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1. Introduction and definition

Brownian motion is a fundamental object in Probability theory. It is named after
the botanist Robert Brown, who described the following phenomenon in 1827: looking
through a microscope of pollen immersed in water, he observed that particles moved
erratically and completely at random. The stochastic process now known as Brownian
motion was formally modeled by Louis Bachelier in 1900 and by Albert Einstein in 1905.
One way to introduce it, is to consider the diffusive limit of a random walk.

So consider a random walk on Z: let (e;)g>1 be a sequence of i.i.d. random variables
distributed according to the Bernoulli distribution %5_1 + %54_1, and define Sp = 0 a.s.
and for all n > 1,

Sp=¢e1+ - +¢en.

The central limit theorem (CLT) gives us the asymptotic position of the random walk at
time n: roughly speaking, one has in distribution for large n,

S~ V/nN,

where N is a A(0,1) random variable. We want a more precise information on the
trajectory of the walk, i.e. on the whole process (S,;n > 0). It is thus natural to
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2 INTRODUCTION TO BROWNIAN MOTION

consider different times 0 = tg < t; < --- < t;, and to consider the walk at these different
times. Define

so that 2 — ¢;. The increments
n n—oo
Sm- - Sni—l = Enyq1+1 +oe En,

for 1 < i < k, are thus independent. Using now the multidimensional central limit
theorem, one has

Sy — Sny 4 ,
S Om g << k) D (v, M),
\/ﬁ n—00

where Ny,..., Ny are independent random variables such that
Ni ~ N(O,tz - tz’—l)-
Equivalently, this can be stated as

Jn

This gives the asymptotic position of the walk for a finite number of times. It is thus
natural to consider the walk as a function of time: define

St(n) =

Sh; .
( Z;1§’l§k>7%0(N1,N1+N2,~--7N1+"'+Nk)-

S\nt]
Vi
(or better: a linear interpolation of the above). The previous convergence is thus the
convergence of the "finite dimensional” distribution of the (continuous time) stochastic
process (S}n) :t>0): for all k, and all t; < --- <,

t>0

n d
(8™, ... 8,) ‘% (B,,,...B,),

tio n—00
where the stochastic process (By; t > 0) satisfies:

e By =0a.s. ;
e for all k, for all 0 =ty < t; < --- < t, the random variables

(B, = Bi_,;1<i<k)
are independent and such that
Bti - Bti_1 ~ N(Ovt’b - ti—l);

e { — B, is almost surely continuous (from R, to R).
We now put the following definition:

DEFINITION 1.1. The above process B = (By; t > 0) is called a standard Brownian
motion (BM for short).

REMARK 1.1. e The Brownian motion is thus a stochastic process with inde-
pendent and stationary increments (like the Poisson process) and with a.s. con-
tinuous paths (unlike the Poisson process!). It can be understood as a random
walk in continuous time and is nothing more than a very long random walk.

e The a.s. continuity of paths is not obvious, and it is a non trivial fact that this
process exists! We will admit its existence in this course, a proof will be seen
next year in the stochastic program of the M2RI.

e The term standard refers to the fact that the Brownian motion starts from 0.
We can start the Brownian motion from any x € R by putting BY = B; + «.
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FIGURE 1. A Brownian trajectory.

e The above convergence of "finite dimensional” distributions is not sufficient in
general. One wants to consider function of the whole trajectory (St(n) ;t>0), so

that for instance supyc y St(") should converge towards sup,cp ;) Br. One thus
needs a "good notion” of convergence in distribution for the the whole pro-

cess (St("); t > 0), which again will be seen in the M2RI: this is the content
of Donsker’s invariance principle which states that

(S5t >0) — (By; t > 0)
in distribution (to be made precise!). Note that as in the CLT, the limit object
is universal and does not depend on the law of the random variables g.

e Thus in this course, we assume that BM exists and that no problem of measur-
ability occurs, and we are going to play a bit with this process.

