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Historic introduction

From wikipedia : Brownian motion is the random moving of particles suspended in a fluid (a
liquid or a gas) resulting from their bombardment by the fast-moving atoms or molecules in the
gas or liquid. In 1827, the botanist Robert Brown, looking through a microscope at particles
found in pollen grains in water, noted that the particles moved through the water but was not
able to determine the mechanisms that caused this motion. Atoms and molecules had long been
theorized as the constituents of matter, and many decades later, Albert Einstein published a
paper in 1905 that explained in precise detail how the motion that Brown had observed was a
result of the pollen being moved by individual water molecules. This explanation of Brownian
motion served as definitive confirmation that atoms and molecules actually exist, and was further
verified experimentally by Jean Perrin in 1908. Perrin was awarded the Nobel Prize in Physics in
1926 “for his work on the discontinuous structure of matter” (Einstein had received the award five
years earlier “for his services to theoretical physics” with specific citation of different research).
The direction of the force of atomic bombardment is constantly changing, and at different times
the particle is hit more on one side than another, leading to the seemingly random nature of
the motion. This transport phenomenon is named after Robert Brown. The first mathematical
rigorous construction of Brownian motion is due to Wiener in 1923 (that is why Brownian motion
is sometimes called Wiener process).

Figure 1: Robert Brown and Brownian motions in 1 and 2 dimensions.



A discrete model

A possible model of the above motion of a particle in d dimension can be as follows. We consider
that the particle is moving as a random walk S, = Y71 + ... + Y, with Y} i.i.d. uniform over
{—1,1}¢ (at each step, the d coordinates are updated by an independent fair 4+-1). We then look
at the motion of the particle seen from far away. Since n~1S,, — 0, the central limit theorem tells
us that the good renormalization in space is the square root of the time, and we thus consider
the random function )

Sp(t) = %S[m],

where [z] is the largest integer less than x. For every 0 = tg < t; < to < ... < t, the vectors
(Sk(ti) — Sk (ti—1)),i € {1,...,p} are independent and converge in distribution by the central
limit theorem towards centered Gaussian vectors of covariance (t; — t;—1)Id. Obviously this
remains true (up to a multiplicative factor) if we change the distribution of the steps as long
as they remain centered and have finite variance. This leads us to set up a definition for the
(candidate) continuous limiting process:

Definition 1. A d-dimensional Brownian motion (starting from 0) is a family of R?-valued
random variables (B : t > 0) living on a probability space (2, F, P) such that

e By =0 almost surely,

o for every 0 =ty < t; < ty < ... < t, the variables By, — By, , fori € {1,...,p} are
independent and
By, — By,_, = N(0,1d(t; — t;—1)).

o the function t — By is almost surely continuous.

The last point of the definition could seem trivial from a physics point of view but turns out
to be mathematically essential. We will see that existence of Brownian motion is not trivial. We
will come back later to the fact that Brownian motion is the universal limit of scaled random
walks. Before constructing Brownian motion, let us quickly dive into the realm of stochastic
processes.

Remark. Brownian motion thus has stationary and independent increments. Meaning that
By, — By, , fori e {l,...,p} are independent and By, s— B; = By, s— By = Bj in distribution for
every t,t' > 0. Among the class of stochastic processes satisfying these assumptions (The Lévy
processes) Brownian motion is the only continuous one. Do you know another (non-continuous)
process (X; : t > 0) which has stationary and independent increments?

1 Generality on stochastic processes

Let us call stochastic process a family (X; : t € R;) of random variables with values in R
endowed with its Borel o-field B (the vectorial case is similar) defined on a probability space
(Q, F, P). Hence, for every w € Q we can speak about the “trajectory” t — X;(w) and interpret
it as a “random function”. Where does this object live? How to characterize it? What are its
properties?



1.1 First approach

We could consider the random process (X;);>o as taking values in R®+. As a product space,
R®+ is endowed with the product o-field B+ (where B is the Borel o-field on R) generated by
the coordinate mappings

(X)i>0 € R®+ = X, € (R,B).

Since w — X (w) € (R,B) is measurable for every s > 0, it follows that w — (X¢(w),t >
0) € (R®+, BR+) is measurable as well. The law of such a random process is thus a probability
measure on (R®+ BR+). The finite-dimensional distributions (or marginals) of X = (X, : t > 0)
are the laws of all the finite vectors (X, Xy,,..., Xy, ) for every t; <ty <...<t, € Ry.

Proposition 1. The finite-dimensional distributions of X characterize its law over (RE+, BR+),

Proof. Denote v the law of (X) over (R®+ BR+). The finite-dimensional distributions of X fix
the v-probability of events of the form {f € RE+ : f(t1) € Ay,..., f(t,) € A} for A; € B.
Such events are called “cylinders”. It is easy to see that cylinder events is a collection that is
closed under finite intersection and which generates BX+ as a o-field. Hence the monotone class
theorem entails that v is characterized by its values on cylinder events. O

Exercise 1. Show that items 1 and 2 of Definition 1 characterize the finite-dimensional distri-
bution of Brownian motion.

Exercise 2 (One-dimensional does not suffices). Find two stochastic processes (X¢)i>0 and
(Y2)¢>0 which have the same one-dimensional distributions i.e. such that X; = Y; in distribution
for every t > 0, but (X) and (Y) have different laws. * Same question with two-dimensional
distributions.

This approach enjoys an abstract criterion to construct stochastic processes:

Theorem 1 (Kolmogorov extension theorem). Suppose that we are given a family of finite-
dimensional laws my, . 4, for every ti,...,t, € Ry which are coherent in the sense that if
(Xo)izt1,otnstnss has law g0 then (Xi)i=t,,..t, has law w4, . Then there exists a
probability m on (RR®+, BR+) such that (Xt)e>0 has law m and (X;)i=t,,...t, has law 7, 4, .

Proof. Omitted. O

Exercise 3. Check that the finite-dimensional distributions of Brownian motion are coherent
and deduce that there exists a stochastic process verifying conditions 1 and 2 of Definition 1.

The problem with the o-field BR+ is that it is “trajectorially” very poor.

Exercise 4. *

1. Show that the event {t — X, is continuous} is not measurable for the o-field B*+.
Hint : Construction two stochastic processes X, X’ which have the same finite-dimensional distributions

and such that X is continuous almost surely but X’ is not.

2. Show that the o-field BR+ is made of all sets that can be written A x RE+\P where D is
a countable set of indices of R, and A € BP.



1.2 Second approach

We now suppose that our stochastic process (X) is continuous and thus lives in C(Ry,R). We
thus have to endow this set with a o-field. The first try would be to use the ||||o norm but that
would yield a non-separable space which causes many problems, see Exercise 6. We instead use
the topology of uniform convergence over every compact sets which is metrizable by

22 1/\su;])]f gl)-

Exercise 5. Check that d is a distance on C(R,,R) which makes it separable and complete.

The Borel o-field associated to this topology is denoted by B.. We also denote C the trace
of the o-field B®+ on C(R,,R).

Proposition 2. We have B. =C.
Proof. The inclusion C C B, follows from the fact that the coordinate mappings f — f(t) are
continuous for d hence measurable. For the other inclusion, since (C(Ry,R),d) is separable, it

suffices to show that balls for d are measurable. But by continuity of the functions considered
we can give an equivalent definition of d using rational values:

22 (A sup [£(s) Z? sup_|1(s) — g(s)]).

s€[0,3] sG[O,i]ﬁQ
It easily follows that balls for d are C-measurable. O
Exercise 6 (Nightmares'***). Let /> be the space of bounded real sequences. We endow this

space with two o-fields: the (trace of the) product o-field BY and the Borel o-field from the
norm ||[|oe over £>° where ||ulloc = sup;>q |uil.

