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1 Conditional expectation

Let (€2, F,P) be a probability space, i.e. 2 is a set, F is a c-algebra on {2 and P is a
probability measure on (2, F).

Definition 1.1. F is a o-algebra on (2 if it satisfies:

1. Qe F
2. If A € F, then also the complement is in F, i.e., A € F.
3. If (An)n>1 is a collection of sets in F, then U | A, € F.

Definition 1.2. P is a probability measure on (€, F) if it satisfies:

1. P: F—[0,1], i.e. it is a set function
2. P(Q)=1and P(@) =0

3. If (A,)n>1 is a collection of pairwise disjoint sets in F, then P(Uy°  A,) = > > P(A,).

Let A, B € F be two events with P(B) > 0. Then the conditional probability of A given the

event B is defined by
P(AN B)

PIAIB) = 55

Definition 1.3. The Borel o-algebra, B(R), is the o-algebra generated by the open sets in
R, i.e., it is the intersection of all o-algebras containing the open sets of R. More formally,
let O be the open sets of R, then

B(R) = N{& : £ is a o-algebra containing O}.

Informally speaking, consider the open sets of R, do all possible operations, i.e., unions,
intersections, complements. and take the smallest o-algebra that you get.

Definition 1.4. X is a random variable, i.e., a measurable function with respect to F,
if X : Q — R is a function with the property that for all open sets V' the inverse image
XY V) e F.

Remark 1.5. If X is a random variable, then the collection of sets
{BCR: X YB)ec F}

is a o-algebra (check!) and hence it must contain B(R).

Let A € F. The indicator function 1(A) is defined via

1, ifx e A;
0, otherwise.

1(A)(z) = L(z € A) = {



Recall the definition of expectation. First for positive simple random variables, i.e., linear
combinations of indicator random variables, we define

n

=1

n

= Z CJP(AJ,

=1

E

where ¢; are positive constants and A; are measurable events. Next, let X be a non-negative
random variable. Then X is the increasing limit of positive simple variables. For example

Xp(w)=2"12"X(w)] An1T X(w) as n — 0.

So we define

E[X] :=t im E[X,,].
Finally, for a general random variable X, we can write X = XT—X "~ where Xt = max(X,0)
and X~ = max(—X,0) and we define

E[X] := E[X"] - E[X ],

if at least one of E[XT|,E[X~] is finite. = A random variable X is called integrable, if
E[| X]] < 0.
Let X be a random variable with E[|X|] < co. Let A be an event in F with P(A) > 0. Then
the conditional expectation of X given A is defined by
E[X1(A)]

E[X|4] = =5

Our goal is to extend the definition of conditional expectation to c-algebras. So far we
only have defined it for events and it was a number. Now, the conditional expectation is
going to be a random variable, measurable with respect to the o-algebra wrt which we are
conditioning.

1.1 Discrete case

Let X € L£'. Let’s start with a o-algebra which is generated by a countable family of
disjoint events (B;);c; with U;B; = Q, i.e., G = o(B;,i € I). It is easy to check that
G ={UiesB; : J C N}.

The natural thing to do is to define a new random variable X’ = E[X|G] as follows
X' => E[X|B]1(B).
i€l

What does this mean? Let w € Q. Then X'(w) = >, E[X|B;]1(w € B;). Note that we
use the convention that E[X|B;] =0, if P(B;) =0

It is very easy to check that
X" is G — measurable (1.1)



and integrable, since
E[[X'|| <> EIX1(By)| = E[|X]] < o0,
iel
since X € L.
Let G € G. Then it is straightforward to check that

E[X1(G)] = E[X'1(G)]. (1.2)

1.2 Existence and uniqueness

Before stating the existence and uniqueness theorem on conditional expectation, let us
quickly recall the notion of an event happening almost surely (a.s.), the Monotone con-
vergence theorem and LP spaces.

Let A € F. We will say that A happens a.s., if P(A) = 1.

Theorem 1.6. [Monotone convergence theorem| Let (X,,),, be random variables such
that X,, > 0 for all n and X,, T X as n — oo a.s. Then

E[X,] T E[X] as n — 0.

Let p € [1,00) and f a measurable function in (2, F,P). We define the norm

£l = E[LFPD"

and we denote by £? = LP(Q, F,P) the set of measurable functions f with || f||, < co. For
p = 00, we let

[ Flle = inf{A < 1] < A aue)
and £ the set of measurable functions with || f|. < oo.

Formally, £? is the collection of equivalence classes, where two functions are equivalent if
they are equal almost everywhere (a.e.). In practice, we will represent an element of £? by
a function, but remember that equality in £P means equality a.e..

Theorem 1.7. The space (L2, - ||2) is a Hilbert space with (f,g) = E[fg]. If H is a closed
subspace, then for all f € L2, there exists a unique (in the sense of a.e.) g € H such that

If = gll2 = infrex || f — hll2 and (g, f — g) = 0.
Remark 1.8. We call g the orthogonal projection of f on H.

Theorem 1.9. Let X be an integrable random variable and let G C F be a o-algebra. Then
there exists a random variable Y such that:

(a) Y is G-measurable;

(b) Y is integrable and E[X1(A)] = E[Y L(A)] for all A € G.



Moreover, if Y’ also satisfies (a) and (b), then Y =Y a.s..

We call Y (a version of) the conditional expectation of X given G and write Y = E[X|G]
a.s.. In the case G = o(G) for some random variable G, we also write Y = E[X|G] a.s..

Remark 1.10. We could replace (b) in the statement of the theorem by requiring that for
all bounded G-measurable random variables Z we have

E[XZ] = E[Y Z].

Remark 1.11. In Section [1.4] we will show how to construct explicit versions of the con-
ditional expectation in certain simple cases. In general, we have to live with the indirect
approach provided by the theorem.

Proof of Theorem [1.9. (Uniqueness.) Suppose that both Y and Y’ satisfy (a) and (b).
Then, clearly the event A ={Y > Y’} € G and by (b) we have

E[(Y =Y")1(A)] = E[X1(4)] - E[X1(4)] =0,

hence we get that Y <Y’ a.s. Similarly we can get Y > Y a.s.
(Existence.) We will prove existence in three steps.

1st step: Suppose that X € £2. The space £3(, F,P) with inner product defined by
(U,V) = E[UV] is a Hilbert space by Theorem [1.7|and £?(Q, G, P) is a closed subspace.
(Remember that L* convergence implies convergence in probability and convergence in prob-
ability implies convergence a.s. along a subsequence (see for instance [2, A13.2])).

Thus £3(F) = £L2(G) + £L*(G)*, and hence, we can write X as X =Y + Z, where Y € £L?(G)
and Z € L%(G)*. If we now set Y = E[X|G], then (a) is clearly satisfied. Let A € G. Then

E[X1(A)] = E[Y1(A)] + E[Z1(A)] = E[Y L(A)],

since E[Z1(A)] = 0.

Note that from the above definition of conditional expectation for random variables in £2,
we get that

if X >0, then Y =E[X|G] >0 a.s., (1.3)
since note that {Y < 0} € G and
E[X1(Y < 0)] = E[Y 1(Y < 0)].

Notice that the left hand side is nonnegative, while the right hand side is non-positive,
implying that P(Y < 0) = 0.

2nd step: Suppose that X > 0. For each n we define the random variables X,, = X An < n,
and hence X,, € £2. Thus from the first part of the existence proof we have that for each n
there exists a G-measurable random variable Y;, satisfying for all A € G

E[Y, 1(A)] = E[(X An)L(A). (1.4)



Since the sequence (X,,), is increasing, from (|1.3) we get that also (Y},), is increasing. If we
now set Y =71 lim,, ., Y, then clearly Y is G-measurable and by the monotone convergence
theorem in (|1.4]) we get for all A € G

E[Y1(A)] = E[X1(A)], (1.5)

since X,, T X, as n — oo.
In particular, if E[X] is finite, then E[Y] is also finite.

3rd step: Finally, for a general random variable X € £! (not necessarily positive) we
can apply the above construction to X+ = max(X,0) and X~ = max(—X,0) and then
E[X|G] = E[XT|G] — E[X|G] satisfies (a) and (b). O

Remark 1.12. Note that the 2nd step of the above proof gives that if X > 0, then there
exists a G-measurable random variable Y such that

forall Ae G, E[X1(A)] =E[Y1(A4),
i.e., all the conditions of Theorem are satisfied except for the integrability one.

Definition 1.13. Sub-c-algebras Gy, Gs, ... of F are called independent, if whenever G; € G;
(1 € N) and iy, ..., 1, are distinct, then

P(G;,N...NG;,) = [[P(G,)

When we say that a random variable X is independent of a o-algebra G, it means that o(X)
is independent of G.

The following properties are immediate consequences of Theorem and its proof.

Proposition 1.14. Let X, Y € LY(Q, F,P) and let G C F be a o-algebra. Then
1. E[E[X|g]] = E[X]

If X is G-measurable, then E[X|G] = X a.s..

If X is independent of G, then E[X|G] = E[X] a.s..

If X >0, then E[X|G] > 0 a.s..

For any o, B € R we have ElaX + pY|G] = oE[X|G] + BE[Y|G] a.s..

S & e e

[E[XIG]| < E[|X]|G] a.s..

The basic convergence theorems for expectation have counterparts for conditional expecta-
tion. We first recall the theorems for expectation.

Theorem 1.15. [Fatou’s lemma] If X,, > 0 for all n, then

E[liminf X,,] < liminf E[X,].



Theorem 1.16. [Dominated convergence theorem] If X,, — X and |X,| <Y for all n
a.s., for some integrable random variable Y, then

E[X,] — E[X].

Theorem 1.17. [Jensen’s inequality]| Let X be an integrable random variable and let
¢ :R — R be a convex function. Then

Elp(X)] > ¢(E[X]).
Proposition 1.18. Let G C F be a o-algebra.

1. Conditional monotone convergence theorem: If (X,),>o0 is an increasing se-
quence of non-negative random variables with a.s. limit X, then

E[X,|G] " E[X|G] as n — oo, a.s..
2. Conditional Fatou’s lemma: If X,, > 0 for all n, then

E [lim inf Xn|(]} < liminf E[X,|G] a.s..
n—oo n—oo

3. Conditional dominated convergence theorem: If X,, — X and |X,,| <Y for all
n a.s., for some integrable random variable Y, then

li_)rn E[X,|G] = E[X|F] a.s..

4. Conditional Jensen’s inequality: If X is an integrable random variable and ¢ :
R — (—00,00] is a convezr function such that either ¢(X) is integrable or ¢ is non-
negative, then

Elp(X)|G] = o(E[X|F]) a.s..
In particular, for all 1 < p < oo

IELXGIp < Xl

Proof. 1. Since X,, /X as n — oo, we have that E[X,,|G] is an increasing sequence.
Let YV = lim,, o E[X,|G]. We want to show that Y = E[X|G] a.s.. Clearly Y is G-
measurable, as an a.s. limit of G-measurable random variables. Also, by the monotone
convergence theorem we have

E[X1(A)] = lim E[X,1(A)] = lim E[E[X,|G]1(A)] =E[Y1(A)].
n—oo n—o0
2. The sequence infy>, X} is increasing in n and lim,_, infz>, X; = liminf, , X,,.

Thus, by the conditional monotone convergence theorem we get

lim E[inf X;|G] = E[lim inf X,,|G].

n—00 k>n n—00
Clearly, E[infy>, X;|G] < infy>, E[Xk|G]. Passing to the limit gives the desired in-
equality.



3. Since X, +Y and Y — X, are positive random variables for all n, applying conditional
Fatou’s lemma we get

E[X +Y|G] = E[liminf(X,, + Y)|G] <liminf E[X,, + Y|G] and

n—oo

ElY — X|G] = Elliminf(Y — X,,)|G] < liminf E[Y — X,,|G].

n—0o0

Hence, we obtain that

lirginfE[Xn]Q] > E[X|G] and limsup E[X,,|G] < E[X]F].

n—oo

4. A convex function is the supremum of countably many affine functions: (see for instance
[2, §6.6))
o(x) = sup(a;xz + b;),x € R.

So for all i we have E[p(X)|G] > a,E[X|G] + b; a.s. Now using the fact that the
supremum is over a countable set we get that

Elp(X)|G] = sup(a.E[X|G] + b;) = (E[X]F]) as.

In particular, for 1 < p < oo,

XG5 = E[EX[G]] < BE[X]7|G]] = E[|X]7] = [[X]5.

[
Conditional expectation has the tower property:
Proposition 1.19. Let H C G be o-algebras and X € L (Q, F,P). Then
E[E[X|G]|H] = E[X|H] a.s..
Proof. Clearly, E[X|H] is H-measurable and for all A € H we have
EE[X|H]1(A)] = E[X1(A)] = E[E[X|G]1(A)],
since A is also G-measurable. O]

We can always take out what is known:

Proposition 1.20. Let X € L' and G a o-algebra. IfY is bounded and G-measurable, then
E[XY|G] = YE[X|G] a.s..

Proof. We first consider the case where Y = 1(B), for some B € G. Then, for any A € G,
E[YE[X|G]|1(A)] = E[E[X|GIL(ANB)] =E[X1(ANB)] =E[YX1(A)],

which implies that E[Y X|G] = YE[X|G| a.s.. The result extends to simple G-measurable
random variables Y by linearity of conditional expectation, then to the case X > 0 and any
nonnegative G-measurable random variable Y by monotone convergence. The general case
follows by writing X = Xt — X" andY =Y+t —-Y . O

9



Before stating the next proposition, we quickly recall the definition of a 7-system and the
uniqueness of extension theorem for probability measures agreeing on a m-system generating
a o-algebra.

Definition 1.21. Let A be a set of subsets of ). Define
o(A) =N{€ : £ is a g-algebra containing A}.

Then o(A) is a o-algebra, which is called the o-algebra generated by A. It is the smallest
o-algebra containing A.

Definition 1.22. Let A be a set of subsets of 2. We call A a 7-system if for all A, B € A,
the intersection AN B € A.

Theorem 1.23. [Uniqueness of extension] Let 1, s be two measures on (E, ), where
£ is a o-algebra on E . Suppose that p; = ps on a w-system A generating £ and that
p1(E) = p2(F) < oco. Then puy = pg on E.

Proposition 1.24. Let X be integrable and G, H C F be o-algebras. If o(X,G) is indepen-
dent of H, then
E[X|o(G, H)] = E[X]|F] a.s..

Proof. We can assume that X > 0. The general case will follow like in the proposition
above.

Let A€ G and B € H. Then
E[L(AN B)E[X|o(H,G)]] =E[1(AN B)X]| =E[X1(A)|P(B)
= E[E[X|G]1(A)|P(B) = E[1L(AN B)E[X|G]],

where we used the independence assumption in the second and last equality. Let Y =
E[X|o(H,G)] a.s., then Y > 0 a.s.. We can now define the measures

p(F) =EE[X|G|L(F)] and v(F)=E[Y1(F)], foral F € F.
Then we have that p and v agree on the 7m-system {ANB: A € G, B € H} which generates

(G, H). Also, by the integrability assumption, u(Q2) = v(2) < oco. Hence, they agree
everywhere on (G, H) and this finishes the proof. ]

Warning! If in the above proposition the independence assumption is weakened and we just

assume that o(X) is independent of H and G is independent of #, then the conclusion does
not follow. See examples sheet!

10



1.3 Product measure and Fubini’s theorem

A measure space (F, &, ) is called o-finite, if there exists a collection of sets (Sy,)n>0 in €
such that U, S, = E and u(S,) < oo for all n.

Let (E1, &1, p1) and (Es, &, 11o) be two o-finite measure spaces. The set
A={A; x Ay : A) € &1, Ay € &}
is a m-system of subsets of £ = E; X FE,. Define the product o-algebra
E @& =0c(A).
Set £ =& ® &,.

Theorem 1.25. [Product measure| Let (F1, &, 1) and (Es, &, p12) be two o-finite mea-
sure spaces. There exists a unique measure = 1y ® o on € such that

p(Ay x Ag) = 1 (Ay)pa(Az)
for all Al € 51 and A2 € 82.

Theorem 1.26. [Fubini’s theorem| Let (E, &1, py) and (Es, &, p2) be two o-finite mea-
sure spaces.

Let f be £-measurable and non-negative. Then

1(f) :/ ( f(x1,29) M2(d$2)> pa(dy). (1.6)
Er \JE;
If f is integrable, then

1. x9 = f(x1,29) is po-integrable for py-almost all zq,

2. 11 — fE2 f (1, 22) pa(dxy) is py-integrable and formula (1.6) for u(f) holds.

1.4 Examples of conditional expectation

Definition 1.27. A random vector (Xi,...,X,) € R" is called a Gaussian random vector
iff for all aq,...,a, € R the random variable Z?:l a;X; has a Gaussian distribution.

A real-valued process (X;,t > 0) is called a Gaussian process iff for every t; <ty < ... <t,
the random vector (Xj,,..., Xy, ) is a Gaussian random vector.

1.4.1 Gaussian case

Let (X,Y) be a Gaussian random vector in R?. Set G = o(Y). In this example, we are going
to compute X' = E[X|G].

11



Since X’ must be G-measurable and G = o(Y), by [2, A3.2.] we have that X' = f(Y), for
some Borel function f. Let us try X’ of the form X’ = aY + b, for a,b € R that we will
determine.

Since E[E[X|G]] = E[X], we must have that

aE]Y] +b=E[X]. (1.7)
Also, if we set Z =Y — E[Y], then we must have that
E[(X —X)Z]=0= Cov(X — X', Z) =0 = Cov(X,Y) = avar(Y). (1.8)

So, if a satisfies ((1.8)), then
Cov(X — X', Y) =0

and since (X — X', Y) is Gaussian, we get that X — X’ and Y are independent. Hence, if Z
is o(Y')-measurable, then using also (1.7]) we get that

E[(X — X")Z] = 0.
Therefore we proved that E[X|G] = aY + b, for a, b satisfying (1.7) and (L.8).

1.4.2 Conditional density functions

Suppose that X and Y are random variables having a joint density function fxy(z,y) in
R2 Let h: R — R be a Borel function such that h(X) is integrable.

In this example we want to compute E[A(X)|Y] = E[h(X)|o(Y)].

