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CHAPTER 1

Measure theoretic foundations.

1.1. Motivation: Probability meets measure theory.

Probability theory aims at modeling real-life phenomena that are characterized by uncertainty!. This
means that the outcome of an experiment (we will speak about “experiments” for simplicity, even though
applicability of the theory is by no means limited by a laboratory setup) is not entirely determined by the
initial conditions of that experiment. The prototypical examples are the experiments of “throwing a dye”
and “flipping a coin™ six (respectively, two) possible outcomes occur, and there is no way to predict in
advance which one realizes.

Assume that a particular experiment A has a finite set {2 of possible outcomes, e. g. in the case of a
dye, one has Q = {1,2,3,4,5,6}, and for the coin flip, one has 2 = {heads, tails}. Then, provided that the
experiment can be repeated several times, one can compute frequencies of outcomes. Let X; € Q denote
the outcome of the i-th experiment. Put

(@) = #{i < NNXZ w}7

where N is the number of repetitions. Note that “series of IV repetitions of an experiment A” may in itself
be viewed as an experiment with an uncertain outcome, in particular, the frequencies fx(w) will be random
numbers - meaning that if one performs two series of N repetitions of the experiment A, one will get, in
general, different frequencies.

However, if the conditions of the experiment A are repeated precisely enough, and if N is large enough,
the frequencies f(w) are often experimentally observed to be close to certain numbers p(w); loosely speak-

ing,

Ir(w) 25 plw).

The numbers p(w) are determined by the conditions of the experiment only, they are certain, “non-random”
quantities. Thus, in the case of a fair dye, one has p(w) = % for every outcome w € €2, and for the coin flip,
one has p(heads) = p(tails) = 1.

Obviously, fy(w) > 0 and ) fyv(w) = 1. We naturally expect these properties to be inherited by
the “idealized” frequencies p, which leads to the following definition.

DEFINITION 1.1.1. A discrete probability space is a finite (or countably infinite) set Q (called the set of
outcomes), equipped with a function p : Q@ — R, such that ), p(w) = 1. The quantity p(w) is called
the probability of an outcome w.

While this definition is good enough for the case of finite (or countably infinite) set of outcomes, it does
not cover the case of uncountable sets. Although “uncountable sets of outcomes” may sound fancy from the
practical point of view, the following example shows that this setup arises quite naturally, even if we start
from the most “finite” and “discrete” probabilistic models.

EXAMPLE 1.1.2. Alice has 10 euros and Bob has 5 euros. They flip a fair coin, and if it comes up heads,
Alice pays Bob 1 euro, otherwise Bob pays Alice 1 euro. They repeat the game until one of them loses all
the money. What is the probability for Alice to win?

There we follow what is close to the “propensity interpretation of Probability” to motivate the axioms. For other inter-
pretations, see, e. g., http://plato.stanford.edu/entries/probability-interpret/.

4



1.1. MOTIVATION: PROBABILITY MEETS MEASURE THEORY. 5

Even before actually computing the probability, one must understand what does it mean, that is, what is
the relevant probability space for this Alice-Bob game. If the number of coin flips were fixed in advance - say,
N - the construction of probability space would be fairly easy. One would then take €2 := {heads, tails}V,
that is, the set of all sequences (wy,...,wy) of length N with w; € {heads, tails}, and the probability of
each outcome would be 27V Unfortunately, this is not enough for our purposes, since the duration of the
Alice-Bob game is not fixed in advance. However large N we take, it is still possible that the game has no
winner after N flips. In fact, the game might have no winner at all: Alice and Bob could play ad infinitum.

Taking this possibility into account, we take a different view on the Alice-Bob game. We may assume
that they continue to flip the coin even after the winner is decided (the results of these flips are, of course,
irrelevant). Or, in other words, we imagine that they first flip the coin an infinite number of times, record the
resulting sequence of heads and tails, and only then examine this sequence in order to determine the winner.
Thus, the natural choice of probability space for the game would be the space {heads, tails}"' of all infinite
sequences w = (w1, ws, ... ), with “equal probability assigned to each sequence”. This is an uncountably
infinite space, and the discrete probability space structure is inadequate here: an infinite amount of equal
numbers cannot sum up to 1.

Still, we can meaningfully ascribe non-trivial probabilities to certain sets of outcomes - such sets are

called events. For example, given a finite sequence? o = (01,...,0n) € {0,1}", we can consider the set
Qoyoion = {we{0,1}N 1wy =0q,...,wny = on}. This is the set of all infinite sequences whose beginning
agrees with the presecribed sequence (o1,...,0x). In the probabilistic language, this corresponds to the

event that the first IV coin flips yield that particular sequence. Of course, the probability of this event
should be 277,

We can, furthermore, compute the probability of events like “Alice wins on move N”. Indeed, these
are just disjoint unions of events of the form €, . .., and the interpretation of probabilities in terms of
frequencies suggests that if A, B are disjoint sets, then we must have the relation

P(AU B) =P(A) + P(B).
A natural next step is to invoke the representation
(1.1.1) {Alice wins} = USF_;{Alice wins on move N }.

So, if we want the axiomatics of Probability to be rich enough to treat the Alice-Bob game, it should say
something about the behavior of probabilities under countable disjoint unions. As Kolmogorov realised in
1930-s, measure theory provides exactly the right framework for Probability, as it studies functions of sets
that are countably additive - exactly what is needed to pass from (1.1.1) to
o0
P{Alice wins} = Z P{Alice wins on move N}.
N=1

In this particular example, there is a way to further exhibit a direct relevance of measure theory - in
fact, of the Lebesgue measure on the unit interval. Namely, given a finite sequence w € {0,1}¥, or an
infinite sequence w € {0, 1}, define

N
R(w) = Z w27
i=1

where N = oo for the case of an infinite sequence. This is just the real number in the interval [0, 1] whose
binary representation consists of the digits in the sequence w. Then, it is easy to see that R(Qy, .. on) =
[R(0), R(0) +277], that is, the probability of an event Q,, . . exactly equals the length of R(Qy, oy )-

The mapping R is “almost a bijection” - the set of points with more than one preimage has Lebesgue
measure 0 (Exercise!). Therefore, we can assign probability to more general sets - such as, e. g. “Alice
beats Bob” - by putting

P(A) = [R(A)],

2here we switch the notation from {heads, tails} to {0, 1}



1.2. DEFINITIONS AND ELEMENTARY FACTS FROM MEASURE THEORY 6

where |-| denotes the Lebesgue measure, provided that R(A) is Lebesgue measurable. This way, probability
is defined for a wide class of events - it is in fact a measure on {0, 1}".

1.2. Definitions and elementary facts from measure theory

We begin by recalling necessary definitions of measure theory. In what follows, 2 denotes the set of
all subsets of a set (2.

DEFINITION 1.2.1. Suppose Q is a set, and F C 2% a collection of its subsets. The collection F is called
a o-algebra if the following conditions are satisfied:

o ) e F;
o if Ac F, then A°:=Q\ AecF;
o if A;, As,... is a sequence of subsets of 2 such that A; € F for all 4, then U2, A; € F.

Since we could take A, = A,41 = --- = 0, the third condition is also satisfied for finite sequences of
A;. Also, by the first two conditions, 2 € F, and by the second and third conditions, a o-algebra is closed
under countable intersectons: if A; € F for all 4, then

24 = (U A9) e F.

DEFINITION 1.2.2. A set equipped with a o-algebra is called a measurable space, and the elements of
the o-algebra are called measurable sets.

DEFINITION 1.2.3. Given a measurable space (£, F), a function p : F — Rx¢ U {400} is called a
measure if it satisfies the following properties:

e u(0) =0;
e (o-additivity or countable additivity) If Aq, As, ... is a sequence of disjoint sets (that is, A;,NA; =0
for i # j), such that A; € F for all i, then

p(U A = Zu(Ai)-

A measure p is called a probability measure if p(Q) = 1.

The second condition in the above definition is equivalent to finite additivity (that is, u(A U B) =
w(A) + u(B) for disjoint measurable sets A, B) combined with lower continuity:
if Ay C Ay C ... are measurable sets, then

pUZ1A4) = lim pu(A),
In the case pu(2) < oo, o-additivity is also equivalent to finite additivity combined with upper continuity:
if Ay D As D ... are measurable sets, then
p(NZ1Ai) = lim u(A).
A fundamental property of measures and o-algebras is that they can be pushed forward by maps:
LEMMA 1.2.4. If (1;F1) is a measurable space, and [ : Qq — Qs is a map, then the set
Frofti={Aec2®: f1(A) e F}
is a o-algebra on Q. If, moreover, 1 is a measure on Fy, then po f=1, defined by
po fTHA) = u(fH(A),
is a measure on JFo.

Proor. This follows from the identities f~*(0) = 0, f~'(4°) = (f~1(A)), and f~H(UZ, 4;) =
L, f1(Ay). O
=1 2



1.2. DEFINITIONS AND ELEMENTARY FACTS FROM MEASURE THEORY 7

DEFINITION 1.2.5. A map f : Q1 — Qs between two measurable spaces (Q1, F1) and (€9, F3) is called
measurable if Fo C Fy o f~1, or, in other words, the preimage of any measurable set is measurable. When
we want to be more explicit, we call it F;-to-F5 measurable.

How to construct o-algebras? First, there is always the maximal one, i .e. the set 2 of all subsets of
Q, and the minimal one, containing just two elements: ) and . Second, an intersection of an arbitrary
collection of o-algebras is also a o-algebra. Therefore, given an arbitrary collection A of subsets of 2,
we may define the smallest o-algebra containing A , denoted by o(.A). This is just the intersection of all
o-algebras containing A. When 2 bears a structure of a topological space, one may take A to be the set
of all open subsets of €; the result is called the Borel o-algebra, and denoted by B(Q2). In the case Q = R,
the Borel o-algebra coincides with o({(—00,a] : a € R}).

We are ready to give the key definitions of Probability:

DEFINITION 1.2.6. A probability space is a triple (2, F,P), where Q is a set, F is a o-algebra on {2, and
P is a probability measure on P.

REMARK 1.2.7. A discrete probability space is can be seen as a special case of a probability space, by
taking 7 := 292, and P(A) := Y ., p(w).

DEFINITION 1.2.8. Given a probability space (€2, F,P), a measurable map from €2 to a measurable space
(¥, F") is called a random variable (with values in ).

Usually, when speaking about random variables, the o-algebra F’ is not mentioned explicitly. If ' is
a topological space, we assume F' = B({2) unless stated otherwise. In particular, if ' = R, then a random
variable is a function f : € — R such that f~!((—o0,a]) is measurable for any a € R.

DEFINITION 1.2.9. If f is a random variable with values in ', then the measure on F’ given by
u(A) = P(f7H(A)).

is called a distribution of the random variable f.

REMARK 1.2.10. One can write P(f71(A)) = P({w € Q : f(w) € A}). It is customary in Probability
texts to use capital latin letters for random variables (e. g., X instead of f) and abbreviate the last formula
to something like P(X € A).

A distribution of a scalar random variable X is thus a probability measure on (R, B(R)). A function
Fx(a) =P(X € (—00,a])
is called the probability distribution function® of X.

LEMMA 1.2.11. For any random variable X, Fx (a) is non-decreasing, right-continuous (i. e., Fx(a;) —
Fx(a) whenever a; N\, a, and has limits lim,—, 100 Fx(a) = 1, limg—,_o Fx(a) = 0. Conversely, if F is
any function with these properties, then there exists a probability measure p on B(R) such that F(a) =
p((—o0, al).

PRrROOF. The properties of F'x follows from monotonicity and upper/lower continuity of measure; e. g.,
Na;~a(—00, ;) = (—0o0, a] implies the right continuity.

The existence of measure  is based on existence of Lebesgue measure®. Assume first that F' is con-
tinuous and strictly increasing. Then it has an inverse h := F~1: (0,1) — R which is also continuous and
increasing, and h=1((—o0;a]) = (0; F(a)]. The pushforward of the Lebesgue measure by h is the desired
measure on R.

In the general case, define, for z € (0,1),

4

h(z) :=inf{y e R: F(y) > «}.

3or cumulative disctribution function

40 be proved in Section 1.4
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Since F'(a) — 0 as a - —oo and F(a) — 1 as a — +o0, this infimum is finite for all x € (0,1). Note that
if y; ¢y and F(y;) > x, then, by right-continuity, F'(y) > x. This means that the infimum is in fact a
minimum, i. e. F(h(x)) > z. In plain words, h(x) is determined by the following rules:

o if © has preimages, then we take h(x) to be the left-most of them;

o if 2 has no preimages, then there exists a unique y € R such that lim,_,,— F(u) <z < F(y). In

this case, we take h(z) = y.
Clealry, h is non-decreasing, therefore, h=!((—00,a]) is an interval for each a. In particular, h is Borel-to-
Borel measurable and we can define a measure 1 on R by setting u(A) := |h=1(4)].
It remains to check that for all @ € R, h™1(—o0, a] = (0; F(a)]. First,

B(F(a)) = inf{y € R: F(y) > F(a)} < a,
because a belongs to the set {y € R: F(y) > F(a)}. Since h is increasing, this means that
h((0, F(a)] € (=00, dl,
so (0, F(a)] € h™!(—o0,a]. To prove the opposite inclusion, pick > F(a); as noted above, F(h(z)) >z >
F(a), which means that h(z) > a, that is, x ¢ h=1(0; a]. O

One simple, but important operation with probability spaces is that of restriction: if (2, F,P) is a
probability space, and A € F, then F|4 :={ANB: B € F} is a o-algebra on A, and u(B) := P(AN B)
is a measure on F|4. If P(A) = 0, this measure identically zero; otherwise it could be normalized to be a
probability measure on A. This probability measure is called conditional probability, and denoted by P(:|A4).
So, by definition,

P(BNA)
P(B|A) = ————
(BlA) = “5
Exchanging A and B in the above definition, one arrives at Bayes’s formula:
P(A[B)P(B)
P(B|A) = —————.
(B14) = =550

1.3. Dynkin’s m — A theorem and uniqueness of measures.

In this section, we prove that if two probability measures on B(R) have the same probability distribution
function - i. e., agree on all rays (—oo, a] - then they agree on B(R). It is very tempting to call this result
“obvious”: if two measures agree on a collection A of sets, surely they must agree on o(A)! Unfortunately,
this implication is badly wrong, as one of the exercises shows. We will develop an abstract tool that is
useful to treat this and many other questions of the same flavour.

DEFINITION 1.3.1. A collection A of subsets of a set 2 is called a m-system if it is closed under
intersections:
A Be A= ANBe A

DEFINITION 1.3.2. A collection A of subsets of a set (2 is called a A-system? if

e N e A
o if ABe Aand A C B, then B\ A € A;
o if A; C Ay C ... all belong to A, then U2, A; € A.

The A-systems are a slight generalizations of o-algebras. Indeed, every o-algebra is a A-system (because
B\ A=BnN(2\ A)). On the other hand, the first two properties in the definition of a A-system imply the
first two properties in the definition of o-algebra. Therefore, a A-system that is closed under finite unions
is a o-algebra. By passing to complements, we see that a A-system that is closed under finite intersections
is also a o-algebra.

S5sometimes also a d-system, of Dynkin system.
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ExAMPLE 1.3.3. Assume that p and v are two probability measures on the same o-algebra F. Then
{Ae F:u(A) =v(A)} is a A-system.

THEOREM 1.3.4. (m-\ theorem of Dynkin’s lemma) Let A be a m-system and B be a A-system. Then
ACB=o(A)CB.

PROOF. Let A(A) denote the intersection of all A-systems that contain .4; this is also a A-system. Our
goal is to prove that A(A) is closed under intersections. Denote S(A) := {B : AN B € A(A)}, and let us
check that if A € A(A), then S(A) is a A-system. Indeed, RN A=A € A(A). f C C D and C,D € S(A),
then

(D\NC)NA=(DnNA)\(CNA).
Both (DN A) and (C N A) belong to A(A), and since A(A) is a A-system, so does their difference. Finally,
AN(UZE14:) = U2 (AN Ay,
which shows that U2, A; belongs to S(A) whenever all A; do.

Now assume that A € A. Since A is a w-system, A C S(A). Since S(A) is a A-system, we have
A(A) € S(A). So, we have proved the following: if A € A and B € A(A), then AN B € A\(A). This means
that S(B) contains A, and since it is a A-system, it contains A(A). In other words, A(A) is closed under
intersections.

Consequently, A\(A) is a o-algebra that contains A, therefore o(A) C A(A) C B. O

Collecting all the facts of this subsection together:

COROLLARY 1.3.5. If two measures p1 and po such that pu1(Q) = p2(Q) < oo agree on a w-system A,
they agree on o(A). In particular, a probability measure on R is uniquely determined by its p. d. f.

PROOF. It only remains to notice that {(—o0,a] : a € R} is a 7 -system. O

1.4. Caratheodory extension and existence of measures.

In this section, we review a powerful tool to construct measures: the Caratheorody’s extension theorem.
This theorem is used to construct:
e Lebesgue measure on R;
e Direct products of measure spaces;
e Non-direct products (projective limits) of measure spaces (Kolmogorov’s extension theorem).

DEFINITION 1.4.1. A collection R C 2% of subsets of a set Q is called a semi-ring if the following
conditions are satisfied:
e feR;
e it is a w-system, i. e., closed under intersections;
e if A, B € R, then there exists a finite collection of disjoint sets Aq,..., A, € R such that

A\ B=1}",A;.
EXAMPLE 1.4.2. The collection Z := {[a;)) : a,b € R} is a semi-ring.
DEFINITION 1.4.3. We say that a function p : R — R, is a pre-measure 6if () = 0, and the identity
A =10 A;, where A, A; € R, implies u(A) =57 p(4;).
REMARK 1.4.4. Let p be a finitely additive function on a semi-ring R, that is, if A, A;,..., Ay € R
and A = UN | A;, then pu(A) = YN | j(4;). Assume that A,,..., Ay € R, Bi,..., By € R, andUN | A; =

Uij\ilBi. Then
N N N M M

> () = (L (AN By) =Y u(Ai N By)) = u(By).

i=1 i=1 i=1 j=1 j=1

6The conditions are the same as in the definition of measure. However, the term “measure” is reserved for functions
defined on a o-algebra.
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This means that we can extend the function p in a consistent way to finite unions of elements of R. Below
we use this extension; e. g., for A, B € R, we write u(A \ B) instead of > 1 | w(A;).

THEOREM 1.4.5. (Caratheodory extension theorem). Let R be a semi-ring on a set ), and let u: R —
R>o be a pre-measure. Then there exists a measure on o(R) that coincides with p on R.

PRrROOF. The first step is to define the outer measure p* associated with p. Namely, given A € 29,
define

* = inf i)
WA= inf AZM(AZL
A,er =1

in words, the infimum is taken over all countable covers of A by elements of R. The outer measure is defined
for any subset of 2. However, for it to be a measure, we need to restrict it to a smaller class of subsets.

The second step, the most ingenious one in the proof, is to describe that class explicitly. Namely, we
say that a subset A of Q is well-splitting if, for any E € 2%, one has

(1.4.1) ' (E)=p (ENA)+pu*(E\ A).
The rest of the proof boils down to a (rather straightforward) check of the following facts:

sets in R are well-splitting;

well-splitting sets form a o-algebra;

w*, when restricted to well-splitting sets, is a measure;
if A€ R, then pu*(A) = u(A).

Before proceeding to the proof, we note that u* is countably subadditive:

(1.4.2) P (U2 4y) < Zu*(Ai).

To see this, fix € > 0, and let, for each 4, {4; ;}52, be a collection of elements of R that covers’ A; (that
is, A; C U352 A; ;) such that D272, pu(A; ;) < p*(Ai) + 57. Then the collection {A; ;}75_; covers U2, A;.
Therefore,

LU A < D pu(Ai) < it (A e ) 27 =) pt(A) +e,
2,7=1 =1 =1 i=1

and (1.4.2) follows by letting € — 0. In view of the sub-additivity, the inequality
(1.4.3) pi(E) z p (ENA)+p*(E\ A)
is sufficient for A to be well-splitting.

Sets in R are well-splitting. Suppose E C  and A € R. Let {A;}52,, A; € R be a cover of E with
ooy w(A;) < p*(E) +e. We can decompose

(1.4.4) A;=(A;NA)U (A )\ A)
where all A; ; € R; note that also A; N A € R. Since p is countably additive, we have®
(1.4.5) w(A;) = p(A; N A) + u(A; )\ A),

or, after summing over 1,
WE) +e >3 pA) = 3 w4 N A) + 3 w4\ 4) > pt (B0 A) + 4 (B A).
i=1 i=1 i=1
The last inequality follows from the fact that {A N A4;}52, (respectively, {4; \ A}$2;) form a cover of EN A
(respectilvey, E '\ A).

“If A; is not covered by any countable collection of elements of R, then p*(A;) = +oo by definition, and (1.4.2) is
obviously true.
8note that in general; A; \ A ¢ R. Here we use for the first time the convention of Remark 1.4.4.
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If A€ R, then u(A) = p*(A). Clearly, p*(A) < u(A), since A covers itself. If {A;}5°, is any cover of
A use the decomposition (1.4.4) and sum the identity (1.4.5) over i. By countable additivity of u, we get

Z ZMAQA Z (Ai\A) > (AN 4).
=1

i=1 i=1
Now, define
A, = (ANA)\ U (AN A).
It is not hard to see that A, is a finite disjoint union of elements in R, and that w(Ay) < p(AnAy).
Moreover, A,, are disjoint, and U2, A,, = A. This shows that

D on(A) = AN A) > u(An) = p(A)
i=1 =1 =1

Taking infimum over all covers gives p*(A4) > u(A).
Well-splitting sets form a o-algebra. It is obvious that Q is well-splitting, and that a complement of a
well-splitting set is well-splitting. Let us check that if A, B are well-splitting, then so is AU B. Indeed,

i (B) = 1 (B0 A) + (B0 A%) =
P(ENANB)+p (ENANB®) +p*(ENA°NB) + p*(ENA°N B,
where in the first equality we used that A is well-splitting, and in the second one we used that B is well-
splitting twice. Now, note that AU B = (AN B)U (AN B¢ U (AN B). By the sub-additivity of pu*, we
can write
P (EN(AUB)) <p* (ENANB)+p (ENANB®) +p*(ENA°NB).
Plugging this into the above equality yields
W (B) = 1 (B0 (AUB)) + 1 (E 0 A° 0 B°),

and since A°N B¢ = (AU B)¢, this means that A U B is well-splitting.

It remains to check that if A;, A5 ... are well-splitting, then sois A := U2, A;. We may assume without
loss of generality that A; are disjoint. Let £ C 2%; we may assume pu*(E) < oo, for otherwise (1.4.3) is
vacuous. Let A .= UM, A;. Since AWM is well-splitting, we can write

pi(E) = (ENAN) 4 52 (BN AN)) > (B0 AN 4w (E\ A).
Once again, since AN) is well-splitting, we can write
(BN A) = 15 (E0 AN AN 1 (B0 A\ AN) = 5 (B0 AN) 4 1 (U2, (B 0 AL)),
so, combining the last two formulas,
P (E) = p (ENA)+ p*(E\A) = p"(UZy (BN A)).

Since all A; are well-splitting, Ziil p(ENA) = p(EnAM)) < u*(E) < oo, therefore, the series
>oioy (B N A;) converges. So, by sub-additivity, p* (U2, (BN A;)) < 35 v pw (ENA;) = 0as
N — oo.

When restricted to well-splitting sets, p* is a measure. Clearly, p*(@) = 0. Let A, A, ... be disjoint
well-splitting sets; then vazl w(Ap) = pr (UM Ay) < pr(U, A;) for all N, so, we have

(L2, 4) > 3 (Ay)
=1

The opposite inequality follows from subadditivity. O

PROPOSITION 1.4.6. (Caratheodory extension theorem - uniqueness) If, in the conditions of the previous
theorem, Q can be written as a countable union of sets in R, then the extension of p to o(R) is unique.
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PrOOF. Let Q = U2, A;; where A; € R; we may assume that they are disjoint. Suppose /i is another
measure on o(R) that agrees with p on R. Let E € 0(R), By monotonicity of measures, any extension i
of p must satisfy p(ENA4;) < p*(ENA;) =p(ENA;) and a(A; \ E) < p*(A; \ E) = u(E N A;). Then,

i(Ai) = (E N A;) + [i(A; \ B) < p(E N Ay) + p(Ai \ E) = p(As),

and since p(A4;) = i(A;), all the inequalities are in fact equalities, i. e., p(E N A;) = p. Consequently,

oo

UE) =Y WENA)=)Y p(EnA)=p(E)
=1

i=1
]

REMARK 1.4.7. Another proof of Proposition 1.4.6, not referring to the outer measure machinery, is
based on the m — A theorem (Thm 1.3.4).

EXAMPLE 1.4.8. (Lebesgue measure.) There exists a unique measure A on R such that for any a < b,
A([a, b)) =b—a.

PrROOF. We apply Theorem 1.4.5 and Proposition 1.4.6 to the semi-ring {[a;d) : a,b € R} with
u([a; b)) := b —a. All we have to check is that if I = L2, I;, then
(oo}
(1.4.6) w1 =3 ull).
i=1

An elementary input is the finite additivity of u: if I = UX,I;, then

N
(1.4.7) p(I) = p(ly).
=1

To prove (1.4.7), let I; = [a;;b;) be numbered in the increasing order of their leftmost points?, i. e.
ap < -+~ < ay. Since I; = [a;;b;) and I 11 = [a;11;b;41) are disjoint, we must have a; 1 > b;, that is,
a<a; <b <apy<---<by <b. Since I =UY | I;, we must have, in fact, a = a;,b; = as,...,by =b. So,

N
Zu([i):b1fa1+b27a2+~~+beaN:bN—al:bfa:,u(l).
i=1

This, in particular, implies that Zf\il w(I;) < p(I), and, by passing to the limit, Y oo (L) < p(I).
To prove the opposite inequality, assume by contradiction that e = p(I) — > .2, u(Z;) > 0. Then, each
IWN) = T(N) .= 1\ (UX, ;) is a non-empty disjoint union of intervals. We can find a finite union KW c (V)
of compact intervals such that'® (I™) — (KV)) < &+ Then,

N N N
i i i i i €
(I \ LK) = (U, TV K9)) < 3 ™\ K9) £ 3 u(rO\ KOy <37 2 <
i=1 i=1 i=1

| ™

Since u(I™)) > ¢, this implies that p(NY, K®) > 5, in particular, it is non-empty. The intersection of a

sequence of non-empty nested compact sets is non-empty, therefore, I'\U2,I; = ﬂ‘i’ill(m D ﬁ;’ilK(N) £,
a contradiction. |

9Yobserve that an attempt to prove (1.4.6) in a similar way would fail at this point. This is what makes (1.4.6) non-
elementary as compared to (1.4.7).

L0recall that we extend w to finite unions of intervals according to Remark 1.4.4. Moreover, here we extend the definition
of u to finite unions of arbitrary intervals (e. g., open or closed); it is easy to see that (1.4.7) holds true with this extension.
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1.5. Expectation.

An expectation of a real-valued random variable is just another name for the (Lebesgue) integral over
a measure space:

E(X) = / XdP.
Q
Recall that the integral fQ hdp, where h: Q@ — R, is defined in three steps. First, if h = Y ;" | a;14,, where
Ay, ..., Ay, are measurable of finite measure (such h are called simple functions), put

/thﬂ = Z%M(Ai);
i=1

check that this is well defined, i. e., does not depend on the choice of representation of A in this form.
Second, if h is a non-negative measurable function, put

/hdu = sup /gdu.
Q g<h JQ

g simple

/hd,u ::/hﬂhzodu*/ (—hln<o) dp.
Q Q Q

whenever at least one of the terms is finite, otherwise we say that the integral does not exist'*. To get used
to the notation, we formulate the following proposition in terms of expectations rather than integrals, even
though all the statements are true for arbitrary measure spaces.

Finally, for a general h, put

tll

PROPOSITION 1.5.1. The expectation satisfies the following properties:
o (linearity) if a, 8 € R, and EX and EY exist, then E(aX + BY) exists, and

E(aX + BY) = oE(X) + BE(Y);

o (monotonicity) if X,Y are measurable such that 0 < X(w) <Y (w) for allw € Q and EY exists,
then E(X) < E(Y).

e (monotone convergence theorem) if X; > 0 are measurable and X; / X almost surely, then
E(X;) — E(X).

REMARK 1.5.2. The expression “X; A/ X almost surely” (and, in general, “Property P = P(w) holds
almost surely”), used above, means that X;(w)  X(w) for P-almost every w € Q, that is, for all w € Q
except for a set of measure zero.

It is, in general, not true that X,, — X almost surely implies EX,, — EX:

ExampLE 1.5.3. (Growing bump) Let Q = (0,1) with Lebesgue measure \, and X;, = nlg,1). Then
X, (w) = 0 for any w € (0,1), but EX; = nA((0; 1)) = 1.

i
The following sufficient condition is of huge importance in practice:
PROPOSITION 1.5.4. (Dominated convergence theorem) if X; are measurable, X; — X almost surely,
and there exists a random variable Y > 0 with E(|Y]) < oo such that if | X;| < |Y| almost surely for all i,

then E(X;) — E(X).

PROOF OF PROPOSITIONS 1.5.1 AND 1.5.4. We refer the reader to the “Measure and integral” course.
O

The integral is an important tool to construct new measures from existing ones.

Hin probability, by saying that X has expectation, one means that it exists and is finite
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LEMMA 1.5.5. Let f > 0 be a measurable fuction on a measure space (2, F,un) (not necessarily with
finite measure). Then u', defined on F by

(A = / fdp = / (f - La)dp
A Q
is a measure on F.

ProoF. If A =0, then I4 =0, so p/'(A) =0. If Ay, Ay,--- € F are disjoint and A = L2, A;, then

L= Jim Dl

i=1

pointwise, and

/ . . . /
W (A :/f-}l d,u:/ lim f- Ia, | dp = lim J[ola, | dp= lim w (A
( ) Q( A) Q n—oo 22:; A n—oo Q Zz:; A n—oo ; (

where we have used Monotone convergence theorem in the third identity and linearity of the integral in the
last one. (]

DEFINITION 1.5.6. If, for a measure p/, there exists a function f such that p'(A) = fA fdu, then the

function f is called the Radon-Nikodym derivative'? of ji/ with respect to u, denoted f = du ,ordu = fdu.
In the special case when g is the Lebesgue measure (on R or on R™), and g’ is a probability measure -
e. g., when 1 is a distribution of a random variable - the function f is called probability denisity (of that
random variable).

REMARK 1.5.7. If the probability disctibution function F'x of a scalar random variable has a continuous
derivativel®, then F' is a probability density of X (because P(X < a) = f F'(z)dx by Newton-
Leibnitz).

