Chapter 16

Wiener Measure and
Brownian Motion

Diffusion of particles is a product of their apparently random motion. The
density u(t, z) of diffusing particles satisfies the “diffusion equation”

ou
(16.1) 5 = Au.

If the initial condition u(0,z) = f(x) for x € R™ is given, Fourier analysis,
as described in (9.69)—(9.71), can be used to provide the solution

ult, x) = (27) "2 / F(e)e e g

(16.2)
- / p(t, z,9) f(4) dy,

where f(€) is the Fourier transform of f and

(16.3) p(t,z,y) = plt,x —y) = (4dmt) /2 e~ le—ul*/4t,

A suggestive notation for the solution operator provided by (16.2)—(16.3) is
(16.4) u(t, z) = et f(x).

One property this “exponential” of the operator A has in common with
the exponential of real numbers is the identity e'®es® = e(t+$)A which by
(16.2)—(16.3) is equivalent to the identity

(16.5) /p(t, z —y)p(s,y)dy = p(t + s, 2).
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222 16. Wiener Measure and Brownian Motion

This identity can be verified directly, by manipulation of Gaussian integrals,
as in (9.47)—(9.48), or via the identity e~éI*e=sl¢1* = ¢~ ()€ plus the sort
of Fourier analysis behind (16.2).

Some other simple but important properties that can be deduced from
(16.3) are

(16.6) p(t,x,y) >0

and
(16.7) /p(tvw,y) dy = 1.

Consequently, for each x € R", p(t,x,y)dy defines a probability distribu-
tion, which we can interpret as giving the probability that a particle starting
at the point = at time 0 will be in a given region in R™ at time ¢.

We proceed to construct a probability measure, known as “Wiener mea-
sure,” on the set of paths w : [0,00) — R", undergoing a random motion,
called Brownian motion, described as follows. Given t; < to and given that
w(t1) = x1, the probability density for the location of w(tsy) is

(16.8) plt,x — m1) = (dt) M 2e T mlPA gy gy

The motion of a random path for t1 <t < t5 is supposed to be independent
of its past history. Thus, given 0 < t1 < to < -+ < t; and given Borel sets
E; C R", the probability that a path, starting at = 0 at ¢t = 0, lies in E;
at time ¢; for each j € [1,£] is

(16.9) //p(tk —th_1,% — T—1) - - p(t1, 1) dxg - - - daq.
Ey Ey,

It is not obvious that there is a countably additive measure characterized
by these properties, and Wiener’s result was a great achievement. The
construction we give here is a slight modification of one in Appendix A of
[Nel].

Anticipating that Wiener measure is supported on the set of continuous
paths, we will take a path to be characterized by its locations at all positive
rational t. Thus, we consider the set of “paths”

(16.10) $=]] R

teQt
Here, R™ is the one-point compactification of R”, i.e., R™ = R"U {c0}. Thus
B is a compact metrizable space. We construct Wiener measure W as a
positive Borel measure on ‘.
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In order to construct this measure, we will construct a certain positive
linear functional E : C'(B) — R, on the space C(*P) of real-valued continuous
functions on P, satisfying F(1) = 1, and a condition motivated by (16.9),
which we give in (16.12). We first define E on the subspace C# consisting
of continuous functions that depend on only finitely many of the factors in
(16.10), i.e., functions on P of the form

(16.11) ow) = F(w(tr),...,w(ty), t1<- <tg,

where F' is continuous on H]f R” and t; € Q*. Motivated by (16.9), we take
(16.12)

E(p) = /"'/p(tbl‘l)p(tz —t, w0 —x1) Pty — th—1, Tk — Th—1)

XF(ml,...,:L‘k) dzy - - - dxy.

If p(w) in (16.11) actually depends only on w(t, ) for some proper subset {¢, }
of {t1,...,tx}, there arises a formula for E(p) with a different appearance
from (16.12). The fact that these two expressions are equal follows from the
identity (16.5). From this it follows that E : C#* — R is well defined. It is
also a positive linear functional, satisfying F(1) = 1.

