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Chapter 1

Background in measure theory

1.1 Probability measures; Definitions, basic proper-
ties and existence theorems

We begin with a brief review of measure theory, the use of which is necessary for the
axiomatic foundation of probability theory.

Definition 1.1. A finitely additive probability on some set ) is a set function P :
2(Q) — [0,1], such that

(i) P(Q) =1, P(0)=0
(i1) P(AUB) = P(A)+ P(B), for any A,B C Q with ANB =1
(iii) P(AY) =1 — P(A), for any A C

Remark 1.2. Condition (ii) of course implies that for any finite family of pairwise
disjoint sets Ay, ..., Ay C Q we have that

P(UAn) - ZP(An)

and this amounts to the term “finitely additive”.

Definition 1.3. An algebra/field of subsets of some set Q is a collection B C P ()
such that

(i) 0 € B
(ii) if A € B then also AL ¢ B
(i1i) if A,B € % then AUB € &
Remark 1.4. Notice how condition (iii) in the last definition is equivalent to
(iii) if A,B € B, then ANB € A
in light of condition (ii), since (AU B)t = Abn BC.

Proposition 1.5. If A, B C Q and P is a finitely additive probability, then P(AU B) =
P(A)+ P(B) — P(AN B).
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Proof. Write AU B as the disjoint union (A\ B) U (B \ A) U (AN B). Using the finite
additivity of P we get that
P(AUB)=P(A\B)+ P(B\ A)+ P(ANB).
Since A\ B = AN B® and thus A = (A\ B) U (AN B), we get that
P(A\ B) = P(A) — P(AN B)
(similarly for B\ A) and therefore we can easily conclude. O

Definition 1.6. We say that a collection 8 C P (Q) is a o-algebra/o-field if in addition
to the above conditions we have that
(1v) if (An)n>1 € B then 5, An € B or, equivalently, (1,5, An € B.

Definition 1.7. A finitely additive probability on some o-algebra A of a set §2 is countably

additive if, in addition
P({J4.) = P(4n),

n>1 n>1

for any sequence of pairwise disjoint sets (Ap)n>1 € AB.

Remark 1.8. Any countably additive probability measure on some o-algebra A is also
countably sub-additive, meaning that for any sequence (A,)n>1 € % we have that

P(| JA,) <) P(A,).

n>1 n>1

To see this, simply write the union J,>, An as a disjoint union, i.e. UnZI(An\UZ,:1 An)
and then use the additivity and monotonicity of P to obtain that

P(|J A, =) _P(A,\ U An) <3 P(A,).

Another useful definition is that of a monotone class or Dynkin class.
Definition 1.9. A monotone class is a collection of subsets 8 C P (Q) such that
(i) D€ A
(ii) if A € B then also A € B

11) 1 An n>1 € AB is an mcreasmg sequence, 1.€. An ( An 1, Jor any n € N, then
2 q +
Un>1 An € A.

Again, instead of condition (iii) we could demand that for any decreasing sequence (Ap)n>1 €
% we have that (>, € B, in light of (ii). So, basically, a monotone class is closed under
monotone limits.

Proposition 1.10. A field is a o-field if and only if it is a monotone class.

Proof. Of course, a o-field is a monotone class, being closed under all unions and not
merely finite ones. For the non-trivial direction, assume that % is a field that is also
a monotone class and let (A,),>1 be any sequence of sets in . We consider the sets
B, =" _, An, for any n > 1. Observe that the sequence (B,,),>1 is increasing and thus

m=1

U1 Bn € #. Moreover, it is clear that |5, B, = J,>; 4» and so we conclude. O
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The following result will be a useful alternative condition to verify countable additivity
of a probability measure on a c-algebra

Proposition 1.11. A finitely additive probability measure on a o-algebra A is in fact
countably additive if and only if it satisfies any of the following (equivalent) conditions.
If (Ay)n>1 is an increasing sequence of sets in B and A = |J,~; An, then we have
that P(A) = lim,, ., P(A,). -
If (An)n>1 15 a decreasing sequence of sets in BB and A = (), An, then we have that
P(A) = lim,,_,., P(A,). -

Proof. Assume that P is countably additive and let (A,),>1 be an increasing sequence
in . Then (let Ay = ()

P(A4) = P(J A = P 40\ Au)

n>1 n>1

and by the countable additivity of P we obtain that

P(A) = P(Au\ Apr) = lim 3 P(A,\ Aum).

Now, by the finite additivity of P this becomes

N—oo

P(A) = lim P(|J A\ Auoy) = lim P(Ay)

Conversely, assume that P is finitely additive on 4 and that it preserves monotone
limits. If (A,,),>1 is a sequence of pairwise disjoint sets in % then we can write

Ja=U U

n>1 N>1n=1

where the sequence (\JY_, A,)n>1 is increasing. Thus, if A ={J ., A,, we get that

PA) =P J J A= dim P(|J An).

Using the finite additivity of P this leads to

N—o0

P(A) = lim Y P(A,) =Y P(4,)

and we can therefore conclude. O

Definition 1.12. A probability P defined on some field F is called countably additive
on F, if for any decreasing sequence (Ap)nen € F with (>, An = 0 we have that
lim,, 00 P(A,) = 0. N
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Comment 1.13. Notice how this definition is in accordance to the result of the previous
proposition as any o-field is particularly a field. In fact, it turns out that if we define
countable additivity of probabilities on fields the same way we did for o-fields, for all the
countable unions that are still in the fields, this definition is equivalent to the condition
in Definition (known as upper continuity at the empty set).

Proposition 1.14. Given any family F of subsets of some set Q) there exists a unique
o-algebra, usually denoted by o(F), which is the smallest o-algebra containing % .

Definition 1.15. The o-algebra in the previous proposition is called the o-algebra gen-
erated by F .

Proof of Proposition[1.1]] Let o(F) =({¥ : X is a o-algebra and .# C ¥}. First of all,
o(F) is a o-algebra. Indeed, it is non-empty as it contains the powerset, &?(Q2). Next,
if A€ o(ZF), then A € ¥ for any o-algebra ¥ O .% and so A% € 3 for any such set 3,
which means that A% € ¢(.%). In a similar manner, any sequence (A, )neny € 0(F) is a
sequence in 3, for any o-algebra ¥ O %, and so the union |J, .y Ay is in every ¥ D &

and thus |J,, .y An € 0(F).
Of course, o(.%) is the smallest o-algebra containing .# by its definition and thus it
is also unique. O

We will now show that probability measures actually exist! In this direction the
first necessary result is a famous theorem by Caratheodory (for the proof see Billingsley,
Probability and Measure) which reads as follows.

Theorem 1.16 (Caratheodory Extension Theorem). Any countably additive prob-
ability measure on a field F has a unique extension as a countably additive probability
on o(.F).

Remark 1.17. The uniqueness of the measure is implied by a typical application of the
monotone class theorem, according to which two countably additive measures which agree
on an algebra of sets agree on the generated o-algebra (provided they are defined there).

Therefore, we have reduced the problem of constructing a countably additive proba-
bility on a o-field to that of constructing a countably additive probability on a field. This
should clearly be simpler, due to the simplicity of a field’s structure, in contrast to that
of a o-field.

We shall now sketch the proof of how to construct a countably additive probability
measure on the real line. The natural o-field on which to define a probability measure
on the line is the Borel o-field, that is, the o-field generated by the family of intervals, or
the family of open sets.

We first consider the family of subsets of R defined by

I o={l,p: —00 <a<b< oo},

where I, ={r e R:a <z <b},ifbeRand I,.c = {r € R:z > a}. Let .Z be the
class of all sets which are finite, disjoint unions of elements of .#. Then, .% is a field (it
contains the empty set, as ) = I, , = (a,a), for any a € R).

Consider any function F' : R — [0, 1] that is non-decreasing, right continuous and
such that lim,_, o, F'(x) = 0 and lim,_,., F'(z) = 1. We first define the set function P on
4 by

() = F(5) — F(a)

)
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and then we extend it to . by defining it as the sum for disjoint unions of sets in .Z.
We now have a finitely additive probability measure on the field .# and we notice that
the o-field generated by .# is the Borel o-field.

The following important result of Lebesgue gives us conditions under which a measure
P constructed as in the above procedure is in fact countably additive on .%. Then, using
Caratheodory’s extension theorem we can obtain from P a countably additive measure
on the o-field generated by ..

Theorem 1.18 (Lebesgue). A probability measure P defined as above is actually count-
ably additive if and only if F : R — [0,1] is non-decreasing and right continuous.
Therefore, for each right continuous and non-decreasing function F : R — [0,1] with
lim, , o F(x) = 0 and lim,_,, F'(x) = 1 there is a unique probability measure P on the
Borel subsets of the line, such that F(x) = P(I_w ). Conversely, every countably addi-
tive probability measure P on the Borel subsets of the line comes from such a function F.
The correspondence between P (countably additive probability measures on the line) and
F (non-decreasing, right-continuous functions) is one-to-one.

Proof. For the relatively simple direction consider such a probability P. To see that F
is non-decreasing let x < y be two real numbers. Then

(=00, 2] C (=00,y] == P((—00,z]) < P((=00,y]) = F(z) < F(y).

To see that lim, ,., F'(z) = 1 consider any sequence of real numbers (z,),en increasing
to infinity. Then, the sequence of sets ((—o00,z,])nen increases to R, therefore by the
lower continuity of P (which is an equivalent condition to countable additivity as we
have shown already) we get that

lim F(x,) = lim P((—o0,z,]) = P((R)) = 1.
n—oo n—ro0
The other equality is obtained similarly. Finally, we want to show that F' is right-
continuous. In this direction, let zy € R be fixed and some sequence (x,,),en be decreasing
to xo. It follows that the sequence of intervals ((—oo, z,])nen decreases to (—oo, x|, and
SO
lim F(z,) = lim P((=00,z,]) = P((=00,zo]) = F(xo).

For the converse, given a function F' : R — [0,1] which is right-continuous, non-
decreasing and satisfies the equalities lim, , o, F'(z) = 0 and lim,_,,, F'(z) = 1 we want
to show that the Borel probability measure defined as above is actually countably additive
in the field .. We thus only need to show that given a decreasing sequence (A, )nen € F
with (>, An = 0, then lim,_,., P(A4,) = 0.

Let ¢ > 0 be fixed. Then, there exists N € N so that P((—N,N]) > 1 — ¢, for
limy, oo F'(n) = 1 and lim,,_,_ F'(n) = 0 gives that for appropriate N € N, F(N) > 1—5
and F(=N) < 5.

Set A/, = A, N (=N, N] and notice that A), € F for all n € N and that (A],)en is
decreasing and [, .y Aj, = 0. Then lim,_,o P(A},) = 0. Indeed, for ¢ > 0 and n € N there
exists B], € .7 such that B, C A} and P(A,\B,,) < . This is trivial to see if A/, = (a, b]
by choosing B, = (a + 5, b] (or the empty set if this is not an interval, i.e. a + 57 > b)
and using the right-continuity of F. If A/ = Ule(ani, b,,] the argument expands in the

obvious way. Therefore, since [, oy A4, = 0 it follows that (), .y B, = 0 and thus, there
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exists ng € N so that (1%, B, = 0, by the compactness of B,. To conclude with this
claim, we have by sub-additivity that

P A < P BY + PO AN (VB < S PUAL B < e
n=1 n=1 n=1 n=1 n=1

and since € was arbitrary, that lim,,_,,, P(A]) = 0. Returning to the case of (A,)nen We
know that

ﬂA <pﬂAm (=N,N])+ P(R\ (=N, N]),

which equals

ﬂA P((=N, N]) < 2e.
Once again, since € is arbltrary, if we let n — oo we conclude that

lim P(A,) = lim P ﬂ

n—oo n—oo

O

Theorem 1.19 ( Monotone class theorem or Dynkin’s 7 — A\ theorem). A family
of sets & is called a m-system if it closed under finite intersection. If & is a monotone
class of subsets of Q and & is a w-system that contains §2, then

P CYP = o(P)CP.

Proof. Let m(Z?) be the smallest (or minimal) monotone class containing &, that is,
the intersection of all monotone classes containing 2. It is enough to show that o(%?) C
m(Z?) and this in turn will follow if m () is shown to be a field in light of Proposition
.10

To begin with m(Z?) is non-empty as it contains §2. Next, if A € m(Z?) by definition
of monotone classes A € m(2) as well.

Finally, define 2, as the class of sets A such that ANB € m(Z?) for all B € &. Then,
2, is a monotone class and it obviously contains &?. Therefore, m(Z?) C %,. Then we
define %, as the set of all sets A such that AN B € m(Z?) for all B € m(4?). Again, %,
is a monotone class and because m(Z?) C 2 it follows that if A € m(<?) and B € &
then AN B € m(Z). Thus, & C P, therefore m(Z?) C Z,. The last inclusion gives
that m (<) is closed under finite intersections as well and so is a field. O

Proposition 1.20. The Lebesgue measure, X\, on Borel sets 9 is the unique translation
imvariant measure which measures length on the real line.

Proof. Let i be a measure with the above properties. Then, u(I) = \(I) = |I|, for any
interval I C R. Consider the set

9 :={Ae B uA)=AA)}.
It is not difficult to see that Z is a monotone class and that it contains the family
I = {<a7 b]? (a’b>7 [a7b)a [aab] r—o0<a<b< OO},

which is a 7-system and contains R. Therefore, by the previous proposition, Z D o(.#) =
2% and so the measures p and A are actually identified on Borel sets. O
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Remark 1.21. Typically, the monotone class theorem is stated with some field of subsets
of Q instead of a mw-system which contains the space, but this is only because monotone
classes are typically not defined to be closed under complements. The proposition remains
true in this setting if we only observe that the measures p and \ actually agree on the
family of finite disjoint unions of elements of ., which is actually a field.

1.2 Integration

We continue our introductory discussion with the notion of integration with respect to a
probability measure. The objects we work with are measurable functions, in this context
known as random variables, and the space we operate is always a probability space, that
is, a triple (2, .%, P), consisting of a (set) space (2, a g-algebra .# on 2 and a (countably
additive) probability measure P on .%.

Definition 1.22. A (real) random variable on a probability space (2, F, P) is simply a
measurable map f : Q — R, i.e. it is such that for any Borel measurable subset B C R
we have

[B={weQ: fw)eB}ecZ.

Comment 1.23. For a map f: Q2 — R to be measurable it suffices that
f((—o0,2)) € F, for any — oo < x < o0.
Indeed, if this is true, then the family
P={Ac BR): ftAcF}

is a o-algebra and contains the intervals of the form (—oo, x|, so it contains the Borel
o-algebra, which is actually generated by this family of intervals.

In order to develop a sufficiently general integration theory we need to follow some
essential steps through which we can practically and intuitively expand the domain of
the functions that we can integrate each time until we reach all measurable functions,
even unbounded ones.

1. The simplest family of functions we study is that of indicator functions. If A € .7,
then the indicator function of A, denoted by 1 4, is defined as

lLifweA
Ta(w) =4
Alw) {Qﬁw¢A

and this function is clearly measurable and bounded.

2. Sums, products, compositions, limits and all reasonable elementary operations per-
formed on measurable functions, for example, min and max, remain measurable
functions.

3. The next simplest family of functions we need is that of simple functions, which
are defined as finite combinations of indicator functions. So, if {4, : 1 < j <n}is
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a finite partition (thus the sets are disjoint) of €2 into measurable sets, the function

f 2 — R defined by
fw) =) ¢law)
j=1

for any real ¢q,...,c, is a simple function.

. Bounded measurable functions are the uniform (if f is non-negative we can have

a pointwise but monotone limit as well) limits of simple functions. To see this, let
f:©Q — R be a measurable function bounded by some M > 0, i.e. |f(w)| < M, for
every w € 2. For n € N divide the interval [—M, M] into n-disjoint sub-intervals
of length 22 each (the first one would be [—=M, —M + 21) and so on). If we name
these intervals /;, and their midpoints ¢;, for j = 1,..., % then we can consider
the simple function defined by

2M
n

folw) = ZCj:H_[j.

J=1

Then, clearly sup,,cq | fo(w)—f(w)| < % and taking the limit as n — co we conclude

that (f,)nen converges uniformly to f.

. In order to define the integral we begin with indicator functions and for A € .% we

let [14 dP = P(A). For a simple function f(w) =", ¢;14,(w) we define

j=1

/f P = Zi: ¢;P(A;).

We need to observe that this integral is well-defined, i.e. its value does not depend
on the representation of f, and this is a simple exercise. There are several useful
properties of the integral of simple functions.

(i) Linearity. If f, g are simple functions and A, 4 € R, then the function A\f + ug
is still linear. Also,

/()\f+ug) dP:)\/fdPJru/gdP

This is very simple if we observe that we can represent both functions with
respect to the same disjoint partition of €2, because their integrals are inde-
pendent of the representation we choose.

(i) If f is simple the same is true for |f| and (these are trivial)

[ 1aP| < [111ap < swpls)] = maxl o)

6. If (fy)nen is a sequence of simple functions that converge to some f uniformly, then

(In)nen, defined by I, = [ f, dP, is a Cauchy sequence in R. Indeed, write

N

o= Zan,jﬂEj7

J=1
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for n € N. Then, for any € > 0 there exists M € N so that

.....

for all n,,m > M. Returning to the difference between the integrals, the last
inequality gives that (I, ),en is Cauchy and thus convergent. We define the integral
of f to be this limit. Again, this is well-defined because its value depends only on
the function f and not the sequence of simple functions we choose to approximate
it with.

Now, we have defined an integral for all measurable and bounded functions, and it
is immediate to verify that it satisfies the following properties. Let f,g be bounded,
measurable functions, a,b € R and A € .%.

(i)
Jtar by ap=a [ rapss [gar

To see this, notice that if (f,,) and (g,) are sequences of simple functions converging
uniformly to f and g respectively, then (af, + bg,) converges uniformly to af + bg.

(i)
‘/fﬂﬁs/uhws§£UWM

Instead of using simple functions we can argue as follows. Let f~ = — min{0, f}
and fT = max{0, f}. Then, both f~ and f* are non-negative, measurable and
[fl=f~+f". Now,

fraf-|fr-s-af-| - fr o]

To finish, by the triangle inequality,

‘/fdP‘g‘/f*dP‘Jr‘/fdP‘zg/ﬁdPJr/fdP:/]ﬂdP

(iii) To improve the bound in (ii) notice that
Junar= [ ig1p < [l st dp = s f1P( < 015> o))
0 w w

In the second line observe the usage of a convention, namely that we write [ 2 fdP
to express the integral f f14 dP and then we can write

/fdP:/AfdPJr Q\AfdP.

Finally, we want to expand our family of integrable functions to include all measurable
functions.
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Definition 1.24. Let f : Q@ — R be a non-negative, measurable function. Then, we
define

/fdP:{sup/g dP : g is simple and 0 < g < f}

and if f is any measurable function we let

/fdpz/ﬁdp—/fdp

Notice that an equivalent definition of [ f dP is
/f dP = {sup/g dP : g is measurable, bounded and 0 < g < f}

We say that a measurable function f is integrable if [ |f| dP < co. As for non-negative
functions, the integral is still linear and satisfies the inequality

[ 1ar| < [i1ar

for every integrable function f. Finally, if f =0 except on some set N with P(N) = 0,
then f is integrable and in fact, [ f dP = [ f dP—i—fQ\N fdP < P(N)supyeqy |f(w)] =
0, if we make the convention that 0 - co = 0. Another important reason that makes this
convention natural is that we want to identify the values of integrals of functions which are
equal almost everywhere. By the previous comment, if f = g a.e., then f f dP—fg dP =
[f—gdP =, since f —g=0 a.e.

Remark 1.25. We can also define the integral of complex valued measurable functions
through their real and imaginary parts as follows. If h(w) = f(w) + ig(w), then we let

/th:/fdP+z'/gdP.

It is simple to verify that such a function h is integrable if and only if both f and g are

integrable and that in this case
‘/th'§/|h| dP.

1.3 Notions of convergence and relevant results

Uniform convergence is often too strong to be applicable, so we will need weaker, but
more practical notions of convergence to work with.

Definition 1.26. As usual, a sequence of functions (f,) is said to converge to some f
pointwise or everywhere, if

lim f,(w) = f(w),

n—oo

for every w € €.
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Of course, in Probability, as is the case with measure theory in general, it is natural
to neglect sets of probability 0. This is the case with converge as well. It is almost surely
indifferent to us if some sequences fails to converge on an insignificant or trivial set of
points. For example, it is very unnatural to say that the sequence (z") in the interval
[0, 1] with the Lebesgue measure (of course the measure is crucial) does not converge to
zero, because it fails to converge on the single point 1, whereas ™ — 0, as n — oo, for
every x € [0,1). To avoid such trivialities we define the following, indifferently weaker,
notion convergence.

