (17)
A technical estimate is needed for the proof.

Lemma 13.26 (uniform summability) Let yp,; be the characteristic func-
tions of the random vectors n,; = &,; — bn; tn Theorem 13.25. Then either
condition in (17) implies that

o o d
hfznj;ip Zj\l Oni(u)| < o0, ueR”
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Proof: By the definitions of b,;, 7,;, and ¢,;, we have

1 — pnj(u) = E[l — i o/, 1€ | < h}] — /by P{|€n;| > h}.
Putting
an = ZjE[UnjU;j; 1€l <A, po= ZjP{|§nj| > h},
and using Lemma 4.14, we get
D1 = nj(u)] < 3uanu + (2 + [ul)pa.

Hence, it is enough to show that (v'a,u) and (p,) are bounded.
Assuming the second condition in (17), the desired boundedness follows
easily from Thcorom 13.14, together with the fact that max; |b,;| — 0. If

instead -, &) KN ¢, we may introduce an independent copy (§;,;) of the array
(&) and apply Theorem 13.14 and Lemma 13.24 to the symmetric random
variables (; = u/'§,; — '€, ;. For any A’ > 0, this gives

hmsupz P{IGl > h'} < oo, (18)

hmsupz E[(¢Y)% 1601 < h'] < oc. (19)

The boundedness of p, follows from (18) and Lemma 3.19. Next we note that
(19) remains true with the condition |(;| < A’ replaced by [&,;] V [§),;] < h.
Furthermore, by the independence of fnj and &

7’7]7

2ZE 2 ‘5nj|v‘§n]|<h]
ZjE Unng)%; |€nsl < BIP{|En;| < Y} — Zj(E[U'Unj; |€ns] < R])?
> 'ayuming P{|&,;] < h} — Zj(u’ban{|§nj| > h})?.

Here the last sum is bounded by p, max;(u'b,;)? — 0, and the minimum on
the right tends to 1. Thus, the boundedness of (v/a,u) follows by (19). O

Proof of Theorem 13.25: By Lemma 4.13 it is enough to show that
i lonj(u) — exp{@n;(u) — 1}| — 0, where ¢,; denotes the characteristic
function of 7,;. This is clear from Taylor’s formula, together with Lemmas
4.6 and 13.26. O

In particular, we may now identify the possible limits.

Corollary 13.27 (limit laws, Feller, Khinchin) Let (&,;) be a null array of

random vectors in R? such that > &nj KN & for some random vector &. Then
& is infinitely divisible.
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Proof: The random vectors 7j,; in Theorem 13.25 are infinitely divisible,
so the same thing is true for the sums 37, (#,; — bn;). The infinite divisibility
of ¢ then follows by Theorem 13.12. a

We may further combine Theorems 13.14 and 13.25 to obtain explicit
convergence criteria for general null arrays. The present result generalizes
Theorem 4.15 for Gaussian limits and Corollary 13.16 for i.i.d. arrays. For
convenience we write cov[¢; A for the covariance matrix of the random vec-
tor 1A§

Theorem 13.28 (general convergence criteria, Doeblin, Gnedenko) Let
(&nj) be a null array of random vectors in RY, let & be id(a,b,v), and fix

any h > 0 with v{|z| = h} = 0. Then 3, &,; % € iff these conditions hold:
(i) X Po&) v on R4\ {0};
(il) 3 cov[€nss [€nj| < h] — a”;

Proof: Define a,; = cov[&,;; |&nil < h] and b,; = E[&,;; [€n] < h]. By
Theorems 13.14 and 13.25 the convergence 3, &y 4 ¢ is equivalent to the
conditions

(i) ©;Pon,; = von R4\ {0},

(it') 3 E[njnlji 1nngl < B = a”,

(i) 32 (bnj + Elngs nng| < 1) — B
Here (i) and (i) are equivalent, since max; |b,;| — 0. Using (i) and the facts
that max; |b,;| — 0 and v{|z| = h} = 0, it is further clear that the sets

{Imn;] < R} in (i') and (iii’) can be replaced by {|¢,;] < h}. To prove the
equivalence of (ii) and (ii’), it is then enough to note that, in view of (i),

I52, {ons = Bl sl < 1}

IN

|32, bt Pl > b3

IN

Similarly, (iii) and (iii’) are equivalent, because

52, Bl 16l < 1| = [0 PAlews| > 1]

e by 3 P&yl > B} 0. O

IN

In the one-dimensional case we shall give two probabilistic interpretations
of the first condition in Theorem 13.28, one of which involves the rowwise
extremes. For random measures 1 and 7, on R\ {0}, the convergence 1, 4 n
on R\ {0} is defined by the condition 7, f % nf for all f € C:(R\ {0}).
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Theorem 13.29 (sums and extremes) Let (&,5) be a null array of ran-
dom wvariables with distributions p,;, and define 1, = ;0 and atf =
max;(+&,;), n € N. Fiz a Lévy measure v on R\ {0}, let n be a Poisson
process on R\ {0} with En = v, and put oF = sup{z > 0; n{+z} > 0}.
Then these conditions are equivalent:

(i) 3 pnj — v on R\ {0};

(i) 7 < on R\ {0}

(iii) o % ot

The equivalence of (i) and (ii) is an immediate consequence of Theorem
14.18 in the next chapter. Here we shall give a direct elementary proof.

Proof: Condition (i) holds iff
Zjunj(xv OO) — V(ZE, 00)7 Zjunj(_ooa —$) — V(—OO, —$)7 (20)

for all x > 0 with v{xz} = 0. By Lemma 4.8, the first condition in (20) is
equivalent to

Play <z} = Hj(l — P{&,; > z}) — e V@) — P{a™ <z},

which holds for all continuity pomts x> 0iff ot 2ot Similarly, the second
condition in (20) holds iff a;; % a~. Thus, (i) and (iil) are equivalent.

To show that (i) implies (ii), we may write the latter condition in the
form

> S(&s) Bt f € CER\{0}). (21)

Here the variables f(,;) form a null array with distributions p,; o f~*, and
nf is compound Poisson with characteristic measure v o f~. Thus, Theorem
13.14 (ii) shows that (21) is equivalent to the conditions

zjunjof*%uof* on (0,5, (22
hm hmsupz / &)t (dz) = 0. (23)
n—00 )<e

Now (22) follows immediately from (i), and to deduce (23) it suffices to note
that the sum on the left is bounded by 3=, p;(f Ae) = v(f Ae).

Finally, assume (ii). By a simple approximation, n,(x, c0) N n(z, oco) for
any x > 0 with v{z} = 0. In particular, for such an x,

P{o) <} = P{nu(x,00) = 0} = P{n(x,00) = 0} = P{a™ <z},

d o _d .
so af = aT. Similarly, a;; = o=, which proves (iii). 0
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Exercises

1. Show that a Lévy process X in R is a subordinator iff X; > 0 a.s.

2. Let X be a weakly p-stable Lévy process. If p # 1, show that the
process X; — ct is strictly p-stable for a suitable constant ¢. Note that the
centering fails for p = 1.

3. Extend Proposition 13.23 to null arrays of spherically symmetric ran-
dom vectors in R%.

4. Show by an example that Theorem 13.25 fails without the centering
at truncated means. (Hint: Without the centering, condition (ii) of Theorem
13.28 becomes 32, E[£n;&,; [€nil < Bl = a”)

5. Deduce Theorems 4.7 and 4.11 from Theorem 13.14 and Lemma 13.24.

6. For a Lévy process X of effective dimension d > 3, show that | X;| — oo
a.s. as t — oo. (Hint: Define 7 = inf{t; |X;| > 1}, and iterate to form a
random walk (S,,). Show that the latter has the same effective dimension as
X, and use Theorem 8.8.)

7. Let X be a Lévy process in R, and fix any p € (0,2). Show that
t=1/PX; converges a.s. iff E|X;|P < oo and either p < 1 or EX; = 0. (Hint:
Define a random walk (.S,,) as before, show that S, satisfies the same moment
condition as X, and apply Theorem 3.23.)



Chapter 14

Convergence of Random Processes,
Measures, and Sets

Relative compactness and tightness; uniform topology on C(K,S);
Skorohod’s Jy-topology; equicontinuity and tightness; convergence
of random measures; superposition and thinning; exchangeable se-
quences and processes; simple point processes and random closed
sets

The basic notions of weak or distributional convergence were introduced in
Chapter 3, and in Chapter 4 we studied the special case of distributions on
Euclidean spaces. The purpose of this chapter is to develop the general weak
convergence theory into a powerful tool that applies to a wide range of set,
measure, and function spaces. In particular, some functional limit theorems
derived in the last two chapters by cumbersome embedding and approxi-
mation techniques will then be accessible by straightforward compactness
arguments.

The key result is Prohorov’s theorem, which gives the basic connection
between tightness and relative distributional compactness. This result will
enable us to convert some classical compactness criteria into convenient prob-
abilistic versions. In particular, we shall see how the Arzela—Ascoli theo-
rem yields a corresponding criterion for distributional compactness of con-
tinuous processes. Similarly, an optional equicontinuity condition will be
shown to guarantee the appropriate compactness for processes that are right-
continuous with left-hand limits (rcll). We shall also derive some general
criteria for convergence in distribution of random measures and sets, with
special attention to the point process case.

The general criteria will be applied to some interesting concrete situations.
In addition to some already familiar results from Chapters 12 and 13, we shall
obtain a general functional limit theorem for sampling from finite populations
and derive convergence criteria for superpositions and thinnings of point
processes. Further applications appear in subsequent chapters, such as a
general approximation result for Markov chains in Chapter 17 and a method
for constructing weak solutions to SDEs in Chapter 18.

Beginning with the case of continuous processes, let us fix two metric
spaces (K, d) and (S, p), where K is compact and S is separable and com-
plete, and consider the space C'(K, S) of continuous functions from K to S,

255



256 Foundations of Modern Probability

endowed with the uniform metric p(z,y) = sup,ex p(zt, ;). For each t € K
we may introduce the evaluation map m;: z — z; from C(K,S) to S. The
following result shows that the random elements in C'(K, S) are precisely the
continuous S-valued processes on K.

Lemma 14.1 (evaluations and Borel sets) B(C(K,S)) =o{n; t € K}.

Proof: The maps m; are continuous and hence Borel measurable, so the
generated o-field C is contained in B(C(K,S)). To prove the reverse rela-
tion, we need to show that any open subset G C C(K,S) lies in C. From
the Arzela—Ascoli Theorem A2.1 we note that C'(K,S) is o-compact and
hence separable. Thus, G is a countable union of open balls B,, = {y €
C(K,S); p(x,y) < r}, and it suffices to prove that the latter lie in C. But
this is clear, since for any countable dense set D C K,

Em,r = m {y € O(K, 5)3 /)(xtvyt) < 7"}~ U
teD
If X and X™ are random processes on K, we shall write X™ X for
convergence of the finite-dimensional distributions, in the sense that

(X3

t19°

XY S (X, Xy)s ..ot € K, keN, (1)

Though by Proposition 2.2 the distribution of a random process is determined
by the family of finite-dimensional distributions, condition (1) is insufficient
in general for the convergence X" 4 X in C(K,S). This is already clear
when the processes are nonrandom, since pointwise convergence of a sequence
of functions need not be uniform. To overcome this difficulty, we may add a
compactness condition. Recall that a sequence of random elements &7, &, . ..
is said to be relatively compact in distribution if every subsequence has a
further subsequence that converges in distribution.

Lemma 14.2 (weak convergence via compactness) Let X, X1, Xo, ... be ran-

dom elements in C(K,S). Then X, 4x iff X, 1 X and (X)) is relatively
compact in distribution.

Proof: 1f X, N X, then X, 9 X follows by Theorem 3.27, and (X,,) is
trivially relatively compact in distribution. Now assume instead that (X,)

satisfies the two conditions. If X, % X, we may choose a bounded continuous
function f: C(K,S) — R and some ¢ > 0 such that |Ef(X,) — Ef(X)| > ¢
along some subsequence N’ C N. By the relative compactness we may choose

a further subsequence N” and a process Y such that X, Ly along N”. But
then X, Ly along N”, and since also X, LN X, Proposition 2.2 yields
X LY. Thus, X, -% X along N”, and so Ef(X,) = Ef(X) along the same
sequence, a contradiction. We conclude that X, 4 X, O
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The last result shows the importance of finding tractable conditions for
a random sequence &1,&s, ... in a metric space S to be relatively compact.
Generalizing a notion from Chapter 3, we say that (&,) is tight if

supg liminf P{¢, € K} =1, (2)

where the supremum extends over all compact subsets K C S.

We may now state the key result of weak convergence theory, the equiv-
alence between tightness and relative compactness for random elements in
sufficiently regular metric spaces. A version for Euclidean spaces was ob-
tained in Proposition 4.21.

Theorem 14.3 (tightness and relative compactness, Prohorov) For any se-
quence of random elements &1,&s, ... in a metric space S, tightness implies
relative compactness in distribution, and the two conditions are equivalent
when S is separable and complete.

In particular, we note that when S is separable and complete, a single
random element £ in S is tight, in the sense that sup, P{¢ € K} = 1. In
that case we may clearly replace the “liminf” in (2) by “inf.”

For the proof of Theorem 14.3 we need a simple lemma. Recall from
Lemma 1.6 that a random element in a subspace of a metric space S may
also be regarded as a random element in S.

Lemma 14.4 (preservation of tightness) Tightness is preserved by continu-
ous mappings. In particular, if (§,) is a tight sequence of random elements in
a subspace A of some metric space S, then (&,) remains tight when regarded
as a sequence in S.

Proof: Compactness is preserved by continuous mappings. This applies
in particular to the natural embedding I: A — S. a

Proof of Theorem 14.3 (Varadarajan): For S = R the result was proved
in Proposition 4.21. Turning to the case when S = R*, consider a tight
sequence of random elements £" = (£, £, ...) in R*®. Writing ny = (&7,...,
&), we conclude from Lemma 14.4 that the sequence (n7; n € N) is tight
in R* for each & € N. Given any subsequence N’ C N, we may then use a
diagonal argument to extract a further subsequence N” such that n} 4 some
Nk as n — oo along N” for fixed k € N. The sequence (P on,?') is projective
by the continuity of the coordinate projections, and so by Theorem 5.14 there
exists some random sequence { = (&,&,...) with (&,...,&) 2 i, for each

k. But then &" ELN ¢ along N”, so Theorem 3.29 yields £" KN & along the
same sequence.

Next assume that S C R*>®. If (&,) is tight in S, then by Lemma 14.4
it remains tight as a sequence in R*. Hence, for any sequence N’ C N
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there exists a further subsequence N” and some random element £ such that
&n <4 & in R* along N”. To show that the convergence remains valid in S, it
suffices by Lemma 3.26 to verify that £ € S a.s. Then choose some compact
sets K,,, C S with liminf,, P{¢, € K,,} > 1—2" for each m € N. Since the
K, remain closed in R*°, Theorem 3.25 yields

P{& € K} > limsup P{E, € Ky} > liminf P{&, € K} > 127",
nenN’" n—oo

and so £ € U,, K, C S as.

Now assume that S is o-compact. In particular, it is then separable and
therefore homeomorphic to a subset A C R*. By Lemma 14.4 the tightness
of (€,) carries over to the image sequence (&,) in A, and by Lemma 3.26 the
possible relative compactness of (én) implies the same property for (&,). This
reduces the discussion to the previous case.

Now turn to the general case. If (&,) is tight, there exist some compact
sets K,,, C S with liminf, P{¢, € K,,} > 1—2"™. In particular, P{§, €
A} — 1, where A = U,, K, and so we may choose some random elements
N, in A with P{§, = n,} — 1. Here (n,) is again tight, even as a sequence
in A, and since A is o-compact, the previous argument shows that (r,) is
relatively compact as a sequence in A. By Lemma 3.26 it remains relatively
compact in S, and by Theorem 3.28 the relative compactness carries over to
(&),

To prove the converse assertion, let S be separable and complete, and
assume that (&,) is relatively compact. For any r > 0 we may cover S by
some open balls By, By, ... of radius r. Writing G}, = By U- - -U By, we claim
that

lim inf P{¢{, € Gy} =1 (3)
k—oo n

Indeed, we may otherwise choose some integers ny, T oo with sup,, P{&,, € G}

= ¢ < 1. By the relative compactness we have &,, KN ¢ along a subsequence
N’ C N for a suitable &, and so

P{EeG,} < li}rcnjivan{ﬁnk €EGn}<c<l, meN,
6 !

which leads as m — oo to the absurdity 1 < 1. Thus, (3) must be true.
Now take r = m™! and write G}* for the corresponding sets Gy. For any
g > 0 there exist by (3) some kq, k1,... € N with

inf P{g, € G} } > 1—€e27", meN.

Writing A = N, Gi , we get inf, P{&, € A} > 1 — . Also, note that A is
complete and totally bounded, hence compact. Thus, (§,) is tight. O

In order to apply the last theorem, we need convenient criteria for tight-
ness. Beginning with the space C'(K, S), we may convert the classical Arzela—
Ascoli compactness criterion into a condition for tightness. Then introduce
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the modulus of continuity
w(x, h) = sup{p(zs, z¢); d(s,t) < h}, ze€C(K,S), h>0.

The function w(z, h) is clearly continuous for fixed A > 0 and hence a mea-
surable function of z.

Theorem 14.5 (tightness in C(K,S), Prohorov) Fiz two metric spaces
K and S, where K is compact and S is separable and complete, and let
X, X1, Xs, ... be random elements in C(K,S). Then X, 4 x iff Xn ELNS'e

and
lim lim sup E[w(X,,h) A1] =0. (4)
h—0 nooo
Proof: Since C(K, S) is separable and complete, Theorem 14.3 shows that
tightness and relative compactness are equivalent for (X,,). By Lemma 14.2

it is then enough to show that, under the condition X, g x , the tightness
of (X™) is equivalent to (4).

First let (X,,) be tight. For any ¢ > 0 we may then choose a compact
set B C C(K,S) such that limsup,, P{X, € B°} < e. By the Arzela—Ascoli
Theorem A2.1 we may next choose h > 0 so small that w(z,h) < ¢ for all
x € B. But then limsup, P{w(X,,h) > e} < ¢, and (4) follows since ¢ was
arbitrary.

Next assume that (4) holds and X, J9, X Since each X, is continuous,
w(Xy, h) = 0 as. as h — 0 for fixed n, so the “limsup” in (4) may be
replaced by “sup.” For any ¢ > 0 we may then choose hq, hs, ... > 0 so small
that

sup P{w(X,, hx) > 27F} <27% ¢, keN. (5)

Letting ¢1,t9,... be dense in K, we may further choose some compact sets
C1,C5, ... C S such that

sup P{X,(t;) € Cf} <27 ¢ keN. (6)

Now define
B = () {x € C(K, 8); a(ty) € Cy, w(z,hy) <27},

Then B is compact by the Arzela-Ascoli Theorem A2.1, and from (5) and
(6) we get sup,, P{X,, € B} <e. Thus, (X,) is tight. O

One often needs to replace the compact parameter space K by some
more general index set T. Here we may assume that T is locally compact,
second-countable, and Hausdorff (abbreviated as lcscH) and endow the space
C(T, S) of continuous functions from 7" to S with the topology of uniform
convergence on compacts. As before, the Borel o-field in C(T),5) is gener-
ated by the evaluation maps 7, and so the random elements in C(7,S) are
precisely the continuous processes on T taking values in S. The following
result characterizes convergence in distribution of such processes.
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Proposition 14.6 (locally compact parameter space) Let X, X', X2, ... be
random elements in C(T, S), where S is a metric space and T is lcscH. Then

x4 x iff the convergence holds for the restrictions to arbitrary compact
subsets K C T.

Proof: The necessity is obvious from Theorem 3.27, since the restriction
map 7 : C(T,S) — C(K, S) is continuous for any compact set K C T. To
prove the sufficiency, we may choose some compact sets K1 C Ko C --- C T
with K7 17, and let X;, X!, X2, ... denote the restrictions of the processes

X, X1 X2 ... to K;. By hypothesis we have X[ 2 X, for every i, and so
Theorem 3.29 yields (X7, X2,...) % (X1, Xs,...). Now 7 = (Tx,, Tk, .- .)
is a homeomorphism from C(7, S) onto its range in X;C(Kj, S), so X™ 4 X
by Lemma 3.26 and Theorem 3.27. O

For a simple illustration, we may prove a version of Donsker’s Theorem
12.9. Since Theorem 14.5 applies only to processes with continuous paths,
we need to replace the original step processes by their linearly interpolated
versions

Xy =n2 {3, G+t = i)}, t=0,neN. (7)

Corollary 14.7 (functional central limit theorem, Donsker) Let &1,&s,. ..
be i.i.d. random variables with mean 0 and variance 1, define X', X2, ... by

(7), and let B denote a Brownian motion on R,.. Then X" % B in C(R.).
The following simple estimate may be used to verify the tightness.

Lemma 14.8 (mazimum inequality, Ottaviani) Let &1,&s, ... be i.i.d. ran-
dom variables with mean 0 and variance 1, and put S, = 3,<, ;. Then

P{|S,| >
P{S;;er\/ﬁ}gw, r>1,neN.
—r
Proof: Put ¢ = rv/n, and define 7 = inf{k €N; |Si| > 2c}. By the strong
Markov property at 7 and Theorem 5.4,

P{Su| > ¢} = P{|S.| >¢, S; > 2c}
> P{r<n, [S, -S| <c}
>

PIS; > 2¢} min P{ISi] < o}

and by Chebyshev’s inequality,

r]gl<in P{|Sk| < ¢} > rgl<in(1 —kc) >0 —nc?)=1—-r"2 O
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Proof of Corollary 14.7: By Proposition 14.6 it is enough to prove the
convergence on [0,1]. Clearly, X, ELNS e by Proposition 4.9 and Corollary
4.5. Combining the former result with Lemma 14.8, we further get the rough
estimate

lim 72 lim sup P{S} > r\/n} =0,

. . . r—0oo n—o0

which implies
’llii%h lim sup supP {sup0<,<h\Xt+T X' > E} =0.

n—oo

Now (4) follows easily, as we divide [0, 1] into subintervals of length < h. O

Next we shall see how the Kolmogorov-Chentsov criterion in Theorem
2.23 may be converted into a sufficient condition for tightness in C'(R?,S).
An important application appears in Theorem 18.9.

Corollary 14.9 (moments and tightness) Let X', X2, ... be continuous pro-
cesses on R with values in a separable, complete metric space (S, p). Assume
that (X{7) is tight in S and that for some constants a,b > 0

E{p(X, X} <|s—t|" s teR? neN, (8)

uniformly in n. Then (X™) is tight in C(R%,S), and for every c € (0,b/a)
the limiting processes are a.s. locally Holder continuous with exponent c.

Proof: For each process X™ we may define the associated quantities &,
as in the proof of Theorem 2.23, and we get FE%, < 2%, Hence, Lemma
1.30 yields for m,n € N

(X 2 )20 < 0 el < 35, 27V < gy,
k>m k>m

which implies (4). Condition (8) extends by Lemma 3.11 to any limiting
process X, and the last assertion then follows by Theorem 2.23. O

Let us now fix a separable, complete metric space S, and consider random
processes with paths in D(R,, S), the space of rell functions f: Ry — S. We
shall endow D(R,,.S) with the Skorohod J;-topology, whose basic properties
are summarized in Appendix A2. Note in particular that the path space
is again Polish and that compactness may be characterized in terms of a
modified modulus of continuity w, as defined in Theorem A2.2.

The following result gives a criterion for weak convergence in D(R, S),
similar to Theorem 14.5 for C'(K, S).

Theorem 14.10 (tightness in D(R,,S), Skorohod, Prohorov) Fiz a sepa-
rable, complete metric space S, and let X, X1, Xo, ... be random elements in
D(R,,S). Then X, 4 X iff X, L4 X on some dense set contained in
T={t>0; AX; =0a.s.} and, moreover,

hH(l) limsup E[w(X,,t,h) A1] =0, ¢>0. (9)

n—oo
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Proof: Since m, is continuous at every path z € D(R,,.S) with Az, =0,

X, 4 x implies X, JY X onT by Theorem 3.27. Now use Theorem A2.2
and proceed as in the proof of Theorem 14.5. O

Tightness in D(R,,.S) is often verified most easily by means of the fol-
lowing sufficient condition. Given a process X, we say that a random time
is X-optional if it is optional with respect to the filtration induced by X.

Theorem 14.11 (optional equicontinuity and tightness, Aldous) Fiz any
metric space (S, p), and let X', X2 ... be random elements in D(R,,S).
Then (9) holds if, for any bounded sequence of X™-optional times 7, and any
positive constants h, — 0,

p(X7, X" ) =0, n—oo. (10)

The proof will be based on two lemmas, where the first one is a restate-
ment of condition (10).

Lemma 14.12 The condition in Theorem 14.11 is equivalent to

lim limsup sup F[p(X?, X')A1] =0, t>0, (11)

h—=0 nooo” o7

where the supremum extends over all X™-optional times o, 7 < t with 0 <
T <o+ h.

Proof: Replacing p by p A1 if necessary, we may assume that p < 1. The
condition in Theorem 14.11 is then equivalent to

hH(l) limsup sup sup Ep(X!, X" ,)=0, t>0,

n—oo 7t hel0,0]

where the first supremum extends over all X™-optional times 7 < t. To
deduce (11), assume that 0 < 7 — ¢ < 4. Then [r,7 + d] C [0,0 + 20], and
so by the triangle inequality and a simple substitution,

)
(X Xr) < [ Hp(Xo Xoan) 4+ (X, Xrn) Y
25 §
< [ oK Xgn)dh+ [ p(Xr X )b

Thus,
Sup Ep(XJa XT) < SSU.p sup Ep(XT7 XTJrh)a
o, T hel0,26]

where the suprema extend over all optional times 7 < t and o € [T —4,7]. O

We also need the following elementary estimate.
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Lemma 14.13 Let &,...,&, > 0 be random variables with sum S,. Then

Ee 5" <e™™ +max P{¢ < ¢}, ¢>0.
k<n

Proof: Let p denote the maximum on the right. By the Hoélder and
Chebyshev inequalities we get

= EHe < H e < {(67HC+P)1/n}n =e ™ 4+p. O

Proof of Theorem 14.11: Again we may assume that p < 1, and by suitable
approximation we may extend condition (11) to weakly optional times o and
7. For each n € N and ¢ > 0 we recursively define the weakly X™-optional
times

Ul?—&-l = inf{s > UIZL; p(ngan) > 5}7 ke Z+7

starting with of = 0. Note that for m € Nand ¢,h > 0

w(X"t,h) <24 Y Hop,, —op <h, of <t}+ o], <t} (12)

k<m

Now let v, (t,h) denote the supremum in (11). By Chebyshev’s inequality
and a simple truncation,

P{op  —op <h,o; <t} < e, (t+hh), keN, t h>0, (13)
and so by (11) and (12),

lim limsup Ew(X", ¢, h) < 2£+hmbup P{o;, <t} (14)

h—=0 n—ooco

Next we conclude from (13) and Lemma 14.13 that, for any ¢ > 0,
P{o" <t} <e'Ele™: 0" <t] <e'{e™ +e v, (t +¢,0)}.

By (11) the right-hand side tends to 0 as m,n — oo and then ¢ — 0. Hence,
the last term in (14) tends to 0 as m — oo, and (9) follows since ¢ is arbi-
trary. O

We shall illustrate the use of Theorem 14.11 by proving an extension of
Corollary 14.7. A more precise result is obtained by different methods in
Corollary 13.20. An extension to Markov chains appears in Theorem 17.28.

Theorem 14.14 (approximation of random walks, Skorohod) Let S*,S?, ...
be random walks in R such that Sh. KN X1 for some Lévy process X and

some integers m, — 00. Then the processes X}' = S[’}nnt] satisfy X™ L X in
D(R,,R%).
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Proof: By Corollary 13.16 we have X" Bk X, and by Theorem 14.11 it is
then enough to show that [ X" , — X7 | B0 for any finite optional times 7,
and constants h, — 0. By the strong Markov property of S™ (or by Theorem
9.19) we may reduce to the case when 7, = 0 for all n, and so it suffices to

show that X} £ 0 as h, — 0. This again may be seen from Corollary
13.16. O

For the remainder of this chapter we assume that S is lcscH with Borel
o-field S. Write S for the class of relatively compact sets in S. Let M(S)
denote the space of locally finite measures on S, endowed with the vague
topology induced by the mappings 7 : u +— uf = [ fdu, f € Cf. Some
basic properties of this topology are summarized in Theorem A2.3. Note in
particular that M(S) is Polish and that the random elements in M(S) are
precisely the random measures on S. Similarly, the point processes on S
are random elements in the vaguely closed subspace N(S), consisting of all
integer-valued measures in M(S).

The following result gives the basic tightness criterion.

Lemma 14.15 (tightness of random measures, Prohorov) Let &,&s, ... be
random measures on some lcscH space S. Then the sequence (fn) is relatively
compact in distribution iff (§,B) is tight in Ry for every B € S.

Proof: By Theorems 14.3 and A2.3 the notions of relative compactness
and tightness are equivalent for (&,). If (&,) is tight, then so is (&, f) for every
f € Cf by Lemma 14.4, and hence (£,B) is tight for all B € S. Conversely,
assume the latter condition. Choose an open cover Gy, Gs, ... € S of S, fix
any € > 0, and let r,75,... > 0 be large enough that

sup P{6,Gy >} <e27% keN (15)

Then the set A = N,{p; pGr < 74} is relatively compact by Theorem A2.3
(ii), and (15) yields inf, P{, € A} > 1 —e. Thus, (§,) is tight. O

We may now derive some general convergence criteria for random mea-
sures, corresponding to the uniqueness results in Lemma 10.1 and Theorem
10.9. Define S = {B € §; 0B =0 as.}.

Theorem 14.16 (convergence of random measures) Let &,&,&, ... be ran-
dom measures on some lcscH space S. Then these conditions are equivalent:

(i) &0 &

(i) &uf S Ef for all f € CF;
(ii) (&,Bn, ..., &By) KN (EBy,...,EBy) for all By,...,By € Sg, ke N.
If € is a simple point process or a diffuse random measure, it is also equivalent
that

(iv) &.B N &B for all B € 5’5.
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Proof: By Theorems 3.27 and A2.3 (iii), condition (i) implies both (ii)
and (iii). Conversely, Lemma 14.15 shows that (&,) is relatively compact
in distribution under both (ii) and (iii). Arguing as in the proof of Lemma
14.2, it remains to show for any random measures £ and 1 on S that & 4 n
if ¢f Lnf for all f € C, orif

(§Bl>"'a£Bk)i(nBl7'~~7an)7 Bly--'>Bk€‘§§+’n7 ke N. (16)

In the former case this holds by Lemma 10.1, and in the latter case it follows
by a monotone class argument from Theorem A2.3 (iv). The last assertion
is obtained in a similar way from a suitable version of Theorem 10.9 (iii). O

Much weaker conditions are required for convergence to a simple point
process, as suggested by Theorem 10.9. The following conditions are only
sufficient; a precise criterion is given in Theorem 14.28.

Here a class U C S is said to be separating if, for any compact and open
sets K and G with K C @G, there exists some U € U with K C U C G.
Furthermore, we say that Z C S is preseparating if all finite unions of sets
in Z form a separating class. Applying Lemma A2.6 to the function h(B) =
Ee B we note that the class S’,g is separating for any random measure ¢. For
Euclidean spaces S, a preseparating class will typically consist of rectangular
boxes, whereas the corresponding finite unions form a separating class.

Proposition 14.17 (convergence of point processes) Let &, &y, &, ... be point
processes on some lescH space S, where € is simple, and fix a separating class

UcS. Then &n 4 & under these conditions:
(i) P{&,U =0} — P{cU =0} for all U € U;
(ii) limsup, B¢, K < EEK < oo for all compact sets K C S.

Proof: First note that both (i) and (ii) extend by suitable approximation
to sets in Sg. By the usual compactness argument together with Lemma
3.11, it is enough to prove that a point process 7 is distributed as & whenever

P{nB =0} = P{¢B =0}, EnB< E¢(B, Be S

Here the first relation yields n* 4 ¢ as in Theorem 10.9 (i), and from the
second one we then obtain EnB < En*B for all B € S¢, which shows that 7
is a.s. simple. a

We shall illustrate the use of Theorem 14.16 by showing how Poisson and
Cox processes may arise as limits under superposition or thinning. Say that
the random measures &,;, n, j € N, form a null array if they are independent
for each n and such that, for each B € S , the random variables ;B form a
null array in the sense of Chapter 4. The following result is a point process
version of Theorem 4.7.
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Theorem 14.18 (convergence of superpositions, Grigelionis) Let (,;) be a
null array of point processes on some lcscH space S, and consider a Poisson

process § on S with E§ = p. Then 3, &, N & iff these conditions hold:
(i) 3, P{4;jB > 0} — uB for all B € S,;
(ii) ¥, P{&;B >1} =0 forall BES.

Proof: 1f ;€. % €, then Y, &,,B % €B for all B € S, by Theorem
14.16, so (i) and (ii) hold by Theorem 4.7. Conversely, assume (i) and (ii).
To prove that 37, &y LN ¢, we may restrict our attention to an arbitrary

compact set C' € S, and to simplify the notation we may assume that S
itself is compact. Define n,; = &,;1{{,;S < 1}, and note that (i) and (ii)

remain true for the array (7,,;). Note also that Y- ; 7,; KN § implies 3, &, LN 13
by Theorem 3.28. This reduces the discussion to the case when &,;S < 1 for
all n and j.

Now define p,; = E¢,;. By (i) we get

> B =37 E&B =3 P{,B >0} = uB, Be S,

SO D2 fnj = o by Theorem 3.25. Noting that m(1 —e™/) =1 — ™™/ when
m = J, or 0 and writing &, = >2; §,;, we get by Lemmas 4.8 and 10.2

Ee ol = [ Bet! =T E{1 - &,;(1 - ¢7")}
= H{l finj (1 }NGXP{ Z/‘nj }

— exp(—u(1 —e™)) = Ee™¥. O

We shall next establish a basic limit theorem for independent thinnings
of point processes.

Theorem 14.19 (convergence of thinnings) Letny,ns, ... be point processes
on some lecscH space S, and for each n let &, be a p,-thinning of n,, where

pn — 0. Then &, 2 some & iff punn 2 some 1, in which case £ is distributed
as a Cox process directed by n.

Proof: For any f € C}: we get by Lemma 10.7
E~%f = Eexp(n, log{l — p,(1 — e )}).

Noting that px < —log(1 — px) < —xlog(l — p) for p,x € [0,1) and writing
pl, = —log(1 — p,), we obtain

Eexp{—p.n.(1 —e )} < Be ™ < Eexp{—pun,(1 —e )} (17)
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If pumn N n, then even p/n, KN 1, and by Lemma 10.7
Ee ' — Eexp{-n(l —e )} = Be ¥,

where ¢ is a Cox process directed by 7. Hence, &, N £.
Conversely, assume that &, % ¢. Fix any g € Ciand let 0 <t < ||g]| 7t
Applying (17) with f = —log(1 — tg), we get

lim inf £ exp{—tpanng} > Eexp{log(1 — tg)}.

Here the right-hand side tends to 1 as ¢t — 0, and so by Lemmas 4.2 and
14.15 the sequence (p,n,) is tight. For any subsequence N’ C N we may
then choose a further subsequence N” such that p,n, 2 some n along N”.
By the direct assertion, £ is then distributed as a Cox process directed by
1, which by Lemma 10.8 determines the distribution of n. Hence, 7, KN n
remains true along the original sequence. g

The last result leads in particular to an interesting characterization of
Cox processes.

Corollary 14.20 (Coz processes and thinnings, Mecke) Let & be a point
process on S. Then & is Cox iff for every p € (0,1) there exists some point
process &, such that £ is distributed as a p-thinning of &,.

Proof: 1t ¢ and €, are Cox processes directed by n and 7/p, respectively,
then Proposition 10.6 shows that £ is distributed as a p-thinning of &,. Con-
versely, assuming the stated condition for every p € (0,1), we note that ¢ is
Cox by Theorem 14.19. O

The previous theory will now be used to derive a general limit theorem
for sums of exchangeable random variables. The result applies in particular
to sequences obtained by sampling without replacement from a finite popu-
lation. It is also general enough to contain a version of Donsker’s theorem.
The appropriate function space in this case is D([0, 1], R) = DJ0, 1], to which
the results for D(R) apply with obvious modifications.

Consider for each n € N some exchangeable random variables &,;, j < my,,
where m,, — oo, and introduce the processes

X;L = Z gnjv le [07 1]7 n €N. (18)

Jj<mnt

The potential limiting processes are of the form
Xe=at+oB+3 Bi(1{n <t} 1), tel01], (19)

for some Brownian bridge B, some independent i.i.d. U(0,1) random vari-
ables 7;, and some independent set of coefficients «, o, and 3;. To ensure
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convergence of the series on the right for each ¢, we need to assume that
> ﬁf < oo a.s. In that case we may divide by 1 — ¢ and conclude by a
martingale argument that the sum converges in probability with respect to
the uniform metric on [0, 1]. In particular, X has a version in DI0, 1].

The convergence criteria will be stated in terms of the random variables
and measures

ap = Z]{m—, Fop, = ijij(;g"j, n €N, (20)
k=000 +3_ 50, (21)

Theorem 14.21 (approzimation of exchangeable sums) For eachn € N let
&nj, J < My, be exchangeable random variables, and define X", o, and ky

as in (18) and (20). Assume m, — co. Then X" % some X in D[0,1] iff

(s in) -5 some (a, k) in R x M(R), in which case X can be represented as
in (19) with coefficients satisfying (21).

For the proof we need three auxiliary results. We begin with a simple
randomization lemma, which will enable us to reduce the proof to the case
of non-random coefficients. Recall that if v is a measure on S and p is a
kernel from S to T, then vp denotes the measure [ u(s,-)v(ds) on T. For
any measurable function f: T — R, we define the measurable function pf

on S by puf(s) = [ u(s,dt)f(t).

Lemma 14.22 (randomization) For any metric spaces S and T, let v, 11,
Va,... be probability measures on S with v, ~ v, and let p, juyi, o, ... be
probability kernels from S to T such that s, — s in S implies fi,(Sn,-) —
w(s, ). Then vy, ~ vi.

Proof: Fix any bounded, continuous function f on T. Then pu, f(s,) —
wf(s) as s, — s, and so by Theorem 3.27

(Vntin) f = vn(pnf) = v(pf) = (vp) f. m

To establish tightness of the random measures k,, we shall need the
following conditional hyper-contractivity criterion.

Lemma 14.23 (hyper-contractivity and tightness) Let the random variables
£1,8, ... >0 and o-fields F1,Fa, ... be such that, for some a > 0,

E[E2|F,] < a(Bl¢|Fu])? < o a.s., ne€N.

Then if (&,) is tight, so is the sequence n, = E[,|F,], n € N.
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Proof: By Lemma 3.9 we need to show that ¢,n, L 0 whenever 0 <c, —
0. Then conclude from Lemma 3.1 that, for any r € (0,1) and £ > 0,

0< (1—7)%a"! < P& > rnu|Fn] < Plenén > relFo + Heann < ).

Here the first term on the right £ 0 since cnén o by Lemma 3.9. Hence,
1{can, < €} 5 1, which means that P{c,n, > ¢} — 0. Since ¢ is arbitrary,
we get ¢, £o. O

Since we are going to approximate the summation processes in (18) by
processes of type (19), we shall finally need a convergence criterion for the
latter. In view of Theorem 14.25, the result has considerable independent
interest.

Proposition 14.24 (convergence of exchangeable processes) Let X', X2,
... be processes as in (19) with associated random pairs (o, ky), n € N,

where the k, are defined as in (21). Then X™ % some X in DJ0,1] iff

(Qn, Kin) -5 some (a, k) in R x M(R), in which case even X can be repre-
sented as in (19) with coefficients satisfying (21).

Proof: First let (o, kn) N (o, k). To prove X™ 4 X for the correspond-
ing processes in (19), it suffices by Lemma 14.22 to assume that all the o,
and K, are nonrandom. Thus, we may restrict our attention to processes X"
with constant coefficients oy, 0,,, and 3,;, 7 € N.

To prove that X™ ELN ' , we begin with four special cases. First we
note that if a,, — «, then trivially a,t — at uniformly on [0,1]. Similarly,
o, — o implies 0,8 — oB in the same sense. Next we consider the case

when a,, = 0, = 0 and B, 41 = Bomse = -+ = 0 for some fixed m € N.
Here we may assume that even a« = ¢ =0 and G,,11 = Bnio = --- =0, and
that moreover 3,; — (3; for all j. The convergence X" — X is then obvious.
Finally, we may assume that a,, =0, =0and a =, = B, =--- = 0. Then

max; |8,;] — 0, and for any s <t we have

B(X'X]") =s(1—1t) Zjﬁ,%j - s(1 —t)o? = E(X,X,). (22)

In this case, X™ e x by Theorem 4.12 and Corollary 4.5. By independence
we may combine the four special cases to obtain X" J9, X whenever B;=0
for all but finitely many j. From here on, it is easy to extend to the general
case by means of Theorem 3.28, where the required uniform error estimate
may be obtained as in (22).

To strengthen the convergence to X" 2 X in DJ0,1], it is enough to
verify the tightness criterion in Theorem 14.11. Thus, for any X™-optional
times 7,, and positive constants h,, — 0 with 7, + h,, < 1 we need to show
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that X"

Tnthn
. P S .
equivalent that X' — 0, which is clear since

- X7 £o. By Theorem 9.19 and a simple approximation, it is

E(X])? =h2aZ + hy(1 — hy)k,R — 0.

To obtain the reverse implication, we assume that X" <5 X in D0, 1] for

some process X. Since a,, = X7 A X, the sequence (o) is tight. Next
define for n € N

M = 2XT)p = Xi' = 20uB12 + 23 Boj ({75 < 3} = 3).
Then

E[flka) = on+3 Bry = ruR,
2
3 {ai + Zjﬁﬁj} —2)° B < 3(kaR)%.

Since (n,) is tight, it follows by Lemmas 14.15 and 14.23 that even (k,) is
tight, and so the same thing is true for the sequence of pairs (ap, k).

The tightness implies relative compactness in distribution, and so every
subsequence contains a further subsequence that converges in R x M(R) to-
ward some random pair (a, k). Since the measures in (21) form a vaguely
closed subset of M(R), the limit x has the same form for suitable o and

01, B2, .... By the direct assertion it follows that X™ Y with YV as in

(19), and therefore X £ Y. Now the coefficients in (19) can be constructed
as measurable functions of Y, and so the distribution of («, ) is uniquely
determined by that of X. Thus, the limiting distribution is independent of

E [y |rin]

d .
subsequence, and the convergence (., %,) — (@, k) remains true along N.
We may finally transfer the representation (19) to the original process X by
means of Corollary 5.11. |

Proof of Theorem 14.21: Let 71, 72,... be i.i.d. U(0,1) and independent
of all &,;, and define

V=3 Gl{r St =ant+ 3 &({r <t} —1), te[01]

Writing &u, for the kth jump from the left of Y™ (including possible 0
jumps when &,; = 0), we note that (fm) 4 (&nj) by exchangeability. Thus,
Xr L X", where Xt" = 3 i<mnt {—tnj. Furthermore, d(X'”,Y") — 0 a.s. by
Proposition 3.24, where d is the metric in Theorem A2.2. Hence, by Theo-
rem 3.28 it is equivalent to replace X™ by Y. But then the assertion follows
by Proposition 14.24. O

By similar compactness arguments, we may show that the most general
exchangeable-increment processes on [0,1] are given by (19). The result
supplements the one for processes on R, in Theorem 9.21.



14. Convergence of Random Processes, Measures, and Sets 271

Theorem 14.25 (exchangeable-increment processes on [0,1]) Let X be a
process on [0,1] with Xo = 0. Then X is continuous in probability and has
exchangeable increments iff it can be represented as in (19). In that case X
has an rcll version.

In particular, we may combine with Theorem 10.14 to see that a simple
point process is symmetric with respect to some diffuse measure iff it is a
mixed Poisson or sample process.

Proof: The sufficiency part is obvious, so it is enough to prove the neces-
sity. Thus, assume that X has exchangeable increments. Introduce the step
processes

X =X(@27"2"]), tel0,1], neN,

define k,, as in (20) in terms of the jump sizes of X", and put a,, = X;. If the
sequence (k) is tight, then (ay, k,) N (o, k) along some subsequence, and
by Theorem 14.21 we get X™ Ly along the same subsequence, where Y can
be represented as in (19). In particular, X™ ELN Y, so the finite-dimensional
distributions of X and Y agree for dyadic times. The agreement extends
to arbitrary times, since both processes are continuous in probability. By
Lemma 2.24 it follows that X has a version in D0, 1], and by Corollary 5.11
we obtain the desired representation.

To prove the required tightness of (k,,), denote the increments in X" by
&nj, Pt Cnj = &y — 27"y, and note that

R =37 65 =" Gy +27"a (23)
Writing n,, = QX?/2 — X1 =2X,;; — X; and noting that 37, (,; = 0, we get

the elementary estimates

Bt < 3,0+ 5,00 = {56 < Bl

Since 7, is independent of n, the sequence of sums 3, ,21]- is tight by Lemma
14.23, and so even (k,) is tight by (23). O

For measure-valued processes X™ with rcll paths, we may express the
tightness in terms of the real-valued projections X7'f = [ f(s)X[(ds), f €
.

Theorem 14.26 (measure-valued processes) Let X', X? ... be random el-
ements in D(Ry, M(S)), where S is lescH. Then (X™) is tight iff (X" f) is
tight in D(R,,R,) for every f € C}(S).

Proof: Assume that (X" f) is tight for every f € C}, and fix any € > 0.
Let f1, fa,... be such as in Theorem A2.4, and choose some compact sets
Bl, BQ, ... C D(R+,R+) Wlth

P{X"fy € By} >1—-e27% kneN. (24)
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Then A = N{u; pfr € By} is relatively compact in D(Ry, M(S)), and (24)
yields P{X" € A} >1—e. O

We turn to a discussion of random sets. Then fix an lcscH space S, and
let F, G, and K denote the classes of closed, open, and compact subsets,
respectively. We shall endow F with the Fell topology, generated by the sets
{F; FNG # 0} and {F; FN K = 0} for arbitrary G € G and K € K.
Some basic properties of this topology are summarized in Theorem A2.5. In
particular, F is compact and metrizable, and {F; F'N B = (}} is universally
measurable for every B € S.

By a random closed set in S we mean a random element ¢ in F. In this
context we shall often write ¢ N B = @B, and we note that the probabilities
P{pB = 0} are well defined. For any random closed set ¢ we may introduce
the class

S,={B €8 P{pB° =0} = P{¢B=0}}.

which is separating by Lemma A2.6. We may now state the basic convergence
criterion for random sets. It is interesting to note the formal agreement with
the first condition in Proposition 14.17.

Theorem 14.27 (convergence of random sets, Norberg) Let @, @1, @a, ... be
random closed sets in some lescH space S. Then @, KN w iff

P{o, U =0} = P{pU =0}, Uecl, (25)

for some separating class U C S, in which case we may take U = S,,.

Proof: Write h(B) = P{pB # 0} and h,(B) = P{@,B # 0}. If ¢, % ¢,
then by Theorem 3.25

h(B?) < liminf h,,(B) < limsup hy,(B) < nB), BeS,

n—oo
and so for B € S, we get h,(B) — h(B).

Next assume that (25) holds for some separating class Y. Fix any B € S’W
and conclude from (25) that, for any U,V € Y with U C B C V,

h(U) < liminf h,(B) < limsup h,(B) < h(V).
n—00 n—00
Since U is separating, we may let U 1 B° to get {pU # 0} 1+ {pB° # 0}
and hence h(U) 1 h(B°) = h(B). Next choose some sets V € U with V' | B,
and conclude by the finite intersection property that {¢@V # 0} | {¢B # 0},
which gives h(V') | h(B) = h(B). Thus, h,(B) — h(B), and so (25) remains

true for U = S,.
Now F is compact, so {¢,} is relatively compact by Theorem 14.3. Thus,

for any subsequence N’ C N we have ¢, KN 1 along a further subsequence
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for some random closed set . By the direct statement together with (25)
we get . .
P{oB =0} = P{yB =10}, BeS,NSy. (26)

Since éiP n S‘w is separating by Lemma A2.6, we may approximate as before
to extend (26) to arbitrary compact sets B. The class of sets {F; FNK = (0}
with K compact is clearly a w-system, and so a monotone class argument
gives @ 2 ¥. Since N’ is arbitrary, we obtain ¢, KN @ along N. O

Simple point processes allow the dual descriptions as integer-valued ran-
dom measures or locally finite random sets. The corresponding notions of
convergence are different, and we proceed to examine how they are related.
Since the mapping z — supp u is continuous on N'(S), we note that &, KN £

implies supp &, KN supp . Conversely, assuming the intensity measures E&
and F¢, to be locally finite, it is seen from Proposition 14.17 and Theorem

14.27 that &, KN & whenever suppé, KN suppé and E¢, % E¢. The next
result gives a general criterion.

Theorem 14.28 (supports of point processes) Let &,&1,&, ... be point pro-
cesses on some lcscH space S, where & is simple, and fix any preseparating

class T C 5'5. Then &, LN & iff suppé&, LN suppé and
limsup P{§, I > 1} < P{¢I > 1}, €T (27)
n—oo

Proof: By Corollary 5.12 we may assume that supp &, EN supp§ a.s., and
since £ is simple we get by Proposition A2.8

limsup(¢,BA1) <¢B < iminf¢, B as., B € B (28)
n—o00 n—00

Next we have for any a,b € Z
{b<a<1} = {a>1}U{a<bA2}
= {b>1}U{a=0,b=1}U{a > 1> b},

where all unions are disjoint. Substituting a = £I and b = &,1, we get by
(27) and (28)
nILIgO P{I<¢&INn2=0, TeT (29)

Next let B C I € Z and B’ = I\ B, and note that

{&B >¢BY C {&I> €t u{eB <¢B'}
C {&IN2>EIYU{El > 1} U{¢,B <€B'}.  (30)
More generally, assume that B € B is covered by Iy,...,I, € Z. It may

then be partitioned into sets By € Be NI, k = 1,...,m, and by (28), (29),
and (30) we get

limsup P{¢,B > B} < P|J {¢1 > 1}. (31)



274 Foundations of Modern Probability

Now let B € B¢ and K € K with B C K°. Fix a metric d in S and let
€ > 0. Since 7 is preseparating, we may choose some Iy,..., I, € T with
d-diameters < € such that B C U, I, C K. Letting px denote the minimum
d-distance between points in (supp &) N K, it follows that the right-hand side
of (31) is bounded by P{px < €}. Since px > 0 a.s. and € > 0 is arbitrary,
we get P{£,B > (B} — 0. In view of the second relation in (28), we obtain

&,B 5 ¢B. Thus, &, % ¢ by Theorem 14.16. O

Exercises

1. Show by an example that the condition in Theorem 14.11 is not
necessary for tightness. (Hint: Consider nonrandom processes X,,.)

2. In Theorem 14.11, show that it is enough to consider optional times
that take finitely many values. (Hint: Approximate from the right and use
the right-continuity of the paths.)

3. Let X, X', X2 ... be Lévy processes in R%. Show that X" % X in
D(R,,R%) iff X» % X, in R%. Compare with Theorem 13.17.

4. Show that conditions (iii) and (iv) of Theorem 14.16 remain suffi-
cient if we replace S¢ by an arbitrary separating class. (Hint: Restate the
conditions in terms of Laplace transforms, and extend to 35 by a suitable
approximation.)

5. Deduce Theorem 14.18 from Theorem 4.7. (Hint: First assume that
w is diffuse and use Theorem 14.17. Then extend to the general case by a
suitable randomization.)

6. Strengthen the conclusion in Theorem 14.19 to (&, Puiin) LN &, n),
where ¢ is a Cox process directed by 7.

7. For any lescH space S, let &, &1, &, ... be Cox processes on S directed
by 1,11, 12, . ... Show that &, N Eiffn, N 1. Prove the corresponding result
for p-thinnings with a fixed p € (0,1).

8. Let n,m1,m2, ... be A-randomizations of some point processes &, &1, &,
... on an lescH space S. Show that &, LN ¢iff n, N 7.

9. Specialize Theorem 14.21 to suitably normalized sequences of i.i.d.
random variables, and compare with Corollary 14.7.

10. Characterize the Lévy processes on [0, 1] as special exchangeable-in-
crement processes, in terms of the coefficients in Theorem 14.25.

11. Fix a diffuse, o-finite measure p on some Borel space S, and let £ be
a p-symmetric, simple point process on £. Show that P{(B = 0} = f(uB),
where f is completely monotone, and conclude that £ is a mixed Poisson or
sample process.

12. For an lescH space S, let U C S be separating. Show that if K C G
with K compact and G open, there exists some U € U with K c U° C U C
G. (Hint: First choose B,C e Swith K c B°c BCc C°c C C G.)



Chapter 15

Stochastic Integrals
and Quadratic Variation

Continuous local martingales and semimartingales; quadratic var-
iation and covariation; ezistence and basic properties of the in-
tegral; integration by parts and It6’s formula; Fisk—Stratonovich
integral; approrimation and uniqueness; random time-change; de-
pendence on parameter

This chapter introduces the basic notions of stochastic calculus in the special
case of continuous integrators. As a first major task, we shall construct
the quadratic variation [M] of a continuous local martingale M, using an
elementary approximation and completeness argument. The processes M
and [M] will be related by some useful continuity and norm relations, notably
the elementary but powerful BDG inequalities.

Given the quadratic variation [M], we may next construct the stochastic
integral [V dM for suitable progressive processes V', using a simple Hilbert
space argument. Combining with the ordinary Stieltjes integral [V dA for
processes A of locally finite variation, we may finally extend the integral to
arbitrary continuous semimartingales X = M + A. The continuity properties
of quadratic variation carry over to the stochastic integral, and in conjunction
with the obvious linearity they characterize the integration.

The key result for applications is It6’s formula, which shows how semi-
martingales are transformed under smooth mappings. The present substi-
tution rule differs from the corresponding result for Stieltjes integrals, but
the two formulas can be brought into agreement by a suitable modification
of the integral. We conclude the chapter with some special topics of im-
portance for applications, such as the transformation of stochastic integrals
under a random time-change, and the integration of processes depending on
a parameter.

The present material may be regarded as continuing the martingale theory
from Chapter 6. Though no results for Brownian motion are used explicitly
in this chapter, the existence of the Brownian quadratic variation in Chapter
11 may serve as a motivation. We shall also need the representation and
measurability of limits obtained in Chapter 3. The stochastic calculus de-
veloped in this chapter plays an important role throughout the remainder
of this book, especially in Chapters 16, 18, 19, and 20. In Chapter 23 the
theory is extended to possibly discontinuous semimartingales.

275
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Throughout the chapter we let F = (F;) be a right-continuous and com-
plete filtration on R,. A process M is said to be a local martingale if it is
adapted to F and such that the stopped and shifted processes M™ — M, are
true martingales for suitable optional times 7,, T co. By a similar localization
we may define local L2-martingales, locally bounded martingales, locally in-
tegrable processes, and so on. The associated optional times 7, are said to
form a localizing sequence.

Any continuous local martingale may clearly be reduced by localization
to a sequence of bounded, continuous martingales. Conversely, it is seen
by dominated convergence that every bounded local martingale is a true
martingale. The following useful result may be less obvious.

Lemma 15.1 (localization) Fiz any optional times 1, T 0o. Then a process
M is a local martingale iff M™ has this property for every n.

Proof: If M is a local martingale with localizing sequence (o,), and if 7
is an arbitrary optional time, then the processes (M7)7» = (M°)7 are true
martingales; so even M7 is a local martingale with localizing sequence (o).

Conversely, assume that each process M™ is a local martingale with lo-
calizing sequence (o}). Since o} — oo a.s. for each n, we may choose some
indices k,, with

P{lop <1 An}<27", nelN

Writing 7;, = 7, Ao}, we get 7;, — 00 a.s. by the Borel-Cantelli lemma, and
so the optional times 77 = inf,,>, 7/, satisfy 7,/ 1 co a.s. It remains to note
that the processes M™ = (M™)™ are true martingales. O

The next result shows that every continuous martingale of finite variation
is a.s. constant. An extension appears as Lemma 22.11.

Proposition 15.2 (finite-variation martingales) If M is a continuous local
martingale of locally finite variation, then M = My a.s.

Proof: By localization we may reduce to the case when My = 0 and M
has bounded variation. In fact, let V; denote the total variation of M on the
interval [0,¢], and note that V is continuous and adapted. For each n € N
we may then introduce the optional time 7, = inf{t > 0; V; = n}, and we
note that M™ — M is a continuous martingale with total variation bounded
by n. Note also that 7, — oo and that if M™ = M, a.s. for each n, then
even M = M, a.s.

In the reduced case, fix any ¢ > 0, write ¢, = kt/n, and conclude from
the continuity of M that a.s.

@n = Zkgn(Mtn,k - Mtn,k—l)Z <V rl?%i( |Mtn,k - Mtn,k71| — 0.
Since @, < V;2, which is bounded by a constant, it follows by the martingale

property and dominated convergence that EM? = EQ,, — 0, and so M; = 0
a.s. for each t > 0. a
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Our construction of stochastic integrals depends on the quadratic vari-
ation and covariation processes, so the latter need to be constructed first.
Here we shall use a direct approach, which has the further advantage of giv-
ing some insight into the nature of the basic integration-by-parts formula of
Theorem 15.17. An alternative but less elementary approach would be to
use the Doob—Meyer decomposition in Chapter 22.

The construction utilizes predictable step processes of the form

Vi = Zkgkl{t > T} = ank1(7k77k+l](t)7 t>0, (1)

where the 7, are optional times with 7,, T oo a.s., and the & and 7, are
F..-measurable random variables for each £ € N. For any process X we may
introduce the elementary integral process V - X, given as in Chapter 6 by

(V : X)i = ,/Ot Vdx = ng(xt - X;rk) = an(Xf'kJrl - Xik)’ (2)

where the sums on the right converge, since there are only finitely many
nonzero terms. Note that (V' - X))o = 0 and that V' - X inherits the possible
continuity properties of X. It is further useful to note that V- X =V - (X —
Xo). The following simple estimate will be needed later.

Lemma 15.3 (L?-bound) Let M be a continuous L*-martingale with My =
0, and let V be a predictable step process with |V| < 1. Then V - M is again
an L*-martingale, and we have E(V - M)? < EM?.

Proof: First assume that the sum in (1) has only finitely many nonzero
terms. Then Corollary 6.14 shows that V - M is a martingale, and the L2-
bound follows by the computation

BV - M= EX M, — ML) < EY (MY, — M.)? = EME.

k k

The estimate extends to the general case by Fatou’s lemma, and the martin-
gale property then extends by uniform integrability. O

Let us now introduce the space M? of all L?-bounded, continuous mar-
tingales M with M, = 0, and equip M? with the norm [|[M| = ||Mx]-
Recall that ||M*||s < 2||M|| by Proposition 6.16.

Lemma 15.4 (completeness) The space M? is a Hilbert space.

Proof: Fix any Cauchy sequence M*, M? ... in M?. The sequence (M)
is then Cauchy in L? and thus converges toward some element £ € L?. In-
troduce the L2-martingale M; = E[¢|F], t > 0, and note that M., = £ a.s.,
since ¢ is F-measurable. Hence,

I(M™ = M)||2 < 2|M™ — M| = 2/|MZ, — Mucls = 0,
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and so ||M™ — M| — 0. Moreover, (M™ — M)* — 0 a.s. along some subse-
quence, which shows that M is a.s. continuous with My = 0. O

We are now ready to prove the existence of the quadratic variation and
covariation processes [M] and [M, N]. Extensions to possibly discontinuous
processes are considered in Chapter 23.

Theorem 15.5 (covariation) For any continuous local martingales M and
N, there exists an a.s. unique continuous process [M, N| of locally finite vari-
ation and with [M, N]oy = 0 such that M N —[M, N] is a local martingale. The
form [M, N] is a.s. symmetric and bilinear with [M, N| = [M — My, N — Ny)
a.s. Furthermore, [M] = [M,M] is a.s. nondecreasing, and [M7,N] =
[M™,NT] = [M,N]|" a.s. for every optional time T.

Proof: The a.s. uniqueness of [M, N] follows from Proposition 15.2, and
the symmetry and bilinearity are immediate consequences. If [M, N]| exists
with the stated properties and 7 is an optional time, then by Lemma 15.1
the process M"N7 — [M, N]™ is a local martingale, and so is the process
M™(N — N7) by Corollary 6.14. Hence, even M™N — [M, N]™ is a local
martingale, and so [M™, N] = [M", N7] = [M, N]™ a.s. Furthermore,

MN — (M — My)(N — No) = MoNy + Mo(N — No) + No(M — M)

is a local martingale, and so [M — My, N — Ny| = [M, N] a.s. whenever either
side exists. If both [M + N] and [M — N] exist, then

AMN — ([M + N] — [M — N))
= ((M +N)? = [M + N|) = (M = N)* — [M — N])

is a local martingale, and so we may take [M, N] = ([M + N] — [M — NJ])/4.
It is then enough to prove the existence of [M] when My = 0.

First assume that M is bounded. For each n € N, let 7}' = 0 and define
recursively

Thpr = inf{t > 75 |[My — Mon| = 27"}, k> 0.
Clearly, 7} — oo as k — oo for fixed n. Introduce the processes
V=S Mgt e (LTl QF =Y, (Mo — My )P
The V™ are bounded predictable step processes, and we note that
M2 =2(V"- M), +QF, t>0. (3)

By Lemma 15.3 the integrals V- M are continuous L2-martingales, and since
|V — M| < 2" for each n, we have

VM=V M| = [[(V™ = V") M| <27 M, om < n.
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Hence, by Lemma 15.4 there exists some continuous martingale N such that
(V™. M — N)* 5 0. The process [M] = M2 — 2N is again continuous, and
by (3) we have

Q" —[M])* =2(N — v M)* 5o

In particular, [M] is a.s. nondecreasing on the random time set T' = {7; n, k
€ N}, and the monotonicity extends by continuity to the closure T. Also
note that [M] is constant on each interval in 7°, since this is true for M and
hence also for every @". Thus, [M] is a.s. nondecreasing,.

Turning to the unbounded case, we define 7, = inf{t > 0; |M;| = n},
n € N. The processes [M™] exist as before, and we note that [M™]™ =
[M™]™ a.s. for all m < n. Hence, [M™] = [M™] a.s. on [0, 7,,], and since
T, — 00 there exists a nondecreasing, continuous, and adapted process [M]
such that [M] = [M™] a.s. on [0, 7,] for each n. Here (M™)* — [M]™ is a
local martingale for each n, and so M? —[M] is a local martingale by Lemma
15.1. O

We proceed to establish a basic continuity property.

Proposition 15.6 (continuity) For any continuous local martingales M,
starting at 0, we have M* 5 0 iff [M]os 5 0.

Proof: First let M} £ 0. Fix any ¢ > 0, and define 7,, = inf{t > 0;
|M,(t)] > e}, n € N. Write N,, = M? — [M,], and note that N7 is a
true martingale on R, . In particular, E[M,],, < &2, and so by Chebyshev’s
inequality

P{[M,]s > ¢} < P{7, < 00} + e 'E[M,],, < P{M; > ¢} +¢.

Here the right-hand side tends to zero as n — oo and then ¢ — 0, which
shows that [M,] £o.

The proof in the other direction is similar, except that we need to use
a localization argument together with Fatou’s lemma to see that a contin-
uous local martingale M with My = 0 and E[M]. < oo is necessarily L*-
bounded. O

Next we prove a pair of basic norm inequalities involving the quadratic
variation, known as the BDG inequalities. Partial extensions to discontinuous
martingales are established in Theorem 23.12.

Proposition 15.7 (norm inequalities, Burkholder, Millar, Gundy, Novikov)
There exist some constants ¢, € (0,00), p > 0, such that for any continuous
local martingale M with My =0

¢, E[MJE? < EM™ < ¢, E[MIE, p> 0.
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The result is an immediate consequence of the following lemma.

Lemma 15.8 (positive components) There exist some constants ¢, < oo,
p > 0, such that whenever M = X — Y s a local martingale for some
continuous, adapted processes X,Y > 0 with Xo =Yy =0, we have

EX™ < ¢,EY*, p>0.

Proof: By optional stopping and monotone convergence, we may assume
that X and Y are bounded. Fix any constants s > 0,5 > 1, and ¢ € (0,b—1),
put 7 = inf{t > 0; X; = s}, and define N = M — M". By optional sampling
we get as in Corollary 6.30

P{X*>bs} — P{Y*">cs} < P{X" >bs, Y" <cs}

< P{r < oo, sup;N; > (b—1—c¢)s, inf,N; > —cs}

C
< ——P{X* > s}.
< P =)

Multiplying by psP~! and integrating over R, , we obtain by Lemma 2.4
bPEX™® — ¢ PEYY < ﬁEX*”, p>0.
It remains to choose ¢ < (b —1)b7P. O

It is often important to decide whether a local martingale is in fact a true
martingale. The last proposition yields a useful criterion.

Corollary 15.9 (uniform integrability) Let M be a continuous local mar-
tingale satisfying E(|Mo| + [M]}/?) < oo. Then M is a uniformly integrable

martingale.

Proof: By Proposition 15.7 we have EM* < oo, and the martingale prop-
erty follows by dominated convergence. a

The basic properties of [M, N] suggest that we think of the covariation
process as a kind of inner product. A further justification is given by the
following useful Cauchy—Buniakovsky-type inequalities.

Proposition 15.10 (Cauchy-type inequalities, Courrége) For any continu-
ous local martingales M and N we have a.s.