1. Show that BN ¢ B””oo

Consider a sequence A,, of intervals of [0, 1] such that |A,| — 0 when n — oo and such that for
every t € [0,1], the set B, ={n >0:t € A,} is infinite. Finally, define the mapping

5 1t e [07 1] — (1t€A17 1tEA27 1t€A37 .. )
2. Show that ¢ is measurable from ([0, 1], Bjg j) into (£°°, BY).
3. Let A C [0,1]. Show that £(A) is closed in (£*°, ||[|oo), and that £71(£(A)) = A.

4. Assume the axiom of choice, and recall that there are subsets of [0,1] which are non
Lebesgue measurable. Conclude that & is not measurable from ([0, 1], B 11) into (£, By )
and that BY # BHlloo

!Taken from ”"Probability Distributions on Banach Spaces” by Vakhania et al, p. 23 - 24.



Intermezzo: Gaussian process

A random vector (X1,...,X,) € RP is a Gaussian vector if any linear combinaison of the X
is Gaussian. If Ny, ..., N; are independent Gaussian random variables then any vector whose
entries are (fixed) linear combinaisons of the Ni,..., Nj is a Gaussian vector (actually any
Gaussian vector can be represented as such). Let us give an example of a vector with Gaussian
entries which is not a Gaussian vector. Consider a standard normal variable N and let € be an
independent fair + Bernoulli coin flip. It is easy to see that the vector (X, eX) has both entries
distributed as A(0,1) but this vector is not Gaussian because X + €X is not Gaussian.

The marvelous property is that the law of a Gaussian vector is completely characterized by
the means E[X;] and the covariance matrix (E[X;X;])1<ij<n. Indeed, for any Ai,...\, € R,
the characteristic function Elexp(i)_ A;X;)] is the Fourier transform of a Gaussian variable
S~ XiX; and thus equal exp(im — 02/2) where m is its mean and o2 its variance. Both m and
o? are computable in terms of the \;, of the covariance matrix and the means of the X;. In
particular if (Xq,..., Xy, Y1,...,Ys,) is a Gaussian vector and such that Cov[X;Y}] = 0 for every
i€{l,...,n} and every j € {1,...,m} then (Xy,...,X,) is independent of (Y1,...,Yn).

A stochastic process (X¢)¢>0 is a Gaussian process if any finite-dimensional vector (Xy,, ..., X¢,)
is a Gaussian vector. By the above remark, the finite-dimensional distributions of (X) are com-
pletely characterized by the means of X; and the covariance function s,t — E[XsXy].

Example. Brownian motion is a Gaussian process. Indeed, for any t1,...,%, the vector
(Bty, ..., By,) is alinear combinaison of independent Gaussian variables (By, , By,— By, ..., B, 1, ;)
and is thus a Gaussian vector. Furthermore, the process is centered meaning that E[B;] = 0 for

all t > 0 and the covariance function is

E[BsB;] = min(s,t) (exercise).

The last line is thus an alternative (and much simpler to manipulate) to the points 1 and 2 of
Definition 1.

Exercise 7. Let X, be a sequence of Gaussian vectors.

1. Suppose that b = lim E[X,,] (the mean vector) and ¥ = lim Cov(X,,) (the covariance
matrix) exist. Show that X,, — X in distribution where X is Gaussian with mean b and
covariance matrix 3.

2. * Suppose that X,, — X almost surely. Show that X,, — X in L? and deduce that
b =lim E[X,] (the mean vector) and ¥ = lim Cov(X,,) (the covariance matrix) exist.

We finish this section by stating a bound on the tail of the normal distribution which will
be used a several places in this course.

Lemma 1 (Tail bounds for the standard normal). Let N be a standard normal N'(0,1) random

variable. Then we have L1
P(N > z) ~ — e
XA/ 21

as r — OQ.

Proof. On the one hand we have

/°° ds o—2/2 < > ds S -2z _ 11 o2
xT V27r - x \/27T$




On the other hand, after performing an integration by parts

® ds .0 1 1 2,5 ®© 1 ds _.»
e~ /2 = | s /2 - s e~5 /2'
z V2T V2T S = . 52 \ 2T

The second term is easily seen to be negligible compared to the first one as  — oco. O

2 Construction of Brownian motion

Theorem 2. Brownian motion erists”.

Proof. The following proof is due to Paul Lévy. We first construct the process for ¢ € [0, 1] and
in dimension 1. Let
D,={k27":0<k<2"}

the set of dyadic points of order n and D = UD,, the set of all dyadic points of [0, 1]. Let (2, F, P)
a probability space where we have a collection (Z; : i € D) of independent identically distributed
standard N(0,1) variables. We put By = 0 and B; = Z; and then construct inductively B on
the set D,, so that B has the right finite-dimensional marginals on D,,. This is done for Dj.
Suppose that we succeeded in doing it at step n — 1. Then for every t € D, \D,_1 we update
the interpolated value of B; by adding 2~ ("1t1/2Z,  formally we put

_ Bt+2—n + Bt,Q—n Zt

By 2 + 9(n+1)/2"

Note that after step n the values of B, € D,, are fixed and are independent of {Z; : t ¢ D, }.
It is easy to see that after step n > 0, the variables B(;11)2-n — Byo-n for k € {0,...,2" — 1}
are independent and distributed as A(0,27"). Indeed, it is easy to see by induction that the
covariance matrix of the Gaussian vector (Bjs-n)o<i<2n is equal to

E[BtBs] = (5 N t)ltEDnlsGDn'
This implies that B has the right finite-dimensional distributions over D,,. We denote by B(™
the function which interpoles linearly {B; : t € D,,}.

Lemma 2. The random functions B™ almost surely converge towards a random continuous
function B (with a slight abuse of notation) for the uniform norm ||| over [0, 1].

Proof. Fix n > 1 and let us upper bound ||[B™ — B(*~1||. To go from the function B~V to
B the slope of B™1) over each dyadic interval of length 2~ (=1 is updated in the middle by
adding an independent 2~ (+1/2A7(0,1). Hence we have

|BM™ — BV < 2=(+D/2 max |z,
tEDn\Dn—l

Fix a € (1/v/2,1). We thus have

P(|B™ — B V|| > o) = P2~™D/2 max  |Z] > ™)
tGDn\Dn,1

< 2”P(|Z| > an2(n+1)/2)
< C2" exp(—(a?2)™)

2That is, we can construct a probability space which supports a Brownian motion



for some C' > 0 using Lemma 1. Since 2a2 > 1, the last probabilities are summable for
n ={1,2,...} hence by the Borel-Cantelli lemma we have almost surely ||B() — B"=1| < o®
eventually. Consequently, the functions B(™ almost surely converge (at exponential speed!) for
the |||| norm towards a random continuous function B. O

It remains to show that B has the desired finite-dimensional marginals. Fix t; < ... <
t, € [0,1] and let tgn) <...< tén) be approximations of the latter in D,,. We already know

that the variables B L) — B ,(n) are independent and are distributed as N (O,tz(-i)l — tl(n)). By
41 2
continuity of B these variables converge towards By, , — By,. By Exercice 7 the limit has the
desired distribution.
To construct (one-dimensional) Brownian motion on the whole of R, we just concatenate

independent copies of Brownian motion over the time interval [0,1]. The Brownian motion

in dimension d is constructed as (Bj(t),...,B4(t)) where By, ..., By are independent standard
Brownian motions in one dimension. It is easy to see that these processes have the desired
properties. O

Canonical representation. Let (B) be a Brownian motion defined over (2, F, P). The push-
forward of P by the measurable mapping w +— Bi(w) € (C(Ry,R%),B,) is called the Wiener
measure and is denoted by Py. For every ¢t > 0, we put for x € R?

i) = L (1Y,
\/27Ttd 2

The Wiener measure is thus characterized on (C(R,,R%), B.) by

P, ({w € C(Ry,RY) : w(ty) € A, ... w(t,) € Ap})
=/ dyi .. dyp pe, W1)Pta—t: (Y2 — Y1) - - - Pep—tp—1 (Yp — Yp—1)5
A1><A2A..><Ap

for every Borel sets A; € B. In the remaining of this course, we will often use the canonical
representation of BM (Brownian motion) by setting (Q, F, P) = (C(R4,R%), B.,P) and By(w) =
w(t). For every x € R? under the probability P, the Brownian motion starts at x.