Definition 1.27. A sequence of measurable functions (f,) is said to converge to some
measurable f almost surely, or almost everywhere, and we write

fn&,f;

n—oQ

if Pw : fulw) = f(w)as n — oo}) = 1. Therefore, in this case there exists some
measurable set N C Q with P(N) =0, so that

lim fn(w> = f(w)7

for every w € NE.

Proposition 1.28. A sequence of measurable functions (f,) converges to some measur-
able f almost surely if and only if

lim P({w: sup i) — ()] > e}) =0,

for every e > 0.

Proof. Almost sure convergence of (f,,) to f is equivalent to the existence of some N € .%
with P(N) = 0, so that
lim f,(w) = f(w),

for every w € N C. Thus, equivalently,

N U{w: fsw) = fw) > e} C N,

n k>n
for every € > 0. By the monotonicity of P, this gives that

P (ﬂ UH{w: 1felw) = flw)] > 6}> =0,

n k>n

for every € > 0. By Proposition it follows that

lim P (U{w | fe(w) = flw)] > e}) =0,

n—00
k>n

for every € > 0 and so we conclude, because

re | J{w: 1filw) = F@)] > ¢} <= € {w:sup|filw) — fw)] > e}

k>n k>n
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Another notion is convergence in probability, which, similarly to almost sure conver-
gence, is relative to some probability measure.

Definition 1.29. We say that a sequence of measurable functions (f,) converges to some
measurable f in probability or in measure P, if

lim P({w: | fo() = f() 2 d}) =0,

‘ : P
for every e > 0 and we sometimes write f, — f.
n—oo

Proposition 1.30. Convergence in probability is weaker than almost sure convergence,
1.€.
a.s. P
fo—02f = fo—2F
n—oo n—oo

Proof. Fix € > 0. Then, by sub-additivity and Proposition [1.28],

P{w:|falw) = flw) Z€}) <P (U{w fr(w) = flw) = d}) == 0.

k>n
O
Remark 1.31. The converse is not true. In fact, almost sure convergence is much
stronger. Indeed, consider the sequence of intervals I; = [0, %], I, = [%, 1], Iy = [0, :1,’,
Iy =[3],3], I, = [3,1], Is = [0, 3] and so on. Let our probability space be the interval

0, 1] with the Lebesgue measure. Then, the sequence of measurable functions (f,) defined
by fn. =1y, for n € N converges to 0 in probability. Indeed, for 0 < e <1,

P({w: )] > ) = 1 < - 2250

However, the sequence converges nowhere to zero! Indeed, for any point x € [0, 1], there
exist infinitely many n € N so that © € I,,, therefore f,(x) = 1.

While convergence in probability is weaker than almost sure convergence it at least
guarantees the existence of an almost sure convergent sub-sequence.

Proposition 1.32. If (f,) is a sequence of measurable functions that converges to some
measurable f in probability, then there exists a sub-sequence (fy,) of (fn) which converges
to f almost surely.

Proof. Fix k € N. Then, there exists n; € N, so that

PHw: |falw) = f(w)] > —\}) k2’ for any n > ny.

Therefore,

P( U @ [fue(@) = ()] >%y}) < P{w: | fap (@)= fw)] > } Z k2 =50,

nE>m nE=m nE=m

and so we conclude. O
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Comment 1.33. The relation between almost sure convergence and convergence in prob-
ability is actually a result of the countable additivity of the measure. On a space with a
finitely additive probability there might exist a sequence with f, == f, but f, 4 f in
probability. An example is this: One can show that on the space (N, Z(N)) the natural
density of subsets of N, i.e.

1<n<N: A
Pl = iy [EERE T

Y

for A C N, whenever this limit is defined (!) is a finitely (and not-countably) additive
probability measure. Now, the sequence (f,,) defined by

f () = {1, ifwe{l,...,n}

0, else

converges to 1 almost surely. However, for any 0 < € < 1 we have that

PHw: |fu(w) =1 >€}) =PHw: fulw)=0})=1—P({1,...,n}) =0.

Exercise 1.34. In fact, show that if every measurable sequence (f,) which converges to 0
everywhere, also converges in probability, then the probability space is countably additive.

Solution. [Hint] If the measure was not countably additive, there would exist a decreasing
sequence of measurable sets converging to the empty set, meaning that their intersection
would be empty, each of which has positive probability. This would lead to a sequence of
functions converging to 0 in almost everywhere, but not in probability. |

Notice that in the context of probability spaces, uniform convergence never really
takes place because, if A # B are two measurable sets, then sup,, |14 — 15| = 1. On the
other hand, for measurable sets (A,) and A we have that 14, —— A everywhere if and
only if

limsup A, := N, Upsn Ay = lirglinf A, =U, Npsn A = A

n

and analogously, 14, 7% A in probability if and only if
P(A,AA) 2% 0.

Observe that for a sequence of events (A4,,) the limit lim sup,, A,, means that the events
A, happen infinitely often, while the limit lim inf,, A,, means that the event A,, all happen
eventually. For example, we have shown that

fn ﬁ f <= PHw:|fa(w)— f(w)] >¢€}io.)=0.

Comment 1.35. Let (A,) be a sequence of measurable sets. Then,

limsup Ay =) <= lim P (U Am> = 0.
n n—o0

m=n

Indeed, the sequence (B,,) defined by B, =J,._, A, is decreasing and

m

]
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by the countable additivity of P. In particular, in order for limsup, Ay = 0 it is suffi-
cient that ), . P(An) < 00, because by sub-additivity, P (U,,_, Am) < > oov_, P(An).

However, this is not necessary! Indeed, consider the sequence_of measurable functions
(An)nen defined by A, = (0,%], for n € N, on [0,1] with the Lebesque measure. Then
ZZO:I P(A”) = ZOO s = 00, but lim Sup,, An = Mpen Um>n Am - ﬂneN(O l] = @

n=1n 'n

We proceed to establish some very important convergence results in the theory of
probability spaces.

Theorem 1.36 (Bounded convergence theorem). Let (f,,) be a sequence of measur-
able functions that is uniformly bounded, i.e. suppen|fn(w)| < M, for every w (or for

P-a.e. w), some M >0 and f, SN f, then
n—oo
lim [ f, dP = /f dP.
n—oo

Proof. Assume that f = 0. Then, for any € > 0

/Ifnl sz/f< £l dP+/|f 1l 4P < e+ MPf] > ) e

and since € was arbitrary the proof is complete in this case. In the general case, we have

that
/fndP—/fdP]s/rfn—f\ 4P "%

by the special case, since (f,, — f) is a uniformly bounded, measurable sequence, which
converges to 0 in probability. O

Remark 1.37. The attentive reader might have not been convinced that (f, — f) is really
a uniformly bounded sequence. However, this is true. Indeed, since (f,) converges to f
in probability, there is a sub-sequence of (f,) that converges to f almost surely. Thus,
|f(w)] < M, for P-almost everyw. Thus, |f,—f| < 2M, for P-almost everyw. Of course,
the potential zero probability set that this sequence may not be bounded is irrelevant.

Theorem 1.38 (Fatou’s lemma). If (f,)nen is a sequence of non-negative, measurable
: P
functions and f, —— f, then
n—oo

n—oo

f dP <lim inf/fn dP.

Proof. Let g be a bounded measurable function with 0 < g < f a.e. (that f is non-
negative a.e. follows with the same reasoning as in the previous remark). Then, the
sequence (h,,) defined by h, () = min{ f,(z), g(z)} is uniformly bounded by sup,,cq |g(w)|
and (w.lo.g. assume this holds everywhere disregarding null probability sets)

h —2— h =min{f,g} =g
n—oo
(see next remark). Now, by the bounded convergence theorem we have that

lim [ A, dP:/g dP

n—oo
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But, [ h, dP < [ f, dP, for all n € N and thus

/g dP < liminf/fn dP.

n—oo

Since g was arbitrarily chosen we have that

/fdP:{sup/gdP: gissimpleandogggf}gliminf/fndP

and so we conclude.

Remark 1.39. Notice that for any € > 0
P({z : [hn(z) — h(2)] > €}) = P({z : fulx) < g(2) and |fu(x) — g(z)| > €}),
which is the same as
P({z: fu(x) < g(x) — €}) < P({z : | fu(z) — f(2)| < €}) = 0.

Corollary 1.40 (Monotone Convergence Theorem). Let (f,)nen be an increasing
sequence of non-negative functions, such that f, / f, then

lim [ f, dP = /f dP.
n—oo
Proof. From Fatou’s lemma we have that

/jdpghmm{/hdp

n—oo

But, clearly for every n € N and z € Q we have that f,(z) < f(z) and so

limsup/fn dP < /f dP.

n—oo

]

Theorem 1.41 (Dominated Convergence Theorem). If for some sequence (f)nen

of measurable functions we have that f, AN fand | fo(w)] < lg(w)], for alln € N and
n—oo

w € (), for g integrable, then

lim ﬁdpz/jdp

n—o0

Proof. Observe that (g + f,,) and (g — f,,) are two sequences of non-negative measurable
functions and they also converge in probability to g + f and g — f, respectively. By
Fatou’s lemma we get that

[(+9)ap <tmint [(f,+9) ap

and

Jto=1ap <tmint [(5- 1) ar
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Subtracting [ g dP, which is finite by assumption, from both sides of both inequalities
we have that

fdpP < liminf/fn dP

n—oo

and

n—oo

- fdPgliminf—/fn dP.

The last inequality becomes

—/f dPS—limsup/fn dP,

n—oo

which is the same as

limsup/fn dP < /f dP.

n—oo

]

Apart from convergence theorems, the following inequality, which we have already
seen in the special case where ¢(x) = |z|, is also very important in applications.

Theorem 1.42 (Jensen’s inequality). If ¢ : R — R is a conver function and f : Q) —
R and ¢ o f:Q — R are both integrable, then

¢(/f@)ﬂww)§/ﬁU@Mde>

Proof. The main ingredient of this proof is that any convex function ¢ can be represented
as the supremum of the collection of all the affine linear functions that are dominated by
o, i.e.
¢(z) = sup {ax + b},
a,beE
for some appropriate set £ C R.

Let’s prove this claim first. Since ¢ is convex for any point (z, #(z)) € R?, there exists
an affine function f,(x) = a,x + b,, such that the line L, which corresponds to f, passes
through (z,¢(z)) and the graph of ¢ lies above L,. In other words ¢(z) > f.(x), with
equality holding only for x = z. Let A = {f, : 2 € R} be the set of all such affine
functions. For any x € R we have that

sup f2(z) = ¢(),
f-€A

because f,(z) = ¢(x) and
sup [.(x) < ¢(),

f-€A

because each function f, lies below ¢.
Now, if a,b € E we have that af(w) + b < ¢(f(w)), for every w € 2 and by linearity
of the integral this yields that

o [ 10 ar) +o< [otren are)



1.3. 21

Since this is true for every a,b € F we can take the supremum over all a,b € E on the
left hand side and conclude that

" ( 1@ dP(w)) < [otrw) arG).

A corollary of this inequality is another famous inequality, that of Holder.

Corollary 1.43 (Holder’s inequality). If f,g : Q@ — R are measurable functions and
1 <p,q < o0 are such that%—k % =1, then

Jisal ap < ( [1e dP)’l’ (o dP)é.

Proof. Let 1 < p < g < 0o. The exponential function ¢ : R — (0, 00), define by ¢(x) = e*

3 log(zP)+2log(y?)

is convex and since xry = er we have that

zy < lelog(ﬂ’) + lelog(yq) = x_p + y_q.
p q p q

Now, assume that [ |f|” dP # 0 and that [|g|? dP # 0 or else the statement is trivial.

Let B
oto)=1f) ([ 117 ar)”

ba) = b ol dP)ql .

Using the previous inequality we have that

and

iS]
S
—~
8
~
(=}

a(x)
a(x)b(x) < » .

which implies that

f(@)llg(a)] __ @ el
([ 1] dP)? ([ |gla ap)s — »([IfI?dP) a([lgl* dP)

Integrating with respect to dP this gives that

/\fg! dP < (/mp dP)é </\g\q dP)é.

If p=1 and ¢ = oo the result is very straightforward. O
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1.4 Transformations, distributions and expectations

Let T be a measurable map from a measurable space (£, %) into (2, %), i.e. T7H(A) €
F1, for every A € F,, and P be a probability measure on (€2,.%;). We can then define
the induced probability measure @) on (€2, .%5) by

Q(A) = P(T'A), for any A € Q.
We usually denote the measure Q by PT 1.
Remarks 1.44.

1. To verify that T is measurable we only need to show that T™*A € %, for all sets
A in some class & of subsets of Qy, which generates %y, because B = {A € F, :
T~'A € 71} is a o-algebra.

2. Q is indeed a probability measure. First of all, Q(Qz) = P(T1(Qy)) = P() = 1.
Moreover, if A € F, then Q(Q \ A) = P(Q \ (T7'A)) = 1 - P(T7'A) =
1 —Q(A), since T1(Q \ A) = Qo \ (T7LA). Finally, for any sequence (A, )nen in
Qy we have that |J, T ' Ay = T U, .en An and so, if (Ay,) is in particular a se-

quence of disjoint sets, then Q (U, ey An) = P (U,en T An) = Yoot | P(T71A,) =
>0 L Q(A,), where we used that the sets T™'A,, n € N are also pairwise disjoint.

Theorem 1.45. If f : Q5 — R is measurable, then g = foT : Q1 — R is also measurable.
Moreover, g is integrable (with respect to P) exactly when f is (with respect to @), and
n fact
f(w2) dQ) = g(wr) dP. (1.1)
951
This may also be written as

flen) dPT™ = | f(T(n)) dP

0y o

Proof. First, let f = 14, for some A € Q. Then, ([1.1)) is equivalent to Q(A) = P(T'A),
which is precisely the definition of ). By linearity the claim extends to simple functions,
and thus by taking uniform limits it holds for all bounded measurable functions. If f is
then non-negative, there exists an increasing sequence of bounded measurable functions,
with f its limit, namely (f - 1{s<n})nen and so, by the monotone convergence theorem,
holds for f as well. Finally, if we consider the positive and negative parts of general,
real-valued, measurable functions the claim follows easily. O

Remark 1.46. If T ZS real-valued, then fo dQ = fQ ) dP. This is really a special
case of - ) with f(x) = x, for every x € R.

A measurable transformation is the generalization of the concept of a random variable.
In the special case of a r.v. X in (Q2,.%, P) we define its distribution function by

F(z) = P({w: X(w) < a}) = P(X"}((—00,2]) = Q((—00, z]).

This measure @) is called the distribution of X. We define the expectation of X, denoted
by E[X], as the integral [, X (w) dP(w). Then, by the previous remark, we get that

/X ) dP(w /de( ) = /R:c dP(X*(z)).
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Similarly, for any real-valued, measurable function f : R — R we have that fo X is again
a random variable (notice that its distribution P((f(X))™!) is the same as Q(f~')) and

/f /f 1Q(x /# ) dP(X (),

and so, in particular, we can recover the moments of X as

E[X*] = /QXk(w) dP(w) = /ka dQ(x) = /ka dP(X *(z)),

for any k£ € N.

1.5 Product spaces and measures

Definition 1.47. Given two measurable spaces (21,.%1) and (Qq,.%5) we can define a
natural o-algebra on the cartesian product of those spaces, 2 = €y X 29, as the o-algebra
generated by all measurable rectangles, that is, sets of the form Ay X Ay, where Ay € %
and Ay € Fo. This is called the product o-algebra, and we denote it by AB. It is also the
o-algebra generated by the algebra 7, of finite (disjoint) unions of measurable rectangles.

Remark 1.48. % is indeed an algebra. Indeed, ) = ) x ) € F. Also, if A;,B; €
and Ag, By € Qy, then (A; X Ay) N (Ag X By) = (A1 N By) X (A2 N By), so the intersection
of measurable rectangles is again a measurable rectangle. In addition,

(Ay x Ap)t = (A% x A) U (A x AD) U (AL x AD)),

so the complement of a measurable rectangle is a disjoint union of such sets, i.e. an
element of % . Combining these properties we see that F is an algebra. Notice that any
finite union of measurable rectangles can be written (although, perhaps not uniquely) as
a finite disjoint union of measurable rectangles.

If there are also probability measures Py and P, on (21, %) and (€9, .%5) respectively,
our goal is to turn (£2, %) into a probability space as well. In order to construct the
probability measure on this space we begin by defining it in the natural way at rectangles,
that is, we set

P(A x B) = P(A) - Py(B), for every A € %, and B € %,.

Next, we want to extend this definition for all the elements of .%, and we do this in a
way that guarantees additivity. Thus, for a disjoint union |_|?:1 Ajl- X A?, where Ajl- €.
and A? € %, for j =1,...,n we define

P <|_| Al x Af.) = P(A} x A3) =) Pi(A})- P(A3).
j=1 j=1 j=1

It is not yet clear that P is a finitely additive probability measure on .%, because it could
be not defined. However, the next exercise shows that our definition was adequate.

Exercise 1.49. Let E = | |/_; A} x A7 = | |\_, By x B} be two representations of some
set £ € F as disjoint um’ons of measumble rectangles. Show that

ST PI(AY) - P(42) = S Pi(BL) - Pu(BY).
j=1 k=1
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Solution. Begin by writing the sum » ", Pi(A]) - P(A?) as

> P(A N (U BY) - P(AF(UIL BR)) = Y PUUEL(A] N BY)) - Pa((Uy (AT 0 BY)).

j=1 Jj=1
The last two unions are still disjoint, and by the additivity of P, and P, this becomes

m

> ) P(AjN B B(ANBY).

=1 k=1

Exchanging the order of summation and following the reverse argument we get that
D PUA)) - P(AD) = PU(UI_ (A] N BY) - Po(Ufy (A3 N BY)) = Y Pi(BL) - Pa(BY).
j=1 k=1 k=1

In order to extend this probability to the whole g-algebra % we recall Caratheodory’s
extension theorem, and in particular the fact that we need to establish the countable
additivity of P on .%#. For this, we will use the projections of measurable sets, in fact
of rectangles, on the individual spaces. Specifically, for any F € % we define its section
E,, € Qs (similarly for the section E,, € ;) as

E,, = {ws: (w1,ws) € E}.
Proposition 1.50. All sections of measurable sets are measurable.

Sketch. Define the family of measurable sets for which all the sections are measurable,
le.
M={Fe€RB:E, € Fand E,, € F for all w; € Q1 and wy € Qy}.

Then, clearly, .# contains all rectangles and is also a o-algebra, therefore .# = %. O

Lemma 1.51. The measure P is countably additive on F .

Proof. Let E € % and notice that Py(E,,) is a simple function of w;. Indeed, if for
example, = | |!_; A} x A%, then

ZPQ ]]-Al w1>

Also,
P(E) = / Py(E,) dPy(wr),

because
/ Z Py(A3) T a1 (w1) dPy(wn) Z Py(A%) - Pi(A}) = P(E).
o 5
We will now show that P is continuous at 0, proving the lemma. To this end, let (E,)en

be a decreasing sequence at .# with limit the empty set, i.e. N2, FE, = (). Then, the
sequence of sections (E, ., )nen is also a decreasing sequence in .%; with limit the empty
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set. Therefore, the countable additivity of P, and the bounded convergence theorem
imply that

P(E,) = /Q Py(Ep,) dPi(w;) =25 0.
1

]

We can now apply Caratheodory’s theorem to extend this measure uniquely into a
countably additive probability measure on (2, %), which we call the product measure.

Corollary 1.52. For any A € & let A,, and A, denote the respective sections. Then,
the functions Py(A,,) and Pi(Ay,) are measurable functions of wy and wq respectively,
and
P(A) :/ Py(Ay,) dPy(wr) :/ Pi(Ay,) dPy(ws).
Q1 Qo

Theorem 1.53 (Fubini’s theorem). Let f : Q@ — R be a measurable function of w =
(w1,w2). Then, for fivzed wy and wy we can consider the functions g,, (+) and hy,(-) defined
respectively on Qg and Q1 by g, (W) = hy,(w1) = f(wi,ws2) and these are both measurable
for each wy and we respectively. If, in addition, f is integrable then g,, and h,, are
integrable as well, for almost all wy and wy, respectively. Their integrals

/Q i) dPs(i) and / o () APy ()

971

are measurable, finite almost everywhere and integrable with repect to P, and Ps, respec-
tively. Finally, we have that

/f(thUQ) dP :/ / gwl(CUQ) dP2 dPl :/ / hw2(wl) dP1 dP2
Q Q1 JQo Q2 J

Conversely, for a nonnegative measurable function f if either f92 G, (wo) dPy(ws) or
le hu,(w1) dPy(wy), which are always measurable, has a finite integral so does the other
and f is integrable with its integral being equal to either of the repeated integrals.

Finally, there is the version of this theorem by Tonelli, according to which the last
equality remains true even for non-integrable, but non-negative functions.

