1 Probability space, events, and random variables

Examples
We begin with some common examples of probability models:

1. Coin tossing:  We can encode a series of coin tosses as a random binary sequence
11010001. ... Denoting it by wiwows ..., we expect to see that
wi+ -+ wny 1
_— .
n 2

2. Random walk on Z:
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How far is S,, from the origin? S,, ~ \/n.
What is the probability that the random walk will reach 20 before -107 Equals 1/3.
How long do we have to wait until we hit 20 or -107 200 in expectation.

3. Brownian motion: “random walk in continuous time”.
Its paths are nowhere differentiable with probability 1.
It is widely used in PDEs, financial maths, mathematical physics, biology, chemistry,
etc.

4. Percolation:
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What is the chance that there is an infinite connected cluster?
Either 0 or 1 (and never a number in between!), critical probability for bond percolation
on Z? is 1/2, and decreases in higher dimensions.

5. Rolling dice: Two people wait to see a particular sequence from successive rolls of a die
— one waits for 456, the other for 666.
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Who will wait the longest?
What is the average waiting time?

Aims of this course

1. Introduce a rigorous setup to study random objects (so far you have only used combi-

natorics (with its limited capacity) plus formulas for expectation without proof).

2. Strong Law of Large Numbers:

If X1, X5,... are independent random variables with the same distribution and mean

1, then
X1_|_..._|_Xn

—
n

3. Central Limit Theorem:

If X1, Xo, ... are independent random variables with the same distribution, mean p and

variance o2, then
X144+ X
n Vn

where Z is a normal random variable. So the fluctuations are p are of order 1/4/n and
the randomness does not depend on the distribution of our original random variable.

. Martingales: random processes which on average stay the same (fair games). Very

useful: SLLN, examples 2 and 5 above, many more.

Reminder from measure theory

A family ¥ of subsets of a set 2 is called a o-algebra if

1. geyx,
2. Aey¥ = Q\Aey,

3. A1, As,... €Y — U;?LozlAn eX
A function p : ¥ — [0, 00] is called a measure if

1. w(@) =0,
2. Ay, Ay, .o e B disjoint = p (U 21 A4An) =D 00 1(Ay)

n=1

A function f: Q — R is called measurable if f~1(B) € ¥ for all Borel set B.

Definition 1.1.

A measure p is called a probability measure if p(2) = 1.
A probability space is a triple (Q, %, P).

A random variable is a measurable function X : Q — R.



Idea

) = all possible outcomes of a random experiment,
> = all possible events,
P(A) = probability of an event A € X.

Example 1.2.

1.

Coin toss, or X equals 0 or 1 with probabilities 1/2:
O ={H,T},

Y= {@’ {H}a {T}7 Q}

P(o) =0, P{H}) =1/2, P{T}) =1/2, P(Q) =1,
X:{H,T} >R, X(H)=1,X(T)=0

Roll a die and spell the number you get — let X be the number of letters:
Q=1{1,2,3,4,5,6}, ¥ = 29 (set of all subsets of ),

P({1}) =--- =P({6}) = 1/6 and extend to ¥ by additivity,

X :{1,2,3,4,5,6} - R,

X(1)=3,X(2)=3,X(3)=5,X(4) =4, X(5) =4, X(6)=3.

Then P(X =3) =P{w e Q: X(w)=3)}) =P({1,2,6}) =1/2.

We can represent the die experiment in more than one way (i.e. on different probability

spaces), e.g.:
Q=1{0,1,2,3,4,5,6}, ¥ = 22,
P({0}) =0, P({1}) =--- =P({6}) = 1/6 and extend to ¥ by additivity,

X :{0,1,2,3,4,5,6} — R,
X(0)=4, X(1)=3,X(2) =3, X(3) =5, X(4) =4, X(5) =4, X(6) = 3.

Toss a coin infinitely many times:

Q) = set of all sequences consisting of 0s and 1s. We can code such a sequence as a
number in [0, 1] by considering each sequence as a binary number. So ©Q = [0, 1] but
what is X7 What kind of events do we want to measure? We certainly want to be able
to measure events that a sequence begins with a certain pattern, e.g. 110:

{w=0.wiwows -+ € [0,1] : w1 = 1,ws = 1,w3 =0} = [3/4,7/8].

So ¥ should contain all binary intervals. The smallest o-algebra with this property is
B, the Borel o-algebra, so ¥ = B.

How should we define P? We want P(110  ---) = (1/2)% = 1/8, and observing that
Leb([3/4,7/8])=1/8 (and similarly for all patterns), we set P = Leb. So our probability
space is ([0,1], B,Leb). We can consider various random variables on this space, for
example, X (w) = wy, (representing the nth toss).

We often care about the probabilities

P(X € B) :=P{w € Q: X(w) € B}),

for Borel sets B, rather than which w occur. We can record these probabilities with a proba-
bility measure p on (R, B) defined by

W(B)=P(X € B), BeB.



This measure is entirely determined by its values on the sets (—o0,t], t € R. Denote
F(t) = p((=00,t]) = P(X < 1), teR.

Definition 1.3.
The measure p is called the distribution or law of X.
The function F' is called the distribution function of X.

Conversely, we can ask: what properties should a function F' have to be a distribution function
for some random variable? We begin with some properties of a distribution function and
then show that if a function F' has these properties, there exists a random variable with F
its distribution function.

Theorem 1.4 (Properties of a distribution function).
Let F be a distribution function. Then

1. F' is increasing,

3. F is right continuous.
Proof
1. Let s < ¢. Then
F(t) =P({w: X(w) <s}Ufw: X(w) € (5,t]}) ZP{w: X(w) < s}) = F(s).

2. Let t,, — oo (and set t) = —oc0). Then
F(t,) =P (U{w X (w) € (til,m}> = P({w: X(w) € (ti-1,t]})
=1 =1

=Y P({w: X(w) € (i1, ti]}) =P(Q) = 1.
=1

Similarly, letting ¢, — —oo,

F(t,) =P(X <t,) - P(@)=0.
3. Let t, L t. Then
F(t,) =P{X <t} U{X € (t,t,]}) =P(X <t)+P(X € (t,t,)) — F(t).

O]

Theorem 1.5 (Skorokhod Representation).
Let F : R — [0, 1] have the three properties of a distribution function above. Then there is a
random variable X on ([0, 1], B, Leb) with distribution function F.



Proof. If F is continuous and strictly increasing, then we can just take X (w) = F~1(w). Then

Leb(X <u) = Leb({w : F7Yw) <u}) =Leb({w: w < F(u)}) = F(u).
For more general F', we proceed as follows: Define the “inverse” G : [0,1] — R by

G(w) =inf{t: F(t) > w}.
We set X (w) = G(w) and prove that Leb(X < u) = F(u). It suffices to show that
[0, F(u)) C{w € [0,1] : inf{t: F(t) > w} <wu} C [0, F(u)].
First suppose w € [0, F'(u)). Then F(u) >w sou € {t: F(t) > w} and so
inf{t: F(t) > w} <u.

On the other hand, set w € [0,1] be such that inf{t: F(t) > w} < u. Then by monotonicity
of F,
F(inf{t : F(t) > w}) < F(u),

and so by right-continuity,
inf{F(t): F(t) > w} < F(u).

But now since w < inf{F(t) : F(t) > w} we have that w < F(u). O

Definition 1.6.
If F' (the distribution function of a random variable X) can be written as an integral:

Fo = [ s

for some measurable function f, then X is called a continuous random variable with density f.

Remark 1.7.

1. If F is differentiable then X has density f = F’.
2. If f is a density then [ f(t)dt =P(Q) = 1.

3. If X has density f and law p, then p < Leb (Leb(A) =0 = u(A) =0) and f is the
Radon-Nikodym derivative di%.

Example 1.8 (Examples of distributions).

1. Uniform random variable on [0, 1] (“random number between 0 and 17).

1, ift>1, L oeien
y 1 RN
Ft)=<t if0<t<1, and f(t)= { '
: 0, otherwise.
0, ift<O.



2. Exponential random variable with mean pu.

1—et/n, ift>0 Lo—=t/u if ¢ >0,
Fiy=4 "¢ 7 DU and p) = :
0, if + < 0. 0, if t < 0.

3. Normal (or Gaussian) random variable with mean ;1 and variance o2 (denoted N (i, 02)).

1 _=w?
€ 202

ft) =

2ro
4. Bernoulli (discrete) random variable with parameter p € [0, 1].
P(X=0)=1-p, P(X =1)=np.

Can compute F":

1, ift>1,
Fit)y=<1-p, if0<t<l1
0, if t < 0.

5. Poisson (discrete) random variable with mean A.
)\x

!’

P(X =Fk)=¢e? r=0,1,2,...

Definition 1.9.
Let X be a random variable on (2, %, P). If X is integrable, then

E(X) = / X dP
is called the expectation of X. (If X is not integrable, but X > 0 we write E(X) = 00).
Does this definition agree with the calculation rules used in elementary probability? Such as
E(X) = / h tf(t)dt, for continuous random variables,

(o.9]
E(X) = Z a;,P(X = a;), for discrete random variables.

(2

Theorem 1.10.
Let X be a random variable on (2,3, P) with law p and h an integrable measurable function
on (R,B,u). Then

/ h(X)dP =: E(h(X)) = u(h) == / h(t) du(t).

and if X is discrete (taking countably many values) then

E(h(X)) = Y h(ai)B(X = ai).



In order to prove this, we recall some results from measure theory.

Reminder from measure theory
Let (2,%,P) be a probability space and f :  — R a measurable function. The integral
| f dP is defined in the following three steps:

L If f =371 ailga,y (asimple function), then [ fdP =77 a;P(A;).
2. If f > 0 then [ fdP = limy,_,o [ fndP, where f, are simple, nonnegative and with
T T

3. If f is arbitrary define f, = max(f,0) and f_ = max(—f,0), write f = f; — f_ and
define [ fdP = [ fidP — [ f—dP (if both of these parts are finite; otherwise we say
that f is not integrable).

Theorem 1.11 (MON).
If f and (fn) are measurable functions from Q to [0, 00] such that f, T f then [ f, dP 1 [ fdP.

Theorem 1.12 (DOM).
If f and (fn) are measurable functions from Q to R such that f,, — f and |f,| < g for some
measurable integrable function g then [ f, dP — [ fdP.

Proof of Theorem [1.10,

We will check the statement for more and more general h. The essence of the proof is contained
in the first step and the standard machinery is used to do the next steps. To begin with we
suppose h is an indicator function.

1. h= 1{3}, B eB:
E(h(X)) = /h(X) dP = P(X € B),
[ 1ty dute) = [ 15)(0) dutt) = u(B) = P(X € B).
R R

2. h= Z?:l ail{Bi}v all a; € R, B; € B:
Use linearity of the expectation and the integral.

3. h > 0 integrable:
Choose simple Ay, 1 h. Then h,(X) T h(X) and we apply MON to both sides.

4. h integrable:
Write h = hy — h_ and use additivity of both sides.

If X has density f, then it is the Radon-Nikodym derivative of u with respect to Leb and

B((X) = [ ) dute) = | s (oyat.

R
If X is discrete then pu({a;}) = P(X = a;) and so

B(H(X)) = [ hO)du(t) = 3 ha)P(X = 0.



Definition 1.13.
Let X be a square-integrable (i.e. E(X?2) < oo) random variable. Then

Var(X) = E((X — E(X))?) = E(X2) — (E(X))2,
is called the variance of X.

Lemma 1.14 (Square-integrability implies integrability).
IfE(X?) < 00, then E|X| < 0o and so E(X) < oo.

Proof. By the Cauchy-Schwarz inequality,

E|X| < VE(X2)VE(12) < . O

Theorem 1.15 (Markov’s/Chebyshev’s Inequality).
Let X be a non-negative random variable and ¢ > 0. Then cP(X > ¢) < E(X).

3 le w >(

0, otherwise.

Then X (w) > Y (w) for all w and so taking expectations

E(X) > E(Y) = cP(X > c). O

2 Independence

Let (2,%,P) be a probability space.

Definition 2.1.
e Two events A, B € ¥ are independent if P(AN B) = P(A)P(B).
e Two o-algebras 1,39 C 3 are independent if

P(Al N Ag) = ]P)(Al)]P)(AQ) for all A1 € X1, Ay € Y.

e Finitely many o-algebras ¥1,..., %, are independent if

P(A; NN A,) =P(A)--P(4,) forall A; €%y,..., A, € Sy

e Countably many o-algebras 31,%,, ... are independent if ¥1,...,%, are independent
for each n.

Definition 2.2.
Let X be a random variable on (€2, ¥, P). Then

o(X):={{w: X(w) € B}: Be B}

is called the o-algebra generated by X.
Random variables (X,,) are independent if (o(X,,)) are independent.



Example 2.3.

1. Toss a coin and roll a die: gives two random numbers X and Y. We can model this
experiment on a probability space

Q=1{0,1} x {1,2,3,4,5,6}, © = 22, P({w}) = 1/12,
w= (w1,ws), X(w) =wi, Y(w) =ws,

U(X) = {Q’Q’ {X = 0}7{X = 1}}7

o(Y)={2,0.{Y =1},... {Y =6}, {Y =1,Y =2},...}.

We can check if X and Y are independent, for example if

1

G =PX=0Y=1)=PX=0P(Y =1)=

N | =
D=

X and Y are indeed independent.