Exercise 8. * Let f : [0,1] — R be a continuous function such that f(0) = 0. Prove that for
every € > 0 we have

P ( sup |B: — f(t)] < 5) > 0.

te(0,1]
2.1 Simple properties
Proposition 3. Let (B) be a standard Brownian motion in dimension d > 1.

o Isometry. If ¢ is a linear isometry of R® then ¢(By) is a Brownian motion.

o Translation. For every s > 0, the process B;s) = Bgy+ — Bs is a Brownian motion.
e Time reversal. The process (B1 — Bi—t)sc(0,1) s distributed as (By)ejo,1]-

e Scale invariance. For every a > 0, the process (%Bazt :t > 0) is a Brownian motion.



Proof. All the processes considered are continuous, Gaussian, centered (mean zero) and the
covariance functions are easily seen to coincide with that of Brownian motion. O

Exercise 9 (A first use of Brownian scaling). For b > 0, let 7(_ = inf{t > 0: B; ¢ [-b,b]}.
Show that E[T[—b,b}] = sz[T[—l,l]]'

Exercise 10 (Time inversion). * The process (1¢~0tBy/; : t > 0) is a Brownian motion.

Exercise 11 (Ornstein-Uhlenbeck diffusion). For t € R, let X; = e !B,o:.
1. Show that for every ¢t € R, X; is distributed as NV(0,1).

2. Show that (X)er is a centered Gaussian process and compute its covariance function
E[X:X;] for s,t € R.

3. Show that for every s € R and a > 0, the processes (X_;)ier and (X;4s)tcr have the same
law as (X)¢er on C(R, R) endowed with the Borel o-field of uniform convergence over every
compact.

Exercise 12 (Quadratic variation). * Let 0 < a < b. For every n > 0, set

on

Xn = > (Baskp-a2-+ — Bar(h—1)(p—a)2-n)
k=1

2

Compute the mean and the variance of X, and find the almost sure limit of X,,. Deduce that
a.s. BM has no finite variation on any interval —we recall that a function f : Ry — R has finite
variation on [a, b] if there exists M > 0 such that for every subdivisiona =ty < t; < ... <t, =0b

we have
P

ST () = f(timn)| < M.

=1

3 The Markov property

Unless explicitly mentioned, B is a one-dimensional Brownian motion starting from 0.

3.1 Blumenthal 0-1 law and consequences

FILTRATIONS. For every s > 0 we denote by Fy the filtration generated by the random variables
{B, : 0 < r < s}. We suppose that this filtration is complete in the sense that Fs contains all
the P-negligible sets®. In words, F, contains all the information before time s. We also define

fs+ == mft,
t>s

which contains an additional infinitesimal look into the future. Finally, F is the o-field gener-
ated by all the By, t € R,;. Let us start to strengthen item 2 of Proposition 3. With the notation
introduced there, for every 0 <r; <rp <... <1y < s and every tq,...,t, >0

the vector (Bgf), ... ,BS)) is independent of (B;,,..., B, ),

3this assumption is usually used to restrict oneself to the set of trajectories where BM is continuous



this can be seen from the definition of Brownian motion or using the covariance structure. By the
monotone class theorem, it follows that (BS), e ,BS)) is independent of o(B,, : u < s) = Fs.
Applying once again the monotone class theorem it comes that

the Brownian motion (Bt(s))tzo is independent of Fj.

This reinforcement of Proposition 3 item 2 is called the simple Markov property. Very soon, we
will extend this property when the fixed time s is replaced by a random one. Before that we
prove a zero-one law for “infinitesimal” events.

Theorem 3 (Blumenthal 0-1 law). The o-field Fo+ is trivial in the sense that every event which
1s Fo+ measurable has probability 0 or 1.

Exercise 13. Do you know others 0-1 laws?

Proof. Fix A € Fy+. Let t1,...,t, > 0 and f be a bounded continuous function on RP. For
every ¢ > 0 the Brownian motion B(©) is independent of F. and so a fortiori of Fo+. Thus we
have

E[af(BY, ..., B{)] = P(A)E[f (B

t1 0

- Bi)) = P(A)E[f(By, ..., By,)].
On the other hand, by (almost sure) continuity of the paths of Brownian motion we have

Elaf(Byy,.... By,)) = lim E[14f (B}

t o

LB,

Combining the two displays we find that A is independent of (By,, ..., B,). By the monotone
class theorem, A is independent of the o-field generated by all Bs for s > 0 which is Fo.. The
event A is in particular independent of itself, hence P(A) =0 or 1. O

Exercise 14. * Prove that for every s > 0 we have Fs = F+.

Applications. Consider the variables B, = sup{B;s: 0 < s < ¢} and B, = inf{B;: 0 < s < ¢}.
A priori it is no clear that these are measurable with respect to F.. To see this, we use the
(almost sure) continuity of the trajectories and write

B.= sup By
t€[0,e]NQ

This clearly entails that B, is F.-measurable. The same reasoning holds for B.. Then the
(measurable) events Ay = {Vn >0: By, >0} and A_ = {Vn >0 By, < 0} belong to Fo+.
By the previous theorem they have P-probability 0 or 1. But P(B. > 0) > P(B: > 0) = 1/2
which entails that P(A;) > 1/2 and so P(A4+) = 1 and similarly P(A_) = 1. In words, when
starting from 0, Brownian motion immediately takes positive and negative values. The picture
to keep in mind is the function ¢ ~— ¢sin(¢~!) which exhibits the same property:

Proposition 4. For every a € R, let T, = inf{t > 0 : By = a} with the convention that
inf @ = co0. Then for every a € R we have T, < o0 a.s.

Proof. By the discussion before the Proposition we have

1:P(§1>0):§%P(§1 >(5)
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Figure 2: The function ¢ — t¢sin(¢~!) takes negative and positive values immediately
after 0.

A scaling argument (Proposition 3) shows that

P(By > d)=P(supB > §) = P(sup B >1).
[0,1] [0,6—2]

Letting 0 — 0, we deduce that P(supssoB > 1) = 1. Another scaling argument shows that
P(supg>g B > A) =1 for every A > 0. By symmetry the proposition holds. O

Exercise 15. Show that in the last proposition we can exchange a.s. and V meaning that we
have a.s. for every a € R, T, < co. Deduce that sup B = 400 and inf B = —oo almost surely.

Exercise 16. 1. Show that the event limsup, ot~ /2B; = +o0 is Fy+-measurable.
2. Deduce that a.s. limsup,_,q t_l/th = +o0 and liminf;_,g t_1/2Bt = —o0.
3. Using (or admitting) Exercise 10, show that the statements of 2. hold when ¢ — oc.

Exercise 17. Show that Brownian motion is a.s. non monotone on every interval.

Exercise 18. * Show that for every t > 0, time ¢ is not a local maximum for B almost surely.
Can we exchange a.s. and V in the last sentence ?

Exercise 19. Show the following convergence in distribution

t 1Vt _
</ eBsds> — B
0 t—o0

Hint : Use scaling.

3.2 The strong Markov property

Recall that with the notation of Proposition 3, for every s > 0 the Brownian motion B®) is
independent of F5. The goal of this section is to extend the previous statement when s is replaced
by a random time... but not any random time!

Definition 2. A random variable T € Ry U{oo} is a stopping time if for every t > 0, the event
{T <t} is F; measurable. In words, “if you must stop before time t you should know it by time
t”.The o-field of the past before T is defined as

Fr={Ae€ Fuo:Vt >0: AN{T <t} € Fi}.

