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1 MEASURE THEORY

Go back to Table of Contents. Please click

The first chapter starts with definitions and results from measure theory. The purpose
is to provide an introduction for readers who are new to this field.

1.1 Probability Spaces

A probability space is a triple (Q, F,P) where Q is a set of “outcomes,” F is a set
of “events,” and P : F — [0,1] is a function that assigns probabilities to events. We
assume that F is a o-field (or o-algebra), i.e., a (nonempty) collection of subsets of
Q that satisfy

(i) if A € F, then A° € F, and
(ii) if A; € F is a countable sequence of sets, then U; A; € F.

Here and in what follows, countable means finite or countably infinite. Since N;A; =
(U A9)¢, it follows that a o-field is closed under countable intersections. Algebra is a
collection of A of sets closed under finite unions and complementation. Semi-algebra
is a collection S of sets closed under intersection and such that S € S implies that
S¢ is a finite disjoint union of sets in S. (Example: empty set plus sets of form
(a1,b1] X --- X (aq,ba] € R%) The Borel o-algebra B on a topological space is the
smallest o-algebra containing all open sets.

Let us notate the following. Say collection of non-empty sets P is a w-system if
closed under intersection. Say a collection of sets £ is a A-system if (i) Q@ € £; (ii)
if A,B € L and A C B, then B— A € £; (iii) if A, € £ and A, 1 A then A € L.
Such terminologies are introduced again before Theorem [2.1.3] Notice that A-system is
closed under complements and disjoint countable unions described above in (i) - (iii),
while a o-algebra is closed under complements and arbitrary countable unions. That
is, every o-algebra is a A-system, but not vice versa.

Without P, (2, F) is called a measurable space, i.e., it is a space on which we can
put a measure. A measure is a nonnegative countably additive set function; that is, a
function p : F — R with

(i) p(A) > (@) =0 for all A € F, and

(ii) if A; € F is a countable sequence of disjoint sets, then
(Ui A = p(Ai)

If u(2) =1, we call 4 a probability measure, which is always denoted by P in
this document.

The next result gives some consequences of the definition of a measure that we will
need later.

Theorem 1.1.1. Let u be a measure on (2, F)
(i) monotonicity. If A C B, then u(A) < u(B).
(it) subadditivity. If A C Ugy_1Am, then p(A) <> p(Am).
(iii) continuity from below. If A; T A (i.e., A1 C Ax C ... and U; A; = A), then
p(A:i) T p(A).
(i) continuity from above. If A; | A (i.e., A1 C A2 C ... and N; A; = A), with
1(Ar) < oo, then pu(Ai) | u(A).
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Proof. (i) Let B— A = BN A° be the difference of the two sets. Using + to denote
the disjoint union, B = A+ (B — A) so

w(B) = p(A) + u(B — A) = p(A).

(i) Let A, = A,NA, By = A} and for n > 1, B,, = A}, —U"_! (A},)°. Since the B,
are disjoint and have union A have using (i) of the definition of measure, B,, C Apn,
and (i) of this theorem

p(A) =" u(Bm) <> pu(An)
m=1 m=1
(iii) Let B, = Ap—An—1. Then the B, are disjoint and have Upy—y = A, U}, —1 By =
A, so
n(A) = Z:lu(Bm) = lim Z;M(Bm) = lim p(An)

(iv) A1 — An T A1 — A so (iii) implies p(A1 — An) T (A1 — A). Since A1 D B, we
have (A1 — B) = p(A1) — u(B) and it follows that u(Axn) | p(A).

O

Example 1.1.2. Discrete probability spaces. Let ) = a countable set, i.e., finite
or countably infinite. Let F = the set of all subsets of 2. Let

P(A) = Z p(w) where p(w) > 0 and Z p(w) =1

wEA weN
This is the most general probability measure on this space. Many cases when {2 is
a finite set, we have p(w) = 1/|Q| where Q] = the number of points in .

Example 1.1.3. Measures on the real line. Measures on (R, R) are defined by
giving probability a Stieltjes measure function with the following properties:

(i) F is nondecreasing.

(ii) F is right continuous, i.e., limy» F(y) = F(z).

Theorem 1.1.4. Associated with each Stieltjes measure function F there is a unique
measure j1 on (R, R) with u((a,b]) = F(b) — F(a)

((a,b)) = F(b) - F(a) (L1)

When F(z) = z the resulting measure is called Lebesgue measure. Moreover, if

you can measure, then you can integrate. That is, if (Q, F) is a measure space with a

measure p with p(Q) < 0o) and f: Q@ — R is F-measurable, then we can define [ fdu
(for non-negative f, also if both fV 0 and —f A0 and have finite integrals.)

The details of the proof (using Caratheéodory Extention Theorem) is referenced
from Appendix Al. in the text [4].

A collection S of sets is said to be a semialgebra if (i) it is closed under intersection,
ie., S,T € S implies SNT € S, and (ii) if S € S then S° is a finite disjoint union of
sets in S.

Example 1.1.5. S¢ = the empty set plus all sets of the form

(a1,b1] X -+ x (aq, bd] c R?* where —o00<a; <b <oo
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The definition in [1.1] gives the value of p on the semialgebra S;. To go from
semialgebra to c-algebra we use an intermediate step. A collection A of subsets of
Q is called an algebra (or field) if A,B € A implies A° and AU B are in A. Since
AN B = (A°U B°)°, it follows that AN B € A. Obviously a o-algebra is an algebra.
An example in which the converse is false is:

Example 1.1.6. Let Q = Z = the integers . A = the collection A C Z so that A or
A€ is finite is an algebra.

Lemma 1.1.7. If S is a semialgebra then S = {finite disjoint unions of sets in S} is
an algebra, called algebra generated by S.

Proof. Suppose A = +;S; and B = +,T;, where 4+ denotes disjoint union and we
assume the index sets are finite. Then AN B =+, ;9 NT; € S. As for complements,
if A =+4,5; then A° =N;S;. The definition of S implies S; € S. We have shown that
S is closed under intersection, so it follows by induction that A¢ € S.

O
Example 1.1.8. Let Q = Rand S = S; then S; = the empty set plus all sets of the form

Ule(ai,bi] where — oo <a; < b; < o0

Given a set function p on S we can extend it to S by

HiHD A = p(A)

By a measure on an algebra A, we mean a set function pu with
(i) p(A) > u(®) =0 for all A€ A, and
(ii) if A; € A are disjoint and their union is in 4, then

')

WU A) = 3 (A

i=1

1 is said to be o-finite if there is a sequence of sets A,, € A so that u(A,) < oo
and Up, A, = Q. Letting A] = A; and for n > 2,

A =Up 1 Ap oor Ay = A, N (NHAS) € A
we can without loss of generality assume that A, 1 Q or the A,, are disjoint.

The next result helps us to extend a measure defined on a semi-algebra S to the
o-algebra it generates, o(S).
Theorem 1.1.9. Let S be a semialgebra and let p defined on S have u(9) = 0. Suppose
(i) if S € S is a finite disjoint union of sets S; € S then u(S) = Y, n(S:), and (i) if
Si, S € S with S = +i>15: then u(S) > >~ 1(Si). Then p has a unique extension
i that is a measure on S the algebra generated by S. If [i is sigma-finite then there is
a unique extension v that is a measure on o(S).

In (ii) above, and in what follows, ¢ > 1 indicates a countable union, while a plain
subscript ¢ or j indicates a finite union. Proofs see A.1.1.4 in text [4].

Lemma 1.1.10. Suppose only that (i) holds.
(a) If A,B; € S with A= +7._B; then i(A) =Y, i(B).
(b) If A,B; € S with A C Uj— B; then i(A) <>, i(Bs)
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Proof. Observe thatﬁ it follows from the definition that if A = +;B; is a finite
disjoint union of sets in S and B; = +;5;,;, then

=> ul(Si; =Y a(B)
i i
To prove (b), we begin with the case n = 1, By = B. B = A+ (BN A°) and
BnA®eS,so
A(A) < #(A) + i(B 1 A°) = i(B)
To handle n > 1 now, let Fy, = BfN---N B;_; N By and note

UiBi = Fi+---+F,
A=AN(U;By) (ANF)+---+(ANFy,)

so using (a), (b) with n = 1, and (a) again

i(A) => (AN Fy) <> A(Fy) = (Ui B:)

O

Proof of Theorem Let S be the semi-algebra of half-open intervals (a, b]
with —oo < a < b < . To define  and S, we begin by observing that

xl—oo

F(0) = i#réloF(a:) and F(—o0) = hm F(z) exist

and p((a,b]) = F(b) — F(a) makes sense for all —oco < a < b < oo since F(o0) > —o0
and F(—o0) < oo.

f (a,b] = +7-1(ai,b;] then after relabeling the intervals we must have a1 = aq,
bn = b, and a; = b;_1 for 2 < i < n, so condition (i) in Theorem [[.1.9] holds. To check
(ii), suppose first that —oo < a < b < oo, and (a, b] C U;>1(as, b;] where (without loss
of generality) —oco < a; < b; < co. Pick § > 0 so that F'(a+ ) < F(a) 4 € and pick 7;
so that

F(bz + 171') < F(bz) + 6272‘
The open intervals (a;, b; + 1;) cover [a + d, b], so there is a finite subcover (o, 8;),
1< j < J. Since (a+d,b] C Uj_,(aj,B;], (b) in Lemma [1.1.10] implies

oo

J
F(b) — F(a+ 5) SZ Z (bi + 1) — F(w))

and since € is arbitrary, we have proved the result in the case —o00 < a < b < 0.
To remove the last restriction, observe that if (a,b] C U;(ai, b;] and (A, B] C (a,b] has
—o0 < A< B < o0, then we have

F(B) - F(A) < Z(F(bi) — F(as))

Since the last result holds for any finite (A, B] C (a, b], the desired result follows.
O

The next goal is to prove a version of Theorem for R?. The first step is to
introduce the assumptions on the defining function F'. By analogy with the case d = 1
it is natural to assume:
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(i) It is nondecreasing, i.e., if z < y (meaning x; < y; for all 7) then F(x) < F(y).

(ii) F is right continuous, i.e., limy, F(y) = F(x) (here y |  means each y; | z;).
However this time it is not enough. Consider the following F’

1 lf T1,T2 2 1

2/3 ifzy; >land 0<22 <1

2/3 ifzo>land 0< 2o < 1
0 otherwise

A little thought shows that

F({L’l,fljy) =

p((ar, b1] X (az,b2]) = p((—00,b1] x (=00, b2]) — p((—00, a1] x (=00, b2])
—/.l,((—OO,bl] X (—OO,CL2]) +,u((—oo,a1] X (—OO,CL2])
F(bl,bg) — F(al,bz) — F(bl,az) —+ F(al,ag)

Using this with a1 = a2 =1 — € and by = b2 = 1 and letting ¢ — 0 we see that

p({1,1})=1-2/3-2/34+0=—1/3

Similar reasoning shows that p({1,0}) = u({0,1}) = 2/3.
To formulate the third and final condition for F' to define a measure, let

A= (al,bﬂ X e X (ad,bd]

V = {al,bl} X e X {ad7b,1}

where —oco < a; < b; < oco. To emphasize that co’s are allowed, we will call A a
finite rectangle. Then V = the vertices of the rectangle A. If v € V| let

sgn(v) — (71)# of a’s in v

AAF = Z sgn(v) F(v)

veV
We will let u(A) = AaF, so we must assume

(iii) AaF > 0 for all rectangles A.

Theorem 1.1.11. Suppose F : R — [0,1], satisfies (i) - (iii) given above. Then
there is a unique probability measure u on (RY, R?) so that p(A) = AaF for all finite
rectangles.

Example 1.1.12. Suppose F(z) = [[’_, Fi(z), where the F; satisfy (i) and (ii) of
Theorem In this case,

d
AAF = _H(Fi(bi) — Fi(a:))

When F;(x) = z for all 4, the resulting measure is Lebesgue measure on R%.

Proof. We let u(A) = A4F for all finite rectangles and then use monotonicity to
extend the definition to Sq. To check (i) of Theorem call A = +4By a regular
subdivision of A if there are sequences a; = a;,0 < 4,1+ < Qu,n; = b; so that each
rectangle By has the form

(1,1 —1,Q1,5,] X -+ X (Qd,jy—1, @a,j,] where 1 < j; <n;
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When Fj(x) = z for all ¢, the resulting measure is Lebesgue measure on R®.

Proof. We let p(A) = A4F for all finite rectangles and then use monotonicity to
extend the definition to Sg. Check (i) of Theorem write A = +; By a regular
subdivision of A if there are sequences a; = ai0 < a1+ < Qin; = ;.

It is easy to see that for regular subdivisions A(A) = >, A(Bx). To extend this
result to a general finite subdivision A = +;A;, subdivide further to get a regular one.

The proof of (ii) is almost identical that in Theorem Let

(z,9) = (@1,51) X -+ X (x4, Ya)
(@,y] = (z1,51] x -+ X (a,yd]
[z,y] = [z1, 1] X -+ X [z4, ya]
for z,5 € R?. Suppose that —oco < a < b < oo, where the inequalities mean

that each component is finite, and suppose (a,b] C U;>1(a’,b], where (without loss of
generality) —oo < a® < b* < co. Let 1 = (1,...,1), pick § > 0 so that

p((a,b" +mil]) < p((a’,b']) + €
and pick n; so that

(@b + 1)) < pl(a’, b)) + €2~
The open rectangles (a’,b* + ;1) cover [a + 01,8], so there is a finite subcover

(a’,87), 1< j < J. Since (a+61,b] C U_ (a?, 8], (b) in Lemmaimplies

J =)
plla+ 61,b) < 3" al(e!, 8 < 3 (@' b+ nid))

So, by the choice of ¢ and n;,

((a,b]) < 2e+ Y p((a’, b))
i=1
and since € is arbitrary, we have proved the result in case —oco < a < b < oo. The
proof can now be completed exactly as before.

0

1.2 Distributions

Probability spaces become more interesting when we define random variables on them.
A real valued function X on ) is said to be a random variable if for every Borel set
B C R we have X '(B) = {w: X(w) € B} € F. When we need to emphasize the o-
field, we will say that X is F-measurable or write X € F. If  is a discrete probability
space, then any function X : Q — R is a random variable. A second trivial, but useful,
type of example or a random variable is the indicator function of a set A € F:

1 weA

La(w) = { 0 wédA
If X is a random variable, then X inducse a probability measure on R called its dis-
tribution by setting u(A) = P(X € A) for Borel sets A. Using the notation introduced
above, the right-hand side can be written as P(X " '(A)). In words, we pull A € R

back to X~*(A) € F and then take P of that set.

To check that p is a probability measure we observe that if the A; are disjoint then
using the definition of u; the fact that X lands in the union if and only if it lands in
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one of the A;; the fact if the sets A; € R are disjoint then the events {X € A;} are
disjoint; and the definition of p again; we have:

p(UiA:) = P(X € UiA) = P(U{X € A}) =Y P(X € A) = > p(Ay)

The distribution of a random variable X is usually described by giving its distribu-
tion function, F(z) = P(X < z).

Theorem 1.2.1. Any distribution function F' has the following properties:
(i) F is nondecreasing.
(4) lim F(xz) =1, lim F(z) =0.
&Tr—r0o0 xTr—ro0

(iii) F is right continuous, i.e. li{nF(y) = F(x).
ylz

(w) If F(z—) = ngch(y), then F(z—) = P(X < ).

(v) P(X =z)=F(z) — F(z—).

Proof. (i) Note that if < y, then {X < z} C {X < y}, and then use (i) in
Theorem monotonicity to imply that P(X < z) < P(X <vy).

(ii) We observe that if z 1 oo, then {X < z} 1 Q, while if z | —co, then {X <z} | 0
and then use (iii) and (iv) in Theorem continuity from below and above for
conclusion.

(iii) We observe that if y | =, then {X <y} | {X < z}.

(iv) We observe that if y 1 z, then {X <y} 1 {X < z}.

(v) Note that P(X = z) = P(X < z) — P(X < z) and use (iii) and (iv).

(]

Theorem 1.2.2. If F satisfies (i), (1), and (i3) in Theorem [1.2.1) then it is the
distribution function of some random variable.

Proof. Let Q2 = (0,1), F = Borel sets, and P = Lebesgue measure. If w € (0,1),
let

X(w) =sup{y: F(y) <w}

Once we show that

(Hw: X(w) <z} ={w:w < F(z)}

the desired result follows immediately since P(w : w < F(z)) = F(z). Recall P is
Lebesgue measure. To check (x), we observe that if w < F(z) then X(w < z), since
z & {y: F(y) <w}. On the other hand, if w > F(z), then since F is right continuous,
there is an € > 0 so that F(z +¢) < w and X(w) >z + € > x.

O

If X and Y induce the same distribution p on (R, R), we say X and Y are equal
in distribution. in view of Theorem this holds if and only if X and Y have the
same distribution function, i.e., P(X < z) = P(Y < z) for all z. When X and Y have
the same distribution, we like to write

X<y

and we also write X =4 Y for same meaning.
When the distribution function F(z) = P(X < ) has the form
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@ - [ " fw)dy (1.2)

and we say that X has density function f. It is often to think of f(z) as being
P(X = z) although

P(X =) = lim f(y)dy =0

Example 1.2.3. Uniform distribution on (0,1). f(z) = 1forz € (0, 1) and 0 otherwise.
Distribution function:

0 <0
Fz)=< 0 <z<1
1 z>1

Example 1.2.4. Exponential distribution with rate A. f(z) = Ae™** for £ > 0 and 0
otherwise. Distribution function:

0 z<0
F(x):{l—eﬂ” x>0

Example 1.2.5. Standard normal distribution

f(x) = (2m) "% exp(—2®/2)
In this case, there is no closed form expression for F'(z), but we have the following
bounds that are useful for large x:

Theorem 1.2.6. For z > 0,

oo

(z7" — a7 %) exp(—a?/2) < / exp(—y*/2)dy < ™" exp(—2°/2)

T

Proof. Changing variables y = x 4 z and using exp(—22/2) < 1 gives

/Oo exp(—y°/2)dy < exp(—xz>/2) /000 exp(—zz)dz = &~ exp(—z°/2)

For the other direction, we observe

|3 e 2y = @7 o ep(—a?/2)

1.3 Random Variables

In this section, we develop some results that will help us later to prove that quantities
we define are random variables, i.e., they are measurable. Since most of what we have
to say is true for random elements of an arbitrary measurable space (S,S) and the
proofs are the same (sometimes easier), we will develop our results in that generality.
First, we need a definition. A function X : Q — S is said to be a measurable map from

(Q,F) to (S,S) if

X 'B)={w:W(w)eB}c Fforal B€S

Is (S,S) = (RY,R?) and d > 1 then X is called a random vector. If d = 1, X is
called a random variable, or r.v. for short. For example, let (M,.A) be a measurable
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space. Let S C M be a subset. Consider the function ¥g : M — R taking elements in
S to 1 and elements outside S to 0. Equip R with, say, the Borel o-algebra. Then Kg
is measurable if and only if S € S.

The next result is useful for proving that maps are measurable.

Theorem 1.3.1. If{w: X(w) € A} € F for all A € A and A generates S (i.e., S is
the smallest o-field that contains A), then X is measurable.

Proof. Write {X € B} as shorthand for {w : X(w) € B}, we have

{X € U;B;} = Ui{X € B;}

{X € B°} ={X € B}

So the class of sets B = {B : {X € B} € F} is a o-field. Since B C A and A
generates S, then B D S.

O

It follows from the two equations displayed in the previous proof that if S is a
o-field, then {{X € B} : B € S} is a o-field. It is the smallest o-field on €2 that makes
X a measurable map. It is called the o-field generated by X and denoted o(X). For
future reference we note that

o(X)={{XeB}:BeS} (1.3)

Example 1.3.2. If (S,S) = (R, R) then possible choices of A in Theorem are
{(=o00,z] : z € R} or {(—o0,z) : x € Q} where Q = the rationals.

Example 1.3.3. If (5,5) = R% R?), a useful choice of A is

{(al,bl) X oo X (ad,bd) —oo < ap < b < OO}
or occasionally the larger collection of open sets.

Theorem 1.3.4. If X : (Q, F) — (S,S) and f : (S,S) — (T, T) are measurable maps,
then f(X) is a measurable map from (Q, F) to (T,T)

Proof. Let B T. {w: f(X(w)) € B} = {w: X(w) € f~Y(B)} € F, since by
assumption f~1(B) € S.
(]

From Theorem [I.3-4] it follows immediately that if X is a random variable then so
is ¢X for all ¢ € R, X2, sin(X), etc. The next result shows why we wanted to prove
Theorem for measurable maps.

Theorem 1.3.5. If Xi,..., X, are random variables and f : (R",R") — R,R) is
measurable, then f(X1,...,Xn) is a random variable.

Proof. In view of Theorem |1.3.4] it suffices to show that (X1, ..., X») is a random
vector. To do this, we observe that if A1, ..., A, are Borel sets then

{(X1, ...,Xn) €A XX An} = ﬂi{Xi < Ai} eER

Since sets of the form A; x --- X A, generate R", the desired result follows from

Theorem [[3.1]
O

Theorem 1.3.6. If X1,..., X,, are random variables then X1 + --- 4+ X, is a random
variable.
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Proof. In view of Theorem it suffices to show that f(z1,...,2n) =1+ - +2Zn
is measurable. To do this, we use Example and note that {z : 1+ +z, < a}
is an open set and hence is in R".

O
Theorem 1.3.7. If X1, X2,... are random variables then so are
inf X,, supX,, limsupX,, liminfX,,

Proof. Since the infimum of a sequence is < a if and only if some term is < a (if
all terms are > a then the infimum is), we have

{infX, <a} =U,{X, <a} €F

A similar argument shows {supX, > a} = Un{X,» < a} € F. For the last two, we
n

observe
liminfX,, = su ( inf Xm)
n—o00 n m>n
limsupX,, = inf(sup Xn)
n— oo n m>n
To complete the proof in the first case, note that Y, = inf,,>, X, is a random

variable for each n so sup,, Y, is as well.
O
From Theorem we see that

Qo ={w: lim X, exists } = {w: limsupX,, — liminfX,, = 0}
n—oo n—oo n—o0
is a measurable set. (Here = indicates that the first equality is a definition.) If
P(Q0) = 1, we say that X,, converges almost surely, or a.s. for short. This type of
convergence is called almost everywhere in measure theory. To have a limit defined on
the whole space, it is convenient to let

Xoo = limsupX,

n— oo

but this random variable may take the value +00 or —oco. To accommodate this
and some other headaches, we will generalize the definition of random variable.

A function whose domain is a set D € F and whose range is R* = [—o0, 00] is
said to be a random variable if for all B € R* we have X '(B) = {w: X(w) € B} €
F. Here R* = the Borel subsets of R* with R* given the usual topology, i.e., the one
generated by intervals of the form [—o0,a), (a,b) and (b, 0] where a,b € R. Please
note that the extended real line (R*, R™) is a measurable space, so all the results above
generalize immediately.

1.4 Integration

Let u be a o-finite measure on (€2, F). we will be primarily interested in the special
case p is a probability measure, but we will sometimes need to integrate with respect
to infinite measure and it is no harder to develop the results in general.

This section we will define [ fdu for a class of measurable functions. This is a
four-step procedure:
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§1

Simple functions
Bounded functions

Nonnegative functions

W e

General functions

This sequence of four steps is also useful in proving integration formulas.
Step 1. ¢ is said to be a simple function if p(w) = > | a;la, and A; are disjoint
sets with p(A;) < co. If ¢ is a simple function, we let

/wdu = iai#(Ai)

The representation of ¢ is not unique since we have not supposed that the a; are
distinct. However, it is easy to see that the last definition does not contradict itself.

We will prove the next three conclusions four times, but before we can state them
for the first time, we need a definition. ¢ > v p-almost everywhere (or ¢ > ¢ p-a.e.)
means p({w : p(w) < P(w)}) = 0. When there is no doubt about what measure we are
referring to, we drop the p.
Lemma 1.4.1. Let ¢ and ¥ be simple functions.

(1) If ¢ > 0 a.e., then [ @dp > 0.

(ii) For any a € R, [apdu = a [ pdu.

(iti) [ +bdp = [ pdu+ [pdu.

Proof. (i) and (ii) are immediate consequences of the definition. To prove (iii),
suppose

©p = ZailAi and w = ijlBj
i=1 Jj=1

To make the supports of the two functions the same we let Ag = U; B; — U; A;, let
By = U; A; — U»L‘Bi, and let ag = bg = 0. Now

m n
o+ = Z Z(az‘ +0j)1(a;nB;)
i=0 j=0
and the A; N Bj are pairwise disjoint, so

D> (ai+by)p(Ai N By)

/(w +1)dp

i=0j=0
= DY ap(AiNB;) + > > bju(AiN By)
i=05=0 i=0,4=0

— Zam(Ai) + ijM(Bj)

/ wdp + / wizzo

We prove (i)-(iii) three more times as we generalize our integral. As a consequence
of (i)-(iii), we get three more useful properties. To keep from repeating their proofs,
which do not change, we will prove
Lemma 1.4.2. If (i), and (%i) hold, then we have:

() If ¢ <9 a.e., then [ pdu < [pdpu.

(v) If ¢ =9 a.e., then [ @dp = [pdp.

If, in addition, (ii) holds when a = —1 we have

(vi) | [ ddpl < [ |¢ldp.
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Proof. By (iil), [¢dp = [¢du + [(v — ¢)dp and the second integral is > 0 by
(i), so (iv) holds. ¢ = v a.e. implies ¢ < @ a.e. and ¥ < ¢ a.e. so (v) follows from
two applications of (iv). To prove (vi) now, notice that ¢ < |¢| so (iv) implies [ ¢dp <
Jl¢ldp. —¢ <[4, so (iv) and (ii) imply - — [‘¢dp < ['|¢|du. Since |y| = max(y, —y),
the result follows.

O

Step 2. Let E be a set with pu(F) < oo and let f be a bounded function that
vanishes on E°. To define the integral of f, we observe that if ¢, 1 are simple functions
that have p < f <), then we want to have

[ [ san< [van

dy = dy = inf d 1.4
/fu it;r;/sou égf/wu (1.4)

Starting from here, we assume that ¢ and v vanish on E°. To justify the definition,
we have to prove that the sup and inf are equal. It follows from (iv) in Lemma m
that

so we let

su dp < inf d
¢s§/@ M_wzf/w a
To prove the other inequality, suppose |f| < M and let
M k—1)M
Ek:{er:%Zf(m)>%} for —n<k<n

Yn () = Z %1&, on(z) = Z Mlbﬂk

n
k=—n k=—n

By definition, ¥n(z) — pn(z) = (M/n)1g, so
[ 0@ = at@rin =)
Since ¢n(z) < f(z) < ¥n(z), it follows from (iii) in Lemma [[.4.1] that
M
sup/soduz /wndu = f;u(E)Jr/wndu

o<f M
~ 2 W(E) + inf d
nu( >+¢gf/w

The last inequality holds for all n, which completes the proof.

\Y

d

Lemma 1.4.3. Let E be a set with u(E) < oco. If f and g are bounded functions that
vanish on E€ then:

(1) If f >0 a.e., then [ fdu > 0.

(ii) For any a € R, [afdp=a [ fdp.

(iti) [ f+gdp= [ fdu+ [ gdp.

() If g < f a.e., then [gdu < [ fdpu.

(v) If g= [ a.e., then [ gdp = [ fdpu.

(vi) | [ fdul < [|fldp.
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Proof. Since we can take ¢ = 0, (i) is clear from definition. To prove (ii), we
observe that if a > 0, then ayp < af if and only if ¢ < f, so

/afd,u = sup/agodu = supa/god,u =asup = /godu = a/fdu
¢<f o< f o< f

For a < 0, we observe that ap < af if and only if p > f, so

/afdu:sup/mpdu:supa/Lpd,uzainf/npd,uza/fdu
o> o> 2f

To prove (iii), we observe that if 1 > f and 12 > g, then ¢¥1 + 92 > f + g so

inf /@Z)d,u < inf /1{11 + Yadp

P> f+g Y12f02>9g
Using linearity for simple functions, it follows that

d = inf d
/f—i—g,u wér}ﬂz/wu

inf d, +/ d
wlzf,wzzg/wl K Vadp

fdp+ /gdu

IN |

To prove the other inequality, observe that the last conclusion applied to —f and

—g and (ii) imply
/f+gdu< /fdu /gdu
(iv)-(vi) follow from (i)-(iii) by Lemma[[.4.2]

Notation. We define the integral of f over the set E:

/Efduf/f'lgdu

Step 3.
If f >0, then we let

/fdu = sup{/ hdp : 0 < h < f,h if bounded and p({z : h(z) > 0}) < co}

The last definition is nice since it is clear that this is well defined. The next result
will help us compute the value of the integral.

Lemma 1.4.4. Let E, T Q have u(E,) < co and let a Ab = min(a,b). Then

/ f/\nd,uT/fdu as nT oo
En

Proof. It is clear that from (iv) in Lemma that the left-hand side increases
as n does. Since h = (f An)lg, is a possibility in the sup, each term is smaller than

the integral on the right. To prove that the limit is [ fdu, observe that if 0 < h < f,
h < M, and p({z : h(z) > 0}) < oo, then for n > M using h < M, (iv) and (iii),

f/\nduz/ hdu:/hduf/ hdu
En E, I3
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Now 0 < [,. hdp < Mu(E;, 0 {x : h(xz) > 0}) — 0 as n — oo, so

n—00

liminf/ fAndu > /hd,u
En
which proves the desired result since h is an arbitrary member of the class that
defines the integral of f.
O

Lemma 1.4.5. Suppose f,g > 0.

(i) [ fdu >0

(ii) If a > 0, then [afdu=a [ fdpu.

(iti) [ f+gdp= [ fdu+ [ gdu

() If0< g < f a.e., then [gdu < [ fdpu.

() If0<g=f ae., then [ gdp = [ fdpu.

Proof. (i) is trivial from the definition. (ii) is clear, since when a > 0, ah < af if
and only if h < f and we have [ahdpy = a [ hdp for h in the defining class. For (iii),
we observe that if f > h and g > k, then f 4 g > h+ k so taking the sup over h and k
in the defining classes for f and g gives

/f+gdu2/fdu+/gdu

To prove the other direction, we observe (a+b) An < (aAn)+ (bAn) so (iv) from

Lemma and (iii) from Lemma imply

/ (f +9) Andu < f/\nd,u-i—/ g Andp
En En En

Letting n — oo and using Lemma [T.4.4] gives (iii). As before, (iv) and (v) follow
from (i), (iii), and Lemma [T.4.2]

O
Step 4. We say f is integrable if [|f]|du < co. Let

fH@) = fl@)voand f(x) = (—f(z)) VO
where a V b = max(a, b). Clearly,

fl@) = fT(z) = f(2) and |f(2)| = [T (x) + [ (2)
We define the integral of f by

/fdu=/f+duf/f’du

The right-hand side is well defined since f*, f~ < |f| and we have (iv) in Lemma
Finally, we prove our six properties. It is useful to know:

Lemma 1.4.6. If f = f1 — f2 where f1, f2 >0 and [ fidu < oo, then

[ fau= [ sidu~ [ e

Proof. fi + f~ = fo + f* and all four functions are > 0, so by (iii) of Lemma

45
[ fdns [ 1au= [ 54 57du= [ s rrau= [ paus [ £tan

Rearranging gives the desired equation.
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Theorem 1.4.7. Suppose f and g are integrable

(i) If f >0 a.e., then [ fdu > 0.

(ii) For alla € R, [afdu=a [ fdpu.

(iti) [ f+gdp= [ fdu+ [ gdp.

() If g < f a.e., then [gdu < [ fdpu.

(v) If g= [ a.e., then [ gdu = [ fdpu.

(vi) | [ fdul < [ |fldp.

Proof. (i) is trivial. (ii) is clear since if a > 0, then (af)* = a(f"), and so on. To
prove (iii), observe that f +g = (f* +g") — (f~ +¢7), so using Lemma and

/f+ +gtdu - /f’ +g du

Lemma [1.4.6)
[ £+ adn
/f*du+/g+duf/f’duf/g’du
As usual, (iv) - (vi) follow from (i)-(iii) and Lemma [L.4.2}

Notation for special cases:
(a) (Q,F,u) = (RY, R N), we write [ f(x)dz for [ fdA.
(b) When (Q, F,u) = (R,R,\) and E = [a, ], we write f: f(z)dx for [, fdA.
(¢) When (Q,F,p) = (R, R, n) with p((a,b]) = G(b) — G(a) for a < b, we write
J f(z)dG(z) for [ fdu.
(d) When Q is a countable set, F = all subsets of Omega, and p is counting measure,
we write ), ., f(4) for ffdu

1.5 Properties of the Integral

In this section, we develop properties of the integral defined in the last section.

Theorem 1.5.1. Jensen’s tnequality. Suppose ¢ is convez, that is,

Ap(x) + (1= Ne(y) = p(Az + (1 = A)y)
for all X € (0,1) and z,y € R. If p is a probability measure, and f and ¢(f) are

integrable then
( / fdu> [ et

Proof. Let ¢ = [ fdu and I(z) = az + b be a linear function that has I(c) = ¢(c)
and ¢(x) > l(x). To see that such a function exists, recall that convexity implies

lim PO —ele—h) o eleth) —ple)
) h h10 h

The limits exist since the sequences are monotone. If we let a be any number
between the two limits and let I(z) = a(z — ¢) + ¢(c), then [ has the desired properties.
With the existence of [ established, the rest is easy. (iv) in Theorem implies

/@(f)dMZ/(af-i—b)d,u:a/fdu—l—b:l(/fdu) :cp(/fdu)

since ¢ = [ fdp and I(c) = ¢(c).
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O
Let ||£]lp = ([ |£[Pdp)"/? for 1 < p < oo, and notice ||cf]|, = |c| - || f||, for any real
number c.

Theorem 1.5.2. Hélder’s inequality. If p,q € (1,00) with 1/p+1/q =1 then

/ \Faldp < 111 11pllglla

Proof. If || f||p or ||g]lq = 0, then | fg| = 0 a.e., so it suffices to prove the result when
|| fIl» and |lgl[ > 0 or by dividing both sides by [|f|5|lglls, when [|f|l, = llglls = 1.
Fix y > 0 and let

plz)=2"/p+y?/qg—xy forz >0

¢'(x) =2’ —yand ¢"(z) = (p—1)2" >

50 ¢ has a minimum at zo = y"/*~V. ¢ =p/(p — 1) and zf, = y?/ P~ =47 50

p(wo) = y"(1/p +1/q) =y Py =0
Since o is the minimum, it follows that zy < 2P /p+y?/q. Letting z = |f], y = |g|,
and integrating

1
/Ifgldu <22 =1=flllglla

1
q

O
Remark 1.5.3. The special case p = ¢ = 2 is called Cauchy-Schwarz inequality. One
can give a direct proof of the result in the case by observing that for any 6,

0< [(r+09%du= [ Fduro(z [ o) +0*( [ g*dn)

so the quadratic af? + b + ¢ on the right-hand side has at most one real root.
Recalling the formula for the roots of a quadratic

—b+ Vb? — dac
2a
we see b2 — dac < 0, which is the desired result.

Our next goal is to give conditions that guarantee

lim [ fndu= / ( lim fn)dp
n—oo n—oo

First, we need a definition. We say that f, — f in measure, i.e., for any € > 0,
p{z : |fa(x) — f(z)] > €}) = 0 as n — oco. On a space of finite measure, this is
a weaker assumption than f, — f a.e., but the next result is easier to prove in the
greater generality.

Theorem 1.5.4. Bounded convergence theorem. Let E be a set with p(F) < oo.
Suppose frn vanishes on E€, |fn(z)| < M, and fn — f in measure. Then

/ fdp = tim. / fudp
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Example 1.5.5. Consider the real line R equipped with the Borel sets R and Lebesgue
measure A. The functions fn(z) = 1/n on [0,n] and 0 otherwise on show that the
conclusion of Theorem does not hold when u(E) = oco.

Proof. Let ¢ > 0, G, = {z : |fu(z) — f(z)| < €} and B, = E — Gy. Using (iii) and
(vi) from Theorem

[ = [ gadul = 1 [ (6= gd < [ 15 = fudu

— / |f—fn\du+/ 1 = Faldu
Gn By
= en(B) + 2Mu(B.)

fn — f in measure implies u(B,) — 0. € > 0 is arbitrary and pu(E) < oo, so the
proof is complete.

O
Theorem 1.5.6. Fatou’s lemma. If f,, > 0, then

lim inf/fnd,u, > / (lim inffn)du
n—oo n—oo
Example 1.5.7. Example [[.5.5] shows that we may have strict inequality in Theorem
1.5.61 The functions fn(x) = nl,1/n(z) on (0,1) equipped with the Borel sets and
Lebesgue measure show that this can happen on a space of finite measure.
Proof. Let gn(z) = infr>n fm (). fn(z) > gn(z) and as n 1 oo,
gn(@) T g(x) = liminf f ()
Since [ fndp > [ gndp, it suffices then to show that

liminf/gnd,u > /gdu
n—oo

Let E,, 1T Q be sets of finite measure. Since g, > 0 and for fixed m
(gn Am)-1g,, — (g Am)-1g,, a.e.
the bounded convergence theorem, Theorem [I.5.4] implies

lim inf/gndu > / gn A mdp — g Amdp
n—oo

m Em

Taking the sup over m and using Lemma gives the desired result.

Theorem 1.5.8. Monotone convergence theorem. If f,, > 0 and fn T f, then

/ Fadp t / fu

Proof. Fatou’s lemma, Theorem [1.5.6] implies liminf [ fodp > [ fdp. On the
other hand, f,, < f implies lim supffndu < ffdu.

O

Theorem 1.5.9. Dominated convergence theorem. If f, — f a.e., |fn] < g for all
n, and g is integrable, then [ fndp — [ fdp.
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Proof. f, + g > 0 so Fatou’s lemma implies

liminf/fn + gdp > /f ~+ gdp
n— oo

Subtracting [ gdp from both sides gives

n—o0

lim inf fnd,uz/fd,u

Applying the last result to —f,, we get

limsup/fnd,ug/fdu

n—oo

and the proof is complete.

1.6 Expected Value

We now specialize to integration with respect to a probability measure P. If X > 0 is
a random variable on (2, F,P) then we define its expected value to be EX = [ XdP,
which always makes sense, but may be co. To reduce the general case to the nonnegative
case, let 7 = max{z, 0} be the positive part and let x~ = max{—z, 0} be the negative
part of . We declare that EX exists and set EX = EXT — EX~ whenever the
subtraction makes sense, i.e., EXT < 0o or EX™ < 0.

EX is often called the mean of X and denoted by pu. EX is defined by integrating
X, so it has all the properties that integrals do. From Lemma[l1.4.5{and Theorem
and the trivial observation that E(b) = b for any real number b, we get the following

Theorem 1.6.1. Suppose X,Y >0 or E[X], E[Y] < cc.
(o) E(X+Y)=EX+EY.
(b) E(aX +b) = aE(X) + b for any real numbers a, b.
(c) If X >Y, then EX > EY.

Theorem 1.6.2. Jensen’s inequality. Suppose ¢ is convez, that is,

Ap(z) + (L= Nep(y) = e(Az + (1= A)y)
for all A € (0,1) and z,y € R. Then

E(p(X)) = ¢(EX)
provided both expectations ezist, i.e., E[X]| and E[p(X)] < co.
Theorem 1.6.3. Hélder’s inequality. If p,q € [1,00] with 1/p+1/q =1 then

EXY] <[ X][p|[Y]]q
Here || X ||, = (E[X]")Y" for € [1,00); || X||oo = inf{M : P(|X| > M) = 0}.

To state our next result, we need some notation. If we only integrate over A C 2,
we write

E(X;A) = /AXdP

Theorem 1.6.4. Chebyshev’s inequality. Suppose ¢ : R — R has ¢ >0, let A€ R
and let ia = inf{p(y) : y € A}.

iP(X € A) < E(p(X); X € A) < Bp(X)
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Proof. The definition of i4 and the fact that ¢ > 0 imply that

ialixea) < p(X)l(xea) < o(X)

So taking expected values and using part (c) of Theorem m gives the desired
result.

O

Remark 1.6.5. Some authors call this result Markov’s inequality and use the name
Chebyshev’s inequality for the special case in which ¢(z) = 2* and A = {z : |z| > a}:

a’P(|X| <a) < EX? (1.5)
Theorem 1.6.6. Fatou’s lemma. If X,, > 0, then

liminfEX, > E(liminfX,,)
n—r oo

n—oo

Theorem 1.6.7. Monotone convergence theorem. If 0 < X,, T X, then EX, 1
EX.

Theorem 1.6.8. Dominated convergence theorem. If X, — X a.s., |Xn| <Y for
all n, and EY < oo, then EX,, - EX.

The special case of Theorem [1.6.7]in which Y is constant is called bounded conver-
gence theorem.

Theorem 1.6.9. Suppose X,, — X a.s., Let g, h be continuous functions with
(i) g > 0 and g(xz) — oo as |z| — oo,
(i) |h(z)]|/g(z) = 0 as |x| = oo, and
(i) Eg(Xn) < K < oo for all n. Then Eh(X,) — Eh(X).
Proof. By subtracting a constant from h, we can suppose without loss of generality

that h(0) = 0. Pick M large so that P(|X| = M) = 0 and g(z) > 0 when |z| > M.
Given a random variable Y, let Y = Y1(y|<ar). Since P(|X|=M) =0, X, - X as.