Comment 1.54. The proof follows the standard pattern, beginning with indicator func-
tions (which we know by the previous corollary) and then extending as usual.

o0

Exercise 1.55. Let (a; ;)i jen be a sequence of real numbers, such that 37,

Deduce from Fubini’s theorem that

o o0 [e.e] o o0
E Gij = E E i = E E i

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

|am| < 00.

[Hint]: This is basically an application of Fubini’s theorem to the space (NxN, 2(N) x
Z(N) with the counting measure.

Exercise 1.56. Construct a counterexample to the previous result, provided of course,
that 2?3:1 la; ;| = oo, thus providing a counterexample to Fubini’s theorem for non-
integrable functions.
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1, ifi=j
[Hint]: One sequence you can choose is a;; = ¢ —1, if j =i +1
0, else
The above method allows us to define product probability spaces for an arbitrary finite
number of probability spaces. A particular case that we will use throughout the following
chapter is product measures on (R", Z(R"™)). We will conclude the present chapter by
constructing infinite product probability measures on the measurable space (RY, Z(RY)),
where Z(RY) is the Borel o-algebra on RY.
Recall that Z(RY) is the o-algebra generated by cylinder subsets of RY, that is, sets
of the form
(a1, b1] X -+ X (@p,bp] X RXR X -+, neN

and it contains all sets of the form B x R x R x - -+, where B € #(R").

Assume we have a probability measure P on (RY, Z(RY)). We define the projection
of P onto the first n-coordinates, known as the n-marginal of P, as the measure P, :
B(RYN) — [0,1] given by P,(B) = P(B x RY), for every B € Z(RN).

The following observation is important: If we know all the projections P, of a measure
P for every n € N, then the measure P is determined uniquely by these projections. The
reason for that is that the n-marginals determine the value of P in cylinder sets and the
cylinder sets is a Z—system that generates Z(RY), hence the monotone class theorem
and lower continuity of P (given by Proposition shows that it is determined by its
values on the cylinder sets.

What the above discussion illustrates is that if we want to characterize Borel proba-
bility measures P on (RN, Z(RY)), we have to characterize all the projection measures,
P,, on (R", Z(R")) for every n € N. This is a significant reduction in complexity (and
for such measures we actually obtain a characterization in Theorem [2.11]) We should
caution the reader, however, that it is not necessarily true that given a sequence of Borel
probability measures (@Q,,) on (R", Z(R™)), we can find a Borel probaility measure P on
(RN, B(RY)), so that B, = Q,, for any n € N (where P, denotes the n-marginal of P).
A moment’s thought reveals that for this to hold we need the sequence (@,) to satisfy
some obvious consistency conditions.

One, then, naturally asks the following: Let (R", Z(R"), Q,)nen, be a sequence of
probability spaces. When does there exist a probability space (RN, B(RY), P), so that
P, =Q,, for every n € N?

Because the condition P, = Q,, translates to P(BxRY) = Q,(B), for any B € Z(R"),
a necessary condition that the measures (Q,,) must satisfy is that Q,,+1(B xR) = Q,.(B),
for any B € #(R").

Perhaps surprisingly, this condition is also sufficient and this is the content of Kol-
mogorov’s extension theorem on RY. The proof is complicated enough for us to be justified
in presenting a sketch of it omitting some technicalities, but it is a good exercise to fill
in the details.

Theorem 1.57. Let (R™", B(R"™), Qn)nen, be a sequence of probability spaces satisfying
the consistency condition

Qn+1(B X R) = Qn(B), for any B € ZR"), anyn € N.

Then, there exists a unique probability measure P on (RN, B(RY)) such that P, = Q,,
.e. Qp 1s the n-marginal of P, for any n € N. This means that

P(B x RY) = Q,(B), for any B € Z(R"), anyn € N.
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Proof sketch. Once we prove that such a measure P exists, uniqueness follows via the
typical application of the monotone class theorem, as in, for example, the proof of Propo-
sition [L.201
To prove the existence of this measure, we first consider the algebra of subsets of RN
given by
o ={BxR":BeBR"), necN}.

We observe that sets in ./ are not uniquely represented, because B x RN = (B x R) x RY,
nevertheless one can show that (the measure) Py : &/ — [0, 1], given by

Py(A) = Q,(B), for any A= B x RY, where B € Z(R"),

is well-defined (due to the consistency assumption on (@,)). One can also easily check
that the function P, defined this way is a finitely additive probability measure on <.
The bulk of the proof is showing that F, is actually countably additive, for then, an
application of Caratheodory’s extension theorem allows us to conclude that P extending
Py to a probability measure on (o) = ZB(RY) exists, and by the definition of Py, it
follows that P, = Q,.

By a variant of Proposition (see Comment it suffices to show that F, is
upper continuous at the empty set. That is, if (Ay) is a sequence in &/ with Ay C Ay
and (), Ax = 0, then

lim Po(kﬂ1 Ap) = 0. (1.2)
Without loss of generality (exercise) we can assume that Ay = By x RY, where By €
B(RF¥), for every k € N. The first step to prove (1.2)) is showing that, for any ¢ > 0, and
any k € N, there exists a compact set Bj, C By such that Py(By \ By,) < ¢/2% (exercise).
Next, observe that if A} = B, x RN, for all k € N, it also holds that (),~, Ay = 0. Using
the compactness of the sets (By,), (note that the Aj are not compact), we can show that
there exists ny € N such that (2, Ax = 0. A proof of this fact proceeds by assuming
that there exist z, = (2,(1), 2,(2), z,(3),...) € [, A for every n € N, and obtaining
coordinatewise subsequential limits of (z,) using compactness of the sets (By) (a nice
exercise).

By the previous,

Po([ ) A) < Po([ ) A + Po([ ) A \ AL) < ) Ro(A \ A7),

By definition, we have that

no

SR A = S PUBABY) < /2 < e

k=1 k=1

by the choice of (B),) above. As e was arbitrary, (|1.2]) follows and the proof (sketch) is
complete. O

We complete this introductory chapter by presenting some corollaries of Theorem
1.57, as well as an alternative version for measures on {0, 1}.
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Corollary 1.58. Let (R,) be a sequence of Borel probability measures on R. Then, there
exists a unique Borel probability measure P on (RY, B(RY)) such that

P((al, bl] X X(an,bn] X RN) = Rl((al,bl]) s Rn((an, bn]); n € N, —0Q S a; S bz S —+00.
(1.3)
More generally, one can replace the intervals (a;,b;] by any Borel set B; € A(R).

Proof. This measure P is essentially the infinite product measure of the sequence (R,,).
We first define @/, on cylinder sets of R™ via

Q5 ((a1,b1] X X (an, bn]) = Ra((ar, b1]) - - B((an, bn])-

One can easily check that @), is countably additive on the field of cylinder sets, since
Ry, ..., R,, are probability measures, and thus, Caratheodory’s extension theorem implies
the existence of a Borel probability measure @,, on (R", Z(R™)) that extends @,. Then,
using the monotone class theorem and the above condition, one can prove that

Qn+1(B xR) =Q,(B), for any B € Z(R"), n € N.

That is, the sequence (Q),) is consistent, and the existence of P follows by Theorem
[1.57] Uniqueness of P follows by the usual argument showing that measures agreeing on
cylinder sets, agree on their generated o-algebra, i.e. Borel sets. O

The next corollary uses terminology from Section [2.1] and its proof follows from com-
bining Corollary with Theorem [2.3]

Corollary 1.59. Let (F,) be a sequence of distribution functions on R (i.e. functions
that satisfy properties (i) — (iit) of Theorem m) Then, there exists a unique probability
measure P on (RN, B(RY)) such that

P({z = (z(n))peny € RY : 2(1) < ay,...,2(n) < an}) = Fi(ay) - Fu(ay),
for any ay,...,a, € R, n € N.

The version of Kolmogorov’s extension theorem for measures on {0, 1}" is the follow-
ing. Its proof is similar to that of Theorem [1.57]

Theorem 1.60. Let (Q,) be a sequence of probability measures on {0,1}", for each
n € N. If the measures satisfy the consistency condition:

Quii({z = (z(1),...,z(n+1)) € {0,1}" :2(1) = €,...,2(n) = €,})
=P,({z=(z(1),...,2z(n)) € {0,1}" : 2(1) = €1,...,x(n) = €,}),

for everyey, ..., e, € {0,1}, then there exists a unique probability measure P on ({0, 1}, )
such that

Pz e{0,1}":2(1) =€,...,x(n) =€,}) = P,({z € {0,1}" : (1) = €1,...,2(n) = €,}),
for every €1, ..., €, € {0,1}.

Corollary 1.61. Let (p,) be a sequence in [0,1]. Then, there exists a probability measure
P on {0,1}N, such that

Pz e{0,1}":2(1)=€1,...,xn =€,}) =71+ Tp,

where r; =p;, if e, =1 andr; =1 —p;, if ¢, = 0.
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A particularly interesting case of the latter is when (p,) is a constant sequence, equal
to some p € [0, 1]. In that case, P is the Bernoulli measure

Pz e {0,1}":2(1) =€1,...,2, = €,}) = p*(1 - p)¥,

where k = [{i € {1,...,n} ¢ =1].
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Chapter 2

Probability theory and the
probabilistic method

2.1 Random variables, distributions and expectation

Throughout, we let (€2,.%, P) denote a probability space. We recall some notions from
Chapter (I} The key objects of study in this setting are (real-valued) random variables.
These are simply measurable functions £ : 2 — Ror £ : Q — R = RU{—00, +o0}. Anal-
ogously, one may define complex-valued and more generally, F-valued random variables
with values in a measurable space F.

As explained in Section , a function ¢ : Q — R is .F-measurable if and only
if {¢& > a} =& ((a,+00]) € F, for any a € R. In this case, e.g., {{ = +oo} =
M@\ {E <n}) € 2.

Given a real-valued random variable £ of (Q2,.%, P) we define P;(B) = P({7'B), for
any Borel set B € #(R). This is the probability distribution of £ and it is a probability
measure on (R, Z(R)).

We also consider the (cumulative) disrtibution function of &, F¢ : R — [0, 1], defined
via

Fe(x) = Pe((—00,2]) = P({w € Q2 {(w) < x}).

Then, F¢ is also the distribution function of the probability measure F.

Theorem 2.1. Let (R, B(R), P) be a real probability space and F be the distribution
function of P, that is, F(x) = P((—o0,x]), for each x € R. Then.

(i) F is increasing
(11) lim,, o F(z) =0 and lim,_, . F(z) =1
(i1i) F is right-continuous, namely lim,, .+ F(z) = F(xy), for every xy € R.
Exercise 2.2. (i) Prove Theorem (see the proof of Theorem 1.18 from Chapter.

(ii) Prove that F' is continuous if and only if P is a continuous probability measure, i.e.
P({zo}) =0, for every zo € R.

(iii) Prove that F' can have at most countably many points of discontinuity.

31



32 CHAPTER 2. PROBABILITY THEORY AND THE PROBABILISTIC METHOD

A very important result in this context is that distribution functions are in one-to-one
correspondence with probability measures on R. The non-trivial direction of this result
is the following. This is essentially the content of Theorem 1.18 from Chapter

Theorem 2.3. Let ' : R — [0,1] be a function that satisfies (i) — (iii) in Theorem
2.1.  Then, there exists a unique Borel probability measure P on R such that F is its
distribution function, i.e. P((—oo,x]) = F(x), = € R.

Definition 2.4. We say that a (real-valued) random variable £ is

(i) continuous, if its distribution Junction F¢ is a continuous function; equivalently,
P{w:&(w)=2xa}) =0, for any x € R.

(i1) absolutely continuous, if there exists a Lebesque measurable function f : R — [0, 00)
such that Fe(x) = ffoo f(y) dy, for any x € R.

The following is a generalization of the characterization of random variables given
above.

Lemma 2.5. Let & be a family of subsets of R such that o(&) = B(R). Then, £: Q =R
is F -measurable if and only if EY(E) € F for any E € &.

We collect a few elementary and basic properties of random variables.

(i) Let &, & : Q — R be real-valued random variables. Then, & + &, & - &, & /& (if
& # 0) are also random variables.

(i) If€ : Q — Ris .Z#-measurable and ¢ : R — R is Borel measurable, then ¢of : Q@ — R
is also .Z-measurable. Examples include e, £, [€], &, , €, max{{, ¢}, min{¢, c}.

(iii) If (&,)nen is a sequence of random variables, &, : Q@ — R, then sup,,cy &n,infren &n,
lim sup,,cy &, and liminf, ey &, are also .%#-measurable.

Remark 2.6. We remark that property (iii) no longer holds if we consider real-valued
random variables &, : 0 — R. Likewise, property (ii) is not necessarily true if ¢ is only
assumed to be Lebesque-measurable.

Recall the results from Section[1.2} We can approximate real-valued random variables
by sequences of simple functions (even uniformly on the sets where the random variable
is bounded). Moreover, for nonnegative random variables we can further assume that the
sequence of simple functions is increasing.

Definition 2.7. Let ¢ : Q — R be a random variable. Then, the set Fc = {¢71(B) : B €
PB(R)} is a o-algebra and is called the o-algebra generated by &.

Note that the o algebra % is the smallest one with respect to which ¢ is #-
measurable. As an example, if £ : R — R is given by £(z) = |z, then % = {BU(—B) :
B e #(]0,))}.

Given a random variable ¢ : 2 — R, a natural question is how complicated can the
F¢-measurable functions be?

The following theorem provides a characterization of such functions.
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Theorem 2.8. Let £ : 2 — R be a random wvariable. Then, the random wvariable n :
Q= R (hence, n is F-measurable) is F¢-measurable if and only if there exists a Borel
measurable ¢ : R — R so that n = ¢o&.

Proof. The sufficiency of this condition being simple, we prove its necessity.

Assume first that 7 is a simple function, namely n = Zle cily,, where Ay,... A, €
Fe, ¢1,...,cr € R. Then A; = £7Y(B;), for some B; € Z(R) and letting ¢ = S2F, ¢/1p,
the conclusion follows.

For nonnegative 7, we can use the approximation result mentioned before Definition
and find .#¢-measurable, simple functions 7, : @ — R so that

nlgr;(} N (w) = n(w), for any w € Q. (2.1)
By the previous case, we find Borel measurable functions ¢,, : R — R so that n, = ¢, 0&,
for each n € N. Let ¢ : R — R be defined as ¢(x) = lim,_,o ¢n(x), for every x € B,
which is the set of points where the limit exists. For « ¢ B we let ¢(z) = 0. Then ¢ is
Borel measurable and by the basic properties (i), (i), (i77) of random variables we also
see that £(w) € B, for any w € Q. Finally, ¢(¢(w)) = lim,, 0 ¢n({(w)) = n(w), for any
w € (2, and so the claim follows in this case too.
The general case follows by writing n = 1, —n_ and reducing to the case of nonnegative
Fe-measurable functions. O

Using the measure theoretic background presented in Chapter (1| we proceed to charac-
terize probability measures on R", for n € N. Once again, these measures are determined
by the possible distribution functions on R™.

Definition 2.9. If (R", Z(R"), P) is a probability space, we call the function F : R" —
0, 1] defined via

F(zy,...,2,) = P((—o0, 1] X -+ X (=00, xy]), forxz,...,x, €R,
the distribution function of P.

As an extension of Theorem we have the following properties of distribution func-
tions on R". For a function F on R? and i € {1,...,n}, we let A, F(x1,29,...,2,) =
F(l’l, RN 7 bi, Litly - - - ,l‘n) — F(l’l, ey L1, Q4 Ljt 1y - - - ,.Z'n), whenever a; < bl

Theorem 2.10. Let F': R™ — [0, 1] be a distribution function for some Borel probability
measure P on R™. Then,

(1) Doy, - Doy, F(x1, ... 2,) >0, for any ay < by,...,a, < b, and xy,...,z, € R.

(i1) F is upper continuous on R™, that is, lim,, .+ +=F(xy,...,2,) = Flay, ..., an).

..... Tn—ra
(4ii) iMimin {21, 20} 00 F(T1, .-, 2n) = Land foralli =1,... ,n, lim,, o F(x1,...,2,) =
0.
A basic special case of the above result is when Fy, ..., F, : R — [0, 1] are distribution

functions on (R, Z(R)) and we consider F': R™ — [0, 1] given by

F(xy,...,x,) = Fi(x1) -+ Fy(zy), for xq,...,2, € R.
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In this case one can easily check that

AVHTREE Aanan(xla e 7$n) = (Fl(bl) - Fl(a1)> T (Fn(bn) - Fn(an))a

which verifies (i) by Theorem . The other properties are also easy to see for this special
case.

Once again, using Caratheodory’s extension theorem for existence and the monotone
class theorem for uniqueness one can show the following result, according to which prob-
ability measures and distribution functions as the ones defined above are in one-to-one
correspondence. The proof is slightly more complicated than the case n = 1, but on its
core very similar.

Theorem 2.11. Let F': R™ — [0,1] be a function that satisfies properties (i) — (iii) of
Theorem [2.10. Then, there exists a unique Borel probability measure on R™ the distribu-
tion function of which is F.

The final topic of this section is expectation of random variables. For relevant back-
ground material on integration, we refer the reader to Section [1.2], where the notion was
defined. Recall that, in a probability space (2, .%#, P), the expectation of a random vari-
able £, denoted by [E(¢), is the Lebesgue integral of ¢ with respect to the probability
measure P.

For the basic convergence theorems related to expectation of random variables see
Section

Some basic properties of the expected value that were not mentioned in Section [1.2]
but are easily verified (properties (v), (vi) follows from the results in Section [1.3)), are as
follows:

(i) If £ = 0 almost everywhere, then E(§) = 0.
(i) If & = & a.e. then E(&) = E(&)
(iii) If E(|¢]) < oo, then |£] < 0o a.e.
(iv) € >0 a.e. and E(§) =0, then £ =0 a.e.
(v) If &, > 0 for every n € N and Y7 | [E(&,) < oo, then > 2 &, < 0o a.c.
(vi) I >0 E(|€,]) < oo, then )" | &, converges a.e. to an integrable function.

Also, for the basic inequalities involving expectations of random variables see Section
m (H'older’s, Jensen’s and Section (Chebyshev’s, Markov’s). Other generally useful
inequalities include

(i) (Cauchy-Schwarz’s) (E(|€:8))* < E(&*)E(|&[*)
(ii) (Lyapunov’s) For 0 < s <t we have ((|¢]*)Y* < (E(J¢[*)Y!
(iii) (Minkowski’s) For p > 1 we have (E(|&; + &[P)VP < (E(|&1P)VP + (E(|&[P) VP

We have the following result on integrating compositions of random variables with
Borel measurable functions.

Theorem 2.12. Let (Q,.Z,P) be a p.s. and £ : Q@ — R an .F-measurable function.
Suppose ¢ : R — R s Borel measurable. Then,
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(i) if ¢ >0, it holds that E(¢po&) = [ ¢(x) dPe, where P is the probability distribution
of €.

(it) If ¢ o € is integrable, then ¢ is Pe-integrable and (i) holds.
Note that [ ¢(x) dP; = Ep,¢.

As an example, observe that for ¢(z) = 2* and under the assumptions in the theorem,
we have that E(¢) = [z dP(x) and E(¥) = [ 2% dP(z).

Proof. We prove (7). First, assume that ¢ = 1p, for some Borel set B € #A(R). 1t is
obvious that

E(Lp 06) = E(le1n) = P (B)) = [ 15 P

The next level of complexity is when ¢ > 0 is a simple, Borel measurable function. In this
case the equality follows by linearity of expected value and the special case of character-
istic functions. Finally, assume ¢ > 0 is a general Borel measurable function. Applying
the approximation results of Section , we can find a sequence (¢,) of nonnegative,
Borel measurable, simple functions that increase to ¢ pointwise. Namely, for any x € R,
lim, 00 On(z) = ¢(2) and ¢pi1(x) > Pr(x), for each k € N. Then, (¢, 0 §) is an increas-
ing sequence of .#-measurable, simple functions that converges to ¢ o £ pointwise. In
particular, by the definition of the expectation, we have

E(006) = lim B, 06) = [ 6, dP = [ 6 P

where in the second equality we used property (i) for simple functions.

We now show (ii). If ¢ o £ is integrable, then so are ¢™ o £ and ¢~ o £. Moreover,
¢t o & and ¢~ o & are nonnegative and ¢ and ¢~ are also Borel measurable, hence (i)
implies that

E(0" o) = [ 6" dPy(a) < +oc

and similarly for ¢—. Therefore, p 0 & = ¢pT 0 + ¢~ 0 is a Pe-measurable function and
by linearity (7) holds as well. O

In the fixed setting, if A € .% and ¢ a random variable such that ({1 4) is well-defined
we set [, & dP = E(£La).