REMARK 1.2. Another characterization of the finite dimensional distributions of the
Brownian motion is the following. For any k, and any ¢, ..., the vector (By,,..., B,)
is a centered Gaussian vector with covariance given by

E(B,B,) = s At.
Indeed, assume t > s. Then
E(B,B,) = E[(B, — B, + B.)B)] =E[(B, — B.)B.] + E [ BZ]
=E[(B: - B,)]E[B] +E|[B],

since the increments B; — Bs and By are independent. Since E[(B; — Bg)] = 0 and
E [B?] = s, the claim follows.

2. Properties of the Brownian motion

In the following, B = (B;; t > 0) denotes a standard Brownian motion. We also use
the notation (B(t); t > 0) or (By)i>o.

2.1. Markov property. First, it is easy to see that BM enjoys the Markov property:

THEOREM 2.1 (Time homogeneity). For all s > 0, the process (Byis — Bs; t > 0) is
a Brownian motion independent of o(B,; u < s).

In fact, we also have the strong Markov property:

THEOREM 2.2 (Strong Markov property). For any a.s. finite stopping time T, the
process (Bt — Br; t > 0) is a Brownian motion independent of the o-algebra Fr of
T'-past events.
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PROOF. In both cases, this is just a reformulation of the independence and the sta-
tionarity of the increments and for the strong Markov property that BM is a.s. continuous
(right continuity suffices as we have seen for the Poisson process). O

PROPOSITION 2.1 (Symmetry). The process (—By; t > 0) is a BM.
PrRoOOF. Trivial. O

PROPOSITION 2.2 (Scaling invariance). Let a > 0. Then the process X defined by
X, = éBaat is a BM.

PROOF. It is clear that Xy = 0, that the increments of X are independent and that
Xiys— Xg = i(Baz(HS) — By,z,) ~ N(0,t —s). Moreover, the continuity of X follows from

that of B. OJ
PROPOSITION 2.3 (Time inversion). Let X defined by
0, ift =0,
X, = /
tB%, ift > 0.
Then X = (X;;t > 0) is a Brownian motion.
ProoOF. Clearly, for any ti,...,t, the vector (X,,..., Xy, ) is a centered Gaussian
vector. Let us compute its covariance: assume ¢t > s, then
1

E(Xth) =1s E(Bl/tBl/s) = tS; = S.

It remains to prove the continuity of the paths. For ¢ > 0, X is clearly continuous at ¢ by
the continuity of B, so we only have to prove the continuity at ¢ = 0. We have that

v gl _ 1
(mx=0}-NU N (=)

where we use continuity of X at positive times. Since the distributions of X and B agree
at positive times (so in particular at positive rational times), one has (why?)

Pl N {Iqugi} -P| N {|Bq|§71l} ,

qe(&%)“@ qG(O,%)ﬁQ
hence
t—0 t—0
by the a.s. continuity of B.
O

Time inversion is a useful property to relate properties at infinity to properties in a
neighorhood of the origin. For instance, one has:

PROPOSITION 2.4 (Law of large numbers).

B
lim = =0 a.s
t—oo ¢
. L. . 0, ift=0,
PRroOOF. Consider the BM X defined by time inversion: X; = ] Then,
tBi, ift>0
a.s. B \ '
lim —* = lim =* = lim By, = 0,
t—oo ¢t t—oo t t—o0

by continuity. 0
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2.2. Path properties. The paths of Brownian motion are very erratic. First, we
have:

THEOREM 2.3. Almost surely, Brownian motion is not monotone on any interval.

PROOF. Let [a,b] be an interval, with a < b. Suppose that a.s., B is monotone on
la,b]. Let a = ap < a3 < -+- < a, < apy1 = b be a subdivision of [a,b]. The increments
By, — B,,, 1 = 0,...,n have thus the same sign. By independence of the increments,
and the fact that they are normally distributed, one has

P(By, — Bag, - - -, Ba,., — Ba, have the same sign)

) An41

= 2P(B,, — Bay > 0,...,Ba,,, — Bay > 0)

) An+1
=2][P(B.,,, — Ba, > 0)
=0
1

=2

Hence,

P(B is monotone on |[a, b))

= P(for all subdivision a = ag < a3 < -+ < a, < apy1 = b,

Ba,,, — Ba,, i =0,...,n have the same sign)
= lim P(B,, — Bua, - - - Ba,, — Ba, have the same sign)
=0

Hence, taking a countable union over intervals with rational endpoints, we get that
P (d]a,b], with a,b € Q such that B is monotone on [a,b]) = 0.

