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Background

Probability theory is one of the fastest growing areas of mathematics. Probabilistic arguments
are used in a tremendous range of applications from number theory to genetics, from physics to
finance. Probability is a core part of computer science and a key tool in analysis. And of course
it underpins statistics. It is a subject that impinges on our daily lives: we come across it when
we go to the doctor or buy a lottery ticket, but we’re also using probability when we listen to the
radio or use a mobile phone, or when we enhance digital images and when our immune system
fights a cold. Whether you knew it or not, from the moment you were conceived, probability
played an important role in your life.

We all have some idea of what probability is: maybe we think of it as an approximation to
long run frequencies in a sequence of repeated trials, or perhaps as a measure of degree of belief
warranted by some evidence. Each of these interpretations is valuable in certain situations. For
example, the probability that I get a head if I flip a coin is sensibly interpreted as the proportion of
heads I get if I flip that same coin many times. But there are some situations where it simply does
not make sense to think of repeating the experiment many times. For example, the probability
that ‘UK interest rates will be more than 6% next March’ or the probability that ‘T’'ll be involved
in a car accident in the next twelve months’ cannot be determined by repeating the experiment
many times and looking for a long run frequency.

The philosophical issue of interpretation is not one that we’ll resolve in this course. What
we will do is set up the abstract framework necessary to deal with complicated probabilistic
questions.

These notes are essentially those written by James Martin, based on a previous versions by
Christina Goldschmidt, Alison Etheridge, Neil Laws and Jonathan Marchini. I'm very glad to
receive any comments or corrections at winkel@stats.ox.ac.uk or winkel@maths.ox.ac.uk.

The synopsis and reading list from the course handbook are reproduced on the next page for
your convenience. The suggested texts are an excellent source of further examples.

I hope you enjoy the course!



Overview

An understanding of random phenomena is becoming increasingly important in today’s world
within social and political sciences, finance, life sciences and many other fields. The aim of this
introduction to probability is to develop the concept of chance in a mathematical framework.
Random variables are introduced, with examples involving most of the common distributions.

Learning Outcomes

Students should have a knowledge and understanding of basic probability concepts, including
conditional probability. They should know what is meant by a random variable, and have met
the common distributions and their probability mass functions. They should understand the
concepts of expectation and variance of a random variable. A key concept is that of independence
which will be introduced for events and random variables.

Synopsis

Sample space, events, probability measure. Permutations and combinations, sampling with or
without replacement. Conditional probability, partitions of the sample space, law of total prob-
ability, Bayes’ Theorem. Independence.

Discrete random variables, probability mass functions, examples: Bernoulli, binomial, Pois-
son, geometric. Expectation, expectation of a function of a discrete random variable, variance.
Joint distributions of several discrete random variables. Marginal and conditional distributions.
Independence. Conditional expectation, law of total probability for expectations. Expectations of
functions of more than one discrete random variable, covariance, variance of a sum of dependent
discrete random variables.

Solution of first and second order linear difference equations. Random walks (finite state space
only).

Probability generating functions, use in calculating expectations. Examples including random
sums and branching processes.

Continuous random variables, cumulative distribution functions, probability density functions,
examples: uniform, exponential, gamma, normal. Expectation, expectation of a function of a
continuous random variable, variance. Distribution of a function of a single continuous random
variable. Joint probability density functions of several continuous random variables (rectangular
regions only). Marginal distributions. Independence. Expectations of functions of jointly con-
tinuous random variables, covariance, variance of a sum of dependent jointly continuous random
variables.

Random sample, sums of independent random variables. Markov’s inequality, Chebyshev’s
inequality, Weak Law of Large Numbers.

Reading List

1. G. R. Grimmett and D. J. A. Welsh, Probability: An Introduction, 2nd edition, Oxford
University Press, 2014, Chapters 1-5, 6.1-6.3, 7.1-7.3, 7.5 (Markov’s inequality), 8.1-8.2,
10.4.

2. J. Pitman, Probability, Springer-Verlag, 1993.
3. S. Ross, A First Course In Probability, Prentice-Hall, 1994.

4. D. Stirzaker, Elementary Probability, Cambridge University Press, 1994, Chapters 14, 5.1—
5.6, 6.1-6.3, 7.1, 7.2, 7.4, 8.1, 8.3, 8.5 (excluding the joint generating function).



Chapter 1

Events and probability

1.1 Introduction

We will think of performing an experiment which has a set of possible outcomes 2. We call 2
the sample space. For example,

(a) tossing a coin: Q = {H,T};
(b) throwing two dice: Q = {(¢,7): 1 <1i,j < 6}.
An event is a subset of 2. An event A C Q occurs if, when the experiment is performed, the

outcome w € ) satisfies w € A. You should think of events as things you can decide have or have
not happened by looking at the outcome of your experiment. For example,

(a) coming up heads: A ={H};
(b) getting a total of 4: A = {(1,3),(2,2),(3,1)}.
The complement of A is A°:= Q\ A and means “A does not occur”. For events A and B,
AU B means “at least one of A and B occurs”;
AN B means “both A and B occur”;

A\ B means “A occurs but B does not”.

If AN B = () we say that A and B are disjoint — they cannot both occur.

We will assign a probability P (A) to each event A. Later on we will discuss general rules (or
“axioms”) governing how these probabilities ought to behave. For now, let’s consider a simple
and special case, where () is a finite set, and the probability assigned to a subset A of Q is
proportional to the size of A; that is,

|A]
P(A) = .
|€2]
In that case for our examples above, we get:
(a) for a fair coin, P(A4) =1/2;
(b) for the two dice, P(A) = 1/12.

Example (b) demonstrates illustrates the need for counting in the situation where we have a finite
number of possible outcomes to our experiment, all equally likely. The sample space €2 has 36
elements (6 ways of choosing ¢ and 6 ways of choosing 7). Since A = {(1,3), (2,2), (3,1)} contains
3 sample points, and all sample points are equally likely, we get P (A) = 3/36 = 1/12.

We want to be able to tackle much more complicated counting problems.



1.2 Counting

Many of you will have seen before the basic ideas involving permutations and combinations. If
you haven’t, or if you find them confusing, then you can find more details in the first chapter of
Introduction to Probability by Ross.

Arranging distinguishable objects

Suppose that we have n distinguishable objects (e.g. the numbers 1,2,...,n). How many ways
to order them (permutations) are there? If we have three objects a, b, ¢ then the answer is 6:
abce, ach, bac, bea, cab and cba.

In general, there are n choices for the first object in our ordering. Then, whatever the first
object was, we have n — 1 choices for the second object. Carrying on, we have n — m + 1 choices
for the mth object and, finally, a single choice for the nth. So there are

nn—1)...2.1=n!

different orderings.
Since n! increases extremely fast, it is sometimes useful to know Stirling’s formula:

1
nl ~V2rn"T2e ",

where f(n) ~ g(n) means f(n)/g(n) — 1 as n — oo. This is astonishingly accurate even for quite
small n. For example, the error is of the order of 1% when n = 10.

Arrangements when not all objects are distinguishable

What happens if not all the objects are distinguishable? For example, how many different ar-
rangements are there of a,a,a,b, c,d?

If we had aq, ag, a3, b, ¢, d, there would be 6! arrangements. Each arrangement (e.g. b, ag, d, as,
ay,c) is one of 3! which differ only in the ordering of a1, ag,as. So the 6! arrangements fall into
groups of size 3! which are indistinguishable when we put a; = as = ag. We want the number of
groups which is just 6!/3!.

We can immediately generalise this. For example, to count the arrangements of a, a, a,b,b, d,
play the same game. We know how many arrangements there are if the b’s are distinguishable,
but then all such arrangements fall into pairs which differ only in the ordering of b1, b2, and we
see that the number of arrangements is 6!/3!2!.

Lemma 1.1. The number of arrangements of the n objects

Alye.., ]y, 2y, 2,00 Ay ..., O

-~

m1 times mo times my times
where «; appears m; times and mi + -+ +my =N s

n!

(1.1)

mylma! - -my!’
Example 1.2. The number of arrangements of the letters of STATISTICS is %

If there are just two types of object then, since m; + mg = n, the expression (1.1) is just a

binomial coefficient, (n?l) = WLWM)' = (ni;)

Note: we will always use the notation



Recall the binomial theorem,

(x+y)" = i <:1> My,

m=0

You can see where the binomial coefficient comes from because writing

(z+y)"=@+y)(z+y) - (r+y)

and multiplying out, each term involves one pick from each bracket. The coefficient of z
is the number of sequences of picks that give z exactly m times and y exactly n — m times and
that’s the number of ways of choosing the m “slots” for the z’s.

The expression (1.1) is called a multinomial coefficient because it is the coefficient of a}™ - - - a]"*
in the expansion of

m, n—m
Y

(a1 4 -+ ap)"

where mq + - - - mp = n. We sometimes write

n
mi1 mg ... Mg
for the multinomial coefficient.

Instead of thinking in terms of arrangements, we can think of our binomial coefficient in terms
of choices. For example, if I have to choose a committee of size k from n people, there are (Z)
ways to do it. To see how this ties in, stand the n people in a line. For each arrangement of k
1’s and n — k 0’s I can create a different committee by picking the ith person for the committee
if the ith term in the arrangement is a 1.

Example 1.3. Pick a team of m players from a squad of n, all possible teams being equally likely.
Set

0= {(il,iz,...,z'n): ir €{0,1} and ) iy :m},
k=1
where

. 1 if player k is picked,
? =
g 0 otherwise.

Let A = {player 1 is in the team}. Then

P (A)

n

_ F#teams that include player 1 _ (;};11) m
#possible teams () n

Many counting problems can be solved by finding a bijection (that is, a one-to-one correspon-
dence) between the objects we want to enumerate and other objects that we already know how
to enumerate.

