Some Background Material for 18.176
Daniel W. Stroock

Notation

(o) = [ wdp

M; (RY) is the space of Borel probability measures on RY endowed with
the topology of weak convergence. Given p € My (RY), its Fourier trans-

form is fi(€) = [on el &V (dy).
Bla,r)={xeRV: |x—a|<r}and SN 1= {x e RV : |x| =1}
| - |lu is the uniform norm.

C™(RM;R) is the space of m-times, continuously differentiable funtions,
C™"(RN;R) is the subspace of C™(RY;R) whose elements have bounded
derivatives of all orders less than of equal to m, C*(RY; R) is the subspace
of C{"(RY; R) whose elements have compact support, C’é’z ([O, 00) xRV ; R)
is the space functions (¢,x) € [0,00) x RY +—— u(t,x) € R which have
one bounded, continuous derivative with respect to ¢t and two bounded,
continuous derivatives with respect to x.

(RN R) is the Schwartz space of infinitely differentiable function all of
whose derivatives are rapidly decreasing (i.e., tend to 0 at infinity faster
than |x|~" for every n > 0).
|Allop = sup{|de] : e € SV-1}
Linear Functionals that Satisfy the Minimum Principle
Suppose that t € (0,00) — 1y € M1 (RY) is a map with the properties that
— (0
Ap = lim (o, ) — ¢(0)
t\0 t
exists for all ¢ € D = R & .7 (RY;R) and

— __w(B(0,R)C
lim limim( (0, R) ) =
R—00 t\,0 t

Then
(i) A satisfies the minimum principle:

0(0) <p = Ap>0.



(ii) A is quasi-local

. X
(1) Jim Apr =0 where pr(x) = ¢ (E)

if ¢ is constant in a neighborhood of 0.

The first of these is obvious, since

(@, pe) — 0(0) = (p — p(0), 1¢) >0

if p(0) < . To check the second, choose § > 0 so that ¢(y) = ¢(0) for |y| < 4.
Then

(s p1e) — 0(0)] < / lo(%) — 0(0)] e(dy)
B(0,R5)C
< 2|l gllupe (B(0, RS)).

which, by (1), means that limg_, o Apr = 0.

The goal here is to show that any linear functional that satisfies these two
properties has a very special structure. To begin with, notice that, by applying
the minimum principle to both 1 and —1, one knows that A1 = 0. Before going
further, I have to introduce the following partition of unity for RV \ {0}. Choose
Y e C® (RN; [0,1]) so that 1 has compact support in B(0,2) \B(O, 1) and
Y(y) = 1 when 1 < |y| < 1, and set ¢,,(y) = ¢(2™y) for m € Z. Then, if
y € RV and 271 < |y| < 27™ 4, (y) = 1 and ¢, (y) = 0 unless —m — 2 <
n < —m + 1. Hence, if U(y) = >, ¥n(y) for y € RY \ {0}, then ¥ is
a smooth function with values in [1,4]; and therefore, for each m € Z, the

function x,, given by xm,(0) = 0 and x,,(y) = 1@’”(7%) fory € RV \ {0} is a

smooth, [0, 1]-valued function that vanishes off of B(0,2=™%1)\ B(0,2-™-2).
In addition, for each y € RV \ {0}, 3=, c7 xm(y) = 1 and X;n(y) = 0 unless
27m72 S |y| S 27m+1‘

Finally, given n € Z* and p € C"(RY; C), define V"(x) to be the multilinear
map on (RY)™ into C by

1

on n
[V'(@)] (&1, &) = oot (X + ;tm£m>

ti==t,=0

Obviously, V¢ and V2 can be identified as the gradient of ¢ and Hessian of (.
A measure Borel M on RY is said to be a Lévy measure if

M({0}) =0 and /B(O y ly|* M(y) + M (B(0,1)0) < .



THEOREM 2. Let D be the space of functions described above. If A: D — R
is a linear functional on D that satisfies (i) and (ii), then there is a unique
Lévy measure M such that Ap = [pn ©(y) M(dy) whenever ¢ is an element of
S (RY;R) for which ¢(0) = 0, V(0) = 0, and V2¢(0) = 0. Next, given ) €
C2° (RN, [0,1]) satisfyingn = 1 in a neighborhood of 0, set ne(y) = n(y)(€,y)rv
for € € RV, and define m" € RY and C € Hom(RY;RY) by

(3) (&m")pv = Ane and (&, CE') v = A(neme) — /RN (nene) (y) M (dy).

Then C is symmetric, non-negative definite, and independent of the choice of 7).
Finally, for any ¢ € D,

Ap = %Trace(CV2g0(0)) + (mnv VSO(O))RN

(4)
+ [ (96 = 0(0) = 1) (3, T(0) ) M)
R
Conversely, if the action of A is given by (4), then A satisfies the minimum
principle and is quasi-local.

Proor: The concluding converse assertion is easy. Indeed, if A is given by
(4), then it is obvious that A1 = 0. Next suppose that ¢ € .#(RY;R) and
that ¢(0) < . Then V(0) = 0 and VZp(0) is non-negative definite. Hence
(m, V(0)) zn = 0, Trace(CV?¢(0)) > 0, and

o(y) — ¢(0) — 1p(0,1)(y) (¥, V(0)) o > 0.

To see that A is quasi local, suppose that ¢ € .7 (RY;R) is constant in a neigh-
borhood of 0, and choose § > 0 so that ¢ = ¢(0) on B(0,6). Obviously,
V(0) = 0 and VZ¢(0) = 0. In addition,

’/RN <<PR(Y) —¢r(0) = 1p(0,1) (y,VSDR(O))RN)M(dY)‘
< / or(y)| M(dy) < [lluM (B(0, RS)E) — 0
B(0,R5)C

as R — oo.
Referring to the partition of unity described above, define A, 0 = A(xmp) for
¢ € C>*(B(0,2=+1)\ B(0,27™~2);R), where

Xm(¥)ely) if 2772 <|y| <277 *!
0 otherwise.

Xme(y) = {

Clearly A,, is linear. In addition, if ¢ > 0, then x;me > 0 = xme(0), and so,
by (i), Ame > 0. Similarly, for any ¢ € C>(B(0,2-™+1)\ B(0,27™ 2);R),
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lelluXm £ Xme > 0 = (H‘PHuXm + XmSO)(O)a and therefore [A, | < Ky ll@|lu,
where K,, = Axm. Hence, A,, admits a unique extension as a continuous

linear functional on C(B(0,2-™+1)\ B(0,27™2);R) that is non-negativity
preserving and has norm K,,; and so, by the Riesz Representation Theorem,
we now know that there is a unique non-negative Borel measure M,, on RV
such that M, is supported on B(0,2-™+t1)\ B(0,27™2), K,, = M,,(RV), and

A(Xm®) = Jav ¢(y) M (dy) for all ¢ € 7 (RV;R).

Now define the non—negatlve Borel measure M on RN by M = Y omez M
Clearly, M({0}) = 0. In addition, if ¢ € C°(RY \ {0};R), then there is an
n € Z* such that x,,¢ = 0 unless |m| < n. Thus,

ZAXm‘P Z/RN dy)

= /RN (m;nxm(y)w(y)> M(dy) = /RN o(y) M(dy),
and therefore
(5) Ap = /RN o(y) M(dy)

for p € C(RY \ {0};R).
Before taking the next step, observe that, as an application of (i), if ¢1, @2 €
D, then

() 01 < o and @1(0) = 92(0) = Ap; < Aps.

Indeed, by linearity, this reduces to the observation that, by (i), if ¢ € D is
non-negative and ¢(0) = 0, then Ay > 0.
With these preparations, I can show that, for any ¢ € D,

(**) ©>0=¢p(0) = / M(dy) < Ap.

To check this, apply (*) to ¢, = > 1" _  Xme and ¢, and use (5) together with
the Monotone Convergence Theorem to conclude that

/ ¢(y) M(dy) = lim on(y) M(dy) = lim Ap, < Agp.
RN n—00 JRrN n— oo

Now let 7 be as in the statement of the lemma, and set ng(y) = n(R™'y) for
R > 0. By (**) with o(y) = |y|*n(y) we know that

/RN ly[*n(y) M(dy) < Ap < oo.



At the same time, by (5) and (*),

/]RN (1 =n(y))nr(y) M(dy) < A(1 —n)

for all R > 0, and therefore, by Fatou’s Lemma,

/RN(I —n(y)) M(dy) < A(1 —n) < .

Hence, I have proved that M is a Lévy measure.

I am now in a position to show that (5) continues to hold for any ¢ € .(RV; R)
that vanishes along with its first and second order derivatives at 0. To this end,
first suppose that ¢ vanishes in a neighborhood of 0. Then, for each R > 0, (5)
applies to nrp, and so

/RN nr(y)e(y) M(dy) = A(nre) = Ap + A((1 — nr)y).

By (*) applied to (1 — ngr)e and (1 — ng)|l¢||u,
|A((1 = nr)e)| < lellnA(l —nr) =— 0 as R — oo,

where I used (ii) to get the limit assertion. Thus,

Ap = lim /RN nr(y)e(y) M(dy) = /RN p(y) M(dy),

because, since M is finite on the support of ¢ and therefore ¢ is M-integrable,
Lebesgue’s Dominated Convergence Theorem applies. I still have to replace the
assumption that ¢ vanishes in a neighborhood of 0 by the assumption that it
vanishes to second order there. For this purpose, first note that, because M is
a Lévy measure, ¢ is certainly M-integrable, and therefore

/RN p(y) M(dy) = }%igloA(ﬂ —nr)p) = Ap — ,%i% A(nre).

By our assumptions about ¢ at 0, we can find a C' < oo such that [nrp(y)| <
CR|y|*n(y) for all R € (0,1]. Hence, by (*), there is a ¢’ < oo such that
|[A(nrp)| < C'R for small R > 0, and therefore A(nrp) — 0 as R\, 0.

To complete the proof from here, let ¢ € .%(RY;R) be given, and set

@(x) = p(x) — p(0) — n(x) (%, Vo(0)) o — 51(x)*(x, VZ0(0)X) v -

Then, by the preceding, (5) holds for ¢ and, after one re-arranges terms, says
that (4) holds. Thus, the properties of C are all that remain to be proved. That
C is symmetric requires no comment. In addition, from (*), it is clearly non-
negative definite. Finally, to see that it is independent of the 7 chosen, let 1’ be
a second choice, note that 77/5 = 1¢ in a neighborhood of 0, and apply (5). O



REMARK 6. A careful examination of the proof of Theorem 1 reveals a lot.
Specifically, it shows why the operation performed by the linear functional A
cannot be of order greater than 2. The point is, that, because of the minimum
principle, A acts as a bounded, non-negative linear functional on the difference
between ¢ and its second order Taylor polynomial, and, because of quasi-locality,
this action can be represented by integration against a non-negative measure.
The reason why the second order Taylor polynomial suffices is that second order
polynomials are, apart from constants, the lowest order polynomials that can
have a definite sign.

Another important observation is that there is enormous freedom in the choice
of the function 7. Indeed, one can choose any measurable 1 : RY — [0, 1] with
the property the

sup |y|T'(1=n(y))+ sup |yln(y) < .
yEB(0,1) y#B(0,1)

In particular, there is no reason not to take n = 1p(g,1), and we will usually do
S0.

Finally, notice that when A is local in the sanse that Ay = 0 if ¢ is constant
in a neighborhood of 0, then the corresponding M = 0.

My next goal is to show that for each choice of m € RV, non-negative definite,
symmetric matix C, and Lévy measure M, there is a natural map ¢ € [0,00) —
pe € My (RY) such that

Ap = (m, Vo) + 3 Trace(CV3p)
+ [ (600 = 1= Lo () Vo(0) g ) M(ay)

_ iy (o) — 9(0)

f D.
A : or ¢ €

LEMMA 7. Set
(&) = i(m, gy — 5 (€, CE) o + /R (N 1= il (7)€ ¥) ) M(dy):

Then Re(€(€)) < 0 and limg| 0 [€]72|¢(€)| = 0. Thus there exists a K < oo
such that |((¢)| < K(1+ |€|?). Finally, for each ¢ € % (RV;C),

| teos@d=tme [ o) —1)de = 2m)* g,

RN

PROOF: Begin by noting that

() = ~4(€.CE) + [ (cos(éy)es —1)M(ay) <0.



Next, given r € (0, 1], observe that

/R § (a(gy)RN 1 113(0,1)(y>(&y)RN)M(dy)‘
= |§22/ ly[* M(dy) + (2 + |€))M (B(0,r)C),

and therefore

I —2 WEY 1 — 1 M(d
lgllgloo\ﬂ /RN (6 F v B(0,1)(Y)(€aY)RN) (dy)
1
<5 [ Py
B(0,r)

Since fB(O " ly|?> M(dy) — 0 as r \ 0, this completes the proof of the intitial
assertions.
To prove the final assertion, note that, by Taylor’s Theorem,

t2€ 2 K2t2 1+ 2\2
210 1) < PO L KC0 4P

Hence, since ¢ is rapidly decreasing, Lebesgue’s Dominated Convergence Theo-
rem shows that

lim ¢ /RN PO -1)de= [ pleu-gde

t\0 RN

By the Fourier inversion formula,

2m) [ (=im €= (6.08)as ) £(6)dE = (m. Vp(0) 3 Trace (CT25(0).

Finally, because

[ 1@l

RN xRNV

HENN 1~ il p(o,1)(v) (& ¥)m | M(dy)dé < oc,

Fubini’s Theorem applies and says that
/ @(5) (/ <e—i(€7Y)RN —1- ilB(0,1)<y) (E’Y)RN> M<dY)) d§
RN RN
= [ (L (e =1 im0 9) e )€ de ) Mtay)

= [ (o5) = 910) = Laton () (v, Ti(0)) ) M(dy).



where [ again used the Fourier inversion formula in the passage to the last
line. O

In view of Lemma 6, I will be done once I show that, for each ¢ > 0, there
exists a p; € M (RY) such that [5;(€) = e*(¢). Indeed, by Parseval’s identity,

() = 9(0) = )™ [ 0(6) (s = 1) (€)d¢

for o € S (RY;C).

Since t¢(€) can be represented as the ¢(§) for (tm,tC,tM), it suffices to take
t = 1. Furthermore, because i * v(§) = (€)7(§), we can treat the terms in ¢
separately. The term corresponding to C is the Gaussian component, and the
corresponding measure g ¢ is the distribution of y ~= C%y under the standard

Gauss measure )
Iyl

v0.1(dy) = (2%)7%6 2 dy.

To deal with the term corresponding to M, initially assume that M is finite, and
consider the Poisson measure

0 *k
_ _—M(RY) M
Har =e >
k=0

where M*° = 6y (Ja denotes the unit point mass at a) and, for k > 1, M** =
M s M**=1) ig the k-fold convolution of M with itself. One then has that

—— o y k .
Iy (&) = eMED) Z ]\4]27? = exp (/RN (ez(g’y) — 1) M(dy)) .
k=0 ’

To handle general Lévy measures M, for each r € (0,1), define M,(dy) =
L(r00) (¥) M (dy) and a, = [,y ¥ M,(dy). Then

(0—a, *Har, )" (§) = exp (/B(O . <6i(€7Y)RN —-1- ilB(O,l)(Y)(E’Y)RN) M(dY)>

— exp ( /]R (N 1~ i) ()€ ¥ ) M (dy))

uniformly for £ in compact subsets of RY. Hence, by Lévy’s Continuity Theorem
(which states that if {y, : n > 0} € M;(RY) and i, is the characteristic func-
tion (i.e., the Fourier transform) of p,,, then p = lim,, oo jt,, exists in My (RY)
if and only if fi,,(§) converges for each & and uniformly in a neighborhood of 0,
in which case p, — p in Mi(RY) where (§) = lim,, 0 f1n(§)), there is an
element g5 of My (RY) whose Fourier transform is

exp (/RN (ei(&Y)RN —1- ilB(071)(Y)(€7Y)RN) M(dY)> :

Hence, if pt = 6m * fas * Yo,c, then fi(€) = (&),



Kolmogorov’s Equations

Notice that psy+ = ps * pt, and therefore, for each n > 1, uy = p¥". A
probability measure that admits an nth convolution root for all n > 1 is said to
be infinitely devisable, and a theorem of Lévy and Khinchine says that the
only divisible measures p are those for which there exists a (m, C, M) such that
1(€) = €®). Perhaps more important from the perspective here is the evolu-
tion equation, known as Kolmogorov’s forward equaltion, that this property
implies ¢t ~» pu; satisfies. To describe this equation, define the operator L on D
by

Le(x) = Ap(x + -)
= (m, Vo(x)) gn + 1Trace(CV?p(x))

+ [ (o) = 90x) = Loy (9) (3, Vi) ) M),
What I want to show is that
© o) = (Losu).

Since this is trivial when ¢ is constant, assume that ¢ € .7(RV;R). Then, as

h\, 0,
<‘Pa#t+h>h_ (o) _ flb/ </ (ely + ~>7:h> - so(Y)> iy (dy)
=em [ ([ e S ot de ) tay

s (2m) N /

RN

( /R N e &Y p(—£)p(€) dg) pe(dy) = (L, pis).

I now want to show that (8) continues to hold for all ¢ € CZ(RY;R). To this
end, first note that

|Lo(x)] <[IClop V20 (%) lop + [m| Vio(x)]

1
+5 (/ y[? M(dy)> sup  [[VZ0(y)llop + 2M (B(0,1)C) ]l u-
B(0,1) 1)

YEB(x,

Now let ¢ € CZ(RY;R) be given. Then we can choose {¢, : n > 1} C .7 (RV;R)
to be a sequence of functions that is bounded in CZ(RY;R) and for which
©n — o, Vo, — Vo, and V2p,, — V2@ uniformly on compacts, in which
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case Sup,,>1 || Lgnllu < 0o and Ly, (x) — Ly(x) uniformly for x in compacts.
Hence, from (8), one has that

(o, 1) —(0) = Lim ({pn, p1e)—n(0)) = lim (Lson,uT)dTZ/O (L, pe) dr,

n—oo n—o0 0

and so (8) continues to hold for ¢ € CZ(RY;R). Knowing (8) for ¢ € CZ(RV;R)
and applying it to e?€Y)eV  one sees that it implies that

d

%ﬂt(é) = f(&)ﬁt(é)-

Hence (8) together with the initial condition o = dp implies that z;(€) = et(&).
That is, (8) plus pup = do uniquely determine ;.

There is another important equation associated with the measures u,. To
develop this equation, set P(t,x, -) = 0x * 1. Then

P(s+t,x,T) :/

[ lx+y + D) ptdy) = [y +T) Ploux.dy)

RN

— / P(t,y,T') P(s,x,dy),
RN

and so P(t,x, -) satisfies the Chapman—Kolomogorov equation

(9) P(s+t,x,T) = /RN P(t,y,T') P(s,x,dy),

which means that (¢,x) ~» P(t,x, ) is a transition probability. Equivalently,
if the operators P; are defined for ¢t > 0 on bounded, Borel measurable functions
© by
Pio(x) = | oy Pltx,dy),
R

then {P; : t > 0} is a semigroup: P,;; = P,P;. To compute the generator of
this semigroup, first observe that (8) says that

d
10 —Pp=P,L
(10) i tP tL@
for p € C’g(RN ;R), which is also called Kolmogorov’s forward equation. Next
observe that P, is a bounded map of CZ(RY;R) into itself. Therefore, if ¢ €
Cp(RY;R), then

Piinp(x) — Pip(x) _ P, Pip(x) — Pip(x)
h h

— LPp(x)
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as h \( 0. Equivalently, if u(t,x) = P;p(x), then u € C’é’z([O, 00) X RN;R) and
is a solution to Kolmogorov’s backward equation

(11) Opu = Lu  and 7}{1{(1)11(15, ) =

In fact, it is the only such solution. Indeed, if u € Cé’Q([O, o0) x RV ;R) solves
(11), then, by (10) and the chain rule,

d
d—PTu(th, =P Lu(t—7, )—P,Lu(t—71,-)=0
-

for 7 € (0,t), and so Py = u(t, -).
Solving the Forward Equation with Variable Coefficients

Here I will show how one can go about solving Kolmogorov’s forward equation
for L’s which are local but have variable coefficients. That is,

N N
1
(12) Lo(x) = B} Z ij(X) O, Oz ;p(x) + Zbi(x)azisﬁ(x)?
ij=1 i=1
where a(x) = ((ai;(x))), ., j<n is anon-negative definite, symmetric matrix for

each z € RY. In the probability literature, a is called the diffusion coefficient
and b is called the drift coefficient. The following is the basic existence result.

THEOREM 13. Assume that

B Trace(a(x)) + 2(x, b(x))+N
(14 A= s TTRE

< o0

Then, for each v € M (RY), there is a continuous t € [0,00) — u(t) € My (RY)
which satisfies

t
(15) (.0}~ () = [ {Lpau(r))dr,

0
for all p € C?>(RN;C), where L is the operator in (12). Moreover,

(16) / (1+ |y ) u(t, dy) < M / (1+ %) w(dx), t>0.

Before giving the proof, it may be helpful to review the analogous result for
ordinary differential equations. Indeed, when applied to the case when a = 0, our
proof is exactly the same as the Euler approximation scheme used there. Namely,
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in that case, except for the initial condition, there should be no randomness, and
so, when we remove the randomness from the initial condition by taking v = dx,
we expect that 1y = dx(4), where t € [0,00) — X (t) € RV satisfies

H(X (1)) - p(x) = / (B(X (7)), V(X (1)) oy dr.

Equivalently, ¢ ~ X (t) is an integral curve of the vector field b starting at x.
That is,

X (t) :XJr/O b(X (7)) dr.

To show that such an integral curve exists, one can use the following approxi-
mation scheme. For each n > 0, define t ~» X,,(¢) so that X,,(0) = x and

X, (t) = X,(m2™") + (t —m2 ™)b(X(m2™™)) form2™" <t < (m+1)27"

Clearly,
X,(t)=x +/0 b(Xn([7]n) dr,

where! [7],, = 27"[2"7] is the largest diadic number m2~" dominated by 7.
Hence, if we can show that {X,, : n > 0} is relatively compact in the space
C ([0, 00); RY), with the topology of uniform convergence on compacts, then we
can take ¢t ~ X (t) to be any limit of the X,,’s.

To simplify matters, assume for the moment that b is bounded. In that case,
it is clear that | X,,(t) — X,,(s)| < ||b]Ju|t — s|, and so the Ascoli-Arzela Theorem
guarantees the required compactness. To remove the boundedness assumption,
choose a ¢ € C°(B(0,2);[0,1]) so that ) =1 on B(0,1) and, for each k > 1,
replace b by by, where by(x) = (k~'x)b(x). Next, let t ~ X} (t) be an integral
curve of by starting at z, and observe that

X0 = 2X(0), be(Xe0) e < AL+ X)),
from which it is an easy step to the conclusion that
Xk ()] < R(T) = (1+ [x[*)e™.
But this means that, for each T' > 0, | Xk (t)— X (s)| < C(T)|t—s| for s, t € [0,T],

where C(T') is the maximum value of |b| on the closed ball of radius R(T) centered
at the origin, and so we again can invoke the Ascoli-Arzela Theorem to see that

LT use [7] to denote the integer part of a number 7 € R
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{Xk : k > 1} is relatively compact and therefore has a limit which is an integral
curve of b.

In view of the preceding, it should be clear that our first task is to find an
appropriate replacement for the Ascoli-Arzela Theorem. The one which we will
choose is a variant of Lévy’s Continuity Theorem.

In the following, and elsewhere, we say that {¢o : k > 1} C C,(RY;C)
converges to o in Cp,(RY; C) and write ¢, — ¢ in C,(RY; C) if supy, [|onlu < 00
and g (x) — ¢(x) uniformly for x in compact subsets of RY. Also, we say that
{pr : k> 1} C C(RM;Ml(RN)) converges to u in C’(RM;Ml(RN)) and write
pu, — pin C(RM; M (RY)) if, for each ¢ € CW(RY; C), (@, ux(2)) — (¢, u(2))
uniformly for z in compact subsets of RM.

THEOREM 17. If puj, — p in C(RM; My (RY)), then

(ks pr(21)) — (@, u(2z))

whenever z, — z in RM and ¢, — ¢ in O,(RY;C). Moreover, if {u, :
n > 0} € C(RM; M (RY)) and f.(z,&) = m(f), then {p, : n > 0} is
relatively compact in C(RM; Ml(RN)) if {fn : m > 0} is equicontinuous at each
(z,€) € RM x RN, In particular, {j, : n > 0} is relatively compact if, for each
EcRY, {f.(-,€) : n > 0} is equicontinuous at each z € RM and, for each
r € (0,00),

lim sup sup py (Z,RN \ B(0, R)) =0.

R—001n>0 |z|<r

PRrOOF: To prove the first assertion, suppose pr — p in C(RM;Ml(RN)),
zr — z in RM and ¢, — ¢ in C(RY;C). Then, for every R > 0,

T [ (i, an(20)) — (i, 1(2)|

< T ([(ox = @0 (@) + (0, k() = (i, u(2)])

~ k—oo

< lim - sup  |pr(y) — (y)] + 25up [lollu lim g (2zx, B0, R)C)
k—o0 yE€B(0,R) k k—o0

< 281213 lokllup(z, B(0, R)C)

since limy_y 00 ik (21, F) < u(z, F) for any closed F C RY. Hence, the required
conclusion follows after one lets R — oo.

Turning to the second assertion, apply the Arzela—Ascoli Theorem to produce
an f € C,(RM x RY:C) and a subsequence {nj : k > 0} such that f,, —
f uniformly on compacts. By Lévy’s Continuity/\Theorem, there is, for each
z € RM a u(z) € M (RY) for which f(z, -) = u(z). Moreover, if z, — z in
RM | then, because f,, (zx, -) — f(z, -) uniformly on compact subsets of RY,
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another application of Lévy’s Theorem shows that ji,, (z) — u(z) in My (RY),
and from this it is clear that zi,, — p in C(RM; My (RY)).

It remains to show that, under the conditions in the final assertion, {f, :
n > 0} is equicontinuous at each (z,&). But, by assumption, for each & € RV,
{fn(+,€) : n >0} is equicontinuous at every z € RM. Thus, it suffices to show
that if & — & in RV, then, for each r > 0,

lim sup sup | f,.(2, &) — fu(z,€)| = 0.

k=00 n>0 |z|<r

To this end, note that, for any R > 0,
|fn(Z7£k) - fn(z)é)‘ < R|£k - £| + 2Mn(zv B(Oa R)B)z

and therefore

lim sup sup | fn(z, &) — fu(z,€)| < 2sup sup p,(z, B0, R)C) — 0
k=00 n>0 |z|<r n>0 |z|<r

as R — oc0. O

Now that we have a suitable compactness criterion, the next step is to develop
an Euler approximation scheme. To do so, we must decide what plays the role in
M, (RY) that linear translation plays in RY. A hint comes from the observation
that if ¢ ~ X (¢,x) = x +tb is a linear translation along the constant vector field
b, then X (s +t,x) = X(s,x) + X(¢,0). Equivalently,

OX (s+t,x) = Ox * 0x(s5,0) * 0x(¢,0)-

Thus, “linear translation” in M;(RY) should be a path t € [0,00) — u(t) €
M; (RY) given by u(t) = v * A(t), where t ~» \(t) satisfies A\(0) = Jo and
A(s+1t) = A(s) * A(t). That is, u(t) = v x A(t), where A\(¢) is infinitely divisible.
Moreover, because L is local, the only infinitely divisible laws which can appear
here must be Gaussian. With these hints, we now take Q(t,x) = Veb(x),ta(x)s
the distribution of y ~» & + tb(x) + t20(x)y under 401, where o : RY —
Hom(RM;RM) is a square root? of a in the sense that a(x) = o(x)o(x)". To
check that Q(¢,x) will play the role that = + tb(x) played above, observe that
if ¢ € C2(RY;C) and ¢ together with its derivatives have at most exponential
growth, then

(0, Q(t, %)) — p(x) = / (L%, Q(r.2) dr,

(18) | X N
where L¥p(y) = 3 Z a(x)0y, 0y, o(y) + Z bi(x)0y,0(y)-

2 At the moment, it makes no difference which choice of square root one chooses. Thus, one

1
might as well assume here that o(x) = a(x)2, the non-negative definite, symmetric square
root a(x). However, later on it will be useful to have kept our options open.
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To verify (18), simply note that

;i@o, Q(t,x)) = d% /RN o (x + o(x)y + th(x)y) 70,1 (dy)

:/RN ap(x+a(x)y+tb(x))Ay< ! ge_yzltz> dy,

and integrate twice by parts to move the A over to ¢. As a consequence of either
(18) or direct computation, we have

(19) / ly* Q(t,x, dy) = |x + tb(x) ’2 + tTrace(a(x)).

Now, for each n > 0, define the Euler approximation ¢ € [0,00) — p,(t) €
M; (RV) so that

a0 =v and a(6) = [ Q(t = m27".y) un(m2 ", dy)

for m2™" <t < (m+1)27".

(20)

By (19), we know that

/RN v I pn(t, dy) = /RN [|y + (t—m2"")b(y)|”

(21)
+ (t— m2_")Trace(a(y))] pin (M27™, dy)

for m2=" <t < (m+1)27".

LEMMA 22. Assume that

Trace(a(x)) + 2|b(x)[?

23 A=

(23) 4 7 X2

Then

(24) sup / (1 + [yP) jn(t, dy) < 0+ / (1 + [x]?) (dx).
n>0 JRNY RN

In particular, if [ |x|*v(dx) < oo, then {u, : n > 0} is a relatively compact
subset of C ([0, 00); My (RY)).



16

PROOF: Suppose that m2™" <t < (m+1)27", and set 7 =t — m2~". First
note that

|y + 7'b(y)|2 + TTrace(a(y))
= |y]* +27(y,b(y)) gv + 721b(y)|? + TTrace(a(y))
< |yl* + 7[lyl* + 2b(y)|* + Trace(a(y))] < lyl* + (1 + X7 (1 + [y]*),

and therefore, by (21),
[ P e dy) < (14 @4 07) [ @19 o (m2 7 ).
Hence,
JCE G
< (@2 (1 (L 07) [ ) vlay)

< 1+t /(1 + x[?) v(dx).

