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CHAPTER 5

The Brownian motion

The Brownian motion is the most fundamental continuous time stochastic process.
It is both a martingale of the type considered in Section and a Gaussian process
as considered in Section[3.2} It also has continuous sample path, independent incre-
ments, and the strong Markov property of Section Having all these beautiful
properties allows for a rich mathematical theory. For example, many probabilis-
tic computations involving the Brownian motion can be made explicit by solving
partial differential equations. Further, the Brownian motion is the corner stone of
diffusion theory and of stochastic integration. As such it is the most fundamental
object in applications to and modeling of natural and man-made phenomena.

In this chapter we define and construct the Brownian motion (in Section [E1), then
deal with a few of the many interesting properties it has. Specifically, in Section
we use stopping time and martingale theory to study the hitting times and the
running maxima of this process, whereas in Section we consider the smoothness
and variation of its sample path.

5.1. Brownian motion: definition and construction

Our starting point is an axiomatic definition of the Brownian motion via its Gauss-
ian property.

Definition 5.1.1. A stochastic process (Wy, 0 < t < T) is called a Brownian
motion (or a Wiener Process) if:

(a) Wy is a Gaussian process

(b) EW;) = 0, E(W: W) = min(t, s)

(c¢) For almost every w, the sample path, t — Wi(w) is continuous on [0,T].

Note that (a) and (b) of Definition [E.I1] completely characterize the finite dimen-
sional distributions of the Brownian motion (recall Corollary that Gaussian
processes are characterized by their mean and auto-covariance functions). Adding

property (c¢) to Definition BTl allows us to characterize its sample path as well.
We shall further study the Brownian sample path in Sections and We next

establish the independence of the zero-mean Brownian increments, implying that
the Brownian motion is an example of the martingale processes of Section (see
Proposition £.2.3). Note however that the Brownian motion is a non-stationary
process (see Proposition B.2.25]), though it does have stationary increments.

Proposition 5.1.2. The Brownian motion has independent increments of zero-
mean.

ProoOF. From part (b) of Definition (.11l we obtain that for ¢ > s and h > 0,
COV(WtJrh — Wt, WS) = E[(WtJrh — Wt)Ws] = E(WtJrth) — E(WtWS) =s5s—s=0.
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Sample paths of Brownian motion
T

T T

FIGURE 1. Three sample paths of Brownian motion. The den-
sity curves illustrate that the random variable W; has a N(0,1)
distribution, while W5 has a N(0, 2) distribution.

Thus, Wyyn — Wi and Wy are uncorrelated for any fixed h > 0 and s < ¢t. Fixing
n<ooand 0 < s < 82 < ...< 8, <t since {W;} is a Gaussian process, we
know that (Wipp, Wi, Wy, , ..., Ws ) is a Gaussian random vector, and hence so
is X = (Wipn — Wi, Wy, ..., Wy, ) (recall Proposition B22.16). The vector X has
mean p = 0 and covariance matrix ¥ such that Yop = E(Wyyy, — W)W, = 0 for
k=1,...,n. Inview of Definition 328 this results with the characteristic function
®x (8) being the product of the characteristic function of Wiy, — W; and that of
(Wsy, ..., Ws, ). Consequently, Wi, — W; is independent of (Ws,,..., W, ) (see
Proposition B.2:6]). Since this applies for any 0 < 51 < $9 < ... < 8, < t, it can be
shown that Wiy, — W; is also independent of (W, s < t).

In conclusion, the Brownian motion is an example of a zero mean S.P. with in-
dependent increments. That is, (Wiyp, — Wy) is independent of {W, s € [0,¢]}, as
stated. |

We proceed to construct the Brownian motion as in [Bre92| Section 12.7]. To
this end, consider

T
L2((0.7)) = {f(w) / F2(u)du < oo}

equipped with the inner product, (f,g) = fOT f(w)g(u)du, where we identify f,g
such that f(t) = g(t) for almost every ¢t € [0,7T], as being the same function. As
we have seen in Example 2.2.21] this is a separable Hilbert space, and there exists
a non-random sequence of functions, {¢;(t)}°; in L?([0,T]), such that for any
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f.9 € L*([0,T7),

i=1
(c.f. Definition 2217 and Theorem [Z220)). Let X; be i.i.d., Gaussian R.V.-s with

EX; = 0 and EX? = 1, all of which are defined on the same probability space
(Q, F,P). For each positive integer N define the stochastic process

N t
i=1

Since ¢;(t) are non-random and any linear combination of the coordinates of a
Gaussian random vector gives a Gaussian random vector (see Proposition B.2.16)),
we see that V;V is a Gaussian process.