Example 1.4. How many distinct non-negative integer-valued solutions of the equation
R
are there?

Solution. Consider a sequence of n x’s and m—1 |’s. There is a bijection between such sequences
and non-negative integer-valued solutions to the equation. For example, if m = 4 and n = 3,

There are (nJ”:;_l) sequences of n x’s and m — 1 |’s and, hence, the same number of solutions to
the equation.



It is often possible to perform quite complex counting arguments by manipulating binomial
coefficients. Conversely, sometimes one wants to prove relationships between binomial coefficients
and this can most easily be done by a counting argument. Here is one famous example:

Lemma 1.5 (Vandermonde’s identity). For k,m,n >0,

<ml—<|:—n> - ]Zk(:) <7]n) (k T_l j>’ (1.2)

where we use the convention (T]”) =0 for j > m.

Proof. Suppose we choose a committee consisting of k£ people from a group of m men and n
women. There are (m,':") ways of doing this which is the left-hand side of (1.2).

Now the number of men in the committee is some j € {0,1,...,k} and then it contains k — j
women. The number of ways of choosing the j men is (Zn) and for each such choice there are (k’zj)
choices for the women who make up the rest of the committee. So there are (T) (kﬁj) committees
with exactly 7 men and summing over j we get that the total number of committees is given by
the right-hand side of (1.2). O

An aside on sizes of sets

In this course, we will often deal with finite collections of objects, as in our counting examples.
We will also want to be able to deal with infinite sets, and we will want to distinguish between
those that are countable and those that are uncountable.

An infinite set S is called countable (or countably infinite) if there is a bijection between S
and the natural numbers N. That is, we can write S as a list: S = {x,z9,23,...} = {z;: i € N}.
Otherwise S is called uncountable. The natural numbers are themselves countable (take x; = 1),
as are the rational numbers, but the real numbers, for example, are not. (Those of you doing
Analysis I will see much more about this there.)

1.3 The axiomatic approach
Definition 1.6. A probability space is a triple (2, F,P) where
1. Q is a set, called the sample space,
2. F is a collection of subsets of €2, called events, satisfying axioms F1—F3 below,

3. P is a probability measure, which is a function P: F — R satisfying axioms P;-P3 below.!

Our axioms are as follows:

The axioms of probability

F is a collection of subsets of 2, with:

Fi: Qe F.

Fo: If A € F, then also A¢ € F.

F3: If {A;, i € I} is a finite or countably infinite collection of members of F, then | J;.; A; € F.

P is a function from F to R, with:

Py: For all Ae F,P(A) > 0.

Pgt P(Q) =1.

Ps: If {A;,i € I} is a finite or countably infinite collection of members of F, and A; N Aj = 1]
for i # j, then P(U,;c; Ai) = D1 P(Ai).

'P: F — R means that to each element A of F, we associate a real number which we call P (A). P is a function
or mapping from F to R. Compare to a situation you are more familiar with: if f(z) = 2> then we say that f is a
function from R to R (or f: R — R for short).



Note that in particular (for I = {1,2} and A; = A and Ay = B):
P; (special case): If A, B € F with AN B =), then P(AU B) = P(A) + P(B).

(You may wonder whether this special case is enough to imply the full statement of P3. It’s easy
to show, for example by induction, that this special case of the statement for two events implies
the statement for all finite collections of events. It turns out that the statement about countably
infinite collections is genuinely stronger — but this is rather a subtle point involving intricacies of
set theory! You may also wonder what ), ; means when [ is countable. Again, there are some
subtleties, but the relevant cases for us are where I is either finite and ), ; the natural finite
sum, or / C N is countably infinite and >, ; P(4;) = > ;2 P(A4;)1;(i) can be given rigorous
meaning as the limit of an infinite series, where 17(i) =1ifi € I and 1;(i) =0ifi & I.)

In the examples above, () was finite. In general 2 may be finite, countably infinite, or
uncountably infinite. If  is finite or countable, as it usually will be for the first half of this
course, then we normally take F to be the set of all subsets of Q (the power set of ). (You
should check that, in this case, F1—F3 are satisfied.) If Q is uncountable, however, the set of
all subsets turns out to be too large: it ends up containing sets to which we cannot consistently
assign probabilities. This is an issue which some of you will see discussed properly in next year’s
Part A Integration course; for the moment, you shouldn’t worry about it, just make a mental
note that there is something to be resolved here.

Example 1.7. Consider a countably infinite set Q = {w1,ws,...} and an arbitrary collection
(p1,p2,...) of non-negative numbers with sum » .o, p; = 1. Put

P(4) = Z bi-

it w; €A
Then P satisfies P1-Ps. The numbers (p1,pe,...) are called a probability function.
We can derive some useful consequences of the axioms.
Theorem 1.8. Suppose that (2, F,P) is a probability space and that A, B € F. Then
1. P(A°)=1-P(A);
2. If AC B thenP(A) <P(B).

Proof. 1. Since AUA*=Q and AN A° =10, by P3, P(Q) =P(A) +P(A°). By Py, P(Q) =1
and so P (A) + P (A€) = 1, which entails the required result.

2. Since A C B, we have B = AU(BNA°). Since BN A® C A€, it must be disjoint from A. So
by P3, P(B) =P (A)+P (BN A°). Since by Py, P(B N A°) > 0, we thus have P (B) > P(4). O

Some other useful consequences are on the problem sheet.

1.4 Conditional probability

We have seen how to formalise the notion of probability. So for each event, which we thought of
as an observable outcome of an experiment, we have a probability (a likelihood, if you prefer).
But of course our assessment of likelihoods changes as we acquire more information and our next
task is to formalise that idea. First, to get a feel for what I mean, let’s look at a simple example.

Example 1.9. Suppose that in a single roll of a fair die we know that the outcome is an even
number. What is the probability that it is in fact a six?



Solution. Let B = {result is even} = {2,4,6} and C = {result is a six} = {6}. Then P(B) = 3

and P(C) = ¢, but if I know that B has happened, then P(C|B) (read “the probability of C' given
B”)is % because given that B happened, we know the outcome was one of {2,4,6} and since the
die is fair, in the absence of any other information, we assume each of these is equally likely.

Now let A = {result is divisible by 3} = {3,6}. If we know that B happened, then the only
way that A can also happen is if the outcome is in AN B, in this case if the outcome is {6} and
so P(A|B) = % again which is P(AN B)/P(B).

Definition 1.10. Let (2, F,P) be a probability space. If A,B € F and P(B) > 0 then the
conditional probability of A given B is
P(ANB)

PAIB) = —5 5

(If P(B) = 0, then P(A|B) is not defined.)

We should check that this new notion fits with our idea of probability. The next theorem says
that it does.

Theorem 1.11. Let (Q, F,P) be a probability space and let B € F satisfy P(B) > 0. Define a
new function Q: F — R by Q(A) =P(A|B). Then (2, F,Q) is also a probability space.

Proof. Because we're using the same F, we need only check axioms P;—Ps.

P,. For any A € F,
P(AN B)
-\ 75
P(B) —

P5. By definition,

P3. For disjoint events A;, i € I,

QUses Ai) = ]P’((Uz-%z(gg) N B)
- P (U;e;(Ai N B))
P(B)
_ Y P(AiNB)
~ P(B)
=2 ier Q(As). ]

From the definition of conditional probability, we get a very useful multiplication rule:

(because A; N B, i € I, are disjoint)

P(ANnB)=P(A|B)P(B). (1.3)
This generalises to

P(Al NAsNAzN... ﬂAn) :P(Al)P(AQ|A1)P(A3|A1 ﬁAQ)...IP)(An‘Al ﬂAgﬂ...ﬁAn_l)
(1.4)
(you can prove this by induction).

Example 1.12. An urn contains 8 red balls and 4 white balls. We draw 3 balls at random
without replacement. Let R; = {the ith ball is red} for 1 <i < 3. Then

8§ 7 6 14

P(RiNReNRy) =P(R1)P(R2|R1)P(R3|R1 N Ry) = 2 11 10 = 55



Example 1.13. A bag contains 26 tickets, one with each letter of the alphabet. If six tickets
are drawn at random from the bag (without replacement), what is the chance that they can be
rearranged to spell CALVIN ¢

Solution. Write A; for the event that the ith ticket drawn is from the set {C, A, L,V,I, N}. By

(1.4),
6 5 4 3 2 1
P(AA. AA)= 2. 2. 2 2 =2 1
(AN de) = oc o 51 53 92 21

Example 1.14. A bitstream when transmitted has
4 3
P(0 sent) = = P(1 sent) = =

Owing to noise,
P(1 received | 0 sent) =
P(0 received | 1 sent) =

What is P(0 sent | O received)?
Solution. Using the definition of conditional probability,

P(0 sent and 0 received)
P(0 received)

P(0 sent | 0 received) =

Now
P(0 received) = P(0 sent and 0 received) + P(1 sent and 0 received).

Now we use (1.3) to get

P(0 sent and 0 received) = P(0 received | 0 sent)P(0 sent)
(1 —P(1 received | 0 sent))P(0 sent)

14 1
1—2)==_.
8)7 2

Similarly,

P(1 sent and 0 received) = P(0 received | 1 sent)P(1 sent)

13 1
607 14
Putting these together gives
1 1 8
P(0 received) = 3 + -
and
3 T
P(0 sent | 0 received) = 2- = —
ﬁ 8



1.5 The law of total probability and Bayes’ theorem

Definition 1.15. A family of events {Bj, Ba, ...} is a partition of Q if
1. @ = ;> Bi (so that at least one B; must happen), and
2. B;N Bj = () whenever i # j (so that no two can happen together).