2. We first toss a coin to get X. If the coin comes up tails, we set Y = 6, otherwise we
roll a die to obtain Y. We can model this experiment on the space:

Q={0,1}x{1,2,3,4,5,6}, = 2%, P({1,ws}) = 1/12, P({0,6}) = 1/2, P({0,ws}) = 0, ws # 6,
and with X, o(X) and Y,o(Y) as before. X and Y are not independent since
P(X =0,Y =1)=0+£PX =0)P(Y =1) = 1/24.

Definition 2.4.
A subcollection Z C ¥ is a w-system if AN B € T whenever A, B € T (closed under finite
intersections).

Example 2.5.

1. {(—o0,t], t € R} and {&, (a,b), a < b} are two m-systems which generate 5.

2. {X < t},t € R} and {{X < t}, t € R} are two m-systems which generate o(X) for a
random variable X.

3. If X takes countably many values ai,as,... then {@,{X = a1},{X = a2},...} isa
m-system generating o(X).

Theorem 2.6.
Let T be a w-system and py and po be two measures on (Q,0(Z)) such that py = po on Z and
p1(2) = p2(R2) < oo. Then py = pg on o(I).

Theorem 2.7.
If two w-systems T and J are independent, that is,

P(INJ)=PI)P(J)

whenever I € Z, J € J, then o(Z) and o(J) are independent.



Proof. Fix I € T and set

for B € 0(J). They agree for B € J and satisfy p1(2) = pu2(Q) = P(I) < co. Hence by
Theorem they agree on o(J), i.e.

P(I N B) = P(I)P(B)
whenever I € Z, B € 0(J). Now fix B € o(J) and consider

p(A) =P(AN B),
p2(A) = P(A)P(B),

for A € 0(Z). They agree on Z and satisfy p1(Q2) = p2(2) = P(B) < co. Hence by Theorem
they agree on o(Z). This implies

P(ANB) =P(A)P(B)
whenever A € 0(Z), B € o(J). O

Corollary 2.8.
Continuous random variables X and Y are independent if and only if

PX <z, YV<y=PX<z)PY <y),

for all z,y.
Discrete random variables X and Y taking values a1, as9,... and b1, bs, ... respectively, are
independent if and only if

IP(X = Qa, Y = bj) = P(X = ai) IP(Y = bj)
for all 7, j.

Infinite and Finite Occurrence of Events

Example 2.9.

Let (X,) be independent Bernoulli random variables. How do we formalise the intuitively
clear statement “1 occurs infinitely often with probability 1”7

Let E,, = {X,, =1} and denote

E = {1 occurs infinitely often}
—(YNIn>N: X, =1}

- U=

N=1n=N

The statement “1 occurs infinitely often with probability 1” means P(E) = 1.

10



Notation:
Let (E,) be a sequence of events.

e The event which contains all w belonging to infinitely many of (E,,) is denoted by

{Enio} =1 U En

N=1n=N

e The complement of this events contains all w belonging to only finitely many of (E,)

and is o e
{E.ioy=J () E

N=1n=N

We have to deal with infinite/finite occurence of events when we discuss limits, eg. in the
Strong Law of Large Numbers:

Theorem 2.10 (SLLN).
Let (X,,) be independent identically distributed random variables such that E|X ;| < co. Then

X1++Xn

— E(X1) almost surely.
n

Notation:
We shall use the abbreviation ¢.i.d. for “independent identically distributed” and a.s. for
“almost surely”.

The Strong Law of Large Numbers is a very important and hard-to-prove theorem. We will
prove it towards the end of the course in this form, but along the way we shall prove it for
specific cases:

e Bernoulli r.v.s via a direct calculation.
e Bounded r.v.s (exercise — similar to Bernoulli)
e Square-integrable r.v.s — an easy proof once we have developed the theory of martingales.
e General case — hard proof using martingale theory.
What will we actually need to prove?

Denote S, = X1+ -+ X,, and p = E(X;). We want to show that % — @ as n — oo with
probability 1. Consider the event

E:{wEQ:S"?iw)—UL}.

11



We want to show that P(F) = 1. We have

E:{VkHN:VnZN, i”—u\<1/k}

= ﬁ QM:V{}% —p| < 1/k:}

i
=

[
3
3
D)

—

E

|
v
Z

=

o

£
Il
—

i
L

Il
DX
— 2

Proving P(FE) = 1 is the same as proving that

]P’({‘i:’ _M‘ >1/k i.o.} > =1 forall k, ie.

P <\S” —p| >1/k i.o.> =0 for all k.
n
Theorem 2.11 (Borel-Cantelli Lemma 1: BC1).
Let (E,) be events such that Y2 | P(E,) < co. Then P(E,, i.0.) = 0.

Theorem 2.12 (Borel-Cantelli Lemma 2: BC2).
Let (E,,) be independent events such that > P(E,) = oco. Then P(E, i.0.) = 1.

The requirement of independence cannot be removed. For example suppose E is an event
with 0 < P(F) < 1 and set E,, = E for all n. Then ) P(E,) = oo but P(E, i.0.) =P(E) # 1.

Proof of BC1. For each N,

P(G E> < 3" B(E) 0,

n=N

as N — oo by the assumption that the series converges. Now,

P(Eni.o.)zp<ﬁ GEH>§A}1_I>H P(GEn>:O. 0

N=1n=N

Proof of BC2. We want to prove

P(ﬁ GEn>:1,i.e. P(G ﬁE;):(),i.e. P(ﬁ E;):(),VN.

N=1n=N N=1n=N n=N

12



Using 1 —x < e * for all x € R, we have

n=N n=N n=N
k k
= lim (1-P(E,)) < lim e F(En)
k—o0 k—o0

= e~ limy, o ZZ:N P(ETL)

where the first equality uses the independence assumption, and the last uses > P(

Example 2.13.
Let (X,,) be an iid sequence of exponential random variables. We shall show that

lim sup =1.

n—oo lOgn

E,) =

00.
O

(1)

Recall: limsup a,, = largest number a such that there is a subsequence (ay, ) converging to a.

To prove limsup a,, = a it suffices to show that

e Vb > a, a, > b only finitely often,

e Vb < a, a, > b infinitely often.
Let us prove (|1)):

e Let b > 1. We want to show that
P(X, > blogn i.o.) =0.

We shall use BC1:

o0 oo 1
ZIP(Xn > blogn) = Ze*blog" = Z 5 <0
n=1 n=1

since b > 1.
e Let b < 1. We want to show that
P(X, > blogn i.o.) = 1.

We shall use BC2:

i]P’(X > blogn) = i;b

n=1 n=1

as b < 1.

13



Example 2.14. let (X,,) be an iid sequence.

e Suppose E|X;| = p < oco. Then by SLLN

X X 4 X X e X -1
Do _Stredae AR F et BE2 1=,
n n n—1 n

almost surely.

e Suppose E|X;| = oo (so SLLN is not applicable). Then

[ X

limsup — = o0
n—00 n

We can prove this using BC2. We want

Xn

P(limsup“zoo) =1
n—00 n

i.e. P(VmVNEIn>N: ‘Xn‘>m> =1
n

o (A A 0 {0)) -

m=1 N=1n=N

) )
o oA min)) -
)

m=1

X
ie. P <|n‘ > m i.o.

n

The events {|X,|/n > m}, n € N are independent and
o Xl o (X0 S
Sop(Frsm) =S (S m) = SE1,,

MON < .
= E; Loxis,, :E; Lin<xy|/my = E (m _ ) o

n

The result now follows from BC2.

Natural model for independent random variables

Let pq and po be two laws. We want to construct random variables X; and Xy such that

e X, has law pu; and Xo has law uo,

e X; and Xy are independent.
Method:

e Construct a random variable X; on (Q1,%1,P1) with law p; (exists by Skorokhod Rep-
resentation Theorem).

14



e Construct a random variable X5 on (Q2, X9, Po) with law po.
o Let (Q,E,P) = (Ql X 9,31 X Yo, Py ®]P)2).

e Define Xj(wi,wy) = Xl(wl), Xo(wy,ws) = Xg(wg). Exercise: show that X; and X
satisfy the two desired properties above.

Theorem 2.15 (Independence and expectation/variance).
Let X andY be two independent random variables.

1. IfE|X| < 00 and E|Y| < 0o then E|XY| < 00 and E(XY) = E(X)E(Y).

2. If E(X?) < co and E(Y?) < oo then Var(X +Y) = Var(X) + Var(Y).

Proof. 1. It suffices to prove the result for simple random variables (and the result will
then hold generally using the standard machine). So let

X:Zail{Ai}7 Y:Z/le{Bj}’
=1

=1

with aq,..., 0, 01,...,06m € Rand A4,...,A,,B1,...,B, € X. Then we have

E(XY)=E | YD aibilianlis | = 2 aiBE (1as,)

=1 j=1 =1 j=1
= Z ZO@BJP(Al N B]) = Z ZazﬁjP(XZ = oy, Y = 53)
i—1 j—1 i=1 j—1
=3 > aifiP(X = a))P(Y = B;)
i—1 j—1
_ (Z P (X = a») S GRY = 8) | = BB,
i=1 j=1

2. We have

Var(X +Y) =E((X +Y)*) — (E(X +Y))*
=E(X?) + 2E(XY) + E(Y?) — (E(X))* — 2E(X)E(Y) — (E(Y))?
= Var(X) + Var(Y),

since E(XY) = E(X)E(Y).

Example 2.16. Let X be a Binom(n,p) random variable, so that

n

P(X =k) = <k>pk(l —p)"F, 0<k<n.

We know that X = X; + --- + X, where X; are iid Bernoulli(p). Then
E(X) = B(X)) 4+ E(Xy) = np,  Var(X) = Var(Xy) + - + Var(X,) = np(1 — p).

15



Theorem 2.17 (Bernstein’s Inequality).
let X1,...,X, be iid random variables with P(X; =1) =P(X; = —1) = 1/2. Then

P <|;G¢Xi‘ > t> < 2exp (—22%2) ,

for any a1,...,a, € R.

Proof. Denote ¢ = > a?. For any A > 0,

E (exp {)\ Z aiXZ-}) =E (H e)‘“iXi> = HE (eA“iXi) = Hcosh()\ai).

Using cosh(z) < e**/2 (exercise), we get

E (exp {)\ZaiXi}) < 1—[e>‘2“?/2 — N2,
We have, using Markov’s Inequality,

IP’(Z a; X; > t) = P(exp{A Z a;X;} > eM)
< e ME <exp{/\ Z ain-}>
< exp {c/\2/2 — At}.

Differentiating, we find optimal A = t/c. Substituting this gives
P(Y aiX; > t) < et/

Similarly,
P(Y X < —t) < et/

Theorem 2.18 (SLLN for Bernoulli random variables).
Let (X;) be iid with P(X; =1) =P(X; = —1) = 1/2. Then

X144 X,
n

—0 a.s.

Proof.
Denote S, = X7 + --- + X,,. We want to show that P(S,, — 0) i.e.

P(|Sn| > n/ki0.) =0 Vk.

This follows from BC1 and Bernstein’s Inequality with a; = -+ =a,, = 1:
STP(ISa] > n/k) <2 e < oo,
n=1 n=1

Exercise: Using this method, prove SLLN for bounded random variables.
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Definition 2.19.
Let X and Y be random variables on (2, 3,P). The joint law of (X,Y") is the probability
measure px,y on (R% B(R?)) given by

pxy(B) =B((X,Y) € B), BeB(R?).
The joint distribution function Fxy : R* — [0,1] is defined by
Fxy(z,y) =P(X <z, Y <y) = pxy((—00,2] x (—00,y]).
This definition naturally extends to any finite number of random variables.

Theorem 2.20.

1. X and 'Y are independent if and only if Fxy(z,y) = Fx(z)Fy (y).

2. If X and Y are independent and have densities f and g then pxy has density (z,y) —
f(@)g(y), ie.

wxy (B / f(2)g(y) dady, B € BR?).

3. If X andY are independent and have densities f and g, then X +Y has density

(f * o)t / f(8)g(t - 5)d

which is called the convolution of f and g.
Proof.

1. 0(X) is generated by the m-system {X < z,z € R} and o(Y) is generated by the
m-system {Y <y, y € R}. These are independent iff

PX <z Y <y =PX <z)P(Y <y).
2. For B = (—o0,z]| X (—00, ],
px,y(B) = px,y((—o0, 2] X (=00, y]) = Fx,v(2,y) = Fx(z)Fy (y)
/ flu du/ v)dv = / f(uw)g(v) dudv.
These two measures agree on the 7w-system
{(—00,2] x (=00,y] : z,y € R}

and hence on B(R?).

17



3. For any t,

Fxpyv() =P(X +Y <t) = pxy({(z,y): x+y <t})
= / f(2)g(y) dedy
{(@y): 2+y<t}

=/_Z f(z) /_t:g(y) dydz.

Substituting y = v — z, gives

v = [ 5@ [ gw-aywir= [ [" w0 drie

fx4y (v / f(@)g(v — ) dx

Hence

Definition 2.21.

Let (X;) be random variables. For each n > 0, set 7, = 0(Xp+1, Xn+2,...). T, is called the
n-th tail o-algebra of (X;) and 7 := (|, 7 is called the tail o-algebra of (X;). An event E

is a tail event if £ € 7.