Now, by the Stone-Weierstrass Theorem, C* is dense in C(B). Since
E : C* — R is a positive linear functional and E(1) = 1, it follows that
E has a unique continuous extension to C(3), possessing these properties.
Theorem 13.5 associates to E the desired probability measure W. Therefore
we have

Theorem 16.1. There is a unique probability measure W on B such that
(16.12) is given by

(16.13) E(p) = /m () AW (),

for each p(w) of the form (16.11) with F' continuous on [[] R™.

This is the Wiener measure. We note that (16.12) then holds for any
bounded Borel function F', and also for any positive Borel function F, on

e
[[; R™

REMARK. It is common to define Wiener measure slightly differently, taking
p(t,z) to be the integral kernel of et®/2 rather than e'®. The path space
{b} so produced is related to the path space {w} constructed here by w(t) =
b(2t).
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Some basic examples of calculations of (16.13) include the following.
Define functions X; on B, taking values in R", by

(16.14) Xi(w) = w(t).
Then
(16.15) E(|X:?) = /p(t,:z:)|§c\2 dx = 2nt,

and, if 0 < s < t,
E(|X; — XS\2) = //p(s,afl)p(t — 8,9 — x1)|x2 — w1]2dw1 dxo

= /p(t—s,y)lyIQdy
=2n(t —s),

(16.16)

a result that works for all s,¢ > 0, if (¢ — s) is replaced by |t — s|. Another
way to put (16.15)—(16.16) is

(16.17) Xl o) = V2nt, || X — Xollpzep = V2n |t — s|V/2.

Note that the latter result implies ¢ +— X is uniformly continuous from QT
to L2(B, W) and hence has a unique continuous extension to R* = [0, 00):

(16.18) X:RT — L2(P, W),

such that X(t) = X, given by (16.14) for t € Q*, and then (16.15)-(16.16)
are valid for all real s,t > 0. This is evidence in favor of the assertion made
above that W-almost every w € B extends continuously from ¢t € QT to
t € RT, though it does not prove it. Before we tackle that proof, we make
some more observations.

Let us take t > s > 0 and calculate
(stXt)L2(‘,]3) == E(Xs . Xt)

(16.19) = /p(s, x1)p(t — 8,29 — 1) 1 - T3 dw dXo
= /p(&ﬂ?l)p(t —s,y) @1 - (y + 1) dey dy.
Now 1 - (y + 1) = @1 - y + |z1|2. The latter contribution is evaluated as

in (16.15), and the former contribution is the dot product A(s) - A(t — s),
where

(16.20) A(s) = /p(s,ml)xl dxy = 0.
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So (16.19) is equal to 2ns if ¢ > s > 0. Hence, by symmetry,
(16.21) (Xs, Xt)p2(sp) = 2n min(s, ?).

One can also obtain this by noting |X; — X2 = |X3]? + | X2 — 2X, - X;
and comparing (16.15) and (16.16). Furthermore, comparing (16.21) and
(16.15), we see that

(16.22) t>520= (Xi = X5, Xs)12(p) = 0.

This result is a special case of the following, whose content can be phrased
as the statement that if £ > s > 0, then X; — X is independent of X, for
o < s, and also that X; — X, has the same statistical behavior as X;_,. For
more on this independence, see the exercises at the end of this chapter and
Chapter 17.

Proposition 16.2. Assume 0 < 51 < - < sp < s < t (€ Q1), and
consider functions on P of the form

(16.23) pw) = F(w(s1),...,w(sk), Pw)=Gw(t) —w(s)).
Then

(16.24) E(py) = E(p)E(),

and

(16.25) E(@) = E@), ¢(w)=Gw(t—s)).

Proof. By (16.12), we have

E(y) = /p(sjyl)p(t — 5,92 — y2)G(y2 — y1) dy1 dy2

Il
——

(16.26) p(s,y1)p(t — s,2)G(2) dyy dz

p(t —s,2)G(z) dz,

which establishes (16.25
(16.27)

E(py) = /p(sl,wl)p(sz — 51,02 — 1) - Pp(Sk — Sk—1, Tk — Th—1)

~—

. Next, we have

p(S — Sk, Y1 — wk)p(t —SY2 — yl)F(xla s 71./6)
xXG(y2 — y1) dxy - - - dy, dyy dys.