Theorem 1.16 (The law of total probability). Suppose {B1, Ba,...} is a partition of Q by sets
from F, such that P (B;) > 0 for alli > 1. Then for any A € F,

P(A) =) P(A|Bi)P(B;).

i>1

This result is sometimes also called the partition theorem. We used it in our bitstream example
to calculate the probability that 0 was received.

Proof. We have

PA)=P|AN UBZ- ,sinceUBi:Q

i>1 i>1

=P | JAnB)
i>1
= Z]P’ (AN B;) by axiom Pj3, since AN By, i > 1 are disjoint
i>1
= "P(AB)P(B;). -

i>1

Note that if P(B;) = 0 for some i, then the expression in Theorem 1.16 wouldn’t make sense,
since P(A|B;) is undefined. (Although we could agree a convention by which P(A|B)P(B) means
0 whenever P(B) = 0; then we can make sense of the expression in Theorem 1.16 even if some of
the B; have zero probability.) In any case, we can still write P(A) =, P(AN By).

Example 1.17. Crossword setter I composes m clues; setter II composes n clues. Alice’s prob-
ability of solving a clue is « if the clue was composed by setter I and B if the clue was composed
by setter II.

Alice chooses a clue at random. What is the probability she solves it?

Solution. Let

A = {Alice solves the clue}
B; = {clue composed by setter I},
By = {clue composed by setter I1}.

Then
m n

P(By) =
m+n’ (B2) m+n

By the law of total probability,

P(Bl) = ) P(A‘Bl) = q, P(A|BQ) = ﬁ

am pn  am+ fBn

P(A) =P (A|B1)P(B1) +P(A|B2)P(B2) =

m+n m+n  m4n

In our solution to Example 1.14, we combined the law of total probability with the definition
of conditional probability. In general, this technique has a name:

10



Theorem 1.18 (Bayes’ Theorem). Suppose that {B1, B, ...} is a partition of Q by sets from F
such that P(B;) > 0 for alli > 1. Then for any A € F such that P(A) > 0,

P(A|By)P(By)
> is1 P(A|B)P(B;)

P(By|A) =

Proof. We have

P(Bk N A)
P(A)

_ P(A[By)P(Bx)

P(4)

P(By|A) =

Now substitute for P(A) using the law of total probability. O

In Example 1.14, we calculated P(0 sent | 0 received) by taking {Bj, Ba,...} to be B} =
{0 sent} and By = {1 sent} and A to be the event {0 received}.

Example 1.19. Recall Alice, from Ezample 1.17. Suppose that she chooses a clue at random
and solves it. What is the probability that the clue was composed by setter I1?

Solution. Using Bayes’ theorem,

P(A|By)P(By)
(A|B1)P(B1) + P(A|B2)P(B2)

am
m—+n
am Bn
m-+n + m+n
am

am + fn’

P(B1]A) = P

O

When doing calculations, often it can be convenient to work with Bayes’ Theorem in “odds”
form. If we have an event B with probability P(B), then the ratio P(B)/P(B¢) is sometimes
called the odds of B.

By applying Bayes’ Theorem with the partition {B, B¢}, and comparing the expressions it
gives for P(B|A) and for P(B¢|A), we can obtain

P(B|A)  P(A|B) P(B)
P(B¢|A)  P(A|Bc)P(B°)’

The second fraction on the right-hand side is the odds of B. We could call the left-hand side the
conditional odds of B given A. The first fraction on the right-hand side is often called a Bayes
factor.

Example 1.20. A particular medical condition has prevalence 1/1000 in the population. There
exists a test for the condition which has false negative rate 0 (i.e. any person with the condition
will test positive) and false positive rate 0.0 (i.e. a typical person without the condition tests
positive with probability 0.01 ).

A member of the population selected at random takes a test, and tests positive. What is the
probability that they have the condition?

11



Solution. Write B for the event that the individual has the condition, and A for the event that
the test outcome is positive. We are asked to calculate P(B|A).
We have P(B) = 1/1000, P(A|B) = 1 and P(A|B¢) = 0.01.
Using the odds form of Bayes’ Theorem given above, we could write
P(B|A) _ P(A[B) P(B)
P(B<|A)  P(A|B¢)P(Be)
1 1/1000

~0.01 999/1000
= 0.0999.

Solving the equation p/(1 — p) = 0.0999, we obtain P(B|A) ~ 0.091. Even though the test is
“99% accurate”, nonetheless the conditional probability of having the condition given a positive
test is still less than 10%. The chance of a a false positive considerably outweighs the chance of
a true positive, since the prevalence in the population is very low. O

Example 1.21 (Simpson’s paradox). Consider the following table showing a comparison of the
outcomes of two types of surgery for the removal of kidney stones (from Charig et al, 1986):

H Number Success rate

Treatment A (open surgery) 350 (273/350 =) 0.78
Treatment B (nephrolithotomy) 350 (289/350 =) 0.83

On the basis of this comparison, it looks like Treatment B has performed slightly better than
Treatment A. A closer analysis of the data divides the patients into two groups, according to the
sizes of the stones:

Type I (stone < 2cm) Type II (stone > 2cm)

Number Success rate Number Success rate
Treatment A 87 (81/87 =) 0.93 263 (192/263 =) 0.73
Treatment B 270 (234/270 =) 0.87 80 (55/80 =) 0.69

Now Treatment A appears to beat Treatment B both in patients of Type I, and in patients of Type
II. Our initial analysis seems to have been misleading because of a “confounding variable”, the
severity of the case. Looking at the second table, we can see that patients of Type II are harder to
treat; Treatment A was more often given to these harder cases, and Treatment B to easier cases.
This made Treatment B appear to perform better overall.

This is Simpson’s paradox; in conditional probability language, it consists of the fact that for
events E, F, G, we can have

P(E|F NG) > P(E|F°NG)
P(E|F N G°) > P(E|F° N G°)

and yet
P(E|F) < P(E|F°).

(Exercise: identify corresponding events E, F' and G in the ezample above.)

12



1.6 Independence
Of course, knowing that B has happened doesn’t always influence the chances of A.
Definition 1.22. 1. Events A and B are independent if P(AN B) = P(A)P(B).
2. More generally, a family of events A = {4;: i € I} is independent if
P <ﬂ Ai> =[P4
i€J ieJ
for all finite subsets J of I.

3. A family A of events is pairwise independent if P(A; N A;) = P(A;)P(A;) whenever i # j.

WARNING: PAIRWISE INDEPENDENT DOES NOT IMPLY INDEPENDENT.

See the problem sheet for an example of this.

Suppose that A and B are independent. Then if P(B) > 0, we have P (A|B) = P(A), and if
P(A) > 0, we have P (B|A) = P (B). In other words, knowledge of the occurrence of B does not
influence the probability of A, and vice versa.

Example 1.23. Suppose we have two fair dice. Let

A = {first die shows 4}, B = {total score is 6} and C = {total score is 7}.

Then )
P(ANB) =P({(4,2)}) =
but L5 )

So A and B are not independent. However, A and C' are independent (you should check this).
Theorem 1.24. Suppose that A and B are independent. Then

(a) A and B¢ are independent;

(b) A€ and B¢ are independent.

Proof. (a) We have A = (AN B)U (AN B¢), where AN B and AN B¢ are disjoint, so using the
independence of A and B,

PANBY)=P(A)—P(ANB)=P(A)—P(A)P(B)=P(A)(1-P(B)) =P(A)P(B°).
(b) Apply part (a) to the events B¢ and A. O

More generally, if {A;,i € I} is any family of independent events, then also the family {A§,i €
I'} is independent. Proof: exercise! (We need to show that the product formula in Definition 1.22
holds for all finite subsets {A,7 € J}). One approach is to use the inclusion-exclusion formula

from Problem Sheet 1; various induction arguments are also possible.)
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1.7 Some useful rules for calculating probabilities

If you’re faced with a probability calculation you don’t know how to do, here are some things to
try.

e AND: Try using the multiplication rule:
P(ANB)=P(A|B)P(B)=P(B|A)P(A)
or its generalisation:
P(AiNAsn...NA,) =P(A)P(Az]A1)...P(A,JA1NAsN...NA1)
(as long as all of the conditional probabilities are defined).

e OR: If the events are disjoint, use
P(AjUAU...UA,) =P(A)+P(A2) +---+P(Ay).
Otherwise, try taking complements:
P(AiUA2U...UA,)=1-P((AHUAU...UA,) ) =1-P(ATNASN...NAY)

(“the probability at least one of the events occurs is 1 minus the probability that none of
them occur”). If that’s no use, try using the inclusion-exclusion formula (see the problem
sheet):

P(AUA U UA,) =D P(A)=> P(ANA)+-+(-1)""P(ANAN...NA,).
=1

1<j

e If you can’t calculate the probability of your event directly, try splitting it up according to
some partition of €2 and using the law of total probability.

Useful check: any probability that you calculate should be in the interval [0, 1]!
If not, something, has gone wrong....

14



Chapter 2

Discrete random variables

Observing whether an event occurs corresponds to answering a yes-no question about a system
that we’re observing, or an experiment that we’re performing. But often we may want to answer
more general questions. In particular, we may want to ask questions such as “how many?” , “how
big?”, “for how long?”, whose answer is a real number.

Random variables are essentially real-valued measurements of this kind. We start by consid-
ering discrete random variables, which take a finite or countable set of values (for example integer
values). Here’s a formal definition.

