CHAPTER XII

Skorokhod Embedding and Donsker’s
Invariance Principle

This chapter ties together a number of the topics introduced in the text via appli-
cations to the further analysis of Brownian motion, a fundamentally important
stochastic process whose existence was established in Chapter X.

The discrete-parameter random walk was introduced in Chapter II, where it was
shown to have the Markov property. Markov processes on a general state space S with
a given transition probability p(z,dy) were introduced in Chapter X (see Example
1 and Remark 10.4 in Chapter X). Generalizing from this example, a sequence of
random variables {X,, : n > 0} defined on a probability space (2, F, P) with values
in a measurable space (S,S) has the Markov property if for every m > 0, the
conditional distribution of X, 11 given F, := 0(X;,0 < j < m) is the same as its
conditional distribution given o(X,,). In particular, the conditional distribution is a
function of X,,, denoted by py, (X, dy), where p,,(z,dy), © € S is referred to as the
(one-step) transition probability at time m and satisfies the following:

1. For z € S, pu(z, dy) is a probability on (S, S).
2. For B € S, the function  — p,,(z, B) is a real-valued measurable function on S.

In the special case that p,(z,dy) = p(z,dy), for every m > 0, the transition
probabilities are said to be homogeneous or stationary.

With the random walk example as background, let us recall some basic definitions.
Let P, denote the distribution of a discrete-parameter stochastic process X = {X,, :
n > 0}, i.e., a probability on the product space (5%, S¥>°), with transition probability
p(x,dy) and initial distribution P(Xy, = z) = 1. The notation E, is used to denote
expectations with respect to the probability P,.
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Definition 12.1. Fix m > 0. The after-m (future) process is defined by X :=
{Xn+rn n Z 0}

It follows from the definition of a Markov process {X,, : n = 0,1,2,...} with a
stationary transition probability given above that for every n > 0 the conditional
distribution of (X, Xpt1, .-y Ximtn), given o(Xo, ..., X;n) is the same as the P,-

distribution of (Xo,...,X,), evaluated at z = X,,. To see this, let f be a bounded
measurable function on ("1, S®("+1)). Then the claim is that

E(f(Xm, Xmt1s-- s Xman)|o(Xos ..., X)) = g0(Xim), (12.1)

where given X = z,
go(z) = Eo f(Xo, X1, ..., Xn). (12.2)
For n = 0 this is trivial. For n > 1, first take the conditional expectation of

F( X, X1, -+ Xnan), given o(Xo, ..., Xm, .-, Xmin—1) to get, by the Markov
property, that

E(f(Xm7Xm+17 oo 7Xm+n) |U(X07 DR 7Xm7 LI} 7Xm+n—l))
= / f(X’ﬂH DR 7Xm+n—17 $m+n)p(Xm+n—17 d$m+n)
S
=gn-1(Xm, -, Xontn-1), say. (12.3)

Next take the conditional expectation of the above with respect to o(Xo, . .., Ximtn—2)
to get

E(f(Xm, Xm+1, e 7Xm+n) |0'(X(), e ,Xm, e 7Xm+n—2))
= E(gnfl(va cee 7Xm+n71)|0'(X07 cee 7Xm+n72))

= E/ gnfl(Xmm sy an+n727 mernfl)p(Xernf% dmernfl)
S
= gn72(Xm7 s 7Xm+n72)> say. (124)
Continuing in this manner one finally arrives at

IE(f(Xm,Xm+1, cos Xonan) l0(Xo, oo, X,y - - .,Xm))
E(gl(an7Xm+l)|U(XO7 e 7Xm7 .. 7Xm))

gl(vaxm-Q—l)p(Xm:dxm-&-l) = gO(Xm), say. (125)
S
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Now, on the other hand, let us compute E,. f (X, X1, ..., X,,). For this, one follows the
same steps as above, but with m = 0. That is, first take the conditional expectation of
f(Xo,X1,...,Xy), given o(Xg, X1,...,X,_1), arriving at ¢g,—1(Xo, X1,..., Xp_1).
Then take the conditional expectation of this given o(Xg, X1, ..., X,_2), arriving at
gn—2(Xo, ..., Xn—2), and so on. In this way one again arrives at go(Xp), which is
(12.1) with m =0, or (12.2) with z = X,,,.

Since finite-dimensional cylinders C = B x S®, B € S®*) (n = 0,1,2,...)
constitute a w-system, and taking f = 1p in (12.1), (12.2), one has, for every A €
O'(Xo, e ,Xm),

]E(1A1[XI€C]) =E(Lalyx, XpmirXminreB]) = E(1aP(C)la=x,,)- (12.6)

It follows from the m-\ theorem that
E(Lalixsco) = E(QaPe(C)l=x,.), (12.7)

for all C' € §%; here P,(C)|z=x,, denotes the (composite) evaluation of the function
z +— P,(C) at © = X,,,. Thus, we have arrived at the following equivalent, but
seemingly stronger, definition of the Markov property.

Definition 12.2 (Markov Property). We say that X = {X,, : n > 0} has the
(homogeneous) Markov Property if for every m > 0, the conditional distribution
of Xt given the o-field F,,, is Px,,, i.e., equals P, on the set [X,, = y].

This notion may be significantly strengthened by considering the future evolution
given its history up to and including a random stopping time. Let us recall that given
a stopping time 7, the pre-7 o-field F, is defined by

Fr={AeF:AN[r =m] € Fp,,¥m > 0}. (12.8)

Definition 12.3. The after-7 process X = {X,, X, 11, X;12,...} is well defined
on the set [T < oo] by X = X,F on [r = m].