[M,N]| < /\d[MyNH < [M]'2[N]V2. (4)
More generally, we have a.s. for any measurable processes U and V'

/: UVAIM,N]| < (U [M]),*(V* - [N])}2, e =0
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Proof: Using the positivity and bilinearity of the covariation, we get a.s.
for any a,b € Rand t >0

0 < [aM + bN]; = a®[M]; + 2ab[M, N}, + b*[N];.

By continuity we can choose a common exceptional null set for all a and b,
and so [M, N]? < [M],[N]; a.s. Applying this inequality to the processes
M — M?® and N — N* for any s < t, we obtain a.s.

|[M, Ne = [M, NL| < ([M]e = [M])"2([N]e = [N].)'2, (5)

and by continuity we may again choose a common null set. Now let 0 =
ty <t <--- <ty =t be arbitrary, and conclude from (5) and the classical
Cauchy—Buniakovsky inequality that

|[M, NL| <3, |[M, Ny, — [M, Ny, | < M2V,

th—1

To get (4), it remains to take the supremum over all partitions of [0, t].

Next write du = d[M], dv = d[N], and dp = |d[M, N]|, and conclude
from (4) that (pI)? < pl vl a.s. for every interval I. By continuity we may
choose the exceptional null set A to be independent of I. Expressing an
arbitrary open set G C R, as a disjoint union of open intervals I and using
the Cauchy—Buniakovsky inequality, we get on A¢

/2
pG = Z pl;, < Z (ulwIy)Y? < {Z Ny V]k} = (uGvG)Y2.

By Lemma 1.16 the last relation extends to any B € B(R,).
Now fix any simple measurable functions f = >, a;lp, and g = >} bi1p,.
Using the Cauchy—Buniakovsky inequality again, we obtain on A°¢

plfgl < > larblpBr <> axbel(uBrvBi)"?
1/2
{Zﬂ?quZkbika} < (nfvg*)'?,

which extends by monotone convergence to any measurable functions f and
g on R,. In particular, in view of Lemma 1.34, we may take f(t) = U,(w)
and g(t) = Vi(w) for fixed w € A°. 0

IN

Let £ denote the class of bounded, predictable step processes with jumps
at finitely many fixed times. To motivate the construction of general stochas-
tic integrals and for subsequent needs, we shall establish a basic identity for
elementary integrals.

Lemma 15.11 (covariation of elementary integrals) For any continuous lo-
cal martingales M, N and processes U,V € &, the integrals U - M and V - N
are again continuous local martingales, and we have

[U-M,V-N]=(UV)-[MN] as. (6)
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Proof: We may clearly take My = Ny = 0. The first assertion follows
by localization from Lemma 15.3. To prove (6), let Uy = Yp<,, &l 1) (1),
where ¢, is bounded and F;, -measurable for each k. By localization we may
assume M, N, and [M, N] to be bounded, so that M, N, and MN — [M, N]
are martingales on R,.. Then

E(U } M)ooNoo = Engj(Mth — Mtj)zk<Ntk+1 — Ntk)
= Ezkgk(MtkﬂNtkﬂ - MtkNik>

= Ezkgk <[M7 N]tk+1 - [M’ N]tk>

Replacing M and N by M™ and N7 for an arbitrary optional time 7, we get
EU -M);N, =E{U- -M")oNL =EU-[M",N|) = E(U - [M, NJ]),.

By Lemma 6.13 the process (U - M)N — U - [M, N] is then a martingale, so
[U-M,N]=U-[M,N] as. The general formula follows by iteration. O

In order to extend the stochastic integral V' - M to more general pro-
cesses V, it is convenient to take (6) as the characteristic property. Given a
continuous local martingale M, let L(M) denote the class of all progressive
processes V such that (V2 [M]); < co a.s. for every ¢ > 0.

Theorem 15.12 (stochastic integral, It6, Kunita and Watanabe) For every
continuous local martingale M and process V. € L(M), there exists an a.s.
unique continuous local martingale V - M with (V- M)o = 0 such that [V - M,
N] =V -[M,N] a.s. for every continuous local martingale N.

Proof: To prove the uniqueness, let M’ and M” be continuous local mar-
tingales with Mj = M} = 0 such that [M', N] = [M",N] =V - [M, N] as.
for all continuous local martingales N. By linearity we get [M'— M"”, N] =0
a.s. Taking N = M’ — M" gives [M’' — M"] = 0 a.s. But then (M’ — M")? is
a local martingale starting at 0, and it easily follows that M’ = M” a.s.

To prove the existence, we may first assume that ||[V||3, = E(V?:[M]) <
0o. Since V is measurable, we get by Proposition 15.10 and the Cauchy—
Buniakovsky inequality

|E(V - [M,N])oo| < VIl INIl, N € M.

The mapping N — E(V - [M, N])« is then a continuous linear functional on
M2, so by Lemma 15.4 there exists some element V - M € M? with

E(V-[M,N))oo = E(V-M)xNs, N €M

Now replace N by N7 for an arbitrary optional time 7. By Theorem 15.5
and optional sampling we get

E(V[MvN])T = E(V [MvN]T)OO = E(V[MvNTDco
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Since V is progressive, it follows by Lemma 6.13 that V-[M, N]—(V-M)N is
a martingale, which means that [V - M, N| = V- [M, N] a.s. The last relation
extends by localization to arbitrary continuous local martingales V.

In the general case, define 7, = inf{t > 0; (V*- [M]); = n}. By the
previous argument there exist some continuous local martingales V' - M™
such that for any continuous local martingale N

[V-M™ N|=V-[M™ N] as., neN. (7)

For m < n it follows that (V - M™)™ satisfies the corresponding relation
with [M™ NJ, and so (V- M™)™ =V . M™ a.s. Hence, there exists a
continuous process V - M with (V - M)™ = V - M™ a.s. for all n, and
Lemma 15.1 shows that V' - M is again a local martingale. Finally, (7) yields
[V-M,N] =V .[M,N] as. on [0,7,] for each n, and so the same relation
holds on R, . O

By Lemma 15.11 we note that the stochastic integral V' - M of the last
theorem extends the previously defined elementary integral. It is also clear
that V' M is a.s. bilinear in the pair (V, M) and satisfies the following basic
continuity property.

Lemma 15.13 (continuity) For any continuous local martingales M, and
processes Vi, € L(M,,), we have (V,, - My)* 5 0 iff (V2 [My))oo = 0.

Proof: Recall that [V, - M,] = V2 - [M,] and use Proposition 15.6. O

Before continuing the study of stochastic integrals, it is convenient to
extend the definition to a larger class of integrators. A process X is said
to be a continuous semimartingale if it can be written as a sum M + A,
where M is a continuous local martingale and A is a continuous, adapted
process of locally finite variation and with Ay = 0. By Proposition 15.2 the
decomposition X = M + A is then a.s. unique, and it is often referred to as
the canonical decomposition of X. By a continuous semimartingale in R? we
mean a process X = (X', ..., X9) such that the component processes X*
are one-dimensional continuous semimartingales.

Let L(A) denote the class of progressive processes V such that the process
(V-A), = [$ VdA exists in the sense of ordinary Stieltjes integration. For any
continuous semimartingale X = M + A we may write L(X) = L(M)NL(A),
and we define the integral of a process V' € L(X) as the sum V - X =
V.M+ V. A. Note that V' - X is again a continuous semimartingale with
canonical decomposition V - M + V - A. For progressive processes V' it is
further clear that V € L(X) iff V? € L([M]) and V € L(A).

From Lemma 15.13 we may easily deduce the following stochastic version
of the dominated convergence theorem.
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Corollary 15.14 (dominated convergence) Fix a continuous semimartin-
gale X, and let UV, V1, Vs, ... € L(X) with |V,| < U and V,, — V. Then

V- X-V-X)r 50, t>0.

Proof: Assume that X = M + A. Since U € L(X), we have U? € L([M])
and U € L(A). Hence, by dominated convergence for ordinary Stieltjes inte-
grals, (V,—V)?-[M]); — 0 and (V,,-A—V-A); — 0 a.s. By Lemma 15.13 the

former convergence implies (V,,- M —V-M)¥ =i 0, and the assertion follows. O

The next result extends the elementary chain rule of Lemma 1.23 to
stochastic integrals.

Proposition 15.15 (chain rule) Consider a continuous semimartingale X
and two progressive processes U and V', where V € L(X). ThenU € L(V-X)
iUV € L(X), in which case U - (V- X) = (UV) - X a.s.

Proof: Let M + A be the canonical decomposition of X. Then U €
LV -X)iff U? € L([V - M]) and U € L(V - A), whereas UV € L(X) iff
(UV)? € L([M]) and UV € L(A). Since [V - M] = V2. [M], the two pairs of
conditions are equivalent.

The formula U - (V - A) = (UV) - A is elementary. To see that even
U-(V-M)=(UV)-M a.s., let N be an arbitrary continuous local martingale,
and note that

(UV)-M.N] = (UV)-[M,N]=U-(V-[M,N)
= U-[V-M,N]=[U-(V-M),N] 0

The next result shows how the stochastic integral behaves under optional
stopping.

Proposition 15.16 (optional stopping) For any continuous semimartin-
gale X, process V € L(X), and optional time T, we have a.s.

(V- X)T =V -X"=(Vlp,)-X.

Proof: The relation is obvious for ordinary Stieltjes integrals, so we may
assume that X = M is a continuous local martingale. Then (V - M) is a
continuous local martingale starting at 0, and we have

[(V-M),N] = [V-M,N"|=V -[M,N"]=V-[M",N]
= V-[M,N]" = (Vl1py) - [M,N].

Thus, (V - M)™ satisfies the conditions characterizing the integrals V - M7™
and (V1[07T]) - M. O
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We may extend the definitions of quadratic variation and covariation to
arbitrary continuous semimartingales X and Y with canonical decomposi-
tions M + A and N + B, respectively, by putting [X] = [M] and [X,Y] =
[M, N]. As a key step toward the development of a stochastic calculus, we
shall see how the covariation process can be expressed in terms of stochastic
integrals. In the martingale case the result is implicit in the proof of Theorem
15.5.

Theorem 15.17 (integration by parts) For any continuous semimartingales
X and Y, we have a.s.

XY =XYo+ X Y +Y X +[X,Y]. (8)

Proof: We may take X =Y, since the general result will then follow by
polarization. First let X = M € M?, and define V™ and Q" as in the proof
of Theorem 15.5. Then V" — M and |V*| < M < oo, and so Corollary
15.14 yields (V™ - M); 5 (M - M), for each t > 0. Thus, (8) follows in this
case as we let n — oo in the relation M? = V™. M + Q", and it extends
by localization to general continuous local martingales M with My, = 0. If
instead X = A, formula (8) reduces to A? = 24 - A, which holds by Fubini’s
theorem.

Turning to the general case, we may assume that X, = 0, since the
formula for general X will then follow by an easy computation from the
result for X — Xp. In this case (8) reduces to X? = 2X - X +[M]. Subtracting
the formulas for M? and A2, it remains to prove that AM = A-M + M - A
a.s. Then fix any ¢ > 0, and introduce the processes

AL = A(k—l)t/na M = Mkt/m s € ﬁ(k —1, k]/m k.néeN,

which satisfy
AM;, = (A" - M), + (M" - A)y, neN.

Here (A™ - M), = (A- M); by Corollary 15.14 and (M™ - A); — (M - A); by
dominated convergence for ordinary Stieltjes integrals. O

The terms quadratic variation and covariation are justified by the follow-
ing result, which extends Theorem 11.9 for Brownian motion.

Proposition 15.18 (approzimation, Fisk) Let X andY be continuous se-
mimartingales, fix any t > 0, and consider for every n € N a partition
0=tno <tp1 <-- <tpg, =1 such that maxy(t,x — thr—1) — 0. Then

Cn = Zk(th,k - th,k—l)(}/;n,k - Kn,k—l) i [Xv Y]t' (9)

Proof: We may clearly assume that Xy = Yy = 0. Introduce the pre-

dictable step processes
Y;-n = Y; ERS (tn,kfhtn,k]: kvn € N7

n,k—1"7
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and note that
XY,=(X" Y+ " X)i+(, neN

Since X"™ — X and Y™ — Y, and moreover (X™); < X} < oo and (Y"); <
X} < o0, we get by Corollary 15.14 and Theorem 15.17

GB XY, — (X V), — (Y X) = [X,Y]. O

We proceed to prove a version of Ité’s formula, arguably the most im-
portant formula in modern probability. The result shows that the class of
continuous semimartingales is preserved under smooth mappings and exhibits
the canonical decomposition of the image process in terms of the components
of the original process. Extended versions appear in Corollaries 15.20 and
15.21 as well as in Theorems 19.5 and 23.7.

Let C* = C*(R?) denote the class of k times continuously differentiable
functions on RY. When f € C?, we write f] and f]; for the first- and second-
order partial derivatives of f. Here and below, summation over repeated
indices is understood.

Theorem 15.19 (substitution rule, It6) Let X be a continuous semimar-
tingale in RY, and fir any f € C*(RY). Then

F(X) = [(Xo) + fi(X) - X"+ £ f5(X) - [X, X7] aus. (10)

ij

The result is often written in differential form as
df (X) = fi(X)dX" + §f(X) d[X", X7].
It is suggestive to think of It0’s formula as a second-order Taylor expansion
df (X) = fI(X)dX" + §f(X) dX'dX7,

where the second-order differential dX'dX” is interpreted as d[X", X7].

If X has canonical decomposition M + A, we get the corresponding de-
composition of f(X) by substituting M* + A* for X* on the right of (10).
When M = 0, the last term vanishes and (10) reduces to the familiar sub-
stitution rule for ordinary Stieltjes integrals. In general, the appearance of
this Ité correction term shows that the Ito integral does not obey the rules
of ordinary calculus.

Proof of Theorem 15.19: For notational convenience we may assume that
d = 1, the general case being similar. Then fix a one-dimensional, continuous
semimartingale X, and let C denote the class of functions f € C? satisfying
(10), that is, such that

F(X) = f(Xo) + f/(X) - X+ 3/(X) - [X]. (11)
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The class C is clearly a linear subspace of C? containing the functions f(z) =
1 and f(z) = . We shall prove that C is even closed under multiplication
and hence contains all polynomials.

To see this, assume that (11) holds for both f and g. Then F' = f(X) and
G = ¢g(X) are continuous semimartingales, so using definition of the integral
together with Proposition 15.15 and Theorem 15.17, we get

(f9)(X) = (f9)(Xo)
= FG-FGy=F -G+G -F+[F QG
= F-(d(X)- X +34"(X)-[X])
+G (X)X + 3 7(X) - [X]) + [f(X) - X, ¢(X) - X]
= (fd'+ X)X+ 3(fd" +2fd + ["9)(X) - [X]
= (f9)(X) - X +5(f9)"(X) - [X].

Now let f € C? be arbitrary. By Weierstrass’ approximation theorem, we
may choose some polynomials py, py, . . . such that supy, <. [p.(z) — f"(z)| = 0
for every ¢ > 0. Integrating the p,, twice yields polynomials f,, satisfying

‘Sl‘lf(Ifn(fc‘) — f@)|VIfi(@) = f@)]VIf(@) = f'(@)]) =0, c>0.
In particular, f,(X;) — f(X;) for each ¢ > 0. Letting M + A be the canonical
decomposition of X and using dominated convergence for ordinary Stieltjes
integrals, we get for any ¢ > 0

(fa(X) - A+ 3 f1(X) - [X])e = (F1(X) - A+ 3/(X) - [X])e.

Similarly, (f/(X) — f/(X))?-[M]); — 0 for all ¢, and so by Lemma 15.13

n

(fo(X) - M), 5 (f(X)- M), t>0.

n

Thus, equation (11) for the polynomials f,, extends in the limit to the same
formula for f. a

We sometimes need a local version of the last theorem, involving stochas-
tic integrals up to the time ¢ when X first leaves a given domain D C RY. If
X is continuous and adapted, then ( is clearly predictable, in the sense that
is announced by some optional times 7, 1 ¢ such that 7,, < ¢ a.s. on {¢ > 0}
for all n. In fact, writing p for the Euclidean metric in R¢, we may choose

7. = inf{t € [0,n]; p(X;, D) <n'}, neN. (12)

Say that X is a semimartingale on [0,() if the stopped process X™ is a
semimartingale in the usual sense for every n € N. In that case we may define
the covariation processes [X?, X7] on the interval [0,() by the requirement
that [X*, X7]™ = [(X%)™, (X7)™] a.s. for every n. Stochastic integrals w.r.t.
X1 ..., X% are defined on [0,¢) in a similar way.
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Corollary 15.20 (local Ité-formula) Fiz a domain D C RY, and let X be
a continuous semimartingale on [0,(), where ¢ is the first time X leaves D.
Then (10) holds a.s. on [0,¢) for any f € C*(D).

Proof: Choose some functions f,, € C?*(RY) with f,(z) = f(z) when
p(z, D) > n~'. Applying Theorem 15.19 to f,(X™) with 7, as in (12), we
get (10) on [0, 7,]. Since n was arbitrary, the result extends to [0, (). O

By a complez-valued continuous semimartingale we mean a process of the
form Z = X 4+14Y, where X and Y are real continuous semimartingales. The
bilinearity of the covariation process suggests that we define the quadratic
variation of Z as

[Z)=12,Z) = [X +iY, X +iY] = [X] + 2i[X, Y] - [Y].

Let us write L(Z) for the class of processes W = U + iV with U,V €
L(X) N L(Y). For such a process W we define the integral

W-Z=U+iV) (X+i¥)=U-X -V -Y+iU-Y+V-X).

Corollary 15.21 (conformal mapping) Let f be an analytic function on
some domain D C C. Then (10) holds for any D-valued continuous semi-
martingale Z.

Proof: Writing f(z + iy) = g(z,y) + ih(z,y) for x + iy € D, we get
g +ily=f, g +ihy=if,
and by iteration
gii iy = f", g+ il =if",  goy +ihyy = —f".

Equation (10) now follows for Z = X 4 iY’, as we apply Corollary 15.20 to
the semimartingale (X,Y") and the functions g and h. a

We shall next introduce a modification of the 1t6 integral that does obey
the rules of ordinary calculus. Assuming both X and Y to be continuous
semimartingales, we define the Fisk-Stratonovich integral by

t
/XodY:(X~Y)t+§[X,Y]t, t>0, (13)
0

or in differential form X o dY = XdY + 1d[X,Y], where the first term on
the right is an ordinary Ito integral.

Corollary 15.22 (modified substitution rule, Fisk, Stratonovich) For any
continuous semimartingale X in R? and function f € C*(R?), we have

f(Xt):f(Xo)vL/(;tf{(X)odXi a.s., t>0.
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Proof: By Ito’s formula,

FIX) = fi(Xo) + fi3(X) - X7+ 3 fi5(X) - [X7, XH).

7 2Jijk

Using Itd’s formula again, together with (6) and (13), we get

| FO00dXt = X)X 43X, X
= JIX) X R0 - X X = £(X) — f(Xo). D

The price we have to pay for this more convenient substitution rule is
using an integral that does not preserve the martingale property and that
requires even the integrand to be a continuous semimartingale. It is the
latter restriction that forces us to impose stronger regularity conditions on
the function f in the substitution rule.

Our next task is to establish a basic uniqueness property, which justifies
our reference to the process V' - M in Theorem 15.12 as an integral.

Theorem 15.23 (uniqueness) The integral V - M in Theorem 15.12 is the
a.s. unique linear extension of the elementary stochastic integral such that
for every t > 0 the convergence (V.2 - [M]), B0 implies (V, - M)y Bo.

The statement follows immediately from Lemmas 15.11 and 15.13, to-
gether with the following approximation of progressive processes by pre-
dictable step processes.

Lemma 15.24 (approzimation) For any continuous semimartingale X =
M+ A and process V € L(X), there exist some processes Vi, Vs, ... € € such
that a.s. (V, —V)?-[M]); = 0 and (V;, = V) - A); — 0 for every t > 0.

Proof: Tt is enough to take ¢t = 1, since we can then combine the processes
V,, for disjoint finite intervals to construct an approximating sequence on R .
Furthermore, it suffices to consider approximations in the sense of conver-
gence in probability, since the a.s. versions will then follow for a suitable
subsequence. This allows us to perform the construction in steps, first ap-
proximating V' by bounded and progressive processes V', next approximating
each V' by continuous and adapted processes V”, and finally approximating
each V" by predictable step processes V.

Here the first and last steps are elementary, so we may concentrate on the
second step. Then let V' be bounded. We need to construct some continuous,
adapted processes V,, such that ((V,,—V)?:[M]); — 0 and ((V,,—V)-A); =0
a.s. Since the V,, can be taken to be uniformly bounded, we may replace the
former condition by (|V,, —V|-[M]); — 0 a.s. Thus, it is enough to establish
the approximation (|V;, — V|- A); — 0 in the case when A is a nondecreasing,
continuous, adapted process with Ay = 0. Replacing A; by A;+t if necessary,
we may even assume that A is strictly increasing.
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To construct the required approximations, we may introduce the inverse
process Ty = sup{t > 0; A; < s}, and define

t At
Vi =hnt VdA =h! V(Ty)ds, t,h>0.
T(Ai—h) (At—h)+
By Lebesgue’s differentiation Theorem Al.4 we have Vo T — V o T as
h — 0, a.e. on [0, A;]. Thus, by dominated convergence,

1 Ay
/ V'~ V]dA = / \VMT,) — V(Ty)|ds — 0.
0 0

The processes V" are clearly continuous. To prove that they are also adapted,
we note that the process T'(A;—h) is adapted for every h > 0 by the definition
of T. Since V is progressive, it is further seen that V' - A is adapted and hence
progressive. The adaptedness of (V- A)p(4,—x) now follows by composition. O

Though the class L(X) of stochastic integrands is sufficient for most pur-
poses, it is sometimes useful to allow the integration of slightly more general
processes. Given any continuous semimartingale X = M + A, let ﬁ(X ) de-
note the class of product-measurable processes V such that (V —V)-[M] =0
and (V —V)-A = 0 a.s. for some process V € L(X). For V € L(X) we define
V-X =V-X as. The extension clearly enjoys all the previously established
properties of stochastic integration.

It is often important to see how semimartingales, covariation processes,
and stochastic integrals are transformed by a random time-change. Let us
then consider a nondecreasing, right-continuous family of finite optional times
Ts, § > 0, here referred to as a finite random time-change 7. If even F is
right-continuous, then by Lemma 6.3 the same thing is true for the induced
filtration G5 = F,., s > 0. A random process is said to be 7-continuous if it
is a.s. continuous on R and constant on every interval [7s_, 75], s > 0, where
To— = Xo_ = 0 by convention.

Theorem 15.25 (random time-change, Kazamaki) Let T be a finite random
time-change with induced filtration G, and let X = M + A be a T-continuous
F-semimartingale. Then X oT is a continuous G-semimartingale with canon-
ical decomposition Mot + Aot and with [X o7] = [X] o7 a.s. Furthermore,
V e L(X) implies Vot e L(X o7) and

(Vor) (Xor)=(V-X)oT a.s. (14)

Proof: 1t is easy to check that the time-change X — X o 7 preserves
continuity, adaptedness, monotonicity, and the local martingale property.
In particular, X o 7 is then a continuous G-semimartingale with canonical
decomposition M o7+ AoT. Since M?—[M] is a continuous local martingale,
the same thing is true for the time-changed process M2 o1 — [M]o 7, and so

[Xor|=[Mor]=[M]or=[X]oT as.
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If Ve L(X), we further note that V o 7 is product-measurable, since this is
true for both V and 7.
Fixing any t > 0 and using the 7-continuity of X, we get

(pgor) (Xor) =1 - (Xor)=(Xor)" =(lpg-X)or,

which proves (14) when V' = 1j94. If X has locally finite variation, the
result extends by a monotone class argument and monotone convergence to
arbitrary V' € L(X). In general, Lemma 15.24 yields the existence of some
continuous, adapted processes Vi, Vs, ... such that [(V,, — V)2d[M] — 0 and
SV, = V)dA|] — 0 a.s. By (14) the corresponding properties hold for the
time-changed processes, and since the processes V,, o 7 are right-continuous
and adapted, hence progressive, we obtain V o1 € f,(X oT).

Now assume instead that the approximating processes Vi, Vs, ... are pre-
dictable step processes. The previous calculation then shows that (14) holds
for each V,,, and by Lemma 15.13 the relation extends to V. O

We shall next consider stochastic integrals of processes depending on a
parameter. Given any measurable space (S, S), we say that a process V' on
S x R, is progressive if its restriction to S x [0,¢] is S ® B, ® Fi-measurable
for every ¢ > 0, where B, = B([0,t]). A simple version of the following result
will be useful in Chapter 16.

Theorem 15.26 (dependence on parameter, Doléans, Stricker and Yor) Let
X be a continuous semimartingale, fixz a measurable space S, and consider a
progressive process Vi(t), s € S, t > 0, such that Vy € L(X) for every s € S.
Then the process Yy(t) = (Vi - X)), has a version that is progressive on S X Ry
and a.s. continuous for each s € S.

Proof: Let X have canonical decomposition M + A. Assume that there
exist some progressive processes V* on S x Ry such that for any ¢ > 0 and
se s

(V= Vo= [M))e 50, (V)" = Vo) - A); Ho.

S

Then Lemma 15.13 yields (V- X —V,- X)¥ £ 0 for every s and t. Proceeding
as in the proof of Proposition 3.31, we may choose a subsequence (ng(s)) C N
that depends measurably on s such that the same convergence holds a.s. along
(ng(s)) for any s and t. Now define Y;; = lim sup, (V* - X)), whenever this is
finite, and put Y,; = 0 otherwise. If we can choose versions of the processes
(V- X); which are progressive on S x R, and a.s. continuous for each s,
then Y, is clearly a version of the process (V;- X); with the same properties.
This argument will now be applied in three steps.

First we may reduce to the case of bounded and progressive integrands,
by taking V™ = V1{|V| < n}. Next we may apply the transformation in the
proof of Lemma 15.24, to reduce to the case of continuous and progressive in-
tegrands. In the final step, we may approximate any continuous, progressive
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process V' by the predictable step processes V'(t) = V,(27"[2"t]). Here the
integrals V" - X are elementary, and the desired continuity and measurability
are obvious by inspection. O

We turn to the related topic of functional representations. To motivate
the problem, note that the construction of the stochastic integral V - X
depends in a subtle way on the underlying probability measure P and fil-
tration F. Thus, we cannot expect any universal representation F(V, X) of
the integral process V - X. In view of Proposition 3.31 one might still hope
for a modified representation F'(u,V, X), where p denotes the distribution
of (V,X). Even this may be too optimistic, however, since in general the
canonical decomposition of X depends even on F.

Dictated by our needs in Chapter 18, we shall restrict our attention to a
very special situation, which is still general enough to cover most applications
of interest. Fixing any progressive functions 0’;- and b of suitable dimension
defined on the path space C'(R;,R%), we may consider an arbitrary adapted
process X satisfying the stochastic differential equation

X} = o (t, X)dB] + V'(t, X )dt, (15)

where B is a Brownian motion in R". A detailed discussion of such equa-
tions is given in Chapter 18. For the moment we shall need only the simple
fact from Lemma 18.1 that the coefficients o(t, X) and b*(t, X) are again

; ; i — i y]
progressive. Write a” = 07,07,

Proposition 15.27 (functional representation) For any progressive func-
tions o, b, and f of suitable dimension, there exists some measurable map-
ping

F:P(C(R,,RY) x C(R,,RY) — C(Ry,R) (16)
such that whenever X is a solution to (15) with distribution p and with
JU(X) € L(X?) for all i, we have f{(X) - X' = F(u, X) a.s.

Proof: From (15) we note that X is a semimartingale with covariation
processes [X¢, X7] = a¥(X)-\ and drift components b°(X)-\. Hence, f1(X) €
L(X?) for all 7 iff the processes (f)%?a”(X) and fib'(X) are a.s. Lebesgue
integrable. Note that this holds in particular when f is bounded. Now
assume that f1, fs, ... are progressive with

(fa = [)%a"(X) A =0, |(f, = FHV(X)]- A= 0. (17)

Then (fi(X)- X' — fi(X)-X"); 5 0 for every ¢t > 0 by Lemma 15.13. Thus,
if f1(X)-X"= F,(u, X) a.s. for some measurable mappings F), as in (16),
then Proposition 3.31 yields a similar representation for the limit f*(X)- X*.

As in the preceding proof, we may apply this argument in three steps:
first reducing to the case when f is bounded, next to the case of continuous
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f, and finally to the case when f is a predictable step function. Here the
first and last steps are again elementary. For the second step we may now
use the simpler approximation

t
fn(tw):n/ f(s,x)ds, t>0,neN, zecCR,,RY.

(t=n=1)4

By Lebesgue’s differentiation Theorem Al.4 we have f,(¢t,z) — f(t, =) a.e.
in ¢ for each € C(R,, R%), and so (17) follows by dominated convergence. O

Exercises

1. Show that if M is a local martingale and ¢ is an Fy-measurable random
variable, then the process NV, = €M, is again a local martingale.

2. Use Fatou’s lemma to show that every local martingale M > 0 with
EMy < oo is a supermartingale. Also show by an example that M may
fail to be a martingale. (Hint: Let M; = X;/q1—y),, where X is a Brownian
motion starting at 1, stopped when it reaches 0.)

3. Fix a continuous local martingale M. Show that M and [M] have a.s.
the same intervals of constancy. (Hint: For any r € Q, put 7 = inf{t > r;
[M]; > [M],}. Then M7 is a continuous local martingale on [r,00) with
quadratic variation 0, so M7 is a.s. constant on [s, 7]. Use a similar argument
in the other direction.)

4. For any continuous local martingales M,, starting at 0 and associ-
ated optional times 7, show that (M,): B0 iff [M,],, & 0. State the
corresponding result for stochastic integrals.

5. Show that there exist some continuous semimartingales X7, Xo, ...
such that X7 5 0 and yet [X,]; % 0 for all ¢ > 0. (Hint: Let B be a
Brownian motion stopped at time 1, put Ayy-n = B(_1),2-», and interpolate
linearly. Define X" = B — A™.)

6. Consider a Brownian motion B and an optional time 7. Show that
EB, =0 when ETY/? < 00 and that EB? = Et when ET < co. (Hint: Use
optional sampling and Proposition 15.7.)

7. Deduce the first inequality in Proposition 15.10 from Proposition 15.18
and the classical Cauchy—Buniakovsky inequality.

8. Prove for any continuous semimartingales X and Y that [X +Y]"/2 <
(X2 + [Y]V? as.

9. (Kunita and Watanabe) Let M and N be continuous local martingales,
and fix any p,q,r > 0 with p~' + ¢7' = r='. Show that ||[M, N];||3, <
IM]ellp[[[N]ellg for all £ > 0.
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10. Let M, N be continuous local martingales with M, = Ny = 0. Show
that M 1LN implies [M,N] = 0 a.s. Also show by an example that the
converse is false. (Hint: Let M = U - B and N = V - B for a Brownian
motion B and suitable U,V € L(B).)

11. Fix a continuous semimartingale X, and let U,V € L(X) with U =V
a.s. on some set A € Fy. Show that U- X =V - X a.s. on A. (Hint: Use
Proposition 15.16.)

12. Fix a continuous local martingale M, and let U, Uy, U,, ... and V, V},
Va,... € L(M) with |U,| < V,, Uy — U, Vi = V, and ((V, — V) - M): B0
for all t > 0. Show that (U, - M), 5 (U - M), for all t. (Hint: Write
(U, —U)? <2(V,, — V)? +8V?2 and use Theorem 1.21 and Lemmas 3.2 and
15.13.)

13. Let B be a Brownian bridge. Show that X; = B;a; is a semimartingale
on R, w.r.t. the induced filtration. (Hint: Note that M; = (1 —t)"'B, is a
martingale on [0, 1), integrate by parts, and check that the compensator has
finite variation.)

14. Show by an example that the canonical decomposition of a continuous
semimartingale may depend on the filtration. (Hint: Let B be Brownian
motion with induced filtration F, put G, = F; Vo (B;), and use the preceding
result.)

15. Show by stochastic calculus that t™?B, — 0 a.s. as t — oo, where
B is a Brownian motion and p > 1. (Hint: Integrate by parts to find the
canonical decomposition. Compare with the L'-limit.)

16. Extend Theorem 15.17 to a product of n semimartingales.

17. Consider a Brownian bridge X and a bounded, progressive process
V with [} Vidt = 0 a.s. Show that F [; VdX = 0. (Hint: Integrate by
parts to get [} VdX = [(V — U)dB, where B is a Brownian motion and
U =(1—t)" [ Vids.)

18. Show that Proposition 15.18 remains valid for any finite optional times
t and t,y satisfying maxy (tur — thg-1) £o.

19. Let M be a continuous local martingale. Find the canonical decom-
position of |M [P when p > 2, and deduce for such a p the second relation in
Proposition 15.7. (Hint: Use Theorem 15.19. For the last part, use Holder’s
inequality.)

20. Let M be a continuous local martingale with My = 0 and [M], < 1.
Show for any r > 0 that P{sup, M, > r} < e /2. (Hint: Consider the
supermartingale Z = exp(cM — ¢?[M]/2) for a suitable ¢ > 0.)

21. Let X and Y be continuous semimartingales. Fix a ¢ > 0 and a
sequence of partitions (¢,) of [0,¢] with maxy(¢,x — t,x—1) — 0. Show that
15 Vi + Ya o )Xo — Xii ) = (Y 0 X);. (Hint: Use Corollary 15.14
and Proposition 15.18.)
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22. A process is predictable if it is measurable with respect to the o-
field in Ry x € induced by all predictable step processes. Show that every
predictable process is progressive. Conversely, given a progressive process X
and a constant h > 0, show that the process Y; = X(,_y), is predictable.

23. Given a progressive process V and a nondecreasing, continuous,

adapted process A, show that there exists some predictable process V with
|V —V|-A=0as. (Hint: Use Lemma 15.24.)

24. Use the preceding statement to give a short proof of Lemma 15.24.
(Hint: Begin with predictable V', using a monotone class argument.)

25. Construct the stochastic integral V' - M by approximation from ele-
mentary integrals, using Lemmas 15.11 and 15.24. Show that the resulting
integral satisfies the relation in Theorem 15.12. (Hint: First let M € M?
and E(V?-[M])s < o0, and extend by localization.)

26. Let (V, B) 4 (‘7, B), where B and B are Brownian motions on possibly
different filtered probability spaces and V € L(B), V € L(B). Show that
(V,B,V - B) 4 (V,B,V - B). (Hint: Argue as in the proof of Proposition
15.27.)

27. Let X be a continuous F-semimartingale. Show that X remains
a semimartingale conditionally on Fj, and that the conditional quadratic
variation agrees with [X]. Also show that if V € L(X), where V = o(Y)
for some continuous process Y and measurable function o, then V' remains
conditionally X-integrable, and the conditional integral agrees with V - X.
(Hint: Conditioning on Fy preserves martingales.)



Chapter 16

Continuous Martingales
and Brownian Motion

Martingale characterization of Brownian motion; random time-
change of martingales; isotropic local martingales; integral repre-
sentations of martingales; iterated and multiple integrals; change
of measure and Girsanov’s theorem; Cameron—Martin theorem;
Wald’s identity and Novikov’s condition

This chapter deals with a wide range of applications of the stochastic calcu-
lus, the principal tools of which were introduced in the preceding chapter.
A recurrent theme is the notion of exponential martingales, which appear
in both a real and a complex variety. Exploring the latter yields an effort-
less approach to Lévy’s celebrated martingale characterization of Brownian
motion as well as to the basic random time-change reduction of isotropic
continuous local martingales to a Brownian motion. By applying the latter
result to suitable compositions of Brownian motion with harmonic or ana-
lytic functions, we shall deduce some important information about Brownian
motion in R?. Similar methods may be used to analyze a variety of other
transformations that lead to Gaussian processes.

As a further application of the exponential martingales, we shall derive
stochastic integral representations of Brownian functionals and martingales
and examine their relationship to the chaos expansions obtained by different
methods in Chapter 11. In this context, we shall see how the previously
introduced multiple Wiener—Ito integrals can be expressed as iterated sin-
gle It6 integrals. A similar problem, of crucial importance for Chapter 18,
is to represent a continuous local martingale with absolutely continuous co-
variation processes in terms of stochastic integrals with respect to a suitable
Brownian motion.

Our last main topic is to examine the transformations induced by an
absolutely continuous change of probability measure. The density process
turns out to be a real exponential martingale, and any continuous local
martingale in the original setting will remain a martingale under the new
measure, apart from an additional drift term. The observation is useful for
applications, where it is often employed to remove the drift from a given
semimartingale. The appropriate change of measure then depends on the
process, and it becomes important to derive effective criteria for a proposed
exponential process to be a true martingale.

296
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Our exposition in this chapter may be regarded as a continuation of the
discussion of martingales and Brownian motion from Chapters 6 and 11,
respectively. Changes of time and measure are both important for the theory
of stochastic differential equations, as developed in Chapters 18 and 20. The
time-change results for continuous martingales have a counterpart for point
processes explored in Chapter 22, where the general Poisson processes play
a role similar to that of the Gaussian processes here. The results about
changes of measure are extended in Chapter 23 to the context of possibly
discontinuous semimartingales.

To elaborate on the new ideas, we begin with an introduction of complex
exponential martingales. It is instructive to compare them with the real
versions appearing in Lemma 16.21.

Lemma 16.1 (complex exponential martingales) Let M be a real continuous
local martingale with My = 0. Then

Zt = eXp(th + %[M]t), t Z O,
is a complex local martingale satisfying Z, = 1+ i(Z - M), a.s.

Proof: Applying Corollary 15.21 to the complex-valued semimartingale
Xy = iM, + L[M]; and the entire function f(z) = e*, we get

The next result gives the basic connection between continuous martin-
gales and Gaussian processes. For any subset K of a Hilbert space, we write
K for the closed linear subspace generated by K.

Lemma 16.2 (isometries and Gaussian processes) Fix a subset K of some
Hilbert space, and consider for each h € K a continuous local F-martingale
M" with My = 0 such that

[M", MY = (h, k) as., hkeK. (1)

Then there exists some isonormal Gaussian process nlLFy on K with Ml =

nh a.s. for all h € K.

Proof: Fix any linear combination N, = us M + - - - + u, M/, and con-
clude from (1) that

[Nloo =3, gun[ M, M™]oo =3 wjur(hy, hi) = |[A]]?,

where h = uihy + -+ - + uyh,. The process Z = exp(iN + i[N]) is as.
bounded, and so by Lemma 16.1 it is a uniformly integrable martingale.
Writing £ = N, we hence obtain for any A € Fy

PA = E[Zy; Al = Elexp(iNu + 1[N]); A = Ele®s; AlelM*/2,
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Since uq,...,u, were arbitrary, we may conclude from the uniqueness the-
orem for characteristic functions that the random vector (MM ... Mh») is
independent of Fy and centered Gaussian with covariances (h;, hy). It is now
easy to construct a process 1 with the stated properties. |

As a first application, we may establish the following basic characteriza-
tion of Brownian motion.

Theorem 16.3 (martingale characterization of Brownian motion, Lévy) Let
B = (B',...,BY) be a continuous local F-martingale in R with By =0 and
[BY, BY], = d;;t a.s. Then B is an F-Brownian motion.

Proof: For fixed s < t, we may apply Lemma 16.2 to the continuous local
martingales M} = B!.,, — Bl,,,r > s,i=1,...,d, to see that the differences

Bi — B! are i.i.d. N(0,t — s) and independent of F. |

The last theorem suggests the possibility of transforming an arbitrary
continuous local martingale M into a Brownian motion through a suitable
random time-change. The result extends with the same proof to certain
higher-dimensional processes, and for convenience we consider directly the
version in RY. A continuous local martingale M = (M* ..., M?) is said
to be isotropic if a.s. [M'] = [M?] and [M*, M7] = 0 for all i # j. Note
in particular that this holds for Brownian motion in RY. When M is a
continuous local martingale in C, the condition is clearly equivalent to [M] =
0 a.s., or [RM] = [SM] and [RM,3IM] = 0 a.s. For isotropic processes M,
we refer to [M'] = --- = [M%] or [RM] = [SM] as the rate process of M.

The proof is straightforward when [M],, = oo a.s., but in general it
requires a rather subtle extension of the filtered probability space. To simplify
our statements, we assume the existence of any randomization variables we
may need. As in the elementary contexts of Chapter 5, this may require us to
pass from the original setup (Q, A, F, P) to the product space (€, A, F, P),
where Q = QO x [0,1], A= A® B, F, = F, x [0,1], and P = P® \. Given
two filtrations F and G on €2, we say that G is a standard extension of F if
Fi C Gl £ F for all t > 0. This is precisely the condition needed to ensure
preservation of all adaptedness and conditioning properties. The notion is
still flexible enough to admit a variety of useful constructions.

Theorem 16.4 (time-change reduction, Dambis, Dubins and Schwarz) Let
M be an isotropic continuous local F-martingale in R with My = 0, and
define

7, =inf{t > 0; [M']; > s}, G,=F., s> 0.

Then there exist a standard extension G of G and a G-Brownian motion B
in R? such that a.s. By = M, on [0,[M'].) and M = Bo [M?].

?

Proof: We may take d = 1, the proof in higher dimensions being similar.
Introduce a Brownian motion X Il F with induced filtration X, and put
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Qt =G, V X,. Since G1LX, it is clear that G is a standard extension of both
G and X. In particular, X remains a Brownian motion under G. Now define

B,= M, + / 1{r, = co}dX,, s3> 0. 2)
0

Since M is 7-continuous by Proposition 15.6, Theorem 15.25 shows that the
first term M o 7 is a continuous G-martingale, and then also a G-martingale,
with quadratic variation

[M o 7]y =[M],

s

=5A[Mlw, s>0.

The second term in (2) has quadratic variation s — s A [M]w, and the covari-
ation vanishes since M o 71l X. Thus, [B]; = s a.s., and so Theorem 16.3
shows that B is a G-Brownian motion. Finally, B, = M, for s < [M]s,
which implies M = B o [M] a.s. by the 7-continuity of M. O

In two dimensions, isotropic martingales arise naturally through the com-
position of a complex Brownian motion B with an arbitrary (possibly mul-
tivalued) analytic function f. For a general continuous process X, we may
clearly choose a continuous evolution of f(X), as long as X avoids the pos-
sible singularities of f. Though no analytic functions exist in dimensions
d > 3, it may still be useful to consider compositions with suitable harmonic
functions.

Theorem 16.5 (harmonic and analytic maps, Lévy)

(i) Let M be an isotropic continuous local martingale in R, and fix an
harmonic function f such that M a.s. avoids the sigularities of f. Then
JF(M) is a local martingale with [f(M)] = |V f(M)|? - [M1].

(i) Let M be a complex, isotropic continuous local martingale, and fix an
analytic function f such that M a.s. avoids the singularities of f. Then
f(M) is again an isotropic local martingale with [Rf(M)] = | f'(M)|*-
[RM]. If B is a Brownian motion and f'" # 0, then [Rf(B)] is a.s.
unbounded and strictly increasing.

Proof: (i) Using the isotropy of M, we get by Corollary 15.20
FM) = f(Mo) + fi - M' + JAf(M) - [M].

Here the last term vanishes since f is harmonic, and so f(M) is a local
martingale. From the isotropy of M it is further seen that

[FAD] =Y 1f(M) - M =3 (fi(M))* - [M'] = |VF(M)]*- [M"].
(ii) Since f is analytic, we get by Corollary 15.21

f(M) = f(Mo) + f'(M) - M + 3 f"(M) - [M]. (3)
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Here the last term vanishes since M is isotropic. The same property also
yields

[F(M)] = [f'(M) - M] = (f'(M))*- [M] =0,
and so f(M) is again isotropic. Finally, writing M = X +4Y and f'(M) =
U+1iV, we get

RFM)] =[U-X =V -Y]=(U"+V?) [X] = [f (M) [RM].

If f"is not identically 0, it has at most countably many zeros. Hence, by
Fubini’s theorem

EMt> 0 £(B) =0} = [ P{f(B) = 0}dt = 0,

and so [Rf(B)] = |f'(B)|*- X is a.s. strictly increasing. To see that it is also
a.s. unbounded, we note that f(B) converges a.s. on the set {{Rf(B)] < co}.
However, f(B) diverges a.s. since f is nonconstant and the random walk
By, By, ... is recurrent by Theorem 8.2. O

Combining the last two results, we may derive two basic properties of
Brownian motion in R?, namely the polarity of singleton sets when d > 2 and
the transience when d > 3. Note that the latter property is a continuous-
time counterpart of Theorem 8.8 for random walks. Both properties play
important roles for the potential theory developed in Chapter 21. Define
7, = inf{t > 0; B; = a}.

Theorem 16.6 (point polarity and transience, Lévy, Kakutani) For a Brow-
nian motion B in RY, we have the following:

(i) if d > 2, then 7, = 00 a.s. for all a € RY;

(i) if d > 3, then |By| — o0 a.s. ast — 0.

Proof: (i) Here we may clearly take d = 2, so we may let B be a complex
Brownian motion. Applying Theorem 16.5 (ii) to the entire function e?, it
is seen that M = e® is a conformal local martingale with unbounded rate
[RM]. By Theorem 16.4 we have M — 1 = X o [RM] a.s. for some Brownian
motion X, and since M # 0 it follows that X a.s. avoids —1. Hence, 71 = 00
a.s., and by the scaling and rotational symmetries of B we get 7, = 0o a.s.
for every a # 0. To extend the result to a = 0, we may conclude from the
Markov property at A > 0 that

Po{ro o0, < o0} = EgPg, {10 <00} =0, h>0.

As h — 0, we get Po{rp < oo} =0, and so 79 = 0o a.s.

(ii) Here we may take d = 3. For any a # 0 we have 7, = oo a.s. by part
(i), and so by Theorem 16.5 (i) the process M = |B—a|~! is a continuous local
martingale. By Fatou’s lemma M is then an L!-bounded supermartingale,
and so by Theorem 6.18 it converges a.s. toward some random variable &.

Since M, 4 0 we have E=0a.s. O
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Combining part (i) of the last result with Theorem 17.11, we note that
a complex, isotropic continuous local martingale avoids every fixed point
outside the origin. Thus, Theorem 16.5 (ii) applies to any analytic function
f with only isolated singularities. Since f is allowed to be multivalued,
the result applies even to functions with essential singularities, such as to
f(z) =log(1 + z). For a simple application, we may consider the windings
of planar Brownian motion around a fixed point.

Corollary 16.7 (skew-product representation, Galmarino) Let B denote
complex Brownian motion starting at 1, and choose a continuous version
of V.= arg B with Vo = 0. Then V; = Y o (|B|™% - \); a.s. for some real
Brownian motion Y 1L|B|.

Proof: Applying Theorem 16.5 (ii) with f(z) = log(1 + z), we note that
M, = log|By| + iV, is a conformal martingale with rate [RM] = |B|72 - \.
Hence, by Theorem 16.4 there exists some complex Brownian motion Z =
X + Y with M = Z o [RM] a.s., and the assertion follows. O

For a nonisotropic continuous local martingale M in R?, there is no single
random time-change that will reduce the process to a Brownian motion. How-
ever, we may transform each component M* separately, as in Theorem 16.4,
to obtain a collection of one-dimensional Brownian motions B',..., B¢ If
the latter processes happen to be independent, they may clearly be combined
into a d-dimensional Brownian motion B = (B!,..., B%). It is remarkable
that the required independence arises automatically whenever the original
components M* are strongly orthogonal, in the sense that [M?, M7] = 0 a.s.
for all i # j.

Proposition 16.8 (orthogonality and independence, Knight) Let M*, M2,
... be strongly orthogonal, continuous local martingales starting at 0. Then

there exist some independent Brownian motions BY, B2, ... such that M* =
B¥ o [M*] a.s. for every k.

Proof: When [M*],, = oo a.s. for all k, the result is an easy consequence
of Lemma 16.2. In general, we may introduce a sequence of independent
Brownian motions X!, X2, ... Il F with induced filtration X. Define

B = MMrl) + X*((s = [M¥])+), 520, k€N,

write ¢y = —log(1l — )4, and put G, = Fy, + Xy—1),, t > 0. To check that
B', B2, ... have the desired joint distribution, we may clearly assume that
each [M*] is bounded. Then the processes Nf = M} + X(ILU+ are strongly

orthogonal, continuous G-martingales with quadratic variations [N*], =
[MF¥]y, 4+ (t — 1)4, and we note that B¥ = N% where o% = inf{t > 0;

s

[N*]; > s}. The assertion now follows from the result for [M*],, = oo a.s. O
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As a further application of Lemma 16.2, we consider a simple continuous-
time version of Theorem 9.19. Given a continuous semimartingale X on I =
R, or [0,1) and a progressive process 1" on I that takes values in I = [0, o0]
or [0,1], respectively, we may define

(XoTY), = /11{Ts < t}dX,, tel,

as long as the integrals on the right exist. For motivation, we note that if £
is a random measure on I with “distribution function” X; = £[0,t], t € I,
then X o7~! is the distribution function of the transformed measure £ o T~!.

Proposition 16.9 (measure-preserving progressive maps) Consider a Brow-
nian motion or bridge B and a progressive process T on R, or [0,1], respec-

tively, with \o T~' = X a.s. Then BoT~' £ B.

Proof: For Brownian motion the result is an immediate consequence of
Lemma 16.2, so we may assume that B is a Brownian bridge. Then M; =
(1 —1t)"!B; is clearly a martingale on [0, 1), and so B is a semimartingale on
the same interval. Integrating by parts, we get

Thus, [X] = [B]; =t a.s., and so X is a Brownian motion by Theorem 16.3.
Now let V' be a bounded, progressive process on [0, 1] with nonrandom
integral V = [} Vidt. Integrating by parts, we get for any u € [0,1)

Mu/ou%dt—/outh/OtVSds

u 1 1
/th/ Vsds—Mu/ Vidt.
0 Jt Ju

/ “VMat
0

As u — 1, we have (1 —u)M, = B, — 0, and so the last term tends to zero.
Using dominated convergence and combining with (4), we get

1 1 1 1 o
| VidBi = [ Vidx,— [ VMt = [ (Vi = V)x,
0 0 0 0

where V; = (1 —t)7! ftl Vids. Letting U be another bounded, progressive
process, we get by a simple calculation

1 _ _ gt _
/ (U, — TNV, — V,)dt = / UVidt —TUV.
0 0

In particular, if U, = 1{T, < s} and V, = 1{T, < t}, the right-hand side
becomes s At — st = E(B;B;), and the assertion follows by Lemma 16.2. O

We shall next consider a basic representation of martingales with respect
to a Brownian filtration.
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Theorem 16.10 (Brownian martingales) Let F be the complete filtration
induced by a Brownian motion B = (B',..., B%) in R%. Then any local F-
martingale M is a.s. continuous, and there exist some (P X \)-a.e. unique
processes VY, ..., V¥ e L(BY) such that
_ k. pk
M = M, + Zkgdv B* a.s. (5)
As a consequence we obtain the following representation of Brownian
functionals, which we prove first.

Lemma 16.11 (Brownian functionals, Ité) Let B = (B',...,B%) be a
Brownian motion in RY, and fix a B-measurable random variable ¢ with
E¢ =0 and FE? < co. Then there exist some (P X \)-a.e. unique processes
Vi ..., Vde L3(B) such that £ = 3, (V¥ - B¥) as.

Proof (Dellacherie): Let H denote the Hilbert space of B-measurable
random variables £ with E¢ = 0 and E£? < oo, and write H' for the subspace
of elements ¢ admitting an integral representation >, (V*- B¥),,. For such a
& we get BE? = EY.(VF)?-\)s, which implies the asserted uniqueness. By
the obvious completeness of L*(B'), it is further seen from the same formula
that H' is closed. To prove H' = H it remains to show that any £ € H & H’
vanishes a.s.

Then fix any nonrandom functions u!,... u? € L3(R). Put M = ¥, u* -
B*, and define the process Z as in Lemma 16.1. Then Z — 1 = iZ - M =
i Y x(ZuF) - B* by Proposition 15.15, and so € L (Zs —1), or E € exp{i>_(u”-
B*)} = 0. Specializing to step functions u* and using the uniqueness
theorem for characteristic functions, we get

E[E, (Bt17--~7Btn) EC] :O7 t1,7tn6R+7 CEB”7 n € N.

By a monotone class argument this extends to E[¢; A] = 0 for arbitrary
A€ Fy, and so € = E[§|Fs] =0 as. O

Proof of Theorem 16.10: We may clearly take My = 0, and by suitable
localization we may assume that M is uniformly integrable. Then M, exists
as an element in L'(F.) and it may be approximated in L' by some ran-
dom variables &1, &, ... € L?(Fy). The martingales M;* = E[¢,|F;] are a.s.
continuous by Lemma 16.11, and by Proposition 6.15 we get, for any € > 0,

P{(AM)* > 2e} < P{(M"™ — M)* > ¢} <e'E|¢, — M| — 0.

Hence, (AM)* = 0 a.s., and so M is a.s. continuous. The remaining asser-
tions now follow by localization from Lemma 16.11. O

Our next theorem deals with the converse problem of finding a Brownian
motion B satisfying (5) when the representing processes V* are given. The
result plays a crucial role in Chapter 18.
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Theorem 16.12 (integral representation, Doob) Let M be a continuous lo-
cal F-martingale in R? with My = 0 such that [M*, M7] = ViV - X a.s. for
some F-progressive processes Vi, 1 < i < d, 1 < k < r. Then there exists
some Brownian motion B in R™ with respect to a standard extension of F
such that M = Vi - B¥ a.s. for all i.

Proof: For any t > 0, let N; and R; be the null and range spaces of the
matrix V;, and write N;* and R} for their orthogonal complements. Denote
the corresponding orthogonal projections by my,, 7g,, TNL and TRL, Tespec-
tively. Note that V; is a bijection from N;* to R;, and write V,~* for the inverse
mapping from R; to Ni-. All these mappings are clearly Borel-measurable
functions of V;, and hence again progressive.

Now introduce a Brownian motion X Il F in R" with induced filtration
X, and note that G, = F;, V &}, t > 0, is a standard extension of both F and
X. Thus, V remains G-progressive and the martingale properties of M and
X are still valid for G. Consider in R" the local G-martingale

B=Vlmg-M+7y-X.
The covariation matrix of B has density
(V3 imp)VV/ (V7iag) + anmly = Ty e + Tnmy = e + 7y = 1,
and so Theorem 16.3 shows that B is a Brownian motion. Furthermore, the
process mre - M = 0 vanishes a.s. since its covariation matrix has density

TrLVV'rh = 0. Hence, by Proposition 15.15,

V- B=VV g M+Vry Y =n0g-M=(ng+mg)-M=M. O

We may next prove a Fubini-type theorem, which shows how the multiple

Wiener—Ito integrals defined in Chapter 11 can be expressed in terms of
iterated Ito integrals. Then introduce for each n € N the simplex

Ay ={(ti,. .. ty) ERL < - <t}

Given a function f € L?*(R%, \"), we shall write f =nlfla,, where f denotes
the symmetrization of f defined in Chapter 11.

Theorem 16.13 (multiple and iterated integrals) Consider a Brownian mo-
tion B in R with associated multiple Wiener—Ité integrals I,,, and fix any

f € L*R}). Then

Inf:/dBtn/dBtyH--~/f(t1,...,tn)dBt1 0.5, 6)
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Though a formal verification is easy, the construction of the iterated in-
tegral on the right depends in a subtle way on the choice of suitable versions
in each step. We are implicitly asserting the existence of versions such that
the right-hand side exists.

Proof: We shall prove by induction that the iterated integral

Vi = [ ABu [ By [ fiti, . t)dB,

exists for almost all t441,...,%,, and that V¥ has a version supported by
A, _r that is progressive as a process in 1 with parameters ty o, ..., t,.
Furthermore, we shall establish the relation

( [N ¢" / /{f s }thl - dty (7)

k+1

This allows us, in the next step, to define V;;7,

1, for almost all ¢x4o,. .., ty.

The integral V° = f clearly has the stated properties. Now assume
that a version of the integral thz,_.},tn has been constructed with the desired
properties. For any tx11,...,%, such that (7) is finite, Theorem 15.26 shows
that the process

k k—1
Xt,tk,Jrl,...,tn :/ V;k, Lt dBtk-a tZ 07

has a progressive version that is a.s. continuous in ¢ for fixed t,1,..., t,. By
Proposition 15.16 we obtain

iXk

tht 154150t

Vk

Lot 1remrtn a.s., tk+1, e 7tn Z 07

and the progressivity clearly carries over to V¥, regarded as a process in t4;
with parameters t; o, ...,t,. Since V¥~ is supported by A,_j,1, we may
choose X* to be supported by R, x A, _;, which ensures that V* will be
supported by A, _;. Finally, equation (7) for V*=! yields

E(VE, L) / (Vi) dt

/ /{fth... VY2t - - diy,

To prove (6), we note that the right-hand side is linear and L?-continuous
in f. Furthermore, the two sides agree for indicator functions of rectangular
boxes in A,. The relation extends by a monotone class argument to arbitrary
indicator functions in A, and the further extension to L?(A,,) is immediate.
It remains to note that I, f = I,f = I,f for any f € L*(R"). O

So far we have obtained two different representations of Brownian func-
tionals with zero mean and finite variance, namely the chaos expansion in
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Theorem 11.26 and the stochastic integral representation in Lemma 16.11.
We proceed to examine how they are related. For any function f € L*(R%),
we define fi(ty,...,th—1) = f(t1,...,tn—1,t) and, when | f;|] < oo, write

Inflf(t) = nflft~

Proposition 16.14 (chaos and integral representations) Fiz a Brownian
motion B in R, and let & be a B-measurable random variable with chaos
expansion Y ,>1 Infn. Then & = (V - B)« a.s., where

V, = ZRZIIn,lfn(t), t>0.

Proof: For any m € N we get, as in the last proof,

[t S Bl P = S AP = X Bf)? <00 ()

n>m n>m n>m

Since integrals I, f with different n are orthogonal, it follows that the series
for V, converges in L? for almost every ¢ > 0. On the exceptional set we
may redefine V; to be 0. As before, we may choose progressive versions of
the integrals I, 1 f,(t), and from the proof of Corollary 3.32 it is clear that
even the sum V' can be chosen to be progressive. Applying (8) with m = 1,
we then obtain V' € L(B).

Using Theorem 16.13, we get by a formal calculation

= Ifu= 3 [TosfadBi = [ B S Lifult) = [ VidB.

n>1 n>1 n>1

To justify the interchange of integration and summation, we may use (8) and
conclude as m — oo that

{/dBt Lo falt )} = /dt > o Bl fu())?
> o B fa)? = 0

d

Let us now consider two different probability measures P and @ on the
same measurable space (0, .A), equipped with a right-continuous and P-
complete filtration (F;). If @ < P on F;, we denote the corresponding
density by Z;, so that Q = Z; - P on F;,. The martingale property depends
on the choice of probability measure, so we need to distinguish between P-
martingales and Q-martingales. Integration with respect to P is denoted by
E as usual, and we write Fo, =V, F;.

Lemma 16.15 (absolute continuity) Let Q = Z;- P on Fy for allt > 0.
Then Z is a P-martingale, and it is further uniformly integrable iff Q < P
on Fo. More generally, an adapted process X is a Q-martingale iff X7 is a
P-martingale.
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Proof: For any adapted process X, we note that X, is Q-integrable iff
X7, is P-integrable. If this holds for all ¢, we may write the @-martingale
property of X as

/XsdQ _ / XdQ, AcF, s<t.
A A
By the definition of Z, it is equivalent that
E[XZs; Al = E[X:Zy; A]l, A€ F, s<t,

which means that X Z is a P-martingale. This proves the last assertion, and
the first statement follows as we take X; = 1.

Next assume that Z is uniformly P-integrable, say with L'-limit Z.,. For
any t < u and A € F;, we have QA = E[Z,; A]. As u — o0, it follows that
QA = E|[Z,; A], which extends by a monotone class argument to arbitrary
A e Fy. Thus, Q = Z, - P on F. Conversely, if Q = £ - P on F, then
E¢ =1, and the P-martingale M; = E[¢|F;] satisfies Q@ = M, - P on F; for
each t. But then Z; = M, a.s. for each ¢, and Z is uniformly P-integrable
with limit €. a

By the last lemma and Theorem 6.27, we may henceforth assume that
the density process Z is rcll. The basic properties may then be extended to
optional times and local martingales as follows.

Lemma 16.16 (localization) Let Q = Z;- P on F; for allt > 0. Then we
have for any optional time T

Q=27Z,-P on F.N{r < oo} 9)

Furthermore, an adapted rcll process X is a local Q-martingale iff X Z is a
local P-martingale.

Proof: By optional sampling

QA:E[ZT/\t;A]v AGfTAt7 t207

S0
QA;T <t =E[Z; An{r <t}], AeF,t>0,

and (9) follows by monotone convergence as ¢t — 0.

To prove the last assertion, it is enough to show for any optional time 7
that X7 is a @-martingale iff (XZ)7 is a P-martingale. This may be seen as
before if we note that Q) = Z] - P on F,,, for each ¢. O

We shall also need the following positivity property.

Lemma 16.17 (positivity) For every t > 0 we have infs<; Z; > 0 a.s. Q.
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Proof: By Lemma 6.31 it is enough to show for each ¢t > 0 that Z, > 0
a.s. . This is clear from the fact that Q{Z, =0} = E[Z;; Z,=0]=0. O

In typical applications, the measure () is not given at the outset but
needs to be constructed from the martingale Z. This requires some regularity
conditions on the underlying probability space.

Lemma 16.18 (existence) Fix any Polish space S, and let P be a probability
measure on 2 = D(R,,S), endowed with the right-continuous and complete
induced filtration F. Furthermore, consider an F-martingale Z > 0 with
Zo = 1. Then there exists a probability measure Q@ on Q with Q = Z; - P on
Fy forallt > 0.

Proof: For each t > 0 we may introduce the probability measure @y =
Z; - P on F;, which may be regarded as a measure on D([0,¢],S). Since the
spaces D([0,t],S) are Polish under the Skorohod topology, Corollary 5.15
ensures the existence of some probability measure ) on D(R,,.S) with pro-
jections @y, and it is easy to verify that ) has the stated properties. a

The following basic result shows how the drift term of a continuous semi-
martingale is transformed under a change of measure with a continuous den-
sity Z. An extension appears in Theorem 23.9.

Theorem 16.19 (transformation of drift, Girsanov, wvan Schuppen and
Wong) Let Q = Z;-P on F; for eacht > 0, where Z is a.s. continuous. Then
for any continuous local P-martingale M, the process M = M — Z~*. (M, Z]
s a local Q-martingale.

_ Proof: First assume that Z ~!is bounded on the support of [M]. Then
M is a continuous P-semimartingale, and we get by Proposition 15.15 and
an integration by parts

MZ—~(MZ)y = M-Z+Z-M+[M,Z]
= M-Z+Z-M—[M,Z|+|M,Z
= M-Z+27Z-M,

which shows that MZ is a local P-martingale. Hence, M is a local Q-
martingale by Lemma 16.16.

For general M, we may define 7,, = inf{t > 0; Z; < 1/n} and conclude as
before that M™ is a local Q-martingale for each n € N. Since 7,, — 00 a.s. Q
by Lemma 16.17, it follows by Lemma 15.1 that M is a local Q-martingale. O

The next result shows how the basic notions of stochastic calculus are
preserved under a change of measure. Here [X]p will denote the quadratic
variation of X under the probability measure P. We shall further write
Lp(X) for the class of X-integrable processes V under P, and let (V- X)p
be the corresponding stochastic integral.
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Proposition 16.20 (preservation laws) Let Q = Z;-P on F; for eacht > 0,
where Z is continuous. Then any continuous P-semimartingale X is also a
Q-semimartingale, and [X]p = [X]g a.s. Q. Furthermore, Lp(X) C Lo(X),
and for any V € Lp(X) we have (V- X)p = (V- X)g a.s. Q. Finally, any
continuous local P-martingale M satisfies (V- M)~ = VM a.s. @ whenever
either side exists.

Proof: Consider a continuous P-semimartingale X = M + A, where M is
a continuous local P-martingale and A is a process of locally finite variation.
Under Q we may write X = M +2"*. [M, Z]+ A, where M is the continuous
local Q-martingale of Theorem 16.19, and we note that Z~! - [M, Z] has
locally finite variation since Z > 0 a.s. ) by Lemma 16.17. Thus, X is also
a @-semimartingale. The statement for [X] is now clear from Proposition
15.18.

Now assume that V € Lp(X). Then VZ € Lp([X]) and V € Lp(A), so
the same relations hold under @, and we get V € Lgo(M + A). Thus, to
get V € Lg(X), it remains to show that V € Lo(Z7'[M, Z]). Since Z > 0
under @, it is equivalent to show that V' € Lo([M, Z]). But this is clear by
Proposition 15.10, since [M, Z]o = [M, Z]q and V' € Lg(M).

To prove the last assertion, we note as before that Lo(M) = Lo(M). If
V belongs to either class, then by Proposition 15.15 we get under @) the a.s.
relations

V-M)> = V.-M—-Z"'[V-MZ
= V-M-VZ' [MZ =V M. O

In particular, we note that if B is a P-Brownian motion in R¢, then Bisa
(@-Brownian motion by Theorem 16.3, since the two processes are continuous
martingales with the same covariation processes.

The preceding theory simplifies when P and () are equivalent on each F,
since in that case Z > 0 a.s. P by Lemma 16.17. If Z is also continuous, it
may be expressed as an exponential martingale. More general processes of
this type are considered in Theorem 23.8.

