Chapter VII

Continuous Parameter Martingales

It turns out that many of the ideas and results introduced in § 5.2 can be easily
transferred to the setting of processes depending on a continuous parameter. In
addition, the resulting theory is intimately connected with Lévy processes, and
particularly Brownian. In this chapter, I will give a brief introduction to this
topic and some of the techniques to which it leads.*

§7.1 Continuous Parameter Martingales

There is a huge number of annoying technicalities which have to be addressed in
order to give a mathematically correct description of the continuous time theory
of martingales. Fortunately, for the applications which I will give here, I can
keep them to a minimum.

§7.1.1. Progressively Measurable Functions. Let (2, F) be a measurable
space and {.7:,5 :te|o, oo)} a non-decreasing family of sub-g-algebras. I will say
that a function X on [0, 00) x 2 into a measurable space (F, B) is progressively
measurable with respect to {]—"t :telo, oo)} if X [1[0,7] xQis By, x Fr-
measurable for every T' € [0,00). When E is a metric space, I will say that
X :[0,00) x Q@ — E is right-continuous if X (s,w) = lims;\ s X (t,w) for every
(s,w) € [0,00) x © and will say that it is continuous if X (-,w) is continuous
for all w € Q.

REMARK 7.1.1. The reader might have been expecting a slightly different def-
inition of progressive measurability here. Namely, he might have thought that
one would say that X is {.7-} bt e [O,m)}—progressively measurable if it is
Bjp,c) X F-measurable and w € Q — X(t,w) € E is Fy-measurable for each
t € [0,00). Indeed, in extrapolating from the discrete parameter setting, this
would be the first definition at which one would arrive. In fact, it was the notion
with which Doob and It6 originally worked; and such functions were said by
them to be adapted to {F; : ¢t € [0,00)}. However, it came to be realized
that there are various problems with the notion of adaptedness. For example,
even if X is adapted and f: E — R is a bounded, B-measurable function, the

* A far more thorough treatment can be found in D. Revuz and M. Yor’s treatise Continuous
Martingales and Brownian Motion published by Springer—Verlag as volume #293 in their
Grundlehren der Mathematishen Series.
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258 VII Continuous Parameter Martingales

function (¢t,w) ~ Y (t,w) = fot f(X(s,w))ds € R need not be adapted. On the
other hand, if X is progressively measurable, then Y will be also.

The following simple lemma should help to explain the virtue of progressive
measurability and its relationship to adaptedness.

LEMMA 7.1.2. Let PM denote the set of A C [0,00) x Q with the property
that ([0, t] x Q) NA € Bjo,y X Ft for every t > 0. Then PM is a sub-o-algebra of
Blg,00) X F and X is progressively measurable if and only if it is P M-measurable.
Furthermore, if E is a separable metric space and X : [0,00) X Q@ — FE is a
right-continuous function, then X is progressively measurable if it is adapted.

PrOOF: Checking that PM is a o-algebra is easy. Furthermore, for any X :
[0,00) x @ — E, T € [0,00), and I' € B,

{(t,w) €[0,T] x Q: X(t,w) €T}
= ([0,7] x Q) N {(t,w) € [0,00) x Q: X(t,w) €T},

and so X is {]-} 2t €0, oo)}-progressively measurable if and only if it is PM-
measurable. Hence, the first assertion has been proved.

Next, suppose that X is a right-continuous, adapted function. To see that X
is progressively measurable, let ¢ € [0,00) be given, and define

XM rw)=X (%/\t,w), for (1,w) € [0,00) x Q and n € N.

Obviously, X/ is By ; x Fy-measurable for every n € N and X/, (7,w) — X (7,w)
as n — oo for every (7,w) € [0,t] x Q. Hence, X [ [0,t] x Qis By 4 x Ft, and so
X is progressively measurable. [J

§7.1.2. Martingales, Definition and Examples. Given a probability space
(Q, F, P) and a non-decreasing family of sub-o-algebras {]-"t :te|o, oo)}, I will
say that X : [0,00) X @ — (—00, 0] is a submartingale with respect to
{.7-',5 : tefo, oo)} or, equivalently, that (X(t),]-"t,IP’) is a submartingale if X
is a right-continuous, progressively measurable function with the properties that
X (t)~ is P-integrable for every t € [0, 00) and

X(s) <EF [X(t)|]-'s] (a.s,P) forall 0<s<t< 0.

When both (X(t), F, IP’) and (fX(t), Fi, IP’) are submartingales, I will say either
that X is a martingale with respect to {]:t tt € [0,00)} or simply that
(X(t), F,P) is a martingale. Finally, if Z : [0,00) x @ — C is a right-
continuous, progressively measurable function, then (Z(t), F;,P) is said to be a
(complex) martingale if both (Re Z(t), 7;,P) and (Jm Z(t), F;,P) are.

The next two results show that Lévy processes provide a rich source of con-
tinuous parameter martingales.
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THEOREM 7.1.3. Let € Z(RY) with ji(§) = '(&), where £,,(§) equals

V=T (& m)  — (&CE)pn + /RN (e/7TEM 1= 10y 1y 1) (€,¥) ) M(dy).

If (Q, F,P) is a probability space and Z : [0,00) x 2 — RV is a Bjg,oc) X F-
measurable map with the properties that Z(0,w) = 0 and Z(-,w) € D(RY) for
every w € Q, then {Z(t) : t > 0} is a Lévy process for y if and only if, for each
x € RV,

(7.1.4) (exp(ﬁ(g, Z(t))g~ — tﬁH(S)),]-},IP’> is a martingale,

where F; = o ({Z(7) : 7 € [0,¢]}).
ProoF: If {Z(t) : t > 0} is a Lévy process for p, then, because Z(t) — Z(s) is
independent of F, and has characteristic function e(*=%)¢:(&)
EP [exp [V=1(6,2(0) g — t4,(8)] | 7]
(26 s 0005?0500
(6. 2(5)) g — sLu(8)] -

To prove the converse assertion, observe that the defining distributional property
of a Lévy process for p can be summarized as the statement that Z(0,w) = 0
and, for each 0 < s < t, Z(t) — Z(s) is independent of o ({Z(7) : 7 € [0,t]}) and
has distribution p;_ s, where fi; = e7%. Hence, since (7.1.4) implies that

B [exp<ﬁ(g, Z(t) — Z(s))RN> (I] — = ¢ c RV,

there is nothing more to do. [J

Another, and often more useful, way to capture the same result is to introduce
the Lévy operator

( | LFro(z) = %Trace(CVzgo(x)) + (m, Vgp(x))RN
7.1.5
+ /RN [cp(x +¥) = () = Loy (y, V@(X))RN} M(dy)

for ¢ € CZ(RN;C).
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THEOREM 7.1.6. Assume that u € Z(RY) and that {Z(t) : t > 0} is a Lévy
process for p. Then, for every F' € C’é’Q([O, ) x RY; (C),

(F(t, Z(t)) — /Ot (0r + L) F (1, Z(7)) dr, ]-"t,IP>

is a martingale, where F; = o({Z() : 7 € [0,t]}) and L* is the operator
described in (7.1.5). Conversely, if Z is a progressively measurable function
satisfying Z(0,w) = 0 and Z(-,w) € D(RY) for each w € ©, and if

(e(20) - [ otz 7.2

is a martingale for each ¢ € C°(RY;R), then {Z(t) : t > 0} is a Lévy process
for p.

PROOF: Begin by noting that it suffices to handle the case when F is the re-
striction to [0,00) x RY of a an element of the Schwartz test function space
(R x RY;C). Indeed, because ||LFo|. < Cllellcz@v ey for some C' < oo,
the result for F' € C’é’2([0,oo) x RN ;C) follows, via an obvious approxima-
tion procedure, from the result for F € (R x RY¥;C). Next observe that
it suffices to treat F' € .7(RY;C). To see this, simply interpret the process
t€10,00) — (t,Z,(t)) € RNT! as a Lévy process for §; x p.

Now let ¢ € . (RY; C) be given. The key to proving the required result is the
identity

d . .
() P * = (LY) * fig,

where fi; is the distribution of —x under s, the measure determined by [ = etx.

Given the computations preceding Theorem 3.2.22, the easiest way to check (*)
is the work via Fourier transform and to use those computations to verify that

d ——

g P (&) = 0,(—€)p(€)e! (&) = Lrgp(€)etn (=8,

which is equivalent to (*). To see how (*) applies, observe that

EP[@(Z(1)) | Fs] = o * fie—s (Z(5)),

and therefore that, for any A € F,
B [p(2(0). Al - E[p(2(5)). 4] = [ E[(£"0) %o (2(). A dr

= /: EP[£Fo(Z(T)), A] dr = EF [/t Lro(Z(1)) dr, Al
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which, after rearrangement, is the asserted martingale property.

To prove the converse assertion, again begin with the observation that, by
an easy approximation procedure, one can prove the martingale property for all
o € CZ(RY;C) as soon as one knows it for ¢ € C>°(RY;R). In particular, one
can take ¢(x) = eV~ 1&X)v in which case LFo = £,(&)p, and therefore, for
any A € Fg, one gets that

u(t) = EF [exp<\/—71(§, Z(t))RN) , A} =u(s) +£,(&) /Stu(T) dr.

RN
Since this means that u(t) = e~ & y(s), it follows that {Z(t) : t > 0}
satisfies (7.1.4) and is therefore a Lévy process for p. O

As an immediate consequence of the preceding we have the following charac-
terizations of the distribution of a Lévy process. In the statement which follows,
F; is the o-algebra over D(RY) generated by {1 (7) : 7 € [0,1]}.
THEOREM 7.1.7.  Given p € Z(RY), let Q" € My (D(RY)) be the distribution
of a Lévy process for pu. Then Q" is the unique P € M, (D(RN)) which satisfies
either one of the properties that

(xp[V=T (6 90 + 1,01 7. P)

is a martingale with mean value 1 for each & € RY,

or

t
() - o0~ [ £o(wir) ir.7:.)
is a martingale with mean value 0 for each ¢ € C>°(RY;R).