10



Example. For every a € R, T, is a stopping time. Indeed,
{T, <t} = {re(iplrlwf[o,t] |B, —a| = 0} € F.
Exercise 20. Let T be stopping time.
e Check that Fp is a o-field.
e If S, T are stopping times then min(S,T"), max(S,7T), S + T are stopping times.
o [f S < T are stopping times show that and Fg C Fr.

It is trivial that the random variable T' is Fpr-measurable. Also Brly.o is Fpr-measurable.
To see this, notice that by the almost sure continuity of Brownian motion we have the almost
sure limit

Br = lim > Lrei/n(k41)/m)Bi/ns
k=0

and remark that each member in the sum is Fpr-measurable. We can now state one of the most
useful theorem about Brownian motion.

Theorem 4 (strong Markov property). Let T be a stopping time such that P(T < co) > 0. For
every t > 0 we put
T)

B§ = 17<oo (Biyr — Br).

Then under P(.| T < o) the process BT) is a Brownian motion independent of Fr.

Proof. We first suppose that T' < oo a.s. Let A € Fp, pick a bounded continuous function
F:RP - Rand fix 0 <t <...<t, We thus aim at showing that

E[af(B",....B{") = P(A)E[f(By,,...,By,)).

For every integer n > 1 denote by [T, the smallest number of the form k2~ larger than or
equal to T'. Since we have f(Blgl[T]”), e Bt(IET]")) — f(Bng), e ,Bgz)) a.s., then by the dominated
convergence theorem we have

El1af(BY

t v

T
B
— lim E[1af(B . By
n—o0o P
= D E [lAl(k—l)Z*"<T§k2*”f<B§f27H)7 e Bt(fw))]
k=0

Now, notice that AN{(k—1)27" < T < k2™ "} € Fjo-n. Since by the simple Markov property
B®27") ig independent of Fro-n we can split the expectation is the sum and get

oo
T T .
E[lAf(Bg1 )7 RN Bfi, ))] = nhjolo Z E [1A1(k—1)2*”<T§k2*n] E[f(By,...,B,)].
k=0
By re-summing we get the desired result. The case when P(T = oo) > 0 is similar. O

In the following, except mentioned all the stopping times considered are almost surely finite.

11



Let us give a useful reformulation of the strong Markov property. Suppose that T' < co a.s.
and let X be a random variable which is F7 measurable: it could for example be a function of
T, Brly.s of the path before T'... and can take value in an arbitrary measurable space (E, .A).
Then for every positive measurable ¢ : E x C(R4,R) we have

B [o(x,57)] = B | [ Pala) (X (Weza) . (1)

where Py is the Wiener measure. To see this, just remark that X is independent of B() by the
above theorem and thus we can write the law P( X,B(T)) as @ product Px ® Pg. Let us see an
application on the canonical space to remind you of the strong Markov property in the case of
Markov chains. We put 2 = C(R,R) endowed with the product o-field and B;(w) = w;. Recall
also the notation P,. The translation operator is

Os(w) = (ws+tt)t>0, for s > 0.

Then the Markov property is equivalently described as follows. Let T by an a.s. finite stopping
time. For every measurable positive functions F, G on €2 such that F' is Fp-measurable then

E,[F-Gobr] =E, [F - G(BD + BT)} ~E, [F /IP’O(dW)G(W + Br)|,
by (1). But by definition of the measures P, we have
B, [ Gotr] =B, |F [ Py (@W)G(V)| = Ba[F By [G].

Exercise 21. Show that for every a > 0, almost surely
inf{t >0|B; =a} = inf{t > 0|B; > a}.
Exercise 22. Let a > 0 and recall that T, = inf{s > 0: By = a}.
1. Show that T}, = a7} in distribution.

2. For 0 < a < b < oo, prove that T, — T, is distributed as Tp_, and is independent of
(F1,)o<s<a

Remark: the process a — Ty, is thus another process with stationary and independent increments.

Exercise 23. Show that if S,T are stopping times then ST is not necessarily a stopping time.

4 Paths properties

4.1 Reflection principle

Theorem 5. Let B be a Brownian motion in dimension 1. For every t > 0, recall that B; =
SUPg<¢ Bg. For every a > 0 and b < a we have

P(EtZa, BtSb):P(BtZQCL—b)

12



Proof. The idea is to apply the strong Markov property at the stopping time T, and to reflect
the path after time a around the horizontal line y = a. We have already seen that T, < oo a.s.
Then we can apply the strong Markov property (1) and get that

P(B;>a, B,<b)=P(T,<t, B'% <b—a)

= Elp,<tFi-1,([=00,b—da])],
where for s > 0and A CR
Fd) = [ Pldo)lu,en
By symmetry of the Wiener measure we have F5(A) = Fs(—A) so that we have
P(Bt > a, By <b) = E[1g,<tFi—r, ([a — b,oq])]

= P(T, <t, B"%) >a—b)

= P(B; > a, B; > 2a—b)

= P(B; > 2a—b). O
Corollary 1. With the notation of the previous theorem we have

1. The variable By has the same distribution as |By|.

2. The variable T, is distributed as (Bil)2 for every a € R.

Proof. For (i) we have
P(B;>a)=P(B;>a, Bi<a)+ P(B; >a, B; > a)
=P(B:>2a—a)+ P(B; > a)
=2P(B; > a).
For (i7), if @ > 0 using (i) and the scaling property of Brownian motion we have

P(T, <t)= P(B; > a) = P(|By| > a) = P(VB1| > a) = p(; < ).
1

When a < 0, we use the symmetry of Brownian motion to say that T, =T, in law. ]
Exercise 24 (Densities). Deduce from the last corollary that
1. The pair (By, B;) has density

2(2a — b) ( (2a —b)?
A0 D) op [ 220

i3 o ) 1a>0,b<a-

2. For every a € R, the variable T, has density
a a? 1

exp | —— .
913 p o t>0

Exercise 26 (local maxima). * Let p, ¢, r, s € Q4 such that p < ¢ < r < s. Show that

Exercise 25. Try Exercise 10 again.

P ( sup By = sup Bt> =0.

p<t<q r<t<s

Deduce that local extrema of Brownian motion are almost surely distinct.
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4.2 Zeros of Brownian motion

In this section, we study the zero set of a standard one-dimensional Brownian motion that is

Theorem 6. Almost surely, the set Z is a perfect set (that is closed with no isolated points) of
zero Lebesgue measure.

Proof. Since B is an a.s. continuous function the set Z is closed a.s. It follows from the discussion
after the Blumenthal law that T," = inf{t>0 : B; = 0} satisfies T;” = 0 almost surely. Using
this, we will prove that Z has no isolated point. Fix ¢ € [0,00) a rational number and consider
the first return to zero after g:

7, = inf{t > ¢ : By = 0}.

It is easy to see that 7, is an almost surely finite stopping time. Note also that B, = 0 by
continuity. We can thus apply the strong Markov property at time 7, and get
P(inf{z € Z:2> ¢} =q) = P(inf{t > 0: B} =0) = 1.

We deduce that Vg € Q4, almost surely, the zero 7, is not isolated from the right. Since the
rationals numbers are countable, we can exchange V and a.s. in the last sentence. This easy
implies that all the zero of Z are no isolated, indeed if we argue by contradiction and find z € Z
alone in a neighborhood then z = 7, for some ¢ € Q4 and we reach a contradiction.

To show that the Lebesgue measure of Z is zero, we apply Fubini’s theorem

Elleb(2)] = E [/Ooo dt 1&:0] = /Ooo dt P(B; = 0) =0,

which proves the desired result... However to justify the use of Fubini’s theorem we have to
show that the function (w,t) — 1p,—¢ is measurable with respect to Foo ® B. This is left as an
measurability exercise. O

Exercise 27. Show that the function (w,t) — 1p,—¢ is measurable with respect to Foo ® B.