If we change variables to x1,...,2Tg,y1,2 = y2 — y1, then comparison with
(16.26) shows that E (1) factors out of (16.27). Then use of [ p(s — sk, y1 —
xy) dy; = 1 shows that the other factor is equal to E(p), so we have (16.24).

Here is the promised result on path continuity.
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Proposition 16.3. The set Bo of paths from QT to R™ that are uniformly
continuous on bounded subsets of QT (and that hence extend uniquely to
continuous paths from [0,00) to R™) is a Borel subset of P with Wiener
measure 1.

For a set S, let oscg(w) denote sup |w(s) —w(t)|. Set
s,teS

(16.28) E(a,b,e) = {w € P : oscigp(w) > 25};

here [a, b] denotes {s € QT : @ < s < b}. The complement is
(16.29) E(a,b,e) = ﬂ {weP:|w(s) —w(t)] < 26},
t,s€a,b]

which is closed in B. Below we will demonstrate the following estimate on
the Wiener measure of E(a,b,¢):

(16.30) W (E(a,b,e)) < 2p<g, b— a|),
where

p(g,6) = sup / p(t,x)dx
<6
|z|>e

= sup / p(1,y) dy,

<8

lyl>e/Vt

(16.31)

with p(¢,x) as in (16.3). Clearly the sup is assumed at ¢t = 6, so

(16.32) ped)= [ ptydy=v ()

ly|>e/V/5
where
(1633) wn('r) = (471-)_"/2 / e_|y‘2/4 dy < anrne—r2/4’
ly|>r
as r — 00.

The relevance of the analysis of E(a,b,¢) is that, if we set
(16.34)

F(k,e,0) = {w € P : oscy(w) > 4e, for some J C [0,k]NQT,4(J) <

N >
——
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where ¢(J) is the length of the interval J, then

)
(16.35) F(k,e,5) U{E(a, b, 2) : [a,b] C [0,&],|b —a] < 2}
is an open set, and, via (16.30), we have
(16.36) W (F(k,e,6)) <2k @

Furthermore, with F¢(k,e,0) =B\ F(k,&,9),
Bo = {w :Vk <oo,Ve > 0,36 >0 such that w € Fc(k,a,d)}

(16.37) =N U Flk.e0)

k e=1/vé=1/p

is a Borel set (in fact, an F,s set, i.e., a countable intersection of F, sets),
and we can conclude that W (p) = 1 from (16.36), given the observation
that, for any € > 0,

p(e, )
)
which follows immediately from (16.32)—(16.33). Thus, to complete the
proof of Proposition 16.3, it remains to establish the estimate (16.30). The

next lemma goes most of the way towards that goal.

(16.38) —0, as § — 0,

Lemma 16.4. Given €,§ > 0, take v numbers t; € QT, 0 <t; < - - <1y,
such that t, —t1 <96. Let

(16.39) A={weP: |w(t1) —w(t;)| > ¢, for somej=1,...,v}.
Then

(16.40) W(A) < 2,0(%,5).
Proof. Let
B=A{w:|w(t1) —w(t,)| >e/2},
Cy = fuw: lwlty) — wlt)] > £/2},
(16.41) Dj = {w:|w(t1) — w(t;)| > e and
lw(t1) —w(te)| <e, forall k <j—1}.
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Clearly W(B) < p(g/2,6). Furthermore, we have
£
(16.43) W(C; N Dj) = W(CHW(Dy) < p(5,8) W(D)),

the first identity by Proposition 16.2 (i.e., the independence of C; and Dj)
and the subsequent inequality by the easy estimate W(C;) < p(e/2,06).
Hence

(16.44) > w(CnD;) < p(59):

since the D; are mutually disjoint. This proves (16.40). Note that this
estimate is independent of v.

We now finish the demonstration of (16.30). Given such ¢; as in the
statement of Lemma 16.4, if we set

(16.45) E = {w:|w(tj) —w(ty)| > 2¢, for some j,k € [1,v]},
it follows that
(16.46) W(E) < 2p<5 5)

— 27 )

since F is a subset of A, given by (16.39). Now, E(a,b,¢), given by (16.28),
is a countable increasing union of sets of the form (16.45), obtained, e.g.,
by letting {t1,...,t,} consist of all ¢ € [a,b] that are rational with denom-
inator < K and taking K " 4o00. Thus we have (16.30), and the proof of
Proposition 16.3 is complete.