REMARK 1.5.8. The Radon-Nikodym theorem asserts that if u(A) = 0 implies p/(A4) = 0, then there
exists a function f such that dy' = fdu.

PROPOSITION 1.5.9. (abstract change of variable theorem) Let (21, F1,P) be a probability space, (2, F2)
a measurable space, X : Q1 — Qo a random variable and f : Qo — R a measurable function. Then,

(1.5.1) E(foX)= i fdux,

where px denotes the distribution of the random varaible X .

PROOF. If f is a simple function assuming only the values aq,...,a,, then f o X is also simple, and
:ZamX(f:al ZQPXE{WEQQ f(w) =a;} Zal foX =a;) =E(foX).
If f >0, then
| sdux < B0 0)
Qg

because if g is a simple function approximating f from below, then go X is a simple function approximating
f o X from below. Now we proceed to the proof of another inequality. Given £ > 0, denote f.(w) :
max{a € eN: a < f(w)}, and for T > 0 (large), denote fI := f.I;.<r. Since fI is a simple function and
T < f, one has

| rdusz | fTaux =BT o ).
Qo Qo

121 Statistics, Radon-Nikodym derivarive is also calles “likehood ratio”.
13This condition is not optimal. The right condition is called absolute contnuity of F.
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By monotone convergence theorem, E(fZ o X) — E(f.0X) as T — o0, so, passing to the limit in the above
inequality gives

/Q fdpux >E(f-0X) >E(foX) —e,

since f < f. 4+ . Letting € — 0 gives the desired result.
Finally, the general case follows from linearity of both sides of (1.5.1) and the identities

(f Ij>0) o X = (fo X) Irox>o,
(f Tjco) 0o X = (foX) Irox<o-

114

This theorem is useful™®, in particular, when 5 = R. Then,

E(f(X)) = / F(@)dux (2);

in particular, taking f to be the identity map:

BX) = [ adux(a).

This reduces the computation of an expectation as an integral over an abstract measure space to integration
over R, provided that the disctribution px of X is known. In many practical cases (when px has a density,
see below), this boils down to integration over the Lebesgue measure, or to the familiar Riemann integrals
from calculus courses.

Let us collect further important properties of the expectation.

PROPOSITION 1.5.10. The expectation satisfies the following useful inequalities:
o (Cauchy-Schwarz)

(1.5.2) E(XY) < VE(X2) - VE(Y2).
e (Holder) for p,q > 0 such that % + % =1,

(1.5.3) E(XY) < (E[X[")> (E[X|7)s.
o (Jensen) if f: R — R is a convex function and E|X| < oo, E(|f(X)]) < oo, then
(1.5.4) FEX)) < E(f(X)).

Particular useful cases are |E(X)| <E(]X]) and (EX)? <EX?.
o (Chebyshev) for a non-negative random variable X and a > 0, one has

(1.5.5) P(X >a) < %.

It is sometimes useful to apply this inequality to a function of a given random variable, e. g.
EX?
< .

P(X >a) =P(X? > d?) -
a
PRrOOF. Here, we only sketch the proofs. First, by linearity of the expectation, the inequality E(X +
Y)? > 0 can be rewritten as
EX?2 +EY?
EXY < & TET
Now note that the left-hand side is invariant under multiplication of X by A and simultaneous multiplication
of Y by %, while the right-hand side is not; optimizing over such X gives (1.5.2).

MNote a slight technicality: f is required to be a measurable map from (R, B(R)) to (R, B(R)). By contrast, a measurable
function as defined in analysis is a measurable map from (R, L(R)) to (R,B(R)), £ being the Lebesgue o-algebra. We will
mostly apply (1.5.1) to continuous functions, which are always Borel-to-Borel measurable.
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Elementary calculus allows one to prove Young’s inequality
IXP [y
77
and taking expectations and pulling the same trick with A gives (1.5.3).
To prove Jensen’s inequality, we use the fact that for a convex function f, we have

f(z) = sup(azx +b),
where the supremum is taken over all a,b such that ay + b < f(y) for all y € R. For any such a, b, we have
E(f(X)) > E(aX +b) > aEX +b.

XY <

Taking a supremum gives Jensen’s inequality.
Finally, EX > E(XIx>,) > E(aly>4) = aP(X > a), which is (1.5.5). O

In probability, one often encounters integrals of functions that depend on a parameter; one often needs
to differentiate the integral with respect to this parameter. This is usually amounts to the identity

(1.5.6) 92 / [z, w)du(w / o (2, w)dp(w).

This identity is, however, not true in general; the conterexample is given by a version of the “growing bump”:

ExXaMPLE 1.5.11. Let, for y > 0 and = € R,

_z% 0
fay)=4¢ " w70
0, =0

2
Then, 9, f(0,y) = 0 for all y > 0 (indeed, for y # 0, e a2 decays to zero faster than any polynomial as
x — 0). However, by the change of variables w = £,

[eS)
/ e_
0

o, /}R Sy = /R e dw £ 0

. (The value of the integral is \/7/2, as we will see soon, but it is not important for the conclusion).

Pio‘@
o

d\(y) = a:/ e duw,
0

SO

We now formulate two sufficient conditions for the formula (1.5.6) to be true. The first one belongs to
the realm of real analysis; it assumes that the parameter belongs to an interval; the regularity assumption
needed to outrule the “growing bump” examples is formulated in terms of 9, f(z,w). The second one
assumes that the function x — f(z,w) is analytic in some domain in the complex plane, but the regularity
asumption is imposed on f(z,w) itself, and the conclusion is much stronger: one gets all the derivatives at
once.

THEOREM 1.5.12. (Differentiating an integral, real version) Let I C R be an open interval, and (0, F, u)
a measure space. Assume that a function f: I x Q — R satisfies the following properties:
o for every x € I, the function w — f(x,w) is integrable;
o for almost every w and every x € I, the derivative O, f(x,w) of the function x — f(x,w) exists;
e there is a measurable function h : Q — R such that [, hdp < 0o and |0, f(x,w)| < h(w) for all
x € I and almost all w € Q).

Then, the derivative ¢'(x) of the function ¢(z) = [, f(z,w)du(w) exists at all x € I, and ¢'(x) =
Jo Ouf (2, w)dp(w).
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PROOF. One has, for every x € Q and § > 0 small enough,

(x+5 /fx—|—6w J@) ),

Note that the integrand tends to fw(x,w) for almost all w € ), along any subsequence of § — 0. Also,

flz+6,w) — f(x,w)’
1)

< sup [0:f(-,w)| < h(w)
[z, 2+3]

so the Dominated Convergence theorem readily applies, and we conclude

W—)‘/Qazf(xaw)du(w)

along any subsequence of 4. O

THEOREM 1.5.13. (Differentiating an integral, complex version) Let A C C be an open set, (2, F, 1) a
measure space, and assume that a function f: A x Q — C satisfies the following properties:

o for every z € A, the function w — f(z,w) is measurable;

o for almost every w, the function z — f(z,w) is analytic in A;

o there is a measurable function h : Q — R>q such that [, h < oo and |f(z,w)| < h(w) for all z € A
and almost every w € Q.

Then, the function @(z) == [, f(z,w)du(w) is analytic in A, and azn90 = o Bz"f z,w)dp(w) for all
n=12,... andforalleA

PROOF. Note that the statement of the theorem is local, i. e., it is sufficient to prove the statement in
a neighborhood of every point in A. Recall that the derivative of an analytic function can be estimated in

terms of the function itself:
1 / f(Gw) )
2mi [C—z|=r (C )2

0
‘&Z,f(zv(“))‘:

where r = r, is small enough so that {¢ : | — z| < r} C A. By applying exactly the same argument as in
the real case to a small ball contained in A (so that there is a uniform lower bound on r, over this ball), we
see that the (complex!) derivative ¢'(z) exists and equals [, %f(z, w)du(w), which is finite. By repeating
the same argument, we get higher derivatives. O

sup | (2.)| < 5 h(w)

- 27rr 2EA r

1.6. Direct products of measure spaces and Fubini’s theorem

In this section, we construct direct products of measure spaces. This construction is crucial for the
probabilitsic concept of independence. We will, however, go beyond the setup of probability spaces, to cover
also other nice measure such as the Lebesgue measure.

DEFINITION 1.6.1. A measure space (9, F, u) is called o-finite if there is a sequence of sets E; € €,
such that u(E;) < oo, and Q = U2, E;.

Finite measures and the Lebesgue measures on R and R"™ are, of course, o-finite. The example of a
measure space which is not o-finite is a counting measure (u(E) = |E|) on an uncountable space (e. g., the
real line). The o-finiteness assumption is essential for all the statements in this section.

PROPOSITION 1.6.2. (Direct product of measure spaces) Let (21, F1, 1) and (Qa, Fa, p2) be two o-finite
measure spaces. Then, there exists a unique measure p3 ® pg on o(Fy X Fa), such that for any A; € Fy
and As € Fo with p1(A1) < 00 and pa(As) < oo, one has

(1.6.1) p1 @ p2(Ar X Ag) = pa(Ar) - pa(Az).
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PROOF. Denote F{ := {A € Fi;u1(A) < o}, and simiarly for F9. Let us check that F? x F§ =
{Ax B:Ae F),Be FJ}is asemiring. If Ay, By € FY and Ag, By € 7, then

(AlXAQ)Q(BlXBQ):(AlmBl)X(AQOBQ)G.F?X.FQO.

The set (A; x A2) \ (B1 x Bz) is a discoint union of three sets: (A1 \ B1) X (A2 \ B2), (A1 \ B1) x (A2N Ba)
and (A; N By) x (Az \ Bz); each of them belongs to FY x FY. Hence, indeed, F{ x F3 is a semi-ring.
To apply Theorem 1.4.5, we have to show that if A x B = U2, A; x B;, where A, A; € FY and

B, B; € FY, then
pa(A) - p2(B) =Y pa(Ai) - pa(By).
=1

A convenient trick to do so is to use the monotone convergence theorem. Define functions f, fy : 21 — R
by f = pa(B)la, and fx := vazl p2(B;)l4,. Note that fy and f are measurable functions on (4, F7).
Moreover, for any w € Qy, fy(w) = pa(w’ € Qg 1 (w,w’) € UX, A; x B;). Therefore, by the lower continuity
of the measure po,

I\}im In(w) = pa(w € Qo (w,w') € U A; X By) = pa(w' € Oyt (w,w') € A x B) = f(w).
— 00

Now, the monotone convergence theorem implies that

Zw =Efy X Ef = 1 (A) - pa(B),

The uniqueness follows for Proposmon 1.4.6 and o-finiteness. O
REMARK 1.6.3. Assume that A € F;, B € F9, and that puj(A) = +o00. Since y; is o-finite, we can
write 3 = U2, F;, where By C E3 C ... and p1(F;) < oo. Consequently,
. . 0, B)=0
1 ® p2(A x B) = lim p @ pa(ANE; x B) = lim p(AN E;) x p(B) = #a(B)
i—00 i—00 +o00, /I,Q(B) >0

Consequently, we can extend the identity (1.6.1) to the whole F; X Fa, if we stick to the convention that
0-0c0o=0and a-oco= o0 foraz#0.

COROLLARY 1.6.4. If (Qz,fl,uz) = 1,...,n are o-finite measure spaces, then there is a unique
measure 1 ® -+ & iy on o(Fy X Fn), such that for any Ay € Fq,..., A, € Fp, one has
(1.6.2) 1 @ @ (A X e x Ay) = [ [ (A

PROOF. The existence follows from Proposition 1.6.2 by induction. For the uniqueness, assume first
that all p;(9;) are finite. Then, F; X --- x F,, is a w-system, and the m — A theorem (more preciselly,
Corollary 1.3.5) gives the result. The uniqueness in the o-finite case follows by approximation; we leave it
as an exercise. (]

One of the most important facts about product measures is that a product measure of a set can be
computed as an integral.

THEOREM 1.6.5. (Cavalieri principle) Given o-finite measure spaces (21, F1, 1) and (Qo, Fa, o), let
E € o(F1 X F3). Then

o for allw € Yy, the set B, = {w' € Qg : (w,w') € E} is Fo measurable;
e the funtion fg: Q1 — R, deﬁned by fe(w) := us(E,) is Fi measurable’®, and

w1 Q@ ua(E / fedpy.

more precisely, Fi1-to-B(R) measurable. Here and below, the omitted target o-algebra is always Borel.
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PROOF. We assume first that p1(£21) < oo and p2(€Q2) < co. Let £ denote the set of all subsets of
Q1 x Q9 for which the conclusion of the theorem holds. Note that it contains F; x Fy, which is a m-system.
So, we only have to chek that £ is a A-system. If E := E(? \E(l) with EW, E® e £ and EV ¢ E@),
then, for any w €
E,=EQ\EY
is Fo-measurable; moreover,
fe(W) = fpe (W) = feo (w)

is F1-to-B(R) measurable as a sum of two measurable functions, and

(11 @ p2(E) = 1 @ p2(EP) — 1y @ pa(EW) :/ fr@du —/ fewduy = / fedu,
Q1 Q1 |95

so Be L If E=U2 EW with EM) ¢ E? ¢ ... and E® ¢ L, then, for all w € Qy,
E, = UfilEg),
which is a measurable set, and, by the lower continuity of us,
fe(w) = lim fpo (w).

The monotone convergence theorem and the lower continuity of p; ® s gives

fedpy = lim / frodps = lim py ® pa(BED) = py @ po(E).
Ql 71— 00 Ql 1— 00

In the o-finite case, let E() € F; x F, be a sequence of sets such that E() ¢ E(+Y and U, B¢ =
0, x Q. By the finite case, the theorem is true for each of the sets £ N E® so,

1 @ pp(E) = lim p1 @ pup(ENED) = lim [ fpapodu.
1— 00 71— 00 Ql

However, by lower continuity of us, one has fpnpo(w) 7 fe(w) for every w € uy, and the conclusion
follows from the monotone convergence theorem. O

Before proceeding further, we need to clarify a technical point.

DEFINITION 1.6.6. Given a measure space (£, F,u), a set A C Q is called a null-set (w. r. t. p) if
it is contained in a measurable set of measure zero. The measure p is called complete if all null-sets are
F-measurable. If p is not complete, denote

F:={AUBCQ:AcF, Bisanull-set}.
Note that F is a o-algebra, and p can be extended to a measure fi on F by u(A) := p(A’), where

A’ C A is any F-measurable set such that A’ \ A is a null-set. When extended to F, the measure yu is
complete; we call this procedure a completion of the measure pu. (Exercise: prove all the claims in this
paragraph).

Thus, we denote by F; ® --- ® F,, the completion of o(F; x -+ x F,,) with respect to the product
measure P; ® - -- ® P,,, and usually assume the product measure to be extended to F; ® --- ® F,,.

EXAMPLE 1.6.7. Let A; C Q; be a non-measurable set, and Ay € F» be such that Py(As) = 0. Then
A1 x Ay is, in general, not measurable with respect to o(F; x --- X F,), but 41 x Ay C Q1 x Ag, and
P; @ Po(2; x A3) =1-0=0, so A; X Ay is a null-set, and, in paticular, it is 77 ® - - - ® F,, - measurable.

THEOREM 1.6.8. (Cavalieri principle for completed spaces). Let (Qq, Fi,p1) and (Qo, Fa, u2) be com-
plete o-finite measure spaces. Assume that E C Q1 X Qg is F1 @ Fo measurable. Then
o for py- almost all'® w € Qy, the set E,, == {w' € Qs : (w,w’) € E} is Fa measurable;
o the fucntion fg(w) = p2(Ey) is F1-to-B(R) (defined almost everywhere on Q) is measurable;

16¢his expression means “for all, except for a set of measure zero”
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e one has the identity

p @ p2(E) :/ JEdu,.
Q

PROOF. Assume that E = AU B, where A € o(F; x F2) and B is a null-set. Then £ = AU (B \ A),
where B\ A is also null-set. The collection of all subsets of €1 x s that satisfy the conclusion of the
theorem is closed under disjoint unions. Therefore, in view of Theorem 1.6.5, it suffices to prove the result
for F a null-set.

However, if E C B € o(F; x JFa) with P; ® Po(B) = 0, then for all w € 4, E, C B,. Applying
Proposition 1.6.5 to B, we see that le fpdP1 = 0. Since fp > 0, actually fp = 0 for almost every w € ;.
This means that for almost every w € Q1, E,, is a null-set (and thus is Fy-measurable, since Py is complete),
and fr =0 a. e. O

THEOREM 1.6.9. (Tonnelli’s theorem) Let (Qq,F1,u1) and (2, Fa, p2) be complete o-finite measure
spaces. If f: Q1 x Qg = Rx>g is F1 ® Fo measurable, then

o Fora. e. we Qy, the function f,(-) == f(w,-) : Q2 = R is Fo measurable.
e The function w — f% fulwdus(w'), defined almost everywhere on 0y, is Fi-measurable.
e The following identity holds:

(1.6.3) [ sdmem = [ ( 5 ol i) ) i ()

PROOF. When f = g, E € F; ® Fa, the result follows directly from Theorem 1.6.8. The class of
functions for which is holds is closed under linear combinations (hence contains all simple functions) and
by monotone convergence (hence contains all non-negative measurable functions). O

COROLLARY 1.6.10. (Fubini’s theorem) Let (21, F1,p1) and (Qa, Fa, p2) be complete o-finite measure
spaces. If f 11 x Qs — R is F1 ® Fo measurable and such that

(1.6.4) /Q 1K@y @ Pa) < oo,

then the conclusion of Theorem 1.6.9 holds.

Proor. Write f = fIy>0 — (—fI;<o) and apply Theorem 1.6.9 to each term. Note that (1.6.4)
guarantees that

[ rursodin) ) am@ = [ ot @ ) <,
Q1 Qo Q1 X0

therefore, [o, fu(W)ly, >0dpa(w’) < oo for a. e. w € Qi, and similarly for [, —fu, (W), <odp2(W’).
Therefore, their difference is well defined almost everywhere on 21, and we can apply linearity to finish the
proof. ([

REMARK 1.6.11. Notice that Theorem 1.6.9 states, in particular, that if one side of (1.6.3) is finite,
then another one is also finite, and they are equal. By contrast, if the sign of f is not fixed, it might happen
that the right-hand side of (1.6.3) is finite, but the left-hand side is not defined. In this case, it might
happen that exchanging the order of integration changes the result.

1.7. Infinite products of probability spaces and Kolmogorov extension theorem

In this section, we construct infinite direct products of probability spaces, and also non-direct products
(projective limits). We start with the countable case. Let (£;;F;,P;)52; be probability spaces, and let
Q= [1;2, , the set of all infinite sequences (wy,ws, ... ), where w; € Q.

DEFINITION 1.7.1. Denote

CN::{A1><...><AN>< H QZCQ}
i=N+1
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and C := UY_;Cn. The elements of C are called cylindrical sets.

Note that the class of cylindrical sets forms a semi-ring. Indeed, # € C, and if A, B € C, then A, B € Cn
for some N. Assume that

A=A X X AN XQNg1 X ..., B=By X -+ X By XQn41 X...
Then
AQB:AlmBlX---XANQBNXQN+1X~-~€C
and

N )
B\ A= |_| HEZ-X H Q;.

E;=A;NB; or B;\A; i=1 i=N+1

LEMMA 1.7.2. Assume that i : C — Rxg is such that

o ey 1 finitely additive for each N;
e 1 is upper semicontinuous: if By D By D ... are finite disjoint unions'” of sets in C and N2, B; =
@, then u(Byp) — 0 as n — oo.

Then p is a pre-measure on C.

PROOF. Let A =12, A;, where A, A; € C; write A = (U, A;) U A,. Note that there exists M>0 such
that A, Ay, ..., A, € Cy. By additivity of u on Cpy, this implies

p(A) = Z 1u(As) + pu(Ay),

and the result follows by applying the lower semicontinuity to A,. O

THEOREM 1.7.3. (Countable products of measure spaces) There is a unique probability measure P on
a(C) satisfying

(171) P(Al ><--~><ANX ﬁ Qz) :Pl(Al)PN(AN)
i=N+1

for all N and all Ay € F1,..., AN € Fn.

PRrROOF. Note that P, defined by (1.7.1), extends to a measure on o(Cy) for each N (essentially, the
N-fold product measure); in particular, its restriction to Cy is finitely additive. In view of Caratheodory
extension theorem and Lemma 1.7.2, it suffices to check the upper continuity of P.

Let By D By D ... be finite disjoint unions of sets in C and N$2, B; = ), and assume that P(B,,) > ¢ > 0
for all n. Given wy € €1, define the sections

B‘;l = {(OJQ,OJg,...) €Ny x N3 X ---: (w17w27...) S Bn)}
Since B,, € Cy for some N = N(n), these sections have the form
le = (BZ)I)/ X QN+1 X QN+2 X o,

Let
hp(w1) =P(Q1 x B&) =Py @ --- @ Py((BL))
By Cavalieri’s principle (applied to P; ® - -+ @ Py), Ay (w1) is a measurable function and

/ h,dP; =P(B,) > e.
(951

17recall that we extend 1 to such sets according to Remark 1.4.4.
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Now, h,, is a decreasing sequence of non-negative functions (bounded above by 1), therefore, by monotone
convergence theorem,
/ lim A, =lim h, > ¢,
¢

y, Moo o

Therefore, there exists wy € 1 such that lim, o h,(w1) > §, i. e., such that P(Q; x By') > 5 for all n.
We now iterate the procedure. By similar reasoning, we can find ws € Q9 such that for all n, P(Q; x

Qo x By«?) > £, where

BZIM? = {(w37w47...) €03 x Oy X ---: ((JJl,LUQ,...) S Bn}
And so on. This way, we obtain an infinite sequence w € (wi,ws,...) € Q. We claim that w belongs
to each B,. Indeed, if w ¢ B,, then, for N large enough, (wi,...,wn, Wy 1, Wi, ---) & By for any
Wx41>Wyips -+ This means that By« “N = (), a contradiction that shows that N2, B; # (). O

We now switch to non-direct products (projective limits) of measures. Now, we consider a sequence of
Let, for each n, u, be a probability measure on o(F; X - -+ X Fp).

DEFINITION 1.7.4. Suppose (Q1, F1), (Q2, F2),... are measurable spaces. A family {u,,}, where u, is a
probability measure on o (F; X - - - X F,), is called consistent if, for every n and for every A € o(Fy X+ - X Fp,),
one has

Pnt1(A X Qny1) = pn(A).
Given a consistent collection {u,}, we can define a function p: C — R by

(A" X Q1 X Qpyo X ..) = pn(A4)

for every A’ € o(Fy x -+ X F,). The consistency condition guarantees that p is well defined, i. e. depends
only on the set A’ X Q41 X Q19 X ... and not on the choice of n.

ExaMPLE 1.7.5. (Direct products of measure spaces) If (Q;, F;,IP;) are probability spaces, then
Iin =P ---P,
is a consistent family of measures.

Clearly, p is finitely additive on each C,. We would like to invoke Lemma 1.7.2 and Caratheodory
extension theorem to extend p to o(C). However, there are examples where such an extension does not
exist. To avoid these patologies, we need to put additional structure of metric space on each ;. We need
the following preliminary result, very important on its own.

THEOREM 1.7.6. (Regularity of Borel measures). Let Q be a complete separable metric space, and let
u be a finite measure on B(2). Then, every set A € B(QY) satisfies

the approximation property: for every e > 0, there exists a compact set Ko C A and an
open set Og D A such that p(Oa) — p(Ka) < €.

PROOF. We first prove that every set A € B(2) in any metric space satisfies a weaker property:

The closed approximation property: for every € > 0, there exists a closed set Cy C A
and an open set O4 D A such that u(O4) — u(Ca) < e.

Let us first see that closed sets satisfy the closed approximation property. Indeed, if A is closed, one can
take Cy := A and Oy = Oy := UzcaBs(x), where Bs(z) is the open ball around « of radius 4. Since Q\ A
is open, for each & € Q\ A there exists g > 0 such that Bs,(z) C Q\ A. Then z ¢ Os for 6 < dyg. This
shows that NS, 01 = A, therefore lim,,_, o u(O1) = p(A), which gives the desired result.

It remains to show that the sets satisfying the closed approximation property form a o-algebra. Indeed,
Q does satisfy it, since it is closed. If O4 and C4 are approximations to A, then O% C A€ is closed, C§ D A¢

is open, and
H(CS) — p(0%) = p(Q) = u(Ca) — p(Q) + 1(O) < &,
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so the approximation property is preserved under complements. If Ay, Ay are approximated by Oy, C; and
05, Cy respecively, put O = O; N O3 and K = Cy N Cy. Then, C' C A; N Ay C O, and we have

O\NC=(01N02NCHHU(O1NO2NCS) C (O1NCT)U (02N CY),
SO

p(O\ C) < pu(01\ C1) + (02 \ Ca),

which shows that approximation property is preserved under finite interstctions. Finally, if A; are disjoint
and satify approximation property, let O1,0s,... be open sets and Cy,Cs,... be closed sets such that
Ci € A; C O and p(0; \ C) < 557 Since p(L2C5) < oo, we can choose N so that Y% vy u(Cy) < 5.
Then U2, 0; D U, A; is open, UX Oy C U2, A; is closed, and

p(U52,0) — (U, C) <> p(0:) — (U, Ci) = (u(0) — u(Ci) + > ulCy) < ; + %
i=1 i=1 i=N+1

concluding the proof of the closed approximation property.

Now we prove that if 2 is a complete separable metric space, then € itself satisfies the approximation
property. Fix ¢ > 0, and let y1,y2,... be a dense subsequence of 2. Then, for each § > 0, we have
U2, Bs(yn) = Q. By the lower continuity of a measure p, this means that for any m > 0, there exists
n = n(m) such that

n(m) o 7.\ 7i
i (U B () > (@) = 5o

Denote Cy, := UZ(:{)B% (yn), and take

K = ﬁ.?:;:lcm;
we claim that Og = Q and Kq := K satisfy the desired properties. First,
(oo} [oe]
(o] (& o] €
PO\ K) = (00 (U5 C5)) = 1 (U (9 Cn) < 30 @\ C) < 3 o5 =
m=1 m=1

it remains to check that K is compact. Each C,, is closed, therefore K is closed, therefore K is a complete
metric space. It suffices to show that for every € > 0, K contains a finite e-net, that is, a finite subset
T1,.-.,TN(e) such that K C Ui]i(f)BE(xi). But if m is such that % < ¢, then yi,...,Yn(m) form an e-net for
Cin, and hence for K. Thus, indeed, (2 satisfies the approximation property.

Finally, it suffices to note that if O 4 is open, C4 is closed with p(O4) —u(Cya) < €, then K4 := C4NKq

is compact, and

(Oa\ Ka) = p((0Oa\Ca)U(Oa\ Ka)) <p(Oa\Ca) +pu(2\ Ko) < 2¢.
O

REMARK 1.7.7. The assumption for 2 to be complete and separable in the last theorem can be replaced
with the assumption that ) is a countable union of compact sets. (Indeed, if K1 C Ky C ... are compact
and exhaust Q, then pu(K,) — p(2), and then the proof is finished as above.) The most important cases
are ) = R and Q = R™, which are both complete separable and countable unions of compacts.

THEOREM 1.7.8. (Kolmogorov extension theorem) Assume that {p,} is a consisent family of probability
measures on (n, Fp), where each Q, is a sigma-compact metric space and F,, = B(Qy,). Then, there is a
unique measure p on o(C) such that

(A X Q1 X Qpgo X o) = pn(A)
forany A€ o(Fy x - X Fp).

We begin with a lemma. Denote 2 = Q1 x 29 = ... We say that a set A C Q is a compact cylinder if,
for some N, A=Ay x --- X Ay X H;’iNH Q;, where each A; is either compact, or coincides with §2;.

LEMMA 1.7.9. Assume that K > K®) > .. are finite disjoint unions of non-empty compact cylin-
ders. Then N2, K is non-empty.



1.7. INFINITE PRODUCTS OF PROBABILITY SPACES AND KOLMOGOROV EXTENSION THEOREM 24

PrOOF. Case 1: each K9 is a compact cylinder. If K(¥) = Kfi) X Kz(i) x ... and K are nested and

() (2) 5 ) are either compact,

is non—empty7 and K; 1) 5 K; . for every j. Since K ](
or coincide with €2;, one has ﬂf"lK # 0. Pick, for each j, w; € ﬂ;’ilKJ(i). Then (wy,ws,...) € N, K@,

General case. Let K = u K (13) where K("7) are compact cylinders. We may assume that for
each i, j, there is an index 7(j) E {1 N;_1} such that K9 ¢ KG=17G)  If that is not the case, we
can refine the partition of K into compact cylinders: just replace, consequtively for each i = 2,3,...,
the collection {K“@};&l vby {KG9) N K(i_l’f/)'}g;}iﬁ’l. This way, th'e'collection K@) can be given a tree
structure, where K(=17G)) is a parent of K (i) (since for each i, K(3) are disjoint, the parent is unique).
Since each K®) is non-empty, this tree must have an infinite branch K(191) o5 K(272) 5 | where all
K (34) are non-empty, and we apply Case 1 to this branch. O

non-empty, then each K;

PrROOF OF THEOREM 1.7.8. By Lemma 1.7.2 and Caratheodory’s extension theorem, it suffices to
show that p is upper semi-continuous. We first claim that for each cylindrical set A and for each £ > 0, we
can find a compact cylinder K4 C K sich that p(A) — u(Ka) < e. Indeed, let A = A" x Qn X Qnp1 X ...
By regularity theorem (Theorem 1.7.6) applied to A’, we can find a compact subset K4/ of 1 X -+ X Qpn
with pun(A") — pun(Ka) < e. Now take

KA=7T1(KA/)><---XWN(KA/)XQ]\ud><...,

where 7; are natural projections from 1 X - - - xQp to ;. Since m; are continuous, each 7; (K 4/) is compact,
and
KA/ C Wl(KAr) X oo X ﬂ‘N(KA/) C A/,
so K 4 has all the desired properties.
Now, if By D By D ... are finite disjoint unions of cylindrical sets such that M(B ) > e > 0 for all 7,
and let K; be a finite disjoint union of compact cylinders such that u(B;) — p(K;) < . Then

n n

:U(Bn\m?:lKi) :U(Bnm(ul'l:lKic)) :,U(Uznz ( anC Z (B \ Ki) ZN(Bi\Ki) <

=1 =1

NCRNO)

Therefore, K™ = = N, K; C B; is non-empty; clearly, they are also finite unions of compact cylinders.
Applying Lemma, 1.7. 9 we see that N2, B; # 0. O

REMARK 1.7.10. (Uncountable infinite products and Kolmogorov extension) Suppose 7' is any set and
(Q, Ft,P,), t € T is a collection of o-compact metric probability spaces with F; = B(€2). Assume that for
each finite subset A C T, a probability measure p, is defined on the corresponding product Q* = [] cen e
(more precisely, on the o-algebra Fn = o(][,c, Ft)) For A’ C A, denote by 75,/ the natural projection
from QA to QA. The family py is called consistent if ua (w52, (A)) = pas(A) for each measurable A. We
call a set A C Q7 cylindrical if A has the form A = 7', , (A’) for some finite A and for A’ € Fy; in this
case, p(A) = pa(A’) is well-defined on the semi-ring of cylindrical sets. One has the following result:

e 1 extends uniquely to o(UpFa);
e if i are product measures, then the same holds true for arbitrary family (Q;, 7, P),t € T, i. e.,
no metric structure is required.