2.2 Independence

Let (€2,.%#, P) be a probability space and &,...,& : Q@ — R be random variables on
(Q,.Z, P). Then, the set

B={BcBR"): {weQ: (&w),... &w)) € B} e.F}

is a o-algebra (of subsets of R¥) and it contains all sets of the form (ay, bi] X - -+ x (ag, by,
where a; < b;, for i = 1,...,k. Hence, Z = Z(RF). This means that the function
Pe: B(RY) — [0,1], where € = (&1, ..., &) defined via

P:(B) = P({w: £(w,...,w) € BY}), for B € B(R"),

is a probability measure on Z(RF).
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Definition 2.13. Let &,...,& : Q — R be random wvariables and & = (&1,...,&) a
random vector (which, again, is a random wvariable on the k-fold product of (2, %, P)
with itself). We define Fe : R¥ — [0,1] by

Fe(zq,...,28) = P(& < x1,...,& < xy), forxy,...,z €R

and call it the (joint) distribution function of &, ...,&. We also define the probability
measure P : B(R*) — [0,1] by

P:(B) = P((&,...,&) € B), for B € B(RF)

and call it the (joint) probability distribution of &1, ..., & (or the probability distribution
of the random vector €).

Observe that the distribution F defined above satisfies properties (i) — (ii7) of The-
orem [2.10} Conversely, one can show that if a function F satisfies these properties, then
there exist .#-measurable functions &, ..., such that F' = Fg, for & = (&, ..., &).

We now define the concept of independence for random variables on a probability
space (2, %, P).

Definition 2.14. Given a probability space (Q, F, P) we say that the random variables
&1, .., & on (Q,.F, P) are independent if

P(& € By, ..., & € By) = P(& € By) -+ P(& € By),
for all By,...,By € Z(R).

As an example, consider the probability space ([0, 1], 4([0,1]), P, where P is the
Lebesgue measure on [0, 1]. Then, the random variables &, = 1j0.1/2], & = L1744+ 1j1/2,3/4]
and &3 = Ljo,1/8) + Lj2/8,3/8) + -+ + Ligss,7/8) are independent. Likewise, one construct k
independent random variables for any £ € N.

It is much more difficult, however, to construct independent random variables on
0, 1] for any choice of predetermined distributions. This is the main reason why one can
work on seemingly more complicated probability spaces, like on the measurable space
(R*, B(R¥)). Let, for example, P,..., P, be probability measures on (R, %(R)) and
consider the probability space (R*, Z(RF), P, x --- x P). For j € {1,...,k} we define
&i(x) = zj, for any © = (21, ...,2;) € RF. Observe that &, ..., & are B(R¥)-measurable,
and are independent random variables on (R¥, Z(R*), P = P, x --- x P,). For, by the
choice of P,

P(él GBl,...,ékEBk>:P(£1 EBl)P<£k EBk),
where By, ..., By € B(R).

Given any distribution functions (i.e. functions that satisfy properties (i) — (iii) of
Theorem Fy, ..., F, on R and using Theorem we can use the above simple con-
struction to obtain independent random variables &, . . ., 7, on R¥ with said distributions.

We next show the following equivalent characterization of independence, according
to which, random variables are independent exactly when their joint distribution is the
product of their individual distributions.

Theorem 2.15. Let (2, .7, P) be ap.s. and &y, ..., & be F-measurable functions. Then,
&1, . ., & are independent r.v. if and only if

Fe(xq, ... zx) = Fe (1) - - Fe, (zr), for any x4, ..., 25 € R, (2.2)
where & = (&1,...,&).
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Proof. Suppose &1, ..., & are independent. Then, by definition,

P(& € (—o00,x1], ..., & € (00, 2%]) = P(& € (—o0, 1)) -+ P(& € (—00, &),

for any zy, ...,z € R. Unraveling the definitions we have
Fg(l’l, c. ,ZEk) = F§1 (ZEl) tee ng(l’k)

For the converse, assume (2.2)) holds. We want to show that for any By,..., By €
A(RF) we have that

P(fl EBl,...,gk S Bk) :P(& € Bl)P(fk GBk) (23)
We first fix zq, ..., 2, € R and define
B ={B1€ BR): P& € B1,§ < my,...,& <) = P(& € B)P(§& <o) -+ - P(§ < a) )}

It is easy to check that %, is a monotone class, is closed under complements and it

contains, by the assumption in , all intervals of the form (—oo, z1]. It thus contains all

intervals of the form (a, b] for —inf < a < b < +00 and therefore the o-aglebra generated

by these family of intervals. The monotone class theorem implies that %, = Z(R).
Next, we fix x3,...,2r € R and define

By ={By € BR) :P(§ € B1,& € By, &3 < w3, & S 1) =
P(& € B1)P(& € Ba)P(&3 < x3) - P(§ < a1,)
Using (2.2)) and the previous step, the same argument gives that %y = Z(R). We can

continue this procedure until we only fix z; € R and then the conclusion of the analogous
argument is that (2.3]) holds. O

As an immediate corollary of this result we obtain the following characterization for
discrete random variables.

Corollary 2.16. Let &, ..., & be random variables on a p.s. (Q,.%, P), where  is a
countable set. Then, &1, ..., & are independent if and only if

p<€1:mlﬂ"'ugk:xk):P(glle)"'P(gkzmk)v
for every xq,...,x, € R.

We now proceed to discuss some features of the expectation of independent random
variables.

According to standing assumptions, we fix a p.s. (2, %#,P). A useful lemma is
that compositions of independent real-valued random variables with Borel measurable
functions are also independent.

Lemma 2.17. Let fi, f» : R — R be Borel measurable and &, &5 be independent random
variables. Then, f1 o0& and fs 0 & are also independent.

Proof. For any By, By € #(R) we have that

P(fio& € By, fo0&y € By) = P(& € fi'By,& € fy ' Ba).
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But then, the fact that fi, fo are Borel measurable means that f; 'By, f, ' B, are also
measurable, and hence independence of &1, & gives

P& € fi'Bi,& € f3'By) = P& € fi'B1)P(& € f;y ' Ba).

That is,
P(fio& € By, fa0& € By) = P(fi0& € B1)P(f20& € Bs)

and so we conclude. O

One of the most important consequences of independence is that the expectation of
products becomes the product of expectations.

Theorem 2.18. Let &,& be integrable, independent random variables. Then, & is
also integrable and

E(&&) = E(&)E(&).

Remark 2.19. This is not a characterization of independence, i.e. it can be the case
that E(&1&) = E(&)E(&) for non-independent random variables &1, &;.

Proof of Theorem . To begin with, we consider the case where {; = 1, and & = 1,
for some By, By € % Then

E(6i&) = E(1pnp,) = P(BiNBy) = P(§i=1,&=1).

By the independence of &, & we have that

P& =1,6=1)=P& =1)P(& =1) = E(&)E(&).

Next, assuming that &, & are simple functions we can reduce to the previous case by
linearity. More precisely, let & = > ", a;1a,, with 0 < a; < -+ < ap, and A;,..., A,
disjoint sets in .% and let & = > blp, with 0 <b <--- <b, and By, ..., B, disjoint

sets in .#. Then,
E(&é) = Z Zazb P& = a;, & = bj).

=1 j=1

Using the independence of the random variables we see

Zzaszgl—awéé—b Zzaszfl—az (5 b)a
i=1 j=1 i=1 j=1

which can be rewritten as

(Z a;P(& = ai)) (Z P& = bj)> = E(6)E(&).

Now say &1, & are nonnegative independent random variables. Using the standard ap-
proximation argument, we find sequences (&1 ,,), (§2.,) of nonnegative, increasing, simple
functions which converge to &, &, respectively, pointwise. Then, (&;.,&2,) is also a se-
quence of nonnegative, increasing, simple functions converging pointwise to £;&;. Observe
that the random variables (&3 ,,) are, from their construction (which is implicit in the proof
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of the approximation argument) are measurable with respect to %, , the o-algebra gen-
erated by & . The analogous is true for the sequence (§2,,). In particular, it follows that
&1, and &, are independent for every n € N. Therefore, using the previous step and the
monotone convergence theorem we conclude that

E(&&) = E(&)E(&)

in this case too.

Finally, we need to show the result for &,& : © — R independent and integrable
random variables. In this case we can decompose them as & = & — & and & = & — &
and note that &7, & ,65, & are all nonnegative functions. If we can prove that the random
variables &, £ are independent from &5, &5, then the result will follow by linearity of the
expectation and the latter special case. To see this observe that, for example, £ = ¢t o¢,
where ¢*(z) = max{x,0}, for any 2z € R. But one can easily check that ¢ is a Borel
measurable function. The last claim, therefore, follows from Lemma [2.17] O

Combining the last two results we obtain the following.

Corollary 2.20. Let &1, & be independent random variables and f1, fo : R — R be Borel
measurable functions such that fi o & and fo 0 & are integrable. Then, (fi 0 &1)(f2 0 &)
15 integrable and moreover

E((fi0&1)(fa0&)) = E(fi0&)E(f20&).

Proof. Tt follows from the lemma that f;0&; and fy0&, are independent and the conclusion
follows from Theorem 2.18] O

2.3 Stochastic processes

Definition 2.21. Let (2, .7, P) be a probability space. A sequence (&,)nen of F -measurable
functions s called a random sequence or a stochastic process. We further say that the

random variables (§,)nen are independent if, for &, ..., &, are independent for each k €,
i.e. it holds that

P(& € By,...,& € By) = P(§ € Bi) - P(§ € By),
for all By, ..., By € B(R).

Recall that we have another characterization of independence for a fixed finite num-
ber of random variables given by Theorem [2.15 We also saw in the previous section
how to construct independent random variables with predetermined distribution func-
tions F,..., F}, by considering an appropriate product measure on (R*, Z(R*)) and
setting & ((z1,...,2%)) = x;, for i = 1,... k. It would be of interest to be able to ex-
tend this construction in order to find sequences of independent random variables with
predetermined distribution functions (F},),eny. The first natural approach would be to
consider an appropriate infinite product probability measure on (R*, Z(R*)) and set
&((Tn)ne n)) = x4, for every ¢ € N.

Theorem 2.22. Let (F,,)nen be a sequence of distribution functions on R. Then, there ex-
ists a probability space (Q, F, P) and a sequence of independent random variables (&, )nen
on (2, Z, P) such that &, has F,, as its distribution function, for any n € N.
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Proof. We let Q = RN and .# = Z(RY), the Borel o-algebra of RY (this is the o-algebra
generated by products of the form By x - - - x B, x RN, for Borel sets By, ..., B, € 8(R)).
For every n € N, we find, by Theorem a unique Borel probability measure P, on

R such that
P,((—o0,z]) = F,(x), for every z € R. (2.4)

We then define a measure P = [[), P, on (RN, Z(RY)) by
PBy X -+ X B, XRxRx--+)=P(By)--P,(By),

for every By,..., B, € Z(R). The fact that such a probability measure actually exists
is a corollary of Caratheodory’s extension theorem (Theorem with the field of RY
consisting of finite cartesian products of real Borel sets.

On the probability space (RY, Z(RY), P) we consider the random variables &, : R™® —
R, given by &,(x) = x,, for every x = (2;);en, and each n € N. We see that

P, <t)=P{zeRY: & (x) <t}) =Pz eRY:z, <t}) =

)
P,((—o0,t]) = F,(t), for every t € R and every n € N.

That is, the distribution function of &, is F,,. We finally show that the random variables
(&,) are independent. To this end, fix n € N and By, ..., B, € #(R). We have that

P& €EB,....6n€B,) =P{r=(2)ien €ERY 2y € By,..., 2, € B,})
=P(By X XB, xRxRx---)=P(By) - Py(By)
=P{zx=(2)ien €RY 12y € B1})--- P({z = (2;)ieny € RY : 2, € B,})
=P(& € Bi) - P(& € By)

and with this we conclude. O
We can in fact prove something more general.

Definition 2.23. We say that the distribution functions F,, : R* — [0,1], n € N, are
consistent if, for any n € N we have that

lm  Foq(z, ..., T, Tpy1) = Fu(xy, ..., 2), for every xq,...,z, € R.
Tp4+1—00

The next result is known as Kolmogorov’s extension theorem for consistent random
sequences on R.

Theorem 2.24. Let F,, : R™ — [0, 1], n € N, be a sequence of consistent distribution func-
tions. Then, there exists a probability space (2, F, P) and a sequence of ¥ -measurable
independent random variables (&, )nen such that Fe, ¢, = F,, for every n € N. That is,

.....

P& <x1,...,& <w,) = Fy(x1,...,x,), for every x1,..., 1, € R. (2.5)

Proof. The proof is not much different from that of Theorem [2.22, but we need to be able
to use the consistency criterion. By Theorem [2.11] we find for each n € N, a probability
measure P, on (R", Z(R™)) with probability distribution F,. This means that

P,((—00,t1] X -+ X (—00,t,]) = Fu(ty, ..., t,), for every ty,... t, € R. (2.6)
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Using the consistency criterion of (F},) and the lower continuity of probability measures

(see Proposition |1.11]) we see that
PnJrl((_OO’tl] X X (-OO,tn] X R) = khm Pn+1((—OO,t1] X X (—oo,tn] X (—OO,IC])
—00
= khm Fn+1(t1, e ,tn, k) = Fn(tl, ce ,tn) = Pn<<—OO, tl] X oo X (-OO,tn]),
—00

for every tq,...,t, € R. Using the monotone class theorem and the above equality of the
measures, it follows that

P,i1(B xR) = P,(B), for every B € Z(R").

Therefore, the sequence of measures (P,) ey is consistent and hence by Kolmogorov’s ex-
tension theorem (Theorem [1.57)) there exists a unique probability measure P on (RY, Z(RY))
satisfying

P(BXxR xR x---)= P,(B), for every B € Z(R").

The rest of the proof is the same as that of Theorem [2.22] O

Omitting some details on technicalities and definitions that have not been precisely
introduced, we can define consistency of distributions on {0,1} in a way analogous to
Definition [2.23] In particular, we say that the distribution functions F, : {0,1}" — [0, 1],
n € N, are consistent if, for any n € N we have that

Foi(er, o 60,0) + Fri(er, ... €n,1) = Fyleq, ..., €,), for every e,...,¢, € {0,1}.

Theorem 2.25. Let F,, : R" — {0,1}, n € N, be a sequence of consistent distribu-
tion functions. Then, there exists a probability space (2, F, P) and a sequence of F -

measurable independnent random variables (&,)nen such that Fe, ¢ = F,, for every
n € N. That s,

P& =e,....6 =€) = Fuler, ... e,), foreveryey,... e, €{0,1}. (2.7)

