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Chapter 1

Review of Measure Theory

N/ - his chapter reviews the measure-theoretic foundations on which
the rest of the course is built. The main goal of measure theory is
22 to develop a general theory of “size” and integration on abstract
spacesthat is stable under countable operations—Ilimits, sums, products—
and then use it to analyze functions via LP spaces and convergence theorems.
Probability theory is, to a large extent, measure theory with total mass 1 and
a stochastic interpretation: measure theory provides the language and tools
(extension theorems, integration, convergence, products, conditioning) that
make infinite probabilistic constructions and limit arguments precise.

We begin with probability spaces, o-algebras, and measures, then turn to
the Carathéodory extension theorem and Dynkin’s 7m-A machinery, and finish
with the Lebesgue—Stieltjes theorem and Kolmogorov’s extension theorem.

1.1 Probability Spaces

Probability space, o-algebra, and probability measure

Definition 1.1. A measurable space is a pair (2, F), where Q is a set and
F is a o-algebra. The sets in F are called measurable.

To connect it to the further development, F is a collection of all subsets
which we are able to measure with a probability measure. What is a o-algebra?

Definition 1.2. A og-algebra F is a class of subsets of a set {2 that contains
() and is closed under taking complements and countable unions. That is,

1. 0 e F
2. If Ae F then A°e F
3. If Ay, Ao, ... € F, then U?ilAi e F.

Note that by DeMorgan’s law, F is also closed under countable intersec-
tions:

It is also often called
o-field.



(or field in the different
terminology)

In the literature, ran-
dom variables are usu-
ally denoted either by
uppercase Latin let-
ters, or by lowercase
Greek letters. We will
use both conventions.
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A1, Ag, ... € F=MA; € F.

An algebra A is a collection of subsets which contains (), and which is
closed under complements and finite unions. (In a o-algebra F, the finite
unions are also possible because () € F and one can take the empty set for all
Ap, with k& > n.)

If A is an algebra, we denote by o(.A) the smallest o-algebra that contains
A and say that A generates o(A).

Another object which is often used is a ring. In measure theory, R is a
ring if it is a collection of sets that contains empty set and is closed under
finite unions and differences, i.e., if A, B € R then A\ B € R. An algebra is
always a ring but the converse is not true. The algebra is a ring with Q. (You
can check these statements as an exercise.)

FEzample 1.3. Let 2 = Z = the integers. Let R be the finite subsets of Z. This
is a ring but not an algebra. Let A be the subsets of Z which are either finite
or cofinite, (i.e. either A or A€ is finite. This is an algebra but not a o-algebra
[why?]. What o - algebra does this algebra generate?

FExample 1.4. The collection of all subsets of R, 2, is a o - algebra.

Ezample 1.5. The class of all finite disjoint unions of intervals (a,b] in Q =R
is a ring but not an algebra. If we allow a = —oo and b = oo, it will be an
algebra but not a o - algebra. The o-algebra that it generates is called the
Borel o-algebra B(R). It is possible to show that it is strictly smaller than
the class of all subsets of R, 28,

Let (1, F1) and (2, F2) be two measurable spaces. A function X : Q —
() is called measurable if the inverse image of every measurable set is mea-
surable.

X HA) ={w: X(w) € A} € Fy for all A € F

For conciseness we will also write {X € A} or (X € A) as a shorthand for
{w: X(w) € A}.

A random variable X is a measurable function (2, F) — (R,B(R)).
Sometimes, we will use this term to designate measurable functions that take
values in R* = [—o00, +00] with the o-algebra generated by the sets [—o00,a),
(a,b) and (b, 0o].

A random vector is a measurable function that takes values in (R?, B(R?)),
so a random variable is a particular case of a random vector.

Definition 1.6. A measure is a function p : F — [0, 00] that satisfies the
following conditions:

1. p(0) =0.

2. If A; € F is a countable sequence of disjoint sets, then (|, 4i) =

> i 11(As).

A probability measure p is a measure with additional property p(£2) = 1.
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A measure p is finite if ;(Q2) < oo and o-finite, if there is a countable
sequence Aq, Ag, ... € F, such that 0(A4;) < oo and U; 4; = Q.
A null set is a set N € F such that u(N) = 0.

Ezample 1.7 (Zero measure). u(A) =0 for any A € F.

Ezample 1.8 (Counting measure). pu(A) = #A, where #A is the number of
elements in A. In particular u(A) = oo if A is infinite. Is it o-finite on R?

Ezample 1.9 (Dirac (point mass)). For an x € Q and A € F, §;A = Lea.

A set A € F is an atom of measure p if A has no measurable subsets of
strictly smaller positive measure. A point z €  is an atom if p({z}) > 0.

A measure is purely atomic (or discrete) if the union of its atoms has
the full measure:

u(U{A : A is an atom of u}) = u(2).

A measure is called non-atomic (atomless) if it has no atoms. Is there
an atomless, o-finite measure on Borel o-algebra B(R)? The answer will be
given by the Carathéodory Theorem.

Definition 1.10 (Probability space). A measure space is a triple (2, F, ),
where F is a o-algebra, and p is a measure. If p is a probability measure,
then (2, F, u) is called a probability measure space or simply probability
space.

Countable additivity has several useful consequences collected in the next
theorem. Indeed, one of the main reasons we insist on countable additivity
rather than mere finite additivity is precisely to guarantee these properties.
Before stating the theorem, we fix some notation. We write A, T A to mean
that Ay C Ay C ... and |J; 4; = A; correspondingly, u(A,) T u(A) means
that u(A;) < p(Az) < ... and lim;_oo p(A;) = u(A). The notations 4, | A
and p(Ay,) | u(A) are defined analogously.

Theorem 1.11. Let u be a measure on a o-algebra F.
1. Monotonicity: If A C B then p(A) < u(B).
2. Countable subadditivity: If A1, As... and | Jp—, A lie in F, then

p ([j Ak) < iu(z‘lk)-

k=1

3. Continuity from below: If A, and A lie in F and A, T A, then u(Ay,) T
1(A).

4. Continuity from above: If A, and A lie in F, u(A;) < oo, and A, | A,
then p(An) 4 p(A).

(Also see Theorem 1.1.1 in Durrett.)
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Proof. (1) If A C B, then B= AU(B\ A) is a disjoint union, so by countable
additivity pu(B) = p(A) + p(B\ A) > u(A).

(2) Define By = Ay and By = A \ U, Ai for k> 2. Then (J,>, Ax =
|lp>; Bk is a disjoint union and By, C Ay, hence

pl U A | = D ouBr) < D u(Ap).

E>1 E>1 E>1

(3) If A, T A, set C1 = Ay and Cy = A \ Ag—q for & > 2. Then
A= |_|ng1 Ck and p(Ay,) = Zkgn w(Cy) T 21@1 w(Ck) = p(A).

(4)If A, | Aand p(A1) < oo, put B, = A1\ A,. Then B, T A1\ A. By (3),
1(Bn) T (A1 \ A) = p(A1) — pu(A), hence p(An) = p(Ar) —p(Bn) L p(A). O

Remark 1.12. The finiteness hypothesis in continuity from above is neces-
sary: for Lebesgue measure A\, let 4,, = (n,00). Then A, | @ but A(4,) =
oo JO0.

1.2 Construction of measures: Carathéodory Theo-
rem

Carathéodory Theorem

How do we construct a measure? Here is the typical path: Define a pre-
measure /i on a semialgebra (e.g., finite disjoint unions of half-open intervals),
extend to an outer measure, and then to a measure on the Carathéodory-
measurable sets. In practice you often first enlarge a semialgebra to an alge-
bra/ring and give po there; Carathéodory then produces the target measure
(e.g., Lebesgue measure).

The you typically want to prove that this is a unique extension and have
a tool so that the properties that can be easily checked for the pre-measure
on the semialgebra can be lifted to the properties of the measure on the entire
o-algebra. This is done using Dynkin’s m — A-machinery.

Our first goal is to understand the concepts in this general description.

Definition 1.13. A collection S of sets S € (Q is said to be a semialgebra if
1. Qes,
2. S is closed under intersection, i.e., A, B € § implies AN B € S, and
3. if A € S then its complement A€ is a finite disjoint union of sets in S.

(If we remove the requirement (1), and replace the requirement (3) with
“for every A,B € S, A\ B is a finite disjoint union of sets in S§”, then we
obtain the definition of semiring. Every semialgebra is a semiring, but the
converse is not true. Both semialgebras snd semirings can be used as starting
collections of sets in the Carathéodory theorem.
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Ezample 1.14. § is the empty set plus all sets of the form
(a1,b1] X -+ x (aq,bq] C R?, where — oo < a; < b; < .

This is a semiring but not a semialgebra. [Why?]

Now define S = {Hfil(ai,bi] : —00<a; <b <oco}in Q=R (with
the convention (a,c0] = (a,00)). Then Q € §, intersections stay in S, and
complements of rectangles split into finitely many disjoint such rectangles.

We already defined what is an algebra. In Def. 1.13 we replace the
requirement (3) by “if A € S then its complement A° € S. In particular this
implies that not only all finite intersections but also all finite unions belong to
S.

We can always extend a semialgebra to an algebra.

Lemma 1.15. If S is a semialgebra, then S := {finite disjoint unions of sets
in S8} is an algebra, called the algebra generated by S.

Proof: Exercise.

Ezample 1.16. Consider semialgebra S of intervals in R as defined in Example
1.14. Then S; is the empty set and all sets of the form:

k
U(ai,bi], where —oo < a; <b; <0
i=1

We can also extend an algebra & = A to a o-algebra. We simply define
o(A) as an intersection of all o-algebras that contain 4. This intersection is
non-empty since it contains the o-algebra of all subsets of {2 and one can check
that this intersection is indeed a o-algebra. It is clear that it is the smallest
o-algebra containing A.

Hence, after we extended a semialgebra S to algebra S, we can further
extend the algebra S to the o-algebra o(S).

Ezample 1.17. If S; is the semialgebra from Example 1.14, then the o-algebra
0(S4) generated by S, is denoted by B(R?) and is called the Borel o-algebra
on R?. Its elements are called the Borel sets of R

Fact: There exist sets in R?, which are not Borel. (We will not construct
one here.) One quick reason: B(R) has cardinality |R|, while it can be proved
that the cardinality of the set of all subsets of R, 2R, is strictly larger.

[More generally, for a topological space X, the Borel o-algebra B(X)
is the o-algebra generated by the open sets of X (equivalently, by the closed
sets).]

Now, we can address the question when we can define a suitable function
on a semialgebra and extend it to a measure on the generated o-algebra. The
answer is given by the Carathéodory Theorem. This is a difficult Theorem
and we give it without proof. (See Durrett or other textbooks if you are
interested.)

Definition 1.18 (Premeasure). Let A C 2 be an algebra (or a semi-algebra)
of sets. A set function yg : A — [0, 0] is a premeasure if
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L. po(@) = 0;

2. for any pairwise disjoint (A,)p>1 C A with | |+, A, € A, one has

Mo |_| Ay | = ZMO(ATL)

n>1 n>1

[The difference with the definition of the measure, is that o-additivity is only
required for countable disjoint sums which still belong to the algebra (or semi-
algebra)].

We say p is o-finite if Q = J,.~., Ej for some Ej, € A with po(E)) < oc.

Theorem 1.19 (Carathéodory, semialgebra version). Let S be a semialgebra
on Q and let p: S — [0, 00] with u(@) =0 satisfy:
(C-1) Finite additivity on disjoint unions: if S =| |, S; with S,S; € S,
then u(S) = ST, 1u(Sy).
(C-2) o-subadditivity on countable disjoint partitions: if S = ||, S;
with S,S; € S, then p(S) <72, 1(Si).
Then:
1. (Premeasure) i is countably additive on such partitions; hence it is a

premeasure on S. It admits a unique finitely additive extension i to S
(the algebra generated by S), given by sums over disjoint decompositions.

2. (Measure extension) There exists a measure v on o(S) with v[g= [i.
If i is o-finite on S, this extension is unique.

Remark 1.20 (On (C-2)). Assuming (C-1), if S = [;5; S; with S, S; € S, then

for each n,
D (S = u(
i=1

Letting n 1 oo gives >, u(S5i)
> i1 1(S;), we obtain

C=

)

I

S). Together with (C-2), u(S) <

IN
[

—

u(S) =3 u(Sy).
i>1
Hence (C-1)4(C-2) imply that p is countably additive on disjoint partitions
that remain in §; i.e., u is a premeasure on S.
Remark 1.21. Often the Carathéodory theorem is formulated as the existence
and uniqueness of the measure extension from algebra S to o-algebra o(S),
i.e., the statement (ii) in our theorem.

This theorem gives a convenient tool for checking that a function on S can
be extended to o(S). The main point is that it is enough to check o-additivity
for decompositions of sets in S as a disjoint countable union of sets in S, not
for significantly more complicated decompositions of sets in o(S) into disjoint
unions of sets in o(S). Exercise 1.43 gives an instructive example of what
happens when the premeasure condition fails.
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Why not all sets are measurable? Invariance vs. additivity

Ezample 1.22 (No rotation—invariant countably additive probability on all
subsets of S!). Assume there is a probability measure p on P(S!) that is
invariant under all rotations and countably additive. Identify S! with R/Z.
Declare = ~ y iff x —y € Q. By the Axiom of Choice, pick a set A C S!
containing exactly one representative of each equivalence class and, for g €
QN[0,1), set Ay := A+ ¢ (mod 1). Then {A,}qecqn(o,1) are pairwise disjoint
and U,eqnpo,1) 4¢ = St. By rotation invariance, u(A4,) is constant in q. If
p(Ay) = 0, then u(S') = >-,0 = 0, contradiction; if yi(Ay) = ¢ > 0, then
(St = >, ¢ = +o00, contradiction. Hence such y cannot exist.

Remark 1.23. The contradiction uses countable additivity. In contrast, be-
cause S! is an amenable group, there do exist finitely additive rotation—
invariant probability measures on all subsets of S (nonconstructive). They
cannot be countably additive.

Example 1.24 (Banach-Tarski (statement) and a corollary for S?). There is a
partition of S? into finitely many pairwise disjoint pieces which, after apply-
ing only rotations, can be reassembled into two copies of S? (Banach-Tarski
paradox; uses the Axiom of Choice and the non-amenability of SO(3)).

Corollary 1.25 (No rotation—invariant finitely additive extension of area to
all subsets of S?). There is no finitely additive set function m : P(S?) — [0, 00)
such that (i) m(S?) = 1; (ii) m(gE) = m(E) for all rotations g and all E C S?;
and (iii) m({x}) = 0 for every point x € S°.

Idea. If such m existed, apply it to a Banach-Tarski decomposition S? =
|_|f”:1 E; and the rotated copies that form two disjoint spheres: by invariance
and finite additivity, 1 = m(S?%) = >, m(E;) = >, m(g:E;) = m(one copy) =
m(two copies) = 2, a contradiction. The hypothesis m({z}) = 0 avoids

pathologies from removing/counting finitely many exceptional points. O

In short, on S!, invariance + countable additivity on all subsets is impos-
sible; on S?, even finite additivity 4 invariance (with points null) is impossible
— hence we restrict domains.

1.3 Dynkin’s 7 — A and monotone class theorems

The uniqueness part of the Carathéodory theorem is proved using so-called
Dynkin’s - and A-systems. Since they are useful in other contexts, we give
some additional details on them.

Definition 1.26. A system of sets A is called a m-system if for any Ay, As €
A, we have A; N Ay € A.

Definition 1.27. A collection of subsets D of set 2 is called a A-system (or
d-system, or Dynkin’s system) if

1. QeD
2. f AcDand BeD,ACB=B—-AecD
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3. IfA,€cDand A, 1A= Ae€D

Here A,, T A means that Ay C A» C ... and |J,, An = A.
Note that every A-system also satisfy this property:

If A, e Dand A, | A= A € D. This is a consequence of the de Morgan law.
The third axiom is also often formulated in the following way:

(iii) if A1, Az, ... € D are pairwise disjoint, then | J,~; Ay, € D.

Now trivially, any o-algebra is a A-system. The converse is not true (see
Exercise 1.49).

Table 1.1: Families of sets: closure properties

Family Qreq. | N Complement Finite U | Countable U
m-system no v — — —
A-system (Dynkin) v no B\Aif ACB — v (disjoint)
Semialgebra v v’ | finite disjoint union | often —
Algebra (field) v v v v —
o-algebra v v v v v

Notes. (1) For a A-system, “Complement’”’ means: if A C B € D then B\ A € D;
arbitrary complements need not lie in D. (2) The “Countable U” for a A-system is only for
pairwise disjoint sequences. (3) In a semialgebra S, each 2\ A (A € §) must split into a

finite disjoint union of members of S; closure under finite unions is not required and
may fail in general (it holds for the standard rectangle examples in R?). (4) In a o-algebra,
closure under countable unions implies closure under countable intersections.

Table 1.2: Typical uses (by family)

Family Typical use

m-system Uniqueness via m7—\; extend independence from generators.

A-system Partner for m—A\; lift properties from a 7-system to o(-).

Semialgebra | Starting domain for premeasures (Carathéodory exten-
sion).

Algebra Convenient premeasure domain before extension.

o-algebra Target domain on which the measure lives.

Notes. (1) Uniqueness from generators: if two o-finite measures agree on a m-system
A, then they agree on o(A) (by the 7=\ theorem). (2) Independence from generators:
if A1, Ay are m-systems with P(A; N Az) = P(A1)P(Az) for all A; € A;, then o(A1) and
o(Az2) are independent. (3) Construction pipeline: define a premeasure on a
semialgebra/algebra and extend by Carathéodory to a measure on the generated o-algebra.

Tiny examples.

o m-system: all half-open intervals (a,b] C R (closed under finite inter-
sections).

o A-system: for a fixed probability P and fixed C, the family D¢ := {4 :
P(ANC)=P(A)P(C)} is a A-system.

e Semialgebra: finite disjoint unions of axis-aligned half-open rectangles
Hf;l:l(ai, b;] € R? (including infinite endpoints).
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o Algebra: finite unions of such rectangles (hence closed under comple-
ments and finite unions).

« o-algebra: the Borel sets B(RY) = o(open sets).
The importance of A\-systems comes from the following observation.
Lemma 1.28. If an algebra A is a A-system, then it is a o-algebra.

Proof. Consider A,, € A, n = 1,2,.... Define B, = [J;_; 4; € A Tt is
clear that B, C Bpyi. Consequently, by the property (3) of a A-system,
B, 1 U2 Ai € A. Similarly, one can show that ()2, A; € A. Therefore, A is
a o-algebra. O

Theorem 1.29 (Dynkin’s 7-\ Theorem). Let A be a w-system and D be a
A-system. If A C D, then o(A) C D.

Proof. The key here is to show that D is not only a A-system but also an
algebra. Then, the statement of the theorem will hold by Lemma 1.28.
Let D be the smallest A-system containing .A:

D = ﬂ{é’ : € is a A-system and A C £}.

Every o-algebra is a A-system, and by minimality of D, we have that
A C D C o(A). We aim to prove that this minimal D is a o-algebra and
therefore D = o(.A) by minimality of o(A).
Step 1: Intersections with generators stay in D. Fix B € A and
define
Dp :={ECQ: ENBeD}.

We check that Dp is a A-system:
e QeDpgsinceQANB=Bec ACTD.

e If B4 C E» lie in Dp, then (EQ\El)mB = (EgﬂB)\(ElﬂB) €D
because D is a A-system. Thus Fy \ E; € Dp.

« If (E,) are pairwise disjoint in Dg, then (|J,, En)NB =], (E,NB) € D,
so |,, En € Dp.

Moreover, since A is a m-system, for each A € A we have ANB € AC D
(by assumption), hence A C Dp. By the minimality of D (intersection of all
A-systems containing A), we conclude

D C Dpg for every B € A.

Hence,
EFEeDCcDp, BeEA = ENBeD. (1.1)

Step 2: D is closed under finite intersections. Fix F € D and define

G = {BCQ: ENBeD}.
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Similar to above one can check that Gg is a A-system. By (1.1), for every
A e A we have ENA € D, hence A C Gg. By minimality of D, D C Gp.
Thus,

EeD, BeD — ENBecDCGp,

i.e., D is closed under finite intersections.

Step 3: D is closed under finite unions. Note that 2 € D by definition
of the A-system. For A,B € D, we have AU B = (A°N B¢)¢ € D since
A¢, B¢ € D and D is closed under intersections.

Hence, the minimal A-system D is an algebra, and by Lemma 1.28, it is a
o-algebra. Hence o(A) = D. As we have seen in the beginning of the proof,
this implies the statement of the Dynkin theorem.

O

The main idea behind © — A trick is that in many situations you want to
push a property checked on simple generators to the whole o-algebra. Define
the class of sets where the property holds; show this class is a A-system. If your
generators form a m-system, the m— A theorem upgrades “holds on generators”
— “holds on the o-algebra.”

Here is the example of this trick in action.

Theorem 1.30 (Uniqueness from a 7m-system under o-finiteness). Let A be
a m-system on ), and let p,v be measures on o(A) such that u(A) = v(A)
for all A € A. Assume there exist E,, € A with Q = J,;~, En and p(E,) =
v(E,) < oo for allmn. Then p=v on o(A). -

Proof. Step 1 (local A\-system). Fix n. Define
Dn:={ECQ: p(ENE,) =v(ENE,)}.

(This is the system of sets on which measures locally agree.) We claim D,, is
a A-system: (i) Q € D,, because u(E,) = v(Ey); (ii) if £y C E3 lie in Dy, then
using finiteness of p(Fy N E,) we have

n((B2\E1) N Ep) = p(Ey N En) — p(Ey N Ey)
= I/(EQ N En) — I/(El N En) = U((EQ\El) N En),

(iii) if (E)) are pairwise disjoint in Dy, then
M(UEk ﬂEn) =Y WENE) =Y uENE,) = u(UEk ﬂEn>.
k k k k

Thus D,, is a A-system.
Step 2 (verify on generators; apply m-\). For A € A, ANE, € A and
therefore
M(A N En) - V(A N En)y

so A C D,,. By the 7\ theorem, o(A) C D,,. Hence for every F € o(A),

wWENE,) =v(ENE,) for all n. (%)
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Step 38 (disjointify the o-finite cover; sum). Let Fy := Ep and F, :=
En \ U<y, Ex for n > 2. Then (F),) are pairwise disjoint, each F,, C E,, and
Q=51 Fn- For E € o(A),

WE) =S wWENF) =Y wENENE) Y S vWENE,NF,)

n>1 n>1 n>1

=Y v(ENF,) =v(E),

n>1
using countable additivity on disjoint unions. Thus = v on o(A). O

Exercise 1.50 shows that the m-system hypothesis cannot be dropped: two
measures can agree on a generating collection C with o(C) = F and yet disagree
on F.

Another useful tool is the monotone class theorem.

Definition 1.31 (Monotone class). A family M C 2% is a monotone class
if:

o whenever A; C Ay C --- with each A4,, € M, then Un21 A, € M;
e whenever A1 D Ay D --- with each A, € M, then ﬂn21 A, € M.

Theorem 1.32 (Monotone class (sets)). If A is an algebra on Q and M is a
monotone class (i.e. closed under increasing unions and decreasing intersec-

tions) with A C M, then o(A) C M.

The proof is in Appendix A.2.
The following variant for measurable functions is often more directly useful.

Theorem 1.33 (Monotone class theorem for functions). Let H be a vector
space of bounded real-valued functions on ) such that:

1. 1g € H;

2. 1g € H for all E in a w-system A;

3. if 0 < fo 1 f pointwise with f bounded and each f, € H, then f € H.
Then H contains every bounded o(A)-measurable function.

The proof is in Appendix A.3.

1.4 Lebesgue—Stieltjes 4+ Kolmogorov’s extension

The Caratéodory Theorem can be used to define measures on the real line.
Measures on (R, B(R)) are called Borel measures.

Definition 1.34. A Stieltjes (distribution) function F'(z)isamap R — R
which is

(i) nondecreasing,
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(ii) right continuous, i.e., limy |, F'(y) = F(x).

Theorem 1.35 (Lebesgue—Stieltjes). To each Stieltjes function F there cor-
responds a unique Borel measure up on (R, B(R)) such that

pr((a,b]) = F(b) — F(a) (—o0<a<b< ).

Conversely, for any Borel measure p on R, the function F,(x) := ,u((—oo,ac])
is Stieltjes and p = pp, .

When F(z) = x the measure is called Lebesgue measure.
Sketch of the proof

1. Check pre-measure.
2. Apply Caratéodory.

3. For converse, check that F,(x) is non-decreasing and right-continuous
and apply uniqueness.

The full proof is in Appendix A.4.

Completion

The Lebesgue measure can be extended to a larger class of sets than Borel
sets by adding all sets that are contained in Borel sets of measure zero and
assigning measure zero to them. By passing to a minimal containing o-algebra,
one obtains a g-algebra of Lebesgue-measurable sets. This o-algebra is larger
than the Borel o-algebra, and the Lebesgue measure can be extended to this
larger o-algebra.

Kolmogorov’s extension theorem

Definition 1.36 (Cylinder o-algebra and finite-dimensional laws). Let T be
an index set (e.g. T = N) and let (E,&) be a standard Borel space (e.g.,
E = R? with its Borel o-algebra). For finite J C T, write 77 : ET — E” for
the coordinate projection, 7;(w) = (w¢)ies. The cylinder o-algebra on ET
is €27 .= o{n;1(A): J C T finite, A € £¥7}.

A finite-dimensional distribution (f.d.d.) on E7 is a probability mea-
sure py on (E7,E%7) for some finite J C T.

Definition 1.37 (Consistency (projectivity)). A family {uy;: J C T, |J| <
oo} of f.d.d’s is consistent if for all finite K C J C T,

UK = MJO?T}LK, where 7k : EY — E¥ is the coordinate projection.
(Equivalently: marginalizing p; down to K gives u.)

Theorem 1.38 (Kolmogorov extension / consistency). Let (E,&) be a stan-
dard Borel space and T' an arbitrary index set. If {j11}jcr, |J|<oo &S @ consis-
tent family of finite-dimensional distributions on (E7,£%7), then there erists
a unique probability measure P on (ET,£%T) such that

Po 77}1 = ug for every finite J C T.
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Remark 1.39. How you use it. Define the f.d.d’s you want (often by inde-
pendence/product on rectangles), check the consistency condition, and invoke
Theorem 1.38 to get a full process law on (ET,£%T). Uniqueness is with
respect to the cylinder o-algebra £7.

Ezample 1.40 (Countable Bernoulli product {0,1}"). Take E = {0,1} with
£ =2F fix p € [0,1], and for each finite J C N define py on E”/ by indepen-
dence with parameter p:

py({z € EV: zy=a; Vte J}) = Hp“‘(l —p)la, a; € {0,1}.
teJ

These py are consistent (marginalization just drops factors), so by Theo-
rem 1.38 there is a unique P on ({0, 1}, 2{0’1}N) with Po ;1 = puy for all
finite J.

1.5 Exercises

Homework 1 — Measure Bootcamp (4 problems)

Ezxercise 1.41 (1. Uniqueness from half-lines). Let u, v be probability measures
on (R, B(R)) such that p((—o0,a]) = v((—oo,a]) for every rational a.

1. Show o{(—00,a] : a € Q} = B(R).
2. Conclude = v on B(R). (Give a proof for this step.)

Ezercise 1.42 (2. Stieltjes measure: locate the atoms (new computation)). Let
F be nondecreasing, right—continuous with F'(4+o00) finite, and let up be its
Stieltjes measure.

1. Prove pp({z}) = F(x) — F(x—) where F(x—) := limy, F(y).

2. Take the concrete

0, z <0,

1

1 <
Fz) = :1,), . 0<z <1,

3+ 75, 1<ax <4,

1 x >4,

and compute pp({0}), pr((0,1]), pr({1}), pr((L,4]), prR).

Ezxercise 1.43 (3. When Carathéodory fails on Q). Let 2 = QN (0,1], S =
{(a,blo} and p((a,blg) = b — a. Construct pairwise disjoint FE, € S with
U, En = Qand ), u(E,) < € for an arbitrary € € (0,1). Conclude that u

is not a premeasure on S, so no countably additive extension exists. Which
hypothesis of the Carathéodory extension theorem fails here, and why?

Ezercise 1.44 (4. Kolmogorov with a twist). For p € (0,1) and finite J C N,
define P; on {0, 1}’ by independent Bern(p).

1. Verify consistency under coordinate projections.
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2. Define the cylinder semiring S = {r;'(A)} and the premeasure fi(r;' 4) :=
P;(A). Prove @i is o—additive on this S by continuity at @ (you may
quote the criterion, but carry out the compact/diagonal step for {0, 1}
explicitly).

3. State the resulting Kolmogorov extension conclusion precisely.

Additional Exercises

Ezercise 1.45 (Continuity and where it can fail). Let u be a measure on (€, F).

1. Prove continuity from above: if A, | A and p(A41) < oo, then u(A,) |
1(A).

2. Give a counterexample showing the hypothesis p(A41) < oo is necessary.

3. Suppose u is only finitely additive on an algebra A. Identify precisely
where the standard proof of continuity from below A, T A = u(4,) 1
w(A) breaks.

Ezercise 1.46 (Counting-measure continuity). On (N, 2Y) with counting mea-
sure p, let A, = {n,n+1,...}. Verify A, | & and u(4,) = oo for all n.
Which hypothesis of continuity from above fails?

Ezxercise 1.47 (Equivalent formulation of continuity from below). Let u be

a measure on (2, F). Show that continuity from below is equivalent to: if
Ap T A then pu(A\ 4,) 1 0.

FEzercise 1.48 (Equality case in subadditivity). Let p be a measure on (2, F)
and let Ay, Ao, --- € F. Prove that

% U Ap | = ZM(Ak)

k>1 k>1

holds if and only if ,u,(Ak NUick Ai) = 0 for every k (i.e., the sets are disjoint
up to null sets).

Ezercise 1.49 (A-system that is not an algebra). Let Q = {1,2,3,4}. Give an
example of a A-system of subsets of {2 which is not an algebra.

Ezercise 1.50 (Why the m-system hypothesis matters). Give an example of
two probability measures 1 # v on F = all subsets of {1,2,3,4} that agree on
a collection of sets C with o(C) = F, i.e., the smallest o-algebra containing C
is F.

FEzercise 1.51 (Disjointification on a semialgebra). Let S be a semialgebra on
Q2 and let S be the family of finite unions of sets in S.

1. Show that every E € S can be written as a finite disjoint union of
members of S.

2. Conclude that S is an algebra (closed under complement and finite
unions).
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3. Give an example of a family closed under finite unions but not under
relative complements (hence not a ring).

Ezercise 1.52 (Kolmogorov for a two-state Markov chain). Let £ = {0,1},
let w be an initial distribution on F, and let K = (K”) be a stochastic

1,j€EE
matrix. For finite J = {1,...,n} define P; on E’ by

n—1

]P’J(xly ce 7xn) = W(xl) H kaaxk+1'
k=1

1. Show the family (IP;) is consistent under coordinate projections.

2. Let S = {n;'(A) : AC E’, J € N} and define the premeasure fi(7; ' A) :
P;(A). Prove i is o-additive on S via continuity at .

3. Conclude (Kolmogorov) that there exists a unique P on (EN,2E") with
Po 7rj1 =P for all finite J.

Ezercise 1.53 (Product rectangles premeasure). On R?, let S be the semiring
of half-open rectangles R = H?Zl(ai, b;] with —oo < a; < b; < oo and define
u(R) := ngl(bi — a;) (interpreting b; — a; = oo if needed).

1. Show g is well-defined on S (independent of representation by finite
disjoint unions).

2. Prove finite additivity on disjoint unions in S.

3. Prove og-additivity on S via the continuity-at-@ criterion (you may as-
sume inner regularity on R?).

Ezercise 1.54 (Wiener measure (Gaussian consistency)). For n > 1, let P,
be the mean-zero Gaussian measure on R"™ with covariance ¥;; = min{i, j},
1<i,j<n.

1. Show that (IP,) is consistent under the projections (xi,...,Zn41) —
(T1,...,Tp).
2. Let S = {r.-(B) : B € B(R"), n € N}. Define fi(r;,. B) := P, (B) and

prove 71 is o-additive on S (use continuity at @ and inner regularity of
Borel Gaussians on R"™).

3. Conclude (Kolmogorov) that there exists a probability P on (RY, F) such
that P o 77;711 = P, for all n; this is Wiener measure on the cylinder
o-algebra.
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Chapter 2

Convergence Theorems and
Inequalities

O

N\ he central technical challenge of integration theory is understand-

ing when limits and integrals can be interchanged. This chap-

#2 ter presents the three fundamental convergence theorems—the

Monotone Convergence Theorem, Fatou’s Lemma, and the Dominated Con-

vergence Theorem—together with the key inequalities of Jensen, Hoélder, and

Minkowski that underpin the LP space framework. These tools are indispens-

able throughout probability theory: they justify passing expectations through

limits, establish moment bounds, and provide the analytic backbone for the
limit theorems in later chapters.

2.1 Expected Value

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

Definition 2.1. Let X : Q@ — R be a B-measurable random variable. The
expected value of X is defined by

E(X) ::/QXdIP’(w)E/QX(w)IP’(dw) (2.1)

The integral is defined as in Lebesgue integration, whenever [ |X|dP < co.

We also define
2\ /P
Ixll, == (EIxP)

We defined the expectation of r.v. X(w) as the integral with respect to
the probability measure P. For a Lebesgue-Stieltjes measure we can write it
using the distribution function F(z) = pux((—00,z]) = P{w : X(w) < z}).

By a variant of the change of variable formula, we can write:

EX = /Q X (w) dP(w) = /R 2 dF(x),

17
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where the last integral is the Stieltjes-Lebesgue integral. If the function F(x)
is absolutely continuous and has the derivative f(x), then

EX_/R:Uf(x) dz.

Another useful formula applies if X > 0. Then

IEX:/OOOmdF(:c) _ —/Ooomd(l—F(:v)).

By integrating the last equation by parts, we get the formula

EX = /000(1 — F(x))dx = /000 P(X > z)dx. (2.2)

2.2 Monotone Convergence Theorem (MCT)

Often we approximate a random variable X by a sequence of random variables
X,,. For example, we can consider truncations X,, when X,, = X if X <n
and X,, = n if X > n. Clearly X,,(w) — X(w) for all w. Is it true that
EX, - EX?

In order to calculate expectations of random variables which are limits of
other random variables, there is a set of very useful theorems. In fact, the
countable additivity of probability measure is mostly needed to justify these
theorems.

We will often say that a property P(w) holds almost surely (a.s.) or
almost everywhere (a.e.), if the measure of the set of w where this property
does not hold is 0.

Notation. We write f,, T f if f, increases pointwise to f, i.e.
fa(w) < foyi(w) foralln and  lim f,(w) = f(w)
n—oo

for every w € Q (or for p-a.e. w, when working up to null sets).

Theorem 2.2 (Monotone Convergence Theorem (MCT)). Let (2, A, i) be a
measure space and let f, : Q@ — [0,00] be measurable. Assume fn(w) T f(w)

for a.e. w. Then
nd dp,
/Qf wr /Qf 1

i.e. limy oo [ fndp = [ fdp (allowing the value +00).
Note the positivity assumption on f,.

Proof. Set I, :== [ fndp. Since 0 < f,, < fny1 < f, by monotonicity of the
integral we have 0 < I, < I,,41 < [ fdp. Hence I, T L for some L < [ fdu. It
remains to prove [ fdu < L. Recall the definition of integral for nonnegative
measurable functions:

/fdu = sup{/sdu: ssimple,()gsgf}.
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Goal: Show every simple s < f satisfies [ sdy < L. Then the supremum
< L.

Fix a simple function s < f and fix ¢ € (0,1). Write s = )" | arla, with
ar > 0 and pairwise disjoint A € A. For each n define

Apn = A N {fn > c-ap}.

(This is the part of A where f, has “caught up” to height ¢ - a;.) Because
fot fand f > s =ar > c-a, on Ay, we have Ay, T A (up to a null set).
By continuity from below of measure,

p(Agn) T 1(Ag).

Now define the simple function s, := > ;" c- agla,,. Then 0 < s, < fp
(since on Ay, we have f,, > ¢ aj by definition), so

[sudn < [ udn.

But also

/sndu = Zc-aku(Ak,n) —_ Zc‘aku(Ak) = c/sd,u.
k=1

n—00
k=1

Taking limits in [ s, < [ f,, yields ¢ [ sdu < L. Since ¢ € (0, 1) was arbitrary,
letting ¢ 1 1 gives [ sdu < L. Since this holds for every simple s < f, taking
the supremum gives [ fdu < L. Therefore L = [ fdpu, as claimed. O

In probability, we use this theorem in the following form. Suppose random
variables X,, T X a.e., then EX,, —» EX.
Here is an example of MCT in action.

Corollary 2.3 (Absolute continuity of the integral (via MCT)). If f € L' (u),
then for every € > 0 there exists 6 > 0 such that

WE) <6 = /E|f|du<s.

Proof. Fix ¢ > 0. Since f € L', by MCT applied to |fllgp<ay T 1f] as
M — oo, we have

/ |fldp — 0 (M — o0).
{If1>M}

Choose M so that f{|f|>M} |fldp < /2, and set ¢ := ¢/(2M). Then for any
measurable F,

/ fldu s/ \f\dwr/ fldp < Mu<E>+/ fldp.
E En{|fI<M} En{|f|>M} {IfI>M}

If u(F) < 6, then Mu(E) < e/2, hence [ |f|dp < e. O
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2.3 Fatou lemma and DCT

What happens if the convergence is not monotone?
Ezample 2.4. Define X,, on [0,1] as X,, = nl(y1/,). Then X,, == 0 but

lim E(X,)=1>0. (2.3)

n—o0

Remark: Remember this example to get the right sign in the inequality
given by the following result.
Mnemonic: “Fatou looses weight.”

Lemma 2.5 (Fatou). Let (Q, A, 1) be a measure space and let fp, : Q — [0, o0
be measurable. Then

n—o0 n—

/liminffn dp < liminf/ fndu.
Q > JQ

In particular, forr.v.s. X,, > 0,if X;, — X a.e., then EX < liminf,, ., EX,,.
Note that the functions are assumed to be positive.

Proof. For each k > 1 define
gr(w) = inf fp(w).

n>k
Then g is measurable, 0 < g < gk+1 (so g 1), and moreover
lim w) = sup inf f,(w) = liminf f,(w).
k—o0 gk( ) kzlf n>k fn( ) n—00 fn( )

By the Monotone Convergence Theorem,

ftmint = i | v

Fix k. Since g < f, for all n > k, we have

du < inf [ f,du.
/ngu_;gk/ﬂf 0

Taking k — oo gives

li dp < lim inf dp = lim inf d
i fLouds Jun st | 5=t | o
which is exactly Fatou’s lemma. O

However, if we have some additional uniform control on the sequence of
functions f,, then we can obtain the convergence of expectations.

Theorem 2.6 (Dominated Convergence Theorem (DCT)). Let (2, A, 1) be a
measure space. Suppose fn :  — R are measurable, f, — f a.e., and there
exists an integrable function g € L'(u) (that is, such that [, |g]dp < oo) such
that

Ifnl <g a.e. for all n.

Then f € L'(u) and

/fndu — /fd,u, equivalently /|fn—f|du — 0.
Q Q Q
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Proof. First, since |f,| < g and f, — f a.e., we have |f| < g a.e., hence

fe L (p).

Define the nonnegative functions
Up =g+ fn =0, Up =g — frn2>0.

Then u, — g+ f and v, — g — f a.e. By Fatou’s lemma applied to (u,),

/(g—{—f)d,u < liminf/(g-f—fn)du:/gd,u—l—liminf/ frndpu.

Rearranging,

/fd,u < liminf/ fndu.
Q n—00 Q

Similarly, applying Fatou to (v,,) gives
/(g—f)du < liminf/(g—fn)duz/gdu—limsup/ fndp,
Q n—=oo Jo Q n—oco JQ

SO

limsup/fndu < /fdu.
n—oo JO Q

Combining the two inequalities,

/fdu < liminf/ fndp < limsup/fndu < /fdu,
Q n—oo  Jo n—oo JQ Q

hence [ fndp — [ fdp.
Finally, apply the same argument to the dominated sequence |f,, — f| < 2¢

with |f, — f| = 0 a.e. to obtain [ |f, — f|du — 0. O

Corollary 2.7 (Bounded Convergence). If the sequence (X,,) of random vari-
ables is uniformly bounded and if X, == X as n — oo, then

lim EX,, =EX

n—oo

Here is an example of how DCT is typically applied.
Ezample 2.8 (Truncation by bounded approximants (DCT workhorse)). Let
(9, F,P) be a probability space and let X € L!(P). Define the truncations
Xn = X 1{x|<n}s n > 1.

Then X,, — X a.s. (indeed pointwise), and |X,,| < |X| with |X| € L'. By the
Dominated Convergence Theorem,

E[X,] - E[X] and E[|X, - X|] = 0.

(Equivalently, X,, — X in L!.)

Exercise 2.42 shows that the convergence of integrals can hold even with-
out an integrable dominating function, illustrating that domination is suffi-
cient but not necessary. A sufficient and necessary condition is the Uniform
Integrability.
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Definition 2.9 (Uniform integrability). A family of integrable functions X' C
L'(P) is uniformly integrable (UI) if

li E||X|1 =0.
A sup ELX x>k |

Equivalently, for every € > 0 there exists K such that supycy E UX“{\X|>K}] <
E.

Theorem 2.10 (Vitali). On a probability space, if X, — X in probability and
{X,} is uniformly integrable, then

E|X, — X| - 0.
In particular, E[X,] — E[X] whenever X € L'. Conversely, X,, — X in L'
implies { X} is uniformly integrable.
2.4 Inequalities

Theorem 2.11 (Jensen’s inequality). Let ¢ : R — R be conver and let X €
L'. Assume o(X) € L' (equivalently, E|p(X)| < 0o0). Then

p(EX) < E[p(X)]. (2.4)

Sketch. A standard fact from convex analysis is that a convex function is the
supremum of its supporting affine functions (see Appendix B.4). Concretely,
there exists a countable family of affine functions L, (x) = a,z + b, such that

p(x) = sup Ly, () for all x € R.
n>1

(One may take supporting lines with rational slopes/intercepts, or with tan-
gency points in Q.)
Fix n. By linearity of expectation,
L,(EX) = a,EX + b, = E[a, X + b,] = E[L,(X)].
Since L, < ¢ pointwise, monotonicity of expectation yields
E[Ln(X)] < E[p(X)).
Therefore L, (EX) < E[p(X)] for all n, and taking the supremum over n gives
P(EX) = sup L, (EX) < E[p(X)].
O
Ezample 2.12 (Direction check). Take ¢(x) = 22 (convex). Then Jensen gives
(EX)* < E[X?],

i.e. Var(X) = E[X?] — (EX)? > 0.
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Ezample 2.13. Take o(z) = |z|. For X € L', Jensen gives
[EX| < E|X].

Theorem 2.14 (Holder’s inequality). Let p,q € [1,00] satisfy 1/p+1/q = 1.
If X € LP andY € L9, then XY € L' and

EIXY| < X}y ¥,
Here | X ||, = (E|X|")Y" for 1 <r < oo, and
| X ||oo = inf{M >0: P(|X| > M) =0}.
Proof. If p=1 and q = o0, then | XY| < |X|]|Y||oo a.s., hence
EIXY] <[[Y oo E[X] = [ X1[]Y [loo-

The case p = 00, ¢ = 1 is symmetric. Assume now 1 < p,q < oo.
We use Young’s inequality: for a,b > 0,

p q
<V (2.5)
P q

(See Appendix B.5 for a proof.)
If | X|l, =0 or ||Y]y =0 the claim is trivial. Otherwise set
X 1Y
1T, I¥lly

so that E[UP] = E[VY] = 1. Applying (2.5) pointwise to (U, V') and taking
expectations,

1 1 1 1
EUV] < Ew7 + 2 = el ot
p q p q
Multiplying by || X]|[,|Y ]|, gives
EXY] = [ X[Vl EUV] < | XIlp][Y[l4-

Equality case. For 1 < p,q < oo, equality holds iff UP = V? a.s., i.e.
| X|P = c|Y]? a.s. for some ¢ > 0 (and the signs of X, Y are aligned). O

Ezample 2.15 (Cauchy-Schwarz Inequality). The special case p = ¢ = 2 is the
Cauchy-Schwarz inequality.

E(XY]) < (E(X*)E(Y?)"? (2.6)

Ezample 2.16 (Lyapunov’s Inequality, or LP C L% on a probability space if
p > q). Let (Q,F,P) be a probability space and 1 < g < p < oo. Apply
Holder to |X|?-1 with exponents 2 and _E_:

E|X|7=E(|X[7-1) < (E(’X‘q-p/q))‘I/p(E(lp/(p—q)))(l’*q)/? = (E|X|P)2/P.

Hence
X lg < 1X]lp- (2.7)
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Remark: “LP C L9 for p > ¢” is in general not true on the spaces that
have infinite measure.

Theorem 2.17 (Minkowski’s Inequality (triangle inequality in LP)). Let 1 <
p<oo. If X, Y € LP, then X +Y € LP and

X+ Yl < [ X1 + 1Y [lp-

This is inequality is a consequence of Hélder’s inequality. You are asked
to prove it as an exercise. (See hints in Appendix.)

Ezample 2.18 (A simple check of Minkowski with cancellation). Let ¢ be a
Rademacher random variable, i.e. P(e = 1) = P(e = —1) = 1. Take

X =1, Y =«
Then for any 1 < p < o0,
Xl = BLP)P =1, [V, = Ele))? = 1.
Moreover,
1 1 1 _
IX + Y, = (E[1+e) P = (5|27 + L [op)" = (Lor)/P = 211/,
Thus Minkowski reads
IX + Y, =277 <2 = [IX]lp + [V [l5,

and the inequality is strict for 1 < p < oo because of cancellation when e = —1.

2.5 Exercises

Homework 2

Problem 2.19 (Differentiation Under the Integral Sign). Let f : Rx[a,b] — R
satisfy the following conditions:

(i) For each t € [a,b], the function = — f(x,t) is integrable with respect to
Lebesgue measure on R.
(ii) For almost every z € R, the partial derivative %(m,t) exists for all
t € [a,bl.
(iii) There exists g € L'(R) such that ‘%(m,t)’ < g(z) for all t € [a,b] and
a.e. x € R.

Define F(t) = [, f(x,t) dx for t € [a, b).
(a) Prove that F is differentiable on [a,b] and

T
F'(t) = Ra(:n,t)dx.
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(b) Apply this result to compute

d oo
i )y e "sin(z)dx for t > 0,

o w
and use your answer to evaluate fo =t dx.

Problem 2.20 (Expectation via Tail Probabilities). Let X > 0 be a nonneg-
ative random variable on a probability space (2, F,P).

(a) Using MCT (or Fubini-Tonelli), prove that

E[X] :/ P(X > t)dt.
0
(b) Let X be a nonnegative integer-valued random variable. Prove that

E[X] = i[@(x > k).
k=1

(c) Suppose X >0 and p > 0. Prove that

E[X?] :p/ tPIP(X > t) dt.
0

(d) Apply part (c) to show: if E[X?] < oo for some p > 0, then P(X > t) =
o(t™P) as t — oc.

Problem 2.21 (Reverse Fatou’s Lemma). Let (£2,.A, ) be a measure space.

(a) (Reverse Fatou’s Lemma) Let f, : @ — R be measurable functions.
Suppose there exists g € L'(u) such that f, < g a.e. for all n. Prove
that

lim sup/ fndu < / lim sup f, du.
Q Q

n—oo n—o0
(b) Give an example showing that the inequality can be strict.

(c) Suppose f, — f a.e. and there exist g,h € L'(u) such that g < f, < h
a.e. for all n. Prove that [ f,dp — [ fdu.

Problem 2.22 (Scheffé’s Lemma — Convergence of Densities). Let (€2, A, )
be a measure space and let f,,, f € L'(u) with f, >0, f > 0.
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(a) Prove that if f,, — f a.e. and [, fndp — [ f dp, then

/Ifn—fdu—>0-
Q

This is Scheffé’s Lemma.

Hint: Consider (f,—f)* = max(f,—f,0) and (f,—f)~ = max(f— f,0)
separately. Use Fatou’s lemma.

(b) Give an example showing that the hypothesis [ f,, — [ f cannot be
dropped, even when f,, — f a.e.

(c) Application: Let X1, Xs,... be random variables with densities f,, with
respect to Lebesgue measure, and let X have density f. Suppose f,(x) —

f(x) for a.e. x. Prove that X,, — X (convergence in distribution).

Note: Scheffé’s lemma says something much stronger when [ f, = [ f = 1.

Additional Practice Exercises

Problem 2.23 (Computing Limits via DCT). These are the types of integrals
you should be able to handle after mastering DCT.
Evaluate the following limits, justifying each step:

1 1

nx™”

dx

@ B T4a

. < n
) lim | T
(¢) lim (1—§)n6x/2d:n
0

n—oo n

Problem 2.24 (Interchanging sum and integral). This result is used constantly—
it justifies term-by-term integration of series.
Prove that if g, > 0 then

/i::ogm dp = i::o/gm dp. (2.8)

Problem 2.25 (L! Convergence Does Not Imply A.E. Convergence). This
counterexample (the “typewriter sequence”) is a classic that every probabilist
should know.

Give an example of a sequence f,, € L'([0,1]) such that || f,]|1 — 0 but f,(z) 4
0 for any z € [0, 1].
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Problem 2.26 (DCT with convergence in measure). This extension of DCT
1s essential for applications in probability theory.

Let X,, — X in probability (or in measure) and assume there exists Y € L!
such that | X,,| <Y a.s. for all n. Prove that

E[X,] — E[X].

Problem 2.27 (Continuity of the integral over sets). A direct application of
MCT that appears frequently in measure theory arguments.
Let (2, A, 1) be a measure space and let f > 0 be measurable.

1. If A, 1T A, provefAnfdefAfdu.

2. If Ay} Aand [, fdu<oo,prove [, fdul [, fdu.

Problem 2.28 (Truncation and L!-approximation). The truncation technique
is a workhorse for reducing problems about general L' functions to bounded
ones.

Let X € L'(P) and define X,, = X1y x|<pn}-

1. Show X,, = X a.s. and | X,| < |X]|.
2. Use DCT to prove E|X,, — X| — 0.

3. Conclude: for every € > 0 there exists a bounded random variable Z
such that E|X — Z| < e.

Problem 2.29 (Uniform Integrability Criterion). This equivalent character-
ization of Ul is often easier to verify in practice.

Let (X,) be a sequence of random variables on a probability space. Prove
that the following are equivalent:

(i) {X,} is uniformly integrable.

(ii) sup,, E[|X,|] < oo and for every £ > 0 there exists § > 0 such that
P(A) < 6 = sup, E[| X,|14] < e.

Problem 2.30 (Moments and Tail Decay). Understanding the relationship
between moments and tail behavior is fundamental in probability.
Let X > 0 be a random variable.

(a) Prove that if P(X > t) < Ce™ for all t+ > 0 (exponential tail), then
E[XP?] < oo for all p > 0.

(b) Prove that if P(X > ¢) < Ct~“ for all t > 1 (polynomial tail with o > 0),
then E[X?] < oo for all p < a.
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(c) Give an example showing that E[X?] < oo does not imply P(X > ¢) <
Ct~4 for any ¢ > p (i.e., the o(t™P) in Problem 2.20(d) cannot be im-
proved to O(t~(P*9)) in general).

Problem 2.31 (Null sets have zero integral). A basic fact that underlies the
“a.e.” flexibility in measure theory.
Let (2, F, 1) be a measure space and let A € F with u(A) = 0.

(a) Show that for every measurable f > 0,

/Afduzo.

(b) Deduce that if f € L*(n), then [, fdu=0.

Problem 2.32 (Jensen’s inequality: quick corollaries). Two immediate con-
sequences that are used constantly.
Assume Jensen’s inequality. Prove:

1. [EX| < E|X| for X € L.

2. If X € LP with p > 1, then || X||; < | X, on a probability space.

Problem 2.33 (No L? inclusion on infinite measure spaces). This shows that
the inclusion LP C L1 for p > q relies crucially on finite measure.
On (R,A\) let 1 <g<p<oo.

1. Give an example of f € LP(R) but f ¢ L(R).

2. Give an example of g € LY(R) but g ¢ LP(R).

Problem 2.34 (A basic DCT success). A simple example to build intuition
before tackling harder ones.
Let fn(x) =™ on [0, 1] with Lebesgue measure.

1. Find f(z) = lim, 00 fn(z) for all € [0, 1].
2. Use DCT to justify fol fo(z)dz — fol f(z)dzx.

3. Compute fol 2™ dzx explicitly and check your conclusion.

Problem 2.35 (n%-spike family). Explores how the parameter « controls
whether DCT applies.
On ([07 1]7 B, )‘) define fn(x) = nal[O,l/n} (.%')

1. Show f,(x) — 0 for all z € (0,1].
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2. Compute fol fn(z)dr and determine for which « it tends to 0.

3. Compute g(x) = sup,, fn(z) and determine for which « the function g is
integrable.

Problem 2.36 (Minkowski’s inequality from Holder’s). Assume Hoélder’s in-
equality is known. Let p > 1 and X,Y € LP. Prove Minkowski’s inequality:

X+ Yl < ([ X1l + 1Y [lp-

Problem 2.37 (LP C L9 on finite measure spaces (Lyapunov inequality)).
Let (2,4, 1) be a measure space with pu(2) < oo. Let 1 < ¢ < p < oo and
f € LP(u). Prove that f € L9(p) and

1_1
[ fllzagey < m(€)a» | £l Lr()-

Problem 2.38 (Strict Inequality in Fatou). Construct an explicit sequence
(fn) of nonnegative measurable functions on [0, 1] such that:

(i) fa(z) — f(z) for all x € [0,1],
(i) [y limin, f, dz < liminf, [} f,dz,

(iii) Both sides of the inequality are finite and positive.

Problem 2.39 (A.E. Convergence Does Not Imply L' Convergence). Give
an example of a sequence f, € L'([0,1]) such that f, — 0 a.e. but || f,1 =

S 1 fnldz 7 0.

Problem 2.40 (Rare-event spike: DCT failure). On ([0, 1], B, \) define X,,(x) =
n1(0,1/n)(T).

1. Show that X,, — 0 a.e.
2. Compute E[X,,].

3. Show directly that domination fails, that is, that there is no Y € L!
such that | X,,| <Y a.e. for all n.

4. (Optional) Show {X,} is not uniformly integrable by proving that for
every K > 0,

sup B[| X |1y x, > 53] = 1.
n>1
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Problem 2.41 (Uniform integrability of a specific family). Let t,, = > ,_; 4=k
and A, = (tp—1,t,). Define f,(z) = 214, (z) on (0,1). Show that {f, : n >
1} is uniformly integrable.

Problem 2.42 (Convergence of integrals without an L' dominator). Let (0,1)
carry Lebesgue measure \. Define

n

to :=0, tn = 22—% = Zn:zrk —
k=1

k=1

(1),

Lol =

and set the disjoint intervals A, := (tp—1,tn] C (0,1), so that A\(4,) = 47"
Define f,(x) := % 14, ().

1. Show that f,(z) — 0 for every x € (0,1).
2. Show that [ fu(z)dz — 0.

3. Show that no integrable function g dominates all f;,.



Chapter 3

Conditional Expectation

n elementary probability, the conditional probability of an event A
given an event B is defined by P(A | B) = P(A N B)/P(B), but
6\) this formula breaks down when P(B) = 0—for instance, when con-
ditioding on {X = =z} for a continuous random variable X. Kolmogorov’s
insight was to replace conditioning on events with conditioning on o-algebras,
defining the conditional expectation E[X | F] as a random variable charac-
terized by a projection-like property. This chapter develops the theory of
conditional expectation: its existence via the Radon—Nikodym theorem, its
key algebraic properties (linearity, tower law, pull-out, conditional Jensen),
and its interpretation as the L2-projection onto the subspace of F-measurable
random variables. We also introduce regular conditional distributions, which
recover the intuitive “conditional density” picture within the rigorous frame-
work.

3.1 Definition of conditional expectation
We present the definition of conditional expectation due to Kolmogorov (1933).

Definition 3.1 (Conditional expectation). Let (€2, Fop,P) be a probability
space, let F C Fy be a sub-o-field, and let X € L'(Fy). A random variable Z
is called a conditional expectation of X given F, written Z = E[X | F],
if

(i) Z is F-measurable and Z € L'(F);

(ii) for every A € F,
E[Z14] = E[X 14].

Any such Z is called a version of E[X | F]. Moreover, if Z; and Z, are
two versions, then Z; = Z5 P-a.s.

The question immediately arises whether such random variable Z exists.
The proof of the existence relies on the Radon-Nikodym theorem.

31
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Definition 3.2 (Absolute continuity). Let u, v be measures on the same mea-
surable space (2, F). We say that v is absolutely continuous with respect
to p, and write v < p, if for every A € F,

w(A)y=0 = v(A) =0.

Definition 3.3 (o-finiteness). A measure p on (2, F) is o-finite if Q =
Up>1 An with 4y, € F and p(A4,) < oo for all n.

Note that every probability measure is finite, hence o-finite.

Theorem 3.4 (Radon-Nikodym). Let u and v be o-finite measures on (2, F)
with v < . Then there exists an F-measurable function f: Q — [0,00] such
that

I/(A)—/fd,u for all A € F.

A

The function f is unique p-a.e. and is denoted by f = g—;.
A sketch of a proof is in Appendix C.1.

Theorem 3.5 (Existence of conditional expectation via Radon-Nikodym).
Let (Q, Fo,P) be a probability space, let F C Fo, and let X € L'(Fy). Then
there exists an F-measurable random variable Z € L*(F) such that

E[Z14] =E[X 14] forall Ae F.

Moreover, Z is unique up to P-a.s. equality. We denote any such Z by Z =
E[X | F].

In other words,

E(X|F) =

, where v(A) = | X dP,
1E[) W=,

for A € F. So conditional expectation is literally a Radon—Nicodym derivative.

Proof. First assume X > 0. Define a set function v : F — [0, 00) by
v(A) ::E[XIA]:/XdIP, AeF.
A

Then v is a finite measure on (2, F): indeed, v(&) = 0 and for pairwise
disjoint (A4,) C F,

u<|_|An) :/XlunAnd]P’:/XZIAndP:Z/XlAnd}P’

n>1 n>1 n>1

= Z v(An),

n>1

where we used monotone convergence (since ) -, 14, increases to 1., 4, and

X >0). Also v < P|#: if P(A) =0 then v(A4) = [, X dP = 0.
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By the Radon—Nikodym theorem, there exists an JF-measurable function
Z >0 such that v(A) = [, ZdP for all A € F. In particular,

E[Z14] = E[X 14] VAeF.

Moreover, taking A = Q gives E[Z] = v(Q) = E[X] < 00, so Z € L.

Now let X € L' be arbitrary. Write X = X+ — X~ with X* > 0 and
E[XT] + E[X"] < oo. Apply the previous construction to X+ and X~ to
obtain F-measurable Z+,Z~ € L' with E[Z%14] = E[XT14] for all A € F.
Set Z := Zt — Z~. Then Z is F-measurable, Z € L', and for all A € F,

E[Z14] =E[Z714] —E[Z7 14] = E[X T 14] —E[X ™~ 14] = E[X 14].