Definition 2.1. A discrete random wvariable X on a probability space (2, F,[P) is a function
X : Q2 — R such that

(a) {weQ: X(w) =2a} € F for each x € R,
(b) ImX = X(Q) = {X(w): w € Q} is a finite or countable subset of R.
We often abbreviate “random variable” to “r.v.”.
This looks very abstract, so give yourself a moment to try to understand what it means.

e (a) says that {w € Q: X(w) = z} is an event to which we can assign a probability. We usu-
ally abbreviate this event to {X = x} and write P (X = z) to mean P ({w € Q: X (w) = z}).
If these abbreviations confuse you at first, put in the w’s to make it clearer what is meant.

e (b) says that X can only take countably many values. Often ImX will be a subset of N.

e If Q2 is countable, (b) holds automatically because we can think of ImX as being indexed
by €2, and so, therefore, ImX must itself be countable. If we also take F to be the set of
all subsets of Q2 then (a) is also immediate.

e Later in the course, we will deal with continuous random variables, which take uncountably
many values; we have to be a a bit more careful about what the correct analogue of (a) is;
we will end up requiring that sets of the form {X <z} = {w € Q: X(w) < x} are events to
which we can assign probabilities.

Example 2.2. Roll two dice and take Q = {(i,7): 1 <i,7 < 6}. Examples of random variables
include X and 'Y where

X(i,j) = max{i,j}, the maximum of the two scores

Y(i,j) =i+ 74, the total score.

Definition 2.3. The probability mass function (p.m.f.) of X is the function px: R — [0,1]
defined by
px(z) =P(X =z).
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If z ¢ ImX (that is, X (w) never equals z) then px(z) =P ({w: X(w) =z}) =P (0) = 0. Also

Y px(@)= Y P({w: X(w) ==z}

ze€lmX ze€lmX

P ( U {w: X(w) = x}) since the events are disjoint
z€ImX

P () since every w € Q) gets mapped somewhere in ImX
1.

Example 2.4. Fiz an event A € F and let X: Q — R be the function given by

X(w) = {1 if w e A,

0 otherwise.
Then X is a random variable with probability mass function
px(0)=P(X =0)=P(A)=1-P(4), px(1)=P(X=1)=P(4)

and px(z) =0 for all x # 0,1. We will usually write X = 14 and call this the indicator function
of the event A.

2.1 Some classical distributions

Before introducing concepts related to discrete random variables, we introduce a stock of examples
to try these concepts out on. All are classical and ubiquitous in probabilistic modelling. They
also have beautiful mathematical structure, some of which we’ll uncover over the course of the
term.

1. The Bernoulli distribution. X has the Bernoulli distribution with parameter p (where
0<p<1l)if
PX=0)=1-p, P(X=1)=p.

We often write ¢ = 1 — p. (Of course since (1 —p) +p = 1, we must have P (X = z) = 0 for
all other values of z.) We write X ~ Ber(p).

We showed in Example 2.4 that the indicator function 14 of an event A is an example of a
Bernoulli random variable with parameter p = P (A), constructed on an explicit probability
space.

The Bernoulli distribution is used to model, for example, the outcome of the flip of a coin
with “1” representing heads and “0” representing tails. It is also a basic building block for
other classical distributions.

2. The binomial distribution. X has a binomial distribution with parameters n and p
(where n is a positive integer and p € [0,1]) if

We write X ~ Bin(n,p).

X models the number of successes obtained in a sequence of n independent trials, where each
trial has probability p of success and 1 — p of failure. To see this, note that the probability
of any particular sequence of length n of successes or failures, containing exactly k sucesses,
is p¥(1 — p)"~* and there are exactly (Z’) such sequences.
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3. The geometric distribution. X has a geometric distribution with parameter p if
P(X =k =pl—p*t k=12...
Notice that now X takes values in a countably infinite set — the whole of the positive

integers. We write X ~ Geom(p).

Again we can interpret the distribution in terms of a sequence of independent trials, each
with probability p of success. Now X models the number of independent trials needed until
we see the first success.

NOTE: there is an alternative and also common definition for the geometric distribution
as the distribution of the number of failures, Y, before the first success. If X is defined as
above, then Y corresponds to X — 1 and so

PY =k)=p(1-pFk, k=0,1,....
If in doubt, state which one you are using.
4. The Poisson distribution. X has the Poisson distribution with parameter A > 0 if

Aee—A
P(X =k)= T

k=0,1,....

We write X ~ Po(A).

This distribution arises in many applications. It frequently provides a good model for the
number of events which occur in some situation where there area large number of possible
events, each of which has a very small probability. For example, the number of decaying
particles detected by a Geiger counter near a lump of radioactive material, or the number of
calls arriving at a call centre in a given time period. Formally speaking it can be obtained
as a limit of the binomial distribution Bin(n,\/n) as n becomes large (see problem sheet
3).

Exercise 2.5. Check that each of these really does define a probability mass function. That is:

e px(z) >0 for all x,

e > . px(z)=1

You may find it useful to refer to the reminders about series which you can find in the Appendiz
at the end of these notes.

The distributions mentioned above are important, but naturally they do not constitute an
exhaustive list! In fact, given any function pxy which satisfies the two properties above, we can
write down a probability space and a random variable X defined on it whose probability mass
function is p. Most directly, we could take Q2 = {x € R: p(x) # 0}, take F to consist of all subsets
of Q, define

P({w}) =p(w) for each w € Q

and more generally
P(S)=> pw) foreach SCQ,
weSs
and then take X to be the identity function i.e. X(w) = w. However, this is often not the
most natural probability space to take. For example, suppose that px is the mass function of
a Binomial(3, 1/2) distribution (which can model the number of heads obtained in a sequence
of three fair coin tosses). We could proceed as just outlined. But we could also take =
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{(i,7,k): 1,5,k € {0,1}}, with a 0 representing a tail and a 1 representing a head, so that an
element of 2 tells us exactly what the three coin tosses were. Then take F to be the power set
of Q,

P({(i,j,k)}) =273 forall i,j,k € {0,1},

so that every sequence of coin tosses is equally likely, and finally set X ((i,5,k)) =i+ j + k. In
both cases, X has the same distribution, but the probability spaces are quite different.

Up to this point, we have often been quite explicit in describing our sample space 2. Once
we get to more complicated examples, it can quickly become impractical to specify €2 explicitly.
Although the concept of a probability space (2, F,P) underlies everything, in practice it will be
rare that we think about (2 itself — instead we will talk directly about events and their probabilities,
and random variables and their distributions (and we can do that without assuming any particular
structure for Q).

2.2 Expectation

We can encapsulate certain information about the distribution of a random variable through what
a statistician might call “summary statistics”. The most fundamental of these is the expectation,
which tells us the “average value” of the random variable.

Definition 2.6. The expectation (or expected value or mean) of X is

EX]= ) aP(X =ux) (2.1)

z€lmX

provided that Y ;. «[2z[P(X =2) < oco. If > ;1 x|2[P(X = ) is infinite, we say that the
expectation does not exist.

The reason we insist that >y« |[2|P(X = ) is finite, that is that the sum on the right-hand
side of equation (2.1) is absolutely convergent, is that we need the expectation to take the same
value regardless of the order in which we sum the terms. See Section A.1 for a discussion of
absolute convergence.

(The problems with different orders of summation giving different answer concern cases when
there are both positive and negative terms in the sum. If X is positive, i.e. ImX C R, and if
Y zeimx TP (X = x) diverges, then there is no issue with the order of summation. In this case,
we sometimes write E [X]| = oo and say that the ezpectation is infinite.)

The expectation of X is the ‘average’ value which X takes — if we were able to take many
independent copies of the experiment that X describes, and take the average of the outcomes,
then we should expect that average to be close to E[X]. We will come back to this idea at the
end of the course when we look at the Law of Large Numbers.

Example 2.7. 1. Suppose that X is the number obtained when we roll a fair die. Then

EX]=1-P(X=1)+2-P(X =2)+...+6-P(X = 6)

=1 1+2 1+ —1—61—35
=1 T 5= 3%

Of course, you’ll never throw 3.5 on a single roll of a die, but if you throw a lot of times
you expect the average number thrown to be close to 3.5.

2. Suppose A € F is an event and 1 4 is its indicator function. Then

E[14] =0-P(A°) +1-P(A) =P (A).
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3. Suppose that P(X =n) = &L n>1. Then

and so the expectation does not exist (or we may say E[X] = o0).

4. Let X ~ Po(X). Then

L e
E[X] =)k o
k=0
o
)\k
_ -
e (k—1)!
k=1
& )\k—l
Y -\
e (k— 1)
k=1
= de et
=\

You will find some more examples on the problem sheet.
Let h: R — R. Then if X is a discrete random variable, Y = h(X) is also a discrete random
variable.

Theorem 2.8. If h: R — R, then

Eh(X) = Y h@)P(X=ux)

zelmX
provided that )1 x |[h(z)|P (X = z) < co.

Proof. Let A= {y: y = h(z) for some z € ImX}. Then, starting from the right-hand side,

Y h@PX=z)=) > h@P(X =x)

z€lmX y€A xelmX: h(xz)=y

= > yP(X =u)

y€A z€lmX: h(z)=y

=Yy >  P(X=u)

y€A z€lmX:h(z)=y

= ST yB (h(X) = y)

yeA
=E[W(X)]. 0

Example 2.9. Take h(x) = . Then E[X*] is called the kth moment of X, when it ewists.
Let us now prove some properties of the expectation which will be useful to us later on.
Theorem 2.10. Let X be a discrete random variable such that E[X] exists.
(a) If X is non-negative then E[X] > 0.