Now if there were a real interval [a, b] such that B is monotone on [a,b], it will contain
an interval with rational endpoints such that B is monotone on it, hence

P (3[a, b], with a,b € R such that B is monotone on [a,b]) = 0,
that is, a.s., Brownian motion is not monotone on any interval. U

Hence, Brownian motion is an example of a (random) function that is continuous but
nowhere monotone. We will see that it is also nowhere differentiable, but first:

PROPOSITION 2.5. Almost surely,

B, B,
limsup —= = +o0 and liminf —= = —oc.

noVn non
PROOF. Let ¢ > 0. By (reverse) Fatou’s lemma,
P(B, > cy/n infinitely often) = P(limnsup{Bn > cy/n})
> limnsup P(B, > cvn).

By the scaling property, P(B,, > ¢y/n) =P(B; > ¢) > 0. Now, let X,, = B,, — B,_1. Then
the X,,’s are independent and B,, = >_;_; X;. Thus,

limsup{B, > cy/n} = limsup { > Xy > c\/ﬁ}

k=1
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belongs to the exchangeable o-algebra generated by (Xj), which is trivial by Hewitt-
Savage 0—1 law (see the appendix). Thus, since

P(limsup{ B, > cv/n}) >0

it must be equal to 1. Since,

{1. By _ } ﬂ{l' B _ }
imsup — = 400 ¢ = imsup — >c ¢,
w P /n DU a

By _

we get that lim sup,, +00 a.s. The analogous statement for the lim inf follows using
the fact that (—B;)s is a BM. O

PROPOSITION 2.6. For allt > 0, almost surely, BM is not differentiable at t.

PrOOF. Let X be the BM defined by time inversion. Then,

X1/m — Xo B,
limsup ————— DU 720 iy supnXi/, > llm Sup \/_Xl/n = limsup —= = +o0.

n—oo 1/ n—oo n—o0 n

Hence, BM is not differentiable at ¢ = 0. Now, for ¢ > 0, consider the Brownian motion
W defined by W = B,y — B;. Then, W being differentiable at s = 0 is the same that B
being differentiable at t!. Hence, for all ¢ > 0, a.s. BM is not differentiable at ¢. 0

With more work, we can in fact exchange the Vt and the a.s. in the previous propo-
sition:

THEOREM 2.4 (Paley, Wiener, Zygmud (1933)). Almost surely, BM is nowhere dif-
ferentiable.

Proor. Using time homogeneity, it suffices to prove that BM is not differentiable at
any t € [0, 1]. Suppose that it is not the case. Hence, there exists tq € [0, 1] such that

to+ h
lim sup Bt + ) B(to) < 00,
h—0

that is, there exists M > 0, there exists 0 € (0, 1) such that for all A € (0,9),
|B(to + h) — B(to)| < Mh

Moreover, since BM is bounded on [0, 2] by continuity, this implies that there exists M > 0
such that for all h € [0, 1]

|B(to + h) — B(to)| < Mh.
Indeed, say that for all t € [0,2], |B(t)| < M’'. Then, |B(ty+ h) — B(tg)| < 2M'. Hence,
let h €[0,1]. If h € (0,9),

|B(to +h) — B(to)| < Mh
and if h € [0, 1],

2M' 2M'

0 <
) )
since § < h. Letting M” = max (M, ZTM/), one gets that for all h € [0, 1],

|B(to + h) — B(ty)| < M"h.

|B(ty + h) — B(to)| < h

We want to show that this event has probability 0. To that end, we are going to show
that there are no three consecutive increments that belong to that event.
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Iftg € [ o ,Qn],then

o ()2 () <]

Sy

k;l) Bt

+iB(t0)—B<2kn>’

E+1 k
’B<to+2—to> — B (t) +‘B(to)—3<to+2n—to>
kE+1
< _ A
_M( 2 t0>+M<2 t0>
3M
<7a
< o

using that 2% —ty < 2% Likewise, one has

‘B<k;2>_3<k;l> S5M and ‘B(k+3>_3<k:+2>‘<7M'