We make the natural identification of paths w € B¢ with continuous
paths w : [0,00) — R™. Note that a function ¢ on By of the form (16.11),
with ¢; € R™, not necessarily rational, is a pointwise limit on B of functions
in C#, as long as F is continuous on H]f R", and consequently such ¢ is
measurable. Furthermore, (16.12) continues to hold, by the Dominated
Convergence Theorem.

An alternative approach to the construction of W would be to replace
(16.10) by B = H{]R” :t € RT}. With the product topology, this is compact
but not metrizable. The set of continuous paths is a Borel subset of £]~3, but
not a Baire set, so some extra measure-theoretic considerations arise if one
takes this route, which was taken in [Nel].

Looking more closely at the estimate (16.36) of the measure of the set
F(k,e,0), defined by (16.34), we note that we can take e = K+/dlog(1/6),
in which case

(16.47) p(%,é) e (g\/@) < Chx (1og %)"/251@/16.

Then we obtain the following refinement of Proposition 16.3.
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Proposition 16.5. For almost all w € P, we have, for each T < oo,

: / 1
(16.48) lsh_xﬂzsygo <|w(s) —w(t)| -8 6log5 ) <0, s,te0,T).

Consequently, given T < oo,

(16.49) w(s) = w(t)] < Clw, T)y /5 log % st e 0,7,

with C(w,T') < oo for almost all w € Po.

In fact, (16.47) gives W (Sk) = 1 where Sj is the set of paths satisfying
(16.48), with 8 replaced by 8 + 1/k, since then (16.47) applies with K > 4,
so (16.38) holds. Then (), Sj is precisely the set of paths satisfying (16.48).

The estimate (16.48) is not quite sharp; P. Lévy showed that for almost
all w € P, with u(d) = 24/dlog1/4,

, w(s) = w(t)]
(16.50) limsup ——*= =1.
s—t|s0  H(ls —1])
See [McK] for a proof.

Wiener proved that almost all Brownian paths are nowhere differen-
tiable. We refer to [McK] for a proof of this. The following result specifies
another respect in which Brownian paths are highly irregular.

Proposition 16.6. Assume n > 2, and pick T € (0,00). Then, for almost
all w € Po,

(16.51) w([0,T]) ={w(t) : 0 <t <T} CR"™ has Hausdorff dimension 2.

Proof. The fact that Hdimw([0,7]) < 2 for W-a.e. w follows from the
modulus of continuity estimate (16.48), which implies that for each § > 0,w
is Holder continuous of order 1/(2+4¢). This implies by Exercise 9 of Chapter
12 that H"(w([0,T])) < oo for r = 24 6. (Of course this upper bound is
trivial in the case n = 2.)

We will obtain the estimate Hdimw([0,7]) > 2 for a.e. w as an ap-
plication of Proposition 12.19. To get this, we start with the following
generalization of (16.16): for 0 < s < t,

E(p(X; — X5)) = //P(S,l“l)p(t — 5,13 — x1)p(x2 — 1) d1 d)
(16.52) = [ plt = s.p)etu) dy

= (4n(t - S))_n/2/€_|y2/4|t_5| o(y) dy.
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We now assume ¢ is radial. We switch to spherical polar coordinates. We
also allow ¢t < s and obtain

_ Ap1 > —r2/4|t—s| n—1
(1653) E(QD(Xt — XS)) = W/O (& (‘0(7’)7" d?”7

where A,_1 = Area(S""1). We apply this to ¢(r) = 77% to get

E(|Xt - Xs|_a) = Cn|t — 5|_n/2/ 6—7’2/4|t—s| ypn—l-a dr
(16.54) )
= Cn,a|t _ S|—a/2’
where C), < 0o provided a < n. We deduce that

/// dsdt ‘adW(w)

T

dsdt

Cna//’tsl/z—C;La<oo7 if a<?2.
_SCL ’

Consequently, as long as a < 2 < n,
d dt
(16.56) / / ° o) — o) < oo, for W-ae. w.