- / Ixy(z,y)de

Let g be bounded and measurable. Then we have that

E[h // Y) fxy(v,y)dedy = /R (/R h(w)%&y) dw) 9(y) fv () dy,

where we agree say that 0/0 = 0. If we now set

o " fX,Y(%y) i
w@%:éM)—;Grd7fhwbw

Y has a density function fy, given by

and 0 otherwise, then we get that
ER(X)|Y] = oY) a.s.
We interpret this result by saying that

H%WHzAMW@M@

where v(y,dz) = fy(y) ' fxy (2, y)L(fy(y) > 0)dz = fx)y(z|y)dz. The measure v(y,dz) is
called the conditional distribution of X given Y =y, and fxy(z|y) is the conditional density
function of X given Y = y. Notice this function of x,y is defined only up to a zero-measure
set.

12



2 Discrete-time martingales

Let (92, F,P) be a probability space and (E,E) be a measurable space. (We will mostly
consider £ = R, R?, C. Unless otherwise indicated, it is to be understood from now on that
E=R)

Let X = (X,)n>0 be a sequence of random variables taking values in E. We call X a
stochastic process in E.

A filtration (F,), is an increasing family of sub-o-algebras of F, i.e., F,, C F, 1, for all n.
We can think of F,, as the information available to us at time n. Every process has a natural
filtration (F-X),, given by

n

FX =0(Xy, k <n).

The process X is called adapted to the filtration (F,),, if X, is F,-measurable for all n. Of
course, every process is adapted to its natural filtration. We say that X is integrable it X,
is integrable for all n.

Definition 2.1. Let (2, F, (F,.)n>0, P) be a filtered probability space. Let X = (X,,),>0 be
an adapted integrable process taking values in R.

e X is a martingale if E[X,,|F,,] = X,, a.s., for all n > m.
e X is a supermartingale if E[X,|F,,] < X,, a.s., for all n > m.

e X is a submartingale if E[X,,|F,,] > X,, a.s., for all n > m.

Note that every process which is a martingale (resp. super, sub) with respect to the given
filtration is also a martingale (resp. super, sub) with respect to its natural filtration by the
tower property of conditional expectation.

Example 2.2. Let (&;);>1 be a sequence of i.i.d. random variables with E[¢;] = 0. Then it
is easy to check that X,, =Y " | & is a martingale.

Example 2.3. Let (§;);>1 be a sequence of i.i.d. random variables with E[¢;] = 1. Then the
product X,, =[], & is a martingale.
2.1 Stopping times

Definition 2.4. Let (Q, F, (F,)x, P) be a filtered probability space. A stopping time 7T is
a random variable T': Q — Z, U {oo} such that {T' < n} € F,, for all n.

Equivalently, T" is a stopping time if {T" = n} € F,, for all n. Indeed,
{T=n}={T <n}\{T <n-1} € F,.

Conversely,
{T < n} = ngn{T = ]{Z} € Fn.

13



Example 2.5. e Constant times are trivial stopping times.

e Let (X,)n>0 be an adapted process taking values in R. Let A € B(R). The first
entrance time to A is
Ty=inf{n >0: X, € A}

with the convention that inf(&) = oo, so that T4 = oo, if X never enters A. This is a
stopping time, since
{TA < n} = ngn{Xk € A} € Fn.

e The last exit time though, T4 = sup{n < 10 : X,, € A}, is not always a stopping time.

As an immediate consequence of the definition, one gets:

Proposition 2.6. Let S, T, (T,), be stopping times on the filtered probability space (Q, F, (Fy),P).
Then also S ANT, SV T,inf, T,,sup, T, liminf, T,,, limsup,, T;, are stopping times.

Proof. Note that in discrete time everything follows straight from the definitions. But when
one considers continuous time processes, then right continuity of the filtration is needed to
ensure that the limits are indeed stopping times. O

Definition 2.7. Let T" be a stopping time on the filtered probability space (2, F, (F,),P).
Define the o-algebra Fr via

Fr={AeF:An{T <t} e F, for all t}.
Intuitively Fr is the information available at time 7T'.

It is easy to check that if T'=t, then T is a stopping time and Fr = F;.

For a process X, we set Xy (w) = Xp()(w), whenever T'(w) < co. We also define the stopped
process XT by XTI = Xp ;.

Proposition 2.8. Let S and T be stopping times and let X = (X,,)n>0 be an adapted process.
Then

1. if S <T, then Fs C Fr,
2. Xr1(T < 00) is an Fr-measurable random variable,
3. XT is adapted,
4. if X is integrable, then X7 is integrable.
Proof. 1. Straightforward from the definition.

2. Let A € £. Then

{XTl(T<oo)eA}ﬂ{Tgt}:O{XseA}ﬂ{T:s}e}"t,

s=1

since X is adapted and {T' = s} = {T < s} \ Uy<s{T < u} € Fs.
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3. For every t we have that Xr,, is Fra,-measurable, hence by (1) F;-measurable since

TAt<t.
4. We have
t—1 00 t
E[|Xral] =E | D IXJLT =5)| +E | |IX[L(T =5)| <> E[X]] < oo
s=0 s=t s=0

2.2 Optional stopping
Theorem 2.9. [Optional stopping] Let X = (X,,),,>0 be a martingale.

1. If T is a stopping time, then X7 is also a martingale, so in particular E[Xr,;| = E[X{],
for all t.

2. If S < T are bounded stopping times, then E[X7|Fs] = Xg a.s..
3. It § <T are bounded stopping times, then E[X7] = E[Xg].

4. If there exists an integrable random variable Y such that |X,,| <Y for all n, and T is
a stopping time which is finite a.s.; then

E[X7] = E[Xo].

5. If X has bounded increments, i.e., IM > 0:Vn > 0,| X1 — X,| < M as., and T is
a stopping time with E[T] < oo, then

E[X7] = E[X).
Proof. 1. Notice that by the tower property of conditional expectation, it suffices to
check that E[Xpae| Fi—1] = Xra@-1) a.s.. We can write

t—1

S XAT = 5)|Fiy

s=0

—Xpl(T<t—1)+1(T >t—1)X,,,

E[X7n|Fia] = E +E[X (T >t — 1)|Fo_i]

since {T' >t — 1} € F;_; and E[X;|F;_1] = X;_1 a.s. by the martingale property.

2. Suppose that T' < n a.s.. Since S < T, we can write
Xr =X =X 1)+ (Xp — Xp2) + o 4+ (Xsp — Xg) + X

= X5+ Y (Xpp1 — Xp)L(S <k <T).

k=0
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Let A € F5. Then

E[XrL(4)] = E[XsL(4)] + > El(Xepr — X0)1(S < k < T)L(4)] = E[Xs1(4)],

k=0

since {S <k <T}NAEF, for all k and X is a martingale.
3. Taking expectations in [2| gives the equality in expectation.
4. See example sheet.

5. See example sheet.

]

Remark 2.10. Note that Theorem is true if X is a super-martingale or sub-martingale
with the respective inequalities in the statements.

Remark 2.11. Let (& )x be i.i.d. random variables taking values £1 with probability 1/2.
Then X,, = ) ;_, &k is amartingale. Let T = inf{n > 0 : X,, = 1}. Then T is a stopping time
and P(T' < co) = 1. However, although from Theorem we have that E[ X1, = E[X,],
for all ¢, it holds that 1 = E[X7] # E[X,] = 0.

For non-negative supermartingales, Fatou’s lemma gives:

Proposition 2.12. Suppose that X is a non-negative supermartingale. Then for any stop-
ping time T which is finite a.s. we have

E[X7] < E[X,].

2.3 Gambler’s ruin

Let (&)i>1 be an ii.d. sequence of random variables taking values £1 with probabilities
P(& = +1) = P(§ = —1) = 1/2. Define X, = > &, for n > 1, and X, = 0. This is
called the simple symmetric random walk in Z. For ¢ € Z we write

T.=inf{n >0: X, =c},
i.e. T, is the first hitting time of the state ¢, and hence is a stopping time. Let a,b > 0. We
will calculate the probability that the random walk hits —a before b, i.e. P(T_, < T}).

As mentioned earlier in this section X is a martingale. Also, | X, 11 — X,| <1 for all n. We
now write 7'=T_, A T. We will first show that E[T] < occ.

It is easy to see that T is bounded from above by the first time that there are a+b consecutive
+1’s. The probability that the first &;,. .., & are all equal to +1 is 270 If the first
block of a + b variables £ fail to be all +1’s, then we look at the next block of a + b, i.e.
Satbt1s - - > &2(atp)- The probability that this block consists only of +1’s is again 2-(a+0) and
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this event is independent of the previous one. Hence T' can be bounded from above by a
geometric random variable of success probability 27 times a + b. Therefore we get

E[T] < (a + b)2°+.

We thus have a martingale with bounded increments and a stopping time with finite expec-
tation. Hence, from the optional stopping theorem (5), we deduce that

E[X7r] = E[Xo] = 0.
We also have
E[Xr] = —aP(T_, < Tp) + bP(T, < T-,) and P(T_, <Tp) +P(T, < T_,) =1,

and hence we deduce that ;

a+b

P(T_, <Tp) =

2.4 Martingale convergence theorem

Theorem 2.13. [A.s. martingale convergence theorem| Let X = (X,,), be a super-
martingale which is bounded in L', i.e., sup, E[|X,|] < co. Then X,, - X, a.s. as n — 0o,
for some X, € L'(Fy), where Fuo = o(Fp,n > 0).

Usually when we want to prove convergence of a sequence, we have an idea of what the limit
should be. In the case of the martingale convergence theorem though, we do not know the
limit. And, indeed in most cases, we just know the existence of the limit. In order to show
the convergence in the theorem, we will employ a beautiful trick due to Doob, which counts
the number of upcrossings of every interval with rational endpoints.

Corollary 2.14. Let X = (X,,), be a non-negative supermartingale. Then X converges a.s.
towards an a.s. finite limit.

Proof. Since X is non-negative we get that
E[|X,|] = E[X,] < E[X,] < o0,
hence X is bounded in L. O

Let © = (z,), be a sequence of real numbers. Let a < b be two real numbers. We define
To(z) = 0 and inductively for £ > 0

Sgi1(z) = inf{n > Ti(x) : z, <a} and Tyii(x) =inf{n > Sy () 1z, > b}  (2.1)

with the usual convention that inf @ = oo.

We also define N, ([a,b],z) = sup{k > 0: Ty(z) < n}, i.e., the number of upcrossings of the
interval [a, b] by the sequence z by time n. As n — oo we have

Ny([a,b],x) T N([a,b],z) =sup{k > 0: Ti(x) < oo},

i.e., the total number of upcrossings of the interval [a, b].

17



Sl T1 SZ
Figure 1. Upcrossings.

Before stating and proving Doob’s upcrossing inequality, we give an easy lemma that will
be used in the proof of Theorem [2.13]

Lemma 2.15. A sequence of real numbers x = (z,,), converges in R = R U {400} if and
only if N([a,b],z) < oo for all rationals a < b.

Proof. Suppose that x converges. Then if for some a < b we had that N([a,b],z) = oo,
that would imply that liminf, z,, < a < b < limsup,, ,,, which is a contradiction.

Next suppose that x does not converge. Then liminf, x,, < limsup,, x,, and so taking a < b
rationals between these two numbers gives that N([a,b], x) = co. O

Theorem 2.16. [Doob’s upcrossing inequality| Let X be a supermartingale and a < b
be two real numbers. Then for all n > 0

(b= a)E[Nu([a, 0], X)] < E[(X, —a)7].

Proof. We will omit the dependence on X from T}, and Sy and we will write N = N, ([a, b], X)
to simplify notation. By the definition of the times (7}) and (Sk), it is clear that for all £

X7, — Xg, > b—a. (2.2)

We have

n

S (Xtan = Xsoan) = D (Xp, = Xs) + Y (Xo— Xsoa) LN <n)  (2.3)

k=1 k=N+1

n

o
—_

N
Z (X7, — Xs,) + (Xn — Xsy,, ) L(Sny1 <), (2.4)
k

—_

since the only term contributing in the second sum appearing on the right hand side of (2.3))
is N 41, by the definition of N. Indeed, if Sy, < n, then that would imply that T, < n,
which would contradict the definition of V.

Using induction on k, it is easy to see that (7)), and (Sk)x are sequences of stopping times.
Hence for all n, we have that Sy An < Tj A n are bounded stopping times and thus by the
Optional stopping theorem, Theorem we get that E[Xg, an] > E[X1 a0, for all k.
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Therefore, taking expectations in (2.3)) and (2.4) and using (2.2)) we get

n

> (Xtinn — Xsw)] > (b= a)E[N] — E[(X, —a)7],

k=1

0>E

since (X;, —Xgy,,)L(Sy+1 < n) > —(X,,—a)”. Rearranging gives the desired inequality. [

Proof of Theorem [2.13, Let a < b € Q. By Doob’s upcrossing inequality, Theorem [2.16]
we get that

E[Na([a,b], X)] < (b—a) "E[(X, —a)7] < (b—a) "E[|X,] + al.
By monotone convergence theorem, since N, ([a,b], X) T N([a,b], X) as n — oo, we get that
E[N([a,b], X)] < (b— a) (sup E[| X, ]| + ) < ox,

by the assumption on X being bounded in L'. Therefore, we get that N([a,b], X) < oo a.s.
for every a < b € Q. Hence,

P ( () AN(a,b],X) < oo}) =1

a<beQ

Writing Qo = (1,40t NV([a, b, X) < oo}, we have that P(€2) = 1 and by Lemma on
oy we have that X converges to a possible infinite limit X,. So we can define

X — hmn—>oo Xm on QO?
> 0, on Q\ Q.

Then X, is Fa-measurable and by Fatou’s lemma and the assumption on X being in L!
we get
E[|Xs|] = E[liminf | X,,|] < liminf E[|X,|] < occ.

Hence X, € L' as required. O

2.5 Doob’s inequalities

Theorem 2.17. [Doob’s maximal inequality| Let X = (X,,), be a non-negative sub-
martingale. Writing X7 = sup<j.<,, Xi we have

AP(X* > \) < E[X,L(X: > \)] < E[X,.

Proof. Let T'=inf{k > 0: X} > A}. Then T'An is a bounded stopping time, hence by the
Optional stopping theorem, Theorem 2.9 we have

E[X,] > E[Xrn] = E[X+L(T < n)] + E[X,1(T > n)] > \P(T < n) + E[X,L(T > n)].
It is clear that {T' < n} = {X} > A}. Hence we get
AP(X > \) <E[X,L(T <n)] =E[X,L(X; > \)] <E[X,].
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Theorem 2.18. [Doob’s L” inequality| Let X be a martingale or a non-negative sub-
martingale. Then for all p > 1 letting X} = sup,.,, |Xi| we have

* p
||Xn||P < }:”Xn”p

Proof. If X is a martingale, then by Jensen’s inequality | X| is a non-negative submartingale.
So it suffices to consider the case where X is a non-negative submartingale.

Fix k < co. We now have

k k
E[(X;ANE)P]=E {/ prP T L(XE > 1) d4 = / prPTIP(XE > ) dx
0 0

k
< / prP2E[X, (X" > z)]dr = LI]E (X, (X5 A R)P]
0 p—=

p * —1
< FHXanHXn NEI,

where in the second and third equalities we used Fubini’s theorem, for the first inequality

we used Theorem and for the last inequality we used Holder’s inequality. Rearranging,
we get

* p
X5 Akl < EHXan

Letting k — oo and using monotone convergence completes the proof. O]

2.6 L? convergence for p > 1

Theorem 2.19. Let X be a martingale and p > 1, then the following statements are equiv-
alent:

1. X is bounded in LP(Q, F,P) : sup,,>¢ || Xn|l, < 00
2. X converges a.s. and in LP to a random variable X
3. There exists a random variable Z € LP(), F,P) such that
X, =E[Z|F,] a.s.
Proof. 1 = 2 Suppose that X is bounded in £P. Then by Jensen’s inequality, X is also

bounded in £!. Hence by Theorem we have that X converges to a finite limit X, a.s.
By Fatou’s lemma we have

E[| X«|?] = E[liminf | X, [?] < liminf E[|X,[?] < sup HXnHZ < 0.
n n n>0
By Doob’s L? inequality, Theorem [2.18 we have that

X D
Xollp < ——= 11 Xallp,
1%l < S =7 1 Xnlly
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where recall that X7 = sup,.,, |Xi|. If we now let n — oo, then by monotone convergence
we get that

" p
HXooHp < 1 sup ||Xan
n>0

Therefore
| X, — Xoo| <2X7 € LP

and dominated convergence theorem gives that X, converges to X, in £LP.

2 =3 We set Z = X. Clearly Z € £P. We will now show that X, = E[Z|F,] a.s. If
m > n, then by the martingale property we can write

HXn - E[Xoou:nmp = H]E[Xm - X<>0|]:n]||p < HXm - XOOHP — 0 as m — oo. (25)

Hence X,, = E[X|F,] as.

3 = 1 This is immediate by the conditional Jensen’s inequality. O

Remark 2.20. A martingale of the form E[Z]|F,] (it is a martingale by the tower property)
with Z € L? is called a martingale closed in £L?.

Corollary 2.21. Let Z € LP and X, = E[Z|F,] a martingale closed in LP. If Fo =
o(Fn,n > 0), then we have

X, = X = E[Z|Fx] as n — 00 a.s. and in LP.

Proof. By the above theorem we have that X,, — X, as n — oo a.s. and in £P. It only
remains to show that X, = E[Z|F] a.s. Clearly X, is F-measurable. Let A € U,>0F,.
Then A € Fy for some N and

E[Z1(A)] = E[E[Z|Fx]1(A)] = E[XN1(A)] = E[X1(A)] as N — oc.
So this shows that for all A € U,>¢F;, we have
E[Xo1(A)] = E[E[Z|Fs]L(A)].

But U,>0F, is a m-system generating F.,, and hence we get the equality for all A € F,. O

2.7 Uniformly integrable martingales

Definition 2.22. A collection (X;,7 € I) of random variables is called uniformly integrable
(UI) if
sup E[| X;|1(|Xi| > )] — 0 as o — 0.
icl
Equivalently, (X;) is Ul if (X;) is bounded in £! and
Ve>0,30>0: VAe F, P(A) <0 =supE[|X;|1(4)] <e.

iel
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Remember that a Ul family is bounded in £!. The converse is not true.

If a family is bounded in £LP, for some p > 1, then it is UL
Theorem 2.23. Let X € L'. Then the class

{E[X|G] : G a sub-o-algebra of F}

1s uniformly integrable.

Proof. Since X € £, we have that for every e > 0 there exists a § > 0 such that whenever
P(A) <6, then

E[|X|1(4)] < -. (2.6)
We now choose A < oo so that E[|X|] < AJ. For any sub-o-algebra G we have
E[[E[X]G]] < E[X]].