Since h(X,) is bounded and h is continuous, it follows from the bounded convergence
theorem that

Eh(X,) = Eh(X) (a)

To control the effect of the truncation, we use the following;:

|[BR(Y) = BR(Y)| < EIA(Y) = h(Y)| < E(h(Y)|: Y| > M) < exrEg(Y)  (b)

where ey = sup{|h(z)|/g(x) : |z| < M}. To check the second inequality, note that
when |Y| < M, Y =Y, and we have supposed h(0) = 0. The third inequality follows
from the definition of €as.

Taking Y = X, in (b) and using (iii), it follows that

|ER(Xn) — EMX0)| < Kemr (c)

To estimate | Eh(X) — Eh(X)|, we observe that g > 0 and g is continuous, so Fatou’s
lemma implies

Eg(X) <liminfEg(X,) < K

n—r oo

Taking Y = X in (b) gives

|ER(X) — ER(X)| < Keu (d)
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The triangle inequality implies
|ER(Xn) — ER(X)| < |ER(Xn) — ( n)l _
+ER(Xn) — ER(X)| + [ER(X — ER(X)]
Taking limits and using (a), (c), (d), we have
limsup|Eh(X,) — Eh(X)| < 2Kem

n— o0

which proves the desired result since K < oo and epr — 0 as M — oo.
O

Integrating over (2, F,P) is nice in theory, but to do computations we have to shift
to a space on which we can do calculus in most cases, we will apply the next result
with S = R%.

Theorem 1.6.10. Change of variables formula. Let X be a random element of
(S,8) with distribution p, i.e., p(A) = P(X € A). If f is a measurable function from
(5,8) to (R,R) so that f >0 or E[f(X)] < oo, then

X) = / F)u(dy)

Remark 1.6.11. To explain the name, write h for X and P -h~" for u to get

[ renar = [ rwace-n)

Proof. We prove this result by verifying it in four increasingly more general special
cases that parallel the way that integral was defined Section 4.

CASE 1: INDICATOR FUNCTIONS. If B € § and f = 1p then recalling the
relevant definitions shows

Elp(X)=P(X € B) = pu(B) = /S 15(y)u(dy)

CASE 2: SIMPLE FUNCTIONS. Let f(z) = Z?nzl cmlp,, wherecp,, € R; B, € S.
The linearity of expected value, the result of Case 1, and the linearity of integration
imply

Ef(x) = Z cmElB,, (X

Zcm/lsm w(dy) = /f

CASE 3: NONNEGATIVE FUNCTIONS. Now if f > 0 and we let

falx) = (12" f(@)|/2") Am

where |z| = the largest integer < z and a A b = min{a, b}, then the f, are simple
and f, T f, so using the result for simple functions and the monotone convergence
theorem:

Bf(@) = mE£(X) = tim [ fwntan) = [ futan)

CASE 4: INTEGRABLE FUNCTIONS. The general case now follows by writing
f(z) = f(z)* — f(x)”. The condition E|f(X)| < oo guarantees that Ef(X)" and
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Ef(X)™ are finite. So using the result for nonnegative functions and linearity of
expected value and integration:

Ef(X) = BEf(X)* — Ef(X)" / )t p(dy) — / £ ()" u(dy)

j f)u(dy)
S

which completes the proof.
|

A consequence of Theorem|[1.6.9]is that we can compute expected values of functions
of random variables by performing integrals on the real line. If k is a positive integer
then EXP* is called the kth moment of X. The first moment EX is usually called
the mean and denoted by u. If EX? < oo then the variance of X is defined to be
var(X) = E(X — p)?. To compute the variance use the following:

var(X) = FE(X —p)? (1.6)
= EX?-2uEX +p?>=EX? - /2 :
From this it is immediate that
var(X) < EX? (1.7)

Here EX? is the expected value of X?. When we want the square of EX, we will
write (FX)?. Since E(aX +b) = aEX + b by (b) of Theorem it follows easily
from the definition that

var(aX +b) = E(aX+b— E(aX +b))?
= d’E(X — EX)? = a*var(X)

Now we turn to concrete examples.

(1.8)

Example 1.6.12. If X has an exponential distribution with rate 1 then
EX"* = / e dr = k!
0
So the mean of X is 1 and variance is EX? — (EX)? = 2 — 12 = 1. If we let
Y = X/\, Y has density Ae™* for y > 0, the exponential density with parameter

A. From (b) of Theorem and equation it follows that Y has mean 1/A and
variance 1/\%.

Example 1.6.13. If X has a standard normal distribution

EX = /x(Qﬂ')*l/z exp(—z®/2)dz = 0 (by symmetry)

var(X) = EX® = /x2(27r)71/2 exp(—a?/2)dx =1

If welet 0 >0, p € R, and Y = 06X + p, then (b) of Theorem and imply
EY = p and var(Y) = 0. Y has density

(2m0”) "% exp(—(y — p1)*/20%)

the normal distribution with mean yx and variance o2.
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Example 1.6.14. We say that X has a Bernoulli distribution with parameter p if
P(X =1)=pand P(X =0) =1—p. Clearly,
EX=p-1+(1—-p)-0=p
Since X? = X, we have EX? = EX = p and
var(X) = EX* — (EX)* =p—p* = p(1 - p)
Example 1.6.15. We say that X has a Poisson distribution with parameter A if

P(X =k)=e *N/k! for k=0,1,2,...

To evaluate the moments of the Poisson random variable, we use a little inspiration
to observe that for k > 1

E(X(X—-1)...(X—k+1) = Zj(j—l)...(j—k—i—l)e’)‘;\é
j=k ’
= )\kie_k A]_k = )\k
= Uk

where the equalities follow from the facts that (i) j(j —1)...(j —k+ 1) = 0 when
j < k, (ii) canceling part of the factorial, (iii) the fact that Poisson distribution has
total mass 1. Using the last formula, it follows that EX = A\ while

var(X) = EX® — (EX)’ = E(X(X —1)) + EX = \* =\
Example 1.6.16. N is said to have a geometric distribution with success probability
p € (0,1)if
P(N=k)=pl—p)* for k=1,2,..

N is the number of independent trials needed to observe an event with probability
p. Differentiating the identity

da-pt=1/p
k=0
and

k=1
D ok(k—1)(1-p)t =2/p°
k=2
From this it follows that
EN=Y kp(1—p)* " =1/p
k=1

EN(N —1) =Y k(k—1)p(l—p)* " =2(1 —p)/p’
k=1

var(N) = EN?—(EN)>=EN(N —1)+ EN — (EN)?
_ 20-p_ p 1 _1-p
p? p*  p? p?
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1.7 Product Measures, Fubini’s Theorem
Let (X, A, 1) and (Y, B, pu2) be two o-finite measure spaces. Let

Q=X xY={(z,y):x€X,yeY}

S={AxB:A€ A BeB}

Sets in S are called rectangles. It is easy to see that S is a semi-algebra:

(SxB)N(CxD)=(ANC)x (BND)

(Ax B)=(A°Xx B)U (A x B°)U (A° x BY)
Let F = A x B be the o-algebra generated by S.

Theorem 1.7.1. There is a unique measure p on F with

p(A x B) = p1(A)p2(B)
Notation. p is often denoted by p1 X po.

Proof. By Theorem it is enough to show that if A x B = +;(A; X B;) is a
finite or countable disjoint union then

p(A X B) = p(Ai x Bi)
For each x € A, let I(x) = {i: v € As}. B = +,¢c1(s)Bi, s0

La(x)p2(B) = Z 14, (z)p2(B:)

Integrating with respect to 1 and

pa(A)pe = Z pa (Ai) p2(Bi)

which proves the result.

O
Using Theorem and induction, it follows that if (Q — 4, F;, ui), i = 1,...,n, are
o-finite measures spaces and 2 = 1 X .-+ X €, there is a unique measure g on the

o-algebra F generated by sets of the form A; x --- x A,,, A; € F;, that has

(AL x Ap) = [ pm(Am)

When (Q, Fi, i) = (R, R, ) for all 4, the result is Lebesgue measure on the Borel
subsets of n dimensional Euclidean space R™.

Returning to the case in which (2, F, u) is the product of two measure spaces,
(X, A, p) and (Y, B,v), our next goal is to prove:

Theorem 1.7.2. Fubini’s Theorem. If f >0 or [ |f|du < oo then

) [ [ st = | fd | [ 1wy
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Proof. We will prove only the first equality, since the second follows by symmetry.
Two technical things that need to be proved before we can assert that the first integral
makes sense are:

When z is fixed, y — f(z,y) is B measurable.

x — [, f(x,y)u2(dy) is A measurable.

We begin with the case f = 1g. Let E, = {y: (z,y) € E} be the cross-section at
T.

Lemma 1.7.3. If & € F then E, € B.

Proof. (E°), = (E;)° and (U; E;)z = U;(E;)s, so if £ is the collection of sets E
for which E, € B, then £ is a o-algebra. Since £ contains the rectangles, the result
follows.

O
Lemma 1.7.4. If E € F then g(x) = p2(Ez) is A measurable and

/X gdpr = p(E)

Notice that it is not obvious that the collection of sets for which the conclusion is
true is a o-algebra since p(E1 U E2) = p(E1) + p(E2) — p(E1 N Ez). Dynkin’s m — A
Theorem was tailor-made for situations like this.

Proof. If conclusions hold for F, and E, 1 E, then Theorem and the mono-
tone convergence theorem imply that they hold for E. Since pu1 and us are o-finite, it
is enough then to prove the result for E C F' x G with p1(F) < oo and p2(G) < oo, or
taking 2 = F' X G we can suppose without loss of generality that u(Q) < co. Let £ be
the collection of sets F for which the conclusions hold. We will now check that £ is a
A-system. Property (i) of a A-system is trivial. (iii) follows from the first sentence in
the proof. To check (ii) we observe that

p2((A = B)z) = p2(As = Bz) = p(As) — p2(Bz)

and integrating over x gives the second conclusion. Since £ contains the rectangles,
a m-system that generates F, the desired result follows from the m — A theorem.

O

We are now ready to prove Theorem [[.7.2] by verifying it in four increasingly more
general special cases.

CASE 1. If E € F and f = 1g then (%) follows from Lemmam

CASE 2. Since each integral is linear in f, it follows that (x) holds for simple
function functions.

CASE 3. Now if f > 0 and we let fn.(z) = ([2"f(2)]/2") A n, where [z] =
the largest integer < z, then the f,, are simple and f,, 1 f, so it follows from the
monotone convergence theorem that (x) holds for all f > 0.

CASE 4. The general case now follows by writing f(z) = f(z)* — f(x)~ and
applying Case 3 to fT, f~, and | f|.

The following examples are to illustrate why the various hypotheses of Theorem
are needed.

Example 1.7.5. Let X =Y = {1,2,...} with A = B = all subsets and p1 = p2 =
counting measure . For m > 1, let f(m,m) = 1 and f(m + 1,m) = —1, and let
f(m,n) = 0 otherwise. We claim that

ZZf(m,n) =1 but sz(m’”) =0
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The following illustrates the equation:

0 0
+ 0 0 1 -1
n 0 1 -1 0
1 =1 0 0
m —

That is, if we sum the columns first, the first one gives us a 1 and the others 0,
while if we sum the rows each one gives us a 0.

It is worth noting that it is possible that a set A may not be measurable with respect
to the product o-field, but nevertheless the section A., and A, are all measurable,
P>(A.,) and P;(A,2) are measurable functions, but

/Pl(Aw2)dP2 # /Pg(Awl)dPl

Example 1.7.6. Let X = (0,1), Y = (1,00), both equipped with the Borel sets and
Lebesgue measure. Let f(z,y) = e™ %Y — 2¢72%Y,

1 oo 1
[ twwavae= [ e e >0
0 1 0

oo 1 oo
/ / flz,y)drdy = / y e —27")dy <0
1 0 1

Example 1.7.7. Let X = (0,1) with A = the Borel sets and 1 = Lebesgue measure.
Let Y = (0,1) with B = all subsets and p2 = counting measure. Let f(z,y) = 1 if
x = y and 0 otherwise

/y f(z,y)p2(dy) =1 for all z so /x /Y flz,y)pu2(dy)pi(de) =1

[t s =otoraltyso [ [ fa g @ein) =0

The last example shows that measurability is important or may be that some of
the axioms of set theory are not as innocent as they seem.

Example 1.7.8. By the axiom of choice and the continuum hypothesis one can define
an order relation <’ on (0,1) so that {z : z <’ y} is countable for each y. Let
X =Y =(0,1), let A =B = the Borel sets and u1 = us = Lebesguemeasure. Let
f(z,y) = 1if x <’ y, = 0 otherwise. Since {z:z <’ y} and {y : x <’ y}° are countable

/ f(z,y)p1(dz) =0 for all y

X

/ f(z,y)p2(dy) = 1 for all =
Y

1.8 Laplace Method
1.8.1 Laplace’s Method for Analytic Approximation of Integrals

Instead of approximating just the posterior with normal distribution, we can use
Laplace’s method to approximate integrals of a smooth function times the posterior
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h(68)p(0|y). The approximation is proportional to a (multivariate) normal density in 6,
and its integral is just

approximation of E(h(6)[y) : h(6o)p(6oly)(2m)**| — 1" (60)['/*,

where d is the dimension of 0, u(8) = log(h(0)p(0|y)), and 6o is the point at which u(6)
is maximized.

If h(0) is a fairly smooth function, this approximation can be reasonable, due to
the approximate normality of the posterior distribution, p(fy), for large sample sizes

B.

1.8.2 Banach Space
Let (X,|-]) be a Banach Space and

Xy := {(@n)nen C X :||(@n)nenl|x, < o0}
with

[(Xn)nenllx, := suplzn].
neN

Proof. We can prove the above claim of Banach Space by doing the following.
Suppose (zn)nen is a Cauchy sequence in Xy, with z, = (Zn,m)men for each n. Fix
€ > 0. Then there is some N € N such that

[|2ny — anHXb <e€

for all n1,n2 > N. But then for each m € N we have

[Zry,m = Tngm| < |l2ny — 20y l|x, <6,

This means that the sequence (Zn,m)nen is Cauchy in X, and thus convergent to
some x,, € X. This gives us a sequence z = (Zm)men in X. Now we have to show two
things:

(1) z € Xp, and

(2) ||zn — 2||x, — 0 as n — oo.

The first is okay. Given m € N, there is some n € N such that |z, —zn,m| < €, and
thus

|[Tm| < |2n,m| + € < |lznllx, +€ < sup|lznllx, +¢
neN

and we know sup,,cy||zn||x, < oo since (zn)nen is Cauchy. Since m € N was
arbitrary, we have

sup |Zm| < supl|za||x, + € < 00,
meM neN

thus z € X3, so (1) is shown. Now to show (2), since (zn)nen is Cauchy, there is
some N’ € N such that ||zn, — zn.||x, < €/2 whenever ni,n2 > N’. Now let n > N’
be given. Then for any m € N, there is some n’ > N’ such that |Tm — Tps m| < €/2.
Thus we have

|Zm — Znm| < |Tm — Tn/ | F |Tn/m — Tnym| < €/2+€/2 =€

Now taking the supremum over m, we have

1z = 2znllx, <6
and thus (2) is shown.
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Let X be a Banach space with norm || - || x. Define

1fllp = (i If(n)ll‘;})l/p

for any function f: N — X. Let I := {f : N = X : ||f||, < oo}. Show that [? is
also a Banach space.

Proof. Choose a k such that ||fi — fj||p < 1 for 4,5 > k. Then, for every fixed
N € N, you have

N 1/p
(SN = £eolP ) < 1= Felly <1

for every ¢ > k. Since there are only finitely many terms in the sum, you can take
the limit ¢ — oo, and obtain

(10— ntorr) <

Since that inequality holds for all N, you have (f — fx) € ¥ and ||f — fxl|lp < 1.
Since [P is a vector space and fi € [P, it follows that f = fi + (f — fx) € [’. Showing
that fr — f in [ can be done same way.

O

1.8.3 Minkowski’s Theorem

In mathematics, Minkowski’s theorem is the statement that any convex set in R™ which
is symmetric with respect to the origin and with volume greater than 2"d(L) contains
a non-zero lattice point. The theorem was proved by Hermann Minkowski in 1889 and
became the foundation of the branch of number theory called the geometry of numbers.

Suppose that L is a lattice of determinant d(L) in the n-dimensional real vector
space R™ and S is a convex subset of R™ that is symmetric with respect to the origin,
meaning that if = is in S then —z is also in S. Minskowski’s theorem states that if the
volume of S is strictly greater than 2"d(L), then S must contain at least one lattice
point other than the origin. (Since the set S is symmetric, it would then contain at
least three lattice points: the origin 0 and a pair of points +z, where z € L'\ 0. )

For example, the simplest case of a lattice is the set Z" of all points with integer
coefficients; its determinant is 1. For n = 2, the theorem claims that a convex figure
in the plane symmetric about the origin and with area greater than 4 encloses at least
one lattice point in addition to the origin. The area bound is sharp: if S is the interior
of the square with vertices (£1,£1) then S is symmetric and convex, has area 4, but
the only lattice point it contains is the origin. This observation generalizes to every
dimension n.

Theorem 1.8.1. Minkowski theorem. The theorem states that

1S+ gllo < [1£1lo + llglle < 277 (11f1l> + lls)
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Proof. Consider ||f||, and ||g||, finite. We have the following

Wl = [17+aldn

/If +gllf +glP tdp

< [unrear [l +gr
17 +gllp

< (Ul +lgllo 7=

< Nfle + lgllp

so we conclude that [ has non-zero elements with zero semi-norm. The identity f =g
a.e. and tends to norm. Thus, we have a Banach space. That is,

L% = {f + ||flloe < 00} while ||flloc = inf{n>0: p{q : |f(x)| > u} = 0}

1.8.4 Riesz-Fischer Theorem

In his Note, Riesz (1907, p. 616) states [I3] states the following result (translated here
to modern language at one point: the notation L?([a,b]) was not used in 1907).

“Let {¢} be an orthonormal system in L?([a,b]) and {a.} a sequence of reals. The
convergence of the series 3" a2 is a necessary and sufficient condition for the existence
of a function f such that

/ab f(@)on(x)dx = an¥n

Today, this result of Riesz is a special case of basic facts about series of orthogonal
vectors in Hilbert spaces. The most common form of the theorem states that a mea-
surable function on [—m, 7] is square integrable if and only if the corresponding Fourier
series converges in the space L2. This means that if the Nth partial sum of the Fourier
series corresponding to a square-integrable function f is given by

N
Snf(z)= > Fue™,

n=—N

where F,,, the nth Fourier coefficient, is given by

1 T —inx
Fn = %/_7( f(m)e dl‘,
then
lim [|Sw f — fll2 =0,
N — o0

where || - ||2 is the L*-norm.

The Riesz-Fischer theorem also applies in a more general setting. Let R be an inner
product space consisting of functions (for example, measurable functions on the line,
analytic functions in the unit disc; in old literature, sometimes called Euclidean Space),
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and let {¢,} be an orthonormal system in R (e.g. Fourier basis, Hermite or Laguerre
polynomials, etc. - see orthogonal polynomials), not necessarily complete (in an inner
product space, an orthonormal set is complete if no nonzero vector is orthogonal to
every vector in the set).
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2 LAW OF LARGE NUMBERS

Go back to Table of Contents. Please click

2.1 Independence

Measure theory ends and probability begins with the definition of independence. We
begin with what is hopefully a familiar definition and work our way up to definition
for current settings. Two events A and B are independent if P(AN B) = P(A)P(B).
Two random variables X and Y are independent if for all C, D € R.

P(Xe(CYeD)=PXeC)P(Y € D)

i.e., the events A = {X € C} and B = {Y € D} are independent. Two o-fields F
and G are independent if for all A € F and B € G the events A and B are independent.

We take things in the opposite order when we say what it means for several things to
be independent. We begin by reducing to the case of finitely many objects. An infinite
collection of objects (o-fields, random variables, or sets) is said to be independent if
every finite subcollection is.

o-fields Fi, F2, ..., Fn are independent if whenever A; € F; for i = 1,...,n, we have

PO = [ P(A)

Random variables X1, ..., X, are independent if whenever B; € R for i = 1,...,n
we have

PN {X; € B.}) = [[ P(Xi € By)
i=1
Sets Ai, ..., An are independent if whenever I C {1,...,n} we have

P(NierAi) [ [ P(A))
il
At first glance, it might seem that the last definition does not match the other two.
However, if you think about it for a minute, you will see that if the indicator variables
1a;, 1 < i < n are independent and we take B; = {1} fori € I, and B; € R for i ¢ I
then the condition in the definition results.

Example 2.1.1. Let X;, X2, X3 be independent random variables with

P(Xi=0)=P(X;=1) =1/2

Let X1 = {X2 = X3}, A2 = {X3 = X1} and A3 = {X1 = Xo}. These events are
pairwise independent since if ¢ # j then

P(AiNAj) = P(X1 = Xo = X3) = 1/4 = P(4:)P(4;)

but they are not independent since

P(Al NAsN Ag) = 1/4 # 1/8 = P(A1)P(A2)P(A3)
In order to show that random variables X and Y are independent, we have to check
that P(X € A,Y € B) = P(X € A)P(Y € B) for all Borel sets A and B.
Collections of sets A1, Asg, ..., A, C F are said to be independent if whenever A; €
Ai and T C {1,...,n} we have P(NierA:) = [],c; P(A;). If each collection is a single
set i.e., A; = {A;}, this definition reduces to the one for sets.
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Lemma 2.1.2. Without loss of generality we can suppose each A; contains 2. In this
case the condition is equivalent to

n

Niz1A:) HP i) whenever A; € A;

since we can set A; = Q fori & I.

Proof. If A;, Ao, ..., A are independent and A; = A; U{Q} then Ay, As, ..., Ay
are independent, since if A; € A; and I = {j: A; = Q} N A; = Nier4s.

d

Let us notate the following. Say collection of sets P is a w-system if closed under
intersection. Say a collection of sets L is a A-system if (i) Q € £; (ii) if A,B € £ and
A C B, then B— A€ £; (iii) if A, € £ and A, 1 A then A € L.

Theorem 2.1.3. 71—\ Theorem. If P is a w-system and L is a \-system that contains
P then o(P) C L.

Theorem 2.1.4. Suppose A1, Aa, ..., A, are independent and each A; is a w-system.
Then o(A1),0(Az), ...,0(An) are independent.

The proof of Theorem [2:1.4]is based on Dynkin’s 7 — X theorem. To state this result,
we need definitions. We say that A is a m-system if it is closed under intersection, i.e.,
if A,B € Athen ANB € A. We say that £ is a A-system if: (i) Q € £. (ii)) If A,B e L
and A C B, then B— A € L. (iii) If A, € £ and A, T A then A € A.

Proof. Let Ao,..., A, be sets with A; € A;, let FF = AonN---N A, and let £ =
{A: P(ANF)= P(A)P(F)}. Since P(QN F) = P(Q)P(F), Q € L. To check (ii) of
the definition of a A-system, we note that if A, B € £ with A C B then (B—A)NF =
(BNF)—(ANF). So using (i) in Theorem the fact A, B € £ and then (i) in
Theorem [1.1.1| again

P(B-—A)NF) = P(BNF)-P(ANF)=P(B)P(F)— P(A)P(F)
{P(B) = P(A)}P(F) = P(B - A)P(F)
and we have B — A € L. To check (iii) let By € £ with By T B and note that

(BkNF) 1 (BNF) so using (iii) in Theorem [1.1.1} the fact that By € £, and then (iii)
in Theorem [[.I.1] again

P(B N F)imP(By N F) = imP(B) P(F) = P(B)P(F)

Applying the 7 — A\ theorem now gives £ D o(A1). It follows that if A; € o(A1)
and A; € A; for 2 < i < n then

P(Ni—1A;) = P(A1)P(NiZA;) HP

Using Lemmanow, we have (%) If Ai, Ag, ..., A, are independent then o (A1),
Aa, ..., A, are independent. Applying (x) to As, ..., A,, 0(A1) (which are independent
since the definition is unchanged by permuting the order) shows that o(As2), As, ..., An,
o(A;) are independent, and after n iterations we have the desired result.

d

Remark 2.1.5. The reader should note that it is not easy to show that if A, B € £ then
ANB e L,or AUB € L, but it is easy to check that if A, B € £ with A C B then
B—-AeclL.
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Theorem 2.1.6. In order for Xi,..., X, to be independent, it is sufficient that for all
Z1y .oy Tn € (—00, 00]

P(X1 <21, X0 < 3n) = [[P(Xi < 20)
i=1
Proof. Let A; = the sets of the form {X; < x;}. Since

{Xi <z U{Xs <yt ={Xi<zAy}
where (z Ay)i = x; Ay; = min{x;,y:}. A; is a m-system. Since we have allowed
T, =00, Q€ A,.
O

Theorem 2.1.7. Suppose F;;, 1 < i < n, 1 < j < m(i) are independent and let
Gi = o(UiFi ;). Then Gi,...,Gn are independent.

Proof. Let A; be the collection of sets of the form N;A; ; where A; ; € F; ;. A; is
a m-system that contains 2 and contains U;F; ; so Theorem implies o(A;) = Gs
are independent.

d

Theorem 2.1.8. If for 1 < i < n, 1 < j < m(i), X;; are independent and f; :
R™® — R are measurable then fi(X; 1, ..., X;m(iy) are independent.

Proof. Let F;; = 0(X;,;) and G; = o(U;Fs,5). Since fi(Xi1,..., Xsm(@)) € Gi, the
results come from Theorem [2.1.7}

O

A concrete special case of Theorem [2.1.8] that we will use is: if Xi,..., X, are
independent then X = X; and Y = X>...X,, are independent. Later, when we study
sums S,, = X1 + -+ + X, of independent random variables X1, ..., X,,, we will use
Theorem [2.1.8| to conclude that if m < n then S, — Sy, is independent of the indicator
function of the event {maxi<k<m Sk > z}.

The next goal is to obtain formulas for the distribution and expectation of inde-
pendent random variables.

Theorem 2.1.9. Suppose Xi,..., X, are independent random variables and X, has
distribution u;, then (Xi,..., Xyn) has distribution p1 X -+ X fin.

Proof. Using the definitions of (i) Ay X -+ X Ay, (ii) independence, (iii) u;, and
(iv) pa X - o X i

P((X1,..X,) €A1 x -+ xA,) = PXi€A,. ., XnEA)

n

iil
= JJwmia)
=1
— le"'xﬂzn(Alx"'XAn)

The last formula shows that the distribution of (X7, ..., X») and the measure p1 X
... ln agree on sets of the form A; x --- X A,, a w-system that generates R". So
theorem implies they must agree.

O
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Theorem 2.1.10. Suppose X and Y are independent and have distributions p and v.
If h: R? = R is a measurable function with h >0 or E|h(X,Y)| < oo then

ER(X,Y) = / / (e, v d)v(dy)

In particular, if h(z,y) = f(x)g(y) where f,g : R — R are measurable functions
with f,g >0 or E|f(X)| and E|g(Y)| < co then

Ef(X)g(Y) = Ef(X)- Eg(Y)
Proof. Using Theorem and Fubini’s theorem (Theorem we have

Eh(X,Y) = /

R

d(uxv) = [ [ e putdan)

To prove the second result, we start with the result when f,g > 0. In this case,
using the first result, the fact that g(y) does not depend on z and then Theorem m
twice we get

Ef(X)g(Y)

[/ t@atntaon(ay)

[ o) [ s@ntdetan)

/ Ef(X)g(y)v(dy)

Ef(X)Eg(Y)

Applying the result for nonnegative f and g to |f| and |g|, shows E|f(X)g(Y)| =
E|f(X)|E|g(Y)| < co, and we can repeat the last argument to prove the desired result.
O

Theorem 2.1.11. If X1,..., X,, are independent and have (a) X; > 0 for all i, or (b)
E|X;| < oo for all i then

E(ﬁX,L-) = ﬁEX

=1
i.e., the expectation on the left exists and has the value given on the right.
Proof. X = X; and Y = X5...X,, are independent by Theorem so taking
f(z) = |z| and g(y) = |y| we have E|X; ... X, = E|X1|E|X2 ... X,|, and it follows by
induction that if 1 <m <n

E|Xp ... Xa| =[] EIXx|

If the X; > 0, then |X;| = X; and the desired result follows from the special
case m = 1. To prove the result in general note that the special case m = 2 implies
E|Y| = E|Xz...Xn| < 00, so using Theorem 2.1.10| with f(z) = = and g(y) = y shows
E(X1...Xn)=EX:...E(X2...X,), and the desired result follows by induction.

O
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Example 2.1.12. It can happen that E(XY) = EX - EY without the variables being
independent. Suppose the joint distribution of X and Y is given by the following table

Y
1 0 -1
1 0 a 0
X 0 b ¢ b
-1 0 a 0

where a,b > 0, ¢ > 0, and 2a 4+ 2b + ¢ = 1. Things are arranged so that XY = 0.
Symmetry implies EX = 0 and EY = 0, so E(XY) = 0 = EXFEY. The random
variables are not independent since

PX=1Y=1)=0<ab=P(X =1)P(Y =1)

Two random variables X and Y with EX2, EY? < co that have EXY = EXEY
are said to be uncorrelated. The finite second moments are needed so that we know
E|XY| < oo by the Cauchy-Schwarz inequality.

Theorem 2.1.13. If X and Y are independent, F(X) = P(X < z), and G(y) =
P(Y <v), then

PX+Y <2)— /F(z — y)dG(y)

The integral on the right-hand side is called the convolution of F and G and is
denoted F x G(z). The meaning of dG(y) will be explained in the proof.

Proof. Let h(x,y) = l(z4y<-)- Let p and v be the probability measures with
distribution functions F' and G. Since for fixed y

[ ntan) = [ 1o y@ntan) = F )
using Theorem [2.1.10| gives
P(X4+Y <z2) = / 1(zty<zp(dr)r(dy)
F(z —y)v(dy)

/F(z —y)dG(y)

The last equality is just a change of notation. We regard dG(y) as a shorthand for
“integrate with respect to the measure v with distribution function G.”

d

Theorem 2.1.14. Suppose that X with density f and Y with distribution function G
are independent. Then X +Y has density

h(z) = / f(@ - y)dC(y)

When'Y has density g, the last formula can be written as

h(z) = / f(@ - v)g(y)dy
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Proof. From Theorem [2.1.13] the definition of density function, and Fubini’s the-
orem (Theorem [1.7.2), which is justified since everything is nonnegative, we get

Py sy - fre g

I/ ; f(z — y)dzdG(y)
/ ; [ e~ Gz

The last equation says that X +Y has density h(z) = [ f(z—y)dG(y). The second
formula follows from the first when we recall the meaning of dG(y) given in the proof
of Theorem [2.1.13

O
Example 2.1.15. The gamma density with parameters a and A is given by
~ xeze e T (a) forz >0
f(x)_{O forz <0
where I'(ar) = [;° 2% e “da.

Theorem 2.1.16. If X = Gamma(a, \), andY = Gamma(B, \) are independent, then
X +Y is Gamma(a+ B,)\). Consequently if X1, ..., Xn are independent exponential(X)
r.v. s, then X1 + -+ 4+ Xy, has a Gamma(n, ) distribution.

Proof. Write fx+v(2z) for the density function of X +Y and use Theorem [2.1.14

— —1 -y
* )\a(x y)a ! —Xz—y) )‘Byﬁ !
- Ay 2V g
fX-‘-Y(x) /0 F( ) € e Yy

N\otBe—Az a—1 B-1
F(a)l“(ﬂ)/o(m_y) vy

so it suffices to show the integral is z*"#~I'(a)/I'(a + B). To do this, we begin by
changing variables y = xu, dy = zdu to get

1 x
x‘“’ﬂ_l/ (1- u)a_lu’ﬁ_ldu = / (z — y)o‘_lyﬁ_ldy (2.1)
0 0

There are two ways to complete the proof at this point. The soft convolution is to

note that we have shown that the density fx.y (z) = ca.ge *A* P28 -1 where
Ca,p = 1 /1(1 —u)* P du
L(@)'(B) Jo

There is only one norming constant co,g that makes this a probability distribution,
so recalling the definition of the beta distribution, we must have cq,3 = 1/T'(a + ).

The less elegant approach for those who cannot remember the definition of the beta
is to prove the last equality by calculus. Rewriting 2.I] with the right-hand side on
the left, multiplying each side by exp(—z), integrating from 0 to oo, and then using
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Fubini’s Theorem on the right we have

1 oo x
Ia+ 5)/ (1—w* W e = / / v le V(@ —y)* e TV dyda
0 o Jo

/ yﬂ_le_y/ (x—y)a_le_(z_y)dxdy
0 x

= T(@)l(p)

which gives the first result. The second follows from the fact that a Gamma(1, \) is an
exponential with parameter A and induction.

O

Example 2.1.17. Normal distribution. We introduced the normal density with
mean p and variance a,

(2ma) "2 exp(—(z — u)?/2a).
Theorem 2.1.18. If X = Normal(u,a), and Y = Normal(v,b) are independent, then
X +Y = Normal(0,b).

Proof. It is enough to prove the result for u = v = 0. Suppose Y1 = Normal(0, a)
and Y2 = Normal(0,b). Then Theorem [2.1.14| implies

1 / —22/2a_—(2—x)%/2b
Yi+Ys(2) = e e dx
f 1+ 2( ) 27r\/a7b

Dropping the constant in front, the integral can be rewritten as

a+b, o 2a a o
/eXp(* abb{x *mm”awj b)do
B _a+ _a 2 a 2
= /exp( 5ab {(z a+bz) + CEDE Hdx

since {a/(a 4+ b)}?> + {a/(a + b)} = ab/(a + b)>. Factoring out the term that does not
depend on x, the last integral

. 22 a+b a 2
= exp(—m)/exp(— 5ab (az—aerz) )dx

- 2mab/(a + b)

)dm

/ex ( _ ba? + ax? — 2axz + az?
P 2ab

exp (— m)

since the last integral is the normal density with parameters p = az/(a + b) and
o® = ab/(a + b) without its proper normalizing constant. Reintroducing the constant
we dropped at the beginning,

22

1
vty (2) = ol 2mab/(a +b) exp ( — m)
O

The last question that we have to address before we can study independent random
variables is: Do they exist? (If they do not exist, then there is no point in studying
them!) If we are given a finite number of distribution functions F;, 1 < i < n, it is
easy to construct independent random variables X1, ..., X, with P(X; < z) = F;(x).
Let Q =R", F = R", X;(w1,...,wn) = w; (the ith coordinate of w € R™), and let P be
the measure on R"™ that has

P((ar,bi] - x (an,bu]) = (Fi(b1) = Fi(a1)) ... (Fa(ba) — Fu(an))
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If p; is the measure with distribution function Fj, then P = 1 X - -+ X pin.

To construct an infinite sequence X1, Xo, ... of independent random variables with
given distribution functions, we want to perform the last construction on the infinite
product space

RY = {(w1,ws,...) : w; € R} = {functions w : N — R}

where N = {1,2,...} and N stands for natural numbers. We define X;(w) = w; and
we equip RY with the product o-field RN, which is generated by the finite dimensional
sets = sets of the form (w: w; € B;,1 <4 < n} where B; € R. It is clear how we want
to define P for finite dimensional sets.

Theorem 2.1.19. Kolmogorov’s extension theorem. Suppose we are given proba-
bility measures pn on (R™,R,) that are consistent, that is,

ﬂn+1((a17b1] X X (anvbn} X R) = :u‘ﬂ((alvbl] X X (anvan

Then there is a unique probability measure P on (]RN, RN), with

P(w:w; € (ai,bi],1 <i<n)=pn((ar,b1] X -+ X (an, bn])

In what follows we need to construct sequences of random variables that take values
in other measurable spaces (S,S). Unfortunately, Theorem [2.1.19| is not valid for
arbitrary measurable spaces.

Theorem 2.1.20. If S is a Borel subset of a complete separable metric space M, and
S is the collection of Borel subsets of S, then (S,S) is nice.

Proof. We begin with the special case S = [0,1)N with metric

oo

p(x,y) =D len —yal /2"
n=1
If £ = (2',2% 23, ...), expand each component in binary z/ = x]lszxf; ... (taking

the expansion with an infinite number of 0’s). Let
1.1 .2 1 2 3 1 2 3 4
o(T) = T1TTTTZTZTIT4TZTLLY - . -
To treat the general case, we observe that by letting

d(z,y) = p(z,y)/ (1 + p(z,y))

We can suppose that the metric has d(z,y) < 1 for all z,y. Let qi,¢2,... be a
countable dense set in S. Let

w($) = (d(l‘, q1)7 d(l‘7 q2)7 )
PS8 =0, 1)V is continuous and 1-1. g o ¢ gives the desired mapping.

2.2 Weak Laws of Large Numbers

In this section, we will prove several “weak laws of large numbers.” The first order of
business is to define the mode of convergence that appears in the conclusions of the
theorem. We say that Y, converges to Y in probability if for all € > 0, P(|Y, — Y| >
€) = 0 as n — oo.
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Our first set of weak laws come from computing variances and using Chebyshev’s
inequality. A family of random variables X;, i € I with EX}? < oo is said to be
uncorrelated if we have

E(XlX]) = EXlEX] whenever 4 7é ]
They key to our weak law for uncorrelated random variables is

Theorem 2.2.1. Let X1,..., X,, have E(X?) < oo and be uncorrelated. Then

var(X1 + -+ Xpn) = var(X1) + - - - + var(Xy)
where var(Y) = the variance of Y.
Proof. Let p; = EX; and S, = >, | Xs. Since ES, = >, pi, using the
definition of the variance, writing the square of the sum as the product of two copies
of the sum, and then expanding, we have

var(Sn) = E(S, — ES,)’
= E(é(Xi - Mi)>2

- E<zn:zn:(Xi — i) (X — Mj))

i=1 j=1

= S B ) 4230 Y B ) (X, — )

where in the last equality we have separated out the diagonal terms ¢ = j and used
the fact that the sum over 1 < i < j < n is the same as the sum over 1 < j < i < n.

The first sum is var(Xi) + - - - + var(X,) so we want to show that the second sum
is zero. To do this, we observe

BE((Xi = pa) (X5 —p3)) = EXiX; — piBEX; — s EXi + papy
= EXiXj —pip; =0
since X; and X; are uncorrelated.

O

In words, Theorem [2:2.1]says that for uncorrelated random variables the variance of
the sum is the sum of the variances. The second ingredient is the following consequence:

var(cY) = ¢*var(Y)
The third and final ingredient is

Lemma 2.2.2. Ifp > 0 and E|Z,|” — 0, then Z, — 0 in probability.
Proof. Chebyshev’s inequality, Theorem with ¢(z) = zP and X = |Z,]
implies that if € > 0 then P(|Z,| > ¢) < e PE|Z,|? — 0.
]

Theorem 2.2.3. L? weak law. Let X1, Xo, ... be uncorrelated random variables with
EX; = p and var(X;) < C < oo. If S, = X1+ ... X, then as n — oo, Sp/n — p in
L? and in probability.
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Proof. To prove L? convergence, observe that E(S,/n) = u, so

1 n
E(Sn/n — p)? = var(S,/n) = ﬁ(var(Xl) + - Fvar(X,)) < % —0
To conclude there is also convergence in probability, we apply the Lemma to
Zyn = Sn/n — p.

O

The most important special case of Theorem [2.2.3| occurs when X, X», ... are in-
dependent random variables that all have the same distribution. In the jargon, they
are independent and identically distributed or i.i.d. for short. Theorem tells us
in this case if EX? < oo then Sn/n converges to = EX; in probability as n — oo.
Below, we will see that E|X;| < oo is sufficient for the last conclusion, but for the
moment we will concern ourselves with consequences of the weaker result.

Example 2.2.4. Polynomial approximation. Let f be a continuous function on
[0,1], and let

m=0

be the Bernstein polynomial of degree n associated with f. Then as n — oo

sup [fn(z) — f(x)] =0
z€[0,1]

Proof. First observe that if S, is the sum of n independent random variables with
P(X;=1)=pand P(X; =0) =1—p then EX; = p, var(X;) = p(1 — p) and

P(Sp =m) = (jj;) phA—p)" "

s0 Ef(Sn/n) = fn(p). Theorem[2.2.3]tells us that as n — 0o, Sn/n — p in probability.
The last two observations motivate the definition of f,(p), but to prove the desired
conclusion we have to use the proof of Theorem [2.2.3|rather than the result itself.

Combining the proof of Theorem [2:2.3] with our formula for the variance of X; and
the fact that p(1 — p) < 1/4 when p € [0, 1], we have

var(Sp/n) _ p(l—p) _ 1
02 né?  — 4nd?

To conclude now that Ef(Sn/n) = f(p), let M = sup,c(oq;|f(z)], let € > 0, and
pick 6 > 0 so that if |z —y| < ¢ then |f(xz) — f(y)| < e. (This is possible since a
continuous function is uniformly continuous on each bounded interval.) Now using
Jensen’s inequality, Theorem [1.6.2] gives

|Ef(Sn/n) = f(P)| < E|f(Sn/n) — f(p)| < €+ 2MP(|Sn/n —p| > 0)

P(|Sn/n—p|>6) <

Letting n — oo, we have limsup,,_, ., |[Ef(Sn/n) — f(p)| < €, but € is arbitrary so
this gives the desired result.

d
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Example 2.2.5. A high-dimensional cube is almost the boundary of a ball.
Let X1, X, ... be independent and uniformly distributed on (—1,1). Let ¥; = X2,
which are independent since they are functions of independent random variables. EY; =
1/3 and var(V;) < EY? <1, so Theorem implies

(X7 +---+ X2)/n — 1/3 in probability as n — oo

Let Ap,e = {x € R": (1 — €)/n/3 < |z| < (1 +¢)4/n/3} where |z| = (2 +--- +
22)Y/2. If we let | S| denote the Lebesgue measure of S then the last conclusion implies
that for any € > 0, |An, N (—1,1)"|/2" — 1, or, in other words, most of the volume of
the cube (—1,1)" comes from A, ., which is almost the boundary of the ball of radius

n/3.