We shall show that the random variables V;¥ converge in L2(2, F,P) to some
random variable Vi, for any fixed, non-random, ¢ € [0,7]. Moreover, we show
that the S.P. V; has properties (a) and (b) of Definition 1.1l Then, applying
Kolmogorov’s continuity theorem, we deduce that the continuous modification of
the S.P. V; is the Brownian motion.

Our next result provides the first part of this program.

Proposition 5.1.3. Fizing t € [0,T], the sequence N — VN is a Cauchy sequence
in the Hilbert space L*(Q, F,P). Consequently, there exists a S.P. Vi(w) such that
E[(V; =V )?] = 0 as N — oo, for any t € [0,T]. The S.P. V; is Gaussian with
E(V;) =0 and E(V;V,) = min(t, s).

PRrROOF. Fix t € [0, T}, noting that for any 4,

¢ T
(5.1.2) /0 ¢i(u)du :/o 110,49 (w)ps(u)du = (19,4, i) -

Set V2 = 0 and let

oo

Yn(t) = Z (L4, ¢i)° -

i=n+1
Since E(X;X;) = 1,=; we have for any N > M > 0,

B[ -2 = S Y B / b1 (u)du)( / by (u)du)

i=M+1 j=M+1

N t
S / b1(u)du)? = Yar(t) — o (t)

i=M+1

(using (B.I.2)) for the rightmost equality). Applying E.IT) for f = g = 1j94(-) we
have that for all M,

(5.1.3)

o0

Y (t) < vho(t) = Z(I[O,t]v¢i)2 = (10,4, Ljo,) =t < o0.

i=1
In particular, taking M = 0 in (5.13) we see that E[(V,V)?] are finite for all

N. Tt further follows from the finiteness of the infinite series 1o(t) that ¢, (t) —
0 as n — oo. In view of (BL3) we deduce that VNV is a Cauchy sequence in
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L?(Q, F,P), converging to some random variable V; by the completeness of this
space (see Proposition [[3.20).

Being the pointwise (in ¢) limit in 2-mean of Gaussian processes, the S.P. V;
is also Gaussian, with the mean and auto-covariance functions for V; being the
(pointwise in t) limits of those for V¥ (c.f. Proposition BZ20). Recall that

N t
E(VYN) =Y EX; [ ¢;(u)du = 0, for all N, hence E(V;) = 0 as well.
i=1 0

Repeating the argument used when deriving (B.1.3]) we see that for any s,t € [0, T,

N N t s N
BOMVY) = 3OS BN ait)dn)([ o dn) = Y0 6) 0.0

i=1 j=1 i=1
Applying BI) for f = 1j94(-) and g = 1 4(:), both in L*([0,T]), we now have
that

N
E(V,V,) = lim BNV = ngnng(l[o,ﬂ,sba(lm,s],¢i>
= (Lo, 1p,s)) = min(t, s),

as needed to conclude the proof of the proposition. |

Having constructed a Gaussian stochastic process V; with the same distribution
as a Brownian motion, we next apply Kolmogorov’s continuity theorem, so as to
obtain its continuous modification. This modification is then a Brownian motion.
To this end, recall that a Gaussian R.V. Y with EY = 0, EY? = 2 has moments

E(Y?r) = M52 T particular, E(Y?) = 3(E(Y2))2. Since V; is Gaussian with

E[(Vign = V2)?] = E[(Vign — Vi)Visn] — E[(Vign — Vi) Vi] = 1,
for all ¢t and h > 0, we get that
E((Vitn — V2)'] = 3[E(Vesn — Vi)’ = 30,
as needed to apply Kolmogorov’s theorem (with o =4, 8 =1 and ¢ = 3 there).

Remark. There is an alternative direct construction of the Brownian motion as the
limit of time-space rescaled random walks (see Theorem B3 for details). Further,
though we constructed the Brownian motion W; as a stochastic process on [0, 7]
for some finite T < 00, it easily extends to a process on [0, 00), which we thus take
hereafter as the index set of the Brownian motion.

The Brownian motion has many interesting scaling properties, some of which are
summarized in your next two exercises.