Lemma 16.21 (real exponential martingales) A continuous process Z > 0
1s a local martingale iff it has an a.s. representation

Zy =E(M)y = exp(My — 3[M];), t>0, (10)

for some continuous local martingale M. In that case M is a.s. unique, and
for any continuous local martingale N we have [M,N| = Z~'.[Z, N].

Proof: If M is a continuous local martingale, then so is £(M) by Itd’s
formula. Conversely, assume that Z > 0 is a continuous local martingale.
Then by Corollary 15.20,

logZ —logZy =271 7 —
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and (10) follows with M = log Zy+ Z~' - Z. The last assertion is clear from
this expression, and the uniqueness of M follows from Proposition 15.2. O

We shall now see how Theorem 16.19 can be used to eliminate the drift of
a continuous semimartingale, and we begin with the simple case of Brownian
motion B with a deterministic drift. Here we shall need the fact that £(B)
is a true martingale, as can be seen most easily by a direct computation.
By P ~ @Q we mean that P < @ and Q < P. Write L2 for the class of
functions f: R, — R? such that |f|? is locally Lebesgue integrable. For any
fe L}, wedefine f-\=(f'-\,...,f% \), where the components on the

right are ordinary Lebesgue integrals.

Theorem 16.22 (shifted Brownian motion, Cameron and Martin) Let F
be the complete filtration induced by canonical Brownian motion B in R?,
fir a continuous function h: Ry — RY with hg = 0, and write Py, for the
distribution of B+ h. Then P, ~ Py on Fy for allt > 0 iff h = f -\ for
some f € L} ., in which case P, = E(f - B); - Py.

Proof: If P, ~ By on each F;, then by Lemmas 16.15 and 16.17 there
exists some Py-martingale Z > 0 such that P, = Z; - Py on F; for each t > 0.
Theorem 16.10 shows that Z is a.s. continuous, and by Lemma 16.21 it can
then be written as £(M) for some continuous local Py-martingale M. Using
Theorem 16.10 again, we note that M =V - B = 3, V- B a.s. for some
processes V' € L(B'), and in particular V € L2 a.s.

By Theorem 16.19 the process B = B — [B,M] = B—V - X is a P-
Brownian motion, and so, under P, the canonical process B has two semi-
martingale decompositions, namely

B=B+V-A=(B—h)+h.

By Proposition 15.2 the decomposition is a.s. unique, and so V - A = h a.s.
Thus, h = f - X for some nonrandom function f € L%, and furthermore
Mt >0;V, # f;} =0 a.s., which implies M =V -B = f- B as.

Conversely, assume that h = f - )\ for some f € L2 . Since M = f- B
is a time-changed Brownian motion under P, the process Z = £(M) is a
Py-martingale, and by Lemma 16.18 there exists a probability measure () on
C(Ry,RY) with Q = Z, - Py on F; for each t > 0. Moreover, Theorem 16.19
shows that B = B — [B, M] = B — h is a Q-Brownian motion, which means
that Q = P,,. In particular, P, ~ Py on each F;. O

In more general cases, Theorem 16.19 and Lemma 16.21 may suggest that
we try to remove the drift of a semimartingale through a change of measure
of the form Q = £(M);- P on F, for each t > 0, where M is a continuous local
martingale with M, = 0. By Lemma 16.15 it is then necessary for Z = (M)
to be a true martingale. This is ensured by the following condition.
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Theorem 16.23 (uniform integrability, Novikov) Let M be a continuous
local martingale with My = 0 such that EeM=/? < oo. Then E(M) is a
uniformly integrable martingale.

The result will first be proved in a special case.

Lemma 16.24 (Wald’s identity) If B is a real Brownian motion and T is
an optional time with Ee™? < 0o, then Eexp(B, —it)=1.

Proof: We shall first consider the special optional times
7 =inf{t >0; B,=t—0b}, b>0.

Since the 7, remain optional with respect to the right-continuous induced
filtration, we may assume B to be canonical Brownian motion with associated
distribution P = P,. Defining h; =t and Z = £(B), it is seen from Theorem
16.22 that P, = Z; - P on JF; for each t > 0. Since 7, < oo a.s. under both P
and Py, Lemma 16.16 yields

Eexp(B,, — in) = EZ,, = E[Z,

b

;Tb<OO]:Ph{Tb<OO}:1.

In the general case, the stopped process M; = Z;,,, is a positive martin-
gale, and Fatou’s lemma shows that M is even a supermartingale on [0, 0o].
Since, moreover, EM,, = EZ, = 1 = EM,, it is clear from the Doob
decomposition that M is a true martingale on [0,00]. Hence, by optional
sampling,

1=EM,=EZ., =E|Z; T <7+ E|Z,

b

$T > T (11)
By the definition of 7, and hypothesis on 7, we get as b — oo

E|Z,

b

[T > T = e’bE[eT”/Z; T>7 < e PEe™? 0,

so the last term in (11) tends to zero. Since, moreover, 7, — o0, the first
term on the right tends to EZ, by monotone convergence, and the desired
relation £Z, = 1 follows. O

Proof of Theorem 16.23: Since £(M) is always a supermartingale on
[0, 00], it is enough to show under the stated condition that EE(M )y = 1.
We may then use Theorem 16.4 and Proposition 6.9 to reduce to the state-
ment of Lemma 16.24. O

In particular, we obtain the following classical result for Brownian motion.

Corollary 16.25 (Brownian motion with drift, Girsanov) Consider in R?
a Brownian motion B and a progressive process V with E exp{1(|[V[**N)} <
0. Then Q@ = E(V'- B)s - P is a probability measure, and B= B —V -\ is
a Q-Brownian motion.
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Proof: Combine Theorems 16.19 and 16.23. O

Exercises

1. Assume in Theorem 16.4 that [M], = oo a.s. Show that M is 7-
continuous in the sense of Theorem 15.25, and use Theorem 16.3 to conclude
that B = M o 7 is a Brownian motion. Also show for any V € L(M) that
(Vor)-B=(V-M)or as.

2. If B is a real Brownian motion and V' € L(B), then X =V - B is
a time-changed Brownian motion. Express the required time-change 7 in
terms of V', and verify that X is 7-continuous.

3. Let M be a real continuous local martingale. Show that M converges
a.s. on the set {sup, M; < oco}. (Hint: Use Theorem 16.4.)

4. Let M be a nontrivial isotropic continuous local martingale in R¢, and
fix an affine transformation f on R%. Show that even f(M) is isotropic iff f
is conformal (i.e., the composition of a rigid motion with a change of scale).

5. Deduce Theorem 16.6 (ii) from Theorem 8.8. (Hint: Define 7 =
inf{t; |B;] = 1}, and iterate the construction to form a random walk in R¢
with steps of size 1.)

6. Deduce Theorem 16.3 for d = 1 from Theorem 12.17. (Hint: Proceed
as above to construct a discrete-time martingale with jumps of size h. Let
h — 0, and use a version of Proposition 15.18.)

7. Consider a real Brownian motion B and a family of progressive pro-
cesses V! € L?(B), t > 0. Give necessary and sufficient conditions on the V*
for the existence of a Brownian motion B’, such that B} = (V' B),, a.s. for
each t. Verify the conditions in the case of Proposition 16.9.

8. Use Proposition 16.9 to give direct proofs of the relation 7y A Ty in
Theorems 11.16 and 11.17. (Hint: Imitate the proof of Theorem 9.20.)



Chapter 17
Feller Processes and Semigroups

Semigroups, resolvents, and generators; closure and core; Hille
Yosida theorem; existence and reqularization; strong Markov prop-
erty; characteristic operator; diffusions and elliptic operators;
convergence and approximation

Our aim in this chapter is to continue the general discussion of continuous-
time Markov processes initiated in Chapter 7. We have already seen several
important examples of such processes, such as the pure jump-type processes
in Chapter 10, Brownian motion in Chapters 11 and 16, and the general
Lévy processes in Chapter 13. The present treatment will be supplemented
by detailed studies of diffusions in Chapters 18 and 20, and of excursions and
additive functionals in Chapters 19 and 22.

The crucial new idea is to regard the transition kernels as operators T;
on an appropriate function space. The Chapman—Kolmogorov relation then
turns into the semigroup property T,T; = T,.4, which suggests a formal
representation 7, = e in terms of a generator A. Under suitable regularity
conditions—the so-called Feller properties—it is indeed possible to define
a generator A that describes the infinitesimal evolution of the underlying
process X. Under further hypotheses, X will be shown to have continuous
paths iff A is (an extension of) an elliptic differential operator. In general,
the powerful Hille-Yosida theorem provides the precise conditions for the
existence of a Feller process corresponding to a given operator A.

Using the basic regularity theorem for submartingales from Chapter 6, it
will be shown that every Feller process has a version that is right-continuous
with left-hand limits (rcll). Given this fundamental result, it is straightfor-
ward to extend the strong Markov property to arbitrary Feller processes.
We shall also explore some profound connections with martingale theory.
Finally, we shall establish a general continuity theorem for Feller processes
and deduce a corresponding approximation of discrete-time Markov chains
by diffusions and other continuous-time Markov processes. The proofs of the
latter results will require some weak convergence theory from Chapter 14.

To clarify the connection between transition kernels and operators, let p
be an arbitrary probability kernel on some measurable space (S, S). We may
then introduce an associated transition operator T, given by

Tf(@) = (T)(@) = [ ue.dy)f(y), €S, 1)

313
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where f: S — R is assumed to be measurable and either bounded or non-
negative. Approximating f by simple functions, it is seen by monotone con-
vergence that T'f is again a measurable function on S. It is also clear that
T is a positive contraction operator, in the sense that 0 < f < 1 implies
0 <Tf <1. A special role is played by the identity operator I, which cor-
responds to the kernel p(z,-) = d,. The importance of transition operators
for the study of Markov processes is due to the following simple fact.

Lemma 17.1 (semigroup property) The probability kernels p;, t > 0, satisfy
the Chapman—Kolmogorov relation iff the corresponding transition operators
T; have the semigroup property

T9+t = TeT;H Sat > 0. (2)
Proof: For any B € § we have Ts;15(x) = psrt(z, B) and

(T.T)1p(z) = Ty(Tlp)(z /us z, dy)(T1p)(y)

= /us(fc,dy)ut(y,B) = (uspu)(z, B).

Thus, the Chapman-Kolmogorov relation is equivalent to Ts¢15 = (T51;)1p
for any B € S. The latter relation extends to (2) by linearity and monotone
convergence. O

By analogy with the situation for the Cauchy equation, one might hope to
represent the semigroup in the form 7, = !4, t > 0, for a suitable generator
A. For the formula to make sense, the operator A must be suitably bounded,
so that the exponential function can be defined through a Taylor expansion.
We shall consider a simple case when such a representation exists.

Proposition 17.2 (pseudo-Poisson processes) Fix a measurable space S,
and let (T;) be the transition semigroup of a pure jump-type Markov process
in S with bounded rate kernel a. Then T, = ' for all t > 0, where for any
bounded measurable function f: S — R

Af@) = [(f@) = f@)ale,dy), v €S,

Proof: Choose a probability kernel p and a constant ¢ > 0 such that
a(z, B) = cu(x, B\ {z}). From Proposition 10.22 it is seen that the process
is pseudo-Poisson of the form X = Y o N, where Y is a discrete-time Markov
chain with transition kernel y, and N is an independent Poisson process with
fixed rate c. Letting T' denote the transition operator associated with pu, we
get for any t > 0 and f as stated,

Tif(z) = E.f(Xy) =) >0Ew ); Ny =n]
= ZnEOP{Nt = n}E:Lf< n)

_ anoefct (Ct) Tnf( ) _ €Ct(T7[)f(I).
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Hence, T; = !4 holds for ¢t > 0 with

o(T = 1)f () = ¢ [(f5) = F@)n(r, dy)
= [UW) - f@)ala, dy). 0

Af(x)

For the further analysis, we assume S to be a locally compact, separable
metric space, and we write Cy = Co(S) for the class of continuous functions
f:8 = R with f(z) = 0 as x = co. We make Cj into a Banach space by
introducing the norm ||f|| = sup, |f(x)]. A semigroup of positive contrac-
tion operators T; on Cy is called a Feller semigroup if it has the additional
regularity properties

(Fl) ECO - CO) t Z 07

(F2) Tif(z) —» f(z) ast — 0, f € Cp, z € S.
In Theorem 17.6 we show that (F;) and (F2) together with the semigroup
property imply the strong continuity

(Ff;) th—>fast—>0,f€C’0.

For motivation, we proceed to clarify the probabilistic significance of those
conditions. Then assume for simplicity that S is compact and further that
(T}) is conservative in the sense that T;1 = 1 for all ¢. For every initial state

zr, we may then introduce an associated Markov process X7, ¢ > 0, with
transition operators 7.

Lemma 17.3 (Feller properties) If S is compact with metric p and (Ty) is
conservative, then

(Fy) holds iff X¥ 2 XY as x — y for fived t > 0;

(Fo) holds iff X} L 2 ast — 0 for fived x;

(F3) holds iff sup, E.[p(Xs, Xi) AN1] =0 as s —t — 0.

Proof: The first two statements are obvious, so we shall prove only the
third one. Then choose a dense sequence fi, fa,... in C' = C(S). By the
compactness of S we note that z,, — x in S ift fi(z,) — fr(x) for each k.
Thus, p is topologically equivalent to the metric

=327 (fu@) = fry)| A L), zyes.

Since S is compact, the identity mapping on S is uniformly continuous with
respect to p and p’, and so we may assume that p = p'.
Next we note that, for any f € C, z € S, and t,h > 0,

Eo(f(Xy) = f(Xegn))? B (f* = 2fTuf — Tuf?)(Xy)

1/ = 2fTnf + T f?||
2000 = Taf I+ 12 = T f2I-

ININ
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Assuming (F3), we get sup, E.|fi(Xs) — fr(Xy)] — 0 as s —t — 0 for fixed
k, and so by dominated convergence sup, F,p(X,, X;) — 0. Conversely, the
latter condition yields T}, fx — fi for each k, which implies (F3). o

Our aim is now to construct the generator of an arbitrary Feller semigroup
(T;) on Cy. In general, there is no bounded linear operator A satisfying
T, = €4, and we need to look for a suitable substitute. For motivation, we
note that if p is a real-valued function on R, with representation p, = €',
then a can be recovered from p by either differentiation

tpr—1) = a as t —0,
or integration

/OO e Mpdt = (A—a)t, A>0.
0

Motivated by the latter formula, we introduce for each A > 0 the associ-
ated resolvent or potential Ry, defined as the Laplace transform

Raf = [ TN fdt, f e G

Note that the integral exists, since T} f(z) is bounded and right-continuous
int >0 for fixed x € S.

Theorem 17.4 (resolvents and generator) Let (T;) be a Feller semigroup
on Cy with resolvents Ry, A > 0. Then the operators ARy are injective
contractions on Cy such that ARy — I strongly as X — co. Furthermore,
the range D = R)\Cy is independent of A and dense in Cy, and there exists
an operator A on Cy with domain D such that R,* = X — A on D for every
A > 0. Finally, A commutes on D with every T;.

Proof: If f € Cy, then (Fy) shows that T,f € Cj for every t, so by domi-
nated convergence we have even Ry f € Cy. To prove the stated contraction
property, we may write for any f € Cy

INRAFI < A [~ e T fllat < M) [~ e at = |15
A simple computation yields the resolvent equation
R)\ - RN = (/L - )\)Rleu )‘7 w > 07 (3)

which shows that the operators Ry commute and have the same range D. If
f = Ryg with g € C, we get by (3) and as A — oo

IABAf = fll = [[ARy = D Rugll = [(By — I)Ryg]|
< AR = Il lgll = o,

and the convergence extends by a simple approximation to the closure of D.
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Now introduce the one-point compactification S = S U {A} of S and
extend any f € Cy to C = C(S) by putting f(A) = 0. If D # Cp, then
by the Hahn—Banach theorem there exists some bounded linear functional
@ Z£ 0 on C such that eRif =0 for all f € Cy. By Riesz’s representation
Theorem A1.5 we may extend ¢ to a bounded, signed measure on S. Letting
f € Cy and using (F), we get by dominated convergence as A — oo

0 = MRS = [plda) [T AT (@)at

[otdo) [T e Tunfiardt = of,

and so ¢ = 0. The contradiction shows that D is dense in Cj.

To see that the operators R, are injective, let f € Cy with Ry, f = 0 for
some g > 0. Then (3) yields Ry f = 0 for every A > 0, and since AR, f — f
as A — 0o, we get f = 0. Hence, the inverses R, ' exist on D. Multiplying
(3) by Ry! from the left and by R;l from the right, we get on D the relation
R;l — R;l = 1t — A. Thus, the operator A = A — R;* on D is independent
of A.

To prove the final assertion, note that T; and R, commute for any ¢, A > 0,
and write

T\~ ARy =T, = (A = AR, = (A — AT, Ry, 0

The operator A in Theorem 17.4 is called the generator of the semigroup
(T}). The term is justified by the following lemma.

Lemma 17.5 (uniqueness) A Feller semigroup is uniquely determined by
its generator.

Proof: The operator A determines Ry = (A — A)~! for all A > 0. By the
uniqueness theorem for Laplace transforms, it then determines the measure
wu(dt) = T, f (x)dt on R, for any f € Cy and © € S. Since the density T} f(x)
is right-continuous in ¢ for fixed x, the assertion follows. O

We now aim to show that any Feller semigroup is strongly continuous and
to derive abstract versions of Kolmogorov’s forward and backward equations.

Theorem 17.6 (strong continuity, forward and backward equations) Any
Feller semigroup (1) is strongly continuous and satisfies

th—f:/othAfds, feD=dom(A), t >0, (@)

Moreover, T, f is differentiable at 0 iff f € D, and then

%(th):TtAf:Ath, t>0. (5)
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Our proof depends on the following lemma, involving the Yosida approz-
1mation
A = XARy = AMARy — 1), A>0, (6)

and the associated semigroup T} = etAA, t > 0. The latter is clearly the
transition semigroup of a pseudo-Poisson process with rate A based on the
transition operator AR).

Lemma 17.7 (Yosida approximation) For any f € D = dom(A) we have
ITof = TAfIl < tAf = ANl A >0, (7)

and AMf — Af as X — oo. Furthermore, T} f — Tif as X — oo for each
f € Cy, uniformly for bounded t > 0.

Proof: By Theorem 17.4 we have A f = AR\Af — Af for any f € D.
For fixed A > 0 it is further clear that h=}(Tj* —I) — A* in the norm topology
as h — 0. Now we have for any commuting contraction operators B and C

IB"f = C"fl < IB" +B"*C+ -+ C" | Bf = Cf|
< nl|[Bf = Cfl.

Fixing any f € Cy and ¢, A\, u > 0, we hence obtain as h =t/n — 0
|2 =1 < n|mr -1

TN~ f T f
h h

_t‘

—>tHAAf_AﬂfH.

For f € D it follows that T} f is Cauchy convergent as A — oo for fixed ¢,
and since D is dense in Cj, the same property holds for arbitrary f € Cy.
Denoting the limit by T; f, we get in particular

|72 f = Tof| <4 f - Afll, feD t>0. (8)

Thus, for each f € D we have T} f — T,f as A — oo, uniformly for bounded
t, which again extends to all f € C.

To identify T}, we may use the resolvent equation (3) to obtain, for any
fe€Cqyand A\, >0,

|7 e N T R fdt = (=A%) Ry f = R, (9)

K
A+ p
where v = A\u(\ + )~ As u — oo, we have v — A, and so R,f — Rj.
Furthermore,

TV uRuf = Tof || < |uByf = Il + TS = Tof || = 0,

so from (9) we get by dominated convergence [ e MT, fdt = R, f. Hence, the
semigroups (7;) and (7;) have the same resolvent operators Ry, and so they
agree by Lemma 17.5. In particular, (7) then follows from (8). m
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Proof of Theorem 17.6: The semigroup (7}) is clearly norm continuous in

t for each A > 0, and so the strong continuity of (T3) follows by Lemma 17.7

as A — oo. Furthermore, we note that h=1(T}* — I) — A* as h | 0. Using
the semigroup relation and continuity, we obtain more generally

d

&T? _ A)q-vt/\ _ T;/\AA, t Z 0

)

which implies

¢
T}f-f:/ TAAMNds, feCy, t>0. (10)
0
If f € D, then by Lemma 17.7 we get as A — o0
IT)ANf = TS| < AN = Af| + IT)Af = TAS|| = 0,

uniformly for bounded s, and so (4) follows from (10) as A — oco. By the
strong continuity of T; we may differentiate (4) to get the first relation in
(5); the second relation holds by Theorem 17.4.

Conversely, assume that h='(T),f — f) — ¢ for some pair of functions
f,g€ Co. As h — 0, we get

T, —1 Tnf—f

AR,\f — h R)\f =R, h

— R)\gv

and so

[ =O\—=A)R\f=AR\f—AR\f = R\(A\f —g) € D. O

In applications, the domain of a generator A is often hard to identify or
too large to be convenient for computations. It is then useful to restrict A to
a suitable subdomain. An operator A with domain D on some Banach space
B is said to be closed if its graph G = {(f, Af); f € D} is a closed subset of
B?. In general, we say that A is closable if the closure G is the graph of a
single-valued operator A, the so-called closure of A. Note that A is closable
iff the conditions D > f,, — 0 and Af,, — g imply g = 0.

When A is closed, a core for A is defined as a linear subspace D C D
such that the restriction A|p has closure A. In this case, A is clearly uniquely
determined by A|p. We shall give some conditions ensuring that D C D is a
core when A is the generator of a Feller semigroup (7;) on Cj.

Lemma 17.8 (closure and cores) The generator A of a Feller semigroup is
closed, and for any X\ > 0, a subspace D C D = dom(A) is a core for A iff
(A= A)D is dense in Cy.

Proof: Assume that fi, fo,... € D with f, — f and Af, — g. Then
(I —A)f, = f—g, and since R; is bounded it follows that f, — Ri(f — g).
Hence, f = Ri(f —g) € D, and we have (I — A)f = f—g,s0 g = Af. Thus,
A is closed.
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If D is a core for A, then for any g € Cy and A > 0 there exist some
fi, far... € D with f, — Ryg and Af, — ARyg, and we get (A — A)f, —
(A= A)Ryg = g. Thus, (A — A)D is dense in Cj.

Conversely, assume that (A — A)D is dense in Cy. To show that D is a
core, fix any f € D. By hypothesis we may choose some fi, fo,... € D with

Gm=A-A)fu > A=A f =g
Since Ry is bounded, we obtain f, = Ryg, — R\g = f and thus
Afn:)‘fn*gn%Af*g:Af' d

A subspace D C Cy is said to be invariant under (T3) if T,D C D for all
t > 0. In particular, we note that, for any subset B C Cj, the linear span of
U, T;B is an invariant subspace of Cy.

Proposition 17.9 (invariance and cores, Watanabe) If A is the generator
of a Feller semigroup, then any dense invariant subspace D C dom(A) is a
core for A.

Proof: By the strong continuity of (T;), we note that R; can be approx-
imated in the strong topology by some finite linear combinations Ly, Lo, . ..
of the operators T;. Now fix any f € D and define g, = L, f. Noting that A
and L, commute on D by Theorem 17.4, we get

I =A)gn=U—-A)Lpf =L(I - A)f = Ri(I-A)f = [.

Since g, € D and D is dense in Cy, it follows that (I — A)D is dense in Cp.
Hence, D is a core by Lemma 17.8. |

The Lévy processes in R? are the archetypes of Feller processes, and we
proceed to identify their generators. Let C§° denote the class of all infinitely
differentiable functions f on R? such that f itself and all its derivatives belong
to CO = Oo(Rd>

Theorem 17.10 (Lévy processes) Let Ty, t > 0, be the transition operators
of a Lévy process in R with characteristics (a,b,v). Then (T}) is a Feller
semigroup, and C§° is a core for the associated generator A. Moreover, we
have for any f € C3° and x € R?

Af(z) = 5>, aiifij(@) + 3 bifi (@)
+ [ {F@+y) = f@) = S pfi@Hlyl < 13} w(dy). (1)
In particular, a standard Brownian motion in R? has generator 1A, and

the uniform motion with velocity b € R? has generator bV, both on the core
C§°. Here A and V denote the Laplace and gradient operators, respectively.
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Also note that the generator of the jump component has the same form as for
the pseudo-Poisson processes in Proposition 17.2, apart from a compensation
for small jumps by a linear drift term.

Proof of Theorem 17.10: As t — 0, we have ,u’;[til]
13.20 yields p;/t < v on R4\ {0} and

% ;. Thus, Corollary

att =171 /I\ za'py(dr) — a", V"= t_l/l wp(do) — b, (12)
z|<h

z|<h

provided that h > 0 satisfies v{|z| = h} = 0. Now fix any f € C§°, and write
TS () = f@) = [ (o +y) = F@)uldy)
_ /w {f@ +y) = f(2) = X gifi@) = 1, v f,;;@} a(dy)
)~ ) + S0 ) + 3 Y al e,

As t — 0, the last three terms approach the expression in (11), though with
a;; replaced by a; and with the integral taken over {|z| > h}. To establish
the required convergence, it is then enough to show that the first term on
the right tends to zero as h — 0, uniformly for small ¢ > 0. But this is clear
from (12), since the integrand is of the order hly|? by Taylor’s formula. From
the uniform boundedness of the derivatives of f, it may further be seen that
the convergence is uniform in z. Thus, C§° C dom(A) by Theorem 17.6, and
(11) holds on Cg°.

It remains to show that C3° is a core for A. Since C§° is dense in Cy, it is
enough by Proposition 17.9 to show that it is also invariant under (7;). Then
note that, by dominated convergence, the differentiation operators commute
with each T}, and use condition (F). O

We shall next characterize the class of linear operators A on Cy such that
that the closure A is the generator of a Feller semigroup.

Theorem 17.11 (characterization of generators, Hille, Yosida) Let A be a
linear operator on Cy with domain D. Then A is closable and the closure A
1s the generator of a Feller semigroup on Cy iff these conditions hold:

(i) D is dense in Cy;

(i) the range of Ao — A is dense in Cy for some \g > 0;

(i) of fVO< f(x) for some f € D and x € S, then Af(z) < 0.

Here condition (iii) is known as the positive mazimum principle.
Proof: First assume that A is the generator of a Feller semigroup (73).

Then (i) and (ii) hold by Theorem 17.4. To prove (iii), let f € D and z € S
with f* = fVv0< f(z). Then

Tof(x) S Tof () < IITfTI < (FFI = flz), t=0,
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so "X (Tyf — f)(z) <0, and as h — 0 we get Af(x) <O0.

Conversely, assume that A satisfies (i), (ii), and (iii). Let f € D be
arbitrary, choose z € S with |f(z)| = ||f]|, and put ¢ = fsgn f(x). Then
g € D with gt < g(z), and so (iil) yields Ag(x) < 0. Thus, we get for any
A>0

(A = A)fIl = Ag(x) — Ag(x) = Ag(z) = Al f]- (13)
To show that A is closable, let f1, fa,... € D with f, — 0 and Af,, — g. By
(i) we may choose g1, go, ... € D with g, — g, and by (13) we have

”()‘ - A)(gm + /\fn)” > )‘Hgm + )‘an7 m,n € N, A > 0.

As n — oo, we get ||(A — A)gm — Agl| = Allgm||. Here we may divide by A
and let A — oo to obtain ||g,, — g|| > ||gml|, which yields [|g|| = 0 as m — oo.
Thus, A is closable, and from (13) we note that the closure A satisfies

1A =A)fl = Al A>0, f € dom(A). (14)

Now assume that A\, — A > 0 and (A, — A)f, — g for some fi, fo,... €
dom(A). By (14) the sequence (f,) is then Cauchy, say with limit f € Cj.
By the definition of A we get (A — A)f = g, so g belongs to the range of
A— A. Letting A denote the set of constants A > 0 such that A — A has range
Cy, it follows in particular that A is closed. If we can show that A is open as
well, then in view of (ii) we have A = (0, 00).

Then fix any A € A, and conclude from (14) that A\ — A has a bounded
inverse R, with norm ||Ry|| < A™'. For any g > 0 with |\ — pl|Ry]| < 1, we
may form the bounded linear operator

RH = ano(A - u)nR;\L+1a
and we note that

(N—A)Ru:(A_A)Ru_(/\_ﬂ)éu:['

In particular, 4 € A, which shows that A € A°.
We may next establish the resolvent equation (3). Then start from the
identity (A — A)R) = (# — A)R, = I. By a simple rearrangement,

(A= A)(Bx = Ry) = (n— MRy,

and (3) follows as we multiply from the left by Ry. In particular, (3) shows
that the operators Ry and R, commute for any A,y > 0.

Since Ry(A — A) = I on dom(A) and [|R,[| < A™', we have for any
f € dom(A4) as A = o0

IARAS = [l = I RAAS] < AHIASI = 0.

From (i) and the contractivity of ARy, it follows easily that ARy — I in the
strong topology. Now define A* as in (6) and let T} = ¢4 As in the proof
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of Lemma 17.7, we get Tf — T, f for each f € Cy uniformly for bounded
t, where the T; form a strongly continuous family of contraction operators
on Cj such that [e MT,dt = Ry for all A > 0. To deduce the semigroup
property, fix any f € Cp and s,t > 0, and note that as A — oo

(Tore — TI) f = (Tose — T f + TNIY = T f + (T} = T)Tof — 0.

The positivity of the operators T; will follow immediately if we can show
that R, is positive for each A > 0. Then fix any function g > 0 in Cp, and
put f = Ryg, so that ¢ = (A — A)f. By the definition of A, there exist
some fi, fa,... € D with f, — f and Af, — Af. If inf, f(x) < 0, we have
inf, f,(x) < 0 for all sufficiently large n, and we may choose some z,, € S
with f,,(2,) < f, A 0. By (iii) we have Af,(z,) > 0, and so

inf(A — A) fu(2) < A= A) fu(@n) < Molwn) = Ainf fo(2).
As n — oo, we get the contradiction
0 <infg(r) = inf(A — A)f(z) < Ainf f(z) <0.

It remains to show that A is the generator of the semigroup (T}). But this
is clear from the fact that the operators A — A are inverses to the resolvent
operators R). O

From the proof we note that any operator A on Cj satisfying the positive
maximum principle in (iii) must be dissipative, in the sense that |[|[(A—A) || >
A f]l for all f € dom(A) and A > 0. This leads to the following simple
observation, which will be needed later.

Lemma 17.12 (mazimality) Let A be the generator of a Feller semigroup
on Cy, and assume that A has a linear extension A’ satisfying the positive
mazimum principle. Then A’ = A.

Proof: Fix any f € dom(A’), and put g = (I—A’)f. Since A’ is dissipative
and (I — A)R; = I on Cy, we get

If = Bagll < [[(I = A)(f = Rug)| = llg — (I = A)Rig| =0,

and so f = Ryg € dom(A). O

Our next aim is to show how a nice Markov process can be associated
with every Feller semigroup (7;). In order for the corresponding transition
kernels i, to have total mass 1, we need the operators T; to be conservative,
in the sense that sup;; 7; f(x) = 1 for all x € S. This can be achieved by a
suitable extension.

Let us then introduce an auxiliary state A ¢ S and form the compactified
space S=Su {A}, where A is regarded as the point at infinity when S is
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noncompact, and otherwise as isolated from S. Note that any function f € Cy
has a continuous extension to S, obtained by putting f(A) = 0. We may
now extend the original semigroup on Cj to a conservative semigroup on the
space C' = C(59).

Lemma 17.13 (compactification) Any Feller semigroup (T3) on Cy admits
an extension to a conservative Feller semigroup (T;) on C, given by

T.f = f(A)+TAf = f(A)}, t>0, feC.

Proof: 1t is straightforward to verify that A(Tt) is a strongly continuous
semigroup on C. To show that the operators T; are positive, fix any f € C'
with f > 0, and note that g = f(A) — f € Cy with g < f(A). Hence,

Tig <Tig" < |Tg™l < g™l < f(D),

so T} f=f(A)-Tyg>0. _The contraction and conservation properties now
follow from the fact that T;1 = 1. O

Our next step is to construct an associated semigroup of Markov transi-
tion kernels p; on S, satisfying

Tf @) = [ fm(e.dy). | €Co (15)

We say that a state 2 € S is absorbing for (u) if p(z, {z}) = 1 for each
t>0.

Proposition 17.14 (ezistence) For any Feller semigroup (T}) on Co, there
exists a unique semigroup of Markov transition kernels u; on S satisfying
(15) and such that A is absorbing for (pi).

Proof: For fixed x € S and ¢ > 0, the mapping f — T,f(z) is a positive
linear functional on C' with norm 1, so by Riesz’s representation Theorem
A1.5 there exist some probability measures p,(z,-) on S satisfying

Tf(0) = [ f@le,dy), feC el t=0, (16)

The measurability of the right-hand side is clear by continuity. By a standard
approximation followed by a monotone class argument, we then obtain the
desired measurability of (2, B) for any ¢ > 0 and Borel set B C S. The
Chapman-Kolmogorov relation holds on S by Lemma 17.1. Relation (15) is

a special case of (16), and from (16) we further get

[ Fw(a.dy) = Tf(8) = f(8) =0, e,

which shows that A is absorbing. The uniqueness of (1) is a consequence of
the last two properties. O
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For any probability measure v on S , there exists by Theorem 7.4 a Markov
process X" in S with initial distribution v and transition kernels fe. As
before, we denote the distribution of X” by P, and write E, for the corre-
sponding integration operator. When v = §,, we often prefer the simpler
forms P, and FE,, respectively. We may now extend Theorem 13.1 to a basic
regularization theorem for Feller processes.

Theorem 17.15 (regularization, Kinney) Let X be a Feller process in S
with arbitrary initial distribution v. Then X has an rell version X, which is
further such that Xy = A or X,_ = A implies X = A on [t,00). If (T}) is
conservative and v is restricted to S, then X can be chosen to be rcll in S.

The idea of the proof is to construct a sufficiently rich class of super-
martingales, to which the regularity theorems of Chapter 6 may be applied.
Let Cy denote the class of nonnegative functions in Cj.

Lemma 17.16 (resolvents and excessive functions) If f € Cg, then the
process Yy = e 'Ry f(X3), t > 0, is a supermartingale under P, for every v.

Proof: Writing (G,) for the filtration induced by X, we get for any t,h > 0
EYinlGl] = Ele""Rif(Xe1n)|Gi) = e " T, Ry f(Xy)
[T e T (xds

- e_t/ T, f(Xy)ds < Y. 0
h

I
@

Proof of Theorem 17.15: By Lemma 17.16 and Theorem 6.27, the process
f(X}) has a.s. right- and left-hand limits along Q. for any f € D = dom(A4).
Since D is dense in Cj, the stated property holds for every f € Cy. By the
separability of Cjy we may choose the exceptional null set N to be independent
of f. Now if zq,9,... € S are such that f(z,) converges for every f € Cy,
it is clear from the compactness of S that z, converges in the topology of s.
Thus, on N€ the process X itself has right- and left-hand limits X;; along
Q., and on N we may redefine X to be 0. The process X, = X,, is then
rcll, and it remains to show that X is a version of X , or equivalently, that
Xy = X, a.s. for each ¢t > 0. But this is clear from the fact that X;,, £ X
as h | 0, by Lemma 17.3 and dominated convergence.

Now fix any f € Cp with f > 0 on S, and note from the strong continuity
of (T;) that even Ry f > 0 on S. Applying Lemma 6.31 to the supermartin-
gale Y; = e 'Ry f(X,), we conclude that X = A a.s. on the interval [¢, c0),
where ¢ = inf{t > 0; A € {X,, X,_}}. Discarding the exceptional null set,
we can make this hold identically. If (7;) is conservative and v is restricted
to S, then X, € S a.s. for every ¢t > 0. Thus, ¢ > ¢ a.s. for all ¢, and hence
¢ = o0 a.s. Again we may assume that this holds identically. Then X, and
X,_ take values in S, and the stated regularity properties remain valid in S. O
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In view of the last theorem, we may choose 2 to be the space of all S-
valued rcll functions such that the state A is absorbing, and let X be the
canonical process on ). Processes with different initial distributions v are
then distinguished by their distributions P, on 2. Thus, under P, the process
X is Markov with initial distribution v and transition kernels p;, and X has
all the regularity properties stated in Theorem 17.15. In particular, X = A
on the interval [¢, c0), where ¢ denotes the terminal time

(=inf{t>0; X; =Aor X, =A}.

We shall take (F;) to be the right-continuous filtration generated by X, and
put A = F =V, Fi. The shift operators 6; on Q are defined as before by

(Ow)s = weie, s, > 0.

The process X with associated distributions P,, filtration F = (F;), and
shift operators 6, is called the canonical Feller process with semigroup (7).

We are now ready to state a general version of the strong Markov prop-
erty. The result extends the special versions obtained in Proposition 7.9 and
Theorems 10.16 and 11.11. A further instant of this property appears in
Theorem 18.11.

Theorem 17.17 (strong Markov property, Dynkin and Yushkevich, Blu-
menthal) For any canonical Feller process X , initial distribution v, optional
time T, and random variable £ > 0, we have

E,[§060.|F]=Ex,& as. P, on{r < oo}.

Proof: By Lemmas 5.2 and 6.1 we may assume that 7 < co. Let G
denote the filtration induced by X. Then Lemma 6.4 shows that the times
Tp = 27"[2"1 + 1] are G-optional, and by Lemma 6.3 we have F,. C G, for
all n. Thus, Proposition 7.9 yields

E)[§00,;Al=E/Ex, &A], AeF, nelN (17)

To extend the relation to 7, we may first assume that £ = f(X;,)---
fm(Xy,,) for some fi,..., fin € Cpand ¢; < -+ < t,,. In that case £06, —
& 06, by the right-continuity of X and the continuity of fi,..., f,,. Writing
hg =ty — tg_1 with to = 0, it is further clear from the first Feller property
and the right-continuity of X that

EXTng = Th1 (flTh2 T (fmflThmfm) o ')(Xrn)
— Th1 (flTh2 e (fmflThmfm) te )(XT) = EXT£~

Thus, (17) extends to 7 by dominated convergence on both sides. We may
finally use standard approximation and monotone class arguments to extend
the result to arbitrary &. O

As a simple application, we get the following useful zero—one law.
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Corollary 17.18 (zero—one law, Blumenthal) For any canonical Feller pro-

cess, we have
PA=0orl, xz€8 AeF,.

Proof: Taking 7 = 0 in Theorem 17.17, we get for any € S and A € Fy

14 = P,[A|F) = Px,A= P, A as. P,. O

To appreciate the last result, recall that Fy = Fy,. In particular, we note
that P,{7 =0} =0 or 1 for any state z € S and F-optional time 7.
The strong Markov property is often used in the following extended form.

Corollary 17.19 (optional projection) For any canonical Feller process X,
nondecreasing adapted process A, and random variable £ > 0, we have

E/ (Ex,€)dA, = E/ (€08,)dA, z€8. (18)

Proof: We may assume that Ag = 0. Introduce the right-continuous
inverse

=inf{t > 0; A, > s}, s>0,

and note that the times 7, are optional by Lemma 6.6. By Theorem 17.17
we get

E,[Ex, & 7o < 00] = Ey[EL[§ 00, | FL ] 7o < 00] = EL[€ 06, 7o < o3].

Now 7, < oo iff s < Ay, so by integration

E/ (Ex, & ds—E/ £00,)d
which is equivalent to (17.19). O

Next we shall prove that any martingale on the canonical space of a Feller
process X is a.s. continuous outside the discontinuity set of X. For Brow-
nian motion, the result was already noted as a consequence of the integral
representation in Theorem 16.10.

Theorem 17.20 (discontinuity sets) Let X be a canonical Feller process
with arbitrary initial distribution v, and let M be a local P,-martingale. Then

{t >0; AM, #0} C {t > 0; X,_ # X} a.s. (19)

Proof (Chung and Walsh): By localization we may reduce to the case
when M is uniformly integrable and hence of the form M; = E[¢|F] for
some ¢ € L'. Let C denote the class of random variables ¢ € L' such that
the corresponding M satisfies (19). Then C is a linear subspace of L!. It is
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further closed, since if M}* = E[§,|F:] with ||€,]l1 — 0, then P{sup, | M| >
e} < e LB|¢,| — 0 for all £ > 0, so sup, |M"| 5 0.

Now let & = Tli<, fu(Xy,) for some fi,..., f, € Coand t; < -+ < t,.
Writing hy =t — t,_1, we note that

M; = Hkgmfk(th)Ttmﬂ—tgmﬂ(Xt)» t € [tm, tmt1], (20)

where
Gk = [T, (frr1Thy T o) -+2), k=1,...,n,

with the obvious conventions for ¢ < ¢; and ¢ > ¢,. Since Tig(x) is jointly
continuous in (¢, z) for each g € Cp, equation (20) defines a right-continuous
version of M satisfying (19), and so £ € C. By a simple approximation it
follows that C contains all indicator functions of sets Nj<,{X:, € Gy} with
Gy, ...,G, open. The result extends by a monotone class argument to any
X-measurable indicator function &, and a routine argument yields the final
extension to Lj. O

A basic role in the theory is played by the processes
t
M/ = F(X,) — F(Xo) _/ Af(XJ)ds, t>0, f€D=dom(A),
0

Lemma 17.21 (Dynkin’s formula) The processes M7 are martingales un-
der any initial distribution v for X. In particular, we have for any bounded
optional time T

E.f(X,) = f(z) + B, / Af(X,)ds, z€S, feD. (21)
0
Proof: For any t,h > 0 we have
7 7 e f
M = ME = f(Xe) = F(X) = [ AF(X,)ds = M o0,
so by the Markov property at ¢ and Theorem 17.6
E M| F) = M} = E,[M] 0 0,|F] = Ex, M = 0.
Thus, M/ is a martingale, and (21) follows by optional sampling. O

As a preparation for the next major result, we shall introduce the optional
times

7, = inf{t > 0; p(Xy, Xo) > h}, h >0,

where p denotes the metric in S. Note that a state z is absorbing iff 7, = co
a.s. P, for every h > 0.

Lemma 17.22 (escape times) If x € S is nonabsorbing, then E,m, < oo
for all sufficiently small h > 0.
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Proof: 1f x is nonabsorbing, then p;(z, BS) < p < 1 for some ¢, > 0,
where B = {y; p(z,y) < ¢}. By Lemma 17.3 and Theorem 3.25 we may
choose h € (0, ] so small that

wly, BY) < wmly, B;) <p, ye B
Then Proposition 7.2 yields
Po{m > nt} <P _ {Xw € B} <p", neZy,

and so by Lemma 2.4
- t
Eﬂh:/ P{r,>s}ds <t P{m >nt} =t3 p'= —— <oo. O
0 n>0 >0 L—p

We turn to a probabilistic description of the generator and its domain.
Say that A is mazimal within a class of linear operators if A extends any
member of the class.

Theorem 17.23 (characteristic operator, Dynkin) For any f € dom(A) we
have Af(x) =0 if x is absorbing; otherwise,

h—0 EaL'Th

(22)

Furthermore, A is the maximal operator on Cy with those properties.

Proof: Fix any f € dom(A). If = is absorbing, then T;f(x) = f(x) for all
t, and so Af(xz) = 0. For nonabsorbing = we get by Lemma 17.21

Eof(Xyn) — f(z) = E, /O " AR (X)ds, th > 0. (23)

By Lemma 17.22 we have E7, < oo for sufficiently small A > 0, and so
(23) extends by dominated convergence to t = oco. Relation (22) now fol-
lows from the continuity of Af, together with the fact that p(X;,z) < h
for all s < 7. Since the positive maximum principle holds for any extension
of A with the stated properties, the last assertion follows by Lemma 17.12. O

In the special case when S = R? let C%° denote the class of infinitely
differentiable functions on R? with bounded support. An operator A with
dom(A) D Cf is said to be local on C¥ if Af(z) = 0 whenever f vanishes
in some neighborhood of z. For a generator with this property, we note that
the positive maximum principle implies a local positive mazimum principle,
in the sense if f € C¥ has a local maximum > 0 at some point z, then
Af(z) 0.

The following result gives the basic connection between diffusion processes
and elliptic differential operators. This connection is explored further in
Chapters 18 and 21.
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Theorem 17.24 (Feller diffusions and elliptic operators, Dynkin) Let A be
the generator of a Feller process X in R, and assume that C5¢ C dom(A).
Then X is continuous on [0,(), a.s. P, for every v, iff A is local on C%2. In
that case there exist some functions a;;,bi,c € C(RY), where ¢ > 0 and the
matriz (a;;) is symmetric, nonnegative definite, such that for any f € C¥
and r € Ry,
Af(@) = 33, ai (@) fij(x) + D2 bi(@) fi (@) — c(x) f(x). (24)
In the situation described by this result, we may choose €2 to consist of all
paths that are continuous on [0, {). The resulting Markov process is referred
to as a canonical Feller diffusion.

Proof: If X is continuous on [0,(), then A is local by Theorem 17.23.
Conversely, assume that A is local on C%. Fix any z € R? and 0 < h < m,
and choose f € C% with f > 0 and support {y; h < |y — x| < m}. Then
Af(y) = 0forally € B" soLemma 17.21 shows that f(X;s,, ) is a martingale
under P,. By dominated convergence we get E, f(X,,) = 0, and since m was
arbitrary,

P X, —z|<hor X, =A}y=1, z€R% h>0.

Applying the Markov property at fixed times, we obtain for any initial dis-
tribution v

B, () 0 X, — Xo| <h or X,, =A}=1, h>0,

teQ4

which implies
P, {sup, o |AX,| <h} =1, h>0.

Hence, under P,, the path of X is a.s. continuous on [0, ¢).
To derive (24) for suitable a;j, b;, and ¢, choose for each x € R? some
functions fg, f7, fi; € C¥ such that for y close to =

o) =1, ffy)=yi—xi,  [f50) = (i —xi)(y; —x5),

and define
clz) = -Afg(x), bi(z) =Af(2), ay(z)=Af;@).

Then (24) holds locally for any function f € C'¥ that agrees near x with a
second-degree polynomial. In particular, we may take fo(y) = 1, fi(y) = vi,
and f;;(y) = y;y; near x to obtain

Afo(z) = —c(2), Afi(z) = bi(x) — xic(2),
Afij(x) = aij(x) + 2:bj(x) + 2;bi(x) — 2iwje(7).
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This shows that ¢, b;, and a;; = aj; are continuous.
Applying the local positive maximum principle to f§ gives ¢(x) > 0. By
the same principle applied to the function

f=—{Sufr} = =X st

we get 3, usujag(x) > 0, which shows that (a;;) is nonnegative definite.
Finally, consider an arbitrary f € C7° with a second-order Taylor expansion
f around z. Here the functions

9i(y) = =(fly) — fy) —elz —y’, >0,

have a local maximum 0 at x, and so
Agi () = +(Af(z) — Af(x)) — )" au(z) <0, >0,

Letting ¢ — 0, we get Af(z) = Af(x), which shows that (24) is generally
true. 0

We shall next prove a basic convergence theorem for Feller processes,
which essentially generalizes the result for Lévy processes in Theorem 13.17.

Theorem 17.25 (convergence, Trotter, Sova, Kurtz, Mackevicius) Let X,
X1 X2, ... be Feller processes in S with semigroups (T;), (T14), (Tay), . .. and
generators A, Ay, Ag, ..., and fix a core D for A. Then these conditions are
equivalent:

(i) If f € D, there exist some f,, € dom(A,) with f, — f and A, f, = Af;
(i) Ty — Ty strongly for each t > 0;
(il) Tpuf — Tif for each f € Cy, uniformly for bounded t > 0;
(iv) if X% Xo in S, then X" % X in D(R,, S).

For the proof we need two lemmas, the first of which extends Lemma
17.7.

Lemma 17.26 (norm inequality) Let (T;) and (T]) be Feller semigroups
with generators A and A’, respectively, where A’ is bounded. Then

t
ITf =TI < [ A= ATl ds,  f € dom(A), t=0.  (25)
Jo
Proof: Fix any f € dom(A) and ¢t > 0. Since (77) is norm continuous, we

get by Theorem 17.6

L@y =T (A= AT 0<s<t
S
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Here the right-hand side is continuous in s, because of the strong continuity
of (T}), the boundedness of A’, the commutativity of A and Ty, and the norm
continuity of (77). Hence,

t o ¢
Lf=Tif = [ S (T_Tf)ds = [ T (A= AVLf ds,
0o Os ‘ o
and (25) follows by the contractivity of T,_,. O

We shall next establish a continuity property for the Yosida approxima-
tions A* and A} of A and A,,, respectively.

Lemma 17.27 (continuity of Yosida approximation) Let A, Ay, A, ... be
generators of some Feller semigroups satisfying condition (i) of Theorem
17.25. Then A) — A* strongly for every A > 0.

Proof: By Lemma 17.8 it suffices to show that A)f — AMf for every
f € (A\—=A)D. Then define g = R*f € D. By (i) we may choose some
gn € dom(A,,) with g, — ¢ and A,g, — Ag. Then f, = (A — A,)g, —
(A= A)g = f, and so

[ARf =AM = N|Ryf — Rl
< NRA(Sf = falll + N RR o — R |
< Alf = Fall + Xllgn = gll — 0. o

Proof of Theorem 17.25: First we show that (i) implies (iii). Since D is
dense in Cy, it is enough to verify (iii) for f € D. Then choose some functions
fn asin (i) and conclude by Lemmas 17.7 and 17.26 that, for any n € N and
t,A>0,

IToif = Tifll < N Toa(f = )l + 1(Tne = T ) full + 1T, (Fn = DI
HIT = T+ (T =T £
< 2l fa = FIHEIAN = A)FI+ E(An — AN foll

[ Iy = AN ds. (26)
0

By Lemma 17.27 and dominated convergence, the last term tends to zero as
n — oo. For the third term on the right we get

(A = AN full - < lAufo — AFI+1I(A = AN ]
+ (A = ADFI + 145 (F = Fa)l,

which tends to [|[(A — A*)f|| by the same lemma. Hence, by (26)

limsup sup ||Th+f — T f] < 2u||(A’\ —A)fll, u,A>0,
<u

n—oo ¢
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and the desired convergence follows by Lemma 17.7 as we let A — oo.

Conversely, (iii) trivially implies (ii), so the equivalence of (i) through (iii)
will follow if we can show that (ii) implies (i). Then fix any f € D and A > 0,
and define g = (A — A) f and f,, = R}g. Assuming (ii), we get by dominated
convergence f,, — R g = f, and since (\— A,)f, = g = (A— A) f, we further
note that A, f, — Af. Thus, even (i) holds.

It remains to show that conditions (i)—(iii) are equivalent to (iv). For
convenience we may then assume that S is compact and the semigroups (7;)
and (7,,;) are conservative. First assume (iv). We may establish (ii) by
showing for any f € C and ¢ > 0 that 7" f(xz,) — T;f(x) whenever z, —
in S. Then assume that Xy = =z and XJ = z,,. By Lemma 17.3 the process
X is a.s. continuous at ¢, so (iv) yields X} 4 X,, and the desired convergence
follows.

Conversely, assume that (i) through (iii) are fulfilled, and let X7 % X,.

To obtain X" <% X, it is enough to show for any fy,...,fmn € C and
0=ty <ty---t, that

Jim B[], fu(Xi) =BT, fu(X). (27)

This holds by hypothesis when m = 0. Proceeding by induction, we may use
the Markov property to rewrite (27) in the form

E H fk Thmfm(Xn _> E H fk(th) : Thmfm(Xtmfl)’ (28)
k<m k<m
where hy, = t,, — t,,—1. Now (ii) implies T} fy, — Th,, fm, s0 it is equivalent
to prove (28) with T}’ replaced by Tj,,. The resulting condition is of the
form (27) with m replaced by m —1. This completes the induction and shows
that X" 1% x.

To strengthen the conclusion to X" 4 X , it suffices by Theorems 14.10
and 14.11 to show that p(X , X" ., ) £ 0 for any finite optional times 7,
and positive constants h,, — 0. By the strong Markov property we may prove
instead that p(Xg, X7 ) £ 0 for any initial distributions v,. In view of the
compactness of S and Theorem 14.3, we may then assume that v, — v for
some probability measure v. Fixing any f,g € C' and noting that T}' g — ¢
by (iii), we get

Ef(Xg)g(Xy,) = EfT; 9(Xg) = Efg(Xo),

where Po X;' = v. Then (X{, X]) % (Xo, Xo) as before, and in particular
p(XE, X)) 4 p(Xo, Xo) = 0. This completes the proof of (iv). O

From the last theorem and its proof we may easily deduce a similar ap-
proximation property for discrete-time Markov chains. The result extends
the approximations for random walks obtained in Corollary 13.20 and The-
orem 14.14.
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Theorem 17.28 (approzimation of Markov chains) Let Y',Y? ... be dis-
crete-time Markov chains in S with transition operators Uy, Us, . .., and con-
sider a Feller process X in S with semigroup (T;) and generator A. Fiz a
core D for A, and assume that 0 < h, — 0. Then conditions (i) through (iv)
of Theorem 17.25 remain equivalent for the operators and processes

Ay =h Uy = 1), Toe=UM" XP =Y, .

Proof: Let N be an independent, unit-rate Poisson process, and note
that the processes Xt” =Y" o Ny, are pseudo-Poisson with generators A,.
Theorem 17.25 shows that (i) is equivalent to (iv) with X™ replaced by X™.
By the strong law of large numbers for N together with Theorem 3.28, it
is further seen that (iv) holds simultaneously for the processes X™ and X™.
Thus, (i) and (iv) are equivalent.

Since X is a.s. continuous at fixed times, condition (iv) yields X7 4 X,
whenever t, — t and the processes X" and X start at fixed points =, — =
in S. Hence, T, 4, f(x,) — Ty f(z) for any f € C, and (iii) follows. Since (i)
trivially implies (ii), it remains to show that (ii) implies (i).

Arguing as in the preceding proof, we need to show for any A > 0 and
g € Cythat R g — R*g, where R} = (A—A,)~". Now (ii) yields R)\g — Rg,
where R} = [ e T}, ,dt, so it remains to prove that (R} — R))g — 0. Then
note that

ARyg — /\Rng =FEy(Y ) — Eg(Yz, 1),
where the random variables k,, and &, are independent of Y™ and geometri-
cally distributed with parameters p, = 1 — e~ and j,, = Ah,(1 + Ah,,)~*
respectively. Since p,, ~ Py, we have |Por, ' — Po&, || = 0, and the desired
convergence follows by Fubini’s theorem. |

Exercises

1. Examine how the proofs of Theorems 17.4 and 17.6 can be simplified
if we assume (F3) instead of the weaker condition (F5).

2. Deduce Theorem 14.14 from Theorem 17.28. Similarly, specialize
Theorem 17.25 to the case of Lévy processes.



Chapter 18

Stochastic Differential Equations
and Martingale Problems

Linear equations and Ornstein—Uhlenbeck processes; strong exis-
tence, uniqueness, and nonexplosion criteria, weak solutions and
local martingale problems; well-posedness and measurability; path-
wise uniqueness and functional solution; weak existence and con-
tinuity; transformation of SDEs; strong Markov and Feller prop-
erties

In this chapter we shall study classical stochastic differential equations (SDEs)
driven by a Brownian motion and clarify the connection with the associated
local martingale problems. Originally, the mentioned equations were devised
to provide a pathwise construction of diffusions and more general continuous
semimartingales. They have later turned out to be useful in a wide range
of applications, where they may provide models for a diversity of dynamical
systems with random perturbations. The coeflicients determine a possibly
time-dependent elliptic operator A as in Theorem 17.24, which suggests the
associated martingale problem of finding a process X such that the processes
M/ in Lemma 17.21 become martingales. It turns out to be essentially equiv-
alent for X to be a weak solutions to the given SDE, as will be seen from the
fundamental Theorem 18.7.

The theory of SDEs utilizes the basic notions and ideas of stochastic
calculus, as developed in Chapters 15 and 16. Occasional references will be
made to other chapters, such as to Chapter 5 for conditional independence,
to Chapter 6 for martingale theory, to Chapter 14 for weak convergence,
and to Chapter 17 for Feller processes. Some further aspects of the theory
are displayed at the beginning of Chapter 20 as well as in Theorems 21.2
and 23.8.

The SDEs studied in this chapter are typically of the form

dX| = ok(t, X)dB! + b'(t, X)dt, (1)
or more explicitly,
. ) rt . rt
X :X5+Zj/ o (s, X)dB! +/ bi(s, X)ds, t>0. 2)
0 0

335
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Here B = (B',..., B") is a Brownian motion in R" with respect to some fil-
tration F, and the solution X = (X!,..., X9) is a continuous F-semimartin-
gale in R?. Furthermore, the coefficients ¢ and b are progressive functions of
suitable dimension, defined on the canonical path space C'(R,, R?) equipped
with the induced filtration G; = o{ws; s < t}, ¢ > 0. For convenience we
shall often refer to (1) as equation (o, b).

For the integrals in (2) to exist in the sense of It6 and Lebesgue integra-
tion, X has to fulfill the integrability conditions

/Ot(|aij(s,X)| b (s, X)|)ds < 00 as, ¢ 0, 3)

where a¥ = gjo}, or a = 00’, and the bars denote any norms in the spaces of
d x d-matrices and d-vectors, respectively. For the existence and adaptedness
of the right-hand side, it is also necessary that the integrands in (2) be
progressive. This is ensured by the following result.

Lemma 18.1 (progressive functions) Let the function f on R, x C(R,,R%)
be progressive for the induced filtration G on C(R,,R%), and let X be a
continuous and F-adapted process in R, Then the process Yy = f(t, X) is
F-progressive.

Proof: Fix any t > 0. Since X is adapted, we note that m4(X) = X
is Fi-measurable for every s < t, where 7y(w) = w, on C(R,,R%). Since
Gy = o{ms; s < t}, Lemma 1.4 shows that X is F;/G,-measurable. Hence, by
Lemma 1.8 the mapping p(s,w) = (s, X (w)) is By ® F;/B; ® G-measurable
from [0,¢] x Q to [0,¢] x C(Ry,R%), where B; = B[0,]. Also note that f is
B; ® G;-measurable on [0,t] x C(R,,R%), since f is progressive. By Lemma
1.7 we conclude that Y = f o ¢ is B; ® F;/B-measurable on [0,t] x Q. O

Equation (2) exhibits the solution process X as an R%valued semimartin-
gale with drift components b (X) - A and covariation processes [X*, X’] =
a’(X) - X, where a”(w) = a¥(-,w) and b'(w) = b*(-,w). It is natural to
regard the densities a(t, X) and b(t, X) as the local characteristics of X at
time t. Of special interest is the diffusion case, where o and b have the form

o(t,w) =o(w), bt,w)="0b(w), t>0, weC(R,,RY, (4)

for some measurable functions on R?. In that case the local characteristics
at time t depend only on the current position X; of the process, and the
progressivity holds automatically.

We shall distinguish between strong and weak solutions to an SDE (o, b).
For the former, the filtered probability space (2, F, P) is regarded as given,
along with an F-Brownian motion B and an JFj-measurable random vector
& A strong solution is then defined as an adapted process X with Xy = &
a.s. satisfying (1). In case of a weak solution, only the initial distribution pu
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is given, and the solution consists of the triple (2, F, P) together with an F-
Brownian motion B and an adapted process X with P o X' = p satisfying
(1).

This leads to different notions of existence and uniqueness for a given
equation (o, b). Thus, weak existence is said to hold for the initial distribution
w if there is a corresponding weak solution (2, F, P, B, X). By contrast,
strong existence for the given p means that there is a strong solution X for
every basic triple (F, B,§) such that & has distribution p. We further say
that uniqueness in law holds for the initial distribution p if the corresponding
weak solutions X have the same distribution. Finally, we say that pathwise
uniqueness holds for the initial distribution p if, for any two solutions X and
Y on a common filtered probability space with a given Brownian motion B
such that Xy = Yj a.s. with distribution g, we have X =Y a.s.

One of the simplest SDEs is the Langevin equation

dXt = dBt - Xtdt, (5)

which is of great importance for both theory and applications. Integrating
by parts, we get from (5) the equation

d(@tXt) = etht + etXtdt = etdBt,

which possesses the explicit solution
t

X, = e X, + / e~=)dB,, >0, (6)
0

recognized as an Ornstein—Uhlenbeck process. Conversely, the process in (6)
is easily seen to satisfy (5). We may further note that 6, X LY ast — o0,
where Y denotes the stationary version of the process considered in Chapter
11. We can also get the stationary version directly from (6), by choosing X
to be N(0, %) and independent of B.

We turn to a more general class of equations that can be solved explicitly.
A further extension appears in Theorem 23.8.

Proposition 18.2 (linear equations) Let U and V be continuous semi-
martingales, and put Z = exp(V — Vo — 3[V]). Then the equation dX =
dU + XdV has the unique solution

X=Z{Xo+27"'-(U-[UV]} (7)

Proof: Define Y = X/Z. Integrating by parts and noting that dZ = ZdV,
we get

dU = dX — XdV = YdZ + ZdY +d[Y, Z] — XdV = ZdY +d[Y, Z] (8)

and, in particular,
UV]=2Z-[v,V]=1Y,Z] (9)
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Substituting (9) into (8) yields ZdY = dU — d[U, V], which implies dY =
Z7Y(U — [U,V]). To get (7) it remains to integrate from 0 to ¢ and note
that Yy = Xj. Since all steps are reversible, the same argument shows that
(7) is indeed a solution. O

Though most SDEs have no explicit solution, we may still derive general
conditions for strong existence, pathwise uniqueness, and continuous depen-
dence on the initial conditions, by imitating the well-known Picard iteration
for ordinary differential equations. Recall that the relation < denotes in-
equality up to a constant factor.

Theorem 18.3 (strong solutions and stochastic flows, It6) Let o and b be
bounded progressive functions satisfying a Lipschitz condition

(o(w) = o(w)); + (b(w) = b(w)); < (w—w');, t=0, (10)

and fiz a Brownian motion B in R" with respect to some complete filtration
F. Then there erxists a jointly continuous process X = (XF) on R, x R?
such that for any Fo-measurable random vector & in R, equation (o,b) has
the a.s. unique solution X¢ starting at €.

For one-dimensional diffusion equations, a stronger result is established
in Theorem 20.3. The solution process X = (XF) on R, x R? is called the
stochastic flow generated by B. Our proof will be based on two lemmas, and
we begin with an elementary estimate.

Lemma 18.4 (Gronwall) Let f be a continuous function on R, such that

t
SO <a+b [ f)ds =0, (1)
0
for some a,b > 0. Then f(t) < ae® for all t > 0.

Proof: We may write (11) as

d t
— {e‘bt/ f(s)ds} <ae™®, t>0.
dt 0
It remains to integrate over [0,¢] and combine with (11). O

To state the next result, let S(X) denote the process defined by the right-
hand side of (2).

Lemma 18.5 (local contraction) Let o and b be bounded, progressive func-
tions satisfying (10), and fiz any p > 2. Then there exists some nondecreasing
function ¢ on Ry such that, for any continuous adapted processes X and 'Y
in R? and for arbitrary t > 0,

t
E(S(X) — S(YV))}? < 2| Xy — YolP + ¢, /0 E(X —Y)ds.
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Proof: By Proposition 15.7, condition (10), and Jensen’s inequality,
E(S(X) = S(Y));" = 2E]Xo — Yof”

< B((0(X) = oY) B)? + E((b(X) = b(Y)) - \);”

< E(lo(X)— oY) A )p/2+E(|b(X)—b(Y)|~A)€

< E O(X—Y):st +E :(X-Y)jdsp

< (tp/Q’l—i—tp*l)/OtE(X —Y)™Pds. o

Proof of Theorem 18.3: To prove the existence, fix any JFy-measurable
random vector ¢ in R, put X? = ¢, and define recursively X" = S(X"1)
for n > 1. Since o and b are bounded, we have F(X' — X%)*? < oo, and by
Lemma 18.5

t
B(X™ — X2 < Ct/ B(X™ - X" N2ds, t>0,n>1.
0

Hence, by induction,

n4n
't

n+l n\*2
B(X™ - X2 <

E(X'-¢& <00, t,n>0.

For any k£ € N we get

IN

[sup, i (X" — x%);

, n>k H Xn+l Xn)
ot €3], 5 < o

Thus, by Lemma 3.6 there exists a continuous adapted process X with Xy = ¢
such that (X™ — X); — 0 a.s. and in L? for each ¢ > 0. To see that X solves
equation (o, b), we may use Lemma 18.5 to obtain

IA

t
E(X" — S(X))2 < ¢ / B(X™' — X)*2ds, t>0.
JO

As n — oo, we get E(X — S(X));? = 0 for all ¢, which implies X = S(X)
a.s.

Now consider any two solutions X and Y with |Xy — Yy| < € a.s. By
Lemma 18.5 we get for any p > 2

¢
E(X —Y)P <2 ¢ ct/ E(X —Y)™ds, t>0,
0
and by Lemma 18.4 it follows that
E(X = Y)? <2ePe, t>0. (12)

If Xg =Y, a.s., we may take ¢ = 0 and conclude that X = Y a.s., which
proves the asserted uniqueness. Letting X* denote the solution X with
Xo =z a.s., we get by (12)
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E|X" — XY[;? < 2|z — ylPe, t>0.

Taking p > d and applying Theorem 2.23 for each T" > 0 with the met-
ric pr(f,9) = (f — g), we conclude that the process (X[) has a jointly
continuous version on R, x R%.