Exercise 28. Show that for every s > 0, almost surely, the set L, = {t > 0: B, = s} is also a
perfect set of zero Lebesgue measure. Can we exchange V and a.s. ?

Exercise 29. Show that Brownian motion has isolated zeros from the left and from the right.

Exercise 30 (Classic exercise about perfect sets). Show that a perfect set of R has the same
cardinal as R. Do you know of other perfect sets of R of Lebesgue measure 07 (If you do not,
then learn the classical construction of Cantor sets).

4.3 Arcsine laws
A random variable X € [0, 1] follows the arcsine law if
dz

L P
mx(l —x) c(01)

The name comes from the fact that the cumulative distribution function of X is then P(X < t) =
%arcsin(\/f). The arcsine law pops-up naturally when studying basic properties of Brownian
motion.

P(X edr) =

14
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Figure 3: The arcsine distribution

Theorem 7 (Arcsine laws). Let L = sup{t € [0,1] : B; = 0} be the last zero of Brownian
motion before time t = 1. Let also M be the almost surely unique random time in [0,1] such
that By = B1. Then L and M are both arcsine distributed.

Exercise 26 shows that M is almost surely unique and thus well-defined.

We will see later that there is yet another arcsine law for Brownian motion: the time spent
by B in positive (or negative) regions before time 1 is again distributed according to the arcsine
distribution.

Exercise 31. Show that L and M are not stopping times.

Proof. We start with the case of L. Fix t € (0,1). By applying the (simple) Markov property
at (the stopping) time ¢ we deduce that

P(L<t)=E|1{B{ + B, #0, Vs € [0,1 - t]}]

= E[Ep,[ws > 0, Vs € [0,1 —¢]}]]
= E[PBt(TO >1-— t)]
= E[P(Tp, >1—1)].

We can now use Corollary 1 and get

P(L <t) = E[P((B;/N")? > 1 —1)]

= PN > 1Y),

where N, N’ are independent standard normal A/ (0, 1) independent of B. At this point, either we
compute directly the integral or we use a trick: After a simple manipulation the last probability
is also equal to

[N'] )

P —— < Vt).

(, / N2 + N2 —

We write (N, N') = (Rsin(6) Rcos(29 in polar coordinates, where R > 0 and 6 € (0, 27].
The density of (N, N') is da:dy (@*+4)/2 which becomes do 5- L —drre™" */2 in polar. The point
is that @ is uniformly dlstrlbuted over (0,27]. It follows that the last probability is equal to

P(|sin(0)| < vt) = Zarcsin(v/t) as desired.
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The case of the variable M is similar in spirit. Fix ¢t € (0,1) and write

PM<t)y=P (supB > supB)
[0,¢] [t,1]

=P| sup By — B> sup Bq(f) .
u€l0,t] u€[0,1—t]

By Proposition 3, the process B, = By_, — By is a Brownian motion over [0,t]. Hence, applying
the (simple) Markov property at time ¢ we get that

P(M <t)=P(B; > BO,_,)
= P(Vt|N| > V1= ¢|N'))

by Theorem 5 and with the same notation as above. The rest of the proof is the same. O

Exercise 32 (Another proof using time inversion). Let R = inf{t > 1: B, = 0}.

1. Using the (simple) Markov property at time 1, show that R = 1+ (N/N’)? in distribution
where N and N’ are two independent standard normal.

2. Use Exercise 10 to show that R = L~! in distribution and recover the arcsine law for L.

4.4 Law of iterated logarithm

Theorem 8. Let B be a standard one-dimensional Brownian motion. Then we have

. By
limsup ———==1
t—oo  \/2tloglog(t)

Proof. The main idea of the proof is to look at values of Brownian motion at exponential times
a™ for some a > 1. Indeed, when o — oo these values becomes more and more independent
and we can use the Borel-Cantelli lemmas. Let us even imagine in the proof that we do not
know the scale function v/2tloglogt and let us try to recover it. Notice that it should be large
compared to v/t since the latter is the typical behavior of Brownian motion at time t.

UPPER BOUND. Fix a > 1 and look at the events

Ap = {Bar > Vamp(a™)}.

The goal here is to apply the first Borel-Cantelli lemma and to see that for a suitable function %
we have Y P(A;) < oo which will imply the upper bound. By the scaling property of Brownian
motion and Theorem 5 we have

P(Ay) = P(By = ¢(a")) = P(IB1| = ¥(a™)).

As we said, it should be clear that 1 (t) — oo as t — oo. Using Lemma 1 the last probability is

thus of order .

Y(am)
Since 1 (a™) — oo, the important factor in the last display is the exponential one. We thus
want to see if the series > P(A,,) converges and thus compare exp(—1(a™)?/2) with 1/n. Doing

exp(—y(a”)?/2).

16



so, we clearly see that the threshold function is ¢(t) = \/2loglogt. Indeed for every ¢ > 0 if

P(t) < (1 —e)y/2loglogt the series Y P(A,,) diverges and if ¢(t) = (1 + €)y/2loglogt then
> P(A,) converges. In this case, by the first Borel-Cantelli lemma, A,, happens finitely many
often. For every t > 1, we now interpolate and find n > 1 such that a”~! < ¢t < o™ and so

B, < By (14 ¢)yv2a™loglog a”
V2tloglogt = (1 +¢e)yv/2am™loglog a™ v2tloglogt

Taking lim sup we get that

B
lim sup ——— < (1 + ¢ .
t%oop V2tloglogt — ( e

Now let ¢ — 0 and a@ — 1 to get the upper bound. We can generalize slightly the upper bound
to get that (this will be used in the lower bound)

(2)

) B
im sup

S bt ] B
t—oo V2tloglogt

LOWER BOUND. For the lower bound we will apply the second Borel-Cantelli lemma and thus
need independent events. Fix a > 1 and € > 0 and consider the events

Al ={Ban — Byn—1 > (1 —€)y/2a" logloga”}, forn>1

n—1
Remark that Bon — Byn—1 = Bgfl ) so that the Markov property applied at (the stopping

—an—1
time) a"~! yields that A/ is independent of A%, A%, ..., A/ ;. Tt follows that all the A/, are
independent. On the other hand by Lemma 1 we have

P(A}) = P(Bgn_gn-1 > (1 — €)y/2a™ loglog o)
(1 —€)y/2a"loglog a”)
=P| B>
( ' Var —an-1

>P <31 > \/ﬂ(l_g)vlogloga”) .

Va—1

Using Lemma 1 the last quantity is of order

V2a(l —¢)
Va—1
For ¢ fixed we thus pick « large enough so that v2/2 < 1. If we do so, the series > P(A’)) is

infinite and by the second Borel-Cantelli lemma, A}, happens infinitely often. When A/, happens
we have

n 1 /2o where v =

Ban 2 (1 . 5) . ‘Banfll )
Vv2a™ log log a™ Vv2a™ loglog a™

We now use the upper bound (2) for the second term of the right-hand side to deduce that the

limsup of the right-hand side is at least (1 —¢) — % We can now let o — oo followed by e — 0

and get the desired result. O
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Remark. By symmetry it follows that liminf B;/+/2tloglog(t) = —1 and by time inversion
(see Exercise 10) we also have

B
lim sup S S——

t—0  +/2tlog |logt|

In particular, a.s. Brownian motion is not differentiable at time ¢ = 0. Applying the simple
Markov property it follows that, for every ¢ > 0, almost surely B is not differentiable at time t.
The purpose of the following theorem is to exchange V and a.s. and show that Brownian motion
is a.s. nowhere differentiable.

Theorem 9 (Paley, Wiener and Zygmung 1933). Almost surely, the function t — By is nowhere
differentiable.

