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Basic terminology and conventions

- A discrete set means a set in bijection with a subset of N (so either finite or countable).

- Capital letters X,Y, Z refer to random variables, while small letters z, y, z refer to numbers.
- A number z € R is said to be non-negative if x > 0, and positive if x > 0.

- Likewise, a function f : R — R is said to be non-decreasing if f(x1) < f(x2) as soon as x1 < xa, and
increasing if f(x1) < f(x2) as soon as x1 < 3.

- Closed intervals are denoted as [a, b]; open intervals are denoted as |a, b[.
- For two sets A, B, “A C B” means “either A is a (strict) subset of B or A = B”.
- If « is an element of a set A, then {«} denotes the subset of A containing the only element z (=singleton).

- And an important remark: a necessary preliminary to Probability Theory is Measure Theory; likewise, a
necessary preliminary to Measure Theory is Topology, and it is probably fair to say also that a necessary
preliminary to Topology is Set Theory. As we cannot cover everything in these notes, some facts will be
stated without proof in order to avoid opening too many Pandora’s boxes. .. Readers interested in gaining
a deeper understanding of the field are of course encouraged to search for other more detailed references
on the subject.



1 o-fields and random variables

1.1 o-fields

In probability, the fundamental set Q describes the set of all possible outcomes (or realizations) of a given
experiment. It might be any set, without any particular structure, such as for example Q = {1,...,6}
representing the outcomes of a die roll, or Q@ = [0,1] representing the outcomes of a concentration
measurement of some chemical product. Note moreover that the set 2 need not be composed of numbers
exclusively; it would be for example perfectly valid to consider the set 2 = {banana, apple, orange}.

Given a fundamental set €, it is important to describe what information does one have on the system,
namely on the outcomes of the experiment. This notion of information is well captured by the mathemat-
ical notion of o-field, which is defined below. Note that in elementary probability courses, it is generally
assumed that the information one has about a system is complete, so that it becomes useless to introduce
the concept below.

Definition 1.1. Let 2 be a set. A o-field (or o-algebra) on 2 is a collection F of subsets of 2 (or events)
satisfying the following properties or azioms:

(i) 0,2 e F.

(ii) If A € F, then A° € F.

(iii) If (A, n > 1) is a sequence of subsets of Q and A,, € F for every n > 1, then | J,2 | 4, € F.

Note that a finite version of (iii) also holds

(iii’) If Ay,..., A, € F, then J;_, A; € F.

Using De Morgan’s law: ﬂ?:l A= (U;L:1 A;)C, the above properties imply that

(iv) If Ay,..., A, € F, then (\7_, A; € F.

(iv’) If (A,, n > 1) is a sequence of subsets of 2 and A,, € F for every n > 1, then ()7, A, € F.

(v) Also, if A,B € F, then B\A=BnNA° e F.

Terminology. The pair (2, F) is called a measurable space and the events belonging to F are said to be
F-measurable, that is, they are the events that one can decide on whether they happened or not, given

the information F. In other words, if one knows the information F, then one is able to tell to which
events of F (= subsets of Q) does the realization of the experiment w belong.

Example 1.2. For a generic set €2, the following are always o-fields:

Fo =1{0,Q} (= trivial o-field).
P (1) = {all subsets of Q} (= complete o-field).

Example 1.3. Let Q ={1,...,6}. The following are o-fields on :

Fir={0,{1},{2,...,6},Q}.
Fo = {Qv {17375}7 {27476}79}'
F3 = {Q)v {17273}7 {47576}79}

Example 1.4. Let Q@ = [0,1] and I, ..., I,, be a family of disjoint intervals in Q such that I;U...UI, = Q
({I1,...,1,} is also called a partition of ). The following is a o-field on Q:

Fo={0,1,...,I,,[1UIL,...,.UILUI3,...,Q} (NB: there are 2" events in total in Fy)

In the discrete setting (that is, in a o-field with a finite or countable number of elements), the smallest
elements contained in a o-field are called the atoms of the o-field. Formally, F' € F is an atom of F if for
any G € F such that G C F, it holds that either G = ) or G = F. In the above example with Q = [0, 1],
the atoms of F, are therefore I, ..., I,. Note moreover that a o-field with n atoms has 2" elements, so
that the number of elements of a finite o-field is always a power of 2.



1.2 o-field generated by a collection of events

An event carries in general more information than itself. As an example, if one knows whether the result
of a die roll is odd (corresponding to the event {1,3,5}), then one also knows of course whether the
result is even (corresponding to the event {2,4,6}). It is therefore convenient to have a mathematical
description of the information generated by a single event, or more generally by a family of events.

Definition 1.5. Let A = {4;, i € I} be a collection of subsets of © (where I need not be finite nor
countable). The o-field generated by A is the smallest o-field on © containing all the events A;. It is
denoted as o(.A). Note that the o-field o(.A) can equivalently be defined as the intersection of all o-fields
that contain the collection A, as yes, any intersection of o-fields is still a o-field (exercise!).

Remark. A natural question is whether such a vague definition makes sense. Observe first that there is
always at least one o-field containing A: it is P(£2). Then, one can show that an arbitrary intersection
of o-fields is still a o-field. One can therefore provide the following alternative definition of o(A): it is
the intersection of all o-fields containing the collection A, which is certainly a well-defined object.

Example. Let Q = {1,...,6} (cf. Example 1.3).

Let A; = {{1}}. Then o(A;) = F;.

Let As = {{1,3,5}}. Then o(Az) = Fo.

Let Az = {{1,2,3}}. Then o(A3) = Fs.

Let A= {{1},...,{6}}. Then o(A) =P(Q).

Exercise. Let A = {{1,2,3},{1,3,5}}. Compute o(A).

Example. Let Q@ = [0,1] and let Ay = {I1,...,[,} (cf. Example 1.4). Then o(A4) = F,;. This is a
particular instance of the fact that in the discrete case, a o-field is always generated by the collection of
its atoms.

Borel o-field on [0, 1]. A very important example of generated o-field on © = [0, 1] is the following:
B([0,1]) = o({{0}, {1}, ]a,b[: a,b € [0,1], a < b})

is the Borel o-field on [0, 1] and elements of B([0,1]) are called the Borel subsets of [0,1]. As surprising

as it may be, it turns out that B([0,1]) # P([0, 1]) [without proof], which generates some difficulties from

the theoretical point of view. Nevertheless, it is quite difficult to construct explicit examples of subsets
of [0, 1] which are not in B(]0, 1]). Note indeed that

a) All singletons belong to B([0,1]). Indeed, for any 0 < = < 1, {2} = [,z — =,z + L[ belongs
to B([0,1]), by the property seen above and the fact that the Borel o-field is by definition the smallest
o-field containing all open intervals.

b) Therefore, all closed intervals, being unions of open intervals and singletons, also belong to B(]0, 1]).

c) Likewise, all countable intersections of open intervals B([0, 1]), as well as all countable unions of closed
intervals belong to B([0, 1]).

d) The story goes on with countable unions of countable intersections of open intervals, etc. Even though
the list is quite long, not all the subsets of [0, 1] are part of B(]0, 1]), as mentioned above.

Remark. In general, the o-field generated by a collection of events contains many more elements than
the collection itself! The Borel o-field is a good example. In the finite case, you will observe the same
phenomenon while computing o({{1,2,3},{1,3,5}}) on @ = {1,...,6}.

Remark. It can be easily checked that the atoms of B([0,1]) are the singletons {z}, « € [0,1]. Never-
theless, one can check that B([0,1]) is not generated by its atoms (as it is not a discrete o-field). As a
proof of this (exercise), compute what o({{z}, z € [0,1]}) is.



Borel o-field on R and R2.
Definition 1.6. On the set R, one defines

BR) =o({]a,bl: a,b €R, a < b})
The elements of B(R) are called Borel sets on R. Again, note that B(R) is strictly included in P(R).

Definition 1.7. On the set R2, one defines

B(R?) = o({]a,b[x]c,d[: a,b,c,d €R, a < b, c<d})

Note that even though B(R?) is generated by rectangles only, it contains all kinds of shapes in R2
including in particular discs and triangles (because every disc and triangle can be seen as a countable
union of rectangles). Here again, one sees that the o-field generated by a collection of events is much
larger than the collection of events itself.

Finally, note that a straightforward generalization of the above definition allows to define B(R™) for
arbitrary n. Even more generally, B({2) can be defined for Q a Hilbert / metric / topological space.

1.3 Sub-o-field

One may have more or less information about a system. In mathematical terms, this translates into
the fact that a o-field contains more or less elements. It is therefore convenient to introduce a (partial)
ordering on the ensemble of existing o-fields, in order to establish a hierarchy of information. This notion
of hierarchy is important and will come back when we will be studying stochastic processes that evolve
in time.

Definition 1.8. Let Q be a set and F be a o-field on Q. A sub-o-field of F is a collection G of events
such that:

(i)If Ae G, then A e F.
(ii) G is itself a o-field.

Notation. G C F.

Remark. Let Q be a generic set. The trivial o-field Fy = {0, Q} is a sub-o-field of any other o-field on
Q. Likewise, any o-field on  is a sub-o-field of the complete o-field P(Q).

Example. Let @ = {1,...,6} (cf. Example 1.3). Note that Fj is not a sub-o-field of F» (even though
{1} € {1,3,5}), nor is Fy a sub-o-field of Fj. In general, note that

1)If A€ G and G C F, then it is true that A € F.
but
2) A C B and B € G together do not imply that A € G.

Example. Let Q = [0,1] (cf. Example 1.4). Then F, is a sub-o-field of B([0,1]). Also, if F5 =
o(Ji,...,Jm), where {Jy,..., J,} represents a finer partition of the interval [0, 1] (i.e., each interval I of
Fy is a disjoint union of intervals J), then Fy C Fs.

1.4 Random variables

The notion of random variable is usually introduced in elementary probability courses as a vague concept,
essentially characterized by its distribution. In mathematical terms however, random variables do exist
prior to their distribution: they are functions from the fundamental set 2 to R satisfying a measurability
property.



Definition 1.9. Let (2, F) be a measurable space. A random variable on (2, F) is amap X : Q@ - R
satisfying
{weQ: X(w)e BteF, VBeB(R) (1)

Notation. One often simply denotes the set {w € Q : X(w) € B} = {X € B} = X~ 1(B): it is called
the inverse image of the set B through the map X (watch out that X need not be a bijective function in
order for this set to be well defined).

Terminology. The above random variable X is sometimes called F-measurable, in order to emphasize
that if one knows the information F, then one knows the value of X.

Example. If 7 = P(Q), then condition (1) is always satisfied, so every map X : @ — R is an F-
measurable random variable. On the contrary, if F = {0, Q}, then the only random variables which are
F-measurable are the maps X : 2 — R which are constant.

Remark. Condition (1) can be shown to be equivalent to the following condition: [without proof]
{we: X(w)<t}eF, VteR

which is significantly easier to check.
Definition 1.10. Let (2, F) be a measurable space and A € F be an event. Then the map 2 — R
defined as

1 if A

w 1a(w) = Hwe .

0 otherwise

is a random variable on (€2, F). It is called the indicator function of the event A.

Example 1.11. Let Q = {1,...,6} and F = P(Q) (cf. Example 1.3). Then X;(w) = w and Xa(w) =
141,35} (w) are both random variables on (€2, ). Moreover, X3 is Fp-measurable, but note that X is
neither Fi- nor Fo-measurable.

Example 1.12. Let Q = [0,1] and F = B([0,1]) (cf. Example 1.4). Then X3(w) = w and X,(w) =
2?21 2,17, (w) are both random variables on (€2, F). Note however that only X, is F4-measurable.
We will need to consider not only random variables, but also functions of random variables. This is why

we introduce the following definition.

Definition 1.13. A map g : R — R such that
{reR: g(x) e B} € BR), VBeBR)
is called a Borel-measurable function on R.
Remark. A Borel-measurable function on R is therefore nothing but a random variable on the measurable
space (R, B(R)).

Notation. Again, one often uses the shorthand notations {z € R : g(z) € B} = {g € B} = g~ 1(B),
but this does not mean that g is invertible!

As it is difficult to construct explicitly sets which are not Borel sets, it is equally difficult to construct
functions which are not Borel-measurable. Nevertheless, one often needs to check that a given function
is Borel-measurable. A useful criterion for this is the following [without proof].

Proposition 1.14. If g : R — R is continuous, then it is Borel-measurable.

Finally, let us mention this useful property of functions of random variables.

Proposition 1.15. If X is an F-measurable random variable and g : R — R is Borel-measurable, then
Y = g(X) is also an F-measurable random variable.



Proof. Let B € B(R). Then
{YeB={y(X)eB}={Xeg'(B)}eF

since X is an F-measurable random variable and g~ (B) € B(R) by assumption. O

The above proposition is saying no more than the following: assume that knowing the information F
allows you to determine the value of X. Then knowing this same information F also gives you the value
of Y = g(X).

1.5 o-field generated by a collection of random variables

The amount of information contained in a random variable, or more generally in a collection of random
variables, is given by the definition below.

Definition 1.16. Let (€2, F) be a measurable space and {X;, i € I'} be a collection of random variables
on (Q,F). The o-field generated by X;, i € I, denoted as o(X;, ¢ € I), is the smallest o-field G on € such
that all the random variables X; are G-measurable.

Remark. Note that
o(Xi,iel)=c({{X;€B},iel, BeB(R)})
where the right-hand side expression refers to Definition 1.5. It turns out that one also has [without
proof]
Another way to think of a o-field generated by X;, ¢ € I is by writing it as [without proof]
o(X;, i €1) =0 (Uiero (X))
In other words, it is the smallest o-field containing all the o-fields o(X).

Example. Let (2, F) be a measurable space. If X, is a constant random variable (i.e. Xo(w) = ¢ €
R, Vw € Q), then o(Xo) = {0, Q}.

Example. Let Q = {1,...,6} and F = P(Q) (cf. Examples 1.3 and 1.11). Then o(X;) = P(Q) and
O'(XQ) = ]:2.

Example. Let Q = [0,1] and F = B([0,1]) (cf. Examples 1.4 and 1.12). Then o(X3) = B([0,1]) and
0(X4) = Fyu (if all values x; are distinct).

The o-field o(X) can be seen as the information carried by the random variable X. By definition, a
random variable X is always o(X)-measurable. Following the proof of Proposition 1.15, one can also
show the proposition below.

Proposition 1.17. If X is a random variable on a measurable space (€2, F) and g : R — R is Borel-
measurable, then Y = ¢g(X) is a o(X)-measurable random variable, which is equivalent to saying that
o(Y) C o(X): the information carried by Y is in general less than that carried by X.

Note that it can be strictly less: if you think e.g. about the case Y = X?2, then the information about
the sign of X is lost in Y’; on the other hand, if the function ¢ is invertible (meaning that one can write
X =g 4Y)), then o(Y) = o(X).

A further generalization of Proposition 1.17 is the following: if g : R? — R is Borel-measurable and
Y = g(X1,X5), where X;, X, are two random variables, then Y is a o(X;, X5)-measurable random
variable, or put differently, o(Y) C o(X1, X2). The other inclusion o(X1, X2) C o(Y) is of course not
true in general, as the two random variables (X7, X2) carry potentially more information than the single
random variable Y.

Final remark. It turns out that the reciprocal statement of Proposition 1.17 is also true: if Y is a
o(X)-measurable random variable, then there exists a Borel-measurable function g : R — R such that
Y = g(X) [without proof].



2 Probability measures and distributions

2.1 Probability measures

Definition 2.1. Let (£2, F) be a measurable space. A probability measure on (2, F) isamap P : F — [0, 1]
satisfying the following axioms:

(i) P(0) =0 and P(Q2) = 1.
(i) If (A,,, n > 1) is a collection of disjoint events in F, then P(U°; A,) = >0 P(A,).

n=1

The following properties can be further deduced from the above axioms (proofs are left as exercise):
(iii) If (A, n > 1) is a collection of events in F, then P(US, A,) < > 07 | P(A,).

(iv) If A,B € F and A C B, then P(A) <P(B) and P(B\A) =P(B) —P(A). Also, P(A°) =1 —P(A4).
(v) If A,B € F, then P(AU B) = P(A) + P(B) — P(AN B). This formula generalizes to the countable

union of an arbitrary number of sets: it is called the inclusion-exclusion formula.

(vi) If (A, n > 1) is a collection of events in F such that 4, C A,41, Vn > 1, then P(U2,A,) =
lim,, o, P(A4,).

(vi’) If (A, n > 1) is a collection of events in F such that 4, D A,41, Yn > 1, then P(NS2,A4,,) =
limy, 00 P(AR).

Terminology. The triple (2, F,P) is called a probability space. Properties (ii), resp. (ii’), are referred to
as the additivity, resp. o-additivity, of probability measures. Properties (iii), resp. (iii’), are referred to
as the subadditivity, resp. sub-o-addivity, of probabilty measures (or more prosaically as the union bound
sometimes).

Example. Let Q = {1,...,6} and F = P(Q) be the measurable space associated to a die roll. The
probability measure associated to a balanced die is defined as

Py ({i}) = é Vie{l,...,6)

and is extended by additivity to all subsets of 2. E.g.,

1 1 1 1
Pi({L3,5)=¢c+5+5=3

The probability measure associated to a loaded die is defined as
P>({6}) =1 and Po({i})=0, Vie{l,...,5}

and is extended by additivity to all subsets of §2, so that for A C Q, Py(A) =1if 6 € A and Py(A) =0
otherwise.

In a discrete o-field, once a probability measure is defined on the atoms of the o-field, it is always possible
to extend it by (o-)additivity to the whole o-field. In the general case, a similar statement holds true,
but the extension procedure is much more complicated.

Example. Let Q = [0,1] and F = B([0,1]). One defines the following probability measure on the
subintervals of [0, 1]:
P(Ja,b) =b—a

Fact. [without proof] Carathéodory’s extension theorem (see Appendix A.1 at the end of this document)
states that P can be extended uniquely by o-additivity to all Borel subsets of [0,1]. It is called the
Lebesgue measure on [0, 1] and is sometimes denoted as P(B) = |B|. Note that it corresponds also to the
uniform distribution on [0, 1].
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Examples. - Let Q@ = R and F = B(R). One can define the following probability measure on open
intervals:
L
P(]a,b]) = dx
(Jab) = [ do
Such a measure can be uniquely extended to all Borel subsets of R: it is called the (normalized) Gaussian
measure on R.

exp(—22/2)

- Let Q = R? and F = B(R?). One can define the following probability measure on open rectangles:
1
P b?) = [ dody 5 expl(~(a* +1)/2)
Japz - 2m

which can again be extended to all Borel subsets of R2.
Remarks. - One can also define the following measure on (R, B(R)), by setting on open intervals:
P(Ja,b) =b—a

This measure can be again uniquely extended to all Borel subsets of R. It is however not a probability
measure, as with this definition, one sees (using the above properties) that

P(R) = lim P(] —n,+n[) = lim 2n = +o0
This measure is called the Lebesgue measure on R and is again denoted as P(B) = |B| for B € B(R).

- We see here that defining first P on the singletons {«} (which are the atoms of B(R)) instead of the
open intervals ]a, b[ would not be a good idea, as we would have P({z}) = 0, Va € R for both the Gaussian
measure and the Lebesgue measure on R, although these are clearly different.

Definition 2.2. Let (€2, F,P) be a probability space. An event A € F is said to be negligible if P(A) = 0,
resp. almost sure (abbreviated a.s.) if P(A) = 1.

Remark. The wording “almost sure” is far from ideal, but has been commonly agreed upon (Jacob
Bernoulli would call such sets “morally certain” instead).

It should be emphasized that a negligible event need not be empty, nor need an almost sure event be
equal to the whole space 2. Here are examples:

- In the probability space of a loaded die (see above), the set {1,2,3,4,5} is a negligible event, while the
singleton {6} is an almost sure event.

- In the probability space ([0, 1], B([0,1]), P = Lebesgue measure), any singleton {x} is negligible.
Here is moreover a general statement that can be made about negligible and almost sure sets.

Proposition 2.3.
- Let (A, n > 1) be a collection of negligible events in F. Then [J,,5, Ay is also negligible.

- Let (By, n > 1) be a collection of almost sure events in F. Then (), -, By is also almost sure.

Proof. By the sub-o-additivity property (property (iii’) above),
P(JA) =Y P =Y 0=0
n>1 n>1 n>1

which proves the first claim. The second claim is a consequence of the first one: consider A,, = B; then
P(A,) = P(BS) = 0 by assumption and

P Ba)=1-P(JA)21-Y PA)=1-0=1

n>1 n>1 n>1

11



As a consequence, any countable set in [0,1] is negligible with respect to the Lebesgue measure. In
particular, @ N [0, 1] is negligible! Perhaps more surprisingly, there exist also uncountable sets in [0, 1]
which are negligible with respect to the Lebesgue measure (see below).

2.2 Distribution of a random variable

Definition 2.4. Let (Q, F,P) be a probability space and X be a random variable defined on this prob-
ability space. The distribution of X is the map pux : B(R) — [0, 1] defined as

ux(B) =P({X € B}), BeBR)
Remark. The fact that P is a probability measure on (€2, F) implies that px is a probability measure

on (R, B(R)). The triple (R, B(R), ux) forms therefore a new probability space.

Notation. If a random variable X has distribution u, this is denoted as X ~ u. Likewise, if two random
variables X and Y share the same distribution p, then they are said to be identically distributed and this
is denoted as X ~Y ~ u.

Example 2.5. The probability space describing two independent (and balanced) die rolls is Q =
{1,...,6} x{1,...,6}, F =P(Q) and

P ) = 55,

Let X1(¢,7) = i be the result of the first die, and Y (¢, 5) = i 4+ j be the sum of the two dice. Then

Y(i,7) € Q

6

px, ({i}) = P({X1 = i}) = P({(4,1),...,(i,6)}) = 36 = év vie{l,...,6}

and

py ({2}) = P{Y =2}) = P({(1,1)}) = %, py ({3}) = P{Y =3}) = P({(1,2),(2,1)}) = %
More generally:
6—|7—1

py({ih) = —5—, i€{2...,12}

2.3 Cumulative distribution function

Definition 2.6. Let (Q, F,P) be a probability space and X be a random variable defined on this prob-
ability space. The cumulative distribution function (cdf) of X is the map Fx : R — [0, 1] defined as

Fx(t) = ux(] - oc,t]) =B({X <t}), teR

Fact.[without proof] The knowledge of Fx is equivalent to the knowledge of px. This fact is of course
related to the fact that B(R) = o({]—o0,t[, t € R}), but this observation alone does not allow to conclude
this directly.

From the properties of probability measures, one deduces that the cdf of a random variable satisfies the
following properties:

(i) limys oo Fix () = 0, limy_, o0 Fix (¢) = 1.

(ii) Fx is non-decreasing, i.e. Fx(s) < Fx(t) for all s < t.

(iil) Fx is right-continuous on R, i.e. lim.jo Fx (t +¢) = Fx(t), for all t € R.
Indeed:

12



(1) lims oo Fix () = limy, 00 Fix (n) = lim,, 0o P({X < n}) =1, as the sequence of events {X < n} is an
increasing sequence with U, >1{X < n} = Q. The result then follows from the use of property (vi) listed
above for probability measures. A similar reasoning shows that lim;,_ ., Fx(t) = lim, o Fx(—n) =
lim,, oo P{X < —n}) =0, by the fact that {X < —n} is this time a decreasing sequence of events with
Np>1{X < —n} = 0 and the use of property (vi’) of probability measures.

(ii) If s < t, then {X < s} C {X <1}, so Fx(s) = P({X < s}) < P{X < t}) = Fx(t).

(iii) For any t € R, we have lim.jo Fx(t + &) = lim, o0 Fx(t + 1) = lim, oo P{X < t 4+ 1}) =
P({X < t}) = Fx(t), as again the sequence {X < ¢+ 1} is a decreasing sequence of events with
M>1{X <t+1}={X <t}

Important remarks.
- Any function F : R — R satisfying the above properties (i), (ii) and (iii) is the cdf of a random variable
[without proof].

- One cannot show that the cdf of a random variable is left-continuous (and therefore continuous)
in general. Indeed, repeating the above argument, we obtain: for any ¢t € R, lim. o Fx(t —¢) =
limy, o0 Fx(t — 1) = limp o PUX < t—1}) = PH{X < t}), as {X < t— 1} is a increasing se-
quence of events with U,>1{X <t — 1} = {X < t}. But P({X < t}) # Fx(t) in general. It is wrong in
particular for discrete random variables (see below).

- Any cdf Fx has at most a countable number of jumps on the real line [without proof]. If Fix has a
jump of size p € [0,1] at t € R, this actually means that P({X = t}) = Fx(t) — lim. o Fx(t —¢) = p.
This implies in particular that a discrete random variable cannot take more than a countable number of
values.

2.4 Two important classes of random variables

Discrete random variables.

Definition 2.7. X is a discrete random variable if it takes values in a discrete (i.e., finite or countable)
subset D of R, that is, X (w) € D for every w € Q.

The distribution of a discrete random variable is entirely characterized by the numbers p, = P({X = z}),
where # € D. Note that 0 < p, <1 for all z € D and that ) _,p, = P({X € D}) = 1. The sequence
of numbers (p,, x € D) is sometimes called the probability mass function (pmf) of the random variable
X. It should not be confused with the probability density function (pdf) defined below for continuous
random variables only. One further has:

px(B)=P{X €B})= > p. VBeBR)
xeDNB

and
Fx() =P{X <t}))= >  p. VteR

zeD,x<t

is a step function, as illustrated below:
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P({z5})

0.8

os P({a4})

04 P({zs})

0.2

P({z1})

Example. A binomial random variable X with parameters n > 1 and p € [0, 1] (denoted as X ~ Bi(n,p))
takes values in {0,...,n} and is characterized by the numbers

n

p=P{X =k})= (k) pk (1 _p)n—k’ ke{0,...,n}

|
where <Z) = ﬁ are the binomial coefficients.

Continuous random variables.

Definition 2.8. X is a continuous random variable if P({X € B}) = 0 whenever B € B(R) is such that
|B| = 0 (remember that |B| is the Lebesgue measure of B).

In particular, this implies that if X is a continuous random variable, then P({X = z}) = 0 Va2 € R (as
{z}| = 0 Vz € R). But please note that this last condition is not sufficient to guarantee that X is a
continuous random variable.