Exercise 5.1.4. Suppose Wy is a Brownian motion and c, s, T > 0 are non-random
constants. Show the following.
(a) (Symmetry) {—Wi,t > 0} is a Brownian motion.
(b) (Time homogeneity) {Wsyr — Ws,t > 0} is a Brownian motion.
(¢) (Time reversal) {Wp — Wrp_y,0 <t < T} is a Brownian motion.
(d) (Scaling, or self-similarity) {\/aW;,q,t > 0} is a Brownian motion.
(e) (Time inversion) If Wy = 0 and W, = tWi, then (W, t >0} is a

Brownian motion.
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(f) With W} denoting independent Brownian motions find the constants c,
such that ¢, Y ., W{ are also Brownian motions.

Exercise 5.1.5. Fiz p € [—1,1]. Let Wy = pW} 4+ /1 — p2W2 where W} and W2
are two independent Brownian motions. Show that Wy is a Brownian motion and

find the value of E(thwt).

Exercise 5.1.6. Fizing s > 0 show that the S.P. {W, — W,_;,0 < t < s} and
{Wsit — Wi, t > 0} are two independent Brownian motions and for 0 < t < s
evaluate qg = P(Ws > Wiy > Wiiy).

Applying Doob’s inequality you are to prove next the law of large numbers for
Brownian motion, namely, that almost surely =W, — 0 for t — oo (compare with
the more familiar law of large numbers, n=![S,, —ES,,] — 0 for a random walk S,,).

Exercise 5.1.7. Let W; be a Brownian motion.
(a) Use the inequality [@AH6) to show that for any 0 < u < v,
4
E|( sup [Wil/t)?] <=
u<t<v u
(b) Takingu = 2" andv = 2", n > 1 in part (a), apply Markov’s inequality
to deduce that for any e > 0,
P( sup  |Wy|/t > e) < 8227,
on St§2n+1
(c) Applying Borel-Cantelli lemma I conclude that almost surely t=*W; — 0
for t — oo.

Many important S.P. are derived from the Brownian motion W;. Our next two
exercises introduce a few of these processes, the Brownian bridge By = W; —
min(t, 1)W1, the Geometric Brownian motion Y; = eV, and the Ornstein- Uhlenbeck
process Uy = e_t/QWGt. We also define X; = x+ ut + ocWs, a Brownian motion with
drift p € R and diffusion coefficient o > 0 starting from z € R. (See Figure 2 for
illustrations of sample paths associated with these processes.)

Exercise 5.1.8. Compute the mean and the auto-covariance functions of the pro-

cesses By, Yy, Uy, and Xy. Justify your answers to:

(a) Which of the processes Wy, By, Yy, Uy, Xy is Gaussian?

(b) Which of these processes is stationary?

c) Which of these processes has continuous sample path?

(d) Which of these processes is adapted to the filtration o(Ws,s < t) and
which is also a sub-martingale for this filtration?

Exercise 5.1.9. Show that for 0 <t < 1 each of the following S.P. has the same
distribution as the Brownian bridge and explain why both have continuous modifi-
cations.

(a) By = (1 — OWiy—ey fort <1 with B, =0.
(b) Zy = tW, 4y fort >0 with Zy = 0.
Exercise 5.1.10. Let X; = fg Wsds for a Brownian motion W;.

(a) Verify that X; is a well defined stochastic process. That is, check that
w+— Xi(w) is a random variable for each fived t > 0.
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Brownian Bridge B, Geometric Brownian Motion Y,
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‘Omstein-Uhlenbeck process U, Brownian Motion with drif: u= 1, 0= 2, x= 1
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FIGURE 2. Illustration of sample paths for processes in Exercise [5.1.8

(b) Using Fubini’s theorem [Z.310 find E(X;) and E(X?).
(¢) Is X¢ a Gaussian process? Does it have continuous sample paths a.s.?
Does it have stationary increments? Independent increments?

Exercise 5.1.11. Suppose W, is a Brownian motion.

(a) Compute the probability density function of the random vector (Ws, Wy).
Then compute E(Ws|Wy) and Var(W,|Wy), first for s > t, then for s < t.
Hint: Consider Example [2.7.5

(b) Ezplain why the Brownian Bridge {B;,0 <t < 1} has the same distribu-
tion as {W4,0 < t < 1, conditioned upon Wi = 0} (which is the reason
for naming By a Brownian bridge).

Hint: Both Ezercise[2-].6] and parts of Exercise[5.1.8 may help here.

We conclude with the fractional Brownian motion, another Gaussian S.P. of con-
siderable interest in financial mathematics and analysis of computer network traffic.