Many classical limit theorems in probability concern arrays X, x, 1 < k < n of
random variables and investigate the limiting behavior of their row sums S, = X, 1 +
-++ 4+ Xp,n. In most cases, we assume that the random variables on each row are
independent, but for the next trivial (but useful) result we do not need that assumption.
Indeed, here S,, can be any sequence of random variables.

Theorem 2.2.6. Let i, = ESp, 02 = var(Sy). If 62 /b2 — 0, then

w — 0 n probability
Proof. Our assumptions imply E((Sn — in)/bn)? = by, 2var(S,) — 0, so the desired
conclusion follows from Lemma 2.2.2]

O

We now give three applications of Theorem [2.:2.6 For these three examples, the
following calculation is useful:

"1
logn < Zagl—l—logn (2.2)
m=1

Example 2.2.7. Coupon collector’s problem. Let X;, X5, ... be i.i.d. uniform on
{1,2,...,n}. To motivate the name, think of collecting baseball cards (or coupons).
Suppose that the ith item we collect is chosen at random from the set of possibilities
and is independent of the previous choices. Let 7 = inf{m : |{X1,..., Xn}| = k}
be the first time we have k different items. In this problem, we are interested in the
asymptotic behavior of T, = 7,7, the time to collect a complete set. It is easy to see
that 7" = 1. To make later formulas work out nicely, we will set 7¢' = 0. For 1 < k < n,
Xnx =Ty — T, represents the time to get a choice different from our first k¥ — 1, so
X, 1 has a geometric distribution with parameter 1 — (k — 1)/n and is independent
of the earlier waiting times X, ;, 1 < j < k. If X has a geometric distribution with
parameter p, then EX = 1/p and var(X) < 1/p®. Using the linearity of expected

value, bounds on >-" _, 1/m in and Theorem we see that

n

ETn:Z(l— 16_1)71 :nzn:mfl ~nlogn
m=1

n

var(T,) < Zn: (1- kgl)_2 =n? z": m~? <n’ i m~?
m=1

k=1 = m=1
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Taking b,, = nlogn and using Theorem [2.2.6] it follows that

-1
Tn—nYy m_ m
nlogn

— 0 in probability

and hence T, /(nlogn) — 1 in probability.

For a concrete example, take n = 365, i.e., we are interested in the number of people
we need to meet until we have seen someone with every birthday. In this case the limit
theorem says it will take about 365 log 365 = 2153.46 tries to get a complete set. Note
that the number of trials is 5.89 times the number of birthdays.

Example 2.2.8. Random permutations. Let 2, consist of the n! permutations
(i-e., one-to-one mappings from {1,...,n} onto {1,...,n}) and make this into a proba-
bility space by assuming all the permutations are equally likely. This application of
the weak law concerns the cycle structure of a random permutation 7, so we begin
by describing the decomposition of a permutation into cycles. Consider the sequence
1,7(1), 7(w(1)), ... Eventually, 7%(1) = 1. When it does, we say the first cycle is com-
pleted and has length k. To start the second cycle, we pick the smallest integer ¢ not
in the first cycle and look at 4, w(z), w(m (7)), ... until we come back to i. We repeat the
construction until all the elements are accounted for. For example, if the permutation

is
i 1 2 3 4 5 6 7
5

i) 3 9 6 8 2 1

then the cycle decomposition is (136)(2975)(48).

Let X, = 1 if aright parenthesis occurs after the kth number in the decomposition,
Xnk = 0 otherwise and let S, = Xn,1 + -+ + Xn,n = the number of cycles. (In the
example, Xg 3 = Xo7 = X999 = 1, and the other Xy ,, = 0.) We claim that

Lemma 2.2.9. X, 1,..., Xn,n are independent and P(X, ; =1) = ﬁ

Intuitively, this is true since, independent of what has happened so far, there are
n—j+1 values that have not appeared in the range, and only one of them will complete
the cycle.

Proof. To prove this, it is useful to generate the permutation in a special way.
Let 41 = 1. Pick j; at random from {1,...,n} and let 7(i1) = ji. If j1 # 1, let
i2 = j1. If j1 = 1, let i = 2. In either case, pick j2 at random from {1,...,n} — {j1}.
In general, if i1,71,..., kx—1,jk—1 have been selected and we have set w(i;) = j; for
1 <1 <k, then (a) if jx—1 € {41,...,7—1} so a cycle has just been completed, we let
i = inf({1,...,n} — {i1, ..., 3k—1}) and (b) if jr—1 & {41,...,Jk—1} we let ix = jr—1. In
either case we pick ji at random from {1,...,n} — {j1, ..., jk—1} and let 7(ix) = jk.

The construction above is tedious to write, but we can claim with a clear conscience
that Xn,1,..., Xn,n are independent and P(X, r» = 1) = 1/(n — j + 1) since when we
pick ji there are n — j + 1 values in {1,...,n} — {j1, ..., jx—1} and only one of them will
complete the cycle.

To check the conditions of Theorem [2.2.6] now note

8 9
4 7

ES,=1/n+1/(n—1)4+---4+1/2+1

var(Sn) = Y var(Xnx) <Y E(X73) = > E(Xnx) = ES,
k=1 k=1 k=1

where the results on the second line follow from Theorem [2.2.1] the fact that var(Y) <
EY? and X! = Xnk. Now ES, ~ logn, so if b, = (logn)®" with € > 0, the
conditions of Theorem 2.2.6] are satisfied and it follows that

Sn == m”!

(log n) 5+ — 0 in probability
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Taking € = 0.5 we have that S,/logn — 1 in probability, but (x) says more.

Example 2.2.10. An occupancy problem. Suppose we put r balls at random in
n boxes, i.e., all n” assignments of balls to boxes have equal probability. Let A; be the
event that the ¢th box is empty and N,, = the number of empty boxes. It is easy to
see that
P(A;)=(1-1/n)" and EN, =n(1—1/n)"
A little calculus (take logarithms) shows that if r/n — ¢, ENn,/n — e °. To
compute the variance of N,,, we observe that

EN} = B( zn: 1a,)"= 3 P(AxnAy)
m=1

1<k,m<n

var(N,) = EN; — (EN,)’

= Y P(AxnAn) — P(Ag)P(An)

1<k,m<n

= n(n-D{1-2/n)" (1 -1/m)*}+n{(l-1/n)" — (1-1/n)""}
The first term comes from k # m and the second from k = m. Since (1 —2/n)" —
e and (1 —1/n)" — e ¢, it follows easily from the last formula that var(N,, /n) =
var(N,)/n? — 0. Taking b, = n in Theorem now we have

Np/n — e ¢ in probability

To truncate a random variable X at level M means to consider

_ X if [ X| <M
X =Xloxisan = { 0 if | X|> M

To extend the weak law to random variables without a finite second moment, we
will truncate and then use Chebyshev’s inequality. We begin with a very general but
also very useful result. Its proof is easy because we have assumed what we need for
the proof. Later we will have to work a little to verify the assumptions in special cases,
but the general result serves to identify the essential ingredients in the proof.

Theorem 2.2.11. Weak law for triangular arrays. For eachn let X, 1, 1 <k < n,
be independent. Let b, > 0 with b, — 0o, and let Xn,k = Xn,k]-(\Xnyk\Sbn)' Suppose
that as n — oo
(1) > n_i P(| Xnk| > bn) =0, and
(i) b, 2 >y EXi’k — 0. If we let €S, = Xn1 + -+ + Xn.n and put a, =
>y EX,k, then
(Sn — an)/bn — 0 in probability

Proof. Let S, = Xn’l + -+ Xnm. Clearly,
Sn — an

P
(>

To estimate the first term, we note that

> e> < P(S, #Sn)jtP(’@

>e>
n

P(Sn # Sn) < P(Upei{Xnk # Xnx}) < P(| Xk >bn) =0

k=1
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by (i). For the second term, we note that Chebyshev’s inequality, a, = ES,,
Theorem [2.2.1] and var(X) < EX? imply

P<’Sn — an

> 2
>e) < €°’FE @

= ¢ %b, *var(Sn)

= (bne)_2 Z var(X,, k)
k=1

bn

IA

(bne) 2> " E(Xpnx)* =0
k=1

Theorem 2.2.12. Weak law of large numbers. Let X1, Xo, ..., be i.i.d. with
zP(|Xi| >x) -0 asz — o0

Let S, = X1+ -+ Xn and let pn = E(X11(x,|<n)). Then Sp/n — pn — 0 in
probability.
Remark 2.2.13. The assumption in the theorem is necessary for the existence of con-
stants a,, so that S, /n —a, — 0.

Proof. We will apply Theorem [2.2.11| with X, , = X}, and b, = n. To check (i),

we note

> P(IXn k| >n) =nP(|Xi| >n) =0
k=1
by assumption. To check (ii), we need to show n =2 ~nEX72,,1 — 0. To do this ,we
need the following result, which will be useful several times below.

Lemma 2.2.14. IfY >0 and p > 0, then E(Y?) = 157 pyP L P(Y > y)dy.

Proof. Using the definition of expected value, Fubini’s theorem (for nonnegative
random variables, and then calculating the result integrals gives

/py”*lP(Y>y)dy = / /py"*11<y>y>dey
0 &

= ] / pyp_11<y>y)dydp
Q

/j py?~tdydP
aJo

yPdp = EYT
Q

which is the desired result.
O

Returning to the proof of Theorem [2:2.12] we observe that Lemma [2.2.14] and the
fact that X, 1 = X11(\X1|§n) imply

E(X2,) = / 2y P(| K| > y)dy < / 2 P(X1| > y)dy
0 0

since P(|X,,1| > y) =0 for y > n and = P(|X1| > y) — P(|X1]| > n) for y < n. We
claim that yP(|X1| > y) — 0 implies

_ 1 m
B(Xn)/n= 1 [ 2P(X] > y)dy - 0
0
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as n — oo. Intuitively, this holds since the right-hand side is the average of ¢g(y) =
2yP(|X1| > y) over [0,n] and g(y) — 0 as y — oco. To spell out the details, note that
0 < g(y) <2y and g(y) — 0 as y — oo, so we must have M = supg(y) < oco. If we
let ex = sup{g(y) : y > K} then by considering the integrals over [0, K] and [K,n]
separately

/ 2yP(|X1]| > y)dy < KM+ (n — K)ex
0

Dividing by n and letting n — oo, we have

1 n
limsupg/ 2yP(|X1| > y)dy < ex
0

n—r00

Since K is arbitrary and ex — 0 as K — oo, the desired result follows.

Finally, we have the weak law in its most familiar form.
Theorem 2.2.15. Let X1, Xa, ... be i.i.d. with E|X;| < co. Let Sp, = X1+ -+ X»
and let p = EX1. Then Sy /n — u in probability.

Remark 2.2.16. Applying Lemma|2.2.14with p = 1—e and € > 0, we see that 2 P(| X1| >
x) — 0 implies E|X1|'™¢ < oo, so the assumption in is not much weaker than finite
mean.

Proof. Two applications of the dominated convergence theorem imply
zP(|X1]| > z) < E(|X1|1(x,>2)) > 0as x — o0

pn = E(X11(x,1<n)) = E(X1) =pasn — oo

Using Theorem [2.2.12] we see that if € > 0 then P(|Sn/n — pn| > €¢/2) — 0. Since
tn — i, it follows that P(|S,/n — p| > ¢€) — 0.

Example 2.2.17. For an example where the weak law does not hold, suppose X1, Xo, ...
are independent and have a Cauchy distribution:

“ dt
rsn [t

As z — oo,

L[ dt 2 [ L. 2
P(|X1|>x)—2/z P ey 7r/z 2t = "

From the necessity of the condition above, we can conclude that there is no sequence
of constants un, so that S,/n — u, — 0. We will see later that S, /n always has the
same distribution as Xj.

As the next example shows, we can have a weak law in some situations in which
E|X| = oo.

Example 2.2.18. The “St. Petersburg paradox”. Let X, X2, ... be independent
random variables with

P(X;=2)=277forj>1

In words, you win e’ dollars if it takes j tosses to get a heads. The paradox here is
that FX1 = oo, but you clearly wouldn’t pay an infinite amount to play this game. An
application of Theorem [2.2.11| will tell us how much we should pay to play the game n
times.

Page 48



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] §2

In this example, X, » = X%. To apply [2.2.11] we have to pick b,. To do this, we
are guided by the principle that in checking (ii) we want to take b,, as small as we can
and have (i) hold. With this in mind, we observe that if m is an integer

P(X1 2 2771) — Z 2*] — 27m+1

j=m
Let m(n) = logyn + K(n) where K(n) — oo and is chosen so that m(n) is an
integer (and hence the displayed formula is valid). Letting b, = 2™ we have
nP(Xy > by) = n3~ ™MW — 9= KMFL
proving (i). To check (ii), we observe that if X, x = X1(x,|<b,) then

m(n)

o0
EXpp= Y 2%.279 <2mM3 o7k = 9p,
j=1 k=0

So the expression in (ii) is smaller than 2n/b,, which — 0 since
bn = 2™ = 2™ and K(n) — co

The last two steps are to evaluate a, and to apply Theorem

m(n)
EX = Y 22— )

j=1

s0 a, = nm(n). We have m(n) = logn + K(n) (here and until the end of the example
all logs are base 2), so if we pick K(n)/logn — 0 then an/nlogn — 1 asn — oo.
Using Theorem m now, we have

Sn — an

W — 0 in pI'Obablhty
n n

If we suppose that K(n) < loglogn for large n then the last conclusion holds with
the denominator replaced by nlogn, and it follows that S, /(nlogn) — 1 in probability.

Returning to our original question, we see that a fair price for playing n times is
$log, n per play. When n = 1024, this is $10 per play. Nicolas Bernoulli wrote in
1713, “There ought not to exist any even halfway sensible person who would not sell
the right of playing the game for 40 ducates (per play).” If the wager were 1 ducat,
one would need 2%° &~ 10'? plays to start to break even.

2.3 Borel-Cantelli Lemmas

In A, is a sequence of subsets of 2, we let

limsup A, = lim U;Z,, A, = {w that are in infinitely many A, }
m—r o0

(the limit exists since the sequence is decreasing in m) and let

liminf A, = lim N;Z,, 4, = {w that are in all but finitely many A, }

m— o0

(the limit exists since the sequence is increasing in m). The names limsup and
lim inf can be explained by noting that

lim SuplAn = A(lim sup Ap) lim inflAn = l(lim inf Ay)
n—o0o n—00
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Theorem 2.3.1. Borel-Cantelli lemma. If Y 7 | P(An) < co then
P(A, i.0.)=0.

Proof. Let N = Zk 14, be the number of events that occur. Fubini’s theorem
implies EN =3, P(Ax) < 00, so we must have N < oo a.s.

O

Theorem 2.3.2. X,, — X in probability if and only if for every subsequence X (m)
there is a further subsequence X, (m,) that converges almost surely to X.

Proof. Let ¢, be a sequence of positive numbers that | 0. For each k, there is an
n(my) > n(me—1) so that P(|X,(m,) — X| > ex) < 27", Since

ZP(‘X"(mk) —X| > 6) < o0

k=1
the Borel-Cantelli lemma implies P(| Xy (m,) — X| > €x i.0.) = 0 i.e., Xp(m,) = X as.
To prove the second conclusion, we note that if for every subsequence X, () there is a
further subsequence X,,(,,,) that converges almost surely to X then we can apply the
next lemma to the sequence of numbers y, = P(|X, — X| > ) for any 6 > 0 to get
the desired result.

O

Theorem 2.3.3. Let y, be a sequence of elements of a topological space. If every
subsequence Yn(m) has a further subsequence Yy (m,) that converges to y then y, — y.

Proof. If y, /4 y then there is an open set G containing y and a subsequence Yy, )
with ¥,,(m) € G for all m, but clearly no subsequence of y,,(,,,) converges to y.

O

Remark 2.3.4. Since there is a sequence of random variables that converges in proba-
bility but not a.s., it follows from Theorem [2:3.3] that a.s. convergence does not come
from a metric, or even from a topology.

Theorem [2:3.2] allows us to upgrade convergence in probability to convergence al-
most surely. An example of the usefulness of this is
Theorem 2.3.5. If f is continuous and X,, — X in probability then f(X,) — f(X)
in probability. If, in addition, f is bounded then Ef(X,) — Ef(X).

Proof. If X,(n) is a subsequence then Theorem implies there is a fur-
ther subsequence X, (n,,) — X almost surely. Since f is continuous, we know that
f(Xn(my)) — f(X) almost surely and implies f(X,) — f(X) in probability. If
f is bounded then the bounded convergence theorem implies E f(Xp(m,)) = Ef(X),
and applying Theorem to yn = Ef(Xy) gives the desired result.

O

The converse of the Borel-Cantelli lemma is trivially false.

Example 2.3.6. Let Q = (0,1), F = Borel sets, P = Lebesgue measure. If A, =
(0,an,) where a, — 0 as n — oo then limsup A, = 0, but if a, > 1/n, we have

> an = oo.
The example just given suggests that for general sets we cannot say much more
than the next result.

Theorem 2.3.7. The second Borel-Cantelli lemma. If the events A,, are indepen-
dent then > P(A,) = oo implies P(A, i.0.) = 1.
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Proof. Let M < N < co. Independence and 1 —x < e™* imply

PNy A7) = H (1—P(An))

In
@
el

=N
|
3
N
D

ZP(AH))%OaSN—M)o

I

@

><

S

VRS

I
3
[
S

So P(UpZyAn) = 1 for all M, and since U2 A, | limsup A, it follows that
P(limsup A,) = 1.

O

A typical application of the second Borel-Cantelli lemma is:

Theorem 2.3.8. If X1, Xy, ... are i.i.d. with E|X;| = oo, then P(|X,| > n i.0.) = 1.
So if S, = X1 +---+ X, then P(im S, /n exists € (—o0,00)) = 0.

Proof. From Lemma [2:2.14] we get

E|X| = / P(IX:1| > x)dz <Y P(IX:1| > n)
0

n=0

Since F|X1| = oo and X1, X, ... are i.i.d., it follows from the second Borel-Cantelli
lemma that P(|X,| > n i.0.) = 1. To prove the second claim, observe that

S Sn+1 o Sn _ Xn+1

n n+1 nn+1) n+1l

and on C = {w : limy—e0 Sn/n exists € (—oo0,00)}, Sn/(n(n + 1)) — 0. So, on
CN{w:|Xn| >nio.}, we have

Sn Sn+1

2/3 i.o.
. n+1>/310

contradicting the fact that w € C'. From the last observation, we conclude that
{w:|Xn| >nio. }NC=0
and since P(|X,| > n i.0.) = 1; it follows that P(C') = 0.
d

Theorem shows that F|X;| < oo is necessary for the strong law of large
numbers. The next result extends the second Borel-Cantelli lemma and sharpens its
conclusion.

Theorem 2.3.9. If Ay, Az, ... are pairwise independent and Y >~ P(An) = oo then
as n — 0o

Zn: 1Am/ z": P(Am) — 1 a.s.
m=1 m=1
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Proof. Let X,, = 14,, and let S, = X1 + --- + X,. Since the A,, pairwise
independent, the X, are uncorrelated and hence Theorem [2:2.1] implies

var(Sy) = var(X1) + - - - + var(Xy)

while var(X,) < E(X2) = E(Xn), since Xm € {0,1}, so var(S,) < E(Sh).
Chebyshev’s inequality implies

(*)P(|Sn — ES,| > 0ES,,) < var/(6ES,)*> < 1/(6°ES,) — 0

as n — oo. (Since we have assumed ES, — c0.)

The last computation shows that S,/ES, — 1 in probability. To get almost sure
convergence, we have to take subsequences. Let ny = inf{n : ES, > k2}. Let Ti = Sh,
and note that the definition and EX,, < 1 imply k*> < ETy < k? 4+ 1. Replacing n by
ng in () and using ET), > k? shows

P(|TwETy| > 6ETy) < 1/(8°k%)

So > pe, P(|Tx—ETy| > 6 ETy) < oo, and the Borel-Cantelli lemma implies P(|Tx —
ETy| > §ETyi.o.) = 0. Since ¢ is arbitrary, it follows that Ty /ET, — 1 a.s. To show
Sn/ESn — 1 a.s., pick an w so that ,(w)/ETr — 1 and observe that if ny <n < ngy1
then

Ti(w) _ Su(w) _ Ton(w)
ETww1 — ES, — FET
To show that the terms at the left and right ends — 1, we rewrite the last inequalities
as

ET; . Tk (w) Sn(w) < Tier1(w) . ETki1
ETk+1 ET, — ESn) - ET}H_l ETy
From this, we see it is enough to show that ETyy+1/ET, — 1, but this follows from

k> <ET, < ETpyr < (k+1)2+1
and the fact that {(k +1)> +1}/k* =1+ 2/k 4+ 2/k* — 1.
O

Example 2.3.10. Record values. Let X1, X», ... be a sequence of random variables
and think of X as the distance for an individual’s kth high jump or shot-put toss so
that Ay = {Xp > sup;_, X;} is the event that better with more experience or that
injuries may occur, we will suppose that X1, X2, ... are i.i.d. with a distribution F(x)
that is continuous. Even though it may seem that the occurrence of a record at time
k will make it less likely that one will occur at time k + 1, we claim

The Ay are independent with P(Ag) = 1/k.

To prove this, we start by observing that since F' is continuous P(X; = X;) =0
for any j # k, so we can let Y{* > Y5" > .-+ > Y, be the random variables X1, ...,
put into decreasing order and define a random permutation of {1,...,n} by 7, (i) = j
if X; = Y,", ie., if the ith random variable has rank j. Since the distribution of
(X1, ..., Xn) is not affected by changing the order of the random variables, it is easy to
see:

(a) The permutation 7, is uniformly distributed over the set of n! possibilities.

Proof of (a). This is “obvious” by symmetry, but if one wants to hear more, we
can argue as follows. Let 7, be the permutation induced by (X1, ..., X,), and let o,, be

n
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a randomly chosen permutation of {1,...,n} independent of the X sequence. Then we
can say two things about the permutation induced by X1y, ..., Xo(n)): (i) it is mp 00,
and (ii) it has the same distribution as m,. The desired result follows now by noting
that if 7 is any permutation, 7 o oy, is uniform over the n! possibilities.

d

Once you believe (a), the rest is easy:
(b) P(An) = P(mn(n) =1) = 1/n.
(¢) If m < n and @m+1, ..., in are distinct elements of {1,...,n} then

PAp|mn(j) =i form+1<j<n)=1/m

Intuitively, this is true since if we condition on the ranks of X,,41, ..., X, then this
determines the set of ranks available for X, ..., X, but all possible orderings of the
ranks are equally likely and hence there is probability 1/m that the smallest rank will
end up at m.

Proof of (c). If we let o, be a randomly chosen permutation of {1,...,m} then (i)
7n © 0y ahs the same distribution as 7y, and (ii) since the application of o, randomly
rearranges 7, (1), ..., mn(m) the desired result follows.

d

If we let m1 < ma < --- < my then it follows from (c) that
P(Am1|Am2 n---N Amk) = P(Aml)

And the claim follows by induction.
Using Theorem and by now the familiar fact that > _, 1/m ~ logn, we have

Theorem 2.3.11. If R, = > _ 1a,, is the number of records at time n then as
n — oo,
R,/logn — 1 a.s.

Note that the last result is independent of the distribution F' (as long as it is continuous).

Remark 2.3.12. Let X1, X2,77?7 be i.i.d. with a distribution that is continuous. Let
Y; be the number of j <4 with X; > X;. It follows from (a) that Y; are independent
random variables with P(Y; = j) =1/ifor 0 <j <i— 1.

Comic relief. Let Xo, X1,... be i.i.d. and imagine they are the offers you get for
a car you are going to sell. Let N =inf{n > 1: X, > Xo}. Symmetry implies exactly
1/(n +1). (When the distribution is continuous this probability is exactly 1/(n + 1),
but our distribution now is general and ties go to the first person who calls.)

EN:iP(N>n)zi
n=0

n=0

1 =0
n+1

So the expected time you have to wait until you get an offer better than the first

one is 0o.
Example 2.3.13. Head runs. Let X,,, n € Z, be i.i.d. with P(X, =1) = P(X,, =
—1)1/2. Let I, = max{m : Xy_my1 = --- = X,, = 1} be the length of the run of

+1’s at time n, and let L, = maxi<m<n lm be the longest run at time n. We use a
two-sided sequence so that for all n, P(,= k) = (1/2)*** for k > 0. Since I1 < oo, the
result we are going to prove

L,/logon — 1 as. (2.3)

is also true for a one-sided sequence. To prove we begin by observing

P(l, > (14 €)log,n) < n~ 1+
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For any € > 0, so it follows from the Borel-Cantelli lemma that 1, < (14 €)log, n
for n > N.. Since € is arbitrary, it follows that

limsupLy/log,n <1 a.s.

n—o0
To get a result in the other direction, we break the first n trials into disjoint blocks
of length [(1 — €) log, n] + 1, on which the variables are all 1 with probability

2—[(1—6) logy n]?771 n—(l—e)/Q’

\Y

to conclude that if n is large enough so that [n/{[(1 — €)log, n] + 1}] > n/log,n

P(Ln, < (1—¢)log,n) < (17770~ (179 j2yn/0es2m) < oxp(—nf /210g, n)
Which is summable, so the Borel-Cantelli lemma implies

liminfL,/log,n > 1 a.s.
n— o0

2.4 Strong Law of Large Numbers
We are now ready for the next part. This is proved in Etemadi (1981) [5].

Theorem 2.4.1. Strong law of large numbers. Let X1, Xo,... be pairwise inde-
pendent identically distributed random variables with E|X;| < oo. Let EX; = p and
Spn=X1+---+ Xn. Then Sp/n — 1 a.s. as n — oo.

Proof. As in the proof of the weak law of large numbers, we begin by truncating.

Lemma 2.4.2. Let Y, = Xkl(\XMgk) and T, = Y14 ---+Y,. It is sufficient to prove
that Tr /1 — 1 a.s.

Proof. Y 77, P(|Xix| > k) < [T P(IX1] > t)dt = E|X1| < oo so P(Xy #
Y%) i.0.) = 0. This shows that |S,(w) — Th(w)| < R(w) a.s. for all n, from which
the desired result follows.

O

The second step is not so intuitive.
Lemma 2.4.3. Y% var(Yy)/k* < 4B|X1| < oo.
Proof. To bound the sum, we observe
oo k
wr(1) < BO7) = [ 20P(¥il >y < [ 20X > )iy

So using Fubini’s theorem (since everything is > 0 and the sum is just an integral with
respect to counting measure on {1,2,...})

S B < SR [T lganzP(] > vy
k=1 0

k=1
/ {Zk_Ql(ygm}?yP(\Xll > y)dy
0 k=1

Since E|Xi| = [ P(]X1| > y)dy, we can complete the proof by showing
Lemma 2.4.4. Ify >0 then 2y}, . k2 < 4.
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Proof. We begin with the observation that if m > 2 then

Z k2 < /00 x %de=(m—1)""

k>m m—1

When y > 1, the sum starts with k = [y] + 1 > 2, so

2> kP <2y/[y <4
k>y

since y/[y] < 2 for y > 1 (the worst case being y close to 2). To cover 0 <y < 1, we

note that in this case -
2> k< 2(1+Zk*2> <4
k>y k=1

This establishes Lemma [2.4.4] which completes the proof of Lemma|2.4.3|and of the
theorem.

O

The first two steps, Lemmas m and m above, are standard. Etemadi’s in-
spiration was that since X;7, n > 1, and X,;, n > 1, satisfy the assumptions of the
theorem and X,, = X,/ — X,;, we can without loss of generality suppose X, > 0. As
in the proof of Theorem [2.3.9] we will prove the result first for a subsequence and then
use monotonicity to control the values in between. This time, however, we let a > 1
and k(n) = [a]"]. Chebyshev’s inequality implies that if e > 0

P(|Ty(n)???ETh(ny| > €k(n)) < €2 Zvar(Tk(n))/k(n)Q
n=1 n=1
oo k(n)
= 2 k()2 var(Ym)
n=1 m=1

k(n)

e? Z var(Yp)
= €7 Z var(Yn) Z k(n)~?

where we have used Fubini’s theorem to interchange the two summations of nonnegative
terms. Now k(n) = [@"] and [@"] > «™/2 for n > 1, so summing the geometric series
and noting that the first term is < m ™2

Z [@"]7% <4 Z a™? <4l —a" ) 'm 3

n:a”>m n:a™”>m

Combining the computations shows

> P(|Tkn) ???ETi(ny| > €k(n)) <4(1—a )72 > E(Yn)m™? < oo

n=1 m=1

by Lemma Since € is arbitrary (Tx(n)???ETk(n))/k(n) — 0 a.s. The dominated
convergence theorem implies EYy — EX1 as k — 00, 80 ETj,)/k(n) — EX1 and we
have shown Ty (n)/k(n) = EX; a.s. To handle the intermediate values, we observe that
if k(n) <m < k(n+1)

Trn) T, Th(nt1)

FOES R )
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(here we use Y; > 0), so recalling k(n) = [@"], we have k(n + 1)/k(n) — « and

1
EEXl < liminfTy, /m < limsupTm/m < aEX;
n—oo

m—r0o0

Since a > 1 is arbitrary, the proof is complete.

The next result shows that the strong law holds whenever EX; exists.

Theorem 2.4.5. Let X1, Xo,... be i.i.d. with EXZ.7L =o00 and EX; < oo. If S, =
X1+ -+ X, then Sp/n — o0 a.s.

Proof. Let M >0 and X = X; A M. The X are i.i.d. with E|X| < oo, so if
SM = XM ...+ XM then Theorem implies S,]Lw/n — EXM. Since X; > XM,
it follows that

liminfS, /n > lim Sy’ /n = EXM
n—0o0 n—o0

The monotone convergence theorem implies E(XM)* 4 EX;" =00 as M 1 oo, s0
EXM = B(XM)* — E(XM) 1 oo, and we have liminf, . S»/n > co, which implies
the desired result.

d

The rest of this section is devoted to applications of the strong law of large numbers.

Example 2.4.6. Renewal theory. Let X, X2, 777 be i.i.d. with 0 < X; < co. Let
T, = X1 +---+ X,, and think of 7}, as the time of nth occurrence of some event. For
a concrete situation, consider a diligent janitor who replaces a light bulb the instant
it burns out. Suppose the first bulb is put in at time 0 and let X; be the lifetime
of ith bulb. In this interpretation, T, is the time the nth light bulb burns out and
Ny = sup{n : T, < t} is the number of light bulbs that have burnt out by time ¢.

Theorem 2.4.7. If EX; = p < oo then ast — oo
N¢/t = 1/p a.s. (1/o0 =0)

Proof. By Theorems and [2.4.5] T,/n — p a.s. From the definition of NNy, it
follows that T'(N;) <t < T(N; + 1), so dividing through by N; gives

T(N1)<L<T(Nl+1)'Nl+l
Ne — Ne = Ne+1 Ny

To take the limit, we note that since T;, < oo for all n, we have N; T 0o as t — 0.
The strong law of large numbers implies that for w € Qo with P(0) = 1, we have
Tn(w)/m — p, Ni(w) T oo, and hence

TNt(w) (w) Nt(w) +1
———— s pand ———— —
N(w) * Ni(w)

From this it follows that for w € Qg that ¢t/N;(w) — u a.s.
O

The last argument shows that if X,, — X as. and N(n) — oo a.s. then
XnN(n) — Xoo a.s. We have written this out with care because the analogous result for
convergence in probability is false.
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Example 2.4.8. Empirical distribution functions. Let Xi, Xo,... be i.i.d. with
distribution F' and let

Fu(@)=n"" Y 1(x,<a)
m=1

F,.(z) = the observed frequency of values that are < z, hence the name given above.
The next result shows that F),, converges uniformly to F' as n — oo.

Theorem 2.4.9. The Glivenko-Cantelli theorem. As n — oo,

sup|Fy(z) — F(z)| — 0 a.s.

Proof. Fix z and let Y,, = 1(x, <a). Since the Y, are i.i.d. with EY, = P(X, <
z) = F(z), the strong law of large numbers implies that F,(z) =n~" Y7 _| Y, — F(x)
a.s. In general, if F}, is a sequence of nondecreasing functions that converges pointwise
to a bounded and continuous limit F' then sup, |F,(z) — F(z)] — 0. However, the
distribution function F(x) may have jumps, so we have to work a little harder.

Again, fix x and let Z,, = 1(x,,<). Since the Z, are i.i.d. with £Z, = P(X, <
z) = F(z—) = limyy, F(y), the strong law of large numbers implies that F,(z—) =
n S Zm — F(z—) as. For 1 <j <k-—1let z;r = inf{y : F(y) > j/k}. The
pointwise convergence of Fy,(z) and Fy,(x—) imply that we can pick Ni(w) so that if
n > Ni(w) then

|Fu(@je) = Flejx)| < k7 and |Fo(eje—) = Flaje—)| <k

for 1 <j <k—1. If welet o, = —00 and xx,x = 0o, then the last two inequalities
hold for j =0or k. If z € (zj_1,%,2;j%) with 1 < j < k and n > Ni(w), then using the
monotonicity of F,, and F, and F(z;5—) — F(zj_1.%) < k™', we have

Fn(.l‘) < Fp(zje—) < F(zje—) + k! < F(:rjflyk) + 2k < F(X)+ 2k
Fo(z) > Fo(xj_ 1) > Fzj 1 5—) — k™" > F(zjp—) — 2k > F(X) -2k~ "
so sup,, |F(z) — F(z)| < 2k7', and we have proved the result.
O

Example 2.4.10. Shannon’s theorem. Let Xi, Xa,...,€ {1,...,7} be independent
with P(X; = k) = p(k) > 0 for 1 < k < r. Here we are thinking of 1,....,7 as
the letters of an alphabet, and X, Xa,... are the successive letters produced by an
information source. In this i.i.d. case, it is the proverbial monkey at a typewriter. Let
Tn(w) = p(X1(w)) ... p(Xn(w)) be the probability of the realization we observed in the
first n trials. Since log 7y, (w) is a sum of independent random variables, it follows from
the strong law of large numbers that

—n Mlogma(w) - H=e Zp(k) log p(k) a.s.
k=1

The constant H is called the entropy of the source and is a measure of how random
it is. The last result is the asymptotic equipartition property: If ¢ > 0 then as
n — oo

P{exp(—n(H +¢)) < mp(w) < exp(—n(H —¢))} — 1
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2.5 Convergence of Random Series

In this section, we will pursue a second approach to the strong law of large numbers
based on the convergence of random series. This approach has the advantage that it
leads and estimates on the rate of convergence under moment assumptions.

Let F), = 0(Xn, Xnt1,...) = the future after time n = the smallest o-field with
respect to which all the X,,, m > n are measurable. Let R = N,F,, = the remote
future, or tail o-field. Intuitively, A € T if and only if changing a finite number of
values does not affect the occurrence of the event.

Example 2.5.1. If B, € R then {X,, € B, io0.} € 7. If we let X,, = 14, and
B, = {1}, this example becomes {4, i,0,}.
Example 2.5.2. Let S, = X1 + -+ X,,. It is easy to check that

{limy, 00 Sy, exists} € T,

{limsup,,_,,, Sn >0} €T,

{limsup,,_,o, Sn/cn >} € T if cn — o0.

The next result shows that all examples are trivial.
Theorem 2.5.3. Kolmogorov’s 0-1 law. If X1, Xa,... are independent and A € T
then P(A) =0 or 1.

Proof. We will show that A is independent of itself, that is, P(ANA) = P(A)P(A),
so P(A) = P(A)?, and hence P(A) = 0 or 1. We will sneak up on this conclusion in
two steps:

(a) A€ o(Xy,...,Xy) and B € 0(Xi41, Xk42,...) are independent.

Proof of (a). If B € 0(Xk+1,..., X+j) for some j, this follows from Theorem
Since o (X1, ..., X%) and Ujo(Xk41, ..., Xk4,) are m-systems that contain Q (a)
follows from Theorem 2.1.171

(b) A € 0(X1,X2,...) and B € T are independent.

Proof of (b). Since T C 0(Xk+1, Xit2,-.), if A € o(X1, ..., Xk) for some k, this
follows from (a). Ugo (X1, ..., Xx) and T are m-systems that contain £, so 9b) follows
from Theorem 217

Since T C 0(X1, X2, ...), (b) implies an A € T is independent of itself and Theorem
5.3 follows.

d

Theorem 2.5.4. Kolmogorov’s mazximal inequality. Suppose X1, ..., X, are inde-
pendent with EX; =0 and var(X;) < oo. If S = X1+ -+ + X» then

P( max |Sk| > :v) <z %var(Sn)
1<k<n

Remark 2.5.5. Under the same hypotheses, Chebyshev’s inequality (Theorem [1.6.4)
gives only
P(|S,| > x) < 2 var(S,,)

Proof. Let Ay = {|Sk| > z but |S;| < « for j < k}, i.e., we break things down
according to the time that |Sk| first exceeds z. Since the Ay are disjoint and (S, —

Sk)2207
ES? > S24p
k=1" Ak
= > | SE+25u(Sn—Sk)+ (Sn — Si)*dP
k=1" Ak
>

> sidP+Z/25k1Ak - (Sp — Sk)dP
k=17 4% k=1
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Skla, € o(X1,...,Xx) and Sp — Sk € 0(Xk41, ..., Xn) are independent by Theorem
2.1.8] so using Theorem [2.1.11] and E(S, — Sk) = 0 shows

/QSklAk - (SnSk)dP = E(25k14,,) - E(Sn — Sk) =0

Using now the fact that |Sk| > = on Ay and the Ay are disjoint,

n

2 S 20D S 2 _ 2 >
ES, > ; " SidP > 2 1x P(Ay) =2"P lrgnkagxn|5k\ >

Theorem 2.5.6. Suppose X1, X2, ... are independent and have EX,, = 0. If
Z var(Xy,) < 0o
n=1

then with probability one Y7 | Xn(w) converges.
Proof. Let Sy = 25:1 X,. From Theorem , we get

N

—2 —2
P(Mrg%)é]vwm — Sm| > e) <e “var(Sy — Sm) =€ Z var(Xnr)
== n=M+1
Letting N — oo in the last result, we get
P<sup \Sm—SM|>e)672 Z var(X,) - 0 as M — o
m>M
= n=M+1

If we let war = sup,, > |Sm — S|n| then war | as M 1 and

P(wm > 2¢€) < P( sup |Sm — Sm| > e) —0

m>M

as M — oo so wn | 0 almost surely. But was(w) is a Cauchy sequence and hence
limy, 00 Sn(w) exists, so the proof is complete.

O
Example 2.5.7. Let X1, Xs,... be independent with

PX,=n""=PX,=-n"%=1/2

EX, =0 and var(X,) = n72* so if a > 1/2 it follows from Theorethhat X,
converges. The theorem below shows that a > 1/2 is also necessary for this conclusion.
Note that there is absolute convergence, i.e., > |X,| < oo, if and only if a > 1.

Theorem [2.5.6] is sufficient for all of our applications, but our treatment would not
be complete if we did not mention the last word on convergence of random series.

Theorem 2.5.8. Kolmogorov’s three-series theorem. Let X1, Xo,... be indepen-
dent. Let A >0 and let Y; = X;1(|x,|<a)- In order that ZZ‘;I X, converges a.s., it is
necessary and sufficient that

(i)ZP(|Xn| > A) < oo, (i) ZEYn converges, and (iii) Z var(Yy) < oo

n=1 n=1 n=1
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Proof. We will prove the necessity as an application of the central limit theorem.
To prove the sufficiency, let p, = EY,. (iii) and Theoremimply that >07 (Vo —
pn) converges a.s. Using (ii) now gives that Y~ , Y, converges a.s. (i) and the Borel-
Cantelli lemma imply P(X, # Y, i.0.) =0, so > >., X, converges a.s.

O

The link between convergence of series and the strong law of large numbers is
provided by

Theorem 2.5.9. Kronecker’s lemma. If a, T 0o and ZZO:1 ZTn/an converges then

n
agl E Tm — 0
m=1

Proof. Let ap = 0, bo = 0, and for m > 1, let by, = >, @x/ar. Then xm =
am (bm — bm—1) and so

n
-1
a, E Tm
m=1

(17_11{ i Ambm — i ambm—l}

m=1 m=1

agl{anbn + Z am—lbm—l - Z ambm—l}
m=2 m=1

- bn - Z (am _aamil)bmfl

n

m=1

(Recall ap = 0.) By hypothesis, b, — bos as n — 00. Since am — am—1 > 0, the
last sum is an average of bo, ..., b,. Intuitively, if € > 0 and M < oo are fixed and n is
large, the average assigns mass > 1 — € to the b, with m > M, so

n

Z W;&—l)bm_l = boo

m=1 "

To argue formally, let B = sup |bn|, pick M so that |bm — bso| < €/2 for m > M,
then pick N so that an/an < €/4B for n > N. Now if n > N, we have

‘E:Mbm_1—bm. < E:M\bm_l—bml
m=1 an m=1 an
< aM.QB+a"_aM €

5 <€
Qn Qn 2

proving the desired result since € is arbitrary.

O

Theorem 2.5.10. The strong law of large numbers. Let x1, X2, ... be i.i.d. random
variables with E|X;| < co. Let EX; = pand Sp = X1+ -+ Xn. Then Sp/n — u
a.s. as m — oo.

