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CHAPTER 1

Measures

The mathematical foundation of probability theory if measure theoretic. In this
chapter we will build some of the basic measure theoretic tools that are needed for
probability theory.

1.1. Measurable spaces

DEFINITION 1.1.1. Let € be a set. A o-algebra F on {2 is a collection of
subsets such that
(1) § € F (where () denotes the empty set),
(2) if A € F, then A¢ € F (where A€ denotes the complement of A in €2),
and
(3) if Ay, Ao, ... is a countable collection of sets in F, then

U A, € F.
n=1

If the countable union condition is replaced by a finite union condition, then
F is called an algebra instead of a o-algebra. Note that o-algebras are also closed
under finite unions, since we can append empty sets to convert a finite collection
into a countable collection.

DEFINITION 1.1.2. A pair (2, F), where (2 is a set and F is a o-algebra on €2,
is called a measurable space.

EXERCISE 1.1.3. Prove that a o-algebra is closed under countable intersec-
tions.

EXERCISE 1.1.4. For any set €2, show that the power set of 2 is a o-algebra
on ).

EXERCISE 1.1.5. Prove that the intersection of any arbitrary collection of o-
algebras on a set is a o-algebra.

EXERCISE 1.1.6. If  is a set and A is any collection of subsets of (2, show
that there is a ‘smallest’ o-algebra F containing .A, in the sense that any o-algebra
G containing A must also contain F. (Hint: Use the previous two exercises.)

The above exercise motivates the following definition.

DEFINITION 1.1.7. Let 2 be a set and A be a collection of subsets of €2. The
smallest o-algebra containing A is called the o-algebra generated by A, and is
denoted by o (.A).
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The above definition makes it possible to define the following important class
of o-algebras.

DEFINITION 1.1.8. Let {2 be a set endowed with a topology. The Borel o-
algebra on (2 is the o-algebra generated by the collection of open subsets of 2. It
is sometimes denoted by B(2).

In particular, the Borel o-algebra on the real line R is the o-algebra generated
by all open subsets of R.

EXERCISE 1.1.9. Prove that the Borel o-algebra on R is also generated by
the set of all open intervals (or half-open intervals, or closed intervals). (Hint:
Show that any open set is a countable union of open — or half-open, or closed —
intervals.)

EXERCISE 1.1.10. Show that intervals of the form (z, co) also generated B(R),
as do intervals of the form (—oo, z).

EXERCISE 1.1.11. Let (€2, F) be a measurable space and take any ' € F.
Consider the set 7' := {ANQ : A € F}. Show that this is a o-algebra. Moreover,
show that if F is generated by a collection of sets A, then F' is generated by the
collection A’ := {ANQ : A € A}. (The o-algebra F' is called the restriction of
Fto)

EXERCISE 1.1.12. As a corollary of the above exercise, show that if €) is a
topological space and €)' is a Borel subset of {2 endowed with the topology in-
herited from (2, then the restriction of B(2) to €’ equals the Borel o-algebra of
.

1.2. Measure spaces

A measurable space endowed with a measure is called a measure space. The
definition of measure is as follows.

DEFINITION 1.2.1. Let (€2, F) be a measurable space. A measure j on this
space is a function from F into [0, oo] such that

(1) u(0) =0, and
(2) if Ay, As, ... 1s a countable sequence of disjoint sets in F, then

ft <n@1 An) = g:l p(An).

The triple (2, F, 1) is called a measure space.

The second condition is known as the countable additivity condition. Note that
finite additivity is also valid, since we can append empty sets to a finite collection
to make it countable.

EXERCISE 1.2.2. Let (€2, F, ) be a measure space. For any A, B € F such
that A C B, show that u(A) < wu(B). For any Ay, Ag,... € F, show that
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w(UA;) < > u(A;). (These are known as the monotonicity and countable sub-
additivity properties of measures. Hint: Rewrite the union as a disjoint union of
Bi, Bs,...,where B; = A; \ (A1 U---U A;_1). Then use countable additivity.)

DEFINITION 1.2.3. If a measure 1 on a measurable space (2, F) satisfies
1(€2) = 1, then it is called a probability measure, and the triple (2, F, ) is called
a probability space. In this case, elements of F are often called ‘events’.

EXERCISE 1.2.4. If (2, F, ) is a probability space and A € F, show that
n(A€) =1 — p(A).

EXERCISE 1.2.5. If (Q, F, ) is a measure space and A;, Ag,... € F is

an increasing sequence of events (meaning that Ay C Ay C -.-), prove that
u(UA,) = lim p(A,,). Moreover, if p is a probability measure, and if A5, Ao, . ..
is a decreasing sequence of events (meaning that Ay O Ag D ---), prove that

w(NAy,) = lim pu(A,). Lastly, show that the second assertion need not be true if
14 is not a probability measure. (Hint: For the first, rewrite the union as a disjoint
union and apply countable additivity. For the second, write the intersection as the
complement of a union and apply the first part.)

Let (Q, F, 1) be a measure space. In measure theory, p(A) is thought of as
a measure of the ‘size” of A. When u(A) is small, we think of A as a ‘small’
set. Following this line of thought, we think of u(AARB) as a kind of distance
between two sets A and B (where AAB is the symmetric difference of A and B).
If this is small, then A and B are ‘almost the same set’. The following useful result
shows that if y is a probability measure, then any element of F can be arbitrarily
well-approximated by elements of any generating algebra.

THEOREM 1.2.6. Let (2, F, 1) be a probability space, and let A be an algebra
of sets generating F. Then for any A € F and any € > 0, there is some B € A
such that u(AAB) < ¢, where AAB is the symmetric difference of A and B.

PROOF. Let G be the collection of all A € F for which the stated property
holds. Clearly, A C G. In particular, 2 € G. Take A € G and any ¢ > 0. Find
B € A such that 4(AAB) < e. Since A°AB¢ = AAB, we get u(A°AB°) < e.
Thus, A° € G. Finally, take any A1, Aa,... € G. Let A := UA; and take any
e > 0. Since p is a probability measure, there is some n large enough such that

M<A\£J1Ai> < %

For each i, find B; € A such that u(A;AB;) < 27 te. Let A’ := U™, A; and
B’ := U | B;. Itis not hard to see that

A'AB' C | J(AiAB).
=1
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Thus,

WAAB) <3 p(AAB) <
i=1
Again, it is not hard to check that AAB" C (A \ A") U (A’AB’). Therefore
w(AAB') < u(A\ A') + u(A'AB') < e.
Thus, A € G. This proves that G is a o-algebra, and hence contains o(A) = F. 0O

DO

1.3. Dynkin’s 7v-)\ theorem

DEFINITION 1.3.1. Let 2 be a set. A collection P of subsets of €2 is called a
mw-system if it is closed under finite intersections.

DEFINITION 1.3.2. Let Q2 be a set. A collection £ of subsets of (2 is called a
A-system (or Dynkin system) if 2 € £ and £ is closed under taking complements
and countable disjoint unions.

EXERCISE 1.3.3. Show that £ is a A-system if and only if

() Qel,
(2) ifA,Be€ Land AC B,then B\ A € £, and
3) if A1, As,... € Land A; C Az‘+1 for each ¢, then

[j A; e L.
=1

LEMMA 1.3.4. If a A-system is also a w-system, then it is a o-algebra.

PROOF. Let £ be a A-system which is also a w-system. Then L is closed under
complements by definition, and clearly, ) € £. Suppose that A;, Ay, ... € L. Let
By = Ay, and for each 7 > 2, let

Bi:AiﬂAiﬂAgﬂ---ﬂAffl.

Since L is a A-system, each A is in £. Therefore, since £ is also a w-system, each
B; € L. By construction, Bi, Bo, ... are disjoint sets and

o0 oo
J4i=JB.
i=1 i=1
Thus UA; € L. This shows that £ is a o-algebra. (|

THEOREM 1.3.5 (Dynkin’s 7-A theorem). Let §2 be a set. Let P be a m-system
of subsets of 0, and let L O P be a A-system of subsets of ). Then L 2 o(P).

PROOF. Since the intersection of all A-systems containing P is again a A-
system, we may assume that £ is the smallest A-system containing P.
Take any A € P. Let

Ga:={BeL:ANBe L} (13.1)
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Then G4 O P since P is a w-system and P C L. Clearly, Q € Ga. If B € G4,
then B¢ € L and
ANB = (A°U(ANB))eL,

since A¢ and AN B are disjoint elements of £ and £ is a A-system. Thus, B¢ € G4.
If By, Bo, ... are disjoint sets in G4, then

AN(BiUBaU--+)=(ANB)U(ANBy)U--- € L,

again since £ is a A-system. Thus, G4 is a A-system containing P. By the min-
imality of £, this shows that G4 = L. In particular, if A € P and B € L, then
ANBelL.

Next, for A € L, let G4 be defined as in (I.3.1). By the deduction in the
previous paragraph, G4 O P. As before, G4 is a A-system. Thus, G4 = L. In
particular, £ is a 7-system. By Lemma|[I.3.4] this completes the proof. ([

An important corollary of the 7w-\ theorem is the following result about unique-
ness of measures.

THEOREM 1.3.6. Let P be a m-system. If u1 and po are measures on o(P)
that agree on P, and there is a sequence Ay, As, ... € P such that A,, increases
to Q and p1(Ay) and s (Ay,) are both finite for every n, then g = po on o(P).

PROOF. Take any A € P such that 1 (A) = p2(A) < oo. Let
L:={Be€o(P): m1(ANB)=pu(ANDB)}.
Clearly, Q € L. If B € L, then

(AN BC) = (A) — (AN B)
= ,LLQ(A) — ,LLQ(A N B) = MQ(A N Bc)’

and hence B¢ € L. If By, Bs, ... € L are disjoint and B is their union, then

p(ANB) = ZMl(Aﬂ B;)
i=1

= p2(ANB;) = p2(ANB),
=1

and therefore B € L. This shows that £ is a A-system. Therefore by the 7-A
theorem, £ = ¢(P). In other words, for every B € o(P) and A € P such that
pi(A) < oo, 11 (ANB) = p2(AN B). By the given condition, there is a sequence
A1, Ay, ... € P such that p1(A4,) < oo for every n and A,, 1 Q. Thus, for any
B e o(P),

pi(B) = lim (A, N B) = lim po(An 0 B) = p2(B).

This completes the proof of the theorem. O
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1.4. Outer measures

DEFINITION 1.4.1. Let Q be any set and let 2 denote its power set. A function
¢ : 22 — [0, o0] is called an outer measure if it satisfies the following conditions:

(1) ¢(0) = 0.
(2) ¢(A) < ¢(B) whenever A C B.
(3) Forany Ay, Ag,... C Q,

<¢>@1 A) < gqb(Ai)-

Note that there is no g-algebra in the definition of an outer measure. In fact,
we will show below that an outer measure generates its own o-algebra.

DEFINITION 1.4.2. If ¢ is an outer measure on a set {2, a subset A C Q is
called ¢-measurable if for all B C (2,

#(B) = p(BNA)+ ¢(BNA°).

Note that A is ¢p-measurable if and only if
¢(B) =2 ¢(BNA) + (BN AY)

for every B, since the opposite inequality follows by subadditivity. The following
result is the most important fact about outer measures.

THEOREM 1.4.3. Let €2 be a set and ¢ be an outer measure on S). Let F be
the collection of all p-measurable subsets of ). Then F is a o-algebra and ¢ is a
measure on JF.

The proof of Theorem is divided into a sequence of lemmas.
LEMMA 1.4.4. The collection F is an algebra.

PROOF. Clearly, () € F, since ¢(0) = 0. If A € F, then A° € F by the
definition of F. If A, B € F,let D := AU B and note that by subadditivity of ¢,
for any E' we have

d(END)+¢(END°)
=¢o(ENA)U(ENBNAY)+ ¢(ENA°N B
<HENA)+d(ENBNAS)+ ¢p(ENA°N BY).
But since B € F,
H(ENBNAS)+¢(ENA°NBS) = ¢(EN AS).
Thus,
AEND)+p(ENDS) <p(ENA)+ ¢(ENA).
But since A € F, the right side equals ¢(E). This completes the proof. O
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LEMMA 1.4.5. If Ay,..., A, € F are disjoint and E C ), then

PEN(AIU---UAy,)) :zn:¢(EﬂAi).

PROOF. For each j, let Bj := A; U---U A;. Since A,, € F,
d(ENB,) =¢(ENB,NA,)+¢(ENB,NAS).
But since Ay, ..., A, are disjoint, B,, N AS, = B,,_1 and B, N A,, = A,,. Thus,
d(ENB,)=¢(ENA,)+ ¢(ENB,_1).
The proof is now completed by induction. ([
A consequence of the last two lemmas is the following.

LEMMA 1.4.6. If A1, As, ... is a sequence of sets in F increasing to a set
A CQ, then for any E C (),

p(ENA)= lim ¢(ENA,).
n—oo
PROOF. By monotonicity of ¢, the left side dominates the right. For the op-
posite inequality, let B,, := A, N (A3 U--- U A,_1) for each n, so that the sets

By, Bo, ... are disjoint and A,, = By U --- U B, for each n. By Lemma [1.4.4]
B,, € F for each n. Thus, by Lemma

H(ENA,) Z¢EmB

Consequently,
lim ¢(EN Ay) Z¢ ENB)
Since ¢ is countably subadditive, this completes the proof of the lemma. U

We are now ready to prove Theorem[1.4.3]
PROOF OF THEOREM[1.43] Let Ay, Ay, ... € F and let A := UA,;. For each

n, let
n

Take any £ C 2 and any n. By Lemma[l.4.4] B,, € F and hence
¢(E) = ¢(EN By) + ¢(EN By).

By monotonicity of ¢, ¢(E N BS) > ¢(E N A€). Thus,
O(F) > $(E N By) + $(E N A°).

By Lemma([l.4.6]
lim ¢(E N B,) = ¢(ENA).

n—oo
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Thus, A € F. Together with Lemma [1.4.4] this shows that F is a o-algebra. To
show that ¢ is a measure on F, take any disjoint collection of sets Ay, Ao, ... € F.
Let B be the union of these sets, and let B, = A1 U---U A,,. By the monotonicity
of ¢ and Lemma/(1.4.5]

6(B) > 6(B,) = 3 6(A).
1=1

Letting n — oo, we get ¢(B) > > ¢(A;). On the other hand, subadditivity of ¢
gives the opposite inequality. This shows that ¢ is a measure on F and completes
the proof. U

1.5. Carathéodory’s extension theorem

Let 2 be a set and A be an algebra of subsets of §2. A function x : A — [0, 0]
is called a measure on A if
(1) p(®) =0, and
(2) if Ay, As, ... 1is acountable collection of disjoint elements of .4 such that
their union is also in A, then

u(G Ai) - iumn.

A measure p on an algebra A is called o-finite if there is a countable family of sets
Aj, Ag, ... € Asuch that u(A4;) < oo for each i, and Q2 = UA;.

THEOREM 1.5.1 (Carathéodory’s extension theorem). If A is an algebra of
subsets of a set ) and p is a measure on A, then 1 has an extension to o(A).
Moreover, if i is o-finite on A, then the extension is unique.

The plan of the proof is to construct an outer measure on {2 that agrees with p
on A. Then Theorem [[.4.3| will give the required extension. The outer measure is
defined as follows. For each A C €, let

oo oo
[ (A) = inf{z p(Ai): Ay, Ag,.. e A, AC | Ai}. (1.5.1)
i=1 i=1
The next lemma establishes that * is an outer measure on §2.

LEMMA 1.5.2. The functional p* is an outer measure on §2.
PROOF. It is obvious from the definition of p* that p*(()) = 0 and p* is
monotone. For proving subadditivity, take any sequence of sets {4,;};>; and let

A = UA;. Fix some € > 0, and for each i, let {4;;}52, be a collection of ele-
ments of A such that A; C U; A;; and

> (Ai) < pt(Ai) + 27
=1
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Then {A;;}75_, is a countable cover for A, and so

o0

pr(A) <Y p(Ay)

ij=1
o0 ) o0
<SS A) 2T = e+ > u (4.
i=1 i=1
Since e is arbitrary, this completes the proof of the lemma. ([

The next lemma shows that p* is a viable candidate for an extension.

LEMMA 1.5.3. For A € A p*(A) = u(A).

PROOF. Take any A € A. By definition, u*(A) < u(A). Conversely, take
any Ay, Ay,... € A such that A C UA;. Then A = U(A N A4;). Note that
each AN A; € A, and their union is A, which is also in A. It is easy to check
that countable subadditivity (Exercise continues to be valid for measures on
algebras, provided that the union belongs to the algebra. Thus, we get

p(A) < p(ANA) <D p(Ay).
=1

i=1

This shows that u(A) < p*(A). O
We are now ready to prove Carathéodory’s extension theorem.

PROOF OF THEOREM[L5.1l Let A* be the set of all x*-measurable sets. By
Theorem we know that A* is a o-algebra and that p* is a measure on A*.
We now claim that A C A*. To prove this, take any A € Aand £ C Q. Let
Ay, Ay, ... be any sequence of elements of A that cover £. Then {A N A;}2°, is
acover for £ N A and {A° N A;}°, is a cover for E N A°. Consequently,

V(BN A+ (BO A < 3 (AN A) + p(A°N A)

Taking infimum over all choices of {4;}5°, this shows that ©*(E N A) + p*(E N
A°) < p*(FE), which means that A € A*. Thus, A C A*. This proves the
existence part of the theorem. If yu is o-finite on A, then the uniqueness of the
extension follows from Theorem [1.3.6 O
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1.6. Construction of Lebesgue measure

Let A be the set of all subsets of R that are finite disjoint unions of half-open
intervals of the form (a, b)) R, where —oco < a < b < oco. Here we write (a, bR
to ensure that the interval is (a, 00) if b = co. If a = b, the interval is empty.

EXERCISE 1.6.1. Show that A is an algebra of subsets of R.
EXERCISE 1.6.2. Show that the algebra A generates the Borel o-algebra of R.

Define a functional \ : A — R as:

n n
)\(U(ai, bz] N R) = Z(bz — CLi),
i=1 i=1

where remember that (a1, b1], ..., (ay, b,] are disjoint. In other words, A measures
the length of an element of A, as understood in the traditional sense. It is obvious
that X is finitely additive on A (thatis, A\(A; U--- U A,) = A(A1) + -+ A(4y)
when A1, ..., A, are disjoint elements of .A). It is also obvious that A is monotone,
that is, A\(4) < A(B) when A C B (just observe that B is the disjoint union of A
and B\ A, and apply finite additivity).

LEMMA 1.6.3. Forany Ay,..., A, € Aandany A C Ay U---UA, AM(A) <
2o A(4).

PROOF. Let By = Ajand B; = A; \ (A1 U---UA;_1) for 2 <i < n. Then
By, ..., B, are disjoint and their union is the same as the union of Ay,..., A,.
Therefore by the finite additivity and monotonicity of A,

AMA) = zn: AMANB) < zn: A(B;) < f: A(Ay),
=1 =1 i=1

where the last inequality holds because B; C A; for each 1. (|

PROPOSITION 1.6.4. The functional \ defined above is a o-finite measure on
A.

PROOF. Suppose that an element A € A is a countable disjoint union of ele-
ments Ay, As, ... € A. We have to show that

A(A) = i)\(Ai). (1.6.1)
=1

It suffices to show this when A = (a,b] "R and A; = (a;, b;] N R for each 4, since
each element of A is a finite disjoint union of such intervals. There is nothing to
prove if a = b, so assume that a < b.

First suppose that —0o < a < b < oo. Take any § > O such that a + § < b,
and take any € > 0. Then the closed interval [a + d, b] is contained in the union of
(a;,b; +27%), i > 1. To see this, take any = € [a + 6,b]. Then = € (a, b], and
hence z € (a;, b;] for some i. Thus, z € (a;, b; + 27 %).
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Since [a + 4,b] is compact, it is therefore contained in the union of finitely
many (a;, b; + 27 "¢). Consequently, there exists &k such that

k
(a’ + 67 b] - U(aiv b; + 2_i6]‘
=1
Thus, by Lemma|[1.6.3]
k 00
b—a—5§Z(bi+2_ie—ai) SE—FZ(bi—ai).
=1 i=1

Since this holds for any € and §, we get

b—a < (b —ai) (1.6.2)
i=1
On other hand, for any k, finite additivity and monotonicity of A implies that
k k
b—a=M\A)> Z)\(Ai) = Z(bz‘ — a;).
i=1 i=1
Thus,
b—a> (b —ai), (1.6.3)
i=1

which proves (I.6.1) when a and b are finite. If either a or b is infinite, we find
finite a’, b’ such that (a’,b'] C (a,b] N R. Repeating the above steps, we arrive at
the inequality

V—d < Z(b’ —a;).
i=1

Since this hold for any finite ¢’ > a and b’ < b, we recover (1.6.2)), and (1.6.3)
continues to hold as before. This completes the proof of countable additivity of .
The o-finiteness is trivial. U

COROLLARY 1.6.5. The functional \ has a unique extension to a measure on

B(R).

PROOF. By Exercise[1.6.2] the algebra A generates the Borel o-algebra. The
existence and uniqueness of the extension now follows by Proposition and
Carathéodory’s extension theorem. O

DEFINITION 1.6.6. The unique extension of A given by Corollary is
called the Lebesgue measure on the real line. The outer measure defined by the
formula in this case is called Lebesgue outer measure, and the o-algebra
induced by this outer measure is called the Lebesgue o-algebra.

EXERCISE 1.6.7. Prove that for any —oo < a < b < 00, A([a,b]) = b —a.
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EXERCISE 1.6.8. Define Lebesgue measure on R” for general n by consider-
ing disjoint unions of products of half-open intervals, and carrying out a similar
procedure as above.

EXERCISE 1.6.9. Let A be a Lebesgue measurable subset of R and let z € R.
Let A + x denote the set {a + = : a € A}. Prove that A + x is also Lebesgue
measurable, and has the same Lebesgue measure as A.

1.7. Example of a non-measurable set

In this section we will describe a standard construction of a subset of R that is
not Lebesgue measurable (and hence not Borel measurable). The critical ingredient
is the axiom of choice. Indeed, it can be shown that such a set cannot be produced
without invoking the axiom of choice.

Define an equivalence relation ~ on [0, 1] as: x ~ yif z—y € Q. By the axiom
of choice, there is a subset A of [0, 1] consisting of exactly one element from each
equivalence class. We claim that A is not Lebesgue measurable. To prove this, let

q1,q2, - - - be an enumeration of the rationals in [—1, 1], and define
(o.9)
B:= U(A + qi).
i=1

First, note that if ¢ # j, then (A+¢;) N (A+g¢;) = (. This is a simple consequence
of the definition of A. Next, take any x € [0, 1]. Then there is some a € A such
thatz —a € Q. Butx —a € [—1, 1]. Thus, x € A+ ¢; for some . This implies that
B D [0, 1]. On the other hand, it is clear that B C [—1, 2]. Now, if A is Lebesgue
measurable, then by Exercise1.6.9} so is B, and thus

- > oo if A(A) >0,
A(B) = ZA(AMZ) = ZA(A) = {O £ A(A) = 0.
i=1 =1
But since [0,1] € B C [—1,2], we have 1 < A\(B) < 3, which gives us a contra-
diction.
It can be shown that the Lebesgue o-algebra is strictly bigger than the Borel
o-algebra. That is, there is a Lebesgue measurable set that is not Borel measurable.
But this is a much more difficult result than the above example.

1.8. Completion of a measure space

Let (2, F, ;1) be a measure space. Sometimes, it is convenient if for any set
A € F with u(A) = 0, any subset B of A is automatically also in F. This is
because in probability theory, we sometimes encounter events of probability zero
which are not obviously measurable. If F has this property, then it is called a
complete o-algebra for the measure p. If a o-algebra is not complete, we may
want to find a bigger o-algebra on which p has an extension which is complete. The
smallest such extension is called the completion of the measure space (2, F, ).

EXERCISE 1.8.1. Prove that the completion (€2, Fy, o) of an arbitrary mea-
sure space (2, F, 1) can be obtained as follows.
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(1) Let Z be the set of all subsets of the zero p-measure sets in F.

(2) Let Fp:={AUB:A€c F, Be Z}.

(3) If C € Fyequals AUB forsome A € F and B € Z, let up(C) := pu(A).
(First, show that this well-defined.)

EXERCISE 1.8.2. Prove that the completion of the Borel o-algebra of R (or
R™) obtained via the above prescription is the Lebesgue o-algebra.

Recall that Lebesgue measure is defined on the Lebesgue o-algebra. We will,
however, work with the Borel o-algebra most of the time. When we say that a func-
tion defined on R is ‘measurable’, we will mean Borel measurable unless otherwise
mentioned. On the other hand, abstract probability spaces on which we will define
our random variables (measurable maps), will usually be taken to be complete.






CHAPTER 2

Measurable functions and integration

In this chapter, we will define measurable functions, Lebesgue integration, and
the basic properties of integrals.

2.1. Measurable functions

DEFINITION 2.1.1. Let (©2,F) and (Q',F') be two measurable spaces. A
function f : Q — €' is called measurable if f~1(A) € F forevery A € F'. Here,
as usual, f~1(A) denotes the set of all = €  such that f(x) € A.

EXERCISE 2.1.2. If (£2;, F;) are measurable spaces fori = 1,2,3, f : Q; —
()5 is a measurable function, and g : {25 — {23 is a measurable function, show that
fog:Qq — Qg is a measurable function.

The main way to check that a function is measurable is the following lemma.

LEMMA 2.1.3. Let (Q,F) and (Y, F') be two measurable spaces and f :
Q — Y be a function. Suppose that there is a set A C F' that generates F', and
suppose that f~*(A) € F forall A € A. Then f is measurable.

PROOF. Itis easy to verify that the set of all B C €’ such that f~!(B) € Fis
a o-algebra. Since this set contains .4, it must also contains the o-algebra generated
by A, which is F’. Thus, f is measurable. O

Essentially all functions that arise in practice are measurable. Let us now see
why that is the case by identifying some large classes of measurable functions.

PROPOSITION 2.1.4. Suppose that 2 and ) are topological spaces, and F
and F' are their Borel o-algebras. Then any continuous function from S into Q' is
measurable.

PROOF. Use Lemma with A = the set of all open subsets of €)' O

A combination of Exercise and Proposition [2.1.4] shows, for example,
that sums and products of real-valued measurable functions are measurable, since
addition and multiplication are continuous maps from R? to R, and if f,g: Q — R
are measurable, then (f, g) : © — R? is measurable with respect to B(R?) (easy
to show).

EXERCISE 2.1.5. Following the above sketch, show that sums and products of
measurable functions are measurable.
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EXERCISE 2.1.6. Show that any right-continuous of left-continuous function
f R — R is measurable.

EXERCISE 2.1.7. Show that any monotone function f : R — R is measurable.

EXERCISE 2.1.8. If {2 is a topological space endowed with its Borel o-algebra,
show that any lower- or upper-semicontinuous f : {2 — R is measurable.

Often, we will have occasion to consider measurable functions that take value
in the set R* = R U {—o00, 0}, equipped with the o-algebra generated by all
intervals of the form [a, b] where —0co < a < b < .

PROPOSITION 2.1.9. Let (2, F) be a measurable space and let { f, }n>1 be a
sequence of measurable functions from € into R*. Let g(w) = inf,>1 fy,(w) and
h(w) = sup,,>1 fu(w) for w € Q0. Then g and h are also measurable functions.

PROOF. For any ¢t € R*, g(w) > t if and only if f,,(w) > ¢ for all n. Thus,
oo
g ([t 00]) = () £ ([t 00)),
n=1

which shows that g~1([t, 00]) € F. Itis straightforward to verify that sets of the
form [t, o] generate the o-algebra of R*. Thus, ¢ is measurable. The proof for &
is similar. (]

The following exercises are useful consequences of Proposition[2.1.9]

EXERCISE 2.1.10. If {f,},>1 is a sequence of R*-valued measurable func-
tions defined on the same measure space, show that the functions lim inf,_,~ f,
and lim sup,,_,, fr are also measurable. (Hint: Write the lim sup as an infimum
of suprema and the lim inf as a supremum of infima.)

EXERCISE 2.1.11. If {f,},>1 is a sequence of R*-valued measurable func-
tions defined on the same measure space, and f,, — f pointwise, show that f is
measurable. (Hint: Under the given conditions, f = limsup,,_,. fn.)

EXERCISE 2.1.12. If { f;, },,>1 is a sequence of [0, co]-valued measurable func-
tions defined on the same measure space, show that ) f,, is measurable.

EXERCISE 2.1.13. If {f,},>1 is a sequence of measurable R*-valued func-
tions defined on the same measurable space, show that the set of all w where
lim f,,(w) exists is a measurable set.

It is sometimes useful to know that Exercise has a generalization to
functions taking value in arbitrary separable metric spaces. In that setting, however,
the proof using lim sup does not work, and a different argument is needed. This is
given in the proof of the following result.

PROPOSITION 2.1.14. Let (2, F) be a measurable space and let S be a sepa-
rable metric space endowed with its Borel o-algebra. If { f, }n>1 is a sequence of
measurable functions from () into S that converge pointwise to a limit function f,
then f is also measurable.
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PROOF. Let B(z,r) denote the open ball with center = and radius r in S.
Since S is separable, any open set is a countable union of open balls. Therefore
by Lemma it suffices to check that f~!(B) € F for any open ball B. Take
such a ball B(x,r). For any w € Q, if f(w) € B(z,r), then there is some large
enough integer k such that f(w) € B(x,r — k~1). Since f,(w) — f(w), this
implies that f,,(w) € B(x,r — k~!) for all large enough n. On the other hand, if
there exists & > 1 such that f,(w) € B(x,r — k~!) for all large enough n, then
f(w) € B(z,r). Thus, we have shown that f(w) € B(z,r) if and only if there is
some integer k > 1 such that f,,(w) € B(z,r — k~!) for all large enough n. In set
theoretic notation, this statement can be written as

B =J U N A Bar—k).

k=1 N=1n=N
Since each f,, is measurable, and o-algebras are closed under countable unions and
intersections, this shows that f ~1(B(x,r)) € F, completing the proof. O

Measurable maps generate o-algebras of their own, which are important for
various purposes.

DEFINITION 2.1.15. Let (2, F) and (€, F’) be two measurable spaces and
let f : Q — €' be a measurable function. The o-algebra generated by f is defined
as

o(f) ={fYA):Aec F}.

EXERCISE 2.1.16. Verify that o(f) in the above definition is indeed a o-
algebra.

2.2. Lebesgue integration

Let (€2, F, u) be a measure space. This space will be fixed throughout this
section. Let f : © — R* be a measurable function, where R* = RU {—o00, 00}, as
defined in the previous section. Our goal in this section is to define the Lebesgue
integral

Aﬂ@@@)
The definition comes in several steps. For A € F, define the indicator function 1 4
as
1 ifweA,
1a(w) = .
0 ifwé¢gA.
Suppose that

f= ZailAi (2.2.1)
=1
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for some aq,...,a, € [0,00) and disjoint sets A1,..., A, € F. Such functions
are called ‘nonnegative simple functions’. For a nonnegative simple function f as

above, define
/ f(w)dp(w Zazu (2.2.2)

A subtle point here is that the same simple functlon can have many different rep-
resentations like (2.2.1). It is not difficult to show that all of them yield the same
answer in (2.2.2)).

Next, take any measurable f : Q — [0,
nonnegative simple functions g such that g(w)

/f(w)d,u(w) = sup /g(w)d,u(w).
Q gESFF(f) /9

It is not difficult to prove that if f is a nonnegative simple function, then this defi-
nition gives the same answer as (2.2.2), so there is no inconsistency.

Finally, take any measurable f : Q — R*. Define f*(w) = max{f(w),0} and
f~(w) = —min{f(w),0}. Then f* and f~ are nonnegative measurable functions
(easy to show), and f = fT — f~. We say that the integral of f is defined when
the integrals of at least one of f+ and f~ is finite. In this situation, we define

/f )dp(w /f+ )dp(w /f w)dp(w

Often, we will simply write | fdu for the integral of f.

oo]. Let SF*(f) be the set of all
< f(w) for all w. Define

DEFINITION 2.2.1. A measurable function f : 2 — R* is called integrable if
J fTdpand [ f~dp are both finite.

Note that for the integral [ fdp to be defined, the function f need not be
integrable. As defined above, it suffices to have at least one of [ f*dpand [ f~du
finite.

EXERCISE 2.2.2. Show that if f is an integrable function, then {w : f(w) =
oo or — oo} is a set of measure zero.

Sometimes, we will need to integrate a function f over a measurable subset
S C  rather than the whole of €). This is defined simply by making f zero
outside S and integrating the resulting function. That is, we define

/S fp = /ﬂ flsdu,

provided that the right side is defined. Here and everywhere else, we use the con-
vention oo - 0 = 0, which is a standard convention in measure theory and proba-
bility. The integral over S can also be defined in a different way, by considering S
itself as a set endowed with a o-algebra and a measure. To be precise, let Fg be
the restriction of F to .S, that is, the set of all subsets of .S that belong to F. Let
s be the restriction of i to Fg. Let fg be the restriction of f to .S. It is easy to
see that (S, Fg, pus) is a measure space and fg is a measurable function from this
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space into R*. The integral of f over the set S can then be defined as the integral
of fs on the measure space (S, Fg, pus), provided that the integral exists. When
S = (), the integral can be defined to be zero.

EXERCISE 2.2.3. Show that the two definitions of |, g Jdpu discussed above are
the same, in the sense that one is defined if and only if the other is defined, and in
that case they are equal.

2.3. The monotone convergence theorem

The monotone convergence theorem is a fundamental result of measure theory.
We will prove this result in this section. First, we need two lemmas. Throughout,
(Q, F, ) denotes a measure space.

LEMMA 2.3.1. If f,g : Q — [0, 00| are two measurable functions such that
[ < g everywhere, then [ fdu < [ gdp.

PROOF. If s € SFT(f), then s is also in SF*(g). Thus, the definition of [ gdu
takes supremum over a larger set than | fdu. This proves the inequality. U

LEMMA 2.3.2. Let s : 2 — [0, 00) be a measurable simple function. For each
S e F,letv(S) := [gsdu. Then v is a measure on (2, F).

PROOF. Suppose that

n
s = E ailAi.
i=1

Since () = 0 by definition, it suffices to show countable additivity of v. Let
S1, 59, ... be a sequence of disjoint sets in F, and let S be their union. Then

v(S) = apu(4;inS)

i=1

Since an infinite series with nonnegative summands may be rearranged any way
we like without altering the result, this gives

v(8) =Y aip(AinS;) = v(S;).

j=1i=1 j=1
This proves the countable additivity of v. (]
THEOREM 2.3.3 (Monotone convergence theorem). Suppose that { fp}n>1 is

a sequence of measurable functions from Q) into [0, 00|, which are increasing point-
wise to a limit function f. Then f is measurable, and [ fdu = lim [ f,dpu.
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PROOF. The measurability of f has already been established earlier (Exercise

R.1.11). Since f > f, for every n, Lemma.3.1|gives [ fdu > lim [ fndu, where

the limit on the right exists because the integrals on the right are increasing with n.
For the opposite inequality, take any s € SFT (). Define

US) = | sd.

so that by Lemma [2.3.2} v is a measure on 2. Take any o € (0, 1). Let
Sp i ={w:as(w) < fu(w)}.

It is easy to see that these sets are measurable and increasing with n. Moreover,
note that any w € € belongs to .S, for all sufficiently large n, because f,(w)
increases to f(w) and as(w) < f(w) (unless f(w) = 0, in which case as(w) =
fn(w) = 0 for all n). Thus, € is the union of the increasing sequence S, So, . . ..
Since v is a measure, this shows that

/sd,u =v(Q) = lim v(S,) = lim sdp.

n—oo n—oo S
n

But as < f,, on .S,,. Moreover, it is easy to see that

/ asdy = a/ sdp
Sn Shn

since s is a simple function. Thus, by Lemma[2.3.1]

a / sdj = / asdp < / fudpt < / Fudp.

Combining the last two steps, we get & [ sdu < lim [ f,dp. Since a € (0,1) is
arbitrary, this shows that [ sdy < lim [ f,du. Taking supremum over s, we get
the desired result. U

EXERCISE 2.3.4. Produce a counterexample to show that the nonnegativity
condition in the monotone convergence theorem cannot be dropped.

The next exercise generalizes Lemma[2.3.2]

EXERCISE 2.3.5. Let f : 2 — [0, 00| be a measurable function. Show that the
functional v(S) := [ fdu defined on F is a measure.

The following result is often useful in applications of the monotone conver-
gence theorem.

PROPOSITION 2.3.6. Given any measurable f : Q — [0,00|, there is a se-
quence of nonnegative simple functions increasing pointwise to f.

PROOF. Take any n. If k27" < f(w) < (k + 1)27" for some integer 0 <
k< n2™ let fr(w) = k27" If f(w) > n, let f,(w) = n. Itis easy to check that
the sequence { f,, },,>1 is a sequence of nonnegative simple functions that increase
pointwise to f. O
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EXERCISE 2.3.7 (Change of variable formula). Let (€21, F7, pt1) be a measure
space and (€29, F2) be a measurable space. Letg : Q1 — Qo and f : Q9 — R
be measurable functions such that f o g is integrable. Let v be the measure on {29
induced by g, that is, v(A) := p1(g~'(A)) for each A € F,. Then show that f is
integrable with respect to v, and

fogduy = [ fdv.
Ql Q2
(Hint: Start with f = 14 and use Proposition and the monotone convergence
theorem to generalize.)

2.4. Linearity of the Lebesgue integral

A basic result about Lebesgue integration, which is not quite obvious from the
definition, is that the map f ~ [ fd is linear. This is a little surprising, because
the Lebesgue integral is defined as a supremum, and functionals that are defined
as suprema or infima are rarely linear. In the following, when defining the sum
of two functions, we adopt the convention that co — co = 0. Typically such a
convention can lead to inconsistencies, but if the functions are integrable then such
occurrences will only take place on sets of measure zero and will not cause any
problems.

PROPOSITION 2.4.1. If f and g are two integrable functions from ) into R,
then for any o, 8 € R, the function of + By is integrable and [(af + Bg)dp =
a [ fdu + B [ gdu. Moreover, if f and g are measurable functions from Q into
[0, 00] (but not necessarily integrable), then [(f + g)dp = [ fdp+ [ gdu, and
forany a € R, [afdp = o [ fdu.

PROOF. It is easy to check that additivity of the integral holds for nonnega-
tive simple functions. Take any measurable f,g : 2 — [0, 00]. Then by Propo-
sition there exist sequences of nonnegative simple functions {uy, },>1 and
{vn }n>1 increasing to f and g pointwise. Then u,, + v, increases to f + g point-
wise. Thus, by the linearity of integral for nonnegative simple functions and the
monotone convergence theorem,

/(f +g)dp = lim /(un + vy )dp

= ILm </undu+/vnd,u> :/fd,u—i-/gd,u.

Next, take any o > 0 and any measurable f : Q@ — [0,00]. Any element of
SF* (af) must be of the form ag for some g € SFT(f). Thus

/afd,u: sup /ozgd,u:oz sup /gd,u: a/fdu.
gESFT(f) gESFF(f)
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If a <0, then (af)" =0 and (af)” = —af. Thus,

[atan=- [apiun=a [ sau

This completes the proofs of the assertions about nonnegative functions. Next, take
any integrable f and g. It is easy to see that a consequence of integrability is that
set where f or g take infinite values is a set of measure zero. The only problem in
defining the function f + ¢ is that at some w, it may happen that one of f(w) and
g(w) is 0o and the other is —oo. At any such point, define (f + ¢g)(w) = 0. Then
f + g is defined everywhere, is measurable, and (f + g)™ < f* + g*. Therefore,
by the additivity of integration for nonnegative functions and the integrability of f
and g, [(f + ¢)*du is finite. Similarly, [(f + g)~dp is finite. Thus, f + g is
integrable. Now,

(f+t—(f+9) =Ff+g=f"—f"+g" -9,
which can be written as
f+9) "+ +9g =(+9 +f+g"

Note that the above identity holds even if one or more of the summands on either
side are infinity. Thus, by additivity of integration for nonnegative functions,

/(f+g)+du+/f_du+/g‘du= /(f+9)_du+/f+du+/g+dﬂ,

which rearranges to give [(f + g)dp = [ fdu+ [ gdp. Finally, if f is integrable

and o > 0, then (af)™ = aft and (af)” = af~, which shows that af is
integrable and [ afdp = a [ fdp. Similarly, @ < 0, then (af)™ = —af~ and
(af)” = —af™, and the proof can be completed as before. O

An immediate consequence of Proposition is that if f and g are measur-
able real-valued functions such that f > g everywhere, then [ fdp > [ gdp. This
can be seen easily by writing f = (f — g) + g, and observing that f — g is nonneg-
ative. Another immediate consequence is that integrability of f is equivalent to the
condition that [ |f|d is finite, since |f| = f* + f~. Finally, another inequality
that we will often use, which is an easy consequence of the triangle inequality, the
definition of the Lebesgue integral, and the fact that | f| = f+ + f~, is that for any
[ :Q — R*such that [ fdu is defined, | [ fdu| < [ |f|du.

The reader may be wondering about the connection between the Lebesgue in-
tegral defined above and the Riemann integral taught in undergraduate analysis
classes. The following exercises clarify the relationship between the two.

EXERCISE 2.4.2. Let [a,b] be a finite interval, and let f : [a,b] — R be
a bounded measurable function. If f is Riemann integrable, show that it is also
Lebesgue integrable and that the two integrals are equal.

EXERCISE 2.4.3. Give an example of a Lebesgue integrable function on a
finite interval that is not Riemann integrable.

EXERCISE 2.4.4. Generalize Exercise to higher dimensions.
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EXERCISE 2.4.5. Consider the integral

00 s
Sin x
dx.
0 X

Show that this makes sense as a limit of integrals (both Lebesgue and Riemann)
from 0 to a as a — co. However, show that the above integral is not defined as an
integral in the Lebesgue sense.

Lebesgue integration with respect to the Lebesgue measure on R (or R™) shares
many properties of Riemann integrals. The following is one example.

EXERCISE 2.4.6. Let f : R — R be a Lebesgue integrable function. Take any
a € R and let g(z) := f(x + a). Then show that [ gd\ = [ fd\, where X is
Lebesgue measure. (Hint: First prove this for simple functions.)

The following exercise has many applications in probability theory.

EXERCISE 2.4.7. If f1, fo,... are measurable functions from £ into [0, o],

show that [ " fidu =" [ fidp.

2.5. Fatou’s lemma and dominated convergence

In this section we will establish two results about sequences of integrals that
are widely used in probability theory. Throughout, (2, F, 1) is a measure space.

THEOREM 2.5.1 (Fatou’s lemma). Let { fy, }n>1 be a sequence of measurable
functions from Q into [0, 00]. Then [(liminf f,)dp < liminf [ f,dpu.

PROOF. For each n, let g, := inf;,>y f,. Then, as n — oo, g, increases
pointwise to ¢ := liminf, ,. f,. Moreover, g, < f, everywhere and g,, and
g are measurable by Exercise [2.1.10] Therefore by the monotone convergence

theorem,
o < i
/ gdp = lim / gndp < liminf / fndp,

which completes the proof. (|

THEOREM 2.5.2 (Dominated convergence theorem). Let {f,}n>1 be a se-
quence of measurable functions from ) into R* that converge pointwise to a limit
function f. Suppose that there exists an integrable function h such that for each
n, | fu| < h everywhere. Then lim [ fpdu = [ fdu. Moreover, we also have the
stronger result lim [ | fn, — f|du = 0.

PROOF. We know that f is measurable since it is the limit of a sequence of
measurable functions (Exercise . Moreover, |f| < h everywhere. Thus,
fn + h and f + h are nonnegative integrable functions and f,, + h — f + h
pointwise. Therefore by Fatou’s lemma, [(f + h)dp < liminf [(f, + h)dpu.
Since all integrals are finite (due to the integrability of h and the fact that | f,,| and
| f| are bounded by h), this gives [ fdp < liminf [ f,dp.
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Now replace f,, by —f,, and f by —f. All the conditions still hold, and there-
fore the same deduction shows that [(—f)du < liminf [(—f,)du, which is the
same as [ fdu > limsup [ f,dp. Thus, we get [ fdp = lim [ frdpu.

Finally, to show thatlim [ |f,,— f|du = 0, observe that | f,,— f| — 0 pointwise,
and |f,, — f| is bounded by the integrable function 2h everywhere. Then apply the
first part. ([

EXERCISE 2.5.3. Produce a counterexample to show that the nonnegativity
condition in Fatou’s lemma cannot be dropped.

EXERCISE 2.5.4. Produce a counterexample to show that the domination con-
dition of the dominated convergence theorem cannot be dropped.

A very important application of the dominated convergence theorem is in giv-
ing conditions for differentiating under the integral sign.

PROPOSITION 2.5.5. Let I be an open subset of R, and let (0, F, 1) be a
measure space. Suppose that f : I x Q0 — R satisfies the following conditions:
(i) f(x,w) is an integrable function of w for each x € I,
(i) for all w € S, the derivative f,. of f with respect to x exists for all x € I,
and
(iii) there is an integrable function h : Q — R such that | f(z,w)| < h(w)
forallx € I and w € ().

Then for all x € 1,
/fxwdu /fxxwdu)

PROOF. Take any x € [ and a sequence x,, — x. Without loss of generality,
assume that x,, # = and x,, € I for each n. Define

gn(w) — f(xaw) — f(.’En,CU).

T — T
Since the derivative of f with respect to x is uniformly bounded by the function h,
it follows that |g, (w)| < h(w). Since h is integrable and g, (w) — f.(z,w) for
each w, the dominated convergence theorem gives us

lim | go(w)dpu(w) = /Q fo(,0)dpa(w).

n—oo Q
But
)du( ;
[ @) = Jn W= S Tondnte)
Q r — Tp
which proves the claim. U

A slight improvement of Proposition[2.5.3]is given in Exercise[2.6.8]later. Sim-
ilar slight improvements of the monotone convergence theorem and the dominated
convergence theorem are given in Exercise
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2.6. The concept of almost everywhere

Let (2, F, ) be a measure space. An event A € F is said to ‘happen al-
most everywhere’ if u(A°) = 0. Almost everywhere is usually abbreviated as
a.e. Sometimes, in probability theory, we say ‘almost surely (a.s.)’ instead of a.e.
When the measure p may not be specified from the context, we say p-a.e. If f
and g are two functions such that the {w : f(w) = g(w)} is an a.e. event, we
say that f = g a.e. Similarly, if {f,},>1 is a sequence of functions such that
{w @ limy 00 fn(w) = f(w)} is an a.e. event, we say f,, — f a.e. We have al-
ready seen an example of a class of a.e. events in Exercise The following is
another result of the same type.

PROPOSITION 2.6.1. Let f : Q — [0, 00] be a measurable function. Then
[ fdp=0ifand only if f =0 a.e.

PROOF. First suppose that pu({w : f(w) > 0}) = 0. Take any nonnegative
measurable simple function g such that g < f everywhere. Then ¢ = 0 whenever
f =0. Thus, p({w : g(w) > 0}) = 0. Since g is a simple function, this implies
that [ gdp = 0. Taking supremum over all such g gives [ fdu = 0. Conversely,
suppose that p({w : f(w) > 0}) > 0. Then

pl{e flw) > 0}) = (U{w o) > )

= nlgl;o M({w : (w) > nil}) >0,

where the second equality follows from the observation that the sets in the union
form an increasing sequence. Therefore for some n, p(A,) > 0, where A, =
{w: f(w) >n"1}. But then

/fd,uz/flAnduZ/n_llAndu:n_lu(An)>O.

This completes the proof of the proposition. O
The following exercises are easy consequences of the above proposition.

EXERCISE 2.6.2. If f, g are integrable functions on 2 such that f = g a.e,,
then show that [ fdu = [ gdp and [|f — g|dp = 0. Conversely, show that if

JIf —gldp =0, then f = g ae.

EXERCISE 2.6.3. Suppose that f and g are two integrable functions on €2 such
that f > g a.e. Then show that [ fdu > [ gdpu, and equality holds if and only if

f=gae.

Broadly speaking, the idea is that ‘almost everywhere’ and ‘everywhere’ can
be treated as basically the same thing. There are some exceptions to this rule of
thumb, but in most situations it is valid. Often, when a function or a limit is defined
almost everywhere, we will treat it as being defined everywhere by defining it arbi-
trarily (for example, equal to zero) on the set where it is undefined. The following
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exercises show how to use this rule of thumb to get slightly better versions of the
convergence theorems of this chapter.

EXERCISE 2.6.4. If { f,}n>1 is a sequence of measurable functions and f is a
function such that f,, — f a.e., show that there is a measurable function g such that
g = f a.e. Moreover, if the o-algebra is complete, show that f itself is measurable.

EXERCISE 2.6.5. Show that in the monotone convergence theorem and the
dominated convergence theorem, it suffices to have f,, — f a.e. and f measurable.

EXERCISE 2.6.6. Let f : 2 — I be a measurable function, where I is an
interval in R*. The interval I is allowed to be finite or infinite, open, closed or
half-open. In all cases, show that | fdp € I if p is a probability measure. (Hint:

Use Exercise [2.6.3])

EXERCISE 2.6.7. If f1, fo, ... are measurable functions from 2 into R* such
that > [ |fildu < oo, then show that Y f; exists a.e.,and [ > fidu =" [ fidu.

EXERCISE 2.6.8. Show that in Proposition [2.5.5] every occurrence of ‘for all
w € €’ can be replaced by ‘for almost all w € €2’.



CHAPTER 3

Product spaces

This chapter is about the construction of product measure spaces. Product
measures are necessary for defining sequences of independent random variables,
that form the backbone of many probabilistic models.

3.1. Finite dimensional product spaces

Let (21, F1),...,(2y, Fy) be measurable spaces. Let Q = Q; x --- x Q,
be the Cartesian product of 1, ..., £,. The product o-algebra F on 2 is defined
as the o-algebra generated by sets of the form A; x --- x A,, where A; € F; for
1 =1,...,n. Itis usually denoted by F7 X --- X Fp,.

PROPOSITION 3.1.1. Let Q2 and F be as above. If each (); is endowed with a
o-finite measure |i;, then there is a unique measure (i on §2 which satisfies
n
p(AL x - x Ay) = [T (A (3.1.1)
i=1
foreach Ay € Fi,..., A, € Fa.

PROOF. Itis easy to check that the collection of finite disjoint unions of sets of
the form A; x - - - x A, (sometimes called ‘rectangles’) form an algebra. Therefore
by Carathéodory’s theorem, it suffices to show that p defined through (3.1.1)) is a
countably additive measure on this algebra.

We will prove this by induction on n. It is true for n = 1 by the definition of a
measure. Suppose that it holds for n — 1. Take any rectangular set A; x --- X A,,.
Suppose that this set is a disjoint union of A; 1 x --- x A4; ,, fori = 1,2, ..., where
A;j € Fj foreach ¢ and j. It suffices to show that

:u(Al X X An) = Z'LL(A'LJ X e X Az,n)
i=1

Take any z € Ay X --- x A,_1. Let I be the collection of indices ¢ such that
x € Ajqg XX Ajp_1. Take any y € A,,. Then (z,y) € A; x --- x A,, and
hence (z,y) € A;1---x--- A, for some 4. In particular, z € A; 1 X -+ X Aj 1
and hence ¢ € I. Also, y € A; ,,. Thus,

i€l
27



28 3. PRODUCT SPACES

On the other hand, if y € A;,, for some i € I, then (z,y) € Aj1 X -+ X Ajp.
Thus, (z,y) € A1 X --- X A,, and therefore y € A,,. This shows that A,, is the
union of A; , over i € I. Now, if y € A;,, N A;,, for some distinct 7, j € I, then
since x € (Aj1 X -+ X Ajp_1) N (A1 x -+ X Aj 1), we get that (z,y) €
(Aj1 x - xAjpn)N(Aj1 x -+ x Ajy), which is impossible. Thus, the sets A; ,,,
as ¢ ranges over I, are disjoint. This gives

pn(An) = Z pin (Ain)-
el
Finally,ifx ¢ Ay x---x A,_jandz € A;1 X -+ X A; 5,1 for some ¢, then 4, ,,
must be empty, because otherwise (x,y) € A;1 x --- x A; , forany y € A, ,, and
so (z,y) € A; x --- x A, which implies that z € Ay x --- x A,,_1. Therefore
we have proved that

[e.e]
LAy xox An—y (%) pin (An) = Z LA %X Ajn () pn(Ain)-
=1

Let ¢/ := py X +-+ X jp_1, which exists by the induction hypothesis. Integrat-
ing both sides with respect to the measure ¢’ on Q; X - -+ x €,,_1, and applying

Exercise [2.4.7]to the right, we get
/ - /
(AL X X Ap ) pn(An) =Y i (Aiy X -+ X g1 (Ain)-
i=1

The desired result now follows by applying the induction hypothesis to x’ on both
sides. ]

The measure 1 of Proposition [3.1] is called the product of fi1, ..., i, and is
usually denoted by 11 X - -+ X fiy.

EXERCISE 3.1.2. Let (£2;, F;, ;) be o-finite measure spaces for i = 1,2, 3.
Show that (/~L1 X ,uQ) X g = (1 X g X pug = p1 X (,uz X /J,g).

EXERCISE 3.1.3. Let S be a separable metric space, endowed with its Borel
o-algebra. Then S x S comes with its product topology, which defines its own
Borel g-algebra. Show that this is the same as the product o-algebra on S x S.

EXERCISE 3.1.4. Let S be as above, and let (£2, F) be a measurable space. If
f and g are measurable functions from (2 into S, show that (f,g) : @ — S x S'is
a measurable function.

EXERCISE 3.1.5. Let S and € be as above. If p is the metric on .S, show that
p: S xS — Risameasurable map.

EXERCISE 3.1.6. Let (2, F) be a measurable space and let S be a complete
separable metric space endowed with its Borel o-algebra. Let { fy,},>1 be a se-
quence of measurable functions from €2 into .S. Show that

{wes: le fn(w) exists}
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is a measurable subset of 2. (Hint: Try to write this set as a combination of count-
able unions and intersections of measurable sets, using the Cauchy criterion for
convergence on complete metric spaces.)

3.2. Fubini’s theorem

We will now learn how to integrate with respect to product measures. The
natural idea is to compute an integral with respect to a product measure as an
iterated integral, integrating with respect to one coordinate at a time. This works
under certain conditions. The conditions are given by Fubini’s theorem, stated
below. We need a preparatory lemma.

LEMMA 3.2.1. Let (Q2;, F;) be measurable spaces fori = 1,2,3. Let f : Q0 X
Qo — Qs be a measurable function. Then for each x € Q, the map y — f(x,y)
is measurable on )s.

PROOF. Take any A € Fzand z € Q. Let B := f~!(A) and

B, :={yeQo:(z,y) € By ={y € Qy: f(z,y) € A}.
We want to show that B, € F». For the given x, let G be the setof all £ € F7 X Fo
such that £, € Fy, where £, := {y € Qy : (z,y) € E}. An easy verification
shows that G is a o-algebra. Moreover, it contains every rectangular set. Thus,
G O Fi x Fa, which shows in particular that B, € F5 for every x € ()4, since
B € F; x F3 due to the measurability of f. O

THEOREM 3.2.2 (Fubini’s theorem). Let (1, F1, 1) and (2, Fa, p2) be two
o-finite measure spaces. Let jn = p1 X po, and let f : Q1 X Qo — R* be
a measurable function. If f is either nonnegative or integrable, then the map
x = [o, f(@,y)duz(y) on Q1 and the map y = [o f(x,y)dui(x) on Qo are
well-defined and measurable (when set equal to zero if the integral is undefined).
Moreover, we have

/ flz,y)du(r,y) = / [z, y)dpa(y)dp (x)
Q1 xQ9 Q1 J Qo

=[] s @),
Q2 Sy
Finally, if either of

//Ifxylduz )dp (x /92/91 (@, y)|dp (z)dpa(y)

is finite, then f is integrable.

PROOF. First, suppose that f = 14 for some A € F; x Fa. Then notice that
for any « € {1y,

[z, y)dua(y) = p2(Az),

Qo
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where A, := {y € Q3 : (z,y) € A}. The integral is well-defined by Lemma|[3.2.1]
We will first prove that x — p2(A,) is a measurable map, and its integral equals
w(A). This will prove Fubini’s theorem for this f.

Let £ be the set of all E € F; x Fa such that the map x — pu2(E,) is
measurable and integrates to (). We will now show that £ is a A-system. We
will first prove this under the assumption that 11 and o are finite measures. Clearly
Q1 x Qo € LI Ey, Fy, ... € L are disjoint, and F is their union, then for any =,
E, is the disjoint union of (E1),, (F2)y, - . ., and hence

z) = Z p2((Ei)z)
=1

By Exercise [2.1.12] this shows that  +— pu92(E,) is measurable. The monotone
convergence theorem and the fact that I; € £ for each 4 show that

/Ql p2(Ey)dp (z Z/Q z)dp (T ZM

Thus, E € L, and therefore L is closed under countable dlS_]OlIlt unions.
Finally, take any I/ € L. Since p1 and uso are finite measures, we have

p2((E%)2) = p2((Ex)®) = p2(Q2) — pa(Ee),
which proves that z — p9((E°),) is measurable. It also proves that

/ i (E9))dpes () = i () 1a(22) — / (B dpa (2)
Q4 951

— () - u(E) = p(E°).
Thus, £ is a A-system. Since it contains the 7-system of all rectangles, which
generates F; X Ja, we have now established the claim that for any E € F; X Fo,
the map = — puo(F,) is measurable and integrates to p(E), provided that xq and
L2 are finite measures.

Now let p1 and p2 be o-finite measures. Let {Ey, 1}n>1 and {E) 2},>2 be
sequences of measurable sets of finite measure increasing to §2; and €)s, respec-
tively. For each n, let E,, := E, 1 x E, 2, and define the functionals y,, 1 (A) :=
/,Ll(A N En,l)v /LmQ(B) = /,LQ(B N En’g) and Mn(E) = /,L(E N En) for A € F1,
B € Fyand E € F; x Fo. Itis easy to see that these are finite measures, increasing
to 1, po and p.

If f: Q) — [0, 00] is a measurable function, it is easy see that

; f(@)dpna(z) = ; f@)g, , (2)dp (2), (3.2.1)

where we use the convention co - 0 = 0 on the right. To see this, first note that it
holds for indicator functions by the definition of 1, 1. From this, pass to simple
functions by linearity and then to nonnegative measurable functions by the mono-
tone convergence theorem and Proposition

Next, note that for any E' € F; X F3 and any = € 4, ua(FE,) is the increasing
limit of ju,2(E;)1E, ,(v) as n — oo. Firstly, this shows that x > puo(Ey) is
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a measurable map. Moreover, for each n, p, = p,,1 X fin,2, as can be seen by
verifying on rectangles and using the uniqueness of product measures on o-finite
spaces. Therefore by the monotone convergence theorem and equation (3.2.1),

/Q p2(Ez)dpi(z) = lm [ pin2(Ee)lp, , (x)du (z)

n—oo 0

= lim Mn72(Ex)dNn,1(x)

n—o0 Ql
~ tim () = u(B).
n—oo

This completes the proof of Fubini’s theorem for all indicator functions. By linear-
ity, this extends to all simple functions. Using the monotone convergence theorem
and Proposition it is straightforward the extend the result to all nonnegative
measurable functions.

Now take any integrable f : 1 x Qs — R*. Applying Fubini’s theorem to f*
and f—, we get

/ Fp = / (@ y)dpa(y)dn (@) — / (2, y)dus(y)dps ()
Ql QQ Ql QZ
_ / o)y () — / W)y (),
Q1

941

where
g(x) = : [, y)dps(y), h(z) = s f (@, y)dpa(y).

By Fubini’s theorem for nonnegative functions and the integrability of f, it follows
that g and h are integrable functions. Thus,

[ fdn= /Q (5(0) ~ h)dp @)

where we have adopted the convention that oo — oo = 0, as in Proposition [2.4.1
Now, at any = where at least one of g(x) and h(x) is finite,

@) =) = [ () = £ @dia) = [ fa)deata) 322
2 2

On the other hand, the set where g(z) and h(x) are both infinite is a set of measure

zero, and therefore we may define

/ F,y)dua(y) = 0
Qo

on this set, so that again (3.2.2)) is valid under the convention co — co = 0. (The
construction ensures, among other things, that z — fQQ f(x,y)dusa(y) is a measur-
able function.) This concludes the proof of Fubini’s theorem for integrable func-
tions. The final assertion of the theorem follows easily from Fubini’s theorem for
nonnegative functions. O
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EXERCISE 3.2.3. Produce a counterexample to show that the integrability con-
dition in Fubini’s theorem is necessary, in that otherwise the order of integration
cannot be interchanged even if the two iterated integrals make sense.

EXERCISE 3.2.4. Compute the Lebesgue measure of the unit disk in R? by
integrating the indicator function of the disk using Fubini’s theorem.

3.3. Infinite dimensional product spaces

Suppose now that {(£2;, F;, it;) }52, is a countable sequence of o-finite mea-
sure spaces. Let {2 = )1 x {9 X - - -. The product g-algebra F = F1 X Fa X - - - is
defined to be the o-algebra generated by all sets of the form A; x As x - - -, where
A; = Q; for all but finitely many . Such sets generalize the notion of rectangles to
infinite product spaces.

Although the definition of the product o-algebra is just as before, the existence
of a product measure is a slightly trickier question. In particular, we need that
each p; is a probability measure to even define the infinite product measure on
rectangles in a meaningful way. To see why this condition is necessary, suppose
that the measure spaces are all the same. Then if 1;(€2;) > 1, each rectangle must
have measure oo, and if 11;(€2;) < 1, each rectangle must have measure zero. To
avoid these trivialities, we need to have ;(€2;) = 1.

THEOREM 3.3.1. Let all notation be as above. Suppose that {(1;}5° are prob-
ability measures. Then there exists a unique probability measure 1 on (2, F) that
satisfies

o
p(Ar x Ag xc--) = [ pa(As)
i=1
for every Ay x Ag X - - - such that A; = §; for all but finitely many i.

PROOF. First note that by the existence of finite dimensional product mea-
sures, the measure v, := p1 X - -+ X uy, is defined for each n.

Next, define Qm) .= Qpt1 X Qpio X ---. Let A € F be called a cylinder set
if it is of the form B x Q) for some n and some B € F1 X -+ x F,. Define
w(A) := v, (B). Itis easy to see that this is a well-defined functional on A, and
that it satisfies the product property for rectangles.