From the construction we note that if X and Y are solutions with Xy = £
and Yy = 1 a.s., then X =Y a.s. on the set {¢£ = n}. In particular, X = X*¢
a.s. when £ takes countably many values. In general, we may approximate &
uniformly by random vectors &1, &, ... in Q% and by (12) we get X" — X,
in L2 for all t > 0. Since also X** — X¢ a.s. by the continuity of the flow, it
follows that X, = X¢ a.s. |

It is often useful to allow the solutions to explode. As in Chapter 17, we
may then introduce an absorbing state A at infinity, so that the path space
becomes C(Ry,R?) with R = RYU {A}. Define ¢, = inf{t; | X;| > n} for
each n, put ¢ = sup,, ¢,, and let X; = A for t > (. Given a Brownian motion
B in R" and an adapted process X in the extended path space, we say that
X or the pair (X, B) solves equation (o, b) on the interval [0, () if

Cn
Xipe, = X0+/ (s, X)dB, +/ b(s,X)ds, t>0, neN. (13)

When ¢ < oo, we have | X, | = oo, and X is said to explode at time (.

Conditions for the existence and uniqueness of possibly exploding so-
lutions may be obtained from Theorem 18.3 by suitable localization. The
following result is then useful to decide whether explosion can actually oc-
cur.

Proposition 18.6 (explosion) Equation (o,b) has no exploding solution if
o(x); +b(x); <14z, t>0. (14)

Proof: By Proposition 15.16 we may assume that X is bounded. From
(13) and (14) we get for suitable constants ¢; < oo

t
EX{2 < 2B|Xo + ct/ (1+ EX2 )ds, t>0, neN,
0
and so by Lemma 18.4

1+ EX[?. < (142E|Xo|*) exp(t) <oo, t>0, neN.

As n — oo, we obtain EX;? tac < 00, which implies ¢ >t a.s. a

Our next aim is to characterize weak solutions to equation (o,b) by a
martingale property that involves only the solution X. Then define

M = F(6) ~ f(0) - [ Af(X)ds, £20, feCR, (15)
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where the operators A are given by
Auf(z) = §a” (s, 2) fij(ws) + V' (s, 2) fi(ws), 520, feCF. (16)

In the diffusion case we may replace the integrand A,f(X) in (15) by the
expression Af(X;), where A denotes the elliptic operator

Af(x) = ja” (2) fi(2) + V() fi(2), fe€CF, veR™ (17)

A continuous process X in R? or its distribution P is said to solve the
local martingale problem for (a,b) if M7 is a local martingale for every f €
C%. When a and b are bounded, it is clearly equivalent for M/ to be a
true martingale, and the original problem turns into a martingale problem.
The (local) martingale problem for (a,b) with initial distribution p is said
to be well posed if it has exactly one solution P,. For degenerate initial
distributions ¢, we may write P, instead of Ps,. The next result gives the
basic equivalence between weak solutions to an SDE and solutions to the
associated local martingale problem.

Theorem 18.7 (weak solutions and martingale problems, Stroock and Varad-
han) Let o and b be progressive, and fix any probability measure P on
C(R,,RY). Then equation (o,b) has a weak solution with distribution P
iff P solves the local martingale problem for (co’,b).

Proof: Write a = oo’. If (X, B) solves equation (o,b), then
(X, X7] = [0,(X) - B*, 0] (X) - B'| = 0}0] (X)) - [B*, B'| = a”(X) - \.
By Itd’s formula we get for any f € CF
df(Xe) = [i(X)dX; + 3 f5(X)d[ X", X7),
FI(X0)ai(t, X)dB] + A f(X)dt
Hence, dM{ = f/(X;)o%(t, X)dB], and so M/ is a local martingale.
Conversely, assume that X solves the local martingale problem for (a,b).

Considering functions f! € C%° with f!(x) = z' for |z| < n, it is clear by a
localization argument that the processes

) ) . 't
Mi=Xi— Xi— /0 bi(s, X)ds, t>0, (18)

are continuous local martingales. Similarly, we may choose f¥ € C% with
fi(x) = a'x? for |x| < n, to obtain the local martingales
MY = X'X7 — XoX§ — (X3 + X8 + ') - )\,
where o/ = ¢ (X) and 3 = b(X). Integrating by parts and using (18), we
get
MY XX+ X7 X4 (XX — (X3 + X3+ ) - A
= X' M+ X7 M+ [M', M7 —a .\
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Hence, the last two terms on the right form a local martingale, and so by
Proposition 15.2
. . t
[M*, M), :/ a’(s,X)ds, t>0.
0
By Theorem 16.12 there will then exist some Brownian motion B with respect
to a standard extension of the original filtration such that

) to
M = [ oi(s, X)dBE, t=0.
0

Substituting this into (18) yields (2), which means that the pair (X, B) solves
equation (o, b). O

For subsequent needs, we note that the previous construction can be made
measurable in the following sense.

Lemma 18.8 (functional representation) Let o and b be progressive. Then
there exists some measurable mapping

F:P(CR,RY) x C(R,RY) x [0,1] = C(Ry,R"),

such that if X is a process with distribution P that solves the local martingale
problem for (oo’ b) and if 9 ULX is U(0,1), then B = F(P, X,9) is a Brow-
nian motion in R™ and the pair (X, B) with induced filtration solves equation
(0,0).

Proof: In the previous construction of B, the only nonelementary step is
the stochastic integration with respect to (X,Y") in Theorem 16.12, where
Y is an independent Brownian motion, and the integrand is a progressive
function of X obtained by some elementary matrix algebra. Since the pair
(X,Y) is again a solution to a local martingale problem, Proposition 15.27
yields the desired functional representation. O

Combining the martingale formulation with a compactness argument, we
may deduce some general existence and continuity results.

Theorem 18.9 (weak existence and continuity, Skorohod) Let a and b be
bounded and progressive, and such that for each t > 0 the functions a(t,-)
and b(t,-) are continuous on C(Ry,RY). Then the martingale problem for
(a,b) has a solution P, for every initial distribution p. If the P, are unique,
then the mapping p — P, is further weakly continuous.

Proof: For any ¢ > 0, t > 0, and x € C(R,,R%), define

J€(t’x) :J((t—€)+,x), bs(tv‘r) :b((t—6)+7$),
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and let a. = o.0.. Since o and b are progressive, the processes o.(s, X) and
b.(s,X), s < t, are measurable functions of X on [0, (¢t — €);]. Hence, a
strong solution X¢ to equation (o, b.) may be constructed recursively on the
intervals [(n—1)e, ne|, n € N, starting from an arbitrary random vector £ Ll B
in R? with distribution . Note in particular that X¢ solves the martingale
problem for the pair (ac, b.).

Applying Proposition 15.7 to equation (o, b.) and using the boundedness
of o and b, we get for any p > 0

E sup |Xi, — Xi|P <h??+ 0P <hP? te>0, hel0,1].
0<r<h
For p > 2d it follows by Corollary 14.9 that the family {X¢} is tight in
C(R,;,R%), and by Theorem 14.3 we may then choose some &, — 0 such that

X % X for a suitable X.

To see that X solves the martingale problem for (a,b), fix any f €
C% and s < t, and consider an arbitrary bounded, continuous function
g: C([0, s], R?) — R. We need to show that

{500 - 105 = [ A (xdr} g(x) =0,

Then note that X*° satisfies the corresponding equation for the operators A:
constructed from the pair (a., b.). Writing the two conditions as Ep(X) =0
and Fp.(X¢) = 0, respectively, it suffices by Theorem 3.27 to show that
¢-(r.) = ¢(x) whenever x. — x in C'(R,,R?). This follows easily from the
continuity conditions imposed on a and b.

Now assume that the solutions P, are unique, and let i, 2 p. Arguing
as before, it is seen that (P,,) is tight, and so by Theorem 14.3 it is also
relatively compact. If P, 2 (@ along some subsequence, we note as before
that @ solves the martingale problem for (a,b) with initial distribution .
Hence ) = P,, and the convergence extends to the original sequence. O

Our next aim is to show how the well-posedness of the local martingale
problem for (a,b) extends from degenerate to arbitrary initial distributions.
This requires a basic measurability property, which will also be needed later.

Theorem 18.10 (measurability and miztures, Stroock and Varadhan) Let
a and b be progressive and such that for every x € R? the local martingale
problem for (a,b) has a unique solution P, with initial distribution 6,. Then
(P,) is a kernel from R? to C(R,,R?), and the local martingale problem for
an arbitrary initial distribution p has the unique solution P, = [ Pyp(dx).

Proof: According to the proof of Theorem 18.7, it is enough to formulate
the local martingale problem in terms of functions f belonging to some count-
able subclass C C C'%¢, consisting of suitably truncated versions of the coordi-
nate functions ' and their products z'2’. Now define P = P(C(R¢, R?)) and



344 Foundations of Modern Probability

Pur = {Py; € R?}, and write X for the canonical process in C(R,,R?). Let
D denote the class of measures P € P with degenerate projections P o X, .
Next let I consist of all measures P € P such that X satisfies the integrabil-
ity condition (3). Finally, put 7/ = inf{¢; |Mtf) > n}, and let L be the class
of measures P € P such that the processes M}™ = M/ (t A 7)) exist and are
martingales under P for all f € C and n € N. Then clearly Py, = DN 1IN L.

To prove the asserted kernel property, it is enough to show that Py, is
a measurable subset of P, since the desired measurability will then follow
by Theorem Al.7 and Lemma 1.37. The measurability of D is clear from
Lemma 1.36 (i). Even I is measurable, since the integrals on the left of (3)
are measurable by Fubini’s theorem. Finally, L N [ is a measurable subset
of I, since the defining condition is equivalent to countably many relations
of the form E[M/™ — M/, F] = 0, with f € C, n € N, s < ¢ in Q,, and
FeF,.

Now fix any probability measure p on R?. The measure P, = [ P,u(dz)
has clearly initial distribution g, and from the previous argument we note
that P, again solves the local martingale for (a,b). To prove the uniqueness,
let P be any measure with the stated properties. Then E[Mtf” — M R
Xo] = 0 as. for all f, n, s < ¢, and F as above, and so P[-|Xo] is a.s. a
solution to the local martingale problem with initial distribution dx,. Thus,
P[-|Xo] = Px, a.s., and we get P = EPx, = [ Pyu(dz) = P,. This extends
the well-posedness to arbitrary initial distributions. a

We return to the basic problem of constructing a Feller diffusion with
given generator A in (17) as the solution to a suitable SDE or the associated

martingale problem. The following result may be regarded as a converse to
Theorem 17.24.

Theorem 18.11 (strong Markov and Feller properties, Stroock and Varad-
han) Let a and b be measurable functions on R such that for every v € R?
the local martingale problem for (a,b) with initial distribution 0, has a unique
solution P,. Then the family (P,) satisfies the strong Markov property. If a
and b are also bounded and continuous, then the equation T f (x) = E,f(X})
defines a Feller semigroup (T;) on Co, and the operator A in (17) extends
uniquely to the associated generator.

Proof: By Theorem 18.10 it remains to prove, for any state z € R? and
bounded optional time 7, that

P,[X 00, €-|F]=Px, as.

As in the previous proof, this is equivalent to countably many relations of
the form
EJ{(M{"™ — MI™1p} 06,|F,] =0 as. (19)

with s < t and F € F,, where M/" denotes the process M/ stopped at
7, = inf{t; [M/| > n}. Now 0-'F, C F,,; by Lemma 6.5, and in the
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diffusion case

— Mt

TAOR?

(Mtf,n _ Mf’n) 0f, = M(f

THt) Aoy

where ¢, = 7 + 7, o 6., which is again optional by Proposition 7.8. Thus,
(19) follows by optional sampling from the local martingale property of M7
under P,.

Now assume that a and b are also bounded and continuous, and define
Tif(x) = E,f(X:). By Theorem 18.9 we note that 7;f is continuous for
every f € Cy and t > 0, and from the continuity of the paths it is clear that
T, f(x) is continuous in ¢ for each x. To see that T} f € Cy, it remains to show
that |X7| 5 oo as |z| — oo, where X7 has distribution P,. But this follows
from the SDE by the boundedness of ¢ and b if for 0 < r < |z| we write

E|X?F — x| t+ 2
(e[ =r)* = (Jal =r)*

PUXF| <r} < PUXY — 2| > fa] =7} <

and let || — oo for fixed r and ¢. The last assertion is obvious from the
uniqueness in law together with Theorem 17.23. O

Establishing uniqueness in law is usually harder than proving weak ex-
istence. Some fairly general uniqueness criteria are obtained in Theorems
20.1 and 21.2. For the moment we shall only exhibit some transformations
that may simplify the problem. The following result, based on a change of
probability measure, is often useful to eliminate the drift term.

Proposition 18.12 (transformation of drift) Let o, b, and ¢ be progres-
sive functions of suitable dimension, where ¢ is bounded. Then weak exis-
tence holds simultaneously for equations (o,b) and (o,b+ oc). If, moreover,
¢ = d’'h for some progressive function h, then even uniqueness in law holds
simultaneously for the two equations.

Proof: Let X be a weak solution to equation (o, b), defined on the canon-
ical space for (X, B) with induced filtration F and with probability measure
P. Define V = ¢(X), and note that (V2 - )); is bounded for each ¢{. By
Lemma 16.18 and Corollary 16.25 there exists a probability measure ) with
Q=E(V'-B),-Pon F for each t > 0, and we note that B=B—V -\ is a
@Q-Brownian motion. Under ) we further get by Proposition 16.20

X=Xy = o(X)-(B+V-N)+bX)-\
= o(X)- B+ (b+0c)(X) -

which shows that X is a weak solution to the SDE (¢, b+ o¢). Since the same
argument applies to equation (o, b+ oc) with ¢ replaced by —c¢, we conclude
that weak existence holds simultaneously for the two equations.

Now let ¢ = ¢’h, and assume that uniqueness in law holds for equation
(0,b+ ah). Further assume that (X, B) solves equation (o, b) under both P
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and Q. Choosing V and B as before, it follows that (X, B) solves equation
(0, b40c¢) under the transformed distributions £(V'-B);-P and £(V'-B),-Q for
(X, B). By hypothesis the latter measures then have the same X-marginal,
and the stated condition implies that £(V’ - B) is X-measurable. Thus, the
X-marginals agree even for P and @, which proves the uniqueness in law for
equation (o,b). Again we may reverse the argument to get an implication in
the other direction. o

Next we shall see how an SDE of diffusion type can be transformed by
a random time-change. The method is used systematically in Chapter 20 to
analyze the one-dimensional case.

Proposition 18.13 (scaling) Fiz some measurable functions o, b, and ¢ >
0 on R%, where ¢ is bounded away from 0 and oco. Then weak existence and
uniqueness in law hold simultaneously for equations (o,b) and (co, c*b).

Proof: Assume that X solves the local martingale problem for the pair
(a,b), and introduce the process V = ¢*(X) -\ with inverse (7,). By optional
sampling we note that Mf , 8 > 0, is again a local martingale, and the process
Y, = X, satisfies

ML= (%) = f(0) — [ EAf(Ydr

Thus, Y solves the local martingale problem for (c2a, cb).

Now let T denote the mapping on C(R,, R?) leading from X to Y, and
write T" for the corresponding mapping based on ¢=!. Then T and T" are
mutual inverses, and so by the previous argument applied to both mappings,
a measure P € P(C(R,R?)) solves the local martingale problem for (a, b) iff
PoT~! solves the corresponding problem for (c?a, ¢?b). Thus, both existence
and uniqueness hold simultaneously for the two problems. By Theorem 18.7
the last statement translates immediately into a corresponding assertion for
the SDEs. a

Our next aim is to examine the connection between weak and strong solu-
tions. Under appropriate conditions, we shall further establish the existence
of a universal functional solution. To explain the subsequent terminology, let
G be the filtration induced by the identity mapping (£, B) on the canonical
space 2 = R? x C(R,,R"), so that G, = 0{&, B'), t > 0, where B! = Bj,,.
Writing W7 for the r-dimensional Wiener measure, we may introduce for any
p € P(RY) the (1 ® WT)-completion G of G;. The universal completion G,
is defined as N, Gf', and we say that a function

F:R?x C(R,,R") — C(R,,R%) (20)

is universally adapted if it is adapted to the filtration G = (G;).
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Theorem 18.14 (pathwise uniqueness and functional solution) Let o and
b be progressive and such that weak existence and pathwise uniqueness hold
for solutions to equation (o,b) starting at fixed points. Then strong existence
and uniqueness in law hold for any initial distribution, and there exists some
measurable and universally adapted function F as in (20) such that every
solution (X, B) to equation (o,b) satisfies X = F(Xy, B) a.s.

Note in particular that the function F' above is independent of initial
distribution p. A key step in the proof is to establish the corresponding
result for a fixed p, which will be done in Lemma 18.17. Two further lemmas
will be needed, and we begin with a statement that clarifies the connection
between adaptedness, strong existence, and functional solutions.

Lemma 18.15 (transfer of strong solution) Consider a solution (X, B) to
equation (o,b) such that X is adapted to the complete filtration induced by X,
and B. Then X = F(Xo, B) a.s. for some Borel-measurable function F as in
(20), and for any basic triple (F, B, &) with & < X, the process X = F(£, B)
is F-adapted and such that the pair (X, B) solves equation (,b).

Proof: By Lemma 1.13 we have X = F(X, B) a.s. for some Borel-
measurable function F' as stated. By the same result, there exists for ev-
ery t > 0 a further representation of the form X; = G;(Xy, B) a.s., and so
F(Xy, B); = G4(Xy, B!) a. 5 Hence, X, = Gy(¢, B') as., so X is F-adapted.
Since, moreover, (X, B) < (X B), Proposition 15.27 shows that even the
former pair solves equation (o, b). O

Next we shall see how even weak solutions can be transferred to any given
probability space with a specified Brownian motion.

Lemma 18.16 (transfer of weak solution) Let (X, B) solve equation (o,b),
and consider any basic triple (F, B L&) with & i Xo. Then there exists a
process XJ_L5 5F with Xo = € a.s. and (X, B) L (X, B). Furthermore, the

filtration G induced by (X,]-") is a standard extension of F, and the pair
(X, B) with filtration G solves equation (o,b).

Proof: By Theorem 5.10 and Proposition 5.13 there exists a process
XJJ_&B}" satisfying (X, ¢, B) (X, Xo, B), and in particular X, = € a.s. To
see that G is a standard extension of F, fix any ¢ > 0 and define B = B- B
Then (X*, BY) 1L B’ since the corresponding relation holds for (X, B), and so
Xt Al BfB’ Since also XtJ_L5 5F, Proposition 5.8 yields X* Al (B, F) and
hence X' 1l F. But then (Xt, Fi) L7 F by Corollary 5.7, which means that
GllrF

Since standard extensions preserve martingales, Theorem 16.3 shows that
B remains a Brownian motion with respect to G. As in Proposition 15.27 it
may then be seen that the pair (X, B) solves equation (o, b). a
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We are now ready to establish the crucial relationship between pathwise
uniqueness and strong existence.

Lemma 18.17 (pathwise uniqueness and strong existence, Yamada and Wa-
tanabe) Assume that weak existence and pathwise uniqueness hold for solu-
tions to equation (o,b) with initial distribution p. Then even strong existence
and uniqueness in law hold for such solutions, and there exists a measurable
function F, as in (20) such that any solution (X, B) with initial distribution
p satisfies X = F,(Xo, B) a.s.

Proof: Fix any solution (X, B) with initial distribution p and associated
filtration . By Lemma 18.16 there exists some process Y 1l x, pF with
Yo = Xj a.s. such that (Y, B) solves equation (o, b) for the filtration G induced
by (Y, F). Since G is a standard extension of F, the pair (X, B) remains a
solution for G, and the pathwise uniqueness yields X =Y a.s.

For each t > 0 we have X'1l y, g X' and (X', B")1L(B — B'), and so
X'l x, 5 X" a.s. by Proposition 5.8. Thus, Corollary 5.7 (ii) shows that X
is adapted to the complete filtration induced by (X, B). Hence, by Lemma
18.15 there exists a measurable function F, with X = F,(X,, B) a.s. and such

that, for any basic triple (F, B, ¢) with & Z Xy, the process X = Fu(g,B)
is F-adapted and solves equation (o, b) along with B. In particular, X '
since (£, B) 2 (Xo, B), and by the pathwise uniqueness X is the a.s. unique
solution for the given triple (F, B, ). This proves the uniqueness in law. O

Proof of Theorem 18.14: By Lemma 18.17 we have uniqueness in law for
solutions starting at fixed points, and Theorem 18.10 shows that the corre-
sponding distributions P, form a kernel from R? to C(R,,R%). By Lemma
18.8 there exists a measurable mapping G such that if X has distribution
P, and 91X is U(0,1), then B = G(P,, X,?) is a Brownian motion in R"
and the pair (X, B) solves equation (o, b). Writing @, for the distribution of
(X, B), it is clear from Lemmas 1.35 and 1.38 (ii) that the mapping = — @,
is a kernel from R? to C'(R,,R4T).

Changing the notation, we may write (X, B) for the canonical process in
C(Ry,R¥"). By Lemma 18.17 we have X = F,(z, B) = F,(B) a.s. Q,, and
SO

Q.[X € |B] =0p,p) as., xR (21)

By Proposition 6.26 we may choose versions v, ,, = Q,[X € |B € dw] that
combine into a probability kernel v from R? x C(R,,R") to C(R,,R?). From
(21) it is further seen that v, ,, is a.s. degenerate for each z. Since the set D
of degenerate measures is measurable by Lemma 1.36 (i), we may modify v
such that v, ,D = 1. In that case

Vew = 6F(a:,w)» YIS Rd’ w e C(R-HRT)v (22)
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for some function F' as in (20), and the kernel property of v implies that F
is product measurable. Comparing (21) and (22) gives F'(z, B) = F,(B) a.s.
for all z.

Now fix any probability measure ; on R?, and conclude as in Theorem
18.10 that P, = [ P,u(dx) solves the local martingale problem for (a,b)
with initial distribution p. Hence, equation (o, b) has a solution (X, B) with
distribution p for X,. Since conditioning on Fy preserves martingales, the
equation remains conditionally valid given X,y. By the pathwise uniqueness
in the degenerate case we get P[X = F(Xy, B)|Xo] =1 as., and so X =
F(Xy,B) a.s. In particular, the pathwise uniqueness extends to arbitrary
initial distributions pu.

Returning to the canonical setting, we may write (¢, B) for the identity
mapping on the canonical space R? x C(R,,R") with probability measure
u@WT and induced completed filtration G#. By Lemma 18.17 equation (o, b)
has a G*-adapted solution X = F,(§, B) with X, = £ a.s., and the previous
discussion shows that even X = F({, B) a.s. Hence, F' is adapted to GH,
and since p is arbitrary, the adaptedness extends to the universal completion
Et:m#g#7t20 g



Chapter 19

Local Time, Excursions,
and Additive Functionals

Tanaka’s formula and semimartingale local time; occupation den-
sity, continuity and approximation; regenerative sets and pro-
cesses; excursion local time and Poisson process; Ray—Knight the-
orem; excessive functions and additive functionals; local time at
reqular point; additive functionals of Brownian motion

The central theme of this chapter is the notion of local time, which we will
approach in three different ways, namely via stochastic calculus, via excur-
sion theory, and via additive functionals. Here the first approach leads in
particular to a useful extension of It6’s formula and to an interpretation of
local time as an occupation density. Excursion theory will be developed for
processes that are regenerative at a fixed state, and we shall prove the basic
It6 representation in terms of a Poisson process of excursions on the local
time scale. Among the many applications, we shall consider a version of
the Ray—Knight theorem about the spatial variation of Brownian local time.
Finally, we shall study continuous additive functionals (CAFs) and their po-
tentials, prove the existence of local time at a regular point, and show that
any CAF of one-dimensional Brownian motion is a mixture of local times.

The beginning of this chapter may be regarded as a continuation of the
stochastic calculus developed in Chapter 15. The present excursion theory
continues the elementary discussion for the discrete-time case in Chapter 7.
Though the theory of CAFs is formally developed for Feller processes, few
results from Chapter 17 will be needed beyond the strong Markov property
and its integrated version in Corollary 17.19. Both semimartingale local time
and excursion theory reappear in Chapter 20 as useful tools for studying
one-dimensional SDEs and diffusions. Our discussion of CAFs of Brownian
motion and their associated potentials is continued at the end of Chapter 22.

For the stochastic calculus approach to local time, consider an arbitrary
continuous semimartingale X in R. The semimartingale local time L° of X
at 0 may be defined through Tanaka’s formula

rt
LY = 1Xi] = X0l = [ sen(X,)dX,, ¢>0, M

where sgn(z—) = 1(9,00)(#) — 1(—o0,0 (). Note that the stochastic integral on
the right exists since the integrand is bounded and progressive. The process

350
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LY is clearly continuous and adapted with L) = 0. To motivate the definition,
we note that a formal application of It6’s rule to the function f(x) = |z| yields
(1) with L? = [.., 6(X,)d[X]s. The following result gives the basic properties
of local time at a fixed point. Here we shall say that a nondecreasing function
f is supported by a Borel set A if the associated measure p satisfies pA° = 0.
The support of f is the smallest closed set with this property.

Theorem 19.1 (semimartingale local time) Let L° be the local time at 0 of
a continuous semimartingale X. Then L° is a.s. nondecreasing, continuous,
and supported by the set Z = {t > 0; X, = 0}. Furthermore, we have a.s.

L0 = {—|X0| - ng/ sgn(X—)dX} VO, t>0. 2)
s<t Jo
The proof of the last assertion depends on an elementary lemma.

Lemma 19.2 (supporting function, Skorohod) Let f be a continuous func-
tion on Ry with fo > 0. Then there exists a unique nondecreasing, continu-
ous function g with go = 0 such that h = f+ ¢ > 0 and [1{h > 0}dg = 0,

namely,
gt:_lnffs/\OZSup(_fs)\/O7 t>0. (3)

s<t s<t

Proof: The function in (3) clearly has the desired properties. To prove
the uniqueness, assume that both g and ¢’ have the stated properties, and
put h = f+gand B = f+¢. If ¢ < g, for some ¢ > 0, define
s = sup{r < t; ¢, = ¢.}, and note that B’ > ' —h = ¢ —g > 0 on
(s,t]. Hence, g% = g;, and s0 0 < g; — ¢ < g% — gs = 0, a contradiction. O

Proof of Theorem 19.1: For each h > 0 we may choose a convex function
fn € C? with fi,(z) = —x for x <0 and fy,(z) = x — h for z > h. Note that
fn(z) = |z| and f; — sgn(z—) as h — 0. By It6’s formula we get, a.s. for
any t > 0,

VI = fuX0) = Xo) = [ ), =1 [ R,

and by Corollary 15.14 and dominated convergence we note that (Y — L0)*

B0 for each ¢+ > 0. The first assertion now follows from the fact that the
processes Y are nondecreasing and satisfy

/ 1{X, ¢ [0,h]}dY" =0 as., h>0.

0

The last assertion is a consequence of Lemma 19.2. O
In particular, we may deduce a basic relationship between a Brownian

motion, its maximum process, and its local time at 0. The result improves
the elementary Proposition 11.13.
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Corollary 19.3 (local time and mazimum process, Lévy) Let L° be the local
time at 0 of Brownian motion B, and define M; = sup,<, Bs. Then

(L%|B) £ (M, M — B).

Proof: Define B} = — [,,sgn(B,—)dB, and M] = sup,, B}, and con-

clude from (1) and (2) that L = M’ and |B| = L — B' = M' — B'. It
remains to note that B < B by Theorem 16.3. O

The local time L* at an arbitrary point z € R is defined as the local time
of the process X — x at 0. Thus,

t
L = |X, — 2| — | Xo — 2 —/0 sgn(Xs —2—)dX,, t>0.  (4)

The following result shows that the two-parameter process L = (L¥) on
R; x R has a version that is continuous in ¢ and rcll (right-continuous with
left-hand limits) in . In the martingale case we even have joint continuity.

Theorem 19.4 (regularization, Trotter, Yor) Let X be a continuous semi-
martingale with canonical decomposition M + A and local time L. Then
L = (L}) has a version that is rcll in z, uniformly for bounded t, and satis-
fies
t
LF— L = 2/ 1{X, = 2}dA,, z€R,tcR,. (5)
0

Proof: By the definition of L we have for any t € Rand ¢t > 0
Lf = |Xi— [ —[Xo -z
t t
—/ sgn(X; — x—)dM; — / sgn(X; — x—)dA;. (6)
0 0

By dominated convergence the last term has the required continuity proper-
ties, and the discontinuities in the space variable are given by the right-hand
side of (5). Since the first two terms are trivially continuous in (¢,z), it
remains to show that the first integral in (6), denoted by I below, has a
jointly continuous version.

By localization we may then assume that the processes X — X, [M]'/?,
and [ |dA| are all bounded by some constant ¢. Fix any p > 2. By Proposition
15.7 we get for any = < y

B(I* = 1) < PE(1y (X) - M) < E(ly(X) - [M)P2 (1)

To estimate the integral on the right, put ¥ — x = h and choose f € C? with
" >21(, and |f'| < 2h. By It6’s formula

3f1(X) - [X] = f(X) = f(Xo) = f1(X) - X
dch + [ f'(X) - M|, ®)

L) (X) - [M]

IAIA
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and by another application of Proposition 15.7
E(f/(X) - M) < E((f'(X))? - [M])}"* < (2ch)?'”. (9)

Combination of (7)—(9) gives E(I* — IY),;? < (ch)?/?, and the desired conti-
nuity follows by Theorem 2.23. O

By the last result we may henceforth assume the local time L to be rcll
in z. The right-continuity is only a convention, consistent with our choice
of a left-continuous sign function in (4). If the occupation measure of the
finite variation component A of X is a.s. diffuse, then (5) shows that L is
a.s. continuous.

We proceed to give a simultaneous extension of It6’s and Tanaka'’s for-
mulas. Recall that any convex function f on R has a nondecreasing and
left-continuous left derivative f'(x—). The same thing is then true when f
is the difference between two convex functions. In that case there exists a
unique signed measure piy with gz, y) = f'(y—) — f'(z—) for all 2 < y. In
particular, pf(dz) = f”(z)dr when f € C?

Theorem 19.5 (occupation density, Meyer, Wang) Let X be a continuous
semimartingale with right-continous local time L. Then for any measurable
function f: R — R, and outside a fized null set,

/ " F(X)d[xX), = [ rwza, ez (10)

If f is the difference between two convex functions, then moreover
f(Xy) — / J(X=)dX + 1 / Lipg(dr), t>0.  (11)

In particular, Theorem 15.19 extends to any function f € C*(R) such that
! is absolutely continuous with Radon—Nikodym derivative f”.

Note that (11) remains valid for the left-continuous version of L, provided
that f/(X—) is replaced by the right derivative f'(X+).

Proof: For f(z) = |r — a| equation (11) reduces to the definition of L.
Since the formula is also trivially true for affine functions f(z) = az + b,
it extends by linearity to the case when p; is supported by a finite set.
By linearity and a suitable truncation, it remains to prove (11) when p; is
positive with bounded support and f(—o0) = f/(—o0) = 0. Then define for
every n € N the functions

gu(2) = F@2']). fulw) = [ gulwydu. veR

and note that (11) holds for all f,. As n — oo, we get fl(z—) = gp(z—) T
f(z—), and so Corollary 15.14 yields f/(X—) - X 5 f/(X—)-X. Also



354 Foundations of Modern Probability

note that f, — f by monotone convergence. It remains to show that
S Lipy, (dx) — [ Lup(dx). Then let h be any bounded, right-continuous
function on R, and note that ps h = prh, with h,(xz) = h(27"[2"z + 1]).
Since h, — h, we get psh, — p1yh by dominated convergence.

Comparing (11) with It6’s formula, we note that (10) holds a.s. for any
t > 0 and f € C. Now both sides of (10) define random measures on R
for each t, and by suitable approximation and monotone class arguments we
may then choose the exceptional null set N to be independent of f. By the
continuity of each side, we may also choose N to be independent of ¢.

If f € C" with f" as stated, then (11) applies with ps(dz) = f”(x)dx,
and the last assertion follows by (10). O

In particular, we note that the occupation measure at time t,
t
A = / 14(X)d[X],, A€ B(R), t >0, (12)
0

is a.s. absolutely continuous with density L;. This leads to a simple construc-
tion of L.

Corollary 19.6 (right derivative) Outside a fived P-null set,
LY =limnjx,x +h)/h, t>0, z€R.
h—0
Proof: Use Theorem 19.5 and the right-continuity of L. O

Next we shall see how local time arises naturally in the context of regen-
erative processes. Then consider an rcll process X in some Polish space S
such that X is adapted to some right-continuous and complete filtration F.
Fix a state a € S, and assume X to be regenerative at a, in the sense that
there exists some distribution P, on the path space satisfying

Pl0;X € |F] =P, as. on {7 <o0, X; =a}, (13)

for every optional time 7. The relation will often be applied to the hitting
times 7, = inf{t > r; X; = a}, which are optional for all » > 0 by Theorem
6.7. In fact, when X is continuous, the optionality of 7, follows already from
the elementary Lemma 6.6. In particular, we note that F,, and 6,,X are
conditionally independent, given that 7y < oo. For simplicity we may hence-
forth take X to be the canonical process on the path space D = D(R,,S),
equipped with the distribution P = P,.

Introducing the regenerative set Z = {t > 0; X; = a}, we may write
the last event in (13) simply as {7 € Z}. From the right-continuity of X
it is clear that Z > ¢, | ¢ implies ¢t € Z, which means that every point in
Z \ Z is isolated from the right. Since Z° is open and hence a countable
union of disjoint open intervals, it follows that Z¢ is a countable union of
disjoint intervals of the form (u,v) or [u,v). With every such interval we
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may associate an excursion process Y; = Xy, t = 0. Note that a is
absorbing for V', in the sense that ¥, = a for all ¢ > inf{s > 0; Y; = a}. The
number of excursions may be finite or infinite, and if Z is bounded there is
clearly a last excursion of infinite length.

We begin with a classification according to the local properties of Z.

Proposition 19.7 (local dichotomies) For any regenerative set Z we have
(i) either (Z)° =0 a.s., or Z° = Z a.s.;
(ii) either a.s. all points of Z are isolated, or a.s. none of them is;

(iii) either A\Z =0 a.s., or supp(Z - \) = Z a.s.

Recall that the set Z is said to be nowhere dense if (Z)° = () and that 2

Z
is perfect if Z has no isolated points. If Z° = Z, then clearly supp(Z-\) = Z,
and no isolated points can exist.

Proof: By the regenerative property, we have for any optional time 7
P{r =0} = E[P[r = 0|F]; 7 = 0] = (P{r = 0})?,

and so P{r =0} = 0 or 1. If o is another optional time, then 7/ = o + 706,
is again optional by Proposition 7.8, and we get

P{r'"—h<oceZ}=P{rob,<h, o€ Z}=P{r<h}P{oce€Z}.

Thus, P’ — 0 € Jo € Z] = Po77 !, and in particular 7 = 0 a.s. implies
=0 as. on{o € Z}.

(i) We may apply the previous argument to the optional times 7 = inf Z°¢
and 0 =7,. If 7 >0 a.s., then 706, > 0 a.s. on {7, < 0o}, and so 7, € Z°
a.s. on the same set. Since the set {7,; 7 € Q,} is dense in Z, it follows
that Z = Z° a.s. Now assume instead that 7 = 0 a.s. Then 706, = 0
a.s. on {7, < 0o}, and s0 7, € Z¢ a.s. on the same set. Hence, Z C Z¢ a.s.,
and therefore Z¢ = R, a.s. It remains to note that Z¢ = (Z)¢, since Z¢ is a
disjoint union of intervals (u,v) or [u,v).

(ii) In this case we define 7 = inf(Z \ {0}). If 7 =0 a.s., then 706, =0
a.s. on {7, < oco}. Since every isolated point of Z is of the form 7, for some
r € Q., it follows that Z has a.s. no isolated points. If instead 7 > 0 a.s., we
may define the optional times o, recursively by 0,41 = 0, + 7 00,, , starting
from o1 = 7. Then o, = > ;<,, &, where the & are i.i.d. and distributed as
7,80 0, — 00 a.s. by the law of large numbers. Thus, Z = {0, < o0; n € N}
a.s., and a.s. all points of Z are isolated.

(ili) Here we may take 7 = inf{t > 0; (Z - A); > 0}. If 7 = 0 a.s., then
700, =0as.on {7, <o}, so7, €supp(Z-\) a.s. on the same set. Hence,
7 C supp(Z - \) a.s., so the two sets agree a.s. If instead 7 > 0 a.s., then
T=74+706, > 71 as. on {r < oo}, which implies 7 = oo a.s. This yields
A =0 a.s. O
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To examine the global properties of Z, we may introduce the holding
time v = inf Z¢ = inf{t > 0; X; # a}, which is optional by Lemma 6.6. The
following extension of Lemma 10.18 gives some more detailed information
about dichotomy (i) above.

Lemma 19.8 (holding time) The time v is exponentially distributed with
mean m € [0, 00|, where m = 0 or co when X is continuous. Furthermore,
Z is a.s. nowhere dense when m = 0, and otherwise it is a.s. a locally finite
ungon of intervals [o, 7). Finally, y1LX o 6., when m < co.

Proof: The first and last assertions may be proved as in Lemma 10.18,
and the statement for m = 0 was obtained in Proposition 19.7 (i). Now let
0 < m < oco. Noting that yo 6, =0 a.s. on {y € Z}, we get

0=P{yo0b,>0, yeZ} = P{y>0}P{yc Z} = P{y e Z},

so in this case v ¢ Z a.s. Put o9 = 0, let 01 = v+ 79 0 0, and define
recursively 0,41 = 0, + 01 080,,. Write v, = 0, +7v00,,. Then g, = o0 a.s.
by the law of large numbers, so Z = U, [0, 7). If X is continuous, then Z
is closed and the last case is excluded. O

The state a is said to be absorbing if m = oo and instantaneous if m = 0.
In the former case clearly X = a and Z = R, a.s., so to avoid trivial
exceptions we may henceforth assume that m < oo. A separate treatment
is sometimes required for the elementary case when the recurrence time vy +
To+ © 0., is a.s. strictly positive. This clearly occurs when Z has a.s. only
isolated points or the holding time 7 is positive.

We proceed to examine the set of excursions. Since there is no first
excursion in general, it is helpful first to focus on excursions of long duration.
For any h > 0, let D, denote the set of excursion paths longer than h,
endowed with the o-field Dj generated by all evaluation maps m, ¢t > 0.
Note that Dg is a Borel space and that Dy € D, for all h. The number of
excursions in Dy, will be denoted by ky. The following result is a continuous-
time version of Proposition 7.15.

Lemma 19.9 (long excursions) Fiz any h > 0, and allow even h = 0 when
the recurrence time is positive. Then either k, = 0 a.s., or Ky, is geometrically
distributed with mean my, € [1,00]. In the latter case there exist some i.i.d.
processes th,Y,f, ... in Dy, such that X has Dj-excursions Y}f, j < knp. If
mp, < 00, then Y™ is a.s. infinite.

Proof: For t € (0,00], let ], denote the number of Dj-excursions com-
pleted at time ¢ € [0,00], and note that x;* > 0 when 7, = co. Writing
pn = P{k, > 0}, we obtain

pn = P{r} >0} + P{x}} =0, ko0, >0}
P{rjt > 0} + P{x}t = 0}pp.
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Since K}, — Ky as t — oo, we get py = pr + (1 — pn)pr, and so pp, = 0 or 1.
Now assume that pp, = 1. Put g9 = 0, let o7 denote the end of the first
Dp-excursion, and recursively define 0,41 = 0, + 01 0 0,,,. If all excursions
are finite, then clearly o, < oo a.s. for all n, so k;, = oo a.s. Thus, the last
Dy-excursion is infinite when x;, < co. We may now proceed as in the proof
of Proposition 7.15 to construct some i.i.d. processes Y;!, Y2, ... in D, such
that X has Dj-excursions Y}f , j < Kp. Since ky, is the number of the first
infinite excursion, we note in particular that s, is geometrically distributed
with mean g, ', where g, is the probability that Y} is infinite. O

Now put A = inf{h > 0; k, = 0as.}. For any h € (0,h) we have
kp > 1 a.s., and we may define v, as the distribution of the first excursion
in Dy. The next result shows how the v}, can be combined into a single
measure v on Dy, the so-called excursion law of X. For convenience we write
v[-|A] = v(-NA)/vA whenever 0 < VA < 0.

Lemma 19.10 (excursion law, Ité) There exists a measure v on Dy, unique
up to a_normalization, such that vDy € (0,00) and v, = v[-|Dy] for all
h € (0,h). Furthermore, v is bounded iff the recurrence time is a.s. positive.

Proof: Fix any h < k in (0,h), and let Y;!, Y2, ... be such as in Lemma
19.9. Then the first Dy-excursion is the first element Y} in Dy, and since the
Y; are i.i.d. v, we have

Vk:Vh['IDkL O<h§]€<iL (14)

Now fix a k € (0,h) and define 7, = v, /v, Dy, h € (0,k]. Then (14) yields
Up = Up(- N Dyy) for any h < B’ < k, and so 7, increases as h — 0 toward a
measure v with v(- N Dy) =y, for all h < k. For any h € (0,h) we get

v[-|Dp) = Oparl - |Dn] = viarl - |Dn] = v

If / is another measure with the stated property, then

I/('ﬂDh) _ vy, - z/’(-ODh)

- h<k<h.
Z/Dk I/th I//Dk ’ -

As h — 0 for fixed k, we get v = rv/ with r = v D}, /' D,.

If the recurrence time is positive, then (14) remains true for h = 0, and
we may take v = vy. Otherwise, let h < k in (0, fL), and denote by #y the
number of Dp-excursions up to the first completed excursion in Dy. For fixed
k we have kjj — oo a.s. as h — 0, since Z is perfect and nowhere dense.
Now rp 1 is geometrically distributed with mean

E/{h,,k = (I/th)71 = (V[Dk|Dh])71 = l/Dh/l/Dk,

and so vDy, — co. Thus, v is unbounded. a
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When the regenerative set Z has a.s. only isolated points, then Lemma
19.9 already gives a complete description of the excursion structure. In the
complementary case when Z is a.s. perfect, we have the following fundamental
representation in terms of a local time process L and an associated Poisson
point process &, both of which are obtainable directly from the array of
holding times and excursions.

Theorem 19.11 (excursion local time and Poisson process, Lévy, Ité) Let
X be regenerative at a and such that the closure of Z = {t; X; = a} is a.s.
perfect. Then there exist a nondecreasing, continuous, adapted process L on
R, a.s. with support Z, and a Poisson process & on Ry x Dy with intensity
measure of the form A® v such that Z - A = cL a.s. for some constant ¢ > 0
and the excursions of X with associated L-values are given by the restriction
of € to [0, Ly]. Moreover, the product vL is a.s. unique.

Proof (beginning): If Ey = ¢ > 0, we may define v = vy/c and introduce
a Poisson process £ on Ry x Dy with intensity measure A ® v. Let the points
of € be (o, )7]), j € N, and put op = 0. By Proposition 10.17 the differences
4; = 0; — 0j_1 are independent and exponentially distributed with mean c.
Furthermore, by Proposition 10.6 the processes Y/] are independent of the o;
and i.i.d. vy. Letting & be the first index j such that ffj is infinite, it is seen
from Lemmas 19.8 and 19.9 that

(%, Y55 5 <k} 2 {5;,Y;; j <R}, (15)

where the quantities on the left are the holding times and subsequent excur-
sions of X. By Theorem 5.10 we may redefine ¢ such that (15) holds a.s.
The stated conditions then become fulfilled with L = Z - A.

Turning to the case when Evy = 0, we may define v as in Lemma 19.10
and let £ be Poisson A ® v, as before. For any h € (0, ﬁ), the points of £ in
R, x Dj, may be enumerated from the left as (Ufl, Yﬁf ), 7 € N, and we define
Ky as the first index j such that f/,f is infinite. The processes 37,17 are clearly
ii.d. v, and so by Lemma 19.9 we have

(Vi <m} £V 5 <R}, he(0h). (16)

Since longer excursions form subarrays, the entire collections in (16) have
the same finite-dimensional distributions, and by Theorem 5.10 we may then
redefine £ such that all relations hold a.s.

Let T;{ be the right endpoint of the jth excursion in Dj,, and define

L, =inf{o}; h,j > 0,7 >t}, t>0.
We need the obvious facts that, for any t > 0 and h, 5 > 0,

Lt<afl = th,{ = LtSU{L. (17)
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To see that L is a.s. continuous, we may assume that (16) holds identically.
Since v is infinite, we may further assume the set {o7; h,5 > 0} to be dense
in the interval [0, L]. If AL; > 0, there exist some 4,j,h > 0 with L;_ <
ol <ol < L. By (1T) we get t —e < 7} < 7§ < t+¢ for every € > 0, which
is impossible. Thus, AL, = 0 for all ¢.

To prove that Z C supp L a.s., we may further assume Z, to be per-
fect and nowhere dense for each w € Q. If t € Z, then for every ¢ > 0
there exist some 4,j,h > 0 with t — ¢ < 77 < 7} < t 4+ ¢, and by (17) we
get Li_. < ol < 0} < Lyye. Thus, Li_. < L. foralle > 0, s0 t € supp L. O

In the perfect case it remains to establish the a.s. relation Z - A = c¢L for
a suitable ¢ and to show that L is unique and adapted. To avoid repetition,
we postpone the proof of the former result until Theorem 19.13. The latter
statements are immediate consequences of the following result, which also
suggests many explicit constructions of L. Let 1,A denote the number of
excursions in a set A € Dy completed at time ¢ > 0. Note that n is an
adapted, measure-valued process on Dy.

Proposition 19.12 (approzimation) If Ay, As,... € Dy with co > vA, —
o0, then

ntAn
VA,

sup
t<u

— L]/ 50, u>o. (18)

The convergence holds a.s. when the A, are nested.

In particular, n,D;/vD;, — L, a.s. as h — 0 for fixed ¢. Thus, L is a.s.
determined by the regenerative set Z.

Proof: Let & be such as in Theorem 19.11, and put & = £([0, s] x ). First

assume that the A4, are nested. For any s > 0 we note that (£;4,) 4 (Ngya,)s
where N is a unit-rate Poisson process on R,. Since t !N, — 1 a.s. by the
law of large numbers and the monotonicity of N, we get

EAn
.S. > 0. 1
VAn—>S as., s$>0 (19)

Just as in case of Proposition 3.24, we may strengthen (19) to

& An
— S

su
P VA,

s<r

—0 as., r>0.

Without the nestedness assumption, the distributions on the left are the same
for fixed n, and the convergence remains valid in probability. In both cases
we may clearly replace r by any positive random variable. Relation (18) now
follows, as we note that £, < n, < ¢, for all ¢ > 0 and use the continuity
of L. O
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The excursion local time L is described most conveniently in terms of its
right-continuous inverse

T,=L;'=inf{t >0; L, > s}, s>0.

To state the next result, we may introduce the subset Z’ C Z, obtained from
Z by omission of all points that are isolated from the right. Let us further
write {(u) for the length of an excursion path u € Dj.

Theorem 19.13 (inverse local time) Let L, £, v, and ¢ be such as in The-
orem 19.11. Then T = L™ is a generalized subordinator with characteristics
(c,vol™t) and a.s. range Z' in R, given a.s. by

=cs +/ / &(drdu), s>0. (20)

Proof: We may clearly discard the null set where L is not continuous with
support Z. If Ty < oo for some s > 0, then T, € supp L = Z by the definition
of T, and since L is continuous we get T, ¢ Z \ Z'. Thus, T(R,) C Z' U{oo}
a.s. Conversely, assume that ¢ € Z’. Then for any € > 0 we have L, > Ly,
andsot <TolL, <t+e Ase— 0, wegetTolL, =t Thus, Z' C T(R,)
a.s.

For each s > 0 the time T} is optional by Lemma 6.6. Furthermore, it is
clear from Proposition 19.12 that, as long as Ty < oo, the process 0,7 — T}
is obtainable from X o f1, by a measurable mapping that is independent of
s. By the regenerative property and Lemma 13.11, the process T is then
a generalized subordinator, and in particular it admits a representation as
in Theorem 13.4. Since the jumps of T agree with the lengths of the ex-
cursion intervals, we obtain (20) for a suitable ¢ > 0. By Lemma 1.22 the
double integral in (20) equals [ (&, o l71)(dz), and so T has Lévy measure
E( ol ™)=vol™!

Substituting s = L; into (20), we get a.s. for any t € 7’

t—ToLt—th—&—/ / £(drdu) = cLy + (Z°- M)

Hence, cL; = (Z - A); a.s., which extends by continuity to arbitrary ¢ > 0. O

To justify our terminology, we shall prove that the semimartingale and
excursion local times agree whenever both exist.

Proposition 19.14 (reconciliation) Let X be a continuous semimartingale
in R, which is regenerative at some point a € R with P{L% # 0} > 0. Then
the set Z = {t; X; = a} is a.s. perfect and nowhere dense, and L* is a version
of the excursion local time at a.
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Proof: By Theorem 19.1 the state a is nonabsorbing, and so Z is nowhere
dense by Lemma 19.8. Since P{L% # 0} > 0 and L* is a.s. continuous
with support in Z, Proposition 19.7 shows that Z is a.s. perfect. Let L
be a version of the excursion local time at a, and put 7' = L~!. Define
Y, = L*oT, for s < Ly, and let Y, = oo otherwise. By the continuity of
L* we have Y,. = L* o Tyy for every s < L. If AT, > 0, we note that
L*o T, = L*o Ty, since (Ts_,Ts) is an excursion interval of X and L* is
continuous with support in Z. Thus, Y is a.s. continuous on [0, L).

By Corollary 19.6 and Proposition 19.12 the process 6,Y —Y is obtainable
from 07, X through the same measurable mapping for all s < L. By the
regenerative property and Lemma 13.11 it follows that Y is a generalized
subordinator, so by Theorem 13.4 and the continuity of Y there exists some
¢ > 0 with Y; = ¢s a.s. on [0, Ly,). For ¢t € Z' we have a.s. T o L, = t, and
therefore

L} =L (ToL;)=(L"oT)o L =cly.

This extends to R, since both extremes are continuous with support in Z. O

For Brownian motion it is convenient to normalize local time according
to Tanaka’s formula, which leads to a corresponding normalization of the
excursion law v. By the spatial homogeneity of Brownian motion, we may
restrict our attention to excursions from 0. The next result shows that ex-
cursions of different length have the same distribution apart from a scaling.
For a precise statement, we may introduce the scaling operators S, on D,
given by

(Sif)e=r"?fiyr, t>0,7>0, feD.

Theorem 19.15 (Brownian excursion) Let v be the normalized excursion
law of Brownian motion. Then there exists a unique distribution U on the
set of excursions of unit length such that

v = (2m)" Y2 /Ooo(ﬁ o S Y324y, (21)

Proof: By Theorem 19.13 the inverse local time L~! is a subordinator
with Lévy measure v o=}, where I(u) denotes the length of u. Furthermore,
LLMm by Corollary 19.3, where M; = sup,, B, so by Theorem 13.10 the
measure v o [~ has density (27)"/2773/2 r > 0. As in Theorem 5.3, there
exists a probability kernel (1) from (0, 00) to Dy such that v, ol™! = §, and

= (2m)" Y2 /Oo vor =3 2dr, (22)
0

and we note that the measures v, are unique a.e. .

For any r > 0 the process B=5,Bis again a Brownian motion, and by
Corollary 19.6 the local time of B equals L = S,L. If B has an excursion
u ending at time ¢, then the corresponding excursion S,u of B ends at rt,
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and the local time for B at the new excursion equals L,t = r/2L,. Thus, the
excursion process & for B is obtained from thc process £ for B through the

mapping T} : (s,u) — (r'/2s, S,u). Since £ £ 4 ¢, each T, leaves the intensity
measure A ® v invariant, and we get

1/2

voS =0y r>0. (23)

Combining (22) and (23), we get for any r > 0
/ (vp 0 Sfl):v’3/2d1’ = rl/Q/ vpx 3 dy = / Ve 2,
0 0 0

and by the uniqueness in (22) we obtain
uzoS,leym, >0 ae A\ r>0.
By Fubini’s theorem, we may then fix an x = ¢ > 0 such that
veo St =vy, >0 as. A
Define v = v, 0 Sf/lc, and conclude that for almost every r > 0
Vp = Ve(r/c) = Z/COS;/lc:l/COS;ﬁ:OS;l =poS .
Substituting this into (22) yields equation (21).

If i is another probability measure with the stated properties, then for
almost every r > 0 we have yo S;! =705 and hence

p=joS* OSI/IT_Z/OS OSI_/T

Thus, ¥ is unique. O

By continuity of paths, an excursion of Brownian motion is either positive
or negative, and by symmetry the two possibilities have the same probability
1 under ©. This leads to the further decomposition © = (4 +#_). A process
with distribution 7y is called a (normalized) Brownian excursion.

For subsequent needs we shall make a simple computation.

Lemma 19.16 (height distribution) Let v be the excursion law of Brownian

motion. Then
v{u € Dy; sup,u; > h} = (2h)"', h > 0.

Proof: By Tanaka’s formula the process M = 2BV 0— L° = B+ |B| —
is a martingale, and so we get for 7 = inf{t > 0; B, = h}

ELY,,=2E(B,pnV0), t>0.

Hence, by monotone and dominated convergence EL? = 2E(B, V 0) = 2h.
On the other hand, Theorem 19.11 shows that L? is exponentially distributed
with mean (vAy)~!, where A, = {u; sup, u; > h}. O

The following result gives some remarkably precise information about the
spatial behavior of Brownian local time.
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Theorem 19.17 (space dependence, Ray, Knight) Let L be the local time
of Brownian motion B, and define T = inf{t > 0; B, = 1}. Then the process
Sy = L7t t €0,1], is a squared Bessel process of order 2.

Several proofs are known. Here we shall derive the result as an applica-
tion of the previously developed excursion theory.

Proof (Walsh): Fix any u € [0,1], put ¢ = L%, and let £* denote the
Poisson processes of positive and negative excursions from u. Write Y for
the process B, stopped when it first hits u. Then Y 1L (£7,£7) and T 1LET,
so &Y (€7,Y). Since o is £T-measurable, we obtain £ 1 ,(£7,Y) and hence
&L, (¢;,Y), which implies the Markov property of L” at = = u.

To derive the corresponding transition kernels, fix any = € [0,u) and
write h = uw—x. Put 79 = 0, and let 71, 79, . . . be the right endpoints of those
excursions from z that reach u. Next define ¢, = L7 — L7 , k > 0, so that
L =(y+ -+ ¢, with Kk = sup{k; 7, < 7}. By Lemma 19.16 the variables
() are i.i.d. and exponentially distributed with mean 2h. Since k agrees with
the number of completed u-excursions before time 7 that reach z and since
o lL&™, it is further seen that x is conditionally Poisson o /2h, given o.

We shall also need the fact that (o, k)1L(Co, C1,...). To see this, define
op = LY. Since {~ is Poisson, we note that (o1,09,...)1L(¢1, G, .), SO
(0,01,09,...)1L(Y,(1,Ca,...). The desired relation now follows, since « is a
measurable function of (0,01, 09,...) and {; depends measurably on Y.

For any s > 0 we may now compute

]

E [e—sL;'f*h

E[(Ee—f"@)””’ 0} = B[(1+ 2sh)™""!|d]

1 -1 { —9 }
(1+2sh)""exp T 25h

In combination with the Markov property of L%, the last relation is equiva-
lent, via the substitutions u = 1 — ¢ and 2s = (a — t)~!, to the martingale
property of the process

1-t
—L!

M; = (a—t)"exp {2(@1&)

} , telo,a), (24)
for arbitrary a > 0.

Now let X be a squared Bessel process of order 2, and note that L! =
Xo =0 by Theorem 19.4. Even X is Markov by Corollary 11.12, and to see
that X has the same transition kernel as L7 it is enough to show for an
arbitrary a > 0 that the process M in (24) remains a martingale when L1~

is replaced by X;. This is easily verified by means of It6’s formula if we note
that X is a weak solution to the SDE d.X; = 2th/2dBt + 2dt. O

As an important application of the last result, we may show that the local
time is strictly positive on the range of the process.
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Corollary 19.18 (range and support) For any continuous local martingale
M with local time L, we have outside a fized P-null set

{L{ >0} = {infsst]\l9 <z < SUPsgtMs} , zeR t>0. (25)

Proof: By Corollary 19.6 and the continuity of L, we have Ly = 0 for x
outside the interval in (25), except on a fixed P-null set. To see that L} > 0
otherwise, we may reduce by Theorem 16.3 and Corollary 19.6 to the case
when M is a Brownian motion B. Letting 7, = inf{t > 0; B; = u}, it is seen
from Theorems 16.6 (i) and 18.16 that, outside a fixed P-null set,

L7 >0, 0<z<ueQ,. (26)

If 0 < 2 < supy, B, for some t and z, there exists some u € Qy with
T < u < sup,.; Bs. But then 7, < t, and (26) yields L > L? > 0. A similar
argument applies to the case when inf,<; B, < 2 < 0. O

Our third approach to local times is via additive functionals and their
potentials. To introduce those, consider a canonical Feller process X with
state space S, associated terminal time (, probability measures P, transition
operators T, shift operators 6, and filtration F. By a continuous additive
functional (CAF) of X we mean a nondecreasing, continuous, adapted pro-
cess A with Ay = 0 and Ay = A¢, and such that

Aspt = As+ Ajo by as., s,t>0, (27)

where a.s. without qualification means P,-a.s. for every x. By the continuity
of A, we may choose the exceptional null set to be independent of ¢. If it can
also be taken to be independent of s, then A is said to be perfect.

For a simple example, let f > 0 be a bounded, measurable function on
S, and consider the associated elementary CAF

At:/tf(Xs)ds, t>0. (28)
0

More generally, given any CAF A and a function f as above, we may define
anew CAF f-Aby (f-A) = [,, f(Xs)dAs, t > 0. A less trivial example is
given by the local time of X at a fixed point z, whenever it exists in either
sense discussed earlier.

For any CAF A and constant o« > 0, we may introduce the associated
a-potential

Ui(x) = E, /OOO e ™dA;, x €S,

and put U3 f = Uf 4. In the special case when 4; = ¢ A(, we shall often write
Ucf = USqf. Note in particular that U§ = U*f = R, f when A is given by
(28). If o = 0, we may omit the superscript and write U = U° and U, = U§.
The next result shows that a CAF is determined by its a-potential whenever
the latter is finite.
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Lemma 19.19 (uniqueness) Let A and B be CAFs of some Feller process
X such that U§ = Ug < oo for some a > 0. Then A= B a.s.

Proof: Define Af = [, e”**dA,, and conclude from (27) and the Markov
property at ¢ that, for any € S,

EL[A%|F] — AY = e E,[A% 0 0| F] = e “US(X,). (29)

Comparing with the same relation for B, it follows that A% — B® is a continu-
ous P,-martingale of finite variation, and so A* = B® a.s. P, by Proposition
15.2. Since x was arbitrary, we get A = B a.s. O

Given any CAF A of Brownian motion in R?, we may introduce the
associated Revuz measure v4, given for any measurable function g > 0 on R?
by vag = E(g - A)1, where E = [ E,dv. When A is given by (28), we get in
particular vag = (f, g), where (-,-) denotes the inner product in L*(R%). In
general, we need to prove that v, is o-finite.

Lemma 19.20 (o-finiteness) For any CAF A of Brownian motion in R?,
the associated Revuz measure vy is o-finite.

Proof: Fix any integrable function f > 0 on R, and define
9(x) = E, /OOO et f(X)dt, x e RY
Using Corollary 17.19, the additivity of A, and Fubini’s theorem, we get
Ulg(e) = E. [ ¥ etdA, By, / YA f(X,)ds
E, /O T etdA, /0 T s p (XL Vs
= B [T etaa [T e s
- B /0 T e A f (X, ds /O T etda,

— £ /Ooo e (1 — e 4) f(X,)ds < Ep /Oooe—Sf(Xs +x)ds.

Hence, by Fubini’s theorem

e tvag < /U},g(z)dm < /da:Eo /Oo e f(Xs+a)ds
0

= EO/Oooe*sds/f(Xs—&—a:)dxz/f(x)da: < 0.

The assertion now follows since g > 0. O

Now let p;(z) denote the transition density (2xt)~%2e~1#*/2 of Brownian
motion in R, and put u®(x) = [5° e *p(x)dt. For any measure p on R%, we
may introduce the associated a-potential U%n(z) = [u*(x — y)pu(dy). The
following result shows that the Revuz measure has the same potential as the
underlying CAF.
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Theorem 19.21 («a-potentials, Hunt, Revuz) Let A be a CAF of Brownian
motion in R with Revuz measure va. Then UG =Uy4 for every a > 0.

Proof: By monotone convergence we may assume that & > 0. By Lemma
19.20 we may choose some positive functions f, T 1 such that vy .41 =
vafn < 00 for each n, and by dominated convergence we have Uf , T U}
and U%vy,.4 1 U%,4. Thus, we may further assume that v4 is bounded. In
that case, clearly, U < oo a.e.

Now fix any bounded, continuous function f > 0 on R? and note that
by dominated convergence U®f is again bounded and continuous. Writing
h = n~! for an arbitrary n € N, we get by dominated convergence and the
additivity of A

n—oo

_ r1 _
vaUf =B | UF(X)dA, = lim BYS U F(Xj) Ay o .

Noting that the operator U® is self-adjoint and using the Markov property,
we may write the expression on the right as

>, BUf(Xj) Exy A = [ U f(2) o Auda = n{f, U E.Ay),

To estimate the function U*FE.Ay, on the right, it is enough to consider
arguments z such that U§(x) < oo. Using the Markov property of X and
the additivity of A, we get

U°EAy(z) = B, / e~ By, Apds = B, / e~ (Ap 0 0,)ds
0 0
- B / e (Ayip — A,)ds
Jo
h

(e —1)E, /

0

00 rh
e A ds — eahEI/ e Ayds. (30)
0
Integrating by parts gives
Ex/ e~ Ayds = oflEx/ e ™dA, = a7 US(2).
0 0

Thus, as n = h™! — oo, the first term on the right of (30) yields in the limit
the contribution (f, U%). The second term is negligible, since

<f7EAh> < EAh =hvyul — 0.
Hence,
(Utva, f) =vaU®f = (U3, ),
and since f is arbitrary, we obtain U§ = U%v4 a.e.
To extend this to an identity, fix any A~ > 0 and € R? Using the
additivity of A, the Markov property at h, the a.e. relation, Fubini’s theorem,
and the Chapman—Kolmogorov relation, we get
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o /we*anAs - & / a5 g4 o0,
h
= kK UA Xh) EanVA(Xh)
= [valay) B (X, — )

eh / va(dy) /hoo e~ “ps(z — y)ds.

The required relation U§(z) = U%v4(z) now follows by monotone conver-
gence as h — 0. O

It is now easy to show that a CAF is determined by its Revuz measure.

Corollary 19.22 (uniqueness) If A and B are CAFs of Brownian motion
in R with vy = vg, then A = B a.s.

Proof: By Lemma 19.20 we may assume that v4 is bounded, so that
Ug < oo aee. for all a > 0. Now v4 determines U4 by Theorem 19.21, and
from the proof of Lemma 19.19 we note that U determines A a.s. P, when-
ever U$(x) < oco. Since P, o X, ' < A\ for each h > 0, it follows that A o 6,
is a.s. unique, and it remains to let h — 0. O

We turn to the reverse problem of constructing a CAF associated with a
given potential. To motivate the following definition, we may take expected
values in (29) to get e T,UF < U$. A function f on S is said to be
uniformly a-excessive if it is bounded and measurable with 0 < e T} f < f
for all ¢ > 0 and such that [|T,f — f|| — 0 as t — 0, where || - || denotes the
supremum norm.

Theorem 19.23 (excessive functions and CAFs, Volkonsky) Let X be a
Feller process in S, and assume that f: S — Ry is uniformly a-excessive
for some a > 0. Then there exists an a.s. unique perfect CAF A of X with

Ug=f.

Proof: For any bounded, measurable function g on S, we get by Fubini’s
theorem and the Markov property of X

[e's) 2
/ e g(Xy)dt
0

. /0 T ety (X, ) dt / ~ah T, g(X,)dh
= B, [ egug(Xode = [ e gU g(adr
0

\U“gl\/ “Tgl(z)dt < [|Ug]| |U|g]]l (31)

1E,

2

= Ea:/ e g(X, dt/ e M g(Xyyn)dh

IN

Now introduce for each h > 0 the bounded, nonnegative functions
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gn = hil(f_eiahThf)v
h
fi = Usgn=ht [T fas,
0
and define

Ap(t) = (/Otgh(Xs)ds,
My(t) = A%(t) +e " fir(Xy).

As in (29), we note that the processes M), are martingales under P, for every
x. Using the continuity of the A,, we get by Proposition 6.16 and (31), for
any x € S and as h,k — 0,

E, (A} — AR)™ Ezsupieq, |Ma(t) — My(t)* + | fo — fill®

<
< B, |A5(00) — Ap(00)|* + [ fn — fill?
< Wfa = Fellllfo + fell + 1fo = fll> = 0.

Hence, there exists some continuous process A independent of z, such that
E.(Af — A%)*2 — 0 for every .

For a suitable sequence h, — 0 we have (A} — A%)* = 0 a.s. P, for all
x, and it follows easily that A is a.s. a perfect CAF. Taking limits in the re-
lation fy(z) = E;A%(c0), we may also note that f(z) = E,A%(c0) = US(x).
Thus, A has a-potential f. O

We will now use the last result to construct local times. Let us say that a
CAF A is supported by some set B C S if its set of increase is a.s. contained
in the closure of the set {¢ > 0; X, € B}. In particular, a nonzero and
perfect CAF supported by a singleton set {z} is called a local time at x.
This terminology is clearly consistent with our earlier definitions of local
time. Writing 7, = inf{t > 0; X; = x}, we say that x is regular (for itself)
if 7, = 0 a.s. P,. By Proposition 19.7 this holds iff P,-a.s. the random set
Z, = {t > 0; X; = 2} has no isolated points.