§7.1.3. Basic Results. In this subsection I run through some of the results
from §5.2 which transfer immediately to the continuous parameter setting.

LEMMA 7.1.8. Let the interval I and the function f: I — R U {oc} be as in
Corollary 5.2.10. If either (X (t), F;,P) is an I-valued martingale or (X (t), F;,P)
is an I-valued submartingale and f is non-decreasing and bounded below, then
(f o X(t), F:,P) is a submartingale.

ProOF: The fact that the parameter is continuous plays no role here, and so
this result is already covered by the argument in Corollary 5.2.10. [

THEOREM 7.1.9 (Doob’s Inequality). Let (X (t),F;,P) be a submartingale.
Then, for every a € (0,00) and T € [0, 00),

X(T), sup X(t) >«
te[0,7]

P( sup X(t)2a> < lEP

t€[0,T] «
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In particular, for non-negative submartingales and T € [0, 00),

=

E]P

sup X()P| < —L-EF[X(T)*]?, pe (0,00).
€[0T p—1

PROOF: Because of Exercise 1.4.18, I need only prove the first assertion. To
this end, let T' € (0,00) and n € N be given, apply Theorem 5.2.1 to the discrete

parameter submartingale (X ("2’3’) , F mT, IP), and observe that

sup{X(TQ”—,T) :0<m<2"} 2 sup X(t) asn—oo. O
te[0,T]

THEOREM 7.1.10 (Doob’s Martingale Convergence Theorem). Assume
that (X (t), F:,P) be a P-integrable submartingale. If

sup EF[X ()] < oo,
t€[0,00)

then there exists an Foo = \/,~, Fi-measurable X = X (oo) € L*(P;R) to which
X (t) converges P-almost sureb; ast — oo. Moreover, when (X (t), Ft, IP’) is either
a non-negative submartingale or a martingale, the convergence takes place in
L'(P;R) if and only if the family {X(t) : t € [0,00)} is uniformly P-integrable,
in which case X (t) < EF[X | F;] or X(t) = EF[X | F] (a.s.,P) for all t € [0,00),
and

1
(7.1.11) P <sup|X(t)| > a> < —EF [|X|, sup | X (1) > af .
t>0 & t>0

Finally, again when (X (t),]-"t,P) is either a non-negative submartingale or a
martingale, for each p € (1,00) the family {|X (t)|P : t € [0,00)} is uniformly P-
integrable if and only if supc(g oo || X (t)||Lrp) < 00, in which case X (t) — X
in LP(P; R).

PRrOOF: To prove the initial convergence assertion, note that, by Theorem 5.2.15
applied to the discrete parameter process (X (n),]-"n,JP’), there is an \/,, oy Fn-
measurable X € L!'(P;R) to which X (n) converges P-almost surely. Hence,
we need only check that lim;_, ., X (¢) exists in [—o0, 00| P-almost surely. To
this end, define U[(anl))] (w) for n € N and a < b to be the precise number of
times that the sequence { X (£,w) : m € N} upcrosses the interval [a, b] (cf. the
paragraph preceding Theorem 5.2.15), observe that U[(ang] (w) is non-decreasing

as n increases, and set Uy 3 (w) = limy, 00 U[(a"l))] (w). Note that if Uj, p)(w) < oo,

then (by right-continuity), there is an s € [0, 00) such that either X (¢,w) < b for
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allt > s or X(t,w) > a for all t > s. Hence, we will know that X (¢,w) converges
in [—o0, 00] for P-almost every w € Q as soon as we show that E¥ [Uj, 4] < oo
for every pair a < b. In addition, by (5.2.16), we know that

P )t
sup EF [U[(anl))]} < sup £ [(X(t) @) ]
neN ’ te[0,00) b—a

< o0,

and so the required estimate follows from the Monotone Convergence Theorem.

Now assume that (X (t),]-'t,]P’) is either a non-negative submartingale or a
martingale. Given the preceding, it is clear that X(t) — X in L'(P;P)
if {X (t) : t € |0, oo)} is uniformly P-integrable. Conversely, suppose that
X(t) — X in L(P;R). Then, for any T € [0, 00),

*) X(T)] < Jim BF[|X(0)] | Fr] = EF[1X] | Fr].
In particular, from Theorem 7.1.9,

| X], sup [X(¢)] >«
t€[0,T

P( sup | X(t)| Za> < Lgr

t€[0,7] «

for every T € (0,00). Hence, (7.1.11) follows when one lets T' — oco. But, again
from (*),

E[|IX(T)], [X(T)| > o] <EF[IX], |X(T)| > o] <E*[|X], §1>110>|X(t)| > o,

and therefore, since, by (7.1.11), P (sup;> | X (t)] > @) — 0 as o — oo, we can
conclude that {X(¢) : ¢ > 0} is uniformly P-integrable.

Finally, if {X(T) : T > 0} is bounded in LP(P;R) for some p € (1,00), then,

by the last part of Theorem 7.1.9, sup,~, | X (¢)|? is P-integrable and therefore
X(t) — X in LP(P;R). O -
§7.1.4. Stopping Times and Stopping Theorems. A stopping time
relative to a non-decreasing family {F; : t > 0} of o-algebras is a map (¢ :
0 — [0, 00] with the property that {¢ < t} € F; for every ¢ > 0. Given a
stopping time ¢, I will associate with it the o-algebra F, consisting of those
A C Q such that AN{¢ < t} € F; for every t > 0. Note that, because
{{<tt=U{¢<@—-2"m)t}, {¢ <t} € Fforallt > 0.

Here are a few useful facts about stopping times.

LEMMA 7.1.12. Let ¢ be a stopping time. Then ( is F¢-measurable, and,
for any progressively measurable function X with values in a measurable space
(E, B), the function w ~ X (¢,w) = X ({(w),w) is F¢-measurable on {¢ < oo} in
the sense that {w: ((w) < 0o & X(¢,w) € '} € F¢ for all T € B. In addition,
fo( is again a stopping time if f : [0,00] — [0, 00| is a non-decreasing, right
continuous function satisfying f(r) > 7 for all T € [0,00]. Next, suppose that
(1 and (o are a pair of stopping times. Then (; + (2, (4 N (2, and (1 V (o
are all stopping times, and F¢ a¢, © F¢, N Fe,. Finally, for any A € F¢,
AN{G < @} € Feune-
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PrOOF: Since {¢ < s} N{¢ <t} = {¢ < sAt} € F, it is clear that ¢ is
Fe-measurable. Next, suppose that X is a progressively measurable function.
To prove that X (() is F¢ measurable, begin by checking that {w : (C(w),w) €
A} € F; for any A € By x F;. Indeed, this is obvious when A = [0, s] x B for
s € [0,t] and B € F; and, since these generate By, x F, follows in general.
Now, for any ¢t > 0 and I" € B,

At T) = {(1,w) €[0,00) x Q: (7, X(1,w)) €[0,8] x '} € Bjg g X F,
and therefore

{(X(Qerpn{¢ <t} ={w: (C(w),w) € A(t,T)} € Fi.
As for f o ¢ when f satisfies the stated conditions, simply note that {f o ¢ <
t} ={C < f1(t)} € Fy, where f~1 =inf{r: f(1) >t} <t
Next suppose that (; and (5 are two stopping times. It is trivial to see that

(1 N (2 and (q V (o are again stopping times. In addition, if Q@ denotes the set of
rational numbers, then

{G+e>tt={a>t3u |J {G>2q&G>1—qt}eF.

q€QnIo,1]

Thus, (1 4+ (2 is a stopping time. To prove the final assertions, begin with the
observation that if (; < (o, then AN{{ <t} = (A N{G < t}) N{¢ <t} eF
for all A € F¢, and ¢t > 0, and therefore F¢, C F¢,. Next, for any ¢; and (o,
{(1 < CQ} S .7'—(2 since

{G>ein{e<tt= [J {Ga>a}n{e<a)er.
qeQn(o,1]

Finally, if A € F¢,, then

(An{G <@} n{G A <t)=(An{G <t}) N{G <tAG},
and therefore, since AN {¢; <t} € F and {(1 <t A} € Fine, C Fi, we have
that AN {Cl < CQ} € ‘FCI/\C2‘ OJ

In order to prove the continuous parameter analog of Theorems 5.2.13 and
5.2.11 I will need the following uniform integrability result.

LEMMA 7.1.13. If (X(t), F;,P) is either a martingale or a non-negative, inte-
grable submartingale, then, for each T > 0, the set
{X(C) : ( is a stopping time dominated by T}

is uniformly P-integrable. Furthermore, if, in addition, {X(t) : t > 0} is uni-
formly P-integrable, and (cf. Theorem 7.1.10) X (00) = lim; oo X (t) (a.s.,P),
then {X(¢) : ¢ is a stopping time} is uniformly P-integrable.
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PROOF: Throughout, without loss in generality, I will assume that (X (t), Ft, IP’)

is a non-negative, integrable submartingale.

Given a stopping time ¢ < 7', define (,, = [2'124# forn > 0. By Lemma 7.1.12,

(n is again a stopping time. Thus, by Theorem 5.2.13 applied to the discrete
parameter submartingale (X(m?‘”), Fno—n, IP’),

X(G) <EF[X(27™([2"T)+ 1) | 7] <EV[X(T+1), | Fe,].
and so

E*[X(Cn), X(Cn) > o] <EF[X(T +1), X(¢) > @

<EF

X(T+1), sup X(t)> a‘| .
te[0,7+1]

Starting from here, noting that ¢, \, ¢ as n — oo, and applying Fatou’s Lemma,
we arrive at

(*) EP[X(¢), X(¢) > o] <EF
te[0,T+1]

X(T+1), sup X(t) >Oé:| :

Hence, since, by Theorem 7.1.9, P (supte[o,TH] X(t) > a) tends to 0 as av — o0,

this proves the first assertion. When {X(¢) : ¢ > 0} is uniformly integrable, we
can replace (*) by

E¥[X(CAT), X(CAT) > a] <EF {X(oo), §1>1E>X(t) > a]

for any stopping time ¢ and T' > 0. Hence, after another application of Fatou’s
Lemma, we get

EP[X(C), X()>al < EF [X(oo), §1>1E)X(t) > a} .

