Chapter 9: Brownian Motion
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Exercise 9.1 : Let B be the one-dimensional standard Brownian motion. Fix ¢ > s > 0 and find the
value of P(B; > 0, B; > 0).

Exercise 9.2 (Time reversal) : Let B = (Bt)c[o,1) be a one-dimensional Brownian motion defined on the
time interval [0, 1]. Define the random process B’ by setting B, = By — B;_; for all t € [0, 1]. Show
that B and B’ are equal in distribution (in the space of functions C([0, 1], R)).

Exercise 9.3 : Let B be the one-dimensional standard Brownian motion. Define the random process

W = (Wt)t>0 as .
vt >0, Wt:/ B, ds.
0

Fix t > 0. Compute E[W;] and E[W}?] then find the distribution of W;.

Exercise 9.4 : Given a random process (X;)o<i<1. Assume that there exist a, 5 > 0 and K > 0 such
that
E[| X, — X)) < K|t —s|'*, Vs, t€[0,1].

Recall the definition of the dyadic set in Theorem 9.2.2,

D=|JDn, Dn={g:0<k<2"}

n=0

@

Giveny < 3. Define the following events,
Vn 2 1, Gn = {|X(1+1)/2n - XZ/Qn‘ < 27’yn for all 0 S 1 < 2” — 1}

(1) Show that there exists A > 0 such that P(G¢) < K27,

(2) Fix a positive integer N > 1. Let Hy = N2\ Gy,. Prove that on Hy, for all ¢, € D satisfying

lg —r| < 27%, we have
3

1-2-7

|Xq_XT’ < lg —r|".

(3) Deduce from the previous question that almost surely there exists a constant C'(w) such that

X,— X,/ <Clg—r",  VareD.

(4) Show that the Brownian motion is y-H6lder continuous for all v < %

Exercise 9.5 : Let S1 = supy<;<; B;. Show that the following convergence in distribution holds,

t—o00

</0t ebBs ds)l/\/i — e,
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(3) B EENEHR THIRGE : RFBAFEEH C(w) &7

|Xq_Xr’ < lq—r|.

| Xy — X | < Clg—r|7, Yq,r € D.

(4) ROTREBEBIHIAAE 1 < § B2 y-Holder AL o

B 9.5 I TS =supgqc; Br ° FHEARKFIA TR HIREL
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Exercise 9.6 (Brownian motion is not with finite variation) : Given a function f : Ry — R. We say
that f is a function with finite variation (5 PR#2 £ K B) if for any closed interval [a, b], the sum

p—1
Z |f(tit1) — f(ti)]
i=0

is bounded for any positive integer p > 1 and any subdivirion (F72 &) a =ty <t; < -+ < t, =b.
Consider the one-dimensional standard Brownian motion, real numbers b > a > 0 and let

271
V>0,  Xn=Y (Bapkp-apr—r — Bat(h-1)(b—a)2—)"-
k=1

Compute the expectation and the variance of the random variable X, find the a.s. limit of the sequence
(Xn)n>0 and deduce that the function ¢ — B is not of finite variation on any non-empty interval.

Exercise 9.7 (Question 9.2.10) : How to modify the proof of Theorem 9.2.9 to deduce the following
properties?

(1) For any function f : [0,1) — R, we define its upper right derivative (=5 43") and lower right
derivative (F G 5) as

Vte[0,1),  D*f(t) =limsup NLH”Q
h10 h

D.f(t) = h%nf W

Show that for the Brownian motion, almost surely for all ¢ € [0, 1), we have

D*Bt = +00 or D*Bt = —0OQ.

(2) Show that for any k > 3, for all v > % + % the trajectory of the Brownian motion is almost surely
not y—Holder continuous.
Exercise 9.8 (Question 9.2.11) : Let us define the following random set
Hy(w) ={t >0:s— Bs(w)is y-Holder continuous at ¢}.
(1) Show that P(#, = [0,00)) = 1 forally < 3.
(2) Show that P(H, = @) = 1 forally > 1.
(3) Show that P(t € H,/p) = 0 forallt > 0.