The proof is based on the followins observations:

e then T is countable, the definitions coincide with the previous ones;
o define, for every countable subset T/ C T, Fr» = 0 (Upncar A finite FA)- Then Urrcr 77 countable FA
is a o-algebra.

The details are left to the reader.



CHAPTER 2

Sums of indepndent random variables

2.1. Independent events and variables
In this section, all the events and random variables are defined on the same probability space (2, F,P)
DEFINITION 2.1.1. Two events A, B € F are called independent if
P(AN B) =P(A)P(B)

Two random variables f; : © — € and fo : © — Qo are called independent if for any measurable sets
Ay € Qp and As € Q, the events f; € Ay and fo € Ay are independent.

REMARK 2.1.2. If P(A) =0, then A, B are independent for any B. If P(A) # 0, then the definition is
equivalent to

P(B|A) = P(B).
DEFINITION 2.1.3. A finite collection Aj,..., A, of events is called independent if, for any subset
1<4 <---<ix <n,one has P(A;; N---NA;, ) =P(4;,) ... -P(A4;,). A finite collection X7,..., X, of
random variables is independent if for any measurable sets Ay, ..., A,, the events {X; € 4;},i=1,...,n,

are independent.

DEFINITION 2.1.4. An infinite collection of events (random variables) is called independent if all its
finite subcollections are independent.

DEFINITION 2.1.5. A collection A; C F,t € T of families of events (e. g., of o-algebras) is called
independent if every collection Ay, t € T of events such that A; € A;, is independent.

REMARK 2.1.6. (pairwise independent vs. independent) Events A1, ..., A, are called pairwise indepen-
dent if A; is independent of A; for any i # j. Pairwise independence is strictly weaker than independence.
As an example, let Q = {1,2,3,4} equipped with uniform measure (P({1}) = P({2}) = P({3}) = P({4}) =
%), and consider the events Ay = {1,2}, Ay = {1;3}, A3 = {1;4}. They are pairwise independent: e. g.,

P(Ay N 42) = P({1}) = § = P(41) - P(4)
HOWGVGI‘, ]P)(Al N A2 N A3) = P({l}) = % 7é % = P(Al) . ]P(AQ) . P(Ag)

The following proposition shows that the study of independent random variables boils down to the
study of product measures.

PROPOSITION 2.1.7. Let X1, X5, ... be random variables on the same space 2, with values in measurable
spaces (Q1,F1), (Qo, Fa),... respectively. Then, the variable X = (X1, Xo,...) with values in [[;=,
18 measurable with respect to the product o-algebra. If, moreover, X1, Xa,... are independent, then the

distribution px of X coincides with the direct product [[;2 p1;, where p; is the disctribution of X;.
PrOOF. The product o-algebra is generated by cylinders, and the preimage of A3 X --- X Ax X
[T 841 4, where 4; € Fy, is
{weQ: X, €4,.. XycAyx} =N {weQ: Xi(w) € 4},
which is measurable because each X; is measurable. Since cylinders form a m-system, 7-\ theorem (more

precisely, Corollary 1.3.5) implies that it suffices to check that px argees with Hfil w; on cylinders, which
is exactly the definition of independence. O

25
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We need some practical criteria to check independence. Those are provided by the following observation:

PROPOSITION 2.1.8. Let X1, Xa,... be random variables with values in (Qq,F1), (Qa, Fa), ..., and let
A1, As, ... be m-systems such that o(A;) = F;. If, for any Ay € Ay, As € As, ..., the events X; € A; are
independent, then the random variables X1, Xs,... are independent.

PROOF. The condition says that the distribution p of the random variable X = (X, Xa,...) agrees
with the product measure on the m-system of all sets of the form A; x ---x Ayx X H;’iNH Q;, where A; € A;
or A; = ;. Since this m-system generates the product o-algebra, the result follows from Corollary 1.3.5. O

COROLLARY 2.1.9. Scalar random variables X1, ..., Xn with probability distribution functions Fx,, ..., Fx,
are independent if an only if, for any a1,...,ay € R,

]P(Xl Sal;...;XN SaN) :Fxl(a1)-'-~~FxN(aN).

ProOF. This follows directly from the previous Proposition, since the sets {(oc;a] : @ € R} form a
m-system that generates Borel o-algebra. (I

In the next two criteria, we will use the following very special case of Fubuni’s theorem:

LEMMA 2.1.10. Let (Q1;F1;01),---, (Qn; Fn;un) be o-finite measure spaces, and let f; : Q; — R be
integrable functions. Then, the function f:Q — R, where Q = Hfil Q;, defined by

flwi, .. wn) = fi(w) - v (ww)
1s integrable w. 7. t. p=p1 -+ @ uyn, and

(2.1.1) / fau—TJ | fidu
=1 Qi

PROOF. Let 7; : Q — Q; denote the natural projection, m;((w1,...,wn)) = w;. They are measurable
functions, hence, f; o m; are also measurable functions on €2, so, their product is measurable. Denote
V=Qox--xQyand p =dps ® -+ ®dun, and w’ = (wa,...,wy). We have

[fi(wi)] - [ fn(wn)|dp = [fi(w)] .. v (wn)]dp' (W) ) dpa(wr) =
k L )
[0l (] aen)l- i Con o)) i) =

(f intoniamn) - ([ 10 o)),

where the first identity is Tonnelli’s theorem, in the second one we use the | f1(w;)| does not depend on w’,
and hence is just a constant that can be taken out of the integral, and in the third one we note that the
inner integral does not depend on w;. Iterating, we conclude that

N
/ | fdp = H/ | fildp; < oo
Q i=1 Qi

therefore, using Fubini instead of Tonnelli, we can repeat the same computation without absolute values,
which gives (2.1.1). O

ProroSITION 2.1.11. Scalar random variables X1,..., Xy are independent if and only if, for any
measurable functions f; : R — R such that Ef;(X;) exists, one has

N N
E (_H fz-<X,»>> = _HIEfi(Xi)-
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ProoF. The “if” direction follows from Corollary 2.1.9 by taking f; = I(_,q,- For the “only if”
direction, let ux be a the distribution of the vector X = (Xi,...,Xy) € RY. Note that by Proposition
2.1.7, we have ux = px, ® -+ ® ux,. Then, with the notation z = (x4, ... 7ar:n),

N
i=1

where the first identity is the by abstract change of variable (Proposition 1.5.9), the second one is Lemma

2.1.10, and the third one is again the abstract change of variable. O
COROLLARY 2.1.12. If independent scalar random variables X1, ..., XN have densities f1,..., fn, then

the random vector X = (X1,...,Xn) has density

(2.1.2) f@1,. zn) = fi(za) - In(on).

with respect to the N -dimensional Lebesgue measure A\ . Conversely, if the random vector X = (X1,..., Xn)

has a density f, and there exist integrable functions f; : R — Rxq such that (2.1.2) holds almost everywhere,
then X1,..., XN are independent.

PROOF. Since the variables are independent, for every set A C RY of the form
(2.1.3) A=1la;b1) x -+ X [an; bN),

one has

P(X € A) = HIP’X € [as; by) H/ :z:,)d:ci:/fd)\N,
A

where the last equality follows from Lemma 2.1.10. Consequently, the distribution px of the random vector
X € RY agrees with the measure fdA\" on the 7-system of the sets of the form (2.1.3) that generates
B(RY). Once again, Corollary 1.3.5 shows that the two measures coincide.

Conversely, assume that the density of X has the form (2.1.2). First, Lemma 2.1.10 shows that

lz/RNfd)\N:ﬁ/Rfid)\::f[lQi.

Therefore, replacing each f; with f;/Q;, we may assume that fn fid\ = 1 for every i. Then, one more
application of Lemma 2.1.10 shows that

P(X; <a;) = /

Ri—1x (—o0;a;] xRN —?

fa N = / fidA.
(—o0sa4]

Finally, again by Lemma 2.1.10,
N
P(X) Sal;...;XNSam:/ faa = H/ fidA:HMXigai),
(—o0sa1] XX (—o0san] 00;a;) =1

and we apply Corollary 2.1.9 to conclude. (Il

2.2. Gaussian random variables

We begin by computing the Euler-Poisson integral.

LEMMA 2.2.1. One has

1‘2
/e_de = V2.
R
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PROOF. The trick is to use Fubini’s theorem and a bit of multi-dimensional calculus. Denote the
integral by I; then we can write, by Lemma 2.1.10,

9 _ =1 _ =3 _@ied)
I“"= [ e 2dxy | e Zdag = e T dA\*(z),
R R R2

where r = (x1;72) € R2. We now evaluate the integral in polar coordinates. Recall the multi-dimensional
change of variables formula: if A and A’ are open subsets of R™, ¢ : A — A’ is a diffeomorphism, and
f: A" — R an integrable function, then

/Al fax" = /Afo¢\det¢’|d)\",

where | det ¢’|(x) denotes the Jacobian of ¢ at z (i. e., the determinant of the matrix composed of partial
derivatives). In our case, A’ = R?\ [0;00), A = (0;00) x (0;27), and v is defined by

=[50 |

rsin ¢
We compute the differential

, | cosp —rsingp
Wilr ) = [ sing  TcCosp }’

and the Jacobian | det ¢/ (r, p)| = r cos? ¢ 4 rsin® p = r. Consequently,

r2 T
I’ = / re*ﬂ/zd/\z((r, ) = 27r/ re” 2dr=-2me T = 27.
(0;00) x(0;2m) (0500)

DEFINITION 2.2.2. A scalar random variable with probability density function

Ja) = = ¥

is called standard Gaussian. A scalar random variable X is called Gaussian if there exist ¢ > 0 and u € R
such that X’ = 1(X — p) is a standard Gaussian.

REMARK 2.2.3. It is easy to see that if a random variable X has density f(x), then X — u has density
f(z+ p), and aX has density é f(Z). Consequently, a Gaussian random variable has distribution
1 _@=w?
¢ 202
V2mro?
This distribution is denoted by N(u, o).
DEFINITION 2.2.4. A random variable X with values in RY is called Gaussian (or Gaussian random
vector) if, for any linear function [ : RN — R, [(X) is a Gaussian.

In other words, if (-,-) denotes a scalar product in RY, the definition says that (X,V) is a Gaussian
for every fixed V € RV,
2.3. Weak law of large numbers

THEOREM 2.3.1. Let Xy,...,X,, be i. i. d. (independent, identically distributed) random variables
such that E|X1| < co. Denote Sy, := X1+ -+ X, and p:=EX;. Then, any e > 0,

p(s

= u’ > 5) 2.
We begin with a simple, but fundamental estimate.

n
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PROPOSITION 2.3.2. Let X1,...,X, be independent' random variables with 0®> = Var X, < oo, then

Sh, 2
n en

PROOF. Assume without loss of generality that x4 = 02; otherwise consider X, =X, - v and note that
IS Xn’ > ¢. One has

2 n 2 n 2
E S\~ 1 o 1 Ex? 1 E o
) TREE LX) = E LB ) EXX) =
=1 1=1 i#£j
since for i # j, EX; X; = EX;EX; = 0. The proposition now follows by Chebyshev inequality. (]

|S—n"—u{ > ¢ if and only if

We will also need the following elementary result.
LEMMA 2.3.3. Assume that X > 0 be a random variable with EX < oo. Then
(2.3.1) aP(X > a) =30.
ProOOF. By Chebyshev’s inequality, for all a > 0,
aP(X > a) <E(XIx>,).

The latter quantity tends to zero as a — oo by Dominated convergence theorem: XIx>, — 0 pointwise,
and X is the integrable majorant. (]

PROOF OF THEOREM 2.3.1. As above, we assume without loss of generality that u = 0. The strategy

to prove Theorem 2.3.1 is to truncate the random variables. We write, for L > 0,

X1+ + Xy = ZXi]I\Xi\gL + ZXZ'H|X¢\>L =SSP 4+ 571,
i=1 i=1
the number L will be chosen later. One has

(2.3.2) P ( Sn > 5) <P (

— M
n
Let pur == EXilx,|>1 and 02 = Var (X1])x,)<r). One has
o} <E(Xilix,<)? <E(L-[X1]) = LE[X4].
Therefore, by Proposition 2.3.2, we have

(£L)
b ( S8

The dominated convergence theorem gives puy — p as L — oo, therefore

g(=L)

n

—p

>5>+P(Hl§i§n:Xi>L).

— UL =

> <
2 ne

g) ALE|X,|

Si=H ALE|X
(2.3.3) P ( el < #
ne
for L large enough. On the other hand, by the union bound,
(2.3.4) PE1<i<n:|X;|>L)< Z]P’(|Xz| > L) <nP(|X;| > L).

i=1
Taking L = an, where o > 0 is a small parameter, and combining (2.3.2), (2.3.3) and (2.3.4), we get

p(|5n

n

I fact, we only use that they are pairwise uncorrelated.
2Random variables with EX = 0 are called centered

e

4E| X 1
> z—:> <a- # + o (anP(| X1| > an))
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for n large enough. The first term can be made as small as we please by the choice of «, and the second
one goes to zero as n — oo (2.3.1). Hence, the right-hand side tends to zero. O

2.4. Large deviations.

The previous section presents a qualitative result - the probability for averages of i. i. d. random
variables to deviate from their mean tends to zero. In practice, however, one is usually interested in explicit
estimates on those probabilities. Proposition 2.3.2 provides a polynomial (O(n~1)) rate of convergence in
the finite variance case. As we will see, under stronger, but fairly general assumptions, the convergence is
in fact exponential.

THEOREM 2.4.1. Let X1,..., X, be centered i. i. d. such that Ee?' < 0o for some @ > 0. Then, for
every a > 0 and every n,

(2.4.1) P <Z X; > na) < e_V(a)’Z

i=1
where

(2.4.2) 7(a) = sup(abl — ¢(0)),
0>0

and p(0) = log EefX1.

PROOF. One has, for any 6 > 0,
IP’(Z X; > na) = P(? Ziz Xi > 00y < emInap(f Kiaa Koy =

e—Bna HE(eQXi) — e—Gna (E<69X77>n _ e_n(ga_¢(9));
=1

here we have applied Chebyshev inequality. Taking supremum over 6 gives the result. ([l

This theorem already contains everything one needs to start working out examples. But in order to
draw some general conclusions, we need to study general properties of the function .
LEMMA 2.4.2. Let X be any scalar random variable. Then

o The set I := {0 € R: Ee’X < oo} is an interval;

o The function f = Ee’X is analytic inside the strip I + iR, and its derivatives at any inner point
of the strip are given by f(9) = EX"eX < oo;

o The function p(6) = log Ee’X is convex on I.

ProoF. Clearly, 0 € I. If 612 € I and 6; < Ref < 2, then
Ele?X| = E (€™ Ix50) + E (™ Ix<0) < E (e”*Iu50) + E (e"XIx o) < o0,
which implies the first assertion, and also the second one by Theorem 1.5.13 . If #;,0; € I, and 0 < A\ < 1,
then
Ap(01) 4+ (1 — AN)p(02) = log(Ee? X)) (Eef2X) 1= > log Ee X . e(1-N02X — ((A0; 4 (1 — \)6s).

The inequality is Holder’s inequality with p = %, q= ﬁ O

Now, if 0 is an interior point of I, then Lemma 2.4.2 implies that ¢'(0) = EX = 0 and ¢”(0) =
EX? =: 02 > 0. Therefore, y(a) = supyq(ad — ¢()) > 0 for any a > 0 (take 6 small enough). This means
that the bound (2.4.1) indeed gives exponential decay (for fixed a). Moreover, for every € > 0, we have

62 s
©(0) < (0 + €)% for 0 small enough; this means that for all @ small enough, one has

v(a) > sup <a9 —(o* + 5)(922)> .

6>0
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a

P i Therefore, (2.4.1) becomes

The supremum is attained at 8 = and equals 5

(J2+€)

na?

E X; > na) <e 20%+e),

2
1 - 1

for all a small enough. This is small for ¢ > n~2, and is of order e 2(c*+2) for a ~ an™2, - a glimpse of
the future central limit theorem!

Finally, we show that for a fixed a > 0, the estimate (2.4.1) is, in a sence, sharp. This is done by a
useful techniques called “tilting”.

LEMMA 2.4.3. Assume that a > 0 is such that the supremum in (2.4.2) is attained at an interior point
of I. Then

lim flogIP’ ZX > na) = —(a).

n—oo 1
i=1

PROOF. Note first of all that by (2.4.1), we have

1 n
—logP X; > < —(a).
- log <Z > na) < —v(a)

i=1
Let supg~.q(ad — ¢(0)) = af — p(B), where 8 = S, is an interior point of I. Define the random variable
Y =X LB

by our assumptions, EY < co. Define a new probability measure Pg on the same probability space 2 by
dPg Y
AP~ EY’

recall (Lemma 1.5.5) that this means that Pg(A) = E (2-14); denote by Es the expectation with respect
to this measure. Note that for any scalrar random varlable X defined on 2, one has

Y
EgsX =E X
=2 (g7).
This is true for indicator functions by definition; for simple functions by linearity of both sides; for non-
negative functions by monotone convergence theorem (applied on each side), and for general function by
linearity again.
In the special case X = f(X;), one has

Y 1 _ O E(f(X;)ePX)
Egf(Xi) =E (==X | = =r——E(f(X)e?X) [[ R X = DU T
5100 =B (g5 ) = g BUCX)e = e
In particular, using Lemma 2.4.2, we compute
E(Xieﬁxi)
B = S — () =

because the derivative of af — ¢(6) vanishes at § = 3. Also, X; are independent under the new probability
measure Pg. Indeed,

Eg (Hfi(xy)) = éﬂz (Hef”‘ifi( i ) By Hﬂzeﬁx Fi(X)) HEL% fi(X
=1 =1

Therefore, we can apply weak law of large number to conclude that for any ¢ > 0,

zn:Xi—an

i=1

< sn) oy

Ps(len) :==Pg (
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On the other hand, on the event I ,,, one has ¥ < eflate)n Therefore,

Y ) e,B(a—i—a)n

Pﬁ (Is,n) =E (IEYIE’n < WP (IE,n)a

which implies that for any € > 0,

logPs (I n)
n

~logP (iZX > as> > “log P (L) > p(B) ~ a— e + > —1(a) — (8 + 1)e

for n large enough. Taking ¢ to zero, we infer that for any o’ < a,

| 1 ¢ /
_ . > .
hgnlnf - logP (n 2_1 X; > a) > —~(a)

Now, note that since () is analytic and convex, it is either linear, or strictly convex (i. e., with ¢ strictly
increasing). The linear case is outruled by quadratic behaviour at 0 discussed above (see Exercises for
justification in full generality). Therefore, for 8; € I such that 81 > 8, one has ¢'(81) > a. Then, for
a' € (a,¢'(P1)), the supremum v(a') = sup(fa’ — p(0)) is attainded in the interval (5, 31), that is, at the
inner point of I. So, we can apply the above argument to get that

1 I
lim inf — log P ( E X; > a> > —v(a).
n
i=1

n—oo N
We now take 81 — 3, then @’ — a, and, by continuity of ¢, y(a’) = v(a). O
REMARK 2.4.4. With some work, using convexity of ¢, one can relax the assumption that the supremum

is attained in an interior point of I.

2.5. Strong law of large numbers

The weak law of large numbers is, in a sense, a question about the behaviour of distributions of n-
tuples of random variables. In spirit of a our approach to Alice-Bob problem, we might ask a different
question: first sample the the whole sequence (X1, Xo,...), and then ask what happens with averages
Sp/n =" X;/n with X; in this particular sequence.

THEOREM 2.5.1. (Strong® law of large numbers.) Assume that X; are i. i. d. scalar random variables
with expectation u, such that EX{ < co. Then, with probability 1,

1 n
mis
To prove this theorem, we need the following fundamental result:

THEOREM 2.5.2. (Borel-Cantelli lemma) Assume that Ay, As,... are events on the same probability
spaces such that

(2.5.1) iP(A,») < 0.

Let N(w) :=#{i:w € A;}. Then P(N =o00) =0.

In words, if the sequence of events satisfies (2.5.1), then with probability 1, only finitely many of them
occur.

3the use of adjective “strong”, as compared to “weak”, will be clarified in Section 2.7
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PROOF. We have

o o0 o0
00> Y P(A;) =) Ely =E (ZH&) =EN
1=1 1=1 =1
Therefore,P(N = oc0) = 0. O

PROOF OF THE STRONG LAW OF LARGE NUMBERS. We assume w. 1. 0. g. that X, are centered. Fix

e > 0. Note that
n 4 n
E (Z Xi> = Z E(X;, Xi, X5, X5,).
=1

i1,49,i3,54=1

Now, we claim that the majority of terms in this sum are equal to zero. Indeed, if é1 ¢ {is,43,i4}, then
E(X;, X, X, Xi,) = EX;, - E(X;, X, X;,) = 0, and similarly for the cases is ¢ {i1,i3,i4} etc. Therefore,
the following are are only cases where E(X;, X;, X;, X;,) # 0:

® iy =iy =iz =i4. In that case, E(X;, X;, X;, X;,) = EX?; there are in total n such terms;

e iy =iy # i3 =14 . In that case, E(X;, X;, X, X;,) = (IEX%)2 < EX?} and there are n(n — 1) such

terms: we have n ways to choose i; and n — 1 ways to choose i3 # i;.
® iy = i3 # i =14 Or i1 = iy # iy = i3; the same computation applies.

This discussion leads to
n 4
E <Z Xi> = (n+3n(n—1))EX] <3-EX}.n?
i=1
Applying Chebyshev inequality,

n 4 n 4 n 4
1 4 EQCi X)) _ 3-EX{
P (n ig_ 1 XZ') >e| =P (;_1 Xi> <en < ;n4 < o

Since >, % converges, we conclude by Borel-Cantelli that for every fixed e, with probability 1, (% Dy Xi)4 <
¢ for all but finitely many n. Then, with probability 1, the same holds true for all &:

P(U { > o for infinitely many n}) < ZP(‘nZX,-
m=1 m=1

n
Ly
n ;
=1
In other words, % i, Xi — 0 almost surely. O

1
> — for infinitely many n) =0.
m

=1

2.6. Kolmogorov’s zero-one law

In this section, we consider an infinite direct product Q = []2, Q; of probability spaces (€;, F;, P;).
This product is equipped with the product o-algebra F and the product measure P.
Let Fsn be the o-algebra generated by the events of the form

N o)
HQ,;XAX H Qi7
i=1

i=M+1
where A € Fyi1 X -+ X Fpr is a cylindrical set.

DEFINITION 2.6.1. The o-algebra Foo = NR7_; F>n is called the tail o-algebra.

EXAMPLE 2.6.2. Let X1, X5, ... be independent scalara random variables, and p € R. Then, the event
A={L1¥" | X;— u} belongs to the tail o-algebra.

PROOF. Let us first show that this event is measurable. Put A, , = {|S—7;’ — p| < L}; this measurable
w. I. t. o(Fy X -+ x F,) and therefore measurable w. r. t. product measure. But
A=N5_1 Unly NiznAm i,

therefore is is measurable. Demystifying this formula:
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® N;>nAn,; is the event that for every i > n one has |% —pl < %

o US%, Ni>n A, is the event that the latter property is satified for some n;

e Finally, N°_; US2 | Ni>n Ay, is the event that for every m, there exists n such that for ¢ > n, one
has [2= — u| < L. This is exactly the definition of the limit.

Now note that for every n, the event A can be written in the form

n
A= H Qi X Apy1,
i=1
because the event A is not affected by changing the values of finitely many of X;. By the same argument,
ApN41 is measurable w. r. t. product o-algebra on Q41 X Qny2 X ..., that is, A is Fs y-measurable. [

THEOREM 2.6.3. Any F.-measurable event has probability 0 or 1.

PRrROOF. If A has the form A; X --- x Ay X HfiNJrl Q;, then it is independent on any cylindrical event
in F>n41. Cylindrical events in F>py41 form a 7m-system, and events independent of a given event form
a A-system (Exercise!). Therefore, A is independent on any event in Fyy1>00. This implies that if A is
cylindrical, then it is independent on any event A’ € F.,. Since cylindrical events form a m-system and,
once again, the events independent on A’ form a A-system, this shows that any event A in the product o-
algebra is independent of any event in A’ € F,. In particular, A’ is independent of itself:

P(A) =P(AN A) = P(A)>.

2.7. Various notions of convergence of random variables

We have already seen at least two different ways to assert that two random variables are close to each
other - that of almost sure convergence of the Strong law of large numbers, and Weak law of large numbers.
In this sections, we systematically study these, notions of convergence, and introduce some new ones.

DEFINITION 2.7.1. Let X, X1, X5, ... be scalar random variables defined on the same probability space
Q. We say that

e X; = X a. s.(X; convergence to X almost surely) if there is an event E of probability 1 such that
X;(w) = X(w) for each w € E;

o« X; 5 X (X; converges to X in probability), if for any € > 0, P(|X; — X| > ¢) — 0;

o X, 5 X, (X; converges to X in LP)where p > 1, if E|X; — X|? — 0. The most common cases
are p = 1 (convergence in mean) and p = 2 (mean-square convergence).

REMARK 2.7.2. The notions of almost sure convergence and convergence in probability makes sense for
random variables with values in metric spaces.

DEFINITION 2.7.3. Let X, X7, X5,... be random variables with values in the same metric space M
(but not necessarily defined on the same probability space). We say that a sequence of random variables
X1, X5, ... converges to a random variable in distribution, denoted X; 2 x , if for any bounded continous
function f : M — R, one has

Ef(X;) = Ef(X).

REMARK 2.7.4. By the abstract change of variable theorem (Proposition 1.5.9), Ef(X;) = [, fdux,,
so, in fact, only distributions ux, and px are involved in above definition. Therefore, convergence in
distribution may be viewed as a notion of convergence for (Borel) measures on metric spaces. It is also
called weak convergence or vague convergence.

PROPOSITION 2.7.5. (Implications between notions of convergence) There are the following implications
between notions of convergence:

e a. s. convergence implies convergence in probability;
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e convergence in LP for any p > 1 implies convergence in probability;
e convergence in probability implies convergence in distribution.
e convergence in LP implies convergence in L1 if p > q.

REMARK 2.7.6. There are, in general, no other implications, see Exercises.

ProoF. X; — X a. s. implies X; P.X. Givene > 0, denote E; . := {|X; — X| < e}. Then, N2 F,; .
is the event that the inequality |X; — X| < € holds for all ¢ > n, and US>, N2, E; . is contained in the
event that X; — X. Therefore,

]P)(Uio:l m;)in Ei,E) =1
By lower continuity of probability, this means that for any € > 0
P(Epe) > P(NZ, Eie) = 1,

which is exactly the definition of convergence in probability.
P
X; X implies X; P, X. This is a direct consequence of Chebyshev’s inequality:

E|X — X;|P
< ——mMm.

P(|IX; — X| > ¢) =

X; P x implies X; P, X. We first note that X, 2% X implies X; P, x. Indeed, if f is continuous
and bounded, then f(X;(w)) converges to f(X(w)) for almost every w, and f o X; are uniformly bounded.
So, Dominated convergence theorem implies E(f(X;)) — Ef(X).

Now we assume by contradiction that X; P x , but there is a bounded continuous function f such
that Ef(X;) - Ef(X). By passing to a subsequence, we may assume that |[Ef(X;) —Ef(X)| > € for some
e > 0 and all i. But now, by Proposition 2.7.7 below, we can extract further subsequence i; such that
X;, 2% X, and thus E(f(X;)) — Ef(X), which is a contradiction.

X; 2x implies X; x if p > q. One has
E|X;, - X|"=E (|Xi — X|q]I‘Xi,X|q21) +E (|Xl — X|q]I‘Xi,X|q<1) .

The first term tends to zero, because a? < a? for every a > 1. For the second term, note that if 0 <Y <1,
then for any ¢ > 0,

ePP(Y > ¢) <EY?P <EY?ly,>. + EY?Iy, .. <P(Y > ¢) 4 &P.
Therefore, if 0 <Y; <1, then
}QL—ZD)Oifandonlyiini)O,

and the last condition does not depend on p. O

The end of the proof shows that under additional conditions there might be additional implications.
Let’s have some more examples.

ProposIiTION 2.7.7. If X L X, then there is a subsequence X;, such that X;, — X almost surely.

PROOF. Let €, = L. Since P(|X; — X| > 1) — 0, we can choose a subsequence i;ﬂl) of integers such
that 3277 P(|X,0) — X| > 1) < oo; Borel-Cantelli then implies that almost surely, [X,a) — X| < &; for all
k k

,(f) such that almost

(k)
k

k large enough. Similarly, from this subsequence, we can choose further subsequence ¢
surely, |Xi(2> — X| < &g for all k large enough, etc. Then, almost surely, the diagonal sequence i, satisfies
k

|Xi(2> — X| < g, for all k large enough, i. e., tends to zero. O
k
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2.8. More about convergence in distribution.
We start by giving an alternative definition of convergence in distribution for scalar random variables.

DEFINITION 2.8.1. We say that a sequence X; of scalar random variables converges in distribution to
X if
Fx,(a) = F(a)
for all @ € R such that Fx is continuous at a.
Before proving the equivalence of two definition, we state a useful result.

THEOREM 2.8.2. (Skorokhod representation theorem) Suppose X1, Xs, ... are scalar random variables
such that X; — X in distribution in the sense of Definition 2.8.1. Then there exist random variables
Y, Y1,Y5, ..., defined on a common probability space, that agree in distribution with X, X1, Xo,... respec-
tively, such that

Y=Y a. s

PROOF. We use the construction of random variables with prescribed p. d. f., as in the proof of Lemma

1.2.11. Let Q := (0,1) with Lebesgue measure, and put, for w € Q
Yi(w)=inf{z e R: Fi(z) >w}; Y(w)=inf{x e R: Fx(z) > w},

where F; = Fx,. By Lemma 1.2.11, Y, Y;,Y5,... agrees with X, X1, X», ..., respectively, in disctribution.
We claim that if w € (0, 1) has no more than one preimage under Fyx, then Y;(w) — Y (w).