Proof. Let Yy = Xil(x,|<k) and T, = Y1 +--- +Y,. By (a) in the proof of
Theorem imply

> var(Ze)/k® <Y EYi/k® < o0
k=1 k=1

Applying Theorem [2.5.6] we conclude that Y7, Zx/k converges a.s. so Theorem

259 implies

n Tn B n
nt Z(Yk — EY%) — 0 and hence P n! ZEYk — 0 a.s.
k=1 k=1
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The dominated convergence theorem implies EY, — p as k — oco. From this, it
follows easily that n~' > 7| EY) — p and hence T, /n — p.

d

Theorem 2.5.11. Let X1, Xo, ... be i.i.d. random variables with EX; = 0 and EX? =
0% <oo. Let Sp= X1+ -+ Xn. If ¢ > 0 then

S, /n*?(logn)*?*™¢ = 0 a.s.

Remark 2.5.12. Kolmogorov’s test, later theorem will show that

lim supS,, /n'/? (loglogn)'/? = 0v/2 a.s.

n— o0

so the last result is not far from the best possible.
Proof. Let a, = n1/2(10g n)l/2+€ for n > 2 and a; > 0.

[e]

zvar n/an)_a(f ZW)QO

so applying Theorem [2.5.6| we get > | X, /a, converges a.s. and the indicated result
follows from Theorem ol

O

The next result due to Marcinkiewicz and Zygmund treats the situation in which
EX? = oo but E|X;|¥ < oo for some 1 < p < 2.

Theorem 2.5.13. Let X1, Xo,... be i.i.d. with EX1 = 0 and E|X1|® < oo where
1<p<2. IfS,=X1+---+ X, thenSn/nl/p%O a.s.

Proof. Let Y. = Xk]‘(\XMSIcl/p) and T, =Y1 +---+Y..
S OP(YVi# Xp) =Y P(IXel? > k) < E|Xxff < o0
k=1 k=1

so the Borel-Cantelli lemma implies P(Yy # Xk i.0.) = 0, and it suffices to show
T,/n'/? — 0. Using var(Yy,) < E(Y;2), Lemma [2.2.14] with p = 2, P(|Y;n| > y) <
P(]X1| > y), and Fubini’s theorem (everything is > 0) we have

i EY? /m2/p

2y
>y / = 2GR

m=1n=1
1/17 oo

2y
Z/ﬂ s 2 P> o)y

To bound the integral, we note that for n > 2 comparing the sum with the integral
of x~2/P

IN

Z var (Yo, /m*/?)
m=1

IN

Z m*Q/P < (n _ 1)(?*2)/P < Cyp72
2 p

when y € [(n — 1)1/p,n1/p]. Since E[X1]P = [ pa? ' P(|Xi| > z)dx < oo, it follows
that

Z var(Yo, /m'/?) < oo
m=1

Page 61



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] §2

If we let u, = EY,, and apply Theorem and Theorem it follows that

n

n” /P Z:(Ym — m) — 0 a.s.

m=1

To estimate i, we note that since EX,, = 0, pm = —E(X; | X:| > m'/?), so

il < BOXEIX] > m'?) = m /P B(IX]/m"/?;] X0 > m/?)
< mPE((X|/m'7) X > m')
< mTHYE (XX > mtP)
Now Y0 _,m~ /P < On'/? and E(|X;|7;|X;| > m'/?) — 0 as m — oo, so
n~/P 3"l — 0 and the desired result follows.
O
The St. Petersburg game, discussed earlier, is a situation in which FX; = oo,

Sn/nlog,n — 1 in probability but

limsupSy, /(nlog, n) = oo a.s.
n—oo

The next result, due to Feller (1946) [6], shows that when E|Xi| = oo, Sn/an
cannot converge almost surely to a nonzero limit. In Theorem [2.3.8 we considered the
special a, = n.

Theorem 2.5.14. Let X1, Xo,... be i.4.d. with E|X1| = oo and let S, = X1 +
<o+ X,. Let an be a sequence of positive numbers with an/n increasing. Then
limsup,,_, o, |Sn|/an =0 or co according as >, P(|X1] > an) < 0o of cc.

Proof. Since a,/n 1, axn > ka, for any integer k. Using this and a, 1,

oo oo 1 o0
P(|X1| > kan) > P(|X1| > akn) > — P(|X1| > am
; (1X1] = ka )_; (IX1] = ax )_kT; (1X1] = am)
The last observation shows that if the sum is infinite, limsup,,_, . |Xn|/an = 0.
Since max{|Sn—1|, [Sn|} > |Xn|/2, it follows that limsup,,_, . |Sn|/an = 0.
To prove the other half, we begin with the identity

(%) D2 mP(an—1 < 1Xi| < an) = 3 P(Xi] > an-1)
m=1 n=1

To see this, write m = Z?:I 1 and then use Fubini’s theorem. We now let Y,, =
Xnl( X, |<an) and T, = Y1+ --+Y +n. When the sum is finite, P(Y,, # X,, i.0.) =0,
and it suffices to investigate the behavior of the T,,. To do this, we let ap = 0 and
compute

A

Zvar(Yn/an) < ZEY;?/G%
= Za;QZ/ Y dF(y)

n=1 m=1"[am—1,am)

I
M]3
—

v dF(y) > an”

m=1"lam—1,am)

Since an > nam/m, we have >°° a;? < (m*/az,) Y00, n~? < Cmay?, so

e}

SCZm dF(y)

l[am—1,am)
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Using (%) now, we conclude Y7 var(Y,/an) < oo.

The last step is to show ET,/a, — 0. To begin we note that if E|X;| = oo,
>0 P(|Xi] > an) < 00, and an/n T we must have an/n 1 co. To estimate ET,/an
now, we observe that

a;t Zn: EYW‘
m=1

IN

ay'n Y E(| X | Xom| < am)
m=1

nan

+ L E( X an < |Xi| < an)

n an

where the last inequality holds for any fixed N. Since an/n — oo, the first term
converges to 0. Since m/am |, the second is

n
m
< § 7E(|Xi|§am—1 < |Xz‘ < am)
Am,
m=N+1
oo

Z mP(am-1 < |Xi| < am)

m=N+1

IN

() shows that the sum is finite, so it is small if V is large and the desired result follows.

d

2.6 Large Deviations

Let X1, Xa,... beiid. and let S,, = X1 + -4+ X,,. In this section, we will investigate
the rate at which PP(S, > na) — 0 for a > p = EX;. We will ultimately conclude
that if the moment-generating function ¢(0) = Fexp(X;) < oo for some 6 > 0,
P(S, > na) — 0 exponentially rapidly and we will identify

1
v(a) = lim —log P(Sn > na)
n—oo N,

Our first step is to prove that the limit exists. This is based on an observation that
will be useful several times below. Let m, = P(S, > na).

Tm+n > P(Sm > ma, Sn+m - Sm > na) = TTmTn
since Sy, and S,+m — Sm are independent. Letting v, = logm, transforms multi-
plication into addition.
Lemma 2.6.1. If Ym+n > Ym + Yn then as n — 00, yn/n — sup,, Ym/m.

Proof. Clearly, limsupy,/n < supvym/m. To complete the proof, it suffices to
prove that for any mliminfvy,/n > v, /m.Writing n = km + 1 with 0 < 1 < m and
making repeated use of the hypothesis gives v, > k7vm + . Dividing by n = km + 1

gives
7(n) > km  \ v(m) + ~(0)
n km+1) m n
Letting n — oo and recalling n = km + [ with 0 <[ < m gives the desired result.

O

Lemma implies that lim, o %log P(S, > na) = v(a) exists < 0. It follows
from the formula for the limit that

P(Sn > na) < " (2.4)

The last two observations gives us some useful information about v(a).
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The conclusions above are valid for any distribution. For the rest of this section,

we will suppose:
(H1) p(0) = Eexp(6X;) < oo for some 6 > 0

Let 01 = sup{f : ¢(0) < oo}, 60— = inf{0 : ¢p(0) < oo} and note that ¢(#) < oo for
6 € (0—,04). (H1) implies that EX;' < coso p=EX't — EX™ € [~00,00). If 6 > 0
Chebyshev’s inequality implies

e’ P(S, > na) < Eexp(0S,) = o(0)"
or letting x(0) = log ()
P(S, > na) < exp(—n{ald — k(6)}) (2.5)
Out first goal is to show:

Lemma 2.6.2. Ifa > p and 6 > 0 is small then af — x(0) > 0.
Proof. x(0) =logy(0) = 0, so it suffices to show that (i) x is continuous at 0, (ii)

differentiable on ), 0. ), and (iii) x'(6) — p as # — 0. For then
0
af — k(0) = / a— k' (z)dz >0
0

for small 6.
Let F(z) = P(X; < z). To prove (i) we note that if 0 < 6 < 0y < 0—

<1+ egoz(*)

so by the dominated convergence theorem as 6 — 0

/e‘”dF—>/1dF: 1

To prove (ii) we note that if |[h| < ho then
hx
le"* —1| = ‘/ eydy‘ < |ha|e”
0

so an application of the dominated convergence theorem shows that
o 90+ h) = p(0)
v (0) = lim h

hax
— : € -1 Ox
= Jm [ = —edE ()

/ace‘%dF(x) for 0 € (0,04)

From the last equation, it follows that x(6) = log ¢(0) has k' (6) = ¢'(0)/#(0). Using
(%) and the dominated convergence theorem gives (iii) and the proof is complete.

d

Having found an upper bound on P(S, > na), it is natural to optimize it by finding
the maximum of fa — x(0):

{00 108 6(0)} = a — ¢/ (0)/o(0)
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so (assuming things are nice) the maximum occurs when a = ¢'(6)/¢(6). To turn the
parenthetical clause into a mathematical hypothesis we begin by defining

_L ‘ eGy
Fola) = =5 [ ar@)

whenever ¢(0) < co. It follows from the proof of Lemma that if 6 € (0—,04), Fo
is a distribution function with mean

/xng(m) = ﬁ /jo ze’dF(z) = %

Repeating the proof in Lemma it is easy to see that if 6 € (f—,04) then
3" (0) = / 22" dF(z)
So we have
d ¢'(0) _ ¢"(0) (so’(9>)2 / > (/ )
— = — = [ x°dFy(x) — xdFy(x >0
0 o6) ~ o0)  \l6) " )=

since the last expression is the variance of Fp. If we assume

(H2) the distribution F is not a point mass at y

then ¢'(0)/¢(0) is strictly increasing and af — log ¢(6) is concave. Since we have
©'(0)/¢(0) = p, this shows that for each a > u there is at most one 6, > 0 that solves
a = ¢'(0.)/¢(0.), and this value of § maximizes af — log p(0). Before discussing the
existence of 6, we will consider some examples.

Example 2.6.3. Normal distribution.

/6‘9“(271')_1/2 exp(—z?/2)dx = exp(6®/2) /(271')_1/2 exp(—(z — 0)*/2)dx

The integrand in the last integral is the density of a normal distribution with mean
6 and variance 1, so ¢(6) = exp(6?/2), 0 € (—o0, 00). In this case, ¢'(0)/p(0) = 6 and

Fy(z) = 6702/2/ eey(27r)71/267y2/2dy

is a normal distribution with mean 6 and variance 1.

Example 2.6.4. Exponential distribution with parameter A\. If § < A
/ e’ xe Mdx = N/ (A —0)
0
¢'(0)p(0) =1/(A - 0) and

Fy(z) = ﬁ/o e e Mdy

is an exponential distribution with parameter A — 6 and hence mean 1/(\ — 0).
Example 2.6.5. Coin flips. P(X; =1)=P(X; =-1)=1/2

() = (" +e7%)/2
¢'(0)/0(0) = (" —e ) /(" +e7%)
Fo({z})/F({z}) = " /¢(0) so

Fo({1}) = /(" + %) and Fy({-1}) = ¢ */(’ +¢7°)
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Example 2.6.6. Perverted exponential. Let g(z) = Cx 3¢~ for z > 1, g(z) =0
otherwise, and choose C' so that g is a probability density. In this case,

w(0) = /eezg(x)dx < oo

if and only if 8 < 1, and when 0 < 1, we have

/ / [e'e] o0
' (0) < P'(1) :/ Cx_de// Cz3dx =2
©(0) e(1) 1 1
Recall 64 = sup{6 : p(f) < co}. In examples with normal distribution and expo-
nential distribution, we have ¢'(0)/¢(0) 1 oo as 6 1 01 so we can solve a = ¢'(0)/¢(0)
for any a > p. In example coin flips, ¢'(0)¢(0) T 1 as 6§ — oo, but we cannot hope for
much more since F' and hence Fj is supported on {—1,1}.

Theorem 2.6.7. Suppose in addition to (H1) and (H2) that there is a 8, € (0,64) so
that a = ¢'(04)/p(0a). Then, as n — oo,

n~'log P(S, > na) — —ab, + log (6a)

Proof. The fact that the lim sup of the left-hand side < the right-hand side follows
from To prove the other inequality, pick A\ € (0a,04), let X{, X3, ... be iid.
with distribution Fy and let S) = X7 + --- + X}, writing dF/dF for the Radon-
Nikodym derivative of the associated measures, it is immediate from the definition
that dF/dFy = e *®p(\). If we let F{ and F™ denote the distributions of S; and S,
then

Lemma 2.6.8. Z?; =e (A",

Proof. we will prove this by induction. The result holds when n = 1. For n > 1,
we note that

F'l’l

F" ' % F(2)

[ @ [ ar

/ dF () / A\ ) Lty ene X EH ()"
_/\(5271+X7>1f)g0()\)n)

= Bl expene

/ " AR (w)e M)

— 00

where in the last two equalities we have used Theorem |1.6.10| for (S,’},l, X;}) and S).
O

If v > a, then the lemma and monotonicity imply

(P8, 2 na) > [ ) AR (@) 2 ()€ (R () ~ R ()

na

F has mean ¢’ ()\)/p()), so if we have a < ¢’ (A\)/@()\) < v, then the weak law of large
numbers implies
F{(nv) — FY'(na) > 1 asn — oo

From the last conclusion and (*) it follows that

lim infn ™" log P(S, > na) > —Av + log ¢(\)

n—o0

Since A > 0, and v > a are arbitrary, the proof is complete.

Page 66



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] §2

O

To get a feel for what the answers look like, we consider our examples. To prepare
for the computations, we recall some important information:

k(0) = log $(0) k' (0) = ¢’ (8)/H(0) 0, solves x'(0s) = a
~v(a) = nan;o(l/n) log P(Sn > na) = —aba + k(6.)
Normal distribution
k(0)=0%/2K0)=00,=a
v(a) = —aba + K(0.) = —a®/2
Exponential distribution with A =1
k(@) = —log(1—0) k'(0) =1/(1-0) 8, =1—1/a

v(a) = —abs + k(0,) = —a+ 1+ 1loga

Theorem 2.6.9. Suppose To = 00, 04+ < 0o, and @' (0)/p(0) increases to a finite limit
ap as 01 0+. If ap < a <

n~"log P(S, > na) — —afy + logp(0y)

i.e., y(a) is linear for a > ao.

Proof. Since (log p(0)) = ¢'(0)/(0), integrating from 0 to 6 shows that log(¢(64)) <
oco. Letting § = 0 — + in shows that the lim sup of the left-hand side < the right-
hand side. To get the other direction we will use the transformed distribution Fl, for
A = 0. Letting 6 1 0+ and using the dominated convergence theorem for x < 0 and
the monotone convergence theorem for > 0, we see that F has mean ag. From (%)
in the proof of the Theorem [2:6.7] we see that if ap < a < v =a+ 3¢

P(Sn > na) > p(A)"e” " (FX (nv) - F(na))
and hence
%log P(Sn, > na) >logp(A) — v + %log P(S, € (na,nv))
Letting X7, X2, ... be i.i.d. with distribution Fy and S;) = X7 +---+ X, we have
P(S) € (na,nv]) > P{Sn_; € (a0 — €)n, (a0 + €)n]}
P{X, € ((a — ao + €)n, (a — ao + 2€)n]}
1
> EP{Xﬁ € ((a—ao+€)n,(a—ao+e)(n+1)]}

for large n by the weak law of large numbers. To get a lower bound on the right-hand
side of the last equation, we observe that

lim supl log P(X7 € ((a —ao + €)n, (a — ao + €)(n+1)]) =0

n—oo T

for if the lim sup was < 0, we would have Eexp(an‘) < oo for some 1 > 0 and hence
Eexp((A+n)X1) < oo, contradicting the definition of A = 0. To finish the argument
now, we recall that Theorem [2.6.1] implies that

1
lim sup— log P(S,, > na) = v(a)
n—oo N

exists, so our lower bound on the limsup is good enough.
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3 CENTRAL LIMIT THEOREMS

Go back to Table of Contents. Please click

3.1 The De Moivre-Laplace Theorem

Let X1, Xo,... be i.i.d. with P(X; =1)=P(X1=-1)=1/2and let S,, = X; +--- +
X,. In words, we are betting $1 on the flipping of a fair coin and S, is our winnings
at time n. If n and k are integers

P(San = 2k) = (nzf k) 9=2n

since S2, = 2k if and only if there are n + k flips that are +1 and n — k flips are -1
in the first 2n. The first factor gives the number of such outcomes and the second the
probability of each one. Stirling’s formula (see Feller, Vol. 1. (1968), p.52) [7] tells
us

nl ~n"e "V2rn as n — oo (3.1)

where a, ~ b, means a, /b, — 1 as n — 00, o

2n _ (2n)!
n+k)  (n+k)(n—k)
(2n)*" (2m(2n))"/?

(n+ k) (n— k) *  (2r(n+ k)12 (2(n — k)17

and we have

2n —_on k\—n—k k\—n+k —1/2 k —1/2 k\k
<n+k>2 N(HH) ~(1—5) R (n) /'(HE) '(l_ﬁ) (3.2)

The first two terms on the right are

k2

—n —k k
= (1 1+ (1=
s N L N
A little calculus shows that:
Lemma 3.1.1. Ifc; = 0, aj — co and aje; — X then (14 ¢;)% — e,

Proof. As z — 0, log(1 + z)/x — 1, so a;log(1 4+ ¢;) — X and the desired result
follows.

O
Theorem 3.1.2. If 2k/v/2n — x then P(S2n = 2k) ~ (ﬂn)71/26712/2.

Our next step is to compute

P(av2n < San, < bV2n) = Z P(S2n, =m)
me[av/2n,bv/2n]N2Z

Changing variables m = zv/2n, we have that the above is

~ > e e em)
z€la,b]N(2Z/V2n
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where 27,/+/2n = {22/v/2n : z € Z}. We have multiplied and divided by /2 since
the space between points in the sum is (2/n)'/2, so if n is large the sum above is

b 2
z/ (2m) Ve 2y

The integrand is the density of the (standard) normal distribution, so changing
notation we can write the last quantity as P(a < X < b) where X is a random variable
with the distribution.

It is not hard to fill in the details to get:

Theorem 3.1.3. The De Moirvre-Laplace Theorem. If a < b then as m — oo
b
P(a < Sp/v/m < b) — / (27r)_1/2e_x2/2dx

(To remove the restriction to even integers observe S2n4+1 = S2, £ 1). The last
result is a special case of the central limit theorem.

3.2 Weak Convergence

In this section, we will define the type of convergence that appears in the central limit
theorem and explore some of its properties. A sequence of distribution functions is said
to converge weakly to a limit F' (written F,, = FO if F,,(y) — F(y) for all y that are
continuity points of F'. A sequence of random variables X, is said to converge weakly
or converge in distribution to a limit Xo (written X,, = X if their distribution
functions Fy,(z) = P(X, < x) converge weakly. To see that convergence at continuity
points to identify the limit, observe that F' is right continuous, the discontinuities of F’
are at most a countable set.
Two examples of weak convergence are:

Example 3.2.1. Let z1, Xo, ... be i.i.d. with P(X; =1) = P(X; = —1) = 1/2 and let
Sn = X1+ -+ + Xn. Then Theorem [3.I.3] implies

Fuw) = PV <) = [ n) e

Example 3.2.2. Let X;, Xs,... be i.i.d. with distribution F'. The Glivenko-Cantelli
theorem (Theorem [2.4.9)) implies that for almost every w,

Fu(y) =n"" Y Lixpw<y — Fy) forall y
m=1

In the last two examples convergence occurred for all y, even though in the second
case the distribution function could have discontinuities. The next example shows why
we restrict our attention to continuity points.

Example 3.2.3. Let X have distribution F. Then X + 1/n has distribution
F,(2x)=P(X+1/n<z)=F(zx—1/n)
Asn — o0, Fp(z) — F(z—) = limy4, F(y) so convergence only occurs at continuity
points.

Example 3.2.4. Waiting for rare events. Let X, be the number of trials needed
to get a success ina sequence of independent trials with success probability p. Then
P(X, >n) = (1 —p)" ! for n = 1,2,3,... and it follows from Lemma that as
p— 0,
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P(pX, >x) e “forallz >0
In words, pX, converges weakly to an exponential distribution.

Example 3.2.5. Birthday problem. Let Xi, Xs,... be independent and uniformly
distributed on {1,..., N}, and let Ty = min{n : X,, = X,,, for some m < n}.

P(TN>n):ﬁ <1_mT_1)

m=2

When N = 365 this is the probability that two people in a group of size n do not
have the same birthday (assuming all birthdays are equally likely). It is easy to see
that

P(Tn/N'? > ) = exp(—2*/2) for all z > 0

Taking N = 365 and noting 22/+/365 = 1.1515 and (1.1515)2/2 = 0.6630, this says
that .
P(Ts65 > 22) ~ e~ %% ~ 0.5151

This answer is 2% smaller than the true probability 0.524.

Before giving out sixth example, we need a simple result called Scheffé’s Theorem.
Suppose we have probability densities fn,, 1 < n < oo, and f, — fo pointwise as
n — oco. Then for all Borel sets B

‘/Bfn(m)dm—/Bfoo(x)dm

IN

/ (@) — foo()|da
2 / (oo () — fu(@)) dz = 0

by the dominated convergence theorem, the equality following from the fact that the
fn > 0 and have integral = 1. Writing p, for the corresponding measures, we have
shown that the total variation norm

[l = pool| = S%plun(B) — poo(B)[ = 0

a conclusion stronger than weak convergence. (Take B = (—oo,z].) The example
WUn = a point mass at 1/n (with 1/co = 0) shows that we may have p, = pe with
[|ttn — poo|| = 1 for all n.

Lemma 3.2.6. V,,41 has density function

V(@) = 2n+1) (%f) (1 2)"

Proof. There are 2n + 1 ways to pick the observation that falls at =, then we have
to pick n indices for observations < x, which can be done in (2:) ways. Once we have
decided on the indices that will land < = and > zj the probability the corresponding
random variables will do what we want is z"(1 — )", and the probability density
that the remaining one will land at = is 1. If you don’t like the previous sentence
compute the probability X1 < x —¢,...,. X, <z —€,x—€ < Xn+1 < T+ €, Xpnta2 >
z+¢€, ..., Xont1 > x + € then let € — 0.

O
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To compute the density function of Y;, = 2(Vy,+1—1/2)v/2n, simply change variables
x=1/24+y/2V2n, dv = dy/2v/2n to get

(2n+1) <2:) (% + 25%)71(% - Z\j’%)nz\}%
2:)22”(1_?/2/2“)”. 2n+1  [n

Ty (Y)

2n 2

The first factor is P(S2, = 0) for a simple random walk so Theorem imply
that

fya(y) = 2m) % exp(—y®/2) as n — oo

Here and in what follows we write P(Y, = y) for the density function of Y;,. Using
Scheffé’s theorem now, we conclude that Y,, converges weakly to a standard normal
distribution.

The next result is useful for proving things about weak convergence.

Theorem 3.2.7. If F,, = F then there are random variables Yy, 1 < n < oo, with
distribution F,, so that Y, — Yoo a.s.

Proof. Let Q@ = (0,1), F = Borel sets, P = Lebesgue measure, and let Y,,(z) =
sup{y : F(y) < z}. By Theorem [1.2.2] Y;, has distribution F;,. we will now show that
Yo (xz) = Yoo(z) for all but a countable number of 2. To do this, it is convenient to
write Y, (x) as Fj; '(2) and drop the subscript when n = co. We begin by identifying
the exceptional set. Let a, = sup{y : F(y) < z}, b, = inf{y : F(y) > =z}, and
Qo = {z : (az,bs) = 0} where (az,bs) is the open interval with the indicated endpoints.
Q- Q) is countable since the (as, b;) are disjoint and each nonempty interval contains
a different rational number. If z € Qo then F(y) < z for y < F~'(z) and F(z) > «
for 2 > F~*(z). To prove that F; '(z) — F~'(x) for 2 € Qo, there are two things to
show:

(a) liminf, e F, ' (z) > F~(x)

Proof of (a). Let y < F~'(x) be such that F is continuous at y. Since = € Qo,
F(y) < = and if n is sufficiently large F,,(y) < x, i.e., F;;*(x) > y. Since this holds for
all y satisfying the indicated restrictions, the result follows.

(b) limsup,, .., Fy ' (x) < F~(x)

Proof of (b). Let y > F~'(z) be such that F is continuous at y. Since z € Qo,
F(y) >z and if n is sufficiently large F,,(y) > =, i.e., F,, '() < y. Since this holds for
all y satisfying the indicated restrictions, the result follows and we have completed the
proof.

O

Theorem 3.2.8. X, = X if and only if for every bounded continuous function g
we have Eg(Xy) = Eg(Xs).

Proof. Let Y, have the same distribution as X, and converge a.s. Since g is
continuous ¢(Y») — ¢g(Y) a.s. and the bounded convergence theorem implies

Eg(Xn) = Eg(Yn) = Eg(Yeo) = Eg(Xoo)
To prove the converse let

1 y<zx
Jo.e(y) =14 0 y>xte
linear r<y<z+e
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Since gz.(y) =1 for y < x, ga,e is continuous, and gz.c(y) =0 for y > = + ¢,

limsupP (X, < z) <limsupEge,e(Xn) = Egz,e(Xoo) < P(Xoo <z +€)
n—oo n—»00
Letting € — 0 gives limsup,, , . P(X» < ) < P(Xo < z). The last conclusion is
valid for any x. To get the other direction, we observe

limsupP (X, < z) > limsupEgs,e(Xn) = Ege,e(Xoo) < P(Xoo >z + €)
n—oo n—o0
Letting € — 0 gives liminf, oo P(Xn < 2) > P(Xoo < ) = P(Xoo < ) if z is &
continuity point. The results for the lim sup and the lim inf combine to give the desired
result.

O

Theorem 3.2.9. Continuous mapping theorem. Let g be a measurable function
and Dy = {z : g is discontinuous at z}. If X,, = Xo and P(Xo € Dgy) = 0 then
9(Xn) = g(X). If in addition g is bounded then Eg(Xn) — Eg(X).

Remark 3.2.10. D, is always a Borel set.

Proof. Let Y, =4 X, with Y;, — Y, a.s. If f is continuous then D,y C Dy so
P(Ye € Djog) = 0 and it follows that f(g(Yn)) = f(9(Yeo) a.s. If, in addition, f
is bounded then the bounded convergence theorem implies Ef(g(Yn)) = Ef(9(Y)).
Since this holds for all bounded continuous functions, it follows from Theorem [3.2.8
that g(Xn) = 9(X).

The second conclusion is easier. Since P(Yoo € Dy) =0, g(Yn) — 9(Y) a.s., and
the desired result follows from the bounded convergence theorem.

O

The next result provides a number of useful alternative definitions of weak conver-
gence.

Theorem 3.2.11. The following statements are equivalent:
(i) Xn = Xoo
(i1) For all open sets G, liminf, o P(X, € G) > P(Xx € G).
(#13) For all closed sets K, limsup,, , . P(Xn € K) < P(Xo € K).
(iv) For all sets A with P(Xoo € 0A) =0, limy 00 P(X,, € A) = P(X € A).

Remark 3.2.12. To help remember the directions of the inequalities in (ii) and (iii),
consider the special case in which P(X, = z,) = 1. In this case, if z, € G and
Tn — Too € OG, then P(X,, € G) =1 for all n but P(Xo € G) = 0. Letting K = G¢
gives an example for(iii).

Proof. We will prove four things and leave it to the reader to check that we have
proved the result given above.

(i) implies (ii): Let Y; have the same distribution as X,, and Y,, — Y, a.s. Since
G is open

lim inflG(Yn) > IG(YOO)

n—oo

so Fatou’s Lemma implies

liminfP(Y, € G) > P(Yo € G)

n—r00

(ii) is equivalent to (iii): This follows easily from: A is open if and only if A€ is
closed and P(A) + P(A°) = 1.
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(i) and (iii) imply (iv): Let K = A and G = A° be the closure and interior of A
respectively. The boundary of A, 9A = A — A° and P(X,, € 9A) =0 so

P(Xew € K) =P(Xeo € A) = P(Xs € G)
Using (ii) and (iii) now

limsupP (X, € A) <limsupP(X, € K) < P(Xw € K) = P(X € A)

n—oo n— oo
liminfP(X, € A) > liminfP(X, € G) > P(Xo € G) = P(Xoo € A)
n—oo n—r0o0
(iv) implies (i): Let z be such that P(Xo = x) = 0, i.e., z is a continuity point of
F, and let A = (—o0, z].
(|

The next result is useful in studying limits of sequences of distributions.

Theorem 3.2.13. Helly’s selection theorem. For every sequence F, of distribution
Junctions, there is a subsequence Fy,) and a right continuous nondecreasing function
F 50 that limg 0 Fuk)(y) = F(y) at all continuity points y of F.

Remark 3.2.14. The limit may not be a distribution function. For example if a+b+c =
1 and Fn(z) = al(g>n) + bl(z>—_n) + ¢cG(x) where G is a distribution function, then
Fn(z) = F(z) = b+ cG(z),

lim F(z) =0 and liTmF(:r) =bt+c=1-a

x|l —o0

In words, an amount of mass a escapes to +00, and mass b escapes to —oo. The type
of convergence that occurs in Theorem [3.2.13|is sometimes called vague convergence,
and will be denoted here by =.

Proof. The first step is a diagonal argument. Let g1, g2, ... be an enumeration of
the rationals. Since for each k, Fy,(qx) € [0, 1] for all m,there is a sequence my (i) — oo
that is a subsequence of mi_1(j) (let mo(j) == j) so that

Fon,. iy (qr) converges to G(gr) as i — oo

Let Fo)y = Fuk)- By construction F,x)(q) — G(g) for all rational q. The
function G may not be right continuous but F(z) = inf{G(q) : ¢ € Q,q > z} is since

liril F(zn) = inf{G(q):q€ Q,q> z, for some n}
— nf{G(g) s € Qq >z} = Fx)

To complete the proof, let x be a continuity point of F. Pick rationals r1, 72, s with
f1 <r2 <x < sso that

F(z) —e < F(r1) < F(r2) < F(z) L F(s) < F(z) + €

Since Fyk)(r2) — G(r2) > F(r1), and Fy)(s) = G(s) < F(s) it follows that if k
is large
F(z) — € < Fou(r2) < Fogy (@) < Fagy(s) < F(z) + ¢

which is the desired conclusion.

d

The last result raises a question: When can we conclude that no mass is lost in the
limit in Theorem [3.2.13F
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Theorem 3.2.15. Every subsequential limit is the distribution function of a probability
measure if and only if the sequence F, is tight, i.e., for all € > 0 there is an M. so
that

limsupl — Fr (M) + Fn(—M.) < ¢

n— o0
Proof. Suppose the sequence is tight and Fj,(x) = F. Let 7 < —M. and s > M.
be continuity points of F. Since F,(r) — F(r) and F,(s) — F(s), we have

1-F(s)+ F(r) = kli_>r{)101 — Foi)(8) + Frey(r)
< limsupl — F (M) + Fo(—M.) <€
n—r oo

The last result implies limsup,_, 1 — F(z) + F(—z) < e. Since € is arbitrary it
follows that F' is the distribution function of a probability measure.

To prove the converse now suppose Fj, is not tight. In this case, there is an € > 0
and a subsequence n(k) — oo so that

1= Fog (k) + Fugy(—k) > €

for all k. By passing to a further subsequence F(k;) we can suppose that F,(x;) = F.
Let r < 0 < s be continuity points of F'.

1-F(s)+ F(r) = jli)nolol — Fn(kj>(8) + Fn<kj)(r)
> liminfl — Fn(kj)(kj) + Fn(kj)(_kj) > €

Letting s — oo and r — —o0, we see that I’ is not the distribution function of a
probability measure.

O
The following sufficient condition for rightness is often useful.
Theorem 3.2.16. If there is a p > 0 so that p(x) — oo as |z| — oo and
C= sup/@(m)an(x) < 00
then I, is tight.
Proof. 1 — F, (M) + F.(—M) < C/inf|3>m ().
O

Theorem 3.2.17. If each subsequence of X,, has a further subsequence that converges
to X then X, = X.

3.3 Characteristic Functions

This long section has five small parts. The first three are required reading, the last
two are optional. In the first part, we show that the characteristic function ¢(t) =
E exp(itX) determines F(z) = P(X < z), and we give recipes for computing F' from
. In the second part, we relate weak convergence of distributions to the behavior of
the corresponding characteristic functions. In the third part, we relate the behavior
of ¢(t) at 0 to the moments of X. In the fourth part, we prove Polya’s criterion and
use it to construct some famous and some strange examples of characteristic functions.
Finally, in the fifth part, we consider the moment problem, i.e., when is a distribution
characterized by its moments.
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3.3.1 Definition, Inversion Formula

If X is a random variable we define its characteristic function (ch.f.) by
o(t) = Be"™ = EcostX + iEsintX

The last formula requires taking the expected value of a complex valued random
variable but as the second equality may suggest no new theory is required. If Z is
complex valued we define EZ = E(ReZ) 4+ iE(ImZ) where Re(a + bi) = a is the real
part and Im(a + bi) = b is the imaginary part. Some other definitions we will need
are: the modulus of the complex number z = a + bi is |a + bi| = (a® +b?)/2, and the
complex conjugate of z = a + bi, Z = a — bi.

Theorem 3.3.1. All characteristic functions have the following properties:
(a) (0) =1,
(b) p(=1) = (1), ,
(c) lp(t)] = |Ee"™| < Ble"™| =1
(d) |o(t + h) — p(t)| < E|e™™ — 1|, so p(t) is uniformly continuous on (—oco, o).
(6) Eeit(aX+b) — e“bap(at)

Proof. (a) is obvious. For (b) we note that

p(—t) = E(cos(—tX) + isin(—tX)) = E(cos(tX) — isin(tX))

1/2

(c) follows since p(z,y) = (z* + y*)*/? is convex.
ot + 1) —p(h)] = BT )
< E|€’L(t+h)X _ €“X‘
= Ele"* -1

so uniform convergence follows from the bounded convergence theorem. For (e) we
note Eeit(aX+b) — 6ithvei(ta)X — eitb@(at).
The main reason for introducing characteristic functions is the following;:

Theorem 3.3.2. If X; and X2 are independent and have ch.f.’s p1 and @2 then
X1+ X2 has ch.f. 1(t)p2(t).

Proof.
Eeit(X1+X2) _ E(eitxl eitxz) _ EeitXIEeitxz

since X1 and €2 are independent.

Example 3.3.3. Coin flips. If P(X =1) = P(X = —1) = 1/2 then

Ee'" = (" + e ") /2 = cost
Example 3.3.4. Poisson distribution. If P(X = k) = ¢ *M\*/k! for k =0,1,2, ...
oo Ak gith

Ee'X = Ze_’\ = exp(A(e" — 1))

k=0

Example 3.3.5. Normal distribution
Density (27) "2 exp(—z?/2)

Ch.F. exp(—t*/2)

Combining this result with (e) of Theorem [3.2.9] we see that a normal distribution
with mean p and variance o has ch.f. exp(iut — o*t*/2). Similar scalings can be
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applied to other examples so we will often just give the ch.f. for one member of the
family.
Physics Proof.

/eitI(Zﬂ')*l/Qe*ﬁ/Qdas _ e—t2/2 /(271_)71/267(907#)2/2031,

Math Proof. Now that we have cheated and figured out the answer we can verify
it by a formal calculation that gives very little insight into why it is true. Let

sD(t) — /eitz(27l')71/2€7z2/2dx _ /COSt{L’(27{')71/26712/2dx

since isintx is an odd function. Differentiating with respect to ¢ and then integrating
by parts gives

o' (t) /—x sin t$(271')71/267w2/2d$
= - tcostm(?#)71/267z2/2daz
= —tp(t)
This implies £ {p(t) exp(t?/2)} = 0 so ¢(t) exp(t*/2) = (0) = 1.
In the next three examples, the density is 0 outside the indicated range.
Example 3.3.6. Uniform distribution on (a,b).
Density 1/(b—a) = € (a,b)

Ch.f. (e —e")/it(b— a)
In the special case a = —c, b = c the ch.f. is (e"® — ™) /2cit = (sinct)/ct.
Proof. Once you recall that fab e*dx = (e* — e**) /X holds for complex ), this is
immediate.

O
Example 3.3.7. Triangular distribution
Density 1 — |z| z € (—1,1)

Ch.f. 2(1 — cost)/t?

Proof. To see this, notice that if X and Y are independent and uniform (—1/2,1/2)
then X +Y has a triangular distribution, Using previous example and Theorem [3.3.2}
it follows that the desired ch.f. is

{(£"/2 = 702 fit}? = {25in(t/2)/1)?

Using the trig identity cos20 = 1 — 2sin®§ with § = /2 converts the answer into
the form given above.

O
Example 3.3.8. Exponential distribution

Density e™* z € (0, 00)
Ch.f. 1/(1 —it)

Proof. Integrating gives

since exp((it — 1)x) — 0 as z — oo.
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O
For the next result we need the following fact which follows from the fact that
Jfd(p+v)= [ fdu+ [ fdv.
Lemma 3.3.9. If Fy, ..., F,, have ch.f. ©1,...,0n and X\; > 0 have A1 + -+ A, =1
then 37 MiFi has ch.f. D7 | Nigs.
Example 3.3.10. Bilateral exponential

||

1
Density € z € (—o0,00)

Ch.f. 1/(1+1t°)

Proof. This follows from Lemma [3.3.9| with F; the distribution of an exponential
random variable X, F5 the distribution of —X, and A1 = A2 = 1/2 then using (b) of
Theorem [B.3.1] we see the desired ch.f. is

1 1 (1+it) + (1 —it) 1

2 —it) 201+ i) 201+ 12) 1+

Theorem 3.3.11. The inversion formula. Let o(t) = [e"*u(dz) where p is a
probability measure. If a < b then

lim (27r)_1/ wg&(t)dt = pu(a,b) + %M({a,b})

T—o00 -T it

Remark 3.3.12. The existence of the limit is part of the conclusion. If y = o, a point
mass at 0, ¢(t) = 1. In this case, if a = —1 and b = 1, the integrand is (2sint)/t and
the integral does not converge absolutely.

Proof. Let

T _—ita _ _—ith T —ita _ _—itb
e [T g [ [ g
-7 it T it

The integrand may look bad near ¢ = 0 but if we observe that

—ita —tb b
€ —€ _ —ity
—_— ) = e dy
it @

we see that the modulus of the integrand is bounded by b — a. Since p is a probability
measure and [—7, 7] is a finite interval it follows from Fubini’s theorem, cos(—xz) =
cosz, and sin(—x) = —sinz that

T _—ita _ _—itb
I, = // %eﬂmdt,u(dx)
_r it

[ a7 sita =0,

Introducing R(0,T) = fTT(sin 0t)/tdt, we can write the last result as

(*) It = /{R(m —a,T)— R(z — b,T)}u(dz)

If we let S(T) = fOT(sin z)/xzdz then for 6 > 0 changing variables ¢t = x/60 shows
that

T6 _:
R(0,T) =2 / Slzxdaz = 25(T0)
0
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while for 6 < 0, R(0,T) = —R(|0|,T). Introducing the function sgn x, which is 1 if
x>0, —1is x < 0, we can write the last two formulas together as

R(0,T) = 2(sgn 0)S(T0])
As T — oo, S(T') = m/2, so we have R(0,T) — msgn 6 and

2m a<xz<b
Rx—a,T)— R(x—bT)—>< = x=aorx="»
0 r<aorzxz>b

|R(0,T)| < 2sup, S(y) < oo, so using the bounded convergence theorem with (x)
implies

(2) " I > p(a,b) + Hyu{a,b))

proving the desired result.

Theorem 3.3.13. If [ ¢(t)|dt < co then p has bounded continuous density

fly) = %/e_ityw(t)dt

Proof. As we observed in the proof of Theorem [3.3.11

b .
= ‘/ e_”ydyl < |b—al

so the integral in Theorem [3.3.11| converges absolutely in this case and

oo _—ita __ e*itb —a oo
ulah)+ et = o [~ gt < O [ o

—o0

6—1150, o e—ztb

it

The last result implies © has no point masses and

efztz _ 7'Lt(z+h)

plr,z+h) = p(t)dt

[
([ )
+h(%/e—“y (t)dt)dy

by Fubini’s theorem, so the distribution x has density function

fy) = — / e "op(t)dt

Il
e e

T

2r

The dominated convergence theorem implies f is continuous and the proof is com-
plete.

d
Example 3.3.14. Polya’s distribution
Density (1 — cos z)/mz”
Ch.f. (1—t)7"
Proof. Theorem |3.3.13|implies

1 / 2(1 - Coss)e,isyds —a- |y|)+

2T s2

Now let s =z, y = —
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O
Example 3.3.15. The Cauchy distribution
Density 1/7(1 + z%)
Ch.f. exp(—|t|)
Proof. Theorem [3.3.13] implies
Now let s = x, y = —t and multiply each side by 2.
O

3.3.2 Weak Convergence

Our next step toward the central limit theorem is to relate convergence of characteristic
functions to weak convergence.