Let A be the collection of all cylinder sets. It is not difficult to check that
A is an algebra, and that g is finitely additive and o-finite on A. Therefore by
Carathéodory’s theorem, we only need to check that y is countably additive on A.
Suppose that A € A is the union of a sequence of disjoint sets A1, Ao,... € A.
For each n, let B,, := A\ (A; U---U A,,). Since A is an algebra, each B,, € A.
Since  is finitely additive on A, u(A) = u(By) + p(A1) + - - - + p(A,) for each
n. Therefore we have to show that lim p(B,,) = 0. Suppose that this is not true.
Since {By,},>1 is a decreasing sequence of sets, this implies that there is some
e > 0 such that y(B,,) > e for all n. Using this, we will now get a contradiction to
the fact that NB,, = 0.
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For each n, let A be the algebra of all cylinder sets in Q™| and let (") be
defined on A(™ using Hn+1, Pnt2, - - -, the same way we defined p on A. For any
n, m,and (1, ...,Zmy) € Q1 X -+ X Qyy, define

Bn(z1,. -y xm) = {(Tm+1, Tmt2,--.) € Qim . (x1,22,...) € Bp}.
Since B, is a cylinder set, it is of the form C,, x Q™ for some m and some
Cp € F1 X+ - X Fp,. Therefore by Lemma@L By (x1) € AW forany z1 € Q,
and by Fubini’s theorem, the map x; — p(V)(B,(z1)) is measurable. (Although
we have not yet shown that £(!) is a measure on the product o-algebra of Q) it is
evidently a measure on the o-algebra G of all sets of the form D x Q™) C Q1)

where D € F5 X - - - X F,,,. Moreover, B,, € F; x G. This allows us to use Fubini’s
theorem to reach the above conclusion.) Thus, the set

Fy = {x1 € Q : pM (B, (1)) > €/2}

is an element of 7. But again by Fubini’s theorem,
p(B) = [ 1O (Bu(on))dia 1)
— [ WOBae (o) + [ OB o)

c
n n

€
< pn(Fn) + >

Since p(By) > e, this shows that p;(F,) > €/2. Since {F), },>1 is a decreasing
sequence of sets, this shows that NF}, # (). Choose a point ] € NF,,.

Now note that { B,,(x7])},,>1 is a decreasing sequence of sets in F (1), such that
pM (B, (x1)) > €/2 for each n. Repeating the above argument for the product
space Q1) and the sequence { B,,(%)},>1, we see that there exists x5 € Qs such
that 1) (B, (z%,23)) > €/4 for every n.

Proceeding like this, we obtain a point z = (x7, 23, ...) € € such that for any
m and n,

pw™ (B (a3, ... xk)) > 27 ™,

Take any n. Since B, is a cylinder set, it is of the form C,, x Q"™ for some m
and some C,, € Fy X - -+ X Fy,. Since (™ (B, (z%, ..., x%,)) > 0, there is some
(Trmi1s Tmy2, .- .) € QU such that (z3,..., 2%, Tymi1, Tmao, . ..) € By. Butby
the form of B,,, this implies that x € B,,. Thus, x € NB,. This completes the
proof. (]

Having constructed products of countably many probability spaces, one may
now wonder about uncountable products. Surprisingly, this is quite simple, given
that we know how to handle the countable case. Suppose that {(€2;, Fi, ;) bier
is an arbitrary collection of probability spaces. Let ) := Xx;c;€);, and let F :=
X ;e1Fi be defined using rectangles as in the countable case. Now take any count-
able set J C I, and let F; := Xjc;F;. Consider a set A € F of the form
{(wi)ier : (wj)jes € B}, where B is some element of F;. Let G be the collection
of all such A, as B varies in F; and J varies over all countable subsets of I. It is
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not hard to check that G is in fact a o-algebra. Moreover, it is contained in F, and
it contains all rectangular sets. Therefore G = F. Thus we can define y on this
o-algebra simply using the definition of the product measure on countable product
spaces.

Sometimes showing that some function is measurable with respect to an infinite
product o-algebra can be somewhat tricky. The following exercise gives such an
example, which arises in percolation theory.

EXERCISE 3.3.2. Take any d > 1 and consider the integer lattice Z¢ with
the nearest-neighbor graph structure. Let E denote the set of edges. Take the
two-point set {0, 1} with its power set o-algebra, and consider the product space
{0,1}P. Given w = (we)eer € {0,1}F, define a subgraph of Z? as follows: Keep
an edge e if we = 1, and delete it otherwise. Let NV (w) be the number of connected
components of this subgraph. Prove that N : {0,1}¥ — {0,1,2,...} U{oo} isa
measurable function.

3.4. Kolmogorov’s extension theorem

While infinite dimensional product measures are sufficient for many purposes,
sometimes we need to construct non-product measures on infinite dimensional
spaces. The fundamental tool for such constructions, known as Kolmogorov’s
existence theorem (also as Kolmogorov’s consistency theorem, or the Daniell-
Kolmogorov theorem), is stated below.. The version given here works only for
Euclidean spaces. There is a more general version that works for any complete
separable metric space — see Exercise [I2.4.4]in Chapter|[12]

THEOREM 3.4.1 (Kolmogorov’s extension theorem). Take any d > 1. Suppose
that for each n, we have a probability measure pi,, on ((RY)™, B((R)™)) such that
the collection {ji, }n>1 satisfies the following consistency property: For each n, if
(X1,..., Xnyt1) is a random array with law pip 11, then (X1, . .., X,,) has law pu,.
Then there is a unique probability measure i on the product o-algebra of (R4)N
such that if (X1, Xo,...) ~ u, thenforalln, (X1,...,Xp) ~ lin.

To prove this result, we first need to establish that every probability measure
on Euclidean space has a property known as ‘regularity’.

LEMMA 3.4.2 (Regularity of probability measures). Let i be a probability
measure on R™. Then for any B € B(R"),

u(B) =inf{u(U) : U O B, U open}
= sup{u(C) : C C B, C closed}
= sup{u(K) : K C B, K compact}.

PROOF. Let C be the collection of Borel sets B for which the first and second
identities displayed above hold true. It is easy to see that C contains all closed sets,
since for closed set C' can be written as the decreasing intersection of the open sets

Up ={xeR": |z —y| <1/kforsomey € C},
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where |z — y| denotes the Euclidean norm of x — y. Thus, the proof of the first two
identities will be complete if we can show that C is a o-algebra.

It is easy to see that ) € C. Next, if B € C, then it is not hard to see that
B¢ € C using the observation that if C' C B is a closed set and U O B is an
open set, then C¢ O B¢ is an open set and U¢ C B¢ is a closed set. Next, take
any By, Ba,... € C and let B be their union. Take any ¢ > (. Find closed sets
Cy C By,Cy C By,... such that u(C;) > p(B;) — 2 e for each 4, and open
sets Uy D By,Usy D Bo,... such that u(U;) < u(B;) + 2 % for each 4. Let
U := U;>1U;, so that U is an open set, and

p(U) = w(B) <> (w(Ui) — u(By)) < e.
i=1

Similarly, letting C' := U;>1C}, we have

p(B) — p(C) <Y (u(Bi) — p(Ch)) < e.
=1

The problem is, C' may not be closed. But this is easily resolved by taking k
large enough so that 14(C) — u(UE_,C;) < e. Then C’ := UE_|C; is a closed set
contained in B, and p(B) — u(C") < 2e. This proves that C is a o-algebra.
Finally, to prove the third identity, take any B € B(R"), any ¢ > 0, and a
closed set C' C B such that u(B) — u(C) < e. Let B, denote the closed ball of
radius r centered at the origin. Then p(C N B,) — p(C) asr — oo, and C' N B,
is a compact subset of C. Thus, it is possible to find a compact set K C C such
that u(B) — u(K) < 2e. O

PROOF OF THEOREM [3.4.1l We will use Carathéodory’s extension theorem
(Theorem [I.5.1)) to prove both the existence and the uniqueness of 1. Let A be the
algebra of cylinder sets of (R%)N, that is, sets of the form

{w S (Rd)N : (wg, R ,wkfl) S B}

for some k and some B € B((R%)*). Note that the consistency of the family
{1tn }n>1 automatically implies the existence of a finitely additive probability mea-
sure 1 on A defined in the the natural way. To apply Carathédory’s theorem, we
only have to show that 1 is countably additive on .A.

Let Ay, As, ... be a disjoint sequence of elements of A such that their union,
A, is also in A. We need to show that pu(A) = >~°, 1u(A;). Note that for any n,
the finite additivity of x implies that

n
p(A) = u(Bn) + > p(Ay),
i=1
where B, := A\U}"_; A;. Thus, we only need to show that ;:(B,,) — 0asn — oco.

We will prove this by contradiction. Suppose that u(B,,) # 0. Then, since this
is a decreasing sequence, it must converge to a positive real number e. Under
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this assumption, we will show that N,,>1B,, # (), which will give a contradiction,
because we know that the intersection is empty.
Since the B,’s are cylinder sets, there exist integers m; < mg < ---, and
Borel sets D; C (R%)™, Dy C (R%)™2, ... such that for each n,
Bp=Dp xRExREx -
Moreover, since B, O B, for each n, we must have that
Dypy1 C Dy x (RE)Mnt1=ma (3.4.1)
for each n.
Now recall the uniform positive lower bound € on p(B,,). By Lemma [3.4.2]
we can find a compact set K, C D,, for each n, such that
tm, (Dn \ Kn) < 27" e,
Define
K}, = (K x (RH)™ ™) A (Ky x (RY)™~m2) ..
N (Kpog x (RYMn=me=1)y O .

Then K, being a closed subset of K, is compact. Moreover,

fonn (D \K) <) g, (Do \ (K x (RE)™ 7))
1=1

<Dt (D x (RE™ 70\ (K x (RT)™7M0))
=1

n n
i €
= Zlﬂmi(Di\Ki) < ;2 le< 3
1= 1=

Since pim, (Dr) = pu(Bp) > €, this shows that p,,, (K},) > €/2 for each n. In
particular, each K, is nonempty. Now, from the definition of K7, it is easy to see
that K/, C K}, x (R%)™n+1=mn for each n. Thus, if we choose (27, ..., 2%, ) €
K, then for each i < n, («7,...,2}, ) € Kj. In particular, (27,...,2}, ) €
K for each n, and so, by the compactness, we can choose a subsequence of
{(T, ..., 2, ) }n>1 converging to some (21, ..., %y, ) € K. Passing to a further
subsequence, we can have (27, ...,z ) converging to some (x1, ..., Tm,) € Kj,
and so on. Then, by the standard diagonal argument, we can find a subsequence
along which (27, ...,z ) converges to some (1, . .., &) € K] foreach i. Con-
sider the vector x = (z1,2,...) € (RY)N, We claim that 2 € Np>1By,. Indeed,
this is true, because for each n,

= (T1,. . Ty, Ty i1,---) € K x REX R x - -

ganRdedx~--:Bn.

This completes the proof of the theorem. O



CHAPTER 4

Norms and inequalities

The main goal of this chapter is to introduce LP spaces and discuss some of
their properties. In particular, we will discuss some inequalities for L? spaces that
are useful in probability theory.

4.1. Markov’s inequality

The following simple but important inequality is called Markov’s inequality in
the probability literature.

THEOREM 4.1.1 (Markov’s inequality). Let (2, F, i) be a measure space and
f:Q — [0, 00] be a measurable function. Then for any t > 0,

pllw: fw) 2 ) < 7 / fdu.

PROOF. Take any ¢ > 0. Define a function g as

1 it =t
glw) = {0 if f(w) < t.

Then g < t~! f everywhere. Thus,

o< [ s

The proof is completed by observing that [ gdp = p({w : f(w) > ¢}) by the
definition of Lebesgue integral for simple functions. ([

4.2. Jensen’s inequality

Jensen’s inequality is another basic tool in probability theory. Unlike Markov’s
inequality, this inequality holds for probability measures only.

First, let us recall the definition of a convex function. Let I be an interval in
R*. The interval may be finite or infinite, open, closed or half-open. A function
¢ : I — R* is called convex if forall z,y € I and t € [0, 1],

P(tr + (1 —t)y) < tp(x) + (1 —t)o(y).

EXERCISE 4.2.1. If ¢ is differentiable, show that ¢ is convex if and only if ¢’
is an increasing function.

37
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EXERCISE 4.2.2. If ¢ is twice differentiable, show that ¢ is convex if and only
if ¢ is nonnegative everywhere.

EXERCISE 4.2.3. Show that the functions ¢(z) = |z|* for « > 1 and ¢(z) =
e for € R, are all convex.

An important property of convex functions is that they are continuous in the
interior of their domain.

EXERCISE 4.2.4. Let I be an interval and ¢ : I — R be a convex function.
Prove that ¢ is continuous at every interior point of I, and hence that ¢ is measur-
able.

Another important property of convex functions is that have at least one tangent
at every interior point of their domain.

EXERCISE 4.2.5. Let [ be an interval and ¢ : I — R be a convex function.
Then for any z in the interior of I, show that there exist a, b € R such that ¢(z) =
ax + b and ¢(y) > ay + b for all y € I. Moreover, if ¢ is nonlinear in every
neighborhood of z, show that a and b can be chosen such that ¢(y) > ay + b for

ally # .

THEOREM 4.2.6 (Jensen’s inequality). Letr (Q2, F,P) be a probability space
and f :  — R* be an integrable function. Let I be an interval containing
the range of [, and let ¢ : I — R be a convex function. Let m := [ fdP.
Then ¢(m) < f ¢ o fdP, provided that ¢ o f is also integrable. Moreover, if ¢
is nonlmear in every open neighborhood of m, then equality holds in the above
inequality if and only if f = m a.e.

PROOF. Integrability implies that f is finite a.e. Therefore we can replace f
by a function that is finite everywhere, without altering either side of the claimed
inequality. By Exercise [2.6.6] m € I. If m equals either endpoint of I, then it is
easy to show that f = m a.e., and there is nothing more to prove. So assume that
m is in the interior of I. Then by Exercise [4.2.3] there exist a,b € R such that
arx +b < ¢(x)forallxz € [ and am + b = gb(m) Thus,

/ o(f(2)) dP(z) > /Q (af(x) +b) dP(x) = am + b = ¢(m),

which is the desired inequality. If ¢ is nonlinear in every open neighborhood of m,
then by the second part of Exercise @ we can guarantee that ¢(x) > ax + b for
all z # m. Thus, by Exercise [2.6.3] equality can hold in the above display if and
only if f =m a.e. O

Jensen’s inequality is often used to derive inequalities for functions of real
numbers. An example is the following.

EXERCISE 4.2.7. If x1,...,z, € Rand py,...,p, € [0, 1] are numbers such
that > “p; = 1, and ¢ is a convex function on an interval containing the x;’s,
use Jensen’s inequality to show that ¢(> " x;p;) < > ¢(x;)p;. (Strictly speaking,
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Jensen’s inequality is not really needed for this proof; it can done by simply using
the definition of convexity and induction on n.)

A function ¢ is called concave if —¢ is convex. Clearly, the opposite of
Jensen’s inequality holds for concave functions. An important concave function
is the logarithm, whose concavity can be verified by simply noting that its second
derivative is negative everywhere on the positive real line. A consequence of the
concavity of the logarithm is Young’s inequality, which we will use later in this
chapter to prove Holder’s inequality.

EXERCISE 4.2.8 (Young’s inequality). If = and y are positive real numbers,
and p, ¢ € (1, 00) are number such that 1/p 4+ 1/q = 1, show that

P a
zy < T + y—.
p q
(Hint: Take the logarithm of the right side and apply the definition of concavity.)

4.3. The first Borel-Cantelli lemma

The first Borel-Cantelli lemma is an important tool for proving limit theorems
in probability theory. In particular, we will use it in the next section to prove the
completeness of L spaces.

THEOREM 4.3.1 (The first Borel-Cantelli lemma). Let (2, F, 1) be a measure
space, and let Ay, As, ... € F be events such that ), ji(Ay,) < oo. Then p({w :
w € infinitely many A,,’s}) = 0.

PROOF. It is not difficult to see that in set theoretic notation,
o oo
{w : w € infinitely many A,,’s} = ﬂ U Ap.
n=1k=n
Since the inner union on the right is decreasing in n,

) o 1) <
u({w : w € infinitely many A,’s}) < égfi,&( U Ak>

k=n

< inf Y p(Ag) = Jim > n(Ap).
k=n k=n

n>1

The finiteness of > 11(A;,) shows that the limit on the right equals zero, completing
the proof. U

EXERCISE 4.3.2. Produce a counterexample to show that the converse of the
first Borel-Cantelli lemma is not true, even for probability measures.
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4.4. L? spaces and inequalities

Let (92, F, 1) be a measure space, to be fixed throughout this section. Let
f:+ © — R* be a measurable function. Given any p € [1, 00), the LP norm of f is

defined as
1/p
1= [ 177a)

The space LP(§2, F, u) (or simply LP(€2) or LP(u)) is the set of all measurable
f :+ ©Q — R* such that || f||» is finite. In addition to the above, there is also the
L°° norm, defined as

| fllzee :=inf{K € [0,00] : |f| < K ae.}.

The right side is called the ‘essential supremum’ of the function | f|. It is not hard
to see that | f| < || f||z~ a.e. As before, L>(£2, F, 1) is the set of all f with finite
L°° norm.

It turns out that for any 1 < p < oo, LP(Q, F, u) is actually a vector space
and the LP is actually a norm on this space, provided that we first quotient out
the space by the equivalence relation of being equal almost everywhere. Moreover,
these norms are complete (that is, Cauchy sequences converge). The only thing that
is obvious is that ||« f||L» = ||| f||z» for any & € R and any p and f. Proving the
other claims, however, requires some work, which we do below.

THEOREM 4.4.1 (Holder’s inequality). Take any measurable f,g : Q0 — R,
and any p € [1,00|. Let q be the solution of 1/p + 1/q = 1. Then || fg|/;1 <

[Fllzellgll -

PROOF. If p = 1, then ¢ = oco. The claimed inequality then follows simply as

/Ifgldu < [lgllze= / [fldp =11 fllzllgllzee-

If p = oo, then ¢ = 1 and the proof is exactly the same. So assume that p € (1, c0),
which implies that ¢ € (1,00). Let @ := 1/||f]|zr and 8 := 1/||g|| 14, and let
u:= af and v := B¢. Then ||ul/» = o/ f|» = 1 and ||v|[zs = B||g||ze = 1.
Now, by Young’s inequality,

[ulP [v]?
luv| < — + —
b q

everywhere. Integrating both sides, we get

ul|? vl 1 1
||UU||L1 S || HLP + || HL‘Z — -4+ =1
q p g
It is now easy to see that this is precisely the inequality that we wanted to prove.

O

EXERCISE 4.4.2. If p,q € (1,00) and f € LP(u) and g € L9(u), then show
that Holder’s inequality becomes an equality if and only if there exist o, 8 > 0, not
both of them zero, such that «|f|P = (5|g|? a.e.
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Using Holder’s inequality, it is now easy to prove that the LP norms satisfy the
triangle inequality.

THEOREM 4.4.3 (Minkowski’s inequality). For any 1 < p < oo and any
measurable f,g: Q0 — R* || f + gllee < || fllze + |9 Lr-

PROOF. If the right side is infinite, there is nothing to prove. So assume that
the right side is finite. First, consider the case p = oco. Since |f| < || f||z a.e. and
lg| < [lg]|z~ a.e., it follows that | f + g| < || f||ze + ||g|/z> a.e., which completes
the proof by the definition of essential supremum.

On the other hand, if p = 1, then the claimed inequality follows trivially from
the triangle inequality and the additivity of integration.

So let us assume that p € (1, co). First, observe that by Exercise

’f+g”< 71P + Lol
2

= 2 )
which shows that || f + g||z» is finite. Next note that by Holder’s inequality,

/!f+g\”du =/\f+g|!f+g\p1du

< [1905 +gr [ lglf + 9P~

<\ Ao lllf + g Hipa + Nglleolllf + g7~ Iz,
where ¢ solves 1/p+ 1/g = 1. But

1/q 1/q
1F + g e = ( / |f+g\<p1>qdu> _ ( / \f+9|”du> .

Combining, and using the finiteness of || f + g||z», we get

1-1/q
I +gllor = ( / |f+g!pdu> < 1Flle + llgllze,

which is what we wanted to prove. ([

EXERCISE 4.4.4. If p € (1,00), show that equality holds in Minkowski’s
inequality if and only if f = Ag for some A > 0 or g = 0.

Minkowski’s inequality shows, in particular, that LP (€2, F, i) is a vector space,
and the LP norm satisfies two of the three required properties of a norm on this
space. The only property that it does not satisfy is that f may be nonzero even
if || f||z» = 0. But this is not a serious problem, since by Proposition the
vanishing of the L” norm implies that f = 0 a.e. More generally, ||f — g||z» =0
if and only if f = g a.e. This shows that if we quotient out LP (2, F, u) by the
equivalence relation of being equal a.e., the resulting quotient space is a vector
space where the P norm is indeed a norm. Since we already think of two functions
which are equal a.e. as effectively the same function, we will not worry about this
technicality too much and continue to treat our definition of LP space as a vector
space with LP norm.
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The fact that is somewhat nontrivial, however, is that the L” norm is complete.
That is, any sequence of functions that is Cauchy in the LP norm converges to a
limit in LP space. A first step towards the proof is the following lemma, which is
important in its own right.

LEMMA 4.4.5. If {fu}n>1 is a Cauchy sequence in the LP norm for some
1 < p < o, then there is function f € LP(), F, u), and a subsequence { fn, }1>1,
such that f,, — f a.e. as k — oo.

PROOF. First suppose that p € [1,00). It is not difficult to see that using
the Cauchy criterion, we can extract a subsequence { fy, }x>1 such that || f,, —
S e < 2% for every k. Define the event

Ay = {w : |fnk(w) - fnk+1 (w)’ > 27’{/2}'
Then by Markov’s inequality,

(AR = 10 ¢ [fo (@) = Fans @) > 2752/2))
<2972 [ |fu, ~ fon, P

k —k
=2 p/2||fnk - fnk+1H§,P <2 p/2~

Thus, > p(Ax) < oo. Therefore by the first Borel-Cantelli lemma, pu(B) = 0,
where B := {w : w € infinitely many Ay’s}. If w € B¢, then w belongs to only
finitely many of the A’s. This means that |f,, (w) — fn,,, (w)| < 27F/2 for all
sufficiently large k. From this, it follows that { f,,, (w)}x>1 is a Cauchy sequence
of real numbers. Define f(w) to be the limit of this sequence. For w € B, define
f(w) = 0. Then f is measurable and f,,, — f a.e. Moreover, by the a.e. version
of Fatou’s lemma,

/ | fIPdu < liminf/ | fup|Pdpe = Iminf || f,, |5, < oo,
k—o0 k—o0

since a Cauchy sequence of real numbers must be bounded. Thus, f has finite LP
norm.

Next, suppose that p = co. Extract a subsequence { f,,, }x>1 as before. Then
for each k, | fn,, — frp.s| < 27% a.e. Therefore, if we define

E = {w: |f (@) = fap, (@) < 27" forall k},

then p(E¢) = 0. For any w € E, {fp,(w)}r>1 is a Cauchy sequence of real
numbers. Define f(w) to be the limit of this sequence. For w € E¢, define f(w) =
0. Then f is measurable and f,,, — f a.e. Moreover, on F,

o o0
1S Ul + D s = Fral < 1l Y275,
k=1 k=1

which shows that f has finite L°° norm. ([

THEOREM 4.4.6 (Riesz—Fischer theorem). Forany 1 < p < oo, the LP norm
on LP(Q2, F, ) is complete.
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PROOF. Take any sequence { f,, },>1 that is Cauchy in LP. Then note that by
Lemma[4.4.5] there is a subsequence { f,, }s>1 that converges a.e. to a function f
which is also in LP. First, suppose that p € [1,00). Take any € > 0, and find N
such that for all m,n > N, ||f, — fml|lL»r < €. Take any n > N. Then by the
a.e. version of Fatou’s lemma,

/|fn—f|pduz/kh_{go|fn_fnk‘pdﬂ

< liminf/ | fr — frp|Pdp < €P.

k—o0
This shows that f,, — f in the LP norm. Next, suppose that p = co. Take any
€ > 0 and find IV as before. Let

E:={w:|fa(w) = fm(w)| < eforallm,n > N},
so that u(E°) = 0. Take any n > N. Then for any w such that w € FE and
fo (W) = f(w),
[fa(w) = fw)] = lim [fn(w) = fo, (W)] < e
—00

This shows that || f,, — f||z < €, completing the proof that f,, — f in the L™
norm. (]

The following fact about L? spaces of probability measures is very important
in probability theory. It does not hold for general measures.

THEOREM 4.4.7 (Monotonicity of L? norms for probability measures). Sup-
pose that p is a probability measure. Then for any measurable f : 0 — R* and
any 1 <p <q< oo, ||fllee < || fllLa-

PROOF. If p = g = oo, there is nothing to prove. So let p be finite. If ¢ = oo,
then

[ 15Pdn < 1A = 11

which proves the claim. So let ¢ be also finite. First assume that || f||z» and || f|| e
are both finite. Applying Jensen’s inequality with the convex function ¢(x) =
|z|%/7, we get the desired inequality

(/m%&ms/va

Finally, let us drop the assumption of finiteness of ||f||z» and ||f||z«. Take a
sequence of nonnegative simple functions {g,},>1 increasing pointwise to |f|
(which exists by Proposition[2.3.6). Since y is a probability measure, ||gn || z» and
||gn|| Lo are both finite. Therefore ||gy||r» < ||gn|/e for each n. We can now com-
plete the proof by applying the monotone convergence theorem to both sides. [J

EXERCISE 4.4.8. When 2 = R and p is the Lebesgue measure, produce a
function f whose L? norm is finite but L' norm is infinite.
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The space L? holds a special status among all the L? spaces, because it has a
natural rendition as a Hilbert space with respect to the inner product

(f.9) = /fgdu- (4.4.1)

It is easy to verify that this is indeed an inner product on L?(Q, F, i), and the
norm generated by this inner product is the L? norm (after quotienting out by the
equivalence relation of a.e. equality, as usual). The completeness of the L? norm
guarantees that this is indeed a Hilbert space. The Cauchy—Schwarz inequality on
this Hilbert space is a special case of Holder’s inequality with p = ¢ = 2.



CHAPTER 5

Random variables

In this chapter we will study the basic properties of random variables and re-
lated functionals.

5.1. Definition

If (2, F) is a measurable space, a measurable function from €2 into R or R* is
called a random variable. More generally, if (€', ") is another measurable space,
then a measurable function from €2 into € is called a {2’-valued random variable
defined on 2. Unless otherwise mentioned, we will assume that any random vari-
able that we are talking about is real-valued.

Let (2, F,P) be a probability space and let X be a random variable defined on
. It is the common convention in probability theory to write P(X € A) instead
of P{w € 2 : X(w) € A}). Similarly, we write {X € A} to denote the set
{w € Q: X(w) € A}. Similarly, if X and Y are two random variables, the event
{X €AY € B}istheset {w: X(w) € A,Y(w) € B}.

Another commonly used convention is that if f : R — R is a measurable
function and X is a random variable, f(X) denotes the random variable fo X. The
o-algebra generated by a random variable X is denoted by o (X)), and if {X; }ier
is a collection of random variables defined on the same probability space, then
the o-algebra o ({ X, };cr) generated by the collection { X, };<; is defined to be the
o-algebra generated by the union of the sets o(X;), 7 € I.

EXERCISE 5.1.1. If X,...,X,, are random variables defined on the same
probability space, and f : R — R is a measurable function, show that the random
variable f(X1,..., X)) is measurable with respect to the o-algebra generated by
the random variables X1, ..., X,,.

EXERCISE 5.1.2. Let {X,,}72 ; be a sequence of random variables. Show that
the random variables sup X,,, inf X,,, limsup X,, and lim inf X, are all measur-
able with respect to o( X7, Xo,...).

EXERCISE 5.1.3. Let {X,,}2°; be a sequence of random variables defined on
a probability space (2, F,P). For any A € o(X1, X»,...) and any € > 0, show
that there is some n > 1 and some B € o(X1,...,X,) such that P(AAB) < e.
(Hint: Use Theorem [1.2.6])

EXERCISE 5.1.4. Let { X, };c; be a finite or countable collection of real-valued
random variables defined on a probability space (€2, F,[P). Show that any A €

45
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o({X;}icr) can be expressed as X ~!(B) for some measurable set B C R’, where
X : Q — Rl is the map X (w) = (X;(w))ier.

EXERCISE 5.1.5. If Xq,...,X,, are random variables defined on the same
probability space, and X is a random variable that is measurable with respect to
o(X1,...,Xy), then there is a measurable function f : R” — R such that X =
f(X1,...,X,). Hint: Start with indicator random variables.

EXERCISE 5.1.6. Extend the previous exercise to o-algebras generated by
countably many random variables.

5.2. Cumulative distribution function

DEFINITION 5.2.1. Let (2, F,P) be a probability space and let X be a random
variable defined on (). The cumulative distribution function of X is a function
Fx : R — [0, 1] defined as

Fx(t) :=P(X < t).

Often, the cumulative distribution function is simply called the distribution func-
tion of X, or abbreviated as the c.d.f. of X.

PROPOSITION 5.2.2. Let F : R — [0, 1] be a function that is non-decreasing,
right-continuous, and satisfies
lim F(t) = lim F(t) = 1. 2.1
 Jim (t)=0 and Jim (t) (5.2.1)
Then there is a probability space (2, F,P) and a random variable X defined on
this space such that F' is the cumulative distribution function of X. Conversely, the
cumulative distribution function of any random variable X has the above proper-
ties.

PROOF. Take 2 = (0,1), F = the restriction of B(R) to (0,1), and P =
the restriction of Lebesgue measure to (0, 1), which is a probability measure. For
w € Q, define X (w) := inf{t € R : F(t) > w}. Since F(t) — last — oo
and F(t) — 0ast — —oo, X is well-defined on 2. Now, if w < F'(¢) for some
w and ¢, then by the definition of X, X (w) < ¢. Conversely, if X (w) < t, then
there is a sequence t,, | ¢ such that F'(¢,) > w for each n. By the right-continuity
of F, this implies that F'(t) > w. Thus, we have shown that X (w) < ¢ if and
only if F'(t) > w. By either Exercise or Exercise F is measurable.
Hence, the previous sentence shows that X is also measurable, and moreover that
P(X <t)=P((0,F(t)]) = F(t). Thus, F is the c.d.f. of the random variable X.

Conversely, if F' is the c.d.f. of a random variable, it is easy to show that F'
is right-continuous and satisfies by the continuity of probability measures
under increasing unions and decreasing intersections. Monotonicity of F' follows
by the monotonicity of probability measures. U

Because of Proposition[5.2.2] any function satisfying the three conditions stated
in the statement of the proposition is called a cumulative distribution function (or
just distribution function or c.d.f.).
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The following exercise is often used in proofs involving cumulative distribution
functions.

EXERCISE 5.2.3. Show that any cumulative distribution function can have
only countably many points of discontinuity. As a consequence, show that the
set of continuity points is a dense subset of R.

5.3. The law of a random variable

Any random variable X induces a probability measure ;1x on the real line,
defined as
ux(A) :=P(X € A).
This generalizes easily to random variables taking value in other spaces. The prob-
ability measure p x is called the law of X.

PROPOSITION 5.3.1. Two random variables have the same cumulative distri-
bution function if and only if they have the same law.

PROOF. If X and Y have the same law, it is clear that they have the same c.d.f.
Conversely, let X and Y be two random variables that have the same distribution
function. Let A be the set of all Borel sets A C R such that ux(A) = py(A).
It is easy to see that A is a A-system. Moreover, A contains all intervals of the
form (a, b], a, b € R, which is a m-system that generates the Borel o-algebra on R.
Therefore, by Dynkin’s 7w-\ theorem, A O B(R), and hence px = py. O

The above proposition shows that there is a one-to-one correspondence be-
tween cumulative distribution functions and probability measures on R. Moreover,
the following is true.

EXERCISE 5.3.2. If X and Y have the same law, and g : R — R is a measur-
able function, show that g(X) and g(Y") also have the same law.

5.4. Probability density function

Suppose that f is a nonnegative integrable function on the real line, such that

| st

where dz = dA(z) denotes integration with respect to the Lebesgue measure A
defined in Section [1.6] and the range of the integral denotes integration over the
whole real line. Although this is Lebesgue integration, we retain the notation of
Riemann integration for the sake of familiarity. By Exercise f defines a
probability measure v on R as

v(A) ::/Af(x)dx (54.1)

for each A € B(R). The function f is called the probability density function
(p.d.f.) of the probability measure v.
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To verify that a given function f is the p.d.f. of a random variable, it is not
necessary to check (5.4.1)) for every Borel set A. It suffices that it holds for a much
smaller class, as given by the following proposition.

PROPOSITION 5.4.1. A function f is the p.d.f. of a random variable X if and
only if (5.4.1) is satisfied for every set A of the form [a,b] where a and b are
continuity points of the c.d.f. of X.

PROOF. One implication is trivial. For the other, let F' be the c.d.f. of X and
suppose that (5.4.1)) is satisfied for every set A of the form [a, b] where a and b are
continuity points of F'. We then claim that (5.4.1)) holds for every [a, b], even if a
and b are not continuity points of F'. This is easily established using Exercise|5.2.3
and the dominated convergence theorem. Once we know this, the result can be
completed by the 7-\ theorem, observing that the set of closed intervals is a 7-
system, and the set of all Borel sets A for which the identity holds is a
A-system. O

The following exercise relates the p.d.f. and the c.d.f. It is simple consequence
of the above proposition.

EXERCISE 5.4.2. If fis a p.d.f. on R, show that the function

F(x):= /_x fly)dy (5.4.2)

is the c.d.f. of the probability measure v defined by f as in (5.4.1). Conversely,
if F'is a c.d.f. on R for which there exists a nonnegative measurable function f
satisfying for all z, show that f is a p.d.f. which generates the probability
measure corresponding to F'.

The next exercise establishes that the p.d.f. is essentially unique when it exists.

EXERCISE 5.4.3. If f and g are two probability density functions for the same
probability measure on R, show that f = g a.e. with respect to Lebesgue measure.

Because of the above exercise, we will generally treat the probability density
function of a random variable X as a unique function (although it is only unique
up to almost everywhere equality), and refer to it as ‘the p.d.f. of X.

5.5. Some standard densities

An important example of a p.d.f. is the density function for the normal (or
Gaussian) distribution with mean parameter p© € R and standard deviation param-

eter o > 0, given by
1 x—p)?
f(z) = exp<_(“)>.

o2no 202

If a random variable X has this distribution, we write X ~ N(yu, 0?). The special
case of 4 = 0 and 0 = 1 is known as the standard normal distribution.
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EXERCISE 5.5.1. Verify that the p.d.f. of the standard normal distribution is
indeed a p.d.f., that is, its integral over the real line equals 1. Then use a change
of variable to prove that the normal p.d.f. is indeed a p.d.f. for any p and o. (Hint:
Square the integral and pass to polar coordinates.)

EXERCISE 5.5.2. If X ~ N(u,0?), show that for any a,b € R, aX + b ~
N(ap + b,a?c?).

Another class of densities that occur quite frequently are the exponential den-
sities. The exponential distribution with rate parameter A has p.d.f.

f(@) = Ae 150,
where 1,0y denotes the function that is 1 when z > 0 and 0 otherwise. It is easy
to see that this is indeed a p.d.f., and its c.d.f. is given by

F(z)=(1-e )10
If X is a random variable with this c.d.f., we write X ~ Exp(\).
EXERCISE 5.5.3. If X ~ Exp(\), show that forany a > 0, aX ~ Exp(\/a).

The Gamma distribution with rate parameter A > 0 and shape parameter r > 0
has probability density function

/\rmrfl e
f(.%') = F(T) € A 1{3020}7

where I' denotes the standard Gamma function:
o0
L(r)= / e .
0

(Recall that I'(r) = (r — 1)! if r is a positive integer.) If a random variable X has
this distribution, we write X ~ Gamma(r, \).

Yet another important class of distributions that have densities are uniform dis-
tributions. The uniform distribution on an interval [, b] has the probability density
that equals 1/(b — a) in this interval and 0 outside. If a random variable X has this
distribution, we write X ~ Uni f[a, b].

5.6. Standard discrete distributions

Random variables that have continuous c.d.f. are known as continuous random
variables. A discrete random variable is a random variable that can only take values
in a finite or countable set. Note that it is possible that a random variable is neither
continuous nor discrete. The law of a discrete random variable is characterized by
its probability mass function (p.m.f.), which gives the probabilities of attaining the
various values in its range. It is not hard to see that the p.m.f. uniquely determines
the c.d.f. and hence the law. Moreover, any nonnegative function on a finite or
countable subset of R that adds up to 1 is a p.m.f. for a probability measure. The
simplest example of a discrete random variable is a Bernoulli random variable with
probability parameter p, which can take values O or 1, with p.m.f.

f(x) = (1 = p)liz—oy + Pl{p=1}-
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If X has this p.m.f., we write X ~ Ber(p). A generalization of the Bernoulli
distribution is the binomial distribution with parameters n and p, whose p.m.f. is
n
fl@)=>" (Z)p’“(l — )" 1 piy-
k=0
If X has this p.m.f., we write X ~ Bin(n,p). Note that when n = 1, this is
simply the Bernoulli distribution with parameter p.

The binomial distributions are, in some sense, discrete analogues of normal
distributions. The discrete analogues of exponential distributions are geometric
distributions. The geometric distribution with parameter p has p.m.f.

o
Fla) =Y (1 =p)* pligy.
k=1
If a random variable X has this p.m.f., we write X ~ Geo(p). Again, the reader
probably knows already that this distribution models the waiting time for the first
head in a sequence of coin tosses where the chance of heads is p.

Finally, a very important class of probability distributions are the Poisson dis-

tributions. The Poisson distribution with parameter A > 0 is has p.m.f.

0o - )\k
flay=> e )\Hl{x:k]w
k=1

If X has this distribution, we write X ~ Poi(\).



CHAPTER 6

Expectation, variance, and other functionals

This chapter introduces a number of functionals associated with random vari-
ables — or, more accurately, with laws of random variables. The list includes ex-
pectation, variance, covariance, moments, moment generating function, and char-
acteristic function.

6.1. Expected value

Let (2, F,P) be a probability space and let X be a random variable defined
on ). The expected value (or expectation, or mean) of X, denoted by E(X), is
simply the integral [ X dP, provided that the integral exists. A random variable X
is called integrable if it is integrable as a measurable function, that is, if E| X | < oo.
A notation that is often used is that if X is a random variable and A is an event
(defined on the same space), then

E(X;A) :=E(X14).
The following exercises show how to compute expected values in practice.

EXERCISE 6.1.1. If a random variable X has law ux, show that for any mea-
surable g : R — R,

MMXDZAMMQW@%

in the sense that one side exists if and only if the other does, in then the two are
equal. (Hint: Start with simple functions.)

EXERCISE 6.1.2. Let S be a measurable space and let X be an S-valued ran-
dom variable (meaning that X is a measurable map from some probability space
into S). Then px can be defined as usual, that is, ux(B) := P(X € B). Let
g : S — R be a measurable map. Generalize the previous exercise to this setting.

EXERCISE 6.1.3. If a random variable X takes values in a countable or finite
set A, prove that for any g : A — R, g(X) is also a random variable, and

E(9(X)) =Y 9(@)P(X = a),
acA
provided that at least one of >_ g(a)TP(X = a) and 3 g(a) "P(X = a) is finite.

EXERCISE 6.1.4. If X has p.d.f. f and g : R — R is a measurable function,
shows that E(g(X)) exists if and only if the integral

| s@ i

—00
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exists in the Lebesgue sense, and in that case the two quantities are equal.

EXERCISE 6.1.5. Compute the means of normal, exponential, Gamma, uni-
form, Bernoulli, binomial, geometric and Poisson random variables.

We will sometimes make use of the following application of Fubini’s theorem
to compute expected values of integrals of functions of random variables.

EXERCISE 6.1.6. Let X be a random variable and let f : R? — R be a
measurable function such that

/Oo E| f(t, X)|dt < oc.

—0o0

/_: E(f(t, X))dt = JE</_: f(t,X)dt),

in the sense that both sides exist and are equal. (Of course, here f(¢, X) denotes
the random variable f (¢, X (w)).)

Then show that

A very important representation of the expected value of a nonnegative random
variable is given by the following exercise, which is a simple consequence of the
previous one. It gives a way of calculating the expected value of a nonnegative
random variable if we know its law.

EXERCISE 6.1.7. If X is a nonnegative random variable, prove that

E(X) = /OOO P(X > t)dt.

A corollary of the above exercise is the following fact, which shows that the
expected value is a property of the law of a random variable rather than the random
variable itself.

EXERCISE 6.1.8. Prove that if two random variables X and Y have the same
law, then E(X) exists if and only if E(Y") exists, and in this case they are equal.

An inequality related to Exercise is the following. It is proved easily by
the monotone convergence theorem.

EXERCISE 6.1.9. If X is a nonnegative random variable, prove that

ip(x >n) <E(X) < iIP(X > n),
n=0

n=1

with equality on the left if X is integer-valued.
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6.2. Variance and covariance

The variance of X is defined as
Var(X) == E(X?) — (E(X))2,

provided that E(X?) is finite. Note that by the monotonicity of Holder norms for
probability measures, the finiteness of (X ?) automatically implies the finiteness
of E|X| and in particular the existence of E(X).

EXERCISE 6.2.1. Compute the variances of the normal, exponential, Gamma,
uniform, Bernoulli, binomial, geometric and Poisson distributions.

It is not difficult to verify that
Var(X) = E(X — E(X))?,
where X — E(X) denotes the random variable obtained by subtracting off the
constant E(X) from X at each w. Note that for any a,b € R, Var(aX + b) =
a*Var(X). When the variance exists, an important property of the expected value

is that it is the constant a that minimizes E(X — a)2. This follows from the easy-
to-prove identity

E(X —a)? = Var(X) + (E(X) — a)*

The square-root of Var(X) is known as the standard deviation of X. A simple
consequence of Minkowski’s inequality is that the standard deviation of X + Y,
where X and Y are two random variables defined on the same probability space, is
bounded by the sum of the standard deviations of X and Y. A simple consequence
of Markov’s inequality is the following result, which shows that X is likely to be
within a few standard deviations from the mean.

THEOREM 6.2.2 (Chebychev’s inequality). Let X be any random variable
with E(X?) < co. Then for any t > 0,

Var(X)
P(X —E(X)| 2 1) < o)
PROOF. By Markov’s inequality,
E(X — E(X))?
P(|X —E(X)| > t) = P(X —E(X))* > 1?) < (752(»
and recall that Var(X) = E(X — E(X))2 a

Chebychev’s inequality is an example of what is known as a ‘tail bound’ for a
random variable. Tail bounds are indispensable tools in modern probability theory.

Another very useful inequality involving the E(X) and E(X?) is the following.
It gives a kind of inverse for Chebychev’s inequality.

THEOREM 6.2.3 (Paley—Zygmund inequality). Let X be a nonnegative ran-
dom variable with E(X?) < oc. Then for any t € [0,E(X)),
(E(X) —t)?

P(X >t) > E(X7)
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PROOF. Take any t € [0, E(X)). LetY := (X —¢)*. Then
0<EX —t) <EX -t)T =E(Y)=E(Y;Y >0).
By the Cauchy—Schwarz inequality for L? space,
(E(Y;Y > 0))2 <EY?)P(Y >0) =E(Y?)P(X > t).
The proof is completed by observing that Y2 < X2, O

The covariance of two random variables X and Y defined on the same proba-
bility space is defined as

Cov(X,Y) :=E(XY) - EX)E(Y),
provided that both X, Y and XY are integrable. Notice that
Var(X) = Cov(X, X).
It is straightforward to show that
Cov(X,Y) =E(X —E(X))(Y —E(Y))).
From this, it follows by the Cauchy—Schwarz inequality for L? space thatif X,Y €

L2, then
|Cov(X,Y)| < /Var(X)Var(Y).

In fact, the covariance itself is an inner product, on the Hilbert space obtained by
quotienting L? by the subspace consisting of all a.e. constant random variables. In
particular, the covariance is a bilinear functional on L2, and Cov(X,a) = 0 for
any random variable X and constant a (viewed as a random variable).

The correlation between X and Y is defined as

Cov(X,Y)

v/ Var(X)Var(Y)’

provided that the variances are nonzero. By the Cauchy—Schwarz inequality, the
correlation always lies between —1 and 1. If the correlation is zero, we say that the
random variables are uncorrelated.

EXERCISE 6.2.4. Show that Corr(X,Y) = 1if and only if Y = aX + b for
some a > 0and b € R, and Corr(X,Y) = —1lif and only if Y = a X + b for some
a<0andbe R.

Corr(X,Y) :=

An important formula involving the covariance is the following.

PROPOSITION 6.2.5. For any X1, ..., X, defined on the same space,
n n
var<z Xi> — Y Cov(X., X;)
i=1 i,j=1

= iVar(Xi) + 2 Z COV(XivXj)‘
=1

1<i<j<n
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PROOF. This is a direct consequence of the bilinearity of covariance. The
second identity follows from the observations that Cov(X,Y) = Cov(Y, X) and
Cov(X, X) = Var(X). O

6.3. Moments and moment generating function

For any positive integer &, the kth moment of a random variable X is defined
as [E(X%), provided that this expectation exists.

EXERCISE 6.3.1. If X ~ N (0, 1), show that
R R gt
where (k — 1)1 := (k- 1)(k—3)---5-3- 1.
The moment generating function of X is defined as
mx(t) = E(e!™)

for t € R. Note that the moment generating function is allowed to take infinite
values. The moment generating function derives its name from the fact that

mx(t) = EE(X]C)
k=0
whenever
> ’]J‘E|X|k < 00, (6.3.1)
k=0

as can be easily verified using the monotone convergence theorem and the domi-
nated convergence theorem.

EXERCISE 6.3.2. Carry out the above verification.
EXERCISE 6.3.3. If X ~ N(y,02), show that mx () = et+t*o%/2,

Moments and moment generating functions provide tail bounds for random
variables that are more powerful than Chebychev’s inequality.

PROPOSITION 6.3.4. For any random variable X, any t > 0, and any p > 0,
E X
P

P(X| 2 1) < =

Moreover, for anyt € R and 6§ > 0,
P(X >1t) < e Pmx(0), P(X <t)<emx(—0).

PROOF. All of these inequalities are simple consequences of Markov’s in-
equality. For the first inequality, observe that | X| > ¢ if and only if | X|P > ¢F
and apply Markov’s inequality. For the second and third, observe that X > ¢ if and
only if /X > ¢% and X < tif and only if e 70X > =0, O
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Often, it is possible to get impressive tail bounds in a given problem by opti-
mizing over 6 or p in the above result.

EXERCISE 6.3.5. If X ~ N(0, 0?), use the above procedure to prove that for
any ¢t > 0, P(X >t) and P(X < —t) are bounded by e~**/27".

The above bound is actually not optimal. The following exercise gives the
correct asymptotic behavior for the normal tail.

EXERCISE 6.3.6. If X ~ N(0, 1), show that for any ¢ > 0,
1 1 eft2/2 eft2/2
—— = | —<PX >t < .
(t t3> Vor T Xz < tvV2m
(Hint: For the upper bound, use the inequality [, e~ /2dy < [/ t)e " /2dg.
For the lower bound, use ftoo e 2y = ftoo r1 (a:e‘m2/2)d:1;, use integration by

parts, and finally use a similar trick as above to bound the second term coming out
of the integration by parts.)

EXERCISE 6.3.7. If X is a nonnegative random variable, prove that for any
p>0,

E(XP) = / ptPTIP(X > t)dt.
0

6.4. Characteristic function

Another important function associated with a random variable X is its charac-
teristic function ¢ x, defined as

ox(t) == E(eitx),

where i = y/—1. Until now we have only dealt with expectations of random
variables, but this is not much different. The right side of the above expression
is defined simply as

E(e!*X) := E(costX) + iE(sintX),

and the two expectations on the right always exist because cos and sin are bounded
functions. In fact, the expected value of any complex random variable can be de-
fined in the same manner, provided that the expected values of the real and imagi-
nary parts exist and are finite.

PROPOSITION 6.4.1. If X and Y are integrable random variables and Z =
X +1Y, and E(Z) is defined as E(X) +1E(Y), then |E(Z)| < E|Z|.

PROOF. Let a := E(Z) and & denote the complex conjugate of «. It is easy
to check the linearity of expectation holds for complex random variables. Thus,

[E(2)]” = GE(Z) = E(aZ)
=E(R(a2)) +iE(S(aZ)),
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where $(z) and (z) denote the real and imaginary parts of a complex number
z. Since |E(Z)|? is real, the above identity show that [E(Z)|?> = E(R(aZ)).
But R(aZ) < |aZ| = |a||Z|. Thus, [E(Z)|*> < |a|E|Z|, which completes the
proof. U

The above proposition shows in particular that |¢x (¢)| < 1 for any random
variable X and any t.

EXERCISE 6.4.2. Show that the characteristic function can be a written as a
power series in ¢ if (6.3.1)) holds.

EXERCISE 6.4.3. Show that the characteristic function of any random vari-
able is a uniformly continuous function. (Hint: Use the dominated convergence
theorem.)

Perhaps somewhat surprisingly, the characteristic function also gives a tail
bound. This bound is not very useful, but we will see at least one fundamental
application in a later chapter.

PROPOSITION 6.4.4. Let X be a random variable with characteristic function
¢x. Then for any t > 0,

t
P(X| > t) < 2/ (1= 6 (s))ds.

—2/t

PROOF. Note that for any a > 0,

/ " (1 - bx(s))ds = /O "2~ dx(s) — dx(—s))ds

—a
a

_ E(Q . eisX _ efisX)dS
0

= 2/ E(1 — cos sX)ds.
0

By Fubini’s theorem (specifically, Exercise [6.1.6), expectation and integral can be
interchanged above, giving

/a (1 —ox(s))ds = 2aE<1 _

—a

aX

sin aX)

interpreting (sinz)/xz = 1 when 2 = 0. Now notice that

aX

1 sinaX> 1/2  when | X| > 2/a,
— 10 always.

Thus,

Taking a = 2/t, this proves the claim. (|
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EXERCISE 6.4.5. Compute the characteristic functions of the Bernoulli, bino-
mial, geometric, Poisson, uniform, exponential and Gamma distributions.

6.5. Characteristic function of the normal distribution

The characteristic function of a standard normal random variable will be useful
for us in the proof of the central limit theorem later. The calculation of this char-
acteristic function is not entirely trivial; the standard derivation involves contour
integration. The complete details are given below.

PROPOSITION 6.5.1. If X ~ N(0,1), then ¢ x(t) = e—t2/2.

PROOF. Note that

ox(t) = LQT[' / e /2

e—t2/2 (9]

B V2r J_so
Take any R > 0. Let C be the contour in the complex plane that forms the bound-
ary of the box with vertices —R, R, R — it, — R — it. Since the map z — e=#/2 is

entire,
2
7{ e 24y = 0.
C

Let C; be the part of C that lies on the real line, going from left to right. Let C be
the part that is parallel to C'; going from left to right. Let Cs3 and C} be the vertical
parts, going from top to bottom. It is easy to see that as R — oo,

% e */2dz 0 and j{ e 22 dz - 0.
Cs Cy

7{ e * 24y — % e 24z 0.
Cl CQ

jé e 12 dy —>/ e T2 g = V2,
Cq —00

jl{ e 22 dy /00 e~ (@=i)?/2 go.
Co —00

This completes the proof. O

ef(acfit)Q/Z dx.

Thus, as R — oo,

Also, as R — oo,

and

As a final remark, we note that by Exercise [5.3.2] the expectation, variance,
moments, moment generating function, and characteristic function of a random
variable are all determined by its law. That is, if two random variables have the
same law, then the above functionals are also the same for the two.



CHAPTER 7

Independence

A central idea of probability theory, which distinguishes it from measure the-
ory, is the notion of independence. The reader may be already familiar with inde-
pendent random variables from undergraduate probability classes. In this chapter
we will bring the concept of independence into the measure-theoretic framework
and derive some important consequences.

7.1. Definition

DEFINITION 7.1.1. Let (2, F,P) be a probability space, and suppose that
Gi1,...,G, are sub-g-algebras of F. We say that Gy, ...,G, are independent if
forany Ay € Gy, As € Go, ..., A, € Gy,

=1

More generally, an arbitrary collection {G; };cs of sub-c-algebras are called inde-
pendent if any finitely many of them are independent.

The independence of o-algebras is used to define the independence of random
variables and events.

DEFINITION 7.1.2. A collection of events { A; };c; in F are said to be indepen-
dent if the o-algebras G; := {0, A;, AS, Q} generated by the A;’s are independent.
Moreover, an event A is said to be independent of a o-algebra G is the o-algebras
{0, A, A, Q} and G are independent.

EXERCISE 7.1.3. Show that a collection of events { 4, };cs are independent if
and only if for any finite J C I,

]P’(ﬂ Aj) =[] P4;)).

jeJ jeJ

DEFINITION 7.1.4. A collection of random variables { X, };c; defined on Q
are said to be independent if {o(X;)}icr are independent sub-o-algebras of F.
Moreover, a random variable X is said to be independent of a o-algebra G if the
o-algebras o(X) and G are independent.

A particularly important definition in probability theory is the notion of an
independent and identically distributed (i.i.d.) sequence of random variables. A

59
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sequence {X;}>°, is said to be i.i.d. if the X;’s are independent and all have the
same distribution.

We end this section with a sequence of important exercises about independent
random variables and events.

EXERCISE 7.1.5. Let {X,,}2°; be a sequence of random variables defined on
the same probability space. If X,,; is independent of o (X1, ..., X,,) for each n,
prove that the whole collection is independent.

EXERCISE 7.1.6. If X3,..., X, are independent random variables and f :
R™ — R is a measurable function, show that the law of f(Xy,..., X)) is deter-
mined by the laws of X1, ..., X,,.

EXERCISE 7.1.7. If {X,}icr is a collection of independent random variables
and {4;};er is a collection of measurable subsets of R, show that the events { X; €
A;}, i € I are independent.

EXERCISE 7.1.8. If {F;};cs is a family of cumulative distribution functions,
show that there is a probability space (€2, F,P) and independent random variables
{X}icr defined on €2 such that for each i, F; is the c.d.f. of X;. (Hint: Use product
spaces.)

(The above exercise allows us to define arbitrary families of independent ran-
dom variables on the same probability space. The usual convention in probability
theory is to always have a single probability space (€2, F, P) in the background, on
which all random variables are defined. For convenience, this probability space is
usually assumed to be complete.)

EXERCISE 7.1.9. If A is a w-system of sets and B is an event such that B and
A are independent for every A € A, show that B and o(.A) are independent.

EXERCISE 7.1.10. If { X, };c is a collection of independent random variables,
then show that for any disjoint subsets J, K C I, the o-algebras generated by
{Xi}ties and { X, };ck are independent. (Hint: Use Exercise(7.1.9})

EXERCISE 7.1.11. Let {X;}ier and {Y}};cs be two collections of random
variables defined on the same probability space. Suppose that for any finite /' C [
and G C J, the collections {X;}icr and {Y}} cc are independent. Then prove
that {X; };cs and {Y}} ;e s are independent. (Hint: Use Exercise[7.1.9})

EXERCISE 7.1.12. If X7, X5, ... is a sequence of independent Ber(p) random
variables where p € (0,1), and T' := min{k : X} = 1}, give a complete measure
theoretic proof of the fact that 7' ~ Geo(p).

7.2. Expectation of a product under independence

A very important property of independent random variables is the following.
Together with the above exercise, it gives a powerful computational tool for prob-
abilistic models.
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PROPOSITION 7.2.1. If X and Y are independent random variables such that
X and Y are integrable, then the product XY is also integrable and E(XY) =
E(X)E(Y). The identity also holds if X and Y are nonnegative but not necessarily
integrable.

PROOF. First, suppose that X = Zle ajly, and Y = Z;"Zl bj1p, for some
nonnegative a;’s and b;’s, and measurable A;’s and B;’s. Without loss of gen-
erality, assume that all the a;’s are distinct and all the b;’s are distinct. Then each
A; € o(X) and each B; € o(Y), because 4; = X '({a;}) and B; = Y 1 ({b;}).
Thus, for each 7 and j, A; and Bj are independent. This gives

kK m k m
E(XY) =YY aibE(lals) =Y Y aibP(4N B))

i—1 j—1 i=1 j=1
k m

=3 " aibP(A)P(B;) = E(X)E(Y).
i=1 j=1

Next take any nonnegative X and Y that are independent. Construct nonnegative
simple random variables X, and Y,, increasing to X and Y, using the method from
the proof of Proposition From the construction, it is easy to see that each X,
is o(X)-measurable and each Y,, is o(Y)-measurable. Therefore X,, and Y,, are
independent, and hence E(X,,Y,,) = E(X,,)E(Y,,), since we have already proved
this identity for nonnegative simple random variables. Now note that since X,, T X
and Y,, 7 Y, we have X,,Y,, T XY. Therefore by the monotone convergence
theorem,
E(XY) = lim E(X,Y,) = lim E(X,)E(Y,) = E(X)E(Y)
n—oo n—oo

Finally, take any independent X and Y. It is easy to see that X and X~ are
o(X)-measurable, and Y and Y~ are o(Y')-measurable. Therefore

EXY|=E(XT+X)(YT+Y"))
=EXTYNH+EXTY )+EX YT +EXY")
=EXNHEY ) +EXNEY ) +EX HEY ) +EX )E(Y )
=E|X|E|Y].
Since E| X | and E|Y| are both finite, this shows that XY is integrable. Repeating

the steps in the above display starting with E(XY") instead of E|XY|, we get
E(XY) = E(X)E(Y). O

The following exercise generalizes the above proposition. It is provable easily
by induction, starting with the case n = 2.

EXERCISE 7.2.2. If X1, Xo, ..., X, are independent integrable random vari-
ables, show that the product X; X» - - - X, is also integrable and

E(X1 X2+ Xpn) = E(X1)E(X2) - - E(X,).
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Moreover, show that the identity also holds if the X;’s are nonnegative but not
necessarily integrable.

The following are some important consequences of the above exercise.

EXERCISE 7.2.3. If X and Y are independent integrable random variables,
show that Cov(X,Y) = 0. In other words, independent random variables are
uncorrelated.

EXERCISE 7.2.4. Give an example of a pair of uncorrelated random variables
that are not independent.

A collection of random variables { X, };c7 is called pairwise independent if for
any two distinct ¢, j € I, X; and X; are independent.

EXERCISE 7.2.5. Give an example of three random variables X1, X2, X3 that
are pairwise independent but not independent.

7.3. The second Borel-Cantelli lemma

Let {Ay},>1 be a sequence of events in a probability space (€2, F,P). The
event { A, i.0.} denotes the set of all w that belong to infinitely many of the A,,’s.
Here ‘1.0 means ‘infinitely often’. In this language, the first Borel-Cantelli says
that if Y P(A,) < oo, then P(A,, i.0.) = 0. By Exercise 4.3.2] we know that the
converse of the lemma is not true. The second Borel-Cantelli lemma, stated below,
says that the converse is true if we additionally impose the condition that the events
are independent. Although not as useful as the first lemma, it has some uses.

THEOREM 7.3.1 (The second Borel-Cantelli lemma). If {Ay}n>1 is a se-
quence of independent events such that » ,P(A,,) = oo, then P(A, i.0.) = 1.

PROOF. Let B denote the event {Ai.0.}. Then B¢ is the set of all w that
belong to only finitely many of the A,,’s. In set theoretic notation,

0 0
B =J ) 4%
n=1k=n

Therefore
o
Cc\ __ : C
P(B°) = nh_g}oP(ﬂ Ak>.
k=n
Take any 1 < n < m. Then by independence,
o m
P(ﬂ A;) < P<ﬂ Ag)
k=n k=n

= [ —P(AR).

k=n
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By the inequality 1 — x < e™* that holds for all x > 0, this gives
(0.9) m
IP’< ﬂ A%) < exp <— Z IP’(Ak)) .
k=n k=n
Since this holds for any m > n, we get

P 4) < exp(—gwk)) ~ o,

k=n

where the last equality holds because >~ ; P(Ay) = oo. This shows that P(B¢) =
0 and completes the proof of the theorem. ([

EXERCISE 7.3.2. Let X1, Xo, ... be asequence of i.i.d. random variables such
that E| X ;| = co. Prove that P(| X,,| > ni.0.) = 1.

EXERCISE 7.3.3. Let X, Xo,... be an i.i.d. sequence of integer-valued ran-

dom variables. Take any m and any sequence of integers k1, ko, . . ., ky, such that
P(X; = k;) > 0 for each i. Prove that with probability 1, there are infinitely many
occurrences of the sequence k1, . . ., ky, in a realization of X1, Xo, .. ..

7.4. The Kolmogorov zero-one law

Let X7, X5, ... be a sequence of random variables defined on the same proba-
bility space. The tail o-algebra generated by this family is defined as

T(X1,Xs,...) == ) o(Xn, Xnp1,. ).
n=1

The following result is often useful for proving that some random variable is actu-
ally a constant.

THEOREM 7.4.1 (Kolmogorov’s zero-one law). If {X,,}7° , is a sequence of
independent random variables defined on a probability space (Q, F,P), and T is
the tail o-algebra of this sequence, then for any A € T, P(A) is either 0 or 1.

PROOF. Take any n. Since A € o(X,+1, Xnt2,...) and the X;’s are indepen-
dent, it follows by Exercise[7.1.10]that the event A is independent of the o-algebra
U(Xl, . ,Xn). Let

A= U o(X1,..., X,).
n=1

It is easy to see that A is an algebra, and 0(A) = o(X1, X2,...). From the first
paragraph we know that A is independent of B for every B € A. Therefore by
Exercise A is independent of o (X7, Xo,...). In particular, A is independent
of itself, which implies that P(A) = P(A N A) = P(A)?. This proves that P(A) is
either O or 1. (]



64 7. INDEPENDENCE

Another way to state Kolmogorov’s zero-one law is to say that the tail o-
algebra of a sequence of independent random variables is ‘trivial’, in the sense
that any event in it has probability 0 or 1. Trivial o-algebras have the following
useful property.