Uniqueness: if Z1, Zs are F-measurable integrable random variables satis-
fying the displayed identity, then for D := Z; — Zs we have E[D 1 4] = 0 for all
A€ F. Taking A = {D > 0} € Fyields E[D 1{p-q}] = 0, hence D 1{p~p, = 0
a.s., so P(D > 0) = 0. Similarly P(D < 0) = 0. Therefore D = 0 a.s., i.e.
Zl = ZQ a.s. ]

3.2 Properties

Lemma 3.6 (Equivalent characterization). Let X € L'(Fy) and let F C Fy.
A random variable Z is a version of E[X | F] iff Z is F-measurable, Z € L1,
and

E[YZ] =E[YX] for every bounded F-measurable random variable Y.

Equivalently, it suffices to require the identity for Y = 14 with A € F.
(See a proof in Appendix C.2.)

Theorem 3.7 (Tower property). Let (2, Fo,P) be a probability space, and let
H C G C Fo be sub-o-fields. If X € L*(Fy), then

EEX |G] | H] =E[X |H] as.
(See Exercise 3.31.)
Corollary 3.8 (Taking expectations). For X € L', E[E[X | G]] = E[X].
Proof. Apply Theorem 3.7 with H = {@,Q}. O

Corollary 3.9 (Conditioning on a larger o-field does nothing). If X is H-
measurable and H C G, then E[X | H] = X and E[X | G] = X a.s.

Lemma 3.10 (Pull-out (taking out what is known)). Let (Q2, Fo,P) be a proba-
bility space and let G C Fo. If X € LY(Fo) andY is bounded and G-measurable,
then

EYX |G| =Y E[X | G] a.s.

More generally, if Y is G-measurable and YX € L', the same identity holds.
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(See Exercise 3.36.)

Theorem 3.11 (Conditional Jensen inequality). Let (2, Fo,P) be a probability
space and G C Fo. Let X be an integrable real-valued random variable and let

¢ : R — (—o00,00] be conver and Borel measurable. Assume either p(X) > 0
a.s. or o(X) € L. Then

QE[X | G]) < E[e(X) ]G] a.s.
(See a proof in Appendix C.2.)

Corollary 3.12 (LP-contraction). Let 1 < p < oo and X € LP(Fy). Then
E[X | G] € L*(G) and
IELX | Glllp < [1Xlp-

Moreover, the operator T : X w— E[X | G| is 1-Lipschitz on LP:
IE[X [ G] = E[Y [ Gl < [|X = Y],
For p =00, [E[X | Glfloc < [|X[oo-

(See Exercise 3.37.)

3.3 L’-projection characterization of conditional ex-
pectation

Theorem 3.13. Let (Q, Fo,P) be a probability space and let G C Fo be a
sub-o-field. If X € L*(Fy) and Z :=E[X | G], then Z € L*(G) and

(X -Z, Y)2=E[(X-2)Y]=0  forallY € L*(G).

Consequently, Z is the orthogonal projection of X onto the closed subspace
L?(G) C L*(Fo). Equivalently,

E[(X - 2)] =  min E[(X-Y)7],

and Z is the unique minimizer (up to P-a.s. equality).

So, Z = E[X | G| is the unique G-measurable r.v. that minimizes mean
square error.

Proof. Step 1: Z € L?(G). Since Z = E[X | G] is G-measurable, it remains
to show Z € L. By Corollary 3.12 E[Z?] < E[X?] < oo, hence Z € L*(G).

Step 2: Orthogonality against bounded test functions. Let Y be
bounded and G-measurable. By Lemma 3.6,

E[Y Z] = E[Y X].

Therefore E[(X — Z)Y] = 0 for all bounded G-measurable Y.
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Step 3: Extend to all Y € L?(G) by truncation. Fix Y € L%(G).
Define the truncations

Y, :=(—n) V(Y An), n>1.

Then each Y;, is bounded and G-measurable, so Step 2 gives E[(X — Z)Y,,] =0
for all n. Moreover, Y, — Y in L? (since |Y,, — Y| < |Y]and |Y,, — Y| = 0
pointwise, one checks E[(Y;, —Y)?] — 0). Using Cauchy-Schwarz and X — Z €
12,
E[(X = Z)(Yo = Y)]| < X = Z|2[[Yn = Yl2 —— 0.
n—oo

Hence
E[(X —2)Y]= lim E[(X — Z2)Y,] =0.

n—oo
Thus X — Z L L?(G).

Step 4: Best approximation / projection. For any Y € L?(G) we
have the orthogonal decomposition

X-Y=(X-2)+(Z-Y),
with (X —Z) L (Z —Y) since Z —Y € L?(G). Therefore,
IX-Y3=1X-ZIE+1Z-Y|3> X - Z]3.

so Z minimizes E[(X — Y)?] over Y € L?(G). If Y is another minimizer then
|Z -Y||3=0, hence Y = Z as. O

Remark 3.14. The set L?(G) is indeed a closed subspace of L?(Fy) (limits of
G-measurable functions are G-measurable), so abstract Hilbert space theory
guarantees the existence of orthogonal projections. Our proof instead verified
the projection property directly from the Radon—Nikodym construction.

Gaussian Hilbert space.

Centered Gaussian random variables form a Hilbert space with inner product
(X,Y) = Cov(X,Y). For jointly Gaussian variables, the conditional expecta-
tion E[X | Y] equals the orthogonal projection of X onto the one-dimensional
subspace spanned by Y in this Hilbert space.

This is stronger than what Theorem 3.13 guarantees: a priori, E[X | o(Y)]
is the projection onto all of L?(¢(Y')), which includes nonlinear functions of
Y. The simplification occurs because for jointly Gaussian variables, uncorre-

latedness implies independence: the residual X — Cg,\;(ré}))/)Y is uncorrelated

with Y, hence independent of Y, hence orthogonal to every function of Y in
L2

Ezample 3.15 (Jointly Gaussian: conditional expectation is affine). Let (X,Y)
be jointly Gaussian with Var(Y) > 0 and X € L?. Then

Cov(X,Y)

E[X | Y] = E[X] + Var(V)

(Y —E[Y]) as.

In particular, if E[X] = E[Y] = 0, then E[X | Y] = Cgf;%}})/) v
(See Exercise 3.29.)
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Summary of key properties
o Tower: E[E[X |G] | H]=E[X | H]|for HCG

o Pullout: E[YX | G]=YE[X | G] if Y is G-measurable

Contraction: |E[X | G]ll, < I X,

o Projection: E[X | G] minimizes E[(X — Y)?] over Y € L?(G)

3.4 Regular Conditional Probabilities

We defined the conditional expectations. How do we compute them in prac-
tice? We need something like conditional probability distributions which
we used in earlier courses to calculate the conditional expectations.

The following theorem is rather general but you can assume for simplicity
that S =T =R and S = T = B, the Borel og-algebra. If you want to know
what is a standard Borel space, see Definition A.17 in Appendix.

Theorem 3.16 (Regular conditional distribution (existence on standard Borel
spaces)). Let X : Q@ — S and Y : Q@ — T be random variables, where (S,S)
and (T,T) are measurable spaces. Assume that (S,S) is a standard Borel
space (in particular, any Polish space with its Borel o-field, e.g. S = R¢ with
S = B(RY)). Then there exists a map

K:TxS8—[0,1],
called a regular conditional distribution of X given Y, such that:

(i) (Kernel property) For each y € T, the set function B — K(y, B) is a
probability measure on (S,S).

(ii) (Measurability in y) For each B € S, the map y — K(y,B) is T -
measurable.

(iii) (Correct conditioning) For each B € S, the random variable K(Y, B)
is a version of P(X € B | o(Y)), i.e.

E[1{xepyla] = E[K(Y,B)14] forall Aeo(Y).

Equivalently, for all A€ T and B € S,

P(Y € A, X € B) = /AK(y, B) Py (dy).

We may write informally K(y,-) =P(X € -|Y =vy).

Note that the formula P(Y € A, X € B) = [, K(y,B)Py(dy) is an in-
stance of Fubini’s theorem applied to the product measure. See Appendix C.3
for a reminder.
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How to think about this theorem

1. Why this is not automatic from conditional expectation. For
each fixed B € S, the random variable P(X € B | o(Y)) is o(Y)-
measurable, hence equals gp(Y) a.s. for some measurable gg. The the-
orem says that one can choose these g simultaneously for all B in
a way that B — K (y, B) is a genuine probability measure for (almost)
every y and y — K (y, B) is measurable. This is the nontrivial content.

2. What “standard Borel” buys you. On nice state spaces (Borel sub-
sets of Polish spaces), probability measures are determined by countable
data and measurable selection works well; this prevents pathologies and
guarantees existence. For completely arbitrary measurable spaces, such
a measurable kernel need not exist.

3. Versions / “Y = y” is only symbolic. The kernel K(y,-) is only
determined for Py-a.e. y. Changing K (y, -) on a set of y with Py-measure
0 does not affect property (iii). So the notation P(- | Y = y) should be
read as “a chosen measurable version”.

4. How you actually use it. Once K exists, conditional expectations
can be written as integrals against conditional laws: for any bounded
measurable f : S — R,

E[f(X) | o(¥)] = /S f@) K(V,dz)  as.

(And similarly for f > 0 or f € L! with the usual integrability assump-
tions.) This is the form needed for computations and for constructing
P(X € -]Y) in examples.

5. Sanity check: the density case on R2. If (X,Y) has a joint density
fxy(z,y) and fy(y) > 0, then a version is

fX,Y(vay)

Ky, B) = B fr(y)

dzx,

which matches the familiar conditional density formula.
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Regular Conditional Distribution: A Visual Guide

The Setup

e.g., R? (standard Borel)

probability space

e.g., R™

Random variables: X (w) € S and Y (w) € T are determined by the outcome
w e Q.

The Kernel K : T x S — [0,1]

The kernel gives a probability measure on S for each y € T

T
\

Ys S K(ys,*)
For each y € T
K(y,-) is a probabil

“observe Y = 43 —+ S K(yo,-) > measure on S

“distribution of X ¢
Y — y77

v SK(yla)

The Three Properties
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Vs

(i) Kernel property

FixyeT.

B +— K(y, B) is a probability mea-
sure on (S,S).

(ii) Measurability in y
Fix B € S.
y — K(y, B) is T-measurable.

“Probabilities vary measurably with

”

Y.

(iii) Correct conditioning

For each B € S:

K(Y,B)=P(X € B|o(Y)) as.
“It’s actually the conditional distri-
bution.”

(S

The Density Case (Sanity Check)

P(Y €A X €B)= /AK(y,B) Py (dy)

If (X,Y) has joint density fxy(z,y) with marginal fy(y) > 0:

>rcS

Joint density fx,y(z,v)

Key insight: The kernel K (y,-) “slices” the joint distribution at each value
of y and renormalizes to get a probability measure on S.
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Summary Diagram

random observed predicted
outcome value value

Interpretation: Once we observe Y = y, the kernel K(y,-) tells us the
distribution of X. We write K(y,-) = P(X € - | Y = y) informally.

3.5 Examples and warnings

Ezample 3.17 (Conditioning on a finite partition). Let G = o(A4y,..., Ay)
where A;,..., A, € Fp form a partition of Q and P(A4;) > 0 for each i. For
Xell,

n

BIX | =) <W)1A’

(See Exercise 3.32.)

Ezample 3.18 (Conditioning on a discrete random variable). Let Y take count-
ably many values (yx)x>1 with P(Y = y;) > 0. Then for X € L!,

E[X1{y—y,y]

EIX | o(V)] = D BIX Y =ul Tpmyy EIX |V =] = 5t

k>1

(See Exercise 3.38.)

Ezample 3.19 (Regular conditional probabilities on R: conditional CDF view-
point). Let X be R-valued and let Y : @ — T be any random variable. By
Theorem 3.16, there exists a kernel K (y,-) on R such that K(Y,B) =P(X €
B | o(Y)) a.s. for all Borel B. Define the conditional distribution function

F(y,t) :== K(y, (—o0,1]).

Then for each fixed ¢, the map y — F(y,t) is measurable, and for Py-a.e. y,
t — F(y,t) is a (right-continuous, nondecreasing) distribution function.

(See Exercise 3.39.)
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Two warnings

1. Versions matter. Conditional expectations and regular conditional
laws are only determined up to P-a.s. equality (or Py-a.e. equality in
the parameter y). Changing a version on a null set produces the same
conditional expectation / conditional law.

2. Why we assumed “standard Borel”. For arbitrary measurable
spaces (S5,S8), a regular conditional distribution K (y,-) need not exist.
On standard Borel spaces (in particular R? with Borel sets), it does exist.

3.6 Exercises

Homework

Ezercise 3.20 (Conditioning on the maximum). Let X,Y be i.i.d. Uniform]0, 1]
and let M = max(X,Y’). Compute E[X | M].

Ezercise 3.21 (Conditional expectation given a coarsening). Let N be uniform
on {1,2,3,4,5,6} (a fair die) and let R = N mod 3, taking values in {0, 1, 2}.

(a) Write down the partition of 2 = {1,...,6} induced by o(R).
(b) Compute E[N | R].
(c) Verify the tower property E[E[N | R]] = E[N] using your answer.
Ezercise 3.22 (Law of total variance). Let X € L? and let G C Fy. Prove
Var(X) = E[Var(X | G)] + Var(E[X | 4],

where Var(X | G) := E[X? | G] — (E[X | G])? is the conditional variance.

Ezercise 3.23 (Best linear predictor vs. conditional expectation). Let X,Y €
L? with Var(Y) > 0.

(a) Show that the best linear predictor of X given Y, defined as the
minimizer of
min E[(X — a — bY)?],
a,beR
is given by
Cov(X,Y)

Kiim = E[X]+ Var(Y)

(Y - E[Y]).

(b) Prove that E[(X — X}n)?] > E[(X — E[X | Y])?], with equality if and
only if E[X | Y] = Xy, a.s.

(c) Give an example where the inequality is strict.

(d) Explain why, for jointly Gaussian (X,Y"), we always have equality.
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Additional exercises

The following exercises are recommended for deeper understanding. They are
ordered roughly by importance for later material in the course.

FEzercise 3.24 (Conditional monotone convergence theorem). Let 0 < X; <
X9 < -+ be random variables with X, 1 X pointwise. Prove that

E[X,|G]TE[X |G] as.

(The limit may be +o0.)
Ezercise 3.25 (Conditional Fatou’s lemma). Let (X,,),>1 be nonnegative ran-
dom variables. Prove

E[liminf X,, | G] < liminfE[X,, | G] a.s.

Ezercise 3.26 (Conditional dominated convergence theorem). Let X,, — X
a.s. and suppose there exists Y € L! with |X,,| <Y for all n. Prove

E[X, |G = E[X |G] a.s.andin L'.

FEzercise 3.27 (Independence criterion for conditional expectation). Let X €
L' and let G C Fy be a sub-o-field. Prove that X is independent of G if and
only if E[X | G] = E[X] a.s.

Note: This exercise requires familiarity with independence and
the monotone class theorem.

FEzercise 3.28 (Conditioning on a sum of exponentials). Let X and Y be in-
dependent random variables, each with the standard exponential distribu-
tion (density e~ for ¢ > 0). Compute the regular conditional distribution
K(s,)=P(X e - |X+Y =5).

Ezercise 3.29 (Gaussian conditioning). Let (X,Y’) be jointly Gaussian with
Var(Y') > 0. Prove that

Cov(X,Y)

E[X | Y] = E[X] + Var(¥)

(Y —E[Y]).
Ezxercise 3.30 (Conditional expectation and symmetry). Let Xi,..., X, be
i.i.d. random variables in L'. Show that
E[X: | Xi+o 4 Xa] = (Xy 4+ Xa)
Ezercise 3.31 (Tower property via defining identity). Let H C G C Fp and

X € L'. Prove directly from the defining property that
E[E[X | G] [ H] = E[X | H].

FEzercise 3.32 (Finite partition formula). Let G = (A4, ..., A,) where (4;) is
a measurable partition of Q with P(4;) > 0 for each i. Prove directly from
the defining property that for X € L',

- E[X ]‘Ai]

E[X | ] = > Sa)
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Ezercise 3.33 (Regular conditional distribution in the density case). Let (X,Y)
have a joint density fxy on R? with marginal density fy(y) > 0 for all y in
the support. Define

K.B) = [ X&) g g,

s fr(y)

(a) Show that K is a probability kernel: for each y, K(y,-) is a probability
measure, and for each B, y — K (y, B) is measurable.

(b) Show that K (Y, B) is a version of P(X € B | o(Y)).
Exercise 3.34 (Closedness of L?(G)). Prove that L?(G) is a closed subspace of
L*(Fy).

Ezercise 3.35 (Pull-out requires measurability). Let Q = {1,2,3,4} with uni-
form probability P({w}) = 1/4 for each w. Define X(w) = w and § =

o({1,2},{3,4}).
(a) Compute E[X | G].

(b) Find a random variable Y that is not G-measurable such that E[Y X |
Gl #Y -E[X | g).

(c) Explain why this does not contradict the pull-out lemma.

Erercise 3.36 (Pull-out property). Let X € L! and let Y be bounded and
G-measurable. Prove E[Y X | G] =Y E[X | G].

Ezercise 3.37 (Conditional Jensen = LP contraction). Assume conditional
Jensen for convex ¢. Deduce that for 1 <p < oo and X € LP,

IEX G, < 1XMlp, IEX [G] =E}Y |Gl < X =Y.

(Optionally: do p = oo separately.)
Erercise 3.38 (Conditioning on a discrete r.v.). Let X € L! and Y take count-

ably many values (yx)r>1 with P(Y = y;) > 0. Prove Example 3.18, using the
formula in Example 3.17 or directly from the definition.

Ezercise 3.39 (Regular conditional law on R). Let X be R-valued. Using
Theorem 3.16, define F(y,t) :=P(X <t|Y =y) (as a chosen version). Show
that for each fixed ¢, y — F'(y,t) is measurable, and for Py-a.e. y, t — F(y,t)
is a distribution function.
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Chapter 4

Independence and Tails

ndependence is the structural assumption that drives most of the
deep theorems in probability. When random variables are inde-
C,\j pendent, their joint behavior is completely determined by their
MHaIS, and this factorization unlocks powerful tools: extending indepen-
dence from generators via the m-\ theorem, splitting sums into manageable
pieces, and applying multiplicative moment bounds. This chapter introduces
independence of o-algebras and random variables, then develops the theory of
tail events—the Kolmogorov and Hewitt—Savage zero-one laws, and the Borel—-
Cantelli lemmas—which reveal a striking rigidity: for independent sequences,
many natural events have probability either zero or one, with no room for
intermediate values.

4.1 Independence

Independence via o-algebras
Let (2, F,P) be a probability space.

Definition 4.1 (Independence of o-algebras). Two sub-o-algebras G, H C F
are called independent if

P(GNH) =P(G)P(H) forallGeg, HeH.

More generally, a family (G;);er of sub-o-algebras is called independent if

for every finite choice of distinct indices i1, ..., € I and events G;; € G,
k k
P(G) = IP(Gs).
Jj=1 Jj=1

Definition 4.2 (Independence of random variables). Random variables X, Y
are independent if the o-algebras o(X) and o(Y') are independent, i.e.

XU1Y <« PXeA YeB)=PXecAPY €B)

45
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for all A, B € B(R). More generally, (X;);cr are independent if (o(X;));cr are
independent.

Remark 4.3. The existence of infinite independent sequences with prescribed
marginals is guaranteed by Kolmogorov’s extension theorem (Theorem 1.38).

m—\ extension lemma for independence

Recall the following definitions.

Definition 4.4 (7-system and A-system). A class P C F is a m-system if it
is closed under finite intersections: A,B e P = AN B € P.
A class £ C F is a A-system (Dynkin system) if:

1. Qe l;

2. Ae L= A€ L;

3. if (Ay) are disjoint and A, € £, then | |~ A, € L.
Remark 4.5. An equivalent system axioms for A-system is

1. Qe L;

2. if A,Be Land AC B, then B\ A€ L;

3. if Ay C Ay C--- with A, € £, then {5, Ay € L))

Lemma 4.6 (7—\ theorem). If P is a m-system, then the smallest A-system
containing P equals o(P).

Lemma 4.7 (Independence from generators). Let A, B C F be m-systems.
Assume that

P(ANB) =P(A)P(B) forallAc A, BeB.
Then the o-algebras o(A) and o(B) are independent.

See Exercise 4.28. Use m—A\ theorem.

4.2 Tail o-fields (o-algebras)

Now that we have the tools to verify independence of o-algebras, we turn to
one of its most striking consequences: events determined by the asymptotic
behavior of an independent sequence must have probability 0 or 1.

Let (92, F,P) be a probability space and let (X,),>1 be a sequence of
random variables.
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Definition 4.8 (Tail o-field). For m > 1 define the “future” o-field

FX = o( Xy Xing1y-e-)-

m

The tail o-field (or tail o-algebra) of (X)) is

oo

T:= (72 = () o(Xm Xmi1,-..).
m=1

m=1
An event A € F is called a tail event if A € 7.

Remark 4.9 (Intuition / invariance under finite changes). If A € T, then mem-
bership of w in A cannot depend on any finite initial segment (X (w), ..., X;m—1(w))
for any m; informally, changing finitely many coordinates cannot change
whether w € A.

Ezample 4.10 (Canonical tail event: infinitely often). Given events A, €
o(Xy,), define
Apio == (] | 4n
N>1 n>N

Then A, i.o. € T (it depends only on the tail of the sequence).
Example 4.11 (Tail random variable). Let S, := Y ;_; X and define

S,
L := limsup —.
n—oo N

Then L is T-measurable: modifying finitely many X}, changes S,,/n by O(1/n),
hence does not affect the lim sup.

4.3 Kolmogorov’s 0—1 law

Let (2, F,P) be a probability space and let (X,,),>1 be a sequence of inde-
pendent random variables. For m > 1 write

]'_in!: O'(Xla...7Xm)7 J—'f: = U(Xm7Xm+17"‘)’ T = ﬂ J—.;%O

m>1

Theorem 4.12 (Kolmogorov’s 0-1 law). If (X,),>1 are independent, then
the tail o-field T is trivial: for every A€ T,

P(A) € {0,1}.
FEquivalently, every tail event has probability 0 or 1.

Proof. Fix m > 1. Since (X,,) are independent, the o-algebras Fi" = o (X1, ..., Xy)
and Fp0 1 = 0(Xmy1, Xmy2, ... ) are independent. Since 7 C FJy, y, it follows

that 7 is independent of F]". Hence for every A € T and every B € F",

P(AN B) = P(A)P(B).
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Now let
.Ffin = \/ fim:U(Xl,XQ,...),

m2>1

the o-algebra generated by all finite initial segments (equivalently, by the entire
sequence). By monotone class / 7\ extension (applied in B for fixed A), the
identity above extends to all B € Fyp, so A is independent of Fiy,.

In particular, taking B = A (note that A € T C Fgy), we get

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

Remark 4.13 (A handy corollary). If Z is T-measurable (a tail random vari-
able), then Z is a.s. constant. Indeed, for any ¢ € R the event {Z <t} € T,
hence has probability 0 or 1, which forces the distribution function of Z to be
a step function.

Ezxample 4.14. Let X1, Xo, ... be independent and S,, = X7 +...+ X,,. Then
Zy = liminf(S,/n) and Zy = limsup(S,/n) are almost surely constant (but
possibly infinite).

4.4 Borel-Cantelli lemmas

Let (2, F,P) be a probability space and let (A;),>1 be events in F. Recall
the event “infinitely often”:

Apio == (] U 4n

N>1 n>N
ie. we A, io. iff w e A, for infinitely many n.

Lemma 4.15 (Borel-Cantelli I). If

> P(Ay) < 0,
n=1
then
P(A,, i.0.) = 0.
Proof. For each N > 1,

P 4n) < 3 P(A) —— 0

n>N n>N

by the union bound and the Cauchy criterion for series. Since A, i.o. =
Ny>1 Up>n An, by continuity from above,

P(A, i.0.) = ]Vliinmp( U An) —0.
n>N
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Lemma 4.16 (Borel-Cantelli II (under independence)). Assume that the
events (Ap)n>1 are independent and

Z]P’(An) =
n=1
Then
P(A,, i.0.) = 1.
Proof. Fix N > 1. Since the events are independent,
M M
() g 21 5) - g T 0,

where we used continuity from above and finite independence.
Using 1 —z < e~ 7 for z € [0, 1], we get

ﬁ(l—P(A <exp< g:IP’ >

Since >, 51 P(A,) = oo, we have ZﬁiN P(A,) — oo as M — oo, so the
right-hand side tends to 0. Hence

]P’(HONA;) ~0

Taking complements,

IP’( U An> =1 for every N > 1.
n>N

Apio.= () U 4n

N>1n>N

Finally,

and by continuity from above again,

P(A,, i.0.) = lim IP’(UA)z lim 1=1.

N%oo N—oo
n>N

O]

Remark 4.17 (How the 0-1 law interacts). If (4,) are independent and A4,, €
o(X,) for independent (X,,), then A, i.o. is a tail event, so Kolmogorov’s 0-1
law guarantees P(A,, i.0.) € {0,1}. Borel-Cantelli II identifies which of the
two occurs when ) P(4,) = oco.

Ezample 4.18 (The assumption of independence in BCL(2) is essential). Con-
sider the space = (0,1] with the o-algebra B of Borel subsets, and the
Lebesgue measure as P. The events A,, = (0,1/n] € B. Then, P(4,,) = 1/n,
> P(A,) = oo, but P(4,, i.0.) =P(0) = 0.
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4.5 Hewitt—Savage 0—1 law

Let (X;)n>1 be i.i.d. random variables on (€2, F,P). Let &g, be the group of
permutations 7 : N — N that move only finitely many indices (i.e. m(n) = n
for all but finitely many n). For 7 € Gg, define the permuted sequence

(X )n>1 = (Xn(n)In>1-
Define the exchangeable (symmetric) o-field
={A€o(X1,Xa,...): 1a(X1,Xo,...) =1a(XT, X7,...) }.

a.s. for all m € &g,. Equivalently, A € 7 iff A is invariant (a.s.) under every
finite permutation of coordinates.

Remark 4.19 (Notation). When we write 14(X71, Xs,...), we identify A €
o(X1,X2,...) € F withaBorel set B € B(RY) via A = {w : (X1(w), X2(w),...) €
B}. The expression 14(X1, Xo,...) then means 15(X7, Xo,...), and permut-
ing the arguments makes sense:

1A(X7I'(1)7 Xﬂ.(2)7 . ) = ]-B(Xw(l)va(Q)u .. )

The invariance condition 14(X1, Xa,...) = 1a(X;a), Xr(2), - -) a.s. thus says
that the set B C RY is invariant under finite permutations of coordinates.

Theorem 4.20 (Hewitt—Savage 0-1 law). If (X,,) are i.i.d., then T is trivial:
for every A e T,
P(A) € {0,1}.

Proof sketch. The idea is to show that every symmetric event A is independent
of itself, hence P(A) = P(A)%.

Step 1 (Approximation). Since A € o(X1, Xo,...), for every € > 0
there exists n and an event B € o(Xy,...,Xy) such that P(AAB) < e.

Step 2 (Shift). Define B’ by replacing each X; with X,,; in the definition
of B, so B € o(Xp41,...,Xo,). Because the (X,,) are i.i.d., P(B") = P(B).
Moreover, the finite permutation (1,...,2n) — (n+1,...,2n,1,...,n) sends
B to B’ while preserving A (by symmetry), so P(AAB’) < ¢ as well.

Step 3 (Independence). Since B € 0(X1,...,X,)and B’ € o(Xp41,..., Xon)
are independent,

P(A)? ~ P(B)P(B') = P(BN B') ~ P(AN A) = P(A),

where each “~” incurs an error at most e. As ¢ — 0, we obtain P(A) = P(A)?,
so P(A) € {0,1}. O

Corollary 4.21 (Permutation-invariant random variables are a.s. constant).
If T =T(X1,Xa,...) is measurable and satisfies

T(X1,Xo,...)=T(XT,X7,...) a.s. for all m € gy,

then T is a.s. constant.
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Remark 4.22 (Hewitt—Savage as infinite-dimensional concentration).

The Hewitt—Savage 0—1 law can be understood through the lens of concen-
tration of measure in high dimensions.

Finite dimensions: the CLT window.

Let X1, Xo,... be i.i.d.Bernoulli (1/2) and S, = > ;_; Xk In {0,1}", a

permutation-invariant event depends only on S,,. Consider, for example,
Ap ={Sn € [n/2—/n, n/2+/n] N Z}.

By the central limit theorem, P(A,) — ®(2) — &(—2) ~ 0.954, a fixed value
outside {0,1}. More generally, thresholds at scale \/n around n/2 produce
any limiting probability in (0, 1).

Infinite dimensions: no CLT window. In contrast, a genuine event
of the infinite sequence that is invariant under all finite permutations of N
— such as {limsup,, S,/n € [a,b]} — must have probability in {0,1}. The
CLT window that produces intermediate probabilities for finite-dimensional
symmetric events simply has no infinite-dimensional counterpart.

Connection to concentration of measure. This can be read as an
exact version of the concentration of measure philosophy. On finite product
spaces (2", u®™), observables with small sensitivity to any single coordinate
are approximately constant:

P(lf —Ef| >¢) < 2¢~ "<’ (McDiarmid/Azuma-type bounds).

Thus “macroscopic” observables in high dimensions are nearly deterministic.
Hewitt—Savage is the infinite-dimensional, exact-symmetry analogue:

concentration: many observables are almost constant
—

0-1 laws: invariant observables are exactly constant.

One should not overstate the analogy: for fixed n, even a fully permutation-
invariant event can have probability 1/2, as the example above shows. What
changes in the infinite product is that invariance under all finite permutations
forces measurability with respect to Z, which is trivial under i.i.d. assumptions,
yielding the strict dichotomy.

A symmetric but not tail event: existence of a global maximum

Let (X,,)n>1 be i.i.d. bounded real-valued random variables . Write

M :=sup X}, € (—o0, x], E:={3n>1: X, = M}.
k>1

So E is the event that the supremum of the infinite sample is attained by
one of the coordinates (i.e. the sample has a global maximum).

Proposition 4.23. The cvent E is invariant under every finite permutation
of coordinates (hence E € T), but E is not a tail event (in general E ¢ T ).
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Moreover, assume that the law of X1 has no atom at its (finite or infinite)
right endpoint in the sense that

P(X1=2)=0 for every z with P(X; <z)=1.

Then
P(E) = 0.

(If instead P(X1 = b) > 0 for a finite right endpoint b, then P(E) =1.)

Proof. (Symmetry). A finite permutation 7 does not change the multiset
of values {X,,}, hence does not change sup;~; Xy nor whether it is attained.
Thus F is invariant under finite permutations.

(Not tail). Membership in E can be changed by modifying finitely many
coordinates while keeping the entire tail fixed: e.g. fix a tail (2, ZTm+1,.-.)
whose supremum is not attained by that tail (such tails exist as sequences of
reals), and choose two different initial blocks (x1, . .., z;,—1) so that in one case
the overall supremum is attained (put one of the early z; equal to the overall
supremum), and in the other case it is not. Hence E cannot be determined
from o(X,,, Ximt1,...) for any m,so E ¢ T.

(Probability). Since the (X,,) are i.i.d., P(X,, = M) is the same for every
n, so it suffices to show P(X; = M) = 0.

Note that {X; = M} = {X; =2z, X;, < a2 Vm > 2} on {X; = z}.
Because X is independent of (X2, X3,...),

P(X1=M|X;=2)=P(VYm >2: X, <)
N
= lim P(X,, <z)= lim F(z)N7!,

N—oo N—oo
m=2

where F(z) := P(X; < z) and we used independence. If F(z) < 1, then
F(z)N=! — 0; if F(z) = 1, then z is (at least) a right endpoint of the distri-
bution, and by the assumption P(X; = z) = 0. Therefore

P(X, = M) = /]P’(X1 = M| X, = z)dPy, (z) = 0.

Finally,
P(E) = IP’( U{X. = M}) <Y P(X, = M) =0.

n>1 n>1

O]

Remark 4.24. This is a good illustration of why Hewitt—Savage is different
from Kolmogorov’s tail 0-1 law: E is symmetric but not tail. Hewitt—Savage
implies P(E) € {0, 1}, and the argument above identifies the correct value.
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4.6 Tail triviality, mixing and ergodicity

For a stationary sequence (X,) (i.e. a sequence with shift invariant finite-
dimensional distributions), let 7" denote the left shift and define the shift-
invariant o-field Iy := {A € F : T~'A = A}. The sequence is called ergodic
if Zp is trivial. It is called strongly mixing (a-mixing) if

a(n) = sup IP(ANB) —P(A)P(B)] — 0 asn — oc.
AeFy, BeFS,
k>1

For stationary sequences,
i.i.d. = strongly mixing = 7T trivial = ergodic,

and no implication reverses in general.
Strong mixing = 7T trivial: Let A € 7. Then A € F3, for every n,
so for any B € FF,

IP(AN B) — P(A)P(B)| < a(n) — 0.

Hence P(A N B) = P(A)P(B) for all B € FF and all k. By 7\, A is in-
dependent of o(X;, X9,...). Since A € T C o(X1,X2,...), the event A is
independent of itself, so P(A) € {0,1}.

T trivial = ergodic: If A € Iy, then T"'A = A, s0 A € 0(X2, X3,...) =
F35°. Iterating, A € F5° for every m (up to null sets), hence A € T.

Neither implication reverses: The 1-dependent sequence X,, = Y,,Y,, 11
with (Y;,) i.i.d. has a(n) = 0 for n > 2 (strongly mixing) but is not i.i.d. The
deterministic Markov chain on {0, 1} with P(0,1) = P(1,0) = 1, started from
m = (1/2,1/2), is ergodic but has 7 = ¢(X;) non-trivial, since any single X,
determines the entire sequence.

4.7 Exercises

Homework

Problem 4.25 (Warm-up: identifying tail events). Let (X,),>1 be inde-
pendent random variables on (2, F,P) and let S,, := Y ;_; Xi. For each

event below, determine (with a brief justification) whether it belongs to the
tail o-field 7 := (51 0(Xoms X1, .-+ )-

[e.e]
(a) { Z Xn converges}.
n=1

(b) {suan > 7}.

n>1
(¢) {Xn >0 io.).

(d) {Xl + X9 > 3}.
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(e) {limsup& < 1}.

n—oo N

Problem 4.26 (Convergence of a random series is a tail event). Let (X,)n>1
be independent random variables. Using Kolmogorov’s 0-1 law, show that the
event

A= { Z X, converges (to a finite limit)}

n=1

satisfies P(A) € {0,1}.

Problem 4.27 (Records in an i.i.d. sample). Let (X),>1 be iid. with a
continuous distribution (i.e. the cdf F' is continuous, so there are no ties a.s.).
Say that X, is a record if

Xp > max(Xy,...,Xn-1) (X1 is a record by convention).

Define the record events R,, := {X,, is a record}.

(a) Show that P(R,) = —.
n

(b) Show that for the event E := {R,, i.0.} (i.e. records occur infinitely
often), P(E) € {0,1}, and then show that P(E) = 1.

Problem 4.28 (7—\ independence extension). Let A, B C F be m-systems.
Assume that

P(ANB)=P(A)P(B) VAecA VBebB

Prove that o(A) and o(B) are independent.

Problem 4.29 (Supremum of i.i.d. exponentials). Let X1, Xo,... be i.i.d.
with P(X; > z) = e ® for x > 0 (i.e. X1 ~ Exp(1)). Show that

n
=1 a.s.

lim sup
n—00 10g n

Additional Exercises



Chapter 5

Convergence Zoo and
Uniform Integrability

robability theory employs several distinct notions of conver-
gence, each suited to different purposes: almost sure conver-

@v gence captures pathwise behavior in the Strong Law of Large
Numbef’s, convergence in probability captures approximation in a stochastic
sense, LP convergence captures moment behavior, and convergence in distribu-
tion underlies the Central Limit Theorem and asymptotic statistics. Knowing
when one mode implies another—and when it does not—is essential for appli-
cations.

We begin by cataloging the four main modes of convergence and the im-
plications among them, then develop a set of tools for working with weak
convergence: the Continuous Mapping Theorem, Slutsky’s theorem, and Sko-
rokhod’s representation theorem. A central theme is the role of uniform inte-
grability as the bridge between convergence in probability and convergence in

L.
5.1 Types of Convergence of Random Variables

Definition 5.1 (Almost sure convergence). Let (2, F,P) be a probability
space and let X,,, X be real-valued random variables. We say that X, con-
verges to X almost surely (a.s.) if

P{weQ: Xp(w) = X(w) asn — oo}) = 1.
We write X,, — X a.s. or X,, =5 X.

Definition 5.2 (Convergence in probability). We say that X,, converges to
X in probability if for every € > 0,

P(|X, — X|>e) —0 (n — 00).
We write X,, — X in probability, or X, = X.

95
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Definition 5.3 (LP convergence). Fix p € [1,00). We say that X, converges
to X in LP if
E[|X, - X[P] —0 (n — 00).

We write X, — X in L, or X,, — X.

Definition 5.4 (Convergence in distribution / weak convergence). We say
that X,, converges to X in distribution (or weakly) if

E[f(Xn)] — E[f(X)]  (n— o0)

for every bounded continuous function f : R — R. We write X,, = X or
X, - X.

Remark 5.5 (Equivalent 1D CDF formulation). If F,(z) = P(X, < z) and
F(z) =P(X <), then X,, = X is equivalent to

F,(z) — F(x) for all x € R at which F' is continuous.

Definition 5.6 (Weak convergence in R%). Let X,,, X be R%valued random
vectors. We say that X, converges to X in distribution if

E[f(Xn)] — E[f(X)]

for every bounded continuous function f : R¢ — R. We again write X,, = X
or X, 4y X.

Remark 5.7 (Properties in common for —, =%, i) The following hold for
each of these three modes of convergence:

a) The limit is unique up to a.s. equivalence.
b) X,, - X < (X,, — X) — 0 (useful and common reduction).

¢) Xp—= X, Y, =Y = X,+V, = X+Y. For =5 and —, we also have

XY, — XY for L—p>, the product rule requires additional integrability
conditions (e.g. Holder).

d) Completeness. The space LP is complete (Riesz—Fischer theorem),
and convergence in probability can be metrized by a complete metric
(see text). For a.s. convergence, the situation is different: if (X, (w))
is a Cauchy sequence in R for a.e. w, then a pointwise limit exists a.e.
by completeness of R, but a.s. convergence itself is not metrizable by a
single metric on the space of random variables, so “completeness” has a
different character here.

Theorem 5.8. The following property holds among the types of convergence.
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Xn = X X, 2 X
(5 %) %)
X, — X
(%)
X, X

In addition, X, X implies that X, X ifp>q>1.
Proof. (%% x) Assume X,, = X a.s. Fix € > 0 and set
A={we: Xy(w)—= X(w)}

Then P(A) = 1. For any w € A, by the definition of pointwise convergence
there exists N = N(w,¢) such that for all n > N,

[Xn(w) = X(w)| <e,

hence
1{x, (w)-X(w)>e} =0  foralln> N.

Therefore 1;x, _x|>z} — 0 almost surely.
Since 0 < 1fx, _x|>e} < 1, the dominated convergence theorem yields

P(|X, — X| >¢) =E[lyx,_x|>s3] — 0.

This is exactly X,, — X in probability.
(*) can be proved by Markov’s inequality:

E(|X, — X|P
P(Xn—X|>6)§(|€p’)

If the right-hand side converges to zero, then the left-hand side also converges
to zero. For p = co we need a separate argument; see Exercise 5.35.

(%) Assume X,, — X.
We use the characterization of weak convergence by bounded continuous

test functions: X,, = X iff E[f(X,,)] — E[f(X)] for all f € Cp(R).
Fix f € Cp(R) and set M := || fl|co < 0.

Step 1: f(X,) 5 f(X). Fix € > 0. Choose R > 0 such that

P(|X| > R) <e.
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Since f is continuous, it is uniformly continuous on the compact interval
[—(R+ 1), R+ 1], hence there exists § € (0, 1) such that

lz—y|<é and 2| <R = |f(z) — fly)| <e.
Then

P(|f(Xn) — f(X)| > ) <P(X| > R)+P(|X| <R, | X, — X]|>)
<e+P(IXn— X[ 26) ——e,

because X, — X. Since ¢ > 0 is arbitrary, P(|f(Xn) — f(X)] >¢) =0, ie.
P

f(Xn) = f(X).

Step 2: E[f(X,)] — E[f(X)]. Let Y, = f(X,) and Y := f(X). Then

Y, &Y and [Y,| < M, [Y| < M. For any n > 0,

E[Y = Y| = B(Y = Ylgy, -visq)) + B(Ya = Ylgr, vizq)
<2MP([Y, =Y|>n)+n.

Taking n — oo gives limsup,,_,. E|Y,, — Y| < 5. Since n > 0 is arbitrary,
E|Y, — Y| — 0, hence

‘E[Yn] - E[Y” < E’Yn - Y| - 07

ie. E[f(Xa)] > EIf(X)].

Therefore X,, = X.

Finally, the claim that X, X implies that X, X if p>q>1
follows from Lyapunov’s inequality 2.7.

O
Stage m =0 ‘ - ‘Il Lol =2"m
Q T 3
Stage m =1 W I I3 |I,| =2"™
Stage m =2 | I | I | Is | Ir | =27
seogem 3 [ [ ] e

Lmgpor = (5L ], k=1,...,2™, m=0,12,...

Figure 5.1: The typewriter (piano-key) enumeration of dyadic intervals.

Ezample 5.9 (Convergence in probability does not imply a.s. convergence
(typewriter)). Let Q = (0, 1] with Lebesgue measure P, and define

Xp(w) =11, (w),

where (I5,)n>1 is the following enumeration of dyadic intervals: for each m >0
and k=1,...,2™ set

k-1 k
Lris = (T g
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1. Show that X, — 0 in probability.

2. Show that X, does not converge to 0 almost surely
(in fact, P(limsup,,_,,{Xn = 1}) = 1).

Remark 5.10 (LP convergence does not imply a.s. convergence either). The
typewriter sequence also converges in LP for every p € [1,00): E|X,|P =
P(l,) = 27™ — 0. So this single example simultaneously shows that LP
convergence (and convergence in probability) need not imply almost sure con-
vergence.

The typewriter example shows that convergence in probability does not
guarantee almost sure convergence. But what partial converse can be sal-
vaged? The answer—and one of the most useful technical tools in probability—
is the subsequence principle: convergence in probability always yields al-
most sure convergence along a subsequence.

Proposition 5.11 (Subsequence characterization of convergence in probabil-
ity). Let X,,, X be real-valued random variables on (2, F,P).

(a) Subsequence extraction. If X, SLEN X, then there exists a subsequence
(nk) such that X,, — X.

(b) Full characterization. X, —5 X if and only if every subsequence of
(Xy) has a further subsequence converging to X almost surely.

(c) Monotone upgrade. If Xy — X and the sequence (Xn) is a.s.
monotone nondecreasing (i.e. X,, < X,41 a.s. for alln), then X,, —> X.

Proof of (a). We construct (ny) by a diagonal argument using Borel-Cantelli.
For each m > 1, since P(|X,, — X| > 27™) — 0, we can choose n,, (strictly
increasing in m) such that

P(| Xp,, — X[ >27™) <27™.

Set Ay, := {| Xy, —X| > 27™}. Then ) > P(A,;) < 00, so by the first Borel-
Cantelli lemma, P(limsup,,, A,,) = 0. Hence for a.e. w, for all sufficiently large
m we have | X, (w) — X(w)| <27™, which gives X, (w) = X (w). O
Proof of (b). (=) If X,, — X, then every subsequence (Xn;) also converges
to X in probability. Part (a) applied to this subsequence gives the desired
further subsequence.

(<) By contrapositive: suppose X, 7&> X. Then there exist ¢ > 0 and a
subsequence (n;) with P(|X,,; — X| > ¢) > ¢ for all j. No further subsequence
of (Xp;) can converge to X almost surely, since a.s. convergence would imply
convergence in probability (hence P(|X,; — X| > ) — 0), contradicting
P(| Xy, —X[>¢) =€ O

Proof of (c). By (a), extract a subsequence X,, — X. For any index n,
choose k such that ny <n < ngy;. Since (X,,) is a.s. nondecreasing,

Xn, <X, <X, a.s.

k41
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Letting £k — oo, both endpoints converge to X a.s., so X,, — X a.s. by the
squeeze theorem. ]

Remark 5.12 (Why this matters). Part (a) is a workhorse: it lets us apply
tools that require a.s. convergence (Fatou’s lemma, dominated convergence)
within proofs that only assume convergence in probability. We use exactly this
strategy in the proof of Vitali’s theorem below. Part (b) is especially useful
for proving convergence in probability: instead of a direct e-§ argument, one
can show that every subsequence has a further subsequence converging a.s.
to the same limit. Part (c) appears in the proof of the Kolmogorov-Etemadi
SLLN (Chapter 6).

5.2 Continuous Mapping Theorem (CMT)

Theorem 5.13 (Continuous mapping: convergence in probability (continuous
case)). Let S, T be metric spaces, let X,,, X be S-valued random variables, and

let f: 58— T be continuous. If X, LN X, then

F(X0) = F(X).

Proof. Fix ¢ > 0 and n > 0. Since f is continuous, for every R > 0 it is
uniformly continuous on the compact set Bg(xo, R); in particular, we may
argue as follows.

Choose R > 0 such that IP’(dS(X, xo) > R) < 7 for some fixed g € S. By
uniform continuity of f on Bg(zo, R + 1), there exists 6 € (0, 1) such that

ds(r,y) <6 and dg(z,20) <R = dr(f(z),f(y)) <e.
Hence

]P)(dT(f(Xn)’f(X)) > 5) < P(dS(X7 i’o) > R) + P(dS(Xv :L‘U) <R, dS(Xan) > 5)
<+ P(ds(Xn, X) > 0).

Since X, 5 x , the last probability tends to 0. Taking limsup,,_,., gives
lim sup,, P(dr(f(X,), f(X)) >¢e) <n. Asn > 0 is arbitrary,
Pdr(f(X,), f(X)) > ) = 0. =

Theorem 5.14 (Continuous Mapping Theorem: weak convergence (contin-
uous case)). Let X,,, X be R%-valued random vectors and let f : RT — RF be
continuous. If X,, = X, then

f(Xn) = f(X).

Proof. Fix any g € Cy(R¥). Since f is continuous, the composition g o f
belongs to Cy,(R?). Hence, by the definition of X,, = X,

Elg(£(Xn))] = El(g 0 /)(Xn)] — El(g 0 /)(X)] = E[g(f(X))].

Since this holds for all g € Cy(R¥), we conclude that f(X,) = f(X). O
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Remark 5.15 (Discontinuities). Both versions of the continuous mapping prin-
ciple admit extensions to certain discontinuous maps: if f is Borel measurable
and P(X € Disc(f)) =0, then X, 5 x implies f(X,) LN f(X), and similarly
X, = X implies f(X,) = f(X). We will return to these extensions later
(after developing the weak convergence toolbox).

Ezample 5.16 (Using CMT). If X,, = X in R? then for any fixed a € R?,
a' X, =a' X,

and also
[ Xnll = 1 X]]-

Indeed, both maps z + a' = and z + ||z are continuous, so the claim follows
from Theorem 5.14.

Remark 5.17 (Why discontinuities matter). The conclusion can fail for dis-
continuous maps. For instance, for f(z) = 1;,<0}, the point 0 is a discon-
tinuity, and one needs an extra condition such as P(X = 0) = 0 to obtain

f(Xn) = f(X).
5.3 Slutsky’s theorem

Theorem 5.18 (Slutsky). Let X, be R%-valued and Y, be R™-valued random
vectors. Assume that

X, =X and Y,5ceRr™

Then
(X0, Yn) = (X, 0).

Remark 5.19. We will use Slutsky as a tool. A proof (using tightness of (X,,)
and uniform continuity on compact sets) is given in Appendix E.3.

Corollary 5.20 (Common special cases). Assume X, = X and Y, 5o
(real-valued, for simplicity). Then

X t+Y,= X+, XY, = cX,
and if ¢ # 0, also
X, X
Proof. Apply Theorem 5.18 and the Continuous Mapping Theorem with h(z, y)

x +y, h(z,y) =y, and (if ¢ # 0) h(z,y) = z/y. O

Ezample 5.21 (Preview: studentization via Slutsky). Suppose we are in a
situation where an estimator admits an asymptotic normal approximation

\/E<Xn - N) :>N(0702)7
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and suppose S, L & for some o > 0 (e.g. Sy is a consistent estimator of the
standard deviation). Then Slutsky implies

W:N(O,l).

We will prove a CLT later; this example shows why Slutsky is indispensable
in asymptotic statistics.

5.4 UI and convergence in L'

Definition 5.22 (Uniform integrability). A family of integrable random vari-
ables F C L! is called uniformly integrable (UI) if

lim sup E“X|1{|X\>K}] =0.
EF

K—oo x
A sequence (X,,)n>1 is UT if the set {X,, : n > 1} is UL

Theorem 5.23 (Vitali convergence theorem (UI + probability = L')). Let
(Xn)n>1 be integrable random variables and let X be a random variable. As-

sume that X, % X and that {X,} is uniformly integrable. Then X € L'
and
E|X, — X| — 0,

ie. X, — X in L.
Corollary 5.24 (Vitali: expectations converge). If X, 5 X and {X,} is Ul

then X € L' and
E[X,] — E[X],

provided the X,, are integrable (e.g. X, € L' for all n).

Proof of Thm. 5.23. Fix € > 0. By uniform integrability, there exists K < oo
such that

Sup]E“Xn’ 1{|Xn|>K}] <E. (5.1)
n>1
Define truncations
X = Xalyx,eny, XU = X xaxy-

Step 1: the truncated part converges in L'. We claim that XT(LK) — X )
in L. Fix n > 0. Since | X — X®)| < 2K, we have

K K K K
B - X 00] = B (10 = XL 00y

(K) _ x(K)

FE(X = X0 0oy
<+ 2K P(|XE) — XF| > p). (5.2)

Moreover, if |X,| < K and |X| < K, then |X\X) — X(®)| = | X,, — X|. Hence

{1X = x> )  {1X0 — X[ >0} U {|X] > K} U {|Xa] > K},
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Therefore

P(IX) — X B > ) <P X, — X| > n)+P(X]| > K)+P(|X,| > K). (5.3)

Since X, — X, we have P(| X, — X| >n) — 0.
It remains to control P(|X,,| > K) and P(|X| > K). By Markov,

1 €
P(IXn| > K) < ZE[[Xallyx,5x)] < 1z foralln,

using (5.1). Also, since X, £ X we can extract a subsequence X,; — X a.s.
(Proposition 5.11(a)); applying Fatou’s lemma along this subsequence gives

E[IX11(x1> k] < HminfE[1Xn, | 1x,,15)] <&,

so in particular P(|X| > K) < e/K by Markov.
Plugging these bounds into (5.3) and then into (5.2) gives

lim sup X — X (F)] < n+2K(0+ —+ i) =1+ 4e.
n—o0 K K

Since 1 > 0 is arbitrary, we obtain

lim sup E| X %) — X(5)| < 4e. (5.4)

n—+00
Step 2: tails are small in L'. We have

E|X, — X| < BIX{) = XU+ B[| X0 |1 x5 ] +E[1X x5 53]
Taking lim sup,,_, ., using (5.4), (5.1), and E[|X[1 x> k] < &, we get

limsupE|X, — X| <4e+ec+¢e = 6e.

n—oo

Since € > 0 is arbitrary, it follows that E|X, — X| — 0.
Finally, X € L' follows from X,, € L! and E|X,, — X| — 0 (triangle
inequality). O

Lemma 5.25 (L' convergence implies uniform integrability). If X,, — X in
LY, then the family {X,, : n > 1} is uniformly integrable.

Proof. Fix ¢ > 0. Since X € L', choose Kj such that
E[IX[Lx)>K0}] <&
Next choose N such that for all n > N,
E|X, - X|<e.
Let K :=2Ky. For n > N we have

| Xnllyx,>2k0) < [ X1 x)5> K0y T [ Xn — X|.
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Indeed, on {|X,,| > 2K} either |X| > Ky or else |X| < Ky, in which case
| X, —X| > | X,|—|X| > Ko and hence | X,,| < |X|+]|X,—X| < Ko+|X,—X]| <
2| X,, — X| so the displayed bound holds (and in any case the inequality above
is valid pointwise). Taking expectations yields, for n > N,

E[|Xn|1{\Xn\>K}] < E[|X’1{|X\>KO}] +E|X, — X| < 2e.

For the finitely many indices n =1,..., N — 1, choose K > 2K large enough
so that

(e B[ Xallyx, -] <2,
which is possible since each X,, € L'. Then sup, E[| Xn|1yx, s k3] < 26,
proving uniform integrability. O

Proposition 5.26 (Easy direction in Vitali’s Theorem). If X,, — X in L',
then X, 5 X and {X,} is uniformly integrable.

Proof. Markov gives X, B x.

E|X, — X
P(|X, — X|>¢) < ”5|H0.
Uniform integrability follows from Lemma 5.25. O

5.5 Skorokhod’s Theorem

Theorem 5.27 (Skorokhod representation theorem). Let (S,d) be a Polish
space (complete separable metric space) with its Borel o-field. Let X,, X be
S-valued random elements such that

X, = X.

Then there exist a probability space (ﬁ,]?, ]f”) and S-valued random elements

X, X on it such that

X, tx, X%<x  and X,— X as

Remark 5.28 (How to read/use it). We state this theorem without proof
(apply-only). Skorokhod does not upgrade X,, = X to a.s. convergence on
the original probability space. It produces a new coupling (X, X) with
the same marginal laws and with almost sure convergence. To pass from a.s.
convergence to convergence of expectations, one still needs an integrability
condition (e.g. uniform integrability).

Corollary 5.29 (Weak convergence + UI implies convergence of expecta-
tions). Let (Xy)n>1 be real-valued random variables. Assume that

X,= X and { Xy }n>1 1s uniformly integrable.

Then X € L' and
E[X,] — E[X].
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5.6 Weak Convergence/Convergence Toolbox

5.6.1 General CMT

Theorem 5.30 (Continuous Mapping Theorem (general form)). Let S, T be
metric spaces. Let X, , X be S-valued random elements such that

X, = X.
Let f: S — T be Borel measurable and assume
P(X € Disc(f)) = 0.

Then
f(Xn) = f(X).

For proof see Appendix E.2.

5.6.2 Criteria for Ul

Definition 5.31 (Equivalent e—§ form for UI). A family F C L' is UT iff for
every € > 0 there exists K < oo such that for all X € F,

E[1X|Lyxpry ] <e

Equivalently, for every € > 0 there exists ¢ > 0 such that for all measurable A
with P(A) < 6 and all X € F,

E[1X]14] <e.

Proposition 5.32 (A useful U criterion: L!'T%-boundedness). Let (X, )n>1
be random variables. If there exists § > 0 such that

sup E|Xn]1+§ < 00,
n>1

then the family { X, : n > 1} is uniformly integrable.
Proof. Let M := sup,, E|X,|'*® < co. For any K > 0 and any n,

X 1446
| X | L x5 i) < | ;{5 (since on {|X,| > K} we have | X,,| < |X,|'*°/K?).

Taking expectations yields

E’Xn‘l—i-é M
E[|Xullyx,>r1] < =5 < 1%

Taking sup,, and letting K — oo gives
li E||X,|1 =0
Jim sup B[ XalLyx,1»x1] =0,
which is exactly uniform integrability. O

Remark 5.33 (de la Vallée-Poussin criterion). A more general sufficient con-
dition is: if there exists a convex increasing function @ : [0, 00) — [0, 00) with
®(x)/r — oo as x — oo such that sup, E[®(|X,|)] < oo, then {X,} is UL
Proposition 5.32 is the special case ®(t) = t119.
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5.7 Exercises

Homework

Exercise 5.34 (in probability but not in L'). Give a counterexample where
X, 50 but X, 4 0in L'. (Compute E|X,,| explicitly.)
Ezercise 5.35. Prove that X,, — X in L* implies X, E) X.

Exercise 5.36 (Convergence in distribution does not imply convergence in prob-
ability). Let X be a N'(0, 1) random variable. Let (g,,),>1 be i.i.d. Rademacher
random variables (i.e. P(e, = 1) = P(g,, = —1) = 1/2), independent of X.
Define

X, =e, X.

1. Show that X,, = X.

2. Show that X,, does not converge to X in probability.

Ezercise 5.37 (CMT can fail at discontinuities). Let f(x) = 1{;50y. Give an
example with X;, — 0 (even in probability) such that f(X,,) does not converge

to £(0).

Additional Exercises

FEzercise 5.38 (LP but not L7 for ¢ > p). Work on ([0,1],B,)). Fix 1 < p <
q < oo and define
Xn(z) = nl/a 1(0,1/n) (x).
Show that X, — 0 in L? but X,, /A 0 in LY.
Ezxercise 5.39 (Weak = probability when the limit is constant). Assume X,, =

¢ where ¢ € R is constant. Prove that X, K c.

Other modes of convergence for measures

The notions introduced above concern convergence of random variables.
One can also ask how sequences of measures (or laws) converge. Weak
convergence of measures is defined by testing against bounded continuous
functions; here we briefly introduce two relatives: vague convergence (test-
ing against compactly supported functions) and setwise convergence (testing
against all measurable sets). The exercises below explore when these notions
agree and when they differ.

Definition 5.40 (Vague convergence). Let E be a locally compact Hausdorff
space (e.g. R?) and let M(E) denote the set of (Radon) measures on E, i.e.
finite on compact sets and inner regular (e.g. Borel probability measure). A
sequence (pn)n>1 C M(FE) is said to converge vaguely to p € M(E) if

/ fdun, — / fdu for every f € C.(E),
E E

where C.(FE) is the space of continuous functions on F with compact
support. We write 11, — L.
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Ezercise 5.41 (Vague but not weak: mass escapes to infinity). Let p, = d, be
the Dirac probability measure at n on R.

1. Show that for every f € C.(R) one has

/fdun = f(n) — 0.
R

Conclude that u, — 0 vaguely (as Radon measures).

2. Show that (u,) does not converge weakly to any probability measure on
R.

3. Show that (u,) is not tight, i.e. there is no compact K C R with
sup,, pn (K€) small.

Ezercise 5.42 (When does vague convergence upgrade to weak convergence?).
Let (1) be probability measures on R? and let ;4 be a Radon measure on R
Assume that

[tdun [ran vrecimy

(i.e. pn — p vaguely) and that u(R?) = 1. Show that u is a probability
measure and that in fact p, = p (weak convergence).

Definition 5.43 (Setwise convergence). Let (E, £) be a measurable space and
let i, 1 be (finite) measures on (E, ). We say that p,, converges setwise to
w if for every measurable set A € &,

ta(A) — u(A) (0= o0).

Equivalently,
/ fdu, — / fdu for every bounded measurable f : £ — R.
E E

Ezxercise 5.44 (In probability does not imply setwise convergence of laws).
Let X be Bernoulli with P(X = 0) = P(X = 1) = 3. Let (gn)n>1 be iid.
Rademacher random variables (i.e. P(e, = 1) = P(g, = —1) = 3), indepen-

dent of X. Define )
X, =X+ —e,.
n

Let pu, = £(X,) and p = L(X).
1. Show that X,, — X almost surely (hence X,, — X in probability).

