BASIC PROBABILITY THEORY 2022

JUHAN ARU

Wersion of 2022.  All kinds of feedback, including smaller or bigger typos, is appreciated -
juhan.aru@epfl.ch. In writing these notes I have consulted notes of I. Manolescu (Fribourg), Y. Velenik
(Geneva), A. Eberle (Bonn) (all on their websites) and the book by R. Dalang & D. Conus published by
EPFL press.

1



SECTION O

Introduction

Probability theory provides a mathematical framework for studying random phenomena,
i.e. everything that one cannot predict. We might not be able to predict because we don’t
have full information, or maybe because it’s just not possible to predict. Maybe it is even
a bit surprising to begin with that something precise and mathematical can be said about
things we cannot predict

A bit of history

Currently probability theory is a rapidly developing branch of mathematics, with many
connections with other domains of pure mathematics and numerous applications in other
sciences and informatics. Here are some questions people have asked in different periods,
leaving aside very related questions that belong more to statistics:

Until 20th century, the main topic of probability were games of chance, lotteries,
betting, but also questions about measurement errors started coming in:

e Should I accept the even chances for the bet that at least one six appears in 4
consecutive dice throws?

e How many lottery tickets should I buy to have even chance of winning the lottery?

e How can we describe measurement errors? What if we can assume them to be the
totality of small independent errors?

In fact the last question was properly answered only in the beginning of 20th century
and is one of the most celebrated results of probability theory - the Central Limit Theorem.
It says that under quite general conditions the sum of independent errors, when properly
normalized converges to the Gaussian, also called the normal distribution. We will see this
result in the course.

Over the 20th century, however topics in probability got much more diverse and rich.
Here are some types of questions and models:

e Consider a rat in Manhattan that on each corner randomly chooses to go to left,
right, back or forth. Will it ever return to the place he started?

e Relatedly, how to describe the diffusion of heat or a gas in terms of molecules? How
does one single molecule behave, how does its trajectory look like?

e How to model flow of a gas or liquid through a porous medium, for example a gas
mask or the earth?

e How to describe the fluctuations of a stock price over time?

e How quickly do diseases spread in a population? What parameters are important?

As you noticed, these questions can still be posed from a very non-mathematical perspec-
tive, but the mathematical models behind them are much richer than just a coin toss (which,

I think, is already pretty interesting). We want to look into some of them.
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Moreover, in 20th century probability theory also started playing a role in other parts of
mathematics, through for example the so-called probabilistic method, often used to prove
existence of certain objects:

e Dvoretzky’s theorem: all high-dimensional convex bodies have low-dimensional ellip-
soid sections.

e Existence of normal numbers for simultaneous basis: a number is said to be normal
to base b, if the proportion of each digit in its expansion to base b is 1/b, i.e in decimal
expansion each digit ¢ = 0,1,...,9 appears with the same proportion. There is no
concrete known number z for which this holds for b = 2, 3 simultaneously.

In the 21st century more new directions have entered due to interactions with computer
science, for example ending in the Page-Rank search algorithm that Google uses.

At the same time also interactions with other domains of mathematics became stronger
and probability started even sometimes influencing the development of some domains like
complex analysis and dynamics. Here are some questions, where we still lack mathematical
understanding:

e How to explain that certain structures like fractals, certain distributions like Gaus-
sians, certain statistical symmetries like scale or rotation invariance appear in so
many different contexts in nature?

e Why does deep learning work so well - e.g. why is it better than humans in GO?
How far can one go?

e Are useful quantum computers theoretically possible?

The first questions is called universality. In fact the Central Limit Theorem can be seen
as the basic example of universality — it explains why the Gaussian distribution appears in
many unrelated different contexts. You can find talks on universality by non-probabilists
like T. Tao, by mathematical physicists like T. Spencer, and probabilists like W. Werner.
I find it already inspiring that we can say anything mathematically meaningful about such
a vague question. I also find it’s a question in the spirit of today’s mathematics - we
try to mathematically understand not only structures like pure symmetries, not only pure
randomness like coin tosses, but a mixture of the two.

This course

Unfortunately, in this course we will not be able to address most of these exciting develop-
ments. We will be mainly dealing with setting up the basic mathematical framework, so that
you have the basis for studying statistics, for applications in other fields and future courses in
probability. We will also just try to get a glimpse of the probabilistic mathematical thinking,
and there will be some intrinsically beautiful mathematical results.

The course will be roughly in three chapters:

(1) The basic framework of probability theory - here, we will properly set up the modern
framework of probability theory, in other words see how one constructs a probabilistic
model.

(2) Study of random variables and mathematical expectation - random variables are
the central objects of probability theory, they are the random numbers, or other
random objects that come up in our probabilistic model. We will see how to describe

and study random variables, and meet several random variable that come up more
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frequently. Expectation is just the mathematical term for average, we will see that
it is a simple but useful tool.

(3) Limit theorems - a special case of the Law of Large Numbers says that if you keep
on tossing a fair coin, then the proportion of tails will get closer and closer to a half.
We will be prove this result, but we will also prove a version of the Central Limit
Theorem, discussed above.

We start, however, with an overview of some more elementary models for probability
theory and discuss their limitations.

0.1 Some historical probability models and their limitations

In this section we shortly discuss some preliminary probability models.

Laplace model

For a few hundred years the following simple model (which we call Laplace or classical
model) was used to study unpredictable situations, and to model the likelihood that a certain
event happens in this situation.

e Gather together all possible outcomes Q2 = {wy,...,w,} and count the total number
of possible outcomes n 4 := || of the situation.

e Collect all the outcomes w; for which the desired event F happens, and count their
number ng.

e Set the probability of the event p(E) to be the ratio 2.

In other words, we can set up the following definition:

Definition 0.1 (Laplace/Classical model of probability). Laplace model of probability con-
sists of a set of outcomes €2 and possible events, given by all subsets EE C Q . The probability

of each event is defined as p(E) = %

In some sense, we are not defining any new mathematical structures here - we are just
giving a name to certain proportions.

For example if you want to model the event that two heads come up in two consecutive
coin tosses you would do it as follows:
o We take Q ={HH,TT,HT,TH},
o set E={HH}
e and see that p(F) = 1/4 as |Q| = 4.

Many everyday or gambling situations can be described with this simple model.

Exercise 0.1. Write down the Laplace model for calculating the probability of having two
sizes in three throws of dice. What is this probability?

This classical model has already some very nice properties, which we certainly want to
keep for more general models.

Lemma 0.2 (Nice properties of the classical model). Consider the Laplace model on a set
Q. Let E, F be two events, i.e. two subsets of §2.

e [f the two events E, F' cannot happen at the same time, i.e.then the probability of one
of them happening p(E' U F) = p(E) + p(F).
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o The complementary event of E, i.e. the event that E does not happen, has probability
1—p(E).

Both of these results follow directly from a definition. There are many other properties
one could prove, e.g:

Exercise 0.2. Consider the Laplace model on the set Q) and let E, F be any two events.
Prove that P(EUF) = P(E)+ P(F)— P(ENF).

Using this, one can already also do basically all the calculations for lottery, betting,
cards...as you see on the example sheet. But there is still one basic question - how come this
ratio is of any use in telling you anything about the world?

The reason comes basically from the fact that if the same situation comes up many times
in a row, then under certain assumptions the proportion of a specific outcome among all
possible outcomes will converge to its probability. Let us prove a weak version of this here:

Proposition 0.3 (Proportion of heads goes to 1/2). Consider the Laplace model for n coin
consecutive fair coin tosses. Let 0 < e < 1/2 be arbitrary and define the event EI' to denote
all sequences of n tosses where the proportion of heads is less than 1/2 — ¢ or more than
1/2 + €. Then for any € > 0, we have that p(EY) — 0 as n — 00.

Let us remark that the Laplace model for n coin tosses has a very specific assumption: any
sequence of n fair coin tosses has probability exactly 27". And in particular, the probability
of the k—th toss to be heads or tails is 1/2 independently of other outcomes - so we assume
any toss is not influenced by the other ones.

This proposition can be proved by just counting, though the counting itself is not entirely
trivial. For example, we need an asymptotic of n!, i.e. a better expression about how it
behaves as n — oco. This is called Stirling’s formula and you have probably met it already. E]

Exercise 0.3 (Weak Stirling’s formula). Prove that for some constants ¢,C > 0, we have
that

ene ™ < nl < Cntle .
(*) Deduce that there are C,c > 0, such that for all € > 0 small enough and all n € N we
have that

((nu/g— eﬂ) < CnC2" exp(—cen).

Armed with this, we are ready to prove the proposition.

Proof of proposition. Let E_ and E'. denote respectively the events that the proportion
is less than 1/2 — €, and that it is more than 1/2 4 €. As these events cannot happen at the
same time, we have that p(F) = p(E?.) + p(E!'.) and by symmetry it suffices to only show
that p(EZ<) — 0 as n — oco. Moreover, as these events are increasing with e, it suffices to
prove the proposition for € > 0 small enough.

Now, the number of all possible sequences of n tosses is exactly 2™ as each toss has two
options. On the other hand, the number of outcomes with k heads out of n tosses is given

2Here and below an asterix means that a part of the course or exercise is not examinable.
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by exactly (Z) So using Lemma several times for disjoint events of exactly k tosses, we
can write

/2=
E' )<2™
e (3 (3)

A direct calculation convinces you that as long as k < n/2, we have that (kfl) < (Z) Thus

we can further bound
sy <zra(on ).

[n(1/2 = €)]
By Exercise [0.3] for all € > 0 small enough

([n(lé%le)]) S C/nc+1

and thus p(E”_) < C'nexp(—cne®), which goes to 0 as n — oo. O

exp(—cne?)

Remark 0.4. With the some strategy one could actually prove a somewhat stronger state-
ment: for example that the probability of the event E,, that the proportion of heads is outside
of the interval (1/2 —n='/3,1/2 +n~'/3) goes to zero. This basically amounts to just setting

e =n"'3 in the proof above.

This is a special case of the Law of Large Numbers (LLN). We will prove LLN in much
greater generality and with much less calculations, but only once we have developed some
theory.

So we see that not only does Laplace model allow calculations, but it does tell you some-
thing about random phenomena - at least about reoccuring random phenomena. However,
this model also has some drawbacks:

e In the Laplace model it is implicitly assumed that all outcomes of the situation are
equally likely. What if this is not the case? For example, what if the coin is not fair,
but after long number of tosses seems to give 1/7 heads?

e Also, it is hard to work with more complicated situations, where you may have to
look at an arbitrary large number of events like in the following exercise.

Exercise 0.4. Suppose your event is: I will need no more than 100 tosses before getting
three consecutive heads. Can you use the Laplace model? Can you use the Laplace model if
your event is - I obtain three consecutive heads before three consecutive tails? But if you ask
three consecutive heads before five consecutive tails? Can you use Laplace model for this?

This is related to a more general worry: as soon as there are infinitely many possible
outcomes, what should you do? Assuming that all of infinitely many outcomes are equally
likely gives a contradiction, as their probabilities would still need to add up to one! What
to do?

A (intermediate) discrete probability model

The next probability model does not presuppose that all outcomes are equally likely and

will allow also to handle an infinite number of outcomes:
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Definition 0.5 (A (intermediate) discrete probability probability model). We say that (2, p)
is a (intermediate) discrete probability model if Q is a set (of outcomes) and p : Q — [0, 1]
1S a function such that

e The total probability is 1: Y _op(w) =1 E|
e The probabilities of disjoint subsets of Q add up: p(E U F) = p(E) + p(F) for all
ENF=10.

An event E is an arbitrary subset of 0 and we set the probability p(E) := Y pp(w).

This discrete probability model is set up so that we still keep the nice properties of the
classical model that we saw above. Moreover, one can check that when | < co and we set
all p(w) = |Q|!, we are back to the Laplace model. So it is really a generalization.

Before thinking about further mathematical properties of this model, let us think about
using it for applications. One difficulty of applying this model to real situations is now the
following question — how do we choose the numbers p(w)? In the Laplace model, we used a
certain symmetry or exchangeability hypothesis on the set of outcomes, but if we don’t have
this, what could we do?

For example, here is a reasonable-sounding idea, based on the proportion above: in the
case of the coin toss, i.e. two possibilities, we could just toss the coin it many times and set
the proportion of heads to be the probability of heads in our model. That sounds meaningful.
However, how many times should we toss it? If we toss it just once, we set the probability to
be either 0 or 17 We will be able to give some sort of an idea of how many tosses would suffice
in the last chapter of the course...but what should you do if you don’t have a lot of data? Or
if the model is much more complicated? Luckily for us, these complicated questions belong
already more to the discipline of statistics...

So let us rather ask what is still mathematically missing in the intermediate model? Having
a countable set is now not a problem. In fact, we will see that as long as €2 is a countable set,
the intermediate model is equivalent to the modern framework of probability, introduced in
the next section.

However, uncountable sample spaces enter naturally. For example, when you need to
model for example a quantity that can be assumed to behave like 'a uniform random point’
on [0,1] then the space of outcomes - in this case [0, 1] is uncountable. Or, similarly the
space of infinite sequences of coin tosses is uncountable (why?) - such a space is needed
when you consider for example the event that three consecutive heads occur before five
consecutive tails, as it is not determined by any fixed number of coin tosses. Finally, many
complicated discrete situations are easier to describe and study if one models them via
continuous probabilities, like the Gaussian distribution where all values of R are possible.

And as soon as we have an uncountable €, say 2 = R or Q = [0, 1], things get more
involved. Indeed, if you think about it, already sums over uncountable sets are pretty
complicated (and not so well defined)! For example, there is just no function p satisfying the
hypothesis of the definition and putting a positive mass on uncountable set of points of :

3Here, and elsewhere you might wonder what does this sum even mean if €2 is infinite. You can rigorously
define it as the supremum of ) ., f(w’) over all finite subsets ' C Q, if you wish, but in this Section nr
0 we don’t yet worry about these things so much...
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Exercise 0.5. Let 2 be any uncountable set. Consider a positive function f : Q — [0,1].
Then necessarily Y o f(w) = oc.

So how should we then model the uniform number on [0,1]7 It intuitively feels that
this notion exists, but we already discussed that putting equal probabilities on infinite sets
doesn’t work...Is there any way out?

Probability vs area: an intermediate continuous probability model

There is one nice way out from the issues described above. Namely, the following hack
was used up to 20th century: if we think of a raindrop falling on the segment [0, 1], then the
probability that it falls into some set A should be exactly the area of this set! Thus to define
continuous probability, at least on [0, 1]" we could equate probability of a set with its area.

Now, this is very nice because we know that area is related to integrals - areas can be
calculated! Thus we get an idea for defining a variety of probability distributions on R - for
any Riemann-integrable function f with fRn f(z)d"x = 1 we define the probability of being
in A as [, f(z)d"z, in case such a thing is defined. So in conclusion, we could also define an
intermediate continuous probability model

Definition 0.6 (An intermediate continuous probability model). We say that (R™, f) is an
intermediate continuous probability model if f is a non-negative Riemann-integrable function
with total mass 1. We identify events with subsets A such that fA f(z)d™z is defined, and
set their probability to be p(A) = [, f(z)d"z.

Such a model shares several nice properties both with the Laplace model or the inter-
mediate model. So why do we call this again just an intermediate model, why is it not a
satisfactory resolution? For all practical purposes, it is in fact already pretty good!

However, from a purely mathematical point of view there are some drawbacks:

e Firstly, it’s just quite unsatisfactory to have two different notions of probability -
one for discrete, one for the continuous setting! It would be much nicer to have one
framework pretty much like topology offers a framework to talk about continuity for
functions between real numbers or between curves etc...

e Second, we would certainly also like to talk of random objects that are more compli-
cated than R” - for example random continuous functions that could describe say the
shore line of Britain or mountainous landscapes or clouds. But what is the notion of
area for such complicated spaces?

As we will see, both of those issues are resolved in the modern framework of probability
theory.



SECTION 1

Framework of mathematical probability

In this section we will build up the modern framework of probability, and see how it nicely
unifies the attempts from the previous section.

1.1 Measure spaces

We will start with a more general notion of a measure space. Probability spaces will then
be introduced as certain special measure spaces.

As in topology, a measure space is a set together with a certain structure. For a measure
space the structure comes in two bits:

e first, a set of subsets closed under some operations, called this time a o-algebra;
e and second, a function defined on these subsets, called a measure.

You can think of measure as of some generalization of area, and of the o-algebra as of all
subsets whose area can be measured.

Definition 1.1 (Measure space, Borel 1898, Lebesgue 1901-1903). A measure space is a
triple (2, F, i), where
e () is a set, called the sample space or the universe.
o F is a set of subsets of 2, satisfying:
- 0eF;
—if A € F, then also A € F;
— If Ay, Ay, --- € F, then also |J,,», An € F.
F is called a o-algebra and any A € F is called a measurable set.
e And finally, we have a function p : F — [0,00] satisfying u(0) = 0 and countable
additivity for disjoint sets: if Ay, Asg,--- € F are pairwise disjoint,

(| A = S Ay,

n>1 n>1

This function p is called a measure. If u(Q) < oo, we call i1 a finite measure.

Geometrically we interpret:

e () as our space of points
e F as the collection of subsets for which our notion of volume can be defined
e 4, our notion of volume: it gives each measurable set its volume.

To already spoil the game, a probability space will be a measure space with total mass
equal to 1, i.e. u(Q2) = 1. In that case we interpret €2 as the space of all outcomes, F as the
set of events that we can observe and P = p will assign a number, called probability, to each
observable event.

But let us continue a bit in the realm of general measure spaces. For example, here is an
example of measure that can be defined on an arbitrary set §2:

Definition 1.2 (Counting measure). On any set §) one can define the counting measure ji.:
we set F :=P(Q), and p.({w}) := 1 for any w € Q. Notice that if Q is an infinite set, then

1e(2) = 00, so this is a measure, but not a finite measure.
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Here, we still used the power set P(£2) as the sigma-algebra, however the ability to restrict
the measure only on a subcollection F is actually necessary.

1.1.1 o-algebras

The really new bit in the measure-theoretic framework (of probability) is the second bullet
point - the notion of sigma-algebra that determines the observable sets. A way to think about
it as follows:

e We think of measure as of a generalization of the notion of area or volume. However,
this notion is not defined for all possible sets, only for nice enough ones and so F is
the set of all subsets for which this notion of area or volume exits.

In terms of probability would think like this:

e Not all sets can be observed and thus assigned probabilities to - F gives us the
collection of sets that we can observe, and that we call events.

A related analogy is the following: the Riemann integral is not defined for all functions,
even not all functions which are the indicator functions of a set. For example, the function
1 is not integrable for £ = QnN [0, 1]!

How should we choose our g-algebras? In the case of a discrete state space, a natural
choice that always works is the power-set. This means that each set, and in particular each
singleton in our space can be observed and assigned a probability to.

It comes out that when (2 is uncountable, the power set is often too large to be useful -
we already saw that it is impossible to assign positive probabilities to more than countably
many singletons, but we will see other worrying examples below. One hint that complexity
is already on the level of g-algebras is the following:

Exercise 1.1. Show that on a discrete set the smallest oc—algebra containing all singletons
{z} is the power set, but that on [0, 1] the smallest o—algebra containing all singletons {x}
15 strictly smaller than the power set.

So what should we do? As long as there is a topological structure on the set, there is
another very natural way to induce o—algebras:

Definition 1.3 (Borel o-algebra). Let (X, ) be a topological space. The Borel o-algebra F,
on X s defined to be the smallest o-algebra that contains T.

The Borel g-algebra is well-defined because of the following lemma, which says that the
intersection of g-algebras is still a o-algebra. Indeed, using this one can define the Borel

sigma algebra JF, as the intersection of all o-algebras F containing all open sets, i.e. such
that = C F.

Lemma 1.4 (Exo 1.3 in Dalang-Conus). Let 2 and I be two non-empty sets. Suppose that
for each 1 € I, F; is a o-algebra on €.
e Prove that F :=(\,c; Fi is also a o-algebra on ).
e Now, let G be any subset of P(Q2). Then there exists a o-algebra that contains G and
that is contained in any other o-algebra containing G. This is called the o-algebra
generated by G.

Proof. On the exercise sheet. O
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The Boel o—algebra is the standard o-algebra that we will always use on the state space
R and more generally on R™. Observe that

Exercise 1.2. Show that the Borel o—algebra on any topological space contains both all the
open and all the closed sets. Deduce that on R™ it contains all open balls, all closed balls and
all singletons {z}.

Now, in the case of a discrete set, the natural topology to put on the set is the discrete
topology. In that case the Borel c—algebra again agrees with the power-set. However, one
can play with different o—algebras even in the case of discrete spaces as it often helps to
distinguish the level of information that one can observe.

For example, suppose we model the situation with two fair coins. To do this, we set
Q={(HT),(H H),(T,H),(T,T)}. Now, let us look at the role of different sigma-algebras:

o If we can observe the outcome of both tosses, then our sigma-algebra would be P(€2).

e However, suppose the only thing you can observe is the outcome of the first toss.
Then we cannot differentiate whether the full outcome was (H,T) or (H,H), or
similarly whether it was (7, H) or (T,7). We have thus no information about the
second toss, and maybe also no way to assign to it some probabilities. To take this
into account, we can without changing the sample space, change the sigma-algebra
and set it to be F = {0,{(H,T),(H,H)},{(T,H),(T,T)},Q}, where naturally the
first of the sets corresponds to the first toss coming up heads, and the second to the
first toss coming up tails.

e Similarly, maybe our friend only tells you whether the two tosses were the same or
different. Then we cannot differentiate between (H, H) and (7, T), or between (H,T)
or (T, H). We could model this situation by setting

F = {0,{(H, H), (T, T)}, {(T, H), (H,T)},2}.

Often in fact such a situation happens in real life: we only obtain information about the
world step by step, and thus if we want to keep on working on the same probability space,
we can consider different filtrations F; C F5 C F3... such that each next one contains more
information. All possible information is contained in the power set P(€2).

1.1.2  Some basic properties of measruable sets and measures

Let us look at some very basic properties of the collection of measurable sets F and the
measure /4 itself.

First, already the defining properties of the sigma-algebra F gave us plenty of measurable
sets. However, there are many more:

Lemma 1.5 (Constructing more measurable sets). Consider a set Q with a o-algebra F.
(1) If Ay, Ay, ..., € F, then also [, 41 € F.
(2) Then also Q € F and if A, B € F, then also A\ B € F.
(3) For anyn > 1, if Ay,..., A, € F, then also A;U---UA, € F and A;N---NA, € F.

Proof of Lemma[1.5 By de Morgan’s laws for any sets (A;);cr, we have that

N = (J Ao

el el
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Property (1) follows from this, as if Ay, Ay, -+ € F, then by the definition of a o-algebra
also Af, Ag,--- € F and hence

(J4g)eF.

i>1
For (3), again by de Morgan laws, it suffices to show that A;U---UA,, € F. But this follows
from the definition of a o-algebra, as A; U---U A, = J~, A with A, =0 for k > n+ 1.
Finally, for (2) we can just write Q = ()°. Moreover, writing A\B = AN B¢, we conclude by
using (3). O

In a similar vein, the basic conditions on the measure, give rise to several natural proper-
ties:

Proposition 1.6 (Basic properties of a measure and a probability measure). Consider a
measure space (2, F, ). Let Ay, Ay, --- € F. Then

(1) For anyn > 1, and Ay, ..., A, disjoint, we have finite additivity
p(Ar) + -+ p(An) = (A1 U -+ U Ay).

In particular if Ay C Ay then u(A;) < u(As).
(2) If for all n > 1, we have A, C A,i1, then as n — oo, it holds that u(A,) —

M(Uk21 Ag).
(3) We have countable subadditivity (also called the union bound): p({J,>, An) < D 51 1(An).

If in fact p(2) = 1, and thus we have a probability space (and we set P := p), we also have
the following properties:

(4) For any A € F, we have that P(A°) =1 —P(A).
(5) If for all n > 1, we have A, O A,i1, then as n — oo, it holds that P(A,) —

P(nk21 Ak)-

Notice that for two events A, B properties 1 and 4 correspond to properties we already
saw for the Laplace model of probability. Property 2,3,5 are very important in probability!
Let us put them in words in the setting of probability spaces:

e (2) Increasing approximation: If a sequence of events F,, is increasing and grows to
E, then the probability of E is given by the limit of probabilities P(E,,).

e (3) Union bound: the probability that at least one of the events A, Ay, ... happens
is smaller than the sum of probabilities of individual events.

e (5) Decreasing approximation: If a sequence of events E,, decreases to to F, then the
probability of E is again given by the limit of probabilities P(E,,).