Exercise 5.1.12. Fiz H € (0,1). A Gaussian stochastic process {X;, t > 0}, is
called a fractional Brownian motion (or in short, fBM), of Hurst parameter H if
E(X;) =0 and

1
E(X.X,) = 5[|t|2H + s — |t — s]?H] | s,t > 0.

(a) Show that an fBM of Hurst parameter H has a continuous modification
that is also locally Hélder continuous with exponent v for any 0 < v < H.

(b) Verify that in case H = 1/2 such modification yields the (standard) Brow-
nian motion.

(¢) Show the self-similarity property, whereby for any non-random o > 0 the
process {ozHXt/a} is an fBM of the same Hurst parameter H.
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(d) For which values of H is the fBM a process of stationary increments and
for which values of H is it a process of independent increments?

5.2. The reflection principle and Brownian hitting times

We start with Paul Lévy’s martingale characterization of the Brownian motion,
stated next.

Theorem 5.2.1 (Lévy’s martingale characterization). Suppose square-integrable
MG (X, Fy) of right-continuous filtration and continuous sample path is such that
(X2 —t,F) is also a MG. Then, X, is a Brownian motion.

Remark. The continuity of X; is essential for Lévy’s martingale characterization.
For example, the square-integrable martingale X; = N;—t, with V; the Poisson pro-
cess of rate one (per Definition [B.2.)), is such that X? —¢ is also a MG (see Exercise
[622). Of course, almost all sample path of the Poisson process are discontinuous.

A consequence of this characterization is that a square-integrable MG with contin-

uous sample path and unbounded increasing part is merely a time changed Brownian
motion (c.f. [KS97, Theorem 3.4.6]).

Proposition 5.2.2. Suppose (X, Ft) is a square-integrable martingale with Xo =
0, right-continuous filtration and continuous sample path. If the increasing part A;
in the corresponding Doob-Meyer decomposition of Theorem [{4.7 is almost surely
unbounded then Wy = X, is a Brownian motion, where 7, = inf{t > 0: A; > s}
are Fi-stopping times such that s — 75 is non-decreasing and right-continuous
mapping of [0,00) to [0,00), with A;, = s and Xy = Wy,.

Our next proposition may be viewed as yet another application of Lévy’s mar-
tingale characterization. In essence it states that each stopping time acts as a
regeneration point for the Brownian motion. In particular, it implies that the
Brownian motion is a strong Markov process (in the sense of Definition [.T.2T]). As
we soon see, this “regeneration” property is very handy for finding the distribution
of certain Brownian hitting times and running maxima.

Proposition 5.2.3. If 7 is a stopping time for the canonical filtration G, of the
Brownian motion Wy then the S.P. Xy = Wiy — Wi is also a Brownian motion,
which is independent of the stopped o-field G .

Remark. This result is stated as [Bre92| Theorem 12.42], with a proof that starts
with a stopping time 7 taking a countable set of values and moves to the general
case by approximation, using sample path continuity. Alternatively, with the help of
some amount of stochastic calculus one may verify the conditions of Lévy’s theorem
for X; and the filtration 7y = o(Weqr — W,-,0 < s < t). We will detail neither
approach here.

We next apply Proposition for computing the probability density function
of the first hitting time 7, = inf{t > 0 : W; = a} for any fixed & > 0. Since the
Brownian motion has continuous sample path, we know that 7, = min{t > 0 :
W; = a} and that the maximal value of W, for ¢ € [0, T] is always achieved at some
t < T. Further, since Wy = 0 < «, if W5 > « for some s > 0, then W,, = « for
some u € [0, s], that is, 7, < s with W, = «. Consequently,

{w: Wr(w) > a} C{w: Orgnsang Ws(w) > a} ={w: 1o(w) <T}.
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Reflection principle for Brownian motion with a= 1

Figure 3. Illustration of the reflection principle for Brownian motion.