EXERCISE 7.4.2. If G is a trivial o-algebra for a probability measure P, show
that any random variable X that is measurable with respect to G must be equal to
a constant almost surely.

In particular, if {X,,}>°, is a sequence of independent random variables and
X is arandom variable that is measurable with respect to the tail o-algebra of this
sequence, then show that there is some constant ¢ such that X = c a.e. Some
important consequences are the following.

EXERCISE 7.4.3. If {X,,}°° , is a sequence of independent random variables,
show that the random variables lim sup X, and lim inf X, are equal to constants
almost surely.

EXERCISE 7.4.4. Let {X,,}>°, be a sequence of independent random vari-
ables. Let S, := X1 + --- + X,,, and let {a,,}7% be a sequence of constants
increasing to infinity. Then show that lim sup S,, /a,, and lim inf S, /a,, are con-
stants almost surely.

7.5. Zero-one laws for i.i.d. random variables

For i.i.d. random variables, one can prove a zero-one law that is quite a bit
stronger than Kolmogorov’s zero-one law.

THEOREM 7.5.1. Let X = { X }icr be a countable collection of i.i.d. random
variables. Suppose that f : Rl — R is a measurable function with the following
property. There is a collection I" of one-to-one maps from I into I, such that

(i) f(wY) = f(w) foreach~ € T and w € R!, where w] := w.,(
(ii) for any finite J C I, there is some v € I such that y(J) N J

Then the random variable f(X) equals a constant almost surely.

and

0.

iy

PROOF. First, assume that f is the indicator function of a measurable set £ C
R’. Let A be the event that X € E. Take any € > 0. Let {i, s, ...} be an enu-
meration of /. By Exercise there is some n and some B € o(X;,,...,X;,)
such that P(AAB) < ¢, where PP is the probability measure on the space where
X is defined. By Exercise there is some measurable function g : R — R
such that 13 = ¢g(X;,,..., X;,). Then P(AAB) < € is equivalent to saying that
E|14—1p]| < €. Using condition (ii), find v € I" such that {~(1), ..., 7v(in)} does
not intersect {i1,...,i,}. LetY = X7, Z := f(Y)and W := g(Vi,,...,Y:,).
Since the X;’s are i.i.d. and -y is an injection, Y has the same law as X . Therefore

E|Z -W|=E|f(X)—g9(Xi,...,X;,)| =E|]la — 1p| <e.
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But by condition (i), f(X) = f(Y). Therefore
Ellp — W|<E|lp — 14| + E|Z — W| < 2.

On the other hand, notice that 1 5 and W are independent and identically distributed
random variables. Moreover, both are {0, 1}-valued. Therefore

2¢>E|lp —W|>E(lp — W)?> =E(lg + W — 215W)
= 2P(B) — 2P(B)E(W) = 2P(B)(1 — P(B)).
On the other hand,
[P(A)(1 —P(A)) = P(B)(1 - P(B))| < [P(A) — P(B)]
< E‘lA — 1B| <€,

since the derivative of the map x — z(1 — z) is bounded by 1 in [0, 1]. Combining,
we get P(A)(1 — P(A)) < 2e. Since this is true for any € > 0, we must have that
P(A) = 0 or 1. In particular, f(X) is a constant.

Now take an arbitrary measurable f with the given properties. Take any ¢ € R
and let E be the set of all w € R! such that f(w) < t. Then the function 1g
also satisfies the hypotheses of the theorem, and so we can apply the first part to
conclude that 15(X) is a constant. Since this holds for any ¢, we may conclude
that f(X) is a constant. O

The following result is a useful consequence of Theorem

COROLLARY 7.5.2 (Zero-one law for translation-invariant events). Let Z¢ be
the d-dimensional integer lattice, for some d > 1. Let E be the set of nearest-
neighbor edges of this lattice, and let {X.}ecp be a collection of i.i.d. random
variables. Let I' be the set of all translations of E. Then any measurable function
f of {Xe}ecr which is translation-invariant, in the sense that f({Xc}ecp) =
F{ X (e) }ecE) for any v € T, must be equal to a constant almost surely. The
same result holds if edges are replaced by vertices.

PROOF. Clearly I' satisfies property (ii) in Theorem[7.5.1] for any chosen enu-
meration of the edges. Property (i) is satisfied by the hypothesis of the corol-
lary. (]

The following exercise demonstrates an important application of Corollary
[7.5.2

EXERCISE 7.5.3. Let {X,}.cp be a collection of i.i.d. Ber(p) random vari-
ables, for some p € [0, 1]. Define a random subgraph of 7% by keeping an edge e
if X, = 1 and deleting it if X, = 0. Let N be the number of infinite connected
components of this random graph. (These are known as infinite percolation clus-
ters.) Exercise[3.3.2]shows that IV is a random variable. Using Theorem [7.5.1| and
the above discussion, prove that N equals a constant in {0, 1,2, ...} U{oco} almost
surely.

Another consequence of Theorem is the following result.
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COROLLARY 7.5.4 (Hewitt—Savage zero-one law). Let X1, Xo,... be a se-
quence of i.i.d. random variables. Let f be a measurable function of this sequence
that has the property that f(X1,Xa,...) = f(Xsq), Xo(2),---) for any o that
permutes finitely many of the indices. Then f(X1,Xa,...) must be equal to a
constant almost surely.

PROOF. Here I' is the set of all permutations of the positive integers that fix
all but finitely many indices. Then clearly I' satisfies the hypotheses of Theorem
O

A typical application of the Hewitt—Savage zero-one law is the following.

EXERCISE 7.5.5. Suppose that we have m boxes, and an infinite sequence of
balls are dropped into the boxes independently and uniformly at random. Set this
up as a problem in measure-theoretic probability, and prove that with probability
one, each box has the maximum number of balls among all boxes infinitely often.

7.6. Random vectors

A random vector is simply an R™-valued random variable for some positibe
integer n. In this way, it generalizes the notion of a random variable to multi-
ple dimensions. The cumulative distribution function of a random vector X =
(X1,...,X,) is defined as

Fx(t1,...,tn) =P(X1 <t1, X2 <tg,..., Xp <tpn),

where [P denotes the probability measure on the probability space on which X is
defined. The probability density function of X, if it exists, is a measurable function
f:R™ — [0, 00) such that for any A € B(R"),

P(XGA):/f(:nl,...,a:n)d:xl---dmn,
A

where dz; - - - dx,, denotes integration with respect to Lebesgue measure on R".
The characteristic function is defined as

Ox(t1, ... ty) = E(ei(t1X1+~--+tan)).

The law px of X the probability measure on R™ induced by X, that is, ux (A) :=
P(X € A). The following exercises are basic.

EXERCISE 7.6.1. Prove that the c.d.f. of a random vector uniquely character-
izes its law (that is, a multivariate analogue of Proposition[5.3.1)).

EXERCISE 7.6.2. If X3,...,X,, are independent random variables with laws
[l - - - bn, then show that the law of the random vector (X7, ..., X},) is the prod-
uct measure fi1 X -+ X fin.

EXERCISE 7.6.3. If X1,..., X, are independent random variables, show that
the cumulative distribution function and the characteristic function of the random
vector (X71,...,X,,) can be written as products of one-dimensional distribution
functions and characteristic functions.
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EXERCISE 7.6.4. If X,..., X, are independent random variables, and each
has a probability density function, show that (X1, ..., X,,) also has a p.d.f. and it
is given by a product formula.

EXERCISE 7.6.5. Let X be an R"-valued random vector and U C R" be an
open set such that P(X € U) = 1. Suppose that the c.d.f. F' of X is n times
differentiable in U. Let

o"F
f(ﬂ?l,. . .,fn) = m
for (z1,...,2,) € U, and let f = 0 outside U. Prove that f is the p.d.f. of X.
(Hint: First show that for any rectangle R C U, P(X € R) equals the integral of f
over R. Then extend this to any Borel subset of U using the -\ theorem.)

The mean vector of a random vector X = (Xy,...,X,) is the vector u =
(1, - -, fin), Where p; = E(X;), assuming that the means exist. The covariance
matrix of a random vector X = (X1,..., X,) is the n x n matrix X = (035)7,_;,
where 0;; = Cov(X;, X;), provided that these covariances exist.

EXERCISE 7.6.6. Prove that the covariance matrix of any random vector is a
positive semi-definite matrix.

An important kind of random vector is the multivariate normal (or Gaussian)
random vector. Given p € R™ and a strictly positive definite matrix 3 of order n,
the multivariate normal distribution with mean x and covariance matrix > is the
probability measure on R™ with probability density function

1 . )
(2m)2(det 3)1/2 P (—2(93 —uw)'s - u))

If X has this distribution, we write X ~ N, (u, X).

EXERCISE 7.6.7. Show that the above formula indeed describes a p.d.f. of a
probability law on R, and that this law has mean vector p and covariance ma-
trix 2.

EXERCISE 7.6.8. Let X ~ N, (u, ), and let m be a positive integer < n.
Show that for any ¢ € R™ and any m x n matrix A of full rank, AX + a ~
Np(a+ Ap, AZAT).

7.7. Convolutions

Given two probability measures w1 and o on R, their convolution g1 * o is
defined to be the push-forward of y; x o under the addition map from R? to R.
That is, if ¢(z,y) := = + y, then for any A € B(R),

p1 * pa(A) == p1 X pa (971 (A)),
Exercise shows that in the language of random variables, the convolution of

two probability measures has the following description: If X and Y are indepen-
dent random variables with laws p1 and po, then pq * po is the law of X 4+ Y.
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PROPOSITION 7.7.1. Let X andY be independent random variables. Suppose
thatY has probability density function g. Then the sum Z := X+Y has probability
density function h(z) = Eg(z — X).

PROOF. Let p be the law of X and po be the law of Y. Let p := py X po.
Then the discussion preceding the statement of the proposition shows that for any

A € B(R),
P(Z € A) = piy % pa(A) = p(¢~ " (A))

— [ 1o s )dnta)
R2

By Fubini’s theorem, this integral equals

[ [ 1o mdiatdn @)
RJR

But for any ,

/Rl¢1(A)(m,y)du2(y)Z/RlA(ZE-I-y)de(y)
_ /R La(z + 1)9(y)dy

:/RlA(z)g(z—x)dz:/g(z—x)dZ,

A

where the last step follows by the translation invariance of Lebesgue measure (Ex-
ercise [2.4.6). Thus again by Fubini’s theorem,

P(Z € A) = /R/Ag(z — x)dzdp (x)

_ /A /R o(z — 2)dpn (2)d>

- /AIEg(z ~ X)dz.

This proves the claim. O

EXERCISE 7.7.2. If X1 ~ N(pu1,0%) and X2 ~ N(p2,02) are independent,
prove that X1 + Xo ~ N (p1 + p2, 0% + 03).

EXERCISE 7.7.3. As a consequence of the above exercise, prove that any linear
combination of independent normal random variables is normal with the appropri-
ate mean and variance.

Often, we need to deal with n-fold convolutions rather than the convolution of
just two probability measures. The following exercises are two useful results about
n-fold convolutions.

EXERCISE 7.7.4. If X1, X», ... is a sequence of independent Ber(p) random
variables, and Sy, := ). ; Xj, give a complete measure theoretic proof of the fact
that S,, ~ Bin(n,p).



7.7. CONVOLUTIONS 69

EXERCISE 7.7.5. Use induction on n and the above convolution formula to
prove thatif X, ..., X, arei.i.d. Exp(\) random variables, then X; +- - -+ X, ~
Gamma(n, \).

EXERCISE 7.7.6. If X1, ..., X,, are independent random variables in L?, show
that Var()_ X;) = ) Var(X;).
EXERCISE 7.7.7. If X3, Xy, ..., X, are independent random variables and

S = > Xj, show that the moment generating function mg and the characteristic
function ¢g are given by the product formulas mg(t) = [[mx,(t) and ¢g(t) =

[Tox ().






CHAPTER 8

Convergence of random variables

This chapter discusses various notions of convergence of random variables,
laws of large numbers, and central limit theorems.

8.1. Four notions of convergence

Random variables can converge to limits in various ways. Four prominent
definitions are the following.

DEFINITION 8.1.1. A sequence of random variables { X, },,>1 is said to con-
verge to a random variable X almost surely if all of these random variables are
defined on the same probability space, and lim X,, = X a.e. This is often written
as X,, — X a.s.

DEFINITION 8.1.2. A sequence of random variables { X, },>1 is said to con-
verge in probability to a random variable X if all of these random variables are
defined on the same probability space, and for each € > 0,

lim P(|X,, — X| >¢) =0.
n— oo

This is usually written as X, 2 XorX, —» Xin probability. If X is a constant,
then {X,, },,>1 need not be all defined on the same probability space.

DEFINITION 8.1.3. For p € [1, oo], sequence of random variables { X, },,>1 is
said to converge in LP to a random variable X if all of these random variables are
defined on the same probability space, and

| Xpn — X||r» = 0.

This is usually written as X, E; X or X,, — X in LP. If X is a constant, then
{X5 }n>1 need not be all defined on the same probability space.

DEFINITION 8.1.4. For each n, let X,, be a random variable with cumulative
distribution function Fx, . Let X be a random variable with c.d.f. F'. Then X, is
said to converge in distribution to X if for any £ where Fy is continuous,

lim FXn(t) = Fx(t).
n—oo
.. . d D
This is usually written as X,, — X, or X,, = X,or X, = X,or X,, — X, or
X, — X in distribution. Convergence in distribution is sometimes called conver-

gence in law or weak convergence.

71
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8.2. Interrelations between the four notions

The four notions of convergence defined above are inter-related in interesting
ways.

PROPOSITION 8.2.1. Almost sure convergence implies convergence in proba-
bility.

PROOF. Let X,, be a sequence converging a.s. to X. Take any ¢ > 0. Since
X, — X as.,

1:1@([] ﬁﬂxk—xrg})

n=1k=n

— 1im P(ﬁ{rxk—m <9)

n—oo
k=n
< lim P(| X, — X| <),
n—oo
which proves the claim. ([

EXERCISE 8.2.2. Give a counterexample to show that convergence in proba-
bility does not imply almost sure convergence.

Although convergence in probability does not imply almost sure convergence,
it does imply that there is a subsequence that converges almost surely.

PROPOSITION 8.2.3. If { X, }n>1 is a sequence of random variables converg-
ing in probability to a limit X, then there is a subsequence { Xy, }1>1 converging
almost surely to X.

PROOF. Since X,, — X in probability, it is not hard to see that there is a
subsequence {Xp, }x>1 such that for each k, P(|X,, — X,,,,,| > 27F) < 27,
Therefore by the Borel-Cantelli lemma, P(| X, — X, .,| > 27" i.0.) = 0. How-
ever, if | X, (w) — Xy, (w)| > 27* happens only finitely many times for some
w, then {X,,, (w)}x>1 is a Cauchy sequence. Let Y (w) denote the limit. On the
set where this does not happen, define Y = 0. Then Y is a random variable, and
Xn,, — Y as. Then by Proposition[8.2.1} X;,, — Y in probability. But, for any
€ > 0 and any k,

PX —Y[>¢) <P(X — Xp, | > €/2) + P(|Y = X, | > €/2).

Sending k — oo, this shows that P(|X — Y| > €) = 0. Since this holds for every
€ > 0,we get X =Y a.s. This completes the proof. ([

Next, let us connect convergence in probability and convergence in distribu-
tion.

PROPOSITION 8.2.4. Convergence in probability implies convergence in dis-
tribution.
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PROOF. Let X, be a sequence of random variables converging in probability
to a random variable X . Let ¢ be a continuity point of F'x. Take any e > 0. Then

Fx,(t) = P(Xn < 1)
<PX <t+e)+P(|X, — X]|>¢),
which proves that lim sup Fx,, (t) < Fx(t+¢). Since this is true for any ¢ > 0 and

Fx is right continuous, this gives limsup Fx, (t) < Fx(t). A similar argument
gives liminf Fx, (t) > Fx(t). O

EXERCISE 8.2.5. Show that the above proposition is not valid if we demanded
that F'x,, (t) — Fx(t) for all ¢, instead of just the continuity points of Fx.

EXERCISE 8.2.6. If X,, — c in distribution, where c¢ is a constant, show that
X, — cin probability.

The following result combines weak convergence and convergence in proba-
bility is a way that is useful for many purposes.

PROPOSITION 8.2.7 (Slutsky’s theorem). If X, i) Xand, L ¢, where c is
a constant, then X,, + Yy, i> X +cand X,,Y,, i cX.

PROOF. Let F' be the c.d.f. of X 4 c. Let ¢ be a continuity point of F'. For any
€e>0,
P(X,+Y,<t) <PX,+c<t+e)+PY,—c< —e).
If t 4 € is also a continuity point of F', this shows that
limsupP(X,, + Y, <t) < F(t +e).

n—oo
By Exercise[5.2.3|and the right-continuity of F', this allows us to conclude that
limsupP(X,, + Y, <t) < F(t).
n—oo

Next, take any € > 0 such that ¢ — € is a continuity point of F'. Since
P(Xp+c<t—¢e) <PX,+Y, <t)+PY, —c>e),
we get
liminf P(X,, + Y, <t) > F(t —e).

n—oo
By Exercise[5.2.3]and the continuity of F' at t, this gives
liminf P(X,, + Y, <t) > F(t).
n—oo

Thus,
lim P(X,, +Y, <t)=F(t)

n—oo
for every continuity point ¢ of F', and hence X,, + Y}, 4 x + c. The proof of
XY, i) cX 1is similar, with a slight difference in the case ¢ = 0. O

Finally, let us look at the relation between L” convergence and convergence in
probability.
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PROPOSITION 8.2.8. For any p > 0, convergence in LP implies convergence
in probability.

PROOF. Suppose that X,, — X in LP. Take any € > 0. By Markov’s inequal-
ity,
P(|X, — X| >¢) =P(|X,, — X|P > €)
< E| X, — X]”7
ST a9

which proves the claim. ([
The converse of the above proposition holds under an additional assumption.

PROPOSITION 8.2.9. If X,, — X in probability and there is some constant c
such that | X,,| < c a.s. for each n, then X,, — X in LP for any p € [1,0).

PROOF. It is easy to show from the given condition that | X'| < ¢ a.s. Take any
€ > 0. Then

E|X, — X|P <E(|X, — X|P;| X, — X|>¢€)+
< (2¢)PP(| Xy, — X| > €) + €P.
Sending n — oo, we get limsupE|X,, — X|P < €P. Since € is arbitrary, this

completes the proof. ([

Interestingly, there is no direct connection between convergence in LP and
almost sure convergence.

EXERCISE 8.2.10. Take any p > 0. Give counterexamples to show that almost
sure convergence does not imply LP convergence, and LP convergence does not
imply almost sure convergence.

8.3. Uniform integrability

Under a certain condition known as uniform integrability, almost sure con-
vergence implies L' convergence. We say that a sequence of random variables
{Xy }n>1 is uniformly integrable if for any € > 0, there is some K > 0 such that
for all n,

E(|Xn|; [ Xn| > K) <e.

PROPOSITION 8.3.1. If a uniformly integrable sequence of random variables
{ Xy }n>1 converges almost surely to a limit random variable X as n — oo, then
X is integrable and X,, — X in L.

PROOF. Take any ¢, and find K such that E(|X,,|; | X,| > K) < ¢ for all n.
This implies, in particular, that

E|Xo| SE(Xnl; [Xal > K) + E([X0[; [Xo| < K) <€+ K.
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Therefore by Fatou’s lemma, E|X| < € + K < co. So, by the dominated conver-
gence theorem, limy_,, E(|X|; | X| > L) = 0. This implies that by increasing K
if necessary, we can ensure that E(| X|; |X| > K) is also bounded by €. Define a
function
T if —K<z<K,
o(x) =< K ifx > K,
-K ifx<—K.
Note that ¢ is bounded and continuous. Therefore by the dominated convergence
theorem, E|¢(X,,) — ¢(X)| — 0. But
< E([Xn; [ Xn] > K) + Elo(Xn) — ¢(X)| + E(|X]; [ X] > K)
< 2e+ E[¢(Xn) — o(X)]-

Thus, lim sup,,_, ., E|X,, — X| < 2e. Since this holds for any €, we conclude that
X, — X in L% 0

The following proposition gives a useful criterion for checking uniform inte-
grability.

PROPOSITION 8.3.2. If sup,,» E|X,|P is finite for some p > 1, then the se-
quence { Xy, }n>1 is uniformly integrable.

PROOF. Note that for any K,
E(|Xn|; [ Xn| > K) < K- P7VEIX, P,

Since E| X, |? is uniformly bounded, the above bound can be made uniformly small
by choosing K large enough. O

Uniform integrability has the following equivalent formulation, which is some-
times useful.

PROPOSITION 8.3.3. A sequence { X, }n>1 is uniformly integrable if and only
if sup,,>; E|X,| < oo and for for all € > 0, there is some § > 0 such that for any
event Awith P(A) < §, we have E(| X,,|; A) < € for all n.

PROOF. Suppose that { X, },,>1 is uniformly integrable. First, choose a > 0
such that
sup E(| X,|; | Xn| > a) < 1.
n>1
Then for any n,
E[Xn| = E(|Xn|; | Xa| < a) + E(1Xn[; [Xn| > a) <a+1,

which shows that sup,,» E[X,| < co. Next, for any a > 0, any event A, and
any n,

E(|Xn[; A) = E(|Xnl; AN {[Xn| < a}) + E(|Xn]; AN {[Xn| > a})
< aP(A) + E(|Xn|; [ Xa| > a).
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By uniform integrability, the right side can be made uniformly small by choosing
a large enough and P(A) small enough.
Conversely, suppose that the alternative criterion holds. Then for any a > 0,

aP(|X,| > a) < E(|X,|; | Xn| > a) <supE|X,| < co.
n>1

Thus, P(|X,,| > a) can be made uniformly small by choosing a large enough.
Thus, E(|X,|; | X»| > a) can be made uniformly small by choosing a large enough,
which proves uniform integrability. U

An interesting corollary of the above result is the following. We will have
occasion to use it later.

COROLLARY 8.3.4. For any integrable random variable X, and for any ¢ > 0,
there is some 6 > 0 such that E(| X |; A) < € whenever P(A) < e.

PROOF. By the dominated convergence theorem, E(|X|; | X| > K) — 0 as
K — oo. Thus, the sequence X, X, X, ... is uniformly integrable. Now apply
Proposition 8.3.3 (]

The following proposition is also sometimes useful.

PROPOSITION 8.3.5. If a sequence of random variables converges in L, then
it is uniformly integrable.

PROOF. Suppose that X;,, — X in L'. Take any ¢ > 0 and M > 0. By
Corollary |8.3.4] there is some 0 > 0 such that if P(A) < ¢, then E(|X|; A) < ¢/4.
Now, note that

E(1Xn[; [Xn] > M) - E(|X|;[X]| > M/2)
< E(1Xy — X[5 [ Xn| > M) + E(X|(1gx, >0 — Lx>n/2))
<E|X, - X|+E(X];|X, — X| > M/2).
Since X,, — X in L', we can find ng large enough so that if n > ng, then
E| X, — X| <e/4and P(|X,, — X| > M/2) < ¢ (the second assertion follows by
Proposition [8.2.8)). Thus, for n > ny,
E(| X5 | Xn| > M) <E(|X|; | X]| > M/2) +€/2.

Now choose M so large that E(|.X |; | X| > M/2) < €/2, and also E(| X, |; | X,| >
M) < eforall n < ng. Then for alln > 1, E(|X,,|; | X,| > M) <e. O

8.4. The weak law of large numbers

The weak law of large numbers is a fundamental result of probability theory.
Perhaps the best way to state the result is to state a quantitative version. It says
that the average of a finite collection of random variables is close to the average of
the expected values with high probability if the average of the covariances is small.
This allows wide applicability in a variety of problems.
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THEOREM 8.4.1 (Weak law of large numbers). Let X1, ..., X,, be L? random

variables defined on the same probability space. Let j1; = E(X;) and 0;; =
Cov(X;, X;). Then for any € > 0,

1 & 1 &
P(ﬂZXi—n;Mi

i=1
PROOF. Apply Chebychev’s inequality, together with the formula given by
Proposition [6.2.5] for the variance of a sum of random variables. O

1 n
>el < Oji.
= )‘eQnQZ v

i.j=1

An immediate corollary is the following theorem, which is traditionally known
as the L? weak law of large numbers.

COROLLARY 8.4.2. If {X,,}2, is a sequence of uncorrelated random vari-
ables with common mean p and uniformly bounded finite second moment, then
n~t >y X converges in probability to v as n — oc.

Actually, the above theorem holds true even if the second moment is not finite,
provided that the sequence is i.i.d. Since this is a simple consequence of the strong
law of large numbers that we will prove later, we will not worry about it here.

EXERCISE 8.4.3 (An occupancy problem). Let n balls be dropped uniformly
and independently at random into n boxes. Let IV, be the number of empty boxes.
Prove that N,,/n — e~! in probability as n — oo. (Hint: Write N,, as a sum of
indicator variables.)

EXERCISE 8.4.4 (Coupon collector’s problem). Suppose that there are n types
of coupons, and a collector wants to obtain at least one of each type. Each time
a coupon is bought, it is one of the n types with equal probability. Let 7}, be the
number of trials needed to acquire all n types. Prove that 7,,/(nlogn) — 1 in
probability as n — oco. (Hint: Let 75 be the number of trials needed to acquire &
distinct types of coupons. Prove that 7, — 75,1 are independent geometric random
variables with different means, and 7, is the sum of these variables.)

EXERCISE 8.4.5 (Erd6s—Rényi random graphs). Define an undirected random
graph on n vertices by putting an edge between any two vertices with probability
p and excluding the edge with probability 1 — p, all edges independent. This is
known as the Erd6s—Rényi G (n, p) random graph. First, formulate the model in the
measure theoretic framework using independent Bernoulli random variables. Next,
show that if 7, ,, is the number of triangles in this random graph, then T}, ,/n® —
p3 /6 in probability as n — oo, if p remains fixed.

8.5. The strong law of large numbers

The strong law of large numbers is the almost sure version of the weak law.
The best version of the strong law was proved by Etemadi.
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THEOREM 8.5.1 (Etemadi’s strong law of large numbers). Let {X,,},>1 be
a sequence of pairwise independent and identically distributed random variables,
with E|X1| < co. Thenn™t 31| X; converges almost surely to E(X1) as n tends
to 0.

PROOF. Splitting each X into its positive and negative parts, we see that it
suffices to prove the theorem for nonnegative random variables. So assume that
the X;’s are nonnegative random variables.

The next step is to truncate the X;’s to produce random variables that are more
well-behaved with respect to variance computations. Define Y; := X;11y, ;3. We
claim that it suffices to show that n=1 Y7 | V; — p a.s., where == E(X7). To
see why this suffices, notice that by Exercise [0.1.9] and the fact that the X;’s are
identically distributed,

i=1 i=1 i=1

Therefore by the first Borel-Cantelli lemma, P(X; # Y; i.0.) = 0. Thus, it suffices
to prove thatn ! >°1 | V; — pas.

Next, note that E(Y;) — p = E(X;; X; > i) — 0 as i — oo by the dominated
convergence theorem. Therefore n=1 Y "  E(Y;) — pasn — oo. Thus, it
suffices to prove that Z,, — 0 a.s., where

n

1

Zn ==Y (Yi—E(¥)).
i
Take any o > 1. Let k,, := [a"], where [z] denotes the integer part of a real

number . The penultimate step in Etemadi’s proof is to show that for any choice
ofa>1,7; — 0as.

To show this, take any ¢ > 0. Recall that the X;’s are pairwise independent.
Therefore so are the Y;’s and hence Cov(Y;,Y;) = 0 for any ¢ # j. Thus for any

n, by Theorem [8.4.1]

k

1 n
P(|Zk,| >¢€) < 252 g Var(Y;).
noi—=1

Therefore
Z:lp(zk |>€) < Z_:l e X;Var(YZ)
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It is easy to see that there is some § > 1, depending only on «, such that k,, 11 /k,, >
S for all n large enough. Therefore for large enough n,

Z k2—l2zﬁ ngfﬁ’

n:kp>1

where C' depends only on «. Increasing C' if necessary, the inequality can be made
to hold for all n. Therefore by the monotone convergence theorem,

o C oo
CAETEF RS SEFIu
n=1 i=1

E(X?; X <i) O X=E(XE X <i)
T2 Z T2 Z 02
=1
C ) 1 c’
< EQE<X1 > 12) < ZE(X1),

i €
i>X1

where C’ is some other constant depending only on «. By the first Borel-Cantelli
lemma, this shows that P(|Zj, | > €i.0.) = 0. Since this holds for any € > 0, it
follows that Z;,, — 0 a.s. as n — oo.

The final step of the proof is to deduce that Z,, — 0 a.s. For each n, let
T, =Y., Y. Take any m. If k,, < m < k41, then

kny, Tkn . Tkn < T < Tkn+1 . Tkn+1 kn+1

knt1 kn B kpnt1 = m =k B knt1 kn '

Let m — oo, so that k,, also tends to infinity. Since k,,y1/kn, — « and T}, /k,, —
u a.s., the above inequalities imply that

T, T,
B < liminf 2™ < limsup 2 < ajp as.
(0% m—oo M m—oo M

Since o > 1 is arbitrary, this completes the proof. ([

EXERCISE 8.5.2. Using Exercise[7.3.2} show that if X, X»,...is a sequence
of i.i.d. random variables such that E| X ;| = oo, then

1 n
]P’( Z X, has a finite limit as n — oo) =0.
i

EXERCISE 8.5.3. If X3, Xo, ... are i.i.d. random variables with E(X;) = oo,
show that n ! >"% | X; — oo a.s.

Although the strong law of large numbers is formulated for i.i.d. random vari-
ables, it can sometimes be applied even when the random variables are not inde-
pendent. An useful case is the case of stationary m-dependent sequences.

DEFINITION 8.5.4. A sequence of random variables {X,,}°°; is called sta-
tionary if for any n and m, the random vector (X7, ..., X)) has the same law as

(Xm—i-l’ s »Xm—i-n)-
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DEFINITION 8.5.5. A sequence of random variables {X,,}>° , is called m-
dependent if for any n, the collections { X; };_; and { X;}7°, ., areindependent.

Let {Y;}°, be an ii.d. sequence. An example of a sequence which is 1-
dependent and stationary is {Y;Y;11}:°,. More generally, an example of an m-
dependent stationary sequence is a sequence like { X;}2°, where each Xj is of the
form f(Y;,...,Yiim) for some measurable function f : R™+! — R,

THEOREM 8.5.6. If { X, }22 , is a stationary m-dependent sequence for some
finite m, and E| X1 | < oo, thenn=L 3" | X; converges a.s. to E(X1) as n — oc.

PROOF. As in Etemadi’s proof of the strong law, we may break up each X,
into its positive and negative parts and prove the result separately for the two, since
the positive and negative parts also give stationary m-dependent sequences. Let us
therefore assume without loss of generality that the X;’s are nonnegative random
variables. For each k > 1, let

m
i=m(k—1)+1
By stationarity and m-dependence, it is easy to see (using Exercise that
Y1,Y3,Ys, ... isasequence of i.i.d. random variables, and Y5, Yy, Yg, . . . is another
sequence of i.i.d. random variables. Moreover E(Y;) = E(X). Therefore by the
strong law of large numbers, the averages

1 & 1 &
Ay = nZ;YZi—la By, = - Z;Y%
1= 1=

both converge a.s. to [E( X7 ). Therefore the average

2n
A, + B, 1
C, = * Y;
2 2”1 ~

also converges a.s. to E(X). But note that

2nm
1

C,=—— X;.
2nm
=1

Now take any n > 2m and let k be an integer such that 2mk < n < 2m(k + 1).
Since the X;’s are nonnegative,

+1
k<7ZXZ_ )Ck:-i-l-
Since C, and Cj41 both converge a.s. to E(X;) as & — oo, and 2mk/n — 1 as
n — 00, this completes the proof. ([

Sometimes strong laws of large numbers can be proved using only moment
bounds and the first Borel-Cantelli lemma. The following exercises give such
examples.
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EXERCISE 8.5.7 (SLLN under bounded fourth moment). Let {X,,}>°, be a
sequence of independent random variables with mean zero and uniformly bounded
fourth moment. Prove that n=!>"" | X; — 0 a.s. (Hint: Use a fourth moment
version of Chebychev’s inequality.)

EXERCISE 8.5.8 (Random matrices). Let {X;;}1<i<j<cc be a collection of
i.i.d. random variables with mean zero and all moments finite. Let X;; := Xj;
if j > i. Let W, be the n x n symmetric random matrix whose (7, j)th entry is
n_l/QXij. A matrix like W, is called a Wigner matrix. Let A, 1 > --- > A, , be
the eigenvalues of W,,, repeated by multiplicities. For any integer £ > 1, show that

1o I
52)\5” — E(nZ/\:be) — 0 as.asn — oo.
i=1 i=1

(Hint: Express the sum as the trace of a power of W,,, and use Theorem 8.4.1] The
tail bound is strong enough to prove almost sure convergence.)

EXERCISE 8.5.9. If all the random graphs in Exercise [8.4.5]are defined on the
same probability space, show that the convergence is almost sure.

8.6. Tightness and Helly’s selection theorem

Starting in this section, we will gradually move towards the proof of the central
limit theorem, which is one of the most important basic results in probability the-
ory. For this, we will first have to develop our understanding of weak convergence
to a more sophisticated level. A concept that is closely related to convergence in
distribution is the notion of tightness, which we study in this section.

DEFINITION 8.6.1. A sequence of random variables { X, },,>1 is called a tight
family if for any e, there exists some K such that sup,, P(|X,,| > K) <e.

EXERCISE 8.6.2. If X;, — X in distribution, show that {X,, },>1 is a tight
family.

EXERCISE 8.6.3. If { X, },,>1 is a tight family and {c,, }»>1 is a sequence of
constants tending to 0, show that ¢, X,, — 0 in probability.

A partial converse of Exercise[8.6.2]is the following theorem.
THEOREM 8.6.4 (Helly’s selection theorem). If { X, },>1 is a tight family, then

there is a subsequence { Xy, }r>1 that converges in distribution.

PROOF. Let F), be the c.d.f. of X,,. By the standard diagonal argument, there
is subsequence {ny };>1 of positive integers such that

F(q) := lim F,, (q)
k—o00
exists for every rational number ¢. For each = € R, define
F(x):= inf Fi(q).
qe >

)
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Then F and F' are non-decreasing functions. From tightness, it is easy to argue
that F'(z) — 0 as x — —oo and F(z) — 1 as x — oo. Now, for any z, there is
a sequence of rationals ¢g; > g2 > -- - decreasing to z, such that F,(g,) — F(x).
Then F'(¢n+1) < Fi(qy) for each n, and hence

F(z) = lim Fi(gn) > lim F(gn1),

which proves that F’ is right-continuous. Thus, by Proposition[5.2.2] F' is a cumu-
lative distribution function.

We claim that F},, converges weakly to F'. To show this, let x be a continuity
point of F. Take any rational number ¢ > z. Then F,, (z) < F),, (q) for all k.
Thus,

limsup F,, (z) < lim F,, (q) = Fi(q).
k—o0 k—o0
Since this holds for all rational ¢ > x,
limsup F),, (z) < F(x).

k—o0

Next, take any y < x, and take any rational number ¢ € (y, x). Then
liminf F),, (z) > lim F,, (q) = Fx(q).
k—o00 k—oo

Since this holds for all rational ¢ € (y, z),

liminf F), (z) > F(y).
k—ro00

Since this holds for all ¥ < x and x is a continuity point of F’, this completes the
proof. ([

8.7. An alternative characterization of weak convergence

The following result gives an important equivalent criterion for convergence in
distribution.

PROPOSITION 8.7.1. A sequence of random variables { X, },>1 converges to
a random variable X in distribution if and only if

Tim Ef(X,) = Ef(X)

for every bounded continuous function f : R — R. In particular, two random
variables X and Y have the same law if and only if Ef(X) = Ef(Y) for all
bounded continuous f.

PROOF. First, suppose that Ef(X,,) — Ef(X) for every bounded continuous
function f. Take any continuity point ¢ of F'y. Take any ¢ > 0. Let f be the
function that is 1 below ¢, 0 above ¢ 4 €, and goes down linearly from 1 to 0 in the
interval [¢,t + €]. Then f is a bounded continuous function, and so

limsup Fy, (t) < limsup Ef(X,)
n—oo

n—oo

=Ef(X) < Fx(t +e).
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Since this is true for all € > 0 and F'x is right-continuous, this gives
limsup Fx, (t) < Fx(t).

n—0o0

A similar argument shows that for any € > 0,

limianXn(t) > Fx(t — 6).

n—
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Since ¢ is a continuity point of F'x, this proves that lim inf Fx (¢) > Fx(t). Thus,

X,, — X in distribution.

Conversely, suppose that X;, — X in distribution. Let f be a bounded con-

tinuous function. Take any e > 0. By Exercise [8.6.2] there exists K such that

P(|X,,| > K) < eforall n. Choose K so large that we also have P(| X| > K) <.

Let M be a number such that | f(z)| < M for all x.

Since f is uniformly continuous in [— K, K], there is some ¢ > 0 such that

|f(z) — f(y)| < e whenever |x — y| < dand z,y € [- K, K]. By Exercise[5.2.3]

we may assume that —K and K are continuity points of F'x, and we can pick out
a set of points 1 < x9 < -+ < x,,, € [—K, K| such that each z; is a continuity

point of F'x, x1 = — K, z,, = K, and ;11 — x; < ¢ for each 7. Now note that
Ef(Xn) = E(f(Xn)a Xn > K) + E(f(Xn)a X, < _K)
m—1
+ Z E(f(Xn);2i < Xn < 1),
i=1

which implies that

=1

1

+ > E(f(Xn) = ()]s < Xn < @it1)
i=1

m—1
B0 = 3 )Pl < X, < i)
< Me S n)

m—1
< Me+e Z Plx; < X, < wip1) < (M + 1e.
i=1
A similar argument gives
m—1
B = Y Jo)Pla < X < aion)| < (0 + D).
i=1

Since z1, . . ., T, are continuity points of F'x and X,, — X in distribution,
Jim Pz; < Xy < @igr) = lim (F, (zi41) = Fx, (23))
= Fx(ziy1) — Fx(x;) =P(a; < X < xi41)
for each . Combining the above observations, we get
limsup |[Ef(X,) —Ef(X)| <2(M + 1)e.

n—oo

Since € was arbitrary, this completes the proof.



84 8. CONVERGENCE OF RANDOM VARIABLES

An immediate consequence of Proposition [8.7.1is the following result.

PROPOSITION 8.7.2. If { X}, is a sequence of random variables converg-
ing in distribution to a random variable X, then for any continuous f : R — R,

F(X0) S £(X).

PROOF. Take any bounded continuous ¢ : R — R. Then g o f is also a
bounded continuous function. Therefore E(g o f(X,)) — E(g o f(X)), which
shows that f(X,,) — f(X) in distribution. O

8.8. Inversion formulas

We know how to calculate the characteristic function of a probability law on
the real line. The following inversion formula allows to go backward, and calculate
expectations of bounded continuous functions using the characteristic function.

THEOREM 8.8.1. Let X be a random variable with characteristic function ¢.
For each 6 > 0, define

fo(z) == % /_OO e HT=0 4 (1) gt

Then for any bounded continuous g : R — R,

o0

E(g(X)) =lim [ g(x)fo(z)d.

0—0 J)_

PROOF. Let u be the law of X, so that

o(t) = / N edu(y).

—00

Since |¢(t)| < 1 for all ¢, we may apply Fubini’s theorem to conclude that

1 00 00 V012
folw) =5 [ [ A ),
But by Proposition[6.5.1]

00 () —52/2
i(y—a)t—0e2 gy _ \/?/ i(20)1/2(y-2)s € "
/—oo ‘ 0 —00 ‘ V2w i

_ \/ge—w—xﬁ/w_

00 o—(y—c)?/46

x) = —d .
But by Proposition[7.7.1} the above formula shows that f(z) is the p.d.f. of X +Zy,
where Zy ~ N (0, 26). Thus, we get

/wanmmmzmwx+%»

—00

Therefore
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Since Var(Zy) = 26 (Exercise [6.2.1), it follows by Chebychev’s inequality that
Zp — 0 in probability as § — 0. Since g is a bounded continuous function, the
proof can now be completed using Slutsky’s theorem and Proposition|8.7.1 (]

An immediate corollary of the above theorem is the following important fact.

COROLLARY 8.8.2. Two random variables have the same law if and only if
they have the same characteristic function.

PROOF. If two random variables have the same law, then they obviously have
the same characteristic function. Conversely, suppose that X and Y have the same
characteristic function. Then by Theorem E(g(X)) = E(g(Y)) for every
bounded continuous g. Therefore by Proposition X and Y have the same
law. U

EXERCISE 8.8.3. Let ¢ be the characteristic function of a random variable X .
If |¢(t)| = 1 for all ¢, show that X is a degenerate random variable — that is,
there is a constant ¢ such that P(X = ¢) = 1. (Hint: Start by showing that |¢(t)|?
is the characteristic function of X — X', where X' has the same law as X and is
independent of X. Then apply Corollary [8.8.2])

EXERCISE 8.8.4. Let X be a non-degenerate random variable. If a.X and bX
have the same distribution for some positive a and b, show that a = b. (Hint: Use
the previous exercise.)

EXERCISE 8.8.5. Let X be any random variable. If X 4 a and X + b have the
same distribution for some a, b € R, show that a = b.

EXERCISE 8.8.6. Suppose that a random variable X has the same distribution
as the sum of n i.i.d. copies of X, for some n > 2. Prove that X = 0 with
probability one. (Hint: Prove that the characteristic function takes value in a finite
set and must therefore be equal to 1 everywhere.)

Another important corollary of Theorem [8.8.1|is the following simplified in-
version formula.

COROLLARY 8.8.7. Let X be a random variable with characteristic function
¢. Suppose that

/OO |6()|dt < oo.

—00

Then X has a probability density function f, given by
1 [ _
f@) =5 [ o

:% .

PROOF. Recall from the proof of Theorem that fy is the p.d.f. of X + Z,
where Zy ~ N(0,26). If ¢ is integrable, then it is easy to see by the dominated
convergence theorem that for every =z,

() = lim foz).
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Moreover, the integrability of ¢ also shows that for any # and =,

o0

| fo(z)| < ;ﬂ/ p(t)|dt < oo.

—00

Therefore by the dominated convergence theorem, for any —oco < a < b < oo,

b b
éf@mﬂ%lﬁww

Therefore if a and b are continuity points of the c.d.f. of X, then Slutsky’s theorem
implies that
b
Pla< X <b) = / f(z)dz.
a
By Proposition this completes the proof. O

For integer-valued random variables, a different inversion formula is often use-
ful.

THEOREM 8.8.8. Let X be an integer-valued random variable with character-
istic function ¢. Then for any x € 7,
T ™ _
PX = 2) = — / e (1) dt.

27 J_,

PROOF. Let p be the law of X. Then note that by Fubini’s theorem,

L[ e "o(t)dt = L /ﬂ /00 e e dp(y)dt
2 J_, 2 J_ 1 )
1 o0 ™ 3
5 | [ e atanty
TJ—ocoJ—7
1 [" .
Cypx (L [ o)
2 J_,
YEL
=P(X =x),
where the last identity holds because z,y € Z in the previous step. U

8.9. Lévy’s continuity theorem

In this section we will prove Lévy’s continuity theorem, which asserts that
convergence in distribution is equivalent to pointwise convergence of characteristic
functions.

THEOREM 8.9.1 (Lévy’s continuity theorem). A sequence of random variables
{ X, }n>1 converges in distribution to a random variable X if and only if the se-
quence of characteristic functions {¢x,, }n>1 converges to the characteristic func-
tion ¢ x pointwise.
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PROOF. If X,, — X in distribution, then ¢x, () — ¢x(t) for every ¢ by
Proposition[8.7.1] Conversely, suppose that ¢ x,, (t) — ¢x (t) for every ¢. Take any
€ > 0. Recall that ¢x is a continuous function (Exercise , and ¢x(0) = 1.
Therefore we can choose a number a so small that |¢x(s) — 1| < €/2 whenever
|s| < a. Consequently,

Cll/_ (1= éx(s))ds < e.

Therefore, since ¢x, — ¢x pointwise, the dominated convergence theorem shows
that

lim * / (1— éx.(s))ds = - / (1= éx(s))ds < e.

n—oo @

Let ¢ := 2/a. Then by Proposition and the above inequality,

—a aJ_q

limsup P(| X, | > t) <e.
n—oo

Thus, P(|X,,| > t) < 2e for all large enough n. This allows us to choose K large
enough such that P(].X,,| > K) < 2¢ for all n. Since ¢ is arbitrary, this proves that
{Xn}n>1is a tight family.

Suppose that X,, does not converge in distribution to X. Then there is a
bounded continuous function f such that Ef(X,,) /4 Ef(X). Passing to a subse-
quence if necessary, we may assume that there is some € > 0 such that |[Ef(X,,) —
Ef(X)| > e for all n. By tightness, there exists some subsequence { X, }r>1
that converges in distribution to a limit Y. Then Ef(X,,) — Ef(Y’) and hence
IEf(Y)—Ef(X)| > e. Butby the first part of this theorem and the hypothesis that
¢x, — ¢x pointwise, we have that ¢y = ¢x everywhere. Therefore Y and X
must have the same law by Lemma(8.8.2] and we get a contradiction by the second
assertion of Proposition [8.7.1|applied to this X and Y. (]

EXERCISE 8.9.2. If a sequence of characteristic functions { ¢y, },,>1 converges
pointwise to a characteristic function ¢, prove that the convergence is uniform on
any bounded interval. (Hint: It suffices to show that if ¢,, — ¢, then ¢,,(¢,,) — ¢(t).
Deduce this from Lévy’s continuity theorem.)

EXERCISE 8.9.3. If a sequence of characteristic functions { ¢y, },,>1 converges
pointwise to some function ¢, and ¢ is continuous at zero, prove that ¢ is also a
characteristic function. (Hint: Prove tightness and proceed from there.)

8.10. The central limit theorem for i.i.d. sums

Broadly speaking, a central limit theorem is any theorem that states that a
sequence of random variables converges weakly to a limit random variable that has
a continuous distribution (usually Gaussian). The following central limit theorem
suffices for many problems.
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THEOREM 8.10.1 (CLT for i.i.d. sums). Let X1, Xo, ... be i.i.d. random vari-
ables with mean i and variance 0. Then the random variable

2ic1 Xi —np
Vno

converges weakly to the standard Gaussian distribution as n — oo.

We need a few simple lemmas to prepare for the proof. The main argument is
based on Lévy’s continuity theorem.

LEMMA 8.10.2. Foranyx € Rand k > 0,
k

eim . Z (lx)
j=0

l
=0

|x\k+1
k+1)!

=1

PROOF. This follows easily from Taylor expansion, noting that all derivatives
of the map x — e'* are uniformly bounded by 1 in magnitude. U

3
. x
< mln{:rQ, |6’}

COROLLARY 8.10.3. Forany x € R,

2

: x
e’ —1—ix+ —
+2

PROOF. By Lemma[8.10.2]

2
. . x
et —1—ix+ —

|z}
e
2|7 6

On the other hand, by Lemma|8.10.2{ we also have

2

2 .
<le —1—ig|+ =

. . x
e’ —1—ix+ —

2 2
< aﬁ + 22 — g2
-2 2
The proof is completed by combining the two bounds. U
LEMMA 8.10.4. Let ay,...,a, and by, ..., b, be complex numbers such that

la;| < 1and |b;| <1 foreachi. Then

n n
[Lai=]]0
=1 =1

n
<> ai = bil.
i=1
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PROOF. Writing the difference of the products as a telescoping sum and ap-
plying the triangle inequality, we get

n n
[ 110
i=1 i=1

=1

i=1

n
< Z la; — bil,
i—1

where the last inequality holds because |a;| and |b;| are < 1 for each i. O

ar - @i1bi by —ai - aibipr by

We are now ready to prove Theorem [8.10.1]

PROOF OF THEOREM [8.J0.1l Replacing X; by (X; — u)/o, let us assume
without loss of generality that 4 = 0 and 0 = 1. Let S,, := n~ /23" | X,.
Take any ¢ € R. By Lévy’s continuity theorem and the formula for the character-
istic function of the standard normal distribution (Proposition[6.5.1)), it is sufficient
to show that ¢g, (t) — e~*"/2 as n — oo, where ¢g, is the characteristic function
of S,,. By the i.i.d. nature of the summands,

¢s,(t) = [ [ ox. (t/v/n) = (o, (t/ V)™
i=1
Therefore by Lemma when n is so large that t? < 2n,
2\" t?
5.0~ (1= ) | <alomrvm - (1- 1)

Thus, we only need to show that the right side tends to zero as n — co. To prove
this, note that by Corollary[8.10.3]

om0/ — (1- )| =

<n

: 2vy2

n
2n Vn 2n
¢3) X2
< Emin{thlz, M}
6v/n
By the finiteness of E(X?) and the dominated convergence theorem, the above
expectation tends to zero as n — 0. (]

EXERCISE 8.10.5. Give a counterexample to show that the i.i.d. assumption
in Theorem [8.10.1] cannot be replaced by the assumption of identically distributed
and pairwise independent.

In the following exercises, ‘prove a central limit theorem for X,,” means ‘prove

that x
An 70 d N, 1)
by,

as n — oo, for some appropriate sequences of constants a,, and b,,’.
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EXERCISE 8.10.6. Let X,, ~ Bin(n,p). Prove a central limit theorem for
X,,. (Hint: Use Exercise and the CLT for i.i.d. random variables.)

EXERCISE 8.10.7. Let X,, ~ Gamma(n,\). Prove a central limit theorem
for X,,. (Hint: Use Exercise and the CLT for i.i.d. random variables.)

EXERCISE 8.10.8. Suppose that X,, ~ Gamma(n, \,), where {\,}22 is
any sequence of positive constants. Prove a CLT for X,.

Just like the strong law of large numbers, one can prove a central limit theorem
for a stationary m-dependent sequence of random variables.

THEOREM 8.10.9 (CLT for stationary m-dependent sequences). Suppose that
X1, Xo, ... is a stationary m-dependent sequence of random variables with mean
W and finite second moment. Let

m—+1
o? i=Var(X1) +2 ) Cov(Xy, X;).
i=2
Then the random variable "
D Xi —np

Vno

converges weakly to the standard Gaussian distribution as n — oo.

PROOF. The proof of this result uses the technique of ‘big blocks and little
blocks’, which is also useful for other things. Without loss of generality, assume
that 4 = 0. Take any r > m. Divide up the set of positive integers into ‘big blocks’
size r, with intermediate ‘little blocks’ of size m. For example, the first big block
is {1,...,r}, which is followed by the little block {r +1,...,r 4+ m}. Enumerate
the big blocks as B1, Ba, . .. and the little blocks as L, Lo, .. .. Let

Yj = ZX Z; = ZX

iEBj iGLj
Note that by stationarity and m-dependence, Y7, Ys, ... is a sequence of i.i.d. ran-
dom variables and Z7, Zs, . . . is also a sequence of i.i.d. random variables.

Let k,, be the largest integer such that By, C {1,...,n}. Let S, := > 1" | X;,
T, = Z?ll Y;, and R, := S, — T,,. Then by the central limit theorem for
i.i.d. sums and the fact that k,, ~ n/(r + m) as n — oo, we have
Tn d

% — N(Oa 0-7%)’
where
o _ Var(Y1)
o, =

r+m
Now, it is not hard to see that if we let

kn
R;@ = Z Zj,
j=1
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then {R,, — R/, },,>1 is a tight family of random variables. Therefore by Exercise
8.6.3, (R, — R),)/+/n — 0 in probability. But again by the CLT for i.i.d. variables,

/
fj% 5 N(O,72),
where
2 _ Var(Z;)
T r+m

Therefore by Slutsky’s theorem, R,,/+/n also has the same weak limit.
Now let ¢,, be the characteristic function of .S, //n and 1y, , be the character-
istic function of 7}, /1/n. Then for any ¢,

|60 (t) — Ynr(t)] = [E(eltS/VR _ eitTn/Vmy)
< E’GitRn/\/ﬁ . 1‘
Letting n — oo on both sides and using the observations made above, we get

limsup |¢, (1) — e 7/2| < Ele*r — 1],

n—oo

where & ~ N(0,72). Now send r — oc. It is easy to check that o, — o and
7 — 0, and complete the proof from there. U

EXERCISE 8.10.10. Let X7, X9, ... be a sequence of i.i.d. random variables.
For each 7 > 2, let

Y, = 1 if Xl > maX{XZ-,l,XHl},
710 ifnot.

In other words, Y; is 1 if and only if the original sequence has a local maximum at
i. Prove a central limit theorem )" , Y;.

8.11. The Lindeberg—Feller central limit theorem

In some applications, the CLT for i.i.d. sums does not suffice. For sums of
independent random variables, the most powerful result available in the literature
is the following theorem.

THEOREM 8.11.1 (Lindeberg—Feller CLT). Let {ky, },>1 be a sequence of pos-
itive integers increasing to infinity. For each n, let {X,, ; }1<i<k, is a collection of
independent random variables. Let ji,, ; := E(X,, ;), afm := Var(X,,;), and

Suppose that for any € > 0,

k
. 1 &
nh—>Holo % ;E((Xm - Mn,i)2§ |Xn,i - Nn,i| > esp) = 0. (8.11.1)
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Then the random variable
Zle(Xn,z - ,Ufn,i)
Sn
converges in distribution to the standard Gaussian law as n — oo.

The condition (8.11.T) is commonly known as Lindeberg’s condition. The
proof of the Lindeberg—Feller CLT similar to the proof of the CLT for i.i.d. sums,
but with a few minor additional technical subtleties.

LEMMA 8.11.2. Forany x1,...,x, € [0,1],

n n

exp<— > x) -] - =)

i=1 i=1

n

i=1

PROOF. By Taylor expansion, we have |e =% — (1 —x)| < x?/2 for any = > 0.
The proof is now easily completed by Lemma[8.10.4] O

PROOF OF THEOREM B.I1.1l Replacing X, ; by (Xy,; — fini)/5n, let us as-
sume without loss of generality that s, ; = 0 and s,, = 1 for each n and . Then

the condition (8.11.1)) becomes

kn
lim Yy E(X2

n,1)
n—00 4 ’
=1

| X > €) =0. (8.11.2)

Note that for any € > 0 and any n,

max o2, = max (E(X
1<i<kn, ' 1<i<kn

<€ 4+ max E(X2
1<i<k,

n,i; |
Therefore by (8.11.2),

[ Xnil < €) + E(X7 55 [ Xnil > €))

2 .
n,1)

Xn,i| Z E).

limsup max o2, < €.
n—oo 1Zi<k, 7

Since e is arbitrary, this shows that
.= 0. (8.11.3)

. 2
lim max oy, ;

n—00 1<i<kn

Let S, := > 1~ ; X;. Then by Exercise[7.7.7]
kn
i=1

By Corollary [8.10.3]
2 2

teo? .

: t2X2 .
_ ‘E(eltXn’i 1= itXnﬂ' + 271,1)'

t 3 X, . 3
< Emin{t2XfL7i,|H6n’Z|}.
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Now fix t. Equation (8.11.3)) tells us that t20'1217i < 2 for each 7 when n is sufficiently
large. Thus by Lemma[8.10.4]
2,2

kn t20'2- kn, t?o” .
t) — 1——2) < (t)—1+ —2
o0~ II(1- 75| < Xloxi -1+

i=1

k
ol [t X il
< ZEmln{thfu, Tm .
=1
Take any € > 0. Then

[t X i
Emm{thZl, Tm

3
< E(PX23 Xl 2 )+ (X0 Xl <
t
< PR Xl 2 0+ g E(X2,).
Therefore for any fixed ¢ and sufﬁciently large n,
¢Sn(t)—H<l—)‘<t ZE Wme\>e)+T on
i=1 =1
:tQiE( X |>e)+@
- ’n,’L? TZZ 6 N
Therefore by (8.11.2),
k 2 2
i to It|3e
lim su t) — 1- m)' < .
msup| s, (0~ [T (1- 25 )| < 1

i=1
Since this holds for any € > 0, the lim sup on the left must be equal to zero. But

by Corollary [8.11.2]and equation (8.11.3)),
, kn 1252
e 2 H(l — 8)’ < limsup = Zt4

’ n—00
=1

lim sup
n—oo

. 4 max|<i<k, an p
< lim sup E an i

n—o0

. t4 maxlgigkn g,
= lim sup — =0.
n—oo 8

Thus, ¢g, (t) — e /2 asn — . By Lévy’s continuity theorem and Proposi-
tion[6.5.1] this proves that S,, converges weakly to the standard Gaussian distribu-
tion. (]

A corollary of the Lindeberg—Feller CLT that is useful for sums of independent
but not identically distributed random variables is the Lyapunov CLT.
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THEOREM 8.11.3 (Lyapunov CLT). Let {X 1> bea sequence of lndepen—
dent random variables. Let p; := E(X;), 07 := Var(X;), and s2 = > I, o2. If
for some § > 0,

. 1 —
lim —-- ZE‘Xi — w0 =0, (8.11.4)

n—oo Sn

then the random variable
> i1 (Xi — )
Sn
converges weakly to the standard Gaussian distribution as n — oo.

PROOF. To put this in the framework of the Lindeberg—Feller CLT, let k,, = n
and X, ; = X;. Then for any € > 0 and any n,
|2+6
2 3e(ea)

= —— ) E|X; — >
668%+5; [ — pual

The Lyapunov condition (8.11.4) implies that this upper bound tends to zero as
n — 00, which completes the proof. ([

| /\

1 n
7 2B 21X, — ul  esn)

1=

EXERCISE 8.11.4. Suppose that X,, ~ Bin(n,py,), where {p,} >, is a se-
quence of constants such that np, (1 — p,) — oco. Prove a CLT for X,,.

EXERCISE 8.11.5. Let X1, Xo,... be a sequence of uniformly bounded inde-
pendent random variables, and let S,, = > | X;. If Var(S,) — oo, show that S,
satisfies a central limit theorem.

8.12. Stable laws

The central limit theorem gives the limiting distribution for the normalized
sums of i.i.d. random variables with finite second moment. What if the second
moment is not finite? ‘Stable laws’ are a class of distributions that characterize all
possible limits of this sort.

DEFINITION 8.12.1. A real-valued random variable Y is said to have a ‘stable
law’ if there are i.i.d. random variables { X, },,>1 and sequences of real constants
{an}n>1 and {b,, } ,>1, with a,, > 0 for each n, such that

X4+ 4+ X
At An gy d oy

Gn,

By the central limit theorem, the standard normal distribution is a stable law.
The goal of this section is to characterize the set of all stable laws. We need the
following lemma.
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LEMMA 8.12.2. Suppose that X, LA X, where X is non-degenerate. Let
oy > 0 and B, € R be such that o, X, + B, i) Y for some non-degenerate Y .
Then there exist a« > 0 and B € R such that o, — «, B, — 3, and Y 40X + 5.

PROOF. Let ¢, be the characteristic function of X, and 1,, be the character-
istic function of a,, X,, + 3, so that

Un(t) = P p(ant) (8.12.1)

for all £. Let ¢ be the characteristic function of X and ¢ be the characteristic
function of Y, so that ¢, converges pointwise to ¢ and ,, converges pointwise
to ¢. If ay, — 0 through a subsequence, (8.12.1)) shows that |¢(¢)| = 1 for all
t. Similarly, if o, — oo through a subsequence, (8.12.1) shows that [¢(t)] = 1
for all t. By Exercise [8.8.3] these are contradictions to the assumption that X and
Y are non-degenerate random variables. Thus, the sequence {a, }n>1 is bounded
away from 0 and oo.

Now let a and o’ be two subsequential limits of of {a, },,>1. Note that these
are positive and finite, by the conclusion from the previous paragraph. By (8.12.1)),
it follows that for all ¢,

|6(at)| = [(t)] = |¢(a't)].
Suppose o > «. The above equation shows that for all ¢, |¢(t)| = |¢(at)|, where
a = «a/d. Tterating this, we get |p(t)| = lim, o0 [@(a"t)| = |#(0)| = 1. Again
by Exercise[8.8.3] this implies that X is a degenerate random variable, which con-
tradicts our assumption. Thus, o := lim,,_,~ @y, exists and is in (0, 00).

The last sentence of the previous paragraph, and the uniform convergence of
¢n to ¢ in bounded neighborhoods, allow us to conclude that there is some g > 0
small enough such that for ¢t € (—tg,0), |pn(ant)] > 1/2 for all n. Thus, by
equation (§.12.1)), we get that e*’» converges uniformly to 1) (t)/¢(at) in (—tg, to).
This shows that {3, },>1 cannot have a subsequence {3, }r>1 such that |5, | —
00, because otherwise we can take ¢, = m/[3,, and have eBrite = —1 for all k,
whereas t;, — 0 and 1(0)/¢(0) = 1.

Thus, {8, }»>1 must be a bounded sequence. Let § and 5’ be limit points of
this sequence. Then e = 1)(t) /¢(at) = €l forall t € (—tg, to), which implies
that 3 = 3’. Thus, 8 := lim,, . 3, exists and is finite.

This completes the proofs of the first two claims of the lemma. The last claim
is now obvious. U

The next result gives an intrinsic characterization of stable laws.
THEOREM 8.12.3. A non-degenerate random variable Y has a stable law if
and only if for each n, there exist A,, > 0 and B, € R such that
Yi+---4Y,
yaht-+¥n By,
Ap,

where Y1, ...,Y, are i.i.d. random variables with the same law as Y .
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PROOF. If Y has the stated property, then it is obvious that Y is stable. Con-
versely, suppose that Y is stable. Let X,,, a,, and b,, be as in Definition [8.12.1

Let
X4+t X
Z, = A1t An — b,
an

Take any k£ > 1. For1 < j <k, let

Xn(j—1)+1+ -+ Xnj

A — by,
Gn,
so that
k
VA k:a—nZZ(j)—i—@b — by
" Qnk =1 " Ank " "

Now, as k remains fixed and n — oo,
k .
Za 5Y, Y Z0 Syt 1Y

=1

By Lemma [8.12.2] this completes the proof. (]

The next result shows that the constant A,, in Theorem [8.12.3|must necessarily
have a specific form.

THEOREM 8.12.4. In the setting of Theorem [8.12.3| there exists a number
o € (0,2] such that A,, = n'/* for all n.