To prove the claim, note that if w has no more than one preimage under Fx, then Fx (y) > w for each
y > Y (w), and Fx(y) < w for each y < Y(w). Since the set of discontinuity poitns of a non-decreasing
function is at most countable?, for each ¢ > 0, we can find continuity points x_, 2, € (Y (w) —&; Y (w) +¢)
such that Fx(z_) < w < Fx(z4). Then, we have F;(z_) < w < F;(x4) for i large enough. By definition,
this means that Y;(w) € [x_;z4] for i large enough. Since ¢ is arbitrary, this means that Y;(w) — Y (¢).

It remailns to note that if the preimage of w contains more than one point, then it is actually an interval.
Therefore, there are at most countably many such w. (Il

ProprosITION 2.8.3. Definitions 2.7.3 and 2.8.1 of convergence in distribution of scalar random vari-
ables are equivalent.

PROOF. Assume that X; P, X in the sense of Definition 2.8.1. Then, by Theorem 2.8.2, we may
assume that they are defined on the same probability space and converge a. s.. But then
Ef(X;) = Ef(X)
by dominated convergence theorem. Indeed, f is continuous, therefore f(X;) — f(X) whenever X; — X,
that is, almost surely, and f is bounded, therefore f o X; are uniformly bounded.
Conversely, assume that X; P, X in the sense of Definition 2.7.3. For § > 0, and y € R, define a
bounded continuous function f5 by
L, x € (—003y]
fy(@) =10, x> [y+d;00) .
linear, x € [y;y + 0]
We have f, 5 <[(_,y < fy and ; therefore,

(2.8.1) Efy-5(Xi) < Fx,(y) < Efy(X3).
Similarly,

(28.2) Fx(y—90) <Efy—s(X) < Fx(y) <Efy(X) < Fx(y +9).

4Indeed, if Fx is discontinuous at zg € R, then F(zq — 0) := lim, ;. Fx(x0) < Fx(xo). Since Fx is non-decreasing,
the open intervals (Fx (zo — 0); F'x (z0)) C (0,1) are disjoint for different discontinuity points xg; since each interval contains
a rational, there are at most countably many of them.
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Given € > 0, denote

L= (Fx(y) — & Fx(y) +¢).
Since Fx is continuous at y, we can choose § so small that Fx(y — 0) € I. and Fx(y + d) € I.. Then, by
(2.8.2), Ef,_s(X) € I. and Ef,(X) € I.. Since Ef,_s(X;) — Ef,_s(X) and Ef,_5(X;) — Ef,_s(X), this
means that Ef,_;(X;) € I. and Ef,(X;) € I, for i large enough. Combining this with (2.8.1), we get that
Fx,(y) € I. for i large enough, which means that Fx,(y) = Fx(y). O

Even if a sequence of probability distribution functions converges at every point, the limit may not be
a probability distribution function (take, e. g., X; = i with probability 1). To outrule this situation, the
following definition is useful:

DEFINITION 2.8.4. A sequience X; of scalar random variables is called tight if for any ¢ > 0, there
exists R > 0 such that for any i,
P(X; € [-R;R]) > 1 —e.

THEOREM 2.8.5. (Helly’s selection theorem,)

o If X; is any sequence of scalar random variables, then there is a subsequence iy and a Tight-
continuous non-decreasing function F : R — (0,1) such that Fx,(a) — F(a) for all a at which F
18 continuous.

o [If, in addition, X; is tight, then F is a disctribution function of a random variable X (and thus

X; 2 X).

PROOF. Denote F; := Fx,. We can construct a subsequence ij such that limy_,o F;, (a) =: H(a) €
[0, 1] exists for all a € Q5. Clearly, H(a) is non-decreasing, but might not be right-continuous. To fix that,
we put
F(a) := ;r;faH(x),

Clearly, F' is non-decreasing and right-continuous. Let a be a point of continuity of F. Given € > 0, let §
be such that F(a+ d) < F(a) + ¢ and F(a — §) < F(a) — €. Then, for a rational number ¢, € (a;a + 9),
we have limy 00 F, (g+) = H(q4+) < F(q+) < F(a) + €; similarly, for a rational ¢_ € (a — d,a), we have
limy o0 Fi, (g—) > F(a) — €. Consequently, for k large enough,

Fi(a) € (Fi, (¢-); Fiy (q4)) C (F(a) — &5 F(a) +¢),

that is, F;, (a) — F(a).

If, in addition, the sequence X; is tight, then, for any € > 0, we can find R > 0 such that Fj, (a) < ¢ for
all a < —R. Then H(a) < ¢ for all a < —R, therefore F(a) < ¢ for all « < —R. That is to say, F(a) — 0
as ¢ — —oo. Similarly, F'(a) — 1 as a = +o0. O

REMARK 2.8.6. The above theorem says that the set of probability measures on R is compact with
respect to the topology of convergence in distribution. A similar result for complete separable metric spaces
is known as Prokhorov’s theorem, and for compact metric spaces - as Banach-Alaoglu’s theorem.

2.9. Characteristic functions

In this section, we switch gears and develop an important concept of a characteristic function of a
random variable.

DEFINITION 2.9.1. If X is a scalar random variable, then the characteristic function of X is defined as

ox(t) =Ee™ teR.

5Cantor’s diagonal argument: let a1, as, ... be enumeration of Q; since F} (a1) €10, 1] for all 4, we can choose a subsequence
(2)

such that limg_, oo F (1)(a1) exists; from this subsequence, extract further subsequence i
1
k

exists, etc. Then iy := iik) is the required subsequence.

ig) such that limg_, Fi(g) (a2)
k
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Since |e!*X| = 1, the expectation always exists.
The relevance of characteristic functions to the study of independent random variables is revealed by
in the following proposition:

PropPOSITION 2.9.2. If X and Y are independent, then
ex+y(t) = ox()ey(t).
PROOF. ¢x iy (t) = Ee(X+Y) = Be®™XEe®Y = oy (t)py (t). 0
The logic behind the use of this formula is that if one knows distributions of Xi,...,X,, one can
compute their characteristic functions and multiply them together to obtain the characteristic function of
Sn = X1+ -+ X, and then recover the distribution of S;,. Our next goal is to show that the distribution

of X is uniquely determined by ¢x.
When written in terms of integral over R, characteristic function reads

@x(ﬂ:=/£€”xdux($)

Indeed, “characteristic function” is just a probabilistic name for the Fourier transform; it is convenient at
this point to switch to the analysis terminology for a while.

DEFINITION 2.9.3. Given an integrable function f : R — C, the Fourier transform §(f) is defined by

510 = [ e fla)de.
R
We begin with an important lemma.

LEMMA 2.9.4. (Riemann-Lebesque lemma) If f : R — C is an integrable function, then
Ff(t) =0 ast — too.

PROOF. We first prove the lemma for continuous, compactly supported functions f. In that case, since

/Rf(.%‘)eitﬂfdx = —/Rf(x)eit(x+%)dx = _/]Rf(m _ %)e“”da:,

we can write
1

Sf(t) = i/R (f(x) — flz— %)) e dx.

Since f is compactly supported, we can find R > 0 such that the last integral is actually over [—R; R].
Since f is continuous, and therefore uniformly continuous, [§f(¢)| < 2Rsup_pg,g [f(z) — f(z — F)| — 0 as
t — too.
Now, we use the following
Claim: for every integrable function f and for every € > 0, there exists a continous,
compactly supported function A such that fR |f—h| <e.
The lemma follows immediately, since

[SF@O] =18 (f(t) = h(t)) +Fh(D)] < /R [f(t) = h(@)| + [Sh()],

where the first term can be chosen as small as we please, and the second one tends to zero.
To prove the claim, note that we can find an R > 0 such that

£
R\[-R;R]

therefore, we may assume that suppf C [—R; R] for some R > 0. If suffices to prove the claim for f = L4,
with A C [—R; R] a measurable set, because an integrable f can be approximated by linear combinations of
such functions as in the proof of Proposition 1.5.9. But for such A, the claim follows from regularity of finite
Borel measures (Theorem 1.7.6): given K C O with K compact and O open, we can define a continuous
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function 0 < h < 1 such that h=1on K and h=0o0on R\ OS. If K4 C A C O4 with A\(O4) — A 4) <,

then
/mA—m:/ 4 —hl <e,
R OA\Ka4

and the claim follows. O
PROPOSITION 2.9.5. (Fourier inversion formula) If f is integrable and continuously differentiable, then’

§8/(t) = 2mf(=1).

PROOF. We can write

F5f(—t) = lim e~ it0 < / e'oe f(at)dx) df =: lim In
[—=R;R] R

R—o0 R—o0

Since [|_ gy |f(@)|dydz < 2R [, | f(2)|dz < oo, Fubini’s theorem readily applies:

) ) iW(z—t)R _ —z(a: t)R 2 _
IR — / f(-’l:) / e—’LthZ@xde dr = / f(.’l)') € . / f Sln .’IJ t)R) 28m\r = O b
R [~R;R] R i(x —t) 1

We can decompose this integral as

= W wif s of OO am),

x—t x—t xr —

We claim that the first and the third integrals tend to zero as R — oo. Indeed, since h(z) := (f(x) —
f(®))/(x —t) is a continuous function on [t — 1;¢ + 1], we have

/ f@) - f®) 2sin((z —t)R) =
[t-141 L1
/]Rh(x)ﬂ[t—l;t-‘rl]QSin((x —1)R) = —ie " (hﬂ[t—l;t+1]) (R) + ie" g (hH[t—l;t+1]) (—=R),

which tends to zero by Riemann-Lebesgue lemma. Similarly, since |f(z)lg\j—1;041)/(z — t)] < [f(2)] is
integrable, Riemann-Lebesgue lemma shows that the first integral tends to zero. Therefore,

B 2sin((z — t)R) B B siny
Ir = f(t) /[t—l;t-i—l] Tdm—ko(l) = 2f(t)/_R ; dy + o(1),

where we have made a change of variable y = (z —t)R. The integral [ fooo Si%dy =: CF converges, therefore

lim Ip = 2Ckf(1).
R—o0
0

REMARK 2.9.6. The value of the constant Cr = 7 can be computed in a number of ways. We prefer
to derive it from a computation with Gaussian densities (Example 2.10.1).

COROLLARY 2.9.7. The distribution of a scalar random variable is uniquely determined by its charac-
teristic function.

SE. g., take h(z) := 1 — 6! min(dist(z, K); ) for 0 < § < dist(K; O°). Note that the latter distance is positive since K
is compact and OF€ is closed.
It § f happens to be non-integrable, its Fourier transform is defined to be the limit in the first line of the proof.
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PROOF. Let f be a twice continuously differentiable, compactly supported function. By Proposition
2.9.5, we can write

1 »
f@) = 5= [ e atrat
where g = §f. Assuming the exchange of E and [ to be legitimate,
1

(2.9.1) Ef(X) :E(;r/Re_“Xg(t)dt> = %/REe_“Xg(t)dt: %/wa(t)g(t)dt;

this means that Ef(X) is uniquely determined by ¢x (¢). However, for every interval [a;b] and every € > 0
we can finde a C%2-smooth function f. supported on (a —¢&,b+ ¢) such that 0 < f. <1 and f. =1 on [a, b].
Then
P(X € [a,b]) SEf(X)<P(X € (a—e,b+¢e)) =3 P(X € [a,b]).
Hence P(X € [a,b]) = lim.,0 Ef.(X) is uniquely determined by ¢x.
It remains to justify (2.9.1). To this end, it suffices to show that [e="* g(t)| = [g(t)| is integrable over
R x €, that is, that g is integrable over R. However,

S0 = [ s = [ (e f s = () [ e o) = (it)g(0)
R R R
Therefore, Riemann-Lebesgue lemma implies that t?g(t) — 0 as t — 400, that is, g(¢) is integrable. O

REMARK 2.9.8. The above proof indicates an explicit way to compute Ef(X) in terms of ¢x and §f.
Although f = |44 is not twice continuously differentiable, one might still try to plug it into the fromula,
and then justify the result directly by adapting the proof of Proposition 2.9.5. This is indeed possibe, albeit
with additional technicalities, and leads to Lévy’s inversion formula; see Willams’ or Durrett’s books.

COROLLARY 2.9.9. If X is a scalar random wvariable, and X1, Xs,... is a tight sequence of scalar
random variables such that px, (t) — @x(t) for allt € R, then X, 2 x.

PROOF. Assume, on the contrary, that for some £ > 0, there is a bounded continuous function f and
a subsequence ny, of integeres such that for all k,|Ef(X,,) —Ef(X)| > . By Helly’s theorem (Theorem
2.8.5), by passing to further subsequence, we may assume that X,, L. ¥ for some random variable Y.
Then Ef(Y) #Ef(X), i. e., Y does not agree in distribution with X.

On the other hand, ¢y (t) = Eexp(itY) = limy_ o0 Eexp(itX,,) = ¢x(t), that is, X and Y have the
same characteristic functions, and thus they agree in distribution by Corollary 2.9.7. (]

REMARK 2.9.10. If X,, is a tight sequence and the limit ¢(t) = lim,_, ¢x, (t) exists for any ¢, then
authomatically ¢ = px for some random variable X: just choose a convergent subsequence and take X
to be its limit. A slightly more subtle result (Lévy’s criterion) asserts that if the limit (t) exists and is
continous at ¢t = 0, then the sequence is tight.

2.10. Explicit computations with characteristic functions

22
EXAMPLE 2.10.1. If f(x) = \/%e = is the Gaussian density, then

£2

3f(t) = V2me™ 7.

_z2 _ 2 _(m—it)?
/e Tty — 7 /e 2 dx.
R R

For purely imaginary t, the last term is just an integral of a shifted Gaussian density, and hence equals v/27.

z—it)? ; ;
We need to extend this result to real t. Note that |e_< 30| = e Relw—it)?/2 — (Re(it+%/2)o=2%/2  Gince
(x—it)?

eRe(@+*/2) is hounded in a neighborhood of any to € C, Theorem 1.5.13 implies that h : ¢+ [, e~ 3 dx
g y 1o ) b R

Hence Cr = .

PRrROOF. We have
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is an analytic function. As noted above, this function is equal to v/27 on the imaginary axis; therefore it is
equal to V27 everywhere. [

COROLLARY 2.10.2. Let X andY be independent random variables distributed as N (p1,01) and N (2, 02)
respectively. Then X +Y is distributed as N'(p1 + pa, /03 + 03).

PROOF. We first note some simple properties of ¢ x First, for a constant a,

Pxalt) = EOEH) = it (1),

Second,
Vox (t) = Ee'"X = oy (to).
Since X = 01X’ + py and Y = 1Y’ + o, where X', Y’ are standard Gaussians, we get
. t2(o3+43)
pxv(t) = px(Dpy(t) = ttrlem——=—"
and the result follows. O

2.11. The Central limit theorem

THEOREM 2.11.1. (The Central Limit Theorem)Let X1, ..., X, be independent, identically distributed
scalar random variables such that EX1 =0 and EX? = 02 < co. Then

Sn L Zylei D

The heart of the matter is the followsing estimate.

LEMMA 2.11.2. IfEX? < oo, then
t2

— o B o)
px(t)=e 2 ast— 0.

PROOF. Let us compute the first two derivatives of ¢x (t). Formally,
o . 9 . .
O (t) = aEe”X = iEXe™ and @ (t) = aiEXe”X = —EXZeX,

Since for all ¢, |Xe!*X| < |X| and |X2e®X| < | X?|, which are both integrable, Proposition 1.5.12 validates
the computations. It follows by Taylor expansion that

t2 t2 2 t252 t252
Px() = px(0) = 5% (0) F 0lt") = 1= o) = R T = 7 HED,
O

Another small input is

LEMMA 2.11.3. The sequence % is tight.

PROOF. This is true for any sequence Y;, of random variables such that VarY,, is bonded, Indeed, given
€ > 0, Chebyshev’s inequality implies P (|Y,,| > R) < % < g, provided that R is large enough. This is
exactly the definition of a tight sequence.

It remains to notice that

Var (5o - Zim BE(X?) _no? _ o
vn n n
O

PROOF OF THE CENTRAL LIMIT THEOREM. One has,

t " _t202
Ps, ) ym(t) = (@Xl (\/5» =e 2 W 5 or0.0(E).

Since the sequence S, /+/n is tight, Corollary 2.9.9 implies that S, //n 2, N(0,0). O
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2.12. Heavy tails and stable distributions

In this section, we address the question as to whether one can drop the assumption EX? < oo in the
Central Limit Theorem. The answer will be in the negative; moreover, we will discover an infinite family
of laws - the stable laws - that may replace the Gaussian in the statement of CLT. We will not formulate
or prove general statements, but will instead focus on a particular family of examples, which exhibit most
features we are interested in.

Let a € (0,2), and put

) salg|mTl, 2 e R\ [-1;1]
fale) = {5 z e [~1;1].

It is easy to see that fR fa = 1, that is, f, is a probaility density of a random variable. Note that
Jp 2f.(x)dx = oo; this is due the the fact that the “tails” f r Ja decay too slowly - in Probability jargon,
they are “heavy

PROPOSITION 2.12.1. Assume that X1, Xo,... are i. i. d. with density fo. Then,

Sn D
nl/a —Y,

where Y is a random variable with characteristic function py (t) = exp(—C|t|%) for some C > 0.

PROOF. Let us start by computing the characteristic function of X;. We have, for ¢ > 0,

—1 [e’e) [e%e) [e%e]
ox, (t) = / e fo(x)dx + / e fo(x)dr = / a|x\7°‘71 cos(tx)dr = ato‘/ |y\7°‘71 cos(y)dy,
—00 1 1 t

where the last identity is the change of variable tx +— y. As in the proof of the Central Limit theorem, we
are interested in the small ¢ behavior of ¢ x (¢). Note that

') 1 oo
/ Iy~ cos(y) = / Iy~ cos(y) + / lyl =2 cos ydy —: I, () + L,
t t 1

and, because cosy — 1 = O(y?) as y — 0,

—x

_ o ¢
/\yl 1y /Iyl *cosy—1)dy = *t —*+/ ly| = (cosy—1)dy+o(1) = — +Iz-+o(1).

Putting everything together, and using that ¢ x(—t) = p_x(t) = px(t) for a symmetric random variabe,
we get

ox, (t) = 1+ a(ls + )t + o([t|®) = elosrallz+Io)lt*+o(t™) — pala+T)t*+o(t*) —, o=Clt+o(lt|)
Therefore, for each t,

s,k (t) = exp (n (C i +o0 ( — a))) =exp (=C[t|" +0(1)).

na
Therefore, in view of Corollary 2.9.9 and Remark 2.9.10, it remains to check that the random variables .S,
are tight®. As in the proof of the weak law of large numbers, we use truncation:

n
> R) <P (‘inﬂpggnézz
=1

1
n o

P (‘n7§5n

> niR> +P ( max | X;| > niR> =P, + P,
1<i<n
By the union bound,

Py <Y P(IXi| >n=R) = m/l lz|"1-* = R°.

i=1 no Rt

8in fact, tightness is authomatic from Lévy’s criterion, but we choose not to prove it here.
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For the first term, we can calculate

1
na R a )
Var <X1]I N ) —a 220y < na-1R2-e
|Xi|<ne R 1 2 -«

Therefore, Chebyshev’s inequality gives

()

n

XZH 1
Z |X:|<na R
=1

e} 2 p2—a
s=2-naR (6]
>niR> —— < R,

n% R2 T 2—«
and we get
Py +Py < (1+2Q>Ra%0
uniformly in n as R — co, which shows that n’iSn are tight. O

REMARK 2.12.2. The distribution of a random variable with characteristic function ¢y (t) = exp(—C|t|*)
is called symmetric stable distribution with parameter . The only symmetric stable distribution for which
a density is known explicitly is the Cauchy distribution, corresponding to o« = 1, and the density given by

-1

s
T — 1722

REMARK 2.12.3. The behaviour of sums of heavy-tailed random variables is very different from the
finite variance case, in that the maximum of |X|,...,|X,| is not small compared to Y ;" ; X;. For o < 1,
we have na > n, that is, the typical order of magnitude of the sum grows faster than n; in fact, in that
case the biggest term deteremines most of the sum. See exercise sheet 7 for further details.

2.13. Multi-dimensional characteristic functions and Gaussian vectors

The theory of characteristic functions of random vectors (that is, of d- dimensional random variables)
more or less repeats the theory for scalar random variables.

DEFINITION 2.13.1. Let X be a random variable with values in R?. Its characteristic function px :

R4 — C is defined as
ox (v) := B!,

where (v; X') denotes the scalar product of the vectors v and X.

DEFINITION 2.13.2. If f: RY — C is an integrable function, then its Fourier transorm is defined as
(FN@) = [ fa)e ) da.
Rd

THEOREM 2.13.3. (Fourier inversion formula) If f is integrable, smooth function, then F [ is integrable,
and

(FFf) () = 2m)? f(~v).
PRrROOF. The proof is similar to the one-dimensional case an will be omited. (I

COROLLARY 2.13.4. If X and Y are random variables with values in R? such that ox = @y, then X
and Y agree in distribution.

PROOF. Once again, the proof is similar to the one-dimensional case. ([l

REMARK 2.13.5. Note that ¢x is completely determined by the distributions of random variables
(v; X), which is their turn are completely determined by the collection {P((v; X) < a,v € R%, a € R}, i.
e., a probability measure on R? is completely determined by its values on half-planes - a result that is not
so easy to prove directly.

DEFINITION 2.13.6. A random variable X with values in R? is called Gaussian (or Gaussian random
vector) if, for any linear function [ : R? — R, [(X) is a Gaussian.
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In other words, if (-,-) denotes a scalar product in R%, the definition says that (X, v) is a Gaussian for
every fixed vector v € R?. In even more details, a random vector (X1,..., X4) is called Gaussian if, for
any vi,...,vq € R, the variable v1 X1 + - - - + v4 X4 is Gaussian. In that case, the variables X;,..., X, are
sometimes called jointly Gaussians.

REMARK 2.13.7. By linearity of expectation, we have El(X) = [(EX), therefore, if we subtract EX
from X, all I(X) become centered Gaussians.

EXAMPLE 2.13.8. If X3,..., X, arei. i. d. standard Gaussians, then (X7, ..., Xy) is a Gaussian vector.

PrOOF. We calculate the characteristic function:

Po1 X1+ +vaXa (t) = Pui X, (t) Tt ‘pvdxd,(t)
22 22 N
=px,(01t) ... px,(vgt) =e" T -...-eT 7T =e¢ z ,
hence v1 X7 + -+ + v4X4 is a Gaussian with variance v% + e+ 113. O

LEMMA 2.13.9. If X is an R%-valued Gaussian vector, and A : R — RY is a linear map, then AX is
a Gaussian vector.

PROOF. For any v € R?, (AX;v) = (X; A*v), where A* : RY — R?is the adjoint? operator. Therefore,
(AX;v) is a Gaussian. O

DEFINITION 2.13.10. (Covariance form) Let X be a random variable with values in R? such that
E|X|? < co. If X is centered (i. e., EX = 0), then its covariance form Covy : R? x R? — R is defined by

Covx(vy,v) =E ((X;v1) - (X;09)) .
In general, if X is non-centered, we define Covy := Covyx_gx.

REMARK 2.13.11. If X is a random varaible with values in a finitely-dimensional vector space V, it is
more natural to define the covariance form as a bilinear form on the conjugate space V*, given by

Covx(l1,12) = E(Iy(X — EX) - I5(X — EX))

for any pair [y, of linear functions on V. This way, the definition does not depend on the choice of scalar
product in V. We will, however, assume the scalar product to be fixed.
A general result in linear algebra states that to the bilinear form Covy one can associate a linear
operator £x : R? — R? such that
Covx (v1,v2) = (Exv1,v2).

The operator X x is called the covariance operator, and its matrix is called a covariance matriz. Plugging
in the basis vectors as v, v in the definition, we get an explicit expression for the matrix elements: if
EX =0, then

E(X: X)) ... E(X:Xn)
E(X, X)) - E(XpXn)
where X = (X1,...,X,,). In general,
E((X1 —p) (X1 — ) oo E((X1 —p1)(Xn — pn))
E((Xp = pn)(X1 = 1)) -+ E((Xn — pn)(Xn — ptn))

9Recall that by definition, the adjoint operator is defined by condition (Av; w) = (v; A*w). Its matrix is just the transpose
of the matrix of A.
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where = EX. As in the one-dimensional case, we can calculate

Covx(v,v2) =E (X — psv1) - (X — pyv9)) =
E((X;v1) - (X502)) = E(X501) - (p502) — E(p; v1)(X502) + E(ps v1) - (5 02) =
E((X;01) - (X502)) = (3 01) - (15 02)-
We note that for any random variable X, the covariance operator Xy is self-adjoint (that is, &% = Xx)

and non-negative definite (that is, (X xv;v) > 0 for any v € R™. Equivalently, all the eighenvalues of ¥ are
non-negative).
PROPOSITION 2.13.12. (Classification of Gaussian vectors)
(1) Given a non-negative self-adjoint operator ¥, there exist a centered Gaussian vector X such that
EX = E,’
(2) If X,Y are two centered Gaussian vectors with ¥x = Xy, then the vectors X and Y have the
same distribution;
(3) If X is a centered Gaussian with values in R?, such that ¥ := Xx is positive definite’?, then X
has a density with respect to the d-dimensional Lebesgue measure given by
1 —Tye,
(2131) fZ(U) = %e—(x 1U,U)/2
(27)2 (det X)=
PROOF. If ¥ is a non-negative self-adjoint operator, then it has a square root E%, a non-negative self-
adjoint operator such that (E% )2 = ¥. The square root can be constructed as follows: since ¥ is self-adjoint,
it can be diagonalized by an orthogonal transformation, that is, there is a matrix C such that C~! = C*
and
¥ =C"'DC,
where D = diag(Ay, ..., \q) is a diagonal matrix. Since 3 is non-negative, all \; are non-negative. Therefore,
1 1
we can put D2 = diag(A7,...,A]) and Y2 = C~1D2(C, in which case
¥:.%5 =C"'D:C-C7'D3C =C7'DC =¥,
as required.
Now, let Y = (Y1, ...,Ys) be a Gaussian vector whose components are i. i. d. standard Gaussians, and
put X = $2Y. Then, by Lemma 2.13.9, X is a Gaussian vector. Also, by the linearity of the expectation,
EX =EY:Y = $2EY = 0. We compute

Covx(v1,v2) = B((X,01) - (X;02)) = E((Y;2201) - (Y;2205)) = (2201, S705) = (Svp;02),

where we used that X2 is self-adjoint, and that the covariance operator of Y is the identity. This concludes
the proof of the first part.

For the second part, note that for every fixed v € R%, (X;v) and (Y;v) have the same distribution,
since they are both centered Gaussians with variance (Xxv;v) = (Xywv,v). Therefore, px = ¢y, and by
Corollary 2.13.4, they agree in distribution.

For the third part, note that if Y x is positive, then it is invertible (since all eigenvalues are strictly
positive). In particular, Yrisa diffeomorphism of R? onto itself, with Jacobian identically equal to det ES
By the second part, X agrees in distribution with E%Y, where Y = (Y1,...,Yy) and Y1,..., Y, are i. i. d.
standard Gaussian. Note that by Corollary 2.1.12, Y as the density

f ( ) 1 _é 1 _é 1 _ (yéy)
v(y) = —e Cs——e = e .
Var Ver (272

Therefore, for every continuous function g with bounded support,

1 1 Yy 1 -1 . -1 1
d / g(Eiy)eJ ; )dAd(y) _ / g(x)ef(z 2257 22)/2 ot Eiédkn(w),
2m)2 JRra (27)2 Jra

Eg(X) = Eg(£2Y) = (

10that is, ($v;v) = 0 implies v = 0
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where we have used the multi-dimensional change of variables y = Y~ 2z. This implies that

flz) = L — det Z—%e—(Z‘%x;z‘%x)/z - . e~ (B vi)/2,
(2m)= (27)% (det )2
is the density of X, as required. (I
REMARK 2.13.13. This, in particular, implies that if (X1,...,X4) is a Gaussian vector, and X; are

uncorrelated, then they are independent. Warning: it is not enough to assume that they are individually
Gaussians, one does need the “jointly Gaussian” assumption.

2.14. Random walks

Let X1, X5,... bei. i. d. random variables with values in Z%. One can view the sum S,, = S X as
a discrete time stochastic process: S, is a position of a particle at time n, and the next moment of time it
moves to S, + X, +1. In this context, one says that .S, is a random walk on Z%. The particular case when
P(X, = *e;) = ﬁ, where e; are unit orts, is called the simple random walk. In this case, at each step,
the particle jumps into a lattice neighbor of its current position, chosen uniformly at random among all i
neighbors.

One of the basic questions one asks about random walks is that of recurrence. Given = € Z?, define 7,

to be the (random) time of the first visit of the walk to a:
Ty = min{n : S, = z}.
DEFINITION 2.14.1. A random walks is called recurrent if P(179 < co) = 1, and transient otherwise.

LEMMA 2.14.2. A random walks is recurrent if and only if #{n : S, = 0} = oo almost surely. A
random walk is transient if and only if |S,| — oo almost surely.

PROOF. The argument is based on the simple observation that from the time 7, on, we can view the
random walk .S, as a new random walk launched from z, independent of its past. Let us make a rigorous
proof.

Clearly, if #{n : S, = 0} > 0, then 79 < co. If P(1y < o0) = 1, define 7(!) := 7, and, inductively,
k) = min{n > k=1 . g = 0} the time of k-th visit to the origin. We have, for all n € N

(oo} oo
P(r® — 7 = p) = Z P(r® — 7 = 7D = ) = Z P (7’(1) = n) P(rM) = m) = P(r(V) = n)

m=1 m=1

In the second identity, we have used that we can write

{7(2) — 7D =y, 7D = m} = {Aﬂ'(l) =m},
where A is the event that ZZZLH X; =0, but Z:’;Zil X; #0for any 1 <n' < n. This event depends only
on X+41, - - - s Xm+n, whereas the event 7(1) = m depends only on X1, ..., X,,, hence they are independent.
Also, P(A) = P(r(M) =n).

The conclusion of this computation is that 7(2) — 7(1) has the same distribution as 7(!), in particular,
7(2) is almost surely finite. Repeating the same argument, we get that, inductively, 7**% — 7(¥) 3]l have
the same distribution!!, in particular, 7*¥) < oo for all k& almost surely, that is, #{n : S, = 0} = co almost
surely.