Proof. The proof is analogous to that of Theorem [2.24], only now we consider Q = {0, 1},
&.() = a2, for n € N and z € {0,1}" and appeal to an analog of Caratheodory’s
extension theorem for measures on {0, 1}, O

~~~~~

As a corollary we deduce the following.

Corollary 2.26. Let (p,)nen be a sequence in [0,1]. Then, there exists a p.s. (2, . F, P)
and a sequence of ¥ -measurable independent random variables (&, )nen such that P(&, =
1) = p, and P(&, =0) =1 — p,, for every n € N.

Proof. This follows by an application of Theorem for the sequence of consistent
distribution functions defined as follows. For any n € N, we let
Fn(eh s 7€n) = P11 " Pryens

where pr1 = pr and pro = 1 — py, for every k € N. Then, by Theorem [2.25] we obtain a
sequence of independent random variables (&, ),en such that

P& =e,....6, =€) = Fy(e1,...,€,), for every €,...,¢, € {0,1}, n € N.
In particular, for n € N fixed, we see that
P(gn = 1) - Z Fn(é, 1) — Z Pl " Pn—1len_1Pn = Pn,
ec{0,1}n1 ec{0,1}n—1

because 266{0’1}%1 Ple,** Pn-tle,, = 1. Similarly, it follows that P(§, = 0) = 1 — p,,
and so we conclude. O
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2.4 Interesting applications of independent random
variables

2.4.1 Some preliminaries

This section is certainly neither exhausting regarding applications, nor fully complete
regarding proofs. Both tasks would be impossible, even unnecessary, for a manuscript of
this nature. Nevertheless, we hope that the results discussed here showcase the power of
the probabilistic method, cover a wide range of mathematical interests, and prompt the
interested reader to further research the topic.

First we list some preliminaries that will be useful throughout. Given a p.s. (2, #, P)
and an #-measurable r.v. ¢ such that E(|¢]?) < oo, we define its variance as

Var(§) = E(§ — E(¢))* = E(|¢]*) — (E(¢))

Given some independent r.v. &, ..., &, such that E(|§]?) < oo, fori = 1,...,n, it follows
from the definition and independence (see Theorem [2.18)) that

Var(& + -+ &) =Var(&) + -+ Var(&,).
For ¢ as above and A > 0, Chebyshev’s inequality (see Lemma [4.1]) gives that

Var(§)
A2
As a corollary, it follows that for independent r.v. as above and A > 0,
Var(&)+ -+ Var(E,)
22

A very useful refinement of Chebyshev’s inequality is due to Chernoff.

P(E-EE| =M <

P+ & —E&+-+&)=A) <

Theorem 2.27. Let &y, ..., &, be independent r.v. with |§; —E(&)| <1, fori=1,...,n.
Let =& +---+&,. Then, for any X\ > 0,

P(|¢ = E(€)] > \) < 2~ min{¥/(4Var(©).1/2},

Equivalently,
P (lf _ ]E(f)l > )\) < 2€7min{)\2/4,)\\/Var(&)/Z}'

A similar inequality due to Hoeffding is the following.

Theorem 2.28. Let &, ...,&, be independent r.v. with a; < & < b;, for some a;,b; € R,
foro=1,...,;n. Let {E =& + -+ &,. Then, for any A > 0,

n 1/2
P (le-E©)l = A (Z b, - \) <26
=1

Both inequalities share similar proofs, which on their own are interesting and not too
complicated, but we omit them as they are beyond the primary scope of this section.

Finally, we remark that in most cases, our argument depends on being able to choose
independent Bernoulli (0-1 valued) random variables &;, &, ..., with expectations, re-
spectively, equal to py, ps, ..., for predetermined values p,, € [0, 1]. This is possible due to

Corollary
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2.4.2 Monochromatic triangles

A typical problem in graph theory (and Ramsey theory in particular) is the monochro-
matic triangle problem.

Assume that N vertices are connected with edges so that they form a complete graph
and supposed each edge is colored with one of two colors, say red or blue. A monochro-
matic triangle is a complete subgraph of 3 vertices whose edges have the same color.
Our aim is to choose the colors of the edges in such a way as to have as few as possible
monochromatic triangles. For, example, if N = 6 it is a well-known result (Ramsey’s
theorem) that there will exist a monochromatic triangle no matter how we color the
edges (for N =5, one can find a monochromatic triangle-free coloring of the graph), but
one can easily find a coloring of a graph with 6 vertices with exactly 1 monochromatic
triangle.

Using a probabilistic argument we can show the following.

Theorem 2.29. There exists a 2-coloring of a complete graph with N vertices that con-

tains at most i(];f) monochromatic triangles.

Proof. There are (];/ ) edges in the graph and we can “randomize” the setting by consider-
ing independent, uniformly distributed 0 — 1, random variables &1, ..., & (¥) on the sample
2

space € of all possible colorings, so that £;(w) = 1 if the j-th edge is colored blue in the
coloring that corresponds to w € §2. We also have that P(§; =1) = P(§; =0) = 1/2, for
anyjzl,...,(];[).

Observe that the number of triangles contained in the graph is (g ) We then define
the random variables 7y, ... Ty on the same space by n;(w) = 1, if the j-th triangle is

monochromatic in the coloring that corresponds to w € (2. It follows that given a coloring

()

w, the number of monochromatic triangles that it contains is My (w) = > ;%) n;(w). In
particular, the expected value for the number of monochromatic triangles is

E(My) = E(n;).

By the definition of 7;, we see that
E(n;) = P({the j-th triangle is monochromatic}) = P({{;1 = &2 = &;3}),

where &;1,&2,&53 € {&,- .- ,§(N)} are the edges forming the j-th triangle. Therefore,

using the independence of &, . .. 7§(N) we have
2

E(n;) = P({&1 = &a=E&s =13 + P({&1 = &2 = &s =0}) = (1/2)° + (1/2)° = 1/4.

This implies that E(My) = %(];), and so there exists w € Q for which My (w) < ;11(];),

which concludes the proof. O]
2.4.3 Monochromatic arithmetic progressions

A well-known theorem in combinatorial number theory (or, additive combinatorics) is
van der Waerden’s theorem on arithmetic progressions. According to this result, for any
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k € N, there exists N(k) € N such that for any N > N(k), if we color the first NV natural
numbers, {1,2,..., N} in 2-colors, there exists a monochromatic arithmetic progression
of length k (e.g. a monochromatic subset of the form {x,x +y,...,z+ (k — 1)y}).

In celebrated work, Gowers showed that the smallest such N (k) is bounded above by

ok
22" If one wants to find lower bounds for N(k), one needs to construct colorings of
{1,..., N(k)} with no monochromatic progressions, and finding optimal bounds is also a
notorious problem. A result in this direction is the following.

Theorem 2.30. In the above setting, N (k) > 2/2.

Proof. Tt suffices to find, given any N < 2¥/2 a coloring of {1,..., N} in 2 colors that
contains no monochromatic arithmetic progressions of length k. The idea of the proof
is to randomly color {1,..., N} and prove that the expected value for the number of
monochromatic arithmetic progressions obtained this way is less than 1.

Fix N < 2F/2. Let &, ..., &n be independent random variables on the sample space of
the possible colorings of {1,..., N} with P(§; = 1) = P(§; = 0) = 1/2, where §;(w) =1
or 0 based on the color of j in the coloring determined by w.

Let Ry denote the number of k-term arithmetic progressions on {1, ..., N}. We define
the 0—1 valued random variables n;, .. ., ng, on the above probability space, by n;(w) = 1
precisely when the j-th arithmetic progression is monochromatic for the coloring of w.
Our goal is to show that E(Zf:Nl n;) < L.

By linearity, we have that

Ry Ry
EQO m)=>_ E).
j=1 j=1
Now, assume that the j-th arithmetic progression is {m;, m; + n;,...,m; + (k — 1)n;}.
Then,
]E(Tb) - P(nj - 1) = P(fm] == gmj+nj == gm]'—i-(k—l)nj)?

and by the independence of (§;), the rightmost term becomes

P(fmj == fijr(k—l)nj = 1) + P(&mj == fmﬁ(k—l)m = 0) = 2(1/2>k = 1/2k_1-

Finally, let us give an upper bound for Ry. Each arithmetic progression {m,m -+
n,...,m+ (k — 1)n} is determined by the step n and its starting point m. Hence,
Ry is bounded above by the product of the number of choices for m, which are less then
N, and the number of choices for the step n, which are less than N/(k—1). In particular,
we see that Ry < %

Combining the above, we obtain that

Ry
N?Z 1 2k 1
E E ) < <1
(jzl m) < (k—1) 2kt < (k—1)2k-1t =7

for £ > 3. This implies the existence of w € €2 such that Zf:]\fl nj(w) < 1, and therefore
Zf:Nl nj(w) = 0, which is the desired conclusion. O
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2.4.4 Number of prime factors of a “typical” number

An easy observation is that a natural number n € N has at least 1 and at most log, n
prime factors, the latter because, if n is written as a product of not-necessarily distinct
primes, n = p; - pa - - pr and n > 2% then k < log, n.

It would be of great importance to be able to determine, say algorithmically, the
number of prime factors of any given natural number. This being too difficult of a
problem, one may ask how many prime factors does a “typical” natural number have.
The answer to this (vague) question, which will be made precise in the statement of
the following result, is loglogn = log.(log,n)) and was initially obtained by Hardy-
Littlewood and later on by Turan-Kubilius.

Theorem 2.31. Forn € N, we let Q(n) denote the number of prime factors of n (counted
with multiplicity). Let v : N — N be any function with v(n) — oo as n — oo. Then,

i Ine{1,...,N}:]|Q(n) —loglog N| > v(N)y/loglog N|
im
N—o00 N

=0. (2.8)

Remark 2.32. The theorem essentially says that for “almost every” m € N, or for
“typical” n € N, we have that

Q(n) = loglogn + O(1/loglogn).

Note that, we can replace loglog N in (2.8)) by loglogn, because

N
i 1
]&%N;HoglogN—loglogm =0.

Proof of Theorem [2.31. The argument is probabilistic only in terminology and not in
its essence; however, this approach provides an important difference in viewpoint, which
might offer further natural insight that could otherwise be missed from a number theoretic
perspective. E

First we observe that

Q(n) = Z L, where 1,,,, =1 <= p|n and 0 otherwise.

p<n, peP

We will consider an approximation of €2 given by

Q(n) = Z Lpjn-

p<nl/10, peP

Observe that, for each n € N it holds that |€2'(n) — Q(n)| < 10, because there are at most
10 prime factors of n greater than n'/!°. Hence, it suffices to show (2.8) with Q' replacing
Q.

Let Py be the uniform probability measure on {1,..., N}, that is, Py({i}) = 1/N,
for every i € {1,..., N}. Then, (2.8)) can be rewritten as

lim Py <|Q’(n) — loglog N| > v(N)+/loglog N> =0. (2.9)

N—oo

IThis is a very general theme; In the words of Y. Guivarc’h “Les probabilités et la théorie analytique
des nombres, c’est la méme chose” (quote taken from E. Kowalski “An introduction to probabilistic
number theory”)
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Now, Chebyshev’s inequality (see Lemma implies that for any Ay > 0, we have

1
Py <’Q/(”) —En(Q)] > AN\/VarN(Q’)) < Z
N
We can use this to reduce (2.10) to showing that
(a) En(Q) =loglog N + O(1)
(b) Vary(8Y) =loglog N + O(1),

because then we can take Ay = v(N) and by assumption, limy_,. 1/Ay = 0. We first
show (a). Note that

EN(Q’):%;Q/(TZ):%Z Yo L= > <%;1pn>+0(1).

n=1 p<nl/10, pePp p<NY/10, peP

In other words,

Ev(@)= >  E(lyp),

p<N1/10, peP

where we view 1, as a random variable on {1,..., N}. Now,
N [N/l _ 1 oL
(o) = 3 ol < Vgl = 5 = 40
Hence,
1 N1/ 1
Ex(@)= ) —+0( ~ ): > =+0(1) =loglog N + O(1),
p<N1/10 pclp p p<N, peP p

by the prime number theorem. The proof of (b) follows a similar argument with a few
more computations, using in addition to the above that 1,14, = Lpgp, if p, ¢ are distinct
primes. ]

2.4.5 Asymptotic additive bases

Another family of problems in (additive) number theory is related to additive bases. In
particular, assume that £ C N and let

vg(x) =|{a,b€ E:a+b=x, and a < b}|,

for any x € N. That is, vg(x) is the number of ways that we can express = as a sum of
two elements from E. A specific and interesting question in this setting is whether we
can find £ C N such that £+ F = N, which means that vg(x) > 1, for all n € N, and
at the same time, such that vg(z) is minimized. More precisely, can we find £ C N such
that

(i) 1 <wvp(z) < 2% (asymptotically)?

(ii) 1 <wp(z) < Clogz, for some constant C' > 0 (asymptotically)?
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This was answered positively by Erdos using the probabilistic method. We present the
result and sketch its proof, but first let us note that there are — to this day — interesting
open questions and conjectures related to this problem.

Theorem 2.33. There exists a set E C N and constants ¢1,co > 0 and xg € N such that
crlogr <vg(x) < clogz, for any x > x.

Proof. For every i € N we let p; = min{1, k(*%*)"/2}, where k > 0 is some uniform
constant to be determined. We define a random subset of N by choosing an integer ¢ to
be in this set with probability p;. This is again possible via Corollary [2.26] Indeed, we
can find independent 0-1 valued random variables &, &, ..., on some probability space
(Q, .7, P), with P(§; = 1) = p; and P(§ = 0) = 1—p;, for every i € N, so that E(&;) = p;.
We can then define a random set F(w) via

i€ Bw) < &(w)=1.
We will show that for some w € €, the set £ = F(w) is such that
cplogx < vp(x) < cylogz, for any x > x,
(where ¢1, ¢y > 0 are positive constants and zy € N). By definition,

[z/2]
Vew) () ={a,be E(w) :a+b=2x, and a < b}| = Z@ Vi

To see the second equality, note that a < b and a + b = z together imply that a < x/2
and b =z — a, and a,r — a € E(w) precisely when &,(w) = &,—.(w) = 1.

Next, observe that for i,7 € {1,...,[z/2]} with ¢ # j we also have that = —
i # x — j. Moreover, x —i > i, for any i < [z/2]. In particular, it follows that
§180-1,&80—2, - - - [a/21€o—[2/2] are independent random variables (the fact that §;¢; and
&x&y are independent random variables when ¢, 7, k, ¢ distinct is an easy exercise using, for

example, Corollary [2.16]).

One can show that (we omit the details) there exist constants ¢y, ¢ > 0 independent
of x such that
caik?logr < E(vp(r)) < cok?log . (2.10)

In fact, (2.10) is also true for Var(vg(x)) instead of E(vg(x)). Therefore, by Chernoft’s
inequality (Theorem [2.27)) we get that

]_ 2 2
P (\VE(w)(x) — E(ve(z)| > §]E(VE(I))) < 2e7M 18T — 947 for some ¢ > 0. (2.11)

As ¢ > 0 is fixed we can choose k (which was to be determined) large enough so that

S 2 < oo (simply let k> 1/,/c). Then (2.11)) implies that

- 1
5 (Inelu)(o) - Bls(o)] > JE0s() ) < o0

and hence, there exists o € N such that

o0

Z P (|1/E(w)(x) — E(vp(z)| > %E(VE(I‘))) < 1/2.

T=x0
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It follows that

P ( U {\w(w)(x) ~ E(vp(x)| > %E(w(w»}) <1/2,

T=x0

and so there exists some w € ) for which
lvp(w)(z) — E(ve(z)| < %]E(VE(I)), for every x > .
Letting £ = E(w) this, in combination with (2.10]), give that
(c1/2)k*logz < vp(x) < (3/2)cok? log z, for every x > g,

which proves the theorem. O

2.4.6 Addition and subtraction of vectors

The final problem we choose to illustrate the utility of the probabilistic method is geo-
metric in nature.

Assume we are given N vectors vy, ..., vy € R? with Euclidean norms ||v|| = -+ =
|lun]| = 1. Our goal is to choose the signs of the vectors £ in a way that minimizes the
length (i.e. the Euclidean norm) of vy £ vy £ -+ £ vp.

A trivial observation is that if d = N and (v;) are the normalized basis vectors in R?,
ie. v; =(0,0,...,1,0,...,0), where 1 is in the i-th position, then regardless of the choice
of signs we have that

|£v tve - toy|| = |1 £1+--+ 1| =vV12+---+12=VN.

It is perhaps surprising that we can actually achieve a length (of the order) v N for
any set of vectors in R?, choosing the signs appropriately.

Theorem 2.34. Let vy, ..., vy € R? be any vectors with ||v]| < 1, for alli € {1,...,N}.
Then, we can find signs €1, ...,ex € {+1,—1} such that

||€1U1 + - ENUNH S \/N

Proof. The idea of the approach is to choose the signs in a random way and show that
the expected value of the lengths of the random linear combinations obtained this way is
bounded above by v/N; hence, there must exist a set of signs for which the corresponding
vector has length at most v/ N.

To realize this, we let &;,...,&nv be independent random variables on some p.s.
(Q,.#, P) with values +1 or —1 and such that P(§, = 1) = P(§ = —1) = 1/2, for
each i € {1,...,N}. Then, E(§) = 0, E(§?) = 1 and, by independence, E(£;£;) = 0 for
1 # j. It follows by linearity that

N 2 N N
Zfivi =E (Z 5ivi,§jvj>) = Z E (&&5) (vi, v;)-
i=1

ij=1 ij=1
The above observation and the choice of (v;) imply that

N
Z 51‘%’
i=1

E

2 N
E =Y E(&) ul* < N.
i=1
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Thus, there exists w € 2 such that

&1 (w)vr + -+ - En(w)un | < N,

which in turn implies the desired conclusion. O

Another interesting problem would be to replace the Euclidean norm by different
measures of “length” in RY. When we consider the supremum norm for example, the
following holds.

Theorem 2.35. Let vy, ..., vy € RY, where N > log(2d) and assume that ||v;|| . < 1, for
alli=1,...,N. In particular, all the coordinates of the vectors vy, ...,vy are contained
in [—1,1]. Then, there exist signs €1, ...,exy € {+1,—1} such that

lervy + -+ - envnll, < /2log(2d + 1)N.

Proof. As before, we consider &,...,&y independent random variables on some p.s.
(Q,.#, P) with values +1 or —1 and such that P(§ = 1) = P(§ = —1) = 1/2, for
each i € {1,..., N}. Then, E(§) =0, E(¢?) = 1 and, by independence, Var(&;)1, for all
1=1,...,N. Our goal is to show that there exists w € {2 with

161 (w)vr + -+ -+ En(w)on] o, < V/2log(2d 4+ 1)N.

Observe that if v; = (v;1,...,v;4), then

.....

We use Hoeffding’s inequality (Theorem [2.28) for a; = —1,b; = 1, for j = 1,..., N, to
obtain that for any i € {1,...,d} and any A > 0,

P (|£1(W)U17i + -+ £N(w)vN,i| > 2/\\/N) < 2672)\2.

This implies that

P (Z.E}axd &1 (w)vr; + -+ En(w)uys| > 2)\\/N>

,,,,,

d
<>r (‘fl(w)vl,z‘ + - ov(w)on| = 20y N) < 2™ <1,
=1

where the last inequality holds for A > /log(2d)/2. In particular, if we choose A =
log(2d + 1)/2 we get that

P (P}axd &1 (w)vr; + -+ -+ En(w)uns| > 24/log(2d + 1)/2\/N) < 1.

i=1,...,

Therefore, there exists w € €) for which

77777

and with the choice of signs corresponding to this w we conclude. O
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Chapter 3

Weak convergence

3.1 Characteristic functions

Given a real-valued random variable we can consider a special function which character-
izes (i.e. completely defines) its probability distribution, say «. This function is called
the characteristic function of the probability distribution « and is defined as the Fourier
transform of the probability measure «, i.e. ¢ : R — R is defined by

o) = [ = do.

for t € R. Alternatively, for a real-valued random variable X with distribution «, we
have that .
¢(t) = E[e"¥],

for all real ¢.

Remark 3.1. Of course this definition makes sense, because

6()] < / ) da = 1,

since « is a probability measure on R.
Let us calculate some important examples of characteristic functions.

Example 3.2. « is the degenerate (or Dirac) distribution d,, for some a € R. Then,
o(t) = / e dd, = e, fort € R.
R
Example 3.3. « is the Binomial distribution B(n,p) with probabilities
ny k n—k
pe=PUX = 1)) = )k,

for 0 < k <n. Then,

o(t) = Be™] = Z (Z)pm =y (Z) (D)1 = p)"* = (ep+ 1 p)",

k=0

t € R, where in the last equality we have used the binomial theorem.

51
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Example 3.4. « is the Bernoulli distribution Be,,(p), with probabilities
P{X =1})=pand P{X =0})=1—p.

Then, ‘ . . .
o(t) = E[e"™™] = pe' + (1 — p)e™ = pe' +1 —p,

for any t € R.

Example 3.5. « s the geometric distribution, the distribution of the number of unsuc-
cessful attempts preceding a success with probabilities

P(X =n)=p(1—p)", for anyn > 0.

Then, for 0 < p <1 we have that

o) =Ble"] =) e"p(1-p)" =p) (e"(1-p))" = py— (eitl(l > = p(1—€"(1-p)) ",

for any t € R.

Example 3.6. « is the Poisson distribution of rare events, with rate A, which has prob-
abilities "
A)\

n!
forn > 0. Then,

_ ti itn —)\)\ —/\ - Zt)\ —)\ 6”)\ )\(e“—l)
o(t) = Ze Z :

for any t € R.

Example 3.7. The final example is that of the normal distribution o with mean p = 0

12 . . . .
and variance o = 1, which has density f(x) = \/LQ?@_T. Then, its characteristic function

‘ = /_Z f(x)e™ dx = \/%/ e dz,

which becomes

_ (z—it)” zt)

o

:L' =
V2 V2T
In the first to last equation we have used the fact that the change of variables y = x — it