The following theorem shows that for discrete-parameter Markov processes, this
stronger (Markov) property that “conditionally given the past and the present the
future starts afresh at the present state” holds more generally for a stopping time 7
in place of a constant “present time” m.

Theorem 12.1 (Strong Markov Property). Let T be a stopping time for the process
{X, : n > 0}. If this process has the Markov property of Definition 12.2, then on
[T < oo] the conditional distribution of the after-7 process X', given the pre-r o-field
f-,—, is P, X,
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Proof. Let f be a real-valued bounded measurable function on (§°°,8%°°), and let
A e F;. Then

E(1[7<oo]1Af(X:_)) = E(l[T:WL]lAf(XTTL))

M £0e

E(l [T:m]r‘lAEXm f)
0

3
I

E(1pr=mnaBx, f) = E(jr<o1aBx, f).  (12.9)
0

Q
3
Il

1

The second equality follows from the Markov property in Definition 12.2 since AN[r =
m] € Fp,. [ ]

Let us now consider the continuous-parameter Brownian motion process along simi-
lar lines. It is technically convenient to consider the canonical model of standard
Brownian motion {B; : t > 0} started at 0, on Q = C[0,00) with B the Borel o-field
on C[0,00), Py, referred to as Wiener measure, and B;(w) = w(t), t > 0,w € Q,
the coordinate projections. However, for continuous-parameter processes it is often
useful to make sure that all events that have probability zero are included in the
o-field for €. For example, in the analysis of fine-scale structure of Brownian motion
certain sets D may arise that imply events E € B for which one is able to compute
P(E) = 0. In particular, then, one would want to conclude that D is measurable
(and hence assigned P(D) = 0 too). For this it may be necessary to replace B by its
o-field completion F = B. We have seen that this can always be achieved, and there
is no loss in generality in assuming that the underlying probability space (2, F, P) is
complete from the outset (see Appendix A).

Although the focus is on Brownian motion, just as for the above discussion of
random walk, some of the definitions apply more generally and will be so stated
in terms of a generic continuous-parameter stochastic process {Z; : ¢ > 0}, having
continuous sample paths (outside a P-null set).

Definition 12.4. For fixed s > 0 the after-s process is defined by Z} = {Z.4; :
t>0}.

Definition 12.5. A continuous-parameter stochastic process {Z; : t > 0}, with a.s.
continuous sample paths, such that for each s > 0, the conditional distribution of the
after-s process Z; given o(Z;,t < s) coincides with its conditional distribution given
o(Zs) is said to have the Markov property.

As will become evident from the calculations in the proof below, the Markov prop-
erty of a Brownian motion {B; : t > 0} follows from the fact that it has independent
increments.
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Proposition 12.2 (Markov Property of Brownian Motion). Let P, denote the
distribution on C[0, o) of standard Brownian motion B* = {x + B; : t > 0} started
at x. For every s > 0, the conditional distribution of (B¥)* := {B¥,, : t > 0} given
o(Bf:0<u<s)is Ppe.

Proof. Write G := o(BZ : 0 < u < s). Let f be a real-valued bounded measurable
function on C[0,00). Then Ef((B2)*|G) = E(¢(U,V)|G), where U = B2, V =
{Bf; — B : t >0}, Y¥(y,w) := f(w¥),y € R, w € C[0,00), and w¥ € C[0,00) by
wY¥(t) = w(t) +y. By the substitution property for conditional expectation (Theorem
2.7), since U is G-measurable and V is independent of G, one has

E(¢(U.V)IG) = h(U) = h(BY),

where, simplifying notation by writing B; = BY and, in turn, {B; : t > 0} for a
standard Brownian motion starting at 0,

h(y) = Eb(y, V) = By, (B, : t > 0}) = Ef(BY) = /C LG

It is sometimes useful to extend the definition of standard Brownian motion as
follows.

Definition 12.6. Let (Q, F, P) be a probability space and F;,t > 0, a filtration. The
k-dimensional standard Brownian motion with respect to this filtration is
a stochastic process {B; : t > 0} on (2, F,P) having (i) stationary, independent
Gaussian increments B, s — Bs with mean zero and covariance matrix (¢ — s)I; (ii)
a.s. continuous sample paths ¢ — B; on [0, 00) — R¥; and (iii) for each t > 0, B, is
Fi-measurable and B; — B, is independent of F, 0 < s < t. Taking By = 0 a.s., then
B* :={x + B; : t > 0}, is referred to as the standard Brownian motion started
at z € R* (with respect to the given filtration).

For example, one may take the completion F; = (B : s < t), t > 0, of the o-field
generated by the coordinate projections t — w(t), w € C[0,00). Alternatively, one
may have occasion to use F; = 0(Bs,s < t)V G, where G is some o-field independent
of F. The definition of the Markov property can be modified accordingly as follows.