2n
Let, for all n and all k£,

A= {|B (ktj> _B</€+jn—1> < (25 +n1)M}
j=1,2,3 2 2 2
By independence of the increments, we have
— 1 25+ 1)M
_ I r k+j _ B k+j < (27 +1)
12,3 2n 2n 2n
Jj=

3 "
]

The trick now is to used Brownian scaling: for all & and all j, B (k;;j ) - B ("7*2{1_1> ~
N(0, 5). Hence, we get that

) 271
™/2" ] . 3
P(Ax) < / o272y
—7M/20 /27

_ (M ’ ( 1 )3
— /27r 2n/2 :
This holds for any £ =1,...,2" — 3. Define

2" -3

AW = ] Ay
k=1

Hence,

2" -3

< g::l P(Ay)
< (%) » (7s)

(1M’ 1
- /2,7T 2n/2’

=
/N
=
B
A
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which is sommable over n. (One can remark that it would not have worked if we had
considered only two increments!). Hence, by Borel-Cantelli lemma, we get that

P (lim sup A(")) = 0.

But since

B(to+ h) — B(to)
h

{Elto €[0,1] s.t. sup
helo,1]

< M} C limsup A™,
it concludes the proof. O

2.3. Reflection principle. First recall the reflection principle for the simple random
walk on Z, i.e. Sy =0, and forn > 1, S,, = &1 + -+ + &, where (g;)g>1 are i.i.d. with
distribution %(5_1 + %5+1-

PROPOSITION 2.7. Define, for all n > 1, M,, = supg<y<, Sk- Let a € N*. Then, we
have

P(M,, > a) =2P(S, > a+1)+P(S, = a).
Proor. We claim that for all v € Z, we have

P(S, =v) if v > a,

PMn> 7Sn: =
(Mo 2 a v) {P(Sn:2a—v) if v <a.

Indeed, if v > a, then if the end point of the walk is v, it must have reach level a, hence
{S, =v} C{M, > a}. The v < a case is where the reflection principle enters. Reflecting

2a — v

F1GURE 2. The reflection principle for the random walk.

the walk with respect to the line y = a at the first hitting time of a gives a one-to-one
correspondance between paths from (0,0) to (n,v) reaching a and paths from (0,0) to
(n,2a—v) (since v < a, one has 2a —v > a), see Fig. 2. Hence, we have, by independence
of the increments and the fact that they are uniformly distributed on {—1,1},

P(M, > a,S, =v) = (;) x #{paths (0,0) — (n,v) reaching a}

— (;)n x #{paths (0,0) = (n,2a —v)}

=P(S, =2a —v).
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Thus, we have

P(M, > a) = Z}P’(Mn >a,S, =v)

=> P(S,=v)+ > P(S, =2a—v)
:]P’_(Sn >a)+ > P(S, =u)

u>a
=P(S, > a) +P(S, > a)
=2P(S,>a+1)+P(S, = a),
which proves the proposition. 0

A similar result holds for the Brownian motion. Define the running maximum process
M by

M; = sup B,, forallt>0.
s€0,t]

Denote by T, the first hitting time of a by the Brownian motion, that is 7, = inf{t >
0| B, = a}. This is a stopping time relative to the natural filtration of the Brownian
motion.

THEOREM 2.5 (Reflection principle). Let a > 0. Then,
P(T, <t)=P(M; >a)=2P(B; > a) =P(|B| > a).
REMARK 2.1. Hence, for all ¢ > 0, we have that M, @ | B;|. This is not true for the
whole process as M is non-decreasing while | B| is not.

Proor. It is clear that
{1, <t} ={M; > a}

by continuity. The last equality is also clear by symmetry. Now, for the middle equality,
write

P(M; > a) =P(M; > a,B; < a) + P(M; > a,B; > a)
=P(M; > a,B, < a)+P(B; > a),
since {B; > a} C {M; > a}. Now, conditioning by Fr,,
P(M, > a,B, < a) = P(T, < t, B, < a) = E [1{7,<y P(B < a| Fr,)]
we get, since Br, = a,