At the same time, the first inequality in Theorem 7.1.9 can be replaced by

1 1
P (supx<t> > a) < lgr {X<oo>, sup X (1) > a] < LB [x (00)],

t>0 (&7 t>0 «
and so the asserted uniform integrability follows. [J

It turns out that in the continuous time context, Doob’s Stopping Time The-
orem is most easily seen as a corollary of Hunt’s. Thus, I will begin with Hunt’s.
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THEOREM 7.1.14 (Hunt). Let (X(t),F;,P) be either a non-negative, inte-
grable submartingale or a martingale. If (1 and (o are bounded stopping times
and ¢; < (o, then X((1) < EF [X(C2)|]:cl], and equality holds in the mar-
tingale case. Moreover, when {X(t) : t > 0} is uniformly P-integrable and
X (00) = limy_, 00 X (¢), then the same result holds for arbitrary stopping times

G < (2.

PROOF: Given (3 < (o < T, define ({;), = 2*"([2”@] + 1) for n > 0, note that
(Gi)n is @ {Fp2-n : m > 0}-stopping time and that F¢, € F(,),, and apply
Theorem 5.2.13 to the discrete parameter submartingale (X(mZ_",]:mgfn,IP’)
in order to see that

EF[X((C)n), A <EP[X (@), 4], AR,

with equality in the martingale case. Because of right continuity and Lemma
7.1.13, X ((¢i)n) — X () in L*(P;R), and so we have now shown that X (¢;) <
EF[X((2) | F¢,|, with equality in the martingale case.

When {X(¢) : t > 0} is uniformly P-integrable and ¢; < (2 are unbounded,
{X(; ANT): T > 0} is uniformly P-integrable for ¢ € {1,2}. Hence, for any
AeFrand 0<t<T,

EF[X(T AG), AN{G < t}] <EF[X(T AG), An{¢ <t}

with equality in the martingale case. Letting first 7" and then ¢ tend to infinity,
one gets the same relationship for X (¢;) and X ({z2), initially with AN{¢ < oo}
and then, trivially, with A alone. O

THEOREM 7.1.15 (Doob’s Stopping Time Theorem). If (X(t), F;,P) is
either a non-negative, integrable submartingale or a martingale, then, for every
stopping time ¢, (X(t A €), F¢,P) is either an integrable submartingale or a
martingale.

PRrROOF: Given 0 < s < t and A € Fg, note that AN {¢ > s} € Fsac and
therefore, by Hunt’s Theorem applied to the stopping times s A { and ¢t A {, that

E°[X(tAQ), A] =EF[X(¢), AN{¢ < s} +EV[X(tA ), AN{( > s}]
>EP[X((), AN{¢ < s} +EF[X(sAQ), AN{¢ > s} =EF[X(sAQ), A],

where the inequality is an equality in the martingale case. [

To demonstrate just how powerful these results are, I give the following ex-
tension of the independent increment property of Lévy processes. In its state-
ment, the maps &; : D(RY) — D(RYN) for t € [0,00) are defined so that
wp(1) =(r+1t) —P(t), T € [0,00). Also, F; = U({'L/)(T) T E [O,t]}), (isa
stopping time relative to {F; : t € [0,00)}, and d¢ is the map on {3 : ((¢) < oo}
into D(RY) given by 8¢ = 8¢ () 2.
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THEOREM 7.1.16. Given p € Z(RY), let Q* € M, (D(RN)) be the measure
described in Theorem 7.1.6. Then for each stopping time ¢ and Fpmny X F¢-
measurable functions F : D(RY) x D(RY) — [0, 00),

/ F(Sc4p, ) Q¥ (dep) = / / 10,00 (C0)) F (40, 4') Q" (def) Q" (dap).
{¢<o0}

PROOF: By elementary measure theory, all that we have to show is that, for
each B € F¢ contained in {¢ < oo}, Q“(((SC—lI‘) N B) = Q*(T')Q"(B).

Let B € F, contained in {{ < oo} with Q#(B) > 0 be given, choose T' > 0
so that Q*(Br) > 0 when By = BN {( < T}, and define Qp € M; (D(]RN)) SO

that 0 ((6 B )
_ @0, T)N Br
Qr(l) = Q~(Br)

If we show that Q7 = Q¥, then we will know that

Q*((6;'T)N B) = lim Q*((6;'T)N Br)

T— o0

Q'(T) Jim Q" (Br) = Q(T)Q(B)

and therefore will be done.
By Theorem 7.1.6, checking that Q7 = Q* comes down to showing that, for
any 0<s<t, &RV, and A € F,,

BT [V =T0xb () —t6u(€) | A] = BT [V T0xb(sDav —s6u(€) | 4],

To this end, note that, by Theorem 7.1.14 applied to s+ AT and t + AT,

QN(BT)]EQT [eﬁ(x,w(t))ﬁw —téu(ﬁ)’ A]
— Q" [e—ﬁ(ﬁ,w(@)w+<Zu(£)6\/—71(£7¢(t+4))w—(t+4)%(£)’ (64_1‘4) N BT}

— g [e*\/jl(ﬁﬂl’(C))RN &)V TTEA (A ~(+O0®) (571 4) BT]

_ QM(BT)]EQT [e\/jl(xaw(s))RN—Sﬁu(E)y A]7

since 9 ~» e~V HEDO)w +Clu(€)1 4 (6:4p) 1, () is Foycar-measurable. [

§7.1.5. An Integration by Parts Formula. In this subsection I will derive
a simple result which has many interesting applications.

THEOREM 7.1.17. Suppose V : [0,00) x Q — C is a right-continuous, progres-
sively measurable function, and let |V |(t,w) € [0, 00] denote the total variation
of V(-,w) on the interval [0,t]. Then |V] : [0,00) x & — [0,00] is a non-
decreasing, progressively measurable function which is right-continuous on each



268 VII Continuous Parameter Martingales

interval [0,t) for which |V|(t,w) < co. Next, suppose that (X(t),F,P) is a
C-valued martingale with the property that, for each (t,w) € (0,00) x 2, the
product || X (-, w)|lj0,q|V|(t,w) < oo, and define

Y(t,w) =
otherwise

{f(ovt]X(s,w)V(ds,w) if |V|(t,w) < oo
0

where, in the case when |V|(t,w) < oo, the integral is the Lebesgue integral of
X(-,w) on [0,t] with respect to the C-valued measure determined by V(- ,w).
If

EP[||X||[07T] (|V|(T) + W(o)])} < oo forall T € (0,00),

then (X (t)V(t) — Y (t),F,P) is a martingale.

Proor: Without loss in generality, I will assume that both X and V are R-
valued. To see that |V|is {F; : ¢ € [0,00)}-progressively measurable, simply
observe that, by right-continuity,

(2"1]

[V |(t,w) = sup Z [V (B A tw) =V (&, w)];
neN 7

and to see that |V|(-,w) is right-continuous on [0,¢) whenever |V|(t,w) < oo,
recall that the magnitude of the jumps (from the right and left) of the variation
of a function coincide with those of the function itself.

I turn now to the second part. Certainly Y is {]—"t : te|o, oo)}—progressively
measurable. In addition, because || X (-,w)|o,4|V|(t,w) < oo for all (t,w) €
[0,00) x Q, for any w € Q one has that

Y(t,w)=0 or Y(t,w)= X(s,w)V(ds,w) forallte[0,00);
(0,¢]

and so, in either case, Y(-,w) is right-continuous and Y (¢,w) — Y (s,w) can be
computed as

2]
nhﬁrrgo 2{: ]X(k;;1 At,w) (V(k;;l ANtw) =V (& \/s,w)).
k=[2"s

In fact, under the stated integrability condition, the convergence in the preceding
takes place in L'(P;R) for every t € [0, 00); and therefore, for any 0 < s <t < 0o
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and A € F, :
EF[Y(t) — Y (s), A]

(2"1]

—aim > E[X (S Atw) (V5 Atw) -V (& VW), 4
k=[2"s]
2"
= lim »  E° [X(t)(v (B Atw) -V (& \/S,UJ)), A}
k=[2"s]

— EP [X(t) (V(t) = V(s)), A] — EP [X(t)V(t) — X(s)V(s), A} ,

and clearly this is equivalent to the asserted martingale property. [

We will make frequent practical applications of Theorem 7.1.17 below, but
here I will show that it enables us to prove that there is an important dichotomy
between continuous martingales and functions of bounded variation. However,
before doing so, I need to make a small, technical digression.

A function ¢ : Q@ — [0,00] is an extended stopping time relative to
{Fi:te0,00)}if {¢ <t} € F forevery t € (0,00). Since {¢ < t} € F; for any
stopping time (, it is clear that every stopping time is an extended stopping time.
On the other hand, not every extended stopping time is a stopping time. To wit,
if X :[0,00) x @ — R is a right-continuous, progressively measurable function
relative to {{o(X(r): 7 €[0,]}) : ¢ >0}, then ¢ =inf{t >0: X(¢) > 1} will
always be an extended stopping time but will seldom be a stopping time.

LeEMMA 7.1.18. For each t > 0, set Fyy = ()5, Fr. Then ¢ : @ — [0, 0]

is an extended stopping time if and only if it is a stopping time relative to
{Fis + t > 0}. Moreover, if (X(t),F:,P) is either a non-negative, integrable
submartingale or a martingale, then so is (X (t),]—'t+,IP>). In particular, if ¢ is
an extended stopping time, then (X (t A (), Fi4,P) is a non-negative, integrable
submartingale or a martingale.