Proof of Proposition[1.6. Finite additivity follows from countable additivity by taking Ay =
@ for k >n+1.
For (2), write By = A; and forn > 2, B,, = A, /A,_1. Then B, are disjoint, Uf:]:1 B, = Ax

and (U, Bn = Uy An-
Thus by countable additivity

M(U A) = M(U B;) = ZN(Bi)

i>1 i>1 i>1
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But p is non-negative, so

DBy = lim > u(By)

i>1

By countable additivity again

and (2) follows.
The rest is left as an exercise [l

Exercise 1.3 (Counterexample for general measure spaces). Let (0, F,u) be a measure
space. Find measurable sets (Ay,)n>1 € F such that for n > 1 we have that A, O Apy1. Show
that contrary to probability spaces, it does not necessarily hold that ji(An) — p1([,51 An)-

1.1.3 Measurable maps

In topological spaces continuous functions mix well with topology. In measure spaces
functions that mix well with o-algebra are called measurable maps. We will see that they
come with a special name in the case of probability spaces.

Definition 1.7 (Measurable and measure-preserving maps). Let (Qq, F1, 1) and (Qq, Fo, 112)
be two measure spaces.

e We call a function f : Q1 — Qo measurable if the preimages of measurable sets are
measurable, i.e. if VF € Fy = [~YF) € F.

e Further, a measurable function such that VF € Fy we have that us(F) = pui(f~(F))
15 called measure-preserving.

Observe that the measure itself does not enter in the definition of a measurable map; the
name measurable comes from the fact that the pair (2, F), where 2 is a set and F is a o-
algebra is often called a measurable space. Intuitively, measurable maps preserve the entity
of sets whose area can be measured and measure-preserving maps preserve in addition the
area as well.

Similarly to topological spaces we will from now onwards try to always denote a measurable
function as f : (1, F1) — (992, F2) to keep track of the o-algebras involved. However, the
function f itself is defined on the set {2; and takes values in )5, i.e. it maps w; € {11 to some
Wy € QQ.

As in topological spaces, measurability can be checked on a smaller subset of sets. This is
an important fact that helps you verify measurability:

Lemma 1.8. Suppose (Qq,F1) and (Qq, F2) are two measurable spaces and G generates JFs,
in the sense that the smallest o-algebra containing G is equal to Fy. Prove that if f~1(G) € F
for all G € G, then f is in fact a measurable function from (21, F1) to (Qa, F3).

Proof. The proof is on the exercise sheet. 0

When we have a measurable map, we can transport an accompanying measure from one
space to the other. This is formalized by the idea of a push-forward measure and should be

compared to notions like push-forward metric or volume in geometry:
13



Lemma 1.9 (Push-forward measure). Consider a measurable map f from (0, Fi, p1) to
(Qq, F2). Then f induces a measure pg on (Qg, F2) by pa(F) := i (f~1(F)). Moreover, then
the map f from (1, Fi1, p1) to (Qa, Fo, p2) s measure-preserving.

Often this measure us is called the push-forward measure of ;1. Notice when p; has total
mass equal to 1, then so has uy as then us(Qs) = p1(Qq) = 1.

Proof. We need to just check that ps is a measure. It clearly satisfies (@) = 0. Further,
notice that if Fy, Fy,... are disjoint, then so are f~1(F}), f~'(Fy),.... Thus countable
additivity for us also follows from that of ;. O

In fact, this will be a very important tool to induce new probability measures. For exam-
ple, we will see that all natural probability measures on R can be constructed via suitable
functions from probability measures on [0, 1]. Or as a concrete example:

Example 1.10. Consider the probability space of a fair dice:
(Q, F,P) = ({1,2,3,4,5,6},P({1,2,3,4,5,6}),P)

where P({i}) = 1/6. When we now want to only know whether the dice was odd, we could
take a map S : Q — {0,1} defined by S(1) = S(3) = S(5) :=1 and S(2) = S(4) = S(6) :=
0. This is measurable from (2, F) to ({0,1},P({0,1}). Thus by the previous lemma it
introduces a probability measure P on ({0,1}, P({0,1}), with P({0}) = P({1}) = 1/2. Thus

we have transformed our problem to a simpler probability space.

1.2 Probability spaces

As mentioned a probability space is just a measure space of total measure 1. Let us spell
it out once again:

Definition 1.11 (Probability space, Kolmogorov 1933). A probability space is a measure
space (82, F,P) with total mass 1, i.e. with P(Q2) = 1.

Let us also recall that we call €2 the universe or the state space or the sample space, the
P the probability measure, the sets E € F events and P(E) the probability of the event E.

Although nowadays it is natural to see the concepts of a measure space and probability
space side by side, realizing that measure theory is the right context for all probability theory
took nearly 30 years! It was only the Russian mathematician Kolmogorov who realized that
it encapsulates all the previous models and notions of probability in a satisfactory manner.
Of course, it wasn’t that people were constantly thinking about this issue, but in the 1920s
and 1930s there was a surge in probabilistic modelling and probably this led us to the right
definitions.

It is important to have a good mental picture of how these objects correspond to our
description of the world, let us also come back to the interpretation of each object in (2, F, P)
in the setting of probability spaces:

e () is the collection of all possible states of the situation, of all possible outcomes, very
much like in the simple Laplace model.
e An event is an observable set, i.e. a set of outcomes (thus a subset of 2) whose

happening or non-happening we can observe. The set of all events is the g-algebra
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F. Not all subsets of () are necessarily observable, i.e F is not necessarily equal to
the space of all subsets of ).

e Finally, the function P : 7 — [0, 1] assigns the probability of each event. This can be
interpreted either as the frequency of the event over many independent trials as we
saw in Section 0, or as a certain belief (we will come back to this later.) The numbers
P(E) are something we put into the model based on our assumptions.

This new framework is more general than the intermediate model (and thus Laplace
model). Indeed, if  is countable, we just set F := P(Q2). Now if our intermediate model
has a probability function p : €@ — [0,1] such that )  _,p(w) = 1, we can just define
P(E) =) ,cpp(w) and verify that all axioms of the probability space are indeed satisfied.
For a concrete example, in the fair dice model Q2 = {1,2,3,4,5,6}, F := P(Q2) and for any

event F, we set P(F) := %.

It does, however, not strictly encompass the continuous probability that could be defined
using the Riemann integral. Indeed, consider = [0, 1] and let F be the subset of all sets
A such that 1j,c4) is Riemann-integrable. Then surprisingly F is not a sigma-algebra, as

shown by the following exercise.

Exercise 1.4 (Riemann integral doesn’t mix with measure). Show that for any finite set
A C[0,1] the function 1izcay is Riemann-integrable. On the other hand show that 1i,cqy is
not Riemann-integrable (i.e. the lower and upper sums don’t converge to the same number).
Deduce that the set F of all subsets such that 11,c 4y is Riemann-integrable is not a o-algebra.

Still, it is well possible to talk also of continuous probability spaces in this setting and
to give sense to certain uniform measures on, say, [0, 1] or even on the space of continuous
functions. Most of this, however, requires already a deeper understanding of measure theory
and is out of the scope of this course.

1.2.1 Discrete probability spaces

Usually probability spaces are classified into discrete probability spaces, for which the
state space €2 is countable and continuous probability spaces, for which {2 is uncountable.

Definition 1.12 (Discrete probability space). Probability spaces (2, F,P) with a countable
sample space S are called discrete probability spaces.

If |Q < oo and we set P({w}) = ||, then our probability space has nothing new
compared to the Laplace model. It is also easy to see that we are back to the intermediate
model in case when o-algebra contains all subsets:

Lemma 1.13. Let 2 be a countable set. Then the set of probability measures on (2, P(Q2))
is in one to one correspondence with the set of functions p : Q0 — [0,1] with ) . p(w) =1

The proof is a rather boring affair:

Proof. First, given any probability measure P on (€2, P(£2)), consider the function pp : 2 — R
given by just pp(w) = P({w}). As PP is a probability measure, in fact pp takes values in [0, 1].
Further, by countable disjoint additivity

Y pw) =Y P{w}) =B(Q) = 1.

weN weN
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In the other direction, given such a function p, define P, : P(§2) — [0, 1] for every £ C Q

by
P(E) = 3 p(w).
weE

We know that this sum is well defined as p is non-negative and this sum is bounded from above
by 1. It is then immediate to check that P, satisfies all conditions for being a probability
measure: from definition it is countable additive, and also P(2) = 1.

Finally, as the two maps P — pp and p — P, are inverses of each other, we obtain the
necessary bijection. O

However, here we chose the o—algebra to be the power-set. Is there possibly an extra level
of generality induced by the freedom of choosing a c-algebra in the discrete spaces? The
next proposition says that this is not the case.

Proposition 1.14 (Discrete probability spaces = intermediate spaces). Let Q2 be a count-
able set and consider a probability space (2, F,P). One can construct a probability space
(Q2, P(Qa),P2) such that Qy is countable and there is a surjective measurable and measure-
preserving map [ : Q — Qo, such that F is in bijection with P(€s) via f.

In other words, we can encode any discrete probability space equally well by a probability
space where the o—algebra is a power-set, and thus equally well by what we called the
intermediate model.

Proof. The proof is non-examinable and can be found in the appendix. O

Now, the parameters of a discrete probability model (i.e. p(w) for w € Q) have to be
determined by us. Often they come via observations from the real world, or by assumptions
of equal probabilities like in the case of the Laplace model for finite 2. Thus in this respect,
finite and countably infinite spaces behave very similarly.

One should, however, notice one difference - there are no probability measures on countably
infinite sets that treat each element of the sample space as equally likely. Let us illustrate it
in the case of {2 = Z, though a similar proof would work for any countably infinite {2, when
replacing shifts with general bijections.

Lemma 1.15. There is no probability measure P on (Z,P(Z)) that is invariant under shifts,
i.e. such that for any A € P(Z),n € Z, we have that P(A+n) = P(A) []

Proof. By shift-invariance P({k}) = P({0}) for any k € Z. By countable additivity
1=P(Z) =) P{k}) =) P({0}),

keZ kez
which is either equal to 0 if P({0}) = 0, or equal to oo if P({0}) > 0, giving a contradiction.
U

In particular, this means that we cannot really conveniently talk about a random whole
number, or about a random prime number if we want all of them to have the same probabil-
ity! Still, thinking of prime numbers as random numbers has been a very successful recent
idea. For example, we refer to a beautiful theorem about arithmetic progressions in prime

“Here, as customary, A +n = {a+n:a€ A}
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numbers, called the Green-Tao theorem.

1.2.2  Continuous probability spaces

Probability spaces where €2 is uncountable are called continuous probability spaces. The
most typical examples are the space of sequences of coin tosses 2 = {0, 1}, the unit interval
Q2 =10,1] or © =R. It could also be = R™ or why not even 2 = Cy([0, 1]), i.e. the set of
continuous functions on [0, 1].

As already mentioned, in the uncountable case, things get a bit more involved. Now, given
any uncountable set €2, one can still always define some probability measure on (2, P(Q2)): for
example we could just pick a single w € Q and set P(F) = 1if w € F and P(F) = 0 otherwise
(check this is a probability measure!). But in some sense this is not really looking at the
whole set €2 - only one point is picked out. As the following examples shows, probability
measures that consider all points on an equal stance become problematic as long as we insist
on keeping F = P(Q).

More concretely, it seems very reasonable that there should exist a uniform probability
measure P on the circle S* = {(z,y) € R? : 2? +y* = 1}. By uniform we mean that it would
treat each point equally likely and in particular would be invariant under rotating the circle
by any fixed angle. This seems like common sense! However, the following proposition says
that this is impossible in the realm of measure theory when we want to make all subsets of
St measurable, i.e. when we take F = P(S') [}

Proposition 1.16. There is no probability measure P on (S*, P(SY)) that is invariant under
shifts, i.e. such that for any A € P(S*),a € [0,27), we have that P(A + «) = P(A), where
here we denote A 4+ « the set obtained by rotating the circle by o radians.

You should compare this to Lemma and think why this is more interesting and more
difficult.

Proof. The non-examinable proof is in the appendix. O

As the circle can be seen as the interval [0, 1] pinned together at its endpoints, the same
proposition says that there is no shift-invariant probability distribution on ([0, 1], P([0, 1])).
This might seem like very bad news at first sight. However, it comes out that things can be
mended by choosing a smaller o—algebra F, that is still big enough to carry lots of sets of
interest.

In fact, the notion of Borel o—algebra that we introduced before will help us out: in other
words, one can define a shift-invariant probability measure on ([0, 1], Fg), where Fg is the
Borel o—algebra on [0, 1]. This is however already a rather technical result that will not be
proved in this course. Thus the following theorem is out of the scope for this course, but
will be proved in Analysis IV:

Theorem 1.17 (Existence and uniqueness of Lebesgue measure on the unit cube, Lebsegue
1901 (admltted)) There exists a unique probability measure Py on ([0,1]", Fg) such that
Py ([0, 21] X ...[0,2,]) = I 2;. Moreover such a Py is shift-invariant: i.e. for any set

5To be more precise, it should read in the realm of measure theory and in the framework of Zermelo-
Frankel (ZF) axioms together with the aziom of choice. Indeed, there are logical frameworks which include
ZF, but not the axiom of choice and where every set of real numbers can be taken to be measurable!)
17



A € Fp and any y € [0,1]" we have that Py(A) = Py(A + yff} This is called the uniform
measure or the Lebesque measure on [0, 1]".

Remark 1.18. In fact, as you will see next semester the o-algebra on which we can take
the measure can be taken to be even larger - basically can also add all sets S C [0,1]" such
that there is some B € Fg with u(B) =0 and S C B. The resulting o-algebra is called the
Lebesque o-algebra. For probability, however, one usually works with the Borel o-algebra.

As a corollary, one can obtain the existence and uniqueness of the Lebesgue measure on
R™:

Corollary 1.19 (Existence and uniqueness of the Lebesgue measure on R"™). Consider
(R™, 1) with its Borel o-algebra Fg. Then there ezists a unique measure pn on (R™ Fg)
such that p([ay, by] X -+ X [an, by)) = Iy (b; — a;) for all vectors (aq,. .., a,) and (by, ..., by)
with real numbers a; < b; for all i < n.

Proof. This is on the Exercise sheet 4. 0

Defining natural probability measures on more complicated uncountable sample spaces,
is in several cases still an (interesting) open question. On € = Cy([0, 1]), with its Borel
o-algebra, this has been done and the measure is called the Wiener measure (or Brownian
motion).

1.2.3 Two interesting examples of discrete probability spaces

Finally, let us introduce two interesting examples of interesting discrete probability spaces.
You have already seen spaces for coin tosses, for dice, for black jack or poker. But of course
there are much more structured situations or objects that one might want to describe using
probability. We consider here two examples:

e A model of a random walk - this could be a trajectory of an ant, or a molecule or
who knows, maybe a stock on a financial market?

e A toy model of a random graph - this could be used possibly to describe social
networks, or networks in the brain etc...

We will start from the very simplest models. Real models for the listed phenomena would
be more complicated, but these simple models allow already to start playing with certain
phenomena and give a background model to test ideas and hypothesis. Moreover, one can
prove many beautiful theorems in combinatorics and probability theory about these objects!

The following is a description of an undecided person walking up and down - here we
consider each trajectory as equally likely:

Example 1.20 (Simple symmetric random walk). Let n € N and let Q be the set of all
simple walks of n steps, i.e. Z-valued vectors (So,Si,Ss,...,S,) such that Sy = 0 and
|S; — Si_1| = 1.

Now set F = P(Q) and define P such that P({w}) = |Q]7! = 27" for each w € Q (what
does each w here correspond to?). The corresponding probability model is called that of a
symmetric simple random walk.

Shere A + y is considered modulo 1, i.e. in n =1 for example A+y = {a+y mod 1:a € A}.
18



One can easily generalize this to higher dimensions by for example taking vectors of such
walks. Our main question for such models is the following: how does an instance of a
random walk look like? Can we describe using probability theory how high it will be, how
it fluctuates etc? How to do it?

For a starter, it’s good to start with some simple calculations:

Exercise 1.5. Calculate the probability that the simple random walk of length n is equal to
zero after 4 steps. What do you notice?

Similarly, maybe the easiest model of a random network or graph is the one where you
consider each graph with the same vertex set as equally likely:

Example 1.21 (Uniform random graph). Let n € N. A simple graph is a set of vertices
V = {uv,...,v,} together with an edge set E, that is some subset of {{vi,v;} : (v;,v;) €

V x V,u; # v;}. You can imagine the graph as drawing all the n points vy, ..., v, on the
plane and then drawing a line between v; and v; to say they are connected if and only if
{?}Z‘, Uj} € FE.

The probability model for a uniform random graph is defined as follows: we let €2 be the set
of all simple graphs G with vertex set V , set F = P () and define P such that P({G}) = ||~}
for each graph G € Q.

Here again we would basically want to see how the graph or network looks like: how many
neighbours does a vertex typically have? What is the shortest distance between two vertices?
Etc etc...All these questions have nice interpretations for example in social networks - the
number of friends, or the shortest communication path between two people etc...

Naturally, we don’t expect social networks to be well described by a model where every
graph is equally likely! Still, good to start somewhere:

Exercise 1.6 (Uniform random graphs). Consider the probability model for uniform random
graphs.
o What s the size of the sample space €2, i.e. how many simple graphs are there on n
vertices?
e What is the probability that there are exactly 3 edges in the graph?
e Show that the probability of the event that there is an isolated vertex, i.e. a vertex
that is not connected to anyone else, goes to zero as n — oo.

In both models we see that in order to start describing them, we would like to introduce
some random quantities: the maxima of the walk, or the number of zero of the walk...or the
largest degree of a graph, the size of the biggest component etc...The mathematical concept
for doing this is called a random variable.

1.3 Random variables

In the realm of probability spaces, measurable maps have a special name - they are called
random variables.

One can think of them as follows: when you have a probability space, then events would
correspond to yes-no questions. For example, if we model the weather and each w € Q is a
state of the atmosphere, then events would answer questions like: is it going to rain? are

there any clouds?
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Random variables on the other hand help to observe and describe numerical information:
e.g. how many mm will it rain and for how many hours? Or, even more complicated
information: What type of clouds to we expect to see?

Definition 1.22 (Random variables). A random variable is just a measurable function X :
Q — R from some probability space (2, F,P) to the measurable space (R, Fg), where Fg is
the Borel o-algebra on R.

More generally, a (Qo, F3)-valued random variable is just a measurable function X : Q —
Qy from some probability space (Q, F,P) to a measurable space (Qq, Fs).

Thus random variables X are just functions from a probability space €2 to R. However, in
the realm of probability theory we are interested not in the exact correspondence between
individual w—s and real numbers, but we rather ask which values in R are taken with which
proportion (according to IP). This information is called the law of a random variable:

Definition 1.23 (Law of a random variables). We call the probability measure Px on (R, Fg)
defined for all events E € Fg by

Px(E) :=P(X HE)) =P{we Q: X(w) € E})
the law or the distribution of the random variable X .

Notice that the fact that Py is a probability measure follows from Lemmal[l.9 For F € Fg
we will often use the notations

P(X € E) :=P(X '(E))

insisting that we think of X as a random quantity taking some values. We also denote the
event {w € Q: X(w) = k} simply by {X = k} or even by just X = k. By custom, we keep
the capital letters X, Y, Z often for random variables - not to confuse with the same notation
also often used for topological spaces!

Notice that by definition, the law of a random variable is fully determined by a collection
of events. This is formalized by:

Definition 1.24 (Equality in law). Two random variables X,Y are said to be equal in law
or equal in distribution, denoted X ~'Y if for every E € Fgr we have that Px(E) = Py (E).

In particular, two random variables that are equal in law could be defined on different
underlying probability spaces (€2, F,P) - we are only interested that they give rise to the
same law on (R, Fg). So in that sense the underlying probability space plays only an auxiliary
role here. This is also nice, as it paves way for comparing different probabilistic phenomena
in different contexts.

Here are some concrete examples of probability spaces and random variables defined on
them.

e Indicator functions of events. The simplest random variables arise when asking
whether and event happened or not and are just the indicator functions of events.
More precisely, if we have a probability space (2, F,P), then for any E C Q, the in-
dicator function 1g(w), which is equal to 1 if w € E and zero otherwise, is a random
variable. Indeed, for any F' € Fpg, the preimage of F' under 1g is either equal to
E,E¢,Q or () and by definition they are all measurable sets of 2. We will return to

such random variables soon and call them Bernoulli random variables.
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o The number of heads. For n € N consider the probability space ({0, 1}", P({0,1}"), P)
where P is the probability measure that treats each sequence of coin tosses as equal.
Let us show that

X, = total number of heads

is a random variable: indeed, we just need to show that X is a measurable function
from ({0,1}",P({0,1}"),P) to (R, Fg). But all subsets of the probability space are
measurable, so the condition is automatically satisfied! This happens always when
the o-algebra on our initial probability space is the power-set — this should remind
you of the fact that all functions from a topological space with the discrete topology
are continuous.

e Properties of a random graph. Further, we could also consider the example of uniform
random graphs on n vertices as in the Exercise sheet 1 or 3. Then again, we used
the power-set as the o-algebra on the set {2 of all possible graphs on n vertices. Thus
both

Y] = the number of edges that are present

and
Y5 = the number of connected components

are random variables. Notice that using these random variables we can much more
freely talk about this random graph and about how it looks like.

e Properties of a random walk. As a final example, consider the model of random walks
on n steps as defined earlier — again, we can describe this model well using random
variables. E.g.

/1 = maximal value of the walk

and

Z5 = the number of times the walk visits zero

are both random variables. This is again just because our probability space for
random graphs was built using the power set as a o-algebra and in that case all real
valued functions F': (2, F) — (R, Fg) are measurable and hence random variables.

e Standard normal random variable. You have probably already heard about Gaussian
random variables, we will meet them soon!

Among random variables, one usually separates discrete and continuous random variables
(but notice that there are also random variables that are neither, but rather a mixture!):

Definition 1.25 (Discrete and continuous random variable). A random variable X is called
discrete if there is a countable set S C R, called the support of X, such that for all s € S we
have that P(X =s) >0 and P(X € S) =1. We call X a continuous random variable if for
every s € R, we have that P(X = s) = 0.

As you might expect from the name, discrete random variables can be indeed modelled
using a discrete probability space:

Exercise 1.7. Let X be a discrete random variable and S its support. Show that one can
define a random variable X with the same law as X on the probability space (S, P(S),Ps),
determined by Pg(s) =P(X = s).
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We will come back to random variables very shortly. Indeed, random variables are the
language for studying and describing random situations, so a big chunk of the course will be
the study of random variables and their properties.

But first, there is maybe an even more important notion - that of independence.

1.4 Some non-examinable proofs

Proof of Proposition[1.1]] The idea is to partition €2 into indecomposable sets F' € F, i.e. to
write 2 = Uiel F; such that F; are disjoint and for any F' € F and any F}, either FNF; = ()
or F; C F'. These F; will correspond to elements or atoms’ of €25.

To do this, define for each w € Q) the set F, = ﬂFeF’weF F. We claim that F, € F.
This is not obvious as the intersection might be uncountable. Now, for any & ¢ F,,, pick
some G € F with w € G bu/t\ W ¢ G5. Notice that such a set must exist, as otherwise
W € F,. Moreover, notice that Q := {& ¢ F,} is countable. Thus ﬁw = (Noea Ga € F. We

claim that in faci ﬁw =F, Asw g\ﬁw, by definition F,, C ﬁw. On the other hand also by
definition FS C F¢ and thus F, = F, € F.

We now claim that the sets F,, partition 2 as explained above: first let w, € Q. We
claim that either F; = F|, or they are disjoint. Suppose they are not disjoint. Then both
F,NF; € Fand F\F; € F. But if F, # F; then one of these sets contains w and is
strictly smaller than F,, contradicting the definition of F,. Now, consider any other F' € F.
Then either F, N F' = (), or there is some & € F,,. The by definition Fz C F. But also as
F; N F,, # 0 we have that F; = F,, and thus F,, C F.