Next, set f,(t,€) = [/(\)](5) Under the assumption that the second moment
S=/[ ]x\2 (dx) < oo, we want to show that {f, : n > 0} is equicontinuous at
each (t,&) € [0,00) X RN Since, by (24),

pin (8, B(0, R)C) < S(1+ R?) ™1V,
the last part of Theorem 17 says that it suffices to show that, for each & € RV,

{fn(-,€&) : n >0} is equicontinuous at each ¢ € [0, 00). To this end, first observe
that, for m2™" <s <t < (m+1)27",

| fu(t,€) — /| (& )(E) — [Q(s, WI(E)]| ptn (M2, dy)
and, by (18),

QL ))(€) — [Q(s, )]()]] = ( / Lee(y') Q(m,y, dy'>> dr
< (t =) (36 a)€)pe + ELON) < H+ N1+ [y)(1+ 1€ - 5),

where eg(y) = ' ¢¥)av | Hence, by (24),

:6) — 1,8 < CEVEIED 000 14 2y a - ),
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first for s < t in the same diadic interval and then for all s <¢. O

With Lemma 22, we can now prove Theorem 13 under the assumptions that
a and b are bounded and that [ |x|? v(dx) < cco. Indeed, because we know then
that {s, : n > 0} is relatively compact in C([0,00); M (RY)), all that we have
to do is show that every limit satisfies (15). For this purpose, first note that, by
(18),

ent®) ~ o) = [ ([ 10700 = (o)) o
for any p € CZ(RY; C). Next, observe that, as n — oo,
(LY, QT — [7]n,y)) — Lep(y)
boundedly and uniformly for (7,y) in compacts. Hence, if
[, — o in C([0,00); Ml(RN)),
then, by Theorem 17,

(@ tiny (1)) — (o, p(t)) and
/0 (/(Lyw,Q(T —~ [T]n,y)mn(h]n,dy)) dr —>/O (Lo, (7)) dr.

Before moving on, I want to show that [ |x|?v(dx) < oo implies that (15)
continues to hold for ¢ € C%(RY;C) with bounded second order derivatives.
Indeed, from (24), we know that

*) / (1+ |y [2) u(t, dy) < 0+ / (1+ |y P?) v(dy).

Now choose ¢ € CZ®° (]RN; [0, 1]) so that ¢ = 1 on B(0,1) and ¢ = 0 off of B(0, 2),
define ¥r by Yr(y) = ¢(R™'y) for R > 1, and set or = ¥ryp. Observe that?

)| ., [Ve(y)l

vV IV2o(y) s,
EnTA TN

is bounded independent of y € RV, and therefore so is If_ﬁ(;"%‘. Thus, by (*),

there is no problem about integrability of the expressions in (15). Moreover,
because (15) holds for each ¢g, all that we have to do is check that

(o, u(t)) = lim {pr, u(t))

/0 (Lo, p(r)ydr = lim | (Lo, u(r)) dr.

R—oo Jg

3 We use ||o||u.s. to denote the Hilbert—Schmidt norm |, /Zij ij of o.
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The first of these is an immediate application of Lebesgue’s Dominated Conver-
gence Theorem. To prove the second, observe that

Lor(y) = ¢r(y)Lo(y) + (VYr(Y), aly)Ve) gy + 0(y) LYr(y)-

Again the first term on the right causes no problem. To handle the other two
terms, note that, because 1 is constant off of B(0,2R) \ B(0, R) and because
Viyr(y) = R7IVy(R™ly) while VZr(y) = R72V%)(Ry), one can easily
check that they are dominated by a constant, which is independent of R, times
(14]y1*)1(g,2r) (|y])- Hence, again Lebesgue’s Dominated Convergence Theorem
gives the desired result.

Knowing that (15) holds for ¢ € C?(RY; C) with bounded second order deriva-
tives, we can prove (16) by taking ¢(y) = 1 + |y|? and thereby obtaining

[ iv?utay)
- /(1 + |y|?) v(dy) + /Ot (/ [Trace(a(y)) + 2(y, b(y))RN} (T, dy)) dr
< fs iy viav) +4 / t ( Ja+Pac, dy>) dr,

from which (16) follows by Gronwall’s lemma.

Continuing with the assumption that [ |x|?v(dx) < oo, I want to remove
the boundedness assumption on a and b and replace it by (14). To do this,
take g as above, set ar = Yra, by = Yib, define L; accordingly for a; and
by, and choose t ~» p(t) so that (16) is satisfied and (15) holds when p and
L are replaced there by uy and Ly. Because of (16), the argument which was
used earlier can be repeated to show that {ux : & > 1} is relatively compact in
C ([0, 00); M7 (RY)). Moreover, if p is any limit of {uy : k& > 1}, then (16) is
satisfied and, just as we did above, one can check (15), first for ¢ € C2(RY;C)
and then for all ¢ € C?(RY;C) with bounded second order derivatives.

Finally, to remove the second moment condition on v, assume that it fails,
and choose r; ' 0o so that

o1 =v(B(0,71)) > 0 and o, = v(B(0,7%) \ B(0,7—1)) > 0 for each k > 2,

and set v; = oy 'v | B(0,71) and vy = o, 'v | B(0,71) \ B(0,75—1) when k > 2.
Finally, choose ¢ ~ puy(t) for L and vy, and define u(t) = > 7| appur(t). It is
an easy matter to check that this u satisfies (15) for all ¢ € C2(RY;C).

REMARK 25. In order to put the result in Theorem 13 into a partial differential
equations context, it is best to think of ¢ ~ u(t) as a solution to Oy = LT u(t)
in the sense of (Schwartz) distributions. Of course, when the coefficients of L
are not smooth, one has to be a little careful about the meaning of LT ().
The reason why this causes no problem here is that, by virtue of the minimum
principle (cf. §2.4.1), the only distributions with which we need to deal are
probability measures.
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Transition Probability Functions

Although we have succeeded in solving Kolmogorov’s forward equation in
great generality, we have not yet produced a transition probability function. To
be more precise, let S(x) denote the set of maps ¢ ~~ u(t) satisfying (15) with
v = J,. In order to construct a transition probability function, one must make
a measurable “selection” x € RY —— P(-,x) € S(x) in such a way that the
Chapman—Kolmogorov equation (9) holds. Thus, the situation is the same as
that one encounters in the study of ordinary differential equations when trying
to construct a flow on the basis of only an existence result for solutions. In the
absence of an accompanying uniqueness result, how does one go about showing
that there is a “selection” of solutions which fit together nicely into a flow?

It turns out that, under the hypotheses in Theorem 13, one can always make a
selection x € RY +—— P(-,x) € S(x) which forms a transition probability func-
tion. The underlying idea is to introduce enough spurious additional conditions
to force uniqueness. In doing so, one has to take advantage of the fact that, for
each x € RV, S(x) is a compact, convex subset of M (RY) and that, if y — x in
RN, then limy_,x S(y) € S(x) in the sense of Hausdorff convergence of compact
sets. Because I will not be using this result, I will not discuss it further.

Another strategy for the construction of transition probability functions, one
that is more satisfactory when it works, is to see whether one can show that the
sequence in Lemma 22 is itself convergent. To be more precise, for each n > 0,
let t ~» P, (t,x) be constructed by the prescription in (20) with v = §,. Then, as
we showed, {P,(-,x) : n > 0} is relatively compact in C}, ([0, 00); M1 (RY)) and
every limit point is a solution to (15) with v = dx. Now suppose that, for each x,
{P,(-,x): n >0} is convergent, and let P(-,x) be its limit. It would follow that
(t,x) ~» P(t,x) has to be a continuous transition probability function which, for
each x, would solve (15). To check the Chapman—Kolmogorov equation, note
that, by construction, for any n > 0, ¢ € C,,(RY;C), and t € [0, c0),

() Pa(s 4 1,%)) = / (2 Pa(t,y)) Pa(s. %, dy)

whenever s = m2~" for some (m,n) € N2. Hence, after passing to the limit, one
has

(0, P(s + £,%)) = / (o, P(ty)) P(s,x, dy)

whenever s = m2~" for some (m,n) € N2, which, by continuity with respect to
s, would lead immediately to (9).

The following theorem gives a condition under which one can prove that the
required convergence takes place.

THEOREM 26. Let a:RY — Hom(RY;RY) and b: RY — RY be given, and
define L accordingly, as in (12). Further, assume that there exists a square root
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o : RN — Hom(RM;RV) of a such that

(27) sup llo(x) — U(a;’)||H.s, \//| b(x) — b(z)| .
rH#x! T — 1

Then there exists a continuous transition probability function
(t,x) € [0,00) x RY — P(t,x) € M;(RY)

to which the sequence {P, : n > 0} in the preceding discussion converges in
C([0,00) x RY; My (RY)). In particular, (t,x) € [0,00) x RY — P(t,x) €
M, (RY) is a transition probability function with the property that, for each x €
RN, ¢ ~~ P(t,x) solves Kolmogorov’s forward equation for any ¢ € CZ(RV;R).

In order to prove this theorem, we must learn how to estimate the difference
between P, (t,x) and P,,(t,x) and show that this difference is small when n,
and ng are large. The method which we will use to measure these differences
is called coupling. That is, suppose that (u1,po) € M1 (RY)2. Then a coupling
of py to po is any i € Mi(RY x RY) for which u; and po are its marginal
distributions on RV, in the sense that

pn(T) = i x BY) and po(T) = i(RY x T,
Given a coupling of 1 to o, an estimate of their difference is given by

1
2

(¢, 12) = (, 1) | < Lip(e) (/ ly —v'|* i(dy x dy ))

Equivalently, a coupling of 1 to us means that one has found a probability space
(2, F,P) on which there are random variables X; and Xs for which p; is the
distribution of X;. Of course, it is only when the choice of i is made judiciously
that the method yields any information. For example, taking i = py X us yields
essentially no information.

Z" on (RM) , and given x € RV

) where X,,(0,x,w) =Y,(0,x,w) =

To construct our coupling, take P
and n > 1, set Z,(t,x,w) = (X n(t,,

x, and, for m > 0 and m2™" <t < ( m+1)

(70,
w)
w)

Xn(t,x,w) = X,,(m27", x,w) + (t — m2_")%a(Xn(m2_"))wm+1
+ (t = m27™")b(Xp(m27™))

if m is even,

Xn(t,x,w) = X, (m27", x,w) + (t —m2™" %U(Xn = 1)27"))wm1
+ (t = m27™")b(Xp((m —1)27"))
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if m is odd, and
Y. (t,x,w) =Y, (m27 " x,w) + (t — m2_”)%o(Yn(m2_"))wm+1
+ (t = m27™)b(Yo(m27™)).

Clearly, P,(t,x) is the distribution of Y,,(¢,x) under P. To see that P,_1(¢,x)
is the distribtution of X, (¢,x), use the fact that, for odd m and m2™" < t <
(m+1)27", 275w, _1 + (t — m2 ™) 2w, has the same distribution under PP as
(t — (m —1)27™)wy,. Thus the distribution of Z, (¢,x) under P is a coupling of
P,_1(t,x) to P,(t,x).

We will begin by showing that for each T' > 0 there is a C(T') < oo such that

(28) sngEPHZn(t,x) — Zn(s,x)|2] <OMA+|x*)(t—s) for0<s<t<T.

Set

St = (s ) ) = (0 )

if m is even, and

_ (o(Xu((m—1)27" %)) _(b(Xn((m—1)27",%))
Bmon (@) = ( o (Y, (m27",x)) ) and Binn = ( b(Yn(m27",x)) )

if misodd. If m2™ <t < (m+1)27", then
| Z(t, %) — Zp(m27", %)% < 2(t — m2_")|2m,nwm+1|2 +2(t — m2_”)2|Bm,n|2,
and therefore, since wy,1 is independent of ¥, .,

EPHZn(t, X) — Zn(m27”,x)|2]
<20t —m2 ME[||Smnllfis] + 20t — m27")?EF[| By .7
Noting that (27) guarantees that (23) holds, and remembering that P,_;(7,x)
and P, (7,x) are, respectively, the distributions of X, (7,x) and Y, (7,x), one

can apply (16) to see that both the preceding expectation values are bounded
by a constant C' < oo times e(!**) (1 4 |x|?). Hence,

E¥[|Z,(t,x) — Zo(m2™",x)|?] < 4C(t — m27 ™) eV 4 |x|?).

Next suppose that mq < ms. Then

2

m2—1 m2—1
| Zn (M2 %)= Zn (ma 27", %) P < 27" S S wmga | 4272 Y B
m=mi m=mi

2
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By taking advantage of the independence of %,, ,, and w,, from w,,’ for m’ > m,
one sees that

2

mz—l m2—1
E° || D Swwwmr| | = Y EF[[Smallfis] < Clma—my)e V™27 (14]x]%).
At the same time,
m271 2 m271
E]P Z Bm,n < (m2_m1) Z ]EIP’ [|Bm,n|2] < C«<m2_m1)2e(1+/\)m22 7L(1—|—|X|2)-
m=mi m=mi
Hence,

EPUZn(mgQ*”,x) — Zn(m127",x)|2]
< 2C((m2 _ ml)an + (m2 _ m1)2272n)e(1+)\)m22*”(1 n |X|2),

and so, after one combines this with our earlier estimate, (28) follows.
Now set Ay, = Y, (m27",x) — X,,(m27",x). Then

Aerl,n - Am,n = 27§Am,nwm+1 + 27”Dm.n7
where

Apn = U(Yn(m2_”))—a(Xn(m2_”)) and Dy, ,, = b(Yn(m2_”))—b(Xn(m2_")).

Hence
m—1 m—1
Am,n =272 Ak,nwk—i-l + 27" Z Dk,na
k=0 k=0
and so
m—1 2 m—1 2
|Am,n|2 < gt Z Ak,nwk-‘rl + 272l Z Dk,n
k=0 k=0
Just as before,
m—1 2 m—1
P P 2
B || Aenwirr| | =D B[ Aknlifis]
k=0 k=0
and
m—1 2 m—1
P P 2
E° [|> Din| | <m > E"[|Dpal?].
k=0 k=0
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Thus,

m—1

EF[|Amal?] <27 (14 m27") > B[ Aknlifs. + [ Deml’].
k=0

Using (27), one can find an C' < oo such that
1Ak nllEs. + 1Drnl* < ClAkL|?
when k is even and
1Ak nllfs. + 1Denl* < C(1AR[* + [ Xn (k27" %) = X ((k = 1)277)]%)
when £ is odd. Hence, by (16),

m—1
EF[| A nl?] < 277K (m27") (14+]x[*)+27"K (m2~")e V2 N "B [|A, 7],
k=0

where K (T') = 2CC(T)(1+ T'); and, using induction on M, one concludes from
this that

—n K 9—n m—1
EP[|Amnl?] < 27K (m27™) (1 + |x|?)etTHm2 <1+(772”Ln)>

<27"K(m27")(1+ |X|2)e(1+>‘+K(m27n))m27n.
Therefore, for any R > 0, there exists a C'(R) < oo such that
EP[|Y,(m2™",x) — X,(m2™",x)|]* < C(R)2"%
if m2™" < R and |x| < R, and, after combining this with (28), one has

(*) sup  EP[|Y,,(t,x) — X, (t,x)2] < C(R)27%.

tV|x|<R
for some C(R) < co. Given (*) and the fact that, for each x, P(-,x) is a limit
point of {P,,(-,x): n> 1} in C([0,00); My (RY)), it follows that

sup |<907P(tvx)> — (e, Pn(t,X)>| < 2C(R)||90||Lip2_%7
tVIx|<R

and from this it is an easy step to the conclusion that
P, — P in C([0,00) x RY, M;(RY)).

Now that we have a transition probability function for which Kolmogorov’s
forward equation holds, one might expect that we can show that his backwards
equation holds. However that would reguire our knowing that x ~» P,p(x) is
differentiable, and in general it is not.
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A Digression on Square Roots: The preceding brings up an interesting
question. Namely, knowing L means that one knows its coefficients @ and . On
the other hand, a does not uniquely a o for which a = oo ", and the choice of ¢
can be critical since one would like o to have the same smoothness as a. From
that point of view, when L is uniformly elliptic (i.e., a > €I for some € > 0),
the following lemma shows that it is hard to do better than take o to be its
positive definite square root a?. In its statement and proof, I use the natation

N
ol = i and 0% = 95} -+ 95V
i=1

for a € NV,

LEMMA 29. Assume that a > €l. If a is continuously differentiable in a
neighborhood of x, then so is a2 and

1 [|0z; a(x)|
e

Moreover, if n > 1, then there is a C';, < oo such that

ol (maxa||<n [0=a)]l,, ) '

max Hao‘a(x)Hop < Cpe? Z

lefl=n — €
k=1

when a is n-times continuously differentiable in a neighborhood of x. Hence, if
acCp (]RN; Hom(RY; ]RN)), then so is aZ.

ProOF: Without loss in generality, assume that x = 0 and that there is a
A < oo such that a < AT on RV,
Set d =I—%. Obviously d is symmetric, 0I < d < (1—<)I, and a = A(I-d)

1
Thus, if (g) =1 and
1

(- D=

are the coefficients in the Taylor expansion of z ~» (1 4 z)2 around 0, then

:<—1>m (m> am

m

converges in the operator norm uniformly on RY. In addition, if A is an eigen-
value of a(y) and & is an associated eigenvector, then d(y)&€ = (1 — %)E, and

i <A5 P (i) d"%y)) €= N3¢,
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Hence,

N
N

() at = A 2(—1)”1(3%)61@

m=0

Now assume that a is continuously differentiable in a neighborhood of 0. Then
it is easy to see from (*) that

Oyt (0) = —A~1 (Z mi-1"(3) <o>) 0,,0(0),

m=1

where again the series converges in the operator norm. Furthermore, because
1
(=1)™(2) >0 for all m >0 and d(0) < 1 — <,

> mi-1y ()0

m=1 op
> 1 L 1 Az
2 -1_1 -3 _
te 3 w1 (2 IO = (1 140))F = .
m=1
and so the first assertion is now proved.
Turning to the second assertion, one again uses (*) to see that if ||a|| = n

then

g — S _1\kAR—EK - m! _1\ym % m—k
a(0) = S (1A (mz_k 0 (2)a <o>>
X ( > aala(o)---aaka(o)> .

o+ tag=a

<|(2)

and from here it is easy to complete the proof. [J

Proceeding as above, one see that
1

m=k

op

In view of Lemma 29, what remains to examine are a’s that can degenerate.
In this case, the a? will often not be the optimal choice of o. For example, if
N =1 and a(z) = #2, then a? () = ||, which is Lipschitz continuous but not
continuously differentiable, and so it is obviously that o(xz) = x is a preferable
choice. Another example of the same sort is

a(x)—((l) 0 ) for x € R?.

x[?
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Again a? is Lipschitz continuous but not differentiable. On the other hand, if

o<x>=<é 0 3?2),

then a = oo " and o is smooth. However, it can be shown that in general there
is no smooth choice of ¢ even when a is smooth. The reason why stems from
a result of D. Hilbert in classical algebraic geometry. Specifically, he showed
that there are non-negative polynomials that cannot be written as the sum of
squares of polynomials. By applying his result to the Taylor’s series for a, one
can show that it rules out the possibility of always being able to find a smaooth
0. Nonetheless, the following lemma shows that if all that one wants is Lipschitz
continuity, then it suffices to know that a has two continuous derivatives.

LEMMA 30. Assume that a has two continuous derivatives, and let K < oo be
a bound on the operator norm of its second derivatives. Then

a2 (y) —a®(x)|us. < NV2-1K]y —x|.

PROOF: The proof turns on a simple fact about functions f : R — [0,00)
that have two continuous derivatives and whose second derivative is bounded.
Namely,

) SO < V20 ”[uf(0).

To prove this simply use Taylor’s theorem to write

2
0< 1) < FO)+ hy'0)+ 171

and minimize the right hand side with respect to h.
Turning to the stated result, first observe that it suffices to prove it when a is
uniformly positive definite, since, if this is not already the case, we can replace s

by a+ €l and then let € N\, 0. Assuming this uniform positivity, we know that az
1

has two continuous derivatives, and we need to show is that |0;,a7| < V271K.

For this purpose, let x be given, and, without loss in generality, assume that

. . 1 1
a(x) is diagonal. Then, because a = aza?,

D 41 (X) = D12, (%) (Vi (%) + 1 /a5(%)) = 0y (x)1 /(%) + a5(x),

and so

|02, a5(x)| .
aii(x) + a;;(x)

|0 a2 (x)] <

k1)
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When i = j, apply (*) to f(h) = a(x + hey), and conclude that

|0xka%(x)| S vV QKCL“'(X),

which means that )
|8wkafi(x)} < V271 Kai(x).

When i # j, set
fe(h) = aii(x + hey) £ 2a;;(x + heg) + a;;(x + hey).

Then, by (*),

|axkaij<x)| < |f+(0)|l—|f—(0)’ < \/2—1‘[(((1“4(3()_|_ajj(x))7

and so

|8$ka§j(x)| <vVv2-lK. 0O

Euler’s Approach to Ito6 Integral Equations

Let W denote Wiener measure on C([0,00); RM) and set Wy, = o({w(7) : 7 €
[0,¢]}) for t > 0.

Given ¢ : RY — Hom(RM™;RY) and b : RV — RV satisfying (27), define
X, (t,x) for n >0 and (¢,x) € [0,00) x RY so that X,,(0,x) = x and

X (t,%) = X ([tn, %) + 0 (Xn ([, %)) (w(t) —w([t]n)) +0(Xn([tln, %)) (t = []n)-

Then, for each (¢,x) € [0,00) x RV and n > 0, the distribution of X,, (¢, x) under
W is the measure P, (t,x) described in the discussion preceding Theorem 26. In
particular, for each T' > 0,

EV[| X, (¢, x)?]
sup sup 5 < 00
n>0 (¢,x)€[0,T] xRV L+ [x]

for all 7' > 0. In addition, it is clear that X, (¢,x) is Wi-measurable.
Set

L(tx)= Y o(Xp(m27",x)) (w((m+1)27" At) — w(m2™")

m<2nt

and
Bu(t,x) = > b(Xp(m27",x))(((m+1)27" At) = (m27").

m<2nt
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Note that if m2™" < s <t < (m+1)27", then, because w(t) — w(s) is indepen-
dent of Wy,

BV [1(t,x) — Iy (s,%x) | W] = o(Xn(m27",x))EV [w(t) — w(s) | W,] =0,

and therefore that (In(t,x), Wy, W) is a continuous, square integrable martin-
gale. Similarly, if m2™" < s <t < (m+1)27™", for any £ € RV,

V(& 1t g = (& Tul: %)) | W]
= B[ (& 1nt: %)) g — (€ Tu(t, %)) ) W]

N

— Z (U(Xn(m27”, X)Tg)i(a(Xn(m27”, X)TE)].EW [(w(t)l - w(s)l) (w(t)j - w(s)j) | T/VS]

= (& a(X(m27",x))€) pu (£ — 5).
Thus,

(616003~ [ (€l W20

is a martingale, and so
EW [|In(t,X) - In(57X)|2] = EW [|I’ﬂ(t7 X)|2 - |In(37 X)|2]

_ W Ut Trace(a(X ([}, x))) dT} .

At the same time, B, ( fo x)dr, and so

WIBn(t,x) — Ba(s,x)[?] < (ts)/ EW [16(Xn ([T]n, x))[?] dr.

s

Hence, for each T' > 0,

X _ WX (t,x) — X, (s, x)|?]
®) KD=swp s —ixpi-s -

Obviously,
| X0 (t, %) = X1 (8, %) |2 < 2|1, (t,x) — Tn_1(t,x)|> + 2| Bn(t,x) — Bp_1(t,x)|%.

Using the same line of reasoning as above, one sees that

(10005 = st = [ o (i) = o (s e
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is a continuous martingate. Hence, since (In(t, x) — L1 (t,x), Wy, W) is a con-
tinuous martingale, Doob’s inequality says that*

EY [HIn( ) 7X> - In—l( : vX)H[QO,T]] < 4RV [|In(T7 X) - In—1<Ta X)|2]
T
_ 4 / E [0 (X, ([7]s %)) = (X1 ([Fln-1,%)) [35.] dr
T
<8/O EV[lo(Xn([7]n, %)) — 0(Xn([T]ne1,%))llEs ] d

+ 8/0 EV [llo(Xn([7]n-1,%)) = 0(Xn-1([7]n-1,%))[f1s.] dr-
At the same time,
B, (t,x) — Bn_1(t,x)|2 gt/o 16(X0 ([7]0s %)) = (X1 ([Tn1, %)) | dr
< 2t</0 16(X([T]0s %)) = b(Xn([Tln1, %)) | dr
+/O 5(Xo (71, %)) = b(Xnt ([P, )| dT).

After combining these with (*) and using the Lipschitz continuity of ¢ amd b,
one sees that there is a A < oo and, for each T' > 0, a C(T') < oo such that

1044 [||Xn( %) — Xpo1(- 7X)||[20,t}]

t
<COM(1+ K27+ )\/ EV[[1Xn(-,%) = Xnor(-2)|3] dr
0

when ¢ € [0, T]. Hence, by Gronwall’s lemma,
EV X0 (%) = Xnoa (%)l ] < 27"C(T)(1 + [x[*))eM
Starting from the preceding, one sees that, for any m > 0,

EY [sup [ Xo(+,%) = X (-, %) 7] <27 F20(T)M (1 + [x[%),

n>m
and therefore, for each x € RV, there is a measurable map

w € C([0,00); RM) — X (-,x) € C([0,0); RY)

4Tt P [07 OO) — RNv then H¢H[s,t] = Sup{l’(p(’l')l tTE [Sat]}'
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and another constant C'(T") < oo such that
(31) EV[IX (%) = Xa(,0) fo 7] <27°CTMA + [x).
Maringales Everywhere: Since, X, (¢,x) and I, (¢,x) are

W, = o({w(r) : 7 € [0,t]})-measurable,

X(t,x),
B(t,x) = /0 b(X(7,x))dr, and I(t,x) = X (t,x) — x — B(t,x)

are W;-measurable.®> In addition, because (In(t,x),Wt,W) and, for each & €
RN

7

2

((s,m,x))RN - (€ (X[ 20)E) o Wt,W>

are martingales for all n > 0, it follows from (31) that (I(t,x), Wt, W) is also
a continuous, square integrable martingale and, for each & € RV, that

t
2 E—
<(£,I(t,x))RN - [ 6.l ar Wt,W>
0
is a martingale. Using the polarization identity

4(577’])RN = (E + 7775 + TI)RN - (5 - 7775 - n)RNa
one sees that

t
0

((S,I(tX))RN (1, X (t,1)) g —/ (& a(X (7,%))1) g dT, W, W)

is a martingale for all £, € RY. Hence we have now proved that
(I(t,x),Wt, W) and
(32) (I(t, x) @ I(t,x) — /t a(X(1,x)) dr, Wy, W>
are m:rtingales.

When ||af|, = ||Trace(a)||, is finite, there is another important family of
martingales associated with I. Obviously,

3 -n —n
La(&x) < lalld D w(t A (m+1)27") — w(m27")],
m<2mt

51 use W; here to denote the completion of W; with respect to W.
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and so EV [ 2] < o0 for all A > 0 if |||afl, < co. Next, given n > 0 and
¢ €CN, set

An(t,x) —/0 a(X([T]n,X>) dr
and Ee(t,x) = exp(((,]n(t,x))RN . %(C,An(t,x)C)RN>.

Our first goal is to show that (E¢,,(t,x), W, W) is a martingale when |[[|a|, <
oo, and the arguement is very similar to the one given to prove the martingale
property for I,,(t,x). Namely, if m2™" < s <t < (m + 1)27", remember that
w(t) — w(s) is independent of Wy, and conclude that

EY [EC,n(t7 x) | Ws} = E¢ (s, X)EW {exp((c, o(Xn(m27", x))(w(t) — w(s))RN

3 FTS(C7Q(X(TTL27”7X))C)RN) ‘Ws}
= B¢ n(s,x),

from which the asserted martingale property follows immediately.
As a consequence of the preceding, we know that

W [e@,fn(ux))RN—%le] <1 forall &£ eRY,

and therefore

[In (t,%)|2

(1 +tlallu) " FEW e Tl | —/ EW [e(é,ln(nx))m77””‘;‘”“|£|2]%71(d€) <1
]RN

Hence
wr SnGol2
E [62<1+tmamu)] < (1 + t|||a|||u)

N
2

Knowing this, and defining
t
B(t,x) = / b(X(7,x)) dr and I(t,x) = X(t,x) — x — B(t,z),
0

it follows from Fatou’s Lemma that

11(t,%)|2 N
2

(33) EW [ez<1+t’mamu>] < (1 +tl|alll)

In addition, if

A(t,x) :/0 a(X(7,x)) dr
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and

Ee(t,%) = exp (€ 1(:3)) g = 3(C AW X0 ) )
then {E¢ ,(t,x) : n > 0} converges to E¢(t,x) in L'(W;C), and so
(34) (E¢(t,x), Wy, W) is a martingale for each ¢ € C".

Continuing under the assumption that ||a||, < oo, we will now show that

<g0(M(t,x)) -1 /O t Trace(a(X (7, %))V (M (7,x)) dr, W, W>

(35) is a martingale for all ¢ € C*(RY;C) for which there is a A > 0

such that sup e || V2p(y)||lus. < oo,
yERN

and, under the additional that assumption that ||b]|, < oo, that

(go(X(t,x)) - /O Lo (X(r,x) dr, T, w)

(36) is a martingale for all ¢ € C*(RY;C) for which there is a A > 0
such that sup e_’\‘y‘”Van(y)HH,s, < 00,
yeERY

which is the pathspace statement that the distribution of X (-, x) satisfies Kol-
mogorov’s forward equation.

To this end, begin by observing that, given (33), standard approximation
arguements show that it suffices to handle ¢ € .#(RY;C). Furthermore, if
o € .Z(RV;C), then

2 (xe0) = [ Loxx) ar)
_ / (e—z'(s,xu,x)x)RN
.
[ O (it X (0

+ HE.a(X (X)) ) dr ) (6)

and so it suffices to prove (36) when ¢(y) = e(¢¥)# . The same line of reasoning
shows that it suffices to prove (35) for e(¢¥)=¥  and both of these are easy
applications of the following lemma.
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LEMMA 37. Let (2, F,P) be a probability space and {F; : t > 0} a non-
decreasing family of sub-o-algebras. Suppose that (M (t), F;,IP) is a continuous
C-valued martingale and that {V (t) : t > 0} is a family of of C-valued random
variables such that V(t) is Fy-measurable for each t > 0 and t ~ V (t)(w) is a

continuous function that has bounded variation (|V|(T))(w) on [0,T] for each
T>0.If

1M () o,y (IV(0)] + [VI(T)) € L' (P;R) for all T > 0,
then .
(M(t)V(t) —/0 M(T)dV(T),]:t,]P))
is a martingale.