Recall that X; = Wiy,

— W, is a Brownian motion, independent of the random

variable 7, (which is measurable on G;_). In particular, the law of X; is invariant to
a sign-change, so we have the reflection principle for the Brownian motion, stating

that

P(max Wy > o, Wr > «
(ogng s 2 Wr2a)

= P(Ta <T, XT—Ta < 0)

P(Toz < T7 'XT—Ta > 0)

P(max Wy > a, Wr <a).
(OSSST s — (b T_)

Also, P(Wr = &) = 0 and we have that

P( max Wy > a)
0<s<T

(5.2.1)

0<s<T

e’}
2/
oaT—1/2

Among other things, this shows that

—x

e 2

P( max Wy > a,Wr > «a) + P( maXTVVS > a,Wr < a)

0<s<

2P( max Wy > a, Wp > «) =2P(Wr > a)
0<s<T

2 dx

Ven

P(ro > T) — 0 as T — o0, hence 7, < o0

with probability one. Further, we have that the probability density function of 7,

at T is given by
OP(ra < T)]

(5.2.2) o7

pr. (T)

=2

0 /°° —22 dx Q a2
— e 2 = e 2T
OT Jor-1/2 V2mr  \2rT3/2

This computation demonstrates the power of the reflection principle and more
generally, that many computations for stochastic processes are the most explicit

when they are done for the Brownian

motion.

Our next exercise provides yet another example of a similar nature.

Exercise 5.2.4. Let W; be a Brownian motion.

(a) Show that —ming<;<7 Wy and maxo<i<r Wy have the same distribution
which is also the distribution of |[Wr|.
(b) Show that the probability o that the Brownian motion W, attains the

value zero at some u € (s,

s+ t) is given by a = ffooopt(|$|)¢s($)d$7

where pi(x) = P(|Wi| > x) for z,t > 0 and ¢s(x) denotes the probability

density of the R.V. Wj.
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Remark: The explicit formula o = (2/7) arccos(v/s/(s +t)) is obtained
in [KT75| page 348] by computing this integral.

Remark. Using a reflection principle type argument one gets the discrete time
analog of (B.21]), whereby the simple random walk S,, of Definition B.I.2] satisfies
for each integer r > 0 the identity

P(Orgnl%xn Sk >r)=2P(S, >r)+P(S,=7).

Fixing & > 0 and § > 0 consider the stopping time 73, = inf{t : Wy > «a or
W, < —p} (for the canonical filtration of the Brownian motion W;). By continuity
of the Brownian sample path we know that W,, = € {a,—B}. Applying Doob’s
optional stopping theorem for the uniformly integrable stopped martingale Win-,
of continuous sample path we get that P(W;, ., = a) = 3/(a+ ) (for more details

see Exercise 3.18).

Exercise 5.2.5. Show that E(7.,) = af by applying Doob’s optional stopping
theorem for the uniformly integrable stopped martingale me_ﬂ LT tA T

We see that the expected time it takes the Brownian motion to exit the interval
(=B, @) is finite for any finite @ and 5. As 8 1 oo, these exit times 75 o converge
monotonically to the time of reaching level o, namely 7, = inf{¢t > 0: W; = a}.
Exercise implies that 7, has infinite expected value (we can see this also
directly from the formula (5:2.2) for its probability density function).

To summarize, the Brownian motion eventually reach any level, the expected time
it takes for doing so is infinite, while the exit time of any finite interval has finite
mean (and moreover, all its moments are finite).

Building on Exercises [1.2.9 and [5.2.9] here is an interesting fact about the planar
Brownian motion.

Exercise 5.2.6. The planar Brownian motion is an R2?-valued stochastic process
W, = (X+,Y:) consisting of two independent Brownian motions {X;} and {Y;}. Let
Ry = \/X}? +Y}? denote its distance from the origin and 0, = inf{t : Ry > r} the
corresponding first hitting time for a sphere of radius v > 0 around the origin.
(a) Show that My = R? — 2t is a martingale for Fy = 0(Xs, Ys, s < t).
Hint: Consider Proposition [2.3.17
(b) Check that 0, < 7., = inf{t : |X;| > r} and that 0, is a stopping time
for the filtration Fi.
(c) Verify that {Mipe, } is uniformly integrable and deduce from Doob’s op-
tional stopping theorem that E[0,] = r?/2.

5.3. Smoothness and variation of the Brownian sample path

We start with a definition of the ¢g-th variation of a function f(¢) on a finite interval
t € [a,b], a < b of the real line, where ¢ > 1. We shall study here only the total
variation, corresponding to ¢ = 1 and the quadratic variation, corresponding to
q=2.

Definition 5.3.1. For any finite partition 7 of [a,b], that is, 7 = {a = t((;r) <

tgﬂ) <...< t,(:) = b}, let ||| = maxi{tgi)l - tgﬁ)} denote the length of the longest
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interval in ™ and

Vi () = Wk = ST
denote the q-th variation of f(-) on m. The ¢-th variation of f(-) on [a,b] is then

@(f) = 1 (@)
(5.3.1) VO = lim V()

provided such limit exists.
We next extend this definition to continuous time stochastic processes.