Proof. We can restrict ourself to [0, 1]. If there exists tg € [0,1) such that B is differentiable at
to that implies that
‘BtoJrh - Bto‘

sup — <M, (3)
helo,1]

for some (random) M > 0. We split the interval [0, 1] into the 2" intervals [(k — 1)27", k27"]
for k € {1,...,2"}. If ¢( falls into some interval [(k — 1)27" k27"] that means that for every
1 <j < 2™ — k we have using (3)

1Bkt jyz—n = Blrerj—1y2-n| < [Btjye—n = Brol + [Bhyj—1)2-n — Bio|
27 + 1
n

<M

In fact, we will only use the first values of j = 1,2,3 for our purposes. We are thus led to
consider the events

0 = {IBgergyz-n — Begj-1yz-n| <7TM27", for j =1,2,3}.
By the independence of the increments and the scaling property of Brownian motion we have

P(Qpy,) = P(|Byn| < TM277)?
= P(|By| < 7TM277/2)3
S (7M)32_3n/2,

where for the last line we used the fact that the density of the normal distribution is bounded
by 1. By the union bound we have

27’l
P <U Q%) < (TM)327"/2,
k=1

Now, if B is differentiable at some to € [0,1) by (3) it implies that for some M, the event UkQ%k
holds for n large enough and so for infinitely many n’s. But by the first Borel-Cantelli lemma
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we deduce that

P(3ty € [0,1] : B differentiable at ¢g)

oo 2n
<P ( U the event U Qﬁ/[k holds i.o.})

M=1 k=1
=) 0=0 O

Exercise 33. * Let f € C([0,1],R) be any fixed continuous function. Adapt the proof of Theo-
rem 9 and show that, almost surely, the function (B;+ f(t) : t € [0, 1]) is nowhere differentiable.

We end this section by mentioning Lévy’s modulus of continuity theorem (without giving
the proof) which shares striking similarities with the law of the iterated logarithm (except the
iterated logarithm!).

Theorem 10 (Lévy 1937). Almost surely,

By — B
limsup sup M =1

h—0 0<t<l—h \/2hlog(1/h)

Exercise 34. * Prove the lower bound in Lévy’s modulus of continuity theorem.

5 Brownian motion and martingales

Let (2, F, P) be a probability space. Suppose that we have a filtration (F;)¢>0. For the purposes
of this course we will suppose that F; is the filtration generated by the Brownian motion B.
We will need to consider martingales in continuous time which are defined similarly as in the
discrete setting.

Definition 3. A family (M)i>0 is an Fi-martingale if for every t > 0, My is Fi-measurable
(the process is said to be adapted to the filtration), E[|M;|] < oo and if for every s <t we have
E[M; | Fs] = M.

The process is a submartingale or supermartingale if the = of the last display is replaced by >

respectively <.

As in the discrete setting, martingales represent fair games where the current value of the
process gives the best prediction for the future of the game. Let us give a few examples of very
important continuous martingales based on Brownian motion.

Proposition 5. The processes (B : t > 0), (B2 —t : t > 0) and (eB~*/2 . t > 0) for all
A € R are all continuous martingales for the Brownian filtration.

Proof. All the processes considered are integrable, adapted to the filtration (F;);>0 and contin-
uous. Let us check the martingale property, for ¢ > s we have

E[B; | Fs] = E[Bs + (B: — Bs) | Fs| = E[B4],

because B;— By is independent of Fy by the (simple) Markov property. The other cases are similar
(for the exponential martingale, recall that if N is a standard Gaussian r.v. then Elexp(zN)] =
exp(z2/2) for every z € C). O
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Exercise 35. Find o € R such that B} — atB; is an (F;)-martingale.

Exercise 36. Show that the process
t
tr—>tBt—/ ds B,
0

is an (F;)-martingale.

We will now extend some of the results of the theory of discrete-time martingales to our setup.
The proofs always go through an approximation by discrete martingales after discretizing the
time and then passing to the limit.

Proposition 6. Let T' be a bounded stopping time and let (My)i>0 be a continuous martingale
adapted to F;. Then we have
E[My] = E[My].

Proof. Let K > 0 such that T < K a.s. For n > 0, we divide the time-scale [0, K] into n
steps by putting .7-'1-(") = FiK/n, defining T™ to be the smallest ¢ such that iK /n larger than T
and setting Mi(n) = M;f ), It is then clear that M (") is an (Fi(n))izo—martingale and T is a
(discrete) stopping time for (F, '(n))iZO- By continuity of M we clearly have

2

n a.s.
MU 22 My
n—0o0

For every n > 0, by the discrete theory we have

T(n)] = E[Mo]v

besides

MU = E[My | Fio,)-

Since the family {E[M | G] : G C F subfiltration} is uniformly integrable it follows that Mj(f(?l)

is also uniformly integrable. Consequently, by the enhanced version of dominated convergence
theorem we have

) = E[Mr] = E[Mo] as n — oo. m

Theorem 11. For every a < 0 < b we have

1. P(Ty <Tp) = )
(Ta <Tp) = y—
2. Emin(T,,T})] = —ab,

Proof. Fixn > 1. The stopping time 7, = min(n, T, Tp) is bounded by n. We use the continuous
martingale B; and we get by the last proposition that

E[B.] =0.

Since Ty, Ty < oo, we can let n — oo to get By, — Buyinr,,1,) @8- Since furthermore By, is
bounded by max(|al|, |b|) the dominated convergence theorem shows that

0= E[Bmin(Ta,Tb)] = (ZP(Ta < Tb) + bP(Tb < Ta).
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Combining this with the obvious fact P(T, < Tp) + P(Ty < T,) = 1 yields the first point of the
theorem.

The second point is similar but we now work with the continuous martingale (B? —t);>¢. Using
the same stopping time 7, = min(n, T, T;) we get by the same proposition that

0= E[B? —1,] = E[B%] - E[r].

Tn Tn
On the one hand, E[B?] — E[Bfnin(Ta T,
E[r,] T E[min(T,,T;)] by monotone convergence. We thus obtain using the first point of the
theorem that

)] by dominated convergence. On the other hand

b —
Efmin(T, Ty)] = E[Biy(r, 1)) = a*5— + V' — = —ab. O

Thanks to the last theorem, the expectation of the stopping time min(7y,T}) for a < 0 < b
is thus seen to be finite. Notice that it is very important to constrain the Brownian motion in
a finite strip to get a finite expectation for the exit time. Indeed for every a € R* it is easy to
see using the exact density of T}, (see Exercise 24) that

E[T,] = .
Exercise 37. Use Theorem 11 and let b — oo to get another proof of the identity E[T,] = oco.
Exercise 38. Using the martingale exp(AB; — t\?/2), show that for every A € R, we have
E [exp(=Amin(T,, T_,))] = cosh(av2X) 71,

Exercise 39. Show that if |By11 — By| > 2 for some t > 0 then we have min(7},7-1) < t + 1.
Deduce that P(min(77,7-1) > n) < o™ for some a € (0,1).

Exercise 40 (Doob’s maximal inequality for submartingales). Let (X¢);>0 be a continuous
submartingale for the filtration (F;);>0. Let p > 1 and ¢t > 0, show using the discrete version of
Doob’s maximal inequality that

£ (i) | = (525) min

Cultural remark. A fascinating theorem, due to Dubins and Schwarz (not the same guy as the
Cauchy-Schwarz inequality...) roughly says that all the continuous martingales are variations
of Brownian motion (more precisely time-changed Brownian motion). Hence, in a certain sense
there is only “one” continuous martingale which is the Brownian motion. Of course if we remove
the statement “continuous” that is another story...

6 Donsker’s theorem

Reminder on the convergence in distribution. Let X, and X be random variables with
values in a metric space (E,d) endowed with its Borel o-field. We say that X,, — X in distri-
bution (or in law) if for every bounded continuous function F : E — R we have

E[F(X,)] — E[F(X)], asn— .