Writing Y = E[X|G] we have by Markov’s inequality P(]Y| > A) < E[|X|]/A < §. Finally
from (2.6) and the fact that {|Y| > A} € G we have

E[|Y|1(|Y] > N)] < E[IX[L(Y] > M) <-.

UJ
Lemma 2.24. Let (X,,),, X € £! and X,, = X asn — oo a.s. Then
X, £—1> X asn — oo iff (Xp)n>o s UL
Proof. See [2, Theorem 13.7]. O

Definition 2.25. A martingale (X,,),>¢ is called a Ul martingale if it is a martingale and
the collection of random variables (X,,),>0 is a Ul family.

Theorem 2.26. Let X be a martingale. The following statements are equivalent.
1. X 1s a uniformly integrable martingale

2. X, converges a.s. and in LY(Q, F,P) to a limit X
3. There exists Z € LY(Q, F,P) so that X,, = E[Z|F,] a.s. for alln > 0.

Proof. 1 = 2 Since X is Ul, it follows that it is bounded in £!, and hence from Theo-
rem we get that X, converges a.s. towards a finite limit X, as n — oo. Since X is Ul,
[2 Theorem 13.7] gives the £! convergence.

2 = 3 Weset Z = X,. Clearly Z € £'. We will now show that X,, = E[Z|F,] a.s. For all
m > n by the martingale property we have

| X0 — E[X | Fulll1 = E[Xm — Xool Fullli < | Xm — Xoo|l1 = 0 as m — oc.

3 —> 1 Notice that by the tower property of conditional expectation, E[Z|F,] is a martin-
gale. The uniform integrability follows from Theorem [2.23| m
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Remark 2.27. As in Corollary [2.21] if X is a UI martingale, then E[Z|F,] = X, where
Foo =0(Fp,n > 0).

Remark 2.28. If X is a Ul supermartingale (resp. submartingale), then X,, converges a.s.
and in £! to a limit X, so that E[X,|F,] < X,, (resp. >) for every n.

Example 2.29. Let (X;); be i.i.d. random variables with P(X; = 0) = P(X; = 2) = 1/2.
Then Y, = X, --- X, is a martingale bounded in £! and it converges to 0 as n — oo a.s.
But E[Y,,] = 1 for all n, and hence it does not converge in L.

If X is a Ul martingale and T is a stopping time, which could also take the value oo, then
we can unambiguously define

Xr=Y X,1(T =n)+ X 1(T = ).
n=0
Theorem 2.30. [Optional stopping for UI martingales] Let X be a UI martingale and

let S and T be stopping times with S < T'. Then

E[XT|.F5] = XS a.s.

Proof. We will first show that E[X|Fr| = Xr a.s. for any stopping time 7. We will now
check that Xr € £'. Since | X, | < E[|X.||F,], we have

EllXrl] = Y E[IXa|L(T =n)] + E[Xo| LT = 0)] £ Y E[[Xue|L(T = n)] = E[|Xw])-

n€ZyU{co}
Let B € Fr. Then
E[L(B)X7]= Y  ELBLT=n)X]= >  ELB)LT =n)Xs]=E[1(B)X],
n€ZiU{oo} n€ZyU{oco}

where for the second equality we used that E[X|F,| = X, a.s. Also, clearly Xr is Fp-
measurable, and hence
E[Xoo’fT] = XT a.S.

Now using the tower property of conditional expectation, we get for stopping times S < T,
since Fg C Fr

E[X7|Fs] = E[E[X | Fr||Fs] = E[Xw| Fs] = Xs as.

2.8 Backwards martingales

Let ... C G 5 C G 1 C Gy be a sequence of sub-g-algebras indexed by Z_. Given such
a filtration, a process (X,,n < 0) is called a backwards martingale, if it is adapted to the
filtration, X, € £ and for all n < —1 we have

E[X,11]G,] = X, as.
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By the tower property of conditional expectation we get that for all n < 0
E[Xo|Gn] = X, as. (2.7)
Since X, € L1, from (2.7) and Theorem we get that X is uniformly integrable. This is

a nice property that backwards martingales have: they are automatically UI.

Theorem 2.31. Let X be a backwards martingale, with Xo € LP for some p € [1,00). Then
X, converges a.s. and in LP as n — —oo to the random variable X o, = E[X|G_o|, where

g—oo = mngﬂgn-

Proof. We will first adapt Doob’s up-crossing inequality, Theorem [2.16| in this setting. Let
a < b be real numbers and N_,([a,b], X') be the number of up-crossings of the interval [a, b]
by X between times —n and 0 as defined at the beginning of Section [2.4]

If we write F, = G_,4k, for 0 < k < n, then Fj is an increasing filtration and the process
(X_pnsk,0 < k < n)is an F-martingale. Then N_,([a,b], X) is the number of up-crossings
of the interval [a,b] by X_,.x between times 0 and n. Thus applying Doob’s up-crossing
inequality to X_,, . we get that

(b — a)E[N_n(la, 0], X)] < E[(Xo —a)7].

Letting n — oo we have that N_,([a, b], X') increases to the total number of up-crossings of
X from a to b and thus we deduce that

X — X_oasm— —o0 a.s.,

for some random variable X_.,, which is G_,.-measurable, since the o-algebras G,, are de-
creasing.

Since Xy € LP, it follows that X,, € LP, for all n < 0. Also, by Fatou’s lemma, we get that
X_o € LP. Now by conditional Jensen’s inequality we obtain

‘Xn - Xfoo‘p = ‘E[XO - X*OO‘gn”p < EHXU - X*00|p’g”]'

But the latter family of random variables, (E[|Xo — X_oo|?|Gn])n is UL, by Theorem [2.23]
again. Hence also (|X,, — X_«|?), is Ul and thus by [2, Theorem 13.7], we conclude that
X, —> X_oasn— —ooin LP.

In order to show that X ., = E[X(|G_..] a.s., it only remains to show that if A € G_, then
E[Xo1(A)] = E[X_o1(A)].
Since A € G, for all n < 0, we have by the martingale property that
E[Xo1(A)] = E[X,1(A)].

Letting n — —oo in the above equality and using the £! convergence of X,, to X_, finishes
the proof. 0
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2.9 Applications of martingales

Theorem 2.32. [Kolmogorov’s 0-1 law] Let (X;);>1 be a sequence of i.i.d. random vari-
ables. Let F,, = 0(Xj, k > n) and Foo = Ny>0F,. Then F is trivial, i.e. every A € F has
probability P(A) € {0,1}.

Proof. Let G, = 0(Xy,k <n)and A € F,. Since G, is independent of F,, 1, we have that
E[1(A)|G.] =P(A) a.s.

Theorem [2.26] gives that E[1(A)|G,] converges to E[1(A)|G.] a.s. as n — oo, where G, =
0(Gn,n > 0). Hence we deduce that

E[L(4)Gn] = 1(4) = P(4) a.s.,
since Fo C Goo. Therefore
P(A) € {0,1}.
O

Theorem 2.33. [Strong law of large numbers| Let (X;);>1 be a sequence of i.i.d. random
variables in £! with y = E[X;]. Let S, = X; +... + X, for n > 1 and Sy = 0. Then
Sp/n — pasn — oo a.s. and in L'

Proof. Let G, = o(Sn, Snt1,--.) = 0(Sn, Xnt1,...). We will now show that (M,)n<—1 =
(S_n/(—n))n<—1 is & (Fn)n<—1 = (G_n)n<—1 backwards martingale. We have for m < —1

S e
E [Mm+1 fm} —E [—1 g_m} . (2.8)
-m—1
Setting n = —m, since X, is independent of X, 1, X, 1o, ..., we obtain
Sn—l . Sn - Xn . Sn X’Vl
E[n—lgn]—E{ﬁgn]_n—l E[n—lsn]' (29)

By symmetry, notice that E[X}|S,] = E[X}]S,] for all k. Indeed, for any A € B(R) we have
that E[X1(S, € A)] does not depend on k. Clearly

E[X|S,] + ... + E[X,|S,] = E[S,|S,] = Sy,

and hence E[X,,|S,] = S,/n a.s. Finally putting everything together we get

E |: Sn—l

n—1

gn:| - STL - Sn = & a.sS.

n—1 nn-1) n

Thus, by the backwards martingale convergence theorem, we deduce that % converges as
n — oo a.s. and in £! to a random variable, say Y = lim S,,/n. Obviously for all &

Xk+1 + ... +Xk+n
m
n

Y=1

Y
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and hence Y is T = 0(Xj41,...)-measurable, for all k, hence it is N;Ti-measurable. By
Kolmogorov’s 0-1 law, Theorem [2.32] we conclude that there exists a constant ¢ € R such
that P(Y =¢) = 1. But

¢ =E[Y] = limE[S,/n] = u.

]

Theorem 2.34. [Kakutani’s product martingale theorem]| Let (X,,),>0 be a sequence
of independent non-negative random variables of mean 1. We set

Aﬂ)zzl and_ﬂ4ﬁ:::)(hXQ...)Qu n € N.

Then (M,,)n>0 is a non-negative martingale and M,, — M, a.s. as n — oo for some random
variable M. We set a,, = E[v/X,], then a,, € (0,1]. Moreover,

1. if [], a, > 0, then M,, — M., in £' and E[M,] =1,

2. if [[,a, =0, then M, =0 as.

Proof. Clearly (M,), is a positive martingale and E[M,] = 1, for all n, since the random
variables (X;) are independent and of mean 1. Hence, by the a.s. martingale convergence
theorem, we get that M, converges a.s. as n — oo to a finite random variable M. . By
Cauchy-Schwarz a,, < 1 for all n.

We now define

VX X,
NnZ—l , forn > 1.
ay...0an
Then N, is a non-negative martingale that is bounded in £!, and hence converges a.s. towards

a finite limit N, as n — oo.
1. We have
, 1 1
sup E[N;;] = sup = 5 < 00, (2.10)

n>0 nz0 ([T, a)® (1T, an)

under the assumption that [] a, > 0. Since M,, = N2 (][, a;)* < N? for all n, we get

n

E[sup M,;] < E[sup N7] < 4E[N?],

k<n k<n

where the last inequality follows by Doob’s £2-inequality, Theorem m Hence by Monotone
convergence and (2.10) we deduce

E[sup M,] < oo,

and since M, < sup, M, we conclude that M, is UI, and hence it also converges in L'
towards M. Finally since E[M,] =1 for all n, it follows that E[M] = 1.

2. We have M, = N2(J], a;)* = 0, as n — o0, since [[, a,, = 0 and N exists and is finite

n
a.s. by the a.s. martingale convergence theorem. Hence M., = 0 a.s. O
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2.9.1 Martingale proof of the Radon-Nikodym theorem

Theorem 2.35. [Radon-Nikodym theorem] Let P and @) be two probability measures
on the measurable space (€2, F). Assume that F is countably generated, i.e. there exists a
collection of sets (F), : n € N) such that

F=o0(F,:n€eN).

Then the following statements are equivalent:

(a) P(A) = 0 implies that Q(A) = 0 for all A € F (and in this case we say that @ is
absolutely continuous with respect to P and write Q < P).

(b) Ve > 0,36 > 0,VA € F,IP(A) < implies that Q(A) < e.
(c) There exists a non-negative random variable X such that
Q(A) =E[X1(A)], Ae F.

Remark 2.36. The random variable X which is unique P-a.s., is called (a version of) the
Radon-Nikodym derivative of @) with respect to P. We write X = dQ/dP a.s. The theorem
extends immediately to finite measures by scaling, then to o-finite measures by breaking the
space €2 into pieces where the measures are finite. Also we can lift the assumption that the
o-algebra F is countably generated and the details for that can be found in [2, Chapter 14].

Proof. We will first show that (a) implies (b). If (b) does not hold, then we can find
e > 0 such that for all n > 1 there exists a set A, with P(A,) < 1/n? and Q(A,) > . Then
by the Borel-Cantelli lemma we get that

P(A, i0.) =0
Therefore from (a) we will get that Q(A,, i.0.) = 0. But
Q(A, 1.0.) = Q(Ny Usn Ag) = nh_)ngo Q(Uk>nAr) > €,
which is a contradiction, so (a) implies (b).
Next we will show that (b) implies (c). We consider the following filtration:
Fn=0(Fr, k <n).
If we write A, = {H,N...NH, : H; = F; or F{}, then it is easy to see that
Fn=0(A,).

Note that the sets in A, are disjoint. We now let X,, : 2 — [0, 00) be the random variable
defined as follows
Q(A)

Xo(w)= > Ml(w c A).

AcAn,
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Since the sets in A,, are disjoint, we get that
Q(A) =E[X,1(A)], for all A € F,.

We will use the notation

dq)
AP
It is easy to check that (X,), is a non-negative martingale with respect to the filtered
probability space (2, F, (F,),P). Indeed, if A € F,, then

X, = on F,.

E[X,:11(A)] = Q(A) = E[X,1(A)], for all A € F,.
Also (X,,) is bounded in £!, since E[X,] = Q(Q2) = 1. Hence by the a.s. martingale conver-
gence theorem, it converges a.s. towards a random variable X, as n — oo.

We will now show that (X,,) is a uniformly integrable martingale. Set A = 1/0. Then by
Markov’s inequality

P(X, > \) < -
Therefore by (b)
E[X,1(X, > V)] =Q{X, > A}) <e,

which proves the uniform integrability. Thus by the convergence theorem for Ul martingales,
Theorem [2.26] we get that X,, converges to Xo, as n — oo in £ and E[X] = 1. So for all
A € F,, we have

E[X,1(A)] = E[XooL(A)].
Hence if we now define a new probability measure Q(A) = E[X.,1(A)], then Q(A) = Q(A)
for all A € U, F,. But U,F, is a w-system that generates the o- algebra F, and hence

Q=Q on F,
which implies (c).

The implication (c) == (a) is straightforward. O

3 Continuous-time random processes

3.1 Definitions

Let (Q,F,P) be a probability space. So far we have considered stochastic processes in
discrete time only. In this section the time index set is going to be the whole positive real
line, R;. As in Section [2] we define a filtration (F;); to be an increasing collection of sub
o-algebras of F, i.e. F; C Fp, if t < ¢’. A collection of random variables (X; : ¢t € R,) is
called a stochastic process. Usually as in Section [2, X will take values in R or R?. X is
called adapted to the filtration (F;), if X, is Fi-measurable for all . A stopping time T is a
random variable taking values in [0, co] such that {T" < t} € F;, for all ¢.
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When we consider processes in discrete time, if we equip N with the o-algebra P(N) that
contains all the subsets of N, then the process

(w,n) = X,(w)

is clearly measurable with respect to the product o-algebra F @ P(N).

Back to continuous time, if we fix ¢ € R, then w — X;(w) is a random variable. But, the
mapping (w,t) — X;(w) has no reason to be measurable with respect to F @ B(R) (B(R) is
the Borel o-algebra) unless some regularity conditions are imposed on X. Also, if A C R,
then the first hitting time of A,

Ty=inf{t: X, € A}
is not in general a stopping time as the set
{Ts <t} =Up<s<i{T = s} ¢ F; in general,

since this is an uncountable union.

A quite natural requirement is that for a fixed w the mapping ¢ — X;(w) is continuous in
t. Then, indeed the mapping (w,t) — X;(w) is measurable. More generally we will consider
processes that are right-continuous and admit left limits everywhere a.s. and we will call such
processes cadlag from the french continu a droite limité a gauche. Continuous and cadlag
processes are determined by their values in a countable dense subset of R, , for instance Q.

Note that if a process X = (Xy):c(0,1) is continuous, then the mapping
(w, 1) — Xy(w)

is measurable with respect to F ® B((0, 1]). To see this, note that by the continuity of X in

t we can write
on_1

Xy(w) = lim > L(te (k27" (k4 1)27") Xpan ().

For each n it is easy to see that

(w, 1) iy 1(t € (k27" (k + 1)27")) Xppn (w)

is F®B((0, 1])-measurable. Hence X;(w) is F@B((0, 1])-measurable, as a limit of measurable
functions.

We let C(R,, E) (D(R4, E)) be the space of continuous (cadlag) functions z : Ry — F
endowed with the product o-algebra that makes the projections 7, : X +— X; measurable for
every t. Note that £ = R or R in this course.

For a stopping time 7" we define as before
Fr={AeF:An{T <t} e F forallt}.

For a cadlag process X we set Xp(w) = Xrp(,)(w), whenever T'(w) < oo and again as before
we define the stopped process X* by X! = Xrpp,.
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Proposition 3.1. Let S and T be stopping times and X a cadlag adapted process. Then

1. SAT is a stopping time,
2. ZfS S T, then ]:S Q .FT,
3. Xr1(T < 00) is an Fp-measurable random variable,

4. XT is adapted.

Proof. 1,2 follow directly from the definition like in the discrete time case. We will only
show 3. Note that 4 follows from 3, since X7,; will then be Fr,;-measurable, and hence
Fi-measurable, since by 2, Fray C F;.

Note that a random variable Z is Fr measurable if and only if Z1(T < t) is F;-measurable
for all t. It follows directly by the definition that if Z is Fp-measurable, then Z1(T < t) is
Fi-measurable for all . For the other implication, note that if Z = ¢1(A), then the claim is
true. This extends to all finite linear combinations of indicators, since if Z =" | ¢;1(4;),
where the constants ¢; are positive, then we can write Z as a linear combination of indicators
of disjoint sets and then the claim follows easily. Finally for any positive random variable
Z we can approximate it by Z, =27"(2"Z| An T Z as n — oco. Then the claim follows for
each Z,, since if Z1(T < t) is F;-measurable, then also Z,1(T < t) is Fi-measurable, for
all t. Finally the limit of Fp-measurable random variables is Fp-measurable.

So in order to prove that Xp1(7T < 00) is Fp-measurable, we will show that X7 1(T <) is
Fi-measurable for all . We can write

Xrl(T <t)=X71(T < t)+ X, (T =1t).

Clearly, the random variable X;1(7 = t) is Fi-measurable. It only remains to show that
Xr1(T < t) is Fi-measurable. If we let T,, = 27"[2"T], then it is easy to see that T}, is a
stopping time that takes values in the set D,, = {k27" : k € N}. Indeed

{T, <t} ={[2"T| < 2"t} ={T <27"|2"t]} € Fonjany) C Fi.
By the cadlag property of X and the convergence T), | T" we get that
Xrl(T <t)= nh_)rgo X, L(T < ).
Since T, takes only countably many values, we have

Xpu(T <t)= > XL(T, =d)+ X, 1(T,, > ) L(T < t).

deD,,,d<t

But T, is a stopping time wrt the filtration (F;), and hence we see that Xp A,1(T < t) is
Fi-measurable for all n and this finishes the proof. m
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Example 3.2. Note that when the time index set is R, , then hitting times are not always
stopping times. Let J be a random variable that takes values 4+1 or —1 each with probability
1/2. Consider now the following process

¥ t, if t € [0, 1];
Pl LR J(t 1), ift> 1.