Proposition 12.3. The Markov property of Brownian motions B* on R* defined
on (Q, F, P) holds with respect to (i) the right-continuous filtration defined by

For=()Fere (t20), (12.10)

e>0

where F; = G, := 0(B, : 0 < u < t), or (ii) F; is the P-completion of G;, or (iii)
Fi =G VG (t >0), where G is independent of F.
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Proof. (i) It is enough to prove that B;ys — B is independent of Fs; for every
t > 0. Let G € Fsq and t > 0. For each € > 0 such that t > ¢, G € Fy4., so that if
f € Cy(R¥), one has

E(]-Gf(Bt+s - Bs+a)) = P(G) ']Ef(Bt+s - Bs+a)-
Letting € | 0 on both sides,
E(le(BtJrs - BS)) = P(G)Ef(BtJrs - BS)‘

Since the indicator of every closed subset of R* is a decreasing limit of continuous
functions bounded by 1 (see the proof of Alexandrov’s theorem in Chapter V), the last
equality also holds for indicator functions f of closed sets. Since the class of closed
sets is a m-system, and the class of Borel sets whose indicator functions f satisfy
the equality is a o-field, one can use the 7m-\ theorem to obtain the equality for all
B € B(R¥). The proofs of (ii) and (iii) are left to Exercise 2 . |

One may define the o-field governing the “past up to time 7”7 as the o-field of events
Fr given by

Fr:=0(Zinr 1t >0). (12.11)
The stochastic process {Zt 2t >0} := {Ziar 2 t > 0} is referred to as the process
stopped at 7. Events in . depend only on the process stopped at 7. The stopped
process contains no further information about the process {Z; : t > 0} beyond the
time 7. Alternatively, in analogy with the discrete-parameter case, a description of

the past up to time 7 that is often more useful for checking whether a particular event
belongs to it may be formulated as follows.

Definition 12.7. Let T be a stopping time with respect to a filtration F;, ¢ > 0.
The pre-7 o-field is

Fr={FeF:Fnir<t]eF forall t >0}
For example, using this definition it is simple to check that
[T <t] € Fr,¥Vt >0, [T < o0] € F;. (12.12)

Remark 12.1. We will always use! Definition 12.7, and not (12.11). Note, however,
that ¢ A7 <t for all ¢, so that o(Xyar : t > 0} is contained in F, (see Exercise 1).

!The proof of the equivalence of (12.11) and that of Definition 12.7 for processes with
continuous sample paths may be found in Stroock and Varadhan (1980, p. 33).
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The future relative to 7 is the after-r process Z = {(Z}); : t > 0} obtained by
viewing {Z; : t > 0} from time ¢t = 7 onwards, for 7 < co. This is

(ZH)1(w) = Zr(w)+t(w), t>0, on [T < 00). (12.13)

T

Theorem 12.4 (Strong Markov Property for Brownian Motion). Let {B;:t > 0}
be a k-dimensional Brownian motion with respect to a filtration {F; : ¢ > 0} starting
at 0 and let Py denote its distribution (Wiener measure) on C[0,00). For # € R*
let P, denote the distribution of the Brownian motion process By := x + By, t > 0,
started at x. Let 7 be a stopping time. On [r < oo], the conditional distribution of
B} given F, is the same as the distribution of {B} : ¢ > 0} starting at y = B,. In
other words, this conditional distribution is Pg_ on [T < o0].

Proof. First assume that 7 has countably many values ordered as 0 < s1 < s9 < - - -.
Consider a finite-dimensional function of the after-7 process of the form

h(B7'+t'1 ) BT+t'Za EERE) BT+t,/,.)7 [T < OO], (1214)

where h is a bounded continuous real-valued function on (R¥)" and 0 < #] < t, <
.-+ < . It is enough to prove

E [h(BT+t'17 EEER BT+t’T)1[T<OC] | fT:I = [Eh(B;J/l7 B Bty/r)]y:BTl[T<oo]‘ (1215)

That is, for every A € F. we need to show that

E(Lah(Briss s Brow)lireng) = E <1A []Eh(Bf,l, o ,Bg_)} . 1[T<oo])

(12.16)
Now
[r=sj]=[r<s]N[r <s;4]° € Fy,,
so that AN [7 = s;] € F,. Express the left side of (12.16) as
Z]E(1Am[ﬁsj]h(35j+t;, s By,au). (12.17)
j=1

By the Markov property, the jth summand in (12.17) equals

E(LaL{r [BA(BY ..., BY)y=p.,) = ELaLi—y [ER(BY ..., BY)ly=5.).
(12.18)
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Summing this over j, one obtains the desired relation (12.16). This completes the
proof in the case that 7 has countably many values 0 < s1 < s9 < - - -.

The case of more general 7 may be dealt with by approximating it by stopping
times assuming countably many values. Specifically, for each positive integer n define

J o o..J-1 J .
= if <7< = =0,1,2,...
=4 on U ST=om JTRSS

oo if 7= o0.

(12.19)

Since

J Jj—1 J J Jj—1
= 2 | = < | = < = < Fijom .

it follows that

m<tl= | |:Tn = 2]7} €F  forallt>0. (12.21)
Jijan<t

Therefore, 7, is a stopping time for each n and 7,,(w) | 7(w) as n T oo for each w € Q.