Remark 2.22.

e 7, contains events which do not depend on Xi,...,X,,.
e 7 contains events which do not depend on any finite number of the X;.

Example 2.23.

e {X,, — a} is a tail event: for each m,

oo o 0

(X, = a} ={Xmin —a} = ﬂ U ﬂ {|IXmtn —a| < 1/k} € 7,
k=1 N—=1 n=N

and so {X,, = a} € 7.

o {lim, , X, exists}, {d_ X, < oo} are tail events.

X+t Xy
n

o {lim, exists} is a tail event: for each m,

Xitoot Xn _ Xt t X Xgr o0+ Xn
n - n n '

The first term always converges to 0, so convergence of (X1 + -+ -+ X,,)/n is equivalent

to convergence of (X,,+1 + -+ + X,)/n and so does not depend on X7,..., X,
this is true for each m, this is a tail event.

18



e {sup X,, > 0} is not a tail event. Let P(X; =0) =P(X; =1)=1/2 and X,, = 0 for all
n > 2. Then 7, = {&,Q} for all n > 2 and so 7 = {&,Q}. But {sup X,, > 0} = {X,, =
1} ¢ 7 since P(X; =1) =1/2.

Theorem 2.24 (Kolmogorov’s 0-1 law).
If (X,,) is a sequence of independent random variabes then every tail event has probability 0
or 1.

Proof. Let 0, = 0(X1,...,X,) and recall 7, = 0(Xp+1, Xn+2,...). 0 is generated by the
T-system
{Xl €By,...,.X,€B,: By,...,B, EB}

Tn, is generated by the m-system
{Xn+1 S Bn+1, c. 7Xn+m € Bn+m :méeN, Byyi,...,Bpim € B}

These w-systems are independent and so o, and 7, are independent. Since 7 C 7,, 0, and
7 are independent for each n. Set 0o = (X1, Xo,...). 0 is generated by the m-system
01U oy U .-+ which is independent of 7. Hence 7 and o4, are independent. Since 7 C 040,
this implies 7 is independent of itself. So each A € 7 satisfies

P(A) =P(ANA) =P(A)?,
and so P(A) € {0,1}. O

Example 2.25. If (X,,) are independent, then

1. P(X,, — a), P(lim X,, exists), P> X,, < ),... € {0,1}.

2.
1, if E|X1| < oo (follows from SLLN seen),

P(X,/n—0)=
(Xnfn = 0) {0, it | X1| = oo (seen).

3 Weak Convergence

When are two random variables “close”? There are many ways in which two random variables
can be considered similar, for example:

e Strong sense: X =Y almost surely, i.e. P(X =Y) =1

e Weak sense: ux = py

Note that for almost-sure convergence to make sense, the two random variables X and Y
must lie in the same probability space. This requirement is not required for the weak sense
of convergence. Let X and Y be two independent Bernoulli random variables. They are not
close in the almost-sure sense since

P(X=Y)=P(X=0Y=0+P(X=1Y=1)=

|
[\

+

FSQE,

19



But they are close (in fact equal) in the weak sense as they have the same distribution. Later
in the course we shall prove the Central Limit Theorem which states that for i.i.d. random

variables with mean p and variance o?:

Xy 4+ X, —
ov/n

the law of

~ N(0,1).

We make this notion of weak convergence precise in the following definition.

Definition 3.1 (Weak convergence).

Let (X,,) and X be random variables with laws (u,) and p and distribution functions (F},)
and F. (X,) is said to converge weakly to X (or u, converges weakly to u) if F,(t) — F(t)
for all t where F' is continuous.

Remark 3.2.

1. Weak convergence is often called convergence in law or in distribution. It is usually
denoted
d w
— or — or =

2. Why does the definition avoid points of discontinuity? Consider the example X, (w) =
1/n for all w and n (so that the distribution functions are step functions). According to

our definition X, i) 0 which is natural. But note that F;, converges to a function which
is not right-continuous at 0. So if we did not exclude t = 0 then the limiting function
would not be a distribution function of any random variable.

3. Let (X,,) be a sequence of independent Bernoulli random variables (a sequence of coin
tosses). Then (X,,) does not converge almost surely, but it does converge weakly to a
Bernoulli random variable (trivially).

Theorem 3.3 (Relation between weak and almost-sure convergence).

1. If X,, = X almost surely, then X, 4 x.

2. If uy LS w then there exist random variables (X,,) and X defined on the same probability
space such that each X,, has law pn,, X has law p and X,, — X almost surely.

Theorem 3.4 (Useful definition of weak convergence).

Ln A p if and only if [hdu, — [ hdu for every continuous bounded function h : R — R.

We shall prove these theorems in the following order:

Theorem (2), Theorem (=), Theorem (<), Theorem (1).

Proof of Theorem[3.5 (2).
Denote by (F,,) and F the distribution functions associated to laws (u,) and p (i.e. F,(t) =
pn((—00,t]) and F(t) = p((—o0,t])). We shall use the Skorokhod Representation to construct
the random variables (X,,) and X. Let the probability space be ([0, 1], B, Leb) and define (X},)
and X as:

Xp(w) =inf{t: F,(t) >w}, X(w)=inf{t: F(t) > w}.

20



We shall show that X,, — X except on a set of (Lebesgue) measure 0. This set is defined as
B:={wel0,1]: Ix £y R, F(x) = F(y) = w}.

We claim that Leb(B) = 0 and X, (w) — X(w) for all w € [0,1] \ B, i.e. X;, — X almost

surely.

1. Leb(B) = 0:
We prove this by showing that B has countably many elements. To every w € B, we
associate an interval (z,¥,) where we have F(z,) = F(y,) = w. By monotonicity
of F, the intervals do not overlap (and hence each such interval contains only one
w € B). Furthermore, every interval contains a rational. Since the set of rationals, Q,
is countable, there can only be countably many intervals and so B is countable. Thus

Leb(B)=0.

2. F' has countably many discontinuity points:
To every discontinuity point ¢, associate the interval (limgy, F'(s), limg); F'(s)). By mono-
tonicity of F' the intervals do not overlap. Furthermore, every interval contains a ratio-
nal. Hence as Q is countable, there are countably many discontinuity points.

3. Fix an w € [0,1] \ B. Then X, (w) — X:
For ease of notation, set x = X (w) and let £ > 0. Since there are only countably many
points of discontinuity of F', we can find a § with 0 < § < e such that x — § and x + §
are continuity points of F'. Since w ¢ B, F(x —§) <w < F(xz+4). Also, since z — ¢ and
x+ 9 are continuity points, by the definition of weak convergence, F,,(z+0d) — F(z%0).
Hence for all n sufficiently large

Fo(r —96) <w < Fp(z+9).
Then, by the definition of X,,, for such n we have
r—0< Xp(w) <z+0.
Hence for all n sufficiently large,

| Xn(w) — X(w)| <d<e.

Proof of Theorem|[3.4] (=).

As up, KN w, we use Theorem (2) to choose (X,,) and X such that X,, — X almost surely.
As h is continuous h(X,) — h(X) and further, since h is bounded we can apply DOM to
deduce that

/ hdp = E(h(X,)) = E(h(X)) = / hdp. 0
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Proof of Theorem (<).
Let = be a point of continuity of F. We want to show that Fj,(x) — F(z) as n — oco. Let
6 > 0 and consider any continuous function h satisfying

1 ift<ax—9§
ht) =40 ift>
€ [0,1] otherwise.

Then

and by assumption

liminf F,(x) > lim/hd,un = /hd,u > /1{(_00@_5}} dp = F(x —9).

By continuity of F' at z, letting ¢ | 0, gives liminf F,(x) > F(z).

Now consider any continuous function h satisfying

1 ift<zx
ht) =40 ift>ax+6
€ [0,1] otherwise.

Then similarly to above we have

Fy(x) :/1{(—oo,a:]} dpn < /hdun,
and so
limsup F,(x) < lim/hdun = /hdu < /1{(00’3”5]} dp = F(x +9).
By continuity of F' at z, letting ¢ | 0, gives limsup F,(x) < F(z).
Hence lim F),(x) = F(z). O
Proof of Theorem[3.3 (1). Suppose X, — X almost surely. Then h(X,) — h(X) for any

bounded continuous function h and so for such h,

/ hdun = E(h(X,.)) PO () = / hdp.

Hence X, % X by Theorem (<). O

Definition 3.5.
h:R — R is called a C? function if h" exists and is continuous.
It is called a C? test function if it is C? and equals zero outside a bounded region.

Theorem 3.6 (Useful defintion of weak convergence 2).

Lhn A w if and only if [hdu, — [ hdu for every C? test function h.
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Definition 3.7.
A sequence of probability measures (uy,) is tight if for every € > 0, there is M > 0 such that

n([-M,M])>1—¢ for all n.

Example 3.8.

e If each p, has one unit atom at n, i.e. p,(A) = ,(A), then (i) is not tight.
e If each u, has an atom of size 1 — a,, at 0 and an atom of size a,, at n, i.e.
tn(A) = (1 —ap)do(A) + andn(A),

then (uy,) is tight if and only if a,, — 0.

Proof of Theorem (=).
This follows from Theorem since every C? test function is continuous and bounded. [

Proof of Theorem|3.6 (<).

1. We first show that the RHS implies tightness of (u,). Let € > 0 and choose M; so that
w([=My, My]) > 1 — /2. Consider a C? function h such that

1 if |¢t| < M,
h(t) =140 if [¢] > My +1
€ [0,1] otherwise.

We have
pn([=My — 1, My +1]) = /1{[—M1—1,M1+1]} dpin > /hdum

but by our assumption there exists N such that for all n > N, [hdu, > [hdp—e/2
and so for such n,

Mn([_Ml_laMl"‘l])Z/hdﬂ_5/22/1{[_M17M1]}dﬂ_5/221_5-

For the finitely many 1 < n < N, choose Ms so that p,([—Maz,Ms]) > 1 —e. Now
choose M = max{M; + 1, M>}.

2. Let = be a point of continuity of F. Fix ¢ > 0 and § > 0 and choose M as above.
Consider the function h defined as

on [—M,x — §]
h(t) =40 on (—oo, —M — 1] and [z, c0)
C? and € [0,1] otherwise.
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We have

Fp(z) = /1{(—oo,cv]}d:un > /hdun

liminf () > lim [ hduy, :/hdu > /hl{(oo,M]} du—i—/l{(M’xg]} du

n—oo n—oo
= /1{(—oo,x—5}}du - /(1 — ) 1{(—oo—arpy dpt .
Now using that (1 — h) < 1, we have

linrr_ligf Fo(x) > F(z —6) — u((—o0, —M]) > F(z — 6) —e.

Letting €, 6 — 0 by continuity we have liminf,,_, F,,(z) > F(z).
Now consider the function h defined as

on [—M, z]
h(t) =<0 on (—oo, —M — 1] and [z + 0, 00)
C? and € [0,1] otherwise.

Similarly to above we have

Fo(z) = pin((—00, =M]) +/1{[M,x]}d,un < €+/hdﬂn

limsup F,(x) <e+ li_>m hdunZE—I—/hduSe—l—/l{(_oo’H(g]} dpu=c¢e+ F(z+9).

n—o0

Letting €, 6 — 0 by continuity we have limsup,, ,., Fn(z) < F(x).
Thus lim, e Fy(z) = F(2). O

Definition 3.9.
The Fourier transform of a probability measure p on (R, B) is

a:R—-R, Aa(t) = / e du(x).
R
The characteristic function of a random variable X is
©:R—=R, ot)=E(X).

The Fourier transform of a Lebesgue integrable function A : R — R is
h:R—R, ht)= / e"h(zx) d.

R
Remark 3.10.

1. The characteristic function of a random variable is the Fourier transform of its law.

2. If p has density h then i = h.
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3. The Fourier transforms and characteristic functions are always well-defined since |e?*| =

1.

4. We will prove that X and Y have the same distribution if and only if they have the

same characteristic functions.

5. We will prove that X, 4 X if and only if ¢, (t) — ¢(t) for all t € R.

Theorem 3.11 (Properties of characteristic functions).

1. (0) =1.
2. oax (t) = ox (At).
3. If X and Y are independent then ox1y(t) = px(t)py(t).

4. p 18 continuous.

Proof.
(1) and (2) are obvious.
(3) px+y (t) = E("X ) = E(e")E(e™) = px (t)py (1)

(4) If t,, — t then "X — €¥X and this sequence is dominated by 1 so by DOM,

p(tn) = E(e"%) = E(e") = o(1).

Example 3.12.

1. fP(X =1) = P(X = —1) = 1/2 then

(this integral can be computed using contour integrals).

4. If X is N(0,1) then

w(t)Z\/;—W/Ze

_ 22 1 : —22/2
=e —— lim e dz,
A/ 27T R—o0 Fl (R)

. 2
itx—2

< _ 42
5 dr = et /2
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where I'1 (R) = [-R —it, R — it].

Denote by I's(R) = [-R — it,—R], I's(R) = [-R,R] and I'4(R) = [R, R — it]. Since
¢~2*/2 is analytic, we have (Residue Theorem)

/ e F/2 dy 1 / e 2 dy — / e 2 dy + / e 2 dz =0,
I'i(R) T'2(R) I's(R) T'4(R)

However, notice that

/ e /2y = V2.
I'3(R)

Further, on I's and 'y, we have z = +R — iy and so Re(z?) = R? — y? which gives

s R2_2 _R2_g2
’e Z /2‘ —e 2 <e 2

This implies

2

2_
’/ e_ZQ/de’ < \t\e_R T 0
T'2,4(R)

as R — oo. Thus

/ e 12 dy - Vo
1 (R)

as R — oo, giving o(t) = e /2,

Lemma 3.13.
and the function p(x) = [; S gt, ¢ > 0 is bounded.