PROOF: The first assertion is immediate from {¢ <t} =, ,{¢ < 7}. To prove

the second assertion, apply right continuity and the first uniform integrability
result in Lemma 7.1.13 to see that if 0 < s <t and A € Fs then

E*[X(s), A] = lim E*[X(r), A] <EF[X(t), A],

where the inequality is an equality in the martingale case. [

THEOREM 7.1.19. Suppose that (X (t), F,P) is a continuous martingale, and

let |X|(t,w) = var(g (X (-,w)) denote the variation of X (-,w) | [0,¢]. Then
P(3t > 00 < |X|(t,w) < c0) = 0.

Equivalently, for P-almost every w and all t > 0, either X(7,w) = X(0,w) for
T € [0,t] or | X|(t,w) = oo.
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PrOOF: Without loss in generality, T will assume that X (0,w) = 0. Given
R > 0, let (r(w) = sup{t > 0 : |X|(t,w) < R}, and set Xg(t) = X(t A (r).
Then (g is an extended stopping time, and so, by Lemma 7.1.18, (X (t), Fi4,P)
is a bounded martingale. Hence, by Theorem 7.1.17,

<XR(t)2 - /Ot Xr(T) XR(dT)aFt+7P)

is also a martingale, and so

E¥[Xg(t)?] = EF Uot Xr(7) XR(CZT)] .

On the other hand, since Xg(-) is continuous, and therefore, by Fubini’s Theo-
rem,

XR(t)Qz/ XR(dﬁ)XR(dTQ)zz/O Xgr(7) Xg(d7),
[0,£]2

we also know that

E¥[Xg(t)?] = 2E" Uot Xr(7) XR(dT)] :

Hence, E¥[Xg(t)?] = 0 for all ¢ > 0, which means that Xg(-) = 0 P-almost
surely. O

The preceding result leads immediately to the following analog of the unique-
ness statement in Lemma 5.2.12.

COROLLARY 7.1.20. Let X :  — R be a right continuous, progressively
measurable function. Then, up to a P-null set, there is at most one continuous,
progressively measurable A : Q@ — R such that A(0,w) = 0, A(-,w) is of
locally bounded variation for P-almost every w € Q, and (X (t) — A(t), F,P) is
a martingale.

The role of continuity here seems minor, but it is crucial. Namely, continu-
ity was used in Theorem 7.1.19 only when I wanted to know that Xgr(t)? =
f(f Xgr(7) Xr(dr). On the other hand, it is critical. Namely, if {N(¢) : ¢ > 0}
is the simple Poisson process in §4.2 and JF; = 0({N(T) C T E [O,t}}), then it
is easy to check that (N (t) —t, Fy, IP) is a martingale, all of whose paths are of
locally bounded variation.
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Exercises for §7.1

EXERCISE 7.1.21. The definition of stopping times and their associated o-
algebras which I have adopted is due to E.B. Dynkin. Earlier, less ubiquitous
but more transparent, definitions appear in the work of Doob and Hunt under
the name of optional stopping times. To explain these earlier definitions, let
E be a Polish space and ¥ a non-empty collection of right continuous paths
¥ : [0,00) — FE with the property that for all ¢» € ¥ and ¢ € [0,00), the
stopped path 9! given by ¥'(7) = (¢t A 7) is again in ¥. Similarly, given a
function ¢ : ¥ — [0, 00|, define ¢ so that ¢ (¢) = ¢ (¢ A ¢(¥)). Finally, for
each t € [0,00), define the o-algebras F; over ¥ to be the one generated by
{¢(r) : 7 € [0,t]}, and take F = \/,5,F:. In terms of these quantities, an
optional stopping time is an F-measurable map ¢ : ¥ — [0, 0] such that
() <t = ¢(¥) =((¥'), and the associated o-algebra is o ({¢¢(t) : t > 0}).
The goal of this exercise is to show that  is an optional stopping time if and
only if it is a stopping time and that its associated o-algebra is F.

(i) It is an easy matter (cf. Exercise 4.1.9) to check that f : @ — R is F-
measurable if and only if there exists a BZ" _measurable F : EZ° — R and a
sequence {t,, : m € ZT} such that f(¢) = F(l/}(tl), e U(tm), - .), from which
it is clear that a F-measurable f will be F;-measurable for some t € [0, 00) if
and only if f(1)) = f(¢!). Use this to show that every optional stopping time is
a stopping time.

(ii) Show that ¢ : ¥ — [0, 00] is a stopping time relative to {]-"t Dt
if and only if it is F-measurable and, for each t € [0,00), {¢ : ((¢) <

{¢: ¢(¥") < t}. In addition, if ¢ is a stopping time, show that ((¢)) < co =
C(¥) = ¢(¥°), and therefore that ((¢) <t = ((¢) = ((¥?) for all t € [0, 0).
Thus, ¢ is an optional stopping time if and only if it is a stopping time.

Hint: In proving the second part, check that {{ =t} € F, and conclude that
1{t} (C(i/))) = 1{t} (C(wt)) for all (t,’lﬁ) S [0, OO) x W,

(iii) If ¢ is a stopping time, show that F¢ = o({¢°(t) : t > 0}). Besides having
intuitive value, this shows that, at least in the situation here, ¢ is countably
generated.

= m
5
g

Hint: Using right continuity, first show that v ~» ¢ is F-measurable. Next,
given a B-measurable f: E — R and t € [0, 00), use (ii) to show that

100 () (95 (7)) = 1o g (€W £ (0 A c@)), 7€ [0,00),

and conclude that a({wC(t) > 0}) C F¢. To prove the opposite inclu-
sion, show that if f : ¥ — R is F¢-measurable, then, for each ¢ € [0, c0),

Ly (C()) F(¥) = 11y (C(¥")) f(4), and thereby arrive at f(i) = f(¢°). Fi-
nally, use this together with Exercise 4.1.9 to show that f is o ({¢S(¢) : ¢ > 0})-
measurable.
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EXERCISE 7.1.22. Let (2, F,P) be a probability space and {.Ft it e [0,00)}
is non-decreasing family of sub ¢-algebras of F. Denote by F and F; the com-
pletions of F and JF; with respect to P. If (X(t),]-'t,P) is a submartingale or
martingale, show that (X (t), F, IP’) is also.

EXERCISE 7.1.23. Let u € Z(RY) be given as in Exercise 3.2.23, and extend ¢,
to CV accordingly. If {Z(t) : t > 0} is a Lévy process for u, show that (7.1.4)
continues to hold for all £ € C¥.

EXERCISE 7.1.24. In Exercise 3.3.12, we discussed one-sided stable laws, and
in Exercise 4.3.12 we showed that P(max, ¢4 B(t) > a) = 2P(B(t) > a),
where {B(t) : t > 0} is an R-valued Brownian motion. In this exercise, we will
examine the relationship between these two.

(i) Set ¢*(¢p) = inf{t > 0 : 9(t) > a}, and show that the result in Exercise
4.3.12 can be rewritten as

W<1>(ca§t)=,/:t/_ley5dy.
at 2

Now use the results in Exercise 3.3.14 (especially, (3.3.16)) to conclude that the

1
W _distribution of (* is v2, , the one-sided %—stable law “at time 2%qa.”
22a

(ii) Here is another, more conceptual way, to understand the conclusion drawn
in (i) that the W) -distribution is a one-sided %-stable law. Namely, begin by
showing that if 1(0) = 0 and (*(¢)) < oo, then (*T(1) = (*(¢) + (b (6¢arp). As
an application of Theorem 7.1.16, conclude from this that if 3, denotes the W(1)-
distribution of (, then B,y = Bq * Bp. In particular, this means that g = 5
is infinitely divisible and that E; = e*s where {3 is the exponent appearing in
the Lévy—Khinchine formula for B.

(iii) Next, use Brownian scaling to see that, for all A > 0, ¢ has the same W)=
distribution as A2¢%, and use this together with part (iii) of Exercise 3.3.12 to

1
see that the distribution of ¢ 1 is v2 for some ¢ > 0.

(iv) Although we know from (i) that the constant ¢ must be 22, here is an
easier way to find it. Use Exercise 7.1.23 to see that (e)‘d’(t)fé’\Qt,ft,W(l))
for every A € R, and apply Doob’s Stopping Time Theorem and the fact that
WM (¢ < 00) = 1 to verify the identity W [e—%ﬁqa} = e for A > 0.

1
Hence, the Laplace transform of v& is e‘m, which, by the calculation in part

(iii) of Exercise 3.3.12 means that ¢ = 22. Of course, this calculation makes the
preceding parts of this exercise unnecessary. Nonetheless, it is interesting to see
the Brownian explanation for the properties of the one-sided, %—stable laws.
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EXERCISE 7.1.25. An important corollary of Theorem 7.1.16 is the following
formula. Working in the setting of that theorem, show that, for any stopping
time ¢ and t € (0,00) and I' € By,

@ ({w: (1) €T &) < 1)) =E¥ [uc(D—(0). ¢ <1,
where, as usual, j, is determined by fi; = e™%*. As a consequence,

Q{5 B(t) €T & (W) > 1) = (D) = B [y (D = 9(C)), ¢ < 1]

which is a quite general, generic statement of what is called a Duhamel’s for-
mula.

§7.2 Brownian Motion and Martingales

In this section we will see that continuous martingales and Brownian motion are
intimately related concepts. In addition, we will find that martingale theory,
and especially Doob’s and Hunt’s Stopping Time Theorems, provides a powerful
tool with which to study Brownian paths.