Also one may easily check that F, C F. from the definition (see Exercise 1). Let h
be a bounded continuous function on (R¥)". Define

¢(y) =Eh(BY, ..., BY). (12.22)

One may also check that ¢ is continuous using the continuity of y — (B},,..., B} ).
1 r
Let A € F-(C F,,). Applying (12.16) to 7 = 7,, one has

E(Qah(Br, 44,55 Brot, ), <o) = E(La@(Br, )1, <o0))- (12.23)

Since h, ¢ are continuous, {B; : t > 0} has continuous sample paths, and 7, | 7 as
n — oo, Lebesgue’s dominated convergence theorem may be used on both sides of
(12.23) to get

]E(lAh(BT+t’1 P 7BT+t’T)1[7'<oo]) = E(lA(;O(BT)l[T<OO]) (1224)

This establishes (12.16). Since finite-dimensional distributions determine a probability
on C[0,00), the proof is complete. |

Remark 12.2. Note that the proofs of the Markov property (Proposition 12.3 and
the strong Markov property (Theorem 12.1) hold for R*-valued Brownian motions on
R* with arbitrary drift and positive definite diffusion matrix (Exercise 2).
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The examples below illustrate the usefulness of Theorem 12.4 in typical computa-
tions. In examples 2-4, B = {B; : t > 0} is a one-dimensional standard Brownian
motion starting at zero. For w € C([0,00) : R) define, for every a € R,

7T (w) = Ty (w) := inf{t > 0: w(t) = a}, (12.25)
and, recursively,
U (W) == inf{t > 7 tw(t) = a}, r>1, (12.26)

with the usual convention that the infimum of an empty set of numbers is co.
Similarly, in the context of the simple random walk, put @ = Z* = {w =
(wo,w1,...) t wy € Z,¥n > 1}, and define

7 (W) = 7o (w) :=inf{n > 0: w, =a}, (12.27)
and, recursively,
7 (W) i=inf{n > 7 s w, =a}, r>1. (12.28)

Exzample 1 (Recurrence of Simple Symmetric Random Walk ). Consider the simple
symmetric random walk S% := {S% = x + SY : n > 0} on Z started at z. Suppose
one wishes to prove that P,(7, < oo) = 1 for y € Z. This may be obtained from
the (ordinary) Markov property applied to ¢(x) := Py(Ty < Tq), ¢ < z < y. For
a < z < y, conditioning on 57, and writing ST = {S},,, : n > 0}, we have

o(x) = Pp(Ty <Ta) = P(Ty o S* <T408%)
=P(Ty0 STt < 7,087
=E,Ps: (Ty <Ta) = Ep(S7)
=E1sr=zip(x +1) + Lse—p1jp(z — 1))

- %cp(anl) + %np(xf D, (12.20)

with boundary values ¢(y) = 1, ¢(a) = 0. Solving, one obtains p(z) = (z—a)/(y—a).
Thus P, (7, < 00) =1 follows by letting a — —oo using basic “continuity properties”
of probability measures. Similarly, letting y — 0o, one gets P.(T, < c0) = 1. Write
M, := inf{n > 1 : w, = a} for the first return time to a. Then 77, = 7, on
{w:wy #a},and 7, > 7, = 0 on {w : wy = a}. By conditioning on ST again,
one has Pp(7, < 00) = 3P 1(Ts < 00) + P P(Ty < 00) = 3-1+4-1=1
While this calculation required only the Markov property, next consider the problem
of showing that the process will return to y infinitely often. One would like to argue
that, conditioning on the process up to its return to y, it merely starts over. This of
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course is the strong Markov property. So let us examine carefully the calculation to
(

show that under P,, the rth passage time to y, fr), is a.s. finite for every r = 1,2,.. ..

First note that by the (ordinary) Markov property, P, (7, < o0) = 1 Vz. To simplify

notation, write 7" = 7\ 0 §7, and Srh = {S”Tt)+ :n > 0} is then the after-r."
Ty Ty n

process (for the random walk S*). Applying the strong Markov property with respect

to the stopping time r!f,r) one has, remembering that S%,, =y,
Ty

Pm(fgf“) < 0) = P(Tér) < 00,7, 0 S*h < 00)

= E(l[T{,T)<°0]Py(ﬁy < OO))
= (l[f("><oo]) 1
=P(7) <o) =1 (r=1,2,...), (12.30)

by induction on r. If z = y, then ?;” is replaced by 77,,. Otherwise, the proof remains

the same. This is equivalent to the recurrence of the state y in the sense that

P(Sy =y for infinitely many n) = P(ﬁf’;l[Ty(T) <o) =1 (12.31)

Exzample 2 (Boundary Value Distribution of Brownian Motion). Let B* = {B} :=
z 4 By : t > 0} be a one-dimensional standard Brownian motion started at x € [c, d]
for ¢ < d, and let 7, = 7, o B*. The stopping time 7. A 74 denotes the first time for B*
to reach the “boundary” states {c,d}, referred to as a hitting time for B*. Define

Y(x) == P(B7

TeNATq

=c¢) = P({B{ : t > 0} reaches ¢ before d), (c<x<a).

(12.32)
Fix z € (¢,d) and h > 0 such that [z — h,x + h] C (¢,d). In contrast to the discrete-
parameter case there is no “first step” to consider. It will be convenient to consider
T = Tu—h A Tuth, 1.€., T is the first time {B¥ : t > 0} reaches  — h or & + h. Then
P(1 < o0) = 1, by the law of the iterated logarithm (see Exercise 5 for an alternative
argument). Now,

W(z) = P({BY : t > 0} reaches ¢ before d) = P({(BZ"); : t > 0} reaches ¢ before d)
= E(P({(B*"); : t > 0} reaches c before d | F,)). (12.33)

The strong Markov property (Theorem 12.4) now gives that

¥(z) = E(y(B7)), (12.34)
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so that by symmetry of Brownian motion, i.e., B® and — B have the same distribution,
W(@) = b — W) P(BE =& — h) + d(z + h)P(B* = x + h)

= (@~ h)g + e+ b, (12.35)

where, by (12.32), ¢(x) satisfies the boundary conditions ¥(c) = 1, ¥(d) = 0.
Therefore,

= . 12.36
O (12:36)
Now, by (12.36) (see also Exercise 5),
P({By :t > 0} reaches d before ¢) =1 —¢(z) = Z_ € (12.37)
—c

for ¢ < a < d. It follows, on letting d T oo in (12.36), and ¢ | —oco in (12.37) that
P, (Ty <o00)=1 for all z,y. (12.38)

As another illustrative application of the strong Markov property one may derive
a Cantor-like structure of the random set of zeros of Brownian motion as follows.