Let F; = 0(Xs,s < t) be the natural filtration of X. Then if A = (1,2) and we consider
Ty =inf{t > 0: X; € A}, then clearly

{Ty <1} ¢ Fi.

If we impose some regularity conditions on the process or the filtration though, then we get
stopping times like in the next two propositions.

Proposition 3.3. Let A be a closed set and let X be a continuous adapted process. Then
the first hitting time of A,
Ty=inf{t >0: X, € A},

18 a stopping time.

Proof. 1t suffices to show that

[Ty <t} = { inf d(X,,A) = o}, (3.1)

s€Q,s<t

where d(z, A) stands for the distance of x from the set A. If T4y = s < ¢, then there exists a
sequence s, of times such that X; € A and s, | s as n — oo. By continuity of X, we then
deduce that X, — X as n — oo and since A is closed, we must have that X, € A. Thus
we showed that X, € A. We can now find a sequence of rationals ¢, such that ¢, T T4 as
n — oo and since d(Xr,, A) = 0 we get that d(X,,,A) — 0 as n — oo.

Suppose now that infseq s<; d(Xs, A) = 0. Then there exists a sequence s,, € Q,s,, < ¢, for
all n such that
d(Xs,,A) = 0 as n — oo.

We can extract a converging subsequence of s,, — s and by continuity of X we get that
X,, — X5 as n — o00. Since d(X,, A) = 0 and A is a closed set, we conclude that X, € A,
and hence Ty <'t. O

Definition 3.4. Let (F})icr, be a filtration. For each ¢ we define

Foo =) Fe

s>t
If 7,y = F; for all ¢, then we call the filtration (F;) right-continuous.

Proposition 3.5. Let A be an open set and X a continuous process. Then
Ty=inf{t >0: X, € A}

is a stopping time with respect to the filtration (Fiy).
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Proof. First we show that for all ¢, the event {Tx < t} € F;. Indeed,by the continuity of
X and the fact that A is open we get that

{Ta<t}= |J {X,eA}er,

q€Q,q<t

since it is a countable union.

Since we can write

{Ta <t} =({T <t+1/n}

we get that {Ty <t} € Fiy. O

3.2 Martingale regularization theorem

As we discussed at the beginning of the section, we can view a stochastic process indexed
by R, as a random variable with values in the space of functions {f : R, — E} endowed
with the product o-algebra that makes the projections f +— f(¢) measurable. The law of the
process X is the measure i that is defined as

H(A) = P(X € A),

where A is in the product o-algebra. However the measure p is not easy to work with.
Instead we consider simpler objects that we define below.

Given a probability measure p on D(R,, E) we consider the probability measure p;, where
J C R, is a finite set, defined as the law of (Xy,¢ € J). The probability measures () are
called the finite dimensional distributions of . By a m-system uniqueness argument, pu is
uniquely determined by its finite-dimensional distributions. Indeed the set

{Nses{Xs € A} : J is finite , A; € B(R)}

is a m-system generating the product o-algebra. So, when we want to specify the law of
a cadlag process, it suffices to describe its finite-dimensional distributions. Of course we
have no a priori reason to believe there exists a cadlag process whose finite-dimensional
distributions coincide with a given family of measures (u’ : J C Ry, J finite).

Even if we know the law of a process, this does not give us much information about the
sample path properties of the process. Namely, there could be different processes with the
same finite marginal distributions. This motivates the following definition:

Definition 3.6. Let X and X’ be two processes defined on the same probability space
(Q, F,P). We say that X' is a version of X if X; = X] a.s. for every ¢.

Remark 3.7. Note that two versions of the same process have the same finite marginal
distributions. But they do not share the same sample path properties.

Example 3.8. Let X = (X;)ico1] be the process that is identical to 0 for all t. Then
obviously the finite marginal distributions will be Dirac measures at 0. Now let U be a
uniform random variable on [0,1]. We define X = 1(U = t). Then clearly the finite
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marginal distributions of X’ are Dirac measures at 0, and hence it is a version of X. However
it is not continuous and furthermore

P(X! =0 Vte[0,1]) =0.

In this section we are going to show two theorems that guarantee the existence of a continuous
or cadlag version of a process.

Let (Q,F,(F;),P) be a filtered probability space. Let N be the collection of sets in F of
measure 0. We define the filtration

]—:;f = U(ft+7N)‘

Definition 3.9. If a filtration satisfies F; = F; for all ¢, then we say that (F:) satisfies the
usual conditions.

Before stating the next theorem, note that the definitions of martingales (resp. supermartin-
gales and submartingales) are the same in continuous time as the ones given for discrete
time processes.

Theorem 3.10. [Martingale regularization theorem] Let (X;);>0 be a martingale with
respect to the filtration (F;);>0. Then there exists a cadlag process X which is a martingale
with respect to (F;) and satisfies

X, = E[X,|F)] as.

for all £ > 0. If the filtration (F;) satisfies the usual conditions, then X isa cadlag version
of X.

Before proving the theorem we state and prove an easy result about functions which is
analogous to Lemma which was used in the proof of the a.s. martingale convergence
theorem.

Lemma 3.11. Let f : Q. — R be a function defined on the positive rational numbers.
Suppose that for all a < b and a,b € Q and all bounded I C Q4 the function f is bounded
on I and the number of upcrossings of the interval [a,b] during the time intervals I by f is
finite, i.e. N([a,b],I, ) < oo, where N(|a,b],I, f) is defined as

sup{n>0:30<s <t1<...<8, <tp,si,t; €1, f(s;) <a, f(t;) >b,1<i<n}.
Then for every t € Ry the right and left limits of f exist and are finite, i.e.

h?tl f(s), ligl f(s) exist and are finite.

Proof. First note that if (s,) is a sequence of rationals decreasing to ¢, then by Lemma
we get that the limit lim, f(s,) exists. Similarly if s/, is a sequence increasing to ¢, then
the limit lim, f(s)) exists. So far we showed that for any sequence converging to ¢ from
above (or below) the limit exists. It remains to show that the limit is the same along any

sequence decreasing to t. To see this, note that if s, is a sequence decreasing to t and ¢, is
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another sequence decreasing to ¢ and lim,, f(s,) # lim, f(g,), then we can combine the two
sequences and get a decreasing sequence (a,,) converging to ¢ such that lim,, f(a,) does not
exist, which is a contradiction, since we already showed that for every decreasing sequence
the limit exists. Finally the limits from above or below are finite, which follows by the
assumption that f is bounded on any bounded subset of Q.. n

Proof of Theorem [3.10, The goal is to define X as follows:

X, = lim X,

slt,seQ4
on a set of measure 1 and 0 elsewhere.

So first we need to check that the limit above exists a.s. and is finite. In order to do so, we
are going to use Lemma/3.11] Therefore we first show that X is bounded on bounded subsets
I of Q. Let I be such a subset. Consider J = {j1,...,j,} C I, where j; < jo < ... < jp.
Then the process (Xj);es is a discrete time martingale. By Doob’s maximal inequality we
obtain

NP(max | X[ > ) < E[|X;; ] < B[|Xx])
J

n ’

where K > sup /. So taking a monotone limit over J finite subsets of I with union the set
I, then we get that
)\P(su? | X > ) < E[|Xk]]
te

Therefore by letting A — oo this shows that

P(sup | X;| < o00) = 1.

tel

Let a < b be rational numbers. Then we have N([a,b], 1, X) = sup;cr guie N([a, 0], J, X).
Let J = {ay,...,a,} (in increasing order again) be a finite subset of I. Then (X,,)i<, is a
martingale and Doob’s upcrossing lemma gives that

(b— a)E[N([a,b], J, X)] < E[(X,, —a)7) < E[(Xx —a)7) (3.2)
By monotone convergence again, if we let Iy = Q4 N[0, M], we then get that for all M
N([a,b], Inr, X) < 00 a.s.
Thus if we now let

Q0 = mMEN ﬁa<b,a,b€@ {N([CL, b]vavX) < OO} N {Sl}p |Xt| < OO},
teln

then we obtain that P(€y) =1 . For w € Qy by Lemma the following limits exist in R:

Xy (w) = Siltig%@ Xs(w), t>0

Xi—(w) = lim@XS(w), t>0.

sTt,s€
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Hence we can now define for ¢ > 0,

)A(: _ Xt+7 on QOa
70, otherwise.

Then clearly Xis F adapted, since F contains also the events of 0 probability.

Let t,, be a sequence in Q such that ¢, | t as n — co. Then

)?t = hm th.

n—oo

Notice that the process (X;, : n > 1) is a backwards martingale, and hence it converges a.s.
and in £' as n — oco. Therefore,

E[X, |F] = E[X,|F] in £".
But E[X},|F:| = X;. Therefore
X, = E[X,|F] as.. (3.3)

It remains to show the martingale property of X. Let s < t and s, a sequence in Q such
that s, | s and sy < t. Then

X =lim X, = limE[X;|F;,].

Now note that (E[X;|F;,]) is a backwards martingale and hence it converges a.s. and in £!
to E[X;|Fs4]. Therefore

X = E[Xi|Fei] as. (3.4)
If s < t, then by the tower property and and we get that
E[X;|F.i] = X, as.
Notice that if G is any o-algebra and X is an integrable random variable, then
E[X|GVN] =E[X|G] as.

Finally we get that E[X,|F,] = X, a.s., which shows that X is a martingale with respect to
the filtration F.

The only thing that remains to prove is the cadlag property.

Suppose that for some w € {2y we have that X is not right continuous. Then this means
that there exists a sequence (s,) such that s, | ¢t as n — oo and

|)’an — )A(:t| > €,

for some ¢ > 0. By the definition of X for w € o, there exists a sequence of rational

numbers (s) such that s, > s,, s/, | t as n — oo and

‘)A(:Sn — Xy ‘ < E
" 2.
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Therefore, we get that
~ €
|)(s;1 - Xt‘ > o
2
which is a contradiction, since Xy — )?t as n — 00.

The proof that X has left limits is left as an exercise (hint: use the finite up-crossing property
of X on rationals). O

Example 3.12. Let £, n be independent random variables taking values 4+1 or —1 with equal
probability. We now define

0, ift <1,
€4, ift>1.

We also define F; to be the natural filtration, i.e. F; = 0(Xs, s < t). Then clearly, X is a
martingale relative to the filtration (F;), but it is not right continuous at 1. Also, it is easy
to see that F; = o(§) but Fi4 = o(&,n). We now define

> 0, if t <1;
Xt_{§+n, if ¢ > 1.

It is casy to check that X, = E[X,|F] a.s. for all t and X is a martingale with respect to the
filtration (F;;). It is obvious that X is cadlag. Note though that X is not a version of X,
since X; # X .

From now on when we work with martingales in continuous time, we will always consider
their cadlag version, provided that the filtration satisfies the usual conditions.

3.3 Convergence and Doob’s inequalities in continuous time

In this section we will give the continuous time analogues of Doob’s inequalities and the
convergence theorems for martingales.

Theorem 3.13. [A.s. martingale convergence] Let (X; : t > 0) be a cadlag martingale
which is bounded in £!'. Then X; — X, a.s. as t — oo, for some X, € L}(F).

Proof. If N([a,b], Iy, X) stands for the number of up-crossings of the interval [a,b] as
defined in Lemma(3.11] then from in the proof of the martingale regularization theorem,
we get that

(b — a)E[N([a,b], Iy, X)] < a+ sup E[|X;|] < o0,

>0
since X is bounded in £!. Hence, if we take the limit as M — oo then we get that

N([a,b],Q4+,X) < o0 as.

Therefore, the set
QO = ma<b,a,b€Q{N([a7 b]? Q+7 X) < OO}

36



has probability 1. On € it is easy to see that X, converges as ¢ — oo and ¢ € Q5.
Indeed, as in the proof of Lemma [2.15, if X, did not converge, then limsup X, # liminf X,
and this would contradict the finite number of up-crossings of the interval [a,b], where
liminf < @ < b < limsup. Thus (X;).ecq, converges a.s. as ¢ — 00,q € Q4, to Xo. We will
now use the cadlag property of X to deduce that

X, > X as t — oo.

Since X, = X as ¢ = 00,q € Q, for each € > 0, there exists gy such that
€
| X, — Xoo| < 2’ for all ¢ > qo.
By right continuity, we get that for ¢t > ¢y there exists a rational ¢ such that ¢ > ¢t and
€
| X — X, < 3

Hence we conclude that
|Xt — Xool S E.

]

Theorem 3.14. [Doob’s maximal inequality]| Let (X; : ¢ > 0) be a cadlag martingale
and X/ = sup,; | X,|. Then, for all A >0 and ¢ >0

AP(X] > A) < E[[X]].
Proof. Notice that by the cadlag property we have

sup | X,| = sup | Xl
s<t se{t}U([0,)NQ+)

The rest of the proof follows in the same way as the first part of the proof of Theorem O]

Theorem 3.15. [Doob’s LP-inequality] Let (X, : t > 0) be a cadlag martingale. Setting
X} =sup,<; | X/, then for all p > 1 we have

p-

¥ p
X, < —|| X
X1l < 251X

Theorem 3.16. [£” martingale convergence theorem| Let X be a cadlag martingale
and p > 1, then the following statements are equivalent:

1. X is bounded in LP(Q2, F,P) : sup,sq || X¢||, < 00
2. X converges a.s. and in £P to a random variable X

3. There exists a random variable Z € LP(Q, F,P) such that

Xt = E[Z’.Ft] a.s.
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Theorem 3.17. [UI martingale convergence theorem| Let X be a cadlag martingale.
Then X is Ul if and only if X converges a.s. and in £! to X, and this if and only if X is
closed.

Theorem 3.18. [Optional stopping theorem]| Le X be a cadlag UI martingale. Then
for every stopping times S < T, we have

E[XT|.FS] = XS a.s.
Proof. Let A € Fs. We need to show tbat
E[X71(A)] = E[Xs1(A)].

Let T,, = 27"[2"T"| and S,, = 27"[2"S]. Then T,, | T andS,, | S as n — oo and by the right
continuity of X we get that

Xs, =+ Xg and X7, = Xp asn — oo.

Also, from the discrete time optional stopping theorem we have that X7, = E[X|Fr,] and
thus we see that X7, is UL Hence it converges to X7 as n — oo also in £!. By the discrete
time optional stopping theorem for Ul martingales we have

E[ X1, |Fs,] = Xs, a.s. (3.5)
Since A € Fg the definition of S,, implies that A € Fg, . Hence from (3.5)) we obtain that
E[X7, 1(A)] = E[Xs, 1(A)]
Letting n — oo and using the £! convergence of X7 to X and of X5 to Xg we have

E[Xr1(A)] = E[Xs1(A).

3.4 Kolmogorov’s continuity criterion

Let D, = {k27": 0 < k < 2"} be the set of dyadic rationals of level n and D = U,,>¢D,,.

Theorem 3.19. [Kolmogorov’s continuity criterion] Let (X;);cp be a stochastic process
with real values. Suppose there exists p > 0,e > 0 so that

E[|X; — X,|P] < c|t — s|**=, for all s,t € D,

for some constant ¢ < oco. Then for every a € (0,¢/p), the process (X;)iep is a-Holder
continuous, i.e. there exists a random variable K, such that

| Xy — Xs| < K,|s —t|%, for all s,t € D.
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Proof. By Markov’s inequality and the assumption we have
IP) (|Xk27” - X(k+1)27n| Z 2—TL04) S 6277/04172—71—718‘

:By the uni0D bOund_We have
]P) Nnax .X 771—;( —n >2 m < 2 n(E p )
(0<k<2” ‘ k2 (k+1)2 | - ) =¢

By Borel-Cantelli, since a € (0,¢/p), we deduce

max |Xpon — X(gy1yon| < 27", for all n sufficiently large.
0<k<2r

Therefore, there exists a random variable M such that

| X2 — X(ps1)2-7|

sup max <M < . (3.6)

n>0 0<k<2n 2—na

We will now show that there exists a random variable M’ < oo a.s. so that for every s,t € D
we have

| X — X| < M|t — s|°.
Let s,t € D and let r be the unique integer such that

27t < s <27
Then there exists k such that s < k270D < ¢. Set @ = k27" then 0 <t —a < 27". So
we have that z;

27’
k>r+1

t—oa=

where x; € {0,1} for all j (in fact this is a finite sum because ¢t — « is dyadic). Similarly we

can write
. Yj
a— S = -,
23
j>r+1

where y; € {0,1} for all j. Thus we see that we can write the interval [s,t) as a disjoint
union of dyadic intervals of length 27" for n > r+ 1 and where at most 2 such intervals have
the same length. Therefore,

|XS - Xt| S Z |Xd - Xd+27n

d,n

)

where d,d + 27" in the summation above are the endpoints of the intervals in the decompo-
sition of [s,t). Hence using ({3.6) we obtain that for all s,t € D

27(1‘+1)a

|X5 —Xt| S 2 Z M2—na - 2Mm

n>r+1
Thus, if we set M’ =2M /(1 — 27), then we get that for s,t € D
1X, — X;| < M2~ 0D < Mt — )@

Therefore we get that (X;);ep is a-Hélder continuous a.s. O
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4 Weak convergence

4.1 Definitions

Let (M,d) be a metric space endowed with its Borel o-algebra. All the measures that we
will consider in this section will be measures on such a measurable space.

Definition 4.1. Let (p,,n > 0) be a sequence of probability measures on a metric space
(M,d). We say that p,, converges weakly to p and write p,, = p if p,(f) — p(f) asn — oo
for all bounded continuous functions f on M, where u(f) = [ A S dp

Notice that by the definition p is also a probability measure, since p(1) = 1.

Example 4.2. Let (z,),>0 be a sequence in a metric space M that converges to z as
n — oo. Then 6, converges weakly to 0, as n — oo, since if f is any continuous function,
then f(x,) — f(z) as n — oc.

Example 4.3. Let M = [0,1] with the Euclidean metric and i, = n7"' 371 Ok/n-
Then g, (f) is the Riemann sum n~' 3", | f(k/n) and it converges to fol f(z)dx if fis
continuous, which shows that p, converges weakly to Lebesgue measure on [0, 1].

Remark 4.4. Notice that if A is a Borel set, then it is not always true that p,(A) — u(A)
as n — oo, when p,, = p. Indeed, let z,, = 1/n and p,, = d,,. Then w, = do, but p,(A) =1
for all n, when A is the open set (0,1), and dy(A) = 0.