We can rewrite this as

(16.55)

dp® (z) du®

(16.57) / W < oo, for W-ae. w,

w([0,T7]) w([0,T1)
where p“ is the measure on w([0,T7]) given by
(16.58) u?(S) =m{t €0,T]: w(t) € S}),
m denoting Lebesgue measure on R. The existence of a nonzero positive
Borel measure on w([0,7]) satisfying (16.57) implies Hdim w([0,T7]) > 2, by
Proposition 12.19, so Proposition 16.6 is proven.

So far we have considered Brownian paths starting at the origin in R™.
Via a simple translation of coordinates, we have a similar construction for
the set of Brownian paths w starting at a general point x € R", yielding the
positive functional E, : C(f) — R, and Wiener measure W, such that

(16.59) By () = / () AW, (w).

B
When ¢(w) is given by (16.11), E,(¢) has the form (16.12), with the function
p(t1, 1) replaced by p(t1,z1 — x). To put it another way, E,(¢) has the
form (16.12) with F'(z1,...,xx) replaced by F(z; + z,...,z5 + z). One
often uses such notation as F,(f(w(t))) instead of fmf(Xt(w)) dW,(w) or
Ey (f(Xi(w)))-

The following simple observation is useful.
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Proposition 16.7. If p € C(B), then E,(p) is continuous in .

Proof. Continuity for ¢ € C#, the set of functions of the form (16.11), is
clear from (16.12), and its extension to z # 0 discussed above. Since C¥ is
dense in C(*P), the result follows easily.

In Chapter 17 we discuss further results on Brownian motion, arising
from the study of martingales. For other reading on the topic, we mention
the books [Dur], [McK], and [Si] and also Chapter 11 of [T1].

The family of random variables X; on the probability space (B, W) is a
special case of a stochastic process, often called the Wiener process. More
general stochastic processes include Lévy processes. They have a character-
ization similar to (16.12), with p(¢,x) dx replaced by probability measures
V¢ discussed in Exercises 17-18 of Chapter 15. Theorem 16.1 extends to the
construction of such Lévy processes. However, the paths are not a.e. con-
tinuous in the non-Gaussian case, but rather there are jumps. For material
on Lévy processes, see [Sat] and references therein.

Exercises

1. With X;(w) = w(t) as in (16.14), show that for all £ € R"
(16.60) B(e&Xt) = ¢ HEP,

Hence each component of X} is a Gaussian random variable on (o, W),
of mean 0 and variance 2¢, by (15.41).

2. More generally, if 0 <t; < --- <t and & € R", show that

E(eiﬁl'th +i&a- (Xey =Xty )+ +i€g - (Xt —thil))

16.61
( ) — e trl&P=(t2—t1)[€2]? == (tr—tu—1)I€k/*

Deduce that each component of (i - Xy + -+ 4 (i - Xy, is a Gaussian
random variable on (g, W), for each (1,...,(x € R™.

3. Show that if 0 <ty < --- <t, then Xy, Xy, — Xy, ..., Xy, — Xy, | are
independent (R™-valued) random variables on (Bo, W).
Hint. Use (16.61) and Exercise 3 of Chapter 15. Alternatively (but less
directly), use the orthogonality (16.22), the Gaussian behavior given in
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Exercise 2, and the independence result of Exercise 4 in Chapter 15.
4. Compute E(e)‘|Xt‘2). Show this is finite if and only if A < 1/4¢.

5. Show that

B([X; - XJ*) = BE(X{*,) = % It — s|".

6. Show that LP(Py, W) is separable, for 1 < p < oo.
Hint. B is a compact metric space.

7. Given a > 0, define a transformation D, : Py — Po by
(Daw)(t) = aw(t/a?).

Show that D, preserves the Wiener measure W. This transformation is
called Brownian scaling.

8. Let B
Po = {w € Po: lim s 'w(s) =0}.

Show that W (o) = 1. Define a transformation p : By — Po by
(pw)(t) = tw(1/t),
for ¢t > 0. Show that p preserves the Wiener measure W.

9. Given a > 0, define a transformation R, : Bo — LPo by

(Row)(t) = w(t) for 0 <t <a,
2w(a) —w(t) for t>a.

Show that R, preserves the Wiener measure W.