Fact. [without proof]® If X is a continuous random variable according to the above definition, then there
exists a Borel-measurable function px : R — R, called the probability density function (pdf) of X, such
that px(z) > 0 Ve € R, [ppx(z)dz =1 and

jx(B) = PU{X € BY) = /B px(2)dz, VB € B(R)

Moreover,
t

Fx(t) = P({X < }) = / px()de, VteR
—00
is a continuous and “differentiable” function (whose “derivative” is F% (t) = px (t), but watch out that px
need not be continuous in general, but only Borel-measurable, so F'x is not differentiable in the classical
sense). This is illustrated below:

1This fact is known as the Radon-Nikodym theorem. It has many different formulations and important applications in
probability theory.
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Important remarks.
- px(x) #P({X = z}), simply because P({X = x}) =0 for all z € R.

- px(xz) > 0, but as this quantity is not a probability, it is perfectly possible that px(z) > 1 for some
values of x. The only requirement is that the integral of px(x) over R is equal to 1.

Example. A Gaussian random variable X with mean p and variance o2 (denoted as X ~ N (u,0?))
takes values in R and has pdf

1 x — u)?
O o B

so in particular, px (u) = \/ﬁ >1ifo < \/%

Remark. One could think that the only existing distributions are either discrete or continuous, or a
combination of these. It turns out that life is more complicated than that! Some distributions are neither
discrete, nor continuous. A famous example is the distribution whose cdf is the devil’s staircase, as we
shall see below.

Change of variables. Let X be a generic random variable on a probability space (2, F,P), f: R - R
be a Borel-measurable function and ¥ = f(X). Assume we know Fx the cdf of X; what can we say on
Fy the cdf of Y? Assume for example that f is increasing, i.e., that f(x1) < f(z2) as soon as 1 < zs.
Let also D = {y € R : 3z € R such that f(z) = y} be the range of the function f. Then f: R — D is
(Borel-measurable and) invertible, so for each point ¢t € D, we have

Fy(t) =P{Y <t}) =P{f(X) <t}) =P({X < ' (1)}) = Fx (/' (1))

If in addition X is a continuous random variable with pdf px and f is differentiable (with f/(z) > 0 for
all x € R, as f is increasing), then Y is a continuous random variable also and

_dFy(t) _ dFx(7N(0) dFM) _ px (L)

py(t) = — dt dt 1)

Setting z = f~1(t) in the above relation, we get the more natural formula px(z) = py(f(z)) f'(x).
Similar reasonings allow to deal with f decreasing or more general cases.

Remark. In the case where X is a continuous random variable and f is assumed to be non-decreasing
only (i.e., f(z1) < f(xz2) if 1 < x2), note that f is not necessarily invertible in this case, so that the
above formulas do not hold. Also, Y = f(X) need not be a continuous random variable in this case
(consider for example the case where f(x) = 1{,>03; Y is a then discrete random variable taking values
in {0,1} only).
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2.5 The Cantor set and the devil’s staircase

The Cantor set is a subset C' of [0, 1] obtained by removing recursively “middle intervals” as follows:

Mathematically, for n > 1, let

n—1 a 1 n—1 a D)
k k
ai,...,an—1€{0,2} 1 k=1 k=1
be the set of (open) intervals removed at stage n. In particular, Ay = |5, 2[, Ay =15, 2[U]5, 51, etc.
Note also that A, and A,, are disjoint for every n # m. The Cantor set C is then defined as

C =01\ 4.

n>1

This set has strange properties: first observe that the Lebesgue measure of each A, is given by

n—1 1
|An| = T (each set A,, is indeed made of 2"~ disjoint intervals, each of length 37)

so that, using the fact that the A,, are disjoint as well as the formula for geometric series, we obtain:

gn—1 1/ 1 1
|C|_1—27_1—§ (1_2—1>_1—2(3—1)_0

n>1 3

The Cantor set C has therefore Lebesgue measure 0. Surprisingly, C' is also uncountable. This can be
seen as follows: any number z € [0, 1] can be written using its binary decomposition:

T = Z b%z, where b, € {0,1} (2)

2
n>1

Likewise, any number x € [0,1] can also be written using its ternary decomposition:

T = Z %, where a, € {0,1,2}

n>1

It is a fact [without proof] that any € C' can be written as

T = Z a—z, where a, € {0,2} (3)

n>1

ie, z € Cif and only if a,, # 1 for every n > 1. Comparing formulas (2) and (3), we see that the sets [0, 1]
and C' are in bijection with each other (the bijection being b, = 0 +— a,, = 0 and b, = 1 +— a,, = 2),
proving that C' is uncountable, because [0, 1] is (the proof that the set [0, 1] is uncountable is by the way
also due to Cantor and is called the diagonalization argument).
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Let us now turn to the devil’s staircase. This strange cdf has the following shape:

08

0.6 x

0.4

0.2

-0.4 —-0.2 0.2 0.4 0.6 0.8 1 1.2 1.4

It can be defined recursively as follows: F(t) = & for t €%, %[, F(t) = § for t €]§,2[, F(t) = 3 for
te ]%7 %[, etc. Formally, one can define F' on the sets A,, as follows:

n—1 ak/2 1 n—1 ar 1 n—1 an 9
Flty=> to forte | ptand ot

k=1 k=1 k=1

It is then a fact that F' can be extended by continuity to all ¢t € [0,1] [without proof, but the picture
above should convince you, as well as the following argument: for ¢t,s € [0,1], if |t — s| < 1/3™, then
|F(t)— F(s)| < 1/2"; this implies that F is not only continuous on [0, 1], but also uniformly continuous 2].

Note now its strange properties: F'(0) =0, F'(1) = 1, F is non-decreasing on [0, 1], and on any set A,,, F'
is flat, so that F’(t) = 0 for all ¢ € U,,>14,,, which is the complement of C' on [0, 1]. This is saying more
precisely that the set where F is flat has full Lebesgue measure on the interval [0, 1], so that the function
F is almost flat. Moreover, we just said above that F' is continuous on the interval [0, 1].

If you think for a while, all these properties seem to contradict each other, but actually, they don’t! At
the beginning of the 20th century, the work of Cantor led to a revolution in mathematics. . .

The next question is: where to classify the devil’s staircase, i.e., is it the cdf of a continuous or of a
discrete random variable?

Let us first try to see it as the cdf of a continuous variable. We have seen that F’(t) = 0 for any ¢ ¢ C.
Therefore, if F' were to admit a pdf, this pdf would be equal to 0 almost everywhere on [0, 1]. But then,
such a function cannot integrate to 1 on the interval [0,1]. F is therefore not the cdf of a continuous
random variable (even though it is itself a continuous function).

Let us now try to view F as the cdf of a discrete random variable and look for the corresponding pmf.
From the definition of F', it is clear that the pmf assigns no weight to elements ¢ ¢ C. Using the symmetry
of the function F', one could then perhaps argue that the pmf should be the uniform distribution on C.
But as we have seen above, C' is uncountable, so in particular infinite. Such a uniform discrete distribution
on C' does therefore not exist!

One may still argue that F is the cdf of the uniform distribution on C, as well as F'(t) = t is the cdf of the
uniform distribution on [0, 1]. This raises the question: what does that mean to pick a point uniformly
in C'? The same question is equally valid with C' replaced by [0, 1], actually. ..

2But please note that the function F is not absolutely continuous: this would actually mean that ' admits a pdf.
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3 Independence

The notion of independence is a central notion in probability. It is usually defined for events and random
variables in elementary probability courses. Nevertheless, as it will become clear below, the independence
between o-fields turns out to be the most natural concept (remembering that a o-field is related to the
amount of information one has on a system).

In the following subsections, all events, random variables and sub-o-fields are defined in a common
probability space (Q, F,P).

3.1 Independence of two events

Definition 3.1. Two events Ay, Ay € F are independent if P(A; N Ag) = P(A41)P(Asg).

Remark. Although this definition is quite standard, a more explanatory definition of independence
of two events is given by using conditional probabilities: we say that A; and A, are independent if
P(A;1|As) = P(A;), which is saying that the realization of event A5 has no influence on the probability
that A; happens. Using the formula for the conditional probability P(A;]|A42) = P(A; N A2)/P(As), we
then recover the above definition. We will come back later to conditional probability, which is a central
concept in probability theory.

Notation. A; 1L As.
Proposition 3.2. If two events Ay, Ay € F are independent, then it also holds that
P(A1 N AS) = P(A) P(AS), P(AS N As) = P(AS)P(Az) and  P(A§ N AS) = P(AS) P(AS)

Proof. We show here the first equality (noticing that the other two can be proved in a similar way):
P(A; NAS) =P(A1\(A1 NAy)) =P(A;) —P(A; NAy) =P(A)) —P(A;) P(As)
=P(A1) (1 - P(Az)) = P(A1) P(A3)
O

Note that the above proposition says actually something very natural. Let us assume for example that
one rolls a balanced die with four faces. Then the events {the outcome is 1 or 2} and {the outcome is
even} are independent; more precisely, the different informations associated with these events are. So
the events {the outcome is 1 or 2} and {the outcome is odd} are also independent. This will motivate
the extension of the definition of independence to o-fields below.

3.2 Independence of two random variables

Definition 3.3. Two F-measurable random variables X7, X are independent if

P({Xl <t,Xo < tQ}) = P({Xl < t1}> P({XQ < tQ}), Vi1, to R

Notation. X; 1L Xs.

Example. Let Xo(w) = ¢ € R, Vw € Q be a constant random variable. According to the above definition,
X is independent of any other random variable defined on (2, F,P).

An immediate question following this definition is the following: let fi,fo : R — R be two Borel-
measurable functions and Y7 = f1(X1), Yo = f2(X3). Are Y7 and Y also independent? A priori,
answering this question requires computing the joint distribution of ¥; and Y2 (which might be difficult
depending on the functions f; and f3), but the following proposition [given here without proof, but
connected to the fact that the knowledge of a distribution px is equivalent to that of its cdf Fx] allows
for a much cleaner answer.
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Proposition 3.4. X;, X5 are independent if and only if

P({Xl € Bl,XQ S BQ}) = P({Xl S Bl}) ]P({XQ S BQ}), VB1, By € B(R)

From this, we deduce the following;:

Proposition 3.5. Let fi, fo : R — R be two Borel-measurable functions. If X, X5 are independent
random variables, then Y7 = f1(X7) and Y; = f2(X3) are also independent random variables.

Proof. From the assumption made, we have for every By, By € B(R):

P({Yi € B1,Ys € Bo}) = P({ f1(X1) € By, fo(X2) € Bo}) = P({ X1 € f{ 1 (B1), X2 € f5'(B2)})
=P({X1 € f{ (B} P({X2 € f3 1 (B2)}) = P({f1(X1) € B1}) P({f2(X2) € B2})
=P{Y1 € B1})P({Y2 € By})

Note that f7, fo need not be invertible for the above equalities to hold: f[l(BZ-) is just a notation for the
pre-image of B; via the function f;. O
Further simplifications of Definition 3.3 occur in the two following situations [again, without proof]:

- Assume X1, X are two discrete random variables, taking values in a common discrete set D 3. Then
X1, Xo are independent if and only if

P({Xl = 1‘17X2 = xg}) = P({Xl = $1}) P({XQ = IQ}), V:z:l,xg eD

Example. Let (2, F,P) be the probability space describing two independent die rolls in Example 2.5
and let X1(4,7) = ¢ and X3(4,j) = j. One verifies below that these two random variables are indeed
independent. It was already shown that P({X; =i}) = &, Vi € {1,...,6}. Likewise, P({Xs = j}) = ¢,
vy e{l,...,6} and

P{X1 =14, Xz =j}) =P({(i,4)}) = 3*16 =P{X1 =i}) P({X2 =j}), V(i,j) €Q

so X7 and X5 are independent.

- Assume now X1, X5 are jointly continuous random variables, that is, there exists a Borel-measurable
function px, x, : R* — R4 (=joint pdf) such that

P({(X1,X2) € B}) = / Px,.x, (T1,T2) dv1drs, VB € B(R?)
B
Then X, Xy are independent if and only if the function px, x, can be factorized as follows:

Px1x (T1,T2) = px, (1) px, (22),  V(1,22) € R?

3.3 Independence of two sub-o-fields

The above two definitions of independence for events and random variables can actually be seen as
particular instances of a more general definition, concerning the independence of sub-o-fields, that is to
say, the independence of two different types of information one may have on a system.

Definition 3.6. Two sub-o-fields G, Gy of F are independent if

P(Al n AQ) = ]P’(A]_) P(AQ), VAl S g17 A2 € g2

3This can always be assumed for discrete random variables: indeed, if X1 € Dy and X2 € Da, then simply consider
D = Dj U Dy, which is also discrete.
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Notation. G; 1L G5.
One can readily check (using in particular Proposition 3.2 for the first line) that

- Ay, As are independent according to Definition 3.1 if and only if 0(A;), 0(A2) are independent according
to Definition 3.6.

- X1, X are independent according to Definition 3.3 if and only if o(X7), 0(X3) are independent according
to Definition 3.6.

3.4 Independence of more sub-o-fields

The notion of independence of more than two o-fields generalizes easily as follows.

Definition 3.7. Let {G1,...,G,} be a finite collection of sub-o-fields of F. This collection is independent
if
P(Al n... ﬂAn> :P(Al) P(An), VA, € gl,...,An € G,

A finite collection of events {41, ..., A,} is declared to be independent if {c(A1),...,0(A,)} is indepen-
dent, which is equivalent to saying that

P(ATN...NA)=P(A})---P(A;)
where Af = either A; or A, i € {1,...,n}. Note that for n > 2, verifying only that
P(A1N...NA,) =P(A)---P(A4,)

does not suffice to guarantee independence of the whole collection of events (i.e., Proposition 3.2 does
not generalize to the case n > 2). One can actually show that independence of {Ay,..., A,} holds if and
only if

P ﬂ Aj | = HP(AJ), VJ C {1,...,n} such that J # 0)
jed jed
Note also that pairwise independence (i.e., P(4; N Ax) = P(A;) P(Ay) for every j # k) is not enough to
ensure the independence of the whole collection.
A finite collection of random variables {X1,..., X,,} is similarly declared to be independent if
{0(X1),...,0(Xn)} is independent, which is equivalent to saying that
P({X, € By,...,X, € B,}) =P({X; € B1})---P{X,, € Bp}), VBi,...,B, € B(R)

and all the simplifications seen above apply similarly.

Finally, one can further generalize independence to an arbitrary (i.e., not necessarily countable) collection
of sub-o-fields of F.

Definition 3.8. Let {G;, i € I} be an arbitrary collection of sub-o-fields of F. This collection is
independent if any finite sub-collection {G,,,...,G;, } is independent.

Infinite collections of sub-o-fields or random variables occur in various contexts, but most prominently
when dealing with stochastic processes, as we shall see during this course.

Remark. For a countable collection of events (A,, n € N), it would not be a good idea to define
independence directly as

P(Maendy) = [] P(45)
neN

as in many cases, this equality would simply read “0 = 0”.
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3.5 Do independent random variables really exist 777

An innocent sentence such as “Let X7, X5, X3,... be an infinite collection of independent random vari-
ables...” immediately raises a question: does there exist a probability space (£, F,P) on which these
random variables could be defined altogether? The answer is (fortunately for the remainder of this
course. .. ): yes, but as we will see, the set Q needed to fit all these independent random variables is quite
large (to say the least!).

- Let us start by exploring what € is needed for only two independent random variables X7 ~ g
and Xy ~ 1o, with 1, ue two distributions on R. In this case, the set = R? suffices. Indeed, for
w = (w1, wy) € R?, let us first define X;(w) = wy and X3(w) = wy. Now, what about F and P? For F,
we will consider the o-field generated by the “rectangles” of the form

Bl X BQ, with Bl,BQ S B(R)
which is nothing but the already encountered Borel o-field B(R?). As for P, we set it to be given by
P(B1 x Bz) = p1(B1) p2(B2)

on the “rectangles”. Carathéodory’s extension theorem then ensures (see Appendix A.1) that P can be
uniquely extended to B(R?). With these definitions in hand, one can check that for every By, Bo € B(R),
one has

P({X, € By, X5 € By}) = P({(w1,ws) € R? : wy € By,wy € By}) =P(By X By) = pu1(By) - pz(Bo)
while
P{X; € B1}) = P({(w1,w2) €ER?:wy € By}) =P(B; x R) = p1(B1) - p2(R) = pq (By)
and similarly, P({ X3 € Ba}) = ua(B2), proving the claim that X; and X, are independent.
- For an infinite (yet countable, but this can be further generalized) collection of random variables, things
are slightly more complicated, but the basic principle remains the same. First, the set 2 needed in this

case becomes
Q={w=(w1,ws,ws,...) wp, ER, ¥n >1} =RN

which can be viewed either as the set of infinite sequences of real numbers, or equivalently as the set of
functions from N* to R. We then define

Xn(w)=wn, Yn>1

Now comes the trouble: what about F and P? For F, we take as before the o-field generated by the
“rectangles” in RN, which are of the form:

By XxByx...xB, xRxRx ...

where n is now an arbitrary positive integer. Note that the o-field F is quite large! Nevertheless, defining
P on the above rectangles remains simple:

]P)(Bl ><Bg><...XB,LXRXRX...):,ul(Bl)-,ug(Bg)~~~un(Bn)

and Carathéodory’s extension theorem ensures again that P can be uniquely extended to F. It is then
quite easy to see that with all these definitions,

P({X, € By, Xo € By,..., X, € B,}) =P({X, € B1}) -P({X3 € By}) - - P({X,, € Bn})

for any fixed n > 1, which was our aim.
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4 Expectation

Let (2, F,P) be a probability space and X : @ — R be an F-measurable random variable. We are
interested in defining the expectation E(X) of this random variable, also known as its theoretical average.
In the simple case where X is a Bernoulli random variable with parameter 0 < p < 1 (i.e., P{X =1}) =
p=1-P({X = 0}), the expectation of X is given by

EX)=1-P{X=1})+0-P{X=0})=1-p+0-(1—p)=p

Remark. What does it mean that p is the average value of X, when X actually never takes this precise
value p? We will need the law of large numbers to answer this question: this is coming later.

In order to define E(X), we will aim here for a more ambitious goal, which is to define directly E(g(X)),
where g : R — R is a Borel-measurable function (recall from the first lecture that we know that ¥ = g(X)
is also an F-measurable random variable in this case).

Step 1. Assume first that g is a simple non-negative function, i.e., that
g@) = 3 v 15, (@)
i>1

where y; are non-negative numbers and B; are disjoint Borel subsets of R (implying that g is a Borel-
measurable function). In this case, the expectation is defined as

E(g(X)) = Z%P({X € B;}) = Zyip({g(X) =Yi})
i>1 i>1
Observe the following:
- As X is F-measurable and every B; is a Borel set by assumption, the sets {X € B;} € F.

- The above sum, being a sum of non-negative numbers, is non-negative. Being also a potentially infinite
sum, it might take the value 400, which is OK.

- A simple example is the following: for a given ¢ € R, consider g(x) = 1{;<;. Then

E(9(X)) = E(lix<y) = PUX < t}) = Fx(¢)

Step 2. Assume now that g is a generic non-negative Borel-measurable function. For n > 1, we define

1—1
ga@) =3 (0l@), wER
i>1

Observe that these functions g, are simple non-negative functions. Also, for every value of x € R and
n > 1, it holds that

gn(2) < gny1(z) < g(x)
For each n > 1, the definition of E(g,(X)) is given in Step 1:

o (0) = S P ({5 o0 < 7 })

i>1

Because g, () < gn41(x) for every z € R and n > 1, one can also check that E(g, (X)) < E(gn+1(X))
for every n > 1. This allows us to define

E(g(X)) = lim E(g,(X))

n—oo

Indeed, the above limit always exists (taking possibly the value +00), as (E(g,(X)), n > 1) is a non-
decreasing sequence of non-negative numbers.
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Step 3. Consider finally the case where g is a generic Borel-measurable function, taking possibly positive
and negative values. Define in this case the positive and negative parts of g;

9" () = max(g(x),0) and g~ (2) = max(—g(x),0)

Observe that for every xz € R:

g (x)—g () =g(x) and g*(z)+g (x) = [g(z)]

Also, g7 and g~ are themselves non-negative Borel-measurable functions (as well as |g|), so according
to Step 2, both E(¢7 (X)) and E(g~ (X)) are well defined, but take possibly the value +o0o. In order to
avoid trouble when defining E(g(X)), we will assume that both E(g* (X)) < +oo and E(g~ (X)) < +o0
(which is equivalent to assuming E(|g(X)|) < +00) and define in this case:

E(g(X)) = E(g"(X)) —E(g~ (X))

This completes the definition of E(g(X)) in the general case.

Remark. Please observe that E(g(X)) is also well defined when either E(g7 (X)) = +o0 or E(g~ (X)) =
+00, but not both at the same time. In this case, we can write E(g(X)) = +oo (resp., E(g(X)) = —o0).
The only case which is to be avoided is the case co — 0o, which leads to an indetermination.

In the case of discrete and continuous random variables, we obtain the following:

Proposition 4.1. If X is a discrete random variable with values in a set D and pmf {p,, € D}, then
E(|g(X)]) = > ,cp l9(x)| p» and when this quantity is finite, we have

E(g(X)) =Y g(x)p.

xzeD

Proposition 4.2. If X is a continuous random variable with pdf px, then E(|g(X)|) = [; |9(z)| px (x) dz
and when this quantity is finite, we have

E(g(X)) = / o) px () da

R

Notation in the general case. What we have defined above is nothing but Lebesgue’s integral (in the
particular case where the underlying measure is a probability measure P). Because it occurs in many
different context, this integral has also many different (and of course, equivalent) notations that we list
below for completeness:

E(g(X)) = / 9(X (w)) dP(w) = / 9(X (w)) P(dew)
- / o(e) dux (z) = / o(e) px(dr) = / o(x) Fx (dz) = / o) dFx (2)

In particular, the last notation is the one that we used for convolution before (note that the positioning
of g(x) and dFx (z) after the integral is also irrelevant).

Terminology. - If E(|X]|) < 400, then X is said to be an integrable random variable.

- If E(X?) < 400, then X is said to be a square-integrable random variable.

- If there exists 0 < C' < +o00 such that | X (w)| < C, Vw € Q, then X is said to be a bounded random
variable?.

-If E(X) =0, then X is said to be a centered random variable.

-If X ~ =X, the X is said to be symmetrically distributed.

S

4This condition is not to be confused with the weaker condition sometimes encountered in the literature: X is finite if
P({|X| < 4+o00}) = 1; this last condition is actually satisfied by any real-valued random variable X.
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X is bounded = X is square-integrable = X is integrable
X is integrable and Y is bounded = XY is integrable
X,Y are both square-integrable = XY is integrable
X is symmetrically distributed (and integrable) = X is centered

Proof. The fact that any bounded random variable is integrable follows from the simple fact that E(] X]|) <
Cif | X(w)|] < Cforallw € Q. Any bounded random random variable X is therefore also square-integrable
(as X? is bounded if X is bounded). Likewise, if X is integrable and |Y (w)| < C for all w € Q, then
| X(w)Y(w)| < C|X(w)|, so XY is also integrable.

Besides, any square-integrable random variable is also integrable, because |X| < X22+1. Likewise, the

product XY is integrable if both X and Y are square-integrable, because | XY| < w
Finally, if X ~ —X, then E(X) = —E(X), implying that E(X) = 0 and concluding the proof. O

Basic properties. [whose proofs can de deduced more or less straightforwardly from the above definition]

Linearity. If c € R is a constant and X, Y are integrable, then
E(cX)=cE(X) and E(X+4+Y)=E(X)+E®Y)

Positivity. If X is integrable and non-negative, then E(X) > 0.

“Strict” positivity. If X is integrable, non-negative and E(X) = 0, then P({X = 0}) = 1. One cannot
indeed guarantee in this case that X (w) = 0 for all w € Q, but just that the event {w € Q : X (w) = 0}
is almost sure. Another way to say this is: “X = 0 almost surely”, often abbreviated as “X = 0 a.s.”

Monotonicity. If X, Y are integrable and X (w) > Y (w) for all w € Q, then E(X) > E(Y).
Jensen’s inequality (baby version). If X is integrable, then |E(X)| < E(|X]).

Variance, covariance and independence.

Definition 4.3. Let XY be two square-integrable random variables. The variance of X is defined as
Var(X) = E(X —E(X))?) =E(X?) -E(X)*>0
and the covariance of X and Y is defined as
Cov(X,)YV)=E(X —E(X)) (Y —E(Y))) =E(XY) - EX)E(Y)
so that Cov(X, X) = Var(X).

Remark. Observe that Var(X) is also well defined when X is integrable but not square-integrable, in
which case Var(X) = +o00. If X is not integrable, then Var(X) is ill defined (0o — oo indetermination).

Terminology. If Cov(X,Y) =0, then X and Y are said to be uncorrelated.

Facts. [without proofs] Let ¢ € R be a constant and X,Y be square-integrable random variables.
a) Var(cX) = ¢? Var(X).

b) Var(X +7Y) = Var(X) + Var(Y) + 2Cov(X,Y).

In addition, if X,Y are independent, then

c) Cov(X,Y) =0, ie E(XY)=E(X)E(Y) (but the reciprocal statement is wrong).

d) Var(X +Y) = Var(X) 4 Var(Y) (also true if X and Y are only uncorrelated).
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5 Probability couplings

Probability coupling is a technique that could be used to prove any number of interesting facts in prob-
ability theory. It also builds very nicely on our discussion of o-fields since it is very hard to talk about
coupling probability measures without some notion of measurable spaces. In these notes we introduce the
basic notion of probability coupling and apply them to prove the Poisson approximation. We also connect
probability couplings to fundamental notions like the total variation distance, and stochastic dominance.

5.1 Probability couplings
Given (Q1,F1) and (g, F2), the product measure space (21 x Qg, F; X Fa) is

o Oy x Qo ={w:w € Q1,ws € Ny}

o Fi X.FQ:O'({AXAQ, Ay 6.7'—1,142 E]:Q}).

In other words 21 x €5 is the normal product space of tuples, while F; x F3 is the o-filed generated by
all the product sets from F; and Fs.

A coupling could be defined for probability measures or for random variables. We provide both definitions.

Definition 5.1. Let P; and Py be two probability measures on (2, F). A coupling of P; and P, is a
probability measure P on (2 x Q, F x F) such that

P(A x Q) = P1(A) and P(Q x A) = Py(A)

for all A € F.

Recall that an F-measurable random variable X on some probability space ({2, F,P) is just a measurable
map. Such a random variable creates another measurable space (R, B(R), uux). Thus, a coupling of two
random variables could be viewed as just a coupling of their marginal distributions by constructing a new
joint distribution.