Theorem 19.24 (additive functional local time, Blumenthal and Getoor) A
Feller process in S has a local time L at some point a € S iff a is reqular. In
that case L is a.s. unique up to a normalization, and

Ul(z) =Uj(a)Ee ™ <00, z€S. (32)

Proof: Let L be a local time at a. Comparing with the renewal process
L', n € Zy, it is seen that sup, , E,(Lyyp — Li) < oo for every h > 0, which
implies U} (z) < oo for all x. By the strong Markov property at 7 = 7,, we
get for any = € S

Up(x) E, (L — L) = E,e (L., 00,)

= E,e "E, Ll =Uj(a)E.e™,
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proving (32). The uniqueness assertion now follows by Lemma 19.19.

To prove the existence of L, define f(x) = E,e™", and note that f is
bounded and measurable. Since 7 < t+ 706, we may further conclude from
the Markov property at ¢ that, for any x € .5,

[@) = B> B o0
= e 'E,Exe T =e "B f(X)) = e "1 f(2).

Noting that o; =t + 7 0 6; is nondecreasing and tends to 0 a.s. P, ast — 0
by the regularity of a, we further obtain

0 < fla)—e"Tuf(x)
E (e —e ) < Ey(e T —e 7mT)
= E,e"E(l—e )< E,(1—e")—0.

Thus, f is uniformly 1-excessive, and so by Theorem 19.23 there exists a
perfect CAF L with U} = f.
To see that L is supported by the singleton {a}, we may write

E (L., — L)) =E,e "E,L., = E,e "E,e ™ = FE,e " = E,LL.

Hence, L! =0 a.s., so L, = 0 a.s., and the Markov property yields L,, = L,
a.s. for all rational ¢. Hence, a.s., L has no point of increase outside the
closure of {t > 0; X; = a}. O

The next result shows that every CAF of one-dimensional Brownian mo-
tion is a unique mixture of local times. Recall that v4 denotes the Revuz
measure of the CAF A.

Theorem 19.25 (integral representation, Volkonsky, McKean and Tanaka)
Let X be a Brownian motion in R with local time L. Then a process A is a
CAF of X iff it has an a.s. representation

Ay = / Liv(dz), >0, (33)
for some Radon measure v on R. The latter is then unique and equals v4.

Proof: For any measure v we may define an associated process A as in
(33). If v is locally finite, it is clear from the continuity of L and by dominated
convergence that A is a.s. continuous, hence a CAF. In the opposite case, we
note that v is infinite in every neighborhood of some point ¢ € R. Under
P, and for any ¢ > 0, the process LY is further a.s. continuous and strictly
positive near x = a. Hence, A; = oo a.s. P,, and A fails to be a CAF.

Next, conclude from Fubini’s theorem and Theorem 19.5 that

EL = /(EyL'f)dy - EO/Lf*ydy ~1.
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Since L” is supported by {z}, we get for any CAF A as in (33)

E(f-A) =F [vldr) [ fx)d1z
/ F@)(de)ELE = vf,

vaf

which shows that v = v4.
Now consider an arbitrary CAF A. By Lemma 19.20 there exists some
function f > 0 with v4f < co. The process

B = [ Livpade) = [ Lif(@)va(dz), ¢ 20,

is then a CAF with vg = v4.4, and by Corollary 19.22 we get B = f - A a.s.
Thus, A= - B a.s., and (33) follows. O

Exercises

1. Show for any ¢ € (0,1) that Brownian local time Ly is a.s. Holder
continuous in x with exponent ¢, uniformly for bounded x and t.

2. Give a new proof of the relation 4 73 in Theorem 11.16, using
Corollary 19.3 and Lemma 11.15.

3. Give an explicit construction of the process X in Theorem 19.11, based
on the Poisson process £ and the constant c. (Hint: Use Theorem 19.13 to
construct the time scale.)



Chapter 20

One-Dimensional SDEs

and Diffusions

Weak existence and uniqueness; pathwise uniqueness and com-
parison; scale function and speed measure; time-change represen-
tation; boundary classification; entrance boundaries and Feller
properties; ratio ergodic theorem; recurrence and ergodicity

By a diffusion is usually understood a continuous strong Markov process,
sometimes required to possess additional regularity properties. The basic
example of a diffusion process is Brownian motion, which was first introduced
and studied in Chapter 11. More general diffusions, first encountered in
Chapter 17, were studied extensively in Chapter 18 as solutions to suitable
stochastic differential equations (SDEs). This chapter focuses on the one-
dimensional case, which allows a more detailed analysis. Martingale methods
are used throughout the chapter, and we make essential use of results on
random time-change from Chapters 15 and 16, as well as on local time,
excursions, and additive functionals from Chapter 19.

After considering the Engelbert—Schmidt characterization of weak exis-
tence and uniqueness for the equation dX; = o(X;)dB;, we turn to a dis-
cussion of various pathwise uniqueness and comparison results for the cor-
responding equation with drift. Next we proceed to a systematic study of
regular diffusions, introduce the notions of scale function and speed measure,
and prove the basic representation of a diffusion on a natural scale as a time-
changed Brownian motion. Finally, we characterize the different types of
boundary behavior, establish the Feller properties for a suitable extension of
the process, and examine the recurrence and ergodic properties in the various
cases.

To begin with the SDE approach, consider the general one-dimensional
diffusion equation (o,b), given by

dX, = o(X,)dB, + b(X,)dL. (1)

From Theorem 18.11 we know that if weak existence and uniqueness in law
hold for (1), then the solution process X is a continuous strong Markov
process. It is clearly also a semimartingale.

In Proposition 18.12 we saw how the drift term can sometimes be elimi-
nated through a suitable change of the underlying probability measure. Un-
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der suitable regularity conditions on the coefficients, we may use the alter-
native approach of transforming the state space. Let us then assume that X
solves (1), and put Y; = p(X;), where p € C' has an absolutely continuous
derivative p’ with density p”. By the generalized It6 formula of Theorem
19.5, we have

dY,

P(X)dX; + 3p" (X4)d[X];
= (0p)(Xe)dB; + (10°p" + bp')(X,)dt.

Here the drift term vanishes iff p solves the ordinary differential equation
1o +bp' = 0. (2)

If b/o? is locally integrable, then (2) has the explicit solutions

P (z) = c exp {—2/(]m(ba’2)(u)du} , z€E€R,

where ¢ is an arbitrary constant. The desired scale function p is then de-
termined up to an affine transformation, and for ¢ > 0 it is strictly increas-
ing with a unique inverse p~!. The mapping by p reduces (1) to the form
dY; = 6(Y;)dB;, where 6 = (op') op~!. Since the new equation is equivalent,
it is clear that weak or strong existence or uniqueness hold simultaneously
for the two equations.
Assuming that the drift has been removed, we are left with an equation
of the form
dX, = o(X;)dB;. (3)

Here exact criteria for weak existence and uniqueness may be given in terms
of the singularity sets

Sy = {a: € R; /i+ o (y)dy = oo} )
N, = {z€R;o(z)=0}.

Theorem 20.1 (ezistence and uniqueness, Engelbert and Schmidt) Weak
existence holds for equation (3) with arbitrary initial distribution iff S, C N,.
In that case uniqueness in law holds for every initial distribution iff S, = N, .

Our proof begins with a lemma, which will also be useful later. Given
any measure v on R, we may introduce the associated singularity set

S, ={r e R; v(z—,z+) = oo}

If B is a one-dimensional Brownian motion with associated local time L, we
may also introduce the additive functional

A, = /Liu(dm), $>0, (4)
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Lemma 20.2 (singularity set) Let L be the local time of Brownian motion
B with arbitrary initial distribution, and let A be given by (4) in terms of
some measure v on R. Then a.s.

inf{s > 0; A, = 0o} = inf{s > 0; B, € S, }.

Proof: Fix any ¢t > 0, and let R be the event where B, ¢ S, on [0,¢].
Noting that L¥ = 0 a.s. for = outside the range B[0,t], we get a.s. on R

A= [T Linld) < w(B0.1) sup, L < o0

since B(0,t] is compact and LY is a.s. continuous, hence bounded.
Conversely, suppose that B, € S, for some s < t. To show that A, = oo
a.s. on this event, we may reduce by means the strong Markov property to
the case when By = a is nonrandom in S,. But then L{ > 0 a.s. by Tanaka’s
formula, and so by the continuity of L we get for small enough € > 0

A= /Oo Liv(dz) > v(a —e,a+¢) inf L§ = occ. O

|z—al<e

Proof of Theorem 20.1: First assume that S, C IV,. To prove the asserted
weak existence, let Y be a Brownian motion with arbitrary initial distribu-
tion u, and define ¢ = inf{s > 0; Y, € S,}. By Lemma 20.2 the additive

functional s
A, = / o2V )dr, s> 0, (5)
0

is continuous and strictly increasing on [0, ¢), and for ¢ > ¢ we have A; = oco.
Also note that A. = oo when ( = oo, whereas A may be finite when ¢ < oo.
In the latter case A jumps from A¢ to oo at time .

Now introduce the inverse

7, = inf{s > 0; A, > ¢}, t>0. (6)

The process 7 is clearly continuous and strictly increasing on [0, A¢], and
for t > A, we have 7, = (. Also note that X, = Y7, is a continuous local
martingale and, moreover,

Tt t
t=A, = / o 2(Y,)dr = / o (X )dr, t< A
0 0

Hence, for t < A¢
¢
(X] =7 = / o?(X,)ds. (7)
0

Here both sides remain constant after time A, since S, C N,, and so (7)
remains true for all ¢ > 0. Hence, Theorem 16.12 yields the existence of a
Brownian motion B satisfying (3), which means that X is a weak solution
with initial distribution p.
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To prove the converse implication, assume that weak existence holds for
any initial distribution. To show that S, C N,, we may fix any x € S, and
choose a solution X with Xy = x. Since X is a continuous local martingale,
Theorem 16.4 yields X; = Y, for some Brownian motion Y starting at  and
some random time-change 7 satisfying (7). For A as in (5) and for ¢ > 0 we
have

A, = /0 o (Y, )dr = /(:a’Q(Xs)dTS - /Ot 1o(X,) > 0kds <t. (8)
Since A; = oo for s > 0 by Lemma 20.2, we get » = 0 a.s., so X; = = a.s.,
and by (7) z € N,.

Turning to the uniqueness assertion, assume that N, C S,, and consider a
solution X with initial distribution u. As before, we may write X; = Y, a.s.,
where Y is a Brownian motion with initial distribution p and 7 is a random
time-change satisfying (7). Define A as in (5), put x = inf{t > 0; X; € S, },
and note that 7, = ( = inf{s > 0; Y, € S,}. Since N, C S,, we get as in (8)

A= [To R Vas =1, t<x.
0

Furthermore, Ay = oo for s > ¢ by Lemma 20.2, and so (8) implies 7; < ¢
a.s. for all ¢, which means that 7 remains constant after time y. Thus, 7 and
A are related by (6), so 7 and then also X are measurable functions of Y.
Since the distribution of Y depends only on 4, the same thing is true for X,
which proves the asserted uniqueness in law.

To prove the converse, assume that S, is a proper subset of N,, and
fix any © € N, \ S,. As before, we may construct a solution starting at x
by writing X; = Y,,, where Y is a Brownian motion starting at z, and 7
is defined as in (6) from the process A in (5). Since z ¢ S,, Lemma 20.2
gives Apy < 00 a.s., and so 1, > 0 a.s. for ¢ > 0, which shows that X is a.s.
nonconstant. Since x € N,, (3) has also the trivial solution X; = x. Thus,
uniqueness in law fails for solutions starting at x. O

Proceeding with a study of pathwise uniqueness, we return to equation
(1), and let w(o, ) denote the modulus of continuity of o.

Theorem 20.3 (pathwise uniqueness, Skorohod, Yamada and Watanabe)
Let 0 and b be bounded, measurable functions on R satisfying

/Oa(w(a, R))2dh = 0o, &> 0, 9)

and such that b is Lipschitz-continuous or o # 0. Then pathwise uniqueness
holds for equation (o,b).

The significance of condition (9) is clarified by the following lemma, where
we are writing L7(Y") for the local time of the semimartingale Y.
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Lemma 20.4 (local time) Assume that o satisfies (9), and for i = 1,2 let
X' solve equation (0,b;). Then L°(X! — X?) =0 a.s.

Proof: Write Y = X' — X% L¥ = L#(Y), and w(x) = w(o,|z|). Using
(1) and Theorem 19.5, we get for any t > 0

[5 =L h e s

By (1) and the right-continuity of L it follows that L? = 0 a.s. 0

Proof of Theorem 20.3 for o # 0: By Propositions 18.12 and 18.13 com-
bined with a simple localization argument, we note that uniqueness in law
holds for equation (o,b) when o # 0. To prove the pathwise uniqueness,
consider any two solutions X and Y with X, = Yj a.s. By Tanaka’s formula,
Lemma 20.4, and equation (o,b) we get

dX; VYY) = dX,+d(Y; — X;)*
= dXi+ 1{Y: > X, }d(Y: — Xy)
= WY, < Xi}dX; + 1{Y; > X, }dY;
= o(X;VY)dB: + b(X; VY,)dt,
which shows that X VY is again a solution. By the uniqueness in law we get

XZLXxv Y, and since X < X VY, it follows that X = X VY a.s., which
implies Y < X a.s. Similarly, X <Y a.s. O

The assertion for Lipschitz-continuous b is a special case of the following
comparison result.

Theorem 20.5 (comparison, Skorohod, Yamada) Let o satisfy (9), and fix
two functions by > by, at least one of which is Lipschitz-continuous. For
i =1,2 let X' solve equation (o,b;), and assume that X} > X2 a.s. Then
X' > X? qg.s.

Proof: By symmetry we may assume that b; is Lipschitz-continuous.
Since X2 < X a.s., we get by Tanaka’s formula and Lemma 20.4

(- Xt =[x X0 (o(XP) — o(X)) B,

+/0t XD > X0} (0a(X2) = ba (X)) ) ds.

Using the martingale property of the first term, the Lipschitz continuity of
b1, and the condition by < by, it follows that

B(X2— Xt < E/Otl{Xf>X51}(b1(Xf)—b1(Xsl)) ds

IN

t
E/ X2 > X1} [X2 - X ds
0

t
/ E(X2 — X1Y*ds.
0



376 Foundations of Modern Probability

By Gronwall’s lemma F(X? — X})™ = 0, and hence X? < X/ a.s. ]

Under stronger assumptions on the coefficients, we may strengthen the
conclusion to a strict inequality.

Theorem 20.6 (strict comparison) Let o be Lipschitz-continuous, and fix
two continuous functions by > by. For i = 1,2 let X' solve equation (o,b;),
and assume that X > X2 a.s. Then X' > X? on (0,00) a.s.

Proof: Since the b; are continuous with b; > b, there exists a locally
Lipschitz-continuous function b on R with b; > b > by, and by Theorem 18.3
equation (o, b) has a solution X with Xy = X} > X¢ a.s. It suffices to show
that X! > X > X? a.s. on (0,00), which reduces the discussion to the case
when one of the functions b; is locally Lipschitz. By symmetry we may take
that function to be b;.

By the Lipschitz continuity of o and by, we may introduce the continuous
semimartingales

U= [ (n(X2) = ba(x2)) ds,

to(X;) —o(X?) L0 (X)) — bi(X2)
Vt:/o XI— X2 dBﬁ/o Xi—x2

S

with 0/0 interpreted as 0, and write
d(X} — X}) = dU, + (X} — X})dV,.
Letting Z = exp(V — 4[V]) > 0, we get by Proposition 18.2

"
X! = X2=Z,(X} - X))+ Z / 77 (b1 (X2) — ba(X?)) ds.
0
The assertion now follows since X} > X2 a.s. and by > by. |

We turn to a systematic study of one-dimensional diffusions. By a diffu-
ston on some interval I C R we mean a continuous strong Markov process
taking values in /. Termination will only be allowed at open end-points
of I. We define 7, = inf{t > 0; X; = y} and say that X is regular if
P {r, < oo} >0forany x € I° and y € I. Let us further write 7,, = 7, A 7.

Our first aim is to transform the general diffusion process into a contin-
uous local martingale, using a suitable change of scale. This corresponds to
the removal of drift in the SDE (1).

Theorem 20.7 (scale function, Feller, Dynkin) Given any regular diffusion
X on I, there exists a continuous and strictly increasing function p: I — R
such that p(X™ab) is a Py-martingale for any a < x < b in I. Furthermore,
an increasing function p has the stated property iff

Pz — Pa

P.’L‘{Tb < Ta} = )
Po — Pa

x € [a,b]. (10)
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A function p with the stated property is called a scale function for X, and
X is said to be on a natural scale if the scale function can be chosen to be
linear. In general, we note that ¥ = p(X) is a regular diffusion on a natural
scale.

We begin our proof with a study of the functions

pa,b(x) = Pz{Tb < Ta}7 ha,b(x) = EzTa,ba a S x S ba
which play a basic role in the subsequent analysis.

Lemma 20.8 (hitting times) Consider a reqular diffusion on I, and fix any
a<binl. Then

(1) pap is continuous and strictly increasing on [a, b];

(ii) hgp is bounded on [a,b].

In particular, it is seen from (ii) that 7,5, < oo a.s. under P, for any
a<xz<bh

Proof: (i) First we show that P,{m, < 7,} > 0 for any a < z < b.
Then introduce the optional time o; = 7, + 7, 0 §,, and define recursively
Ont+1 = On + 01 06, . By the strong Markov property the o, form a random
walk in [0, c0] under each P,. If P.{7, < 7,} =0, we get 7, > 0, — 00 a.s.
P,, and so P,{m, = oo} = 1, which contradicts the regularity of X.

Using the strong Markov property at 7,, we next obtain

PAn < 1.} = Po{ry < m}P{m <7}, a<z<y<b (11)
Since P,{7, < 7,} > 0, we have P,{7, < 7,} < 1, which shows that P,{r, <
T, } is strictly increasing.

By symmetry it remains to prove that P,{m, < 7,} is left-continuous on
(a,b]. By (11) it is equivalent to show for each x € (a,b) that the mapping
y — P.{r, < 7.} is left-continuous on (z,b]. Then let y, 1 y, and note that
7y, T Ty a.s. P, by the continuity of X. Hence, {7,, < 7,} | {7, < 7.}, which
implies convergence of the corresponding probabilities.

(i) Fix any ¢ € (a,b). By the regularity of X we may choose h > 0 so
large that
Pl <h}ANPAm, <h}=46>0.

If z € (a,c), we may use the strong Markov property at 7, to get
6 S Pc{Ta S h} S PC{TI S h}Pz{Ta S h} S Pz{Ta S h} S Pz{Ta,b S h}a

and similarly for « € (¢,b0). By the Markov property at kA and induction on
n we obtain

Px{Ta,b > nh} S (1 - (S)n, xr € [a,bL n e Z+,

and Lemma 2.4 yields

EzTa,b = /0 Pz{Ta,b > t}dt < hzn>0(1 - 6)71 < 0Q. O
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Proof of Theorem 20.7: Let p be a locally bounded and measurable func-
tion on I such that M = p(X™+) is a martingale under P, for any a < x < b.
Then

Pz = EJ:MO = EacMoc = wp(X‘ra,b)
= polu{ra <7} +ppPu{m < 7}
Pa + (pb _pa)Px{Tb < Ta}a

and (10) follows, provided that p, # py.
To construct a function p with the stated properties, fix any points u < v
in I, and define for arbitrary ¢ < uw and b > v in [

_ Pap(®) = Pap(u)

Pap(V) — pap(u)’ z € [a,8]. (12)

p(z)

To see that p is independent of a and b, consider any larger interval [a, b'] in
I, and conclude from the strong Markov property at 7, that, for z € [a, b],

Pm{Tb/ < Ta/} = Px{’fa < Tb}Pa{Tb/ < Ta/} + ch{Tb < Ta}Pb{Tb/ < Ta/},

or

Pty () = Pap(2) (Pary (D) — Py (@) + paryy (@)
Thus, pap and pyy agree on [a,b] up to an affine transformation and so give
rise to the same value in (12).

By Lemma 20.8 the constructed function is continuous and strictly in-
creasing, and it remains to show that p(X ™) is a martingale under P, for
any a < b in I. Since the martingale property is preserved by affine transfor-
mations, it is equivalent to show that p,,(X™*) is a P,-martingale. Then fix
any optional time o, and write 7 = o A 7,. By the strong Markov property
at 7 we get

Eupap(X;) = E.PxA{m<7.}= PO 7 < 7.}
Pm{Tb < Ta} = pa,b(‘r)v

and the desired martingale property follows by Lemma 6.13. O

To prepare for the next result, consider a Brownian motion B in R with
associated jointly continuous local time L. For any measure v on R, we may
introduce as in (4) the associated additive functional A = [ L*v(dx) and its
right-continuous inverse

oy =1inf{s > 0; A, >t}, ¢>0.

If v # 0, it is clear from the recurrence of B that A is a.s. unbounded, so
or < oo a.s. for all ¢, and we may define X; = B,,, t > 0. We shall refer to
o = (o) as the random time-change based on v and to the process X = Boo
as the correspondingly time-changed Brownian motion.
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Theorem 20.9 (speed measure and time-change, Feller, Volkonsky, Ito and
McKean) For any regular diffusion on a natural scale in I, there emists
a unique measure v on I with v[a,b] € (0,00) for all a < b in I° such
that X is a time-changed Brownian motion based on some extension of v to
I. Conwersely, any such time-change of Brownian motion defines a reqular
diffusion on I.

Here the extended measure v is called the speed measure of the diffusion.
Contrary to what the term might suggest, we note that the process moves
slowly through regions where v is large. The speed measure of Brownian
motion itself is clearly equal to Lebesgue measure. More generally, the speed
measure of a regular diffusion solving equation (3) has density o~2.

To prove the uniqueness of v we need the following lemma, which is also
useful for the subsequent classification of boundary behavior. Here we shall
write o, = inf{s > 0; Bs ¢ (a,b)}.

Lemma 20.10 (Green function) Let X be a time-changed Brownian motion
based on v, fix any measurable function f: I — Ry, andleta < b in I. Then

E, /OTa’b f(Xy)dt = /ab gan(T, ) f(y)v(dy), =z € [a,b], (13)

where

2@Ay—a)b—xzVy)
Jap(2,y) = B, LY =

b—a ’

x,y € |a,b]. (14)
If X s recurrent, the statement remains true with a = —oo or b = co.

Taking f =1 in (13), we get in particular the formula

b
haol@) = Eutos = | guslwy)vidy), € [a,b), (15)
which will be useful later.

Proof: Clearly, 7,5 = A(04p) for any a,b € I, and also for a = —o0 or
b = oo when X is recurrent. Since LY is supported by {y}, it follows by (4)
that

Ta,b Ta,b b
[ e = [ pBodac= [ )Ly, ).
Taking expectations gives (13) with g, p(z,y) = E, L} . To prove (14), we
note that by Tanaka’s formula and optional sampling

EL LY ns = Ee|Bo,yns =yl — |z —yl, s>0.

Ta,b/\S

If @ and b are finite, we may let s — oo and conclude by monotone and
dominated convergence that
y—a)b—z) (b-y)(zr—a)

b—a + b—a ~le =l

ga,b(*xa y) =
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which simplifies to (14). The result for infinite a or b follows immediately by
monotone convergence. O

The next lemma will enable us to construct the speed measure v from
the functions h,; in Lemma 20.8.

Lemma 20.11 (consistency) For any regular diffusion on a natural scale
in I, there exists a strictly concave function h on I° such that for any a < b
in I b
T—a —x
(b) —
b—a b—a

hop(x) = h(z) — h(a), x € [a,b)]. (16)

Proof: Fix any u < v in I, and define for any a < u and b > v in [

r—Uu vV—
hmb(v) —

v—1Uu v—1Uu

h(z) = hap(z) — hop(u), z € a,b]. (17)
To see that h is independent of a and b, consider any larger interval [a’,b'] in
I, and conclude from the strong Markov property at 7,, that, for = € [a, b],

EzTa’,b/ = EITu,b + Pz{Ta < Tb}EaTa',b’ + Pz{Tb < Ta}EbTa’,b/7

or
ha’,b’(x) = haﬁb(l’) + 2772 ha/7b/(a) + ‘zi Z ha/’b/(b). (18)
Thus, hgp and hy p agree on [a, b] up to an affine function and therefore yield
the same value in (17).

If a <wand b > v, then (17) shows that h and h,y agree on [a, b] up to
an affine function, and (16) follows since hgp(a) = hqp(b) = 0. The formula
extends by means of (18) to arbitrary a < b in 1. a

Since h is strictly concave, its left derivative b’ is strictly decreasing and
left-continuous, and so it determines a measure v on I° satisfying

2vja,b) = kb _(a) —h_(b), a<b in I°. (19)

For motivation, we note that this expression is consistent with (15).

The proof of Theorem 20.9 requires some understanding of the behavior
of X at the endpoints of I. If an endpoint b does not belong to I, then by
hypothesis the motion terminates when X reaches b. It is clearly equivalent
to attach b to I as an absorbing endpoint. For convenience we may then
assume that I is a compact interval of the form [a, b], where either endpoint
may be inaccessible, in the sense that a.s. it cannot be reached in finite time
from a point in I°.

For either endpoint b, the set Z, = {t > 0; X; = b} is regenerative under
P, in the sense of Chapter 19. In particular, it is seen from Lemma 19.8
that b is either absorbing in the sense that Z, = R, a.s. or reflecting in the
sense that Z; = () a.s. In the latter case, we say that the reflection is fast if
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AZy = 0 and slow if AZ, > 0. A more detailed discussion of the boundary
behavior will be given after the proof of the main theorem.

We shall first prove Theorem 20.9 in a special case. The general result
will then be deduced by a pathwise comparison.

Proof of Theorem 20.9 for absorbing endpoints (Méléard): Let X have
distribution P,, where x € I°, and put ¢ = inf{t > 0; X, # I°}. For any
a < bin I° with « € [a,b] the process X™* is a continuous martingale, so by
Theorem 19.5

WX = k(o) + [ WLOAX ~ [ Erudn), te 0.0, (20)

where L denotes the local time of X.

Next conclude from Theorem 16.4 that X = Bo[X] a.s. for some Brownian
motion B starting at x. Using Theorem 19.5 twice, we get in particular for
any nonnegative measurable function f

fyErde = [ pax], = [ p(B)ds = [ f@)Lig
J I J |

where L denotes the local time of B. Hence, if = Ly, as. for t < ¢, and
so the last term in (20) equals Ay, a.s.

For any optional time o, put 7 = o A 7,3, and conclude from the strong
Markov property that

Ez [T + ha,b(XT)} = Ex [T + EXTTa,b}
= E 1+ Tup00;] = ExTap = hap(z).

Writing M; = h(X;) + t, it follows by Lemma 6.13 that M™¢ is a P,-
martingale whenever x € [a,b] C I°. Comparing with (20) and using Propo-
sition 15.2, we obtain Ajxj, =t a.s. for all ¢ € [0,(). Since A is continuous
and strictly increasing on [0,¢) with inverse o, it follows that [X], = o, a.s.
for t < ¢. The last relation extends to [(, 00), provided that v is given infinite
mass at each endpoint. Then X = Boo a.s. on Ry.

Conversely, it is easily seen that Boo is a regular diffusion on I whenever
o is a random time-change based on some measure v with the stated proper-
ties. To prove the uniqueness of v, fix any a < x < b in I° and apply Lemma
20.10 with f(y) = (gas(z,y))" to see that v(a,b) is determined by P,. O

—-

Proof of Theorem 20.9, general case: Define v on I° as in (19), and extend
the definition to I by giving infinite mass to absorbing endpoints. To every
reflecting endpoint we attach a finite mass, to be specified later. Given a
Brownian motion B, we note as before that the correspondingly time-changed
process X = Bo o is a regular diffusion on I. Letting ¢ = sup{t; X; € I°}
and ¢ = sup{t; X, € I°}, it is further seen from the previous case that X¢
and X¢ have the same distribution for any starting position x € I°.
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Now fix any a < b in I°, and define recursively

X1 =C+ Tapo b Xn+1 = Xn+Xx100y,, neN.

The processes Y,** = X¢ 06, then form a Markov chain in the path space.
A smnlar construction for X ylelds some processes Y‘”’, and we note that

(Yo b) £ (V@) for fixed a and b. Since the processes Y,V for any smaller
interval [@/, b'] can be measurably recovered from those for [a, b] and similarly
for YV it follows that the whole collections (Y%*) and (Y,**) have the same
distribution. By Theorem 5.10 we may then assume that the two families
agree a.s.

Now assume that I = [a,b], where a is reflecting. From the properties
of Brownian motion we note that the level sets Z, and Z, for X and X
are a.s. perfect. Thus, we may introduce the corresponding excursion point
processes ¢ and §, local times L and L, and inverse local times T and T.
Since the excursions within [a, b) agree a.s. for X and X, it is clear from the
law of large numbers that we may normalize the excursion laws for the two
processes such that the corresponding parts of £ and 5 agree a.s. Then even
T and T agree, possibly apart from the lengths of excursions that reach b
and the drift coefficient ¢ in Theorem 19.13. For X the latter is proportional
to the mass v{a}, which may now be chosen such that ¢ becomes the same
as for X. Note that this choice of v{a} is independent of starting position x
for the processes X and X.

If the other endpoint b is absorbing, then clearly X = X a.s., and the
proof is complete. If b is instead reflecting, then the excursions from b agree
a.s. for X and X. Repeating the previous argument with the roles of a and
b interchanged, we get X = X a.s. after a suitable adjustment of the mass

v{b}. O

We proceed to classify the boundary behavior of a regular diffusion on a
natural scale in terms of the speed measure v. A right endpoint b is called
an entrance boundary for X if b is inaccessible and yet

lim inf P {7, <r}>0, zel° (21)

T—00 Y>x

By the Markov property at times nr, n € N, the limit in (21) then equals
1. In particular, P,{7, < oo} =1 for all z < y in I°. As we shall see in
Theorem 20.13, an entrance boundary is an endpoint where X may enter but
not exit.

The opposite situation occurs at an exit boundary, which is defined as
an endpoint b that is accessible and yet naturally absorbing, in the sense
that it remains absorbing when the value of v{b} is changed to zero. If
b is accessible but not naturally absorbing, we have already seen how the
boundary behavior of X depends on the value of v{b}. Thus, b in this case
is absorbing when v{b} = oo, slowly reflecting when v{b} € (0, 00), and fast
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reflecting when v{b} = 0. For reflecting b it is further clear from Theorem
20.9 that the set Z, = {t > 0; X; = b} is a.s. perfect.

Theorem 20.12 (boundary behavior, Feller) Let v be the speed measure of
a reqular diffusion on a natural scale in some interval I = [a,b], and fix any
u € I°. Then

(i) b is accessible iff it is finite with [*(b — z)v(dz) < co;
(ii) b is accessible and reflecting iff it is finite with v(u,b] < co;
(i) b is an entrance boundary iff it is infinite with [° zv(dz) < co.

The stated conditions may be translated into corresponding criteria for
arbitrary regular diffusions. In the general case it is clear that exit and other
accessible boundaries may be infinite, whereas entrance boundaries may be
finite. Explosion is said to occur when X reaches an infinite boundary point
in finite time. An interesting example of a regular diffusion on (0, c0) with 0
as an entrance boundary is given by the Bessel process X; = |B;|, where B
is a Brownian motion in R? with d > 2.

Proof of Theorem 20.12: (i) Since limsup,(£B;s) = oo a.s., Theorem
20.9 shows that X cannot explode, so any accessible endpoint is finite. Now
assume that a < ¢ < u < b < co. Then Lemma 20.8 shows that b is accessible
iff hep(u) < oo, which by (15) is equivalent to [(b — z)v(dz) < oo.

(i) In this case b < oo by (i), and then Lemma 20.2 shows that b is
absorbing iff v(u, b] = cc.

(iii) An entrance boundary b is inaccessible by definition, so if a < u < b,
we have 7, = 7,4 a.s. Arguing as in the proof of Lemma 20.8, we also note
that Fy,7, is bounded for y > u. If b < oo, we obtain the contradiction
EyT, = hyp(y) = 00, so b must be infinite. From (15) we get by monotone
convergence as yy — 00

Ey 7ty = hyooly) = 2/Oo(x ANy —uwv(dx) — 2/00(:10 —u)v(dx),
which is finite iff [ zv(dz) < oco. 0

We proceed to establish an important regularity property, which also
clarifies the nature of entrance boundaries.

Theorem 20.13 (entrance laws and Feller properties) Consider a regular
diffusion on some interval I, and form I by attaching the possible entrance
boundaries to I. Then the original diffusion can be extended to a continuous
Feller process on I.

Proof: For any f € Cy, a,x € I, and r;t > 0, we get by the strong
Markov property at 7, A r
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Eaf(X'rm/\H—t) = Eaﬂf(XTx/\,,)
= Tif(@)Pu{re <} + BT (X e > 7). (22)

To show that T, f is left-continuous at some y € I, fix any a < y in I° and
choose r > 0 so large that P,{7, < r} > 0. As z 1 y, we have 7, T 7, and
hence {7, <r} | {7, <r}. Thus, the probabilities and expectations in (22)
converge to the corresponding expressions for 7, and we get T, f (z) — T} f(y).
The proof of the right-continuity is similar.

If an endpoint b is inaccessible but not of entrance type, and if f(z) — 0
as v — b, then clearly even T; f(x) — 0 at b for each ¢ > 0. Now assume that
oo is an entrance boundary, and consider a function f with a finite limit at
0o. We need to show that even T; f(x) converges as  — oo for fixed ¢. Then
conclude from Lemma 20.10 that as a — oo,

sup F,7, = 2sup Oo(x AT —a)v(dr) = 2/:0(7’ —a)v(dr) — 0. (23)

r>a z>a Ja

Next we note that, for any a < x < y and r > 0,

Py{TGST} S Py{TxST7Ta_TxST}
= Py{Tx < T}Pz{Ta < T} < Px{Ta < ’I"}.

Thus P, o 7, ! converges vaguely as # — oo for fixed a, and in view of (23)
the convergence holds even in the weak sense.

Now fix any ¢ and f, and introduce for each a the continuous function
9a(s) = Eof(X(—s). ). By the strong Markov property at 7, At and Theorem
5.4 we get for any =,y > a

Tif (2) = Tof (Y)| < [Erga(7a) = Eyga(ra)| + 2| fI1(Pe + Fy){7a > t}.

Here the right-hand side tends to zero as z,y — oo and then a — oo,
because of (23) and the weak convergence of P o7, !. Thus, T} f(z) is Cauchy
convergent as © — 0o, and we may denote the limit by T f(o0).

It is now easy to check that the extended operators T; form a Feller semi-
group on Cy(I). Finally, it is clear from Theorem 17.15 that the associated
process starting at a possible entrance boundary again has a continuous ver-
sion, in the topology of I. o

We proceed to establish a ratio ergodic theorem for elementary additive
functionals of a recurrent diffusion.

Theorem 20.14 (ratio ergodic theorem, Derman, Motoo and Watanabe) Let
X be a regular, recurrent diffusion on a natural scale and with speed measure
v, and fix two measurable functions f,g: I — R, with vf < co and vg > 0.

Then
fof(X)ds _vf

li = .8 Py, el
e fg 9(Xs)ds vg s .
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Proof: Fix any a < bin I, put 72 = 7, + 7, 0 0,,, and define recursively
the optional times oq, 01, ... by

b
Ont1 =0n+7,00,,, n>0,

starting with og = 7,. Write

/Ognf(Xs)ds:/o ds+2/ak 1 (24)

and note that the terms of the last sum are i.i.d. By the strong Markov
property and Lemma 20.10, we get for any z € 1

E [ p(X)ds = E/ FIX ds+Eb/ F(X

[ £ 9-0(3: @) + gue y.D)}(dy)

2/f {b—yVa), +(yAb—a) u(dy)
= 2b—apf.

From the same lemma it is further seen that the first term in (24) is a.s.
finite. Hence, by the law of large numbers

lim n~ / f(Xs)ds=2(b—a)vf as. P, z€l.

n—oo

Writing x; = sup{n > 0; o,, < t}, we get by monotone interpolation
t
tle H;l/ f(Xs)ds=2(b—a)vf as. P, xz€l. (25)
o0 0

This remains true when v f = oo, since we may then apply (25) to some ap-
proximating functions f, 1 f with vf, < oo and let n — oo. The assertion
now follows as we apply (25) to both f and g. O

We may finally describe the asymptotic behavior of the process, depend-
ing on the boundedness of the speed measure v and the nature of the end-
points. It is then convenient first to apply an affine mapping that transforms
I° into one of the intervals (0,1), (0, 00), and (oo, 00). Since finite endpoints
may be either inaccessible, absorbing, or reflecting (represented below by
the brackets (, [, and [[, respectively), we need to distinguish between ten
different cases.

A diffusion will be called v-ergodic if it is recurrent and such that P, o
X' % v/ul for all 2. Furthermore, a recurrent diffusion is said to be
null-recurrent or positive recurrent, depending on whether | X/| £ 50 or not.
Recall that absorption is said to occur at an endpoint b if X; = b for all
sufficiently large t.
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Theorem 20.15 (recurrence and ergodicity, Feller, Maruyama and Tanaka)
A regular diffusion on a natural scale and with speed measure v has the
following ergodic behavior, depending on starting position x and the nature
of the boundaries:

(—00,00): v-ergodic if v is bounded, otherwise null-recurrent;

(0,00): converges to 0 a.s.;

[0,00): absorbed at 0 a.s.;

[[0,00): v-ergodic if v is bounded, otherwise null-recurrent;

(0,1): converges to 0 or 1 with probabilities 1 — x and x, respectively;

[0,1): absorbed at O or converges to 1 with probabilities 1 — x and x,

respectively;

0,1]: absorbed at 0 or 1 with probabilities 1 — x and x, respectively;
0,1): converges to 1 a.s.;
0,1]: absorbed at 1 a.s.;
0,1]]: v-ergodic.

[
[
[
I

We begin our proof with the relatively elementary recurrence properties,
which distinguish between the possibilities of absorption, convergence, and
recurrence.

Proof of recurrence properties:
[0,1]: Relation (10) yields P{7p < 00} =1 —z and P,{m < oo} = z.
[0,00): By (10) we have for any b > «

P.T{TO < OO} Z P.T{TO < Tb} = (b - .Z')/b7

which tends to 1 as b — oo.
(—00,00): The recurrence follows from the previous case.

[[0,00): Since 0 is reflecting, we have Po{r, < oo} > 0 for some y > 0.
By the strong Markov property and the regularity of X, this extends to
arbitrary y. Arguing as in the proof of Lemma 20.8, we may conclude that
Po{ry < oo} =1 for all y > 0. The asserted recurrence now follows, as we
combine with the statement for [0, 00).

(0,00): In this case X = B o [X] a.s. for some Brownian motion B.
Since X > 0, we have [X], < oo a.s., and therefore X converges a.s. Now
P {1,p < 00} =1forany 0 < a <y < b, so applying the Markov property at
an arbitrary time ¢ > 0, we get a.s. either liminf; X; < a or limsup, X; > b.
Since a and b are arbitrary, it follows that X, is an endpoint of (0, c0) and
hence equals 0.

(0,1): Arguing as in the previous case, we get a.s. convergence to either
0 or 1. To find the corresponding probabilities, we conclude from (10) that

P{re <0} > P At <} = b-w

, O<a<z<b<l.
b—a
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Letting b — 1 and then a — 0, we obtain P,{X, =0} > 1 — x. Similarly,
P.{X. =1} > z, and so equality holds in both relations.

[0,1): Again X converges to either 0 or 1 with probabilities 1 — z and z,
respectively. Furthermore, we note that

PArn<oo} >Pino<m}=(b—-2)/b 0<z<b<l,
which tends to 1 —z as b — 1. Thus, X gets absorbed when it approaches 0.
[[0,1]]: Arguing as in the previous case, we get Po{my < oo} =1, and by
symmetry we also have P {1y < oo} = 1.
[[0,1]: Again we get Py{m1 < oo} =1, so the same relation holds for P,.
[[0,1): As before, we get Po{m, < oo} =1 for all b € (0,1). By the strong
Markov property at 7, and the result for [0, 1) it follows that Py{X; — 1} > b.

Letting b — 1, we obtain X; — 1 a.s. under F,y. The result for P, now follows
by the strong Markov property at 7., applied under F. O

We shall prove the ergodic properties along the lines of Theorem 7.18,
which requires some additional lemmas.

Lemma 20.16 (coupling) If X and Y are independent Feller processes,
then the pair (X,Y) is again Feller.

Proof: Use Theorem 3.29 and Lemma 17.3. a

The next result is a continuous-time counterpart of Lemma 7.20.

Lemma 20.17 (strong ergodicity) For a regular, recurrent diffusion and for
arbitrary initial distributions py and po, we have

}H&”Pmoet_l_Puzoet_l||:O~

Proof: Let X and Y be independent with distributions P,, and P,,,
respectively. By Theorem 20.13 and Lemma 20.16 the pair (X,Y") can be
extended to a Feller diffusion, so by Theorem 17.17 it is again strong Markov
with respect to the induced filtration G. Define 7 = inf{t > 0; X, = Y},
and note that 7 is G-optional by Lemma 6.6. The assertion now follows as
in case of Lemma 7.20, provided we can show that 7 < co a.s.

To see this, assume first that I = R. The processes X and Y are then
continuous local martingales. By independence they remain local martingales
for the extended filtration G, and so even X — Y is a local G-martingale.
Using the independence and recurrence of X and Y, we get [X — Y], =
[X]oo + [Y]eo = o0 a.s., which shows that even X — Y is recurrent. In
particular, 7 < oo a.s.

Next let I = [[0,00) or [[0,1]], and define 71 = inf{¢t > 0; X;, = 0} and
7o = inf{¢t > 0; ¥; = 0}. By the continuity and recurrence of X and Y, we
get 7 <71 V1 <00 a.s. O

Our next result is similar to the discrete-time version in Lemma 7.21.
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Lemma 20.18 (existence) Any regular, positive recurrent diffusion has an
invariant distribution.

Proof: By Theorem 20.13 we may regard the transition kernels p, with
associated operators T} as defined on I, the interval I with possible entrance
boundaries adjoined. Since X is not null recurrent, we may choose a bounded
Borel set B and some zq € I and t,, — oo such that inf,, y, (zo, B) > 0. By
Theorem 4.19 there exists some measure g on I with pul > 0 such that
pe,, (To,-) — p along a subsequence, in the topology of I. The convergence
extends by Lemma 20.17 to arbitrary = € I, and so

T, f(x) > pf, f€C), vel (26)

Now fix any h > 0 and f € Cy(I), and note that even T, f € Co(I) by
Theorem 20.13. Using (26), the semigroup property, and dominated conver-
gence, we get for any x € [

T f) < Th,(Tnf)(x) = Th(Ty, f)(z) — pf.

Thus, ppy = p for all h, which means that p is invariant on I. In particular,
w(I'\ I) = 0 by the nature of entrance boundaries, and so the normalized
measure ;/pl is an invariant distribution on I. a

Our final lemma provides the crucial connection between speed measure
and invariant distributions.

Lemma 20.19 (positive recurrence) For a reqular, recurrent diffusion on a
natural scale and with speed measure v, these conditions are equivalent:
(i) vI < oo;
(ii) the process is positive recurrent;
(iil) an invariant distribution ezists.

In that case, p = v /v is the unique invariant distribution.

Proof: If the process is null recurrent, then clearly no invariant distribu-
tion exists, and the converse is also true by Lemma 20.18. Thus, (ii) and
(iii) are equivalent. Now fix any bounded, measurable function f: I — R,
with bounded support. By Theorem 20.14, Fubini’s theorem, and dominated
convergence, we have for any distribution x4 on I

fl/o E,f(X,)ds = E, t*l/o F(X)ds — %

If p is invariant, we get uf = vf/vil, and so vI < oo. If instead X is null
recurrent, then E,f(X,) — 0 as s — oo, and we get vf/vl = 0, which
implies vI = co. O
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End of proof of Theorem 20.15: It remains to consider the cases when [
is either (o0, 00), [[0,00), or [[0, 1]], since we have otherwise convergence or
absorption at some endpoint. In case of [[0, 1]] we note from Theorem 20.12
(ii) that v is bounded. In the remaining cases v may be unbounded, and
then X is null recurrent by Lemma 20.19. If v is bounded, then u = v/vI
is invariant by the same lemma, and the asserted r-ergodicity follows from
Lemma 20.17 with p; = p. O

Exercise
1. Derive from Theorem 20.14 a law of large numbers for a regular

recurrent diffusion with bounded speed measure v. Discuss extensions to
unbounded v.



Chapter 21

PDE-Connections
and Potential Theory

Backward equation and Feynman—Kac formula; uniqueness for
SDEs from existence for PDEs; harmonic functions and Dirich-
let’s problem; Green functions as occupation densities; sweeping
and equilibrium problems; dependence on conductor and domain,
time reversal; capacities and random sets

In Chapters 17 and 18 we saw how elliptic differential operators arise natu-
rally in probability theory as the generators of nice diffusion processes. This
fact is the ultimate cause of some profound connections between probability
theory and partial differential equations (PDEs). In particular, a suitable
extension of the operator 1A appears as the generator of Brownian motion
in RY, which leads to a close relationship between classical potential theory
and the theory of Brownian motion. More specifically, many basic problems
in potential theory can be solved by probabilistic methods, and, conversely,
various hitting distributions for Brownian motion can be given a potential
theoretic interpretation.

This chapter explores some of the mentioned connections. First we derive
the celebrated Feynman—Kac formula and show how existence of solutions to
a given Cauchy problem implies uniqueness of solutions to the associated
SDE. We then proceed with a probabilistic construction of Green functions
and potentials and solve the Dirichlet, sweeping, and equilibrium problems
of classical potential theory in terms of Brownian motion. Finally, we show
how Greenian capacities and alternating set functions can be represented in
a natural way in terms of random sets.

Some stochastic calculus from Chapters 15 and 18 is used at the begin-
ning of the chapter, and we also rely on the theory of Feller processes from
Chapter 17. As for Brownian motion, the present discussion is essentially
self-contained, apart from some elementary facts cited from Chapters 11 and
16. Occasionally we refer to Chapters 3 and 14 for some basic weak con-
vergence theory. Finally, the results at the end of the chapter require the
existence of Poisson processes from Proposition 10.4, as well as some basic
facts about the Fell topology listed in Theorem A2.5. Additional, though
essentially unrelated, results in probabilistic potential theory are given at
the ends of Chapters 19 and 22.

390
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To begin with the general PDE connections, we consider an arbitrary
Feller diffusion in R? with associated semigroup operators T, and generator
A. Recall from Theorem 17.6 that, for any f € dom(A), the function

u(t,x) = th(x) = Exf(Xt) t>0, 7€ Rd»

satisfies Kolmogorov’s backward equation u = Au, where @ = 0u/0t. Thus,
u provides a probabilistic solution to the Cauchy problem

U = Au, u(0,z) = f(x). (1)

Let us now add a potential term vu to (1), where v : R? — R, and
consider the more general problem

U= Au — vu, u(0,z) = f(x). (2)

Here the solution may be expressed in terms of the elementary multiplicative
functional eV, where

t
\4:/ o(X,)ds, t>0.
0

Let C'? denote the class of functions f: Ry x R? that are of class C! in
the time variable and of class C? in the space variables. Write C,(R?) and
Cyf (R?) for the classes of bounded, continuous functions from R? to R and
R, , respectively.

Theorem 21.1 (Cauchy problem, Feynman, Kac) Fiz any f € Cy(RY) and
v € CF (RY), and let A be the generator of a Feller diffusion in RY. Then
any bounded solution u € C'? to (2) is given by

u(t,z) = Ee ' f(X,), t>0, z€R% (3)
Conversely, (3) solves (2) whenever f € dom(A).

The expression in (3) has an interesting interpretation in terms of killing.
To see this, we may introduce an exponential random variable vl X with
mean 1, and define ¢ = inf{¢t > 0; V; > ~}. Letting X denote the process X
killed at time ¢, we may express the right-hand side of (3) as E,f(X;),
with the understanding that f(X;) = 0 when ¢ > ¢. In other words,
u(t,z) = T,f(x), where T} is the transition operator of the killed process.
It is easy to verify directly from (3) that the family (7}) is again a Feller
semigroup.

Proof of Theorem 21.1: Assume that u € C? is bounded and solves (2),
and define for fixed ¢t > 0

M, =eu(t —s,X,), sel0,t].
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Letting <~ denote equality apart from (the differential of ) a continuous local
martingale, it is clear from Lemma 17.21, It6’s formula, and (2) that for s < ¢

dM9 = eivs{du(t -5 Xe) - u(t -5, Xs)v(Xs)ds}
B eV {Au(t — s, X,) — it — s, X,) —u(t — s, Xo)v(X,)}ds = 0.

Thus, M is a continuous local martingale on [0,¢). Since M is further
bounded, the martingale property extends to ¢, and we get

u(t,z) = E,My = E,M; = E,u(0,X,) = E,e” " f(X,).

Next let u be given by (3), where f € dom(A). Integrating by parts and
using Lemma 17.21, we obtain

d{e” " f(X0)} = e Hdf (X0) — (0f)(Xo)dt} 2 eV (Af = vf)(X)dt.

Taking expectations and differentiating at ¢ = 0, we conclude that the gen-
erator of the semigroup T, f(z) = E,.f(X;) = u(t,z) equals A = A — v on
dom(A). Equation (2) now follows by the last assertion in Theorem 17.6. O

The converse part of Theorem 21.1 may often be improved in special cases.
In particular, if v =0 and A = 1A = 137,0?/0x7, so that X is a Brownian
motion and (2) reduces to the standard heat equation, then u(t,xz) = E, f(X;)
solves (2) for any bounded, continuous function f on R?%. To see this, we note
that u € C'2 on (0, 0c0) x R? because of the smoothness of the Brownian tran-
sition density. We may then obtain (2) by applying the backward equation
to the function T}, f(z) for a fixed h € (0,).

Let us now consider an SDE in R? of the form

dX] = o' (X)dB] + b'(X,)dt (4)
and introduce the associated elliptic operator
Av(z) = La" ()0 (x) + V' (z)vj(z), x€R? veC?

where a”/ = ofo]. The next result shows how uniqueness in law for solutions
to (4) may be inferred from the existence of solutions to the associated Cauchy
problem (1).

Theorem 21.2 (uniqueness, Stroock and Varadhan) If the Cauchy problem
in (1) has a bounded solution on [0,€] x R? for some e > 0 and every f €
Cs°(RY), then uniqueness in law holds for the SDE (4).

Proof: Fix any f € Cg° and t € (0,¢], and let u be a bounded solution to
(1) on [0,] x R%. If X solves (4), we note as before that M, = u(t — s, X,)
is a martingale on [0, ¢], and so

Ef(X;) = Eu(0, X,) = EM, = EM, = Eu(t, X,).
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Thus, the one-dimensional distributions of X on [0,¢] are uniquely deter-
mined by the initial distribution.

Now consider any two solutions X and Y with the same initial distribu-
tion. To prove that their finite-dimensional distributions agree, it is enough
to consider time sets 0 = t5 < t; < -+ < t,, where ¢, — tj_; < € for all
k. Assume that the distributions agree at ty,...,t,_1 = t, and fix any set
C =m;! . B with B € B". By Theorem 18.7, both Po X! and PoY !
solve the local martingale problem for (a,b). If P{X € C'} = P{Y € C} > 0,
it is seen as in case of Theorem 18.11 that the same property holds for the
conditional measures P[6;X € -|X € C] and P[0;Y € -|Y € C]. Since the
corresponding initial distributions agree by hypothesis, the one-dimensional
result yields the extension

P{XeC Xppne}=P{YeC Y€}, he(0¢.

In particular, the distributions agree at times %, ...,%,. The general result
now follows by induction. a

We may now specialize to the case when X is Brownian motion in R?. For
any closed set B C R?, we introduce the hitting time 75 = inf{t > 0; X, € B}
and associated hitting kernel

Hp(x,dy) = P,{t < 00, X,, € dy}, x€R%

For suitable functions f, we shall further write Hgf(x) = [ f(y)Hp(z, dy).
By a domain in R? we mean an open, connected subset D C RY. A
function w : D — R is said to be harmonic if it belongs to C?(D) and
satisfies the Laplace equation Au = 0. We further say that u has the mean-
value property if it is locally bounded and measurable, and such that for any
ball B C D with center z, the average of u over the boundary 9B equals u(x).
The following analytic result is crucial for the probabilistic developments.

Lemma 21.3 (harmonic functions, Gauss, Koebe) A function u on some
domain D C R? is harmonic iff it has the mean-value property, and then

u € C®(D).

Proof: First assume that u € C?(D), and fix a ball B C D with center z.
Writing 7 = mpp and noting that E,7 < oo, we get by It6’s formula

Eu(X,) — u(z) = LE, /0 " Au(X,)ds.

Here the first term on the left equals the average of u over 0B because of the
spherical symmetry of Brownian motion. If w is harmonic, then the right-
hand side vanishes, and the mean-value property follows. If instead u is not
harmonic, we may choose B such that Au # 0 on B. But then the right-hand
side is nonzero, and so the mean-value property fails.
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It remains to show that every function u with the mean-value property is
infinitely differentiable. Then fix any infinitely differentiable and spherically
symmetric probability density ¢, supported by a ball of radius € > 0 around
the origin. The mean-value property yields © = u * ¢ on the set where the
right-hand side is defined, and by dominated convergence the infinite differ-
entiability of ¢ carries over to u * ¢ = u. ]

Before proceeding to the potential theoretic developments, we need to
introduce a regularity condition on the domain D. Writing ( = (p = 7pc, we
note that P,{¢ = 0} = 0 or 1 for every € 9D by Corollary 17.18. When
this probability is 1, we say that z is reqular for D¢ or simply regular; if this
holds for every € 9D, then the boundary 0D is said to be regular and we
refer to D as a reqular domain.

Regularity is a fairly weak condition. In particular, any domain with a
smooth boundary is regular, and we shall see that even various edges and
corners are allowed, provided they are not too sharp and directed inward.
By a spherical cone in R? with vertez v and azis a # 0 we mean a set of the
form C' = {z; (z —v,a) > c|xr — v|}, where ¢ € (0, |a]].

Lemma 21.4 (cone condition, Zaremba) Fiz a domain D C R?, and let
x € 0D be such that CNG C D¢ for some some spherical cone C' with vertex
x and some neighborhood G of x. Then x is reqular for D°.

Proof: By compactness of the unit sphere in R%, we may cover R? by
C = ( and finitely many congruent cones Cj,...,C, with vertex z. By
rotational symmetry

1= Px{minkSnTCk = 0} < Zk<an{TCk = 0} = an{TC = O},

and so P,{rc = 0} > 0. Hence, Corollary 17.18 yields P{rc = 0} = 1, and
we get (p < 7ong =0 as. P,. O

Now fix a domain D C R? and a continuous function f: 9D — R. A
function u on D is said to solve the Dirichlet problem (D, f) if u is harmonic
on D and continuous on D with u = f on dD. The solution may be inter-
preted as the electrostatic potential in D when the potential on the boundary
is given by f.

Theorem 21.5 (Dirichlet problem, Kakutani, Doob) For any regular do-
main D C R and function f € Cy(0D), a solution to the Dirichlet problem
(D, f) is given by

uw(z) = E,[f(X¢p); Cp < o] = Hpef(x), x€D. (5)

This is the only bounded solution when (p < oo a.s., and if d > 3 and
I € Co(OD), it is the only solution in Co(D).
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Thus, Hpe agrees with the sweeping (balayage) kernel in Newtonian po-
tential theory, which determines the harmonic measure on 9D. The following
lemma clarifies the role of the regularity condition on 9D.

Lemma 21.6 (reqularity, Doob) A point b € 0D is reqular for D¢ iff, for
any f € Cy(9D), the function w in (5) satisfies u(z) — f(b) as D >z — b.

Proof: First assume that b is regular. For any ¢t > h > 0 and x € D, we
get by the Markov property

PAC>1t} < PfColy>t—h}=E,Px {C>t—h}

Here the right-hand side is continuous in z, by the continuity of the Gaussian
kernel and dominated convergence, so

limsup P.{¢ >t} < EyPx, {¢ >t —h} = P{(o6,>t—h}.
b

As h — 0, the probability on the right tends to P,{¢ > t} = 0, and so
P{¢ >t} — 0 as 2 — b, which means that P, o ("' % §y. Since also
P, = P, in C(R;,R?), Theorem 3.28 yields P, o (X,()™! = P,0(X,0)"!in
C(Ry,R%) x [0,c]. By the continuity of the mapping (z,t) — z; it follows
that P, o X;' = Pyo X;' = d;, and so u(x) — f(b) by the continuity of f.

Next assume the stated condition. If d = 1, then D is an interval, which
is obviously regular. Now assume that d > 2. By the Markov property we
get for any f € C,(0D)

u(b) = Ep[f(X¢); ¢ < ]+ Ey[u(Xy); ¢ > h], h>0.

As h — 0, it follows by dominated convergence that u(b) = f(b), and for
f(z) = et we get P{X: = b, ¢ < oo} = 1. Since a.s. X; # b for all
t > 0 by Theorem 16.6 (i), we may conclude that P,{( =0} =1, and so b is
regular. O

Proof of Theorem 21.5: Let u be given by (5), fix any closed ball in D
with center x and boundary S, and conclude by the strong Markov property
at 7 = 7¢ that

u(x) = Ex[f(XC)v (< OO] = E,FEx, [f(XC)7 (< OO] = Emu(X‘r>

This shows that u has the mean-value property, and so by Lemma 21.3 it
is harmonic. From Lemma 21.6 it is further seen that u is continuous on D
with u = f on dD. Thus, u solves the Dirichlet problem (D, f).

Now assume that d > 3 and f € Cy(9D). For any € > 0 we have

u(@)] < e+ [IFl PAF (X > &, ¢ <00} (6)

Since X is transient by Theorem 16.6 (ii) and the set {y € 9D; |f(y)| > ¢}
is bounded, the right-hand side of (6) tends to 0 as |z| — oo and then € — 0,
which shows that u € Cy(D).
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To prove the asserted uniqueness, it is clearly enough to assume f = 0
and show that any solution u with the stated properties is identically zero.
If d > 3 and u € Cy(D), then this is clear by Lemma 21.3, which shows that
harmonic functions can have no local maxima or minima. Next assume that
¢ < o0 a.s. and u € Cy(D). By Corollary 15.20 we have E,u(Xcn,) = u(x)
for any x € D and n € N, and as n — oo, we get by continuity and domi-
nated convergence u(z) = E,u(X.) = 0. |

To prepare for our probabilistic construction of the Green function in
a domain D C R? we need to study the transition densities of Brownian
motion killed on the boundary dD. Recall that ordinary Brownian motion
in R? has transition densities

pi(a,y) = (2mt) el w2 gy e RY > 0. (7)

By the strong Markov property and Theorem 5.4, we get for any t > 0,
x € D, and B C B(D),

PA{X,e B} =P{X, € B,t <(}+ E,[T,_¢15(X¢); t > (].
Thus, the killed process has transition densities

PP (xy) = pi(2,y) — Bulpi—c(Xe,y); t > (], x,yeD,t>0. (8)

The following symmetry and continuity properties of pP play a crucial role
in the sequel.

Theorem 21.7 (transition density, Hunt) For any domain D in R? and
time t > 0, the function pP is symmetric and continuous on D?. If b € D
is regular, then pP(x,y) — 0 as x — b for fived y € D.

Proof: From (7) we note that p;(z, y) is uniformly equicontinuous in (z, y)
for fixed ¢ > 0, and also for |x — y| > & > 0 and variable ¢ > 0. By (8) it
follows that pP(z,y) is equicontinuous in y € D for fixed ¢t > 0. To prove
the continuity in x € D for fixed ¢t > 0 and y € D, it is then enough to show
that P,{X; € B, t < (} is continuous in x for fixed t > 0 and B € B(D).
Letting h € (0,t), we get by the Markov property

PAX: € B, (>t} =E,[Px,{X:—n € B, { >t—h}; (> hl.
Thus, for any =,y € D

|(P: = P)){X: € B, t < (}|
<SP+ P){C<hE+ HPmoXh_l_Ppoh_l}||>
which tends to 0 as y — x and then h — 0. Combining the continuity in

x with the equicontinuity in y, we conclude that pP(z,y) is continuous in
(z,y) € D? for fixed ¢ > 0.
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To prove the symmetry in x and y, it is now enough to establish the
integrated version

/ PAX, € B, ¢ > thde = / P{X, € C, (> t}dr, 9)
C B

for any bounded sets B,C € B(D). Then fix any compact set F' C D.
Letting n € N and writing h = 27"t and ¢, = kh, we get by Proposition 7.2

/ PAX, € F, k<2 X, € B}z
C

:/F~-~/Flc(.ro)13(xzn) 11 pr(@r—1, zi)dzo - - - dwan.

k<2n

Here the right-hand side is symmetric in the pair (B, (), because of the
symmetry of py(z,y). By dominated convergence as n — oo we obtain (9)
with F instead of D, and the stated version follows by monotone convergence
as F 1 D.

To prove the last assertion, we recall from the proof of Lemma 21.6 that
P,o(¢, X)) 5 Bo(0,X) ! as ¢ — b with b € D regular. In particular,
P, o (¢, X¢) = dop, and by the boundedness and continuity of p;(z,y) for
|z —y| > e >0, it is clear from (8) that p”(z,y) — 0. O

A domain D C R is said to be Greenian if either d > 3 or if d < 2 and
P.{(p < oo} =1forall z € D. Since the latter probability is harmonic in z,
it is enough by Lemma 21.3 to verify the stated property for a single x € D.
Given a Greenian domain D, we may introduce the Green function

97 (z,y) :/0 pl(z,y)dt, z,y € D.

For any measure p on D, we may further introduce the associated Green
potential

G’ () = [ " (@, y)u(dy), w e D.
Writing GP = GP f when pu(dy) = f(y)dy, we get by Fubini’s theorem

E, /0( f(Xy)dt = /gD(x,y)f(y)dy —GPf(x), ze€D,

which identifies g” as an occupation density for the killed process.

The next result shows that ¢g” and G agree with the Green function and
Green potential of classical potential theory. Thus, GPu(x) may be inter-
preted as the electrostatic potential at x arising from a charge distribution
w1 in D, when the boundary 9D is grounded.

Theorem 21.8 (Green function) For any Greenian domain D C RY, the
function gP is symmetric on D*. Furthermore, g”(x,y) is harmonic in x €
D\{y} for eachy € D, and if b € dD is regular, then g°(x,y) — 0 asz — b
for fized y € D.
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The proof is straightforward when d > 3, but for d < 2 we need two
technical lemmas. We begin with a uniform estimate for large t.

Lemma 21.9 (uniform integrability) Let the domain D C R? be bounded
when d < 2 and otherwise arbitrary, and fix any € > 0. Then [ pP(z,y)ds
— 0 as t — oo, uniformly for x,y € D.

Proof: For d > 3 we may take D = R?, in which case the result is obvious
from (7). Next let d = 2. By obvious domination and scaling arguments, we
may then assume that |z] <1,y =0, D = {z; |z| <2}, and ¢ > 1. Writing
pe(x) = pi(,0), we get by (8)

p; (z,0) pi(w) — Eolpi—¢(1); ¢ < t/2]
pe(0) — pe(1) Po{¢ < t/2}
pe(0)Po{C > t/2} + pi(0) — pu(1)

P > t/2) + 72

DZANVANN VAN VAN

As in case of Lemma 20.8 (ii), we have Ey( < oo, and so by Lemma 2.4 the
right-hand side is integrable in ¢ € [1,00). The proof for d = 1 is similar. O

We also need the fact that bounded sets have bounded Green potential.

Lemma 21.10 (boundedness) For any Greenian domain D C R and boun-
ded set B € B(D), the function GP1p is bounded.

Proof: By domination and scaling together with the strong Markov prop-
erty, it suffices to take B = {x; |z| < 1} and to show that GP15(0) < oco.
For d > 3 we may further take D = R?, in which case the result follows by a
simple computation. For d = 2 we may assume that D D C = {z; |z] < 2}.
Write 0 = (¢ + T o0, and 75 = 0, and recursively define 7,11 = 7, + 000,
k > 0. Putting b = (1,0), we get by the strong Markov property at the times
Tk

G"15(0) = G15(0) + GCIB(b)Zk21PO{Tk <(}.

Here G15(0) V G915(b) < co by Lemma 21.9. By the strong Markov prop-
erty it is further seen that Py{7. < ¢} < p*, where p = sup,cp5 P.{c < (}.
Finally, note that p < 1, since P,{o < {} is harmonic and hence continuous
on B. The proof for d = 1 is similar. O

Proof of Theorem 21.8: The symmetry of g” is clear from Theorem 21.7.
If d > 3, orif d = 2 and D is bounded, it is further seen from Theorem
21.7, Lemma 21.9, and dominated convergence that g”(z,y) is continuous
inz € D\ {y} for each y € D. Next we note that G”15 has the mean-
value property in D \ B for bounded B € B(D). The property extends by
continuity to the density ¢”(z,vy), which is then harmonic in z € D\ {y} for
fixed y € D, by Lemma 21.3.
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For d = 2 and unbounded D, we define D,, = {z € D; |z| < n}, and
note as before that ¢g”»(x,y) has the mean-value property in z € D, \ {y}
for each y € D,,. Now p; 1 pP by dominated convergence, so g 1 g”, and
the mean-value property extends to the limit. For any z # y in D, choose a
circular disk B around y with radius ¢ > 0 small enough that = ¢ B C D.
Then 72¢P (z,y) = GP1p(x) < oo by Lemma 21.10. Thus, by Lemma 21.3
even g (z,y) is harmonic in z € D \ {y}.