Theorem 4.5. Let (i,)n>0 be a sequence of probability measures. The following are equiv-
alent:

(
(b) liminf, u,(G) > w(G) for all open sets G,

(c) limsup,, pn(A) < u(A) for all closed sets A,

(d) limy, p,(A) = u(A) for all sets A with p(0A) = 0.

Proof. (a) = (b). Let G be an open set with non-empty complement G¢. For every
positive M we now define
fu(z) =1A (Md(z, GY)).

Then fj; is a continuous and bounded function and for all M we have fy(x) < 1(z € G).
Also fir T 1(G) as M — oo, since G° is a closed set. Since fj; is continuous and bounded
we have

pin(far) = p(far) as m— oo,

Hence
liminf p,,(G) > lminf p, (far) = w(far)-

Now using monotone convergence as M — oo we get

lim inf 1, (G) > u(G).
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(b) <= (c¢). This is obvious by taking complements.

(b),(c) => (d). Let A and A denote the interior and the closure of the set A respectively.
Since

u(0A) = u(A\ A) =0,
we get that pu(A) = u(A) = u(A). Hence,

lim sup pn(A) < p(A) < liminf g, (A)

n

and since A C A this gives the result.

(d) = (a). Let f : M — Ry be a continuous bounded non-negative function. Using
Fubini’s theorem we get

00 K
[ ramtan) = [ utdn) [T 1< fa@)di= [ (s =
M M 0 0
where K is an upper bound for f. We will now show that for Lebesgue almost all ¢ we have

p(o{f = t}) = 0. (4.1)

Notice that 0{f > t} C {f = t}, since {f > t} is a closed set by the continuity of f and
{f >t} is an open set contained in the interior. However, there can be at most a countable
set of numbers ¢ such that p({f =t}) > 0, because

{t:u({f =1}) >0} = U {t - u({f = t}) 27"}
and the n-th set on the right has at most n elements. Hence this proves (4.1)).
Therefore by (d) and dominated convergence on fOK wn({f > t}) dt we get that

() = (f) as m = oo.

The extension to the case of a function f not necessarily positive is immediate. O

For a finite non-negative measure 1 on R we define its distribution function
Fu(x) = pl(=00,a]), @ € R.

As a consequence of the theorem above we will now prove the following:

Proposition 4.6. Let (u,), be a sequence of probability measures in R. The following are
equivalent:

(a) p, converges weakly to p as n — oo,

(b) for every x € R such that F, is continuous at x, the distribution functions F), ()
converges to F,(x) as n — oo.
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Proof. (a)==(b). Let = be a continuity point of F},. Then
(O(—00,2)) = u({x}) = u((—o0, )= lim (o0, 2=1/n]) = F, ()= lim F,(w—1/m) =0,
since z is a continuity point of F),. Thus we get that
Fpi,(z) = pn((—00,2]) = p((—o0, z),
by the 4-th equivalence in Theorem [4.5]

(b)==(a). First of all note that a distribution function is increasing, and hence has only
countably many points of discontinuity.

Let G be an open set in R. Then we can write G = Uy(ag, bx), where the intervals (ax, b)
are disjoint. We thus have that 1, (G) = >, pn((ax, bg)). For each interval (a,b) we have

pn((a,b)) = F, (b—) = Fp,(a) > Fun(b/> - F#n(a’),

where @/, are continuity points of F), (remember there are only countably many points of
discontinuity — set of continuity points is dense) satisfying

a<a <b <b.
Therefore
liminf 1,((a.)) > F, () — Fua) = p((a.¥))
and hence if we let o’ | @ and b’ 1 b along continuity points of F),, then
1irrilinf tn((a,b)) > pu(a,b). (4.2)

Finally we deduce

lim inf 11, (G) = hmnianMn((ak,bk)) > Zlimninf pn((ar, b)) > pl(ar, b)) = p(G),

where the first inequality follows from Fatou’s lemma and the second one from (4.2)). m

Definition 4.7. Let (X,,), be a sequence of random variables taking values in a metric
space (M, d) but defined on possibly different probability spaces (Q2,F,,P,). We say that X,
converges in distribution to a random variable X defined on the probability space (2, F,P) if
the law of X,, converges weakly to the law of X as n — oco. Equivalently, if for all functions
f: M — R continuous and bounded

Ep, [f(X,)] — Ep[f(X)] as n — oc.

Proposition 4.8 (a). Let (X,), be a sequence of random variables that converges to X in
probability as n — oco. Then X,, converges to X wn distribution to X as n — oo.

(b). Let (X,,), be a sequence of random variables that converges to a constant ¢ in distribution
as n — 0o. Then X, converges to c in probability as n — oo.

Proof. See example sheet. m

Example 4.9. [Central limit theorem] Let (X,,),, be a sequence of i.i.d. random variables
in £? with m = E[X;] and 0 = var(X;). We set S, = X; + ...+ X,,. Then the central
limit theorem states that the normalized sums (.S, — nm)/o+/n converge in distribution to
a Gaussian N (0, 1) random variable as n — oo.
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4.2 Tightness

Definition 4.10. A sequence of probability measures (), on a metric space M is said to
be tight if for every € > 0, there exists a compact subset K C M such that

sup (M \ K) < e.

Remark 4.11. Note that if a metric space M is compact, then every sequence of measures
is tight.

Theorem 4.12. [Prohorov’s theorem]| Let (u,), be a tight sequence of probability mea-
sures on a metric space M. Then there exists a subsequence (ny) and a probability measure
uon M such that

Hony, = b

Proof. We will prove the theorem in the case when M = R. Let F,, = F},, be the distribution
function corresponding to the measure p,,. We will first show that there exists a subsequence
ny and a non-decreasing function F' such that F, (z) converges to F'(z) for all z € Q. To
prove that we will use a standard extraction argument.

Let (z1,9,...) be an enumeration of Q. Then (F, (1)), is a sequence in [0, 1], and hence
it has a converging subsequence. Let the converging subsequence be F o) (z1) and the limit
k
F(x1). Then (F )(72)) is a sequence in [0, 1] and thus also has a converging subsequence.
k

If we continue in this way, we get for each i > 1 a sequence ng) so that £ ¢ (x;) converges
k

to a limit F(z;) for all j = 1,...,i. Then the diagonal sequence m; = n,(ck)satisﬁes that
F,, (x) converges for all x € Q to F(z) as k — oo. Since the distribution functions F,(z)
are non-decreasing in x, then we get that F'(x) is also non-decreasing in z.

By the monotonicity of F' we can define for all z € R

F(z)= lim F(q).

qz,qeQ

The definition of F' gives that it is right continuous and the monotonicity property gives
that left limits exist, hence F' is cadlag.

We will next show that if ¢ is a point of continuity of F, i.e. F((t) = F(t—), then

lim F,, (t) = F(t).

k—o0

Let sy <t < so with s1,$2 € Q and such that |F(s;) — F(t)] < ¢/2 for i = 1,2. Note that
such rational numbers s; and s, exist since t is a continuity point of . Then using the
monotonicity property of F,,, we get that for k large enough

3

F(t) —e < F(s1) = 5

€
< Fo(s1) < Fp (t) < Fpp(s2) < F(s2) + 5 < F(t) +e.
By tightness, for every € > 0, there exists N such that

pn([—N, N]°) < e Vn.
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Note that we can choose N so that both Nand —N are continuity points of F' (F is mono-
tone). Therefore it follows that

F(=N)<e and 1—-F(N)<e.

Hence we see that
lim F(z) =0 and lim F(z)=1.

T—r—00 T—00

Finally we need to show that there exists a measure p such that I’ = F),. To this end, we

define

p((a, b)) = F(b) — Fla).
Then p can be extended to a Borel probability measure by Carathéodory’s extension theorem
and F' = F),. Another way to construct the measure y is given in [2, Section 3.12].

Proposition [4.6] now finishes the proof. O

4.3 Characteristic functions

Definition 4.13. Let X be a random variable taking values in R? with law p. We define
the characteristic function ¢ = ¢x by

o(u) = B[ X)) = / e (dx), u e RY

R4

Remark 4.14. The characteristic function of a random variable X is clearly a continuous
function on R? and ¢(0) = 1.

The characteristic function ¢x determines the law of a random variable X, in the sense
that if x(u) = py(u) for all u, then L(X) = L(Y). To prove this see the Probability and
Measure notes by James Norris, Theorem 7.2.2.

Theorem 4.15. [Lévy’s convergence theorem] Let (X,,),>0, X be random variables in
R?. Then
L(X,) = LX) if and only if ¢x,(€) = ox(€) V€ € R™.

We will prove the more general result:

Theorem 4.16. [Lévy] 1. If £L(X,) = L(X) as n — oo, then vx, (§) = ¢x(§) as n — oo
for all £ € R,

2. If (X,)n>0 is a sequence of random variables in RY such that there exists v : R4 — C
continuous at 0 with 1 (0) = 1 and such that ¢x, (£) = ¥ (€) asn — oo for all £ € RY, then
= @x, for some X and L(X,) = L(X) asn — o0.

Before giving the proof of Lévy’s theorem we state and prove a useful lemma:

Lemma 4.17. If X is a random variable in R?, then for all K > 0

P(IX [ > K) < C(K/2)? / (1 - Repx (€) de.

[_Kfl’Kfl}d

where C' = (1 —sin1)~%.
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Proof. Let p be the distribution of X. Then by Fubini’s theorem we have

d
/ Rox(u) du = / R (/ ei<u’x>du(x)) du = %/H/ "% du; dy(x)
AN AN oA

A d 2sin(Az;)
- R AT i _ J .
/| [ <—mj (e e )) dp(x) /l [ ( . ) dp(x)
Jj=1 j=1
Therefore we have

1
A

d(l —Rox(u)) du = Zd/

Rd

d sin(Az;)
du(z) (1 - H ij] ) . (4.3)
7=1
It is easy to check that if > 1, then
|sinz| < xsinl,

and hence the function f : R — R given by f(u) = H;l:l sinw; /u; satisfies |f(u)| < sinl
when ||ul|oo > 1. Thus for C' = (1 —sin1)~! we have

L([Julle = 1) < C(1 = f(u)).

Hence, we have

P(| Xl > K) =P (H%Hm > 1) < CE

- [ (- T

Equation (4.3)) now finishes the proof. H

Proof of Theorem [4{.16, 1. If X,, converges in distribution to X as n — oo, then for all
f continuous and bounded, writing u, = £(X,,) and p = L(X), we have

ta(f) = plf) as n — oo.

Take f(z) = €“¢®. Then f is clearly continuous and bounded, and hence
Px,(€) = pal€€7) = p(e®7) = px (€).

2. We will first show that the sequence (£(X,,)) is tight. From Lemma we have that
for all K >0

P(| X, | > K) < chd/ (1= R, (u)) du.

[_K717K71]d
By the assumption and since |1 — Rpx, (u)| < 2 for all n using the dominated convergence
theorem we have

lim Kd/ (1 —-Rex, (u))du = Kd/ (1 —RY(u)) du.
N [

—K*l,Kfl}d
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Since 1 is continuous at 0, if we take K large enough we can make this limit < /(2Cy) and

so for all n large enough
P([[ Xnlls > K) <.

If we now take K even larger, then the above inequality holds for all n showing the tightness
of the family (£(X,)).

By Prohorov’s theorem there exists a subsequence (X, ) that converges in distribution to
some random variable X. So ¢y, converges pointwise to ¢x, and hence px = ¢, which
shows that 1 is a characteristic function.

We will finally show that X, converges in distribution to X. If not, then there would exist
a subsequence (my) and a continuous and bounded function f such that for some ¢ > 0 and

all k

[ELf (X)) = ELF(X)]] > e (4.4)

But since the laws of (X,,,) are tight, we can extract a subsequence ({j) along which (Xj,)
converges in distribution to some Y, which would imply that ¥» = ¢y and thus Y would have
the same distribution as X, contradicting (4.4)). O
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5 Large deviations

5.1 Introduction

Let {X;} be a sequence of i.i.d. random variables with E[X;] = Z and we set S,, = Y | X;.
By the central limit theorem (assuming var(X;) = 0? < co) we have
P(S, > nT +aoy/n) = P(Z >a) as n — oo,

where Z ~ N(0,1).
Large deviations: What are the asymptotics of P(S,, > an) as n — oo, for a > z7
Example 5.1. Let X; be i.i.d. distributed as N'(0,1). Then

1 2
(Sn 2 an) =P(Z 2 av/n) ~ 5

where we write f(z) ~ g(z) if f(x)/g(z) — 1 as  — c0. So

1 2
——logP(S, > an) — I(a) = % as n — 00.
n

In general we have
P(Syim > a(n+m)) > P(S, > an)P(S,, > am),
so b, = —logP(S,, > an) satisfies that
brtm < by + by,

and hence this implies the existence of the limit (exercise)

1
lim bn _ lim ——log P(S,, > an) = I(a).
n n

Note that if P(X, < ag) = 1, then we will only consider a < ay, since clearly P(S, > na) =0
for a > ag.

5.2 Cramer’s theorem
We will now obtain a bound for P(S,, > na) using the moment generating function of Xj.

For A > 0 we set
M(\) = E[eM],

which could also be infinite. We define

U(A) =log M(N).
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Note that ¥(0) = 0 and by Markov’s inequality for A > 0
P(S, > na) = P(e*" > M) < e R [Mn] = (e’A“M(a))n = exp(—n(Aa — ¥(N)). (5.1)
We now define the Legendre transform of V:

U*(a) = sup(Aa — U(N)) > —¥(0) = 0.

A>0
Then (5.1)) yields
P(S, > an) < e ™" (@) yn,
whence

lim inf ! log P(S,, > an) > ¥*(a). (5.2)

n—oo n

Theorem 5.2. [Cramer’s theorem] Let (X;) be i.i.d. random variables with E[X;] = Z
and S, => " | X;. Then

1
lim ——logP(S, > na) = ¥*(a) for a > z.

n—oo N

Before proving the theorem we state and prove a preliminary lemma.

Lemma 5.3. The functions M()\) and W(X) are continuous in D = {\ : M(\) < oo} and
differentiable in D with

M)

MOV for A e D.

M'(X) = E[Xle)‘Xl] and W'(\) =

Proof. Continuity follows immediately from the dominated convergence theorem.

Note that D is a (possibly infinite) interval i.e. if \; < A < Ay and Ay, Ay € D, then also
A\ € D, since e < eM?® 4 227 for all .

To show that it is differentiable, note that

M(\+h) — M()) eQAFMX _ AX
=K
h h
and for 2|h| < min;—y 2 |\ — ;| = 2¢ we have

e()\—I—h)x _ e

- — |QZ‘6/\ < (e)\lx —l—e)‘ﬂ)a?_l,

where X is in [Ay, Ao if [h| < min, [A — \;| = 2e. O
Proof of Theorem [5.2 The direction

1
lim ——logP(S,, > na) > V*(a)

n—o0 n
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follows from (}5.2)).

Replacing X; by X; = X; — a yields
P(S, > na) = P(S, > 0)

and M(\) = E[e)‘)’(vl] = e MM(N) so

U(A) =log M(A\) = U(\) — Aa.
Thus we need to show that

_% log P(S, > 0) — ¥*(0) = sup[—¥(\)].

In view of (5.2) what remains is (dropping tildes)

lim inf = log P(S, > 0) > inf W(\) (5.3)

n A>0

when 7 < 0.

If P(X, < 0) = 1, then
inf U(\) < lim W(\) = log u(0),

A>0 A—00

where p = £(X7), so (5.3]) holds in this case. Thus we may assume that P(X; > 0) > 0.
Next consider the case M(\) < oo for all A. Define a new law py where

0x

dpg € —
%(q;) = 3 so Eo[f(X1)] _/f(x)

(0) du(x).

More generally
dp(wn)
)n

holds when F(xy,...,x,) = [[—, fi(z;), and hence for all bounded measurable F.

Ee[F(Xl"‘WXn)} = /F<l’1,...,wn)HeezidﬁL(xl]z/[‘(‘é

The dominated convergence theorem gives that g(f) = Ey[X] is continuous and ¢g(0) = & <
0, while

Gz‘d
lim g(f) = lim m
0100 0100 f@exdlu

since 1(0,00) > 0. Thus we can find 6 > 0 such that Ey[X;] = 0.

> 0,

We now have
P(S, >0) > P(S, € [0,en]) > E [69(3"_5")1(Sn € [0,en])] = M(0)"Py(S, € [0, en])e= 0"

By the central limit theorem we have that Py(S,, € [0,en]) — 1/2 as n — oo so

1
liminf —log P(S,, > 0) > V() — be.

n—oo M
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Letting € | 0 proves (/5.3)) in the case where M () < oo for all .

Now we are going to prove the theorem in the general case. Let u, = L£(S,) and v the
law of X; conditioned on {|X;| < K} and v, the law of S, = > " | X; conditioned on
the event N?_,{|X;| < K}. Then we have that x,[0,00) > 1,0, c0)u[—K, K]*. We write
Uk (N) =log fi{ e* du(x) and observe that

log /00 M dy(z) = Ui (N\) — log pu[-K, K.

oo

Therefore
| | .
lim inf — log 11,,[0, 00) > log u[— K, K] + lim inf — log 1,0, 00) > /1\r>1£ Ui (N) = Jk.
n n >
Note that Ui T ¥ as K — 00, so Jg T J as K — oo, for some J, and

1
lim inf — log 1, [0, 00) > J. (5.4)

n—oo M

Since Jx < Uk (0) < ¥(0) =0, so we have J < 0.

For large K we have that u[0, K] > 0, and hence Jx > —oo whence J > —oo. By the
continuity of Wy (Lemma the level sets {\ : Ug(A\) < J} are non-empty compact
nested sets, so there exists

Mo €[ {A: k() < T}

Therefore we obtain
U(\) = lilr<n Ui (o) < J,

and hence by (5.4) we get

lim inf llog tnl0,00) > W(Ag) > inf W(A)
n

n—00 A>0

as claimed. O

5.3 Examples

Example 5.4. Let X ~ AN(0,1), then
M) = /Le’\’”_”ﬁ/2 dr = e, 5o U(\) = )\—2
V27 ’ 2

In order to minimize aA — ¥(\) we need to solve a = W/(\) = A, and hence
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Example 5.5. Let X ~ Exp(1). Then

1
M)\ = AT—T o — T
) / o=

For A < 1 we have U(\) = —log(1 — \) and M(\) = oo for A > 1. Solving a = ¥/(\) gives
that a = =5 or equivalently that A =1 — 1, and hence

U*(a) =a—1—loga.