Definition 5.2. Given two random variables X ~ px and Y ~ uy, a coupling of X,Y is two jointly
distributed random variables (X', Y”’) with distribution p’yy on (R? B(R?) such that u'yy is a coupling
of ux and py.

Note that in this second definition, X and Y could be defined on different probability spaces, but (X', Y”)
should be defined on the same probability space. We could think of this coupling in two ways. We could
directly couple px and py on (R, B(R)). In this case, we do not need to specify which probability spaces
X and Y are defined on. Or, given that X is defined on (21, F1,P1) and Y is defined on (s, F2,P3), we
could construct the coupling on the product space (21 x Qa, Fy X Fa).

There are many ways to couple two probability measures or two random variables.

Example (independent coupling). Let X be a Bernouilli random variable with parameter ¢ and Y
be a Bernouilli random variable with parameter r, 0 < ¢ < r < 1. An independent coupling (X’,Y”) is
such that

(1-g(1-7), i=0,j=0
(1—

1 ,=0,7=1
P(X =iy == "0 T

q(1—r), i=1,7=0

qr, 1=1,7=1.

This coupling is obtained by setting u'yy = pxpy.
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Example (monotone coupling). Let X and Y be as in the previous example. A monotone coupling
(X,Y) could be constructed in the following way. Pick U to be a uniform random variable on [0, 1]. Then
X = l{USq} and Y = l{US’r} and

1—7r, 1=0,7=0
S r—q, 1=0,7=1
0, i=1,j=0
q, 1=1,7=1.

Observe that in this coupling we have that Y > X with probability one.

5.2 Total variation distance

The total variation distance is a common notion of distance between two probability measures or two
random variables. The total variation distance is intimately connected to one particular coupling of
random variables called maximal coupling.

Definition 5.3. Let P; and Py be two probability measures on (€2, F). Total variation distance between
P; and P5 is defined as
drv (P1,P2) = sup [P1(A) — Pa(4)|
AcF

The total variation distance between random variables is defined as the total variation distance between
their distributions.

Definition 5.4. Let X and Y be two random variables on (2, F,P). Total variation distance between
X and Y is defined as

drv(X,Y) = sup [P({X € A}) —P({Y € A})|.
A€EB(R)

Observe that in this definition, the total variation distance depends only on the marginal distributions
of X and Y.

We now turn our attention to the special cases of continuous and discrete random variables.
Proposition 5.5. If X and Y are discrete random variables with probability mass functions px and py
then

drv(X,Y) Z Ipx(a (a)]
aED

Proposition 5.6. If X and Y are continuous random variables with probability density functions px
and py then

dry (X,Y) = /mx (2)|da

We leave the proof of these proposition as an exercise for the reader.

The total variation distance is closely related to probability couplings. Namely, if we wanted to couple
X andY in a way that maximizes the probability of them being equal (called maximal coupling), total
variation distance tells us howe well we could do this.

Proposition 5.7 (Coupling inequality). Given two random variables X and Y with an arbitrary joint

distribution, it is always true that
dry(X,Y) <P{X #Y}).

The proof is left to the reader.

As it turns out, a probability coupling that exactly achieves this bound sometimes exists. Here, we give
the result for discrete random variables.
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Proposition 5.8 (Maximal coupling). Let X and Y be discrete random variables. Then
dry(X,Y) = inf{P(X #Y): couplings (X,Y) of (X,Y)}

Proof. Define
A={a:px(a) >py(a)} and B = {a: py(a) > px(a)}.

Define also the following

p=Y_ min{px(a),py(a)},a = (px(a) —py(a)), and 8 =Y (py(a) - px(a))

acD a€A a€EB
Claim.

Oézﬁszv(X,Y):l—p

Indeed, it follow from the definition that o — 3 = 0 and so a = 3. Likewise,

a+p= Z(px(a) —py(a)) + Z(pY(a) —px(a) = Z lpx (a) = py (a)| = 2drv (X,Y)

acA a€B a€D

And finally,

1-p=1-) min{px(a),py(a)}

a€D
=Y (px(a) = min{px(a),py(a)}) + Y (px(a) — min{px(a), py(a)})
acA a€B
= Z (px(a) —py(a)) =
acA

Coupling construction. Finally, we construct the coupling pxy in the following way. Let vin(a) =
min{px (a), py (a)}, 7a(a) = px(a) — py (a) and vp(a) = py (a) — px(a).
For a € D,
pxv(a,a) = Ymin(a).
Let a € A and b € B, then
Pxy(a,b) = 'VA(la)_’)’Z’(b),
All the other probabilities are set to zero.

We check that the marginal conditions are satisfied for p.

For a € B we have that

pxla) = pxv(a,b) =Y pxy(a,b)+ > pxy(a,b)

beD beA beB

(lf a € B) = "}/mzn(a) = pX(a’)

(facAd)  =vmn(a)+ > fracyala)ys(d)l -p
beB

= py(a) +7ya(a) = px(a).

Likewise, we can check that the marginal constraint py = py is also satisfied. Finally, we see that
P(X#Y)=1-p=dry(X,Y). O
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Application: Poisson approximation

Next we introduce an application of couplings. We have the following set up. Let X; be Bernouilli
random variable with parameter p; for 1 <+¢ < n and define

B
=1

Likewise, let W; be a Poisson random variable with parameter \; for 1 < i < n and define

Ly = i W;.

We set \; = —log(1l — p;) and note that Z, is a Poisson random variable with parameter A\, where
A= Z?:l A

We are interested in the case when p; are very small. In this case, the distribution of .S,, is well approxi-
mated by a Poisson distribution as is shown in the following theorem.

Theorem 5.9.
1 n
drv(Sn, Zn) < 5> N

=1

\}

Proof. We couple each pair (X;, W;) independently in the following way. We let W/ ~ Poi()\;) and
X/ = min(W;,1). Note that X] is a Bernouilli random variable with parameter p;. We define

:iX; and Z;L = zn:W[
i=1

i=1

Observe that in S, ~ S/, and Z, ~ Z/ and it follows that drv (Sn, Z,) = drv(S), Z!). Finally, by the
coupling inequality

dry (S, Z)) <P({S! # Z'}) <ZIP’ (X! W/} < Z (W] =2 <> Y e
; - J]:
i=1 i=1 =1 j=2
SN N A
S22yl
=1 7=0 i=1
as desired. O]

5.3 Stochastic dominance

When does one probability measure (or random variable) dominate another probability measure (or
random variable)? Consider the following example. Define

S = zn:)(Z7
i=1

where each X is supported on {1,2,3,...} and is such that P({X; > 1}) > p. Let S* ~ Bin(n,p).
That is, S* is a Binomial random variable with parameters n and p. Intuitively, since S* is a sum of n
Bernouilli random variables with parameter p, S* should bound S from below. More precisely, we can
say

P({S=1}) > P({s" > )Vt € R.
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Definition 5.10. A random variable X stochastically dominates Y if
1-— Fx(t) >1- Fy(t)vt eR

or

P({X >t})>P{Y >t})VteR.

We use the notation X = Y to denote stochastic dominance.
Example: Let X ~ Poi(\) and Y ~ Bern(p). When is X > Y?

For the stochastic dominance to hold we need P ({X > t}) > P({Y > t}) for all ¢ > 0. This is trivially
true for £ > 1. What about ¢ = 07 In this case

l—-e*=PP{X>0})>P{Y >0})
if and only if A > —log(1 — p).
Theorem 5.11. X = Y if and only if there is a coupling (X,Y) of (X,Y) such that

P({£>7)) =1

Proof. First, suppose such a coupling (X ,)A/) exists. Then

Py >th=P({¥ >t}) =P({X =2V >t}) <P ({X >t}) =Px > 1))
and so X =Y.
On the other hand, suppose X > Y. Define the generalized inverse cdf as

F~l(u)=inf {t e R: F(t) > u}.

Let U be a uniform random variable on [0,1]. We have shown on the midterm that Fy'(U) ~ X. We
construct the coupling (X,Y) in the following way: X = Fy'(U) and Y = F,;}(U). By construction,
(X' , Y) have the correct marginal distributions. Finally

P({X=7})=P{F' W) 2 FFHU)}) =1

as desired. O

6 Inequalities

We review below three important inequalities in probability.

Cauchy-Schwarz’s inequality. If X, Y are square-integrable random variables, then the product XY

is integrable and
[E(XY)| <E(IXY]) < VE(X?)E(Y?)

Remark. The first inequality follows from the simple fact mentioned above that |E(Z)| < E(|Z]) for any
random variable Z.

Note that this inequality is a refinement of the inequality which is obtained using the pointwise inequality
X (W) +Y? (),
(X (w)Y(w)| < 5 :
E(X?) +E(Y?)
2

. . . . . E(X?)4+E(Y?)
as we know by the arithmetic-geometric mean inequality that /E(X?)E(Y?) < ==5——=.

E(|XY]) <
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Proof. Consider now the map a + f(a) = E((|X| + «|Y])?). Note first that f(a) <2E(X? +a?Y?) <
~+o0 by assumption, so f is a well-defined map. This map clearly takes non-negative values for all values
of a € R. Moreover, using the basic properties of the expectation, we see that

f(a) = E(X?) + 20 E(IXY]) + a* E(Y?)

The function f is represented below:

As f is a second-order polynomial with at most one root, we deduce that the discriminant of this
polynomial is non-positive, i.e., that

A = (E(XY])? - E(X?)E(Y?) <0
which implies the desired inequality:

E(IXY]) < VE(X?)E(Y?)

O

Remark. An alternate proof of the inequality |E(XY)| < /E(X?2) /E(Y?) follows from the observation
that the bilinear form X,Y — E(XY) is a (semi-)inner product on the space of square-integrable random
variables (which further implies that X — /E(X?2) is a (semi-)norm on the same space). Indeed:

1) The fact that it is bilinear in X, Y comes from the linearity of the expectation.
2) It is symmetric in X,Y by definition (and by commutativity of the multiplication).
3) It is also positive, as E(X?) > 0 for every X.

The classical Cauchy-Schwarz inequality, valid for any (semi-)inner product, then implies that |E(XY)| <
vE(X?2)y/E(Y?). In order to obtain the inequality with absolute values inside the expectation, just apply
the above inequality to |X| and |Y'| instead of X and Y.

Jensen’s inequality. If X is an integrable random variable and ¢ : R — R is Borel-measurable, convex
and such that E(Jp(X)|) < 400, then

P(E(X)) < E(p(X))

In particular: [E(X)| < E(|X]), E(X)? <E(X?), exp(E(X)) < E(exp(X)), exp(—E(X)) < E(exp(—X))
and for X a positive random variable, log(E(X)) > E(log(X)) (as log is concave, —log is convex).

Also, if X is such that P({X = a}) = p €]0,1] and P({X = b}) = 1 — p, then the above inequality says
that

¢ (pa+ (1 —p)b) < py(a) + (1 —p) (b)

which matches actually the definition of convexity for ¢:
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7 #lpa) + o((1 - p)b)

¢(pa+(1-p)b)

Proof. The proof relies on the fact that for any convex function ¢ : R — R and any point z¢ € R, there
exists an affine function « — ax + b which is below ¢ and is also tangent to ¢ in z, i.e.,

o) >ar+b, VreR and ¢(xg) =azxo+b

Therefore, choose xg = E(X). We obtain, by linearity of expectation:
E(p(X)) =2 E(aX +b) = aE(X) +b = azo + b = ¢(z0) = ¢(E(X))

which is the desired inequality. O

Another consequence of Jensen’s inequality is the following: the arithmetic mean of n positive real
numbers x1,...,x, is greater than or equal to their geometric mean, which is in turn greater than or
equal to their harmonic mean, i.e.,

> (:L'l ...xn)l/n >

1+ ...+ x,
= = 1
n . +...+ T
Proof. Consider X taking values z1, ..., z, with uniform probability. Then proving the above inequalities
amounts to proving that
E(X) = exp(E(log(X))) = —~
E(x)
Observe first that since log is a concave function, — log is convex, so by Jensen’s inequality, we have
E(log(X)) < log(E(X)). Taking exponentials, this proves the above left-hand side inequality. In order to
prove the right-hand side inequality, observe that, again because — log is convex, we have
exp(E(log(X)) = exp(E(—log(x))) > exp(—log E(%)) = g5

L
X

proving the claim. O

Chebyshev-Markov’s inequality. Let X be a random variable and t € Ry. If v : R — Ry is a
Borel-measurable function which is non-decreasing on Ry and such that ¥ (¢) > 0 and E(¢(X)) < +o0,
then

PHX >1}) <
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In particular, if X is square-integrable and ¢ > 0, then taking 1 (z) = 22 gives P({X > t}) <
But please note that 1 could also be a much more intricate function, such as:

¥ (z) Example of v satisfying the assumptions

Proof. Using successively the assumptions that 1 takes values in R, is non-decreasing on Ry and ¢ > 0,
we obtain

X E(y(X) 1ix>¢ E(yp(X
PEX 2 t}) =E (lx>n) <E (12,(@) 1{X2f}) - w)(t){x_ 2E (Z((t) !

which is the desired inequality. O

7 Transform methods

7.1 Convolution
In general, we can say that the distribution of the sum of two independent random variables X7, X5 is
the conwvolution of the distributions of X; and X5. Let us first see what this means in two special cases.

Discrete case. Let X1, X5 be two independent discrete random variables, both with values in Z. Let
us compute for k € Z:

PH{X:1 + Xy =k}) = ZP({X1 =5 X1+ Xy =k}) = ZP({XI =75, Xo=k—j})

= P{X; =jHP{Xs =k —j})

=

which is nothing but the discrete convolution of the probability mass functions of X; and X5. Note that
following the same reasoning, we also obtain for ¢ € R:

P{X1 + Xy <t}) = Y P{X1 = jHP{X2 <t —j})

JEZ
which may in turn be rewritten as
Fx,1x,(t) =Y P{X1 =j})Fx,(t - j) (4)
JEZ

Continuous case. Let X, X5 be two continuous and independent random variables, with joint pdf
pX11X2' Then

Fxyax,(t) = B({X) + X5 < 1}) = / dz1drs px,s x, (@1, 2)
D(t)
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where D(t) = {(x1,22) € R? : 21 + x5 < t}. As px, x,(71,22) = px, (z1) px, (x2), we further obtain:

t—:vl
Fxyox(t) = / dz1 px, (1) / 422 pxs (22)
R

—0o0

which may be rewritten as

Fax,(0) = [ dovps, (o) Pt - o) (5)
R
from which we deduce® that the random variable X; 4+ X» is also continuous with pdf
d d
pX1+X2(t) = %FXH“Xz(t) = dwlp}ﬁ(‘rl) %FXz(t_‘rl) = dxlel(xl)pxz(t_‘rl)
R R

which is the classical convolution of px, and px,.

General case. The expressions (4) and (5) share some similarity. In the general case, the cdf of the
sum of two independent random variables X, X5 can be expressed as

Fx,1x,(t) = /RdFXl (z1) Fix, (t — 1)

which coincides with expressions (4) and (5) in the discrete and continuous cases [the above integral
fR dFx, (z) ..., known as the Lebesgue-Stieltjes integral, is a generalization of the classical Riemann inte-
gral]. One uses the following short-hand notations for the above relation:

FX1+X2 = FXl * FX2 Or  UX;+X, = BX; * X,
or also px,1x, = Px, *Px, in the continuous case.
Example in the continuous case. Let X, X5 be two i.i.d.~ &£(1) random variables, with common cdf

1—exp(—t) ift>0

Fx,(t) = Fx,(t) = {0 ift <0

The cdf of Xy + X3 is then given by formula (5):

Fx,+x,(t) = /0 dxy exp(—z1) (1 —exp(—(t —z1)) =1 —exp(—t) —t exp(—t) fort>0

(and Fx,yx,(t) =0 for ¢ < 0). From this, we deduce that

d
Px,+X, (t) = %FX1+X2 (t) =1 exp(—t) fort >0

(and px,+x,(t) = 0 for ¢ < 0). Of course, we could also have deduced this directly from the expression
given for the convolution of the pdfs px, and px,.

7.2 Characteristic function

With the definition of expectation in hand, we can define an important object: the characteristic function.

As a preliminary, we need define E(g(X)) for a complex-valued function g, but this is simple:
if E(]g(X)]) < +oo (where | - | stands for the modulus), then E(g(X)) = E(Re(¢(X))) + ¢ E(Im(g(X))).

Definition 7.1. The characteristic function (or Fourier transform) of a random variable X is the map-
ping ¢x : R — C defined as '
ox(t) =E ("), teR

5modulo a permutation of derivative and integral, which we will simply admit here
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Note that |e®**| =1 for all z € R, so E(|]e?*¥|) = 1 < 400 and ¢x(t) is well defined for all t € R.

For a discrete random variable X with pmf (p,, « € D), the above formula reads:

¢X (t) = Z eitz Pz

xzeD

and for a continuous random variable X with pdf Px:
ox(t) = / e py () dr
R

Examples. - Let X ~ Bern(p). Then

ox(t) =pe’ +1-p
- Let X be such that P(X = +1) = P({X = —1}) = 4. Then

1t —it
b () = % — cos(t)

- Let X ~U([a,b]). Then

b
ox(t) = bfa/a et di = it(b—a) t

- Let X ~ N(u,0?). Then noticing that X ~ u+ 0Z, where Z ~ N(0,1), we obtain

1 ith _ Jita in(t
€ € (: sin(?) incasea=—1and b= +1)

. 1 . 2 . 2 2 1 N2
g =k (ren) = [ L ctren-tiag. L gt [ L ooy,
?x () R V2T R V2T

. 1 w2
_ eztu—tzo'z/Q/ 7T dw = explity — t252/2
R V2T p{éty 2

Remark. The above “innocent” change of variable z — ito — w requires quite a bit of complex analysis
to be fully justified!

Properties. The characteristic function of a random variable satisfies the following properties:
(i) ox(0) = 1.
(i) ¢x is continuous on R.

(iil) ¢x is positive semi-definite on R, i.e.

n
Z Cj@(]ﬁx(tj —tk) >0, Yn>1,¢1,...,0p Q(C, t1,...,th €R
Jik=1

(iv) ¢x(—t) = ¢px(t), for all t € R.

(v) If X ~ —X, then ¢x(t) € R, for all t € R.
(vi) |ox(t)| < ¢x(0) =1, for all t € R.

(vii) ¢ex (t) = ¢px(ct) for all ¢,t € R.
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Proof of (iii)°. For every n > 1, ¢1,...,c, € C, t1,...,t, € R, we have

n n
S cmox(ty —t) = Y ey (0 X)
J,k=1 G k=1
2

n n n
=E E cjettiX g cp et X | =E E cjeiX 1 >0
= k=1 =1

The following theorem, due to Bochner and given here without proof, says that the above properties fully
characterize what characteristic functions are.

Theorem. Any function ¢ : R — C satisfying properties (i), (ii), (iii) above is the characteristic function
of a random variable X.

On top of that, the knowledge of a characteristic function ¢x fully characterizes the distribution of the
random variable X, as the following inversion formula shows (given here without proof):

Inversion formula. To each characteristic function ¢x there is a unique corresponding cdf F'x given
by

1 T _—ita _ ,—ith
Fx(b) — Fy(a)= lim — | S —¢

: ox(t)dt for all a < b € R continuity points of Fx
T— o0 271' T it

If in addition [ |¢x (t)| dt < 400, then the cdf Fx admits a pdf px given by

F)’((x)ZPX(QE):%/REM(bX(t)dt Vz e R

This last property shows that there is a relation between the integrability of the function ¢x and the
regularity of the function Fx. The reciprocal statement does not hold, but a weaker statement holds,
known as the Riemann-Lebesgue theorem: if Fx admits a pdf px, then lim; , 1., ¢x(t) = 0.

The properties below show that there are also interesting relations between the integrability of F'x and
the regularity of ¢x:

If E(|X]) = [g |z| dFx () < 400, then ¢x is continuously differentiable on R and
¢x (0) = i E(X)

This last relation can be obtained via the following informal computation:

d ; ‘
=E (afx ) =E ( iX e
t=0 dt t=0 ( )

More generally, it holds for k& > 1 that if E(|X|¥) < 400, then ¢ is k-times differentiable on R and

%%{(f) > =E(iX)

t=0

d*

e B)],_ = B(X")

Many other interesting relations can be found between Fx and ¢x, which we shall not list here.

Factorization property. Finally, here is a very useful property of characteristic functions:

X1, X5 are independent if and only if E(e?*X1#2X2) = ¢ (t1) ¢, (t2), for all t1,t2 € R

6The other properties are quite straightforward, except for the continuity property, which requires the dominated con-
vergence theorem (not seen in this course).
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Proof. We only prove the easy part here, namely that independence implies the property on the right-hand
side: independence of X; and X, implies independence of e®1X1 and e®#2X2, so

E (eit1X1+it2X2)) = E (e X1 ¢ X2) = | (¢151) E ((eit2X7)
which completes the proof. O

Remark. Considering the particular case t; = t3 = ¢, we obtain that independence of X; and X,
implies that ¢x,4x,(t) = éx, (t) dx,(t) for all ¢ € R (but please note that this condition alone does
not guarantee independence of X; and X5). As the distribution of the sum of two independent random
variables X7, X5 is given by the convolution F'x, * Fx,, we recover a classical result, expressed here in
the context of probability distributions: the Fourier transform of the convolution of two distributions is
the product of their Fourier transforms.

7.3 Moments

Definition 7.2. Let X be a random variable and k > 0. If E((|X|*) < +o00, we say that the moment of
order k of the random variable X is finite and defined as

my =E (X")

Note that if a random variable has a finite moment of order k, then all moments of order 0 < j < k are
also finite. Indeed, using Jensen’s inequality along with the fact that f(x) = 27 /¥ is concave for x > 0
and j < k, we obtain 4

B (1XP) = E(f (1X1") < £ (5 (1X]")) < +o0

Note also that the moment of order 0 is always finite and equal to mg = 1.

It is however not clear whether the distribution of the random variable X is fully characterized by the
sequence of moments (m.,,n > 0), even if these are all finite (if they are not, then the answer is clearly
no). This is known as the Hamburger moment problem and it turns out that the general answer to this
question depends on the growth of the moments my, as a function of k. Here are two illustrative examples:

1. If X is a bounded random variable (i.e., there exists C' > 0 such that | X (w)| < C for every w € Q),
then
| = [E(X")] <E(IX[*) <C*, ¥k >0

and in this case, it can be proven that the knowledge of the sequence (my, k > 0) fully characterizes
the distribution of X.

2. Consider now a random variable X whose moments are given by my = exp(k?/2), k > 0. In this
case, it is impossible to tell whether a) X is a continuous log-normal random variable:

X =e?, where Z ~ N(0,1)
or b) X is a discrete random variable with pmf:
1

P{X =e'}) = 5 exp(—5%/2), jE€Z, where C=} exp(—j*/2)
JEL

Application: Chernoff bounds

We begin by defining the moment generating function which is similar (but a bit different) to the char-
acteristic function.
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Definition 7.3. The moment generating function of a random variable X is the mapping Mx : R — R
defined as
Mx(t)=E (), teR

Observe that the moment generating function always exists at ¢ = 0. However, unlike the characteristic
function, it may not exists for all random variables. Assuming Mx (¢) is finite in the neighborhood of

t = 0, we have the followin:
) =E ((X ')
t=0

d
— Mx(t)
More generally, it holds for k& > 1 that if E(|X|*) < 400, then ¢x is k-times differentiable on R and

dt

t=0

d* M &
O,y = BOX)
Proposition 7.4. For a € R we have

> < : —ta
P({X >a}) < min (e7"*Mx(t))
where the min is taken over all s such that Mx (t) < +o0.

We live the proof of this proposition as an exercise for the homework. Note that once this inequality is
obtained, a more explicit bound could be found by computing Mx (t) and optimizing over ¢t. An example
of this is also given to you in the homework. The resulting bounds are often known as Chernoff-type
bounds.

8 Random vectors and Gaussian random vectors

8.1 Random vectors

A d-dimensional random vector X = (X1,..., X4) is nothing but a random variable with values in R?
instead of R. Here is the formal definition:

Definition 8.1. Let (Q2, F,P) be a probability space and d > 1. An F-measurable random vector with
values in R? is a mapping X : Q — R? such that

{we: X(w)eBYeF, VBeBRY

Similarly to the scalar case, this condition can be shown to be equivalent to
{we: Xi(w)<t,...,Xq(w) <tqt €F, Vit1,...,ta €R
which can in turn be rephrased as

X is an F-measurable random variable, Vj e {1,...,d}

Joint distribution, multidimensional cdf and marginals. The joint distributionof X = (X1,..., Xq)
is the probability measure pux on (R? B(R?)) defined as

px(B) =P({X € B}), for B < B(R?)

As in the case of random variables, the knowledge of ux can be shown to be equivalent to the knowledge
of its corresponding multidimensional cdf:

Fx<t1,...,td) :P({Xl <ti,...,Xq Std})7 for t1,...,tg € R
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One also defines the marginals of the distribution ux as
px,(B) =P({X; € B}) =P({X; € B; X} € R,Vk # j})

Watch out that the knowledge of all the marginals ux,,. .., tx, is not equivalent to the knowledge of px.
Put differently, the knowledge of all the marginal cdfs Fx,,..., Fx, is not equivalent to the knowledge
of the multidimensional cdf F'x.

Discrete and continuous random vectors. - A discrete random vector is a random vector X that
takes values in a discrete set D C R%. This is equivalent to saying that each component X j is a discrete
random variable.

- A continuous random vector is a random vector X such that P({X € B}) = 0 for every B € B(R?)
with Lebesgue measure zero, i.e., |B| = 0. In this case (by the same theorem as in the scalar case), there
exists a (Borel-measurable) joint pdf px = px,,... x, R? — R, such that

P({X € B}) = /Bpx(ml,...,xd) dxy---drg, VBE€E B(Rd)

(with the integral over B = R? being equal to 1). In the case where px is continuous, it holds that

pPx\T1, s Ld r1 - Oy 1 s&d)y 1 s &d
AAISO7 the fOllOW lng iS true: lf )(17 ey Xd are independent and COntinuOuS I“andom Variables, then ()(17 ey Xd)

is a continuous random vector. But without the independence assumption, the statement is wrong, as
we shall see.

In the present section, we will encounter a certain number of counter-intuitive facts. Here is the first
one: it is not because X7, X5 are both continuous random variables that X = (X7, X2) is necessarily a
continuous random vector. Here is a counter-example, which will serve other purposes.