To prove the last assertion, fix any y € D, and assume that z — b € 9D.
Choose a Greenian domain D’ > D with b € D'. Since pP < pP’, and both
pP'(-,y) and g”'(-,y) are continuous at b whereas p”(z,y) — 0 by Theorem
21.7, we get gP(z,y) — 0 by Theorem 1.21. O

We proceed to show that a measure is determined by its Green potential

whenever the latter is finite. An extension appears as part of Theorem 21.12.
For convenience we write

PPu@) = [pP (@ y)u(dy), w €D, t>0.

Theorem 21.11 (uniqueness) Let p and v be measures on some Greenian
domain D C R? such that GPu = GPv < co. Then = v.

Proof: For any t > 0 we have
¢ t
/ (PPuyds = GPp— PPGPp = GPv — PPGPv = / (PPv)ds.  (10)
0 0

By the symmetry of p”, we further get for any measurable function f: D —
Ry

[f@PPu@idr = [f@)dr [P (@ y)uty)
/ pldy) / f@)p? (@, y)de = / PP f(y)u(dy).

Hence,

1@ [ PPut)ds = [ ds [P2sntay) = [utay) [ P2 sip)ds,

and similarly for v, so by (10)

[ty [ PPr)as = [vidy) [ PP ()i (1)

Assuming that f € O (D), we get PPf — f as s — 0, and so t~* [i PP fds
— f. If we can take limits inside the outer integrations in (11), we obtain
uf =vf, which implies u = v since f is arbitrary.

To justify the argument, it suffices to show that sup, PP f is p- and v-
integrable. Then conclude from Theorem 21.7 that f < pP(-,y) for fixed
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s > 0 and y € D, and from Theorem 21.8 that f < GPf. The latter
property yields PP f < PPGPf < GPf, and by the former property we get
for any y € D and s > 0

W(GPf) = [ GPul@)f(@)de < PPGPuly) < GPuly) < oo,
and similarly for v. o

Now let Fp and Kp denote the classes of closed and compact subsets of
D, and write F}, and K7, for the subclasses of sets with regular boundary.
For any B € Fp we may introduce the associated hitting kernel

HE(z,dy) = P{ts < (p, X., €dy}, € D.

Note that if X has initial distribution j, then the hitting distribution of X¢
in B equals pHE = [ p(dzx)HE (z,-).

The next result solves the sweeping problem of classical potential theory.
To avoid technical complications, here and below, we shall only consider
subsets with regular boundary. In general, the irregular part of the boundary
can be shown to be polar, in the sense of being a.s. avoided by a Brownian
motion. Given this result, one can easily remove all regularity restrictions.

Theorem 21.12 (sweeping and hitting) Fiz a Greenian domain D C R?
with subset B € Fy,, and let u be a bounded measure on D with GPp < oo
on B. Then pHZE is the unique measure v on B with GPp = GPv on B.

For an electrostatic interpretation, assume that a grounded conductor B
is inserted into a domain D with grounded boundary and charge distribution
p. Then a charge distribution —uHE arises on B.

A lemma is needed for the proof. Here we define ¢g”\P(z,y) = 0 whenever
x or y lies in B.

Lemma 21.13 (fundamental identity) For any Greenian domain D C R?
and subset B € Fp,, we have

9°(z,y) = ¢"\P(z,y) +/BH§($,dZ)gD(z7y), z,y € D.

Proof: Write ( = (p and 7 = 75. Subtracting relations (8) for the
domains D and D \ B, and using the strong Markov property at 7 together
with Theorem 5.4, we get

pP(x,y) — p (2, y)

Eupr(Xry); 7 < CAH = Eypr—o(Xe,y); 7 < (< 1]
Eopi—(Xr,y); 7 < (A

— B [Ex [pe—r—c(Xe,y); (<t =7]5 7 < (AT
= Efp’(Xr,y); T < (AL
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Now integrate with respect to t to get
§"(2,9) = 0" (@,9) = Bl (Xeop); 7 < () = [ HE(2,d2)g"(2,). O

Proof of Theorem 21.12: Since OB is regular, we have HS(z,-) = §, for
all z € B, so by Lemma 21.13 we get for all z € B and z € D

/ g (x,y)HE (2, dy) = / 9°(z,y)HE (z,dy) = g”(z,x).

Integrating with respect to u(dz) gives GP(uHE)(z) = GP u(z), which shows
that v = uHE has the stated property.

Now consider any measure v on B with GPp = GPv on B. Noting that
g”\P(x,-) = 0 on B whereas HE(x,-) is supported by B, we get by Lemma
21.13 for any x € D

GPu(a) = [v(d2)g"(zx) = [wld2) [ 9 (zp) HE @, dy)
= [ HE@.dy)G uly) = [ HE(w,dy)G ().
Thus, p determines GPv on D, and so v is unique by Theorem 21.11. O

Let us now turn to the classical equilibrium problem. For any K € Kp
we introduce the last exit or quitting time

i = sup{t < (p; X; € K}
and the associated quitting kernel
LR(z, dy) = Po{vg > 0; X(7) € dy}.

Theorem 21.14 (equilibrium measure and quitting, Chung) For any Green-
ian domain D € R and subset K € Kp, there exists a measure uk on 0K
with

LR(z,dy) = ¢" (v, y)ug(dy), = € D. (12)

Furthermore, u% is diffuse when d > 2. If K € K}, then u% is the unique
measure p on K with GPpu =1 on K.

Here 12 is called the equilibrium measure of K relative to D, and its total
mass CZ is called the capacity of K in D. For an electrostatic interpretation,
assume that a conductor K with potential 1 is inserted into a domain D with

grounded boundary. Then a charge distribution pf arises on the boundary
of K.

Proof of Theorem 21.14: Write v = 72, and define

l.(x)=e'P{0<y<e}, e>0.
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Using Fubini’s theorem, the simple Markov property, and dominated conver-
gence as € — 0, we get for any f € Cy(D) and = € D

GO = B [ SO
::g”Aw&UQ®&ﬁ0<7§dm<Qﬁ
::s*Aw (X <y < ¢+ eldt

= €_1Em f(Xt)dt

(v—2)+

= B [f(X,);v>0] =LY f(x).

If f has compact support, then for each x we may replace f by the
bounded, continuous function f/gP(x,) to get as ¢ — 0

/f (i%/LKT@ . (13)

Here the left-hand side is independent of x, so the same thing is true for the

measure

LR (z,dy)
gP(z,y)

If d = 1, we have gP(z,7) < oo, and (14) is trivially equivalent to (12). If
instead d > 2, then singletons are polar, so the measure LY (z,-) is diffuse,
and the same thing is true for p®. Thus, (12) and (14) are again equivalent.
We may further conclude from the continuity of X that L2 (z,-), and then
also p% is supported by 9K.

Integrating (12) over D yields

uP(dy) = (14)

Pk <(p}= GDMQ($)7 reD,

and so for K € K7, we get GPuf2 = 1 on K. If v is another measure on
K with GPv = 1 on K, then v = uf by the uniqueness part of Theorem
21.12. |

The next result relates the equilibrium measures and capacities for dif-
ferent sets K € K.

Proposition 21.15 (consistency) For any Greenian domain D C R? with
subsets K C B in K, we have

pr = wpHE = ppLy, (15)
R = [ Pdric < CouBda). (16)
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Proof: By Theorem 21.12 and the defining properties of x5 and p, we
have on K
GP(UBHE) = GPuf = 1= G"uf,
and so u5 HE = uf by the same result. To prove the second relation in (15),
we note by Theorem 21.14 that, for any A € B(K),

ppLli(A) = /uB (dz) /g z,y) g (dy)
= /GD Y (dy) = pr(A),

since GPpf =1 on A C B. Finally, (15) implies (16), since HZ(z, K) =
PI{TK < CD} O

Some basic properties of capacities and equilibrium measures follow im-
mediately from Proposition 21.15. To explain the terminology, fix any space
S along with a class of subsets U, closed under finite unions. For any function
h:U — R and sets U, Uy, Us, ... € U, we recursively define the differences

Ay, h(U) = h(UUUy) —h(U),
Av,..o,hU) = Av{Au,. v, MU)}, n>1,

where the difference Ay, in the last formula is taken with respect to U. Note
that the higher-order differences Ay, y, are invariant under permutations
of Uy, ..., U,. We say that h is alternating or completely monotone if

(71)n+1AU1 Unh(U) ZO, TLGN, U,Ul,U27... ceu.

.....

Corollary 21.16 (dependence on conductor, Choquet) For any Greenian
domain D C RY, the capacity CE is alternating in K € KY,. Furthermore,
pR = pR oas K, L K or K, t K in K7,.

Proof: Let v denote the path of X¢, regarded as a random closed set in
D. Writing

he(K)=PAvK #£0} = P{rx <}, z€D\K,
we get by induction
(1" Ak, w he (K) = PoA{YK =0, K1 # 0, ..., 9K, # 0} >0,

and the first assertion follows by Proposition 21.15 with K C B°.

To prove the last assertion, we note that trivially 7k, | 7% when K,, 1 K,
and that 7k, 1 7x when K, | K since the K, are closed. In the latter
case we also note that N, {7k, < ¢} = {7k < ¢} by compactness. Thus, in
both cases HR (z,-) = HR(z,-) for all z € D \ U, K,, and by dominated

convergence in Proposition 21.15 with B° D U, K,, we get ,ufgn = k. |

The next result solves an equilibrium problem involving two conductors.
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Corollary 21.17 (condenser theorem) For any disjoint sets B € F}, and
K € K%, there exists a unique signed measure v on BUK with GPv =0 on
B and GPv =1 on K, namely

D\B D\B
V*NK\ K\ Hp.

Proof: Applying Theorem 21.14 to the domain D \ B with subset K, we
get v = MQ\B on K, and then v = —Mﬁ\BHg on B by Theorem 21.12. O

The symmetry between hitting and quitting kernels in Proposition 21.15
may be extended to an invariance under time reversal of the whole process.
More precisely, putting v = 72, we may relate the stopped process Xf = X at
to its reversal X; = X(y-t),- For convenience, we write P, = [ P,pu(dz) and
refer to the induced measures as distributions, even when p is not normalized.

Theorem 21.18 (time reversal) Fix a Greenian domain D € R? with sub-
set K € K%, and put v =R and yu = p2. Then X7 L X7 under P,.

Proof: Let P, and E, refer to the process X¢. Fix any times 0 = ¢, <
t) < --- <ty and write s, = t, — t, and hy = t;, — t;_1. For any continuous
functions fy, ..., f, with compact supports in D, we define

T) =FE, kak'(Xsk>l5(th) =E, Hk21fk(XSk)EXsl(fOla)(th)a

where the last equality holds by the Markov property at s;. Proceeding as
in the proof of Theorem 21.14, we get

J(rem @ = [ GPFyuldy) = B[ AE > 6} (17)

On the other hand, (13) shows that the measure I.(z)dx tends vaguely to
1, and so by Theorem 21.7

Eu(fol)(Xy,) /ptl z,y)(fol )(y)dy—>/pt’?(rc,y)fo(y)ﬂ(dy)-

Using dominated convergence, Fubini’s theorem, Proposition 7.2, Theorem
21.7, and the relation GPu(z) = P,{vy > 0}, we obtain

[ (G @y
= [ Gut@yds [ foly)n(dy) BT o fi(XopE (X, 0)

= /fo 1‘0 ,U dl‘o / . '/GD/L Tn Hk>0pth Jﬁk,l,l‘k)fk<l‘k)d$k
= uH Je( X, )G N(th = HH Je(Xp )y >t}

Comparing with (17), it is seen that X7 and X7 have the same finite-
dimensional distributions. |
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We may now extend Proposition 21.15 to the case of possibly different
Greenian domains D C D'. Fixing any K € Kp, we recursively define the
optional times

Tj:7j71+7_1?/09’yj717 ’Yj:Tj+’YI1309Tj7 ]217

starting with 79 = 0. Thus, 7, and ~, are the hitting and quitting times for K
during the kth D-excursion before time (p/ that reaches K. The generalized
hitting and quitting kernels are given by

a') = Ezzk(sX(Tk)a LQ’D (CE, ) = EzzkaX(A/k)v

where the summations extend over all £ € N with 7, < cc.

H}?"D/(x

Theorem 21.19 (extended consistency relations) Let D C D' be Greenian
domains in R? with regular compact subsets K C K'. Then

i = HE = p Ly (18)
Proof: Define I. = e 1P.{vR € (0,¢]}. Proceeding as in the proof of
Theorem 21.14, we get for any « € D’ and f € Cy(D’)
GP (fl.)(z) = e 'E, / FXOUAR 0, € (0,¢]}dt — L2 f(z).

If f has compact support in D, we may conclude as before that

[ skt [0y - [ I,

LY (x,dy) = g7 (2, y)uR (dy).

Integrating with respect to %, and noting that GPu®, =1 on K’ O K, we
obtain the second expression for u£ in (18).

To deduce the first expression, we note that HK/H,L()’DI = H][()’Dl by the
strong Markov property at 7. Combining with the second expression in (18)
and using Theorem 21.18 and Proposition 21.15, we get

and so

DD’ DD’ D' p7D' 17D,D' _ D' 7DD’
MK—NKL KHK = prHg H'™ = g H =

The last result enables us to study the equilibrium measure p£ and capac-
ity C as functions of both D and K. In particular, we obtain the following
continuity and monotonicity properties.

Corollary 21.20 (dependence on domain) For any regular compact set K C
R?, the measure p is nonincreasing and continuous from above and below
as a function of the Greenian domain D D K.
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Proof: The monotonicity is clear from (18) with K = K’, since H2'P'(x, -
> 6, forz € K C D C D'. It remains to prove that C¥ is continuous from
above and below in D for fixed K. By dominated convergence it is then
enough to show that k2" — w2, where x} = sup{j; 7; < oo} is the number
of D-excursions hitting K.

When D,, 1 D, we need to show that if X, X; € K and X € D on [s, 1],
then X € D, on [s,t] for sufficiently large n. But this is clear from the
compactness of the path on the interval [s,t]. If instead D,, | D, we need
to show for any r < s < t with X,, X; € K and X, ¢ D that X, ¢ D, for

sufficiently large n. But this is obvious. O

Next we shall see how Greenian capacities can be expressed in terms of
random sets. Let y denote the identity mapping on Fp. Given any measure
v on Fp \ {0} with v{xK # 0} < oo for all K € Kp, we may introduce
a Poisson process n on Fp \ {#} with intensity measure v and form the
associated random closed set ¢ = U{F; n{F} > 0} in D. Letting m, denote
the distribution of ¢, we note that

mAXK =0} = P{n{xK # 0} = 0} = exp(—v{xK #0}), K €Kp.

Theorem 21.21 (Greenian capacities and random sets, Choquet) For any
Greenian domain D C R?, there erists a unique measure v on Fp\ {0} such
that

CR=v{xK # 0} = —logm, {xK =0}, K CKJ,.

Proof: Let 9 denote the path of X¢ in D. Choose sets K, 1 D in KF,
with K,, C K, for all n, and put p, = ,ugn, U, = YK, and x, = xK,.
Define

v = [ Pl € v £ Obpy(do), n<p, (19)
and conclude by the strong Markov property and Proposition 21.15 that
vilxp € s xm # 0} =17, m<n<p<gq (20)
By Corollary 5.15 there exist some measures v, on Fp, n € N, satisfying
vm{xp €} =v, n<p, (21)
and from (20) we note that
v Xm 0} =v, m<n. (22)

Thus, the measures v, agree on {x, # 0} for n > m, and we may define
v = sup, V,. By (22) we have v{-, x,, # 0} = v, for all n, so if K € K}, with
K C K3, we get by (19), (21), and Proposition 21.15

XK #0} = va{xK # 0} = v {xK # 0}
| P # 030 ()
= [ Pidrc < Qualda) = CF.

The uniqueness of v is clear by a monotone class argument. O
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The representation of capacities in terms of random sets may be extended
to the abstract setting of general alternating set functions. As in Chapter
14, we then fix an lescH space S with Borel o-field S, open sets G, closed
sets F, and compacts K. Write S = {B € S; B € K}, and recall that a class
U C 8 is said to be separating if for any K € K and G € G with K ¢ G
there exists some U € Y with K C U C G.

For any nondecreasing function h on a separating class U C S, we define
the associated inner and outer capacities h® and h by

h°(G) = sup{h(U); U €U, U CG}, GeQg,
h(K) = inf{h(U); U €U, U° DK}, KEeKk.

Note that the formulas remain valid with I/ replaced by any separating sub-
class. For any random closed set ¢ in S, the associated hitting function h is
given by h(B) = P{pB # 0} for all B € S.

Theorem 21.22 (alternating functions and random sets, Choquet) The hit-
ting function h of a random closed set in S is alternating with h = h on K
and h = h° on G. Conversely, given a separating class U C S closed under
finite unions and an alternating function p: U — [0, 1] with p(B) = 0, there
exists some random closed set with hitting function h such that h = p on K
and h =p° on G.

The algebraic part of the construction is clarified by the following lemma.

Lemma 21.23 Let U C S be finite and closed under unions and let h: U —
[0,1] be alternating with h() = 0. Then there exists some point process & on
S with P{&U > 0} = h(U) for allU € U.

Proof: The statement is obvious when U = {@}. Proceeding by induction,
assume the assertion to be true when U/ is generated by at most n — 1 sets,
and consider a class U generated by n nonempty sets By, ..., B,. By scaling
we may assume that h(B; U---UB,) = 1.

For each j € {1,...,n}, let U; be the class of unions formed by the sets
B; \ Bj, i # j, and define

h;(U) = Aph(B;) = h(B; UU) — h(B;), U €U,.

Then each h; is again alternating with h;(@) = 0, so by the induction hy-
pothesis there exists some point process &; on U; B; \ B; with hitting function
h;. Note that h; remains the hitting function of §; on all of U. Let us further
introduce a point process &,.; with

For 1 < j < n+1 let v; denote the restriction of P o fj-’l to the set A; =

Ni<;j{nB; > 0}, and put v = 3=; v;. We may take & to be the canonical point
process on S with distribution v.
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To see that ¢ has hitting function h, we note that for any U € U and
Jj<n
Uj{/J/U > 0} = P{ijl >0,..., ijj—l > 0, ij > 0}
(_1)]+1A31 »--,ijlyUhj([Z))
(_]‘)]+1ABly»--ij—lyUh(Bj)'

It remains to show that, for any U € U \ {0},

.....

Ap,,..B vh(Bj) = Ap,,., B,»,Uh(@) + Ap, Bj_l,Uh(@)- g

,,,,,

Proof of Theorem 21.22: The direct assertion can be proved in the same
way as Corollary 21.16. Conversely, let U and p be as stated. By Lemma
A2.7 we may assume U to be countable, say U = {Uy, Uy, ...}. For each n,
let U,, be the class of unions formed from Uy, ..., U,. By Lemma 21.23 there
exist some point processes 1, &s, ... on S such that

P{&U >0} =p(U), U €U, neN.

The space F is compact by Theorem A2.5, and so by Theorem 14.3

there exists some random closed set ¢ in .S such that suppé&, LN @ along a
subsequence N’ C N. Writing h,, and h for the associated hitting functions,
we get

h(B°) < liminf h,(B) < limsup h,(B) = h(B), BE€S,

neN’ nenN’

and, in particular,
hU°) <p(U) <hU), Uel.

Using the strengthened separation property K C U° C U C G, we may
easily conclude that h = p° on G and h = p on K. O

Exercises

1. Show that if ¢; and @9 are independent random sets with distributions
m,, and 7,,, then 1 U @9 has distribution 7, 4., .

2. Extend Theorem 21.22 to unbounded functions p. (Hint: Consider
the restrictions to compact sets, and proceed as in Theorem 21.21.)



Chapter 22

Predictability, Compensation,
and Excessive Functions

Accessible and predictable times; natural and predictable processes;
Doob—Meyer decomposition; quasi-left-continuity; compensation
of random measures; excessive and superharmonic functions; ad-
ditive functionals as compensators; Riesz decomposition

The purpose of this chapter is to present some fundamental, yet profound,
extensions of the theory of martingales and optional times from Chapter 6.
A basic role in the advanced theory is played by the notions of predictable
times and processes, as well as by various decomposition theorems, the most
important being the celebrated Doob—Meyer decomposition, a continuous-
time counterpart of the elementary Doob decomposition from Lemma 6.10.

Applying the Doob—Meyer decomposition to increasing processes and
their associated random measures leads to the notion of a compensator,
whose role is analogous to that of the quadratic variation for martingales. In
particular, the compensator can be used to transform a fairly general point
process to Poisson, in a similar way that a suitable time-change of a contin-
uous martingale was shown in Chapter 16 to lead to a Brownian motion.

The chapter concludes with some applications to classical potential the-
ory. To explain the main ideas, let f be an excessive function of Brownian
motion X on R% Then f(X) is a continuous supermartingale under P, for
every x, and so it has a Doob—-Meyer decomposition M — A. Here A can be
chosen to be a continuous additive functional (CAF) of X, and we obtain an
associated Riesz decomposition f = Ua + h, where U4 denotes the potential
of A and h is the greatest harmonic minorant of f.

The present material is related in many ways to topics from earlier chap-
ters. Apart from the already mentioned connections, we shall occasionally
require some knowledge of random measures and point processes from Chap-
ter 10, of stable Lévy processes from Chapter 13, of stochastic calculus from
Chapter 15, of Feller processes from Chapter 17, of additive functionals and
their potentials from Chapter 19, and of Green potentials from Chapter 21.
The notions and results of this chapter play a crucial role for the analysis
of semimartingales and construction of general stochastic integrals in Chap-
ter 23.

All random objects in this chapter are assumed to be defined on some
given probability space 0 with a right-continuous and complete filtration

409
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F. In the product space €2 x R, we may introduce the predictable o-field P,
generated by all continuous, adapted processes on R,. The elements of P are
called predictable sets, and the P-measurable functions on 2 x R, are called
predictable processes. Note that every predictable process is progressive.

The following lemma provides some useful characterizations of the pre-
dictable o-field.

Lemma 22.1 (predictable o-field) The predictable o-field is generated by
each of the following classes of sets or processes:
(i) Fo x Ry and the sets A x (t,00) with A € F;, t > 0;
(ii) Fo x Ry and the intervals (1,00) for optional times T;
(iii) the left-continuous, adapted processes.

Proof: Let Py, Py, and P3 be the o-fields generated by the classes in (i),
(i), and (iii), respectively. Since continuous functions are left-continuous, we
have trivially P C Ps. To see that Ps C Py, it is enough to note that any
left-continuous process X can be approximated by the processes

X[ = Xgl[oﬁl](nt) + Zk>1Xk/n]-(k,k+1] (nt), t>0.

Next we obtain P; C P, by noting that the random time t4 =t-144+00-14c
is optional for any t > 0 and A € F;. Finally, we may prove the relation
Py C P by noting that, for any optional time 7, the process 1(;) may be
approximated by the continuous, adapted processes XJ* = (n(t — 7)) A 1,
t>0. m|

A random variable 7 in [0, 0o] is called a predictable time if it is announced
by some optional times 7, 1 7 with 7,, < 7 a.s. on {7 > 0} for all n. With
any optional time 7 we may associate the o-field F,_ generated by Fy and
the classes F; N {7 > t} for arbitrary ¢ > 0. The following result gives the
basic properties of the o-fields F,_. It is interesting to note the similarity
with the results for the o-fields F, in Lemma 6.1.

Lemma 22.2 (strict past) For any optional times o and T, we have
(i) Fon{o<7}C Fro CFypy
(ii) if 7 4s predictable, then {c <7} € F,_ N F,_;
(ili) if 7 is predictable and announced by (1), then \/,, Fr, = Fr_.

Proof: (i) For any A € F, we note that
An{o<7}= UTEQ+(AH {oc <r}n{r<rt})eF._,

since the intersections on the right are generators of F,_. Hence, F,N{o < 7}
€ F,_. The second relation holds since each generator of F,_ lies in F,.

(ii) Assuming that (7,,) announces 7, we get by (i)
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{Tga}z{rzo}uﬂn{rn<a} € Fy_.
(iii) For any A € F, we get by (i)
A=(An{rn<tHUAn{m =7=0}) € F_,
so V,, Fr, C Fr_. Conversely, (i) yields for any t > 0 and A € F;

An{r >t} = Un(A N{r, >1t}) € \/n}}", C \/n}"ﬂl,
which shows that F,_ C \V, F.,.. O

Next we shall prove some elementary relations between predictable pro-
cesses and the o-fields F,_. Similar results for progressive processes and the
o-fields F,. were obtained in Lemma 6.5.

Lemma 22.3 (predictability and strict past)

(i) For any optional time T and predictable process X, the random variable
X {1 < o0} is Fr_-measurable.

(i) For any predictable time T and F,_-measurable random variable o, the
process X; = al{T <t} is predictable.

Proof: (1) If X = 14x(t,00) for some ¢ > 0 and A € F, then clearly
{X;H{r<oo}=1}=An{t <7 <0} € F,_.

We may now extend by a monotone class argument and subsequent approx-
imation, first to arbitrary predictable indicator functions, and then to the
general case.

(ii) We may clearly assume « to be integrable. Choose an announcing
sequence (7,,) for 7, and define

X! = E[o]£,])(1{0 < 7, < t} + 1{r, = 0}), t>0.

Then each X" is left-continuous and adapted, hence predictable. Moreover,
X" — X on R; a.s. by Theorem 6.23 and Lemma 22.2 (iii). ]

By a totally inaccessible time we mean an optional time 7 such that
P{oc =7 < oo} = 0 for every predictable time 0. An accessible time may
then be defined as an optional time 7 such that P{oc = 7 < oo} = 0 for every
totally inaccessible time o. For any random time 7, we may introduce the
associated graph

[7] ={(t,w) € Ry x Q; 7(w) =1},

which allows us to express the previous condition on ¢ and 7 as [¢] N [r] =0
a.s. Given any optional time 7 and set A € F,, the time 74 = 714 + 00 1 4c
is again optional and is called the restriction of 7 to A. We shall prove a
basic decomposition of optional times. Related decompositions of increasing
processes and martingales are given in Propositions 22.17 and 23.16.
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Proposition 22.4 (decomposition of optional times) For any optional time
T there exists an a.s. unique set A € F. N{T < oo} such that T4 is accessible
and Tae s totally inaccessible. Furthermore, there exist some predictable
times Ty, Ta, . .. With [Ta] C U,[Ta] a.s.

Proof: Define
p:SUPPUn{T:Tn < o0}, (1)

where the supremum extends over all sequences of predictable times 7,,. Com-
bining sequences such that the probability in (1) approaches p, we may con-
struct a sequence (7,,) for which the supremum is attained. For such a max-
imal sequence, we define A as the union in (1).

To see that 74 is accessible, let o be totally inaccessible. Then [¢]N[r,] = 0
a.s. for every n, so [o] N [r4] = 0 a.s. If 74 is not totally inaccessible, then
P{7Tpe = 19 < o0} > 0 for some predictable time 75, and we get a larger
value of p by joining 7y to the previous sequence (7,). The contradiction
shows that A has the desired property.

To prove that A is a.s. unique, let B be another set with the stated prop-
erties. Then 74\ p and 7p\4 are both accessible and totally inaccessible, and
SO Ta\p = Tp\a = 00 a.s., which implies A = B a.s. O

We proceed to prove a version of the celebrated Doob—Meyer decomposi-
tion, a cornerstone in modern probability theory. By an increasing process we
mean a nondecreasing, right-continuous, and adapted process A with Aq = 0.
We say that A is integrable if FA,, < co. Recall that all submartingales are
assumed to be right-continuous. Local submartingales and locally integrable
processes are defined by localization in the usual way.

Theorem 22.5 (decomposition of submartingales, Meyer, Doléans) A pro-
cess X is a local submartingale iff it has a decomposition X = M + A, where
M is a local martingale and A is a locally integrable, increasing, predictable
process. In that case M and A are a.s. unique.

We shall often refer to the process A above as the compensator of X,
especially when X is increasing. Several proofs of this result are known,
most of which seem to require the deep section theorems. Here we shall give a
relatively short and elementary proof, based on Dunford’s weak compactness
criterion and an approximation of totally inaccessible times. For convenience,
we divide the proof into several lemmas.

Let (D) denote the class of measurable processes X such that the fam-
ily {X,} is uniformly integrable, where 7 ranges over the set of all finite
optional times. By the following result it is enough to consider class (D)
submartingales.

Lemma 22.6 (uniform integrability) Any local submartingale X with Xy =
0 is locally of class (D).



22. Predictability, Compensation, and Excessive Functions 413

Proof: First reduce to the case when X is a true submartingale. Then
introduce for each n the optional time 7 = n A inf{t > 0; | X;| > n}. Here
|X7| < nV|X;|, which is integrable by Theorem 6.29, and so X7 is of class
(D). m

An increasing process A is said to be natural if it is integrable and such
that E [;° AM;dA; = 0 for any bounded martingale M. As a crucial step
in the proof of Theorem 22.5, we shall establish the following preliminary
decomposition, where the compensator A is shown to be natural rather than
predictable.

Lemma 22.7 (Meyer) Any submartingale X of class (D) has a decomposi-
tion X = M + A, where M is a uniformly integrable martingale and A is a
natural increasing process.

Proof (Rao): We may assume that X, = 0. Introduce the n-dyadic times
L =k2™", k € Z,, and define for any process Y the associated differences
AZY = Ytﬂm — Y;z Let

AP = ZKWE[AZXU-}Z], t>0,neN,
and note that M"™ = X — A" is a martingale on the n-dyadic set.
Writing 77 = inf{¢; A} > r} for n € N and r > 0, we get by optional
sampling for any n-dyadic time ¢
SEIAT: A7 > 2] < E[A7 — A7 Al < B[AT - AL,
= E[Xt — XT;L/\t] = E[Xt — XT"’(L/\t; A? > 7"]. (2)

By the martingale property and uniform integrability, we further obtain
rP{A} >r} < EA} = EX, <1,

and so the probability on the left tends to zero as r — oo, uniformly in ¢
and n. Since the random variables X; — X n; are uniformly integrable by
(D), the same property holds for the variables A} by (2) and Lemma 3.10.
In particular, the sequence (A%) is uniformly integrable, and each M™ is a
uniformly integrable martingale.

By Lemma 3.13 there exists some random variable o € L'(F,) such that
A" — « weakly in L' along some subsequence N’ C N. Define

M, = E[Xo —a|lF], A=X-M,

and note that A,, = a a.s. by Theorem 6.23. For any dyadic ¢ and bounded
random variable £, we get by the martingale and self-adjointness properties

E(A} = A)§ = E(M; — M")§ = E E[Ms — MZ|F]S
= E(My — ML)E[E|F]
E(AL — a)E[¢|F] — 0,
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asn — oo along N'. Thus, A? — A; weakly in L' for dyadic ¢. In particular,
we get for any dyadic s < t

0<E[A} — A} A — A, < 0] = E[(A — A,) AN 0] <0,

so the last expectation vanishes, and therefore A, > A, a.s. By right-
continuity it follows that A is a.s. nondecreasing. Also note that Ay = 0
a.s., since Ay = 0 for all n.

To see that A is natural, consider any bounded martingale N, and con-
clude by Fubini’s theorem and the martingale properties of N and A" — A =
M — M™ that

ENGAL = 3 ENGARA" =3 ENg ALA"

Now use weak convergence on the left and dominated convergence on the
right, and combine with Fubini’s theorem and the martingale property of N
to get

E[TNi dd, = ENeAo =Y ENGAJA = Y ENy AA
0

k+1

= BY Ny MA— B [ NudA,
Hence, E [;° AN:dA; = 0, as required. O

To complete the proof of Theorem 22.5, it remains to show that the
compensator A in the last lemma is predictable. This will be inferred from
the following ingenious approximation of totally inaccessible times.

Lemma 22.8 (uniform approzimation, Doob) Fiz any totally inaccessible
time 7, put T, = 27"[2"7], and let X™ be a right-continuous version of the
process Plr, < t|F;]. Then

lim sup |[X;' — 1{r <t}| =0 a.s. (3)
>0

n—oo t

Proof: Since 7, 1 7, we may assume that X! > X2 > ... > 1{r <t}
for all ¢ > 0. Then XJ* = 1 for t € [r,00), and on the set {T = oo} we
have X} < P[r < oo|F] — 0 as. as t — oo by Theorem 6.23. Thus,
sup, | X7 — 1{r < t}| = 0 a.s. as t — o0, so to prove (3), it is enough to
show for each ¢ > 0 that the optional times

op =inf{t > 0; X' = 1{r <t} >}, neN,

tend a.s. to infinity. The o, are clearly nondecreasing, and we denote their
limit by o. Note that either o,, < 7 or o, = oo for each n.
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By optional sampling, Theorem 5.4, and Lemma 6.1, we have

X'{o < oo} = Plr, <0< o0|F,]
— Pt <o <o0|F,]=1{r <o < o0}

Hence, X — 1{r < ¢} a.s. on {¢ < oo}, and so by right-continuity we have
on this set g,, < ¢ for large enough n. Thus, ¢ is predictable and announced
by the times o, A n.

Next apply the optional sampling and disintegration theorems to the op-
tional times o, to obtain

eP{o <o} < eP{o, <o} < E[X]; 0, < 00
= P{r,<o,<o0}=P{r, <o, <7 <00}
— P{r=0<o0}=0,

where the last equality holds since 7 is totally inaccessible. Thus, o = co
a.s. O

It is now easy to see that A has only accessible jumps.

Lemma 22.9 (accessibility) For any natural increasing process A and to-
tally inaccessible time T, we have AA, =0 a.s. on {1 < co}.

Proof: Rescaling if necessary, we may assume that A is a.s. continuous at
dyadic times. Define 7, = 27"[2"7]. Since A is natural, we have

E [ Plr > FJdA = E [~ Plra > . ]dA,
0 0
and since 7 is totally inaccessible, it follows by Lemma 22.8 that
EA,_ = E/ 17 > t}dA, = E/ 17 > t}dA, = BA,.
0 0

Hence, E[AA;; T < 00] =0, and so AA, =0 a.s. on {7 < 0o} O

Finally, we may show that A is predictable.
Lemma 22.10 (Doléans) FEvery natural increasing process is predictable.

Proof: Fix a natural increasing process A. Consider a bounded martingale
M and a predictable time 7 < co announced by o1, 09,.... Then M7 — M
is again a bounded martingale, and since A is natural we get by dominated
convergence EAM,AA, = 0. In particular, we may take M; = P[B|JF;] with
B € F.. By optional sampling we have M, = 15 and

M,_ « M,, = P[B|F,,]| = P|B|F._].
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Thus, AM, = 1p — P[B|F,_], and so
E[AA;; B] = EAA,P[B|F, ] = E[E[AA|F,_]; B].

Since B was arbitrary in F,, we get AA, = E[AA.|F._] a.s., and so the
process A = AA;1{r < t} is predictable by Lemma 22.3 (ii). It is also
natural, since for any bounded martingale M

EAA.AM, = EAA,E[AM,|F,_] = 0.

By an elementary construction we have {t > 0; AA, > 0} C U,[m.] a-s.
for some optional times 7, < oo, and by Proposition 22.4 and Lemma 22.9
we may assume the latter to be predictable. Taking 7 = 71 in the previous
argument, we may conclude that the process A} = AA, 1{r < t} is both
natural and predictable. Repeating the argument for the process A — Al
with 7 = 7 and proceeding by induction, we may conclude that the jump
component A? of A is predictable. Since A — A? is continuous and hence
predictable, the predictability of A follows. |

For the uniqueness assertion we need the following extension of Proposi-
tion 15.2.

Lemma 22.11 (constancy criterion) A process M is a predictable martin-
gale of integrable variation iff My = My a.s.

Proof: On the predictable o-field P we define the signed measure
;B:E/ 15(1)dM;, BeP,
0

where the inner integral is an ordinary Lebesgue—Stieltjes integral. The mar-
tingale property implies that p vanishes for sets B of the form F x (¢, 00)
with F' € F;. By Lemma 22.1 and a monotone class argument it follows that
=0on7P.

Since M is predictable, the same thing is true for the process AM, =
M,; — M,_, and then also for the sets J. = {t > 0; £AM; > 0}. Thus,
pJy =0,80 AM =0 a.s., and M is a.s. continuous. But then M, = M, a.s.
by Proposition 15.2. O

Proof of Theorem 22.5: The sufficiency is obvious, and the uniqueness
holds by Lemma 22.11. It remains to prove that any local submartingale X
has the stated decomposition. By Lemmas 22.6 and 22.11 we may assume
that X is of class (D). Then Lemma 22.7 shows that X = M + A for some
uniformly integrable martingale M and some natural increasing process A,
and by Lemma 22.10 the latter process is predictable. O

The two conditions in Lemma 22.10 are, in fact, equivalent.
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Theorem 22.12 (natural and predictable processes, Doléans) An integrable,
increasing process is natural iff it is predictable.

Proof: If an integrable, increasing process A is natural, it is also pre-
dictable by Lemma 22.10. Now assume instead that A is predictable. By
Lemma 22.7 we have A = M + B for some uniformly integrable martingale
M and some natural increasing process B, and Lemma 22.10 shows that B
is predictable. But then A = B a.s. by Lemma 22.11, and so A is natural. O

The following useful result is essentially implicit in earlier proofs.

Lemma 22.13 (dual predictable projection) Let X and Y be locally inte-
grable, increasing processes, and assume that Y is predictable. Then X has
compensator Y iff E [VdX = E [VdY for every predictable process V > 0.

Proof: First reduce by localization to the case when X and Y are inte-
grable. Then Y is the compensator of X iff M =Y — X is a martingale, that
is, iff EM, = 0 for every optional time 7. This is equivalent to the stated
relation for V' = 1p;), and the general result follows by a straightforward
monotone class argument. d

We may now establish the fundamental connection between predictable
times and processes.

Theorem 22.14 (predictable times and processes, Meyer) For any optional
time T, these conditions are equivalent:

(i) 7 is predictable;

(ii) the process 1{r <t} is predictable;

(iii) EAM, =0 for any bounded martingale M.

Proof (Chung and Walsh): Since (i) = (ii) by Lemma 22.3 (ii), and (ii)
< (iii) by Theorem 22.12, it remains to show that (iii) = (i). We then
introduce the martingale M; = Ele”"|F;] and the supermartingale

X,=e ™ M,=E[e ™ —¢"|F] >0, t>0.

Here X, = 0 a.s. by optional sampling. Letting o = inf{¢t > 0; X;_AX, = 0},
it is clear from Lemma 6.31 that {t > 0; X; = 0} = [0,00) a.s., and in
particular, ¢ < 7 a.s. Using optional sampling again, we get E(e™7 —e ") =
EX, =0, and so 0 = 7 a.s. Hence, X; A X;_ > 0 a.s. on [0, 7). Finally, (iii)
yields

EX,_=E(e ™M, )=E(e™ —M,) =EX, =0,
and so X,_ = 0. It is now clear that 7 is announced by the optional times

7, = inf{t; X; <n7 '} O

To illustrate the power of the last result, we shall give a short proof of
the following useful statement, which can also be proved directly.
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Corollary 22.15 (restriction) For any predictable time T and set A € F,_,
the restriction T4 is again predictable.

Proof: The process 141{7 < t} = 1{r4 < t} is predictable by Lemma
22.3, and so the time 74 is predictable by Theorem 22.14. 0O

We may also use the last theorem to show that predictable martingales
are continuous.

Proposition 22.16 (predictable martingales) A local martingale is predict-
able iff it is a.s. continuous.

Proof: The sufficiency is clear by definitions. To prove the necessity, we
note that, for any optional time 7,

M = Mtl[oﬂ-](t) + MTl(T_’OO)(t), t>0.

Thus, predictability is preserved by optional stopping, so we may assume that
M is a uniformly integrable martingale. Now fix any € > 0, and introduce
the optional time 7 = inf{t > 0; |AM;| > €}. Since the left-continuous
version M;_ is predictable, so is the process AM; as well as the random set
A = {t > 0; |AM,;| > €}. Hence, the same thing is true for the random
interval [r,00) = A U (7,00), and so 7 is predictable by Theorem 22.14.
Choosing an announcing sequence (7,,), we conclude by optional sampling,
martingale convergence, and Lemmas 22.2 (iii) and 22.3 (i) that

MT_ = MTYL = E[MT‘an] - E[MT|‘7: —] = MT'

Thus, 7 = oo a.s., and since € was arbitrary, it follows that M is a.s. contin-
uous. O

The decomposition of optional times in Proposition 22.4 may now be ex-
tended to increasing processes. We say that an rcll process X or a filtration
F is quasi-left-continuous if X, = X, a.s. on {1 < oo} or F,_ = F,, re-
spectively, for every predictable time 7. We further say that X has accessible
Jumps if X, = X, a.s. on {7 < oo} for every totally inaccessible time 7.

Proposition 22.17 (decomposition of increasing processes) Any purely dis-
continuous, increasing process A has an a.s. unique decomposition into in-
creasing processes AL and A® such that A? is quasi—left-continuous and A® has
accessible jumps. Furthermore, there exist some predictable times 11,7, . ..
with disjoint graphs such that {t > 0; AAY > 0} C U, [ma] a.s. Finally, if A
1s locally integrable with compensator A, then A% has compensator (121)"

Proof: Introduce the locally integrable process X; = > <, (AA; A1) with
compensator X, and define A9 = A — A = 1{AX =0} - 4, or

t+ N
A§:At—A$:/ 1{AX, =0} dA,, t>0. (4)
0
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For any finite predictable time 7, the graph [r] is again predictable by The-
orem 22.14, and so by Lemma 22.13,

E(AAL A1) = E[AX,; AX, = 0] = E[AX,; AX, = 0] =0,

which shows that A? is quasi-left-continuous.
Now let 7,0 = 0, and recursively define the random times

Tk = mf{t > Tnk—1; AXt c (2771, 27n+1}}’ n, ke N,

which are predictable by Theorem 22.14. Also note that {¢t > 0; AA? > 0}
C Uni|mak] a.s. by the definition of A®. Hence, if 7 is a totally inaccessible
time, then AA? = 0 a.s. on {7 < oo}, which shows that A® has accessible
jumps.

To prove the uniqueness, assume that A has two decompositions A9+ A®* =
B?+ B® with the stated properties. Then Y = A7 — B9 = B* — A% is quasi—
left-continuous with accessible jumps. Hence, by Proposition 22.4 we have
AY, =0 a.s. on {7 < oo} for any optional time 7, which means that Y is
a.s. continuous. Since it is also purely discontinuous, we get Y = 0 a.s.

If A is locally integrable, we may replace (4) by A7 = 1{AA =0}- A, and
we also note that (A)¢ = 1{AA = 0} - A. Thus, Lemma 22.13 yields for any
predictable process V > 0

E/Vqu - E/1{AA — 0}VdA
- E/ HAA = 0}VdA = E/Vd(A)
and the same lemma shows that A? has compensator (A)°. 0

By the compensator of an optional time 7 we mean the compensator of
the associated jump process X; = 1{r < t}. The following result charac-
terizes the various categories of optional times in terms of the associated
compensators.

Corollary 22.18 (compensation of optional times) Let T be an optional
time with compensator A. Then

(i) 7 is predictable iff A is a.s. constant apart from a possible unit jump;

(i) 7 is accessible iff A is a.s. purely discontinuous;

(iil) 7 is totally inaccessible iff A is a.s. continuous.
In general, T has the accessible part Tp, where D = {AA, >0, T < oo}.

Proof: (i) If 7 is predictable, then so is the process X; = 1{r < t} by
Theorem 22.14, and so A = X a.s. Conversely, if A, = 1{oc < t} for some
optional time o, then the latter is predictable by Theorem 22.14, and by
Lemma 22.13 we have
Plo=7< >} = E[AX,; 0 <] =E[AA,; 0 <)
= P{o <o} =FAyx =EX, = P{r <0}

Thus, 7 = o a.s., and so 7 is predictable.
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(ii) Clearly, 7 is accessible iff X has accessible jumps, which holds by
Proposition 22.17 iff A = A? a.s.

(iil) Here we note that 7 is totally inaccessible iff X is quasi-left-contin-
uous, which holds by Proposition 22.17 iff A = A€ a.s.

The last assertion follows easily from (ii) and (iii). O

The next result characterizes quasi—left-continuity for filtrations and mar-
tingales.

Proposition 22.19 (quasi-left-continuous filtrations, Meyer) For any fil-
tration F, these conditions are equivalent:
(i) Every accessible time is predictable;
(ii) Fro = F; on {1 < o0} for every predictable time T;
(i) AM,; = 0 a.s. on {7 < oo} for every martingale M and predictable
time T.

If the basic o-field in Q is taken to be Fy, then F,_ = F, on {7 = oo}
for any optional time 7, and the relation in (ii) extends to all of 2.

Proof: (i) = (ii): Let 7 be a predictable time, and fix any B € F, N
{7 < 00}. Then [r5] C [7], so 75 is accessible and by (i) even predictable.
The process X; = 1{r5 < t} is then predictable by Theorem 22.14, and since

X, {1 < o0} =1l{rp <7< o0} =1p,
Lemma 22.3 (i) yields B € F,_.
(ii) = (iii): Fix any martingale M, and let T be a bounded, predictable

time with announcing sequence (7,,). Using (ii) and Lemma 22.2 (iii), we get
as before

MT_ «— M'f'n = E[MT|fTTL] — E[MT|‘¢ —] = E[MT“FT] = M7'7

and so M,_ = M, a.s.

(i) = (i): If 7 is accessible, then by Proposition 22.4 there exist some
predictable times 7, with [7] C U,[m] a.s. By (iii) we have AM,, = 0 as.
on {7, < oo} for every martingale M and all n, and so AM, = 0 a.s. on
{T < o0}. Hence, 7 is predictable by Theorem 22.14. O

In particular, quasi-left-continuity holds for canonical Feller processes
and their induced filtrations.

Proposition 22.20 (quasi-left-continuity of Feller processes, Blumenthal,
Meyer) Let X be a canonical Feller process with arbitrary initial distribution,
and fix any optional time 7. Then these conditions are equivalent:
(i) 7 is predictable;
(i) 7 is accessible;
(i) X,— = X, a.s. on {17 < o0}.
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In the special case when X is a.s. continuous, we may conclude that every
optional time is predictable.

Proof: (ii) = (iil): By Proposition 22.4 we may assume that 7 is finite
and predictable. Fix an announcing sequence (7,) and a function f € Cj.
By the strong Markov property, we get for any i > 0

B{f(X5,) = f(Xr4n)}® E(f* = 2fTuf + Thf*)(X-,)
< NP2 =2Tuf + Tuf?|
< 20fINIf = Tuf | + 1157 = Tuf?l-
Letting n — oo and then A | 0, it follows by dominated convergence on
the left and by strong continuity on the right that E{f(X,_) — f(X,)}* =
0, which means that f(X,_ ) = f(X,) a.s. Applying this to a sequence
f1, fo, ... € Cy that separates points, we obtain X, = X, a.s.

(ili) = (i): By (iii) and Theorem 17.20 we have AM, = 0 a.s. on {7 < oo}
for every martingale M, and so 7 is predictable by Theorem 22.14.

(i) = (ii): This is trivial. 0

The following basic inequality will be needed in the proof of Theorem
23.12.

Proposition 22.21 (norm inequality, Garsia, Neveu) Consider a right- or
left-continuous, predictable, increasing process A and a random variable ¢ >
0 such that a.s.

E[Aoo - At|]:t] < E[CU‘?L t> 0. (5)

||A00||p < p”C”pa p=>1.

In the left-continuous case, predictability is clearly equivalent to adapt-
edness. The appropriate interpretation of (5) is to take E[A;|F;] = A, and to
choose right-continuous versions of the martingales E[A|F:] and E[C|F].
For a right-continuous A, we may clearly choose ( = Z*, where Z is the
supermartingale on the left of (5). We also note that if A is the compensator
of an increasing process X, then (5) holds with ¢ = X .

Then

Proof: We shall only consider the right-continuous case, the case of a
left-continuous A being similar but simpler. It is enough to assume that
A is bounded, since we may otherwise replace A by the process A A u for
arbitrary v > 0, and let v — oo in the resulting formula. For each r > 0,
the random time 7, = inf{¢; A; > r} is predictable by Theorem 22.14. By
optional sampling and Lemma 22.2 we note that (5) remains true with ¢
replaced by 7,.—. Since 7, is JF,,_-measurable by the same lemma, we obtain

ElAsw — 75 Aso > 7] ElAx — 15 7 < 9]
FElAsw — A, —; 7 < 9]

E[¢; 7 < ool < E[¢; Ao > 1]

ININ N
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Writing As = a and letting p~! 4+ ¢~! = 1, we get by Fubini’s theorem,
Holder’s inequality, and some easy calculus

lalh = p2q_1E/a o —r)rP2dr
= p? ‘1/ [ — 75 > r]rP~2dr
< 2’1/ (,a>rrp2dr
= PG [ e = pECar < plicl ol
If |||, > 0, we may finally divide both sides by [|er|~". ]

We turn our attention to locally finite random measures £ on (0, 00) X .S,
where S is a Polish space with Borel o-field S. Let S denote the class of
bounded sets in S and say that & is adapted, predictable, or locally integrable
if the process §B = £((0,¢] x B) has the corresponding property for every
B € 8. In the cases of adaptedness and predictability, it is clearly equivalent
that the relevant property holds for the measure-valued process &. Let us
further say that a process V on R, x S is predictable if it is P ® S-measurable,
where P denotes the predictable o-field in R, x €.

Theorem 22.22 (compensation of random measures, Grigelionis, Jacod)
Let € be a locally integrable, adapted random measure on some product space
(0,00) x S, where S is Polish. Then there exists an a.s. unique predictable
random measure f on (0,00) x S such that E [VdE = Edef for every
predictable process V>0 on Ry x S.

The random measure é above is called the compensator of €. By Lemma
22.13 this extends the notion of compensator for real-valued processes. For
the proof of Theorem 22.22 we need a simple technical lemma, which can be
established by straightforward monotone class arguments.

Lemma 22.23 (predictability)

(i) For any predictable random measure & and predictable process V> 0
on (0,00) X S, the process V - £ is again predictable;

(i) for any predictable process V- > 0 on (0,00) xS and predictable measure-
valued process p on S, the process Yy = [ Vi spe(ds) is again predictable.

Proof of Theorem 22.22: Since £ is locally integrable, we may easily con-
struct a predictable process V' > 0 on Ry x S such that F [Vd¢ < oo. If
the random measure ( = V - £ has compensator 67 then by Lemma 22.23
the measure é =Vt 6 is the compensator of £&. Thus, we may henceforth
assume that E(S x (0,00)) = 1.

Write n = £(S x -). Using the kernel operation ® of Chapter 1, we may
introduce the probability measure g = P®& on Q xR, x .S and its projection
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v =P®nonto Q xR,. Applying Theorem 5.3 to the restrictions of  and v
to the o-fields P ® S and P, respectively, we conclude that there exists some
probability kernel p from (2 x R;,P) to (S,S) satisfying p = v ® p, or

PR=Pen®p on (xR xS PxS).

Letting 7 denote the compensator of 7, we may introduce the random measure
€=ﬁ®ponR+ x S.

To see that f is the compensator of £, we first note that é is predictable by
Lemma 22.23 (i). Next we consider an arbitrary predictable process V > 0
on Ry x §, and note that the process Y, = [ V;p,(ds) is again predictable
by Lemma 22.23 (ii). By Theorem 5.4 and Lemma 22.13 we get

B [vae=E [ad) [ Vipds) = E [n(d) [ Viuplds) = E [ Vae.
It remains to note that é is a.s. unique by Lemma 22.13. O

Our next aim is to show how point processes satisfying a weak regularity
condition can be transformed to Poisson by means of suitable predictable
mappings. This will lead to various time-change results for point processes,
similar to the results for continuous local martingales in Chapter 16.

By an S-marked point process on (0,00) we mean an integer-valued ran-
dom measure £ on (0,00) x S such that a.s. {([t] x S) < 1 for all t > 0.
The condition implies that £ is locally integrable, and so the associated com-
pensator é exists automatically. We say that £ is quasi-left-continuous if
&([r] x S) =0 a.s. for every predictable time 7.

Theorem 22.24 (predictable mapping to Poisson) Fix a Polish space S and
a o-finite measure space (S’, ), let € be a quasi-left-continuous S-marked
point process on (0,00) with compensator é, and let T' be a predictable map-
ping from Ry x S to S" with {Ao T ' =y as Thenn=EoT™! is a Poisson
process on S" with En = p.

Proof: For any disjoint measurable sets By, ..., B, in S’ with finite u-

measure, we need to show that nBy, ..., nB, are independent Poisson random
variables with means uBi,...,uB,. Then introduce for each k& < n the
processes

s= o (Ton) E(dsda),  JF = L] "Ly (T €(ds da).

Here jfo = uBj, < oo a.s. by hypothesis, so each J* is a simple and integrable
point process on R, with compensator J*. For fixed uy, ..., u, > 0 we define

X = Zkgn{uka —(1—e")JF}, t>0.
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The process M; = e~** has bounded variation and finitely many jumps,
so by an elementary change of variables

ot
' —Xs 7ve
M, —1 = ESStAe —/Oe dX;

t+ R
= Yo [ e el - g,
<n Jo

Here the integrands are bounded and predictable, so M is a uniformly inte-
grable martingale, and we get EM,, = 1. Thus,

FEexp {*Zkukan} = exp {7216(1 _ efuk)uBk} ’

and the assertion follows by Theorem 4.3. O

The preceding theorem immediately yields a corresponding Poisson char-
acterization, similar to the characterization of Brownian motion in Theorem
16.3. The result may also be considered as an extension of Theorem 10.11.

Corollary 22.25 (Poisson characterization, Watanabe) Fiz a Polish space
S and a measure p on (0,00) x S with p({t} x S) =0 for allt > 0. Let & be
an S-marked, F-adapted point process on (0,00) with compensator §&. Then
¢ is F-Poisson with E€ = zjj”é = U a.s.

We may further deduce a basic time-change result, similar to Proposition
16.8 for continuous local martingales.

Corollary 22.26 (time-change to Poisson, Papangelou, Meyer) Let N*,

., N™ be counting processes on R, with simple sum Y, N* and a.s. un-
bounded and continuous compensators ]\717 e ,N", and define TF =inf{t > 0;
N* > s} and Y¥ = N*¥(rF). ThenY',..., Y™ are independent unit-rate Pois-
son processes.

Proof: 'We may apply Theorem 22.24 to the random measures § =

(1,2 &) and € = (&, .-, &) on {1,...,n} x R, induced by (N',..., N")
and (N 1 , N™), respectively, and to the predictable mapping T}, ; = (k: NF)
on {1,.. n} x R,. It is then enough to verify that, a.s. for fixed k and ¢,

G{s>0; NE<t}=t,  &{s>0; NF <t} = N¥(zF),

which is clear by the continuity of N*. |

There is a similar result for stochastic integrals with respect to p-stable
Lévy processes, as described in Proposition 13.9. For simplicity we consider
only the case when p < 1.

Proposition 22.27 (time-change of stable integrals) For ap € (0,1), let X
be a strictly p-stable Lévy process, and consider a predictable process V> 0
such that the process A = VP - X is a.s. finite but unbounded. Define 17, =

inf{t; Ay > s}, s > 0. Then (V'X)OTgX.
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Proof: Define a point process £ on Ry x (R\{0}) by £B =3, 15(s, AX,),
and recall from Corollary 13.7 and Proposition 13.9 that ¢ is Poisson with
intensity measure of the form A ® v, where v(dx) = cy|z| P~ dx for £z > 0.
In particular, £ has compensator é = A® v. Let the predictable mapping
T on R; x R be given by Ts, = (A, xV;). Since A is continuous, we have
{4s; <t} ={s <7} and A,, =t. By Fubini’s theorem, we hence obtain for
any t,u > 0

A@v)oT H[0,t] x (u,00)) = A@v){(s,z); As <t, 2V, > u}
= /0 t v{z; Vs > ulds
= v(u,00) /Oﬂ VPds = tv(u,c0),

and similarly for the sets [0,¢] X (—oo0, —u). Thus, Eo T ' =£ =A@ v as.,
and so Theorem 22.24 yields £ o T} 2 &. Finally, we note that

T+ 00
(V-X), = / /xvsg(ds dz) = / /xVSl{AS <t} €(ds d)
0 0
i+ 1
_ /0 /y(goT )(dr dy),
where the process on the right has the same distribution as X. O

We turn to an important special case where the compensator can be
computed explicitly. By the natural compensator of a random measure £ we
mean the compensator with respect to the induced filtration.

Proposition 22.28 (natural compensator) Fix a Polish space (S,S), and
let (1,¢) be a random element in (0, 00] x S with distribution p. Then & = d,
has the natural compensator

wu(dr x B)

- A S > ,
&b /(O,t/\'r] w([r,o0] x S)’ t20,B€$ (6)

Proof: The process ;B on the right of (6) is clearly predictable for every

B € S. It remains to show that M; = B — ;B is a martingale, hence

that E[M; — Ms; Al = 0 for any s < t and A € F,;. Since My = M; on

{r < s}, and the set {7 > s} is a.s. an atom of F;, it suffices to show that
E(M; — M) =0, or EM; = 0. Then use Fubini’s theorem to get

B
EnB = /(o tnr] p([r, 00] x S)
C [ [, B
(O.tna) pu([r, 00] x S)
- / rd:x;x f)s) / . p(dr) = p((0,t] x B) = E§B. O
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We shall now consider some applications to classical potential theory.
Then fix a domain D C R%, and let T; = TP denote the transition operators
of Brownian motion X in D, killed at the boundary 0D. A function f > 0
on D is said to be excessive if T,f < f forallt > 0 and T,f — f as
t — 0. In this case clearly T;f 1 f. Note that if f is excessive, then f(X)
is a supermartingale under P, for every x € D. The basic example of an
excessive function is the Green potential GPv of a measure v on a Greenian
domain D, provided this potential is finite.

Though excessivity is defined globally in terms of the operators T}?, it is
in fact a local property. For a precise statement, we say that a measurable
function f > 0 on D is superharmonic if, for any ball B in D with center x,
the average of f over the sphere 9B is bounded by f(z). As we shall see, it is
enough to consider balls in D of radius less than an arbitrary e > 0. Recall
that f is lower semicontinuous if x,, — x implies liminf,, f(x,) > f(x).

Theorem 22.29 (superharmonic and excessive functions, Doob) Let f >0
be a measurable function on some domain D C R%. Then f is excessive iff
it 1is superharmonic and lower semicontinuous.

For the proof we shall need two lemmas, the first of which clarifies the
relation between the two continuity properties.

Lemma 22.30 (semicontinuity) Consider a measurable function f >0 on
some domain D C R? such that T,f < f for allt > 0. Then f is excessive
iff it is lower semicontinuous.

Proof: First assume that f is excessive, and let x,, — = in D. By Theorem
21.7 and Fatou’s lemma

Tf@) = [ pP(@y)f)dy < liminf [ pf (@0, y)f()dy

and as t — 0, we get f(x) < liminf, f(z,). Thus, f is lower semicontinuous.
Next assume that f is lower semicontinuous. Using the continuity of X
and Fatou’s lemma, we get as t — 0 along an arbitrary sequence

flo) = Eof(Xo) < B timint £(X,) < limint E, f(X)
= 1imi0nf Tif(z) <limsup Tif(z) < f(x).
t— t—0

Thus, T;f — f, and f is excessive. |

For smooth functions the superharmonic property is easy to describe.

Lemma 22.31 (smooth functions) A function f >0 in C*(D) is superhar-
monic iff Af <0, in which case f is also excessive.
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Proof: By Ito’s formula, the process

M= f(X) - 4 [ Af(X)ds. te 0.0, g

is a continuous local martingale. Now fix any closed ball B C D with center
z, and write 7 = 7. Since E,7 < 0o, we get by dominated convergence

f(@) = Bof(X,) = 3B, [ Af(X.)ds.

Thus, f is superharmonic iff the last expectation is < 0, and the first assertion
follows.

To prove the last statement, we note that the exit time ( = 7yp is pre-
dictable, say with announcing sequence (7). If Af <0, we get from (7) by
optional sampling

Ex[f(Xt/\Tn); t < C] S E”IZf(Xt/\Tn) S f(l’)

Hence, Fatou’s lemma yields E,[f(X;); t < ¢] = T;f(x), and so f is excessive
by Lemma 22.30. O

Proof of Theorem 22.29: If f is excessive or superharmonic, then Lemma
22.30 shows that f A n has the same property for every n > 0. The con-
verse statement is also true—by monotone convergence and because the lower
semicontinuity is preserved by increasing limits. Thus, we may henceforth
assume that f is bounded.

Now assume that f is excessive on D. By Lemma 22.30 it is then lower
semicontinuous, so it remains to prove that f is superharmonic. Since the
property T;f < f is preserved by passing to a subdomain, we may assume
that D is bounded. For each h > 0 we define ¢, = h™(f — T)f) and
fn = GPqy. Since f and D are bounded, we have GPf < oo, and so f, =
ht fg‘ T.fds T f. By the strong Markov property it is further seen that, for
any optional time 7 < (,

El‘fh(XT) = EzEXT/O qh(Xs)ds = EI/O qh(Xs-H')dS

_ B / Y (X ds < ful).

In particular, f, is superharmonic for each h, and so by monotone conver-
gence the same thing is true for f.

Conversely, assume that f is superharmonic and lower semicontinuous.
To prove that f is excessive, it is enough by Lemma 22.30 to show that
T.f < f for all t. Then fix a spherically symmetric probability density
¥ € C*°(R?) with support in the unit ball, and put ¥,(z) = h~%)(z/h)
for each h > 0. Writing p for the Euclidean metric in R?, we may define
fn =1t * f on the set D, = {x € D; p(x, D°) > h}. Note that f, € C°(Dy)
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for all h, that f; is superharmonic on Dy, and that f;, T f. By Lemma 22.31
and monotone convergence we conclude that f is excessive on each set Dy,
Letting (;, denote the first exit time from Dj, we obtain

E[f(Xy);t <) < f(z), h>0.

As h — 0, we have ¢, 1 ¢ and hence {t < (;} 1 {t < ¢}. Thus, by monotone
convergence Ty f(z) < f(x). O

In view of the fact that excessive functions f need not be continuous, it
is remarkable that the supermartingale f(X) is a.s. continuous under P, for
every z.

Theorem 22.32 (continuity, Doob) Fiz an excessive function f on some
domain D C R?, and let X be a Brownian motion killed at OD. Then the
process f(X¢) is a.s. continuous on [0, ().

The proof is based on the following invariance under time reversal of a
“stationary” version of Brownian motion. Here we are considering “distri-
butions” with respect to the o-finite measure P = [ P,dx, where P, is the
distribution of a Brownian motion in R? starting at z.

Lemma 22.33 (time reversal, Doob) For any ¢ > 0, the processes Y; = X
and Yy = X, on [0,c] are equally distributed under P.

Proof: Introduce the processes
Bi=X,—Xo, Bi=X.i— X, te[0,d,

and note that B and B are Brownian motions on [0, ¢] under each P,. Fix
any measurable function f > 0 on C([0, ¢J, RY). By Fubini’s theorem and the
invariance of Lebesgue measure, we get

Ef(Y)

Ff(XO—Bc+B):/wa(x—f}c+§)dx

/Eof(x—Bc—ké)dx:Eo/f(x—Bc-i-B)dx

- Eo/f(x+]§)dx=/Exf(Y)dx:Ef(Y). 0

Proof of Theorem 22.32: Since f A n is again excessive for each n > 0 by
Theorem 22.29, we may assume that f is bounded. As in the proof of the
same theorem, we may then approximate f by smooth excessive functions
fn T f on suitable subdomains D, T D. Since f,(X) is a continuous super-
martingale up to the exit time ¢, from Dy, Theorem 6.32 shows that f(X)
is a.s. right-continuous on [0, ¢) under any initial distribution . Using the
Markov property at rational times, we may extend the a.s. right-continuity
to the random time set 7' = {t > 0; X; € D}.
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To strengthen the result to a.s. continuity on T, we note that f(X) is
right-continuous on 7', a.e. P. By Lemma 22.33 it follows that f(X) is also
left-continuous on T, a.e. P. Thus, f(X) is continuous on 7, a.s. under P,
for arbitrary ¢ < A% Since P, o X, ' < M for any p and h > 0, we may
conclude that f(X) is a.s. continuous on 7' N [k, c0) for any h > 0. This to-

gether with the right-continuity at 0 yields the asserted continuity on [0, (). O

If f is excessive, then f(X) is a supermartingale under P, for every x,
and so it has a Doob—Meyer decomposition f(X) = M — A. It is remarkable
that we can choose A to be a continuous additive functional (CAF) of X
independent of x. A similar situation was encountered in connection with
Theorem 19.23.

Theorem 22.34 (compensation by additive functional, Meyer) Let f be an
excessive function on some domain D C R?, and let P, denote the distribu-
tion of Brownian motion in D, killed at 0D. Then there exists an a.s. unique
CAF A of X such that M = f(X) + A is a continuous, local P,-martingale
on [0,¢) for every x € D.

The main difficulty in the proof is constructing a version of the process A
that compensates — f(X) under every measure P,. Here the following lemma
is helpful.

Lemma 22.35 (universal compensation) Consider an excessive function f
on some domain D C R?, a distribution m ~ X* on D, and a P,,-compensa-
tor A of —f(X) on [0,¢). Then for any distribution p and constant h > 0,
the process Ao 6y is a P,-compensator of —f(X 0 6)) on [0, 0 6)).

In other words, the process M, = f(X;)+A;_,00), is alocal P,-martingale
on [h, () for every p and h.