Theorem 3.3.16. Continuity theorem. Let p,, 1 < n < oo be probability measures
with ch.f. on. (i) If pn = poo then pn(t) = @oo(t) for all t. (i) If pn(t) converges
point-wise to a limit p(t) that is continuous at 0, then the associated sequence of distri-
butions py s tight and converges weakly to the measure p with characteristic function
®.

Remark 3.3.17. To see why continuity of the limit at 0 is needed in (ii), let u, have a
normal distribution with mean 0 and variance n. In this case @, (t) = exp(—nt?/2) — 0
for t # 0, and ¢,(0) = 1 for all n, but the measures do not converge weakly since
tn ((—00,z]) — 1/2 for all z.

Proof. (i) is easy. e*® is bounded and continuous so if p, = fico then Theorem
implies ¢n(t) = poo(t). To prove (ii), our first goal is to prove tightness. We
begin with some calculations that may look mysterious but will prove to be very useful.

2sinux

/ 1—e™dt = 2u — / (costzr + isintz)dt = 2u —
—u —u X

Dividing both sides by wu, integrating p.,(dz), and using Fubini’s theorem on the
left-hand side gives

u—{[iugﬂ%@»ﬁ::g/(1fSjgx)uamm

To bound the right-hand side, we note that

|sinzx| = ‘/ Cos(y)dy‘ < |z| for all x
0

so we have 1 — (sinuz/uxz) > 0. Discarding the integral over (—2/u,2/u) and using
| sinux| < 1 on the rest, the right-hand side is

> /M/u (1 L)de) > pia({a : 2] > 2/u})

 Jugl

Since ¢(t) — 1 as t — 0,

u_l/ (1 —(t))dt — 0 as u — 0

—u
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Pick u so that the integral is < e. Since ¢, (t) — ¢(t) for each g, it follows from
the bounded convergence theorem that for n > N

2e > uil/ (1 —=wn(®)dt > pn{z: |z| > 2/u}

Since € is arbitrary, the sequence pu,, is tight.

To complete the proof now we observe that if f,(xy = p, then it follows from
the first sentence of the proof that u has ch.f. . The last observation and tightness
imply that every subsequence has a further subsequence that converges to p. I claim
that this implies the whole sequence converges to u. To see this, observe that we
have shown that if f is bounded and continuous then every subsequence of [ fdpun
has a further subsequence that converges to [ fdu, so Theorem [2.3.2) implies that the
whole sequence converges to that limit. This shows [ fdun, — [ fdu for all bounded
continuous functions f so the desired result follows from Theorem [3:2.8|

O
3.3.3 Moments and Derivatives
In the proof of Theorem [3:3.16 we derived the inequality
I
plas ol > 20} <7 [ (1= ple)ae (3.3)
—K

which shows that the smoothness of the characteristic function at 0 is related to the
decay of the measure at oco.

Lemma 3.3.18.

o ST (a2l
=2 | <min (oo (3.4)

m=0

The first term on the right is the usual order of magnitude we expect in the cor-
rection term. The second is better for large |z| and will help us prove the central limit
theorem without assuming finite third moments.

Proof. Integrating by parts gives

T . :EnJrl i T 1
_ n ’LSd — _ n ZSd
/O(x s)"e*ds n+1+n+1/0(:v s)" e ds

/ eds =z + 2/ (x — s)e'ds
0 0

The left-hand side is (¢* — 1) /i, so rearranging gives

When n = 0, this says

x
e’ =1+iz+ i2/ (z — s)e*ds
0
Using the result for n = 1 now gives
2,2 3
e =14zt o+ L (x —s)%eds
2 2 J,

and iterating we arrive at
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To prove the result now it only remains to estimate the “error term” on the right-
hand side. Since [¢*°| <1 for all s,

in+1 x .
/ (x —s)"e’ds
0

n+1
- < |2/ (n +1)!

(b)

The last estimate is good when z is small. The next is designed for large z. Inte-
grating by parts

1 v n _is ‘,L,n ’ n—1 s
n /; (1‘ 5) € S n /; (Zl’ S) € S

Noticing " /n = [ (x — s)"~"ds now gives

in+1 ,I:n

n! /Om("” —s)"e'ds = -1} /Om(x —5)" (e — 1)ds

and since |e*® — 1] < 2, it follows that

in+1 x .
/ (x —s)"e¥ds| <
0

<
n!

< 2lz[" /n!

()

ﬁ /Oz(a: — )" ds

Combining (a), (b), and (c) we have the desired result.
(]

Taking expected values, using Jensen’s inequality, applying Theorem [3.3.2 to = =
tX, gives

n

X (itxX)™
ey W

m=0

‘ Bt Z” g tX)"
|
m=0 :

e
m

(3.5)

< Emin(jtX|"", 21tX]")
where in the second step we have dropped the denominators to make the bound simpler.
Theorem 3.3.19. If E|X|? < co then

o(t) =1+itEX —t°E(X”)/2 + o(t?)

Proof. The error term is < t*E(|t| - | X|* A 2|X|?). The variable in parentheses is
smaller than 2|X|? and converges to 0 as t — 00, so the desired conclusion follows from
the dominated convergence theorem.

O

Remark 3.3.20. The point of the estimate in which involves the minimum of two
terms rather than just the first one which would result from a naive application of
Taylor series, is that we get the conclusion in Theorem [3.3.19 under the assumption
E|X|? < 00, i.e., we do not have to assume E|X|* < oo.

Theorem 3.3.21. If limsup, o{¢(h) — 2¢(0) + ¢(—h)}/h* > —occ, then E|X|* < cc.

Proof. (e —24 e "*)/h? = —2(1 — cos ha)/h? < 0 and 2(1 — cos hxz)/h? — z*
as h — 0 so Fatou’s lemma and Fubini’s theorem imply

[a?dF(z) < 2liminf / 1’2%}”3

h—0

dF(x)

— _limsupPW =200 +o(=h)

h—0 h?

which proves the desired result.
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3.3.4 Polya’s Criterion

The next result is useful for constructing examples of ch.f.’s.

Theorem 3.3.22. Polya’s criterion. Let p(t) be real nonnegative and have p(0) = 1,
o(t) = p(—t), and ¢ is decreasing and convezr on (0,x) with

limp(t) =1, lime(t) =0

Then there is a probability measure v on (0,00), so that

(ﬂw@%—Am(IKD+m@)

and hence ¢ is a characteristic function.

Remark 3.3.23. Before we get lost in the details of the proof, the reader should note
that (x) displays ¢ as a convex combination of ch.f.’s of the form, so an extension of
Lemma [3.3.9] (to be proved below) implies that this is a ch.f.

The assumption that lim:—o@(t) = 1 is necessary because the function ¢(t) =
140y (t) which is 1 at 0 and 0 otherwise satisfies all the other hypotheses. We could
allow limi— oo (t) = ¢ > 0 by having a point mass of size ¢ at 0, but we leave this
extension to the reader.

Proof. Let ¢’ be the right derivative of ¢, i.e.,

L et h) = g(t)

! —

Since ¢ is convex this exists and is right continuous and increasing. So we can let
i be the measure on (0, 00) with u(a,b] = ¢’'(b) — ¢'(a) for all 0 < a < b < oo, and let
v be the measure on (0, c0) with dv/du = s.

Now ¢'(t) — 0 as t — oo (for if ¢’(t) J —e we would have ¢(t) < 1 — et for all ¢, so

we have -
fgol(s):/ rtu(dr)

Integrating again and using Fubini’s theorem we have for ¢t > 0

/:o /:o ru(dr)ds = tmr* /tr dsv(dr)
/too (1 - ;)y(dr) - /Ooo (1 - ;)Jru(dr)

Using p(—t) = ¢(t) to extend the formula to t < 0 we have (x). Setting ¢ = 0 in
(%) shows v has total mass 1.

If ¢ is piecewise linear, v has a finite number of atoms and the result follows from
example and Lemma|3.3.9] To prove the general result, let v, be a sequence of measures
on (0,00) with a finite number of atoms that converges weakly to v and let

o[£ e

Since s — (1 — |t/s]|)" is bounded and continuous, ¢, (t) — ¢(¢) and the desired
result follows from (ii) of Theorem

©(t)

O

Example 3.3.24. exp(—|t|*) is a characteristic function for 0 < a < 2.
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Proof. A little calculus shows that for any § and |z| < 1
_ B _ G ﬁ _oa\"
1o =3 ()

<6>:5(ﬂ—1)---(ﬁ—n+1)

where

n 1-2...n

Let ¢(t) =1 — (1 —cost)®? = 3°°°  cn(cost)™ where

o= (af) GO

¢n > 0 (here we use a < 2), and > | ¢n =1 (take ¢ = 0 in the definition of ). cost
is a characteristic function so an easy extension of Lemma [3.3.9| shows that 1 is a ch.f.
We have 1 — cost ~ t?/2 as t — 0, so

1—cos(t-2Y2 . n 1) mp 2o
Using Lemma and (ii) of Theorem now, it follows that
exp(—[t]%) = lim {g(t- 27 07y
is a ch.f.

O

Example 3.3.25. For some purposes, it is nice to have an explicit example of two
ch.f’s that agree on [—1,1]. We know that (1 — [t|)* is the ch.f. of the density
(1 — cosz)/ma?. Define ¥ (t) to be equal to ¢ on [—1,1] and periodic with period 2,
ie., ¥(t) = ¥(t + 2). The Fourier series for v is

1 - 2 .
Y(u) = 5 + n;oo @ TF exp(i(2n — 1)7u)
The right-hand side is the ch.f. of a discrete distribution with
P(X=0)=1/2and P(X = (2n— )7) =27 *(2n—1)"2neZ

3.3.5 The Moment Problem

Suppose fﬁEden(l’) has a limit pj for each k. Then the sequence of distributions is
tight by Theorem [3:2.16] and every subsequential limit has the moments y, so we can
conclude the sequence converges weakly if there is only one distribution with these
moments. It is easy to see that this is true if F' is concentrated on a finite interval
[-M, M] since every continuous function can be approximated uniformly on [—M, M]
by polynomials. The result is false in general.

Counterexample 1. Heyde (1963) [11I] Consider the lognormal density

fo(z) = (2m) 227" exp(—(log z)?/2) & > 0
and for —1 <a <1 let

fa(z) = fo(x){1 + asin(2w logx)}
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To see that f, is a density and has the same moments as fo, it suffices to show that
/00 2" fo(z) sin(2m log z)dx = 0 for r =0, 1,2, ...
0
Changing variables © = exp(s + 1), s = logz — r, ds = dx/x the integral becomes
(2m) /2 /00 exp(rs + r°) exp(—(s + ) /2) sin(27 (s + 7))ds

[e']

(2W)‘1/2exp(r2/2)[ exp(—s”/2) sin(27s)ds
=0

The two equalities holding because r is an integer and the integrand is odd. From
the proof, it should be clear that we could let

g(x) = fo(x){l + Zak sin(krlogz)} if Z lar| <1

k=1 k=1

to get a large family of densities having the same moments as the lognormal.
The moments of the lognormal are easy to compute. Recall that if X has the
standard normal distribution, then we have exp(X’) has the lognormal distribution.

EX"™ = Fexp(nX)

— /em(27r)_1/26_$2/2dx
en2/2 !(271_)—1/26—(9@—”)2/2(11,

exp(n”/2)

since the last integrand is the density of the normal with mean n and variance 1. Some-
what remarkably there is a family of discrete random variables with these moments.
Let a > 0 and

P(Y, = ae®) = a " exp(—k?/2)/ca for k € Z

where ¢, is chosen to make the total mass 1.
exp(—n®/2) Z:(aek)"cf’c exp(—k*/2)/ca

k
= > a ®exp(—(k—n)*/2)/ca
1

exp(—n®/2)EY,"

by the definition of ¢,.

The lognormal density decays like exp(—(logz)?/2) as |z| — co. The next coun-
terexample has more rapid decay. Since the exponential distribution, e™* for x > 0, is
determined by its moments we cannot hope to do much better than this.

Counterexample 2. Let XA € (0,1) and for —1 <a <1 let

far(@) = exexp(—[z*)(1 + asin(B|e| *sgn())}

where 8 = tan(Ar/2) and 1/cx = [exp(—|z|*)dz. To prove that these are density
functions and that for a fixed value of A\ they have the same moments, it suffices to
show

/x" exp(—|z|*) sin(B|z|*sgn(z))dz = 0 for n = 0,1,2, ...
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This is clear for even n since the integrand is odd. To prove the result for odd n, it
suffices to integrate over [0, c0). Using the identity

/ P~ e 9"dt = T'(p)/q” when Re ¢ > 0
0

with p = (n +1)/\, ¢ = 1+ Bi, and changing variables t = z*, we get

T((n+1)/0)/(+ i) "
_ (l}'/\{(n+1)/>\71} eXp(—(l +5i)x)\)Am)\71dw

0 oo
A " - — A
/0 2" exp(—z™) cos(Bz)dx — i / 2" exp(—z™) sin(Bz)dx

Since § = tan(A7n/2)
(14 80) ™D/ = (cos A /2)~ "D/ (exp (i /2)) "/

The right-hand side is real since A < 1 and (n + 1) is even, so

/00 2" exp(—z™) sin(Bz)dz = 0
0

A useful sufficient condition for a distribution to be determined by its moments is.

Theorem 3.3.26. If limsup,_, ,ul/zk/Qk =r < oo then there is at most one d.f. F
with p, = f:cde (z) for all positive integers k.

Remark 3.3.27. This is slightly stronger than Carleman’s condition

Zl/ 1/2k _

k=1
which is also sufficient for conclusion of Theorem [3.3.20

Proof. Let F be any d.f. with the moments ux and let v, = [ |z|*dF(z). The
Cauchy-Schwarz inequality implies v, 11 < pokpiart2 SO

limsup(yé/k)/k =r <00
k—oo

Taking x = tX in Lemma and multiplying by ¢, we have

(i0X (eitX B « (itx)" )‘ < X"

m! n!
Taking expected values

M \

0

3
Il

tn71
(n—1)!

(040~ 9(0) = 15'0) - o) < W,

Using the last result, the fact that v < (r+€)*k* for large k, and the trivial bound
e® > k¥ /k! (expand the left-hand side in its power series), we see that for any 0

()0 +1t) = +Z o™ (6) for |t| < 1/er

Let G be another distribution with the given moments and % its ch.f. Since ¢(0) =
¥(0) = 1, it follows from (x) and the induction that ¢(t) = 9 (t) for |¢| < k/3r for all
k, so the two ch.f.’s coincide and the distributions are equal.
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Theorem 3.3.28. Suppose [ x"dF,(x) has a limit yy for each k and

lim supuéé%ﬂe < 00

k— oo

then F,, converges weakly to the unique distribution with these moments.

Our results so far have been for the so-called Hamburger moment problem.
If we assume a priori that the distribution is concentrated on [0,00), we have the
Stieltjes moment problem. There is a 1-1 correspondence between X > 0 and
symmetric distributions on R given by X — ¢X? where £ € {—1,1} is independent of
X and takes its two values with equal probability. From this we see that

lim supy,i/2k/2k < 00
k—oo

is sufficient for there to be a unique distribution on [0, c0) with the given moments.
Counterexample 3. Let A € (0,1/2), 8 =tan(An), -1 <a <1 and

fa(z) = cx exp(—2™)(1 + asin(Bz™)) for z > 0

where 1/cx = [ exp(—2™)dx.

By imitating the calculation in Counterexample 2, it is easy to see that the f, are
probability densities that have the same moments. This example seems to be due to
Stoyanov (1987) p. 92-93 [I5]. The special case A = 1/4 is widely known.

3.4 Central Limit Theorems

We are now ready for the main business of the chapter. We will first prove the central
limit theorem for

3.4.1 i.i.d. Sequences

Theorem 3.4.1. Let X1, Xo,... be i.i.d. with EX; = p, var(X;) = o? e (0,00). If
Sn = X1+ -+ X, then

(Sn —nw)/on'? = x
where x has the standard normal distribution.

This notation is non-standard but convenient. To see the logic note that the square
of a normal has a chi-squared distribution.

Proof. By considering X, = X; — p, it suffices to prove the result when p = 0.
From Theorem [3.3.19

o?t?

p(t) = Eexp(itX:)=1— + o(t?)

o
2 n

E exp(itS, Jon'/?) = (1 - ;— + o(nil))

n

From it should be clear that the last quantity — exp(—t/2) as n — oo, which
with Theorem [3.3.16| completes the proof. However, Lemma [3.1.1]is a fact about real
numbers.

Theorem 3.4.2. Ifc, — c € C then (1 + cn/n)"™ — €°.

Proof. The proof is based on two simple facts:
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Lemma 3.4.3. Let z1, ..., zn, and w1, ..., wn be complex numbers of modulus < 0. Then
’ H Zm — H wm‘ <ot Z |2m — Wi
m=1 m=1 m=1

Proof. The result is true for n = 1. To prove it for n > 1 observe that

n n n n n n
‘Hzm—me‘ < zlnzm—zlnwm‘—i—Z1me—w1me’
m=1 m=1 m=2 m=2 m=2 m=2

n n
< 0’Hzm—me’+9" 1|zl—w1|

and use induction.

O
Lemma 3.4.4. If b is a complex number with |b| <1 then |’ — (1 +b)| < |b|?.
Proof. €” — (1+b) =b?/2! +b3/3! +b* /41 + ... so if |b] < 1 then
b b 2 2
le” = (14+b)| < 7(14—1/2+1/2 +...)=1b]
O

Proof. Theorem Let zm = (14 cn/n), wm = exp(cn/n), and v > |c|. For
large n, |cn| < 7. Since 1+ 7v/n < exp(y/n), it follows and that
en|?

2
Se'yl—>0
n

n—1
[(1+cn/n)" —e™| < <67/") n

as n — oo.
O

Example 3.4.5. Roulette. A roulette wheel has slots numbered 1-36 (18 red and 18
black) and two slots numbered 0 and 00 that are painted green. Players can bet $1
that the ball will land in a red (or black) slot and win $1 if it does. If we let X; be
the winnings on the ith play then X1, Xo,... are i.i.d. with P(X; = 1) = 18/38 and
P(X; = 01) = 20/38.

EX; = —1/19 and var(X) = EX® — (EX)* =1 — (1/19)% = 0.9972
We are interested in

Taking n = 361 = 192 and replacing o by 1 to keep computations simple,

—np 361 (1/19)
ovn /361

So the central limit theorem and our table of the normal distribution in the back
of the book tells us that

=1

P(Sn, >0)~ P(x>1)=1-0.8413 = 0.1587

In words, after 361 spins of the roulette wheel the casino will have won $19 of your
money on the average, but there is a probability about 0.16 that you will be ahead.
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Example 3.4.6. Coin flips. Let X1, X»,... be i.i.d. with P(X; =0)=P(X; =1) =
1/2. If X; = 1 indicates that a heads occurred on the ith toss then S, = X1 +---+ X,
is the total number of heads at time n.

EX;=1/2 and var(X) = EX* — (EX)*=1/2—-1/4=1/4

So the central limit theorem tells us (S, — n/2)//n/4 = x. Our table of the
normal distribution tells us that

P(x >2) =1—0.9773 = 0.0227
so P(]x] < 2) =1—2(0.0227) = 0.9546, or plugging into the central limit theorem

0.95 % P((Sn —n/2))/\/nfd € [=2,2]) = P(S — n/2 € [/, v/a])
Taking n = 10,000 this says that 95% of the time the number of heads will be
between 4900 and 5100.

Example 3.4.7. Normal approximation to the binomial. Let Xi, X5, ... and S,
be as in the previous example. To estimate P(S16 = 8) using the central limit theorem,
we regard 8 as the interval [7.5,8.5]. Since u =1/2, and oy/n =2 for n =16

P(|Sic—8/<05) = P % < o.25>
~ P( <0.25)

2(0.5987 — 0.5) = 0.1974

Even though n is small, this agrees well with the exact probability

16\ 16 13-11-10-9
2710 = 2 0 Y 0.1964
(8) 65, 536

The computations above motivate the histogram correction, which is important
in using the normal approximation for small n. For example, if we are going to approx-
imate P(S16 < 11), then we regard this probability as P(S16 < 11.5). one obvious rea-
son for doing this is to get the same answer if we regard P(S1¢ < 11) = 1—P(S16 > 12).

Example 3.4.8. Normal approximation to the Poisson. Let Z, have a Poisson
distribution with mean A. If X1, Xo, ... are independent and have Poisson distributions
with mean 1, then S,, = X3 + - - + X, has a Poisson distribution with mean n. Since
Var(Xi) =1, the central limit theorem implies:

S, —n)/n'’? = y asn — oo

To deal with values of A that are not integers, let N1, N2, N3 be independent
Poisson with means [A], A — [A], and [A] + 1 —\. If we let S;xj = N1, Zx, Zx = N1+ No
and Spy41 = N1+ N2 + N3 then Sy < Z) < S[y4+1 and using the limit theorem for
the S, it follows that

(Zn = N)/A? = x as A — oo
Example 3.4.9. Pairwise independence is good enough for the strong law of large
numbers (see Theorem . It is not good enough for the central limit theorem. Let
&1,&2, ... be i.id. with P(§& =1) = P(§& = —1) = 1/2. We will arrange things so that
forn>1

+2m with prob 277!
Szn:fl(1+f2)--~(1+§n+1):{ 0 with prob 1 — 27"

To do this we let X1 =&, Xo = &1&o, and for m=2""14+4,0<j<2" 1, n>2

let X, = X;&n+1. Each X, is a product of a different set of £;’s so they are pairwise
independent.
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3.4.2 Triangular Arrays

Theorem 3.4.10. The Lindeberg-Feller theorem. For each n, let Xn,m, 1 <m <

n, be independent random variables with EXy, », = 0. Suppose
() X" _EX?,, —0°>>0
(it) For all € > 0, limp 00 > v 4 E(|Xn,m\2; | Xn,m| >¢€) =0.
Then S, = Xpa1+ -+ Xnn = 0y as n — oco0.

Remark 3.4.11. In words, the theorem says that a sum of a large number of small
independent effects has approximately a normal distribution. To see that Theorem
[3-410] contains our first central limit theorem, let Y1, Ys, ... be i.i.d. with EY; =0 and
EY? = 0% € (0,00), and let X, ;n = Y /n'/2. Then " _ EXZ,, =02 and if € > 0

n

Y B Xaml* 1 Xnm| > €

m=1

nB(Ya/n' 2% Y1 /n' 2] > )

E(YV1)% V1| > en'/?) =0

by the dominated convergence theorem since EY? < co.

Proof. Let ¢nm(t) = Eexp(itXnm), opm = EX7,,. By Theorem [3.3.16] it

suffices to show that .
H On.m(t) = exp(—t°c?/2)
m=1
Let Zn,m = @n,m(t) and wy,m = (1 — t?05 ,,/2). By[3.5

E([tXoml’) A 21t X0 [?)
E([tX % [ Xum| < €) + EQ[t Xl [ X | > €)
e B( X’ [Xm| < &) + 22 B( X s [ K| > €)

|Zn,m - wn,m‘

AVANYAY

Summing m = 1 to n, letting n — oo, and using (i) and (ii) gives

n
. 3 2
lim sup E |Zn,m — Wn,m| < et’o

n—oo
m=1

Since € > 0 is arbitrary, it follows that the sequence converges to 0. Our next step

is to use Lemma [3.4:3] with 6 = 1 to get

n

[T enm® =[]0 =t0nm/2)| =0

m=1

To check the hypotheses of Lemmal|3.4.3] note that since ¢p,m is a ch.f. [pnm(t)| <1

for all n, m. For the terms in the second product we note that

Gi,m < 62 + E(‘X’ﬂ,m|2; |X7’L»m| > 6)

and € is arbitrary so (ii) implies sup,, o2 ,, — 0 and thus if n is large 1 < 1—t307 ,,,/2 >

—1 for all m.

To complete the proof now, we apply exercise with cm,n = —t20,217m/2. We have

just shown sup,, o5 ,,, — 0. (i) implies

Z Cm,n — —U2t2/2
m=1

so [1%_,(1 —t?02 ,,/2) — exp(—t°c*/2) and the proof is complete.
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Example 3.4.12. Cycles in a random permutation and record values. Con-
tinuing the analysis of previous examples, let Y1, Y, ... be independent with P(Y,, =
1) =1/m, and P(Ym =0) = 1 — 1/m. EY,, = 1/m and var(Yy,) = 1/m — 1/m?. So if
Spn=Y1+ .-+ Y, then ES, ~logn and var(S,) ~ logn. Let

Xn,m = (Ym - 1/m)/(10g n)1/2
EXpm=0,3>"_ EX?, — 1, and for any e >0

> E(1Xnml % | Xnm| > €) =0

m=1

since the sum is 0 as soon as (log n)_1/2 < €. Applying Theorem |3.4.10| now gives

(logn)~Y/? (Sn - i %) = x

m=1

Observing
Si >/nx71dx:10gn> i L
m=1 mo 1 B m=2 m

" _1/m| <1 and the conclusion can be written as

m=1

shows |logn — >
(Sn — logn)/(logn)l/2 =X
Example 3.4.13. The converse of the three series theorem. Recall the set up of

Theorem Let X1, Xo, ... be independent, let A > 0 and let Y, = Xon1(1x,,(<a)|-
In order that 3_>° | X, converges (i.e. limy oo 22]:1 X, exists) it is necessary that:

oo

Z (| Xn| > A) < o0, (ii) ZEY converges, and (iii) Zvar n) < 00

n=1 n=1 n=1

Proof. The necessity of the first condition is clear. For if that sum is infinite,
P(|Xn] > Aio.) <0and lim, e y . _; Xm cannot exist. Suppose next that the sum
in (i) is finite but the sum in (iii) is infinite. Let

Cn*ZV&I‘ Yand Xpm = (Y — EY)/c/?

EXpm=0,3"_|EX}, =1, and for any € > 0
n

Z E(‘Xn,m|2§ |Xn,m| > e) —0
m=1

since the sum is 0 as soon as 2A/c%/2 < e. Applying Theorem now gives that if
Sn=Xn1+ -+ Xnn then S, = x. Now

(i) if limp oo Dy Xom exists, limy oo p, —m = 1"Y;, exists.

(ii) if we let T = (32, < Ym)/crl/2 then T,, = 0. The last two results and exercise
imply (S, — T») = x. Since

S, ( Z EYpm )/01/2

is not random, this is absurd.

Finally, assume the series in (i) and (iii) are finite. Theorem implies that
limy, 00 3 vy (Yin—EY3,) exists, so if limp 500 Yy X and hence limp 00 >y Yoo
does, taking dlfferences shows that (ii) holds.
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Example 3.4.14. Infinite variance. Suppose X1, X, ... are i.i.d. and have P(X; >
z) = P(X1 < —z) and P(|X1| > z) = ™2 for x > 1.

E|X,? :/ 2zP(|X1]| > x)dz = oo
0

but it turns out that when S, = X1 + --- + X, is suitably normalized it converges to
a normal distribution. Let

Yn,m = Xml(‘Xm\gnl/2 loglog n)

The truncation level ¢, = n'/?loglogn is chosen large enough to make

> P(Yam # Xm) <nP(IX1| > cn) = 0

m=1

However, we want the variance of Y, to be as small as possible, so we keep the
truncation close to the lowest possible level.

Our next step is to show EYnQ,m ~ logn. For this we need upper and lower bounds.
Since P(|Yn,m| > z) < P(|X1]| > z) and is 0 for > ¢y, we have

N

EY?, < / 2yP(IX1| > y)dy
0

= 1+/ 2/ydy
1

= 1+4+2logey
= 1+ logn+ 2logloglogn
= logn

In the other direction, we observe P(|Yyn,m| > z) = P(|X1| > z) — P(|X1| > cn)
and the right-hand side is > (1 — (loglogn)~2?)P(|X1| > x) when z < /n so

Ve
BYZ > (1= (loglogm) ™) [ 2/ydy ~ logn
1

If S;, = Yu1+ -+ Yy, then var(S,) ~ nlogn, so we apply Theorem
to Xpom = Ynm/(nlogn)/2. Things have been arranged so that (i) is satisfied.
Since |Yy.m| < n/?loglogn, the sum in (i) is 0 for large n, and it follows that
5. /(nlogn)'/? = x. Since the choice of ¢, guarantees P(S, # Si) — 0, the same
result holds for Sy,.

Remark 3.4.15. In Section 3.6, we will see that if we replace P(|X1| > x) = 72 in
example by P(|X1| > x) = 7% where 0 < a < 2, then S,,/n'/® = to a limit which is
not x. The last word on convergence to the normal distribution is the next result due
to Lévy.

Theorem 3.4.16. Let X1, Xo,... be i.i.d. and S, = X1+ ---+ X,. In order that there

exist constants an and by > 0 so that (Sn — an)/bn = X, it is necessary and sufficient
that

Y2 P(IX1| > y)/E(1 X1 %] X1 < y) > 0

A proof can be found in Gnedenko and Kolmogorov (1954) [9], a reference that
contains the last word on many results about sums of
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3.4.3 Primate Divisors (Erdos-Kac)

Our aim here is to prove that an integer picked at random from {1,2,...,n} has about

log log n 4 x(log log n)*/?

prime divisors. Since exp(e4) = 5.15x 10?3, this result does not apply to most numbers
we encounter in “everyday life.” The first step in deriving this result is to give a
Second proof of Theorem [3.4.10] The first step is to let

hn(€) = > E(X7 i | Xnm| > €)
m=1

and observe

Lemma 3.4.17. hyn(e) — 0 for each fired € > 0 so we can pick €, — 0 so that

hn(€n) — 0.

Proof. Let N, be chosen so that hn(1/m) < 1/m for n > N,,, and m — Ny,
is increasing. Let €, = 1/m for N, < n < Npg1, and = 1 for n < Ni;. When
Np <1 < Npy1, €n = 1/m, 80 |hn(en)| = |hn(1/m)] < 1/m and the desired result
follows.

d

Let X;,’m = Xn"m‘l(lxn,m,‘>€n)7 Yn,m = X”vml(lxn,rnlfen)7 and Zn,m = n,m
EY,m. Clearly |Zn,m < 2¢,. Using Xp,m = X;ym + Yom, Znm = Yom — EYy m,

EYym = fEX;L,m, the variance of the sum is the sum of the variances, and var(W) <
EW?, we have
n n 2 n 2
E( Z Xn,m - Z Zn,'m) = E( Z X':L,m - EX;L,’”L)
m=1 m=1 m=1

= Y EXnm—EXpm)°
m’fl

> E(Xpm)?—0

m=1

IN

as n — 0o, by the choice of ¢,.
Let Sp =30 _  Xom and Tn = >0 | Znim. The last computation shows S,

m=1
T, — 0 in L? and hence in probability by Lemma Thus, by exercise, it suﬂices
to show T;, = . (i) implies ES2 — o>, We have Just shown that F(S, — T»)? —
so the triangle inequality for the L? norm implies ET? — o2. To compute higher

moments, we observe
1 'r
Zyiy - - - .
ZZTI rk.k,Z
k=1 r;

where Zr,» extends over all k-tuples of positive integers with 1 +---+rr = r and Zij
extends over all k-tuples of distinct integers with 1 < i < n. If we let

An(ry,.pr Z EZ, ...EZ™,

n,ig

then

r! 1
ET), _ZZH Tk'k'An(rl,...,r—K)

k=1 r;
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To evaluate the limit of ET,, we observe:
(a) If some r; = 1, then A, (r1,...,7%) = 0 since EZ,;; = 0.
(b) If all r; = 2 then

n k
2 2 2 2k
> EZni, ...EZy;, < ( > EZn,m) S0
1; m=1

To argue the other inequality, we note that for any 1 < a < b < k we can estimate
the sum over all the i1, ...,ix with i, = 4, by replacing EZ?WG by (2¢,)? to get (the
factor (;) giving the number of ways to pick 1 < a < b < k)

n k n k—1
( > Ezi’m> -Y EZy; ...EZ,;, < (2) (2€n)2( > EZ,im) =0
m=1 ij m=1

(c) If all the r; > 2 but some r; > 2 then using
E|Zos, | < (2ea) s 2EZp i, ™

we have
\An(rl, cery Tk)|

IN

> E|Zui | E|Z |

J
(2e0) " A (2,...,2) = 0

When r is odd, some r; must be = 1 or > 3 so ET,, — 0 by (a) and (c). If r = 2k
is even, (a) - (c) imply

IN

o2k (2k)!
2k k!
and the result follows from Theorem [3.3.28]

BT — = E(oy)"

O

Turning to the result for prime divisors, let P, denote the uniform distribution on
{1,..,n}. If Px(A) = lim P,(A) exists, the limit is called the density of A C Z. Let
Ap be the set of integers divisible by p. Clearly, if p is a prime P (Ap) = 1/p and
q # p is another prime

P (ApN Ay = 1/p‘I]P00(Ap)POO(Aq)

Even though P is not a probability measure (since P(]i|) = 0 for all i), we can
interpret this as saying that the events of being divisible by p and g are independent.
Let 0,(n) = 1 if n is divisible by p, and = 0 otherwise, and

g(n) = Z dp(n) be the number of prime divisors of n
p<n

this and future sums on p being over the primes. Intuitively, the d,(n) behave like X,
that are i.i.d. with

P(X,=1)=1/pand P(X, =0)=1—-1/p

The mean and variance of >, _ X, are

p<n

> 1/pand Y 1/p(1-1/p)

p<n p<n
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respectively. It is known that

(%) Z 1/p =loglogn + O(1)

p<n

(see Hardy and Wright, 1959, Chapter XXII) [10], while anyone can see 1/p* < oo,
so applying Theorem to X, and making a small leap of faith gives us:

Theorem 3.4.18. Erdos-Kac central limit theorem. As n — oo

Po(m < n:g(m)—loglogn < z(loglogn)'/?) — P(x < z)
Proof We begin by showing that we can ignore the primes “near” n. Let

Q= nl/ loglogn

log a, = logn/loglogn
loglog oy, = loglogn — logloglogn

The sequence a,, has two nice properties:
(a) (Yo, <pen 1/p)/(loglogn)'/? = 0 by (%)

Proof of (a). By (x)
> Up= 2 Up
an<p<n p<n p<an
loglogn — loglog a,, + O(1)
log loglogn + O(1)

(]
—
<
[

(b) If € > 0, then a;, < n° for large n and hence o, /n — 0 for all 7 < co.
Proof of (b). 1/loglogn — 0 as n — co. Let gn(m) =3_ _, 6p(m) and let E,
denote expected value w.r.t. P,.

En( > 6,,): Y Pum:d(m)y=1)< > 1/p
an<p<n an<p<n anp<p<n

so by (a) it is enough to prove the result for g,. Let

Sn= Y X,

p<on

where the X, are the independent random variables introduced above. Let b, = ES,
and a2 = var(S,). (a) tells us that b, and a2 are both

log log n + o( (loglog n)'/?)
so it suffices to show

Py(m : gn(m) —bp < za,) — P(x < )

An application of Theorem [3.4.10| shows (S, — bn)/an = X, and since |X,| < 1 it
follows from the second proof of Theorem [3.4.10] that

E((Sn —bn)/an)" — EX" for all r

Using notation from that proof (and replacing i; by p;)

r
T T! 1 ™ '
ES. = Zzirl!'“m!HZE(Xpi LX0E)
Pj

k=1 r;
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Since X, € {0, 1}, the summand is

E(XP17 te 7ka) = 1/(p1 . .pk)
A little thought reveals that

En(dpy -+ 0py) < — [/( Pr)]

The two moments differ by < 1/n, so

|E(S5) — En(g2)]

ZZH TMZ

k=1 r;
< 1a( ) 1)
p<an
< %9
n
by (b). Now
T - T m Tr—m
E(Sn —bn)" = mzo (m) EST(—by)
~(r
En_nT: E:Ln_nr—m
(9 — bn) T;)(m> gn (=bn)
so subtracting and using our bound on |E(S;,) — En(g,,)| with r =m
- r\1
E(Sn, —bp)" — E(gn —bn)"| < —ap'by, ™ = (an +bn)"
(S~ ba)" ~ Elg )L_g;<m>na (4 b/ 0

since b, < ay,. This is more than enough to conclude that
E((gn —bn)/an)" — EX"

and the desired result follows from Theorem [3.3.28]

3.4.4 Rates of Convergence (Berry-Essen)

Theorem 3.4.19. Let X1, Xz, ... be i.i.d. with EX; = 0, EX}? = 02, and E|X;|® =
p < oco. If F,9x) is the distribution of (X1 +---+ Xn)/ov/n and N (z ) is the standard
normal distribution, then
IFu() — N < 3p/0* v/

Remark 3.4.20. The reader should note that the inequality holds for all n and z, but
since p > ¢, it only has nontrivial content for n > 10. It is easy to see that the rate
cannot be faster than n™'/2. When P(X; =1) =p(X; = —-1) = 1/2, symmetry imply
that

Fon(0) = 211+ P(San = 0)] = 3 (1+ (o) ™/%) + o(n™'/?)

Proof Since neither side of the inequality is affected by scaling, we can suppose
without loss of generality that o = 1. The first phase of the argument is to derive
an inequality that relates the difference between the two distributions to the distance
between their ch.f.’s. Polya’s density

1 —cosLx
7w L2

hi(z) =

Page 95



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] §3

has ch.f. wr(8) = (1—10/ :|)" for |8] < L. we will use Hy, for its distribution function.
we will convolve the distributions under consideration with Hr to get ch.f. that have
compact support. The first step is to show that convolution with H; does not reduce
the difference between the distributions too much.

Lemma 3.4.21. Let F and G be distribution functions with G'(z) < A\ < oco. Let
A(z) = F(z) — G(z), n =sup |A(z)|, A*x Hr, and np = sup |Ar(z)|. Then

L Zg—% 07"’7<2"7L+i£\

Proof. A goes to 0 at +00, G is continuous, and F is a d.f., so there is an xo with
A(zo) = n or A(zo—) = —n. By looking at the d.f.’s of (—2) times the r.v.’s in the
second case, we can suppose without loss of generality that A(xo) = 7. Since G’ (z) < A
and F' is nondecreasing, A(zo+s) > n— As. Letting § = n/2\, and t = xo+J, we have

Alt—2) > (n/2) + Az for |z| <46
= — otherwise

To estimate the convolution Ay, we observe
2/ hr(z)de < 2/ 2/(nLa®)dx = 4/(x L)
5 s

Looking at (—9,9) and its complement separately and noticing that symmetry im-
plies f zhr(x)dz = 0, we have

4 4 6n  6n _n_ 12X

n
> >0 2y A
m = Au(t) 2 2 (1 7TL5) K nLé 2 «wL
which proves the lemma.

O
Lemma 3.4.22. Let K1 and K2 be d.f. with mean 0 whose ch.f. K; are integrable

e

Proof. Since the IC; are integrable, the inversion formula, Theorem [3.3.11} implies
that the density k;(x) has

ki(y) = (2m) " / e K (t)dt

Subtracting the last expression with i = 2 from the one with ¢ = 1, then integrating
from a to x and letting AK = K; — K> gives

AK(z) = AK(a) = (2n) / / “y{icl(t KCa(t) }dtdy
Ki(t) — Ka(t)

- dt
it

et [ ey

the application of Fubini’s theorem being justified since the IC; are integrable in ¢
and we are considering a bounded interval in y.

The factor 1/it could cause problems near zero, but we have supposed that the
K; have mean 0, so {1 — K;(¢)}/t — 0, and hence (K1(t) — K2(t))/it is bounded and
continuous. The factor 1/it improves the integrability for large ¢ so (K1 (t) — K2(t)) /it
is integrable. Letting a — —oo and using the Riemann-Lebesgue lemma proves the
result.
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O

Let ¢ and ¢ be the ch.f.’s of F' and G. Applying Lemma[3.4:22)to Fr = F x Hp
and G, = G xxHp, gives

AK(z) — AK(a) = (2m) / / LK () — Ka(t) }dtdy
K1(t) — Ka(t)
it

(2m)" / e — emitey dt

because |wr, ()] < 1. Using Lemma [3.4.21] now, we have

@) =@l <+ [ or®) - ve)l g + 27

where A\ = sup, G’ (x). Plugging in F = F,, and G = N gives

Fu@) =M@l < 2 [ ro)vm) - o) G+ 20 (36)

and it remains to estimate the right-hand side. This phase of the argument is
fairly routine, but there is a fair amount of algebra. To save the reader from trying to
improve the inequalities along the way in hopes of getting a better bound, we would
like to observe that we have used the fact that C' = 3 to get rid of the cases n < 9, and
we use n > 10 in (e).

To estimate the second term in we observe that

(a) supG’ (z) = G'(0) = (27) /% = 0.39894 < 2/5

For the first, we observe that if |al, |8] < v

(b) |an . /Bnl S Z |an—mﬂm - an—m—lﬂm + 1| S n|a,8|’yn_l
Using now gives (recall we are supposing o = 1)

() lo(t) = 1+12/2| < p|t*/6
soift2 <2

@) ()] <1—¢*/2+ p|t* /6
Let L = 4+/n/3p. If |0] < L, then by (d) and the fact p|0|//n < 4/3

l(0/ /)] 1—6%/2n + p|6]* /6n°/2
1—56°/18n

exp(—56°/18n)
since 1 —x < e™*. We will now apply (b) with

INININA

= ¢(0/v/n) B = exp(—0°/2n) v = exp(—56”/18n)

Since we are supposing n > 10

(€) 7" < exp(—0°/4)
For the other part of (b), we write

nla — B| < nlo(B/v/n) — 1+ 6%/2n| +n|l — 6% /2n — exp(—0>/2n)|
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To bound the first term on the right-hand side, observe that (c) implies

nle(0)/v/n) — 1+ 6°/2n| < pl6]* /6n'/
For the second term, note that if 0 < x < 1, then we have an alternating series with
decreasing terms, so

z? a2 x?

le ™ —(1—x)| = f—Q—?—... S?