is justified, because it is obvious for the case y = x —t, for x,t € R, but we can extend it

to all complex valued t by analytic continuation. The more standard way of doing this is
_ (z— zt)

to use the Cauchy theorem to show that the integral ffo
t at all.

dx does not depend on

Some other properties of the characteristic function of a probability distribution on
the real line are the following;:

1. ¢(0) = 1, which is obvious
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2. It is Hermitian, i.e. ¢(—t) = ¢(t). Indeed,

o(—t) = /Rem da = /Re"_m da = /Re_m da = (1),

where the first to last equality is justified becasue, for example, the integrand is L>-
integrable and we can use the complex conjugacy symmetry of the inner product.
What this property means is that the characteristic function of a symmetric r.v. X
around the point z = 0 is real-valued and even! Conversely, the distribution of X
is symmetric around = = 0 only if ¢(#) is real for all £ € R. This claim is a trivial

consequence of the equality ¢(—t) = ¢(t) once we observe that the characteristic of
—X is ¢(—1).

.Y =aX + b, for a,b € R, then

oy (t) = " px(at),

for all t € R.

. If Xq,..., X, are real-valued independent r.v. and aq,...,a, € R, then

n

¢a1X1+..-+aan (t) = Hngj( jt)

j=1

. ¢ is uniformly continuous. Indeed,

|¢(t1> . ¢(t2>| < / |€it1:p . eitgz| do — / ‘ei(tlftg)x . 1| dev [t1—t2]—0 0
R R

by the bounded convergence theorem.

. ¢ is positive definite, i.e. for any complex numbers &1, ..., &, and reals tq,...,t, we

have that
Z ot —t;) & & > 0.

ij=1

Indeed, the above quantity is equal to

565 [orran= 3 [ ooz
R R

i,j=1 h,j=1

In particular, the 4-th property is very important, as it allows us to calculate the

characteristic functions of sums of independent random variables.

The characteristic function carries information about the distribution a.. For example,

we have the following result.

Proposition 3.8. If [ |z| da < oo, then ¢ € CY(R) and ¢'(0) =i [z da. The converse
need not be true.
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Proof. Fix t € R and a real sequence (h,,),eny which converges to 0. Then,

= lim lim
n— 00 hn n—o Jp hn n— 00 hn

t+ h.) — ot i(t+hn)x _ itz i(t+hn)z __ itz
lim ) =00 ;da:/- R
R

which is equal to fR ize"™ do. The interchange of limit and integrable is justified with
the use of the dominated convergence theorem, which is applicable because

ei(t—i—hn)x o eitx eihnx -1 hnl‘
pry S pry |:L‘|’
h, hn, h,
where by the fundamental theorem of calculus |e* — 1| = ‘ foh"x iet dt| < |hpz|. From

this it follows that ¢ € C'(R) (it is the integral of a continuous function) and clearly
¢'(0) = [, iz dov. In a similar fashion one can show that if [ [z|* dow < 0o, then ¢ € C*(R)
and in fact ¢*(t) fR iz)kel® dao, for every t € R,

For the converse we construct a counterexample. Let a be a distribution on R, which
is discrete and symmetric around 0 and is defined by a(0) = 0 and

b
n3log(n)

(C™' = 3 ez wign» Which is to guarantee that a((—00,00)) = 37, c; a(n) = 1). Then,
Je |zl da =37, ., In| = oo, but ¢ € C*(R). Indeed,

, . L 1 . cos(tn)
1) = T Jo — in it(—n) -9
(1) /Re o Z(e te )Cn3logn O; n3logn

neN

i (cos(tn))/
3

—~\n logn
converges uniformly on R. But this is true by Weierstrass’ M-test, as the above sum
becomes

oo . o .

Z —nsin(nxr) Z —sin(nz)

3 - 2 ’
~ n logn ~ n logn

which converges absolutely on R and sup,cg|

a({n}) = a({-n}) =C

and we need to prove that

—sin(nx) 1
n2logn | — n2logn "’ o

Remark 3.9. Similarly, one can show that, if [|z|¥ da < oo, then ¢ € C*(R) and for
any | < k we have that ¢'(t) fR ir)le™ da, for any t € R.

3.2 An inversion formula

Our next aim is to show that we are able to recover the distribution function F' of a
random variable X by its characteristic function. This is a problem similar to inverting
the Fourier transform of a measure by the Fourier inversion formula. More precisely we
have the following theorem.
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Theorem 3.10 (Inversion theorem). Let F be the distribution function of a r.v. and
¢ its characteristic function. Then, for every a,b € R, which are continuity points of F
we have that
1 T e—ita _ e—ztb
F(b) — F(a) = lim —/ —F¢(t) dt.

_r it

Proof. Without loss of generality assume that a < b. For T"> 0 and ¢t € R let

1 T e—ita _ e—itb
or(t) = o /_T Tqﬁ(t) dt.

Then, by the definition of ¢ we have that

1 T —ita __ ,—itb 1 T _—ita _ ,—itb
op(t) = —/ / #em da dt = — // #em dt da
2 J_r Jr 1t 2 Jr J_7 it

where « is the distribution of the random variable. The use of Fubini’s theorem in the
last equality is justified because
b
/ e—itw dCL’
a

and « is a probability measure on R. In order to actually compute the last integral, write

e—zta _ e—ztb

1t

e—zta _ e—ztb

1t

eitax — —

<b-a

e—ita Z_t et it — th (cos(t(z — a)) — cos(t(z — b)) + i (sin(t(z — a)) — sin(t(x — b))))

and then observe that Cos(t(x_a));ws(t(%b)) is an odd function, therefore its symmetric

integral around zero vanishes. We have so far managed to obtain the following equality

br(t) = %/R/_T % (sin(t(z — a)) — sin(t(z — b)) dt da

and we can thus write ¢7(t) as the difference of two similar integrals, i.e.

T(z—a)
T / / sin(t d do— L / / sin(t dt o
T on T(z—b)

Things are now simplified because the Dirichlet integral is known, in particular f o0 sin) gt =
Z and since Sm(t) is even, [0 Sm(t) dt = 7. This implies that supp-, ’ " T sn) dt‘ < C,

Where C > 0 is a constant, because the improper Riemann integral exists and is finite.
Therefore, if

t) = — dt
w() 27 t 2T —T(x—b) t

1 /T(‘T“) sin(t) 1 [T gin(t) gt

—T(x—a)

then [¢r(t)| < £, for every t € R and T' > 0. Moreover,

an ) an ) 1, ifa<z<b
hmd)T()_szgnx ST~ 4 _ ,1fm—a0rx—b

T—o00 2
0, ifx <aorx>b,
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which is very easy to verify. In conclusion, we have shown that

T _—ita _ ,—ith S b — o _
lim — / C T b(t) dt = lim ¢r(t) = / sign(z = b) > sign{e —a) 4,

T—oo 27T _T it T—o0

and this is equal to «((a,b)) = F(b) — F'(a), provided that a and b are continuity points
of F', which gives that a({a}) = a({b}) = 0. O

Remark 3.11. [t should be clear from the proof (notice that continuity of the points a
and b was only used in the last line) that this generalizes to

T —ita _ ,—itb
P~ Fla) + 5(a({a}) + a(@p)) = fim 5= [ S o) dr

for any points a,b € R, where a is the probability distribution of ¢.

Corollary 3.12. If F' and G are two distribution functions with the same characteristic
function, that is, ¢r(t) = ¢g(t), for every t € R, then F' = G.

Proof. Tt follows immediately from the inversion theorem that F(z) = G(z) for every
x € R which is a continuity point of both F' and G. However, we have already shown
that the discontinuity points of a distribution function are at most countably infinite,
therefore, F' differs from G in at most countably many points. We set H = F'— G, which
is right-continuous and H(z) = 0, for  in a dense subset of R. Thus H = 0 everywhere
and so F(z) = G(z) for all z € R. O

This final corollary shows in fact that the distribution function and thus, the proba-
bility distribution « are uniquely determined by the characteristic function. Therefore,
we have that given any two random variables X and Y,

Ox = oy = Fx =Fy.

3.3 Weak Convergence

The following definition of weak convergence of a sequence of probability measures on R,
which can of course be generalized to any Polish space and Borel probability measures
on it, is no other than the weak™ convergence of functional analysis. In fact, with the use
of Riesz’s representation theorem, we can identify the space of measures with the dual
of some space of continuous functions, and then the weak topology is exactly the weak*
topology on the space of measures.

Definition 3.13. A sequence (o, )nen of probability distributions on R is said to converge

weakly to a probability distribution o, denoted by v, BRUANGN (or o, = ), if
—00

n

lim [ f da, = /f da,

n—oo
for every bounded and continuous function f: R — R, i.e. f € Cy(R).

Remark 3.14. The same holds for any f € Cy(C), by linearity, because a complex valued
function is continuous if and only if its real and complex parts are continuous. To see
this trivial fact, notice that if f = u + v, then

u(z) —u(w)| <[f(2) = f(w)] < u(z) = w(w)] + [v(z) = v(w)].
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Exercise 3.15. Show that if a, : R — a and g : R — R is some continuous function,
then the distributions 3, of g under «,,, which are defined by

Pu(A) = an({z : g(z) € A}),
for any A € B(R), converge weakly to B, which is the distribution of g under .

[Hint] Notice that
Ba(A) = an(g™'(4)),
for any A € #(R). Then, for any continuous and bounded function f : R — R we have

that
[ty s, = [ rog da,

in way of Theorem and f o g is continuous.

We will return to weak convergence of measures in a while, but before that, we define
another mode of convergence of random variables, which is the weaker in our disposal
thus far.

Definition 3.16. Let X1, Xs,... be a sequence of random variables, not necessarily de-
fined on the same probability space. We say that (X, )nen converges in distribution to

. . d .
some random variable X, and write X,, —— X, if
n—oo

n—0o0

FXn(ZL‘) —_— Fx(ZL‘)7
at every continuity point x of Fx.

Remarks 3.17.

e (Convergence in distribution does not provide any information about pointwise con-
vergence at specific points w € ). In fact, it does not, in general, provide infor-
mation about convergence in probability. For example, X can follow a Bernouli
distribution with P(X = 1) = P(X = —1) = %, and Y = —X. Then, X and

27
Y have the same distribution, and if X,, = X, for all n € N, then X, 4 X and

Xn Ly, But, it can not converge to both in probability, because P(X #Y) = %

o The previous example shows that limits are not unique under convergence in distri-
bution.

o If X, L X and Y., N Y, we don’t know whether X,,+Y,, LN X+Y. By the previous
example, X, L X and X, N Y, but 2X,, » X +Y =0.
The reason we only care about points of continuity of Fy in defining convergence in

distribution is because it would be natural to have that

1
X+--2.x.

n n—oo

This condition is equivalent to
]- n oo
P(X 4+ = <z) =2 P(X <),
n

and since
n—oo

1 1
PX+—-<z)=PX<zx—-)— P(X <u),
n n

the condition only holds if P({X =2} =0 <= FJx is continuous at .
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Exercise 3.18. Show that in fact, if X, 4 X and an =250, then X,, +a, 4 x
n—o0

n—oo
Theorem 3.19. Let X and (X,,)nen be random variables (defined on the same probability
space (Q,.%, P)). Then,

X, 2o X — X, 2. Xx

n—oo n—o0

Proof. Let x € R be a continuity point of Fy. and let € > 0. Then,

P({X, < 2}) = PUX, < 2} N {|X, — X| > &) + P({X, < 2} N {|X, - X| < ¢}) <
P{|X, — X| > €}) + P{X < 2 +¢€}).

Thus,
limsup P({X,, <z}) < P{X <z +€}),

n—oo

and since € was arbitrary we obtain that
limsup P({X, <z}) < P{X < z}).

n—o0

The same argument with —X,, and —X in the place of X,, and —X, and —x in the place
of x gives the other inequality, i.e.

liminf P{X, < a}) = PUX <2}) = PUX, <o},
[

We have already seen that the converse does not hold. However, there is a partial
converse which states that in a special case, convergence in distribution is equivalent to
convergence in probability.

Proposition 3.20. If (X, )nen s a sequence of r.v. defined in the same probability space

(Q,.7,P) and X, LN X, where P(X = ¢) = 1, for some constant ¢ € R, then
n—o0

X, P X as well.

n—o0

Proof. Let € > 0. Then, Fx is discontinuous only at x = ¢ and

Fx(c—¢€) =0 and Fx(c+ %) =1,

which implies that
lim Fy, (c—e€) =0and lim Fx, (c+ E) =1

n—00 n—00 2

Now,
P(|X,—c|>e) =P X, >c+e)+P(X,<c—e)=1—P(X,, <c+e)+ Fy, (c—¢)
and this is bounded above by
1-P(X, <c+ %)—}-Fxn(c—e) =1 —FXn(c—l—%) + Fy, (c—€).
Taking the limits as n — oo we conclude that
lim P(| X, —c|>¢€) =0

n—oo

and since € was arbitrary this implies that X, SN, ]

n—oo

Exercise 3.21. Show that if X, —L s X and Y, =2 Y, where P(Y =c¢) =1, then

n—0o0 n—oo

X, +Y, x4V,

n—oo
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3.4 Portmanteau lemma

The next theorem is an important first step in finding alternative ways to check conver-
gence in distribution.

Theorem 3.22. Given (real valued) random variables X and a sequence (X,)nen we
have the equivalence

X, == X — E(f(X.)) =5 E(f(X)),

n—oo

for every f € Cp(R).
Remark 3.23. It is not correct that

d n—00
for every bounded, Borel measurable f : R — R, but it is true if f is bounded and Riemann
integrable in any interval |a,b]. The above implication also not correct in the case where
f 1s continuous, but unbounded. It is still true, however, for smooth bounded functions,

because the subspace of smooth functions is dense in Cy(R). Such an argument of course
does not hold for the space C'(R).

Proof. To begin with, observe that

X, 1 X = P(X, <z) % P(X < z), for every z € R with P({X =2}) =0

n—oo

and this is equivalent to
E(1 (o) © Xn)) 3 E(1(_aou © X), for every x € R with P({X = z}) = 0.

With this helpful equivalence in mind we shall prove the theorem.
(<) Let € > 0 be fixed, z9 € R be a continuity point of Fx and set f = 1(_o 4. Then,
we can choose bounded and continuous functions on R, say f. and f., such that

fe(x) < f(z) < (@),

for all z € R and that f.(z) — f(z) = (1 = 22)L(zpu1e(2) and f(z) — f(z) = (1 -
12) 1 (20—em0) (2). We then have that

€

and by our assumption this gives that

E(£.(X)) < liminf B(f(X,)) < limsup B(f(X,.)) < B(T.(X)).

n—oo n—oo

From the definition of f. and f. we get that
— e—0t
[E(f(X)) = E(f(X))] £ E(Lguerq(X)) = P(X =19) =0
and also that

IE(£.(X)) = E(/(X))] < E(Ljrycr0)(X)) L5 P(X = 29) = 0.
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Combining these assymptotic equalities with the interpolation criterion we obtain that

E(f(Xx) = E(f(X)),

which gives convergence in distribution by the initial comment.
(=) Let f € Cy(R). We will show that B(f(X,)) —= E(f(X)). By assumption there
exists M > 0, so that |f(z)| < M, for every x € R. Choose ¢ > 0 arbitrary and let
D denote the discontinuity points of the distribution Fx, thus D is at most countably
infinite. Observe that

E (/] Lppomy (X)) == 0,

by the dominated convergence theorem, because |f| - Ljsn}(X) < |f], which is bounded
and thus integrable. In the same spirit

E (Lggsm (X)) =20,

and so there exist A > 0 with A, —A ¢ D and such that

€

max{E (|.f] - L3 (X)), B (L3 (X))} < 57

Moreover, E|f| - Lijy>a}(Xn) < MELfysay(X,) and thus by the fact that X, 4 X,

n—oo
we have that for large enough n € N,

Elf]- Ty (Xn) < e

Now, because f is uniformly continuous on the compact set [— A, A], there exist points
A=ty <ty <...<t=A, with to,t1,...,tx ¢ D and co,cq,...,cx € R, such that
the step function g(z) = Z?Zl cjl,_, ;) (x) satisfies g(to) = f(to) and, more importantly,
sup,eg | - Li—a,4)(x) — g(z)| < €. Then,

k k

E(9(Xn) = Y B 4(Xn) = Y GEL oot} (Xn) = D GE(L ooty )(Xa)),

j:l ]:1 ]:1
which by assumption converges to

k

Y GEL o1 (X)) = D GE(L ooy, (X)) = E(9(X)).

j=1 j=1

Therefore, for large enough n € N we have that

IE(f(Xa)) = E(f(X)| SE(If] Tggsay (X)) +E(If] - Lggsay (X)) +
IE(f - Lan — 9)(X)| + |B(f - Leag — 9)(X))| 4 [B(9(Xn) — g(X))| < 5e

and so we conclude. O

Exercise 3.24. Construct an ezample where X,, —— X, but E(f(X,) - E(f(X)),
n—oo

for f bounded and Borel measurable. Also, construct a counterexample with f(x) = z,
showing that the assumption of boundedness is also necessary. Finally, modify the above
proof so that it works for bounded and Riemann-integrable functions on every interval

[a, b].
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[Hint] Let Y;, be r.v. with the Dirac distribution at 1, i.e. P(Y,, = 2) =1, for n € N.

Then, Y, —2— Y =0, but if f(x) =T (x), then E(f(Y,)) =1 and E(f(Y)) =0. For
n— oo

the other case consider the r.v. with P(X, =2") =+ and P(X,, =0) =1—-1, neN.

Then X,, — 0, but E[X,] 22> oo
n—oo
We will now use the previous theorem to show the relationship between convergence
in distribution of random variables and weak convergence of their distribution probability
measures. Also, we will provide another equivalent definition for weak convergence. First
an immediate corollary to Theorem |3.22]

Corollary 3.25. Let (X,,)nen be a sequence of r.v. and (o, )nen their respective probability
distributions. Let also X be a r.v. with distribution . Then,

d w
X, — X <= a, — a.

n—oo n—oo

Proposition 3.26. Let (ay,)nen and a be probability distribution on R. Then,

O —s o = an(A) 22 aA), for every A € B(R) with a(D(A)) = 0.

n—0o0

Remark 3.27. Sets like A in the statement of this proposition are often called continuity
sets of .

Proof. We will in fact prove something more specific. Let K C R be a closed set. Then,

the function defined by
1

Jx) = 1+ d(z, K)
where d(z, K) = inf ek |y — /|, is the distance of a point x from the set K, is a continuous
function, bounded by 1 and f(x) = 1 exactly when x € K. Now, consider the sequence

(fm)men defined by f,,(z) = (f(x))™, for m € N and x € R. Then, f,, \, 1x everywhere
and therefore, by the definition of weak convergence we obtain that

, for z € R,

n—o0

limsup o, (K) < lim [ f.(2) do,, = /fm(x) da,
n—oo
for any m € N, and letting m — oo, the monotone convergence theorem gives that

lim sup o, (K) < a(K).
n—oo
If U C R is open, then its complement, say K C R, is closed. Thus, by the previous
inequality we get that
liminf o, (U) = liminf(1 — a,,(K)) = 1 — limsup a,,(K) > 1 — a(K) = a(U).
n—oo n—oo n—oo

To finish, let A C R with a(9(A)) = 0 and let A denote its closure and A° its interior.
Then, 0(A) = A\ A° and since a(9(A)) = a(A) — a(A°) we have that a(A) = a(A°) =
a(A). From the established inequalities

limsup o, (A) < a(A) = a(A) = a(A°) < liminf a,,(A°)
n—oo n—oo
and so

lim «,(A) = a(A4).

n—o0
The other direction is much simpler, but we will deal with it in the proof of Theorem
3,281 O
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The next theorem, almost completely, characterizes convergence in distribution. Vari-
ations of this theorem are often referred to as “the Portmanteau lemma” throughout the
literature. Later on we will generalize this even further with the use of characteristic
functions.

Theorem 3.28. Let (X,)nen and X be real valued r.v. with probability distributions
(an)nen and o and distribution functions Fx, and Fx, respectively. Then, the following
are equivalent.

1. X, SN X, that is, Fx, (z) == Fx(z) at every continuity point x € R of Fx

n—o0

2. an — a, that is, E(f(X,)) 2225 E(£(X)), for every f € Cy(R)

) 222 a(A), for every A € B(R) with a(d(A)) =0
[a,b]) — oo, a([a, b)), for all a < b, provided that a({a}) = ({b}) =0
(

3. oy

(A
an((

o ((—00, 2]) 2225 a((—o0, x)), for every x € R with a({z}) =

Proof (1) = (2) is proven in Theorem [3.22] (2) = (3) is proven in Proposition
and (4) is basically a special case of (3), because 9([a,b]) = {a} U {b}. In order to
see that (4) explicitly implies (5) we actually need the tightness property of the sequence
(o), which we will develop below. For now own, however, it is clear that (5) is also a
special case of (3). Finally, the implication (5) = (1) is trivial, because a continuity

point z of Fx satisfies a({z}) = 0. O

Exercise 3.29. Prove the following cases of convergence in distribution.

(i) For a real sequence (a,)nen with a, 7% 4 we have that a,, SN Oa

n—o0
(it) >0, O HL> myo.1j and in fact, if f : [0,1] — R is continuous, then = >, Ox m
Jo F(@) dmpo,y ()
(iti) >0 1 Oka % mo,1, if « € R\ Q (this is due to the equidistribution of {ka}ren)
By the previous theorem the following is an alternative definition to weak convergence

of Borel probability measures on R.

Definition 3.30. A sequence (o, )nen of probability distributions on R is said to converge
weakly to a probability distribution o if

tim a,(([a. 1) = a([a. ),
for all a < b, provided that a({a}) = a({b}) = 0.

Exercise 3.31. Show that weak limits are unique. That is, if a, Vs o and QU —> B,

n—oo
then o = 3.

Solution. Given any interval [a,b] C R there is a sequence of bounded and continuous
real functions f,,, m € N, so that limy, . frn(z) = Lgg(x), for every x € R. Then,
we have that lim, o [ fin day, = [ fin do and limy, oo [ frn don, = [ fm df, so that
[ fm da = [ fm dB, for every m € N. Now, using the bounded convergence theorem we
see that a([a, b]) = B([a, b]) and so the measures « and /3 agree on the algebra of of finite