§7.2.1. Lévy’s Characterization of Brownian Motion. When applied
to 4 = 70,1, Theorem 7.1.6 says that a progressively measurable function B :
[0,00) x Q@ — RY with B(0,w) = 0 and B(-,w) € D(RY) is a Brownian motion
if and only if
t
(¢(B©) - [ 1a0(B(n)dr.7:.7)
0
is a martingale for all p € C°(RY;R). In this subsection we, following Lévy,T will
give another martingale characterization of Brownian motion, this time involving

many fewer test functions. On the other hand, we will have to assume ahead of
time that B(-,w) € C(RY) every w € (.

THEOREM 7.2.1 (Lévy). Let B:[0,00) x Q — RN be a progressively mea-
surable function satisfying B(0,w) = 0 and B(-,w) € C(RY) for every w € .
Then (B(t), F;,P) is a Brownian motion if and only if

((€7B(t))RN + (,th(t));N - t|72’|27-7"t7]PJ)

is a martingale for every €, € RV.

t Lévy’s Theorem is Theorem 11.9 in Chapter VII of Doob’s Stochastic Processes, publ. by
J. Wiley (1953). Doob uses a clever but somewhat opaque Central Limit argument. The
argument which given here is far simpler and is adapted from the one introduced by H. Kunita
and S. Watanabe in their article “On square integrable martingales,” Nagoya Math. J. 30
(1967).
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PROOF: First suppose that (B(t),F;,P) is a Brownian motion. Then, because
B(t) — B(s) is independent of F; and has distribution 7o 1,

E'[B(t) - B(s) | Fs] =0 and E'[B(t)®B(t) — B(s) ® B(s) | 7] = (t — s)I.

Hence, the necessity is obvious.
To prove the sufficiency, Theorem 7.1.3 says that it is enough to prove that

EF |exp| V=1 (& B(#)) v + YL, 4
L s g

— EP {exp [\E (&,B(s)) g + 5'5'2}, A}

for 0 < s <t and A € F,s. The challenge is to learn how to do this by taking
full advantage of the assumed continuity. To this end, let € € (0, 1] be given, set
(o = s, and use induction to define

¢ = (inf{t > (ot |B() = B(Cor)| > e}) A(Cnt +€) At
for n € ZT. Proceeding by induction, one can easily check that {¢, : n > 0}

is a non-decreasing sequence of [s, t]-valued stopping times. Hence, by Theorem
7.1.14 and our assumption,

(%) B[,

fCH] —0=F" [Ai — 4,

‘FCn—li| ?

where

An(w) = (€ B(6(w),w) = B(Gr1 (@), w))

577,(0‘}) = ‘5'2(<n(w) - Cnfl(w))'
Moreover, because B( - ,w) is continuous, we know that, for each w € Q, |A, (w)]
< €l€], d(w) < €l€)?, and (,(w) = t for all but a finite number of n’s. In

particular, we can write the difference between the left and the right sides of (*)
as the sum over n € Z1 of EF [DnMn, A], where

RN

D,, Eexp[ﬁAn+%} -1
My = exp|[ V=T (€ B(Gu1)) g + 5G|,

By Taylor’s Theorem,

2 2 3
‘Dn — (x/—l A, + %) - %(\/—1 A, + %) ’ < %e% V1A, + % .
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Hence, after rearranging terms, we see that D,, = v—1A,, — %(Ai — (5n) + FE,,
where, by our estimates on A,, and d,,

1 82 o le 3, % 2\ 182 12
[Bul < 3lAnda + 2 + 25 (|00 +2) < e(1+[6P)es (A2 +3,);

and so, after taking (**) into account,we arrive at

i E¥ [Dy,, M, A
1

i E* [E,M,, A]
1

< 2¢(1+ \£|2)e$ ZEP (60| My, A] < 2e(1+ [€%)(t — s)e#(lﬁ).
1

In other words, we have now proved that, for every e € (0,1], the difference

2
between the two sides of (*) is dominated by 2¢(1 + |€]?)(t — s)e%(lﬂ), and so
the equality in (*) has been established. O

As in Theorem 7.1.19, the subtlety here is in the use of the continuity as-
sumption. Indeed, the same example which demonstrates its importance there,
does so again here. Namely, if {N(¢) : ¢ > 0} is a simple Poisson process and
X(t) = N(t) —t, then both (X (t), F;,P) and (X (t)® — ¢, F,P) are martingales,
but (X (t), F;,P) is certainly not a Brownian motion.

§7.2.2. Doob—Meyer Decomposition, an Easy Case. The continuous pa-
rameter analog of Lemma 5.2.12 is a highly non-trivial result, one which was
proved by P.A. Meyer and led him to his profound analysis of stochastic pro-
cesses. Nonetheless, there is an important case in which Meyer’s result is rel-
atively easy to prove, and that is the case proved in this subsection. However,
before getting to that result, there is a rather fussy matter to be delt with.

LEMMA 7.2.2. For each n € N, let X,, : [0,00) — R be a right continuous,
progressively measurable function with the property that X,,(-,w) is continuous
for P-almost every w € Q. If
lim sup [ X, (-, w) — Xpn(-,w)llo,g =0 (as.,P) for each t € (0, 00),
m— 00 n>m
then there is a right continuous, progressively measurable X : [0, 00) — R such

that X (-,w) is continuous and X,,(-,w) — X(-,w) uniformly on compacts for
P-almost every w € Q.

PRrROOF: Set A = {(t,w) : limy,— o0 SUP, sy, || Xn (-, w) — Xm(',w)||[07t] = 0}.
Then A is progressively measurable. Next, define ((w) = sup{t > 0: (t,w) € A},
and note that {¢ < t} € F; for each t € (0,00). Finally, set B = {(t,w) : ¢((w) >
t}. Then, B is again progressively measurable. To see this, first note that

Q S Ft if t S S

{(r,w) €10,t] x Q: T/\C(w)<8}:{{§<s}€]:t P
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and so (7,w) ~» 7A((w), and therefore also (7,w) ~» TA{(w)—7, is a progressively
measurable function. Hence, since B = {(7,w) : 7 A {(w) — 7 > 0}, B is
progressively measurable.

Now define

lim,, oo X, (t,w) if (t,w) € A
X(t,w)=1 0 if (t,w)e B\ A
X (¢(w),w) if (t,w) ¢ B.

Clearly X (-,w) is right continuous. Moreover, because ( = oo (a.s.,PP), X (-,w)
is continuous and X, (-,w) — X(-,w) uniformly on compacts for P-almost
every w € ). Thus, it only remains to check that X is progressively measurable.
For this purpose, let I' € Br be given, and set C' = {(t,w) : X(t,w) € T'}.
Because A and the X,,’s are progressively measurable, it is clear that C' N A is
progressively measurable. Similarly, because B\ A is progressively measurable
and C' N (B \ A) equals B\ A or 0 depending on whether 0 € T or 0 ¢ T,
C N (B\ A), and therefore C' N B, are progressively measurable. Hence, we
now know that X [ B is progressively measurable. Finally, we showed earlier
that (t,w) ~ t A {(w) is a progressively measurable, and therefore so is (¢,w) €
[0,00) X Q — (t A ((w),w) € B. Thus, because X(t,w) = X (t A {(w),w), we
are done. [

THEOREM 7.2.3. Let (X(t),}"t,P) be an R-valued, square integrable mar-
tingale with the property that X(-,w) is continuous for P-almost every w €
Q. Then there is a P-almost surely unique progressively measurable function
(X) :[0,00) x 2 — [0,00) such that (X)(0,w) =0 and (X)(-,w) is continuous
and non-decreasing for P-almost every w € Q, and (X (¢)? — (X)(t), 74, P) is a
martingale.

PROOF: The uniqueness is an immediate consequence of Corollary 7.1.20.

The proof of existence, which is based on a suggestion I got from K. Ito, is
very much like that of Theorem 7.2.1. Without loss in generality, I will assume
that X (0) = 0.

I begin by reducing to the case when X is P-almost surely bounded. To
this end, suppose that we know the result in this case. Given a general X
and n € N, define ¢, = inf{t > 0 : |X(¢)| > n}, and X,,(t) = X(t A ().
Then, |X,(-,w)] < n and, by Doob’s Inequaltiy, ,(w) oo for P-almost
every w € Q. Moreover, by Corollary 7.1.15, (X,(t), F¢,P) is a martingale.
Thus, by our assumption, for each n, we know (X,) exists. In addition, by
Corollary 7.1.15 and uniqueness, we know (cf. Exercise 7.2.10) that, P-almost
surely, (X,,)(t) = (Xn)(t A () for all m < n and t > 0. Now define (X) so
that (X)(t) = (X,)(t) for ¢, <t < (us1. Then (X) is progressively measurable
and right continuous, (X)(0) = 0, and, P-almost surely, (X) is continuous and
non-decreasing. Furthermore, (X (t A ()% — (X)(¢t A ¢n), Fe,P) is a martingale
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for each n € N. Finally, note that, by Doob’s Inequality,
E* [l ll0,0] < E7[IX1T,9] < 4ET[IX(®)P],

and so, as n — 00, X(t A ()2 — (X)(E A ¢G) — X()? — (X)(t) in L' (P;R).
Hence, (X (t)? — (X)(t), F;,P) is a martingale.

I now assume that | X(-,w)| < C < oo for P-almost every w € Q. Next, for
each n € N, use induction to define {(;, : k > 0} so that {p,, = 0, (r0 = k,
and, for (k,n) € (Z%)?, (k.n is equal to

(minfCen1: Can1 > Guornd) A (iF{t = Gomrn  1X () = X (Goorn)| = £}).

Working by induction, one sees that, for each n € N, {(x, : k£ > 0} is a non-
decreasing sequence of bounded stopping times. Moreover, because X (-, w) is
P-almost surely continuous, we know that limy_,o (i n(w) = oo for each n € N
and P-almost every w € (2. Finally, the sequences {(; : k > 0} are nested in
the sense that {Cxpn—1: k> 0} C {Ckn: k >0} for each n € Z+.