Example 8.2. Let X; ~ N (0,1), Z be independent of X; and such that P({Z = +1}) = P({Z = —1}) =
%, and finally Xo = Z X;. We see that the distribution of X5 is the same as that of Xj:

P({Xz < 1)) = PUZX) <1} [{Z = 1) P{Z = +1}) + PUZX, < #}[{Z = ~1)) B{Z = —1})
= SR(X: <5} {Z = 11) + S PUX > 1} {Z = 1))
= SE({X) < )+ 5 P(% > —) = B({X, < 1))

by the symmetry of the distribution of X;. So Xj, X5 are both continuous random variables. But
X = (X1, X>) is not a continuous random vector. Indeed, let A = {(z1,22) € R? : 21 + x5 = 0}. This
diagonal line in R? has Lebesgue measure 0 (i.e., |A| = 0), but

1
P{X e A})=P{X1+X2=0}) =P{X1 +ZX, =0}) =P{Z=-1}) = 3 >0
so X is not a continuous random vector, according to the definition given above.

Expectation and covariance. - If E(|X;|) < +oo for every j € {1,...,d}, then we define the expectation
of the random vector X as

E(X) = (E(X1),...,E(Xa))
which is a d-dimensional vector. Similarly, if E(XJQ) < +oo for every j € {1,...,d}, then we define the
covariance of the random vector X as the d x d matrix:

Cov(X) = {COV(Xjan)}d

jk=1

where we recall that Cov(X}, X;) = Var(X;).
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Proposition 8.3. The d x d matrix Cov(X) is symmetric and positive semi-definite, i.e.,

d
Cov(Xy, X;) = Cov(X;, Xi), Vi#k and Y c;ox Cov(X;, Xx) >0
j,k=1

for all ¢1,...,cq € R.

Proof. The symmetry property follows from the very definition of Cov(X;, Xy). The second property
follows from the bilinearity property of Cov(X;, Xy), i.e

d d d d
Z ¢j e, Cov(X;, Xj) = Cov chXj,chXk = Var chX
j=1 k=1 j=1

jk=1

O

Consequence (spectral decomposition). Because the matrix Cov(X) is symmetric and positive
semi-definite, the spectral theorem states that it admits d non-negative eigenvalues A1, - /\d7 as well
as d eigenvectors vV, ..., v(? forming an orthonormal basis of R%, i.e., Cov(X)v®) = X\, v®) for every
1 < k < d. This can be rewritten as

Cov(X) = VAVT  (or componentwise: Cov(X Z Ak v (k)
where A = diag(\1,...,\q) (i-e., the diagonal matrix whose diagonal entries are given by the A’s) and
V is the matrix whose columns are the vectors v, ... v(®. Because (v1),... v(?) is an orthonormal

basis of R?, the matrix V is orthogonal, i.e. VVT = VTV = I, the identity matrlx

Proposition 8.4. Let X = (X1,...,Xy) be a square-integrable random vector (i.e., all its components
X1,..., X, are square-integrable). If Xi,..., X, are independent random variables; then Cov(X) is a
diagonal matrix (i.e., a matrix whose off-diagonal entries Cov(X;, X) = 0 for all j # k).

The above proposition follows from the fact mentioned earlier that if X 1l Y, then Cov(X,Y) = 0. The
reciprocal statement does not hold in general.

Characteristic function. Let us finally mention that one defines the characteristic function of a random
vector X in the same way as that of a random variable:

bx(tr,. .. tg) = E(exp(i(t1 X1 + ... +t4Xy))) for (ti,...,tq) € R?

which is always a well defined expectation, as t1 X1 + ... +t4Xq € R.

8.2 Gaussian random vectors

Reminder. A Gaussian random variable X ~ N'(u,0?), where u € R and ¢ > 0, admits as pdf

1 z— )2
)= o o (<) e

By extension, we say that X is Gaussian, and write X ~ N (u,0), if X(w) = p for every w € Q.

Definition 8.5. A random vector X = (X1,...,Xy) is a d-dimensional Gaussian random vector if

1 X1+ ...+ cqXy is a Gaussian random variable Veq,...,cq € R
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Notation. If E(X) = p and Cov(X) = A, we write X ~ N (u, A).

Proposition 8.6. If X;,..., X, are independent Gaussian random variables, then X = (Xy,..., Xy) is
a Gaussian random vector.

Remark. From Proposition 8.4 above (and the fact that Gaussian random variables are square-integrable),

we also know that in this case, the d x d matrix Cov(X) is diagonal.

Proof in the case d = 2. Assume X1 ~ N (uu1,0?), Xo ~ N(uz2,0%) and X; 1 X5. Then
Ox,1x, (1) = ox, (t) dx, () = ittt 2 pinat—03t?/2 _ pi(uatpa)t—(oi+03)t?/2

so the characteristic function of X; 4+ X5 is that of a Gaussian random variable, with expectation pq + po
and variance a% —l—a%. A similar computation shows that ¢; X7 4+c2 X5 is also Gaussian for every c1,co € R,
which proves the claim. O

Of course, random vectors composed of independent Gaussian random variables are not the only examples
of Gaussian random vectors, as we shall see below. Nevertheless, it does not always hold that random
vectors composed of arbitrary Gaussian random variables are Gaussian random vectors. Here is a counter-
example, which is actually the same as Example 8.2 from the previous section.

Example 8.7. Let again X; ~ N (0,1), Z be independent of X; and such that P({Z = +1}) = P({Z =
-1}) = %, and finally Xo = Z X;. We saw in the previous section that X5 ~ A(0,1), so that both
X1, X5 are Gaussian random variables. But we also saw that

P({X1+X2:0}):%>0

which prevents X7 + X from being a continuous random variable, and by extension, a Gaussian random
variable. According to the definition given above, X = (X, Xs) is therefore not a Gaussian random
vector, even though both X7, X5 are Gaussian random variables.

Now comes a well known property which says that the reciprocal statement of Proposition 8.4 holds
for Gaussian random vectors. This property could be wrongly summarized as “uncorrelated Gaussian
random variables are independent”, because we will see below that in order for this statement to hold,
the random variables need not only be Gaussian, but also be part of a Gaussian random vector.

Proposition 8.8. If X = (X1,...,X,) is a Gaussian random vector and its covariance matrix is diagonal,
then Xi,..., X  are independent random variables.

Proof in the case d = 2. We will use here the proposition from last lecture:
If E(ettXatitzX2) = E(ei1X1) F(e2X2) for every t1,t2 € R, then X; 1 Xo.

To this end, let us fix t1,t2 € R, assume X7 ~ N (u1,0%7), Xo ~ N(uz2,03) and define Y = 1 X7 + t2 Xo.
Because of the assumptions made, we have

E(Y) = tipy +tops and Var(Y) = t30? + 3205 +0

Because X = (X, X3) is assumed to be a Gaussian random vector, we obtain that Y is also Gaussian,
more precisely, that Y ~ N (i1 + tapa, 307 + t303). This implies that

E(eit1X1+it2X2) _ E(eiY) _ ei(tlm+t2u2)—(t§af+t§o—§)/2

— eitl,ul—tfof/Q eitzyg—t%o‘i/? — E(eithl)E(eithQ)
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which proves the independence of X; and Xs. O

More generally, if we only assume that X;, X5 are Gaussian random variables and Cov(X7, X3) = 0,
this does not necessarily imply that X; and X, are independent. The above example 8.7 provides again
a proof of this claim: X; ~ N (0,1) and Xo = ZX; ~ N(0,1) are clearly not independent (rather than
stating a formal proof of this fact, let us observe simply that |X;| = | X3|), but

Cov(X1, X2) = E(X1Xs) =E(ZX}) =E(Z)E(X])=0-1=0

where we have used the independence of Z and X; in the third equality.

8.3 Joint distribution of Gaussian random vectors

Is it always the case that a Gaussian random vector X admits a joint pdf px? The answer is no, as we
allowed for constant random variables to be called “Gaussians”, and these clearly do not admit a pdf,
so if one of the components of our vector X is such a constant random variable, then X cannot admit a
joint pdf. A less trivial example is X = (X3, —X3), where X; ~ AN(0,1): X is a Gaussian random vector,
because clearly, ¢1 X1 + ca(—X1) = (c1 — ¢2) X1 is a Gaussian random variable for all possible values of
¢1, c2, but the random vector X only takes values in the diagonal A = {(z1,22) € R2 : 2y 4+ 20 = 0},
which has Lebesgue measure zero.

In order for a Gaussian random vector X to admit a joint pdf px, its covariance matrix Cov(X) needs
to be positive definite, i.e.,

d
Z cjcr Cov(X;, X)) >0 assoonas ci,...,cq € R and (c1,...,¢q) Z0
J,k=1
This turns out to be equivalent to asking (for positive semi-definite matrices) that det(Cov(X)) > 0,

which is again equivalent to asking that the matrix Cov(X) is invertible. One can check that in the above
example, the covariance matrix of X = (X7, —X3) is given by

Cov(X) = (_11 ‘11>

whose determinant is given by det(Cov(X))=1-1—(=1)-(=1) =1—1 =0, implying that X does not
admit a joint pdf.

Our aim now is to compute the joint pdf of a Gaussian random vector when it exists. In order to simplify
the discussion, we will only deal with centered Gaussian random vectors, i.e., vectors for which E(X;) =0

for all j € {1,...,d} (the generalization to the non-centered case being relatively straightforward). We
start with the simple case where the covariance matrix of X is diagonal.

Proposition 8.9. Let X be a centered Gaussian random vector with positive definite and diagonal

covariance matrix Cov(X) = A = diag(A1,...,Aq). Then X is a continuous random vector with joint pdf
1 .%'TA_IIE>
)= ———o—exp|————), zeR?
px() (2m)? det(A) P ( 2

Proof. Because Cov(X) = A is positive definite, all A\; > 0 (so det(A) > 0 and A~! exists), and because
it is diagonal, Proposition 8.8 implies that X7,..., X, are independent, with each X; ~ N(0, };), so

px (%) = pxy,...x, (T, -, a) = px, (T1) -+ px,(va) = H
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which completes the proof. O

In the general (i.e., non-diagonal) case, the expression for the joint pdf is actually the same!

Proposition 8.10. Let X be a centered Gaussian random vector with positive definite covariance matrix
Cov(X) = A. Then X is a continuous random vector with joint pdf

1 2T A g
- e (-TLT), semrd
Px(®) = e °F ( 2 ) ’

Proof. Because Cov(X) = A is a symmetric and positive semi-definite matrix, we saw at the end of Section
8.1 that A can be decomposed into A = VAVT, where V is an orthogonal matrix (i.e., VVT = VTV = 1)
and A = diag(\1,...,\q) is a diagonal matrix with non-negative entries. Because A is assumed here to
be also positive definite, all A; > 0. Also, A~ exists and can be decomposed into

AT = (vAVT) T = (V)T VT = VATV
as V=1 = VT (orthogonal matrix). Likewise, det(A) = det(VAVT) = det(AVTV) = det(A) > 0.

In order to deduce the above expression for the joint pdf of X, let us first consider the random vector
defined as Y = VT X, or component-wise, Y; = Z?Zl‘/gj Xy, 7 € {1,...,d}. Because it is a linear
transformation of a centered Gaussian random vector, Y is also a centered Gaussian random vector and

d
Cov(Y;, Vi) = > Vij Vimk Cov(Xy, Xp) = (VI AV )
Lm=1

=Awm
= (VIVAVIV) i = A = X 0

so Y is a centered Gaussian random vector with a diagonal and positive definite covariance matrix A. By
Proposition 8.9 above, Y is a continuous random vector with joint pdf

1 yTAly) d
= exp(-=——2), yeR
py (y) GO, Xp( ) y

Finally, because Y = VT X and V is orthogonal, the Jacobian of this linear transformation is equal to 1,
SO

() (VTa) 1 . < xTVAlVTx> 1 . < xTA1m>
by =py @nldet(d) P 2 2n? det(d) T 2
following the observations made at the beginning of this proof, which is now complete. O

As a by-product, this proof also shows that every centered Gaussian random vector X can be written as
X =VY, where Y is a vector of independent Gaussian random variables (and note that this holds also
in the general case where the covariance matrix A is not invertible).

For the sake of completeness, we give below the general formula when the expectation E(X) = pu is
non-zero (and the covariance matrix Cov(X) = A is positive definite):

_ v @A @) e
PX) = T det ) p( 2 ) <
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9 Laws of large numbers

9.1 Preliminary: convergence of sequences of numbers

Let us recall that a sequence of real numbers (a,, n > 1) converges to a limit @ € R (and this is denoted
as a, — a)if and only if
n— oo

Ve > 0, 3N > 1 such that ¥n > N, |a, —a| < ¢
Reciprocally, the sequence (a,, n > 1) does not converge to a € R if and only if
Je > 0 such that VN > 1, In > N such that |a, —a| > ¢
This is still equivalent to saying that
Je > 0 such that |a,, — a|] > € for an infinite number of values of n

In the previous sentence, “for an infinite number of values of n” may be abbreviated as “infinitely often”.

9.2 Convergences of sequences of random variables

In order to extend the notion of convergence from sequences of numbers to sequences of random variables,
there are quite a few possibilities. We have indeed seen in the previous lectures that random variables are
functions. In a first year analysis course, one hears about various notions of convergence for sequences
of functions, among which pointwise and uniform convergence. There are actually many others. We will
see four of them that are most useful in the context of probability, and three of them in today’s lecture.

Let (X,,, » > 1) be a sequence of random variables and X be another random variable, all defined on the
same probability space (2, F,P).

1) Quadratic convergence. Assume that all X,,, X are square-integrable. The sequence (X,,, n > 1)
2
is said to converge in quadratic mean to X (and this is denoted as X, L X) if
n—oo

E(X, - X]*) — 0

n—oo
2) Convergence in probability. The sequence (X,,, n > 1) is said to converge in probability to X (and
this is denoted as X, — X) if
n—oo

Ve>0, PlweQ:|X,(w)—Xw)|>e}) — 0

n—oo

3) Almost sure convergence. The sequence (X,,, n > 1) is said to converge almost surely to X (and
this is denoted as X,, — X a.s.)if
n—oo

}P’({w €N: lim X, (w) :X(w)}) =1

n—oo

9.3 Relations between the three notions of convergence

Quadratic convergence implies convergence in probability. This is a direct consequence of Cheby-

2
shev’s inequality. Assume indeed that X, Ly X. Then we have for any fixed € > 0:
n—oQ

P{w € Q:[X,(w) = X(w)| > ¢}) < IE('X"E*;XF)

— 0 by assumption, so X, 5 x

n—oo n— oo
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Convergence in probability does not imply quadratic convergence. This is left for homework.
Note that counter-examples exist even in the case where all X,,, X are square-integrable. On the other
hand, the following proposition holds [without proof].

Proposition 9.1. Let (X,,, n > 1) be a sequence of random variables and X be a random variable such
that X, —> X. Assume moreover there exists C' > 0 such that | Xn(w)| < C for all w € Q and n > 1.
n—oo

2
Then X, & X.
n—oo
Almost sure convergence implies convergence in probability. In order to show this, we will the
following lemma which provides an alternate characterization of almost sure convergence:

Lemma 9.2. (characterization of almost sure convergence)

X, — Xas. ifandonlyif Ve>0, P{{weQ:|X,(w)— X(w)| > ¢ infinitely often}) = 0

n— oo

Proof. We drop here the full notation with w’s and use the abbreviation “i.0.” for “infinitely often” in
order to lighten the writing. Based on what was said on the covergence of sequences of numbers, we
obtain the following series of equivalences:

X, — Xas < IP({ lim Xn:X}) —1

= P ({ lim X, # X}) =0 <= P({3>0such that [X, — X| >¢cio})=0
n—oo

1 . 1.
— P({ﬂlesuchthat|Xn—X|2Ml.o.}):0 — P ML£1{|XTL—X|ZM1-O-} =0

VM >1, P <{|Xn —X|> % i.o.}) =0

which is in turn equivalent to saying that

This implies that

Ve>0, P({|X,—X|>ecio})=0

and completes the proof. Note the “hat trick” used here in order to replace an uncountable union over
€’s by a countable union over M’s. O

Proof that almost sure convergence implies convergence in probability. We have the following series of
equivalences. By Lemma 9.2,

X, - Xas. < Ve>0, P{Hwe:|X,(w)— X(w)| > ¢ infinitely often}) =0
n—oo
<— Ve>0, P{VN >1, In > N such that |X,, — X| >¢})=0
<~ V€>O, ]P)(QN21 U7L2N{|XH_X|Z€}):O

—Bn

Since By D Byy1 for every N > 1, we obtain that

Ve>0, lim P(Un>N (X, — X| 25}) —0
N—o0 -

and this implies that Ve > 0, limy_,00 P ({|Xn — X| > €}) = 0. Said otherwise: Xy NE) X. O

— 00
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Convergence in probability does not imply almost sure convergence, as surprising as this may
sound! Here is a counter-example: let us consider a sequence of independent and identically distributed
(i.i.d.) heads (H) and tails (T). Out of this sequence, we construct another sequence of random variables:

X1=1g, Xo=1lp, X3=1lgp, Xs=1lgr, Xs=1lrg, Xe¢e=1lrr, Xr=1lggwe, Xs=Ilgur...

meaning “X; = 1 iff the first coin falls on heads”, “X, = 1 iff the first coin falls on tails”, “X3 = 1 iff
the first two coins fall on heads”, etc. Note that this new sequence of random variables is everything but
independent: there is indeed a strong dependency e.g. between X3, X4, X5 and Xg, as only one of these
random variables can take the value 1 for a given sequence of heads and tails.

On the one hand, X, 5 o Indeed, one can check that for any € > 0, the probability
n—oo

P((1X, 02 ) =0 ;)

It therefore converges to 0 as n — oco.

On the other hand, X,, 4 0 a.s. Indeed, for a given realization w of heads and tails, such as e.g. HHTHTT...,
the sequence (X, (w), n > 1) is equal to 10100001000000... Note that as you explore further the sequence,
you encounter less and less 1’s; nevertheless, you always encounter a 1 after a sufficiently large number
of steps. So the sequence (X, (w), n > 1) is an alternating sequence of 0’s and 1’s, that therefore does
not converge to 0 (according to the first definition of today’s lecture), and this is true for any realization
w. In conclusion,

]P’({weQ: lim X, (w) :O}) =0

n— oo

which is the complete opposite of the definition of almost sure convergence.

Remark. As we know that X, 5 0, the sequence cannot converge to anything else almost surely.
n—oo

Indeed, as almost sure convergence implies convergence in probability, if X,, were to converge a.s. to
another limit X # 0, this would imply that X,, should also converge in probability towards this same
limit X. But we know already that X,, converges in probability to 0, so X cannot be different from 0
(up to a set of probability 0). This is formalized by the proposition below.

Proposition 9.3. Let (X, n > 1) be a sequence of random variables and X,Y be two random variables
such that X, — X and X, — Y. Then X =Y a.s.
n— oo

n— oo

Note. For two random variables X,Y, there is therefore no such thing as “X =Y in probability” or
“X =Y in L?”.

Proof. We have for any fixed € > 0:
PHIX —Y|>e}) =P{|X — Xy + Xp = Y[ > ¢}) SP{|X — Xp| + [ Xp = V| 2 £})
€ € € €
<PUIX — Xal 2 S}U{1X, Y] 2 S SPH{X0 - X| 2 S +P{X, - Y2 2} = 0

n— oo
by the assumptions made. So P({|X — Y| > ¢}) = 0 for any ¢ > 0, therefore P({X = Y'}) = 1, which
proves the claim. ]

9.4 The Borel-Cantelli lemma

As one might guess from the previous pages, proving convergence in probability (using e.g. Chebyshev’s
inequality) is in general much easier than proving almost sure convergence. Still, these two notions are
not equivalent, as the previous counter-example shows. So it would be convenient to have a criterion
saying that if both convergence in probability and another easy-to-check condition hold, then almost sure
convergence holds. This criterion is the (first) Borel-Cantelli lemma.
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Reminder. Let (a,, n > 1) be a sequence of non-negative numbers. Then writing that >, ., a, < +00
exactly means that

lim a, =0
N —o00
n>N
which is stronger than lim, ,. a, = 0. This last condition alone does indeed not guarantee that

. . . 1
Zn21 an < +oo. A famous counter-example is the harmonic series a,, = .

Lemma 9.4. (Borel-Cantelli)
Let (An, n > 1) be a sequence of events in F such that >_ -, P(4,) < +occ. Then

P({w € Q:w e A, infinitely often}) =0

Before proving this lemma, let us see how it can be applied to the convergence of sequences of random
variables. Let (X, n > 1) be a sequence of random variables.

a) If for all e > 0, P({|X,, — X| >¢}) — 0, then X, 5 X, by definition.
n— oo n—oo

b) If for all e > 0, > <, P({| X — X| > €}) < o0, then X,, — X a.s. Indeed, by the Borel-Cantelli
- n—oo
lemma, the condition on the sum implies that for all € > 0,

P ({| X, — X| > ¢ infinitely often}) =0

which is exactly the characterization of almost sure convergence given in Lemma 9.2.

So we see that if one can prove that P({|X,, — X| > e}) = O() for all € > 0, this guarantees convergence
in probability, but not almost sure convergence, as the condition on the sum is not necessarily satisfied
(cf. the example in the previous section).

Proof of the Borel-Cantelli lemma. Let us first rewrite

P({w e Q:we A, infinitely often}) = P({VN > 1, 3In > N such that w € A,})
= P ﬂUAn:Iim]P’ UAn
N>1n>N R

where we have used Fact 2 for the last equality. Using finally the union bound, we obtain:

P({w € Q:w e A, infinitely often}) < lim Z P(A,) =0
N—o00 o N

by the assumption made on the sum (and the above reminder). This completes the proof. O

9.5 Laws of large numbers

We state below the law of large numbers. This law justifies the notion of theoretical expectation, as
it shows that the average of a large number of independent and identically distributed (i.i.d.) random
variables converges to this expectation (in probability and almost surely).

Theorem 9.5. Let (X,,, n > 1) be a sequence of i.i.d. random variables such that E(X?) < +oo, and
let S, = X1 +...+ X,. Then:

Sn P
a) — —
n n—oo

E(X)).

Sn
b) — — E(X;) almost surely (strong law).

n n—oo
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Remarks. - Because the random variables X’s are i.i.d., the assumption E(X?) < +o0 is an assumption
on the whole sequence and not only on the random variable X;.

- Both laws above hold under the weaker assumption that E(|X;|) < 400, but in this case, the proof
of the theorem becomes significantly longer! Restricting ourselves to the assumption that E(X?) < +oco
allows in particular to use Var(X;) in the proof.

- One may wonder why should one state both a weak and a strong law, as the latter is obviously a
stronger result than the former. A first simple reason is that the weak law was found historically by
Jacob Bernoulli around year 1700, much before the strong law, obtained by Borel and Cantelli around
year 1900. Besides, both the weak and the strong law can be generalized to different sets of assumptions
on the random variables X’s. But more generalizations are possible for the weak law than for the strong
law, as we shall see.

Proof. a) For all € > 0, we have

((E=

> }) = B({|S) —nE(X)| > ne}) = P ({|S, — E(S.)| > ne})
E((S, —E(S,))?) _ Var(S,)  Var(X;)

< =
= n2g2 n2e2 ne2 n—o0

0

where we have used Chebyshev’s inequality and the fact that the variance of a sum of independent
S,

variables is the sum of the variances of these random variables. This implies that —- 5 E(X1) and

n n—oo

therefore proves the weak law of large numbers.
b) Note that the former proof does not allow to conclude here, because we only showed that

((ES R

n
— —E(X
— —E(X1)
so we cannot apply Borel-Cantelli’s lemma in this case, as mentioned already in the last lecture. There
is nevertheless an elegant solution to this problem, as described in the sequel.

- Observe first that we may simply replace n by n? in the previous equality, so as to obtain:

P15 m=e)) =0 ()

n2
. . 1 s Sn2
Using the Borel-Cantelli lemma and the fact that anl -3 < 00, we obtain that —- — [E(X;) almost

’n,2 n—0o0

- E(Xy)

surely. This alone of course does not prove the result, but. ..

- Assume for now that X,, > 0 for all n > 1 and consider an integer m such that n? < m < (n + 1)2.
Because the X’s are positive, the sequence S,, is non-decreasing, so we obtain in this case

Sz Sm

< < S(nt1)2
(n+1)2 —

=zm
m —  n2

Note that by what was just shown above and by the fact that (nt1)? — 1, both the left-most and the
n—oo

n2
S,
right-most terms converge almost surely to E(X;) as n — oo. As — is lower and upper bounded by
m
S,
these two terms, respectively, we deduce that —— also converges almost surely to E(X7) as m — oo.
m

- Finally, we need to address the case where the X’s are not necessarily non-negative. Let us define in
this case X, = max(X,,0) and X, = max(—X,,0), so that X,, = X,/ — X,,. Similarly, let

St=> X/ and S, =) X;, sothat S,=5—-5,
Jj=1

Jj=1
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Note that it is not necessarily the case that S;" = max(S,,,0) and S, = max(—S,,0), but this does not
matter here. What matters is that both S;F and S, are sums of i.i.d. non-negative random variables, so
that the previous result applies to both:

St . Sy _

— — E(X{) as. and — — E(X;) as.

n n—oo n n—oo

which in turn implies that

S St Ss
Lon _Tn o BXN)-EX;)=EX 8.
oS Sn o R(X) - B(X) =E(X) as
and therefore completes the proof. O

Remark. With the weaker assumption that E(]X;|) < 400, one cannot mimic the above proof using
Chebyshev’s inequality with ¢(x) = || instead of ¥(z) = 2. Indeed, in part a), one would get

P({S 2€}>§H‘3(|571—]E(5n))

- _E(X
(X1) ne
but then how to upper bound E(|S,, — E(S,,)|? Using the triangle inequality, one would get

P ({[ - s >} < 2EOR—EOWD _ B0 -5

which does not decrease to 0 as n increases. . .

9.6 Application: convergence of the empirical distribution

Let again (X,, n > 1) be a sequence of i.i.d. random variables (but without any assumption on their
integrability), and let F' denote their common cdf (F(t) = P({X; <t}), t € R.).

Let now F,(t) = 1 #{1 < j <n: X; < t} for t € R; F, is the empirical distribution (or cdf) of the first n
random variables X1, ..., X,,. Note that for fixed n, it is a discrete distribution (i.e., the cdf is a staircase
function). As well as the law of large numbers provides a justification for the notion of expectation, the
statement below provides a justification for the notion of distribution.