Definition 5.3.2. The ¢-th variation of a S.P. X; on the interval [a,b] is the ran-
dom wvariable V(9 (X) obtained when replacing f(t) by X;(w) in the above definition,
provided the limit (Z.31) exists (in some sense).

The quadratic variation is affected by the smoothness of the sample path. For
example, suppose that a S.P. X (¢) has Lipschitz sample path with probability one.
Namely, there exists a random variable L(w) which is finite almost surely, such that
|X (t) — X(s)| < L|t — s| for all t, s € [a,b]. Then,

2 i ™
VEX) < YT -n7)
L2l Y67~ 1) = L]xl(b  a).

[

(5.3.2)

IN

converges to zero almost surely as ||7]] — 0. So, such a S.P. has zero quadratic
variation on [a, b].

By considering different time intervals we view the quadratic variation as yet
another stochastic process.

Definition 5.3.3. The quadratic variation of a stochastic process X, denoted

Vt(2) (X) is the non-decreasing, non-negative S.P. corresponding to the quadratic
variation of X on the intervals [0, t].

Focusing hereafter on the Brownian motion, we have that,

Proposition 5.3.4. For a Brownian motion W(t), as ||7|| — 0 we have that

V((:)) (W) = (b —a) in 2-mean.

PRroOF. Fixing a finite partition m, note that

B[V Z E[(W (tis1) — W(t:)?]
Z Var 1+1 W(tz)) = Z (ti—i-l — ti) =b—a.

%

Similarly, by the independence of increments,

EVZ W) = ZE (tis1) = W ()% (W(tia1) — W(t5))?]

Z E[(W(tis1) = W(t:))"]

+ZE (tinr) = W (D)) BI(W (1) — W(t5))°]
i£]

10
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Since W (t;41) — W (t;) is Gaussian of mean zero and variance (tj41 —t;), it follows
that

E[V(2 —32 z+1_ +Z i+1— _]+1_ —22 H—l_ b a)

i#]

So, Var(V2(W)) = E(V2) (W)?) — (b— a)? < 2|lxl|(b—a) = 0 as x| — 0. With

(m) )
the mean of V(f))(W) being (b — a) and its variance converging to zero, we have the

stated convergence in 2-mean. |

Here are two consequences of Proposition [£.3.4

Corollary 5.3.5. The quadratic variation of the Brownian motion is the S.P.
%(2) (W) = t, which is the same as the increasing process in the Doob-Meyer de-
composition of W2. More generally, the quadratic variation equals the increasing
process for any square-integrable martingale of continuous sample path and right-
continuous filtration (as shown for example in [KS97, Theorem 1.5.8, page 32]).

Remark. Since V((:)) are observable on the sample path, considering finer and finer
partitions 7,, one may numerically estimate the quadratic variation for a given
sample path of a S.P. The quadratic variation of the Brownian motion is non-
random, so if this numerical estimate significantly deviates from ¢, we conclude
that Brownian motion is not a good model for the given S.P.

Corollary 5.3.6. With probability one, the sample path of the Brownian motion
W (t) is not Lipschitz continuous in any interval [a,b], a < b.

PRrROOF. Fix a finite interval [a,b], a < b and let I';, denote the set of outcomes
w for which [W(t) — W(s)| < L|t — s| for all ¢, s € [a,b]. From (0.3:2)) we see that
if ||| < 1/(2L?) then
(b—a)?
4
By Proposition[5.3 4 we know that Var(V((:)) (W)) = 0as ||7|| = 0, hence necessarily

P(T'.) = 0. As the set I of outcomes for which the sample path of W (¢) is Lipschitz
continuous is just the (countable) union of I'z, over positive integer values of L, it
follows that P(I") = 0, as stated. |

Var(VE (W) > B[(VE (W) = (b — 0))*Ir, ] >

( (n) P(I'L).

We can even improve upon this negative result as following.

Exercise 5.3.7. Fixing v > % check that by the same type of argument as above,
with probability one, the sample path of the Brownian motion is not globally Holder
continuous of exponent v in any interval [a,b], a < b.

In contrast, applying Theorem verify that with probability one the sample
path of the Brownian motion is locally Holder continuous for any exponent v < 1/2
(see part (¢) of Exercise[3.3.0 for a similar derivation).