Now, as 2 is countable, there are countably many sets F,,. Thus we can enumerate them
using a countable index set I as (F;);e;. We now define f : Q — I by f(w) = iy, where i, € I
corresponds to the index of ¢ such that w € F;. It is now easy to verify that f is measurable
from (2, F) to (I,P(I)). Thus we can induce a probability measure P; on (I,P(I)) as a
push-forward of P, i.e. via Lemma +, and obtain that f is in fact measure-preserving as a
map from (2, F,P) to (I,P(I),P;). It remains to argue that every measurable set F' € F
map to a measurable set. But all subsets of I are measurable and thus this follows trivially.

O

Proof of Proposition[1.16. The idea is to decompose S! into a countable number of shifted
copies of a set R and then to draw a contradiction like in Lemma [I.15]

Consider some irrational number r € [0, 1] and the following operation 7' : ST — S*: we
rotate the circle by 27 radians. The inverse operation T'~! rotates it by —r27 radians.

For any x € S*, consider set

Se={....,T (), T Yx),2,T(x), T*(x),...}.

Notice that by the fact that r is irrational, we have that T%(x) # T'(z) for all k,l € Z
and thus S, is countably infinite: indeed, otherwise 7% !(z) = =, but T*~! is a rotation of
r(k — 1)2m ¢ 277 radians and thus this is impossible.

We claim that the countably infinite sets S, are either disjoint or coincide and that they
partition S'. First, notice that each z € S,, thus (J, 1 S: = S*. Hence it remains to
show that if S, NS, # 0, then S, = S,. So suppose that there is some z € S, NS,.
Then by definition there is some k,,k, € Z such that T%=(z) = T*(y) = 2. But then
x =T (z) = T" " (y) and hence for any [ € Z, T'(x) = T =*(y) and S, = S,,.
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By the Axiom of choice [Z| we can pick one element s, from each disjoint S, and define R
as the union of all such elements.

Now for i € Z, let R; = T*(R). We claim that all R; are disjoint. Indeed if z € R; and
z € Rj, then there must exist w,y € R such that T(w) = z = T’(y) and in particular
T (w) = y. Thus on the other hand w and y would need to belong to the same S,, and
on the other hand this is impossible as we saw that T*(z) # = for all k € Z. Moreover,
UieZ R;=5S"as UieZ R; = Uxesl So-

Hence by countable additivity 1 = P(S*) = >, _, P(R;) and shift-invariance P(R;) = P(R)
gives a contradiction as in the proof of Lemma [I.15 U

"Recall that the Axiom of choice says the following: if you are giving any collection of non-empty sets
(Xi)icr, then their product is non-empty. In other words, you can define a function f : I — (J,c; X; such
that for all ¢ € I, f(i) € X;. Using this axiom cannot be avoided here!
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SECTION 2

Conditional probability and independence

We saw in the case of Laplace model that probability has one interpretation as modelling
the frequency of something happening in a repeated experiment, when each experiment 'does
not influence’ the others. We will now develop a mathematical meaning to this ’does not
influence’. This will be called independence.

More generally, we will set up the vocabulary to talk about how the knowledge about
some random event influences the probabilities we should assign to other events. This leads
us to talk about conditional probabilities.

2.1 Conditional probability

We have already considered (in the course and on the example sheets) many unpredictable
situations where several events naturally occur either at the same time or consecutively: a
sequence of coin tosses or successive steps in a random walk, or different links or edges
in a random graph. In all these cases, the fact that one event has happened could easily
influence the others. For example, if you want to model the financial markets tomorrow, it
seems rather advisable to take into account what happened today. To talk about the change
of probabilities when we have observed something, we introduce the notion of conditional
probability:

Definition 2.1 (Conditional probability). Let (Q, F,P) be a probability space and E € F
with P(E) > 0. Then for any F' € F, we define the conditional probability of the event F
given E (i.e. given that the event E happens), by
P(ENF)

P(E)
Recall that E N F' is the event that both £ and F' happen. Hence, as the denominator is

always given by P(E), the conditional probability given F is proportional to P(E N F') for
any event F'. Here is the justification for dividing by P(E):

Lemma 2.2. Let (2, F,P) be a probability space and E € F with P(E) > 0. Then P(-|E)
defines a probability measure on (2, F), called the conditional probability measure given E.

Proof. First, notice that I is indeed defined for every F' € F. Next, P(Q|E) = P(0)/P(E) =0
and P(Q|E) =P(F)/P(FE) = 1. So it remains to check countable additivity.
So let Fi, Fy, ... F be disjoint. Then also E N F}, EN F;, ... are also disjoint. Hence

P(UFz|E) _ P((Uizl F)NE) P(Uiz1(ﬂ NnE)) _ Z P(IZ;Z(E)E) _ ZP(F1|E)a

P(F|E) :=

P(E) N P(E)

i>1 i>1

and countable additivity follows.
OJ

It should be remarked that conditional probability of an event might sometimes be similar
to the initial probability (we will see more about this very soon), but it might also be

drastically different. A somewhat silly but instructive example is the following: conditional
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probability of the event E° conditioned on E is always zero, no matter what the original
probability was; similarly the conditional probability of F, conditioned on E' is always 1.

Exercise 2.1 (Random walk and conditional probabilities). Consider the simple random
walk of length n.
o What is the probability that the walk ends up at the point n at time n? Now, suppose
that the first step was —1. What is the probability that the walk ends up at the point
n at time n now?
e Suppose that n is even. What is the probability that the walk ends up at the point O
at time n? Now, suppose that the first step was —1. What is the probability that the
walk ends up at the point 0 at time n now?

One also has to be very careful about the exact conditioning, as two similarly sounding
conditionings can induce very different conditional probabilities.

Exercise 2.2 (Uniform random graphs and conditional probabilities). Consider the uniform
random graph on n > 3 vertices as in Example[2.18
o What is the probability that the graph is connected given each vertex is connected to
exactly one edge?
e What is the probability that the graph is connected given that each vertex but one is
connected to exactly one edge?

Still, although conditional probabilities are often tricky, they are very important and
useful. For example, they help to decompose the probability space. Indeed, the following
result is a generalization of the following intuitive result: if you know that exactly one of
three events Fy, Fy, E5 happens, then to understand the probability of any other event F', it
suffices to understand the conditional probabilities of this event, conditioned on each of Ej,
i.e. the probabilities P(F|E;).

Proposition 2.3 (Law of total probability). Let (Q, F,P) be a probability space. Further,
let I be countable and (E;);cr be disjoint events with positive probability and such that €\
(Uiel E,) has zero probability. Then for any F' € F, we can write

= P(F|E)P(E
el
Proof. We can write F' as a disjoint union

— (Fﬂ (UEQ) U (Fﬂ @\ (\J Ei))>

iel iel
and as P (F N (Q2\ (U,e; E1))) = 0 by assumption, we see by additivity of P under disjoint
unions that P(F) =P (F N (U,e; Ei)) -
Now rewrite F'N(U,c; i) = U, (FNE;). Because (E;);er are disjoint, so are (F'NE;)er.
Hence again by countable additivity for disjoint sets

IP(F)zIP(U (FNE;) ) > P(FNE).

el el

Now, by definition P(F N E;) = P(F|E;)P(E;) and the proposition follows.
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2.2 Independence of events

Conditional probabilities are of course not at all difficult when the probability of an event
does not change under conditioning - i.e. when P(E|F) = P(E). Such pairs of events are
called independent. In fact the rigorous definition is slightly different:

Definition 2.4 (Independence for two events). Let (2, F,P) be a probability space. We say
that two events E, F are independent if P(E N F) = P(E)P(F).

Observe that when P(F') > 0, then we get back to the intuitive statement of independence,
i.e.that P(E|F) = P(F). Indeed, if E and F are independent we can write
P(ENF) P(E)P(F)
P(E|F) = = =P(E).
(BIF)= =5 = —5(p)~ =P
We have chosen the other definition, as then we automatically also include the case where
possibly P(F) = 0. Here are some basic properties of independence:

Lemma 2.5 (Basic properties). Let (Q, F,P) be a probability space.
o If E is an event with P(E) = 1 then it is independent of all other events.
e [f E, F are independent, then also E° and F are independent. In particular every
event with P(E) = 0 is independent of all other events.
e Finally, if an event is independent of itself, then P(E) € {0,1}.

Proof. Let E, F € F. By inclusion-exclusion formula
P(EUF)=PE)+P(F)-P(ENF).
Now, if P(E) = 1 then also P(EUF) > P(E) = 1 and hence this gives P(ENF) = P(F) =
P(F)P(F) and hence E and F are independent.
For the second property, we can write by law of total probability
P(ENF)+P(ENF)=P(F).
By independence of E, F' we have P(E N F) = P(E)P(F) and thus it follows that
P(E‘NF)=P(F)(1-P(E)) =P(F)P(E°)
as desired. The second part then follows from the points 1) and 2).
Finally, if F is independent of itself then P(E) = P(E N E) = P(E)? Hence P(F)(1 —
P(E)) = 0, implying that P(E) € {0,1}. O
There are two different ways to generalize independence to several events:

e mutual independence
e and pairwise independence

The stronger and more important notion is that of mutual independence.

Definition 2.6 (Mutual independence). Let (2, F,P) be a probability space and let I be an
index set. Then the events (E;)cr are called mutually independent if for any finite subsets

I, C I we have that
P (ﬂ E) = e, P(E).

icly
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Similarly, one can generalize this to an arbitrary collection of sets of events.

Sometimes one does not have the full mutual independence or at least does not know it
holds, and just pairwise independence can be asserted. There are similar notions of k—wise
independence.

Definition 2.7 (Pairwise independence). Let (2, F,P) be a probability space and let I be an
index set. Then the events (E;);c; are called pairwise independent if for any i # j € I the
events IJ; and E; are independent.

It is important to notice that, whereas mutual independence clearly implies pairwise in-
dependence, the opposite is not true in general:

Exercise 2.3 (Pairwise independent but not mutually independent). Consider the probabil-
ity space for two independent coin tosses. Let Fy denote the event that the first coin comes
up heads, Es the event that the second coin comes up heads and Es the event that both coin
come up on the same side. Show that Ey, 5, F3 are pairwise independent but not mutually
independent.

Finally, one can also talk about independence of collections of events. This will be impor-
tant when we try to generalize the notion of independence from events to random variables

Definition 2.8 (Mutual independence of collections of events). Consider two collections
events (E;)ier and (F})jes all defined on the same probability space. We say that they are
independent if for allv e I,j € J:

P(E; N Fj) = P(E)P(F}).
In case of a J different collections of events (Ej;)icr;, we say that they are mutually inde-

pendent if for any finite subset J, C J and any events E; ;. with j € J;

)L

IED <ﬂ E]’Z]> == HjEJlI[D(Ej,Z'j)-

JjeN
2.2.1 Conditional independence of events

Finally, the notion of independence under a conditional measure has earned its own name:

Definition 2.9 (Conditional independence). Let (2, F,P) be a probability space and let I
be an index set. Then the events (F;)ier are called conditionally independent given E if for
any finite subsets Iy C I we have that

P (ﬂ E|E) = e, ,P(F}|E).

el

As with conditional probability, conditioning can also change the presence or absence of
independence - as a silly extreme example again the event E on which you condition, becomes
independent of everything. We will meet a more interesting example very soon.

Exercise 2.4. Let (), F,P) be a probability space and Ey, Ey, E5 pairwise independent events
with positive probability. Show that if Ey and Es are conditionally independent, given Es,

then Ey, Es, E5 are mutually independent.
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2.3 Independence of random variables

Of course we want to not only talk about independence of events, but also about inde-
pendence of random quantities, that we described using the notation of random variables.
Recall that (the law of) a random variable X is characterized by all events {X € E} for
Borel sets £ C R. The mutual independence of random variables is then defined as mutual
independence of these sets of events. More precisely,

Definition 2.10 (Mutually independent random variables). Let I be an index set and (X;)ier
a family of random wvariables defined on the same probability space (2, F,P). We say that
these random variables are mutually independent if for every finite set J C I and all Borel
measurable sets (E;);c; we have that

P(({X; € Ej}) = e P(X; € Ej).
jeJ

Of course checking this condition over all possible sets of events seems like an impossible
task! Luckily it actually suffices to check independence already for a smaller collection of
events. The following lemma states that it suffices to only show that every collection of
finitely many random variables are mutually independent, and moreover that we can restrict
to only a small subset of events to check independence. The proof needs a bit more measure
theory than we have, thus it is admitted:

Proposition 2.11 (Equivalent statement of independence (admitted)). Consider random
variables X1, Xa, ... defined on the same probability space (2, F,P). Then X1, Xs,... are
mutually independent if and only if for every m > 2 and all pairs (a;,b;)j=1..m with a; < b;
we have that

P( () {X; € (a;,b]}) = MigjemP(X; € (a;,b5)).

1<j<m
Assuming this, we can, however, come up with more conditions:
Exercise 2.5. Consider random variables X1, Xo, ... defined on the same probability space

(Q, F,P). Then X1, Xs,... are mutually independent if and only if for every m > 2 and all
pairs a; € R we have that

P( () {X; < a;}) = ThejemP(X; < ay).
1<j<m
We can easily prove a version of the Proposition the case of a finite number of discrete

random variables and it is instructive to do so:

Lemma 2.12 (Independence for discrete random variables). Let Xy,..., X, be discrete ran-
dom wariables with supports Si,...,S, defined on a common probability space (2, F,P).
Then X1, ..., X, are mutually independent if and only if for every s; € S1,...,8, € Sn, we
have that

P(O{Xz‘ = s;}) = I, P(X; = s9).

Proof. This is left as an exercise. O
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Exercise 2.6 (Simple symmetric random walk). Prove that for a simple random walk of
length n all the increments of the walk, i.e. A; = S; — S;—1 fori = 1...n, are mutually
mdependent random variables.

The notion of independent random variables is very important and widely used - often
also just because otherwise it is very difficult to do any calculations! Often one talks about
a sequence of i.i.d. random variables Xi, Xo,... - this means that (X;);>; are mutually
independent (first ’i’) and all have the same probability law, i.e. are identically distributed
(the ’i.d.”). Let us bring it even out as a definition:

Definition 2.13 (Independent identically distributed random variables). Let X7, X, ...
be random wvariables defined on a common probability space. We call X1, Xo,... w.i.d., i.e.
independent and identically distributed if they are mutually independent and all have the
same probability distribution.

Intuitively, this corresponds to repeating the very same random situation or experiment
over and over again.

A silly-sounding but very reasonable question to ask is the following: does there even
exist a probability space with finite or with countably or unaccountably many independent
random variables?

In general this is not an easy question! In fact, as soon as one has countably many non-
constant random variables, the underlying probability space would need to be uncountable
to do that! We will partly deal with this question in the next subsection.

2.4 Independence and product probability spaces

Mutual independence of random variables is naturally linked to products of probability
spaces. Indeed, consider probability spaces (£2;, F;, ;) for i = 1...n. Then to construct the
product probability space we need a product o—algebra and a product measure.

(1) The product o—algebra Fy; is defined as the smallest o—algebra containing all F; x
- x B, with F; € F;.

(2) The product probability measure Py of Py, ..., P, on (III",Q;, Fr) is defined as the
only probability measure such that

P(El X X En) = H?:lpz(EJ
for all £y x - x F,, with E; € F;.
There is no difficulty in defining the product o-algebra, thanks to Lemma[I.4l Even in the
case of countably infinite products, it would work out very well. The existence and uniqueness

of the product measure are however technical already in the case of finite products. So we
will state the following theorem without proof:

Theorem 2.14 (Product measure // admitted). For i € N, let (Q;, F;, ;) be probability
spaces. Then there exists a unique probability measure Py on (I;en$;, Fni) such that for any
finite subset J C N and any event E of the form E = ;enF; with F; = € for i ¢ J and
F,=FE; € F; fori € J, we have that

(2.1) Py(E) = e Py (E)).

We call such a measure the product measure of the collection ((;, Fi, P;))i>1.
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It is rather easy to see the existence and uniqueness in the case of a finite number of discrete
probability spaces, so let us do that. Below, we state it in the case where the o—algebras
are equal to the power set, but as seen in Proposition this is also encompasses the case
of general o—algebras on discrete spaces.

Lemma 2.15 (Discrete product spaces). Let (€, P(§%;),1P;) fori=1...n be discrete proba-
bility spaces. Then the product probability Pr; measure on (117, €2, ]:H) exists and is unique.

Proof. Observe that Fi; = P(I17,€2,): indeed, as each {w;} € F;, it follows that {(w:, ..., w,)} €
Fr. But we saw that in case where (); are discrete, the smallest 0—algebra containing all
the singletons is the power-set.

Now, we have that
Eix--xE,= | {(w,...,wn)}

Viw; ERB;
Moreover, for a finite product of discrete probability spaces this disjoint union is countable.

It follows that
Pu(By x -+ x By) = > Pa({(wy, ., wa)}).

Vi:w; EE;

> MLPi({w}) =L Pi(E),
Viiw; EF;
the condition for being a product measure is equivalent to

Pr({(wr, ... wn)}) = L Pi({wi})

for all w; € ;. But we can just use this condition to uniquely define Pr!

Indeed, the right-hand side is a well defined number in [0, 1] and we know that to determine
a probability measure on a discrete probability space with its power-set, it suffices to just to
determine the probability on singletons.

The only question we might have, why does this define a probability measure, i.e. why are
axioms satisfied by this definition? We leave this simple check of axioms to the reader. [

As also

Notice that by the definition of product measure, on the product probability space with
product measure the events Fi,..., F,, of the form F; = Q; x Q9 x ... E; x --- x ,, with
E; € F; are mutually independent. This inspires the following observation:

e if we are given some laws of random variables and we want to construct a common
probability space on which all of these random variables are defined and are moreover
mutually independent, then we should use product spaces.

For example to model a sequence of n independent fair coin tosses we take the product
space of n copies of ({0,1},P({0,1})) with the probability measure that sets P({0}) =
P({1}) = 1/2. You can check that the model you get is exactly the Laplace model on n
indistinguishable fair coin tosses that we discussed in the beginning of the course.

We will again state this proposition in a larger generality than we prove it.

Theorem 2.16 (Existence of probability spaces with independent random variables // partly
admitted). Consider random variables (X;);>1. Then we can find a common probability space

(Q, F,P) and random variables (X;)i—1>1 defined on (2, F,P) such that

e Foralli>1, X, and has the law of X;
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e Moreover, the random variables (Xi)i21 are mutually independent.

We will again content ourselves with proving it in the case of discrete random variables
and for finite products.

Case of finite products of discrete random variables. Using Exercise [L.7, we can find for i =
1...n discrete probability spaces (€2;, P(€);),P;) and random variables )A(Z : ©; — R that
have the same law as Xj.

By the Lemma [2.15 above, we can construct the product probability space corresponding
to these probability spaces, denoted (II*_,€;, Fr1, Pr).

Now, define )?i(wl, ey Wp) = )/(\'Z(wz) One can check that X; thus defined are all random
variables and they are defined to have the same law as X;. Indeed, by the definition of X;
and the product measure

P (E) =Pp(Rx - x X; '(E) x Rx -+ x R) = Pg ().

Finally, we need to check that the random variables ()?Z)lzln are mutually independent
on the space (I ,€;, Fi1, Prp). From the identity

(X;e B} ={Rx - x X;Y(E)xRx--- xR}

we have that:
Pu( () {Xi € E}) = Pu(Il, X, (E))).

i=1...n

By the definition of product measure this equals IT{_; P (£;), which in turn equals IT}_, P %, (E;
by equality in law. The last expression is equal to H?ZIIP)H()NQ € E;) by definition and we
conclude. O

2.4.1 Examples of product spaces

As explained above, as soon as we deal with independence, product spaces is a good choice
for the underlying probability space. For example, product spaces come up naturally when
modelling a sequence of independent coin tosses.

Example 2.17. Suppose you have a coin that is not fair, but comes up heads with probability
p € (0,1). How would you model the sequence of independent n such tosses?

The assumption of all sequences being equally likely does not make sense any longer (e.g.
think of the case when p is near 1, then certainly the sequence of all zeros and all ones
cannot have the same probabilities). However, the assumption of mutual independence and
its relation to product measures are useful!

Indeed, we can define the probability space as follows:

o we take the product space of n copies of ({0,1},P({0,1}),P,) , where P, such that it
gives 1 with probability p and 0 with probability 1 — p.

Notice that in this probability space, the probability of a fixed sequence of n tosses with m
heads and tails n —m is exactly p™(1 —p)"~™. If we further want to calculate the probability
that we have exactly m heads we have to sum over all sequences with m heads and we get

(Yp™(1— p)". Check that 3"y (")p™(1 — p)n™ = 1/
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In fact, product spaces become very handy in many probabilistic models. For example,
the random walk defined in Example [I.20] can be modeled on a product space and in the
case of random graphs, it gives a nice a very natural way to generalize our model:

Example 2.18 (Erdos-Renyi random graph). For n € N consider again a set of vertices
V' of size n The Erdds-Renyi random graph G, of parameter p € [0,1] is then defined by
including each possible edge independently with probability p

Exercise 2.7 (Erdos-Renyi random graph). Define the Erdés-Renyi random graph for pa-
rameter p on a product probability space and show that the probability of each possible graph
G is given by P,({G}) = plfl(1 — p)n=1/2=IEl where |E| is the number of edges in this
graph G.

e Show that if we take p = @, then the probability that the graph is connected con-
verges to 1 as n — oo.

e Show that if we take p = n—lg, then the probability that the graph is connected converges
to 0 as n — oo.

2.5 DBayes’ rule

Often one hears about conditional probabilities not through independence, but through
the Bayes’ rule:

Proposition 2.19 (Bayes’ rule). Let (Q, F,P) be a probability space and E, F' two events of
positive probability. Then

p(E|F) = DEIEIFE) IL?}I;D(E)

It’s not only that the statement looks innocent, but also the proof is a one-liner - by
definition of conditional probability, we can write

P(E|F)P(F) = P(EN F) = P(F|E)P(E).

So why is this simple result so important and talked-about? Let us look at an example
that comes from Thomas Bayes himself, who was looking at a slightly more advanced version
of the same situation.

2.5.1 Example of Thomas Bayes

Suppose that every week the same lottery takes place with the same rules, there are
10000 tickets and a proportion p of them wins. To begin with, you don’t know what is the
proportion p of winning this lottery, you only know it is either 1/3 or 2/3.

But now, you have played n times and won m times - can you say whether anything about
this parameter p? Clearly, the number of times you have won tells you something about this
probability - if you win every single time, you would guess that this winning proportion is
rather 2/3 than 1/3; if you never win in 100 rounds, you probably guess the opposite.

To analyse this situation more precisely, we want to construct a probability space. We
want to both include the unknown proportion p, which will correspond to the probability of
winning, and the outcomes of each weekly lottery.

How should we do it?
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e First, suppose the winning probability is p. Then each week there is an independent
event of winning with this probability. This is exactly the same as having n inde-
pendent coin tosses with a biased coin of probability p and we can model it using a
product space.

e But this probability p, the 'chance parameter’ itself is unknown! To solve this, we
actually make this probability p also a random quantity our model, as to begin with
it could be either 1/3 or 2/3.

Thus we can build our probability space as follows

e We set 2 = {1/3,2/3} x {0,1}", where the first co-ordinate denotes the unknown
‘chance parameter’ p and the coordinates model the outcomes of n weekly lotteries
by setting 1 if we win, and 0 if we lose.

e A priori all possible combinations could be observed, so we set F := P().

e Finally, how should we set the probabilities? As we know nothing about p to begin
with, we consider both possibilities of p equally likely. Further, conditioned on the
value of this 'chance parameter’ p, all the weekly lotteries are conditionally indepen-
dent and have winning probability p. Thus, conditioned on the value of p, a fixed
sequence with m wins and n — m losses would have probability p™(1 — p)*~™, as in
the case of coin tosses with a biased coin before.

Exercise 2.8. Consider the probability model for the example of Thomas Bayes, i.e. ) =
{1/3,2/3} x {0,1}", F :=P(Q), P{(p, w1, ..., wn}) = 5p™(1 — p)"~™. Fori=1,2, denote
by F; the event that p = i/3 and by E,, the event that we got exactly m wins in n weeks.
Calculate

e the probability P(F;)

e the probability P(E,,|F})

e the probability P(E,,)

Using Bayes formula obtain an expression for P(F;|E,,), i.e. the conditional probability of
the winning chance i/3 given m wins.

Show that in this calculation when m = n, we have that P(F3|E,) — 1 as m — oo.
Conversely, show that if m = 0, we have that P(F\|E,) — 1 as m — oo. Calculate the
probabilities P(F;|E,,) in the case m =n/3 as n — oc.