Theorem 9.6. For every t € R,

F,(t) — F(t) almost surely

n—roo

Proof. Fix t € R and let Y; = 1(x,<¢). As the X's are i.i.d., so are the Y’s. On top of that, the Y’s are
square-integrable, as they are Bernoulli random variables, taking values in {0,1} only. Also, F,,(t) may
be rewritten as

1 n
F,(t) = - ZY] T E(Y;) almost surely
j=1

by the strong law of large numbers. Noticing finally that E(Y;) = P({X; < t}) = F(¢) completes the
proof. O

9.7 Extension of the strong law: Kolmogorov’s 0-1 law

The strong law cannot be extended beyond the E(|X|) < 400 assumption. One can show actually the
following more precise statement:

Sn
o If E(]X1]) < 400, then lim,, oo — = E(X7) a.s.
n
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n

S
o If E(|X1|) = +o0, then limsup,,_, ‘ = 400 a.s., i.e.,, — diverges a.s.
n n

S,
The aim here is not to give a full proof of the above statements, but rather to explain why — can only
n

converge or diverge a.s.

Let (X, n > 1) be a sequence of random variables, all defined on the same probability space (2, F,P).
For n > 1, define

gn :O'(XnaXn+1,Xn+2,...) and T: ﬂ gn

n>1

T is called the tail o-field of the sequence (X, n > 1). In words, it is the information related to the
asymptotic behaviour of the sequence when n — oo (which in general might contain lots of information!).
Here is an example of event in 7

Al =we: ZXn(w) converges

n>1

Indeed, note that for every N > 1, we have

A =qweQ: Z X (w) converges

so Ay € Gy for every N > 1. It therefore also belongs to 7 = Ny>10n.

Along the same lines, here is another example of event in 7

n—oo N

Ay = {w €Q: lim Sn(w) exists}

which is of direct interest to us in the sequel.

Theorem 9.7. (Kolmogorov’s 0-1 law)
If the sequence (X, n > 1) is independent and A € T, then P(A) € {0,1} (so in this case, T is essentially
a trivial o-field).

Remark. Please pay attention that P(A) € {0,1} means that either P(4) = 0 or P(A) = 1, not that
0 <P(A) <1, which is always true.

Consequence. Because the event As above belongs to 7, we can therefore conclude that either the
sequence ST" converges a.s., or it diverges a.s., but it cannot be that convergence takes place with a
probability which is strictly between 0 and 1. It turns out [without proof] that a.s. convergence takes
place if and only if E(]X;]) < 400, and correspondingly that a.s. divergence takes place if and only if
E(|X, ) = +oc.

Proof of Theorem 9.7. The strategy for the proof of the above theorem is to show that when the X,’s
are independent, any event A € T is independent of itself! So that P(A) = P(AN A) = P(A)?, implying
P(A) € {0,1}. First note that because of the independence of the X’s, for every n > 1, the o-fields

./—"n = O'(Xl,...,Xn) and gn—i—l :U(Xn+1,X7L+27...)

are independent. As 7 C G,+1 for every n > 1, this also implies that 7 is independent of F,, for every
n > 1. But this implie that 7 is also independent of o(X1, Xo, ..., X,,,...)7, which is the o-field generated
by all the F,,’s. Finally, observe that T C (X1, Xa,..., Xy, ...), which implies that 7 is independent of
itself! So that any event A € T has probability 0 or 1, as mentioned above. |

"Note that we skip here the measure-theoretic argument allowing to prove this.
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9.8 Extension of the weak law: an example

As just seen, the strong law of large numbers does not extend beyond the assumption E(|X;]) < +o0.
The situation is different for the weak law. Let us consider an example of random variable with infinite
expectation, which can be described through the following game: toss a (fair) coin until it falls on “heads”
and call T the total number of tosses; your gain is then G = 27 francs. What is your expected reward?

PG = 25)) = PUT = k}) = 2% o E(G) =3 PG =2"}) = 31 = 4o

k>1 k>1

Nevertheless, note that it is not encouraged to bet a too large amount of money on such a game, as you
might be disappointed with the result. .. This is called the St-Petersburg paradoz.

Consider now that you are allowed to play this game multiple times, say n times, with n large. We
assume that the n realizations Gy, ..., G, of the game are independent. How much would you agree to
pay to be allowed to play these n games? If these games were “reasonable” games with finite expectation
1, a plausible answer would be npu, according to the law of large numbers seen above, telling you that
the sum of the n games would then be of the order of nu for large n. But as we saw, E(G1) = +00. So
by the previous paragraph, defining S,, = G1 + ... + G, we obtain that ST" diverges almost surely (to
+o00 in this case). This again does not sound like a reasonable answer.

A more reasonable answer can be obtained via the following proposition, which is an extension of the
weak law.

S.
Proposition 9.8. Under the above assumptions, it holds that 1771 L 1, i.e., that for any € > 0,

n log, n n—oo
Sn
nlog, n n—00

So for a large number of games n, investing log, n francs per game (that is, nlog, n francs in total) is the
right thing to do. We provide below the proof of this proposition, skipping some technical details.

Proof. A classical way to handle random variables with infinite expectation is to cut them off, that is, to
consider, for a fired value of n: H; = Gj1{g;<nlog,n}, 1 < J < n, as well as S/ = Hy + ...+ H, (the
value of the cutoff, nlog, n, is of course chosen in hindsight to make everything work well, as we shall see
below). Let us now write
P ({ Sh,
nlogyn

- 1‘ > e}) =P({|Sn, —nlogyn| > enlogyn})

=P({|S, —nlogyn| > enlogyn, G; <nlogyn, V1 <j <n})
+ P({|S, — nlogyn| > enlogyn, 31 < j < n such that G; > nlog, n})

Noticing that G; = H; when G; < nlog, n and using the simple fact that P(AN B) < P(A) or P(B), the
above expression can be upperbounded by

P({|S;, — nlogyn| > enlogyn}) + P({31 < j < n such that G; > nlog, n}) (6)
S/ = Hy; + ...+ H, is a sum of bounded random variables, and one can check that
1
E(H,) = Z 2k2—k: Z 1 ~logyn
k<log,(nlog, n) k<log,(nlog, n)
so that E(S!) ~ nlog, n and that, using Chebyshev’s inequality, we obtain:

Var(S},) n Var(H,)
P " nl > 1 < n =
({ISn = nlogy n| 2 enlogy n}) < 070 52 = Genlogyn)?
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where

1
Var(H;) < E(H?) = Z 22k ok = Z 28 ~ 2nlog,n
k<log,(nlog, n) k<log,(nlog, n)
Therefore,
2n21 2
P({|S, — nlogyn| > enlogyn}) < ———82" = 0

(enlogyn)? €2 logyn n—oo

The second term in (6) can be upperbounded using the union bound:

. 1 1
P({31 < j < n such that G; > nlogyn}) < nP({Gy > nlogyn}) = nk>1 (Zl )2—k o~ og, T 0
0g,(nlogy n

which completes the proof. O

Remark. From the above proof, we deduce that the result cannot be extended to become a strong law
type of result. Indeed, the decay of the probability P ({ mfﬁ — 1’ > 5}) is only O (m), far too

slow to apply the Borel-Cantelli lemma (and also too slow to apply the same trick as in our proof of the
strong law; this last observation is left as exercise).

10 The central limit theorem

10.1 Convergence in distribution

Convergence in distribution is a key tool in probability, allowing notably to state the central limit theorem.

Definition 10.1. Let (X,,, n > 1) be a sequence of random variables, not necessarily defined on the same
probability space (€2, F,P). The sequence (X,,, n > 1) is said to converge in distribution to a limiting

random variable X (and this is denoted as X, _i) X) if
n o0
Fx, () =P{X, <t}) — Fx(t)=P({X <t})
n—oo

for every t € R continuity point of the limiting cdf Fx.

Remark 10.2. Why asking only for convergence in continuity points of Fx and not in all ¢ € R? There
are two main reasons for this:

- The fact is, it may happen that the limit cdf Fx is itself discontinuous (if it is e.g. the cdf of a discrete
random variable, in which case we recall that Flx is a staircase function). In this case, it would be asking
for too much to have a sequence of functions converging to Fix in every ¢t € R, including in points where
the function F'x makes a jump; one can at least imagine easily examples of sequences of functions that
converge everywhere except in these points.

- Besides, as we know that the limit Fx is a right-continuous function, by definition, this implies that
even if there is no convergence in a point where Fx makes a jump, it is always possible to reconstruct
Fx in this point by taking the limit from the right.

Remark 10.3. We have already seen an instance of convergence in distribution in Section 9.6: the
convergence of the empirical distribution of a sequence of i.i.d. random variables. Note however that this
example is a bit more complicated, as the empirical cdfs are also random in this case!

The proposition below shows that convergence in distribution is the weakest of the four notions of
convergence we have seen so far.

Proposition 10.4. Let (X, n > 1) be a sequence of random variables defined on the same probability
space (2, F,P) and X be another random variable defined on (2, F,P). If X, LN X, then X, 4 x.
— 00 n—oo

n
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Example 10.5. The weak law of large numbers states that % _ﬂ; p=EX)ifS,=X1+...+ X,

and the X’s are i.i.d. random variables with finite expectation. The above proposition implies therefore
that

1, ift>p
Fs,m(t) =P({Sn/n<t}) - {o ift<p

Proof. Recall that X, % X means that for all ¢ > 0, limy, 00 P({| X, — X| > €}) = 0. We show below
n—oo
that this implies that lim, o Flx, (t) = Fx(t) for every ¢t € R continuity point of F.

- Let us first compute, for a given fixed € > O:

Fx,(t) = P{X,<t}) =P{X, <t, X <t+e}) +P{X, <t, X >t+e})
PHX <t+e}) + P({| X, — X[ = €})

IA

Because of the assumption made, this implies that limsup,,_, . Fx, (t) < Fx(t +¢) +0.

- Let us then compute, again for a given fixed € > 0:

Fx(t—e) = PUX<t—e})=P({X <t—e X, <t}) +P{X <t —¢, X, > t})
< P{X, <t})+P{|X, — X| >¢€})

Again, because of the assumption made, this implies that F'x (t —¢) < liminf,,_, . Fx, (¢) +0.

- In conclusion, we obtain for any given € > 0:

Fx(t—e¢) <liminf Fx,_ (¢t) <limsup Fx, (t) < Fx(t+¢)

n—00 n—00

Assuming ¢ € R is a continuity point of Fx, we have lim. o Fix(t —¢) = lim. o Fx(t + ¢) = Fx(t), so by
the above inequalities,
lim FXn (t) = FX (t)

n—oo

which proves the claim. O

Remark 10.6. Let us insist here that convergence in distribution is a much weaker notion than conver-
gence in probability. For example, a sequence (X,,, n > 1) of i.i.d. random variables never converges in
probability (unless these random variables are all constants), but it converges in distribution, because all
cdfs are the same, so that the sequence (Fx, (t), n > 1) necessarily converges for every ¢t € R.

10.2 Application: the Curie-Weiss model

In the following, we give an example, coming from statistical physics, of a sequence of random variables
(Xn,n > 1) taking values in {—1, 41} such that the sequence £ (X1 +...4 X,) does not converge almost
surely, nor in probability, but only in distribution. Actually, the sequence of random variables (X,,,n > 1)
we will consider is not an “orthodox” one, because the interaction between the first n random variables
X1,..., X, depends on the value of n. For each n > 1, we will therefore need a different probability
space to describe the n-tuple Xi,..., X,,. Let us see what this concretely means.

For a given n, the probability space on which we define the n random variables X7, ..., X}, is the following:
Q, ={-1,+1}", F, = P(2,) and

S

n
ijwk , weEQ,
c=1

J.k
i<

Pu({w)) = o exp

el
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where 8 > 0 is a fixed parameter and the normalization constant C,, is given by

/B n
C, = = j
=Y e |2
we, Jyk=1
i<k
so that > o Pn({w})=1. The random variables X1, ..., X, are then defined as
Xjw)=wj, je{l,...,n}

We are interested below in the asymptotic behaviour of the sequence of random variables
1
M, (w) = - (Xi(w)+...+ Xp(w)), n>1

under this model. As the probability space €2, changes for each value of n, we can only hope to obtain
convergence in distribution for this sequence.

Interpretation in statistical physics. The random variables Xi,..., X, represent spins (i.e., small
magnetic moments) interacting together. The interaction here is ferromagnetic, which means that the
spins are positively correlated: if X; = 41, then this encourages® other spins X}, to also take the value
+1. The model is also a mean field model, in the sense that all pairs of spins interact together, with the
same interaction strength for each pair. The parameter 5 > 0 models the inverse of the temperature of
the system: when f is small, the probability IP,, tends to be uniform over the whole space €,,, so the spins
are highly fluctuating; on the contrary, when [ is large, the probability P,, concentrates on certain parts
of 2, and the spins tend to freeze in these configurations. Finally, the quantity M,, represents the mag-
netization of the system, which is the macroscopic quantity of interest that can actually be measured in a
physical experiment (please remember that in a physical system, the number of particles (spins) is of the
order of the Avogadro number, which is roughly 6-1023, so it really makes sense to consider large n limits!).

Contrary to many other unsolved problems of the same type, the Curie-Weiss model can be exactly
analyzed in the large n limit. To this end, let us first observe that for a given value of n,

ijwk:§ ijwk:§ ij —n
J k=1 J k=1 j=1
i<k ik
so that the probability P,, may be rewritten as
2
1 n
P,({w}) = = exp £ wj , wEQ,
C, 2n o

where
- B n
C, = Z exp o ij
weN, j=1

Observe also that for a given value of n, the magnetization M, being the average of n random variables
taking values in {—1,41}, can take the following values:

2 4 4 2
-1, —-1+2, 14—, ... 1--, 1-=2, 1
n n

8i.e., increases the probability of
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Let m be one such value and let us compute

P,({w e Q : M,(w) =m}) = > P, ({w})

wWEN, + L (w1+...4+wn)=m

ncn

Using the above formula for P, ({w}), this can be rewritten as

Pu(fw € @ My(w) =m}) = ) = e (”ﬂmQ)

] 2
WER, : L (w1t dwn)=m "

! (w1 +...+wy) =m}

n

1 nB _
_alexp(2m>#{w€ﬂn.

where # A denotes the cardinality of the set A. Some combinatorics are required now, which we will skip,
as it is not our main focus here. These combinatorics lead to the following approximation:

14+m

#lweq, : %(w1+...+wn):m}n2 exp (”h <2)>

— 00

where h(p) = —plog(p) — (1 — p)log(1 — p) is the classical entropy function, defined for 0 < p < 1.
Gathering the last two computations together, we obtain

Po(fw e Qs M(w)=m}) ~ — exp (” (ﬁf h (lzm»)

From the above expression, we infer® that the possible values taken by the magnetization M,, in the large
n limit are the ones maximizing the following function:

1
+h tm , where —1<m < +1
2 2
This function f has an interesting behaviour: when 8 < 1 (i.e., in the so-called “high temperature
regime”), f has a unique maximum in m = 0 and it can be shown that

M, % 0
n—oo
but note again that convergence only takes place in distribution here, so this is not a “law of large
numbers” result. More interestingly, when 8 > 1 (i.e., in the so-called “low temperature regime”), the
function f has two maxima at the same level in m = +m*(8) > 0 and m = —m*(8) < 0, and it can be
shown in this case that 4
M, — M
n—oo

where the limiting random variable M takes values +m*(3) and —m*(8) with probability 3 each.

The physical interpretation of the above result is the following: at high temperature (8 < 1), there is
lots of agitation in the system, so the spins are disordered and the resulting magnetization is zero. On
the other hand, at low temperature (8 > 1), the positive interaction between the spins wins over the
agitation, so that the spins get aligned in one direction (+m*(8)) or the other (—m*(3)).

10.3 Equivalent criterion for convergence in distribution

Observe first that if two random variables XY share the same distribution, then

E(g(X)) =E(g(Y))

for any continuous and bounded function g : R — R. It turns out that the reciprocal statement holds,
and even better: the following theorem, also known as (part of) the Portemanteau theorem, gives an
equivalent criterion for convergence in distribution.

9Disclaimer: this needs to be seriously proven.
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Theorem 10.7. Let (X,,, n > 1) be a sequence of random variables and X be another random variable.
Then X, 4 X if and only if
n—oo

E(9(X) — E(g(X))

for every continuous and bounded function g : R — R.

Proof of the “if” part. Observe first that Definition 10.1 is equivalent to saying that
E(he(Xn)) — E(h:(X)),
n—oo

for every function h; : R — R of the form h¢(x) = 11,<4, where ¢ is a continuity point of F. Our aim is
to show that for fixed ¢t € R, there is a way to approximate from above and from below the step function
h: with continuous and bounded functions. To this end, assume without loss of generality that ¢ > 0 and
define for m > 1:

1 ifo<t(l1-1) 1 ifz <t
gm(x)=qm(1-2) ift(1-L)<z<t and Guz)=(m(l+L1-2) ift<a<t(l+l)
0 if 2 >t 0 ifo>t(1+2)

One deduces the following facts from the above figure (valid for any m > 1):

e the functions g,, and G,, are continuous and bounded;
o gn(z) < hi(z) < G(x), gm(z) < gmyi1(x) and G (2) > Gy1 () for every x € R;

o limy, 00 g (7) = lizeyy and limy, o0 G (2) = 1{p<yy-

From the assumption made, we also obtain that for every m > 1:

E(gn(X)) = lim E(gn(X,))) < liminf E(hy(X,) < limsupE(hy(X,)) < lim E(Cp(X,)) = E(Grn(X)

n—00 n—00

Besides, the monotone convergence theorem (not seen in this course) implies that
Tim_E(g,0(X)) = E( lim_g,0(X)) = E(1pxan) = BUX < 1))
i E(Gr(X)) = E( lim_ Gr(X)) = E(Lix<g) = B(X < 1))

" P{X < t}) <liminf E(h(X,,)) < limsupE(h:(X,)) < P{X < t})

n—00 n—00
which in turn implies that the limit exists (and is equal to what we want) when ¢ is a continuity point of
Fx (i.e., when P({X =t}) =0). O
Remark 10.8. For k£ € N| let Cf (R) denote the space of k times continuously differentiable functions
g : R — R, which are bounded and whose all k derivatives are also bounded. Replacing the above
functions g,, and G,, by regular cubic splines, one can show the following improvement of the above
theorem:

If E(9(X,)) — E(g(X)) for every function g € C3(R), then X, _ig X

n—oo

This remark will be useful below.
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10.4 The central limit theorem

Let (X, n > 1) be a sequence of i.i.d. square-integrable random variables. Let also u = E(X}), 02 =
Var(X;) and S,, = X7 + ...+ X,,. Using basic properties of expectation and variance, we obtain the
following:

E(S,) =nE(X;)=nu and Var(S,)=nVar(X;) =no?

Please watch out that independence of the X’s is needed for the second computation, but not for the
first one. These two equalities may be restated in a single one:

where S, is a random variable with E(S,) = 0 and Var(S,) = E(S2) = 1. The central limit theorem
states that as n grows large, gn converges in distribution to a Gaussian random variable with zero mean
and unit variance. This result is therefore universal: the Gaussian distribution appears in the limit,
independently of the distribution chosen for the X’s. Slightly more formally, we have the following.

Theorem 10.9. Let (X,,, n > 1) be a sequence of i.i.d. random variables such that E(]X;|?) < +oo,
defined on a common probability space (2, F,P). Let also p = E(X;), 02 = Var(X;) (the latter being
assumed to be strictly positive), S, = X7 + ...+ X, and

o Sn_n,u
Sp=m T >
Vno "=
Then S, % Z~N(0,1),ie.,
n—oo

t
P({S, <)) — P({Z<t) :/ \/%? e~/ 4z, WieR

Note that convergence has to take place here for every t € R, as the limiting cdf is continuous.

Remark 10.10. The above condition E(]X;[|?) < +oc0 is not needed for the conclusion of the theorem to
hold; with extra effort, it can be proven under the weaker assumption that X; is only square-integrable
(and this last assumption is clearly needed in order for o to be well defined).

The proof of the theorem relies on the following sequence of two lemmas, which together are known as
Lindeberg’s principle that is of interest in its own right. This principle can be informally stated as follows:
in a sum of independent and small random variables, one may replace each small random variable by
another one having the same mean and variance, without changing asymptotically the distribution of the
sum.

Lemma 10.11. Let g € C’g(R) and X, Y, Z be random variables such that X is independent of both Y
and Z, E(Y) = E(Z), E(Y?) = E(Z?) and E(|Y|?) < 400, E(|Z|?) < +00. Then

E(g(X + )~ Blg(X + 2)) < & (BOY) +E(2[*))

where C' = sup,cp |¢" (2)].

What this lemma is essentially saying is that provided both Y and Z are “small” random variables, one
may trade Y for Z in the expression E(g(X + Y')) without changing much the value of the expectation.

Proof. By Taylor’s expansion, we obtain for real numbers z, y:

2 3
gz +y)=glx)+yg(z)+ %g”(m) + %g/”(u) for some u such that |u — z| < |y|
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The independence of X and Y then implies that

E(g(X +Y)) = B(g(X)) + B(Y)E(g'(X)) + 3 B(V?) E(g"(X)) + S B g"(U])

where U is a random variable satisfying |U — X| < |Y|. Similarly, one may write

E(9(X + 2)) = E(9(X)) + E(Z) Eg/(X)) + 3 E(Z) E(g"(X)) + S E(Z° g"(V)

where V is a random variable satisfying |V — X| < |Z|. By the assumptions made, we obtain

E(g(X +Y)) ~ B(g(X + 2)) = | (B0 ¢"(0)) - E(Z%" (V)
E(o(X +Y)) - E(g(X + 2))| < S (E(Y]) + E(|2]")
which completes the proof. O

The above lemma generalizes to the case of sums of multiple random variables, as shown below.

Lemma 10.12. Let g € C3(R) and Y3,...,Y,, Z1,..., Z, be random variables, all independent and such
that E(Y;) = E(Z;), E(Y?) = E(Z?) and E(|Y;|?) < 400, E(|Z;]?) < 40 for all i € {1,...,n}. Then

Cn

[E(g(Y1+... +Y¥n) —E(g(Z1+... + Zn)) < & > (E(YP) +E(1Z:))
i=1
where C' = sup,cp |¢" (2)].
Proof. Define
X1:Z2+...+Zn, X,L:Y1+...+Yn_1, and

Xi=V+..+Y, 1 +Zip+...+2, forie{2,...,n—1}
Observe then that

Y1++Yn:Xn+Yn, Z1++Z :X1+Zl7 and
Xz+)/1:1/1++}/z+zz+l++zn: i+1+Zi+1a fOI‘iE{l,...,n—l}

so that
E(g(Yi + ...+ Ya)) —E(g(Zs + ..+ Za))] = [E(g(Xn + Ya) — E(g(X1 + 1)
= ‘E(Q(Xn + Yn)) - E(Q(Xn + Zn)) + E(Q(anl + Ynfl)) +..
= E(9(X2 4+ Z2)) + E(9(X1 + Y1) — E(9(X1 + Z1))]
< 3" IE((X: + ¥0) ~ Blo(Xi + Z0)| < T 3 (B(VF) +E(ZP))
by repeated uses of Lemma 10.11. The proof is complete. O

As the above lemma is valid for any function g € C’S(R), this says that if a random variable is the sum
of multiple small independent components, then essentially only the first and second moments of these
components matter for the computation of the distribution of the random variable itself. We are now in
position to prove Theorem 10.9.
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Proof of Theorem 10.9. Let us first estimate E(g(gn)) for g € C3(R) and n large. Defining Y; = )\(/55,

we may rewrite
n

s Sa—np = Xi—p
Vno — Vno ;

The random variables Y; are i.i.d. with E(Y;) = 0, E(Y;?) = £ and E(|Y;[*) = O(n=3/2).

Let now Zi,...,Z, be iid. N(0, %L) random variables, independent of Xi,...,X,, (and therefore also

of Y1,...,Y,). Clearly, it is also the case E(Z;) = 0, E(Z?) = % and E(|Z;|?) = O(n=3/?). By Lemma
10.12, we have

E(g(Yi+ ...+ Y2)) —E(g(Z1 + ...+ Zo))| < = > (E([Yi]*) + E(1 Z:*))

omn=3?) =0mn"?) = 0

n—oo

Observe next that as Var(Z,+...+Z,) = %Jr. . .+% = 1for all n > 1, the random variables Z1+...+ 2,
all share the same distribution A/(0, 1), so E(g(Z1+...4+Z,)) = E(g9(Z)), for all n. > 1, where Z ~ N(0, 1).
By Theorem 10.7 (or more precisely Remark 10.8 following it), we finally deduce that

S, =Yi+..4+Y, 4 z

n—oo

which completes the proof of the theorem. 1.

10.5 An alternate proof of the central limit theorem

The proof of the central limit theorem 10.9 provided below relies on the use of characteristic functions
and more specifically on the following interesting characterization of convergence in distribution (whose
proof is omitted here, but is related to the Portemanteau theorem seen in Section 10.3).

Proposition 10.13. Let (X,, n > 1) be a sequence of random variables and X be another random
variable. Then 4
X, — X ifandonlyif ¢x, (t) — ¢x(t), ViER

n—oo n— 00
Note that such a proposition is made possible because a characteristic function is fully characterizing its

corresponding distribution, as guaranteed by the inversion formula (see Section 7).

Alternate proof of Theorem 10.9. As already seen above, we have

S, — nu n
Vno ]z:; J

o

the assumption that E(|X1[?) < +00).

where Y; = )\(/jn:” are i.i.d. random variables with E(Y;) = 0, E(Y?) = £ and E(|Y1[*) = O(n~3/2)) (using

Let ¢,, be the characteristic function of §n Using Proposition 10.13, it is sufficient to prove that

ou(t) — G(t)=e"/% VteR

n— oo

as ¢ is the characteristic function of Z ~ N(0,1). To this end, making use of the factorization property
of characteristic functions, we compute

6a6) = (oxp (it5,)) = [ Blexp(iy;)) = (Blexplityi)"

j=1
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Using Taylor’s expansion, we further obtain

, , (it)? oy, (it)? 3 t —3/2
E(exp(if¥1)) = 1+ (i) B(V1) + =5~ E(Y?) + = - OE(¥i[)) =140~ 2 +0(n~%/2)
bult) = (1 L O(n_3/2))n et

which actually needs some careful verification here, as the O(n*?’/ 2) is complex-valued. This completes
our second proof of the central limit theorem. O

10.6 Application: the coupon collector problem

We describe below a “convergence in distribution” type of result occurring in the context of a famous
problem in probability theory: the coupon collector problem. Interestingly, the limiting distribution is
not Gaussian in this case. Another famous example of that kind is the birthday problem (see exercises).