Example 5.6. Let X ~ Poisson(1). Then

M) =)

so U()\) = e* — 1. Solving a = W'()\) gives that a = ¢, and hence

| —

Y

- A
'exk 1_ et

-

U*(a) =aloga —a+ 1.

6 Brownian motion

6.1 History and definition

Brownian motion is named after R. Brown who observed in 1827 the erratic motion of small
particles in water. A physical model was developed by Einstein in 1905 and the mathematical
construction is due to N. Wiener in 1923. He used a random Fourier series to construct
Brownian motion. Our treatment follows later ideas of Lévy and Kolmogorov.

Definition 6.1. Let B = (B;);>o be a continuous process in R?. We say that B is a Brownian
motion in R? started from x € R? if

(i) By =z as.,
(ii) B; — Bs ~ N(0, (t — s)I), for all s < t,
(iii) B has independent increments, independent of By.

Remark 6.2. We say that (B;);>¢ is a standard Brownian motion if x = 0.

Conditions (ii) and (iii) uniquely determine the law of a Brownian motion. In the next
section we will show that Brownian motion exists.

Example 6.3. Suppose tht (B;,t > 0) is a standard Brownian motion and U is an indepen-
dent random variable uniformly distributed on [0,1]. Then the process (By,t > 0) defined
by
B _{ B, ift#U;
P70, ift=U
has the same finite-dimensional distributions as Brownian motion, but is discontinuous if
B(U) # 0, which happens with probability one, and hence it is not a Brownian motion.
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6.2 Wiener’s theorem

Theorem 6.4. [Wiener’s theorem| There erists a Brownian motion on some probability
space.

Proof. We will first prove the theorem in dimension d = 1 and we will construct a process
(B;,0 <t <1) and then extend it to the whole of R, and to higher dimensions.

Let Dy = {0,1} and D,, = {k27",0 < k < 2"} for n > 1, and D = U,>¢D,, be the set
of dyadic rational numbers in [0, 1]. Let (Z;,d € D) be a sequence of independent random
variables distributed according to A/(0,1) on some probability space (2, F,P). We will first
construct (By, d € D) inductively.

First set By = 0 and By = Z;. Inductively, given that we have constructed (Bgy,d € D,,_1)
satisfying the conditions of the definition, we build (By,d € D,,) as follows:

Take d € D, \ D, and let d_ =d — 27" and dy = d+ 27", so that d_, d, are consecutive
dyadic numbers in D,,_;. We write

By + By, 7

By 5 + T

Then we have

Ba, — Ba_ Zq Ba, — Ba_ Zg
Bd_Bd_: 2 +2(n+1)/2 and Bd+_Bd: + 2 —2(n+1)/2.

(6.1)

By, —B
Setting Ny = % and Ny = Q(ﬁ%, we see by the induction hypothesis that N; and

Ny are independent centred Gaussian random variables with variance 27", Therefore
COV(Nd + Nd’7 Nd — Nd/) = V&I’(Nd) — V&I"(Nd/) = O,

and hence the two new increments B;— B, and By, — By, being Gaussian, are independent.

Indeed, all increments (By — By_2-») for d € D,, are independent. To see this it suffices to
show that they are pairwise independent, as the vector of increments is Gaussian. Above
we showed that increments over consecutive intervals are independent. If they are defined
over intervals that are not consecutive, then notice that the increment is equal to half the
increment of the previous scale plus an independent Gaussian random variable by , and
hence this shows the claimed independence.

We have thus defined a process (By,d € D) satisfying the properties of Brownian motion.
Let s <t € D and notice that for every p > 0, since B; — B; ~ N(0,t — s), we have

E[|B: — BJ"] = |t — s["*E[IN]"],

where N ~ N (0,1). Since N has moments of all orders, it follows by Kolmogorov’s continuity
criterion, Theorem [3.19} that (By,d € D) is a-Hélder continuous for all o < 1/2 a.s. Hence
in order to extend to the whole of [0, 1] we simply let for ¢ € [0, 1]

Bt = hm Bdi,

i—00
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where d; is a sequence in D converging to t. It follows easily that (B, t € [0,1]) is a-Hélder
continuous for all & < 1/2 a.s.

Finally we will check that (B;,t € [0, 1]) has the properties of Brownian motion. We will
first prove the independence of the increments property. Let 0 =ty < t; < ... <t} and let
0=ty <t} <...<t} be dyadic rational numbers such that ¢] — ¢; as n — oo for each .

By continuity (Byy,. .., B) converges a.s. to (By, ..., By ) as n — oo, while on the other
hand the increments (Btn — Btn ,1 < j < k) are independent Gaussian random variables

with variances (] — 1<y < k) Then as n — oo we have

]1’

k
eXp( Zuj Bt? o Bt? 1 )] He (8 ~t7_1)uj/2 — He_(tj_tj_l)“?/Q_
j=1

By Lévy’s convergence theorem we now see that the increments converge in distribution to
independent Gaussian random variables with respective variances ¢; —t;_;, which is thus the
distribution of (B;; — By, ,,1 < j < k) as desired.

To finish the proof we will construct Brownian motion indexed by R,. To this end, take
a sequence (B, t € [0,1]) for i = 0,1,... of independent Brownian motions and glue them

together, more precisely by
lt]—1

L] i
=B, + Z Bi.

This defines a continuous random process B : [0,00) — R and it is easy to see from what
we have already shown that B satisfies the properties of a Brownian motion.

Finally to construct Brownian motion in R? we take d independent Brownian motions in 1
dimension, B!, ..., B4 and set B; = (B},..., BY). Then it is straightforward to check that
B has the required properties. O]

Remark 6.5. The proof above gives that the Brownian paths are a.s. a-Hélder continuous
for all &« < 1/2. However, a.s. there exists no interval [a, b] with a < b such that B is Holder
continuous with exponent a > 1/2 on [a, b]. See example sheet for the last fact.

6.3 Invariance properties

The following invariance properties of Brownian motion will be used a lot.

Proposition 6.6. Let B be a standard Brownian motion in R?.

1. If U is an orthogonal matriz, then UB = (UBy,t > 0) is again a standard Brownian
motion. In particular, —B s a standard Brownian motion.

2. If A\ > 0, then (\™Y2By;,t > 0) is a standard Brownian motion (scaling property).

3. For every t > 0, the shifted process (Byys — Bs,t > 0) is a standard Brownian motion
independent of FP (simple Markov property).
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Theorem 6.7. [Time inversion] Suppose that (B, t > 0) is a standard Brownian motion.
Then the process (X, t > 0) defined by

(0, ift=0;
Xt_{ tBiy, fort>0

18 also a standard Brownian motion.

Proof. The finite dimensional distributions (B, ..., By, ) of Brownian motion are Gaussian
random vectors and are therefore characterized by their means E[B;,] = 0 and covariances
Cov(By,, By;) = t; for 0 < t; < t;.

So it suffices to show that the process X is a continuous Gaussian process with the same
means and covariances as Brownian motion. Clearly the vector (Xi,,..., X;,) is a centred
Gaussian vector. The covariances for s <t are given by

1
Cov(Xs, X¢) = st Cov(By s, Bijt) = St; .

Hence X and B have the same finite marginal distributions. The paths ¢ — X, are clearly
continuous for ¢ > 0, so it remains to show that they are also continuous for ¢ = 0. First notice
that since X and B have the same finite marginal distributions we get that (X;,t > 0,t € Q)
has the same law as a Brownian motion and hence

lim X; =0 a.s.
£10,teQ

Since Q. is dense and X is continuous for ¢ > 0 we get that

0= lim X;=IlimX,; a.s.
t10

£40,t€Q
0
Corollary 6.8. [Law of large numbers] Almost surely, lim;_,., 2t = 0.
Proof. Let X; be as defined in Theorem [6.7] Then
lim 5 _ lim X (1/t) = X(0) =0 a.s.
t—o00 t—o00
O

Remark 6.9. Of course one can show the above result directly using the strong law of large
numbers, i.e. lim, . B,/n = 0. The one needs to show that B does not oscillate too much
between n and n 4+ 1. See example sheet.

Definition 6.10. We define (F2,t > 0) to be the natural filtration of (B;,t > 0) and F."
the slightly augmented o-algebra defined by

Fr=NF"

t>s
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Remark 6.11. By the simple Markov property of Brownian motion B, ;— By is independent

of FB. Clearly FP C F for all s, since in F;~ we allow an additional infinitesimal glance

into the future. But the next theorem shows that B, , — B; is still independent of F;.
Theorem 6.12. For every s > 0 the process (By.s — Bs,t > 0) is independent of F.F.

Proof. Let (s,) be a strictly decreasing sequence converging to s as n — oo. By continuity

Biyys— Bs = lim By ¢+ — B;, a.s.

n—oo

Let A € Ff and ty,...,t,, > 0. For any F continuous and bounded on(R%)™ we have by

S
the dominated convergence theorem

E[F<<Bt1+s _B57 ceey Btm+s - BS>)1(A)] = lim ]E[F((Bt1+sn _Bsna s 7Btm+sn _Bsn))l(A)]

n—oo

Since A € F, we have that A € }"5 for all n, and hence by the simple Markov property we
obtain that for all n

E[F((Buyts, = Bsys -+ Bryts, — B, ) L(A)] = PA)E[F((Bt, 45, = By -+ s Bys, — Bs,))]-
Therefore, taking the limit again we deduce that
E[F((Bi+s — Bs, ..., Bi,,+s — Bs))1(A)] = E[F((Byy+s — Bsy- - ., Bi,,+s — Bs))|P(A),

and hence proving the claimed independence. O

Theorem 6.13. [Blumenthal’s 0-1 law] The o-algebra Fy is trivial, i.e. if A € F;", then
P(A) € {0,1}.

Proof. Let A€ Ff. Then A € o(By,t > 0), and hence by Theorem we obtain that A
is independent of F,", i.e. it is independent of itself:

P(A) =P(ANA) =P(A)?,
which gives that P(A) € {0,1}. O

Theorem 6.14. Suppose that (By)i>o is a standard Brownian motion in 1 dimension. Define
T=inf{t >0: B, >0} and o0 = inf{t > 0: B, =0}. Then

Proof. For all n we have

{r=0}=(){30<e<1/k:B.>0}

k>n

and thus {r =0} € .FlB/n for all n, and hence
{r=0} e F .
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Therefore, P(7 = 0) € {0,1}. It remains to show that it has positive probability. Clearly,

for all ¢ > 0 we have .
P(r<t)>P(B;>0) = 7
>

Hence by letting ¢ | 0 we get that P(7 = 0) > 1/2 and this finishes the proof. In exactly the

same way we get that
inf{t >0: B, <0} =0 a.s.

Since B is a continuous function, by the intermediate value theorem, we deduce that

P(oc =0) = 1.

Proposition 6.15. For d=1 andt > 0 let Sy = supy<,<,; Bs and Iy = info<s<; Bs.
1. Then for every e > 0 we have
S.>0 and I. <0 a.s.

In particular, a.s. there exists a zero of B in any interval of the form (0,¢), for all € > 0.

2. A.s. we have

By = —inf B, = .
Sup B =~ B o0

Proof. 1. For all t > 0 we have that

1

Thus, if ¢, is a sequence of real numbers decreasing to 0 as n — oo, then by Fatou’s inequality

1
P(B;, > 01i.0.) = P(limsup{B;, > 0}) > limsupP(B;, > 0) = 3"

Clearly, the event {B;, > 01i.0.} is in F{ since it is F-measurable for all k& (notice that for
all k£ it does not depend on By, ..., B, ). By Blumenthal’s 0-1 law we get that

P(B;, > 0i.0.) =1,
and hence S; > 0 a.s. for all € > 0.

The same is true for the infimum by considering —B which is again a standard Brownian
motion.

2. By scaling invariance of Brownian motion we get that

Se = sup B; = sup By @ sup VAB,.

>0 t>0 >0

Hence S4 9 Sy for all a > 0. Thus for all z > 0 the probability P(S,, > x) is a constant
¢, and hence

P(Se >0) =c.
But we have already showed that P(S,, > 0) = 1. Therefore, for all x we have
P(Se > ) =1,
which gives that P(S, = o0) = 1. O
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Proposition 6.16. Let C' be a cone in R with non-empty interior and origin at 0, i.e. a
set of the form {tu : t > 0,u € A}, where A is a non-empty open subset of the unit sphere
of R, If

HC:inf{t>OZBtEC}

15 the first hitting time of C', then Ho = 0 a.s.

Proof. Since the cone C'is invariant under multiplication by a positive scalar, by the scaling
invariance property of Brownian motion we get that for all ¢

P(B, € C)=P(B; € C).
Since C' has non-empty interior, it is straightforward to check that
P(B;€C)>0

and then we can finish the proof using Blumenthal’s 0-1 law as in the proposition above. []

6.4 Strong Markov property

Let (Fi)i>o0 be a filtration. We say that a Brownian motion B is an (F;)-Brownian motion
if B is adapted to (F;) and (Bs; — Bs,t > 0) is independent of F; for every s > 0.

In Proposition we saw that the first hitting time of a closed set by a continuous process
is always a stopping time. This is not true in general though for an open set. However, if we
consider the right continuous filtration, i.e. (F;y), then we showed in Proposition that
the first hitting time of an open set by a continuous process is always an (F;) stopping time.
So, in what follows we will be considering the right continuous filtration. As this filtration
is larger, this choice produces more stopping times.

Theorem 6.17. [Strong Markov property| Let T be an a.s. finite stopping time. Then
the process
(Bryt — Br,t > 0)

is a standard Brownian motion independent of F.

Proof. We will first prove the theorem for the stopping times T,, = 27"[2"T"| that discretely

approximate T from above. We write Bt(k) = By po-n — Bpo-» which is a Brownian motion
and B, for the process defined by

We will first show that B, is a Brownian motion independent of ¥ . Let E € F; . For

every event {B, € A} we have

P{B™ € AynEN{T, = k27"})

WE

P({B, € A}NE) =

=
Il
o

P(B® € A)P(EN{T, = k2™"}),

I
WE

e
I
o
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since by the simple Markov property {B*) € A} is independent of Flyn and ENA{T, =
k27"} € F .. Since B® is a Brownian motion, we have P(B® € A) = P(B € A) does
not depend on k, and hence

P({B. € A}NE)=P(B € AP(E).

Taking E to be the whole space gives that B, is a Brownian motion, and hence
P({B, € A}NE)=P(B, € A)P(E)

for all A and FE, thus showing the claimed independence.

By the continuity of Brownian motion we get that

Bt+5+T - BS+T = llm (Bs+t+T7L - B5+T7L)'

n—o0

The increments (Byisi7, — Bsir,) are normally distributed with 0 mean variance equal to
t. Thus for any s > 0 the increments B;,s,7 — Bs.7 are also normally distributed with 0
mean and variance t. As the process (Byyr — Br,t > 0) is a.s. continuous, it is a Brownian
motion. It only remains to show that it is independent of F.

Let A € Fff and ty,...,t; > 0. We will show that for any function F' : (R?)* — R continuous
and bounded we have

E[1(A)F((Bty+r — Br, ..., By+r — Br))] = P(A)E[F((By,+r — Br, ..., By,+7 — Br))].
Using the continuity again and the dominated convergence theorem, we get that

E[1(A)F((Byy+r—Br,...,By+r—Br))] = lim E[1(A)F((Bt,+1,—Br,,- - By,+1, —Br,))]-

n—oo

Since T,, > T, it follows that A € .ijn . But we already showed that the process (B 1, —
Br,,t > 0) is independent of f;{“ hence using the continuity and dominated convergence
one more time gives the claimed independence. O

Remark 6.18. Let 7 = inf{t > 0: B, = maxo<s<1 Bs}. It is intuitively clear that 7 is not a
stopping time. To prove that, first show that 7 < 1 a.s. The increment B;,, — B; is negative
in a small neighbourhood of 0, which contradicts the strong Markov property.

6.5 Reflection principle

Theorem 6.19. [Reflection principle] Let T' be an a.s. finite stopping time and (By,t > 0)
a standard Brownian motion. Then the process (B, t > 0) defined by

B, =B1(t<T)+ 2By — B)1(t >T)

1s also a standard Brownian motion and we call it Brownian motion reflected at T .
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Proof. By the strong Markov property, the process
B = (Bpyy — By,t > 0)

is a standard Brownian motion independent of (B;,0 < ¢ < T'). Also the process
—B™ = (Bp — Byyp,t > 0)

is a standard Brownian motion independent of (B;,0 <t < T'). Therefore, the pair
((By,0 <t <T),B") has the same law as ((B,,0 <t < T),—-B®),

We now define the concatenation operation at time 7" between two continuous paths X and
Y by
Up(X,Y)t) =X At <T)+ (Xr+Y_p)L(t > T).

Applying U1 to B and B(Tl gives us the Brownian motion B, while applying it to B and
—B™ gives us the process B.

Let A be the product o-algebra on the space C of continuous functions on [0, 00). It is easy
to see that W7 is a measurable mapping from (C x C, A® A) to (C,.A) (by approximating T
by discrete stopping times).

Hence, B and B have the same law. O

Corollary 6.20. [Reflection principle] Let B be a standard Brownian motion in 1 di-
mension and b > 0 and a < b Then writing S; = supy<,<; Bs we have that for every t >0

P(St Z b, Bt S a) = ]P)(Bt Z 2b — a).

Proof. For any x > 0 we define T}, = inf{t > 0: B, = z}. Since Sy = 00 (S = sup;>q B;)
a.s. we have that T, < co a.s.

By the continuity of Brownian motion, we have that By, = x a.s. Clearly {S; > b} = {T}, <
t}. By the reflection principle applied to T, we get

P(S, > b, B, <a) =P(Ty < t,2b— B, > 2b—a) = P(T, < t, B, > 2b — a),
since B; = 2b — B; when t > Tj,.
Since a < b, the event {B; > 2b — a} is contained in the event {T} < t}. Hence we get
P(S; > b, B, < a) = P(B; > 2b—a) = P(B, > 2b — a),

where the last equality follows again by the reflection principle (E is a standard Brownian
motion). O

Corollary 6.21. For every t > 0 the variables S; and |B;| have the same law.