The following proposition gathers most of the properties which are commonly used:
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Proposition 7 (Portmanteau). Let X,, and X be random variables with values in an arbitrary
metric space (E,d). The the following propositions are equivalent:

o X, converges in law towards X
e E[F(X,)|] — E[F(X)] for any bounded continuous function F'

o E[F(X,)] — E[F(X)] for any bounded Lipschitz function F

limsup P(X,, € C) < P(X € C) for any C C E closed

liminf P(X,, € O) > P(X € O) for any O C E open
o P(X, € A) — P(X € A) for any A C E measurable such that P(X € 0A) =0

o E[F(X,)] — E[F(X)] for any bounded measurable function F : E — R with

P(F is discontinuous at X) = 0.

Proof. Can be found in any textbook on advanced probability. For example “Convergence of
probability measures” by Billingsley. O

Proposition 8 (Continuous mapping theorem). Suppose that X, converges in distribution to-
wards X and let F' be a continuous on (E,d). Then F(X,) converges in law towards F(X).
This remains true if F' is only measurable but such that

P(F is discontinuous at X) = 0.

Proof. Suppose that is measurable and that P(F is discontinuous at X) = 0. Let G be a
bounded continuous function (defined on the image space of F') with values in R. Obviously,
G o F' is a bounded measurable function such that P(G o F' is discontinuous at X) = 0. We can
thus apply the last item of Proposition 7 to deduce that

E[G(F(Xyn))] — E[G(F(X))],
as n — oo which entails that F/(X,,) — F(X) in law as desired. O
Exercise 41. * Let X, and X be random variables with values in a metric space (E, d).
1. Suppose that X,, — X almost surely. Show that X,, — X in distribution.
2. Suppose now that X, — X in probability, i.e. Ve > 0 we have P(d(X,,X) >¢) — 0.

(a) Show that there exists a subsequence nj such that X, — X almost surely.

(b) Deduce that X,, — X in distribution.

We will focus in this chapter on the case

(B.d) = (C([0. K1, R). ).

the space of continuous functions over [0, K| for K > 0 endowed with the topology of uniform
convergence. Although not useful in the sequel, recall that this space is separable and complete.
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The random variables that we will consider are rescaled random walks and their limit is always
Brownian motion.

Let X1,...,Xn,... be independent identically distributed real random variables with mean
¢ € R and finite variance o?. We form the cumulative sum Sy = 0 and S, = X1 + ...+ X, for
n > 1 which we interpolate linearly between integer values by setting

S(t) = Sy + (= [t)(Sig+1 — S)
for every ¢t > 0. We now define a sequence (S}) of random continuous functions by putting

S(nt) — cnt
oyn

We already know from the central limit theorem that S} (1) — By in distribution and more
generally that for every 0 <t; <ty <... <, we have

Sp(t) =

(Sa(t1), s Siltn) = (B, -+ By)
n—oo

in distribution as n — oo (if you do not see why, prove it!). In words, the finite dimensional
marginals of S converge towards that of Brownian motion. The following theorem (sometimes
called the functional central limit theorem) shows that the convergence actually holds in distri-
bution for the uniform norm over [0, K| for any K > 0. This is much stronger (as a comparison,
the uniform convergence over every compact in much stronger that the point wise convergence
of functions) and enables to control the function entirely over [0, K|. For example, this theorem
will imply the convergence in distribution of all F'(S}) towards F'(B) where F' is a continuous
function for the uniform norm over [0, 1], see Section 6.1 for applications.

Theorem 12 (Donsker’s invariance principle). For every K > 0 the random continuous func-
tions S} converge in distribution for the supremum norm over [0, K| towards B.

One of the advantage of Donsker’s theorem is its universality in the sense that Brownian
motion appears as the limit of any rescaled random walk as soon as the step distribution has
a finite variance. However, for the sake of clarity (and for timing reason) we will prove the
theorem in the case when X; is a sequence of iid fair Bernoulli variables, that is

There are many proofs of the Donsker’s theorem. The one we undertake is based on the idea
of coupling: we will construct, on the same probability space the random walk S,, as well as a
Brownian motion B so that they are very close to each other. To do so, we will embed the walk
into the Brownian motion B.

Proof. Consider the sequence of random times defined recursively as follows: 79 = 0 and for
>0
Ti+1 = lnf{t 2 T « ’Bt — BTz‘ = 1}

This forms a sequence of increasing stopping times (exercise) such that we have B, ., = By, +1.
By the strong Markov property applied at time 7;, we deduce that (rj41 — 74, Br,,, — By,) is
independent of 7, and is distributed as (1, Br,). Since the (741 — 75, Br,,, — Br;) for j <
are J,-measurable, it follows that

Tj+1
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(Ti+1 — Tis Br,,, — Br,)i>o0 are iid and distributed as (71, By,).

By Theorem 11, E[r] = 1 and By, is a fair Bernoulli variable. Hence, the discrete process
(Sn)n>0 = (Br,)n>0 is a simple symmetric random walk on Z. This is the coupling we were
looking for. We set B¥(t) = n~'/2B,,; and we will show that for every K > 0 we have

sup |B;(t) —S;(t)] = 0, in probability as n — oo. (4)
te[0,K])

This will imply the theorem. Indeed, let F' : C([0, K],R) — R be a bounded continuous function

for the uniform norm over [0, K]. Since for every n > 0, B} is distributed as a standard Brownian
motion we have

|EF(S3)] - EIF(B))| = |EIF(S;) - EIF(B)]| < E||F(S;) - F(By)]]-

We then proceed as in the proof of the fact that convergence in probability implies convergence
in distribution (Exercise 41). Namely, we argue by contradiction and suppose that we can find
infinitely many n’s so that the right-hand side of the last display is larger than some € > 0. Then
by (4), we can extract from this sequence a subsequence ny, such that S;;, — B, — 0 almost
surely for the uniform norm over [0, K|. We can then use the dominated convergence theorem
to get that

E[\F(S;;k) . F(B;;k)u 50, ask— oo,
which yields a contradiction.

It thus suffices to prove (4) to show the theorem. We fix K = 1 for simplicity (the general
case is similar). Recall the linear interpolation of S. For every t € [0, 1] we have

_ [Bu — S(nt)
R,

Since S interpolates between S([nt]) and S([nt] +1) = S([nt]) £ 1 we have |S([nt]) — S(nt)| < 1.
Recall also that with our coupling we have S([nt]) = B, . and so

By, (1) = Sp ()]

T[nt)

[Bur — S(Int])] +S(nt) — S((nt)
NG
< ;ﬁ +|Bi) = B /m)|

B (t) = Sp(1)] <

Taking the sup over [0, 1] we deduce using the notation Mod; for the modulus of continuity of
1 T
sup |Bh(t) — Sh(t)] < — + I\/lodB;«L< sup ‘t _ 1

the continuous function f over the interval [0, 2] that
[ >
t€[0,1] Vn t€[0,1] n

Since for every n > 0, B;, is distributed as a standard Brownian motion B we have the equality
in distribution Modp: (1) = Modp(n) for every n > 0 and every n > 0. However, since B is
almost surely continuous we have Modg(n) — 0 in probability as n — 0 (exercise). We are thus
reduced to prove that

Trg)
n

sup ‘t — — 0, in probability. (5)
]

t€l0,1
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Recall that 7; = (71 —70)+ (72 —71) +. . . + (7 — Ti—1) is a sum of iid random variables distributed
as min(77,7_1) and thus of mean 1 by Theorem 11. It follows from the law of large numbers
that

Tn a.s.

1.

n n—o00
Thanks to Exercise 42 this implies (5) and completes the proof of the theorem. O

Exercise 42 (functional law of large numbers). Let a, be a sequence of real numbers so that

limn~ta, — 1. Prove that
af k

n n

lim sup =0.

Deduce that if (X;);>0 is a sequence of i.i.d. random variables such that E[|Xy|] < oo and
E[Xo] = 1 then the random functions

(X1 + .. +X[m]>
n tzO’

converge almost surely on every compact of Ry towards the deterministic map ¢t — ¢.