For the second assertion, first note that if |S,| — co almost surely, then #{n : S,, = 0} is finite almost
surely, that is, the random walk is not recurrent. Assume now that S, is transient. Then, for every x € Z¢

g closer examination of the argument shows that they are also independent
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and every m = 1,2,..., and using the same independence observation as above,

P(#{n: S, =z} =m) :ZIP’(#:{TL:Sn::c}:m,Tglc =1)=

i=1
=P(#{n:S,=0}=m—1) ZP(Tw =i)=P(#{n: 5, =0} =m—1)P(1, < c0).
i=1
Summing over m = 0,1,... we get that
P(#{n: S, =2} <00) =P(1, = 0) + P(1, < 00)P(#{n : S, =0} < 00) = P(1, = 00) + P(7, < 0) = 1.

This means that almost surely, every lattice cite is visited by S,, only finitely many times, that is, |S,| = oo
almost surely. O

LEMMA 2.14.3. If p:=EX; # 0, then the random walk S, is transient'?.
PROOF. If d = 1, then, by the Strong law of large numbers,

1 |u|
—S, — i >
| =S =l > %

for finitely many n only. This implies that S,, = 0 for finitely many n only, that is, .S, is transient.
If d > 1, then we may view each coordinate of .S,, as a 1-dimensional random walk, and at least one of
those walks has steps with non-zero mean. O

In the case p = 0, the random walk is transient in dimension d > 3 and recurrent in dimensions
d = 1,2. This result, knowns as Polya’s theorem, will follow (under certain technical conditions) from the
next Lemma and the Local Central limit theorem of the next chapter.

LEMMA 2.14.4. The random walk S, is recurrent if and only if

PROOF. Denote p,, := P(19g = n) and ¢, := P(S,, = 0). We define the generating functions of these

sequence by
(o) o0
= pat™, Q)= qut™
n=1 n=0

Since the coefficients are bounded, the radius of convergence of both series is at least 1, that is, they are
well-defined at least for |t| < 1. Now, we compute, for n > 1,

qn:IP’(Sn:0):i:P(Sn:0,70:i):i:P Z X;=0,7=1i
=1 i=1

j=it1

n

:Zn:]P’ ZX—O PTO—Z an Qi

i=1 Jj=i+1

where we once again used the fact that the event 79 = i is determined by the values of X7,...,X; and is
thus independent of the event > = 0. We multiply the last identity by ¢" and sum over n. Taking
into account that ¢y = 0, we get

—1=> gut"=> t <ani%’> =3 ) pmant"t" = P(H)Q(t),
n=1 n=1 =1

m=1n=0

Jj= z—i—l

12Formally, we should assume E|X; |4 < 00, since the Strong law of large numbers was proven under this assumption only.
This assumption is not necesssary.
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that is,
1
Pt)=1———, [t <1
=15 I

Also, monotone convergence theorem implies that

P(1p < o0) = ipn = P(1) = lim P(t)

t 1
and
;::OP(S” —=0) = T;)qn =Q() = lim Q).
Therefore, Q(1) = oo if and only if P(1) = 1, as required. O

With this lemma, Polya’s theorem can be explained as follows. If the variance Var |X;| is finite, then
Var |S,,| ~ C-n, that is, roughly speaking, the distribution of .S,, is supported on the area of diameter &~ y/n
around the origin. There are ~ n? lattice points in this area, and if one believes that S, is more ore less
uniformly distributed over its support, we should have P(S,, = 0) ~ n=%. Thus, the series in Lemma 2.14.4
indeed should converge for d > 3 and diverge for d = 1,2. In the next section, we make this heuristics
precise.

2.15. Local central limit theorem.

Let X, Xo,... bei. i. d., centered scalar random variables taking integer values, such that EX; = 0
and IEXf =: 02 < 0o. The Central limit theorem asserts that, with the notation S,, = Z?:l X,
S,
n DN (0,0).

NG

In other words, for any a < b,

noee 1[0 a2
(2.15.1) Y P(S,=m) =3 —/ e 27 dx

2
a/n<m<by/n o

This is a statement about collective behaviour of probabilities of the form P(S,, = m) (i. e., behaviours
of sums of ~ /n of these probabilities). It is natural to look into the individual behaviour of each of
these probabilities. What can be said about P(S,, = m)? Assuming that (2.15.1) is a Riemann sum type
approximation of the integral, one could expect

P(S, =m) ~ e 2o, M — 0.

The following simple example shows that the reality is slightly more complicated:
EXAMPLE 2.15.1. Let X1, Xo,... bei. i. d. with P(X; =1) = P(X; = —1) = 3. Then
P(S,=0)=0
for odd n.
Indeed, the sum of an odd number of +1 is odd, and thus cannot be equal to zero. The following

theorem states that the algebraic obstructions of these type are the only possible obstructions. For a
random variable X with values in Z¢, denote

suppy = {r € Z¢ . P(X = z) £ 0}.

THEOREM 2.15.2. Let, X, X1, Xo,... bei. i. d. with values in Z. Denote by pu := EX their expectation
and by ¥ = Xx the covariance operator. Assume that E|X|? < oo, and that the set {x —y : x,y € suppy }
generates 7% as an abelian group. Then, for any sequence z1, %o, ... of points of Z¢ such that

2n = pun +av/n+o(v/n), n— oo
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for some a € R?, we have
n® - P(S, = z,) "% fr(a),
where fx is the d-dimensional Gaussian density with covariance ¥ (see (2.13.1)).

COROLLARY 2.15.3. (Polya’s theorem) If S,, is a random walk whose steps X; satisfy the conditions of
Theorem 2.15.2 with u = 0, then S, is recurrent in dimensions d = 1,2 and transient in dimensions d > 3.

ProOF. This follows directly from Lemma 2.14.4 and the fact that > > n~ % diverges for d = 1,2 and
converges for d > 3. O

REMARK 2.15.4. The assumption on suppy, in particular, implies that ¥ is positive definite, that is,
that fx, is well defined. Indeed, assume that there is a non-zero vector v € R? such that (Xv;v) = 0. This
means that E(X — u;v)? = 0, that is, (X — pu;v) = 0 almost surely. Then for every z,y € suppy, we have
(x —y;v) = 0. In that case, the abelian group generated by {z —y : 2,y € suppy} is contained in the
hyperplane {w : (w;v) = 0}.

We start the proof of Theorem 2.15.2 with an observation concerning characteristic functions of random

variables with values in Z<.

LEMMA 2.15.5. (Fourier inversion for discrete random variables) Let X be a random variable with
values in Z¢. Then @x is 2m-periodic with respect to each coordinate, that is, ox(v) = px (v + 27w) for
any v € R and w € Z?. Moreover,

1

P(X =2) = @ny /[ o ox (v)e” WD N (v).

ProOOF. We have
Vx (1} + 27_”1)) _ ]Eei(erZﬂ'w;X) - (ei(v;X) . eZﬂ'i(lD;X)) —E (ei(v;X)) = px (’U),

since both X and w are in Z? and hence (w; X) € Z. We have
e_l(y;m) S, —i(v;z) Z i(v; y)P y) — Z ei(v;y—m)]}D(X = y)
yeZ yeZ

We are going to integrate this with respect to v over [—m;7]?. In order to justify the interchange of the
sum and the integral, consider the function g : [—m;7]? x Z¢ defined by g(v,y) = !¥~*)P(X = y), and
note that

/ o= Sl [ PX=y)= [ 1=Cni<o,
[—m;m]d x Zd vE[—m;m) yezd [—m;m)d EZd [—mm]d
therefore, Fubini’s theorem readily applies, and we get

/ e” U px (0)dAt(v) = Y P(X / =) g (v).
)4 )4

yeZ4

d
T 27)4 =0
H / ewmzmdvm _ {(() 7T) , R

Rttt otherwise.

It remains to notice that
/ ei(”;z)d)\d(v) =
[—m;m]d

From this, we deduce, in particular, that

1 / —(v;z) 7y d 1 n —i(v;zn) 7y d
Sd @s, (v)e AN (v) = (px, (0))" e dAY (v).
(27T)d [—m;m]d (277) —m;m]d !
Thus, we are left with the asymptotics of this integral. First, we transform the algebraic assumption on
suppy into an analytic condition on px.

(2.15.2)  P(S, = z,) =
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LEMMA 2.15.6. If the set {x —y : z,y € suppy} generates Z as an abelian group, then |px (v)| < 1
for all v ¢ 2rZ°.

PROOF. Indeed, assume that

lox ()| =Y eCIP(X = 2)| =1.

TEZ

However, in general,

D EWIP(X =a)| < Y e TIP(X = a)| =1,

T€Z z€Z4
and the equality is possible only if for all x € suppy, the arguments of e'(*®) are the same. This means that
e!iz=y) — 1 for all 2,y € suppy, that is, (v;2 —y) € 277 for all z,y € suppy. Then, we have (v; @) € 277
for all o € Z%, and, taking a to be unit orts, we conclude that v, € 27Z,...,vq € 20Z, i. e., v € 27Z%. O

The asymptotics is done by what’s called Laplace’s method. The above Lemma, in particular, implies
that

/[ J4\ (—es6) (px(v)" e =N (v)| < (2m)%a™,
—mT —ee

where o = SUp_. 174\ (—cie)a lox| < 1. Since this decays exponentially fast (and we are aiming at much slower
power-law decay in the statement of the theorem), only the integral over an (arbitrary small) vicinity of
v = 0 matters. The idea of Laplace’s method is to make this vicinity shrink with n (that is, to allow ¢ = ¢,
depend on n), and use Taylor approximation of px. We start by working out the approximation.

LEMMA 2.15.7. Under the condition of Theorem 2.15.2, we have
ox(v) = ei(v;u)f(Ev;v)/ZJr@(v)’
where the error term O(v) satisfies |O(v)| < Clv]3 for all v with |v| small enough.
PRrROOF. Fix a vector v with |v| = 1, and consider the function v, (t) := @x(tv), where t € R. Let us
calculate the derivatives of ,. We have

" (t) = %Eeit(v;){) — E%eit(v;X) - (i(v; X)eit(v;X)> 7

v

where the interchange of the differentiation and the expectation is justified Theorem 1.5.12
(v X)e )| = (v X)] < ol - [X] = |X],
which is integrable and does not depend on ¢. Similarly,

w(t) = —E (0 X))
and
justified similarly. Note that the first three derivatives of 1, are bounded by E|X|, E|X|* and E|X|?,

respectively. Since 1, (0) = 1, the bound on the first derivartives implies that |1, (t)| > § for |t| < e, where
€ = 5=t It follows that for |¢| < ¢, the logarithm log ), (t) is well-defined, and its derivatives

2E[X]"
(log )/ = L2 <1og¢v>”=W, _ Polynomial(¢h, 1, 12, 1)

= %7 (log'@[]g/) 1/}3 =

are bounded by some constant (that can be expressed in terms of E|X|, E|X|? and E|X|?). By Taylor
formula, this implies that, for [¢| < e,

W(t) = —E (ifv; X)Pe 00,

log t(1) = log (0) + t (log ) (0) + & (log )" (0) + 6(1),
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where O(t) < C|t3| with C = %SUPMQ (log1p,)"" . Tt remains to do the computations:
log 7/}1)(0) =log1 = 0;

)
4.(0)

(log¥,) (0) =E (i(v; X)) = i(v; p);

(080" 0) = “22 S (0) (05 X (03 )? = —E( X — ? = ~(Sus0)

Therefore, for all v € R? with |v| = 1 and ¢ € R with [¢| < e,

. oY (Busv) 42 Lo _ (Btustv)
pr(t’l)> _ ezt(p,,'u) S +O(t) 6@(;L,tv) S +®(t),

as required. [
We are now in the position to prove Theorem 2.15.2.

PrRoOOF OF THEOREM 2.15.2. . We first note there is a constant ¢ > 0 such that
(2.15.3) sup lox| < emee”

[—mm]d\(—e5e)d

for all € small enough. Indeed, since ¥ is positive definite, we can find ¢ > 0 such that (Sv;v) > 4e|v|? for
all v € R%. We then can find ¢’ > 0 such that |©(v)| < ¢|v|? for all v € (—¢’;¢’)%. Denote

M = sup lox|;
d

[—mim] I\ (=€)
we have M < 1 by Lemma 2.15.6. If ¢ < &', then for all v € [—¢’;€']¢\ (—¢;¢)4, we have

_ (Bviv) o _ 2 2 _ 2 22
‘(PX(U)‘ —e 5 +ReO(v) <e 2¢c|v|“+clv| <e c|v] <e e,

If £ is so small that
2
e > M,

then |ox (v)] < e~ for all v € [—m; 7]\ (—e;¢)?, which proves (2.15.3).
This gives us a hint for the choice of the sequence &,,. We have, for £ small enough,

i(v; n —i(v;z i(nu)—nE%Y L oo (v
6—1(1)7zn) (QOX(U)) —e (0320 ) Fi(np;v) vi%) | @ (v)

for v € (—¢;¢)?, and
‘e—i(v;zn) (SDX (U))n S e—cn82

for v ¢ (—e;e)?. We want both the error term [nO(v)| < Cne® and the last bound to be small. Therefore,
we should choose &, so that ne2 — 0, but ne2 — co. We put &, := n~%. Write

/ (px (0))" =) A\ () = / (px (0))" =) A\ ()
[—mim]d

[—en;en]d

“ (px ()" e =) ax(v)
[—msm] N\ [—enien]d

1
The second integral is bounded above by (27r)de*c”531 = (2m)%e~°"? | which decays smaller that any power
of n, and thus is negligible for our analysis. The first integral is

/ 4 (gﬁx(’u))n efi(v?zn)d)\d(,u) _ / ) efi(v;zn)Jri(np;v)fni(zg”’)+n®(v)d)\d(v) _
[—&n;en] [—ensen]

/ ¢ izhi/) — LR 0@ w) gd ()
[—enienl]?
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where 2!, = (2, — un)/+/n = a + o(1). Now, by the change of variable y/nv := w, the last integral is equal
to

n

vl

. . Cw;w) w
o (ertom) =50 ad (w).

/[—\/ﬁan;\/ﬁsn]d
Since [nO(-L)| < Cned < Cn~35 — 0, the function under the integral tends pointwise to
Vn n

Ew;w)
7 .

e—z(a;w)— :

_1
also, for n large enough (so that [e“™ *| < 2), its absolute value is bounded from above by

26—(Ew,w)/2.

Therefore, we apply the dominated convergence theorem to conclude that

1 . wiw
n%IP’(S" =zn) — 7/ emilaiw) =5 )d)\"(w).
R

(2m)4
Making a change of variable u := E%w, the integral can be computed:
o wiw 1 N N uju
/ e—z(a,w)—(z )d)\n( ) S / e —i(2 2a,u)e—(—2)d)\d(u)
Rd (det )E
: i a) - (2m)® (=" %a)2/2
a 7u7—7 _ e— a i
(det 3)% 1;[ detZ)% El
a
_ _@n)2  sienia
(det 2)2 ’

as claimed. 0



CHAPTER 3

Markov chains and the Poisson process

3.1. Markov chains: key definitions

DEFINITION 3.1.1. A discrete (respectively, continuous) time stochastic process is a sequence of random
variables X;, t € Zx( (respectively, t € R>()! defined on the same probability space (€2, F,P) and taking
value in the same measurable space S. The space S is calles the space of states of the process X;.

A stochastic process can be thought of as a random quantity evolving in time. We will restrict our
attention to the case when

S is a finite or countable space

(with a o-algebra 2°); such stochastic processes are called discrete.
Little can be said about stochastic processes in general. Markov chains form a simple yet very general
class.

DEFINITION 3.1.2. A discrete time stochastic process X; is called a Markov chain if for any xg, ..., T4 €
S such that

P(Xi41 = $t+1\Xt =T4,..., X0 =w0) = P(Xp 1 = 2411| Xy = 2¢)

for every xg,...,z¢1 € S such that P(X; = 2y, ..., Xo = xo) > 0.

The last condition allows one to treat the conditional expectations in the elementary way; recall that
by definition
P(AN B)

P(B)

The intuitive meaning of the definition is that the distribution of a Markov chain in the future (that
is, on step ¢ + 1) only depends on its present state (i. e., on its state at step t) and not on its past.

We let ,u(t), t=0,1,... denote the distribution of Xy, that is?,

p D) :=P(X; =x), forallzes.

The most important quantity pertaining to a Markov chain is the transition matrix

P(A|B) =

DEFINITION 3.1.3. A transition matrix of a Markov process at time ¢t = 1,2, ... is defined as
PY) =P(X;=y|X;_1=2), z,y€S
Thus, the transition matrix is an |.S| x |\S| matrix whose rows and columns are indexed by elements of S.

A transition matrix satisfies the following obvious properties: first,

(t)
(3.1.1) Py >0 foralmzyesS,
because the entries of the matrix are probabilities, and second,
(3.1.2) > Pl =1, forallzes,
yeS

simply because the event X; € S has probability 1 and is a disjoint union of the events {X; =y}, y € S.

Lsometimes t € Z or t € R
2naturally identifying probability measures on S with functions p : S — R>q such that >3 g pu(z) =1

53
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The transition matrices allow one to compute x(*) inductively.

LEMMA 3.1.4. (Kolmogorov-Chapman equations) We have, for all t > 1,

(t) Z plt= 1) P(t) forallx € S,
€S
or, in a matrixz form,
(3.1.3) p®) = = p®),
where p® is viewed as a row vector. More generally,
(3.1.4) ) = O pl . J2l0N

PROOF. We have, as required,

p(y) =P(X, =y) = Z P(X;=yand X; | =x) = Z P(X, = y|Xi—1 = 2)P(Xy—1 = 2)

zeS z€S
— Z M(tfl)(x)p(t)
z€S

The equation (3.1.4) is obtained from (3.1.3) by iteration. O

This shows that all ©(*) are determined by p(°) and the transition matrices. In fact, the same data
determine uniquely the entire law of the Markov chain:

ProrosiTiON 3.1.5. For every zg,...,xs € S, we have
P(Xo=x0,...,Xs =a¢) = u(o)(xo)ngizcl ~~~~~ P(tZ

in particular,®, the law of (Xo, X1,...,X;) is uniquely determined by P ... PY and pu0. Conversely,
giwen a probability measure p on S and a sequence P®) of S x S matmces satzsfymg (8.1.1) and (3.1.2),

there is a Markov chain Xo, X1,... such that P(Xg = z) = p(x) and P(X; = y|X4—1 = ) = Pl(»y) for all
z,y € S andt>1.

PrOOF. We have, as required,

P(Xt = Tty - .,XQ = {Eo) = ]P(Xt = l‘t‘Xt,1 = Tt—1y--- ,XO = ‘To)]P)(Xt,1 = Tt—-1,-- .,X() = :L‘o)

Markov pr Tt
MEVRIOPIN B(X, = 2| X1 = @ 1)P(Xeo1 = T41, -+ -, Xo = T0)
=P P(Xi_1 =a4-1,...,Xg=120) = =P(Xg = xg)P{}) - PO
For the converse part, define a measure pf!l on S = {(zq,...,2;) : x; € S} by
1 {(zo,....@)}) = o) P, - P .

Conditions (3.1.1) and (3.1.2) ensure that this is a probability measure, and, moreover, that ulf is a
consistent family of measures: indeed, ul*! is positive, and for all A C S,

AAxs) = S P PO = S pa)PO, PO = 4,
(z0,...,Tt)EA Tt 11ES (zo,...,x1)EA

Therefore, by Kolmogorov extension theorem, there exists a probability measure u(>) on the set of infinite

sequences S720 := {x = (zo,x1,...) : &; € S} that coincides with p[!l on cylindrical sets. Taking X, :

SZz0 — S to be the the coordinate function X;(z) = z; provides the required Markov chain. (]

DEFINITION 3.1.6. A Markov chain is called homogeneous if the transition matrix P = P® does not
depend on t.

3This implies that the distribution of the infinite vector (Xo, X1,...), restricted to the product o-algebra, is uniquely
determined by p(9 and P®),
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From now on, we will restrict our attention to homogeneous Markov chains. In that case, Kolmogorov-
Chapman equations (3.1.4) take a particularly simple form:

(3.1.5) p( = p O pr,

We will often consider Markov chains with the same transition matrix P, but different initial conditions.
In that case, we will abuse terminology and say “the Markov chain P (with initial conditions u(o))”. If
the initial conditions are such that P(u(®) = ) = 1 for some z (that is, the chain starts from a certain
non-random state x), we will write E, and P, for expectation and probability pertaining to a Markov chain
P with initial state (%) = §(x = 0).

3.2. Examples of Markov chains

The first example of a Markov chain has already been discussed: a random walk on Z?. Indeed, if
X1, Xs,... are i. i. d. with values in Z¢, then S,, = Yo X is a Z%-valued stochastic process. Let us
check from the definition that it is Markov:

IP)(Sn—i-l = $n+1|Sn =Tny .-y SO = ﬂfo) = IP)(-Xvn+1 =Tn41 — ZEn|Sn =Tny .-y SO = ﬂfo)
independ
meepzaenee HD(Xrn+1 = Tp+1 — xn) = P(STL+1 = In—&—l‘Sn = xn)-

REMARK 3.2.1. This argument can be generalized as follows. A Markov chain in a random mapping

representation consists of a measurable space A, a measurable map f: A xS — S, a sequence of i. i. d.

random variables £1,&s,... with values in A, and a random variable X, with values in S, independent of
£1,&, . ... Define, inductively, X,, := f(&,, X,—1). Then

]P)(Xn+1 = l’n+1|Xn = Tpyeeey XO = 1’0) = P(f(§n+1, Xn) = I’n+1|Xn = Tpy-... ,X() = 33‘0)

independence
=P(f(§nt1570) = Tnt1|Xn = 2p, ..., Xo = 70) = P(f(&n+1:Tn) = Tng1)
= P(Xn—i-l = zn—&-l‘Xn = In)a

that is, X; is a Markov chain. Conversely, let P be any transition matrix, and let & be i. i. d. uniformly
distributed in (0;1). Choose, for each = € S, a partition (0;1) = UyegAy, with A(Azy) = Py, and define
f& ) =yif £ € Ayy. Then,

P(f(Env1, Xn) = mn+1|Xn = Znt1) = P(f(&ns1,Tn) = Tny1) = /\(Awy) = Py,

that is, X,, has transition matrix P. In practice, random mapping representations are used to simulate
Markov chains.

The next two famous Markov chains turn out also to be examples of random walks, this time with
values in groups.

EXAMPLE 3.2.2. (Card shuffling) Let u be any probability measure on the set 7, of transpositions on
n elements. Let 01,09, ... be independent random variables with values in 7, distributed according to p.
Then X,, := 0, - ... 01 is a m, -valued Markov chain. Each o; corresponds to one iteration of shuffling,
and its distribution p depends on the shuffling method. One (rather inefficient) way to toss the deck is to
take the top card and put it at a uniform random position in the deck, then repeat. In this case, we have

1

p(123...n) =p(213...n) =p(231...n) =--- = p(234...nl) = —.

n
EXAMPLE 3.2.3. (Ehrenfest diffusion model). Consider N particles divided into two chambers. There
is a small hole between the chambers, and at each discrete instant of time, one particle, chosen uniformly
among all of them, diffuses from its current chamber to the other one. If the left chamber has k particles,

k

then the probability that the particle will jump from left to right is . The state space of the chain is
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{0,1,..., N}, and the transition matrix is given by

P. = N—x _ .
Ty — N y_$+17
0, else.

The Ehrenfest model can also be constructed from random walk on (Z/27Z)~. The elements of (Z/27Z)N
are strings of bits (e.g, (1,0,1,1,0,...,1)). Let 01,09,... bei. i. d. elements of (Z/2Z)N with distribution
1
1((1,0,0,...,0)) = p((0,1,0,...,0)) =--- = p((0,0,0,...,1)) = N’
and consider X,, = 01 ® a2 @ - - D 7, where @ is the addition in (Z/2Z)" (or bit-wise XOR). The passage
from X,, to X,,+1 amounts to choosing a bit uniformly at random and switching it, so, if we only keep track
of the number of 1’s, we are back to the Ehrenfest’s diffusion model.

EXAMPLE 3.2.4. (Branching processes aka Galton-Watson processes) This is an (oversimplified) model
for dynamics of population. We start with one individual, who produces a random number of children (dis-
tributed according to some distribution p on Zx>). Each child then produces her own offspring, distributed
according to p and independently of each other (and of the number of her sisters). The process continues
in the same way; we are interested in the number of individuals in n-th generation. Formally, consider a
double array of i. i. d. random variables

5%3 sé?
¢

distributed according to u, and put Xy :=1, and X,, 11 = in) +e §§?j forn=1,2,...

The state space of the chain is given by Z>(, and we have

=1

where £1,...,&, are i. i. d. distributed according to p.

EXAMPLE 3.2.5. (Queing processes) In this example, the state space is Z>¢, and the states correspond
to the number of customers in a queue. At each instant of time, a new customer arrives with probability p,
and, independently of that, the first customer in the queue (should there be any) is served and leaves with
probability ¢q. The transition matrix is given by

p(1 —q), y=x+1 ) B
(1-p) y=a—1; B
q ) - ?
P, = for x > 0, and Py, = ¢ p, y=1
Yo )pe+(-p(-q), y=ug !
0 else
0, else,

3.3. Stationary distributions

The main question about the Markov chains is the asymptotic behaviour of the measures u(™), that is,
the existence of the limit p = lim,_,oo (™). If such a limit exists, then, from the condition p(™ = p»=1 P,
we must have
p= pP.
DEFINITION 3.3.1. A measure p on S satisfying the equation g = pP is called a stationary measure.
If p is a probability measure, then it is called a stationary distribution.

Our first task will be to study stationary distributions. We d
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DEFINITION 3.3.2. A Markov chain P is called irreducible if, for every x,y € S, there is a number
n € N such that (P")g, > 0.

Since we have (P"),, = P(X1,, = y|X; = z), a Markov chain is irreducible if and only if, starting from
any state, it has positive probability to pass through any other state.

THEOREM 3.3.3. Let P be a finite* Markov chain. Then

(1) P has a stationary distribution p;
(2) If P is irreducible, then p is unique. In this case,

1

E,7’

p()
where T, = min{t > 0: X; = x} is the time of the first return of the chain to 0.

The intuition behind the last equation is as follows. Since we expect p to be the limit of 4 for large
n, we can think of u(x) as the proportion of time that the chain, eventually, spends at the state z. It is
then natural to expect that this proportion, multiplied by the average time between visits to z, should give
1.

A TOPOLOGICAL PROOF OF (1). Denote by P(S) the set of all probability measures on S, that is, the
set of all function p : S — R such that pu(z) > 0 for all x € S and ) g pu(z) = 1. Let u € P(S). Then,

(uP)(y) = > pes m(x) Py > 0 for all y. Also,

S uP)y) =SS w@) Py =3 u(@) 3 Py 2P Y () = 1.

yes yeS zeS zeS yes zeS

This means that the map ¢ : g — pP maps the set P(S) into itself. The set P(S) is a closed |S| — 1
dimensional simplex, homeomorphic to a closed ball. Since v is linear, it is continuous. Therefore, by
Brouwer’s theorem, ¥ has a fixed point, as required. ([l

A PROBABILISTIC PROOF OF (1). Take any state z € S, and let p(z) be the average time® the chain
spends at x between two concequtive visits to z:

p(x) = E(#{t <7, X; € x}) =E (Z ]I{t<7'z and X,Er}) = ZP(t <7, and X; € LL’),
t=0 t=0

where E =K, and P =P, (that is, we are assuming that the initial state of the chain is z). We claim that
p = pP, i. e., that p is a stationary measure. Indeed,

Z p(x)Ppy = Z ZIF’(t <1, and X; € 2)P(Xy41 = y| Xt = 2).
zes z€S t=0

Since the condition ¢ < 7, is determined by values of Xy, ..., X;, the Markov property allows us to insert
it into the last probability:

P(t < 1, and X; € 2)P(Xy 41 = y| X =)
=P(Xip1 =yl Xy =z and t < 7,)P(t < 7, and X; € x)
=P(Xiy1 =y, Xt =x and t < 7).

4, e., with finite state space S
5possibly infinite. Our choice of z in the end of the proof will guarantee that p(z) < oo for all .
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Therefore,
Z p(z)Pyy = Z Z P(Xip1=y, Xy =xand t <7,) = ZIP’(XtH =yand t <)
z€S t=0 z€S t=0

=Y P(X;=yandt<7.) =E(#{t€{l,...,m.}: X; € y}).
t=1

Since Xo = X, = z, we have, for all y € S,
#te{l,...,.}: Xr eyt =#{te€{0,...,7. — 1} : X; € y} almost surely,

i. e.,, pP =p.
We now wish to normalize p to make it a probability measure. We have,

ZP(AT) =E, (Z #{t<t.: X, € :E}) =E.(#{t:t <7.}) = E.(72).
€S z€S
Now, by Lemma 3.3.7 below, we can choose choose z so that E,7, < oo, so, putting u = ﬁ concludes

the proof.
Motivated by the proof above, we introduce the following terminology. O

DEFINITION 3.3.4. A state x of a chain S is called recurrent if P,(7, < co) = 1. A state is called
positive recurrent or non-null recurrent if E;(7,) < oo.

We now observe that in the Probabilistic proof of (1), we never used that .S is finite. What we have in
fact proven can be summarized as follows:

PROPOSITION 3.3.5. If a Markov chain has at least one positive recurrent state, then it has a stationary
distribution.

REMARK 3.3.6. It is possible to show that the converse is also true. Simple random walk on Z (or Z?)
provides an example of a chain in which all states are recurrent, but not positive recurrent.

The final piece, referred to in the proof above, is the following:

LEMMA 3.3.7. Any finite Markov chain has a positive recurrent state. If a finite chain is irreducible,
then, in fact, all states are positive recurrent.

PROOF. We start with the second assertion. Let T':= max; yesmin{m : (P™), > 0}+1; since the
chain is irreducible, the minimum is finite for every x, ¥, and since the chain is finite, the maximum is finite.
Then, there exists a number p > 0 such that

Py(ry <T) > p.

Indeed, for any x and y, there is a positive probability to get from z to y in no more than T steps, so, we
take p to be the minimum of these probabilities.