Proof. The value of the integral was computed in Complex Analysis.
The function is bounded since it is continuous and converges at co (minimum/maximum
theorem). O

Lemma 3.14 (Decay of the Fourier transform).
If h is a C? test function then |h(t)| < ¢/t? for some ¢ > 0 and all t # 0. In particular,

/OO (1)) dt < oc.

—0o0

Proof. Using integration by parts (twice) and that h is zero outside some bounded region,

R oo itx ] 1 o) ) 1 00 )
h(t) = / e h(x)dr = [h(x)e ] - — B (x)e'™ doe = —— B (x)e"™ du,

o it it | o 2 ) o

. 1 [ c
o)< 5 [ W@l < 5,

OOA OOC
/ yh(t)|dtg/ 5 dt < .

—0o0 —0o0

for some ¢ > 0. Then
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Theorem 3.15 (Parseval-Plancherel). Let u be a probability measure on (R, B) with Fourier
transform . Then for any C? test function

[ ndn= g [~ oote)a

Proof. The RHS makes sense since |p(t)| < 1 and by Lemma |%| < c/t?. We have

1 00 — ] T _
e h(t)p(t) dt = o Th—I>rolo - h(t)p(t) dt
_ 1 lim ' /Oo e " h(z) da /Oo e du(y) | dt
2T T—o0 oo
. . 1
Fubini 1 / / / =) qt dx du(y)
2w T—>oo
. sin(T(x —y))
=1 — h(x)———=dz | d .
Jim _oo<7r/_oo (2) pra—y z | du(y)
We can use Fubini’s Theorem here since |h(z)e®¥=%)| = |h(z)| is integrable (since h is zero

outside a bounded region) with respect to pu x Leb x Leb on R x R x [T, T]. We now claim

that as T — oo,
1 [ in(T(x —
/ h(x)w da — h(y)
T J_ oo x—y
for each y, and in a bounded way. If so we are done by DOM as we can integrate both parts

wth respect to 1 and see that the limit is [ h(y) du(y). So it suffices to prove this claim. We
split the integral into two:

Y S Loy asre

T J_oo -y T J_oo

h(y)
2

It suffices to prove that each term converges to
for the second term (the first is similar).

in a bounded way. We will only show it

1 [ in(7T(x —
/ h(z)wdm (integrate by parts)

T J_oo T —y
1 T ein(T(u — =0 o T ¢in(T(u —
—— [h(:c)/ sm((uy))du] _/ h’(m)/ wdudw
T y u—y z=y y y u—Yy
=T (1 1 0 T(z—y) o 1 00
) / h'(:p)/ Y v de = / b (2)p(T(x — y)) dz.
T Jy 0 v T Jy
Since h(y — f I (x) dzx it suffices to prove that, as T — oo,

/:O W(@)p(T (@ — y)) dw — & /yoo W (z) dz

in a bounded way.
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Convergence:

By Lemma 3.13] as 7' — oo,
s
p(T—y) =5,
for each z, and in a bounded way by c¢. Hence

™

W (@)p(T(z —y)) = h(z)3,

for each x and in a dominated way by c|h/(x)|. Since c|h’(x)| vanishes outside a bounded
region it is Lebesgue measurable. By applying DOM we obtain

/OO W(@)p(T(x —y)) do — g /yoo W () dz.

Yy

In a bounded way:

\ /yoo W(z)p(T(x —y)) dz| < C/Z W (2)| d < oo.

O

Theorem 3.16 (Weak convergence = convergence of characteristic functions).

Let (X)) and X be random variables with characteristic functions (py) and ¢. Then X, 4 X
if and only if pn(t) — ©(t) for each t € R.

Proof. Denote by (uy,) and p the laws of (X,,) and X.

(=) Suppose X, iS¢
For each ¢, the function h(z) = €¥® is continuous and bounded. Hence

on(t) = B(eX) = / By, TP3Ed / hdu = E(™) = o(t).

(<) Suppose @, (t) = p(t) as n — oo for each t.
By Theorem it suffices to check that [hdu, — [ hdu for every C? test function h. In
turn, by Parseval-Plancherel it suffices to check that

| e~ [ R (@)

Since @, (t) — @(t), we have h(t)on(t) — h(t)(t) for each t.

Since \%| < ¢/t? by Lemma and |p,(t)] <1 for all n and ¢ we have

() (t)] < ¢/t

for all t. Since ¢/t? is integrable (with respect to the Lebesgue measure), (2)) follows now from
DOM. O

Summary
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J hdpn, — [ hdp for continuous and bounded h Thin, 3.16

ThIgZ&A
on(t) = @(t) for all ¢

Thm¢3.16

Thip 3.6 — _
T | [hdpn = [ hdp for C? test b | Thn 3350 150 at s [ hepdt for C2 test h

Theorem 3.17 (Distributions are determined by their characteristic functions). If random
variables X and Y have the same characteristic functions px = @y then X and Y have the
same distribution.

Proof. Let X,, = X for all n. Then ¢px, = ox = py. So px, — ¢y and X, ﬁ) Y by
Theorem [3.161

Hence Fx(t) = Fx, (t) — Fy(t) at the continuity points of Fy. So Fx(t) = Fy(t) at the
continuity points.

If ¢t is not a continuity point, it can be approximated by continuity points t, | ¢ (since there
are only countably many discontinuity points). By right continuity,

Fx(t) = lim Fx(t,) = lim Fy(t,) = Fy(t).

n—oo n—o0

O]

Example 3.18. Let X and Y be independent Cauchy random variables, i.e. both have
density (7(1 + 22))~!. What is the distribution of X + Y?

We know the formula for the density of X + Y

> 1 1
Fxeev(®) :/_Oo A0 i)™

However, it would be tricky to compute this. Instead, we can use characteristic functions:

=t

px(t) =py(t) =e = oxyy(W)=e M = oy (t) =€
2

Hence % is Cauchy. Hence Fx iy (t) = Fx4+y2(t/2) and

1

Ixey(t) = %fxi;y(t/% = St 2

Example 3.19. Binomial distribution Bin(n,p) converges weakly to Poisson with mean 1.
e Compute the characteristic function of Bin(n,p): ¢n,(t) = (1 — p + pe't)™.
. it_4\ "™
e Substitute p = 1/n: @, 1/,(t) = (1 + eTt) .
e Observe that ¢, 1/,(t) — exp(et — 1) as n — oc.

e Compute the characteristic function of Poisson(1): ¢(t) = exp(e — 1).
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Theorem 3.20 (Derivatives of characteristic functions).
Let X be a square-integrable random variable with characteristic function @. Then

1. ¢ is twice differentiable and ¢" is continuous at 0,
2. ¢'(0) =i E(X),
3. ¢"(0) = —E(X?).

Proof.
Observe that

CeihX 0 x . ethX _ 1 1 [hX N
%13% " = (e )’!hzosz and h‘:‘h/o e ds‘§|X].
Therefore we have
. t+ h) _ Sp(t) ) ei(t-l—h)X — eitX
') = lim ¢ —lmE (& ¢
v (1) hl—r>% h hlg%) h
) ihX 1 )
= lim E (e’tX6> DOM E(eXiX),
h—0 h

since the convergence is dominated by |X| (which is integrable by assumption). Hence ¢ is
differentiable and ¢’(0) = iE(X). Furthermore, we have

/ A t(t+h) X v _ itX
YAEET o' (t+h) SD(t)_ . el 1 X —e™ i X
P(t) = Jim h =k h
= lim E (z’Xe”X 6h> DOM (z’Xe’tX lim S ; >
- —
— —E(XQCitX)7

since the convergence is dominated by X2. Hence ¢ is twice differentiable and
¢"(0) = —E(X?).
The continuity of ¢ at zero follows from

o'(t) = —B(x2%X) POM _p(x2) — 7(0), ast 0. 0

Example 3.21.
If X is Cauchy then ¢(t) = eIl which is not differentiable at zero. Why does this not
invalidate the theorem?

Lemma 3.22.
llog(1+2) — 2| < |2%, ifz€C,|z| <1/2.
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Proof. Denote by I' the straight path from 0 to z. Then

1 w
log(1+2) — 2l = | [ (1= 1) du| < [ |2 dw.
|log(1 + z) — 2| /F<1+w >dw_/r1+w dw

Using |a + b| > ||a| — [b]| (reverse triangle inequality), and that |z| < 1/2, we have

|2l
|log(1 4+ z) — 2| §2/|w\dw:2/ wdu = |z)?.
r 0
0

Theorem 3.23 (Central Limit Theorem).
Let (X;)ien be a sequence of i.i.d. random variables in L£* with mean EX1 = p and variance
VarX; = o2, Set S, = X1 +---+ X,. Then, as n — oo,

Sp—np
ov/n

Proof. Set Y = (X1 — pu)/o so that E[Y] = 0 and Var[Y] = 1. Let ¢y and ¢ be the
characteristic functions of Y and X, respectively. By Theorem [3.11

p(t) = "oy (t).
Let ¢,, denote the characteristic function of (S, — nu)/o/n. Again by Theorem
pn(t) = e Y0t/ \/no)" = oy (t/ V)" 3)
Since ¢ is twice differentiable (Theorem [3.20]), we have by Taylor’s Theorem,

4 N(0,1).

2
S
oy () = oy (0) + 56 (0) + 5 ¢5(0) + o(s%),
as s — 0. Using Theorem this is
2

pv(s) =15 +o(s?),

which we plug into by setting s = t//n to give

as n — oo. By Lemma (which we can apply for n sufficiently large), for each ¢,
2 2 2 2 2

(1= 0 o(5) =0 (- 5 #o(5)) -5

as n — oo, which gives that, for all ¢,

+2

on(t) —e 2.
2
However, e~ 7 is the characteristic function of the N (0,1) distribution and so the proof is
complete by Theorem [3.16 O
Remark 3.24.

The Central Limit Theorem implies the Weak Law of Large Numbers S,,/n — u, but there
is a much simpler proof (see homework).
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4 Martingales

4.1 Conditional expectation

Example 4.1. Imagine we roll a fair 6-sided die. Let (2, X,P) be the corresponding prob-
ability space, that is, Q = {1,2,3,4,5,6}. ¥ =set of all subsets of €2, and P({i}) = 1/6 for
i€{l,...,6}. Let X : Q@ — R be the ¥-measurable random variable satisfying X (i) = ¢ for
i €{l1,...,6}. Consider another o-algebra F = {&,{1,2,3},{4,5,6},Q}. Note that X is not
F-measurable, e.g. X 1({1}) = {1} ¢ F.

Question: What is the best model for X in the F world? (i.e. among all F-measurable
functions)

Let Y be a random variable with Y (1) =Y (2) =Y(3) =2 and Y(4) =Y (5) =Y (6) =5
(average over the values X takes in each set of F). Note that Y is F-measurable.

Set A = {1,2,3} and observe that

E[XI{A}]:/AXdIP: (é)(1+2+3):1,

E[Yl{A}]:/AYdIP’: (é>(2+2+2):1.

Theorem 4.2 (Definition, existence and uniqueness of conditional expectation).
Let (2,5, P) be a probability space, and X :  — R be an integrable random variable. Let F
be a sub-o-algebra of . Then there exists a random variable Y such that

1. Y is F-measurable,
2. 'Y s integrable,

8. [AXdP= [,YdP forall Ac F.

IfY is another random variable with these properties then Y =Y almost surely. Any random
variable with the above three properties is called (a version of) the conditional expectation

E[X|F] of X given F.

Remark 4.3. Suppose F is the trivial o-algebra, F = {@,}. Then the conditional expec-
tation of an integrable random variable X with respect to JF is the usual expectation. Indeed,
integrability of Y follows from the integrability of X, and Y is F-measurable since

Y_l( ) Q, if x =E[X],
€Tr) =
&, otherwise.

Condition 3. is satisfied since:

/@Xsz/@E[X]dIPzO, /QXdIP’:E[X] = E[X]P(Q) :/QIE[X]dIP’.

Recall the following theorem:
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Theorem 4.4 (Radon-Nikodym derivative).

Let (Q,%,P) be a probability space and suppose that Q is a finite measure on (2, %) which is
absolutely continuous with respect to P (for any S € X, P(S) = 0 implies Q(S) = 0). Then
there exists an integrable random variable X on (2, X, P) such that

Q(S) = /SXdIP) = E[Xl{s}] VS e 3.

The random variable X is called a version of the Radon-Nikodym derivative of Q relative to
P on (2,%).

Proof of Theorem [].2
Decompose X into X = X, — X_ where X; = max{X,0} and X_ = max{—X,0}. Note
that |X| = X4 + X_ and thus both X and X_ are integrable. For A € F define

ve(A) = /A X.dP,

By Fubini, for any non-negative random variable Z,

E(Z) = /Z(w) dP = // l{ng(w)} dx dP = / /1{x§Z(w)} dPdx = / P(X > a:) dP.
0 0 0

Next, we claim that v4 and v_ are both absolutely continuous with respect to P on (92, F,P).