P(M, > a, B, < a) = E [1z,<y P(B, — Br, < 0| Fr,)]
1
= 5 ]P)(Ta S t)

since by the strong Markov inequality, (Br, s — Br, ; s > 0) is a Brownian motion inde-
pendent of Fr, and thus, on {7, < t}, one has

1
P<Bt_BTa<0|~FTa):§-

Eventually, we get

1
P(Mt 2 a,) = i]P(Mt 2 CZ) +]P)<Bt 2 CL),

giving the result. U

A more general version of the reflection principle can be stated as follows:
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THEOREM 2.6 (Reflection principle). Let T be a finite stopping time (with respect to
the natural filtration of the Brownian motion). Then, the process (B; ; t > 0) defined by

B _ | B fo<t<T,
Y 2Br— B, ift>T,

is a Brownian motion, called the reflected Brownian motion at T.

PROOF. By the strong Markov property and symmetry, the process Y = (— (B —
Br); t > 0) is a Brownian motion, independent of Fr, and in particular of (B;; t € [0, T1).
By concatenating the two, that is by considering the process

By te0,7]
Y7+ By t>T

we get exactly the process B* which is thus a Brownian motion, see Fig. 3. U

FIGURE 3. The reflected Brownian motion.

As a corollary of the reflection principle, we can compute the distribution of Tj,.

COROLLARY 2.1. The random variable T, has density with respect to Lebesque measure
given by

a2

e 2t
fa(t) = aﬁl]mw[(ﬂ

PRrROOF. By the previous theorem, we have
o 1] 2
P(T, < 1) =2P(Biza) =2 ——e /s
( = ) ( t = ) a \/ﬁ

By differentiating with respect to ¢ (and using Lebesgue theorem), the density of T, is on
10, +00] equal to

1 1 < 1 z?

1 o 1 2 2
W (1) = —2/ (—) e Ty =2 | e/
Jat) V21 Ja 2) #32°¢ x+\/27r a \/¥2t26 ’
1 1 o0 2 1 o0 2
m a a

Using integration by parts to compute the second integral, one gets
/OO 22e ™ 2y = ate=/2 4 t/oo e~ 2 .

Hence, the two remaining integrals cancel out, and we get

a 2
W(t) = ——e™ ¢ /2t [
fa(t) 7
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2.4. Zero-one laws. The natural filtration of BM is defined by F; = 0(B,; 0 < u <
t). Define now

Fr=NF.

s>t

Then, (F;")i>0 is again a filtration and F; C F;", but F;" is a bit larger and “allows an
additional infinitesimal glance into the future”. Note that

=N

s>0

is the o-algebra of all events on an infinitesimal small interval to the right of the origin.
We have the following slightly improved Markov property:

THEOREM 2.7. For all s > 0, the process (Biys — Bs; t > 0) is a Brownian motion
independent of F.

PROOF. By continuity, one has

B(t+s) — B(s) = lim B(t+ s,) — B(sn),

n—0o0

where (s,,), \( s. By the Markov property (i.e. time homogeneity), we have that
B(t+ s,) — B(sy)
is independent of F, , hence its limit is independent of F; = N, Fu- 0
THEOREM 2.8 (Blumenthal’s 0-1 law). For all A € F;, one has P(A) =0 or 1.

PROOF. By the above Markov property, (By;rs — Bs;t > 0) is independent of F; .
In particular, for s = 0, one has (B;;t > 0) is independent of Fy. But since Ff C
o(By; t > 0), we have that F is independent of itself. O

REMARK 2.2. The following strong Markov property also holds. Let T be a stopping
time with respect to the filtration (F;");>0. Define

Fi={Ae F|AN{T <t} € F, forallt > 0}.

the o-algebra of T" past events. Then, if T' < oo a.s., the process (Bry — Br; t > 0) is a
Brownian motion independent of F (exercise).

Now consider the tail g-algebra of Brownian motion: let
gt — U(Bua U Z t)v

and let
T=)G

>0

be the g-algebra of tail events. Then:
THEOREM 2.9 (0-1 law for tail events). For all A € T, one has P(A) =0 or 1.

PRrRoOOF. Using time inversion of Brownian motion, 7 is mapped onto JFy, hence the
result follows from Blumenthal’s 0—1 law. 0
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2.5. Zeroes of Brownian motion. Consider the random set of the zeroes of Brow-
nian motion:
Z={t>0|B,=0}.
Note that it is the section of the set
{(tvw) < R-l— x 2 | Bt(w) = 0}7
and thus is a measurable set.