ProoF: Given 0 < s <tandI € Fy, set 7, p = 5+ %(t — s) and write

E°[M(t)V () = M(s)V (s), I'

n—1
Z EP [M(Tm+l,n)v(7—m+l,n - M(Tm,n)V(Tm,n)7 F]
m=0

E" Z_: M(Tm-i-l,n)(V(Tm—&-Ln) — V(Tm,n)), I‘] ,

where I have used the martingale property of M in passing to the second line.
Now observe that

n—1

S M (s 1.0)(V(Fnsin) = V(Tmn)) — / M(r)dV(r) in L}(P;C),

m=0

and therefore that

EF [M)V(t) — M(s)V(s), T'] =E" U M (7)dV (7), r} . O

Given Lemma 37 and the remarks preceding it, the proofs of (35) and (36)
come down to writing e(¢T(:X)ev a9

t
Eeltx)exp ( [ 3¢.alx(r20¢) 5 dr )
and e(&X X)) a9
t
e(¢X)my E¢(t,x) exp </0 ((C, b(X(t,X))RN + 5 (¢ a(X(r, X))C)RN> dT) :

Some Applications of these Martingales: There are a lot of applications of
the preceding results, the first of which is the following localization result.
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LEMMA 38. Suppose that 5 : RY — Hom(RM;RY) and b:RY — RN are
another pair of Lipschitz continuous function, and define X (t,x) accordingly. If
6 =0 and b="0 on an open set G > x and ( = inf{t > 0: X (¢t,x) ¢ G}, then

W(X(EAN(x)=X(EA(x) fort >0) = 1.

PROOF: Set

t
I(t,x) = X(t,x) —x — / b(X(T, x)) dr.
0
By applying the second part of (32) when o and b are replaced by (g) and

(g), one sees that

t
- o 9 _
<|I(t,x) —I(t,x)]> - / |o(X (7, %) = 6(X(7,%)) || A7 Wt,W>
0
is a martingale. Thus, by Doob’s stopping time theorem,

EWII(tAC) = I(tA ¢ x)]

<0 [ BV IXEAGH) - K AGP]
0

where C' is the square of the Lipschitz constant for &. At the same time,

IX(tACx)— X(EAGX)2<2AI(EAE ) —I(EACx)|?

tAC o
+2/ b(X(7,x)) — b(X(7,x))]| dr,
0
and
tAC B t -
/ b(X(7,x)) — b(X(7,x))| dr < Ct/ |X (7 AC) = X(T AQ) dr,
0 0

where this time C is the square of the Lipschitz constant for b. Hence, after
combining these, we see that there is a C' < oo such that

EV[IX(EAE %) - X (A X)) < C(1+t)/0 EV[IX(EAE %) - X (EACx))?] dr.
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Since, by Gronwall’s lemma, this means that
EW[IX(tAEx) - X(EAEGX)] =0,

it follows that X (t A ¢,x) = X(t A (,x) (a.s.,V), first for each and then, by
continuity, simultaneously for all ¢ > 0. O

Lemma 38 will allow us to reduce proofs of many results to the case when o
and b are bounded.

LEMMA 39. Given p € [2,00), set

@Trace (aly)) + (v, b(y));@;"

Ap = sup

sup 1+ lyl?)? |
i @ﬂace(a(}’)));&;"
A) = sup g 7
verv (14 |ylp)?
and b
b(y)P
Bp = sup ——
P yery (1+[y[P)

Then there exists a constant C, < oo, depending only on p, A0

»» and By, such
that

=

Apt 1
EV[II( %) = I(s, %), ] » < Cpe> (14 [x])(t = 5)2

and

s =

EW[IX(-,x) — X(s,0)[2,y]7 < Cpe 5 (L4 [x])(t — 8)F V(¢ s)

for0 < s<tandxeRVN.

PRrROOF: For the present, assume that a and b are bounded and therefore that
(35) and (36) apply.
Begin with the observation that, if ¢,(y) = |y|?

_ _ Yy
Vu(y) = plyP%y and Hy(y) = Vp,(y) = y[P~? (p(P—2) v 2 +pI>'

Hence

Ly, = |y‘p72 (P(P - 1);?;;(}’)3’)11@ n PTraCGZ(CL(}’)) + (b(Y),Y)RN> < A (1+]y[?),
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and therefore, by (36),
t
EV[1+|X(tx)[P] <1+ x[P+ Ap/ EW[1+ X (r,x)["] dr.
0

Therefore, by Gronwall’s lemma,
(*) EW 1+ X (6x)[] < (1+ [x[P)e.
Since .
IB(- %) = Bl g < By [ (14 1X(r0) dr
it follows that
() EYIB(,x) — Bl ] < A1+ [xIP)(E - 5P,

Next observe that, by (35), for any & € RV,

t
(|I(t,:r) —¢P-1 / Trace(a(X (1,x))H,(I(1,x) — £)) dr, Wy, W)
0
is a martingale, and, as a consequence, for any s > 0,
tVs -
<I(t Vs, x)—I(s,x)[P — % / Trace(a(X (7,x))H,(I(1,x) — I(s,x))) dr, Wy, W>
is a martingale. In particular, for 0 < s < ¢,

EV[[I(t %) = I(s,)1”] <5 / EW[(1+ |X (r, %)) ? [1(r,x) — (s, %) P~] dr

<% (/: E¥[(1+1X(70)) dT)i (/: EV[|1(7,x) = I(s,x)|"] dT)l_i

2

< NO(t — s)e TRV [|I(tx) — I(s,2)”] 7,

where I used Holder’s inequality in the passage to the second line and, in the
passage to the third line, (**) and the fact that, because I(t V s,x) — I(s,x) is
a martingle, EW[|I(¢ V s,x) — I(s,x)|?] is a non-decreasing function of . By
combining the preceding with

p

< TV [I1(x) ~ (s, 2)]",

S1Gs

EW [HI( S x) — I(s, X)Hﬁ,tﬂ

the first estimate follows, and, since X (¢,x) —x = I(t,x) + B(t,x), it is clear
that the second estimate follows when one combines the first estimate with (**).
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In order to remove the assumption that a and b are bounded, for each R > 0,
set

y® = (41 AR)V (=R),....(yn AR)V (=R)),

and define og(y) = o(y) and br(y) = b(y™). Obviously, the quanties )\,

)\2, and 3, corresponding to ag = oro and by are dominatied by the original

ones, and, by Lemma 38, if Ir(-,x) and Xg(-,x) are the stochastic processes
determined by or and bg, then

R (%) = Ir(s, %)l = [1(+ %) = I(2,%)]|[s.1

and
[XR(-,%) = Xr(s,%) s,y = X (%) — X(8,%)|[s.4

if t < (g =inf{r: X(7,x) € [-R, RV }. Hence
EW (110 ,%) — 1(s, 0|1 3. Cr = 1] <EY [, %) — In(s,%) 2]
and
B [IX( %) = X(5,30W g, Cr > 1] < BV [ Xa(-,%) — Xa(s, 0l ]

Because (r ' o0 as R — oo, this completes the proof. [

THEOREM 40. For any ¢ € C?(RN;C) whose second derivatives have at most
polynomial growth,

<gp([(t,x)) -1 /0 t Trace(a(X (7,x))VZo(I(1,x)) dr, Wy, W)
and
(QO(X(t,X)) _ /0 Lo (X(r,x) dr, T, w)

are martingales.

PROOF: Determine Xg(t,x), Ir(t,x), and (g as in the last part of the proof of
Lemma 39. Using (35), (36), and Doob’s stopping time theorem and Lemma 38,
one sees that

tACR
(gp([(t AR, X)) — ;/0 Trace (a(X (T, x))V2p(I(T, x)) dr, Wy, W)

and

tACR
((p(X(t A (R, x)) — /0 Lgo(X(T, x)) dr, W, W)
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are martingales for all R > 0. Furthmore, by the estimates in Lemma 39,
tACR
I(tA\CR,x)) — 5/ Trace(a(X (7,x))V@(I(1,x)) dr
0
t
— I(t,x)) — ;/ Trace(a(X (7,x))VZp(I(1,x)) dr
0
and
IACR
(X (tACR,x)) —/ Lo(X(7,x))dr
0
t
— go(X(t,x)) / Lgo(X(T, X)) dr
0

in L*(W;C) as R — oo, and so there is nothing more to do. [

COROLLARY 41. For each p € [2,00) and T > 0, there exists a Cp,(T) < oo,
depending only on p, T, and the Lipschitz norms of o and b, such that

S

Y [IX( %) — X(, 0] < Gyl — 5.
PROOF: Define @, : R2VN = RN x RV +—— [0,00) by ®,(y,¥) = |y — ¥|?, and set

(y-y)o(y-vy)

Hy(y,y) =plp—2)ly -y’ P +ply —y[P°L
Then
Vo) =3 (7% ) mavien = (R0 R0
Next set
o _ (o) _ (b(y)
2(y,y) o(¥) and B(y,y) b(¥)
Then

and

Trace(XX (y,¥) ' V2®,(z,2))

(W) =o®) @=2 ) a<y>r|%{s.>.

|z — z[?

=p(p—2)|z —2|"~> (
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Hence, since, by Theorem 40,

<‘I’p (I(t,x),1(t,%))
_ /0 t Trace (S5 (X (7,x), X (7, %)) V28, (I(r, ), I(r, %)) dr, Wi, W)
and
(‘I’p (X(t,x), X(t,%))

o /O ((V(I)P(X(T7 X)? X(Tv i))v B(X(Tv X)v X(Tv i)))R2N

+ LTrace(SXT (X (1,x), X (, %)) V2P, (X (7, %), X (7, 5())) dr, W, W)

are martingales, we see that there is a K, < oo, depending only on p and the
Lipschitz norms of ¢ and b, such that

EW[|1(t,x) — I(t,%)|"]

< Kp/o EWHI(T, x) — I(1,%)|P 2| X (1,x) — X (1, 5()|2] dr
and
EV[|X(tx) — X(t,%)["] < |x— %" + Kp/o EV[|X (7, x) — X(,%)["] dr.

Starting from these and proceeding as in the proof of Lemma 39, one arrives at
the desired result. [

COROLLARY 42. There is a measurable map
w e C([0,00); RM) — Y (-, - )(w) € C([0,00) x R: RY)

such that X(-,x) = Y(-,x) (a.s.,WW) for each x € RN. Moreover, for each
a€l0,1),pe[l,00), and R >0

Y(-,y)-Y(-,
v [ wp C YCDom | |

x,y€[-R,R]N ly —x|*
XAy
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and
P

EW sup |Y(t7Y) B Y(57X)|

(s,x),(t,y)€[—R,R]N 1 |(t73’) - (57X)|%
(s,x)#(t,y)

ProOF: Given the estimates in Corollary 41, the existence of the map w ~~
Y (-, )(w) as well as the estimate on its Holder continuity as a function of x
are immediate consequences of Kolmogorov’s continuity criterion. As for the
estimate on its Holder continuity as a function of (¢,x), one can combine the
estimates in Lemma 39 and Corollary 41 to see that, for each p € [1,00) and
R > 0 there is a C(R) < oo such that

EW [|X(t7Y) - X(37X)|p] < C(R)|(t7y) - (57X)|g for (87X)7 (t7y) € [OR]N+17

and so another application of Kolmogorov’s criterion completes the proof. [

Warning: Although X(-,x) and Y(-,x) are not strictly speaking the same, I
will continue to use X (-, x) instead of Y'(-,x).

The Markov Property: In this section we will study the distribution Py on
C’([O, 00); RN) of X(-,x) under W. In particular, we will show that the family
of measures {Py : x € RV} satisfies the (strong) Markov property.

Before explaining what this means, observe that, as an application of Corollary
42, we know that x ~» EFx[®] is continuous for any bounded, continuous ® on
C ([0, o0); RV ) and therefore that it is Borel measurable for any Borel measurable
® on C([0,00); RY) that is either non-negative or in (), cgn L'(Px; C). Next let
¢ denote a generic element of C'([0,00);RY) and set B, = o ({¢(7) : 7 € [0,1]}).
Then a stopping time ( relative to {B; : ¢ > 0} is a measurable map ( :
C([0,00); RY) — [0, 00] with the property that {¢ <t} = {¢: ((¥) <t} € By
for all ¢ > 0. Associated with a stopping time ( is the o-algebra B¢ of sets
I' C C([0,00); RY) with the property that I'N{¢ < ¢} € B, for all ¢ > 0. One
can show that By = o({(t A¢) : t > 0}).5 Next define the time-shift maps
Ss 0 C([0,00); RY) — C([0,00);RY) so that $.1(t) = (s + ). Then the
Markov property that we will prove says that for any stopping time ¢ and any
non-negative, Borel measurable function ® on C ([0, o0); RV ) ,

/ (U, Sth) Pl i)

— / (/@(wl,%)]}”wl(c)(d%)) Py (dip1),

6 See Exercise 7.1.21 in the 2nd edition of my Probability Theory, An Analytic View.
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where 9(() = 1/1({(1/})), wc(t) =yt N(), and X¢p = Yy(¢)¥. In particular,
(44) EP*[® o 5¢ | B (1) = EF+@ [T for Py-a.e. ¥ € {¢ < oo}

for any non-negative, Borel measurable ¢ on C ([O, o0); RV )

Because B¢ = o ({¢/¢(t) : t > 0}), (44) follows immediately from (43). Fur-
thermore, (43) holds for general non-negative, Borel measurable ®’s if it holds for
bounded, continuous ones. Thus, assume that ® is bounded and continuous, and
let ¢ be a bounded stopping time on C'([0, co); RM) relative to {W; : ¢ > 0} with
values in {m2~‘: m > 0}. Then, for any n > ¢ and m >0, X™2 " (. x)(w) =
Xn(- ,w)(wmfz) and X0 ¢ X, (-, %x) = Xn( . ,Xn(mQ’e,x)(w))((SmQ_zw), where
w*(t) = w(s A t) and dsw(t) = w(s +t) — w(s). Hence,

\

BXE(- %) (w), Xl + €,x)(w) Wi(dw)

-3 /{ o ORI, X X2 )0 e)) W),
Because (8,w(t), Bstt, W) is a Brownian motion that is independent of By,
[ B30 )Xo Xm0 ) W)
= (007 o) X X2 ) W) ) W)
and so

PG )w), Xal €300 Wia)

= [ (] # RS Rw) Xe X () ) a)) W) ) W),
Using (31) and passing to the limit as n — co, one concludes that
JBOEEC R0 X+ 620 w) Widw)
= [ (] #0000 XX Glr) X)) W) ) W)

for any bounded stopping time ¢ with values in {m2~¢: m > 0} for some ¢ € N.
Now suppose that ¢ is a bounded stopping time, and define {, = [(]¢ + 2,
Then the preceding holds with (; replacing ¢, and therefore, by Corollary 42, it
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also holds for ( itself. Thus, by replacing ¢ by ¢ o X(-,x), we have proved (43)
for bounded stopping times ¢ on C'([0, 00); RY) relative to {B; : ¢ > 0}. Finally,
given any ¢ and T > 0, note that, by the preceding applied to ( A T,

/ (S, Betp) P (di)) = / Loy (C0) AT) BT, Senrth) P (d)
{¢<T}

- /{C<T} (/ P (Y1, 2) Pwl(C)(d%)) Py (dip1).

Thus (43) follows after one lets T' — oo.

Characterizing the Distribtuion: We have constructed the measure Py and
learned something about its properties, but, as yet, we have not characterized it.
That is, starting with coefficinets a and b, we have given a construction which
led to an associated Py, but there are many other construction methods that
we might have adopted, and the question is whether they all would have led to
the same place. To answer that question, we first have to decide what is the
essential property of the measures on pathspace to which all these constructions
lead. Once we have done so, we then need to know whether that property
uniquely determines a Borel measure on pathspace.

As we have seen, the measure P, to which our consstruction led has the
property that

<90(¢(t)) o) - [ Lo(u(r)) dr. &m)

is a martingale with mean value 0 for all ¢ € CZ(RY;R),

(45)

and we will say that such a measure solves the martingale problem for L
starting at x. Notice that if P(¢,x) is any transition function that satisfies
Kolmogorov’s forward equation

(o0 P30 = 90+ [ (e, Plrx) dn
and if Py is a measure on pathspace determined by
Px(¥(0) =x) =1 and Py (1(t) € T'| Bs) = P(t — s,9(s),T) (a.s.,Px),
for all 0 < s < ¢, then
E™[p(¢(t) = @(¥(s)) | Bo] = (¢, P(t = 5,9(s))) — ¥ (v(s))
. /Ots (L, P(r,9(s))) dr = /Ots B [Lop(4(s + 7) | B

t

= EF~ { Lo((r)) dr

S
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and so Py is also a solution to (45).

In view of the preceding, knowing that there is only one solution to (45) would
afford us the freedom to choose any construction method that led to a solution.
Thus it is important to know under what conditions (45) has a unique solution,
and, depending on the situation, there are several approaches that one can adopt
to find out. For example, consider the case when a = 0. If X(-,x) is a solution
to the O.D.E.

) X(t,x) = b(X (t,x)) with X(0,x) = x,

then the measure Px = dx(. x) will be a solution. Conversely, as the following
lemma shows, when a = 0, any solution Px to (45) will be concentrated on path
that satisfy (*), and so, when a = 0, uniqueness of solutions to (45) is equivalent
to uniqueness of solutions to (*).

LEMMA 46. Assume that Py satisfies (45). Then, for any ¢ € CZ(RV;R),

2

<s0(w(t)) —<P(X)—/Ot Lso(ﬂ}(T))C”) —/Ot(Vso,aV@)RN (¥(7)) (w(7)) dr

is Px-martingle relative to {B; : t > 0} with mean value 0. In particular, if
a =0, then

Py <1/J(t) =x+ /Ot b(y(7)) dr for t > 0) = 1.

Proor: Without loss in generality, we will assume that ¢(x) = 0.
Set

V() () = /0 Ly(¢(r)) dr and M(t)(¥) = (v (1)) = V(1)(¥).

Then, by (45) and Lemma 37,
M(t)* = @*(¥(t)) = 2M(t)V (1) — V(t)?

:/0 L@2(¢(7))d7—2/0 M(7)dV () — V(t)?
_ /0 (L — 20Lp) ((7)) dr +2 /0 V(r)dV(r) — V(1)?

— / (V. aVp) o (6(r)) dr.

where “~” is used here when the difference between the quantities it separaties
is a Px-martingale relative to {B; : ¢ > 0}, and, in the second line, I have used
the identities V (t)? = 2 fg V(r)dV(r) and Le? — 2¢pLe = (V,aV) -
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Now assume that a = 0. Then the preceding says that

E"~

(@W(t)) —p(x) — /Ot(b, V) (¥(7)) d7> 21 =0

for all p € C2(RV;R) and ¢ > 0, and from this it is an easy step to a proof of
the final assertion. [

When a # 0, proofs of unequeness are more technically demanding. One ap-
proach relies on existence results for solutions to either Kolmogorov’s backward
equation or closely related equations. To understand how this approach works,
it is helpful to have the following lemma.

LEMMA 47. Assume that Py is a solution to (45). If v € C’b([O,T] X ]RN;R) n
C2((0,T) x RN;R) and f = (0; + L)v is bounded on (0,T) x RY, then

tAT
(U(t/\T,w(t/\T)) —/ f(T,w(T)) dT,Bt,]P’x>
9
is a martingale. In particular, if f =0, then

(v(tAT,w(t/\T)),Bt,IP’x)

is a martingale.

PROOF: Assume for the moment that v € C’é’g((O,T) x RV;R). Given 0 < s <
t<T,set Tppn =5+ "(t —s). Then

E™[u(t,9(t)) — v(s,¢(s)) | Bs]
= Z E]Px [U(Tm+17n, 77b(7—m—i-1,n)) - 'U(Tm,na 1/1(7'm7n>) | BS]
= nz_: EFx

— B~ [/t (0- — L)v(r,¢(7)) dr

/T"HFL" (aTU(Ta ¢(Tm+1,n)) + Lv (Tm,ny w(T)) dr BS

5]

as n — 00, and therefore the asserted martingale property holds in this case.
To treat the general case, set (g = inf{t > 0: ¢(t) ¢ B(x,R)} AT, and choose
vr € Cp%((0,T) x RV;R) so that v = vg on [0,7] x B(0,R). Then, by the
preceding applied to vg and Doob’s stopping time theorem,

tACR
<v(t/\CR,¢(t/\CR)) /0 f(T,z/)(T)) dr, Bt,]P’x>
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is a martingale, and so the desired result follows after one lets R — co. [

Assume that Py is a solution to (45), and, for a given ¢ € Cy(R;R) sup-
pose that u, € C’b([O, 00) X RN;R) N 01’2((0, 00) X ]RN;]R) is a solution to the
Kolmogorov backward equation

(48) Oruy = Luy, and uy, (0, - ) = .
Then, by the preceding applied to v(t, - ) = u,(T' — t, - ), we know that

B [p(u(1)) | B.] = (T — 5. 0(s)).

Now assume that there is a solution u, to (48) for each ¢ in a determining
class” ® of non-negative, bounded, continuous functions. Then, if P, and Py are
solutions to (45),

E™[p(4(t))] = up(t, x) = B [p(v(t))]

for all t > 0 and ¢ € ®. Next suppose that, for some n > 1 and every choice
of 0 <ty < --- < ty, the distribution p, .+, of (7,/1(751), .. ,w(tn)) under Py is
the same as that under Pj. Then, for any 0 < t; < --+ < t,q1, I € (RV)", and
ped,

EPX [Qp(d)(tTH»l))’ (¢(t1)7 ce 7¢(tn)> € P]
g (tns1 — tn, ¥(tn)), (V(t1),...,¥(t,)) €T

]E]P’
/uw (tng1 = tns Yn) Byt (dy1 X -+ X dyy),
T

and similarly

E™ [o($(tns1)), ($(t1), .., ¥(tn)) €T

from which it follows that the distribution of (¢(¢1),...,¥(tn+1)) is the same
under Py and Py. Hence, by induction on n and the fact that a({w(t) Dt > 0})

is the Borel field on C([0,00); RY), we know that Py = Px.
Alternately, one can prove uniqueness if one can show that the equation

(49) (A= Lyure =¢

7If (E, F) is a measurable space, then a determining class ® is a set of bounded, F-measurable
functions ¢ such that, for any pair of finite measures p and i on (E, F), p = i if (p, p) = (¢, ii)
for all ¢ € ®.
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has a solution in CZ(RY;R) for A > 0 and ¢’s in a determining class ® of non-
negative, bounded continuous functions ¢. The idea is very much the same.
Namely, as the preceding argument shows, all that one needs to show is that,
for each p € ® and 0 < s < ¢,

E™ [p(w(1) | Bs] = EP [p(u(t)) | B,]

whenever Py and Py solve (45). Because a bounded, continuous function is
determined by its Laplace transform, one will know this if, for each A > 0,

/ TR (s + 7)) | By dr = / TN ER [ (y(s + 7)) | Bu) o
0 0

and, as we about to see, that follows from (49). Namely, by Lemma 47,

(e_/\tu,\,w(z/)(t)) + /O "N ((r)) dr, Bt,IF’X)

is a martingale, and therefore

e NEP [uy o ($(1)) | Ba] = e unp (16(s)) — / e TEP [0 (4(r)) | Bs] dr.

After letting t — oo, one concludes that

| e ot 4 1) | B] dr = un o (69)

for any Py satisfying (45).

When a and b are uniformly bounded and a is uniformly positive definite, in
the sense that a > eI for some € > 0, the theory of partial differential equations
provides the needed solutions to (11) and (49). In fact, in that case, all that
one needs is for ¢ and b to be Holder continuous. When a is not uniformly
positive definite, the situation is more complicated. As we will see below, when
a = oo and both ¢ and b have two bounded, continuous derivatives, one can
use the construction that we gave of X (¢,x) to show that (11) can be solved for

¢ € C2(RV;R).
Ito Integration
The stochastic process X (¢,x) has three components: the starting point x,
the Lebesgue integral B(t,x) = fg b(X (7,x)dr, and the somewhat mysterious

martingale I(¢,x). More generally, when the second derivatives of p € C%(RV;R)
have at most polynomial growth, we saw that

@(X(t,x)) —/O L@(X(T,x)) dr

is a martingale for which we gave no explanation. In order to get a better
understanding of these martingales, in this chapter I will develop It6’s theory of
stochastic integratiion and show that all these martingales can be expressed as
stochastic integrals.
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The Paley—Wiener Integral: Recall that if f : [0,00) — R is continuous and
g : [0,00) — R has locally of bounded variation, then f and g are Riemann-
Stieltjes integrable with respect to each other and

/ o(r) df(r) = F(t)g(t) — F(s)(s) — / F(r)dg(r),

from which it follows that fst g(7)df (1) is a continuous function of ¢ > s.

Assume that (B(t),]—"t,]P’) is an RM-valued Brownian motion on a proba-
bility space (€2, F,P), and, without loss in generality, assume that B(-)(w) is
continuous for all w €  and that the F;’s are complete. Given a function
1 :[0,00) — RM of locally bounded variation, set

t
1) = [ (7). 4B
and define n,,(t) = n([t]»). Then I, (t) — I,(t). In addition, because

Iy, ()= Y (n(m2™"), B((m+1)27" At) = B(m2™"),

m<2n

for all 0 < s < t, the increment I, (t) — I, (s) is an F;-measurable, cen-
tered Gaussian random variable that is independent of F; and has variance
fst [n([7]n)? dr. Hence I, (t) — I,(s) is an F;-measurable, centered Gaussian

random variable that is independent of Fy and has variance fst In(T)|?dr. In
particular,

(50) (1. 518). (10 = [ nio)far. 7).

and, for each ¢ € C,

) (o0 (ctat =S [ mryar) 7:.2)

are all martingales. Thus, by Doob’s inequality,

(52) %EP [iggfn(t)Q] < iggEP [In(t)Q] = /OOO |n(7‘)|2d7'.

Given (52), it is easy to extend the preceding to all square-integrable n :
[0,00) — RM. Namely, if n is such an funcion, choose {n : k > 1} C
C*([0,00); RM) so that

/O T lm(r) — ()2 dr —s 0.
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Then, by (52),

B? [sup Lo () — I, W] _E’ [sup T <t>2] <4 [ n(r) — me(r) P,
>0 >0 0

and so there exists a measurable function I, known as the Paley-Wiener
integral of n, such that I,,(t) is F; measurable for each t > 0, t ~ I,)(t,w) is
continuous for all w € €, and

B [sup () = 1 OF| <4 [ n(r) — () ar o

Clearly, apart from a P-null set, I,, does not depend on the choice of the approx-
imating sequence and is a linear function of . Moreover, for each ¢ > 0, I,,(t)
is a centered Gaussian random variable with variance fg |n(7)|? dr, the expres-
sions in (50) and (51) are martingales, and (52) is continues to hold. What is
no longer true is that I,,(¢)(w) is given by a Riemann-Stieltjes integral or that
it even defined w by w.

It6’s Integral: Although they resemble one another, the difference between
Ito’s integration theory and Paley-Wiener’s is that It6 wanted to allow his inte-
grand to be random. Indeed, keep in mind that his goal was to develop a theory
that would enable him to deal with quantities like I(¢,x). Of course, as long as
the integrand is a random variable with values in the space of functions with
locally bounded variation, Riemann-Stieltjes integration can be used. However,
in general, such integrals will not satisfy any analog of (52) on which to base
an extention to more general integrands. Further remember that he already fa-
miliar with the virtues of quantities like I,,(¢,x) and realized that those virtues
resulted from using Riemann—Stieltjes approximations in which the integrand is
independent of the increments of the Brownian motion. With this in mind, It
considered integrands n that are adapted to the filtration in the sense that n(t)
is Fy-measurable for each ¢ > 0 and for which

(53) EF UOOO |n(7)|2d7} < oo.

If m is such an integrand and if, in addition, n(-)(w) has locally bounded vari-
ation, then, for exactly the same reason as it held in the Paley-Wiener setting,
(50) continues to hold, and therefore, just as before, one has

50 48 1y 7] < owp B 107 =57 [ [ )]

in place of (52).
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Ito’s next step was to use (54) to extend his definition, and for this purpose
he chose a p € C*(RR; [0,00)) that vanishes off (0,1) and has total integral 1,
and set

m(t) = / (- rm(r)dr,

where p.(t) = e 1p (%) Clearly n 1 has locally bounded variation, and, as is
well-known,

| @R ar< [P and Jim [ ng (7) = atr)Pdr =0

k—oo Jo

Hence,

lim EF [/Ooo 1 (r) — n(T)|2dT] = 0.

k—oc0

Furthermore, because the construction of 0. (¢) involves only n(r) for 7 < t,
1t6, without further comment, claimed that n 1 must be adapted. However, as
Doob realized, a rigorous proof of that requires an intricate argument, one that
Doob provided when he explained Ito’s ideas in his renowned book Stochastic
Processes. Fortunately, thanks to P.A. Meyer, there is a way to circumvent
this technical hurdle by replacing adapted with the slightly stronger condition
of progressively measurable. An R-function on [0,00) x £ with values in
a measurable space is said to be progressively measurable if it’s restriction to
[0,] x 2 is By x Fi-measurable for each ¢ > 0. The great advantage of this
notion is that a function is progressively measurable if and only if it is mea-
surable with respect to the og-algebra P of progressively measurable sets: those
subsets of [0,00) x 2 whose indicator functions are progressively measurable. In
particular, a vector valued function will be progressively measurable if and only
if each of its components is. Further, and from for us most important, it is ele-
mentary to check that n 1 is progressively measurable if i is. Finally, although
every progressively measurable function is adapted, not all adapted functions
are progressively measurable. Nonetheless, it is easy to check that an adapted
function will be progressively measurable if it is right-continuous with respect t.

For the reason explained in the preceding paragraph, we will now restrict our
attention to the class P?(R™M) of integrands n which are progressively measurable
and satisfy (53), and given n € P?(RM), one can use (54) to show that I,
converges to an I, which, up to a P-null set, is independent of the choice of
approximants and for which (50) and (54) hold. In particular, n ~ I, is a linear
map of P?(RM) into the space MZ2(R) of continuous martingales (M (t), Fy,P)
for which

M| rrz(r) = sup [ M ()| L2 p.r) < 0.

In fact, if

I [/ |n<7>2d7} |
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then || Iy || ar2(r) = [|mllp2ma), and so m ~ I, is an isometry between the metrics
determined by the norms || - [|p2ray and || - [|as2(w)-

Because it shares many properties with standard integrals, the quantity Ip,(t)
is usually denoted by

/9 (0(r),dB(1)),0

and is called the It6 stocastic integral, or just the stochastic integral, of
with respect to B.