Proof: For any bounded P,,,-martingale M and initial distribution p < m,
we note that M is also a P,-martingale. To see this, write k = dp/dm, and
note that P, = k(Xy) - Py, It is equivalent to show that N, = k(X,)M, is a
P,,-martingale, which is clear since k(Xy) is Fo-measurable with mean 1.

Now fix an arbitrary distribution p and a constant A > 0. To prove the
stated property of A, it is enough to show for any bounded P,,-martingale
M that the process N, = M;_; 0 0, is a P,-martingale on [k, c0). Then fix
any times s < t and sets F' € F, and G € F,. Using the Markov property at
h and noting that P, o X, P < m, we get

E,M,00,; FN6,'G] = E,[Ex,[My;;G; F]
= E,[Ex,[M;Gl; F]
= E,[Mso0,; FN6,'G).

Hence, by a monotone class argument, E,[M; o 0| F4s] = Ms06, as. O
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Proof of Theorem 22.34: Let A* denote the P,-compensator of —f(X) on
[0,¢), and note that A* is a.s. continuous, e.g. by Theorem 16.10. Fix any
distribution m ~ A% on D, and conclude from Lemma 22.35 that A™ o), is a
P,-compensator of —f(X 08,) on [0,( o 6y) for any p and h > 0. Since this
is also true for the process Ay, — Ay, we get for any p and h > 0

Al = A+ A o6y, t>h, as. P,. (8)
Restricting h to the positive rationals, we may define
At:}llig(l]A?jhoeh, t>0,

whenever the limit exists and is continuous and nondecreasing with Aq = 0,
and put A = 0 otherwise. By (8) we have A = A* a.s. P, for every u, and
so A is a P,-compensator of —f(X) on [0,() for every p. For each h > 0
it follows by Lemma 22.35 that A o ), is a P,-compensator of —f(X o 6,)
on [0,¢ 0 8;), and since this is also true for the process A, — Ap, we get
Appn = A+ Ay o0y as. P, Thus, Ais a CAF. O

We may now establish a probabilistic version of the classical Riesz decom-
position. To avoid technical difficulties, we restrict our attention to locally
bounded functions f. By the greatest harmonic minorant of f we mean a
harmonic function h < f that dominates all other such functions. Recall
that the potential Uy of a CAF A of X is given by Ua(x) = E, Ax.

Theorem 22.36 (Riesz decomposition) Fiz any locally bounded function
f >0 on some domain D C R%, and let X be Brownian motion on D, killed
at 0D. Then f is excessive iff it has a representation f = U+ h, where A is
a CAF of X and h is harmonic with h > 0. In that case A is the compensator
of —f(X), and h is the greatest harmonic minorant of f.

A similar result for uniformly a-excessive functions of an arbitrary Feller
process was obtained in Theorem 19.23. From the classical Riesz represen-
tation on Greenian domains, we know that U, may also be written as the
Green potential of a unique measure v4, so that f = GPv4 + h. In the
special case when D = R? with d > 3, we recall from Theorem 19.21 that
vaB = E(1p - A);. A similar representation holds in the general case.

Proof of Theorem 22.36: First assume that A is a CAF with Uy < oo.
By the additivity of A and the Markov property of X, we get for any ¢ > 0
Ua(z) = E Ax =FE. (A + A, 006)
= E,A+ E,Ex,Ax = E, A+ T,Ua(x).

By dominated convergence E,A; | 0 as t — 0, and so Uy is excessive. Even
Uy + h is then excessive for any harmonic function i > 0.
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Conversely, assume that f is excessive and locally bounded. By Theorem
22.34 there exists some CAF A such that M = f(X)+ A is a continuous local
martingale on [0,¢). For any localizing and announcing sequence 7,, 1 ¢, we
get

f(z) = E,My=E,M, =E.f(X,,)+ EA, > E,A, .

Tn —

As n — o0, it follows by monotone convergence that Uy < f.
By the additivity of A and the Markov property of X,

ET[AOOWTt] - At + E’C[Aoo (e] 9t|ft]
= A+ Ex,Ax = My — f(X) + Ua(Xy). (9)

Writing h = f — U, it follows that h(X) is a continuous local martingale.
Since h is locally bounded, we may conclude by optional sampling and dom-
inated convergence that h has the mean-value property. Thus, h is harmonic
by Lemma 21.3.

To prove the uniqueness of A, assume that f also has a representation
Ug + k for some CAF B and some harmonic function k > 0. Proceeding as
in (9), we get

Ay — B, = E,[Ax — Boo|Fi] + h(Xy) — k(Xy), t>0,

so A— B is a continuous local martingale, and Proposition 15.2 yields A = B
a.s.

To see that h is the greatest harmonic minorant of f, consider any har-
monic minorant £ > 0. Since f — k is again excessive and locally bounded,
it has a representation Ug + [ for some CAF B and some harmonic function
[. But then f=Ugp+k+Il,so A=Bas.andh=k+1>k. O

For any sufficiently regular measure v on R? we may now construct an
associated CAF A of Brownian motion X such that A increases only when
X visits the support of v. This clearly extends the notion of local time. For
convenience we may write GP(1p - v) = GPv.

Proposition 22.37 (additive functionals induced by measures) Fix a mea-
sure v on RY such that U(1p - v) is bounded for every bounded domain D.
Then there exists an a.s. unique CAF A of Brownian motion X such that
for any D

E,Ac, = GPv(z), z€D. (10)

Conversely, v is uniquely determined by A. Furthermore,
supp A C {t > 0; X, € suppv} a.s. (11)

The proof is straightforward, given the classical Riesz decomposition, and
we shall indicate the main steps only.
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Proof: A simple calculation shows that GPv is excessive for any bounded
domain D. Since GPv < U(1p-v), it is further bounded. Hence, by Theorem
22.36 there exist a CAF Ap of X on [0,(p) and a harmonic function hp > 0
such that GPv = Uy, + hp. In fact, hp = 0 by Riesz’ theorem.

Now consider another bounded domain D’ D D, and note that GP'v —
GPv is harmonic on D. (This is clear from the analytic definitions, and it
also follows under a regularity condition from Lemma 21.13.) Since Ap and
Ap: are compensators of —GPr(X) and —GP'v(X), respectively, we may
conclude that Ap — Aps is a martingale on [0,(p), and so Ap = Ap a.s. up
to time (p. Now choose a sequence of bounded domains D,, 1 R¢, and define
A =sup, Ap,, so that A= Ap a.s. on [0,(p) for all D.

It is easy to see that A is a CAF of X, and that (10) holds for any
bounded domain D. The uniqueness of v is clear from the uniqueness in the
classical Riesz decomposition. Finally, we obtain (11) by noting that GPv is
harmonic on D \ suppv for every D, so that GPv(X) is a local martingale
on the predictable set {t < (p; X; & suppv}. m]

Exercises

1. Show by an example that the o-fields F, and F,_ may differ. (Hint:
Take 7 to be constant.)

2. Give examples of optional times that are predictable; accessible but
not predictable; and totally inaccessible. (Hint: Use Corollary 22.18.)

3. Show by an example that a right-continuous, adapted process need
not be predictable. (Hint: Use Theorem 22.14.)

4. Show by an example that the compensator of an increasing, locally
integrable process may depend on the filtration. Further show that any
optional time can be made predictable by a change of filtration.

5. Show that any increasing, predictable process has accessible jumps.

6. Show that the compensator A of a quasi-left-continuous local sub-
martingale is a.s. continuous. (Hint: Note that A has accessible jumps. Use
optional sampling at an arbitrary predictable time 7 < oo with announcing
sequence (7,).)

7. Extend Corollary 22.26 to possibly bounded compensators.

8. Show that any general inequality involving an increasing process A
and its compensator A remains valid in discrete time. (Hint: Embed the
discrete-time process and filtration into continuous time.)



Chapter 23

Semimartingales and General
Stochastic Integration

Predictable covariation and L?-integral; semimartingale integral
and covariation; general substitution rule; Doléans’ exponential
and change of measure; norm and exponential inequalities; mar-
tingale integral; decomposition of semimartingales; quasi-martin-
gales and stochastic integrators

In this chapter we shall use the previously established Doob—Meyer decom-
position to extend the stochastic integral of Chapter 15 to possibly discon-
tinuous semimartingales. The construction proceeds in three steps. First
we imitate the definition of the L2-integral V - M from Chapter 15, using a
predictable version (M, N) of the covariation process. A suitable truncation
then allows us to extend the integral to arbitrary semimartingales X and
bounded, predictable processes V. The ordinary covariation [X, Y] can now
be defined by the integration-by-parts formula, and we may use a generalized
version of the BDG inequalities from Chapter 15 to extend the martingale
integral V' - M to more general integrands V.

Once the stochastic integral is defined, we may develop a stochastic cal-
culus for general semimartingales. In particular, we shall prove an extension
of 1t6’s formula, solve a basic stochastic differential equation, and establish
a general Girsanov-type theorem for absolutely continuous changes of the
probability measure. The latter material extends the appropriate portions of
Chapters 16 and 18.

The stochastic integral and covariation process, together with the Doob—
Meyer decomposition from the preceding chapter, provide the tools for a
more detailed analysis of semimartingales. Thus, we may now establish two
general decompositions, similar to the decompositions of optional times and
increasing processes in Chapter 22. We shall further derive some exponential
inequalities for martingales with bounded jumps, characterize local quasi-
martingales as special semimartingales, and show that no continuous exten-
sion of the predictable integral exists beyond the context of semimartingales.

Throughout this chapter, M? denotes the class of uniformly square-
integrable martingales. As in Lemma 15.4, we note that M? is a Hilbert
space for the norm ||M|| = (EM2)Y2. We define M2 as the closed linear
subspace of martingales M € M? with My = 0. The corresponding classes

433
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2 and MO loc are defined as the sets of processes M such that the stopped
versions M™ belong to M2 or M3, respectively, for some sequence of optional
times 7,, — 00.

For every M € MZ_ we note that M? is a local submartingale. The cor-
responding compensator, denoted by (M), is called the predictable quadratic
variation of M. More generally, we may define the predictable covariation
(M, N) of two processes M,N € M3 as the compensator of M N, also
computable by the polarization formula

4(M,N) = (M + N) — (M — N).

Note that (M, M) = (M). If M and N are continuous, then clearly (M, N) =
[M, N] a.s. The following result collects some further useful properties.

Proposition 23.1 (predictable covarzatzon) For any M, M",N € M} _,
(i) (M,N) = (M — My, N — No) a
(ii

(iii

(M) is a.s. increasing, and (M, N> is a.s. symmetmc and bilinear;
[(M,N)| < [|d(M,N)| < (M)!*(N)!/? a
(M,N)"=(M",NY={(M",N") a.s. for any optional time T;
(M Yoo — 0 implies (M™ — MP)* 50

(iv
(v

Proof: By Lemma 22.11 we note that (M, N) is the a.s. unique predictable
process of locally integrable variation and starting at 0 such that M N —
(M, N) is a local martingale. The symmetry and bilinearity in (ii) follow
immediately, as does property (i), since M Ny, MyN, and MyN, are all local
martingales. Property (iii) is proved in the same way as Proposition 15.10,
and (iv) is obtained as in Theorem 15.5.

To prove (v), we may assume that M7 = 0 for all n. Let (M™)o, 5 0.
Fix any ¢ > 0, and define 7, = inf{¢t; (M™), > }. Since (M") is pre-
dictable, even 7, is predictable by Theorem 22.14 and is therefore announced
by some sequence T, T 7,. The latter may be chosen such that M™ is an L%
martingale and (M™)? — (M") a uniformly integrable martingale on [0, 7,4
for every k. By Proposition 6.16

)
)
)
)

E(M™)2 < B(M™)? = E(M")

Tnk —

Tnk — 87

and as k — oo, we get E(M™):>_ < e. Now fix any § > 0, and write
P{(M™)** > §} < P{r, < oo} + %E(M”)fﬁ < P{{M") > e} + %

Here the right-hand side tends to zero as n — oo and then ¢ — 0. O
We shall now use the predictable quadratic variation to extend the Ito

integral from Chapter 15. As before, we let £ denote the class of bounded,
predictable step processes V' with jumps at finitely many fixed times. The
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corresponding integral V' - X will be referred to as the elementary predictable
integral.

Given any M € M}, let L?*(M) be the class of predictable processes
V such that (V2. (M)), < oo a.s. for every t > 0. We shall first consider
integrals V - M with M € M} _and V € L?(M). Here the integral process
belongs to MG, the class of local L*-martingales starting at 0. In the
following statement it is understood that M, N € M2 _ and that U and V

loc

are predictable processes such that the stated integrals exist.

Theorem 23.2 (L*-integral, Courrége, Kunita and Watanabe) The ele-
mentary predictable integral extends a.s. uniquely to a bilinear map of any

M e Mg, and V € L*(M) into V-M € MG,,., such that if (V,}-(My,)), Lo

loc

for some V,, € L*(M,) and t > 0, then (V,, - M,); B0, It has the following
additional properties, the first of which characterizes the integral:

(i) (V-M,N)=V-(M,N) a.s. for all N € M} _;

i) U-(V-M)=UV)-M as.;

(i) A(V-M)=VAM a.s.;

(iv) (V-M)" =V -M"= (Vi) M a.s. for any optional time 7.

For the proof we need an elementary approximation property, correspond-
ing to Lemma 15.24 in the continuous case.

Lemma 23.3 (approzimation) Let V be a predictable process with |V|P €
L(A), where A is increasing and p > 1. Then there exist some Vi, Vs, ... € E
with (|V, = VI|P - A)y — 0 a.s. for allt > 0.

Proof: It is enough to establish the approximation (|V;, — V|)? - A); £o.
By Minkowski’s inequality we may then approximate in steps, and by dom-
inated convergence we may first reduce to the case when V is simple. Each
term may then be approximated separately, and so we may next assume that
V = 1p for some predictable set B. Approximating separately on disjoint
intervals, we may finally reduce to the case when B C Q x [0,¢] for some
t > 0. The desired approximation is then obtained from Lemma 22.1 by a
monotone class argument. d

Proof of Theorem 23.2: As in Theorem 15.12, we may construct the inte-
gral V- M as the a.s. unique element of MG, satisfying (i). The mapping
(V,M) — V - M is clearly bilinear, and by the analogue of Lemma 15.11 it
extends the elementary predictable integral. Properties (ii) and (iv) may be
obtained in the same way as in Propositions 15.15 and 15.16. The stated
continuity property follows immediately from (i) and Proposition 23.1 (v).
To get the stated uniqueness, it is then enough to apply Lemma 23.3 with
A= (M) and p=2.
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To prove (iii), we note from Lemma 23.3 with Ay = (M), + 3 <, (AM,)?
that there exist some processes V,, € & satisfying V,AM — VAM and
(Voo M =V -M)* — 0 a.s. In particular, A(V,,- M) = A(V - M) a.s., so (iii)
follows from the corresponding relation for the elementary integrals V,, - M.
The argument relies on the fact that Y.<, (AM,)? < co a.s. To verify this,
we may assume that M € M3 and define ¢, = k27" for k < 2". By Fatou’s
lemma

EZSq(A]\L)2 < FEliminf Zk(thk — Mtn’kﬂ)2

n—oo
< lminf B, (M, — M, ,)* = EM} <oo. O

n,k—1 )

A semimartingale is defined as a right-continuous, adapted process X
admitting a decomposition M + A, where M is a local martingale and A
is a process of locally finite variation starting at 0. If A has even locally
integrable variation, we may write X = (M + A — 121) + A, where A denotes
the compensator of A, and so we can then choose A to be predictable. In that
case the decomposition is a.s. unique by Propositions 15.2 and 22.16, and X
is called a special semimartingale with canonical decomposition M + A.

Lévy processes are the basic examples of semimartingales. In particular,
we note that a Lévy process is a special semimartingale iff its Lévy measure
v satisfies [(2? A |z|)v(dz) < co. From Theorem 22.5 it is further seen that
any local submartingale is a special semimartingale.

The next result extends the stochastic integration to general semimartin-
gales. At this stage we shall consider only locally bounded integrands, which
covers most applications of interest.

Theorem 23.4 (semimartingale integral, Doléans-Dade and Meyer) The
L2-integral of Theorem 23.2 and the ordinary Lebesque—Stieltjes integral ez-
tend a.s. uniquely to a bilinear mapping of any semimartingale X and locally
bounded, predictable process V' into a semimartingale V - X. The mapping
satisfies properties (ii)—(iv) of Theorem 23.2, and for any locally bounded,
predictable processes V, Vi, Va, ... with V. > |V,| = 0, we have (V,, - X); B0
for allt > 0. If X is a local martingale, then so is V - X.

Our proof relies on the following basic decomposition.

Lemma 23.5 (truncation, Doléans-Dade, Jacod and Mémin, Yan) Any lo-
cal martingale M can be decomposed into two local martingales M' and M”,
where M’ has locally integrable variation and |AM"| <1 a.s.

Proof: Define
A= AMI{|AM| > 1}, t>0.

By optional sampling, we note that A has locally integrable variation. Let
A denote the compensator of A, and put M = A— A and M" = M — M.
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Then M’ and M" are again local martingales, and M’ has locally integrable
variation. Furthermore,

IAM"| <|AM — AA| + |AA] < 1+ ]AA

so it suffices to show that |AA < 3. Since the constructions of A and A com-
mute with optional stopping, we may then assume that M and M’ are uni-
formly integrable. Now A is predictable, so the times 7 = nAinf{¢; \AA| > 11
are predictable by Theorem 22.14, and it is enough to show that |AAT| <3
a.s. Clearly, E[AM,|F,_] = E[AM!|F._] =0 a.s., and so by Lemma 22.3

A4, = |E[AAF ]| = |[E[AM,; |AM,| > §|F.]]
— |E[AM,; [AM,| < }|F ]| < 4. =

Proof of Theorem 23.4: By Lemma 23.5 we may write X = M + A, where
M is a local martingale with bounded jumps, hence a local L?*-martingale,
and A has locally finite variation. For any locally bounded, predictable
process V' we may then define V- X =V - M +V - A, where the first term is
the integral in Theorem 23.2, and the second term is an ordinary Lebesguef
Stieltjes integral. If V' > |V,,| — 0, then (V2 - (M)); — 0 and (V}, - A)

by dominated convergence, and so Theorem 23.2 yields (V,, - X); L0 for all
t> 0.

To prove the uniqueness, it suffices to prove that if M = A is a local L?-
martingale of locally finite variation, then V- M =V - A a.s. for every locally
bounded, predictable process V', where V - M is the integral in Theorem 23.2
and V - A is an elementary Stieltjes integral. The two integrals clearly agree
when V € €. For general V', we may approximate as in Lemma 23.3 by
processes V,, € € such that ((V,, — V)?-(M))* — 0 and (|V,, — V|- A)* =0
a.s. But then (V,, - M), 5 (V - M), and (V,, - A), — (V - A), for every ¢ > 0,
and the desired equality follows.

To prove the last assertion, we may reduce by means of Lemma 23.5 and
a suitable localization to the case when V is bounded and X has integrable
variation A. By Lemma 23.3 we may next choose some uniformly bounded
processes Vi, Va, ... € € such that (|V,, — V|- A); — 0 a.s. for every ¢ > 0.
Then (V,, - X); = (V- X); a.s. for all ¢, and by dominated convergence this
remains true in L'. Thus, the martingale property of V,, - X carries over to
V-X. O

For any semimartingales X and Y, the left-continuous versions X_ =
(X;-) and Y_ = (Y;_) are locally bounded and predictable, so they can serve
as integrands in the general stochastic integral. We may then define the
quadratic variation [X| and covariation [X,Y] by the integration-by-parts
formulas



438 Foundations of Modern Probability

X] = X*—X2-2X_ X,
(X,)Y] = XY - XoYo—X_-Y-Y_-X
= (X+Y]-[X-Y])/4 (1)

Here we list some basic properties of the covariation.

Theorem 23.6 (covariation) For any semimartingales X and Y,
() [X,Y] = [X — Xo,Y — Y] as.;

[X] is a.s. nondecreasing, and [X,Y] is a.s. symmetric and bilinear;

XY < X, Y] < [X]2[Y]Y2 as

(iii

(iv) A[X] = (AX)? and A[X,Y] = AXAY a.s.;
[V-X,Y]=V-[X,Y] as. for any locally bounded, predictable V ;

( vi [X Y] = [XT Y7 = [X,Y] a.s. for any optional time 7;

Proof: The symmetry and bilinearity of [X, Y] are obvious from (1), and
to get (i) it remains to check that [X, Yp] = 0.

(ii) We may extend Proposition 15.18 with the same proof to general
semimartingales. In particular, [X], < [X]; a.s. for any s < ¢. By right-
continuity the exceptional null set can be chosen to be independent of s
and ¢, so [X] is a.s. nondecreasing. Relation (iii) may now be proved as in
Proposition 15.10.

(iv) By (1) and Theorem 23.2 (iii),

AIX,Y] = AXY), = A(X_-Y) =AY - X),
= XtY;g - Xt,Y;, - Xt,A}/;g - )/;,AXt = AXtAY;g

(v) For V' € & the relation follows most easily from the extended version
of Proposition 15.18. Also note that both sides are a.s. linear in V. Now let
V, V1, Va, ... be locally bounded and predictable with V' > |V,,| — 0. Then
Vo - [X,Y] — 0 by dominated convergence, and by Theorem 23.4 we have

V- X, Y] = (V- X)Y — (V- X)_-Y = (V,Y.)- X 50

Using a monotone class argument, we may now extend the relation to arbi-
trary V.

(vi) This follows from (v) with V' = 1j 4.

(vii) Since M_- N and N_- M are local martingales, the assertion follows
from (1) and the definition of (M, N).

(viii) For step processes A the stated relation follows from the extended
version of Proposition 15.18. Now assume instead that AA < ¢, and conclude
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from the same result and property (iii) together with the ordinary Cauchy—
Buniakovsky inequality that

X, A2 v

t
T XA < e[X): [ Al
The assertion now follows by a simple approximation. O

We may now extend the Itd formula of Theorem 15.19 to a substitution
rule for general semimartingales. By a semimartingale in R? we mean a pro-
cess X = (X',..., X% such that each component X’ is a one-dimensional
semimartingale. Let [X? X7]° denote the continuous components of the
finite-variation processes [X?, X7], and write f/ and fi; for the first- and
second-order partial derivatives of f, respectively. Summation over repeated
indices is understood as before.

Theorem 23.7 (substitution rule, Kunita and Watanabe) Let X = (X',
., X be a semimartingale in R, and fix any f € C*(RY). Then
FG) = fo)+ [ FGaxE+ [ X, X,
+Zs§t{Af o) = [I(X)AX). (2)

Proof: Assuming that (2) holds for some function f € C%(R%), we shall
prove for any k € {1,...,n} that (2) remains true for g(z) = zxf(x). Then
note that by (1)

9(X) = g(Xo) + XE - f(X) + f(X2) - XF + [XF F(X)]. (3)

Writing f(z.y) = f(2) = f(y) = f{(y)(z: — %), we got by (2) and property
(ii) of Theorem 23.2

XEf(X) = XEFI(XO) - X+ g XE (X0 - (X0, X7
+ 30 X (X X, (4)

Next we note that, by properties (ii), (iv), (v), and (viii) of Theorem 23.6,

(XK FXO] = fX) - XX+ 30 AXEF(X, X,

= [I(X) (XN X4 30 AXTAS(X,). ()
Inserting (4) and (5) into (3), and using the elementary formulas
gi(x) dief () + zifi (@),
gu (33) Oiefj(w) + 0 fi(w) + mi fij(),
) = (=) (@) = f(9) + uf (2,y),

we obtain after some simplification the desired expression for g(X).
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Equation (2) is trivially true for constant functions, and it extends by in-
duction and linearity to arbitrary polynomials. Now any function f € C?(R%)
may be approximated by polynomials, in such a way that all derivatives up
to the second order tend uniformly to those of f on every compact set. To
prove (2) for f, it is then enough to show that the right-hand side tends to
zero in probability, as f and its first- and second-order derivatives tend to
zero, uniformly on compact sets.

For the two integrals in (2), this is clear by the dominated convergence
property of Theorem 23.4, and it remains to consider the last term. Writing
By ={z € R% |z| < X;} and ||g||p = supp |g|, we get by Taylor’s formula in
Rd

S X < I IIBLZ\AXI2<Z|| HBLZ e — 0.

s<t 2,5 s<t

The same estimate shows that the last term has locally finite variation. O

To illustrate the use of the general substitution rule, we shall prove a
partial extension of Proposition 18.2 to general semimartingales.

Theorem 23.8 (Doléans’ exponential) For any semimartingale X with X
=0, the equation Z =14 Z_ - X has the a.s. unique solution

Z; = E(X) = exp(X; — 1[X]5) HsSt(l +AX)e ™ t>0.  (6)

Note that the infinite product in (6) is a.s. absolutely convergent, since
Se<i(AX,)? < [X]; < oo. However, we may have AX, = —1 for some s > 0,
in which case Z = 0 for t > s. The process £(X) in (6) is called the Doléans
exzponential of X. When X is continuous, we get £(X) = exp(X — 1[X]),
in agreement with the notation of Lemma 16.21. For processes A of locally

finite variation, formula (6) simplifies to
E(A) = exp(A4) Hs<t(1 +A4;), t>0.

Proof of Theorem 23.8: To check that (6) is a solution, we may write
Z = f(Y,V),where Y = X —1[X]¢, V =[[(1+AX)e X, and f(y,v) = e%v.
By Theorem 23.7 we get

Z-1 = Z Y+~ - V+1Z_ - [XF
+Y {Az-z.ax —Av). (7)
Now e¥= -V = Y e¥~AV since V is of pure jump type, and furthermore

AZ = Z_AX. Hence, the right-hand side of (7) simplifies to Z_ - X, as
desired.
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To prove the uniqueness, let Z be an arbitrary solution, and put V =
Ze Y, where Y = X — 1[X] as before. By Theorem 23.7 we get
V-l = e Z-V_ .Y+ IV [X]°—e " [X, 2]
+Y {Av+v.ay —eaz)
Voo X -V X+ 4Vo - [X]P+ Vo X =V (X
+ Y {AV + V_AX — V_AX}

- YAV,

Thus, V is a purely discontinuous process of locally finite variation. We may
further compute

AV = Ze¥ —Z eV =(Z_+AZ)e =AY — Z e
= V. {1+ AX)e ¥ —1},

which shows that V =1+ V_ - A, with A = S>{(1+ AX)e 2% —1}.

It remains to show that the homogeneous equation V' = V_ - A has the
unique solution V' = 0. Then define R, = [, |dA|, and conclude from
Theorem 23.7 and the convexity of the function x — z™ that

R*"=nR" ' R+ Z(AR” —nR"AR) >nR" - R. (8)
We may now prove by induction that
VE<V'R}/n!, t>0,neZ,. (9)

This is obvious for n = 0, and assuming (9) to be true for n—1, we get by (8)

. . e 1.
Vi (Vo A € e V(R R)e < SVIRY,

b
(n—1)
as required. Since R}/n! — 0 as n — oo, relation (9) yields V;* = 0 for all
t>0. O

The equation Z = 1+ Z_ - X arises naturally in connection with changes
of probability measure. The following result extends Proposition 16.20 to
general local martingales.

Theorem 23.9 (change of measure, van Schuppen and Wong) Assume for
each t > 0 that Q = Z,- P on F;, and consider a local P-martingale M such
that the process [M,Z] has locally integrable variation and P-compensator
(M,Z). Then M =M — Z="- (M, Z) is a local Q-martingale.

A lemma will be needed for the proof.

Lemma 23.10 (integration by parts) If X is a semimartingale and A is a
predictable process of locally finite variation, then A X = A- X+ X_-A a.s.
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Proof: We need to show that AA - X = [A, X] a.s., which by Theorem
23.6 (viii) is equivalent to

AAdX, = AAANX,, t>0.
Aﬂ( =2, A4

Here the sum on the right is absolutely convergent by the Cauchy-Buniakov-
sky inequality, so by dominated convergence on both sides, we may reduce to
the case when A is constant, apart from finitely many jumps. Using Lemma
22.3 and Theorem 22.14, we may next reduce to the case when A has at most
one jump, occurring at some predictable time 7. Introducing an announcing
sequence (7,,) and writing Y = AA - X, we get by property (iv) of Theorem
23.2
Y =0=Y,—-Y,\, as., t>0, neN.

n

Thus, even Y is constant apart from a possible jump at 7. Finally, property
(iii) of Theorem 23.2 yields AY, = AA,AX, a.s. on {7 < o0}. o

Proof of Theorem 23.9: For each n € N let 7, = inf{t; Z, < 1/n}, and
note that 7, — oo a.s. @ by Lemma 16.17. Hence, M is well defined under Q,
and it suffices as in Lemma 16.15 to show that (]\ZZ)T" is a local P-martingale
for every n. Writing ~ for equality apart from a local P-martingale, we may
conclude from Lemma 23.10 with X = Z and A = Z=! - (M, Z) that, on
every interval [0, 7,],

MZ R [M,Z) % (M, Z)y=7Z_- A% AZ.

Thus, we get MZ = (M — A)Z % 0, as required. O

Using the last theorem, we may easily show that the class of semimartin-
gales is invariant under absolutely continuous changes of the probability mea-
sure. A special case of this statement was obtained as part of Proposition
16.20.

Corollary 23.11 (preservation law, Jacod) If Q@ < P on F; for allt > 0,
then every P-semimartingale is also a Q-semimartingale.

Proof: Assume that Q = Z; - P on F; for all t > 0. We need to show
that every local P-martingale M is a @)-semimartingale. By Lemma 23.5 we
may then assume AM to be bounded, so that [M] is locally bounded. By
Theorem 23.9 it suffices to show that [M, Z] has locally integrable variation,
and by Theorem 23.6 (iii) it is then enough to prove that [Z]'/? is locally
integrable. Now Theorem 23.6 (iv) yields

(2 < (2,2 + 1Az < (2)* + Z;_ +1Z), t>0,

and so the desired integrability follows by optional sampling. |
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Our next aim is to extend the BDG inequalities in Proposition 15.7 to
general local martingales. Such an extension turns out to be possible only
for exponents p > 1.

Theorem 23.12 (norm inequalities, Burkholder, Davis, Gundy) There ex-
ist some constants ¢, € (0,00), p > 1, such that for any local martingale M
with MO = O,

o' E[M]?I? < EM™ < ¢, EIM]??, p>1. (10)

As in Corollary 15.9, it follows in particular that M is a uniformly inte-
grable martingale whenever E[M]Y/? < cc.

Proof for p = 1 (Dawvis): To exploit the symmetry of the argument, we
write M and M* for the processes M* and [M]"/2, taken in either order. Put
J =AM, and define

A = ZsSthl{|Js| >2Jr ), t>0.
Since |AA| < 2AJ*, we have
/Ow A, = Y [AA| < 207 < 4ME,.
Writing A for the compensator of A and putting D = A — A, we get
ED’,V ED:, SE/OOO|dDS| gE/OOO|dAS| < EM,. (11)

To get a similar estimate for N = M — D, we introduce the optional times

7, =inf{t; N'V.J >r}, r>0,
and note that

P{N’, >} P{7, < 00} + P{r, = 00, N’, > r}

<
< P{NL >r}+P{J">r}+P{N. >r}.  (12)
Arguing as in the proof of Lemma 23.5, we get |[AN]| < 4J*, and so

NE < NP A(NE_ 4477 ) < NE ASr.

Since N? — [N] is a local martingale, we get by Chebyshev’s inequality or
Proposition 6.15, respectively,

r*P{N? >r} < EN? < E(N! A1)~
Hence, by Fubini’s theorem and elementary calculus,

/ P{N’ > r}dr < / E(N% Ar)2r—2dr < ENE.
0 0
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Combining this with (11)—(12) and using Lemma 2.4, we get
EN’. = / P{N". > r}dr
0

< [T(PINL> b+ PUT > v+ PANS > ) dr
0
< EN! +EJ* < EM:.

It remains to note that EM’, < ED’ + EN’_. O

Extension to p > 1 (Garsia): For any t > 0 and B € F;, we may apply
(10) with p = 1 to the local martingale 15(M — M?") to get a.s.

¢ BIIM — M| F] < E[(M — M")5|F] < alE[[M — M| F).

Since

(MJL2 — (M),

% (M — ML < M2,

< <
ML — M < (M- MY, <2M%,

the relation E[A. — Ai|F:] < E[¢|F] required in Proposition 22.21 holds
with A, = [M];”* and ¢ = M*, as well as with 4, = M; and ¢ = [M]}/2
Since also

AM; < AIM)? = |AM,| < [M]}* A 2M;,

we get in both cases AA, < E[(|F;] a.s. for every optional time 7, and so the
condition remains true for the left-continuous version A_. The proposition
then yields ||Awll, < [|C]], for every p > 1, and (10) follows. O

We may use the last theorem to extend the stochastic integral to a larger
class of integrands. Then write M for the space of local martingales and M,
for the subclass of processes M with My = 0. For any M € M, let L(M)
denote the class of predictable processes V' such that (V2 [M])'/? is locally
integrable.

Theorem 23.13 (martingale integral, Meyer) The elementary predictable
integral extends a.s. uniquely to a bilinear map of any M € M andV € L(M)
into V.- M € My, such that if V,Vi,Va,... € L(M) with |V,| <V and
(V2. [M]); 5 0 for some t > 0, then (V,, - M); 5 0. The mapping satisfies
properties (ii)—(1v) of Theorem 23.2, and it is further characterized by the
condition

[V-M,N]=V.[M,N] as, Ne&M. (13)

Proof: For the construction of the integral, we may reduce by localization
to the case when E(M — M;)* < oo and E(V? - [M])/? < co. For each
n € N define V,, = V1{|V| < n}. Then V,,- M € M, by Theorem 23.4, and



23. Semimartingales and General Stochastic Integration 445

by Theorem 23.12 we have E(V,, - M)* < co. Using Theorems 23.6 (v) and
23.12, Minkowski’s inequality, and dominated convergence, we obtain

E(Vyy - M=V, - M) < E[(V,, = V,)- M|}/
= E((V,—V,)* [M])Y* = 0.

Hence, there exists a process V- M with E(V,,- M —V - M)* — 0, and clearly
V-Me Myand E(V - M)*co.

To prove (13), we note that the relation holds for each V,, by Theorem
23.6 (v). Since E[V, - M —V - M]}? — 0 by Theorem 23.12, we get by
Theorem 23.6 (iii) for any N € M and t > 0

V- M,N], = [V - M,N],| < [V, - M =V - M}/*IN]* B o. (14)

Next we note that, by Theorem 23.6 (iii) and (v),
t t
[ Vel NY = [V, - MN < Vs DRI,
Jo 0

As n — oo, we get by monotone convergence on the left and Minkowski’s
inequality on the right

ot
[ IV, N < [V - M INR < oo
0

Hence, by dominated convergence V,, - [M, N] — V - [M, N], and (13) follows
by combination with (14).

To see that (13) determines V' - M, it remains to note that if [M] = 0
a.s. for some M € My, then M* = 0 a.s. by Theorem 23.12. To prove the
stated continuity property, we may reduce by localization to the case when
E(V2-[M])}/? < co. But then E(V,2-[M])}/? — 0 by dominated convergence,
and Theorem 23.12 yields E(V,, - M)* — 0. To prove the uniqueness of
the integral, it is enough to consider bounded integrands V. We may then
approximate as in Lemma 23.3 by uniformly bounded processes V,, € £ with
(V,, = V)2-[M]) 5 0, and conclude that (V, - M — V - M)* 5 0.

Of the remaining properties in Theorem 23.2, relation (ii) may be proved
as before by means of (13), whereas (iii) and (iv) follow most easily by trun-
cation from the corresponding statements in Theorem 23.4. O

A semimartingale X = M + A is said to be purely discontinuous if there
exist some local martingales M', M2, ... of locally finite variation such that
E(M — M™)** — 0 for every t > 0. The property is clearly independent
of the choice of decomposition X = M + A. To motivate the terminology,
we note that any martingale M of locally finite variation may be written as
M=DMy+A— fl, where A; = > ., AM, and A denotes the compensator of
A. Thus, M — M, is in this case a_compensated sum of jumps.
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The reader should be cautioned that, although every process of locally
finite variation is a purely discontinuous semimartingale, it may not be purely
discontinuous in the sense of real analysis.

We shall now establish a fundamental decomposition of a general semi-
martingale X into a continuous and a purely discontinuous component, cor-
responding to the elementary decomposition of the quadratic variation [X]
into a continuous part and a jump part.

Theorem 23.14 (decomposition of semimartingales, Yoeurp, Meyer) Any
semimartingale X has an a.s. unique decomposition X = Xo + X¢ + X<,
where X¢ is a continuous local martingale with X = 0 and X? is a purely
discontinuous semimartingale. Furthermore, [X¢] = [X]¢ and [X9] = [X]?
a.s.

Proof: To decompose X it is enough to consider the martingale compo-
nent in any decomposition X = Xy + M + A, and by Lemma 23.5 we may
assume that M € M§G,,.. We may then choose some optional times 7, 1 co
such that M™ € M3 for each n. It is enough to construct the desired de-
composition for each process M™ — M™-1, where 7y = 0, which reduces the
discussion to the case when M € MZ. Now let C and D denote the classes of
continuous and purely discontinuous processes in M2, and note that both are
closed linear subspaces of the Hilbert space M2. The desired decomposition
will follow from Theorem 1.34 if we can show that D+ C C.

Then let M € D*. To see that M is continuous, fix any £ > 0, and put
T = inf{t; AM; > ¢}. Define A, = 1{r < t}, let A denote the compensator
of A, and put N = A — A. Integrating by parts and using Lemma 22.13, we
get

%EAEgE//ld/l:E/AdA:E/lT:EATg17
so N is L?-bounded and hence lies in D. For any bounded martingale M’,

EM' N, = E / M'dN = E / AM'AN

E/AM’dA — E[AM!; 7 < o0,

where the first equality is obtained as in the proof of Lemma 22.7, the second
is due to the predictability of M’ , and the third holds since A is predictable
and hence natural. Letting M’ — M in M?, we obtain

0=FEM Ny = E[AM,; T < 00] > eP{7T < oo}

Thus, AM < ¢ a.s., and since ¢ is arbitrary we get AM < 0 a.s. Similarly,
AM > 0 a.s., and the desired continuity follows.

Next assume that M € D and N € C, and choose martingales of locally
finite variation M™ — M. By Theorem 23.6 (vi) and (vii) and optional
sampling, we get for any optional time 7
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0 = E[M™ N), = EM"N, — EM,N, = E[M, N,

and so [M, N] is a martingale by Lemma 6.13. By (15) it is also continuous,
so Proposition 15.2 yields [M, N] = 0 a.s. In particular, EMy N = 0, which
shows that C L. D. The uniqueness assertion now follows easily.

To prove the last assertion, conclude from Theorem 23.6 (iv) that for any
M e M?

[M]; = [M]§ + ngt(AMs)z, t>0. (15)

Now let M € D, and choose martingales of locally finite variation M™ — M.
By Theorem 23.6 (vii) and (viii) we have [M"]° =0 and E[M™ — M],, — 0.
For any ¢ > 0, we get by Minkowski’s inequality and (15)

1/2

‘{ngt(AM:)g}l/z - {ngt(AMs)Z} = {ngt(AM: o AMS)Z}UQ
< [M"—M]}"* 5o,
)2 = 2| < e - Mg B

Taking limits in relation (15) for M™, we get the formula for M without the
term [M]¢, which shows that [M] = [M]%.

Now consider any M € M?2. Using the strong orthogonality [M¢, M9] =
0, we get a.s.

(M + [M]* = [M] = [M* + M = [M°] + [M“],

which shows that even [M¢] = [M]° a.s. By the same argument together with
Theorem 23.6 (viii) we obtain [X?] = [X]? a.s. for any semimartingale X. O

The last result immediately yields an explicit formula for the covariation
of two semimartingales.

Corollary 23.15 (decomposition of covariation) For any semimartingale
X, the process X¢ is the a.s. unique continuous local martingale M with
My = 0 such that [X — M] is purely discontinuous. Furthermore, we have
a.s. for any semimartingales X and'Y

X, Y] = X%,V + Y _AXAY,, >0 (16)

In particular, we note that (V- X)¢ =V - X¢ a.s. for any semimartingale
X and locally bounded, predictable process V.

Proof: If M has the stated properties, then [(X — M)] = [X — M]c =0
a.s., and so (X —M)¢ = 0 a.s. Thus, X — M is purely discontinuous. Formula
(16) holds by Theorem 23.6 (iv) and Theorem 23.14 when X =Y, and the
general result follows by polarization. a

The purely discontinuous component of a local martingale has a further
decomposition, similar to the decompositions of optional times and increasing
processes in Propositions 22.4 and 22.17.
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Proposition 23.16 (decomposition of martingales, Yoeurp) Any purely dis-
continuous local martingale M has an a.s. unique decomposition M = My +
M+ M* with M9, M® € Mg purely discontinuous, such that M? is quasi—
left-continuous and M®* has accessible jumps. Furthermore, there exist some
predictable times i, Ty, ... with disjoint graphs such that {t; AM® # 0} C
Unl7a] a.s. Finally, [M9] = [M]? and [M®] = [M]* a.s., and when M € M3
we have (M?) = (M)¢ and (M) = (M)? a.s.

Proof: Introduce the locally integrable process 4; = 3, {(AM,)? A 1}
with compensator A, and define M4 = M — My — M* = 1{AA, = 0} - M.
By Theorem 23.4 we have M, M* € My and AM? = 1{AA = 0}AM as.
Furthermore, M9 and M“ are purely discontinuous by Corollary 23.15. The

proof may now be completed as in the case of Proposition 22.17. |

We shall illustrate the use of the previous decompositions by proving two
exponential inequalities for martingales with bounded jumps.

Theorem 23.17 (exponential inequalities) Let M be a local martingale with
Moy = 0 such that |AM| < ¢ for some constant ¢ < 1. If also [M]s <1 a.s.,
we have

P{M* >r} < exp{—Lr?/(1+7rc)}, r>0, (17)

whereas if (M)s <1 a.s., then
P{M* > r} < exp{—3rlog(l1+rc)/c}, r>0. (18)
For continuous martingales both bounds reduce to e*/2 which can also
be obtained directly by more elementary methods. For the proof of Theorem

23.17 we need two lemmas. We begin with a characterization of certain pure
jump-type martingales.

Lemma 23.18 (accessible jump-type martingales) Let N be a pure jump-
type process with integrable variation and accessible jumps. Then N is a
martingale iff E[AN;|F._] =0 a.s. for every finite predictable time 7.

Proof: By Proposition 22.17 there exist some predictable times 7, 7o, . ..
with disjoint graphs such that {t > 0; AN, # 0} C U,[m]- Assuming
the stated condition, we get by Fubini’s theorem and Lemma 22.2 for any
bounded optional time 7

EN, = ZHE[ANTH; T, < 7] = ZnE[E[ANTn\}"Tn,]; 7, < 7] =0,

so N is a martingale by Lemma 6.13. Conversely, given any uniformly inte-
grable martingale N and finite predictable time 7, we have a.s. E[N,|F,_] =
N._ and hence E[AN,|F,_] = 0. O
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For general martingales M, the process Z = eM~[M/2 in Lemma 16.21 is
not necessarily a martingale. For many purposes, however, it can be replaced

by a similar supermartingale.

Lemma 23.19 (exponential supermartingales) Let M be a local martingale
with My =0 and |[AM| < ¢ < 00 a.s., and put a = f(c) and b = g(c), where

f(e) = —(z +log(1—2) )2~ g(a) = (" — 1 —2)a~>.
Then the processes X = eM =M gnd Y = eM=2M) gre supermartingales.

Proof: In case of X we may clearly assume that ¢ < 1. By Theorem 23.7
we get, in an obvious shorthand notation,

XTUX =M= (a— M+ {etM oW — 1 — AM

Here the first term on the right is a local martingale, and the second term
is nonincreasing since @ > ;. To see that even the sum is nonincreasing, we
need to show that exp(z — az?) < 1+ z or f(—x) < f(c) whenever |z| < c.
But this is clear by a Taylor expansion of each side. Thus, X~!- X is a local
supermartingale, and since X > 0, the same thing is true for X _-(X~'- X) =
X. By Fatou’s lemma it follows that X is a true supermartingale.

In the case of Y, we may decompose M according to Theorem 23.14 and
Proposition 23.16 as M = M° + M?+ M*, and conclude by Theorem 23.7
that

y-l.y = —b(M +Z{ AM—bA(M) __ AM}
= M+b([Mq]—<M">)—(b—a)[M]”
e 1+ AM + b(AM)?
+Z{A - AnD }
1+ AM® + b(AM*)?
*Z{ 1+ bA (M)

1-aaref.

Here the first two terms on the right are martingales, and the third term is
nonincreasing since b > 1. Even the first sum of jumps is nonincreasing since
e —1—x <ba?for |z| <cand e? <1+y fory>0.

The last sum clearly defines a purely discontinuous process N of locally
finite variation and with accessible jumps. Fixing any finite predictable time
7 and writing £ = AM, and n = A(M),, we note that

1+ &408°

2
Ty T 1E S Bllegbe — (1 (14 b)

= bEIE — (1+&n| < b2+ c)EE.

Since
Ezt(AMt)2 < E[M]w = E(M)s <1,
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we conclude that the total variation of N is integrable. Using Lemmas 22.3
and 23.18, we also note that a.s. E[£]|F,_] =0 and

B&|F,] = E[AM];|F.—] = E[|F,-] = n.
Thus,

1+&+ bg?
=R L A
1+4+bn &7
and Lemma 23.18 shows that N is a martingale. The proof may now be
completed as before. ]

Proof of Theorem 23.17: First assume that [M] < 1 a.s. Fix any u > 0,
and conclude from Lemma 23.19 that the process

X = exp{uM, — u*f(uc)[M],}, t>0,

is a positive supermartingale. Since [M] < 1 and X = 1, we get for any
r>0

P{sup,M, > r} < P{sup, X} > """/ (ue)} < gmur+u’f(ue), (19)

Now define F(z) = 2z f(z), and note that F' is continuous and strictly in-
creasing from [0,1) onto R,. Also note that F(z) < x/(1 — x) and hence
F~'(y) > y/(1 +y). Taking u = F~*(rc)/c in (19), we get

P{sup,M; > r} < exp{—3rF ' (rc)/c} < exp{—1r?/(1+rc)}.

Combining this with the same inequality for —M, we obtain (17).

If instead (M) < 1 a.s., we may define G(x) = 2zg(x), and note that
G is a continuous and strictly increasing mapping onto R, . Furthermore,
G(r) < e” —1, and so G7'(y) > log(1 + y). Proceeding as before, we get

P{sup,M; > r} < exp{—1rG ' (rc)/c} < exp{—1Lrlog(l+rc)/c},

and (18) follows. |

A quasi-martingale is defined as an integrable, adapted, and right-contin-
uous process X such that

Sl;p ZkS,LE ‘th - E[th+1|‘7:tk]

< 00, (20)

where the supremum extends over all finite partitions 7 of R, of the form
0=ty <ty < - <t, < oo, and the last term is computed under the
conventions t,,; = oo and X, = 0. In particular, we note that (20) holds
when X is the sum of an L'-bounded martingale and a process of integrable
variation starting at 0. The next result shows that this case is close to the
general situation. Here localization is defined in the usual way in terms of a
sequence of optional times 7, T occ.
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Theorem 23.20 (quasi-martingales, Rao) Any quasi-martingale is the dif-
ference between two nonnegative supermartingales. Thus, a process X with
Xo =0 is a local quasi-martingale iff it is a special semimartingale.

Proof: For any t > 0, let P, denote the class of partitions 7 of the interval
[t,00) of the form t =ty < t; < --- < t,, and define

nt =3, B[(Xy — BlX, | R F], 7eP,

where t,11 = oo and X, = 0 as before. We claim that i} and n_ are a.s.

nondecreasing under refinements of © € P,. To see this, it is clearly enough

to add one more division point u to m, say in the interval (¢x,tgs1). Put

a=X; — X, and 8 = X, — X;, ;. By subadditivity and Jensen’s inequality

we get the desired relation
ElEla+ (I F, )R] < E[E[e|F,]x + E[B|1F, ]| F

< E[Ela|F,]+ + EB|F.)e| F -

Now fix any ¢ > 0, and conclude from (20) that m;" = sup,.p, Ent < oo.
For each n € N we may then choose some 7, € P; with E?ﬁn >mE—nl.
The sequences (n7 ) are Cauchy in L', so they converge in L' toward some
limits Y;*. Note also that F InE — Y| < n~! whenever 7 is a refinement of
Tn. Thus, n¥ — Y,/ in L' along the directed set P;.

Next fix any s < ¢, let m € P, be arbitrary, and define 7’ € P, by adding
the point s to w. Then

YE > nn = (Xs = BIX| R + Elnz | 7] > Elnz | 7).

Taking limits along P; on the right, we get Y;* > E[Y;¥|F,] a.s., which means
that the processes Y+ are supermartingales. By Theorem 6.27 the right-hand
limits along the rationals Z;° = Yt}: then exist outside a fixed null set, and

the processes Z* are right-continuous supermartingales. For m € P, we have
Xi=nf—n; =Y —Y, ,andso Z;” — Z; = X;, = X, as. 0

The next result shows that semimartingales are the most general processes
for which a stochastic integral with reasonable continuity properties can be
defined. As before, £ denotes the class of bounded, predictable step processes
with jumps at finitely many fixed points.

Theorem 23.21 (stochastic integrators, Bichteler, Dellacherie) A right-
continuous, adapted process X is a semimartingale iff for any Vi,Vs,... € €
with ||V — 0 we have (V,, - X); B0 forall t > 0.

The proof is based on three lemmas, the first of which separates the
crucial functional-analytic part of the argument.
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Lemma 23.22 (convezity and tightness) For any tight, conver set K C
LY(P), there exists a bounded random variable p > 0 with supgex Ep€ < o0o.

Proof (Yan): Let B denote the class of bounded, nonnegative random
variables, and define C = {y € B; supgcxc F(7§) < oo}. We claim that, for
any v,"%s,... € C, there exists some v € C with {y > 0} = U, {y. > 0}.
Indeed, we may assume that v, < 1 and supgee E(7,6) < 1, in which case
we may choose v = 3>, 27"y,. It is then easy to construct a p € C such that
P{p >0} = sup, . P{y > 0}. Clearly,

{y>0}C{p>0} as, y€eC(, (21)

since we could otherwise choose a p' € C with P{p' > 0} > P{p > 0}.

To show that p > 0 a.s., we assume that instead P{p = 0} > ¢ > 0.
By the tightness of K we may choose r > 0 so large that P{¢ > r} < ¢ for
all £ € K. Then P{{ — (3 >r} <eforall £ € K and § € B. By Fatou’s
lemma we obtain P{¢ > r} < ¢ for all  in the L'-closure Z = K —B. In
particular, the random variable {; = 2r1{p = 0} lies outside Z. Now Z is
convex and closed, so by a version of the Hahn—Banach theorem there exists
some v € (LY)* = L™ satisfying

sup By§ — inf B3 < sup Ey¢ < Ev(y = 2rE[y; p=0]. (22)
gek peB ez
Here v > 0, since we would otherwise get a contradiction by choosing
= b1{y < 0} for large enough b > 0. Hence, (22) reduces to supgcx £7E <
2rE[7; p = 0], which implies v € C and E[vy; p = 0] > 0. But this contradicts
(21), and therefore p > 0 a.s. |

Two further lemmas are needed for the proof of Theorem 23.21.

Lemma 23.23 (tightness and boundedness) Let T be the class of optional
times T < oo taking finitely many values, and consider a right-continuous,
adapted process X such that the family {X.; 7 € T} is tight. Then X* < o0
a.s.

Proof: By Lemma 6.4 any bounded optional time 7 can be approximated
from the right by optional times 7,, € T, and by right-continuity we have
X, — X;. Hence, Fatou’s lemma yields P{|X,| > r} < liminf, P{|X,,| >
r}, and so the hypothesis remains true with 7 replaced by the class T of all
bounded optional times. By Lemma 6.6 the times 7;,, = ¢t Ainf{s; |X;| > n}
belong to T for all t > 0 and n € N, and as n — oo, we get

P{X* > n} =sup P{X] > n} <sup P{|X;| >n} —0. O
t>0 T€T

Lemma 23.24 (scaling) For any finite random variable &, there exists a
bounded random variable p > 0 with E|p§| < cc.
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Proof: We may take p = (|¢| v 1)L O

Proof of Theorem 23.21: The necessity is clear from Theorem 23.4. Now
assume the stated condition. By Lemma 3.9 it is equivalent to assume for
each ¢t > 0 that the family K; = {(V - X); V € &} is tight, where & =
{V e &; |V|] <1}. The latter family is clearly convex, and by the linearity
of the integral the convexity carries over to IC;.

By Lemma 23.23 we have X* < oo a.s., and so by Lemma 23.24 there
exists some probability measure ) ~ P such that EgX; = [ X[/dQ < oo.
In particular, K; C L'(Q), and we note that K; remains tight with respect
to Q. Hence, by Lemma 23.22 there exists some probability measure R ~ Q)
with bounded density p = dR/dQ such that K, is bounded in L'(R).

Now consider an arbitrary partition 0 = tg < t; < --- < t, = t, and note
that

ZkgnER ‘th - ER[thH ‘ﬂk}

= Er(V - X), + Eg| Xy, (23)

where
Vi= Z,KTLSgn (ER[th+1|‘Ek] - th) ]‘(tk:»tk:+1](s)7 s> 0.

Since p is bounded and V' € &, the right-hand side of (23) is bounded by a
constant. Hence, the stopped process X! is a quasi-martingale under R. By
Theorem 23.20 it is then an R-semimartingale, and since P ~ R, Corollary
23.11 shows that X! is even a P-semimartingale. Since t is arbitrary, it fol-
lows that X itself is a P-semimartingale. O

Exercises

1. Construct the quadratic variation [M] of a local L?*-martingale M
directly as in Theorem 15.5, and prove a corresponding version of the inte-
gration-by-parts formula. Use [M] to define the L*integral of Theorem 23.2.

2. Show that the approximation in Proposition 15.18 remains valid for
general semimartingales.

3. Consider a local martingale M starting at 0 and an optional time
7. Use Theorem 23.12 to give conditions for the validity of the relations
EM, =0 and EM? = [M],.

4. Give an example of a sequence of L%-bounded martingales M, such
that M £ 0 and yet (M) oo K (Hint: Consider compensated Poisson

processes with large jumps.)

5. Give an example of a sequence of martingales M,, such that [M,] £

and yet M & co. (Hint: See the preceding problem.)
6. Show that (M,)s - 0 implies [M,]o - 0.
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7. Give an example of a martingale M of bounded variation and a
bounded, progressive process V such that V2. (M) = 0 and yet V - M # 0.
Conclude that the L2-integral in Theorem 23.2 has no continuous extension
to progressive integrands.

8. Show that any general martingale inequality involving the processes
M, [M], and (M) remains valid in discrete time. (Hint: Embed M and the
associated discrete filtration into a martingale and filtration on R, .)

9. Show that the a.s. convergence in Theorem 3.23 remains valid in LP.
(Hint: Use Theorem 23.12 to reduce to the case when p < 1. Then truncate.)



Appendices

Here we list some results that play an important role in this
book but whose proofs are too long and technical to contribute
in any essential way to the understanding of the subject matter.
Proofs are given only for results that are not easily accessible in
the literature.

A1l. Hard Results in Measure Theory

The basic facts of measure theory were reviewed in Chapter 1. In this ap-
pendix we list, mostly without proofs, some special or less elementary results
that are required in this book. Two of the quoted results are used more
frequently, namely the existence of Lebesgue measure in Corollary A1.2 and
the Borel nature of Polish spaces in Theorem A1.6. The remaining results
are needed only for special purposes.

We begin with a classical extension theorem. Given a set S, a family
A of subsets A C S is called a field if it is closed under finite unions and
intersections as well as under complementation. A measure on A is defined
as a finitely additive function p: A — R, with p@ = 0 such that pA, — 0
whenever A, Ay, ... € A with A, | 0 and pA; < co.

Theorem A1.1 (extension, Carathéodory) Any o-finite measure on a field
has a unique extension to a measure on the generated o-field.

Proof: See Billingsley (1986), Theorem 3.1. O

The next theorem asserts the existence of Lebesgue measure X\ on R. Let
|| denote the length of the interval I.

Corollary A1.2 (Lebesque measure, Borel) There exists a unique measure
A on (R, B) such that \XI = |I| for any interval I C R.

Proof: See Billingsley (1986), Sections 2 and 3. O

Two measures p and v on some measurable space (Q,.A) are said to
be orthogonal or mutually singular (written as p L v) if pA = vA® = 0
for some A € A. Recall that p < v if pA = 0 for every A € A with
vA = 0. The following result gives both the existence of densities and a
basic decomposition.

455
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Theorem A1.3 (Lebesgue decomposition, Radon—Nikodym theorem) Let p
and v be o-finite measures on some measurable space (2, A). Then v has a
untque decomposition v, + vs, where v, < p and vy L . Furthermore, there
exists a p-a.e. unique measurable function f: Q) — Ry such that v, = f - .

Proof: See Dudley (1989), Section 5.5. |

The next result extends the fundamental theorem of calculus to the con-
text of general measure theory.

Theorem A1.4 (differentiation, Lebesque) Fix a locally finite measure p =
f A+ ps on R, where ps L\, and consider a function F with p(x,y] =
F(y) — F(x) for allx <y. Then F'(z) = f(x) for z € R a.e. A.

Proof: See Dudley (1989), Section 7.2. O

For any topological space S, let C(S) denote the class of continuous
functions f: S — R. If S is compact, then any such function is bounded,
and we may equip C(S) with the norm || f|| = sup, |fz|- A bounded linear
functional on C(S) is defined as a linear map ¢ : C(S) — R such that
lell = sup{lefl; || fll =1} < co. We say that ¢ is positive and write ¢ > 0
if f > 0 implies ¢f > 0. In particular, if g = py — p— is a bounded signed
measure on S, that is, the difference between two bounded positive measures
fi+, then the integral ¢ : f — uf = prf — p_f defines a bounded linear
functional on C(S). A converse is given by the following result.

Theorem A1.5 (Riesz representation) Fiz a compact metric space S, and
let @ be a bounded linear functional on C'(S). Then ¢ has a unique extension
to a bounded signed measure p on S. Furthermore, u > 0 iff ¢ > 0.

To state the next result, we say that two measurable spaces S and T are
Borel isomorphic if there exists a measurable bijection f: S — T such that
f~1 is also measurable. A Borel space is defined as a measurable space that
is Borel isomorphic to a Borel subset of [0,1]. The following result shows
that the most commonly occurring spaces are Borel.

Theorem A1.6 (Polish and Borel spaces) Any Borel-measurable subset of
a Polish space is a Borel space.

Proof: In Lemma 13.1.3 of Dudley (1989) it is shown that any Polish space
is Borel isomorphic to a Borel subset of [0,1]*°. The latter space is in turn
Borel isomorphic to a Borel subset of [0,1], as may be seen by an elemen-

tary argument involving binary expansions (cf. Theorem A.47 in Breiman
(1968)). |

If a mapping is invertible, then the measurability of the inverse can some-
times be inferred from the measurability of the range.
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Theorem A1.7 (range and inverse, Kuratowski) Let f be a measurable
bijection between two Borel spaces S and T. Then even the inverse f=!:
T — S is measurable.

Proof: See Parthasarathy (1967), Section I1.3. O

We turn to the basic projection and section theorem, which plays such an
important role in the more advanced literature. For any measurable space
(2, F), the universal completion of F is defined as the o-field F = N, F*,
where F* denotes the completion with respect to u, and the intersection
extends over all probability measures p on F. For any spaces 2 and .S, we
define the projection mA of a set A C £2x .S onto 2 as the union |J; As, where
A;={w e Q; (w,s) € A}, s € S.

Theorem A1.8 (projection and sections, Lusin, Choquet, Meyer) Fiz a
measurable space (2, F) and a Borel space (S,S), and consider a set A €
F ® S with projection A onto Q. Then

(i) A belongs to the universal completion F of F;

(i) for any probability measure P on F, there exists a random element &
in S such that (w,&(w)) € A holds P-a.s. on TA.

Proof: See Dellacherie and Meyer (1975), Section I11.44. O

A2. Some Special Spaces

Here we collect some basic facts about various set, measure, and function
spaces of importance in probability theory. Though random processes with
paths in C(R,, R?) or D(R,,R%) and random measures on a variety of spaces
are considered throughout the book, most of the topological results men-
tioned here are not needed until Chapter 14, where they play a fundamental
role for the theory of convergence in distribution. Our plan is to begin with
the basic function spaces and then move on to some spaces of measures and
sets. Whenever appropriate accounts are available in the literature, we omit
the proofs.

We begin with a well-known classical result. On any space of functions
r: K — S, we introduce the evaluation maps 7y : x — x;, t € K. Given some
metrics d in K and p in S, we define the associated modulus of continuity by

w(z, h) = sup{p(z,, z;); d(s,t) < h}, h>0.
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Theorem A2.1 (equicontinuity and compactness, Arzeld, Ascoli) Fix two
metric spaces K and S, where K is compact and S is complete, and let D
be dense in K. Then a set A C C(K,S) is relatively compact iff m A is
relatively compact in S for everyt € D and

lim supw(x, h) = 0.
h—=0 zcA

In that case, even U, mA is relatively compact in S.
Proof: See Dudley (1989), Section 2.4. O

Next we fix a separable, complete metric space (.5, p) and consider the
space D(R,, S) of functions : Ry — S that are right-continuous with left-
hand limits (rcll). It is easy to see that, for any e,¢ > 0, such a function z
has at most finitely many jumps of size > ¢ before time t. In D(R, S) we
introduce the modified modulus of continuity

w(z,t, h) = inf max sup p(z,,zs), x € D(R4,S), t,h >0, (1)
(Ix) kK rsel,

where the infimum extends over all partitions of the interval [0, ¢) into subin-
tervals I = [u,v) such that v — u > h when v < ¢t. Note that w(z,t,h) — 0
as h — 0 for fixed x € D(R,,S) and t > 0. By a time-change on R, we
mean a monotone bijection A: Ry — R,. Note that A is continuous and
strictly increasing with Ay = 0 and Ao, = co.

Theorem A2.2 (J;-topology, Skorohod, Prohorov, Kolmogorov) Fix a sep-
arable, complete metric space (S,p) and a dense set T C Ry. Then there
exists a separable and complete metric d in D(Ry,S) such that d(z,,z) — 0
iff

sup |\, (8) — 8| + sup p(a, o An(s),2(s)) = 0, ¢>0,

s<t s<t
for some time-changes A, on R,. Furthermore, B(D(R,,S)) = o{m;t € T},
and a set A C D(Ry,S) is relatively compact iff m;A is relatively compact in
S for everyt € T and

}1}3{1} ilelgw(x,t,h) =0, t>0. (2)

In that case Us<;, msA is relatively compact in S for every t > 0.

Proof: See Ethier and Kurtz (1986), Sections 3.5 and 3.6, or Jacod and
Shiryaev (1987), Section VI.1. O

A suitably modified version of the last result applies to the space D([0, 1],
S). Here we define w(z, h) in terms of partitions of [0,1) into subintervals of
length >h and use time-changes \ that are increasing bijections on [0, 1].
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Turning to the case of measure spaces, let S be a locally compact, second-
countable Hausdorff (lescH) space S with Borel o-field S, and let S denote
the class of bounded (i.e., relatively compact) sets in §. The space S is
known to be Polish, and the family C of continuous functions f: S — R
with compact support is separable in the uniform metric. Furthermore, there
exists a sequence of compact sets K, 1S such that K,, C K, for each n.

Let M(S) denote the class of measures on S that are locally finite (i.e.,
finite on S‘) and write 7z and 7, for the mappings p+— pB and p— pf =
J fdu, respectively, on M(S). The vague topology in M(S) is generated by
the maps 7y, f € Cf, and we write the vague convergence of i, toward 1 as
n — p. For any u € M(S) we define SA'M ={BeS; udB = 0}.

Here we list some basic facts about the vague topology.

Theorem A2.3 (vague topology) Fix any lcscH space S. Then
(i) M(S) is Polish in the vague topology;
(ii) a set A C M(S) is vaguely relatively compact iff sup,c 4 puf < oo for
all f € CF;
(iii) if pin - p and B € S with udB = 0, then p,B — uB;
(iv) B(M(S)) is generated by the maps 7y, [ € Cit, and also for each
m € M(S) by the maps mg, B € S;,,.

Proof: (i) Let f1, f2,... be dense in O, and define
p(,lhl/):Zk2_k(‘,ufk—l/fk|/\1)7 /”’7V€M<S>' (3)

It is easily seen that p metrizes the vague topology. In particular, M(S) is
homeomorphic to a subset of R>® and therefore separable. The completeness
of p will be clear once we have proved (ii).

(ii) The necessity is clear from the continuity of 7y for each f € C}.
Conversely, assume that sup,c 4 uf < oo for all f € Ci:. Choose some com-
pact sets K, 1S with K,, C K, for each n, and let the functions f, € C};
be such that 1, < f, < 1k,,,. For each n the set {f, - u; p € A} is uni-
formly bounded, and so by Theorem 14.3 it is even sequentially relatively
compact. A diagonal argument then shows that A itself is sequentially rela-
tively compact. Since M(S) is metrizable, the desired relative compactness
follows.

(iii) The proof is the same as for Theorem 3.25.

(iv) A topological basis in M(S) is formed by all finite intersections of
the sets {u; a < puf < b} with 0 < a < b and f € Cj. Furthermore,
since M (S) is separable, every vaguely open set is a countable union of basis
elements. Thus, B(M(S)) = o{rs; f € Cx}. By a simple approximation
and monotone class argument it follows that B(M(S)) = o{rp; B € S}.