Indeed this is true since, by Fubini (using the fact that X1 > 0),

o0

E[X114] = /0 P(Xilpa > y)dy = /0 P(Xs >y, A)dy < /0 P(A)dy = 0,

if P(A) = 0. Furthermore v; and v_ are finite measures on F (since E|X 4| < co) and thus we
can apply the Radon-Nikodym Theorem to deduce the existence of F-measurable integrable
random variables Y, such that

/ Yj:dP = I/:t(A),
A
for all A € F. Furthermore since

/YidIP’:ui(A):/XidIP
A A

for all A € F, we see that Y and Y_ satisfy conditions 1, 2 and 3 of Theorem [4.2] for X and
X_ respectively. Set Y =Y, —Y_. Then Y is integrable as E|Y| = EY; + EY_ < oo and also

/AYdP:/A(YJr—Y)d]P’:/A(X+—X)dIP:/AXdP.

To complete the proof of existence it remains to show that Y is F-measurable. However it is
a standard result that the sum of two measurable functions is measurable. Indeed

YVi(w)—Y (w) >c <= F¢€Q: Y (w)+c<qg<Yi(w),
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and thus

{w: V() =Y (w)>c} = Vi (w) > n{Y - (w) <qg—c}) € F
q€Q

since F is closed under countable unions. Let C be the class of intervals of the form (¢, c0)
for ¢ € R. Note that 0(C) = B. We have just shown that Y~! : C — F. Let £ be the class
of elements B € B such that Y~!(B) € F. We want to show that B C £. However, £ is a
o-algebra (check!) and by definiton C C £ and thus o(C) C &, i.e. BCE.

To show uniqueness, suppose Y also satisfies the three conditions. We want to show that
P(Y #Y) = 0. Suppose this is not the case, i.e. P(Y #Y) > 0. We have

{V£7}=J{v-Y>1/ku [ J{Y -V > 1/k},

keN keN

and at least one of these events has positive measure. Suppose P(4) > 0 where A = {Y" — Y > 1/n}.
Then A € F since Y and Y are both F-measurable. We have

1

Oz/A(X—X)dIP):/A(Y—Y/)dIP’>/A:Ld]P’:nIP’(A)>O.

This is a contradiction which completes the proof. O

Theorem 4.5 (Basic properties of conditional expectation).

Let (Q,3,P) be a probability space and F a sub-o-algebra of X. We assume all random
variables are integrable.

(a) E(E[X|F]) = EX,

(b) If X is F-measurable then E[X|F] = X almost surely,

(c¢) Linearity: E[a; X1 + a2 X2|F] = a1 E[X1|F] + a2E[X2|F]| almost surely,

(d) Positivity: If X > 0 almost surely then E[X|F] > 0 almost surely,

(e) Conditional MON: If 0 < X,, 1+ X almost surely, then E[X,,|F] 1T E[X|F] almost surely,

(f) Taking out what is known: If Z is F-measurable and bounded then E[ZX |F| = ZE[X|F]
almost surely,

(9) Independence: If X is independent of F then E[X|F] = EX almost surely,
(h) Tower property: If G is a sub-o-algebra of F then E[E[X|F]|G] = E[X|G] almost surely,

(i) Conditional Jensen: If ¢ : R — R is conver and E|p(X)| < oo then E[p(X)|F] >
O(E[X|F]) almost surely.

Proof.

(a) E(E[X|F]) = [, E[X|F]dP = [, XdP = EX by part 3 of the definition setting A = €.

(b) X satisfies 1, 2 and 3 of the definition.
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(¢)

This is obvious once we clarify the meaning: If Y7 is a version of E[X1|F] and Y3 is a version
of E[X5|F] then a1Y7 + a2Y3 is a version of E[a; X7 + a2 X2|F]. Indeed integrability can
be shown using triangle inequality and linearity of expectation, F-measurablity follows
as sums of F-measurable functions are F-measurable and condition 3 follows by linearity
of expectation.

Let Y = E[X|F] and suppose P(Y < 0) > 0. Then there exists n € N such that
P(Y < —1/n) > 0. Set A ={Y < —1/n}, then A € F and P(4) > 0. Since X > 0 a.s.
we have that E[X1;4;] > 0 but also

1
E[Xl{A}] = E[YI{A}] < —gP(A) <0,
which is a contradiction.

Denote Y,, = E[X,,|F] By (d) 0 <Y, 1. Denote Y = liminfY,,. Then Y is F-measurable
as it is the lim inf of F-measurable functions. Y is also integrable (by Fatou, for example).
For A € F,

/ var MV ym [ v = lim_ [ X,a® (MON) / XdP.
A A

n—oo n—00

Thus Y = E[X|F] almost surely.

We first show this is true for Z an indicator, Z = 1(py for B € F. For each A € F, we
have

/ZE[X|]—"]d]P’:/ E[X|F]dP =
A ANB ANB

We can extend the result to simple functions by linearity. We can then extend to positive
functions using conditional MON. Finally we use linearity to extend to all functions.

XdP = / ZXdP.
A

Again we start by showing the result for X = 1¢p, for B independent of F and then use
standard machinery. For A € F, we have

/ XdP=P(ANB)=P(A)P(B) =P(AE[X] = / E[X]dP.
A
E[X]G] is G-measurable and integrable by definition, so it remains to show that for each

Beg,
/ E[X|F]dP = / E[X|G]dP
B B
But B € F and so both integrals are equal to fB XdP.

We omit the proof. O

Example 4.6.

Let (X,)nen be independent, identically distributed Bernoulli(p) random variables (so
that P(X; = 1) =p=1—-—P(X; =0)) and set S, = X1+ ---+ X,,. Let m < n and
om =0(X1,...,Xm). Then

(b)+(8)
]

E[Sy|o ] E[X1+ A X o] FE[X 1+ -+ Xnlom X1+ 4+ X+ (n—m)p.
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(2)

Fix 0 < p1 # p2 < 1 and let X be the random variable with
P(X =p1)=q=1-P(X = pa).

Now let Y be Bernoulli(X). What is E[Y]o(X)]? Problem: Y is not independent of
X. Let Y7 be Bernoulli(p;) and Y2 be Bernoulli(p2) independent of X so that ¥ =
Yl]-{X:pl} + YQl{X:p2}. We have

E[Y|o(X)] = EV11ix—p,} + Y2l{x—p,}|0(X)]

(©)
= EMi1ix—p|o(X)] + E[Yal{x—p,y|o(X)]

@
= 1{X=p1}E[Y1|U(X)] + 1{X=p2}E[Y2’O'(X)]

()
£ 1 x—p ) EIVI] + 1 (x—p,) E[V3]
=P1lix=p;} T P2l{x=p,}

— X

Galton-Watson Process

Consider a stochastic process which models the number of individuals in a population.
Every individual alive at time n has a random number of children independently of each
other and distributed according to an offspring distribution which we denote by the
random variable N. The parent individual then dies. Suppose that at time 0 there is just
one individual in the population. Let Z,, denote the number of individuals in generation
n, so that Zyp = 1 and suppose that N has finite mean.

Question: What is E[Z,|0(Z,,—1)]? Intuitively it should be E[N]Z,_1. We prove this
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rigorously. Let {N }Z jen be iid copies of N. We have

ElZulo(Zn-1)] =E| Y Zul(z, =|o(Z0-1)]
=0
M

e[ g, S, otz

—~

e

©) Jim E[ZZ 1z, —iylo(Zn- 1)}

M—o00
=0
M
2 lim ZIEZ iz, =itlo(Zn-1)]

M—oc0

N

—
~

lim ZE N(n Dy +N»(n_l))l{zn_lzi}|O'(Zn—1)]

)

Mﬁoo
Oy - : (n=1) . 4 N~
_Mﬁnoozl{Zn—Fz}E[(Nl + o+ N0 (Znoa))
=0
© fim %1{2 =B[N N
M— — n
M
:J\/}igloogl{z =i} E[N]

M—o0

= lim E[N]) ilyy g

= lim ]E[N] Zn—l]-{anlgM}

M—o0

—E[]nl

4.2 Martingales

Definition 4.7. Given a probability space (2, X, P), we define a filtration on (2, %, P) to be
an increasing family of sub-o-algebras of X:

FiCF C---CL.

Intuition: The information about w in 2 available to us at time n consists of the values of
Z(w) for all F,,-measurable functions Z.

Example 4.8. Given random variables (X,,), the filtration F,, = o(X1, ..., X,,) is called the
natural filtration of (X,,).

Definition 4.9. A sequence of random variables (X,,) is adapted to the filtration if X, is
Fn-measurable for each n.
Intuition: If (X,,) is adapted, the value X, (w) is known to us at time n.
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Remark 4.10. (X,,) is always adapted to the natural filtration. Let S,, = X; + -+ + X,.
Then (S,,) is also adapted to the natural filtration.

Example 4.11 (Motivating the idea of a martingale).

(1)

Let Xo = 0, X; = £1 with equal probability, and set Xy = 2X; with probability 1/2,
otherwise X9 = 3X;. Is this game fair?

In some sense yes, since E[Xs] = E[X;] = E[X(] = 0. On the other hand, it is not fair on
a day to day basis: if you win on day 1, you know you will win on day 2. A martingale
is a process which is fair from day to day.

Let (ex)ken be iid random variables such that P(e, = 1) = P(e, = —1) = 1/2. Play a
game: at time k € N, bet amount Y that e = 1 (coin lands heads). The amount bet Y
is a random variable and is allowed to depend on the history, i.e. on €1,...,&,_1 but not
On €, k41, - .. At time k you win &Y} (which is a loss if e = —1). Your total winnings
after n such rounds is ZZ:1 LY.

This game is fair: conditioned on your total winnings at time n — 1, your expected total
winnings at time n is what you had at time n — 1:

n n—1
E[ZekYk‘a(el, e ,en,l)} = ]E[snYn + ZekYk‘a(el, e ,en,l)}
k=1 k=1
n—1
= E[€nYn|0'(€1, . . ,En_l)] + Z eLYr
k=1

n—1
= YnE[En] + Z EkYk
k=1

n—1
= Z EkYk.
k=1

Definition 4.12. Let (X,),>0 be a sequence of random variables and (F,)n>0 a filtration
such that

(1)
(2)

(X,) is adapted to (Fy)n>0,

E|X,| < oo for each n.

Then

e (X,) is a martingale with respect to (Fy,) if E[X,|F,—1] = X,—1 almost surely, for each
n > 1.

e (X,) is a submartingale with respect to (F,,) if E[X,|F,—1] > X,—1 almost surely, for
each n > 1.

o (X,) is a supermartingale with respect to (Fy,) if E[X,,|F,—1] < X1 almost surely, for
each n > 1.

Remark 4.13. If (X,,) is a martingale (respectively, submartingale) then
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o E[X,|Fn] = Xy (respectively, E[X,,|Fn] > Xp,) for all m < n.
This comes from repeated use of the tower property. For martingales (similar for sub-
martingales) we have

E[X,|Fm] = E[E[X,|Foei]|Fn] = E[Xn-1|Fm] = - = E[Xp11|Fm) = X
e E[X,] =E[X,] for all n.
We know that E[X,|Fo] = Xo and taking expectations and using (a) we are done.
Example 4.14.
(1) The fair game in Example (2) is a martingale (assuming the Y; are bounded) with

respect to the natural filtration of (ex). Taking Y; = 1 for all k we see that a simple
random walk is a martingale.

(2) Let (U;) be independent integrable random variables with mean 0. Then X,, = Uy +---+
U, is a martingale with respect to the natural filtration of (Uj;):

E[Xn’O'(Ul, e Un—l)] = E[Ul—i-- . '—i-Un’O'(Ul, e Un—l)] =U;+-- ‘—‘rUn_l—l-E[Un] = X1

(3) Let (V;) be non-negative independent random variables with mean 1. Then X, = [, V;
is a martingale with respect to the natural filtration of (V;):

n—1
E[X,|o(Vi,...,Vp_1)] = E[Vn [ vile(v..... Vn)}
=1

n—1
(“taking out known”) = E[V,|o(Vi,..., V)] H Vi
i=1

n—1
(indep.) = B[V, [ Vi = Xo1.
i=1

The non-negativity is used to show integrability.

(4) Recall the Galton-Watson process. We have already shown that E[Z,|0(Z,-1)] = E[N]Z,_1.
Thus the process (Z,,) is a martingale with respect to the natural filtration iff E[N] = 1
(integrability is clear since the process is non-negative). The process X,, = Z,,/(E[N])"
is also a martingale (check!).

Definition 4.15. Amap T : Q — {0} UNU{o0} is a stopping time with respect to a filtration
(Fn) if

{w:T(w) =n} € F,, Vn < 0.
Intuition: Can judge if random time 7" equals n from the information you have by time n.

Remark 4.16. Equivalently, {w: T(w) < n} € F,, ¥n < oo.
Proof of equivalence:

{w:T(w) <n} = U{w:T(w):m}

m<n

and thus if {w: T'(w) = m} € F,, C Fy, then {w: T(w) < n} € F,. Also
(T=n}y={T<n}n{T <n-1}
and thus if {T' < n} € F, then {T =n} € F,.
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Example 4.17.

Suppose F,, is weather information up to time n and T is the first rainy day. Then T is
a stopping time. On the other hand if T is the last rainy day then T is not a stopping
time.