Some Properties and Extentions: Given 11,72 € P?(RM), a simple polar-
ization argument shows that

(1 010 0) — [ (7)) 7.

is a martingale.
Now suppose that n € P?(RM) and that ¢ is a stopping time relative to
{F: : t > 0}, Then, by Doob’s stopping time theorem,

EP [1,7@ no | () (n(r), dB(r))RM]

tAC
—E° [,,(t/\C)/O Lo, (7) (n(7), dB(7)) g

and so

]EIP

.

Iy(tA Q) = / 10,6y (7) (), dB(7)) s

In particular, if (; and (> are a pair of stopping times and (; < (o, then

Iy(tAC) — / 10,6 (7) (0(7), dB(7)) oo

Hence

t

NG
/O 10,60y (7) ((7), dB(7)) s = / 10,0 (7) (0(7), dB(7)) oo

The preceding considerations afford us the opportunity to integrate 7’s that
are not in P2(RM). Namely, let P2 _(RM) be the set of progressively measurable,
RM_valued functions with the property that fot |€(T)|? dr < oo for all t € [0, 00).
Then, if & = 1g,¢,)§ where

Cp = inf {t >); /0 |&(T)]2 dr > k} ,
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I (A Cr) = In, (t), and so not only does
In(t) = kll)ngo I, (1)

exist, but also (¢ A () = Ip, (t) for all k > 1. Of course, in general (I,(t), F¢, P)
will not be a martingale since I, (¢) need not be even P-integrable. On the other
hand, for each k& > 1,

tACk
(In(t A Cy), Fi, P) and (I,,(t)Z—/ |n(7)|2dT,Ft,P>
0

will be martingales. Such considerations motivate the introduction of continuous
local martingales: progressively measurable maps M that are continuous with
respect to time and for which there exists a non-decreasing sequence (; oo
of stopping times with the property that (M(t A Ck),}"t,}P’) is a martingale for
each k > 1. Observe that if n € P2_(RM) and ( is a stopping time, then, since

tACk
L1 Q) = Jim I(tA G A O = Jim [ 1o (), 4B

it is still true that
t
Iy(t A C) = / 10,6y (7) (), dB(7)) o

Thus, if EF [foc In(7)|? dT} < 00, then

tAC
(In(t AC), i, P) and (I,,(t/\C)Q /0 In(7)|? dr, ]-“t,]P’>
are martingales. In particular, if EF [fg In(T)|? dr} < oo for all t > 0, then

(Iy(t), i, P) and (1,7(7:)2 - /Ot (72 dr, ]-'t,IP’>

are martingales. Finally, if n is an RM-valued, adapted function and n(-)(w) is
continuous for all w € €0, then n is progressively measurable and, by taking

Ck:inf{tEO: /Ot|n(7)|2d72k},

one sees that n € P2 _(RM).
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Identify RN @ RM with Hom(RM;RV), let P2(RNY @ RM) be the of progressively
measurable, RY @ RM-valued functions o with the property that

1
2

oo =B | [ lotnlfs. | <o
and define the RV -valued random variable
t
I,(t) = / o(7)dB(T)
0

so that .
(E,Ia(t))RN = / (O'(T)TE,dB(T))RM for each £ € RV,
0

It is then an easy exercise to check that

(55) (I,(t), F¢,P) and (L,(t)@]a(t)— /0 o(m)o(r) " dT,]-"t,IP’)

are martingales and that

I

2 1
S o 02 < ILalhacesson, = sup B L 0]
>0 >0

1

=5 | [T lolfs.dr|

Further, starting from (55) and using polarization, one sees that if & is a second
element of P2(RY @ RM), then

(L,(t) @ I (t) — /0 ' o(r)3 ()T dr, Fo, IP)

is a martingale. Finally, define P2_(RY ® RM) by analogy to P2_(RM), and
define I, (t) for o € P2 (RN @ RM) accordingly.

Stochastic Integral Equations: We can now identify the quantity I(¢,x) in

our construction. Indeed, take Q = C’([O, oo);]RM), F = Bq, F; = B, and
P =W. Then

t
In(t,x)—/ o (X ([T %)) duo(7).
0
Recall that, for all T' > 0,

Tim B [7(-%) = T3 [y VX (%) = Xu(- %)l ] =0
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and
lim sup EMW[|X(t,x) — X([t]n,x)]?] =0
n—o0 tE[O,T]
Hence,
t 2
lim EV | sup / o(X(7,x)) dr — I,,(t, x) 1
n—0o0 te[0,7] 1Jo
— [T 2
< 4nlggoE /0 lo(X (7, %)) — O'(Xn([T]n,X»HH.S. dT] =0,
and so

¢
I(t,x) = / o(X(7,x)) dw(r).
0
We now know that X ( -,x) is a solution to the stochastic integral equation
¢ ¢
(56) X(t,x) =x+ / o(X(7,x)) dw(r) + / b(X (7,x)) dr.
0 0

That is, it is a progressively measurable function that statisfies (56). In fact,
it is the only such function. To see this, suppose that X (-,x) € P@C(RN) is a
second solution, and set (g = inf{t > 0: | X (¢,x)| > R}.

. tACR ~ )
EWY [\X(t ACr,Xx) — X (t A CR,X)H < 2EWY l/@ HO‘(X(T, x)) — o(X(7,x)) HHS dT]

tACR 5 9
L otEW [ / (X (7,%)) — b(X(r,%))] dT]
0
§C(1+t)/0 EWHX(T/\CR,X)7)2(7’/\CR,X)|2] dr,

for some C' < oo, and so, by Gromwall’s lemma, X (¢,x) = X (t,x) for t € [0,(R).
Since (g * 00, this proves that X (-,x) = X(-,x).

Having described X (-, x) as the solution to (56), it is time for me to admit
that the method that I used to construct the solution is not the one chosen by
It6. Instead of using Euler’s approximation scheme, It6 chose to use a Picard
iteration scheme. That is, set Xo(t,x) = x and

Xp1(t,x) =x +/O U(X'n(T, x)) dw(7) +/O b(Xn(T, x)) dr
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for n.> 0. Set A, (t) = | Xng1(-,x) — X,(- ,X)|[0,- Then

for some C' < oo and all n > 1. Working by induction, one concludes that, for
n>1,
(Cca+n6)""

EW[A,(1)?] < D)

EW [AO (t)Q] )
and from this it is easy to show that there is an X (-, x) such that

lim EW[HX( 5 x) = X (- ,x)|\[207t]] =0 forallt >0,

n— 00

and clearly this X (-, x) will solve (56).

The Crown Jewel: It6’s Formula: Although we interpreted X(-,x) as a
stochastic integral, we have yet to interpret the martingale

(My(t),B;, W) where My (t) = (X (t,x)) — ¢(x) — /0 Lo(X(r.x)) dr

as one. If Brownian paths, and therefore X (-, x), had locally bounded variation,
we would know that

@(X(t,x))—ap(x):/o (U(X(T,x))Tw(X(T,x)),dw(T))RN+/O b(X(7,x)) dr,

where the first integral is taken in the sense of Riemann-Stieltjes. Hence, it is
reasonable to guess that, when we interpret it as an It integral, it might be the
martingale that we are trying to indentify. That is, we are guessing that

gp(X(t,x))—(p(x) = /Ot (J(X(T, x))TVgo(X(T, X)),dw(T))RN—l—/Ot L(p(X(T.X)) dr

and that the appearance of the term

%/ Trace(a(X (T, X))V2LP(X(T,X))) dr
0
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reflects the fact that dw(t) is on the order of v/dt, and therefore is not a true
infinitesmal. Further evidence for this conjecture is provided by Lemma 46, from
which it follows that

(M¢<t>2 — [ (F6X(r:30). X (7, 30) Vo (X () . B w)

is a martingale.

That the preceding conjecture is correct was proved by It6 when he derived
what is now called Itd’s formula, which states that, if o € P2 (R @ RM),
V is a progressively measurable R -valued function for which V(-)(w) is a
continuous function of locally bounded variation for all w € 2, and ¢ is an
element of C12(RM x R¥2;R), then

p(V(6),1-(t)) — ¢(V(0),0)

= [ (Far V) 1), V),
57 t
(57) +/0 (0(7) T Ve(Is (7)), dB(T)) g
+ 5/0 Trace(oo ' (7)Viye(Io) (7)) dr,

where V() and V(3 are the gradient operators for the variables in RM and
RY2_ Using stopping times and standard approximation methods, one can easily
show that it suffices to prove (57) in the case when o and V' are bounded, o( -)
is continuous, and ¢ € CX(RM x RM2;R). Thus I will proceed under those
assumptions.

The proof relies on the observation that if & is a bounded, F,-measurable,
R¥2_valued function, then t ~» 1[5700)(15)0(15)—'—5 is progressively measurable and

t t
<£,/ o(T) dB(T)> :/ (J(T)TE, dB(T))RM for t > s.
s RN2 s
To check this, simply observe that

(& [ emanm) - [(em eanm),. ]
_EP [/t () TE? dr] _ oE? [/t () TE[? dr] +EP [/t () TE[? dT] ~0.

Now define o, (t) = o([t],). Then

]EP

P(V(1),1,(8) = ¢(V(0),0) = lim (4(V(1), I, (1)) = (V(0),0))
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and

e(V(t), I, (1) —o(V(0(,0) = Y (w(V(th,n),Im+1,n))—so(V(tm,mfm,n)))v

m<2nt
where ty, ,, = m2™" At and L, , = I, (tm,n). Since
@(V(tm-&-l,n)v Im-i—l,n) - @(V(tm,m Im+1,n))
tm+1,n
= [ TV @) V()

m,n

PV (O 11, 0) = e (V0).0) = [ (VaelV (). Lo, (7)o dV (7)) s,
+ > ( m.n) m+1n)—90(V(tm7mIm,n)>,

m<2nt

and obviously

¢ ¢

/0 (Vaye(V (1), 1o, ([7]n)), AV (7)) pr, — /0 (Vaye(V(7), 16 (7)),dV (7)) g, -
Next, by Taylor’s theorem,

@ (V(tmn)s Imnt1,n) = @V (tmin)s Im,n)

= (Ve (V(tmn)s Inn): Bnn)

+ 1 Trace (V%Q)gp(V(tm,n), L) D ® Am,n) + Enon,
where Ay, = Lngin — Imn = a(tm,n)(B(tm_H,n) — B(tmyn)) and there is a
C < oo such that |E,, | < C|A,,..|>. Because
E*[|B(tm1.n) = Bltman) )] < E¥[|B27")P] = 27 ¥E°[| BO)"),

Y m<an EBmn tends to 0 P-a.s., and, by the preceding observation,

Z (V(Q)SD(V(tmvn)’ Im?”) ’ Am’”) RN2

m<2n

= Z /tm%n <a([7’]n)TV(2)<P( (tm,ns Im,n)), dB(T ))

M
m<2nt tm,n ®

_/t(O'(T) V(2 (V([T]n)aIan([T]”)))’dB(T))

RM

—>/ ) ' Viye(V(r), Ia(T)))vdB(T))

RM
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in L?(P;R). Finally, write
Trace (V%z)go(\/(tm’n), Im,n)Am,n ® Am,n)
= Trace (v%Q)QO(V(tm,n% ImJL)Am,n)

+ Trace (V?Q)go(V(tmm), Imm) (Am,n ® Appp — Am,n))a

thrlA,n

where A,, ,, = 0no ) (T)dT = (tmt1n — tmn )00 (tmn). Clearly

tm ,n

Z Trace (Vé)tp(V(tm,n), Im,n)Am,n)

m<2nt

i} / Trace (V2o (V ([7]n), L, ([r})) 70 T (7]a) ) dr

t
N /o Trace (V%Q)QO(V(T), Ig(T))o'O'T(T)) dr.
At the same time, because

EP [Am,n X Am,n | ‘th,n]
- ]EP Uun (tm+1,n) ® Ian (tm+1,n) - Ion (tm,n) X Ian (tm,n) | ftm,n]
- ]EP [Am,n } ftmyn] ’

the terms

Trace (v%Q)(P(V(tm,n)a Imm) (Am,n & Amm - Am,n))

are orthogonal in L?(PP;R), and so

2
EP ( Z Trace <V%2)¢(V(tm,n), Im,n) (Am,n ® Am,n - Amm)))

m<2nt

= Z EP [Trace (V%Q)@(V(tmm), Im,n) (Am,n ® A — Am,n))2i| :

m<2nt

ObViOHSIYa ||Am,n||HS S C27 " and ||Am,n®Am,n||HS S C‘B(tm—kl,n_B(tm,n)P
for some C' < co. Hence, since

EPUB(tm-i-l,n - B(tm,n)|4] = 2_2nEP[|B<1)|4Ja
it follows that

S° Trace(Vaye(V (bmn)s Tmn) Sunn © A = A ) — 0

m<2nt
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in L2(P;R).
It has become customary to write integral equations like the one in (57) in
differential form:

dp(V (1), I, (t))
= (Ve (V). L), av(s)

+ %Trace (JO’T (t)v?g)SO(V(t)v Ia(t))) dt.

+ (o() Vi (V). L (7). dB(7)) |

RMq 78

However, it is best to remember that such an expression should not be taken
too seriously and really makes sence only when one “integrates” it to get the
equivalent integral expression.

It should be clear that, by taking Ny = No = N, V(t) = x+ f(f b(X(T, X)) dr,
and o(7) = o(X(7,x)), the equation

(X (t,x) =p(x) + /Ot (U(X(Ta x) ' V(X (7,x)), dB(T))]RM
+ /Ot Lgo(X(T, X)) dr

becomes a special case of (57) appield to (x1,x2) ~ ¢(x1 + X2).

Some Applications: Let o € P2 _(RY®@RM), and set A(t) = fg oo (7)dr. My
first application will to the development of relations between I, (-) and A(-).
To begin with, given ¢ € CV, apply (57) to the function
(y,0) e RN x R — e6¥)v =3 ¢ C

to see that
(exp((¢ Lo (1) gy = (6 AW ) i, P)

is a local C-valued martingale. Thus, if
Cr=inf{t > 0: |I,(t)| V Trace(A(t)) > R},
then, for any & € RV,
E” [exp( (&, o (t A Cr)) g — 3 (€ AC A Cr)E)g )] = 1.
which, by HW3, means that, for m > 1,

Ko B [(&, AUNCR)E) i ] < EP[| (€, Io(tACR) ) o | "] < Rz BT [(€, A(ACR)E) e -
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Since R ~ (E JA(RNC R){)RN is non-decreasing, the monotone convergence the-
orem together with Fatou’s lemma implies that

EP[|(&, (1) gn |7™"] < romEF[(€, A(£)E) 1]

2m

At the same time, if EPH(E,Ia(t))RN’Qm} < 00, then ]EP[H(&I(,( : ))RNH[O 1

00, and so, by Lebesgue’s dominated convergence theorem,

| <

KB (6, AME) ] < EF[| (€ Lo (1)) o |-

Hence, we have now shown that

(58)  hp EF[(€, AME) ] SEF[|(€.1o(1) pu | < F2mEF [ (€, A()E) ]
from which it follows immediately that
(59) Kok N1 EP [Trace(A(1))™] < EF[|L,(£)]*™]

< Koy N TEP [Trace(A(t))m].

The estimates in (58) and (59) are a very special cases of general inequalities
for martingales proved by D. Burkholder, and it should be pointed out that
there is another, more direct, way that It6’s formula can be used to prove, with
a constant that doesn’t depend on N, the second of inequality in (59). Namely,
given p € [2,00), remember that

VA0y P =p(p—2)ly|P~* + ply[P*L

Again using stopping times to reduce to the case when I, and A are bounded,
apply (57) and Holder’s inequality to see that

P p — P t ace(oo ' (7)), (7)|P~2dr
B 11,0) < plp~ 157 | [ Trace(oo (7)) r) 2 a7

<oty 8" | (oo 1) dr) 102
< plp = DB (AW P ET Il

and then use Doob’s inequality to conclude that

EF (|1 ’ EF[A(H)5]7

(- DI O [ — tz|»,
Mo Olloal? < (25 ) B LA
Therefore, for each p € [2, 00),

(60) E[|I ()] < B[l ()llo.] < KpE"[A()?]
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p

where K, = (#) ’
The preceding applications of (57) are mundane by comparison to the one
made by H. Tanaka to represent what P. Lévy called local time for an R-valued
Brownian motion (B (t),]:t,]P’). To describe local time, define the occupation

time measures L(t, -) for t > 0 by

L(t,T) = /Ot 1r(B(r))dr, T € Bg.

One of Lévy’s many remarkable discoveries is that there is a map w € Q —
((-. ) € C([0,00) x R) such that £(-,y) a progressively measurable, non-
decreasing function for which

(61) P (L(t,F) = / lt,y)dy forall t >0&T € B]R> =1.
r

In other words, with probability 1, for all ¢ > 0, L(¢, - ) is absolutely continuous
with respect to Lebesgue measure A\g and

L(t,dy)
Ar(dy) 1),

Notice that this results reflects another aspect of non-differentiability of Brown-
ian paths. Indeed, suppose that p: [0,00) — R is a continuously differentiable
path, and let ¢ ~» p(t, -) be its occupation time measures. If p = 0 on an interval
[a,b], then it is clear that, for ¢ > a, u(t,{p(a)}) > (t Ab— a), and therefore
wu(t, -) can’t be absolutely continuous with respect to Ag. On the other hand, if
p > 0 on [a,b], then, for t > a,

u(t, dy) — p(a, dy) 10, ()

Ar(dy) ~polp ! p(a),p(t)]) " (y)’

and so pu(t, -) — p(a, -) is absolutely continuous but its Radon-Nikodym deriva-
tive cannot be continuous. It is because the graph of a Brownian path is so fuzzy
that its occupations time measures can admit a continuous density.

Tanaka’s idea to prove the existence of local time is based on the heuristic
representation of £(t,y) as

[ s,y

where 4, is the Dirac delta function at y. Because hy, = 1j, ) and hy = 4,
when hy(z) = x Vy, a somewhat cavalier appplication of (57) to h, led him to
guess that

%K(t,y) =Bt)Vy—-0vVy— /0 1[y’oo)(B(T)) dr.
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The key step in the jusification of his idea is the proof that there is a continuous
map (t,y) ~ I(t,y) such that

t
P (I(t,y) = / 1iy,00)(B(7)) dB(7) for all t > 0) =1 foreachy € R.
0

To this end, use (60) to see that there is a C' < oo such that

t 4

/Ol[y,oo>(B(T))dB(T)—/0 1z,00)(B(7)) dB(7)

2

E]P’

sup
t€[0,T)

T
< CEF ( /0 1[x’y](B(7'))dT>

for T > 0 and = < y. Next use the Markov property for Brownian motion to
write

2

EP </0 1[x,y] (B(T))) dr| = Q]EP |:/0S7_1<7_2 1[r,y] (B(Tl))]-[x,y] (B(TQ)) dTldTg

1 _ N & (ga—g)?
T (7’2 — 7'1)_2 / e 2m1e 2(m2—71) d€1d€2 dT1d7'2 §
[z,y]?

f=

2T (y — 13)2'

2m 0<T1 <12 m

Hence the existence of (t,y) ~» I(t,y) follows from Kolmogorov’s continuity

criterion.
We now define

Ut,y) =2(B(t)Vy—B(t)V0—I(ty)).
Given ¢ € C.(R;R), set f(z) = [(z V y)p(y)dy. Then
@ = [ ewyana =

and so, by (57),
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and because ¢ and I(¢, -) are continuous and ¢ has compact support,
/s&(y)l(t,y) dy= lim — % o(R)I(t.5)

lim | (iZMZL)l(oo,B(T)}(’ZZ)) dB() = / 7(B(r)) dB(7)

n— oo
meN

P-a.s. Hence, we have shown that

for each ¢ € C.(RY;R). Starting from this it is an easy matter to show that
(61) holds, and once one has (61), there is no reason not to replace £(t,y) by
1€(-,9)|ljo,s) so that it becomes non-decreasing.

The function #( -,y) has many strange and interesting properties. Since it is
non-decreasing, it determines a Borel measure ¢(dt,y) on [0, 00) determined by

0((s,t],y) = (t,y) — (s, y) for 0 < s < t,

and we will now show
(62) P(e(ft: B#) £ yhy) =0) =1,

which is the reason why ¢(-,y) is called the local time at y. To this end, first
observe that if f is a bounded Bjg ) x Br X F-measurable R-valued fucntion
and (t,z) ~ f(t,x,w) is continuous for each w € €, then, by using Riemann
sum approximations, one can see that

© ([ reretinow) = [ s

for P-almost every w. Now choose continuous functions p : R — [0, 00) and
n: R — [0,1] so that p = 0 off (—1,1) and has total integral 1, and n = 0
on [—1,1] and 1 off (—2,2). Next, for €, R > 0, define p.(z) = e 'p(e ') and
nr(z) = n(Rx), and set

fer(t,z,w) = pe(z — y)nr (B(t)(w) — y).

If 0 < e< R, then fe gr(7, B(T)(w),w) = 0, and therefore, by (*),

[ e =) ([ () - ) ttar.)) de =0
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P-a.s. Thus (62) follows when one first lets € \, 0 and then R * oo. As a
consequence of (62), we know that, with probability 1, ¢ ~ £(¢,y) is a singular,
continuous, non-decreasing function. Indeed, if

S(w) ={r €[0,00) : B(7)(w) =y},

then the expected value of the Lebesgue measure of .S equals

5| [ 10 BE)ar| = [T tdppar o

Here is another application of local time. Because = V0 + 2 A 0 and
|zl =2V O0—2A0.

B(H)AO = B(t)— /0 Loy (B(r)) dB(r)— 1£(t,0) = /O sen(B(r)) dB(r)— 14(t,0),

t
(63) IB(t)| = B(t) + £(t, 0) where B(t) = / sgn(B(7).
0
Now observe that, for all £ € R,
o~ 2
(50, 7, )

is a martingale, and conclude that (B (1), ft,]P’) is a Brownian motion. Hence,
since £( -, 0) is P-almost surely constant on time intervals during which B stays
away from 0, (63) says that ¢ ~» |B(t)| behaves like a Brownian motion on such
intervals and is prevented from becoming negative because £( -, 0) gives it a kick
to the right whenever it is at 0. It should also be noted that

Fo=oc({B(r): T€[0,4]}) Ca({|B(r)|: T €[0,1]}).

To check this, remember that, P-a.s.,

1 1
€(t,0):%{[%)%/0 1[575](3(7))057:%%/0 10,5 (1B(7)]) dr,

and therefore both £(,0) and B(t) are o({|B(7)|: 7 €0,?]})-measurable. In

particular, this means that sgn(B(t)) is not Fi-measurable, and so B(t) isn’t
either. Even so, B( ) is a solution to the stochastic integral equation

(") X(t) :/o sgn(X (7)) dB(7).
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To see this, all that one has to show is that

/O £(r) dB(r) = / £(r)sgn(B(r)) dB(r)

for bounded ¢ € P2 _(R). When £( - ) has bounded variation, this is clear from the
theory of Riemann-Stieltjes integration, and so it follows in general when one uses
the same approximation procedure that allowed us to define stochastic integrals.
The interest of this observation is that it shows that solutions to stochistic
integral equations need not be measurable with respect to the driving Brownian
motion. In addition, it shows that there are stochastic integral equations all of
whose solutions have the same distribution even though there is more than one
solution. Namely, every solution to (*) must be a Brownian motion, but both
B(-) and —B(-) are solutions.
We will now examine some properties of £(t,y).

LEMMA 64. Fort >0 andy # 0,

2y2
T

P(l(t,y) > s) = ( )é /Ot eiép(é(t —7) > s)dr.

In addition,
(65) P(£(t,0) > 0) =1 for all t >0,

and so
P((t,y) > 0) =2P(B(t) > y).

PROOF: First observe that the distribution of ¢(-,—y) is the same as that of
£(-,y). Thus we will assume that y > 0 throughtout.
Next, set ¢, = inf{t > 0: B(t) > y}. Then ¢, < ¢ implies that
t t—tACy
L(t, [y, y+(5]) = / 1[y,y+6] (B(T)) dr = / 1[075] (B(T+t/\cy)*B(t/\Cy)) dr.
¢

ACy 0

Since
(B(T+tACy) = B(t ACy), Fric,:P)

is a Brownian motion that is independent of Fin¢, , it follows that, for any
bounded, continuous f : [0,00) — R,

B/ (3Lt [y +0)))]
— /{c " </f((1;L(t —t A Cy(wr), [0, 5])(W2)]P’(dw2)) P(du).
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Hence, after letting § \, 0, we have

E°[£(¢(t,9))] = /{ » ( [ 7= G ). 0) @) P(dw2>) P(dicn).

Starting from here and using the fact that P(¢, < t) = 2P(B(t) > y), it is easy
to verify the first assertion.

To prove (65), note that, because £(t,0) = |B(t)] — B(t) and —B(-) is a
Brownian motion, all that we have to do is note that

P(37 € (0,) B(t) > 0) = lim P(¢, < 1) = <2t>2/ooe“£fdx=1. O
Yy 0

s

I will close this discussion with another of Lévy’s remarkable insights. What
Lévy wanted to do is “count” the number of times that a Brownian motion visits
0 by time t. Of course, due to its fuzzy nature, one suspects it visits infinitely
often, and so one has to be careful about what one means. With this in mind,
Lévy considered the number N(t) of times before ¢ that B(-) returns to 0 after
leaving (—e¢, €). That is, N.(¢) > nif and only if there exist 0 < 73 < -++ < 1o, <t
such that |B(72m,—1)| > € and |B(72,,| = 0 for 1 < m < n. He then showed that

(66) P <li{r(1) [eNe(-) = £(-,0)l0,g = 0> =1forallt>0.

One way to prove (66) is to use (63). Indeed, if (, = 0 and, for m > 1,
C2m:1 = 1nf{t 2 <2m—2 . |B(t)| 2 6} and ggm = 1nf{t 2 <2m—1 : |B(t)| = 0},

then, because B( -) is continuous, (,, > t for all but a finite number of m’s, and

> (1B(Gam-1 A1) = | B(Gam At)]) = eNe(t) + (6 = [BI) D Lcany,com) (£)-

m>1 m>1

On the other hand, because B(71) # 0 for 7 € (Cam—1,Cm), £(Cam—-1,0) =
£(Cam,0), and therefore

> (1B(Gam-1)l = [B(Gam)]) = D (B(Gam-1) — B(Cam)

m>1 m>1

O+ 3 (B(Gomsr) — B(Gm)) = —|BEO)| + £(t,0) + / §(r)dB(r),

m>0

where

£(r) = Z Sgn(B(T))l[C2m7C2m+1](T)'

m>0
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After combining these, we see that
t
ENe(t)_g(t)O) = _|B(t)| Z 1[(2m,<2m+1](t)_6 Z 1(C2ml£2m)<t)+/0 6(7_) dB(T)
m>0 m>1

Since |B(t)| < € for t € [Cam, Cama1], the absolute value of the sum the first two
terms on the right is no larger than e and |£(7)| < )9 (|B(7)|). Hence,

1 t 2
EX[[leNe(+) = £(-,0)[I%) ] * < e+ 2EF [/0 1i0,q(B(1)) df} :
which means that there is a C < oo such that
1
B [[JeNe(+) = €+, 0)|[%) ] * < Clte)? for € € (0,1].

In particular,

=

ZEP [1E™* Ny—a(-) — £(- 70)||[20,t]]

k>1

and so ||k~ Ny—a(-)—£(,0)l[j0,y — 0 (a.s.,P). Finally, note that if (k+1)~* <
e < k™%, then

< o0,

(k+1) " Nya(-) < eNe(-) < k™ Ny a (),

and thereby conclude that (66) holds.

In conjuntion with Lemma 64, (66) gives abundant, quantitative evidence that
Brownian paths are fuzzy. Indeed, it says that, for any s > 0 and § > 0, with
probabiliy 1, B(-) leaves and revisits B(s) infinitely often before time s + 4.

Spacial Derivatives of Solutions: Let X(-,x) are the solution to (56),
where ¢ and b be Lipschitz continuous. As we showed, we can assume that
(t,x) ~» X (t,x) is continuous. What I want to show now is that, if o and b are
continuously differentiable, then x ~~ X (t,x) is also. However, in order to carry
out that program, I need to make some preparations.

Recall the Euler approximants X, (¢,x), which are the solutions to

Xn(t,x):x—f—/o a(Xn([T]n))dw(TH/o b(Xu (7)) dr.

and set A, (t,x) = X (t,x) — X,,(t,x). Using (60) and arguing as we did when
p = 2, one can show that for each p € [1,00) and ¢ > 0 there is a Cp(t) < 00
such that

B (80 0l ] < G+ )22,
<67) EW [HXn( . ’X) - Xn(S’X)Hf)s,t]]% < Cp<t)<1 + |X|)(t B 3)%’

EY [ X0(-.y) = Xu(- 2|2 ]

B =

< Gy — x|
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forn >0,0<s <t and x,y € RY. From these it was clear the [|A,(-,x)]|j0,
— 0 both (a.s.,P) and in LP(W;RY), but I now want to use Kolmogorov’s
continuity criterion to show that this convergence is uniform with respect to x
in compact subsets. This end, note that

An(t,y) — Au(t, )P
= [(X(ty) = X(t,%)) = (Xa(t.y) — Xa(t.3)) | |An(t,y) — Au(t.%)| %,
apply Schwarz’s inequality to get
EV [ An(-,y) = An(-,x)lIE 4 ]
<EWI(X(,y) = X(0) = (Xa(,y) = Xal )7 )2
< B[ An(-,¥) = Aul-, )5 4] %)

and, after combining these with the first and third estimates in (67), conclude
that, for each R > 0, there is a K,(t, R) < oo such that

Sl

EV[An(-.y) = Au(- 2)llf 417 < Fp(t, R)2- |y —x]¥ for x,y € [-R.R)".

Hence, by taking p > %, we can apply Kolmogorov’s continuity criterion to see
that

< 00

sup 25 EV[||ALlIP
nZ% Il H[O,t}x[—R,R]N]

and therefore that, P-almost surely, ||X,(-,x) — X(-,%)[/j0,y — 0 uniformly
for x in compact subsets of RY.

In order to prove the differentiablity of X (¢, - ), I will need the following lemma
that is harder to state than it is to prove.