PROPOSITION 2.8. We have that A(Z) =0 a.s. (where X denotes Lebesgue measure).

PROOF. Indeed,
E[\Z) =F [ / ” ]lBt:odt]
0

— /OOO P(B, = 0)dt,
by Fubini’s theorem. Since P(B; = 0) = 0, one gets A(Z) =0 a.s. O
PROPOSITION 2.9. We have that Z is closed a.s.
Proor. This is clear since t — B, is continuous a.s. ]
LEMMA 2.1. Let 7 = inf{t > 0| B; > 0} and o = inf{t > 0| B; = 0}. Then,
P(r=0)=P(c =0)=1.
Proor. We have
{r=0}={vn>0,30<e<n,B. >0}

=N U {B->0}

" e€(0,;:)NQ
e Fy.
Hence, by Blumenthal’s 0-1 law, P(7 = 0) € {0, 1}, so we have to prove that it has positive
probability. Since {B; > 0} C {7 < t}, one has
1

Hence,

_ 1

IP’(T:()):P_I)%IP’(Tgt)Z§>O,

so P(t = 0) = 1. The same holds replacing B by —B. Hence, by continuity and the
intermediate value theorem, we have

P(oc =0) = 1. O

ProOPOSITION 2.10. Almost surely, for all € > 0, BM has infinitely many zeroes in
(0,e). In particular, Z is infinite a.s.

PROOF. By the previous lemma, a.s. for all ¢ > 0, there exists ¢ € (0,¢e) such that
B, = 0. Suppose that the set of zeroes in (0, ) is finite and denote

ty = Hlll’l{t S (O, 5) ‘ Bt = 0}

But B must have a zero on (0,%y) which contradicts the minimality of ¢,. Hence, B has
infinitely many zeroes in (0, €). O

PROPOSITION 2.11. Almost surely, Z has no isolated point.
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PROOF. Recall that a point z is isolated if the singleton {z} is open. Equivalently,
there exists € > 0 such that |z — e,z + e[\{z} = @.

Let ¢ € Q and consider

7, = inf{t > ¢| By = 0}.

Then 7, is a stopping time, and is a.s. finite (since BM crosses 0 for arbitrarily large time
t). Moreover the infimum is a minimum, since Z is a closed set. Hence, 7, € Z. Now,
by the strong Markov property, (B, 4+; t > 0) is a Brownian motion. Since BM crosses 0
for any small interval to the right of the origin, 7, is not isolated (from the right). Hence,
a.s., for all ¢ € Q, 7, is not an isolated point.

It remains to prove that any other point is not isolated either. Let z € Z\ {7, | ¢ € Q}.
Consider an increasing sequence of rationals ¢, such that ¢, / z. Then, ¢, < 7, < 2

(since ¢, < z and z # 7,,). Letting n — oo, one has that 7,, — z, so z is not isolated
(from the left). O

PROPOSITION 2.12. Almost surely, Z is uncountable.

PRrooOF. This is a classical consequence of Baire’s theorem: in a non-empty (separable)
complete metric space X, every countable union of closed sets with empty interior has
empty interior. Thus if moreover X has no isolated point, X is uncountable: since it has no
isolated point, the singletons have empty interior, hence if it were countable X = U,cx{z}
would have empty interior, which is not possible since it is open and non-empty.

Thus, since Z is closed in R, it is complete as a metric space and is not empty, so by
the above Z is uncountable. [l

3. Law of iterated logarithm

LEMMA 3.1. Let X ~ N(0,1). For all z > 0, one has

X 1 2 1
e T < P(X < =

e >
2+ 1427 < P( )_w 21

PrROOF. Exercise.
For the right inequality,

> 1 11 e 11
P(X >2) = / 67”2/272du < *7/ ue 2y = = ——e /2,
T \V 4T T T

For the left inequality, put

—x2/2

e

Then,
fllz) =2e7%7% = 23:/ e P du,
x

which is non-negative by the right inequality. Hence, f is non-decreasing, f(0) < 0 and

lim, o f(z) =0, so f(z) <0 for all z > 0. O
THEOREM 3.1 (Law of iterated logarithm). Almost surely,
lim sup B 1 and liminf B —

100 \/2tloglogt t—oo /2t loglogt B

PROOF. Put W(t) = /2tloglogt. The statement for the liminf is obtained using the
statement for the limsup applied to the Brownian motion —B.
We first prove the upper bound: a.s. limsup,_, % <1
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FI1GURE 4. The law of iterated logarithm.