Problem formulation. The question is simple: suppose that m balls are thrown independently and
uniformly at random into n bins. How large need m be in order to ensure that the n bins are all occupied
by at least one ball? This problem was first studied by Laplace in 1812. Since then, many variations
of the problem have been studied, with interesting applications in various areas (including the one of
estimating how much money you need to spend, once every four years, in order to complete an empty
book with 682 stickers!?).

Expected behaviour. For k € {1,...,n}, define T} to be the first time (i.e., the smallest value of m)
such that k bins are occupied. We can compute the expected value of T}, by the following reasoning. Let
Xi=Ty=1and X, =T — Ty for k € {2,...,n} (in words, X}, is the waiting time for a new bin to
be reached after k£ — 1 of them have already been reached). Then

P({Xy = }) = ('T)“ (1 - k;l> for 0> 1

i.e., X is a geometric random variable of parameter p, = 1 — % = ”*Tk“ Such a random variable has
expectation
1 n
EXy)=—=——-——
(Xx) e n—k+1

logically translating the fact that the average time duration for a new bin to be reached increases with
k. We finally obtain

k=1 k=1 k=1

as n gets large (we spare you here the additional Euler constant that refines this approximation).

Threshold phenomenon. The result below (due to Erdés and Rényi) shows that m = nlogn is not only
an average behaviour, but also the precise threshold before which the coupon collection is not complete
with high probability and after which it is complete with high probability.

Proposition. For ¢t € R, we have

lim P({T,, < nlogn + nt}) = exp(—e~ ")

n—00

10For those interested, the answer was around 1°000 Swiss Francs for the last edition!
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In other words, this is saying that the sequence of random variables (G, n > 1) defined as

G, = T, —nlogn

n

converges in distribution as n — oo towards the random variable G with cdf
Fg(t) =exp(—e™), teR

also known as the standard Gumbel distribution.

Remark. The implications of the above result are the following:
- If ¢ is large and positive, then P({T},, < nlogn + nt}) ~ exp(—e~*) ~ exp(—0) ~ 1.

- If ¢ is large and negative, then P({T,, < nlogn + nt}) ~ exp(—e~ ") ~ exp(—o0) ~ 0.

which proves the claim made at the beginning of this section.

Proof sketch. We do not provide below a complete proof of the above proposition, but just an approxi-
mation argument. For m > 1 and i € {1,...,n}, define

E;,, = {bin ¢ is still empty after m throws}

Considering m = [nlogn + tn] with ¢ € R fixed, we obtain as n gets large:

—t

1\™ m e
P(E;n) = (1 - n) ~ exp (—;) ~ exp(—logn —t) = — Vie{l,...,n} (7)
Besides, the events Fip,, ..., Enm are “approximately independent” in the following sense'!: for every
ie{l,...,m}and J C {1,...,n} such that J N {i} =0 and |J| = k with k fixed, we have
P(Eim | Njes Ejm) ~P(Eim) asn — oo (and m = [nlogn + tn]) (8)
Indeed:

P(Eim N (NjesEjm)) _ (1= (k+1)/n)™
P(NjesEjm) (1 —Fk/n)m

- <nnﬁkl>m: <1_n1k>m
~ exp (?ﬁk) ~ exp (—%) ~ P(Ej)

for k fixed and n large (with m = [nlogn +tn]). Using the above approximations (7) and (8), we obtain

P(Eim | Njes Ejm) =

P({T,, <m})=P({all bins are occupied after m throws})

—t

—P (ﬁ E;?m> ~ f[lP(Efm) ~ <1 - en>n =~ exp(—e ™)

which “proves” the claim (for a full proof, the inclusion-exclusion principle is needed, as well as the
Bonferroni inequalities). O

11 Conditional expectation

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

11 Note that they cannot be all independent, because if for example the first n — 1 bins are empty after m throws, then
the last one can’t be.
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11.1 Conditioning with respect to an event B € F

The conditional probability of an event A € F given another event B € F is defined as

P(AN B)

BAIB) = ~prp

provided that P(B) > 0

Note that if A and B are independent, then P(A|B) = P(A); the conditioning does not affect the
probability. This fact remains true in more generality (see below).

In a similar manner, the conditional expectation of an integrable random variable X given B € F is

defined as
E(X15)

E(XIB) = ~55

provided that P(B) > 0

11.2 Conditioning with respect to a discrete random variable Y

Let us assume that the random variable Y (is F-measurable and) takes values in a discrete set D.

P(A]Y) = ¢(Y),  where p(y) =P(A{Y =vy}), yeD
E(X|Y)=9(Y),  where(y) =E(X{Y =y}), yeD

If X is also a discrete random variable with values in D, then

BOXIY) = 0, where v(y) = ot =) PR 2 Gentran) _ SR =Y =)

Important remark. ¢(y) and ¢(y) are functions, while p(Y) = P(A|Y) and ¢(Y) = E(X|Y) are
random variables. They both are functions of the outcome of the random variable Y, that is, they are
o(Y)-measurable random variables.

Example. Let X7, X2 be two independent die rolls and let us compute E(X; + X5|X2) = ¢¥(X3), where
E((X1 + X2) 1ix,—y))

vly) = B+ XX =yh) = — 5 5
E(X1 Lixa=yy) + E(Xe Lixamyy) @) B E(Lix,=)) + E(W Lix,=y))
P = o) P =u)
_ EPAXe =yh +yPUX2 =yl oy

P{X2 =y})

where the independence assumption between X; and Xs has been used in equality (a). So finally (as
one would expect), E(X; + X2|X2) = E(X;) + Xo, which can be explained intuitively as follows: the
expectation of X; conditioned on X5 is nothing but the expectation of X, as the outcome of X5 provides
no information on the outcome of X; (X7 and Xs being independent); on the other hand, the expectation
of X5 conditioned on X5 is exactly X5, as the outcome of X5 is known.

11.3 Conditioning with respect to a continuous random variable Y7

In this case, one faces the following problem: if ¥ is a continuous random variable, P({Y = y}) = 0 for
all y € R. So a direct generalization of the above formulas to the continuous case is impossible at first
sight. A possible solution to this problem is to replace the event {Y = y} by {y <Y < y+ ¢} and to
take the limit ¢ — 0 for the definition of conditional expectation. This actually works, but also leads to a
paradox in the multidimensional setting (known as Borel’s paradox). In addition, some random variables
are neither discrete, nor continuous. It turns out that the cleanest way to define conditional expectation
in the general case is through o-fields.

61



11.4 Conditioning with respect to a sub-o-field G

In order to define the conditional expectation in the general case, one needs the following proposition'2.

Proposition 11.1. Let (2, F,P) be a probability space, G be a sub-o-field of 7 and X be an integrable
random variable on (€2, F,P). There exists then an integrable random variable Z such that

(i) Z is G-measurable;
(ii) E(ZU) = E(XU) for any random variable U G-measurable and bounded.

Moreover, if Z;, Zs are two integrable random variables satisfying (i) and (ii), then Z; = Z3 a.s.

Definition 11.2. The above random variable Z is called the conditional expectation of X given G and
is denoted as E(X|G). Because of the last part of the above proposition, it is defined up to a negligible
set.

Definition 11.3. One further defines P(A|G) =E(14|G) for A € F.

Remark. Note that as before, both P(A|G) and E(X|G) are (G-measurable) random variables.

Properties. The above definition does not give a computation rule for the conditional expectation; it is
only an existence theorem. The properties listed below will therefore be of help for computing conditional
expectations. The proofs of the first two are omitted, while the next five are left as (important!) exercises.

- Linearity. E(c X +Y|G) = ¢cE(X|G) + E(Y|G) a.s.

- Monotonicity. If X > Y a.s., then E(X|G) > E(Y|G) a.s. (so if X > 0 a.s., then E(X|G) > 0 a.s.)
- E(E(X]9)) = E(X).

- If X is independent of G, then E(X|G) = E(X) a.s.

- If X is G-measurable, then E(X|G) = X a.s.

- If Y is G-measurable and bounded (or if Y is G-measurable and both X and Y are square-integrable;
what actually matters here is that the random variable XY is integrable), then E(XY|G) = E(X|G)Y
a.s.

- If H is a sub-o-field of G, then E(E(X|H)|G) = E(E(X|G)|H) = E(X|H) a.s. (in other words, the
smallest o-field always “wins”: this property is also known as the“towering property” of conditional ex-
pectation)

Some of the above properties are illustrated below with an example.

Example. Let Q = {1,...,6}, F = P(Q) and P({w}) = % for w=1,...,6 (the probability space of the
die roll). Let also X(w) = w be the outcome of the die roll and consider the two sub-o-fields:

G =0({1,3},{2},{5}.{4,6}) and H =o({1,3,5},{2.4,6})
Then E(X) = 3.5,

[ 2 fwe{l,3}orw=2 [ 3 ifwe{l,3,5}
B(X]G)(w) = { 5 ifwe{4,6}orw=5 and - B(X|H)(w) = { 4 ifwe{2,4,6}

So E(E(X]G)) = E(E(X|H)) = E(X). Moreover,

sEcroe = { 16751570 fachie =Exme

12We do not prove here this proposition: let us just mention that it is a consequence of the Radon-Nikodym theorem.
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and
BEI0@ ={ § oS hH o) —mamw

The proposition below (given here without proof) is an extension of some of the above properties.

Proposition 11.4. Let G be a sub-o-field of F, X, Y be two random variables such that X is independent
of G and Y is G-measurable, and let ¢ : R? — R be a Borel-measurable function such that E(|o(X,Y)|) <
+00. Then

E(p(X,Y)|G) =¢(Y) as., where ¢(y) = E(p(X,y))

This proposition has the following consequence: when computing the expectation of a function ¢ of two
independent random variables X and Y, one can always divide the computation in two steps by writing

E(p(X,Y)) = E(E(p(X,Y)[G)) = E(4(Y))

where ¥ (y) = E(p(X,y)) (this is actually nothing but Fubini’s theorem).

Finally, the proposition below (given again without proof) shows that Jensen’s inequality also holds for
conditional expectation.

Proposition 11.5. Let X be a random variable, G be a sub-o-field of F and ¥ : R — R be Borel-
measurable, convex and such that E(|]1)(X)|) < +oo. Then

P(E(X|9)) <E@(X)G) as.
In particular, |[E(X|G)| < E(]X||G) a.s.

11.5 Conditioning with respect to a random variable Y

Once the definition of conditional expectation with respect to a o-field is set, it is natural to define it for
a generic random variable Y:

E(X|Y)=E(X|o(Y)) and P(A4]Y)=P(Alo(Y))
Remark. Since any o(Y)-measurable random variable may be written as g(Y), where g is a Borel-
measurable function, the definition of E(X|Y') may be rephrased as follows.
Definition 11.6. E(X|Y) = ¢(Y), where ¢ : R — R is the unique Borel-measurable function such that
E((Y)g(Y)) =E(Xg(Y)) for any function g : R — R Borel-measurable and bounded.
In two particular cases, the function 1 can be made explicit, which allows for concrete computations.
-If X, Y are two discrete random variables with values in a set D, then
E(X|Y)=¢(Y), where ¢(y) =) «P{X =a}{Y =y}), yeD
zeD

which matches the formula given in Section 11.2. The proof that it also matches the theoretical definition
of conditional expectation is left as an exercise.

- If X,Y are two jointly continuous random variables with joint pdf px y, then

E(X|Y) = ¢(Y), where ¢(y)AIZde, yeR

and py is the marginal pdf of Y given by py (y) = [, px,v (,y) dz, assumed here to be strictly positive
(but this assumption is not needed, actually). Let us check that the random variable ¢(Y") is indeed
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the conditional expectation of X given Y according to Definition 11.6: for any function ¢ : R — R
Borel-measurable and bounded, one has

E(p(Y)g(Y)) = / $(y) () py () dy

= A(Azwdx) 9(y) py (y) dy
- //R2 z g(y) px,y (z,y) dzdy = E(Xg(Y))

O

Remark. The function ¢ (y) = [, = ’”;’57((;’@ dz is sometimes dangerously denoted as “E(X|{Y = y})”.

11.6 Geometric interpretation

Finally, let us go back to the general case and mention a geometric interpretation of conditional ex-
pectation when X is a square-integrable random variable. Observe first that in this case, according to
definition 11.2, Z = E(X|G) is the unique'® square-integrable random variable such that

(i) Z is G-measurable;
(ii) E(ZU) = E(XU) for any random variable U G-measurable and square-integrable.

Indeed, as X is square-integrable, Z = E(X|G) also is (use Jensen’s inequality), so the above equality may
be extended from bounded U’s to square-integrable ones (ensuring that both XU and ZU are integrable).

Denote now by L?(£2) the Hilbert space!* of square-integrable random variables equipped with the scalar

product:
(X,Y)2 =E(XY) and the corresponding norm || X ||z = /E(X?2)

and denote by G the linear subspace of L?(Q) comprising G-measurable and square-integrable random
variables. With these two definitions, the above definition can be rephrased as: Z = E(X|G) is the
unique'! random variable such that

(i) Z € G;
(i) E(Z—-X)U) =0 for every U € G (ie., Z— X L Q).
In geometric terms, this is nothing but saying that Z is the orthogonal projection of X onto the linear

subspace G, as illustrated on the following page.
ﬂ

A:J E[X|g]

e

We provide below an alternate characterization of this orthogonal projection, as well as the proof of the
equivalence between the two characterizations, for the sake of completeness.

13up to set of probability 0
MGtrictly speaking, we should consider here L?(Q) to be the space of equivalence classes of square-integrable random
variables, two random variables X,Y being equivalent if X =Y a.s.
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Proposition 11.7. Let X be a square-integrable random variable, G be a sub-o-field of F and G be the
linear subspace of square-integrable and G-measurable random variables. Then Z € G satisfies

E(Z—-X)U)=0 YU €G (9)
if and only if
E((Z - X)*) <E((Z' - X)*) VZ €@ (10)
Proof. - Assume first that Z € G satisfies (9). Then for every Z’' € G, we have
E(Z' - X)) =R(Z' -Z+7Z—-X)*)=E(Z - 2)*) +2E(Z' — 2)(Z — X)) +E((Z — X)?)
=E((Z' - 2)*) +E((Z - X)?)
as by assumption, E((Z’ — Z)(Z — X)) = 0 since Z’ — Z € G. From this, we deduce that
E(Z' - X)?)>E(Z-X)*) VvZ @
implying (10).
- Assume now that Z € G satisfies (10). Fix U € G and for o € R, define
Fla)=E(Z-X+aU)}) =E(Z - X)?) 4+ 2aE(Z - X)U) + o*E(U?)

By the assumption made, we know that F has a global minimum in @ = 0. So 0 = F'(0) =2E((Z—-X)U),
implying (9), as U € G is arbitrary. O

12 Martingales

12.1 Basic definitions

Definition 12.1. Let (2, F,P) be a probability space. A filtration is a sequence (Fy, n € N) of sub-o-
fields of F such that F,, C F,4+1, Vn € N.

Example. Let Q = [0,1], F = B([0,1]), X,(w) = n'" decimal of w, for n > 1. Let also Fy = {0, Q},
Fp=0(X1,...,Xn). Then Fp C Fos1, Vn € N.

Definitions 12.2. - A discrete-time process (X,,, n € N) is said to be adapted to the filtration (F,, n € N)
if X, is F,,-measurable Vn € N.

- The natural filtration of a process (X,, n € N) is defined as X = o(Xo,...,X,), n € N. It represents
the available amount of information about the process at time n.

Remark. A process is adapted to its natural filtration, by definition.

Let now (F,, n € N) be a given filtration.

Definition 12.3. A discrete-time process (M, n € N) is a martingale with respect to (F,, n € N) if
(i) E(|My,]) < 400, ¥n € N.

(ii) M, is F,-measurable, Vn € N (i.e., (M,, n € N) is adapted to (F,, n € N)).

(i) E(Mp41|Fn) = M, as., Vn € N.

A martingale is therefore a fair game: the expectation of the process at time n + 1 given the information
at time n is equal to the value of the process at time n.

Remark. Conditions (ii) and (iii) are actually redundant, as (iii) implies (ii).
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Properties. If (M,,, n € N) is a martingale, then

-E(Mp41) =E(M,) (= ... =E(My)), ¥n € N (by the first property of conditional expectation).
- E(Myp4+1 — My|F,) =0 as. (nearly by definition).

- E(Mypim|Fn) = M, as., Vn,m € N.

This last property is important, as it says that the martingale property propagates over time. Here is a
short proof, which uses the towering property of conditional expectation:

E(Mp+m|Fn) = E(E(Mptm|Frem—1)Fn) = EMpim—-1|Fn) = ... = E(Mpy1|Fn) = M, as.

Example: the simple symmetric random walk.

Let (Sp, n € N) be the simple symmetric random walk : Sy =0, S, = X1 + ...+ X,,, where the X, are
iid. and P({X; = +1}) = P{ X1 = —1}) = 1/2.

Let us define the following filtration: Fy = {0, Q}, F,, = o(X1, ..., X,,), n > 1. Then (S,,n € N) is a
martingale with respect to (F,, n € N). Indeed:

1) E(JSa) <E(X1)+...+E(|Xp])=14+...+41=n< 400, Vn € N.
(ii)) S, = Xy + ...+ X, is a function of (X3,...,X,), i.e., is 6(X1,...,X,) = F,-measurable.
(iii) We have

E(Sn-&-ll]:n) = E(Sn + Xn-&-ll}-n) = E(Sn|]:n) + E(Xn-&-ll]:n)
= S, +EXp41)=5,+0=S5, as.

The first equality on the second line follows from the fact that S,, is F,,-measurable and that X, .1 is
independent of F,, = o(X71,...,X,). O

Here is an additional illustration of the martingale property of the simple symmetric random walk:

S
P IS, 17
P‘\

n n+l

Remark. Even though one uses generally the same letter “M” for both martingales and Markov process,
these are a priori completely different processes! A possible way to state the Markov property is to say
that

E(g(My+1)|Fn) = E(9(Mp4+1)|X,,) as. for any g : R — R continuous and bounded

which is clearly different from the above stated martingale property. Beyond the use of the same letter
“M”, the confusion between the two notions comes also from the fact that the simple symmetric random
walk is usually taken a paradigm example for both martingales and Markov processes.

Generalization. If the random variables X,, are i.i.d. and such that E(]X;|) < 400 and E(X;) = 0,
then (S,, n € N) is also a martingale (in particular, X; ~ A(0,1) works).

Definition 12.4. Let (F,, n € N) be a filtration. A process (M,, n € N) is a submartingale (resp. a
supermartingale) with respect to (Fy,, n € N) if

(i) E(|M,]) < 400, Vn € N.
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(ii) M, is F,-measurable, Vn € N.
(i) E(Mp41|Fn) > M, a.s., Vn € N (resp. E(My,41|Fn) < M, a.s., Vn € N).

Remarks. - Not every process is either a sub- or a supermartingale!
- The appellations sub- and supermartingale are counter-intuitive. They are due to historical reasons.
- Condition (ii) is now necessary in itself, as (iii) does not imply it.

- If (M,,, n € N) is both a submartingale and a supermartingale, then it is a martingale.

Example: the simple asymmetric random walk.
-EPH{X: =+4+1}) =p=1-P({Xy1 = —1}) with p > 1/2, then S, = X; + ...+ X,, is a submartingale.
- More generally, S,, = X; + ...+ X, is a submartingale if E(X;) > 0.

Proposition 12.5. If (M, n € N) is a martingale with respect to a filtration (F,, n € N)and ¢ : R - R
is a Borel-measurable and convex function such that E(|p(M,)]) < 400, Vn € N, then (p(M,), n € N) is
a submartingale.

Proof. (i) E(|¢(My)]) < 400 by assumption.
(ii) p(M,,) is Fnp-measurable as M, is (and ¢ is Borel-measurable).
(ili) E(e(Mn+41)|Fn) 2 @(E(Mn41]F)) = (M) as.

In (iii), the first inequality follows from Jensen’s inequality and the second follows from the fact that M
is a martingale. O

Example. If (M,, n € N) is a square-integrable martingale (i.e., E(M?2) < +oo, Vn € N), then the
process (M2, n € N) is a submartingale (as ¥ — 22 is convex).

12.2 Stopping times

Definitions 12.6. - A random time is a random variable T" with values in N U {+o00}. It is said to
be finite if T'(w) < 400 for every w € Q and bounded if there exists moreover an integer N such that
T(w) < N for every w € ) (note that a finite random time is not necessarily bounded).

- Let (X,,, n € N) be a stochastic process and assume 7 is finite. One then defines X7 (w) = Xp(,)(w) =
ZneN Xn (w) 1{T:n} (w)

- A stopping time with respect to a filtration (F,,n € N) is a random time T such that {T = n} € F,,
Vn € N.

Example. Let (X,,, n € N) be a process adapted to (F,, n € N) and a > 0. Then T, = inf{n € N :
|Xn| > a} is a stopping time with respect to (F,, n € N). Indeed:

{To=n} = {|Xk|<a, VO<k<n-—1and|X,|>a}
n—1
= () {IXxl<a} n{|X,|>a} € F,, VneN
EFrCFn

Definition 12.7. Let T be a stopping time with respect to a filtration (F,, n € N). One defines the
information one possesses at time T as the following o-field:

Fr={AeF: An{T =n} € F,, Vn € N}
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Facts.
-If T(w) = N VYw € Q, then Fr = Fy. This is obvious from the definition.
- If Ty, Ty are stopping times such that T (w) < Th(w) Yw € Q, then Fp, C Frp,. Indeed, if T} (w) <
Tr(w) Vw €  and A € Fpy, then for all n € N, we have:
AN{T; = n} = AN (U {71 = k) N {Te = n} = (Ui, AN{T =B} ) N {To =n} € F,
—_———

€EFLCFn

so A € Fr,. By the way, here is an example of stopping times T3, T5 such that T3 (w) < Th(w) Yw € Q:
let 0 < a < b and consider T} = inf{n € N : |X,| > a} and T, = inf{n € N : |X,,| > b}.

- A random variable Y is Fr-measurable if and only if Y 17—, is F,,-measurable, Vn € N. As a conse-
quence: if (X,,, n € N) is adapted to (F,,, n € N), then X7 is Fpr-measurable.

12.3 Doob’s optional stopping theorem, version 1

Let (M, n € N) be a martingale with respect to (F,, n € N), N € N be fixed and T}, T» be two stopping
times such that 0 < T3 (w) < Ta(w) < N < 400, Vw € Q. Then

E(MT2|-FT1) = .Z\fT1 a.s.
In particular, E(Mr,) = E(Mp,).
In particular, if T' is a stopping time such that 0 < T(w) < N < 400, Yw € Q, then E(M7) = E(M)).

Remarks. - The above theorem says that the martingale property holds even if one is given the option
to stop at any (bounded) stopping time.

- The theorem also holds for sub- and supermartingales (i.e., if M is a submartingale, then E(Mr,|Fr,) >
My, as.).

Proof. - We first show that if T' is a stopping time such that 0 < T(w) < N, Vw € Q, then
E(My|Fr) = My (11)

Indeed, let Z = My = Zgzo M, Lr=ny- We check below that Z is the conditional expectation of My
given Fr:
(i) Z is Fr-measurable: Z Lir=—ny = My 17—y} is Fy-measurable Vn, so Z is Fr-measurable.

(ii) E(ZU) = E(MNU), YU Fp-measurable and bounded:

N N N
E(ZU) = > E(Mulir—nU) = > EEMy|F) Lr—mU )= EMylg_nU)=EMyU)
n=0 n=0 — n=0

Fn,—measurable

- Second, let us check that E(Mp,|Fr,) = Mp,:

MTI = ]E(MNLFTl) = E(E(MN|‘FT2)|]:T1) = E(MT2 |]:T1)
(11) with T=Ty Fr, CFry (11) with T=T>»
This concludes the proof of the theorem. O
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12.4 The reflection principle

Let (S,, n € N) be the simple symmetric random walk and
T=inf{n>1:5,=41 or n=N}

As S is a martingale and T is a bounded stopping time (indeed, T'(w) < N for every w € ), the optional
stopping theorem applies here, so it holds that E(St) = E(Sy) = 0. But what is the distribution of the
random variable Sp? Intuitively, for N large, St will be +1 with high probability, but in case it does
not reach this value, what is the average loss we should expect? More precisely, we are asking here for

the value of
E (SN ]-{max0< <N S <0})
B _ < _ <n< n>
. <ST {OE}EE‘N o = O}) . <SN ’ {ogixzv o = 0}> P ({maxo<n<ny Sn < 0}) "

Let us first compute the denominator in (12), assuming that N is even to simplify notations:

= < < = = — <n< —
P <{0§%v S, < 0}) P({S, <0,¥0 <n < N}) ];)IP({SN 2k, S, <0,Y0<n <N —1})

noticing that Sy can only take even values (because N itself is even) and that we are asking here that
Sn < 0. Let us now consider a fized value of k > 0. In order to compute the probability

P({Sy = -2k, S, <0,YV0<n<N-1})
we should enumerate all paths of the following form:

/ 77 ///// ///7

1
1
0 *

N

but this is rather complicated combinatorics. In order to avoid such a computation, first observe that
P({Sy = —2k,5, <0,V0<n < N-1,}) =P({Sy = —2k})-P({Sn = =2k, 31 < n < N; with S,, = +1})

A second important observation, which is at the heart of the reflection principle, is that to each path
going from 0 (at time 0) to —2k (at time N) “via” 41 corresponds a mirror path that goes from 0 to
2k + 2, also “via” 41, as illustrated below:

Y 2k 42

mirror path

T = inf{n: S, = +1} \/ ok
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so that in total:
P({Sy = —2k, 31 <n < Ny with S, = +1}) = P{Sy =2k + 2, 31 < n < N; with S,, = +1})

A third observation is that for any k& > 0, there is no way to go from 0 to 2k + 2 without crossing the +1
line, so that
P({Sy =2k +2,31 <n < N; with S, = +1}) =P({Sy =2k +2})

Finally, we obtain

P ({ max S, < 0}) S (@({Sy = —2k})-P({Sy = 2k+2})) = > (P({Sy = 2k})~P({Sy = 2k+2}))

0<n<
k>0 k>0

by symmetry. But this is a telescopic sum, and we know that for finite N, it ends before k = +oo. At
the end, we therefore obtain:

P ({Og}laé( S, < 0}) = P({Sy = 0})

which can be computed via simple combinatorics (writing here N = 2M):
1 [2M 1 (2M)!
({0 =0)) = gy () = ot (o

which gives for large M, using Stirling’s formula: M! ~ MMe=M /27 M:

1 (2M)2M =2M \/ax M 1
P({Sarr = 0D = g e —
2 (Me 2t M) M

This leads to the approximation for large V:

2
< >~ —=
F ({og?gXN Sn < 0}) TN

Finally, the optional stopping theorem spares us the direct computation of the numerator in (12), since

=E(Sr)=1-P <{Omax Sp > +1}> +E (SN 1{maxogn§N SngO})
SO

2
E (SN L{maxocney Su<0}) = —1 + P ({ max S, < 0}) ~ =14y —

0<n<
E (ST

-1 +
{ max S5, < O}) ﬂ-N
0<n<N Y

for large N. In conclusion, in case S does not reach the value +1 during the time interval {0,... N}, we
should expect a loss of order —v/N.

for large N, and finally

12.5 Martingale transforms

Definition 12.8. A process (H,, n € N) is said to be predictable with respect to a filtration (F,,, n € N)
if Hy = 0 and H,, is F,,_1-measurable Vn > 1.
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Remark. If a process is predictable, then it is adapted.