LEMMA 68. For each n > 0, let
Gn : [0,00) x RN x RN x C([0,00); RM) — Hom(RM; RY)

and

by : [0,00) x RN x C([0, 00); RM) — RY

be Borel measurable functions with the properties that 6, (-, x,%) and b, ( -, X, X)

are progressively measurable for each (x,%) € RY xR" and for which there exists
a C' < oo such that

H&n(t’xvi)HH-S- ~\/ |Z~)n(t>xa}~{)| < C,
1+ x|

||Un(t7X7Y) - &n(t7xvi)”H.S. \ |Bn(t7x,§/) - i)n(t,X,i)’

S <C
ly — x|




68

for alln > 0, (t,%,%) € [0,00) x RN x ]RN, and y # x. In addition, assume that
for each p € [1,00) there is a non-decreasing function t ~ C,(t) such that

. - 1

EW [H&n+1 (tu X, 5() - &n(t7 X, 5() ||%S v |bn+1 (t7 X, i) - bn(tv X, 5() ‘p} P

— < Cy(t),
T+ Ix| < Gl)

and

=

B[, y,%) = Gn(-, %) [0V [1Ba(-, ¥, 5) = bal- %, )1 4]
1+ %]

< Gp(t)y — x|

for all m > 0, (t,%) € [0,00) x RV, and (x,y) € RY x RN. Finally, for each
n>0,letY, : [0,00) x RN x C([O, oo);]RM) — RN be a measurable map with
the properties that Y (-,x) is progressively measurable of each x € RY | and, for
each p € [2,00),

~ 1
EY (¥ (-, 3)I1% ]

<
1+ [x|* =G0
EV ([ Va(,y) = Yu (- %)l )7 <Cly — x|
L+ [x|F + |y |* S
EY [[[¥a( -, %) = Vo5, 5.0] 7 1
S, < _ 2
1+ |x|* =Gl

and )
EW [”Yn-H( : 7X) - Yn( ' 7X)||1[)07t]] v
14 [x*
for some k € N. If X,,(t,x) is determined by

< Cp(t)2”

X, (t,%) :/0 5n(7, X,Xn([T]n,x)) dw(7)+/o Bn(T,X,Xn([T]n,X)) dr+Y,(t,x)

and A, (t,2) = X,41(t,x) — X,,(t,x), then, for each p € [2,00) there is a non-

decreasing t ~~ C)(t) such that
BV %a (-0l )7
1+ |x|k
- 1 - n
EW [ An(-, 0l )7 < Colt)(1+ [x5)27%,

S ép(t)7

- - LR 1
EV 1 X0 (-, %) = Xa(s, )7, 4] 7 < Cp(O)(1 + [x[*)(t — 9)7,
EY [ X+, 3) = Zn(- )2 )7 < Cplt)ly — x|
forallm >0,0<s<t, and x,y € RV,
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PROOF: There are no new ideas required to prove this lemma because each of

the conclusions is proved in the same way as the corresponding estimate in (67).
For example, to prove the second one, first observe that, by (60),

EW [I\Xn( LX) — f(n(&X)Hfs,t]]

(/:H&"(T’X’X”“T]nvx))n%.s d)l

4 3P 1gW l( :\z}n(T,x,Xn([T]n,x))|dTﬂ

+ 3p_1]EW [Hifn( : 7X) - YTL( ’X)H;E)s,t]] :

< 3 1K,EW

When s = 0, this says that
EY [ % )2 ]
<) 40 [ B 1+ IR0l i
+ 6P (1P (L + [x[M)P,
and therefore, after an application of Gromwall’s inequality, one finds that

EW (1 Xa (-, %I 4]
sup sup ]
n>0 xRN (1 + |X| )

Finally, after combining this estimate with the growth assumptions about &,
and b,, as funcions of X, one arrives quickly at the desired result.
The proofs of the other results are left as an exercise. [

Now assume that ¢ and b are twice differentialbe and that their first and
second derivatives are bounded, and observe that, for each n > 0, X, (¢, -) is
twice continuously differentiable and that its first derivatives satisfy

8Xn(t7 X)i _6X7L(m27n X)i

Ox; Ox;

N M 60 n(m27", ))Z 0X,(m27 ", x

+3°3 L (81’- )¢ (i) —w(m2™"),
=1 k=1 J

N

Ob(Xn(m27",%)). X, (m2™", %),

7 ) _ 2
+; r (t—m2™™)

for m2™" <t < (m+ 1)27". Hence, if we define Yél)(t, x) =1,

ol :[0,00) x RY x (RN @ RY) x C([0, 00); RM) — Hom (R™;RY @ RY)
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and
b 1 [0,00) x RY x (RN @ RY) x C([0,00); RM) — RY @ RY
by
Jo;
(1) ik (1)
( )z])k Zl axe (Xn([t]nv ))J)@
and

b (t, %, x5y = Z 893@ Ins X)):I:E)

then, by (67), o5, ), b%l), and YTE ) satisfy the assumptions about &,, by, and Y,,
in Lemma 68 with £ = 0, and

t t
X,(Ll)(t,x) = I—|—/ 07(11)(7', X, X,(Ll)([T]n,x)) dw(7)+/ bg) (T,X,XS)([T]n,X)) dr,
0 0

where X" (t, %) (i5) = % As a consequence, the X" ’s have the properties
proved for the X,’s in that lemma, and so, by the same argument as we used
to prove the corresponding facts for the X,’s, we can show that there is a
measurable map

XM :[0,00) x RY x C([0,00); RM) — RY @ RY

such that (¢,x) ~ XM (¢,x) is continuous, XV (-,x) is a progressively solution
to

XW(t,x);; = I+ZZ/ a;;; (7,%)) XV (7,%) ¢ dw(7)

k=1 (=1

+Z/ &w )X(l)(’?’ X)gj)dT

(69)

and, almost surely, XT(LI) — XM uniformly on compact subsets of [0,00) x RN,

As aresult, we now know that X (¢, - ) is almost surely continuously differentiable
and that X m(t,x) is almost surely equal to its Jacobian matrix. In addition,
for each p € [2, 1hi), there exists a non-decreasing map t € [0, 00) — C(D(t) €
[0, 00) such that

WX %) = X0 ] 7 < oD @2
(70) EV X0, %)~ XP(s, 02 ] < CH @)t - 9)%,

1
WIXD(y) - XD )7 < OOy - x.
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Next assume that ¢ and b have three continuous derivatives, all of which are
bounded. Then the X,, have three continuous spacial derivatives and

X(00) = [ (0, X)) )

0

t
+ / bgf) (7', X, X,(f)([T]n, x)) dr + Y,fz) (t,x),
0

(2) _ 82Xn t,X)q
where X3 (t,X)ij, 5, = 78%1(%%2) ,

Odo
2 Zkr (2)
Ur(z )(t’ X7X (Ul]z) k= Z axg X>X£.71_72’
N
b2 (¢, x, x? x)x(z)
n y &y 1]132 £j152°

and Y,V (t,%)ij,j, equals

Z Z /38 Tk (X ([ %)) XD ([T %) 200 XD (s XD ()i

—1 01 6a=1 Wlaw?
[0 (1) ()
———— (X ([7]n, %)) XV ([7]n A X ([T i dT.
# 30 [ gy OO X)X [ ash X0 (0
1,¢2

Using (67) and (70), one sees that these quantities again satisfy the conditions
in Lemma 68 with k£ = 0 and therefore that the analogs of the conclusions just
drawn about the X(l)’s hold for the X,(LQ)’S and lead to the existence of an X (2
a X(t,x);
d
T

S = X@)(t,x);,4, almost surely and
1 2

with the properties that

M N
do;
X® (%), :Z / n k (X, X))X( (7, %) 010 dw ()
—10=1

£ [ S 0) X )
=1

Moon
Jrz %::1 0 890@18%

b 9%,
/0 m(){(’r, X))X(l)(']" X)[leX(l)(T’ X)ﬁsz d,]_.

t 2 .
/ ﬂ(}((r,x))X(”(T, %)ty X (7, %) 135, dwo(7)
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It should be clear that, at the price of introducing increasingly baroque no-

tation but no new ideas, one can prove that, for any n > 1, X (¢, -) has n
continuous derivatives if o and b have n 4+ 1 bounded continuous ones. In fact,
an examination of the argument reveals that we could have afforded the deriva-
tives of order greater than one to have polynomial growth and that the existence
of the (n+ 1)st order derivatives could have replaced by a modulus of continuity
assumption on the nth derivatives.
An Application to the Martingale Problem: Recall that to prove that
the martingale problem for the operator L have unique solutions it suffices to
know that Kolmogorov’s backwards equation (11) has solutions for sufficiently
many ¢’s, and we can now show that it does if ¢ and b have three bounded
derivatives. Indeed, if ¢ € CZ(RY;R) and u,(t,x) = EW[¢(X(¢,x)], then, for
any 1 <k <N,

ue (t,x)(t,x + he) — uy(t,x) = BV [@(X(t,x + hek)) — @(X(t,x))}
where (ey); = 0y, ;. Further,
h
(X (t,x+hey)) — (X (t,x)) = Z/ Ao ((t,x + ex)) XD (1, x + ey dE,
=170
which, in view of (70), means that 0, u, (¢, -) exists, is continuous, and is given
by

Oz up(t.x) = > EW[0,,0((t, %)) XV (£, %))

=1

Similarly, 0, O, u,(t,x) exists, is continuous, and is given by
N
Z EW [aﬁtzl 8$i1 @(X(ta X)X(l) (t7 X)iljl X(l) (t7 X)izh]
irip=1

N
+ Y B[00, 0(X (%)) X (£,%)i5,5, ] -

Hence, since, by the Markov property,
uy(t+ h,x) —u(t,x) = BV [ug (t, X (h,x)) — uy(t,x)]

h
- / EY [Lu(t, X (€,%))] €,

0

it follows that dyu,(t, x) exist, is continuous, and is equal to Lu(t,x). Since two
finite Borel measures on RY are equal if their integrals of every p € CZ(RV;R)
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agree, we have now proved that the martingale problem for L has unique solu-
tions.

It turns out that one can do better. In fact, using no probability theory
and only clever applications of the minumum principle, O. Olenik proved that,
when ¢ € C’g(RN ;R), Kolmogorov’s backward equation can solved if a and b are
bounded and have two, bounded, continuous derivatives, and therefore the cor-
responding martingale problem has unique solutions under those assumptions.
Her result dramatizes a basic weakness of the It6 theory. Namely, having to
find a good o is a serious drawback. In Corollary 115 below, using a purely
probabilistic argument, we will prove that the martingale problem for L has
unique solutions if a® and b are Lipschitz continuous, which, when combined
with Lemma 29, covers the cases to which Olenik’s result applies.

It6’s Exponential

A Simple Stochastic Integral Equation: Let (B(t), 7;,P) be an RY-valued
Brownian motion on (2, F,P), and, given a £ € P _(RY) and ® € P2 _(R),
consider the stochastic integral equation

(71) X(t):1+/0 X(T)(E(T),dB(T))RN—F/O X (7)®(7) dr,

Using It0’s formula, it is easy to check that

(72)  Beolt) — exp ( [ tearanm + | (<I><r>;|e<v>|2dr>

is a solution to (71). In addition, if X(-) were a second solution, then an

L s X(t
application of It6’s formula to Eg,i()t) shows that X(-) = E¢a(-).

There are many applications of this observation, most of which exploit E¢ ()
as an integrating factor for solving various differential equations. Such applica-

tions are based on the fact proved in the following lemma.

LEMMA 73. IfV € PZ (RM), o € PZ (Hom(RM;RN2)) are as in (57), then,
for every ¢ € C1+2 (RNl X RNQ;R),

(E'g,o(t) (EO@(t)(p(V(t,L,(t)) — /Ot Eo o(T) <q)<7’)(p(V(T),IU(T))
+ (e(EE Ve (V) L)+ (Yae(V(), (1), (n)_

-+ %TI‘&CC <O'UTV%2)(P(V(T); IO'(T))> dT) ) fta P)

RN2

is a local martingale.
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Proor: Using stopping times and standard approximation methods, one can
reduce to the case in which o and ® are bounded and ¢ € 05’2 (RNl X ]RNQ;R).

In addition, one can assume that V() has a bounded continuous derivative V.
Thus I will proceed under these assumptions.
By (57),
M(t)=o(V(t,1,(t))
t
- [ (T 1))
+ %Trace (UUTV%Q)QO(V(T), IU(T))) dr
¢
= [ 0TV (V) 1) B g

and therefore, again by (57),
(Eeanrt) - [ Eeatn (2010 (V ) 12()
+ (o(EE) Ve (VD). L(7)) ) dr, ]—"t,IP’>
is a martingale. Equivalently, if
H(t) = 20 (V(1), 1,(1) + (Ve (V(0), L (1), V(1))

+ (oD, Vare (VO (1)
+ %Trace (O‘O'T (t)V%Q)go (V(t), Ig(t))) ,

RN1

then

(Beate V(0. 10) - [ oottty ar,7,.7)
is a martingale, and therefore
E'[Eea(t)o(V (1), I5(1)) — Eea(s)p(V(s), Io(s)) | Fo]

—EF [/: Eeo(T)H(T)dr fs} =E* {Eé,o(t) /: Eo.o()H () dr

]—"s]

=E" |Eeo(t) tEo_@(T)H(T)dT Fs| —Eeo(s) SEo,q,(T)H(T)dT. O
e | |-eeato |

Most applications are to cases in which either £ = 0 or ® = 0. In the following
section I will explain some of its applications when & = 0, and the section after
that deals with the case when ® = 0.
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The Feynman-Kac Formula: To see how Lemma 73 gets applied when & = 0,
suppose that X (-,x) is the solution to (56) and that F : RY — R is a Borel
measurable function that is bounded on compact subsets. Then, by taking
d(t) = fg F(X(t,x)) dr, we see that, for each T > 0,

<efo PO AT (T — ¢ AT, X (t AT, %)), By, W)

is a local martingale if u € C2((0,00) x R¥;R) N C([0,00) x RY;R) satisfies
Oyu = Ly + Fp on (0,00) x RY. Hence, if F' is bound above and u is bounded
on [0,¢] x RV then

(74) u(t,x) =EY [exp </0t F(X(7,x)) dT> u(O,X(t,x))] :

The equation in (74) is one version of the renowned Feynman-Kac formula,
whose power is demonstrated in the following computation. One of the few non-
trivial evolution equations for which one can write down explicit solutions is the
equation

_ 1 2 2 ; ; —_
(75) Opu = 5(811; x u) on (0,00) x R with ll\rgu(t, 2) = .

Indeed, if

1 2

\ 27t

ez,
then an elementary calculation shows that for any ¢ € C(R;R) with at most
exponential growth,

_ o te? R T N _
h(t,z,y)=e 2 g(1—e " y—e‘z)e= where g(t,z) =

ug(t, %) = / ht, 2, 9)e(y) dy

is a solution to (75). In particular, by taking ¢ = 1, one sees that

t

1 tanht .2

EYWY [ex <—1/ T+ w(r 2d7>] = e 2 T,
P > Jo ( ( >) Vcosht

Further, because, for each @ > 0, ¢ ~» w(«t) has the same distribution as

t ~» azw(t), one knows that

1
+ a2t
exp (—g‘/ (x+w(7'))2d7'> and exp —%/ (a%$+w(7))2d7
0 0
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have the same distribution. Hence,

EW [eXp <—g /Ot (z + w(r))” dT)}

oz tanh(aét)aﬂ)

(76) 1
= (cosh(oz%t))_E exp (— 5

This computation provides quantitative evidence of the fuzzyness of Brownian
paths. Namely, take t = 1 and integrate both sides of (76) with respect to x to

obtain
exp <_‘; (/Olw(T)sz— (/Olw(r) dr) ))] _ Smfaé,

and then, again using Brownian scaling,

EW [exp (_%Var[o,t] (w(- )))} N

EW

(at)?
sinh(at)?

() :

where Varp 4 (w(-)) = 1/(:10(7)2 dr — <1 /Otw(T) d’l‘)

is the variance of the path w | [0,¢]. From this it follows that

— ot 2V at
1 — e—2Vot

o

|

r

W(Var[o,t] (w(-)) = %) <e”

for all a > 0, and so, by taking a = %t, we have that

_rt rt
(78) W(Var[07t] (w( . )) 2 %) S e 4 m

In other words, the probability that the a Brownian path has small variance is
exponentially small.

The Cameron-Martin Formula: Applications of Lemma 73 when ® = 0 are
a bit more complicated because, in order to be useful, one has to know when
(Eg,o(t), Fi, ]P’) is actually a martingale and not just a local one. For this reason,
the following criterion, which was discovered by A. Novikov, can helpful.
LEMMA 79. For any ¢ € P2 (RY), (Eg,o(t),ft,]P’) is a supermartingale, and
it is a martingale if and only if E¥ [E&o(t)] =1 for all t > 0. Next, set

Ae(t) = /0 £(r)2 dr.

If
EP [e%Aﬁ(t)] < oo forallt > 0,

then (E¢o(t), F¢,P) is a martingale.
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PROOF: Choose stopping times {(,, : m > 1} for (Egyo(t),]:t,IP). Then
Eeo(t ACm) — Eeolt) (a.s.,P) and EF [Ego(tA ()] =1

for all ¢ > 0. Thus, since (EE’O(t A Cm),]:t,]P’) is a martingale for each m > 1,
Fatou’s lemma implies that (E¢o(t), F,P) is a supermartingale. Moreover, if
EF [E&g(t)} =1, then E¢ o(t\(m) — Ego(t) in L'(P;R), and so (Egyo(t),]:t,}P’)
is a martingale. Since the converse implication in the second one is trivial, we
have proved the first and second assertions.

Now make the assumption in the concluding assertion. Because, for any m >
L EF[Ereo(tAdm)] <1,

[SIE

EP [eiéfs(tACm)} — B [Eieolt A Cm)%eiAs(t)] < (]EP [e%As(t)])

and therefore supm21]EP [e'élﬁ(mémﬂ] < oo is integrable for all ¢ > 0. In
particular, this means that (Ig(]f),.ﬂﬂ?) is a martingale and therefore that
(e*e®) 7, P) is a submartingale for all « > 0. Next, for A € (0,1), deter-
mine py € (1,00) by the equation 2pyA(px — A) = 1 — A%, and for p € [1,p,],
set a(\,p) = %. Then Exe o(t)?” = (ea(’\’p)lﬁ(t))1_>‘2Ep570(t)>‘2, and so, by

Hélder’s inequality and the submartingale property of e*(*P)!¢_ for any stopping
time (,

2 o 1-A2 A2
() Ef[Exeo(tn Q)P ] SEF[exOPIeO] TR B ot A Q)]

Since EF [Epgo(t A ()] < 1, by taking p = py, we see that
EP [Exeo(t A Q)] < EF[e3le®)],

from which it follows that the local martingale (E,\&o(t),]-"t,IP’) is a martingale
for each A\ € (0,1). Finally, take p = 1 and ¢ = ¢t. Then (*) combined with
Jensen’s inequality say that

E [Exeot)] < EF [e3e®]VEP (B o(1)] "

for all A € (0,1). Thus, because EF [EA&O(t)] =1, after letting A ' 1, one sees
that EF [Ego(t)] =1. O

Novikov’s criterion is useful but not definitive. Indeed, consider the case when
N =1 and £(t) = B(t). Then

B(t)®

Ig(t):/o B(p) dB(T):T_t and Ag(t):/o B(r)2dr.
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L 1
As we showed EF [eilf] < EP [e%Aﬁ] 2> and so, since EF [e%B(t)Q] =oo0if t > 2,
EF [e%Af] = oo for t > 2. Nonetheless, (E&o(t), Fi, IP’) is a maringale. To see this,

2
choose a sequence {¢y : k > 1} C O (R; [0,00)) such that ¢y (y)  e’T. Then,
by the application of the Feynman-Kac formula given above (cf. the notation
there),

E¥[Eeo(t)] = e~ 7 lim EF [e_%A‘f(t)cpk(B(t))]

k— o0

—e3 klim /h(t,O,y)gpk(y) dy =e* /g(l - efQ?f,y)ey2 dy =1.
— 00

In case one is thinking that it is the sign of the B(¢)? in the exponential that
saves the day, do a similar calculation with £ replaced by —¢ and arrive at the
same conclusion.

The main application to which we will put these considerations requires the
use of the following lemma.

LEMMA 80. Suppose that {Py : k > 1} is a sequence of Borel probability
measures on C([0,00); RY) with the property that Pri1 | By = Py | By for all
k > 1. Then there is a unique Borel probability measure P on C(]0, oo);RN)
such that P | By =Py | By, for all k > 1.

PRroOOF: This is a relatively straight forward appliction of the fact that a family
of Borel probability measures on a Polish space E is realatively compact in the
topology of weak convergence if and only if it is tight in the sense that for each
€ > 0 there is a compact subset K C FE such that K is assigned measure less
that e by all members of the family. To apply this result here, one also has to
know that K C C’([O, oo);RN) is compact if and only if {¢ [ [0,k] : ¢ € K} is
compact in C([O, kl; RN) for each k > 1.

The uniquess assertion is trivial. To prove the existence, let € > 0 be given,
and for each k > 1 choose a compact subset K} of C([O, k); RN ) such that

max P;({¢: ¢ [ [0,k] ¢ Ky })le2 "e,

1<j<k

in which case

supP; ({v: ¥ | [0,k] ¢ Ki}) <2 e

Jj=1

Finally, set
K={y:¢][0,k] € Ky for all k > 1}.

Then K is a compact subset of C([O, 00); RY), and

Py (KC) < D P ({v: o 10K ¢ Kx}) < e
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Hence, the sequence {Py : k > 1} is relatively compact. Furthermore, any limit
P will have the property that P [ By = P | By for all £ > 1. Therefore the
sequence converges and its limit has the required property. O

Let X(-,x) be the solution to (56) and 8 : RY — RM a continuous function.
Set

Eg(t,x) = exp (/Ot<B(X(T, x)),dw(T))RM — /Ot|B(X(7-, x))|2d7'> ,

and assume that (Eg(t, x), Wi, W) is a martingale. If P is the Borel probability
measure on C ([O, 0); RM ) given by

Py(T') = EV[Eg(k,x), T,

then Pyo1 [ Wi = Py | Wy, and so, by Lemma 80, there is a unique Wg x with
the property that

(81) Wgx () = EV[Eg(t,x), I'| for all t > 0 and I € W,.

Furthermore, if
Lgp =Ly + (Uﬁv v@)RNa
then, by Lemma 73,

(ap(X(t, %) - /0 ' Law(X(r,x)) dr. TV, wﬁ,x>

is a martingale for all ¢ € C?(RY;R). Hence the distribution Pgx of X(-,x)
under Wg « is a solution starting at x to the martingale problem for Lg. Now
assume that o3 is Lipschitz continuous, and let Xg( -, x) be the solution to (56)
with b + o83 replacing b. Then the distribution of Xg(-,x) is also a solution
starting at x to the martingale problem for Lg, and so, if there is only one
solution to that martingale problem, then

(82) W(Xg(-,x) €l') =E"[Eg(t,x), X(-,x) €] for all t > 0 and I' € B,.

The first examples of this type of relationship were discovered by Cameron and
Martin, and so I will call the equation in (82) the Cameron-Martin formula,
even though, because Girsanov introduced a significant generalization of it, it is
usually called Girsanov’s formula.

There are many ways in which (82) can be used. For instance, it provides an
explanation for the conclusion that we reached prior to Leamm 80. To under-
stand how it relates to that discussion, assume that ¢ is Lipschitz continuous but
that b = o3 is only locally Lipschitz continuous. Choose an n € C*(RY, [0, 1])
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that is 1 on B(0,1) and 0 off of B(0,2), and set by(y) = n(k~'y)b(y). For each
k > 1, let X;(-,x) be the solution to (56) with by in place of b, and define
(= inf{t > 0: [Xp(t,x)| > k}. By Lemma 38, Xj1(t A C,x) = Xi(t A Gy X)
(a.s., W), and so Crp1 > (g (a.s,W). Therefore there exists a measurable
¢:C([0,00); RM) — [0, 00] to which {Cy : k> 1} converges (a.s.,), and there
exists a progressively measurable function X ( -, x) with values in RN U{oo} such
that X( +,x) [ [0,¢) is continuous, X(t,x) =o0 if t > ¢, and X(t,x) = Xk(t,x)
(a.s., W) if t € [0,(,). Obviously, ¢ can be thought of as the explosion time for
X(-,x). Now define

Liyp = (bk, V@)RN + %T‘raee(ao—rv2g0),

and assume that, for each £ > 1, the martingale problem for L; has only one
solution starting at x. Then if X(-,x) is the solution to (56) when b = 0, (82)
says that

EW By (t,x), X(-,x) €] = W(Xy(-,x) €T) fort >0 and I € B,

where

Bt = e [ (B0 aun) -3 [ 1ok ar)
with Bu(y) = n(k™"y)B(y)-
In particular, if {; = inf{t > 0: |X(¢,x)| > k}, then
Ey(t,x) = Eg(t,x) (a.s.,W) for t € [0, (),
and so .
EY [Eﬁ(t,x), G > t} = W(Ck > t).

Finally, since (i " oo (a.s.,)W), we have shown that
EV[Es(t,x)] = W(e > t).

In other words, the expected value of Eg(t,x) is the probability that X(- ,X)
hasn’t exploded by time ¢. Thus, X (-, x) never explodes (i.e., W(& = o0) = 1) if
and only if (E@(t, x), Wy, W) is a martingale. Since X (-,x) will never explode
if [b(y)| < C(1 + |yl), this explains our earlier conclusion that (FEg(t), F;,P) is
a martingale when £(¢) = B(t). Indeed, after translating it into the present
setting, one sees that we were dealing with o = 1, b(y) = y, and x = 0. When
£(t) = —B(t), X (t,z) is the Ornstien-Uhlenbech process.
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The Cameron-Martin-Segal Theorem: One of the most important applica-
tions of the ideas discussed in the preceding section has its origins in the early
work of Cameron and Martin and reached its final form in the work of I. Segal.
To fully appreciate what they did, one should know about the following theorem
of Sudakov.

THEOREM 83. Let F is an infinite dimensional, separable Banach space over
R, and, for a € F, define the translation map T, : E — E by T, = x + a.
Given p a Borel probability measure on E, there is a dense subset D such that
(Tya)spt L p for all a € D.

To prove this theorem, we will use the folowing lemma.
LEMMA 84. If Ky and K, are compact subsets of E, then int(Ky — K1) = ().

ProOF: Since K5 — K7, as the image of a compact set under a continuous map,
is compact if K7 and Ky are compact, it suffices for us to prove that int(K) = ()
for every compact K.

Given K and r > 0, choose z1,...,2z, € K so that K C " _, Bg(zm, %).
Because F is infinite dimensional, the Hahn-Banach theorem guarantees that
there is an a* € E* such that ||a*| g~ = 1 and (x,,,a*) = 0 for 1 < m < n. Now
choose a € E so that ||a||p =7 and (a,a*) > 2. If 2 were in K N (a+ K), then
there would exist 1 < m,m’ < n such that ||z — 2, [|p < § and ||z —a— 2 ||g <
7> Which would lead to the contradicion that

(z,0") = (x — Ty, a") < § and (z,a") = (a,a") + (. —a — Tpy) >

(V]

Thus KN (a+ K) =0, and so a ¢ K — K, which means that K — K contains no
non-empty ball centered at the origin. Finally, if K O Bg(b,r) for some b € E
and r > 0, then Bg(0,r) € K — K, which cannot be. O

ProoF OoF THEOREM 83: Let i be a Borel probability measure on E. By Ulam’s
lemma, for each m > 1 there exists a compact set K, such that v(K,,) > 1— %
Set A= Uy Kmand B=A—-A=U, (K, — Ky). Obviously, u(4) = 1.
By Lemma 84, int(K,, — K,;,) = 0 for all m,n > 1, and so, by the Baire category
theorem, int(B) = (). Now suppose that a ¢ B. Then AN (a + A) = ), and so
(T—ap)«(A) = p(a+ A) = 0. Hence, since a ¢ B <= —a ¢ B, we have shown
that (T,)«p L pfor alla € D= BC. O

As Theorem 83 makes clear, translation of a Borel probability measure on an
infinite dimensional Banach space in most directions will produce a measure that
is singular to the original one, and it is not obvious that there are any measures
on an infinie dimensional Banach that are quasi-invariant under translation in
a dense set of directions. Thus, it was a significant discovery when Cameron
and Martin showed that Wiener measure is quasi-invariant under translation by
absolutely continuous paths whose derivatives are square integrable and, later,
Segal showed that translates of Wiener by any other paths are singular.
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To put these results into the context of Theorem 83, let €2 be the space of
w E C([O,oo);RM) with the properties that w(0) = 0 and lim;_, |w§t)‘ =0,
and observe that W((2) = 1. Next define the norm |w|lq = sup;> “f(ft)l. Then
it is not hard to show that €} with this norm is a separable Banach space on
which W is a Borel probability measure. Finally, denote by H!(R™) the subset
of absolutely coninuous h € C([O, oo);RM) with the properties that hA(0) = 0
and i € L2([0, 00); R% M). That is, h(t) = fot h(r) dr where h € L?([0,00); RM).
It is easy to check that H'(R™) becomes a separable Hilbert space if one uses
the inner product

(gv h)Hl(RM) = (97 h) L2([0,00);RM)"

In addition, since |h(t)] < t2 17| 11 mary, b € Qand ||h||q < 5|Al|l g1 oy Finally,
it is obvious that H!(RM) is a dense subspace of 2.

THEOREM 85. Think of W as a Borel measure on 2. Given h € H'(RM), set
1(h) :/ (h(r), dw(7)) gas and i, = exp(I(h) — 3lIhl2 sr))-
0

Then (T3,).W < W and T — Ry for all h € H(RM). On the other hand,
if f € Q\ HY(RM), then (T}). WV L W.

A proof of the first assertion can be based on the considerations in the preced-
ing section, but there is a more elementary, direct proof. Namely, given n > 1,
0<t; <<ty and &1,...,&, € RM it is obvious that

E(Th)*w [ei Z:L:l(émvw(tm))]RM]

n

=exp |1 (EWM h(tm))RM - % (tm A tm’)(£m7 gm’)RM
2

m=1 m,m’=1

To compute the same integral with respect to RpdW, set hp(t) = (¢t A t)€m
and f(t) = h(t) +i>._; hm(t). Then

Rh(w)ei Z:L=l(£m7’lU(tm))R1VI — exp (/ (f(T)ydw(T))]RM _ ;|h||%{1(R1w)) 9
0
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and so

w [Rh(IU)eZ Zm 1(§m,w(tm))RM]

N e’}
—ep (1Y / 2 dr = |1
j=1

— 1
= €Xp 'LZ hm7h HLRM) 2 Z hmahm’ H1(RM)

m=

—_

n n
=exp | ¢ Z £m7 RIV[ - % Z (tm A tm’)(€m7£m’)RM
m=1

m,m’=1

Hence d(T},)«W = RpdWVW.