Ezxample 3.

Proposition 12.5. With probability one, the set Z := {t > 0 : B; = 0} of zeros
of the sample path of a one dimensional standard Brownian motion, starting at 0,
is uncountable, closed, unbounded, and has no isolated point. Moreover, Z a.s. has
Lebesgue measure zero.

Proof. The law of iterated logarithm (LIL) may be applied as ¢ | 0 to show that with
probability one, B; = 0 for infinitely many ¢ in every interval [0, ]. Since ¢t — B;(w)
is continuous, Z(w) is closed. Applying the LIL as ¢ 1 oo, it follows that Z(w) is
unbounded a.s.

We will now show that for 0 < ¢ < d, the probability is zero of the event A(c, d), say,
that B has a single zero in [¢, d]. For this consider the stopping time 7 := inf{t > ¢:
B; = 0}. By the strong Markov property, B is a standard Brownian motion, starting
at zero. In particular, 7 is a point of accumulation of zeros from the right (a.s.). Also,
P(Bq = 0) = 0. This implies P(A(c,d)) = 0. Considering all pairs of rationals ¢, d
with ¢ < d, it follows that Z has no isolated point outside a set of probability zero
(see Exercise 4 for an alternate argument).
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Finally, for each T' > 0 let Hr = {(t,w) : 0 <t < T, By(w) =0} C [0,T] x Q. By
the Fubini-Tonelli theorem, denoting the Lebesgue measure on [0, 00) by m, one has

(m x P)(Hr) = /OT {/ﬂ 1{%&@:0}13(@)} dt = /OT P(B, = 0)dt =0, (12.39)

so that m({t € [0,T] : By(w) = 0}) = 0 for P-almost all w. |

The following general consequence of the Markov property can also be useful in
the analysis of the (infinitesimal) fine-scale structure of Brownian motion and may
be viewed as a corollary to Proposition 12.3. As a consequence, for example, one sees
that for any given function ¢(t), ¢ > 0, the event

D, = [B: < ¢(t) for all sufficiently small ¢] (12.40)

will certainly occur or is certain not to occur. Functions ¢ for which P(D,) = 1 are
said to belong to the upper class. Thus p(t) = \/2tloglogt belongs to the upper
class by the law of the iterated logarithm for Brownian motion (Theorem 11.5).

Proposition 12.6 (Blumenthal’s Zero—One Law). With the notation of Proposi-
tion 12.3,

P(A)=0or1l VA€ Fo,. (12.41)

Proof. Tt follows from (the proof of) Proposition 12.3 that F,; is independent of
0{Biys — Bs : t > 0} Vs > 0. Set s = 0 to conclude that Fy; is independent of
(B :t > 0) O Fot. Thus Fy; is independent of Fyy, so that V A € Fyy one has
P(A)=P(ANA)=P(A)- P(A). [ |

In addition to the strong Markov property, another powerful tool for the analysis of
Brownian motion is made available by observing that both the processes {B; : t > 0}
and {B? —t : t > 0} are martingales. Thus one has available the optional sampling
theory (Theorem 3.6).

Exzample 4 (Hitting by BM of a Two-Point Boundary). Let {Bf :t> 0} be a one-
dimensional standard Brownian motion starting at x, and let 0 < < d. Let 7 denote
the stopping time, 7 = inf{¢t > 0 : B = ¢ or d}. Then writing ¥(z) := P({Bf }+>0
reaches d before ¢), one has (see (12.36))

T—c

P(z) = p c<z<d. (12.42)

Applying the optional sampling theorem to the martingale X, := (Bf — z)? — ¢, one
gets EX, =0, or (d — 2)%¢(z) + (z — ¢)2(1 — ¢ (z)) = E7, so that Er = [(d — z)? —
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(z = 0)?J(x) + (x = c)?, or
Er = (d—z)(x —c). (12.43)
Consider now a Brownian motion {Y;* : ¢ > 0} with nonzero drift 4 and diffusion
coefficient o2 > 0, starting at x. Then {Y;® —tu : t > 0} is a martingale, so that (see
Exercise 5) E(Y? — ut) = z, ie., dip1(z) + ¢(1 — ¢1(x)) — pET =z, or
(d=o)p1(z) — pEr =2 — ¢, (12.44)
where ¥ (z) = P(Y* = d), i.e., the probability that {Y;* : ¢ > 0} reaches d before
c. There are two unknowns, t; and E7 in (12.44), so we need one more relation to

solve for them. Consider the exponential martingale Z; := exp {f (Y —tu) — # t}

(t > 1). Then Zy = €*”, so that e*” = EZ, = Eexp{&(d — 1) — €202 7/2} [y —q) +
Elexp{&(c — Tp) — £20° 7/2}1yo—y]. Take £ # 0 such that the coefficient of 7 in the
exponent is zero, i.e., Eu+£202/2 =0, or £ = —2u/0?. Then optional stopping yields

e~21/7" — exp{edin () + exp{éc}(1 — ¥ (),

i {28} -2 o 2],

(o) = 202/} — oxp(Bpeo®)

or

12.45
eXp{—Q;‘—Qd} —exp{—% ( )
One may use this to compute E7:
d— A —
Er = dZh@=-(@-¢) (12.46)

1

Checking the hypothesis of the optional sampling theorem for the validity of the
relations (12.42)—(12.46) is left to Exercise 5.