Set Xpn = X(Ck,n) and, for k > 1, Ak’n(t) = X(t AN Ck,n) — X(t A Ck*l,n)'
Then X (t)? = 2M,,(t) + (X),(t), where

Mo(t) =Y Xeo1nBin(t) and (X)u(t) =Y Apn(t)®.
k=1 k=1

Of course, for P-almost every w € €2, all but a finite number of terms in each of
these sums vanish. In fact, My(t) = Z1gkg[t] Xi—1,00k,0(t) for each t > 0, and

it is an easy matter to check that (Mo(t), Fi,P) is a P-almost surely continuous
martingale. At the same time, one should observe that (X),(s) < (X),(¢) if
sEOandt—s>%.

I now want to show that (Mn(t), Fi, IF’) is a P-almost surely continuous mar-
tingale for all n € N. To this end, first observe that, for each (k,n) € Z* x N,
(Xk_l,nAkm(t),}'t,}P’) is a continuous martingale. Indeed, if 0 < s < ¢ and
A € F, then

EP [Xi—1,nDpn(t), Al = EP [Xr1,0 D0 () AN {Gm1,n < s}
4+ EP [Xk—LnAk,n(t), AN{C—1.n > 3}]
Next, check that
E” [Xp-108kn(t), AN {Gho1,n < 3]
= B [ X1, (X (Ghn) = X (Gem1,n))5 AN G < 53]
+EP [X;H,n (X((t ACen) V'S) — X(Ck,lm))), AN{C1n <s< g,m}]
= E” [Xk-1,08kn(5), AN {Ghn < 53]
+ EP [ Xpm 1,0 (X(8) = X (Com1,))s AN {10 < 8 < Con}]
= B [Xo—1,080,0(5), AN {Gem10 < 8},
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where, in the passage to the second to last equality, I have used the fact that
Xi—1.n1alie,_, . con)(8) is Fs-measurable and applied Theorem 7.1.14; and

E¥ [Xp—1,n 800 (t), AN {Com1,n > s}

=E" [ Xp—1,0 (X (EA Con) = X(EA Crm1n)), AN{s < Com1,n < t}]
=EF [ Xp1.0 (X() = X(®), AN {s < (o1, < t}]
=0=E"[Xp_1,nQ%n(s), AN {Ceo1,n > s}],

where I have used the fact that Xp_1,141¢54(Ck—1,n) i Fiac,_, ,-measurable
and again applied Theorem 7.1.14 in getting the second to last line. After
combining these, one sees that EF [Xk_LnAk,n(t), A] = EP [Xk_l,nAkm(s), A],
which means that (Xk,lynAkm(t),}"t,]P’) is a continuous martingale as was
claimed.

Given the preceding, it is clear that, for each n and /, (Mn(t A @,n),}"t,IP’)
is a P-almost surely continuous, square integrable martingale. In addition, for
k # K, Xp_10kn(t A (o) is orthogonal to Xg 1Ak (¢t A (o) in L2(P;R).
Thus

EF l sup M, (7)?| <4EF [Mn<tACZ,n)2]

OSTSt/\CZ,n

£ £
=4 EF[X? ) Apn(tACen)?] SAC?Y EF[Apn(t Alen)?]

k=1 k=1

= 4C°EF [ X (t A Gon)?] < ACPEF[X(1)?],

from which it is easy to see that (Mn(t), F, IF’) is a square integrable martingale.
I will now show that lim, co SUP,~p, [[ My — Mpl0g = 0 P-almost surely

and in L?(P;R) for each ¢ € [0,00). To this end, define Y,C(Tl)m so that Yk(Tl)m(w)
= Xio1,0(w) = Xoo1,m (@) When Co—1,m(w) < Cho1.n(w) < Com(w). Then Y,
is Fi—1,n-measurable, |Yk(in1)m| <L and M, — M, = ey Yk(:nl)’nAk’n. Hence,

m
by the same reasoning as above,

0 . 4
B[ — Mallfy ] < 4D EF[(0R7),)?Akn(t)’] < —EF[X(1)°],

—1,n
k=1

which is more than enough to get the asserted convergence result.

Given the preceding, we can now apply Lemma 7.2.2 to produce a right con-
tinuous, progressively measure, P-almost surely continuous M : [0,00) x Q2 — R
to which {M,, : n > 1} converges uniformly on compacts, both P-almost surely
and in L*(P;R). In particular, (M(t), F,P) is a square integrable martingale.
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Finally, set (X) = (X2 — 2M)T. Obviously, (X) = X? — 2M (a.s.,P), and (X)
is right continuous, progressively measurable, and P-almost surely continuous.
In addition, because, P-almost surely, (X),, — (X) uniformly on compacts and
(X)n(s) < (X)n(t) when t —s > L1 it follows that (X)(-,w) is non-decreasing
for P-almost every w € 2. U

REMARK 7.2.4. The reader may be wondering why I insisted on complicating
the preceding statement and proof by insisting that (X) be progressively measur-
able with respect to the original family of o-algebras {J-"t :te|o, oo)} Indeed,
Exercise 7.1.22 shows that I could have replaced all the o-algebras with their
completions, and, if I had done so, there would have been no reason not to have
taken X (-, w) to be continuous and (X)(-,w) to continuous and non-decreasing
for every w € ). However, there is a price to be paid for completing o-algebras.
In the first place, when one does, all statements become dependent on the par-
ticular P with which one is dealing. Secondly, because completed o-algebras
are nearly never countably generated, certain desirable properties can be lost by
introducing them. See, for example, Theorem 9.2.1.

By combining Theorem 7.2.3 with Theorem 7.2.1, one can show that, up to
time re-parametrization, all continuous martingales are Brownian motions. In
order to avoid technical difficulties, I will prove this only in the easiest case.

COROLLARY 7.2.5. Let (X(t), F;,P) be a continuous, square integrable mar-
tingale with the properties that, for P-almost every w € Q, (X)(-,w) is strictly
increasing and lim;_, o (X)(t,w) = oco. Then there exists a Brownian motion
(B(t), F{,P) such that X (t) = X(0)+B((X)(t)), t € [0, 00) P-almost surely. In
particular,

=1=— lim X()
o200 (0) log o) (X) (1) =00 [2(X)(1) log ) (X) (1)

P-almost surely.

Proor: Clearly, given the first part, the last assertion is a trivial application of
Exercise 4.3.15.

After replacing F and the F;’s by their completions and applying Exercise
7.1.22, I may and will assume that X (0,w) = 0, X(-,w) is continuous, (X)(-,w)
is continuous and strictly increasing, and lim;_,~ (X)(t,w) = oo for every w € Q.
Next, for each (t,w) € [0,00), set (;(w) = (X)~!(t,w), where (X)71(-,w) is the
inverse of (X)(-,w). Clearly, for each w € Q, t ~» (;(w) is a continuous, strictly
increasing function which tends to infinity as ¢ — oo. Moreover, because (X)
is progressively measurable, (; is a stopping time for each ¢ € [0,00). Now set
B(t) = X (). Since it is obvious that X () = B({X)(t)), all that we have to
show is that (B(t), F{,PP) is a Brownian motion for some non-decreasing family
{F[ : t > 0} of sub o-algebras.
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Trivially B(0,w) = 0 and B(-,w) is continuous for all w € Q. In addition,
B(t) is F¢,-measurable, and so B is progressively measurable with respect to
{F¢, : t > 0}. Thus, by Theorem 7.2.1, we will be done once we show that
(B(t),]:ct,IF’) and (B(t)2 — t,]—"ct,]P’) are martingales. To this end, first observe
that

= lim EF
T—o0

EF | sup X(7)?
TG[O,Ct]

§4%E;Eﬂxuvmgﬂ§4%3;WWXXTAQH§4L

sup  X(7)2
TE[0,TACt]

Thus, limy 00 X (T A () — B(t) in L2(P;R). Now let 0 < s <t and A € F,
be given. Then, for each 7' > 0, A7 = AN{¢ < T} € Frac,, and so, by
Theorem 7.1.14,

EF[X(T AG), Ar] =EF[X(T A, Ar]
and
E]P [X(T/\ gt)Q - <X>(T/\ Ct)v AT] = ]EP [X(T/\ Cs)2 - <X>(T/\ Cs)7 AT]

Now let T — oo, and apply the preceding convergence assertion to get the
desired conclusion. O

§7.2.3. Burkholder’s Inequality Again. In this subsection we will see what
Burkholder’s Inequality looks like in the continuous parameter setting, a result
whose importance for the theory of stochastic integration is hard to overstate.

THEOREM 7.2.6 (Burkholder). Let (X(t),F;,P) be a P-almost surely con-
tinuous, square integrable martingale. Then, for each p € (1,00) and t € [0, 00)

(cf. (6.3.2))

S =

(7.2.7) B [IX(8) = X(0)| ooz < EF[(X(8))2]7 < By X (1) = X(0)l| o psm)-
PROOF: After completing the o-algebras if necessary, I may (cf. Exercise 7.1.22)
and will assume that X (-, w) is continuous and that (X)(-,w) is continuous and
non-decreasing for every w € Q. In addition, I may and will assume X (0) = 0.
Finally, T will assume that X is bounded. To justify this last assumption, let
Cn=1inf{t > 0: |X(t)| > n}, set X, (t) = X(t A (), and use Exercise 7.2.10 to
see that one can take (X,,) = (X)(tA(,). Hence, if we know (7.2.7) for bounded
martingales, then

J

By UIX (A G)llpeery < EF[(X)(EA () ?]