This example already explains the usefulness of Bayes’ rule to large extent. Namely, very
often we start modelling unknown situations from very little information, so to build up
our probabilistic model we have to use some assumptions — like the assumptions of equal
probability for each winning probability in this concrete case — and when we have more data,
and more observations we can start updating our model to build a more accurate description
of the situation.

2.5.2 A more recent example of Bayes

Most often, one hears about Bayes’ rule though in the realm of medicine. Let us give an
example of this from a spring of a year that will not be remembered happily.

In late spring 2020 one used several different tests to see whether your body has produced
antibodies against SARS-CoV-2 and thus whether you carry the disease / could be immune

to COVID at least that moment.
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Their preciseness was a good-sounding 95%, meaning that both false-positives (the test
tells that you have antibodies when you actually don’t) and false-negatives (the test tells
that you don’t have antibodies, but you actually do) would only appear in 5% of the tests
taken.

However, despite this good preciseness, caution was recommended in interpreting your
result. Let’s try to understand why:

Exercise 2.9 (Bayes’ rule and positive test results). What are the different events of interest
in a probability model describing the above situation?

e You hear someone claim that, when some tests positive they have 95% chance of
actually having antibodies. Is this statement correct?

e Now, consider this additional information: in late spring 2020 it was estimated that
5% of the population have actually been in contact with SARS-CoV-2. Which proba-
bility space would you now build to estimate the probability that you have antibodies
after a positive test? What is this probability? What if you take two independent tests
on the same day and both come up positive?

e Suppose now that 50% of the population have been in contact with SARS-CoV-2.
In our model, does this change the probability of actually having antibodies, given a
positive test?
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SECTION 3

Random variables

In this chapter, we will look more closely into random variables and n-tuples of random
variables, called random vectors.

3.1 The cumulative distribution function of a random variable

Our first aim is to get some understanding about how to classify random variables. We
already saw that the law of each random variable is described by the probability over all
possible events, but this is a description that is very difficult to deal with.

It comes out that all the information about the law of a random variable can be uniquely
encoded using what is called a cumulative distribution function.

Definition 3.1 (Cumulative distribution function). We call a function F : R — [0,1] a
(cumulative) distribution function (abbreviated c.d.f.) if it satisfies the following conditions:

(1) F is non-decreasing;

(2) F(x) =0 as x — —o0 and F(z) = 1 as x — oo;

(3) F is right-continuous, i.e. for any v € R and any sequence (x,)n>1 € [x,00) such
that x,, — xz, we have that F(z,) — F(x).

Given a random variable X, we define its cumulative distribution function as follows:

Proposition 3.2 (Cum.dist. function of a random variable). For each random variable X
(defined on some probability space (2, F,P)), the function Fx(z) :=P(X € (—o0,z]) defines
a cumulative distribution function (c.d.f).

Proof. Set Fx(x) =P(X € (—o0,z]). Then as (—o0,x] C (—o0,y] for z <y, we have by (1)
of Proposition that F' is non-decreasing.

Let us next check right-continuity of F'. So let (x,,),>1 be any sequence in [z, c0) converging
to . Then setting A, := Ni<p<n(—00,z;] we get that (),-; A, = (—o0,z] and right-
continuity follows from (5) of Proposition [1.6] -

Now, if (x,),>1 — —oo we have that () - ,(—00,z,] = . Hence similarly to above (5) of
Propositionimplies that F(x,) — 0. Finally, if (2,),>1 — oo, we have Ui (=00, 2] —
R and thus by (2) of the same proposition again F'(z,) — 1. O

In fact, it comes out the conversely each cumulative distribution function gives rise to a
unique law of a random variable.

Theorem 3.3 (Laws of random variable are uniquely determined by c.d.f. // uniqueness

admitted). Each cumulative distribution function F gives rise to a unique law of a random
variable X such that Fx(z) = P(X € (—o0, z]).

First recall the following exercise:

Exercise 3.1 (Monotonicity and measurability). Let B C R be an interval. Consider a
non-decreasing (or non-increasing) function f: B — R. Then f is measurable from (B, Fg)
to (R,JT"E)
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We now prove the existence part of theorem using the existence of the uniform measure
on ([0,1], Fg). We will admit the uniqueness part, which again would follow from a gen-
eral statement about uniqueness of measures (see Dynkin’s lemma in the starred section of
Exercise sheet if interested).

Proof of Theorem existence. Suppose we are given a cumulative distribution function F'.
The idea is to construct the random variables using the probability space Py on ((0, 1], Fg, Py),
i.e. the unit interval with the uniform measure.

To do this define Xr : (0,1] — R by
Xp(z) = inf{F(y) > x}.
yeR

Then clearly X r is non-decreasing and hence by Exercise[3.1]above measurable from ((0, 1], F)
to (R, Fg). Hence X is a random variable.
But now

Py (Xp € (—00,2]) = Pu((0, sup {z < F(x)})) = Py((0, F(z)]) = F(z)

z€(0,1]

and hence indeed F' is the cumulative distribution function of the random variable Xp.
O

Example 3.4. Let us calculate the c.d.f of the so called Bernoulli random variable X that
takes value 1 with probability p and 0 with probability 1—p. Notice that all indicator functions
of events correspond to such random variables with P(E) = p.

We have Fx(xz) = (1 — p)lyso + ples1.  More generally for a random wvariable that
takes only finite number of values x1, ..., x, with probabilities py, ..., p,, we have Fx(r) =

Zizl...n Pilese,. (Why?)

Thus we see that Fx encodes the behaviour of X rather naturally. Let us now look at
this relation between the cumulative distribution function Fx and the random variable X
more closely. By F(z~) we denote the limit of F(z,) with (z,),>1 — « from below, i.e. by
numbers z, < .

Lemma 3.5 (C.d.f vsr.v.). Let X be a random variable on some probability space (P,Q, F)
and Fx its cumulative distribution function. Then for any x <y € R

(1) P(X <z)=F(x—)

(2) P(X >z)=1— F(x)

(3) P(X € (2,y)) = F(y—) — F(2).

(4) P(X = z) = F(x) — F(z—).

Proof. This is on exercise sheet. O

Thus we see that all jumps of Fx correspond to points where Py (X = z) > 0. But how
many jumps are there?

Lemma 3.6. A cumulative distribution function Fx of a random wvariable X has at most
countably many jumps.

Proof. Let S,, be the set of jumps that are larger than 1/n and §n any finite subset of 5,,.

Then S, is measurable and 1 > P(X € S,) > |§n\n_1. Thus it follows that |[S,| < n. As

this holds for any finite subset of S,,, we deduce that |S,| < n and in particular S, is finite.
36



Now the set of all jumps can be written as a union (J, -, S,. Hence as each S, is finite
and a countable union of finite sets is countable, we conclude. O

These jumps of a c.d.f. Fx are sometimes called atoms of the law of X. More precisely,
we call s € R an atom for the law of X if and only if P(X = s) > 0.

In the extreme case F'x increases only via jumps, i.e. is piece-wise constant changing value
at most countable times. Precisely:

Definition 3.7 (Piece-wise constant with at most countable jumps). We say that f : R —
[0,00) is piece-wise constant with countably many jumps iff there is some countable set S

and some real numbers ¢, > 0 for s € S such that ZSES cs < 00 and

f(l’) = 2051125-

ses

In the other extreme Fx could also be everywhere continuous. Let’s see that these two
extreme correspond to discrete and continuous random variables defined before:

Exercise 3.2. Prove that a random variable X is discrete if and only if Fx is piece-wise con-
stant changing value at most countable many times. Moreover, prove that X is a continuous
random variable if and only if Fx is continuous.

As the following proposition says, the c.d.f. of any random variable can be written as a
convex combination of c.d.f-s of a discrete and continuous random variable.

Proposition 3.8. Any cumulative distribution function F' can be written uniquely as convex
combination of a continuous c.d.f F. and a piece-wise constant c.d.f. with countably many
Jumps Fj i.e. for some a € [0, 1] we have that F = aF; + (1 —a)F,.

In the exercise sheet you will see how to interpret as saying that each random variable can
be written as a random sum of a continuous and discrete random variable.

Proof. If F' is either continuous or piece-wise constant with countably many jumps, the
existence of such writing is clear. So suppose that F' is neither. Write S for the countable
set of jumps of F'. Define

Fy(z) = Z Loxs(F(s) = F(s—)),
seS
which is piece-wise continuous with countably many jumps. R
We claim that F, := F' — F} is continuous. Indeed, by definition both F' and F; both
right-continuous, and thus is also their difference. Moreover, both are continuous at any
continuity point x of F, i.e. when x ¢ S as by definition then F(z) = F(x2~) and one can

check the same for Fj. Finally, when s € S, then again by definition of ﬁj, we have that
F(s) = F(s—) = 12s(F(s) = F(s—)) = Fj(s) — Fj(s—)

and thus ﬁc is continuous at such s too.
Now, as F'is neither continuous nor piece-wise constant increasing with jumps, we have
that 0 < F;(00) < 1 and 0 < F,(o0) < 1. Hence, we can define
Fi(z) = 5—(93)
Fj(o0)
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and A( )
F.(x
F.(z) = = .

(z) 7 (00)

By definition both of those are non-decreasing, right-continuous satisfying the correct limits
at +00 and hence are c.d.f-s for random variables. As F} increases only via jumps and F, is

continuous, we have the desired writing with a = ﬁj(oo) and 1 — a = F,(c0).
Uniqueness is left as an exercise.

3.2 Discrete random variables

There are several families of laws of discrete random variables that come up again and
again. As we will see, sometimes these laws also have very nice mathematical characteriza-
tions.

Recall that to characterise the law of a random variable, we can either give the value of
Py (F) for a sufficiently large set of F' (e.g. all intervals) or give the c.d.f. For a discrete
random variable it suffices to just determine the support S and determine Py (X = s) for
each s € S (why?).

Bernoulli random variable

As mentioned already, a random variable that takes only values {0, 1}, taking value 1 with
probability p is called a Bernoulli random variable of parameter p. It is named after the
Swiss mathematician Bernoulli, who also thought that all sciences need mathematics, but
mathematics doesn’t need any. Leaving you to judge, let us see that these examples come
up very often.

Namely, on every probability space (£2, F,P), every indicator function of an event, i.e. 1g
gives rise to a Bernoulli random variable and the parameter p is equal to the probability of
the event. Indeed for any event E in a probability space (€2, F,P) the indicator function
lg : (2,F) — (R, F) is measurable and hence a random variable. Moreover, it is {0, 1}
valued by definition and P({1g = 1}) = P(E) = p.

Sometimes one talks about Bernoulli random variables more generally whenever there are
two different outcomes, e.g. also when the values are {—1,1}. We then call it the Bernoulli
random variable with values {—1,1}.

Uniform random variable

Any random variable that takes values in a finite set S = {z1,...,2,}, each with equal
probability 1/n is called the uniform random variable on S. We call the law of this random
variable the uniform law. Its c.d.f is given by simply Fx(z) =n"' > | s,

Examples are - a fair dye, the outcome of roulette, taking the card from the top of a
well-mixed pack of cards etc...Concretely, for a trivial example is that if we model a fair dye
on Q= {1,2,3,4,5,6}, F = P(Q) and P(i) = 1/6, then the random variable X (w) :=w € R
gives rise to a uniform random variable.

We use this family of random variables every time we have no a priori reason to prefer one
outcome over the other. A fancy mathematical way of saying this would be to say that the
uniform law is the only probability law on a finite set that is invariant under permutations

of this set. We will also see on the example sheet that this is the so called maximum entropy
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probability distribution with values in a finite set S.

Binomial random variable
A random variable that takes values in the set {0,1,...,n}, and takes each value k with

probability
k(] _ pyn—Fk n
P =),

is called a binomial random variable of parameters n € N and 0 < p < 1 (why do the
probabilities sum to one?). We denote the law of such a binomial random variable by
Bin(n,p).

Notice that for n = 1, we have the Bernoulli random variable. Bernoulli random variable
comes up naturally in models of independent coin tosses, random graphs, or models of
random walks. The reason why it comes up so often is that it always describes the following
situation - we have a sequence of independent indistinguishable events and we count the
number of those who occur. Or in other words, the Binomial random variable Bin(n,p) can
be seen as a sum of n independent Ber(p) random variables.

Exercise 3.3 (Binomial r.v. is the number of occurring events). Suppose we have n mutually
independent events Ey, ..., Ey of probability p on some probability space (Q, F,P). Consider
the random number of events that occurs: X =" | 1g,. Prove that X is a random variable
and has the law Bin(n,p).

For a concrete lively example, let’s go back to the Erdos-Renyi random graph on n ver-
tices, where each edge is independently included with probability p. We can then fix some
vertex v and consider the random variable M, giving the number of vertices adjacent to v,
i.e. linked to v by an edge. The exercise above shows that this random variable has law
Bin(n —1,p).

Geometric random variable

A random variable that takes values in the set N, each value k with probability p(1 — p)¥~1
for some 0 < p <1 is called a geometric random variable of parameter p. We denote the law
of a geometric random variable by Geo(p). One should again check that this even defines a
random variable, by seeing that the probabilities do sum to one.

A geometric random variable describes the following situation: we have independent events
Ey, F,, ... each of success probability p and we are asking for the smallest index k such that
the event Ej happens. For example, Geo(1/2) describes the number of tosses needed to get
a first heads. This will be made precise on the exercise sheet.

There is also a nice property that characterizes the geometric r.v.:

Lemma 3.9 (Geometric r.v. is the only memoryless random variable). We say that a random
variable X with values in N is memoryless if for every k,l € N we have that Px(X >
k+1X > k) =Px(X >1). Every geometric random variable is memoryless, and in fact
these are the only examples of memoryless random variables on N.

Proof. Let us start by proving that the geometric random variable satisfies the memoryless
property. First, notice that if P(X = 1) = 1, then X is a degenerate geometric random

variable with p = 1. So we can suppose that we work in the case P(X > 1) > 0.
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Let us check that a geometric r.v. is memoryless. First, it is easy to check that for a
geometric random variable X, we have that P(X > [) = (1 — p)’ for some p € (0,1]. As by
the definition of conditional probability

P(X > k+1)
P(X > k) ’
it follows that P(X >k +1|X > k)= (1 —p)*"* = (1 —p)! = P(X > 1) as desired.

Now, let us show that each random variable satisfying the memoryless property has the
law of a geometric random variable. Again if P(1) = 1, we are done. Otherwise we can write

PX>1+X>1DP(X >1)=P(X >1+1).
As for a memoryless random variable P(X > 1) = P(X > 1+1|X > 1), we obtain
PX>)P(X>1)=P(X >1+1).

Thus inductively P(X > [) = P(X > 1)! and hence X is a geometric random variable of
parameter p =1 — P(X > 1). l

PX >k+IX>k) =

Poisson random variable

Poisson was a French mathematician who has famously said that the life is good for only
two things - mathematics and teaching mathematics. His random variables come up quite
often.

The Poisson random variable is a discrete random variable with values in {0} UN and
taking the value k with probability

e_AA—k
k!
for some A > 0. We denote this distribution by Poi(\). Poisson random variables de-
scribe occurrences of rare events over some time period, where events happening in any two
consecutive time periods are independent. For example, it has been used to model

e The number of visitors at a small off-road museum.

e More widely, the number of stars in a unit of the space.

e Or more darkly, it was used to also model the number of soldiers killed by horse kicks
in the Prussian army.

One way we see the Poisson r.v. appearing is via a limit of the Binomial distribution if
the success probability p scales like 1/n:

Lemma 3.10 (Poisson random variable as the limit of Binomials). Consider the Binomial
distribution Bin(n,\/n). Prove that as n — oo it converges to Poi()\) in the sense that for
every k € {0} UN, we have that

NG
k!
Proof. By definition, for any fixed n € N and k € {0} UN, we have

P(Bin(n, \/n) = k) zg(’;)i_z (1 _ %)H |

P(Bin(n,\/n) =k) — e



Using

we can write

P(Bm(n,A/n)zk)zA—k(1—5)n”<n_1)"'<”_k+” (1—5)k.

n nk n

A n
<1 — —) — e
n

Moreover, for any fixed t > 0 also ”T’t — 1 as n — oo and hence
nn—1)---(n—k+1)
nk

() (5

proving the lemma. Il

But now as n — oo

—1

and

To connect this to the occurrences of rare events described before, one could think as
follows. Suppose we try to model the number of arrivals over time window [0, 1], say one
year in a distant location. We then cut a time-window [0, 1] into n equal time-segments of
length 1/n with n large, say into 365 days, so that we can suppose that at each time-segment,
say each day, there is at most one arrival. In this case we can describe the arrival or non-
arrival using Ber(p) or 1g for some event E. If we further suppose that all days are alike,
we can take this parameter p to be the same for all time-segments of the same length, e.g.
for all days. Moreover, if we suppose that an arrival in one time-segment does not influence
arrivals in other time-intervals, we can assume that all events E corresponding to different
time intervals are mutually independent. Hence the total number of arrivals is the number
of independent events happening, when the event probability is p - we saw above that this
gives a Bin(n,p) random variable. But now, if you check carefully the proof above, you see
that if p is not of the form A/n for some A > 0, then in fact the number of events will either
go to infinity or go to zero - i.e. to have a non-trivial random variable in the limit n — oo,
we are forced to set p = \/n.

Poisson random variables also behave very well under taking independent copies. In
particular, the related Poisson point processes is a very interesting random process:

Exercise 3.4 (Poisson random variables). Let X; ~ Poi(\) and Xy ~ Poi()\2) be two
independent random variables defined on the same probability space.

e Prove that then X1 + Xs is also a Poisson random variable with parameter A; + As.

o Let nowY1,Ys, ... be independent Ber(p) random variables defined on the same prob-
ability space. Prove that X := S 2% Y; also has the law of Poi(p\) and X, — X has
the law of Poi((1 — p)A\) and is independent of X .

Now, we consider what is called a Poisson point process on N: This is a collection of i.1.d.
random variables (X;);en where each X; ~ Poi(X\). For example you can think that some
Newtonian apples fall on each integer. What is the law of the total number of apples on a

finite set S C N? Now colour every apple independently red with probability p and green with
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probability 1 — p - i.e. every apple is ripe with probability p. Prove that restricting to only
ripe / green apples also gives a Poisson point process on N and that moreover these processes
are independent.

Finally, let 11 be the first indexr of N, which contains at least one apples, let i3 be the
second index that contains at least one apple etc. What is the distribution of the vector

(i1, 60 — i1, 45 — ia,...)?
3.3 Continuous random variables

Recall that we called a random variable X continuous if F'x was continuous, i.e. without
any jumps. From Lemma it follows that P(X = z) = 0 for all x € R. Most often
continuous random variables arise via what is called a density function and this is also how
we will usually construct them.

Definition 3.11 (Continuous r.v. with density). Let X be a random variable and fx : R —
R be a non-negative integrable function with fR fx(z)dx = 1. Then we say that a r.v. X has
density fx if for every x € R

Fy(t) = /_ ; Ful(z)da.

Remark 3.12. We remark straight away that there are also continuous random variables
without a density (see starred section of the exercises).

B

Let us now look at the definition more closely. First, it is important to check the definition
even makes sense, i.e. that the F'y defined actually is a cumulative c.d.f.:

Exercise 3.5. Consider a non-negative Riemann integrable function fx with fR fx(x)dx =
1. Define Fx(xz) = [*_ fx(z)dx.
e Prove that Fx is a cumulative distribution function.
e Prove that if two random variables have the same density function, they have the
same law
e Prove that given Fx, there is at most one continuous fx such that Fx(t) := ffoo fx(z)dz.
o Give examples to show that fx is however not uniquely defined by Fx.

Further, let us look at an interpretation. Using Lemma |3.5| and the remark above that
P(X = x) =0 for every a < b, we can also write

P(X € (a,b)) = P(X € [a,8]) = / fy(@)dz.

8You might have already heard - and if not you will hear from me, and more next semester - that there
are several notion of an integral. In particular, next to the Riemann integral stands the Lebesgue integral.
So what do we mean by integrable?

We have seen that Riemann integral does not go well with measure theory - for example the set Q is a
Borel set in R, however 1g is not Riemann-integrable. So it would be much more convenient to use the notion
called the Lebesgue integral that you meet fully in Analysis IV and partly later on in this course. However,
for now, it is really no restriction for us if for the sake of precision we just consider Riemann integrals. In
fact, all examples of densities we will see are Riemann integrable, so this is not a real restriction. Moreover,
none of the results change become untrue when you come back and change Riemann integrals for Lebesgue
integrals - in fact, as you will see next semester, for any function f that is Riemann integrable, its Lebesgue
integral and Riemann integral agree.
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it is important to notice that fx does not give you the probability of {X = z} at each point
- we already saw that for continuous random variables this probability is 0 for all z € R.
However, taking b = a + ¢, we can still obtain an interpretation of fx, explaining why it is
called the density function. Indeed, if for example fx is continuous, we can write

P(X € (a,a+¢)) = / T pe@)dr = efx (@) + ofo)

and thus one can think of €fx(a) as of the probability in being in the interval (a,a + €). In
particular, notice that ¢ 'P(X € (a,a + €)) — fx(a) as € — 0. This is of course related
to the Fundamental theorem of calculus, which in the case of continuous fx tells us that
Flo(2) = fx().

Let us now look at some examples. From the exercise above we see that to describe a
continuous random variable with density it suffices to give the density function: an integrable
non-negative function with total integral 1.

Uniform random variable on [a, b]

A random variable U with density fy(x) = ﬁl[%b] is called a uniform random variable on
the interval [a, b] and is denoted sometimes U = Up, ). We have already met the uniform ran-
dom variable on [0, 1] - as expected its law Py is equal to the uniform / Lebesgue measure on
0, 1], considered as a probability measure on R. It’s c.d.f is given by Fy(z) = 1<, min{x, 1}.
You can also think of it as the limit of discrete uniform random variables taking values in
{i/n:1=1...n} - we will make this precise on the example sheet in some form, and then
come back to it again later in the course.

Exponential random variable

Let A > 0. The random variable X with density fyx(z) = Ae 1, is called the exponential
random variable of parameter A, and its law is denoted sometimes Exp(\). (We will check
on the exercise sheet that the total mass is 1). In this case you can think of the exponential
random variable as a continuous friend of the geometric random variable, as it also satisfies
the memoryless property:

Exercise 3.6 (Exponential r.v. is the only memoryless random variable). We say that
continuous a random variable X satisfying P(X > 0) = 1 is memoryless if for every z,y > 0
we have that Px(X > z +y|X > y) = Px(X > z). Prove that the exponential random
variable is memoryless. Moreover, prove that every continuous memoryless random variable
has the law of the exponential random variable.

As geometric random variables, exponential random variables too are related to waiting
times, just the underlying process is no longer in discrete time (like a sequence of tosses) but
continuous time (like waiting for the next call from a friend). We will be able to make some
more precise statements later in the course.

Gaussian random variable

Maybe the most important example of a random variable is that of a normal or Gaussian
random variable. Given two parameters u € R and o € R, we say that N has the law of a

normal random variable of mean p and variance o2, denoted N ~ N'(u, 0?) if its density is
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given by

_ 1 (z — p)?
fle) = 2102 exp(—T‘Q),

We call the law A(0,1) the standard normal random variable, or the standard Gaussian.
Normal laws come up everywhere because of the so called Central limit theorem. A weak
version of it could be vaguely stated as follows:

o Let Xi, Xy, ... be a sequence of i.i.d. random variables such that X; has the same
law as —X,; and moreover, each X; is bounded in the sense that there is some C' > 0
with P(X; < C) = 1. Let S, = > X;. Then in the limit n — oo we have
that j—% becomes a normal random variable: for every interval (a,b), we have that

P(j—% € (a,b)) = P(N € (a,b), where N is a Gaussian random variable.

For example in physics experiments often we rarely expect to get the ’exact’ value, but rather
it comes with an error. This error is assumed to be a sum of many independent smaller errors,
and thus, unless there is some bias that has not been accounted for, the observed values will
have a normal distribution around the actual value.

We will prove a version of this theorem towards the end of the course, after having devel-
oped more tools to work with random variables. There is a first version of this in the starred
section of the exercises.

It is common to mention here that although the normal random variable is the most used
one, its cumulative distribution function - that has earned its own notation @, ,» - given as
always by

I (v — p)?
B, a(x) = P(N < 1) = W/_oo exp(~ " ya
does not admit a more explicit formula. So in the old days one had to really check a long
table with values to see give a numerical answer for, say, P(N > 12) or P(|N| < 200). I

suspect there might be more modern ways now...