disjoint unions of closed intervals. A typical application of the monotone class theorem
implies that they agree everywhere. |
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3.5 The Levy-Cramer continuity theorem

We will now extend Theorem [3.28] as promised, adding perhaps the most practical of
equivalent formulations of convergence in distribution so far.

Theorem 3.32 (Lévy-Cramér continuity theorem). The following, along with the other
conditions of Theorem[3.28, are equivalent.

d
1. X, — X, ora,, = «

n—oo

2. If ¢,, and ¢ are the characteristic functions of a,, and « respectively, then

li_)m On(t) = &(t), for everyt € R.

We already know that (1) = (2), by Theorem [3.22] because ¢,, € C,(R), for every
n € N. To prove the other implication we will need to enrich our tool-case first.

Given a sequence of distributions, (F},),en a natural question is whether or not there

exists a sub-sequence, (F,, Jreny and a distribution function F, such that

F,, (r) ©=% F(x), at all continuity points z of F.
An equivalent formulation is whether given any sequence (P,),en of probability distribu-
tions there exists a sub-sequence, (P, )ren and a probability distribution P, such that

P, 2 P.

The answer is no in general. For example, let

Fo(x) 1, ifx>n
n\T) =
0, ifx<n

for n € N and z € R. Then, F, = 0 everywhere, but the zero function is not a
distribution. Equivalently, one can consider the probability distributions of the functions
F,, above, i.e. P, = d,, for n € N, and again no sub-sequence of (F,) converges weakly,
because

/Sin(x) dP, =sin(n), n € N,

has no convergent sub-sequence.

Whenever such a condition, which is in essence the condition of sequential compactness
with respect to the weak topology, is satisfied for a family of Borel measures on the real
line we give this family a special name.

Definition 3.33. Let &2 = {P, : a € A}, for some indez set A, be a family of probability
distributions on R. Then, we say that & is relatively compact if every sequence
(Pp)nen in & has a weakly convergent sub-sequence. That is, if there exists (P, )ren and
P (which is again a Borel probability measure in R, but not necessarily on &), such that

P, 2 P.

k—o0

We say that a family F = {F, : « € A} of distribution functions is relatively compact
if the family of probability distributions of the functions in F is relatively compact.
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The problem in the above counterexample arises from the fact that, intuitively, the
measures P, have masses which “escape at infinity”. If we overcome this, by imposing
some “tightness” assumption on these measures, then we will prove that convergent sub-
sequences exist. Next, we define a condition which prevents this from happening.

Definition 3.34. Let & = {P, : a € A}, for some index set A, be a family of probability
distributions on R. Then, we say that &2 is tight if for every e > 0, there exists M > 0,
so that P((—M, M]) > 1 — ¢, for every P € &, or equivalently, if P(R\ (=M, M]) <,
for every P € &.

We say that a family F = {F, : a € A} of distribution functions is tight if the family
of probability distributions of the functions in F is tight.

The next theorem, due to Prokhorov, says that the two conditions of tightness and
relative compactness are in fact equivalent.

Theorem 3.35 (Prokhorov). A family of probability distributions, &2, is tight if and only
if it is relatively compact.

Proof. (<) Assume that &2 is not tight. Then, there exist an ¢ > 0 and a sequence
(Pp)nen in &, such that

P,((—n,n]) <1 —¢, for every n € N.

However, there must exists a sub-sequence (P, )xen and some probability distribution P,
so that P, kl> P.If D={zxeR:P{z}>0)}, then D is at most countable and
—00

klim P, ((—o0,z]) = P((—o0,z]), for every x ¢ D
—00
and thus,

lim P, ((—z,z]) = P((—z,x]), for every z, —x ¢ D.

k—o0

As a result, we have that
P((—xz,x]) <1—F¢, (3.1)

for all but a countable set of points x € R and this is a contradiction to the fact that
P(R) =1, because we can take a divergent to infinity sequence of points (x,,), for which
holds.

(=) The converse is slightly more difficult and the main ingredient of this proof is to
show that given a sequence (F,),en of distribution functions, there exists a sub-sequence
(F, )ken and some right-continuous function F', so that

lim F, (z) = F(x),

k—o0
at every continuity point of F' and if, moreover, (F),),en is tight, then F' is a distribution
function. We will prove this separately. If we know that to be the case, then given any
sequence (P, )nen of the tight family of measures &2, there exists a sub-sequence (P, )ken

converging weakly to the probability distribution P corresponding to the distribution
function F above, by Theorem [3.22] (or the direction (1) = (2) of Theorem [3.28). O

We now show the result we claimed in the proof of Prokhorov’s theorem.
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Lemma 3.36. Let (F),)qen be a sequence of distribution functions. Then, there exists a
sub-sequence (F,, )ren and some right-continuous function F', so that

lim F, (z) = F(x),
k—o0

at every continuity point of F. If, in addition, (F},)nen 1 tight, then F' is a distribution
function.

Proof. We will isolate each step to make the proof “cleaner” and highlight the properties
of F. Step 1. To begin with, there exists a sub-sequence (F},, )xen so that limy_,o F,,, (¢)
exists for all ¢ € Q. This is shown with a simple diagonal argument as follows. Let
{q1,q2, q3, . ..} be a numbering of the rationals. Then, by the boundedness of (F,(¢1))nen,
there exists a sub-sequence (n})ren so that (£3 (%)) ven converges. Now, (F}1(g2))ken 1s
bounded, therefore there exists a sub-sequence (n})ren of (1;)ren, so that (F2(g2))ken
converges. Continue in the same manner and let nj, = nf, for k € N. Then, fixing m € N
and choosing [ > m we have that every term F,; is contained in Fm, so that (Fx(gm))ken
converges. In conclusion, (Fx(q))ken = (Fy, (q))ren converges for all ¢ € Q. Set

F(q) = lim £, (q), for any ¢ € Q

and then extend this to the whole real line by

F(z)= inf (F(q)), for any z € R.

B {¢>z, qeQ}

Step 2. F' is increasing. Indeed, for x < y we have that

F(z)= inf F < inf F = F(y).
(x) .. qu}( (9)) < i qu}( (9) = F(y)
Moreover, F' : R — [0, 1], because clearly 0 < F'(q) < 1, for any ¢ € Q and the infimum
of a subset of [0, 1] is also in [0, 1].
Step 3. [ is right-continuous. Indeed, for any x € R and € > 0, there exists ¢ > x,
qe€Q, st

F(z) > F(q) —e = F(x) < F(y) < F(z) +¢, for any y € [z,q].

Step 4. For any continuity point x of ' we have that limy_,. F},, (z) = F(z). Indeed,
for such an x and € > 0, there exist ¢;, g2 € Q, so that ¢; < < ¢ and F(g2) — F(q1) < €.
Now, I, (q1) < F,, (z) < F,,(¢2), for any k € N and so

F(z)—e< F(q) < li;n inf F,,, (z) <limsup F,,, (z) < F(g2) < F(z) + €.
—00

k—o0

Since € > 0 was arbitrary we conclude.

Step 5. Observe that we have not used the tightness of (F,). However, we still have
to prove that lim, ,,, F'(z) = 1 and lim,_,_, F'(x) = 0 in order to conclude that F' is a
distribution. We shall do exactly that. Let e > 0 and x > 0 be such that z,—x ¢ D,
where D is the set of discontinuities of F', thus is at most countable. Then, by Step 4 we
have that

F(z) — F(—z) = lim F, (z) — lim F, (—x) = lim P, ((—z,z]).

k—o0 k—o0 k—o0
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Since (P, )ken is tight, we can choose x = z(€) large enough so that
P, ((—z,z]) > 1—¢, for any k € N.
Since € was arbitrary we obtain that

lim (F(x) — F(—z)) =1

T—00

and this suffices to conclude, since we have shown that F': R — [0, 1]. O

Comment 3.37. We can now see that property (4) in Theorem[3.28 implies (5). Because
(o) is weakly convergent, it is in particular relatively compact and so, by Prokhorov’s
theorem, it is tight. Now, write (—o0,x] = U,en[—Fk, 7] and w.l.o.g. assume that x > —1
and a({—k}) =0, for all k € N. Let ¢ > 0. Then, there exists ky € N, so that

a((—o0, z]) — a([—ky,2]) = a((=00, k1)) <

Wl o

Because (o) is tight, there ezists a ko € N, so that for alln € N,

an((=00,7]) — an([—ka, 7]) = an((—00, —ks)) <

Wl ™

We let k = max{ky, ko}. Finally, by assumption, there exists n € N, so that

| ([=k, 2]) — a([=k, 2])| <

Wl ™

and combining the above, a trivial argument gives that

| (=00, 2]) — a((—o0, 2])| <e.

Another helpful lemma, which gives a bound for the mass that escapes at infinity with
respect to the characteristic function and will help us prove that a sequence of probability
distributions is tight is the following.

Lemma 3.38. Let F' be a distribution function with characteristic function ¢ and prob-
ability distribution . Then, there exists some M > 0, such that for any T > 0, we have

the bound .
o((Rre77)) <3 [ a-wew)

Proof. We have that

%/OT(l—%(gb(t)) it = %/OT/_Zl—cos(tx) da(z) dt = %/: /OTl—cos(tx) dt da(z),

where the last equality follows by Tonelli’s theorem. Therefore,

7)) e a= [ 1T e [T ) 2

- 20)e (1)

. —1
Setting M = <inf‘y|21 (1 — smy(y)>) the proof is finished. O
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Remark 3.39. Notice that M > 0 does not depend on the measure c.

We are now ready to complete the proof of the continuity theorem, i.e. Theorem [3.32]
Recall that we want to show that if

lim ¢, (t) = ¢(t), for every t € R,

where ¢, and ¢ are the characteristic functions of «, and « respectively, then we also
have that X, LN e , or a,, = . We will in fact prove something stronger.

n—o0

Theorem 3.40. If (¢n)nen is a sequence of characteristic functions and ¢ : R — C is
continuous at zero and

lim ¢,(t) = ¢(t), for anyt € R,
n—oo
then ¢ is a characteristic function of a distribution o and a distribution function F' s.t.
a, = a or F, = F,

where (y)nen and (Fy,)nen are the sequences of probability distributions and distribution
functions corresponding to (¢n)nen-

Proof. We begin by showing that (a;,)nen is tight. Let € > 0. By Lemma we know
that there exists M > 0, so that for any n € N and any 7" > 0, we have that

N Ry

using the bounded convergence theorem. Now, ¢(0) = lim,,_,», ¢,(0) = 1, ¢ is continuous
at zero and thus 1 — R(¢) is also continuous at zero, therefore, if we let " — 0 we get
that

T—0

lim %/g (1= R(6(t)) dt = M(1— R(6(0)) = 0.

We have so far shown that there exists 7" > 0 and m € N, such that

1 1
p, ((R\(_T’T>> <, for any n > m.

Now, for the finitely many remaining probability measures ay, ..., a,,_1, using their con-
tinuity, we can pick 7" > 0 small enough, so that

11
an((R\(_T’T>) <e form=1,...,m—1.

In conclusion, (ay,)nen is indeed tight and so, by Prokhorov’s theorem, there exists some
sub-sequence (o, )reny and a probability distribution «, such that

%Oz

n—oo

We claim this implies that a,, W 5 &. Assume this is false. Then, there exists some
n—o0

f € Cy(R), some € > 0 and a sub-sequence (o, )men, such that

'/fdanm—/fda

> €. (3.2)
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Now, (au,,, Jmen is tight, so there is a further sub-sequence, (anm )ien converging weakly
to some distribution 5. We claim that 5 = « contradicting (3.2)). Indeed, we have that

On,, () = / M do,, T2 [ e da = ¢o(t)

and
B (1) = / i day,, % / ¢ dB = d(t),

for all ¢ € R. But, our assumption was that the limit of (¢,) exists everywhere, and so
$a = Pg, which by Corollary 3.12]implies that o = 3. Finally, we let F' be the distribution
function corresponding to .. Then, F},, = F' by Theorem [3.28] and by the same theorem,
¢, converges to the characteristic function of F' and a. But we know that ¢, converges
to ¢ and so we conclude! H

Remark 3.41. Oftentimes, relative compactness is referred to as total boundedness. Also,
total boundedness of a family of probability distributions <f is equivalent to either of the
following conditions:

hm sup({z : x| >{}) =0 < lim sup((—{,{)) =1 (3.3)
=00 e =00 qew
lim sup sup |1 — ¢, (t)] =0 (3.4)

h=0 aeor |t|<h

The condition is equivalent to ) by Prokhorov’s theorem and (3.4) implies (3.3) by
Lemma . That (3.3)) z'mplz'es 1) follows from the following estimate:

11—¢(t)]| §/|em—1|da:/ |em—1|da+/ e —1| dov < |t[I+20(R\(—1,1))
{lz|>1} {|lz|<1}

3.6 Bochner-Herglotz theorem for positive-definite
functions

Recall that a function f : R — C is positive-definite if for any n € N, and any complex

numbers zq, ..., 2, € C and any real numbers ¢y,...,t, € R, it holds that
Z ot —t;)2%; > 0.
2,7=1

An equivalent definition is that, for each n € N and all real numbers t;,...,¢; € R, the
n X n matrix

A= (ai5)i =1, @ij= ot —t;)
is a positive-definite matrix.

There is also a complementary result to |3.40] which gives a characterization of char-
acteristic functions of probability distributions on R as positive-definite functions on R
which are continuous at 0 (and thus, continuous everywhere) and normalized so that they
take the value 1 at 0. More precisely:

Theorem 3.42 (Bochner). If ¢ : R — R is a positive-definite function, which is con-
tinuous at 0 and is normalized so that ¢(0) = 1, then ¢ is the characteristic function of
some probability ditribution on R.
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There is also a Fourier analysis analog to Bochner’s theorem attributed to Herglotz,
with an important corollary, called the spectral theorem, with vast applications in ergodic
theory.

Theorem 3.43. A sequence (ay)nez 1S the sequence of Fourier coefficients of a positive
and finite Borel measure on' S = {z € C: |z| = 1} if and only if it is positive-definite and
a_p = @y, for every n € N. This measure is unique.

For the aforementioned application in ergodic theory we recall some standard notions.
A measure preserving system is a quadruple (X, 2", u, T') where (X, 2, i) is a probability
space and T : X — X is a measure preserving transformation, that is, 7" is measurable
and (T 'A) = u(A), for any A e 2.

Corollary 3.44 (Spectral theorem). Let (X, 2", u, T) be a measure preserving system
and f € L*(u). Then, there exists a unique finite and positive measure a; on S = {z €
C : |z| = 1} corresponding to f, called the spectral measure of f, such that

/XJ?'T"f duz/szn dos(2),

which 1s usually written as

1
/anf du:/ e27rmt dO'f(t),
X 0

for every n € N.

Proof. Consider the sequence (ay,)nez defined by
a, = (Upf, ), n € Z,
where Urf = f oT. By this definition, for n > 0 we have that

an = (ULf, f)

and for n < 0 we have that

an = ((Up)™"f, [) = (/,UL" )

Then, clearly, a_,, = @, for every n € Z. Also, for any N € N and sequence (x,)ncz We
have that

N N
0< (Y URf, > x URS),
n=—N n=—N

where the inner product is equal to

N
S Upfozn Upf)+ D> (e Upfon UPH)+ Y {an Upfoom URf).
n=—N —N<n<m<N —N<m<n<N

The latter becomes

N

Y @ Upfaa Upf)+ Y Tl UF LN+ > an Z(UR L f),

n=—N —N<n<m<N —N<m<n<N
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which is nothing but

N
E Tn Tm Qp—m,
N

nm=—

hence, (a,)nen is positive-definite. If o is the measure corresponding to (a)nen from
the above theorem we obtain that a, = ¢(n), which leads to

1
/ f-T"f du :/ ™ dop(t),
X 0

for every n € N. m



Chapter 4

Limit theorems of probability theory

4.1 Preparatory lemmas and inequalities
An easy and important inequality in measure theory in general is Chebyshev’s inequality.

Lemma 4.1. Let X be a r.v. with mean E[X] = u and variance Var(X) = 02 < oo.
Then, for any § > 0 we have that

P(X — B[X]| > 6) < ~Var(X).

<3
Proof.
X — EB[X])?
P(IX -~ E[X]| > 6) =E [Igx-pix)2] <E ﬂﬂx—ﬂﬂza}%
1 1

Another result in the same spirit is known as Markov’s inequality.

Lemma 4.2. Let X be a non-negative random variable, i.e. X > 0. Then, if f : R —
[0, 00) is increasing and t > 0, we have that

1

P(X >1) < WE[JC(X)EXE]-
Proof. x)
1 _ g _
mE[f(X)]let] =E| 70 Lx>] 2 E[lx>] = P(X > 1).

]

The next lemma is a famous and important result in probability theory. It is the first
result in the class of zero-one laws.

Lemma 4.3 (Borel-Cantelli lemma). Let (2, %, P) be a probability space and (Ay,)nen €
F be a sequence of events. Then,

71
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(i) >0°  P(A,) < oo = P(A, t.0.) =0 (or equivalently P(limsup,,_, . A,) =0)

(i1) 1If, in addition, Ay, As, ... are pairwise independent we have the converse implica-
tion, i.e. P(A, i.0.)=0 = > | P(4,) <0

Proof. (i) : P(An 1.0.) = P (Myen Umsn Am) < P (Unsn Am) < v, P(Ay,) for every
n € N. Since the series converges, letting n — co we conclude.

(44) : It suffices to show the contrapositive result. To this end, assume that Y>> | P(A4,) =
oo and we will show that P(A,, i.0.) > 0, in fact, we will show that P(A, i.0.) = 1. Now,

) L 11 C
P(A, 1.0.)—nh_>nolop(L>J Am>—1 nh_}r{}oP(O Am)

and so it is enough to show that lim, .., P (ﬂmz” Ag) = 0. By the independence of
A, Ag, ... and thus, the independence of AE, Ag, ..., we have that

P(ﬂA@:}ImﬁJ:H1—m&J

m>n m>n m>n

Using the inequality 1 — x < e™* we obtain that

m>n m>n
and letting n — oo we conclude because the series diverges to infinity. O]

Remark 4.4. For a counterexample to the result of (ii) without the assumption of inde-
pendence see Comment [1.535 Also, an alternative proof of (i) is the following:

iP(An):f:/]lAn dP<OO7
n=1 n=1

and exchanging the order of sum and integral by Beppo-Levi because the integrands are
non-negative we have that

/iﬂAn dP < 00 = io:ILAn < oo P-a.e.
n=1 n=1

which implies that P(A, i.0.) = 0.
The following result is an oftentimes useful calculation.

Lemma 4.5. Let X be a non-negative random variable. Then,
Emﬂ:k/ t*1P(X > t) dt,
0

for any k € N.
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Proof. First observe that

P(X > 1) = / Iyos(w) dP

and so - -
k:/ t*IP(X > 1) dt_/ ktk‘l/ Lixsn(w) dP dt.
0 0 Q

Now, the function F :  x [0,00) — R defined by F(w,t) = kt* 'Ly~ is non-negative
and o(F x A(|0, 00))-measurable. Therefore, Fubini-Tonelli applies and we get that

0o 9) X(w)
k / tFIP(X > t) dt = / / kt" ' xspy (w) dt dP = / / kt*=! dt dP.
0 QJO QJO

Calculating the inner integral which is now easy, we obtain
k;/ t*IP(X > t) dt = / X(w)* dP = E[X"].
0 Q

]

Exercise 4.6. Eztend the previous result proving that for a random variable X we have
that

1 oo
E[e*] = 3 / eMP(X > t) dt.

[Hint:] The proof is similar. Just reproduce it working backwards.

4.2 Law of large numbers

Let X1, Xo,... be a sequence of independent and identically distributed (i.i.d.) r.v. on
a probability space (2, #,P). Let Sy = X1 + ...+ Xy, for N € N. Then, a natural
question concerns the behavior of the sample average, which is the random variable
defined by %S n. First, we will examine whether this average converges in a weak sense,
that is, in probability. In general we assume that the random variables are integrable,
i.e. E|X;| < oo (notice that E|X;| = E|X;|, since the random variables are identically
distributed). However, for simplicity, we begin with a weaker version, in which we assume
that the random variables have finite second moments.

Proposition 4.7. Let X1, X5, ... be a sequence i.i.d. random variables on a probability
space (Q, F, P) with E[X;] = p and suppose that E[X;]* < oco. Then,

Sy P,
N H
Proof. Let € > 0. Then,

P(SN ‘>6):P(‘(Xl—u)+(Xz—u)+---+(XN—u)‘>E>‘

N F N
We set Y; = X; — i, t € N and then Y}, Y5, ... are i.i.d. random variables with E[Y;] = 0
and E[V1])? = E[X1]* — u* < co. Now, we use Chebyshev’s inequality to get that

(

Yi+Yo+...+Yy

¥ E[V:+...+Yy/7].

1
>e) IP(|Y1+Y2+-.-+YN|>N€)SN2€2
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Expanding the square, the latter becomes

1 al 9 N Nﬁoo
e (ZEM 2 ) Emm) BN 0,

j=1 1<i<j<N

because E[Y;Y;] = E[Y|E[Y;] = 0, for i # j due to independence. O

We will now generalize the previous result, removing the assumption that E[X;]? < oo,
obtaining the weak law of large numbers. In order to do this we will use the technique
of truncation.

Theorem 4.8 (Weak law of large numbers). Let X;, Xy, ... be a sequence i.i.d.
random variables on a probability space (2,7, P) with E|X;| < oo and let E[X;] = p.

Then,

S
N K

Proof. Once again, without loss of generality assume that = 0. Let ¢ > 0, M > 0 and
consider the truncated random variables

XM= Xilx,<p and Y = X1 x50,

for any i € N. Observe that X; = XM + Y™, so E[XM] = —E[Y}M] and set uy =
E[XM] = E[X]], for any i € N. Then,
> Ne) <

N
ZYM—F,UM >N€)

N €
5 |

N N
Z — par) Z(YJM + )

=1 7=1
N

Z(X]M — Har)

P X1+ ...+ Xn| > Ne) = (

and it’s simple to verify that this is bounded above by

o ) (S

1