We need the following lemma for the proof of Theorem A random
variable X is called ‘symmetric’ if X 4 _Xx.

LEMMA 8.12.5. Let X1,...,X,, be i.i.d. symmetric random variables with
c.df. F. Then for anyt > 0,

P(| X1+ 4 Xp| >t) > (1 — e 200-F0)),

N

PROOF. Let Y; := |X;| and s; := sign(X;), where the sign is taken to be
1 or —1 with equal probability if X; = 0. It is a simple consequence of the
symmetry of X; that s; and Y; are independent. Let I be the minimum ¢ such
that | X;| = maxi<j<p |Xj|. Let s := (s1,...,5,) and Y := (¥7,...,Y,). Let
/ /

s = (s},...,s]) be the vector defined as s} := —s; if i # [ and s, = s; if i = I.

We claim that (s,Y) < (s',Y"). To see this, note that by the independence of s and



8.12. STABLE LAWS 97

X = (X1,...,X,), we have that for any a € {—1,1}" and A € B(R"),

P(s'=a,Y€eA) =) Ps=aY eATl=1i)

-

s
Il
—

]P)(Sj:—ajforj#i,si:ai’YEAw[:i)

I

@
I
—

P(s; = —a; forj #i,5, = a;)P(Y € A, I =1)

|
&Mz

s
Il
—

n
=2") P(Y € A I=i)=2"P(Y € A),

i=1

and this is equal to P(s = a,Y € A) by a similar argument.
Now let M := Xyand T = Z#I X;. Then note that M = s;Y7 and

T = ;5. This implies that (M, T') has the same law as (M, —T), since
the function that maps (s,Y") to (M, T), maps (s',Y) to (M, —T). Thus, for any
t>0,

P(M>t)<PM >t,T>0)+P(M >t,T<0)
(M >t,T>0)+P(M >t,—~T >0)

oOP(M > t,T > 0).

P
P

Thus, by symmetry,

P X1+ 4+ Xp| >t) =2P(X1+ -+ X, > t)
=2P(M +T >1t)
> 2P(M > t, T >0) >P(M > t).

To complete the proof, note that again by symmetry,
1
P(M >t) = 5]P’(]M\ >1) = P(fé%z‘xi’ > t).

If ¢ is a point of continuity of F', then
P Xi|>t)=1-P X;| <t
(max | Xi| > 1) (max |Xi| <1)

=1 (B(IX1| < )" = 1— (1 - 21— F(t)"

By the inequality 1—x < e~ %, this proves the lemma when ¢ is a point of continuity
of F'. If t is not a point of continuity, then the result can be obtained by taking a
sequence of continuity points decreasing to t. ([
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PROOF OF THEOREM [8.12.4l Let Z := Y;—Y5,and let Z;, Zs, ... bei.i.d. ran-
dom variables with the same law as Z. Then note that for any m and n,

J m—+n m n
AminZ = Z Z; :ZZH- Z Z;
=1 =1 i=m-+1
L A2y + Ao, (8.12.2)
Thus, for any ¢ > 0,
P(Z >t) =P(AninZ > Apmint)
1
> P(AnZy > At and Z5 2 0) 2 SP(AnZy > Anint),

where the last inequality holds because Z; is symmetrically distributed around
zero. Since Z; 2 Zand Z is nondegenerate and symmetric, this proves that
A
B:= sup =2 < oo. (8.12.3)
1<n<k Ak
Now, by (8.12.2) and induction, we have that for any r and k,

A2 L ArZi+ A Zy+ -+ A Zy, 4 ArArZ.
By Exercise [8.8.4] this proves that
A = Ay Ag. (8.12.4)

In particular, A, = A¥. This, together with (8.12.3), implies that A, > 1 for all
r. By Exercise[8.8.6] A, # 1 for all r. Thus, A, > 1 for all r.

Now take any 7, s > 2. Since A,, A; > 1, there are positive real numbers «
and 3 such that 4, = r/® and A, = s'/8. We claim that « = 3. To prove this
claim, take any % and let .m = s*. For k large enough, there is some j such that
n = rJ satisfies n < m < rn. Then by (8.12.4),

Ap = AF = AFIB = /B < (pp) VB = p1/B A0/5,

But by (8.12.3)) and the fact that m > n, we have A,, > B~ 1A, Thus, B~ 14, <

rl/ﬂAﬁ/ﬁ. Since A, > 1, it is impossible that this holds as £ — oo unless o > 3.
Similarly, 5 > «. This proves the claim. Thus, there is some « > 0 such that
A, = n'/* for all n.
Lastly, we prove that o < 2. Suppose not. Let S, := Z1 + - -+ + Z,, so that
S 4 A,,Z. Thus, there exists ¢ > 0 such that for all n,
1
P(|Sn| > t4,) =P(|Z] > t) < 1
By Lemma [8.12.5} this shows that B := sup,,~; n(1 — F(tA,)) < oo, where F'
is the c.d.f. of Z. Take any x > t. Then there is some n such that nl/a <z/t <
(n + 1)<, For any such n,

1—F(z) <1—F(@tn'/%) =1—-F(tA,) < < :

B 2B 2Bt~
n n+1 T
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Thus,

B2 = / 22P(|Z| 2 w)dz < ¢* +/ 4Btz = de,
0 t

which is finite since o« > 2. But then, by the central limit theorem, (Z; + - - - +
Zn)/ n!/® cannot converge in distribution as n — oo. This gives a contradiction
which proves that o < 2. (]

EXERCISE 8.12.6. Show that if X is a symmetric stable random variable, it
must have characteristic function ¢(t) = eI for some § > 0 and a € (0, 2].






CHAPTER 9

Conditional expectation and martingales

In this chapter we will learn about the measure theoretic definition of condi-
tional expectation, about martingales and their properties, and some applications.

9.1. Conditional expectation

Conditional probability and conditional expectations have straightforward def-
initions when we are conditioning on events of nonzero probability, but problems
arise when we try to condition on events of probability zero — for example, when
trying to compute the distribution of Y given X = z, where X is a continuous
random variable. The following exercise gives an example.

EXERCISE 9.1.1. Let (X,Y) be a point distributed uniformly in the unit disk
in R?. What is the distribution of Y given X = 0? Show that the answer depends
on how we calculate P(Y € A|X = 0). One way is to take the limit, as e — 0, of
P(Y € A|X € (—¢,€)). Another way is to interpret the event {X = 0} as {© €
{m/2,37/2}}, where (R, ©) is the representation of (X,Y") in polar coordinates,
with © ranging in [0, 27). In this second approach, P(Y € A|X = 0) is the limit,
ase = 0,of P(Y € A|® € (/2 —e,7/2 +€) U (37/2 — €,37/2 + ¢€)). Show
that the two answers are different. (This is an instance of the ‘Borel-Kolmogorov
paradox’, which uses a different example.)

The measure-theoretic approach to probability gives us a way of avoiding such
problematic issues. The key idea is to define the conditional expectation of a ran-
dom variable, not by conditioning on an event, but by conditioning on a o-algebra.
Let (2, F,P) be a probability space and let X be a real-valued random variable
defined on this space. Suppose that X is integrable (that is, E|X| is finite). Let G
be a sub-c-algebra of F. The conditional expectation of X given G, denoted by
E(X|G), is a G-measurable integrable random variable Y such that for any B € G,
E(X;B) = E(Y; B). It is not clear from the definition whether such a random
variable exists, but if it does, then almost sure uniqueness is not difficult to prove.

LEMMA 9.1.2. IfY and Z are two random variables that qualify as E(X|G),
thenY = Z a.s.

PROOF. Let B := {w : Y(w) > Z(w)}. Note that B € G. Since E(X; B) =
E(Y;B)=E(Z;B),wegetE((Y —Z); B) = 0. But (Y — Z)1p is a nonnegative
random variable. Thus, (Y — Z)1p = 0 a.s., which implies that Y < Z a.s.
Similarly, Y > Z a.s. O

101
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The definition of conditional expectation implies that we cannot have unique-
ness holding everywhere; almost everywhere is the best that we can hope for. How-
ever, we will generally treat conditional expectation as if it is a uniquely defined
random variable, because differences on null sets usually do not matter.

We will now show that conditional expectation always exists. To do this, we
will follow the usual route — that is, first show it for simple random variables, then
use monotonicity to show it for all nonnegative random variables, and finally use
positive and negative parts to cover all integrable random variables.

LEMMA 9.1.3. If X is a simple random variable, then E(X|G) exists.

PROOF. Since X is simple, it is square-integrable. Let H denote the Hilbert
space L2(Q, G, P). Let {Y,, },>1 be a sequence of elements of 7 such that
lim E(X —Y,)? =s:= inf E(X —Y)*. 9.1.1
im E( )2 =s nf, ( ) ( )

n— o0
Take any m and n. Let Z := (Y;, + Y;,)/2. Recall the parallelogram identity
(a—b)?+ (a+b)? = 2a% + 2b°. Takinga = (X — Y;,)/2and b = (X — Y,,)/2,
we get

1 1 1
E(X - Z)* + JEVm - Y,)? = SE(X - V)% + SE(X - Y,)2
Since Z € H, E(X — Z)? > s. Thus,
1 1 1
JEm — Y,)? < SE(X — Yin)? + SE(X - Y,)? - s.

By (0.1.1), this proves that {Y},},>1 is a Cauchy sequence in #H. Since H is a
Hilbert space, this sequence has a G-measurable L? limit Y. Clearly,

E(X -Y)*= lim E(X — Y,)? =s.

Now take any Z € H. Then for any A € R, Y + AZ € H, and so by the above
property of Y, E(X — Y — AZ)? is minimized when A = 0. But this is just a
quadratic polynomial in A, and so the condition that it is minimized at 0 implies
that the coefficient of A\, namely E((X — Y')Z), is zero. Taking Z = 1p for any
B € G proves that Y = E(X|G). O

LEMMA 9.1.4. If X1 and X4 are simple random variables and a,b € R, then
E(CLXl + bX2|g) = G,E(X1|g) + bIE(Xg\Q) a.s.

PROOF. It is easy to see from the definition that aE(X1|G) + bE(X2|G) is
a valid candidate for E(aX; + bX5|G), and therefore the result follows by the
uniqueness of conditional expectation. U

LEMMA 9.1.5. If X is a nonnegative simple random variable, then E(X|G) is
also a nonnegative random variable.

PROOF. Let Y = E(X|G). Let B := {w : Y(w) < 0}. Then B € G,
and hence E(Y; B) = E(X; B). Since X is nonnegative, E(X; B) > 0. Thus,
E(Y; B) > 0. But this implies that Y > 0 a.s. O
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LEMMA 9.1.6. If X is [0, o0]-valued, E(X|G) exists and is [0, oc|-valued. If
X is integrable, then so is B(X|G), and these random variables have the same
expected value. Lastly, if X1 and Xy are [0, oo]-valued random variables and
a,b >0, then E(aX; + bX32|G) = aE(X1|G) + bE(X2|G) a.s.

PROOF. By Proposition [2.3.6] we can find a sequence of nonnegative simple
functions { X}, },>1 increasing to X. By Lemma[9.1.3] ¥;, := E(X,|G) exists for
every n. By Lemma[9.1.4 E(X,, — X,—1]G) =Y, — Y,,_1 for every n. Therefore
by Lemma {Y;,}n>1 is also an increasing sequence of nonnegative random
variables. Let Y be the pointwise limit of this sequence. Then for any B € G, the
monotone convergence theorem gives us

E(X;B) = li_}m E(X,; B)
= lim E(Y,;B) =E(Y;B).

n—oo
Thus, Y = E(X|G). Clearly, Y is [0, co]-valued. If E(X) < oo, then E(Y) =
E(Y;Q) = E(X;Q) = E(X) is also finite. Linearity is proved exactly as in
Lemmal[9.1.4l O

Finally, we arrive at the main result of this section.

THEOREM 9.1.7. For any integrable random variable X, E(X|G) exists and
is unique almost everywhere. Moreover, |[E(X|G)| < E(]X||G) a.s.

PROOF. We have already established uniqueness in Lemma [9.1.2] To prove
existence, let X+ and X~ denote the positive and negative parts of X. Then by
Lemmal[9.1.6] Y} := E(XT|G) and Y := E(X ~|G) exist. Let Y := Y; —Y3. Since
X is integrable, so are X and X . So by the last assertion of Lemma Y1
and Y5 are integrable, and thus, so is Y. Therefore for any B € G,

E(X;B)=E(X';B) -E(X;B)
— E(Yi; B) - E(Yy; B) = E((Yi - Y2); B) = E(Y: B).
Thus, Y qualifies as E(X|G). Finally, by the linearity of conditional expectation

for nonnegative random variables, |Y| < Y] + Y, = E(XT|G) + E(X|G) =
E(]X]|G) as. O

Thus, we have established the existence and uniqueness of the conditional ex-
pectation of an integrable random variable given a o-algebra. One can similarly
define the conditional probability of an event, as P(A|G) := E(14]|G). Another
common notation is that if X and Y are two random variables, then E(Y |0 (X)) is
written as E(Y'|X).

EXERCISE 9.1.8. Show that if A and B are two events with P(B) > 0, and G
is the o-algebra generated by B (that is, G = {0, B, B¢, Q}), then
P(AN B)

PAIG) = ~ 5y
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EXERCISE 9.1.9. If X is random variable that takes value in some finite or
countable set X, then for any other random variable Y, E(Y|X) = ¢(X) as.,
where ¢ is defined as
EY; X =x)

P(X =z) '
when P(X = z) > 0. When P(X = z) = 0, g(x) may be defined arbitrarily.

gx) =EY|X =2) :=

EXERCISE 9.1.10. If (X,Y") is a pair of real-valued random variables having a
joint probability density function f, then E(Y'|X) = g(X) a.s., where ¢ is defined
as

o(x) = B(Y|X =) := /R yf (yla)dy,

where f(y|x) is the conditional probability density function of Y given X = =z,
defined as
f(z,y)

f(y|$) = fRf(ZU,Z)dZ

where the denominator is nonzero. If the denominator is zero, f(y|x) may be
defined arbitrarily.

EXERCISE 9.1.11. Let Q = [0, 1), equipped with its Borel o-algebra, so that a
real-valued random variable X defined on 2 is just a measurable map from [0, 1)
into R. Take any n > 1. Let JF, be the o-algebra generated by the intervals
[i/n,(i+1)/n),0 <i<n-—1 Whatis E(X|F,)?

EXERCISE 9.1.12. If (X,Y) is distributed uniformly on the unit disk in R?
and A is a Borel subset of R, compute P(Y € A|X).

EXERCISE 9.1.13. In the above exercise, let (R, ©) be the representation of
(X,Y) in polar coordinates, with © ranging in [0,27). Compute P(Y € A|O).
(Observe that in the measure-theoretic formulation, unlike our attempt in Exer-
cise the ‘conditional probability of Y € A given the event X = 0’ has
no meaning, and so there is no contradiction. We can use the random variable
P(Y € A|X) to compute P(Y € A, X € B) for any B, by integrating P(Y €
A|X) over the set {X € B}. Similarly, P(Y € A|©) can be used to compute
P(Y € A,© € B) for any B, by integrating P(Y € A|©) over the set {© € B}.)

9.2. Basic properties of conditional expectation

It is clear from the definition that if conditional expectation exists, it must be
linear. That is,

E(aX1 + bX2|Q) = aIE(X1|Q) + bE(XQ‘g) a.s.

This holds because the right side is easily seen to be a valid candidate for the condi-
tional expectation of a X1 +bX5 given G, and we know that conditional expectation
is unique.
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Conditional expectation behaves nicely under independence. If X is indepen-
dent of a o-algebra G, then E(X|G) = E(X) a.s. To see this, simply note that for
any A € G,E(X;A) =E(X)P(A) =E(E(X)14).

On the other hand, if X is G-measurable, it is clear that E(X|G) = X as,,
since X satisfies the defining property of E(X|G).

By Lemma[9.1.6] the conditional expectation of a nonnegative random variable
is a nonnegative random variable. Together with linearity, this implies that condi-
tional expectation is monotone. That is, if X < Y a.s., then E(X|G) < E(Y|G).
Moreover, by the monotone convergence theorem, this implies that if { X}, },>1 is
a sequence of nonnegative random variables increasing to a limit X, then

E(X|G) = nh_)rgoE(Xn]g) a.s.

One may say that this is the monotone convergence theorem for conditional expec-
tation, or simply the conditional monotone convergence theorem. An immediate
consequence of the conditional monotone convergence theorem is conditional Fa-
tou’s lemma, which says that if {X,},>1 is a sequence of nonnegative random
variables, then
E(liminf X,,|G) < liminf E(X,|G) a.s.
n—oo n—oo

To prove this, let Y,, := inf;>, Xj. Then Y,, increases to Y := liminf, . X,
and Y,, > X, for each n. Therefore by the conditional monotone convergence
theorem and the monotonicity of conditional expectation,

E(Y|G) = lim E(Y,|g) < liminf B(X,|G) as.

Similarly, we have the conditional dominated convergence theorem: Suppose that
X, — X as. and | X,,| is uniformly bounded by an integrable random variable
Z. Then E(X,|G) — E(X|G) as. as n — oo. To prove this, first note that
{X,+ Z},>1 is a sequence of nonnegative random variables converging to X + Z,
and so by the conditional Fatou’s lemma,

E(X + Z|G) < liminf E(X,, + Z|9) as.,

which gives
E(X|G) < liminf E(X,|G) a.s.
n—oo

Similarly, Z — X, is a sequence of nonnegative random variables converging to
Z — X, so again by the conditional Fatou’s lemma,

E(Z - X|g) < lminf E(Z — X,|¢) as.,

which gives
E(X|G) > limsup E(X,|G) a.s.

n—o0
Combining the two inequalities, we get the desired result. Under the hypothe-
ses of the conditional dominated convergence theorem, we can also prove that
E(X,|G) — E(X|G) in L', as follows. First, note that for each n, |[E(X,|G)| <
E(|X,]|G) < E(Z|G). By the definition of conditional expectation, E(E(Z|G)) =
E(Z) < oo. Lastly, we know that E(X,,|G) — E(X|G) a.s. So, applying the L'
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assertion of the dominated convergence theorem, we get that E(X,,|G) — E(X|G)
in L',

The above properties of conditional expectation are all analogues of properties
of unconditional expectation. Conditional expectation has a few properties that
have no unconditional analogue. One example is the tower property, which says
that if we have two o-algebras G’ C G, then

E(X|0') = E(E(X|9)T) as.
To prove this, take any B € G'. Then B € G, and hence
E(E(X|9); B) = E(X; B) = E(E(X|F"); B).
Thus, E(X|G’) satisfies the defining property of the conditional expectation of
E(X|G) given G', which proves the claim.

A second example is the property that if Y is G-measurable and XY is inte-
grable (in addition to X being integrable), then

E(XY|G) = YE(X|G) ass. 9.2.1)
To prove this, let us first prove the weaker statement
E(XY) =E(YE(X|G)). 9.2.2)

Note that this follows from the definition of conditional expectation if Y = 1p
for some B € G. Therefore it holds for any simple G-measurable Y. Next, if
X and Y are both nonnegative, we can take a sequence of nonnegative, simple, G-
measurable random variables increasing to Y and apply the monotone convergence
theorem on both sides to get (9.2.2). In particular, this shows that if X and Y are
nonnegative and XY is integrable, then so is YE(X|G).

Finally, in the general case, note that the integrability of XY implies that
XTY*T, XTY~, X"Y* and XY~ are all integrable. By linearity, this gives
us for any X and Y such that X and XY are integrable, and Y is G-
measurable.

Next, to get (9.2.1), replace Y by Y1p in (9.2.2)), where B € G. Since the
integrability of XY implies that of XY 15, we get

E(XY; B) = E(YE(X|G); B).
Since this holds for any B € G, we get (9.2.1).

The following result is another basic property of conditional expectation that
is often useful.

PROPOSITION 9.2.1. Let S and T be two measurable spaces. Let X be an
S-valued random variable and Y be a T-valued random variable, defined on the
same probability space, such that X and Y are independent. Let ¢ : S xXT — R be
a measurable function (with respect to the product o-algebra) such that p(X,Y)
is an integrable random variable. For each x € S, define

P(z) = E(g(z,Y)).
Then 1) is a measurable function, 1)(X) is an integrable random variable and

$(X) = E(3(X,Y)|X) a.
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PROOF. Takeany A € o(X). Then A = X1 (B) for some B in the o-algebra
of S. Let p be the law of X and v be the law of Y. Then by Exercise [6.1.2] the
integrability of ¢(X,Y), and Fubini’s theorem,

E($(X,Y); A) = / / o, )L () v (y) dp(x)

//qS:vydu Ydp(a /¢ e

/w )1 p(w)dp() = E(p(X); A).

This shows that ¢)( X ) is indeed a version of E(¢(X, Y)| X). The measurability and
1 and the integrability of 1)(X) are also consequences of Fubini’s theorem. ]

In the following exercises, (€2, F,P) is a probability space on which all our
random variables are defined, and G is an arbitrary sub-co-algebra of F.

EXERCISE 9.2.2. If X,, — X in L', prove that E(X,,|G) — E(X|G).

EXERCISE 9.2.3. On the unit interval with Lebesgue measure, let X (w) = w
and for an arbitrary positive integer n let Y (w) = nw — [nw], where [z] denotes
the largest integer < x. What is E(X|Y)? Explain your answer.

EXERCISE 9.2.4. Suppose E(X;) exists for: = 1,2and E(X1; A) < E(X»; A)
for all A € F. Show that P(X; < Xo) = 1.

EXERCISE 9.2.5. Suppose X and Y are square integrable. Show that for every
sub-c-algebra G C F, E[XE(Y|G)] = E[E(X|G)Y].

EXERCISE 9.2.6. Let Var(X|F) = E(X?|F) — E(X|F)2 Prove that
Var(X) = E(Var(X|F)) + Var(E(X|F)).

EXERCISE 9.2.7. Suppose that X, Y € L'(), F,P) and that E(X|Y) = Y
as.and E(Y|X) = X as. Prove that X =Y a.s.

EXERCISE 9.2.8. Let S be a random variable with P(S > t) = exp(—t) for
t > 0. Find E(S| max{S,t}) and E(S| min{S,¢}) for each ¢t > 0.

EXERCISE 9.2.9. Suppose 6 is 1 or 0 with probabilities p and 1 — p, respec-
tively, and independently of 6, X and Y are independent and identically distributed.
Let Z = (Z1,Z3), where Z; = 0X + (1 —0)Y and Zy = (1 — 0) X + 0Y. Show
that Z and 6 are independent. Then, find an explicit expression for E(¢(X,Y)|Z),
for an arbitrary bounded Borel-measurable function g.

EXERCISE 9.2.10. Suppose that E(X,) exists for all n, E(X) exists and X; <
X2 < .-+ — X with probability one. Show that E(X,|G) — E(X]|G) a.e. on
{E(X1|G) > —o0} as n — oo. Hint: Consider B = {E(X;|G) > —b} and the
random variables X,,15.



108 9. CONDITIONAL EXPECTATION AND MARTINGALES

EXERCISE 9.2.11. Let F; C Fo C --- C F = o(UX,F;). Let X € LY(F).
Let A be an algebra that generates the o-algebra F. First, show that for any € > 0
there exists a random variable Y that is a finite linear combination of indicator
variables of sets in A such that E|X — Y| < e. (Hint: See Theorem[1.2.6]) Us-
ing only this result and the basic properties of conditional expectations show that
E(X|F,) —X = 0in L' asn — oc.

EXERCISE 9.2.12. Suppose that 0 < X,, — 0 in probability, X,, < Y with
probability one for all n, and E(Y) < oo. Prove that E(X,,|G) — 0 in probability
as n — oo. Hint: Break up E(X,|G) into three parts according as X,, < €, € <
X, <a,or X, > a.

EXERCISE 9.2.13. Let (€2, F,P) be a probability space, and let G; and G, be
two independent sub-c-algebras of F. Let G := o(G; U Gy). If an integrable

random variable X has the property that o (o (X) U G;) is independent of G2, show
that E(X|G) = E(X|G1) as.

9.3. Jensen’s inequality for conditional expectation

The following result is known as Jensen’s inequality for conditional expecta-
tion. Its proof is a bit more involved than the proof of ordinary Jensen’s inequality.

THEOREM 9.3.1 (Jensen’s inequality for conditional expectation). Let X be
an integrable random variable defined on some probability space (2, F,P). Let I
be an interval containing the range of X, and let ¢ : I — R be a convex function
such that ¢(X) is integrable. Then for any o-algebra G C F, E(¢(X)|G) >
P(E(X]G)) as.

For the proof, we need a couple of lemmas about convex functions.

LEMMA 9.3.2. The supremum of any collection of convex functions defined on
an interval is convex.

PROOF. Let A be a collection of convex functions defined on an interval I.
Letg(z) := supsc 4 f(v). Take any z,y € I, withz < y, and any ¢ € [0, 1]. Then
forany f € A,

[tz + (1 =t)y) <tf(x)+ (1 —=1)f(y) <tg(z) + (1 —1)g(y).
Taking supremum over f € A on the left, we get
g(tz + (1 —t)y) <tg(z) + (1 —t)g(y).
Thus, g is convex. ([
LEMMA 9.3.3. Let I be an interval and ¢ : I — R be a convex function. Then

there are sequences {a, }n>1 and {by}n>1 such that ¢(x) = sup,>;(anr + by)
forallx € I.
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PROOF. Take any € Q N I. By Exercise there are numbers a, and b,
such that ¢(y) > a,y + b, forall y € I, and ¢(x) = azx + b,. This shows that if
we define

g(x) := sup (ayx + by)
yeQnIl
for each x € I, then ¢(x) = g(x) for each x € QN I. By Lemma[0.3.2] g is
convex, and hence continuous. Thus, ¢ and g are two continuous functions that
agree on a dense subset of I. Therefore ¢ and g must agree everywhere on . [J

PROOF OF THEOREM[9.3.1] Let a,, and b,, be as in Lemma Then for
any n,

E(¢(X)|G) > E(an X + b,]G) = a,E(X|G) + by, as.

Implicit in the above display is that we have chosen and fixed some versions of
the conditional expectations displayed on the two sides. Since the above inequal-
ity holds almost surely for any given n, they hold simultaneously for all n with
probability one. By the monotonicity of conditional expectation, it follows that
E(X|G) € I a.s. Thus, with probability one,

E(6(X)[0) > sup(a,E(X|G) + by) = 6(E(X|G))a.s.,

completing the proof of the theorem. ([

9.4. Martingales

Let (2, F,P) be a probability space. An increasing sequence of o-algebras
Fo € F1 € Fo C --- contained in F is called a filtration. A sequence of ran-
dom variables { X, },,>¢ is said to be adapted to this filtration if for each n, X, is
Fpn-measurable. An adapted sequence is called a martingale if for each n, X, is
integrable, and

E(Xpi1|Fn) = X, as.

Note that by the tower property, E(X,|F,) = X, a.s. whenever n > m. Also
note that E(X,,) = E(X)) for all n.

EXAMPLE 9.4.1 (Simple random walk). Perhaps the simplest example of a
nontrivial martingale is a random walk with mean zero increments. Let X1, Xo, . ..
be independent, integrable random variables with E(X;) = 0 for all 4. Let Sy := 0
and S, = X; + --- + X,,. Let F,, be the g-algebra generated by Xy,..., X,
for n > 1, and let Fy be the trivial o-algebra. Then it is easy to see that {Sy, },>0
is a martingale adapted to the filtration {F),},>0. To see this, first note that that
E|X;| < oo for each i, the triangle inequality shows that S,, is integrable for
each n. It is obvious that S,, is JF,,-measurable. Next, by linearity of conditional
expectation, and the fact that .S,,_; is F,,_1 measurable, we have

E(Sn‘fn—l) = E(Sn—l + Xn’]:n—l)
= Op-1-+ E(Xn’]:n—l)
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But, since X, is independent of F,,_1, E(X,|F,-1) = E(X,) = 0. This proves
the martingale property.

EXERCISE 9.4.2. Let Xi, Xo,... be square-integrable independent random
variables, and let F,, := o(X1,...,X,). Let y; := E(X;) and 02 := Var(X;).

Show that . ) "
2= (LX) -3
i=1 i=1
is a martingale adapted to F,.

EXERCISE 9.4.3. Let X, X5,... be ii.d. random variables and .S,, := X7 +
-+ + X,,. Suppose that for some 6 € R\ {0}, m() := E(e’X1) is finite. Then
show that

is a martingale adapted to F,, := o(X1,...,Xp).

EXERCISE 9.4.4. Let (92, F,IP) be a probability space, and let {F,,},>0 be
a filtration of sub-c-algebras of F. Let X be an integrable random variable de-
fined on 2. Let Y, := E(X|F,). Show that {Y},},>0 is a martingale adapted to

{fn}nZO-

9.5. Stopping times

A random variable T taking value in {0, 1,2, ...} U {oo} is called a stopping
time for a filtration {F,, },,>¢ if for each finite n, then the event {T' = n} is F,-
measurable.

A large class of stopping times arise in the following way. Let {F,, },>0 be a
filtration of o-algebras. Let {X,,},>0 be a sequence of real-valued random vari-
ables adapted to this filtration — that is, for each n, X,, is F,,-measurable. Let A
be a Borel subset of R. Let 7' := inf{n : X,, € A}, where the infimum is inter-
preted as oo if X, ¢ A for all n. This is a stopping time for the filtration {F, },,>0,
because for any finite n,

{T'=n} ={X,, e A} n{X; ¢ Aforall j <n},
which is an element of F,, by the given conditions.

EXERCISE 9.5.1. Let {5}, },,>0 be a simple symmetric random walk on Z start-
ing at the origin. That is, Sy = 0, and for each n, S,+1 — S, is 1 or —1 with
equal probability, irrespective of past events. Let F,, be the o-algebra generated by
50, - - - » Sn. Take any integers a < 0 < b, andlet T, := min{n : S, = aor S, =
b}. Show that T}, , is a stopping time with respect to the filtration {7, },,>0.

EXERCISE 9.5.2. In the above exercise, show that E(7,;) < oo, and hence
that 77, 5 is finite a.s. Hint: Consider the first occurrence of a continuous sequence
of a + b positive jumps of the walk, and use it to obtain a random upper bound on
Thp.
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EXERCISE 9.5.3. Let S,, be as above. Let T := max{n : S, > n}. Show
that 7' < oo a.s., and that 7" is not a stopping time. Hint: For the first part, use the
strong law of large numbers. For the second, produce an argument by contradiction
to show that {7" = 0} ¢ Fy.

EXERCISE 9.5.4. Let {F, }»>0 be a filtration. Show that a random variable T’
taking value in {0, 1,2, ...} U{oo} is a stopping time with respect to this filtration
if and only if {T" > n} € F, forall n > 0, and also if and only if {T' < n} € F,
for all n > 0.

Given any stopping time 7', there is an associated o-algebra called the stopped
o-algebra, denoted by F7. It is defined as

Fr={AecF: An{T =n} € F, foralln}.

Intuitively, F7 encodes ‘all the information up to time 7”. Alternatively, an event is
in Fr if and only if we can determine whether it is true by observing what happens
up to time 7'.

EXERCISE 9.5.5. Show that a stopping time 7" is always measurable with re-
spect to the stopped o-algebra Fr.

EXERCISE 9.5.6. Give an example to show that the o-algebra generated by a
stopping time 7" may be a proper subset of Fr.

EXERCISE 9.5.7. Let Ty 5 be as in Exercise 0.5.1] Take any & > 1, and let A
be the event that by time 77, ;, the random walk visits 0 exactly k times. Show that
Ae .7:Ta b

EXERCISE 9.5.8. Let {X,, },,>0 be a sequence of random variables adapted to
a filtration {F), },>0. Let T be a stopping time with respect to this filtration. The
stopped random variable X is defined as Xr(w) := X7w) (w). Show that X7 is
Fr-measurable.

An important observation is that if S and 7" are stopping times such that S < T
always, then Fg C Frp. To see this, take any A € Fg. Then for any n,

AN{T =n}=An{S <n}nN{T =n},

since S <T.But AN{S < n} € F,since A € Fg,and {T' = n} € F, since T’
is a stopping time. Therefore AN {T = n} € F,.

Note that a random variable 7" that is identically equal to a positive integer n
is trivially a stopping time. For this 7', it is easy to see that Fr = F,.

A stopping time is called bounded if there is a constant ¢ such that 7' < ¢
always.

9.6. Optional stopping theorem

One of the most important results relating martingales and stopping times is the
optional stopping theorem. The simplest version of this theorem goes as follows.
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THEOREM 9.6.1 (Optional stopping theorem). Let { X, }n>0 be a martingale
adapted to a filtration {Fy}n>0. Let S and T be bounded stopping times for
this filtration, such that S < T always. Then Xg and Xt are integrable, and
E(Xr1|Fs) = Xg a.s. In particular, E(X7) = E(Xj).

PROOF. Since T is a bounded stopping time, there is an integer n such that
S < T < n always. To prove integrability of X g and X, simply note that | Xp|
and | Xg| are both bounded by | Xo| + --- + |X,,|. Take any A € Fg. Then note
that by the given conditions,

E(Xn; A) =Y E(Xp; {T =i} N A).
i=0
But {T'=1i} N A € F;since A € Fg C Fr, and E(X,,|F;) = X since {X};>0
is a martingale. So,

E(X,: {T = i} 1 4) = E(E(X,|F): {T = i} 1 A)
=EX;{T =i} nA).

Summing over ¢, we get
E(Xn; A) = Y E(Xi{T =i} N A) = E(X; A).
i=0

But by the same argument, E(X,; A) = E(Xg;A). Therefore E(Xp; A) =
E(Xg; A) for all A € Fg. By Exercise Xg is Fg-measurable. Thus,
E(Xr|Fs) = Xg as. Considering the special case S = 0, we get E(Xp|Fp) =
Xy, which gives E(X7) = E(X)). O

Although most stopping times that occur in practice are unbounded, there is a
simple trick to apply the optional stopping theorem is a great variety of situations.
Let T' be a stopping time with respect to a filtration {F;, },,>0. Take any n > 0,
and let T' A n denote the minimum of 7" and n. That is, T' A n is a random variable
defined as T'An(w) := min{7'(w),n}. Then T'An is a stopping time. To see this,
note that for any k£ > 0,

{T >k} ifn>k,

{T/\n>k}:{® itn <k

and apply Exercise[9.5.4] But note that 7' A n is also bounded. Thus, we can apply
the optional stopping time with 7' An, and later, take n — oo to recover 7', because
lim,, oo T'An =T on the set {T' < oo}.

To see how this works, consider the following. Let {.S;, },,>0 be a simple sym-
metric random walk on Z, starting at the origin. Take any ¢ < 0 < b, and let
T := min{n : S, = aorS, = b}. Let F, be the o-algebra generated by
So, ..., Sp. As noted in Section {Sn }n>0 is a martingale adapted to the filtra-
tion {F}, }»>0. Take any n. Then 7' A n is a bounded stopping time, and hence, by
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the optional stopping theorem,
E(Stan) = E(Sp) = 0. (9.6.1)

By Exercise[9.5.2) T' < oo a.s. Thus, for almost every w, T'(w) An = T'(w) for all
sufficiently large n, and hence

Jim Sran(w) = Hm Span(w) = Srw) (W) = S7(w).

In other words, S, — St a.s. as n — oo. Note also that .S,, remains in the inter-
val [a, b] up to time 7', and therefore, |S7r,| < max{|al, b} for all n. Combining
this with and the dominated convergence theorem, we get that E(S7) = 0.
But St can take only two values, a and b. Thus,

0 = E(St) = aP(ST = a) + b(1 — P(ST = a)),

which gives

b
b—a
Thus, the chance that the walk exits the interval [a, b] through a is b/(b—a), and the
chance that it exits through b is —a/(b — a). (This is known as the gambler’s ruin
problem: If a gambler starts with = dollars, and wins or loses 1 dollar with equal
probability at each turn, then what is the chance that he will reach a threshold of y
dollars before hitting O (that is, getting ruined)? It is easy to use the above formula
to show that in this case, the chance is z/y.)

P(ST = a) =

EXERCISE 9.6.2. In the above setting, compute E(7") using the martingale
S2 _n.

EXERCISE 9.6.3. If the random walk is biased — that is, the chance of a
positive step is p # 1/2, show that (¢/p)°" is a martingale, where ¢ = 1 — p.
Using this compute P(S7 = a).

EXERCISE 9.6.4. Let X1, Xo, ... be asequence of i.i.d. random variables with
negative mean and a nonzero probability of being positive, and finite moment gen-
erating function m. Show that there exists 6* > 0 such that m(6*) = 1, and that
{e‘g*sn}nzo is a martingale, where S,, = X1 + --- + X, and Sy = 0. Check that
the martingale in the previous exercise is a special case of this one when p < 1/2.
Hint: For the first part, first show that m is differentiable everywhere, then show
that m/(0) < 0, and finally show that m(6) — oo as § — oc.

EXERCISE 9.6.5. Let all notation be as in the previous exercise. Let M :=
maxy>o Sy. Show that M is finite a.s. Next, using the martingale from the previ-
ous exercise, prove that for any z € (0,00), P(M > z) < e~ %" Hint: Use the
stopping time 7" := inf{n > 0 : S,, > z} and find an upper bound on P(T" < c0).

EXERCISE 9.6.6. Let S, be the total assets of an insurance company at the
end of year n. In year n, premiums totaling ¢ > 0 are received and claims (,
are paid where ¢, ~ N(p,0%) and u < c. To be precise, if &, = ¢ — (p, then
Sn = Sp—1 + &,. The company is ruined if its assets drop to 0 or less. Show that
if Sp > 0 is nonrandom, then P(ruin) < exp(—2(c — u)Sp/0?).
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EXERCISE 9.6.7 (Wald’s equation). Let X7, X, ... bei.i.d. integrable random
variables with mean p and let S,, := X1+ -+ X,,. Let /,, = 0(X3,..., X,,) for
n > 1, and let Fq be the trivial o-algebra. Let T" be a stopping time with respect to
the filtration { F,, },>0. If E(T") < oo, show that E(S7) = puE(T). Hint: Show that
for all n, |S7n| is bounded by > 72, | X;|117>;}, and that this random variable is
integrable.

EXERCISE 9.6.8. Let X7, Xo,... be i.i.d. integrable random variables with
mean 0 and let S,, := X7 +--- + X,,. Take any x > 0, and let T := inf{n > 0 :
Sy, > x}. Prove that E(T") = co. Hint: Use the previous exercise.

9.7. Submartingales and supermartingales

Let {F, }n>0 be a filtration of o-algebras. A sequence of integrable random
variables { X, },,>0 adapted to this filtration is called a submartingale if for each n,
we have

Xn <E(Xp41]Fn) as.,

and a supermartingale if for each n, we have
Xpn > E(Xpq1|Fn) as.

A simple way to produce a submartingale is to apply a convex function to a mar-
tingale. Indeed, if {Y},},>0 is a martingale and ¢ is a convex function defined on
an interval containing the ranges of the Y;,’s, such that ¢(Y},) is integrable for all
n, then by the conditional Jensen inequality, we have

E(¢(Yay1)[Fn) 2 ¢(E(Yni1]Fn)) = ¢(Yn).

One can also produce submartingales from other submartingales by applying func-
tions that are both convex and non-decreasing. Indeed, if { X}, },>0 is a submartin-
gale and ¢ is such a function, and ¢(X,,) is integrable for all n, then

E(¢(Xn41)[Fn) 2 O(E(Xni1]Fn)) = 6(Xn).

Similarly, supermartingales can be produced by applying concave functions to mar-
tingales, or concave non-increasing functions to supermartingales.

Many results for martingales have analogous versions for submartingales and
supermartingales. The following exercises contain some of these.

EXERCISE 9.7.1 (Optional stopping theorem for submartingales and super-
martingales). Let {X,,},>0 be a submartingale adapted to a filtration {F;, }n>0.
Let S and 1" be bounded stopping times for this filtration, such that S < T al-
ways. Then Xg and X are integrable, and E(X7|Fg) > Xg a.s. In particular,
E(X7) > E(Xy). Prove also the analogous result for supermartingales.

There is also a way to extract a martingale out of a submartingale or super-
martingale — or, in fact, any adapted sequence. This procedure, known as the
‘Doob decomposition’, goes as follows. Let { X, },,>0 be a sequence of integrable
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random variables adapted to a filtration {F,, },,>¢. Define My := 0 and for each
n > 1,

n—1
My =) (Xpp1 — E(Xp1|Fr)),

k=0
and

n—1

Ap =) (E(Xk+1]Fr) — Xk)

k=0

Then note that by definition,
X, =Xo+ M, + A,. (9.7.1)

It is easy to see that M,, and A,, are both integrable for each n. Next, note that M,
is F,-measurable for each n, and

n—2

E(Mp|Fn-1) = ) (X1 — BE(Xpa | Fr)) = M1
k=0

Thus, {M,, },>0 is a martingale adapted to {F,,},,>0. Finally, note that {4, },,>0
is not only an adapted process, but actually, A,, is F,—_i-measurable for each n.
Such processes are called ‘predictable’. Thus, the Doob decomposition (9.7.1)) ex-
presses any adapted process as the sum of the initial value, plus a martingale, plus
a predictable process. Additionally, if {X,, },>0 is a submartingale, we have that
E(X,+41]|Fn) > X, for each n, and hence { A, },>0 is a nonnegative and increas-
ing process. Similarly, if { X, },,>0 is a supermartingale, { A, },,>0 is a nonpositive
and decreasing process.

The following construction is another method of obtaining submartingales, su-
permartingales and martingales from arbitrary adapted processes, which is often
useful in applications.

PROPOSITION 9.7.2. Let { X, }n>0 be a sequence of integrable random vari-
ables adapted to a filtration {F, }n>0. Let T be a stopping time for this filtration.
Suppose that for each n, E(X,41|F,) > X, a.s. on the set {T > n}, that is,

P({E(Xp11|Fn) < Xp} N {T > n}) =0.

Then { X1np}n>0 is a submartingale adapted to {F, }n>0. Similarly, if we have
that E(Xy41|Fn) < Xy a.s. on {T > n}, then { X1 }n>0 is a supermartingale,
and if E(X,, 41| Fn) = Xy a.s. on {T > n}, then { X7an }n>0 is a martingale.

(The process {X7an}n>0 is often called the ‘stopped” version of the process
{ X, }n>0, since it progresses as X, up to time 7', and then gets frozen at X7.)

PROOF. Take any n > 0. By Exercise[9.5.8] Xy, is Frapn-measurable. Since
T An < n,and T A n and n are both stopping times, we have that Fr,, C F,.
Thus, X7ay, is Fp-measurable. Also, clearly, | Xpa,| < |Xo| + - - - + | X[, which
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shows that Xrx,, is integrable. Now note that

E(Xraman)|Fn) = 3 E(Xra@anir—i|Fn) + E(Xra@an) Lrsn} 1 Fn)
=0

= E(Xilir—y|Fn) + E(Xnt1Lirony | Fn)
=0

n
= ZXil{T:z’} + Lrsny E(Xpt1|Fa),
i=0
where the last identity holds because X; and 1;7—;, are F;-measurable for each i.
But

n
Z Xilyr—iy = Xrlir<ny,
i=0
and by the assumed property, 17~} E(Xny1|Fn) > 1i75p3 Xy as. Thus,

IE(*XPT/\(n+1)|~’T_.n) > XTl{TSn} + an{T>n} = X7an-

This proves the claim for submartingales. The proofs for supermartingales and
martingales are exactly the same. U

The above result is sometimes used in the following way. Let { X, },>0 be a
sequence of integrable random variables adapted to a filtration {F}, },>0, starting
at Xo = z for some nonrandom x > 0. Suppose that 7" is a stopping time with
respect to this filtration, with the property that there is some a < =z such that
X7ran > aas., and there is some b > 0 such that E(X,,11|F,) < X,, — bas. on
the set {7 > n}. Then we have the bound

E(T) < =5

(9.7.2)

by the following argument. Define
Y, =X, + bn.
Then by the stated property, a.s. on the set {T" > n},
E(Yyt1|Fn) = E(Xpq1|Fn) +b(n+1)
<X,—-b+bn+1)=X,+bn=Y,.

Therefore by Proposition {Y7An}n>0 is a supermartingale. In particular,

E(Yran) < E(Yrao) = E(Yo) = 2.
But

E(Yran) = E(X7an) + 0E(T A n)
Since X7, > a a.s., combining the last two displays shows that

E(T An) < ——2.

Taking n — oo and applying the monotone convergence theorem, we get (9.7.2)).
The following exercises demonstrate how this technique can be applied.
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EXERCISE 9.7.3. A gambler wins or loses 1 dollar with equal probability at
each turn of a game. However, if his total assets at any point of time are bigger
than some amount a, he has to pay a tax of b dollars for playing that turn. Suppose
that the gambler starts playing with assets totaling x dollars. Let T" be the first time
at which his assets go below a dollars. Prove that E(7") < (z — a)/b. In particular,
deduce that 7' is finite a.s.

EXERCISE 9.7.4. Consider the following random walk on the integers. The
walk starts at some odd integer x > 3. At each step, if the walk is at some y, then
it goes to either p — 2 or p 4+ 2 with equal probability, where p is the largest prime
divisor of y. Let T be the first time the walk hits a prime number or 1. Prove that
E(T) < Clogx, where C is a constant that does not depend on x. In particular,
deduce that T' < oo a.s. (Note that if X7 is a prime, then either X7 + 2 or X7 — 2
is also a prime, which means that X is a twin prime.)

9.8. Optimal stopping and Snell envelopes

Let (€2, F,P) be a probability space. Let 71 C Fp C --- C Fy be a filtration
of sub-cg-algebras of F. Let X1,..., Xy be integrable random variables defined
on {2, not necessarily adapted to this filtration. The ‘finite horizon optimal stopping
problem’ in this setting is the problem of finding the stopping time 7" (with respect
to this filtration) that maximizes E(X7). The idea is that F,, encodes ‘information
up to time n’, and X, is the reward obtained if we execute some action at time n,
where our decision to execute the action is based solely on information available
up to time n. We want to devise a strategy for executing the action at an opportune
time, so that the expected reward is maximized. Surprisingly, this problem has a
solution at this complete level of generality, without any further assumptions.

The first step is to simplify the problem by defining Y;, := E(X,,|F;,) and
proving the following lemma.

LEMMA 9.8.1. For any stopping time T for the filtration {Fy, }1<n<n (taking
value in {1,...,N}), E(X7) = E(Y7).

PROOEF. Note that

N N
E(Y7) =Y E(YyT=n)=> E(Xy;T=n),
n=1 n=1
because {I' = n} € F, and Y,, = E(X,|F,). But the last expression is just
E(X7). 0

Next, we define a sequence of random variables known as the ‘Snell envelope’
of Y1,...,Yn. Let Viy := Yy, and define, by backward induction,
Vi = max{Y,, E(Vy11|Fn)} (9.8.1)

forn =N —1,N —2,...,1. Note that this well-defined, because each V,, is inte-
grable (easy to show by backward induction). Also, clearly, V;, is F,,-measurable.
Observe that {V}, }1<,<n is a supermartingale adapted to {F}, }1<n<n, because it
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is a trivial consequence of the above definition that V,, > E(V,,;+1|F;,) a.s. Note
also that V,, > Y, a.s. for each n. In fact, the following holds (which is why it’s
called an ‘envelope’):

EXERCISE 9.8.2. Prove that {V,,}1<,<n is the ‘smallest’ supermartingale
dominating {Y}, }1<n<n, in the sense that if {U,, }1<,<n is any other supermartin-
gale adapted to {F, }1<n<n such that U,, > Y}, a.s. for all n, then U,, >V, a.s. for
all n.

Finally, define
7:=min{n:V, =Y,}.
Note that 7 € {1,..., N}, since there is always at least one n (namely, N) such
that V;, = Y,,. Note also that 7 is a stopping time with respect to {F, }1<n<n.
since
{r=n}={V, =Y} n{Vi # Yy forall k < n}.

We now arrive at the main result of this section, which is that 7 is the solution of
the optimal stopping problem mentioned above.

THEOREM 9.8.3. The stopping time T maximizes E(X ;) among all stopping
times adapted to the filtration { F;, }1<n< N. Moreover, this maximum value is equal

to E(Vl)

PROOF. Let T' be any other stopping time. By Lemma [9.8.1} it suffices to
show that E(Y;) > E(Yr). By the definitions of V;, and 7, we have that on the set
{r > n}, V,, = E(V,41|Fn) a.s. Therefore, by Proposition {Veanhi<n<n
is a martingale adapted to { ), }1<p<n. Moreover, Y, = V. by the definition of 7.
Consequently,

E(Y;) = E(V;) = E(Vian) = E(Vyrt) = E(V1).

But, since {V,,}1<n<n is a supermartingale, T" is a bounded stopping time, and
V,, > Y, for all n, the optional stopping theorem implies that

E(V1) > E(Vr) > E(Y7).
This completes the proof. U

Let us now work out an application of the above method. Suppose that there
are N > 2 candidates appearing for an interview in a certain order. Let r; be the
rank of candidate ¢+ among all candidates (with rank 1 being the best). Ideally, the
employer would want to hire the candidate with rank 1. The problem is that at
any time n, the employer only knows 77, ..., r;;, where 7} is the rank of candidate
1 among the first n candidates. That is, the employer has no knowledge about
the candidates who are going to appear for the interview at later times. Also, the
employer is constrained by the rule that he has to either immediately offer the job
to a candidate after the interview, or let them go without the possibility of making
an offer later. There are various problems of this type, where you have to make a
decision at some point of time based in prior information, but are not allowed to
change your decision later.
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To inject randomness, let us make the quite reasonable assumption that the
(r1,...,rn) is uniformly distributed over the set of all permutations of {1,...,n}.
Since the employer knows only 77, ..., ] at time n, let 7, be the o-algebra gen-
erated by this vector. Clearly, /1 C Fo C --- C F. We want to find a stopping
time 7 with respect to this filtration that maximizes P(r, = 1). To put this into the
framework of Theorem|9.8.3} let X, := 1y, _13, so that P(rp = 1) = E(X7) for
any stopping time 7.

First, let us compute Y,, = E(X,|F,). If r]! # 1, then clearly r,, # 1. On the
other hand, given r, = 1, the remaining r;’s form a uniform random permutation

of 2,...,n. In particular, given r, = 1, all possible rankings of the first n — 1
candidates are equally likely. Consequently, for any permutation oy, ...,0,_1 of
2,...,n,
1
P(ri =o01,...,1_1 = 0p_1,13, = 1jrpy =1) =

(n—1)"
By Bayes’ rule, this gives

P(rp, =1r! =01,...,r_1 = 0p_1,7 = 1)
POt =01,y =0,y = 1y = 1D)P(r, = 1)
P(ri =o1,...,70_ 1 = op_1,1 = 1)
_ M/(n=DH(A/N) _n
(1/n!) N’

The above argument shows that
n

In other words, Y,, = n/N if candidate n is the best among the first n candidates,
and 0 otherwise. The fact that makes it easy to apply Theorem[9.8.3]in this problem
is the following.

LEMMA 9.8.4. For each2 < n < N, Y, is independent of F,,_1. Moreover,
P(Y, =n/N)=1/n.

PROOF. Since Y, can take only two values, 0 and n/N, it suffices to show that
the random variable P(Y,, = n/N|F,_1), which is the same as P(r] = 1|F,,), is

actually nonrandom. Take any permutation oy,...,0,—1 0f 1,...,n — 1. Then
-1 -1
P(ry =1r{"" =01,...,7,_] = 0p—1)
-1 -1
Py =1 =01, = 0p1)
- -1 -1
P(ri " =o1,...,7,_] = 0n—1)
_ P(r :177«;‘—1 =01 +1, ,7‘;‘:% =op-1+1) _ 1/n! 1
- -1 -1 - -
P(T? =01, 77177:_1 = UTL—l) 1/(n - 1)' n

Thus, P(Y,, = n/N|F,—1) = 1/n. This completes the proof of the lemma. O

Now let V1,..., Vy be defined by backward induction as in (9.8.1)), starting
with Vy = Y. Lemma yields the following corollary.
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COROLLARY 9.8.5. For1 < n < N—1, E(V,,4+1|Fy) is equal to a nonrandom
quantity vfy.

PROOF. We will prove the claim by backward induction on n. By Lemma

9.8.4

E(Viy|Fx1) = E(Vi|Fy_1) = E(Yy) = %

So, the claim holds for n = N — 1. Suppose that it holds for some n. Then
E(Vp|Fn-1) = E(max{Y,, E(V,41|Fn) HFn-1)-

But, by the induction hypothesis, E(V,,11|F,) is equal to some nonrandom quan-
tity v2Y. Thus,

E(Vp|Fp_1) = E(max{ Yy, v} Fn_1).
But by Lemma , Y,, is independent of F;,_1, and therefore, so is max{Y},, vflv }.

Thus, we get that v, := E(V,,|F,—1) is nonrandom. O
Let us now evaluate the quantities U{V s 0%71. Already in the proof of

Corollary , we have seen that v]]\\,’_l = 1/N, and also that foreachn < N —1,
vl | = E(max{Yy,v)'}). (9.8.2)
This shows that U{V > vév >0 > v]]\\;_l =1/N. Let
ty :=min{n < N —1:n/N > v},

which is well defined since vi_; = 1/N < (N — 1)/N (because N > 2). By the
decreasing nature of v, it follows that n/N < vX foralln < ty and n/N > v
for all n > ¢y. In particular, for any n < ty, Y, < n/N < U,]ZV , and therefore,
(9.8.2)) shows that vflvfl = vX. On the other hand, for ty < n < N —1,
and Lemma [9.8.4]imply that

n
ol | = P =n/N)+ vNP(Y;, = 0)

1 1

Using this, and the fact that vﬁfl = 1/N, it is now easy to prove by backward
induction that forty — 1 <n < N —1,

N _
=

v (9.8.3)

1on
N N k’
k
Thus, ¢y is the unique integer n € {1,..., N — 1} such that
N-1 N-1
1 n-1 1 n 1
_ > 4 -,
NN LR NENTN 2k
k=n k=n-+1

| =
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It is easy to see from these inequalities that asymptotically as N — oo, ty ~ N/e.
By Theorem [9.8.3] we now deduce that the optimal stopping rule 7 in this problem
is given by

T=min{n >ty :Y, =n/N} =min{n >ty : 7, =1}.

That is, we should choose the first candidate since time ¢ who is better than
everyone who came before him. Moreover, with this optimal rule, the probability of
choosing the best candidate is v{’, which is equal to Ut]Yv _1. By the characterization
of ¢ given above, and the formula (9.8.3), this value is asymptotically 1/e.

EXERCISE 9.8.6. Let X, X5,..., Xy be ii.d. integrable random variables.
Let K > 0 be a given constant, and let S, := X; + --- + X, and F,, :=
o(Xi,...,Xp). Consider all stopping times 7" for the filtration {F,}1<p<n,
which are allowed to take values in {1,..., N} U {co}. Stopping at time 7" gets
us a reward S — K if T is finite, and 0 if T" = oco. We want to maximize the
expected reward. (This comes from ‘American options’, where an asset has price
Sy, dollars on day n, and the holder of the asset has to pay a fee of K dollars to sell
the asset at any time before time [V, which is the ‘expiration date’ for the option.
The holder has no obligation to sell, and if the option is not exercised by time [V,
then the reward is zero — this is the case 7' = oo. The ‘sum of i.i.d.” is a toy
model. In reality, more complex models are used.) Prove the following:

(1) Show that the problem can be reformulated as the problem of finding a
stopping time 7" taking values in {1,..., N} that maximizes E((S7 —
K)*). Having found such a T', what would be an optimal strategy for the
original problem?

(2) Define a sequence of functions wg, w1, . . . from R into R as follows: Let
wo(x) := (x — K)T, and for each n > 1, let

wp(x) == max{(x — K)", E(w,_1(x + X1))}.

Finally, let 7 := min{1 < n < N : (S, — K)* = wy_y(Sn)}. Show
that 7" is an optimal stopping time for the revised problem described in
part (1).

(3) Show that each wy, is a convex nondecreasing function.

9.9. Almost sure convergence of martingales

Martingales, submartingales and supermartingales often have nice convergence
properties. In this section, we will derive a criterion for almost sure convergence
due to Doob. A key ingredient in the proof is Doob’s upcrossing lemma. If
{X,}n>0 is any sequence of random variables, and [a, b] is a bounded interval,
the upcrossings of [a, b] by { X}, },>0 are defined as follows. Let S} be the first n
such that X,, < a. Let T} be the first n after .S; such that X,, > b. Let Sy be the
first n after T such that X,, < a, and 75 be the first n after S5 such that X,, > b.
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And we keep going like this. That is, taking Ty = —1, we have that for all £k > 1,
S =inf{n > Ty : X, <a},
T = inf{n > S : X;, > b}.

In the above, we follow the convention that the infimum of an empty set is infinity.

The intervals {Sg, Sy + 1,..., T}, for all k£ such that Sy, is finite, are called the
upcrossings of [a, b] by { X, }r>0.

LEMMA 9.9.1 (Upcrossing lemma). Let { X}, },,>0 be a submartingale sequence
adapted to some filtration {F }n>0. Take any interval [a,b] with a < b. Let U,
be the number of upcrossings of this interval by the sequence {X,,}n>0 that are
completed by time m. Then

E(U,,) < E(X,, —a)t —E(Xo — a)+.
b—a

PROOF. For each n, letY,, := a + (X,, — a)™. Thatis, Y,, = aif X,, <
aand Y, = X, if X, > a. Note that z — a + (z — a)* is a convex non-
decreasing function. Thus, {Y},},>0 is also a submartingale. Moreover, it has the
same upcrossings of [a, b] as the sequence { X, },,>0. Note that that if k, ...,k +
is an upcrossing, then Yy — Y > b — a, and moreover, forany £ < 7 < k + 1,
Y; — Y}, > 0 (the second property is not valid for the process { X, },>0). Thus, if
we add up Yy4; — Y} for all upcrossings k, ...,k + [ that are completed by time
m, and also Y;,, — Y}, for an incomplete upcrossing k, ..., m at the end, the sum
will be at least (b — a)U,.

Let us now represent the above sum in a different way. For each n > 1, let
Zn, be the indicator of the event that the indices n and n — 1 are both in the same
upcrossing. The crucial observation is that Z,, is F,,_;-measurable. To see this,
note that there are four possibilities: (a) ¥Y,—1 < a. In this case, n — 1 is part of
an upcrossing (since the process is always above a between upcrossings), and n
is also a part of the same upcrossing. (b) a < Y,_; < b, and n — 1 is part of
an upcrossing. In this case, n is part of the same upcrossing. (c) a < Y,_1 < b,
but n — 1 is not in an upcrossing. In this case, obviously, n and n — 1 are not
both in the same upcrossing. (d) ¥;,—1 > b. In this case, n and n — 1 cannot be
in the same upcrossing. Thus, whether Z,, = 1 or 0 is completely determined by
Yo,...,Y,_1, and hence, Z, is F,,_i-measurable. Now, the sum defined in the
previous paragraph can be written as

m
> Zn(Yo = Yo1).
n=1

Since Z,, is F,_1-measurable and {0, 1}-valued, and {Y}, },,>0 is a submartingale
(which implies that E(Y,,|F,—1) — Y,—1 > 0), we have

E(Zn(yn - Yn—l)) = E[E(Zn(yn - Yn—l)“’rn—l)]
[Zn(E(Yn‘-’rn—l) - Yn—l)]
< E[E(Y|Fao1) — Yooi1] = E(Y, — Yooy).
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Thus,
m
(b= )E(Up) <> E(Y, = Yo1) =E(V;, — Y0).
n=1
Since Y,, = a + (X,, — a)™, this completes the proof. O

Using the upcrossing lemma, we will now prove the following important result.

THEOREM 9.9.2 (Submartingale convergence theorem). Let {X,,}n>0 be a
submartingale adapted to a filtration {F,}n>0. Suppose that sup,>oE(X;F) is

n

finite. Then there is a random variable X such that X,, — X a.s. and E|X| < oc.

PROOF. Take any interval [a,b] with a < b. Let U, be the number of up-
crossings of this interval by the sequence { X, },>0 that are completed by time m.
Then {U,, } m>0 is an increasing sequence of random variables, whose limit U is
the total number of upcrossings of this interval. But by the upcrossing lemma and
the condition that sup,,~, E(X;") < oo, we get that E(U,,) is uniformly bounded.
Thus by the monotone convergence theorem, E(U) < oo and hence U < oo
a.s. But this is true for any [a,b], and so it holds almost surely for all intervals
with rational endpoints. This implies that lim inf,,_,. X,, cannot be strictly less
than lim sup,,_,,, X, because otherwise there would exist an interval with ratio-
nal endpoints which is upcrossed infinitely many times. This proves the existence
of the limit X.

By Fatou’s lemma, E(X ") < liminf, , E(X;") < co. On the other hand,
since { X}, },,>0 is a submartingale sequence,

E(X,) =E(X,)) - E(Xn) < E(X;) - E(Xo),

which proves the uniform boundedness of E(X ). Thus again by Fatou’s lemma,
E(X™) < oo and hence E| X | < cc. O

EXERCISE 9.9.3. Prove that a nonnegative supermartingale converges almost
surely to an integrable random variable.

EXERCISE 9.9.4 (Pdlya’s urn). Consider an urn which initially has one black
ball and one white ball. At each turn, a ball is picked uniformly at random from
the urn, and replaced back into the urn with an additional ball of the same color.
Let W, be the fraction of white balls at time n (so that Wy = 1/2). Prove that
{W, }n>0 is a martingale with respect to a suitable filtration, and show that it con-
verges almost surely to a limit. Show that the limit is uniformly distributed in [0, 1].
Hint: For the last part, prove by induction that each W,, is uniformly distributed on
a certain set depending on n.

EXERCISE 9.9.5. Show by a counterexample that the convergence in the sub-
martingale convergence theorem need not hold in L'. Hint: Consider the martin-
gale {S7an }n>0, Where {Sy, },,>0 is a simple symmetric random walk starting at 0,
and T is the first time to hit 1.
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9.10. Lévy’s downwards convergence theorem

A second consequence of the upcrossing lemma is the backwards martingale
convergence theorem, stated below. This is also known as Lévy’s downwards con-
vergence theorem.

THEOREM 9.10.1 (Backwards martingale convergence theorem, or, Lévy’s
downwards convergence theorem). Let X be an integrable random variable de-
fined on some probability space (0, F,P). Let Fo 2 F1 2 --- be a decreasing
sequence of sub-o-algebras of F. Let F* = Np>0Fy. Then E(X|F,) converges
to BE(X|F*) a.s. and in L* as n — oc.