(b) If a,b € R then E[aX + b = aE [X] + b.
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Proof. (a) We have ImX C [0, 00) and so

EX]= ) aP(X =u)

relmX

is a sum whose terms are all non-negative and so must itself be non-negative.
(b) Exercise. O

The expectation tells us important information about the average value of a random variable,
but there is a lot of information that it doesn’t provide. If you are investing in the stock market,
the expected rate of return of some stock is not the only quantity you will be interested in;
you would also like to get some idea of the riskiness of the investment. The typical size of
the fluctuations of a random variable around its expectation is described by another summary
statistic, the variance.

Definition 2.11. For a discrete random variable X, the variance of X is defined by
var (X) = E[(X — E[X])?]
provided that this quantity exists.

(This is E[f(X)] where f is given by f(z) = (z — E[X])? — remember that E[X] is just a
number.)

Note that, since (X —E[X])? is a non-negative random variable, by part (a) of Theorem 2.10,
var (X) > 0. The variance is a measure of how much the distribution of X is spread out about
its mean: the more the distribution is spread out, the larger the variance. If X is, in fact,
deterministic (i.e. P(X =a) = 1 for some a € R) then E[X] = a also and so var (X) = 0: only
randommness gives rise to variance.

Writing © = E[X] and expanding the square we see that

var (X) =E [(X — ,u)ﬂ
> (@ = 2px + pP)px (v)

z€lmX

= > 'px(@) =2 Y apx(@)+p” Y px(a)
z€lmX zelmX rz€lmX

=E [X?] - 2uE [X] + 1i°

=E[X?] - (E[X])*

This is often an easier expression to work with.

Those of you who have done statistics at school will have seen the standard deviation, which
is y/var (X). In probability, we usually work with the variance instead because it has natural
mathematical properties.

Theorem 2.12. Suppose that X is a discrete random variable whose variance exists. Then if a
and b are (finite) fized real numbers, then the variance of the discrete random variable Y = aX +b
s given by

var (Y) = var (aX + b) = a?var (X).

The proof is an exercise, but notice that of course b doesn’t come into it because it simply
shifts the whole distribution — and hence the mean — by b, whereas variance measures relative to
the mean.

In view of Theorem 2.12, why do you think statisticians often prefer to use the standard
deviation rather than variance as a measure of spread?

20



2.3 Conditional distributions

Back in Section 1.4 we talked about conditional probability P(A|B). In the same way, for a
discrete random variable X we can define its conditional distribution, given the event B. This is
what it sounds like: the mass function obtained by conditioning on the outcome B.

Definition 2.13. Suppose that B is an event such that P (B) > 0. Then the conditional proba-
bility mass function of X given B is given by
P{X =z} NB)

P(B) ’

P(X = z|B) =

for z € R. The conditional expectation of X given B is

E[X|B] = ZxP = z|B),

whenever the sum converges absolutely. We write px|p(r) = P(X = z|B).

Theorem 2.14 (Partition theorem for expectations). If {By, Ba,...} is a partition of Q0 such
that P (B;) > 0 for all i > 1 then

:ZE[X’BJP(B@'),

i>1
whenever B [X] exists.

Proof.

=) aP(X =
= Z x (ZIP’ = z|B;) (Bi)) by the law of total probability

_szﬂv = 2| B;)P(B;)
:ZIP (ZxP —x]Bi))

_ZIEX|B O

Notice that again we could include cases where P (B;) = 0 for some i, if we agree to interpret
E[X|B;]P(B;) to be 0 in that situation.

Example 2.15. Let X be the number of rolls of a fair die required to get the first 6. (So X is
geometrically distributed with parameter 1/6.) Find E[X] and var (X).

Solution. Let B; be the event that the first roll of the die gives a 6, so that Bf is the event that
it does not. Then

E[X] = E[X|B1|P(B1) + E[X|B{|P(BY)

1 5
=5 + —E[1 + X] (successive rolls are independent)

+ (1 + E[X]).

=
| ot
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Rearrange to get E[X] = 6 (as our intuition would have us guess). Similarly,

E[X?] = E[X?|B1]P(B1) + E[X?| Bf|P(Bf)
1 5

=57 EE[(l + X)?]

_ é n %(1 +2E[X] + E[X?)).

Rearranging and using the previous result (E[X] = 6) gives E[X?] = 66 and so var (X) = 30.
Compare this solution to a direct calculation using the probability mass function:

E[X] =) kpd"', E[X’ =) kpd",
k=1 k=1

0

[epl[S4}

Withp:éandq:

We'll see a powerful approach to moment calculations in Chapter 4, but first we must find a
way to deal with more than one random variable at a time.

2.4 Joint distributions

Suppose that we want to consider two discrete random variables, X and Y, defined on the same
probability space. In the same way as a single random variable was characterised in terms of its
probability mass function, px (x) for € R, so now we must specify px y (z,y) = P(X =z,Y =y).
It’s not enough to specify P(X = z) and P (Y = y) because the events {X = z} and {Y = y}
might not be independent (think of the case Y = X2, for example).

Definition 2.16. Given two discrete random variables X and Y their joint probability mass
function is defined as

pxy(r,y) =P{X =z}n{Y =y}), wzycR

We usually write the right-hand side simply as P(X = z,Y = y). We have px y(z,y) > 0 for all
z,y€Rand ), Zypx’y(x,y) =1.

If we are given the joint probability mass function of X and Y, we can recover the probability
mass functions of either of X or Y individually by summing over the possible values of the other:

px(z) = ZPX,Y(%:U)
Yy
py(y) =D _pxy(,y).

In this context these distributions of X and Y alone are often called marginal distributions The
name comes from the way they appear in the margins when we write the joint probability mass
function as a table:

Example 2.17. Suppose that X and Y take only the values O or 1 and their joint mass function
px,y 5 given by

X o 1

Y
1 1
0 3|2
1 1
1 |12
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Observe that ijy pxy(z,y) =1 (always a good check when modelling).
The marginals are found by summing the rows and columns:

X1 0| 1]py(y
Y
1 1 5
0 3|3 6
1 1 1
1 |1 b
px (@) | 12

Notice that P(X =1) = L, P(Y =1) =1 and P(X =1,Y =1) =L # T x % so {X =1}

and {Y =1} are not independent events.

Whenever px(x) > 0 for some = € R, we can also write down the conditional probability mass
function of Y given that X = x:

pxy(T,y)

for y € R.
px(x)

pY|X:x(y) =PY =ylX=2)=
The conditional expectation of Y given that X = x is then

E[Y[X = ] Zypwx «(

whenever the sum converges absolutely.

Example 2.18. For the joint distribution in Example 2.17, we have

4 1
Py|x=0(0) = R py|x=o(1) = 5

and
1

E[Y]X =0 =,

Definition 2.19. Discrete random variables X and Y are independent if
PX=2Y=y=PX=z)PY=y) forallz,yecR.

In other words, X and Y are independent if and only if the events {X = 2z} and {Y = y} are
independent for all choices of z and y. We can also write this as

pxy(z,y) =px(z)py(y) forall z,y € R.

Example 2.20 (Part of an old exam question). A coin when flipped shows heads with probability
p and tails with probability ¢ = 1—p. It is flipped repeatedly. Assume that the outcome of different
flips is independent. Let U be the length of the initial run and V' the length of the second run.
Find P(U=m,V =n), P(U=m), P(V=m). Are U and V independent?
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Solution. We condition on the outcome of the first flip and use the law of total probability.

P(U=m,V =n)=P(U =m,V =n | 1st flip H)P(1st flip H)
+P(U =m,V =n | Ist flip T)P(1st flip T)

m—1 _n m—1,n

= pp q'p+qq pq
m+1qn+qm+1

=p p".
= q p
P(U — m) — Z(perlqn + qm+1pn) — pm+1 - + qm+1 -
el —dq - D
=p"q+q"p.

o0

2
P(V = — m+1 n m+1l,ny __ n p n 4
(V=n)=> (""" +q""p") et

m=1

:p2qn—1 + qun_l'

We have P(U = m,V =n) # f(m)g(n) unless p = g = 3. So U, V are not independent unless
p= % To see why, suppose that p < %, then knowing that U is small, say, tells you that the first
run is more likely to be a run of H’s and so V is likely to be longer. Conversely, knowing that U
is big will tell us that V is likely to be small. U and V' are negatively correlated. O

In the same way as we defined expectation for a single discrete random variable, so in the
bivariate case we can define expectation of any function of the random variables X and Y. Let
h: R? — R. Then h(X,Y) is itself a random variable, and we can show as in Theorem 2.8 that

ER(X.Y) =YY h@yPX =z,Y =y)
Ty
=>_ D h@ypxy(@.9), (2.2)

provided the sum converges absolutely.

Theorem 2.21. Suppose X and Y are discrete random variables and a,b € R are constants.
Then
ElaX + bY] = aE[X] + VE[Y]

provided that both E [X]| and E[Y] exist.
Proof. Setting h(z,y) = ax + by, we have

ElaX +bY] =E[h(X,Y)]
=3 (az+by)pxy(x,y)
x Yy

=ad Y apxy(y) +bY > ypxy(x,y)

= aZx <pr7y(l‘,y)> +b2y (ZPX,Y(%?J))
—a) apx(z)+bY ypy(y)

— aE[X] + bE[Y]. 0

Theorem 2.21 tells us that expectation is linear. This is a very important property. We can
easily extend by induction to get Ela1 X1 + -+ + ap, X,] = a1 E[X1] + - - - + a,E[X,,] for any finite
collection of random variables X1i,...,X,. Note that we don’t need to make any assumption
about independence of the random variables.
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Example 2.22. Your spaghetti bowl contains n strands of spaghetti. You repeatedly choose 2
ends at random, and join them together. What is the average number of loops in the bowl, once
no ends remain?