We already know by the previous special case that
N o0

2
so we shall deal with the second summand. Using Markov’s inequality and then triangle
inequality we have that

‘

because the random variables Y;¥ are i.d. Finally, observe that

N

S XM = par)| >

j=1

N

Z(XJM — i)

J=1

N

> M+ )

Jj=1

Ne 2 & 2 4
>7> < 3B il = 2B+ < 2B )

M—oc0

E VY| = EXi[1x 50 — 0,

by the dominated convergence theorem, because X is integrable. O
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We will also provide an alternative prove, using characteristic functions, to illustrate
their usefulness. First an auxiliary lemma.

Lemma 4.9. For every complex number z we have that lim, (1 + 2)" = €. If (z,) is
a sequence of complex numbers with z, — z, then (14 22)" — €.

Proof. Observe that
(1 + Z_n)n _ enLog(H—%)
n )

where Log denotes the principal branch of the complex logarithm. Then,
Zn Log(14+21) . Log(1421)—Log(1+0)

1+—=)"=e" =+ =e w0 7% 7,
n

Alternative proof of WLLN. It suffices to prove that
lim ¢s, () = e = E[e"™] = /em dd,(z),
n—oo n

for every t € R, where P(X = p) = 1, because X is in this case a constant, so convergence
in distribution is equivalent to convergence in probability.
By the 4-th property of characteristic functions we have that

stin(t) — H]E (ei(t/n)Xi> _ (]Eei(t/n)Xl)n _ ¢X1 (%) ’
j=1

because X1, ..., X, are identically distributed. We use the Taylor expansion of the ex-
ponential function and obtain that

P (1) = (]E (1 + %Xl +0(%)>>n _ (1 4 %u—l—o(%))n.

Notice that limg, e n(%p + o(+)) = ity and so the lemma allows us to conclude. O

We have seen that the sample average converges in probability to the mean. Can we
extend this to almost sure convergence? We shall do this first under the strong assumption
of finite 4-th moments.

Proposition 4.10. Let X, Xy, ... be a sequence of i.i.d. random variables on a proba-
bility space (0, F, P) with EX{ < oo and let E[X;] = p. Then,

SN N—o0

N — i, almost surely.

In fact, we can show that merely with the assumption of independence and sup, oy E[X] <
oo the following holds

SN - E[XN] N—o0
N

> 0, almost surely.
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Proof. Without loss of generality, assume that E[X,] = 0 for all n € N (if not, we can
use the r.v. Y, = X,, — E[X,]). Let ¢ > 0. We want to show that

P<%>e i.o.)zO

and for this, it suffices to show that
00 Sn
»or (’ | > € ) < 00,
n
n=1
by the Borel-Cantelli lemma. With our usual technique we have that
Sop (Bl c) = m e ] < 53 Sm s,

We expand the 4-th power and the last sum becomes

i) %(iméw > BN+ Y EXEGXI+ Y E[XEXJ?])'

k=1 1<i#j<k 1<i#jAI<k 1<i#j<n

Now, using independence and the assumption of zero mean this reduces to
11 - 4 2 2
5 > - (Z EX ]+ > E[Xi]IE[Xj]> .
n=1 k=1 1<i#j<n

Let M = sup,cy E[X}]. Then, using the Cauchy-Schwarz inequality we also have that
for all 7,5 € N,

E[X|E[X?) < /ELX{),/ELX}] < M.

In conclusion,

= S, | I =1
;P(T>e SE;E(nM+n(n—1)M)<oo.

]

Remark 4.11. The same method would not work with the assumption that sup,,.y E[X?] <
00, because then E[S,] < % Also, we do not use odd moments because we want to get
rid of the absolute values and then Markov’s wouldn’t apply.

Theorem 4.12 (Strong law of large numbers). Let X, X5, ... be a sequence of i.i.d.
random variables on a probability space (2,7, P) with E|X;| < oo and let E[X;] = p.
Then,

SN N—oo

N — 1, almost surely.
Proof. Step 1. Without loss of generality assume that X,, > 0, for all n € N. Indeed, we
can write X, = X;F — X where X/ = X,,1x,50 and X, = —X,,1x, o and then observe
that X", X7, ... are pairwise independent and identically distributed and the same is

true for X;, X5 ,.... The first argument is a truncation according to which we consider
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the random variables Y,, = X, 1x,<,, for n € N. We claim that it suffices to prove the
result for the sequence Y7, Ys,.... Notice, however, that these random variables are not
identically distributed. To prove the claim we first let Ty = Y; + ...+ Yy, N € N and
assume that

1
— Ty —=5 i,

N N—o0
Then,
Y PX,#Y,) =Y P(X,>n)=)» P(X;>n),
n=1 n=1 n=1
where the last equality is true because X, X, ... are identically distributed. Now,

ZPX1>n ZPX1>n+1<Z/ P(X, > t)dt = /P(X1>t)dt:1E[X1],
0

where in the last equality we have used Lemma[4.5 and in the inequality the fact that the
sequence (P(X; > n)nen is decreasing. Because E[X;] < co we get that Y >° | P(X; >
n)) < oo and so, using Borel-Cantelli we obtain that P(X, # Y,, i.0.) = 0. Taking
complements this means that P(X,, =Y,,, eventually) = 1 and so our assumption implies
that )

NN o
Step 2. In order to apply the Borel-Cantelli lemma the main idea is to pick an appro-
priately sparse sub-sequence along the sum converges. More precisely, let k(n) = [a"], for
n € N and some a > 1. Then,

o0

ZP Tty — E[Thmy]| > €k(n)) < Z Qké E BT~ E :%Zk Var(Tygm)-

€
n=1

We now use that Var(Tyq,) = Zfrgi)l Var(Y,,) and exchange the order of summation to
obtain the quantity

4 1 X1
= Z Var(y, Z k; T e Z WVaT(Ym) < CE[X;] < oo,
n:k(n)>m m=1
for some constant C' > 0. Indeed,
i L var,) < i L Exzi, )= i L By, = i i/ 2 dP
m=1 m? B m=1 m? " " m=1 ? 1 m=1 m? z<m

We can exchange the sum and integral by Beppo-Levi and this becomes
/ Z—dP<C’/de<]E[X1]
m>x

for some constant C’ > 0. Therefore, the Borel-Cantelli lemma implies that

Tt — BT .
P(‘ k()k( Tk > ¢, 1.o.>:o

n)
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and so
Tin) — ElTim)] Nooo 0
k(n) a.s. '
Step 3. This in fact implies that
Tk(n) N—o0
kj(n) a.s.

Of course, to establish this claim it suffices to prove that
E[Tk(n)] N—oo

k(n)
Now,
k(n) k(n)
E(Tim)] = > BlXilx,<m) = k() — > E[X11x,5m]
m=1 m=1
and thus
k(n)

Thwy 11
k(n) “‘ k(n) £

Z E[X11x,5m] — 0,

because the dominated convergence guarantees that E[X;1 x, ] 7% 0 and then we
use the fact that (usual) convergence implies Cesaro convergence.

Step 4. The result of step 3 is enough to conclude that

> 0.
n a.s.
Indeed, k(n) < m < k(n+ 1). Then,
Ti(n) < T < Th(n+1)
k(n+1) = m = k(n)’
which implies that
k) Ty o Tm _ Thean k(n+1)
kn+1)k(n) — m ~— k(n+1) k(n)

k(n+1)
k(n)

By the definition of k(n) we have that lim,, = a, and so we conclude that

1 T T
P < liminf —= < limsup — < ap.
m

m—xoo 1M o0
The proof is finished once we let a 1. O
Remark 4.13. An alternative proof of the calculation in Step 2 is this. We have that
=1 =1 ) =1 )
mzl —5Var(Y,) < mzl —E[XTLx,<m] = 2 —El(Xi1x,<m)?).

Now, using Lemmal[{.5, the above becomes

2> _mz/o tP(Xilx,cm) > 1) dt =2 W/o tP(Xy > t) dt
m=1 m=1

Again we use Fubini-Tonelli to obtain

[e's) 0 1 %s)
/ 2 —P(Xy > 1) dt < 4/ P(X, > t) dt = 4E[X,].
0 0

m>t



4.3. KOLMOGOROV’S ZERO-ONE LAW 79

One of the many natural questions that arise from thinking about such results is
whether we could have a setting similar to that of the law of large numbers with the limit
being non-constant. The answer is no, if we assume that the random variables X7, Xo, ...
are pairwise independent.

Comment 4.14. A typical result in ergodic theory is the Birkhoff’s ergodic theorem,
according to which if (X, %, 1) is an ergodic system and f € L*>®(u), then

N
nggo%nzlf@%):/xf dp

almost surely. Kolmogorov observed that measure-preserving systems can be identified with
stationary processes. In this setting, the sequence f(T™)nen 1S in some sense equivalent
to a sequence of independent random variables and as we see, the limit is almost surely
a constant. There is also a version of the ergodic theorem without of assumption of
ergodicity which states that the analogous limit exists almost surely. Using Kolmogorov’s
equivalence this implies that the law of large numbers holds for any stationary process,
which 1s already a notable generalization.

4.3 Kolmogorov’s zero-one law

We have already see a special example of a zero-one type of result, namely the Borel-
Cantelli lemma. We will extend this family of results significantly in this section.

Definition 4.15. Given a sequence of independent random variables (X, )nen on some
probability space (2, B, P). We define the o-algebras

B =0({X;:7>n}),

which are the o-algebras generated by the random variables X,, X, 11, Xnio,.... To put
it more formally,

B = 0({XJ-_1(B) :j>nand B € B(R)}).
We define the tail o-algebra as the intersection of all %", that is,
B> =) 2"
neN
Observe that A € B> <— A€ o(X,, Xpi1,-..), for everyn € N.
Examples 4.16. In the above setting we have that

1 {weQ:> 7 X,(w) converges} € B>, because the convergence of such a series
does not depend on the first n-random variables for any n € N. Equivalently, the
convergence depends only on information about the tail of X1, X, ...

2. {lwe: M converges} € B>

X1 (w)+...4+Xn(w)

=1 and liminfnﬁoow = -1} €

3. {w € Q : limsup,,_,
t@OO

4. {lwe: X,(w)=1, io}e B>
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5. {w e Q: > Xo(w) =0} ¢ B>, because the value of the sum depends on all its
terms.

In the proof of the Borel-Cantelli lemma we saw that for a sequence of independent
events (Ap)neny we have that P(A, i.0.) € {0,1}. The following result justifies why this
is the case. Observe that if X,, = 14, then the set {4,, i.0.} = {X,, =1, i.0.} belongs
to the tail o-algebra.

Theorem 4.17 (Kolmogorov’s 0-1 law). Let X, X, ... be independent random vari-
ables. If A € %>, then P(A) € {0,1}.

Proof. The trick is to show that A is independent of itself. Now, since A € #> we have
that A € 2", for any n € N. Let

o ={B e B:P(ANB) = P(A)P(B)}.

Then, 47 is a monotone class and it contains o(X; : j < n) for all n € N by the above
trivial observation. Therefore,

UJ(Xj:jgn)Cyf
neN
and so, by the m — A theorem we get that

sz:a(U o(X;:7<n)).

neN
In particular A € & and so P(A) = P(A)? = P(A) € {0,1}. O

Remark 4.18. & is indeed a monotone class and |J,.y0(X; : j < n) is a w-system.
For the first claim notice that P(Q N A) = P(A) = P(A)P(Q) and if B € </, then

P(ANBY = P(B) — P(AN B) = P(A)(1 — P(B)) = P(A)P(BY).
Finally, if (Bp)nen € & is increasing and B = UpenB,,, then

P(ANB) = lim P(AN(UY,B,) = lim P(ANBy) = P(A) lim P(By) = P(A)P(B).

N—o0 N—oo

For the other claim, let B,C € \J,cny0(X; : j < n). Then, there exists some n € N,
such that B,C € o(X, : 7 < n), which is closed under intersections, being a o-algebra.
Therefore, BNC € J, ey 0(Xj 1 j < n) as well.

Corollary 4.19. Assuming that the random variables X1, Xs, ... are pairwise indepen-
dent, the only possible limit in the setting of the law of large numbers is a constant. More
precisely, if X is a random variable, such that

X1++Xn n—>oo\
n 7

X

?

either in probability or almost surely, then P(X = c¢) =1, for some ¢ € R.
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Proof. We deal with the case of a.s. convergence and then, since convergence in prob-
ability implies a.s. convergence along some sub-sequence, we will have established this
case as well.

Let a < b. Then,

(weQ: lim Xi(w)+ ...+ X, (w)

n—oo n

} € la,bl}

is a tail event and so it has a probability 0 or 1. Therefore, there exists an interval [a, b],

such that ¥ ¥
P(lim W) o Xn(w) [a,b]) = 1.

n—00 n

Then,

P<hm Xi(w)+ ...+ Xp(w) e o, a+b]> (0.1},

n— 00 n

Thus, at the m-th step of this process we can locate the value of the limit at a closed
interval of length 2-2. Because this sequence of sub-intervals of [a, b] is decreasing, in the
limit, this gives a single point, which is c. O

4.4 Central limit theorem

Theorem 4.20 (Central limit theorem). Let X, Xo, ... be a sequence of i.i.d. random
variables with E[X;] = p and Var(X,) = 0®. Then,

Xi...+ X, —
Vsl TR T4 (g, 62)
n n—oo
or equivalently,
Xi...+ X, —
L AT ) 62),

\/ﬁ n—00

Remark 4.21. Without loss of generality we can assume that p = 0. Indeed, we can
work with the random variables Y; = X; — p, which are i.i.d. and recall that (by Exercise
2.21 for example) the sequence (Y, + p)nen converges to' Y + p in distribution, where Y
is the limit of (V).

Proof. Let = 0 and set S, = X1+...+ X, for n € N. Then, the characteristic function
of the average f is given by

onlt) = B3] = [T Ble ) = (i)',

where as usual we have turn the characteristic of the sum into a product of characteristics
using the independence of the random variables and for the last equality we used their
identical distribution. It suffices to show that

2z2

22
lim ¢,(t) =e 7 2 / e 22 dx,

210

for any ¢t € R. Continuing from where we left off and using the Taylor series expansion
of the exponential we have that

ba(t) = (]E[l + %Xl _ %X% + o(%)])n (1 _ %a 4 o(i))n.
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To conclude we use the Lemma [4.9] and obtain that

i — limn—mon(—%oj-i—o(%)) _ _ 252
Jim onlt) = e 2 e 2.
O
Remark 4.22. The result can be stated equivalently as
X .+ X, —
LA T 4 1),

VVar(Xy +...+ X,) no=
This is often refereed to as the classical central limit theorem.

The assumption of X7, Xy, ... being identically distributed turns out to be very re-
strictive. In fact, the following theorem shows that the central limit theorem holds for
random variables which are independent and satisfy the following technical condition,
called the Lindeberg condition. Although it appears involved at first sight, this condition
is rather intuitive. It roughly assures that there is only a negligible amount of random
variables with high variance in the sequence.

Theorem 4.23. Central Limit Theorem with Lindeberg condition Let X1, Xs, ...
be independent random variables with B[X;] = p; < oo and Var(X;) = o2, fori € N. Let
also

o2 =Var(S,) =Var(Xi+...+ X,) =01+ ...+ 0.

and assume that the Lindeberg condition is satisfied, that is,
lim — Z]E [(X? = 1)1 ixs—puleos] = O,

n—oo 0'2
7j=1

for every e > 0. Then,

Xi+.. .+ X, —-EXi+...+X,] 4

2 —
O-n n—oo

s (0, 1).

Remark 4.24. Observe that the classical CLT is a special case of the one with the Lin-
deberg condition, because i.i.d. random variables satisfy it. In fact there are many other
families of independent random sequences that satisfy the Lindeberg condition. Examples
are found in the exercises below.

Proof. Without loss of generality assume that E[X;] = 0, for all ¢ € N. We would like to

show that the characteristic function of 2 9u which we denote by ¢, converges to e~ 7 for

all t € R. Now,
dn(t) = Ee''on = He“an_Hng ),

and taking logarithms, the convergence we want to show is equivalent to

- t t2
jzllog (¢](g—n)> + 5 =0.

lim
n—oo
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We want to use the Taylor expansion of log(1 4 x) and so we write the above quantity as

" t 12
;bg <1+¢j(0—n) —1) +§ )

Recall that log(1+ ) = x + O(z?), for |z| < 1. Therefore, by the lemma below, for large
enough n, the above sum becomes

t2
2

30520~ 1+ 0((65() ~ D) + 5

Using the triangle inequality it suffices to show that

n
lim g
n—oo
j=1

2

6i(-)—1| =0

and that

lim
n—oo

" t t2
Z¢j(0_n) —lt3=
j=1

The second sum can be conveniently written as

2
Somlerd o1 S o] =3 (5 s g, )+

X it 2
ZE € on —1—O_—Xj+ﬁXj ]I‘Xj‘<€0'n .
j=1 " n

Recall that ‘em —1—dtr + %‘ < min{|z|?, |”;—|,3} (for a proof of a more general result

see Resnick’s A probability Path, section 9.3) and so

- i it 2, NP ¢ oo
ZE eron —1— O__Xj + ﬁX]‘ ]]'|Xj|260'n < Z]E gﬂ\XﬂEean — 0,
J=1 n

by the Lindeberg condition. For the other part,

2, Rl
ZE o _1__nX +20nXJ' Lixjceon | < 3|ZE o3 Hxgleer | <

n

n

€ n € .
@ ;E [XJQ:H-\X]KGUH} < @ ZE [XJQ] — ?

J=1

For the other sum we have that

n

2

Jj=1

1 zn: 7‘L—>OO

J=1

2
6i() 1 61()

< sup
1<j<n

t
(bj(o,)_l — 0,

by the lemma below, which gives that limsup,, .. > 7 |¢;(5) — 1‘ < oo and the fact

that

n—o0

o) — 1| == 0,

On

sup
1<j<n
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Comment 4.25. We claimed that log(1 + z) = z + O(z?), for |z| < 1. Indeed, in this
case,

1
=l-z+2°—23+...
1+
and so integrating both sides, we get that
2?2 3 a2t
log(1 =r——=4+—=———4+....
og(l+z)=ux 5 T3 T T

But,

1 x2+x3 x4+ - 1+x x2+x3
x2 2 3 4 ) 23 4 5 U

which converges by Dirichlet’s test.

Lemma 4.26. Let X, X5, ... be independent random variables which satisfy the Linde-
berg condition and let o2 = Var(X, + ...+ X,,). Then,

u t
lim sup (—)—1| <o
n—o0o ]Zl ¢j(an)
and also
t n o0
sup |pj(—) —1 e, 0,
1<j<n On
for any t € R.

Proof. Using the Taylor expansion of the real and imaginary parts of €™ separately we

get that
4 12 ) 72 23
v = ]_ ) —_— d v = ]_ ) -
e +w+§12 and e +ix 5 +C2—3!,

where [(;] < 1 and [(;| < 1. Therefore, the characteristic function of X; at -, that is,

31() = B ] B 0 T15, 10,

can be written as (using that E[X;] = 0)

t2 t2 t3
LHGgmk [(OF) L 20 ] = o L) L <o ] + Cgiga [(XF) Tixgi<eon] -
So,
t t2 ) t3 ) t? )
¢j(a—n) -1 < EE [(XF) Lix;12e00] [+ EME [(X7) Lix;1<eon] |+ U—%E [(XF) Ljx; j<eon] | -

By the Lindeberg condition we know that

and therefore,

gb(t) 1<t3+t2<
(—) — €— 00.
o - 3
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Again, the Lindeberg condition implies that

2
Jim sup %E [(X7) L 10, ]| = 0
and so, we obtain that
lim sup qﬁj(i) - 1‘ < egﬁ + 2.
n—00 1< j<n On 3!
Since € > 0 is arbitrary and ¢t € R fixed we can conclude. n

We can actually prove a more general version of the previous theorem, for any “tri-
angular” sequence of random variables (X, ;)nien. The proof relies on the Lindeberg
method, which basically relies on the observation that the central limit theorem will
hold, if the influence of each single variable on the functional we consider is negligible.
This proof is not only simpler than the previous one but also allows for generalizations
of the result. For example, notice that the smoothness assumption on the functional f,
does not restrict us to the case of linear combinations of the X,, ;.

Theorem 4.27 (Lindeberg’s theorem). Let (X, ;)nien be a sequence of independent
random variables with E[X,, ;] = 0 (this is only for simplicity and besides, as usual, we
can reduce to this case) and Y " | E[X?2 ] =1. If

lim ZE (X2 1x,.02d =0,
7j=1

for every e > 0, then

Xot + Xpo+ o4 X —= H(0,1).
n—o0

Remark 4.28. Observe that the sequence which satisfies X, ; = f—n s a special case of
the above setting.

Proof. We begin by noticing that if X, ; = &,; ~ .#7(0,2), for all n,7 € N, then the result
2 2

holds trivially, because ¢, ;(t) = e~ and by independence ¢, 1)+..+(mn) = e~7z. The
technique we shall use is try to estimate how big in terms of distribution are the random
variables

Xog+Xoo+ .. o+ Xpn— i+t ...+ &)

In particular, it would suffice to show that, for any f € Cy(R)

n—oo

In fact, by Remark we can allow f to be additionally smooth, i.e. f € Cp°(R). For
simplicity we shall denote f (X,1+ ...+ Xun) by fu (Xn1,..., Xnn). Then,

E [fn (571,17 ce agn,n)] - E [fn (Xn,la s 7Xn,n)]

can be written as

Z ]E [fn (gn,b cee agn,h Xn,i—i—la s >Xn,n)] - ]E [fn (fn,la cee 7§n,i—l> Xn,i7 Xn,i—i—la cee >Xn,n)] .
i=1
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We shall denote this sum as
Z E [W$Y) (60)] — B [BE (X))

where hq[f’X]i(y) = ful&nn, - &nim1, Y Xnit1, - - - Xnn). Now, the Taylor expansion of
RN with integral remainder, which we write as h,, gives that (recall that f is smooth)

() = ha0) + 0y (0)y + 502 (0} + Raly),

Raly) = 55 | Oia(e)(w — 97 ds.

Then we can bound |R,,(y)| by the minimum of £ |03k, ly[* and 2 [|8h, || |y|*. There-
fore,

where

Z: [R50 (600)] = B [hig ™) (X))

becomes
38 10+ 0, + %ashnm)(&n,i)? . Rn@n,i)} -

E {hn(o) + ayhn(O)Xn,i + %aihn(o) (Xn,i)2 ] Z ]E fnz [ n(Xn,z)] :

n—00

We will show that Y " | E[R,(X,,)] — 0 and the proof is similar for the other sum-
mand. We use both bounds that we have for |R,,(y)| appropriately to get that

Z'E n nz ‘< ClZ]E AX}”LXn i|>e +C2Z]E |an‘1|an\<E}’

=1 =1

for some constants C,Cy > 0 and any € > 0. The first part vanishes by the Lindeberg
assumption and the second one is bounded by € Cy > " | E[X? ] = ¢ C — 2. Thus, the
proof is complete. O

Exercise 4.29. Prove that the Lindeberg condition is satisfied in the case of a sequence
of i.i.d. random variables.

Exercise 4.30. Prove that without an independence assumption the CLT does not hold.
[Hint] Consider a sequence X,, = X, for all n € N.

Exercise 4.31. Let X1, Xs,... be i.i.d. random variables with P(X; > z) = P(X; <
—x), for any x > 0. Also, assume that there is € > 0, so that P(|X1| > 2) = =, for
any x > 1. Then, the CLT holds, i.e.

Sh
vn logn

Exercise 4.32. Prove that the Lindeberg condition is satisfied for independent and uni-
formly bounded random variables, such that > | Var(X;) 7% .

= 4(0,1).
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