Let € > 0 and ¢ > 1. Define

A, = { max B; > (1+¢)V(q") }

0<t<qn

d
By the reflection principle, maxo<s<; Bs @ | B;|. Therefore,

P(An) =P (|Bgr| = (1 +€)¥(q"))

2

< 2exp(~(1+¢)*loglog ") = 7o v

where we used the fact that if Z ~ N(0,1), P(Z > ) < e **/2, for all z > 0. Hence, we

get that
> P(4,) < oo

so by Borel-Cantelli lemma, P(lim sup,, A,,) = 0. Hence, a.s., there exists ng such that for
all n > ng, for all 0 <t < ¢,

< (1+e)W¥(

q").

For large t, choose n large enough such that ¢" 7! <t < Then we have,
t
w(t

Bt . Bt \Il(qn)

<q"

q"
U(t)  V(g") g~ t
< (1+¢)g,

)

since q < q and 22 is decreasing (for ¢ large enough). Hence, a.s.

li B < (l+¢)
imsup ——~ €
pr@m ¢
which holds for all € > 0, and all ¢ > 1, proving the upper bound.
We now pass to the lower bound: a.s. limsup,_, % <1
We want to use the reverse Borel-Cantelli lemma. Let ¢ > 1 and let

D, ={B(g") = B(q"") > ¥(¢"—q" ") }.
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Hence, using the lower bound estimate of the normal distribution given in the previous
lemma, one has, for some constant C,

— n__ n—1
e~ loglog(¢"—¢"")

P(D,) > C
\/2loglog(q" — g1
C/
~ nlogn’

for another constant C’, where we use that log(¢" — ¢" ') < nlogq. Hence,
Y P(D,) = o0
and since the D,,’s are independent by the independence of the increments of the Brownian

motion, one has, by the second Borel-Cantelli lemma, that
P(limsup D,,) = 1.

Hence, a.s., infinitely often,
B(¢") = B(¢"™") + ¥(¢" — ¢" ")
> =20(¢""") + V(" — ¢"7),
using the upper bound applied to the Brownian motion —B. Hence,
B(g") o —2¥(¢" ) + V(" —¢")

U(gn) — U(gn)
>;2+q"—7q"1:1_l_1
TV q N

using that
V) _ W) Ve 1]

V() Vet () Va T Va

since % is increasing, and using that y is decreasing for large t. Hence, a.s.,
T By 2 1
im sup >1———-
too (1) Vi g
so letting ¢ — oo gives the lower bound. U

Appendix A. Classical 0—1 laws

Let (X,)n>1 be a sequence of random variables. Define, for all n > 1,
Fn=0(Xg,1<k<n)
the o-algebra generated by X,..., X,,. Define also, for all n > 0,
Gn = 0(Xns1, Xng2, - .).
The tail o-algebra 7T is defined as
T=1{)%-

n>0
Intuitively, the o-algebra of tail events consists of events which do not depend on the first
finitely many times of the process (X,,),>1. For instance, the random variables lim sup,, X,
and liminf,, X,, are T-measurable.

THEOREM A.1 (Kolomogorov’s 0-1 law). Let (X,),>1 be a sequence of independent
random variables. The tail o-algebra T is trivial: for all A€ T, P(A) =0 or 1.
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Proor. We have that
U 7
n>1
is a m-system that generates o(Xy, Xo,...) (= Go). Since (X,,)n>0 are independent random
variables, F,, is independent of G,. Since T C G, for all n > 0, T is independent of F,,,
for all n, hence T is independent of o(X7, Xs,...). But obviously, 7 C o(Xy, Xa,...), so
T is independent of itself. Hence, for all A € T,

P(A) = P(AN A) = P(A) P(A)
that is, P(A) € {0,1}. O

As a corollary, we get that if (X,,),>0 is a sequence of independent random variables,
then limsup,, X,, and liminf, X, are almost surely constant.