This, in particular, means that P,(r, > T) < 1 — p, for all z,y. If this event occurs, then we may
think of the future evolution of the chain as a new chain (started from a random state Xg) and deduce
that P(r, > 27T) < (1 — p)?, and so on. Formally, for any k£ € N and R € N, we have, for all z and y,

P.(ry > R+T)=P.(ry > Rand Xpy1 #y,..., Xpir <y) =

= ZPZ(XR+1 #y,...,Xptr #y and 7y > R and Xp = x)
z€eS

=Y P.(Xrp1 #4,. -, Xnpr # y|Xr = 2)P(r, > R and Xg = )
zeS
<(1-p)> P(r,>Rand Xp =2) < (1-p)P(r, > R).
€S
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In the third equality, we used once again that conditioning on 7, > R and Xy = x is the same as conditioning
on Xp = z alone, by Markov property. Iterating, we get P, (7, > kT) < (1 — p)*, and

00 o (k+1)T 00
=D Py =)= Y tP.Ar,=1) <Zk+1TIP y > ET+1) <> (k+1)T(1-p)* < 0.
t=1 k=0t=kT+1 k=0

To extend the proof to the general case, consider the oriented graph whose vertices are states of .S, and
two vertices x,y are connected by an edge if and only if P,, > 0. Let us say that a vertex £ communicates
with y if (P™)gy > 0 for some n > 0, or, equivalently, that we can pass from z to y by following edge
in the graph. Note that “x communcates with y and y communicates with x” is an equivalence relation.
Identifying equivalent vertices, we obtain a factor-graph. Note that the factor-graph has a node without
outgoing edges: just take any node and follow the arrows; since we cannot form a loop (otherwise the nodes
along the loop would be identified), the process must terminate.

So, let S’ C S be the set of equivalent vertices in S that form a node of the factor-graph without
outgoing edges. Then, for every z € S’, we have ZyES’ = ZyES P,, = 1. This means that we can
define a Markov chain with state space S’ and the transmon matrix Py, restricted to S’ (that is to say,
simply, that if the original chain starts in S, it will remain there forever); this new chain is irreducible, and
hence E,7, < oo for all z € S’. O

PROOF OF (2). Note that if z is any state and p is as in the proof of (1), then u(z) = p(z)/E. (), and
p(z) = E(#{t < 7, : X; = z}) = 1. So, the identity follows once we prove uniqueness.
We call a function f : .S — R harmonic if Pf = f, where f is viewed as a column vertor, that is,

> Puyf(y)=f(x) forallzes.
yes

We claim that for a finite Markov chain, f is harmonic if and only if f is constant. Indeed, let f be
harmonic, and z be a vertex where f attains its maximal value. We have

=3 Puyf(y) <D Puyf(x) = f(2) Y Pay = f(x)
yeSs yeS yeS

therefore, the inequality in the middle is in fact equality, and we conclude that f(y) = f(z) for all y such
that P, > 0. Applying the same agrument to these y instead of x, we show that f(z) = f(z) for all z such
that P,, > 0 and P,. > 0 for some y. Continuing this way, we will eventually prove that f(w) = f(z) for
all w such that z communicates with w, that is, for all w € S, since the chain is irreducible.

Now, what we have proven is

rank(P —I) = |S| — dimker(P — I) = |S] — 1.
Since the rank of a matrix is the same as the rank of its transpose, this implies that
dim{p: p(P—-1I)=0} =1,
as required. ([l

REMARK 3.3.8. The necessary and sufficient condition for the uniqueness of the stationary measure is
that the factor-graph discussed in the proof of Lemma 3.3.7 has only one node without outgoing edges.

3.4. Aperiodicity and convergence results

The measure (™ may fail to have a limit because of the periodicity phenomenon: consider the chain
with just two states z,y, with transition matrix given by P,, = Py, =1 and P,; = P, = 0. Then

Py(X, = 7) = 1, tiseven,
Pt 0, tis odd,

which does not converge to any limit as ¢ — oo. To exclude such a situation, we adopt the following
definition.
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DEFINITION 3.4.1. Denote 7 (z) := {t > 0: (P")z, > 0} = {t > 0: P,(X; = x) > 0} the set of possible
return times to z. We call a state = aperiodic if ged(7 (z)) = 1. A chain is called aperiodic if all its states
are aperiodic.

We will use the following elementary number theoretic fact:
LEMMA 3.4.2. If the state x is aperiodic, then T (x) contains all but finitely many natural numbers.

PROOF. We shall prove that any set 7 C N closed under addition and with ged(7) = 1 contains all
but finitely many natural numbers.

First, note that we can choose finitely many t1,...,ty € T such that ged(tq,...,¢n) = 1. Indeed, take
t1 = min 7 (z), and let

t qul ...ql’ﬂ

be its factorization into primes. For each j = 1,...,l, we can choose a ¢; € 7 that is not divisible by g¢;;
then ged(¢1,...,%) = 1, and it remains to get rid of repetitions.

Now, basic number theory (Euclid’s algorithm) says that there are integer number 31, . .., Bys such that

Pit1 + -+ Bty = 1.
Therefore, for every n € N, we can find aq,...,ay € Z such that
oty + -+ apty =n.

We claim that if n > Mty ----- tu, then we can choose a; > 0 for all j, and then n € T since ¢1,...,tp € T
and 7T is closed under addition. Assume that there is an ¢ such that «; < 0. We can find j such that
ajt; > 7 (otherwise ) ajt; < n). Replace oy — a; +t; and o — o — t;; the sum a1ty + - + anty
will not change. But a;t; >y ----- ty > tity, therefore, aj —t; > 0, so, this operation does not create new
negative coefficients. Iterating, we will eventually make all the coefficient non-negative.

Clearly, T () is closed under addition (since (P***'2),, > P!L P!z > (0 whenever P!} > 0 and P! > 0),
hence the Lemma follows. O

To state and prove the convergence result, we need an appropriate notion of convergence. Given a
function v : S — R, we define its [; norm as

W]l =Y [v(@)].
€S

This norm is also called a total variation norm, especially when used to measure distance between two
probability measures:

dry (v1,v2) = |[v1 — val]1.

THEOREM 3.4.3. Let P be an aperiodic, irreducible Markov chain that has at least one positive recurrent

state, and let pi be its stationary measure. Then, for any initial state p()
™) = s "5 0.

Informally speaking, the proof goes as follows. We run simultateously two copies X,, and Y,, of the
Markov chain, one with initial distribution (%), and another one with initial distribution x. They evolve
independently until the first time 7 they visit the same state at the same time, and from that point on,
they evolve together. At time n, the distribution of the second chain is i, and on the event 7 < n, we have
X, =Y,. So, if 7 < n with high probability, then the distribution of X,, is close to that of Y,,, i. e., to
1. This construction is called a coupling of two Markov chains. For technical reasons, we will not actually
construct a coupling, but instead will work with two independent copies of the chain all the way through.

PRrROOF. Consider the Markov chain Z,, = (X,,; X)) with state space S x S, initial state v(z1,x2) :=
1O (21)pu(x2), and transition matrix Plo2)(y,y) = PuyPrry . This is indeed a transition matrix:

> PeyPey =33 PuyPuy =3 Puy Y Puy =1

(y,y")ESXS yeSy’'eS yeSs y' €S
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Since
]P(Xn :In,...,Xo ::EOaX;L :l‘n,...,X(,) :176) =
= /L(O) (xO)M(xE))PIOI1Pm6m’1 e P:L’n71$nPIi,,_1I’ =

n

(.U(O) (20) Prozy - - Pxnflxn> (M(IG)ngx; oo Por ) )

n—1"n
we see that X, and Y,, are Markov chains with transition matrix P. The heart of the matter is the following
two Lemmas:
LEMMA 3.4.4. We have, for ally € S and alln € N,
P(X, =y, 7 <n)=P(X, =y, 7 <n).

PROOF. Indeed,

n

P(Xn:y,Tgn):ZP(Xn:y,T:t):iZP(Xn:y,Xt:gm:t)

t=1 t=1zeS

= Z ZP(X,L =yl Xi =z, 7 =t)P(Xy = 2,7 =1).
t=1z€S

By Markov property, we can remove 7 = ¢ from the conditioning. Also, on the event 7 = ¢, we have
X; = X{. Therefore,

P(X,=y,7<n)= Z Z PX, =y X;=2)P(X,=y,T=t)= Z Z(P"_t)wyP(Xé =x,7=1)

t=1zeS t=1 xS
=Y D PX; =ylX] = 2)P(X{ = x,7 = t) = P(X}, = y,7 < n).
t=1 xS
O
LemMA 3.4.5. We have
1™ = ully < 2B(r > n).
PROOF. Indeed,
1™ =l = 3 B(Xn = 2) — P(X, = 2)| < 3 [B(Xa = 2,7 > n) — B(X), = 2,7 > n)|
€S eSS
< Z]P(X” =z,7>n)+ Z]P’(X,/L =uz,7 >n) =2P(r > n),
zeS zeS
as required. 0

With this Lemma, it remains to prove that P(t > n) — 0 as n — oo, that is, that 7 is finite almost
surely. The first step is to prove that Z,, is irreducible. Indeed, for each z,z’ and ¥, %', there exist n,, and

Ny, such that
(P"¥)gy >0 and (P"='v")y, > 0.

By Lemma 3.4.2, there exist a number 7" such that (PT="#v),, > 0 and (PT~"'v"),/, > 0. Then,
(PT)Iy(PT)r’y’ > (PT?M!’)M(in)my(PTinm/y/)m/z/(an/”/)r’y’ >0,

which shows that Z,, is irreducible.
Now, let us note that for a finite chain, the proof is already complete, since we have shown in the course
of the proof of Lemma 3.3.7 that for a finite irreducible chain,

P, (, > kT) < o*

for some v < 1. This also shows that in this case, convergence of ;(™) to u is exponential.
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In the inifinite case, we have to work a bit harder. We first note that the chain Z,, has a stationary
distribution, given by fi(x, y) = p(z)u(y), and fi(x, z) > 0 for any x with p(x) > 0. The result then follows
from Lemma 3.4.6 below. O

LEMMA 3.4.6. If an irreducible chain X, has a stationary measure i, then
Py(ry <o0) =1
for all x and all y with p(y) > 0, where 7, = min{n > 0: X,, = y}.

PRrROOF. We first show that P, (7, < co) =1 for any y € S with p(y) > 0. Indeed, let 1 be a stationary
measure, and consider the Markov chain with initial distribution g. Then, if u(y) > 0, then the expected
number of visits to y is infinite, because

N N
E (#{t<N:X;=y}) = pul@)d P, = (uP")y = Nu(y).
zeS t=1 n=1

k)

Now, assume that Py (7, < co) = a < 1, and let 735 be the time of k-th return to y:

Tlsk) = min{n > ’T‘ékil) : Xn =y}

Then, the probability the it is finite is exponentially small in k:

P(T?gk) < 00) = ZP(ngk_l) — X, =y, 3 >t Xy =)

t=1

=3 PE >t: Xy =y|X; =y, 7 = )P(r{V =1, X, =)
t=1

@]
=Y PE >t: Xy =y|X, =y)P(r{F V) =1)
t=1
=(1-aPrFV=t)=- < (1-a)

This means that
Eu(#{t < N: X; = y}) = Ep(max{k : 7{F < 00}) < o0,
a contradiction. So, Py (1, < 00) = 1.
Now, assume that there is an z € S such that P,(7, > 0) < 1. Informally speaking, because of
irreducibility, we have a positive chance to get to x before the first return to y, and once we are there, there
is a positive chance to never return to y, a contradiction. Formally,

oo
Py (12 < 1y) = Py(1y < 00,7, < 7y) = Z]P’y(ﬂt' >t Xy =y, 7, =t,7y >t, Xy =)
t=1

oo
=3 P,(3t' > t: Xp =y|Xy = 2)P(r, =t,7, > t) < Pu(ry > 0)P(1s < 7,),
t=1

from which P(7, < 7,) = 0. Similarly, one can show that P(r, < 7)) = 0 for all k, and taking the limit
k — oo, we get that P(r, < oo) = 0, a contradiction with the irreducibility. O

REMARK 3.4.7. In this secion, we did not pusrue a complete treatment of the subject, instead taking

a shortest possible path to the convergence theorem. In fact, it is possible to show that for an irreducible
chain the following are true:

(1) A stationary distribution, if exists, is unique;

(2) If a stationary distribution p exists, then all states are positive recurrent and p(z) > 0 for any

state x;
(3) Either all states are transient, or all are recurrent.
(4) If the stationary measure does not exist, then u(™ (x) — 0 for all z.
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3.5. Alternative proof of convergence (optional)

In this optional section, we give another proof of convergence for finite chains, based on the fact that
a transition matrix is non-expanding in /; norm.

COROLLARY 3.5.1. If a finite Markov chain is irreducible and aperiodic, then there is a number N > 0
such that

(PY)zy >0
forallx,y € S.
PROOF. By irreducibility, for each z,y, we can choose M,, € N such that (PMsv),, > 0. Take
M := max M,,. By Lemma 3.4.2, we can find R € N such that (P");, > 0 for all # > R. Then we take
N := M + R. We have
(PN)xy > (PN?MIy)m(PMIy)xy >0,
since N — M, > N — M = R. U

The || - ||1 norm is expecially useful in the study of Markov chains because of the following Lemma.

LEMMA 3.5.2. Assume that Q is an S x S matriz such that Qzy > 0 for all x,y € S, and ZyGS Quy <
forallx € S. Then,

lvQllx < rllv]lx
for any row vector v.

Proor. If v(z) > 0 for all z € S, then also (vQ)(x) > 0 for all x € S. Then,
V@I = 3 (v@)(@) = > > v()Que = D v(y) 3 Que <1 _v(y) = rllvlh.
zeS eSS yes yes zeS yeS

Generally, let v. and v— be the positive and negative parts of v, that is, vy (z) := max(r(z);0) and
v_(z) := min(v(x);0). Then,

QI = [I(v+ +v-)@Qll < 4 Qll + llv-Qll < r(llwlh + v () = rllv[]s-
(]

PROOF OF THEOREM 3.4.3 FOR FINITE CHAINS. Let N be such as in Lemma 3.5.1, and denote P :=
PN We define a matrix M by

My = p(y)
for all . Then, for any probability measure v on S, we have

(M) (y) = > v(x)May = p(y),

eSS
that is, vM = p. By Lemma 3.5.1, we can find a number ¢ > 0 such that

ﬁwy —cMyy > 0.

for all z,y € S. We can write, for any probability measure v,
vP—p=w—p)P=(—p)(P—cM+cM)=(v—p)(P—cM).
Plugging in v = u(® P! and iterating, we get
pOP" — = (Pt — ) (P —eM) = -+ = (9 — p)(P — cM)".
We now can apply Lemma 3.5.2 to get
WO P — s < (1= )" [ — 1.

Generally, if n = kN + r, where 0 < r < N, we have
|t = plly = [ O PTP* = plly < (1= o)*|[p@ P = plly = (1= )" ||(n© = w) P[]y < (1= )*|(u' = )] |1.
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If n > N, then k£ > 0, and we write

(-0 = ((1-am=)" < (1-0)" =am,

which completes the proof. O

3.6. Poisson process

The Poisson process is a prime example of a Markov process in continuous time. Poisson process is
ubiquitious in Probability and its applications. It is used to model, e. g., a number of clicks or the Geyger’s
counter, the number of customers arriving in a shop by time ¢, etc. We start by discussing exponential
random variables:

DEFINITION 3.6.1. An exponential random variable with parameter ) is a scalar random variable that
has density
/\e_)‘m]lw>0.
Equivalently, it is a random variable X satrisfying P(X > z) = e~ ** x> 0.
The importance of exponential random variables is revealed in the following proposition:

PROPOSITION 3.6.2. (Lack of memory of exponential random variables) Let X be a random variable
with values in R>q. Then, the following are equivalent:

(1) X is an exponential random variable;
(2) for every t > 0 such that P(X >t) > 0, conditionally on X > t, the variable X —t has the same
distribution as X. In formulas,

PX>t+s|X>t)=P(X >s), s,t>0.
(3) for any random variable Y > 0 independent of X, and any s > 0,
PX>Y+sX>Y)=PX > s)

PROOF. (3) = (2) is trivial (take Y = ¢ almost surely). To prove (2) = (1), denote G(t) = 1—Fx(t).
Note that since P(X > 2¢|X > ¢) = P(X > ¢), we have, inductively, P(X > ke) > 0 for all k € N and ¢
such that P(x > ¢) > 0. Thus, either X =0 a. s., or G(¢) > 0 for all ¢ > 0. For all ¢,s > 0, G satisfies the
following functional equation:

Git+s)=P(X>t+8)=PX >t+s,X>t)=P(X >t+s/X >t)P(X >1t) = G(t)G(s).
Taking logarithms, we arrive at
log G(t + s) = log G(t) + log G(s).
Then, nlog G(1) = log G(1), and log G(%) = %log G(1) for all k,n € N. Since log G(x) is decreasing, this
implies
log G(z) = xlog G(1)

for all x € R, or G(z) = P(X > 2) = e **, where A = log G(1).

Finally, we prove (1) = (3). Let uy denote the distribution of Y then the distribution of (X;Y) is
given by the direct product of measures e **I,~od\(z) ® py. We have, for any s > 0,

PX>Y +5X>Y)=PX>Y +s) = / Losysshe NdA(z) @ dpy (y)
R2

Fubini / ( Ae—mm)) dpy (y) = e / e Mdpuy (y) = P(X > 2)P(X > Y),
R Yy+s R

as required. |

If we think of an exponential random variable as a waiting time before some event happens (e. g., a
radioactive atom decays, a first customer of the day walks into a shop, etc.), the lack of memory property
means that the distribution of the remaining waiting time does not depend on the time that we have already
waited.
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DEFINITION 3.6.3. The Poisson process with intensity A is a stochastic process on R>( with values in

Z>g, defined as
Xii=max{n: & + -+ & <t}
where £1,&s,... are i. i. d. exponential random variables with parameter \.

This way, Poission process is a collection of integer-valued random variables X; (almost surely increasing
etc.). Another way to think about it is that of a random function t — X, that is, a random variable with
values in a space of functions. (For a moment, we ignore the questions about the target space of functions,
its o-algebra etc.). Yet another useful way to view it is that of a point process, that is, a random collection
of points &1,&1 + &2,&1 + & + &3, - € R, where the above-mentioned function has jumps.

This point process is stationary, in that its restriction to a ray [a; +00) looks the same as the process
itself:

ProrosITION 3.6.4. If Xy is a Poisson process, then, for every a > 0, the process Yy := Xo1y — X,q
is again a Poisson process. Moreover, for each t > 0 and each ai,...,ar < a, Y; is independent of
Xaysoy Xay,-

PROOF. Denote S, := Z?:l &. Fixt > 0 and n,m € Z>o, and let us look at the event
{Yi=n,Xe=m}={Sn <a,%m+1>a,Sn+m <t+a,Sptms1 >t+a}l.
Denote £m+1 = Sm41 — @ = Ent1 + Sm — a. Then, we rewrite the above event as

{Sm < a7§m+1 > (a - Sm)aém-i-l + §m+2 + 4+ fm—i—n < tagm-&-l + 4+ £m+n+1 > t}'
We first remark that me is independent of &,4o,...,&mtnr1. Also, by Proposition 3.6.2 (applied to
X =&mt1 and Y = (a — Sp)la—s,, >0, which is non-negative and independent of X), conditionally on the

events Sy, < a and &,,41 > (a — Sp,), the variable &, 11 is exponentially distributed (and, of course, since
these events are formulated in terms of &1, ..., &,,+1, they are indepentent of &, 42, ...). Therefore,

P(Y; =n,X,=m) =

= IED(£~m+1 +&mi2+ F &mgn <1, ém+1 ot mng1 > S < a, €y > a — Sp) ¥
X P(Sm < a,&me1 > a— Sn)
=P(X; =n)P(X, =m).
This shows that Y; is a Poisson process independent of X,. In fact, assuming that X, = m, the events of
the form X,, = m;, where a; < a and m; < m, can be expressed in terms of &;,7 < m. Thus, they can be

inserted into the above probability, without changing the conditional distribution of émH, ooy Emin. This
proves the “moreover” claim. O

REMARK 3.6.5. We have shown, in particular, that for any m; <--- < mgand 0 =ag < a1 < --- < ay,
we have
P(Xa, =mpy..., Xo, =my) =P(X,, — Xap, = mg — mp—1)P(Xa,_, = mp—1,...,Xa, =mM1).

Iterating, we conclude that the increments X,, — X,, , are independent random variables.
Moreover, we can strengthen the independence statement a little bit. Observe that for a fixed a, the
events of the form
Xo, =my and ... and X,, =my
with varying a1 < --- < ay < a, form a 7- system. This 7-system generates a o-algebra
Feo =0(Xp:t<a)=c({Xy=m}:t<a,méeZLsg).

Since, as discussed in the proof of Kolmogorov’s 0-1 law, the events independent of a given event form a
A- system, we conclude that any event of the form Y; = m is independent of (any event in) F<,. Arguing
similarly, we conclude that any event in

FY = 0(Xapt — X 1 t € Rsg)

is independent of any event in Fc<g.
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EXAMPLE 3.6.6. Consider the event

Eq) :={3a,bec (0;1):b—a> - X = X3}

2’
that in (0; 1), there is a subinterval of length greater than % without jumps. Consider a similar event

Enyy :={3a,bec (1;2):b—a> %,Xa =X}
The above considerations show that Eg ;) and FE(;3) are independent. We leave the details (check that
these events indeed belong to relevant o-algebrae) to the reader.
We proceed by the study of distributions of the increments of the Poisson process.
PROPOSITION 3.6.7. Let X; be a Poisson process. Then, its increments have Poisson distribution with

mean A(b— a):

—A(b—a) (A(b — a))m
m! '
PrOOF. By Proposition 3.6.4, it is enough to consider the case ¢ = 0. Fix b > 0. Although we
could compute the distribution of X; directly using properties of Gamma distributions, we prefer another
approach. First, note that

P(X; >2) =P(&1 + & <t) <P(& < )P < t) = (1 —e M)? = 0(t?), t—0.

P(Xy, — X, =m)=c¢

PX, =1) =P <t)—P(X; >2)=1—e M4+ 0> =M+0(t?), t—0.
Partition the interval (0;b) into n equal sub-intervals, and denote by Y; := Xb P — Xb7 1 the corresponding

increments of the process. Then, Y; are indepdendent random variables. Denote
N 1, Y, >1;

Y, =min(¥;;1) =< =7

’ . {0, Y, =0,

then . . N
SN WIS W
i=1 i=1 i=1
Note that Y; are Bernoulli random variables: p, :==P(Y; = 1) =1 — P(Y; = 0) = AL+ 0 (). Also,

P(i(nf@)#@)gp( Y > 1) Z (v; > 1) <i)

i=1
Therefore,

i=1
so, the question is reduced to one about independent Bernoulli random variables. Consider, for y > 0, the
generating function

> yrP (ZY = m> = By>i=1 Y =By - Ey™ = (1= pn) + o)™ =: ¥n(y)
m=1 i=1

P(X,=m)=P (Zn:Y = m) +0(n™ 1),

From here, we can compute

m!P (;Y = m) = (;;;M (0) = (pn-n) .. (pu(n —m))(1 —pu)" ™™,

Because p,, ~ %, we see that each of the terms p,n,...,p,(n —m) tends to \b, and

(n m)pn
(1—pn)"~ ((1 — Pp)n ) — e,



3.6. POISSON PROCESS 67

So, plugging everuthing together, we get

P <ZYZ = m) — e N ()\b)' ,
m!
i=1

as required. ([

REMARK 3.6.8. It follows from this result that the sum of indepdenent Poisson random variables with
parameters Ay and Ay is Poisson with parameter Ay + As.

REMARK 3.6.9. The statement about Bernoulli random variables that we have proven along the way is
called Poisson limit theorem, aka “weak law of small numbers” or “law of rare events”. The argument above,
actually, indicates a way to refine and generalize this result, as follows. Let Y{,Yy,..., Y, be independent
Bernoulli, such that P(Y/ = 1) = p;. Let X; be a Poisson process with parameter 1, and this time, we
choose a partitioin t; < ty < --- < t,, so that Y; := min(Y;; 1) is distributed as Y/, where Y; := X, — Xy, ..
Since we know that Y; are Poisson with parameter ¢; := t; — t;_1, we infer that ¢; should be chosen from
the condition

B(Y;=0)=e¢ " =1-p;

or g; = —log(1 — p;). If this condition is met, then, if the denote the distribution of S, = Dy Y, by 1,
and the distribution of S,, = Y"1 | Y,, by Poisson()), where A := —>"" | log(1 — p;), we have

|| — Poisson(N)]|; = Z P(S,=m)—P (ZS” = m)‘ =
m=1 i=1

— S (S = mSu £ 8.) <P (5, m.5, £ 5,)

m=1

< 2P(S, # S5,) < QiIP(Yn > 1)
i=1
< 22(1 —e Tl —ge ) = 22(1’1' + (1 —pi)log(l —p;)) <2 pr

i=1 i=1 i=1
since log(1 — p) < —p. This inequality is called Le Cam’s (1960) inequality®

We now investigate the following question: let X; be a Poisson process, and assume that we know
X,, that is, the number of points in [0;a]. What is the conditional distribution of these points? A rather

striking answer is the they are indepdent of each other, uniform on [0;1]. We prefer to put is other way,
namely:

ProrosiTiON 3.6.10. Let N,Y1,Y5,... be independent random variables, where N is Poisson with
parameter Aa, and Y1,Ya, ... are uniformly distributed on (0;a). Denote

X =#{i<N:Y; <t}

Then, X; is a Poisson process with intensity \.

Proor. We will check that for 0 = ap < a1 < a2 < -+ < a, = a, the variables X,, — X,, , are
indepdendent Poisson random variables. To illustrate the computation, we start with the case n = 2. Let
mi,mg € N, and denote m =mj + mo, I = {1,...,m}. We have

Pmyme = P(Xay, — Xag = M1, Xay — Xay, = m2) =P(N =m, exacty my of Y1,...,Y,, belong to (ag;ai)).

6it is possible to replace A =— 3" log(1 — p;) by >_7 | p; in the statement, by choosing a slightly different coupling
that has no direct relation to the Poisson process.
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Now, we can break this probability into a sum according to different possibilities as to which of Y; belong
to (ag, ay1); there are C'* = m:?n!w! possible choces. We encode these choices by functions o : {1,...m} —
{1,2} and denote J; := (ap;a1) and Jo = (a1;az). Then

Pmymse = Z P(N:m7}/1 € Jcr(l)v--~7Yn € Jo(n))
o:I—{1,2}
lo=H(1)|=my

indepledence m! e_)\a (A&)m @ m @ me - ()\|J1|)m1 e_)\ull ()\|J2|)7n2 e_)\l‘bl
B ma!meo! m! a T my! ma! ’

a

which shows that X,, — X,, and X,, — X,, are independent Poisson with parameters A(ay — a;) and
A(a1 — ag), respectively.

For general n, the proof similar, except that now one has to compute the number of ways to decompose
Tas I =1 U---UI, with |I;| = m; for all . There are C]* ways to choose I, given that choice, there are

Cl2 ., Ways to choose a subset I of I'\ Iy, etc. All in all, the number of terms is

m! _ (m —mgq)! o (m— = my)!

o™ .om: L. oM —
m m=m memim el ol (mo—mg)! mel(m — my — mo)! my 10!

(this number is called multinomial coefficient). We conclude that

P(Xa, — Xag — M1y, Xa,, — Xap,_, =My) =
! )™ L (N o (M)
Ml e D0 T WINPT
my!...my,! m)! i\ a b} m;!
Now, if we consider &; := min{t : X; = i} —min{¢ : X; = i—1}, the events of the form a; < & <by,...,a1 <

& < b, can be expressed in terms of the values of X; for finitely many ¢, therefore, their probabilities are
the same as that for the gaps in the Poisson process, which shows that &; are independent exponentials. [

REMARK 3.6.11. The above Proposition suggests an alternative definition of the Poisson process, that
generalises nicely to the notion of Poisson processes on arbitrary (o-finite) measure spaces.



CHAPTER 4

Conditional expectations and martingales

4.1. Conditional expectation: motivation and definition

To motivate what follows, suppose one wants to extend the theory of Markov process to the case of
uncountable state space S, for example, S = R. One runs into an immediate problem: the Markov property

P(Xip1 = 21| Xy = 24, .., Xo = 20) = P(Xpp1 = 21| Xy = 2¢)

does not make sense any more, because the event X; = x; typically has zero probability for a contin-
uous random variable X;. Therefore, we need a more advanced theory of conditional expectation (and
probability).
First of all, let us give (or recall) the definition of elementary conditional expectation. Given events
A, B with P(A) > 0, the conditional probability was defined as
P(ANB) E(l4lp)

FBIA) = "5y = "B(a)

The general definition of elementary conditional expectation is just replacing Ig by arbitrary random
variable
E(XT
E(x]4) = ZXT4)
P(A)
In other words, this is just the expectation with respect to the original probability measure, restricted to
A and normalized to be a probability measure again.
Let Y be a scalar random variable (e. g., I4 for an event A), and let X be a random variable with
values in a finite or countable space S. When studying Markov chain, conditional expactations typically
arose in formulae like this:

EY)=Y EY,X =2)=Y EY|X =2)P(X =u1).
zeS zeS

This suggests that we are interested in the whole collection {E(Y|X = s)}secs rather than in individual
numbers E(Y|X = s). Moreover, the expression in the right-hand side of the above formula looks like an
expectation of a random variable: E(h(X)) = Y __qh(z)P(X = x). We can define E(Y|X) to be that
random variable; the last formula becomes

zeS

EY = E(E(Y|X)).

An intuitive way to think about E(Y'|X) is that after an experiment is performed (that is, some outcome
w € Q has realized), we are told the value of X (w), and we are trying to guess the value of Y (w); E(Y|X)
is our best guess. Of course, our best guess depends on the outcome w (through the value X (w) that we
are told), that is, it in itself is a random variable.

Note that the random variable E(Y|X) is a function of X; equivalently, it is constant on each set
{X = z}. Yet another way to spell out this property is as follows. Define o(X) C F to be the smallest
o-algebra G such that X is G-to-2°-measurable. Then, we have the following

CLAIM. A scalar random variable Z is a function of X if and only if it is o(X)-to-B(R)-measurable.

69
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PrOOF. Indeed, the “only if” condition follows from the fact that any function is 25-to-anything mea-
surable, and composition of two measurable functions is measurable. For the “if” part, note that o(X) has
the following structure:

o(X) ={{w: X(w) € }}scs.
(All “atoms”, or “level sets of X” {w : X(w) = z} belong to o(X); therefore, all (disjoint) unions of such
atoms belong to o(X), since S is at most countable). Let t € R, and consider Z~!({t}) € o(X). Since
Z7Y{t}) N{w : X(w) = 2} is measurable for any z, it is either empty, or coincides with {w : X (w) = x}.
In other words, Z is constant on each atom {X = z}, therefore, h(x) := Z(w,), where w, is any element of
{w: X (w) = x}, is well-defined and satisfies h(X) = Z. O

The conclusion of this discussion is that
(4.1.1) E(Y|X) is o(X)-measurable.