PROOF. Let X, := E(X|F,). Take any interval [a, b] with a < b. For each n,
let U,, be the number of complete upcrossings of this interval by the finite sequence

Xn, Xn—1,...,X0. Note that this sequence is a martingale with respect to the
filtration F,,, Fp—1, . . . , Fo. Therefore by the upcrossing lemma,
E(Xo — a)+
EU,) < ————.
(Un) = b—a

Since Xy = E(X|Fp) is integrable, the quantity on the right is finite. Moreover,
it does not depend on n. Thus, sup,,~oE(U,) < oco. But U, increases to a limit
as n — oo, and if this limit is finite, then the sequence {X,,},>0 cannot attain
infinitely many values in both the intervals (—oo, a] and [b, o0). Therefore, with
probability one, this cannot happen for any interval with rational endpoints. This
implies that X, converges almost surely to a limit X*.

The next step is to show that the sequence {X,, },>0 is uniformly integrable.
Since

X, = [E(X| )| < B(|X]|F),
we have
E(|Xnl; | Xn| > K) < EE(X||F); E(1X[[F7) > K)
=E(|X; E(|X||Fn) > K). (9.10.1)

Take any ¢ > 0. By Corollary [8.3.4] there is some § > 0 such that for any
event A with P(A) < §, we have E(]X|; A) < e. Fixing K, let A,, be the event
{E(|X||Fn) > K}. By Markov’s inequality,
E(E(X||F»)) _ E[X]
P(A,) < =
(An) < K K’
which can be made less than § by choosing K large enough. Therefore, by (9.10.1)),
E(|Xn|; [ Xn| > K) <E(IX|; 4p) <

This proves the uniform integrability of {X,, },>0. By Proposition 8.3.1} we con-
clude that X,, — X* in L'. This implies that for any B € F*,

E(X*;B) = li_}m E(X,; B) = E(X; B),

where the last identity holds because X,, = E(X|F,) and B € F, for every n.
So, to complete the proof we only have to show that X* is F*-measurable. To
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show this, take any n. Since F,,, C F,, for any m > n, we have that X, is F,-
measurable for any m > n. Therefore X * is J,,-measurable. But since this is true
for all n, X* must be F*-measurable. O

EXERCISE 9.10.2. Let X1, Xo,... be a sequence of i.i.d. integrable random
variables. Let S, := Xj + -+ + X,,, and G,, := 0(Sy, Sn+1, Snt2,-..). Using
Exercise [9.2.13] show that E(X1|G,) = E(X1]S,) = E(X;|S,) for any i < n.
From this, deduce that E(X1|G,,) = S, /n. Using this fact, the downwards conver-
gence theorem, and Kolmogorov’s zero-one law, show that S,, /n converges a.s. and
in L' to E(X1) as n — oo.

9.11. De Finetti’s theorem

Let {X,,}»>1 be an infinite sequence of real-valued random variables defined
on a probability space (2, F,P). Let G := o(X1, Xa,...). By Exercise
any A € G can be expressed as X ~!(B) for some measurable set B C RY,
where X : Q@ — RN is the map X(w) = (X,(w))n>1. We will say that A
is invariant under permutations of the first n coordinates if B is invariant under
permutations of the first n coordinates (for some choice of B such that A =
X~1(B)) — that is, for any (x1,22,...) € B, and any permutation 7 of 1,...,n,
(Tra1)s - - s Trr(n)s Tnt1s Tt 2s - - .)is also in B. Let &, be the o-algebra consisting
of all A € G that are invariant under permutations of the first n coordinates (it is
easy to see that this is a o-algebra). Let

£:=1{)é&
n=1

be the o-algebra generated by all X that are invariant under permutations of any
finitely many coordinates. This is known as the ‘exchangeable o-algebra’ of the
sequence { X, }n>1.

EXERCISE 9.11.1 (Hewitt—Savage zero-one law, alternative version). Recall
the Hewitt—Savage zero-one law proved in Chapter [7] (Corollary [7.5.4). Prove the
following equivalent version. If { X}, },,>0 is a sequence of i.i.d. random variables,
show that the exchangeable o-algebra £ is trivial (meaning that for any A € &,
P(A) is either O or 1).

An infinite sequence of random variables { X, },,>1 is called ‘exchangeable’ if
its joint distribution remains invariant under permutations of any finitely many co-
ordinates. To be more precise, the condition means that for any bijection 7 : N —
N that fixes all but finitely many coordinates, the sequences (X (1), Xr(2), - - -) and
(X1, X5, ...) induce the same probability measure on RY.

The following fundamental result for infinite exchangeable sequences is called
De Finetti’s theorem.

THEOREM 9.11.2 (De Finetti’s theorem). Let { X}, }n>1 be an infinite exchange-
able sequence of real-valued random variables. Then they are independent and
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identically distributed conditional on the exchangeable o-algebra &, in the sense
that for any k and any Borel sets A1, ..., A C R,

k k
P(X1 € Ar,..., Xp € A|E) = [[P(Xi € 44)€) = [[P(X1 € 4]€) as.
=1 =1

We need several lemmas to prove this theorem.

LEMMA 9.11.3. If a measurable function f : RN — R is invariant under
permutations of the first n coordinates, then f(X1, Xo,...) is an &E,-measurable
random variable.

PROOF. For any Borel set A C R, it is easy to check that the set
{w: f(X1(w), X2(w),...) € A}
is in &,, because it is equal to X ~1(B), where B = f~!(A), and B is invariant

under permutations of the first n coordinates. ([

LEMMA 9.11.4. For any n, any bounded measurable function ¢ : R™ — R,
and any permutation w of 1,...,n,

E(@(Xﬂ(l)a R 7X7r(n))‘gn) = E((p(Xla s 7Xn)|gn) a.s.

PROOF. LetY and Z denote the two conditional expectations displayed above,
that have to be shown to be equal. Take any A € &,, so that A = X ~!(B) for
some measurable set B C RN that is invariant under permutations of the first n
coordinates. Let f := 1. Then

E(Y;A) = E((p(X,T(l), . ,Xﬂ(n))f(Xl, Xo,...))

= E(o(Xn(1) -+ » X()) S (X 1)s X2ys -+ » Xmys X1, Xng2, - +-))
= B(p(X1, ..., X0)F(X1, X2, Xy Xns1s Xnto, .- 2))

=E(Z; 4),

where the second identity holds because f is invariant under permutations of the
first n coordinates, and the third identity holds because X7, X, ... are exchange-
able. O

LEMMA 9.11.5. For any bounded measurable function ¢ : R — R,

L3 () Blp(X)le)
=1

a.s. as n — oQ.

PROOF. By the downwards convergence theorem,

E(p(X1)[En) = E(p(X1)[€)
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a.s.as n — oo. By Lemma(9.11.4] E(o(X1)|En) = E(p(X;)|En) a.s. for any
1 <¢ < n. Thus,

E(p(X1)[&n) =

But by Lemma[9.11.3| n =1 Y- | (X;;) is £,-measurable. Thus,

B(1 3 pfen) = 23 (X as
n =1 n =1

This completes the proof of the lemma. ([l
LEMMA 9.11.6. For any k, and any bounded measurable functions p1, ..., P :
RF - R,
k 1 n
Bl ()Xol - [T (5 Swix)) 0
i=1 " j=1

a.s. as n — oQ.

PROOF. Take any n > k. By Lemma[9.11.4)
E(p1(X1) - ou(Xi)[€n) = E(p1(Xiy) - or(X3,)|En) as. (9.1L1)
for any distinct iy, ..., € {1,...,n}. Let (n)g :=n(n—1)---(n—k+1), and
define

Vom T oK) ora)

n
() 1<in,.ip<n
distinct

and
1 A
o= ¥ ettt = [I(5 L ex)
1<in,0 i <n i=1 N j=1

Since the (;’s are bounded functions, a simple calculation shows that Y,, — Z,, — 0

as n — oo. By equation (0.11.1), E(p1(X1) - - - vr(Xk)|En) = E(Y,|Er), and by
Lemma[9.11.3] Y;, is &£,-measurable. Combining these observations completes the
proof. (]

Finally, we are ready to prove De Finetti’s theorem.

PROOF OF THEOREM [9.11.2] Take any k, and any bounded measurable func-
tions @1, . .., ¢y : R¥ — R. By the downwards convergence theorem,

E(p1(X1) - ok (Xe)|En) = E(p1(X1) -+ - o (Xk)[E)
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a.s.asn — co. By Lemma[9.11.5]
k 1 n k
II(; et ) = TTE ke
i=1 " j=1 i=1

a.s. as n — oo. The above two displays, together with Lemma(9.11.6] give

k
E(1(X1) - or(Xp)[€) = [ [ E(@i(X1)IE) as.
i=1
As a special case of the above identity, we get E(p;(X;)|€) = E(p;i(X1)) a.s. for
each ¢. This completes the proof. (]

EXERCISE 9.11.7. Let X1, X»,... be an exchangeable infinite sequence of
{0, 1}-valued random variables. Prove that:

(1) n! 2?21 X, converges a.s. to a limit © as n — oo.
(2) Let u be the law of ©. Then for any n and any 1, ..., 2, € {0,1}, show
that

P(X) =x1,..., X, =x,) = 08 (1 — 0)"*du(s),
[0,1]
where £ = > | z;. In other words, the law of the infinite sequence
(X1, Xo,...) is a mixture of i.i.d. distributions. (This kind of result is
often cited as justification for Bayesian modeling.)

9.12. Lévy’s upwards convergence theorem

The following, result, known as Lévy’s upwards convergence theorem, com-
plements the downwards convergence theorem from Section[9.10]

THEOREM 9.12.1 (Lévy upwards convergence theorem). Let {F,}n>0 be a
filtration of o-algebras and let F* = o (U2 o Fy). Then for any integrable random
variable X, B(X|F,) — E(X|F*) a.s. and in L',

PROOF. Let X,, := E(X|F,). Note that the sequence {X,, },,>0 is a martin-
gale with respect to the filtration {F,, },>0. Moreover, by Jensen’s inequality for
conditional expectation, E|X,,| < E|X| for all n. Therefore by Theorem
there is an integrable random variable Y such that X,, — Y a.s. By a similar argu-
ment as in the proof of the backward martingale convergence theorem, we see that
{ Xy }n>0 is uniformly integrable. Thus, X,, — Y in L'. Finally, we need to show
that Y = E(X|F*) a.s. To prove this, take any A € U,,>1Fy,. Then A € F,, for
some 7, and so

E(X;A) =E(X,;A).
But X,, = E(X,,|F,) for any m > n. Thus, E(X;A) = E(X,,;A) for any
m > n. Since X,;, — Y in L' as m — oo, this shows that E(X; A) = E(Y; A). It
is now a simple exercise using the 7-\ theorem to show that E(X; A) = E(Y; A)
for all A € F*, which proves that Y = E(X|F™). O
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EXERCISE 9.12.2. Let X be a Borel measurable, integrable map from [0, 1)
into R. Let X, : [0,1) — R be defined as follows. For each n and 0 < i < 2", and
for each z in the interval [27"4,27"(i + 1)), let X,,(x) be the average value of X
in that interval. Show that X,, — X pointwise almost everywhere on [0, 1). Hint:
Use Exercise and Exercise [9.4.4] along with the martingale convergence
theorem.

9.13. LP convergence of martingales

In this section we discuss the necessary and sufficient conditions for L” con-
vergence of martingales, for all p > 1. The cases p > 1 and p = 1 are somewhat
different. Let us first discuss p > 1. An important ingredient in the LP conver-
gence theorem is the following inequality, known as Doob’s maximal inequality
for submartingales.

THEOREM 9.13.1 (Doob’s maximal inequality). Let {X;}o<i<n be a sub-
martingale sequence adapted to a filtration { F; }o<i<n. Let My, := maxo<i<n X;.
Then for any t > 0,

E(Xp; M, > t)

P(M, >t) < ;

PROOF. For each 0 < i < n, let A; be the event that X; < ¢ for 7 < ¢ and
X; > t. Then the event {M,, > t} is the union of the disjoint events Ay, ..., A,.
Thus,

i=0
But 4; is F;-measurable and E(X,|F;) = X;. Thus,
E(Xp; My > 1) = E(X; A).
i=0

But if A; happens, then X; > ¢. Thus,
n
E(Xp; My > 1) > Y P(A;) = tP(M, > t),
i=0
which is what we wanted. |

Doob’s maximal inequality implies the following inequality, known as Doob’s
LP inequality.

THEOREM 9.13.2 (Doob’s LP inequality). Let {X;}o<i<n be a martingale
or nonnegative submartingale adapted to a filtration {F;}o<i<n. Let M, :=
maxo<i<n, | Xi|. Then for any p > 1,

p P
E(M?) < () E|X,P.
p—1
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PROOF. Under the given assumptions, {|X;|}o<i<n is a submartingale se-
quence. Therefore by Doob’s maximal inequality,
E(|Xnl; My > 1)
t
for any t > 0. Therefore, by Exercise and Fubini’s theorem,

P(M, >t) <

E(MP) :/ ptPIP(M,, > t)dt
0

g/ ptP 2R (| X, ); M, > t)dt
0

0

= LB Xa| ML),
p—1
By Holder’s inequality,
E(|Xn|ME™) < (| X, [P)/P(B(ME)) P~ 1/P.

n

Putting together the above two displays and rearranging, we get the desired in-
equality. U

Doob’s L? inequality implies the following necessary and sufficient condition
for LP convergence of martingales.

THEOREM 9.13.3. Let { X, }n>0 be a martingale or nonnegative submartin-
gale adapted to a filtration { Fy, }n>0. Suppose that sup,,~q E| X, |P < oo for some
p > 1. Then there is a random variable X defined on the same probability space
such that X,, — X in LP and also almost surely. Conversely, if X,, converges the
some X in LP, then sup,,~o E|X,|P < oco.

PROOF. The converse implication is trivial, so let us prove the forward direc-
tion only. Since the LP norm of X,, is uniformly bounded, so is the L' norm.
Therefore, by the submartingale convergence theorem, there exists a random vari-
able X such that X,, — X a.s. By Fatou’s lemma,

E|X P = E(liminf | X,,|?) < liminf E|X, P < occ.

n—oo n—oo
Thus, X € LP. For each n, let

Zni= sup |Xp—XP,

0<m<n
and
Z = lim Z, =supl|X, — X|.

By Jensen’s inequality,

Xn— X [ Xnl” + | X7

X, — X|[P=2p|2n 2] <op
2 2




9.13. LP CONVERGENCE OF MARTINGALES 131

Thus, by Doob’s LP inequality (Theorem [9.13.2)),

p
E(Z,) < <p1) ¥ (E|X, [ + E|X|P).

But, by the monotone convergence theorem, E(Z) = lim,_,, E(Z,), and so,
E(Z) < oo. But Z dominates | X,, — X|P for each n, and | X,, — X|P — 0 a.s.
Thus, by the dominated convergence theorem, we get the desired result. U

EXERCISE 9.13.4. Let {X,,},>0 be a martingale sequence that is uniformly
bounded in L2. Show that for any n < m,
m—1
E(Xn — Xm)? = > E(X; — Xi1)%,
1=n
and using this, give a direct proof that X,, converges in L? to some limit random
variable.

For the necessary and sufficient condition for L' convergence of martingales,
recall the definition of uniform integrability from Section 8.3 of Chapter [§]

THEOREM 9.13.5. A submartingale converges in L' if and only if it is uni-
formly integrable, and in this situation, it also converges a.s. to the same limit.

PROOF. Suppose that { X, },>0 is a uniformly integrable submartingale. By
the definition of uniform integrability, it is obvious that sup,~; E|X,| < oo.
Therefore, by the submartingale convergence theorem, there exists X such that
X, — X a.s. But then by Proposition it follows that X,, — X in L'. Con-
versely, suppose that { X, },,>0 is a submartingale converging in L' to some limit
X Then by Proposition [8.3.5] { X}, },>0 is uniformly integrable. O

EXERCISE 9.13.6. Let { X, },,>0 be a martingale or a nonnegative submartin-
gale. If sup,,~ E|X,,|P < oo for some p > 1, show that the sequence {| X, },>0
is uniformly integrable.

EXERCISE 9.13.7. Let {X,, },>0 be a square-integrable martingale. Define

n
(XY =Y E((Xi = Xi1)?|Fic)-
i=1
Show that the sequence {(X), }»>0 is a nonnegative, increasing, and predictable.
(It is called the “predictable quadratic variation’ of X,,.) Show that X2 — (X),, is
a martingale. Finally, let (X). := lim;, o, (X),, and show that X,, converges
a.s. on the set {(X ) < 00}

EXERCISE 9.13.8 (Galton—Watson branching process). The Galton—Watson
branching process is defined as follows. At generation 0, there is a single organism,
which gives birth to a random number of offspring, which all belong to generation
1. Then, each organism in generation 1 independently gives birth to a random
number of offspring, which are the members of generation 2, and so on. The
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assumptions are that the individuals give birth independently, and the distribution
of the number of offspring per individual is the same throughout. Mathematically,
if Z,, denotes the number of individuals in generation n, then

Zn,
Zn+1 = § Xn,ia
=1

where X, ; are i.i.d. random variables from the offspring distribution, which are
independent of everything up to generation n. Suppose that the mean number of
offspring per individual, p, is finite. Then:

(1) Show that M,, := pu~"Z, is a martingale adapted to a suitable filtration.

(2) Verifying the required conditions, conclude that lim,,_, o, M, exists a.s. and
is integrable. From this, show that if © < 1, then Z,, — 0 a.s.

(3) If 4 = 1, use the above fact and the fact that Z,, is integer-valued to show
that Z,, — 0 a.s. when the number of offspring is not always exactly
equal to 1.

(4) Suppose that the variance of the offspring distribution, o2, is finite. Then
show that E(Z2 | F,) = p2Z2 + 02 Z,.

(5) Use the above result to show that if 1 # 1,

N, = M? —

is a martingale.

(6) Using the above, show that sup,,~; E(M?2) < coif 4 > 1 and 0% <
0o. From this, conclude that ]P’(li_mrHOO M, > 0) > 0, that is, there
is positive probability that Z,, behaves like a positive multiple of u™ as

n — 0.

EXERCISE 9.13.9. In Exercise0.12.2] if X € LP for some p > 1, show that
Xp, — Xin LP.

EXERCISE 9.13.10. Using the above exercise, show that C0, 1] is a dense
subset of L2[0,1]. (Hint: First show that step functions are dense, and then ap-
proximate continuous functions by dense functions.)

EXERCISE 9.13.11. A trigonometric polynomial on [0, 1] is a function of the
form

N N
Z ay, COS 2TNx + z by, sin 2mnx

n=0 n=1
for some N and some coefficients ag,...,a, and by, ..., by.

(1) Show that the trigonometric polynomials form an algebra over the real
numbers — that is, they are closed under addition, multiplication, and
scalar multiplication.
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(2) Take any 0 < a < b < 1, and any N. Define a function fx : [0,1] —
[0,00) as

Ix(a) = /:m(l FoosZmlu $)>Ndu.

Show that fy is uniformly bounded above by a constant that does not de-
pend on N, and thatas N — oo, fy(z) — 0if z ¢ [a,b], and fn(z) — ¢
if z € (a,b), where c is a positive real number.

(3) Using the above and Exercise show that if g € L'[0, 1] is orthogo-
nal to sin 2rnz and cos 27rnz for all n (under the L? inner product), then
g =0a.e.on[0,1].

9.14. Almost supermartingales

A sequence of random variables { X, },,>0 adapted to a filtration {F}, },,>0 is
called a nonnegative ‘almost supermartingale’ if each X, is a nonnegative inte-
grable random variable, and there are two sequences of adapted nonnegative inte-
grable random variables {&, },>0 and {(, },>0 such that for each n,

E(Xn—i-l’fn) < Xn + én - Cn a.s.

The following theorem gives a criterion under which the above almost supermartin-
gale converges a.s. It is sometimes called the ‘Robbins—Siegmund almost super-
martingale theorem’.

THEOREM 9.14.1. Let X, &, and (, be as above. Then with probability one
on the set {> "7 1 &, < 00}, limy, o0 X, exists and is finite, and Y ;" G < 00.

PROOF. Let

Then note that

E(Yn-kl‘}—n) = E(Xn-i-l’fn) - (gk - Ck)

k=0
SXn+£n_Cn_Z(£k_Ck)
k=0
n—1
=Xp— ) (& —G) =Ya.
k=0

Thus, {Y;, }n>0 is a supermartingale. Take any a > 0. Let 7 ;= inf{n : > ;_, & >
a}. Note that 7 is allowed to be infinity. By the optional stopping theorem, { Y7, }
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is a supermartingale adapted to {F,},>0. Moreover, since the X,,’s and (,,’s are
nonnegative random variables,

TAn—1

Yiran = Xoan — Z (gk — Ck) > —a.

k=0

By the submartingale convergence theorem, and supermartingale that is uniformly
bounded below must converge a.s. to an integrable limit. Therefore, we get that
lim,, o0 Y- An exists and is finite a.s. This shows that lim,, .., Y}, exists and is
finite a.s. on the set {)_,~ & < a}. Taking union over a = 1,2, ..., we conclude
that lim,, o Y7, exists and is finite a.s. on the set {D> ;- ; {x < 0o}

Now, if Y,, converges and ZZO:O & 1s finite, then the definition of Y,, shows

that
n—1 n—1
sup <Xn + Z Ck> = sup (Yn + Z §k> < 0.
k=0 n20 k=0

n>0

This implies that Y 7~ , (x < oo, and hence,

o0
lim X, = lim ¥, — D (& —G)

n—oo
k=0
exists. This completes the proof of the theorem. (]

Striking applications of almost supermartingales can be found in the literature
on stochastic approximation. The following is a special case of the celebrated
Robbins—Monro algorithm from this literature.

Suppose that there is an unknown measurable function f : R — R with a single
zero at some 2* € R, and our goal is to find =*. This kind of problem often comes
up in optimization, because maxima and minima of functions are characterized by
the zeros of their derivatives. The problem is that whenever we query the value of
f at some point z, we can only recover f(z) up to some random error with mean
zero but possibly a substantial variance. The following amazing algorithm allows
us to converge to x* even under such unfavorable conditions.

Start with Xy = xg for some arbitrary zg € R. At step n of the algorithm
(starting with n = 0), we query the value of f at X,,, and obtain a value Y,,, where
Y, is a function of X, and some extra randomness that is independent of past
events, and E(Y,,| X,,) = f(X,). Define

Xnt1 =Xy, —anYy,

where {a,, },>0 is a sequence of constants satisfying

o0 (@)
Y al <oo, > ap=oo. (9.14.1)
n=0 n=0

For example, we can take a,, = n=3/4. The following theorem shows that under

mild conditions, X,, converges almost surely to z* as n — oco.
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THEOREM 9.14.2 (Convergence of Robbins—Monro algorithm). In the above
setting, suppose that | f| is uniformly bounded, and that for any € > 0,

inf  f(z"+2z) >0, sup  f(z¥ +x) <0. (9.14.2)
e<z<l/e —1/e<a<—e

Further, suppose that Var(Y,,|X,,) is uniformly bounded above by a constant. Then
X, — x* almost surely.

PROOF. Define Z, := (X, — 2*)2. Let F,, := o(Xo,...,X,). Since Y},
is a function of X,, and some extra randomness that is independent of the past,
E(Y,|Fn) = E(Y,|X,) and Var(Y,,|F,) = Var(Y,|X,,). In particular,

E(Y;, — f(Xn)’]:n) = 0.
Thus,
E(Zn41|Fn) = E((Xns1 — 2%)| Fn)

=E((Xy — 2" — an(Yn — f(Xn)) — anf(Xn))Q‘}—n)

= (Xo = 2")? + apE((Ya — F(Xn))?|Fn) + @ f (Xn)?

— 20, (X — 2")E(Yn — f(X0)|Fn) + 205, f(Xn)E(Yn — f(X0)|Fn)
- 2an(Xn - x*)f(Xn)

=Zn+ aiva‘r(yn‘Xn) + a?zf(Xn)2 - 2an|Xn - x*||f(Xn)|>

where in the last step we used the fact (implied by (9.14.2))) that X,, — z* and

f(X,,) have the same sign. Let o2 be a uniform upper bound on Var(Y;,|X,,) and
B be a uniform upper bound on | f|. Then the above expression shows that

E(Zn+1|fn) < Zn + §n - Cna

where
&n = aqzm(az + 32)7 Cn = 2ap| Xy — 2™[| f(X0)].

Note that &, and (,, are nonnegative and J,,-measurable. Thus, this expresses Z,,
as an almost supermartingale. But here the &,,’s are constants, and by assumption
(©O.14.1), >~y &n < oc. Therefore, by the Robbins—Siegmund theorem (Theorem
9.14.1)), lim,, , oo Z,, exists and is finite a.s., and ZZOZO Cn < 00 as. Let

D := nh_)rgo ' Zn, :n11_>11010|Xn—x |.

Suppose that D # 0 at some sample point. Then from assumption (9.14.2) we
deduce that f(X,,) must stay bounded away from 0 as n — oo, and also that
| X, —z*| = D > 0. Since >~ , an, = 00, this shows that at such a sample point,
we cannot have ZZOZO Cn < oo. This proves that D = 0 a.s., that is, X,, — z*
a.s. U

The following exercise is a simple fact from real analysis that will be needed
in the subsequent problems.
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EXERCISE 9.14.3. Let {a,}n>0 be an increasing sequence of positive real
numbers. Then show that

> Api+1 — Q > Api+1 — Q

P L T

5 On+l n—o In+1
(Hint: For the second claim, simply compare with the integral of 1/x2. For the
first, separately consider the cases liminf a,/a,+1 = 0 and > 0, and compare

with the integral of 1/x for the latter.)

EXERCISE 9.14.4 (Strong law of large numbers for martingales). Let {.Sy, }n>0
be a mean zero, square-integrable martingale adapted to a filtration {F,, } ,>0. Let
{¢n}n>1 be a predictable and increasing sequence of random variables (that is, ¢,
is F,,_1-measurable and c,, < ¢, 41 for each n). Let 62 := Var(S,|F,_1). Then,
show that S,,/¢,, — 0 a.s. on the set

{ — < oo and lim cn:oo}.
n—oo
n=0 "

(Hint: Define Z,, := S2/c2 and show that it is an almost supermartingale, and then
apply the Robbins—Siegmund theorem.)

EXERCISE 9.14.5. Let Xy, X1,... be a sequence of i.i.d. square-integrable
random variables with mean zero. Let Sy, :== """ ; X; X, 1. Using the SLLN for
martingales, prove that S,,/n — 0 a.s.

EXERCISE 9.14.6. Let { X, },>0 be a sequence of {0, 1}-valued random vari-
ables adapted to a filtration {F},},>0. Let p,, := P(X,, = 1|F,,—1) (with py :=
P(Xo = 1)) and let S,, :== >;'_, X. Then show that the limit

lim L

n—oo ZZ:() pk
exists a.s. Moreover, show that the limit is equal to 1 almost surely on the set
{30y pn = oo}. (Hint: Define a suitable almost supermartingale.)



CHAPTER 10

Ergodic theory

Ergodic theory is the study of measure preserving transforms and their proper-
ties. It is useful in probability theory for the study of random processes whose laws
are invariant under various groups of transformations. This chapter gives an intro-
duction to the basic notions and results of ergodic theory and some applications in
probability.

10.1. Measure preserving transforms

Let (€2, F,P) be a probability space. A measurable map ¢ : 2 — € is called
‘measure preserving’ if P(o~'A) = P(A) for all A € F. (In ergodic theory, the
standard practice is to write ¢! A instead of ™ 1(A), p?(A) instead of ¢(p(A)),
as so on.) The following lemma is often useful for proving that a given map is
measure preserving.

LEMMA 10.1.1. Let (2, F,P) be a probability space and ¢ : 2 — Q be a
measurable map. Suppose that P(p~*A) = P(A) for all A in a 7-system P that
generates F. Then @ is measure preserving.

PROOF. By Dynkin’s 7-A theorem, it suffices to check that the set £ of all
A € F such that P(o=1A) = P(A) is a A\-system. First, note that =12 = Q.
Thus, 2 € L. Next, if A € L, then

P(p 1A% =P((p7'A)) =1 = P(p ' A) = 1 — P(A) = P(A%),

which shows that A¢ € L. Finally, if A1, Ao, ... are disjoint elements of £, and
A = U;—1600A4;, then

P(p~'A) = (U o LA, )

P(p~"A)) = 3 _P(4) = P(A).

.P”ﬂg

s
Il
A
-
Il
A

Thus, £ is a A-system. O

EXAMPLE 10.1.2 (Bernoulli shift). Let = {0, 1}" be the set of all infinite
sequences of 0’s and 1’s. Let F be the product o-algebra on this space, and IP be
the product of Ber(p) measures. The ‘shift operator’ on this space is defined as

o(wo,wi,-..) = (w1, ws,...).

137
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We now show that this map is measure preserving. Let A be the collection of all
sets of the form
{w:wo=mg,...,wn =1zp}

for some n > 0 and some zy,...,x, € {0,1}. Clearly, this is a 7-system that
generates the product o-algebra. Let A denote the set displayed above. Then o~ A
is the set of all sequences (wp, w1, ...) such that (wy,ws,...) € A, that is, the set
of all w such that w; = xg,ws = x1,...wWn+1 = Zp. Under the product measure,
both A and ¢! A have the same measure. By Lemma this shows that ¢ is
measure preserving.

EXAMPLE 10.1.3 (Rotations of the circle). Let 2 = [0,1) with the Borel o-
algebra and Lebesgue measure. Take any 6 € [0, 1), and let

x+0 ifx+60<1,

= 0 dl) =
plz)i=2+0 (modl) {x+9—1 ifo+0>1.

One way to view ¢ is to consider [0, 1) as the unit circle in the complex plane via
the map = — e>™*, which makes ¢ a ‘rotation by angle §’. We claim that ¢ is
measure preserving. To see this, simply note that the map ¢ is a bijection with

x—0 ifx —0>0,

Y)y=z-10 d1) =
o) = (mod ) =9 411 itz—b<o.

and therefore, for any interval [a, b] C [0, 1),

[a—0,b—0] ifa >0,
o Ha,b]) = [0,b—0]U[l+a—6,1] ifa<b<b,
l+a—0,14+b—0 ifb<6.

In all three cases, the Lebesgue measure of ¢ ~1([a, b]) equals b — a. Since the
set of closed intervals is a m-system that generates the Borel o-algebra on [0, 1),
Lemma|10.1.1|shows that ¢ is measure preserving.

EXERCISE 10.1.4. Show that the map ¢(z) := 2z (mod 1) preserves Lebesgue
measure on [0, 1).

Measure preserving transforms possess the following important property.

PROPOSITION 10.1.5. If i is a measure preserving map on a probability space
(Q, F,P), then for any integrable random variable X defined on this space, X o ¢
has the same distribution as X, and hence, has the same expected value as X.

PROOF. Simply note that for any Borel set A C R,
P(Xope A)=P{w: d(w) € X7'(4))
=P(p ' X71(A4) = P(X"1(4)) =P(X € 4),

where the second-to-last inequality holds by the measure preserving property. [



10.2. ERGODIC TRANSFORMS 139

10.2. Ergodic transforms

Let (€2, F,P) be a probability space and ¢ : 2 — (Q be a measure preserving
transform. The ‘invariant o-algebra’ of ¢ is the set of all A € F such that o1 A =
A. Tt is easy to see that this is indeed a o-algebra. The transform ¢ is called
‘ergodic’ for the probability measure P if its invariant o-algebra 7 is trivial, that is,
P(A) € {0,1} forall A € 7.

EXAMPLE 10.2.1 (Ergodicity of Bernoulli shift). Recall the Bernoulli shift op-
erator ¢ defined in Example[10.1.2] and the associated probability space (2, F, P).
We claim that ¢ is ergodic. To see this, take any A € Z, where Z is the invariant
o-algebra of ¢. Define a sequence of random variables (X}, )n>0 as Xy, (w) 1= wp.
Then, by the definition of P, these random variables are i.i.d. Ber(p). The invari-
ance of A means that for any £,

A=ypFA
={w: (wWg,Wkt1,-..) € A}
={w: (Xp(w), Xg11(w),...) € A}
Thus, A € o(Xg, Xg+1,-..). Since this holds for any k, we conclude that A is

an element of the tail o-algebra of the sequence (X, ),>0. Thus, by Kolmogorov’s
zero-one law, P(A) € {0, 1}, and hence, ¢ is ergodic.

ExXAMPLE 10.2.2 (Ergodicity of rotations). Recall the rotation map ¢ from
Example We will now show that ¢ is ergodic if 6 is irrational, but not
ergodic if 0 is rational.

First, suppose that 6 is rational. Then § = m/n for some integers 0 < m < n.

Let
PR
A= - —+—.
U [n’ n 2n>
=0
Now note that for any ¢ > m,

|t ot 1 i—m 1—m 1
¥ 777—’_7 = ) + — )
n'n 2n n n 2n

and for any ¢ < m,

T 1 1 , — ) — 1
cpfl L 1 m+n7z m+n+7 7
n'n 2n n n 2n

From this, it is easy to see that o' A = A. But the Lebesgue measure of A is 1/2.
Thus, ¢ is not ergodic if € is rational.

Next, suppose that 6 is irrational. Take any A such that A = p~'A. Then note
that for any integer k, Proposition gives

1 1
cp = / La(z)e™ ko dy = / La(p(x))e™ @) dy.
0 0
But the invariance of A implies that
La(p(2)) = 1p-14(2) = 1a(2),
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and the fact that £ is an integer implies that
eQﬂikgp(x) _ 627rik(a:+9),

because () is either z + 6 or x + 6 — 1, and e~>™* = 1. Thus,
Cp = eQﬂ’ikOck‘

Since @ is irrational, k6 is not an integer for any nonzero integer k, and so, the

above identity implies that ¢, = 0 for all £ # 0. Consequently, the inner product

of 14 — ¢g with cos 2mnz or sin 2mnaz, for any n, is zero. By Exercise(9.13.11}, this

implies that 1 4 = ¢ a.e., which shows that the Lebesgue measure of A must be 0

or 1.

EXERCISE 10.2.3. Prove that the map ¢ from Exercise[10.1.4]is ergodic.

EXERCISE 10.2.4. If 7 is the invariant o-algebra of a measure preserving
transform ¢, show that an R*-valued random variable Y is Z-measurable if and
onlyifYop=Y.

EXERCISE 10.2.5. Give an example of an ergodic measure preserving trans-
formation ¢ such that ¢? is not ergodic.

EXERCISE 10.2.6. Letd > 1 and Q = {0, 1}, where E is the set of edges of
Z%. Let Q be endowed with the product o-algebra. Let p € (0,1) and let i be the
infinite product of Bernoulli(p) measures on 2. That is, 1 is the law of a collection
of i.i.d. Bernoulli(p) random variables, one attached to each edge of Z¢. For each
x € Z% let T, denote the map on € that translates by x; that is, if w’ = T} (w),
then w), = we, for each edge e, where e + x is the translation of e by . Prove
that for any x, T}, is measure preserving, and if z # 0, then 7, is ergodic.

EXERCISE 10.2.7. Consider a collection of i.i.d. Bernoulli(p) random vari-
ables attached to edges of Z¢, as in the preceding problem. Let X, denote the
variable attached to edge e. Let us say that an edge is ‘open’ if X, = 1 and
‘closed’ otherwise. This is the classical edge percolation model. Say that two ver-
tices are connected if there is a sequence of open edges connecting one to the other.
This is an equivalence relation that divides up Z¢ into a set of disjoint connected
‘clusters’. Using the previous problem, show that the number of infinite clusters is
almost surely a constant N, belonging to {0,1,2,...} U {oo}.

EXERCISE 10.2.8. In the previous problem, suppose that V is finite but greater
than one. Then show that there is a set B C Z% such that B intersects more than
one infinite cluster with positive probability. Using this, produce an argument that
leads to a contradiction, and thus establish that N € {0,1} U {oo}. (Actually, the
value oo is also impossible, but that is much harder to prove. This is a famous
result in percolation theory.)

EXERCISE 10.2.9. Let p(z) = 4x(1—x) for z € [0, 1]. Prove that ¢ preserves
the probability measure on [0, 1] with density 1/(7/z(1 — x)).



10.3. BIRKHOFF’S ERGODIC THEOREM 141

10.3. Birkhoff’s ergodic theorem

The following is one of the fundamental results of ergodic theory, known as
Birkhoff’s ergodic theorem, and also known as the pointwise ergodic theorem.

THEOREM 10.3.1 (Birkhoff’s ergodic theorem). Let (2, F,P) be a probability
space and @ be a measure preserving transform on §). Let X be an integrable real-
valued random variable defined on (). Let T be the invariant o-algebra of p. Then

-1
1 n
- D Xop™ - E(X|T)
m=0
almost surely and in L' as n — oo. In particular, if ¢ is ergodic, then the averages
on the left converge to E(X) a.s. and in L*.

The first step in the proof of Birkhoff’s ergodic theorem is the following result,
known as the maximal ergodic theorem.

THEOREM 10.3.2 (Maximal ergodic theorem). Let X and ¢ be as in Birkhoff’s
ergodic theorem. For each k > 0, let X}, := X o g@k, S :=Xo+ -+ Xy, and

Mk = maX{O, So, Sl, ey Sk}
Then for any k, E(X; M} > 0) > 0.

PROOF. Take any w € . If j < k, then S;(¢pw) < My (pw). Thus,
X (@) + Mi(gw) > X(w) + () = Sy (w):
Thus,
X(w) = Sjt1(w) — My(pw)
for j =0,...,k. Butalso,
X(w) > So(w) — Mg(pw)
since Sy = X and My, > 0 everywhere. Thus,

E(X; My > 0) > /{ » )>0}(maX{So(w), coy Sp(w)} — M (pw))dP(w)

-/ (M () ~ My () dP(w).
{w: M (w)>0}
Now, by Proposition
/ (M (w) — My () )dP(w) = 0.
Q
On the other hand, the nonnegativity of M} implies that

/ (Mi(w) — My (gw))dP(w) < 0.
{w: My () =0}

By the last three displays, we see that E(X; M}, > 0) must be nonnegative. (]

We are now ready to prove Birkhoff’s ergodic theorem.
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PROOF OF THEOREM [IQ.3.1 First, we claim that it suffices to prove the the-
orem under the assumption that E(X|Z) = 0 a.s. To see this, suppose that the the-
orem holds under this assumption. Let Y := E(X|Z). Since Y is Z-measurable,
it satisfies Y o o™ =Y for any m, by Exercise[10.2.4] Let Z := X — Y/, so that
E(Z|Z) = 0 a.s. Thus, by the assumed version of the theorem,

1n—1
EZZogom%O
m=0

as.andin L. But Zo @™ = X o™ —Y 0™ = X 0 ¢™ — Y, and thus,

1 n—1 1 n—1
- ZZoapm:; ZXO@m—E(Xﬁ).
m=0 m=0

This gives us the full version of the theorem. Thus, let us henceforth work under the
assumption that E(X|Z) = 0 a.s. Our goal, then, is to show that S,,/(n 4+ 1) — 0
a.s. and in L', where S,, is as in the maximal ergodic theorem. Define

X :=limsu .
n—>oop n+1

From this definition, it is clear that X o ¢ = X. By Exercise |10.2.4] this shows
that X is Z-measurable.
Next, fix some € > 0, and define

D :={w: X(w) > €}
Since X is Z-measurable, we conclude that D € Z. Define
X" = (X —¢)lp,
and define, in analogy with Sy and M}, the random variables
Siw) = X*(w) + X*(ow) + -+ + X*(p*w),
M (w) == max{0, Sy (w), ..., S;(w)}
For each k, define the set
Fy :i={w: M} (w) > 0},
and let F' := Up>oF). We claim that F' = D. To see this, first take any w € F'.

Then M/ (w) > 0 for some k, and hence S} (w) > 0 for some j. Thus, X*(p'w) >
0 for some i. In particular, this shows that ¢'w € D for some i. Since D € Z, this
shows that w € D. Thus, F' C D. Conversely, take any w € D. Then p/w € D
for all 7, and so,

X*(PPw) = (X(Pw) = )1p(Pw) = X(Pw) — .
Thus,

Sp(w) = Sk(w) = (k+1)e

for all k. Since w € D, we have

S
lim sup k) > €
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Thus, the previous display shows that S} (w) > 0 for some &, and hence, M (w) >
0 for some k. In other words, w € F'. Thus, D C F, completing the proof of our
claim that F' = D.

Since M is an increasing sequence, so is F}. Thus, X*1p, — X*1p point-
wise as k — oo. Moreover, | X*1p, | < |X*| < |X| + € for all k, and X is
integrable. So, by the dominated convergence theorem, we get that

lim E(X*; Fy) = E(X™; F).
k—o0

By the maximal ergodic theorem, E(X™; F}) > 0 for any k. Since F' = D, this
shows that
E(X*; F)=E(X*;D) > 0.
But
E(X*;D) =E(X —¢€)lp) = E(E(X|Z); D) — eP(D).

Since E(X|Z) = 0 a.s., this shows that —eP(D) > 0. Thus, P(D) = 0. Looking
back at the definition of D, we conclude that limsup S,,/(n + 1) < 0. Replacing
X by —X throughout the proof, we conclude that lim inf S,,/(n + 1) > 0. This
completes the proof of the a.s. convergence of S, /n to 0.

It remains to prove convergence in L'. Fix any M > 0. Define X Vo=
X1gxj<my and Xj; := X — X,. Then by the almost sure part of the theorem,

n—1

Y Xiyoe™ = E(X)yT)

m=0

1
n
a.s. as n — oo. Since the random variable on the right is uniformly bounded by M

in absolute value, the dominated convergence theorem implies that the convergence
also holds in L. Now, since E(X|Z) = 0 a.s., we have

11171
E* m

LY Xoym)

m=0
<Elnzlx' o o™ — B(X),[T) —i—IEan:lX” o o™ — B(X!,[T)
= nm_o M M nmzo M M .

We have already shown that the first term on the right tends to zero as n — oo. On
the other hand,

E

1 n—1 1 n—1
23 Ko™ ~BOXGID)| < 1 Y EIX o™ + EECGHD
m=0 m=0

By Proposition|10.1.5) E| X}, 0 | = E|X7,| for any m, and by Jensen’s inequal-
ity,

E[E(Xpy|T)| < E(E(1Xy[1T)) = E|X}|.
Combining everything, we see that

n—o0

1n—1
limsup E|— X o ™| < 2E|XY,].
moupE{[ 5 X 04| < 281,
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But M is arbitrary, and by the dominated convergence theorem, E|X},| — 0 as
M — oo. This proves the L! part of the theorem. ([

EXERCISE 10.3.3. In Birkhoff’s ergodic theorem, show that if X € LP for
some p > 1, then the convergence happens in L?. (The special case of p = 2 is
known as ‘Von Neumann’s ergodic theorem’ or the ‘mean ergodic theorem’. It has
a simpler direct proof using Hilbert spaces.)

EXERCISE 10.3.4. Let ¢ be the rotation map from Example [10.1.3] If § €
[0, 1) is irrational, show that for any Borel set A C [0,1), for a.e. z € [0,1) we
have
1
lim —[{0<m<n-—-1:¢"x e A} =A4A),

n—o0 M,

where A(A) is the Lebesgue measure of A.

EXERCISE 10.3.5. In the previous exercise, suppose that A = [a, b) is a half-
open interval contained in [0,1). Then show that the claim actually for all z €
[0, 1) (instead of almost all), by the following steps:

(1) Take any k so large that b — a > 2/k. Let Ay := [a + 1/k,b — 1/k).
Applying the previous exercise to the set Ay, find a set Q; C [0,1) of
Lebesgue measure 1 such that the conclusion of the previous exercise
holds for all z € .

(2) Deduce that €y, is dense in [0, 1).

(3) Given any z € [0, 1), find yj, € Q2 such that |x — yg| < 1/k. Show that
if o™y € A, then 'z € A.

(4) Using the above, conclude that for all large enough k,

1 2

iminf —{0<m<n—1:p" >h—q— =

hnniloréanO_m_n l:o"z €la,b)}|>b—a -

(5) Working with the complement of [a, b), deduce the opposite inequality

with lim sup. Combining the two, deduce that the conclusion of the pre-
vious exercise holds for all x € [0,1) if A = [a, ]).

10.4. Stationary sequences

Recall that a sequence of real-valued random variables (X, ),>0 is called a
‘stationary sequence’ if for any n and k, the law of (Xj,..., X,,) is the same as
that of (Xj, Xj+1,- - -, Xktn)- (See Definition [8.5.4]and the discussion following
it.) The following lemma connects stationary sequences of random variables with
measure preserving maps.

LEMMA 10.4.1. Let (X,,)n>0 be a stationary sequence of real-valued random
variables. Let i be the law of (X3 )n>0 on RN, Let ¢ be the shift operator on RY,
that is, p(wo, w1, . ..) = (w1,wsa, ...). Then ¢ preserves p.
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PROOF. Take any rectangular set
A:{wERN:wil € By,...,w;, € By},
where i1, ..., 1 are distinct indices and By, ..., By, are Borel subsets of R. Then
,u((pflA) = P((Xo, Xq,.. ) S gOilA)
= P(o(Xo, X1,...) € A)
= P((Xl,Xg, .. ) S A)
=P(Xi,41 € B1, Xiy41 € Ba,..., Xj, 41 € By).
But by stationarity, the last expression equals
P(Xil c BlaXiz € BQ, ... 7Xik S Bk),
which is equal to ;(A). This proves that ¢ preserves (. O

Now let X denote the sequence (X,),>0. Let Z be the invariant o-algebra
of the shift operator on RY. Then J := X ~!(Z) is a sub-c-algebra of F, where
(Q, F,P) is the probability space on which X is defined. Let us call this the ‘in-
variant o-algebra of X’. A stationary sequence is called ‘ergodic’ if its invariant
o-algebra is trivial.

As a corollary of Birkhoff’s ergodic theorem, we get the following theorem for
infinite stationary sequences of real-valued random variables.

THEOREM 10.4.2. Let X = (X;,)n>0 be a stationary sequence of integrable
real-valued random variables, with invariant o-algebra J. Then

n—1

- Z X — E(Xo|J)

mO

almost surely and in L' as n — oo. In particular, if X is ergodic, then the averages
on the left converge to E(Xy) a.s. and in L'.

PROOF. Let p be the law of X on RY, and let ¢ be the shift operator on RY.
Define a random variable Y : RN — R as Y (wg, w1, . . .) := wp. Under p, the law
of Y is the same as that of X. In particular, Y is integrable. Therefore, by Lemma
[10.4.T]and Birkhoff’s ergodic theorem,

Z o™ — E(Y|T)

m=0

almost surely and in L' as n — oo, where 7 is the invariant o-algebra of ¢. Let
A be a measurable subset of RY of ;i-measure 1 on which the above convergence
takes place. Then 1 = p(A) = P(X € A), which implies that with P-probability 1,

1n1
fZYogomoX%ZoX,
n

m=0
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where Z := E(Y|Z). Now note that Y o ¢ o X = X,,. Thus, to prove the
‘almost sure’ part of the theorem, it suffices to show that Z o X = E(X|J). Take
any E € J. Then E = X~ (F) for some F € T. Thus,

E(ZOX;E):/ Z o XdP
E

By the general change of variable formula for Lebesgue integrals (Exercise [2.3.7),
/ Z o XdP = / Zdp=E(Z; F) =E(Y; F),
E F

where the last identity holds because Z = E(Y|Z) and F € Z. But again, by
change of variable,

E(Y;F):/Ydu:/YonIP’:E(XO;E),
F E

where the last identity holds because Y o X = Xj. This shows that Z o X =
E(Xo|J), and completes the proof of the almost sure part of the theorem. For the
L' part, simply note that

1 n—1 1 n—1
E|~ ZXm—IE(XO\j)‘ :/'n ZYocpmoX—ZoX’d}P’
m=0 m=0
1 n—1
-/l ZYovm—Z'dﬂa
m=0
which tends to zero as n — oo. This completes the proof of the theorem. ([

EXERCISE 10.4.3. Use Theorem [10.4.2] to give an alternative proof of the
SLLN for m-dependent stationary sequences (Theorem 8.5.6)).

EXERCISE 10.4.4. A number x € [0,1) is said to be normal in base b if
the digits in its base b expansion have the property that for any finite sequence
dy,...,dr €4{0,1,...,b— 1}, the fraction of times the pattern d;ds - - - dy, occurs
in the first n digits of « tends to b~* as n — oco. Show that if z is chosen uniformly
at random from [0, 1), then its base b digits are i.i.d. random variables uniformly
distributed in {0,1,...,b — 1}. Using this, and the previous exercise, prove that
almost every number = € [0, 1) is normal in base b. Then use this to show that al-
most all z € [0, 1) is a normal number, meaning that it’s normal in every basis. (It’s
a famous open problem to show that some “naturally occurring” element of [0, 1),
such as 1/4/2 or 1/e, is normal. As of now, we can construct only very artificial
examples of normal numbers, even though almost all numbers are normal.)

EXERCISE 10.4.5. Let Xy, X1,... be a sequence of jointly normal random
variables (meaning that any finitely many of them have a joint normal distribu-
tion), such that for each i, E(X;) = 0 and Var(X;) = 1, and for each i # j,
Cov(X;, Xj) = p, where p € [—1,1] is some fixed constant. Show that this se-
quence is stationary, and that p > 0. Then, let J denote the invariant o-algebra of
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this sequence, and evaluate the distribution of E(X|J). (This gives an example
of a stationary sequence where the limit in Theorem [10.4.2|is not a constant.)






CHAPTER 11

Markov chains

In this chapter, we define and prove the existence of Markov chains on Eu-
clidean spaces and discuss some of their basic properties.

11.1. The Ionescu-Tulcea existence theorem

A Markov chain is defined by its transition kernel. A transition kernel, or
transition probability, is defined as follows.

DEFINITION 11.1.1. Let (S,S) be a measurable space. A function K : S X
S — Riis called a ‘Markov transition probability” or ‘Markov transition kernel” if
(1) foreachz € S, A— K(x, A) is probability measure on (.5, S), and
(2) foreach A € S, x — K (x, A) is a measurable function.

DEFINITION 11.1.2. Let (S,S) be a measurable space. Let {X,},>0 be
a sequence of S-valued random variables adapted to a filtration of o-algebras
{Fn}n>0. Let K be a Markov transition kernel on S and o be a probability
measure on 0. We say that {X,,},,>0 is a time-homogeneous Markov chain with
kernel K and initial distribution ¢ if Xy ~ o, and foralln > 0 and B € S,
P(X,+1 € B|F,) = K(X,, B) as.

Often, the initial distribution o is taken to be the point mass at some point
xg € S. In that case, we say that xq is the initial state of the chain. The follow-
ing theorem shows that given any kernel and any initial distribution on any state
space, it is possible to construct a Markov chain with the given kernel and initial
distribution.

THEOREM 11.1.3 (Ionescu-Tulcea theorem). Given any Markov transition ker-
nel K on any state space (S, S) as above, and any probability measure o on (S, S),
it is possible to construct a Markov chain on S with kernel K and initial distribu-
tion o.

We need the following lemma.

LEMMA 11.1.4. Let (S, S) be a measurable space and K be a Markov transi-
tion kernel on this space. For anyn > 2 and any bounded measurable f : S™ — R,
the map

g(T1,. .., p_1) = /Sf(xl, cony ) K(zp—1,dxy)

is well-defined, bounded and measurable.

149
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PROOF. First of all note that by Lemma for any given x1,...,%n_1,
the map x,, — f(z1,...,x,) is bounded and measurable. This proves that g is
well-defined. Next, note that if we can prove the claim when f = 1p for any mea-
surable set B C S, the general claim will follow by the usual route of going from
indicator functions to simple functions and then to general measurable functions.
Thus, let us prove it when f = 1. Suppose first that B = B; X - - - X B, for some
By,...,B, €S. Then

g(l'l, ceey ‘T;nfl) - ]-Bl (ﬂjl) te 1Bn,1(x’nfl)K(xnfla Bn)a

which is measurable by the properties of K. Now consider the set of all measurable
B for which the claim is true. Using the properties of K, it is not hard to see that
this is a A-system, and by the above deduction, it contains the m-system of all
rectangular sets. The proof is now completed by invoking the 7-\ theorem. ]

PROOF OF THEOREM [I1.1.3l By Lemma [I1.1.4] the following iterated inte-
gral is well-defined as a functional on §™:

// /lB 1,y n) K (2p—1,dey)K(p—o,dxn—1) -

- K(x1,dxg)do(xy).

Using the properties of K and the monotone convergence theorem, it is not hard to
show that y,, is a probability measure on S™ and moreover, that the family {1y, }r>1
is consistent, in the sense that for any n and any A € 8", pp+1(A X S) = pn(A).
We will now show that there is a probability measure p on the infinite product
space such that i, is the marginal of p on S™ for each n.

Note that we cannot apply Kolmogorov’s extension theorem, since S is not a
Euclidean space or a Polish space. Instead, consider the algebra A of all cylinder
sets, that is, sets of the form B = A x S x S x --- for some A € 8™ for some n.
Define u(B) = pn(A); which is well-defined due to the consistency of the family
{ftn}n>1. Then p is finitely additive on A. By Carathéordory’s extension theorem,
we only need to show that y is countably additive on A.

As in the proof of Theorem [3.3.1] this can be reduced to showing that for any
sequences of set {4, },>1 in A decreasing to (), u(4,) — 0. So, let us take any
such sequence, and suppose that p(A,,) > ¢ > 0 for all n.

Take any B € A. Take any n suchthat B = Ax S xS x--- forsome A € §™.
For 1 < k < n — 1, define the “conditional probability of the chain being in B
given that the first k£ coordinates are x1, ..., x;” to be

u(B|xy, ..., zL) :—/---/lA(acl,...,xn)K(xn_l,dxn)--~K(:):k,dxk+1).

Additionally, define u(B|z1,...,zr) = la(x1,...,2,) for kK > n. It is easy to
see that this definition does not depend on our choice of n, is a measurable function
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on S* (by Lemma|11.1.4), and that forall 1 < j < k < coand z1,...,2 € S,
B‘:Cl,.. )
/ / B’x1>"'7 ) (.%'k_l,dl'k)"'K(.%'j,d.%'j+1>, (I1.1.1)

and moreover,

w(B) = /H(B|l‘)d0'(l‘). (11.1.2)
Now, given our sequence { A, },>1, define
mg(x1, ..., xk) = lim p(Ay|zg, ... xk).
n—oo

The limit exists because {A,},>1 is a decreasing sequence, and is measurable
because it is the limit of a sequence of measurable functions. Analogously, define

mo = limy_e0 u(Ay). By (II.1.I)), (IT.1.2)), and the dominated convergence
theorem, we get that forany 1 < 5 < k,

mj(xla”'vxj):/"'/mk‘(xlv'”awk)K(xk17d$k)”'K(xj7dxj+17

and
my = /ml(:r)da(x)

By assumption, mg > 0. Thus, there exists 1 such that m;(x;) > 0. Therefore,

there exists xo such that mo(x1,xz2) > 0, and so on. Let x := (z1, z2, .. ) We

claim that x € NS, A,,. To see this, take any n. Then A,, = B x S x § x --- for

some B € SV, for some N (depending on A,). Since my(z1,...,zx) > 0, we

have pu(Ag|z1,...,zx) > 0 for all k. In particular, (A, |x1, ... ,:BN) > 0. But
u(An\xl, ceny .fN) = 13(1‘1, . ,:CN).

Thus, x € B xS x § x --- = A,. This proves that z € N2>, A,, giving us

the desired contradiction. Thus, p extends to a probability measure on the infinite
product o-algebra.

Finally, to produce an infinite Markov chain with transition kernel K and ini-
tial distribution o, take the space S N with its product o-algebra, and let X7, Xo, ...
be the coordinate maps. Let F,, := o(X1,...,X,). Then note that for any mea-
surable D C S™and B C S,

/ » Ip(z1,. .y xn) K(2n, B)dun (21, ... Ty, Tpi1)

Sn

= / 1p(x1, ..., x0)K(xy, B)dpy(z1, ..., xn)

= / " 1D><B(:C17 ceo s Iy $n+1)K($n7 d$n+1)d/1n(l‘1, cee ,fL’n)
Sn

= pn+1(D x B) = / » Ip(z1,.. ., 2p)1B(Tnt1)dpns1 (21, - o Ty T ).
Sn
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This shows that P(X,, 11 € B|F,) = K(X,, B). Itis clear that X; ~ o. This
completes the proof. ]

11.2. Markov chains on countable state spaces

In this section, we will study some basic properties of Markov chains on count-
able state spaces. Let S be a finite or countable set and let { X, },,>0 be a Markov
chain on S. The matrix P = (p;;); jes defined as

pij = P(X1 = j|Xo =1)

is called ‘transition matrix’ of the chain. It is easy to see that the entries of P are
nonnegative and each row sums to 1. Let P (") be the transition matrix from time 0
to time 7. That is, the (4, 7)™ entry of P(") is

Py = P(X, = j|Xo = ).
This is sometimes called the ‘n-step transition matrix’.
PROPOSITION 11.2.1 (Chapman—Kolmogorov formula). For any n,
pn) — P",
where the right side denotes the n™ power of P under matrix multiplication.

PROOF. First note that by applying the definition of Markov chain in the third
step below,

P(Xo = g, ..., Xn = in)

=

=P(Xo =i0) [ P(Xmm = im|Xo =0, -, Xonet = im_1)

1

m

=P(Xo =1p) P( X0 = im| Xm—1 = tm—1)

=

m=1
= P(Xo = i0)Pigir Piriz =" Pimn—1im-

This shows that
P(X, = j|Xo =1)
= > PXi=i1,..., Xno1=in-1, Xy = j|Xo =)

01,eeeyin—1ES
= E Piiy Pivio *  Pip_15j-
11,eeeyin—1E€S

But the last expression is just the (i, /)" element of P™. Thus, P(") = P™, as we
wanted to show. g
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A state ¢ € S is called ‘recurrent’ if
P(X,, =iforsomen > 1|Xy =1) =1,

and ‘transient’ if the above probability is strictly less than 1. The following theorem
gives an easily checkable condition for recurrence and transience.

THEOREM 11.2.2. Let { X, }n>0 be a time-homogeneous Markov chain on a
finite or countably infinite state space S. Then a state i € S is recurrent if

[e%s)
> = oo,
n=1

and transient if this sum is finite. Moreover, if 1 recurrent, the chain started at i
returns to 1 infinitely many times with probability 1, and if i is transient, then the
chain started at 1 returns to i only finitely many times with probability 1.

PROOF. Fix some state ¢. For proving the above theorem, it is convenient to
define a random variable [N which is the number of n > 1 such that X,, = 7. (Note
that we are ignoring n = 0. So if the chain starts from ¢ but never comes back to
i, then N = 0. Also note that N is allowed to be oo, in case the Markov chain
visits ¢ infinitely many times.) The monotone convergence theorem for conditional
expectation implies that

X = )

P(X, =i|Xo=1)= Y pil’. 11.2.1)
n=1

E(N|Xo=1) = E(Z Lix,—i)
n=1

o

Il
—

n
Define
p =P(X,, =iforsomen > 1|Xy = 1).
The identity implies that to prove the theorem, we have to show that p < 1
if E(N|Xo =1) < ooand p = 1if E(N|Xo = i) = co. To prove this, it suffices
to show that

E(N|Xo=1i) = Zpk. (11.2.2)
k=1

Note that by the monotone convergence theorem for conditional expectation,

Xo=i)

= P(N > k|Xo =1).
k=1

E(N|Xo=1) = }E<Z Linsh)
k=1

Thus, to prove (11.2.2)), it suffices to show that
P(N > k| Xo =1) = p". (11.2.3)
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By the definition of p, this holds for k¥ = 1. Let us assume that this holds for k — 1.
For any n > 1 and any ji,...,J, € S such that j, = ¢ and exactly k — 2 of the
other j,,’s are equal to 7, let A;, _; be the event { X = ji,..., X, = jn}. Itis
not hard to see that the event { N > k — 1} is the union of these events. Moreover,
these events are disjoint. Since {N > k} C {N > k — 1}, this gives

B(N > kX = i) = BN > K} N {N > k — 1}[ X, = )
=S PN > kYN Ay, 1 X0 = )
=3 PN > k|Aj,,...j, N {Xo = i)P(Ay,. 5,1 Xo = 1)

where the sumis over all n and jy,. .., j, as above. Now, for any m and i1, . . . , iy,
let By, ;. bethe event {X, 1 = i1,..., Xptm = im}. Using the definition of
Markov chain and the fact that j,, = 1, it is easy to see that

P(Bi,....im| Ajs,....jn N { X0 = 1})
=P(Bi,...ip| Xn = 1) = DiiyPiris " Dipp_yim-

Now, P(N > k|Aj,,....j. N {Xo = i}) is just the sum of the above quantity over
all choices of m and 41, . . ., iy, such that i,, = i and 4; # ¢ for [ < m. But on the
other hand, the sum of Py, p;,is - - * Pi,,_1in, OVer the same set of m and ¢y, ...,y
equals p. Thus, for any such j1, ..., jn,

P(N > k|Aj, ., N{Xo =1i}) =p.
Therefore,
P(N > k| Xo=1) =Y P(N > k|Aj, 5, N{Xo=iP(A;, ;.1 X0=1)

=pY P4, ;.| Xo=1)
=pP(N >k —1|Xg = 19).

Since P(N > k — 1|Xo = i) = p*~!, this completes the induction step.

To complete the proof of the final claim, simply observe that by (I1.2.2), it
follows that if 7 is recurrent, then P(N > k| Xy = i) = 1 for each k, which implies
that P(N = oo|Xp = i) = 1, and conversely, if ¢ is transient, then E(N|X, =
i) < oo, which implies that P(N < oco|Xp =1i) = 1. O

Theorem gives necessary and sufficient conditions for recurrence and
transience for a given state. What if we want such information for all states? For-
tunately, we do not usually have to check separately for each state, as we will see
below.

A state j of a Markov chain is said to be accessible from a state 7 if pz(;b) >0
for some n > 1. (Note that we are leaving out n = 0.) A Markov chain on a finite
state space is called irreducible if every state j is accessible from every state 7.