2. Consider the fixed Borel set A := (—o00,0]. Compute pu(A4) =P(X € A)
and p,(A) =P(X,, € A).

3. Conclude that p, does not converge to u setwise, i.e. it is not true
that p,(B) — w(B) for every Borel set B.

Does the sequence (X,) converge weakly?
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Chapter 6

SLLN

N/ he Strong Law of Large Numbers (SLLN) asserts that sample
averages converge almost surely to the population mean—not
22 merely in probability, as the Weak Law guarantees. This distinc-
tion iSfindamental: almost sure convergence means that a single, sufficiently
long realization of the experiment will reveal the true mean, which is the theo-
retical backbone of Monte Carlo simulation, empirical distribution estimation,
and statistical inference.

This chapter develops the SLLN in stages of increasing generality. We
begin with the Kolmogorov-Etemadi theorem (Section 6.1), which is remark-
able for requiring only pairwise independence and a finite first moment. We
then present Kolmogorov’s variance summability SLLN (Section 6.2), which
handles non-identically distributed variables under full independence, along
with the closely related Three-Series Theorem. Table 6.1 below summarizes
the landscape.

Version Indep. Moment i.d.?
4th moment (App.) mutual E|X:]* < o0 yes
Finite variance (App.) mutual EX? < yes
Var. summability (§6.2) mutual Y Var(X,)/n?<oco  no
Kolmogorov-Etemadi (§6.1) pairwise E| X1 < > yes
Table 6.1: Comparison of SLLN versions. “Indep.” = independence assumption;
“i.d” = identically distributed. Weaker assumptions appear lower.

The appendix contains proofs of the supporting lemmas (Cesaro, Kro-
necker), the proof of Kolmogorov’s maximal inequality (stated in Section 6.2),
the proof of the Kolmogorov—Khinchin convergence theorem (also stated in
Section 6.2), the simpler 4th-moment and 2nd-moment proofs of SLLN, the
complete proof of the Three-Series Theorem, and a connection between the
SLLN and Birkhoff’s ergodic theorem.

69
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6.1 Kolmogorov-Etemadi Theorem

The following theorem in the case of i.i.d. random variables was proved by
Kolmogorov. Etemadi [Ete81] found an easier proof which proves the theorem
under a weaker assumption of pairwise independence.

Statement

Theorem 6.1 (Kolmogorov—Etemadi SLLN). Let (X,,),>1 be pairwise in-
dependent, identically distributed random wvariables with E|X;| < oo.

Then g
—= 25 E[Xq],
n

where S, = X1+ -+ X,

Remark 6.1. The remarkable feature of this theorem is that it requires only
pairwise independence rather than full (mutual) independence. This makes
it applicable in settings where full independence fails but pairwise indepen-
dence holds.

Proof

Step 0: Reduction to the centered case

By considering X,, — E[X}] in place of X,,, we may assume without loss of
generality that E[X1] = 0. Our goal is then to show that S,,/n — 0 a.s.

Step 1: Truncation

Define the truncated random variables
n
Yi=Xilyxgery,  To= Y
k=1

Claim 6.2. Xj # Y only finitely often, almost surely.

Proof of Claim. Since X is integrable, we have

S PXi # Vi) =) P(IXil > k) = P(IX1| > k) <E[X3]| < oc.
k=1 k=1 k=1

The final inequality follows from the standard bound }";7, P(|X| > k) < E|X]|

for any nonnegative random variable. By the first Borel-Cantelli lemma,

P(Xy # Yy i.0.) = 0.

Since X = Y} for all sufficiently large k£ almost surely, we have

- T
M—>0a.s.
n

It therefore suffices to show that 7),/n — 0 a.s.
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Step 2: Centering the truncated variables

Define the centered truncated variables

1 n
Claim 6.3. — » E[Y;] =0 — 00.
aim - ; (Y] as n — oo

Proof of Claim. By the dominated convergence theorem,
k
E[Y:] = E[X11{x,<k}] —— E[X1] = 0.

By Cesaro’s lemma (Lemma F.2), if a sequence ay, — L, then % > p_qar — L.

Hence
n

> E[Vi] = 0.

k=1

S

O

Since Ty, = Ty, + >y E[Yx], it now suffices to show that T, /n — 0 a.s.

Step 3: Convergence along a subsequence

Fix o > 1 and define the subsequence n; = || for j > 1. We will show that
Tn,/nj — 0 as.

By Chebyshev’s inequality,
Var(Th,)

2
J

P(|Tng| > 5nj) < 2n

Since the (X}) are pairwise independent, so are the (Y}), and hence

j nj
Var(T ZVar Vi) =) Var(Vy) <) E[Y?).
k=1 k=1
Therefore,
_ 1 W
P(ITn,| > enj) < 55 > E[XT1q1x, <n]-
Jk 1

We now sum over j and interchange the order of summation:

> 1
Z ZE Xlgxiem] = D EXTnian] 3 -

J k=1 k=1 §>1
TLJZIC

Since n; = |a’ | ~ af, there exists a constant C' = C(a) > 0 such that

1 C
2737'
i1 "
n;>k
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Thus,

> > E[X?1
k=1 k=1

Lemma 6.4 (Variance Summability Lemma). For any random wvariable Z
with E| Z| < oo,
WEZ{MQH

k=1

M

< 2E|Z|.

Proof. Using Fubini’s theorem to interchange the sum and expectation,
- E[Z 1{|Z|<k}} 1
2
> CEZ XY
k=1 k>|Z|

2
<E [Zz |Z|] (since Z k™2 < 2/m for m > 1)
k>m

= 2E|Z|.

Applying Lemma 6.4 to (6.1), we obtain
o0
— 2C
D P(ITn,| > eny) < S E[Xy] < oo.
=1 ©
By the first Borel-Cantelli lemma,
P(|Ty,| > enj io.) =0.

Since this holds for all € > 0, we conclude that

%

Step 4: Interpolation between subsequence terms

It remains to extend the convergence from the subsequence (n;) to all of N.
For nj <n < nj;q1, we write

E_Tn Tn_Tnj

— J
n n n

For the first term, since n;/n > n;/nj1 — 1/, we have

n n;g n nj
For the second term, we bound
Tn—Tn| 1
< — Y
Tulc LSy
k‘=n]'+1
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Key observation: The random variables |Yi| = |Xk|1{x, <} are pair-
wise independent and nonnegative. Although they are not identically dis-
tributed (the distribution of |Yy| depends on k), the same subsequence argu-
ment from Step 3 applies: what is needed is only the variance summability
bound and the Borel-Cantelli lemma, neither of which requires identical dis-
tributions. Applying this argument to the nonnegative pairwise independent
sequence (|Yy|) shows that

-
1 J
—~ > Vi = E|X| as.
J k=1

E|X1]), we have

1 JEhsy —_— 1 Ay anr]_ — TL]'
- Z Y| < o Z \Yk|+TE|X1|-
T k=n;+1 T k=n;+1 J

For the first part, using the subsequence convergence for |Y|:

njt1 nj41 n;
1 < j 1 1
= > W= Y- =Y
T k=n,+1 o Lo =1

— a-E|X;| - E|X1| = (a — 1)E|X;] a.s.

. nig —MNn o . .
Since % — a — 1, combining these bounds gives:
J

lim sup
n—oo

T
”‘ <0+ 2(a—1)E|X4] as.
n

Since @ > 1 was arbitrary and can be taken arbitrarily close to 1, we
conclude that

n

lim sup
n—oo

= 0’
and hence T,,/n — 0 a.s.

Conclusion

Combining Steps 1-4, we have shown that

Sn:Sn—Tn+

1 & T,
=D EVi]+ =" —=0+0+0=0as.
n n n n

k=1

This completes the proof. ]

Summary of Key Techniques

(i) Truncation and Borel-Cantelli: Reduces the problem from unbounded
to bounded random variables.
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(ii) Centering and Cesaro: Handles the bias introduced by truncation.

(iii) Subsequence argument: Proves convergence along an exponentially
growing subsequence n; = |a’ | using Chebyshev’s inequality and the
variance summability lemma. Crucially, this only requires pairwise in-
dependence (for the variance identity).

(iv) Interpolation: Extends convergence from the subsequence to all in-
tegers by bounding the maximum by a sum of absolute values, then
applying the subsequence convergence to |Yx|. The error (o — 1)E|X|
can be made arbitrarily small by choosing « close to 1.

(v) Pairwise independence suffices: The proof uses only Chebyshev’s in-
equality (which requires pairwise uncorrelatedness for the variance iden-
tity) and the Borel-Cantelli lemma. No maximal inequality (like Kol-
mogorov’s inequality in Theorem 6.2) is needed, which is why pairwise
independence suffices.

Remark 6.5 (Connection to ergodic theory). There is an elegant alternative
perspective on the SLLN: one can derive it as a consequence of Birkhoff’s
pointwise ergodic theorem by embedding the i.i.d. sequence into the shift dy-
namical system on the product space [[72; R. This viewpoint illuminates why
the SLLN is fundamentally a statement about ergodicity of the shift. See the
appendix (Section F.6) for details.

6.2 Kolmogorov’s SLLN (variance summability ver-
sion)

The Kolmogorov—Etemadi theorem achieves the SLLN under the minimal mo-
ment assumption E|X;| < oo, but its proof is long and uses only pairwise
independence and Chebyshev’s inequality. When mutual independence is
available, a more powerful tool—Kolmogorov’s maximal inequality—leads to
a shorter proof and a more general result that applies to non-identically dis-
tributed variables. We develop this approach in three stages: the maximal
inequality, a convergence theorem for series, and the SLLN.

Kolmogorov’s Maximal Inequality

The following inequality sharpens Chebyshev’s bound by controlling the max-
imum of partial sums at no extra cost.

Theorem 6.2 (Kolmogorov’s Maximal Inequality). Let Xi,..., X, be inde-
pendent random variables with E[X;] = 0 and Var(X;) = 0? < oco. Let
Sk = Z?:l X; and s2 = > i1 JJQ». Then for any £ > 0,

2
Sn

> < .
P(lzfgnisk' 2 ﬁ) <
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Compare this with Chebyshev’s inequality, which gives P(|.S,| > ¢) <
s2/¢%. The remarkable feature is that replacing |S,| by maxy<, |Sk| does not
worsen the bound. This “max costs nothing” property is what enables the
upgrade from L? convergence to almost sure convergence.

The proof requires mutual independence (not just pairwise) and is given
in the appendix (Theorem F.4).

Kolmogorov—Khinchin Convergence Theorem

The maximal inequality has an important consequence for the convergence of
series of independent random variables.

Theorem 6.3 (Kolmogorov-Khinchin Convergence Theorem). Let (X,,)n>1
be independent random variables with E[X,] = 0 for all n. If

Z Var(X,,) < oo,
n=1

then Y o2 | X, converges almost surely.

Note that the hypothesis Y Var(X,) < oo immediately gives L? conver-
gence of the partial sums (since E[(S, — Sm)?] = Y p_,,,1 Var(Xy) — 0).
However, L? convergence does not imply almost sure convergence in general—
recall the typewriter sequence from Chapter 5. The content of the theorem is
the upgrade from L? to a.s. convergence.

The proof applies Kolmogorov’s maximal inequality to the tail supy,,,, [Sk—
Sm| and uses a Cauchy criterion argument. For the complete proof, see the
appendix (Theorem F.6).

Variance Summability SLLN

The theorem below is the main result of this section. It applies when variables
are mutually independent but not necessarily identically distributed.

Theorem 6.4 (Kolmogorov’s Variance Summability SLLN). Let (X,,)n>1 be
independent random variables with E[X,,] = u, and finite variances. If

o

Var(X
e
n
n=1
then
1 n
- Z(Xk — i) >0 as.
k=1
In particular, if X1, Xo, ... are i.i.d. with mean p and finite variance o?, then
Xn = oas.

The pairwise independence is not sufficient for this theorem (without im-
posing additional conditions) although the counterexamples are very subtle.
See Csorgd, S., Tandori, K., Totik, V. (1983). “On the Strong Law of Large
Numbers for Pairwise Independent Random Variables,” Acta Math. Hungar.
42, 319-330.
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Proof. Step 1: Reduction to centered variables.
Let Y, = X,, — un. Then (Y,) are independent with E[Y,] = 0 and
Var(Y;) = Var(X,). We need to show 1, — 0 a.s., where S, = > }_; ;.
Step 2: Convergence of the weighted series.
Consider the series > o7, % We verify the hypotheses of Theorem 6.3:
o Independence: The Y, /n are independent since the Y, = X,, — p,, are
independent.
o Centered: E[Y,,/n] = E[Y,]/n = 0.
o Variance summability: >,°  Var(Y,/n) => 7", Va‘;ff") =2 ne1 Varrgfn)
oo by hypothesis.
By the Kolmogorov—Khinchin theorem, Y >, % converges almost surely.
Step 3: Apply Kronecker’s lemma.
By Kronecker’s lemma (Lemma F.3 in the appendix; the general form with
bn, = n increasing to co), since Y -, % converges a.s. (from Step 2), we obtain

R S
— E V=" =0 as.
n n
k=1
This completes the proof. O

Summary of Key Techniques

(i) Variance summability: The hypothesis Y Var(X,)/n? < oo ensures
that > Y, /n satisfies the conditions of Kolmogorov—Khinchin.

(ii) Kolmogorov—Khinchin (Theorem 6.3): Upgrades L? convergence
to almost sure convergence of the series Y, /n, using Kolmogorov’s
maximal inequality internally.

(iii) Kronecker’s lemma: Transfers convergence of > Y}, /n to convergence
of the Cesaro means S, /n — 0.

Generalization: Kolmogorov’s Three-Series Theorem

The variance summability SLLN concerns averages S, /n, which it reduces to
the convergence of the series ) Y,, /n via Kronecker’s lemma. The Kolmogorov—-
Khinchin theorem, however, applies to any series of independent centered
variables with summable variances. Combined with truncation and center-
ing techniques, this leads to a complete characterization of when a series of
independent random variables converges almost surely.

Theorem 6.5 (Kolmogorov’s Three-Series Theorem). Let (X,,)n>1 be inde-
pendent random variables. Fix any constant ¢ > 0 and define the truncated
variables Yy, = Xplyx,|<c}- Then d>ooe 1 Xy converges almost surely if and
only if the following three series all converge:

(1) 2 onz1 P(1Xn] > ¢)
(1)) 3 0= E[Ya]
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(iii) Y00, Var(Yy,)

Moreover, if these conditions hold for one wvalue of ¢ > 0, they hold for all
c> 0.

The three conditions control the three potential obstacles to convergence:
(i) large jumps (truncation error is finite by BC I), (ii) drift (the truncated
means don’t accumulate), and (iii) fluctuation (the variances are summable).
The full proof is given in Section F.5 of the appendix. The sufficiency direction
is a clean application of Kolmogorov—Khinchin:

Proof sketch (sufficiency). Assume the three conditions hold. By (i) and the
first Borel-Cantelli lemma, X,, # Y;, for only finitely many n, so _ X,, con-
verges a.s. if and only if > Y, does. By (ii), > E[Y,] converges, so > Y,
converges a.s. if and only if > (Y,, — E[Y},]) does. The centered variables Z,, =
Y,, —E[Y,,] are independent with E[Z,,] = 0 and > Var(Z,) = > Var(Y,,) < oo
by (iii). By the Kolmogorov—Khinchin theorem (Theorem 6.3), > Z,, con-
verges a.s. ]

Remark

The theorem is sharp: all three conditions are genuinely needed. For example,
> 1 diverges even though conditions (i) and (iii) would be trivially satisfied
for deterministic X,, = 1/n truncated at any ¢ > 1—condition (ii) fails.

Note that just orthogonality (i.e. the assumption of uncorrelatedness) or
even pairwise independence rather than full independence of the X;’s is not
enough to get an a.s. limit. Counterexamples are hard. On the other hand, if
we impose stricter condition on the summability of variances, then SLLN can
be recovered for pairwise independent and even uncorrelated random variables.
According to classical results of Rademacher-Menchoff, for orthogonal X; (i.e.
mean zero and uncorrelated) the condition

Z(logQ i)o? < oo
i
is sufficient for a.s. convergence of S, to 0. In the opposite direction, if b; 1

with b; = o(log?i) there exist orthogonal X; such that S bio? < oo and S,
diverges almost surely.

When we have some additional information on the moments of the random
variables X,,, the strong law can be improved by using Kolmogorov’s method.

Lemma 6.6 (Generalized Kronecker’s Lemma). If ap, T 0o and > 7z, /an
converges, then

1 n
—ij—>0asn—>oo.
n =

‘7:

For example, if a,, = n, then we recover the usual Kronecker’s Lemma.
For a proof, see Theorem 2.5.9 in Durrett.
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Theorem 6.7. Let X1, Xo, ... be i.i.d. with EX; =0, EX? = 02 < 00, and
let S, =X14+ ...+ X,,. If e >0, then

Sn,
nt/2(logn)l/2+e ~

with probability 1 as n — co.

Proof. Let a, = n'/?(logn)'/?*¢ for n > 2 and a; > 0. Then,

1 1
_ 2
En Var(Xn/an) =0 ;% + ng>2 W < 00.

So by Theorem 6.5, ), X, /a, converges with probability 1, and an applica-
tion of the Kronecker Lemma delivers the result. O

6.3 Applications of the Strong Law

As our first application, we establish the Glivenko—Cantelli Theorem, which
is fundamental in statistics. The question is how we can estimate the cdf of a
random variable X if we only have a sample of independent realizations of X,
an i.i.d. sample X4,..., X,,.

One possible estimator is the empirical distribution function, defined
as

F(w,t) =

S

n .
Zl _ i Xj(w) <z
Xj(w)<z = :
n

j=1
In other words, F,,(t) is the fraction of values in the sample (X7, ..., X,) which
are < t. We wrote F;,(w, t) in the definition to emphasize that this is a random
function. For conciseness, w is typically suppressed.

As a function of ¢ (with a fixed w), F},(¢) is a step function with jumps at
X; and the size of every jump equal to 1/n.

Theorem 6.8 (Glivenko—Cantelli). As n — oo, F,(t) converges to F(t) uni-
formly on R with probability 1. That is,

sup }Fn(t) —F(t)] = 0.
teR

Proof. First, let us prove that the convergence holds for every t. Let Y, =
1x,<¢. Then Y, arei.i.d. and

EY, = ]P)(Xn < t) = F(t)v

~n
Some effort is needed to prove that the convergence is uniform. We want to
prove that there is a set Q C €, such that P(2) = 1, and for every w € Q and
e > 0 one can choose N (w, ) such that for alln > N, sup,cg | Fn(t)—F(t)] < e.

so by SLLN, F,(t) := 4 > j-1Yj — F(t) for every t € R.
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Let Y, be as above and let Z,, = 1x, «;. Then

EZ,=P(X <t)=F(t—) := liITItl F(z).
and F(t—) = £ Y0 Z; = F(t—).
Fix £ > 2 and introduce k — 1 points ¢, 1 < j < k — 1, defined as
tjr = inf{y : F(y) > j/k}. While it can happen that F'(t;)—F(tj—1%) > 1/k,
we always have

F(tjr—) — F(tj—1x) < 1/k. (A4)

Since for a given k, there is only a finite number of points ¢;, we can
extend the almost sure convergence to all of them. In more detail, we can take
the intersection of the sets of w for which the convergence holds for a fixed
point t; ;. Let the intersection be denoted ;. Then P(€2;) = 1 and for each
w € Q, we can find N(w, 1) such that if n > N, then

1 1
|[Fu(tin) = F(tip)| < 7 and [Fo(tjp=) = F(tj =) < 7 (B)
If we let z9) = —oo and z3, = oo ,then the last two inequalities hold for

j=0ork.

Then for the points between ¢;; we can do the following estimate. Let
ti—1k <« < tjr. Then we use monotonicity and properties (A) and (B) to
get:

M B 1A 2 M 2
Fu(x) < Fa(wjn—) < Flzje=) + ¢ < Flzjoe) + o < Fle) + £
Similarly,
M B 14 2 M 2
Fn(2) 2 Fn(zj-1) 2 Fzj1p) = 3 2 Flejp—) = 2 Fla) = .
and therefore sup, |F,,(z) — F(z)| < 2. Then we can take Q = Ny, O and
the desired result is proved. O

The second application is Shannon’s theorem.

Let X1, Xo,... be i.i.d. with X; € {1,...,r} and P(X; = k) = p(k) > 0
for 1 < k < r. Here we are thinking of 1,...,7 as letters of an alphabet, and
X1, Xoa, ... are the successive letters produced by an information source. The
information source is very simple in this example since it produces independent
letters. Let mp,(w) = p(X1(w)) ... p(Xn(w)) be the probability of the realization
we observed in the first n trials.

Note that m,(w) is random: unless all p(k) are the same, the probability
of the first n letters depends on how many letters of each type are in this
sequence.

Since logy 7, (w) is a sum of independent random variables, it follows from
the strong law of large numbers that

1 -
——logmy(w) = H := = > p(k) log, p(k)
k=1
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The constant H is called the entropy of the source and it is a measure of
how random it is. A consequence of the almost sure convergence above is the
following property: If € > 0, then as n — oo

IP{T"(H“) < mp(w) < 2*"<H*€>} S

So with very large probability a sequence of n initial letters will have
probability 7, (w) > 27"H+2) We can conclude that there are no more than
2n(H+e) of such sequences, which is typically much smaller than the number
of all sequences ™.

This can be interpreted as saying that if we have all sequences of symbols
0 and 1 that consist of (H + ¢)n letters, we can reliably code the messages
of n letters from the alphabet. Here reliably means that the probability that
we cannot code a message produced by the informational channel becomes
arbitrarily small as n grows.

6.4 Exercises

Homework

Ezercise 6.9. Let (X;),>1 be independent random variables with P(X,, =
n)=P(X,=-n)= ﬁ and P(X,, =0)=1— # Show that X,, — 0 almost
surely.

FEzercise 6.10. (SLLN for Random Signs) Let (an)n>1 be a sequence of real
numbers and let (¢,,)p>1 be i.i.d. Rademacher random variables, i.e., P(e, =

1) = P(e, = —1) = 1. Show that > %, aye, converges almost surely if and
only if >, a2 < 0.

Ezercise 6.11. (Borel’s Normal Number Theorem) Let x € [0, 1] be chosen
uniformly at random, and let d,(z) € {0,1,...,9} be the n-th digit in the
decimal expansion of z. Prove that for almost every z,

1 1
—#{kgn:dk(x):j}%l—o for each j € {0,1,...,9}.
n

Ezercise 6.12. (Converse to SLLN) Let (X;)n>1 be ii.d. random variables.
Suppose X,, — ¢ almost surely for some constant ¢ € R. Prove that E[|X1]] <
oo and E[X;] = c.

Additional Exercises

Foundational Exercises

Exzxercise 6.13. Prove the general form of Kronecker’s lemma: if 0 < b, T oo
and Y o7, 92 converges, then é g ar — 0.

n=1 b,
FEzxercise 6.14. Let (X,)n>1 be independent random variables with P(X,, =
2") = P(X, = —2") = 22% and P(X,, =0) =1— 2%%1 Determine whether

Y2, X, converges almost surely.
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Ezercise 6.15 (Tail-sum lemma). Assume E|X| < co. Prove that

> P(IX|>n) < oo
n=1

Ezercise 6.16 (If averages converge, then increments are small). Let S, =
> p—q Xk. Show that if S,/n — L € R, then

X
0.
n

Ezxercise 6.17. Why does the proof of Kolmogorov-Etemadi theorem (Theorem
6.1) fails for pairwise uncorrelated identically distributed random variables
X1, Xo,...7

Ezercise 6.18. Recall the following notation: for a sequence of events {A,},
we define a new event {4, i.0.},

{A,i.0.} =limsup A4, = w%gnoo U A,

AU

m n>m
In words, {A,,i.0.} consists of outcomes w that repeat infinitely often, that is,
they are in infinitely many A,.
Let X, Xo,..., are i.i.d. with E|X;| = oo and S,, = X1 + ...+ X,,, then
1. P(|Xn| > nio.) =1,and

2. ]P’(hm 2n exists and € (— oo,oo)) = 0.

This exercise shows that the assumption E|X| < oo is necessary for the
validity of the strong law of large numbers.

Counterexamples (Sharpness of Conditions)

Ezercise 6.19. (a) Let (Xp)p>1 be iid. with P(X; =1) = P(X; = —1) =

%. Show that X,, — 0 a.s. and verify that the variance summability

condition Var( X") < o0 is satisfied.

(b) Construct i.i.d. random variables (Y,),>1 with E[Y;] =0, Var(Y;) = oo
but E[|Y1]|] < oo, so that the SLLN still holds.
Ezercise 6.20 (HW: Sharpness of integrability (a concrete counterexample)).
Construct i.i.d. (X,) such that E|X;| = oo and %" does not converge to a
finite limit a.s.
One option: take

P(X;=k)=P(X, = k)= ——

with ¢ chosen so total probability is 1.

Ezercise 6.21. Let (X;)n>1 be i.i.d. with the symmetric Cauchy distribution,

i.e., with density f(z) = i + 7 Show that X,, does not converge almost

surely. In fact, prove that X, 4x 1 for all n.
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Extensions and Variations

Ezercise 6.22. (Marcinkiewicz—Zygmund SLLN) Let (X,,),>1 be ii.d. with
E[|X1|P] < oo for some 1 < p < 2, and E[X;] = 0 when p > 1. Prove that
S,

= 50 as
n1ﬁ7 o

where S, =Y 1| Xk.
Ezxercise 6.23. (Weighted Strong Law) Let (X,,)n,>1 be independent random

variables with E[X,,] = 0 and Var(X,,) < C for all n. Let (wy),>1 be positive
weights with W, = >} | wi, — co. Show that if >, ;UV—% < 00, then

1 n
—A*EE:QUKX% — 0 a.s.
W k=1

Ezercise 6.24 (Etemadi maximal inequality). Let Sy := Z,’f:l X; for indepen-
dent random variables (X;). Show that for every ¢ > 0,

IP’( max |Sg| > 3t> <3 max P(|Sk| > 1).
1<k<n

1<k<n

Applications

Ezercise 6.25. (Monte Carlo Integration) Let f : [0,1] — R be measurable
with fol f(z)?dr < co. Let (Uy,)p>1 be ii.d. Uniform[0, 1] random variables.
Show that

1 & 1
- f(Uk) = | flz)dz as.

FEzercise 6.26. (Convergence of Random Series) Let (X,,),>1 be independent
with X,, ~ Uniform[—ay,ay] for a sequence (ay,)n,>1 of positive reals. Show

that Y °° | X,, converges almost surely if and only if Y °° a2 < ococ.

FEzercise 6.27 (6.13). Prove the general form of Kronecker’s lemma: if 0 < by, 1

oo and ) 7, §* converges, then é Y g ar — 0.

Ezercise 6.28 (6.14). Let (X,)n>1 be independent random variables with

P(X, = 2") = P(X, = —2") = 5 and P(X, = 0) = 1 — 5. Deter-

mine whether >~°>° , X,, converges almost surely.

Ezercise 6.29 (6.19). (a) Let (Xp)n>1 be i.id. with P(X; = 1) = P(X; =
-1) = % Show that X,, — 0 a.s. and verify that the variance summa-

bility condition ) Varl¥n) < o0 is satisfied.

n

(b) Construct i.i.d. random variables (Y},)n>1 with E[Y7] = 0, Var(Y;) = o0,
but E[|Y1]] < oo, so that the SLLN still holds.
Ezercise 6.30 (6.21). Let (Xpn)n>1 be 1.i.d. with the symmetric Cauchy distri-
bution. Show that X,, does not converge almost surely. In fact, prove that
- d
X, = Xj for all n.
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FEzercise 6.31 (6.22). (Marcinkiewicz—Zygmund SLLN) Let (X,)n>1 be ii.d.
with E[|X1|P] < oo for some 1 < p < 2, and E[X;] = 0 when p > 1. Prove that

Sn .
1 — 0as.

Ezercise 6.32 (6.23). (Weighted Strong Law) Let (X,),>1 be independent
random variables with E[X,] = 0 and Var(X,,) < C for all n. Let (wy)n>1

2
be positive weights with W,, = >}, wy — co. Show that if Y >° | 7% < oo,

then Win Y opeq wp X — 0 as.

FEzercise 6.33 (6.10). (SLLN for Random Signs) Let (ay)n>1 be a sequence of
real numbers and let (,,)p>1 be i.i.d. Rademacher random variables. Show
that >°°° | ane, converges almost surely if and only if Y00 ; a2 < oc.

Ezercise 6.34 (6.11). (Borel’s Normal Number Theorem) Let = € [0,1] be
chosen uniformly at random, and let d,,(z) € {0,1,...,9} be the n-th digit in
the decimal expansion of z. Prove that for almost every x,

1 1
ﬁ#{k‘gn:dk(ac):j}%ﬁ for each j € {0,1,...,9}.

Ezercise 6.35 g6.25). (Monte Carlo Integration) Let f : [0,1] — R be mea-
surable with [ f(2)?dz < co. Let (Up)n>1 be i.i.d. Uniform[0, 1]. Show that
§ Sk FU) = fy fl@) da as.

Ezercise 6.36 (6.26). (Convergence of Random Series) Let (X,,)p>1 be inde-
pendent with X,, ~ Uniform[—ay, a,]. Show that > > | X, converges almost
surely if and only if Y °° | a2 < oo.

Ezercise 6.37 (6.18). Recall the following notation: for a sequence of events
{A,}, we define a new event {4, i.0.},

{A,i.0.} =limsup 4,, = T&gnoo U A,

AU

m n>m
In words, {A,,i.0.} consists of outcomes w that repeat infinitely often, that is,
they are in infinitely many A,.

Let Xy, Xo,..., are i.i.d. with E|X;| = o0 and S,, = X1 + ...+ X,,, then

1. P(|X,| > nio.) =1,and
2. ]P’(lim% exists and € (—oo,oo)) = 0.

Ezercise 6.38 (6.12). (Converse to SLLN) Let (Xp)n>1 be i.i.d. random vari-
ables. Suppose X,, — ¢ a.s. for some constant ¢ € R. Prove that E[|X;|] < co
and E[X;] = c.

Ezercise 6.39 (Pairwise independence does not suffice for SLLN). Construct
pairwise independent (but not mutually indep§ndent) random variables (X, )p>1
with E[X},] = 0 and Var(X,,) = 1 such that X,, /4 0 almost surely.
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Chapter 7

Characteristic Functions

haracteristic functions are one of the most powerful tools in prob-

ability theory. They provide a complete description of the dis-
Z tribution of a random variable and, crucially, transform convo-
mto products—making them indispensable for studying sums of inde-
pendent random variables.

lutions

7.1 Definition and Basic Properties

Definition 7.1 (Characteristic function). For a random variable X, the char-
acteristic function (ch.f.) is defined by

ox(t) = E[e"X] = E[cos(tX)] + i E[sin(tX)], tecR.

More generally, for a probability measure 1 on R, we define
pult) = / " dp(x).
R

Note that characteristic functions always exist: since |e’®| = 1 for all
t,x € R, the integral is always finite.

Proposition 7.2 (Basic properties). Let ¢ be the characteristic function of a
random variable X. Then:

1. ©(0) =1.
2. |p(t)] <1 for allt € R.

3. o(—=t) = p(t) for all t € R (Hermitian symmetry).

These properties follow immediately from the definition: (1) »(0) = E[e"]
L (2) lo(t)] = [E["*]] < B[] = 1; (3) o(~t) = Ele™"¥] = E[e"X] =

E[e"X] = ().

Theorem 7.1 (Uniform continuity). Every characteristic function is uni-
formly continuous on R.

85
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Proof. For any s,t € R, we have

lo(t) = ¢(s)| = [E[e"™ — ]|
< EHeitX . eisXH
_ E[’eiSX‘ . |ei(t—s)X - 1’]
— EHei(t—s)X _ 1”

Now, |e?? — 1| = 2|sin(h/2)| < min(2, |f]) for all § € R. Thus |e/~9)X —1| <2
and [e/t=)X _ 1| — 0 as t —s — 0 for each fixed X. By the Dominated
Convergence Theorem,

E[|e =X —1|] 50 ast—s— 0.

Since the bound depends only on t — s (not on s itself), the convergence is
uniform. O

Proposition 7.3 (Real-valued characteristic functions). A characteristic func-
tion @ is real-valued if and only if X has a symmetric distribution, i.e.,

x<_x,
Proof. If X 4 —X, then

p(t) = E[e"] = E[e"Y)] = E[e™] = o(t),

so (t) equals its own conjugate and is therefore real.

Conversely, if ¢(t) is real for all ¢, then ¢(t) = p(t) = @(—t). By the
uniqueness theorem for characteristic functions (Theorem 7.4), this implies

x<_x. O

Proposition 7.4 (Affine transformation). If Y = aX + b for constants a,b €
R, then

py (1) = ePox(at).
Proof. Direct computation:
oy (t) = E[e®Y] = E[eit(aXer)] _ 6ith[ei(at)X] = ety (at).
O

Theorem 7.2 (Product formula for independent random variables). If X and
Y are independent random variables, then

ox+y(t) = px(t) - @y (1)

More generally, if X1,...,X,, are independent, then

n
ox14tx, () = [ e, ()
k=1
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Proof. Since X and Y are independent, so are /X and €Y (as measurable
functions of independent random variables). Therefore,

‘PX—&-Y(t) — E[eit(XJrY)] — ]E[eitXeitY] — E[eitX] . E[eitY] — (PX(t) . (py(t).
The general case follows by induction. O

Remark 7.5. The product formula converts the convolution of distributions
into ordinary multiplication of characteristic functions. This is the key com-
putational advantage of working with characteristic functions.

Examples

Ezample 7.6 (Rademacher/Symmetric Bernoulli/ Coin flips). For the Rademacher
random variable with P(X =1) =P(X = —1) = 1/2, we have

1., 1 .
t) = —e" + —e " = cost.
plt) = e +5
Note that ¢ is real-valued, consistent with the symmetric distribution.

Ezample 7.7 (Poisson). For the Poisson distribution with mean A > 0, we have

o — o ;
oty =3 et et = (Aet)F e At _ A(eit-1)
k=0 k=0

Ezample 7.8 (Gaussian). The normal distribution N (u,0?) has characteristic
function

go(t) _ eiut—02t2/2‘

Proof. By the affine transformation property, it suffices to prove the result for
N(0,1). We compute:

(t) 1 /oo ite —x2/2 d
= (& e X
v V2T J o
1 /oo —x2/2+itx d
= — (& xZ.
V2r J—x

Completing the square in the exponent: —z?/2 + itz = —i(z — it)? — t2/2.
Thus

)= L[ g,
V2T J
The integral equals /27 by a standard contour integration argument (shifting
the contour of integration in the complex plane), giving ¢(t) = e=t*/2, (For
details, see Section G.1.)

For N(p,0?), if Z ~ N(0,1) then X = 0Z + pp ~ N(p,0?%), so

px(t) = etz (ot) = it t[2 _ pipt—o?t?/2,
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Ezample 7.9 (Uniform). For the uniform distribution on [a, b],

1 b it eitb _ eita
wlt) = b—a/a e do = it(tb—a)

In particular, for the uniform distribution on [—1, 1]
et — et _sint

t) = —
#(t) 2t ¢

Ezample 7.10 (Exponential). For the exponential distribution with rate A = 1
(density e~* on [0, 0)),

0o 00 . 1
o(t) = / e dp = / e~ 1=z o — —.
0 0 1—1t

Note that |p(t)| = 1/v1+t? < 1 for t # 0, and ¢ is not real-valued, reflecting
the asymmetric distribution.

Lemma 7.11 (Characteristic function of a mixture). If random variables with
distribution functions F1, ..., Fy, have characteristic functions o1, ..., pn, and
Als.-os Ap > 0 satisfy i+ - -+ X, = 1, then the distribution with cdf > ;| N\ F;
has characteristic function Y ;| Nip;.

Proof. This follows from linearity of integration:

/ gite d( zn: AF) (z) = f: A / ¢t JF(z) = zn: X (1)
=1 =1 =1
0

Ezample 7.12 (Bilateral exponential (Laplace distribution)). Consider a ran-
dom variable with density %e“x | on R. This can be viewed as a 50-50 mixture
of an exponential on [0, 00) and its reflection on (—oo,0]. Using Lemma 7.11
and the affine transformation property:

1 1 1 1 1 (T+iat)+ (1 —1dt) 1

T i—w T2 U4 2 (-t 1+

©(t)

Note that ¢ is real-valued, consistent with the symmetric density.

7.2 Moments and Derivatives

The derivatives of the characteristic function at the origin encode the moments
of the distribution.

Theorem 7.3 (Moments and derivatives). Suppose E[|X|"] < oo for some
positive integer n. Then ¢ is n times differentiable, and

oW (1) = E[iX)*e"™X] fork=1,...,n.

In particular, o (0) = *E[X*].
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Proof. We prove differentiability and the formula by induction. For the base

case, consider
QO(ZL/ + h) _ QO(t) ei(t+h)X _ eitX
h

=F
h

) ihX_l
— E itX | € )
e

As h — 0, the integrand converges pointwise to e®X -iX. To apply Dominated

Convergence, we need a bound. Using the inequality |e? — 1| < |6]:
oitX "X —1 |hX]| _
O

X1,

which is integrable by assumption. Thus ¢'(t) = E[i X e¥].
The higher derivatives follow by repeating the argument, using E[| X |¥] <
oo for k <mn. O

Corollary 7.13 (Taylor expansion). If E[X?] < oo, then as t — 0:

o(t) =1+ itE[X] — t;E[XQ] + o(t?).

IfE[X] =0 (centered random variable), this simplifies to

2 o?t?

ot)=1- §E[X2] +o(t})=1- — o(t?),

where 0% = Var(X).

Proof using Theorem 7.3. By Theorem 7.3, the assumption E[X?] < co im-
plies that ¢ is twice differentiable with ¢(0) = 1, ¢/(0) = JE[X], and ¢"(0) =
—E[X?]. The result then follows from Taylor’s theorem with Peano remainder:

Theorem 1 (Taylor’s theorem with Peano remainder). Let f : R — C be n
times differentiable at a point a € R. Then

f(a:):z 1 (x—a)’+o((x—a)") asx— a.
k=0
Note that this only requires f to be n times differentiable at the single point
a—we do not need f(™ to exist in a neighborhood of a or to be continuous.
Applying this with n =2, a =0, and f = ¢:

o(t) = ¢(0) 4+ ¢ (0)t + 90”2(0)# +o(t?) = 1 + itE[X] — lt;E[XZ] + o(t?).
O

Remark 7.14. We can also prove this Corollary directly using the Taylor expan-
sion of € and Dominated Convergence. The proof is given in Appendix G.5.
This approach provides explicit error bounds that are useful for proving the
Central Limit Theorem.

Remark 7.15. The Taylor expansion in Corollary 7.13 is the key tool for proving
the Central Limit Theorem via characteristic functions. The expansion shows
that for small ¢, the characteristic function of a centered random variable
with variance o2 is approximately 1 — o2t?/2, which is close to e~ */2__the
characteristic function of N(0,c?).
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7.3 Inversion Formula and Uniqueness

For absolutely continuous measures, we can write

o) = [ s .

where f(z) is the density of measure p. This is the Fourier transform of
the density f(x) and, when ¢ is integrable, we can apply the inverse Fourier
transform to obtain

1

f@) =5 [ lt) dr

Then, one can write

F(b) - F(a) = % / " i / eIt (1) dt = % / oL / it g
1

efitb _ efita
== t)————————dt
2m e (t) —it
T —itb —ita
e — €
=1 — t dt
Am o /_T*ﬂ( L

It turns out that in its last form this inversion formula holds also for gen-
eral probability measures p (not necessarily absolutely continuous), provided
that a and b are continuity points of the distribution function F(z).

More generally, we have the following theorem:

Theorem 7.16 (Inversion Formula). For all a < b,

1 T e—itb _ ,—ita

o) ——~

lim —
T—o00 27 _T

dt = p(a,b) + 5 (w{a}) + u()))-

The proof is in Appendix G.2.

Theorem 7.4 (Uniqueness). If two probability measures p and v have the
same characteristic function, then p = v.

Proof. The inversion formula determines F'(b) — F'(a) for all continuity points
a < b. Since the set of discontinuities of any distribution function is at most
countable, and the continuity points are dense, the distribution function F' is
uniquely determined. Hence p = v. O

Corollary 7.17 (Density recovery). If the characteristic function ¢ is inte-
grable, i.e., [ |o(t)|dt < oo, then the distribution has a bounded continuous
density given by

f@) =5 [ e et

21 J_
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Proof. Define f(z) by the formula above. Since |p(t)] is integrable, f is well-
defined and continuous (by Dominated Convergence). To verify this is indeed
the density, one checks that f; f(z)dx = F(b) — F(a) using Fubini’s theorem
and the inversion formula. The details are left as an exercise. O

Ezample 7.18. For the bilateral exponential (Laplace) distribution with ¢(t) =
1/(1+ %), we have [p |¢(t)|dt =7 < co. The density recovery formula gives

1 o] 6—2‘tm 1
=— —dt = Ze7 Il
f(@) 271/_001+t2 2¢

which can be verified by contour integration.

7.4 Lévy’s Continuity Theorem

The following theorem is the key tool connecting characteristic functions to
convergence in distribution. It will be essential for proving the Central Limit
Theorem.

Theorem 7.5 (Lévy’s continuity theorem). Let (X,)n>1 be a sequence of
random variables with characteristic functions (pp)n>1-

1. If X, X for some random wvariable X with characteristic function
@, then pn(t) — ¢(t) for allt € R.

2. Conversely, if on(t) — ¥(t) for all t € R, where ¢ is continuous at
t = 0, then there exists a random variable X with characteristic function

¥, and X, = X.

Remark 7.19. The continuity assumption at ¢ = 0 in part (2) is essential.
Without it, the pointwise limit of characteristic functions need not be a char-
acteristic function. See the exercises for a counterexample.

Proof. Part (1): Convergence in distribution implies pointwise con-
vergence of CFs.

For each fixed ¢, the functions x — cos(tz) and = — sin(tx) are bounded
and continuous. By the definition of convergence in distribution,

on(t) = Elcos(tX,,)] + i E[sin(tX,,)] — E[cos(tX)] + i E[sin(tX)] = ¢(t).

Part (2): Pointwise convergence to a function continuous at 0
implies convergence in distribution.

This direction is more involved and proceeds in three steps. Let F}, denote
the distribution function of X,,.

Step 1: The sequence (Xy,) is tight.

Recall that (X,,) is tight if for every ¢ > 0, there exists M > 0 such that
P(|X,| < M) >1—¢ for all n.

We use the following lemma:
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Lemma 7.20. For any random variable X with characteristic function o,
2/M

M
B(IX| > M) < o /_Q/M(l — Rep(t)) dt.

Proof of Lemma. We compute:

2/ M 2/ M
/ (1— Reo(t)) dt = / E[1 — cos(tX)] dt
—o/M —o/M

2/M
/ (1-— cos(tX))dt]

=
_F [4_28111<2X/M>]

=F

M X

where the interchange is justified by Fubini (the integrand is bounded).
Now we use the key observation: for all u € R,

1_ sinu >0,
u
and for |u| > 2,
sinu | sin u| 1
1— >1- >1->=-=.
u [ul 2 2

Setting v = 2X /M, we see that |X| > M implies |u| > 2, and hence
1— 5> % Therefore,

sin(ZX/M)}

4 4 1 2
— F|1- > —FE|=--1 =—P(|X|>M
I T 5+ Tixis] = 7P0XT> ),

- M
which rearranges to the claimed inequality. O

Now we prove tightness. We have ¢(0) = lim, ¢,(0) = 1. Since v is
continuous at 0, for any ¢ > 0 there exists § > 0 such that [t| < ¢ implies
() — 1] <e.

We claim this gives Re(t) > 1 — ¢ for [t| < §. Indeed, since ¢ is a
pointwise limit of characteristic functions and |¢,(t)| < 1 for all n, we have
|1(t)] <1, hence Re(t) < 1. Therefore 1 — Re(t) > 0. Now,

1—Re(t) = [1 - Reyp(t)] < [1 - 9(t)] <e,

which gives Rey(t) > 1 —e.
Set M = 2/6, so that 2/M = §. In order to apply Lemma 7.20 we need to
bound the integral

/5 (1 - Repn(t)) dt.

-6
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For each fixed t, we have ¢, (t) — 1¥(t), hence 1 — Rep,(t) — 1 — Re(t).
Since |1 —Re ¢y, (t)| < 2 for all n and ¢, the Dominated Convergence Theorem
gives

4 4
/ (1— Repn(t)) dt — / (1= Re(t))dt < 25 - <.
-5

-0

Thus for all n sufficiently large,

/5 (1 — Rey(t)) dt < 4de.
-

By Lemma 7.20 with M = 2/6:

2/M 40¢

9
(1— Re gy (t)) df — (15/_5<1 ~Repn(t))dt < 28— 4e.

M
P(|X,| > M) <
(1Xn] > )_2/ 5

—2/M

Since ¢ is arbitrary, (X,,) is tight.
Step 2: Every subsequential limit has characteristic function 1.
We use the following classical result:

Theorem 7.6 (Helly’s selection theorem). Let (F},) be a sequence of distribu-
tion functions. Then there exists a subsequence (Fy, ) and a right-continuous
nondecreasing function F with 0 < F(x) < 1 for all z, such that F,, () —
F(x) at every continuity point of F.

The proof uses a diagonalization argument: first extract a subsequence
converging at all rationals, then extend to all continuity points. The limiting
function F' is nondecreasing and right-continuous, but may not be a proper
distribution function—we might have lim,_, o F'(z) > 0 or lim,_, 1 F(z) <
1 (mass escaping to +00).

However, tightness rules this out: if (X,,) is tight, then for any £ > 0 there
exists M such that F,,(M) — F,(=M) > 1 — ¢ for all n. Passing to the limit
along the subsequence (at continuity points), F (M) — F(—M) > 1 —e. Since
€ is arbitrary, F' is a proper distribution function.

Now, suppose F,, (z) — F(x) at continuity points, where F' is the distri-

bution function of some random variable Y. This means X, Y. By Part
(1), the characteristic function of Y is

py(t) = lm oy, (1) = ¢(1).

Step 3: The limit is unique.

By the uniqueness theorem (Theorem 7.4), any two random variables with
characteristic function ¥ have the same distribution. Thus all subsequential
limits agree in distribution, and the full sequence converges: X, —24 X where
X is a random variable with characteristic function . ]

Remark 7.21. The proof reveals why continuity at 0 is crucial: it provides
the tightness estimate via Lemma 7.20. Without tightness, mass could escape
to infinity, and the limiting object might not correspond to a proper random
variable.



94 CHAPTER 7. CHARACTERISTIC FUNCTIONS

Corollary 7.22. Let (X,,) be a sequence of random variables with character-
istic functions (¢n). If on(t) — @(t) for all t, where ¢ is the characteristic
function of a random variable X, then X, 4 X.

Proof. Since ¢ is a characteristic function, it is continuous (in particular, con-
tinuous at 0). The result follows from Theorem 7.5. O]

7.5 Exercises

Homework

Ezercise 7.23 (A limit theorem via characteristic functions). Let X,, ~ Binomial(n, A\/n)
for a fixed A > 0 and n > .

(a) Calculate the characteristic function of X,.
(b) Find lim,,—, ¢x,, (t) for all t € R.

(c) Identify the limit as the characteristic function of a random variable from
a well-known family of distributions, and use Lévy’s continuity theorem
to conclude that X,, —— X, where X is ..

FEzercise 7.24 (Which are characteristic functions?). For each of the following
functions ¢ : R — R, determine whether ¢ is the characteristic function of
some random variable. Justify your answer.
(a) ¢(t) =e"".
(b) (t) = eI,
(c) @(t) = cos®(t).

Ezercise 7.25 (Inversion formula for integer-valued random variables). Let X
be an integer-valued random variable with characteristic function (.

(a) Show that for every k € Z,

P(X = k) ! /7r e o(t) dt.

:% .

(b) Let X ~ Poisson()\). Using ¢(t) = eM¢"~1 and the formula from (a),
verify that P(X = 0) = e~

(¢) Let X, X2 be independent with X; ~ Poisson()\;) and Xg ~ Poisson(Ag).
Using characteristic functions and the uniqueness theorem, find the dis-
tribution of X7 + Xo.

FEzercise 7.26 (Identifying a distribution via characteristic functions). Let X
and Y be independent random variables such that X +Y ~ N(u,0?) and
X~ N(:U’h U%)

(a) Using the product formula for characteristic functions, find ¢y (¢) and
identify the distribution of Y.
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(b) Show that the condition ¢ > o2 is automatic: it is impossible to have
0? > o2 under the given hypotheses.

(c) Let Zy,...,Z, beiid. N(u, 0?). Using characteristic functions, find the
distribution of Z,, = %22:1 Z.

Ezercise 7.27 (Convergence to a constant via characteristic functions). Let
(Xn)n>1 be a sequence of random variables with characteristic functions (5, )n>1.

(a) Show that X,, — 0 if and only if ¢, (t) — 1 for all t € R.
(b) Suppose instead that ¢, (¢) — 1 only for all ¢ in some interval (—,0)
with 6 > 0. Must X,, —s 0? Prove or give a counterexample.
Additional Exercises

Ezercise 7.28 (Triangular distribution via convolution). Let Ui, Uz be inde-
pendent random variables, each uniformly distributed on [—1/2,1/2].

(a) Compute the characteristic function of Uj.

(b) Using the product formula, find the characteristic function of X = U; +
Us.

(c) Show that X has the triangular density f(z) = 1 — |z| on (—1,1) and
zero otherwise.

Ezxercise 7.29 (Cauchy distribution). The Cauchy distribution has density
f(x):m for z € R.

(a) Show that E[|X|] = oo for a Cauchy random variable X.

(b) Using contour integration, show that the characteristic function is p(t) =
It
eIt

(c¢) Using the product formula, show that if X7, X5 are independent Cauchy,
then % is also Cauchy.

Ezercise 7.30 (Necessity of continuity at zero in Lévy’s theorem). Let X,, be
uniformly distributed on [—n,n].

(a) Show that ¢, (t) = sin(nt)

nt

(b) Show that ¢, (t) — ¢ (t) for all t € R, where

1 ift=0,
vie) = {0 if £ # 0.

(c) Verify that 1 is not continuous at ¢t = 0.

(d) Explain why X,, does not converge in distribution to any random vari-
able.
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Ezercise 7.31 (Characteristic function determines the distribution).

(Challenging) Let X and Y be random variables with ¢x(t) = ¢y (t) for
all ¢ in some interval (—¢,0) with 6 > 0. Must X and Y have the same
distribution? Prove or give a counterexample.

Ezxercise 7.32 (Symmetric random variables). Let X be a random variable with
characteristic function .

(a) Define X’ = —X. Express px/(t) in terms of ¢x ().

(b) Suppose X’ is an independent copy of X (i.e., X’ is independent of X
and has the same distribution). Show that Y = X — X’ has a real-valued
characteristic function.

(c) Give an example where X does not have a symmetric distribution, but
Y =X — X’ does.

Ezercise 7.33 (Gamma distribution). The Gamma distribution I'(a, \) with
shape a > 0 and rate A > 0 has density

flx) = A e 1> 0.

e
(a) Show that the characteristic function is ¢(t) = ( X i‘lt) .

(b) Using characteristic functions, show that if X ~ I'(a, A\) and Y ~ T'(3, \)
are independent, then X +Y ~ I'(a + 3, \).

(c) The exponential distribution with rate A is I'(1,A). Use (b) to show
that the sum of n independent Exp()) random variables has distribution

L(n, A).

Ezercise 7.34 (Moments from characteristic functions). Let X be a random
variable with E[X*%] < oo and characteristic function ¢.

(a) Express E[X], E[X?], E[X?3], and E[X?] in terms of derivatives of ¢ at
t=0.

(b) Verify your formulas for X ~ N(0,1), using ¢(t) = e /2.

FEzercise 7.35 (Non-negative characteristic functions).
(Challenging) Suppose ¢(t) > 0 for all t € R. Show that o(t) = [ (¢)]? for
some characteristic function 1.

Ezercise 7.36 (Pdlya’s criterion).
(Challenging) A function ¢ : R — R is said to satisfy Pélya’s criterion if:

e (o is continuous,
« p(0) =1,
o ¢(t) = o(—t) (symmetry),

e  is convex on [0,00),
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o limy o (t) = 0.
(a) Verify that ¢(t) = max(1 — |¢|,0) satisfies Polya’s criterion.

(b) Show that this ¢ is the characteristic function of the distribution with
. 1=
density f(r) = = 3*.
Remark: Pélya’s theorem states that any function satisfying Pélya’s criterion
is a characteristic function. The proof is beyond our scope, but this provides
a useful sufficient condition.

Ezercise 7.37 (Tightness and characteristic functions).

(Challenging) Let (X,,) be a sequence of random variables with character-
istic functions (¢y). Show that if (X,,) is tight and ¢, (t) — ¢(t) for all t in a
dense subset of R, then ¢, (t) — ¢(t) for all t € R.

Ezercise 7.38 (Characteristic functions and absolute continuity).
(Challenging)

(a) Show that if ¢ € L'(R) (i.e., [%_|¢(t)] dt < o0), then the corresponding
distribution has a bounded continuous density.

(b) Give an example of a distribution with a continuous density whose char-
acteristic function is not in L!(R).

(c) Give an example of a characteristic function ¢ € L'(R) such that the
corresponding density is not differentiable everywhere.

Ezercise 7.39 (Convergence to a point mass). Let (X,,) be a sequence of ran-
dom variables with characteristic functions (¢, ).

(a) Show that X, —— ¢ (a constant) if and only if o, (t) — € for all t € R.

(b) Show that X,, — ¢ if and only if ¢, (t) — €’ for all ¢ € R.
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Chapter 8

Central Limit Theorems

N( he Central Limit Theorem is one of the most celebrated results
in probability theory. It explains why the normal distribution
72 appears so frequently in nature: whenever a random quantity
arises @18 the sum of many small, independent contributions, its distribution
is approximately Gaussian, regardless of the distributions of the individual
terms.

8.1 The Classical CLT

We begin with the i.i.d. case, proved using the characteristic function machin-
ery developed in the previous chapter.

Theorem 8.1 (Classical CLT). Let X1, Xo,... be i.i.d. with E(X1) = pu and
Var(X1) = 0% <oco. If S, = X1 + -+ X,,, then

Sp—np
ov/n

Proof. Without loss of generality, we may assume p = 0 (replace X; by X;—pu).
Let ¢(t) = EeX1 be the characteristic function of X7. By independence, the
characteristic function of S,,/(o+/n) is

on(t) :=Eexp (itas\’;ﬁ) = [@(U\t/ﬁ)}n

By the Taylor expansion of characteristic functions (Corollary 7.13),

—45 N(0,1).

o2t?
go(t):l—T—i—o(tz) as t — 0.
Hence, for fixed ¢t as n — oo,
2,2 2
o“t n t 1\ 2
= [t o] = 1= o]
n(?) 202n+0 n 2n+0 n ¢
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The convergence in the last step uses the fact that if z,, are complex numbers
with 2z, — z, then (1 + z,/n)" — €* (see Lemma H.1 in the Appendix, or
Theorem 3.4.2 in Durrett).

Since e /2 is the characteristic function of N (0,1), Lévy’s continuity

theorem (Theorem 7.5) implies S,/(cv/n) —— N(0,1). O

Remark 8.2. Theorem 2.4.1 in Durrett shows that pairwise independence suf-
fices for the Strong Law of Large Numbers. It is noteworthy that pairwise
independence is not sufficient for the CLT; see Example 3.4.9 in Durrett for
a counterexample.

Remark 8.3 (Two approaches to CLT). There are two classical approaches to
proving Central Limit Theorems:

1. The characteristic function method: show that the characteristic
functions of the normalized sums converge to e 2 then apply Lévy’s
continuity theorem. This is the approach used above.

2. Lindeberg’s swapping method: use smooth test functions f € C3(R)
and a telescoping argument that replaces summands one by one with
matched Gaussian random variables. This powerful method does not
require characteristic functions and yields the more general Lindeberg
CLT (Theorem 8.6).

We will develop the second approach in the sections that follow.

8.2 Triangular Arrays

If we study the sums of random variables which are independent but not
necessarily identically distributed, then the language of triangular arrays is
useful. Throughout this section we shall study the sequence of sums

n;
Si=>_ Xy
j=1
obtained by summing the rows of a triangular array of random variables

X117 X127 e 7X1n1

It will be assumed throughout that the triangular arrays we consider satisfy
three standard conditions:

1. For each ¢, the n; random variables X;1, X;2, ..., Xy, in the 7th row are
mutually independent.

2. E(X;;) =0 for all 4, j.
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3. 370 IEX% =1 for all 4.
Some remarks about these conditions:

o It is not assumed that random variables within each row are identically
distributed.

e It is not assumed that different rows are independent. In fact, they
often are not: a common application arises from the study of partial
sums S, = X1+ Xo +... + X, of a fixed sequence, where X;; := Xj/sn
and s2 = > j=1 Var(X;).

o It will usually be the case that n; — co as i — oo.

8.3 The Lindeberg Condition

Definition 8.4 (Lindeberg condition). A triangular array satisfying the three
standard conditions is said to satisfy the Lindeberg condition if

Ve>0, lim ZIE 1(|Xy5] > €)] = 0. (8.1)

The Lindeberg condition makes precise in what sense the individual sum-
mands must be negligible relative to the sum for the CLT to hold. It says
that for arbitrarily small fixed € > 0, the contributions to the total variance
coming from values of | Xj;| exceeding € vanish as i — oo.

An important consequence is that the individual summand variances must
themselves become uniformly negligible:

Lemma 8.5. If a triangular array satisfies the three standard conditions and
the Lindeberg condition (8.1), then

lim max EX] 0. (8.2)
i—00 1<j<n;

In particular, n; — 00 as 1 — Q.

Proof. Fix e > 0. Since ij <+ ijl(]Xij\ > ¢), taking expectations and
maximizing over j gives

max EX} < e+ ZIE 1(|X35] > €)]. (8.3)

1<j<n;

Under the Lindeberg condition the sum on the right vanishes as i — oo, so
lim sup;_, o, max; EX7 2 < €2, Since € > 0 was arbitrary, (8.2) follows. Together
with 377, EX} =1, thls forces n; — oo. O

Condition (8.2) is closely related to the Feller condition (uniform asymp-
totic negligibility), which we discuss after the statement of Lindeberg’s theo-
rem.
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Theorem 8.6 (Lindeberg’s CLT). Suppose that a triangular array satisfies
the three standard conditions and the Lindeberg condition (8.1). Then S; 2
N(0,1).

The proof, which refines the argument of Section 8.5, is given in Ap-
pendix H.2.

Definition 8.7 (Uniformly asymptotically negligible (UAN)). A triangular
array is said to be uniformly asymptotically negligible if

Ve>0, lim max P(|X;]>e€)=0. (8.4)
1—00 1<5<n;

The Lindeberg condition implies UAN (by Chebyshev’s inequality applied
to each summand), but not conversely. UAN captures the idea that no single
summand dominates the sum.

A beautiful converse to Lindeberg’s theorem is due to Feller:

Theorem 8.8 (Feller’s converse). If a triangular array satisfies the three stan-

dard conditions and is UAN, then S; —— N(0,1) if and only if the Lindeberg
condition (8.1) holds.