The proof of the second assertion requires some prepartions. Let L denote the
subspace of H!'(RM) consisting of twice continuously differentiable functions
whose first derivatives have compact support. Clearly L is dense in H'(RM),
and so one can find an orthonormal {h,, : m > 1} C L for H'(RM). Now define
the linear functional A on L by

ARy = — / (£ (7)) o i

We need to show that >~ A(h,,)? = co. To this end, suppose that C' =
> A(hm)? < 0o. Then, if h is in the span of {h,, : m > 1},

AR <D 1A [ (s Ban) 111y | < Ol oy
m=1

and so A admits a unique extension as a continuous linear functional on H!(RM).
Thus, by the Riesz representation theorem for Hilbert space, there exists an
ho € H'(RM) such that A(h) = (h, hO)Hl(RM)’ and so

[T U@ st = [ (ol 5 g tr for e I

Now given t > 0, choose p € C*°(R;R) so that p = 0 off of (0,1) and [ p(7) dr =
1. For 0 < e < t, set pe(1) = e tp(e'7) and

Gelr) = /O (/0 et _md@) dn
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Then ). = 0 off [0,t) and e = pe. Hence, 9. € L and, for any & € RM

(éa f(t))]RM = l{% /OOO (f(T)v pe(t - T)é)RM dr = — ll\l“%A(d)ES)

oo

= - 21\1‘1(1)(’#]657 hO)Hl(RM) = 21\1‘% 0 (hO(T)a ps(t - T)E)]RIVI dr = (57 hO(t))RMa
which leads to the contradiction f = hy € H'(RM). With this information, we
can complete the proof as follows. Define F': ) — RZ" o that

F(w)y, = /OOO (hm(T),d’U)(T))RM = —/OOO (w(T),}im(T))RM dr.

Then FLWV = 7%7*1, and, because F(w + f)m = F(w)m + A(hpm),
E((Tr) W) = 1] vt
m=1

Since 'ygz LTI 1 Yam,1 if Yooy a2, = o0, it follows that F, ((Tf) W) L F W,
which means that (7). W L W.

Among other things, this result allows us to show that W gives positive mea-
sure to every open subset of Q. To see this, first observe that, because H'(RM)
is dense in €, it suffices to show that W(Bq(h,r)) > 0 for every h € H'(RM).
Second, note that

W(Ba(0,r)) = E" [RER?,, Ba(0,1)]

2
h
I HHI(RM)
2

Nl

< BV [RZA]* (Ton).W(Ba(0,r)* = e W(Ba(h,r)),

and therefore it suffices to show that W(Bg(0,r)) > 0 for all r > 0. To this end,
let (B (t), Ft, IP’) be an R-valued Brownian motion, and consider the function

2
u(t,z) = es? sin g(m + 7).

Because Oyu + %Qﬁu = 0, (u(t,B(t)),ft,IP’) is a martingale. Hence, if (. =
inf{t > 0: |B(t)| > r}, then, because u(t,+r) =0,

w(B(t) +r)

1=FEF [u(t NG, BENG))] = egTZZtEP sin 5

G >,

and so
71'2t
P(¢ >t) > e s,
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Because

:
Wl lon <) 2 W ((mas lo(- )l < o ) =PG4

1<j<N

we now know that

W(Hw(')H[o;F] < ’r) >e a?

and therefore

W(Ba(0,7)) >W <|w(')||[O,T] < g & fggw < ;)

_ N2x2T lw(t)] T
>e 22 W sup——m—— < - ).
= (tzg 1+t+7T ~ 2

Finally, because ||w|jq < 0o and 28— 0 (a.s., W), we can choose T > 0 so

T+t
that
) <

VW | sup L)(t)'
ST 14+t

v
T

)

|

in which case
lw(t)| r
W sup ————— > —
<t>g 14+t+T — 2

t t
cw | sup PO ST gy (g PO
reor LHE+T T 2 oy L+t

N

E

Besides what it says about Wiener measure, the preceding result has the
following interesting application to partial differential equations. Let G 5 0 be a
connected, open subset of RM and u a harmonic function on G that achieve its
minimum value at 0. Then, for bounded, open H with H C G, W((H < 00) =1
and (u(w(t A ¢T)), Wy, W) martingale when ¢ =inf{t > 0: w(t) ¢ H}. Now
suppose that there were a point x € G \ {0} at which u(x) > u(0), and let
p: [0,1] — G be a continuous path such that p(0) = 0 and p(1) = x. Choose
r > 0 so that u(y) —u(0) > ¢ = M for y € B(x,r) and |p(t) —y| > 2r
forallt €[0,1] and y ¢ G. If

N3

C(w) =inf{t > 0: |w(t) — p(t)| > 2r} and ¢'(w) = inf{t > 0: w(t) € B(x,7)},
then, [[w(-) —p(- )|l <r = ¢(w) < {(w), and so

W' <) = e =W(|lw(-) —p( )l <r) >0.
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But this means that

w(0) = EV [u(w(¢ A )] =BV [u(w()), ¢ <] +EY [u(w()), ¢ > (]
> u(0) + de,,

which is impossible. Therefore no such x exists, and so we have proved the
strong minimum principle, which is the statement that a harmonic function
on a connected open set can achieve a minimum value there only if it is constant.
Essentially the same argument proves the parabolic analog of this principle.
Namely, suppse that & is an open subset of R x RM which is upward path
connected in the sense that for each (s,x),(t,y) € & with ¢ > s there is a
continuous path p : [s,t] — R such that p(s) = x, p(t) =y, and (7,p(7)) € &
for all 7 € [s,t]. If u € C1?(®) satisfying dyu + 1Au = 0 and (s,x) € &,
u(s,x) < wu(t,y) for all (t,y) € & with £ > s implies that u(t,y) = u(s,x) for all
such (t,y).

A second application is to the development of a calulus for functions on
in which Wiener measure plays the role that Lebesgue measure plays in finite
dimensions. First observe that

p(p—mnh\@mw)

(86) EW[R)] =e——=2  forallpe[l,00).

Hence, by Holder’s inequality,

2
eI,

(87) @0 ThllLapwir) < e 2= [ @]l Loir)
for 1 <g¢<p<ooand ® € LP(W;R).

Now suppose that ® € LP(W;R) for some p € (1,00) and that there exists a
function D, ® € LP(W;R) such that

BoTy — @
S0 T, D in LYW;R).

lim
£—0

Then, because
EY[® o Te, — @] = BV [(Ren — 1)9]

and % — I(h) in L (W;R),8 it follows that
(88) EY[D;®] = EV [I(h)®].
Next suppose that ®1, P, € LP(WW;R) for some p € (2,00) and that

P, 0Ty, — Dy
lim —t°2ten =%

— Dy ®; in LP(W;R) for i € {1,2}.
£—0 f

8 Here and elsewhere, p’ = ﬁ denotes the Holder conjugate of p.
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Then another application of Holder’s inequality shows that

(@1 e} Tgh)(q)g e} Tgh) - (I)lq)g
3

— &, Dy Py + & D, in LYW R),

and therefore
(89) EY[®1D,®s] = —EW [22D;,®1] +E" [I(7)®1®5).

This formula is the starting point for the Sobolev type calculus on which P.
Malliavun based his analysis of functions on Wiener space.

Wiener’s Spaces of Homogenious Chaos: Wiener spent a lot of time think-
ing about noise and how to separate it from signals. One his most profound ideas
on the subject was that of decomposing a random variable into components of
uniform orders of randomness, or, what, with his usual flare for language, he
called components of homogenious chaos. From a mathematical standpoint,
what he was doing is write L?(W;R) as the direct sum of mutually orthogonal
subspaces consisting functions that could be reasonably thought of as having a
uniform order of randomness. Wiener’s own treatment of this subject is fraught
with difficulties,” all of which were resolved by It6. Thus, we, once again, will
be guided by Ito.

We must define what we will mean by multiple stochastic integrals. That is,
if for m > 1 and ¢ € [0, 00], O™ (t) = [0,)™ and O™ = O™ (c0), we want to
assign a meaning to expressions like

1™ :/ F(7), di(7 N
F () D(’"')(t)( ( ) ( ))(RM)

when F' € L2(O); (RM)™),

With this goal in mind, when m = 1 and F = f € LQ([O,oo);RM), take
Il(,l)(t) = I(t), where I¢(t) is the Paley-Wiener integral of f. When m > 2 and
F=f® @ fn forsome fi,..., frm € L*([0,00); RM),** we use induction to
define Il([,m) (t) so that

00 I e ®= [ I (). ) g

9 One reason why Wiener is difficult to read is that he insisted on doing all integration theory
with respect to Lebesgue measure on the interval [0,1]. He seems to have thought that this
decision would make engineers and other non-mathematicians happier.

10 Here we are identifying f1®- - -® fm with the (RM)™_valued function F on [0, 00)™ such that

(B Ft1,. - tm)) @arym = (€1, filt))5 - (Emo fn(tm))g for = (£1,...,&m) € (RM)™.
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where now we need [t0’s integral. Of course, in order to do so, we are obliged to
check that 7 ~~ fm(T)I;Zg.l,g fm71(7') is square integrable. But, assuming that

I(mfl)

h&-@fm 18 Well defined, we have that

]EW

T
[l o]

- /0 T| OB (|10, ()] ar.

Hence, at each step in our induction procedure, we can check that
m 2 2 2
BV DIJ(”NX))“'@fm(T)’ ] = /A(m)(T)|f1(Tl)\ | f ()| dry - AT,

where A(™) () = {(tl,...,tm) e <t <o <ty < t}; and so, after
polarization, we arrive at

w [ (m) (m)
E [If1®---®fm(T)If{®~-~®f7’n(T)}

- /A(m)(T)(fl(Tl)vf’(ﬁ))]? o (fn () fo (o)) 7 = - .

I next introduce

7(m) — (m)
(91) If1®"'®fm (t) = Ifﬂ(l)@"'@fﬂ'(m)(t)’
mell,,
where I, is the symmetric group (i.e., the group of permutions) on {1,...,m}.

By the preceding, one sees that

w [ #m) #(m)
E [If1®~-®fm(T)If{®~~®f£n(T)}

B Z /A H(fﬂ'(f)(’rf)af;-r/(g)(Tg»RM dri - dtm,

€l (m)(T) =1

= 3 [ TG fa )

ell,, V0T 1=

- Z H(fe,f;(Z))Lz([o,T);RM)’

mwell,, (=1

In preparation for the next step, let {g; : 7 > 1} be an orthonormal basis in
L?*([0,00); RM), and note that {g;, ® --- ® gj.. : (j1,---,4m) € (ZT)™} is an
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orthonormal basis in L? (D(m); (RM)m). Next, let A denote the set of o € N%"
for which [Ja|| = >°7° a; < co. Finally, given a € A, set

S(@)={j€Z": a; >1} and G, = ® g%,
JjES(a)

Then, G, € L*(OUlelD; (RM)lel) "and, for a, B € A with |laf = ||B] = m,

F(m) 7(m) _
(92) (Ie 157 2oy = da,80,
where al = [];cq(a) -
Now, given F' € L? (D(m); (RM)m), set
(93) F(tl,...,tm>5 Z F(tﬂ.(l),...,tﬂ.(m)),
well,,
and observe that
_ - 9
HFHL2(D(m>;(RM)m) = Z (F7gj1 Q- ® gjm)LQ(D(m);(]RM)m)
je@t)m
m ~ 2
ST

where (TS) is the multinomial coefficient ’(Z—,’ Hence, after combining this with
calculation in (92), we have that
- 2
(F.Ga)
w 9’ « LZ(D(7n)7(RM)m) ~(m) _ 1 =12
E Z al I, (c0) = EHFHLQ(E\(m);(RM)m)'

all=m

With these considerations, we have proved the following.

THEOREM 94. There is a unique linear map
F e L@ RM)™) — [ e M2(W;R)
such that f](c:né,_@fm is given as in (91) and

1

w | 7(m) 7(m) ]
E |:IF (OO)IF’ (OO)] m' (F?F)LZ(D(m);(RJVI)m)'
In fact, )
F,Gq)
F(m) _ (F, Ga) paom sy £
Iy = Z al la,,
llecll=m

where the convergence is in L?(W;R).
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Although it is somewhat questionable to do so, as indicated at the beginning
of this section, I like to think of I}m) (t) as

F(7), di(7)) o
/| oy 45

The reason why this notation is questionable is that, although it is suggestive, it
may suggest the wrong thing. Specifically, in order to avoid stochastic integrals
with non-progressively measurable integrands, our definition of fl(;m) carefully
avoids integration across diagonals, whereas the preceding notation gives no
hint of that fact.

Take Z(© to be the subspace of L2(W;R) consisting of the constant functions,
and, for m > 1, set

Zm = {1 (c0) : F e L*([0; (RM)™)}.

Clearly, each Z("™ is a subspace of L?(W;R). Furthermore, if {F}, : k > 1} C
L2(D(m);(RM)m) and {INI(;T:)(OO) : k > 1} converges in L?(W;R), then {F}, :
k> 1} converges in L> (D(m); (RM)m) to some symmetric function G. Hence,
since G = m!G, we see that fg:)(oo) — f}m)(oo) in L*(W;R) where F = -L.G.
That is, each Z(™) is a closed linear subspace of L?(W;R). Finally, zm) | Z(m)

when m’ # m. This is completely obvious if either m or m’ is 0. Thus, suppose
that 1 <m < m/. Then

EW [I(m) (00)1(771/) (oo)]

h18-@fm M fleaf
m—1
o R | (I NAC
A (m/ —m) 7—0

W p(m’'—m) B
xE [If{®--»®f’ C (Tw—m)] dmy - drg i = 0,

m’—m

which completes the proof.

The space Z(™) is the space of mth order homogeneous chaos. The reason
why elements of Z(© are said to be of Oth order chaos is clear: constants are
non-random. To understand why f}m)(oo) is of mth order chaos when m > 1,
it is helpful to replace dw(7) by the much more ambiguous w(7) dr and write

1 (00) = /W) (F(ﬁ,...,fm), (w(r1), - ,w(Tm))) dry - dTm.

(RM)m

In the world of engineering and physics, 7 ~- 1(7) is white noise.'* Thus, Z(™)
is the space built out of homogeneous mth order polynomials in white noises

1 The terminology comes from the observation that, no matter how one interprets t ~ i (t),
it is a stationary, centered Gaussian process whose covariance is the Dirac delta function times
the identity. In particular, w(t1) is independent of w(¢2) when t1 # to.
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evaluated at different times.'? In other words, the order of chaos is the order of
the white noise polynomial.

The result of Wiener, alluded to at the beginning of this section, now becomes
the assertion that

(95) L*W;R) = é Zm,

The key to It6’s proof of (95) is found in the following.
LEMMA 96. If f € L2([0,oo);RM), then and I](co) =1, for each X € C,

0 M
ATy (c0)— 27| £112 . AT _ A"
et 2 102 ([0,00) M) = ZO le(cg“z@(oo) = A/}I—IPOO le(cgw)n(oo)
m= m=0

W-almost surely and in L>(W;R). In fact, if

M A (00)— A £112 = A ~(m)
Rf (OO, )\) =e ! 2 L2([0,00)RM) _ Z mlf@m (00)7
m=0 '

then
EY || R} (00, N)|]

M-1 2
PP R mney > (M1 22 ([0,00)m) - LAl 2 (0,000 '
m! - M!

)2m

m=0
2
PROOF: Set E(t,\) = &0~ F 1100 W20, 000 Then
t
E(t,\) =1+ )\/ E(, )\)(f(T),dw(T))RM.
0

Thus, if (cf. (90)) 10 () = I{2).(t) = 4 1%), and

m!* fe®m

RO(t,\) = E(t,\) and RM“(t,A)zA/O RM (7, \)(f(7), dw(r))

RM
for M > 0, then, by induction, one sees that

M
E(t,\) =14 Y NI (t) + RMT!(t,\)

m=1
for all M > 0. Finally, if A(t) = fg |f(7)|? dr, then
EV[|RO(t, \)|°] < eMAORWY [E(t, 20e))] = MA®),
and

BV [|RM (1, \)[F] = W’/0 BV [|RM (7, )| A7) dr.

Hence, the asserted estimate follows by induction on M > 0. O

12 Remember that our integrals stay away from the diagonal.
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THEOREM 97. The span of
R @ {f}g?)n(oo) :m>1& f e L?([0,00); RM)}

is dense in L?>(W;R). In particular, (95) holds.

PROOF: Let H denote smallest closed subspace of L?(W;R) containing all con-
stants and all the functions I }ig,L (00). By the preceding, we know that cos ol (oc0)
and sinoly(co) are in H for all f € L?([0,00); RM).

Next, observe that the space of functions ® : C ([O, 0); RM ) — R which have
the form

® = F(If,(c0),..., 1, (0))

for some L > 1, F € . (RY;R), and fi,...,fr € L2([O,oo);RM) is dense in
L2(W;RM). Indeed, this follows immediately from the density in L?(W;R) of
the space of functions of the form

w ~> F(U)(tl), Cen ,w(tL)),

where L > 1, F € Y(RY;R), and 0 <tg < --- < tp.
Now suppose that F : .7 (RY;R) is given, and let F' denote its Fourier trans-
form. Then, by elementary Fourier analysis,

Fu(e)= 20"+ Dr) " 30 VT Fm2 ) — Fla),
[lml] oo <4m™

both uniformly and boundedly, where m = (mq,...,mr) € Z* and |ml|~

= max,<y<z, |my|. Finally, since F(Z) = F(—Z) for all = € RL, we can write

(204" + 1)m) “F (I, (00), - .., I, (00))
=Fo)+2 Y (i}{e(ﬁ(m2_")) €08 0 (00)

meNT
1<||m]| o0 <4™

+Jm(F(m27")) sin oIm’n(oo)) e H,

where I, = 2771}, With fo = 37, mefe. O

The following corollary is an observation made by It6 after he cleaned up
Wiener’s treatment of (95). It is often called Ité’s representation theorem and
turns out to play an important role in applications of stochastic analysis to, of
all things, models of financial markets.'3

131n fact, it shares with It6’s formula responsibility for the widespread misconception in the
financial community that It6 is an economist.
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COROLLARY 98. The map
(2,€) € R x PX(RM) — 3+ Ig(o0) € L*(W;R)

is a linear, isometric surjection. Hence, for each ® € L?(W;R) there is a V-
almost surely unique & € P?(RM) such that

d =EV[®] + /OO (&(7), dw(T))gry  W-almost surely.
0

In particular,
¢
Wie | W] =EY[®] + / (&(7),dw(7))gar  W-almost surely for each t > 0.
0

Finally, for any ® € L'(W;R), there is a version of (t,w) ~ E" [® ’Wt] (w) that
is is continuous as function of t > 0.

PROOF: Since it is clear that the map is linear and isometric, the first assertion
will be proved once we check that the map is onto. But, because it is a linear
isometry, we know that its image is a closed subspace, and so we need only
show that its image contains a set whose span is dense. However, for each
fe LQ([O,oo);RM) and m > 1,

m m—1
1) (00) = m / 10D (D) (), () gors

and so, by the first part of Theorem 97, we are done.

Given the first assertion, the second assertion is obvious and shows that
(t,w) ~ EW[®| Wi(w) can be chosen so that it is continuous with respect
to t for any ® € L2(W;R). Finally, if ® € L'(W;R), choose {®) : k > 1} C
L?*(W;R) so that ®, — ® in L'(W;R), and let (t,w) ~ Xy (t,w) be a version
of (t,w) ~ EYW[®|,W,;] which is continuous in ¢. Then, by Doob’s inequality,
for all t > 0,

supW ([ Xe(-) = X5( o =€) < 1 Xe(t) = Xi(t) || L2 o) 0

>k €

as k — 0o. Hence there exists a progressively measurable X : [0,00) x @ — R
to which {Xx(-) : k > 1} W-almost surely converges uniformly on compacts,
and, since, for each ¢ > 0,

i (X (6) — B[ T2 1 ) = O

it follows that X (¢) is a version of EV[® |W;]. O
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Extensions of and Variations on Ito’s Ideas

As is clear from Doob’s presentation of It6’s theory in his book, Doob un-
derstood that one can apply Itd’s ideas to any continuous, square integrable
martingale (M (t), F;,P) for which one knows that there is a progressively mea-
surable function ¢ ~» A(t) which is continuous and non-decreasing in ¢ and for
which (M(t)2 — A(t),ft,IF’) is a martingale. At the time, Doob did not know
what is now called the Doob-Meyer decompostion theorem, a special case of
which guarantees that such an A(-) always exists. In this chapter, T will first
prove this existence result and then, following Kunita and Watanabe, develop
an elegant version of the theory that Doob had in mind.

The Doob-Meyer Decompostion Theorem: Doob noticed that if (Xn, Fns IP’)
is a discrete parameter, integrable submartingale, then there is a unique {4, :
n > 0} such that Ay = 0, A, is F,,—1-measurable and A4,,_; < A4,, for n > 1,
and (Xn - An,]-'n,]P’) is a martingale. To see that such A,’s exist, simply
set Ag = 0 and A, = A, 1 + EP[X,, — X,,_1|Fn_1] for n > 1, and check
that (X, — A,,F,,P) is a martingale. To prove uniqueness, suppose that
{B,, : n >0} is a sequence of random variables such that By = 0, B,, is F,—1-
measurable for n > 1, and (Xn - Bn,]:n,IP’) is a martingale. Then By = Ay
and, since B,, — B,,_1 is F,_1-measurable,

B, —Bp_1= EP[Xn - Xn |]:n—1] = An - An—l

forn > 1.

Trivial as this observation is, it greatly simplifies proofs of results like his
stopping time and convergence theorems. However, even formulating, much less
proving, a continuous paratmeter analog was a non-trivial challenge. Indeed,
wholly aside from the a proof of existence, in a continuous parameter context it
was not obvious what should replace the condition that A,, be F,,_i-measurable.
The person who figured out how to carry out this program was P.A. Meyer,
who, in the process, launched a program that led to a deep théorie générale of
stochastic processes. I know no elementary proof of Meyer’s theorem, and so it
is fortunate that we need only the particularly easy, special case covered in the
following theorem.™

THEOREM 99. If (M (t), Fi,P) is a continuous, local martingale, then there is
a P-almost surely unique continuous, non-decreasing, progressively measurable
function t ~ A(t) such that A(0) = 0 and (M(t)* — A(t), F;,P) is a local
martingale.

PROOF: '® Without loss in generality, assume that M (0) = 0. Next, note that if
M is uniformly bounded and A(-) exists, then (M (t)? — A(t), F;,P) is a martin-
gale and EF[A(t)] = EF[M(t)?]. In fact, if {¢,, : m > 1} are stopping times for

14 In the following and elsewhere, I will say that a progressively measurable function on [0, c0) x
Q is continuous if it is continuous as a function of time.
151 learned the basic idea for this proof in a conversation with Ito.
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the local martingale (M (t)* — A(t), Fy,P), then EF[A(t A Gn)] = EF [M(tAGn )2,
A(tACn) 2 A(t), and, as a consequence, M (tACy)? —A(EAC) — M (t)? — A(t)
in L'(P;R), and therefore (M (t)* — A(t), F;,P) is a martingale.

We will now show that we can reduce to the case when M is bounded. To this
end, assume that we know both the existence and uniqueness result in this case,
and introduce the stopping times (,,, = inf{t > 0: |[M(¢)| > m}. Then, for each
m > 1, there is a unique A,,(-) for t ~ M(t A (). Further, by uniqueness, we
can assume that, for all m > 1, A,,,11(t) = A (t) when ¢ € [0,(;,). Thus, if
A(t) = A (t) for t € [0, ), then (M(EAGn)? — A(tA¢n), Fi, P) is a martingale
for all m > 1. In addition, if A’(-) is a second continuous, non-decreasing,
progressively measurable function for which (M(t)? — A'(t), 7, P) is a local
martingale, then

(M(t A Cm)2 - A/(t A Cm)v}-typ)

is a martingale for all m > 1, and so, by uniquenss, A’(t) = A,,(t) for t € [0, ().
Having made this observtion, from now on we will assume that M (0) = 0 and
M(+) is uniformly bounded.

To prove the uniqueness assertion, we begin by showing that if (X (t),]-"t,}P’)
is a square integrable, continuous martingale with X(0) = 0 and t ~ X(¢)
has bounded variation, then X(¢t) = 0 (a.s.,P) for all ¢ > 0. Thus, suppose
that such an X(-) is given, and let |X|(¢) be the total variation of X(-) on
[0,#]. By Riemann-Stieltjes integration theory, X (t)? = 2 fot X(7)dM(T). Next,
for R > 0, set (g = inf{t > 0 : |X|(t) > R} and Xr(t) = X(t A(r). By
Lemma 37, E? [Xp(t)?] = EP [ I Xp(r) dXR(T)}, and so EP[X(t A Cr)?] = 0.
Since (g " o0 as R — oo, it follows that X(¢) = 0 (a.s.,P). Now suppose
that (M(t) — A(t),F;,P) and (M(t) — B(t), F,P) are martingales, and take
Cr = inf{t > 0: A(t) V B(t) > R}. Then the preceding result applies to
(B(t A Cr) — A(t A CR), Fi,P) and says that A(t) = B(t) for t € [0,(R).

The proof of existence is more involved. Set (p, = 0 for n > 0. Next,
assuming that {(,,., : m > 0} has been chosen so that ¢, , / 00 as m — oo,
proceed by induction on m > 1, and define (41,41 to be

C&n A inf{t > Cm,n-i—l : ‘M(t) - M(Cm,nl > 2_n}
where ¢ is the element of ZT for which Co—1,n < Cmynt1 < Con-

Clearly, for each n > 0, {(n,n : n > 0} is non-decreasing sequence of bounded
stopping times that tend to oo. Further, these sequences are nested in the sense
that {Cmn: m >0} C {(mn+1: m > 0}. Now set

M = M(Cmyn) and Ap, o (8) = M(EA Gntin) — MEA Gnon),
and observe that M (t)? = 2Y,,(t) + A, (t), where

o0

Yo=Y MunAma(t) and An(t) = > Apa(t)’.
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In addition, (Y;(t), F;,P) is a square integrable martingale, 4,(0) =0, A,(-)
is continuous, and A, (t) + 4" > A,(s) for 0 < s < t. Thus, if, for each
T > 0, we show that {A,(-) | [0,7] : n > 0} converges in L'(P;C([0,T];R))
or, equivalently, that {Y,,(-) [ [0,7] : n > 0} does, then we will be done. For
that purpose, define

Mm,n+1 = Mé,n if Cﬁ,n < C-m,n+1 < C€+1,n7

and observe that | My, nt1 — My pnt1| < 27" and
o0

Yn+1(t) - Yn(t) = (Mm,n+1 - Mm,n+1)Am,n+1(t)-
m=0

Since My nt1 — Mm i1 is Fe,, ,.,-measurable, the terms in this series are or-
thogonal in L?(P;R), and therefore, by Doob’s inequality,

EF ([ Yas1 () = Ya(Ollor] <27 ) EF[Amnri()?]

= 27" Y [MEA Gnrrns1)? = M(EA Gung)?] = 27" BT [M(2)7],
m=0
and the desired convergence follows from this. [

It is important to appreciated how much more subtle than the preceding
Meyer’s reasoning was. Perhaps the most subtle aspect of his theory is the
one having to do with uniqueness. In the discrete setting, uniqueness relied on
Doob’s insistence that A, be F,,_i-measurable, but what is the analog of that
requirement in the continuous parameter context? Loosely speaking, Meyer’s
answer is that A(-) should have the property that A(t)? = 2]; A(7)dA(T). An
example that illustrates this point is the simple Poisson process ¢ ~» N(t), the
one that starts at 0, waits a unit exponential holding time before jumping to 1,
waits there for a second, independent unit exponential holding time before jump-
ing to 2, etc. Since it is non-decreasing, N (t) is a submartingale with respect to
any filtration {F; : ¢ > 0} for which N(-) is progressively measurable. Further,
there is no doubt that N(t) — A(t) is a martingale if one take A(t) = N(¢). But
is not the choice that Meyer’s theory makes. Instead, his theory would choose
A(t) = t, because, being continuous, since N (t) — ¢ is also a martingale and this
choice satisfies A(t) = 2 fot A(7)dA(T). More generally, if a continuous A(-)
exists, his theory would choose it. However, in general, there is no continuous
choice of A(-), and to deal with those cases Meyer had to introduce a raft of
new ideas.

From now on, I will use (M))(-) to denote the function A(-) in Theorem
99. In addition, given a stopping time ¢, M¢ will be the local martingale ¢ ~
M (tA (). The following lemma contains a few elementary facts that will be used
in the next section.
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LEMMA 100. Let (M(t), Fis ]P’) be a continuous local martingale and ( a stop-
ping time. Then (M)(t) = (M))(t A ¢). Furthermore, if EF [(M))(¢)] < oo,
then

(ME(8), 72, P) and (ME(6)? — (M)(8), 7, )

are martingales. Finally, if o : @ — R is a bounded, F¢-measurable func-
tion and M(t) = o(M(t) — MS(t)), then (M(t), F,P) is a continuous, local

martingale and }
(M) () = o ((M)(B) — (MEN(2)).

Proor: Without loos in generality, I will assume that M (0) = 0.
To prove the first asserion, simply observe that, by Doob’s stopping time
theorem, (M¢(t ) (M) (t AC),Ft,) is a local martingale, and therefore, by

uniqueness, (M)(t) = (M) (t A Q).
Now assume that E¥ [(M >>( )] < 00. Choose stopping times {(,, : m > 1}

for the local martingale (M ), Frs JP’) By Doob’s inequality,
E°[[| M 70,9] < 4B [(MY(EAGn A Q)] < AET[(MH(Q)],

and therefore EF [||M¢ ||[20 C)] < oo. In particular, this means that M¢(tACy,) —
M¢S(t) in L?(P;R), and so, since (MS)(t A ) 2 (MS)(t), there is nothing
more to do.

To prove the final assertion, it suffices to prove that

(M), 72, P) and (WI(2)? = 0> ((M())(2) — (M) (£ A Q). Fi.P)

are maringales if (M (t),]—'t,IP’) is a bounded martingale. Thus, assume that
(M(t), Fi, IP’) is a bounded martingale, and let ¢ > s and I' € F; be given. Then

EF[M(t), T] =EF[M(t), Tn{¢ < s} +EF[M(t), Tn{s < ¢ <t}].
Because I' N {¢ < s} € F and alpnge<s) is Fs-measurable,
EF[M(t), T N{¢ < s} =EF[a(M(t) — M(tAC), TN{¢ < s}]
=EF[a(M(s) = M(s AQ)), T N{¢C < s} =EF[M(t), T].