The next exercise shows that one can strengthen the convergence of the quadratic
variation for W (¢) by imposing some restrictions on the allowed partitions.

Exercise 5.3.8. Let V(( ))(W) denote the approximation of the quadratic variation

of the Brownian motion for a finite partition m of [a,a + t]. Combining Markov’s
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inequality (for f(z) = z?) and Borel-Cantelli I show that for the Brownian motion
V((2) (W) =55t if the finite partitions T, are such that >, |7, < 0.

7771)

In the next exercise, you are to follow a similar procedure, en-route to finding the
quadratic variation for a Brownian motion with drift.

Exercise 5.3.9. Let Z(t) = W(t) + rt, t > 0, where W (t) is a Brownian motion
and r a non-random constant.
(a) What is the law of Y = Z(t + h) — Z(t) ?
(b) For which values of t' < t and h,h’ > 0 are the variables Y and Y’ =
Z{t'+ 1) — Z(t') independent?
(¢) Find the quadratic variation Vt(2)(Z) of the stochastic process {Z(t)}.
Hint: See Fzercise [5.3.10

Typically, the stochastic integral I; = fot XdWy is first constructed in case X
is a “simple” process (that is having sample path that are piecewise constant on
non-random intervals), exactly as you do next.

Exercise 5.3.10. Suppose (W, F;) satisfies Lévy’s characterization of the Brow-
nian motion. Namely, it is a square-integrable martingale of right-continuous fil-
tration and continuous sample path such that (W2 — t,F;) is also a martingale.
Suppose Xy is a bounded Fi-adapted simple process. That is,

Xy = 7701{0} (t) + Z 77i1(ti,ti+1] (t) ’
i=0

where the non-random sequence ti, > to = 0 is strictly increasing and unbounded
(in k), while the (discrete time) S.P. {n,} is uniformly (in n and w) bounded and
adapted to Fy, . Provide an explicit formula for Ay = fot X2du, then show that both

k—1
I = an(Wth - Wtj) + e (We = We,), whent € [ty thy1),
=0

and I? — A; are martingales with respect to F; and explain why this implies that
EI? = EA, and V(1) = A,.

We move from the quadratic variation V() to the total variation V1), Note that,
when ¢ = 1, the limit in (53] always exists and equals the supremum over all
finite partitions .

Example 5.3.11. The total variation is particularly simple for monotone func-
tions. Indeed, it is easy to check that if f(t) is monotone then its total variation is
VA(f) = maxyefq,p{.f(t)} — mingepa 5 {f(t)}. In particular, the total variation of
monotone functions is finite on finite intervals even though the functions may well
be discontinuous.

In contrast we have that

Proposition 5.3.12. The total variation of the Brownian motion W (t) is infinite
with probability one.

12
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PROOF. Let a(h) = sup,<,;<p_p |W(t + h) — W(t)|. With probability one, the
sample path W (t) is continuous hence uniformly continuous on the closed, bounded
interval [a,b]. Therefore, a(h) % 0 as h — 0. Let 7, divide [a,b] to 2" equal
parts, so ||my,]| = 27™(b — a). Then,

VO W) = 3 Wat G+ Dlimal) — Wia +illm)2
1=0
2n 1
(5.33) < almal) 3 Wlat G+ Dlmal) — Wia + iflmal)]
1=0

Recall Exercise £.3.8 that almost surely V(SfZ)(W) — (b — a) < co. This, together

with (53.3) and the fact that a(||m,]|) <3 0, imply that

on 1
VO W) = 3 Wt i+ Dllmal) ~ Wia+ llmal)] =5 oo
i=0
implying that V(l)(W) = oo with probability one, as stated. |

Remark. Comparing Example [5.3.11] and Proposition [(.3.12] we have that the
sample path of the Brownian motion is almost surely non-monotone on each non-

empty open interval. Here is an alternative, direct proof of this result (c.f. [KS97,
Theorem 2.9.9]).

Exercise 5.3.13. Let W; be a Brownian motion on a probability space (Q, F,P).

(a) Let Ay = i {w € Q: Wi/ (w) — Wity n(w) = 0} and A = {w €
Ot — Wi(w) is non-decreasing on [0,1]}. Explain why A = N, A, why
P(A,) = 27" and why it implies that A € F and P(A) = 0.