Taking = = 6%/2n, it follows that for || < L < v/2n|
n|l — 67 /2n — exp(—6°/2n)| < 6*/8n
Combining this with our estimate on the first term gives
(1) nla - Bl < pl0F /602 + 0% 8n
Using (f) and (e) in (b), gives

62 03
exp(_92/4){ 621/2 + %}

1 2 202 |9)®
zexp( 0/4){ 9 +T8

since p/v/n=4/3L,and 1/n=1/y/n-1/y/n <4/3L-1/3 since p > 1 and n > 10.
Using the last result and (a) in Lemma [3.4.22] gives

IA

‘0||90 (6/V/n) — exp(—67/2)]

IN

wL|F(x) — N(z)| < /exp(—02/4){% + %}dG +9.6

Recalling L = 4+/n/3p, we see that the last result is of the form |F,(z) — N(z)| <
Cp/+/n. To evaluate the constant, we observe

/(271(1)_1/2:152 exp(—z®/2a)dz = a

and writing 23 = 22? - /2 and integrating by parts

2/ z* exp(—z°/4)dz = 2/ 4z exp(—a”/4)dx
0 0

= _16e~/4 h
0

=16

This gives us

1 3 p
[Fo(2) = N(@)| < — - Z( o Vi 4 1 +96)f T

For the last step, you have to get your calculator or trust Feller.

3.5 Local Limit Theorems

We saw that if X, Xo, ... are i.i.d. with P(X; =1) = P(X; =-1)=1/2 and k, is a
sequence of integers with 2k, /(2n)/? — z, then

P(San = 2ky) ~ (n) "% exp(—272/2)
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In this section, we will prove two theorems that generalize the last result. We begin
with two definitions. A random variable X has a lattice distribution if there are
constants b and h > 0 so that P(X € b+ hZ) =1, where b+ hZ ={b+ hz : z € Z}.

The largest h for which the last statement holds is called the span of the distribu-
tion.

Example 3.5.1. If P(X =1) = P(X = —1) = 1/2, then X has a lattice distribution
with span 2. When h is 2, one possible choice is b = —1.

The next result relates the last definition to the characteristic function. To check
(i) in its statement, note that in last example F(e®*) = cost has | cos(t)| = 1 when
t =nm.

Theorem 3.5.2. Let (t) = Ee™™X. There are only three possibilities.

(i) |o(t)] <1 for all t # 0.

(i) There is a X > 0 so that |p(A)| =1 and |o(t)] < 1 for 0 <t < A. In this case,
X has a lattice distribution with span 2w /.

(i) |p(t)] =1 for all t. In this case, X =b a.s. for some b.

Proof. We begin (ii). It suffices to show that |p(t)| = 1 if and only if P(X €
b+ (2w /t)Z) = 1 for some b. First if P(X € b+ (2n/t)Z) = 1, then

p(t) = Ee"™* =™ > "™ P(X =b+ (2n/t)n) =
nez
Conversely, if |p(t)| = 1, then there is equality in the inequality |Ee™*| < E|e™¥],
so the distribution of e* must be concentrated at some point e**, and P(X € b+
2r/t)Z) = 1.

To prove trichotomy now, we suppose that (i) and (ii) do not hold, that is, there is a
sequence t,, | 0 so that [o(t,)| = 1. The first paragraph shows that there is a b, so that
P(X € b+ (2m)/tn)Z) = 1. Without loss of generality, we can pick b, € (—m/tyn, 7/tx].
Asn — oo, P(X & (—7/tn, w/tn]) — 0, so it follows that P(X = b,) — 1. This is only
possible if b, = b for n > N, and P(X =b) = 1.

O

We call the three cases in Theorem (i) nonlattice, (ii) lattice, and (iii)
degenerate. The reader should notice that this means that lattice random variables
are by definition nondegenerate. Before we turn to the main business of this section,
we would like to introduce one more special case. If X is a lattice distribution and we
can take b = 0, i.e. P(X € hZ) = 1, then X is said to be arithmetic. In this case, if
A =27/h then ¢()\) = 1 and ¢ is periodic: o(t + A) = ©(t).

Our first local limit theorem is for the lattice case. Let X1, Xo,... be i.i.d. with
EX; =0, EX? = 02 € (0,00), and having a common lattice distribution with span h.
IfS,=X1+4+ -+ X, and P(X; € b+ hZ) =1 then P(S, € nb+ hZ) = 1. We put

pn(x) = P(Sp/v/n=1x) forx € L, = {(nb+ hz)//n:z € Z}

and

n(z) = (2m0?) "2 exp(—2? /20?) for & € (—o0, 00)
Theorem 3.5.3. Under the hypotheses above, as n — co

nl/2

sup

U1 . pn(z) —n(x)| =0
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Remark 3.5.4. To explain the statement, note that if we followed the approach in
example, then we would conclude that for x € £,

z+h/2x/ﬁ

h
pn(z) ~ /ﬂimﬁn(y)dy ~ %n(m’)

Proof. Let Y be a random variable with P(Y € a+60Z) = 1 and ¢(t) = Eexp(itY).
It follows from part (iii) of exercise that

1

/8 —itx
PY=xz)= /6 /77r/9 e "T(t)dt

Using this formula with 6 = h/\/n, ¥(t) = Eexp(itS,/v/n) = " (t/+/n), and then
multiplying each side by 1/6 gives

n1/2 1 m/n/h —itx n
pa(a) / eI (8 /) dt

h B 2m —mv/n/h
Using the inversion formula, Theorem|3.3.13} for n(z), which has ch.f. exp(—o*t?/2),
gives
1

T om

n(x) /eiitz exp(—o’t®/2)dt

Subtracting the last two equations gives (recall w7 > 1, |[e”**| < 1)

n1/2 w/n/h 99
Tep@ -n@)| < [ /v - exp(-at /)t
—ﬂ\ég/h
+ exp(—o’t®/2)dt
wn/h

The right-hand side is independent of z, so to prove Theorem [3.5.2] it suffices to
show that it approaches 0. The second integral clearly — 0. To estimate the first
integral, we observe ¢™(t/y/n) — exp(—o?t?/2), so the integrand goes to 0 and it is
now just a question of “applying the dominated convergence theorem”.

To do this, we will divide the integral into three pieces. The bounded convergence
theorem implies that for any A < oo the integral over (—A, A) approaches 0. To
estimate the integral over (—A, A)°, we observe that since EX; = 0 and EX? = o2,

formula and the triangle inequality imply that

u?/2
(o] < [1— 0% /2] + L (minul - 1X P, 6/X]%))

The last expected value — 0 as u — 0. This means we can pick § > 0 so that if
lu| < 6, it is < 0?/2 and hence

lo(u)| <1 —0°u/2+0°u’/4 =1 —c*u®/4 < exp(—c’u®/4)
since 1 —z < e™®. Applying the last result to u = t//n, we see that for t < dv/n

(%) lo(t/v/n)"| < exp(—o”t?/4)
So the integral over (—8+v/n,dy/n) — (—A, A) is smaller than

v/n
2/ exp(—o’t? /4)dt
A

which is small if A is large.
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To estimate the rest of the integral we observe that since x has span h, Theorem
implies |p(u)| # 1 for u € [§,7/h]. ¢ is continuous, so there is an n < 1 so
that |o(u)] < n < 1 for |u] € [4,7/h]. Letting u = t/y/n again, we see that the
integral over [—m+/n/h, \/n/h]. Letting u = t/\/n again, we see that the integral over

[—mv/n/h, m\/n/h] — (—=8/n,dy/n) is smaller than

/R /h 2,2
2/ n" + exp(—o~t~/2)dt
svn

which — 0 as n — oo. This completes the proof.
O

We turn now to the nonlattice case. Let X1, Xa,... be i.i.d. with EX; =0, EX? =
0 € (0,00), and having a common characteristic function ¢(t) that has |p(t)| < 1 for
allt #£0. Let S, = X1 +--- + X,, and n(z) = (2m02) V2 exp(—a?/202).

Theorem 3.5.5. Under the hypotheses above, if ,/+/n — x and a < b,

VnP(S, € (xn + a,zn + b)) = (b—a)n(z)

Remark 3.5.6. The proof of this result has to be a little devious because the assumption
above does not give us much control over the behavior of ¢. For a bad example, let
q1,q2, ... be an enumeration of the positive rationals that has ¢, < n. Suppose

P(X =qn) = P(X = —¢n) = 1/2""!
In this case FX = 0, EX? < oo, and the distribution is nonlattice. However, the
characteristic function has limsup,_, . |¢(t)| = 1.
Proof. To tame bad ch.f.’s, we use a trick. Let § > 0

1 1—cosd
holy) = = - -

be the density of the Polya’s distribution and let hg(x) = e**®ho(z). If we introduce
the Fourier transform

T oy?

9(u) = /ei”“"‘g(y)dy
then it follows that

- { 1— |u/d| if Ju| < 4§

0 otherwise

and it is easy to see that hg(u) = ho(u + ). We will show that for any 6
(a) VAEhe(Sn — 2n) — n(x) / ho (y)dy
Before proving (a), we will show it implies Theorem Let

1(A) = VTP (Sn — 0 € A), and u(A) = n(z)|A]
where |A| = the Lebesgue measure of A. Let

an = vV/nEho(S, — xn) and o = n(x)/hg(y)dy = n(z)

Finally, define probability measures by
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vn(B) = = /B ho(y)pan(dy), and v(B) = - /B ho(y)u(dy)

Qn

Taking 0 = 0 in (a) we see an, — « and so (a) implies

) [ e ntdn) > [ utay)

Since this holds for all 0, it follows from Theorem [3.3.16| that v, = v. Now if |al,
|b| < 27/4, then the function

) = s - Lo ®)

is bounded and continuous a.s. with respect to v so it follows from Theorem [3.2.9]
that

[ wwatan) [ rwian)

Since a, — «, this implies

VnP(S, € (xn + a,zn + b)) = (b—a)n(z)
which is the conclusion of Theorem [3.5.5]
Turning now to the proof of (a), the inversion formula, Theorem [3.3.13} implies

1

ho(z) /e_i"mho(u)du

T om
Recalling the definition of hg, using the last result, and changing variables u = v+6,
we have
. 1 ) .
ho(z) = e"ho(z) = > e =0 (w)du
s
1 A
= 5 e ""*he(v)dv
since hg(v) = ho(v + 0). Letting F,, be the distribution of S, — z,, and integrating
gives
1 —iux }
Ehg(Sn —xn) = o //e ho(u)dudF, (x)
Y

_ % / / e AF,, (2)ho (u)du

by Fubini’s theorem. (Recall that he (u) has compoact support and Fi, is a distri-
bution function.) Using (e) of Theorem [3.3.1) we see that the last expression

1 n _iuy i
=5 w(—u)" e ho(u)du

~ To take the limist as n — oo of this integral, let [-M, M] be an interval with
hg(u) =0 for u € [-M, M]. By (%) above, we can pick d so that for |u| < ¢

(c) le(w)| < exp(—o™u®/4)
Let I = [-4,6] and J = [-M, M] —I. Since |¢(u)|,1 for u # 0 and ¢ is continuous,
there is a constant 7 < 1 so that |p(u)| < n < 1 for u € J. Since |hg(u)| < 1, this
implies that
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\/ﬁ n iax. \/ﬁ n
yE — n <M. N
' > w(—u)"e ho(u)du 5 2Mn 0
as n — oo. For the integral over I, change variables u = t/+/n to get

1 ovm n_itzn /M7
ar PR s
—dy/n

The central limit theorem implies @(—t/\/n)™ — exp(—0>3t>/2). Using (c) now
and the dominated convergence theorem gives (recall z,/v/n — x)

7@ et o) % / exp(—0”t*/2)e" g (0)dt
= n(z)he(0)
— (@) [ holw)dy

by the inversion formula, Theorem |3.3.13] and the definition of heo (0). This proves
(a) and completes the proof of Theorem

3.6 Poisson Convergence
3.6.1 The Basic Limit Theorem

Our first result is sometimes facetiously called the “weak law of small numbers” or the
“law of rare events.” These names derive from the fact that the Poisson appears as the
limit of a sum of indicators of events that have small probabilities.

Theorem 3.6.1. For each n, let Xn,m, 1 < m < n be independent random variables
with P(Xn,m = 1) = pnym, P(Xn,m =0) =1 — pn.m. Suppose

(7') Z:anl Pn,m — A€ (0, OO), and

(”) maxi<m<n Pn,m — 0. If Sn = Xn,l + -4 Xn,n then S, = Z where Z is
Poisson()).

Here Poisson(A) is shorthand for Poisson distribution with mean A, that is,

P(Z =k)=e N\ /k!
Note that in the spirit of the Lindeberg-Feller theorem, no single term contributes
very much to the sum. In contrast to that theorem, the contributions, when positive,

are not small. .
First proof. Let ¢nm(t) = E(exp(itXn,m)) = (1 — Pn,m) + pn.me’t. Then

n
Eexp(itSp) = [[ (1 4 pum (e = 1))
m=1
Let 0 < p < 1. |exp(p(e’ —1))| = exp(pRe(eit —1) <land|[l+p”—-1)]<1
since it is on the line segment connecting 1 to e**. Using Lemma with 6 =1 and
then Lemma [3.4.4) which is valid when max,, pn,m < 1/2 since |e’ — 1| < 2,

exp (;pn,m(e” - 1)) - nf[l{l + Prm(e” — 1)}‘

< Y lexp@nm(e” 1)) = {1+ pam(e” =1}
m=1

< D pamle 17
m=1
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Using |e™ — 1] < 2 again, it follows that the last expression

< (élﬁgnp : ) Z_lp m =0

by assumptions (i) and (ii). The last conclusion and »." _| pn,m — X imply

Eexp(itS,) — exp(A(e — 1))

To complete the proof now, we consult example for the ch.f. of the Poisson distri-
bution and apply Theorem |3.2.8

O

We will now consider some concrete situations in which Theorem |3.6.1| can be ap-
plied. In each case we are considering a situation in which py mc/n, so we approximate
the distribution of the sum by a Poisson with mean c.

Example 3.6.2. In a calculus class with 400 students, the number of students who
have their birthday on the day of the final exam has approximately a Poisson distribu-
tion with mean 400/365 = 1.096. This means that the probability no one was born on
that date is about e~ 1?6 = 0.334. Similar reasoning shows that the number of babies
born on a given day or the number of people who arrive at a bank between 1:15 and
1:30 should have a Poisson distribution.

Example 3.6.3. Suppose we roll two dice 36 times. The probability of “double ones”
(one on each die) is 1/36, so the number of times this occurs should have approximately
a Poisson distribution with mean 1. Comparing the Poisson approximation with exact
probabilities shows that the agreement is good even though the number of trials is
small.

k 0 1 2 3

Poisson  0.3678 0.3678 0.1839 0.0613
exact 0.3627 0.3730 0.1865 0.0604

After we give the second proof of Theorem [3.6.1] we will discuss rates of convergence.
Those results will show that for large n the largest discrepancy occurs for k£ = 1 and is
about 1/2en (=0.0051 in this case).

Example 3.6.4. Let &, 1, ..., &€n,n be independent and uniformly distributed over [—n, n].
Let Xp,m = 1if &, € (a,b), = 0 otherwise. S, is the number of points that land in
(a,b). pnm = (b—a)/2nso >, Pnm = (b—a)/2. This shows that (i) and (ii) in The-
orem [3.6.1] hold, and we conclude that S, = Z, a Poisson r.v. with mean (b—a)/2. A
two-dimensional version of the last theorem might explain why a Poisson distribution,
As Feller, Vol. I (1968), pp. 160-161 reports [7], the area was divided into 576 areas of
1/4 square kilometers each. The total number of hits was 537 for an average of 0.9323
per cell. The following table compares IN; the number of cells with £ hits with the
predictions of the Poisson approximation.

k 0 1 2 3 4 >5
Ny, 229 211 93 35 7 1
Poisson 226.74 211.39 98.54 30.62 7.14 1.57

For other observations fitting a Poisson distribution, see Feller, Vol. I (1968), Section
VL7 [7].

Our second proof of Theorem [3.6.1| requires a little more work but provides in-
formation about the rate of convergence. We begin by defining the total variation
distance between two measures on a countable set S.
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llpw = vl = ZW 2)| = sup|p(4) —v(A)]

The first equality is a deﬁmtlon. To prove the second, note that for any A
Z (= 2)| 2 |u(A) = v(A)] + [n(A%) — v(A%)] = 2|u(A) — v(A)]|

and there is equality when A = {z : u(z) > v(2)}.

Lemma 3.6.5. If u1 X p2 denotes the product measure on Z X Z that has (pu1 X
w2)(z,y) = p1(z)pu2(y), then

1 X p2 —v1 X vol| < ||p1 — va| + [|p2 — 2|

Proof.

20 X pz = xwal| = > m(@)p2(y) — vi(z)ra(y)]

.y
Z“y Z|p1 ) —vi(z |+Zl/1 Z|M2 ) — v2(y)]

= QHM —V1H +2|[p2 — v2l|

which gives the desired result.

O
Lemma 3.6.6. If u1 * ue denotes the convolution of u1 and pe, that is,
o pio ZM«’B— Y)p2(y)
then ||/,61 * U2 — V1 * l/2|| S H,LLl X 2 — v X l/2||.
Proof.
lprxpe —vi x|l = 0|10, (e —y)py(y) — 22, vi(z — y)ra(y)]
< 2020 lm(r —ypa(y) —vi(z — y)ra(y)|
= 2llpa X p2 — 11 X 12|
which gives the desired result.
O
Lemma 3.6.7. Let p be the measure with (1) = cmd w(0) =1—p. Let v be a
Poisson distribution with mean p. Then ||p —v|| < p
Proof.
Al —vll = [p(0) =v(0)] + (1) —v(D)[+ 32,5, v(n)

= [l-p—e?|+lp—pe?|+1-e"(1+p)
since 1 —x <e * <1 for x >0, the above
= eP—-1+4+p+p(l—eP)+1—eP—pe?
= 2p(1—e7P) < 2p?
which gives the desired result.

d
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Second proof of Theorem Let pin,m be the distribution of Xy, .. Let up
be the distribution of S,. Let vp,m, vn, and v be Poisson distributions with means
Dn,m, /\n = Zm<npnm, and A, respectlvely Since pn = fin1 * -+ * by and v, =

Up,1 %+ % Up n, Lemmas |3 3.6.6, and [3.6.7] imply

i = vall < D Mpnm = vaml <2 pam 3.7)
m=1 m=1

Using the definition of total variation distance now gives

SiP'lun( 71/" | < an m

Assumptions (i) and (ii) imply that the rlght—hand side — 0. Since v, = v as
n — 00, the result follows.

O

Remark 3.6.8. The proof above is due to Hodges and Le Cam (1960) [12]. By different
methods, C. Stein (1987) (see (43) on p.89) [14] has proved

suplun(4) —va(4)] < AV 1)~ Z Prm
Rates of convergence. When p,,m1/n, becomes

sgplﬂn(A) —wvn(A) <1/n

To assess the equality of this bound, we will compare the Poisson and binomial
probabilities for k successes.

k  Poisson Binomial

0 el 1- %)"
1 et n-n (1=t =(1-— L)t
R e T
3 et/3 (nP0- )"t =0- 00— )" /3
Since (1 —z) < e~ ", we have u,(0) — v,(0) < 0. Expanding
z?  z®
1 1 = _—— —_—
og(l4+z)==x 5 + 3
gives
1 n—1 n-—1 9
(n_1)10g<1_ﬁ>7_T_W_”'7_1+27+O( )
So

n<(1 - l)”_l - eil> =ne '(exp{1/2n+O(n 2} —1) = e '/2

n
and it follows that

n(pn(1) = vn(1)) = e /2
n(pin(2) = vn(2)) = e /4

For k > 3, using (1—2/n) < (1—1/n)? and (1 —x) < e~ shows u, (k) —vn(k) <0,
S0
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suplitn (4) — v (A)| ~ 3/4en
ACZ

There is a large literature on Poisson approximations for dependent events. Here
we consider the following.

3.6.2 Two Examples with Dependence

Example 3.6.9. Let 7 be a random permutation of {1,2,...,n}, let X, ,» =1if misa
fixed point (0 otherwise), and let S, = Xpn,1+- -+ X5 » be the number of fixed points.
We want to compute P(S, = 0). Let Apm = {Xn,m = 1}. The inclusion-exclusion
formula implies

P(Un—1Am) = > P(An) = > P(SinAn)+ > PANANA) -

I<m k<l<m

1 n\ (n—2)! n\ (n—3)!
_ “-n-(2>(m)+<3>(m)—---

since the number of permutations with k specified fixed points is (n—k)!. Canceling
some factorials gives

n

P(S,>0) =) (_1731# s0 P(Sn = 0) = zn: (‘;L?m

Recognizing the second sum as the first n + 1 terms in the expansion of e~! gives

IP(S, =0)—e7!| = ’ i (™ ’

m!
mn+1
< 2)”
< n+1 Zn-i-

k=

a much better rate of convergence than 1/n. To compute the other probabilities,
we observe that by considering the locations of the fixed points

P(Sn=k) = (Z)n(n—1)...1(n—k+1)P(S”"“_0)
_ %p(sn_k:o)%e*/k!

Example 3.6.10. Occupancy problem. Suppose that r balls are placed at random
into n boxes. It follows from the Poisson approximation to the binomial that if n —
oo and 7/n — ¢, then the number of balls in a given box will approach a Poisson
distribution with mean c¢. The last observation should explain why the fraction of
empty boxes approached e™¢ in example. Here we will show:

Theorem 3.6.11. Ifne /™ — )\ € [0,00) the number of empty boxes approaches a
Poisson distribution with mean A.

Proof. To see where the answer comes from, notice that in the Poisson approxi-
mation the probability that a given box is empty is e ™/™ &~ A/n, so if the occupancy
of the various boxes were independent, the result would follow from Theorem [3.6.1] To
prove the result, we begin by observing
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k T
P(boxes 1,12, ..., i, are empty) = (1 — 7>
n

If we let pm (1, n) = the probability exactly m boxes are empty when r balls are put
in n boxes, then P(no empty box) = 1 — P(at least one empty box). So by inclusion-

exclusion
(a) po(r,n) = i(_l)k (Z) (1 - %)r

k=0
By considering the locations of the empty boxes

(6) pn(r,m) = (;) (1-) ron = m)

To evaluate the limit of p,,(r,n) we begin by showing that if ne™™/™ — X then

() (Z) (1— %)’“ =A™ /ml

One half of this is easy. Since (1 —z) < e~ and ne™"/™ — X

m.

(d) <n>(1 — %)T < n—":efmr/" — A" /m!
(m

For the other direction, observe

(”) (1= > (1= Z)ymtrn™ /)

m n n

) > (n—m)™/m! so

Now (1 —m/n)™ — 1 as n — oo and 1/m! is a constant. To deal with the rest, we
note that if 0 <t < 1/2 then

log(1—t) = —t—t*/2—-3/3...
> 2-L(a+427 4224
= —t—t

so we have

log(n™(1 — %)T) > mlogn — rm/n —r(m/n)?

Our assumption ne™"/" — X means

r=nlogn —nlog A + o(n)
so r(m/n)®> — 0. Multiplying the last display by m/n and rearranging gives
mlogn — rm/n — mlog A\. Combining the last two results shows

inf n™ (1 — T)r >\
n

n—o00

and (c) follows. From (a), (c), and the dominated convergence theorem (using (d)
to get the domination), we get

oo k
(e) if ne™™/™ — X then po(r,n) — Z k)\ -

=0
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For fixed m, (n —m)e™"/("=™) _ X so it follows from (c) that po(r,n—m) — e .

Combining this with (b) and (c¢) completes the proof.
O

Example 3.6.12. Coupon collector’s problem. Let X;, Xo,... be i.i.d. uniform
on {1,2,...,n} and T, = inf{m : {X1,..., Xm} = {1,2,...,n}}. Since T, < m if and
only if m balls fill up all n boxes, it follows from Theorem [3.6.11] that

P(T, —nlogn < nz) — exp(e” )

—r/n z

Proof. If r = nlogn + nx then ne —e .

O

Note that T, is the sum of n independent random variables, but 7, does not
converge to the normal distribution. The problem is that the last few terms in the sum
are of order n, so the hypotheses of the Lindeberg-Feller theorem are not satisfied.

For a concrete instance of the previous result consider: What is the probability that
in a village of 2190(= 6 - 365) people all birthdays are represented? Do you think the
answer is much different for 1825(= 5 - 365) people?

Solution. Here n = 365, so 365 log 365 = 2153 and

P(Ts65 < 2190) P((Ts65 — 2153) /365 < 37/365)
eXp(7€70‘1014)
exp(—0.9036)

0.4051

-l

p(Ts65 < 1825) P((Ts65 — 2153)/365 < —328/365)
exp(_6048986)
exp(—2.4562)

0.085

i

As we observed, if we let

' =inf{m: {X1, ..., Xm}| =k}

then 7i* = 1 and for 2 < k < n, 75 — 75, are independent and have a geometric
distribution with parameter 1 — (k — 1)/n.

3.6.3 Poisson Processes

Theorem [3.6.1] generalizes trivially to give the following result.
Theorem 3.6.13. Let X,,m, 1 < m < n be independent non-negative integer valued
random variables with P(Xn,m = 1) = pnm, P(Xnm > 2) = €n,m.

(Z) Z:ln:l Pn,m — A€ (07 OO)’
(i) maxi<m<n Pn,m — 0, and

(iii) 3" _, €nm — 0.
If S = Xn1+ -+ Xn,n then Sy, = Z where Z is Poisson(\).

Proof. Let X, ,, =1 if X, m =1, and 0 otherwise. Let S;, = X}, ; + -+ + X, ..
(i) - (ii) and Theorem imply S, = Z, (iii) tells us P(S, # S;,) — 0, and the
result follows from the converging together lemma.

O
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The next result, which uses Theorem [3.6.13] explains why the Poisson distribution
comes up so frequently in applications. Let N(s,t) be the number of arrivals at a bank

or an ice cream parlor in the time intervals (s, t]. Suppose
(i) the numbers of arrivals in disjoint intervals are independent,
(ii) the distribution of N(s,t) only depends on ¢ — s,
(iii) P(N(0,h) = 1) = Ah + o(h), and
(iv) P(N(0,h) > 2) = o(h).

Here, the two o(h) stand for functions g1 (h) and g2(h) with g;(h)/h — 0 as h — 0.
Theorem 3.6.14. If (i) - (iv) hold, then N(0,t) has a Poisson distribution with mean

At.

Proof. Let Xp,;m = N((m—1)t/n,mt/n) for 1 < m < n and apply Theorem|3.6.13

A family of random variables N, t > 0 satisfying
()if0=to<t1 <---<tpn, N(tg) — N(tx—1), 1 <k < n are independent,
(ii) N(t) — N(s) is Poisson(\(t — s)),

O

is called a Poisson process with rate A. To understand how N; behaves, it is
useful to have another method to construct it. Let £1,&2, ... be independent random
variables with P(§; > t) = e Mfort>0 Let T, =& +---+&, and N, = sup{n :
T, <t} where Tp = 0. In the language of renewal theory (see Theorem T, is the
time of the nth arrival and N; is the number of arrivals by time ¢. To check that N; is

a Poisson process, we begin by recalling (Theorem [2.1.16]):

n  n—1
fr. (s) = %efﬂ for s >0
that is, the distribution of T}, has a density given by the right-hand side. Now and
forn>1
t
P(Nt=n)=P(Tn <t<Thy1 = / P(T,, = 5)P(&ny1 >t — s)ds
0
t yn_n—1
_ / A's efksefA(tfs)dx
o (n—=1)!
— MO

n!

The last two formulas show that N; has a Poisson distribution with mean \t.

check that the number of arrivals in disjoint intervals is independent, we observe

P(Tn+1 Z ’U,|Nt = n) = P(Tn+1 Z ’U,,Tn S t)/P(Nt = ’I’L)

To compute the numerator, we observe

P(Th41 > u, T <)

Il
~
&

(8)P(6ns1 > u — s)ds

t yn_n—1
_ / A"s €7>\567>\(U7S)d5
o (n—1)!

— At)™
e Au ( ’)
n:

The denominator is P(N; = n) = e~ M(\t)"/n!, so

To
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P(Tpi1 > ulNy =n) =e /e M= 7t
or, rewriting things, P(Thi1 —t > s|Ny = n) = e ™. Let T{ = Tnty+1 — t, and
T, = Tnt)+k—Tn(t)+1—1 for k> 2. The last computation shows that Ty is independent
of N;. If we observe that

K
P(Tn < t,Tog1 2 0, Tog i —Tngk1 > i,k = 2,0, K) = P(To < t,Toi1 > u) [ [ P(nsr > )
k=1

then it follows that

(a) T7, Ty, ... are i.i.d. and independent of N;. The last observation shows that
the arrivals after time ¢ are independent of NV; and have the same distribution as the
original sequence. From this it follows easily that

(b) f0=to < t1--+ < ty, then N(t;) — N(t;—1), i = 1,...,n are independent. To
see this, observe that the vector (N(t2) — N(t1), ..., N(tn) — N(tn—1)) is o(Ty, k > 1)
measurable and hence is independent of N(¢1). Then use induction to conclude

At — 1)k

P(N(t:) = N(tio1) = ki,i =1,2,...,n) = | [ exp(=A(t: — ti-1)) o
i=1 v

Remark 3.6.15. The key to the proof of (a) is the lack of memory property of the
exponential distribution:

(x) P(T>t+s|T >t)=P(T > s)

which implies that the location of the first arrival after ¢ is independent of what
occurred before time ¢t and has an exponential distribution.
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4 RANDOM WALKS
Go back to Table of Contents. Please click

Let X1, Xo,... be i.i.d. taking values in R and let S, = X1 4+ -+ Xn. Sn is a
random walk. In the last chapter, we were primarily concerned with the distribution
of S,. In this one, we will look at properties of the sequence Si(w), S2(w),.... For
example, does the last sequence return to (or near) infinitely often? The first section
introduces stopping times, a concept that will be very important in this and the next
two chapters. After the first section, the remaining three can be read in any order or
skipped without much loss.

4.1 Stopping Times

Most of the results in this section are valid for i.i.d. X’s taking values in some nice
measurable space (S,S) and will be proved in that generality. For several reasons,
it is convenient to use the special probability space from the proof of Kolmogorov’s
extension theorem:

QZ{(wl,WQ,...) L Wwj GS}
F=8xS8x...
P =p x px...uis the distribution of X,

Xn(w) = wn

Throughout this section, we will suppose (w.l.o.g.) that our random variables are
constructed on this special space.

Before taking up our main topic, we will prove a 0-1 law that, in the i.i.d. case,
generalizes Kolmogorov’s. To state the new 0-1 law we need two definitions. A finite
permutation of N = {1,2,...} is a map 7 from N onto N so that 7(¢) # 4 for only
finitely many . If 7 is a finite permutation of N and w € SN we define (rw); = Wr(s)-
In words, the coordinates of w are rearranged according to w. Since X;(w) = w;
this is the same as rearranging the random variables. An event A is permutable if
7 'A = {w: 1w € A} is equal to A for any finite permutation 7, or in other words,
if its occurrence is not affected by rearranging finitely many of the random variables.
The collection of permutable events is a o-field. It is called the exchangeable o-field
and denoted by £.

To see the reason for interest in permutable events, suppose S = R and let Sy (w) =
Xi(w) 4+ -+ Xn(w). Two examples of permutable events are

(i) {w : Sn(w) € B i.0.} (ii) {w : limsup,,_, . Sn(w)/cn > 1}

In each case, the event is permutable because Sy, (w) = Sp(7w) for large n. The list
of examples can be enlarged considerably by observing:

(iii) All events in the tail o-field T are permutable.

To see this, observe that if A € o(Xn+t1,Xn+2,...) then the occurrence of A is
unaffected by a permutation of X1, ..., X,,. (i) shows that the converse of (iii) is false.
The next result shows that for an i.i.d. sequence there is no difference between £ and
T. They are both trivial.

Theorem 4.1.1. Hewitt-Savage 0-1 Law. If X1, Xa,... are i.i.d. and A € £ then
P(A) € {0,1}.
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Proof. Let A € £. As in the proof of Kolmogorov’s 0-1 law, we will show A
is independent of itself, i.e., P(A) = P(AN A) = P(A)P(A) so P(A) € {0,1}. Let
A, € 0(X1,...,X») so that

(a)P(AR,NA) — 0

Here AAB = (A — B)U (B — A) is the symmetric difference. The existence of
the A,’s is proved in part ii of Lemma A.2.1 in text [4]. A, can be written as {w :
(wi,...,wn) € Bp} with B, € 8. Let

j+n if1<j<n
() =4 j—n ifn+1<j<2n
j ifj>2n+1

Observing that 72 is the identity (so we do not have to worry about whether to
write 7 or 771) and the coordinates are i.i.d. (so the permuted coordinates are) gives
(D)P(w:w € AnAA) = P(w: tw € A,AA)

Now {w: mw € A} = {w : w € A}, since A is permutable, and

{w:mw € An} ={w: (Wnt1y .-y w2n) € Bn}

If we use A, to denote the last event then we have

(Hw:mw e A, NAY = {w:w € ALAA}
Combining (b) and (c) gives

(d)P(AnAA) = P(A,AA)

It is easy to see that

|P(B) = P(O)] < |[P(BAC)|

so (d) implies P(A,), P(A;) — P(A). Now A—C C (A— B)U (B — C) and with
a similar inequality for C' — A implies AAC C (AAB) U (BAC). The last inequality,
(d), and (a) imply

P(A,AAL) < P(A,AA) + P(AAAL) — 0

The last result implies

0 P(A,) — P(A, N A})
P(A,UAL) — P(A,NAY)

P(A,AAL) 50
so P(A, UA}) — P(A). But A, and Aj, are independent, so

[IVANRVAN

P(A,NA,) = P(A,)P(A],) — P(A)?
This shows P(A) = P(A)?, and proves Theorem

A typical application of Theorem [.1.1]is

Theorem 4.1.2. For a random walk on R, there are only four possibilities, one of

which has probability one.
(i) Sn = 0 for all n. (i) Sn — oo. (4i) S, — —o0. () —oco = liminf S, <
lim sup S,, = co.
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Proof. Theorem implies limsup S,, is a constant ¢ € [—o0,00]. Let S, =
Sni+1— X1. Since S;, has the same distribution as S,,, it follows that ¢ = ¢ — X1. If ¢ is
finite, subtracting ¢ from both sides we conclude X; = 0 and (i) occurs. Turning the
last statement around, we see that if X1 Z 0 then ¢ = —oo0 or co. The same analysis
applies to the liminf. Discarding the impossible combination limsup .S, = —oo and
liminf S, = +00, we have proved the result.

O

The special case in which P(X; = 1) = P(X; = —1) = 1/2 is called simple
random walk. Since a simple random walk cannot skip over any integers, it follows
from either exercise above that with probability one it visits every integer infinitely
many times.

Let Fr = o(X1,..., Xn) = the information known at time n. A random variable
N taking values in {1,2,...} U {oco} is said to be a stopping time or an optional
random variable if for every n < co, {N =n} € F,. If we think of S, as giving the
(logarithm of the) price of a stock at time n, and N as the time we sell it, then the
last definition says that the decision to sell at time n must be based on the information
known at that time. The last interpretation gives one explanation for the second name.
N is a time at which we can exercise an option to buy a stock.

The canonical example of a stopping time is N = inf{n : S, € A}, the hitting
time of A. To check that this is a stopping time, we observe that

{N=n}={S1€A4°..,5.-1€A°S, € A} e F,
Two concrete examples of hitting times that have appeared above are
Example 4.1.3. N = inf{k : |Sk| > z} from the proof of Theorem [2.5.4]

Example 4.1.4. If the X; > 0 and N; = sup{n : S,, <t} is the random variable that
first appeared in example in Section 2.4, then N; + 1 = inf{n : S, > t} is a stopping
time.

Theorem 4.1.5. Let X1, Xo, ... be i.i.d., F, = 0(X1, ..., Xn) and N be a stopping time
with P(N < 00) > 0. Conditional on {N < 0o}, {X~n+n,n > 1} is independent of Fy
and has the same distribution as the original sequence.

Proof. We can refer to Theorem A.1.5 from text [4]. It is enough to show that if
A€ Fyand Bj € S for 1 < j <k, then

k
(AN <00, Xn1j € B;,1 < j<k)=PAN{N < oo}) [] u(B;)

Jj=1

where pu(B) = P(X; € B). The method (“divide and conquer”) is one that we will
see many times below. We break things down according to the value of N in order to
replace N by n and reduce to the case of a fixed time.

P(A,N=n,Xnt; €B;,1<j<k) = PAN=n,Xny; €B;,1<j<k)

k
PANN =np) [ u(B)

and since AN {N = n} € F, and that o-field is independent of Xnt1,..., Xntk.
Summing over n now gives the desired result.

O

Page 114



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] 64

To delve further into properties of stopping times, we recall that we have supposed
Q = SN and define the shift 0 : Q — Q by

(fw)(n) =w(n+1)n=1,2,...

In words, we drop the first coordinate and shift the others one place to the left. The
iterates of 6 are defined by composition. Let 81 = 0, and for k > 2, let 8% = 6. %71,
Clearly, (8*w)(n) = w(n + k),n = 1,2,... To extend the last definition to stopping
times, we let

A on {N = oo}
Here A is an extra point that we add to €.

oV — { 0" w on {N =n}

Example 4.1.6. Returns to 0. For a concrete example of the use of 6, suppose
S =R* and let
T(w) =inf{n:w; + - +wp =0}
where inf ) = oo, and we set 7(A) = oco. If we let m2(w) = 7(w) + 7(07w), then on
{r < o0},
7(0"w) = inf{n: (0" (w)+: -+ (0"w), =0}
= inf{n:wry1+ - +wr4n =0}

So 72 is the time of the second visit to 0 (and thanks to the conventions 6w = A
and 7(A) = oo, this is true for all w). The last computation generalizes easily to show
that if we let

To(W) = Tho1 (W) + 7(0™ 1w)
then 7, is the time of the nth visit to 0.
If we have any stopping time 7', we can define its iterates by T = 0 and

Tp(w) = Tpo1(w) + T(0"w) for n > 1
If we assume P = o X o X p... then
P(T,, < 0) = P(T < o0)" (4.1)

Proof. we will prove this by induction. The result is trivial when n = 1. Suppose
now that it is valid for n — 1. Applying Theorem to N = T,,_1, we see that
T(@Tnfl) < oo is independent of T;,—1 < oo and has the same probability as T' < oo,
SO

P(T, <o0) = P(Th-1<o00,T(0"1w) < o0)
= P(Th-1 < o0)P(T < 0)
P(T < o)™

by induction hypothesis.

Letting t, = T(#7»-1), we can extend Theorem to
Theorem 4.1.7. Suppose P(T < oo) = 1. Then the “random vectors”

Vn = (t”7 XTn—1+17 s} XTn)

are independent and identically distributed.

Proof. It is clear from Theorem [4.1.5| and V,, and V7 have the same distribu-
tion. The independence follows from Theorem and induction since Vi,...,V,,_1 €
F(Thn-1).

d
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Example 4.1.8. Ladder variables. Let a(w) = inf{n : w1 + -+ + wy, > 0} where
inf ) = 0o, and set a(A) = co. Let oy = 0 and let

ak(w) = ag—1(w) + a(6***w)

for £ > 1. At time ay, the random walk is at a record high value.
A famous result about stopping times for random walks is:

Theorem 4.1.9. Wald’s equation. Let X1, X, ... be i.i.d. with E|X;| < co. Iff N is
a stopping time with EN < oo, then ES, = EX;EN.

Proof. First suppose the X; > 0.

ES, = /SndP = i/Snl{N:n}dP = i i /Xml{N:n}dP
n=1

n=1m=1

Since the X; > 0, we can interchange the order of summation (i.e., use Fubini’s
theorem) to conclude that the last expression

=> > /Xml{N:n}dP: > /Xml{NZm}dP
m=1n=m m=1

1n=
Now {N > m} = {N < m —1}° € F,,,—1 and is independent of X,,, so the last

expression

> EXmP(N >m) =EX:EN

m=1

To prove the result in general, we run the last argument backwards. If we have

EN < oo then
0> Y E[XnP(N2m)=) > /|Xm|1{N:n}dP
m=1 m=1n=m

The last formula shows that the double sum converges absolutely in one order, so
Fubini’s theorem gives

Z Z /Xml{N:n}dPI Z Z /Xml{N:n}dP

m=1n=m n=1n=m

Using the independence of {N > m} € F,—1 and X,, and rewriting the last
identity, it follows that

> EX.P(N >m)=ESy

m=1

Since the left-hand side is ENEX;, the proof is complete.
O

Example 4.1.10. Simple random walk. Let X1, Xo,... be i.i.d. with P(X; =1) =
1/2 and P(X; = —1) = 1/2. Let a < 0 < b be integers and let N = inf{n : S, & (a,b)}.
To apply Theorem we have to check that EN < co. To do this, we observe that
if z € (a,b), then

P(z+ Sp_a & (a,b)) > 27"
since b — a steps of size +1 in a row will take us out of the interval. Iterating the last
inequality, it follows that

P(N>n(b—a)) <(1- 2—(b—a))n
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so EN < oo. Applying Theorem now gives ES,, =0 or
bP(Sn =b)+aP(S,=a)=0
Since P(S, = b) + P(S, = a) = 1, it follows that (b — a)P (S, = b) = —a, so

—a b
b—aP(SN_a)_b—a

P(S,=0b) =
Letting T, = inf{n : S, = a}, we can write the last conclusion as

P(T, <Ty) =

bfafora<0<b (4.2)
Setting b = M and letting M — oo gives
P(To <o0) > P(Ty <Tm) — 1
for all @ < 0. From symmetry (and the fact that Tp = 0), it follows that
PTy <oo)=1foralzeZ (4.3)

Our final fact about T is that ET, = oo for  # 0. To prove this, note that if
ET, < oo then Theorem [£.1.5 would imply

z =ESr, = EX;ET, =0
In Section 4.3, we will compute the distribution of 77 and show that
P(Ty > t) ~ Ct™"/?