3.3.1 More random variables

Like we have seen before in the course - when we want to create more objects, one way is
to start applying some operations to already existing objects. Here, this means operations
on random variables.

Here is one easy way to construct more random variables:

Lemma 3.13. Let X be a random variable on some probability space (0, F,P). Then for
any continuous real function ¢ : R — R, we have that ¢(X) is also a random variable that
can be defined on the same probability space.

Proof. This follows from two observations:

e Each continuous function f from (X, 7x) to (Y, 7y) is measurable w.r.t. the respective
Borel o—algebras: indeed, by Lemma [1.§| it suffices to check that each U € 7y,
f~YU) is measurable and we know f~1(U) is open by continuity and thus also Borel
measurable as 7x C F,,.

e The composition of measurable functions is measurable: this can be checked directly.

U
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It is natural to ask whether the two classes of random variables - discrete and continuous -
are stable under this operation. It comes out that this is always the case for discrete random
variables, but not for the continuous random variables.

Exercise 3.7 (Functions of a random variable). Let X be a discrete random variable and
¢ : R — R be a continuous real function. Prove that ¢(X) is also a discrete random variable.
Is the image of a continuous random variable necessarily a continuous random variable?

Still, in case of continuous random variables X, when ¢ is nice enough, we do know that
g(X) is also continuous and we can even determine its density:

Proposition 3.14 (Density of the image). Let U,V be any open subsets of R such that
1y, 1y are Riemann-integrable. Let X be a continuous random variable with a density fx
that is continuous in U and zero outside of cl(U). Let ¢ : R — R be continuous and such
that its restriction to U is bijective to V and continuously differentiable with ¢' non-zero
everywhere on U. Then ¢(X) is also a continuous random variable with a density fyx) that
is zero outside of cl(V') and given inside of V' by:
1 -1
FICRIO) Kl

Proof. As ¢ is continuous, ¢(X) is a random variable. As P(X € U) = 1, we have that
P(p(X) <t) =P(¢p(X) € VN (—o0,t]). But {y € U: ¢(y) <t} is Riemann-integrable and
thus for t € R

P((X) < 1) = P($(X) € V N (—00,1]) = / et Lozt fx (v)dy.

Inside U, we can use the diffeomorphism ¢ : U — V to change the coordinates z = ¢(y) to
obtain

Jox)(@)

Alzelegtfx(¢l($))md$~

Setting fs(x)(x) = 0 for ¢ V we obtain the claim as the above integral can be written as

1

/xﬁ R e

for any t € R.
O

Remark 3.15. It might be more illustrative for you to actually also do the previous proof
more by hand: we already saw that in case of continuous density for every x € X it holds
that P(X € (z,2 +€)) = efx(x) + o(€) and thus e 'P(X € (x,7 +¢€)) — fx(x) as e — 0.
Now, by bijectivity of ¢, we have P(¢(X) € (z,z +€)) = P(X € (¢~ (z), ¢ (x +¢€))). Use
this to deduce the above formula.
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SECTION 4

Random vectors

We already saw in the notes and on the example sheet that often several random variables
come up in the same probabilistic situation and are naturally defined on the same probability
space. So far we were looking mainly at their individual laws, or the situation when they
were independent. But this is not always the case. When one starts being interested in the
joint behaviour of several random variables, one often thinks in terms of random vectors:

Definition 4.1 (Random vectors and marginal laws). Consider a probability space (2, F,P).
We say that (X1, Xs, ..., X,) is a random vector if and only if each of X1, Xo,..., X, is a
random variable. The law Px, of each r.v. X; is called its marginal law.

Marginal laws are just the individual laws of random variables X; that appear as compo-
nents of a random vector and that we have been discussing so far. We know how to describe
those. Yet they don’t encode the relation between the random variables.

For example consider on the one hand (X3, X5), where both X; and X5 encode independent
fair coin tosses. On the other hand, consider (X, Xs), where X is a fair coin toss, but X,
is heads when X is tailsNand Xy is tails if X is heads. Then the marginal laws of the
vector (X7, X3) and (X;, Xy) are the same (why?), yet they clearly describe very different
situations!

So how can we mathematically encode this relation between the random variables? In fact,

to look at joint laws, it is actually natural to look at (X7,...,X,) as a R™"-valued random
variable:
Lemma 4.2 (Joint law of random vectors). Let X = (Xi,...,X,) be a random vector

defined on (0, F,P). Then (Xi,...,X,) as a vector is a (R", Fg)-valued random variable.
In particular it induces a probability measure Px on (R,, Fg) called the joint law of the
vector X .

In the other direction, any (R", Fg)-valued random variable gives rise to a random vector
by the definition above.

The question here is measurability: does measurability of each component as a function
(Q,F) — (R, Fg) guarantee the measurability of the function (Q, F) — (R", Fg) and vice-
versa. Thus the lemma follows directly from a very general result in measure theory, which
we will not prove here: [}

Lemma 4.3. Let (Q,F) and ((4,F;))1<i<n be measurable spaces. Then the map f :
(Q, F) = (I11<i<nf;, F1) is measurable if and only if for everyi = 1...n the map f; = p;o f
mapping (2, F) — (Q;, F;) is measurable (here p; is the projection map to the i-th coordi-
nate).

This is a very useful lemma, as we can start doing arithmetic operations using random
variables:
This set-up allows us to quickly prove the following basic result:

INotice the similarity to the following statement from topology: if f; : (X,7x) — (Y3, Ty,) are continuous,
then sois f: (X,7x) — (Y1 X --- x Y,,, 1) given by f = (f1,..., fn)-
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Lemma 4.4. Let X be a random vector in R™ and @ any fized vector in R™. Then Yo aiX;
15 a random variable. Also 117, X; is a random variable.

I encourage you to even prove by hand that the sum of two random variables X; and X,
is a random variable - it gets very messy!

Proof. We saw that in fact X is a measurable function from (2, F) to (R", Fz). But now
® : R" — R given by ®(T) = > ., a;x; is continuous from (R", 75) to (R, 7g). But as argued
before, a concatenation f; o f; of measurable maps f; : (Q,F) — (Q, F1), fo: (1, F1) —
(Qq, F2) is (Q,F) — (Qq, F2)-measurable. Thus Y7, a;X; = ®(X) is measurable from
(Q, F) to (R, 7g) and hence a random variable. O

4.1 Joint cumulative distribution function

Similarly to the case of a single random variable, random vectors can be characterised by
a certain family of functions.

Definition 4.5 (Joint cumulative distribution function). Any function F : R™ — [0,1] is
called a joint cumulative distribution function (c.d.f.), if it satisfies the following conditions:

(1) F is non-decreasing in each coordinate.

(2) F(x1,...,x,) — 1 when all of z; — 0.
(8) F(x1,...,x,) — 0, when at least one of x; — —o0.
(4) F is right-continuous, meaning that for any sequence (x*,...,x"),>1 such that for

all m > 1 we have that z* > x;, it holds that F'(z7,...,x") — F(x1,...,2,).

rn

Notice that for n = 1 we are back to the case of individual c.d.f. Moreover, if we send any
n — 1 coordinates to infinity, then we also obtain the c.d.f. of the remaining coordinate:

Fx,(z;) = F(0,...,00,x;,00,...,00).
As mentioned, each random vector uniquely identifies a joint c.d.f. and vice-versa. One
part of the proposition is again easy:
Proposition 4.6 (Joint c.d.f.s of random vectors). Let X := (Xi,...,X,) be a random
vector defined on some probability space (2, F,P). Then
Fe(zy, ... x) =Px(Xy <2q,.... X, <x,)
gives rise to a joint cumulative distribution function.

Proof. This is left as an exercise. O

However, the existence and uniqueness part given the joint c.d.f. is technical and thus
admitted.

Theorem 4.7 (Existence and uniqueness of random vectors via joint c.d.f. (admitted)).
Any joint c.d.f. gives rise to a unique joint law of a random vector.

Again, random vectors give us mainly a clearer way of looking at things. We can for
example now rephrase the last point of Lemma as follows:

Lemma 4.8 (Independence using joint c.d.f.). Consider a random vector X = (X1,...,X,,)
defined on some probability space. Then X1,..., X, are mutually independent if and only if
Fy(xy, ... xn) = Fx, (x1)Fx,(x2) - - Fx, (x,) for allT = (2q,...,2,) € R™
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As in the case of usual random variables, one can also talk about discrete and continuous
random vectors - in both cases what we have in mind is that all components are either dis-
crete or continuous. But there could well also mixed cases. Here is a concrete example of a
discrete random vector:

Multinomial random vector. Recall that the Binomial random variable Bin(n,p) mod-
els the number of heads out of n independent tosses of a coin that comes up heads with
probability p. As n is equal to the sum of heads and tails, it actually models both the num-
ber of heads and the number of tails. But suppose you want to model the random vector
(n1,nse,...,ng) that gives you respectively the numbers of 1-s, 2-s etc of n independent dice
throws? This is modelled by the so called multinomial random variable of parameters n, 6
and py =--- = pg = 1/6.

The probability law of the multinomial random vector M ~ Mul(n, m,p) with parameters
n, m,p is defined by

— n!
Pir(M = (K1, ... kp) = mplfl S,
whenever Y7 k; = n and by Py(M = (ki, ..., kn) = 0 otherwise. Notice that the marginal
law on any coordinate i is given by the Binomial law Bin(n,p;).

As explained above, the multinomial random vector appears in the following situation: we
consider a discrete random variable X taking values x1, ..., z,, with probabilities p1, ..., pm.
And let Xy, Xs5,..., X, beiid. copies of X defined on some common probability space.
Now define the random vector M = (M, ..., M,) as M; = 7" 1x,—,.. Then it is simple
to check that each M; is a random variable (in fact you have already proved this!) and thus
M is a random vector. You can also verify that this random vector has the multinomial law.

4.2  Random vectors with density

Let us now consider the very special case of continuous vectors with density. This will be
also a good source for more interesting examples.

Definition 4.9 (Random vectors with density). Let X = (X1,...,X,) be a random vector
and let fx be a non-negative Riemann-integrable function from R™ — [0,00) with total

integral equal to 1. Then we say that fx is the joint density of X if and only for any box
(al, bl] X ... (CLn, bn}

(41) ]P))_{<X1 S (Gl, bl], . ,Xn € (&n, bn]) = / fy(ﬂ_ﬁ)df
(a1,b1]><'-~><(—an7bn]

Remark 4.10. Again, given the Lebesque integral the natural statement would be that for
every Borel measurable set E':

P(X € E)= / fx(7)dz.
E
In the case of Riemann integral the notion of integral might just not be defined on all such

E.
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Similarly to the 1d case, we also have the interpretation of this density as representing
the probability of being in an infinitesimal neighbourhood around a point ¢ = (t1,...,t,).
Indeed, if f% is continuous, then you can check that we have

(42)  Px((X1y .o, Xn) € (bryee oo t) + [—€/2,€/2) = fe(ts, .., ta)e™ + o(€").

Further, we can let a; — —oo, for every (t1,...,t,) € R™ set

Felt, ) = / Fol(@)da
(—00,t1] X+ X (—00,tn]

and verify that this indeed gives rise to a c.d.f. Hence as joint c.d.f. characterise the joint
law of random variables, can define laws of random vectors via their density function.

Finally, from the results in your course in Analysis II it then follows that if E is a subset
of R™ such that 1g is Riemann-measurable, then in fact:

n

Notice that by the Fubini theorem for multiple Riemann-integrable functions, if the random
vector admits a density, then also do its components:

Lemma 4.11 (Marginal densities). Let X = (X1,...,X,) be a random vector with density
fx such that for every Iy C {1,...,n} the function fic(T') obtained by fixing all the co-
ordinates in Iy is Riemmann-integrable. Then the marginal laws Py, obtained by projecting on
the co-ordinates contained in Iy admits a density given by integrating out all the components

in {1,...,n}\ lo.

Remark 4.12. Here we ask the condition that fixing any set of coordinate gives a Riemann-
integrable function. This might be tiresome to check, but it is for example always true when
f s continuous, or when f is piece-wise continuous with finite number of jumps along any
co-ordinate — we call the latter just piece-wise continuous.

Here are some quick examples of random vectors:

Uniform random vector on [a,b]". Similarly to a uniform random point on an interval,
we can talk of a uniform random point U = (Uy,...,U,) in a rectangular box. To do this,
we just define the density:

1
fU(.CEl, Ce ,.Tn) = mlje[mb]n.

Notice that in this case the marginal laws U; are just uniform random variables on [a, b].
Can you see why the variables (Uy, ..., U,) are mutually independent?

Gaussian random vector. Maybe the most important example here is that of the Gaussian
(also called a normal) random vector N (z, C'), where @ is a vector in R™ and C' positive
definite symmetric n X n matrix. We will call 7z the mean of the Gaussian vector, and the
matrix C' the covariance matrix — we will get to the reasons for this vocabulary in a few
lectures time. The density of the Gaussian random vector is given by:

1 |
fY(xlv-wuxn>:<2ﬂ_>n/2 0 exp(—5 (@ —f) C7 (T — 7).
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When 7z = 0 and C is the n x n identity matrix I,,, we call the law A(0, I,,) the standard
Gaussian in R". As you will see on the exercise sheet, all other Gaussian vectors in R"
are given by just linear transformations of the standard Gaussian. To prove that we need
to however develop a bit more theory on how the density of random vectors changes under
transformations.

We already saw that transformations of random vectors remain random vectors. As in the
1D case, in the case of random vectors with density, we can again also determine the density.

In this respect recall that for a diffeomorphism ® : R™ — R™ one defines the differential D®

as the n x n matrix (D®);; = 22 The Jacobian is defined as the determinant of this matrix.
J

Proposition 4.13 (Deunsity of the image of a random vector). Consider two open Riemann-
integrable sets U,V C R"™. Let X be a continuous random vector with density fx that is zero
outside of cl(U) and is continuous in U. Let & : R™ — R"™ be continuous, and when restricted
to U both bijective and continuously differentiable with a Jacobian Jg(T) = det D®5 that is
non-zero on U, i.e. a C*-diffeomorphism between U and V. Then ®(X) is also a continuous
random vector with a density fo(x) that is zero outside of V' and inside of V iss given by:

1 1/
fox) (@) = mfy(q)_ (@)).

The proof is basically the same as in the one-dimensional case.

Proof. Let E be a box. Then 1g-1(gnvy 1y is Riemann-integrable by results from Analysis II.
By using the fact that ® is bijective on U and P(X € U) = 1,

POX)eE)=P(XcUN® (ENYV)).

As X has density, we can thus write

n

Now, we can use the multidimensional change-of-coordinates theorem of Analysis II for the
transformation ®~! to write

[t fs@de = [ 1t fe(@ @) s 0)]da

As |Jp-1(T)| = Wll(f))l’ by setting fsx) = 0 outside of V' we conclude.
U

Remark 4.14. This would be a bit nicer, more natural and more general if we had the notion
of Lebsegue integral - we have already seen that the Riemann integral and Borel o—algebra
are not an ideal couple!

A nice application of this is determining the density of a sum of i.i.d. random variables:

Corollary 4.15. Let X1, X5 be two independent continuous random variables with contin-
uous densities fx, and fx,. Then their sum is a continuous random variable with density
given by fx,4x,(y) = Jo [x, (@) fx,(y — x)dx, i.e. by the convolution of the two densities.

This definition of the density might look asymmetric, but you should check that it is not.
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Proof. We use Proposition with ®(z,y) = (2,2 +y). Indeed, this is an invertible linear
map and thus a C! diffeomorphism from R? — R2. Moreover, its Jacobian J = 1. Thus by
Proposition the density of the vector ®(X,Y) at s, ¢ is given by:

le,X1+X2 (ZL’, y) = thXz (Ia Yy— I)

But now X, X, are independent and hence we can further write this as fx, (z)fx,(y — x).
Finally, we notice that the law of X; + X, is the marginal law of ®(X,Y) in the second
coordinate. So we can use Lemma to calculate this marginal density and obtain the
desired formula. O

Let us look at a cute example:

e Consider two independent standard Gaussian random variables X;, X5. Then also

% is a standard Gaussian random variable. Indeed, by the corollary above the

density of X + X, is given by 5= [5 e 2¢=(w=2)*/2qz which we can rewrite as

_ 2/4
eyt iag, €00 [ L g,

L/L
Vor Jw V2 Vi Je VT

But the last integral is just the total mass of a Gaussian N (y/2,1/2) and thus equal
to 1. Hence we recognize that X; + X5 is a Gaussian N(0,2). It is an easy check

that then % is a standard Gaussian.

The joint density gives us moreover a new condition for checking mutual independence:

Exercise 4.1 (Independence using densities). Consider a random vector X = (X1,...,X,,)
defined on some probability space. Suppose that X = (X,...,X,) admits a continuous den-
sity and all X; admit a continuous density. Prove that X1, ..., X, are mutually independent

if and only if fx(x1,...,xn) = fx, (1) fxo (22) -+ - fx, (2). What happens if the densities are
piece-wise continuous with finitely many jumps?

Deduce that for the uniform random vector U = (Uy,...,U,) on |a,b]" the components
U, ..., U, are mutually independent. Moreover, deduce that if (X,Y") is a Gaussian random
vector N (i, C), then X andY are independent Gaussians if and only if C(1,2) = 0.

Remark 4.16. In fact, the statement holds in more generality, however one needs care.
Indeed, we saw that density functions are not uniquely defined - for example changing the
value at a point does not change the density function. So a natural statement is actually
asking for the equality only on some very large set, but we don’t really have tools to deal with
this setting at the moment. So for now, you can just assume that whenever the density of f~
s given by the product of f., for all but countable number of points, we have independence;
and on the other hand, if there is independence the joint density functions is equal to the
product of the densities in the sense that all integrals over bozes agree.

4.3 (Conditional laws for random vectors

Given a random vector (Xji,...,X,), we talked about the joint law that describes the
probability measure induced on R™. We also discussed marginal laws, that give the individual

laws of each component or a vector of components.
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We now add to this list the conditional laws. Recall that given any probability space
(Q, F,P) and any event E € F with P(E) > 0, one could define the conditional probability

measure on (2, F) by setting P(F|E) := PEPE(E? for each F' € F.

Given two random variables X, Xy we will be interested in knowing the conditional law
of X1, given the value of X5 — so we are just calculating conditional probability measures,
with events E of the type Xy = x. I will state the definition in a larger context and then

come back to a simpler example.

Definition 4.17 (Conditional law for discrete random variables). Let Xi, Xo,..., X, be
discrete random variables on a common probability space. Write {1,...,n} as a union of two
disjoint subsets Iy and I,. Now consider some fized vector (x;)er, with P((X; = x;)ier,) > 0.
Then the conditional law of (X;)icr, given (X; = x;)ier, 1S given by

P((Xs = yi)ier, N (Xi = Ti)ier,)
P((X; = zi)ier,)
Let us write this out in the case of n = 2: then, assuming that P(Xy = x5) > 0 the

conditional law of X; given Xy = x5, is - as expected - described by giving for each x in the
support of X7, the conditional probability

]P)((Xl = yi)ielo|(Xi = xi)ieh) =

P({Xl = ZL‘} N {XQ = [L’Q})
]P)(XQ = ZEQ)

Now continuous random variables take any value with zero probability, so this wouldn’t
work directly. And as you will see on the exercise sheet, conditioning on events of zero proba-
bility is tricky. So we cannot just blindly reuse the definition of the conditional probabilities.
Yet, for variables with a nice density one can give sense to conditional laws via densities.

As the general version might be a bit harder to parse, let us start from a simple version

]P)(Xl = I|X2 = [Bg) =

Definition 4.18 (Conditional law for continuous random variables with density (simple)).
Let X = (X1, X3) be random vector with a continuous joint density. Let y be such that the
marginal density of X5 is positive: fx,(y) > 0. Then the conditional law of X1, given Xy =y
1s defined to be the continuous r.v. with the following density:

L le,X2 (IL‘, y)
fX1|X2:y(I> = fXg(y>

It requires a check that the conditional density is indeed a density, but I leave this to you.
As a philosophy - although densities are not like probabilities, one can sometimes use them
in similar roles. Let me now state a general version of the definition, where one can condition
on a part of the vector.

Definition 4.19 (Conditional law for continuous random variables with density (general)).
Let X = (X1, Xo,. .., X,) be random vector with a continuous joint density. Write {1,...,n}
as a union of two disjoint subsets Iy and I, and write X, and X1, for the corresponding
random vectors. Now consider some fixed vector T such that the marginal density at T, s
positive, 1i.e. fyh (Tr,) > 0. Then the conditional density of X, given X, = Ty, is defined
by
_ fx(@)
fYIO X1, =2, (T,) = m
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As above, it is an easy check that this does actually define a density. As with conditional
probabilities in general, conditional laws are usually notoriously difficult to calculate and
might be very different from the initial law.

However, there is one case, where things are nice again - this is Gaussian vectors. Although
this holds in a large generality and could even be proved with the methods we already have,
we restrict ourselves here to the 2-dimensional case. We will come back to the general case,
once we have some more elegant and efficient tools at hand.

Lemma 4.20 (Conditional laws for Gaussians in 2D). Let (X,Y) be a Gaussian random
vector N'(uu, C). Then the conditional law of Y, given X = x for any x € R is also Gaussian,
similarly if we switch the roles of X,Y .

Proof. This is on the exercise sheet
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SECTION 5

Mathematical expectation

We will continue working with random variables and start looking at several different
characteristics or properties of their law, based on the concept of mathematical expectation.
Mathematical expectation, or just ’expectation’, or 'expected value’, or 'mean’ is a fancy
name for taking the average in context of probability measures. Its introduction in the early
times of probability was roughly motivated by a very simple question:

e Suppose you are offered the following deal - a dice is thrown and you get as many
francs as many dots come up on the top of the dice; but you have to pay n francs
independently of the result in return. How many francs should you agree to pay?

Whereas what is really the ’right’ answer still depends on some further conditions and
assumptions. However, the following vaguely stated mathematical result gives some insight
into the problem (and was used in these old times of gambling!):

e Let Xy, Xo,... be independent random dice throws. Let S, = > " | X;. Then in the

limit n — oo we have that % converges to W’L?’Jg& = 3.5.

This result is a specific case of the so called law of large numbers, and it tells you that the
average gain from one dice throw is 3.5. So would this mean that you should offer anything
below 3.5 francs? While pondering on this worldly problem, let us dig into the mathematical
theory.

5.1 Expected value of a discrete random variable

We start with the discrete case to lay clear foundations. The continuous case can be seen
as an extension of this:

Definition 5.1 (Expected value of a discrete random variable). Let X be a discrete random
variable defined on some probability space (2, F,P) and with support S. We say that X
admits an expected value or that X is integrable if Y ¢ |z|P(X = z) < oc.

For an integrable random variable X, the expected value of X, denoted E(X) is defined as

E(X) =) aP(X =ux).

zes
Remark 5.2. Observe the following

e The condition for integrability is there of absolute summability - otherwise the order
in the sum would matter, and there would be no unique answer to the expectation.
We have that X is integrable if | X| is.

e The expectation only depends on the law Px of the random variable and not the
probability space on the background.

e Discrete random variables with finite support are always integrable.

Before proving some properties that make the expected value extremely useful, let us look
at some examples:

Deterministic random variable

If a random variable X takes some value x € R with probability 1, then its expectation is
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also clearly equal to x

Bernoulli random variable

Let E be an event on a probability space, and consider the random variable 1g. As its
support is finite, it is integrable. From the definition of expectation, we directly have that
E(1g) = P(FE). Thus in particular if X is a Ber(p) random variable, then its expectation is
just E(X) = p.

Uniform random variable
Consider the uniform random variable U, on {1,2,...,n}. Again as it takes only finitely
many values, it is integrable. Its expected value is

n

1 . on+1
E(U,) ==Y i= o
=1

Poisson random variable

Consider the Poisson random variable P of parameter A\ > 0. The support of a Poisson
random variable is not finite and thus one needs to verify that it is integrable. But in fact,
the same computation also gives the expectation:

E(P) =Y nP(P =n) = Zne;” — ey % — A\

n>0 n>1 m>0

Hence, even if a random variable can take arbitrary large values, its expectation can be finite.
This is, however, not always the case. For example

e Consider a random variable X such that it takes value 2" with probability 27". Then
clearly E(X) = oo and X is not integrable.