Consider the random walk S,, = X; + --- + X,,. Consider the event

{S, =010} =limsup{S, =0} = |J {S. =0}
n k n>k

This is NOT a tail event in general (note that this different than {limsup,, S,, = 0}! Take
S, > 0and S, — 0 a.s. for example). But it is an exchangeable event:

Loosely speaking, an event A C R* is exchangeable if it is invariant under finite
permutations, that is for all n, for all permutation o € S,,,

(W15 oy Wny Wit - --) € A S (Wo(1), - -+, Won)s Wntt,---) € A

The exchangeable g-algebra £ is the class of all such events. If (X,,), is a sequence of
random variables,
&= ﬂ En,

where &, is the o-algebra generated by X,, 1, X;,11, . . . and symmetric functions of (X7, ..., X,).
Compared to the tail o-algebra 7 which consists of events that do not depend on

the first coordinates, the exchangeable o-algebra consists of events that are invariant by

permutations of the first coordinates. For instance, in the case of the random walk S,

lim sup{S, =0} € &,

but not in 7. Indeed,
w € limsup{S, = 0}

is equivalent to: for all k, there exists n > k such that 3-%_, X;(w) = 0. Hence, changing
the values of the first coordinates Xi,..., X, will affect the value of the sum. On the
other hand, permuting finitely many indices will not affect the value of .S,,.
Note that it is clear that
T CE.

THEOREM A.2 (Hewitt-Savage’s 01 law). Let (X,,)n>1 be a sequence of independent
and identically distributed random variables. The exchangeable o-algebra £ is trivial: for

allAe &, P(A) =0 or 1.

PROOF USING BACKWARDS MARTINGALES. Let F' be a bounded symmetric function
on RY, that is F is invariant under any permutation with finite support. Let

Z=F(X1, X, ...),

so Z is measurable with respect to the exchangeable o-algebra £. We are going to prove
that Z is a.s. constant.
Define,
Z,=E(Z|F,) and Y,=E(Z]|G,).
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Hence (Z,), is a closed martingale, thus by the martingale convergence theorem, it con-
verges a.s. and in L

Zn —E(Z|Fe) =2
since Z is F,-measurable. Indeed,

]:oo == O'(Xl,XQ,. . )

and obviously £ C F..
On the other hand, (Y,,), is a backwards martingale, so by the convergence theorem
for backwards martingales, a.s. and in L', one has

Y, = E(Z|T).

But since T is trivial by Kolmogorov’s 0—1 law, E(Z | T) is constant a.s., hence E(Z | T) =
E(Z). Hence, for all £ > 0, and for n large enough,

E(|Z,— Z]) <e and E(|Y, —-E(Z)]) <e¢,
Now, since Z,, is F,-measurable, one can write
Zn=9(Xy,..., X,),
for some bounded function g: R™ — R. The above first inequality writes then
E[|F(X1,Xa,...) —g(X1,.... X,)|| <=

Since (X,)n>1 are i.i.d. random variables, (Xi,..., X, Xpi1, ..., Xon, Xonyt1, .. .) has the
same distribution than (X,41,..., Xon, X1,..., Xn, Xons1,...). Hence, the above bound
is also

E [|F(Xn+1, o Xons X1, X, Xonats ) — 9(Xng, - - ,Xgn)u <e.
But since F' is invariant under finite permutation, this gives
E[1Z - g(Xna,... . Xaa)l| <2
Hence, we have, since g(X,11, ..., Xo,) is G,-measurable,
E[|V, = 9(Xni1se s Xon)|| = E [|E(Z = 9(Xns1, -, Xon) | o)
<E[IZ - 9(Xns, -, Xan)]
<eE.
Finally, we get
E [|Z - E(Z)” <E [|Z — 9( Xt - ,XQn)u +E [|9(Xn+1, ey Xop) — Yn” +E [|Yn - E(Z)”
< 3e.

Letting € goes to zero, we get that Z = E(Z) almost surely. O
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