Proof. See Billingsley, Theorem 27.4, or Kallenberg, 5.12. O
Thus, under the mild UAN assumption, the Lindeberg condition is both

necessary and sufficient for the CLT. This makes the Lindeberg condition the
essentially sharp condition for Gaussian limits in the triangular array setting.

8.4 The Lyapunov Condition

A condition stronger—but often easier to verify—than Lindeberg’s is the Lya-
punov condition:

36 > 0 such that lim ZE|XU|2+5 . (8.5)

1—00

Lemma 8.9. Lyapunov’s condition zmplzes Lindeberg’s condition.

Proof. Fix € > 0. For any random variable X with |X| > ¢, we have X2 =
|X|2H9/|X|° < |X|**°/e°. Therefore,

E|X 2+6
E[X?1(|X| > ¢)] < |€(l
Summing over j and taking ¢ — oo gives
1 &
ZE 1(1 X35 > €)] <5 ZE\XUF” —0. O

Theorem 8.10 (Lyapunov’s CLT). If a trzangular array satisfies the three
standard conditions and the Lyapunov condition (8.5), then S; —— N(0,1).

This is an immediate corollary of Lindeberg’s CLT (Theorem 8.6) and
Lemma 8.9. However, we give a direct proof below for the case § = 1, as
it illustrates the key ideas of the Lindeberg swapping method in a simpler
setting.
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8.5 Proof of Lyapunov’s CLT via the Swapping Method

8.5.1 Preliminary facts

We prove Lyapunov’s CLT using the Lindeberg swapping method and need
two preliminary facts.

Lemma 8.11. If X ~ N(0,02) and Y ~ N(0,72) are independent, then
X +Y ~ N(0,0%+172).

Proof. FEither use the convolution formula for densities, or use characteristic
functions: @x .y (t) = o—022/2  o—T22)2 _ o~ (02472122 0

Lemma 8.12. Let Y1,Y5,... and Y be real-valued random wvariables. Then
Y; -5 Y if and only if lim;_e Ef(Y;) = Ef(Y) for all f € C}(R), the set of
functions from R to R with three bounded continuous derivatives.

Proof. (=) By definition, ¥; —— Y means Ef(Y;) — Ef(Y) for every f €
Cp(R). Since CJ(R) C Cp(R), the conclusion follows.

(<) For each fixed ¢ € R, the functions = — cos(tz) and = +— sin(tx)
belong to CJ(R) (indeed, they are bounded with bounded derivatives of all
orders). By hypothesis,

Efcos(tY;)] — E[cos(tY)] and Elsin(tY;)] — E[sin(tY)].

Therefore ¢y, (t) = E[e?™Yi] — E[eY] = @y (t) for every t € R. Since py is the
characteristic function of Y, it is continuous (in particular at 0). By Lévy’s
continuity theorem (Theorem 7.5), ¥; —— Y. O

8.5.2 The swapping argument

For convenience, we restate the result we will prove. Recall that a triangular
array satisfies the three standard conditions if the entries in each row are
independent, centered, and have variances summing to 1, so that the row sum
S; = Z?’:l X;; has mean 0 and variance 1.

Theorem 2 (Lyapunov’s CLT for § = 1). Suppose a triangular array satisfies
the three standard conditions and

e 13—
ilggoz;E|X”| = 0. (8.6)
]:

Then S; —— N(0,1).

The idea is to compare the row sum S; with a Gaussian random variable
by replacing summands one at a time, using smooth test functions to measure
the difference.

Proof. Fix a row of the triangular array. Write Xy,..., X,, for the entries

: : : _ 2 _ 2 2 _
(suppressing the row index), with EX; = 0, EX? = o7, and Z?:l o; =1
The row sum is S = X7 +--- + X,,.
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Construct independent Gaussian variables Z; ~ N (0, 0]2-), jointly indepen-
dent of all X;’s. By Lemma 8.11, the Gaussian sum T := Zy + --- + Z,, ~
N(0,1).

Hybrid sums. Define Hy, Hy,...,H, by replacing X’s with Z’s one at a

time:

S:HO 2:X1—|—X2—|—X3—|-...—|—Xn,
H =721+ Xo+ X5+...+ X,
Ho =Z1+Zo+ X3+ ...+ X,,

T:Hn::Zl—f—ZQ—i—Zg—i—...—i—Zn.

In general, H; = Z1 4 -+ -+ Z; + X1 +--- + X,,, so that H;_1 and H; differ
only in the jth slot:

H; 1 =R; + Xj, H; = R; + Zj,

where R :== Z1 +---+ Z;_1 + X411 + -+ + X, collects the common terms.
By construction, R; is independent of both X; and Z;.

Telescoping. We want to show that Ef(S) is close to Ef(T) for all f €
C}(R) with uniform bound K on f and its first three derivatives. By the
triangle inequality,

Ef(S) —EA(T) <) |Ef(Hj—1) — Ef(H;)l. (8.7)
j=1

Bounding each swap. Taylor-expanding f(R; + X;) and f(R; + Z;) to
third order:

! XJ2 1 X,;g "
f(R; + X;) = f(Rj) + X; f'(R)) + -/ (Rj) + o (aj),

/ ZJQ " Z? "
f(R;j+Z;) = f(Rj) + Z; f (Rj)+7f (Rj)+Ff (B)s

where o; lies between R; and R; + X; and §8; between R; and R; + Z;.

Taking expectations and subtracting, the zeroth-order terms cancel triv-
ially, and the first- and second-order terms cancel by matching moments: R;
is independent of X; and Z;, while EX; = EZ; = 0 and IE*JXJ2 = IEZJ2 = o2,

J
Only the third-order remainders survive:

3

X 11 z} "
[Ef(Hj—1) —Ef(H))| = [E-1"(a) = E-f"(8))) <

G (EIX; 1+ E|Z; ).

>| =

(8.8)
(The expectation of the X ]3 term exists by Lyapunov’s condition (8.6), and
the Z ;’ term has finite moments of all orders.)
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Controlling the Gaussian moments. Let ¢ := E|Z|? where Z ~ N(0,1).

Then E|Z;? = ca?. Jensen’s inequality gives a? = (IEX?)?’/2 < E|X;[?, so
E|Z;]> < cELX).

Summing (8.8) over j via (8.7):

E1(5) - Ef() < KEED S mp (5.9
j=1

Conclusion. Restoring the row index 4, the bound (8.9) reads

B7(s) ~ Ef(D) < FUED S gixp, (5.10)
j=1

where T ~ N(0, 1) for every row (since }, ‘71'2]‘ = 1). The right-hand side tends
to zero by (8.6).
By Lemma 8.12, S; — N(0,1) as i — oc. O

8.6 The Cramér—Wold Device

The results above concern convergence in distribution on R. In many applications—
multivariate statistics, random vectors, stochastic processes—one needs con-
vergence in R?. The Cramér-Wold device reduces the d-dimensional problem

to one-dimensional projections.

8.6.1 The Cramér—Wold theorem

Recall that X,, —— X in R? means E[f(X,)] — E[f(X)] for every bounded
continuous f : R* — R.

Theorem 8.13 (Cramér-Wold device). Let X,, and X be random vectors in
Re. Then
Xp -5 X inR
if and only if
(t, Xn) == (L, X) inR

for every t € RY, where (t,z) = ZZ:1 tyxy denotes the standard inner product.

Proof. (=) If X,, = X in R%, then for any fixed ¢ € R? the map 2 — (t,z)
is continuous, so (¢, X,) LN (t, X) by the continuous mapping theorem.

(<) Assume (¢, X,,) — (t, X) for every t € R%. We show that the char-
acteristic functions of X, converge to that of X.
The characteristic function of X,, in R? is

px, (t) = E[e"X)] ¢ e RY

This is simply the characteristic function of the real-valued random variable
(t, Xn) evaluated at 1, i.e., ox, (t) = ¢ x,) (1)
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By assumption, (t, X,) — (¢, X) for each fixed t. Lévy’s continuity the-
orem (Theorem 7.5, part (1)) implies

0iu,x)(8) = ouxy(s) forallseR.

Taking s = 1:
ex,(t) = px(t) forall t € R™

Since @y is the characteristic function of the random vector X, it is continuous
(in particular at ¢ = 0). By the multivariate version of Lévy’s continuity

theorem, X,, —— X in R O

Remark 8.14. The power of Cramér—Wold is that it reduces a d-dimensional
convergence question to infinitely many one-dimensional questions—which are
often tractable via the one-dimensional CLT and characteristic function tools.

8.6.2 The Multivariate CLT

Theorem 8.15 (Multivariate CLT). Let X1, Xo,... be i.i.d. random vectors
in RY with E[X1] = u € R and covariance matriz ¥ = Cov(X1) (assumed
finite). Then

1 — d
7 ;(Xk —p) — N(0,%),

where N (0,X) denotes the d-dimensional Gaussian with mean 0 and covariance

3.
Proof. Write Y, = X — pu, so E[Yy] = 0 and Cov(Yy) = X. Let W,, =

ﬁ > k=1 Ve
By Cramér-Wold (Theorem 8.13), it suffices to show that for every ¢ € R?,

t, Wy) -5 (t,Z), where Z ~ N(0,%).

Now, (t,W,) = —=S"1_ (¢, Y}). The random variables (¢,Y}) are i.i.d. with

E[(t,Y3)] =0,  Var((t,¥)) = 'St

If t'S ¢ = 0, then (t,Y}) = 0 a.s. and both sides are the point mass at 0.
If tT3¢ > 0, the classical CLT (Theorem 8.1) gives

1 n
NG > (V) =5 N(0,£75).
k=1

Since (t,Z) ~ N(0,t'¥t) when Z ~ N(0,%), the one-dimensional limits
match for every t. ]
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8.6.3 Examples

Ezample 8.16 (Joint convergence of sample mean and variance). Let X1, Xo, ...
be i.i.d. with E[X;] = u, Var(X;) = 02, and E[X{] < oo. Define X,, =

%ZZ:I Xy and 75, = %Zzzl(Xk — Xn)%
Consider the random vectors Y, = (Xk — iy (Xp — )% — 02)T € R2. These
are i.i.d. with E[Y}] = 0 and covariance matrix

2
E:(U u3 4>’
u3  p4 —0

where pi3 = E[(X1 — p)*] and pa = E[(X1 — p)*].
By the multivariate CLT:

NG ( ) 5 N(0,%).

In particular, /n(X,—u) and \/n(c2—oc?) converge jointly (not just marginally)
to a bivariate Gaussian.

Xn_M
=2 2
oL —0

Ezample 8.17 (Multinomial proportions). Suppose items are classified into d
categories with probabilities pi,...,pq (where )", pr = 1). Let Nj be the
number of items in category k out of n total. Define py = Ni/n. Then

Vi(p —p) == N(0,%),
where X5 = p;j(d;5 — px) and p = (p1,...,pq)". This follows from applying
the multivariate CLT to the indicator vectors Y; = (e, — p) where ¢; is the
category of item ¢ and ey, is the kth standard basis vector.

8.7 Berry—Esseen Theorem

The CLT tells us that Fj,(x) — ®(x), but says nothing about the rate. The
Berry—Esseen theorem provides a quantitative bound.

Theorem 8.18 (Berry—Esseen). Let X1, Xo,... be i.i.d. with E[X;] = 0,
E[X?] = 0% > 0, and E[|X1]?] = p < oo. If F, denotes the distribution
function of Sy, /(oc\/n) and ® denotes the standard normal distribution func-
tion, then

Cp
F, - o <
22§| n(@) — O(z)] < =
where C' is an absolute constant (C < 0.4748 is the best known bound, due to
Shevtsova, 2011).

The proof uses Fourier-analytic smoothing techniques and is omitted. See
Durrett, Theorem 3.4.10, or Feller, Volume II, Chapter XVI.

Remark 8.19. The Berry—Esseen bound has the following consequences:

1. The rate O(1/4/n) is optimal: it cannot be improved in general.

2. The bound is most useful when p/o? is moderate. For symmetric distri-
butions, p/o3 > 1 by Jensen’s inequality.

3. For the binomial approximation (X; Bernoulli), the bound gives O(1/+/n),
which matches the known asymptotics.
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8.8 The Delta Method and Anscombe’s Theorem

8.8.1 The Delta Method

The CLT tells us the asymptotic distribution of v/n(X, — u). In practice one
often needs the asymptotic distribution of \/n(g(X,) — g(n)) for a smooth
function g. The delta method answers this question via a first-order Taylor
expansion.

Theorem 8.20 (Delta method — univariate). Suppose /n(Tp—0) —— N(0,2)
for some 0 € R and 0% > 0. If g : R — R is differentiable at 6 with ¢'(0) # 0,
then

Vi(g(Tn) = 9(8)) == N(0. o*[¢'(0)?).
Proof. By Taylor’s theorem,

9(Th) — 9(0) = ¢'(0)(Tn — 0) + 1o (T — 0),

where 1, (h)/h — 0 as h — 0. Since T),—0 — 0 (convergence in distribution to

a constant implies convergence in probability), we have r,, (1), —0)/(T}, —0) —
0.
Write

\/E(Q(Tn) - g(@)) = g/<0) : \/ﬁ<Tn - 0) + \/ﬁrn(Tn - 0)

The remainder satisfies

\/ﬁrn(Tn - 0) = rn(Tn — 0)

T, — 0 '\/E(Tnfe)

(defined to be 0 when T,, = 6). The first factor converges to 0 in probability,
and the second converges in distribution to N(0,02). By Slutsky’s theorem
(Theorem 5.18), the product converges to 0 in probability, hence in distribu-
tion. Another application of Slutsky gives the result. O

Remark 8.21 (What if ¢/(6) = 07). When ¢'(6) = 0 and ¢”(0) # 0, the delta
method gives \/n(g(T},) — g(#)) —= 0, which is uninformative. In this case the
correct scaling is n rather than /n:

!
vl
n(g(Tn) - g(0)) = 2( L o2i2

This is the second-order delta method; see Exercise 8.37.

Ezample 8.22 (Variance-stabilizing transform for proportions). Let Xq,..., X,
be i.i.d. Bernoulli(p) with 0 < p < 1. The CLT gives v/n(pn—p) — N(0, p(1—
p)):

The asymptotic variance p(1 — p) depends on the unknown p, which com-
plicates inference. The arcsin transform g(x) = arcsin(y/z) has ¢'(z) =
1/(24/x(1 — x)), so the delta method gives

1
vn(arcsin \/p, — arcsin \/p) N N<07 4> .

The asymptotic variance 1/4 is independent of p: this is a variance-stabilizing
transformation.
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Theorem 8.23 (Delta method — multivariate). Suppose /n(T}, — 0) —=
N(0,%) in RY. If g : RT — R¥ s differentiable at 0 with Jacobian matriz
J = Dg(0) € RF*4 then

Vn(g(Tn) — g(0)) == N(0, JEJT) in RE.

Proof. Apply the one-dimensional argument to each component, or use (t, g(T},)—
g(0)) ~ (JTt, T,, — 0) together with Cramér-Wold (Theorem 8.13). O

Ezample 8.24 (Asymptotic distribution of the sample correlation). Let (X;, Y;)"
be i.i.d. bivariate with finite fourth moments. Define

L= (2%, 23 XA LYV LY X)) e R

The multivariate CLT gives \/n(T,, —0) — N (0, X5) for the appropriate 5 x 5
covariance matrix Xs.

The sample correlation is r,, = g(7;,) where g expresses the Pearson corre-
lation in terms of these five averages. Applying the multivariate delta method
and simplifying (a computation left to Exercise 8.31) gives the classical result:
if p = Corr(X,Y), then

\/E(Tn - P) —d) N(O’ (1 - P2)2)

whenever (X,Y) is bivariate normal. Fisher’s z-transform g(r) = tanh™!(r) is
a variance-stabilizing transformation analogous to the arcsin in Example 8.22:

Vn(tanh ™ (r,,) — tanh =1 (p)) —= N(0,1).

8.8.2 CLT for Randomly Stopped Sums: Anscombe’s Theorem

In many applications the number of summands is itself random: in sequential
analysis, one collects data until a stopping rule fires; in renewal theory, the
number of arrivals by time ¢ is a random variable. The following theorem, due
to Anscombe (1952), extends the CLT to this setting.

Theorem 8.25 (Anscombe’s theorem). Let X1, Xo, ... be i.i.d. with E[X1] = u
and Var(X1) = 02 € (0,00). Let (Ny)n>1 be positive integer-valued random
variables satisfying Ny /n LS for some A > 0. Then

S = Nt 4, g 1)
o /7Nn y )y

where Sy, = X1 + -+ + Xp.

Remark 8.26. In the general statement, IV,, need not be independent of the X;’s.
However, the full proof requires uniform control of the partial sum process
(specifically, that fluctuations of Sy, over intervals m € [An — dn, An + dn| are
negligible), which is most naturally obtained from Doob’s maximal inequality
for martingales—a tool we will develop in Chapter 9. We prove below the im-
portant special case where IV, is independent of (Xj;);>1; the proof uses only
the tools available to us now.
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Proof of Theorem 8.25 when Ny, 1L (X;)i>1. Write Zj, = (Sk — ku)/(oVk),
so the classical CLT gives E[f(Zx)] — E[f(Z)] as k — oo, for every bounded
continuous f : R — R, where Z ~ N(0, 1).

Since N, is independent of (X;), conditioning on N,, gives

E(f(Zn,)] => E[f(Zy)] P(N, = k).
k=1

We want to show this converges to E[f(Z)]. Fix ¢ > 0. Since E[f(Zx)] —
E[f(Z)] as k — oo, we can choose K large enough that [E[f(Z;)]—E[f(Z)]| < e
for all £ > K. Splitting the sum at K:

[ELf(Zn,)] — B (2)]] = | Y (BLF(Z0)] ~ ELF(Z)])P(Na = B)|

k=1

IN

2[| flloo P(Nn < K)
small tail: few terms, but CLT may not yet be accurate

e-P(N, > K)
| S —

bulk: many terms, each contributing < e

Since N,,/n — A > 0, we have N,, — 00, so P(N,, < K) — 0 as n — oo for
each fixed K. Therefore limsup,, |E[f(Zn, )] — E[f(Z)]| < €. Since € > 0 was
arbitrary, Zy, —— N(0,1). O

An immediate and useful corollary restates the conclusion in terms of the
sample mean:

Corollary 8.27. Under the hypotheses of Theorem 8.25,

\/E(YNW. - ,U,) i> N(O’ UQ/A))
where Xy := Si/k.

Proof. Write /n(Xn, — ) = Zn, - 0v/Nu/\/n = Zy,, - 01/ Np/n. By The-
orem 8.25, Zy, LN N(0,1). Since N,/n 5 ), the continuous mapping
theorem gives \/N, /n — v/A. By Slutsky’s theorem (Theorem 5.18),

V(X n, —p) - oVAN(0,1) = N(0,02N). O

Remark 8.28. The asymptotic variance o) in Corollary 8.27 may seem coun-
terintuitive: if A > 1, we average more than n observations, yet the variance
is larger than 2. The resolution is that /n is not the natural scaling for
N,, ~ A\n observations. Rescaling by v/N,, instead gives the cleaner statement
VN,(Xn, — ) == N(0,02), which is just Anscombe’s theorem rewritten.
The /n-scaling is useful when n represents a budget or time horizon and N,,
is the random number of observations collected within that budget.
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Exercises

Homework

Ezxercise 8.29 (Delta method for the log-mean). Let X7, Xo,... be i.i.d. with
E[X1] = u > 0 and Var(X;) = 02 < .

Ezercise 8.30 (Lindeberg verification: sums with growing variances). Let X1, X, ...

(a) Use the delta method to find the asymptotic distribution of \/n(log X,, —
log p).

(b) Suppose X; ~ Exp()) (so = 1/), 02 = 1/A?). Simplify your answer.

(c) Use the result of (b) to construct an approximate 95% confidence interval
for log(1/\) based on X,,.

be independent with E[X;] = 0 and IE[XJQ] = o2, where sz = j* for some

])

a > 0. Assume that |X;| < Co; for a constant C' independent of j (i.e., the
variables are uniformly bounded relative to their standard deviations). Let

S

"= Z?:l 032‘-
a) Show that s2 ~ n®*1/(a+ 1) as n — co.

(
(b) Set up the triangular array X, ; = X;/s, and verify the three standard
conditions.

(¢) Verify the Lindeberg condition directly, and conclude that S, /s, ——
N(0,1).

FEzercise 8.31 (Asymptotic distribution of the sample correlation). Let (X, Y;),
be i.i.d. bivariate normal with EX = EY = 0, Var(X) = Var(Y) = 1, and
Corr(X,Y) = p with |p| < 1.

(a) Define 4, = 13 X2, B, = 1Y V2% C, = 13 X;V;. Express the

T n
sample correlation r, in terms of A,,, By, Cy,.

(b) Apply the multivariate CLT to (X2, Y2, X;Y:)7 to find \/ﬁ((An, B, Cp)T—
(1,1,p)7) —5 N(0,%). You will need the moments E[X*], E[X2Y?],
E[X3Y], E[X2(XY)] etc. for the bivariate normal.

Useful fact: for (X,Y) standard bivariate normal with correlation p:
E[X?] = 3, E[X?Y?] = 1+ 2p%, E[X3Y] = 3p, E[XY?3] = 3p.

(¢) Apply the multivariate delta method to g(a,b,c) = ¢/vab to show

Vit(rn = p) =5 N(0, (1 - p)?).

Ezercise 8.32 (Berry—Esseen for the binomial). Let X1, Xo, ... bei.i.d. Bernoulli
with P(X; =1) =pand P(X; =0) =1 —p, where 0 < p < 1.

(a) Compute 02 = Var(X;) and p = E|X| — p|>.

(b) Apply the Berry—Esseen theorem to find an explicit bound on sup,, |F,(x)—
®(z)| in terms of n and p.
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(¢c) For p = 1/2 and n = 100, compute the numerical value of the Berry—
Esseen bound. Compare with the exact value obtained by computation.

FEzercise 8.33 (CLT for fixed points of a random permutation). Let 7 be a
uniformly random permutation of {1,2,...,n}, and let W, = >"7" | 1(n(i) = 1)
be the number of fixed points.

(a) Define X; = 1(n(i) = ¢). Compute E[X;], Var(X;), Cov(X;, X;) for
i # j, and Var(Wy,).

(b) The X; are not independent. Nevertheless, show that W, L Poisson(1)
by computing E[e!""] using inclusion-exclusion.

(¢) Since Var(W,) = 1 for all n, the CLT scaling /n is inappropriate.
Instead, show directly from (b) that the Poisson(1) limit emerges. Com-
pare: does the normal distribution or the Poisson distribution give a
better approximation for moderate n?

This example illustrates that dependent indicators with pairwise covariances
O(1/n?) can converge to a Poisson limit rather than a Gaussian one when the
variance stays bounded.

Additional Exercises

Ezxercise 8.34 (Verifying the Lindeberg condition for i.i.d. sums). Let X1, Xo, ...
be ii.d. with E[X;] = 0 and Var(X;) = 02 < co. Define the triangular array
Xij = Xj/(O'\ﬁ) fOI‘j = 1,...,7:.

(a) Verify that the three standard conditions hold.
(b) Show that the Lindeberg condition is satisfied.

(c¢) Conclude that Theorem 8.1 follows from Theorem 8.6.

FEzercise 8.35 (CLT for non-identically distributed summands). Let X, X, ...
be independent (but not identically distributed) with E[X;] = 0, E[X ]2] = JJQ»,
and E[|X;]?] < oo for each j. Let s2 = > i1 g5 — 0.
Show that if 3%, E|X;|*/s3 — 0, then S, /s, —— N(0,1).

Ezercise 8.36 (Cramér—-Wold does not extend to infinite dimensions). Show
that the Cramér—Wold theorem can fail in infinite-dimensional spaces. Specif-
ically, find a sequence of probability measures (u,,) on £2 such that for every
continuous linear functional f the pushforward f,u, converges weakly on R,
but () does not converge weakly on £2.

Ezercise 8.37 (Second-order delta method). Suppose /n(Ty, —0) —= N (0, 0?)
and ¢ is twice differentiable at 6 with ¢’(#) = 0 and ¢”(8) # 0.
(a) Show that n(g(T,) — g(6)) LN @ a2 x3.

(b) Apply this to g(z) = (x — p)? with T, = X,, (where X; are iid. with
mean g and variance o2) to find the asymptotic distribution of n(X,, —
©)?. Compare with what you get from squaring the CLT directly.
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Ezxercise 8.38 (When the CLT fails: Cauchy sums). Let X7, Xs,... be i.i.d.
standard Cauchy (density f(x) = 1/(7(1 + 22))).

(a) Show that E[|X;|] = oo.
(b) Show that the characteristic function of X is p(t) = eIt

(c) Prove that X,, = (X1 + --- + X,,)/n is itself standard Cauchy for every
n. In particular, no normalization of the partial sums converges to a
Gaussian.

This is the simplest example of a stable distribution: one that is preserved
(up to location and scale) under summation.

Ezercise 8.39 (Variance-stabilizing transformations). Suppose v/n(T;, —6) ——

N(0,v(0)) where v(#) > 0 is a known function of 6.

(a) Show that ¢(0) := fog du_ s a variance-stabilizing transformation,

Vvo(u)
meaning that /n(g(T},) — g(0)) — N(0,1) regardless of 6.

(b) Apply this to the Poisson case: Xi,..., X, i.i.d. Poisson(\), T,, = X,
v(\) = A\. Show that the VST is g(A) = 2v/), and write the resulting
asymptotic statement.

(c) Apply this to the binomial case: T), = pn, v(p) = p(1 — p). Verify that
g(p) = arcsin(,/p) (up to a constant factor), recovering Example 8.22.

Ezercise 8.40 (Applying Anscombe: renewal CLT). Let X, Xo,... be ii.d.
positive random variables with E[X;] = u and Var(X;) = 02 < oo, and let
S = X1+ -+ + Xj. Define the renewal counting process

N(t) := max{k > 0: S < t}, t>0.
(a) Show that N(t)/t — 1/u almost surely as ¢ — oo.
(b) Use Anscombe’s theorem (Theorem 8.25) to show that

N(t)—t/p a
W—)N(O,l) as t — oo0.

(c) Interpret the result: if X; represents the time between successive bus
arrivals, what does part (b) say about the number of buses arriving in a
long time interval [0, ¢]?

Ezxercise 8.41 (How many voters to poll?). A pollster wants to estimate the
fraction p of voters who support a candidate. She samples n voters indepen-
dently (with replacement from the population).

(a) Using the CLT and the Berry—Esseen bound, determine the smallest n
such that
P(|p, — p| < 0.03) > 0.95

uniformly over all p € (0,1). This is the origin of the “+ 3 percentage
points” margin of error in political polling.
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(b) The pollster observes p, = 0.52 with n = 1000. Use the delta method
(via the log-odds transform g(p) = log £) to construct a 95% confi-
dence interval for the odds ratio p/(1 — p).

FEzercise 8.42 (Failure of CLT when Lindeberg fails). Construct a triangular
array satisfying the three standard conditions and the UAN condition, for
which the Lindeberg condition fails and the row sums S; do not converge in
distribution to N(0,1).

1. For row i, let n; =4 and let Xj1,..., Xy be ii.d. with
P(Xij=1)=P(Xyj=-1)=, PX;=0=1-—.

Verify the three standard conditions.

2. Show that the UAN condition holds but the Lindeberg condition fails
for every € < 1.

3. Compute the characteristic function g, () and show that

cost—1

ws,(t) — e as i — 00.

Identify this as the characteristic function of a compound Poisson ran-
dom variable: W =Y; +---+ Yy, where N ~ Poisson(1) and the Y are
i.i.d. taking values +1 with equal probability, independent of N.

4. Verify that Var(W) = 1, consistent with the three standard conditions,
but that W is integer-valued and hence not Gaussian.



Chapter 9

Martingales: Foundations

artingales are one of the most powerful tools in modern prob-

ability theory. Named after a class of betting strategies,

they formalize the idea of a “fair game”—a stochastic pro-
cess whosé€ future expected value, given all currently available information,
equals its present value. This simple definition leads to deep consequences:
convergence theorems, maximal inequalities, and a second proof of the Strong
Law of Large Numbers that illuminates the result from an entirely different
angle.

The theory builds directly on the conditional expectation machinery de-
veloped in Chapter 3. There, we learned to compute E(X | G) for a single
o-algebra G; here, we study what happens when the conditioning o-algebra
grows with time, modelling the accumulation of information.

This chapter and the chapters that follows are organized as follows. Sec-
tion 9.1 introduces filtrations and stopping times—the language of “informa-
tion available at time n” and “decisions made without looking into the future.”
Section 9.2 defines martingales and develops basic properties, including exam-
ples, martingale transforms, and the Doob decomposition. Section 10.1 stud-
ies the interplay between martingales and stopping times through the optional
stopping theorem and its applications (gambler’s ruin, Wald’s identities). Sec-
tion 10.2 presents Doob’s maximal inequality and the Azuma—Hoeffding con-
centration inequality. Chapter 11 develops the convergence theory: first the
L?-bounded and L'-bounded convergence theorems (via the upcrossing in-
equality), then the role of uniform integrability in upgrading a.s. convergence
to L' convergence and in characterizing martingales as conditional expecta-
tions. Finally, Chapter 12 introduces backward martingales and uses them to
give a second, elegant proof of the SLLN.

9.1 Filtrations and Stopping Times

Filtrations, stopping times, and martingales are all related to the idea of “the
information available at the present time.” This is represented by an increasing
family of o-algebras indexed by time and random variables measurable with
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o-algebras and o-fields
mean the same thing.
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respect to these g-algebras.

Filtrations

Definition 9.1. A filtration Fy C F; C F2 C ... is an increasing sequence
of o-algebras. A probability space (2, F,P) together with a filtration {F, },>0
is called a filtered probability space.

We use Foo to denote o(|Jr— o Fn)-

The o-algebra F,, is often interpreted as the collection of events that are
“determined by time n.” For example, if X1, X»,... is a sequence of random
variables on (€2, F,P), then this sequence defines a natural filtration

.F()Z{@,Q}, fnZU(Xl,...,Xn), n > 1.

Unless stated otherwise, when we work with a sequence of random variables,
we use the natural filtration.

Definition 9.2. A sequence of random variables {X,,} is adapted to a filtra-
tion {F,} if X,, is F,,-measurable for all n > 0. (We sometimes abuse notation
and write X,, € F,.)

A sequence {X,} is predictable if X,, is F,,_1-measurable for all n > 1.
Predictability is a stronger requirement: X,, is known one step before time n.

Stopping times
Definition 9.3. A stopping time T is a random variable T': Q — ZT U{co}
such that for every n < oo, {T'=n} € F,.

Intuitively, the decision to stop at time n must be based only on the infor-
mation available at time n—you cannot look into the future. If X; represents
your win or loss at time ¢ in a casino, then your decision to stop after round
n should not depend on X; for i > n.

Remark 9.4. An equivalent definition requires {T' < n} € F,, for all n. Since
{T < n} =Ui_o{T = K}, this is clearly equivalent.

Here are examples of valid stopping times:
o Constant stopping time: T(w) = k for all w.

o First entrance time: 7' = inf{n > 0: X,, € A} for a Borel set A.

e Composition with non-decreasing functions: If T is a stopping
time and f: Z* — Z% is non-decreasing with f(¢) > t for all ¢, then
T' = f(T) is again a stopping time.

e Min and max: If 77 and T5 are stopping times, so are T3 A T and
TV Ts.

The last property implies that any stopping time 7' can be written as an
increasing limit of bounded stopping times: T, =T An T T.
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Ezample 9.5 (Non-examples of stopping times). Consider the natural filtration
generated by random variables Xi,..., Xxn.

(a) The random variable T = first ¢ < N such that X; = max;<;<y X is
not a stopping time: the event

(T=n}={X1<Xn, ..., Xn1 <X} N {Xpi1 < Xn,..., Xy < X}

requires knowledge of X, 11,..., Xy and hence {T' = n} ¢ F, in general.

(b) The last visit to a set A, i.e., T'=sup{n : X,, € A}, is not a stopping
time.

(¢) A non-mathematical example: “cook toast until 10 seconds before it
starts to smoke” is not a stopping rule, because it requires knowledge of a
future event.

The o-algebra at a stopping time

Just as we have g-algebras F,, associated with deterministic times, we have a o-
algebra Fr associated with any stopping time T, representing the information
available at time 7.

Definition 9.6. For a stopping time 7', we define
Fr={A€ Fu: AN{T < n} € F, for each n > 0}.

One can verify that Fr is indeed a g-algebra and that T" is Fpr-measurable.
Moreover, if {X,,} is adapted, then X7 is Fpr-measurable on the event {T" <
oo}. Exercise 9.20 asks for further properties of Fr.

9.2 Martingales — Basic Results

An {F,}-adapted sequence of random variables {X,} is a martingale with
respect to {F,} if

1. E|X,| < oo for every n > 0, and
2. E(Xy41|Fn) = X, for every n > 0.

It is useful to think about a martingale X,, as total winnings in a fair game:
given the history up to time n, the expected value of the next observation
equals the current value.

From the definition and the tower property of conditional expectations, it
is immediate that E(X,|F,) = X, for all p > n. In particular, E(X,,) = E(X))
for every n.

Definition 9.7. An adapted sequence {X,} with E|X,| < oo for all n is
called a submartingale if X,, < E(X,4+1|F.), and a supermartingale if
Xn Z E(Xn—i-l’]:n)

A supermartingale is not an especially “super” thing: it represents win-
nings in a losing game where your expected wealth in the next period is less
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than it is now. Note that if {X,,} is a submartingale then {—X,} is a super-
martingale and vice versa. For that reason we will usually formulate results
either only for submartingales or only for supermartingales; the other case
follows by obvious transformation. A martingale is both a submartingale and
a supermartingale.

For a submartingale, E(X,,) < E(X,+1), so the means form a non-decreasing
sequence. A submartingale can be seen as a stochastic analogue of a non-
decreasing sequence. We will see later that if a submartingale is bounded
from above, then it converges almost surely.

Martingale differences

We can decompose any martingale into its increments. Define Y;11 = X;41 —
X;. Then

E(Yi+1]|F:) =0 for every i > 0.
Such a sequence {Y;} is called a martingale difference sequence. Con-
versely, if {Y;} is a martingale difference sequence, then

Xpn=Xo+V1+Yo+---+Y,

is a martingale. This representation is the analogue of writing a function as
its initial value plus a sum of increments.

Examples of martingales

Ezample 9.8 (Sums of independent random variables). Let &1, &a,... be in-
dependent random variables with E& = 0 for all ¢ > 1. Define F, =
o(&,...,&). Let Sp be a constant and S, = Sp + > i &. Then {S,} is
a martingale:

E(Sn+1’]:n) - E(Sn‘]:n) + E(§n+1’}_n) = Sn + E§n+1 = Sy.

Ezample 9.9 (Quadratic martingale). In the setting of the previous example,
assume additionally that Var(¢;) = 02 < oo for all . Then M,, = S2 —no? is a
martingale. Indeed, STQLH = 524286011 +572L+17 and since &,41 is independent
of Fp:

E(S?LH —(n+1)0?|F) =52 4+28, -0+ 0% - (n+1)o? = S — no?.

Ezample 9.10 (Exponential martingale). Let Y7,Y5,... be non-negative i.i.d.
random variables with EY; = 1, and let F, = o(Y1,...,Y,). Then M, =
[T~ Y; is a martingale:

E(Mn+1|-/rn) - MnE(Yn—H’fn) = MHE(YH-‘ﬂ) = Mn'

An important special case arises when we have i.i.d. random variables &; with
moment generating function ¢(f) = E(e%i) < co. Setting Y; = €% /p(0), we
obtain the exponential martingale
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which is in fact a one-parameter family of martingales indexed by . This
martingale plays a central role in large deviations theory and will reappear in
the gambler’s ruin problem (Section 10.1).

Ezample 9.11 (Doob’s martingale / Learning martingale). If X is an integrable
random variable on (Q, F,P) and {F,} is a filtration, then

M, = E(X|F,)

is a martingale with respect to {F,}. This follows directly from the tower
property:

E(Mp+1|Fn) = E(E(X|Fps1) ‘fn) =E(X|F,) = M,.

This is called Doob’s martingale (or the learning martingale): as the
filtration grows, we learn more and more about X. We will see in Section 11.4
that every uniformly integrable martingale is of this form.

Ezample 9.12 (Pélya urn). An urn initially contains one red ball and one blue
ball. At each step, a ball is drawn uniformly at random, then returned to the
urn together with one new ball of the same color. Let R, be the number of
red balls after n draws (so Ro = 1 and the total number of balls after n draws
is n + 2). Define

J— Rn

n42

Then M, is a martingale with respect to F,, = o(Ry, ..., R,). Indeed, given
Fn, the (n+ 1)st draw adds a red ball with probability R,,/(n + 2), so

n

1 R, n+2—R,

(MialFa) = — |(Ra+1)- =2+ e
R, {Rn+1 n+2—-R,]  Ry(n+3) R, —u
n+3ln+2 n+ 2 S (n+3)(n+2) nt+2 O

Since M,, € [0,1], we will show in Section 11 that M, converges a.s. to a
limit M. In fact, M ~ Uniform(0,1) see Appendix L for a proof (and a
generalization to arbitrary initial compositions).

Ezample 9.13 (Branching process). In a Galton—Watson branching process, we
start with Zy = 1 individual. Each individual in generation n independently
produces a random number of offspring with common distribution {ps}r>o,
and Z, denotes the total number of individuals in generation n. Let u =
> kpr be the mean offspring number, and suppose 0 < p < oo. Define
fn = O'(Zo, Zl, ey Zn) Then

is a non-negative martingale. To verify this, write Z,,41 = ZiZ:"1 fgnﬂ)

6(n+1)

where

are i.i.d. with mean yu, independent of F,,. Then

E(Zn+1|fn) = Zn 2
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and so E(M,.1|Fn) = Zpp/u™ ™ = Z, /)y = M,.

We will show in Section 11 that every non-negative martingale converges
a.s. to a limit. In particular, M, == W for some W > 0. However, the
limit can be trivial: if g < 1 (and the offspring distribution is not degenerate
at 1), then Z, = 0 eventually and so W = 0 a.s. Even when p > 1, one
may have W = 0 a.s. unless sufficient moments exist. The Kesten—Stigum
theorem asserts that P(W > 0) > 0 (conditional on non-extinction) if and
only if Y prklogk < co.

Martingale transforms

A martingale transform is the discrete stochastic analogue of a stochastic
integral. It formalizes the idea of a gambling strategy: a, is the bet size
chosen before round n, and Y;,, = X,, — X,,_1 is the outcome.

Definition 9.14. Suppose {X,} is a martingale with respect to {F,}, with
differences Y,, = X,, — X,,—1, and {a,} is a predictable sequence (i.e., a, is
Fn—1-measurable). The martingale transform (a - X),, is defined by

n

(a-X), = ZakYk-

k=1

Lemma 9.15. If {X,,} is an F,-martingale and {ay} is a predictable sequence
such that a,Y,, is integrable for each n, then (a - X) is an F,-martingale.

Proof. Let X! = (a-X),. Since a, € F,—1 and X,, is a martingale:

E(X;z - Xé—l’]:n—l) = E(anYn‘}—n—l) = anE(Yn’fn—l)
= an(E(X,|Fn-1) — Xn-1) = 0.

O]

Remark 9.16. If {X,,} is a submartingale and {a,} is predictable with a, > 0,
then (a - X) is also a submartingale. (The non-negativity of a,, preserves the
direction of the inequality.) This is intuitively clear: a non-negative betting
strategy applied to a favorable game remains favorable.

Generating submartingales from martingales

Lemma 9.17. Suppose {(X,, Fn)} is a martingale and ¢ is a convex function
such that E|lp(X,,)| < oo for every n. Then {(¢(Xy), Fn)} is a submartingale.

Proof. By Jensen’s inequality for conditional expectations:
o(Xn) = ‘P(E(Xn-&-lu:n)) < E(@(Xn-kl)‘}_n)-
O

In particular, for any p > 1, if {X,,} is a martingale with E|X,|? < oo
for all n, then {|X,|P} is a submartingale. Taking p = 2, we see that E(X?2)
is non-decreasing in n, i.e., the variance of a martingale can only grow with
time.
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Doob decomposition

Every submartingale can be uniquely decomposed into a martingale plus a
predictable non-decreasing process. This is the discrete-time analogue of the
Doob—Meyer decomposition in continuous time.

Theorem 9.18 (Doob Decomposition). Let {X,,} be a submartingale with
respect to {F,}. Then there exist a martingale {M,} and a predictable non-
decreasing sequence {A,} with Ay = 0 such that

X, =M, + A, foralln>0.
Moreover, this decomposition is unique (up to the choice of My = Xo).

Proof. FExistence. Define Ag = 0 and for n > 1,

Ap = Zn: (E(Xk|Fr-1) — Xp—1)-
k=1

Since {X,} is a submartingale, each summand E(Xy|F;_1) — Xp—1 > 0, so
{A,} is non-decreasing. Also, A,, is F,,—i-measurable (in fact each increment
is F_1-measurable), so {A,} is predictable.

Set M,, = X,, — A,,. Then My = X, and

E(Mn - Mn71|]:nfl) - E(Xn - anl - (An - An71)|]:n71)
= E(Xp|Fno1) — X1 — (B(Xy|Frz1) — Xpm1) = 0.

So {M,,} is a martingale.

Uniqueness. If X, = M, + A, = M, + A, are two such decompositions,
then M, — M| = Al — A,. The left side is a martingale; the right side is
predictable (both A/ and A,, are predictable). A predictable martingale {D,,}
satisfies D,, € F,,—1 and E(D,|F,—1) = Dy_1, hence D,, = D,,_1 a.s. for all n.
Thus D,, = Dy a.s. for all n, which gives A,, = A} and M,, = M/, a.s. O

Remark 9.19. For a martingale, A, = 0 for all n, so the Doob decompo-
sition is trivial. The decomposition becomes interesting for submartingales:
the predictable part A, captures the systematic “drift” while M, captures
the “noise.” This is analogous to writing a function as a monotone function
plus an oscillatory part. Exercise 9.26 provides practice with computing the
decomposition explicitly.

9.3 Exercises

Homework
Ezercise 9.20 (Properties of F7). Show the following properties of Fr:
(a) If T = k is a constant stopping time, then Fr = F.

(b) If S and T are stopping times with S < T, then Fg C Fr.
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(c) If S and T are stopping times, then Fgap = Fg N Fp.

Ezercise 9.21 (Likelihood ratio martingale). Let X, X2, ... be i.i.d. with den-
sity f with respect to Lebesgue measure, and let g be another density with
f(z) > 0 whenever g(z) > 0. Define

1 9(Xa) _
Ln_il;[lf(Xi), Lo=1.

(a) Show that {L,} is a non-negative martingale with respect to F, =
o(X1,...,Xy) (under the probability measure induced by f).

(b) What is E(L,)?

(¢) The ratio g(x)/f(x) is called the likelihood ratio. Give an interpre-
tation of L,, in the context of hypothesis testing: an observer sees data
X1,..., X, and wants to decide whether the true density is f (null hy-
pothesis) or g (alternative).

Ezercise 9.22 (Running maximum is a submartingale). Let {X,} be a sub-
martingale with respect to {Fn}. Define X,, = maxo<<p Xi. Show that
{X,} is also a submartingale.

Ezxercise 9.23 (Predictable quadratic variation). Let {M,} be a martingale
with E(M?2) < oo for all n. By Lemma 9.17, {M?2} is a submartingale.

(a) Write down the Doob decomposition M2 = N,, + (M),,. Show that
(M), = ZE((Mk — Mi—1)? | Fia).
k=1

The process (M), is called the predictable quadratic variation (or
angle bracket process) of M.

(b) Show that E((M),) = E(M2) — E(M?). Conclude that if My is a con-
stant, then E((M),,) = Var(M,,).

(c) Compute (M), when M, = S, = > & with & iid., E§ = 0,

Var(§;) = o2. Relate your answer to Example 9.9.

Additional Exercises

FEzercise 9.24 (Computing Fr explicitly). Consider two coin flips with Q =
{HH,HT,TH,TT} and the natural filtration

Fo={0,Q}, F =o(first flip), Fp=2%
Define T'(w) = 1 if the first flip is H, and T'(w) = 2 if the first flip is 7.
(a) Verify that 7" is a stopping time.

(b) List all elements of Fr. How many are there? Compare with |F;| and
| Fal.
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(c) Explain intuitively why F7 contains more information than F; but less
than Fs.

Ezercise 9.25 (Rounding a stopping time: ceiling vs. floor). Let T' be a stop-
ping time with respect to a filtration {F,}.

(a) Show that 7" = 2[T/2] is a stopping time. (Here [-] is the ceiling
function, so 7" rounds T" up to the nearest even number.)

(b) Show that 7" = 2|T/2] is not a stopping time in general, by giving a
concrete counterexample.

(c) Explain how both parts are consistent with the general principle stated
in Section 9.1: if f: ZT — Z% is non-decreasing with f(t) >t for all ¢,
then f(7T') is a stopping time.

Ezercise 9.26 (Doob decomposition examples). Find the Doob decomposition
for the following submartingales:

(a) X, = S2, where S, is a random walk with i.i.d. increments &; satisfying
E& = 0 and Var(&;) = o2,

(b) X,, = (S;7)?, where S, is a symmetric random walk and 7 = max(x, 0).

Ezercise 9.27 (Pélya urn: a second martingale). Consider the Pélya urn from
Example 9.12. Let R,, denote the number of red balls and B, =n+2 — R,
the number of blue balls after n draws.

(a) Show that
R, - B,

(n+2)(n+3)

is a martingale with respect to F,, = o(R1,..., Rp).

n =

(b) Express Wy, in terms of M,, = R, /(n + 2) and simplify. Compute Wy
and use the martingale property to find E(My (1 — My)), where My, =
lim,, oo My,. (The limit exists a.s. by Section 11.)

Ezercise 9.28 (The cubic martingale and polynomial martingales). Let &1, o, . ..
be iid. with E(§) = 0, E(&?) = 0%, E(&)) = v, and E(¢}) < oco. Let
Sp =1, & with Fy = 0(&1, ..., &n).
(a) Show that
M, = S;D’L — 3no2S, — ny

is a martingale. (This is the “cubic analogue” of Example 9.9.)

(b) Can you construct a degree-4 polynomial martingale in S,,7 What mo-
ment conditions are needed?

Remark 9.29 (Polynomial martingales of arbitrary degree). The construction
in Exercise 9.28 is part of a general pattern. Let 1() = logE(e%!) be the
cumulant generating function, with cumulants k1 = 0, ke = 02, k3 = 7,
etc. Since the exponential martingale M, (0) = ¢*S»~"¥(®) (Example 9.10) is
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a martingale for each 6, formally differentiating k£ times with respect to 6 at
0 = 0 produces a polynomial martingale of degree k in S,,. The first few are:

k=1: S,
k=2: S%_—nko,

k=3: Sz — 3nkaS, — NK3.

The degree-k martingale requires E|¢1|* < co. In practice, one does not need

the general formula via cumulants: it is simpler to expand (S, +&,41)* directly
and match terms, as in the exercise.

Exercise 9.30 (Doob’s martingale and convexity). Let X € L'(Q2, F,P) and
{F.} afiltration. Define Doob’s martingale M,, = E(X | F,,) (Example 9.11).
Let ¢: R — R be convex with E|p(X)| < oco.

(a) Show that E(p(M,)) is non-decreasing in n and satisfies E(p(M,)) <
E(¢(X)) for all n. Thus:

P(EX) < E(p(M1)) < E(p(M2)) < --- < E(p(X)).

(b) Taking ¢(z) = |z|P for p > 1, conclude that sup,, E|M,|P < E|XP.

(c) Interpret: as the filtration grows, M, becomes a progressively better
approximation to X. Why does E(p(M,,)) increase?



Chapter 10

Martingales: Optional
Stopping and Inequalities

N his chapter develops two fundamental themes in martingale the-
ory. The first is the optional stopping theorem, which asks:
22 if a martingale is a “fair game” at every deterministic time, does
fairneSspersist when we stop at a random time chosen based on the observed
history? The answer is yes—under appropriate integrability conditions—and
the result has striking applications, most notably to gambler’s ruin and Wald’s
identities. The second theme is martingale inequalities: Doob’s maximal
inequality controls the probability that a submartingale ever exceeds a thresh-
old, and the Azuma—Hoeffding inequality provides exponential concentration
bounds for martingales with bounded increments. We conclude with an ap-
plication of Doob’s inequality to complete the proof of Anscombe’s theorem
from Chapter 8.

10.1 Stopped Martingales and Optional Stopping

We know that if {X,,} is a martingale, then E(X,,) = E(Xj) for every fixed
time n. A fair game cannot produce any expected gain at a deterministic time.
What happens if we use a stopping rule to decide when to quit?

The stopped process is a martingale

Theorem 10.1 (Stopped martingale theorem). If {X,} is a martingale and
T is a stopping time, then the stopped process {X,ar} is also a martingale.

Proof. Define a,, = 1yr>p) = Lipsp_1y. Since {T >n -1} ={T'<n-1}°¢€
Fn—1, the sequence {a,} is predictable. Moreover, a,, is bounded. We claim
that

n
Xonr — Xo =Y ap(Xk — Xp—1) = (@ X)p.
k=1

125



126CHAPTER 10. MARTINGALES: OPTIONAL STOPPING AND INEQUALITIES

To see this, consider two cases. If T' > n, then a; = 1 for all £ < n, so the sum
equals > ;1 (Xp—Xp-1) = X, — Xo = Xpar —Xo. IT =m < n, then a;, =1
for k < m and a; = 0 for k > m, so the sum equals > ;" | (Xy — Xp—1) =
Xm — Xo = X7 — Xo = Xpar — Xo. By Lemma 9.15, (a - X) is a martingale,
so {Xpar} is a martingale. O

In particular, E(X, r) = E(Xj) for every n.

Optional stopping: when does E(Xr) = E(X()?

Suppose P(T' < o0) = 1. Then Xp is well-defined and Xpp, — X7 a.s. as
n — oo. If we could exchange limit and expectation, we would conclude

E(X7) = IE( Tim. XTM) = Tim E(Xr) = E(Xo).

However, this exchange is not always valid.
Exercise 10.20 asks you to verify that this stopping time is finite a.s.

Example 10.2. In the setting of the previous exercise, ST = 1 with probability
1, s0 E(St) =1 # 0 = E(Sp). Despite the fact that we play a fair game, this
stopping rule produces a sure gain of one dollar! The resolution is that the
exchange of limit and expectation is not justified.

Exercise 10.21 asks you to show that E(T') = cc.
The following result gives sufficient conditions for the optional stopping
identity to hold.

Theorem 10.3 (Optional Stopping Theorem). Let {X,,} be a martingale and
T a stopping time with P(T' < oco) = 1. Then E(X7) = E(Xo) provided any
one of the following conditions holds:

(i) Bounded stopping time: T < N a.s. for some constant N.

(ii) Bounded stopped process: |Xpan| < C a.s. for all n and some constant

C.

(iii) Dominated stopped process: | Xran| <Y a.s. for alln and some integrable
random variable Y .

(iv) Uniform integrability: the family {Xran}tn>0 s uniformly integrable.

Proof. In each case, X7, — X7 a.s. and we justify the exchange of limit and
expectation.

(i) If T < N, then X7 = X7 n and E(XT) = E(XT/\N) = E(Xo) since
{Xpa7} is a martingale by Theorem 10.1.

(ii) and (iii) follow from the bounded convergence theorem and the domi-
nated convergence theorem, respectively.

(iv) Uniform integrability plus a.s. convergence implies L! convergence by
the Vitali convergence theorem (Chapter 5), so E(X7nn) — E(X7). O

Remark 10.4. Condition (iv) is the most general: it is also necessary for the
conclusion E(X7) = E(Xp) to hold for all martingales stopped at T". This will
be discussed further in Section 11.4.
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Gambler’s ruin

Suppose that X7, Xs,... is a sequence of i.i.d. random variables with
PXi=1)=p, PXi=-1)=qg=1-p
Let Sp =0 and S, = X1 + - + X,,. Define the stopping time
T=inf{n >0:5, =Aor S, =—-B},

where A, B > 0 are integers. Here S, represents the wealth of a gambler who
wins or loses one dollar each round, and 7 is the first time the gambler’s wealth
reaches A (target) or —B (ruin).

We want to find P(S; = A)—the probability that the gambler wins A
dollars before losing B dollars—and E(7).

Step 1: 7 is finite a.s.

This argument works for any p > 0. The probability that the gambler wins

A+ B times in a row is at least pAT5 > 0. Consider the events Ey, k =0, 1, . . .,

that the gambler wins A+ B consecutive games on rounds [k(A+B)+1,. .., (k+

1)(A+B)]. These events are independent and ) _, P(E}) = oo, so by the second

Borel-Cantelli lemma, P(E}) i.0.) = 1. If any Ej occurs, then the walk must

have exited [-B, A] by time (k+ 1)(A + B). Hence P(7 < o0) = 1.
Moreover, 7 has exponentially decaying tails:

P(r > n(A+ B)) < (1 - p**F)",

which implies that all moments of 7 are finite. In particular, E(7) < oo.
(See Exercise 10.22.)

Step 2: Fair game (p = 1/2)

When p = 1/2, the random walk S, is a martingale. Since |Spa-| < max(A, B),
the stopped process is bounded and Theorem 10.3(ii) gives

0=E(Sy) = E(S,) = AP(S, = A) — BP(S, = —B).

Since P(S; = —B) =1 —P(S; = A), we solve to find

)_B
A+ B’

P(S, = A

Note that P(S; = A) — 1 as B — oo: with unlimited capital, you will
eventually win A dollars in a fair game.

To find E(7), we use the quadratic martingale M,, = S? — n from Exam-
ple 9.9 (with 02 = 1). The stopped process My, satisfies

|Mpnr| = |5721/\7- —(nAT)| < max(A,B)2 + T
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Since E(7) < oo, this is an integrable dominating function, and Theorem 10.3(iii)
gives E(M,) =0, i.e.,

E(S?) = E(7).

Computing E(S?) directly:

+B*.

E 2 :A2~
(5) A+ B A+ B

Hence
E(r) = AB.

Note that E(7) — co as B — oo.

Remark 10.5 (Distribution of 7 via the exponential martingale). The linear and
quadratic martingales gave us P(S; = A) and E(7). Can we extract more—
say, the full distribution of 77 Yes: the exponential martingale Még) =
e%5n /(cosh §)™ (a special case of Example 9.10) is a martingale for every 6 € R,
and applying optional stopping to it produces the Laplace transform of 7. See
Appendix I for the derivation and consequences.

Step 3: Unfair game (p # 1/2)

When p # 1/2, the random walk S,, is no longer a martingale. We need a
different martingale. This can be obtained as a special case of the exponential
martingale (Example 9.10), or by the following direct argument.

We seek a function h such that h(S),) is a martingale. This requires h(x) =
ph(z+1)4+qh(x—1). Trying h(x) = 2% gives the equation z = pz% + ¢, whose
roots are z = 1 and z = ¢/p. Since p # 1/2, these are distinct, and we conclude
that M,, = (¢/p)°" is a martingale with My = 1.

The stopped process Mpar is bounded (since —B < Spar < A), so by
Theorem 10.3(ii):

1 =E(Mo) = E(M;) = P(S; = 4) (¢/p)" +P(S: = ~B) (¢/p) "
Writing r = ¢/p and using P(S; = —B) =1 —-P(S; = A):
1=P(S, =A) '+ (1-P(S, = 4)) -r 7,

and solving:

1—r 8B B-1
P =A) =55 = (q(%;)LB -1

The second form is obtained by multiplying numerator and denominator by

rB.

Exercise 10.23 asks you to analyze the limiting behavior as B — oo.
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Wald’s first identity

Theorem 10.6 (Wald’s First Identity). Let X1, Xo,... be i.i.d. random vari-
ables with E|X;| < o0, Sy, = X1+ -+ Xy, and F, = 0(X1,..., Xp). If T is
a stopping time for {F,} with E(T) < oo, then

E(Sr) = E(X1) - E(T).

Proof. We write

(32 ) < B3 Kl = D E (L)
n=1 n=1 n=1

The exchange of sum and expectation is justified by Fubini’s theorem (or
Tonelli’s theorem applied to |X,|1{7>,}, whose sum has expectation E|X}] -
E(T) < o0).

For each n, we condition on F,,_1:

E(Xnlirzny) = E(E(XnLironyFn1)) = E(LromB(Xal Fa-1)),

where the last equality holds because {T' > n} = {T' < n —1}¢ € F,_1. (At
the end of period n — 1 we know whether we have stopped, but we do not yet
know the outcome of round n.) Since X,, is independent of F,,_;:

E(S ZIET LrsmE(X1)) X1)> P(T > n) =E(Xy) - E(T).
n=1

n=1

O

Remark 10.7. Wald’s identity does not require E(X;) = 0. When E(X;) =
0, it reduces to E(Sy) = 0, which is the optional stopping result for the
martingale S,,. Thus Wald’s identity can be viewed as an extension of optional
stopping to the non-centered case.

The following generalization is left as Exercise 10.24. Let Xi, Xo,... be
i.id. with E(X;) = 0 and Var(X;) = 02 < co. If T is a stopping time with
E(T) < oo, show that E(S2) = o?E(T).

10.2 Martingale Inequalities

Doob’s maximal inequality

The following result is the martingale generalization of Kolmogorov’s maximal
inequality. It controls the probability that a submartingale ever exceeds a
given threshold.

Theorem 10.8 (Doob’s Maximal Inequality). Suppose {X;}I", is a non-
negative submartingale. Let B = {maxogign X; > )\}. Then

P(E) < SE(1pX,) < %EXH. (10.1)

<1g
X
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Usually one only needs the weaker inequality P(E) < %EXn, but the
sharper middle inequality with E(15X,,) is useful in the proof of Doob’s L
inequality.

Proof. We decompose E into disjoint events £, where E; is the event that
the process first reaches A at time j:

EBj={Xo<A...,Xj—1 <\ X; > A}

Note that E; € Fj.
For each j, we have the chain of inequalities

1 1
P(Ej)</ dep</ X, dP.
X g, A g,

The first inequality is Markov’s inequality restricted to E;. The second uses
the submartingale property: since E(X,, | F;) > X; and E; € Fj,

E(1g,Xn) = E(15,E(X, | Fj)) > E(1g,X;).

Summing over j =0,1,...,n and using £ = | |; E;:

P(E)gl/Xnd]P’gl/Xnd]P’,
A e A

where the last inequality uses X,, > 0. 0

Corollary 10.9 (LP version of Doob’s inequality). If {X,} is a martingale
with E|X,|P < oo for all n and some p > 1, then

1
IP’( max | X;| > A) < FEIXal. (10.2)

0<i<n

Proof. By Lemma 9.17, {|X;|P} is a non-negative submartingale. Apply The-
orem 10.8 to this submartingale with threshold AP. O

For p = 2, this gives a generalization of Kolmogorov’s maximal inequality
(Chapter 6) from sums of independent random variables to arbitrary martin-
gales.

Remark 10.10. Doob’s maximal inequality can also be stated in LP norm form:
if {X,} is a martingale with sup,, E|X,|P < oo for some p > 1, then

P

E( max 1Xi") < (=) EIXaP.
0<i<n p—1

This is Doob’s LP maximal inequality; The proof is given in Appendix J. The

constant (p%l)p diverges as p — 1, reflecting the fact that the L' case requires

additional assumptions (uniform integrability) for good behavior.
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Azuma—Hoeffding inequality

The Azuma-Hoeffding inequality is a concentration inequality for martingales
with bounded differences. It generalizes the classical Hoeffding inequality for
sums of bounded independent random variables.