This condition encompasses the property that E(Y|X) is a constant on {X = z}, but doesn’t yet take into
account which constant it is. In fact, we know by definition that

E(YIx_,)

L=aB (V1Y) = Lema BYIX = 2) = Ixe e — -

Taking expectation, we get
E(lx—.E(Y|X)) = E(Ix=.Y).

By linearity, we can replace Ix—, with Ixcg = > Ix—, in the above formula. Therefore,

zes’
(4.1.2) E(I4E(Y|X)) = E(I4Y) for every A € o(X).

In fact, we will see in a moment that the properties (4.1.1) and (4.1.2) characterize the conditional ex-
pectation uniquely!. For now, we remark that these two conditions only depend on o(X) and not on X.
Therefore, in our general definition, we will define the conditional expectation conditionally on a o-algebra
rather than on a random variable.

DEFINITION 4.1.1. Suppose (2, F,P) is a probability space, X a random variable satisfying E|X| < oo,
and G C F is a o-algebra. Then, E(X|G) is any random variable that is G -measurable and statisfies

E(LiE(X(G)) = E(LyX)
for any A € G. We also write E(Y|X) for E(Y|o(X)).

REMARK 4.1.2. Taking A = Q in the definition, we note that by definition, E(X|G) is integrable
(E|E(X|G)| < o0).

Once again, intuitively, the o-algebra G is supposed to represent the knowledge given to us (for every
A € G, we know whether A happened or not), while E(X|G) is our best guess given that knowledge.

Before proving existence and uniqueness, we collect the following facts about conditional expectation
(similar to the properties of the usual expectation, cf. Proposition 1.5.1)

PROPOSITION 4.1.3. The conditional expectation satisfies the following properties:
(1) (Linearity) If E(X|G) exists and E(Y'|G) exists, then E(aX + BY|G) exists and equals oE(X|G) +
BE(Y|G) almost surely;
(2) (Monotonicity) If X > 0 almost surely, then E(X|G) > 0 almost surely;
(3) (Monotone convergence) If X; > 0, X; /X almost surely, B(X;|G) exists for all i, and E(]X]) <
oo, then E(X|G) exists and is equal to lim;_, o, E(X;|G) almost surely.

1up to set of probability 0
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PROOF. (1) Clearly, aE(X|G) + BE(Y|G) is G-measurable, and for any A € G,
E(L4(aE(X|G) + BE(Y]G))) = aE(L4E(X[G)) + FE(IAE(YG)) = aE(IaX) + SE(I4Y) = E(Ia(aX + BY)).
(2) Let A, :={E(X|G) < e <0}, then A € G, and
—eP(A.) > E(I4. E(X|9)) = E(Ia, X) > 0,

which means that P(A;) = 0 for any € > 0, and hence P(E(X|G) < 0) = P(UnenA1) = 0.

(3) By (1) and (2), the sequence E(X;|G) is almost surely increasing. Define Y := limsup E(X;|G),
then Y is G-measurable, and E(X;|G) /Y almost surely. For any A € G, monotone convergence theorem,
applied twice, implies

E(I4Y) = lim E(I4E(X;|9)) = lim E(I4X;) = E(I4X),
i—00 100
as required. ([

COROLLARY 4.1.4. Suppose thatY and Y’ are two random variables satisfying the definition of E(X|G).
Then, Y =Y almost surely.

PROOF. Since X > X, monotonicity implies Y > Y’ almost surely and Y’ > Y almost surely. O

REMARK 4.1.5. Since conditional expectation, in general, is only defined up to a set of measure 0, one
usually says that a variable Y satisfying Definition 4.1.1 is a version of the conditional expectation of X,
or Y = E(X|G) almost surely.

4.2. Examples and some properties of conditional expactation

To get accustomed with the definitions, let us consider some simple examples.

First, consider G = F. Informally, this means that we are given all possible information about the
outcome w of the experiment, which means that, in particular, we know X (w). Clearly, in this case our
best guess about the value of X must be X itself. And indeed, since G = F, X is G-measurable, and it
clearly satisfies the identity E(I4X) = E(I4X). Therefore, E(X|F) = X. The same applies whenever X is
G-measurable.

Second, consder the case G = {0, Q} (we are given no information about the outcome of the experiment).
Then the only functions that are measurable w. r. t. G are constants. Among those constants, EX should
be our best guess about the value of X. And indeed, we have

E(LEX) =0 =E([pX); E(IoEX)=E(EX)=EX = E(IoX),

so that E(X|{0;Q}) = EX.

This example can be generalized. Assume that G is independent of X, that is, I4 and X are independent
for any A € G. We claim that in this case also E(X|G) = EX. (This is very natural: if the information we
are given is independent of what we are interested in, it is as if we are given no information at all.) Since
EX is constant, it is G-measurable for any G. Then, if [ 4 is independent of X, then

E(IAEX) =EXEIl4 = E(I4X),
as required.
We collect these and some more properties in the following proposition:
PROPOSITION 4.2.1. The conditional expectation satisfies the following properties:

(1) If X is G-measurable, then E(X|G) = X a. s.
(2) If X is independent of G, then E(X|G) =EX a. s.
(3) (Tower property) If Gy C Ga, then

E(E(X[G2)[G1) = E(X|G1).
In particular, E(E(X|G)) = EX.
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(4) (Taking out what is known) If Y is a bounded, G-measurable random variable and E(X|G) exists?,
then
E(Y X|G) = YE(X|G).
The same is true Y is unbounded, but EX? < oo and EY? < cc.

PROOF. The first two properties are already proven above. For the fourth property, observe first that
if Z is bounded and G-measurable, then

(4.2.1) E(ZE(X|G)) = E(ZX).

Indeed, for Z =14 with A € G, this follows from the definition; by linearity, it is true for all simple Z, and
by monotone convergence, for all bounded Z. Note that if Z is bounded and EX exists, then E(ZX) exists.

Using this identity, we check that YE(X|G) satisfies the definition of E(XY|G). Indeed, it is G-
measurable as a product of two G-measurable functions, and for any A € G, applying (4.2.1) to Z = 1,4Y,
we get

E(IAYE(X|G)) = E(I4Y X),

as required. The boundedness of Y was only used to ensure existence of E(XY'), which also holds true
whenever EX? < co and EY? < oo.

To deduce the tower property, we first note that the “in particular” claim follows readily by taking
A = Q € G in the definition of conditional expectation. Further, by definition, E(E(X|G2)|G1) is Gi-
measurable, and

E(LAE(E(X|G2)[61)) & E(EAE(X(G,)|61)) 2 ELE(X|G:) € EaX).
In (1), we used that I4E(Y|G) = E(I4Y|G) for a G-measurable A, applied to Y = E(X|G2) and G = G,
(“taking what is known out of conditional expectation”). In (2), we use that E(E(Y|G)) = EY, applied
to Y = I4E(X|G2) and G = G;. In (3), we use the definition of E(X|G2); note that since A € Gy, also
Ae gg. O

We now connect the our definition of conditional expectation with the classical one. One approach to
defining the conditional expectation would be to use a limiting procedure. Assume that X,Y are scalar
random variables, so that (X;Y) is a random vector with a (nice enough) density f(x,y). For a measurable
function i : R — R, we can then try to define the conditional expectation as a limit:

E(h(X)|Y = 1) := lim E(h(X)|Y € L),

where I, = (t — &,t + €). Using the formula for the density of (X,Y’), we obtain

(XY € L) = E(h(X)lyer)  Jge Lyer. h(x) f(2,5)dN2(2,9) Fubini Jo 1(2) ( e f(x,y)dy) dx-

P(Y € Is) B fRz ]Iyelef(mvy)d/\2(x>y) B f]RZ ( ttj_; f(:c, y)dy) dx
If f is continuous, then I ;f; flz,y)dy — f(x,t). Therefore, multiplying the numerator and the

denominator by é, we get
i f]R h(x) ( ttj; f(I;y)dy) dzx f]R 11m5_>0 l ( ttj; f(;lj’y)dy) dx f h J,‘ t da
im = =

e—0 fRZ ( t+Es flz y)dy) dx fR lim._,q 1 < tj‘; f(w,y)dy) d fR x,t)dx

provided that fR x,t) # 0. (Exercise: justify the exchange of the integral and the limit!). So, we arrive
at a putative formula

)

7 Joh x,t)dxw
Er(X)|Y =t) = W

Let us check that this formula indeed gives the conditional expectation in the sense of our general
definition above.

2in the next section, we will prove that it always exists
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EXAMPLE 4.2.2. Suppose a random vector (X,Y) has a Borel-measurable deunsity f(x,y), and let
h : R — R be a Borel measurable function such that E|h(X)| < co. Define

H(t):_{W, it [, f(a,t)dz >0
0, else.
Then, almost surely,
E(h(X)|o(Y)) = H(Y).
To check this, we need the following technical lemma:
LEMMA 4.2.3. H is Borel measurable.

Taking this lemma for granted, we first note that H(Y") is o(Y)-measurable. Then, we note that

o(V) = {{w: Y(w) € A}|A € B[R)}

(check this!) Therefore, thr following computation justifies the result:

]ML@AHOﬁ)Z/;w@UAH@Uﬁme@@ﬂ)Z/;H@)(/f@ﬂmm>d

/ (/h (x ydx) dy = E(Iy cah(X)).

PrROOF OF LEMMA 4.2.3. It suffices to do the case h > 0 (otherwise use linearity). Since h and f are
assumed Borel measurable, hf is also Borel measurable, and the subgraph

S={(t;x;y) : 0 <t < h(@)f(2,9)} = Uges,l0;0) X {(z,y) : h(z) f(z,y) > q}

is a Borel measurable set. Therefore, Cavalieri’s principle (non-complete version) implies that the function

yw/ fa,y)dz = N({(t,2) : (23) € S})

is Borel measurable. Similarly, y — fR x,y)dz is Borel measurable, and, from this it is not hard to check
from definition that if g is a measurable function, then

ys s 9y #0
0

otherwise,

)

is also measurable. Since product of two measurable functions is measurable, this implies the desired
result. (]

4.3. L*(Q) and existence of conditional expectation

We will first construct conditional expectation for square-integrable random variables. Denote
L2(Q,F,P):={X € F,EX? < x0}.

Hereinafter the notation X € F means that X is F-to-B(R)-measurable.

The idea behing the construction of the conditional expectation can be illustrated on the trivial case
G = {0,Q}. In that case, Y is G-measurable if and only if Y is constant, and the conditional expectation
is just the usual expectation (Exercise: check that!).

Let X € £2(Q, F,P). Then, E(X — ¢)? = EX? — 2cEX + ¢? is a quadratic function of ¢ that attains
its minimum at ¢ = EX. Therefore, we can characterize EX as the function Y € G such that E(X —Y)?
minimal among all G-measurable functions Y.

This argument extends to arbitrary G:

LEMMA 4.3.1. Let X € L*(Q, F,P), and assume that Y € L*(Q, G, P) is such that
E(X —Y)?<E(X -Y’)?
for any G € L*(Q,G,P). Then, Y is a version of E(X|G).
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PROOF. Let A € G. Consider the quadratic function
c—E(X —Y —cls)? =E(X —Y)? - 2cE(I4(X - Y)) + 2P(A).
Since Y + cl4is G-measurable, and E(Y + cl4)? < oo, this quadratic function chould have a minimum at
c =0, that is,
E(I4(X -Y))=0,
as required. 0

It remains to assure that the miny¢z-(q,g.p) E(X — Y)? is always attained. To this end, we need a bit
of functional analysis. First, we remark that £ has a scalar product

E(XY).
By Cauchy-Scwarz inequality, this is always < (EX2)z(EY?2)z (and, in particular, it is finite for all
£*(Q,G,P)). This scalar product defines a semi-norm || X||2 := VEX?; ||X||z = 0 if and only if X =0
almost surely. This is indeed a semi-norm:
Cauchy-Schwarz
| X+Y|2 =E(X+Y)? =EX?4+2EXY +EY? < EX24+2VEX2VEY24EY? = (|| X||2+||Y]]2)?.
This semi-norm can be made into a norm by identifying functions that agree almost surely; however, we
will not do it here for technical reasons related to the fact that underlying o-algebras need not be complete.
Anyway, recall that, given X € £*(Q, F,P) and a sequence X; € £*(2,G,P), we say that

X; = X in £2
if ||X — X;|l2 — 0 as i — oo. We say that a sequence X; is Cauchy if for every € > 0, there exists N such

that || X; — Xj||2 < € for all 4,j > N. The following important Proposition shows that Cauchy sequences
converge:

PROPOSITION 4.3.2. (Completeness of L*) Let X; € L*(Q, F,P) be a Cauchy sequence. Then, there
exists X € L*(Q, F,P) such that X; — X in L*.

PROOF. First, we prove that if Y; is such that 3.7, ||Yi||2 < oo, then there exists Y € £2(Q2, F,P) such
that

N
> Y, Y in L%
i=1
Indeed, consider instead the sequence Zil |Y;|. We have, by monotone convergence theorem,
= lim
N—oo

N N N oo
Jim v Dol < Jim S5 Iville = 3 ¥l < o
1= 2 1= 2 1= 1=

in particular, the series Y, |Y;(w)| converges to a finite limit for almost all w. Then, the series Y=, Y;(w)
converges to a finite limit for almost all w. Now, if we define Y := limsup Y;, then Y is F-measurable,® and
Y; — Y — 0 almost surely. Moreover, almost surely,

N N
SvovlzSy
1=1 =1

which means that, by Dominated convergence theorem, || Zfil Y; = Y||2 — 0, as required.
To deduce the Proposition, we choose a subsequence %,, such that || X; — X;||o < 27" for ¢, j > 4,. Then,
put ¥, =X — X, ; certainly, > 07 ||[V,]|2 < Y07, 27" < oo, hence

n’

<

+y|<2) |vi| e L,
i=1

in+1
N

Xippr = Xig + 3 Vi = X; +V = X in L2
=1

3because Y < c if and only if AN : Y; < ¢¥i > N, that is, {w € Q : Y(w) < ¢} = Uyen N2 v {Y: < ¢}, which is
measurable.
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Moreover, if r > i,, then
1Xr = X2 < [ X0 = X, [l2 + [1X

as n — oo, that is, X; — X in L2, O

in in — X2 < 27" +[1X;, — X]|[2 =0,

PROPOSITION 4.3.3. Let X € L*(Q, F,P). Then, for any o-algebra G C F, there exists E(X|G) €
£2(9,G,P).

REMARK 4.3.4. Note that £*(Q,G,P) C £*(Q, F,P) only differ in that they contain functions measur-
able with respect to different o-algebras.

PROOF. Let Y1,Ys,--- € L*(©2,G,P) be such that || X — Y[ = infycz,6p) [|[X — Yi|l2 = M. Let us
check that Y; is a Cauchy sequence. To this end, we use polarization identity, proved simply by expanding
the squares:

I1F+ G +[|1F = GlI3 = 2|F||3 + 2/|G][3

for all F,G € L£*(Q,F,P). Given ¢ > 0, we take N such that || X — Y||]2 < M + ¢ for all ¢ > N. Then,
plugging F' = X —Y; and G = X —Y; with ¢, > N, we obtain

Y, +Y;
_ +Tj < 2(M +¢)? —2M? < 4eM + 2.

1
511% = Yills = |1X = ¥illa+ 1 - Yilla - 2 2

Here we used that # € L£*(,G,P), and hence ’X — % , > M by definition of M. Therefore, Y;

is indeed a Cauchy sequence, and hence by Proposition 4.3.2 it converges in £* to Y € £L*(Q2,G,P). Then,
also || X —Yill2 = [|X — Y|z, so || X = Y||l2 = M, and hence Y = E(X|G) by Lemma 4.3.1. O

From this, it is not hard to derive existence of conditional expectations in the general case.

THEOREM 4.3.5. Let X be a random variable on a probability space (0, F,P), such that E|X| < oo,
and let G C F be a o-algebra. Then, a conditional expectation E(X|G) exists.

PROOF. Since we can write X = XIx> + XIx<o, Proposition 4.1.3 (1) implies that we may assume
X > 0. Then, Xy = XIx<y /X, and E(X%) < N? < co. Therefore, by Proposition 4.3.3, E(Xy|G)
exist, and Proposition 4.1.3 allows to conclude. O

4.4. Regular conditional distribution

Given a random variable X and a sub-sigma-algebra G C F, the existence of conditional expectation
allows one to define E(h(X)|G) for every nice enough (say, bounded and measurable) function h. In this
section, we explore the question as to whether it makes sense to speak about a conditional distribution of
a random variable X given G, that encapsulates these conditional expectations for all h simultaneously.

DEFINITION 4.4.1. Given a probability space (2, F,P), a measurable space (€', '), a random variable
X : Q — Q and a sigma-algebra G C F, we say that a function u : Q x F' — R is a regular conditional
distribution (RCD) of X given G if

(1) for every fixed A € F’, we have that u(-, A) = E(Ixca|G) almost surely;
(2) for almost every fixed w € Q, we have that u(w, ) is a probability measure on F’.
REMARK 4.4.2. The second condition asserts, in particular, that

Almost surely, for every sequence Aj, As,--- € F' of disjoint sets, p(w,UL A4;) =
This is not the same as

For every sequence Ay, Ay, --- € F' of disjoint sets, almost surely p(w,U2,A4;) =
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The two properties are not the same because the set of sequences Aj, Ay, ... is (usually) uncountable.
Note that the latter statement would follow readily from u(-, A) = E(Ixca|G) a. s. and the properties of
conditional expectation (Proposition 4.1.3):

g) Monotone convergence

g)

lim E(HXeuﬁ\’zlAi

E(Ixeus, a; i

o]
=E( lim I = li E(I .
g) (NE)I(I)O XeuN Ay g) Ngnooz; (Ixea,
i—
almost surely.
The R. C. D. do not always exist, but they do exist in most practical cases. Here we prove that they

do exist for scalar random variables.

THEOREM 4.4.3. If (¥, F') = (R, B(R)), then the reqular conditional distribution exists, and it is unique
in the following sense: if i and v are two R. C. D., then, for almost every w, almost surely, p(w,-) = v(w,-).

PRrOOF. Define, for every ¢ € Q, a random variable G, : 2 — R>( by
Gq = E(Hme(foqug)'

Further, for every = € R, define
F(z,w)= inf Gyw).

q€Q, >z
Note that F(z,-) is measurable because as an infimum of countably many measurable random variables.
By monotonicity of conditional expectation (Proposition 4.1.3), we have that for all ¢; < g2, we have

G4, < Gy, almost surely.

Since there are only countably many pairs (¢1,¢2) : q1,2 € Q, from this we deduce that for almost all
w, G4(w) is increasing in ¢. Also, by monotone convergence theorem for conditional expectations, almost
surely

lim Gq= lm E(lie-o,ql6) = E( Im Le-cql9) =E(1lG) =1,

q——+oo q——+oo
and, similarly, lim,—, ., G, = 0.

From this, we see that for almost every w € Q, F(-,w) is increasing, right-continuous, and has limit 1
(resp. 0) at plus infinity (resp., minus infinity).Therefore, it is a distribution function of a Borel probability
measure on R. We define

/’L(wv )
to be that probability measure. Then, the second condition in the definition of the R. C. D. is satisfied.
To check the first one, define

A:={Ae€BR): pu(-,A) =E(4|G) almost surely}.

It follows that from the properties of conditional expectation (Proposition 4.1.3) that A is a A-system.
However, almost surely,

M('? (700756}) = F(‘ra ) = (}I\Ig Gq() = ;l\%E(HXE(—OO,q]‘g) = ]E((}I\IT; ]IXE(—OO;q]|g) = E(HXE(—oo,w]‘g)

Therefore, A contains the m-system {(co,z] : x € R} that generates B(R), and so, by m-A theorem,
A D B(R).

To see the uniqueness, note that by the uniqueness of conditional expectation, for every q € Q, we
have p(-, (—o00,¢q]) = v(-(—o0,q|) almost surely. Since Q is countable, this implies that almost surely,
w(ey (—00,q]) = v(-, (=00, q]) for all ¢ € Q. Since {(—o0;¢q] : ¢ € Q} is a w-system that generates B(R), this
implies that for almost all w € Q, p(w, ) = v(w,-) on B(R). O

REMARK 4.4.4. Informally, a way to think about the regular conditional distribution is that it is a
random variable with values in the space of probability measures on F': of an experiment is performed and
we are told the information contained in G, we view X as distributed according to a certain law, which in
itself is random since it depends on the information we are told. Note, however, that to make this point of
view rigorous, one would need to show that this measure-valued function is measurable in a suitable sense,
which may not be true in general.
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REMARK 4.4.5. Two measurable spaces (€', F’) and (2", F") are said to be (Borel-)isomprphic if
there is a measurable bijection f : Q' — Q" with a measurable inverse. It is clear that R. C. D. exists also
whenever (Q', F’) is isomorphic to (R; B(R)). It turns out that in fact, if M is any uncountable* compete
separable metric space, then (M; B(M)) is isomorphic to (R; B(R)).

Finally, we connect the RCD with conditional expectations:

LEMMA 4.4.6. If X is a scalar random variable and h : R — R is any measurable function such that
E|h(X)| < oo, then, almost surely,

BH(X)I9) = Bxio(h(X)) = | ha)dt- o)
where p is the R. C. D. of X given G.

PROOF. Indeed, for h =14, A € B(R), the identity holds true by the definition of R. C. D. Therefore, by
linearity, it holds for all simple functions; by monotone convergence theorem, it holds for any non-negative
h with Eh(X) < 0o, and by linearity again, it holds for any measurable h such that E|h(X)| < cc. O

This lemma explains in a natural way why many properties of expectation (e. g., Holder, Chebyshev,
Jensen inequalities) extend to conditional expectations. Let us do in detail the Jensen case:

PROPOSITION 4.4.7. (Conditional Jensen inequality) If h is any convex function, and X is any scalar
random variable such that E|X| < oo and E|h(X)| < oo, then

E(h(X)|G) > h(E(X]|G)) almost surely.

PRrROOF. Since E|X| = E(E(]X]|G)) < oo, we infer that E(|X||G) is finite almost surely. Similarly,
E(|h(X)|G) < oo almost surely. Therefore, applying Jensen inequality to the probability measure u(w,-),
we get

E(h(X)|G) = Ex|g(h(X)) = h(Exg(X)) = RE(X|G)
almost surely, as required. ([l

4.5. Martingales: simple properties and the optional stopping theorem

Let &1,&2, ... be indepdenent scalar random variables, and put X,, = & + --- + &,. We can consider
this as a model for betting on several games in succession; &; is a gain at game ¢, and X, is a net gain after
n games. If E¢; > 0 (resp. E& < 0) for all ¢, then each individual game is favourable (resp. unfavourable)
for us; linearity of expectation then implies that the whole gamble will be favourable (resp., unfavourable).

In this setup, &, is independent of &1, ...,&,_1, that is, the game we are playing at stage n is chosen in
advance and does not depend on the outcomes of the previous games. We would like to generalize this setup
to allow the player to have a gambling system, that is, to choose the game at stage n based on the outcomes
of the previous games; still preserving the condition that all the games available are favourable (resp.,
unfavourable or even). This leads naturally to the definition of martingales and sub/supermartingales.

DEFINITION 4.5.1. A filtered probability space is a probability space (€2, F,P) equipped with a filtration,
that is, with an increasing sequence Fo C F; C --- C F of o-algebras. A distrete time stochastic process
Xo, X1,... is called adapted to a filtration {F,} if X,, is F,-measurable for all n =0,1,...

Informally, F,, represents the information available at time n; the amount of information increases with
n. If X, is a stochastic process, then F,, = o(Xy,...,X,) is called the natural filtration of X,; it is the
minimal filtration to which X,,is adapted. In this case, the only “sourse of information” is the observation
the process X,,.

DEFINITION 4.5.2. Let X,, be a stochastic process adapted to a filtration {F,}, such that E|X,| < oo
for all n. We say that

e X, is a submartingale if E(X,,11|F,) > X,, a. s. for alln =0,1,...;

4in the case of a countable or finite M, the existence of RCD is fairly easy to show.



4.5. MARTINGALES: SIMPLE PROPERTIES AND THE OPTIONAL STOPPING THEOREM 78

e X, is a supermartingale if E(X,,1|F,) < X,, a. s. foralln=0,1,...;
e X, is a martingale if E(X,,1|F,) = X,, a. s. foralln=0,1,....

EXAMPLE 4.5.3. If £, &, ... are indepdenent scalar random variables such that E|£;| < oo for all 4, put
Xo=&+ - +&, Fn=0(&,...,&) =0(Xo,X1,...,X,). Then, using linearity and Proposition 4.2.1

E(Xn+1|]:n) = E(Xn|]:n) + E(§n+1‘]:n) = Xn + E(§n+1).
Therefore, if EE; > 0 for all ¢ (respectively, EE; < 0, E&; = 0), then X, is a submartingale (respectively,
supermartingale, martingale)
REMARK 4.5.4. Since X,, is adapted to F,, we have E(X,|F,) = X,. Therefore, the condition for
being a submartingale (resp., supermartingale) is equivelent to
E(X,t+1 — Xn|Fn) >0 ( respectively, E(X,,41 — X, |Fn) <0).

REMARK 4.5.5. Clearly, X,, is a submartingale iff —X,, is a supermartingale. Therefore, many result
stated below for submartingales have natural counterparts of supermartingales and martingales.

REMARK 4.5.6. If X,, is a (sub-)martingale and « is a constant, then X,, + a is a (sub-)martingale.
If Xy, Xo,... is a (sub-)martingale, then EX;, X7, X5 is also a (sub-)martingale. Therefore, one typically
does not lose generality by considering only (sub-)martingales with Xy = 0 almost surely.

We will prove several versions of the statement that on average, a person betting on a submartingale
does not lose. The simplest one is as follows:

LEMMA 4.5.7. If X,, is a submartingale (respectively, martingale), then, for any m > n,
E(X | Fn) > X, almost surely,

respectively,

E(Xm|Fn) = X, almost surely.
In particular, EX,, > EXq (resp., EX,, = EXy) for all m > 0.

PROOF. Indeed, by tower property and monotonicity of conditional expectation (Propositions 4.2.1
and 4.1.3), we have

E(Xm|fn) = E(E(Xm|]:m—l)|]:n) Z ]E(Xm—1|]:n) Z e Z E(Xn|-7:n) = Xna

and in the martingale case we have equalities instead of inequalities. For the “in particular” statement, put
n = 0 and take the expectation. O

We will now extend this result slightly.

DEFINITION 4.5.8. A process H,, n =1,2,..., is called predictable (w. r. t. a filtration F,,) if for all
n=1,2,...H, is F,_1 -measurable. Given a stochastic process X,, and a predictable process H,,, define

n
(HoX)n:=> Hi(X;—Xi1).
i=1
Informally, assume that every day at noon, the price X,, of a stock is announced, after which we are
allowed to buy (or sell) any amount of stock at this price. The quantity H,, then corresponds to the amount
of stock we choose to possess in the interval from day n — 1 to day n, and H, (X, — X,,—1) is our monetary
gain during that interval. The next theorem shows that if the overall trend is upwards, on average we will
gain money whatever we do.

PROPOSITION 4.5.9. (Gambling systems) If H,, is any bounded predictable process and X,, is a matirtin-
gale, then (H o X),, is a martingale. If H, is bounded and non-negative (respectively, non-positive) pre-
dictable process and X, is a submartingale, then (HeX),, is a submartingale (respectively, supermartingale).
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PROOF. We have
E((H @ X)pi1]|Fn) = E((H o X)n|Fpn) + E(Hpp1 (Xny1 — Xn)|Fn)-

Since (H e X),, is F,, -measurable, the first term is just (H e X),. Since H,; is F,, -measurable and
bounded, it can be taken out of the conditional expectation. Therefore,

E((H ® X)n11]Fn) = (H 0 X)p + Hy 1 E(Xp1 — Xa|Fn),

from which all the cases readily follow. (I

DEFINITION 4.5.10. A random variable 7 € Z>o U {oo} is called a stopping time if for each n, the event
7 < n is F,-measurable.

Informally, the stopping time is the moment we may choose to stop gambling. The decision as to
whether to do it at time n must be based on the information available at that time, hence the definition.

PROPOSITION 4.5.11. If X,, is a (sub-)martingale and T is a stopping time, then X, nn is a (sub-
)martingale.

Here and below we use the notation a A b = min(a, b).

PROOF. We define a process

1, 7>2n
H, = -
0, otherwise.

Since the event 7 < n is F,,_i-measurable, H,, is indeed predictable. We have

Xn_X7
(HeX), = 0TI X — X0,
X, —Xg, 7<n

Since X is F,, -measurable for all n, we have E(X,|F,,) = Xo, therefore, the result follows from Proposition
4.5.9. ([l

COROLLARY 4.5.12. If X,, is a submartingale and a stopping time T is almost surely bounded, then
EX, > EX,.

Proor. If 7 < N for some N, then 7 A N = 7 almost surely, so, the result follows from Lemma 4.5.7
and Proposition 4.5.11. O

The most interesting stopping time, however, are unbounded. For example, let X,, be a simple random
walk on Z, that is, X,, = & + - -+ + &,, where &; are independent and P(§; = 1) = P(§ = —1) = % Then,
for b € Z~¢ and —a € Z(, we can define

7:=min{n: X,, = —a or X,, = b}.

If we were able to extend the above Corollary to 7 (which we eventually will), its application would imply
that

aP(X, =a) + 0P(X, =b) = EX, =EXy =0,
or
b
Cb+a’
a result obtaind in a different way in the exercises. Moreover, it is also easy to see (see Exercises) that
X2 — n is also a martingale, which implies that

P(X, =a)

ba? ab?

b+a+b—|—a

0=EX2 -F0=EX?-FEr= = ab,

also a result obtained in the exercises.
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REMARK 4.5.13. Corollary 4.5.12 cannot hold true for any stopping time (even almost surely finite).
Let X,, be a simple random walk, and define 7 = min{n : X,, = —1}. Then, as it follows from recurrence,
T < oo almost surely. But

EX, = —1+#0=EX,.

THEOREM 4.5.14. (Optional stopping theorem)Let X,, be a submartingale, and T be an almost surely
finite stopping time. Assume that

o cither X,, is almost surely bounded (that is, there is a constant C' > 0 such that |X,| < C for all
n almost surely), or
o E7 < 0o and there is a constant C > 0 such that | X, 11 — Xn| < C almost surely.

Then, E|X,| < oo, and
EX, > EX,.

Applying the theorem to —X,, we see that it also holds for supermartingales with the inequality
reversed, and for martingales with equality instead for inequality.