Let now (F,, n € N) be a filtration, (H,, n € N) be a predictable process with respect to (F,, n € N)
and (M, n € N) be a martingale with respect to (F,,, n € N).

Definition 12.9. The process G defined as

Go=0, Gn=(H-M),=Y H(M~-M_), n>1

i=1

is called the martingale transform of M through H.

Remark. This process is the discrete version of the stochastic integral. It represents the gain obtained
by applying the strategy H to the game M:

- H; = amount bet on day ¢ (F;_1-measurable).
- M; — M;_1 = increment of the process M on day i.
- G;, = gain on day n.

Proposition 12.10. If H, is a bounded random variable for each n (i.e., |Hp(w)| < K,, Yw € ), then
the process G is a martingale with respect to (F,, n € N).

In other words, one cannot win on a martingale!

Proof. (i) E(|Gn|) < 2201 B(IH:| [M; — Mi—1]) < 3700, K, (E(|M;]) + E(|M;-1])) < +oo.
(ii) Gy, is Fp-measurable by construction.

Example: “the” martingale.

Let (M,, n € N) be the simple symmetric random walk (M,, = X; +...+ X,,) and consider the following

strategy:
2H,, if&E=...=§,=-1

Hy=0,H =1, Hy41 = { 0, otherwise

Note that all the H,, are bounded random variables. Then by the above proposition, the process G
defined as

Go=0, Gp ZZHi (M; — M;_y) :ZHiXi> n>1
is a martingale. So E(G,,) = E(Gy) =0, ¥n € N. Let now
T=inf{n>1: X, =+1}

T is a stopping time and it is easily seen that Gr = +1. But then E(Gr) =1 # 0 = E(Gy)? Is there a
contradiction? Actually no. The optional stopping theorem does not apply here, because the time T is
unbounded: P(T =n) =2"", ¥n € N, i.e., there does not exist N fixed such that T'(w) < N, Vw € Q.

12.6 Doob’s decomposition theorem

Theorem 12.11. Let (X,,, n € N) be a submartingale with respect to a filtration (F,, n € N). Then
there exists a martingale (M,,, n € N) with respect to (F,,, n € N) and a process (4, n € N) predictable
with respect to (F,,, n € N) and increasing (i.e., A, < A, 11 Vn € N) such that Ay = 0 and X,, = M+ A,,
Vn € N. Moreover, this decomposition of the process X is unique.
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Proof. (main idea)

E(X,+1|Fn) > X,, so a natural candidate for the process A is to set A9 = 0 and A, = A, +
E(X,41|Fn) — X (> A,), which is a predictable and increasing process. Then, My = Xo and M,,+1 —
M, =Xp41—Xpn— (Ant1 — An) = X1 — E(X,41]F,) is indeed a martingale, as E(M,, 11 — M,|F,) =
0. O

13 Martingale convergence theorems

13.1 Preliminary: Doob’s martingale

Proposition 13.1. Let (2, F,P) be a probability space, (F,,, n € N) be a filtration and X : Q — R be
an F-measurable and integrable random variable. Then the process (M, n € N) defined as

M, =E(X|F,), neN

is a martingale with respect to (F,, n € N).

Proof. (i) E(|M,|) = E(JE(X|F,)|) < E(E(|X||Fn)) = E(|X]) < 400, for all n € N.

(ii) By the definition of conditional expectation, M,, = E(X|F,) is F,,-measurable, for all n € N.

(iil) E(My11|Fn) = E(E(X|Foy1)|Fn) = E(X|F,) = M, for all n € N. O
Remarks. - This process describes the situation where one acquires more and more information about a
random variable. Think e.g. at the case where X is a number drawn uniformly at random between 0 and

1, and one reads this number from left to right: while reading, one obtains more and more information
about the number, as illustrated on the left-hand side of the figure below:

P Q _ T T

Nl
TS
L

0.34 0.35
l AV |
l ll'.i v U'I I
0 1

~—_— L
F2

s

- On the right-hand side of the figure is another illustration of a Doob martingale: as time goes by, one
gets more and more information about where to locate oneself in the space €.

- Are Doob’s martingales a very particular type of martingales? No! As the following paragraph shows,
there are quite many such martingales!

13.2 The martingale convergence theorem: first version

Theorem 13.2. Let (M, n € N) be a square-integrable martingale (i.e., a martingale such that E(M2) <
+oo for all n € N) with respect to a filtration (F,, n € N). Under the additional assumption that

sup E(M?) < +o0 (13)
neN

there exists a limiting random variable M, such that

(i) M,, — M almost surely.
n— oo

(ii) limy— o0 E (M, — Moo)?) = 0 (quadratic convergence).

(iii) M,, = E(Ms|Fyn), for all n € N (this last property is referred to as the martingale M being “closed
at infinity”).
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Remarks. - Condition (13) is of course much stronger than just asking that E(M?2) < +oo for every
n. Think for example at the simple symmetric random walk S,,: E(S2) = n < 400 for every n, but the
supremum is infinite.

- By conclusion (iii) in the theorem, any square-integrable martingale satisfying condition (13) is actually
a Doob martingale (take X = My)!

- A priori, one could think that all the conclusions of the theorem hold true if one replaces all the squares
by absolute values in the above statement (such as e.g. replacing condition (13) by sup,,cy E(|M,|) < 400,
etc.). This is wrong, and we will see interesting counter-examples later.

- A stronger condition than (13) (leading therefore to the same conclusion) is the following:

sup sup | M, (w)| < +o0. (14)
neNwe)

Martingales satisfying this stronger condition are called bounded martingales.

Example 13.3. Let My = x, where = € [0, 1] is a fixed number, and let us define recursively:

NI NI

M2, with probability
Nﬁ+1= 2 . .
2M,, — M7, with probability

The process M is a bounded martingale. Indeed:

(i) By induction, if M,, € [0, 1], then M, 1 € [0, 1], for every n € N, so as My = x € [0, 1], we obtain

sup sup | M, (w)| <1 < 400
neNweQ

(ii) E(Myq1|Fn) = & M2 + 5 (2M,, — M?2) = M,,, for every n € N.

By the theorem, there exists therefore a random variable M., such that the three conclusions of the
theorem hold. In addition, it can be shown by contradiction that M, takes values in the binary set
{0,1} only, so that

z=E(Mo) = E(M) = P({M = 1})

13.3 Consequences of the theorem

Before diving into the proof of the above important theorem, let us first explore a few of its interesting
consequences.

Optional stopping theorem, version 2. Let (F,,, n € N) be a filtration, let (M,,, n € N) be a square-
integrable martingale with respect to (F,, n € N) which satisfies condition (13) and let 0 < T3 < Ty <
~+00 be two stopping times with respect to (F,, n € N). Then

EquJ}}JIZALH a.s. and EXA@E):HHALH)

Proof. Simply replace N by oo in the proof of the first version and use the fact that M is a closed
martingale by the convergence theorem. O

Stopped martingale. Let (M, n € N) be a martingale and T be a stopping time with respect to a
filtration (F,, n € N), without any further assumption. Let us also define the stopped process

(MT/\'ru n e N)

where T'An = min{T,n} by definition. Then this stopped process is also a martingale with respect to
(Fn, n € N) (we skip the proof here).
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Optional stopping theorem, version 3. Let (M,,, n € N) be a martingale with respect to (F,, n € N)
such that there exists ¢ > 0 with |M,,11(w) — M,(w)| < ¢ for all w € Q and n € N (this assumption
ensures that the martingale does not make jumps of uncontrolled size: the simple symmetric random
walk S, satisfies in particular this assumption). Let also a,b > 0 and

T=inf{neN: M, <—aor M, >b}

Observe that T is a stopping time with respect to (F,, n € N) and that —a — ¢ < Mpan(w) < b+ ¢ for
all w € Q and n € N. In particular,

sup E(M7.,,,) < +00
neN

so the stopped process (Mran, n € N) satisfies the assumptions of the first version of the martingale
convergence theorem. By the conclusion of this theorem, the stopped martingale (Mrpa,, n € N) is
closed, i.e. it admits a limit Mpaoo = M7 and

E(M7) = E(Mrp0o) = E(Mrao) = E(Mo)

Application. Let (S, n € N) be the simple symmetric random walk (which satisfies the above assump-
tions with ¢ = 1) and T be the above stopping time (with a, b positive integers). Then E(S7) = E(Sp) = 0.
Given that St € {—a, +b}, we obtain

0 = E(S7) = (+0) P({Sr = +}) + (—a) P({Sr = —a}) = bp — a(1 — p), where p = P({Sy = +b})
From this, we deduce that P({St = +b}) =p = 5.
Remark. Note that the same reasoning does not hold if we replace the stopping time T' by a stopping
time of the form
T' =inf{n €N : M, > b}

There is indeed no guarantee in this case that the stopped martingale (Mg ay, n € N) is bounded (from
below).

13.4 Proof of the theorem

A key ingredient for the proof: the maximal inequality. The following inequality, apart from
being useful for the proof of the martingale convergence theorem, is interesting in itself. Let (M,,, n € N)
be a square-integrable martingale. Then for every N € N and x > 0,

E(M3
P ({ max_|M,| > x}) < #
0<n<N x

Remark. This inequality resembles Chebyshev’s inequality, but it is actually much stronger. In particu-
lar, note the remarkable fact that deviation probability of the maximum value of the martingale over the
whole time interval {0, ..., N} is controlled by the second moment of the martingale at the final instant
N alone.

Proof. - First, let « > 0 and let T,, = inf{n € N : |M,| > z}: T, is a stopping time and note that

{T, <N} = { max_|M,| > x}
0<n<N

So what we need actually to prove is that P({T, < N}) < EQMY).

x2

- Second, observe that as M is a martingale, M? is a submartingale. So by the optional stopping theorem,
we obtain

E(MR)

v

E (Mf,\n) 2 E (M7, \n iz, <))
= E (M%I 1{TmSN}) >E (£E2 1{T$§N}) =z’ ]P({Tz < N})

where the last inequality comes from the fact that |Mr,| > z, by definition of T,. This proves the
claim. L)
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Proof of Theorem 13.2. - We first prove conclusion (i), namely that the sequence (M, n € N) converges
almost surely to some limit. This proof is divided in two parts.

Part 1. We first show that for every € > 0,

P({supMn+m—Mm 25}) = 0 (15)

neN m—r 00

This is saying that for every ¢ > 0, the probability that the martingale M deviates by more than € after
a given time m can be made arbitrarily small by taking m large enough. This essentially says that the
fluctuations of the martingale decay with time, i.e. that the martingale ultimately converges! Of course,
this is just an intuition and needs a formal proof, which will be done in the second part of the proof. For
now, let us focus on proving (15).

a) Let m € N be fixed and define the process (Y,,,n € N) by Y,, = M,,1p, — M, for n € N. Y is a
square-integrable martingale, so by the maximal inequality, we have for every N € N and every € > 0:

]P’({Oglax [Y,| > }) < %if%)

E(YR) = E(My,y) — E(M;,).

b) Let us now prove that

This equality follows from the orthogonality of the increments of M. Here is a detailed proof:
E(YJ%) = E (Mm-&-N )2) ( m+N) 2]E(]MWHN Mm) ‘HE(MnQ@)
= E(M7,y) = 2E(E(Mpnin M| Fr)) +E(M)
= E(Mpyn) = 2EE(Mpyn|Fn) M) +E(M7,)
= E(Mgp,y) - 2E(M;) +E(M) = E(M7, ) — E(M},)

Gathering a) and b) together, we obtain for every m, N € N and every € > 0:

E(My, ) — E(M7)
P ({ngag; ‘Mm+n Mm‘ > 5}) < +N€2 =,

c¢) Assumption (13) states that sup, ey E(M?2) < +o0o. As the sequence (E(M?2), n € N) is increasing
(since M? is a submartingale), this also says that the sequence has a limit: lim,,_,o, E(M?2) = K < +o0.

Therefore, for every m € N and ¢ > 0, we obtain

P ({igg |Myyrn — M| > E}) J\}gnooIF’ ({Ogagc |Myprn — M| > E})
E(M2, ) — E(M? _E(M2
N->oo g2 g2

Taking now m to infinity, we further obtain

K — E(M? K-K
P ({Sup|Mm+n _Mm| > 5}) < # — =0
neN

€ m—00 e2

for every e > 0. This proves (15) and concludes therefore the first part of the proof.

Part 2. Let C = {w € Q : lim, o M,(w) exists}. In this second part, we prove that P(C) = 1, which
is conclusion (i).

Here is what we have proven so far. For m € N and ¢ > 0, define A,,(¢) = {sup,en | Mm+n — M| > €}.
Then (15) says that for every fixed € > 0, lim;,—,00 P(A,,(¢)) = 0. This implies in particular that

Ve > O, ]P)(mmENAm(‘C:)) =0
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We then have the following (long!) series of equivalent statements:

Ve >0, P(Mpendm(e) =0 <= VM >1, P(Nnmendm(5)) =0

< PUms1Mmen An($)) =0 <= P(Ueso Nimen Am(€)) =0
<— P{Je>0st YmeN, sup|Myqyn — Mp| >€}) =0
neN
< P({Ve >0, Im e Ns.t. sup|Mpyn— Myl <e})=1
neN
<— P{Ve >0, ImeNst. |[Myin—Mnp|<e ¥YneN}) =1
< P({Ve>0, Im e Ns.t. |Myyn — Myyp| <e, ¥n,peN}) =1
<= P({the sequence (M,, n € N) is a Cauchy sequence}) =1 <= P(C) =1

as every Cauchy sequence in R converges. This completes the proof of conclusion (i) in the theorem.

- In order to prove conclusion (ii) (quadratic convergence), let us recall that from what was shown above
E((M,, — M,,)?) = E(M?) —E(M2), Yn>m >0

This, together with the fact that lim, ,, E(M?2) = K, implies that M, is a Cauchy sequence in L?: it
therefore converges to some limit, as the space of square-integrable random variables is complete. Let us
call this limit M,,. But does it hold that My, = M, the a.s. limit of part (i)? Yes, as both quadratic
convergence and a.s. convergence imply convergence in probability, and we have seen in part I (Theorem
5.3) that if a sequence of random variables converges in probability to two possible limits, then these two
limits are equal almost surely.

- Conclusion (iii) then follows from the following reasoning. We need to prove that M,, = E(My|F,,) for
every (fixed) n € N (where M, is the limit found in parts (i) and (ii)). To this end, let us go back to
the very definition of conditional expectation and simply check that

(i) M, is Fn-measurable: this is by definition.

(ii) E(MoU) = E(M,U) for every random variable U F,,-measurable and bounded. This follows from
the following observation:
E(M,U) = E(MyU), VN >n

This equality together with the Cauchy-Schwarz inequality imply that for every N > n:

E(Mol)—E(MU)| = [E(Mol)~E(MyU)| = [B(Mac— M) U)] < VE((Moe — My)?) VET?) = 0

by quadratic convergence (conclusion (ii)). So we obtain that necessarily, E(MU) = E(M,U) (remember
that n is fixed here). This completes the proof of Theorem 13.2. ]

13.5 The martingale convergence theorem: second version

Theorem 13.4. Let (M,, n € N) be a martingale such that

sup E(|M,,|) < +o0 (16)
neN

Then there exists a limiting random variable M, such that M,, — M., almost surely.
n—oo

We shall not go through the proof of this second version of the martingale convergence theorem'®, whose
order of difficulty resembles that of the first one. Let us just make a few remarks and also exhibit an
interesting example below.

151t is sometimes called the first version in the literature!
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Remarks. - Contrary to what one could perhaps expect, it does not necessarily hold in this case that
lim,, 00 E(|M,, — M|) = 0, nor that E(My|F,) = M, for every n € N.

- By the Cauchy-Schwarz inequality, we see that condition (16) is weaker than condition (13).

- On the other hand, condition (16) is of course stronger than just asking E(|M,|) < +oo for all n € N
(this last condition is by the way satisfied by every martingale, by definition). It is also stronger than
asking sup,, ey E(M,,) < +oo. Why? Simply because for every martingale, E(M,) = E(M) for every
n € N, so the supremum is always finite! The same does not hold when one adds absolute values: the
process (|M,|, n € N) is a submartingale, so the sequence (E(|M,]|), n € N) is non-decreasing, possibly
growing to infinity.

- If M is a non-negative martingale, then |M,,| = M, for every n € N and by what was just said above,
condition (16) is satisfied! So non-negative martingales always converge to a limit almost surely! But
they might not be closed at infinity.

A puzzling example. Let (S, n € N) be the simple symmetric random walk and (M, n € N) be the
process defined as
M, =exp(S, —cn), neN

where ¢ = log (%) > 0 is such that M is a martingale, with E(M,,) = E(M,) = 1 for every n € N.

On top of that, M is a positive martingale, so by the previous remark, there exists a random variable

My such that M,, — M, almost surely. So far so good. Let us now consider some more puzzling
n— o0

facts:

- A simple computation shows that sup,cyE(M2) = sup, ey E(exp(2S, — 2cn)) = +o0, so we cannot
conclude that (ii) and (iii) in Theorem 13.2 hold. Actually, these conclusions do not hold, as we will see
below.

- What can the random variable M., be? It can be shown that S, —cn — —oo almost surely, from
n— o0

which we deduce that M,, = exp(S, —cn) — 0 almost surely, i.e. My, = 0!
n—o0

- It is therefore impossible that E(My|F,) = M,, as the left-hand side is 0, while the right-hand side
is not. Likewise, quadratic convergence to 0 does not hold (this would mean that lim,,_,., E(M2) = 0,
which does not hold).

- On the contrary, we just said above that Var(M,,) = E(M2) — (E(M,,))? = E(M?2) — 1 grows to infinity
as n goes to infinity. Still, M,, converges to 0 almost surely. If this sounds puzzling to you, be reassured
that you are not alone!

For illustration purposes, here are below three well known martingales: (S,, n € N), (S2 —n, n € N) and
(M, = exp(S,, — cn, n € N) just seen above:
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M, = exp(Sn - a,)

We see again here that even though theses three processes are all contant mean processes, they do exhibit
very different behaviours!

13.6 Generalization to sub- and supermartingales

We state below the generalization of the two convergence theorems to sub- and supermartingales.

Theorem 13.5. (Generalization of Theorem 13.2)
Let (M,,, n € N) be a square-integrable submartingale (resp., supermartingale) with respect to a filtration
(Fn, n € N). Under the additional assumption that

sup E(M?) < +o0 (17)
neN

there exists a limiting random variable M, such that

(i) M,, — M, almost surely.
n—oo

(i) limy, 00 E (|M,, — M|) = 0 (L' convergence).
(iii) M, < E(Muo|F,) (resp., M,, > E(My|F,)), for all n € N.
Note that L? convergence does not hold in general when M is a sub- or a supermartingale, but L' con-

vergence does, and the sub- or supermartingale is also closed at infinity in this case (with the equality
M,, = E(My|Fy) being replaced by an inequality, of course).

Theorem 13.6. (Generalization of Theorem 13.4)
Let (M, n € N) be a submartingale (resp., supermartingale) such that

supE(M,;[) < +oo (resp., supE(M,;) < +0o0) (18)
neN neN

where recall here that M,,+ = max(M,,,0) and M, = max(—M,,0). Then there exists a limiting random
variable M, such that M,, — M, almost surely.
n—oo
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As one can see, not much changes in the assumptions and conclusions of both theorems! Let us mention
some interesting consequences.

- From Theorem 13.5, it holds that if M is a sub- or a supermartingale satisfying condition (17), then M,
converges both almost surely and in L' to some limit M. In case where M is a (non-trivial) martingale,
we saw previously that the limit M., cannot be equal to 0, as this would lead to a contradiction, because
of the third part of the conclusion stating that M,, = E(My|F,) = 0 for all n. In the case of a sub- or
supermartingale, this third part only says that M, < E(My|F,) =0 or M,, > E(M|F,) = 0, which is
not necessarily a contradiction.

- From Theorem 13.6, one deduces that any positive supermartingale admits an almost sure limit at
infinity. But the same conclusion cannot be drawn for a positive submartingale (think simply of M,, = n:
this very particular positive submartingale does not converge). From the same theorem, one deduces also
that any negative submartingale admits an almost sure limit at infinity.

14 Concentration inequalities

Sn
The weak law of large numbers states that — converges in probability to E(X;), when S,, = X;+...+ X,

n
and the X'’s are i.i.d. random variables. This is exactly saying that for every fixed ¢ > 0,

({5 2]

However, this law does not say anything about the speed of convergence to 0 of this probability. The
answer to this question is provided by concentration inequalities.

14.1 Hoeffding’s inequality

Theorem 14.1. Let (X,,, n > 1) be a sequence of i.i.d. and integrable random variables, defined on a
common probability space (2, F,P) and such that | X, (w) — E(X,)| <1, foralln > 1 and w € Q. Let

also S, = X1+ ...+ X,,. Then
2
IP’({‘S"—IE(Xl) >t}> < 2 exp <—”;) VE>0,n>1
n

Before proving this theorem, let us make a few observations.

Remarks. - From this result, we easily recover the strong law of large numbers. Indeed, for all ¢ > 0,

we have
ZP<{ >t}><2Zex (—ntQ><oo
=z = p 5
n>1 n>1

which implies by the Borel-Cantelli lemma that

(i

Sn
This therefore says that — — [E(X;) almost surely.
n n—oo

Sh
o —E(Xy)

Sn —E(Xy)

n

>t infinitely often}) =0

- Note the universal character of this result (as already observed for the central limit theorem): the upper
bound on the probability does not depend on the distribution of the X’s (except for the fact that these
are bounded random variables by assumption).

79



- Note also the following: replacing t by ﬁ in the above statement, we obtain

(i “ ) =2ee (-5

Recalling that the cdf of a A'(0, 1) random variable behaves as

Sn
’ - E(Xy)

2
F(u) ~1—exp (_1;) when u is large

we observe here another analogy with the central limit theorem.

The following lemma is the key to the proof of Theorem 14.1.
Lemma 14.2. Let Z be a random variable such that |Z(w)| <1 for all w € Q and E(Z) = 0. Then

2
E(esz) < exp <82> , VselR

Proof. First observe that the mapping z — €% is convex for any s € R, so for any z € [—1, 1], we have

s —s s _ ,—8
e < & te +z <e ¢ ) = cosh(s) + z sinh(s)

cosh(s) + zsinh(s)

Therefore, as |Z(w)| <1 for all w €  and E(Z) = 0, we obtain
E (e*?) < cosh(s) + E(Z) sinh(s) = cosh(s)
The rest of the proof is calculus. Let f(s) = logcosh(s); then

f'(s) = ::;E((z)) = tanh(s) and f”(s) =1— (tanh(s))* <1

So for s >0, f'(s) = f'(0) + [y f"(t)dt <0+ [; dt = s. Similarly,
2

f(S)f(0)+/osf’(t)dt§()+/ostdt52

This implies that cosh(s) < exp (%) The same reasoning can be applied to the case s < 0, leading to
the same conclusion. This proves the lemma. O
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Proof of Theorem 14.1. Let us compute
P ({’S" —E(Xy)
n

Let us focus on the first term, as the second can be handled exactly in the same way. By Chebyshev’s
inequality (using p(z) = % with s > 0), we obtain

> t}) = P({|Sy — nE(X)| = nt}) = P({|S, — E(S,)| = nt})
= P({S, —E(S,) > nt}) + P({Sn — E(S,) < —nt}) (19)

E (GS (Sn—E(Sn)) )

esnt

st (E (es(xl—m(xl))»”

By the assumptions made, the random variable Z = X; — E(X}) satisfies the assumptions of Lemma
14.2, so E (eS(leE(Xl))) < ¢%’/2. This implies finally that

— et [ J] et (B
j=1

P({S, —E(S,) >nt}) <

P({Sh — E(S,) = nt}) < /2 = gnls?/2-50)
As s > 0 is a freely chosen parameter, we deduce that

P ({Sn _ E(Sn) > Tbt}) < 1’I1>1(r)1 en(s2/2—st) — e—nmaxszg(st_52/2)

A simple derivation shows that the maximum (i.e., the tightest upper bound) is reached in s* = ¢. This
gives P ({S,, — E(S,) > nt}) < e~""/2_ As mentioned above, a similar reasoning gives the same upper
bound on the second term in (19), and this concludes the proof. g

Generalization. (This is actually Hoeffding’s original statement.)

Let (X, n > 1) be a sequence of independent and integrable random variables (so not necessarily i.i.d.)
such that X, (w) € [ay,b,] for all n > 1 and w € Q. Let also S,, = X3 + ...+ X,,. Then

2n2t?

P ({|Sn — E(Sn)| > nt}) <2 exp (—w

), Vi>0,n>1

o . o S
The proof is strictly speaking the same as above, but note that in this general case, — need not converge
n

to a limit as n — oo.

14.2 Large deviations principle

Large deviations estimates lead to a refinement of Hoeffding’s inequality. Rather than stating the result
from the beginning, let us discover it together!

Let (X, n > 1) be a sequence of i.i.d. random variables defined on a common probability space (2, F,P)
and such that E(e**1) < 400 for all |s| < sg, for some so > 0 1. Let also t > E(X;) and S,
X1+ ...+ X,,. Using then again Chebyshev’s inequality (with ¢(x) = ¢5* and s > 0), we obtain

*({5=1))

160ne can show that this condition is equivalent to saying that there exists ¢ > 0 such that P({|X1| > z}) < exp(—cz)
as x — oo.