Theorem 10.11 (Azuma-Hoeffding Inequality). Let {Y,,} be a martingale
with respect to {Fn}, and suppose there exist constants K1, Ka, ... such that
Y, = Yo_1| < K, a.s. for alln > 1. Then for every x > 0,

1.2
P(|Y, — Y| > z) < 2eXp(—7). (10.3)
" 23 K

The proof relies on the following lemma.

Lemma 10.12 (Hoeffding’s lemma). Suppose X is a random variable with
E(X) =0 and |X| < ¢ a.s. Then for everyt >0,

E(e!Y) < cosh(tc) < e ¢/2,
Proof. By convexity of e!* and the constraint x € [—c, c]:

c+x cC—T _
etm S etc + e tc.
2c 2c

Taking expectations and using E(X) = 0:

E(e!) < Z(e' + e7) = cosh(tc).

N | —

The inequality cosh(u) < e"*/2 follows from comparing Taylor series: cosh(u) =
> heo % <> k2o % = ¢v’/2 since (2k)! > 2Fk!. O

Proof of Theorem 10.11. Let Dy = Y — Y1 denote the martingale differ-
ences, so |Dg| < Ky a.s. and E(Dy | Fr—1) = 0. By Markov’s inequality
applied to e!(Yn=Y0) for every t > O:
P(Y, — Yy > z) < e W E [ Y0,
We bound the expectation by peeling off the last increment:
]E[et(yniy())] — E[E(etl)n . et(Yn71*Y0) | f'n_1>i|

—E |0 0 E (P | Fy) .

Since E(D,, | Fn—1) = 0 and |D,| < K,,, Lemma 10.12 applied conditionally
gives

E(etDn |f _1) < etQK%/Z‘

Therefore
E[et(Ywa] < KR /2 E[et(Yn_rYo)]_



132CHAPTER 10. MARTINGALES: OPTIONAL STOPPING AND INEQUALITIES
Iterating this argument n times:
2
P(Y, — Yy > 2) gexp<—t$+§ZKf).
i=1

Optimizing over ¢t > 0: the minimum occurs at t* = x/ S K?, giving

2

x
P(Y,—-Yy>z) < ( - 7)
AN s
Applying the same argument to {—Y,,} gives the same bound for P(Yy —Y,, >
x), and the result follows by a union bound. O

Remark 10.13. When K; = K for all ¢, the Azuma—Hoeffding inequality be-
comes , ,
P(|Y;, — Yo| > ) < 2e7% /(20K

which gives sub-Gaussian tails with variance proxy nk?.

Application: Concentration for bin packing

The Azuma—Hoeffding inequality is particularly powerful in combination with
the method of bounded differences, which applies to functions of inde-
pendent random variables that are not too sensitive to any single coordinate.
The following example illustrates this technique.

Suppose we have n objects of independent random sizes X1, Xo,..., X,
each drawn from the same distribution on [0, 1], and an unlimited supply of
unit-size boxes. Let B, be the minimum number of boxes needed to pack all
objects. It is known that there exists a constant § (depending on the distri-
bution of X;) such that B, /n 2% 3. We want to show that B,, concentrates
around its mean.

Define Y; = E(B,, | F;) where F; = o(Xi,...,X;). Then {Y;}I', is a
martingale (this is Doob’s martingale from Example 9.11), with Yy = E(B,,)
and Y,, = B,,.

We claim that |Y; — Y;_1]| < 1 for each i. To see this, let B, (i) denote the
number of boxes needed to pack all objects except the ith. Clearly B, (i) <
B, < By (i)+1 (the ith object can always be placed in a separate box). Taking
conditional expectations:

E(Ba(i) | Fi1) < Yir < E(Ba(i) | Fi) + 1,
E(Bn(i) | Fi) <Y <E(Bn(i) | Fi) + 1.
The key observation is that B,,(i) does not depend on Xj, so E(B,,(i) | Fi—1) =
E(B (i) | F;). Combining the two inequalities gives |Y; — Y;_1]| < 1.
By the Azuma—-Hoeffding inequality with K; = 1:
2

P(|By —EBy| > ) < 2exp (— - ).

Setting = en and using EB,,/n — :

P(|B,, — Bn| > en) < 2exp ( — 3e°n(1 + o(1))).
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Thus the number of boxes concentrates around fn with deviations that are
exponentially unlikely.

Exercise 10.19 applies this technique to the chromatic number of a random
graph.

Application: Proof of Anscombe’s theorem

In Chapter 8 we stated Anscombe’s theorem (CLT for randomly stopped sums)
in full generality, but only proved it when IV, is independent of the summands.
We promised that the general case would follow from Doob’s maximal inequal-
ity. We now deliver on that promise.

Theorem 3 (Anscombe’s theorem, general case). Let X1, Xo, ... be i.i.d. with
E[X1] = p and Var(X1) = 0% € (0,00). Let (Ny)n>1 be positive integer-
valued random variables (not necessarily independent of the X;’s) satisfying
Np/n —= X for some A > 0. Then

- N,
SNy = Npt —%5 N(0,1).
oy N,
Proof. Let My, = Sp—kp = Zle(Xi — ). This is a martingale with E(M?2) =
ko?. Write m,, = [An]. We decompose:

MNn _ an .«/mn+MNn—an
o/N, oym, N, ovN,
—_—— e ——
M (1) (TIT)
Term (I) converges to N(0,1) in distribution by the classical CLT, since

My, — 00.

Term (II) satisfies m, /N, = (An 4+ O(1))/N,, — 1 (since N,/n —s ),
S0 \/ My /Ny, 1.

By Slutsky’s theorem, the product (I) x (II) == N(0,1). It remains to
show:

Term (III) converges to 0 in probability. Fix e > 0 and § > 0. Then

My — M,
IP’(' N, ol

770 "Ml < _
oy s > &) < PNy — my| > n)

—HP’( max ]Mk—an|>£a\/()\—5)n),

|[k—my|<én

where on the second event we used N,, > (A — §)n (which holds on the com-
plement of the first event, for n large enough).

The first probability vanishes as n — oo since N,,/n Y

For the second probability, we apply Corollary 10.9 (with p = 2) to the
martingale M} = My, +j — My, j =0,1,...,[0n]:

/ 2
) E|M(s, ||
e2a?2(A—d)n
_ [on]o? < )
Ce202(A—=6)n ~ e2(A —0)

!
> —
P<0§Ijn§af§nJ |Mj| > eor/(A—=&)n
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A similar bound handles maxg<;<|sn| |Mm,—j — Mm, |- Therefore

, |My, — My, | 25
1 P(# < EE—
imsup P(e e > o) < o E s

Since & > 0 was arbitrary, letting § — 0 gives the desired conclusion. ]

Remark 10.14. The heart of the argument is the maximal inequality estimate
on Term (III): Doob’s inequality gives us uniform control of the martingale
My, over a window of width dn around m,,, with a bound proportional to J.
This is precisely the “uniform control of the partial sum process” mentioned
in Chapter 8.

10.3 Exercises

Homework

Ezercise 10.15 (The stopped walk is not uniformly integrable). Let (Sy,)n>0
be the simple symmetric random walk starting at Sy = 0, and let T' = inf{n :
Sp = 1}. Tt is known that P(T < co) = 1 (see Exercise 10.20). Show directly
that the family {S7n}n>0 is not uniformly integrable.

Ezxercise 10.16 (Expected duration of gambler’s ruin: unfair game). In the
gambler’s ruin setting with p # 1/2, use Wald’s first identity to show that

B(r) = AP(S = 4) = BP(S; = -B)

pP—q
where P(S; = A) is the ruin probability computed in the text.

(a) When p > 1/2, show that E(7) - A/(p — ¢q) as B — oo. Interpret this:
why should a gambler with an edge and unlimited capital expect to win
A dollars in finite expected time?

(b) When p < 1/2, show that E(7) — co as B — oo.
(c) Verify that in the limit p — 1/2, the formula recovers E(7) = AB.

Ezercise 10.17 (Pattern matching via martingales). Let &1, &a, ... be i.i.d. uni-
form on an alphabet of size s. Fix a pattern p = p1ps - - - pp and let

T=inf{n>0: (&—t41,---.&n) = (P1,.--,p0)}

be the first time the pattern appears.

(a) Show that E(T") < oc.

(b) Consider the following gambling team: at each time k£ > 1, a new
gambler G enters the casino with $1. At time k, he bets his entire
wealth that &, = p1; if he wins, his wealth is multiplied by s, otherwise
he is out. If he survived, at time k41 he bets his entire $s that &1 = po;
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and so on. Let W, denote the total wealth of all gamblers (including
those who went home with $0) at time n. Show that

M, =W, —n
is a martingale with My = 0.

(¢) Verify that the optional stopping theorem applies to M and T, and
conclude that

¢
E(T) = ZS] ' 1{(p17 .. 7p]) - (pg,]qu, oo 7p€)}'
=1

(d) Apply the formula to compute E(T') for

(i) the pattern HH (two heads in a row) with a fair coin;
(ii) the pattern HT with a fair coin.

Compare the two answers and explain heuristically why one is larger
than the other.

Ezercise 10.18 (Method of bounded differences). Let X, ..., X,, be indepen-
dent random variables with X; taking values in a measurable space X;, and
let f: & x---x X, = R be a bounded measurable function satisfying the

bounded-differences condition: there exist constants ci,...,c, > 0 such
that for every i and every x1,. .., Zy,, 2,
/
}f(:vl,...,xi,...,xn) — f(xl,...,:ci,...,mn)’ < ¢.

Prove that for every ¢t > 0,

2
P(If(X1,..., Xn) — Ef(X1,..., Xn)| > 1) < 2exp(— 222@)
=1 "1

Ezercise 10.19 (Concentration of the chromatic number). Let G be a random
graph on n vertices where each edge is included independently with probability
p. Let x(G) denote the chromatic number. Show that

P(|x(G) — Ex(G)| > t) < 21/

Additional Exercises

Ezercise 10.20 (Hitting time is finite). Consider a simple symmetric random
walk S, starting at Sop = 0 and let 7" = inf{n : S,, = 1}. Show that P(T" <
o0) = 1.

Ezercise 10.21 (Hitting time has infinite expectation). Show that E(T") = oo
for the stopping time in Exercise 10.20.

Ezercise 10.22 (Gambler’s ruin: finite expected duration). In the gambler’s
ruin setting, verify the tail bound P(7 > n) < (1 — pAtB)"/(A+B)] and show
that E(7) < 3°0° ((n + 1)(1 — pA*B)" < o0
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Ezxercise 10.23 (Gambler’s ruin: limiting probabilities). Analyze the limiting
behavior of P(S; = A) as B — oo in both cases p > 1/2 and p < 1/2. Interpret
the results.

Ezercise 10.24 (Wald’s Second Identity). Let X1, Xo, ... beiid. with E(X;) =
0 and Var(X;) = 02 < 0o. If T is a stopping time with E(T) < oo, show that
E(S2) = oE(T).



Chapter 11

Martingale Convergence
Theorems

hen does a martingale converge? This chapter answers the
2 question in stages of increasing depth. We begin with L?-
6/4 bounded martingales, where orthogonality of increments gives
botmand L? convergence. We then prove Doob’s fundamental result that
every L'-bounded martingale converges almost surely, using the upcrossing
inequality—a beautifully combinatorial argument. However, L' boundedness
alone does not guarantee L' convergence; for that, we need uniform integra-
bility. The chapter develops the theory of uniformly integrable martingales,
culminating in the closure theorem: a martingale is Ul if and only if it has
the form X,, = E[X | F,] for some integrable X,. We close with regular
stopping times, which extend the optional stopping identity to unbounded
stopping times.

11.1 L?-bounded martingale convergence

Our first convergence theorem is a generalization of Kolmogorov’s theorem on
the convergence of series of independent random variables. The proof uses
orthogonality of martingale differences and Doob’s maximal inequality.

Theorem 11.1 (L? Martingale Convergence). Suppose that {M,,} is a martin-
gale satisfying sup,> E(M?) < B < co. Then there exists a random variable

My with BE(M2) < B such that M,, ~*> My, and M, N M.

Proof. Let Dy, = My, — Mj_1 denote the martingale differences.

Step 1: Orthogonality. For i < j, the differences D; and D; are orthogonal
in L?:
E(D;D;) = E(D; E(D; | Fj-1)) = E(D; - 0) = 0.

Therefore, assuming My = 0 for simplicity (the general case follows by con-

137
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sidering M,, — M),

n
E(M2) = S E(DY) < B, (11.1)
k=1
so the series > 7o E(D?) converges.
Step 2: Almost sure convergence. For any pair a < b, define

Awp = {w liminf M, (w) < a < b < limsup Mn(w)}.

n—00 n—00

The event that M, fails to converge is A = |, <b, a,beQ Agp, so it suffices to
show P(A,p) = 0 for each rational a < b.
Setting ¢ = (b — a)/2, we have for all m > 0:

Agp C { sup |M,, — My,| > 8}.
n>m

Applying Corollary 10.9 with p = 2 to the martingale M; = My, 1, — My,:

[e.9]

1 1
P(Aa) < = sup B(|M, — M) = = Y E(D}), (11.2)
€ n>m < k=m+1

where the equality uses orthogonality. Since the series > E(D?) converges,
the tail Y72 E(D7) — 0 as m — oo. Since m is arbitrary, P(Aq) = 0.
Step 8: L? convergence. Let M., denote the a.s. limit. By orthogonality,

o0

E(| Mo — M) = > E(D}) =0 asn— oo,
k=n+1
so My, 5 M. In particular, E(M2,) = limy_seo E(M2) < B. O

Remark 11.2 (On the passage to the infinite sum in Step 3). The identity

o0

E((Mo — My)?) = E(D}) (11.3)
k=n-+1

used in Step 3 deserves a closer look. Orthogonality of the differences gives
the finite identity

N
E((My - M,)*) = > E(Dj), n<N, (11.4)
k=n+1

which is a purely algebraic consequence of E(D;D;) = 0 for i # j. Passing
from (11.4) to (11.3) requires letting N — oo inside an expectation, and almost
sure convergence My —3 M, alone does not justify this: one must either
bound the pre-limit quantity (Fatou) or exhibit an L? limit by another route
(completeness).
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Route 1: Fatou plus norm continuity. From My == M., we get (My —
M,)? = (Ms — M,)? ass., so Fatou’s lemma gives the inequality

E((Moo - Mn)Q) < l}vniloréfE((MN - Mn)2) = io: E(DJ%%
k=n+1

with the last step following from (11.4). Since >, E(D?) < oo, the right-

2
hand side tends to 0 as n — oo. This already proves M, 25 Mo and, in
particular, M,, € L?. Once L? convergence is established, continuity of the
L? norm upgrades the inequality to the equality (11.3):

© 1/2
|Mog = My s = Jim || My — My = (kZHE(D,%)) .
=n

Route 2: completeness of L2. A more structural argument bypasses a.s.
convergence entirely. From (11.4), for n < m,
m
M — M5 = > E(D}) =0 asn,m — o,
k=n+1

because >, E(D?) < co. Hence {M,} is Cauchy in L?. By completeness of
— 2
L?(Q, F,P), there exists M,, € L? with M, N M, and by continuity of

- ll2,
o

[ Moo — Mn”% = n}gnoo [ M, — Mn”% = kzlE(Dl%)
=n-+

It remains to identify ]Téfoo with the a.s. limit M. Both L? convergence
and a.s. convergence imply convergence in probability, so M, 5 My and
M, = My; by uniqueness of the limit in probability, M., = M, a.s.

Moral. Finite orthogonality is algebra; the infinite-sum identity (11.3) is a
limit theorem. In Route 1 we control the a.s. limit by an L? quantity via
Fatou; in Route 2 we produce an L? limit directly from completeness and only
at the end match it with the a.s. limit.

Remark 11.3 (Extension to sub- and supermartingales). Theorem 11.1 extends
to L2-bounded submartingales and supermartingales: if {X,,} is a submartin-
gale (or supermartingale) with sup,, E(X2) < oo, then X,, converges a.s. and
in L? to some X, € L?. The supermartingale case follows from the sub-
martingale case by considering —X,,. A clean proof in the non-negative case
— which uses Doob’s maximal inequality and covers the main applications —
is given in Appendix K; the general case uses the Doob decomposition and
can be found in Durrett (2019), §4.4.

11.2 Upcrossing inequality and L!-bounded conver-

gence

The L?-bounded convergence theorem above requires a second moment condi-
tion. The following deeper result, due to Doob, requires only L' boundedness.
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The proof uses a completely different technique: counting upcrossings.

b o o
s\ / \/ // \v/’
\/H—/ .

— =

Upcrossing 1 Upcrossing 2 incomplete

n

Figure 11.1: Upcrossings of the interval [a,b]. The red path segments show two
completed upcrossings (from below a to above b). The dashed orange
segment shows an incomplete upcrossing at the end.

Suppose {X,,} is a sequence of real numbers and a < b. An upcrossing of
the interval [a, b] is a pair of times s < ¢ such that X; < a and X; > b, with no
previous upcrossing completing after time s (see Figure 11.1). More precisely,
we define the upcrossing times inductively: let o3 = inf{n > 0 : X,, < a},
71 = inf{n > 01 : X;, > b}, and for k > 2, o, = inf{n > 7,1 : X;, < a}, o =
inf{n > o}, : X, > b}. Then U, p(n) is the number of completed upcrossings
by time n, and U, = limy, o0 Ug p(n).

The intuition is that of a stock trader who buys when the price drops to
a and sells when it rises to b. Each completed upcrossing yields a profit of at
least b — a.

Theorem 11.4 (Doob’s Upcrossing Inequality). Let {X,,} be a supermartin-
gale. Then for every a < b and every n,

E(a— X,)" _ |a] + EIX,|

E <
Ua’b(n) - b—a - b—a

(11.5)

This theorem implies that for L'-bounded supermartingales, the total
number of upcrossings is finite a.s. Indeed, EU,(n) is non-decreasing in
n and bounded by (11.5). By the monotone convergence theorem, EU,; =
limy, 00 EUg p(n) < 0o, which implies U, < 00 a.s.

Proof. Define a predictable sequence {C,} that represents the “upcrossing
trading strategy”: C,, = 1 when the trader holds the stock at time n (i.e.,
the price has dropped below a and has not yet risen above b), and C,, = 0
otherwise. Formally, C1 = 1(x,<,} and for n > 2:

Cn =1, ,=131{x, ,<v} + 1o, 1=011{x, 1<a}-

In words: the trader stays in (C), = 1) if he was in and the price hasn’t reached
b yet, or enters (C),, = 1) if he was out and the price drops to a or below. Note
that C,, is F,_1-measurable, so {C),} is predictable.

Define V;, = (C- X)n = > p_y Cu(Xg — Xg—1). This is the trader’s cumu-
lative profit. Since {X,,} is a supermartingale and 0 < C),, < 1 is predictable,
{Y,,} is also a supermartingale, so E(Y;,) < E(Yp) = 0.
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On the other hand, each completed upcrossing contributes at least b—a to
the profit, while the only possible loss comes from an incomplete upcrossing
at the end (if the trader is holding the stock at time n with the price below
b). This loss is at most (a — X,,)T. Therefore:

Y, > (b—a)Uyp(n) — (a— Xn)+.
Taking expectations and using E(Y},) < 0:
(b—a)EUup(n) <E(a— X,)".
The second inequality in (11.5) follows from (a — x)" < |a| + |z|. O
We are now ready for the main convergence theorem.

Definition 11.5. A supermartingale {X,} is L'-bounded if sup,, E|X,| <
0.

Theorem 11.6 (Doob’s Martingale Convergence Theorem). If {X,} is an
L'-bounded supermartingale, then X,, converges almost surely to a limit Xoo
with E| X | < oc0.

Proof. By the upcrossing inequality, for every pair of rationals a < b, the
number of upcrossings U, is finite a.s. Define

Awp = {w dliminf X, (w) <a <b < limsuan(w)}.

n—o0 n—o0o

On the event A, the sequence X, crosses the interval [a,b] infinitely often,
so Uy p = 00. Since U, < 00 a.s., we have P(A4gq,) = 0.
The event that X, fails to converge to a limit in [—oo, o0] is

A= U A

a<b, a,beQ

Since this is a countable union of null sets, P(A) = 0, so X,, converges a.s. to
a limit X, € [—00, 00].
It remains to show that X, is integrable. By Fatou’s lemma:

E(|Xoo|) = E(liminf | X,,]) < liminfE(|X,|) < supE(]X,]) < occ.

In particular, | X | < 00 a.s. O

Corollary 11.7. Every non-negative supermartingale converges almost surely
to an integrable limit.

Proof. If {X,,} is a non-negative supermartingale, then E|X,| = E(X,)
E(X() < 00, so it is L'-bounded.

LTIA

This corollary justifies the claims made earlier about the Pélya urn (Ex-
ample 9.12) and branching process (Example 9.13) martingales.
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Example 11.8 (L'-bounded martingale that does not converge in L'). Let S,
be a symmetric simple random walk starting at Sy = 1, and let

N =inf{n : S, = 0}.

Set X,, = Syan- By Theorem 10.1, {X,,} is a martingale, and stopping at 0
keeps it non-negative.

The martingale is L'-bounded. This is the point of the example, so we
verify it explicitly. Because X,, > 0, we have |X,,| = X,,, and the martingale
property gives

ElX, = E(X,) = E(Xo) =1 for every n > 0.

Hence sup,, E| X,,| = 1 < co. Note how cheaply this came: non-negativity col-
lapses E|X,,| to E(X,,), and the martingale property pins the latter to E(X)).
No estimate, no inequality.

Almost sure convergence. Since {X,} is L'-bounded, Doob’s theorem
(Theorem 11.6) gives X,, —3 X, for some integrable X... By recurrence of
the symmetric walk, P(N < o0) =1, so Xoo = Sy =0 as.

Failure of L! convergence. If X,, — X, in L!, then in particular E(X,,) —
E(Xs). But E(X,,) = 1 for every n while E(X,,) = 0, so L' convergence fails.

This is the example to keep in mind: L'-boundedness alone is not enough
to upgrade a.s. convergence to L' convergence, even for a martingale, even one
as well-behaved as a non-negative one. The mechanism of failure is that the
family {X,,} is not uniformly integrable: a unit of expected mass is supported
on the shrinking event {N > n} at growing values of S,, and escapes to
infinity rather than landing on the limit. Uniform integrability is exactly the
condition that closes this gap, and it is the subject of Section 11.4.

11.3 L? convergence for p > 1

The situation is much better for p > 1 than for p = 1: LP boundedness
implies both a.s. convergence and LP convergence. The key reason is that LP
boundedness for p > 1 implies uniform integrability.

Theorem 11.9 (LP Martingale Convergence, p > 1). Let {X,,} be a martin-
gale with sup,, E|X,|P < co for some p > 1. Then there exists Xoo € LP such

that X,, =5 Xoo and X, 5 Xo.

Proof. Since E|X,| < (E|X,|P)!/? < C (by Jensen’s inequality), the martin-
gale is L'-bounded. By Doob’s convergence theorem (Theorem 11.6), X,, =%
X for some integrable X .

It remains to show LP convergence. The key tool is Doob’s LP maximal
inequality (stated in the remark after Corollary 10.9), which gives

P
E(Sup|Xk|p> < (L> sup E| X, |P < oo.
k>0 p—1/ n
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In particular, X* = supy~¢ |Xk| is in LP, and since | X| < X* a.s., we have
| X, — XoofP < (2X*)? for all n, with (2X*)? integrable. Since X,, — X, a.s.,
we have | X,, — X|P — 0 a.s., and the dominated convergence theorem gives
E| X, — XfP — 0. O

Remark 11.10. For p = 2, this result is consistent with Theorem 11.1, but the
proof there was more elementary (using orthogonality directly). The present
proof works for all p > 1 but relies on Doob’s L? maximal inequality, which
we stated without proof in Section 10.2.

The case p = 1 is genuinely different: L' boundedness does not imply
uniform integrability, and does not guarantee L' convergence, as Example 11.8
shows. The additional condition needed for L' convergence is the subject of
the next section.

11.4 Uniformly Integrable Martingales

We have seen that L'-bounded martingales converge almost surely, but may
fail to converge in L' (Example 11.8). The missing ingredient is uniform
integrability. Recall from Chapter 5 that a family C of random variables is
uniformly integrable (UI) if

sup E(| X |1y x>x3) = 0 as K — oo,
XecC B

and that the Vitali convergence theorem states: X,, — X in L! if and only if
X, — X and {X,} is UL In this section, we apply these ideas to martingales.

When is a martingale uniformly integrable?

There are two important sufficient conditions for a martingale to be UI.
Condition 1: LP boundedness for p > 1. If sup, E|X,|P < oo for some
p > 1, then {X,} is UL This was proved in Chapter 5 (the de la Vallée-
Poussin criterion). In this case, Theorem 11.9 already gives LP (and hence
L) convergence.
Condition 2: Doob’s martingale. If X,, = E(X | F,,) for some integrable
X, then {X,} is UL This is the more interesting case, and we prove it below.

Theorem 11.11. Let X € LY(Q, F,P), and let G range over all sub-o-algebras
of F. Then the family {E(X | G) : G C F} is uniformly integrable.

The proof uses the following lemma, which says that integration against
an L' function is “absolutely continuous” with respect to P.

Lemma 11.12 (Absolute continuity of integration). If X € L'(Q, F,P), then
for every € > 0 there exists § > 0 such that

P(A) <d = E(|X[;A4) <e

forall Ae F. (Here E(Y;A) =E(Y14).)
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Proof. Suppose the conclusion fails. Then for some gy > 0, there exist sets
A, € F with P(4,) < 27" and E(|X|; Ay) > €o.
Let

H =limsup A, = ﬂ U A, ={w:w € A, for infinitely many n}.

n—00
m=1n>m

By the first Borel-Cantelli lemma (since ) P(A4,) < c0), P(H) = 0.
However, | X |14, < |X| which is integrable, so by the reverse Fatou lemma:

E(|X|; H) > limsup E(|X|; An) > eo.
n—oo

But P(H) = 0 implies E(|X|; H) = 0, a contradiction. O

Proof of Theorem 11.11. Write Xg = E(X | G). Let € > 0. Choose § > 0 as
in Lemma 11.12, and choose K so that K 'E|X| < .

By Jensen’s inequality for conditional expectations, |X¢g| < E(|X| | G), so
E|Xg| < E|X|. By Markov’s inequality:

E|Xgl _ BIX| _

K‘Ké'

B(1Xg| > K) <

Since {|X¢g| > K} € G, we can use Jensen’s inequality and the definition of
conditional expectation:

E(|Xgl;{|Xg| > K}) <E|E(|X] | 9); {|Xg| > K}]
= E(1X[; {[Xg| > K}) <e,

where the last inequality follows from Lemma 11.12 since P(|Xg| > K) < 4.
This holds for every G, so the family is UL O

Corollary 11.13. If X € L' and X, = E(X | F), then {Xp} oo is a
uniformly integrable martingale.
The closure theorem

The remarkable fact is that the converse also holds: every Ul martingale
arises as a Doob martingale. This gives a complete characterization.

Theorem 11.14 (Closure Theorem for UI Martingales). Let {X,,} be a uni-
formly integrable martingale with respect to {F,}. Then:

(i) Xoo = lim, oo Xy, exists a.s. and in L.
(ii) For everyn >0, X, =E(X | Fn) a.s.

Proof. (i) Since Ul implies L!-boundedness, Doob’s convergence theorem (The-
orem 11.6) gives X,, — X, for some integrable Xo,. Since {X,} is UI and
X, 2% X, the Vitali convergence theorem (Chapter 5) upgrades this to L1
convergence.
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(ii) Fix n > 0 and let A € F,. For any r > n, the martingale property
gives E(X,; A) = E(X,,; A). On the other hand,

|E(XT;A) - ]E(XocﬁA)‘ < E|Xr - Xoo| —0
as r — 00, by the L' convergence from part (i). Therefore

E(Xew; A) = lim E(X;; A) = E(Xn; A)

T—00

for every A € F,. By the definition of conditional expectation, this means
Xn =E(Xo | Fn) as. O

Remark 11.15. Combining Corollary 11.13 and Theorem 11.14, we have the
following equivalence for a martingale { X, }:

{X,}is Ul <= X, =E(X, | F,) for some X, € L'.

This justifies calling Doob’s martingale (Example 9.11) the “canonical” or
“most general” form of a Ul martingale. The variable X, is called the closure
of the martingale.

An important consequence is Lévy’s upward theorem (Exercise 11.23): if
the filtration F,, increases to Fo, then E(X | F,,) — E(X | Fx) a.s. and in
L.

Regular stopping times

In many applications, the martingale {X,,} itself is not uniformly integrable,
but the stopped martingale { X, r7} is. This motivates the following defini-
tion.

Definition 11.16. A stopping time T is called regular for the martingale
{X,} if the stopped martingale {X,,c7r} is uniformly integrable.

If T is regular for {X,}, then by the closure theorem, X, 7 — X7 in L!
and X,ar = E(X7 | 7). In particular, E(X7) = E(Xj), so the optional
stopping identity holds.

Ezxample 11.17. Any bounded stopping time T' < N is regular for any mar-
tingale, since {X,ar} is eventually constant and hence trivially UI. More
generally, if | X, ar| < C a.s. for all n, then T is regular.

The following theorem gives a useful criterion for regularity in the i.i.d.
setting.

Theorem 11.18. Let S, =Y, +---+ Y, where Y} are i.i.d. with EY; = 0
and E|Yy| < co. Let T be a stopping time with E(T') < co. Then:

(i) T is reqular for {S,}.

(i3) If additionally E(Y?) = 0% < oo, then T is reqular for {S2 — no?}.
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Proof. (i) Since E(T') < oo, we have P(T < c0) = 1 and Sta, — S7. We will
show that Sta, — St in L', which implies that {S7,} is UI (by the Vitali
theorem in reverse: L' convergence implies UT).

We bound

o0

|STAn — ST| < Z Yillg<ry =: &nsa
j=n+1

Clearly &,+1 — 0 a.s. (since the sum is zero once n > T), and &,4+1 < & for
all n. It suffices to show E(&;) < oo, after which E(&,4+1) — 0 by dominated
convergence. We compute:

E(&) =) E(Yj1y<ry)-

j=1
Since {j < T} ={T <j—1}°€ F;_1 and Yj is independent of F;_1:
E([Y;[1g<r) = EIY;|- PG < T) = B[] - (T > ).

Summing: E(&;) = E|Y1|-E(T) < oc.

(ii) We show that Sy, — St in L2, which implies L' convergence and
hence regularity for both {S,} and {S2 — no?}.

By orthogonality (since Yjlij<ry and Yilg<ry are uncorrelated for i # j,
using the independence of Y; from F;_1 D o({j < T})):

E(Stan —S1)2 = > E(Y1gery) =E(Y?) Y P(T>j) =0
j=n+1 j=n+1

as n — 00, since > 22, P(T' > j) = E(T) < cc.
Now, Span — Sr in L? implies 52, — S in L' (since ||| f,[13 — | fII3] =
[(fn = fs fn+ )] < 1 fn = fll2ll fn+ fll2, and both factors are bounded). Also,

T An — T in L' by monotone convergence. Therefore S%. — (T An)o* —
S2 —To? in L', so {S2,; — (n AT)o?} is UL O

Remark 11.19. Theorem 11.18 gives a unified perspective on the optional stop-
ping arguments of Chapter 10.1. In gambler’s ruin, the martingales {S,a-}
and { M, x-} were handled directly via boundedness and domination—conditions
(ii) and (iii) of the optional stopping theorem. The present theorem subsumes
both: from E(7) = AB < oo, it concludes that 7 is regular for {S,} and
{S2 —n}, which is condition (iv)—strictly more general than (ii) and (iii). For
applications where the stopped process is neither bounded nor dominated by
an integrable random variable, this UI route via ET" < oo becomes essential.

Ezample 11.20 (Wald’s second identity). Let Y7, Y, ... be i.i.d. with EY; =0
and Var(Y7) = 02 < oo,and set S, =Y +---+Y,. Let T be a stopping time
(with respect to F,, = o(Y1,...,Y,)) satisfying ET" < co. Then

ES% = o°ET.

Consider the quadratic martingale M,, = S2 — no?. The stopped process
My, is not uniformly bounded: on the event {T > n}, the term no? grows
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without limit. Likewise, no obvious integrable random variable dominates
sup,, |M7an|—a direct dominator would require Esup,<p S? < oo, which by
Doob’s L? maximal inequality (applied to the stopped martingale) is equiva-
lent to 02ET < oo, exactly the regularity condition. So neither condition (ii)
nor (iii) of the optional stopping theorem applies cleanly.

The clean argument is via regularity. By Theorem 11.18(ii), 7" is regular
for {M,}, hence Mz,, — Mr in L'. Therefore

0=EMy = lim EMrp, = EMy = ESZ — ¢%ET,

which gives the identity.

11.5 Lévy’s 0-1 law

As a further application of Ul martingales, we derive Lévy’s 0-1 law, which
strengthens Kolmogorov’s 0-1 law by describing how conditional probabilities
of tail events converge.

Theorem 11.21 (Lévy’s 0-1 law). Let Xi, Xo,... be independent random
variables, and let A be a tail event, i.e., A € T =), 0(Xnt1,Xn+2,...)
Then

PA| X1,...,X,) =514 asn — oo.

Proof. Let F, = 0(X1,...,Xy). The process M,, =P(A | F,) =E(14 | Fy,) is
Doob’s martingale for 14. By Theorem 11.11, {M,,} is UI, and by the closure
theorem (Theorem 11.14), M,, — E(14 | F) a.s., where Foo = o(U,, Fn)-

Since A € T and X1, Xo, ... are independent, A is independent of F,, for
every n. By a monotone class argument (or Lévy’s upward theorem, Exer-
cise 11.23), 14 is Fo-measurable (since A € 0(X1, Xo,...) = Fo). Therefore
E(14 ‘ foo) =14, and

PA|X:,...,X,) > 14 as.
O
Remark 11.22. Lévy’s 0-1 law says more than Kolmogorov’s: not only is
P(A) € {0,1}, but the conditional probability P(A | X1,...,X,) converges
to the indicator 14 almost surely. In other words, as we observe more and
more data, our uncertainty about any tail event vanishes completely.

11.6 Exercises

Homework

Exercise 11.23 (Lévy’s upward theorem). Let X € LY(Q, F,P) and let {F,}
be a filtration with Foo = a( U, fn). Show that

E(X | Fn) - E(X | F»o)  as.and in L.
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Ezxercise 11.24 (Convergence of conditional probabilities, and Kolmogorov’s
0-1 law).

(a) Let A € Fo (where Foo = (|, Fn)). Show that
P(A|F,) — 14 a.s.

(b) As an application, deduce Kolmogorov’s 0-1 law: if X;, Xo,... are
independent random variables, F,, = o(X7,...,X,), and A is a tail event
(ie., Ae ), 0(Xnt1, Xnt2,...)), then P(A) € {0,1}.

Ezxercise 11.25 (Bayesian consistency for Bernoulli observations). Let 6 be a
random variable taking values in (0,1) with some prior distribution m, and
conditional on 6, let X1, Xo,... be i.i.d. Bernoulli(f) random variables. Let
Fn=0(X1,...,X,). Show that the posterior mean is consistent:

E@|F,) —0 a.s.

Ezercise 11.26 (Lévy’s extension of Borel-Cantelli). Let {A,} be a sequence
of events with A,, € F, for each n > 1. Let p, = P(4,, | Fr—1) (a random
variable measurable with respect to F,_1).

(a) Show that M, =3 "}_,(14, — pg) is a martingale with respect to {F,},
with E(M2) = Y7 E(pr(1 — pr)) < Spe; E(pg)-

(b) Prove that on the event { >°7° ; p, < oo}, only finitely many A,, occur,
ie, >, 1a, <o0as.

(¢)* Prove that on the event { Yo Pn = oo}, infinitely many A, occur, i.e.,
>, 14, =00 as.

(¢) Conclude that almost surely, the events { YonPn = oo} and { Yoala, =
oo} coincide. (This generalizes the two Borel-Cantelli lemmas: when
the A, are independent, p, = P(A,) is deterministic, recovering the
classical statements.)

FEzercise 11.27 (Galton-Watson: non-extinction and the limit W,). Let {Z,, }n>0
be a Galton—Watson branching process with Zy = 1 and offspring distribution
¢ satisfying E¢ = p, Var(¢) = 02 < 0o. Set W,, = Z,,/u™.

(a) Verify that {W,} is a martingale with respect to F,, = o(Z1,...,Zy),
and that E(W,) =1 for all n.

(b) Compute Var(W,,). Show, when p > 1, that

0.2

Var(W,,) = =T

(L=n),
and conclude sup,, E(W?2) < oo.

(c) Conclude (assuming g > 1) that W,, — Wy a.s. and in L?, with
E(Wx) = 1.

(d) Show that on the event {extinction} = {Z,, = 0 eventually}, W, = 0.
Conclude that P(non-extinction) > 0 when p > 1.
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Additional Exercises

Ezercise 11.28 (The example revisited: {Snyan} is not UI). Let S,, be the
symmetric random walk with Sy = 1, and let N = inf{n : S, = 0}. Set
Xy, = Snan, the martingale of Example 11.8. Show directly (without invoking
Vitali’s theorem) that {X,} is not uniformly integrable.

Ezercise 11.29 (Strongest optional stopping for Ul martingales). Let {X,,} be

a uniformly integrable martingale with closure Xo, = lim, X,, and let S < T
be stopping times (possibly taking the value oo). Show that

E(Xr | Fs) = Xg a.s.

In particular, E(X7) = E(Xg) = E(X)y).
Ezercise 11.30 (L?-bounded characterization). Let {M,,} be a martingale with
My € L?, and let D;, = M;, — M;_; denote the martingale differences. Show
that
[e.@]

supE(M7) < 00 <= » E(D}) < oo.

n20 k=1
In this case, identify sup, E(M?) in terms of E(ME) and Y, E(D?).
Ezercise 11.31 (Likelihood ratio martingale). Let P and Q be probability mea-
sures on (2, F), and let {F,,} be a filtration. Let P,, Q,, denote the restrictions

of P, Q to F,, and assume Q,, < P, for every n, with Radon—Nikodym deriva-
tive L, = dQ,,/dP,,.

(a) Show that {L,} is a non-negative martingale under P, with Ep(L,,) = 1.
(b) Conclude that L,, — Lo, P-a.s. for some Lo, > 0 with Ep(Ls) < 1.

(¢) (Loss of mass.) Let X, Xa,... be i.i.d. Bernoulli, and let P correspond
to parameter 1/2 while Q corresponds to parameter 2/3. Compute L,
in terms of S, = X; + --- 4+ X,,, and show that L,, — 0 P-a.s. (so the
inequality in (b) is strict).

Ezxercise 11.32 (Galton—Watson: extinction probability). Continuing the set-
ting of Exercise 11.27, let ¢(s) = E(s%) for s € [0, 1] be the offspring generating
function, and let ¢* € [0, 1] be a fixed point of ¢ (i.e., p(¢*) = ¢*).

(a) Show that M, = (¢*)?" is a non-negative bounded martingale, hence
converges a.s. and in LP for every p > 1.

(b) Compute the a.s. limit My: show that on {extinction}, M, = 1, and
on {non-extinction} (assuming ¢* < 1), My = 0.

(¢) Apply the martingale property to conclude that the extinction probabil-
ity ¢ = P(extinction) is a fixed point of ¢. (One can show further — not
part of this exercise — that ¢ equals the smallest fixed point in [0, 1].)

Ezercise 11.33 (Convergence of random series). Let Xi, Xs,... be indepen-
dent random variables with E(X) = 0 and > ;- ; Var(X}) < co. Show that
> peq X}, converges almost surely.
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Chapter 12

Backward Martingales

backward martingale (or reversed martingale) is a martingale

indexed by the negative integers. This simple change of direction

leads to remarkably strong convergence results: every backward
martifigale is automatically uniformly integrable, and hence converges both
a.s. and in L'. As an application, we obtain a second proof of the Strong Law
of Large Numbers—one that is arguably the most elegant proof available.

12.1 Definition and basic properties

Definition 12.1. A backward filtration is a decreasing sequence of o-
algebras Go D G1 D G2 D ---. An integrable sequence { M, }n>0 is a backward
martingale with respect to {G,} if M,, is G,-measurable for each n and

E(M,, | Gnt1) = Myy1 for all n > 0.

Note the direction: G,4+1 C Gy, so we are conditioning on less information
as the index increases—each step, we forget a little more. I prefer to call
this an “Alzheimer martingale,” but the mathematical community insists on
backward.

Equivalently, re-indexing by —n, the process M_,, is an ordinary martin-
gale with respect to the filtration G_,,.

Theorem 12.2 (Backward martingale convergence). Let {M,} be a backward
martingale with respect to a backward filtration {Gn}. Let Goo = (rro Gn-
Then:

(i) {My} is uniformly integrable.
(ii) My, — My =E(My | Goo) a.s. and in L'.

Proof. (i) By the backward martingale property, E(My | G,) = M,, for every
n > 0. (This follows from iterating the defining relation: E(My | G1) =
My, E(M; | G2) = Ma, and by the tower property E(My | Go) = Mo, etc.)

151
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Therefore the family {My,},>0 is contained in {E(Mj | G) : G C F}, which is
uniformly integrable by Theorem 11.11.

(ii) From part (i) we have the explicit representation M,, = E(My | G,) for
every n > 0. We use this to obtain both convergence and identification of the
limit. -

A.s. convergence. Re-indexing My, := M_y for k € {...,—2,—1,0}, we
obtain a martingale on the index set {...,—2,—1,0} with respect to the in-
creasing filtration Fi = G_j. Since {M,} is Ul it is L'-bounded, so the
upcrossing inequality (which applies on any countable totally ordered index
set) gives a.s. convergence of Mk as k — —oo, i.e., M, - My, a.s. for some
integrable M.

L' convergence. Ul together with a.s. convergence gives L' convergence
by Vitali’s theorem.

Identification of the limit. For any A € G, = ﬂm Gm, we have A € G, for
every n, so by part (i):

E(Mn; A) = E(E(Mo | Gn); A) = E(Mo; A).

Passing n — oo using L' convergence: E(My; A) = E(Moy; A).

It remains to verify that My, is Go-measurable. For each fixed k, the tail
{M,, }n>r, consists of Gi-measurable random variables (since G, C Gy for n >
k), so the a.s. limit M, is Gg-measurable. This holds for every k, hence My,
is Goo-measurable. Combined with the integration condition above, M., =
E(My | Go) a.s. O

Remark 12.3. The key difference from forward martingales is that uniform
integrability comes for free: backward martingales are always UI, with no
additional moment assumptions. This is because every backward martingale
is automatically a Doob martingale (of the form E(My | G,)).

12.2 Application: Second proof of the SLLIN

We now give a proof of the Strong Law of Large Numbers that is completely
different from the truncation-based proof in Chapter 6. The argument is
short and illuminating: it reveals the SLLN as a consequence of the backward
martingale convergence theorem.

Theorem 12.4 (SLLN via backward martingales). Let X1, Xo,... be i.i.d.
integrable random variables. Then

Sn “S E(Xy) asn — oo,
n

where S, = X1+ -+ + X,.

Proof. Without loss of generality, assume E(X;) = 0 (otherwise replace X; by
X; — E(X1)).
Step 1: Construct a backward martingale. Define the backward filtration

gn:U(STMSn-f—l?Sn-‘er"')v n > 1.



12.2. APPLICATION: SECOND PROOF OF THE SLLN 153

Note that G; D Gy D -+ (knowing S,,, Sp+1, - . . gives more information than
knowing Sy41, Snt2,- - -)-
We claim that M,, = S,,/n is a backward martingale with respect to {G,}.
First, M,, = S, /n is G,-measurable since S, is the first generator of G,.
Second, we must show E(M, | Go41) = My, ie, E(Sy/n | Guy1) =
Snt1/(n+1).
To compute E(S,, | Gny1), we write S, = Spy1 — Xpt1. Since Sy is
GOn+1-measurable:

E(Sn | gnJrl) = Sn+1 - E(Xn+1 | gnJrl)'

Now, by the symmetry of the i.i.d. assumption, each X; plays the same role in
Sn+1. More precisely, for any 1 < ¢ < n+1, Sp,4+1 = Sp41 regardless of which
summand we label X;, so by the exchangeability of (X1,..., X+1):

IE()(Z ’ Qn+1) = E(X] ‘ Qn+1) forall 1 < 1,7 <n+ 1.

Since P E(X; | Gni1) = E(Sna1 | Gnot) = Sni1, we conclude

E(X; | Gny1) = :T:rll for each i < n + 1.

Therefore E(S,, | Gnt1) = Snt1 — Sny1/(n+1) =nSp41/(n+ 1), and

I nSpy1  Spn
s, ) =4 25— S

n+1-

Step 2: Identify the limit. By Theorem 12.2, M,, — My, = E(M;1 | Go)

a.s. and in L', where
o
n=1

We claim that G, is trivial. First note that G, = o(Sy, Xpn+1, Xnt2,-..),
since Spqx = Sp + Xpt1 + -+ Xy and conversely X, 16 = Spak — Sptk—1-
We show that G, is contained in the exchangeable o-algebra £ from Chap-
ter 4. Recall that £ consists of all events invariant under finite permutations
of (Xl, XQ, - )

Let 7 be any finite permutation, say one that moves only X,..., Xy. For
n > N, the partial sum S,, = X7 + --- + X, is unchanged by 7 (permuting
summands does not change the sum), and X, 1, X,42,... are untouched.
Therefore G,, = 0(Spn, Xn+1, Xn+2,--.) is invariant under 7 for all n > N, and
hence G, = ﬂn Gy, is invariant under 7. Since 7 was arbitrary, Go, C £.

By the Hewitt-Savage 0-1 law (Chapter 4), £ is trivial under the i.i.d.
assumption, so G is also trivial. Therefore Mo, = E(M; | Goo) = E(M1) =
E(Xi) =0 as.

We conclude that S,,/n — 0 a.s. O

Remark 12.5. Compared to the Kolmogorov—Etemadi proof in Chapter 6, this
proof has several notable features:
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o It requires full independence and identical distribution (not just pairwise
independence), since Step 1 uses exchangeability of (X1,..., X,4+1) and
Step 2 uses the Hewitt—Savage 0-1 law.

e It uses no truncation and no variance bounds—only the machinery of
backward martingales and the 0-1 law.

o The proof naturally reveals why the limit is E(X}): it is because S, /n is
a conditional expectation of X7, and the conditioning o-algebra shrinks
to something trivial.

Exercise 12.14 explores the L? convergence rate of the backward martingale

Sp/n.

12.3 De Finetti’s theorem

De Finetti’s theorem is one of the most striking applications of backward
martingales. It says that an infinite exchangeable sequence is, conditional
on its tail behavior, an i.i.d. sequence. The result has deep philosophical
significance in Bayesian statistics: it justifies the representation of subjective
beliefs about exchangeable observables as mixtures of i.i.d. models.

Recall from Chapter 4 that a sequence (X,,),>1 is exchangeable if

d
(X1, X)) = (Xn@) o X))
for every k and every permutation 7 of {1,...,k}, and that Z denotes the
exchangeable o-field of events invariant under all finite permutations.

Theorem 12.6 (Strong law for exchangeable sequences). Let (X,,)n>1 be an
exchangeable sequence with E|X;| < co. Then

1 o as

—E Xi —=EX1]Z) asn— oo,
n

i=1

with convergence also in L.

Proof. The argument is identical to the i.i.d. case (Theorem 12.4) up to the
identification of the limit.

Define G, = 0(Spn, Sn+1, Snt2,--.), where S;, = X7 +---+ X,,. The same
exchangeability argument as in the i.i.d. proof shows that M, = S,/n is a
backward martingale with respect to {G,}: for any 1 <i,57 < n+1, exchange-
ability gives

E(X; | Gnv1) = E(X; | Gnr),

and summing yields E(X; | Gny1) = Sp+1/(n + 1).

By Theorem 12.2, M,, — Z a.s. and in L' for some integrable Z, and as
in the i.i.d. proof, Go, C Z.

Identification of the limit. We claim that Z = E(X; | Z) a.s.

(a) Z is Z-measurable. As an a.s. limit of G,,-measurable random vari-
ables (with G, D G for every n), the variable Z is Goo-measurable. Since
Gso C I, it is also Z-measurable.
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(b) Integration condition. For any A € Z and any n > 1:

E(M,; A) = %E(Sn;A) _ %ZE(Xi;A).
=1

Since A is invariant under finite permutations and (X7y,...,X,) is exchange-
able, E(X;; A) = E(X1; A) for every i.! Therefore

E(M,;A) =E(X;; A).
Passing n — oo using L' convergence of M,,:
E(Z;A) =E(X;A) for every A€ T.
Combining (a) and (b), Z =E(X; | Z) a.s. O O

Remark 12.7. When (X,,) is i.i.d., the Hewitt—Savage 0-1 law makes Z trivial,
and the limit collapses to the constant E(X;). Theorem 12.4 is therefore the
special case of Theorem 12.6 obtained by reducing E(X; | Z) to E(X;).

Theorem 12.8 (De Finetti, {0, 1}-valued case). Let (X,)n>1 be an exchange-
able sequence with X, € {0,1}. Then there exists a [0, 1]-valued random
variable ©, measurable with respect to T, such that

P(X1=xz1,...,Xp =3 | T) = ©°(1 — ©)F° a.s.

for every k and every (x1,. .., x1) € {0,1}F with s = x1+- - -+x,. Equivalently,
conditional on Z, the variables (X,) are i.i.d. Bernoulli(©).

Proof. Define
0:=E(X;|7)= hm—ZX a.s.

n—oo N

by Theorem 12.6. Since each X; € {0, 1}, the limit © takes values in [0, 1] and
is Z-measurable.
Fix (z1,...,73) € {0,1}* with s = 3" ;. Define the U-statistic

*

1
VN = (N)k Z 1{Xi1:z1,...,X¢k::vk}7 (N)k = N(N - 1) T (N —k+ 1)’

(1,005k)

where the starred sum runs over ordered k-tuples of distinct indices in {1,..., N}.

Step 1 (combinatorial identity). By exchangeability, the indicator L{x,, =1, X, =2y}
depends only on the values X;,,..., X;, and which of them equal 1. Counting
the number of ordered k-tuples (i1,...,ix) for which exactly the s positions
corresponding to the 1’s in the pattern are filled by indices with X = 1 (and
the remaining k — s positions by indices with X = 0):

*

Z 1{Xi1:$1’---7Xik:$k} = (TN)S ’ (N B TN)k:_S’

(41,50050k)

!To verify: let 7 be the transposition of indices 1 and ¢. Then (X1, Xo,...) 4 (XT,X3,...)
by exchangeability, and 14 is invariant under 7, so E(X114) = E(X{14) = E(X;14).
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where Ty = Zfi 1 X; counts the 1’s in the first N samples. Therefore

(TN)S (N - TN)k—s
(N)k

Step 2 (asymptotic limit). By Theorem 12.6, Tn/N — © a.s. For falling
factorials, (M); = M7(1+ O(1/M)) as M — oo, so

Vy =

Vv = ©0°(1-0)F* as.

Step 3 (SLLN for U-statistics). Independently, Viy is the empirical av-
erage of the symmetric kernel f(y1,...,yx) = l{y—a;,.. yo—z,} €valuated on
all distinct k-tuples. The strong law of large numbers for U-statistics on
exchangeable sequences (see, e.g., Aldous [Ald85], Section 3, or Kallenberg
[Kal05], Theorem 1.18) gives

VN —)E(f(Xl,...,Xk) ‘I) :]P)(Xl =x1,..., X =Tk |I) a.s.

Conclusion. The two limits in Steps 2 and 3 must agree, giving the claimed
identity. O O

Remark 12.9. The general (non-Bernoulli) form of de Finetti’s theorem states
that any exchangeable sequence is, conditional on Z, an i.i.d. sequence with
some random distribution v. The proof uses Theorem 12.6 together with a
regular conditional probability argument; see Durrett, Section 5.6.

Remark 12.10 (Bayesian interpretation). De Finetti’s theorem provides the
foundational justification for Bayesian inference about exchangeable observa-
tions. If a statistician treats observations (X,) as exchangeable (a weaker
and more defensible assumption than i.i.d.), the theorem shows that this is
mathematically equivalent to specifying a prior distribution over an unknown
“parameter” O together with a model in which the X,, are conditionally i.i.d.
given ©. The parameter is not assumed; it emerges from the exchangeability
structure.

References for this section.

« D. Aldous, Exchangeability and Related Topics, in: Ecole d’Eté de
Probabilités de Saint-Flour XIII—1983, Lecture Notes in Math. 1117,
Springer, 1985, pp. 1-198. (The standard reference; Section 3 covers de
Finetti and U-statistic SLLNs.)

¢ O. Kallenberg, Probabilistic Symmetries and Invariance Princi-
ples, Springer, 2005. (Chapter 1 contains a self-contained treatment of
exchangeable sequences and de Finetti’s theorem.)

e R. Durrett, Probability: Theory and Examples, 5th ed., Cambridge
University Press, 2019, §5.6. (Concise treatment within a standard grad-
uate textbook.)
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12.4 Exercises

Homework

Exercise 12.11 (Lévy’s downward theorem). Let X € L'(Q, F,P) and let Gy D
Gi1 D G2 D --- be a decreasing sequence of o-algebras with Goo = (,_, Gn-
Show that

E(X | Gn) = E(X | Go)  as. andin L'

Ezercise 12.12 (SLLN strengthened to L' convergence). Let X7, Xs,... be
iid. with E|X;| < co. Show that

Sn E(X;) inL!
n

(in addition to the a.s. convergence of Theorem 12.4).

Ezercise 12.13 (U-statistics). Let X7, Xa,... be i.i.d. random variables with
values in some measurable space (X, B), and let h : X¥ — R be a symmetric

measurable function (i.e., h is invariant under permutation of its arguments)
with E|h(X71,..., Xk)| < co. For n > k, define the U-statistic

Un:<Z>_1 Yo (X, Xy,

1<i < <ip<n

Define the empirical measure ji,, = %Z?zl dx,, the random probability
measure on X that places mass 1/n at each observed value. Define the back-

ward filtration
7;L:0-(,&’“7*Xr’rl-‘rlu)(TH-Q)'")7 nzku

the smallest o-algebra making the random measure fi,, and each of the vari-
ables Xy 11, Xn42,... measurable.

Remark on the structure of 7,. The o-algebra o(i,,) generated by the
random measure consists of events of the form {fi, € I'} for I' a measurable
set in the space of probability measures on X’; concretely, it is generated by
the events {/i,(B) < ¢} as B ranges over Borel subsets of X and ¢ over [0, 1].
Equivalently, o(ji,) is the o-algebra of permutation-symmetric events on
(X1,...,X,) — those invariant under permutation of the first n indices, since
fin, depends on (X1,..., X,) only through the multiset {X1,..., X, }. Equiv-
alently again, o(fi,) is generated by all symmetric measurable functions of
Xi,..., X, (e.g., Sp, >, X2, or the order statistics in the case X = R). Com-
bining with the tail, 7, contains the symmetric information about X1,..., X,
together with the full information about X1, Xn4o,.. ..

(a) Show that 7, D Tn41, and that U, is T,-measurable.

(b) Show that E(U, | Tnt1) = Uny1, s0 {Up}n>k is a backward martingale
with respect to {7y }n>k-

(c) Conclude that

Up = E(h(X1,...,Xy)) a.s. and in L.
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Additional Exercises

FEzercise 12.14 (SLLN in LP). Let X;, Xo,... be i.i.d. with E(X;) = p and
E| X P < oo for some p > 1.

(a) For p = 2, compute E((S,/n — p)?) explicitly and conclude Sy, /n — p
in L? at rate 1/y/n.

(b) For general p > 1, show that S, /n — p in LP.

Ezxercise 12.15 (G and the exchangeable o-algebra). In the proof of Theo-
rem 12.4, the chapter argues informally that G, C £, where £ is the exchange-
able o-algebra of (X1, Xo,...).

Make this argument rigorous. Specifically: let m be a finite permutation
of the positive integers, and let T : 2 — €2 be the corresponding measurable
map (identifying Q with RY via X1, Xo,...). Show that for every A € G,
T-1(A) = A (up to a null set).

T

Ezxercise 12.16 (Sample variance via U-statistics). Let X7, Xo, ... be i.i.d. with
E(X?) < 0o, and let 02 = Var(X}). Define the (unbiased) sample variance

V= f:(x. X2 X, =on
n_n—ll (3 n ) n_n-
1=

(a) Show that V,, can be written as a U-statistic of degree 2 with kernel
hz,y) = (x —y)*/2:

_(n 3 (Xi — X))
Vo = (2) ~ra
1<i<j<n

(b) Conclude from Exercise 12.13 that V,, — 02 a.s. and in L.

Ezxercise 12.17 (The exchangeability lemma in the SLLN proof). In the proof
of Theorem 12.4, the chapter invokes “by exchangeability” to deduce that

Sn 1
E(X;i | Gni1) = n—:l

a.s., foreach 1 <i<n+1,

where G,11 = 0(Sp+1, Xn+2, Xn+3,...). Fill in the rigorous argument:

(a) Show that for any 4,5 € {1,2,...,n+ 1}, E(X; | Gnt1) = E(X; | Gnt1)
a.s.

(b) Conclude E(X; | Gny1) = Spt+1/(n+ 1) aus.



Chapter 13

Where to Go from Here

N/ his book covers what is sometimes called the “classical core” of
measure-theoretic probability: the construction of measures, in-
72 tegration and convergence theorems, conditional expectation, in-
dependence, the laws of large numbers, the central limit theorem, and the basic
theory of discrete-time martingales. These topics form the language in which
most of modern probability is spoken. But they are very much a beginning,
not an end. The purpose of this short chapter is to sketch a few of the di-
rections in which the subject continues, with pointers to standard references.
The selection is personal and far from exhaustive; it reflects the directions a
student leaving this course is most likely to encounter, whether in research or
in applications.

The directions below are roughly grouped by how they relate to the ma-
terial of this course: some sharpen results we have already proved, some relax
our assumptions, some lift the theory into continuous time or into high di-
mensions, and some build bridges to neighbouring fields.

13.1 Sharper than the LLN: concentration and large
deviations

Chapter 6 tells us that S,/n — E(X1) almost surely. This is a qualitative
statement: it says nothing about how close S, /n is to its mean for a given n,
nor how unlikely large deviations are. Two enormous bodies of theory address
these questions.

Concentration inequalities provide non-asymptotic bounds of the form

P(|f(X1,..., Xn) —Ef] > 1) <20/,

where f is some function of independent (or weakly dependent) random vari-
ables and v is a variance proxy. The simplest example is Hoeffding’s inequality
for sums of bounded independent variables; from there the theory branches
into Bernstein-type inequalities (which exploit variance), McDiarmid’s bounded-
differences inequality (for general functions of independent inputs), the Efron—
Stein inequality, Azuma’s inequality for martingales (which we may meet

159
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briefly in this course), Talagrand’s convex distance inequality, and the entropy
method based on logarithmic Sobolev inequalities. The unifying message is
striking: in many natural problems, “most” of the randomness cancels out,
and the typical fluctuation of a function of n independent inputs is controlled
by the maximal effect of any single input.