Theorem 4.1.11. Wald’s second equation. Let X1, Xs,... be i.i.d. with EX, =0
and EX2 = 0% < co. If T is a stopping time with ET < oo, then ES% = o?ET

Proof. Using the definitions and then taking expected value
SFan = SFam-1) + (2XnSn—1+ X2)Lirsn)

ESFan = ESFa(n_1) + 0 P(T > n)
since EX,, = 0 and X, is independent of S,,—1 and 1(r>n) € Fn-1. The expectation

of S,_1X, exists since both random variables are in L?. From the last equality and
induction we get

ET?r, =0 Y P(T >m)
m=1

n
E(Stan — Stam)? =0 > P(T'>n)
k=m+41
The second equality follows from the first applied to X,,+1, Xm+2, .... The second
equality implies that Sz, is a Cauchy sequence in L?, so letting n — oo in the first,
it follows that ES% = ¢2ET.

O

Example 4.1.12. Simple random walk, II. Continuing previous example, we in-
vestigate N = inf{S, ¢ (a,b)}. We have shown that EN < occ. Since 0® = 1, it follows
from Theorem [AT.11] and that

Ny —

b
EN = ES% = o*
SN ab—a b—a

= —ab

Ifbo=Landa=—L, EN = L°.
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An amusing consequence of Theorem is

Theorem 4.1.13. Let X1, Xo,... be i.i.d. with EX,, = 0 and EX2 = 1, and let
T. = inf{n >1:|S,| > en'/?}.

< o0 fore< 1
ETE{IOO fore>1

Proof. One half of this is easy. If ET. < oo then, the previous exercise implies
ET. = E(S%C) > ¢®ET,, a contradiction if ¢ > 1. To prove the other direction, we let
7 =T. An and observe S2_; < ¢? (7 — 1), so using the Cauchy-Schwarz inequality

Er = ESZ = ES2_; + 2E(S,_1X,) + EX2 < *Er + 2¢(ErEX2)'/? + EX?

To complete the proof now, we will show
Lemma 4.1.14. If T is a stopping time with ET = oo, then
EXZpn/E(T An) — 0
Theorem follows, for if € <1 —c? and n is large, we will have Er < (¢* 4 ¢)Er,
a contradiction.

Proof. We begin by writing

n
E(XFrn) = E(XFan; XPan < (T An))+ Y E(XHT An=j,X; > €))

j=1

The first term is < eE(T A n). To bound the second, choose N > 1 so that for n > N
> E(XF; X} > €j) < ne
j=1

This is possible since the dominated convergence theorem implies IE(X?; ng >e€j) =0
as j — oo. For the first part of the sum, we use a trivial bound

N
S E(X5T An=j,X] > ej) < NEX7
j=1
To bound the remainder of the sum, we note (i) X; > 0; (i) {T An > j} is
€ F;_1 and hence is independent of X;I(X2_>€j), (iii) use some trivial arithmetic, (iv)
J
use Fubini’s theorem and enlarge the range of 7, (v) use the choice of N and a trivial
inequality
S EXLETAn=4,X;>e¢) < Y EBXHETAn>j,X; > €))

j=N j=N
n

= > P(TAn>jE(X];X] > ej)

= > Y P(TAn=kEX};X] > )
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Combining our estimates shows
EXZ,, < 2¢E(T An) + NEX}
Letting n — oo and noting E(T' A n) — oo, we have

lim supEX%An/E(T An) < 2e

n— o0

where € is arbitrary.

4.2 Recurrence

Throughout this section, S,, will be will be a random walk, that is, S, = X1 +--- +
X, where X1, Xo,... are i.i.d., and we will investigate the question mentioned at the
beginning of the chapter. Does the sequence Si(w), S2(w), ... return (or near) 0
infinitely often? The answer to the last question is either Yes or No, and the random
walk is called recurrent or transient accordingly. We begin with some definition.

The number = € R? is said to be a recurrent value for the random walk S, if
for every € > 0, P(||Sn — z|| < €i.0.) = 1. Here ||z|| = sup|X;|. The reader will see
the reason for this choice of norm in later lemma.s The Hewitt-Savage 0-1 law implies
that if the last probability is < 1, it is 0. Our first result shows that to know the set
of recurrent values, it is enough to check x = 0. A number z is said to be a possible
value of the random walk if for any € > 0, there is an n so that P(]||Sn, —z|| <€) > 0.

Theorem 4.2.1. The set V of recurrent values is either () or a closed subgroup of R%.
In the second case, ¥V = U, the set of possible values.

Proof. Suppose V # ). It is clear that V° is open, so V is closed. To prove this is
a group, we will first show that
(x)ifr el andy € V theny —x € V.
This statement has been formulated so that once it is established, the result follows
easily. Let
ps,m(2) = P(||Sn — 2 > § for all n > m)

If y—x &V, there is an € > 0 and m > 1 so that pae,m(y — x) > 0. Since z € U,
there is a k so that P(||Sx — z|| <€) > 0. Since

P(||Sn — Sk — (y —z)|| > 2e for all n > k 4+ m) = pae,m(y — )
and is independent of {||Sk — z|| < €}, it follows that
Pe,mik(y) = P(||Sk — || < €)p2e,m(y —z) >0

contradicting y € V, soy —x € V.

To conclude that V is a group when V & 0, let ¢, € V, and observe: (i) taking
x =y =rin (x)shows 0 € V, (ii) taking z = r, y = 0 shows —r € V, and (iii) taking
xr = —r,y = q shows ¢g+r € V. To prove that V = U now, observe that if u € U taking
x =u,y =0 shows —u € V, and since V is a group, it follows that v € V.

O

If V = @, the random walk is said to be transient; otherwise it is called recurrent.
Before plunging into the technicalities needed to treat a general random walk, we begin
by analyzing the special case Polya considered in 1921. Legend has it that Polya
thought of this problem wandering around in a park near Ziirich when he noticed that
he kept encountering the same young couple. History does not record what the young
couple thought.
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Example 4.2.2. Simple Random walk on Z¢.
P(XZ = ej) = P(XZ = 76]‘) = 1/2d

for each of the d unit vectors e;. To analyze this case, we begin with a result that is
valid for any random walk. Let 79 = 0 and 7, = inf{m > 7,—1 : S;mx = 0} be the time
of the nth return to 0. From it follows that

P(r, < 00) = P(11 < o0)™
a fact that leads easily to:

Theorem 4.2.3. For any random walk, the following are equivalent:

(i)P(r1 < 00 =1, (i) P(Sm = 0,4.0) = 1, and (iii) » _ P(Sm =0) = oo

m=0

Proof. If P(1 < o0) =1, then P(1, < 00) =1 for all n and P(Sp, = 01i.0.) = 1.

Let
V=3 00ls,=0 = Y liry<e0)
m=0 n=0

be the number of the visits to 0, counting the visit at time 0. Taking expected value
and using Fubini’s theorem to put the expected value inside the sum:

EV = ip(sm =0)

1— P(m1 < 00)

The second equality shows that (ii) implies (iii) and, in combination with the last
two, shows that if (i) is false, then (iii) is false (i.e., (iii) implies (i)).

d

Theorem 4.2.4. Simple random walk is recurrent in d < 2 and transient in d > 3.

Proof. Let ps(m) = P(Sm = 0). pg(m) is 0 if m is odd. From Theorem
we get p1(2n) ~ (7n)(71/? as n — oco. This and Theorem gives the result in one
dimension. Our next step is

Simple random walk is recurrent in two dimensions. Note that in order for Sa,, = 0,
we must for some 0 < m < n have m up steps, m down steps, n — m to the left, and
n —m to the right, so

n

Com 2n!
p2(2n) = 4 Z mlml(n —m)!(n —m)!

(26
- ()

= p(2n)?

Page 120



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] 64

To see the next-to-last equality, consider choosing n students from a class with n
boys and n girls and observe that for some 0 < m < n, you must choose m boys and
n—m girls. Using the asymptotic formula p1(2n) ~ (7n) "2, we get pa(2n) ~ (7n)~t.
Since S_n~! = oo, the result follows from Theorem
Remark 4.2.5. For a direct proof of p2(2n) = p1(2n)?, note that if T and T? are
independent, one-dimensional random walks, then 73, jumps from z to = + (1,1), = +
(1,-1), = + (—1,1), and = + (—1,—1) with equal probability, so rotating 7, by 45
degrees and dividing by v/2 gives Sp,.

Simple random walk is transient in three dimensions. Intuitively, this holds since
the probability of being back at 0 after 2n steps is ~ cn™%/2, and this is summable.
We will not compute the probability exactly but will get an upper bound of the right
order of magnitude. Again, since the number of steps in the directions +e; must be
equal for i = 1,2, 3,

o 2n)!
ps(2n) = 6 Z(j!k!(n(—;—k)!)Q

J)k

_ 2n _ n! 2
_ 2 2n n
(n)ﬂzk:(?) j!k!(nfjfk)!>

AN
o
b
3
/N
o
S 3
~
«.B
=5
w
3
et}
=
&)
|3
<. T
|
=

where in the last inequality we have used the fact that if a;, are > 0 and sum to 1,
then Zj'k a?‘k < max; .k aj.r. Our last step is to show

—nog—n n! —1
T <
max3 3 = =k ="

To do this, we note that (a) if any of the numbers j, k or n—j—k is < [n/3], increasing
the smallest number and decreasing the largest number decreases the denominator
(since z(1 — x) is maximized at 1/2), so the maximum occurs when all three numbers
are as close as possible to n/3; (b) Stirling’s formula implies

n! n" n 1

K n—j—k)N " Jikk(n—j—kni* \ljk(n—j—k) 2m

Taking j and k within 1 of n/3 the first term on the right is < C3", and the desired
result follows.

Simple random walk is transient in d > 3. Let T, = (S&,S2,53), N(0) = 0
and N(n) = inf{m > N(n — 1) : T, # Tym-1)}- It is easy to see that Ty(,) is a
three dimensional simple random walk. Since T (,) returns infinitely often to 0 with
probability 0 and the first three coordinates are constant in between the N(n), S, is
transient.

O

Remark 4.2.6. Let mq = P(S, = 0 for some n > 1) be the probability that simple
random walk on Z¢ returns to 0. The last display in the proof of Theorem
implies

- 1

> p(San =0) = (4.4)

n=0 1= md

Ind=3, P(S2n = 0) ~ Cn%/? 50 3°2° | P(S2n = 0) ~ C'N~'/2] and the series
converges rather slowly.
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The rest of the section is devoted to proving the following facts about random walks:
e S, is recurrent in d = 1 if S, /n — 0 in probability.

e S, is recurrent in d = 2 if S,/ n'/? = a nondegenerate normal distribution.

e S, is transient in d > 3 if it is “truly three-dimensional.”

Lemma 4.2.7. If 3> P(||Sn|| < €) < 00, then P(||Sn|| <€ t.0.) =0. If 377, P(||Sx]| <
€) = oo then P(||Sn]| < 2€ i.,0.) = 1.

Proof. The first conclusion follows from the Borel-Cantelli lemma. To prove the
second, let F' = {||Sn|| < €1.0.}°. Breaking things down according to the last time
[1Snll <€

P(F) = P(||Sm|| <€, ||Sn]| > €for alln > m +1)

NgE

0

3
I

L

p(||Sm|| <€ [|Sn — Sm|| > 2¢e for all n > m + 1)

3
I
(=]

I
L

P([|m|| < €)p2e,

3
o

where ps . = P(||Sn|| > § for all n > k). Since P(F) <1, and

> P(ISull <€) = o0
m=0
it follows that pac,1 = 0. To extend his conclusion to pac  with k& > 2, let
Am = {]|Sm|| <€, ||Sn|| > € for all n > m + k}
Since any w can be in at most k of the A,,, repeating the argument above gives

k>0 P(An) 2 3 PUISnll < Op2ei
m=0

m=0

So pae,r = P(||Sn|| > 2¢ for all j > k) = 0, and since k is arbitrary, the desired
conclusion follows.

0
Lemma 4.2.8. Let m be an integer > 2,
(oo} (oo}
D P(ISall <me) < (2m)* Y~ P(||Sall <€)
n=0 n=0

Proof. We begin by observing
3" P(ISall < me) <3037 P(Sa € ke + [0,6)%)
n=0 n=0 k
where to the inner sum is over k € {—m, ...,m — 1}%. If we let
Ty =inf{l >0:58, € ke+[0,¢)%}

then breaking things down according to the value of T} and using Fubini’s theorem

gives
> P(Sn€ke+[0,0Y) = > P(Sn € ke+[0,0)%, Tk =1)
n=0 n=0 =0
< D D P(ISn = Sill < €T =1)
=0 n=l
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Since {T} =1} and {||S» — Si|| < €} are independent, the last sum

oo

=Y P(Ti=m)) P(IS;ll <e) <> P(ISll <e)
m=0 7=0

=0

Since there are (2m)? values of k in {—m, ...,m — 1}¢, the proof is complete.

Combining Lemmas [£:2.7] and [£.2.§] gives:

Theorem 4.2.9. The convergence (resp. divergence) of 3 P(||Sn|| <€) for a single
value of € > 0 is sufficient for transience (resp. recurrence).

Theorem 4.2.10. Chung-Fuchs theorem. Suppose d = 1. If the weak law of large
numbers holds in the form Sn/n — 0 in probability, then Sy, is recurrent.

Proof. Let un(z) = P(|Sn| < ) for z > 0. Lemma implies
— 1 « 1 n=0
) > — n(n/A
7;) _mz:: _ZmAmu(n/)

for any A < oo since un(x) > 0 and is increasing in z. By hypothesis u,(n/A) — 1, so
letting m — oo and noticing the right-hand side is A/2 times the average of the first
Am terms

> un(1) > A2
n=0
Since A is arbitrary, the sum must be oo, and the desired conclusion follows from
Theorem [£.2.91
O

Theorem 4.2.11. If S, is a random walk in R? and Sn/nl/2 = a nondegenerate
normal distribution, then S, is recurrent.
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5 MARTINGALES

Go back to Table of Contents. Please click

A martingale X,, can be thought of as the fortune at time n of a player who is
betting on a fair game; submartingales (supermartingales) as the outcome of betting
on a favorable (unfavorable) game. There are two basic facts about martingales. The
first is that you cannot make money betting on them (read §5.2), and in particular if
you choose to stop playing at some bounded time N, then your expected winnings Exn
are equal to your initial fortune Xo. (We are supposing for the moment that Xo is
not random.) Our second fact, discussed in §5.2 as well, concerns submartingales. To
use a heuristic we learned from Mike Brennan, “They are the stochastic analogues of
nondecreasing sequences and so if they are bounded above (to be precise, sup,, EX;I <
00) they converge almost surely.”

5.1 Conditional Expectation

We begin with a definition that is important for this chapter and the next one. After
giving the definition, we will consider several examples to explain it. Given are a
probability space (2, Fo, P), a o-field F C Fo, and a random variable X € F; with
E|X| < co. We define the conditional expectation of X given F, E(X|F), to be
any random variable Y that has

(i) Y € F, that is, is F measurable, and

(ii) for all A€ F, [, XdP = [, YdP.

Any Y satisfying (i) and (ii) is said to be a version of E(X|F). The first thing
to be settled is that the conditional expectation exists and is unique. We tackle the
second claim first, but start with a technical point.

Lemma 5.1.1. IfY satisfies (i) and (i), then it is integrable.
Proof. Letting A ={Y > 0} € F, using (ii) twice, and then adding

/YdP:/XdPg/ |X|dP
A A A

/—YdP: —Xdpg/ | X|dP
c AC c

So we have E|Y| < E|X]|.

Uniqueness. If Y’ also satisfies (i) and (ii), then
/ YdP = / Y'dP for all A€ F
A A
Taking A = {Y — Y’ > € < 0}, we see
O:/X—XdP:/Y—Y’dPZeP(A)
A A

so P(A) = 0. Since this holds for all ¢, we have Y < Y’ a.s., and interchanging the
roles of Y and Y’, we have Y = Y’ a.s. Technically, all equalities such as Y = E(X|F)
should be written as Y = E(X|F) a.s., but we have ignored this point in previous
chapters and will continue to do so.

Existence. To start, we recall v is said to be absolutely continuous with
respect to u (abbreviated v << p) if p(A) = 0 implies v(A) = 0, and we use [4]
Theorem A.4.6:
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Radon-Nikodym theorem. Let p and v be o-finite measures on (Q,F). If
|[nu << u, there is a function f € F so that for all A € F,

/A fdu = v(A)

f is usually denoted dv/du and called the Radon-Nikodym derivative.
The last theorem easily gives the existence of conditional expectation. Suppose first
that X > 0. Let p = P and

:/XdeorAGJ:
A

The dominated convergence theorem implies ¥ << p. The Radon-Nikodym derivative
dv/du € F and for any A € F has

dv
XdP =v(A —dP
/,4 4) 4 dp

Taking A = 2, we see that dv/du > 0 is integrable, and we have shown that dv/du is
a version of E(X|F).

To treat the general case now, write X = Xt — X7, let V1 = E(XT|F) and
Y> = E(X7|F). Now Y1 — Y, € F is integrable, and for all A € F we have

/XdP = /X*dP /X dp
A
= /YldP /dep

/ (Y1 — Y2)dP

This shows Y1 — Y3 is a version of E(X|F and completes the proof.

5.1.1 Examples

Intuitively, we think of F as describing the information we have at our disposal - for
each A € F, we know whether or not A has occurred. E(X|F) is then our “best guess”
of the value of X given the information we have. Some examples should help to clarify
this and connect E(X|F) with other definitions of conditional expectation.

Example 5.1.2. If X € F, then E(X|F) = X; that is, if we know X, then our “best
guess” is X itself. Since X always satisfies (ii), the only thing that can keep X from
being E(X|F) is condition (i). A special case of this example is X = ¢, where c is a
constant.

Example 5.1.3. At the other extreme from perfect information is no information.
Suppose X is independent of F, that is, for all B € R and A € F,
P{X e€eB}nA)=P(X € B)P(A)

We claim that, in this case, E(X|F) = EX; that is, if you do not know anything about
X, then the best guess is the mean EX. To check the definition, note that EX € F so
(i). To verify (ii), we observe that if A € F, then since X and 14 € F are independent,

Theorem m implies
/ XdP =E(14) =EXEl4 = / EdP
A A

The reader should note that here and in what follows the game is “guess and verify.”
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Example 5.1.4. In this example, we relate the new definition of conditional expecta-
tion to the first one taught in undergraduate school. Suppose (21,2, ... is a finite or
infinite partition of € into disjoint sets, each of which has positive probability, and let
F = 0(Q1,Q2,...) be the o-field generated by these sets. Then

E(XIF) =~

HQ-L'

In words, the information in €; tells us which element of the partition our outcome
lies in, and given this information, the best guess for X is the average value of X over
Q,. To prove our guess is correct, observe that the proposed formula is constant on
each €, so it is measurable with respect to F. To verify (ii), it is enough to check the
equality for A = Q;, but this is trivial:

— 2 dP =E(X;Q;) = XdP
/ P (0=

A degenerate but important special case is F = {0, 2}, the trivial o-field. In this case,
E(X|F) = EX
To continue the connection, let
P(A|G) = E(14|9)
P(A|B) = P(ANB)/P(B)
and observe that in the last example P(A|F) = P(A|€;) on ;.

Example 5.1.5. To continue making connection with definitions of conditional ex-
pectation from undergraduate probability, suppose X and Y have joint density f(z,y),
that is,

P((X,Y)€B) = /B f(z,y)dzdy for B € R?

and suppose for simplicity that [ f(z,y)dz > 0 for all y. We claim that in this case, if
E|g(X)| < oo then E(g(X)|Y) = h(Y'), where

h(y) :/g(w)f(x,y)dw//f(w,y)dm

To “guess” this formula, note that treating the probability densities P(Y = y) as if
they were real probabilities

PX=zY=y __ flzy
P(Y =y) [ f(z,y)dz

so, integrating against the conditional probability density, we have

P(X =z|Y =y) =

Blg()IY = 1) = [ g@)P(X =alY = y)do

To “verify” the proposed formula now, observe h(Y') € o(Y) so (i) holds. To check (ii),
observe that if A € 0(Y') then A = {w: Y (w) € B} for some B € R, sop

//h f(z,y)dzdy

- /: [ ota) (e )dady

= E(g(X)14(y))
E(g(X); A)

E(h(Y); 4)
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Remark 5.1.6. To drop the assumption that [ f(z,y)dz > 0, define h by

nw) [ fede = [ g@)f @ y)do

(i.e., h can be anything where [ f(z,y)dz = 0), and observe that this is enough for the
proof.

Example 5.1.7. Suppose X and Y are independent. Let ¢ be a function with
Elo(X,Y)| < co and let g(z) = E(¢(x,Y)). We will now show that

E(p(X,Y)]X) = g(X)

Proof. It is clear that g(X) € (X). To check (ii), note that if A € o(X), then
A ={X € C}, so using the change of variables formula (Theorem and the fact
that the distribution of X,Y") is product measure (Theorem then the definition
of g, and change of variables again,

E{6(X,Y)1c(X)}
/ 6(z, ) Lo(@)v(dy)u(dx)

= [ le(@)g(z)u(dz)

/A g(X)dP

/A #(X,Y)dP

which proves the desired result.

5.1.2 Properties

Conditional expectation has many of the same properties that ordinary expectation
does.

Theorem 5.1.8. There are the following properties:
(a) Conditional expectation is linear:
E(aX 4+ Y|F) = aE(X|F) + E(Y|F) (5.1)
(b) If X <Y, then
E(X|F) <EY|F) (5.2)
(c) If X;, >0 and X, T X with EX < oo, then

E(Xn|F) T E(X|F) (5.3)

Proof. To prove (a), we need to check that the right-hand side is a version of the
left. It clearly is F-measurable. To check (ii), we observe that if A € F, then by
linearity of the integral and the defining properties of E(X|F) and E(Y|F),

/{a]E(X|]—')+E(Y|f)}dP a/ IE(X|}')dP+/ E(Y|F)dP
A A

A
a/XdP+/YdP
A A

= / aX +YdP
A

which proves [5.1
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Use the definition
/IE(X\]-')dP:/XdPS/YdP:/IE(YLF)dP
A A A A

Letting A = {E(X|F) —E(Y|F) > ¢ > 0}, we see that the indicated set has probability
0 for all € > 0, and we have proved [5.2]

Let Y, = X — X,,. It suffices to show that E(Y,|F) | 0. Since Y, |, implies
Zn = E(Yn|F) | a limit Zeo. If A € F, then

/anP:/YndP
A A

Letting n — oo, noting Y,, | 0, and using the dominated convergence theorem gives
that fA ZoodP =0 for all A € F, so Zo =0.

O
Theorem 5.1.9. If ¢ is convez and E|X|, E|o(X)| < oo, then

P(B(X|F)) < E(e(X)]F) (5.4)

Proof. If ¢ is linear, the result is trivial, so we will suppose ¢ is not linear.
We do this so that if we let S = {(a,b) : a,b € Q,ax +b < () for all z}, then
¢(z) = sup{az + b: (a,b) € S}. If (x) > ax + b, then [5.1] and imply

E(p(X)|F) > aE(X|F) + b a.s.
Taking the sup over (a,b) € S gives
E(p(X)|F) = o(E(X|F)) as.

which proves the desired result.

O
Theorem 5.1.10. Conditional expectation is a contraction in LP, p > 1.
Proof. implies [E(X|F)|? < E(|X|?|F). Taking expected values gives
E(E(X|F)[") < BE(X]"1F)) = E[X[”
O

In the last equality, we have used an identity that is an immediate consequence of
the definition (use property (ii) in the definition with A = Q).

E(E(Y|F)) = E(Y) (5.5)

Conditional expectation also has properties, like that have no analogue for
“ordinary” expectation.
Theorem 5.1.11. If F C F and E(X|F) € F, then E(X|F) = E(X|G).

Proof. By assumption, E(X|G) € F. To check the other part of the definition, we
note that if A € F C G, then

/AXdP:/AE(X|Q)dP
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Theorem 5.1.12. If Fy C Fy, then (i) E(E(X|F1)|F2) = E(X|F), (i) E(B(X|Fa|F1) =
E(X|F1).

Proof. Once we notice that E(X|F1) € Fa, (i) follows from Example To
prove (ii), notice that E(X|F1) € F1, and if A € F1 C Fo, then

/IE(X|]-‘1dP:/XdP:/IE(X|]-'2)dP
A A A

Theorem 5.1.13. If X € F and E|Y|, E|XY| < oo, then
E(XY|F) = XE(Y|F).

Proof. The right-hand side € F, so we have to check (ii). To do this, we use the
usual four-step procedure. First, suppose X = 1p with B € F. In this case, if A € F,

/ 15E(Y|F)dP =
A

IE(Y|}')dP:/ YdP:/ 1pYdP
ANB ANB A

so (ii) holds. The last result extends to simple X by linearity. If X,Y > 0, let X,
be simple random variables that T X, and use the monotone convergence theorem to
conclude that

/ XE(Y|F)dP = / XYdP

A A

To prove the result in general, split X and Y into their positive and negative parts.
O

Theorem 5.1.14. Suppose EX? < co. E(X|F) is the variable Y € F that minimizes
the “mean square error” E(X —Y)2.

Remark 5.1.15. This result gives a “geometric interpretation” of E(X|F), L*(Fo =
{Y € Fo: EY? < oo} is a Hilbert space, and L*(F) is a closed subspace. In this case,
E(X|F) is the projection of X onto L?(F). That is, the point in the subspace closest
to X.

Proof
We begin by observing that if Z € L*(F), then Theorem [5.1.13|implies

ZE(X|F) =E(ZX|F)
(E|X Z| < oo by the Cauchy-Schwarz inequality.) Taking expected values gives
E(ZE(X|F)) = E(E(ZX|F)) = E(ZX)

or, rearranging,
E[Z(X — E(X|F))] =0 for Z € L*(F)

IfY € L*(F) and Z = E(X|F) — Y, then
E(X —Y)=E{X — E(X|F) + Z}* = E{X — E(X|F)}* + EZ*

since the cross-product term vanishes. From the last formula, it is easy to see E(X —Y)2
is minimized when Z = 0.

O
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5.2 Martingales, A.S. Convergence

In this section we will define martingales and their cousins supermartingales and sub-
martingales, and take the first steps in developing their theory. Let F,, be a filtration,
that is, an increasing sequence of o-fields. A sequence X, is said to be adapted to F,
if X,, € F, for all n. If X,, is sequence with

(1) E|X,| < oo,

(ii) X, is adapted to Fn,

(iii) E(Xyp+41|Fn) = Xy for all n,

then X is said to be a martingale (with respect to F,,). If in the last definiition,
= is replaced by < or >, then X is said to be a supermartingale or . respectively.

Example 5.2.1. Simple random walk. Consider the successive tosses of a fair coin
and let &, = 1 if the nth toss is heads and &, = —1 if the nth toss is tails. Let
Xn=&+ +& and F, = 0(&1,...,&) for n > 1, Xo = 0 and Fo = {0, Q}. I claim
that X, € Fn, E|Xn,| < 00, and &,41 is independent of F,, so using the linearity of
conditional expectation, and Example

E(Xn+l‘fn) - E(anj:n) + E(g'rﬂ»l‘fn) + E(£n+1|fn) =X, + E€7L+1 =X,

Example 5.2.2. Superharmonic functions. If the coin tosses considered above
have P(§, = 1) < 1/2 then the computation just completed shows E(Xn41|Fn) <
Xn, i.e. X, is a supermartingale. In this case, X, corresponds to betting on an
unfavorable game so there is a supermartingale. The name comes from the fact that
if f is superharmonic (i.e., f has continuous derivatives of order < 2 and 8*f/0z7 +
-4 9% /022 < 0), then

1
|B(07 T)' B(z,r)

where B(z,r) = {y : |t — y| < r} is the ball of radius r, and |B(0,r)| is the volume of
the ball of radius 7.

Theorem 5.2.3. If X, is a supermartingale then for n > m, E(X,|Fm) < Xm

flz) < fy)dy

Proof. The definition gives the result for n = m + 1. Suppose n = m + k with
k > 2. By Theorem [5.1.8]

E(Xmyk|Fm) = BE(Xm k| Frmsr-1)Fm) < E(Xmpr-1]Fm)

by the definition and The desired result now follows by induction.

O
Theorem 5.2.4. (i) If X,, is a submartingale, then for n > m, E(X,|Fm) > Xm. (i)
If Xy, is a martingale then for n > m, E(Xp|Fm) = Xm.

Proof. To prove (i), note that —X,, is a supermartingale and use For (ii),
observe that X, is a supermartingale and a submartingale.

O

Remark 5.2.5. The idea in the proof of Theorem [5.2.4] can be used many times below.
To keep from repeating ourselves, we will just state the result for either supermartin-
gales or submartinagles and leave it to the reader to translate the result for the other
two.

Theorem 5.2.6. If X,, is a martingale w.r.t. Fp and ¢ is a convex function with
Elo(Xn)| < oo for all n, then o(X,) is a submartingale w.r.t. F,. Consequently, if
p > 1 and E|X,|? < oo for all n, then | X,|P is a submartingale w.r.t. F.
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Proof. By Jensen’s inequality and the definition,

E(p(Xnt1)|Fn) 2 (E(Xn41]Fn)) = ©(Xn)
O

Theorem 5.2.7. If X,, is a submartingale w.r.t. F, and ¢ is an increasing convex
function with E|o(Xy)| < oo for all n, then ¢(Xy) is a submartingale w.r.t. F,.
Consequently (i) If X, is a submartingale, then (X, — a)" is a submartingale, (ii) If
X, is a supermartingale, then X, A a is a supermartingale.

Proof. By Jensen’s inequality and the assumptions,
E(p(Xnt1)[Fn) = @(E(Xnt1|Fn)) = ©(Xn)
O

Let F,, n > 0 be a filtration. H,, n > 1 is said to be a predictable sequence if
H,, € Fn_1 for all n > 1. In words, the value of H, may be predicted (with certainty)
from the information available at time n — 1. In this section, we will be thinking of
H,, as the amount of money a gambler will bet at time n. This can be based on the
outcomes at times 12,...,n — 1, but not on the outcome at time n!

Once we start thinking of H,, as a gambling system, it is natural to ask how much
money we would make if we used it. For concreteness, let us suppose that game consists
of flipping a coin and that for each dollar you bet, you win one dollar when the coin
comes up heads and lose your dollar when the coin comes up tails. Let X, be the net
amount of money you would have won at time n if you had bet one dollar each time.
If you bet according to a gambling system H, then your winnings at time n would be

(H - X)n = f: Hin(Xin — Xom—1)

since X,, — Xym—1 = +1 or —1 when the mth toss results in a win or loss, respectively.

Let & = X — Xm—1. A famous gambling system called the “martingale” is defined
by Hi =1 and forn > 2, H, = 2H,,—1 if £,-1 = —1 and H, = 1if &,-1 = 1. In
words, we double our bet when we lose, so that if we lose k£ times and then win, our
net winnings will be —1 —2... — 2¥~1 4 2% = 1. This system seems to provide us within
a “sure thing” as long as P(&» = 1) > 0. However, the next result says there is no
system for beating an unfavorable game.

Theorem 5.2.8. Let X,,, n > 0, be a supermartingale. If H, > 0 is predictable and
each H, is bounded then (H - X), is a supermartingale.

Proof. Using the fact that conditional expectation is linear, (H - X), € Fy,
H, € Fn—1, we have

E((H  X)nt1|Fn) = (H X)n+ E(Hnt1(Xns1 — Xn)|Fn)
= (H X)n+ Hop1E((Xn41 — Xn)|Fn) < (H - X)n

since E((Xn+1 — X»n)|Fn) <0 and Hpy1 > 0.
Remark 5.2.9. The same result is obviously true for submartingales and for martingales
(in the last case, without the restriction H, > 0).

The notion of a stopping time, introduced in §4, is closely related to the concept of
a gambling system. Recall that a random variable N is said to be a stopping time if
{N =n} € F, for all n < co. If you think of N as the time a gambler stops gambling,
then the condition above says that the decision to stop at time n must be measurable
with respect to the information he has at that time. If we let H, = l{y>n}, then
{N >n} ={N <n-—1}°€ F,_1, so Hy is predictable, and it follows from Theorem
that (H - X), = Xnan — Xo is a supermartingale. Since the constant sequence
Y., = Xy is a supermartaingle and the sum of two supermartingales is also, we have:
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Theorem 5.2.10. If N is a stopping time and X, is a supermartingale, then Xnan
is a supermartingale.

Although you cannot make money with gambling systems, you can prove theorems
with them. Suppose X,,, n > 0, is a submartingale. Let a < b, let Ny = —1, and for
k>1let

Nop_1 = inf{m > Nop_o: Xon < a}
Nojp, = inf{m > Nop_1: Xom > b}
The N; are stopping times, and {Nog—1 < m < Nog} = {Nog—1 < m — 1} N {Nax <
m—1}° € Fn_1, so

o — { 1 if Nop_1 < m < Ny for some k

0 otherwise

The N; are stopping times, and {X(Nak—1) < a and X (N2x) > b, so between times
Nok—1 and Nay, X,, crosses from below a to above b. H,, is a gambling system that
tries to take advantage of these “upcrossings.” In stock market terms, we buy when
X < a and sell when X,,, > b, so every time an upcrossing is completed, we make
a profit of > (b — a). Finally, U, = sup{k : Naxr < n} is the number of upcrossings
completed by time n.

Theorem 5.2.11. Upcrossing inequality. If X,,, m > 0, is a submartingale, then
(b—a)EU, <E(X, —a)" —E(Xo —a)"

Proof. Let Y,, = a+(Xm—a)+. By Theorem , Y. is a submartingale. Clearly,
it upcrosses [a, b] the same number of times that X,, does, and we have (b — a)U, <
(H - Y)n, since each upcrossing results in a profit > (b — a), and a final incomplete
upcrossing (if there is one) makes a nonnegative contribution to the right-hand side.
Let K, =1—Hyy,. Clearly, Y, — Yo = (H-Y),, + (K -Y),, and it follows from Theorem
(2.8 that E(K -Y), > E(K -Y)o =0, so E(H -Y), <E(Y, — Yp), proving the desired
inequality.

O

From the upcrossing inequality, we easily get

Theorem 5.2.12. Martingale convergence theorem. If X, is a submartingale with
supEX; < oo, then as n — oo, X, convergence a.s. to a limit X with E|X| < oc.

Proof. Since (X —a)™ < Xt + |a], Theorem [5.2.11] implies that
EU, < (la| + EX,5)/(b— a)

As n 1 oo, Uy, T U the number of upcrossings of [a,b] by the whole sequence, so if
supEX," < oo, then EU < oo and hence U < oo a.s. Since the last conclusion holds
for all rational a and b,

Uapeo{liminf X, < a < b < limsup X, } has probability 0

and hence limsup X,, = liminf X,, a.s., that is, lim X, exists a.s. Fatou’s lemma
guarantees EX T < liminf EX,} < oo, so X < oo a.s. To see X > —oo, we observe that

EX, =EX, —EX, <EX, —EX,
(since X, is a submartingale), so another application of Fatou’s lemma shows

EX™ <liminfEX, < supEX, — EX, < 0o

n—r00 n

and completes the proof.
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A special case of Theorem [5.2.12] is

Theorem 5.2.13. If X,, > 0 is a supermartingale, then as n — oo, X,, = X a.s. and
EX <EXp.

Proof. Y,, = —X,, <0 is a submartingale with EY, = 0. Since EXy > EX,,, the
inequality follows from Fatou’s lemma.

O

In the next section, we will give several applications of the last two results. We
close this one by giving two “counterexamples.”

Example 5.2.14. The first shows that the assumptions of Theorem do not
guarantee convergence in L'. Let S, be a symmetric simple random walk with So = 1,
that is, Sp = Sn—1 + &, where &1,&a, ... are i.i.d. with P(&§ =1) = P(§& = -1) = 1/2.
Let N = inf{n : S, = 0} and let X,, = Snyan. Theorem implies X,, converges
to a limit Xoo < oo that must be = 0, since convergence to k > 0 is impossible. (If
X, =k >0, then X,,11 = k+1.) Since EX,, = EXy = 1 for all n and X = 0,
convergence cannot occur in L'.

Theorem 5.2.15. Doob’s decomposition. Any submartingale X,, n > 0, can be

written in a unique way as X, = M, + A,, where M, is a martingale and A, is a
predictable increasing sequence with Ao = 0.

Proof. We want X, = M, + An, E(Myp|Fn-1) = Mp_1, and A, € Fpr_1. So we
must have

E(X|F) E(Mn|Fn-1) + E(An|Frn-1)
- Mn—l + An

Xn—l - An—l + An

and it follows that

(a) An — An—l = E(Xn|]:n_1) — Xn_1

(b) M, = X, — Ay,

Now Ap = 0 and My = X by assumption, so we have A,, and M,, defined for all
time, and we have proved uniqueness. To check that our recipe works, we observe that
A, — An—1 > 0 since X, is a submartingale and induction shows A,, € F,,—1. To see
that M, is a martingale, we use (b), A, € F,—1 and (a):

E(M,|Fn-1) = E(Xn— An|Fn-1)
= E(Xa|Fu1) — An
= Xp-1-— Anfl
= M,_1

which completes the proof.

5.3 Examples

In this section, we will apply the martingale convergence theorem to generalize the
second Borel-Cantelli lemma and to study Polya’s urn scheme, Radon Nikodym deriva-
tives, and branching processes. The four topics are independent of each other and are
taken up in the order indicated.
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5.3.1 Bounded Increments
Our first result shows that martingales with bounded increments either converge or
oscillate between 400 and —oo.

Theorem 5.3.1. Let x1,z2,... be a martingale with | X,41 — X, < M < co. Let
C = {lim X,, exists and is finite}

D = {limsup X,, = 400 and liminf X,, = —co}
Then P(CUD) = 1.

Proof. Since X,, — Xo is a martingale, we can without loss of generality suppose
that Xo = 0. Let 0 < K < oo and let N = inf{n : X,, < —K}. Xpan is a
martingale with X,,Any > —K — M a.s. so applying Theorem to Xoan + K+ M
shows lim X,, exists on {N = oo}. Letting K — oo, we see that the limit exists on
{liminf X,, > —oo}. Applying the last conclusion to —X,, we see that lim X,, exists
on {limsup X,, < oo} and the proof is complete.

O

Theorem 5.3.2. Second Borel-Cantelli lemma II. Let F,, n > 0 be a filtration
with Fo = {0,9Q} and An, n > 1 a sequence of events with A, € F,. Then

{A, i0} = {iP(An]-‘nl) = oo}

Proof. If we let Xo =0and X, => " _ 1a,, — P(Am|Fm=1) for n > 1, then X,
is a martingale with | X, — X,_1| < 1. Using the notation of Theorem [5.3.1] we have

on C, Z 14, = oo if and only if Z P(Ap|Frn-1) =

n=1 n=1

on D,i 14, = oo and iP(AnLFn,l) =00

n=1 n=1

Since P(C' U D) = 1, the result follows.

5.3.2 Polya’s Urn Scheme

An urn contains r red and g green balls. At eeach time we draw a ball out, then replace
it, and add ¢ more balls of the color drawn. Let X,, be the fraction of green balls after
the nth draw. To check that X,, is a martingale, note that if these are i red balls and
j green balls at time n, then

v - f G+o/i+ito with probability 7/(i 4 j)
T GG+ o) with probability /(i + 7)

and we have
itc j J i (Jte+id)y
i+j4+c i+j i+j+c i+j (+j+o)(it+y) i+
Since X,, > 0, Theorem [5.2.13|implies that X,, =& X~ a.s. To compute the distri-
bution of the limit, we observe (a) the probability of getting green on the first m draws
then red on the next [ = n — m draws is

g g+tc g+(m—1c r r+(—1)c
g+l g+r+c g+r+(m—1c g+r+mec  g+r+(n—1)c
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and 9b) any other outcome of the first n draws with m green balls drawn and ! red
balls drawn has the same probability since the denominator remains the same and be
the number of green balls after the nth draw has been completed and the new ball has
been added. It follows from (a) and (b) that

n \ m!(n —m)! 1
P(G”_m+1)_(m> (£z+1)!) T+l

s0 Xoo has a uniform distribution on (0,1).
If we suppose that c =1, g =2, and r = 1, then
n! (m+ 1)!(n — m)!
m!(n —m)! (n+2)!/2

P(Ghn=m+2)= — 2z

if n — oo and m/n — z. In general, the distribution of X has density

L(lg+1)/e) (oot (1 _ gytr/e=
L(g/c)l(r/c)

This is the beta distribution with parameters g/c and r/c.

5.3.3 Radon-Nikodym Derivatives

Let u be a finite measure and v a probability measure on (2, F). Let F, T F be o-fields
(i-e., o(UF,) = F). Let u, and v, be the restrictions of p and v to F,.

