19 MATH 275D notes

4. WIENER SPACE AND WIENER MEASURE

Here we will address the question of uniqueness of stochastic processes with contin-
uous sample paths and, in particular, the standard Brownian motion. First note that,
synthesizing our earlier developments, we are finally able to claim:

Theorem 4.1 A standard Brownian motion exists.

Proof. The Kolmogorov Extension Theorem implies existence of a probability space
(Q), F, P) supporting a family of random variables {B;: t € [0,0)} obeying 2-3 of Defi-
nition 1.6. The fact that

N(0,0%) = oN(0,1) (4.1)

then shows, for any 4 > 0 and any f,s > 0,
E(|B: — Bs|") = |t —s|"*E(IN'(0,1)]) (4.2)

Since a normal random variable has all moments, the Kolmogorov-Censtov continuity
condition holds for any a > 2 with b := a/2 — 1. By Theorem 3.4, B admits a continuous
version §, which then obeys 2-4 of Definition 1.6. As By = 0 a.s., another modification
ensures that Eg = 0. In particular, {Et: t € [0,00)} is a standard Brownian motion. O

With this in hand, our next question is: Can other constructions be put forward that
produce a standard Brownian motion that is distinct from ours? This is not an irrele-
vant consideration because there are, in fact, a number of ways to construct a stochastic
process satisfying Definition 1.6. Here is a list:

(1) a construction in the proof of Theorem 4.1 based on the Kolmogorov Extension
Theorem and the Kolmogorov-Censtov continuity criterion,

(2) the Levy construction which represents a path of Brownian motion as the limit of a
random infinite series,

(3) a construction based on Donsker’s Theorem, which asserts that any random walk
with centered step distribution of unit variance (and steps interpolated piecewise
linearly) tends in law (in the sense to be discussed) to standard Brownian motion,

(4) a construction in Folland’s “Analysis” based on the Riesz representation theorem

[0,00)

applied to the space R""/, for R := R U {£00}, endowed with product topology.

An interesting aspect of (4) is, in spite of working in a product space, it yields a continu-
. .. 10, . .

ous process directly. This is because the class of Borel sets B (IR[ oo)) associated with the

product topology contains the set of continuous functions, thus avoiding the “countabil-

ity curse” that plagues (1). (Note that B(R)®0*) ¢ B(ﬁ[o'oo)).)

Each of the above constructions produces a family of random variables {B;: t € [0, )}
that induces, through the standard procedure, the same measure on the infinite prod-
uct space

(RIO), B(R)®10=)). (4.3)
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But this measure is equally induced by the discontinuous process B obtained by chain-
ing B; to By + 1 for t equal to the value of an independent exponential; cf (2.37). It appears
that continuity is a necessary condition for uniqueness, if there is uniqueness at all.

This spawns an idea: Let us view the standard Brownian motion as the continuous-
function space-valued random variable; i.e., one taking values in

C[0,0) := {f e R%*): continuous} (4.4)
We endow this set with the metric
o(f,8):==>,27" sup |f(t) —g(t)| a1 (4.5)
n=1 t,s5€[0,n]

inducing the topology of locally-uniform convergence. The reason for requiring just
local uniformity (instead of its global counterpart) is to ensure:

Lemma 4.2 The metric space (C[0,0),p) is complete and separable. In particular, there are
{fu}n=1 € C[0, ) such that every open set in C[0, ) is a countable union of finite intersections
of sets {Ux(fu,a): k,n =1, a € QT } where

U(f,a) = {geC[O,oo): sup |g(t) — f(1)] <u}. (4.6)
te[0,k]
We leave the proof of this statement to homework. Note that the claim implies that
(Cl0,0), B(C[0,))) (47)

is a standard Borel space. (This is useful in the construction via Donsker’s Theorem
mentioned earlier, as that involves weak convergence for which complete and separable
metric spaces are a perfect setting.) We call (4.7) the canonical space or the Wiener space,
after N. Wiener. Next we observe:

Lemma4.3 Let {X;: t € [0,00)} be an R-valued stochastic process whose every sample path is
continuous. Then t — X; is a C[0, c0)-valued random variable.

Proof. Let (), F) be a measurable space on which X = {X;: t € [0,0)} are realized.
Using the notation (4.6) and continuity of X, we have

XHuf) = J ) {X—f@)<a} (4.8)

a’eQn|0,a) te[0,k]NQ

Each set in the countable union /intersection belongs to F and thus so does X~ (Ui (f, a)).
Noting that, for any map X: () — 2" and any c-algebra X on 2,

{Ae%: X"1(A) e F}isao-algebra, 4.9)
the claim follows from Lemma 4.2. O

An important consequence of the previous lemma is:

Corollary 4.4 An R-valued stochastic process {X;: t € [0,00)} on (Q, F, P) with continuous
paths induces a unique measure PX) on (C[0,0), B(C[0,©))) by

VA e B(C[0,%)): PX(A):=P(XeA) (4.10)
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Our final question is what reasonable properties determine a probability measure on
the Wiener space. This is the content of:

Lemma 4.5 Let P < B(R) be a rt-system that generates B(R). Every probability measure y
on the Wiener space is determined its the restriction to sets of the form

ﬁ{a) € C[0,0): w(t;) € A} (4.11)
i=1

overalln > 1,allty,...,t, € [0,00) and all Aq,..., A, € P. In particular, u is determined by
its finite-dimensional distributions.

We again leave the proof of this to homework. As a consequence we get:

Corollary 4.6 Every realization of standard Brownian motion induces (via (4.10)) the same
distribution on the Wiener space.

Proof. Any two standard Brownian motions have the same finite dimensional marginals
and so their induced measures agree on the sets of the form (4.11), for P being, say,
the set of all open intervals in R. These generate 3(R) and Lemma 4.5 thus forces the
induced measures to be equal. U

Corollary 4.6 expresses the sense in which the standard Brownian motion is unique.
We will call the measure it induces on the Wiener space the Wiener measure. A “practical”
aspect of having uniqueness is that whatever we can prove about one version of stan-
dard Brownian motion, holds for all other versions provided it can be expressed using a
measurable subset of the Wiener space. Here is an example:

Corollary 4.7 Every standard Brownian motion B = {B;: t € [0,00)} obeys: For all 7y €
(0,1/2) and a.e. B,

B; — B
Yty = 0: sup |Bs — By| < 0. (4.12)

O<s<t<ty |t —8[7
In short, a.e. Brownian path is locally ~y-Hélder continuous for every v € (0,1/2).

Proof. Recall that in the proof of Theorem 4.1 we verified the Kolmogorov-Censtov con-
dition, and thus proved local y-Hélder continuity for ¢ € (0,1/2), for every a > 2
andb:=75—1. Asb/a= % - %, taking a — oo the claim follows for the construction pro-
vided via the Kolmogorov-Censtov Theorem. (Note that we have to take 2 — o along a
sequence as each application potentially discards a new null set.)

To see that the same applies to all ways to realize standard Brownian motion, we need
to show that it applies to the sample from the Wiener measure (and Bi(w) = w(t)). For
this it suffices to show that the supremum in (4.12) is a measurable as a map from C|0, )
to the extended reals. This follows by the fact that, thanks to the continuity, the supre-
mum can be restricted to rational s and ¢ along with the fact that w — B;(w) is continu-

ous and thus measurable for each ¢t > 0. U
Further reading: Section 2.4 of Karatzas-Shreve
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