Let (X,,) be a sequence adapted to (F,,) and 7' = min{n : X,, > 1}. This is a stopping
time:

(T=n}={Xn <1Vm<nX,>1}={X; <1}n- N {Xp1 <1} N{X, > 1}

and note that since (X,,) is adapted we have {X; < 1} € F; C F,, and thus {T = n} € F,.
On the other hand the map T' = max{n : X,, > 1} is not a stopping time since it could
be the case that, for example, X, 11 is not F,-measurable.

Let (g5,) be an iid sequence of random variables such that P(e,, = 1) = P(g,, = —1) = 1/2
and suppose (F,) is the natural filtration. Let S, = 1 + -+ 4+ &, (set Sy = 0) so that
(Sy) is a simple random walk on Z. Let T be the first time that S,, hits either level —a
or level b, for a,b > 0, i.e. T =min{n : S,, = —a or S, = b}. Then T is a stopping time:

{T=n}={-a<Si<b}n---N{—a < S—1 <b}N{S, € {—a,b}} € Fy.

Let (X,) be a process adapted to (F,,) and let T" be an a.s. finite stopping time. We will
be interested in the random variable X7 (= Xp(,)(w)) and the process (Xuar)n>0 called a
stopped process.

Example 4.18. Let (S,) be a simple random walk on Z.

o If T =min{n: S, = 3} then S = 3.

Sn
ATy

v

o If T'=min{n : S, € {-2,2}} then (by symmetry) Sp = 2 or —2 with equal probabil-
ity 1/2.

Theorem 4.19 (Stopped martingales are martingales).

If (X,,) is a martingale (respectively, submartingale) and T a stopping time, then (Xpar)
is a martingale (respectively, submartingale). In particular, E[X, 7] = E[Xo] (respectively,
E[X A1) > E[Xo]) for alln € N.
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Proof. We can write X, as

n—1

Xnnr = Z Lir—iy Xi + Lir>pn) Xn.
i=1

From this decomposition we see that X, o7 is F,,-measurable: indeed, this follows from (X,,)
being adapted and T" being a stopping time. Note that in fact 175y is Fp—1-measurable
since

(T>ny={T<n-1ecF,_,.

Also, by the triangle inequality and the above decomposition (and linearity of expectation),
we have

n—1
E|Xonr| < E[Z 1X;] + \Xn\] < .
i=1
For the martingale case (submartingale argument is similar), the final condition to check is
that E[ X, 7|Fn-1] = X(n—1)ar almost surely. We have

n—1
E[Xnr| Fr1] = E[Z Ly Xi + 1{T2n}Xn|}“n_1]
i=1
n—1
(I{T:i}Xi is fi—measurable) = Z 1{T:i}Xi + E[I{Tzn}Xn‘]:nfl]
i=1
n—1
(“taking out known”) = Z 1{T:i}Xi + ]-{Tzn}E[Xn’fn—l]
i=1
n—1
= Z Lir—i Xi + Lrsny Xn-1
i=1
n—2
= Z L=y Xi + (Lgp—p—1y + Lirny) Xn-1
i=1
n—2
= Z L=y Xi + Liro>p—13Xn—1
i=1

= X(n—l)/\T- O

Remark 4.20. Asn — oo, nAT — T almost surely (since T is a.s. finite) and so X,ar — X1
almost surely. Is it true that E[X7] = lim,, o0 E[Xpa7] = E[X0]?

No: consider the SRW on Z and T' = min{n : S,, = 1} (it can be shown that such a T is
a.s. finite). Then E[S7] = 1 # 0 = E[Sp]. We would like to know when we can say that
E[X7] = E[X(].

Theorem 4.21 (Doob’s Optional Stopping/Sampling Theorem (OST)).

Let (X,,) be a martingale (respectively, submartingale) and T' a stopping time. Then Xp is
integrable and E[X7] = E[Xo] (respectively, E[X71] > E[Xo]) in each of the following situa-
tions:

(i) T is bounded,
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(i) T is a.s. finite and (X)) is uniformly bounded (that is, 3¢ > 0: | X, (w)| < cVn,w),
(iii) E[T] < oo and for some ¢ > 0, | X,(w) — Xp—1(w)| < ¢ Vn,w.

Proof. For the case where (X,,) is a submartingale we know by Theorem that (X,a7) is
a submartingale, thus E[X,,A7] > E[X(] for all n € N.

(i) If T(w) < N Vw € ), then E[XT] = ]E[XN/\T] > E[X()] Further, ]E‘XT| = E|XN/\T’ < 00
as (X,ar) is integrable.
(ii) Integrability follows from uniform boundedness of (X,,):

1 Xr| <1 Xnllrny <€D lireny =c.

n=0 n=0
The X, are also uniformly bounded so by (DOM) E[X7] = lim,, o E[X,a7] > E[X(].
(iii) We have

nAT nAT
[ Xpnr — Xo| = ‘ 3 (X - Xk_l)‘ < 31X~ X S e(n AT) < T,
k=1 k=1

By the triangle inequality, for all n,
|Xn/\T| < |Xn/\T - X0| + |X0| < T + |X0|’

and so, since ET < oo and Xy is integrable, we can apply (DOM) to deduce that
E[X7] = lim,, 00 E[Xa7] > E[X(]. To see integrability of Xp, we write

T
‘XT‘ - ‘XO‘ <|Xr-— XO‘ < Z | X — Xg—1] < T
k=1

The argument is similar for the case of martingales. O

Remark 4.22.

(1) For (ii) it suffices to have the weaker condition that (X, o7) is uniformly bounded rather
than (X,,). Similarly in (iii) it suffices to have bounded increments for (X,,r) instead of
(Xn).

(2) The simple random walk on Z (S,,) and stopping time 7' = min{n : S,, = 1} violate all
three conditions (7" is a.s. finite but has infinite mean).

(3) If you play a fair game (martingale) then you cannot expect to win, even if you decide
to stop the game at some random time. However, you can sometimes beat the system if
you have an infinite amount of time or money.

Example 4.23.

(1) Let (Sy) be the simple random walk on Z.
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e What is the probability that it will reach level b > 0 before reaching level —a < 07
Set T' = min{n : S, € {—a,b}} and stop the martingale (S,) at stopping time
T. Then (Spar) is uniformly bounded (by max{a,b}) so we can apply OST with
condition (ii) if we can show that 7" is almost surely finite. One way to show that T’
is a.s. finite: for each n,

P(T = o0) < P(no sequence of (a + b) successive moves to the right up to time n(a + b))
< P(>1 left jump in (0,a + b],...,> 1 left jump in ((n — 1)(a + b),n(a +b)])

a+b

= (1 (1/2)" )" < e W™,
as n — 0o. Thus we can apply OST to deduce that
0 = E[So] = E[S7] = bP(ST = b) — aP(Sp = —a) = bP(Sp = b) — a(1 — P(Sp = b)),

and so we have P(St =b) = a/(a + b).

e How long do we have to wait until (S,) hits one of the barriers? We can solve
this problem by using another martingale. Set M, = S2 — n. Then (M,) is
clearly adapted to the natural filtration F,, = o(Xi,...,X,) and is clearly inte-
grable (E|M,| < n? + n). Furthermore,

E[My11]Fn] = E[(Sy 4+ Xni1)? = (n 4 1)|F)
=E[S2 +2X, 415, + X2y —n — 1| F)
=52 + 25, E[Xpi1] + E[X2, ] —n—1
:S§—n:Mn.

Thus (M,,) is a martingale. We cannot direcly apply OST since the increments of
M,, are not bounded and M, is not uniformly bounded. However,

0 = E[My] = E[M,r7] = E[S?

n.

vzl = Eln A T).

Thus E[n A T] = E[S%,,]. By MON, E[n AT] — E[T] (T is a.s. finite). Also
S2 < max{a® b*}. So by DOM, E[S2,,] — E[SZ]. Thus E[T] = E[S7]. However,
a ab(a +b)

E[S7] = a® b’ = = ab
Stl=a g T T e

ie. E[T] = ab.

(2) We repeatedly roll a die and wait to see the sequence 456 or 666. How long do we expect
to have to wait in each case? Idea: construct a martingale!

e 666

Just before each roll of the die, a new gambler arrives and bets 1 that the next roll
will be a 6. If he loses he leaves the game forever. If he wins he receives 6 and bets
it all on the event that the next roll is a 6. Again, if he loses he leaves forever and
if he wins he receives 62 and bets it all on the next roll being a 6. If he wins he get
63 and regardless of the outcome of the roll then leaves.

Since this game is fair, we should think that the total investment minus total win-
nings (of all gamblers) at time n is a martingale.
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If we stop the game at time T when 666 first occurs, the total winnings will be
63 + 62 + 6 (the 6 is winnings for gambler who arrived at time T — 2, the 62 for
gambler who arrived at time 7' — 1 and 6 for gambler who arrived at time 7'). The
total investment at time 7" is T (since 1 put into the system at each time step by
the new gambler at that time). Thus it seems like we can use the OST to show that
E[T] = 63 + 62 + 6. We show this rigorously.

Let (X)) denote the independent die rolls and (F,) their natural filtration. The
total winnings at time n is

Wi =D 6°Lix,—6.x1=6.X100=6) T 6 L0x, 1 =6,x,—6) T 61(x,—6).
=1

The total investment at time n is n. Denote
M, =W, —n

so that (M,) is adapted and integrable and furthermore:

n—2
E[Mp 1| Fn] = Z 6°1{x,26,X;1126, Y1226} T E[6°1{x, =6 x,=6,Xn .16} Fn]
=1
+ E[6°1(x,—6,x,..1-6}[Fn] + E[61(x, ,,—6}|Fn] — (n+ 1)

n—2

1

= E :631{Xi:6,Xi+1:67Xi+2:6} + 631{X7L71:67Xn:6} x 6
=1

1
+ 61y, X g +1—n—1
n—2
= Z 6°1{x,=6,X,,1=6,X112=6} + 6°1(x,_1=6,Xn=6} + 61 {x,=6} — 7

i=1
= M,.
Thus (M,,) is a martingale. We set
T =min{n: X, 2=6,X,_1 =6,X, =6}.
This is clearly a stopping time and we claim it has finite mean. To see this note that

we can write
o
= > P(T >m).
m=1

Set k = BLmTflJ We also have

P(T > m) = P(no 3 successive 6s up to time m — 1)
< P(no 3 6s at times {1,2,3},...,n0 3 6s at times {k — 2,k — 1,k})

= (- el
Thus

i 1— /63 < o,
m=3

44



as claimed. Thus by OST,
0 = E[My] = E[M7] = E[Wr] — E[T].

But since E[Wr] = 63 + 62 + 6, we deduce that E[T] = 63 + 62 + 6.
Alternatively, we can avoid using OST and argue as follows. For each n,

0 = E[My] = E[Mua7] = E[Wynr] — E[n A T).
Thus E[nAT] = E[W,ar]. By MON, E[nAT] — E[T] and since |W, 7| < 62462 +6,
by DOM, E[W, 7] — E[W7]. Thus E[T] = E[Wr] = 63 + 62 + 6.

e 456 Exercise!
Show that E[T] = 6% and thus that we expect to wait less time to see 456 compared
to 666.

This may seem counter-intuitive at first, but consider the following representation of the
problem:

1/6 1/6 1/6

‘fa////’fs\\\nk‘54}//"‘\\\nk (457 A (4,5,6)

[ J [ J
1

4/6
1/6 1/6 1/6
0" A (6 A (6:6] A (6,6,6)
[ ] [ ] [ ] [ ]
“\\“iiﬁ;
5/6

From drawing the two chains, we see why 666 takes longer to occur on average.

4.3 Maximal inequalities
Reminder 4.24 (Markov’s/Chebyshev’s inequality).
For a non-negative random variable X, and ¢ > 0,

E[X]

P(X >¢) <

Theorem 4.25 (Doob’s submartingale inequality).
Let (X,,) be a non-negative submartingale. Then, for each ¢ > 0,

E[X
IF’( max Xch)g [ n]
0<k<n c
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Remark 4.26. This is an extension of Markov’s inequality, exploiting the fact that the (X,,)
are growing in expectation.

Proof. Set S =min{k : X}, > ¢} and T'=n A S. Then T is a stopping time:

k—1

(T=k}y=({Xi<}n{Xp>c}€Fp, 0<k<n-—1,
=1
n—1

{T=n}= ﬂ{Xi<c}€.7:n,
i=1
{T=k}=2€F,, k>n.

We know T' < n and claim that E[X7] < E[X,]. We have
= E{Z Xkl{T:k}] =Y E[Xilir_py- (4)
k=0 k=0

Since (X,,) is a submartingale E[X,,|F}| > X}, almost surely. Since {T' = k} € F}, and by the
definition of conditional expectation,

E[Xy1(rog)] = / XpdP < / E[X,,|Fi]dP = / XndP = E[X, 1(7op).
{T=k} {T=k} {T=k}

Plugging this into equation we obtain

E[X7] <ZEX | - k} [X Zl{T k}} Xnl,
k=0

as claimed. Now, using the fact that X, is non-negative,
E[Xn] > E[X7] = E[Xs1{5<pn}] + E[Xn1{g5n)] > cP(S < n).
But {S < n} = {maxo<i<, X; > c}, and so we have

CP(OIEII??nXk > ¢) <E[X,],

completing the proof. ]

Theorem 4.27 (Kolmogorov’s inequality).
Let (X,,) be a sequence of independent random variables with E[X?2] < oo and E[X,,] =0, for
all n. Then, for each ¢ > 0,

ZX 20) < Z?:ICIE[X?].