Our main goal for this chapter is to derive a beautiful result of Skorokhod (1965)
representing a general random walk (partial sum process) as values of a Brownian
motion at a sequence of successive stopping times (with respect to an enlarged fil-
tration). This will be followed by a proof of the functional central limit theorem
(invariance principle) based on the Skorokhod embedding representation. Recall that
for ¢ < x < d,

xr —cC

P(T(J;<Tcm):d7(ﬂ7

(12.47)
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where 77 :=To(B*) =inf{t > 0: Bf = a}. Also,

E(rZ A75) = (d—2)(z — ¢). (12.48)
Write 7, = 70, B = B = {B; : t > 0}. Consider now a two-point distribution F,_,
with support {u,v}, u < 0 < v, having mean zero. That is, F, ,({u}) = v/(v — w)

and F,,({v}) = —u/(v — u). It follows from (12.47) that with 7, , = 7, A 7y, B
has distribution F3,, and, in view of (12.48),

Tu,v

ETup = —uv = |wl. (12.49)

In particular, the random variable Z := B, , with distribution F},, is naturally
embedded in the Brownian motion. We will see by the theorem below that any
given nondegenerate distribution F' with mean zero may be similarly embedded by
randomizing over such pairs (u,v) to get a random pair (U, V') such that By, has
distribution F, and Eryy = f(—oo,oo) 22F(dz), the variance of F. Indeed, this is

achieved by the distribution 7 of (U, V) on (—o0,0) x (0,00) given by
Y(dudv) = 0(v — u)F_(du) F4 (dv), (12.50)

where Fy and F_ are the restrictions of F' to (0,00) and (—o0,0), respectively. Here
0 is the normalizing constant given by

1:9[(/(0’00)%4@)) ((—00,0)) + (/(m,o)w)F_(du)) F+<o,oo>]7

or, noting that the two integrals are each equal to 5 f |z| F'(dx) since the mean of
F is zero, one has

1/0 = (% /: | F(de) ) [ — F({0})]. (12.51)

Let (Q2, F, P) be a probability space on which are defined (1) a standard Brownian
motion B = BY = {B; : ¢t > 0}, and (2) a sequence of i.i.d. pairs (U;, V;) independent
of B, with the common distribution v above. Let F; := 0{B; : 0 < s < ¢t}Vo{(U;, V;) :
¢ > 1}, t > 0. Define the {F; : t > 0}-stopping times (Exercise 12)

T()EO, T1 I:iIlf{tZO.'Bt:Ul or Vi},
TiJrl = 1nf{t > Tl‘ . Bt = BT;, + UL'JFI or .BT1 + ‘/;Jrl} (1 2 1) (1252)

Theorem 12.7 (Skorokhod Embedding). Assume that F' has mean zero and finite
variance. Then (a) B, has distribution F', and Br,,, — By, (i > 0) are i.i.d. with
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common distribution F, and (b) T;41 — T; (i > 0) are i.i.d. with

E (T —T;) = / 22 F(dx). (12.53)

(—o0,00)

Proof. (a) Given (Uy, V1), the conditional probability that By, = Vi is ‘/1%1][1]1
Therefore, for all z > 0,

—Uu

P(Br, >x) = 9/{v>z} /(70070) . (v —u)F_(du)Fy(dv)

=Y ~/{v>a7} {/(w’o)(_u)F(du)} F+(d’l}) = »/{U>:(:} FJr(dU)v (1254)

_M,O)(—u)F,(du) = 3 [|#|F(dx) = 1/6. Thus the restriction of the distri-
bution of By, on (0,00) is F. Similarly, the restriction of the distribution of Bp,
on (—o00,0) is F_. It follows that P(By, = 0) = F({0}). This shows that By, has
distribution F'. Next, by the strong Markov property, the conditional distribution of
Bf. = {Br,4 : t > 0}, given Fp,, is Pp, (where P, is the distribution of B*). There-
fore, the conditional distribution of B}, — By, = {Br,4+ — Br,; t > 0}, given Fp,, is
Py. In particular, Y; := {(T}, Br,) : 1 < j < i} and X := B%Ll — By, are independent.
Since Y; and X¢ are functions of B = {B; : t > 0} and {(U;,V;); 1 < j <4}, they are
both independent of (U; 1, Vit+1). Since Y = Ti+1 — T; is the first hitting time of
{Uis1, Vig1} by X7, it now follows that (1) (Tj11—T; = 704D, Br,,, —Br, = Xi(iﬂ))
is independent of {(T}, Br,) : 1 < j <4}, and (2) (Ty41 — Ti, Br,., — Br,) has the
same distribution as (71, Bry).
(b) It remains to prove (12.53). But this follows from (12.49):

since |, (

ET; = /( . /( L I 0 )P )