(b) Use the symmetry of the Brownian motion’s sample path (per Exercise
to deduce that the probability that it is monotone on [0,1] is 0.
Verify that the same applies for any interval [s,t] with 0 < s < t non-
random.

(c) Show that, for almost every w, the sample path t — Wi(w) is non-
monotone on any non-empty open interval.

Hint: Let F denote the set of w such that t — Wi(w) is monotone on
some non-empty open interval, observing that

F = U {w e N:t— Wy(w) is monotone on [s,t]}.
5,t€Q,0<s<t

To practice your understanding, solve the following exercises.

Exercise 5.3.14. Consider the stochastic process Y (t) = W(t)%, for 0 <t < 1,
with W (t) a Brownian motion.
(a) Show that for any v < 1/2 the sample path of Y (t) is locally Holder
continuous of exponent v with probability one.
(b) Compute E[V((:))(Y)] for a finite partition 7 of [0,t] to k intervals, and
find its limit as ||7|| — 0.
(c) Show that the total variation of Y (t) on the interval [0,1] is infinite.

Exercise 5.3.15.

13

Specworld.in

Smartzworld.com jntuworldupdates.org



Smartworld.asia Specworld.in

108 5. THE BROWNIAN MOTION

(a) Show that if functions f(t) and g(t) on [a,b] have zero and finite quadratic
variations, respectively (i.e. VP (f) =0 and V3 (g) < oo exists), then
V@ (g+ f) =V(g).

(b) Show that if a (uniformly) continuous function f(t) has finite total vari-
ation then VO (f) =0 for any q > 1.

(¢) Suppose both X; and /Nlt have continuous sample path, such that t — At
has finite total variation on any bounded interval and X; is a square-

integrable martingale. Deduce that then V;(Q) (X +A) = V;(Q) (X).
o What follows should be omitted at first reading.

We saw that the sample path of the Brownian motion is rather irregular, for it is
neither monotone nor Lipschitz continuous at any open interval. [Bre92, Theorem
12.25] somewhat refines the latter conclusion, showing that with probability one
the sample path is nowhere differentiable.

We saw that almost surely the sample path of the Brownian motion is Holder
continuous of any exponent v < % (see Exercise [5.3.7)), and of no exponent vy > %
The exact modulus of continuity of the Brownian path is provided by P. Lévy’s
(1937) theorem (see [KS97, Theorem 2.9.25, page 114]):

1
P(limsup — sup |[W(t)—W(s)|=1)=1,
510 9(5) ngiéz
t—s|<

where g(§) = 1/26log(%) for any § > 0. This means that [W(t) — W(s)| < Cg(d)
for any C' > 1, 6 > 0 small enough (possibly depending on w), and |t — s| < 4.

Many other “irregularity” properties of the Brownian sample path are known. For
example ([KS97, Theorem 2.9.12]), for almost every w, the set of points of local
maximum for the path is countable and dense in [0, 00), and all local mazima are
strict (recall that ¢ is a point of local maximum of f(-) if f(s) < f(¢) for all s
in some open interval around ¢, and it is strict if in this interval also f(s) < f(t)
except at s = t). Moreover, almost surely, the zero set of points ¢t where W (t) = 0,
is closed, unbounded, of zero Lebesgue measure, with accumulation point at zero
and no isolated points (this is [KS97, Theorem 2.9.6], or [Bre92| Theorem 12.35]).
These properties further demonstrate just how wildly the Brownian path change
its direction. Try to visualize a path having such properties!

We know that W, is a Gaussian R.V. of variance t. As such it has the law of v/tW7,
suggesting that the Brownian path grows like v/t as t — co. While this is true when
considering fixed, non-random times, it ignores the random fluctuations of the path.
Accounting for these we obtain the following Law of the Iterated Logarithm,

Wt (w)

limsup —————= =1, almost surely.

t—oo +/2tlog(logt)

Since —W; is also a Brownian motion, this is equivalent to

%%
lim inf & =—1, almost surely.

t—oo /2t log(logt)
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Recall that tW;, is also a Brownian motion (see Exercise 5.1.4)), so the law of the
iterated logarithm is equivalent to

%% 1%
lim sup & =1 & ligniglf #w) =—
=0 [2tlog(log(1)) - \/2“0%(103(%))

providing information on the behavior of W; for small t (for proof, see [Bre92,

Theorem 12.29]). An immediate consequence of the law of the iterated logarithm
is the law of large numbers for Brownian motion (which you have already proved

in Exercise [0.1.7).

1, almost surely,
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