Proof. Let a > 0. Then by Corollary we get that
P(St 2 a) = P(St Z a, Bt S (1) + P(St Z a, Bt > CL) = 2P(Bt Z a) = P(lBt| Z CL),
since the event {B; > a} is contained in {S; > a}. O

Exercise 6.22. Let > 0 and T, = inf{t > 0 : B; = }. Then the random variable T} has
the same law as (x/Bj)%
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6.6 Martingales for Brownian motion
Proposition 6.23. Let (B;,t > 0) be a standard Brownian motion in 1 dimension. Then
(i) the process (By,t > 0) is an (F,;")-martingale,
(i) the process (B —t,t > 0) is an (F;")-martingale.
Proof. (i) Let s <t, then
E[B; — Bi|F,| = E[B, — B,] =0,
since the increment B; — By is independent of F,- by Theorem
(ii) The process is adapted to the filtration (F,;") and if s < ¢, then

E[B} — t|FS] = E[(B: — B,)?|F] + 2E[B, By| F}] - E[BZ|.F ] — t
— (—s)+2B?— B —t=DB—s,

Using the above proposition, one can show that

Proposition 6.24. Let B be a standard Brownian motion in 1 dimension and x,y > 0.
Then

T
Py <T) =

Proposition 6.25. Let B be a standard Brownian motion in d dimensions. Then for each
u=(uy,...,uq) € R? the process

and E[T, NT_,] = zy.

°t
M = exp <<u,Bt> - |“2| ) >0
is an (F;") martingale.

Proof. Integrability follows since E[exp((u, B:))] = exp (t Z?:1 u? /2) for all t > 0. Let
s < t, then

E[M}'|F,] = e 2K [exp((u, B, — By + By))|FS ] = e ™2 exp((u, B,))E [exp((u, B, — By))],

where the last equality follows from Theorem Since the increment B; — B is distributed
according to N(0, (t — s)1;) we get that

E[M|FJ] = MY,

and hence proving the martingale property. O
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We saw above that if f(z) = z?, then the right term to subtract from f(B;) in order to
make it a martingale is t. More generally now, we are interested in finding what we need to
subtract from f in order to obtain a martingale. Before stating the theorem for Brownian
motion, let’s look at a discrete time analogue for a simple random walk on the integers. Let
(S,) be the random walk. Then

B (Suet)lS- Sul = £(S) = 5((S0 +1) = 2(S0) + (5, — 1)

1~
= éAf(Sn>7

where Af(z) := f(z 4+ 1) — 2f(z) + f(z — 1). Hence

F(50 - S Ass

k=0

defines a discrete time martingale. In the Brownian motion case we expect a similar result
with A replaced by its continuous analogue, the Laplacian

Theorem 6.26. Let B be a Brownian motion in RY. Let f(t,z) : R, x RY — R be con-
tinuously differentiable in the variable t and twice continuously differentiable in the variable
x. Suppose in addition that f and its derivatives up to second order are bounded. Then the
following process

2

l\’)

Z

M, = f(t,B:) — f(0, By) —/t <% —A) f(s,Bs)ds, t>0

is an (F;")-martingale.

Proof. Integrability follows trivially by the assumptions on the boundedness of f and its
derivatives.

We will now show the martingale property. Let 0 <¢. Then

s+t
Myys — Mg = f(t +s,Biis) — f(s,Bs) — / (% + %A) f(r,B,)dr

e
= f(t+s,Biis) — f(s,Bs) — /0 (E + %A) f(r+s,Bpys)dr.

Since By,s — B; is independent of F; by Theorem and By is F;-measurable, writing
ps(z,y) = (27r3)_d/26_‘z_9|2/(25) for the transition density in time s, we have (check!)

E[f(t+ s, Biys)|FS] =E[f(t + s, Biys — Bs+ By)|F = | f(t+s,Bs+2)p(0, ) dz.

Rd
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Now notice that by the boundedness assumption on f and all its derivatives

E [/0 (%—F%A) f(r+s,BT+s)dr’fj] :/o E {(%+%A) f(r+s,Bs)

(Check! using Fubini’s theorem and the definition of conditional expectation.) Using again
the fact that B, s — B, is independent of F, we get

Fj} dr.

o 1 nE o 1
E [(E‘i‘iA) f(r+S7BT+s_Bs+BS) ‘Fs:| —/Rd (E—i_ﬁA) f(T—f-S,.fC—i-Bs)pr(O,l') dx.

By the boundedness of f and its derivatives, using the dominated convergence theorem we
deduce

t 9 1 ' o 1
/0 /Rd (8r + 5 ) f(r+s,2+B,)p,(0, ) dv dr Elﬁ)l/e /Rd (8r + 5 ) f(r+s,x+Bg)p-(0, z)dxdr

Using integration by parts twice in this last integral and Fubini’s theorem we have that it is
equal to

/(f(t—irs,BS—l—x)pt(O,x)—f(£+s,x—|—Bs)pE(0,x))d:c—/ tagpr(o,x)f(r+s,m+Bs)drda:
Rd Rd Je OT

t
1
—l—// éApr(O,m)f(T—irs,az—l—Bs)da:dr.
e JR4

The transition density p,(0,x) satisfies the heat equation, i.e. (0, — A/2)p = 0, and hence
this last expression is equal to

/Rd(f(t + 5, By + 2)p(0,2) — f(e + s, + Bs)p(0,z)) dz.

Now notice that as € | 0 we get
lim [ f(e+s,a+ Bp.(0,2)) dr = f(s, B,),
EJ,O Rd

since the limit above is equal to lim._,oE[f(s + &, Bs;)|F. ] which by the continuity of the
Brownian motion and of f and by the conditional dominated convergence theorem is equal

to f(s, Bs).

Therefore we showed that
E[M,s — M| FS] =0 as.

and this finishes the proof. O

6.7 Recurrence and transience

We note that if a Brownian motion starts from x € R?, i.e. By = x, then B can be written
as B
Bt =T+ Bt7

where B is a standard Brownian motion.

We will write P, to indicate that the Brownian motion starts from z, i.e. under P, the
process (B; — x,t > 0) is a standard Brownian motion.
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Theorem 6.27. Let B be a Brownian motion in d > 1 dimensions.

(i) If d =1, then B is point-recurrent, in the sense that for all x a.s. the set
{t 2 0: Bt = $}
15 unbounded.

(ii) If d = 2, then B is neighbourhood recurrent, in the sense that for every x,z under
P,-a.s. the set
{t>0:|By—z| <¢e}

is unbounded for every e > 0.

However, B does not hit points, i.e. for every x € RY

IEDO(EIt>OBt:x):0

(i) If d > 3, then B is transient, in the sense that

|B| — 00 as t — 0o Py-a.s.

Proof. (i) This is a consequence of Proposition [6.15] since

limsup B; = oo = — liminf B;.
t—00 t—o0

(ii) Note that it suffices to show the claim for z = 0.
Let ¢ € C}(R?) be such that

¢(y) =logly|, fore < |yl <R,

where R > ¢ > 0. Note that Ap(y) = 0 for ¢ < |y| < R. Let the Brownian motion start
from z, i.e. By =z with € < |z| < R.

We now set S =inf{t > 0: |B;] = ¢} and T = inf{t > 0: |B;| = R}. Then H = S AT is
an a.s. finite stopping time and by Theorem the process (log |Biapl|,t > 0) is a bounded
martingale. By the optional stopping theorem, since H < oo a.s. we thus obtain that

E.[log | Bul] = log ||

or equivalently,
log(e)P,(S < Tr) + log(R)P,(Tr < S) = log ||,

which gives that

log R — log |z|
P, TR) = ———m. 2
(5'< Tr) log R —loge (62)

Letting R — oo we have that T — oo a.s. and hence P, (S < 0o) = 1, which shows that

P.(|B:| < e, for some t > 0) = 1.
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Applying the Markov property at time n we get
P.(|B;| < e, for some t > n) = P,(|By1n — By + By| < ¢, for some ¢ > 0)

= / Po(|B: + y| < ¢, for some t > 0)P,(B, € dy)
R2

= / P,(|B:| < ¢, for some t > 0)P,(B, € dy).
RZ

(P.(B, € dy) is the law of B, under P,.) Since we showed above that for all z
P.(|B:| < e, for some t > 0) = 1,

we deduce that P, (|B:| < ¢, for some ¢ > n) =1 for all .
Therefore the set {t > 0:|B;| < €} is unbounded P,-a.s.

Letting ¢ — 0 in (6.2) gives that the probability of hitting 0 before hitting the boundary of
the ball around 0 of radius R is 0. Therefore, letting R — oo gives that the probability of
ever hitting 0 is 0, i.e. for all = # 0

P.(B; =0, for some t > 0) = 0.
We only need to show now that
Py(B; = 0, for some t > 0) = 0.

Applying again the Markov property at a > 0 we get

Py(B; = 0, for some t > a) = / Py(Biia — Ba +y = 0, for some ¢t > 0)Py(B, € dy)
R2

= / P,(B; =0, for some ¢ > 0) e~ lvI*/(20) dy =0
R2

(2ma)d/?

since for all y # 0 we have already proved that P, (B, = 0, for some ¢ > 0) = 0.
Thus, since Py(B; = 0, for some t > a) = 0 for all a > 0, letting @ — 0 we deduce that

Py(B; = 0, for some ¢t > 0) = 0.

(iii) Since the first three components of a Brownian motion in R? form a Brownian motion
in R3, it suffices to treat the case d = 3. As we did above, let f be a function f € CZ(R?)
such that

for ¢ <ly] <R.

1
f(y)—m,

Note that Af(y) =0 for € < |y| < R. Let By = z with ¢ < |z| < R. If we define again S
and Tk as above the same argument shows that
|ZL"_1 _ R—l
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As R — oo this converges to ¢/|z| which is the probability of ever visiting the ball centred
at 0 and of radius € when starting from |z| > €.

We will now show that
Po(|Bi| — 00 as t — o0) = 1.

Let T, = inf{t > 0 : |By| = r} for r > 0. We define the events
A, ={|By| >n forallt>T,s}.
By the unboundedness of Brownian motion, it is clear that
Po(T,3 < 00) = 1.
Applying the strong Markov property at the time 7,5 we obtain
Py(As) =Py (]Bt+Tn3 —Br, + BTns‘ <n for some t > 0)

n 1
= EO[PBTns (Tn < OO)] = E = ﬁ

Since the right hand side is summable, by the Borel-Cantelli lemma we get that only finitely
many of the sets A¢ occur, which implies that |B;| diverges to oo as t — 0. O

6.8 Brownian motion and the Dirichlet problem

Definition 6.28. We call a connected open subset D of R? a domain. We say that D
satisfies the Poincaré cone condition at « € 9D (boundary of D) if there exists a non-empty
open cone C with origin at z and such that C N B(z,r) C D¢ for some r > 0.

Theorem 6.29. [Dirichlet problem] Let D be a bounded domain in R? such that every
boundary point satisfies the Poincaré cone condition. Suppose that ¢ is a continuous function
on 0D. We let 7(0D) = inf{t > 0 : B, € 0D}, which is an almost surely finite stopping
time when starting in D. Then the function u: D — R given by

’LL(Q]) = Ez[(p(BT(aD))L fOT’ T e D7
1s the unique continuous function satisfying
Au=0on D
u(x) = ¢(x) forx € dD.

Before solving the Dirichlet problem we state a well-known result and for the proof we refer
the reader to [I, Theorem 3.2].

Theorem 6.30. Let D be a domain in R and w : D — R measurable and locally bounded.
The following conditions are equivalent:

(1) w is twice continuously differentiable and Au =0,
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(ii) for any ball B(xz,r) C D we have

1
) B oo O

(iii) for any ball B(z,r) C D we hav

1
u(z) = 7o (0B(z.7) /aB(m) u(y) doy,(y),

where 0, is the surface area measure on OB(x,r).

Definition 6.31. A function satisfying one of the equivalent conditions of Theorem [6.30] is
called harmonic in D.

The next theorem and corollary folowing it will be used in the uniqueness part of the proof
of Theorem [6.29

Theorem 6.32. [Maximum principle] Suppose that u : R? — R is a harmonic function
on a domain D C RZ.

(1) If u attains its mazimum in D, then u is a constant on D.

(ii) If u is continuous on D and D is bounded, then

DE ) = gy )

Proof. (i) Let M be the maximum. Then the set V = {x € D : u(x) = M} is relatively
closed in D (if x, is a sequence of points in V' converging ro x € D, then z € V), since u is
continuous. Since D is open, for any x € V there exists r > 0 such that B(x,r) C D. From
Theorem [6.30] we have

1
M:u(:v):—/B( )u(y)dySM.

L(B(z,r))
We thus deduce that u(y) = M for almost all y € B(z,r). But since u is continuous, this
gives that u(y) = M for all y € B(x,r). Therefore, B(z,r) C V. Hence V is also open and
by assumption non-empty. But since D is connected, we must have that V' = D. Hence u is
constant on D.

(ii) Since u is continuous and D is closed and bounded, u attains a maximum on D. By (i),
the maximum has to be attained on 0D. ]

Corollary 6.33. Suppose that uy, us R? — R are functions harmonic on a bounded domain
D and continuous on D. If uy and us agree on 0D, then they are identical.

Proof. By Theorem (ii) applied to u; — us we obtain that

max(us () — uz(2)) = max(u (z) — uz(z)) =0,

and hence we obtain that u;(z) < uy(z) for all z € D. In the same way uy(z) < uy(z) for

all z € D. Hence u; = uy on D. O
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Proof of Theorem [6.32. Since the domain D is bounded, we get that u is bounded. We
will first show that Au = 0 on D, by showing that u satisfifes condition (iii) of Theorem [6.30}

Let € D. Then there exists § > 0 such that B(x,d) C D. Let 7 = inf{t > 0: B; ¢ B(x,6)}.
Then this is an a.s. finite stopping time, and hence applying the strong Markov property at
T we get

u(r) = Ea[p(Bryp )] = Ee[Ea[p(Bryp )| F7]] = Eo[Ep. [0(Bryp )]

1
= BB = B o, 00 0)

The uniqueness now follows from Corollary

It remains to show that wu is continuous on D. Clearly u is continuous on D. So we only
need to show that w is continuous on dD. Let z € dD. Since the domain D satisfies the
Poincaré cone condition, there exists h > 0 and a non-empty open cone C, with origin at z

such that C, N B(z,h) C D°.

Since ¢ is continuous on D, we get that for every € > 0, there exists 0 < § < h such that
if |y —z| < dand y € 9D, then |p(y) — p(2)| < e.

Let = be such that |z — z| < 27%4, for some k > 0. Then we have

[u(r) — u(2)| = [Es[0(Br,p,)] — ¢(2)| < Egllp(Br,y) — @(2)]]
eP.(Top < ToB(z5)) + 2||¢||ccPa(ToB(2,6) < ToD)
eP.(Tap < ToB(5)) + 2||¢||ocPa(ToB(2,6) < TC.)-

IA A

Now we note that
P.(Tos(e6) < 7c.) < @,

for some a < 1. Thus by choosing k large enough, we can get this last probability as small
as we like, and hence this completes the proof of continuity. O

We will now give an example where the domain does not satisfy the conditions of Theo-
rem [6.29 and the function u as defined there fails to solve the Dirichlet problem.

Example 6.34. Let v be a solution of the Dirichlet problem on B(0,1) with boundary
condition ¢ : 9B(0,1) — R. We now let D = {z € R?: 0 < |z| < 1} be the punctured disc.
We will show that the function u(z) = E,[¢(B,,)] given by Theorem fails to solve
the problem on D with boundary condition ¢ : 9B(0,1) U {0} if »(0) # v(0). Indeed, since
planar Brownian motion does not hit points, the first hitting time of 0D = 9B(0,1) U {0} is
equal a.s. to the first hitting time of 0B(0,1). Therefore,

u(0) = Eo[o(Br,,)] = v(0) # #(0).

6.9 Donsker’s invariance principle

In this section we will show that Brownian motion is the scaling limit of random walks with
steps of 0 mean and finite variance. This can be seen as a generalization of the central limit
theorem to processes.
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For a function f € C([0,1],R) we define its uniform norm || f|| = sup,|f(¢)|. The uniform
norm makes C([0, 1], R) into a metric space so we can consider weak convergence of probability
measures. The associated Borel o-algebra coincides with the o-algebra generated by the
coordinate functions.

Theorem 6.35. [Donsker’s invariance principle] Let (X,,,n > 1) be a sequence of R-
valued integrable independent random variables with common law p such that

/xd,u(x) =0 and /x2 du(x) = o* € (0,00).

Let So =0 and S, = X1 +...4+ X,, and define a continuous process that interpolates linearly
between values of S, namely

Si = (1~ {£})Siy + {#} Sy, 120,

where [t] denotes the integer part of t and {t} =t — [t]. Then SN := ((6?N)~1/2Sy;,0 <
t < 1) converges in distribution to a standard Brownian motion between times 0 and 1, i.e.
for every bounded continuous function F : C([0,1],R) — R,

E[F(S™)] = E[F(B)] asn — oc.

Remark 6.36. Note that from Donsker’s theorem we can infer that N—1/2 SUPg<p<N On
converges to supy<;<; B; in distribution as N — oo, since the function f + sup f is a
continuous operation on C([0, 1], R).

The proof of Theorem that we will give uses a coupling of the random walk with
the Brownian motion, called the Skorokhod embedding theorem. It is however specific to
dimension d = 1.

Theorem 6.37. [Skorohod embedding for random walks] Let 1 be a probability mea-
sure on R of mean 0 and variance 02 < oco. Then there exists a probability space (Q, F,P)
with filtration (F;)¢>0, on which is defined a Brownian motion (B;):>o and a sequence of
stopping times

0=T<T1 <Tr <...

such that, setting S,, = Br,,

(i) (T.)n>0 is a random walk with steps of mean o2,

(ii) (Sn)n>0 is a random walk with step distribution p.

Proof. Define Borel measures p4 on [0, 00) by
pi(A) = p(£A4), A€ B([0,00)).

There exists a probability space on which are defined a Brownian motion (B;):>o and a
sequence ((X,,Y,) : n € N) of independent random variables in R? with law v given by

v(dz,dy) = C(z + y)p-(dz)py (dy)
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where C'is a suitable normalizing constant. Set o = 0(X,,,Y, : n € N) and F; = o(Fo, FP).
Set Ty = 0 and define inductively for n > 0

Tn+1 == lnf{t Z Tn : Bt — BTn = —Apy1 OF Yn+1}

Then T, is a stopping time for all n. Note that, since p has mean 0, we must have

C'/ p(dx) C/ yu(dy) = 1.