(") < 0. The

Let us say that a state j is accessible from a state ¢ in 7 steps if p;;

following lemma is often useful for checking irreducibility.
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LEMMA 11.2.3. Take any k > 1, ig,i1,...,ix € S and n1,...,n, > 1.
Suppose that i; is accessible from i;_1 in ng steps, fort = 1,...,k. Letn =
ny + - - - + ng. Then iy is accessible from iy in n steps.

PROOF. By the Chapman—Kolmogorov formula,
P(n) — P — prmipn2... pnk
— p(m) p(n2) .. p(ne)

Therefore
(n) (n2) (nk)
Pigiy, = Z pZoh Pjijs " Piy_yiy
7.7]6 1
(n ),,(n2) (nk)
> pzozll pzlzg ’ .pikfliky’
which proves the claim. ([

The following proposition shows that any two states that are accessible from
each other have to be either both recurrent or both transient.

PROPOSITION 11.2.4. [f states i and j are accessible from each other, then
either both i and j are recurrent, or both © and j are transient. Consequently, if a
time-homogeneous irreducible Markov chain on a finite or countably infinite state
space has one recurrent state, then all states are recurrent. Similarly, if one state
is transient, then all states are transient.

PROOF. Take any two states ¢ and j such that j is accessible from ¢ and ¢ is ac-
cessible from j. Thus, pgj) > (0 and p(m) > () for some [ and m. By the Chapman—

Kolmogorov formula (Wthh contmues to hold on countable state spaces),

A = 0

for any n > m + [. Summing both sides over n, we see that the recurrence of
i implies the recurrence of j (by Theorem [I1.2.2). Similarly, the recurrence of j
implies the recurrence of ¢. For an irreducible chain, every state is accessible from
every other state. Thus, either every state is recurrent or every state is transient. [J

Because of Proposition [11.2.4] an irreducible chain as a whole may be called
recurrent or transient. In the next section, we will see important examples of recur-
rent and transient chains.

11.3. Polya’s recurrence theorem

Simple symmetric random walk on Z? is a Markov chain with state space Z¢,
and kernel K (z,-) = uniform distribution on the 2d nearest neighbors of x. That
is, if the walk is at = € Z? at time 7, it jumps to a uniformly chosen neighbor at
time n+ 1. It is easy to see that this chain is irreducible, and so we can ask whether
the walk is recurrent or transient without mentioning the starting state. We will
now prove the following famous result.
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THEOREM 11.3.1 (Pdlya’s recurrence theorem). Simple symmetric random
walk on Z% is recurrent if d = 1 or d = 2, and transient if d > 3.

PROOF. Let 7, denote the probability that the chain returns to the origin at
time n, given that it started from the origin at time 0. The number of ways this can
happen is counted as follows. First, suppose that the walk takes n; steps in the 7*?
coordinate direction (either forward or backward). Here n; + --- + ng = n. The
number of ways of allocating these steps is

n!
nl!TLQ! cee nd! '
Having associated each step of the walk to a coordinate direction, we now have to
decide whether the move is forward or backward. If the walk has to return to the
origin at time n, the number of forward steps in any coordinate direction must be
equal to the number of backward steps. For direction ¢, this allocation can be done
in (n?}Z) ways, provided that n; is even. Otherwise, this is zero. Combining, we
see that the number of paths that return to the origin at time n is

d
n! n;
g _ | | . 11.3.1
n1!n2! ce nd! palie} <n2/2> ( )

n1,...,Nq €ven,
ni+--+ng=n

Therefore, 7, equals the above quantity times (2d)~". When d = 1, this gives

2
Top = < n> 272,
n

for any positive integer n. By Stirling’s formula, this is asymptotically

/27T(2n)2n+%6—2n2—2n 1

( 27m”+%e*”)2 -
In other words,

lim _ T
n—00 (ﬂn)_1/2

=1.
By the ratio test for summability of a series, this proves that
o0
Z Ton — OQ.
n=1
Therefore by Theorem|[11.2.2} simple symmetric random walk on Z is recurrent.
Next, let us consider d = 2. By the formula (T1.3.T]), we get that if n is even,
then
nl4—n
o = —_—,
" ,”Z (k/2)10/2)1)2
k+l=n
This can be rewritten as
_ 2
- Zn: (2n)14—2n _ (2 4-2n " (n .
(kl(n —k)!)? n k

k=0 k=0
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Now, since

it follows that
n 2
n
(&)
k=0
is the coefficient of =™ in the expansion of (1 + )™ (1 4 z)". But the coefficient of
2" in (14 x)®"is (27:”) Thus,

> (1) = (7)
Fon = (2:>24—2".

But this is just the square of 79, in the one-dimensional case. Thus, this is asymp-
totic to (mn)~!. Again by the ratio test, this proves the divergence of Y > | ra,,
and hence the recurrence of the simple symmetric random walk on Z?2.

Finally, let us turn our attention to the case d > 3. First, note that any path
of length 2n that starts and ends at the origin can be extended to a path of length
2n + 2 by adding two steps at the end, the first one moving one step away from the
origin in a fixed direction and the next one moving back to the origin. Since this
gives a one-to-one map from the set of path of length 2n that start and end at the
origin, into the set of paths of length 2n + 2 that start and end at the origin, this
shows that if No,, is the number of paths of length 2n that start and end the origin,
then Na, < Naopio. Consequently, Ny, is a non-decreasing function of n. But
Ton = Nop(2d)~2". Thus, for any k > 1,

This shows that

Ton < Napyor(2d) 72" = 1o 40(2d) .

Therefore,
o0 [e.9]
Z T2n = Z (rodm—2d+2 + T2dm—2d+4 + *** =+ T2dm)
n=1 m=1
[e.e]
<D ram((2d)°72 4 202 4o 1)
m=1

Thus, to prove Ezozl ron < 00, it suffices to show that

[e.e]

Z Todn < O0.

n=1
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Now from (11.3.1)), we get

B (2dn)!(2d) =2
ran= ), e

k1,...,kq
kit +hkg=dn
2dn\ (dn)ld—dn \?
= 9~ 2dn ) 11.3.2
(dn) Z (kl!k2!~-kd! ( )
k1,..kq
1+ +ka=dn

Take any nonnegative integers ki, . . ., kg that sum to dn. Writing k;! as the product
of 1,2,...,k;, we can write k1!ks!- - - k4! as a product of integers between 1 and

dn, possibly with many repeats. Using the condition k1 + - - - + kg = dn, little bit
of thought shows that in this product we can replace the integers bigger then n by
integers less than n in such a way that the end result is exactly equal to (n!)?. (If
some k; is less than n, it ‘falls short’ of contributing n — k; terms to n!. On the
other hand, if some k; is bigger than n, it contributes k; — n extra terms that are
all bigger than n. Since k1 + - - - + kg = dn, the number of missing contributions
exactly equals the number excess terms.) This procedure shows that

kilko! - - - kgl > (n))<.

Thus,
S (Y e s
s kylko! - kg ) —  (nh)d oy Ky lko! - - - k!
ki+-+kg=dn PR

(dn)ld—"
(nh)*
where the last identity was obtained by observing that the sum in the previous line

is the sum of a multinomial probability mass function. By Stirling’s formula, the
above quantity is asymptotic to

\/ﬂ(dn)drwr%e—dnd—dn B \/&
( 27rnn+%67n)d - (27r)(d_1)/2n(d_1)/2.

On the other hand, by our calculations in the one-dimensional case, the term

2dn —92d
2 n
(i)
in (11.3.2) is asymptotic to (wdn)_l/ 2. Thus, 794, is bounded above by a quantity
that is asymptotic to C'(d)n~%2, where C(d) is a constant that depends only on d.

Since
o0
Z rfd/2 < 00
n=1

when d > 3, this proves the summability of ry4,, and so by our previous discus-
sion, the summability of ra,. Since r, = 0 when n is odd, the completes the proof
of transience of simple symmetric random walk in d > 3. ]
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11.4. Markov chains on finite state spaces

Let { X, }n>0 be a time-homogeneous Markov chain on a finite state space S
with transition matrix P. A probability measure on S is simply a set of values
p = (i)ies such that y; > 0 for each i, and ), g p; = 1. We will think of
 as a row vector in RV, where N is the size of S. This deviates from the usual
convention of thinking of any vector as a column vector, but it is the usual practice
in the Markov chain world, and is convenient for various purposes.

A probability distribution  on S is called an invariant distribution (also called
a stationary distribution or an equilibrium distribution) for the above Markov chain
if 4P = p. In other words, for each j € S,

Z HiDij = [j.

i€S

The significance of an invariant distribution is that if the distribution of Xy is an
invariant distribution, then the distribution of each X, is the same as that of X|,.
To see this, suppose that X ~ p, where p is an invariant distribution. Let () be
the distribution of X,,. Then note that

n = P(Xy = j) = Y P(X, = j|Xo = ) P(Xo = i)
i€S

=" P(X, = j|Xo = i)
€S

By the Chapman—Kolmogorov formula, this gives
H(”) = uP".

But P = P. Thus, (™ = pP" = p for any n. The following result shows that
a time-homogeneous Markov chain on a finite state space always has at least one
invariant distribution.

THEOREM 11.4.1. Let {X,,} be a time-homogeneous Markov chain on a fi-
nite state space S, with transition matrix P. Then there is at least one invariant
distribution y for this chain.

PROOF. Take any probability distribution pg on S. For each n, define

g+ poP + poP? 4 - 4 po P"
N n+1 '

n

It is an easy consequence of the Chapman—Kolmogorov formula (as observed
above) that uoPk is the distribution of X} if Xy ~ pg. Since the average of a
set of probability distributions is again a probability distribution, p,, must be a
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probability measure on .S. Now note that

Hn — N(n)P
_po + poP + P4 -+ g P
- n—+1
poP + poP? 4+ poP? + - - 4 po P+
B n+1
~ po — po P!
- n+1 '

Since 1o and p1o P+ are both probability measures, the last expression tends to
the zero vector as n — co. Thus,
lim (pup, — pnP) =0

n— o0
where the 0 on the right is the zero vector. Finally, note that since {py, }n>0 is a
bounded sequence (because each vector is a probability measure), it has a conver-
gent subsequence. Let p be a limit of such a subsequence. The above equation
proves that P = p. The set of probability measures on S is a closed set, which
implies that ; must be a probability measure. Thus, w is an invariant distribu-
tion. ([

Let { X}, },>1 be a time-homogeneous Markov chain on a finite state space .S,
with transition matrix P. Let p be an invariant distribution for P. The Doeblin
condition is a condition under which we can identify the limit of P" as n — oo,
together with a rate of convergence.

Let M be the square matrix whose rows are all equal to u. We say that P
satisfies the Doeblin condition if for some k > 1 and some € € (0,1),

Pk > eM, (11.4.1)

where the inequality means that each entry of the matrix on the left is greater
than or equal to the corresponding entry of the matrix on the right. Under this
condition, we can prove that P™ converges to M as n — oco. In other words,
P(X, = j|Xo = i) converges to j; as n — oo, irrespective of the value of .

To state Doeblin’s theorem with a rate of convergence, we need to define a
matrix norm. There are many matrix norms. The one that will be useful for us is
the following. For a matrix A = (a;;); jes, define

1A] = max Y fag].
€S 4
JjES
It is not hard to check that for any two matrices A and B,
A+ Bl <[[All+ 1B, [[AB] < [[AllllB]l
We are now ready to state Doeblin’s theorem.

THEOREM 11.4.2 (Doeblin’s theorem). Suppose that P satisfies the Doeblin
condition (11.4.0) for some k > 1 and some € € (0,1). Then for any n,

1" = M| < 2(1 - e)*/H,



11.4. MARKOV CHAINS ON FINITE STATE SPACES 161
where [n/k| denotes the integer part of n/k.

PROOF. Define
Pk —eM
C=To o
—€

Since P* and M are both stochastic matrices, it follows that the each row of Q
sums to 1. Moreover, by the Doeblin condition, the entries of () are nonnegative.
Thus, @ is a stochastic matrix. Now, note that
PP =(1-¢€)Q+ eM.
Also note that since p is a probability distribution, 4P = P, and P is a stochastic
matrix, we have the identities
M?=M, MP=M, PM=M.

This implies that QM = M = M. Consequently, any product of a sequence
of @’s and M'’s that contains at least one M must be equal to M. Thus, for any
m > 1, the distributive law for matrix products gives

PF = (1 — €)Q + eM)™
=(1-¢mQ™+ Z <n]§> (1—e)™ kM
k=1

=1-"Q"+(1—-(1—-¢)™)M.
Now take any n > 1. Let m = [n/k], so that n = km + r, where 0 < r < k — 1.
Then

P" — M = P"(P*™ — M)
=1-¢mP(Q™ — M).
Since P", () and M are stochastic matrices, this gives
[P™ = M| < (1 =)™ [[PT[(|Q™ + IM]) <2(1 — €)™,

which completes the proof. ([

The period of a state 7 € S is defined to be greatest common divisor of the set
of all n > 1 such that pg?) > 0. If there is no such n, the period is co. A Markov
chain is called aperiodic if all of its states have period 1. The following theorem is
the main result of this section.

THEOREM 11.4.3. Let {X,,},>0 be an irreducible aperiodic Markov chain on
a finite state space S, with transition matrix P. Then P has a unique invariant
distribution u. Moreover, if M is the square matrix whose rows are all equal to p,
then P — M as n — oo.

The key idea is to show that any irreducible aperiodic chain on a finite state
space satisfies the Doeblin condition. The first step is to prove the following
lemma.

(n)

LEMMA 11.4.4. For any state i, p;;* > 0 for all sufficiently large n.
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PROOF. By irreducibility, we know that P(X,, = i|Xy = ¢) > 0 for some
n > 1. Let A be the set of all such n. Since the g.c.d. of A is 1 (because the chain
is aperiodic), there must exist a1,...,ar € Aand uq,...,u; € Z for some k > 1
such that
uiay + - - +ugap = 1.
Define a positive integer
m=a1+- -+ ag.

Take any n > 1. Let q and r be the quotient and remainder when n is divided by
m. Then

n=qgm+r=qm+r(uia + -+ ugay)
= (g+rur)ar + - (g + rug)ak.

Since r is always bounded above by m — 1, and ¢ — co as n — oo, the above
identity shows that any sufficiently large n is expressible as a linear combina-
tion of aq, ..., a; with positive integer coefficients. The claim now follows from

Lemma O

By irreducibility, the above lemma generalizes to the following.

LEMMA 11.4.5. There is some ng such that for any n > ny, the entries of P™
are all strictly positive.

PROOF. Take any state i. By Lemma there is some m such that pgl) >
0 for all n > m. By irreducibility and the finiteness of the state space, there is some
k > 1 such that any j is accessible from 7 in less than k steps. Let m' = m + k.
Take any n > m/ and any state j. Then there is a number » < k such that j
is accessible from ¢ in r steps. Also, since n — r > n — k > m, the state ¢ is
accessible from itself in n — r steps. Therefore by Lemma[I1.2.3] j is accessible
from ¢ in n steps. Thus, we have shown that any state is accessible from state ¢

in n steps whenever n is sufficiently large. From this it follows that when n is
(n)

sufficiently large, p, ;> 0 forall i and j, which is what we wanted to prove. (]

By the finiteness of the state space, Lemma[I1.4.5|immediately yields the fol-
lowing corollary, because if the entries of P" are all strictly positive, then for any
given matrix M, there is some € > 0 such that P > e M.

COROLLARY 11.4.6. Any irreducible aperiodic Markov chain on a finite state
space satisfies the Doeblin condition.

It is now easy to finish the proof of Theorem[11.4.3] By Theorem[I1.4.1] there
is at least one invariant distribution . Let M be the matrix whose rows are all
equal to p. By the above corollary, P* — M as n — oco. To prove the uniqueness
of the invariant distribution, let  be another invariant distribution. Then on the one
hand, v P™ = v for every n. On the other hand,

lim vP" =vM = p,

n—oo
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since v is a probability distribution and each column of M is a scalar multiple of
the vector of all 1’s. Thus, p = v.

ExXAMPLE 11.4.7 (Shuffling cards). Consider a deck of n cards, shuffled ac-
cording to the following rule. At each step, the card on the top is moved to a
uniformly chosen location in the deck (which may be the top position too). This is
known as the ‘top-to-random’ shuffle. Here the state space is the space S, of all
permutations of 1, ..., n.

First, note that any state can be accessed from itself in 1 step, which implies
that the chain is aperiodic. Next, note that any state can be accessed from any other
state by a sequence of ‘allowed” moves. Therefore by Lemma[T1.2.3] the chain is
irreducible. Thus, by Theorem this Markov chain has a unique invariant
distribution i, and irrespective of the starting state, the distribution of X, tends to
L asn — oo.

To complete the discussion, let us identify the invariant distribution u. We
claim that g is the uniform distribution on S,. To see this, note that any state
o € S, can be accessed from exactly n other states 7y, ..., T, in 1 step, and each
of these n states has probability 1/n! under the uniform distribution. Moreover, the
transition from 7; to o in one step has probability 1/n. Thus, if X is uniformly
distributed on S,,, then

n
P(Xy=0)=)Y P(X;=0|Xo=m)P(Xo=m)=—.
i=1
Since this holds for any o, X is again uniformly distributed on .S,,. Thus, the uni-
form distribution is an invariant distribution for this chain. The claim now follows
by the uniqueness of the invariant distribution.

EXAMPLE 11.4.8 (Random walk on a graph). Let G = (V, E) be a finite,
simple, undirected graph with vertex set V' and edge E. A simple random walk
{Xy}n>0 on G is a Markov chain on V' that evolves according to the following
rule. If the chain is at a vertex v, it chooses one of its neighbors uniformly at
random and moves there. In general, simple random walks may not be aperiodic
(for example, if the graph is bipartite). There is an easy fix for this problem. We
just make the walk stay where it is with some fixed probability p > 0, and jump to
a uniformly chosen neighbor with probability 1 — p. This is known as a lazy simple
random walk on GG with holding probability p. Lazy walks are alway aperiodic.

Recall that a graph is called connected if any vertex can be reached from any
other by moving along a sequence of edges. By Lemma|11.2.3| a simple random
walk (or a lazy simple random walk) on a connected graph is irreducible.

Combining the above observations, we get that a lazy simple random walk on a
finite connected graph is irreducible and aperiodic. Therefore by Theorem[11.4.3]
there is a unique invariant distribution and the distribution of X,, converges to this
invariant distribution from any starting state.

It remains to identify the invariant distribution. Recall that the degree of a
vertex v, denoted by d,, is the number of neighbors of v. We claim the invariant
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distribution is given by
dy

e Z’LLGV dy .
Let us verify this by direct calculation. First, note that this is indeed a probability
distribution, since p, > 0 for all v and »_ .\ p, = 1. Next, let py, be the
probability of transition from u to v. That is,
P ifu=w,
Puv = § (1 —p)/d, if v is a neighbor of u,
0 otherwise.

Then note that for any v,
Z HuPuv = Py + (1 _p) Z %a
ueV UEN,

where IV, is the set of neighbors of v. Plugging in the formula for w,,, we see that
the right side equals

1 dy
pw + (1 —p) T < 7
ug];'u du Zwev dw

1
= ppo + (1 = p) <~ g
uez]\:/v ZweV du

dy
= PHy 1- = PHy 1- v — Hv-
Pty + ( p)Zwevdw Py + (1 —p)pw = p

Thus, 4 is indeed the unique invariant distribution for this Markov chain.



CHAPTER 12

Weak convergence on Polish spaces

In this chapter we will develop the framework of weak convergence on com-
plete separable metric spaces, also called Polish spaces. The most important exam-
ples are finite dimensional Euclidean spaces and spaces of continuous functions.

12.1. Definition

Let S be a Polish space with metric p. The notions of almost sure convergence,
convergence in probability and LP convergence remain the same, with | X,, — X
replaced by p(X,,, X). Convergence in distribution is a bit more complicated,
since cumulative distribution functions do not make sense in a Polish space. It
turns out that the right way to define convergence in distribution on Polish spaces
is to generalize the equivalent criterion given in Proposition|8.7.1

DEFINITION 12.1.1. Let (S, p) be a Polish space. A sequence X, of S-valued
random variables is said to converge weakly to an .S-valued random variable X if
for any bounded continuous function f : S — R,

lim Ef(X,) — Ef(X).

Alternatively, a sequence of probability measure yi,, on .S is said to converge weakly
to a probability measure 4 on S if for every bounded continuous function f : S —

R,
Jim [ fd, - /S fdp.

Just as on the real line, the law of an S-valued random variable X is the prob-
ability measure px on .S defined as

px(A) == P(X € A).

Of course, here the o-algebra on S is the Borel o-algebra generated by its topology.
By the following exercise, it follows that a sequence of random variables on .S
converge weakly if and only if their laws converge weakly.

EXERCISE 12.1.2. Prove that the assertion of Exercise holds on Polish
spaces.

For any n, the Euclidean space R™ with the usual Euclidean metric is an exam-
ple of a Polish space. The following exercises give some other examples of Polish
spaces.

165
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EXERCISE 12.1.3. Let C[0, 1] be the space of all continuous functions from
[0, 1] into R, with the metric

p(f,g9) = sup |f(z)— g(z)|.

z€[0,1]

Prove that this is a Polish space. (Often the distance p( f, g) is denoted by || f — g s
or || f — glljo,1] or | f — gllsup> and is called the sup-metric.)

EXERCISE 12.1.4. Let C]0, c0) be the space of all continuous functions from
[0, 00) into R, with the metric

2 =gl
p(frg):=) 277 : ,
Z L+ 1f = gllg+1

Jj=0

where

1f = alljjj+1 = sup [f(x) —g(z)|.
x€lg,j+1]

Prove that this is a Polish space. Moreover, show that f,, — f on this space if and
only if f, — f uniformly on compact sets.

EXERCISE 12.1.5. Generalize the above exercise to R"-valued continuous
functions on [0, co).

EXERCISE 12.1.6. If X is a C'[0, 1]-valued random variable, show that for any
t € [0,1], X(¢) is a real-valued random variable (that is, it’s a measurable map
from the sample space into the real line).

EXERCISE 12.1.7. If X is a C|0, 1]-valued random variable defined on a prob-
ability space (2, F,P), show that the map (w,t) — X (w)(t) from  x [0, 1] into
R is measurable with respect to the product o-algebra. (Hint: Approximate X by
a sequence of piecewise linear random functions, and use the previous exercise.)

EXERCISE 12.1.8. If X is a C'[0, 1]-valued random variable, show that for any
bounded measurable f : R — R, fol f(X(t))dt is a real-valued random variable.
Also, show that the map ¢ — Ef(X (t)) is measurable. (Hint: Use Exercise[12.1.7]
and the measurability assertion from Fubini’s theorem.)

EXERCISE 12.1.9. Let X be a ([0, 1]-valued random variable. Prove that
maxo<¢<1 X (t) is a random variable.

12.2. The portmanteau lemma

The following result gives an important set of equivalent criteria for weak
convergence on Polish spaces. Recall that if (.S, p) is a metric space, a function
f S8 — Ris called Lipschitz continuous if there is some L < oo such that

|f(z) — f(y)| < Lp(z,y) forall z,y € S.

PROPOSITION 12.2.1 (Portmanteau lemma). Let (S, p) be a Polish space and
let {110, }2° | be a sequence of probability measures on S. The following are equiv-
alent:
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(a) pn — @ weakly.

(b) [ fdun — [ fdp for every bounded and uniformly continuous f.
(©) [ fdun — [ fdu for every bounded and Lipschitz continuous f.
(d) For every closed set F' C S,

lim sup i, (F) < pu(F).

n—oo

(e) For every open setV C S,
liminf p, (V) > p(V).

n—00 -

(f) For every Borel set A C S such that 1(0A) = 0 (where QA denotes the
topological boundary of A),

lim p,(A) = a(A).

n—oo

(@ [ fdun — [ fdu for every bounded measurable f : S — R that is
continuous a.e. with respect to the measure |i.

PROOF. It is clear that (a) = (b) = (c). Suppose that (c) holds. Take any
closed set F' C S. Define the function

f(x) = p(x, F) := inf p(z,y). (12.2.1)
yer

Note that for any z,2’ € S and y € F, the triangle inequality gives p(x,y) <
p(x,2")+p(2',y). Taking infimum over y gives f(x) < p(x, ')+ f(z'). Similarly,
f(@) < p(x,z') + f(z). Thus,

|f(x) — f(2)| < p(x, ). (12.2.2)
In particular, f is a Lipschitz continuous function. Since F' is closed, it is easy to
see that f(z) = 0 if and only if # € F. Thus, if we define gx(z) := (1 —kf(z))*,
then gy, is Lipschitz continuous, takes values in [0, 1], 17 < g everywhere, and
gr — 1p pointwise as k — co. Therefore by (c),

n—o0 n—o0

lim sup i, (F7) < limsup / grdpn = / grdp

for any k, and hence by the dominated convergence theorem,

lim sup i, (F)) < lim /gkdu = pu(F),
n—o0 k—o0

which proves (d). The implication (d) = (e) follows simply by recalling that

open sets are complements of closed sets. Suppose that (d) and (e) both hold. Take

any A such that (0A) = 0. Let F be the closure of A and V' be the interior of A.

Then F'is closed, V is open, V C A C F', and

u(F) = p(V) = p(F\V) = n(9A) = 0.
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Consequently, (A) = u(V) = u(F). Therefore by (d) and (e),
u(A) = (V) < liminf (V) < limin j, (4)
< limsup pin (A) < limsup pp (F) < p(F) = p(A),
n—oo

n—oo
which proves (f). Next, suppose that (f) holds. Take any f as in (g), and let Dy
be the set of discontinuity points of f. Since f is bounded, we may apply a linear
transformation and assume without loss of generality that f takes values in [0, 1].
For ¢t € [0,1], let Ay := {z : f(x) > t}. Then by Fubini’s theorem, for any
probability measure v on S,

/S F@)dv(z) = /S /0 Loy didi(a)
_ /0 1 /S Loy do(a)dt = /0 (A,

Now take any ¢ and x € 0A;. Then there is a sequence y,, — x such that y,, & A,
for each n, and there is a sequence z,, — x such that z,, € A, for each n. Thus
if & Dy, then f(x) = t. Consequently, 04; C Dy U {z : f(x) = t}. Since
u(Dy) = 0, this shows that ;i(A;) > 0 if and only if p({z : f(x) = t}) > 0.
But u({z : f(x) = t}) can be strictly positive for only countably many ¢. Thus,
w(0Ay) = 0 for all but countably many ¢. Therefore by (f) and the a.e. version of
the dominated convergence theorem (Exercise [2.6.5)),

1 1
i [ oo =t [ (A0t = [ a(anae= [ o
proving (g). Finally, if (g) holds then (a) is obvious. O

An important corollary of the portmanteau lemma is the following.

COROLLARY 12.2.2. Let S be a Polish space. If i and v are two probability
measures on S such that | fdu = [ fdv for every bounded continuous f : S — R,
then = v.

PROOF. By the given condition, p converges weakly to v and v converges
weakly to p. Therefore by the portmanteau lemma, pu(F) < v(F') and v(F) <
w(F) for every closed set F'. Thus, by Theorem|1.3.6] u = v. O

EXERCISE 12.2.3. Let (S, p) be a Polish space, and let { X, }°° ; be a sequence
of S-valued random variables converging in law to a random variable X . Show that

for any continuous f : S — R, f(X,,) 4 f(X).

EXERCISE 12.2.4. Let {X,,}°2, be a sequence of C|0, 1]-valued random vari-
ables converging weakly to some X. Then prove that

max X, (t) 4 max X(t).
0<t<1 0<t<1
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Exercise given below requires an application of criterion (g) from the
portmanteau lemma. Although criterion (g) implicitly assumes that the set of dis-
continuity points is a measurable set of measure zero, it is often not trivial to prove
measurability of the set of discontinuity points. The following exercise is helpful.

EXERCISE 12.2.5. Let (S, p) be a metric space, and let f : S — R be any
function. Prove that the set of continuity points of f is measurable. (Hint: For any
open set U, define d(U) := sup,cy f(z) — infyer f(2). Let V be the union of
all open U with d(U) < e. Show that the set of continuity points of f is exactly
Np>1 Vi)

EXERCISE 12.2.6. In the setting of the previous exercise, suppose further that
P(X(t) =0) =0fora.e.t € [0,1]. Then show that

1 1
d
/0 Lix, (my>0pdt = /0 Lix >0y dt.

(Hint: Use criterion (g) from the portmanteau lemma.)

EXERCISE 12.2.7. In the previous exercise, give a counterexample to show
that the conclusion may not be valid without the condition that P(X (¢) = 0) = 0
forae.t € [0,1].

EXERCISE 12.2.8. Suppose that S and S’ are Polish spaces and h : S — S’
is a measurable map. Let X1, Xo, ... be a sequence of S-valued random variables
converging weakly to an S-valued random variable X. Let D be the set of dis-
continuity points of h. If P(X € D) = 0, show that h(X1), h(X2), ... converge
weakly to h(X).

12.3. Independence on Polish spaces

Polish space valued random variables are said to be independent if the o-
algebras generated by the random variables are independent. All of the measure-
theoretic results and exercises about independent real-valued random variables
from Chapter [/| remain valid for independent Polish space valued random vari-
ables.

The following result is sometimes useful for proving independence of Polish
space valued random variables. Although the result seems almost obvious, the
proof needs some work. We will use it later to prove results about Brownian mo-
tion.

PROPOSITION 12.3.1. Let (S, p) be a Polish space. Let {X,,},>1 be a se-
quence of S-valued random variables converging almost surely to a random vari-
able X. Suppose that each X, is independent of a o-algebra G. Then so is X.

PROOF. Take any bounded continuous f : S — R, and any A € G. Then
E(f(Xn)1a) = E(f(Xn))P(4)
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for each n. By the almost sure version of the dominated convergence theorem
(Exercise 2.6.3), E(f(Xn)1a) — E(f(X)1a) and E(f(X,)) — E(f(X)) as
n — oo. Thus, E(f(X)14) = E(f(X))P(A).

Now, for any bounded continuous g, h : R — R, the composition g o f is a
bounded continuous function from S into R, and the random variable /(1 4) is just
a linear transformation of 1 4. Thus, by the above deduction, E(g(f(X))h(14)) =
E(g(f(X)))E(h(14)). So by Corollary[12.7.4] the random variables f(X) and 14
are independent.

Now take any closed set /' C S, and let f(z) := max{p(x, F), 1}, where
p(x, F) is the distance from x to F' as defined in (12.2.1). We have already seen
in the proof of the Portmanteau lemma that © — p(z, F') is continuous. Thus, f
is a continuous map. Therefore f(X) and 14 are independent. In particular, the
events { f(X) = 0} and A are independent. But f(X) = 0 if and only if X € F.
Thus, the events {X € F'} and A are independent. Since this holds for every
closed F, the random variable X is independent of the event A (for example, by
Exercise . And since this holds for all A € G, X and G are independent. [

12.4. Tightness and Prokhorov’s theorem

The appropriate generalization of the notion of tightness to probability mea-
sures on Polish spaces is the following.

DEFINITION 12.4.1. Let (S, p) be a Polish space and let {j,},>1 be a se-
quence of probability measures on .S. The sequence is called tight if for any e,
there is a compact set X' C S such that u,, (K) > 1 — € for all n.

The following result was almost trivial on the real line, but requires effort to
prove on Polish spaces.

THEOREM 12.4.2. If a sequence of probability measures on a Polish space is
weakly convergent, then it is tight.

PROOF. Let (S, p) be a Polish space and let {1, }72 ; be a sequence of prob-
ability measures on S that converge weakly to some p. First, we claim that if
{V;i}?2, is any increasing sequence of open sets whose union is S, then for each
e > 0 there is some 4 such that z,,(V;) > 1 — € for all n. If not, then for each i
there exists n; such that p1,,, (Vi) < 1 —e. There cannot exist k such that n; = k for
infinitely many i, because then px(V;) — 1 as i — oo. Thus, n; — oo as i — oo.
Therefore by the portmanteau lemma, for each i,

p(Vi) < liminf g, (Vi) < liminf p,, (V) <1 —e.
Jj—oo j—o0
But this is impossible since V; 1-.S. This proves the claim.

Now take any € > 0 and k£ > 1. Recall that separable metric spaces have the
Lindélof property, namely, that any open cover has a countable subcover. Thus,
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there is a sequence of open balls {Bj, ;}9°, of radius 1/k that cover S. By the
above claim, we can choose ny, such that for any n,

ng
un<U Bkﬂ) >1—2"e.

i=1
Define
0o Mg
L:= (U Bk
k=11i=1

Then for any n,

[e'e) ng o]
pn(L) > 1= Z%(ﬂB;‘é,i) >1-) 2 Fe=1-e
k=1 =1 k=1

Now recall that any totally bounded subset of a complete metric space is precom-
pact. By construction, L is totally bounded. Therefore L is precompact, and hence
the closure L of L is a compact set which satisfies y,,(L) > 1 — ¢ for all n. O

EXERCISE 12.4.3. Using Theorem[12.4.2] prove that any probability measure
on a Polish space is regular, in the sense of Lemma[3.4.2]

EXERCISE 12.4.4. Using the previous exercise, prove the analogue of Kol-
mogorov’s extension theorem (Theorem [3.4.1)) for Polish spaces.

EXERCISE 12.4.5. Using the previous exercise, prove the existence of Markov
chains with any given kernel on a Polish space (i.e., the analogue of Theorem

11.1.3).

Helly’s selection theorem generalizes to Polish spaces. The generalization is
known as Prokhorov’s theorem.

THEOREM 12.4.6 (Prokhorov’s theorem). Let (.S, p) be a Polish space. Sup-
pose that {1, }°2 1 is a tight family of probability measures on S. Then there is a
subsequence { i, } 32 | converging weakly to a probability measure . as k — oc.

There are various proofs of Prokhorov’s theorem. The proof given below is a
purely measure-theoretic argument. There are other proofs that are more functional
analytic in nature. In the proof below, the measure p is constructed using the
technique of outer measures, as follows.

Let K1 C Ko C --- be a sequence of compact sets such that ju,, (K;) > 1—1/i
for all n. Such a sequence exists because the family {y, }5° ; is tight. Let D be a
countable dense subset of .S, which exists because S is separable. Let B be the set
of all closed balls with centers at elements of D and nonzero rational radii. Then
B is a countable collection. Let C be the collection of all finite unions of sets that
are of the form B N K; for some B € B and some . (In particular, C contains the
empty union, which equals ().) Then C is also countable. By the standard diagonal
argument, there is a subsequence {n;}3° ; such that

a(C) = lm 1, (C)
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exists for every C' € C. For every open set V, define
B(V) :=sup{a(C):C CV,C e}
Finally, for every A C S, let
w(A) :==1inf{B(V) : V open, A C V'}.
In particular, (V') = (V) if V is open. We will eventually show that y is an

outer measure. The proof requires several steps.

LEMMA 12.4.7. The functional o is monotone and finitely subadditive on the
class C. Moreover, if C1,Cy € C are disjoint, then o(C1 U Cy) = a(C1) + a(Cy).

PROOF. This is obvious from the definition of o and the properties of mea-
sures. (]

LEMMA 12.4.8. If F'is a closed set, V' is an open set containing F, and some
C € C also contains F, then there exists D € C suchthat ' C D C V.

PROOF. Since ' C C for some C' € C, F'is contained in some K. Since F
is closed, this implies that F' is compact. For each x € F, choose B, € B such
that B, C V and z belongs to the interior B, of B,. This can be done because
V isopen and V' O F. Then by the compactness of F', there exist finitely many
x1,..., Ty such that

n n
FC UB;Z, C UBM cV.
i=1 i=1
To complete the proof, take D = (B,, N K;)U--- U (B,, N Kj). O

LEMMA 12.4.9. The functional 3 is finitely subadditive on open sets.

PROOF. Take any two open sets V1 and V5, and any C' € C such that C C
V1 U V5. Define
Fy={z € C:p(x, V) = p(z,V5)},
By ={z € C:p(x,Vy) = p(z,V{)},
where p(z, A) is defined as in (I12.2.1) for any A. It is not hard to see (using
(12.2.2)), for instance), that x — p(x, A) is a continuous map for any A. Therefore
the sets F} and Fy are closed. Moreover, if ¢ ¢ Vi and x € F}, then the defi-
nition of F; implies that x ¢ V5, which is impossible since 7 C C C V3 U V5.
Thus, £y C Vi, Similarly, F» C V5. Moreover F} and F5 are both subsets of C.
Therefore by Lemma[I2.4.8] there exist C;,Cy € C such that F; € C7 C Vj and
F, C Cy C Vo Butthen C = F1UF, C C1UCy, and therefore by Lemma([[2.4.7,
a(C) < a(Cr) + a(Cs) < B(V1) + B(Va).
Taking supremum over C' completes the proof. (]

LEMMA 12.4.10. The functional (3 is countably subadditive on open sets.
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PROOF. Let V1, Vs, ... be a sequence of open sets and let C be an element of C
that is contained in the union of these sets. Since C'is compact, there is some finite
n such that C' C Vi U --- U V,,. Then by the definition of 8 and Lemma|12.4.9]

n o

a(C) < BVIU---UV,) <Y BV < B(V).

i=1 i=1
Taking supremum over C' completes the proof. (]

LEMMA 12.4.11. The functional w is an outer measure.

PROOEF. It is clear from the definition that y is monotone and satisfies () =
0. We only need to show that y is subadditive. Take any sequence of set A1, As, . ..
contained in S and let A be their union. Take any € > 0. For each 4, let V; be an
open set containing A; such that B(V;) < pu(4;) + 2 %. Then by Lemma([12.4.10}

/wog{Qw)siym>

< Z(M(Az) + 2_ie) =€+ Z“(Ai)'
i=1 i=1

Since € is arbitrary, this completes the proof. ([
LEMMA 12.4.12. For any open V' and closed F,
BV)>u(VNF)+uVNF.

PROOF. Choose any C; € C, C; C V N F° Having chosen C7, choose
Cy € C,Cy C VNCY. Then C; and C are disjoint, C1UC, € C,and C1UC, C V.
Therefore by Lemma [12.4.7]
B(V) > 04(01 U CQ) = 04(01) + OC(CQ).
Taking supremum over all choices of Co, we get
BV) > a(Cr)+ B(VNCY) > a(Cr) +u(VNE),

where the second inequality holds because V' N Cf is an open set that contains
V' N F. Now taking supremum over C'; completes the proof. ]

We are finally ready to prove Prokhorov’s theorem.

PROOF OF THEOREM[12.4.6l Let F be the set of all y-measurable sets, as
defined in Section Then recall that by Theorem F is a o-algebra and p
is a measure on . We need to show that (a) F contains the Borel o-algebra of .5,
(b) p is a probability measure, and (¢) ., converges weakly to fi.

To prove (a), take any closed set F' and any set D C S. Then for any open

V O D, Lemmal|l2.4.12| gives
BV) > u(V O F) +p(V 1 F) > w(D N F) + u(D N EF°),
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where the second inequality holds because w1 is monotone. Now taking infimum
over V shows that I’ € F. Therefore F contains the Borel o-algebra. To prove
(b), take any ¢ and observe that by the compactness of K;, K; can be covered by
finitely many elements of B. Consequently, K itself is an element of C. Therefore

1
#(S) = B(S) > a(Ky) > 1 - .
Since this holds for all ¢, we get 1(S) > 1. On the other hand, it is clear from the
definition of p that 1(S) < 1. Thus, u is a probability measure. Finally, to prove
(¢), notice that for any open set V andany C € C,C C V,

a(C) = lim py, (C) < liminf uy, (V),

and take supremum over C. (]

EXERCISE 12.4.13. Let {X,,}°° ; be a sequence of R%-valued random vectors.
Show that the sequence is tight if and only if for every ¢ > 0, there is some R such
that P(|X,,| > R) < e for all n, where | X,,| is the Euclidean norm of X,.

EXERCISE 12.4.14. Let S be the set of all functions from Z into R. Equip S
with the topology of pointwise convergence. Prove that this topology is metrizable,
and under a compatible metric, it is a Polish space. If (X;);cz is a sequence of real-
valued random variables defined on some probability space, show that the whole
sequence can be viewed as an S-valued random variable. If (X,,),>1 is a sequence
of S-valued random variables, where X,, = (X, ;)icz, prove that it is tight if and
only if for each i € Z, the sequence of real-valued random variables (X, ;)n>1 is
tight.

EXERCISE 12.4.15. Let {{in}n>1 be a tight family of probability measures
on a Polish space S. Suppose that any convergent subsequence converges to the
same limit p. Using Prokhorov’s theorem, prove that p,, — p weakly. (Hint: Use
contradiction.)

EXERCISE 12.4.16 (The Lévy—Prokhorov metric). Let (.5, p) be a Polish space.
Forany A C S and € > 0, let

A :={x € S:p(x,y) < eforsomey € A}.
For any two probability measures x4 and v on .S, define

d(p,v) :=1inf{e > 0: u(A) < v(A°) + e and
v(A) < p(A°) +eforall A € B(S)},
where B(S) is the Borel o-algebra of S. Prove that d is a metric on the set of

probability measures on S, and p,, — p weakly if and only if d(up, ) — O.
(Thus, d metrizes weak convergence of probability measures.)
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12.5. Skorokhod’s representation theorem

We know that convergence in law does not imply almost sure convergence. In
fact, weak convergence does not even assume that the random variables are defined
on the same probability space. It turns out, however, that a certain kind of converse
can be proved. It is sometimes useful for proving theorems and constructing ran-
dom variables.

THEOREM 12.5.1 (Skorokhod’s representation theorem). Let S be a Polish
space and let { i, }5° | be a sequence of probability measures on S that converge
weakly to a limit p. Then it is possible to construct a probability space (2, F,P),
a sequence of S-valued random variable {X,}>° | on Q, and another S-valued
random variable X on §, such that X,, ~ p, for eachn, X ~ pand X, — X
almost surely.

We need a topological lemma about Polish spaces. Recall that the diameter of
a set A in a metric space (.5, p) is defined as

diam(A) = sup p(z,y).
z,y€A

LEMMA 12.5.2. Let S be a Polish space and p be a probability measure on S.
Then for any € > 0, there is a partition Ag, A1, ..., A, of S into measurable sets
such that j1(Ag) < €, Ag is open, 1(0A;) = 0 and u(A;) > 0 for 1 < i <n, and
diam(A4;) < efor1 <i<n.

PROOF. Let B(x,r) denote the closed ball of radius r centered at a point
in S. Since 0B(x,r) and OB(x, s) are disjoint for any distinct 7 and s, it follows
that for any z, there can be only countably many r such that £ (0B(z,r)) > 0. In
particular, for each x we can find r, € (0, €/2) such that 4(0B(z, 7)) = 0. Then
the interiors of the balls B(z, ;) form a countable open cover of S. Since S is
a separable metric space, it has the property that any open cover has a countable
subcover (the Lindeldf property). Thus, there exist 1, 22, . . . such that

oo
S =|JB(wi,ra,).
i=1
Now choose n so large that

u(S) - u<L:JB<x>) <e

Let B; := B(x;,7s,) fori =1,...,n. Define A; = B; and

A; :Bi\(BIU---UBZ-,l)
for 2 < i < n. Finally, let Ay := S\ (B1 U---U By). Then by our choice of
n, w(Ap) < e. By construction, Ag is open and diam(A;) < diam(B;) < e for
1 < ¢ < n. Finally, note that 04; C 9By U --- U dB; for 1 < i < n, which shows
that ;1(0A;) = 0 because ;(0B;) = 0 for every j. Finally, we merge those A; with
Ay for which p(A;) = 0, so that 14(A;) > 0 for all 7 that remain. O
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PROOF OF THEOREM [12.5.1l For each j > 1, choose sets Ag, .. ,Aij satis-

fying the conditions of Lemma |12.5.2| with ¢ = 277 and p as in the statement of
Theorem [12.5.11
Next, for each j, find n; such that if n > n;, then

fin(AD) > (1 — 277 u(A)) (12.5.1)

for all 0 < ¢ < k;. We can find such n; by the portmanteau lemma, because
tn — 1 weakly, Ag is open, and ,u(@Ag ) = 0. Without loss of generality, we can
choose {n; }3";1 to be a strictly increasing sequence.

Take any n > nq, and find j such that n; < n < njy1. For 0 <17 < kj, define
a probability measure 1i,, ; on .S as

(AN A))
Mn(Ag)

if p, (Af ) >0.If ,un(Ag ) = 0, define /1, ; to be some arbitrary probability measure

Nn,i(A) :

on A if 1 <4 < k; and some arbitrary probability measure on S of ¢ = 0. This

can be done because Ag is nonempty for ¢ > 1. Itis easy to see that 1, ; is indeed
a probability measure by the above construction, and moreover if ¢ > 1, then
pin,i(A]) = 1. Next, for each 0 < i < kj, let

P = 2 (un(A]) — (1 — 277)pu(A)).

By (12.5.1), pn; > 0. Moreover,

kj kj ) 4 )
S pai =2 (un(A]) — (1 - 279)u(4]))
=0 =0

=2 (pn(S) — (1 = 277)u(9)) = 1.

Therefore the convex combination

k;
Vn(A) = Z Mn,i(A)pn,z’
1=0

also defines a probability measure on S.

Next, let X ~ 1, Yy, ~ pin, Yo ~ pni, Zyn ~ vy, and U ~ Unif[0, 1] be
independent random variables defined on a probability space (€2, F,P), where we
take all n > n4 and for each n, all 0 < ¢ < k; where j is the number such that
n; < n < n;i1. Take any such n and j, and define

kj

X = Vrsasy D Live sy Yoi + Lp<a- Zn-
1=0
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Then for any A € B(S),
k;
P(X, € A) =P(U >277) Y P(X € A))P(V,; € A)

1=0
+P(U < 27)P(Z, € A)

k]
:(1_2_j)2 (A ):unz ) +27 ]Z,Umz pn,i
i=0
k;
—Zﬂn ,unz ):Zﬂn(AﬂAg):Mn(A)~
i=0
Thus, X,, ~ u,. To complete the proof, we need to show that X,, — X a.s. To
show this, first note that by the first Borel-Cantelli lemma,

P(X & Ag) and U > 27 for all sufficiently large j) = 1.

If the above event happens, then for all sufficiently large n, X,, = Y,,; for some
i such that X € AJ. In particular, p(X,,, X) < ¢, because diam(A?) < e. This
proves that X,, — X a.s. O

12.6. Convergence in probability on Polish spaces

Let (S, p) be a Polish space. A sequence {X,,}>° of S-valued random vari-
ables is said to converge in probability to a random variable X if for every € > 0,

le P(p(X,,X) >€) =0.

Here we implicitly assumed that all the random variables are defined on a common
probability space (€2, F,P). If X is a constant, this assumption can be dropped.

PROPOSITION 12.6.1. Convergence in probability implies convergence in dis-
tribution on Polish spaces.

PROOF. Let (.S, p) be a Polish space, and suppose that { X, }>° , is a sequence
of S-valued random variables converging to a random variable X in probability.
Take any bounded uniformly continuous function f : S — R. Take any ¢ > 0.
Then there is some ¢ > 0 such that | f(x) — f(y)| < e whenever p(x,y) < §. Thus,

P([f(Xn) = f(X)| > €) <P(p(Xn, X) > 6),

which shows that f(X,,) — f(X) in probability. Since f is bounded, Proposition
shows that f(X,,) — f(X)in L'. In particular, Ef (X,,) — Ef(X). Thus,
X,, — X in distribution. O

PROPOSITION 12.6.2. Let (S, p) be a Polish space. A sequence of S-valued
random variables {X,,}°° | converges to a constant ¢ € S in probability if and
only if X, — c in distribution.
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PRrOOF. If X,, — c in probability, then it follows from Proposition|12.6.1|that
X, — cin distribution. Conversely, suppose that X,, — c in distribution. Take
any € and let F' := {z € S : p(z,c) > €}. Then F is a closed set, and so by
assertion (d) in the portmanteau lemma,
limsup P(p(Xy, ¢) > €) = limsupP(X,, € F) <0,

n—o0 n—oo

since ¢ ¢ F'. This shows that X,, — ¢ in probability. ([
There is also a version of Slutsky’s theorem for Polish spaces.

PROPOSITION 12.6.3 (Slutsky’s theorem for Polish spaces). Let (.S, p) be a
Polish space. Let {X,,}° | and {Y,}2 | be two sequences of S-valued random
variables, defined on the same probability space, such that X,, — X in distribution
and Y, — cin probability, where X is an S-valued random variable and c € S is a
constant. Then, as random variables on S x S, (X, Yy,) — (X, ¢) in distribution.

PROOF. There are many metrics that metrize the product topology on S x S.
For example, we can use the metric

d((z,y), (w, 2)) := p(z,w) + p(y, 2).
Suppose that f : S x.S — R is a bounded and uniformly continuous function. Take

any € > 0. Then there is some § > 0 such that | f(x,y) — f(w, z)| < € whenever
d((z,y), (w,z)) < 4. Then

P(1f(Xn, Yn) = f(Xn, ¢)| > €) SP(p(Yn,c) > 9d),
which implies that f(X,,,Y;) — f(Xn, c) — 0 in probability. By Proposition[8.2.9]
this shows that f(X,,,Y,) — f(Xn,c) — 0in L. In particular, Ef(X,,Y,) —
Ef(X,,c) — 0. On the other hand, z — f(z, ¢) is a bounded continuous function
on S, and so Ef(X,,,c) — Ef(X,c). Thus, Ef(X,,Y,) — Ef(X,c). By the
portmanteau lemma, this completes the proof. U

12.7. Multivariate inversion formula

The inversion formula for characteristic functions of random vectors is anal-
ogous to the univariate formula that was presented in Theorem [8.8.1] In the fol-
lowing, a - b denotes the scalar product of two vectors a and b, and |a| denotes the
Euclidean norm of a.

THEOREM 12.7.1. Let X be an n-dimensional random vector with character-
istic function ¢. For each 6 > 0, define a function fy : R — C as

) = L e*it-xfe\tﬁ

Then for any bounded continuous ¢ : R™ — R,

E(9(X)) = lim [ g(a)fo(x)da.
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PROOF. Proceeding exactly as in the proof of Theorem [8.8.1] we can deduce
that fy is the p.d.f. of a multivariate normal random vector Zy with mean zero and
i.i.d. components with variance 26. It is easy to show that Zy — 0 in probability
as § — 0, and therefore by Slutsky’s theorem for Polish spaces, X + Zy — X in
distribution as  — 0. The proof is now completed as before. U

Just like Corollary [8.8.2] the above theorem has the following corollary about
random vectors.

COROLLARY 12.7.2. Two random vectors have the same law if and only if
they have the same characteristic function.

PROOF. Same as the proof of Corollary[8.8.2] using Theorem[12.7.1)and Corol-
lary [12.2.2]instead of Theorem [8.8.1) and Proposition O

The above corollary has the following important consequences.

COROLLARY 12.7.3. Let (X1,...,X,) is a random vector with characteristic
function ¢. Let ¢; be the characteristic function of X;. Then ¢(t1,...,t,) =
G1(t1) -+ On(tn) forallty, ... t, ifand only if X1, ..., X, are independent.

PROOF. Let Yy, ...,Y, be independent random variables, with Y; having the
same distribution as X; for each . Let ¢ be the characteristic function of the

random vector (Y1, ...,Y,). By Exercise(7.6.3} )(t1,...,tn) = d1(t1) - - Pn(tn).
The claim now follows by Corollary [12.7.2] U

COROLLARY 12.7.4. Let X and Y be real-valued random variables defined

on the same probability space. Then X and Y are independent if and only if
E(f(X)g(Y)) =E(f(X))E(g(Y)) for any bounded continuous f,g : R — R.

PROOF. If X and Y are independent, we know that by the product rule for ex-
pectation, E(f(X)g(Y)) = E(f(X))E(g(Y)) for any bounded continuous f, g :
R — R. Conversely, suppose that this criterion holds. Considering real and imag-
inary parts, we can assume that the criterion holds even if f and ¢ are complex
valued. Then taking f(z) = €% and g(y) = €!¥¥ for arbitrary s,t € R, we get that
the characteristic function of (X,Y") is the product of the characteristic functions
of X and Y. Therefore by Corollary X and Y are independent. O

EXERCISE 12.7.5. Prove a multivariate version of Corollary

EXERCISE 12.7.6. Let X be a real-valued random variable defined on a prob-
ability space (2, F,P) and let G be a sub-o-algebra of F. Let ¢ be a characteristic
function. Prove that X is independent of G and has characteristic function ¢ if and
only if E(e"X; A) = ¢(t)P(A) forall t € Rand all A € G. (Hint: Show that X
and 14 are independent random variables for all A € G.)
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12.8. Multivariate Lévy continuity theorem

The multivariate version of Lévy’s continuity theorem is a straightforward gen-
eralization of the univariate theorem. The only slightly tricky part of the proof is
the proof of tightness, since we did not prove a tail bound for random vectors in
terms characteristic functions.

THEOREM 12.8.1 (Multivariate Lévy continuity theorem). A sequence of ran-
dom vectors { X, }n>1 converges in distribution to a random vector X if and only if
the sequence of characteristic functions {$x,, }n>1 converges to the characteristic
function ¢ x pointwise.

PROOF. If X, 4 x , then it follows from the definition of weak convergence
that the characteristic functions converge. Conversely, suppose that ¢x, (t) —
¢x(t) for all t € R™, where m is the dimension of the random vectors. Let
XL ..., X™ denote the coordinates of X,,. Similarly, let X!,... X™ be the co-
ordinates of X. Then note that the pointwise convergence of ¢x, to ¢x automat-
ically implies the pointwise convergence of ¢ x:i to ¢xi for each i. Consequently
by Lévy’s continuity theorem, X! — X in distribution for each 4. In particular,
for each 4, { X! 1}°° , is a tight family of random variables. Thus, given any € > 0,
there is some K* > 0 such that P(X! € [-K% K']) > 1 — ¢/m for all n. Let
K =max{K!, ..., K™}, and let R be the cube [~ K, K|™. Then for any n,

m
P(X, ¢ R) <) P(X; ¢[-KK])<ec
i=1
Thus, we have established that {X,,}°° ; is a tight family of R™-valued random
vectors. We can complete the proof of the theorem as we did for the original Lévy

continuity theorem, using Corollary O

EXERCISE 12.8.2. Let (.5, p) be a Polish space. Suppose that foreach 1 < j <
m, {Xn;}o2, is a sequence of S-valued random variables converging weakly to a
random variable X ;. Suppose that for each n, the random variables X, 1, ..., Xy, m
are defined on the same probability space and are independent, and the same
holds for (X1,...,X,,). Then show that (X, 1,..., X, ) converges weakly to
(X1,...,X,,) as random vectors on S™.

12.9. The Cramér—-Wold device

The Cramér—Wold device is a simple idea about proving weak convergence of
random vectors using weak convergence of random variables. We will use it to
prove the multivariate central limit theorem.

PROPOSITION 12.9.1 (Cramér-Wold theorem). Let {X,,}° | be a sequence of
m-dimensional random vectors and X be another m-dimensional random vector.
Then X, 4 x ifand only if t - X, L X foreveryt € R™.
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PROOF. If X,, % X, then Ef(t- X,,) — Ef(t- X) for every bounded contin-
uous function f : R — R and every ¢ € R™. This shows that ¢ - X, 4t X for
every t. Conversely, suppose that ¢ - X, ¢ X for every t. Then

ox, (t) = E(e"X) — E(eY) = ¢x(t).

Therefore, X, 4 x by the multivariate Lévy continuity theorem. ]

12.10. The multivariate CLT for i.i.d. sums

In this section we will prove a multivariate version of the central limit theorem
for sums of i.i.d. random variables. The proof is a simple consequence of the
univariate CLT and the Cramér-Wold device. Recall that N,,(u, X)) denotes the
m-dimensional normal distribution with mean vector y and covariance matrix .

THEOREM 12.10.1 (Multivariate CLT fori.i.d. sums). Let X1, Xo, ... bei.i.d. m-
dimensional random vectors with mean vector | and covariance matrix X.. Then,
asn — oo,

\}ﬁ (X - ) L Nw(0,3),
=1

PROOF. Let Z ~ N,,(0,X). Take any nonzero t € R™. LetY :=t- Z. Then
by Exercise[7.6.8] Y ~ N(0,t7%t). Next, let Y; :=t - (X; — p1). Then Y7, Ys, ...
are i.i.d. random variables, with E(Y;) = 0 and Var(Y;) = t* %t. Therefore by the
univariate CLT for i.i.d. sums,

1 « d
— Y Vi 5 N(0,t7%t).
v i=1
Combining the two, we get
1 < d
t (Z(Xi—u)> St Z.
vn i=1

Since this happens for every ¢ € R™, the result now follows by the Cramér—Wold
device. (]






CHAPTER 13

Brownian motion

This chapter introduces an important probabilistic object known as Brownian
motion. We will construct Brownian motion, see how it arises as a scaling limit of
random walks (Donsker’s theorem), and prove a number of results about it.

13.1. The spaces C|0, 1] and C0, c0)

Recall the spaces C|0, 1] and C[0, 0o) defined in Exercises [12.1.3|and [12.1.4]
In this section we will study some probabilistic aspects of these Polish spaces.

DEFINITION 13.1.1. For each n and each t1,...,t¢, € [0, 1], the projection
map 7, ¢, : C[0,1] — R™ is defined as

Tty et (f) 1= (f(t1), s f ()

The projection maps are defined similarly on C[0, co).

It is easy to see that the projection maps are continuous and hence measurable.
However, more is true:

PROPOSITION 13.1.2. The finite-dimensional projection maps generate the
Borel o-algebras of C|0, 1] and C0, o).

PROOF. Let us first consider the case of C|0, 1]. Let B be the Borel o-algebra
of C[0,1] and F be the o-algebra generated by the finite dimensional projection
maps. Note that by the definition of F, each projection map 7, .. ;, is measurable
from (C10, 1], F) into R™. Given f € C[0, 1] and some n and some t1, ..., t,, we
can reconstruct an ‘approximation’ of f from m, ;. (f) as the function g which
satisfies g(t;) = f(t;) for each 4, and linearly interpolate when ¢ is between some
t; and ;. Define g to be constant to the left of the smallest ¢; and to the right of the
largest ¢;, such that continuity is preserved. The map py, .. 4, that constructs g from
Tty (f) is @ continuous map from R™ into C[0, 1], and therefore measurable
from R™ into (C[0, 1], B). Thus, if we let

ftl,...,tn = Pti,eentn © Ty, it

then &, .+, is measurable from (C'[0, 1], F) into (C[0, 1], B). Now let {t1,t2,...}
be a dense subset of [0, 1] chosen in such a way that

lim max min [t —t;|=0. (13.1.1)
n—00 0<t<11<i<n

(It is easy to construct such a sequence.) Let f,, := &, ¢+, (f). By the uniform
continuity of f, the construction of f,, and the property (13.1.1) of the sequence

183
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{tn}52,, it is not hard to show that f,, — f in the topology of C[0,1]. Thus, the
map &, ...+, converges pointwise to the identity map as n — oo. So by Proposi-
tion it follows that the identity map from (C]0, 1], F) into (C]0, 1], B) is
measurable. This proves that 7 O B. We have already observed the opposite in-
clusion in the sentence preceding the statement of the proposition. This completes
the argument for C0, 1].

For C[0, c0), the argument is exactly the same, except that we have to replace
the maximum over ¢ € [0, 1] in (I3.1.1)) with maximum over ¢ € [0, K|, and then
impose that the condition should hold for every K. The rest of the argument is left
as an exercise for the reader. ]

Given any probability measure 1 on C|0, 1] or C'[0, 00), the push-forwards of
1 under the projection maps are known as the finite-dimensional distributions of
. In the language of random variables, if X is a random variable with law g,
then the finite-dimensional distributions of 4 are the laws of random vectors like
(X(t1),...,X(tn)), where n and t1,...,t, are arbitrary.

PROPOSITION 13.1.3. On C|0, 1] and C[0,00), a probability measure is de-
termined by its finite-dimensional distributions.

PROOF. Given a probability measure, the finite-dimensional distributions de-
termine the probabilities of all sets of the form 7 ltn (A), where nand t1, ..., t,
are arbitrary, and A € B(R"™). Let .4 denote the collection of all such sets. It is not
difficult to see that A is an algebra. Moreover, by Proposition A generates
the Borel o-algebra of C[0, 1] (or C[0, 00)). By Theorem|1.3.6] this shows that the
finite-dimensional distributions determine the probability measure. U

COROLLARY 13.1.4. If {1n }22, is a tight family of probability measures on
C10,1] or C[0, 00), whose finite-dimensional distributions converge to limiting dis-
tributions, then the sequence itself converges weakly to a limit. Moreover, the lim-
iting probability measure is uniquely determined by the limiting finite-dimensional
distributions.

PROOF. By Prokhorov’s theorem, any subsequence has a further subsequence
that converges weakly. By Proposition [I3.1.3] there can be only one such limit
point. The result now follows by Exercise[12.4.13] O

13.2. Tightness on C[0, 1]

In this section we investigate criteria for tightness of sequences of probability
measures on C[0,1]. Recall that the modulus of continuity of a function f €
([0, 1] is defined as

wy(8) = sup{|f(s) = F(B)] : 0 < s, < 1, |s — 1] < 3.

Recall that a family of functions F' C C|0, 1] is called equicontinuous if for any
e > 0, there is some ¢ > 0 such that for and f € F, |f(s) — f(t)| < e whenever
|s —t| < d. The family f is called uniformly bounded if there is some finite M
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such that |f(¢)] < M for all f € F and all ¢ € [0, 1]. Finally, recall the Arzela—
Ascoli theorem, which says that a closed set ' C C[0, 1] is compact if and only if
it is uniformly bounded and equicontinuous.

PROPOSITION 13.2.1. Let {X,,}5° , be a sequence of C|0, 1]-valued random
variables. The sequence is tight if and only the following two conditions hold:

(i) For any € > 0 there is some a > 0 such that for all n,
P(|Xn(0)] > a) <e.

(ii) For any € > 0 and n > 0, there is some § > 0 such that for all large
enough n (depending on € and 1),

Plwx, (0) >n) <e.

PROOF. First, suppose that the sequence {X,,}7° ; is tight. Take any ¢ > 0.
Then there is some compact K C C/[0, 1] such that P(X,, ¢ K) < e for all n. By
the Arzela—Ascoli theorem, there is some finite A/ such that |f(¢)| < M for all
f € Kandallt € [0,1]. Thus, for any n,

P(| X, (0)] > M) < P(X, ¢ K) < e.