This circle of ideas is one of the most actively used parts of probability to-
day, with central roles in statistics, machine learning, information theory, the-
oretical computer science, and random matrix theory. The standard references
are Boucheron, Lugosi, and Massart, Concentration Inequalities (Oxford,
2013), and Vershynin, High-Dimensional Probability (Cambridge, 2018).

Large deviation theory addresses the same question on a logarithmic
scale. Cramér’s theorem states that for i.i.d. variables with finite moment
generating function,

%logP(Sn/n > a) — —1I(a),

where the rate function I is the Legendre transform of the cumulant generating
function. Sanov’s theorem extends this to empirical measures, and Varadhan’s
lemma turns the rate function into a tool for evaluating exponential integrals.
The general framework—Ilarge deviation principles—applies to a wide class
of stochastic systems, from random walks and queues to interacting particle
systems and stochastic PDEs.

Standard references: Dembo and Zeitouni, Large Deviations Tech-
niques and Applications, 2nd ed. (Springer, 1998); den Hollander, Large
Deviations (AMS, 2000).

13.2 Sharper than the CLT: rates of convergence

Chapter 8 proves that (S, — nu)/(o+/n) —= N(0,1) but says nothing about
how fast the convergence is. The Berry—Esseen theorem gives the first quanti-
tative answer: under a finite third moment, the Kolmogorov distance between
the distribution of the standardised sum and the normal distribution is at
most CE|X1|?/(c3y/n). Edgeworth expansions go further, providing polyno-
mial corrections in powers of 1/y/n.

A more recent and remarkably flexible approach is Stein’s method,
introduced in 1972. The starting point is the observation that a random
variable W is standard normal if and only if E[f/(W) — W f(W)] = 0 for
all sufficiently smooth f. To bound the distance between the distribution
of some W and the normal distribution, one solves the differential equa-
tion f'(w) — wf(w) = h(w) — Eh(Z) and bounds the left-hand side. The
method requires no characteristic functions and is particularly powerful when
the summands are dependent: it has produced sharp central limit theorems
for U-statistics, graph colourings, the number of fixed points of a random
permutation, and many other settings where Fourier methods are awkward or
unavailable. Analogous machinery has been developed for the Poisson approx-
imation (the Chen—Stein method) and for many other target distributions.
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Standard references: Chen, Goldstein, and Shao, Normal Approxima-
tion by Stein’s Method (Springer, 2011); Ross, Fundamentals of Stein’s
Method (Probab. Surv., 2011).

13.3 Beyond independence: ergodic theory and sta-
tionary processes

The strong law of large numbers is fundamentally a statement about i.i.d.
sequences. Many natural sequences, however, are not independent: outputs
of a Markov chain, observations of a dynamical system, time series in eco-
nomics or climate science. The right generalization replaces independence by
stationarity.

Birkhoff’s ergodic theorem states that for a measure-preserving trans-
formation T on a probability space and an integrable function f,

n—1
% kzzo F(TFw) S B(f | T) as.,

where 7 is the o-algebra of T-invariant events. When T is ergodic, the
limit collapses to Ef, and we recover an SLLN-style statement for stationary
sequences. The Kingman subadditive ergodic theorem extends this to sub-
additive functionals and is the foundation for many results in random walks,
percolation, and products of random matrices (the Furstenberg—Kesten theo-
rem on Lyapunov exponents).

This material is the gateway to ergodic theory proper, which fuses proba-
bility with dynamical systems and has deep connections with number theory
and combinatorics (e.g. Furstenberg’s proof of Szemerédi’s theorem). At the
more applied end, it underlies the theory of stationary time series and the
consistency of many statistical estimators in time-series settings.

Standard references: Walters, An Introduction to Ergodic Theory
(Springer, 1982); Einsiedler and Ward, Ergodic Theory with a View to-
wards Number Theory (Springer, 2011); Krengel, Ergodic Theorems
(de Gruyter, 1985).

A closely related circle of ideas concerns exchangeable sequences—sequences
whose joint distribution is invariant under permutations. De Finetti’s theorem
(Chapter 12) shows that an infinite exchangeable sequence is a mixture of i.i.d.
sequences; this is the mathematical foundation of Bayesian statistics. The far-
reaching extension of these ideas to arrays and graphs (the Aldous—Hoover
theorem, graphon limits) connects to modern combinatorics; see Aldous, Ex-
changeability and Related Topics (Saint-Flour XIII, Springer, 1985), and
Lovész, Large Networks and Graph Limits (AMS, 2012).

13.4 Continuous time: Brownian motion and stochas-
tic calculus

Almost everything in this book takes place in discrete time. The most impor-
tant next step for many students is the construction and analysis of stochastic
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processes in continuous time.

The central object is Brownian motion: a process (By);>0 with contin-
uous paths, independent Gaussian increments, and By = 0. It arises as a
scaling limit of random walks (Donsker’s invariance principle), as the unique
continuous Gaussian process with covariance E(B;B;) = s A t, and as the
canonical model of diffusion. Its sample paths are nowhere differentiable yet
have well-defined quadratic variation, which forces a new differential calculus.
It6’s calculus provides the framework: the It6 integral fg H,dB; is built
using L? approximation against the quadratic variation (B); = t, and Ito’s
formula plays the role of the chain rule. From here one constructs solutions to
stochastic differential equations of the form dX; = b(X;) dt + o(X;) dBy,
which model everything from particle diffusion to interest rates.

The theory rests heavily on continuous-time martingales, whose machinery
(the Doob—Meyer decomposition, optional stopping, LP inequalities) parallels
the discrete theory of Chapters 9-12. Connections to PDE are deep: solu-
tions of parabolic and elliptic equations admit probabilistic representations
via Brownian motion (the Feynman—Kac formula), and conversely the laws of
diffusions are characterized by PDE.

Standard references: Karatzas and Shreve, Brownian Motion and Stochas-
tic Calculus, 2nd ed. (Springer, 1991); Le Gall, Brownian Motion, Mar-
tingales, and Stochastic Calculus (Springer, 2016); Revuz and Yor, Con-
tinuous Martingales and Brownian Motion, 3rd ed. (Springer, 1999).

13.5 High dimensions and random matrices

Many problems in modern statistics, signal processing, and machine learning
involve random vectors or matrices whose dimension is itself large—comparable
to, or larger than, the sample size. Classical fixed-dimension intuitions can
fail dramatically in this regime, and a separate theory has emerged.

The theory of high-dimensional probability studies concentration of
norms of random vectors, suprema of Gaussian and sub-Gaussian processes,
covering numbers, and uniform laws of large numbers. Tools include Gaussian
concentration (Borell’s inequality), generic chaining, and the matrix Bernstein
inequalities. Many results stand as natural generalizations of one-dimensional
concentration with explicit dimension dependence.

The theory of random matrices studies the spectra of n xn matrices with
random entries as n — co. The Wigner semicircle law and the Marchenko—
Pastur law play roles analogous to the central limit theorem: they describe the
limiting spectral distribution of broad classes of random matrices. Beyond the
bulk of the spectrum, the largest eigenvalue obeys the Tracy—Widom distri-
bution, with universal behaviour across many models. Random matrix theory
has remarkable connections with integrable systems, the Riemann zeta func-
tion, free probability, and combinatorics, and is now a routine tool in statistics
(PCA, high-dimensional inference) and physics.

Standard references: Vershynin, High-Dimensional Probability (Cam-
bridge, 2018); Wainwright, High-Dimensional Statistics (Cambridge, 2019);
Anderson, Guionnet, and Zeitouni, An Introduction to Random Matri-
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ces (Cambridge, 2010); Tao, Topics in Random Matrix Theory (AMS,
2012).

13.6 Probability in service of statistics and compu-
tation

Probability is, of course, the foundation of statistics. Two areas in particular
are worth singling out.

Empirical processes and statistical learning theory ask uniform
questions: how well does the empirical measure %Z?:l dx, approximate the
true distribution, uniformly over a class of test functions or events? The
basic Glivenko—Cantelli theorem (uniform convergence over half-lines) gives a
foretaste; the general theory, built around Vapnik—Chervonenkis dimension,
Rademacher complexities, and metric entropy, is the probabilistic backbone of
statistical learning theory and provides risk bounds for classification, regres-
sion, and density estimation. Standard references: van der Vaart and Wellner,
Weak Convergence and Empirical Processes (Springer, 1996); Giné and
Nickl, Mathematical Foundations of Infinite-Dimensional Statistical
Models (Cambridge, 2016).

Markov chain Monte Carlo provides the computational counterpart.
To sample from a complicated probability distribution 7 on a large state space,
one constructs a Markov chain whose stationary distribution is 7 and runs it
for a sufficient number of steps. The theoretical questions are: does the chain
converge, and how fast? Mixing time theory answers the second question
with tools ranging from coupling and conductance to spectral gaps and log-
Sobolev inequalities. The standard reference is Levin and Peres, Markov
Chains and Mixing Times, 2nd ed. (AMS, 2017).

13.7 A few further directions worth a look

The following are not, strictly speaking, “foundational” continuations of this
course, but each is a thriving and beautiful area in its own right, accessible to
a student with the background developed here.

Optimal transport and Wasserstein distances have become a stan-
dard language for comparing probability measures. They give a geometry on
the space of measures, with deep connections to PDE, geometry, and statistics;
see Villani, Topics in Optimal Transportation (AMS, 2003), and Santam-
brogio, Optimal Transport for Applied Mathematicians (Birkhéuser,
2015).

Free probability, developed by Voiculescu, provides a non-commutative
analogue of classical probability in which independence is replaced by “free-
ness”. It is the right framework for understanding limits of large random
matrices, and has unexpected applications in operator algebras and combina-
torics; see Mingo and Speicher, Free Probability and Random Matrices
(Springer, 2017).
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Probabilistic combinatorics applies probabilistic reasoning to deter-
ministic combinatorial questions: random graphs (Erdés—Rényi, configuration
models, preferential attachment), the probabilistic method, threshold phenom-
ena, percolation. See Alon and Spencer, The Probabilistic Method, 4th
ed. (Wiley, 2016), and van der Hofstad, Random Graphs and Complex
Networks, vols. 1-2 (Cambridge, 2017-2024).

Interacting particle systems and stochastic spatial models include
percolation, the contact process, the voter model, exclusion processes, and
many others; see Liggett, Interacting Particle Systems (Springer, 1985),
and Grimmett, Probability on Graphs, 2nd ed. (Cambridge, 2018).

Stochastic analysis on manifolds, rough paths, and regularity
structures extend stochastic calculus to settings where classical Itd6 theory
breaks down (very irregular driving signals, stochastic PDEs); see Friz and
Hairer, A Course on Rough Paths, 2nd ed. (Springer, 2020).

Closing remark

A graduate course in probability is necessarily selective: the field is too large
for any one book or one semester to cover. What I hope this course has
given you is fluency in the basic vocabulary—measures, integrals, conditional
expectations, characteristic functions, martingales—and a sense of how these
objects fit together. With that vocabulary in hand, the directions sketched
above are open to you. Pick one that matches your taste or the questions you
want to answer in your own research, and dive in.

The list above is in no way complete. Probability is a living subject; its
boundaries with analysis, combinatorics, geometry, statistics, and computer
science are constantly shifting, and new connections are made every year. The
best advice is the same as for any area of mathematics: read papers, talk to
people, and work through examples until the abstractions become tangible.



Appendix A

Measure Theory

A.1 Carathéodory theorem

Since this theorem belongs mainly to the measure theory we will not give the
full proof. For the full proof see Durrett’s or Shiryaev’s books. However we
indicate some ideas.

The uniqueness of the measure extension was proved in Thm. 1.30. We
will give only a sketch of the existence proof.

The existence part of the Carathéodory theorem: Sketch of the proof.

Step 1. Define a set function on all subsets of €2, which is called the outer
measure:

pH(A) = inf Y u(A)), (A.1)
j

where the infinum is taken over all countable collections A; of sets from A
that cover A. Without loss of generality we can assume that A; are disjoint.
(Replace A; by A; \ U;jfl Ay)).

Step 2. Show that u* has the following properties:

1. The set function p* is countably subadditive, that is,
pUA ] <DontAy).
J J

2. For Ae A, p*(A) < p(A). (Trivial)

3. For Ae A, p*(A) > u(A). (Here we need to use the countable additivity
of pon (A).)

Step 3. Define a set F to be measurable if
WH(A) = iH(ANB) + (AN E9)

holds for all sets A, and establish the following properties for the class M of
measurable sets: The class of measurable sets M is a ¢ - algebra and p* is
countably additive measure on it.
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Step 4. Finally, show that A C M. This implies that o(A) C M and p*
is an extension of y from A to o(A).
O

A.2 Monotone Class Theorem (sets)

Theorem A.1 (Monotone Class Theorem (sets)). Let A be an algebra on €2,
and let M be a monotone class with A C M. Then

o(A) C M.

Equivalently, the monotone class generated by an algebra A coincides with

a(A).
Proof. Let

M* = ﬂ{N : N is a monotone class and A C N'}

be the minimal monotone class generated by A. By definition M™* is a
monotone class with A C M*, and for any monotone class M with A C M
we have M* C M. We will prove that M* = o(.A); then the desired inclusion
o(A) C M follows immediately from M* C M.

Step 1 (intersections with generators). Fix B € A and set
Mp:={ECQ: ENBe M"}.

Then M7 is a monotone class: if £, T E (or E,, | E), then E,NB1 ENB
(resp. 1), hence E' € M7, since M* is monotone. Because A is a m-system,
ANB e AC M* for every A € A, so A C Mj,. By the minimality of M*,
we conclude

M*C My for each B € A.

Equivalently,
EeM', Be A = ENnBeM". (A.2)

Step 2 (closure under finite intersections). Fix F € M* and define
Hp:={BCQ: ENB e M"}.

Exactly as above, Hpg is a monotone class. Moreover, (A.2) gives A € A =
ENA e M* hence A C Hg. By minimality of M* we obtain M* C Hpg.
Therefore for all £, B € M* we have EN B € M* ie. M* is closed under
finite intersections.

Step 3 (complements) Let K := {E € M* : E¢ € M*}. Class K is a
monotone class: if F, T E with each E¢ € M*, then E¢ = U,ES € M* by
decreasing-closure. Similarly for £, | E.

Since A is an algebra, A € A € M* for all A € A; hence A C K. By
minimality M* € K, so M* is closed under complements.

Step 4 (o-algebra) With complements and finite intersections, M* is an
algebra. It is also closed under increasing unions since it is a monotone class.
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Now consider an arbitrary sequence of E, € M*. Set U, = U}_;E;. Then
U, € M* by algebra property, and then U, E,, = lim,, U, € M* by monotone
closure property of monotone class. Thus M* is a o-algebra containing algebra
A.

Consequently o(A) C M* C M.

Step 5 (Equality) Every o-algebra is a monotone class and o(.A) contains
A, so by minimality M* C o(A). Therefore M* = o(A). O

A.3 Monotone Class Theorem (functions)

Theorem A.2 (Monotone Class Theorem (functions)). Let H be a vector
space of bounded real-valued functions on € such that:

1. 1g e H;

2. 1g € H for all E in a w-system A;

3. if 0 < f 1 f pointwise with f bounded and each f, € H, then f € H.
Then H contains every bounded o(A)-measurable function.

Proof. Step 1 (Reduce to indicators). It suffices to show 1p € H for
all E € o(A). Indeed, once we have all indicators, H contains all bounded
simple o(A)-measurable functions (by the vector space property), and then
every bounded measurable f > 0 is the pointwise increasing limit of bounded
simple functions, so f € H by (3). For general bounded measurable f, write
f=fr—f.

Step 2 (Build a monotone class of sets). Define
M ={ECQ: 1g € H}.
We verify that M is a monotone class containing A:
o A C M by assumption (2), and 2 € M by (1).

o Complements: if £ € M, then 1gc = 1g—1g € H (since H is a vector
space containing 1g), so E¢ € M.

e Increasing unions: if £, 1 E with each E, € M, then 0 < 1p, 1T 1g
pointwise and 1g is bounded, so 1 € H by (3), hence E € M.

e Decreasing intersections: if F, | E, then Ef 1 E¢ by the two
properties above, E¢ € M, hence E € M.

Step 3 (Finite intersections). If £, F' € M, then 1gnr =15 -1p. We
need this product to lie in . Note that 1g -1p = 1g + 1p — 1gyp. Since
EUF = (E°N F°)°, it suffices to show M is closed under finite intersections.

For B € A fixed, define Mp :={E € M: ENB € M}. Then Mp
is a monotone class (if E, T E with £, N B € M, then E, N B 1 EN B,
so EN B € M; similarly for |). Since A is a m-system, A C Mp. By the
monotone class theorem for sets, o(A) C Mp.
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Since this holds for every B € A, a second application (fixing E € o(A)NM
and defining Hg := {B € M : ENB € M}) gives 0(A) C Hp. Hence
Mno(A) is closed under finite intersections.

Step 4 (Conclude). From Steps 2 and 3, M is a monotone class con-
taining the algebra generated by AU {Q} (complements + finite intersections
+ Q). By the monotone class theorem for sets, o(A) C M. By Step 1, H
contains all bounded o(.A)-measurable functions. O

A.4 Proof of the Lebesgue—Stieltjes Theorem

Lemma A.3. Let S be a semialgebra and let u satisfy (C-1) (finite additivity
on disjoint unions) on S. Let S be the algebra generated by S (finite disjoint
unions of members of S), and define i : S — [0, 00] by

if A= | |S; with S; €S, T(A):=Y_u(S))

j=1

Then:

(a) If A,B; €S and A=}, B;, then i(A) =) _Ti(B;)

(b) If A,B; € S and A C \J}_, Bi, then fi(A) < ZE(B

Proof. (a) For each i, pick a disjoint decomposition B; = |_| 1 Sij with S;; €
§. Since the B; are pairwise disjoint and each S;; C B;, the farmly {SU}ZJ is

pairwise disjoint and
m;

a1 {1,

=1 =1 j=1
By the definition of 7 and (C-1),

n m;

B(A) = > ulSiy) = (B
i=1j=1 i=1
as claimed.

Before (b) note a basic consequence of (a): monotonicity on S. If D, E €
S with D C E, then E = DU (E\ D) with E\ D € S, so u(E) = (D) +
A(E\ D) > (D).

(b) From A C |J; B; build a disjoint refinement of the cover by setting

01::B1, Ck:Bk\UBZ (k:2,,n)
i<k
Then Cy, € S, the C}, are pairwise disjoint, and | Ji_; Cx = Jj_, Bx. Hence

A= |i| AﬂCk
k=1
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with each AN Cy € S. By part (a),

Zufmck <Zuck <Y (B
k=1 k=1

where the first inequality uses monotonicity and the second uses Cy C By. [

Proof of Thm. 1.35. We define i on the semialgebra S from example 1.14
with d = 1 by the formula i ((a,b]) = F(b) — F(a). For a = —o0 or b = oo, we
extend F'(z) by defining:

F(—0) = xlﬁnoo F(z) and F(oc0) = :1131%&0 F(z).

We are going to apply Theorem 1.19. Condition C-1 (finite additivity on
disjoint unions) is easy to check by induction on the number of elements in
the cover and we concentrate on condition C-2 (o-subadditivity on countable
disjoint partitions).

Suppose first that —oo < a < b < oo, and (a,b] C U2, (as,b;] where
(without loss of generality) —oo < a; < b; < co. (We use a slightly more lax
condition (a,b] C U2, (a4, b;] instead of (a,b] C U2, (ai, bil.)

We aim to use a compactness argument to convert a countable cover of
(a,b] to a finite cover of (a,b]. This cannot be done directly since (a, b] is not
closed and (a;,b;] are not open. To circumvent this, we want to shorten the
open interval (a, b to a closed interval [a + ¢, b] with an arbitrary small loss in
measure; so for a given ¢ > 0, choose § > 0 so that

F(a+6) < F(a)+¢

We also want to extend the intervals of the cover to open intervals, so choose
n; > 0 so that
€
?.
We can find necessary 0 and 7n; because F'(x) is right-continuous.

Then, by compactness, we can find a finite subcover of [a + d,b]. Let us
denote it (a;, B;), 1 < j < J. Then, the finite union of (a;, 3;] covers (a+ 6, b]
and by Lemma A.3,

F(bl +?7i) < F(bz) +

J o)
F(b)—F(a+4d) <Y (F F(ag)) <3 (Fbi +m) — Flag)).
=1

7j=1
This implies that

F(b) — F(a) <2+ > _ (F(bs) — F(a)).
i=1
Since € > 0 is arbitrary this proves that condition C-2 holds if —co < a < b <

o0o. To cover the case when either ¢« = —oco or b = oco, we can take a finite
interval (A, B] C (a,b] and note that for this interval

F(B) - F(A) < Z (F(bi) — F(as)).
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by what we already proved. Then we pass to an appropriate limit in this
inequality. For example, if b = co and a < oo, then we take A = a, and write:

F(0) — F(a) = %IT% F(B)=F(a) <> (F(bi) — F(a)).
=1

Other cases are covered similarly. By Caratéodory Theorem, this shows the
existence of the extending measure. The uniqueness follows because this mea-
sure is o-finite. For example we can take a countable cover of R by intervals
(n,n+ 1] where n € Z. The measure of each of these intervals is clearly finite.

O

A.5 Measures on R

Can one generalize Theorem 1.35 to construct measures on R?? In fact, we only
aim to define probability measures, that is, the measures, for which p(2) = 1.

A suitable semialgebra was constructed in Example 1.14 and we need a
suitable generalization of the Stieltjes measure function. Then, we take a
function F : R — R and we require that

,u((—oo,bl] X ... X (—oo,bd]) = F(bl,...,bd).

How does this formula extends to finite rectangles (a1, b1] X ... X (ag, bq]?
For this extension we introduce a new notation. Let

A= (a1,b1] X ... X (ad,bd],
V(A) = {al,bl} X ... X {ad,bd},

where —00 < a; < b; < 00. For v € V(A), let
sgn(v) — (_1)# of a’s in v’
and let

A F = ) sgu(v)F(v).
vEV(A)

Then, it turns out that the additivity properties of measure p imply that
n(A) = AuF.
For example, for d = 2,
((a1,b1] x (ag,ba]) = F(b1,bg) — F(by,a2) — F(a1,b2) + F(a1,as).

Definition A.4. A function F : R? — [0, 1] is called a cumulative distri-
bution function if it has the following properties:

(i) F is nondecreasing, i.e, if z < y then F(z) < F(y). (Here we use the
vector notation, z = (z1,...,24), and < y means z; < y; for all 7. )
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(ii) F' is right continuous, i.e., lim, , F(y) = F(z).

(iii) If &, | —o0, i.e. each coordinate does, then F'(z,) | 0. If z, 1 +oo, then
Flan) 1.

(iv) A4F > 0 for all rectangles A.

Theorem A.5. Suppose F : R — [0,1] is a valid cumulative distribution
function. Then there is a unique probability measure p on (R, B(RY)) so that
w(A) = AAF for all finite rectangles A.

For the proof of this theorem see Theorem 1.1.11 in Durrett.

Ezample A.6. If we take function

1, f0<g; <lforalli=1,...,d,

0, otherwise,

F(:El,...,a:d):{

then all conditions of Theorem A.5 are satisfied and the resulting measure is
called the Lebesgue measure on the cube [0, 1]%.

0 2/3 1
0 0 2/3
0 0 0

Figure A.1

Ezample A.7. This example illustrate that condition (iv) is not redundant.

Consider function

if$1,$221
fx;>land 0<29< 1
fo<zy<landazy>1

otherwise.

F(xl,azg) =

O Wt Wy =

(See illustration in Fig. A.1l.) Then conditions (i) — (iii) in the definition of
the cdf (cumulative distribution function) are satisfied but we have

2 2 1
p((1/2,1] x (1/2,1]) =1 - 373 +0= -3

which contradicts the positivity of measure u.
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A.6 Regularity of Borel measures on R"

Definition A.8 (Tightness, inner/outer regularity). Let u be a finite Borel
measure on R"”.

o Tight means: for every ¢ > 0 there exists a compact K with pu(K) >
1—e.

e Inner regular on a class C means:
pu(E) =sup{u(K): K C E, K compact}
for all £ € C.

o Outer regular means: u(E) = inf{u(U) : E C U, U open} for all Borel
E.

Lemma A.9 (Tightness on R™). Every Borel probability measure p on R™ is
tight.

Proof. Let Bg = {x : ||z|| < R}. Then Br 1 R", hence by continuity from
below, u(Br) T w(R™) = 1. For given ¢ > 0 choose R with u(Bgr) > 1 — e.
Since Bpg is compact, we are done. ]

Lemma A.10 (Inner regularity on open sets). If U C R™ is open and p is a
finite Borel measure, then

w(U) = sup p(Kp), Ky = {z €U : dist(z,U°) > 1/m} N By,
meN

where By, = {x : ||z|| < m}. Each K,, is compact and K, T U.

Proof. K,, is closed and bounded, hence compact; clearly K,, C U. Given
x € U, dist(x,U¢) > 0 and ||z|| < oo, so for large m we have z € K,,,. Thus
K, 1 U and by continuity from below, p(Ky,) 1T p(U). O

Lemma A.11 (Outer regular on closed sets). Let p be a finite Borel measure
on R™. If F C R"™ is closed and F* := {x : dist(z, F) < ¢}, then F* | F and

— 1 I3
p(F) = inf u(F*).
Proof. F¢ are open and decrease to F. Since u(F') < oo, continuity from
above gives p(F') = lim. o u(F®) = infes p(F*). O

Theorem A.12 (Inner regular on all Borel sets). Let u be a Borel probability
on R™. For every Borel E C R"™ and every e > 0 there exists a compact K C E
with pW(E\ K) < e.

Proof. Fix ¢ > 0. By tightness, choose R so that u(Bgr) < €/2. Cover the
compact set Bg by finitely many open balls Uy, ..., U,,. By Lemma A.10, for
each ¢ pick a compact K; C U; with

,u((Eﬁ UZ) \Kz) < %
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Set K =i~ (Kl N E), which is compact and contained in E. Then
wE\K) < w(ENBR") +u((EnBr)\ J(Ki N E))
=1

ngZu((EﬂUi)\Ki) <

=1

IN

O]

Corollary A.13 (Working form used in Kolmogorov). For any Borel set
B C R™ and 6 > 0 there exists a compact A C B with p(B\ A) < 0.
Fquivalently: every Borel probability on R™ is inner reqular.

A.7 Kolmogorov’s extension theorem with proof

Lemma A.14 (Continuity at ) <= o-additivity on an algebra). Let R be
an algebra of subsets of Q, and let 1 : R — [0,00) be finite (i.e. u(E) < oo for
all E € R) and finitely additive. Then the following are equivalent:

(i) p is o-additive on R.
(ii) (continuity at 0) If E,, | 0 with E,, € R, then u(E,) | 0.

Proof. (i)=(ii). If E,, | 0, set Fy := E1 \ Ey and F, := E,, \ Ey41 for n > 2.
Then Ey = | ,~ F and (countable) additivity gives pu(E1) = >, <1 p(Fy);
moreover pu(Ep,) =Y, <, p(F,), hence pu(Ey,) | 0. N

(ii)=(i). First note that (ii) implies continuity from below: if £, 1 E
with E,E, € R, then E\ E,, | 0, so u(E,) = w(E) — u(E\ E,) 1 u(E).

Now let (Ax)r>1 C R be pairwise disjoint with A := (J;~, Ax € R. Set
Uy = Uévzl A € R. By finite additivity, u(Uy) = Zszl u(Ag), and by
continuity from below, p(Un) T p(A). Hence p(A) =D~  1(Ax). O

Corollary A.15 (Semiring version). Let S be a semiring on §, and let p :
S — [0,00) be finite and finitely additive. Then the following are equivalent:

(i) p is o-additive on S  (i.e., for pairwise disjoint (Ax) C S with A :=
Li>1 Ak € S, one has p(A) = 3y ~q 1(Ax)).

(i) (continuity at ) on S) If E,, | O with E,, € S, then u(E,) | 0.

Proof. (i)=-(ii) is as in Lemma A.14, using that each difference E,,\ E,,11 is a
finite disjoint union of members of S (semiring property), so disjointification
still lies within the domain for o-additivity.

For (ii)=(i), pass to the algebra S of all finite disjoint unions of sets in S
and extend p uniquely to a finitely additive 1z : S — [0, 00) by AL, Sj) =
> e 1(85). I Cp L0 with Cy, € S, write a fixed finite disjoint decomposition
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C1 = jL, Sj with Sj € S. Then C,,N.S; | 0 in S for each j, so u(C,NS;) | 0
by (ii). Consequently,

m

(Cr) = ZN(Cn ns;) 10

j=1

i.e. 71 is continuous at () on S. By Lemma A.14 (applied to the algebra S), 1
is o-additive on S. In particular, for disjoint (Az) C S with A = | |5, Ay €

ScS,
p(A) = (A) = > (Ar) =) p(Ag).

k>1 E>1
O

Theorem A.16 (Kolmogorov extension on RN). Let (P,),>1 be probability
measures on B(R™) such that

Pp+1(B xR) =P, (B) VB e B(R"), ¥n > 1.
Then there exists a unique probability measure P on
(RY, F:=o{r;.(B): B € BR"), ne€N})
with P o 7717; =P, for every n > 1.

Proof. Step 1 (premeasure on cylinders). Let S := {r.}(B): B € B(R"), n €
N}. Define 7 : S — [0, 1] by

ﬁ(ﬂ'l_}z(B)) = Pn<B)

This is well-defined: if 77} (B) = 7y.1,(C) with m > n, then C = B x R™™
and by consistency P, (C) = P, (B). Finite additivity on S follows since S is
a semiring and each P, is a measure.

Step 2 (o-additivity via continuity ot @). By Corollary A.15, a finite
premeasure on a semiring is o-additive iff it is continuous at @ for decreasing
sequences from the domain. Let (Ek) C S decrease with (), By, = @; suppose,
to the contrary, that limy, ﬁ(gk) = ¢ > 0. After discarding finitely many initial
terms, assume ,u(Bk) > ¢ for all k.

Write each cylinder as By, = 77, e ! (By) with By € B(R™), and (reindexing
if needed) assume ny, 7.

By inner regularity of Borel probabilities on R” choose compact A C
By, with P, (B \ Ag) < §/2F1 Set Ay = 7r1n (Ak) € S and define the
decreasing cylinders

k ~
= m Aj €S
j=1
Then 51@ - Ek and
k k
(B, \ Cp) < Z => P, (B;\ 4;) <5/2,
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so 7i(Cy) > /2 for all k; in particular, each Cy, # 0.
Each C}, depends only on the first nj coordinates and has compact, nonempty
base

k—1
Cp = {xl:nk e R™ . (371;]‘) € Aj forall 1 <j < k} = (ﬂ (A] XRnkfnj))ﬁAk,
j=1

hence CY, is (closed subset of) the compact set Ay, thus compact.

Pick 2(*) € ¢}, for each k. By compactness of Cj, the sequence of first
coordinates has a convergent subsequence; pass to that subsequence and use
compactness of Cy to extract a further subsequence with the first two coor-
dinates convergent; continue diagonally. This yields z* = (z7,25,...) € RN
with (x’lk,,a:;‘) € Aj for all j, ie. z* €, Ch.

But C}, C By and Nk B, = @, a contradiction. Hence ﬂ(ék) 4 0, proving
o-additivity on S.

Step 3 (uniqueness). The class S is a m-system generating F. If P’ is
another probability on (RN, F) with the same finite-dimensional marginals,
then P and I’ agree on S, hence on F by the 7\ theorem. O

Similar to the previous theorem, the assumption of countable additivity in
the Caratheodory theorem can be checked for infinite products of probability
measures on finite sets, and on [0, 1]. However, it should be noted that it is not
automatically satisfied for arbitrary (£2;, F;). Usually one requires additionally
that (£2;, F;) is a metric space with Borel-sigma algebra F and that every P;
satisfy an appropriate condition.

Definition A.17 (Standard Borel space). A measurable space ({2, F) is stan-
dard Borel if there exists a Polish topology 7 on € (complete separable metric
topology) such that F = B(, 7), the Borel o-algebra of (€2, 7). Equivalently,
(Q,F) is measurably isomorphic to (B, B(B)) for some Borel subset B of a
Polish space (e.g. B C R with the subspace Borel o-algebra).

Why we care (probability “state spaces”). If each one-step state space
(Q4, Ft) is standard Borel, then: (i) countable products [[,(£%, F;) are stan-
dard Borel; (ii) Kolmogorov extension holds cleanly (existence/uniqueness on
the product o-algebra); (iii) regular conditional probabilities and disintegra-
tions exist; (iv) powerful measurable selection theorems apply.

Canonical examples.

(R", B(R™)), any countable set with all subsets, {0, 1}, NN,
the Cantor set C' with B(C),

any Borel subset B C R™ with the induced B(B), and any countable product
/ countable disjoint union of the above.
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Non-examples.

o (R, L) where L is the Lebesgue o-algebra (completed Borel): not stan-
dard Borel (no Polish topology has £ as its Borel sets).

o (R,P(R)) (all subsets), or an uncountable set with the countable-cocountable
o-algebra: not standard Borel.

Basic structure facts (useful to remember). - Any uncountable stan-
dard Borel spaces are Borel-isomorphic to each other (in particular, to (R, B(R))).
Thus, up to measurable isomorphism, standard Borel spaces come in three
“sizes”: finite, countably infinite, or continuum. - Standard Borel = Radon:
every Borel probability on a standard Borel space is tight and inner regular
w.r.t. some compatible Polish topology on the same underlying set. - Closure:
Borel subspaces, Borel images under Borel isomorphisms, countable products,
and countable disjoint unions of standard Borel spaces are standard Borel.

Link to Kolmogorov extension. Working with standard Borel (2, %)
ensures that each finite product ([],c; %, @, s Ft) is again standard Borel;
hence its Borel probabilities are inner regular (compact approximation exists),
which is exactly what we used to turn the cylinder premeasure into a measure
(continuity at &) and to get uniqueness via the 7\ theorem.

A.8 Random Variables

A.8.1 Random variables as measurable functions

An example of a random variable (measurable function) is the indicator
function of an event A € F; defined as

() lifwe A,
w) =
4 0ifw ¢ A.

Here Q9 = {0,1} and F» = {0, {0}, {1}, Q2}.

Conversely, the indicator function of a set A C ) which is not measurable,
is not a random variable.

A map from a topological space to another topological space is called Borel
measurable (or B-measurable) if it is measurable with respect to the Borel
o-algebras on these spaces.

A map from R? to a topological space S is called Lebesgue measurable
if the pre-images of Borel sets are Lebesgue measurable.

The point of the definition of the Borel and Lebesgue measurable functions
is to ensure that the events {X € A} have a well-defined probability for
sufficiently nice sets of elements in (29, that is, for all Borel sets A.

One needs some tools to check that a function is measurable. First, if F» is
generated by a semi-algebra S then it is enough to check that inverse images
of the sets in S.



A.8. RANDOM VARIABLES 177

More generally, let S denote a collection of subsets of Q (not necessarily a
semialgebra) and o(S) denote the minimal o-algebra that contains all sets in

S.

Lemma A.18. Let X : (1, F1) = (Qa, F2). If X 1(A) € Fy forall A€ S
and Fy = o(S), then X is measurable.

Proof. Observe that the operation of taking inverse image, A — X 1(A),
preserves unions, intersections and complements:

X_l( U; Al) = UiX_l(Ai), (A3)
XA = (X—l(A))C. (A.4)

Let 7 be a collection of sets A in F», for which X ~!(A) € F;. By assumption,
S C T. In addition, 7 must be a o-algebra. Indeed, if not, then we could
find some sets in 7 that would violate the axioms of o-algebra, and by ap-
plying properties (A.3) and (A.4) we would find sets in F; which would also
violate these axioms. However, this is impossible because Fj is a o-algebra by
assumption.

Since F3 = o(S) is the minimal o-algebra that contains S, we conclude
that 7 = F», and therefore X is measurable. ]

By using this lemma we observe that the continuous maps are B-
measurable. Indeed, the Borel o-algebra is generated by open sets and the
pre-image of an open set by continuous map is open.

However the class of B-measurable functions is significantly larger, since
the pre-images of the open sets are not required to be open, as in the case
of continuous functions, but only required to be Borel sets. For example, one
can check that monotone right-continuous functions are measurable.

To extend our collection of measurable functions further one needs an
additional tool.

The next lemma is obvious from definitions.

Lemma A.19. Ifmaps Xli (Ql,fl) — (QQ,JT"Q) and th (QQ,FQ) — (Qg,fg)
are measurable, then their composition Xo o X1: (Q1,F1) — (Q3,F3) is also
measurable.

In particular, the composition of Borel measurable functions is Borel mea-
surable.

Ezample A.20. By using Lemmas A.18 and A.19, it is easy to see that if X
is a random variable, then X", log(X) and many other functions of X are
measurable.

Ezample A.21 (The composition of Lebesgue measurable functions is not nec-
essarily Lebesgue measurable.).

This a somewhat involved example that shows that the Borel measurability
is sometimes preferable over the Lebesgue measurability. As many counterex-
amples it involves the Cantor set.

Recall that the Cantor set C' C [0, 1] is defined by removing (1/3,2/3)
from [0, 1] and then iteratively removing the middle third of each interval that
remains.
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Ezercise A.22. The Cantor set C is closed. The Lebesgue measure of C is 0.

1

0.9
08
0.7
0.6

%05

24
04
0.3
0.2

0.1

0

0 01 02 03 04 05 06 07 08 09 1

Define the function F' by setting F'(z) = 0 for x <0, F(z) =1 for z > 1,
F(z)=1/2 for x € [1/3,2/3], then F(z) =1/4 for x € [1/9,2/9], F(z) = 3/4
for x € [7/9,8/9], and so on.

It can be checked that F'(x) is a non-decreasing continuous function, which
is called the Cantor-Lebesgue function or the Cantor staircase.

Let f:[0,1] — [0,1] be the Cantor-Lebesgue function restricted to the
interval [0,1]. This is a monotonic and continuous function, and the image
f(C) of the Cantor set C is all of [0,1]. Define g(x) = = + f(z). Then
g:[0,1] — [0,2] is a strictly monotonic and continuous map, so its inverse
h = ¢! is continuous, too.

Observe that g(C') has measure one in [0, 2]: this is because f is constant
on every interval in the complement of C, so g maps such an interval to an
interval of the same length. It follows that there is a non-Lebesgue measurable
subset A of g(C). (This is by Vitali’s theorem: a subset of R is a Lebesgue
null set if and only if all its subsets are Lebesgue measurable. So if all subsets
of g(C) are Lebesgue measurable, then ¢g(C') has measure null, contradiction.)

Put B = g~!1(A) C C. Then B is a Lebesgue measurable set as a subset
of the Lebesgue null set C, so the characteristic function 15 of B is Lebesgue
measurable.

The function £ = 15 o h is the composition of the Lebesgue measurable
function 1z and the continuous function A, but k is not Lebesgue measurable,
since k~1(1) = (1goh)~1(1) = h"1(B) = g(B) = A.

Now we prove a result that gives a criterion for measurability of functions
of several variables.

The product of measurable spaces (S1,S1), ..., (Sn,Sp) is the set S1 x ... X
S, with the o-algebra which is generated by products A; x ... x A,, where
AL €851,...,A, €S,.

Theorem A.23. Suppose (Q1,F1), (Q2,F2) and (S;,S;i), i = 1,...,n, are
measurable spaces, that X;: Q — S;, are measurable, and f is a measurable
map from (S1,81) X ... X (Sn,Sp) to (Qo, F2). Then f(X1,Xo,...,X,) is a
measurable map from (Qq,F1) to (Qa, F2).
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Proof. In view of Lemma A.19, it suffices to prove that the map X: Q —
S1 % ... x Sy, defined as w = (Xi(w),...,X,(w)), is measurable. We use
Lemma A.18 and observe that for any A; € Sy, ..., Ap € So,

X MArx . xA) ={X € Ay x ... x A} = [ {Xi € Ai} € 7,
i=1
and therefore X is measurable. O

Here is an application of this theorem

Theorem A.24. If X1,...,X,, are random vectors, then X1 + ...+ X, is a
random vector.

Proof. In view of Theorem A.23, it is enough to check that f(x1,...,x,) =
1+ ...+, is a measurable map. This holds because this function is contin-
uous. ]

Here is another useful result. Roughly speaking it says that limits of
measurable functions are measurable.

Theorem A.25. If X1, Xo, .., are random variables, then so are

infX,,, supX, limsupX, liminflX,.
n n n n

Proof. Let us check the statements for inifmums. We apply Lemma A.18.
Observe that inf X,, < a if and only if there is at least one X,, < a. That is,

{inf X, < a} = J{Xn <a} e F,

which shows measurability of inf X,.
Then, by definition,
liminf X,, = su ( inf Xm).
n—00 n m>n
If Y, = inf,,>, X;, then V), is a random variable by what we just proved
about infimums. Then sup,, Y, is also a random variable. O

One imprecision in the above theorem is that even if X,, random variables,
that is, they take values in R = (—o00, 00), the infimums and supremums can
values —oo and 4o00. For this reason it is useful to allow random variables to
take values in R* = [+o00, —o0].

A.8.2 Almost sure convergence

From Theorem A.25, we see that the set
Qp ={w: lim X, exists. } = {w :limsup X,, — liminf X,, = 0}
n—00 n—00 n—00
is a measurable set. If P(£2,) = 1, then we say that X,, converges almost
surely or a.s. for short. In order to define a limit on the whole set, we define
the limit random variable as
Xoo = limsup X,,.

n—oo

We write X,, == X if X differs from X, on a set of measure 0.



180 APPENDIX A. MEASURE THEORY

A.8.3 o-algebras generated by functions

Let (X;,i € I) be a family of functions that take a set 0 to measurable
spaces (S;,S;), ¢ € I. Here, I # ¢ is an arbitrary index set (i.e., possibly
uncountable).

For every X; we can consider Xi_l(Si), the collection of inverse images for
all sets in S;. One can check that these collections are o-algebras.

Then the smallest o-algebra generated by X, 1(Si) is called the o-algebra
generated by (X;,i € I) and denoted by o(X;,7 € I). We can also define it
as the smallest o-algebra on 2 with respect to which each X; is measurable.

This construction is usually used when we have X; that arrive one after
another and want to know how the corresponding o-algebras increase:

J(Xl) C J(Xl,XQ) C U(Xl,XQ,Xg) C...

This is called the filtration of o - algebras.

A.8.4 Distributions

If X is areal r.v. defined on some probability space (€2, F,P), then X induces a
probability measure on (R, B) called its distribution measure. By definition,
w(B) = P(X € B) = P(X~Y(B)), as a function of Borel sets B of R . To
show that p is a probability measure one needs to check countable-additivity.
However, it is simply inherited from the probability space (€2, F,P). Namely
for disjoint B;’s,

(Ui By) = PIX (s By)]
=P(UX 1(B) =Y P(X N(By) =Y u(Bi)
The distribution measure of a r.v. X can described by its cumulative
distribution function (cdf), F(z) = P({w : X(w) < z}).

Theorem A.26. A cdf F of every probability measure on R has the following
properties:

1. F is a non-decreasing function of x.
2. limy oo F(z) =1 and lim,_,_ F(z) =0
3. F is right continuous, i.e., limy , F(y) = F(x)
Proof. Let us prove that F' is right continuous. Observe that if y | x then

{X <y} | {X <z} Then, for measure P we can use the continuity from
above property from Theorem 1.11 to conclude that

PHX <y}) | P{X <y}),

which is exactly what we wanted to prove.
Refer to Theorem 1.2.1 in Durrett for the complete proof of this theorem.
O



A.8. RANDOM VARIABLES 181

Theorem A.27. If F satisfies the properties of Theorem A.26, then it is the
distribution function of a random variable that takes values in R.

F(x)

Y

X X(w)

Figure A.2: Construction of a r.v. with a given CDF

Proof. (We are following the proof of Theorem 1.2.2 in Durrett.) The proof
is by construction. Let F' : R — [0,1] have properties 1,2,3 in Theorem
A.26. We will construct a random variable defined on (2 = (0, 1], B((0, 1]), P),
where P denotes the Lebesgue measure, and show that it has the distribution
function F'.

The idea of the following proof is that for every w € (0,1], we trying to
define X (w) as the inverse of the function F'(x). This is not always possible
so we do it in a sophisticated way.

We define

X(w) =sup{z: F(z) < w}.

One needs to check the measurability of this function, that is, the fact that
the inverse image X ~!(A) of every Borel set A is Borel. By Lemma A.18, it
is enough to check that {w : X(w) < z} is Borel for every x € R. Note that
X (w) is non-decreasing. Therefore the set {w : X (w) < x} is either (0,«) or
(0, a for some « € (0,1] and these are Borel sets.

Then, note that if we manage to show that the following sets are equal,

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

then the definitions of the distribution function and the Lebesgue measur
imply that

Fx(z) =Pw: X(w) <z)=Plw:w< F(z)) = F(x).

To check the set equality above, observe that w < F'(x) means tauto-
logically that x is outside of the set {y : F(y) < w} which means that
x > a = X(w). Therefore,

{w:w<F(z)} C{w: X(w) < z}.

On the other hand, if w > F(x), then since F' is right continuous, there is an
€ > 0 so that w > F(z+¢) which means that z+¢ is in the set {y : F(y) < w}.
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It follows that x is strictly less than the supremum of this set, X (w), that is
X(w) >z + e > x. This completes the proof of the set equality stated above
and therefore completes the proof of the theorem. O

When the cdf (cumulative distribution measure) of a random variable X
has the form

Fo) = [ o

then we say that X has density function f, or that the distribution measure
of X is absolutely continuous with respect to the Lebesgue measure on R.
A probability measure P (or its associated distribution function) is said to
be discrete if there is a countable set S with P(S¢) = 0.
For example, F(x) = 0 for z < 0 and F(x) = 1 for x > 0 is the cdf of a
discrete probability measure, which is called point mass at 0 or an atom at
0.

Ezample A.28 (Singular measures).

Recall the Cantor staircase function F'(z) from Example A.21. Since this
function is continuous and non-decreasing, it is clear that it is a valid distri-
bution function.

From the definition, we see that dF'/dx = 0 for every x in the complement
of the Cantor set C'. As the Lebesgue measure of C' is zero, we see that
the derivative of F' is zero except on a set of zero Lebesgue measure. In
particular, for this distribution function, there is no function f for which
F(z) = [* f(t)dt.

At the same time, since F'(z) is continuous, the probability of each point
equals zero, so this measure is not discrete.

Such distribution functions are called Lebesgue singular distribution
functions and the corresponding measures are called singular measures.

Even discrete distribution functions can be quite complex.

Ezample A.29 (Distribution function with a dense subset of discontinuities).

Let ¢1, g9, ... be an enumeration of the rational numbers and set
o0
Fz) =) 2 1, o) ().
i=1

Clearly, such F' is non-decreasing, with limits 0 and 1 as  — —oo and x — o0,
respectively. It is not hard to check that F' is also right continuous, hence
a distribution function, whereas by construction F' is discontinuous at each
rational number.



Appendix B

Convergence Theorems and
Inequalities

B.1 Lebesgue Integral

We recall here how the Lebesgue integral is defined for a general o-finite mea-
sure 4 on ). This is done in steps by considering a larger and larger class of
functions.

1. Simple functions
2. Bounded functions
3. Non-negative functions

4. General measurable functions

At every step one have to check that the following properties hold:

(i) If ¢ > 0 almost everywhere (“a.e.” for short), that is, the inequality can
be violated only on a set of measure 0, then [ ¢dv > 0.

(ii) For any a € R, [apdp=a [@du.
(iii) [(p+9)du= [wdu+ [ du.

Step 1: Simple random variables. A function ¢ is called simple if it
can be written as ¢ = Y | ¢;14, for some disjoint Borel sets A; with
1(A;) < co. Then the integral is defined as

n

/‘Pdﬂ = eP(A) (B.1)

=1

works. One can verify that the definition does not depend on the choice
of the A; in the decomposition and the properties (i) - (iii) hold.

183
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Step 2. Compactly supported bounded random variables.

Here we assume that f is a bounded (measurable) function. By com-
pactly supported we mean here that f vanishes outside of a set F with
p(E) < co. Then one defines

dy = su du—inf/ dv, B.2
/fu @SI;/SO nf [¥ (B.2)

where ¢ and 1 are simple functions. Here one needs to check that the
supremum and infimums in the definition are equal to each other. In the
proof of this fact it is essential that f(z) is bounded. This is the crucial
part of the construction so we give some details. As a consequence of
properties (i) - (iii), for all ¢ < f <), we have

/wduﬁ /t/}du,

su d<inf/d.
WSI}/SOM_wEf Ydp

To prove the opposite inequality, suppose |f| < M and let

and, therefore,

Ek:{er:M<f(x)§w} for —n<k<n
n n
" (k—-1)M " kM
on(z) = Z (k=DM n) 1g, and ¢y, (z) = Z - 1g,.
k=—n k=—n

Note that ¢ (z) and ), (x) are simple functions (in particular, they are
measurable), and that ¥, — ¢, = (M /n)lg, so

/% —¥n d,U/ = %:U’(E)

Therefore,

M
sup/wduz/wndﬂ=/wndu—u(E)
e<f n

, M
> ¢§§/¢dﬂ‘ —H(E).

Taking the limit n — oo shows that

su d>inf/d,
@g}/souwzf Ydp

and completes the proof.

One also need to prove that (i) - (iii) hold. See Durrett for the complete
proof.
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Step 3: Nonnegative random variables.

In this case the definition is as follows.

[tan= sw [ ndp,
0<h<f

where h are bounded and compactly supported. Again, one needs to
check that properties (i) — (iii) hold.

Step 4: functions f, for which [|f|,du < oo. Such functions are called
integrable. Define

fH(@) = f()vOoand f~(z) = (—f(x)) VO,

where a V b := max(a,b). Then the integral of f is defined by

/fduz/ﬁdu—/fdu.

The right hand side is well defined because f*, f~ < |f| and therefore
the integrals of these functions are finite. Again, one can check that
properties (i) — (iii) hold.

Note that it is also possible to extend the definition in the last step to the
case when only one of f* and f~ has a finite integral. In this case, f is called
quasi-integrable and [ f du is either 400 or —co.

In the particular case when  is the Lebesgue measure the integral is often
denoted [ f(z)dz, and in the case when p is the Lebesgue-Stieltjes measure on
R with the Stieltjes function G(x) the integral is often denoted [ f(z)dG(z).

If p is a counting measure on a countable set ), then one can write

Yicq f(i) for [ fdp.

Another piece of notation is that for a set £ C (2, one defines

/Efduzz/f-lEdu,

where 1 is the indicator function of the set F.

B.2 DCT with convergence in measure

First, we introduce an additional concept for convergence of functions, the
convergence in measure.

Definition B.1. A sequence of measurable functions f,, is said to converge
to a measurable function f in measure, if

T p({w: [fa(w) = f@)] > €}) =0,

for every € > 0.
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When we talk about probability measures, this mode of convergence is
called the convergence of random variables in probability. We will denote
this convergence as f, —— f or f, —s f.

The convergence in measure is weaker than the almost sure convergence.

Ezample B.2. Consider the interval = [0, 1], divide it successively into
2,3,4, ... parts, and enumerate the intervals in succession. That is, I; = [0, %],
I = [%71]7 I3 = [07 %]7 I, = [%7%]7 Is = [%71]7 and so on. If fn(x) = 1In(x)’
then it easy to check that f, tends to 0 in measure but not almost everywhere.
Indeed, pu(|fn| > €) — 0 for any fixed ¢ > 0 and therefore f, —— 0, but for
any w and arbitrary N we can find n > N so that f,(w) = 1. Hence for any
w € Q, the sequence f,(w) does not converge to 0 (or any other value). In

particular, f,, does not converge to 0 almost surely.

This raises the question if the Dominated Convergence Theorem holds if
functions only converge in measure, not almost surely.

Lemma B.3 (Subsequence principle for convergence in measure). Let (2, A, i)
be a measure space with u(Q) < co. If f, — f in measure, then there exists a
subsequence (fy,) such that f,, — f a.e.

Proof. For m > 1 choose n(m) such that

'u({’fn(m) - f‘ > 2—m}) <27™,

Let Ap = {[fnmm) — fI > 27"} Then ) u(An) < oo, so by Borel-Cantelli,
p(limsup,, Ap,) = 0. Hence for a.e. w, for all large m we have |f, ) (w) —
f(w)| £27™, which implies f, () (w) — f(w).

Theorem B.4 (Dominated convergence with convergence in measure). Let
(Q, A, ) satisfy () < oo. Assume f, — f in measure and |f,| < g a.e. for
all n, where g € L*(u1). Then f € L*(u) and

/ |frn— fldu — 0, in particular /fn dp — /fd,u.

Proof. From f, — f in measure, extract a subsequence f,, — f a.e. (previous
lemma). Also |f| < g a.e. (since a further a.e.convergent subsequence forces
this), hence f € L!.

Apply the (a.e.) Dominated Convergence Theorem to the subsequence:

[ 1= 1o

If the full sequence did not satisfy [|f, — f|dp — 0, then there would exist
e > 0 and a subsequence (f;) with [ |fn, — fldu > e for all j. But (fp,) still
converges to f in measure, so it has a further subsequence converging a.e., and
by the (a.e.) DCT its integrals [ | fm,, — [ dp must tend to 0, a contradiction.
Therefore [ |f, — f|dp — 0. O
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B.3 Function spaces

Probability theory is closely related to functional analysis. In particular, we
can often use the fact that random variables with a given number of moments
can be thought of as belonging to some functional spaces. The most important
for us will be Banach and Hilbert spaces.

Definition B.5. (i) Let X be a normed linear space with norm ||-||x. If X is

complete with respect to the induced metric d(z,y) := ||z — y||x, it is called
a Banach space.
(ii) If in addition norm || - || x arises from an inner product (-,-)x, then X

is called a Hilbert space.

An example of Banach spaces are LP(Q,u) spaces. Let (2, F,u) be a
measure space.

Then LP(Q, 1) is a space of measurable functions f, which have a finite
p-moment, [ |f[P < oo, factored by the following equivalence relation f ~
g in? < f = g p-everywhere.

Let || X||, := ([ |X|[?)"/P be the » norm of X. Define convergence in LP
as follows:

X, B X = ||X, - X||, = 0 (B.3)
It can be shown that £? is complete for p > 1, i.e. if
lim || X, — Xpll,=0=Jarv. X st. X, 5 X. (B.4)
7,M—00
Therefore L£P spaces are Banach spaces for p > 1. (For p < 1, || - ||, is not a
norm.)
For p = 2, the space £2 is a Hilbert space with the inner product (f,g) =
[ fg dp.

For p = 1, the space £! is the space of all integrable functions.
For p = oo, L™ is the space of essentially bounded functions with the
norm,

| X||oo = inf{M : P(|X| > M) = 0}.

In general, the £? spaces with larger p are more restrictive and are easier
to handle.

B.4 Supporting lines and a countable representa-
tion of convex functions

Definition B.6 (Subgradient and subdifferential). Let ¢ : R — R be convex
and let zp € R. A number m € R is called a subgradient of ¢ at xg if

o(r) > p(xo) + m(z — xo) for all x € R. (B.5)
The set of all subgradients at x( is the subdifferential and is denoted

Op(xp) := {m € R: m satisfies (B.5)}.
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Any affine function L(x) = ¢(z9) + m(z — x¢) with m € dp(xg) is called a
supporting line (or supporting affine minorant) of ¢ at z.

Lemma B.7 (Existence of subgradients on R). If ¢ : R — R is convez, then
for every xy € R the subdifferential Op(xg) is a nonempty interval. More
precisely, the one-sided derivatives

/

¢ (z0) :=lim

(o) — :(fvo —h) Ailzo) = lim (o + hf)L — #(20)

exist in [—oo, +00] and satisfy ¢’_(zo) < ¢’ (x9), and
dp(w0) = [¢(20), ¢ (wo)] NR.
Proof sketch. For convex ¢, the secant slopes are monotone: for a < x < b,

p(@) —pla) _ ¢(b) —p(2)
r—a - b—xz

This monotonicity implies the existence of the one-sided derivative limits and
the inequality ¢’ (zo) < ¢/, (20).
Fix any m € [¢’ (20), ¢/ (z0)]. For > xg, the monotonicity of secant

slopes gives

p(x) — p(x0) /

—_— > Tg) = m,

T — o = 80+( 0) >

so p(x) > p(x9) + m(x — xp). Similarly, for z < xy one gets

p(a) = p(zo)

< QDI—(xO) < m,
T — X0

which again rearranges to p(x) > ¢(x0) + m(xz — x¢). Thus m € dp(zo) and
d¢p(z0) # 2. O

Theorem B.8 (Countable supporting-line representation). Let ¢ : R — R be
convez. For each rational ¢ € Q choose one m(q) € dp(q) and define

Lq(z) := ¢(q) + m(q)(z — q).
Then Lq(x) < @(x) for all x and

(x) = sup Ly(x) for all x € R.
q€Q

Proof. The inequality L, < ¢ holds by the definition of m(q) € dp(q).

Fix x € R. Let ¢, € Q be any sequence with ¢, — x. Since convex
functions on R are continuous, ¢(g,) — @(z). Also, subgradients are locally
bounded: on any compact interval I, all m € dp(t) with ¢ € I lie in a bounded
interval (this follows from the monotonicity of secant slopes). Hence for n
large, m(gy,) is bounded and therefore

Lg, () = o(qn) + m(gn)(x — qn) — @(x) asn — oo.

Thus sup,cq Lg(z) > limsup,,_, o, Lg, (z) = ¢(x). Together with sup,cq Ly(7) <
©(x), we conclude equality.
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B.5 Details for Holder’s and Minkowski’s Inequali-
ties

In the proof of H’older inequality we used the following result.

Lemma B.9 (Young’s inequality). Let 1 < p,q < oo with 1/p+1/q = 1.
Then for all a,b > 0,

aP bl

ab < — 4+ —.

p q
Proof. Fix a > 0 and consider F'(b) = % + %q —ab for b > 0. Then F'(b) =
b=t —a and F"(b) = (¢ —1)b?2 > 0, so F is convex and minimized when
b1~ =a, ie b=al/0D = gP~1 At this point,

p p—1)q p p
F(bmin):a*—i-(a ) e =L 4 E _p =
p q p q
Hence F'(b) > 0 for all b > 0, which is the claim. =

Proof of Minkowski’s inequality

Proof. The case p = oo is immediate:
(X + Y[ < [X[+]Y] < [ Xloo + [V ]loo  as.

hence [[ X + Y [loo < [|X|[oo + [|Y]]co-

Assume now 1 < p < co. The case p=1is just E|X + Y| <E|X| + E|Y|.
So assume p > 1 and let ¢ be the conjugate exponent, 1/p+1/q = 1.
Write
X +YP=|X+Y| | X +Y]PL

Using | X + Y| < |X| + |Y] and linearity,
EX+YP <E(X|IX+YP ) +E(Y]|X +YP1).
Apply Holder to each term with exponents (p, q):

E(IX]1X + Y771 < X, IX + Y77

q?
and similarly with Y. Since (p — 1)q = p, we have
-1 ( _1) l/q l/q /
1% + Y|, = (E(X +Y1®799) 7 = (E|X +YP) 7 = |X + )|/

Therefore,
E[X +YP < (X, + Yllp) 1X + Y27

If | X + Y|, = 0 we are done. Otherwise divide by || X + YHg/q to get
X+ YIZP7¢ < Xl + 1Y 1lp-

But p—p/q=p(1—1/q) = p(1/p) =1, hence | X + Y|, < [| X ||, + [[Y,- O
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B.6 Markov-type inequalities
Theorem B.10 (Markov’s Inequality). If X > 0, a > 0, then
P(X > a) < E(X)/a (B.6)

Proof. Integrate 1x>, < X /a. Then, the stated result follows by the mono-
tonicity and linearity properties of the integral. O

This result can be generalized.