Solution. We start with 2n ends, and the number decreases by 2 at each step. When we have
k ends, the probability of forming a loop is 1/(k — 1). Before the ith step, we have 2(n —i + 1)
ends, so we form a loop with probability 1/[2(n — i) + 1].

Let X; be the indicator function of the event that we form a loop at the ith step. Then
E[X;] =1/[2(n — i)+ 1]. Let M be the total number of loops formed. Then M = X; +--- + X,,,
so using linearity of expectation,

E[M] = E[X1] + E[Xo] + - - - + +E[X,,_1] + E[X},]
1 1

1
— AR
2n—1+27ﬂa—iijL +3+

(If n is large, this expectation is close to logmn.)
Note that the probability mass function of M is not easy to obtain. So finding the expectation
of M directly from the definition at (2.1) would have been very much less straightforward. [

Theorem 2.23. If X and Y are independent discrete random variables whose expectations exist,
then
E[XY] = E[X]E[Y].

Proof. We have
EXY]=) ) ayP(X =2,V =y)

oy
= Z Z zyP(X = z)P(Y =y) (by independence)
oy

(=) ()

= E[X]E[Y]. O
Exercise 2.24. Show that var (X +Y) = var (X) + var (Y) when X and Y are independent.
What happens when X and Y are not independent? It’s useful to define the covariance,
cov(X,)Y)=E[(X —E[X])(Y —E[Y])].
Notice that cov (X, X) = var (X).
Exercise 2.25. Check that cov (X,Y) =E[XY] - E[X]E[Y] and that
var (X +Y) = var (X) 4 var (Y) + 2cov (X,Y) .

Notice that this means that if X and Y are independent, their covariance is 0. In general, the
covariance can be either positive or negative valued.

WARNING: cov (X,Y) = 0DOES NOT IMPLY THAT X AND Y ARE INDEPENDENT.

See the problem sheet for an example.

Definition 2.26. We can define multivariate probability mass functions analogously:
DX1,Xo, Xn (1,22, ..., Tp) = P(Xq =21, Xo = 22,..., X, = ),

for x1,z9,...,7, € R, and so on.
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By analogy with the way we defined independence for a sequence of events, we can define
independence for a family of random variables.

Definition 2.27. A family {X;: i € I} of discrete random variables are independent if for all
finite sets J C I and all collections {A;: ¢ € J} of subsets of R,

i€J ieJ

Suppose that X7, X, ... are independent random variables which all have the same distribution.
Then we say that X1, Xo,... are independent and identically distributed (i.i.d.).

26



Chapter 3

Difference equations and random
walks

3.1 Difference equations

Our next topic is not probability theory, but rather a tool that you need both to answer some
probability questions in the next chapter, as well as in all sorts of other areas of mathematics.
Here is a famous probability problem by way of motivation.

Example 3.1 (Gambler’s ruin). A gambler repeatedly plays a game in which he wins £1 with
probability p and loses £1 with probability ¢ = 1 — p (independently at each play). He will leave
the casino if he loses all his money or if his fortune reaches £ M.

What is the probability that he leaves with nothing if his initial fortune is £n?

If the initial fortune is £n, call the probability u, and condition on the outcome of the first
play to see that
U, = P(bankruptcy | win 1st game)P(win 1st game)
+ P(bankruptcy | lose 1st game)P(lose 1st game).
If the gambler wins the first game, by independence of different plays it’s just like starting over
from an initial fortune of £(n+ 1); similarly, if he loses the first games, it’s just like starting over
from an initial fortune of £(n — 1). This implies that
Up = PUni1 + qUn-1, (3.1)

which is valid for 1 < n < M — 1. We have the boundary conditions ug =1, ups = 0.
This is an example of a second-order recurrence relation; it is equations of this sort that we
will now learn how to solve.

Definition 3.2. A kth order linear recurrence relation (or difference equation) has the form

k
S ajtins = £(0) (3:2)
7=0
with ag # 0 and ar # 0, where aq, ..., a, are known constants independent of n. A solution to

such a difference equation is a sequence (uy)n>0 satisfying (3.2) for all n > 0.

You may want to recall what you may know about solving linear ordinary differential equations
like )
dy o dy
-9 4 p2 -

for the function y, since what we do here will be completely analogous.
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The next theorem says that we can split the problem of finding a solution to our difference
equations into two parts.

Theorem 3.3. The general solution (un)n>0 (i-e. if no boundary conditions are specified) of

k
Z ajunyj = f(n)
§=0

can be written as u, = v, +w, where (vy)n>0 s a particular solution to the equation and (wy)n>0
1s any solution of the associated homogeneous equation

k
Z AjWn4j = 0.
J=0

Proof. Recall that a; # 0 so we can write the equation as

k—1
1
Un+k = . f(n) — Z QjlUntj
k s
To see that there always are solutions, we choose ug = - -+ = ux_1 = 0 and note that this equation

determines u, . inductively for all n > 0 so that the equation holds. Now fix a particular solution
(Un)n>0 and consider any solution (uy,),>0. Then (u, — vy)n>0 satisfies

M-

aj(up —vy,) = 0.
7=0

So (up) and (v,) indeed differ by a solution w, = u, — v, to the homogeneous equation, as
claimed. Vice versa, for every particular solution (v,) to the equation and every solution (w,) to
the homogeneous equation, u,, = v, + w, also solves the equation. ]

3.2 First order linear difference equations

We will develop the necessary methods via a series of worked examples.

Example 3.4. Solve
Upt1 = AUy + b

where ug = 3 and the constants a # 0 and b are given.

Solution. The homogeneous equation is wy+1 = aw,. “Putting it into itself”, we get
Wy = QWp—1 = ... = a"wy = Aa”

for some constant A.

How about a particular solution? As in differential equations, guess a constant solution might
work, so try v, = C. This gives C = aC + b so provided that a # 1, C = % and we have the
general solution

b
Uy, = Aa™ + .
1—a
Setting n = 0 allows us to determine A so that the boundary condition uy = 3 holds:
b b
3=A+ and so A =3 — .
1—-a 1—-a
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Hence,

1—a 1—a 1—a

What happens if a = 17 An applied-maths-type approach would set a =1 4 € and try to see
what happens as € — 0:

1 — g™
un:(3—b)a”+b—3a”—|—b(a).

b(l—(1+¢€)")
1—(1+¢)
(1= (1+ne)) + 00

—€

up = up(l+€)" +

=ug+b
=ug+bn+0O() > up+bn ase—0.

An alternative approach is to mimic what you did for differential equations and “try the next most
complex thing”. We have 1,11 = u, + b and the homogeneous equation has solution w, = A (a
constant). For a particular solution try v, = Cn (note that there is no point in adding a constant
term because the constant solves the homogeneous equation and so it makes no contribution to
the right-hand side when we substitute).

Then C(n+ 1) = Cn + b gives C = b and we obtain once again the general solution

Uy, = A+ bn.
Setting n = 0 yields A = 3 and so u, = 3 + bn. O

Example 3.5.
Upt1 = QUy + bn.

Solution. As above, the homogeneous equation has solution w, = Aa"™. For a particular solution,
try v, = Cn + D. Substituting, we obtain

C(n+1)4+ D =a(Cn+ D)+ bn.
Equating coefficients of n and the constant terms gives

C=aC+b, C+D=aD,

so again provided a # 1 we can solve to obtain C' = % and D = =%. Thus for a # 1

bn b
n = Aa" — )
" a+1—a (1—a)?

To find A, we need a boundary condition (e.g. the value of wy). O

Exercise 3.6. Solve the equation for a = 1. Hint: try v, = Cn + Dn?.

3.3 Second order linear difference equations

Consider
Unt1 + aty + buy—1 = f(n).
The general solution will depend on two constants. For the first order case, the homogeneous
equation had a solution of the form w, = A\", so we try the same here. Substituting w, = A\"
in
Wnt1 + awy, + bwy—1 =0
gives

AN 4 g AN + AN = 0.
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For a non-trivial solution we can divide by A\ ! and see that A must solve the quadratic equation
M +a\+b=0.

This is called the auxiliary equation. (So just as when you solve 2nd order ordinary differential
equations you obtain a quadratic equation by considering solutions of the form e, so here we
obtain a quadratic in A by considering solutions of the form A".)

If the auxiliary equation has distinct roots, A; and Ag then the general solution to the homo-

geneous equation is

If Ay = A2 = A try the next most complicated thing (or mimic what you do for ordinary differential
equations) to get
wy, = (A + Bn)\".

Exercise 3.7. Check that this solution works.

How about particular solutions? The same tricks as for the the first order case apply. We
can start by trying something of the same form as f, and if that fails then try the next most
complicated thing. You can save yourself work by not including components that you already
know solve the homogeneous equation.

Example 3.8. Solve
Un+1 + 2up — Sup—1 = 1.

Solution. The auxiliary equation is just
AN +20-3=0
which has roots A\ = =3, Ay =1, so
w, = A(—3)" + B.

For a particular solution, we’d like to try a constant, but that won’t work because we know that
it solves the homogeneous equation (it’s a special case of w,,). So try the next most complicated
thing, which is v,, = C'n. Substituting, we obtain

Cn+1)+2Cn—-3C(n—1) =1,

which gives C' = %. The general solution is then

1
up, = A(=3)"+ B+ e
If the boundary conditions had been specified, you could now find A and B by substitution. (Note
that it takes one boundary condition to specify the solution to a first order difference equation
and two to specify the solution to a 2nd order difference equation. Usually these will be the
values of up and uj but notice that in the gambler’s ruin problem we are given ug and uy.) O

Example 3.9. Solve
Upt1 — 2Up + Up—1 = 1.