At the same time, alprn{s<c<sy is Fiac-measurable, and so, by Hunt’s version of
the stopping time theorem,

Ef[aM(t), I Nn{s< (<t} =E[aM(tA(), I N{s< (<t}
which means that EF[M(t), T n{s < ¢ < t}] = 0. Thus (M(t),F;,P) is a
martingale. To show that (M@)? —a2 (M) () - (MY(2)), F, PP’) is martingale,
use Hunt’s theorem to see first that

EF[@®M)MEAC), TN{s< (<t} =E[a®M(EtA()? TN{s< (<t}
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and then that

EF[o?(M(t)> = M(tAC)?), TN {s < (< t}]
=E"[o? (M) (1) — (M)(1), Tn{s < ¢ < t}].

Hence,
EF [0 (M (1) =M (1)", TA{C > s}] = EF [ ((M) ()~ (M) (1)), TN{C > s3].
Next, since al¢<, is Fs-measurable,

EF [ (M(t) — MS(t))*, T N {¢ < s}]

E°[® (M(t)* = 2M ()M (s) + M*()*), T N {¢ < s}]

= EF[02(M(s)? — 2M (s)M*(s) + M(s)* + (M) (t) — (M) (s), T N {C < 5}]
E* [0 (M(s) = M(s))*, T] + EF [0 (M) (t) — (M)(s), TN {¢ < s}].

After combining these, one obtains

2

EF [0 (M (t) — MC(t))° — a®(M(s) — M(s))?, T]
E

= EF[? ((M)(t) — (M) (s)), T] O.

Kunita-Watanabe’s Integral: As I said, Doob already understood that It6’s
integration theory could be extended to martingales other than Brownian motion
once one had a result like the one in Theorem 99. However, it was Kunita and
Watanabe who not only carried out the program that Doob had in mind but did
so in a particularly elegant fashion.

Given (2, F,P) be a complete probability space and {F; : ¢t > 0} a non-
dereasing filtration of complete sub o-algebras, use M?(P;R) and M..(P;R),
respectively, to denote the set of all square integral continuous martingales and
local martingales under P relative to {F, : t > 0}. Clearly, both M?(P;R) and
Mo (P;R) are vector spaces over R. Next, given My, Ms € M,.(P;R), set

(My + Ma)) — (M — M)

(M, My) = 1 ,

and note that
(My(t)Ma(t) — (My, Ma)(t), Fi, P)

is a continuous local martingale. Moreover, by exactly the same arguement
with which we proved uniqueness in Theorem 99, one sees that (M, Ms) is the
only progressively measurable, continuous function A(-) such that A(0) = 0,
A(+) 1[0,¢] has bounded variation for each ¢ > 0, and (M (t) M2 (t)— A(t), 7, P)
is a continuous local martingale.
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LEMMA 101. The map (My, My) ~» (M;.Ms) is symmetric and bilinear on
Mo (P;R)? in the sense that (My, Ms) = (M, My) and, for all ay, as € R,

(ar My + g My . M3) = o (M, M3) + aa(Ma, M)
P-almost surely. Furthermore, (M, M) = (M)) > 0 and, for 0 < s < t,

(M7, Ma)(t) — (My, Ma)(s)|
< V(M) (1) — (M) () (M) (£) — (M) (s)

P-almost surely. In particular,

(102)

VLY ~ VLY, < VI~ MENE)  (a5.B),

and for any stopping time (,
(M, Ma) () = (My, Mo)(t A Q).

PROOF: The first assertions are all easy applications of uniqeuess. To prove the
Schwarz type inequality, one uses the same reasoning as usual. That is,

0 < (M +a " My)) = o* (M) + 2(My, M) + o~ (M)

P-almost surely, first for each a and then for all o simultaneously. Thus, P-

almost surely,
2[(My, Ma)| < o®(Mi)) + o™ (Mz)),

and so, after minimizing with respect to «, one sees that

(M, M) < /(M) v (M) (as., P).

Finally, by applying this with M;(t) — M;(t A s) in place of M;(t), one arrives at
(102).

Once one has (102), the first of the concluding inqualities follows in the same
way as the triangle inequality follows from Schwarz’s inequality. To prove the
second, note that, by (102),

(M, My) (t) — (M, Ma)(t A Q)] < \/<<Mf>>(t) — (M) (E AV (M) () =0

and

[(ME, M) (¢ A C) — (M, Mo) (£ A Q)] < /(ME — M A OVTBEL) () = 0,
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since
(My = M)(t A Q) = (M — M) ()
and (M — M) = Mt — M =0. O
Because ((M))(t) is continuous and non-decreasing, it determines a non-atomic,
locally finite Borel measure ((M))(dt) on [0,00), and because, (M7, M) is con-
tinuous and of locally bounded variation, it determines a non-atomic, locally

finite Borel signed measure (M;, Ms)(dt) there. Starting from (102), it is easy
to show that, for all & > 0, T > 0, and ¢ € C([0,T];R),

2

T T
/0 o(7) (M, My)(dr)| < o / ()2 (M) (d) + a2 (M) (T),

and therefore that

¢ / 2 (M) (dr) /(D).

/O o(r) (My, My)(dr)

Because this inequality holds for all continuous ¢’s on [0,77], it also holds for
all Borel measurable ones, and therefore we know that, for all Borel measurable

v:[0,T] — R,
\/ / ) (dr) VLY (D),

where |(My, Ms)|(dt) is the variation measure determined by (M7, Ma)(dt).

With these preparations, we can say how Kunita and Watenable defined
stochastic integrals with respect to an element M of M..(P;R). Use 77120C *
MIR) to denote the space of progressively measurable funtions & such that
fo |€(T)|* (M) (dT) < oo for locally integrable with respect to |[(M,M')|(dt)
of all M’ E Moo (P;R), and define the stochastic integral Iéw of & with respect
to M to be the element of Mo (IP;R) such that I} (0) = 0 and (I}, M')(dt) =
E()(M,M")(dt) for all M’ € My (P;R). It is obvious that this definition
uniquely determines [ EM since, if I and J were two such elements of M,.(P;R),
then (I — J,I — J)(dt) = 0. Thus, before adopting this definition, all that we
have to do is prove that such an element exists.

(103) | (T) (M1, M2)|(dT)

LEMMA 104. If I} esists, then IEMC and I{‘é ¢ exist and both are equal to
(1}")¢. Next suppose that {&, : n > 0} U{&} € P2 .(M;R) and that
¢

lim [ (&.(r) — &) (M)(dr) =0 (as.,P)

n—0Q 0

for all t > 0. If Ié‘f exists for all n > 0, then IgM does also.
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PROOF: The first assertion is an easy application of the last part of Lemma 101.
Indeed,

(IS, M) () = (I, M) (A Q)

tAC t
=/O §<7)<M,M>(d7)=/o Lio,¢) (T)E(T)(M, M) (dr),

and (M, M)(dr) = 1j,¢)(7)(M, M')(d).
Turning to the second assertion, begin by assuming that

1M1 and sup [ 672 1) a)

are uniformly bounded for each ¢ > 0, and set I,, = I é\f . Then

(1)~ 1) = [ (€ar) — nir)* 1) 0), 7.2

is a martingale, and so

B (1)~ Tn ()] = B | [ (6l) = &m0 )]
which, by Doob’s inequality, means that

lim sup EP[HIn(-) — Im(~)||[20’t]] =0.

Mm—00 n>m,
Hence there exists a continuous, square integrable martingle I such that
|1 = Lnlljo,g — 0 in L*(P;R) for all ¢ > 0.

In addition, if M" € M,.(P;R) and (M')(t) is bounded for all ¢ > 0, then, for
0<s<t,

EF[I(t)M'(t) | Fs] = lim EF[L,(t)M'(t)| F] = lim EF { /O & (T)(M, M"Y (dT)

n— o0 n— 00

and

/0 [€(7)=&n (T)] (M, M")|(d7) < \//0 (£(7) = & (7)) (M) (dr) /LM () — 0
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P-almost surely. Hence, (I, M')(dt) = &£(t)(M,M’)(dt) (a.s.,P) when (M")(t)
is bounded for all ¢ > 0. To prove that the same equality for general M’, take
Cp =inf{t > 0: (M))(t) > k}. Then, using Lemma 101, one sees that

tACk
(LM/W/\CIC)—(L(M/)C’“W)_/O E(T)(M, M")(dr)

P-almost surely for all £ > 1. Since (i oo as k — oo, it follows that I = IéM.
To remove the boundedness assumptions on M and fg En(T)2(M)(dT), define

Ck—inf{tZO |veesup/ En(T )zk},

n>0

and set Mj, = M. By the preceding, we know that I}, = Il 0.Ch )€ exists and is

equal to IEM’“, and, by the first part of this lemma, Ij11(¢ACk) = I (tACk) (a.s.,P)
for all £ > 1. Hence, we can choose I € Moc(P;R) so that I(t A (k) = I(t A (k)
(a.s.,P) for all k& > 1, in which case, it is easy to check that (I, M')(dt) =
E(t)(M, M) (dt) for all M’ € M,.(P;R). O

In view of the preceding, what remains is to find a sufficiently rich set of
&’s for which we can show that IéM exists, and as in the case when M was a
Brownian motion, a good guess is that £’s of bounded variation should be the
place to look. The basic result in this case requires that we know the following
elementary fact about Riemann-Stieltjes integrals. Let ¢ € C([0,t];R) with
©(0) = 0, and let {¢,, : n > 0} be a sequence of functions on [0, ] such that
|1, (0)| V var 4 (v) < C < oo. If 4, — 1) pointwise, then varjy4(¢) < C and

¢
lim wn(T dp(T /¢ ) do(T

n— o0

To prove this result, first note that vary (1) < C is obvious. Next, choose
{or: k>1} C CY(R;R) so that [¢xllu < [[¢llo.g and [[¢ — ¢kllp.g < - Then

/wn ) do(r /wn ) dgi(r

<lo(t) = er®)[P@)] + /0( (7) = ex(7)) dipn(7)

2C
k7

<2C|le = wrlljpo,g <

and similarly

) di(r /¢ ) dgi(r
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Hence, it suffices to show that

¢
lim U (7) doi (T / (1) dor (T
0

n—0o0

for each k£ > 1. But, by Lebesgue’s dominated convergence theorem,

lim [ u(7) dg(r) = lim / baT)pu(r) dr

/w ) m—/w ) dgi(r

LEMMA 105. Suppose M € M,.(P;R) and that £ is an element of PE (M;R)
for which &( ) has locally bounded variation. Then IéM exists and IgM (t) is equal

to the Riemann-Stieltjes integral fo T)dM(T).

PROOF: Begin Wlth the assumptlon that M, (M), and £ are all uniformly

bounded. Set I(t fo ), where the integral is taken in the sense of
Rlemann—StleltJes Then I(t ( ) = llmnHOO I,,(t), where

/5( DAM(r) = 3 Emam) (M(EA (m+1)27") = M(tAm2—™)),

m<2nt

and, because (M))(dt) is non-atomic and ¢ has at most a countable number of
discontinuities,

lim [ (&(7) = &u(r)° (M) (dr) =0,

n—oo 0

where &, (t) = £([t]n). Hence, by Lemma 104, we will know that I = I} once
we show that I, = Ié‘f. To this end, note that

L(t)= Y Apa-n(tA(m+1)277).

where Ay(t) = &(s)(M(t) — M(t A s)). By Lemma 100, A, € Moo(P;R) for
each s > 0, and so I,, € Mjo.(P;R). Next, let M’ € M,.(P;R) be given, and set
X(t)=M(@)M'(t) — (M, M')(t). Then, again by Lemma 100,

(&) (X(0) = X(t 1 9)), Fi, P) and (£(s)M(s) (M () = M'(t A 5)), Fo, P)
are local martingales. Hence, since

A ()M (t) — &(s) (M, M')(t) — (M, M) (t A 5))
= () (X (1) = X(t A s)) = &(s)M(s) ((M) (1) = (M)(E A 5)),
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(Appa—n, M) (t) = Em27™)((M, M")(t) — (M, M’)(t A m2™"), and therefore
(X, M')(dt) = &, (t)(M, M")(dt).

To remove the boundedness assumption on &, for each n > 1, define &,(t) =
£() I JE()] < n and &,(8) = +n if £€(t) > n. Then var y(£n) < varlo,(€),
()] < n AJEW®)], and [y (&(r) — &())* (M)(dr) — 0. Hence, by the
preceding combined with the above comment and Lemma 104, I gM exists,

1M(t) —>/0 &(r)dM(r), and 1} (t) — 1.

Finally, to remove the assumption that M and (M)) are bounded, take ¢, =
inf{t >0: |M(#)|V{(M)(t)>n} and M,, = M. Then, just as in the proof of
Lemma 104, one can define I so that I(¢) = IgM’” (t) for t € [0,¢p), in which case
I=1IMand I(t) = [ &(r)dM(r). O

To complete the program, we have to show that if £ € 73120C(M ;R) then there
exist {&, : n > 1} C 73120C(M; R) such that each &, has locally bounded variation

and fg (&(r) - §n)2<<M>)(dT) — 0. The construction of such a sequence is a
little trickier than it was in the Brownian case and makes use of the following
lemma.

LEMMA 106. Let F : [0,00) — R be a continuous, non-decreasing function
with F'(0) = 0, and define
F~Y(t) =inf{r >0: F(r) >t} fort > 0.

Then F~1 is a right-continuous and non-decreasing on [0, F(cc)), FoF~1(t) = t,
F~loF(r) <7, and

D={r: F'oF(r) <1}
is either empty or the at most countable union of mutually disjoint intervals
of the form (a,b] with the properties that 0 < a < b < oo, F(a) = F(b),
F(7) < F(a) for T < a, and F(7) > F(b) for T > b. Furthermore, if F'(dT) is the
Borel measure determined by F', then F(D) =0 and

F(T) T
/ FoFl(t)dt = / f(dr) F(dr)
0 0
for non-negative, Borel measurable f on [0,00). Finally, set p.(t) = e 1p(e~'t)

where p € C*(R;[0,00)) vanishes off of (0,1) and [ p(t)dt = 1, and, given
fe LZ(F; [O,oo)), set

F(o0)
fs(T)Z/O pe(F(1) — o) f o F~ (o) do.

Then || fell2(rir) < I fll2(pmy and [|f = fellL2(rm) — 0 as € 0.
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PRrROOF: It is easy to check that F'~! is right-continuous, non-decreasing, and
satisfies F~! o F(7) < 7. In addition, if F~' o F(r) < 7, then 7 € (a,]
where a = inf{o : F(o) = F(r)} and b = sup{o : F(o) = F(7)}. Thus, if
D # (), then it is the union of mutually disjoint intervals of the described sort
and there can be at most a countable number of such intervals. Hence, since
F((a,b]) = F(a) — F(b), it follows that F(D) = 0.

Next, by the standard change of variables formula for Riemann-Stieltjes inte-
grals,

T F(T)
/O fo F(r)dF(r) :/0 F(t)dt for f € C([0,50); R),
and so

T F(T)
/ o F(r) F(dr) = / (1) dt
0 0

for all non-negative Borel measurable f’s. Hence, because F(D) = 0,

F(T) T T
/0 foF_l(t)dtz/O fo(F_loF)(T)F(dT):/O f(r) F(dr).

In particular,
) F(o0)
/ feo(T)? F(dr) —/ pe* (fo F7Y) (1) dt
0 0

o F-1(12 gt — 2 F(dr
s/o fo FY(t)? dt /Of()F(d),

and similarly
) F(00) . . 2
I =l = [ (7o PO =pex(FoP®) dt—0 O

THEOREM 107. For each M € M,.(P;R) and ¢ € P2 (M;R) there exists
a unique IéM € Moc(P;R) such that (IEM,M/>(dt) = £(t)(M, M')(dt) for all
M’ € My (P;R). Furthermore, if {(-) has locally bounded variation, then
I gM (t) equals the Riemann-Stieltjes integral on [0,t] of & with respect to M.

PRrOOF: All that remains is to use the existence assertion when £ isn’t of locally
bounded variation. For this purpose, define & from £ by the prescription in
Lemma 106 with F' = (M)) and f = £. Then & has locally bounded variation

and
t

tim [ (6(7) — €(n)* (M) ) = 0.

Thus, by Lemma 101, we are done. [J
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In the future, we will call [ EM the stochastic integral of ¢ with respect to M
and will usually use fot &(7)dM (7) to denote Ié\/[(t). Notice that if £ € P2 (M;R)
and n € PP (I};R), then &n € P (M;R) and

t t
(108) [ umario) = [ e ave),
To check this, set J(t) = [ n(7) dI} (7). Then, for any M’ € Mioo(P; R),

(J, M")(dt) = () (1", M')(dt) = E(E)n(t) (M, M) (dt).

It6’s Formula Again: Having developed the theory of stochastic integration
for general continuous, local martingales, it is only reasonable to see what It6’s
formula look like in that context. What follows is Kunita and Watanabe’s version
of his formula.

THEOREM 109. For each 1 < ¢ < Ny, let V; be a continuous, progressively
measurable R-valued function of locally bounded variation, and for each 1 < j <
Ny let (M;(t).F;,P) be a continuous local martingale. Set V (t) = (Vi,...,Vn,),
M(t) = (My(t),...,Mn(t)), and

At) = ((<Mian>))1gi,jgN'
If p € CH2(RN1 x RN2; C), then
p(V(t), M (1)) = (V(0), M(0))

+/Ot(V(l)SD(V(T)7M(T))’dv(ﬂ)

RN1

- /O t (Veye(V(r), ¥ (7)), ani(r))

. /Ot Trace <v?2)90(‘7(7)’ M(T))dA(T)>.

PROOF: Begin by observing that for 0 < = < ¢, A(t) — A(s) is non-negative
definite and symmmetric, and therefore ||A(t) — A(s)||op < Trace(A(t) — A(s)).

It is easy to reduce to the case when ¢ € C°(RM x RM2:R) and varg,oc) (V),
| M |lj0,00], and sup,~q [|A(t)|lop are all uniformly bounded. Thus we will pro-
ceed under these assumptions. In particular, this means that (M (1), ft,IF’) is a
bounded, continuous martingale.

The difference between the proof of this general case and the Brownian one
is that we now have control only on the second moment of the |M(t) — M(s)|.
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Thus, we must rely more heavily on continuity, and the way to do that is to
control the increments by using stopping times. With this in mind, for a given
T > 0, define ¢y, = 0 for all n > 0 and, for m > 1,

G = Inf{t > 01 |M(t) — M(Cn1,n| V Trace(A(t) — A(Gn-1,,) > 2"} AT.

By continuity, ¢, , = T for all but a finite number of m’s, and so
o (V(T), M(T)) - p(X(0)

oo <m+1,n R —
- Z / (V(l)QO(V(T)vM((m+1,n))7dv(7_))

Clearly the first sum on the right tends to fOT (V(l)go(V(T), M(7), d‘7(7))RN1 as
n — o0o. To handle the second sum, use Taylor’s theorem to write

(@(V(Cm,n)a M(<m+1,n)) - @(V(Cm,n)u M(Cm,n)))
= (V(g)go()?m,n), Am7">RN2 + %Trace (V%Q)go()?mm)Amm ® Am,n) + Epn,

where Xm,n = (V(Cm,n)7 M(Cm,n))a Am,n = M(Cm+1,n)_M(Cm,n)v and |Em,n| <
C|Ap, ,|? for some C' < co. Using Lemma 100, it is easy to show that

and, by Hunt’s stopping time theorem,

Y E [ Anal?] = Y0 EF M Grarn) P = [M (G P] = EF[IM(T)P],

m=0
and so

> EF[|Emal] < 27"CEF[|M(T)[].

m=0

Finally, set Dy, p = Ay @ Apypy — (A(thn) - A(Cm,n))- Then

i Trace (V%Q)SO(Xm,n)Am,n ® Am,n)

m=0
)

Z race(V(Q)go mn)(A(<m+1,n)_A(<m,n))

m=0

+ Z Trace (V%Q)@(Xm,n)Dm,n) )

m=0
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and the first sum on the right tends to

/OT Trace (V(Q)QD(V(T), M(T))dA(T))

as n — o0o. At the same time, by Hunt’s stopping time theorem, the terms in
the second sum are orthogonal in L?(P;R), and therefore the second moment of
that sum is dominated by a constant times

> EF[Dmonllfis]-
m=0

Since || Dy alifs. < C(1Amal* + [AGnt10) = AlGnn)12,) for some € < oo,
the preceding sum is dominated by a constant times

2_”EP[|M(T)]2 + Trace(A(T))]. O

A particularly striking application of this result is Kunita and Watanabe’s
derivation of Lévy’s characterization of Brownian motion.

COROLLARY 110. If (M(t), F¢,P) is an RN -valued, continuous local martingale,
then it is a Brownian motion if and only if M(0) = 0 and (M;, M;) = td, ; for
1<i,j<N.

PROOF: The necessity is obvious. To prove the sufficiency, first observe that,
because ((M;))(t) is bounded for all 1 <i < N, t >0, (M(t), F;,P) a martingale.
Next, given & € RV, apply Theorem 109 to show that

2, t ) 2
Eif(t) = ei(&,M(t))RN-i-% -1 +/ ez(E,M(T))]KN+I€\2 (ﬁ,dM(T))RN,
0

Finally, if X (¢) and Y (t) denote the real and imaginary parts of the preceding
stochastic integral, check that (X)(¢) + (Y)(t) < et — 1, and therefore

(Eix(t), .Ft,JP) is a martingale. Since this means that

EF [ei(g’M(t)_M(s))RN |]-"S] =e” lelPg—e for 0 < s < t,

the proof is complete. [

Another important consequence of Theorem 109 is what it says about the
way local martingales transform under smaooth maps. It is clear that linear
maps preserve the martingale property and equally clear that non-linear ones
do not. Nonetheless, Theorem 109 says that the image of a continuous local
martingale under of twice continuously differentiable map is the sum of a local
martingate and a progressively measurable function of locally bounded variation.
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In fact, it shows the such a sum is transformed into another such sum, and so it is
reasonable to introduce terminology for such stochasitic processes. Thus given an
R-valued progressively measurable function ¢ ~» X (t), one says that (X (¢), F¢,P)
is a continuous semi-martingale if X = M + V, where (M(t), F,P) is a
continuous local martingale with M (0) = 0 and V is a progressively measurable
fuention for which ¢ ~» V'(¢) is a continuous function of locally bounded variation.
By the same arguement as we used in Lemma 101 to prove uniqueness, one sees
that, up to a P-null set, M and V are uniquely determined. Thus, we can
unambiguously talk about the martingale part M and bounded variation part V'
of a continuous semi-martingales X = M + V', and so we can define (X7, Xo) =
(My, Ms) if X1 = M1+ V; and Xo = My + Va. Notice that (X5, X3) = 0 if either
M; =0or My =0. Finally, if X = M + V and £ is an R-valued, continuous,
progressivley measurable function,

/5 )dX (T /§ )dM(T) + /ﬁT)dV

where the first integral on the right is a stochastic integral and the second is
a Riemann-Stieltjes one. Obviously, such integrals are again semi-martingales,
and, using (108) and the properies of Riemann-Stieltjes integrals, one sees that

(1) / i [ oraxe)) - /5 X(7)

if n is a second continuous, progressively measurable function.
The following statement is an immediate consequence of Theorem 109.

COROLLARY 112.  Suppose that X (t) = (X1(t)....,XnN(t)), where (X;(t), F¢,P)
is a continuous local semi-martingale for each 1 < j < N, and set

A(t) = ((<Xi(t)vXj(t)>))1gi,j§N'
If ¢ € C?(RN;C), then

p(X(1) — (X(0)) =/01t (Ve(X().aX(n)
+3 /Ot Trace(VQLp(X(T))dA(T)).

COROLLARY 113. If (X1 (t),]:t,IP’) and (X2(t),]:t,]P’) are a pair of continuous
local semi-martingales, then, for all T > 0,

”ILH;OtS[%PT] mz_ (Xi(tA(m+1)27") = Xy (t Am27")
X (Xg(t AN (m + 1)2—n) — Xg(t N m2_”) — <X1,X2>(t)‘ =0

in P-probability.
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PRroOF: First note that, by polarization, it suffices to treat case when X; =

X = X5 where X and ((X)) are uniformly bounded.
Observe that, by Corollary 112,

(X(EA (m+1)27") = X(tAm2)?

- i (X(t A(m+1)27")2 — X (¢ Am2™)2
—2X (M2 ) (X(EA (m+1)27") — X (£ A mrn)))

— (X)) +2 / (X(r) — X([r]n)) dX (7).

Next let M and V denote the martingale and bounded variation parts of X.
Clearly

sup

€[0T < /o ‘X(T) - X([T]n)’ dlV|(r) — 0

/0 (X() — X ([r]a)) dV(7)

as n — oo. At the same time,

up. ( / (X(r) - X)) dM(T)ﬂ

telo,T

]E]P’

2

< 4E? / (X(r) = X([7])

(M) (dT)} — 0,

and, when combined with the preceding, that completes the proof. [

Representing Continuous Local Martingales: Suppose that (M(t),]-"t,IP’)
is an RV-valued continuous local martingale with M (0) = 0, and set

A(t> = ((<Miv M]><t))) 1<i,j<N°

Further, assume that ¢ ~» ((M;))(¢) is absolutely continuous for each 1 < j < N,
and therefore, by Lemma 100, for each 1 <1i,5 < N, t ~» (M;, M;)(t) is also ab-
solutely continuous. Then there exists a progressively measurable Hom(RY; RY)-
valued fucntion a such that

for Lebesgue almost every ¢t > 0 and
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Because A(t) — A(s) is symmetric and non-negative definite for all 0 < s < t, we
can and will assume that a(t) ib also symmetric and non-negative definite for all

t > 0. By Lemma 29, (eI + a) e is progressively measurable for all € > 0, and so

c=a? = = limeo (eI + a) 2 is also. Furthermore,

and so one can integrate ¢ with respect to a Brownian motion.
Now assume that a, and therefore o, are strictly positive definite. Then o
is progressively measurable. In addition,

-1

t
/0 (07", dA(T)o™'n) gy = t(&, M)ry for all € € RY,

and so, if .
B(t) = / oL (r) dM(7),

then (B;, B;)(t) = td; j, which, by Corollary 110, means that (B(t),]—'t,IP’) is a
Brownian motion. Moreover, if

then

and
(T, M) Z / )ik (B M) (dr) = (My, My) (1) = A(t)s.

from which it follows that ((I — M);,(I — M);) = 0 and therefore that I(t) =
f(f o(7)dB(T).

When a is not strictly postitive definite, the preceding arguement breaks down.
Indeed, if a = 0, the sample space can consist of only one point and there is
no way that one can build a Brownian motion from M, and in general one will
only be able to build part of one. For this reason one has to have a Brownian
motion in reserve so that one can insert it to fill the gaps caused by a becoming
degenerate. With this in mind, denote by N(¢) the null space of a(t) and by
I1(t) orthogonal projection onto N (t), and let c~1(¢) be the linear map for which
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N (t) is the null space and o= 1(¢) | N(t)* is the inverse of o(t) | N(t)*. Then
oot =0"lo =TI+ =1 —1I, and, since

IERT -1 1 IRT -1

II(t) = 11{1(1) a(t)(eI+a(t))  and o~ '(t) = 611\1}(1) o(t)(el+a(t))

both these functions are progressively measurable. In particular, for any £ € RV,

/ (07 (r)E, dA(r)o &), = / ()2 dr < t]eP,
0 0

and so stochastic integrals of 0~! with respect to M are well defined. Now take
W to be Wiener measure on C’([O, 00); RN), P=Px W, and F, to be the comple-
tion of F; x W; with respect to P, and define M (t)(w,w) = M (t)(w), A(t)(w,w) =
A(t)(w), TI(t) (w,w) = I(t)(w), 6(t)(w,w) = o(t)(w), and 6 Hw,w) = o~ (w).
It is then an easy matter to check that (M(t),ft,]f") is a local martingale and
that (w(t),]:'t,@) is a Brownian motion. In addition, (wi,Mj> = 0. Thus, we
can take

B(t) = /Ot 51(r) dNI(7) + /Ot fi(r)* du(r),

and, using the properties discussed above, one sees that (Bi, Bj>(t) = td; ; and
therefore that (B(t), Fi, IF”) is a Brownian motion. Further, if I(t) = Joo(r) dB(t),
then o o )

(Li, 1;)(t) = (Li, My) () = A(t) 5,
and so M(t) = [ 6(r)dB(r).

We have now proved the following representation theorem.
THEOREM 114. Let (M(t), F¢,P) be an RN -valued continuous local martingale
on (€2, F), assume that (M;)) is absolutely continuous for each 1 < i < N, and
define o as in the preceding. Then there is a probability space (Q, F, IP’) on which
there is a Brownian motion (B(t), Fi, If") and measurable map F' to € such that
P= F*Iﬁ’ and
t
M(t) = M(0) + / a(1)dB(T)
0

when M = MoF and5 =00 F.

One of the important applications of this result is to the question of uniqueness
of solutions to the martingale problem.