This proves condition (i). Next, take any positive 1. Again by the Arzela—Ascoli
theorem, the family K is equicontinuous. Thus, there exists ¢ such that w(d) <7
for all f € K. Therefore, for any n,

Plwx, (0) >n) <P(X, € K) <e.

This proves condition (ii).

Conversely, suppose that conditions (i) and (ii) hold. We will first assume that
(ii) holds for all n. Take any € > 0. Choose a so large that P(|X,,(0)| > a) < €/2
for all n. Next, for each &, choose d;, so small that

P(an (5k) > kil) < 2 k=le,
Finally, let
K :={f€C[0,1]:|f(0)] < a, wr(0) < k" forall k}.

Then by construction, P(X,, & K) < € for all n. Moreover, it is easy to see that
is closed, uniformly bounded, and equicontinuous. Therefore by the Arzela—Ascoli
theorem, K is compact. This proves tightness.

Note that we have proved tightness under the assumption that (ii) holds for all
n. Now suppose that (ii) holds only for n > ng, where ng depend on € and 7. By
Theorem [12.4.2] any single random variable is tight. This, and the fact that (i) and
(i1) hold for any tight family (which we have shown above), allows us to decrease
0 sufficiently so that (ii) holds for n < ng too. O
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13.3. Donsker’s theorem

In this section, we will prove a ‘functional version’ of the central limit theorem,
that is known as Donsker’s theorme or Donsker’s invariance principle.

Let us start with a sequence of i.i.d. random variables {X,,}7° ;, with mean
zero and variance one. For each n, let us use them to construct a C'[0, 1]-valued
random variable B, as follows. Let B,,(0) = 0. When ¢t = i/n for some 1 < i <
n, let

B,(t) = ;ﬁ > X;.
j=1

Finally, define B,, between (i — 1)/n and i/n by linear interpolation.

Donsker’s theorem identifies the limiting distribution of B,, as n — oo. Just
like in the central limit theorem, it turns out that the limiting distribution does not
depend on the law of the X;’s.

THEOREM 13.3.1 (Donsker’s invariance principle). As n — oo, the sequence
{Bn}>2, converges weakly to a C|0,1]-valued random variable B. The finite-
dimensional distributions of B are as follows: B(0) = 0, and for any m and
any 0 < t1 < --- < tp, < 1, the random vector (B(t1),...,B(t;)) has a
multivariate normal distribution with mean vector zero and covariance structure
given by Cov(B(t;), B(t;)) = min{t;, t;}.

The limit random variable B is called Brownian motion, and its law is called
the Wiener measure on C0, 1]. The proof of Donsker’s theorem comes in a number
of steps. First, we identify the limits of the finite-dimensional distributions.

LEMMA 13.3.2. As n — 00, the finite-dimensional distributions of B,, con-
verge weakly to the limits described in Theorem[13.3.1]

PROOEF. Since B,,(0) = 0 for all n, B,,(0) — 0 in distribution. Take any m
andany 0 < t; <t < -+ <ty <1.Letk; := |nt;|, and define

k.

1 T
%% -::—g X;.
" \/ﬁjzl !

Also let Wy, 0 = 0 and tp = 0. It is a simple exercise to show by the Lindeberg—
Feller CLT that for any 0 < ¢ < m — 1,

d
Wn,i+1 — Wn,i — N(O,ti_H — ti).

Moreover, for any n, Wy, 1 — Wy, 0, Wyno — Wiy1,..., Wy m — Wy m—1 are inde-
pendent random variables. Therefore by Exercise|12.8.2} the random vector

Wn = (Wn,l - Wn,07 Wn,Q - Wn,17 ) Wmm - W”vm_l)

converges in distribution to the random vector Z = (Z1, ..., Zy,), where the ran-
dom variables 71, ..., Z,, are independent and Z; ~ N(0,t; — t;—1) for each i.
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Now notice that for each n and 7,

k; k;
1 2 1 T
(Wi — Bu(ti)| = ’\/ﬁ ;Xj ~n (; X+ (nt; — ki)in-i-l) ’
| Xki+1]
< TRl
= \/ﬁ 9
where the right side is interpreted as 0 if k; = n. Thus, for any € > 0,
P([Whi — Bn(ti)| > €) < P(| Xy, 41| > ev/n)
=P(|X1]| > ev/n),

which tends to zero as n — oco. This shows that as n — oo, W), ; — By, (t;) — 0in
probability. Therefore, if we let

Up := (Bn(t1), Bn(t2) — Bn(t1), -, Bn(tm) — Bp(tm-1)),

then W,, — U,, — 0 in probability. Thus, U,, — Z in probability. The claimed
result is easy to deduce from this. ]

Next, we have to prove tightness. For that, the following maximal inequality is
useful.

LEMMA 13.3.3. Let X1, Xo, ... be independent random variables with mean
zero and variance one. For eachn, let S, :== Y " | X;. Then for any n > 1 and
t>0,

P(max |Si| > ty/n) < 2P(|Sn| > (t = V2)Vn).
<i<n
PROOF. Define
A = . < |S.
i {fgjaé‘sﬂl <tv/n < |Si},
where the maximum of the left is interpreted as zero if ¢ = 1. Also let
B = {|S| > (t - V2)v/}.
Then

P(max |S,] > tv/n) =IP<ZCJ1AZ->

1<i<n
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Now, A; N B¢ implies |S,, — S;| > v/2n. But this event is independent of A;. Thus,
we have
P(A; N B®) < P(A; N {|S, — Si| > V2n})
P(A)P(|Sn — Si| > v2n)
P

n—1

(4"

IN

1
< =P(A4;),
— < 5P(4)

where the second-to-last inequality follows by Chebychev’s inequality. Combin-
ing, we get

n—1

1
P(max S| > tv/n) <P(B) + 5 Z; P(A;).

But the A;’s are disjoint events. Therefore,

Z (UA><IPmax|S|>t\F)

Plugging this upper bound into the right side of the previous display, we get the
desired result. (]

COROLLARY 13.3.4. Let Sy, be as in Lemma[13.3.3] Then for any t > 3, there
is some ng such that for all n > ny,

IP’(lmZa<X |S;] > tv/n) < 6e” /8,

PROOF. Take any ¢ > 3. Thent — /2 > t/2. Let Z ~ N(0,1). Then by the
central limit theorem,

lim P(S,] > (t — v2)v/n) = B(1Z] > t — V2) <B(Z| > 1/2).

To complete the proof, recall that by Exercise|6.3.5] we have the tail bound P(|Z| >
t/2) < 2e~ /8, O

We are now ready to prove tightness.

LEMMA 13.3.5. The sequence { B, }°° , is tight.

PROOF. Choose any 7,¢,6 > 0. Note that for any 0 < s < ¢t < 1 such that

t —s < d,wehave [nt| — |[ns| < [nd] + 2. From this it is not hard to see that
S — Skl
0) < _—

wp, (0) < max{ NG
Let E be the event that the quantity on the right is greater than 7. Let 0 = kg <
ky < --- <k, = nsatisfy ki1 — ki = [nd] + 2 foreach 0 < i < r — 2, and

[n0] +2 < ky — ky—1 < 2([nd] + 2). Let n be so large that [nd] + 2 < 2nd.

:0§k§l§n,lk§[ncﬂ+2}.
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Suppose that the event F happens, and let & < [ be a pair that witnesses that.
Then either k; < k <1 < k;y1 forsome ¢, or k; < k < k;1q1 <1 < kj o for some
1. In either case, the following event must happen:

El = { max ‘S Sk ‘ > T]\F for somei},

ki<m<k;+1

because if it does not happen, then |S; — S| cannot be greater than 1+/n. But by
Corollary[13.3.4] we have forany 0 < ¢ <r —1,

IP’< max  |Sy, — Sk, | > 17\3/H>

ki<m<k;i1

=P max |S,, — Sk | > —M——
<ki§m§k¢+1| " k1| 3 k‘l+1 Rt -

n —Can? /8
<P Sm — Sk;| > —=Vkix1 — ki | < Cre” 72"
- <k‘i<1723)]§i+1| " kl| ~ 3v/28 o Z) = e ’
where C and C'y do not depend on n, 1) or d, and n is large enough, depending on

1 and §. Thus, for all large enough n,
P(wg, (0) > n) < P(E) < P(E')
Cl 6_02772/(S
5 )
where the last inequality holds since 7 is bounded above by a constant multiple
of 1/5. Thus, given any n,e > 0 we can choose ¢ such that condition (ii) of

Proposition [13.2.1| holds for all large enough n. Condition (i) is automatic. This
completes the proof. U

< C1refc2’72/6 <

We now have all the ingredients to prove Donsker’s theorem.

PROOF OF THEOREM [[3.3.1l Note that by Lemma [13.3.5] and Prokhorov’s
theorem, any subsequence of { B, }2° | has a weakly convergent subsequence. By
Proposition[I3.1.3]and Lemma[I3.3.2] any two such weak limits must be the same.
This suffices to prove that the whole sequences converges. U

EXERCISE 13.3.6. Let X1, Xo,... be a sequence of i.i.d. random variables
with mean zero and variance one. For each n, let S,, := Z?:l X;, with 5 = 0.
Prove that the random variables

—maXS

/1 0<i<n

1 n
=D Lisiz0)
i=1

converge in law as n — oo, and the limiting distributions do not depend on the dis-
tribution of the X;’s. In fact, the first sequence converges in law to maxo<¢<1 B(t),

and

and the second sequence converges in law to fol 1{B()>0ydt. (Hint: Use Donsker’s
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theorem and Exercises[12.2.4]and[12.2.6] The second one is technically more chal-
lenging.)

EXERCISE 13.3.7. Prove a version of Donsker’s theorem for sums of station-
ary m-dependent sequences. (Hint: The key challenge is to generalize Lemma
The rest goes through as in the i.i.d. case, applying the CLT for stationary
m-dependent sequences that we derived earlier.)

EXERCISE 13.3.8. Let X1, Xo,...bei.i.d. standard Cauchy random variables.
Let S, := Y| X;, and let Z,,(t) := S;/n when ¢t = j/n. Linearly interpolate
to define Z,,(t) for all t. Show that the finite dimensional distributions of Z,, con-
verge, but the random functions Z,, do not converge in law on C[0, c0). (That is,
you need to show that {Z,, },,>1 is not a tight family in C'[0, 00).)

13.4. Construction of Brownian motion

The probability measure on C[0, 1] obtained by taking the limit n — oo in
Donsker’s theorem is known as the Wiener measure on C[0, 1]. The statement of
Donsker’s theorem gives the finite-dimensional distributions of this measure. A
random function B with this law is called Brownian motion on the time interval
[0,1]. Brownian motion on the time interval [0, co) is a similar C'[0, co)-valued
random variable. One can define it in the spirit of Donsker’s theorem (see Exer-
cise [I3.4.2] below), but one can also define it more directly using a sequence of
independent Brownian motions on [0, 1], as follows.

Let B!, B2, ... be a sequence of i.i.d. Brownian motions on the time interval
[0, 1]. Define a C|0, co)-valued random variable B as follows. If £ < ¢ < k+ 1
for some integer k£ > 0, define

k—1
B(t):=Y B/(1)+ B*(t - k).
=1

The random function B is called standard Brownian motion. We often write B;
instead of B(t).

EXERCISE 13.4.1. Check that B defined above is indeed a C[0, co)-valued
random variable, and that for any n and any 0 < ¢; < --- < ¢, < oo, the vector
(B(t1),...,B(t,)) is a multivariate Gaussian random vector with mean vector
zero and covariance structure given by Cov(B(t;), B(t;)) = min{¢;,¢;}.

EXERCISE 13.4.2. Let X1, Xo,... be a sequence of i.i.d. random variables
with mean zero and variance one. Define B,,(t) as in Donsker’s theorem, but for
all t € [0, 00), so that B, is now a C[0, co)-valued random variable. Prove that B,,
converges weakly to the random function B defined above.

EXERCISE 13.4.3. Let B be standard Brownian motion. Prove that

(1) B(t) ~ N(0,t) for any ¢.
(2) B(t) — B(s) ~ N(0,t — s) forany 0 < s < ¢t.
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(3) Forany nand 0 < ¢t; < --- < t,, the random variables B(t1), B(t2) —
B(t1),...,B(tn) — B(tn—1) are independent. (This is known as the ‘in-
dependent increments’ property.)

Conversely, if B is a random continuous function with the above properties, prove
that its law is the Wiener measure.

EXERCISE 13.4.4 (Invariance under sign change). If B is standard Brownian
motion, prove that — B is again standard Brownian motion.

EXERCISE 13.4.5 (Invariance under time translation). Let B be standard Brow-
nian motion. Take any s > 0. Define W (¢) := B(s +t) — B(s) for ¢t > 0. Prove
that W is standard Brownian motion.

EXERCISE 13.4.6 (Invariance under time scaling). Let B be standard Brow-
nian motion. Take any ¢ > 0. Define W (t) := ¢~'/2B(ct). Prove that W is
standard Brownian motion.

EXERCISE 13.4.7 (Lévy’s construction of Brownian motion). Construct a se-
quence of random elements X7, Xs,... of C[0,1] as follows. Let X;(0) = 0,
Xi(1) ~ N(0,1), and define X;(t) for all other ¢ by linear interpolation. Then,
define X5(1/2) = X1(1/2) + Z, where Z ~ N(0,1/4). Also let X(1) = X;(1)
and X5(0) = 0. Having defined X(¢) at t = 0,1/2, 1, define it everywhere else
by linear interpolation. In general, having defined X}, define X1 as follows. If
t = j27F for some even 7, let X;1(t) = Xy (t). If t = j27F for some odd j, let

Xp41(t) = Xp(t) + independent N(0,27%71),

For all other ¢, define X1 (¢) by linear interpolation. Then:

(1) Prove that the finite dimensional distributions of the sequence { X, }n>1
converge to those of Brownian motion.
(2) Prove that

o0
ZEHXnH — Xulljo,1 < 0.

n=1

(3) Using the above, prove that { X, },>1 is almost surely a Cauchy sequence
in C[0, 1], and therefore has a limit. Prove that the limit is Brownian
motion.

EXERCISE 13.4.8. Let (B(t))o<:<1 be standard Brownian motion on the time
interval [0, 1]. Let W (t) = B(t) — tB(1). This process is known as the ‘Brown-
ian bridge’. What are the finite dimensional distributions of the Brownian bridge?
Prove that if W is a Brownian bridge, and Z is an independent N (0, 1) random
variable, and U(t) = W (t) + tZ, then U is standard Brownian motion. Conse-
quently, deduce that if B and W are as above, then the random function W and the
random variable B(1) are independent.
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13.5. An application of Donsker’s theorem

Let {X,,}°° ; be i.i.d. random variables with mean 0 and variance 1. Let S,, =
oy X, with Sp = 0. What is the limiting distribution of maxo<;<p S;//n? By
Exercise we know that there is a limiting distribution and it does not depend
on the law of the X;’s. It is therefore enough to figure out the limiting distribution
in one case.

For convenience, we choose the X;’s to be 1 or —1 with equal probability, so
that S, is a simple symmetric random walk on Z. Let M,, be the maximum of
S0y, 9. Since Sy = 0, we have M,, > 0. Take any integer a > 0. Let P be the
set of all possible values of the vector (S, .. ., Sy). Let A be the subset consisting
of all (sp,...,sn) € P such that maxo<ij<n s; > a and s, < a. Let B be the
subset consisting of all (so, ..., s,) € P such that maxo<i<n s; > a and s,, > a.

The first key observation is that A and B have the same size. To prove this,
we exhibit a bijection ¢ from A onto B. Take any (sp,...,s,) € A. Define

(Shs - -5 8h) = ¢(S0,...,8,) as follows. Let m < n be the smallest index such
that s, = a. This exists by the definition of .A. Define (s, ..., s,) by ‘reflecting
(80, - - ., 8n) across level a beyond the time point m’, as
o S; ifi <m,
YU la—(si—a) ifi>m.

Since s}, = 2a — s, and s,, < a, we have s/, > a. Thus, ¢ is indeed a map from A
into B. Now, it is clear from the definition that m is the smallest number such that

s, = a. Moreover, s; = s, fori < m, and s; = a — (s, — a) for i > m. Thus,
if we define ¢ as exactly as above on B, then ¢(sj,...,s),) = (So,...,sn). This
proves that ¢ is a bijection between A and B, and hence | A| = |B].
Now let C be the set of all (sg,...,s,) € P such that maxo<;<pn $; > a and
Sp = a. Then
JAUBUC|
P(M, >a) = ———.
But the sets A, B and C are disjoint, and |.A| = |B|. Therefore
28| +C|
> = —
Now we make the second crucial observation in the proof, which is that B is just
the set of all (so, ..., sy) such that s,, > a, and C is just the set of all (sq, ..., Sp)

such that s,, = a. Thus,
P(M,, > a) = 2P(S,, > a) + P(S,, = a).
Using this identity and the central limit theorem (or just Stirling’s approximation)
it is easy to show that for any = > 0,
lim P(M,, > zv/n) = 2P(Z > x),

n—oo

where Z ~ N(0,1). Since 2P(Z > x) = P(|Z| > x), we arrive at the following
result.
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PROPOSITION 13.5.1. Let X1, Xo, ... be i.i.d. random variables with mean 0
and variance 1. Then as n — oo,
1 Z d
— max X, = |Z
V/n 0<i<n Z; i 12
i=

where Z ~ N(0,1). In particular, maxo<t<1 B(t) has the same law as |Z|.

Incidentally, the argument used above is known as the ‘reflection principle’.
It has important extensions to other settings, especially in higher dimensions. An
important corollary of the above proposition is the following.

COROLLARY 13.5.2. Let B be standard Brownian motion. Then for all x > 0,

P B(#)| > z) < 4e~%°/2,
(Olgggll (t)] > z) < 4e

PROOF. Since —B is again a standard Brownian motion (by Exercise|13.4.4),
Proposition gives

P(max [B(0)| > @) < P(max B(t) > o) + P(max (~B(t) > o)

2P(0n§l?§X1 B(t) > z) =4P(Z > x)

The proof is now completed by the normal tail bound from Exercise O

EXERCISE 13.5.3. Let B be standard Brownian motion. Given ¢ > 0, figure
out the law of maxg<s<; B(s).

EXERCISE 13.5.4. Let B be standard Brownian motion. Given a > 0, let
T := inf{t : B(t) > a}. Prove that T is a random variable and that it is finite
almost surely. Then compute the probability density function of 7'. (Hint: Use the
previous problem.)

13.6. Law of large numbers for Brownian motion

The following result is known as the law of large numbers for Brownian mo-
tion.

PROPOSITION 13.6.1. Let B be standard Brownian motion. As t — o0,
B(t)/t — 0 almost surely.

PROOF. Since B(1), B(2) — B(1), B(3) — B(2), ... are i.i.d. standard normal
random variables, B(n)/n — 0 almost surely as n — oo by the strong law of large
numbers. Now if n <t < n + 1, then

B(t Bt B 1
BOI _ 1BOI B0, L e g

t n n n n<s<n+1

Therefore it suffices to show that A, /n — 0 almost surely as n — oo, where
M, := maxy<s<n+1|B(s) — B(n)|. Take any n. Let W (t) := B(n +t) — B(n)
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for t > 0. By Exercise[13.4.5] W is again standard Brownian motion. Therefore
by Corollary[13.5.2]

B(M, > z) = P(max [W(t)] > ) < 4e™"/2.

Thus,
o oo
> P(My, > V) <Y 4e? < oo
n=1 n=1

By the first Borel-Cantelli lemma, this proves that M,,/n — 0 almost surely. [

EXERCISE 13.6.2 (Time inversion). Let B be standard Brownian motion. De-
fine W(t) := tB(1/t) for t > 0, and W (0) = 0. Prove that W is again standard
Brownian motion. (Hint: You will have to use the law of large numbers for conti-
nuity at zero.)

EXERCISE 13.6.3. Let B be standard Brownian motion. Given a > 0, let
T := sup{t : B(t) > at}. Prove that T" is a random variable and that it is finite
almost surely. Then compute the probability density function of 7". (Hint: Use
Exercise[I3.5.4and time inversion.)

EXERCISE 13.6.4. Suppose that X, X5, ... are i.i.d. random variables with
mean zero and variance one. Let S, = X; +- -+ X,,. Foreach e > 0, let N(¢) be
the smallest number such that S, /n < € for all n > N(e). Compute the limiting
distribution of €2 N (¢) as € — 0. (Hint: Use the previous exercise.)

EXERCISE 13.6.5. Prove that with probability one,
B(t) B(t)

limsup —- =00, liminf —* = -

t—00 \/% t—o0 \/7?

13.7. Nowhere differentiability of Brownian motion

We know that Brownian motion is continuous, but is it differentiable? The
following result of Paley, Wiener and Zygmund shows that with probability one,
the Brownian path is nowhere differentiable. Note that this is much stronger than
proving that it is not differentiable at a given point with probability one, since there
are uncountably many points. A minor technical point is that it is not clear that the
set of nowhere differentiable continuous functions is a Borel subset of C[0, c0).
However, since we only wish to show that it has probability zero, it suffices to
work with the completion of the Borel o-algebra (see Proposition ??) and prove
that the set of nowhere differentiable continuous functions is a subset of a Borel set
of probability zero.

THEOREM 13.7.1. With probability one, standard Brownian motion is nowhere
differentiable.
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PROOF. If we prove that B is nowhere differentiable in [0, 1] with probability
one (where differentiability at the endpoints is one-sided), then it follows that with
probability one, B is not differentiable in [k, k + 1] for any positive integer k,
and therefore nowhere differentiable on [0, 00). So let us prove that B is nowhere
differentiable on [0, 1].

Suppose that in a particular realization, B is differentiable at a point ¢ € [0, 1].

Then
[B(t +h) — B(t)|

lim sup < 00.
h—0 h
By the boundedness of B in [0, 1], this implies that
B(s) — B(t
B =B
selo,\fey 15—t

Thus, there is some positive integer M (depending on the realization of B) such
that for all s € [0, 1],
|B(s) — B(t)| < M|s — t|.
Fix M and ¢ as above. Take any n > 4. Then forany 0 < k <n — 1,
|B(k/n) — B((k+1)/n)| < |B(k/n) — B(t)| + |B(t) — B((k +1)/n)|
< M|(k/n) —t|+ M|((k+1)/n) —t|.

Choose 0 < j < n — 3 such that |j/n — t| < 3/n. (This can be done, for example,
by choosing j such that j/n <t < (j+1)/nift <1—-3/n,andj =n —3
otherwise.) Then by the above inequality, the quantities |B(j/n) — B((j+1)/n)|,
IB((j+1)/n)— B{(j+2)/n)| and | B((j +2)/n) — B((j+3)/n)| are all bounded
above by 11M /n.
For any positive integers M > 1,n > 4,and 0 < j < n — 3, let Epy, ; be
the event described in the previous sentence. Thus, we have shown that if B has a
point of differentiability in [0, 1], then there is some positive integer M such that
for all n > 4, there is some 0 < j < n — 3 for which the event £y, ; happens. In
other words,
oo oo n—3
{B has a point of differentiability in [0,1]} € | | () | Eang-  (13.7.1)
M=1n=4 j=0
The set on the right is clearly measurable. So it suffices to prove that it has proba-
bility zero. To see this, note that

(0 AU ) = S o(AT 500

M=1n=4 j=0 M=1 ‘n=4j=0
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By independence of increments and the fact that B((i + 1)/n) — B(i/n) is a
N(0,1/n) random variable for any i, it is easy to see that for any given M, n, and
j as above,

P(Enrn,;) < On=%/2,
where C' depends only on M (and not on n or j). Thus, for any given M,

n—3

711%2 2 P(Ewm,;) = 0.

This proves that the event on the right in indeed has probability zero. [J

EXERCISE 13.7.2. For any function f : [0,1] — R, the total variation of f is
defined as

n
V(f)=sup  sup 3 [f(w) = flrion)]:
n>10=zo<z;<--<zp=1 i=1
Prove that Brownian motion on the time interval [0, 1] almost surely has infinite
total variation.

13.8. The Brownian filtration

Let (2, F,P) be a probability space. A continuous-time filtration { ¥ }+>0 is a
collection of sub-c-algebras of F such that 75 C F; whenever s < t. For example,
if B is standard Brownian motion and we let JF; be the o-algebra generated by
the collection of random variables { B(s) }o<s<¢, then {F; }>0 is a filtration. The
following exercise points out a subtle but important fact.

EXERCISE 13.8.1. Viewing the restriction of B to [0,¢] as a C[0, t]-valued
random variable, prove that the o-algebra F; is the same as the o-algebra generated
by this random variable. Prove that this holds also for ¢ = oo, that is, the o-
algebras generated by B and the collection {B(t)}+>0 are the same. (Hint: Note
that B|(g 4 is the limit of a sequence of polygonal approximations, each of which
is F;-measurable. Then use Proposition[2.1.14] The converse is easy.)

It turns out that it is much more useful to consider a slight enlargement of F;,

defined as
Fit= m Fs.
s>t
Clearly, {F;" };>0 is also a filtration. This is called the right-continuous filtration
of Brownian motion, or simply the Brownian filtration. The important property of
this filtration is that it is right-continuous, meaning that
Fr=F
s>t
To see this, just note that

F=F=NNF=F"

s>t s>tu>s s>t



13.9. MARKOV PROPERTY OF BROWNIAN MOTION 197

EXAMPLE 13.8.2. The following is an example of an event in F;". Take any ¢
and let
T:=1inf{s > t: B(s) = B(t)}.
Then the event {7 = ¢} means that there is some sequence t,, strictly decreasing to
t such that B(t,,) = B(t) for each n. So for any € > 0,

{r=t}= ﬂ E,,
n>1/e

where F,, is the event that B(t + u) = B(t) for some u € (0,1/n]. Note that by
the continuity of B,

E, = G {B(t+u) = B(t) for some u € [1/k,1/n]}
k=n

oo oo
= U ﬂ{|B(t—i—u) — B(t)| < 1/j forsome u € [1/k,1/n] N Q}.
k=nj=1
This shows that E,, € F;1 /. Thus, forn > 1/¢, By € Fiyq/y C© Fipe. Since
this is true for every € > 0, we see that {7 =t} € F;'.

To see that .F;r may not be equal to F;, consider the special case t = 0. Sup-
pose that the probability space on which B is defined is simply C[0, 1] endowed
with its Borel o-algebra and the Wiener measure, and B is the identity map on this
space. Since B(0) = 0, Fy is the trivial o-algebra consisting of only €2 and (). But
clearly, the event {7 = 0}, as a subset of this space, is neither 2 nor ().

13.9. Markov property of Brownian motion

The following result is known as the Markov property of Brownian motion. It
is the precursor of a more powerful property, known as the strong Markov property,
that we will discuss in the next section.

THEOREM 13.9.1. Let B be standard Brownian motion. Take any s > Q.
Define W(t) :== B(s +t) — B(s) fort > 0. Then W is a standard Brownian
motion and is independent of the o-algebra F .

PROOF. We have already seen that W is a standard Brownian motion in Exer-
cise [I3.4.5] So it only remains to prove the independence. We will first prove

that W and F; are independent. Take any m,n > 1,any 0 < ¢; < --- <
tp, < oo,andany 0 < 81 < -+ < 8, < s. By the independence of incre-
ments of Brownian motion, it follows that the random vectors (B(s1), . .., B(sm))

and (W(t1),...,W(t,)) are independent. Therefore by Exercise the o-
algebras generated by { B(t) }o<¢<s and {W (¢) }+>0 are independent. But by Exer-
cise these are the o-algebras F and o(W). This proves the independence
of W and Fs.

Next, let us prove the independence of W and F,". Take a sequence {s;, }n>1
strictly decreasing to s. For each n, define W, (t) = B(sy, +t) — B(sy) fort > 0.
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Then by the previous paragraph, W,, and F;, are independent. Since F,- C F; ,
we get that W, and F; are independent for each n. But W,, — W in C|0, c0).
Therefore by Proposition|12.3.1, W is independent of F". ]

An interesting consequence of the Markov property is Blumenthal’s zero-one
law, which says that any event in ]:gr must have probability 0 or 1 with respect to
Wiener measure. Indeed, take any A € ]-'0+ . Then due to the Markov property of
B, the event A is independent of o(B). On the other hand, since .7-"5L Co(B), A
is an element of o (B). Therefore A is independent of itself, and hence P(A) must
be 0 or 1.

Blumenthal’s zero-one law is a basic fact about Brownian motion, with a num-
ber of important consequences. Let us work out a few of these. First, let

rt=inf{t > 0: B(t) > 0},
77 :=inf{t > 0: B(t) < 0},
T:=inf{t > 0: B(t) = 0}.

It is easy to see (just as we did in the previous section) that the event {7+ = 0} is
in }—0+- Now for any ¢ > 0,

P(r+ < t) > P(B(t) > 0) = %
Since {7 = 0} is the decreasing limit of {7 < 1/n} as n — oo, this shows
that P(7+ = 0) > 1/2. Thus, by Blumenthal’s zero-one law, P(7+ = 0) = 1. By
the same argument, P(7~ = 0) = 1. Butif 77 = 0 and 7= = 0, then B attains
both positive and negative values in arbitrarily small neighborhoods of 0. By the
continuity of B, this implies that 7 = 0. Thus, P(7 = 0) = 1.

Combined with the Markov property, the above result implies the more general
statement that for any given ¢, inf{s > ¢ : B(s) = B(t)} = t almost surely. Note
that this does not imply that there will not exist any exceptional ¢ for which this
fails in a given realization of B. To see this, note that B(1) # 0 with probability 1.
Thus, if we let T := sup{t € [0,1] : B(t) = 0}, then T" < 1 almost surely. Now
note that inf{t > T : B(t)=B(T)} >1>T.

Similarly, inf{s >t : B(s) > B(t)} = tandinf{s >t : B(s) < B(t)} =t
almost surely. As a consequence, we get the following result.

PROPOSITION 13.9.2. With probability one, Brownian motion has no interval
of increase or decrease (that is, no nontrivial interval where Brownian motion is
increasing or decreasing monotonically).

PROOF. For a given interval [a, b], where a < b, we know from the discussion
preceding the proposition that with probability one, B cannot be monotonically in-
creasing or decreasing in [a, b]. Therefore with probability one, this cannot happen
in any interval with rational endpoints. But if there is a nontrivial interval where B
is monotonically increasing or decreasing, then there is a subinterval with rational
endpoints where this happens. O
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EXERCISE 13.9.3. Prove that with probability one, every local maximum of
Brownian motion is a strict local maximum. (Hint: First prove that the values of
the maxima in two given disjoint intervals are different almost surely. Then take
intersection over intervals with rational endpoints.)

EXERCISE 13.9.4. Prove that with probability one, the set of local maxima
of Brownian motion is countable and dense. (Hint: Use Proposition [13.9.2] and

Exercise[13.9.3])

EXERCISE 13.9.5. For any fixed s > 0, show that the random function V' (¢) :=
B(s—t)— B(s), defined for 0 < ¢ < s, is a standard Brownian motion on the time
interval [0, s]. (This is called ‘time reversal’.)

EXERCISE 13.9.6. Prove that the for any s € [0, 1],

P B(t) = B(t)) =0.
(i, B(O) = max ()
Using this, prove that with probability one, Brownian motion has a unique point of
global maximum in the time interval [0, 1].

EXERCISE 13.9.7. Let T be the unique point at which B(t) attains its global
maximum in the time interval [0, 1]. Compute the probability distribution function
and the probability density function of T". (This is known as the ‘arcsine distri-
bution’. Hint: Try to write P(7" < s) as a probability involving the maxima of
two independent Brownian motions. You will have to apply time reversal and the
Markov property.)

13.10. Law of the iterated logarithm for Brownian motion

The following theorem is known as the law of the iterated logarithm (LIL) for
Brownian motion. It gives a precise measure of the maximum fluctuations of B(t)
ast — oo or t — 0. The proof makes several crucial uses of the Markov property.

THEOREM 13.10.1. Let B be standard Brownian motion. Then with probabil-
ity one,
, B(t) o B(t)
limsup —————= =1, liminf ———— = —1.
t_wop v2tloglogt t—oo 4/2tloglogt

The same statements hold if we replace t — oo by t — 0, and loglogt by
log log(1/t).

PROOF. Using time inversion, it is not difficult to check that it suffices to prove
the result only for ¢ — oo. Also, the lim inf result follows by changing B to — B,
so it suffices to prove only for lim sup. Let h(t) := /2t loglog t. Take any § > 0.
Let ¢, := (14 6)™. Let A, be the event

sp B ()

>1+0.
SE[tn,tn+1] h(S)
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Let M(t) := maxg<s<¢ B(s). Note that h(t) is an increasing function of ¢ if ¢ is
sufficiently large. So if n is sufficiently large and A,, happens, then there is some
S € [tn, tn+1] such that

B(s) _ B(s)

h(s) = h(tn)’

which implies that M (t,4+1) > (1 + d)h(t,). But we know the exact distribution
of M (t,+1). Therefore, by Exercise

P(An) < P(M(tn+1) 2 (1+0)h(tn))
< 9~ (140)%h(t)? /2tn 1

1+ <

= e~ (IHDloglogtn — (p1og(1 4 §))~(1F9),

Since this upper bound is summable in n, the first Borel-Cantelli lemma tells us
that with probability one, A¢ happens for all sufficiently large n. But that implies
B(t)
limsup —= < 1+§as.
S =T
Since this holds for all § > 0, we can take a countable sequence of §’s tending to
zero and conclude that
B(1)
limsup —= < 1as. 13.10.1
PSP S (13100
Next, take any 6 € (0,1) and let s,, := 7 ". Let X, := B(sy,) — B(sp—1) and let
E,, be the event X,, > (1 — d)h(s,). Let

(1 —0)h(sn)
Gp = —————2= = +/2(1 — §) loglog(6—"). (13.10.2)
Then by Exercise[6.3.6,
1 1\e /2
PE)>— -5 | —.
(En) 2 <an a%) V2

From the expression (I3.10.2)) for ay, it follows that > >, P(B,) = oco. Since
the random variables X7, X5, ... are independent, so are the events F7, Fo, .. ..

Therefore by the second Borel-Cantelli lemma, F,, occurs infinitely often with
probability one. In other words, with probability one,

B(Sn) — B(Sn_l)
h(sn)

But by (13.10.1)) and the fact that — B is also a standard Brownian motion, we have
that

>1-94 io. (13.10.3)

. _B(sn—l) ) _B(Sn—l) h(sn—l)
1 e )
e h(sn) noset h(sn1)  h(sn)

= \/SlimsupM <.

n—+00 h(sn—l)




13.10. LAW OF THE ITERATED LOGARITHM FOR BROWNIAN MOTION 201

Thus, with probability one, —B(s,_1)/h(s,) < 2+/6 for all sufficiently large n.
Plugging this into (13.10.3)), we get that with probability one,

B(sn)
h(sn)
Since § > 0 is arbitrary, this shows that lim sup,_,, B(t)/h(t) > 1 a.s. O

EXERCISE 13.10.2. Prove that as t — oo, B(t)/+/2tloglogt — 0 in proba-
bility but does not tend to zero almost surely.

>1-0—2V0 io. (13.10.4)

By a refinement of the above proof, one can prove the following stronger ver-
sion of the law of the iterated logarithm for Brownian motion. We will use it later
to prove the law of the iterated logarithm for sums of i.i.d. random variables.

THEOREM 13.10.3. Let B be standard Brownian motion. Then with probabil-
ity one, for all sequences {ty,}n>1 such that t,, — oo and t,,y1/t, — 1,

B(t Bt
lim sup # =1, liminf# =—
nooo 2ty loglogt, t—oo /2t, loglogt,

The same statements hold if we replace t,, — oo by t,, — 0, and loglogt, by
loglog(1/ty,).
(Note that the crucial point in this theorem is that ¢,, is allowed to be random.)

PROOF. As before, it suffices to prove only for lim sup and only for ,, — oo.
Take a realization of B where the conclusion of the LIL is satisfied, and let {¢,, },,>1
be any sequence such that t,, — oo and ¢,+1/t, — 1. Then immediately from
Theorem [13.10.1] we have

lim sup % < lim sup & =1
n—oo 2tploglogt, = 150 /2tloglogt
The opposite inequality requires a bit more work. First, let 9, s,, and E,, be as in
the second half of the proof of Theorem[I3.10.1] Let D,, be the event

min  (B(t) — B(sn)) = —/Sn.

5n§t§5n+l

By the Markov property of Brownian motion, it is easy to see that the events F,, and
D,, are independent. Also, by Proposition it is easy to check that P(D,,) >
¢(6) > 0 for some constant ¢(9) that depends on ¢ but not on n. Therefore from
our previously obtained lower bound on P(E,,), we get

Z P(Egn N Dgn) = 0.

n=1
But again, note that F,, and D,, are determined by the process
Whi(t) := B(sp—1+t) — B(sp—1),

while Ej, and Dy, are determined by { B(t) }+<s,, , for k < n—2. So by successive
applications of the Markov property, we see that the events { E'a,, N Doy, }n>1 are
independent. Therefore with probability one, these events occur infinitely often.
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Now if E,, N D,, occurs for some n, then we have

min  B(t) > B(sn) — /Sn.

Sn StSSn+1

Combining with (13.10.4), we get that with probability one,

min ~ B(t) > (1 — 8 — 2V8)h(sn) — \/5n i.0.
sn<t<snp+1
Take a realization of B that satisfies the above property for all § in a sequence
tending to zero. Take any sequence {t, },>1 such that ¢, — oo and t,,41/t,, — 1.
For each k, let n = n(k) be the smallest number such that s < ¢,, < Sxy1. Then
by the above property of the particular realization of B, there exist infinitely many
n such that

B(ty) > (1 =6 —2V8)h(sk) — v/sk-

As k — oo, we have n = n(k) — oo, and so ¢, /t,—1 — 1. This means, in
particular, that ¢,, /s, — 1 as k — oo, because otherwise ¢,,_1 would be between
si and t,, infinitely often. Thus,

lim sup B(tn) > limsup ————~
n—00 h(tn) T k—oo h(tn(k))

k—00 h(tnw) — h(tam)
=1-6-2V0.
Since this holds for all § in a sequence tending to zero, this completes the proof of
the theorem. U

13.11. Stopping times for Brownian motion

Let B be standard Brownian motion. A [0, oo]-valued random variable 7,
defined on the same probability space as B, is said to be a stopping time for B if
forevery t € [0, 00), the event {T" < t}isin F, . Interestingly, the right-continuity
of the filtration implies that it does not matter whether we put 7' < tor 7' < t in
the definition.

EXERCISE 13.11.1. Show that a random variable 7" is a stopping time for
Brownian motion if and only if for every ¢ > 0, the event {T' < ¢} is in F,".

Any constant is trivially a stopping time. A slightly less trivial example is the
following.

EXAMPLE 13.11.2. Let

T =inf{t > 0: B(t) = a},
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where a € R is some given number. Then 7' is a stopping time, because

{r<ty=J (Bls)=qa)

s€[0,t]
= U {B(s)—al <1/n},
n>1s€[0,tjNQ

where both identities hold because B is continuous. The last event is clearly in
F:, and therefore in F,". By the continuity of B, it also follows that 7' can be
alternately defined as inf{¢t > 0 : B(t) > a}ifa > Oandasinf{t > 0: B(t) < a}
ifa <0.

EXERCISE 13.11.3. If T" and S are stopping times for Brownian motion, prove
that min{S, 7'}, max{S, T} and S + T are also stopping times.

Associated with any stopping time 7" is a o-algebra known as the stopped o-
algebra of 7. It is defined as

Ffi={Aeco(B): An{T <t} € F forallt > 0}.

EXERCISE 13.11.4. Prove that if we defined ]-'jf using {7" < t} instead of
{T < t}, the definition would remain the same.

Intuitively, .7-"; contains the record of all information up to the random time 7’
and infinitesimally beyond. For example, T itself is ]-";5 -measurable. To see this,
note that for any s,¢ > 0,

{T<syn{T <t} ={T <min{s,t}} € F ..y CF

Thus, {T < s} € F; forany s > 0. This proves that T is 7 -measurable.
An important and often useful fact is the following.

PROPOSITION 13.11.5. If S and T are stopping times for Brownian motion,
such that S < T always, then ]:; - }";5 .

PROOF. Take any ¢t > 0 and any A € ]-"gf. Since S < T, we have
An{T <t} =An{S <t} n{T <t}

Since A € FJ, we have AN {S < t} € F. Since T is a stopping time,
{T <t} € F". Thus, AN {T < t} € F,". Since this holds for every t, we
conclude that A € F. O

The next result is also often useful for technical purposes.

PROPOSITION 13.11.6. Let {1}, },>1 be a sequence of stopping times (for the
Brownian filtration) decreasing to a stopping time I'. Then .7-"; = ﬂnzl]‘—i .
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PROOF. By Proposition |13.11.5} ]-";5 C ﬂnzlfﬂ- To prove the opposite in-
clusion, take any A € ﬂnzl}";fn. Then for any t > 0,

Aﬂ{T<t}:Aﬁ([j ﬁ{Tm<t}>

n=1m=n

=J N A@n{Tn <t}

n=1m=n
But AN {T,, < t} € F; for each m. Thus, AN{T < t} € F,", and so by

Exercise|13.11.4, A € }';f. O

Using the above results, we now prove a very important fact.

PROPOSITION 13.11.7. Let T be a stopping time for Brownian motion. Define
the ‘stopped process’

U(t) :=

B(t) ift<T,
B(T) ift>t.

Then U is ]:;5 -measurable.

PROOF. For eachn > 1, define
(m+1)2"" ifm2"<T < (m+1)2™",
T = .
00 if T' = oo.
We claim that each T}, is a stopping time. To see this, take any ¢ > 0. Let m be
such that m2™" <t < (m + 1)27". Then
(T, <t} ={T,<m27"}={T <m2 "} e F}, . CF'.

Moreover, T;, decreases to T' as n — oo. Therefore by Propositions [I3.11.5]
and ]—"}Ln decreases to .7-";5 .

Now let U,, be the stopped process for T;,. Note that 7}, can take only countably
many values. Let ¢ be one of these values. Let U® be Brownian motion stopped
at time ¢. It is easy to see that U(®) is F;"-measurable. Also, {T}, = t} is F; -
measurable. Therefore, for any Borel subset A of C'[0, c0), the set

(U, € A} {T, =t} = {UD e AAN{T, =t}
18 }';“ measurable. From this, it follows that U,, is ]-';fn -measurable. Thus, for any
n, Uy, 1S ]-"}:L—measurable for all m > n. Now, U,, — U in C[0,0) as m — oc.

Therefore by Proposition 2.1.14|, Uis ]-";fn -measurable. Since this holds for every
n, Proposition |13.11.6|implies that U is .7-'}' -measurable. ([

EXERCISE 13.11.8. If T' is a stopping time for Brownian motion, prove that
the ‘stopped’ random variable B(T) is F -measurable.

EXERCISE 13.11.9. Generalize Proposition and the above exercise to
any continuous process adapted to the Brownian filtration.
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13.12. The strong Markov property

The following result is known as the strong Markov property of Brownian
motion.

THEOREM 13.12.1. Let B be standard Brownian motion and let T’ be a stop-
ping time for B. Define W(t) := B(T +t) — B(T) forallt > 0if T < oo.
If T = oo, let W be an independent Brownian motion. Then W is a standard
Brownian motion and is independent of the o-algebra ]::,Jf .

PROOF. First, let us prove the claim under the assumption that 7" takes values
in a countable set {t1,?2, ...}, which may include co. Take any A € F; and any
E in the Borel o-algebra of C|0, 00). For each n such that ¢, is finite, define a
process W, (t) := B(t, +t) — B(t,). If t, = oo, let W,, be an independent
Brownian motion. If T' = t,,, then W = W,,. Thus,

{WeEInNAN{T =t,} ={W,ec E}nAN{T =t,}.
Now note that if ¢, is finite, then AN{T =t,,} = AN{T < t,}N{T =t,}. Since
Ae Ff,AN{T <t,} € Ft. Also, {T = t,} = {T < t,}\ {T <t} € F;"
(by Exercise |13.11.1). Thus, AN {T = t,} € .7:;. On the other hand, by the
Markov property, W,, is a standard Brownian motion and is independent of .7-",: .
Thus,
P{W, e E}NAN{T =t,}) =P(W,, € E)P(AN{T =t,})
=P(B e EYP(AN{T =t,}).
If t,, = oo, then also the above identity holds. Thus, for any n,
P{W e E}YNAN{T =t,}) =P(B € EYP(AN{T =t,}).
Summing over n gives
P{W € E}NA)=P(B € E)P(A).

Taking A = Q gives P(W € E) = P(B € E). Thus, W is a Brownian motion,
and is independent of ]-";5 .

Now take a general stopping time 7. Let 7;, be defined as in the proof of
Proposition[13.11.7] Define Wy, (t) := B(T,, +t) — B(Ty,) if T}, < oo, and let W,
be an independent Brownian motion if 7;,, = co. Since T;, = oo implies T' = o0,
it also implies that 7;,, = oo for all m. Thus, we can take W,, to be the same
independent Brownian motion for every n if T' = oc.

Now, since 7,, can take only countably many values, we know by the previ-
ous deduction that W, is a standard Brownian motion and that W,, and .7-"%; are

independent. Since T,, > T, Proposition [13.11.5|implies that .7-";” ) ]-":,Jf . Thus,

W, is independent of ]-'T+ for each n. But note that T,, — T as n — oo, and
hence W,, — W in C[0, c0). Thus W is also a standard Brownian motion, and by

Proposition|(12.3.1} W is independent of .7-";5 . (]

The strong Markov property can sometimes be used to show that certain ran-
dom variables are not stopping times. The following is an example.
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EXAMPLE 13.12.2. Let
T :=sup{t € [0,1] : B(t) = 0}.

Although it is intuitively clear that 7" is not a stopping time, it is not clear how
to prove it directly from the definition. The strong Markov property of Brownian
motion allows us to give an indirect proof. Since P(B(1) = 0) = 0, the continuity
of B implies that P(T" < 1) = 1. Let W (¢) := B(T'+t) — B(T) for t > 0. Note
that W does not change sign in the nonempty interval (0,1 — 7"). Thus, W cannot
be Brownian motion. So we conclude that 7" is not a stopping time.

EXERCISE 13.12.3. Let T := sup{t : B(t) = t}. Prove that T" is not a
stopping time.

Another interesting application of the strong Markov property is the reflection
principle for Brownian motion.

PROPOSITION 13.12.4. Let B be standard Brownian motion. Take any a > 0.
Let T := inf{t : B(t) = a}. Define a new process B as

~ B ift <T,
B(t):= {2a —B(t) ift>T.

Then B is also a standard Brownian motion.

PROOF. Define a map ¢ : C[0,00) x C[0,00) x [0,00) — C]0,00) as

. f(s) if s <t¢,
o(f,9:t)(s) : {f(SHg(S_t)_g(o) if s > t.

It is easy to see that ¢ is continuous and hence measurable.

Now let W (t) := B(T'+t) — B(T') fort > 0. Let U be the Brownian motion
B stopped at time 7', as defined in Proposition By Proposition
U is .7-";5 -measurable. We have also seen earlier that 7 is .7-"; -measurable. By the
strong Markov property, W is a standard Brownian motion and is independent of
.7-"; . Finally, recall that —W is also a standard Brownian motion. Thus, the joint
law of (U, W, T) is the same as that of (U,—W,T). But B = ¢(U, W, T) and
B = ¢(U,—W,T), where ¢ is the map defined above. Thus, B and B must have
the same law. U

As an application of the reflection principle, let us now calculate the joint law
of (M(t), B(t)), where M (t) = maxo<s<¢ B(s). Take any ¢ > 0 and a > 0. Let
T := inf{s : B(s) = a}. Then for any b < a, the event {M(t) > a, B(t) < b}
happens if and only if E(t) > 2a — b, where B is the reflected process. Thus, for
b<a,

P(M(t) > a, B(t) <b) =P(B(t) > 2a — b) = P(V/tZ > 2a — b),
where Z ~ N(0,1). Now note that M (¢) > 0 almost surely, and also B(t) <

M (t) almost surely by time reversal and Blumenthal’s zero-one law. Therefore
P((M(t),B(t)) € U) = 1, where U := {(a,b) : a > 0,—00 < b < a}. So by
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Exercise [7.6.5] (M (t), B(t)) has a probability density function, whose value at a
point (a,b) € U is given by

— i P(VtZ > 2a —b) = — o /oo Le_g[”Q/Qal:L‘
0aob -  Qadb (2a—b)/vt V 2
I N e ORE

da V2t

_ \/5(% — ) —(2a-t2/2
T t3/2 '

EXERCISE 13.12.5. Let B be standard Brownian motion and let M (¢) be the

maximum of B up to time ¢. Prove that for any ¢, M (t) — B(t) has the same law
as | B(t)|.

13.13. Multidimensional Brownian motion

Let d be a positive integer. A d-dimensional standard Brownian motion B is
simply a d-tuple (B, ..., By) of i.i.d. standard Brownian motions. We think of
B(t) as the trajectory of a particle moving in RY, where the coordinates perform
independent Brownian motions. A multidimensional Brownian motion B gener-
ates its own right continuous filtration {F;" }+>0; the definition is just the same as
in the unidimensional case. It is not hard to see that F," is the o-algebra gener-
ated by the union of the o-algebras ]-";;, 1=1,...,d, where {.7-'2;}1«20 is the right
continuous filtration of B;.

A stopping time for multidimensional Brownian motion is a nonnegative ran-
dom variable T" such that for each t > 0, {T' < t} € .Ft+. The results of Sec-
tion[I3.TT|remain valid for such stopping times, with identical proofs.

Note that d-dimensional Brownian motion is a random variable taking value
in C[0,00)4, which is a Polish space under the product topology. Since Proposi-
tion [12.3.1] works for any Polish space, the proof of the Markov property easily
carries over to the multidimensional setting. For the same reason, the proof of the
strong Markov property also carries over.

In spite of being just a d-tuple of i.i.d. Brownian motions, d-dimensional Brow-
nian motion has many interesting properties that are not shared by one-dimensional
Brownian motion. For one thing, the filtration generated by multidimensional
Brownian motion is much more complex than the filtration in one dimension. So
are the stopping times. The path properties are also richer and more complex. We
will get a glimpse of some of this in later chapters.






CHAPTER 14

Martingales in continuous time

In continuous time, a collection of o-algebras {F;}+>¢ is called a filtration if
Fs C F; whenever s < t. The filtration is called right-continuous if for any ¢,

ﬂ:ﬂa

s>t

A stopping time T for a filtration {F; }+>0 is a [0, co]-valued random variable such
that for any ¢ € [0,00), the event {T" < t} is in F;. A stopping time 7" defines a
stopped o-algebra Fr as

Fr={AeF:An{T <t} e Fforallt > 0}.

If S and T are stopping times such that S < T always, then Fg C F7. The proof
is exactly the same as the proof of Proposition Similarly, if the filtration
is right-continuous, and {7}, },,>1 is a sequence of stopping times decreasing to a
stopping time 7', then

o0
Fr=)Fr..
n=1
Again, the proof is exactly identical to the proof of Proposition[I3.11.6]

A stopping times is called bounded if it is always bounded above by some
deterministic constant.

A collection of random variables { X }+>0, called a stochastic process, is said
to be adapted to this filtration for X; is F;-measurable for each ¢. The stochastic
process is called right-continuous if for any sample point w, the map ¢t — X;(w) is
right-continuous.

A stochastic process {X;}+>0 adapted to a filtration {F;};+>¢ is called a mar-
tingale if E|X;| < oo for each ¢, and for any s < ¢, E(X;|Fs) = X; a.s.

14.1. Optional stopping theorem in continuous time

The following result extends the optional stopping theorem to continuous time.

THEOREM 14.1.1 (Optional stopping theorem in continuous time). Suppose
that {X;}¢>0 is a right-continuous martingale adapted to a right-continuous fil-
tration {Fi}¢>o0. Let S and T be bounded stopping times for this filtration. Then
Xg and X are integrable and E(Xp|Fs) = Xg a.s.

209
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PROOF. Let k be an integer such that 7' < k — 1 always. For eachn > 1,
define

T (m+1)2"" ifm2"<T<(m+1)2™",
R if T = .

Repeating the argument given in the proof of Proposition[I3.11.7] we see that each
T, is a stopping time, 13, < k for any n, and 7}, decreases to 1" as n — oco.

Now fix n and consider the sequence {Xjo-n};>0. It is easy to verify that
this sequence is a discrete time martingale adapted to the filtration {Fj5-n};>0.
Moreover, we claim that 7;, is a stopping time for this filtration, and the stopped
o-algebra of T,, with respect to this filtration is the same as the stopped o-algebra
with respect to the original filtration. To prove the first claim, note that for any j,

{(Tn=j2 "} ={(j- 12" <T<j27"} € Fjpn.

For the second claim, first take any A € F such that AN {7}, = j27"} € Fjp-n
for all j. Take any ¢ > 0 and find m such that m2~" < ¢ < (m + 1)2=". Then
An{T, <t} =AnN{T, <m27 "} € F0-n C Fr.

Conversely, suppose that A N {7T,, < t} € F; for all ¢. Then clearly for any j,

An{T, =j27"} = (An{T, < 27"H\N(AN{T, < (j —1)27"})

E .FjQ*”n,.

This proves the second claim. Thus, we can apply the optional stopping theorem
for discrete time martingales and deduce that X7, is integrable and E(X|Fr,) =
X, a.s. Since this holds for every n, and N,>1F71,, = Fr, the backwards mar-
tingale convergence theorem implies that X7, — E(Xy|Fr) a.s. and in L' as
n — oo. But by the right continuity of {X;}:>0, we know that X7, — Xrp
everywhere. Thus, X7 is integrable and E(Xy|Fr) = X a.s.

But the same logic implies that X is integrable and E(Xy|Fs) = Xg a.s.
Therefore,

]E(XT|]:5) = E(E(Xk|fT)|fs) = E(Xk|]:5) = XS a.s.

This completes the proof of the theorem. O

14.2. Doob’s LP? inequality in continuous time

We also have a useful extension of Doob’s LP inequality to right-continuous
martingales.

THEOREM 14.2.1. Let {X;}+>0 be a right-continuous martingale adapted to
a filtration { Fi }+>0. Let My := maxo<i<s | Xs|. Then foranyt > 0andp > 1,

» P
]E(Mtp) < <> E|X|P.
p—1
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PROOF. Take any ¢ > 0 and some integer n > 1. Then {Xj9-n Jo<i<on is
a martingale adapted to {Fjo-n }o<g<2n. Therefore by Doob’s LP inequality for
discrete time martingales,

P
p
E( max |Xppo-n|P) < | —— | E|X¢?.
(s [Xanl?) < (L ) B
As n — 00, the right side stays fixed, whereas the right-continuity of X ensures
that the random variable inside the expectation on the left side increases to M.
Therefore the claim follows by the monotone convergence theorem. U

14.3. Martingales related to Brownian motion

Let B be standard Brownian motion. The Markov property of B gives rise to a
class of continuous martingales adapted to the right continuous Brownian filtration.

EXAMPLE 14.3.1. The simplest example of a martingale related to B is B
itself. That is, E(B(t)|F;) = B(s) a.s. whenever s < t. To see this, define
W(u) := B(s + u) — B(s) for u > 0. Then W is independent of F;, and
B(t) — B(s) = W (t — s). Thus,

E(B(t)|F) = E(B(t) — B(s) + B(s)|F")
=E(W(t—s)|FS) + B(s)
=E(W(t—s))+ B(s) as.
= B(s)

EXAMPLE 14.3.2. The process B(t)? — t is another martingale related to B.
To see this, note that

E(B(t)* — t|F) = E[(B(t) — B(s) + B(s))*|FJ) — t
= E[(B(t) - B(s))* + 2B(s)(B(t) — B(s)) + B(s)*| Ff] — t
=E[W(t—s)* 4+ 2B(s)W(t — s)|F] + B(s)* — t.

By the Markov property, E(W (t—s)2|F) = E(W (t—s)?) = t—s a.s. Similarly,

S

since B(s) is F; -measurable and B(s)W (t — s) € L%,
E(B(s)W (t — s)|FS) = B(s)E(W(t — s)|Fs) = 0as.
Thus, for any 0 < s < ¢,
E(B(t)> —t|F}) = B(s)? — s as.

By a similar procedure, we can find polynomials in B(¢) and ¢ of any degree that
are martingales with respect to the Brownian filtration.

EXAMPLE 14.3.3. Another class of examples is given by the exponential mar-

. . . Z1y2 . .
tingales of Brownian motion. For any A € R, e*? (=33t g a martingale adapted
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to the Brownian filtration. Again, this is a simple application of the Markov prop-

erty. Take any s < ¢ and define W (u) := B(s + u) — B(s), as before. Then
E(e,\B(t)—éx%u-j) _ eAB(s)—%)\QtE ANB1)—B(s)) ‘}-:)

— MBls) -3\t

_1x2
_ AB(s)-3X%

—~ o~
)
>
=
—~
~
¢
_
K,.I
Jr
~—

Let us now work out some applications of the martingales obtained above.

EXAMPLE 14.3.4. Takeany a < 0 < b. Let T := inf{¢ : B(t) ¢ (a,b)}. Then
B(T) can take only two possible values, namely, a and b. The optional stopping
theorem helps us calculate the respective probabilities, as follows.

Take any ¢ > 0 and let T' A ¢ denote the minimum of 7" and ¢. This is the
standard notation in this area. By Exercise T At is also a stopping time.
Moreover, it is a bounded stopping time. Therefore by the optional stopping theo-
rem for right continuous martingales, E(B(T' A t)) = E(B(0)) = 0 for any t.

Now notice that since T’ At < T, B(T A t) € [a,b]. Also, letting M (t) :=
maxo<s<t B(s), we have

P(T = o0) = lim P(T > t)

t—o00

= lim P(M(t) < b) =0,

t—o00

where the last identity follows from the fact that M (t) has the same law as the
absolute value of a N(0,¢) random variable. Thus, P(T" < oo) = 1, and so
B(T'At) — B(T) as. as t — oo. Combining all of these observations, we see
that by the dominated convergence theorem,

E(B(T)) = JE&E(B(T At)) =0.
On the other hand,
E(B(T)) = aP(B(T) = a) + bP(B(T) =b)
=aP(B(T) =a)+b(1 —P(B(T) = a)).

Since the above expression must be equal to zero, we get

EXAMPLE 14.3.5. Let us now use the martingale B(t)? — t to compute E(7).
As before, the optional stopping theorem gives us

E(B(T At)?) =E(T At)

for every t. We have already observed that B(T'At) € [a, b] for all £, and converges
to B(T') as t — oo. Thus, by the dominated convergence theorem, the right side
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of the above identity approaches E(B(T)?) as t — oco. On the other hand, the
monotone convergence theorem implies that the left side approaches E(7"). Thus,

E(T) = E(B(T)?).
But we already know the distribution of B(T"). This gives us
E(T) = a*P(B(T) = a) + b*P(B(T) = b)
5 b —a

_ 2 _
=a b—a+b A ab.

EXAMPLE 14.3.6. The exponential martingales help us calculate the distribu-
tion of the maximum excess of Brownian motion above a linear boundary. Take
any 6 > 0. Let

M = sup(B(t) — 6t).
>0

By the law of large numbers for Brownian motion, it is easy to see that M < oo
a.s., because otherwise B(t) will have to exceed 0t along a sequence of times
tending to infinity. Also, M > 0 since B(t) — 6t = 0 at t = 0. We will now use
the exponential martingales to derive the distribution of M.

Let A := 26 and let X; := e)‘B(t)fé)‘zt, so that X} is a martingale. Fix any
x > 0. Let T := inf{t > 0 : B(t) > 6t + «}. Here we allow T to be infinity,
and that is actually an important matter. Clearly, 7" is a stopping time, and by the
optional stopping theorem, E(X7,;) = 1 for any ¢ > 0. Now note that for any ¢,
T ANt <T and hence B(T' At) < O(T At)+ x. Therefore,

O S XT/\t S e/\(G(T/\t)+x),%)\2(T/\t)

142
— ATHAO—EN)(TAY) _ 20z
Now, as t — oo, X7, tends to

142 142
Xp = Br—3NT — AOT+2)— 3T _ 20z

if T' < o0o. On the other hand, if 7' = oo, then
XT/\t — Xt _ €2€(B(t)_6t)

for all ¢, and so by the law of large numbers for Brownian motion, X7,; — 0 as
t — o0. Therefore by the dominated convergence theorem,

1=E(lim X7p) = 2TP(T < o0).

Thus, P(T < oo0) = e 2%, Consequently, P(M > z) = e~2/*. That is, M
follows an exponential distribution with rate 26.

EXERCISE 14.3.7. Let (B;):>0 be standard Brownian motion starting at zero.
For any b > 0, show that the process V; = cosh(b|By|)e""%/? is a martingale
adapted to the right continuous Brownian filtration. As an application, take any

a > 0 and compute the moment generating function of the stopping time 7, :=
inf{t : |B| = a}.
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EXERCISE 14.3.8. Take any a > 0 and let 7' := inf{¢t > 0 : |B(t)] =
Vt + a}. Prove that E(T") = oc.

EXERCISE 14.3.9. Let B; and By be independent standard Brownian motions
started at 0. Let {F;" }t>0 denote the right continuous filtration generated by the
pair (B, Bg). Prove that for any A € R, the process

X(t) := PO cos(ABy(t))
is a continuous martingale adapted to this filtration. Let
T:=inf{t >0: By(t) = 1}.

Show that 7" is a stopping time for the above filtration, and then using the above
martingale, compute the characteristic function of By (7). (This idenitifies the law
of the y coordinate when the = coordinate of a 2D Brownian motion hits 1.)

14.4. Skorokhod’s embedding

Skorokhod’s embedding is a technique for constructing a randomized stopping
time 7" for Brownian motion such that the stopped random variable B(T') has the
same law as any given random variable X with mean zero and finite variance.

Take any a < 0 < b. Let T, ;, := inf{t > 0 : B(t) ¢ (a,b)}. We derived the
law of B(T') in the previous section. Using that, it follows that for any function
¢:R—-R,

E[¢(B(Tap))] = ¢(a)P(B(T) = a) + ¢(0)P(B(T) = b)
_ @b = é(b)a (14.4.1)
b—a
Using the above formula, and choosing a and b randomly, we will now construct
Skorokhod’s embedding.