= 'U2 V) —Uu —lau ’LL2 —_lau) - v U
—0[/(0700) P (dv) /(_mm( ) <d>+/(_oo,0) F_(du) /(O’OO) F (dv)

:/ 02F+(dv)+/ u?F_(du) :/ z?F(dz). [ ]
(0,00) (=00,0) (—o0,00)

We now present an elegant proof of Donsker’s invariance principle, or func-
tional central limit theorem, using Theorem 12.7. Consider a sequence of i.i.d.
random variables Z; (¢ > 1) with common distribution having mean zero and vari-
ance 1. Let Sy = Z1 + -+ Z (k > 1), Sy = 0, and define the polygonal random
function S on [0, 1] as follows:

n Sh— k—1\ Sk — Sk—
S (A5




162 SKOROKHOD EMBEDDING AND DONSKER’S INVARIANCE PRINCIPLE

fort e [E2 E] 1<k <n. (12.55)
That is, S,f”) = S—\/’% at points t = £ (0 < k <n), and t — S,Fn) is linearly interpolated
kol k),

between the endpoints of each interval [ —

Theorem 12.8 (Invariance Principle). S™ converges in distribution to the
standard Brownian motion, as n — oo.

Proof. Let Ty, k > 1, be as in Theorem 12.7, defined with respect to a standard
Brownian motion {B; : t > 0}. Then the random walk {S; : £ = 0,1,2,...} has the
same distribution as {§k := Br, : k=0,1,2,...}, and therefore, S(™ has the same
distribution as S defined by 5'1(521 = n_%BTK (k =0,1,...,n) and with linear
interpolation between k/n and (k+1)/n (k=0,1,...,n — 1). Also, define, for each

n =1,2,..., the standard Brownian motion Bt" = n*%Bnt7 t > 0. We will show
that
Jnax ’g,@) - Et(n)‘ — 0 in probability as n — oo, (12.56)

which implies the desired weak convergence. Now

max ‘gﬁn) — §§7l) <n”7 max | Br, — Bl

0<t<1 1<k<n
=~ 5 1
+ max max S§">—S,§’;> +n72 max |B;— Byl
0<k<n—1 | kcpcktl " E<t<k+1
n SIS

=1+ 1P 4+ 13 say. (12.57)
Now, writing Z; = S — Sk_1, it is simple to check (Exercise 13) that as n — oo,

I® <p 3 max{|Z|: 1 <k <n} — 0 in probability,

n

I < n"? o nax 1maX{|Bt — Bl :k<t<k+1} — 0 in probability.

Hence we need to prove, as n — oo,

W = n-? max. | B, — Bx| — 0 in probability. (12.58)

Since T}, /n — 1 a.s., by SLLN, it follows that (Exercise 13)

T. k

— 0 asn — oo (almost surely). (12.59)
non
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In view of (12.59), there exists for each £ > 0 an integer n. such that P(e, <¢) >
1 — ¢ for all n > n.. Hence with probability greater than 1 — ¢ one has for all n > n,.

the estimate (writing 2 for equality in distribution)

-1 pn) _ pn)
IW < max n Z|By— B = max B — B
= 52t <ne, ‘ s t‘ |s—t|<ne, s/n t/n
0<s,t<n+ne 0<s,t<n(l+e)

(n n d
= max )B(, ) Bf, L max |Bss — By
|s'—t/|<e, s Is'—t/|<e,
0<s/ t/ <14e 0<s/,t' <14e

—0 ase 0,

by the continuity of ¢ — B;. Given § > 0 one may then choose € = 5 such that for
all n > n(d) := ne,, P(L(ll) > §) < 6. Hence 1Y — 0 in probability. |

For another application of Skorokhod embedding let us see how to obtain a law of
the iterated logarithm (LIL) for sums of i.i.d. random variables using the LIL for
Brownian motion.

Theorem 12.9 (Law of the Iterated Logarithm). Let X1, Xo,... be an i.i.d. seq-
uence of random variables with EX; = 0, 0 < o2 := EX? < oo, and let S, =
X1+ -+ X,, n> 1. Then with probability one,

Sn

limsup ——=1

n—oo 4/202nloglogn

Proof. By rescaling if necessary, one may take o2 = 1 without loss of generality. In
view of Skorokhod embedding one may replace the sequence {S, : n > 0} by the
embedded random walk {S = Br, : n > 0}. By the SLLN one also has 7" — 1 a.s.
as n — oco. In view of the laW of the iterated logarithm for Brownian motion, it is then

Bt Tn ,
sufficient to check that m — 0 a.s. as t — oco. From — 1 a.s., it follows for
given £ > 0 that with probability one, m < '] < 1+ ¢ for all t sufficiently large.

Let t, =(14¢)", n=1,2,.... Then for ¢, < ¢ § tn41, for some n > 1, one has

t
M, = max{|Bs—Bt| s <s <t(1+€)}

IN

t
max{|B Bt|.T<s<t}+max{\Bs—Bt\:t§s§t(1+€)}

max : b nt1 s+
Yol4e T T

oM, +2M,,, .