Theorem B.11 (Generalized Markov’s Inequality). Suppose ¢ : R — R is
non-negative. Let A C R and let l4 = inf{p(y) : y € A}, that is, la is the
lower bound on values of ¢ on A. Then,

P(X € A) <Ep(X)/la.
Proof. The definition of [4 and the fact that ¢ > 0 imply that
lalixea) < e(X)1(xen) < @(X).
So taking expected values gives the required result. O

If we apply this to ¢(z) = 22 and A = (—a,a)¢, the we will get the usual
Chebyshev inequality (without centering):

EX?
a? -’

P(|X]| > a) <

We also have the following corollary of Theorem B.11.

Corollary B.12. Let ¢ : R — R be non-decreasing. Then

B (X)
P(X >a) < B.7
(Xza)< 2 (8.7
Ezample B.13. If we take 1 (z) = e*, we find that for every t > 0,
E tX
P(X > a) < :t = e My (t), (B.8)

where mx (t) is the moment generating function of X.

Here is an application.

Theorem B.14. Suppose X; are independent random variables with
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Proof. By (B.8),

t o —tn
P(Sy > ) < e s, (1) = ¢y, (0)" = e ()

< e—ta+t2n/2.
The last inequality follows from the inequality (e! + e~*)/2 < e!*/2 which
can be obtained by expanding the exponentials in series and comparing the

coefficients. Then, optimizing the inequality over ¢, we take t = a/n and find
that

P(S, > a

~—
N
Q\
¥
¥l

as claimed. O

For example, if we use symmetry and take a = tn, then we find that

2TL
P(|S,| > tn) < 2¢~ 2", which is much better than we could get from Cheby-
shev’s inequality.

Marzienkewicz inequalities

Section 3.8 in Allan Gut’s textbook
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Appendix C

Conditional Expectations

C.1 Proof Sketch for Radon—Nikodym Theorem

Proof sketch for Radon—Nikodym theorem (finite-measure case). Assume () <
oo and v(Q2) < oo.

1. For each rational ¢ > 0, consider the signed measure v — qu and take
a Hahn decomposition Q = P, U N, such that (v — qu)(A) > 0 for all
A C Pjand (v —qu)(A) <0 forall AC Ny.

2. One checks the monotonicity ¢1 < g2 = F,, C P,,. Define
f(w) :=sup{g € Q>p: we P} €0,00].

3. Using the defining property of the Hahn decomposition and approxima-
tion by rationals, show that for all A € F,

/Afd,ugu(A) and V(A)g/Afd,u,

hence equality.
4. Uniqueness follows: if [, fdu = [, gdp for all A, then f =g p-a.e.

The o-finite general case reduces to the finite case by restricting to sets of
finite measure. O

C.2 Conditional Expectation: Proofs of Additional
Results

Lemma 1 (Equivalent characterization). Let X € L'(Fy) and let F C Fy. A
random variable Z is a version of E[X | F] iff Z is F-measurable, Z € L',
and

EYZ] =E[YX] for every bounded F-measurable random variable Y.

Equivalently, it suffices to require the identity for Y = 14 with A € F.

193
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Proof. Assume first that Z = E[X | F] in the sense of Definition 3.1. Let Y
be bounded and F-measurable. We first treat Y > 0 simple: Y = >/ | azly,
with a; > 0 and Ay € F. Then

EYZ] =) ayE[Z14,) =) arE[X14,] =E[YX].
k=1 k=1

For general bounded Y > 0, choose simple Y;,, T Y pointwise. Since Y is
bounded, 0 < Y, < ||V, and Z,X € L', dominated convergence gives
E[Y,Z] — E[YZ] and E[Y,X] — E[YX], hence E[YZ] = E[YX]. For an
arbitrary bounded (signed) Y, write Y = Y™ — Y~ and apply the above to
Y.

Conversely, suppose Z is F-measurable, Z € L', and E[Y Z] = E[Y X] for
all bounded F-measurable Y. Taking Y =14 for A € F yields

E[Z14) =E[X14] VAE€F,

which is exactly the defining property of E[X | F].

Finally, the last sentence follows since the class of bounded F-measurable
Y contains all indicators 14, and conversely the indicator condition implies the
bounded-test-function condition by the approximation argument above. [

Theorem 4 (Conditional Jensen inequality). Let (€2, Fo,IP) be a probability
space and G C Fo. Let X be an integrable real-valued random variable and let
¢ : R — (—o00,00] be conver and Borel measurable. Assume either p(X) > 0
a.s. or o(X) € L. Then

PEX [G]) < Elp(X)[G]  as

Proof. A standard fact from convex analysis is that a convex Borel function
© is the pointwise supremum of a family of affine functions dominated by ¢:
there exists a (possibly countable) collection {(a;, b;)}ic; C R? such that

©(t) = sup(a;t + b;), teR,
i€l

and a;t + b; < ¢(t) for all ¢t and all i. Fix i. From ;X + b; < ¢(X) and
monotonicity of conditional expectation,

a; E[X | G] + b; = Ela; X 4+ b; | G] < E[p(X) | G] a.s.
Taking the supremum over ¢ and using the representation of ¢ gives

P(ELX | G]) = sup(a;E[X | 6]+ b) <E[p(X) | G] s
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C.3 Fubini-Tonelli Theorem

Let (X, A, pu1) and (Y, B, u2) be o-finite measure spaces. Set (X x Y, A ®
B, 1 @ p12).

Theorem C.1 (Fubini - Tonelli). Let f : X XY — [—o0,00] be A ® B-
measurable.

(Tonelli) If f > 0, then the functions x — [, f(x,y)pe(dy) and y —
Jx f(z,y) p1(dz) are measurable (possibly +oc) and

/X(/y f(z,y) Mz(dy)> pi(dx) = /Xxyfd(m ® o)

= [ ([ st mtao)) patan)

(Fubini) If [y .y |f|d(u1 ® p2) < oo, then for pi-a.e. x and pz-a.e. y the
inner integrals are finite, and the same equalities hold with all integrals finite.
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Appendix D

Independence and Tails

D.1 Hewitt—Savage 0—1 law

Exchangeability and the symmetric o-field

Let (X;,)n>1 be S-valued random variables, where S is a Polish space (e.g.
S =R).

Definition D.1 (Exchangeable sequence). The sequence (X,,),>1 is exchange-
able if for every k > 1 and every permutation 7 of {1,...,k},

d
(Xl, e ,Xk) = (Xﬂ(l), .. ,Xﬁ(k)).

Definition D.2 (Symmetric (exchangeable) o-field). Let g, be the group
of permutations of N that move only finitely many indices. Define

7 .= {A S U(Xl,XQ,...) : lA(Xl,Xg,...) = 1A<Xﬂ(1),Xﬂ.(2),...) a.s.}.

for all 7 € Ggy,. Events in Z are called symmetric (or exchangeable).

Direct proof of the Hewitt—Savage 0-1 law
We give a self-contained proof that does not rely on de Finetti’s theorem.

Proof of the Hewitt—Savage 0-1 law (direct). Let A € Z. We will show P(A) =
P(A)2.

Step 1 (Approximation by finitely many coordinates). Since A €
o(X1,Xo,...) = \/nZl o(X1,...,Xp), for every € > 0 there exists n > 1 and
an event B € 0(X1,...,X,) with

P(AAB) < e.

(This follows from the fact that {J,,>; 0(X1,..., X») is an algebra that gener-
ates (X1, Xo,...); any event in the generated o-algebra can be approximated
in probability by events in the algebra.)

Step 2 (Shifting indices). Write B = {(X1,...,X,) € C} for some Borel
set C' C R™, and define

B = {(Xn+17 R ,Xgn) S C} S O'(Xn—i-l, .. -;X2n>-

197



198 APPENDIX D. INDEPENDENCE AND TAILS

Since the X; are i.i.d., P(B’) = P(B).
Now consider the permutation 7 that swaps blocks:

i+n ifl1<i<n,
w(i)=qi—n ifn+1<i<2n,
i if ¢ > 2n.
This is a finite permutation, and 7 maps B to B’ (it replaces (X1,...,X,)
with (Xy41,...,X9,) in the defining condition). Since (X;) are i.i.d. (hence

exchangeable) and A € Z, the event A is a.s. invariant under 7. Moreover,
because m merely permutes the i.i.d. sequence, the joint law is preserved:

d
(Xr)s Xn@)s -+ ) = (X1, Xo, .00
Therefore
P(AAB') =P(r ' (A)An 1 (B)) = P(AAB) <,

where the first equality uses the distributional invariance and 7~ 1(A) = A
a.s., and 77 1(B’) = B.
Step 3 (Independence and conclusion). Since B € o(Xq,...,X,) and
B € o(Xp+1,...,Xo,), independence gives P(B N B') = P(B)P(B’). We
estimate:

|P(A4) — P(B)| < P(AAB) <,
IP(A) —P(B')| < P(AAB') <,
|P(4) = P(BN B')| <P(AA(BN B')) < P(AAB) + P(AAB') < 2,
where the last line uses AA(B N B') € (AAB) U (AAB’) (since w € A iff
w € BN B’ whenever w belongs to both B and B’ and to A; more precisely,
A=(ANBNDB)U(A\ (BN DB')) and the symmetric difference is controlled

termwise).
Combining:

IP(A) — P(A)?| < |[P(A) —P(BN B')| + |P(B)P(B') — P(A)*| < 2 + 2 = 4e.

(For the second term: |P(B)P(B')—P(A)?| < |P(B)—P(A)|P(B')+P(A) |[P(B')—
P(A)| <e+e=2¢)
Since € > 0 was arbitrary, P(A) = P(A4)2, so P(A) € {0,1}. O

Proof of Hewitt-Savage via de Finetti (representation + iden-
tification of 7)

Theorem D.3 (de Finetti, standard form). If (X,,),>1 is exchangeable, then
there exists a random probability measure M on S such that, conditional on

M, the variables (X,,) are i.i.d. with common law M. Equivalently, for every
k > 1 and Borel sets By,...,B, C S,

k
P(X, € By,..., Xy € By) :E[HM(B]-)}.
j=1
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Remark D.4 (A concrete way to define M). One can (and typically does)
choose M to be Z-measurable by setting, for Borel B C S,

M(B) := P(X; € B|Z) (a version of conditional probability).
Then M is a random probability measure and the conditional i.i.d. statement

holds: given Z (hence given M), the coordinates are i.i.d. with law M.

Remark D.5 (Key structural fact). A standard strengthening of de Finetti says
that, up to P-null sets,

Z = o(M) (completion understood).

Informally: the only source of randomness left after quotienting by
finite-permutation symmetry is the directing measure M. See, e.g.,
Durrett or Kallenberg for a full proof.

Hewitt—Savage for i.i.d. as a corollary

Theorem 5 (Hewitt-Savage 0-1 law). If (X,,)n>1 are i.i.d., then T is trivial:
for every A € T,
P(A) € {0,1}.

Proof using de Finetti + LLN. Let u be the (deterministic) law of X;. Since
i.i.d. implies exchangeable, we may apply de Finetti and obtain a directing
random measure M.

Step 1: M = i a.s. Fix a bounded continuous function f : 5 — R. Let
1 n
An(f) = — Xi).
(f) ”;;Zlf (Xk)

By the (ordinary) strong law of large numbers for i.i.d. variables with law p,

An(f) —— /fdu a.s.

n—oo
On the other hand, conditional on M the variables are i.i.d. with law M, hence
by the conditional strong law,

Ap(f) —— [ fdM a.s.

n—00

Therefore [ fdM = [ fdu a.s. for every bounded continuous f. Choosing
a countable convergence-determining class of such f (e.g. bounded Lipschitz
functions with rational parameters), we conclude that M = pu a.s.

Step 2: conclude triviality of Z. By the structural fact Z = o(M) (up to
null sets) and Step 1, we have

7 =o(p),

which is the trivial o-field (since p is deterministic). Hence every A € 7 has
probability 0 or 1. O

Remark D.6. This proof makes clear why exchangeability alone does not imply
a 0-1 law: for a general exchangeable sequence the directing measure M is
random, and Z = o(M) is typically nontrivial.
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Appendix E

Convergence Zoo and
Uniform Integrability

E.1 Portmanteau inequalities and continuity sets

Throughout this appendix, (5,d) is a metric space with its Borel o-field. We
use the definition

fn = b = /fdun%/fdu for every f € Cy(9).

Theorem E.1 (Portmanteau (inequalities)). Assume p, = p.

1. For every closed set F' C S,

lim sup pin (F) < p(F).

n—o0

2. For every open set G C S,

liminf 4, (G) > u(G).

n—oo

Proof. For a set A C S, write d(x, A) := infyea d(z,y).
(1) Closed sets. Fix a closed F' C S. For m > 1 define

fm(z) = (1- md(ac,F))+ = max{0, 1 —md(z, F)}.
Then f,,, € Cp(5), 0 < fi, <1, and f, | 1p pointwise:
o ifx € F, then d(z,F) =0so0 fm(xz) =1 for all m;
o if ¢ F, then d(x, F) > 0 so for m > 1/d(z, F') we have f,,(x) =0.

Also 1p < f,, hence pn(F) < [ fu dp,. Therefore,

lim sup pp, (F) < lim Sup/fm dpy, = /fm du,

n—oo n—oo
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using p, = p and f,, € Cp(S). Finally, by monotone convergence (since
fm\l/]-F andOSfmS1)7

[ tmind [ 15 du= ()

Letting m — oo yields limsup,, i, (F) < p(F).

(2) Open sets. Fix an open G C S and set F' := G°, which is closed. For
m > 1 define
gm(x) := min{l, md(x, F)}.

Then g, € Cp(5), 0 < gm <1, and gy, T 1¢ pointwise:

o if z € G, then d(z,F) > 0, so for m large enough md(x,F) > 1 and
gm(z) = 1;

o if x € F, then d(z, F) = 0 and gy, (x) = 0 for all m.

Also gm < 1¢, hence [ gy, diy, < 15, (G). Therefore,

n—oo

lim inf p, (G) > hn_l}inf/gm dpi, = /gm du.

Letting m — 0o and using monotone convergence gives

/gm du T w(G),

hence liminf, p,(G) > p(G). O

Corollary E.2 (Continuity sets). If u, = p and A is Borel with (0A) =0,
then

pin(4) = p(A).
Equivalently, if X,, = X and P(X € 0A) =0, then P(X,, € A) - P(X € A).

Proof. Apply Theorem E.1 to F = A and G = A°:

1(A°) < liminf i, (A) < limsup p,(A) < p(A).
But A\ A° C 94, so u(A) = u(A°) when p(0A) = 0. Hence u,(A) —
wu(A). O

Lemma E.3 (Reverse Portmanteau: inequalities = weak convergence). Let
(S,d) be a metric space and let vy, v be probability measures on S. Assume
that for every closed set F' C S,

limsup v, (F) < v(F). (%)

n—oo

Then v, = v, i.e.

/fdl/n — /fdz/ for all f € Cy(9).
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Proof. From (x) we also get the open-set inequality: for open G let F' = G¢
(closed) and use liminf(1 — a,) = 1 — limsup ay,:

liminf v, (G) = liminf(1 — v, (F)) = 1 — limsupvp(F) > 1 — v(F) = v(G).

n— n—00 n—00
(%)

Step 1: continuity sets. For any Borel A,

v(A°) <liminfy,(A) < limsupv,(A) < v(A)
(using (#*) for A° and (*) for A). Hence if v(0A) = 0 then v, (A4) — v(A).
Step 2: convergence of integrals for nonnegative bounded continuous
f. Let f e Cy(S) with 0 < f < M. Fort € Rset Ay := {x: f(x) > t}, which
is open. Moreover, 0A; C {z : f(x) = t}. The set of ¢t with v(f =1¢) > 0 is
at most countable (the events {f = ¢} are disjoint), so for all but countably
many ¢t we have v(0A;) = 0, hence from Step 1:

vn(Ay) — v(Ap) for a.e. t € [0, M].

Using the layer-cake formula (valid for 0 < f < M),

/fdyn:/OMyn(f>t)dt, /fdu:/OMu(f>t)dt,

and dominated convergence (since 0 < v,(f > t) < 1), we get [ fdv, —

[ fdv.
Step 3: general f € Cy(S). Write f = f* — f~ and apply Step 2 to f*
(both bounded, continuous, nonnegative). O

Supporting lemmas

Lemma E.4 (Only countably many level sets can have positive mass). Let
(S,B,v) be a probability space and let f : S — R be measurable. Then the set

T:={teR: v(f=t)>0}
is at most countable.

Proof. For t € R set By := {x € S: f(x) = t}, so that the sets (E})icr are
pairwise disjoint. Let a; := v(E}).
For each k € N define

I={teR: a >27%}.

We claim I, is finite. Indeed, if t1,...,txy € I are distinct, then disjointness
gives
N N
1> v(UEB,) = Ywum,) = N2
j=1 j=1
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hence N < 2F. So |I;| < 2F.
Finally, if a; > 0, choose k such that 2% < a;; then t € I,. Thus

oo
T C U I,
k=1
a countable union of finite sets, hence T is countable. ]

Lemma E.5 (Boundary of a strict superlevel set). Let (S, d) be a metric space
and let f: S — R be continuous. For anyt € R, set

Ap:={zeS: f(z) >t}

Then
0A, C{x e S: f(x)=1t}.

Proof. Fix t and let © € 0A;. Then there exist sequences x,, € A; and y,, ¢ Ay
such that =, - x and y,, — x. Hence

flzn) >t flyn) <t

By continuity of f at z,

so f(x) =t. O

Corollary E.6 (For a.e. level, v(0A;) = 0). Let (S,d) be a metric space, let
v be a Borel probability measure on S, and let f € Cy(S) with 0 < f < M.
Then for all t € [0, M] except at most countably many,

V(aAt) =0, A = {f > t}.
Proof. By Lemma E.5, 0A; C {f = t}, hence
v(0A:) <wv(f =t).

By Lemma E.4, the set of ¢ with v(f = t) > 0 is countable, so for all other ¢
we have v(0A4;) = 0. O

E.2 Proofs of the general CMT

Theorem E.7 (Continuous Mapping Theorem (general form)). Let S,T be
metric spaces, and let X,,, X be S-valued random elements such that X,, = X.
Let f: S — T be Borel measurable and assume

P(X € Disc(f)) =0,
where Disc(f) is the set of discontinuity points of f. Then

f(Xn) = f(X).
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Proof. Let p, = L£L(X,) and p = L£(X). Fix a closed set C C T and set
B:= f~}C) c S. Then

P(f(X,) € C) = pun(B).
By Portmanteau (closed-set inequality),

limsup yi,(B) < u(B).

n—oo

We claim that B C B U Disc(f). Indeed, if x € B and = ¢ Disc(f), pick
xp € B with z; — x; continuity of f at = gives f(zr) — f(x), and since
f(z) € C and C is closed, we get f(x) € C, ie. ¢ € B.

Therefore,

u(B) < ju(B)+u(Disc(f)) = P(F(X) € C) +B(X € Disc(f)) = P(f(X) € C),
Combining,

limsupP(f(X,) € C) <P(f(X) € C) for every closed C' C T.

n—oo
By reverse Portmanteau, this implies f(X,) = f(X). O

Theorem E.8 (Continuous Mapping Theorem for convergence in probability
(general form)). Let S,T be metric spaces, and let X,,, X be S-valued random

elements such that X, BoX. Let f 8 =T be Borel measurable and assume
P(X € Disc(f)) = 0.

Then
F(X0) & F(X).

Proof. Fix e > 0 and n > 0. Fix a point x¢ € S.
Step 1: localize. Choose R > 0 such that

P(ds(X,z0) > R) <n.

Step 2: discard the bad set. For each m > 1, define the set of points in
Bs(zo, R) where f oscillates by at least e at scale 1/m:

A = {x € Bg(zo, R) : sup  dp(f(x), f(y)) > 5}.
y€eSs:
ds(z,y)<1l/m

If + € Bg(zo, R) and = ¢ Disc(f), then f is continuous at z, so z ¢ A, for
all sufficiently large m. Therefore A,, \ Disc(f) | 0 as m — oo, and since
P(X € Disc(f)) =0,

P(X € A,,) =P(X € A, \ Disc(f)) + P(X € A,, N Disc(f))
<P(X € A, \ Disc(f))+040.
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Choose m large enough so that P(X € A,,) < n, and set § := 1/m. By
definition of A,,, for every x € Bg(zg, R)\ A, and every y € S with dg(z,y) <
0:

dr(f(z), f(y)) <e. (E.1)
Step 3: conclude. On the event {dg(X,z0) < R}{X ¢ A, }n{ds(Xn, X) <
0}, (E.1) applies with z = X (w) and y = X,,(w), giving dr(f(Xy,), f(X)) <e.
Therefore

P(dr(f(Xn), (X)) > €) < P(ds(X,z0) > R) + P(X € Ay) 4+ P(ds(Xn, X) > 0)
<040+ P(ds(X,, X) > 6).

Since X, LN X, we have P(dg(X,,X) > ¢) — 0. Taking limsup,,_,.:

limsup B(dr (f(X,), f(X)) > €) < 2n.

n—oo
Since n > 0 is arbitrary, P(dr(f(X,), f(X)) >¢) — 0. O

Remark E.9. Compare with the proof for the continuous case (Theorem 5.13 in
the main text): there, continuity of f on the entire compact set Bg(zg, R +
1) gives a single 0 by uniform continuity, free of charge. Here, f may be
discontinuous on this set, so we must first discard the “bad” set A,, where
the continuity modulus is too coarse. The key point is that P(X € A,,) — 0
because P(X € Disc(f)) = 0.

E.3 Proof of Slutsky’s theorem

Theorem E.10 (Slutsky). Let X,, be R¢-valued and Y, be R™-valued random
vectors. Assume that

X=X and Yn&ceRm.

Then
(X'na Yn) = (Xv C)'

Consequently, for every continuous map h : RHH™ — RF,
h(Xn,Y,) = h(X,c).
Proof. Fix ® € Cy(R™™) and write M := ||®||. We will show
E[®(X,,Y,)] — E[®(X, )],

which implies (X,,Y;) = (X, ¢) by the definition of weak convergence.

Step 1: a tightness estimate for (X,,). Choose R > 0 such that P(||X|| >
R) < e, where ||-| is the Euclidean norm. Let ¢ 5 : RY — [0, 1] be a continuous
function such that

Yr(z) =0if ||z|]| <R, Yr(xz)=1if ||z > R+ 1.
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Then o> r+1} < Yr(2) < Lyjg|>R), hence

P(|Xnll = R +1) < E[Yr(Xn)] —— E[Yr(X)] < P([|X]| > R) <e.

In particular, for n large enough,

P(| Xl > R+ 1) < 2. (E.2)

Step 2: uniform continuity on a compact set. Consider the compact set
K := Bp11(0) x Bi(¢) € R¥™.

Since ® is continuous, it is uniformly continuous on K. Hence there exists
0 € (0,1) such that

[z <R+, ly—c| <6 = |®(z,y) — (z,¢)| <e. (E.3)
Step 3: compare ®(X,,,Y,) to &(X,,c). Write
E[®(X,, Y;)]-E[®(X, )] = (IE[(I)(Xn,Yn)]—E[@(Xn,c)])+(E[<I>(Xn,c)]—E[CD(X, c)}).

For the second term, the map x — ®(z,¢) is bounded and continuous on
R?, so X,, = X implies

E[® (X, c)] — E[®(X,c)]. (E.4)

For the first term, split the expectation according to the events {||X,| <
R+1} and {||Y,, — ¢|| <6}
[E[®(X,, Yy)] — E[®(Xp, 0)]| < E[|®(Xn, Yn) — ®(Xn, )l L{jx, |<R+1, [[Yacl<6}]
+2M P(|| X, > R+1) + 2M P(||Yy, — || > 0).

By (E.3), the first expectation is at most €. Using (E.2) and Y, 5oe (so
P(||Yy, — ¢|| > 6) — 0), we get for n large enough

|E[®(Xy, Yn)] — E[®(Xn,0)]| < e+ 4Me + o(1). (E.5)
Combining (E.4) and (E.5), we obtain

limsup [E[®(X,, Yy)] — E[®(X, 0)]| < (1 +4M)e.
n—oo
Since £ > 0 is arbitrary, E[®(X,,Y,)] — E[®(X,c)] for all ® € Cy(R*™),
hence (X,,Y,) = (X, ¢).
Finally, if h : R4™ — R is continuous, then for any g € Cy(R¥), goh €
Cb(Rd+m)a S0
Elg(h(Xn, Yn))] = Elg(h(X, )],

ie. h(Xn, Yy) = h(X,c). 0
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Appendix F

SLLN

F.1 SLLN with finite fourth moment

It is not difficult to prove SLLN for i.i.d random variables if the existence of
the finite fourth moment is assumed.

Theorem F.1. If Xq, .., X,, .., is a sequence of independent identically
distributed random variables with E|X;|* = C < oo, then

Sn . Xit...+X,
m —

= E(X3)
n—oo N n— o0 n
with probability 1.

Proof. We can assume without loss of generality that E[X;] = 0. Otherwise,
just take V; = X; — E[X;].
A simple calculation shows

E[(Sn)Y] = nE[(X1)] + 3n(n — 1)E[(X1)?]? < nC + 3n?c?,
and by applying a Chebychev type inequality using fourth moments,

nC + 3n20?
n - - ndod

Hence,
0
S,
E P [|n| > 5] < 00,
n
n=1

and we can now apply the Borel-Cantelli Lemma (BC I) to conclude that these
events will happen only finitely many times. O

F.2 Cesaro’s and Kronecker’s lemmas

Lemma F.2 (Cesaro’s Lemma). Let (an)n>1 be a sequence of real numbers.

If a, — L as n — oo, then
1 n
— E ar — L.
n
k=1

209



210 APPENDIX F. SLLN

Proof. Let € > 0. Since a,, — L, there exists N € N such that |a;, — L| < ¢ for
all k > N. For n > N, we split the sum:

%Zak—L Z(ak—L)
k=1

k=1
Let Cn = Z]kvzl la, — L|, a fixed finite constant. The first term satisfies
Cn/n — 0 as n — oo. For the second term, since |ay — L| < ¢ for all k > N

n

1 1
<=> - -y — 1
<~ lay — L| + - lay, — L
k=1 k=N-+1

S

1< -N
LS a2 NE
k=N+1 "

Choosing n large enough that Cny/n < e, we obtain

1 n
=Y ap— L] < 2.
n
k=1
Since € > 0 was arbitrary, the result follows. O

Lemma F.3 (Kronecker). If 3772, yJ—J converges, then

1 n
*Zyj — 0.
n <

7=1

Proof. Let S, = Z;’;l yJ—J for n > 1 and Sy = 0. Summation by parts gives

n n n
D yi=) J(8j—Sim1) =nSu - S
j=1 j=1 j=1
Hence,
1 @ 1 &
w2 = 5= Si
J= J=

By assumption, S,, — x for some z € R. By Cesaro’s lemma (Lemma F.2),
1 > j=1Sj—1 — x. Therefore,

1 n
—E Yy > x—x=0. ]
n <

7=1

F.3 Kolmogorov’s Maximal Inequality

Theorem F.4 (Kolmogorov’s Inequality). Let X1, ..., X, be independent ran-
dom wvariables with E[X;] = 0 and Var(X;) = 0? < co. Let Sy = Z;‘f:l X,
52 = > i1 o3, and

To(w) = max [Si(w)]

Then for any £ > 0,

I N

P(T,, > () <

?\‘CI)
N
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The important point here is that the estimate depends only on s2 and not
on the number of summands. The Chebyshev bound on .S, is

S
P(Sal 2 0) < 2%,
and therefore taking the maximum over k costs nothing.

Proof. Define the disjoint events
Ek:{\Sl\<£,...,]Sk,1]<€,|5k]2£}, k=1,...,n.

Then {T,, > ¢} = U;_; Ex is a disjoint union. On Ej we have |Si| > ¢, so
S,% > (2, and thus

1
P(E) < — | S%dP.
2 g,

Key observation: We claim that
Szdp < [ S%dP.
By Ey
To see this, write S, = Sk + (S, — Sk) and expand:
Sy = Si + 28k(Sn — Sk) + (Sn — Sk)*.

Since (S, — Sk)? > 0, it suffices to show that fEk Sk (Sp — Sk) dP = 0.

Claim: /E Sk(Sp — Sk) dP = 0.

k

Proof of Claim: The event Ej depends only on (X1,..., Xy), as does Sj.
Therefore Silg, is measurable with respect to o(X7i,...,Xy). On the other
hand, S,,—S; = Xg11+- - -+ X, is measurable with respect to o(Xgy1,..., Xp).

By independence of (Xi,...,Xx) and (Xk41,...,X,), the random vari-
ables Si1g, and S, — S are independent. Therefore:

Sk(Sy — Si) dP = E[Sy15,] - E[Sn — St] = E[Syls,] -0 = 0,
Ey

where we used E[S, — Si] = >_7_; . E[X;] = 0. o
Thus [, SpdP < [ S dP, and summing over k:

- 1 & 1 E[S? 2
P(THZK):ZP(Ek)ng/ SrdP = 2 g2 qp < %l _ o
k=1 k=1"Ek

~

To>0 2
O

Remark F.5 (On the independence assumption). The proof requires mutual
independence, not merely pairwise independence. The key step is showing
that Si1g, and S, — S} are independent, which allows us to factor the expecta-
tion E[S;1g, (Sn — Sk)]. This factorization relies on the o-fields o(X1, ..., X)
and o(Xg41,...,X,) being independent, which follows from mutual indepen-
dence but not from pairwise independence alone.
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To see why pairwise independence is insufficient, consider the following
example. Let X;, X5 be independent Rademacher random variables (taking
values £1 with probability 1/2 each), and let X3 = X;X5. Then any two
of X1, X9, X3 are independent, but X3 is not independent of o(X;, X3). In
general, pairwise independence does not imply that functions of disjoint groups
of variables are independent.

F.4 Kolmogorov—Khinchin Convergence Theorem

The following theorem is the key tool that converts variance summability into
almost sure convergence of a series. It powers both the variance summability
SLLN (Section 6.2) and the sufficiency direction of the Three-Series Theorem
(Section F.5).

Theorem F.6 (Kolmogorov-Khinchin Convergence Theorem). Let (X,,)n>1
be independent random variables with E[X,] =0 for all n. If

Z Var(X,,) < oo,
n=1

then > | X, converges almost surely.

Remark F.7. The partial sums S,, = > ;_; X} automatically converge in L?,
since

E[(Sp — Sm)?] = Z Var(X;) -0 asm,n — oo.
k=m+1

However, L? convergence does not imply almost sure convergence in general
(recall the typewriter sequence from Chapter 5). The content of the theorem
is the upgrade from L? to a.s., which is achieved by Kolmogorov’s maximal
inequality:.

Proof. Let S, =3, _; Xj. Since R is complete, S,, converges if and only if it
is Cauchy. We use Kolmogorov’s maximal inequality (Theorem F.4) to show
that the partial sums are almost surely Cauchy.

Step 1: Bounding the tail oscillation.

For m < n, the random variables X,,11,...,X, are independent with
mean zero. By Kolmogorov’s maximal inequality applied to this block,

1 n
}P’< max |Sk — Sm| > 6) < ] Z Var(Xy).

m<k<n
k=m+1

Step 2: Taking n — oo.
The events {max,,<r<n |Sk —Sm| > €} are increasing in n, so by continuity
of probability,

. 1
P(sup |Sk — Sml| > 5) = lim IP’( max |Sk — Sm| > 5> < 2 Z Var(Xp).

n—00 m<k<n
k>m = k>m



F.5. PROOF OF KOLMOGOROV’S THREE SERIES THEOREM 213

Since ;- Var(X}) < oo, the tail }_, . Var(X;) — 0 as m — oco.
Step 3: Cauchy criterion.
For each € > 0, define the events

A = {sup |Sk — S| > E} .
k>m

These events are decreasing in m (as m increases, the supremum is taken over
a smaller set). By Step 2, P(A%,) — 0, so by continuity from above,

IP’( N A;) = lim P(45)) =0.
m—0o0
m=1

Step 4: Conclusion.

The event that S,, does not converge (equivalently, is not Cauchy) is con-
tained in:

{Sy, is not Cauchy} C U ﬂ Al
j=1m=1

By Step 3 and a countable union bound,

P(S,, does not converge) < ZP( ﬂ A},{J) = 0.

j=1  \m=1

Therefore Y > | X,, converges almost surely. ]

Remark F.8. The proof reveals why Kolmogorov’s maximal inequality is es-
sential: it controls the supremum supy,, |Sk — Sp|, not just |S, — Sp,| for
a single n. This “max costs nothing” feature is what enables the Cauchy cri-
terion argument. Chebyshev’s inequality alone gives only P(|.S,, — Sp| > €) <
e 2y r_ i1 Var(Xy), which controls each fixed n but does not directly yield
almost sure convergence.

F.5 Proof of Kolmogorov’s three series theorem

Theorem 6 (Kolmogorov’s Three-Series Theorem (restated)). Let (X,)n>1
be independent random wvariables. Fix any constant ¢ > 0 and define the
truncated variables Y, = Xyl x,|<c}- Then don Xy, converges almost surely
if and only if the following three series all converge:

() 2pzr P(IXal > ¢)
(i) 2 nZr E[Ya]
(iii) 3%, Var(Y)

Moreover, if these conditions hold for one value of ¢ > 0, they hold for all
c> 0.
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Proof of Sufficiency

Assume the three series converge.

Step 1: Truncation has finite effect.

By condition (i) and the first Borel-Cantelli lemma, P(|X,| > ¢ i.0.) = 0.
Hence X,, =Y, for all sufficiently large n, almost surely. It therefore suffices
to show YY), converges a.s.

Step 2: Center the truncated variables.

Let Z, =Y, — E[Y,,]. Then (Z,,) are independent with E[Z,] = 0 and

Var(Z,) = Var(Y,).

By condition (iii), Y .2, Var(Z,) < oc.

Step 3: Apply Kolmogorov—Khinchin.

The (Z,,) are independent with E[Z,,] = 0and ) 7, Var(Z,) = > 2, Var(Y,) <
oo by condition (iii). By the Kolmogorov—Khinchin convergence theorem (The-
orem F.6), >~ | Z, converges almost surely.

Step 4: Conclusion.

We have ) Z,, converges a.s. By condition (ii), Y | E[Y},] converges. There-

fore,
oo o0 o
S V=3 zs SR
n=1 n=1 n=1
converges a.s. Since X,, = Y,, eventually, > X,, converges a.s. O

Proof of Necessity

Assume Y _° | X,, converges almost surely.

Step 1: Condition (i) holds.

Since Y X,, converges a.s., we have X,, — 0 a.s. Thus P(|X,,| > c i.0.) = 0.
The events {|X,| > ¢} are independent, so by the second Borel-Cantelli lemma
(contrapositive), > P(|X,| > ¢) < oo.

Step 2: The truncated series converges a.s.

By Step 1 and Borel-Cantelli I, X,, = Y,, eventually a.s. Since > X,
converges, » Y, converges a.s.

Step 3: Condition (iii) holds via symmetrization.

Let (X,,) be an independent copy of (X,), and set Y;; = X 14x/ <. The
symmetrized variables Y;, — Y, are independent and symmetric.

Since Y| Y, and > Y, both converge a.s., so does > (Y, — Y}).

For independent symmetric bounded random variables, a.s. convergence of
Y (Y, —Y,)) implies

iE[(Yn —Y))?] < .
n=1

(See lemma below.)
Since E[(Y;, — Y;))?] = 2Var(Y,,), we obtain >_ Var(Y,,) < ooc.
Step 4: Condition (ii) holds.
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Let Z,, = Y,—E[Y,]. By condition (iii) and the sufficiency direction applied
to (Z,), the series Y Z,, converges a.s. Since » Y, converges a.s. (Step 2), we

have
o0 o0 (o]
DENL =) Yu-> Z,
n=1 n=1 n=1

converges. ]

Lemma F.9. Let (Z,)n>1 be independent symmetric random variables with
| Zn| < M for alln. If >°°° | Z, converges almost surely, then Y oo | E[Z2] <
0.

Proof. Suppose for contradiction that >°°°  E[Z2] = co. Let S, = Y r_; Zk
and V,, = >_p_, E[Z?]. Since the Z; are symmetric (hence mean zero) and
independent,

Var(S,) = Y E[Z}] =V, — oc.
k=1

We verify the Lindeberg condition: for any € > 0,

1 n
" k=1

Since |Z;| < M and V,, — oo, for all sufficiently large n we have M < e\/V,,,
so the indicators vanish and the sum is zero.
By the Lindeberg—Feller central limit theorem,

Sn
VVa

In particular, P(|S,| > Vn) — P(|Z| > 1) > 0 for Z ~ N(0,1). Since
V,, — o0, this implies |S,,| — oo in probability, contradicting the assumption
that S, converges almost surely. O

4 N(0,1).

Remark F.10 (Application to the Three-Series Theorem). In the necessity
proof, the symmetrized variables Z, = Y,, — Y, are independent, symmetric,
and bounded by 2¢. Since ) Z,, converges a.s., Lemma F.9 gives

iE[(Yn —Y/))?] < .
n=1

Since Y,, and Y, are independent with the same distribution,
E[(Y, — Y;)?] = E[Y2] — 2E[Y,]E[Y;] + E[(Y,)?] = 2 Var(Y,),

yielding Y Var(Y;,) < occ.
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Summary of Key Techniques

(i) Borel-Cantelli lemmas: Control the truncation error and establish
condition (i).

(i) Kolmogorov’s maximal inequality: Converts variance summability
into a.s. convergence for centered variables.

(iii) Symmetrization: Reduces the necessity proof for condition (iii) to
symmetric random variables, where variance control is more direct.

F.6 Connection of LLN and Ergodic Theorem

We can think about the SLLN as a consequence of an ergodic theorem.

Recall that if (M, B, ) is a probability space, then T' : M — M is a
measure-preserving transformation of M, if it is measurable and p(T(-1 A) =
u(A) for any A € B. Transformation T is called ergodic if every invariant
subset has measure 0 or 1. The Birkhoff ergodic theorem says that for any
measurable function f and ergodic 1T', we have

Jm 2S5 = [ 1) utda)

for p-almost all . This has a striking resemblance to Kolmogorov’s SLLN.
In fact, it turns out that one can derive the SLLN as a consequence of the
ergodic theorem by defining a suitable space M.

If we have a sequence of i.i.d. real-valued random variables X; defined on
(2, F,P), then can define a product space M = [[72; R with the product o-
algebra B , and the measure u, which is a product of the distribution measures
w; of the random variables X;. We define the functions Y; : M — R that map
(Wy1,Wa,...) to W; and observe that X; and Y; have the same distribution:

wYi € Ay, Y, € A,) =P(Xy € Ay,..., X, € Ay).

We also have a shift operator T on M that maps (w1, ws,ws, . ..) to (we, ws, w4, . .

It is clear that this operator is measure-preserving in the sense that p(7-1(4)) =
w(A), for any measurable set A € F.

Lemma F.11. Transformation T is ergodic.

This requires a proof and the ideas of the proof are similar to the ideas
behind the proof of the Kolmogorov’s zero-one theorem. What is used is that
w1 is a product measure generated by cylinder sets. See a book on ergodic
theory for a proof.

In addition, Y;(@) = @; = Y1(T"1).

So by Birkhoff’s ergodic theorem, it follows that

1 n 1n—1
0 ke~ = .
E Elyvz(w) = nkéQYi(T w) —)EYl —EXl,
1= =

).
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w1 almost surely. It remains to get back from measure p and functions Y; to
random variables X; and measure P.

Let C C M be the set of sequences (z;) € M such that = Y% | 2; converges
to E(X1). Then the assertion 2 >°7 | X; converges to E(X;) almost surely
means that P(w, (X;(w)) € C) = 1. This is equivalent to the statement that
(@, (Yi(@)) € C) = 1 because X}, and Y}, have the same distribution measure
pon M. And as we have just seen, (@, (Yx(@)) € C) = 1 because of Birkhoff’s
ergodic theorem.

F.7 SLLN with finite second moment

It is an insight due to Kolmogorov, that the method of subsequences is still
useful for the proof of the almost sure convergence. The idea is to choose
a convergent subsequence and to prove that fluctuations of partial sums S,
between the elements of this subsequence converge to zero almost surely.

Theorem F.12. If X, X1, X, ... are i.i.d. random variables with E(X?) =
0% <00, and Sy, = X1 4+ Xo+ ... + X, then

S ex px). (F.1)

n

Proof. Without loss of generality we can assume that E(X) = 0. Then, as we
have seen, Si2/k? =5 0. Indeed,

Sk2 O'2
P < ﬁ > 6) < m,
and the convergence holds by the Borel-Cantelli lemma, as in our previous

theorem.
Now, let us define

My= max |2 SR
R<n<(kr1)? | no k2
Since for k2 < n < (k+ 1),
Sn Sk2 Sn Sk2 Sk2
Wl S| T | S | M

a.s.

and we know that %2 225 0, therefore it is enough to prove that M) — 0.
(Since if X, = 0 and Y,, =%, then X,, +Y,, = 0.)
For convenience we define

Dy :=  max |S, — Skz2|.
k2<n<(k+1)2

Then, we have

My, = max 75'”—5,,32_’_%_37,;2
k2<n<(k+1)2 n n k
Dy Sy.2
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It follows that it is enough to prove that Dj/k? =% 0.
We have

D? = max (52 — Sp2)?
% 1§m§2n(k+m %2)

2n
< Z(Sk2+m - SkQ)Z'
m=1

Taking expectations on both sides, we get that

2k
E(D}) < Y mo®=k(2k+ 1)0?
m=1

< 4k202,

Hence we get that

2
D
Dy, E ((kg> )
(-9
402
k2e2
Hence,
o
D
ZIP’ < k—; > e> < 00
k=1

By applying the Borel-Cantelli lemma (BC I), we get that Dy /k? ** 0, which
completes the proof. O



Appendix G

Characteristic functions

G.1 Contour integration argument needed for CF
of Gaussian r.v.

We want to show that

I(t) = / @012 gy — /3,

Consider the function f(z) = e~2°/2, which is entire (analytic on all of C).
For fixed t € R and R > 0, consider the rectangular contour I'p with vertices
at —R, R, R+ it, and —R + it, traversed counterclockwise.

Since f is entire, Cauchy’s theorem gives 9§FR f(2)dz = 0. We decompose
this into four integrals:

1. Bottom edge (from —R to R along the real axis):

R
Il(R):/ e 24z — V21 as R — oo.
-R

2. Top edge (from R + it to —R + it):

-R _ R A
I5(R) = / e~ (@HiD)?/2 g —/ e~ (@Hit)?/2 g —I(t) as R — .
R -R

3. Right edge (from R to R+ it): Parametrize by z = R+ iy for y € [0, ]
(assuming ¢ > 0; the case ¢ < 0 is similar):

t .
0

We have —(R+iy)?/2 = —(R? —y?> +2iRy)/2 = —(R? —y?)/2— iRy, so

e~ (R492/2) o= (R2=4?)/2 < o= (B2=1%)/2

Thus |I(R)| < |t - e~ @ ~#)/2 5 0 as R — oo.

219
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4. Left edge (from —R +it to —R): By a similar estimate, |I4(R)| — 0 as
R — o0.

Taking R — oo in the equation I1(R) + I2(R) + I3(R) + I4(R) = 0, we
obtain

V21 +0—I(t)+0=0,

hence I(t) = v/27. This completes the proof that ¢(t) = e /2 for N(0,1).
For N(u,0?),if Z ~ N(0,1) then X = 0Z + pu ~ N(p,02), so

ox(t) = ez (ot) = it o—0?t2)2 _ iut—o?t?/2

G.2 Proof of inversion formula

The fundamental fact about characteristic functions is that they uniquely de-
termine the distribution. This is established via the inversion formula,
which allows us to recover the distribution from its characteristic function.

Theorem G.1 (Inversion formula). Let ¢ be the characteristic function of a
probability measure p with distribution function F. If a < b are continuity
points of F, then

Proof. We compute the integral on the right-hand side by interchanging the
order of integration. Using Fubini’s theorem (justified below):

T _—ita __ ,—ith T _—ita _ _—ith )
/ ()t = / e e ( / emdu(x)> dt
-T it T 2t R
T _it(zx—a) __ it(z—Db)
:/ </ c ¢ dt) du(x).
R \J-T it

The inner integral can be evaluated using the formula

T ity T in(t
/ € at = 2/ sin(ty) o,
T 1t 0 t

which follows from the fact that cos(ty)/t is odd. Thus the inner integral
equals

T sin(t(x — a)) T sin(t(x — b))
[ dnta= e, ["site=0),,

Now we use the classical Dirichlet integral:

0o -
SN u T
du = —.

0 u 2
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By substitution u = ty, we have for y # 0:

T Tlyl g
t
/ sin(ty) dt = sgn(y)/ Y gy sgn(y) - T as T — o
0 t 0 u 2
Define
T o _ T & _
() = — (2/ sinft — a)) 4, 2/ sin(t(x — b)) dt) .
2 0 t 0 t
As T — oc:

o If x < a: both terms contribute —m /2, so gr(z) — 0.

o If a <z < b: first term contributes +7/2, second contributes —7/2, so
gr(z) — 1.

o If x > b: both terms contribute +7/2, so gr(z) — 0.

e fx=ao0rz=>0: gr(x)— 1/2.

Thus g7 (7) — Liap) (x)+%1{a,b} (x) pointwise. Since |gr(x)| < C uniformly
(the Dirichlet integral is bounded), the Dominated Convergence Theorem gives

. 1 1
Jim [ g0(a)dua) = [ Yan(@)dute) + ju{a)) + 3u((b))
—0 JR R
When @ and b are continuity points of F', we have pu({a}) = pu({b}) = 0, so the
limit equals p((a,b)) = F(b) — F(a).
Justification of Fubini. The integrand satisfies

e—zta _ e—ztb

it

—ita —ith
— 2
< le ¢ |<—/\(b—a),

eitz < <
2] |t]

where the second bound uses |t — ¢?%2| < |@; — 65| This is integrable over
[—T,T] x R with respect to dt x du(z), justifying the interchange. O

G.3 Proof of Helly’s Selection Theorem

Theorem G.2 (Helly’s selection theorem). Let (F,)p>1 be a sequence of
distribution functions. Then there exists a subsequence (Fy, )k>1 and a right-
continuous nondecreasing function F : R — [0, 1] such that F,, () — F(z) at
every continuity point of F.

Remark G.1. The limiting function F satisfies 0 < F'(z) < 1 and is nondecreas-
ing and right-continuous, but it need not be a proper distribution function.
Specifically, we may have
F(—o0) := xkr_noo F(z)>0 or F(+00):= xgrfoo F(z) < 1.

This corresponds to mass “escaping to infinity.” If the sequence (F},) is tight,
meaning that for every € > 0 there exists M > 0 such that F,,(M)—F,(—M) >
1—¢ for all n, then F'(—o0) = 0 and F(+00) = 1, so F' is a proper distribution
function.
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Proof. The proof proceeds in three steps.

Step 1: Convergence along rationals via diagonalization.

Let {ri,r2,73,...} be an enumeration of the rationals Q. We construct a
subsequence along which F),(r) converges for every r € Q.

Since 0 < F,,(r1) < 1 for all n, the sequence (F},(r1)),>1 is bounded. By
the Bolzano—Weierstrass theorem, there exists a subsequence (n;(gl))kzl such
that limg_, oo an)(rl) exists.

Now consider the sequence (Fn,(:) (r2))k>1. This is again bounded in [0, 1],

so there exists a further subsequence (n,(f))kzl of (n,gl))kzl such that limy_o0 F (2) (re)
k

]({:2)) is a subsequence of (n,gl)), the limit limg_,oo F (2)(71) also
"k

exists. Since (n
exists (and equals the previously obtained limit).

Continuing inductively, for each j > 1 we obtain a subsequence (n;)i>1
of (nl(j_l))kzl such that limy_, ancj)(/]ﬂi) exists for all ¢ < j.

Define the diagonal subsequence my, := n,(f). For any fixed j, the sequence

(mk)k>; is a subsequence of (n,ij))kzl, 0 limg_yoo Fin, () exists. Since j was
arbitrary, the limit

G(r) := lim Fy,, (1)

k—o00

exists for every rational » € Q. The function G : Q — [0, 1] is nondecreasing;:
if r < s are rationals, then Fy,, (r) < F,, (s) for all k, so G(r) < G(s).

Step 2: Extension to all of R.
We extend G to a function F' on all of R by defining

F(z):=inf{G(r) :r € Q, r > z}.
We verify that F' has the required properties:

1. F takes values in [0, 1]: Since 0 < G(r) < 1 for all » € Q, we have
0< F(x) <1.

2. F is nondecreasing: If x <y, then {re Q:r >y} C{reQ:r >z},
so F(x) < F(y).

3. F is right-continuous: Fix z € R and € > 0. By definition of infimum,
there exists r € Q with » > x and G(r) < F(x) + €. For any y € (x,r),
we have

F(z) < F(y) <G(r) < F(z) +¢,

where the middle inequality holds because r > y. Thus |F(y)—F(z)| < e
for all y € (x,r), proving right-continuity.

Step 3: Convergence at continuity points of F.
Let = be a continuity point of F. We show that F,, (z) — F(z).
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Upper bound. For any rational s > x, we have F,, (z) < Fy,, (s) since
F,,, is nondecreasing. Taking k& — oo:

limsup Fp,, (z) < G(s).

k—o00

Since this holds for all rational s > z:

limsup Fp,, (z) < inf{G(s) : s € Q, s > x} = F(z).

k—o0

Lower bound. For any rational r < z, we have F,,, (z) > F,, (r). Taking
k — oo:

liminf £, () > G(r).
k—oo
Since this holds for all rational r < z:

liminf F,, (z) > sup{G(r) : r € Q, r < z} =: F(z—),
k—o0
where F(z—) denotes the left limit of F' at z.
Conclusion. Since x is a continuity point of F', we have F(x—) = F(z).
Combining the bounds:

F(z)=F(z—) < likm inf F,, () < limsup F,,, () < F(x).
—00

k—o0
Therefore limy_,o0 Fin, () = F(x). O

Remark G.2. The set of discontinuity points of any nondecreasing function is
at most countable (each discontinuity corresponds to a jump, and there can
be at most countably many disjoint intervals of positive length in [0, 1]). Thus
Fp,. () — F(x) for all but countably many x.

G.4 Sufficient condition for the existence of density

Theorem G.3. If [ |p(t)|dt < co then p has bounded continuous density

f(@) = o / (1) dt

T om
Proof. We note that

(&

efitb_ —ita
—

b
= ‘/ e_ztydy‘ < |b—al,
a

so the integral in the inversion formula converges absolutely under the as-
sumption that [ |¢(t)|dt < oo and

plab) + sulfabh) < 0 [ o).
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This implies that 4 has no point masses. Then we have

p(z,z+h) = 217T/ (/:+h efitydy>g0(t) dt

_ /:Ex—i—h(;ﬂ_/eity(p(t) dt)dy

by Fubini’s theorem, so by definition y has density function

" 2r

) = = / e p(t) dt.

The dominated convergence theorem implies f is continuous and the proof is
complete. O

Theorem G.3 shows that there is some duality between density functions
and characteristic functions with the property [ |¢(¢)|dt < co. Applying this
duality to our earlier examples, we can get new examples.

Ezample G.4 (The Cauchy distribution). The random variable with density
%(1 + 22)~1 has ch.f. ¢(t) = e I,

Ezample G.5 (Polya’s distirbution). This is an example where the character-
istic function is compactly supported. The density is

1 —cosx

f@) = ——5—,

Ta?

and the characteristic function is o(t) = (1 — |¢|)*.

G.5 Taylor Expansion for Characteristic Functions

We give a direct proof of the Taylor expansion for characteristic functions that
does not rely on differentiability of ¢. The key is to expand e? and control
the remainder.

Lemma G.6 (Taylor expansion of ). For all § € R:
1. €% =140 +r1(0), where |r(0)] < % and |r1(0)] < 2/6].

2
2. ¥ =14i0— % +1r2(0), where |ra2(0)] < @ and |ro(0)] < 62.

Proof. Part (1). Define () = ¢’ — 1 — if. For the first bound, write

0 = (i0)"
€ _Z k!
k=0

:1+i9+z<zzl) :
k=2

SO
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For || < 1, this gives |r1(0)| < ef?/2 < 262. For |#| > 1, use the crude bound
rL(0)] < 1] + 1] + |0] < 2+ 6] < 2/0] + 0] < 3/6)].

A cleaner bound: |ri(f)| = |e? — 1 —if|. Using the integral form of the
remainder:

0 0 U 0 ru
ew—l—zﬂ:/ (ei“—l)-idu:/ idu/ ieivdv:—/ / e dv du.
0 0 0 o Jo

Thus
0] ru 16| 62
|r1(c9)|§/ / ldvdu:/ udu = —.
o Jo 0 2

For the second bound, |r1(8)] = | — 1 —if] < |e? — 1| + |0|. Using
e — 1| = 2|sin(0/2)| < |6], we get |r1(0)] < 2/6].
Part (2). Define 73(0) = e — 1 —if + %. From the power series:

m(e)zz(g? .

k=3
Thus
Sl A IS S S 1OF o
<> P <Py P < P,
Ir2(6 —kz RO jz::o(j+3)!/(3!)— 6 °

For |§] < 1, this gives |r2(0)] < ¢|0]3/6 < |6]3.
For the second bound, |ro(0)| = |r1(0) + 6%/2] < |r1(0)] + 6%/2 < 60%/2 +
62/2 = 62, O

Proposition G.7 (Taylor expansion for characteristic functions). Let X be a
random variable.

1. IfE[|X]|] < oo, then ¢(t) =1+ itE[X] + o(t) ast — 0.
2. If E[X?] < oo, then o(t) = 1+ itE[X] — LE[X?] + o(t?) as t — 0,
Proof. Part (1). Using Lemma G.6(1) with 0 = ¢X:
o(t) = E[e"X] = 1 + #E[X] + E[r{(tX)).
We need to show E[ri(tX)] = ( ), i.e., E[r1(tX)]/t = 0ast— 0.
| < <t2§(2,2\tX\>, SO

2
X ¢ g (M,

i

By the lemma, |r1(tX)

) < 2|X|.

Since E[|X|] < oo, the right-hand side is integrable. As ¢t — 0,

(X)) _ X2 X

= —0 intwise.
\t\ < 2|t| 5 pointwise

By the Dominated Convergence Theorem, E[|r(tX)|]/|t| — 0.
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Part (2). Using Lemma G.6(2) with 0 = tX:
. 2
o(t) = E[e™] =1 + itE[X] — EE[XQ] + E[ra(tX)).

We need to show E[ro(tX)] = o(t?), i.e., E[ro(tX)]/t? — 0 as t — 0.
By the lemma, |ro(¢X)] < min (L2, 2X2), 50

tX 1 X3
ratX) Smm<| X ,X2> - x

Since E[X?] < oo, the right-hand side is integrable. As ¢t — 0,

r2(tX)] _ [HIXT
2 = 6

— 0 pointwise.

By the Dominated Convergence Theorem, E[|ro(tX)[]/t? — 0. O

Remark G.8. The key advantage of this approach is that we obtain explicit
bounds:

o IfE[X?) < o0, then |p(t) — 1 — itE[X]| < EE[X?].
. 2 3
o IfE[|X|?] < oo, then |p(t) — 1 — itE[X] + LE[X?]| < %EHXP].

These bounds are used in proving quantitative versions of the Central Limit
Theorem, such as the Berry-Esseen inequality.



Appendix H

Central Limit Theorems

H.1 Complex exponential limit
Lemma H.1. If (2,,) is a sequence of complex numbers with z, — z, then
n
(1 + Zi) — e”.
n
Proof. Write w,, = z,/n. For n large enough, |w,| < 1/2, and we can use

the principal branch of the logarithm: log(1 + w) = w — w?/2 + O(w?) for
|lw| < 1/2. Then

2 2
Zn z 1 z 1
nlog(L+wa) =n (= 38+ 0(5)) == 52 +0(15) ==
since z, — z. Exponentiating gives the result. O

Remark H.2. A more general version states: if z, are complex with nz, — z
and n|z,|2 — 0, then (1 + z,)™ — €*. This version is useful when the o(1/n)
remainder in the CF expansion is only known in the weaker sense. See Durrett,
Theorem 3.4.2.

H.2 Proof of Lindeberg’s CLT

The proof of the full Lindeberg CLT follows the same swapping strategy as the
proof of Lyapunov’s CLT in Section 8.5, but replaces the crude third-moment
bound on the Taylor remainder with a refined estimate that involves only
second moments. We restate the theorem for convenience.

Theorem 7 (Lindeberg’s CLT). Suppose that a triangular array satisfies the
three standard conditions and the Lindeberg condition: for every e > 0,

n;
ilggozlE[ijmxm > ¢€)] =0.
]:

Then S; == N(0,1).

227
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The refined remainder bound

Let f € C3(R) with |f®)| < K for k=0,1,2,3, and let R, X be real numbers.
Define the Taylor remainder after cancelling the zeroth-, first-, and second-
order terms at R:

X2

AR, X) = f(R+X) = f(R) = X ['(R) -

f(R). (H.1)

We have two bounds on |A|, coming from Taylor expansions of different order:

Third-order bound. By the third-order Taylor formula with Lagrange remain-
der,
K

_ ’X‘?) "
AR, X)) = ZE ) <

X, (H.2)
where « lies between R and R + X.

Second-order bound. By the second-order Taylor formula, f(R+X) = f(R)+
Xf'(R)+ X72f”(’y) for some v between R and R+ X. Comparing with (H.1):

X2
AR, X)| = = [f"(y) = f'(R)| < KX*. (H.3)

The key idea is to use each bound where it is strongest. Fix ¢ > 0 and
split:

AR, X))

IN

AR, X)L X] < ) +[AR, X)1(| X[ >¢)  (H4)

K
?E X2+ KX21(|X| > o),

IN

using (H.2) with | X|? < ¢/ X|? on the first piece and (H.3) on the second. The
advantage over the Lyapunov proof: the right-hand side involves only X2, not
| X%,

The proof

Proof of Theorem 8.6. Fix a row of the triangular array. Write X1,..., X,
for the entries (suppressing the row index), with EX; = 0, EX ]2 = 032-, and
> et JJQ. = 1. The row sum is S = X7 + --- + X,,. Construct independent
Zj ~ N(O,crjz), jointly independent of all X;’s, and set T':= Zy + --- 4+ Z,, ~
N(0,1).

As in Section 8.5.2, define hybrid sums H; = Z1+-- -+ Z;+ X 11+ -+ X,
for j =0,...,n, so that Hy = S and H,, = T. Each consecutive pair differs in
the jth slot: H; 1 = R; + X; and H; = R; + Z;, where R; is independent of
both X; and Z;.

Fix f € C}(R) with |f*)| < K for k =0,1,2,3.