THEOREM 14.4.1. Let X be a random variable with mean zero and finite
variance. Let p be the law of X. Define a probability measure v on the set
(—00,0) x (0,00) U {(0,0)} using the formulas v({(0,0)}) = u({0}), and for
any Borel set A C (—00,0) x (0,

)
w(4) = ¢ [[ 0= wdnduto)

where ¢ := f(o 00) vdu(v). Let (U, V') be a pair of random variables with joint
law v, and let B be an independent standard Brownian motion. Let T := Ty y,

where T, is defined as above. Then B(T') has the same law as X. Moreover,
E(T) = E(X?).

PROOF. It is not obvious that v is a probability measure, so let us first prove
that. Since E(X) = 0, we have

0= /R zdp(z) = /(O’Oo) vdp(v) + /(_OO’O) wdp(u).
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Thus, the number ¢ can be alternately expressed as |, (—00,0) (—u)du(u). By Exer-

cise[2.3.5] v is a measure. To prove that it is a probability measure, we only have
to show that v((—o0,0) x (0,00) U{(0,0)}) = 1. By construction, v({(0,0)}) =
1({0}). On the other hand, by Fubini’s theorem,

1
v((—00,0) x (0,00)) = — v—u)dp(v)du(u
(o0 @on =2 [ udp(ednt

_ % /(_00,0) /(0700) vd,u(v)d,u(u)—% /(_0070) /(O’Oo) udp(v)dp(w)
:/ d,u(u)+/ dp(v) = 1 — p({0}).
(—00,0) (0,00)

Thus, v is a probability measure. Now, we can consider B(7') = inf{t > 0 :
B(t) ¢ (U,V)} as a function of B, U and V. It is not hard to show that it’s a
measurable function. Therefore by Proposition[9.2.1|and equation (14.4.1)), for any
bounded continuous function ¢ : R — R,

U)V —o(V)U
E[¢(B(T))|U, V] = (¢( )V — Z( ) >1{(U,V);é(0,0)} + 9(0)11w,v)=(0,0)}-

So, to show that B(T') has the same law as X, it suffices to prove that the expected
value of the right side equals E(¢(X)). To show this, note that

' A = O () (o) ()
(—00,0)x(0,00)

C Vv—Uu

1 1
=~ w)vdu(v)du(u) — — vudpu(v)dp(u
/(oo,O)X(O,oo) Pujodp(v)du() /(oo,O)X(O,oo) ow)udp(v)du(u)

C &

— [ swdntw)+ [ 6wt
(—00,0) (0,00)
(A slight modification of the above argument also shows integrability, which is
left to the reader.) Also, by construction, P((U,V) = (0,0)) = P(X = 0).
Thus, B(T) has the same law as X. To show that E(T) = E(X?), we again use
Proposition and the fact that E(7}, ;) = —ab (derived in the previous section)
to get

E(T|U,V) = —UV

and hence
1
E(T)=-E(UV) = —/ wv(v —w)dp(v)du(u)
¢ (—O0,0)X(0,00)
1 2 1 2
=—- wodp(v)dp(u) + — w*vdp(v)du(u)
€ J(=00,0)%(0,00) € J(=00,0)x(0,00)

= ’UQ v U2 u) = 2 .
- /(Ovm) dut)+ [ wldu(u) = ECX?)

(_0070)
This completes the proof of the theorem. U
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14.5. Strassen’s coupling

Let X7, X9, ... be a sequence of i.i.d. random variables with mean zero and
variance one. Let Sy := 0 and S,, := > | X; for n > 1. Strassen’s coupling is a
way of constructing the process {.S;, },,>0 and a standard Brownian motion B on the
same probability space such that with probability one, maxy<y, | Sy —By| = o(y/n)
as n — oo. The construction proceeds as follows. Let X be a random variable
with the law of the X;’s, and let (U, V') be as in Skorokhod’s embedding from
the previous section. Let (U, V1), (Usa, V2),... be a sequence of i.i.d. random
pairs with the same law as (U, V). Let B be a standard Brownian motion that is
independent of this sequence. Define a sequence of random variables T, T5, . . . as
follows. Let Ty := 0, T :=inf{t > 0: B(t) ¢ (U1, V1)}, and for each n > 1, let

T, :=inf{t > T,,—1 : B(t) — B(Tp-1) ¢ (Un, Vp,)}.
The following theorem establishes the coupling property.

THEOREM 14.5.1. The sequence {B(T},)}n>0 has the same law as the se-
quence { Sy, }n>0. Moreover, the sequence {T,, — Ty,_1}n>1 is i.i.d. with mean 1.

We need a small lemma about measurability.

LEMMA 14.5.2. Let T, ;, be as in the previous section. Then for any t € R, the
maps (a,b) — P(B(T,p) < t)and (a,b) — P(Tyy, < t) are measurable.

PROOF. The value of P(B(T,;) < t) is explicitly given by equation (14.4.T))
with ¢(x) = 1y,<4, which shows its measurability as a function of (a,b). The
map (a,b) — P(T,, < t) is increasing in a and decreasing in b. It is not difficult
to show that any such map is measurable. U

PROOF OF THEOREM[14.5.1] For each n, letY,, := B(T,) — B(T,,—1). We
will show that Y7, Y5, ... are i.i.d. with the same law as the X;’s. Since the law
of a random vector is characterized by its cumulative distribution function (Ex-
ercise and the law of an infinite sequence of random variables is uniquely
characterized by its finite dimensional distributions (Theorem [3.3.1)), it suffices to
show that for any n and any bounded continuous functions ¢y, ...,%t, € R,

P(X) <t,...,Xp <tn) =P <ti,...,Y, <tn). (14.5.1)

Fix t1,...,t, € R and let ¢;(x) := 1y, for each i. Suppose that instead of
random (U;,V;), we had deterministic (u;,v;) and defined T;, and Y,, as above
with these u;’s and v;’s. Then each 7T;,, would be a stopping time for the Brownian
filtration, and 0 = Ty < T} < Ty < ---. Let W, (t) := B(T, +t) — B(Ty).
Then by the strong Markov property, each W), is a standard Brownian motion, and
is independent of ]-";fn . Also, note that for each n,

T —Tho1 =inf{t >0: W,_1(t) & (un,vn)},
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andYy,...,Y,_q are ]-";fn _,-measurable (because B(T;) is ]-'E -measurable for all
7 and ]-";51, C ]:;fj when i < j). Lastly, note that Y,, = W,,_1(T}, — T},—1). Thus,

E(¢1 (Yl) T fbn(Yn)’}—a_l)
= (151(}/1) T ¢n—1(Yn—1)E[¢n(Wn(Tn - Tn—l))|f£,l]
= le(Yl) Tt ¢n—1(Yn—1)E[¢n(Wn(Tn - Tn—l))]‘

By Lemma[14.5.2) and the observations made above, E[¢, (W, (T}, — T,—1))] is a
measurable function of (u,,v,). Let’s call it ¢, (uy, v,,). Proceeding inductively,
we get

E(p1(Y1) - ¢n(Yn)) = 1 (us, v1) - - ¢n (un, vn).
Now consider the case of random (U;, V;), generated as before. Considering the
random variables Y7, ...,Y,, as functions of B and (U1, V1),..., (Upn,V,), and
applying Proposition [9.2.Tand the above identity, we get

E(¢1(Y1) - o (Ya)) = [ [ E(i(Us, V2)).
i=1

But by Skorokhod’s embedding theorem and our definition of the 7;’s,

E(@i(Us, Vi) = E(¢i(X;))-
This proves (I4.5.1). So we have shown that (I4.5.1)) holds for every n, which

completes the proof of the first claim of the theorem. The proof of the second
claim is exactly similar, using Z; := T; — T;_ instead of Y;. [l

Strassen’s coupling can also be used to give an alternative proof of Donsker’s
theorem, assuming that we construct Brownian motion by some other means (for
example, by Exercise[I3.4.7). This is outlined in the following exercises.

EXERCISE 14.5.3. Let X1, Xo,... be i.i.d. random variables with mean zero
and variance one. Let S,, := > | X;. Using Strassen’s coupling, prove that it
is possible to construct {5y, },>1 and a standard Brownian motion B on the same
probability space such that n~1/2 maxo<k<n |Sk — B(k)| — 0 in probability as
n — oo. (Hint: First, show that n~! Maxo<p<n T, — k| — 0 as. This is
a simple consequence of the fact that 7,,/n — 1 a.s. Then use this to control
maxo<k<n |B(Tk) — B(k)|.)

EXERCISE 14.5.4. Let B,, be the piecewise linear path from Donsker’s theo-
rem. Using the previous exercise, prove that B,, and a standard Brownian motion
B can be constructed on the same probability space such that for any € > 0,

Tim P(| By — Bl > €) = 0.

(In other words, B,, — B in probability on C[0,1].) As a consequence, prove
Donsker’s theorem.

Incidentally, if we have more information about the X;’s, such as finiteness
of higher moments or the moment generating function, it is possible to construct
better couplings. For example, under the assumption of finite moment generating
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function, the famous Komlos—Major-Tusnddy embedding constructs {5y, } ,>0 and
B on the same space such that {(logn) ™! maxo<r<n |Sk — B(k)|}n>0 is a tight
family. Proving this is beyond the scope of this discussion.

14.6. The Hartman—Wintner LIL

Combined with the better version of the law of iterated logarithm for Brownian
motion (Theorem[I3.10.3)), Strassen’s coupling immediately implies the law of the
iterated logarithm for sums of i.i.d. random variables with finite variance. This is
known as the Hartman—Wintner LIL.

COROLLARY 14.6.1. Let X1, Xa, ... be a sequence of i.i.d. random variables
with mean zero and variance one, and let Sy, := " | X;. Then with probability
one,

lim sup Sn 1, liminf Sn

n—00 \/2nloglogn: T n—ooo \/2nloglogn:

PROOF. Let T;, be as in Theorem [14.5.1] so that the sequence {B(7T},)}n>0
has the same law as the sequence {S), }n>0. From Theorem [14.5.1|and the strong
law of large numbers, we get T,,/n — 1 a.s. In particular, T,,1/T,, — 1 a.s.

Therefore by Theorem [13.10.3]
B(T,)

: B(T.) .. -~
lim sup ————= = lim sup =1 as.
n—oo v2nloglogn n—oo V21, loglog™T),

Replacing S,, by —S,,, we get the result for lim inf. O

—1.




CHAPTER 15

Introduction to stochastic calculus

This chapter introduces the basics of stochastic calculus and some applications
of these methods. For technical simplicity, we will not attempt to prove the most
general versions of the results, but only as much as needed.

15.1. Continuous stochastic processes

Let (2, F,P) be a probability space. A collection of real-valued random vari-
ables { X (¢) }+>0 is called a stochastic process in continuous time. Such a process
is called continuous if for each w € €, the map ¢ — X (¢)(w) is continuous.
We will encounter such processes often in this chapter. A continuous stochastic
process X can also be viewed as a C[0, co)-valued random variable by defining
X(w)(t) == X(t)(w). To see that X is measurable, simply observe that it is the
pointwise limit (in C[0, 00)) of a sequence of piecewise linear C[0, co)-valued
random variables, and apply Proposition[2.1.14]

A continuous stochastic process X is said to be adapted to a filtration {F; }+>0
if for each ¢, X (t) is F;-measurable. As above, it is easy to see that the restriction
of X to [0,¢] is a C0, t]-valued random variable.

15.2. The It6 integral

Let (2, F,P) be a probability space on which a standard Brownian motion B
is defined. Let {F;" };>0 be the right continuous filtration of B. Let { X (t)};>0 be
a stochastic process adapted to this filtration. Given some ¢ > 0, Itd integration is
a way of giving meaning to the integral

[ xpaes

as a limit of sums like

n—1
D X(si)(B(siy1) — B(si))
i=0
where 0 = sp < s1 < --- < s, = t, as the mesh size maxo<j<p—1 |Sit1 —

si| tends to zero. Although this is in the spirit of the Riemann—Stieltjes integral
fg f(s)dg(s) of one function f with respect to another function g, the situation here
is more complicated. For instance, the Riemann—Stieltjes integral is defined only
when ¢ has finite total variation, and by Exercise we know that Brownian
motion does not have finite total variation. Indeed, the partial sum displayed above
usually does not converge almost surely as the mesh size tends to zero. Itd’s insight,

219
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however, was to realize that convergence takes place in L? under mild conditions.
We will now carry out this construction.

Fix some ¢ > 0. The first step is to define the It6 integral for simple pro-
cesses. A stochastic process X = {X(s)}s< is called simple if there exist some
deterministic M, nand 0 = sy < s1 < --- < s, = t such that for each ¢ < n,
X(s) = X(s;) forall s € [s;,s,41), and | X (s;)] < M always. Suppose that
X is adapted to the Brownian filtration, meaning that for each s, X(s) is F, -
measurable. Note that this is equivalent to saying that X (s;) is F, ;: -measurable for
each ¢. We define

t n—1
/O X(s)dB(s) =Y X(si)(B(si+1) — B(si)).
=0

For simplicity, let us denote the integral by I(X). It is not hard to see that this is
well-defined, in the sense that if we take two different representations of X as a
simple process, the value of I(X') would be the same for both.

The It6 integral on simple processes enjoys two important properties. First, it
is linear, meaning that if X and Y are two simple processes, and a and b are real
numbers, then aX + bY is also a simple process, and [(aX + bY) = al(X) +
bI(Y). This is easy to verify from the definition. The second important property is
the It6 isometry property, which says that

t
E(I(X)?) = / E(X (s)?)ds.
0
To see this, note that for any 0 < 7 < ¢ < n, the facts that X is adapted to the
Brownian filtration, X is bounded, and B is a martingale together imply that
E[X (53)(B(si+1) — B(s:1)) X () (B(sj41) — B(s5))| ]
= X(5:)(B(si+1) — B(5:)) X (s;)E[(B(sj+1) — B(s;))|F] = 0as.,
and therefore
E[X (5i)(B(si+1) — B(si)) X (s5)(B(sj+1) — B(s;))] = 0.
Similarly, by the Markov property of Brownian motion,
E[X (s:)*(B(si+1) — B(s:))?|Fs] = X () E[(B(si11) — B(si))*|F.f]
= X(Si)2(8i+1 — Si)-

As a consequence of these two observations, we get
n—1
E(I(X)?) =Y E(X(s:)*)(si+1 — 51)
i=0

= [ B2,
0

which is the It6 isometry. This is called an isometry because of the following
reason. Consider the product space [0, ] x 2 endowed with the product o-algebra
and the product measure. We may view X as a measurable map (s,w) — X (s)(w)
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from this product space into the real line. Then the right side of the It6 isometry is
the squared L2 norm of X, and the left side is the L? norm of I(X). So the map I
is an isometry from a subspace of L2([0,t] x §2) into L?(€2).

We will now extend the definition of [ to continuous adapted processes. It is
possible to further extend it to square-integrable processes, but we will refrain from
doing that to avoid technical complications.

Let {X (s)}s<¢ be a continuous stochastic process adapted to the Brownian
filtration, meaning that X (s) is F,"-measurable for each s, and for each w € €,
the map s — X (s)(w) is continuous. Suppose that

t
/ E(X (s5)%)ds < oc. (15.2.1)
0

(We will see below that the integral makes sense because the continuity of X im-
plies that the map s — E(X(s)?) is measurable.) Under this condition, we want
to define 7(X). The key observation is the following.

LEMMA 15.2.1. Let X be as above. Define X (s,w) := X (s)(w). Then X €
L%([0,t] x 2), and there is a sequence of simple adapted processes { Xy, }n>1 such
that X, — X in L*([0,t] x ).

PROOEF. For each n, define

Zn(s,w) := X (kt/n,w) if % <s< (k—;l)t. (15.2.2)
It is easy to show that each Z,, is measurable. Since X is the pointwise limit of Z,,
as n — oo (due to the continuity of s — X (s,w) for each w), Proposition [2.1.14]
tells us that X is also measurable. Furthermore, by the assumption (I5.2.1)) and
Fubini’s theorem, X € L%([0,t] x ).
Suppose that there is some constant M/ such that | X (s,w)| < M for all s and
w. Let Z, be as above. Then |Z,(s,w)| < M for all n, s and w and Z,, — X
pointwise. So by the dominated convergence theorem,

1Zn — Xl £2(j0,9x0) = 0 (15.2.3)

lim
n—oo
Let us now drop the assumption that X is bounded. For each positive integer M,
define
M if X(s,w) > M,
Yv(s,w) =1 X(s,w) if — M < X(s,w) <M, (15.2.4)
-M if X(s,w) < —M.
By the condition (I5.2.T)) and the dominated convergence theorem, we get that

Jim [Yar = X z20,11x0) = 0.
But Y}, is a continuous adapted process that is bounded by a constant. Therefore
by our previous deduction, we can find a simple adapted process X, such that

1

1Yar — Xl 2 o,1yx) < a
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The sequence { X/} ar>1 satisfies the requirement of the lemma. O

We are now ready to define the It6 integral /(X') for any continuous adapted
process X. Take a sequence of simple processes {X,},>1 that converge to X
in L2([0,¢] x ). Then by the Ito isometry and linearity of I, {I(X,)},>1 is a
Cauchy sequence in L?(£2). We define I(X) to be its L? limit. The It6 isom-
etry ensures that this limit does not depend on the choice of the approximating
sequence. Furthermore, since I(X) is constructed as an L? limit, it is clear that
X +— I(X) is linear and the It6 isometry continues to hold. Lastly, note that
I(X) is F, -measurable, since by Lemma - I(X,,) converges almost surely
to I(X) along a subsequence, and each I(X,,) is ]-"t —measurable (and then apply

Proposition [2.1.14)).
The above procedure defines the integral from 0 to ¢, for any £. What about
integration from s to ¢ for some 0 < s < ¢7 We can retrace the exact same steps to

define fst X (u)dB(u) for any continuous adapted process X satisfying

/tE(X(u)2)du < 0.

This integral satisfies the It6 isometry

E[(/jX(u)dB(u))z] = /;E(X(U)Q)du.

Moreover, when X satisfies (15.2.1)), the above integral also satisfies the natural

identity
/ X (u)dB(u / X (u)dB(u / X (u)dB(u

All of the above can be proved by first considering simple processes and then pass-
ing to the L? limit. The details are left to the reader.

EXERCISE 15.2.2. Let X and Y be two continuous adapted processes satis—

fying (153.2-1)) for some ¢ > 0. Suppose that fg X (s)dB fo ) as.
Then prove that with probability one, X (s) = Y (s) for all s €0, t]

EXERCISE 15.2.3. Let X and Y be two continuous adapted processes satisfy-
ing (I5.2.1). Prove that for any ¢ > 0, the event

{/X VAB(s %/ }m{X §) = Y(s) forall s € 0,4}
has probability zero. (Hint: Approximate by simple processes.)

EXERCISE 15.2.4. Let f : [0,¢] — R be a (deterministic) continuous function.
Prove that fo s)dB(s) is a normal random variable with mean zero and variance

fo 2ds
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15.3. The It6 integral as a continuous martingale

Let all notation be as in the previous section. Let X = {X(¢)};>0 be a con-
tinuous stochastic process adapted to the Brownian filtration, and satisfying the
square-integrability condition (I5.2.T]) for all . We now know how to define

/XdB

for any ¢ > 0. However, this definition is only in an almost sure sense, since
the 1t integral is defined as an L? limit. Can we produce versions of Z(t) in a
way such that with probability one, ¢t — Z(t) is continuous? It turns out that this
is possible. Moreover, this process is a continuous martingale. We will need to
assume that F," is a complete o-algebra for every ¢, which can be easily arranged
by replacing it with its completion (see Section [1.8). Henceforth, we will work
under this assumption.

THEOREM 15.3.1. Let X be as above. Then there exists a continuous martin-
gale {Z(t) }+>0 adapted to the Brownian filtration such that for each t > 0,

- /OtX(s)dB(s) as

Moreover, if Z' is another such martingale, then P(Z(t) = Z'(t) for all t) =

PROOF. Fix some ¢t > (0. Temporarily, denote the restriction of X to the
interval [0, ¢] also by X. We will ﬁrst construct a continuous martingale {Z(s)}s<¢
such that for each s € [0, t], fo ) a.s. Later, we will patch these
martingales together to create a smgle contlnuous martmgale.

By Lemma find a sequence of simple adapted processes { X, } ,>1 that
converge to X in L*(]0, t] x §2). For each n and each s < ¢, define

s) :/0 Xp(u)dB(u)

using the definition of the It6 integral for simple processes. Then Z,, = {Z,,(s) }s<¢
is a continuous adapted process. Moreover, using the Markov property of Brownian
motion, it is not difficult to see that Z,, is martingale with respect to the Brownian
filtration. Therefore by Doob’s L? maximal inequality for continuous martingales,

B| s (20(5) = Zn(o))?| < 4BLZ0(0) ~ Z0(0)]

But by the Itd isometry,
E[(Z,(t) — Zm(t))Z] = || Xn — XmH%2([0,t]xQ)-

Since {X,,},>1 is a Cauchy sequence in L([0,¢] x €2), this allows us to find a
subsequence {Z,, }1>1 such that for each k,

E {Os;gt(znk(s) — an+1(3))2] <27k
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A simple application of the first Borel-Cantelli lemma now shows that with prob-
ability one, the sequence {Z,, };>1, viewed as a sequence of random continuous
functions on [0, ¢], is Cauchy with respect to the supremum norm. Let Z denote
its limit. Being the uniform limit of a sequence of continuous functions, Z is
continuous. Since for each s, the restriction of X,,, to [0, s] converges to the re-
striction of X to [0, s] in L2([0, s] x £2), we conclude that Z(s) must be a version
of [, X (u)dB(u). Moreover, this also shows that Z,,, (s) — Z(s) in L?.

Since each Z,, (s) is F; -measurable and Z,,, (s) — Z(s) a.s., the complete-
ness of F; shows that Z(s) is F. -measurable (see Exercise 2.6.4). Finally, to
prove that Z is a martingale, recall that Z,, is a martingale for each n. So for any
0<u<s<tandanyk,

E(Zy, (8)|FF) = Zn, (u) as.
We know that the right side converges to Z(s) a.s. as k — oo. For the left side,
recall that Z,,, (s) — Z(s) in L? and hence also in L'. Therefore by Exercise
E(Zy, (s)|F.F) = E(Z(s)|F;) as. as k — oo. Thus, Z is a martingale.

Using the above procedure we can construct, for each n > 1, a continuous
martingale {Z"(t) }o<t<n such that for each ¢t € [0,n], Z"(t) = fot X(s)dB(s)
a.s. Take any 1 < m < n. Then with probability one, for each rational ¢ € [0, m],
Z™(t) = Z"(t). But Z™ and Z™ are continuous processes. So, with probability
one, Z™(t) = Z"(t) for all ¢ € [0, m]. Thus, if we define Z(t) := Z"(t) forn =
[t], then {Z(t)}+>0 is a continuous martingale satisfying Z(t) = fg X (s)dB(s)
a.s. for each given ¢. Uniqueness follows by continuity. ([

EXERCISE 15.3.2. Let f : R — R be a continuous function. Let X (¢) be
the continuous martingale representing fg f(s)dB(s). Prove that X is a centered

Gaussian process, meaning that the finite dimensional distributions are jointly nor-

mal with mean zero. Show that Cov(X (s), X (t)) = SM f(u)?du.

15.4. The quadratic variation process

Let B be a standard Brownian motion and X be a continuous stochastic pro-
cess adapted to the filtration of B, and satisfying the square-integrability condi-

tion (I5.2.1)) for every ¢. Let

Z(t) ::/0 X(s)dB(s)

be the continuous martingale obtained in the previous section. The quadratic vari-
ation process of Z is defined as

[Z](t) ::/O X(s)%ds.

By Exercise [Z] is indeed determined by Z, in the sense that if Z is alter-
natively expressed as the stochastic integral of some other process Y, we will end
up with the same [Z]. Note that [Z] is an adapted, continuous, and non-decreasing
stochastic process. The following is one of the main properties of this process.
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THEOREM 15.4.1. Let Z and [Z] be as above. Then the process Z(t)*> —[Z](t)
is a continuous martingale adapted to the Brownian filtration.

We need the following simple lemma.

LEMMA 154.2. If {U,}n>1 is a sequence of real-valued random variables
converging in L* to U, the U2 — U? in L',

PROOF. By the Cauch—Schwarz inequality and the triangle inequality,
E|U; — U?| = E|(Up — U)(Un + V)|
< |Un = Ull2[Up + Ul| 2
< ||Un = UllZz + 21|Un = Ul 2| U] 2.

Since U,, — U in L2, the right side tends to 0 as n — co. (|

PROOF OF THEOREM[I3.4.1] Fix ¢t > 0. Let { X}, },>1 be a sequence of sim-
ple adapted processes converging to X in LQ([O t] x ). Such a sequence exists

by Lemma Let Z,(s) := fo (u) for each u and let [Z,] be the
quadratic variation process of Z Itis easy to verlfy by direct computation that for

any s < t and any n,
]-'j) .

E((Za(t) — Zu(s))2|FF) = </ X ()2
Since Z,, is a martingale adapted to the Brownian filtration, this shows that

E(Za(t)*|FY)
E((Zn(t) = Zn(5))* + 2Z0(5)(Zn(t) = Zn(s)) + Zu(s)*|FT)
(t

(/ X( 2du.7-"+>+Z (s)?
E([Zn](t) = [Zn] ()| F) + Zn(s)*.
Since [Z,)(s) is F, -measurable, we get
E(Zu(t)? = [Zo)(OIFS) = Zu(5)* = [Za](s)-

Now, by Lemma [15.4.2} it follows that Z,,(s)? — Z(s)? in L' and [Z,](s) —
[Z](s) in L'. Combining this information with the above identity, we get

E(Z(t)° - [Z)()|FF) = Z(s)° — [2](s) as.

which completes the proof. U

An important corollary of Theorem|15.4.1|is the following result, which allows
us to apply the It6 isometry up to a bounded stopping time. Depending on the
situation, one can then hope to extend it to unbounded stopping times.
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COROLLARY 15.4.3. Let X be a continuous adapted process satisfying the
square-integrability condition (15.2.1). Let S and T be bounded stopping times
for the Brownian filtration, such that S <'T always. Then

([ o) - [ et

PROOF. Let Z(t) be the continuous martingale version of f(f X(s)dB(s). By
Theorem [15.4.1, Z(t)?> — [Z](t) is also a continuous martingale. Therefore by
the optional stopping theorem for continuous martingales, we get E(Z(T)|Fd) =
Z(S) and E(Z(T)* - [Z)(T)|Fd) = Z(S)* — [Z](S). The second identity can be
rewritten as

f—ﬂ =0 a.s.

E(Z(T)? - Z(S)*|F¢) = E(Z)(T) — [Z](S)|F4)

= [/ X(s ds]-"s]

+] — E((Z(T) - 2(8))2|FE)
— E(Z(T)* - 22(T)Z(S) + Z(S)*|F{)
— E(Z(T)? — Z(S)*|FS).

Thus,

E[(/:X(s)dB(s)>2

Combined with the preceding display, this proves the corollary. (]

15.5. Ito integrals for multidimensional Brownian motion

Let B be d-dimensional standard Brownian motion and let {X (¢)}+>0 be a
real-valued continuous process adapted to the right continuous filtration of B, and
satisfying the condition

/tIE(X(s)Z)ds < 0
0

for each ¢t > 0. Then the stochastic integral

[ X

is defined for each 7 and ¢, and can be represented as a continuous martingale
adapted to the filtration of B. Note that the only difference here is that X not
adapted to the filtration of B;, but the larger filtration generated by B. The def-
initions of the integral and the continuous martingale are just as before; all steps
go through without any problem because the Markov property is valid for multidi-
mensional Brownian motion, as we observed in Section|13.13
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15.6. 1to’s formula

1t6’s formula is the stochastic analogue of the fundamental theorem of calculus.
In its simplest form, it says the following.

THEOREM 15.6.1. Let B be standard Brownian motion. Take any twice con-
tinuously differentiable function f : R — R such that for each t > 0,

AEW@@W%<&

Then with probability one, we have that for all t > 0,

F(B) = FBO)+ [ 7B+ [ B

where first integral should be interpreted as the continuous martingale given by

Theorem

Note that if B was a function with finite total variation, we would only have
the first integral on the right side. The appearance of the second integral is the main
distinctive feature of 1t6’s formula. The reason for the appearance of this term is
the following lemma.

LEMMA 15.6.2. Let B be standard Brownian motion and g : R — R be a
continuous function. Take any t > 0 and a partition 0 = s < s1 < -+ < 8§, = t.

Then the sum
n—1

> 9(B(s)(B(sit1) — B(si)?

=0
converges in probability to f(f g(B(s))ds as the mesh size maxo<i<n |Si+1 — Si
approaches zero.

PROOF. Let us first prove the lemma under the assumption that g is bounded,
in addition to being continuous. Since s — g(B(s)) is a continuous map, the sum

ZQ(B(Si))(SiJrI — 8i)
i=0

converges to fg g(B(s))ds as the mesh size approaches zero. So it suffices to prove
that

E[(izn;gw(si»(w(sm) ~ B(s)? — (sis1 si>>)2] (156.1)

tends to zero as the mesh size goes to zero. When we expand the square and take the
expectation inside, the cross terms vanish due to the Markov property of Brownian
motion, which implies that for any j < 4,

E((B(Si_H) — B(Sz))Q‘]‘—;—) = Sj4+1 — S; a.s.
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Thus, the expectation displayed in (15.6.1)) equals
n—1
> Elg(B(s:)*((B(sit1) — B(si)” = (siv1 — 51))%).
i=0

There is a constant C' such that |g(x)| < C for all z, and B(s;j+1) — B(si) ~
N(0, si+1 — si), which gives

E[((B(si+1) = B(5:))* = (sit1 — )% = (811 — 5:)*E((Z2% — 1)?),
where Z ~ N(0,1). Since

n—1 n—1
Z(SH-I — sl) < Orgax |sit1 — sil Z Si+1 — Si)
=0 =0

= t0<max |sit1 — sil,

this shows that the quantity displayed in indeed converges to zero as the
mesh size goes to zero.

Next, let us drop the assumption that g is bounded. Take any €, > 0. Find M
so large that P(maxo<s<¢ |B(s)| > M) < 6/2. Define

g(x) if |z| < M,
h(z) == ¢ g(M) ifx > M,
g(—M) ifz < —M.

Then h is a bounded continuous function, and so

; ; 1 —si) B t s))ds
> hB(s)) (s = 5) 5 /0 h(B(s))d

as the mesh size tends to zero. On the other hand, note that

<Z h 51 Sz-i-l - 51 7é Zg Sl+1 - SZ))

<
< P(max |B(s) > M) <

w\oq

Similarly,

o[ nBeds # [ o(ts)ds) < B 1B > 1) <

Combining the above observations, it follows that
> e) <4,

where the lim sup is taken over a sequence of partitions with mesh size tending to
zero. Since € and ¢ are arbitrary, this completes the proof of the lemma. O

l\D\O')

n—1

> a(B(s))(siv1 =)= [ a(Bls)ds

lim sup P(
=0

We also the analogous lemma for first-order differences.
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LEMMA 15.6.3. Let B be standard Brownian motion and g : R — R be a
continuous function such that

/0 E(g(B(s))2)ds < oo.

Take any t > 0 and a partition 0 = sg < 81 < - -+ < 8, = t. Then the sum
n—1
> 9(B(s:))(B(si1) — B(si))
i=0

converges in probability to fg g(B(s))dB(s) as the mesh size maxo<i<n |Si+1—Sil
approaches zero.

PROOF. The proof is immediate from the definition of the Itd integral when g
is bounded and continuous. When g is not bounded, we apply the same truncation
trick as in the proof of Lemma [15.6.2] and then apply Exercise to get the
required upper bound on P(fg h(B(s))dB(s) # fg g(B(s))dB(s)). O

With the aid of the above lemmas, we are now ready to prove Itd’s formula.

PROOF OF THEOREM [13.6.1]. First, fix some ¢ > 0. Take a partition 0 = sg <
81 < --- < s, =t.Foreach §, M > 0, define

w(@,M):= sup |f"(x)— f"(y)|
x:ye[_MaML
lz—y|<d

Then by Taylor approximation,
F(B(sia0) = F(B(0) = FB0) (Bs) ~ Bs)

= P B)) (Blsis) = Bs)?| < 305, Mp) (Blsisn) — B(si)

where Mp := maxo<s<¢ |B(s)| and 0p := maxo<i<n |B(si+1) — B(s;)|. Sum-
ming over ¢ and applying the triangle inequality, we get

n—1
’f(B(t)) — f(B(0)) = > f'(B(s:))(B(sit1) — B(s:))
=0
n—1
LS B (Blsien) - B
=0
n—1
< %maB,MB) (B(sis1) — B(si))*.

2

I
o

Now suppose that we take a sequence of partitions such that the mesh size tend to
zero. Then M p remains fixed, but by the continuity of Brownian motion, 5 — 0
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a.s. Therefore w(dp, Mp) — 0 a.s. By Lemma|15.6.2}

n—1

S F(B(s))(Bsigr) — B(si)* 5 / f"(B(s))ds
i=0 0
and
n—1
S (Blsiq1) = B(si)? St
=0

Finally, by Lemma|15.6.3]

n—1 t
S 1 (B(s)(B(sit1) — B(si)) = /0 f'(B(s))dB(s).
i=0

Combining these observations, we have

FB) = F(BO) + [ F(BE)AB) +5 [ F(Bs)is as

Therefore, with probability one, this equation holds for all rational ¢. But if we
use the continuous martingale for fg 1/ (B(s))dB(s), then all terms in the above
display are continuous functions of ¢. Thus, with probability one, the equation
holds for all ¢. ]

Itd’s formula is commonly used to evaluate stochastic integrals. For example,
let us evaluate fg B(s)dB(s).

EXAMPLE 15.6.4. To put the problem in the framework of 1t6’s formula, we
choose a function f such that f'(x) = z. Let’s take f(x) = 2%/2. Then Ito’s

formula gives

Bl(t 2 B 2 t 1 t

() _ B(O) —/ B(s)dB(s)+/ ds,
2 2 0 2 Jo

which gives
/ B(s)dB(s) = %(B(t)Q —1).
0

Theorem [I5.6.1] gives the simplest version of Itd’s formula. There are many
generalizations. One version that suffices for most purposes is the following.

THEOREM 15.6.5. Let d be a positive integer and let B = (By, ..., By) be
d-dimensional standard Brownian motions. Let f(t,x1,...,xq) be a function from
[0,00) x R into R which is continuously differentiable in t (where the derivative
at 0 is the right derivative) and twice continuously differentiable in (z1,...,xq).
Suppose that for each t > 0 and each 1,

/otEKgi (S’B(S))>2] ds < oo.
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Then with probability one, we have that for all t > 0,
d

F.B(0) = 10.B0) + Y [ 555 Bls)iB (o

trof 1 0?
w [ (G B+ 53 508 )i
where the stochastic integrals are interpreted as continuous martingales.

The proof of this theorem is exactly similar to that of Theorem [I5.6.1] except
that we need the following enhancement of Lemma|l15.6.2

LEMMA 15.6.6. Let B be d-dimensional standard Brownian motions, and g :
[0,00) x R? — R be a continuous function. Take any t > 0 and a partition
0=s90 <81 < +< 8, ==t Thenforany 1l < j # k < d, as the mesh size
maxo<j<n |Si+1 — Si| approaches zero,

n—1 t
S g(si, Blsi))(Bj(sis1) — Bj(s:))? 5 / o(s, B(s))ds
i=0 0
and
n—1
> g(si, B(s)(Bj(si1) = Bj(s:))(Br(sis1) — Bi(si)) = 0.
1=0

PROOF. The proof goes just as for Lemma [15.6.2] by first assuming that g
is bounded and showing convergence in L?, and then dropping the boundedness
assumption using the same trick as in the proof of Lemma(l5.6.2] O

PROOF OF THEOREM [15.6.5] The proof is an easy generalization of the proof
of Theorem As in that proof, we use second order Taylor expansion of f
in the x coordinates and first order expansion in ¢, and then use Lemma [I5.6.6] to
calculate the limits of the second order terms. The mixed second order derivatives
do not appear in the limit because of the second limit in Lemma [15.6.6] O

15.7. Stochastic differential equations

Let B be standard (one-dimensional) Brownian motion. Let Y (t) := eB(®),

Then by It6’s formula, we have that for any ¢,

¢ t
Y(t) - Y(0) = / PO)aB(s) +% / B g
0

0
:/OtY(s)dB(s)—i—;/otY(s)ds.
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Therefore the process Y satisfies a ‘stochastic integral equation’. The related dif-
ferential equation would be

dy(t) dB(t)
dt dt -

However, Brownian motion is not differentiable. So instead, we write

- %Y(t) LY ()

Ay () = %Y(t)dt LY (D)dB(). (15.7.1)

This is known as a ‘stochastic differential equation’ (s.d.e.). The equation is just
shorthand for writing the integral equation displayed above. It should not be inter-
preted as a differential equation. (Note that we wrote dt before dB(t). Although
dt comes after dB(t) in Itd’s formula, it is customary to place the dt term before
the dB(t) term when writing s.d.e.’s.)

Now consider the following generalization of the stochastic differential equa-

tion (15.7.1)):
dY (t) = pY (t)dt + oY (t)dB(t), (15.7.2)

with Y(0) = ¢, where ¢, 1 € R and ¢ > 0 are some given constants. To solve the
equation, let us try to guess a solution, and then verify that it works. Suppose that
there is some solution of the form X (¢) = f(¢, B(t)) for some smooth function
f(t,x). Then by Itd’s formula,

_(of 102f of
axto) = (S5 + 555050 )ar+ S, BB,
Thus, we need f to satisfy
of B of 182f B
or =70 o T ooz T M

From the first equation, we see that f must be of the form A(¢)e?” for some func-
tion A. Plugging this into the second equation, we get

Al(t) + %UZA(t) = pA(t).

Solving this, we get A(t) = A(O)e“tfé"zt. Thus,
f(t,x) = A(O)B(H_%UZ)t+U$.

The condition X (0) = ¢ implies that A(0) = c¢. Therefore, our guess for the
solution to (15.7.2) is

X(t) = celh20")t+oB®) (15.7.3)

It is easy to check that this is a continuous adapted process that satisfies (15.2.1])).
Therefore, we can apply Itd’s formula and check that it is indeed a solution of the
s.d.e. (15.7.2) with initial condition X (0) = c.
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EXERCISE 15.7.1. Find a solution for the stochastic differential equation

1
dX(t) = —iX(t)dt ++/1— X (t)%dB(t)
with initial condition X (0) = 0.

So we now know how to use It6’s formula to produce solutions of stochastic
differential equations. But are these solutions unique? The following theorem gives
a sufficient condition for uniqueness within the class of adapted continuous solu-
tions. It shows, for example, that the solution (15.7.3) of the equation is
unique. But it has its limitations; for example, it does not apply to Exercise

THEOREM 15.7.2. Let B be standard Brownian motion. Let a(t,x) and b(t, =)
be continuous functions from [0, 00) x R into R satisfying the local Lipschitz con-
dition that for any n, there is a number Ly, such that for all t and all x,y € [—n,n|,

la(t,z) —a(t,y)| < Lnlz —yl|, [b(t,z) —b(t,y)| < La|z —yl.
Let ¢ be a real number. Consider the s.d.e.
dX (t) = a(t, X (t))dt + b(t, X (t))dB(t)

with initial condition X (0) = c¢. Let X and Y be continuous adapted processes
solving the above equation with the given initial condition. Then with probability
one, X (t) =Y (t) for all t.

PROOF. Fix somen > 1. Let
T, =inf{t > 0:|X(¢)| >nor|Y(t)| > n}.

Since X and Y are continuous adapted process, it is not difficult to see that 75, is
a stopping time for the Brownian filtration. Let X (¢) := X (¢t A T,,) and Y (¢) :=
Y (t AT,). Since X and Y are solutions of the given s.d.e., we have

X(t)=X({tAT,)
tATy tAT,
=c+ /0 a(s, X (s))ds + /0 b(s, X (s))dB(s),

and a similar identity holds for ?(t) Therefore by the Cauchy—Schwarz inequality

and Corollary [[5.43]
E[(X(t) - }’}(t))Q] <2E [</OMTn(a(s,X(s)) —af(s, Y(s)))ds> T

+9E K /O T s X (5)) b, Y(s)))dB(s)> 2]
tA\Ty,
< 2tE [/0 (a(s, X (s)) — af(s, Y(s)))zds]

+9E UOMT"(b(s, X (s)) — bs, Y(s)))st] .
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By the local Lipschitz condition on a and b, note that |a(s, X (s)) —a(s, Y (s))| and
|b(s, X (s)) —b(s, Y (s))| are both bounded by L,,| X (s) — Y (s)| when s < t AT,.
Butif s <t AT,, then s = s A T},. Thus, putting K := 2L721t + 2L%, we have

B B AT,
El(X(0) - V() < KE| [ <X@—Y@W¢}

::KE(/MHQXQAJQy—Y@ATmyd%
0

< KE /t(X(s AT,) —Y(s A Tn))st] :
0

Thus, if we define () := E[(X(t) — Y (£))2], then f satisfies the recursive in-
equality

f@<KAv@w

Moreover, since K is an increasing function of ¢, this shows that for all s < ¢,
t
f6) <K [ fludu
0

Also, notice that f(s) < 4n? for all s since | X (¢) — Y (¢)
iterate the recursive inequality and get that for any j > 1,

) t S1 So Sj—1
f(t) < K / / / s / f(Sj)dede_l T d81
0 Jo 0 0
) t S1 So Sj—1
S K / / / R / 4n2dsjdsj_1 s d81
0 Jo 0 0

An2KI
< - .
4!
Letting j — oo, we get f(t) = 0. Thus, X (¢t AT,) =Y (¢t AT,) a.s. Since X and
Y are continuous processes, it follows that 7;,, — co a.s. as n — oo. This shows
that X (¢) = Y (¢) a.s. Since this holds for any ¢, the continuities of X and Y imply

< 2n. Therefore we can

that with probability one, X (¢) = Y (¢) for all . O
EXERCISE 15.7.3. Solve the stochastic differential equation
1 1
dX(t) = ———dt+ ——dB(t
®) 1+t + 1+t ®)

with initial condition X (0) = 0, and show that the solution is unique in the class
of adapted continuous solutions.

Theorem gives a sufficient condition for the uniqueness of a solution.
The condition is mild enough to be widely applicable. But what about existence?
In the special case of equation (15.7.2), we could produce an explicit solution, but
that requires good luck. The following theorem gives a sufficient condition for the
existence of a solution adapted to the Brownian filtration (such solutions are known
as ‘strong solutions’). The condition is similar to that of Theorem[15.7.2] but with
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the important difference that now we require a and b to be globally Lipschitz.
This is a strong and quite restrictive assumption, but not so different than similar
conditions for the existence of solutions of ordinary differential equations.

THEOREM 15.7.4. Let B be standard Brownian motion. Let a(t,x) and b(t, x)
be continuous functions from [0,00) x R into R satisfying the global Lipschitz
conditions

la(t, ) —a(t,y)| < Llz —yl, |b(t,2) = b(t,y)| < Lz —y|
for all x, y and t, where L is a constant. Let c be a real number. Then there is a
continuous adapted process { X (t) }+>0 that solves the s.d.e.
dX(t) = a(t, X (t))dt + b(t, X (t))dB(t),
with initial condition X (0) = c.

PROOF. We will construct a solution by Picard iteration. First, let X(t) := ¢
for all ¢. Iteratively, define

Xp+1(t) ::c—|—/0 a(s,Xn(s))ds+/0 b(s, Xn(s))dB(s),

where the stochastic integral on the right should be interpreted as a continuous
martingale. It is easy to show by induction, using the conditions on a and b, that
each X, is a continuous adapted process satisfying (15.2.1). This shows that the
stochastic integral in the above display is well-defined.

For any t > 0 and n > 1, define

2
An(t) :=E| Xn41 - XnH[o,t]a
where the term inside the expectation on the right is the supremum norm of the

process X,,+1 — X, on the interval [0, ¢]. Also define
t

Unia (t) = /0 a(s, Xo(s))ds, Vi (t) = /0 b(s, X (s))dB(s).

Now fix some n > 1 and 0 < s < t. The Lipschitz condition on a gives us, for
any s’ < s,
s’ 2
W) = U < [ (ol X, (00) = alu X 1)
o
< s’/ (a(u, Xn(u)) — a(u, Xn_1(u)))?du
0

< L% /05 (Xp(u) — Xp_1(u))?du

< th/ (X (u) — Xp_1(u))?du.
0
Thus,

1Unt1 = Unlly g < L2t/0 (X (u) — Xpo1(u))?du. (15.7.4)



236 15. INTRODUCTION TO STOCHASTIC CALCULUS

Next, note that by the Itd isometry and the Lipschitz condition on b,
E[(Vat1(s) = Va(s))*) = /0 E[(b(u, Xp(u)) = b(u, Xp—1(u)))?]du

S
< L2/ E[(Xn(uw) — Xp—1(u))?|du.
0
But Vj, 1 — V;, is a continuous martingale. So by Doob’s L? inequality for contin-
uous martingales (Theorem [T4.2.T]),
E| Va1 = Vallfp,g < 4E[(Vas1(s) = Va(s))?]
S
< 4L2 / E[( X (u) — Xp_1(uw))?]du.
0
Combining this with (T3.7.4) and using the inequality (z + y)? < 222 + 2y2, we
get
An(s) = E[[ Xpq1 — Xn||[207s}
< 2E(|Upt1 — Un HQo .4 + 2B Va1 = Vallf

<K/ X1 (u))2du

§K/ Ap—1(u)du
0

where K := 2L%t + 8L2. Let C := Ay(t). We claim that
C(Ks)"

n!
foreachn > 1 and 0 < s < ¢. This is easily shown by induction. Suppose that
this is true for n — 1. Then the recursive inequality shows that for any s < ¢,

An(s) < (15.7.5)

Ap(s) < K/S Ap—1(u)du

nl
<K/ Ku
n—l

n!
Thus, we get

8

D B Xnt1 — Xallpy < Z VA
n=1

e

By the monotone convergence theorem, thls shows that

8

o0
Z ||Xn+1 - Xn”[()ﬂ < 0O a.s.

n=1



15.8. CHAIN RULE FOR STOCHASTIC CALCULUS 237

This, in turn, shows that with probability one, the sequence { X}, },>1 is Cauchy
in C'[0,¢] under the supremum norm. Therefore with probability one, { X}, },>1
is Cauchy in C[0, M] for every integer M. Consequently, { X, },,>; is Cauchy in
C'[0, 00) with probability one. Let X denote the limit. Clearly, X is a continuous
adapted process.

Now, for any given ¢ and n,

/ E[(Xons1(s) — Xo(s))2]ds < / An(s)ds.
0 0

Using this, and the bound on Ay, (s), it is easy to see that { X, },>1 is a
Cauchy sequence in L2([0, ] x2). By Fatou’s lemma, the limit must necessarily be
equal to X. This shows that X satisfies the square-integrability condition (15.2.1))
for every t. Thus, by the Lipschitz properties of a and b, the following processes
are well-defined, continuous and adapted:

Ut) ;:/0 a(s, X (s))ds, V(1) ;:/O b(s, X (5))dB(s).

To show that X satisfies the required s.d.e., we need to prove that with probability
one, X (t) = c+U(t)+V(t) forall t. Since X, U and V are continuous processes,
it suffices to show that this holds almost surely for any given ¢. So let us fix some ¢.
Since X,,(t) = ¢+ Uy (t) + V,,(¢) for each n, and X,,(t) — X (¢) a.s. as n — oo,
it suffices to show that U,,(t) — U(t) and V,,(t) — V(t) in L? (because then there
will exist subsequences converging a.s.). To prove this, first observe that

BIU() ~ Ua(0)) <t [ El(als, X(5)) — als, X () s
< L)X = Xo-1ll72(0.4x0)-
But we have already seen above that X,, — X in L%([0,¢] x Q). Thus, U, (t) —
U(t) in L2, Next, by the Ito isometry,
E[(V(t) = Va(1))?] = /OtE[(b(SaX(S)) — b5, Xn—1(5)))?]ds
< L2HX - Xn—IH%%[O,t]xQ)'

Again, this shows that V;,(t) — V/(¢) in L?. Thus, X is indeed a solution to the
required s.d.e. with initial condition X (0) = c. O

15.8. Chain rule for stochastic calculus

The It6 formula has a generalization that is often useful for solving stochas-
tic differential equations. Suppose that a continuous adapted process {X () }+>0
satisfies the s.d.e.

dX (t) = a(t)dt + b(t)dB(t),
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where {a(t)}+>0 and {b(t) }+>0 are continuous adapted processes, with b satisfy-
ing for each ¢t. Let Y (t) := f(t, X (t)), where f(t,z) is a twice continu-
ously differentiable function. The following result identifies the s.d.e. satisfied by
the process {Y (¢) }+>0.

THEOREM 15.8.1. Let X and Y be as above. Suppose that for each t > 0,

/otE<g£(S’ X(S))Qb(8)2> ds < oo.

Then

or Lof
ot 2 0z
where dX (t) = a(t)dt + b(t)dB(t) and (dX (t))? stands for b(t)%dt.

of

dY (t) = S (6 X(0)dt + (6, X (0)dX () + (t, X (£))(dX (£))2,

PROOF. The proof is almost exactly the same as for Theorem [15.6.1] except
that we have to substitute Brownian motion with the process X. A sketch of the
proof goes as follows. The details are left to reader. To deal with potential un-
boundedness of X, we start by ‘localizing’ X as follows. Choose some large
number M, and define

T :=inf{t: |X(t)] > M or |a(t)| > M or |b(t)| > M}.

Since X, a and b are adapted continuous processes, T is a stopping time. Define
the localized processes X () := X(t AT)and Y (t) := Y (tAT) = f(t AT, X ()).
We will show that with probability one, for any ¢ > 0,

B B tAT
v -70) = [ Fixemeise

tAT
. /0 ((Z(s,m)) + 2 s x()ats)

2
+ ;gz‘é(s, X(s))b(s)2> ds. (15.8.1)
Suppose that we have shown this. Then let M — oco. By the continuity of X, a,
and b, the stopping time 7" must tend to infinity. Therefore the left side approaches
Y (t) — Y(0) and the right side approaches the sum of the same two integrals, but
integrated from 0 to ¢. This proves the theorem, provided that we can establish
equation (15.8.1)) for the localized process.
Takingany ¢ > 0and 0 = sg < s1 < --- < s, = t, observe that

. - Si1NT Sit1NT
X(siy1) — X(s4) = / a(u)du —|—/ b(u)dB(u). (15.8.2)
s;\T siNT'
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So, for any function g(¢, x),

1

3
|

g(si AT, X (s0))(X (si41) — X (50))

-1

I W‘M
3 o

(/ Y (s AT R (s1))a(u)du

i=0 N sinT

4 / Y s AT, X(smb(u)dB(u))-

JNT

If g is continuous, then using the dominated convergence theorem and Corol-
lary [15.4.3] it is not hard to show that the above random variable converges in
probability to

tAT tAT
/ g5, X (5))a(s)ds + / g5, X ())b(s)dB(s)
0 0

as the mesh size maxo<;<n(si+1 — s;) tends to zero. Similarly,

n—1

- AT
Zg(si/\T,X(si))(siH AT —s; NT) 5 /0 g(s, X(s))ds.
=0

This takes care of the first-order terms in (I5.8.1)). For the second-order term, we
proceed as follows. First, note that

(X (si41) — X(51))*

- ( / A;AT a(u)du>2 + ( / A;AT b(u)dB(u)>2

si 1 AT 8i1 AT
+ 2</ a(u)du> </ b(u)dB(u)). (15.8.3)
s NT s;NT'

By the Cauchy—Schwarz inequality,
Si+1/\T 2 8i+1/\T
(/ a(u)du> < (Si41 — 31)/ a(u)?du.
si\T s; \T

Thus,

n—1 SsiANT 2 tAT

Z </ a(u)du) < max (Sj+1 — SZ)/ a(u)?du

=0 ;AT 0<i<n—1 0

< M? s

<M tog%afq(swl Si),
which tends to zero as the mesh size goes to zero. Similarly, using the Cauchy—
Schwarz inequality and Corollary [15.4.3] we get an upper bound for L' norm of
the third term on the right side of (15.8.3), which also tends to zero as the mesh
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size goes to zero. Combining, we get

n—1

> ol AT X(5) | (R(sia) ~ (60

=0
SiaNT 2 P
_ (/ b(u)dB(u)> ] 2o (15.8.4)

JNT
as the mesh size goes to zero. Now, by Corollary|15.4.3]

5i+1/\T 2 Si+1/\T
E[( / b(u)dB(u)) _ / b(u)2du f;AT] ~0.
s; \NT SiNT
Note that
n—1 Si_‘_l/\T 4
> < / b(u)dB(u)>
i=0 S,L'/\T
SitaNT 2 n—1 SitaNT 2
<max/ budBu) (/ budBu),
o ( [ sman) ([ bwasw)

i=0
which tends to zero in probability as the mesh size goes to zero, because the ex-
pected value of the sum remains bounded (which implies that it forms a tight fam-
ily) and the maximum goes to zero almost surely by the continuity of the stochastic
integral. Similarly,

n—1 Sit1NT 2
Z (/ b(u)2du> 5o.
i=0 s;\NT

With all this information at our disposal, we can now proceed as in the proof of
Lemmal[15.6.2]to show that

ng(si AT, X (s:)) [( / ;TAT b(u)dB(u))Q - / ;:ATb(u)Qdu] £

as the mesh size goes to zero. Combined with (15.8.4), this gives
S'H»IAT

n—1
> = > P
> glsi AT, X (s:)) [(X(sm) — X(s4)) - / b(u)Qdu] =0.
=0 S,L'/\T
It is now easy to complete the argument. ([

EXERCISE 15.8.2. Write down the details for all the steps in the proof of The-
orem[I5.8.1]

A simple way to remember the identity (dX ())? = b(t)?dt is to memorize the
following rules of thumb:

(dt)* =0, dtdB(t) =0, (dB(t))*= dt.

Using these rules and the identity d.X () = a(t)dt+b(t)dB(t), it is easy to ‘derive’
(dX (t))2 = b(t)%dt. Such rules of thumb are particularly useful if we have a
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process adapted to multidimensional Brownian motion. In this case we have an
s.d.e. like

d
dX(t) = a(t)dt + > bi(t)dB;(t).
i=1

As above, we have the for each 7,
(dt)? =0, dtdB;(t) =0, (dB;(t))* = dt.
Additionally, we also have dB;(t)dB;(t) = 0 for i # j. These rules give

d

(dX(£)? =) bi(t)*dt.

i=1

EXERCISE 15.8.3. Formulate and prove a version of Theorem for pro-
cesses adapted to multidimensional Brownian motion.

15.9. The Ornstein—Uhlenbeck process

Consider the stochastic differential equation
dX(t) = —puX(t)dt + odB(t) (15.9.1)

with initial condition X (0) = ¢ € R, where p and o are strictly positive con-
stants. This looks almost the same as the s.d.e. (I5.7.2), except that we do not
have an X (¢) in front of dB(t), and constant in front of X (¢)dt is strictly negative.
A simple verification shows that in this problem we cannot find a solution of the
form f(t,B(t)), so we have to implement a different plan. Note that by Theo-
rems [[5.7.4]and [15.7.2] an adapted continuous solution exists and is unique. So we
only have to guess the solution and verify that the guess is valid. Taking cue from
the deterministic case o = 0, we define Y (t) := e#! X (t). By Theorem|[15.8.1]

dY (t) = pet* X (t)dt + e"'dX ()
= gel'dB(t).

The initial condition for Y is Y (0) = ¢. Thus,
t
Y(t)=c+ a/ e"*dB(s),
0

and therefore,

t
X(t) = ce M + J/ "B (s).
0
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Since Y is a continuous adapted process, so is X. It is simple to verify that
this is indeed a solution of (15.9.1)). The process X (¢) is known as an Ornstein—
Uhlenbeck process. Clearly, E(X (t)) = ce™ . By Exercise [15.3.2]

SAt
Cov(X(s), X (t)) = o2e 1+ / M du
0

0_2

— ﬂe—u(sﬂ)(e?u(smf) —-1)
0% pls—t] _ —uls+)
= ﬂ@ —e ).

The formulas for the mean and the covariance completely identify the distribu-
tion of the Ornstein—Uhlenbeck process. Note that as ¢ — oo, X (t) converges
in distribution to N(0,02/2u). The special case = 1, 0 = /2 is sometimes
called the standard Ornstein—Uhlenbeck process. In this case, X (t) — N(0, 1) in
distribution as t — oo.

EXERCISE 15.9.1. Let B be standard Brownian motion. Take three numbers
c € R, > 0and o > 0, and define X (t) := ce " + ge # B(e** — 1). Show
that X has the same distribution as the Ornstein—Uhlenbeck process defined above.

EXERCISE 15.9.2. Let X be an Ornstein—Uhlenbeck process. Find a function

f(t) such that limsup,_,., X (¢)/f(t) and liminf, ., X (¢)/f(¢) are finite con-
stants almost surely.

15.10. Lévy’s characterization of Brownian motion

Let B be standard Brownian motion. We have seen that B(t) and B(t)? —t are
continuous martingales with respect to the right-continuous filtration generated by
B. It turns out that Brownian motion is the only continuous process having these
two properties. This is known as Lévy’s characterization of Brownian motion.

THEOREM 15.10.1. Let { X () }+>0 be a continuous stochastic process adapted
to a right-continuous filtration {F; }+>0, with X (0) = 0. Suppose that X (t) and
X (t)? — t are martingales adapted to this filtration. Then X is standard Brownian
motion.

PROOF. It is not hard to see that it’s sufficient to prove that for any 0 < s < ¢,
X(t) — X(s) ~ N(0,t — s) and X (t) — X(s) is independent of Fs. By Exer-
cise[12.7.6] we have to show that for any A € F; and any 6 € R,

E(e?XM=X(), 4) = P(A)e=0*(=9)/2, (15.10.1)
Fix some s > 0 and a positive integer M, and let
T:=inf{t > s:|X(t)| > M}.

By the continuity of X, 7" is a stopping time for the filtration {F;};>0, and 1" is
always > s. For each ¢t > 0, let

Y(t):=XtAT), Z(t):=X{tAT)*> = (tAT).
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Let G; := Fiar- Then by the results of Section [13.11] (which hold for any right-
continuous filtration), {G; }+>¢ is also a right-continuous filtration. Moreover, by
the optional stopping theorem for continuous martingales, Y (¢) and Z(t) are mar-

tingales adapted to G;. A consequence of the martingale properties of Y (¢) and
Z(t) is that for any 0 < u < ¢,

E((Y () = Y (u))*|Gu)

E(Y (t)* - 2Y ()Y (u) + Y (u)*|Gu)
(Y ()*|Gu) = Y (u)?
(Z(
(

Z(t) +t AT|Gy) — Y (u)?
u) +E(tAT|G,) — Y (u)?
=EtAT —uAT|Gy). (15.10.2)

E
E
VA

Now fix some t > s, A € Fs,and § € R. Let f(z) := €% Take a partition
s =380 < sy <--+<sp,="tof the interval [s, ]. By the martingale property of Y’
and the fact that 7; C G, for any u > s,

ZE (sit1) — Y (s:)) ' (Y(s5) — Y(s)); A] = 0. (15.10.3)

By @7

As the mesh size goes to zero, the sum the expectation approaches

AT
/ 1Y (1) — Y (5))du.

Also, by the boundedness of f”, the sums are uniformly bounded by a constant.
Therefore by the dominated convergence theorem,

n—1
D E[(Y(sis1) = Y(s0)2 1" (Y (si) = Y (5)); A]
=0
tAT
o IE< / PV () — Y (s))dus A) (15.10.4)

as the mesh size goes to zero.
Next, let 6 := maxo<i<n—1 ‘Y(Si_;_l) — Y(Sz) , and let

w(d) = max _[f"(x) - f'(y)]-

z,y€R,|x—y|<d
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Since f” is uniformly bounded and Y is a continuous process, w(d) — 0 as the
mesh size goes to zero. Since f” is uniformly bounded, w(¢) is bounded by a
constant. Therefore by the dominated convergence theorem, as the mesh size goes
to zero,

E(w(8)?) — 0. (15.10.5)
Note that by (15.10.2),

E[(Y (si41) = Y (3:))*(Y (s531) = Y (5)))°] < (8001 — 80) (8541 — 57)
when ¢ # j. Now, if T = s, then Y(¢) is unchanging beyond time s, and if
T > s, then |Y (t)| < M beyond time s. So in either case, we have that for any 4,
|Y (six1) — Y (s;)| < 2M. This gives

E[(Y (si+1) = Y (5:)"] < AMZE[(Y (si11) — Y (54))?]
S 4M2(SZ'+1 — SZ').

Using the last two displays, we get

n—1 2
E[(Z(Y{siﬂ) - Y(si))2> ] <AM?(t—s) + (t — )%
i=0
In particular, the above expectation remains bounded as the mesh size tends to zero.
Combining this information with (I5.10.5)) and applying the Cauchy—Schwarz in-
equality, we get that

n—1
E<w(5) > (Y(siy) - Y(si))2> -0 (15.10.6)
i=0
as the mesh size tends to zero. Now, by Taylor expansion,
n—1
00 = V() = £0) = Y FOV(s) = Y (s000) = Y (5)
i=0

n—1
A3 ()~ V) i) - V)
=0

n—1

< %W@ D (Y(si1) = Y(s1))”.

i=0
Using (15.10.3)), (15.10.4), (15.10.6), and the above bound, we get

tAT
B0 - V() A) =B+ 5[ 00 - V(o) a)

=r(a) -+ g8 ( [ 0000 - X ),

where the last step holds because Y (u) = X (u) when v < T'. Now let M — oo,
so that 7" — oo (because X is a continuous process). By the boundedness of f
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and f” and the dominated convergence theorem, we can take the limits inside the
expectations in the above identity and get

MﬂX@%ﬂW$%m=ﬂ%®+;E</f%XW%ﬂﬂﬁwwA>

Let ¢(t) := E(f(X(t) — X (s)); A) for t > s. Since f"(z) = —6%f(x), the above
identity yields the following integral equation for ¢:

2 t
¢m=mm—@/¢wm

The unique solution of this equation is ¢(t) = P(A)e~*(=*)/2 (Uniqueness is
easily established, for example, by Picard iteration.) This proves (15.10.1), and
hence completes the proof of the theorem. O
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