P({Sn > nt}) < E(e) _ o (E (esX1))"

esnt

= e " exp (n log E (esxl)) = exp (fn (st —logE (esxl)))
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Optimizing this upper bound over s > 0, we obtain

Sn
P({=2>t3) < - t —logE (e** t>E(X
({n}>exp< nrglzaéc(s ogE (e ))), vt > E(X4)
Let us make a slightly technical observation at this point. First, the function st — logE (eSX 1) takes the
value 0 in s = 0, so the above maximum is greater than or equal to 0. Second, for all s < 0, we obtain,
using Jensen’s inequality:
st —logE (e**) < s(t —E(X1)) <0

as s < 0 and ¢t — E(X;) > 0 by assumption. In the above inequality, we may therefore replace the
maximum over s > 0 by the maximum over all s € R, leading to:

P ({S" > t}) < exp (—n max (st —log E (esxl))> , V> E(X)

n

Let us now define the function A(s) = logE (e**), for s € R. This function might take the value 400
for some values of s above sg, but this is not a problem here.

Let us also define what is called the Legendre transform of A: A*(t) = maxgegr (st — A(s)). It is a non-
negative and convex function, which of course depends on the distribution of X;. By the above inequality,
we have:

P ({5 5L} <exp(enar@), vesEX) (20)
({5 =)

n

This is our first large deviations estimate, which is more precise than Hoeffding’s inequality. This is
normal, as we take into account here the specificity of the distribution; we are not after a universal upper
bound. Note also that the only inequality in the above derivation comes from the use of Chebyshev’s
inequality at the beginning. All the rest are equalities. Moreover, we optimize our choice over a large set
of functions (¢(x) = e°*) while using Chebyshev’s inequality, so this upper bound is hopefully tight.

Likewise, for ¢ < E(X}), we obtain for s > 0:

P ({Sn < t}) = P{S, < nt}) = P({=Sn = —nt}) < ") (ee:j) _ et (B (e 5))"
= " exp (n log E (e_sxl)) = exp (—n (—st —logE (e_sxl)))

Optimizing over s > 0, we further obtain

P ({S” < t}) < exp (—nrilzaé( (—st —logE (e_sxl))) , Vit <E(X1)

n

and for similar reasons as before, the maximum can be turned into a maximum over R, so that

P ({Sn" < t}) exp (—n max (st —log (6_5X1))>

What do these two equations (20) and (21) actually mean?

IA

= exp (—n max (st —logE (esxl))) =exp (—nA*(t)), Vt<E(X;) (21)

One can check that A*(¢) = 0 if and only if ¢ = E(X7), so we see that in both cases (¢t > E(X;) and
t <E(X1)), the upper bound on the probability is decreasing exponentially in n, as it was the case with
Hoeffding’s inequality. What changes here is the multiplicative factor A*(¢) which differs from (and is
generally larger than) t2/2, as we will see in the examples below.

Generalization. Before that, let us mention the generalization of the above result, also known as
Cramér’s theorem. Let A be a “nice” subset of R (think e.g. of an interval). Then

({8 cal) = ow(-nmeare)
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Note therefore that the above probability is decreasing exponentially in n if and only if E(X;) ¢ A.

In the particular cases where A is either the interval | — oo, t[ with ¢ < E(X7), or the interval ¢, +oo[ with
t > E(Xy), one recovers the above equations (20) and (21). Indeed, one can check that the infimum of
A* on | — oo, ¢ is achieved in ¢ when ¢ < E(X7), and likewise for the interval on the positive axis.

Finally, let us mention that Cramér’s theorem not only provides an upper bound on the probability, but
also a corresponding lower bound which is matching the upper bound in some asymptotic sense (see
Appendix A.6 for a proof of this fact). This is therefore a quite remarkable and complete result.

Examples. - Let X; ~ N(0,1). Note that X7 is an unbounded random variable, so Hoeffding’s inequality
does not apply here. Let us compute

1 2 2 52
A(s) = logE (e**1) = 1o /esg’ e " /2dx) =log (e /?) ==
) i ( ) g(R V2r g( ) 2

and

52 t?
A (t) = max (st - 2) =3 attained in s* =t

Also, E(X;1) =0,s0P ({% > t}) < exp (7”7’52) for all ¢ > 0. Surprisingly perhaps, this gives exactly the

same upper bound as the one derived by Hoeffding (even though the random variables X’s are unbounded
here).

- Let X7 be such that P({X; = +1}) = P({X; = —1}) = 1. In this case,

AGs) = tog (S35 ) = s (14 ¢2) ~ log(2)

and

A*(t) = Illeaﬂi{(st —A(s)) = max (s(t+1)—log(1+ €*) +log(2))

T—¢
not make sense to consider values of ¢ such that [¢t| > 1, as it is always the case here that |S,/n| < 1).
Correspondingly, after some computations:

1+1¢ 1+1¢ 1-1¢ 1-1¢
A*(t):;log< —2’— >+ 5 log< 5 >+log(2) for |¢t| <1

Looking for the value where the maximum is attained, we obtain s* = %log ﬁ) (note that it does

Also E(X;) = 0, so P ({22 >t}) < exp(—nA*(t)) for all ¢ > 0. Let us compare this result with
Hoeffding’s inequality, which reads in this case:

2
IP’({Snzt}> Sexp(—nt), Vit >0
n 2

It can be observed that for ¢ > 0, the above function A*(¢) dominates the function #?/2 obtained via
Hoeffding’s inequality (in particular, A*(£1) = log(2) > 1/2, and A*(t) ~ t? around ¢t = 0, which is
greater than t2/2).

14.3 Azuma’s and McDiarmid’s inequalities

Theorem 14.3. (Azuma’s inequality)
Let (M, n € N) be a martingale such that |M,(w) — M,_1(w)| <1 for every n > 1 and w € Q. Such a
martingale is said to have bounded differences. Assume also that My is constant. Then for every n > 1
and t > 0, we have

nt?

P({|M, — Mo| > nt}) <2 exp <_2)
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Remark. This statement resembles that of Hoeffding’s inequality! The difference here is that a martin-
gale is not necessarily a sum of i.i.d. random variables.

Proof. Let X,, = M,, — M,,_; for n > 1. Then, by the assumptions made, M, — My = 2?21 X, with
| X;(w)] <1 for every j > 1 and w € §, but as mentioned above, the X;’s are not necessarily i.i.d.: we
only know that E(X;|F;_1) = 0 for every j > 1. We need to bound

—nt})

“( = (i 2 ) o2 ({550

By Chebyshev’s inequality with ¢(z) = €¢** and s > 0, we obtain

({2 ) ST D) g o o (o570 100

exp(snt)
_ e—sntE(exp( Z" 1X) (exp (sX ‘]:n 1))

As E(X,|Fn-1) = 0 and | X, (w)| <1 for every w € €, we can apply the same lemma as in the proof of
Hoeffding’s inequality to conclude that

I /\

Jj=1

E(exp(sXy,)|Fn-1) < s’ /2

N ({5 X, 2 ni}) < B (o (3320 X)) 2

and working backwards, we finally obtain the upper bound

P ({Z?:l Xj Z nt}) S e—Snt+n32/2

which is again minimum for s* = ¢ and equal then to exp(—nt?/2). By symmetry, the same bound is
obtained for the other term:

P ({E;;l X; < —m‘}) < exp(—nt?/2)

which completes the proof. O

Generalization. Exactly like Hoeffding’s inequality, Azuma’s inequality can be generalized as follows.
Let M be a martingale such that M, (w) — My,_1(w) € [an, by] for every n > 1 and every w € Q. Then

(1M, — Mol > ni}) <2 exp (—2_2(?,’5)>

Application 1. Consider the martingale transform of Section 12.5 defined as follows. Let (X,,, n > 1)
be a sequence of i.i.d. random variables such that P({X; = +1}) = P({X;, = —1}) = 3. Let Fo = {0,Q}
and F, = o(Xy,...,X,) forn > 1. Let (H,, n € N) be a predictable process with respect to (F,, n € N)
such that |H,(w)| < K, for every n € N and w € Q. Let finally Go =0, G, = Z;‘L=1 H;X;, n>1. Then

P({|Gy — Go| > nt}) <2 it
n—Go| > nt}) <2 exp | — s
0 25T K2

In the case where K,, = K for every n € N, this says that

nt?
P({|G, — Go| > nt}) <2 exp T

We had obtained the same conclusion earlier for the random walk, but here, the increments of G are in
general far from being independent.
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Application 2: McDiarmid’s inequality. Let n > 1 be fixed, let X, ..., X,, bei.i.d. random variables
and let f: R™ — R be a Borel-measurable function such that

|fxy, g, mn) = [, 2, ) S K, Yo, xg,00, 2, €R, 1< <n

Then
n

242
2370 K

Proof. Define Fy = {0,Q}, F; = 0(Xq,...,X;) and M; = E(F(X;,...,X,)|F;) for j € {0,...,n}. By
definition, M is a martingale and observe that

]P(ﬂf(XlavXn) _E(f(levXn)” > nt}) < 2 exXp (

M, = f(X1,...,Xn) and My =E(f(X1,...,Xn))
Moreover,
|Mj — Mj1| = [E(f(X1,..., Xn)|F) = E(f(X1,..., Xo)|Fj-1) = [9(Xn, .., Xj) — (X, ..o, X))
where g(x1,...,z;) = E(f(z1,...,2j, Xjq1,.. ., Xn)) and bz, ..., zj-1) = E(f(21,. .., 2521, X, .., X0)).
By the assumption made, we find that for every z1,...,z; € R,
lg(z1,...,25) — bz, ... zj-1)| SE(f(z1,..., 25, Xjp1,. ., Xn) — flo, .21, X, 0, XG)]) < K

so Azuma’s inequality applies. This completes the proof. O

A Appendix

A.1 Carathéodory’s extension theorem

Definition A.1. Let  be a set. A ring on € is a collection R of subsets of {2 such that
(i) 0,Q e R.

(i) if A,B € R, then AUB € R.

(iii) if A, B € R, then A\B € R.

Example. One easily checks that the collection Ry of finite unions of pairwise disjoint and half-open
intervals in R, such as

A= [Gj, bj[ with [aj, b][ diSjOiIlt

1

n
Jj=

is a ring.

Definition A.2. A pre-probability measure on (2, R) is a mapping P : R — [0, 1] such that
(i) P(0) =0, P(Q) = 1.

(ii) If (A,, n > 1) is a sequence of disjoint subsets of  such that A,, € R for alln > 1 and U,>14,, € R,
then P(U,>14,) = Zn21 P(A,).

Example. Let p : R — R be a given pdf on R (take your favorite, e.g. p(x) = 1jp1j(7) or p(z) =
\/% exp(—2?/2)). Let now P1(A) = [, p(x) dz for A € Ry defined above. As A is a finite union of pair-
wise disjoint intervals, P1(A) is well defined and one can also check that P; is a pre-probablity measure

on Rq.
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Theorem A.3. (Carathéodory’s extension theorem, without proof)
Let R be aring on 2 and P be a pre-probability measure on (€2, R). Then there exists a unique probability
measure P defined on the o-field F = o(R) such that P(4) = P(A) for every A € R.

Remark. This theorem has of course little to do with the other well-known Carathéodory theorem
stating that in a convex body K in R, any interior point can be written as a convex combination of at
most d + 1 extremal points of K.

A.2 Distances between random variables associated to various convergences

For quadratic convergence, there is of course a natural distance related to it:
da(X,Y) = | X = Yll2, where | X — Y3 =E((X ~Y)?)

whereas there is no distance associated to almost sure convergence. Below, we describe distances associ-
ated to convergence in probability and convergence in distribution.

Distances for convergence in probability: the Ky-Fan distances

Recall the definition: X,, — X if Ve > 0, limp_o0 P({|X, — X| > €}) = 0 (applicable only to random

n—oo

variables defined on a common probability space (2, F,P)).
It can be shown that for any of the following three distances (attributed to Ky Fan):

dX,)Y)=inf{e >0 : P{|X -Y|>¢}) <e}

d(X,Y) = Emin{|X —=Y|,1}) or d(X,Y)=FE (HX|X_Y|Y|>

it holds that X,, — X if and only if d(X,, X) — 0.
n—oo

n—oo

Distances for convergence in distribution

Recall the definition: X,, -5 X if lim,_00 Fx, (t) = Fx(t), Vt € R continuity point of Fx (and we do
n—oo

not need to assume that the random variables X,, are defined on a common probability space).

The Lévy distance

The Lévy distance between two random variables X, Y (or more precisely, between the distribution of X
and that of V) is defined as:

dp(X,)Y)=inf{e >0 : Fx(t—¢) —e < Fy(t) < Fx(t+¢)+¢e, VieR}

It can be shown that X, 4 X if and only if dr(X,,X) — 0, i.e., convergence in distribution is
n—oo

n—oo
equivalent to convergence in the Lévy distance.

The next three distances defined below are stronger than the Lévy distance, in the sense that if conver-
gence in any of these distance takes place, then convergence in distribution takes place (but the reciprocal
statement does not hold).

The Kantorovich (L') distance

diea(X,Y) = [ |Fx(0) = By (o) d
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Observe that this distance is not a proper distance as it might take the value +oo for a given pair
of random variables X,Y (this is the case for example if X,Y are two Cauchy random variables with

different parameters). Nevertheless, it can be shown that X, i X ifdg1(X,,X) — O.
n— 00 n—oo

To gain some intuition on what this distance means, observe also that if Y = X + ¢, where c is a
constant, then dg 1(X,Y) = ¢. Moreover, when both X and Y are bounded random variables (implying
that di1(X,Y) < +oo in this case), this distance is equal to the Wasserstein distance:

dw (X, Y) = sup{[E(f(X)) —E(f(Y))| : f:R— Ris such that |f(z) = f(y)| < |e —y|, Va,y € R}

The Kolmogorov (L*°) distance

g0 (X, Y) = sup [Fx (1) — Fy (1)
te

It can be shown (heathy exercise!) that dx oo(X,Y) > d(X,Y) for every pair of random variables X,Y,
implying that convergence in the Kolmogorov distance implies convergence in the Levy distance (and
therefore also convergence in distribution).

The Radon or total variation (TV) distance

drv(X,Y) = sup |ux(B)— py(B)]
BeB(R)

It is immediate that dpy(X,Y) > dx(X,Y) (as di is a supremum over a restricted number of sets). It
is therefore the strongest of all norms above, so strong that dpv(X,Y) =1 as soon as X is discrete and
Y is continuous, for example. The total variation distance can also be rewritten as

drv(X,Y) =sup{|E(f(X)) —E(f(Y))| : f:R — R is a continuous function with values in [—1,+1]}

A.3 Two useful facts about convergences of sequences of random variables

Continuous mapping theorem

Consider a sequence (X,, n > 1) of random variables, another random variable X and a function ¢ :
R — R continuous on a domain D such that P({X € D}) = 1. Then it is straightforward to check
that if X, T X almost surely, then g(X,,) = g(X) almost surely. The more surprising fact (stated

here Wlthout proof) is that the same holds true both for convergence in probability and convergence in
distribution, namely:

if X, - X,then g(X,) — g¢(X) if X, % X, then g(X,) % g¢(X)
n—oo

n—oo n—oo n—oo

This fact does not hold true for L? convergence, as X being square-integrable does not necessarily imply
that g(X) also is.

Cauchy sequences

It is straightforward to check that a sequence (X,,, n > 1) of random variables converges almost surely if
and only if it is almost surely a Cauchy sequence, i.e.

P ({ lim X, — Xy = o}> 1
n,Mm—00

A similar statement holds true for quadratic convergence (as the space L?(€2) equipped with the scalar
product (X,Y)s = E(XY) is a Hilbert space!”), as well as for convergence in probability: i.e., the

17 As already mentioned before, we should consider here L2 (22) to be the space of equivalence classes of square-integrable
random variables, two random variables X,Y being equivalent if X =Y a.s.
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sequence (X,, n > 1) converges in probability if and only if

Ve >0, P{| X, — Xpm|>€¢}) — 0

n,Mm—00

but this does mot hold true for convergence in distribution. Here is a counter-example: the sequence
(Xn, n > 1) where X,, ~U([—n,+n]) does satisfy

|Fx, (t)—Fx, (t)] — 0, VteR

n,m— oo

but does not converge in distribution.

A.4 An intriguing fact about convergence in distribution

The above counter-example is related to an intriguing fact that has two different versions:

1. Let (Fn, n > 1) be a sequence of cdfs such that there exists a function F' : R — [0,1] with
lim,, oo F(t) = F(t) for every t € R. Then it is not necessarily the case that F' itself is the cdf of
a random variable.

2. Let (¢n, n > 1) be a sequence of characteristic functions such that there exists a function ¢ : R — C
with lim, 00 @n(t) = ¢(t) for every ¢ € R. Then it is not necessarily the case that ¢ is itself the
characteristic function of a random variable.

Here is an example illustrating this. Consider (X,, n > 1) a sequence of random variables with X,, ~
U([—n,+n]) for every n > 1. Then their pdfs are given by

1

px, (x) = o l_pm(x), zeR

and correspondingly,

1 0, ift<—n
FXn(t):%/ lpp(@)dz=q21+1), if —n<t<n
- 1, ift>n

One can check easily that for every fixed ¢t € R, F(t) = lim,_.o Fx, (t) = %, which is not a cdf, as
limy 400 F(t) = % #0or 1.

Likewise,

itn —itn

o eftoe U sinltn) - ypy 2
t) = ite dr = 2itn tn
¢x. (1) %LK%e ’ {, ift=0

SO
0, ift#£0

o(t) = lim ¢x, (t) = {1 ift=0

n—oo s

but ¢ is not a characteristic function, as it is not continuous in ¢ = 0.

From either of the above observations, we conclude that the sequence of random variables (X,,, n > 1)
does not converge in distribution, even though both their cdfs and characteristic functions converge to a
limit. What is the problem?

The intuition, first: the random variable X, is uniformly distributed on [—n,+n], so as n — oo, X,
should converge to a random variable X “uniformly distributed on R”, but we know that such a random
variable does not exist. What is happening here is that all the mass of the distribution of X, is escaping
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to +o0o as n increases. In order to prevent such a thing from happening, we could impose that the
sequence X,, remains bounded as n increases, i.e., that there exists C' > 0 such that

sup sup | X, (w)] < C
n>1we2

This however is a strong assumption, ruling out nicely behaved random variables such as Gaussian or
Poisson random variables. It can be relaxed to the following: for every € > 0, there exists C' > 0 such
that

inf P({|X,| <C})>1-¢ (22)

Such a sequence of random variables is said to be tight. This assumption guarantees that most of the
mass of the distribution of the random variables X,, remains in a bounded interval, even for large values
of n (more precisely, that for every £ > 0, there exists C' > 0 such that at least a fraction 1 — ¢ of the
mass of all random variables X,, remains in the interval [—C, +C]). Note that this assumption is natural,
as for a single real-valued random variable X, it always holds by definition that for every ¢ > 0, there
exists C' > 0 such that

P{IX|<C} =1-e

If we therefore expect the sequence X,, to converge in distribution as n gets large, condition (22) should
hold. Reversely, one can show that when condition (22) is met, pointwise convergence of either sequence
(Fx,,n>1)or (¢x,, n > 1) guarantees convergence in distribution of the sequence (X,, n > 1).

A.5 Stein’s method

Stein’s method is (yet) another method allowing to prove the central limit theorem. It is based on the
following equality (seen in the exercises and known as Stein’s lemma):

E(Z f(2)) =E(f'(2)) (23)

if Z ~ N(0,1) and f is a continuously differentiable function such that both |f(z)| and |f’(z)| do not
grow faster than polynomially when || — oo. More interestingly, one can show that that if Z is a random
variable satisfying (23) for every f € C}(R), then the distribution of Z is necessarily N (0,1). Even more
interestingly, if (Y,,, n > 1) is a sequence of random variables such that

then Y, n:‘%oo Z ~ N(0,1).

Proof. We show below that condition (24) implies that
E(s(Y.)) — E(g(2)), Vg€ ChR)

implying in turn convergence in distribution. To this end, let g be a given function in Cy(R) and f be
the solution of the following differential equation:

zf(x) - f'(z) = g(x) —E(9(Z)), z€R (25)

It turns out that the solution f of this equation belongs to C}(R) [TO BE CHECKED] and can be
written explicitly as

fla)=e"/? / " e (g(t) — E(g(2)) dt

[This can be checked by simply computing the derivative of f]. Because f satisfies equation (25), we can
evaluate this equation in z = Y,, and take expectations on both sides to conclude that

E(g(Yn)) —E(9(2)) = E(Y,, f(Ya) — f/(Yn)) njoo 0

by assumption. O
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The interest of Stein’s method is twofold:

1. It allows to obtain precise estimates on how “close” the distribution of a random variable is from the
Gaussian distribution, by estimating either the Wasserstein distance between the two distributions
or their Kolmogorov distance (= max difference between their cdfs).

2. It allows to generalize the statement of the central limit theorem from sums of i.i.d. random variables
to expressions of the form F(Xj,...,X,), where the random variables

Wy =F(X1,.., X} X)) = F(X1,. ., X, Xy)
(with X7 an independent copy of X)

are “small” and “approximately independent” as n gets large. This extension is therefore significant
(of the same flavor as McDiarmid’s inequality for concentration).

We present below the method for the classical setup: assume (X,,, n > 1) are i.i.d. random variables with

mean 0 and variance 1 (for simplicity) and define, forn > 1, S, = X; +...+ X,, and Y,, = S,,/+/n. The

central limit theorem states in this case that ¥, -5 Z ~ N (0,1).
n—oo

We now prove (leaving out some technical details) that the sequence (Y,,, n > 1) satisfies condition (24)
above. To this end, let us compute, for a given f € C}(R):

Mmmw=%ﬂﬁﬂmwi%ZH&ﬂM) (26)

For j € {1,...,n}, define Y,Sj) =Y, — % Since f € C}(R), we can write, using Taylor’s expansion:

FOO) = f(V) + (V9D =Y, f/ (V) = f(Yn) — 2 f/(Yn)

or equivalenty:
, X
f(Yn) = f(YrSJ)) + == f'(Ya)

NG

Introducing this in (26), we obtain

E(Y, f(Y, ﬁ:{ ( ( F9) + v%fum))}

The independence of the X’s implies that X; 1L Y,gj) for every j € {1,...,n}, so

E(Y, S, ZE E(F(V) + - Y E(XE F(Ya)

1~ oo
~E Ezlxjf’(y)
=

The last two ingredients are: the law of large numbers which says that

1~ 2 2
- ;Xj T E(X7) =1 almost surely
J:
and another “technical detail” (i.e., the dominated convergence theorem), which allow to conclude that

E(Yn f(Ya)) = E(f'(Yn))
as n gets large, therefore proving (24). O
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A.6 Lower bound on large deviations estimates

In Section 14.2, we proved the following upper bound on the probability of a large deviation (at a given
value of n > 1):

P ({S" > t}) < exp(—nA*(t)), Vt> p

n

where we recall that S, = X1 +...+ X,,, p = E(X1), A*(t) = maxser(st — A(s)) and A(s) = log E(es¥1).
This implies in particular that

1 n
limsupglogﬂ]’ ({i > t}) < —A*(t), Vi>up

n—r oo

In the following, we prove the matching lower bound

liminfllog]P ({S" > t}) > —A"(t), Vi>up
n

n—oo n

implying that the limit exists and is equal to —A*(¢), and therefore that the upper bound is tight'®.

Proof. In order to obtain this lower bound, we will do something strange: for a given n > 1 and ¢ > p,
the event {S,, > nt} is a rare event (this is what the upper bound says). Let us now change the probability
measure P so as to make this event become frequent. To this end, define first for s > 0 and A € F:

B,(4) = E(Ls - exp(sX; — A(s)))

(observing that ]TVDO = P). All these new probability measures ]TVDS are candidates for transforming the rare
event {S,, > nt} into a frequent event, but this will work for a unique value of s, as we shall see. Let us

first check that for every s > 0, P; is indeed a probability measure: clearly, Ps()) = 0 and the o-additivity
property follows from the fact that P itself is a probability measure. What remains to be checked is that
P,(Q) =1:

ﬁ,(Q) = E(exp(sX; — A(s))) = E(exp(sX1)) - exp(—A(s)) = m =1
Moreover, under this new probability measure, we have:
~ Xp(SsX1 D (exp(s 1
Es(X;7) = E(X7-exp(sX1—A(s))) = Egi;;)(z;i))) = B]SEI(EéxpE)EX)f)))) = % log E(exp(sX1)) = %A(s)

By carefully choosing the value of s, we can therefore tune the value of IES(X 1) so as to make it close to
t and not p (thereby making the event {S,, > nt} frequent).

This is the main idea behind the change of probability measure, but the story is actually a little bit more
complicated than that, as we need to define a change of probability measure involving all the random
variables X1,..., X, 2 and not only X;. To this end, let us define for s > 0 and A € F: (overriding the
above definition with a single X;):

n
P, (A)=E|14- Hexp(sz —A(s))
j=1
Using the very same argument as above, we can show that ﬁ’s is a probability measure for every s > 0.

Moreover, observe that

Py (A)=E |14 -exp[s Z X; —nA(s) | | =E(1a exp(sS, —nA(s))) (27)

18Note that a similar result holds for ¢t <
19Recall that n is fixed here.
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Following the same procedure as above, we also obtain the equality Ey(X;) = £ A(s). Let us not choose
yet the value of s, but let us try instead to obtain a lower bound P({S,, > nt}) (which is our goal). To
this end, observe first that the equality (27) can be rewritten as

P(A) = Ey(14 exp(—5S, +nA(s))) for Ae F
With this, we obtain (setting € > 0):

P({S, > nt}) > P({nt < S, < n(t+e)}) = Es (1{nics, <n(ire)) exp(—5Sy +nA(s)))
= exp(—n(st — A(5) Es (1{ni<s, <n(ire)y exp(—s(Sy, — nt)))

> exp(—n(st — A(s))) exp(—sne) Ps({nt < S, <n(t+¢)})

Let us now choose s > 0 that maximizes st — A(s), i.e., 8/(;(55) =t and st — A(s) = A*(¢). Under the

probability measure R, we have seen above that E, (X1) = azg(;) =t,s0 5, ~nt “on average” for large

n. One can actually show more precisely that for any € > 0

P.({nt < S, <n(t+e)}) — ¢>0

n—oo

Therefore, as n gets large,

P({S,, > nt}) > exp(—nA*(t)) exp(—sne) ¢

implying that .
liminf —logP({S,, > nt}) > —A*(t) — s
n—oo M

implying in turn the result, as € > 0 is arbitrary (and s > 0 is fixed). O
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