<Inax
1<k<n

Proof. Set S, = X1 + --- + X,, so that (S,,) is a martingale with respect to the natural
filtration of (X,). Then S2 is integrable for each n since

:EKZXZ-Y] :E[iX%ZXin} ZEX2 +3 ELX; j]:iz:m:[xfkoo

i=1 i#j i#j
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2

By conditional Jensen’s inequality with ¢(z) = 2, we have

E[Sp|Fn-1] > (E[Sn|Fa-1])* = 53

n—1»

and thus (S2) is a non-negative submartingale. We can thus apply Doob’s submartingale
inequality to (S2):

|> c) :]p< max (ZXi>2 > C2) < E[S;] _ Z?:lE[XE] 0

c? c?

Example 4.28 (Durrett).

Suppose (X,) is a sequence of independent identically distributed random variables with zero
mean and Var(X;) < 1. Let S, = X; +---+ X,, and fix p > 1/2.

Claim: S,,/n? — 0 almost surely, as n — co.

Fix N € N; we have by Kolmogorov’s inequality,

N
| S| o EX o
IP’( max—>€>§€ E NQZZ’ < e N TP,
i=1

1<k<N NP
Since p > 1/2, we can choose o > 0 with a(2p — 1) > 1. Now let m = NV g0 that

S, _ _
IP’( max 19%l >5> < e 2mei=2p)
1<k<mo mP

and so since a1l — 2p) < —1,

ZP( max @>6><OO.

1<k<me moP

By Borel-Cantelli 1, we therefore have

]P’( max |S—k’>si.o.):0, Ve > 0,

1<k<me> meP

and thus

| Sk
max

— 0 almost surely as m — co. (5)
1<k<me mP

We want to show |Sy|/n? — 0 almost surely as n — 0o, and so set m = m(n) = n'/* and
note that (m —1)* < n. Then
S S S S S ap
—‘ "‘g max M: max —| k|§ max 7| k| = max | k|< m ) — 0,
nP T 1<k<n nP  1<k<me mP T 1<k<me (m — 1) 1<k<me moP \m — 1

3 m
almost surely as n (and hence m) goes to oo, since 5 — 1.
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4.4 Strong Law of Large Numbers

Theorem 4.29 (Kolmogorov’s theorem).
Let (X,,) be independent random variables with mean 0 and Y oo | E[X?2] < co. Then > o2 | X, < 00
almost surely.

Proof. We need to show that IP’( Yoo, Xi < 00) = 1. It thus suffices to show that

n
( Z Xl y Is a Cauchy sequence> =1

1=

ﬁfj ﬂ {’ZX iiv;Xi‘<1/k}):

k=1 N=1n=N+1 i=1

i.e.

o0

P(
ie. P(U ﬂ {| Z Xi‘<1/k}>:1 for each k
(

N=1n=N+1 i=N+1

ﬂ G {’ Zn: Xilzl/k})zo for each k.

N=1n=N+1 i=N+1

8

ie. P

We have

PN U (Y xzum)<ime( (Y x=um). ©

N=1n=N+1 i=N+1 n=N+1 i=N+1

For M > N, by Kolmogorov’s inequality

M n n M
p(U Y xlzumy)=p( max | > X[z k) <k Y EXD
n=N-+1 i=N-+1 - i=N-+1 n=N+1

Hence, by MON for sets, we have

(U (Y =)= gmp( U Y Xz m)

n=N+1 i=N+1 n=N+1 i=N+1
o0
< K? Z E[X2] =0 as N — oo,
n=N+1
since Yo% | E[X?2] < co. Plugging this into @ gives the result. O

Example 4.30. Let (g,,) be a sequence of independent identically distributed random vari-
ables with

Then

so by Kolmogorov’s theorem, > > | £, /n < oo almost surely. Note that this is therefore more
in common with the sum » "> ,(—1)"/n = —log2 < oo than with ) >, 1/n = o0
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Moreover,
[o¢]

— (0. @]
n1/2+6
n=1

almost surely for § > 0. On the other hand (see problem sheet)

[eS)
n=1

‘ o™

n
= 0
n

3

almost surely.

Lemma 4.31 (Cesaro).
If a, = a then

2 B RN
n
Proof. Exercise in Analysis 1. O
Lemma 4.32 (Kronecker).
If Y02 %2 < oo, then
ai+-tan
— = 0.
n

Proof. Denote ug = 0, up, = > ;" % and v = > 2, %. We have u,, — u. Observe that
an = n(uy — up—1). We have

a1 +---+a 1
%:g(Ul—U2+2(UQ—U1)+"'+n(Un—Un_l))
1 B
:7(nun_u0_u1_.”_un_l):un_U0+U1+ + Up—1 Ceia),rou_u:O.
n n

O]

Remark 4.33. So far we have seen the proof of SLLN for 1/2-Bernoulli random variables
(lectures) and for bounded random variables (homework). Here we extend it to square-
integrable random variables, which includes Poisson, Exponential, Normal, etc. The case of
integrable but not square-integrable random variables remains open (e.g P(X > x) = z 3/ 2).

Theorem 4.34 (SLLN for square-integrable random variables).
Let (Xy,) be independent identically distributed random variables with 0 mean and finite vari-

ance. Then
X1+ + Xn

n

— 0,

almost surely as n — oo.

Proof. Set Y, = X,,/n. Then (Y,) is a sequence of independent random variables with 0

mean and
oo o 1
SRV =EX{]) — <00
n=1 n=1
o0 Xn

Therefore by Kolmogorov’s theorem, > > | ¥;, < oo almost surely, i.e. > >° | <2 < 0o almost
surely. Now apply Kronecker’s lemma to complete the proof. ]
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Remark 4.35. This result can obviously be extended to iid square-integrable random vari-
ables with a finite, non-zero mean.

We are now going to see how we can prove the general SLLN for independent identically
distributed integrable random variables using Kolmogorov’s Theorem plus a truncation tech-
nique.

Lemma 4.36 (Kolmogorov’s truncation lemma).
Let (X,,) be iid integrable random variables with mean p. Define

Xn, iof ’Xn‘ <n,
Y, =
0, otherwise.

Then
(a) P(X,, =Y, eventually) ( =P(3N:Vn> N, X, = Yn)) =1,

(b) E[Yz] = p,

(C) Zoo VarYn < .

n

Proof.

(a) P(X,, =Y, eventually) = P(|X,,| < n eventually) = 1 — P(|X,,| > n i.0.). Note that

00 00 o) M

D P(IXnl > n) = P(IX1| >n) =) Elljx, sl = A}gﬂmZE[l{\Xl\m}]

n=1 n=1 y n=1 . n=1
= MlgnooE[; Ljxysm) < Jim E[ ; 1] = lim E[M A |Xy]]
<E|X;| < 0.

Applying Borel-Cantelli 1 gives (a).

(b) E[Yn] = E[Yn1{|Xn|§n}] +E[Yn1{|Xn|>n}] = E[X11{|X1|§n}]' HOWGVGI‘7 X11{|X1|§n} — X1
and | X11yx,|<n}| < [X1] so by DOM,

E[X11{|X1|§n}] — E[Xl] = U

i E[Y?] i E[X21x, <)) i E[X{1{x,<n}]

n2 n2
n=1 n=1 n=1

sy ] —e T 5]

n=1 nz|X|
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If |X1| <1,

Thus if | X;| > 1,

We deduce that

Using Var[Y,] = E[Y,2] — (E[Y,])? completes the proof. O

n
Theorem 4.37 (Strong Law of Large Numbers).

Let (X,,) be iid integrable random variables with mean p. Then

X+ + X,
n

— U a.s. as n — oQ.

Proof. Define Y,, as in Kolmogorov’s Truncation Lemma. By KTL(a) we know that X,, =Y,
eventually and so it suffices to prove that

Vit +Y,
n

By KTL(b), E[Y,,] = u, so by Cesaro’s Lemma,
E[Y1] 4 --- + E[Y;)]

n

— a.s. as n — o0.

— U

Note that we can write

Nt--t¥ %{(Yl CEMW) 4t (Yo~ EYa]) +EV 4o 4 )}

n
1 — E[Yi] + -+ E[Y,
= LBy + Bl
n n
Thus it suffices to show
1 n
ﬁZ(Yl —E[Yi]) =0 as. as n — oo.



Set Z,, =Y, — E[Y,]. Then (Z,) are independent, zero-mean random variables with

oo o
E[Z2] Var [Y,,]
P D D
n=1 n=1
by KTL(c). So by Kolmogorov’s Theorem,
o0
Z
Z T <oo as.
n
n=1
Thus by Kronecker,
1 o R
nz;(Yi—E[Yi]):nZ;ZZ-%O a.s. O
1= 1=

4.5 Martingale Convergence Theorem

For a martingale (X,,) with Xy = 0, think of X,, — X,,_1 as your net winnings per unit stake
in game n in a series of fair games, played at times n =1,2,....

Definition 4.38. A process (C),) is previsible/predictable with respect to a filtration (F,) if
Cy, is Fp—1-measurable for each n > 1. For a martingale (X,,) and a previsible process (Cy,)
the process (Y;,) defined as Yp = 0 and for all n € N,

n
Y, = Zci(Xi - X 1)
i=1
is called the martingale transform of (X,) by (Cy). It is denoted as ((C @ X),,).
Remark 4.39. Since we can write any process (X,) with Xo =0 as
n
Xn=) 1-(X;— Xi1),
i=1

it corresponds to betting £1 at every step of the game. When (X,) is a martingale, doing the
martingale transform corresponds to betting C),, at time n. You have to decide on the value
of C}, based on the history up to time n — 1 (hence the term previsible). Can we choose (Cy,)
in such a way so that our expected total winnings is positive?. ..

Theorem 4.40 (You cannot beat the system).
If each Cy, is bounded then ((C o X),,) is a martingale.

Proof. Y, := Y"1 | Ci(X; — X;_1) is obviously F,-measurable. It is integrable since each C,,
is bounded. Finally,

E[Yn’fn—l] = Yn—l + E[Cn(Xn - Xn—l)’]:n—l} = Yn—l + Cn(E[Xn|fn—1] - Xn—l) = Yn—1~

O]
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[WAYAT

vy

i (XN —a),

Figure 1: There are 2 upcrossings of [a, b] shown.

Definition 4.41. Let (X,,) be a martingale, N € N, a < b. The number Un/|a,b] of upcross-
ings of [a,b] made by (X,,) up to time N is the largest integer k such that there are integers
0<s1 <t <sp<ty< - <8<t <N with Xy, <aand Xy, >bforalll<i¢<k.

Recall the notation: f_ = max{—f,0}.

Lemma 4.42 (Doob’s Upcrossing Lemma).
Let (X)) be a martingale, N € N, a <b. Then

(b— )E[Unla, b)) < E[(Xy — a)_].

Proof. We shall use Theorem [4.40| for a suitably chosen previsible strategy. For n < s; we set
Cn,=0,foreachi>1and s;+1<n<t;set C, =1and foreachi>1land t;+1 <n < s
set C,, = 0. This corresponds to the gambling strategy of waiting until X goes below level a
and then playing unit stakes until X gets above b and then stop playing (until X again goes
below a). Then (C),) is previsible and bounded and so Y, := (C e X),, is a martingale by
Theorem [4.40L Tt follows that

N
0=E[Yy] = E[Yn] = Z Ci(Xs — X;_1). (7)
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It is clear that for all k, X;, — X, > b —a. We decompose Yy in the following way:

N LU [a,b] N
Zci(Xi - Xio1) = Z Ci(Xs — Xi—1) + Z Ci(Xs — Xi—1)
=1 =1 i:tUN[a,b]+1
UN[a,b] t; N
= Z Z Ci(X; — Xi—1) + Z Ci(X; — Xi—1)
j=1 i=s;+1 1=SU \ [a,b]+1
Unla,b]
= Z (th - ng') + (XN — XSUN[a,b])1{SUN[a,b]+1SN}
=1
> (b—a)Un[a,b] + (XN — XSUN[a,b]>1{SUN[a,b]+1§N}

> (b—a)Upn[a,b] — (Xny —a)—.
Taking expectations and using gives the result. O

Theorem 4.43 (Martingale Convergence Theorem).

Let (X,) be a martingale bounded in Ly (i.e. Jec : E|X,| < ¢Vn). Then there exists an
almost-surely finite random wvariable X on the same probability space such that X, — X
almost surely as n — oo.

Proof. Let a < b € Q. Denote by Ula, b] = limy_, Un|a, b]. By Doob’s Upcrossing Lemma,
this random variable is almost-surely finite:

(b—a)E[U[a, b)) "2 lim (b—a)E[Un[a,b)] < lim E[(Xy—a)_] < Jim E[[Xy|+a]] < ctal,

N—o00 N—o00
i.e. E[U]a,b]] < co and thus Ula, b] is almost-surely finite. Notice now that
{I%g}an#hisian}: U {lgr_l}ngn<a<b<hTILn_>solcl>an} C U {Ula,b] = oo}.

a<b a<b
a,beQ a,beQ

But since each of the events {U[a, b] = oo} has probability zero, the probability of a countable
union of such events also has probability zero. Thus we obtain

liminf X,, = limsup X,, a.s.
n—00 n—00

Denote X = liminf,,_,o, X,. It remains to show that X is almost-surely finite. This follows
easily by Fatou’s Lemma:

E|X| = E[hminf any} < liminfE[X,| < c.
n—0o0 n—0o0

Example 4.44.