=

< Bp|| X (¢ A Gl (eimy
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for all n > 1. Since (X) is non-decreasing, we can apply Fatou’s Lemma to the
preceding and thereby get

(M)

1
P
)

IX (@)l < Hm [ X(EAGo)llzr@r) < BpE[(X)(t)

n—oo

which is the left hand side of (7.2.7). To get the right hand side, note that either
| X ()|l »(p;r) = 00, in which case there is nothing to do, or || X (¢)| L»@;r) < 00,
in which case, by the second half of Theorem 7.1.9, X(t A (,) — X(¢) in
LP(P;R) and therefore

S
S

EF[(X)(1)%]7 = lim EP[(X)(t A C)¥]

< B, lim [ X(t A Gl ey = Boll X (0o ez

Proceeding under the above assumptions and referring to the notation in the
proof of Theorem 7.2.3, begin by observing that, for any ¢t € [0,00) and n €
N, Theorem 7.1.14 shows that (X (¢ A Ck,n)s Fince..P) is a discrete parameter
martingale indexed by & € N. In addition, (., =t for all but a finite number
of k’s. Hence, by (6.3.7) applied to (X (£ A Cen)s Fence.n P),

S

BlleX(t)HLp(p;R) < EP[<X>n(t)%] < Bp|| X (8)||Le(pry for all n € N.

In particular, this shows that sup,,~ [[(X)n(t)(|Lr@;r) < 00 for every p € (1, 00),
and therefore, since (X),(t) — (X)(¢) (a.s.,P), this is more than enough to
verify that IEPRX}n(t)%] — EP[(X)(t)%] for every p € (1,00). O

Exercises for §7.2

EXERCISE 7.2.8. Let (X(t),F,P) be a square integrable, continuous martin-
gale. Following the strategy used to prove Theorem 7.2.1, show that

(F(X(t)) - /Ot ;agp(X(T>)<X>(dT),ft,P>

is a martingale for every F € C2(R;C).

Hint: Begin by using cut offs and mollification to reduce to the case when
F € C*(R;R). Next, given s < t and € > 0, introduce the stopping times
(o = s and

Go =t > Gu ¢ 1X(0) = X(Guo)| 2 €} A (Gur + ) A (X (Gumt) + ) AL

for n > 1. Now proceed as in the proof of Theorem 7.2.1.



282 VII Continuous Parameter Martingales

EXERCISE 7.2.9. Let (X(t),]—"t,]P’) be a continuous, square integrable mar-
tingale with X (0) = 0, and assume that there exists a non-decreasing function
A :[0,00) — [0,00) such that (X)(t) < A(t) (a.s.,P) for each t € [0,00). The
goal of this exercise is to show that (E(t), F,P) is a martingale when

B(t) = exp [ X (1) - 1(X)(1)].

(i) Given R € (0,00), set (g = inf{t > 0: |X(¢)| > R}, and show that

tACR
eX(NCR) _ ;/ X d(X), Fi, P
0
is a martingale.

Hint: Choose F € CX(R;R) so that F(z) = €® for x € [-2R,2R)], apply
Exercise 7.2.8 to this F', and then use Doob’s Stopping Time Theorem.

(ii) Apply Theorem 7.1.17 to the martingale in (i) and e 2(X)(NCR) o show
that (E(t ACr), Fi,P) is a martingale.

(iii) By replacing X and R with 2X and 2R in (ii), show that

EF [E(t/\ gR)2] < eAMRP [62X(t/\CR)—2<X)(t/\CR)] — oA

Conclude that {E(t ACr): R € (0,00)} is uniformly P-integrable and therefore
that (E(t), 7, P) is a martingale.

EXERCISE 7.2.10. If (X(t),F;,P) is a P-almost surely continuous, square in-
tegrable martingale, ¢ is a stopping time, and Y (t) = X(¢ A (), show that
(Y)(t) = (X)(tACQ), t >0, P-almost surely.

EXERCISE 7.2.11. Continuing in the setting of Exercise 7.2.9, first show that,
for every A\ € R, (EA(t),}"t, ]P’) is a martingale where

Ex(t) = exp[AX (1) — 2-(X)(1)].
Next, use Doob’s Inequality to see that, for each A > 0,
P{ sup X(7)>R| <P sup Ex(r) > e/\ngA(t) < efAR+¥A(t).
7€[0,¢] r€[0,¢]

Starting from this, conclude that

2
(7.2.12) P(| X||p.g > R) < 2e” .

Finally, given this estimate, show that the conclusion in Exercise 7.2.8 continues
to hold for any F' € C?(R;C) whose second derivative has at most exponential
growth.
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EXERCISE 7.2.13. Given a pair of square integrable, continuous martingales
(X(t),ft,IF’) and (Y(t),]-"t,]P’), set (X,Y) = W, and show that
(X()Y () — (X,Y)(t),F:,P) is a martingale. Further, show that (X,Y) is
uniquely determined up the a P-null set by this property together with the facts
that (X,Y)(0,w) = 0 and (X,Y)(-,w) is continuous and has locally bounded
variation for P-almost every w € €.

EXERCISE 7.2.14. Let (B(t),F;,PP) be an RY-valued Brownian motion. Given
f,g¢€ Cé’z([O,oo) X RN;R), set

X(t) = £(t,B(2)) - /0 (8, + LA) f(r.B(r)) dr,

Y(t)=g(t,B(t)) — /0 (0- + 3A)g(7, B(7)) dr,
and show that .
(X, Y)(t) = /0 Vf- Vg(T,B(T)) dr.

Hint: First reduce to the case when f = g. Second, write X (t)? as

t

F(LB(1)? - 2X (1) /0 (0, + 1A) /(. B(r)) dr

_ (/Ot(@r + 3A) f(7,B(7)) dT) ;

and apply Theorem 7.1.17 to the second term.

§7.3 The Reflection Principle Revisited

In Exercise 4.3.12 we saw that Lévy’s Reflection Principle (Theorem 1.4.13) has
a sharpened version when applied to Brownian motion. In this section I will give
another, more powerful, way of discussing the reflection principle for Brownian
motion.

§7.3.1. Reflecting Symmetric Lévy Processes. In this subsection, p will
be used to denote a symmetric, infinitely divisible law. Equivalently (cf. Exercise
3.3.11), i = (&) where

0. (8) = _%(sa CE)RN + /RN (COS(Evy)RN - 1) M (dy)

for some non-negative definite, symmetric C and symmetric Lévy measure M.
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LeEMMA 7.3.1.  Let {Z(t) : t > 0} be a Lévy process for pu, and set F; =
o({Z(r) : 7 €[0,t]}). If ¢ is a stopping time relative to {F; : t € [0,00)} and

Z(t) if¢>t

Z(t) = 2Z(t A ) — Z(t) = { 22(0) - Z(1) ifc <1

then {Z(t) : t > 0} is again a Lévy process for p.
PROOF: According to Theorem 7.1.3, all that we have to show is that

(exp[V=T (6 2(t)) g — t£,(&)]. Fi.P)

is a martingale for all £ € RN. Thus, let 0 < s < t and A € F, be given. Then,
by Theorem 7.1.14 and the fact that £, (—&) = £,(§),

EP [exp [V=1(&,Z(t)) gy — t£u(€)], AN{C < 8}}
= EF [ezmm,z(mq»w exp[—vV—=1 (&, Z(t)) g — t0u(€)], AN{C < S}}
_EP [ezﬁ(ﬁ,z(sAC))RN exp[ V=1 (& Z(5)) o — 5Lu(€)], AN{C < s}]
= B [oxp [V (€.2(5)) g — (6] AN {C < 53],
Similarly,
B oxp [V T (€. 2(1)) g — t6u(8)]. AN {C > 5)]
= BF 2V TTE 2NN exp[—y/=T (€, (1)) g — Hu(€)], ANC > 5}]
— EP :exp[\/jl(ﬁ,Z(t A — (EA Ou(®)], AN {C > S}}
— EP :exp[\/jl(f, Z(s N Q) — (sAOL(E)], AN{C > S}}
— EP :exp[\/jl(E,Z(s))RN —s,(8)], AN {C > S}] O

Obviously, the process {Z(t) : t > 0} in Lemma 7.3.1 is the one obtained
by reflecting (i.e., reversing the direction of {Z(t) : ¢t > 0}) at time ¢, and the
lemma says that the distribution of the resulting process is the same as that of the
original one. Most applications of this result are to situations when one knows or
less precisely where the process is at the time when it is reflected. For example,
suppose N = 1, a € (0,00), and (, = inf{t > 0 : Z(t) > a}. Noting that,
because Z(t) = Z(t) for t < ¢, and therefore that ¢, = inf{t > 0: Z(t) > a},
we have that

P(Z(t) <z & (o <t) =P(22(Ca) — Z(t) < x & (o < t)
=P(Z(t) > 2Z(Ca) — 7 & (a < ).
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Hence, if 2 < a, and therefore Z(t) > 2Z({,) —x = (, <t when (, < o0,

2
P(Z(t)gx&gagt):P(Z(t)Z Z(¢ —x&(a<oo) for z < a.

) =P(Z(t) <a& (o <t)+

a)
Applying this when = = a and using ( <
(t) conclusion which also could

t
]P’(Z(t) > a), one gets ]P’(Ca < t) < QIF’( ) > )
have been reached via Theorem 1.4.13.

§7.3.2. Reflected Brownian Motion. The considerations in the preceding
subsection are most interesting when applied to R-valued Brownian motion.
Thus, let (B(t),ft,IP) be an R-valued Brownian motion. To appreciate the
improvements that can be made in the calculations just made, again take {, =
inf{t > 0 : B(t) > a} for some a > 0. Then, because Brownian paths are
continuous, (, < oo = B((,) = a, and so, since P({, < oo) = 1, we can say
that

(7.3.2) P(B(t) <a & (o < t) =P(B(t) > 2a—x) for (t,x) € [0,00)x(—00,a].
In particular, by taking = a and using P(B(t) > a) = P(B(t) > a & {, < 1)
we recover the result in Exercise 4.3.12 that

P(¢a < t) =2P(B(t) > a).