(4) Burgess Davis proved in 1983 that P(#, /o # @) = 1. Please explain why it is not contradictory
to (3)?
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(1) HREZRB f:[0,1) — R EFIEER LGS (upper right derivative) & TGS (lower

right derivative) :

vte[0,1),  D*f(t) =limsup fe+n) - f()

hl0 h ’
D.f(t) = hx]%nf w

AEHREEERR - BFUR  BRFE < (0,1) - &FIF

D*Bt = 400 Ejz D*Bt = —OQ.

(2 HPEHRERL >3 BFAF v > L + 1 GEESHNNIEFTUATER y-Holder EiE
[y
HrE9s [BRE9211] @ BAFIUERTIIRERES
Ho(w) ={t > 0: s> By(w) 7E t T y-Holder EHERT}.
(1) FBREHRAE < 3 EMEP(H, =[0,0) =1
(2 FBREHRFAE > 1 EMEPH, =0)=1°
) ERHERFABE >0 HKMB P e Hip) =00
(4) Burgess Davis 7£ 1983 F3ZBAT P(Hy ), # @) = 1 * SAFEREAE 3) REFE?

BiBIER : 2026 % 5 H 17 H 10:58



Exercise 9.9 (Time inversion) : If B is a standard Brownian motion started from 0, show that the random

process
Xo=0 and Xt =1tByy, Vt>0,

is also a Brownian motion with the same property.

Exercise 9.10 (Law of the iterated logarithm) : Let B be the one-dimensional standard Brownian motion.
Our goal is to prove the following result,

B
hﬁfﬁp W;) =1 as, h(t) = y/2tInln(t). (9.1)
For all t > 0, let us define S; = supg<,<; Bs.

(1) Show that for all ¢ > 0, we have

2 6—u2/2

P(St>ux/f)~\/; ,  u— +oo.

u

(2) Let real numbers r and c such that 1 < r < ¢2. Observe the behavior of
P(Syn > ch(r™ 1)), n— oo
and deduce that
lim su ﬂ <1
t—>oop h(t) h

(3) Show that almost surely there exists an infinite values of n such that

r—1
T

Byn — Byt > h(r™).

Deduce Eq. (9.1) from this.

(4) Prove that B;/h(t) does not converge almost surely but does converge in probability. Find its limit
for the convergence in probability. Compare to the law of large numbers and the central limit
theorem, what can you say about this result?

(5) Show the following result on the local modulus of continuity of the Brownian motion,

By — B
Vi > 0, lim sup M =1 as.

nio v/2hInln(1/h)
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Xo=0 MUK  X;=tBy,, Vt>0.

BE 910 [BWEERRE] : © B A—HMIREGEES - RFINENITATIIHER

lim sup BE;) =1 as., h(t) = /2t Inln(t). (9.1)

t—o00 h

BB t >0 HMIER S: = suppcy Bs ©
(1) FEERFAE >0 &ME

2 —u2/2
P(St>ux/¥)~\/7€ , U — +00.

Y u
@ PEHErRcmEl<r<c? BR
P(Spn > ch(r"™1)), n— oo

BITA - IR

lims B <1
imsup — < 1.
oo’ h(t)
(3) FPRBTFUARGEFEEESE n F15
1
By — Byt > 1| ——=h(r™).
T

FHIEHES T (9.1)

(4) 55PA B;/h(t) BY as. BIRAFZTE - (EEHRIE  REBRIHBIIERIR - BABIEREX
BUARIER P RIBREIEAIFAIR - W EHE LS RIGETR
(5) FEFATYIRRGEEE BERERIERERER

By — B
vVt > 0, lim sup M =1 as.

nio  v/2hInln(1/h)
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