(1) The simple symmetric random walk (S,,) is a martingale but does not converge. Indeed
(Sp) is not bounded in L;. On the other hand, the stopped random walk (stopped when
reaching level b or —a) does converge to a random variable with two values a and b
(depending on which level S, hits first).
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(2)

3)

If (X,,) is a non-negative martingale then E|X,,| = E[X,] = E[X(] so it is L;-bounded
and converges.

Polya’s Urn: the proportion of black balls is a non-negative martingale and so it converges.
If we start with one black and one white ball, the limit is a uniform random variable. If
we start with b black balls and w white balls, the limit has a beta distribution. (Exercise:
show this! Hint: show that the probability that in n draws you pick m black balls and
n — m white balls in a certain order does not depend on that order).

Galton-Watson process with offspring distribution N. Recall that Z,, denotes the number
of individuals in generation n. What happens if E[N] < 17 It turns out that the popula-
tion becomes extinct in finite time. What about if E[N] = 1? Then (Z,) is a martingale.
If P(N = 1) = 1 then the process is deterministic — indeed Z,, = 1 for all n. But if
P(N =1) < 1, then (Z,) is a non-negative martingale and so by the MCT it converges
to some random variable Z. Note that since E[N] = 1, it must be that P(N = 0) > 0:

1 =E[N] > E[N1{y_3] + E[N1iy>py] = P(N = 1) + E[N 1y~
P(N=1)+P(N >1)=P(N > 1),

\

ie. P(N >1) <1 and so P(N =0) > 0. It follows that if k£ # 0, then
P(Z) = k|Zo= k) <P(Z1 £0|Zo=k) =1 —P(Z, =0[Zy = k) =1 — P(N = 0)* < 1.

Now since Z,, is integer-valued,

P(Z=k)=P(Z, > k)=P3m:Vn>m,Z, = )zP(G{Vnzm,Zn:k}>.

m=1
For k # 0, we have

P(Vn>m,Z, =k) < lim P(Z, =kVm <n < M)

M—oo

= lim P(Z, = k)P(Z, = k| Zy = k)M ™

M —o0

=0.

Since a countable union of measure 0 events has measure 0, it must be that Z, = 0
eventually (Z = 0 almost surely), i.e. the process becomes extinct in finite time. However
we have E[Z,| = E[Zy] = 1 but E[Z] = 0so E[Z,,] - E[Z]. The martingale (Z,,) converges
almost surely to Z but not in L;. When can we say that a martingale converges almost
surely and in Lq?

4.6 Uniform integrability

Lemma 4.45. Let X be an integrable random variable on (2, %,P). Then for each € > 0,
there exists § > 0 such that for A € 3, if P(A) <& then E[|X[1 4] <e.

95



Proof. Suppose the statement is false, so that there exists g > 0 and a sequence (A,) € %,
such that P(A4,) < 27" and E[|X[144,;] > 0. Set A = limsup A, (= {A; i.0.}) so that by
Borel-Cantelli 1, P(A) = 0. However, by reverse Fatou and using 1imsup A, = Hmsup 1y, y,

0=E[|X[1{4] > limsupE[| X |[14,}] > €0,
a contradiction. O

Definition 4.46. A sequence of random variables (X,,) is uniformly integrable (UI) if for
each € > 0 there exists ¢ > 0 such that

]EHXn|1{|Xn|>c}] <e Vn.

We want to exclude the case that the expectation is strongly influenced by increasingly rare
but increasingly large values. For example, consider the sequence (X,,) such that

P(X,=n)=1-P(X,=0)=1/n.
Then E[X,,] =1 for all n and thus the sequence is integrable. But
EllXnl1q1x,5¢] = Tieany = 1
as n — oo for each ¢, thus (X,,) is not uniformly integrable.

Theorem 4.47. Let (X,) be a sequence of random variables.

(1) If (Xy,) is UI then it is bounded in L.
(2) If (X,,) is dominated by an integrable random variable then it is UL
(3) If (Xy,) is bounded in L, (for p > 1) then it is UL
Proof.
(1) Take ¢ = 1 and ¢ such that E[|X,|1{x, 5] < 1. Then
ElXn| = E[|Xn1x, >3] + EllXn|1x, 1<l <1 +c
(2) Suppose | X, (w)| < Y(w) for all n and w with E[Y] < co. Fix ¢ > 0 and let § be such that
for A € %, if P(A) < 6 then E[Y'14] < & (which exists by Lemma [4.45). By Markov’s

inequality, P(Y > ¢) < E[Y]/c and thus we can find ¢ > 0 so that P(Y > ¢) < 6. The
result follows since

E[|Xn[1x, 5] SE[Y1lysq] <e.
(3) There exists K > 0 such that E[|X,,|P] < K for all n. We have

B[ Xn|1qx,150] = B[ X 7P| X0 Ly x,150] < Ele 7P| X0 [P1gx, 50
< PR X, [P] € PK — 0,

as ¢ — 00. O
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Definition 4.48. We say that a sequence of random variables (X,,) converges in L; to X if
E[| X, — X|] — 0.

Theorem 4.49. Let (X,,) be a sequence of integrable random variables and let X be an
integrable random variable with X, — X almost surely. Then X,, — X in Ly iff (X,) is UL

Proof omitted. O

Theorem 4.50. Let X be an integrable random variable on (Q, X, P). Then the class
{E[X|F]: F is a sub-o-algebra of ¥}

is UL

Proof. Fix ¢ > 0 and choose § as in Lemma m (using the fact that X is integrable). Let
A < oo be such that E|X| < AJ. For any sub-o-algebra F we have, by conditional Jensen’s
inequality,

E[|E[X|F]]] < E[E[X||F]] = E|X].

Set Y = E[X|F]. By Markov’s inequality,

ElY]

By >3 < = <4,

Again by Jensen’s inequality, we have

E[lY[1yy)>a] < E[EHXH]:]lﬂYlZ)\ﬂ
(defn of condx expectation) = E[|X[1y|>]

IA
™

i

where the last step follows from Lemma using the fact that {|Y| > A} € F C X. O

Definition 4.51. A sequence of random variables (X,,) is called a UI martingale if it is both
a martingale and Ul

Theorem 4.52. Let (X,,) be a martingale. The following are equivalent:

(i) (Xy) is a UI martingale.
(ii) X, converges a.s. and in Ly to a limit X.

(iii) There exists an integrable random variable Z such that

X, =E[Z|F,] as. ¥Yn>0.

Proof.

(i) = (ii):

Since (X,,) is UI by Theorem [4.47|(1), (X,,) is bounded in L; and thus by MCT there exists
an a.s. finite random variable X such that X,, — X a.s. Thus, since (X,,) is UI, by Theorem
449 X,, — X in L.
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(i) = (iii):
Set Z = X. Then Z is integrable since

IE|Z|:E|‘X| SE’Xn_X|+E’Xn‘ < o0,

for n sufficiently large. We now show that X,, = E[Z|F,] a.s. For all m > n, by the martingale
property for F' € F,,

E[l{F}Xm] = E[E[l{F}Xm“FnH = E[l{F}E[Xm‘FnH = E[l{F}Xn] (8)
But we have by Jensen’s inequality
[E[11py Xm] — E[1{py X]| < E[11py| X — X[ < E|Xp, — X| =0,

as m — oo. Thus by E[1;m X] = E[1;zX,] and so X, satisfies the three properties
in the definition of conditional expectation (it is F,,-measurable and integrable since it is a
martingale).

(iii) = (i):
Uniform integrability follows from Theorem [4.50 O

Definition 4.53. A backwards martingale is a martingale indexed by the negative integers:
that is (X, )n<o is adapted to (F,)n<o and satisfies E|X| < oo,

E[Xp+1|Fn] = Xn as. Vn < —1,

where (F,,)n<o is an increasing sequence of o-algebras, --- F_o C F_1 C Fy.

Because the o-algebras decrease as n — —oo, the convergence theorey for backward martin-
gales is particularly simple.

Lemma 4.54. Suppose (X;,)n<o is a backwards martingale with respect to a filtration (Fy,)n<o-
Then for alln <0,
E[Xo|Fn] = Xn, a.s.

Proof. By the Tower property, since F,, C Fp41 for all n <0, we have, for each n <0,
E[Xo|F] = E[E[Xo|F1]|Fn] = BIX_1|Fn] = - - = E[Xps1|Fu] = Xo. O
Theorem 4.55. Backwards martingales are Ul.
Proof. Since X is integrable, we know by Theorem [£.50] that
{E[Xo|F] : F is a sub-c-algebra of 3}

is a UI class. The result follows by Lemma O
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Theorem 4.56 (Backwards MCT).
Let (X,) be a backwards martingale. Then X, converges a.s. and in Ly as n — —oo to

X_ o i= E[X0|f_oo] where F_oo = ﬂngo Fn-

Proof. We adapt Doob’s Upcrossing Lemma to this setting. Choose a < b € Q and for N <0,
let Un[a, b] be the number of upcrossings of [a,b] between time N and 0. For 0 < k < —N,
set Gr = Fnik. Then Gy is an increasing filtration and (Xn4x,0 < k < —N) is a martingale
adapted to Gy and Un|a, b] is the number of upcrossings of [a,b] by (Xn4x)r between times
0 and —N. Thus by Doob’s Upcrossing Lemma,

(b —a)E[Uxla, b]] < E[(Xo —a)-]. (9)

Letting N — —oo we have Uy|a,b] increases to the total number of upcrossings of X from
a to b which by @ is a.s. finite (using MON, see proof of MCT). We thus have (again by
similar arguments to the proof of MCT) that

X, > X o as. asn— —oo,

for some random variable X_,,. We claim that X_ ., is F_s-measurable. Indeed, since the
limit of (X,) does not depend on any finite number of the (X,), for every m < 0, X_o
is the limit of (X,,4n)n<o. But each X,y is F,-measurable since Fp,4n C Fy, for all
n < 0. As the limit of F,,-measurable functions is also F,,-measurable we deduce that X_
is Fp,-measurable. This is true for every m and hence X_, is F_..-measurable.

Since X is bounded in L; there exists ¢ such that E|Xy| < ¢. Using X,, = E[X(|F;,] we have,
by conditional Jensen’s inequality,

E|X,| = EHE[XO\}"n]H < IE[EHXOH.F”]] =E|Xy| < ¢,
i.e. X,, is bounded in L for all n < 0.
Also, by Fatou’s Lemma,
E|X_o| = E[lﬁr_r}_lg | X < l%rr_l}i(ng|Xn| <,
and so X_ is bounded in L;. Hence by the triangle inequality E|X,, — X_| < 2c.
By conditional Jensen’s inequality (and that X_. is F,,-measurable), we obtain
X0 — X = [E[Xo — X_ooFul| < E[|Xo — X—ool|Ful,
but since |X,, — X_| is integrable, the class of random variables
(EHXO - Xfooufn])néﬂ

is UL Hence also (| X, — X_oo|)n<o is UL Thus by Theorem | X, — X_oo| converges to 0
in Ly as n — —o0, i.e. X, converges to X_, in L; as n — —oo0.

We are left to show that X_o = E[Xy|F_] a.s. Since X_ is integrable and F_.o-
measurable, we thus need to show that for each A € F_,

E[Xol(4)] = E[X—ooliay):
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Since A € F,, and X,, = E[X{|F,] for all n <0,
E[Xo1lg4y] = E[Xn1pay];
and so
E[Xolgay] = lim E[X;1(4)]
= lim E[(X; — X_oo + X_co)1ia)]

n——oo

n——oo
= E[X 14y,
since E[(X,, — X_OO)I{A}] < E[X, - X_ ] <EX, —X_ | - 0asn — —oo by the L;
convergence result. O
Theorem 4.57 (SLLN again).
Let (X,,) be iid integrable random variables with mean . Then

Xi+- -+ X
n

- K

almost surely and in L.

Proof. Set S,, = X1+ ---+ X, and F,, = 0(Spn, Sn+1,-..) = 0(Sn, Xnt1,-..). We claim that

(Mp)n<—1:= <S§)n§1

is a (Gn)n<—1 := (F_pn)n<—1 backwards martingale. Indeed, setting m = —n and using that
Xy, is independent of Xy, 11, Xim+2,- .., we have

] =

By symmetry, E[X;|Sy,] = E[X1|Sy,] for all 1 <i < m. Clearly
E[X1]|Sm] + -+ + E[X0n|Sm] = E[Snm|Sm] = Sm.

Sm—Xm‘ m}: S:nl—E[ X

BVl =]

|Sm]

and thus E[X,,|Sn] = Sﬁ almost surely. Thus

Sm—l Sm _ Sm :Sfm:Mn,
m—1 m—1 m(m—-1) m

SESTOE
almost surely. Applying the backwards MCT we deduce that M,, converges as n — —oo
almost surely and in L to a random variable Y = lim,, o %” For all k,
X 4 X
V = lim okt +--+ ktm

m—00 m

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

Sm S,

c=E[Y]= E[ lim —] = lim E[—m] =E[Xy] = p,
m—oo M m—oo m
where the exchange of limit and expectation is by the L; convergence result. O
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