Solution. The auxiliary equation A — 2\ + 1 = 0 has repeated root A = 1, so the homogeneous
equation has general solution
w, = An + B.

For a particular solution, try the next most complicated thing, so v, = Cn?. (Once again there is
no point in adding a Dn+ F term to this as that solves the homogeneous equation, so substituting
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it on the left cannot contribute anything to the 1 that we are trying to obtain on the right of the
equation.) Substituting, we obtain

Cn+1)2—2Cn* +C(n—1)* =1,

which gives C' = % So the general solution is

1
un:An+B+§n2. O
Example 3.10 (The Fibonacci numbers). The Fibonacci numbers 1,1,2,3,5,8,13, ... are defined
by the second-order linear difference equation

with initial conditions fo = f1 = 1.
This is homogeneous, with auxiliary equation \X> — X\ —1 = 0. The roots are \ = #, and so
the general solution of (3.3) is given by

1+v5\ " 1-v5)"
) e

Putting in the initial conditions yields the simultaneous equations

ALTVE plovs

1=A+B, 1=
+ 5 2 2

which have solution A = ‘ég\}%l, B = \ég\/_gl This yields the remarkable result that for n > 0,

s V11445 CovEo1(1-vEY
W 2 2v/5 2

1 (145 ”H_ 1 (1-v5\"
A =1 .

Notice that, despite the fact that \/5 is irrational, this gives an integer for every n > 0!

Example 3.11. Consider the second-order linear difference equation
Upt2 — 2Upt1 +4u, =0, n >0, (3.4)

with initial conditions ug = u; = 1. The auziliary equation is A2 — 2\ + 4 = 0, which has roots
A= 1414v3. So the general solution to (8.4) is

Un = A(1 +iV3)" + B(1 — iv/3)™.
Using the initial conditions, we get A= B = %, and so
1 N | e
Uy = 5(1—#2\/3) +§(1—z\/§) , n>0.

This is, in fact, real for every n > 0. In order to see this, recall that 1 + iv/3 = 2e"™/3 and
1—iV3 = 2em/3. So

inm/3 | ,—inm/3
Uy = % (26”/3>n + % (26_”/3>n =2" et/ —{_26 o = 2" cos (E) )
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3.4 Random walks

We return to the gambler’s ruin problem of Example 3.1. The gambler’s fluctuating wealth is an
example of a more general class of random processes called random walks (sometimes the more
evocative phrase drunkard’s walk is used). Imagine a particle moving around a network. At each
step, it can move to one of the other nodes of the network: there are rules determining where the
particle can move to at the next time step from that position and with what probability it moves
to each of the possible new positions. The important point is that these rules only depend on
the current position, not on the earlier positions that the particle has visited. Random walks can
be used to model various real-world situations. For example, the path traced by a molecule as it
moves in a liquid or a gas; the path of an animal searching for food; or the price of a particular
stock every Monday morning. There are various examples on the problem sheets and later in the
course.

Let’s return to the setting of Example 3.1 and solve the recurrence relation we obtained there.
Recall that u,, = P (bankruptcy) if the gambler’s initial fortune is £n, and that (rearranging

(3.1)),
Plpnt1 — Up + qUp—1 = 0, 1<n<M-1, (3.5)

(where ¢ = 1 —p), with ug = 1, ups = 0. This is a homogeneous second-order difference equation.
The auxiliary equation is
A2 —A+¢=0

which factorises as
(PA—q@)(A—1) =0.

un:A+B<q>
p

for some constants A and B which we can find using the boundary conditions:

So/\:%or)\zl. If p # 3 then

M
uy=1=A+B and uM:O:A—i—B(q) .
p

These give

and so

Exercise 3.12. Check that in the case p = % we get

unzlf%, 0<n<M.

Figure 3.1 shows a simulation of paths in the gambler’s ruin model.

Example 3.13. What is the expected number of plays in the gambler’s ruin model before the
gambler’s fortune hits either 0 or M ?
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Figure 3.1: 10 simulated paths in the gambler’s ruin model, with M = 20, n = 10 and p = 0.4.
We see some get absorbed at 0, one at 20, and two which have not yet reached either boundary
at time 80.

Solution. Just as we used the partition theorem to get a recurrence for the probability of
bankruptcy, we can use the partition theorem for expectations to get a recurrence for the ex-
pected length of the process.

Let the initial fortune be £n, and let X be the number of steps until the walk reaches one of
the barriers at 0 or M. Write e, for the expectation of X. Then

en = pE [X|first step is to n + 1] + ¢E [X|first step is to n — 1] .

Let’s think carefully about the conditional expectations on the right-hand side. If the first step is
to n+ 1, then we have already spent one step to get there, and thereafter the number of steps to
reach the boundary is just the time to reach the boundary in a walk starting from n + 1. Hence
we get,

E [X|first step is to n + 1] = 1 + ep41,

and similarly
E [X|first stepiston — 1] =1+ e,1.

So we obtain the recurrence
En = p(l + €n+1) + Q(l + €n,1)
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which rearranges to give
Penil — €n + qen—1 = —1. (3.6)

Our boundary conditions are eg = ejpr = 0. Note that (3.6) has exactly the same form as (3.5),
except that the equation is no longer homogeneous: we have the constant —1 on the right-hand
side instead of 0.

Take the case p # q. As above, we have the general solution to the homogeneous equation

wn:A—i—B(q) .
p

For a particular solution to (3.6), try v, = C'n ( note that there’s no point trying a constant
since we already know that any constant solves the homogeneous equation). This yields

pC(n+1)—Cn+qC(n—1)= -1
and so C' = —1/(p — q). Putting everything together, we get
a\" n
en=A+B|-] ———.
p pP—q
Using the boundary conditions, we get

MM
eg=0=A+ B, 6M20:A+B(q> - —
p

Solving for A and B, we finally obtain

M 1-(q/p)" n

€p = —

P—a)1-(¢/p)™ pr—q
for 0 <n <M. O

Exercise 3.14. Find e, for p=q =1/2 (the expression is rather simpler in that case!).

Finally, consider what happens if we remove the upper barrier at M, and instead have a

random walk on the infinite set {0,1,2,...}, starting from some site n > 0. Does the walk ever
reach the site 0, or does it stay strictly positive for ever? Let’s look at the probability of the
(M)

event that it hits 0. A natural idea is to let M — oo in the finite problem. Write u,, ° for the
probability of hitting 0 before M, which we calculated above. Then we have

(%)n ifp>gq

1 if p <gq.

n M
q (e
. (M) hmM—>oo <p) <p12 ifp 7é q
lim wu, ' = 1,( q ) —
M—o0 P
limys o0 1 — 17 ifp=q=1/2

It turns out that this limit as M — oo really does give the appropriate probability that the
random walk on {0,1,2,...} hits 0. In particular, the walk has positive probability to stay away

from 0O for ever if and only if p > g. There are various ways to prove this; the idea below is not
complicated, but is nonetheless somewhat subtle.

Theorem 3.15. (Non-examinable) Consider a random walk on the integers Z, started from some
n > 0, which at each step increases by 1 with probability p, and decreases by 1 with probability
q =1—p. Then the probability u, that the walk ever hits 0 is given by

(g)n ifp>q,
Up = p
1 if p<q.
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Proof. In Proposition A.8 in the Appendix, we prove a useful result about increasing sequences
of events. A sequence of events A,k > 1 is called increasing if A1 C Ay C A3 C .... Then
Proposition A.8 says that for such a sequence of events,

P Ar | = lim P(Ag).
(kL—Jl k> kg{)lo(k)

(This can be regarded as a sort of continuity result for the probability function P.)

To apply this result to the random walk started from n, consider the event H that the random
walk reaches 0, and for each M, consider the event Aj; that the random walk reaches 0 before
M. If the walk ever reaches 0, then there must be some M such that the walk reaches 0 before
M, so that Aps occurs. Conversely, if any event Ajs occurs, then clearly the event H also occurs.
Hence we have H = J,; Aum.

Then indeed we have

as desired. ]
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Chapter 4

Probability generating functions

We’re now going to turn to an extremely powerful tool, not just in calculations but also in proving
more abstract results about discrete random variables.

From now on we consider non-negative integer-valued random variables i.e. X takes values in
{0,1,2,...}.

Definition 4.1. Let X be a non-negative integer-valued random variable. Let

S = {SER: i[s]kP(X:k:) <oo}.

k=0

Then the probability generating function (p.g.f.) of X is Gx: & — R defined by

Gx(s) =E[sX] =) P (X =k).
k=0

Let us agree to save space by setting
pr =px (k) =P(X = k).

Notice that because > ;2 pr = 1, Gx(s) is certainly defined for |s| < 1 (i.e. [-1,1] C §), and
Gx (1) = 1. Notice also that G x (s) is just a real-valued function. The parameter s is the argument
of the function and has nothing to do with X. It plays the same role as x if I write sinz, for
example.!

Why are generating functions so useful? Because they encode all of the information about
the distribution of X in a single function. It will turn out that we can get at this information by
using the tools of calculus.

Theorem 4.2 (Uniqueness theorem). The distribution of X is uniquely determined by its prob-
ability generating function, Gx.