6.1 From the continuous to the discrete

In this section we use the functional central limit theorem to deduce limiting laws for random
walks. In the following .5, is a random walk with independent increments having a finite variance
02 € (0,00) and zero mean (centered). Also S is interpolated linearly between integers and S
denotes the same function as in the last section.

Corollary 2. We have the following convergence in distribution

1 d
— sup Sk @, o-|N|,

where N is a standard normal distribution.

Proof. By Donsker’s theorem we have S} — B in distribution for the topology of uniform
convergence over [0,1]. Let F' be the function F' : f € C([0,1],R) + supy) f. Using this
notation we have )
— sup Sk :O"F(S:L).
" 0<k<n
Since F is continuous for the uniform topology over [0, 1], we deduce by the continuous mapping
theorem that F'(S}) converges in distribution towards F(B). The statement of the corollary
then follows from the identity By = |N| in law, see Theorem 5. O

Corollary 3 (Arcsine law of the maximum). We have the following convergence in distribution

1
—inf {O <k<n:S8,= sup Si} L Arcsine distribution.
n
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Proof. If f is a continuous function over [0, 1] we set

G(f) = inf{t <1:f(t)= supf}
(0,1]
so that the left-hand side in the corollary is nothing but G(S}). Since by Donsker’s theorem
S} — B in distribution for the uniform norm over [0, 1], we are willing to deduce that G(S};) —
G(B) in law as n — oo. The latter distribution being distributed as the arcsine distribution by
Theorem 7, that would finish the job...

However, the function G is not continuous for the uniform norm over [0, 1] (exercise: find a
counterexample). But it turns out that G is continuous at every function f such that the maxima
of f over [0,1] is uniquely attained (exercise). Since the local maxima of Brownian motion are
distinct (Exercise 26) we deduce that a.s. G is continuous at B (and measurable). We then
use the enhanced version of the continuous mapping theorem to deduce that G(S;;) — G(B) in
distribution as n — oo. O

Exercise 43 (Arcsine law for the last zero). Let L,, = sup{k € {0,1,2,...,n—1} : SpSk11 < 0}.
Show that n~1L, converges in distribution towards the arcsine distribution.

Exercise 44. * Show that we have the following convergence in distribution

1. () 1

Exercise 45. * Let S, by the simple symmetric random walk on Z. Use the coupling with the
Brownian motion of the proof of Theorem 12 to show that

P(S;>0:i<n)~P(T_1>n)~ —, asn— o

Exercise 46. ** Think about transferring the law of iterated logarithm for the Brownian motion
onto the simple symmetric random walk via the coupling of the proof of Theorem 12.
6.2 From the discrete to the continuous

We now use Donsker’s theorem in the other direction, meaning that we will prove results on
Brownian motion by first establishing the corresponding result for one particular random walk
and then transfer it to Brownian motion using Theorem 12. Obviously, in this section we will
focus on the most simple random walk (S,,) which is the simple symmetric random walk on Z.

6.2.1 Third arcsine law
1

Theorem 13. The random variable / dt 1p,>0 is arcsine distributed.
0

There is a proof of this theorem directly in the continuous setting. But this is not within
the reach of this course. Rather, we first prove a discrete statement which directly implies the
theorem.

Lemma 3 (Richard). Let S, be the simple symmetric random walk on Z. Then

#{ke{l,...,n}:5k>0} @min{kE{O,l,...,n}:Skzogl]aécnsj}.
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Proof of Theorem 13 with Lemma 3. If f is a continuous function over [0, 1] we let

1
H(f) :/0 dt 1()>0-

Using this notation, it is easy to see that

#{kﬁn:Sk_lzlandSkZO}_H
n

(Sn)-

%#{ke{l,...,n}:5k>0}+

It is easy to show that the second term of the left-hand side is small, indeed
Elf{k <n:S,=0}] =Y P(Sx=0)~Cyn
k=0

so that n='#{k < n : S, = 0} converges in probability to 0 as n — oo. Combining this
observation with Lemma 3 and Corollary 3 we deduce that H(S}) converges in distribution to
the arcsine law.

On the other hand, by Donsker’s theorem we have S} — B uniformly over [0,1]. We are
tempted to say that this implies H(S}) — H(B) in distribution... which would imply the
theorem. But the function H is not continuous. However, an exercise shows that the function
H is continuous at functions f where

1
lim dt 1f(t)€[0,s} = 0,

e—0 0

or equivalently at functions f so that

1
/0 dt lf(t):O - 0,

which is almost surely the case for the Brownian motion as seen in Theorem 6. The statement
thus follows from an application of the enhanced continuous mapping theorem. O

Proof of Richard’s lemma. We see a random walk as a list [+, +, —, 4 ...] ordered from tail to
head. The standard random walk S just grows by adding 4+ to the head. We define a new
random walk S by re-arranging the steps of S. Inductively we apply the following procedure:
Initially the walk is empty list [], and then for every k& > 1, if S > 0 then the step S — Sk—1 is
inserted at the tail of the list S otherwise it is inserted at the head of S. Here is an example of
the walk S and the associated walk S at times goes on:

H AN H [_] A [_] [_’_‘_] AN [_a"i'] [_’+7+] A [+7_’+] [_’+7+7 _] AN [+a_7+7 _]
It is easy to check (exercise) by induction that

#{ke {1,...,n} : Sk >0}:min{k€ {0,1,...,n} : S, = max 5']}

0<j<n

To prove the lemma, we will now show that for every fixed n > 0 we have S, = S, in distribution.
We here also use induction. The statement is clear for n = 0 and n = 1. Let i1,...,ip+1 €
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{+, =11 and let us compute P(Sy, = [i1,...,ins1]). By construction, if I,, is the nth increment
of S we have

S n+l — [117" 7in+l])
=P < = [i1,... 7in+1]> List.tina>0 + P <5n+1 = [i1, .. -,in+1]> Liyt . ting1<0
=P ( 22, s ain+1]11n+1=i1> 1i1+i2+...+in+1>0 + P (Sn = [ilv s 7in]11n+1:i7L+1> 1i1+i2+...+in+in+1§0

=927 — 2—n—1

I

Sn
1
5(111+12+ Ain+in41>0 + 1’L1+’Lz+ +ln+2n+1<0)

where we used the independence of the steps of S to go from the third to the last line: note that
Sy only depends on the first n steps of S and is thus independent of I, 1. O

6.2.2 Lévy’s B— B
Theorem 14 (Lévy). The process (By — Byt)i>0 has the same law as (|Bt)>o0-

Sketch of the proof. Let (Sy) be the simple symmetric random walk and recall the notation S}:.
Fix K > 0. We introduce the supremum process S:;(t) = Sup,<; S, By Donsker’s theorem we
have

S — B and S} — |B] (6)

in distribution uniformly over [0, K]. On the other hand, the process X,, = sup<,, Sk — Sy is
a Markov chain whose probabilities transition are exactly the same as the Markov chain |S]n
except at 0 where P(X,, = 0) = 1/2. In others words, X,, can be seen as the Markov chain |5],
where each time |S|,, touches 0 it stays there for a independent geometric variable of parameter
1/2. We can thus couple the chain (X,,) with the chain (|S],) such that

Xn—l—.ﬁn = ‘S’n’

where &, = Y1 1 1)5,,=0G: with ii.d. G; geometric of parameter 1/2. Using similar estimates as
in the proof of Theorem 13 we have n~!sup,;.,, & = n~1&, — 0 in probability. We thus deduce
using (6) that (with an abuse of notation) we have the following convergences in distribution
uniformly over [0, K],

B-B «+ X'~|S| — |B. O

This theorem sheds a new light on Theorem 7. Indeed, it is clear now that M and L have
the same distribution since the last zero of | B| (or B) before 1 coincides with the distribution of
the last zero before 1 of B — B which is nothing but the last time B reaches its maximum over
[0, 1].
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