PROOF. Note that since 7 < co almost surely, we have X5, — X, almost surely. Proposition 4.5.11
and Lemma 4.5.7 imply that EXr, > EXy. Therefore, the theorem follows once we justify the exchange
of the expectation and the limit:

EX, =F lim X, ., — lim EX,., > EX,.

n—oo n—oo

If X,, are bounded, then | X, A,| are bounded, this is just the Dominated convergence theorem. If the second
contition holds true, we note that

TAN
| Xrnl < 1 Xol + D 1Xi — Xia| < |Xo| +Cr,
i=1
which is integrable. So, the dominated convergence theorem applies. O

REMARK 4.5.15. Since the condition | X, 1 — X, | < C is satisfied if X, is a random walk with bounded
increments, we must have ET = co for 7 = min{n : X,, = —1} (See solution to Exercise set I for a different
proof.) To see that the condition |X,, — X,,—1| < C is needed, consider betting on a coin flip, starting from a
unit stake, doubling the stakes as long as we lose, and stopping after the first win. Then, 7 is geometrically
distributed (P(r = k) = 27%), hence ET < oo, but E(X,) =1 # 0 = EX,.

4.6. Almost sure convergence of supermartingales.

We start with some definition. Given an adapted process X,, and a < b € R, define inductively the
stopping times 71,72, ..., by

71 =min{n >0: X, <a} 7 =min{n>m:X, >0b}
T3 =min{n > 1 : X, <a} 74 =min{n >r3:X, >0}

An interval [T25_1, T2k ) is called an upcrossing of the strip (a,b). We are interested in extimating the number
of upcrossing completed up to time n: define

U = max{k : 7o, < n}.
LEMMA 4.6.1. (Upcrossing lemma) Let X,, be a supermartingale. Then, for all a < b € R,

(b—a)BUS" <E((a— Xn)la>x,) -
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PROOF. The proof is based on the gambling system theorem. Viewing X, as a stock price, consider
the following strategy: wait until X,, gets below a, buy a unit amount of stock, wait until X,, gets above
b, sell, repeat. Each completed upcrossing of (a,b) by X, will give us a profit of at least b — a. Proposition
4.5.9 tells us that however natural this strategy looks, the game will still be unfavourable. The reason is
the last incompleted upcrossing (at some point, one may enter a losing streak one does not survive.)

Formally, define a proceess H,, by

H 1, Top—1 < n < 7o for some k
1=
nr 0, else.

Observe that the event {H,; = 1} is determined by Xy, ..., X,, so, H, is predictable. If we denote
U = U’ then

n U

(H.X)n = Z Hl(XZ _Xifl) = Z(XT% _XT2k—1) + (Xn _X72U+1)]IT2U+1STL > (b_a)U_ (a_Xn)HaZXn'
i=1 k=1

The logic behind the last inequality is as follows: the last uncompleted upcrossing (if it has started by time
n) starts with some value X, < a and ends with X,,. So, if X, < a, we lose at most (a — X,,) during
that upcrossing, and if X,, > a, we actually win (so we extimate the loss from above by 0).
Proposition 4.5.9 implies that
E(HeX), <E(HeX),=0,
SO
(b— Q)EUS’b —E((a — Xn)lax>x,) <0,
as required. O

THEOREM 4.6.2. Let X,, be a supermartingale which is bounded in L', that is, sup,, E| X, | < co. Then
there exists a scalar random variable X with E|X| < oo , such that X, — X almost surely.

Before going into the proof, we prove Fatou’s lemma:

LEMMA 4.6.3. (Fatou) If X,, > 0, then
liminf EX,, > Eliminf X,,.

PROOF. Observe that Y, := inf,,>,{X;n} is a non-decreasing sequence of non-negative random vari-
ables, therefore, by monotone convergence theorem,

Eliminf X,, =E lim Y,, = lim EY,, =liminf EY,

n— o0 n— oo
On the other hand, for any n, we have X,, > Y,,, hence EX,, > EY,,, and therefore,
liminf EX,, > liminf EY,,.
O

PROOF OF THEOREM 4.6.2. We define X (w) := liminf X,,(w), which is measurable as a liminf of
countably many measurable functions. Now, note that for all a € R,

E(a — X,,)l,>x, <Ela— X,| <E|a] + E|X,,| < C < o0,

where C' = |a|+sup,, |X,,| does not depend on n. Therefore, for all a, b € R, if we define U%? := lim,, , o, U2?,
then, by monotone convergence theorem and the upcrossing lemma,

EU*" = lim EU2" < C < .

n—oo

In particular, for any fixed a < b € R, we have U%® < oo almost surely. Since the number of pairs
(a;b) : a,b € Q is countable, we deduce that almost surely, U < oo for any a < b € Q.
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On the other hand, X, (w) - X (w) if and only if lim inf X, (w) < limsup X,,(w). This happends if and
only if there exist a,b € Q such that liminf X, < a < b < limsup X,,, which happends if and only if there
exist a < b € Q such that U%® = co. Thus, P(X,,(w) - X(w)) = 0.

Now, Fatou’s lemma implies that

E|X| = Eliminf |X,| <liminfE|X,| <supE|X,| < oo
in particular, X is almost surely finite. O

COROLLARY 4.6.4. Let X,, > 0 be a supermartingale. Then X, converges almost surely.

PROOF. In that case, E| X, | = EX,, < EX)j, so, the conditions of the above theorem are satisfied. O

4.7. Doob’s inequality and convergence in L? for p > 1.

Theorem 4.6.2, although very general, leaves some questions unanswered. Namely, we would often
like to have a generalization of the optional stopping theorem: say, for a martingale X,,, we would like to
conclude that

E(lim X,,) = EX
(Optional stopping theorem is a particular case of this setup, X,a, being a (sub-)martingale converging
almost surely to X, ).

One particularly nice class of martingales for which the assertion is true is martingales and non-negative
submartingales bounded in LP.

THEOREM 4.7.1. Assume that p > 1, and let X, be a martingale (or a non-negative submartingale)
such that sup E|X,,|P < oco. Then there exists a random variable X with E|X|? < oo such that X, - X
almost surely and in LP.

REMARK 4.7.2. Clearly, E|X|? < oo implies that X is almost surely finite, andE|X| < oco. Also,
convergence in LP for p > 1 implies convergence in L' (see Proposition 2.7.5), therefore, |[EX — EX,,| <
E|X — X,| — 0. Thus, if X, is a martingale bounded in L?, then EX = EX, = EX, (respectively,
EX > EX, if X,, is a non-negative submartingale). So, for martingales bounded in L, p > 1, the above
questions are answered in the positive.

We start with a lemma revealing the relation between martingales, submartingales, and convex func-
tions.

PROPOSITION 4.7.3. Let h be a convex function, and assume that E|h(X,,)| < oo for all n. If

e cither X,, is a martingale,
e or X, is a submartingale and h is non-decreasing,

then h(X,,) is a submartingale.

PRrOOF. The proposition follows easily from conditional Jensen’s inequality (Proposition 4.4.7):

If X,, is a martingale, then E(X,|F,_1) = X,,_1, so the right-hand side is equal to h(X,_1). If X, is a
submartingale, then E(X,|F,—1) > X,_1, so, when h is non-decreasing, the right-hand side of (4.7.1) is
Z h(Xn—l) O

REMARK 4.7.4. If h > 0 is convex and E|h(Xy)| < oo for some N, then the above proposition still
holds true, with the conclusion that h(Xy), ..., h(Xy) is a submartingale. Indeed, the same proof as above
shows that h(Xny_1) < E(h(Xn)|Fn-1), and, taking expectations, we infer that Eh(Xy_1) < E(h(Xn)).
Repeating, we show by induction that E(h(X,,)) < Eh(zy) < oo for all n < N.

ExaMPLE 4.7.5. Let p > 1, and let X,, be a martingale or a non-negative submartingale such that
E|X,|? < oo for all n. Then, |X,[? is a submartingale. If X,, is a submartingale, then, for any a € R,
max{a; X, } is a submartingale.
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PRrOOF. Apply Proposition 4.7.3 to the convex function h(x) = |z|P, non-decreasing convex function
h(z) = 2P1;>0, and non-decreasing convex function h(z) = max{a; x}. O

PROPOSITION 4.7.6. (Doob’s inequality) Let X,, be a non-negative submartingale, and denote X,, :=
max{Xo, X1,...Xp}. Then, for any a > 0,
E(Xn]I)-(">a) < E(X,)

a - a

P(X, >a) <

REMARK 4.7.7. Observe that the inequality looks similar to Chebyshev’s inequality, but is stronger
(because X,, > a implies X,, > a).

PROOF. Denote 7 = min{n : X,, > a}. Then X,, > a if and only if 7 < n. We have

n 1 n
E(X,L<n) = 3 E(XuLop) 2 3 EEXL_i|F)
k=0 k=0

2 & 3 & @ &
DN B E(XF)) 2 S E@ i Xk) = a3 E(l—y) = aP(7 < n),
k=0 k=0

k=0
as required. Above, (1) is EE(Y|G) = EY, (2) is “taking out what is known” (see Proposition 4.2.1, we use
that 7 is a stopping time and hence {7 = k} is Fi-measurable), (3) uses that X,, is a submartingale, and

(4) uses that if 7 = k, then Xj > a. O
COROLLARY 4.7.8. (Kolmogorov’s inequality) If &1,...,&, are independent centered random variables
with B2 < 0o, and Sy, = &1 + -+ + &, then
VarS,,
P(max{|S1|,...|Sn|} > a) < 2

PROOF. Since S, is a martingale and z? is convex, S,? is a submartingale by Proposition 4.7.3. Ap-
plying Doob’s inequality to that submartingale give the result. [

THEOREM 4.7.9. (Mazimal inequality for LP) Let X, be a non-negative submartingale, and let p > 1.
Then

_ p p
E(XP) < <> EXPE.
p—1

PrOOF. We assume EX? < oo, for otherwise there is nothing to prove. We have

B7) = ([ Tocuexpda) 20 [ Elococy) do= [R5 0o "2 [T prien, >y
R ~ = 0 - 0 0

Doob S . 00 -
< / PAPTIE(X, I oy )dA PR (X, / PAP 2, g d)) = LlE (X, X271).
0 0

Applying Holder’s inequality with parameters p and g = p%v we get from this that
_ p 1 _ 1—1
B(X7) < Lo (EX2)7 (B (XD))' 7P
p—
_ o 1_
Multiplying both parts by (E (Xﬁ)) » ! and taking to the power p gives the desired result, once we know

that E (Xﬁ) < oo. But since zPI,~( is convex and increasing, Proposition 4.7.3 and Remark 4.7.4 imply
that X2, X7 ..., XP is a non-negative submartingale, in particular,

EX? <E(X] +---+ XP) <nEX] < oo.

We are now in a position to prove Theorem 4.7.1.
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PROOF OF THEOREM 4.7.1. Since by Jensen’s inequality, |E| X, ||? < E|X,,|P, we have that sup E|X,,| <
00, and therefore, by Theorem 4.6.2, X,, — X almost surely. Now, note that for each w, | X |Z(o.)) is increas-
ing. Since |X,| is a submartingale, it follows from the maximal inequality and the monotone convergence
theorem that »
Esup |X,” =E lim [X|! = lim E[X|) < (p) supE|X,|P < cc.
n>0 n— o0 n— 00 p— 1 n>0
Therefore, E|X [P = Elimsup | X |? < Esup |X|? < co. Moreover, almost surely, | X — X?| < || X|+ | X,||? <
2sup | X,|P, which has finite expectation. Therefore, by dominated convergence theorem,

E|X — X?| - 0.

4.8. Unifrom integrability and convergence in L!.

We start by a remark that theorem 4.7.1 is false for p = 1. The example is provided by the “doubling
the stakes” betting strategy as described in Remark 4.5.15. Indeed, in that case,

X = 1-2" 7>n,
L, T <n,
and the probability that 7 > n is 27", Therefore, E| X pp| =1—2""+1-(1 —27") =2 —27""! which is
bounded. However, we have seen that X, n, - X, in L.
The notion that captures the difference between almost sure convergence and convergence in L' is the
uniform integrablity. Note that a single random variable X is integrable if and only if
E|X|H|X|>M —0
as M — oo: the “if” part follows from the identity
E|X| = E|X|Ix;>nm + E[X [ x1<m < E[X[[ x>0 + M,
and the “only if 7 part follows from dominated convergence theorem, for
DEFINITION 4.8.1. A family {X,}aeca of random variables (indexed by arbitrary set A) is called
uniformly integrable (UI) if E (| Xa|ljx.j>n) — 0 as M — oo uniformly over o € A. That is,
M—o0
sup E (| Xall|x,>21) — 0.
acA
THEOREM 4.8.2. Assume that X,, — X in probability. Then, the following are equivalent:
(1) X,, » X in L;
(2) X, are uniformly integrable;
(3) E|X,| — E|X]| and E|X| < oo.

PROOF OF THEOREM . (2) = (1) Assume that E|X,, — X| -» 0. Then, by passing to a subsequence,
we may assume that E|X,, — X| > ¢ > 0 for all n. Using Proposition 2.7.7, we may, by passing to a further
subsequence, assume that X,, — X almost surely. We first show that X is integrable. Indeed, there is an
M such that E[X,|I|x,|>m < C for all n. By Fatou’s lemma (Lemma 4.6.3),

E|X

so that X is integrable.
Choose M so that E|X,|I|x, >a < § for all n and E|X|[|x|>r < §. Then,

]I\X|>M = ]Ehmlnf|Xn|]I‘Xn|>M < limianE\Xn|]I|Xn‘>M < (C < o0,

€ g
ElX,—X| <E|X,Ix, <M — XLxj<m|+EXn L x, > +EX L x>nm < E[ XL x, <m — XTx < t5 7 5

by dominated convergence theorem, which is a contradiction.

(1) = (3) We have [E[X,| — E|X|| = [E(|X,| - |X])| < E|X, — X].

(3) = (2). Put Y, n = [Xu|ljx, >0 Assume that X, are not uniformly integrable, that is,
sup,~oEY, ar > € > 0 for all M. In that case, for every £ = 1,2,..., there is an index n, such that
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E(Yy, k) >¢e. Since Yy, & > Yo, . k+m > €, the property E(Y,,, x) > ¢ for all k is preserved under pass-

ing to subsequences, if k(i) is a further subsequence, then k; > i and hence E(Y;, , ;) > €. By Proposition
2.7.7, we can pick such a subsequence so that the convergence is almost sure. We will drop a subscript k
and assume that X,, — X almost surely and EY,, ,, > ¢ for all n.

Now, fix an integer M such that E|X|I| x> < §. Then, we have

E|Xn|ljx,1>m = E(|Xn| = |X]) = E(|Xullx, < — [ X x1<ar) — EIX L x)> 0

By dominated convergence theorem, the second term converges to zero as n — oo. Therefore, the right-
hand side is less than € for n large enough. But if n > M, then E|X,|I|x, |>a > E|Xy|l|x, |>n > €, which
is a desired contradiction. O

REMARK 4.8.3. Informally, if a sequence X,, converges to X in probability, and E|X| < oo, then the
only obstruction to L! convergence is “mass escaping to infinity”. The proof of the implication (3) = (2)
shows that if this happends, then the limit | X| of | X,,| will necessarily have a “deficiency of mass”.

REMARK 4.8.4. Note that since E|X,,[I|x, |>a > MP(|X,,| > M), the uniform integrability condition
is stronger than the tightness condition.

We now explore some examples of Ul families.

EXAMPLE 4.8.5. Assume that for all «, |X,| <Y, where Y is an integrable random variable. Then,
{X,} is UL

PrOOF. Indeed, sup E| X[ x> < EYTysp — 0. |
Thus, Theorem 4.8.2 in fact generalized dominated convergence theorem.

EXAMPLE 4.8.6. Assume that there exist a function ¢ : R>g — R>¢ with ¢(z)/z — 00 as £ — oo and
a constant C' > 0 such that Ep(|X,|) < C for all a. Then, {X,} is UL In particualr, if X, are uniformly
bounded in LP? for p > 1, then {X,} is UL

PRroOOF. For every «, we have
| Xl

B1Xallx, - < B (901 Xal) S T s ) < sup (/)1 Xa) < C sup o/ o(a)) = 0.

The next example is especially important in the context of martingales.
PROPOSITION 4.8.7. Let X be an integrable random variable on a probability space (2, F,P), and define
Xg = E(X][9),
a family indexed by the set of all sigma-algebras G C F. Then, {Xg} is UL
PROOF. We can write, using conditional Jensen’s inequality,
E(IE(X|9)IL xg1>0) < EE(XG)[T1xg)>n)-

Since Xg is G-measurable, by definition of conditional expectation the right-hand side is equal to E(| X[l 4(g,ar)),
where A(G, M) = {|Xg| > M}. We can easily estimate the probability of A(G, M) from above by Cheby-
shev’s inequality:

E([E(X]|G)[) Jensen BE(|X[|G) _ E|X]

P(A(G, M) < ——— - -

We conclude that
E(Xglixgi>m < sup  E(|X|La),
AP(A)<bn

where 637 = %. The right-hand side does not depend on G, so we only need to check that it goes to zero

as dp; goes to zero. We do this as a separate lemma 4.8.8 below. O
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For future references, the lemma will be stated in a more general form. Let u,r be two measures on
the same measurable space (2, F). Recall that p is called absolutely continuous with respect to v (written
u=v)if v(A) =0 implies p(A) = 0. Clearly, if P is a probability measure and X is an integrable random
variable, then p(A) = E(I4]|X|) defines a measure such that p < v.

LEMMA 4.8.8. (“Absolute continuity”) Let v be a probability measure, and p < v for every € > 0, there
exists 6 > 0 such that v(A) < & implies p(A) < e.

PROOF. Assume that this is not the case. Then, there exists ¢ > 0 and a sequence A, As, ... of sets
with v(A,) — 0, but pu(A,) > ¢ for all n. By passing to a subsequence, we may assume that v(A4,) < 27".
Define B, := U2 A;. Then By D By D ..., u(By) > p(A,) > € and v(B,) < > o u(A,) < 277+,
therefore, by lower continuity of measures, (NS, B,) > € > 0 and v(N$2, B,,) = 0, which is a impossible
since p = . a

DEFINITION 4.8.9. (Lévy martingale a. k. a. Doob martingale) Let Y be a random variable wnth
E|Y| < o0, and let {F,} be a filtration. Then,

is called a Lévy martingale (associated to Y).
That this is a martingale is an easy consequence of the tower property. Proposition 4.8.7 shows that
this martingale is in fact UI. A remarkable fact is that in fact, all Ul martingales have this form:

THEOREM 4.8.10. Let X, be a uniformly integrable martingale, and let X = lim, . X, almost
surely’. Then, X, = E(X|F,). Conversely, if X,, = E(X|F,) and X is measurable with respect to
Foo 1= 0(UX o Fn), then X =lim, o X,, almost surely and in L.

REMARK 4.8.11. In general, if X, is a Lévy martingale associated to X, then, by tower property,
E((E(X|Foo)|Fn) = E(X|Fn) = Xy,
so that X, is also the Lévy martingale associated to E(X|F). The latter is Fo, measurable, therefore,
lim X, = E(X|F).

n—oo

PROOF. Let us check by the definition of conditional expectation that X,, = E(X|F,). Clearly, X,, €
Fn. Pick A € F,,, and note that 14 X,,,14X,,41,... is a martingale: A is measurable with respect to F,,
r > n, and thus can be pulled out of all the conditional expectations. Therefore,

E(laX,) =EIsX,), 7>n.
However, since X,, are UI, X,, — X in L', therefore,
E(IaX) =Els(X — X,)) + E(14X,) =3 E(I4X,).

This completes the proof that X,, = E(X|F,).

For the “conversely” part, we know that X, is a Ul martingale. Define X' = lim,,_ o X,. Since
X = E(X|Fw), it suffices to check that X’ = E(X|F) almost surely. By construction, X’ is Foo-
measurable. If A € F,, for some n, then the first part shows that

E(I4X') = E(L1X,,) = E(LE(X|F,)) = E(L1X).

The collection {A : EI4X) = E(I4X’)} is a A-system, and we just have showed that it contains the
m-system U, F,, that generates F.,. Hence, it contains F. O

5and hence in L! since Xy is UI
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4.9. Backward martingales and the strong law of large numbers

DEFINITION 4.9.1. A backward martingale is a martingale indexed by negative integers. That is, given
a sequence of g-algebras --- C G_o5 C G_1 C Gy, a backward martingale is a sequence ..., X o, X 1, X of
integrable random variables such that X, is F,-measurable and E(X,1|F,) = X, forall n = —1,-2,...

The theory of backward martingales is much simpler than that of martingales. While martingales can
“blow up” as n — oo, backward martingales are always controlled by X,. For example, Proposition 4.7.3
implies that for any p > 1, | X_,|?,...,|Xo|? is a submartingale, thus E|X_,|P < E|X;? for all n € N, that
is, backward martingales are always bounded in L', and if E|X(|? < oo, they are bounded in LP. Moreover,
applying the definition several times, we see that E(Xo|F_,) = X_,, for all n € N, that is, {X_,,} are
always uniformly integrable. Also, if U f’f; denotes the number of upcrossings of (a, b) in the interval [—n, 0],
the upcrossing lemma gives the bound

(b — a)EU™" < Emax(a — Xo,0) < |a| + E|Xq|.

This means that almost surely, the expected total number of upcrossings of any (a,b) with (a,b) € Q is
finite, so that X_,, converges almost surely as n — oo. Since, as we have mentioned, X_,, are UI, the
convergence also holds true in L. Finally, if E|X(|P < oo, then the maximal inequality (theorem 4.7.9)

Esup | X o =B ( lim sup{|X_ol",..., [ Xo"}) = lim B (sup{|X [",....|X0"}) < C-E|X, ",
n n—oo n—00

so that E|X P < oo, where X = lim,, 00 X_p, and |X — X,|P is dominated by an integrable function. So,
the convergence actually holds in LP. We collect this discussion in the following theorem:

THEOREM 4.9.2. If X_,, is an inverse martingale, then there is a random variable X such that X,, — X
almost surely and in L. If, in addition, E|Xo|P < oo is bounded, then the convergence holds in LP.

A striking application of this result is the strong law of large numbers (without moment assumptions):

THEOREM 4.9.3. Let X1, Xs,... be i. 4. d. scalar random wvariables with EX; = 0. Denote S, :=
X, +---+X,. Then, n='S,, = 0 almost surely and in L'.

PROOF. Define F_,, := 0(Sn, Xnt1, Xnt2,...). Since Spy1 = S, + Xpy1, we have that S, is
measurable with respect to o(F_,), i. e F_,—1 C F_, for all n. The key observation is that %Sn is a
backward martingale with respect to this (inverse) filtration. Indeed,

E(X1]Sn) + -+ E(X,|Sn) =E(X1 + -+« + X,|Sn) = E(Sn|Sn) = Sn.
By symmetry, the expectations of E(X1]S,),...,E(X,|S,) must be all equal. (Formally,
E(Xo| X1+ Xo---+X,) =EX | Xo+ X1+ + X,) =E(X1| X1 + Xo+ -+ X)),
where the first identity is just reindexing). Therefore, we conclude that
E(X;|S,) =n"'S,, i=1,...,n
In fact, this result does not change if we add information about X, 41,...:
E(X;|F_p)=n"1'S,, i=1,...,n

To check it rigirously, observe that n=1S,, is F_,, measurable, and for any A € o(X,,41,...), we do have,
by independence,
E(Xila) = I4E(X;) = [4E(n~'S,) = E(n~'S,14).
Therefore, this identity holds for every A in the m-system o(S,,)Uo (X, 11,...), therefore, by 7-A theorem,
it holds true for all A € F_,,.
From this, we compute
n—1 1

E((n - 1)715n,—1‘f—n) = msn = ﬁSna
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that is, %Sn is a backward martingale. Therefore, there is a random variable S such that %Sn — S almost
surely and in L' (and therefore in probability). But we know from weak law of large numbers that %Sn -0
in probability, therefore, S = 0. O

4.10. Martingale proof of Radon-Nikodym theorem

Let u,v be two measures on the same measurable space (€2, F). Recall that p is called absolutely
continuous with respect to v (written p < v) if ¥(A) = 0 implies u(A) = 0. Clearly, if du = fdv (that is,
by definition, u(A) = [Iafdv for any A € F) with f >0, [ fdv < oo, then p < v. The following theorem
shows that the converse is also true:

THEOREM 4.10.1. (Radon-Nikodym) If (0, F,P) is a probability measure and p is a finite measure on
F such that p =P, then there exists an F-measurable function X > 0 with EX < oo such that du = XdP.

PROOF. Step 1: assume that F = o(Ai,...,A,) for some sets Ay, ..., A,. In that case, the theorem
is elementary. Indeed, §2 can be partitioned into a disjoint union of sets 2 = Qq U - - - L Qon, where each €;
has the form ©; = B; N---N B,, with B; = A; or B; = A¢. In fact, F will be then an atomic o-algebra®
with atoms Qq,...,Qon, that is,

F = {Lliej/ﬂi I C I}
The F-measurable functions are just functions that are constants on atoms. Given w € €, let i(w) be such
that w € Q;. If we now define by

/L(Qi(w)) : .
X(w) = { Bty H (i) #0
0, else.
Then, pu(A) = E(X14) when A = Q; for some ¢, and, therefore, by linearity, for any A € F.
Step 2: assume that F = o0(A1, Ag,...) for a sequence Ay, As,... of sets. This is where martingale

theory enters the game. Define F,, = o(A1,...,A,), and let X,, be the corresponding Radon-Nikodym
derivative. Then, for any A € F,,, we have

E(Xnt1L) = #(4) = E(X,La).
that is,
Xn = E(Xn+1|fn)»

that is, f,, is a martingale. In order to apply the martingale convergence theorem, we will check that X, is
Ul This is done much as in the proof of Proposition 4.8.7: first,

E(X, L, >a1) = n({Xa > M}).
Second, by Chebyshev’s inequality,

P(X, >M)< M 'EX, = M1 u(Q).

Therefore, uniform integrability follows from the absolute continuity (Lemma 4.8.8).

We conclude that there is a random variable X such that X,, — X almost surely and in L', and it follows
from Theorem 4.8.10 that X, = E(X|F,). Therefore, if A € F,, for some n, then E(I4X) =E(I4X,) =
p(A). Therefore, the measures p and X dP agree on the m-system UJF,,, so they agree on o(UF,,) by Corollary
1.3.5.

Step 3: arbitrary F. This part hinges on the theory of nets (a. k. a. generalized sequences, or
Moore-Smith sequences). We come back to the proof after recalling the key notions of that theory. (Il

DEFINITION 4.10.2. A directed set is a partially ordered set (S, <) such that any two elements have a
common upper bound (that is, for any a,b € S, there exist ¢ € S such that a < cand b < ¢). A net is a
map f : S — M, where § is a directed set and M is a topological space. A net is said to converge to an
element x € M, if for any neighborhood U of x, there exists a € S such that f(b) € U for all b > a.

EXAMPLE 4.10.3. The following are examples of nets:

6see Exercise set 1 of Probability theory I course
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(1) A usual sequence is a net with (S, <) = (N, <), and the convergence is the usual convergence of
sequences.

(2) A function f : R — R can be viewed as a net with (S, %) = (R, <), and the convergence of this
net is equivalent to the usual convergence of f as t — +o0o. If we define the directed set to be
S =R\ {a} the order by z < y if and only if |x — a| > |y — a|, then the convergence of this net is
equivalent to convergence of f(z) as x — a.

(3) Given an interval [a,b] and a function f : [a,b] :— R, define

Si={a=t<&E <t <6< <t =bkeN},

the set of partitions of [a, b] into finitely many intervals [tg,t1), ..., [tx—1,t2), where each partition
is equipped with points & € [to,t1],...&k € [tk—1,tk]. For two such partitions T and T’, we say
that T < T" if {to,...,tx} C {t(,...,t}} (that is, T’ is a refinement of 7. The points §; are
irrelevant for the order.) Define

k
fr=> F&)(t:i —tioa).
i=1

This is a net, and its limit is the Riemann integral of f.

The main motivation behing the study of nets is as follows: in the setting of metric spaces, certain
key notions can be expressed in terms of sequences: e. g., a function is continuous iff it maps convergence
sequences to convergent sequences, a space is compact if any sequence contain convergent subsequence, etc.
For topological spaces, this is no more true, but the analogous statements are true if the sequences are
replaced by nets.

Let us say that a o-algebra G is separable if it is as in Step 2 of the proof of theorem 4.10.1, and denote
the set of all such o-algebras by S. Note that if G = 0(Ay, As,...) and G’ = (A}, AL, ...) are separable,
then 0(G1, Ga) = 0(A1, A}, Ag, ...) is also separable. That is to say, (S, C) is a directed set. The uniformly
integrable collection X¢ of the Radon-Nikodym derivatives, constructed in Step 2, is a net with values in
L(P). Moreover, if G; C Ga, then, for every A € G;, we have

E(laXg,) = p(4) = E(l4Xg,),
so Xg, = E(Xg,|G1). It is natural to call this structure a uniformly integrable martingale net.

PROPOSITION 4.10.4. Let (S,C) be a directed set of o-algebras, and let Xg,G € S, be a UI martingale
net. Then there exists a random variable X € L' such that Xg — X in L.

PROOF. We first claim that for every € > 0, there exists a o-algebra G € S such that if G C G’ then
E|Xg — X¢g/| < € (“the net is a Cauchy net”). Indeed, assume the contrary. Then, there is an € > 0 and a
sequence of o-algebras G; C G C ... such that E|Xg, — Xg, ,| > ¢. But we know that Xg,, Xg,,... is a
UI martingale, therefore, it converges in £!, which is a contradiction.

Now, let G1,Gs,... be o-algebrae as above, corresponding to &1 = %, €o = % etc., that is, for every
G D Gy, we have E(|Xg—Xg,|) < £. By replacing G, with o(G1, ..., Gx), we may assume that G C Go C ...
Then Xg,, Xg,,... is a Ul martingale, and let X denote its limit. If G’ D Gy, then

2
E|X — Xg/| < E|Xg, — Xg/| + E|Xg, — Xg| < 7.
That is to say, Xg — X in the sense of convergence of nets. [

REMARK 4.10.5. What we have essentially proved here is that if f is a net with values in a metric
space, then f converges if and only if the sequence f(a1), f(az),... converges for every a; <as < ....

PrOOF OF STEP 3 OF THEOREM 4.10.1. Let X be the limit of the net X¢g, G € S. We have to show
that for any A € F, we have p(A) = E(I4X). Pick e > 0 and let G € S be such that E(|X¢g — X| < ¢) for
all G’ O G. Define G’ := (A, G); clearly, G’ € S, and

[E(TaX) — p(A)] = E(|X - Xg/[ + [E(TaXg/) — p(A)| <,
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since A € G’ and hence E(I4Xg/) = p(A). Since € is arbitrary, we are done.
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