Theorem 5.3.3. Suppose pun << vy for all n. Let X, = dun/dv, and let X =
limsup X,,. Then

p(A) = /A Xdv+ p(AN {X = 0o}

Remark 5.3.4. ur(A) = fA Xdv is a measure << v. Since Theorem implies
v(X) =00) =0, ps(A) = p(AN{X = oo}) is a singular w.r.t. v. Thus g = pr + ps
gives the Lebesgue decomposition of p and Xoo = dur/dv, v-a.s. Here and in the proof
we need to keep track of the measure to which the a.s. refers. Please refer to Durrett
[4] Page 242 for detailed proof.

5.3.4 Branching Processes

Let &', 4, n > 1, be i.i.d. nonnegative integer-valued random variables. Define a
sequence Zn, n > 0 by Zp =1 and

n+1 n+1 .
- 1 +---+fzn if Z, >0
Znt1 = { 0 if Z, =0 (5.6)

Zy, is called a Galton-Wawtson process. The idea behind the definitions is that
Zy, is the number of individuals in the nth generation, and each member of the nth
generation gives birth independently to an identically distributed number of children.
pr = P(&)' = k) is called the offspring distribution.
Lemma 5.3.5. Let F, = o(&§" 1> 1,1 <m < n) and p = E§" € (0,00). Then
Zn/u" is a martingale w.r.t. Fp.

Proof. Clearly, Z,, € F,,

E(Znt1|Fn) =Y EB(Zn11{Zn = k}| Fn)

k=1

Page 135



Graduate Probability Theory [Notes by Yigiao Yin] [Instructor: Ivan Corwin] 85

by the linearity of conditional expectation, m and the monotone convergence theorem,
On {Z, =k} =& + -+ &, so the sum is

oo

STE(ET + o+ Nz Fn) = Y Lz BE Y F)
k=1

k=1

by Theorem |5.1.13] Since each f;”rl is independent of F,,, the last expression

= Z Yz, =kykp = pZn
k=1

Dividing both sides by " ! now gives the desired result.

O
Theorem 5.3.6. If u <1 then Z, =0 for all n sufficiently large, so Z,,/u™ — 0.
Proof. E(Z,/u") =E(Zy) =1, so E(Z,) = u”. Now Z, > 1 on {Z, > 0} so
P(Z, >0)<E(Zn;Zn >0)=E(Z,)=p" =0
exponentially fast if p < 1.
O

5.4 Martingales and Markov Chain

One of the ways of specifying the joint distribution of a sequence Xy, X1, ..., X,, of
random variables is to specify the distribution of X¢ and, for each j > 1, specify the
conditional distribution of X; given the o-field F;_1 generated by Xo, Xi,..., X;—1.
Equivalently, instead of the conditional distributions one can specify the conditional
expectations E[f(X;)|F;j—=1] for 1 < j < n. Let us write

hj-1(Xo, X1, ..., Xj-1) = E[f(X;)|Fj 1] — f(X;-1)

so that, for 1 < j < n,
E{f (X5 = f(Xj-1) = hj—1(Xo, X, .0, Xj1) }Fja] =0
or
J
7z} = [(X;) = [(Xo) = > hi1(Xo, X1, ., Xio1)
i=1
is a martingale for every f. It is not difficult to see that the specification of {h;} for
each f is enough to determine all the successive conditional expectations and therefore
the conditional distributions. If, in addition, the initial distribution of Xy is specified,
then the distribution of (Xo, X1, ..., X,) is completely determined.
If, for each j and f, the corresponding hj—1(Xo, X1, ..., X;-1) is a function ;_1(j—1)

of X;_1 only, then the distribution of (Xo, X1, ...,Xn) is Markov and the transition
probabilities are seen to be given by the relation

hj—1(X;-1) = E[[f(X;) = f(X;-1)]|Fj-1]
[f(y) = F(Xj-D)]mi—1,;(Xj-1,dy)
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In the case of a stationary Markov chain, the relationship is
hj-1(Xj-1) = h(X;-1)

E[[f(X;) = f(X;-0)l|Fi-]

1) = £ )

If we introduce the linear transformation (transition operator)

/f m(z, dy), (5.7)

then
h(z) = ([IL - I]f)(z).

Remark 5.4.1. In the case of a Markov chain on a countable state space,

(ILf)(z) = D w(z.y)f(y)

Yy

and
h(w) = M= 1) (@) = S [fW) - F@Ir(@, ).
y
Remark 5.4.2. The measure P, on the space (Q,F) of sequences {z; : 7 > 0} from
the state space X that corresponds to the Markov process with transition probability
m(x,dy) and initial state x can be characterized as the unique measure on (2, F) such
that
P{w:zo =2} =1,

and for every bounded measurable function f defined on the state space X,

flan) = fla0) = 3 hlas1)

is a martingale with respect to (92, Fy, P.), where

h(x) = / [F() — F@)n(x, dy).

Let A C X be a measurable subset and let 74 = inf{n > 0: z, € A} be the first
entrance time into A. It is easy to see that 74 is a stopping time. It need not always
be true that Pr{74 < 0o} = 1. But Ua(z) = P;{74 < o} is a well-defined measurable
function of z that satisfies 0 < U(x) < 1 for all = and is the exit probability from the
set A°. By its very definition Ua(z) =1 on A, and if € A, by the Markov property,

Ua(z) = m(x,A) + Ua(y)m(z,dy) = / Ua(y)m(x,dy).
AL
In other words, Uy satisfies 0 < Ua < 1 and is a solution of

II-nv=o0o on A°

V=1 on A. (5.8)

Theorem 5.4.3. Among all nonnegative solutions V' of equation Ua(z) = Po{7a <

oo} is the smallest. If Ua(xz) =1, then any bounded solution of the equation

(II-1nv=o0 on A°

V=f  onA (5.9)
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is equal to

V(@) = E™{f(ar,)}. (5.10)
In particular, if Ua(z) =1 for all x &€ A, then any bounded solution V' of equation
is unique and is given by formula[5.9

Proof. First we establish that any nonnegative solution V of dominates Ua.
Let us replace V by W = min(V,1). Then 0 < W < 1 everywhere, W(z) = 1 for
x € A, and for z ¢ A,

(W) (z) = /X W (y)m(z, dy) < /X V(y)r(z,dy) = V().

Since IIW < 1 as well, we conclude that [TW < W on A°. On the other hand, it is
obvious that IIW <1 =W on A. Since we have shown that IIW < W everywhere, it
follows that {W(z,)} is a supermartingale with respect to (£, 7y, P;). In particular,
for any bounded stopping time T,

E" (W (x,)} < EP{W(20)} = W(a).

While we cannot take 7 = 74 (since 74 may not be bounded), we can always take
7= 7N = min(74, N) to conclude

E" {W (2ry)} < EP{W(20)} = W(a).

While we cannot take 7 = 74 (since 74 may not be bounded), we can always take
7= 7N = min(74, N) to conclude

E™ AW (2 } <E™{W (20)} = W (x)

Let N — co. On the set {w: Ta(w)}, 78 T 74 and W(z-y) - W(z,,) = 1. Since
W is nonnegative and bounded,

W(z) > 1i]{]njupEP“ {W(zry}
> limsupf—TA < coW (z7y )dPy

N—o0
Pm{TA < OO} = UA(:C)

Since V(x) > W (z), it follows that V(z) > Ua(x).
For a bounded solution V' of let us defined h = (II — I)V, which will be a
function vanishing on A°. We know that

V(zn) — V(zo) — Z h(z;-1)

is a martingale with respect to (Q, 7, Px), and let us use the stopping theorem with
7~ = min(74, N). Since h(z;—1) = 0 for j < 74, we obtain

V() = E™{V(zry)}.

If we now make the assumption that Ua(z) = Pr{74 < 00} =1, let N — o0, and use
the bounded convergence theorem, it is easy to see that

V(z) =E™ {f(zr,)},

which proves [5.10] and the rest of the theorem.
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6 MARKOV CHAINS

Go back to Table of Contents. Please click

This section we refer to text [I6]. One of the ways of generating a sequence of

dependent random variables is to think of a system evolving in time. We have time
points that are discrete say T = 0,1,..., N,.... The state of the system is described
by a point x in the state space X of the system. The state space X comes with
a natural o-field of subsets F. At time 0 the system is in a random state and its
distribution is specified by a probability distribution po on (X, F). At successive times
T = 1,2, ..., the system changes its state and given the past history (xo, ..., xx) of the
states of the system at times T' = 0, ...,k — 1 the probability that system finds itself
at time k in a subset. A € F is given by mx(zo, ..., zk—1; A). For each (zo, ..., Tr—1),
7, defines a probability measure on (X, F) and for each A € F, mi(xo, ..., TK—1; A) is
assumed to be a measurable function of (xo,...,zx_1), on the space (X*, F¥) which
is the product of k copies of the space (X, F) with itself. We can inductively define
measures j on (X*+1 F¥T1) that describe the probability distribution of the entire
history (xo, ..., xx) of the system through time k. To go from pr_1 to pur we think of
XFHL FFHLY as the product of (X, F*) with (X, F) and construct on (X*+1 F*+1) a
probability measure with marginal 1 on (X*, F*) and conditionals 74 (2o, ..., Tx—1; )
on the fibers (z1,...,25—-1) X X. This will define pur and the induction can proceed.
We may stop at some finite terminal time N or go on indefinitely. If we do go on
indefinitely, we will have a consistent family of finite dimensional distributions {ux} on
(XkH, ]:kH) and we may try to use Kolmogorov’s theorem to construct a probability
measure P on the space (X, F*°) of sequences {z; : j > 0} representing the total
evolution of the system for all times.
Remark 6.0.1. However Kolmogorov’s theorem requires some assumptions on (X, F)
that are satisfied if X' is a complete separable metric space and F are the Borel sets.
However, in the present context, there is a result known as Tulcea’s theorem that
proves the existence of a P on (X°°, F°) for any choice of (X, F), exploiting the fact
that the consistent family of finite dimensional distributions uy arise from well defined
successive regular conditional probability distributions.

An important subclass is generated when the transition probability depends on the
past history only through the current state. In other words

(205 ooy Th—13 ) = Th—1,k(Th—1; ")

In such a case the process is called a Markov Process with transition probabilities
Tk—1,k(,-). An even smaller subclass arises when we demand that 7x—1,%(:,-) be the
same for different values of k. A single transition probability m(z, A) and the initial
distribution po determine the entire process i.e. the measure P on (X°°,F°°). Such
processes are called time-homogeneous Markov Processes or Markov Processes with
stationary transition probabilities.

Chapman-Kolmogorov Equations: If we have the transition probabilities 7y ;41
of transition from time k to k + 1 of a Markov Chain it is possible to obtain directly
the transition probabilities from time k to k + [ for any [ > 2. We do it by induction
on [. Define

Tk kti41 (T, A) = / Tkt (T, AY) Thtt k141 (Y, A) (6.1)
X
or equivalently, in a more direct fashion

Thkti1(T, A) = / Th kot 1 (T, AYky1) - Thtt k141 (Y, A)
eI
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Theorem 6.0.2. The transition probabilities mr,m (-, ) satisfy the relations

Thn(z, A) :/XTrk,m(x,dy)wmyn(y,A) (6.2)

for any k < m < n and for the Markov Process defined by the one step transition
probabilities T k41 (-, ), for any n >m

Plzn € AlEn] = Tmn(Tm, A) a.e.

where Y., is the o-field of past history upto time m generated by the coordinates
Loy Llyeees T«

In Durrett [4], there is a more strict description for transition probability. Let
(S,8) be a measurable space. A function p : S x & — R is said to be a transition
probability if:

(i) For each z € S, A — p(z, A) is a probability measure on (S, S).

(ii) For each A € F, z — p(x, A) is a measurable function.

We say X, is a Markov chain (w.r.t. F,) with transition probability p if

P(Xn41 € BIFy) = p(Xa, B)

Given a transition probability p and an initial distribution p on (S,S), we can
define a consistent set of finite dimensional distributions by

PO eB0<i<n = [ pldro) / oo, de)-- | peaade) 63

n

Now we can proceed to prove Theorem [6.0.2)

Proof. The identity is basically algebra. The multiple integral can be carried out
by iteration in any order and after enough variables are integrated we get our identity.
To prove that the conditional probabilities are given by the right formula we need to
establish

P{z, € A}NB] = / Tmyn (Tm, A)dP
B
for all B € ¥,,, and A € F. We write

Ty, EA ﬁB
/ / du(zo)mo,1 (o, dx1) . .. Tm—1,m (Tm—1, dTm)

{anA}ﬁB

Pl{z, € A} N B

Tm,m+1 x'nudxm 1 cTTpn—1 n(mnfbdxn)

7rm,m+1($m7d$m 1 - TTn—1 n(:rn—l,A)

(
).

/ dp(zo)mo,1 (o, dz1) .« . Tm—1,m(Tm—1,dTm )
1 ).
(

du(zo)mo,1(zo,dx1) . . . Tm—1,m (Tm—1, dTm ) Tm,n(Tm, A)
= T, AP

and we are done.

O

Remark 6.0.3. If the chain has stationary transition probabilities then the transition
probabilities 7, » (z, dy) from time m to time n depend only on the difference k = n—m
and are given by what are usually called the k step transition probabilities. They are
defined inductively by

2+ (g A) = / 78 (&, dy)r(y, A)
X
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and satisfy the Chapman-Kolmogorov equations

!
40 (3, 4) = / 78 (2, dy)r D (z, A) = / pi (z, dy)n ™ (3, A)
X §

Suppose we have a probability measure P on the product space X X Y x Z with
the product o-field. The Markov property in this context refers to equality

E”[9(2)|04] = E”[g(2)|S,] ae. P (6.4)

for bounded measurable functions g on Z, where we have used ¥, , to denote the o-field
generated by projection on to X x Y and X, the corresponding o-field by projection
on to Y. The Markov property in the reverse direction is the similar condition for
bounded measurable functions f on X.

E”[f(2)|2y.:] = E”[f(2)[S,] ae. P (6.5)
They look different. But they are both equivalent to the symmetric condition
E”[f(2)g(2)|£y] = E”[f(2)[Sy]E"[9()[S,] ae. P (6.6)

which says that given the present, the past and future are conditionally independent.
In view of the symmetry it sufficient to prove the following:
Theorem 6.0.4. For any P on (X XY X Z) the relations and are equivalent.

Proof. Let us fix f and g. Let us denote the common value in by d(y). Then

E”[f(2)9(2)[y]

EP[EP[f(w)g(Z;IEz,yHZy] a.e. P

= EP[f(2)E"[9(2)|Z2,4]Ey] ae. P
= E"[f(2)3(y)|Sy] ae P
= E°[f(2)|Sy]3() ae. P
= E"[f(@)|Zy]E” [9(2)|5y] ae P

which is Conversely, we assume and denote by g(z,y) and g(y) the expressions
on the left and right side of Let b(y) be a bounded measurable function on Y.

E°[f(@)b)a(z,y)] = E”[f(2)b(y)g()]
= E"Bb(y)E"[f(x)g(2)|Zy]]
= ETbu){E" [f(2)|Sy]HE" [9(2)[2]}]
= EP){E"[f(2)[2y]}a(y)]
= E"[f(2)b(1)i(y)]
Since f and b are arbitrary this implies that g(z,y) = §(y) a.e. P

Before we move on, it is worth our attention to review a few related theorems from
Durrett [4].

Theorem 6.0.5. X, is a Markov chain (with respect to F, = o(Xo, X1, ..., Xn)) with
transition probability p.

Proof. Let A = {Xo € By, X1 € B1,..., X € Bn}, Baot1 = B, and observe that
using the definition of the integral, the definition of A, and the definition of P,

/ Ixp1e;ydPy = Pu(A, Xni1 € B)
A
= PH Xo EBo,Xl EBl,...,XnEBn,XnJ,_l EB)

/ (dzo) / (xo,dxl)---/ p(n—1,dzn)p(Tn, Bnt1)

n
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‘We would like to assert that the last expression is
~ [ s(x. B)aps
A

To do this, replace p(Xn, Bn) by a general function f(z,). If f is an indicator
function, the desired equality is true. Linearity implies that it is valid for simple
functions, and the bounded convergence theorem implies that it is valid for bounded
measurable f, for example, f(z) = p(x, Bnt1).

The collection of sets for which

/1<Xn+1eB)dP :/pn(Xn,B)dPu
A A

holds is a A-system, and the collection for it has been proved is a w-system, and the
collection for which it has been proved is a m-system, so it follows from the m — A
theorem, Theorem [2.1.3] that the equality is true for all A € F,,. This shows that

P(Xpi1 € B|Fn) = p(Xn, B)

and proves the desired result.

From this foundation, we have shown that given a sequence of transition proba-
bilities and an initial distribution, we can construct a Markov chain. Conversely, we
have

Theorem 6.0.6. If X,, is a Markov chain with transition probabilities p and initial
distribution p, then the finite dimensional distributions are given by .

Proof. Our first step is to show that if X,, has transition probability p, then for
any bounded measurable f

E(f (Xni1)|Fn) = / (X, dy)  (3) (6.7)

Theorem 6.0.7. Monotone class theorem. Let A be a m-system that contains 2
and let H be a collection of real-valued functions that satisfies:
(i) If A€ A, then 14 € H.
(i) If f,g € H, then f+ g, and cf € H for any real number c.
(4i) If fn € H are nonnegative and increase to a bounded function f, then f € H.
Then H contains all bounded functions measurable with respect to o(A).

Proof. The assumption Q € A, (ii), and (iii) imply that G = {A : lacn is a A
system, so by (i) and the m — X\ theorem, Theorem [2.1.3] G D o(.A). (ii) implies that H
contains all simple functions, and (iii) implies that H contains all bounded measurable
functions.

O

The desired conclusion is a consequence of the next result. Let H = the collection
of bounded functions for which the identity holds.

O
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6.1 Stopping Times and Renewal Times

One of the important notions in the analysis of Markov Chains is the idea of stopping
times and renewal times. A function

T(w): Q@ — {n:n >0}

is a random variable defined on the set Q2 = x> such that for every n > 0 the set
{w: 7(w) = n} (or equivalently for each n > 0 the set {w : 7(w) < n}) is measurable
with respect to the o-field F,, generated by X; : 0 < j < n. It is not necessary that
7(w < oo for every w. Such random variable 7 are called stopping times. Examples of
stopping times are, constant times n > 0, the first visit to a state x, or the second visit
to a state z. The important thing is that in order to decide if 7 < n i.e. to know if
whatever is supposed to happen did happen before time n the chain need be observed
only up to time n. Examples of 7 that are not stopping times are easy to find. The
last time a site is visited is not a stopping time nor is the first time such that at the
next time one is in a state . An important fact is that the Markov property extends
to stopping times. Just as we have o-fields F,, associated with constant times, we do
have a o-field F; associated to any stopping time. This is the information we have
when we observe the chain up to time 7. Formally

Fr={A:AecF* and N{r <n} € F, for each n}

One can check from the definition that 7 is F, measurable and so is X, on the set
7 < 0o. If 7 is the time of first visit to y then 7 is a stopping time and the event that
the chain visits a state z before visiting y is Fr measurable.

Lemma 6.1.1. Strong Markov Property. At any stopping time T the Markov prop-
erty holds in the sense that the conditional distribution of X;41, ..., Xs4n, ... conditioned
on F- is the same as the original chain starting from the state x = X, on the set 7 < oco.
In other words,

PI{XT+1 c A1, ...,XT+n S An‘]:-,-} =/ .. / 7T(X7—,d171) .. .W(xnfl,dxn)
Ay Ap

a.e. on {1t < oo}.

Proof. Let A € F, be given with A C {7 < co}. Then

Px{A N {XT+1 S A17 ‘--7X7'+n S An}}
ZPQC{A n {7' = ki} n {Xk+1 € A, ..., Xitn € An}}

&
Z/ / .. / T( Xk, dTrt1) - o T(Thgn—1,dThtn)dPy
o JAn{r=k} J Ay An

/ / .- / m(Xr,dz1) ... m(Xn-1,dz,)dPX
Ada An
We have used the fact that if A € F then AN {7 =k} € Fj, for every k > 0.

0

Remark 6.1.2. If X, = y a.e. with respect to P, on the set 7 < oo, then at time T,
when it is finite, the process starts afresh with no memory of the past and will have
conditionally the same probabilities in the future as P,. At such times the process
renews itself and these times are called renewal times.
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6.2 Countable State Space

From the point of view of analysis a particularly simple situation is when the state space
X is a countable set. It can be taken as the integers {x : x > 1}. Many applications
fall in this category and an understanding of what happens in this situation will tell
us what to expect in general. The one step transition probability is a matrix m(x,y)
with nonnegative entries such that ZU m(x,y) = 1 for each x. Such matrices are called
stochastic matrices. The n step transition matrix is just the n-th power of the matrix
defined inductively by

" (@,y) = Y 7" (@, 2)w (=)
z

To be consistent one defines 7% (z,y) = 8., which is 1 if z = y and 0 otherwise.
The problem is to analyze the behavior for large n of n#(™ (z,y). A state z is said
to communicate with a state y if 7(")(z,y) > 0 for some n > 1. We will assume for
simplicity that every state communicates with every other state. Such Markov Chains
are called irreducible. Let us first limit ourselves to the study of irreducible chains.
Given an irreducible Markov chain with transition probabilities 7(x, y) we define fn(z)
as the probability of returning to x for the first time at the n-th step assuming that
the chain starts from the state x. Using the convention that P, refers to the measure
on sequences for the chain starting from x and {X;} are the successive positions of the

chain
fu(z) = P{Xj#axforl<j<n-1and X, =z}
Yo wlzy)mynye) ..
Y1 #T. ..
Yn—17T

Since fr(x) are probabilities of disjoint events > fn(z) < The state z is called
transient if 3~ f.(z) < 1 and recurrent if }° f.(z) = The recurrent case is
divided into two situations. If we denote by 7, = inf{n > 1: X,, = z}, the time of first
visit to z, then recurrence is P,{7, < oo} = 1. A recurrent state x is called Positive

recurrent if
Ef* {7} = ann(r) < o0
n>1

1.
1.

and null recurrent if
EF= {re} = ann(x) =0
n>1
Lemma 6.2.1. If for a (not necessarily irreducible) chain starting from x, the proba-
bility of ever visiting y is positive, then so is the probability of visiting y before returning
to x.

Proof. Assume that for the chain starting from x the probability of visiting y
before returning to x is zero. But when it returns to z it starts afresh and so will not
visit y until it returns again. This reasoning can be repeated and so the chain will have
to visit « infinitely often before visiting y. But this will use up all the time and so it
cannot visit y at all.

O

Lemma 6.2.2. For an irreducible chain all states x are of the same type.

Proof. Let = be recurrent and y be given. Since the chain is irreducible, for some
k, Tr(k)(m,y) > 0. By the previous lemma, for the chain starting from x, there is a
positive probability of visiting y before returning to x. But this will use up all the time
and so it cannot visit y at all.
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O

Lemma 6.2.3. For an irreducible chain all states x are of the same type.

Proof. Let = be recurrent and y be given. Since the chain is irreducible, for some
k, 7r<k>(a:,y) > 0. By the previous lemma, for the chain starting from z, there is a
positive probability of visiting y before returning to x. After each successive return to
x, the chain starts afresh and there is a fixed positive probability of visiting y before
the next return to x. Since there are infinitely many returns to x, y will be visited
infinitely many times as well. Or y is also a recurrent state.

We now prove that if x is positive recurrent, then so is y. We saw already that the
probability p = Pr{7y < 72} of visiting y before returning to z is positive. Clearly,

B {ru} > Po{ry < 7o }E" {7} and therefore B {r,} < 1™ {r,} < oo.
p

On the other hand, we can write

EPs{r,} < / .dPs + / 7,dP,
Ty<Tz Tz<7y

_ rodPy 4+ / (7o + EP* {7,)}dP,

Ty <Tx T <Ty

72dPy + 72dPy + (1 — p)E™ {7,}

Ty<Tzg T <Ty

/Tzsz + (1 —pE{r,}

by the renewal property at the stopping time 7,,. Therefore
EP* {r,} < SEP {r,}.
p
We also have 9
B {r} SE™{ra} +E™ () < TE™ (.}

proving that y is positive recurrent.

We have the following theorem regarding transience.

Theorem 6.2.4. An irreducible chain is transient if and only if

G(z,y) = Zﬂ'(")(m,y) < oo for all z,y

n=0
Moreover, for any two states x and y,

1

G(z,y) = f(z,y)G(y,y) and G(z,z) = 1— f(z,2)

where f(x,y) = Pe{1y < 00}.

Proof. Each time the chain returns to x there is a probability 1 — f(z,z) of never
returning. The number of returns then has the geometric distribution

P,{exactly n returns to z} = (1 — f(z,z))f(z,z)",

and the expected number of returns is given by

S~ ) (3, g) = S (@2)
kZ:1 (7 ) 17f($7x)'
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The left-hand side comes from the calculation

E Y xxp (Xx) =Y 7M(z,2),
k=1 k=1

and the right-hand side from the calculation of the mean of a geometric distribution.
Since we count the visit at time 0 as a visit to z, we add 1 to both sides to get our
formula. If we want to calculate the expected number of visits to y when we start from
x, first we have to get to y and the probability of that is f(z,y). Then by the renewal
property it is exactly the same as the expected number of visits to y starting from y,
including the visit at time 0 and that equals G(y, y).

d
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§7

7 INTEGRABLE PROBABILITY

Go back to Table of Contents. Please click

7.1 q-TASEP

We introduce ¢-TASEP in this section. One can study moments of ¢-TASEP using
markov dualities. It is an interacting particle system throughout continuous time
which was introduced by Borodin and Corwin a few years ago [1] [2] [3]. It is a simple
model for a traffic. Consider particles, or cars, sitting on a one-dimensional lattice.
The rule is that each particle jump to the right by one with exponential waiting time
with rate to be 1 — ¢%*® where ¢ € (0, 1) fixed. Later we can take various limits and
we can discuss when ¢ < 0. The gap is defined as the empty spaces between you and
the next particles. There can only be one particle per space and this is forced the the
definition of 1 — ¢®*P since the rate will go to 0 if the gap goes to 0. If gap goes to
infinity, the rate would go to 1. Henceforth, ¢ monitors the safety window between
you and the car in front of you. Let us assume a particle X1 (¢), X2(¢) (left of X1 (¢)),
X3(t), ..., etc. and there are total X” particles to be

XN:{ZZ(WZ$O>$1>--->$N),£Ei€Z}whileX+:oo

This gives us an intuitive way of describing the system. Now we can pursue the
same notion from the moment generator. Given a function f : XN( state space ) — C

(LQ—TASEPf)(E?) Z (1 _ qu,—l—Xi—l) (f(;j) _f(;)

=1

rate of change old value

effect of change

L =+
while 2; = (zo,z1, ...,z + 1,...,2n)

Given function of the Markov process and one evolves the Markov process instant
in time, the generator of a Markov process describes how this function would change
in expectation. What would happen in instant of time? Each of the time these jumps
can happen and they are independent with exponential waiting time. That is, we want
to take into the possibility that particle 1 through N moves. Then we need to consider
the effect of the change. If each of the particle responses to the move from X; to X; +1.
The second parenthesis describes the state after the jump has occurred.

If you have a continuous time Markov process on a countable space X (i.e., a state
space), you can define a semi-group (S¢f)(z) = E®[f(z(t))] which notates (S¢f)(z) =
E[f(z(t))|X(0) = z]. It tells us how expectations of functions evolve according to
Markov process. The generator of Markov process is then defined as

L := lim Sy —1d

t—o0 t

tL
€ = St

In other words, we can look at the amount of small amount of time S; on the
expectation of a function. The change of that function we then can assume is propor-
tionate to t. Under some weak hypothesis, one can recover the semi-group by taking
exponentials on the generator. Some related consequences that worth our attention is
the following.

%Sﬁ = StL = LSt (commute)

or written more precisely
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d
ZE L (@®)] =E*[(Lf)(z(t)] = LE*[f (z(1))]
Example 7.1.1. What if we consider f, () = ¢*» ™" while 1 < n < N. Then question

is L [f,(2(t))] =2

IE?[(L‘I_TASEP]‘}L)(z(t))]7 differentiation gives the

generator of the Markov process

E?[(l — g1 (XAt Xt )] rate multipled by effect
we can factor out the term ¢*»

(1 —q) VE? [f.(Z(t))], results of the facorization
which cancels out the same term in the first parenthesis

d z —
KRN E0))

while

(vf)(n) = f(n—1) — f(n), a discrete derivative

that acts on a function of variable n

This is a very interesting description. Say that one is interested in the computation
of the expectation of f,,, one can find that this time-related derivative can be described
by f(n —1) and also f(n). This gives us a triangular system of ODEs for the target
expectation that we were interested in. If one has a triangular system of ODEs with
initial data, then one can just diagonalize the triangular matrix and one can solve this
equation in a simple manner.

However, if one just choose an arbitrary function for state space, does it still solve
the expectation in a close form? The answer is no. That is, if we have fn(z) = §¥" 1",
then one we fail to continue at the factorization step since

d_z z _
%EI [fu(Z()] = E*[(LT™SEF 1 )(Z(t))], differentiation gives the
generator of the Markov process

= E7[(1 - g¥n17Xnh(gXntrtl _ ¢XnF1Y)) | rate multiplied by effect
we can not factor out the term since ¢™" and §<" cannot cancel out

That is, we can define a step to be X;(0) = —i, while ¢ = 1. In graph, imagine a
one-dimensional lattice with an arbitrary point to be 0. Then we would have an infinite
traffic jam. In that case, fn(2(0)) = 1,>1 which is simply the indicator function.

Definition 7.1.2. Suppose there is X () € X and independent y(¢) € Y and a function
H:X xY — C. Then z,y are dual w.r.t. H if

L*H(z,y) = LY H(x,y),Va,y

This duality definition, Deﬁnitionimplies that BX[H (z(t),y)] = EY [H(z, y(t))].
In other words, the function H does not care which coordinates one goes first. The
results hold the same in expectation.

We have the following implication.

GEX[H(z(t),y)] = LYEY[H(z,y(?))]
LYEY[H(z(t),y)], change to z(t)
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Y can be a space parameter, such a kin to the subscript N in the Example
Then if we have a duality, a dual system, then the time derivative of such an expec-
tation is actually equal to the generator LY of the dual system applied to the same
expectation. In the Example v can be thought of as the generator LY.

7.2 qg-Boson

The dual system to ¢g-TASEP is called g-Boson particle system for g € (0,1). Consider
the graph of bins 0 to IN. Of each bin, there can be nonnegative objects. In continuous
time, one can move one particle from one bin to another (say the one left to it). Then
the rate is given 1 — ¢¥% while Y; is the height of the bin, i.e. the number of objects
in that bin. Suppose for now that there is nothing coming in from right and nothing
going out from left (i.e. a closed system).

The state space, Y = {Z = (Y0,.--sYn),Yi € Z > 0}. Then

N
—Boson 3 4,i—1
(LB h)(y) == (1= )(h(y ) = h(y))
i=1
while yi’i_l = (-u,yi—l + 1,y — 1, )
These definitions lead to the following theorem:

Theorem 7.2.1. The Duality. q-TASEP, ;(t), q-Boson process, Z(t), are dual with
respect to

Recall o = +0o0, so such product vazo @it — o if yo > 0 since then we are
dealing with ¢*°°.

If one consider state space with one particle, then the duality would be between
¢-TASEP and ¢-Boson with one particle. That means every term in the product
Hq(‘”i:l)yi would be equal to ¢° except for the location that one particle is. In that
case,

N
- — . . n
H(Z,y) = Hq%“)yl - Hq”” tn

=0

and the generator of the g-Boson particle would just be (1 — q) ¥ E® [fn(Z(1))].
This is the generalized result of Example We can prove this result.

Proof. LI~ TASEP (3 ) = L97Bosn (g 4), which is the form of Theorem
Then

L~TASEP g p ) = L97Boonpf(z 4 ), same form of the generator apply on
VT ~~
T

different coordinates, notated with 71
= E*° [HZNZO q("i(t)“)yi}, by choosing z; and y;

will allow us to identify ¢ — TASEP
quBoson

so that there exists a triangular inequality

then we will get the implication as discussed above. In words, if we want to compute
the derivative, all we need is to solve the g-Boson generator with specific initial data.
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Proposition 7.2.2. Fiz T e XV, If h : Ry XY N 5 R solves that
; — Boson -
(1) Vy € YN with t >0, then Lh(t,y) = LI~ "*"h(t, y)

(2) ¥y, h(0, ) = E* [H(2(0), )
Then h(t,y) = E* [H(x(t),y)]

Restrict g-Boson with &k particles and index y by ordered locations of particles. In
other words, we can imagine a state space with N = 3, and there is one particle for at
n = 1, three particles at n = 2, and one particle at n = 3; and let this be associated
with 7 = (n1 > mng > -+ > ng), and it can be (3,2,2,2,1). In terms of n variables, we
have

(LB ) () = > (1= ¢ )[V]eiteh
clusters of 1
while n = (3,2,2,2,1) (move last particle first, say the 3rd “2”) and ¢ = (1,3,1)
and consider ([/]:f)(n1,...,nx) = apply v to i'" coordinate. Reserve a state Way =
{n = (n1 > ...nx > 0): n; €Z}, which is a chamber of ordered elements that
are non-negative. The proposition here gives us a way to solve problems with this
type, such as Theorem The generator, which is the R.H.S. of (LI~ B*"p) () =
> tustors of 77 (1=@)[V]e;,14¢, b, is not separable and not homogeneous. In other words,

the term depends on the state of n. This will be handy when one is trying to solve
this. Then the idea is that we treat this thing as almost constant coefficient-inseparable.
That is, if one imagines the state space of the g-Boson system, say (L9~ B°%°"h) (H) and
imagine having each of the cluster with size no bigger than one (a diffuse system of
particles with each n; > ...nx > 0), then the generator of the g-Boson system is very
simple. Away from the boundary, the generator is just Zf.vzl(l —q)[v]h (the generator
away from the boundary) and then we can look for the solution to the system that is
correct and away from the boundary but also try to impose certain boundary conditions
on solutions which will affect the clusters near the boundaries.

Proposition 7.2.3. Suppose there is function p : RGREO — R that solves
(1) vn € W;O (which can be replaced by R¥) such that

k

L) = 3= 0) v plt, )

=1

(2) VtV?L),ni =n;411 < ik — 1, then there is the following boundary condition

(Vi —qVit1)u| =0

—
n

If one is looking for solution to translate the convolution equation and say the so-
lution has a certain relation near the boundary, then
— — — —
(3) ¥n € Wxo,1u(0, ) = ho(n) = ho(y (n)), then

Vi =Wo,t > 0,u(t, 1) = h(t,n) = h(t, y (1))

This is considered a very subtle thing since this does not appear in other equations.
Imagine one had a solution that satisfies (1) and (3).

Proof. Consider a cluster n1 > ns > .... That means we can take %u(a 7{) =
A1-q) v u(t,?f) and we can progressively replace that by using the boundary
condition:(1 — q)(V1 4 -+ + Ve and Vipg = ¢v2 = --- = ¢“7' Vx i, 50 we can

write (1 — q)(¢°"! Ve + -+ + Ve)u. Thus, we replace the whole summation by
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(1= +¢ "+ + D) vep
(1-q)ve
which is the first time in the g-Boson generator given in (L%~ Boson h)(g) = Zi\rzl (1-

; —i,i—1 —
)y ) = h(y))

We can write down the solutions by the help of the above equation and we can
check (1)-(3). We are interested in

k
hO(F{) = H 1%21
i=1
if we solve Proposition with hg

k
pud — | | ntn;
M(tq TL) _ ]EStep q TASEP[ qX + ]
=1

Theorem 7.2.4. Forn; >nir+...n+0,

k
plt 1) = ES7 ST ) = e,
i=1

M D ola=DtZ; g,
aiat'

_ (D 7 Za =75
o (2m)k / / 11 Za—qZp 11 (1—=2z)" 2
k

1<A<B<N

Sketch. We have

e(n+1)tz
p=(t,n) = =2

and we write %/ (+n) = (1 — q) 7 p=(t,n), then pz, (t,n) ... pz, (¢, nr). If take
derivative, we would have arrived the derivation side of the product.
Consider n1 = na, then $71¢V/2 apply to integral, it will brings out (21 — ¢Z2) into
integral. This is like taking [ dz1 [ dz2(z1 — 22) G(z1,22) . Then this can be
————

sym. function in z1,z2

checked to be 0, that is,

/dZ1/dZ2(Zl —22) G(Zl72:2) =0
N——

sym. function in 21,29
In principle, these formulas completely characterized the joint distribution the vec-
tor {q'r"(t)'*'"}nzl. The next challenge is to use the knowledge of the moments to
compute the asymptotic. Then we can understand a larger system, a long-term behav-
ior.
As a summary, we can derive the following results. Denote

(ang)oe = [ [(1 = 4"n)
i=0
and
1
eq(2) = ——————
e
also given eg-Laplace which then we know the distribution, then we have the fol-

lowing:
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Theorem 7.2.5. For S € C\ {R},q € (0,1),¢>0,n > 1, then we have

—TAS n n
E B EP[eQ(CqX O+ )} = det(l + KC)L2(57rLall contour of 1)
and then

tw(qS—1) 7 (q—qSw)n
et >((qq,537w)oc) ds

Ke(w,w') = / L(l —(1—q))*

iR+1/2 sin(—7(¢)
The kernel only involves n and t. As they grow, the integral formula would grow
depends on the largest value of the integrand. Let us say we have some contour

¢Sw —w' dm

1 [ dw dw
det(1 4+ K)oy =143 p [ e [ G den(K (wis )
=1 "

which is the generalization of Von Koch formula.

Corollary 7.2.6. For k > 0, dekt, such that

Xt (1) — tew
t1/3dk
One can look deep into the system with infinitely sequence on the left of the origin

and let us say one wants to keep track how many objects he has passed the toll booth
at the origin. This is equivalent as keeping track of the location of various particles
far into the process. This is saying that one can prove L.L.N. involving the where the
toll booth is moving with fluctuations with order ¢'/%, which is a surprising fact from
conventional Gaussian statistics.

The study of this field can be used to study other processes. For instance, one can
take u — 1, then this will evolve to the O’conor York semi-distribution process.

As summary, we used duality to identify certain expectations of ¢-TASEP which
solved to close evolution equations. Then we reduced the evolution equations into
nice forms in which we can write down moment formulas which allows us to recover
distribution information.

P( Sr) :FGUE(T)
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Stirling’s formula, 68

Strong Markov Property, 143

Strong law of large numbers, 54

Superharmonic functions, 130

The Cauchy distribution, 79

The De Moirvre-Laplace
Theorem, 69

The Glivenko-Cantelli theorem,
57

The Lindeberg-Feller theorem, 89

The “St. Petersburg paradox”, 48

The converse of the three series
theorem, 90

The inversion formula, 77

The second Borel-Cantelli
lemma, 50

The strong law of large numbers,
60

Triangular distribution, 76

Uniform distribution on (a,b), 76

Upcrossing inequality, 132

Waiting for rare events, 69

Wald’s equation, 116

Wald’s second equation, 117

Weak law for triangular arrays,
46

Weak law of large numbers, 47

absolutely continuous with
respect to p, 124

arithmetic, 99

asymptotic equipartition
property, 57

beta distribution, 135

characteristic function (ch.f.), 75

complex conjugate, 75

conditional expectation of X
given, 124

continuity from above, 5

continuity from below, 5

converge in distribution, 69

converge weakly, 69

degenerate, 99

exchangeable o-field, 112

finite permutation, 112

hitting time of A, 114

imaginary part, 75

initial distribution, 140

irreducible Markov Chain, 144

lattice distribution, 99

lattice, 99

lognormal density, 83

martingale, 130

monotonicity, 5
nonlattice, 99

null recurrent, 144
offspring distribution, 135
optional random variable, 114
permutable, 112
predictable sequence, 131
probability space, 5
random walk, 112

real part, 75

recurrent value, 119
recurrent, 119, 144

shift, 115

simple random walk, 114
span of the distribution, 99
stopping time, 114
subadditivity, 5
submartingale, 130
supermartingale, 130
transient, 119, 144

Cauchy distribution, 48

algebra (or field), 7

Bernoulli distribution, 26
bounded continuous density, 78
bounded convergence theorem, 23
Branching Processes, 135

central limit theorem, 86
characteristic functions, 75
contraction, 128
convolution of F', 38

distribution, 36
distribution function, 11
Dynkin’s m — A theorem, 35

Etemadi, 54
Exponential distribution, 12
exponential distribution, 25

gamma density, 39
geometric distribution, 26

independence, 34

independent random variables, 34

INDICATOR FUNCTIONS, 24

INTEGRABLE FUNCTIONS, 24

irreducible chain, irreducible Markov
Chain, 145

Jensen’s inequality, 131
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Markov chain, 141 right continuous, 9, 11

mean square error, 129

measurable, 13 semialgebra Sy, 7

measurable function, 37 simple function, 15

measurable map, 13 SIMPLE FUNCTIONS, 24
measurable space, 5 Standard normal distribution, 12
Minkowski’s theorem, 31 standard normal distribution, 25

nondecreasing, 9, 11 Stirling’s formula, 121

NONNEGATIVE FUNCTIONS, 24 subsequential limit, 74
pa?tial sum O.f th.e Fourier series, 32 tight, 74
Poisson distribution, 26, 110 transition probabilities, 140

Poisson(A), 109

Polya’s Urn Scheme, 134 Uniform distribution, 12

Radon-Nikodym Derivatives, 135 unique extension v, 7

relate convergence of characteristic unique measure p on F, 27
functions to weak
convergence, 79 weak laws of large numbers, 41
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