If a random variable is non-negative, then its expected value doesn’t exist only if it is too
large, i.e. is infinite. Sometimes one still defines expected value for any positive random
variable, just saying that E(X) = oo, in case it is infinite.

You will see more examples on the exercise sheet:

Exercise 5.1 (Expectations of discrete random variables). Prove that the expected value of
a Binomial random variable Bin(n,p) is equal to np. Prove also that the expected value of a
geometric random variable of parameter p is equal to 1/p.

For now, let us verify some nice conditions of the expectation. We will use the following
notation: if XY are random variables, we write X > Y to say that the event X > Y
happens with probability 1.

Proposition 5.3. Let X, Y be two integrable discrete random variables defined on the same
probability space. Then the expected value satisfies the following properties:

o [t is linear: we have that B(AX) = NE(X) for all A € R. Further, X +Y is integrable
and E(X +Y) =E(X) +E(Y).
o [fX>0ide P(X>0)=1, then E(X) >0,
e IfX>Yie P(X>Y)=1, thenE(X) > E(Y). Deduce that if P(c < X < C) =1,
then ¢ <E(X) < C.
o We have that E(|X|) > |E(X)].
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Proof. The fact that E(AX) = AE(X) follows directly from the definition. Let us next prove
that X + Y is integrable and E(X +Y) = EX + EY. Denote by Sx, Sy the supports of X
and Y respectively. Denote by Sxy the support of X + Y. Notice that

PX+Y =s)=Y > PX=2Y=y)lopys
zeSx yeSy
Thus we can write

S OBPX Y =85 = 3 S N+ ylP(X =2Y = y)lryes

SESX+Y SESX+Y r€Sx YESY

By triangle inequality we can bound |z + y| < |z| + |y| and thus obtain

G P =5 ST ST S (el + WP =2 = )l

SGSX+Y SGSX+Y ze€Sx YyeSy

Now, observe that for fixed z and y either P(X = z,Y =y) =0or x +y € Sx,y and we
have that

PX=2,Y=y)=PX=2Y=y) > Loy

SESX+Y

Moreover, for fixed x by the law of total probability we have that
Y PX =Y =y) =P(X =x).
yESY

Thus as everything in Equation (.1]) is positive, we can now switch the order of summation,
and to recognize the RHS as a sum of

SN Y BPE =Y =gl = Y lP(X

z€Sx YyeSy SGSX+Y €S

and
YN D WP =Y =y)lapyms = Y WP =y).
yESy TESx SESX+Y yESy

Hence we bound

Yo BPX+Y =5)< Y JaP(X =2)+ Y yIP(Y =

s€ESx 1y reSx yESy

and deduce integrability. Thereafter, the same way of separating sums also gives that E(X +
Y)=E(X)+E®Y).

For the second bullet point, we notice that if X > 0 with full probability, then for every
s € Sx, we have that s > 0. Thus it follows from definition of expectation that E(X) > 0.

For the third bullet point, notice that by the condition X —Y > 0. Thus X —Y > 0
with full probability, and hence by the second bullet point E(X — Y) > 0. The first bullet
point then gives that E(X) > E(Y). Plugging in Y = ¢ in this inequality, and noticing that
Ec = ¢, gives E(X) > ¢. The other inequality follows similarly.

Finally, for the fourth bullet point notice that —E(X) = E(—X) by the first point. Hence

it suffices to show that E(X) < E|X|. But this just follows from the definition, as P(X = z)
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is always positive for x € Sy and hence

E(X)= ) «P(X=2)< ) [2[P(X =z)=E(X]),

TESx x€Sx

where in the last equality we use that P(|X| = |z|) = P(X = z) + P(X = —z) and the fact
that |z| € |Sx| if and only if either z € Sy or —x € Sx. O

5.2 Expected value of an arbitrary random variable

The idea for defining the expectation of a general random variable X is to approximate it
by discrete random variables. More precisely, given X, we define the discretizations of X as:

Xn(w) =27" LQ”X(U})J = Z k2_n1X(w)€[k2*",(k+1)2*”)-
kEZ

Notice that X, is indeed a discrete random variable - it is a non-decreasing function of X,
so it is a random variable, and it takes only countably many values, thus it is discrete.
The following exercise says that these discretizations really approximate the initial random
variable very well.

Exercise 5.2 (Discretizations are nice). Let X be a random variable defined on (2, F,P).
and (Xy)n>1 be the discretizations X, = 27"|2"X | = >, ., k27" Lxcpa—n, (kt1)2-7)-

Prove that for every w € Q, we have that X, (w) < X(w) < X, (w) + 27" and thus the
sequence (X, (w))n>1 converges to X (w).

We can now use the definition of the expectation E(X) for discrete random variables X
to define expected value of an arbitrary random variable:

Proposition 5.4 (Expected value of a random variable). Let X be a random variable defined
on some probability space. If E(|X1]) < oo, then E(|X,|) < C for some constant C' and we
call X integrable. The expected value of X is then defined as
E(X) = lim E(X,).
n—oo
Remark 5.5. Notice that X is integrable if and only if |X| is integrable. It is important

to verify that a random variable is integrable before calculating the expectation. We will see
below that for example bounded random variables are automatically integrable.

Remark 5.6. Also, observe again that the expectation only depends on the law of X and not
on the underlying probability space: this is clear in the case of discrete random variables, but
now notice that if X and'Y have the same law, then so do the discretizations X,, and Y,,.

Remark 5.7. A peek into future: if you consider (2, F,P) = ([0, 1], Fp,Py) where Fy, is the
Lebesgue o—algebra and Py the Lebesque measure (we also called it uniform measure). Then
for any integrable random variable X, which is just a measurable function from ([0, 1], Fr)
to ([0,1], Fg), EX is its Lebesque integral. You will see a more general construction in your
Analysis IV course using a larger family of approximations.

The idea for proving this proposition is just to show that the sequence E(X,) is Cauchy.
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Proof. Notice that from the Exercise [5.2] above we see that X; —1 < X,, < X; + 1 and
hence | X,,| < |Xi|+ 1. Thus if E(|X;|) < C — 1, then from Proposition it follows that
E(|X,]) < C for all n > 1. It follows that X,, is integrable for every n > 1 and hence E(X,)
well-defined.

We now claim that E(X,,) is a Cauchy sequence. So consider m > n. Then from Proposi-
tion [5.3 it follows that

‘E(Xn) - E(Xm)| = ’E(Xn - Xm)| < E(’Xn - Xm|)

But we can bound |X,, — X,,,| < 27" using Exercise[5.2] Hence |[E(X,) —E(X,,)| <E(2™) =
27, It follows that the sequence (E(X,,)),>1 is Cauchy and thus converges to a unique limit
as n — oo. U

An easy but important sanity check is that this definition indeed agrees with the previous
definition for discrete random variables, i.e. that the Definition[5.1jof E(X) and the definition
of E(X) by Proposition agree for any discrete random variable X.

Remark 5.8 (Jargon - 'almost surely’). We have tried to avoid too much probabilistic jargon
so far, but it is now high time to introduce at least one expression: One says that an event
E on a probability space (2, F,P) happens almost surely, if P(E) = 1.

For example, if for some ¢ € R we have that P(X = ¢) = 1, we would say that X is
almost surely a constant. Or if P(X =Y) =1 for some random variables X,Y on the same
probability space, we would say X =Y almost surely, or if P(X > 0) = 1, we would say that
X is positive almost surely.

Remark 5.9 (Expectation for non-negative random variables). When X > 0 almost surely
(i.e. P(X > 0) = 1), there are exactly two options: either X is integrable and EX < oo,
or it is not integrable. In the latter case each EX,, is a positive non-convergent sum and it
makes sense still to set EX = oo.

Further, one can also check that all the properties that hold for the expectation of the
discrete random variable, also hold for the expectation in general:

Proposition 5.10. Let X,Y be two integrable random variables defined on the same prob-
ability space. Then the expected value satisfies the following properties:

o [t is linear: we have that E(AX) = AE(X) for all A € R. Further, X +Y is integrable
and E(X +Y) =E(X) +E(Y).

o [fX>0ie P(X>0)=1, then E(X) >0,

o [fX>Y ie P(X>Y)=1,thenE(X)>E(Y). Deduce that if P(c < X <C) =1,
then ¢ <E(X) < C.

o We have that E(|X]) > |E(X)].

Proof. All these points follow from Proposition via discretizations and Exercise [5.2] This
is a somewhat tedious verification that I leave for you.

For example, as for all n , we have that X,,+27" > X, then X > 0 means that X,, > —27".
It follows from Proposition that E(X,,) > —27", implying that for every € > 0, for all n
large enough E(X,,) > —e and hence E(X) > 0. O

Let us now see that in the case of random variables with density, we can use Riemann

integration and the density to calculate expectation.
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Proposition 5.11 (Expected value for r.v. with density). Let X be a random variable with
density fx. Then X is integrable iff [, |x|fx(x)dzx < 0o and we have

E(X) :/a:fx(:r)dx.
R
Proof. Consider the discretizations X, = 27"|2"X |. Notice that

(k+1)2-"
P(X, € [k2°", (k + 1)2°")) /k Fr(@)da

9-n
and hence
(k+1)2—1 (—k+1)271
E(|X1]) = Z k27! / fx(x)dx + Z k271 / fx(x)dx.
>0 k2-1 1 —k2-1

Now, if |z| € [k27% (k + 1)271) then k27! < |z| < k27! 4+ 271, Using the fact that
Jg fx(x)dz =1 and that fx is non-negative, we conclude that

~1+ [ lalfx()ds < BQXD < 1+ [ falfs(@)de

Thus X is integrable iff [, |z|fx (z)dz < oco.

Next, as
(k+1)2~"

E(X,) = Z k2_”/ fx(x)dx,
keZ k2n
we see similarly to above that also

E(X,) < / rfx(x)dr <E(X,)+27"

But E(X,,) — E(X) as n — oo, and hence the proposition now follows by taking n — oo. O
Let us calculate densities for some known random variables:
Uniform random variable on [a, b]

Consider a uniform random variable U on [a,b]. Recall its density is given by fy(z) =
(b— a)_llxe[aﬂ. First notice that U is bounded and hence integrable. Thus we calculate:

¥ —a®  a+b
2(b—a) 2

b
E(U) = (b—a)"! / e d — (b— a)! / i —
R a

Gaussian random variable

Consider a standard normal random variable N ~ A(0,1). We first note that
1 x? 2 & x? 2

o z|lexp(——)dr = — zexp(——)dr = — < 0.
= [ lalesn(— G = —= [ rexn(—Fde = ——

Thus N is integrable. We further notice that

E(N) = \/% /Rxexp(—%)dx _ E(—N),

as the density of — NN is the same as that of N. Hence Proposition implies that E(N) = 0.
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Now, consider a general Gaussian random variable N, ,2 ~ N(u,0?). Recall that we can
write N, ,2 ~ 0N + p and hence N, 2 is integrable. Further, we can use Proposition
one more time to deduce that EN, ,2 = ¢E(N) + pu = p. This is the reason why f is called
the mean of the Gaussian random variable.

Again, further examples are on the exercise sheet.

5.3 Expected value of a function of a random variable

It comes out that the expected value, even if just a number, is very useful tool to describe a
random variable. Often we might not be interested in the expectation of some given random
variables, but of certain functions of these random variables. For example, given a r.v. X
we might be interested in E ((X — EX)?), or given X, Y, we might be interested in EXY. In
fact, as we will see, if we know Eg(X) for sufficiently many functions g, then this determines
the random variable itself!

To start, let us look at the following proposition telling us that sometimes there is a nice
way to calculate expectations of functions of a r.v.:

Proposition 5.12. Let X = (X;,...,X,) be a random vector defined on (2, F,IP) and ¢ a
measurable function from (R™, Fg) to (R, Fg), so that ¢(X) is a random variable.

o Ifall X1,...,X, are discrete and ¢(X) is integrable, then

E(¢(X)) = > ¢@PX =7),

EESY

where S5 C R™ is the support of the random vector X , i.e. the set of 5 = (s1,...,8p) €
R™ such that P(X =3) > 0 for all T € Sy and P(X € S%) = 1.

o If X is a random wvector with density, ¢(X) an integrable random variable and ¢
sufficiently nice - meaning that ¢$~'([a,b)) is Riemann measurable for any interval

la,b) - then
BO(0) - [ o) (@

The condition ’sufficiently nice’ is of course not quite natural. This is yet again due to
the fact that Riemann integration and measurability in the sense of Borel (or Lebesgue) do
not play together in full harmony. After Analysis IV next semester, you should be able to
revisit many of these results and restate them in more natural ways, if interested of course.
Still, notice that the condition holds for many natural functions like 2™ or exp(x).

Proof. The discrete case is on the exercise sheet.
To prove the second case, we use discretizations - we set ¢,(T) = 27"|¢(Z)2"]. Then -
given integrability - we have that

E(¢n(X)) = > k27"P(¢n(X) = k27").
keZ
Now, given that ¢~!([a, b)) are Riemann-measurable, we can write

]CQ_”P(gbn(Y) = ]CQ_n) = / 156(1)71([k27n7(k+1)27n))kQ_HfY(f)d.f.

n

60



Again by absolute summability H we can switch the order of sum and integration to get
E(gbn(Y)) = fy(f) Z 1564,—1([kg—n7(k+1)2—n))k‘2_ndf.
R keZ

As above, for any fixed 7, we have that 1zc4-1(k2—n (41)2-n)) is equal to 1 for only one value
of k and thus from the definition of ¢,,, we obtain

> Lreg1(pan (rrne-mh2 ™" = 6u(T).

keZ
Hence
E(¢n(X)) = | 6u(@)fx(T)dz.
R
We can now conclude similarly to Proposition [5.11] O

Looking at expectations of functions of a random variable turns out to be a powerful thing:

Proposition 5.13. Let X,Y be two random variables. Then X and Y are equal in law if
and only if for all bounded continuous functions g : R — R we have that Eg(X) = Eg(Y).

Proof. If X and Y have the same law, then also do g(X) and ¢g(Y') for any continuous and
bounded g. Hence, as bounded functions are integrable and the expectation only depends
on the law of the r.v., we indeed have that Eg(X) = Eg(Y).

In the other our aim is to show that V¢ € R, Fx(t) = Fy(t). To do this recall that
Fx(t) = P(X < t) = E(l,<t), so our aim will be to consider continuous approximations
Gr.n of the indicator function 1,<¢, defined as follows. Fix some ¢ € R and set g;,(z) = 1 if
x <t, weset gin(r) =01if > t+ 27" and we set g ,(x) =1 — 2"(x — t) inside the interval
(t,t+27).

Then, one the one hand

Fx(t) = P(X <1) = E(la<y) < E(g:n(X))
and on the other hand
E(gin(X)) <E(lyciro—n) =P(X <t4+27") = Fx(t+27").

Thus by right-continuity of Fix(t) we see that E(g;, (X)) converges to Fix(t) as n — co. But
similarly also E(g:,(Y)) converges to Fy(t) as n — oo. As by assumption E(g;,(X)) =
E(g:n(Y)), we can conclude the proposition. O

Also independence can be restated in an elegant way using expectations - X,Y are inde-
pendent if the expectation factorizes for all continuous functions!
Proposition 5.14. Let X,Y be two random variables. Then
o [fforallg: R — R, h:R — R continuous and bounded we have that

(5.2) E (g(X)h(Y)) = Eg(X)EA(Y),
then X andY are independent.
10More precisely, we are using there that if either don>1 Je I fn(@)]de < oo or [ > ons1 [fn(@)|de < oo,

then [, 37,5 fu(z)de = 37,5, [ fu(x)dz. You have met the analogous result for swapping two sums

Y k>1 2n>1> and the proof is basically the same.
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e On the other hand, if X and Y are independent, then for all measurable functions
g,h : R = R such that g(X) and h(Y') are integrable the Equation (5.2)) holds.

Proof. The first part follows similarly to the last proposition:

From Lemma we know that to prove X,Y are independent, it suffices to prove that
for all s,¢ € R we have that Fixy)(s,t) = Fx(s)Fx(t). Further, recall that Fixy)(s,t) =
Elx<sy<t = Elx<sly<;. We follow the strategy of Proposition [5.13] Indeed, consider the
same continuous functions g, ,(x) satisfying 1,<; < g1.n(2) < ly<pio-n.

Using the expression of F(xy) above, definition of g;, and properties of expectation be
can bound

Egs—Q*",n(X)gt—Q*”,n(Y) S F(X,Y) (Sa t) S Egs,n (X)gt,n(y)
By assumption
E9372_",n(X>gt72_",n(Y) - Egsz_",n (X)Egth_",n(Y)

and similarly Eg, ,(X)gtn(Y) = Egs n(X)Eg 0 (Y). As Egs_9-n »,(X) and Eg; ,,(X) both con-
verge to Fx(s) and similarly Eg;_o-n ,(Y") and Eg; ,(Y") both converge to Fx(t), we conclude.

For the other direction, we first observe the following (this will be on the exercise sheet):
Exercise 5.3. Prove that if X,Y are independent random variables, then so are g(X), h(Y').

Given this, the second point follows when we show that for any integrable random vari-
ables X, Y we have that E(XY) = E(X)E(Y). We first deal with the case of discrete random
variables, and then pass to the limit using approximations. We will discuss this next time.

The discrete case
Denote the supports by Sx, Sy and write

E(X)E(Y) = (Z P(X = x)) (Z yP(Y = y)> =) > wP(X =2)P(Y =y).

TESx yeSy z€Sx YyeSyYy
Now, for any random variables X, Y and every fixed = € Sx,y € Sy we have the identity
P(X=2,Y=y)=PX=2Y=y) Y Ly
SESxy

Further, by independence of X,Y we have P(X = z,Y =y) = P(X = 2)P(Y = y). Thus we
can write

Z Z wyP(X =z,Y =y) = Z Z zyP(X =z,Y =vy) Z Loye—s.

r€Sx YyESY r€Sx YESYy SESxy

By integrability of XY, this triple-series is absolutely summable, and thus we can change
the order of sums and observe xyl,,—s = sl,y—, to get

Z Z Z slyy—sP(X = 2,Y =y).
SESxy TESx YESy
Finally, we observe that
Y 1Ly P(X =2Y =y) =P(XY =5)

IESX yESy
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which implies the claim for discrete r.v. Observe that this very same change of summation
also gives the integrability of XY.

The general case
The general case proceeds via approximation and is left as an exercise.

O

Corollary 5.15. Let us spell out a corollary of the proof: if X and 'Y are independent and
integrable, then also XY is integrable.

5.4 Variance and covariance

Next to the mean value or expectation, a key parameter or characteristic of a random
variable is its variance (and its standard deviation, which is just the square-root of the
variance).

Definition 5.16 (Variance of a random variable). Let X be an integrable random variable.
Then if E(|X]?) < oo, we say that X has a finite second moment and define its variance

Var(X) == E((X —EX)?) > 0.
Standard deviation is defined as o(X) := /VarX.

Notice that indeed (X — EX)? is integrable when | X |? is, as we can write (X — EX)? <
2| X >+ 2(EX)2. A useful tool for calculating variance is to notice that by opening the square
Var(X) = E ((X — EX)?) = E(X?) — 2E(XEX) + (EX)* = E(X?) — (EX)*.

So let us calculate some variances using this:

e The variance of a Bernoulli random variable X ~ Ber(p) is E(X?)—(EX)? = p—p? =
p(1 — p). Why is this reasonable?

e Similarly, using the same formula we can calculate the variance of an exponential
random variable X ~ Ezp(\). Indeed, as x? satisfies the conditions of Proposition

b.12] we can write
EX? = )\/ 2% exp(—Az)du.
0

We now calculate by doing twice integration by parts
)\/ 2 exp(—Ar)dr = 2/ vexp(—Az)dr = 20 TEX = 2072
0 0

Hence Var(X) = A72
Variance tells us how much the random variable fluctuates or deviates around its mean,

as is illustrated for example by the following lemma:

Lemma 5.17 (Chebyshev’s inequality). Let X be an integrable random variable with finite
variance. Then P(|X —EX| >1t) < Va;—gx)

Proof. This follows directly from the Markov’s inequality P(Y > ¢) < E- that we proved for
non-negative integrable random variables Y on the previous exercise sheet. Indeed, we just
apply Markov’s inequality to Y = (X — EX)? to get that

Var(X)

P(|IX —EX|>1t) =P(X —EX)* > t*) < >
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In fact, variance also gives us a new view on expectation itself as the minimizer of certain
error: if X is an integrable random variable of finite variance, then the real number a that
minimizes the so called mean squared error: E(X — a)? is given by a = EX! Again, you will
find this on the example sheet.

5.4.1 Covariance and correlation

As discussed, one is often is interested how two random variables are related to each other.
We already saw the notion of independence - random variables are independent if they don’t
influence each other at all. In the other extreme there is the case where they are equal, i.e.
P(X =Y) =1 in which case we say X = Y almost surely. Both of those are very strong
notions. A weaker measure of how two random variables are related, and a way to in some
sense measure the level of dependence is described by notions of covariance and correlation.

Definition 5.18 (Covariance and correlation). Suppose that X, Y are two integrable random
variables of finite variance defined on the same probability space. The covariance of X and

Y, denoted Cov(X,Y) is then defined as
Cov(X,Y) = Cou(Y,X)=E (X —EX)(Y —EY)) =E(XY) - EXEY.
If neither of X, Y is almost surely a constant, then the correlation p(X,Y) is defined as
Cov(X,Y
p(X,Y) = X __

V Var(X) Var(Y')

A first question might be why is even covariance well-defined? I.e. why is E(XY") finite
when X, Y have finite variance? This follows from the Cauchy-Schwarz inequality, which I

believe you have already seen in some form. You will find an non-eximinable proof at the
end of the section.

Theorem 5.19 (Cauchy-Schwarz inequality). Let X, Y be two random variables on (2, F,P)
such that X2,Y? are integrable. Then | XY | is also integrable, and moreover

E(XY]) < VEX2)E(Y?).

Moreover, the equality holds if and only if | X| = AY| almost surely for some A > 0.

Notice that in particular it also follows that

E(XY) < |[E(XY)| < E|XY| < VE(X2)E(Y?).

The relevant cases of equality can be also worked out.

Using this inequality, we see that not only are covariance and correlation well defined,
but also we can see that having full correlation means that the random variables are almost
surely equal.

Exercise 5.4 (Covariance and dependence). Let X,Y be two random wvariables of finite
positive variance defined on the same probability space.

e Show that the correlation p(X,Y) € [—1,1]. When is it equal to 1, when is it equal
to —1, how to interpret this?
e Show that if X, Y are independent, integrable with finite variance, then their covari-

ance s zero.
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e Show that if X,Y are integrable with finite variance, then
Var(X +Y) = Var(X) + Var(Y) + 2Cou(X,Y)

and deduce that if X, Y are also independent, then Var(X +Y) = Var(X) + Var(Y).
e Finally, find random variables X,Y with zero covariance that are not independent.

Given a random vector, it is often useful to define the covariance between each pair of
components.

Definition 5.20 (Covariance matrix). Let X = (Xi,...,X,) be a random vector such that
all components have finite variance. Then the covariance matriz ¥; ; is defined as

Ei,j = COU(XI',X]‘).

In fact, we have already met a covariance matrix! indeed, for a Gaussian random vector

N (z, C), the matrix positive-definite symmetric matrix C' is the covariance matrix and 7z =
(EXy,...,EX,):

Exercise 5.5 (Independence and Gaussians). Prove that for a Gaussian random vector
X ~ N (i, C), the matriz C is the covariance matriz and i = (EXy, ..., EX,,). Show that in
the case of a Gaussian random vector, if Cov(X;, X;) =0, then X; and X; are independent.

Observe that this in particular means that a Gaussian vector is determined only by its
mean and covariance, which is a very nice indeed!

5.5 Moments of a random variable

We have seen that E(X) and E((X —EX)?) contain valuable information about a random
variable X. Moreover, we saw that if we look at Eg(X) for all bounded continuous g, then
this determines the law of X completely. But this is already quite a lot of information! An
intermediate task would be to ask EX™ for all n > 1. Does knowing this determine the
random variable?

Definition 5.21 (Moments of ar.v.). Let X be a random variable andn € N. IfE|X|" < oo,
we say that X admits a n-th moment. We call EX™ the n-th moment of X.

To understand the relation between different moments, let’s recall the Jensen’s inequality.
A function ¢ : R — R is called convex if for all z,y and all A € [0, 1] we have that

oAz + (1 = Ny) < Ap(z) + (1 = AN)d(y).