THEOREM 115. Suppose that a : RY — Hom(RY;RY) is a symmetric, non-
definite definite matrix valued function and b : RN — RN, If
1 1
2(y)— a2 V|b(y)—b
o 1050 = 3 s, v Ib(y) — b _

x,yeRY |y - X|
y#X

then, for each x € RV, the martingale problem for the L in (12) has precisely
one solution starting at x.
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,x) to (56) when o = a2 and M = N. We
x) under W solves the martingale problem for
), Fi, P) is any RY-valued Brownian motion

ProoF: Consider the solution X (-
know that the distribution of X (-,
L starting at x. In addition, if (B(t
and

(*) X(t,x) =x —|—/O O'(X(T, x)) dB(T) —I—/O b(X(T, X)) dr,

then X (-,x) has the same distribution under P as X (-,x) has under W. Indeed,
(*) has only one solution and one can construct that solution from B(-) by the
same Euler approximation procedure as we used to construct X (-, x) from w(-),

and, since all these approximations have the same distributions whether one uses
B(-) and P or w(-) and W, so must X(-,x) and X(-,x). Thus, all that we
have to do is show that if P solves the martlngale problem for L starting at x,
then there is a Brownian motion (B (t), Fe, f?’) such that P is the distribution of
the solution to (*). To that end, set M(t) = -—x - fo b(1(7)) dr. Then
(M (t),Bt,IP)) is a continuous martingale, and SO Theorem 114 says that there
is a (Q,]:" , ]f”), a Brownian motion (B (t),]}t, ]f”), and a measure preserving map
F:Q— C([0,00); RY) such that

X(t,x)x/o b(X(T,x))dT:/O U(X'(T,X)) dB(T)

when X(-,x) = X(-,x)oF. O

Stratonovich Integration: When a probabilist looks at an operator

:22% 8%6%4—21) Do,

he is inclined to think of the matrix a as governing the diffusive behavior and b
as governing the deterministic behavior of the associated diffusion process, and
this is entirely reasonable as long as a and b are constant. However, if what
one means that the diffisive part of the process is the one whose increments
during a time interval d¢ are of order v/dt as opposed to the deterministic part
whose increments are of order dt, then, as the following example shows, this

2 _
interpretation of a and b is flawed. Take N = 2 and a(x) = jzx 3;12152
—J4143 1

and b = 0. Then the prediction is that the associated diffusion is purely diffusive,
but, that is not true. Indeed, a = oo ", where o(x) = (;@ ), and so an Ito
1

representation of the associated diffusion is

(5) () [ (35853 o
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where w is an R-valued Wiener path. The easiest way to solve this equation
is to write it in terms of complex variables. That is, set z = x1 + izo and
Z(t,z) = X1(t,x) +iX2(t,x). Then

t
Z(t, z) = z+i/ Z (T, z) dr,
0

and so Z(t,z) = zew(+3 | or, equivalently,

it [(xcosw(t) — zysinw(t)
X(tx) = e (:172 cosw(t) + zysinw(t) )

In particular, | X (¢,x)| = |x|e%, which, if x # 0, means that the distance of
X (t,x) from 0 is deterministic and growing exponentially fast.

What the preceding example reflects is that the interpretation of a and b as
governing the diffusive and deterministic parts of L is naive because it is too
coordinate dependent. Indeed, if one represents the preceeding L in terms of
polar coordinates, one finds that it is equal to

185 +19,),

which makes it clear that, although the angular coordinate of X (¢,x) is a Brow-
nian motion, the radial coordinate is deterministic. One reason why this flaw
was, for the most part, ignored by probabilists is that it doesn’t cause any prob-
lems when a is uniformly elliptic in the sense that a > €I, in which case, at least
over short time intervals, the associated diffusion is diffusive for every choice
of b. The Cameron-Martin formula (82) provides a good explanation for this.
Namely, when a > €l, any b can be represented as aéﬁ, where 3 = a~zb. Hence,
in this case, the distributions on bounded time intervals of the diffusions asso-
ciated with different b’s will be mutually absolutely continuous, and therefore
their almost certain behavior over bounded time intervals will look the same in
all coordinate systems.

To address the issues raised above, it is desirable to represent L in a form
that looks the same in all coordinate systems, and such a representation was
introduced by L. Hérmander. To describe this representation, for a vector field
V e C(RY;RY), use Ly to denote the directional derivative Z;\;l V;0y, , and

a = oo, where 0 € Hom(RM;RY). For each 1 < k < M, let V}, € RY be the
kth column of o. Assuming that o is continuously differentiable, one then has

M
(116) L=3> L4 +Lw,

when one takes Vj = b — %ZQ/":I Ly, Vi. In the preceding example, M = 1,

Vv, = <_xx2> and Vp = (il) The beauty of the representation in (116)
1 2



115

is that it looks the same in all coordinate systems. That is, suppose that F' is
a diffiomorphism on some open set G C RY, and, given a vector field V on G,
define the vector field F.V on F(G) so that L vy = (Ly(po F)) o F~! for
pecCt (F(G); R). More explicitly,

EV = FOVo P~ where FU = (9, F)) ;.o y

is the Jacobian matrix of F'. Then

LY (poF)=Ly(Lrve)oF = (L3 y¢)oF,

and in the coordinate system on F/(G) determined by F,

M
L=1Y Lhy, +Lrv.
k=1

Related to these considerations is the following. In that the Hérmander repre-
sentation is in terms of vector fields, one suspects that the paths of the associated
diffusion associated with the L in (116) should transform under changes of coor-
dinates the same way of integral curves do. Namely, if X (-) is an integral curve
of the vector field V and F is a diffeomorphism, then F' o X(-) is an integral
curve of F.V. Hence, we should expect that if X(-,x) is the solution to (56)
when o = (Vi,...,Vas) and b= Vo + L S0 Ly, Vi, then Fo X (-,x) should be
solution to (56) with o and b replaced by

M
(FVA,...,F.Vy) and F.Vo + 3> Ly, BV,
k=0

and, with sufficient patience, one can check that this is true. However, it would
be helpful to have a formulism that made such computations easier and brought
out the relationship between X (-,x) and integral curves of the V}’s. For that
purpose, reconsider the equation

Xt x)(w) = S Vi (X (6 %) (w) )ity + Vo (X (2, %) (1)) with X (0,%) = x,
k=1

where the interpretation now, unlike It6’s interpretation, is that X (¢,x)(w) is
constructed by taking the limit of integral curves corresponding to mollifications
of the paths w. For instance, in our example,

z1cost — xosint .
1( 7X) <x2COSt+£I31 smt) an 0( ,X) =e2x
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are the integral curves of Vi and Vj starting at x, and it is easy to check that,
for any continuously differentiable w, Fy(t, Fy(w(t),x)) is the integral curve of
w(t)Vy + Vp starting at x. Thus, one might guess that Fy (¢, Fi(w(t),x)) is the
diffusion associated with L, as indeed we saw that it is. Below we will see that
this example is as simple as it is because Ly; commutes with Ly,, and things
are more complicated when dealing with non-commuting vector fields.

With the preceding in mind, one should wonder whether there is a way to
incorporate these ideas into a theory of stochastic integration. Such a theory
was introduced by the Russian engineer L. Stratonovich and produces what is
now called the Stratonovich integral. However, Statonovich’s treatment was
rather cumbersome, and mathematicians remained skepical about it until Ito
rationalized it. It6 understood that there is was no way to define such an inte-
gral for all locally square integrable progressively measurable integrands, but he
realized that one could do so if the integrand was a semi-martingale. Namely,
given a pair of continuous semi-martingales (X (1), }'t,IP’) and (Y(t), }'t,]P’), de-
fine paths such that X,(m2™") = X(m2™"), Y,(m2™") = Y(m2™"), and
Xn(+) and Y,(-) are linear on [m2~",(m + 1)27"] for each m > 0. Set
A,Xn’n =X((m+1)27") — X(m2~™) and Afn’n(t) =Y((m+1)27") =Y (m2™").
Then, by Corollary 113,

/X ) dY,(7)

= > Xm2TMAY 5 D AM(EA(m+ 12T —m2T) AN LAY

m<2nt m<2nt

¢ 1
— /O X(r)dY (1) + §<X, Y)(t).

Thus It6 said that the Stratonovich integral of Y (-) with respect to X (- ) should

" /Y ) @dX (T /Y )dX (1) + (X, Y)(t)."°

Notice, if one adopts this definition, then the equation in Corollary 112 becomes
(117) P(X(1)) = p(X(0)) + Z / 0, 0(R(7)) o dX;(7)
for ¢ € C3(RY;R). Indeed, by Itd’s formula, the martingale part of achp()?(t))

is N )

16 The standard notation is odX () rather than edX(7), but, because I use o to denote com-
position, I have chosen to use e to denote Statonovich integration.
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where M;(t) is the martingale part of X;(¢), and so

N N
D (a0 0 X, Xi)(dt) = > (00,0, 0) (X (1)) (X3, X;)(d1).
j=1 i,j=1

Remark: It is a little disappointing that we mollified both X and Y and not
just Y. Thus, it may be comforting to know that one need only mollify Y if
(X,Y)(dt) = c(t)dt for a continuous progressively measurable function c¢. To see
this, consider

D, = /01 (X(T) — Xn(T)) dY, (1)
= >y 2 </1 ((X(T) — Xmn) —2"(1 — m2_”)A§’n) d7> AN

m<2m
where Ip,,, = [m27",(m + 1)27"] and, for any F : [0,00) — R, Al =
Frsi1n — Fop with F, , = F(m27"). Obviously

4" / (1 —m2™ ™A, dr = 1A
Iy

m,n’

and, using integration by parts,

/ 2"/ (X(1) = Xonn) dr = AN — 2"/ (1 —m2™")dX (7).
I I, I'nz,'n,
Hence, if

t
Z(t) = /O (4~ 2(r  [r]n) dX(7),
then (cf. the proof of Corollary 113),
D,= Y AZAY

m<2n
1

= <Zn7Y>(1)+/O (Zu(7) = Zu([7]n) dY(T)+/O (Y (1) = Y([]n)) dZu(7).

It is simple to show that the stochastic integrals on the right tend to 0 as n — co.
To handle the term (Z,,,Y)(1), observe that it equals

- /01 o(r) dr — 2" /01(7' — r]u)e(r) dr,

and, since
2"/0 (1 = [7]n)e(T) dT
= %2*” Z c(m2™") + 2”/0 (1 — [T}n)(c(T) - C([T]n)) dr — % c(T)dr,

m<2n 0
it follows that D, — 0.
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Because the equation in (117) resembles the fundamental theorem of calculus,
at first sight one might think that it is an improvement on the formula in Corol-
lary 112. However, after a second look, one realizes that the opposite is true.
Namely, in It0’s formulation, the integrand in a Stratonovich integral has to be
a semi-martingale, and so we had to assume that ¢ € C3(RY;R) in order to be
sure that 835].90()2 (t)) would be one. Thus, we have obtained a pleasing looking
formula in which only first order derivatives of ¢ appear explicitly, but we have
done so at the price of requiring that ¢ have three continuous derivatives. It
turns out that there is an ingenious subterfuge that allows one to avoid this
objectionable requirement in some cases, but the basic fact remains that the
fundamental theorem of calculus and martingales are incompatible companions.

Stratonvich Integral Equations: In spite of the somewhat disparaging com-
ments at the end of the previous section, Stratonovich integration has value.
However, to appreciate its value, one has to abandon It6’s clever formulation of
it and return to ideas based on its relationship to integral curves. To explain
what I have in mind, for each 0 < k < M, let V} be an element of C?(RY;RY)
with bounded first and second order derivatives, and consider the stochastic
integral equation

+ M
(118) X(t,x) =x+ / Vo(X(7,x)) dr + Z Vie(X(7,%)) ® dw(T)k.
0 k=1
Of course, this equation is equivalent to (56) when o is the N x M-matrix whose
kth column, for1 <k < MisVyand b = Vo—l—% Zkle Ly, Vi.. Thus we know that
(118) has a solution and the distribution of that solution is the unique solution
to the martingale problem for the Héormander form operator in (116). Notice
that using this formalism, it is easy to verify that, if F' is a diffeomorphism, then
F o X(-,x) is the solution to (118) with the V}’s replaced by F,Vj’s. Indeed,
by (117),

F(X(t,x)) = F(x) —|—/O Lv,F(X(7,x))dr +/0 Ly, F(X(1,x)) ®dw(7)s,

and Ly, F' = (F.Vy) o F. Further evidence of the virtues of the Stratonovich
formalism is provided by the computation in the following theorem.

THEOREM 119. Let Vk(l) denote the Jacobian matrix of Vi, and let X (-,x) be
the solution to (118). Then X (t, -) is continuosly differentiable and it Jabobian
matrix satisfies

t
XD (t,x) = I—|—/ Vo(l)(X(T,x))X(l)(T, x) dr
0

+kz_:/0 Vk(l)(X(’T, X))X(l)(T,X) o dw(T).
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In addition
t M t
e W(t,x)) = ex iv 7,X))dr iv 7,X)) e dw(T
det (XM (t,%)) p(/od Vo(X(7,x))d +;/Od Vi(X(7,x)) o d ()k)
t M t
:exp(/o divVo (X (7,%)) dT—l—];/o divVi (X (7, %)) dw(7)

Mt
+3 kzﬂ/o (ﬁvk dlvvk) (X(T7 x)) d7'>.

In particular, if X(-,x) is the solution to (56), Vj is the kth column of o, and
Vo=0b—L50 Ly, Vi, then

det(X(l)(t,x)) = exp (/0 divVy (X (7,x)) dr —|—/O divVy (X (7, %)) dw(T)k

B é/ot TraCe<(Vk(1)(Vk(1))T)(X(T7 X))) dT).

PROOF: The facts that X (¢, -) is continuously differentiable and that X () ( -, x)
satisfies the asserted equation are easily checked by converting (118) to its equiv-
alent Itd form, applying (69), and reconverting it to Stratonovich form. Further-
more, once one knows the first equality, the other ones follow when one uses It6’s
prescription for converting Statonovich integrals to [t6 ones.

Given an N x N matrix A = ((ai’j))lgi,jSN’ let C(A) be the matrix whose
(i,7)th entry is (—1)**/ times the determinant of the (N — 1) x (N — 1) matrix
obtained by deleting the ith row and jth column of A. Using Cramer’s rule, it
is casy to check that 8, ;det(A) = C(A);; and that AC(A)" = det(A)L. Now
set D(t,x) = det (X(l)(t, X)) Using the preceding and applying (117), one sees
that

D(t,x) = 1+/0 divVy (X (7,x)) D(7,x) d7

Mt
+mz:1/0 dlva(X(T,x))D(r,x) o dw(7)g.

Since

exp (/0 divVo(X(T, X)) dr + kZ:l/O divV;, (X(T7 x)) . dw(T)k>

is the one and only solution to this equation, the proof is complete. [J
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Of course, one could have carried out the preceding computation without
using the Statonovich formalism, but it would have been far more tedious to
do so. However, such computations are not the only virtue of the expression
in (118). Indeed, although we know how to solve (118) by converting it to an
It6 stochastic integral equation, that is not the way the only way think about
solving it. Instead, for & = (&,...,ém) € R x RM | set Vg = ZkM:o & Vi, and
consider the the ordinary differential equation

Fe(t,x) = Ve (Fe(t,x)) with Fe(0,x) = x.

In other words, t ~» Fg(t,x) is the integral curve of Vg that passes through x
at time 0. Next define E : (R x RM) x RV — RN by E(£,x) = Fg(1,x).
As is easy to check, E(t€,x) = F¢(t,x) for all ¢ € R. Furthermore, standard
results from the theory of ordinary differential equations show that E(§, -) is
a diffeomorphism from RY onto itself, E(—¢&, -) is the inverse of E(§, -), and
there exist constants C' < oo and v € [0, 00) such that

0, E(&,%)| V [0z, E(§,%)| V [0, O¢, E(€, %)
V |0g, O, E(€,%)| V 0,00, E(€,%)| < C(1 4 |x)e”é!
forall 1 <i,j <M and 0 <k, ¢ < M.

For V,W € CYRY;RY), define the commutator [V,W] = LyW — Ly V.
Equivalently, Liyw) = Ly o L — Lw o Ly.

LEMMA 121.  Assume that V, W € CY(RN;RY) have bounded first order
derivatives, and determine t ~ F(t,x) and t ~» G(t,x) by

(120)

F(t,x) = V(F(t,x)) and G(t,x) = V(G(t,x)) with F(0,x) = G(0,x) = x.
If [V,W] =0, then F(s,G(t,x)) = G(t, F(z,x)) for all (s,t) € R2.
PROOF: Set ®(t) = F(s,G(t,x)). Then, for ¢ € C(RY;R),

Bup 0 (1) = (Lo, ).w?) (Gt ).
If s = o F(s, ), then, because F(s+h, -) = F(h, F(s, -)),
s ((ﬁp(s, )W) (F(—S,.Y))) = 0O (ﬁF(h, awes) (F(=s — hJ))) ’
= (Lw oLy — Ly o Lw)ps(y) = 0.

Hence (EF(S’ , )*Wga) (F(—s, y)) = Lw(y), which means that (,CF(S, ) )*Wnp.?) (y) =
Lwo(F(s,y)) and therefore that 9,00 ®(t) = Lw(P(t)). Equivalently, ®(t) =
W (®(t)), and so, since ®(0) = F(s,x),

h=0

F(s,G(t,x)) =®(t) = G(t,F(s,x)). O
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THEOREM 122. Let X(-,x) be the solution to (118). If the Vj’s commute,
then X (t,x)(w) = E((t,w(t)),x).

PRrROOF: By (117),

t N
E((tw(t),x) =2+ | 9 E((rw(r),x)dr+ ) 0 B((r,w()),x) o dw(T),
0
k=1

and so all that remains is to prove that 9, E(€,y) = Vi(E(€,y)). To this
end, apply Lemma 121 to see that E(&, E(n,y)) = E(n,E(£,y)), and then
apply this to check that if ®(¢t) = E(t&, E(tn,y)), then D(t) = Veyn (®(1))
with ®(0) = x. Hence F(€ + n,y) = E(T/,E(E,y)). Taking i = tey, where
(er)¢ = i, and then differentiating with respect to t at t = 0, one arrives at
the desired conclusion. [

Besides confirming the connection between integral curves and Stratonovich
integral equations, this theorem shows that, when the V;.’s commute, the solution
to (118) is a continuous function of w. In fact, it has as many continuous Frechet
derivatives as a function of w as the V},’s have as a functions of x. In addition, it
indicates that, although we constructed solutions to (56) by perturbing off the
constant coefficient case, we should construct solutions to (118) by perturbing
off the commuting case. The critical property that was present when the V’s
communte and is absent when they don'’t is 0¢, E(§,y) = Vi (E(E, y)), which is
equivalent to the property E(€ +n,y) = E(n, E(€,y)). To build this property
into our construction even when the V;’s don’t commute, for n > 0, determine
Xn(+,%x) by X,,(0,x) =x and

X, (t,x) = E(Ay(t), Xn([t]n, %))
where A, (t)(w) = (t = m27 ", w(t) —w(m2™")) for m2™" <t < (m+1)27".

Then, by (117),

Xot%) = x+ [ Bo(80(r), Xal(rlas )
(123) e
5 [ B8 X, (%) ol

where Ej(§,y) = 0¢, E(&,y). After converting the Stratonovich integrals to It6
ones, applying Doob’s inequality, and using the estimates in (120), one sees that

EV[IXa (-, %)l 4] < 212+ C(1+1) /OtIEW (220 (14 | X (7], )| ) |
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for some C' < oo. Further, since A, (t) is independent of X, ([7],,x) and
SUP,, >0 SUP;> BV [e2/27 (] < o0, there is a C' < oo such that

t
B [|X( - %)) < 2|x|2+C(1+t)/0 Y 22O (14| X[ %) ) |

and so, by Gromwall’s lemma,

(124) sup BV [1-+ X0 (- 9 ] < Ke!(1 + [x?)

for some K < oo.

Next let X(-,x) be the solution to (118), and set Wy (&,x) = Ei(§,x) —
Vi (E(S,x)) Then

X (t,x) — X(t,x) —/Ot (Vo(Xn(T, x)) — Vo (X(T, x))) dr

Mt
+ Z/o (Vk (Xn(r,x)) = Vi (X (7, X))) o dw(T)i, + En(t,x),
k=1

where

After converting to It6 form the integrals with integrands involving the V}’s, one
sees that

EV (1 X0 (%) = X (-, %)% 4]

() t
<C+ t)/o EW X0 (%) = X (-, 0)[[fo,ry dr + 2B [l €0 (- %) 4]

for some C' < co. In order to estimate &, (t,x), we will need the following lemma.
LEMMA 125. There is a C' < oo such that
[Wi(€,%)| V 106, Wi (€, %)| < ClE]e¥1(1 + |x])

foral 0 <k <M
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Proor: By Taylor’s theorem,

E(TI,E(&X)) = E(é,X) + VTI(E(EaX)) + %‘CV,,VT](E<£>X)) + RO(£7n3x>
= x + Ve(x) + 5Lv, Ve(x) + Vi (%) + Ly Vig (%) + 5Lv;, Vi (%)
+ RO(£7777X) + R1(57X) =+ R2(£777ax) + R3(57777X)7

where
RO(£7 nvx) = /O (1 - t) (‘CV»,,VTI (E(“LE(&X))) - EV»,,VTI (E(ﬁvx))) dt
Ry (£, x) _/O (1-1) (Eng(E(tE,x)) —cgvg(x)) dt
Ro(€,1m,%) :/O (Eng,,(E(tS,X)) —LvsVn(x)) dt
Ly, Va(B(6.%) — Lv, V()

RS(Xa nvx) 2 .

At the same time,
E(€+41,x) =x+ Vein(x) + 5Ly, Vern(@) + R1(€+ 1, x).
Hence, E(n, E(§,x)) — E(& +n,x) = 3[Ve, Vyl(x) + R(€,m,%), where
R(&,m,%x) = Ro(§,m,%) + R1(§,x) + Ra(§,m, %) + R3(§,m,x) — Ri(§ +m,%).

Since Wy, (€,x) = 3[Ve, Vi] + 0, R(€,0,x) and

0, R(€,0,x) — /0 1 (L Vi (B(6.9) — LyVa(x) dr

1
+ / (1-1) ((»Cvg Vi + Ly, Vg) (E(tf, X))
0
— (LveVi + Ly, Ve) (%) + tﬁvngﬁka({,x)) dt,

the estimates in (120) now implies the asserted estimate for Wy (€,x). To prove
the one for d¢, W (€, x), observe that, since [V, Vi] =0,

[‘/f’ Vk} = Zgg[‘/b Vk]a
(+£k

and therefore that 0s, Wy (§,x) = 0¢,0,, R(£,0,x). Hence, another application
of (120) give the asserted result. [
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Returning to the estimate of &, (¢, x), set

M
VNV(&)X) = WO(€7X) + % Z 8£ka(€’X)
k=1

Then

t M ot
8n(t,x):/0 W(An(T),Xn([T]n,X)) dH—;/O Wk(An(T),Xn([T]n,X))dw(T)k.
Thus

EV[[[€a (-, %1% 4] §2t/0 EV[|W (An(7), X ([T]n.x))|?] d7

M t
+8 Z/ E [ Wi (A (7). X (7] ) 2] dr.
m=1"0
By Lemma 125 and the independence of A, (7) and X,,([7],,x),
Y [[W (A (), Xn(([7]n, %)) ] and

> [ B8 Xallrh20) ]

are dominated by a constant times
EY [| A, (1) 2e® 4 ONEW 1 + | X, (7], %) 7]

Thus, since EW[|A,,(7)|2e*14+(M1] is dominated by a constant times 27", we
can now use (124) to see that there is a C(t) < oo such that

EVl1En (-, 2l 0] < 27" K@)+ x[).

After combinining this with (*) and applying Gromwall’s lemma, we conclude
that

(126) EMIXn(-%) = X(-,0)[lfo] < CHQ + [x)27"

for some C'(t) < oo. In particular, this means that ||.X,,(-,x)=X(-,x)[j0,g — 0
(a.s., W) and in L2(W;R).

As a consequence of the preceding, we have now proved the following version
of a result whose origins are in the work of Wong and Zakai.
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THEOREM 127. For each w € C([O, oo);RM) and n > 0, let w, be the polyg-
onal path that equals w at times m2~™ and is linear on [m2~" (m + 1)27"],
and let X, (-,x,w) be the integral curve of the time dependent vector filed
t~~Vy+ 2124:1 Wy (t) Vi, starting at x. Then, for each t > 0 and € > 0,

W(IXn( %) = X (-, %)llp,g > €) =0.

ProoF: For the present assume that the V}’s are bounded by some constant
C < oo0.
Observe that

X (t,x) = BE(2"(t = m2 ") An((m + 1)277"), X, (m27", x))

for t € [m2=", (m 4 1)27"], and so, by induction on m > 0, X, (m2~",x) =
Xn(m27" x) for all m > 0. At the same time,

X (t%) () — X (m2 ™", x)(w)] < Clu() — w(m2~™)|
|Xn(t, X) — )E'n(t,x)(w)| < Clw((m+1)27") —w(m2™")].

Hence || X,,(-,%x) — X,(- ,X)|lj0,§ — 0 for each ¢t > 0, and therefore, by (126),
the result is proved when the V}’s are bounded.
To remove the boundedness assumption on the V;’s, for each R > 0, choose

nr € CF (RN; [0, 1]) so that ng =1 on B(0, R+ 1), set V,C(R)(y) =nr(y)Vi(y),
and define S (x), X(B) (. x), and X,SR)( -, x) accordingly. If

Cr=inf{t >0: |X(¢t,x)] > R},

then, by Lemma 38, X(-,x) = X (. x) on [0,(g). Hence, if t < (g and
IXE (-, %) — XS (%) ljo.g < € < 1, then | X(+,x) — Xu(-,x)][j0,q < ¢, and
therefore

W(IXn(-,%) = X (-, %) o < €) = WX (%) = XF (%) ljo,0ncn) < )
> W(IXSP (- %) = X x)lo < ) = W(Cr < 1)

By first letting n — oo and then R — oo, one arrives at the desired conclu-

sion. [

COROLLARY 128. Define S(x) to be the closure in C([0,00);RY) of the set
of continuously differentiable paths p : [0,00) — RN for which there exists a
smooth function a € C([0,00); RY) such that

(129) p(t) = Vo(p(t)) + Y a(t)eVi (p(t)) with p(0) = x.

k=1
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If Py is the solution to the martingale problem for the L in (116) starting at x,
then P« (S(x)) = 1. In particular, if M C RY is a closed, differentiable manifold
and Vi (y) is tangent to M for all0 < k < M andy € M, then

Py (¢(t) € M for all t € [0,00)) = 1.

PROOF: Since, if x € M, every p € S(x) stays on M, the last assertion follows
from the first. Next observe that for any piecewise constant « : [0,00) — RV,
the solution to (129) is the limit in C([0, 00); RY) of solutions to (129) for smooth
o’s. Thus, S(x) contains all limits in C([0,00); RY) of solutions to (129) with
piecewise constant «’s. In particular, if Xn( -, %) is defined as in the preceding
theorem, then X,,(-,x)(w) € S(x) for all n > 0 and w, and so, by that theorem,
Px(S(x)) =W(X(-,x) € S(x))=1. O

The result in Corollary 128 is the easier half of the support theorem which says
that S(x) is the smallest closed set of C'([0,00);RY) to which Py gives measure
1. That is, not only does Py (S(x)) =1 but also, for each p € S(x), € > 0, and
t>0,

Py ([l(-) = (o, <€) > 0.

In a different direction, one can apply these ideas to show that X(¢, -) is a
diffeomorphism of RY onto itself. We already know that X (¢, -) is continuously
differentiable and, by Theorem 119, that its Jacobian matrix is non-degenerate.
Thus, what remains is to show that it is has a globally defined inverse, and
(126) provides a way to do so. Namely, for each &, E(§, ) is a diffeomor-
phism whose inverse is F(—¢, - ), which means that, for ¢t € [m2™", (m+1)27"],
E(-An(t)(w), X, (t,x)(w)) = Xp(m27",x)(w). From this, it is clear that
X, (t, -) is a diffeomorphism of RY onto itself for each t > 0. In fact, if £(&,x) is
given by the same prescription as F(&,x) when each Vj, is replaced by —V}, and
X, (+,x) is determined by X,,(0,x) = 0 and X, (t,x) = E(A,(t), Xn([t]n, X))
for ¢t > 0, then

(X (T, ) (w)) ™" = X (8, ) (") where (1) = w(tV 1) —w((t —7)F).

Now let X(-,x) be the solution to (118) with each Vj, replaced by —Vj. Using
the independent increment characterization of Brownian motion, one sees that

the distribution of w! under W is the same of that of w, and so, if we define
X, x)(w) = X(+,x) (") and X! (-, x)(w) = X, (-, x)(w?), then

EWIX5 (-, %) = X' (%)l < O+ [x)27"

In particular, this means that X, (¢, - ) 7' (x) — X*(t,x) (a.s.,W) for each t > 0
and x € RY. Hence, if we show that, W-almost surely,

Xo(t, ) — X(t,-) and X, (t, -) — X (¢, -)
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uniformly on compact subsets, then we will know that X (¢, -)~! exists and is
equal to X*(t, ).

The proof of these convergence results is essentially the same as the proof of
the corresponding sort of result in the Ité context. That is, one sets D, (t,x) =
X(t,x) — X, (t,x), estimates the moments of D, (t,y) — D,(t,x) in terms of
|y — x|, and then applies Kolmogorov’s convergence criterion, and, of course, the
same procedure works equally well for D, (t,x) = X (t,x) — X,,(t,x). Thus, for
p > 2, note that

IDa(t,y) = Du(t,x)|P™ < (IX(ty) — X(6,%)| + | Xn(t,y) — Xn(t,x)])”
X (|Dn (t, x)| + | Dn(t, y)1),

and therefore that
EY[|Da(t,y) — Dalt, )77
< (WX (t,y) = X(t,%)7] % + BV [|Xa(t,y) - Xt )] 7 )
1\ L
% (BW[IDa(t )] + B [1Datt %)) )"

By (126), there is a C' < oo such that

(B [1Du(t,y)P)* + B [IDa(t,02]*)” < 1+ x|+ [y)2F

As for the first factor on the right, observe that
t
X(ty) - X(tx) =y ~x+ [ (10(X(ry) = Vo (X(rx)) dr
0
M t
+3° [ (WX ) = Vo(X(rx)) » dulrh
k=170

and so, after converting to It6 integrals, applying (60) and Gromwall’s lemma,

one sees that )
EV[IX(t,y) — X(t,x)|"T] < Cly —x|7+

for some C' < oco. To derive the analogous estimate for X, (t,y) — X, (t,x),
remember that

X, (t,y) — Xn(t,x)

—y-x+ / (Bo(An(7), Xul[rhs3)) = Bo(An(7), Xu([r}sx)) ) dr

+k2_:/0 (Ek(An(r),Xn([r]n,y)) —Ek(An<T),Xn([T]n,x))> o dw (7).
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Thus, by again converting to Ito integrals, applying (60), using the estimates
in (120) and remembering that A,,(7) is independent of X, ([7],,x), one arrives
that the same sort of estimate in terms of |y — x|. After combining these, one
has that

EW[|D,(t,y) — Dp(t,x)[PH] 77 < C(1 + x| + |y|)2757 [y — x|

for some C' < oco. Hence, by taking p > N, Kolmogorov’s criterion says that
there exists an o > 0 such that

1
]EW[HDn(ta )‘ Z[)jé7R]Nj| P < C(R)Qiom

for some C(R) < oo. Since the same sort of estimate holds for D, (t, - ), we have
now proved the following result.

THEOREM 130. Let X(-,x) be the solution to (118). Then, for each t > 0,
X(t, -) is a diffeomorphism from RN onto itself. Furthermore, for each t > 0,
the distrbution of X (t, -)~' is the same as the distribution of X (t, -), where
X(-,x) is the solution to (118) with each Vj replaced by —Vj,.