Telescoping. By the triangle inequality,

[Ef(S) —EF(T)] <) |Ef(Hj-1) — Ef(Hj)l.
j=1
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Bounding each swap. Using the notation (H.1), we write

f(Rj + X;) = f(R)) + X, f'(Ry) + ]f"( i)+ ARy, X5),

and similarly for f(R;+Z;). Taking expectations and subtracting, the zeroth-,
first-, and second-order terms cancel by independence and moment matching
(EX; =EZ; =0, EX? = EZ} = 03), leaving

[Ef(Hj—1) — Ef(Hj)| < EIA(R;, X;)| + E|A(R;, Z;j)|. (H.5)

For the X; term, apply the refined bound (H.4):
Ke 9 9
E|A(R), X;)| < = EXF + KE[XF1(1X;] > ¢)].

For the Z; term, since Z; is Gaussian and has moments of all orders, use
the third-order bound (H.2):

ch

K
E|A(Rj,Zj)|§€E|Zj|3 el

where ¢ := E|Z|3 for Z ~ N(0,1).
Summing over j. Combining and using Z?:l IEXJ2 =1

Ef($)—Ef(D) < K Y E[XP1(X,| > 9] + 2 + £¢ Z (H.6)

7j=1 7j=1

Conclusion. Restoring the row index i, we show that each of the three terms
in (H.6) can be made arbitrarily small. Let n > 0.

First term: For any fixed ¢ > 0, this tends to zero as i — oo by the
Lindeberg condition (8.1).

: Qg 3 2
Third term: Since oy; < (maxj<k<n, Oik) - 0;;, we have

ni
2
o max o; E o — 0
Z = (1§k§ni Zk) i
Jj=1
1
as ¢ — 00, by Lemma 8.5.

Second term: This is &€

6
Choose € > 0 so that % < n/3, then choose i¢ large enough so that the first
and third terms are each less than 7/3 for all i > 4. Then |[Ef(S;)—Ef(T)| <n
for all 7 > 1.
Since f € C}(R) was arbitrary, Lemma 8.12 gives S; —45 N(0,1). O

, which is at our disposal.

Remark H.3. Comparing the Lyapunov and Lindeberg proofs, the only differ-
ence is in how the Taylor remainder A(Rj, X;) is bounded. Lyapunov uses
the third-order bound £|X;|® uniformly, which requires E|X;[?> < co. Linde-
berg uses the third-order bound on {|X;| < €} (converting |X;|? to eXJZ) and
the second-order bound on {|X;| > €}. This splitting is the key insight that
replaces the third-moment assumption with the Lindeberg condition.
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Appendix I

Distribution of the Exit Time
in Gambler’s Ruin

In the fair gambler’s ruin problem we computed P(S; = A) = B/(A + B)
using the linear martingale S;, and E(7) = AB using the quadratic martingale

S2 —n. The exponential martingale M) = b /(cosh 0)™ encodes even more
information: it gives the full Laplace transform of 7, and hence (in principle)
the distribution of .

Throughout this appendix, S, denotes the symmetric random walk with
So=0and 7 =inf{n: S, = A or S, = —B}, with A, B > 0 integers.

I.1 The Laplace transform of 7

The exponential martingale
For any 6 € R, the sequence

ef5n

MO - =
" (coshO)"

is a martingale. This is a special case of Example 9.10: take the i.i.d. incre-
ments X; = +1 with ¢(0) = E(e?X1) = cosh , and set M,, = e /(cosh #)™.
One verifies directly:

0Xnt1 ho
(®) — MO g€ VG ISy V(O
E(Myy | Fa) = My E< cosh 6 ) M cosh 6 My

Proposition 1.1. For every 0 > 0,

1 B cosh(6(A — B)/2)
E((cosh 9)T> ~ cosh(6(A+ B)/2)

(L.1)

Proof. Apply OST to the exponential martingale. Since S,rr € [—B, A], the
stopped process satisfies

efHB < eOSnAT < eOA7

231
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and (cosh )" > 1 (since coshf > 1 and n A 7 > 0). Therefore \M,(g\)T\ is
bounded by e/ ™#x(4.B) " and Theorem 10.3(ii) applies. On {7 < oo} (which

has probability 1), M,(LQA)T — MY a.s., 8O

) ©) 69A e—GB
1=E(My") = EM;Y) = E<(COSW 1{sT=A}> + E((COSW 1{sf=B}> :

(1.2
Applying the same argument with 6 replaced by —f and using cosh(—0) =
cosh 6:
< ] 1.3
1=E( ——— — —_— — . .
((cosh 0)” {STA}> + <(cosh 0)T {ST_B}) (3)
Define

1 1
=E| ———= 15 — =E ——= 15 — .
“ ((cosh 0)" {STA}> ’ g <(cosh 0)" {ST_B}>
Then (I.2) and (I.3) become the linear system

rate =1,
e a+ePp=1.

Solving by Cramer’s rule (determinant e?(A+8) —e=0(A+B) — o5inh(§(A+B))):

o e’B—e B sinh(4B)
~ 2sinh(0(A + B))  sinh(§(A + B))’
efA — 704 sinh(6A)

= nh(@(A T B)) ~ smb(0(A+ B))’

Adding:
1 sinh(#A) + sinh(0B)
E e = =
((cosh 9)T> ath sinh(0(A + B))
Using sinh 4 sinh y = 2sinh((z +y)/2) cosh((z —y)/2) in the numerator and
sinh(2u) = 2sinh u coshw in the denominator with u = 6(A + B)/2:

sinh(0A) + sinh(#B)  2sinh(6(A + B)/2) cosh(6(A — B)/2)  cosh(6(A — B)/2)
sinh(0(A+ B))  2sinh(0(A + B)/2) cosh(§(A + B)/2)  cosh(8(A+ B)/2)
O

Setting s = logcosh @ (equivalently coshf = e, valid for s > 0), (L.1)
becomes the Laplace transform:
cosh(0(s)(A — B)/2)

Ble™) = cosh(0(s)(A+ B)/2)’

0(s) = arccosh(e®).

Recovering known quantities

Ezample 1.2 (The case 6§ — 0). As § — 0, (cosh#)”™ — 1, so the left side of
(I.1) tends to 1. Expanding both sides to second order in 6 should recover
E(7) = AB. Indeed, coshu = 1+ u?/2 4+ O(u*), so

cosh(0(A—B)/2) 1+6%(A—B)2/8+0(6Y) g2 ATDB)?—(A-B)
cosh(0(A+ B)/2) 1+62(A+B)2/8+0(6%) 8

+0(6%).
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The second-order term is —62 - AB/2 (using (A+ B)? — (A— B)? = 4AB). On
the other hand, expanding 1/(cosh )™ = (1 +6%/2+O0(0))" =1 —76%/2 +
O(0%), so

1 62
E(mm) =1-SE()+ O(64).

Matching the 62 coefficients gives E(7) = AB, as expected.
Ezample 1.3 (Symmetric case A = B). When A = B, (I.1) simplifies to

E((cos; 9)7) = coshl(HA)'

This is a clean closed form. The right side can be expanded as a series using
1/ cosh(z) = 2372 (= 1)ke~ kD which gives

1 o0 o0
E<> =23 (~1)Fem DA = 9 N (—1)F (cosh )~ EFDA/ .
(cosh §) — —

(The last step requires more care; inverting the Laplace transform here leads
to the spectral decomposition of the discrete Laplacian on {—A4,..., A} with
absorbing boundary conditions.)

1.2 Asymptotic decay of P(r > n)

Proposition 1.4. For fizred A,B > 1,
P(r>n)=CapNipg(l+o(l)) asn— oo,

where Aa,p = cos(m/(A + B)) is the largest eigenvalue (in absolute value) of
the transition matriz of the random walk on {—B+1, ..., A—1} with absorbing
boundary conditions, and Ca g > 0 is an explicit constant.

Sketch: The tail P(r > n) = P(Sy € (=B, A) forall k < n) can be
computed via the (n)th power of the sub-stochastic transition matrix P of the
walk restricted to the interior. The eigenvalues of P are cos(km/(A + B)) for
k=1,...,A+ B — 1, and the dominant one is cos(w/(A + B)). Writing the
initial distribution in the eigenbasis gives the stated asymptotic.

Alternatively, this follows from inverting the Laplace transform (I.1): the
right side is meromorphic in s with poles at the zeros of cosh(6(s)(A+ B)/2),
and the pole closest to s = 0 determines the exponential decay rate. The
calculation produces the same eigenvalue cos(7/(A + B)).

First passage time: the case B = oo

When B = oo the lower barrier disappears and 7 becomes the first passage
time T" = inf{n : S, = A}. This is the limiting case of the gambler with
unlimited capital.

Proposition 1.5. For every 8 > 0,

E(W) =4 (1.4)
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Proof. As B — oo, 7g T T monotonically, so (cosh)~™3 | (cosh®)~T (since
cosh@ > 1 for § # 0). By the monotone convergence theorem,

E( 1 > i cosh(#(A — B)/2)

(cosh 0)T ) ~ 55 cosh(6(A + B)/2)

For large B, cosh(u) ~ %e‘“', S0

cosh(H(B — A)/2) N ef(B—4)/2 R 0
cosh(0(A+ B)/2)  elA+B)/2 :

Remark 1.6 (Consistency with E(T") = co). The function 8 — e~4°! has a cusp
at 8 = 0 and is not twice differentiable there. On the other hand, expanding
(cosh)™T ~1-T02/2+--- gives E((cosh#)T) ~ 1 —E(T)0?/2+ -, which
would require a smooth quadratic at the origin if E(7) < oco. The cusp in
e~ 419 is the signature of E(T) = ooc.

Remark 1.7 (Stable laws and tail asymptotics). Setting s = logcoshf and
using arccosh(e®) = v/2s(1 + O(s)) as s — 0, (1.4) becomes

E(e 1) ~ e AVE a5 0T

This is the Laplace transform of a stable distribution with index 1/2. The
classical Tauberian theorem then gives the tail asymptotic

A
P(T>n) ~ —n""? asn— .

V2

The polynomial decay n~'/2 is dramatically heavier than the exponential tails
P(1 > n) ~ C A" of the two-barrier exit time (Proposition I.4). Removing the
lower barrier transforms the tail from exponential to polynomial—and this is
exactly what makes E(T") = oc.

Remark 1.8 (Connection to Brownian motion). In the diffusive scaling limit
(S|nt)/v/n = By, where By is standard Brownian motion), T'/n* converges in
distribution to the first passage time T, = inf{t > 0: B; = a} with a = A/\/n.
The Laplace transform of T, is

E(efsTa) _ efa\/%

which is the inverse Gaussian (or Lévy) distribution. Formula (1.4) is its
discrete analogue, with v/2s replaced by arccosh(e?®).

Unfair game

When p # 1/2, the same idea works with the exponential martingale adapted
to the unfair walk: M,(Le) = 99 /p(0)", where ¢(0) = pe? 4+ ge™?. Applying
OST produces the analogue of (I.1) with cosh @ replaced by (). The result
encodes both P(S; = A) and the Laplace transform of 7 simultaneously; the
fair case corresponds to p = g =1/2, ¢(0) = cosh .
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Ezercise 1.9. Carry out the analogue of Proposition 1.1 for the unfair game
with p # 1/2, obtaining the joint Laplace transform

0S
6 T
E =1
(so(H)T)
Use this together with a second equation (from a different value of 6, or from
the —@ argument if applicable) to express E(e™*7) in closed form.
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Appendix J

Doob’s LP Maximal Inequality

In Section 10.2 we stated Doob’s LP maximal inequality without proof:

Theorem J.1 (Doob’s LP maximal inequality). Let {X,}Y_ be a martingale
(or a non-negative submartingale) with E| X, [P < oo for some p > 1. Then

P

IE( max |Xk|p) < (L) E| X yP. (J.1)
0<k<N p—1

If {Xn}n>0 is an LP-bounded martingale, then letting N — oo and using

monotone convergence,

E(sup|Xk]p> < (LyjsupE]Xn]p.
k>0 p—1/ u

We give the proof in this appendix. The argument has two ingredients:
the layer-cake (or distribution-function) representation of E(Y”?) for a non-
negative random variable Y, and the strong form of Doob’s maximal inequality
(the middle inequality in (10.1)), which we proved in Chapter 10.2. The key
analytic step is Holder’s inequality at the right moment.

J.1 A lemma on L’ moments: strong maximal in-
equality

The following lemma isolates the purely analytic part of the argument. It

applies to any pair of non-negative random variables satisfying a “strong max-

imal inequality”; the martingale structure enters only through verifying the
hypothesis.

Lemma J.2. Let Y,Z > 0 be random variables with E(ZP) < oo for some
p > 1. Suppose that for every A > 0,

AP(Y > \) SE(Z1ysyy)- (J.2)
Then »
E(YP) < (%) E(ZP). (1.3)

237
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Proof. We first give the argument assuming E(Y?) < oo; we remove this a
posteriori assumption at the end.

Step 1: layer-cake representation. For any non-negative random variable
Y and any p > 0,

E(Y?) = /0 h PANPTIP(Y > ) dA. (J.4)

This is the standard identity, obtained from

Y 00
YP = / pAPLdN = / P s dA
0 0

by taking expectations and applying Fubini’s theorem.
Step 2: apply the hypothesis (J.2). Substituting (J.2) into (J.4),

E(Y?) = /0 PAPTIP(Y > \)d) < /0 PAP2E(Z 11y 5y)) dA.

By Fubini’s theorem,

0o Y
/0 PN 2E(Z 1ysyy) dA :E(Z/O pAP2 d)\) :E(Z-%Y”_l),

where the inner integral fOY PN T2\ = p%lYp_l uses p > 1. Therefore

E(Y?) < Ll E(ZYPY). (J.5)
p —
Step 3: Holder. Let ¢ = p/(p — 1) be the conjugate exponent, so that
q(p — 1) = p. Holder’s inequality applied to (J.5) gives

p 1 —1)\\1 p 1 1
B(Y?) < g (B(20) (s )V = B (B(zn) " (B0)
Under the assumption E(Y?) < oo, we may divide both sides by (E(Y?))'/4
(if it is zero, (J.3) is trivial). Using 1 —1/q = 1/p,

p\ /P P py\1/P
(E(yP)) " < | (E(z7)) ",
Raising both sides to the p-th power gives (J.3).

Step 4: removing the assumption E(YP) < oco. In applications to martin-
gales, Y is a maximum and may a priori fail to be in LP. We handle this by
truncation: replace Y with Y A M for M > 0. One checks that the hypothesis
(J.2) continues to hold with Y AM in place of Y (since {YAM > A} ={Y > A}
for A < M and both sides are zero for A > M). Since Y A M < M is bounded,
E((Y A M)P) < oo, and the argument above yields

E((Y A M)P) < (%)pE(ZP).

Letting M — oo and applying monotone convergence to the left-hand side
gives (J.3). O



J.2. PROOF OF THEOREM J.1 239

J.2 Proof of Theorem J.1

Proof of Theorem J.1. Set Y := maxo<i<n |X;| and Z := |Xy|. We verify
the hypothesis (J.2) of Lemma J.2.

If {X,} is a martingale, then {|X,|} is a non-negative submartingale
(Jensen’s inequality applied to the convex function |- |). Applying the strong
form of Doob’s maximal inequality — the middle inequality in (10.1) of The-
orem 10.8 — to the non-negative submartingale {|X,|})_, with threshold
A > 0, we obtain

)\]P)(Og}ca%XN |Xk| > )‘) < ]E<|XN| 1{maxk |Xk|2)\})>

which is exactly (J.2) for Y = maxo<p<n |Xi| and Z = | Xn|.

If {X,} is a non-negative submartingale, the same reasoning applies di-
rectly to { X, } itself (without needing to pass through |-|), with Y = maxo<r<n Xi
and Z =X N-

In either case, Lemma J.2 gives

E( max |Xkyp> —E(YP) < (L)pE(Zi’) - (L)pEyXNyP,
0<k<N p—1 p—1
which is (J.1).

The statement for LP-bounded martingales {X,},>0 follows by letting
N — oo. The sequence maxp<i<n |Xg|P is non-decreasing in N, so mono-
tone convergence gives

im E( max |Xk|p) < (L)psupHXn\p.
P n

E(sup | Xx7) = 1
Z;%' ¢l N—oo \0<k<N -1

O

Remark J.3 (On the constant). The constant p/(p—1) in Lemma J.2 is sharp:
there exist martingales for which equality is approached in (J.1) up to an ar-
bitrarily small factor. Note that p/(p — 1) — oo as p — 17, reflecting the fact
that the L' analogue of Doob’s maximal inequality fails: for p = 1, an L'-
bounded martingale need not have an integrable maximal function. The cor-
rect replacement at p = 1 is the L log L inequality of Doob, which states that
if E(|Xn|log™ | Xn|) < 00, then E(maxp<y |Xg|) < C(1+E(|Xn|log™ [ Xn|))

for a universal constant C.

Remark J.4 (What the strong maximal inequality gives us). The middle in-
equality P(F) < }E(1gXy) in Theorem 10.8 — not the weaker P(E) <
E(Xn)/A — is essential for this argument. The layer-cake integration pro-
duces E(Z YP~1), and it is the random-variable-valued right-hand side E(Z 1)
that yields this structure after Fubini. The weak inequality AP(E) < E(Z)
would only produce E(Z) - [;° pAP~2dA, a divergent integral.
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Appendix K

L? Convergence for
Submartingales

K.1 L? convergence of non-negative submartingales

The L? martingale convergence theorem (Theorem 11.1) extends to L2-bounded
submartingales. Because a supermartingale is the negative of a submartingale,
the supermartingale version follows automatically. We give here a short proof
for the case of non-negative submartingales, which covers the most com-
mon applications (for instance, when one applies the theorem to |M,|? for an
L?-bounded martingale M, or to a non-negative supermartingale regarded
through its negative).

Theorem K.1 (L? convergence for non-negative submartingales). Let {X,}
be a non-negative submartingale with sup,, E(X2) < B < oo. Then there exists
a random variable Xoo € L? such that

2
Xn 25 Xoo and X, 7 Xeo
Proof. Step 1: almost sure convergence. By the Cauchy—Schwarz inequality,

supE(X,,) < sup (IE(X,%))U2 < VB,

so {X,} is L'-bounded. By Doob’s upcrossing convergence theorem (The-
orem 11.6) applied to the submartingale {X,}, there exists Xo, € L' with
X, 2% Xoo. Non-negativity of X,, forces X, > 0 a.s.

Step 2: the mazximal function is in L*. Since {X,,} is a non-negative sub-
martingale, so is {X?2}: the function op(x) = 22 is convex and non-decreasing
on [0,00), so Jensen’s inequality (for conditional expectations) gives

E(X72L+1 | Fn) = ‘P(E(Xn+1 | ]:n)) > p(Xn) = X72r

Applying the LP form of Doob’s maximal inequality (the remark after Corol-
lary 10.9) with p = 2 — the statement there is for martingales, but the proof
uses only that {|X|P} is a non-negative submartingale, so it applies verbatim
to our non-negative submartingale { X} — we obtain

IE( X2> < 4E(X2) < 4B.
onax Xjo) < (X,) <
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The sequence maxo<p<n X ,f is non-decreasing in n, so monotone convergence
gives

E(sup X,f) < 4B. (K.1)
k>0

In particular, the maximal function X* := sup;~, X belongs to L?.

Step 3: L? convergence. From 0 < X, < X* for all n, passing to the a.s.
limit, 0 < X < X* a.s., and therefore

X, — Xoof? < (X + Xoo)? < (2X7)% = 4(X%)2.

By (K.1), the dominating random variable 4(X*)? is integrable. Since X,, —
X~ a.s., the dominated convergence theorem yields

E(|Xn — X|?) — 0,
ie. X 5 Xoo. In particular, Xoo € L? with E(X2.) < 4B. O

Corollary K.2 (L? convergence for non-positive supermartingales). If {Y,}
is a non-positive supermartingale with sup, E(Y,?) < oo, then Y, converges
a.s. and in L? to a limit Yoo € L2.

Proof. Apply Theorem K.1 to X,, := —Y,,, which is a non-negative submartin-
gale with E(X2) = E(Y,2). O

Remark K.3. It is instructive to observe why the proof of Theorem K.1 does
not extend directly to signed submartingales. The argument used that {X,,}
is a non-negative submartingale so that {X2} is a submartingale (via Jensen
with ¢(x) = 22 on [0,00), which is convex and non-decreasing). For a
general submartingale, o(x) = 22 is still convex on R but not monotone, and
{X2} need not be a submartingale. Consequently, Doob’s maximal inequality
cannot be applied to {X?2}, and the dominator X* = supj, X}, in the main step
above is no longer controlled in L? by sup,, E(X2).

The correct extension to signed submartingales goes through the Doob

decomposition, as we now show.

K.2 The general L?-bounded submartingale

Theorem K.4 (L? convergence, general submartingale). Let {X,} be a sub-
martingale with sup, E(X2) < B < oo. Then there exists Xo, € L? with

2
X, 2% X and X, = Xo.

The proof uses the Doob decomposition and reduces to a single technical
lemma controlling the predictable increasing part in L?.
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The Doob decomposition

By replacing X, with X, — X, we may assume X = 0; this costs nothing since
X is a fixed random variable in L? and the convergence of X,, is equivalent
to the convergence of X,, — Xy. Write the Doob decomposition as

Xn = Mn +An7

where My = Ayp = 0, {M,} is a martingale, and {A,} is predictable non-
decreasing with increments

AA, =E(AX}, | Fio1) > 0.

Structure of the proof

The crux is the following lemma.

Lemma K.5. E(A2%)) < 4B, and in particular A, /* Ao with A, € L?.
Taking Lemma K.5 for granted, we complete the proof of Theorem K.4.

Proof of Theorem K./ given Lemma K.5. Since A, is non-decreasing, MCT
gives A, / As a.s., and Lemma K.5 yields A, € L?. The dominator A2, is
integrable and 0 < A,, < A, so dominated convergence gives

E((An — Ax)?) =0, i Ay - Ao,
For the martingale part, M, = X,, — A,, and hence
[Mpll2 < [[Xnll2 + [[Anll2 < VB + [Asoll2 < VB+2VB = 3\/§,

uniformly in n. Thus {M,} is L2-bounded, and Theorem 11.1 gives M, € L?

with M, % M. and M, - M...
Setting Xoo 1= My + Ao € L2,

Xn=M,+ A, =5 My + Ao = Xoo,
and by Minkowski,

X5 — Xeoll2 < |Myy — Muoll2 + [[An — Aooll2 — 0.

O
Proof of Lemma K.5
Expanding X2 = (M,, + A,)? and taking expectations,
E(X7) = E(My) + 2B(My An) + E(A7). (K.2)

The cross term E(M,A,,) admits the following identity. By summation by
parts,

M,A, = Z A 1AM, + Z M AA;.
k=1 k=1
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Since Aj_1 is Fi_i-measurable and E(AM} | Fr_1) = 0, the first sum has
expectation 0. For the second, the tower property and predictability of AAy
give E(MpAAg) = E(My_1AAg). Hence

E(MpAn) =Y E(My 1AAy). (K.3)
k=1

The substantive step is to bound the right-hand side of (K.3). By the
Cauchy—-Schwarz inequality, applied to the measure Y, _; AAg-dPon{1,...,n}x
Q,

1/2
S Eeaaa)| < (TEOR A40) () @
k k

Using Doob’s L? maximal inequality applied to the martingale M, one shows
(the technical step, below) that

SOE(ME, Ady) < 4E(M2) -E(A,) (K.5)
k=1

Combining (K.4) and (K.5),
|E(MnAn)| < 2||Mn||2E(An)
Substituting into (K.2) and using E(M?2) > 0,
E(A7) < E(X73) + 4| My |2 E(A,) < B+ 4VBE(Ay).

Since E(4,) = E(X,) — E(M,) = E(X,) < VB, this yields E(A2) < 5B
uniformly in n. By MCT applied to the non-decreasing sequence A2,

E(A%) =1imE(A%) < 5B.

Remark K.6 (On the technical step (K.5)). The inequality (K.5) is the genuine
content of the argument; it expresses the fact that the martingale M cannot
concentrate excessively on the time points where A grows. A standard proof
uses Doob’s L? maximal inequality in the form E(supj, M?) < 4E(M2) to-
gether with a Fubini-type rearrangement of 3, (M, g_lﬁAk). The full details
can be found in Durrett (2019), §4.4. The constant 4 in (K.5) is not sharp;
what matters for our purpose is only that the right-hand side factors as a
product involving E(M?2) and E(A4,,).

Ezample K.7 (When the non-negative case suffices). Let {M,} be an L2
bounded martingale. Then {|M,|} is a non-negative submartingale (Jensen
applied to | -|) with sup,, E(|M,|?) = sup,, E(M?) < co. Theorem K.1 applied
to |M,| gives |M,| — |Mu]| a.s. and in L? — a result already implied by
the martingale convergence theorem, but obtained here without ever invoking
orthogonality of differences.



Appendix L

The Pélya Urn Martingale
and Its Limit

In Example 9.12 we introduced the Pdlya urn martingale M,, = R, /(n + 2)
and asserted — without proof — that M., ~ Uniform(0,1). In this appendix
we prove this statement, and more generally, we identify the limit distribution
for an urn with an arbitrary initial composition.

The argument we give is based on exchangeability of the sequence of
draws, a concept that we will revisit in Chapter 12 in connection with backward
martingales and the Hewitt—Savage 0-1 law. The end of the argument uses the
method of moments and a direct computation involving the Beta function; we
do not invoke the full de Finetti representation theorem, but the structure of
the proof is exactly the de Finetti-style reasoning that this theorem abstracts.

L.1 The general Pdélya urn

We consider the urn in slightly greater generality than in Example 9.12. Let
a,b > 1 be integers. The urn starts with a red balls and b blue balls. At each
step, a ball is drawn uniformly at random, then returned to the urn together
with one new ball of the same color. Let R,, denote the number of red balls
after n draws, so that Ry = a, the total number of balls after n draws is
a + b+ n, and the urn in Example 9.12 corresponds to a = b = 1.

Set
R,

a+b+n

The same calculation as in Example 9.12 shows that {M,} is a martingale.

Since M, € [0,1], it is L'-bounded (in fact uniformly bounded), so by Doob’s

convergence theorem there exists M, € [0,1] with M,, == M,; bounded

convergence upgrades this to L' (and indeed LP for every p > 1) convergence.
The goal of this appendix is to prove:

Theorem L.1. The limit My, is Beta(a,b)-distributed, i.e. it has density

n

fz) = 11— a;)bil, x € (0,1),

where B(a,b) = fol 2211 —2)"Vdz = T'(a)I'(b) /T (a+b) is the Beta function.

245



246 APPENDIX L. THE POLYA URN MARTINGALE AND ITS LIMIT

Corollary L.2. In the urn of Example 9.12 (initial composition a = b = 1),
M ~ Uniform(0, 1).

Proof of corollary. Beta(1,1) has density 2°(1—2)°/B(1,1) =1on (0,1). O

L.2 Exchangeability of the sequence of draws

Let X; := 1{the i-th draw is red}, so that R, = a+ > | X;. The key struc-
tural fact about the Pdlya urn is that the sequence (X1, Xo,...) is exchange-
able.

Definition L.3. A finite sequence of random variables (Yi,...,Y,) is ex-
changeable if for every permutation o of {1,...,n},

d
(Youys-- s Yom) = Y1, Yn).

An infinite sequence (Y71, Y2, ...) is exchangeable if every finite initial segment
is exchangeable.

Lemma L.4 (Exchangeability of draws). For anyn > 1 and any (z1,...,zy,) €
{0,1}™ with k = )", z;,

IP’(X1:x1,...,Xn:xn):“(a+1)"'(a+k—1)-b(b+1)...(b+n_k_1)'

(a+b)a+b+1)---(a+b+n—1)
(L.1)

In particular, the probability depends only on k and mot on the order of the
x;’s. Hence (X1, Xo,...) is exchangeable.

Proof. We prove (L.1) by unraveling the conditional probabilities. By the
chain rule,
n
P(Xl =T1y.-- ,Xn = :Dn) = HP(Xz = X | Xl,. . '7Xz'—1)'
i=1
Given X1,...,X;_1 with k;_1 := ngifl xj red draws among the first i — 1,
the urn at step ¢ contains a + k;_1 red balls out of a+b-+17— 1 total. Therefore

a+ ki1
PX;=1|X1,....X.1) = —————,
(Xi =1 Xy, Xia) = Fmmm o
b+ (i—1—Fki1)
P(X;=0]|Xq,...,X;_1) = .
( % 0| 1 ; zl) a+b+i—1

Multiplying over ¢ = 1,...,n: the denominator is (a + b)(a +b+1)---(a +
b+mn — 1), and the numerator is the product of terms of two types. Each step
where x; = 1 contributes a + k;_1, and these increment by 1 each time z; = 1,
giving the product a(a+1)---(a+ k — 1) after all k red draws. Similarly, the
n — k blue draws contribute b(b+1)---(b+n — k — 1). This yields (L.1).
The right-hand side of (L.1) depends only on k = > z;, so P(X; =
Z1,...,Xn = xy) is invariant under permutations of the arguments. Hence
(X1,...,X,) is exchangeable, and since n was arbitrary, the infinite sequence
(X1, Xo,...) is exchangeable. O
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Rewriting (L.1) using the identity a(a+1)---(a+k—1) =T'(a+k)/I'(a)
and likewise for b:

Fla+k)T(b+n—k)I'(a+b) Bla+k,b+n—k)

PXi =21, X = 2n) = F@)T®)(a+b+n) B(a,b)
(L.2)

L.3 Identifying the limit distribution

We now use the exchangeability identity (L.2) together with the law of large
numbers to determine the distribution of M.

Proof of Theorem L.1. Step 1: the limit is the limiting frequency of red draws.
Since R, =a+ > 4 Xi,

a+y X a
M, = =12 — Xi.
" a+b+n a—|—b—|—n+a—|—b—|—n nz

The first term tends to 0 and the factor n/(a +b+n) — 1, so

My = lim & a.s., where S,, := ZXZ"

n—oo N —
1=

(The limit on the right exists a.s. because the one on the left does; we do not
need SLLN here because convergence is given.)

Step 2: a moment formula via the exchangeability identity. Fix integers
k > 0 and ¢ > 0, and consider the specific outcome in which the first k£ draws
are red and the next ¢ are blue:

Pk = ]P’(Xl = 1,...,Xk: 1, Xk+1 :O,...,XkJrg:O).

By (L.2),

_Bla+k b+t) 1 R bto—1
Phe = Ba.b) = Blab) / x (1—-2x) dx. (L.3)

Step 3: expressing prp in terms of My,. We claim
E(ME (1 - Myo)*) = pre (L.4)

for all integers k,¢ > 0 with k 4+ ¢ > 1. To see this, observe that by exchange-
ability, for any n > k + ¢,

o Sp\ /n— S, B n k+/¢
k ‘ “\k+e)\ k) PRD
because the left-hand side counts, with weight, the number of ordered pairs
(I,J) of disjoint subsets I,J C {1,...,n} with |I| = k, |J| = ¢, for which

X;=1on I and X; = 0 on J; by exchangeability each such pair contributes
Pk, and the number of pairs is (Z) (";k) = (kiz) (k#).
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Now divide both sides by nf+*. The identity (7)/n" — 1/rl as n — oo

gives
1 n k474 . 1
nk+e\k + ¢ k klev
Meanwhile,

1 /S,\ /n—S5, 1 /S \*/n—5,\* .
a7 =ma () (557) +om,

where the error is uniform in w (since S, /n € [0,1]). Using S,/n — My a.s.,
the bounded convergence theorem gives

Fr{(£)( ) s

Equating limits yields (L.4).
Step 4: conclusion via moments. Combining (L.4) with (L.3),

1 1
E(Mclfo(l . MOO)E) _ B( b) / xd#’k*l(l _ .,L,)b+£71 dr
a, 0
1 a—1 b—1
k e 2 (1-2)
/0 N TP R

which is precisely E(Y*(1 — Y)?) for Y ~ Beta(a,b).

Setting £ = 0 we obtain E(MY) = E(Y*¥) for all £ > 0. Since M., and Y
are both supported on [0, 1], a distribution on a bounded interval is uniquely
determined by its moments (by Weierstrass approximation: polynomials are
dense in C([0,1])), so My and Y have the same distribution. Hence My, ~
Beta(a, b). O

Remark L.5 (Connection to de Finetti’s theorem). The argument above is a
hands-on instance of de Finetti’s representation theorem, which states that
every infinite exchangeable sequence of {0,1}-valued random variables is a
mixture of i.i.d. Bernoulli sequences: there exists a random variable © € [0, 1]
such that conditionally on ©, the X;’s are i.i.d. Bernoulli(©). The limiting
frequency S,/n — © a.s. then gives ©® = M. In the Pélya urn we have
computed the mixing distribution explicitly: it is Beta(a,b).

Remark L.6 (Direct proof for the case a = b = 1). For the original urn of
Example 9.12 (a = b = 1), one can avoid the moment computation entirely by
observing that (L.1) specialized to a = b = 1 gives

n\ k!'(n —k)! 1
= = = == 1 P .

So Sy, is uniform on {0,1,...,n}, and R, = 145, is uniform on {1,2,...,n+
1}. Hence M, = R,/(n + 2) is uniformly distributed on {1/(n + 2),2/(n +
2),...,(n+1)/(n+2)}, and as n — oo this discrete uniform distribution
converges in distribution to Uniform(0,1). Combined with the almost sure
convergence M,, — M, this identifies My, ~ Uniform(0,1).
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Ezample L.7 (A forecast interpretation). Theorem L.1 has the following strik-
ing interpretation. The fraction M,, of red balls is a martingale — a “fair
forecast” of the long-run composition. The theorem says that this forecast
converges to an a.s. limit M, and marginally, M., has a non-trivial distri-
bution (uniform on [0, 1] when a = b = 1). So a priori the long-run fraction is
maximally uncertain; conditionally on observing the first n draws, our best es-
timate updates to R, /(a+b+n). The martingale property says these forecasts
are “calibrated” at each step.
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Hints to Selected Exercises

Hint for Exercise Exercise 1.41. (Use 7—A on a countable generator).
Hint for Exercise Exercise 1.43. If a countably additive extension [ ex-
isted, then for any ¢ € €2 the sets E, := (¢ — 1/n,¢|g decrease to {q}, so
fi({q}) = lim, @(E,) = 0; hence fi(2) = > cqa({q}) = 0, contradicting
a(Q2) = 1.

Hint for Exercise 2.26 From convergence in probability extract an a.s. con-
vergent subsequence; apply DCT to the subsequence; then argue that the
whole sequence has the same limit.

Hint for Exercise 2.31 For f > 0 consider f, := f An and use MCT on A
(or on © with 14).

Hint for Exercise 2.36 For 1 < p < oo let ¢ be conjugate to p and start with
EIX +Y|P=E(|X +Y]| | X +Y|P~h).

Hint for Exercise 2.37 Apply Holder to |f]? - 1 with exponents g and ﬁ.

Hint for Exercise 2.40 For (3): If Y is a dominator, estimate fol/ "Y dP and
find a contradiction with the absolute integrability of the Lebesgue integral.
Hint for Exercise 2.41 Define N(K) := min{n > 1: 4"/n > K}, and show
that for both n > N(K) and n < N(K), [ |fal 1fjf, >k} do < ﬁ Then
show that N(K) — oo as K — oo.
Hint for Exercise 3.20 Given M = m, decompose according to whether X or
Y achieved the maximum. Use symmetry to determine the probability of each
case. Note that this problem does not fit the standard conditional density
framework because the joint distribution of (X, M) has a singular component
along the diagonal {X = M}.
Hint for Exercise 3.21 For (b), use the finite partition formula: on each
atom A; of the partition, E[N | R] equals E[N14,]/P(A;).
Hint for Exercise 3.22 Write X = (X — E[X | G]) + E[X | G] and use
the L2-orthogonality from Theorem 3.13. Alternatively, expand Var(X) =
E[X?] — (E[X])? and apply the tower property.
Hint for Exercise 3.23 (a) Differentiate with respect to a and b, or use
projection onto the two-dimensional subspace span{1,Y} C L2.

(b) The conditional expectation minimizes over all o(Y)-measurable pre-
dictors, while the best linear predictor minimizes over a smaller class.

(c) Try Y uniform on {—1,1} and X = Y2

(d) For jointly Gaussian variables, L?(o(Y)) is spanned by {1,Y}.
Hint for Exercise 3.24 Set Z,, := E[X,, | G]. Then (Z,) is increasing and
Zy, < E[X | G] by monotonicity. Let Z := lim,, Z,. To show Z = E[X | g],
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verify the defining property: for A € G,

E[Z14] = limE[Z,14] = im E[X,,14] = E[X14],
n n

using (unconditional) MCT twice.

Hint for Exercise 3.25 Define Y}, := inf,>; X,,. Then Y; 1 liminfX,, and
Y < X, for all n > k. Apply Exercise 3.24 to (Yy).

Hint for Exercise 3.26 Apply conditional Fatou to Y + X, and Y — X,,.
Hint for Exercise 3.27 For (=): if X 1L G, then for any A € G, the random
variables X and 14 are independent, so E[X14] = E[X]|P(A).

For (<=): show that E[l1;xcpyla] = P(X € B)P(A) forall A€ G and B €
B(R). Use the test-function characterization and a monotone class argument.
Hint for Exercise 3.28 Let S = X 4+ Y. Find the joint density of (X, S) by
the change of variables (z,y) — (z,z 4+ y). The marginal density of S is the
convolution of two exponentials. Apply the conditional density formula.
Hint for Exercise 3.29 Let a := Cov(X,Y)/Var(Y) and set Z := E[X] +
a (Y — E[Y]), which is o(Y)-measurable. Show that X — Z is uncorrelated
with Y. For jointly Gaussian vectors, uncorrelatedness implies independence,
so X — Z 1L Y. Then for any bounded Borel g,

E[(X = 2)g(Y)] = E[X — Z]E[¢(Y)] = 0,

so by the test-function characterization Z = E[X | Y].

Hint for Exercise 3.30 By exchangeability, E[X; | X1 + --- + X,,] has the
same distribution for all 7, hence equals the same function of the sum. Now
use linearity and the pull-out property.

Hint for Exercise 3.31 Set U := E[X | G] and V := E[U | H|. For A € H,
we have A € G, so E[V14] = E[U14] = E[X14].

Hint for Exercise 3.32 A G-measurable random variable is constant on each
atom A;, so E[X | G] = >, ¢ila,. Plug this into E[(E[X | G])14,] = E[X14]
and solve for ¢;.

Hint for Exercise 3.34 If Y,, € L?(G) and Y,, — Y in L2, extract a subse-
quence converging a.s. (using convergence in probability and the subsequence
principle). The a.s. limit of G-measurable functions is G-measurable.

Hint for Exercise 3.35 For (a), use the finite partition formula. For (b), try
Y - 1{173}.

Hint for Exercise 3.36 Use the test-function characterization with Y'14.
Hint for Exercise 3.37 Apply Theorem 3.11 to the convex function ¢(t) =
|t|P, take the expectation of the result and use the tower property of conditional
expectation.

Hint for Exercise 3.38 Apply Example 3.17 to the partition {Y = yi}
(first finite truncations, then pass to the limit), or verify the defining property
directly on sets A € o(Y'), which are unions of {Y = y;}.

Hint for Exercise 4.26 First show that A € T by expressing convergence
in terms of the Cauchy criterion and verifying that the resulting event is
independent of any finite initial segment.

Hint for Exercise 4.27
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e By continuity, a.s. all values Xi,...,X,, are distinct. Among all n!
equally likely orderings of distinct values, how many have X, as the
largest?

e Use the Hewitt—Savage 0-1 law.

o To rule out P(E) = 0, show that for any N, there is positive probability
that X 41 exceeds max(Xy,..., Xn).

Hint for Exercise 4.28 Use Dynkin’s 7—\ theorem twice.
Hint for Exercise 4.29

Fix ¢ € (0,1). Apply Borel-Cantelli to A, := {X,, > (1 + ¢)logn} and
A, ={X, > (1 —¢)logn} separately.
Hint for Exercise 5.35 Recall that ||Y |l = inf{M : P(|Y| < M) =1} and
conclude that P(|X,, — X| > ¢) = 0 for all large n.
Hint for Exercise 5.39 For € > 0, use the open set (¢ —¢,c + ¢) and Port-
manteau.
Hint for Exercise 6.9 Compute E[X,,] and Var(X),,), then verify the variance
00 Var(Xn)

05 < oo.

Hint for Exercise 6.10 Apply the Three-Series Theorem. Since the ¢, are
bounded, truncation is trivial. Compute the variance of apey.

summability condition ) >

Hint for Exercise 6.11 Define X7(1 - 1(4,—j1 — 75- Show these are indepen-
dent with mean zero, then apply SLLN.

Hint for Exercise 6.12 For the converse, use the second Borel-Cantelli lemma
to show that if E[|X;|] = oo, then | X,| > n infinitely often, which contradicts
convergence of X,,. (See also Exercise 6.18.)

Hint for Exercise 6.13 Follow the proof for the special case b, = n: let
Sn=> 1y Z—:, write ar = bi (S — Sk—1), apply summation by parts, then use
a weighted Cesaro argument.

Hint for Exercise 6.14 Use Kolmogorov’s Three-Series Theorem with trun-
cation level ¢ = 1. Check each of the three conditions separately.

Hint for Exercise 6.15 Use the layer-cake identity E|X| = [[*P(|X|>t)d
and compare the integral with a sum over [n,n + 1).

Hint for Exercise 6.16 Write % = % — ”T_l . i"_’ll.

Hint for Exercise 6.18 Prove that E|Xi| < > 7° (P(|X1| > n) and use
Borel-Cantelli II.

Hint for Exercise 6.19 For part (b), consider a distribution with P(|Y;| >
t) ~t~ % for 1 < o < 2. This gives finite mean but infinite variance.

Hint for Exercise 6.20 (i) Check E|X;| = oco. (ii) Prove the lemma: if
Sn/n — L € R, then X,,/n — 0. (iii) Show > -, P(|X1] > n) = oo, hence
|X,| > n i.0. by Borel-Cantelli, so X,,/n - 0 a.s.

Hint for Exercise 6.21 Use characteristic functions. The Cauchy distribution
has characteristic function ¢(t) = e~I!l. Compute the characteristic function
of X,,.

Hint for Exercise 6.22 Truncate at level k'/?: define Y;, = Xkl{‘Xk|<k1/p}.
Show that the truncation error is negligible using Borel-Cantelli, then apply
variance summability to the truncated variables.
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Hint for Exercise 6.23 Define Z,, = w, X,, and apply the variance summa-
bility SLLN with the sequence (b,,) = (W,,) in a generalized Kronecker lemma.
Hint for Exercise 6.24 Split the event according to the first time k that
|Sk| > 3t, and compare Sy, to the “rest” S, — Sk.

Hint for Exercise 6.25 The random variables f(Uy) are i.i.d. with mean
fol f(z) dz and finite variance (by the square-integrability assumption). Apply
the variance summability SLLN.

Hint for Exercise 6.26 For Uniform[—a, a], we have mean zero and variance
a®/3. Apply the Three-Series Theorem—the truncation and mean conditions
are automatic since the variables are bounded and symmetric.

Hint for Exercise 7.23 Write X,, as a sum of n independent Bernoulli(\/n)
random variables and use the product formula. For (b), recall the standard
limit (14 z/n)" — €*.

Hint for Exercise 7.24 Use the necessary conditions for characteristic func-
tions (basic properties, moment—derivative relations) to rule out candidates,
and sufficient conditions (product formula, Pélya’s criterion) to confirm can-
didates.

Hint for Exercise 7.25 For (a), write ¢(t) = >

orthogonality relation o= [ e/U—k gt = Lgjmpy-

ez P(X =) et and use the

2 J—7
Hint for Exercise 7.26 For (a), solve for vy = ¢x4tv/@x. For (b), what
constraint does |¢y (¢)| < 1 impose?
Hint for Exercise 7.27 For (a), recall that convergence to a constant in
probability and in distribution are equivalent. For (b), consider what tools
from the proof of Lévy’s theorem might apply here, and whether it is possible
to construct a sequence that escapes to infinity while having CFs converge to
1 on an interval.
Hint for Exercise 7.28 Either use the inversion formula, or compute the
density directly via convolution and verify that its CF matches your answer
in (b).
Hint for Exercise 7.29 For (b), close the contour in the upper half-plane for
t > 0 and lower half-plane for ¢ < 0. Part (c) shows that the sample mean of
Cauchy random variables has the same distribution as a single observation—
the Law of Large Numbers fails dramatically.
Hint for Exercise 7.30 For (d), use Part 1 of Lévy’s theorem: if X,, —— X,
then ¢, — px pointwise, but ¢ x must be continuous.
Hint for Exercise 7.31 Consider the analyticity of characteristic functions.
Hint for Exercise 7.32 For (b), use the product formula and part (a). For
(c), try X ~ Exp(1).
Hint for Exercise 7.33 For (a), substitute u = (A—it)z and use [~ u® e " du =
I'a).
Hint for Exercise 7.34 Use p*)(0) = i/*E[X*].
Hint for Exercise 7.35 If X has characteristic function ¢, consider ¥ =
X1 — X9 where X7, X2 are independent copies of some random variable. The
full proof requires Bochner’s theorem or infinitely divisible distributions, which
are beyond this course; focus on understanding the structure and verifying the
claim for specific examples.
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Hint for Exercise 7.36 For (b), use the inversion formula or recognize this
as related to the triangular distribution.

Hint for Exercise 7.37 Use equicontinuity: tightness gives a uniform bound
on the modulus of continuity of {¢,}, then extend convergence from a dense
set to all of R.

Hint for Exercise 7.38 For (a), define f(z) = % [ e p(t) dt and use DCT
for continuity. For (b), consider mollifying the uniform distribution. For (c),
consider the triangular density.

Hint for Exercise 7.39 Recall that for convergence to a constant, convergence
in distribution and convergence in probability are equivalent.

Hint for Exercise 8.29 Apply Theorem 8.20 with g(z) = logz, so ¢'(u) =
1/p.

Hint for Exercise 8.30 For part (c): the boundedness assumption gives
| X,| < Coj/sy. Show that max;o;/s, — 0, which implies 1(|.X,, ;| >¢) =0
for all j and large n.

Hint for Exercise 8.31 For part (c), compute Vg(1,1,p) = (—p/2, —p/2, 1)T.
The key computation is Vg’'¥ Vg.

Hint for Exercise 8.33 For (a): E[X;] = 1/n, E[X;X;] = 1/(n(n — 1)),
hence Cov(X;, X;) = 1/(n?(n — 1)), and Var(W,) = 1 exactly. For (b):
E[(VZ")] = 1/k! for each fixed k.

Hint for Exercise 8.34 For (b): show that for each fixed ¢ > 0, X?1(|X1| >
eo/i) — 0 a.s., then apply DCT.

Hint for Exercise 8.35 Set up the triangular array with X, ; = X /s,; verify
the Lyapunov condition.

Hint for Exercise 8.36 Use the Riesz representation theorem: every contin-
uous linear functional on ¢2 has the form = + (¢, z) for some t € ¢2. Consider
tn = 0, where e, is the nth standard basis vector. Show that (¢, e,) — 0 for
every t € (2, but (u,) is not tight.For tightness, learn more about compact
subsets of ¢2.

Hint for Exercise 8.37 For part (a): write g(T5,) — g(0) = 3¢"(0)(T, — 0)* +
op((T, — 0)?), then use /n(T, — 0) - Z ~ N(0,0?) and the continuous
mapping theorem. 4
Hint for Exercise 8.38 For (b), compute ¢(t) = [~ ﬂ%m;g)
integration or use the known formula for the Fourier transform of 1/(1 + 22).
For (c), use independence and the CF of a sum.

Hint for Exercise 8.39 For (a), apply the delta method with ¢'(8) = 1/1/v(6),
S0 [¢/(8)]2 - v(0) = 1.

Hint for Exercise 8.40 For (a): use Sy <t < Sy()41, divide by N(t), and
apply SLLN. For (b): the event {N(¢) < k} is the same as {S; > t}. Use this
duality to convert the CLT for Sy (with random index) into a CLT for N(¢).
Hint for Exercise 8.41 For (a): Var(p,) = p(1 —p)/n < 1/(4n), so \/n|p, —
p|/+/P(1 —p) < /n|pn — p|- 2. You need 2 -0.03y/n > 1.96, giving n > 1068.
Hint for Exercise 8.42 For (c): ¢;;(t) = 1—1/i+cos(t)/i = 14 (cost—1)/i.
Use (1 + z/i)* — e*. For the compound Poisson identification, condition on
N: E[e™] = E[(cost)V] = ecost~1,

Hint for Exercise 9.20 For part (b), take A € Fg and show that AN{T <
n} € Fp, by writing AN{T <n}=AN{S <n}N{T <n}.

dx by contour
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Hint for Exercise 9.21 For part (a), write Ly+1 = Ly-g(Xn41)/f(Xn+1). Use
independence to compute E(g(X:1)/f(Xn+1) | Fa) = E(g(Xns1)/ f(Xns1),
and note that [(g(z)/f(x))f(z)dz = [ g(z)dz = 1.

Hint for Exercise 9.22 Note that X, .1 = max(X,, X,11) > X,, so the
submartingale property E(X, 11 | Fn) > X,, follows immediately. The main
work is verifying integrability: X;I < > 7, X, .

Hint for Exercise 9.23 For (a), start from the Doob decomposition formula
and expand My = My_1 + (M, — My_1), square, and take conditional expec-
tations. The cross term vanishes by the martingale property. For (b), take
expectations of M2 = N,, + (M),, and use E(N,,) = E(N).

Hint for Exercise 9.24 A € Fr requires AN {T < n} € F, for each n.
The binding constraint is n = 1: since {T' < 1} = {HH, HT}, the set AN
{HH,HT} must be in Fy, so it is either () or {HH, HT'}.

Hint for Exercise 9.25 For (a), f(t) = 2[t/2] is non-decreasing and satisfies
f(t) > t. For (b), g(t) = 2[t/2] satisfies ¢g(3) = 2 < 3, so the sufficient
condition fails. Take a simple stopping time with P(T" = 3) > 0 and show
{T" =2} ¢ Fo.

Hint for Exercise 9.26 For part (a), compare with Example 9.9: S2 =
(82 — no?) + no?. What is the martingale part and what is the predictable
part?

Hint for Exercise 9.27 For (a), compute E(R,41Bn+1 | Fn) by conditioning
on whether a red or blue ball is drawn: if red is drawn, R,11Bn+1 = (R, +
1)B,, = R, By, + By; similarly for blue.

Hint for Exercise 9.28 For (a), expand (S, + &,11)® and compute E(- | )
using independence and the moment assumptions. For (b), expand (S, +
€,21)* and determine what must be subtracted from S2 to kill the drift; the
fourth cumulant x4 = E(¢*) — 30* will appear.

Hint for Exercise 9.30 Monotonicity follows from Lemma 9.17: ¢(M,,) is
a submartingale. The upper bound uses Jensen for conditional expectations:
o(M,) = p(E(X | F)) < E(o(X) | Fr); now take expectations.

Hint for Exercise 10.15 Decompose S, = S;C/\n — Spn, Use Stan <1
to show that E(SF,,) — 1. Use E(Sra,) = 0 to conclude that E(S,,) — 1.
Then show that for any fixed K, the truncated part E(S{“Anl{S;AngK}) — 0,
so the tail E(ST/\nl{S;M>K}) — 1.

Hint for Exercise 10.16 For part (c), write p = (1 +9)/2, ¢ = (1 —19)/2, so
that r = ¢/p = (1 —6)/(1 4 6), and expand r4 and B to second order in §.
Hint for Exercise 10.17 For (a), apply Borel-Cantelli to disjoint blocks of
length ¢. For (c), observe that at any time n < T', at most ¢ gamblers have
nonzero wealth, each bounded by s. For the computation of Wy: gambler
Gr_j4+1, who entered at time T"— j+1, has placed bets on the letters p1,...,p;
while the realised letters at times T'— j + 1,...,T are py—;i1,...,p;. Heis
still in the game iff these two strings agree.

Hint for Exercise 10.18 Apply Azuma—Hoeffding to the Doob martingale
Yk = E(f(Xl, cee ,Xn) | fk) where fk = U(‘Xl7 ceey Xk) To bound |Yk—Yk_1|,
use independence to express Y;_1 as an expectation over an independent copy
Xj. of X}, and apply the bounded-differences condition pointwise.

Hint for Exercise 10.19 Reveal the edges one vertex at a time: let X; encode
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the edges between vertex i+ 1 and the vertices {1,...,7}. Apply Exercise 10.18
with ¢; = 1.

Hint for Exercise 10.21 Use the reflection principle or the quadratic mar-
tingale SZ — n to relate E(T' A n) to E(SZ,,).

Hint for Exercise 10.24 Apply the argument of Wald’s first identity to the
martingale M,, = S2 — no?, or use the approach from the gambler’s ruin
problem.

Hint for Exercise 11.23 The martingale M, = E(X | F,) is UI by Theo-
rem 11.11, so it converges to some My a.s. and in L'. To identify M, you
need to show E(My; A) = E(X; A) for every A € Foo.

Main subtlety. It is straightforward to verify this identity for A € |J,, F»
using the martingale property and L' convergence. However, U,, Fn is in gen-
eral only an algebra, not a o-algebra, while Foo = a( U, ]-"n) is the generated
o-algebra. The conditional expectation identity must hold for all A € F,
not just on the algebra. Use the m—\ theorem (Dynkin’s theorem) to extend
the conclusion from J,, 7 to Foo.

Hint for Exercise 11.24 For (a), apply Exercise 11.23 to X = 14. For (b),
use the fact that a tail event is independent of every F,,, so P(A | F,,) = P(A4)
a.s. Combine with (a).

Hint for Exercise 11.25 By Exercise 11.23 applied to X = 6 (which is
integrable since 6 € (0,1)), E(0 | F,.) — E(0 | Fx) a.s. So it suffices to show
E(f | F) = 0, which reduces to showing 6 is Foo-measurable. Use the SLLN:
conditional on 0, X,, = (X1 + -+ X,,)/n — 0 a.s.

Hint for Exercise 11.26 For (b), introduce the stopping time Tk = inf{n :
> w<n Pk > K}. The stopped martingale M7, has bounded L? norm (since
Zk;nATK E(pr) < K), so it converges a.s. On the event {}  p, < K},
Tk = oo, so M, converges; this implies ) 14, converges. Take K — oo. For
(c), apply (b) to the events A¢ with conditional probabilities 1 — p,, after
reformulating; or argue directly: on {>_ p, = 00,> 14, < oo}, the martingale
M,, would tend to —oo, contradicting a.s. convergence on this event.

Hint for Exercise 11.27 For (a), condition on F,, and use Z, 41 = ZZZZ"I z-(n) ,
where the é’l(n) are i.i.d. copies of ¢ independent of F,,. For (b), use the law of
total variance:

Var(Wy11) = EVar(Wyy1 | Fo)+VarE(Woy 1 | Fn) = p 2 V62E(Z,)+Var(W,,).

This gives a telescoping sum.

Hint for Exercise 11.28 X,, — 0 a.s. but E(X,,) =1 for all n. If {X,,} were
UL, then X,, — 0 would hold in L', giving E(X,,) — 0. Alternatively, show
directly that sup, E(X,1{x,>k}) — 1 as n — oo for every fixed K.

Hint for Exercise 11.29 By the closure theorem (Theorem 11.14), X, =
E(Xs | Fn). First show Xp = E(X& | Fr): for any A € Fp, decompose
A = Uyenugoo ANA{T = n} and use that AN{T = n} € F,. Then for
Ae Fs C Fr, E(X714) =E(Xola) = E(Xsla).

Hint for Exercise 11.30 Use orthogonality of martingale differences: E(M?2) =
E(MZ) + X}, E(D2).

Hint for Exercise 11.31 For (a), for A € F,, Ep(Lp+114) = Qui1(A) =
Qn(A) = Ep(Lyly). For (c), L, = (4/3)%(2/3)"~5». Take logarithm and use
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the SLLN under P to find 2 log L,, — (1/2)1og(8/9) < 0, so L,, — 0 P-a.s.
Hint for Exercise 11.32 For (a), E((¢*)%"+! | F,) = ¢(q*)%" = (¢*)?" since
Zn+1 given Fy, is a sum of Z,, i.i.d. copies of . For (b), on extinction Z,, =0
eventually, so (¢*)?" = 1 eventually; on non-extinction Z, — oo. For (c),
E(My) = E(My) = ¢* and E(My,) = P(extinction) from (b).

Hint for Exercise 11.33 Apply the L?-bounded martingale convergence the-
orem (Theorem 11.1) to the partial sums S, = X1 + --- + X,, with respect to
the natural filtration.

Hint for Exercise 12.11 Verify that M, = E(X | G,) is a backward mar-
tingale with respect to {G, }, then apply Theorem 12.2. To identify the limit,
use the tower property: since Goo C Go, E(Mp | Go) = E(E(X | Go) | Go) =
E(X | Goo)-

Hint for Exercise 12.12 The same backward martingale machinery used
in the proof of Theorem 12.4 gives both a.s. and L' convergence directly
— backward martingales are uniformly integrable. Extract this conclusion
explicitly.

Hint for Exercise 12.13 For (a), fin+1 = ;7 fn + %Héxnﬂ. For (b), the
key fact is that conditional on Tp4+1 = o(fin+1, Xn+2,-..), the random vector
(X1,...,Xpt1) is uniformly distributed over all permutations of the multiset
specified by fi,+1. Hence for any subset {i; < --- < i} C {1,...,n+ 1},
E(h(Xi,,...,Xi,) | Tat1) is the same; averaging over the ("Zl) subsets yields
Upt1. For (c), Theorem 12.2 gives convergence to E(h(Xy,..., Xk) | T).
Then 7o C & (the exchangeable o-algebra) by the same argument as in the
proof of Theorem 12.4, and Hewitt—Savage gives the conclusion.

Hint for Exercise 12.14 For (a), Var(S,/n) = Var(X;)/n by indepen-
dence. For (b), apply Exercise 12.12 to the sequence |X;|P to get Y, :=
LS 1XilP = E|XqfP as. and in L'. Then {Y,} is uniformly integrable.
By Jensen, |S,/nP <Y, so {|S,/nP} is also UL Combined with the a.s.
convergence Sy, /n — u from the SLLN, Vitali’s theorem upgrades this to L
convergence (after noting {|S,/n — p|P} is UI by an analogous bound).

Hint for Exercise 12.15 Choose N large enough that m fixes all integers
greater than N. For n > N, the partial sum S, is invariant under T} (sum
is symmetric), and the sequence (X, 11, Xpt2,...) is unchanged by 75. Hence
Gy, is invariant under T} for every n > N. Take the intersection over n.

Hint for Exercise 12.16 For (a), expand },(X; — X,,)? and > i (X - X;)?%,
then use the identity ZKJ.(Xi—Xj)2 =n), X?—S2. For (b), E(h(X1,X2)) =
E((X; — X2)?)/2 = Var(X;) = o2

Hint for Exercise 12.17 For (a), it suffices to show E(X;14) = E(X;14) for
every A € Gp1. Write 14 = G(Sn+1, Xnt2, Xnys,...) for some measurable
G, and note that S,y is symmetric in (Xi,..., X,+1). Apply the change of
variable corresponding to the transposition 7 swapping indices ¢ and j, using
exchangeability of the i.i.d. sequence under 7. For (b), sum the equality from
(a) over i =1,...,n+ 1 and use E(Sy+1 | Gnt1) = Sn+1-
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