We call Ax+(1—\)y a convex combination of x,y. Using this vocabulary, Jensen’s inequality
can be reworded as saying that the image under ¢ of a convex combination of two points is
always smaller than the convex combination of the images of the two points under ¢. (What
does it mean geometrically?)

Finally, recall that a convex function is continuous and thus if X is a random variable,
then so is ¢(X). We can now state Jensen’s inequality:

Theorem 5.22 (Jensen’s inequality). Let X be an integrable random variable and ¢ a convex
function such that ¢(X) is also integrable. Then

P(EX) < E¢(X).
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Notice the similarity to the defining property of convexity: EX can be thought of as a
convex combination of the possible values of X. Thus, for example if X takes only two values
x,y with probabilities A and 1 — X\ then Jensen’s inequality is just a reformulation of the
defining property of convexity.

I expect you have seen and will see many different proofs of this nice inequality. Still there
is one in the appendix on this section for completeness.

We now have the following simple lemma, saying that the existence of higher moments
implies the existence of lower moments too:

Lemma 5.23. Let X be a random variable defined on some probability space (2, F,P that
admits a n-th moment. Then it also admits a m-th moment for all m < n and moreover
E|X|" > (B(X[™)"™.

Proof. Let m < n. Let us first notice that if | X|" is integrable, then also is | X|™ with m < n.
Indeed, we can bound

X (@)™ < max(IX (@), 1) < [X(@)]" +1

and thus integrability of | X|™ follows from that of | X|".

Now, for n > m, consider ¢(z) = |z|*/™. This is a convex function. Hence, as both | X|™
and |X|" = ¢(]X|™) are integrable, we can apply Jensen’s inequality to ¢ and |X|™ and
obtain

E|X|" = E(¢(|X]™) > ¢(E|X|™) = (E(IX[™)"™,
concluding the proof. 0

In particular, the former Lemma says that if the second moment of X exists, then both
X is integrable and of finite variance. Many random variables you will see in statistics or
numerics will have finite variance, so it’s useful to have a good condition for that. You will
see on the example sheet that the converse is not true, there will be examples of integrable
random variables with infinite variance and so on.

The existence of moments has a direct influence on how the tails of the random variable
behave. Indeed, by Markov’s inequality if E|X|" < oo, we know that
ElX|"

7
i.e. the tail behaves like O(¢™"). In case of finite variance we only knew that the tail behaves
like O(t72) for example. Or in simple words - having higher moments that very big values
are taking with smaller probability.

Let us now come to the interesting question - do the moments uniquely determine the
distribution? This is true in quite large generality, but not always. We will here prove a
partial result:

P(X > t) < P(X[" > ") <

Proposition 5.24. Let X,Y be two almost surely bounded random variables, i.e. r.v. such
that almost surely X € [—A, Al and Y € [—A, A] for some A > 0. Suppose further that
EX™ =EY™ for everyn € N. Then X and Y have the same law.

Before embarking on the proof, observe that trivially for bounded random variables all
moments do exist - namely, if X is bounded then every | X|" is bounded too. The proof we

give relies on the following theorem of independent interest:
66



Theorem 5.25 (Stone-Weierstrass). Let f be a continuous function on some interval I =
[—A, A]. Then f can be uniformly approximated by polynomials: i.e. there is a sequence
of polynomials (Py,)n>1 such that (P,),>1 converges to f in (C(I,R),dw), where as usual

doo(f,9) = sup,er [f(2) — g()].

Most likely, you will see the proof of this theorem in several courses from several points of
view. As it is a beautiful result, it is well worth mentioning it several times. In fact, we will
also provide a short probabilistic, but non-examinable proof at the end of the subsection.
Let us first see how it implies the proposition.

Proof of Proposition[5.2]. The proposition follows rather easily from Stone-Weierstrass theo-
rem. Indeed, by the assumption and by linearity of expectation, we see that EP(X) = EP(Y)
for each polynomial P.

Our aim is to use Proposition [5.13] i.e. to prove that Eg(X) = Eg(Y) for all continuous
bounded g. Notice that any such g gives rise to a continuous function g : [-A, A] — R, by
restriction. Moreover as X,Y € [—A, A] almost surely, we see that Eg(X) = Eg(X) and
hence it suffices to argue that Eg(X) = Eg(Y') for continuous functions on [—A, A].

Given such a function g, by the Stone-Weierstrass theorem for every € > 0, there is some
polynomial P, such that dw(g, P.) < e. As EP.(X) =EP.(Y), we can write

[Eg(X) —Eg(Y)| = [Eg(X) — EP(X) + EF(Y) — Eg(y)],
and bound this from above using by triangle inequality by
[E (9(X) = P(X)) [+ [E(g(Y) = P(Y)) |-

Further,
[E (9(X) = P(X)) [ < E[g(X) = P(X)[ <€
But now as X € [—A, A] almost surely, and |g(z) — P.(z)| < € for x € [—A, A], we see
that |g(X) — P.(X)| < e almost surely, and hence by Proposition we deduce that
Elg(X) = P(X)| <e.
Hence we conclude that |[Eg(X) — Eg(Y)| < 2¢ and as € > 0 was arbitrary we conclude

that Eg(X) = Eg(Y). As g was arbitrary, the proposition now follows from Proposition
5. 13l U

So what could go wrong in general?

First, of course all moments might not exist and then only the few existing moments
might not characterize the distribution. For example, if you define discrete random variables
X, and X, with supports Z \ {0} and 2Z \ {0} respectively by setting P(X; = k) = ck™

and P(X, = 2k) = ck™3 with ¢ = W, then X, X, are integrable with zero mean by
>1

symmetry. However neither admits a second moment (see Exercise sheet) and they are also
not equal in law as their supports are different.

Second, even if all moments exist, they might grow too quickly to characterize the distri-
bution:

Exercise 5.6 (Moment problem). Let X be a standard normal random variable. Prove that
W = exp(X) admits all moments and calculate these moments. Let a > 0, and consider a
discrete random variable Y, with support
Se = {ae™:m e Z}
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and defined by
1
P(Y, = ae™) = Ea_me_mZ/Q
with Z =3, ., a~me ™12 (why is it finite?). Show that Y, admits all moments and that
moreover for every n € N, EW™ = Eexp(Xn) = EY".

5.5.1 Moment generating function

We considered moments of random variables and saw that they might give a useful count-
able collection of numbers that fully characterizes the underlying random variable. But what
if instead of moments we look at some other family of functions g(X') and their expectations?
It comes out that a very useful family is directly related to moments: we consider Ee!* for
all t € R such that X is integrable.

Definition 5.26 (Moment generating function). If X is a random variable such that exp(tX)
is integrable for some interval I = (—c,c) around 0. We say that X admits a moment-
generating function (MGF) in a neighbourhood around 0 and denote Mx(t) = Eexp(tX) for
tel.

The name comes from the fact that when My (t) exists in a small interval, we can write

M (t) = Blexp(tX)) = B ).

n>1

Checking that you can exchange the summation and the expectation (On the Exercise sheet),
one obtains o
Mx(t)=>" SEX".
n>1

In particular, from here it is not hard to deduce that if we look at M (t) as a function of ¢,
then in fact moments 2 o 4= Mx (t) evaluated at t = 0 just gives the n-th moment. We will skip
this calculation that is not examinable.

It comes out that MGF-s also characterize the distribution. We state this result and you
are free to use it, though the proof is out of the scope of this course:

Theorem 5.27 (MGF determines the distribution (admitted)). Let X,Y be random vari-
ables such that Mx(t) and My(t) exist in some open interval around 0, and moreover
Mx (t) = My (t) in this interval. Then X andY have the same law.

In fact moment generating functions and this concrete theorem for MGFs also nicely
generalize to random vectors:

Theorem 5.28 (MGF for random vectors (admitted)). Let X be a random vector taking
values in R™ such that Ee® < oo for T in some open neighbourhood ofOl We then call
M+(t) = Eet &7 the moment generating function of X. Again, if MGFs of two random
vectors X and Y are equal in some neighbourhood around 0, then X and Y have the same
law.

These two results are extremely useful. First, as an application MGF-s can be used to
determine independence:

HHere (-,-) denotes the inner product in R”
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Lemma 5.29 (Independence and MGF). Let X, Y be random variables such that there exists
an open interval I C R containing zero such that Mx(t) and My (t) exist for allt € I. Then
X,Y are independent iff for each t,s € I, Mx(t)My(s) = Mxy)((t,5)).

Proof. Firstly, if X, Y are independent then the condition follows directly from Proposition
(.14l Indeed, for each ¢,s € I we can take g(z) = exp(tz) and h(y) = exp(sy). Then
Mx(t) = Eg(X) and My(s) = ER(Y) and by assumption both are integrable. Hence that
proposition implies that Mx (t)My (s) = Eexp(tX + sY) = M(x.y)(t, s).

The other direction is a direct application of Theorem [5.28} indeed, let (X,Y") be a pair
of random variables such that for each ¢,s € I, Mx(t)My(s) = Mx,y)((t,s)). Further, let
(X,Y) be a pair of independent random variables such that X has the law of X and Y has
the law of Y. In particular then Mx(t) = M (t) and My (s) = My (s)for all ¢, s € 1.

Now, by the first part Mz (t)Mx(s) = Mz y)((t,s)). We conclude that M(xy)((t,s)) =
M5 y)((t,s)) and deduce from Theorem [5.28 that (X,Y’) and (X,Y) have the same joint
law. In particular X and Y are independent. O

Second, it really makes some things much easier, in particular calculations with Gaussians:

Exercise 5.7. Prove X is a Gaussian vector with mean 7t and covariance C if and only if
Mx(t) = exp({t, ) + 5(t,C?)). Deduce that
o [/f X is a standard Gaussian on R™, then so 1s OX for every orthogonal n X n matriz.
o The Gaussian vector with mean i and covariance C' on R"™ can be written as AY +1,
where Y is the standard Gaussian on R™ and C = Vv AAT (You may assume such a
matriz A exists, but you have seen it in linear algebra!)

Thus having an MGF can really simplify and reduce calculations. The drawback of mo-
ment generating functions is that they do not always exist.

Exercise 5.8. Consider the log-normal random variable, i.e. Z = exp(X) where X is a
standard Gaussian. Prove that there is no open interval around 0 such that M,(Z) exists in
this interval.

This can be mended by considering what is called the characteristic function:

Definition 5.30 (Characteristic function). Let X be a random variable. Then
cx(t) = Ee"™ = Ecos(tX) + iEsin(tX)
1s called the characteristic function of X.

The nice thing is that the characteristic function exists for all £ € R as both cos(tX) and
sin(tX) are trivially bounded. Moreover, it uniquely characterizes the law of the random
variable and in case of random variables with density, it corresponds to the Fourier transform
of the density. But this and much more will already topic of a future course...

5.6 * Proofs of some auxiliary results (non-examinable) x

[* non-examinable section begins x|
In this non-examinable section we present proofs of some auxiliary results. I do recommend
the probabilistic proof of the Stone-Weierstrass theorem, it is a gem!

First let us prove the Cauchy-Schwarz inequality:
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. . g > g o > . X .
Proof of Cauchy-Schwarz inequality. Define Y, X as Y = a) and X = O This

is possible as X2, Y? are integrable. Notice that by definition then E(Y?) = E(X?) = 1.
Moreover, the Cauchy-Schwarz inequality is then equivalent to

~

(5.3) E(|XY]) < 1.

But now for every w € 2, we have that |X( )Y ( )| < (XQ(w) + ?Q(w)) Thus we see that
| XY| is integrable and by properties of expectation

E(XY]) < sE(X*+V?) =1,

2"
and the inequality [5.3] follows.
The equahty holds if and only if [ XY | = (X 2 1 ¥2) almost surely, which in turn holds if

and only if |X| = Y| almost surely. As Y, X are normalized versions of X,Y’, this is turn
holds if | X| = A|Y| almost surely for some )\ > 0. O

Next, it is time to prove Jensen’s inequality. We will do it using the following chracteri-
zation of convex functions:
e ¢ : R — R is convex if and only if for every x € R, there is some ¢ = ¢(z) € R so

that for every y € R, we have that ¢(z + y) > ¢(x) + c,y.

Proof of Jensen’s inequality. Consider x = EX and y = X —EX. Then injecting this in the
formulation of convexity just above, we obtain

H(X) > H(EX) + (X — EX)
almost surely. Taking now expectation, and using the fact that E(X —EX)) = 0, we deduce
Eo(X) > o(EX)

as claimed. 0
And finally the cute probabilistic proof of the Stone-Weierstrass theorem:

Proof of Theorem [5.25. By translation and scaling, it is simple to see that it suffices to prove
the theorem for the case I = [0,1] and f continuous on [0, 1]. Now for every x € [0,1],n € N
let X, . be a Binomial random variable of parameters (n,z) We define P,(z) = Ef (X, ./n).
By Proposition we then have

SUCTIECERS

and hence P, () is a polynomial of order n in x.

We claim that P,(z) converges to f uniformly. First, notice that as f is continuous on
0, 1] it is bounded by some M, and uniformly continuous - i.e. for every ¢ > 0, there is some
dc > 0 so that if |z — y| < 0, then |f(x) — f(y)] < e.

Now, write

|Po(2) = [ ()] = [E(f(Xn.a/n) ;)Ef(x)\ < E|f(Xna/n) = f(2)]



The crux is something we have already seen: in fact X, , is very close to its expectation zn
for n large. Indeed, we by Chebyshev’s inequality and the fact that Var(X,,,) = nx(1 — x)
VarX,, nz(l-—ux)
P(|X,2/n— x| >t/n) =P(| X, —nx| >t) < T v )
In particular, if we choose t = n?3 then P(|X,,./n — x| > n~/3) < n=1/3.
To use this fact we write:
Elf(Xnz/n)—f(2)] =E (|f<Xn,x/n) - f(x)|1|Xn,z/nf:1:\>n*1/3)+E (’f(Xn,x/n) - f($)|1|Xn,z/n*x\<n*1/3) :
Then as |f(z)| < M for x € [-A, A], we can bound the first term by

MELx, . jnajon-1s = MP(|Xpo/n — x| > n~"/?) < Mn~3,

Fix some € > 0 and choose n large enough so that n='/3 < §,. We can bound the second
term by
Eel‘xmw/n—mkn*l/?’ S €.

~1/3

Hence if we also require that n < €, we obtain altogether

E|f(Xn./n) — f(x)] < Mn™'3 4 e < (M +1)e.
As this is uniform in x and holds for arbitrary e, the theorem follows. 0

[* non-examinable section ends *|
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SECTION 6

Limit theorems

In this section, we will look at infinite sequences of events and infinite sequences of random
variables. Some questions we will be interested in:

e When can we be sure that at least one of the events Ay, A, ... happens? For example,
under what conditions can you guarantee that you will eventually win with a lottery
or get a 6 in the exam? Or suppose, you start a random walk in Manhatten - at
every corner you choose uniformly one of four directions. Will you ever get back to
your hotel?

e Under what criteria do only finitely many of the events Ay, A,, ... fail? For example,
under what criteria do we know that a infectious disease that is spreading will only
last for a finite time?

e When can we say something about the limit of the sequence of random variables
X1, Xo,...7 We have already seen some vague statements in the lines that Bin(n, A/n)
converge to Poisson or Bin(n, 1/2) when normalized converges to the Gaussian. How
to make such statements mathematically precise, especially and how to treat these
situations in general?

e What about the limit of EX;,EX,, ... if the underlying random variables converge?

We will see how such questions come up naturally, find some cases where they become
tractable and even easy. As often in mathematics, looking at limiting situations makes
things more tractable. For example, somtimes to gain understanding of complex random
systems, e.g. like complex networks, it is useful to see what happens if we let the size of the
network go to infinite. Can we talk of some infinite network?

6.1 Probability space for infinite coin tosses

Let us start by revisiting the probability space for infinite fair coin tosses. In Theorem
2.16| we assumed the existence of a probability space that carries a countable sequences of
fair coin tosses - i.e. one can define Xy, Xy, ... that are mutually independent and Ber(1/2)
distributed.

In fact, there is actually a slick way of proving this. The key lemma is the following
bi-measurable correspondence between ({0, 1}, Fyy) and ([0, 1], Fg):

Lemma 6.1 (Dyadic correspondence). For each x € [0,1] consider its dyadic expansion
T =Y., 2 'x;, where we make the expansion unique by choosing it such that it doesn’t end
in a infinite sequence of 1-s. Then the map f : [0,1] — {0, 1} defined by f(x) = (z1,79,...)
is injective and measurable from ([0,1], Fg) to ({0, 1}, Fp).
Proof. Injectivity is clear. Measurability follows from the following points:
(1) Fi is generated by the sets of the form F; x Fy x --- x F, x {0,1} x {0,1} x ...
(from definition);
(2) Fg is generated by intervals of the form [j27", (j+1)2 ™) over j =1...2" and n > 1
(this is a small check);
(3) the sets of the form Fy x Fy x --- x F}, x{0,1} x {0,1} x ... are correspondence with

finite unions of intervals of the type above via f.
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To see the third point, notice that every set of the form E = Il;c; F; where F; = {w;} for all
i <nand F; = {0,1} otherwise is in correspondence with an interval of length 2" of the
form above. O

Using this, it is rather easy to construct the product space for infinitely many fair coin
tosses:

ace of infinite fair coin tosses). For each i > 1 let Q; = {0,1}, F; =

Proposition 6.2 (Sp
= P;y(1) = 1/2. Then there exists a product probability measure Py on

(Hi21Qi>~FH)-

Notice that in particular each sequence of n coin tosses has probability exactly 27", i.e.
like in the case of Laplace model for n equivalent coin tosses.

Proof. Consider the dyadic map f : [0,1] — {0,1}" from the lemma above. This lemma
says that the map is measurable from ([0, 1], Fg) to ({0, 1}, F1). Thus, by Lemma , the
uniform measure Py on ([0, 1], Fz) induces a probability measure Py on ({0, 1}, Fyp).

It remains to see that this measure is indeed a product measure. Fix some w € {0, 1},
ie. w; € {0,1} for each ¢ > 1. Now, consider a finite subset J = {1,...,n} C N and
set F; = {w;} for all i € J and F; = {0,1} otherwise, and let E = Il;c;F;. Now observe
that Py(f~1(E)) = 27", But this is exactly equal to IT;c;P;(F;) and thus we indeed have a
product measure. O

In fact it is not too hard to extend this method and define in the same way the probability
space containing independent random variables with any law; we will leave it however to
non-exmainable exercises.

6.2 Infinite collections of events and random variables

Before stating a few interesting limit theorems, let us start by formalizing some of the
limiting notions in the context of events. Fix a probability space (€2, F,P) and a sequence of
events F1, Es, ... that could for example be repetitions of the same random situation, like
repetitive coin tosses. Recall that E; is an event means that E; C Q) and E; € F. Each w
gives a random state of the universe, and w € Ej; if the event E; happens for this particular
state.

Now, we say that

e First, we could ask whether at least one event of the sequence E,, happens. By defini-
tion, {w € Q: w € E; for some i} = J,-, £,. Sometimes one says that 'E; happens
eventually’. An example would be the following example from an earlier example
sheet: tossing independent coins, we eventually obtain heads with full probability
(this also follows from the lemma just below). Notice that there is some sequence of
tosses that gives no heads - the sequence TTTT'T'. .., however as it has 0 probability,
it does not matter.

e Second, we might ask whether the events F; happen infinitely often. It requires a
check to see that

{w € Q:w € E; for infinitely many i} = ﬂ U E,.
m>1n>m
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This event is also sometimes denoted by limsup,,~; E,. In the case of coin tossing,
each F; could mean that the i-th toss comes up heads, and we have seen that in
the case of independent coins, indeed FE; would happen infinitely often with full
probability.

e Finally, we might ask whether all but finitely many F; happen. One can again see
(on the exercise sheet), that

{w € Q:w e E; for all but finitely many i} = U ﬂ E,.

m>1n>m

This event is also denoted by liminf,,>; E,,. An example situation would be as follows:
you start with 10 CHF, and as long as you have some money left, you bet with the
European central bank (that can always print more money when needed!) on whether
independent coin tosses are head or tails. The winner gets 1 CHF, and the loser loses
1 CHF. It’s a mathematical fact that after almost surely, after finitely many bets you
are left with 0 CHF. So if we denote by E; the event after i bets you are bankrupt,
this event fails only finitely many times.

Here are some useful criteria to study such events. First, a very naive criterion:

Lemma 6.3. Let Ey, Fs, ... be independent events of probability p;. Then P(U;5, Ei) =1
if and only if 11, (1 — p;) — 0 as n — o0.

Proof. This is on the exercise sheet. 0

For example, if each event happens with the same probability p, then I} ;p; = p", which
clearly goes to zero. So even if you toss a coin that comes up heads with probability 0.00001,
you will eventually see heads.

A verey useful criteria for verifying that some even cannot happen but finitely many times
is given by the first Borel-Cantelli lemma:

Lemma 6.4 (Borel-Cantelli I). Let Ei, Es,... be any sequence of events on a common
probability space (0, F,P). If > - P(E,) < oo, then almost surely only finitely many events

E; happen, i.e. P((,,51 Upsm En) = 0.

Notice that we are not assuming anything on the dependence or independence of the
events F;! Also, this lemma does not say that there is some fixed number 1000 of events
that happen. Indeed, exactly how many events can happen and exactly which events happen
depends on w € .

For example, consider a sequence of unfair coins with probability of heads for the n-
th coin given by n=2. If E, denotes the event of obtaining heads on the n-th toss, then
> ns1 P(E,) < oo. Thus, by the lemma, we see that almost surely one obtains only finitely
many heads in an infinite sequence of coin tosses. However, notice that whether you obtain
10 or even 100 heads depends on the exact sequence of tosses, i.e. on the 'randomness’

encoded by the state w € €.

Proof. Fix some ¢ > 0. As 2@1 P(E,) < oo, we can find some ny € N such that
Z@no P(E,) < e. But now as P(AN B) < P(B),

P(() U B <P B < 3 P(E.) <,

m>1n>m n>ng n>no
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where in the last inequality we use the union bound. As e was arbitrary, the claim follows. [J

The short proof might make you suspicious if it is of any use. But think for example of
the following. Assume that we have Xi, X,,... be a sequence of random variables on the
same probability space, each with law Geo(1/2) but such that we know nothing about the
dependence structure. What can we say about the maximum of n first random variables?

Using Borel-Cantelli I, we can easily get some nice information:

Exercise 6.1. Assume that we have X1, Xo,... be a sequence of random wvariables on the
same probability space, each with law Geo(1/2). Let E, = {max? , X; > \/n}. Show that
almost surely only finitely many of Ex, Es, ... happen, i.e. P(() <;U;>, £i) = 0. Deduce
that there exists some random variable C' : Q — R that takes a.s. non-negative values and

such that P(max!_ ; X;(w) < C(w)y/n) = 1.

This is partly complemented by the second Borel-Cantelli lemma, which gives a condition
for infinitely many events to happen. Notice that here we again ask for independent events.

Lemma 6.5 (Borel-Cantelli II). Let Ey, Es, ... be a sequence of independent events on a
common probability space (Q, F,P). Suppose that 3, -, P(E,) = oco. Then almost surely
infinitely many events E; happen, i.e. P((, 51 U,z En) = 1.

Proof. We have that

P(() U E)=1-P( ) E)

m>1n>m m>1n>m

and hence it suffices to show that P(lJ,,,~, (,>,, £r) = 0. By the union bound

P N 5 < TR 2.

m>1n>m m>1 n>m

Further, as E; are independent, so are EY, and hence

P(() Ep) = WuzmP(E;) = Muzm(1l — P(Ey)).

n>m

Now using the inequality 1 — z < e~ for = € [0,1], we can bound the RHS further by
exp(— >, P(E,)). But the sum in the exponential equals co by the assumption. Thus
P(Mysm Er) = 0, hence P(U,,>, N> £) = 0 and we conclude.

n>m —n

U

As already exemplified by the proof, the criteria of independence is indeed necessary:

Exercise 6.2. Find events Ey, Ey, ... on the same probability space such that ), - P(E,) =
00, but P51 Upsm En) = 0. Also, find events Ey, Es, ... such that P((,,5, U,>pm En)
happens with probability p € (0,1).