A more interesting application of Lemma 7.3.1 to Brownian motion is to the
case when ( is the exit time from an interval other than a half line.

THEOREM 7.3.3. Let a; < 0 < ay be given, define ((%%2) =inf{t > 0: B(t) ¢
(a1,a2)}, and set A;(t) = {¢(@1:92) <t & B(¢(@1:92)) = g;} for i € {1,2}. Then,
for T' € Ba, ,00)>
0<P({B(t) eT}NA(t)) —P({B(t) € 2(az — a1) + '} N Ay (1))
=P(B(t) € 2a; — T') = P(B(t) € 2(as — a) + T),
and, for I' € B(_ o a1,
0 <P({B(t) eT}NAx(t)) —P({B(t) € —2(az — a1) + T'} N Az(t))
= P(B(t) € 2ay — ) ( (t) S —2(&2 — (11) + F)
Hence, for T’ € By, ), P({B(t) € T} N A (t)) equals

Z [70,t (F —2a1 +2(m—1)(az — al)) — Yo, (F +2m(agy — al))}

m=1

and, for ' € B(_ oo ay], P({B(t) € T} N As(t)) equals

Z {’Yo,t(r —2ay —2(m — 1)(az — a1)) — Y0, (T’ — 2m(az — al))},

m=1
where in both cases the convergence is uniform with respect t in compacts and
e B(al,ag)'
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PRrROOF: Suppose I' € Bjy, o). Then, by Lemma 7.3.1,

P({B(t) e T} N A (t)) = P({2a1 — B(t) € T} N Ay (t))
=P(B(t) € 2a; — ') = P({B(t) € 2a1 — '} N Ay(1)),

since B(t) € 2a; —T = B(t) <a; = ¢(®92) <¢. Similarly

P({B(t) e I} N A3(t)) = P({2a2 — B(t) € T} N Ay (t))
=P(B(t) € 2a0 — ) = P({B(t) € 2as — T} N A (1))

when I' € B(_og ;). Hence, since 2a; —I" C (—00,a;1] C (—o0,az] if I' € By, o),

P({B(t) e T} N A;(t)) =P(B(t) € 2a; — T') — P(B(t) € 2(az — a1) +T)
+ P({B(t) S 2(@2 — al) + P} N Al(t))

when I' € By, o). Similarly, when I' € B(_ 4,

P({B(t) €T} N As(t)) =P(B(t) € 2a0 — ') = P(B(t) € —2(az — a1) + T)
+ ]P)({B(t) € —2(&2 — al) + F} N Az(t))

To check that
P({B(t) e T}NA;(t)) —P({B(t) € 2(ac—a1)+T}NA;(t)) > 0 when I' € Bjg, o),
first use Theorem 7.1.16 to see that
P({B(t) € T} N A1(t)) = E¥ [v9,4_ctar.am (T = a1), A1(t)].

Second, observe that, because I' C [a1, 00), 70,7 (2(@2 —ay)+ F) < 70,-(T") for all
7 > 0. The case when I' € B(_ 4,) and A;(t) is replaced by A(t) is handled in
the same way.

Given the preceding, one can use induction to check that P({B(t) € T'}NA;(t))
equals

Z [P(B(t) €2a; —2(m—1)(az —a1) = T') = P(B(t) € 2m(as — a1) + F)}

m=1

+P({B(t) € 2M(as — a1) + T} N Ay (t))

for all I' € By, ,o0)- The same line of reasoning applies when I' € B(_ 4,) and
Aq(t) is replaced by As(t). O

Perhaps the most useful consequence of the preceding is the following corollary.
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COROLLARY 7.3.4. Givenac€ R and anr € (0,00), set I = (¢c—r,c+7r) and

Plt,z,T)=P{a+Bt)el}n{¢’ >t}), z€landl €B.

Then
(7.3.5) Pl(s+t,zT) = /Pf(t, 2,T) Pl(s,z,dz).
I
Next, set
1 z?2
g(t,x) = Z g(t,x +4m), where g(t,x) = (2mt)" 2e” 2t
mEZ

and

p(iLl)(tvxay) = g(tay 737) 7§(t7y+x+2) for (t,.’l?,y) € (0700) X [7171}2‘

Then p~Y is a smooth function which is symmetric in (x,y), strictly positive
on (0,00) x (0,1)2, and vanishes when x € {—1,1}. Finally, if

pl(t7$7y) = r_lp(_Ll) (T_zvr_l(x - C)7T_1<y - C))7 (t,a:,y) € (07 OO) X 127

then

(736) pI(S —l—t,l“,y) = /pI(S,Jj,Z>pI(t,Z,y) dz>
I

and, for (t,z) € (0,00) x I, PL(t,z,dy) = p! (t,z,y) dy.
PROOF: Begin by applying Theorem 7.1.16 to check that P'(s +t,2,T") equals

WO ({z +1(s) + 8:(t) € T} N {z +9(s) + dap(7), 7 € [0,¢ — 5]}
N{z+y(o) e, o €0,s]})
=BV [PL(t, 2+ (5),T), {& + (o) € I, o € [0,5]}]

:/P](t,z,P) Pl(s,z,dz).
I

Next, set a; = r~(c—x) —1 and ag = r~*(z — z) + 1. Then

Pl(t,x,F) = P({B(t) el —z}N{B(7) € (ray,raz), 7 € [O,t]})
P({B(rdt) cr YT —2)}n{B(r271) € (a1,az), T € [O,t]})
= IP’(B r2t) er (T —2) & ¢lanaz) 5 r_zt)
IP’( r2t) e r 1T — x)) — P(B(r_2t) crT—2)& ¢laa2) < 7’_2t),
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where, in the passage to the second line, I have used Brownian scaling. Now,
use the last part of Theorem 7.3.3, the symmetry of 7, ,-2;, and elementary
rearrangement of terms to arrive first at

Pl(t,z,T) = Z ['yrzt(élm +r ' T —2) — vy (dm+ 2+ 7' T+ 2 — 20))} ,
me7Z

and then at PL(¢,z,dy) = p’ (¢, =, y) dy. Given this and (7.3.5), (7.3.6) is obvious.

Turning to the properties of p(_l’l)(t,x,y), both its symmetry and smooth-
ness are clear. In addition, as the density for P(_l’l)(t, x.-), it is non-negative,
and, because xz ~» §(t,z) is periodic with period 4, it is easy to see that
p(=LV(t, £1,y) = 0. Thus, everything comes down to proving that p(—11 (¢, z, y)
> 0 for (¢t,2,y) € (0,00) x (—=1,1)2. To this end, first observe that, after rear-
ranging terms, one can write p(~ Y (¢, z,y) as

glt,y—z) —g(t,y+x) +9(t,2 —x—y)

+> [(g(t,y—w+4m)—g(t,y+m+2+4m))
+ (gt =@ = 4m) = glt,y + @ — 2 — 4m)].

Since each of the term in the sum over m € Z* is positive, we have that

_ _2—|=zh)(A—|yD)
Pt y) > gty —a)[1—2e7 ¢ ]

> (1—-2)g(t,y — )

if t < 2(1 — |=|)(1 — |y|). Hence, for each 8 € (0,1), p=tV(¢,z,y) > 0 for all
(t,z,y) € [0,20%] x [-1+ 6,1 — 0)?. Finally, to handle 2,y € [-1+ 6,1 — 0] and
t > 262, apply (7.3.6) with I = (—1,1) to see that

P ((m+ 162, 2, y) > / p (0%, 2, 2)p T (b, 2, y) dz,
2l<(-0)

and use this and induction to see that p(_l’l)(m92, z,y) > 0 for all m > 1. Thus,

if n € Z* is chosen so that nf? < t < (n + 1)62, then another application of
(7.3.6) shows that

p I (b2, y) > / pTE(E —nb? 2, 2)pt D (06?2, y) dz > 0. O
|z]<(1-0)

Exercises for §7.3
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EXERCISE 7.3.7. Suppose that G is a non-empty, open subset of RV, define
(¢ C(RY) — [0, 00] by

CE () =inf{t >0: x+(t) ¢ G},

and set
PO, x, 1) = WM ({¢p: x+9(t) €T & C () > t})

for (t,x) € (0,00) x G and I" € Bg.
(i) Show that

PG(s+t,x,F):/ PY(t,2,T) P%(s,x,dy).
G

(ii) As an application of Exercise 7.1.25, show that

Pe(t,%,T) = y0,u(l —x) —EV"|

Yo—con(T —x—(¢F)), ¢ <TJ.

. This is the probabilistic version of Duhamel’s formula, which we will see again
in §10.3.1.

(iii) As a consequence of (ii), show that there is a Borel measurable function
p“ : (0,00) x G2 — [0,00) such that (¢,y) ~ p%(t,x,y) is continuous for
each x € G and PY(t,x,dy) = p®(t,x,y) dy for each (t,x) € (0,00) x G. In
particular, use this in conjunction with (i) to conclude that

p9(s +1,x,y) = / p9(t,2,3)p% (5, %, 2) da.
G

N _ &
2

Hint: Keep in mind that (7,€) ~» (277)” 2 e™ 27 is smooth and bounded as

long as € stays away from the origin.
(iv) Given ¢ = (c1,...,cy) € RN and r > 0, let Q(c,r) denote the open cube
Hijil(ci —r,¢; + 1), and show that (cf. Corollary 7.3.4)

N

Pt x,y) = [T o (1 )
=1

for x = (z1,...,2n),y = (Y1,...,yn) € Q(c,7). In particular, conclude that

pR©7)(t,x,y) is uniformly positive on compact subsets of (0,00) x Q(c,r)2.

(v) Assume that G is connected, and show that p©(t,x,y) is uniformly positive
on compact subsets of (0,00) x G2.

Hint: If Q(c,r) C G, show that p®(t,x,y) > p?©7)(t,x,y) on (0,00) x Q(c, ).