Now fix any m € S, put A = o{rp; B € Sm}, and let D denote the class
of all D € & such that 7p is A-measurable. Fixing a metric d in S such that
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all d-bounded closed sets are compact, we note that only countably many
d-spheres around a fixed point have positive m-measure. Thus, S, con-
tains a topological basis. We also note that S, is closed under finite unions,
whereas D is closed under bounded increasing limits. Since S is separable,
it follows that D contains every open set G € S. For any such G, the class
D NG is a A-system containing the m-system of all open sets in G, and by
a monotone class argument we get DNG = SNG. It remains to let G 1 5. O

Next we consider the space of all measure-valued rcll functions. Here we
may characterize compactness in terms of countably many one-dimensional
projections, a result needed for the proof of Theorem 14.26.

Theorem A2.4 (measure-valued functions) For any lcscH space S there
exists some countable set F C C}(S) such that a set A C DRy, M(S)) is
relatively compact iff Af = {«f; x € A} is relatively compact in D(R,R,)
for every f € F.

Proof: If A is relatively compact, then so is Af for every f € CL(9),
since the map x — xf is continuous from D(R,, M(S)) to D(Ry,R,). To
prove the converse, choose a countable dense set F C C}(S), closed under
addition, and assume that Af is relatively compact for every f € F. In
particular, sup .4z, f < oo for all ¢ > 0 and f € F, and so by Theorem
A2.3 the set {zy; © € A} is relatively compact in M(S) for every ¢ > 0. By
Theorem A2.2 it remains to verify (2), where @ is defined in terms of the
complete metric p in (3) based on the class F.

If (2) fails, we may either choose some 2" € A and t,, — 0 with limsup,,
p(xy ,xg) > 0, or else there exist some 2" € A and some bounded s; < ¢, <
U, with u, — s, — 0 such that

limsup {p(x} , 27 ) A p(zi ,xy )} > 0. (4)

n—oo

In the former case it is clear from (3) that limsup,, |2}, f —xf f| > 0 for some
f € F, which contradicts the relative compactness of Af.
Next assume (4). By (3) there exist some f, g € F such that

tinsup {5, £ — o7, f1 A g — 5, g1} > 0. )
Now for any four numbers a,a’,b, b’ € R, we have
slal AY]) < (lal Ald']) v ([0 A B]) V (Jla+ a| A b+ b))

Since F is closed under addition, (5) then implies the same relation with a
common f = g € F. But then (2) fails for Af, which by Theorem A2.2
contradicts the relative compactness of Af. Thus, (2) does hold for A, and
so A is relatively compact. O
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Given an lescH space S, we introduce the classes G, F, and K of open,
closed, and compact subsets, respectively. Here we may consider F as a
space in its own right, endowed with the Fell topology generated by the sets
{F e F; FNG # 0} and {F € F; FN K = (} for arbitrary G € G and
K € K. To describe the corresponding notion of convergence, we may fix a
metrization p of the topology in S such that every closed p-ball is compact.

Theorem A2.5 (Fell topology) Fiz any lescH space S, and let F be the
class of closed sets F' C S, endowed with the Fell topology. Then

(i) F is compact, second-countable, and Hausdor(f;
(ii) F, = Fin F iff p(s, F) — p(s, F) for all s € S;
(i) {F € F; FN B # 0} is universally Borel measurable for every B € S.

Proof: First we show that the Fell topology is generated by the maps
F— p(s, F), s € S. To see that those mappings are continuous, put B, =
{t € S; p(s,t) < r}, and note that

{F:pls,F) <} = {F: F B0},
{F; p(s,F)>r} = {F; FNB. =0}.

Here the sets on the right are open, by the definition of the Fell topology and
the choice of p. Thus, the Fell topology contains the p-topology.

To prove the converse, fix any F' € F and a net {F;} C F with directed
index set (I, <) such that F; — F in the p-topology. We need to show that
convergence holds even in the Fell topology. Then let G € G be arbitrary
with FNG ¢ 0. Fix any s € FNG. Since p(s, ;) — p(s, F) = 0, we may
further choose some s; € F; with p(s, s;) — 0. Since G is open, there exists
some i € [ such that s; € G for all j > 7. Then also F; NG ¢ 0 for all j > 1.

Next consider any K € K with F'N K = (). Define ry = 1p(s, F') for each
s € K and put G5 = B;,,. Since K is compact, it is covered by finitely many
balls Gy, . For each k we have p(sy, Fi) — p(si, F'), and so there exists some
i, € I such that F;NG,, = (0 for all j = ij. Letting ¢ € I be such that i = i,
for all k, it is clear that F; N K = ( for all j > .

Now we fix any countable dense set D C S, and assume that p(s, F;) —
p(s, F) for all s € D. For any s,s" € S we have

p(s, Fj) — p(s, F)| < |p(s', Fy) — p(s', )| +2p(s, s').

Given any s and € > 0, we can make the left-hand side < €, by choosing an
s' € D with p(s,s’) < e/3 and then an ¢ € I such that |p(s', F;) — p(s', F)| <
/3 for all j > i. This shows that the Fell topology is also generated by the
mappings F' — p(s, F') with s restricted to D. But then F is homeomorphic
to a subset of Rj_o, which is second-countable and metrizable.

To prove that F is compact, it is now enough to show that every sequence
(F,) C F contains a convergent subsequence. Then choose a subsequence



462 Foundations of Modern Probability

such that p(s, F},) converges in R, for all s € D, and hence also for all s € S.
Since the family of functions p(s, F,) is equicontinuous, even the limit f is
continuous, so the set F' = {s € S; f(s) = 0} is closed.

To obtain F,, — I, we need to show that whenever FNG # 0 or FNK = ()
for some G € G or K € K, the same relation eventually holds even for F},. In
the former case, we may fix any s € FNG and note that p(s, F,,) = f(s) = 0.
Hence, we may choose some s,, € F,, with s, — s, and since s,, € G for large
n, we get F, NG # 0. In the latter case, we assume that instead F,, N K # 0
along a subsequence. Then there exist some s, € F,, N K, and we note that
s$pn — s € K along a further subsequence. Here 0 = p(s,, F,) — p(s, F),
which yields the contradiction s € F'N K. This completes the proof of (i).

To prove (iii), we note that the mapping (s, F) — p(s, F) is jointly con-
tinuous and hence Borel measurable. Now S and F are both separable, so
the Borel o-field in S x F agrees with the product o-field S @ B(F). Since
s € Fiff p(s, F) = 0, it follows that {(s, F'); s € F'} belongs to S ® B(F).
Hence, so does {(s, F'); s € F'N B} for arbitrary B € S. The assertion now
follows by Theorem A1.8. O

We say that a class U C S is separating if for any K C G with K € K
and G € G there exists some U € U with K C U C G. A preseparating class
7 C S is such that the finite unions of Z-sets form a separating class. When
S is Euclidean, we typically choose Z to be a class of intervals or rectangles
and U as the corresponding class of finite unions.

Lemma A2.6 (s;pamtion) For any monotone function h : S — R, the
class Sy, = {B € S; h(B°) = h(B)} is separating.

Proof: Fix a metric p in S such that every closed p-ball is compact, and
let K € K and G € G with K C G. For any € > 0, define K, = {s € S;
d(s,K) < €} and note that K. = {s € S; p(s, K) < &}. Since K is compact,
we have p(K,G¢) > 0, and so K C K. C G for sufficiently small & > 0.
From the monotonicity of h it is further clear that K, € Sh for almost every
e>0. |

We often need the separating class to be countable.

Lemma A2.7 (countable separation) Every separating class U C S con-
tains a countable separating subclass.

Proof: Fix a countable topological base B C S , closed under finite unions.
Choose for every B € B some compact sets Kp,, | B with K3, D B, and
then for each pair (B,n) € B x N some set Up,, € U with B C Ug,, C Ky,
The family {Ug,} is clearly separating. O

The next result, needed for the proof of Theorem 14.28, relates the vague
and Fell topologies for integer-valued measures and their supports. Let N/(S)
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denote the class of locally finite, integer-valued measures on S, and write EN
for convergence in the Fell topology.

Proposition A2.8 (supports of measures) Let p, iy, pia, ... € N(S) with
SUpp fn EN supp u, where S is lescH and p is simple. Then

limsup(p, B A1) < uB < liminf i, B, B € Su'
n—oo n—oo

Proof: To prove the left inequality we may assume that yB = 0. Since
B € S, we have even uB = 0, and S0 (supp ) N B = 0. By the convergence
of the supports, we get (supp p,,) N B = {) for large enough n, which implies

lim sup(u, B A1) < limsup pu, B =0 = uB.
n—oo n—00

To prove the right inequality, we may assume that pB = m > 0. Since S’H
is a separating ring, we may choose a partition By,..., B, € SA'# of B such
that 4By, = 1 for each k. Then also uBj = 1 for each k, so (supp p) N By # 0,
and by the convergence of the supports we get (supp p,) N By, # 0 for large
enough n. Hence,

1< hnrr_kggf tn By < 11711r_1)10101f 140 B,
and so

uB=m< Zk ligic)I.}f UnBr < liﬂg}f Zk,uan = h,?lié.}f nB. O



Historical and Bibliographical Notes

The following notes were prepared with the modest intentions
of tracing the origins of some of the basic ideas in each chap-
ter, of giving precise references for the main results cited in the
text, and of suggesting some literature for further reading. No
completeness is claimed, and knowledgeable readers are likely to
notice misinterpretations and omissions, for which I appologize
in advance. A comprehensive history of modern probability the-
ory still remains to be written.

1. Elements of Measure Theory

The first author to consider measures in the modern sense was BOREL (1895,
1898), who constructed Lebesgue measure on the Borel o-field in R. The
corresponding integral was introduced by LEBESGUE (1902, 1904), who also
established the dominated convergence theorem. The monotone convergence
theorem and Fatou’s lemma were later obtained by LEVI (1906) and FATOU
(1906). LEBESGUE also introduced the higher-dimensional Lebesgue measure
and proved a first version of Fubini’s theorem, which was later generalized by
FUBINT (1907) and TONELLI (1909). The integration theory was extended
to general measures and abstract spaces by RADON (1913) and FRECHET
(1928).

Although the monotone class Theorem 1.1 had already been proved along
with related results by SIERPINSKI (1928), the result was not used in prob-
ability theory until DYNKIN (1959-61). Less convenient versions had pre-
viously been employed by HaLMOS (1950-74) and DooB (1953). For the
remaining results of the chapter, we refer to the excellent historical notes in
DuDLEY (1989).

Surprisingly little general measure theory is needed for most purposes in
probability theory. The only hard result required from the beginning is the
existence of Lebesgue measure. Most of the quoted propositions are well
known and can be found in any textbook on real analysis. Many probability
texts, such as LOEVE (1955-78) and BILLINGSLEY (1979-95), contain de-
tailed introductions to measure theory. There are also some excellent texts
in real analysis adapted to the needs of probabilists, such as DUDLEY (1989)
and DOOB (1994).

464
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2. Processes, Distributions, and Independence

The use of countably additive probability measures dates back to BOREL
(1909), who constructed random variables as measurable functions on the
Lebesgue unit interval and proved Theorem 2.18 for independent events.
CANTELLI (1917) noticed that the “easy” part remains true without the
independence assumption. Lemma 2.5 was proved by JENSEN (1906) after
HOLDER had obtained a special case.

The modern framework, with random variables as measurable functions
on an abstract probability space (2,4, P) and with expected values as P-
integrals over 2, was used implicitly by KOLMOGOROV from (1928) on and
was later formalized in KOLMOGOROV (1933-56). The latter monograph
also contains Kolmogorov’s zero—one law, discovered long before HEWITT
and SAVAGE (1955) obtained theirs.

Early work in probability theory deals with properties depending only
on the finite-dimensional distributions. WIENER (1923) was the first au-
thor to construct the distribution of a process as a measure on a function
space. The general continuity criterion in Theorem 2.23, essentially due to
KOLMOGOROV, was first published by SLUTSKY (1937), with minor exten-
sions later added by LOEVE (1955-78) and CHENTSOV (1956). The general
search for regularity properties was initiated by DooB (1937, 1947). Soon
it became clear, especially through the work of LEVY (1934-35, 1937-54),
DooB (1951, 1953), and KINNEY (1953), that most processes of interest have
right-continuous versions with left-hand limits.

More detailed accounts of the material in this chapter appear in many
textbooks, such as in BILLINGSLEY (1979-95), ITO (1978-84), and WILLIAMS
(1991). Further discussions of specific regularity properties appear in LOEVE
(1955-78) and CRAMER and LEADBETTER (1967). Earlier texts tend to give
more weight to distribution functions and their densities, less weight to mea-
sures and o-fields.

3. Random Sequences, Series, and Averages

The weak law of large numbers was first obtained by BERNOULLI (1713)
for the sequences named after him. More general versions were then estab-
lished with increasing rigor by BIENAYME (1853), CHEBYSHEV (1867), and
MARKOV (1899). A necessary and sufficient condition for the weak law of
large numbers was finally obtained by KOLMOGOROV (1928-29).

KHINCHIN and KOLMOGOROV (1925) studied series of independent, dis-
crete random variables and showed that convergence holds under the condi-
tion in Lemma 3.16. KOLMOGOROV (1928-29) then obtained his maximum
inequality and showed that the three conditions in Theorem 3.18 are neces-
sary and sufficient for a.s. convergence. The equivalence with convergence in
distribution was later noted by LEVY (1937-54).
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The strong law of large numbers for Bernoulli sequences was stated by
BOREL (1909), but the first rigorous proof is due to FABER (1910). The
simple criterion in Corollary 3.22 was obtained in KoLMoGoRoV (1930). In
(1933-56) KOLMOGOROV showed that existence of the mean is necessary
and sufficient for the strong law of large numbers for general i.i.d. sequences.
The extension to exponents p # 1 is due to MARCINKIEWICZ and ZYGMUND
(1937). Proposition 3.24 was proved in stages by GLIVENKO (1933) and
CANTELLI (1933).

RIESZ (1909) introduced the notion of convergence in measure, for prob-
ability measures equivalent to convergence in probability, and showed that it
implies a.e. convergence along a subsequence. The weak compactness crite-
rion in Lemma 3.13 is due to DUNFORD (1939). The functional representation
of Proposition 3.31 appeared in KALLENBERG (1996a), and Corollary 3.32
was given by STRICKER and YOR (1978).

The theory of weak convergence was founded by ALEXANDROV (1940—
43), who proved in particular the so-called Portmanteau Theorem 3.25. The
continuous mapping Theorem 3.27 was obtained for a single function f,, = f
by MANN and WALD (1943) and then in the general case by PROHOROV
(1956) and RUBIN. The coupling Theorem 3.30 is due for complete S to
SKOROHOD (1956) and in general to DUDLEY (1968).

More detailed accounts of the material in this chapter may be found
in many textbooks, such as in LOEVE (1955-78) and CHOW and TEICHER
(1978-88). Additional results on random series and a.s. convergence appear
in STOUT (1974) and KwAPIEN and WOYCZYNSKI (1992).

4. Characteristic Functions and Classical Limit Theo-
rems

The central limit theorem (a name first used by POLYA (1920)) has a long
and glorious history, beginning with the work of DE MOIVRE (1733-56), who
obtained the now-familiar approximation of binomial probabilities in terms
of the normal density function. LAPLACE (1774, 1812-20) stated the general
result in the modern integral form, but his proof was incomplete, as was the
proof of CHEBYSHEV (1867, 1890).

The first rigorous proof was given by L1IAPOUNOV (1901), though under an
extra moment condition. Then LINDEBERG (1922a) proved his fundamental
Theorem 4.12, which in turn led to the basic Proposition 4.9 in a series of
papers by LINDEBERG (1922b) and LEVY (1922a-c). BERNSTEIN (1927)
obtained the first extension to higher dimensions. The general problem of
normal convergence, regarded for two centuries as the central (indeed the
only) theoretical problem in probability, was eventually solved in the form of
Theorem 4.15, independently by FELLER (1935) and LEvY (1935a). Slowly
varying functions were introduced and studied by KARAMATA (1930).

Though characteristic functions have been used in probability theory ever
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since LAPLACE (1812-20), their first use in a rigorous proof of a limit theorem
had to wait until LiAPOUNOV (1901). The first general continuity theorem
was established by LEVY (1922¢), who assumed the characteristic functions
to converge uniformly in some neighborhood of the origin. The definitive
version in Theorem 4.22 is due to BOCHNER (1933). Our direct approach to
Theorem 4.3 may be new, in avoiding the relatively deep HELLY selection
theorem (1911-12). The basic Corollary 4.5 was noted by CRAMER and
WorLp (1936).

Introductions to characteristic functions and classical limit theorems may
be found in many textbooks, notably LOEVE (1955-78). FELLER (1966-71)
is a rich source of further information on Laplace transforms, characteristic
functions, and classical limit theorems. For more detailed or advanced results
on characteristic functions, see LUKACS (1960-70).

5. Conditioning and Disintegration

Though conditional densities have been computed by statisticians ever since
LAPLACE (1774), the first general approach to conditioning was devised by
KoLMOGOROV (1933-56), who defined conditional probabilities and expec-
tations as random variables on the basic probability space, using the Radon—
Nikodym theorem, which had recently become available through the work of
RADON (1913), DANIELL (1920), and NikopYM (1930). His original notion
of conditioning with respect to a random vector was extended by HALMOS
(1950-74) to general random elements and then by DoOOB (1953) to abstract
sub-o-fields.

Our present Hilbert space approach to conditioning, essentially due to
vON NEUMANN (1940), is more elementary and intuitive and avoids the use
of the relatively deep Radon—Nikodym theorem. It has the further advantage
of leading to the attractive interpretation of a martingale as a projective
family of random variables.

The existence of regular conditional distributions was studied by several
authors, beginning with DooB (1938). It leads immediately to the familiar
disintegration of measures on product spaces and to the frequently used but
rarely stated disintegration Theorem 5.4.

Measures on infinite product spaces were first considered by DANIELL
(1918-19, 1919-20), who proved the extension Theorem 5.14 for countable
product spaces. KOLMOGOROV (1933-56) extended the result to arbitrary
index sets. LOMNICKI and ULAM (1934) noted that no topological assump-
tions are needed for the construction of infinite product measures, a result
that was later extended by IONESCU TULCEA (1949-50) to measures speci-
fied by a sequence of conditional distributions.

The interpretation of the simple Markov property in terms of conditional
independence was indicated already by MARKOV (1906), and the formal
statement of Proposition 5.6 appears in DooB (1953). Further properties
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of conditional independence have been listed by DOHLER (1980) and others.
The transfer Theorem 5.10 is given in KALLENBERG (1988).

The traditional approach to conditional expectations via the Radon-—
Nikodym theorem appears in many textbooks, such as BILLINGSLEY (1979—
95).

6. Martingales and Optional Times

Martingales were first introduced by BERNSTEIN (1927, 1937) in his efforts
to relax the independence assumption in the classical limit theorems. Both
BERNSTEIN and LEVY (1935a-b, 1937-54) extended Kolmogorov’s maxi-
mum inequality and the central limit theorem to a general martingale con-
text. The term martingale (originally denoting part of a horse’s harness and
later used for a special gambling system) was introduced in the probabilistic
context by VILLE (1939).

The first martingale convergence theorem was obtained by JESSEN (1934)
and LEVY (1935b), both of whom proved Theorem 6.23 for filtrations gener-
ated by sequences of independent random variables. A submartingale version
of the same result appears in SPARRE-ANDERSEN and JESSEN (1948). The
independence assumption was removed by LEVY (1937-54), who also noted
the simple martingale proof of Kolmogorov’s zero—one law and obtained his
conditional version of the Borel-Cantelli lemma.

The general convergence theorem for discrete-time martingales was proved
by DooB (1940), and the basic regularity theorems for continuous-time mar-
tingales first appeared in DOOB (1951). The theory was extended to sub-
martingales by SNELL (1952) and DooB (1953). The latter book is also the
original source of such fundamental results as the martingale closure theorem,
the optional sampling theorem, and the LP-inequality.

Though hitting times have long been used informally, general optional
times seem to appear for the first time in DoOOB (1936). Abstract filtrations
were not introduced until DooB (1953). Progressive processes were intro-
duced by DYNKIN (1959-61), and the modern definition of the o-fields F. is
due to YUSHKEVICH.

Elementary introductions to martingale theory are given by many au-
thors, including WILLIAMS (1991). More information about the discrete-time
case is given by NEVEU (1972-75) and CHOW and TEICHER (1978-88). For
a detailed account of the continuous-time theory and its relations to Markov
processes and stochastic calculus, see DELLACHERIE and MEYER (1975-87).

7. Markov Processes and Discrete-Time Chains

Markov chains in discrete time and with finitely many states were intro-
duced by MARKOV (1906), who proved the first ergodic theorem, assuming
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the transition probabilities to be strictly positive. KOLMOGOROV (1936a—b)
extended the theory to countable state spaces and arbitrary transition prob-
abilities. In particular, he noted the decomposition of the state space into ir-
reducible sets, classified the states with respect to recurrence and periodicity,
and described the asymptotic behavior of the n-step transition probabilities.
Kolmogorov’s original proofs were analytic. The more intuitive coupling ap-
proach was introduced by DOEBLIN (1938), long before the strong Markov
property had been formalized.

BACHELIER had noted the connection between random walks and dif-
fusions, which inspired KOLMOGOROV (1931a) to give a precise definition
of Markov processes in continuous time. His treatment is purely analytic,
with the distribution specified by a family of transition kernels satisfying the
Chapman—Kolmogorov relation, previously noted in special cases by CHAP-
MAN (1928) and SMOLUCHOVSKY.

KoLMOGOROV (1931a) makes no reference to sample paths. The transi-
tion to probabilistic methods began with the work of LEvVY (1934-35) and
DOEBLIN (1938). Though the strong Markov property was used informally
by those authors (and indeed already by BACHELIER (1900, 1901)), the result
was first stated and proved in a special case by DOOB (1945). General fil-
trations were introduced in Markov process theory by BLUMENTHAL (1957).
The modern setup, with a canonical process X defined on the path space €2,
equipped with a filtration F, a family of shift operators ;, and a collection
of probability measures P,, was developed systematically by DYNKIN (1959—
61, 1963-65). A weaker form of Theorem 7.23 appears in BLUMENTHAL and
GETOOR (1968), and the present version is from KALLENBERG (1987, 1998).

Elementary introductions to Markov processes appear in many textbooks,
such as ROGERS and WILLIAMS (1979-94) and CHUNG (1982). More de-
tailed or advanced accounts are given by DYNKIN (1963-65), BLUMEN-
THAL and GETOOR (1968), ETHIER and KURTZ (1986), DELLACHERIE and
MEYER (1975-87), and SHARPE (1988). FELLER (1950-68) gives a masterly
introduction to Markov chains, later imitated by many authors. More de-
tailed accounts of the discrete-time theory appear in KEMENY, SNELL, and
KNAPP (1966) and FREEDMAN (1971-83a). The coupling method, which fell
into oblivion after Doeblin’s untimely death in 1940, has recently enjoyed a
revival, as documented by the survey of LINDVALL (1992).

8. Random Walks and Renewal Theory

Random walks originally arose in a wide range of applications, such as gam-
bling, queuing, storage, and insurance; their history can be traced back to the
origins of probability. The approximation of diffusion processes by random
walks dates back to BACHELIER (1900, 1901). A further application was to
potential theory, where in the 1920s a method of discrete approximation was
devised, admitting a probabilistic interpretation in terms of a simple sym-
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metric random walk. Finally, random walks played an important role in the
sequential analysis developed by WALD (1947).

The modern theory began with POLYA’s (1921) discovery that a simple
symmetric random walk on 7% is recurrent for d < 2 and transient other-
wise. His result was later extended to Brownian motion by LEvVY (1940)
and KAKUTANI (1944a). The general recurrence criterion in Theorem 8.4
was derived by CHUNG and FucHs (1951), and the probabilistic approach
to Theorem 8.2 was found by CHUNG and ORNSTEIN (1962). The first con-
dition in Corollary 8.7 is, in fact, even necessary for recurrence, as was noted
independently by ORNSTEIN (1969) and STONE (1969).

The reflection principle was first used by ANDRE (1887) in his discussion
of the “ballot problem.” The systematic study of fluctuation and absorp-
tion problems for random walks began with the work of POLLACZEK (1930).
Ladder times and heights, first introduced by BLACKWELL, were explored in
an influential paper by FELLER (1949). The factorizations in Theorem 8.15
were originally derived by the Wiener—Hopf technique, which had been de-
veloped by PALEY and WIENER (1934) as a general tool in Fourier analysis.
Theorem 8.16 is due for u = 0 to SPARRE-ANDERSEN (1953-54) and in gen-
eral to BAXTER (1961). The former author used complicated combinatorial
methods, which were later simplified by FELLER and others.

The first renewal theorem was obtained by ERDOS, FELLER, and POL-
LARD (1949) for random walks on Z . In that case, however, CHUNG pointed
out that the result is an easy consequence of KOLMOGOROV’s (1936a-b)
ergodic theorem for Markov chains on a countable state space. BLACK-
WELL (1948, 1953) extended the result to random walks on R;. The ulti-
mate version for transient random walks on R is due to FELLER and OREY
(1961). The first coupling proof of Blackwell’s theorem was given by LIND-
VALL (1977). Our proof is a modification of an argument by ATHREYA,
McDONALD, and NEY (1978), which originally did not cover all cases. The
method seems to require the existence of a possibly infinite mean. An ana-
lytic approach to the general case appears in FELLER (1966-71).

Elementary introductions to random walks are given by many authors, in-
cluding CHUNG (1968-74), FELLER (1950-68, 1966-71), and LOEVE (1955~
78, 4th ed.). A detailed exposition of random walks on Z? is given by SPITZER
(1964-78).

9. Stationary Processes and Ergodic Theory

The history of ergodic theory dates back to BOLTZMANN’s (1887) work in sta-
tistical mechanics. Boltzmann’s ergodic hypothesis—the conjectural equality
between time and ensemble averages—was long accepted as a heuristic prin-
ciple. In probabilistic terms it amounts to the convergence ¢! fot f(X,)ds —
Ef(Xo), where X, represents the state of the system (typically the configura-
tion of all molecules in a gas) at time ¢, and the expected value is computed
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with respect to a suitable invariant probability measure on a compact sub-
manifold of the state space.

The ergodic hypothesis was sensationally proved as a mathematical the-
orem, first in an L*-version by VON NEUMANN (1932) and then in the a.e.
form by BIRKHOFF (1932). The intricate proof of the latter was simplified
by Yosipa and KAKUTANI (1939), who noted how the result follows eas-
ily from HOPF’s (1937) maximal ergodic Lemma 9.7, and then by GARSIA
(1965), who gave a simple proof of Hopf’s result. KHINCHIN (1933, 1934)
pioneered a translation of the results of ergodic theory into the probabilistic
setting of stationary sequences and processes.

Ergodic theory developed rapidly into a mathematical discipline in its
own right, and the ergodic theorem was extended in many directions. The
ergodic decomposition of invariant measures dates back to KRYLOV and Bo-
GOLIOUBOV (1937), though the basic role of the invariant o-field was not
recognized until the work of FARRELL (1962) and VARADARAJAN (1963).

DE FINETTI (1931, 1937) proved that an infinite sequence of exchangeable
random variables is mixed i.i.d. The result became a cornerstone in his theory
of subjective probability and Bayesian statistics. RYLL-NARDZEWSKI (1957)
noted that the theorem remains valid under the hypothesis of spreadability,
and BUHLMANN (1960) extended the result to continuous time. The pre-
dictable sampling property in Theorem 9.19 was first noted by DooB (1936)
for i.i.d. random variables and increasing sequences of predictable times. The
general result and its continuous-time counterpart appear in KALLENBERG
(1988). SPARRE-ANDERSEN’s (1953-54) announcement of his Corollary 9.20
was (according to Feller) “a sensation greeted with incredulity, and the orig-
inal proof was of an extraordinary intricacy and complexity.” A simplified
argument (different from ours) appears in FELLER (1966-71).

Theorem 9.15 was proved by FURSTENBERG and KESTEN (1960) before
the subadditive ergodic Theorem 9.14 became available. The latter result
was originally proved by KINGMAN (1968) under the stronger hypothesis
that the whole array (X,,,) be stationary under simultaneous shifts in m
and n. The present extension and shorter proof are due to LIGGETT (1985).

Elementary introductions to stationary processes are given by DOOB
(1953) and CRAMER and LEADBETTER (1967). Exchangeability theory is
surveyed by ALDOUS (1985). BILLINGSLEY (1965) gives a nice introduction
to ergodic theory for probabilists. Some more advanced ergodic theorems
appear in LOEVE (1955-78). For the theory of ergodic decompositions in
a very general setting, see DYNKIN (1978). An alternative approach to the
latter is through Choquet theory, surveyed by DELLACHERIE and MEYER
(1975-87).
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10. Poisson and Pure Jump-Type Markov Processes

The Poisson distribution was first used by DE MOIVRE (1711-12) and Pois-
SON (1837) as an approximation to the binomial distribution. The associated
process arose much later from various applications. Thus, it was introduced
by LUNDBERG (1903) to model streams of insurance claims, by RUTHER-
FORD and GEIGER (1908) to describe the process of radioactive decay, and
by ERLANG (1909) to model the incoming traffic to a telephone exchange.
Poisson random measures in higher dimensions are implicit in the work of
LEVY (1934-35), whose treatment was later formalized by ITO (1942b).

ERLANG obtained a version of Theorem 10.11 for simple point processes,
and the general result is essentially due to LEVY (1934-35). The Poisson
characterization in Corollary 10.10 was noted by RENYI (1967). The general
assertions in Theorem 10.9 (i) and (iii) were proved in the author’s thesis and
were later published together with part (ii) in KALLENBERG (1973a, 1975—
86). Similar results were obtained independently by MONCH (1971) for part
(i) and by GRANDELL (1976) for part (ii).

Markov chains in continuous time have been studied by many authors,
beginning with KOLMOGOROV (1931a). The transition functions of general
pure jump-type Markov processes were studied by POSPISIL (1935-36) and
FELLER (1936, 1940), and the corresponding sample path properties were
examined by DOEBLIN (1939b) and DooB (1942b). The first continuous-
time version of the strong Markov property was obtained by DOOB (1945).

Introductions to continuous-time Markov chains appear in many elemen-
tary textbooks, beginning with FELLER (1950-68). For a more comprehen-
sive account, see CHUNG (1960). The underlying regenerative structure was
examined in detail by KINGMAN (1972). For more information on Pois-
son and related point processes as well as on general random measures, see
KALLENBERG (1975-86) and DALEY and VERE-JONES (1988).

11. Gaussian Processes and Brownian Motion

The Gaussian density function first appeared in the work of DE MoI1v-
RE (1733-56), and the corresponding distribution became explicit through
the work of LAPLACE (1774, 1812-20). The Gaussian law was popular-
ized by GAUss (1809) in his theory of errors and so became named after
him. MAXWELL derived the Gaussian law as the velocity distribution for
the molecules in a gas, assuming the hypotheses of Proposition 11.2. Theo-
rem 11.3 was originally stated by SCHOENBERG (1938) as a relation between
positive definite and completely monotone functions, and the probabilistic in-
terpretation was later noted by FREEDMAN (1962-63). Isonormal Gaussian
processes were introduced by SEGAL (1954).

The process of Brownian motion was introduced by BACHELIER (1900,
1901) to model fluctuations on the stock market. Bachelier discovered some
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basic properties of the process, such as the relation M; =¢ |B;|. EINSTEIN
(1905, 1906) later introduced the same process as a model for the physical
phenomenon of Brownian motion—the irregular movement of microscopic
particles suspended in a liquid. The latter phenomenon, first noted by
VAN LEEUWENHOEK in the seventeenth century, is named after the botanist
BROWN (1828) for his systematic observations of pollen grains. Einstein’s
theory was forwarded in support of the still-controversial molecular theory
of matter. A more refined model for the physical Brownian motion was
proposed by LANGEVIN (1909) and ORNSTEIN and UHLENBECK (1930).

The mathematical theory of Brownian motion was put on a rigorous basis
by WIENER (1923), who constructed the associated distribution as a measure
on the space of continuous paths. The significance of Wiener’s revolution-
ary paper was not fully recognized until after the pioneering work of KOL-
MOGOROV (1931a, 1933-56), LEvY (1934-35), and FELLER (1936). Wiener
also introduced stochastic integrals of deterministic L?-functions, which were
later studied in further detail by PALEY, WIENER, and ZYGMUND (1933).
The spectral representation of stationary processes, originally deduced from
BOCHNER’s (1932-48) theorem by CRAMER (1942), was later recognized as
equivalent to a general Hilbert space result due to STONE (1932). The chaos
expansion of Brownian functionals was discovered by WIENER (1938), and
the theory of multiple integrals with respect to Brownian motion was devel-
oped in a seminal paper of ITO (1951¢).

The law of the iterated logarithm was discovered by KHINCHIN, first
(1923, 1924) for Bernoulli sequences, and later (1933-48) for Brownian mo-
tion. A systematic study of the Brownian paths was initiated by LEVY
(1937-54, 1948-65), who proved the existence of the quadratic variation in
(1940) and the arcsine laws in (1939, 1948-65). Though many proofs of
the latter have since been given, the present deduction from basic symmetry
properties may be new. The strong Markov property was used implicitly
in the work of Lévy and others, but the result was not carefully stated and
proved until HUNT (1956).

Many modern probability texts contain detailed introductions to Brown-
ian motion. The books by ITO and MCKEAN (1965-96), FREEDMAN (1971
83b), KARATZAS and SHREVE (1988-91), and REVUZ and YOR (1991-94)
provide a wealth of further information on the subject. Further informa-
tion on multiple Wiener—It6 integrals is given by KALLIANPUR (1980), DEL-
LACHERIE, MAISONNEUVE, and MEYER (1992), and NUALART (1995).

12. Skorohod Embedding and Invariance Principles

The first functional limit theorems were obtained in (1931b, 1933a) by KoL-
MOGOROV, who considered special functionals of a random walk. ERDOS
and KAC (1946, 1947) conceived the idea of an invariance principle that
would allow functional limit theorems to be extended from particular cases
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to a general setting. They also treated some special functionals of a random
walk. The first general functional limit theorems were obtained by DONSKER
(1951-52) for random walks and empirical distribution functions, following
an idea of DOOB (1949). A general theory based on sophisticated compact-
ness arguments was later developed by PROHOROV (1956) and others.

SKOROHOD’s (1961-65) embedding theorem provided a new and proba-
bilistic approach to Donsker’s theorem. Extensions to the martingale context
were obtained by many authors, beginning with DUBINS (1968). Lemma
12.19 appears in DVORETZKY (1972). Donsker’s weak invariance principle
was supplemented by a strong version due to STRASSEN (1964), which yields
extensions of many a.s. limit theorems for Brownian motion to suitable ran-
dom walks. In particular, his result yields a simple proof of the HARTMAN
and WINTNER (1941) law of the iterated logarithm, which had originally
been deduced from some deep results of KOLMOGOROV (1929).

BILLINGSLEY (1968) gives many interesting applications and extensions
of Donsker’s theorem. For a wide range of applications of the martingale
embedding theorem, see HALL and HEYDE (1980) and DURRETT (1991-95).
KoMLOs, MAJOR, and TUSNADY (1975-76) showed that the approximation
rate in the Skorohod embedding can be improved by a more delicate “strong
approximation.” For an exposition of their work and its numerous applica-
tions, see CSORGO and REVESz (1981).

13. Independent Increments and Infinite Divisibility

Until the 1920s, Brownian motion and the Poisson process were essentially
the only known processes with independent increments. In (1924, 1925)
LEVY introduced the stable distributions and noted that they too could be
associated with suitable “decomposable” processes. DE FINETTI (1929) saw
the general connection between processes with independent increments and
infinitely divisible distributions and posed the problem of characterizing the
latter. A partial solution for distributions with a finite second moment was
found by KOLMOGOROV (1932).

The complete solution was obtained in a revolutionary paper by LEVY
(1934-35), where the “decomposable” processes are analyzed by a virtuosic
blend of analytic and probabilistic methods, leading to an explicit descrip-
tion in terms of a jump and a diffusion component. As a byproduct, Lévy
obtained the general representation for the associated characteristic func-
tions. His analysis was so complete that only improvements in detail have
since been possible. In particular, ITO (1942b) showed how the jump com-
ponent can be expressed in terms of Poisson integrals. Analytic derivations
of the representation formula for the characteristic function were later given
by LEVY (1937-54) himself, by FELLER (1937), and by KHINCHIN (1937).

The scope of the classical central limit problem was broadened by LEVY
(1925) to a general study of suitably normalized partial sums, obtained from
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a single sequence of independent random variables. To include the case of
the classical Poisson approximation, KOLMOGOROV proposed a further ex-
tension to general triangular arrays, subject to the sole condition of uni-
formly asymptotically negligible elements. In this context, FELLER (1937)
and KHINCHIN (1937) proved independently that the limiting distributions
are infinitely divisible. It remained to characterize the convergence to a spec-
ified limit, a problem that had already been solved in the Gaussian case by
FELLER (1935) and LEvy (1935a). The ultimate solution was obtained inde-
pendently by DOEBLIN (1939) and GNEDENKO (1939), and a comprehensive
exposition of the theory was published by GNEDENKO and KOLMOGOROV
(1949-68).

The basic convergence Theorem 13.17 for Lévy processes and the asso-
ciated approximation result for random walks in Corollary 13.20 are essen-
tially due to SKOROHOD (1957), though with rather different statements and
proofs. Lemma 13.22 appears in DOEBLIN (1939a). Our approach to the
basic representation theorem is a modernized version of Lévy’s proof, with
simplifications resulting from the use of basic point process and martingale
results.

Detailed accounts of the basic limit theory for null arrays are given by
LOEVE (1955-78), CHOW and TEICHER (1978-88), and FELLER (1966-71).
The positive case is treated in KALLENBERG (1975-86). A modern intro-
duction to Lévy processes is given by BERTOIN (1996). General independent
increment processes and associated limit theorems are treated in JACOD and
SHIRYAEV (1987). Extreme value theory is surveyed by LEADBETTER, LIND-
GREN, and ROOTZEN (1983).

14. Convergence of Random Processes, Measures, and
Sets

After DONSKER (1951-52) had proved his functional limit theorems for ran-
dom walks and empirical distribution functions, a general theory of weak con-
vergence in function spaces was developed by the Russian school, in seminal
papers by PROHOROV (1956), SKOROHOD (1956, 1957), and KOLMOGOROV
(1956). Thus, PROHOROV (1956) proved his fundamental compactness The-
orem 14.3, in a setting for separable and complete metric spaces. The ab-
stract theory was later extended in various directions by LE Cam (1957),
VARADARAJAN (1958), and DUDLEY (1966, 1967). The elementary inequal-
ity of OTTAVIANI is from (1939).

Originally SKOROHOD (1956) considered the space D([0, 1]) endowed with
four different topologies, of which the J;-topology considered here is by far the
most important for applications. The theory was later extended to D(R)
by STONE (1963) and LINDVALL (1973). Tightness was originally verified
by means of various product moment conditions, developed by CHENTSOV
(1956) and BILLINGSLEY (1968), before the powerful criterion of ALDOUS
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(1978) became available. KURTz (1975) and MI1TOMA (1983) noted that
criteria for tightness in D(R,,S) can often be expressed in terms of one-
dimensional projections, as in Theorem 14.26.

The weak convergence theory for random measures and point processes
began with PROHOROV (1961), who noted the equivalence of (i) and (ii) in
Theorem 14.16 when S is compact. The equivalence with (iii) appears in
DEBES, KERSTAN, LIEMANT, and MATTHES (1970). The one-dimensional
criteria in Proposition 14.17 and Theorems 14.16 and 14.28 are based on
results in KALLENBERG (1973a, 1975-86, 1996b) and a subsequent remark by
Kurrz. Random sets had already been studied extensively by many authors,
including CHOQUET (1953-54), KENDALL (1974), and MATHERON (1975),
when an associated weak convergence theory was developed by NORBERG
(1984).

The applications considered in this chapter have a long history. Thus,
primitive versions of Theorem 14.18 were obtained by PALM (1943), KHIN-
CHIN (1955-60), and OSOsSKOV (1956). The present version is due for S =R
to GRIGELIONIS (1963) and for more general spaces to GOLDMAN (1967) and
JAGERS (1972). Limit theorems under simultaneous thinning and rescaling
of a given point process were obtained by RENYT (1956), NAWROTZKI (1962),
BELYAEV (1963), and GOLDMAN (1967). The general version in Theorem
14.19 was proved by KALLENBERG (1975-86) after MECKE (1968) had ob-
tained his related characterization of Cox processes. Limit theorems for sam-
pling from a finite population and for general exchangeable sequences have
been proved in varying generality by many authors, including CHERNOV and
TEICHER (1958), HAJEK (1960), ROSEN (1964), BILLINGSLEY (1968), and
HAGBERG (1973). The results of Theorems 14.21 and 14.25 first appeared
in KALLENBERG (1973D).

Detailed accounts of weak convergence theory and its applications may be
found in several excellent textbooks and monographs, including BILLINGS-
LEY (1968), POLLARD (1984), ETHIER and KURTZ (1986), and JACOD and
SHIRYAEV (1987). More information on limit theorems for random measures
and point processes is available in MATTHES, KERSTAN, and MECKE (1978)
and KALLENBERG (1975-86). A good general reference for random sets is
MATHERON (1975).

15. Stochastic Integrals and Quadratic Variation

The first stochastic integral with a random integrand was defined by ITO
(1942a, 1944), who used Brownian motion as the integrator and assumed
the integrand to be product measurable and adapted. DooOB (1953) noted
the connection with martingale theory. A first version of the fundamental
Theorem 15.19 was proved by ITO (1951a). The result was later extended by
many authors. The compensated integral in Corollary 15.22 was introduced
by FisK, and independently by STRATONOVICH (1966).
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The existence of the quadratic variation process was originally deduced
from the Doob-Meyer decomposition. Fisk (1966) showed how the quadratic
variation can also be obtained directly from the process, as in Proposition
15.18. The present construction was inspired by ROGERS and WILLIAMS
(1987). The BDG inequalities were originally proved for p > 1 and dis-
crete time by BURKHOLDER (1966). MILLAR (1968) noted the extension to
continuous martingales, in which context the further extension to arbitrary
p > 0 was obtained independently by BURKHOLDER and GUNDY (1970)
and Novikov (1971). KuniTta and WATANABE (1967) introduced the co-
variation of two martingales and proved the associated characterization of
the integral. They further established some general inequalities related to
Proposition 15.10.

The It6 integral was extended to square-integrable martingales by COUR-
REGE (1962-63) and KUNITA and WATANABE (1967) and to continuous semi-
martingales by DOLEANS-DADE and MEYER (1970). The idea of localization
is due to ITO and WATANABE (1965). Theorem 15.25 was obtained by KAzA-
MAKI (1972) as part of a general theory of random time change. Stochastic
integrals depending on a parameter were studied by DOLEANS (1967b) and
STRICKER and YOR (1978), and the functional representation of Proposition
15.27 first appeared in KALLENBERG (19964).

Elementary introductions to It6 integration appear in many textbooks,
such as CHUNG and WILLIAMS (1983) and (JKSENDAL (1985-95). For more
advanced accounts and for further information, see IKEDA and WATANABE
(1981-89), ROGERS and WILLIAMS (1987), KARATZAS and SHREVE (1988-
91), and REVUZ and YOR (1991-94).

16. Continuous Martingales and Brownian Motion

The fundamental characterization of Brownian motion in Theorem 16.3 was
proved by LEvy (1937-54), who also (1940) noted the conformal invariance
up to a time-change of complex Brownian motion and stated the polarity of
singletons. A rigorous proof of Theorem 16.6 was later provided by KAKU-
TANI (1944a-b). KUNITA and WATANABE (1967) gave the first modern proof
of Lévy’s characterization theorem, based on It6’s formula and exponential
martingales. The history of the latter can be traced back to the funda-
mental CAMERON and MARTIN (1944) paper containing Theorem 16.22 and
to WALD’s (1946, 1947) work in sequential analysis, where the identity of
Lemma 16.24 first appeared in a version for random walks.

The integral representation in Theorem 16.10 is essentially due to ITO
(1951c), who noted its connection with multiple stochastic integrals and chaos
expansions. A one-dimensional version of Theorem 16.12 appears in DOOB
(1953). The general time-change Theorem 16.4 was discovered independently
by DAMBIS (1965) and DUBINS and SCHWARZ (1965), and a systematic study
of isotropic martingales was initiated by GETOOR and SHARPE (1972). The
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multivariate result in Proposition 16.8 was noted by KNIGHT (1971), and
a version of Proposition 16.9 for general exchangeable processes appears in
KALLENBERG (1989). The skew-product representation in Corollary 16.7 is
due to GALMARINO (1963),

The Cameron—Martin theorem was gradually extended to more general
settings by many authors, including MARUYAMA (1954, 1955), GIRSANOV
(1960), and VAN SCHUPPEN and WONG (1974). The martingale criterion of
Theorem 16.23 was obtained by Novikov (1972).

The material in this chapter is covered by many texts, including the ex-
cellent monographs by KARATZAS and SHREVE (1988-91) and REVUZ and
YOR (1991-94). A more advanced and amazingly informative text is JACOD
(1979).

17. Feller Processes and Semigroups

Semigroup ideas are implicit in KOLMOGOROV’S pioneering (1931a) paper,
whose central theme is the search for local characteristics that will deter-
mine the transition probabilities through a system of differential equations,
the so-called Kolmogorov forward and backward equations. Markov chains
and diffusion processes were originally treated separately, but in (1935) KorL-
MOGOROV proposed a unified framework, with transition kernels regarded as
operators (initially operating on measures rather than on functions), and
with local characteristics given by an associated generator.

Kolmogorov’s ideas were taken up by FELLER (1936), who obtained gen-
eral existence and uniqueness results for the forward and backward equations.
The abstract theory of contraction semigroups on Banach spaces was devel-
oped independently by HILLE (1948) and YosIpA (1948), both of whom
recognized its significance for the theory of Markov processes. The power of
the semigroup approach became clear through the work of FELLER (1952,
1954), who gave a complete description of the generators of one-dimensional
diffusions. In particular, Feller characterizes the boundary behavior of the
process in terms of the domain of the generator.

The systematic study of Markov semigroups began with the work of
DyNKIN (1955a). The standard approach is to postulate strong continuity
instead of the weaker and more easily verified condition (Fy). The positive
maximum principle appears in the work of ITO (1957), and the core condition
of Proposition 17.9 is due to WATANABE (1968).

The first regularity theorem was obtained by DOEBLIN (1939b), who
gave conditions for the paths to be step functions. A sufficient condition for
continuity was then obtained by FORTET (1943). Finally, KINNEY (1953)
showed that any Feller process has a version with rcll paths, after DYNKIN
(1952) had obtained the same property under a Holder condition. The use of
martingale methods for the study of Markov processes dates back to KINNEY
(1953) and DooB (1954).
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The strong Markov property for Feller processes was proved indepen-
dently by DYNKIN and YUSHKEVICH (1956) and by BLUMENTHAL (1957)
after special cases had been considered by DooB (1945), HUNT (1956), and
RAY (1956). BLUMENTHAL’s (1957) paper also contains his zero—one law.
DYNKIN (1955a) introduced his “characteristic operator,” and a version of
Theorem 17.24 appears in DYNKIN (1956).

There is a vast literature on approximation results for Markov chains and
Markov processes, covering a wide range of applications. The use of semi-
group methods to prove limit theorems can be traced back to LINDEBERG’s
(1922a) proof of the central limit theorem. The general results in Theorems
17.25 and 17.28 were developed in stages by TROTTER (1958a), SOVA (1967),
KuRrTz (1969-75), and MACKEVICIUS (1974). Our proof of Theorem 17.25
uses ideas from GOLDSTEIN (1976).

A splendid introduction to semigroup theory is given by the relevant
chapters in FELLER (1966-71). In particular, Feller shows how the one-
dimensional Lévy—Khinchin formula and associated limit theorems can be
derived by semigroup methods. More detailed and advanced accounts of the
subject appear in DYNKIN (1963-65), ETHIER and KURTZ (1986), and DEL-
LACHERIE and MEYER (1975-87).

18. Stochastic Differential Equations and Martingale
Problems

Long before the existence of any general theory for SDEs, LANGEVIN (1908)
proposed his equation to model the velocity of a Brownian particle. The so-
lution process was later studied by ORNSTEIN and UHLENBECK (1930) and
was thus named after them. A more rigorous discussion appears in DOOB
(1942a).

The general idea of a stochastic differential equation goes back to BERN-
STEIN (1934, 1938), who proposed a pathwise construction of diffusion pro-
cesses by a discrete approximation, leading in the limit to a formal differential
equation driven by a Brownian motion. However, ITO (1942a, 1951b) was
the first author to develop a rigorous and systematic theory, including a
precise definition of the integral, conditions for existence and uniqueness of
solutions, and basic properties of the solution process, such as the Markov
property and the continuous dependence on initial state. Similar results were
obtained, later but independently, by GIHMAN (1947, 1950-51).

The notion of a weak solution was introduced by GIRSANOV (1960), and
a version of the weak existence Theorem 18.9 appears in SKOROHOD (1961—
65). The ideas behind the transformations in Propositions 18.12 and 18.13
date back to GIRSANOV (1960) and VOLKONSKY (1958), respectively. The
notion of a martingale problem can be traced back to LEVY’s martingale
characterization of Brownian motion and DYNKIN’s theory of the charac-
teristic operator. A comprehensive theory was developed by STROOCK and
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VARADHAN (1969), who established the equivalence with weak solutions to
the associated SDEs, obtained general criteria for uniqueness in law, and de-
duced conditions for the strong Markov and Feller properties. The measura-
bility part of Theorem 18.10 is a slight extension of an exercise in STROOCK
and VARADHAN (1979).

YAMADA and WATANABE (1971) proved that weak existence and path-
wise uniqueness imply strong existence and uniqueness in law. Under the
same conditions, they further established the existence of a functional solu-
tion, possibly depending on the initial distribution of the process; that depen-
dence was later removed by KALLENBERG (1996a). IKEDA and WATANABE
(1981-89) noted how the notions of pathwise uniqueness and uniqueness in
law extend by conditioning from degenerate to arbitrary initial distributions.

The basic theory of SDEs is covered by many excellent textbooks on
different levels, including IKEDA and WATANABE (1981-89), ROGERS and
WILLIAMS (1987), and KARATZAS and SHREVE (1988-91). More informa-
tion on the martingale problem is available in JAcoD (1979), STROOCK and
VARADHAN (1979), and ETHIER and KURTZ (1986).

19. Local Time, Excursions, and Additive Functionals

Local time of Brownian motion at a fixed point was discovered and explored
by LEVY (1939), who devised several explicit constructions, mostly of the
type of Proposition 19.12. Much of Lévy’s analysis is based on the obser-
vation in Corollary 19.3. The elementary Lemma 19.2 is due to SKOROHOD
(1961-62). Formula (1), first noted for Brownian motion by TANAKA (1963),
was taken by MEYER (1976) as the basis for a general semimartingale ap-
proach. The general [t6—Tanaka formula in Theorem 19.5 was obtained inde-
pendently by MEYER (1976) and WANG (1977). TROTTER (1958b) proved
that Brownian local time has a jointly continuous version, and the extension
to general continuous semimartingales in Theorem 19.4 was obtained by YOR
(1978).

Modern excursion theory originated with the seminal paper of ITO (1972),
which was partly inspired by earlier work of LEVY (1939). In particular, It6
proved a version of Theorem 19.11, assuming the existence of local time.
HorowiITz (1972) independently studied regenerative sets and noted their
connection with subordinators, equivalent to the existence of a local time. A
systematic theory of regenerative processes was developed by M AISONNEUVE
(1974). The remarkable Theorem 19.17 was discovered independently by
RAY (1963) and KNIGHT (1963), and the present proof is essentially due to
WALSH (1978). Our construction of the excursion process is close in spirit
to Lévy’s original ideas and to those in GREENWOOD and PITMAN (1980).

Elementary additive functionals of integral type had been discussed ex-
tensively in the literature when DYNKIN proposed a study of the general
case. The existence Theorem 19.23 was obtained by VOLKONSKY (1960),
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and the construction of local time in Theorem 19.24 dates back to BLUMEN-
THAL and GETOOR (1964). The integral representation of CAFs in Theorem
19.25 was proved independently by VOLKONSKY (1958, 1960) and McKEAN
and TANAKA (1961). The characterization of additive functionals in terms
of suitable measures on the state space dates back to MEYER (1962), and
the explicit representation of the associated measures was found by REVUZ
(1970) after special cases had been considered by HUNT (1957-58).

An excellent introduction to local time appears in KARATZAS and SHREVE
(1988-91). The books by ITO and MCKEAN (1965-96) and REVUZ and YOR
(1991-94) contain an abundance of further information on the subject. The
latter text may also serve as a good introduction to additive functionals
and excursion theory. For more information on the latter topics, the reader
may consult BLUMENTHAL and GETOOR (1968), BLUMENTHAL (1992), and
DELLACHERIE, MAISONNEUVE, and MEYER (1992).

20. One-Dimensional SDEs and Diffusions

The study of continuous Markov processes and the associated parabolic dif-
ferential equations, initiated by KoLMOGOROV (1931a) and FELLER (1936),
took a new direction with the seminal papers of FELLER (1952, 1954), who
studied the generators of one-dimensional diffusions within the framework
of the newly developed semigroup theory. In particular, Feller gave a com-
plete description in terms of scale function and speed measure, classified the
boundary behavior, and showed how the latter is determined by the domain
of the generator. Finally, he identified the cases when explosion occurs, cor-
responding to the absorption cases in Theorem 20.15.

A more probabilistic approach to these results was developed by DYNKIN
(1955b, 1959), who along with RAY (1956) continued Feller’s study of the
relationship between analytic properties of the generator and sample path
properties of the process. The idea of constructing diffusions on a natural
scale through a time change of Brownian motion is due to HUNT (1958)
and VOLKONSKY (1958), and the full description in Theorem 20.9 was com-
pleted by VOLKONSKY (1960) and IT6 and MCKEAN (1965-96). The present
stochastic calculus approach is based on ideas in MELEARD (1986).

The ratio ergodic Theorem 20.14 was first obtained for Brownian motion
by DERMAN (1954), by a method originally devised for discrete-time chains
by DOEBLIN (1938). It was later extended to more general diffusions by
MoTo0 and WATANABE (1958). The ergodic behavior of recurrent one-
dimensional diffusions was analyzed by MARUYAMA and TANAKA (1957).

For one-dimensional SDEs, SKOROHOD (1961-65) noticed that Itd’s orig-
inal Lipschitz condition for pathwise uniqueness can be replaced by a weaker
Holder condition. He also obtained a corresponding comparison theorem.
The improved conditions in Theorems 20.3 and 20.5 are due to YAMADA
and WATANABE (1971) and YAMADA (1973), respectively. PERKINS (1982)
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and LE GALL (1983) noted how the use of semimartingale local time simpli-
fies and unifies the proofs of those and related results. The fundamental weak
existence and uniqueness criteria in Theorem 20.1 were discovered by ENG-
ELBERT and SCHMIDT (1984, 1985), whose (1981) zero—one law is implicit
in Lemma 20.2.

Elementary introductions to one-dimensional diffusions appear in BREI-
MAN (1968-92), FREEDMAN (1971-83b), and ROGERS and WILLIAMS (1987).
More detailed and advanced accounts are given by DYNKIN (1963-65) and
IT6 and MCKEAN (1965-96). Further information on one-dimensional SDEs
may be obtained from the excellent books by KARATZAS and SHREVE (1988
91) and REVUZ and YOR (1991-94).

21. PDE-Connections and Potential Theory

The fundamental solution to the heat equation in terms of the Gaussian
kernel was obtained by LAPLACE (1809). A century later BACHELIER (1900,
1901) noted the relationship between Brownian motion and the heat equa-
tion. The PDE connections were further explored by many authors, including
KoLMOGOROV (1931a), FELLER (1936), KAc (1951), and DooB (1955). A
first version of Theorem 21.1 was obtained by KAc (1949), who was in turn
inspired by FEYNMAN’s (1948) work on the Schrédinger equation. Theorem
21.2 is due to STROOCK and VARADHAN (1969).

GREEN (1828), in his discussion of the Dirichlet problem, introduced the
functions named after him. The Dirichlet, sweeping, and equilibrium prob-
lems were all studied by GAUSs (1840) in a pioneering paper on electrostatics.
The rigorous developments in potential theory began with POINCARE (1890
99), who solved the Dirichlet problem for domains with a smooth boundary.
The equilibrium measure was characterized by (GAUSS as the unique measure
minimizing a certain energy functional, but the existence of the minimum was
not rigorously established until FROSTMAN (1935).

The first probabilistic connections were made by PHILLIPS and WIENER
(1923) and COURANT, FRIEDRICHS, and LEwy (1928), who solved the
Dirichlet problem in the plane by a method of discrete approximation, in-
volving a version of Theorem 21.5 for a simple symmetric random walk.
KoLMOGOROV and LEONTOVICH (1933) evaluated a special hitting distri-
bution for two-dimensional Brownian motion and noted that it satisfies the
heat equation. KAKUTANI (1944b, 1945) showed how the harmonic measure
and sweeping kernel can be expressed in terms of a Brownian motion. The
probabilistic methods were extended and perfected by DooB (1954, 1955),
who noted the profound connections with martingale theory. A general po-
tential theory was later developed by HUNT (1957-58) for broad classes of
Markov processes.

The interpretation of Green functions as occupation densities was known
to Kac (1951), and a probabilistic approach to Green functions was devel-
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oped by HUNT (1956). The connection between equilibrium measures and
quitting times, known already to SPITZER (1964) and ITO and MCKEAN
(1965-96), was exploited by CHUNG (1973) to yield the explicit representa-
tion in Theorem 21.14.

Time reversal of diffusion processes was first considered by SCHRODINGER
(1931). KOLMOGOROV (1936b, 1937) computed the transition kernels of the
reversed process, and gave necessary and sufficient conditions for symmetry.
The basic role of time reversal and duality in potential theory was recog-
nized by DooB (1954) and HUNT (1958). Proposition 21.15 and the related
construction in Theorem 21.21 go back to HUNT, but Theorem 21.19 may
be new. The measure v in Theorem 21.21 is related to the “Kuznetsov mea-
sures,” discussed extensively in GETOOR (1990). The connection between
random sets and alternating capacities was established by CHOQUET (1953—
54), and a corresponding representation of infinitely divisible random sets
was obtained by MATHERON (1975).

Elementary introductions to probabilistic potential theory appear in BASs
(1995) and CHUNG (1995), and to other PDE connections in KARATZAS
and SHREVE (1988-91). A detailed exposition of classical probabilistic po-
tential theory is given by PORT and STONE (1978). DooB (1984) pro-
vides a wealth of further information on both the analytic and probabilistic
aspects. Introductions to Hunt’s work and the subsequent developments
are given by CHUNG (1982) and DELLACHERIE and MEYER (1975-87).
More advanced treatments appear in BLUMENTHAL and GETOOR (1968)
and SHARPE (1988).

22. Predictability, Compensation, and Excessive Func-
tions

The basic connection between superharmonic functions and supermartin-
gales was established by DOOB (1954), who also proved that compositions of
excessive functions with Brownian motion are continuous. Doob further rec-
ognized the need for a general decomposition theorem for supermartingales,
generalizing the elementary Lemma 6.10. Such a result was eventually proved
by MEYER (1962, 1963), in the form of Lemma 22.7, after special decompo-
sitions in the Markovian context had been obtained by VOLKONSKY (1960)
and SHUR (1961). Meyer’s original proof was profound and clever. The
present more elementary approach, based on DUNFORD’s (1939) weak com-
pactness criterion, was devised by RAO (1969a). The extension to general
submartingales was accomplished by ITO and WATANABE (1965) through
the introduction of local martingales.

Predictable and totally inaccessible times appear implicitly in the work
of BLUMENTHAL (1957) and HUNT (1957-58), in the context of quasi-left-
continuity. A systematic study of optional times and their associated o-fields
was initiated by CHUNG and DooOB (1965). The basic role of the predictable
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o-field became clear after DOLEANS (1967a) had proved the equivalence be-
tween naturalness and predictability for increasing processes, thereby estab-
lishing the ultimate version of the Doob—Meyer decomposition. The mo-
ment inequality in Proposition 22.21 was obtained independently by GARSIA
(1973) and NEVEU (1972-75) after a more special result had been proved by
BURKHOLDER, DAvIS, and GUNDY (1972). The theory of optional and pre-
dictable times and o-fields was developed by MEYER (1966), DELLACHERIE
(1972), and others into a “general theory of processes,” which has in many
ways revolutionized modern probability.

Natural compensators of optional times first appeared in reliability the-
ory. More general compensators were later studied in the Markovian context
by WATANABE (1964) under the name of “Lévy systems.” GRIGELIONIS
(1971) and JAcoD (1975) constructed the compensator of a general random
measure and introduced the related “local characteristics” of a general semi-
martingale. 'WATANABE (1964) proved that a simple point process with a
continuous and deterministic compensator is Poisson; a corresponding time-
change result was obtained independently by MEYER (1971) and PAPAN-
GELOU (1972). The extension in Theorem 22.24 was given by KALLENBERG
(1990), and general versions of Proposition 22.27 appear in ROSINSKI and
WoYCzyNsKI (1986) and KALLENBERG (1992).

An authoritative account of the general theory, including a beautiful but
less elementary projection approach to the Doob—Meyer decomposition, due
to DOLEANS, is given by DELLACHERIE and MEYER (1975-87). Useful in-
troductions to the theory are contained in ELLIOTT (1982) and ROGERS and
WILLIAMS (1987). Our elementary proof of Lemma 22.10 uses ideas from
DooB (1984). BLUMENTHAL and GETOOR (1968) remains a good general
reference on additive functionals and their potentials. A detailed account of
random measures and their compensators appears in JACOD and SHIRYAEV
(1987). Applications to queuing theory are given by BREMAUD (1981), BAc-
CELLI and BREMAUD (1994), and LAST and BRANDT (1995).

23. Semimartingales and General Stochastic Integra-
tion

DooB (1953) conceived the idea of a stochastic integration theory for general
L2-martingales, based on a suitable decomposition of continuous-time sub-
martingales. MEYER’s (1962) proof of such a result opened the door to the
L?-theory, which was then developed by COURREGE (1962-63) and KUNITA
and WATANABE (1967). The latter paper contains in particular a version of
the general substitution rule. The integration theory was later extended in a
series of papers by MEYER (1967) and DOLEANS-DADE and MEYER (1970)
and reached its final form with the notes of MEYER (1976) and the books
by JacoDp (1979), METIVIER and PELLAUMAIL (1979), and DELLACHERIE
and MEYER (1975-87).
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The basic role of predictable processes as integrands was recognized by
MEYER (1967). By contrast, semimartingales were originally introduced in
an ad hoc manner by DOLEANS-DADE and MEYER (1970), and their ba-
sic preservation laws were only gradually recognized. In particular, JACOD
(1975) used the general Girsanov theorem of VAN SCHUPPEN and WONG
(1974) to show that the semimartingale property is preserved under abso-
lutely continuous changes of the probability measure. The characterization
of general stochastic integrators as semimartingales was obtained indepen-
dently by BICHTELER (1979) and DELLACHERIE (1980), in both cases with
support from analysts.

Quasimartingales were originally introduced by FIsK (1965) and OREY
(1966). The decomposition of RAO (1969b) extends a result by KRICKE-
BERG (1956) for L'-bounded martingales. YOEURP (1976) combined a no-
tion of “stable subspaces” due to KUNITA and WATANABE (1967) with the
Hilbert space structure of M? to obtain an orthogonal decomposition of L2-
martingales, equivalent to the decompositions in Theorem 23.14 and Propo-
sition 23.16. Elaborating on those ideas, MEYER (1976) showed that the
purely discontinuous component admits a representation as a sum of com-
pensated jumps.

SDEs driven by general Lévy processes were already considered by ITO
(1951b). The study of SDEs driven by general semimartingales was initi-
ated by DOLEANS-DADE (1970), who obtained her exponential process as
a solution to the equation in Theorem 23.8. The scope of the theory was
later expanded by many authors, and a comprehensive account is given by
PROTTER (1990).

The martingale inequalities in Theorems 23.17 and 23.12 have ancient ori-
gins. Thus, a version of (18) for independent random variables was proved by
KoLMOGOROV (1929), whose original bound was later sharpened by PRO-
HOROV (1959). The result was extended to discrete-time martingales by
JOHNSON, SCHECHTMAN, and ZINN (1985) and HITCZENKO (1990). The
present statements appeared in KALLENBERG and SZTENCEL (1991).

Early versions of the inequalities in Theorem 23.12 were proved by KHIN-
CHIN (1923, 1924) for symmetric random walks and by PALEY (1932) for
Walsh series. A version for independent random variables was obtained by
MARCINKIEWICZ and ZYGMUND (1937, 1938). The extension to discrete-
time martingales is due to BURKHOLDER (1966) for p > 1 and to DAVIS
(1970) for p = 1. The result was extended to continuous time by BURK-
HOLDER, DAvis, and GUNDY (1972), who also noted how the general re-
sult can be deduced from the statement for p = 1. The present proof is a
continuous-time version of Davis’ original argument.

Excellent introductions to semimartingales and stochastic integration are
given by DELLACHERIE and MEYER (1975-87) and JACOD and SHIRYAEV
(1987). PROTTER (1990) offers an interesting alternative approach, originally
suggested by MEYER and by DELLACHERIE (1980). The book by JAcoD
(1979) remains a rich source of further information on the subject.
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