IN

n :tnSSSthrl}

IN
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Since tpi1 —th_1 = Ytn_1 = %ﬂtn, where v = (1+¢)? — 1, it follows from the scaling

property of Brownian motion, using Lévy’s Inequality and Feller’s tail probability
estimate, that

v _ .
P (Mf > \/31 - 8L‘n log log t") =P (01%15?1 |B.| > 1/3log logtn>

<4P (B1 > +/3log IOg(tn))

4 3
< ——loglogt
~ V/3loglogt, exp< 2 0808 ")

<cn~

e

for a constant ¢ > 0. Summing over n, it follows from the Borel-Cantelli lemma I that

with probability one, My, < /311 t,loglogt, for all but finitely many n. Since a.s.

1—J1r€ < @ < 1+ ¢ for all ¢ sufficiently large, one has that, with probability one,

lim sup |51 = Bi| <4/3 7 .
t—oo Vtloglogt — 1+e¢

Letting € | 0 one has 7= — 0, establishing the desired result. |

EXERCISES

Exercise Set XII

1. (i) If 71,72 are stopping times, show that 71 V 72 and 71 A 72 are stopping times. (ii) If
71 < 19 are stopping times, show that F,, C F,,.

2. (i) Extend the Markov property for one-dimensional Brownian motion (Proposition 12.2)
to k-dimensional Brownian motion with respect to a given filtration. (ii) Prove parts (ii),
(iii) of Proposition 12.3.

3. Suppose that X,Y,Z are three random variables with values in arbitrary measurable
spaces (5;,S;), i = 1,2,3. Assume that regular conditional distributions exist; see Chap-
ter II for general conditions. Show that o(Z) is conditionally independent of o(X) given
o(Y) if and only if the conditional distribution of Z given o(Y") a.s. coincides with the
conditional distribution of Z given o(X,Y).

4. Prove that the event A(c,d) introduced in the proof of Proposition 12.5 is measurable,
i.e., the event [T < d, B; > 0 V7 < t < d] is measurable.

5. Check the conditions for the application of the optional sampling theorem (Theorem
3.6(b)) for deriving (12.42)-(12.46). [Hint: For Brownian motion {Y;" : ¢t > 0} with a
drift 4 and diffusion coefficient o > 0, let Z1 = Y{* — z, Z = Y;* — Y/*1(k > 1). Then
Z1,Z3,...areiid. and Corollary 3.8 applies with a = ¢,b = d. This proves P(T < co) =
1. The uniform integrability of {YiA, : ¢ > 0} is immediate, since ¢ < YA, < d for all
t>0]
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6. Let v < 0 < v'. Show that if F = Fyr o is the mean-zero two-point distribution
concentrated at {u',v'}, then P((U,V) = (v/,v")) = 1 in the Skorokhod embedding of
F defined by ~(dudv).

7. Given any distribution F' on R, let 7 := inf{¢t > 0 : B, = Z}, where Z is independent of
B ={B; :t > 0} and has distribution F. Then B; = Z. One can thus embed a random
walk with (a nondegenerate) step distribution F' (say, with mean zero) in different ways.
However, show that Er = co. [Hint: The stable distribution of 7o := inf{t > 0: B, = a}
has infinite mean for every a # 0. To see this, use Corollary 11.3 to obtain P(r, > t) >
1—-2P(B; >a) = P(|B¢| < a) = P(|B1] < %), whose integral over [0, co) is divergent.]

8. Prove that () := Eexp{Atu,v} < Eexp{AT_q,a} < 00 for A < Ag(a) for some Ag(a) > 0,
where a = max{—u,v}. Here 7,,, is the first passage time of standard Brownian motion
to {u,v}, u < 0 < v. [Hint: Use Corollary 3.8 with X, := B, — Bp—1 (n > 1)]
9. (i) Show that for every A > 0, Xy := exp{V2AB; — At}, t > 0, is a martingale.
-1
(ii) Use the optional sampling theorem to prove ¢(—\) = 2 (e “+e Aa) ,

where ¢(—\) = Eexp(—A7—q,qa), in the notation of the previous exercise.

10. Refer to the notation of Theorem 12.8.
(i) Prove that T; — Ti—1 (¢ > 1) has a finite moment-generating function in a
neighborhood of the origin if F' has compact support.
(ii) Prove that ET? < oo if f| PF(dz) < oo. [Hint: Tu, < T_qq With a :=
max{—u,v} <v—uand Erg , < b [(v— u)® Fy (dv) F—- (du) for some ¢ > 0.]

11. In Theorem 12.7 suppose [ is a symmetric distribution. Let X; (¢ > 1) be ii.d. with
common distribution F' and independent of {B; : t > 0}. Let T1 := inf{t > 0 : B; €
{-X0, X1}, T, =T, 1 +inf{t >0: By . €{-XiXi}}(i=1), To = 0.

(i) Show that Bi —B;Hl (¢ > 1) are i.i.d. with common distribution F, and T—Ti_y
(¢ > 1) are i.i.d.
(ii) Prove that ETI EX?, and ETl = cEX?}, where c is a constant to be computed.
(iii) Compute Ee™ ATy for A > 0.

12. Prove that T; (¢ > 0) defined by (12.52) are {F }-stopping times, where F; is as defined
there.

13. (i) Let Zi, k > 1, be i.i.d. with finite variance. Prove that n-2 max{|Zx| : 1 <
n} — 0 in probability as n — co. [Hint: nP(Z1 > y/ne) < L5 EZ{1[|Z1| > f ]
Ve > 0].
(i) Derive (12.59) [Hint: &, = maxi<p<n |72 — 1|+ £ < {maxicper, | — 1]} - 22 +

maxi>k, |25 — 1| Vho =1,2,...]