These lemmas look very innocent, but actually have nice applications (we will see some
later). First, a simple corollary says that independent events either happen infinitely often
with probability 1 or 0 - this is quite remarkable, as a priori one might think that it could
happen with any probability, like in the exercise above. So we see how the ’simple-looking’

assumption of independence can really sway things:
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Corollary 6.6. Let Ei, Fs,... be mutually independent events on a common probability
space. Then P((,,>1 U,sm En) € {0,1}, i.e. E; happens infinitely often either with proba-
bility 0 or 1. -

Proof. This follows directly from the Borel-Cantelli lemmas, as either ) ., P(E,) < oo or
> o1 P(Ey) = oo O

In fact, this is a special case of a more general Kolmogorov 0-1 law, that we only meet in
the non-examinable section this year.

Things are similar, but a bit more exciting when we switch from events to sequences of
random variables X, X5, .... Again, firstly the question is what we can even ask about an
infinite sequence of random variables - not all functionals might be measurable!

For example some questions that we might be interested in are:

e Is same value k attained by the sequence of random variables?
e Are all but finitely many of X; positive?

e Is the sequence of random variables bounded in absolute value?
e Does it converge?

For the first one measurability is clear, as we can write it as the union |J,-,{X; = k},
similarly for the second one. For the third one, already some thought might be required:
the event that the sequence of random variables is bounded in absolute value by M € N
is given by En = (),>;{|Xi|] < M}. But we want to allow different bounds for different
sequences. So we have to take also a union over M to get | J ey Ear, which again shows that
the question makes fully sense.

6.3 Convergence of random variables

We now get to the heart of this section which is not only asking whether sums or sequences
of random variables converge or not, but trying to understand what do they converge to.
So our model situation will be something as follows: X, X5,... are some random variables
and we ask if X, converges in some sense and to what it might converge. In fact, there
are several notions of convergence: almost sure convergence, convergence in probability and
convergence in law. They apply in different situations and describe different things.

6.3.1 Almost sure convergence

Maybe the most natural notion is that of almost sure convergence. For this notion, the
setting is as follows: we have some random variables X, Xs,... defined on the same prob-
ability space (2, F,P) and we just ask about the event {w € Q : X, (w) converges}. For
example, again with coin tossing you might toss coin a hundred times and take the average,
and then a thousand times and take the average. Do these averages converge? The definition
is as follows.

Definition 6.7 (Almost sure convergence). Let X1, Xs,... be random variables defined on
a common probability space (2, F,P). If for some random variable X defined on (Q, F,P)
we have that P({w € Q : (X, (w)p>1 = X(w)}) = 1, then we say that the sequence (X, )n>1

converges almost surely to X.
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Your first question should be again, why is this event in the definition even measurable!
The exercise sheet will help you out.

Remark 6.8 (x non-examinable %). In the spirit of the first half of the course, you might
further ask - given the joint laws of any (X, ..., X;,) for any finite subset {i1,...,i,} of N,
can we even define a common probability space (2, F,P) such that X1, Xs,... are random
variables defined on this space and satisfy the given joint laws? We have argued that this
1s possible in case Xy, Xo,... are mutually independent by the construction of a product
measure. This can be generalized to hold for more general sequences, as long as certain
consistency conditions hold for the finite-dimensional joint laws. The relevant theorem is
called Kolmogorov Extension Theorem. However, we will restrict ourselves to sequences of
independent random variables, and thus will not go any deeper into this.

6.3.2 Convergence in law

The most common notion and maybe the most important one is however ’convergence in
law’. Convergence in law describes the convergence of distributions, if you wish - geometri-
cally the convergence of histograms. For example, you could think of the following situation
- your aim of life is to learn to toss a perfect random coin. In the beginning, you don’t throw
strong enough and there is a bias for the coin to do only one revolution and come on top
with the side that was downwards. So you model your throw with Ber(p) random variable
with p # 1/2. As you practice more and more, you get better and finally your coin tosses
are really nearly perfect Ber(1/2) random variables. At different stages of your development
you have different distributions, that you can model on different probability spaces. Over
time these probability distributions start looking more and more like Ber(1/2) in sense that
their probability laws converge.

Definition 6.9 (Convergence in law). We say that a sequence of random variables X1, Xo, . . .
converges in law (also: converges in distribution) to a random variable X if Fx, (t) — Fx(t)
for every t that is a continuity point of Fx, i.e. that is such that P(X =1t) = 0.

Notice that we don’t ask X, X5,... to be defined on the same probability space! This
is not necessary, as we are in any case only looking at their laws Py,, that are uniquely
characterized by Fl;.

It might be strange that we don’t ask for convergence at all points ¢ € R. The reason
is the following: consider deterministic random variables X,, taking value 1/n. Then we
would intuitively want to say that X, converge to the deterministic random variable X that
takes value 0 almost surely. However, notice that Fx,(0) = 0 for all n € N, but Fx(0) = 1.
Thus if we asked for convergence for all ¢, the random variables X,, would not converge to
0...however, with the definition given above, they nicely do!

Still, notice that if the limiting random variable is continuous, we really do ask the point-
wise convergence of c.d.f. at all points.

To better understand the notion of convergence in law, it might be useful to think of an
equivalent criteria. In fact there are many equivalent criteria!

Proposition 6.10. Let X, Xs,... be a sequence of random variables. They converge to a
random variable X in law if and only if for every a < b with P(X = a) =P(X =b) =0 we
have that P(X,, € (a,b)) = P(X € (a,b))

7



Proof. If (X,,)n>1 converge in law to X then by definition F, (t) — Fx(t) for any continuity
point ¢ of Fix(t). In particular, if P(X = a) = P(X = b) = 0, then the points a, b are such
continuity points. We can write

P(X € (a,5)) = Fx(8) — Fx(a) = lim (Fy, () = Fx, (a))
But now P(X,, € (a,b)) = (Fx, (b") — Fx, (a)). It suffices to now see that lim,_,., Fx, (b™) =
lim,, o Fx, (b). But this follows from the fact that b is a continuity point as for every € > 0
we have that

Fx,(b—¢€) < Fx,(b7) < Fx, (b)

and if b — € is also a continuity point, we deduce

Fx(b—¢) <liminf Fx, (b)) < limsup F, (b7) < Fx(b),
n—oo n—00
which letting ¢ — 0 gives the desired equality.

In the other direction, we want to prove that for each ¢ with P(X = b) = 0, we have
that P(X,, < b) — P(X < b). Now, we know that for any a < b with P(a = 0), we have
P(X, € (a,b)) = P(X € (a,b)). As there are only countably many a with P(X = a) > 0, we
can choose a — —oo and conclude that P(X,, < b) > P(X,, € (a,0)) = ns00 P(X € (a,b)). As
P(X € (a,b)) = P(X <b) as a - —o0, we deduce that liminf, ,,, P(X, <b) > P(X <b).
Similarly one can see that liminf, ,., P(X,, > b) > P(X > b). But now
1> liminf(P(X, < b)+P(X, > b)) > liminf P(X < b)+liminf P(X > b) > P(X < b)+P(X > b).

n—o0 n—oo n—oo
As P(X < b) +P(X > b) = 1, we see that in fact the inequalities have to be equalities and
thus we conclude. O

Remark 6.11. In fact the same proof gives a seemingly weaker but actually equivalent con-
dition: we ask that for all a < b, it holds that liminf,>; P(X,, € (a,b) > P(X € (a,b).
leave it to you to check.

6.3.3 Comparison of different modes of convergence

Almost sure convergence is a strictly stronger notion than convergence in law, even if the
random variables are defined on the same probability space. First, that convergence in law
does not imply almost sure convergence is illustrated by the following example

e Let Xy, X5, ... be iid Ber(1/2) random variables defined on the same probability
space. Then clearly (X,,),>1 converges in law to a Ber(1/2) random variable as for
every n > 1, we have that X,, ~ Ber(1/2). Yet we claim that X,, does not converge

almost surely. This can be seen in many ways, for example we have that in the case
of Ber(1/2) random variables

{w: (Xpn(w))n>1 converges} = {w: X,,(w) = X,,(w) for all m,n large enough}.

I leave it to you to argue that these events are measurable (see also the exercise
sheet). Now, define E,, = {w : X;(w) is constant for k € [27,2"1]}. If X, converges,
then at the very least it has to be constant on infinitely many of these intervals, thus

P((X,)n>1 converges) < P(infinitely many E,, happen).
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However, P(E,) = 5 and thus }_ ., P(E,) < cc. In particular by Borel-Cantelli T
we see that almost surely only finitely many of the events F,, happen end hencet not
only we don’t have almost sure convergence, instead

P({w € 2 : (X,(w))n>1 does not converge) = 1.
We now prove the other direction:
Proposition 6.12 (Almost sure convergence implies convergence in law). Let X1, Xs, ... be

random variables defined on a common probability space (2, F,P). Then if (X,)n>1 converge
almost surely, they also converge in law.

Proof. The proof is based on the following claim:

Claim 6.13. Suppose X1, Xs,... converge almost surely to X. Then for every e > 0, we
have that P(|1 X, — X| >¢€) — 0 as n — oo.

Before proving the claim, let us see how it implies the proposition. Let x be a continuity
point for Fy. Then both
Fx(z) = lim Fx(x —1/m)= lim Fx(z+1/m).
m—o00 m—o0

By the claim for every m € N, for n large enough it holds that P(|X,, — X| > 1/m) < 1/m.
Notice further that

{Xp, <z}n (X >z+1/m)} C{|X — X,| > 1/m}.
Thus writing
Fx,(x)=P(X,<2)=P(X, <z)N(X <z+1/m))+P(X,, <z)N(X >z +1/m))
we can bound
Fx, () < Fx(zx+1/m)+P(|X — X|>1/m) < Fx(z + 1/m) + 1/m.

Using a similar inequality for the other direction, we obtain that for every m € N, for all n
large enough.
Fx(x —1/m)—1/m < Fx, () < Fx(z+ 1/m)+ 1/m.
Taking first n — oo and then m — oo, we obtain that lim,>; Fx,(x) = Fx(x) and thus
deduce the convergence in law of X, to X.
It remains to prove the claim.

Proof of Claim. Fix some € > 0. Then
{(Xn)n>1 = X} CH{| X, — X| < € for all large enough n} = U E,.
m>1

[P with E,, = {¥n > m : |X,— X| < €}. Notice that these events are nested, i.e. E,, C Ep,1,
as there are less conditions imposed by the latter. As P({(X,)n,>1 — X}) =1 we get that

1 =P LJI En) = lim P(E,).
mz
But now P(|X,, — X| > ¢) <1—P(FE,) and thus the claim follows. O
21n case you have trouble seeing what’s happening, I recommend writing out everything using w, e.g.

{w: (Xp(Ww))p>1 = X(w)} CH{w : | X, (w) — X(w)] < € for all n > n(w)} ete.
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In fact, in the claim above we introduced another notion of convergence that is often used:
convergence in probability.

Definition 6.14 (Convergence in probability). One says that a sequence of random variables
X1, Xo, ... defined on the same probability space converge to X in probability if and only if
for every € > 0 we have that P(|1X,, — X| >¢€) — 0 as n — oo.

The proof above then gives us the following implications:

e Convergence in probability implies convergence in law.
e Almost sure convergence implies convergence in probability.

We already saw that convergence in law doesn’t imply almost sure convergence, but in fact
stronger converses are true:

Exercise 6.3. By considering the sequence of i.i.d. Ber(1/2) random variables, or otherwise,
prove that convergence in law does not imply convergence in probability.

Now, let X,, be a random variable taking value 0 with probability 1 — 1/n and value 1
with probability 1/n defined on (Q, F,P). Prove that (X,)n>1 converges to 0 in probability.
Further, show that if X,, are mutually independent, then they do not converge to 0 almost
surely. Does this remain true when X, are not mutually independent?

There are in fact even further notions of convergence, but we will leave them to your further
courses. You might already ask though, why should we care about so many different notions?
The difference between almost sure convergence and convergence in law is maybe more
intuitive and was already explained above. To recall, in the case of almost sure convergence
we really look at the convergence of a sequence of numbers for each w € §2; in the case of
convergence in law, we look at the convergence of the respective probability laws, via e.g.
their c.d.f-s. In the latter case the random variables don’t need to defined on the same
probability space. But why do we need this third notion of convergence in probability?

First, we saw it enter rather naturally when comparing almost sure convergence and con-
vergence in law. Second, almost sure convergence is often a too strong notion, as illustrated
in the exercise above. And third, convergence in probability is often much easier to work
with than almost sure convergence, as one can work with events for fixed n € N. Finally,
convergence in probability gives naturally rise to a very useful metric structure on random
variables defined on (2, F,P), where there is no topology on the space of random variables
on (€2, F,P) such that convergence in this topology would correspond to almost sure conver-
gence! (See the non-examinable section of the exercise sheet.) So maybe in fact convergence
in probability is natural and not the a.s. convergence? We will come back to this shortly,
but of course this is only a meta-mathematical question, so let us for now push forward with
actual mathematics.

6.4 Weak and Strong law of large numbers

Let us start by stating both theorems. Roughly, they both say that if you repeat the same
random experiment independently n times to obtain i.i.d random variables X, Xo,..., X,
then as n — oo the average of X; converges to the expectation of X;. This is quite remarkable

that the distribution of the variables does not play any larger role in this limit - only the
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integrability and the expectation matter. Both of these theorems are related to so called
ergodic theorems, which roughly link the temporal (here n) and spatial (here E) averages.

Theorem 6.15 (Weak law of large numbers (WLLN)). Let X, Xy, ... be i.i.d. integrable
random variables defined on (0, F,P). Then as n — oo, we have that

nox
IP’(|ZZ:—1 —EX,| >¢€) =0,
n

i.e. the sequence S,, = Z?:nl X converges in probability to EX;.
The stronger version is as follows:

Theorem 6.16 (Strong law of large numbers (SLLN)). Let X, Xo,... be i.i.d. integrable
random variables defined on (2, F,P). Then we have that

"X
]P)( Zz:l
n

converges to EXy) = 1,

i.e. the sequence S,, = Z?:nl Xi converges almost surely to EX;.

As almost sure convergence implies convergence in probability, we see that the second
result is indeed stronger. What is the difference of these two theorems?

The weak law says that if you do independent experiments Xi, X,,... and look at the
average outcome of the first n of them with n large, then the random variable you obtain
is very close to the constant EX;. Indeed, for evert ¢ > 0, if you do sufficiently many
experiments then the probability that this random average differs from [EX; by more than e
is less than, say, 0.00001. WLLN doesn’t however say how the consecutive averages behave
for a fixed sequence of outcomes.

The strong law on the other hand says exactly that almost surely for any sequence of
outcomes, if you look at the average of the first n outcomes and then increase n, these
averages converge to [EX;. SLLN doesn’t look only at snaphots for fixed n, but describes for
every sequence the evolution of averages.

In both cases, both the integrability and independence are important. You will think
about the role of integrability on the example sheet; for necessity of some independence you
can consider the case X; = X,.... Then the average of Xi,...,X,, is just equal to X;
and has no reason to converge to a constant. In general, LLN also holds under some weak
dependence, but this is out of scope here.

So why do we state the weak law at all? The reason is that it is considerably easier to
prove! In fact, although we prove both theorems under weaker hypothesis then stated, the
full case of the WLLN could be proved with not much more effort, whereas proving the sharp
version of SLLN is already not that easy.

Proof of WLLN for i.i.d. random variables with bounded variance. Suppose that EX? < C.
In this case E(|S,, — EX|?) is well defined and we can write

E(|S, — EX1[) = Y nE[(X; — EX))(X; — EX))/]
7,7<n
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But X, Xy, ... are mutually independent and EX; = EX;. Thus we see that if 7 # j, then
E [(Xl - EXl)(XJ - EXl)] = 0. Hence

E(|S, — EXi[*) =n>)  Var(X;) =n"'C =0
=1

as n — 00. By Chebyschev inequality we have that
P(|S, —EXi| >¢) <e'n'C =0

and and WLLN for random variables with bounded variance follows.

O

Notice that we didn’t really use independence here - just the fact that Cov(X;, X;) =0
for all 7, 5! Moreover, we also didn’t use that the variables were i.i.d., we just used that for
all i > 1, we have that EX? < C - i.e. the variances are uniformly bounded. We prove SLLN
under even stronger hypothesis. Notice how the proofs start similarly, but that there is an
extra step in the end.

Proof of SLLN for i.i.d. random variables with EX} < C. Suppose that for some C' > 0, we
have EX! < C. By increasing the value of C' (but not the number of notations!) we
can assume that for this C' also E(X; — EX;)* < C for some C' > 0 (why?). In this case
E(|S, — EX;|?) is well defined and we can write

E(|S, —EX,|*) = Z nE[(X; - EX))(X; - EX) (X, — EX)) (X, — EX))].
i,9,k,l<n

Notice that if one index appears only once (e.g. we have i = 1, j = k = = 2), then as in
the proof of WLLN

E[(X; —EXy)(X; —EX)) (X, —EXy)(X; —EX;).] =0

because of independence and the fact that EX; = EX;. Hence
E(S, —EXi[*) =n* ) E[(X; - EX1)*(X; - EX,)?] .
i,j<n

By Cauchy-Schwarz,

E[(X; —EX1)*(X; —EX;)*] <E[(X; —EX;)'] <C.
Thus

E(|S, —EX;|*) < Cn?
and by Markov’s inequality
E|S, — EX,[|*
n-1/2

Thus when we define E, = {|S, — EX;| > n~/8}, then 3 ., P(E,) < co. Hence by Borel-
Cantelli lemma applied to the evens E,,, we see that almost surely only finitely many of them

occur. But this means that almost surely, {|S, — EX;| < n~/#} for all but finitely many n,
implying that S,, converges to EX; almost surely. O

P(|S, — EXy| > n~Y8) = P(|S, — EX[* > n~Y?) < < Cn732.

Remark 6.17. Again, notice that in this proof we don’t use the fact that X; are identically
distributed, we only use that EX} < C. You should ask yourself: why did we need in this

proof the 4-th moment, and in WLLN only the 2-nd moment?
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These two theorems are the basis for the so called frequentist approach to probability.
Indeed, we have the following immediate corollary (recall how annoying it was to prove it
on the first example sheet!)

Corollary 6.18. Let Ey, Es, ... be independent events with P(E;) = p. Then #{(Ei)is"nthat occur}
converges almost surely to p.

Proof. This follows directly from SLLN by noticing that 1g,,1g,,... are i.i.d integrable
random variables of expectation p. O

So for example, if you have a coin with unknown probability p of obtaining heads. Then
to determine p, you start tossing the coin, and look at the average number of heads you get
in n trials, and then SLLN says that with probability one these averages converge to p! It’s
an interesting question to see "how fast’ it converges to p, i.e. how precisely you might know
p after, say, 25 or 100 throws...Although answering this question will be outside of the scope
of this course, it is in certain settings related to the Central limit theorem, that describes
the fluctuations of the average around its mean and is described in the next section.

6.5 Central limit theorem
The final result of the course is the Central Limit Theorem (CLT).

Theorem 6.19 (Central Limit Theorem). Let X1, Xs,... be i.i.d. random variables of finite
variance o defined on the same probability space. Then n~'/? Yo (X; —EX;) converges in
law to N(0,c?).

This is a remarkable result, saying that if we add up independent random variables of finite
variance we always end up with the same distribution - the Gaussian distribution! This is
the reason why at least heuristically measurement errors in physics look like Gaussians - they
are sums of small independent contributions, or why Gaussians come up when looking at
distributions of say heights in a population. This phenomenon that individual properties of
the random variables X; only influence the limiting law by a few parameters - the expectation,
variance - is sometimes called universality.

In the CLT both the assumption of finite variance and independence are crucial: you
will see an example about moment conditions on the exercise sheet. To see that with-
out independence CLT could fail consider for example the case of X; = X, = .... Then
n~1/235""  X; = n'/2X; which certainly does not converge and has no reason to be a Gauss-
ian. Whereas the condition of independence can be relaxed somewhat, there has to be a fair
amount independence to guarantee that the effect of each X; on the sum is negligible!

We can now for example deduce very easily the following result, which has come up as a
technical exercise in a non-examinable section of the exercise sheet:

Corollary 6.20. Let X,, be a Bin(n,p) random variable. Then % converges in law to a

Gaussian of variance o = p(1 — p).

Proof. We can write X,, —np =Y., (Y; —EY;), where Y; are i.i.d. Ber(p) random variables.
Then by the CLT, we have that X%"p = Ziil%_Em converges to a Gaussian of variance
Var(Y;) = p(1 — p).

U
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We will again prove CLT under further hypothesis, in particular we assume E|X;]? < cc.
There are many different proofs of this theorem, all explaining different facets of the theorem.
The one we follow is based on the following idea:

e The sum of Gaussians is always a Gaussian. Moreover, if X, X5, ... are i.i.d. stan-
dard Gaussians, then n~Y/23"" X, has again the same law! (Check!) Now, given
general variables Y;, we will just try to swap them one by one for Gaussian random
variables of the same mean and variance. We always make an error, but if we can
control the cumulative error, then we are done. This is exactly what we will do!

This key step is encapsulated in the following proposition, that we again prove under
further hypothesis:

Proposition 6.21 (Lindeberg Exchange Principle). Let Xy, Xs,... be i.i.d. zero mean unit
variance random variables and with E|X;|*> < oco. Let further Y be a standard Gaussian.
Define S, == n~Y23""  X;. Then for every f : R — R smooth with uniformly bounded
deriatives up to third order, we have that |[Ef(S,) —Ef(Y)| — 0 as n — oo.

Before proving the proposition, let us see how to deduce CLT from this proposition.
The idea is as follows: we saw already that knowing Eg(X) for all continuous bounded g
determines the distribution of X. In fact, this would be also true if we only assumed it
to hold for smooth ¢! Moreover, convergence in law can be also deduced from knowing
the convergence of Eg(X,) — Eg(X) for all g that are smooth and bounded, and have
further conditions on derivatives. The idea is similar to Proposition [5.13| - we approximate
indicator functions 1y, via smooth functions and thus obtain the convergence the c.d.f at
all continuity points.

Lemma 6.22. Suppose that X, X1, Xs,... are random variables. If for all smooth bounded
g with uniformly bounded derivatives up to 3rd order we have Eg(X,) — Eg(X) as n — oo,
then X,, converge in law to X.

Proof. This is on the exercise sheet. 0

Proof of CLT:. Given random variables X; of variance o2, we have that )A(, = @ are
zero mean and unit variance. Thus we can apply Proposition and Lemma to deduce
that n=1/23"" | X, converges to a standard Gaussian. But now multiplying everything by o

gives the CLT. U
It remains to prove the proposition.
Proof of Lindeberg Exchange Principle: Let Y and Y7, Y5... be ii.d. standard Gaussians.

For k > 1, write
k—1 n
[ - Zi:l Xi + Zi:kYi
ok T ni/2 '

Notice that S, 41 = S, and S, =n"Y23"" | ¥; ~ N(0,1). Thus we can write

(6.1) F(Sn) = FOV) =D f(Suns1) = F(Sni)-

Our aim will be to control each individual summand. To do this write further

k—1 n
[ Zizl Xi + Zi=k+1 Yi
nk nl/2 ’
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where we have omitted the k-th term altogether.
By third-order Taylor’s approximation we can write a.s.

X / X2 " X3 "
F(Snpen) = F(S00) + 50 (Sh) + 521" (S0p) + s (@),

with ; between S, ;11 and S}, and similarly

Y Y2 X3
F(Suk) = F(S2p) + 58 () + S F1(S0) + o 7 (w2).

nl/2 6n3/2

Taking expectations, as X} is independent of ngk, we see that

nl/2 2n 6n3/2

Using further that X} has mean zero, unit variance and E|X}|® < oo, we obtain that

1 1
Ef(Snk+1) = Ef(Sp ) + %Ef (Spx) + Er,

Ef(Supst) = EF(S,) + EAEE(SY,) + BALES"(S0,) + B ( i f”’(xl)) .

| 3

with |[E,| < E (g—’;}i[f’”(a:lﬂ) = O(n=%/?) as by assumptions on f, we have that | f"(z)| < C

and E|X|> < oo. Similarly, as also Y; is independent of S ,, we obtain that
1 .
Ef(Snk) = Ef(sg,k:) + %Ef”(sg,ﬁ + Er,

with |E,| = O(n32). Thus IEf(Snri1) — Ef(Snr)| = O(n=3/?). By the triangle inequality

we obtain
n

E(f(Sn) = FYD <D B (Suprr) —EF(Sur)| = O(n~"/?)
and the proposition follows. - O

I wish there was more...but that’s all!
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