Write T'=T,,X = X; and Y =Y.
By Proposition [6.24] conditional on X = z and Y = y, we have T' < 0o a.s. and

P(Br=Y|X,Y)=X/(X+Y) and E[T|X,Y]= XY.
So, for A € B([0, c0)),

P(By € A) = /A/OOO - ~Co -+ i (de)ps (dy)

soP(Br € A) = p(A). A similar argument shows this identity holds also for A € B((—o0, 0]).
Next

_ / h / "y + ) (d)s (dy)

= [ orutan) + [yt =

Now by the strong Markov property for each n > 0 the process ( Bz, ++— Br, )i>0 is a Brownian
motion, independent of Fﬁ . So by the above argument By, , — By, has law p, T, — T,
has mean o2, and both are independent of an . The result follows. O

Proof of Theorem [6.35 We assume for this proof that o = 1. This is enough by scaling.

Let (B;)i>o be a Brownian motion and (7},),>1 be the sequence of stopping times as con-
structed in Theorem [6.37] Then By, is a random walk wih the same distribution as S,,. Let
(St)t>0 be the linear interpolation between the values of (.S,,).

For each N > 1 we set

- \/NBN*lt’

which by the scaling invariance property of Brownian motion is again a Brownian motion.
We now perform the Skorokhod embedding construction with (B;):>¢ replaced by (B, (N))t>0,

to obtain stopping times T, ’. We then set Sy V) = pt o ]3) and interpolate linearly to form

S +>0. Clearly, for all N we have
( t = Y7

((TTEN))nz()a (St(N))tZO) ~ ((T)n>0, (St)e=0) -
Next we set i) = N1 and S = N-1/250) . Then

(S5m0 ~ (S50
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and §T(Z]/V]3[ = Bz for all n. We need to show that for all bounded continuous functions
F:C([0,1],R) — R that as N — oo

E[F(S™M)] = E[F(B)].

In fact we will show that for all £ > 0 we have

P ( sup
0<t<1

Since F is continuous, this implies that F(S™) — F(B) in probability, which by bounded
convergence is enough.

Since T, is a random walk with increments of mean 1 by the strong law of large numbers we
have that a.s.

SN — B,

>5)—>0.

T,
=2 S lasn— oo.
n

So as N — oo we have that a.s.

N~'sup [T, —n| — 0 as n — oo.
n<N

Hence for all § > 0 we have that as N — oo

P (sup
n<N

Since gg/vjzf = Bz for all n we have that for every n/N <t < (n+ 1)/N there exists

T,SN) <u< féﬁ such that gt(N) = B,. This follows by the intermediate value theorem and
the fact that (St(N)) is the linear interpolation between the values of S,, . Hence we have

T — n/N‘ > 5) ~ 0.

{|§,5(N) — By| > ¢ for some t € [0,1]} € {|T™) — n/N| > § for some n < N}
U{|B, — By| > ¢ for some t € [0,1] and |[u —t| <0+ 1/N}
- A1 UAQ

The paths of (B;);>¢ are uniformly continuous on [0, 1]. So for any € > 0 we can find § > 0
so that P(Ay) < €/2 whenever N > 1/§. Then by choosing N even larger we can ensure
that P(A;) < ¢/2 also. Hence S®) — B uniformly on [0, 1] in probability as required. — [J

Remark 6.38. From the proof above we see that we can construct the Brownian motion
and the random walk on the same space so that as N — oo

P ( sup |St[N] — B| > 5) — 0.

0<t<1

6.10 Zeros of Brownian motion

Theorem 6.39. Let (B;)i>o be a one dimensional Brownian motion and
Zeros ={t > 0: B, =0}

15 the zero set. Then, almost surely, Zeros is a closed set with no isolated points.
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Proof. Since Brownian motion is continuous almost surely, the zero set is closed a.s. To
prove that no point is isolated we do the following: for each rational ¢ € [0, 00) we consider
the first zero after ¢, i.e.

7, =inf{t > ¢ : B, = 0}.

Note that 7, is an almost surely finite stopping time. Since Zeros is a closed set, this infimum
is almost surely a minimum. By the strong Markov property, applied to 7,, we have that
for each ¢, almost surely 7, is not an isolated zero from the right. But since the rational
numbers is a countable set we get that almost surely for all rational ¢, the zero 7, is not
isolated from the right.

The next thing to prove is that the remaining points of Zeros are not isolated from the left.
We claim that for any 0 < ¢ in the zero set which is different from 7, for all rational ¢ is not
an isolated point from the left. Take a sequence g, 1t with ¢, € Q. Define ¢,, = 7. Clearly
gn <t, <tandsot, Tt Thustis not isolated from the left. O

Theorem 6.40. Fixt > 0. Then, almost surely, Brownian motion in one dimension is not
differentiable at t.

Proof. Exercise. O

But also a much stronger statement is true, namely

Theorem 6.41. [Paley, Wiener and Zygmund 1933] Almost surely, Brownian motion
in one dimension is nowhere differentiable.

7 Poisson random measures

7.1 Construction and basic properties

For A € (0,00) we say that a random variable X in Z* is Poisson of parameter A and write
X ~ P\ if
P(X =n) =e*\"/n!

We also write X ~ P(0) to mean X = 0 and write X ~ P(c0) to mean X = oo.

Proposition 7.1. [Addition property| Let Ny, k € N, be independent random variables,
with Ny, ~ P(\g) for all k. Then

> N~ PO M)

Proposition 7.2. [Splitting property] Let N, Y,,,n € N, be independent random variables,
with N ~ P(A\),\A < oo and P(Y,, = j) =p;, forj=1,...,k and all n. Set

N
N; =Y 1Y, =J).
n=1
Then Ny, ..., Ny are independent random variables with N; ~ P(Ap;) for all j.
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Proof. Left as an exercise. m

Let (E,&, 1) be a o-finite measure space. A Poisson random measure with intensity u is a
map
M:QxE&—ZyU{oco}

satisfying, for all sequences (A : k € N) of disjoint sets in &,

() M(UpAr) = 32 M(Ag),
(ii)) M(Ax), k € N, are independent random variables,

(ili) M(Ag) ~ P(u(Ayg)) for all k.

Denote by E* the set of Z; U {oo}-valued measures on € and define, for A € &,
X:E*X5—>Z+U{OO}, XAE*_>Z+U{OO}
by
X(m,A) = Xa(m) =m(A).
Set £* =0(Xa: A€E).

Theorem 7.3. There exists a unique probability measure pu* on (E*,E*) such that under u*
X is a Poisson random measure with intensity .

Proof. (Uniqueness.) For disjoint sets Ay,..., Ay € € and ny,...,ng € Z,, set
A*={me E" :m(A4;) =nq,...,m(Ax) = ny}.

Then, for any measure p* making X a Poisson random measure with intensity u,
k
(A = [ e " u(A4,)m /n;!
j=1

Since the set of such sets A* is a m-system generating £*, this implies that p* is uniquely
determined on £*.

(Existence.) Consider first the case where A = p(E) < oo. There exists a probability
space (2, F,P) on which are defined independent random variables N and Y,,,n € N, with
N ~ P(A\) and Y, ~ u/A for all n. Set

M(A) =) 1(Y,€A), Ack&. (7.1)

n=1

It is easy to check, by the Poisson splitting property, that M is a Poisson random measure
with intensity p. Indeed, for disjoint Ay, ..., Ay in £ with finite g measures, we let X,, = j
whenever Y,, € A;, so that M(A,),1 < j <k are independent P(u(A4;)),1 < j <k random
variables.
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More generally, if (E, &, u) is o-finite, then there exist disjoint sets Fy € £,k € N, such
that UpE, = E and p(Ey) < oo for all k. We can construct, on some probability space,
independent Poisson random measures My, k € N, with Mj, having intensity p|g, . Set

M(A) =Y M,(ANE,), A€E.
keN

It is easy to check, by the Poisson addition property, that M is a Poisson random measure
with intensity p. The law p* of M on E* is then a measure with the required properties. [J

The above construction gives the following important property of Poisson random measures.

Proposition 7.4. Let M be a Poisson random measure on E with intensity u, and let A € €
be such that p(A) < co. Then M(A) has law P(u(A)), and given M(A) = k, the restriction
M| has same law as Zle dx,, where (X1,...,Xg) are independent with law pu(-NA)/u(A).
Moreover, if A, B € £ are disjoint, then the restrictions M|, M| are independent.

Exercise 7.5. Let £ =R, and p = 01(t > 0)dt. Let M be a Poisson random measure on
R, with intensity measure p and let(7,),>1 and Ty = 0 be a sequence of random variables

such that (T,, — T,,_1,n > 1) are independent exponential random variables with parameter
6 > 0. Then

<Nt => LT, <t), t> o) and (N} = M([0,1]), t > 0)

n>1

have the same distribution.

7.2 Integrals with respect to a Poisson random measure

Theorem 7.6. Let M be a Poisson random measure on E with intensity p. Then for
f e LYu), then so is M(f) defined by

M(f) = /E £(y)M (dy)

and

E[M(f)]zéf(y)u(dy), Var(M(f))Z/Ef(y)QM(dy)-

Let f : E— R, be a measurable function. Then for u > 0

B[] = e { - [ (1= utay

Let f: E — R be in LY(u). Then for any u

B [e10] = exp { [ (@0~ uta)}.
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Proof. First assume that f = 1(A), for A € £ Then M(A) is a random variable by
definition of M and this extends to any finite linear combination of indicators. Since any
measurable non-negative function is the increasing limit of finite linear combinations of such
indicator functions, we obtain by monotone convergence that M(f) is a random variable as
a limit of random variables.

Let E,,n > 0 be a measurable partition of E into sets of finite y-measure. A similar
approximation argument shows that M (f1(E,)),n > 0 are independent random variables.

Let f € L£L'(n). We will first show the formula for the expectation and the variance. If
f = 1(A), then this is clear. This extends to finite linear combinations and to any non-
negative measurable functions by approximation. For a general f, we do the standard
procedure, separating into f = f* — f~ and use the fact that M(f") and M(f~) are
independent.

Since by Proposition given M(E,) = k, the restriction M|z, has the same law as
Zle dx,, where (Xi,..., X) are independent with law u(- N E,)/u(E,), we get

o0

Efexp(—uM (f1(E,)))] = Y Elexp(—uM (f))|M(E,) = KP(M(E,) = k)

k=0
00 k
P k! 1(En)

n

= e HEn) exp (/ e Ul (@) ,u(dx))

—ep (= [ o) expl-uf(@)).

n

Since the random variables M (f1(FE,)) are independent over n > 0, we can take products
over n > 0 and by monotone convergence we obtain the wanted formula.

To establish the formula in the case where f € £'(u), follows by the same kind of arguments.
We first establish the formula for f1(E,) in place of f. Then to obtain the result, we must
show that

/ ,u(dx)(ei“f(:”) —-1)— / ,u(dx)(ei”f(g”) —1) asn — oo,
An E

where A, = EyU...U E,. But since [e®® — 1| < |z| for all z, we have that
e —1] < Juf(x)],

whence the function under consideration is integrable with respect to i, which by dominated
convergence gives the result. O

7.3 Poisson Brownian motions

In this section we are going to consider Poisson random measures in R? for d > 1 with
intensity measure given by p = A dx, i.e. multiples of the Lebesgue measure in d dimensions.
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Let II be a Poisson random measure in R? of intensity A (this means \ times Lebesgue
measure). Note that the construction of Theorem [7.3| gives that II can be written as

S
=1

where X; are random variables, since the Lebesgue measure of the whole space is infinite.
We will sometimes say Poisson point process to mean a Poisson random measure in R,

Proposition 7.7. [Thinning property]| Let Il = {X;} be a Poisson point process in R? of
intensity . For each point X; we perform an independent experiment and we keep it with
probability p(X;) and we remove it with the complementary probability, where p : R — [0, 1]
s a measurable function. Thus we define a new process ® that contains the points X; that we
kept. The process ® is a Poisson random measure in R* with intensity p(A) = X [, p(z) dx

Proof. The independence property follows easily from the independence of II. We will now
show that for any set A with finite volume we have ®(A) ~ P(u(A)), where pu is the intensity
measure given in the statement. By Proposition we have

P(®(A) =k) = > P(II(A) = n, &(A) = k)

n>k

L) ) e )

. [ dx)k Sy ( [ )
=)
(A

e—Avol(A) )\_k
k!

(
_ e—AvoMA)z_lf ( /A exp ()\ [ dm)
= exp (—A/Ap(x) ) pr k‘

Proposition 7.8. Let Il = {X;} be a Poisson point process in R of intensity . Let (Y;)
be i.i.d. random variables with law v. Define the measure ® =Y. 0x,1y,. Then ® is again
a Poisson point process of the same intensity A as II.

]

Proof. It suffices to check that for any u > 0 and f : R — R, we have

E [e7*W)] = exp ()\ /R (e e )dx)

E [e=®)] = E [e~4 2/ (Xt )]

We can write
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and conditioning on {X;} and using the independence of the (Y;)’s we obtain
H / —uf (Xity) dy)]
R4

=E |exp (logH/ —uf(Xity) dy))]
—F _exp (- Z (—log /R ) e~ W Xity) y(dy)))]

)

= E[exp (—1I(g))],

where g(z) = —log [p. e y(dy). By Theorem . we have

exp <)\ /R d (exp <1og / e“f(”y)y(dy)> — 1) dx)
exp <>\ /IR d ( /R ) e~ @)y (dy) — 1) dx)
= exp <)\ /IR d (e — 1) dx) ,

where in the last step we used Fubini’s theorem and the fact that v is a probability measure
on R%. O

E [e—U‘P(f)} . o) [E [ —ul; f(X +Y)|H

E [exp (—11(g))]

For the rest of this section we are going to consider the following model: let ®(0) be a Poisson
point process in R? of intensity ), let ®(0) = {X;}. We now let each point of the Poisson
process move independently according to a standard Brownian motion in d dimensions.
Namely the point X; moves according to the Brownian motion (&;(t)):>o. This way at every
time ¢ we obtain a new process ®(t) = {X; + &(t)}, which by Proposition is again a
Poisson point process of intensity .

We can think of the points of the Poisson process ®(0) as the users of a wireless network
that can communicate with each other when they are at distance at most r from each other.
So it is natural to introduce mobility to the model and this is why we let them evolve in
space.

We now fix a target particle which is at the origin of R? and we are interested in the first
time that one of the points of the Poisson process is within distance r from it, i.e. we define

Toew = inf {t > 0:0 € UB(X; + &(t), 1)},

where B(z,r) stands for the ball centred at x of radius 7.

Theorem 7.9. [Stochastic geometry formula] Let £ be a standard Brownian motion in
d dimensions and let W (t) = Us<:B(£(s),7) be the so-called “Wiener sausage” up to time t.
Then, for any dimension d > 1, the detection probability satisfies

P(The, > t) = exp(—AE[vol(W (£))]).
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Random walk sausage

Proof. Let II be the set of points of ®(0) that have detected 0 by time ¢, that is
I={X;, € ®0):3s<tst. 0 B(X;+&(s),r)}

Since the &;’s are independent we have by Proposition that IT is a thinned Poisson point
process with intensity A(z)dx where A is given by

A(Z‘) = /\P(J? € UsStB<_§(S)7T>>7

for £ is a standard Brownian motion.

So for the probability that the detection time is greater than ¢ we have that

P(Tye, > t) = P(II(RY) = 0) = exp (—)\/Rd P(x € Us<tB(—£(s),7)) dx)
= exp(—AE [vol(Us<:B(&(s),7))]) = exp(—AE[volW (t)]),

where the third equaliy follows by Fubini. m
Theorem 7.10. The expected volume of the Wiener sausage W (t) = Us<B(£(s), ) satisfies

% +2r ford=1
E[vol(W(t))] = 2t (14 0(1)) ford=2

c(d)ri=2t(1 4+ o(1)) ford > 3.

Proof. Dimensions d = 1 and d > 3 are left as an exercise. We will prove the theorem for
d=2.

We have that

Bol(V)] = | Pl € UuedB(E).r)dy = | Plrsn < 0,

7



where 74 is the first hitting time of the set A by the Brownian motion. Define

ﬁzlumemm,

i.e. the time that the Brownian motion spends in the ball B(y,r) before time t. It is clear
by the continuity of the Brownian paths that {Z} > 0} = {7p(,) < t}. We now have

P(Z! >0) = %ny}w] and for the first moment we have

mm:/ o(&(s) € B(y,r) @—// ﬁ%e%W“_//o2mwdws
yr r

and for the conditional expectation E[Z/|Z{ > 0], if we write T for the first time that the
Brownian motion hits the boundary of the ball B(y,r), then we get

m%%>mlﬂ/uamemmﬂsAP«@EwQMM%
122 r?

<1+// —e 2s dzds<1+—10gt
B((0,r), )271'8 2

So, putting all things together we obtain that

lz+yl?
Efvol(W))] _/ E[Z}] fo Js0.) (fn@ € dy) dz ds _ 2mtr?
R [Zy‘Zy>O] 1+T2 logt 24 12logt
g
and hence log
. 0g
>
lltrgng[vol(VVt)] orf 2 L.
It remains to show that
logt
li E[vol(W, <1 7.2
im sup [vol(We)] > < (7:2)
Let e > 0. We define ZY = fo (1+e) ) € B(y,r)) ds and use the obvious inequality
E[Z}
MZf>0)g—f:iiL—<
E[Z/|Z] > 0]

We can now lower bound the conditional expectation appearing in the denominator above

E[Z!|Z! > 0] > / / —e -5 dz ds >/ / —e 5 dzds
B( (0,r),r) 27TS log(te) (0,r),r) 27TS

/r' e log(ts)
> -
- 2
Similarly to the calculations that led to the upper bound we get that

(log(te) — loglog(te)).

'r2
2t (1 + ¢)emos

E[vol(W,
[VO ( t)] = logt + 10g€ — log log(tE)
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and hence log
. 0g
1 E[vol <1
im sup E[vol(W,)] o = +e,

t—00

for all € > 0, and thus letting £ go to 0 proves ([7.2]). O

Now suppose that the target particle is moving according to a deterministic function
f: R,y — R% We define the detection time

T({et = 1nf{t Z 0: f(t) € Ulg(XZ + éz(t), T))}

Then we have the following theorem which is non-examinable:

Theorem 7.11 (Peres-Sousi). For all times t and all dimensions d we have
P(TL, > 1) < P(Tuer > 1).
Using a straightforward generalization of Theorem [7.9 we get the equivalent statement
Theorem 7.12 (Peres-Sousi). For all times t and all dimensions d we have
E[vol(Wi(#))] = E[vol(W(#))],
where Wi (t) = U< B(E(s) + f(s),7).

We now conclude this course by stating an open question.

Question 7.13. Does the stochastic domination inequality
P(vol(U,<iB(E(5) + £(s),7)) = @) = P(vol(U,<BE(s),7)) = a) Va
also hold?
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