!The probability generating function is an example of a power series, that is a function of the form f(z) =
> o cnx™. It may be that this sum diverges for some values of x; the radius of convergence is the value r such
that the sum converges if |z| < r and diverges if |z| > r. For a probability generating function, we can see that the
radius of convergence must be at least 1. For the purposes of this course, you are safe to assume that the derivative
of f is well-defined for |z| < r and is given by

f(z)= i nepz™ !

i.e. what you would get differentiating term-by-term. Those of you who are doing Analysis I & II will learn more
about power series there.
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Proof. First note that Gx(0) = pp. Now, for |s| < 1, we can differentiate Gx(s) term-by-term
to get

G'x(s) = p1 + 2pas + 3pss” + -+ .
Setting s = 0, we see that G’y (0) = p1. Similarly, by differentiating repeatedly, we see that

dk

@GX(S)‘SZO = k" Pk

So we can recover pg, p1, ... from Gx. O

Probability generating functions for common distributions.
1. Bernoulli distribution. X ~ Ber(p). Then
Gx(s)=> prs" =qs" +ps' = q+ps
k

for all s € R.

2. Binomial distribution. X ~ Bin(n,p). Then

n n

Gx(s) =Y s* (Z)p’fu —p) =y (Z) (ps)*(L — p)" ™ = (1= p+ps)",

k=0 k=0
by the binomial theorem. This is valid for all s € R.

3. Poisson distribution. X ~ Po(\). Then

S L = (sA)F .
Gx(s) :Zsk =€ )‘Z x = Ms—1)
k=0 ) k=0

for all s € R.

4. Geometric distribution with parameter p. Exercise on the problem sheet: check that

ps
Gx(s) = T=(1—p)s’

provided that |s| < ﬁ.
Theorem 4.3. If X and Y are independent, then

Gxiy(s) =Gx(s)Gy(s).

Proof. We have
Gxiv(s)=E [3X+Y] =E [sXsY] .

Since X and Y are independent, sX and s¥ are independent (see a question on the problem
sheet). So then by Theorem 2.23, this is equal to

E[s*]E[s"] = Gx(s)Gy (s). O
This can be very useful for proving distributional relationships.

Theorem 4.4. Suppose that X1, Xs,..., X, are independent Ber(p) random variables and let
Y=X1+4+ -+ X,. ThenY ~ Bin(n,p).
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Proof. We have
Gy (s) = E[s¥] = E[s*1 T TXn] = E[s*1 ... s%n] = E[sX!] .- - E[s*"] = (1 — p + ps)™

As Y has the same p.g.f. as a Bin(n,p) random variable, the Uniqueness theorem yields that
Y ~ Bin(n, p). O

The interpretation of this is that X; tells us whether the ith of a sequence of independent
coin flips is heads or tails (where heads has probability p). Then Y counts the number of heads
in n independent coin flips and so must be distributed as Bin(n, p).

Theorem 4.5. Suppose that X1, Xs,..., X, are independent random variables such that X; ~

Po(\;). Then
=1 =1

In particular, if \i = X for all 1 <i <n then ) ;| X; ~ Po(nl\).

Proof. Recall that E [SXZ'] = ¢~ By independence,

E [8X1+X2+...+Xn] _ ; H M=) = exp ((s -1) Z Ai) .
=1

i=1 i=1

—
-

5
s
!

Since this is the p.g.f. of the Po(>"" ; A;) distribution and probability generating functions
uniquely determine distributions, the result follows. ]

4.1 Calculating expectations using probability generating func-
tions

We've already seen that differentiating Gx(s) and setting s = 0 gives us a way to get at the
probability mass function of X. Derivatives at other points can also be useful. We have

G’ (s) = iE = Z PP (X i di MP(X =k) = i ks"IP(X = k) = E[Xs¥ 7).
k=0

So
G'x (1) = E[X]

(as long as E [X] exists). Differentiating again, we then similarly get
G% (1) = E[X(X - 1)] = E[X?] - E[X],

and so, in particular,
var (X) = G (1) + Gk (1) — (G (1))*.
In general,
dk

T5Cx(s)]  =EX(X —1)- (X —k+1)]

s=1

Example 4.6. Let Y = X1 + X9 + X3, where X1, X9 and X3 are independent random variables
each having probability generating function



1. Find the mean and variance of X.
2. What is the p.g.f. of Y ¢ What is P(Y =3)?
3. What is the p.g.f. of 3X1? Why is it not the same as the p.g.f. of Y ¢ What is P(3X; = 3)?

Solution. 1. Differentiating the probability generating function,

(ﬂ@:%+& G'(s) = 1,

and so E[X1] = G'(1) = § and

4 16 5
var (X1) = G"(1) + G'(1) = (G'(1)) =1+ 5 - - = 0.
2. Just as in our derivation of the probability generating function for the binomial distribution,

Gy (s) = E[sX1HX2X3]) = E[sX1R[sX2|E[sY?]

1 2\ 1
Gy (s) = (6 -+ ‘Z) = g (14654215 4+ 445> 4 635" + 5457 4 275°).

P(Y = 3) is the coefficient of s® in Gy (s), that is 1. (As an exercise, calculate P(Y = 3)
directly.)

3. We have
(3X1) 3\ X 5 1 83 0
Gax, (s) = E[s" V] =E[(s")™] = Gx, (") = g + 5 + 5

This is different from Gy (s) because 3X; and S3 have different distributions — knowing X
does not tell you Y, but it does tell you 3X;. Finally, P(3X; = 3) = P(X; = 1) = 1. O

Of course, for each fixed s € R, s¥ is itself a discrete random variable. So we can use the law
of total probability when calculating its expectation.

Example 4.7. Suppose that there are n red balls, n white balls and 1 blue ball in an urn. A ball
1s selected at random and then replaced. Let X be the number of red balls selected before a blue
ball is chosen. Find

(a) the probability generating function of X,
(b) E[X],
(c) var (X).

Solution. (a) We will use the law of total probability for expectations. Let R be the event that
the first ball is red, W be the event that the first ball is white and B be the event that the first
ball is blue. Then

Gx(s) =E[sX] =E[s*|R]P(R) + E [s*|W]P (W) +E [sX|B] P(B).

Of course, the value of X is affected by the first ball which is picked. If the first ball is blue then
we know that X = 0. If the first ball is white, we learn nothing about the value of X. If the first
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ball is red then effectively we start over again counting numbers of red balls, but we add 1 for
the red ball we have already seen. This yields

Gx(s) =E[s""¥]P(R) +E [s*] P(W) +E [s"| P(B)

n n 1
= 8Gx ()5, o7 +Ox G5 g g
and so . ) )
o) — _ 1w+

S nt+l-ns 1—(1-1/(n+1))s

(b) Differentiating, we get
n

O = Gt

and so
E[X] = G%(1) =n.
(c) Recall that
var (X) = G% (1) + Gx (1) — (Gx(1)).

Differentiating the p.g.f. again we get

2
G (s) = — 2"

(n+1—ns)?
and so G% (1) = 2n?. Hence,
var (X) =2n? +n —n? =n(n+1).
If we were just asked for E [X] it would be easier to calculate
EX]=E[X|RP(R)+E[X|W|P(W)+E[X|B]P(B)
E (] 1

S R I
In order to calculate var (X), however, we need both E[X] and E [X?] and so it’s easier just to
find Gx(s) and differentiate it. O

= (L+E[X]) g7 +

Theorem 4.8. Let X1, Xo,... be i.i.d. non-negative integer-valued random variables with p.g.f.
Gx(s). Let N be another non-negative integer-valued random variable, independent of X1, Xa, . ..
and with p.g.f. Gn(s). Then the p.g.f. of Zf\;l Xi is GN(Gx(s)).

Notice that the sum Zfil X; has a random number of terms. We interpret it as 0 if N = 0.

Proof. We partition according to the value of N: we have
oo
E [s¥1H 5] = Z E [s¥1+TX¥|N =n|P(N =n) by the law of total probability

n=0

= iE [3X1+"'+X"|N =n|P(N =n)

n=0

= Z]E [5X1+"'+X”] P(N =n) by the independence of N and {Xi, Xo,...}
n=0

= ZE [le] --E [SX”] P(N =n) since Xj, Xo,... are independent
n=0

o0

= (Gx(s))"P(N = n)

n=0
— G (Gx(s)). 0
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Corollary 4.9. Suppose that X1, Xs, ... are independent and identically distributed Ber(p) ran-
dom variables and that N ~ Po(\), independently of X1, Xa,.... Then Zf\il X; ~ Po(\p).

(Notice that we saw this result in disguise via a totally different method in a problem sheet
question.)

Proof. We have Gx(s) =1 —p+ ps and Gn(s) = exp(A(s — 1)) and so by Theorem 4.8,
E [s25 %] = Gy (Gx(s)) = exp(A(1 = p+ps — 1)) = exp(Ap(s — 1)).

Since this is the p.g.f. of Po(Ap) and p.g.f.’s uniquely determine distributions, the result follows.

O
Example 4.10. In a short fixed time period, a photomultiplier detects 0, 1 or 2 photons with
probabilities %, % and % respectively. The photons detected by the photomultiplier cause it to give

off a charge of 2, 3, 4 or 5 electrons (with equal probability) independently for every one photon
originally detected. What is the probability generating function of the number of electrons given
off in the time period? What is the probability that exactly five electrons are given off in that
period?

Solution. Let N be the number of photons detected. Then the probability generating function

of N is 1 1 1
_ Attt
GN(S)—2+38+68.

Let X; be the number of electrons given off by the ith photon detected. Then Y = X;+---+ Xn
is the total number given off in the period (remember that N here is random). Now Gx(s) =
%(32 + 83 + s + 5°) and so, by Theorem 4.8,

Gy (s) = GnN(Gx(s))
1

= &+ 2Gx(s) + (Gx(5))?

1 1 1 1 1 1
=3 + ESZ + ESB + ES4 + ES5 + %(54 4 25° + 35% 4+ 45" + 35% + 257 + 510).

The probability that five electrons are given off is the coefficient of s, that is %. OJ

4.2 Branching processes

A really nice illustration of the power of probability generating functions is in the study of
branching processes.

Suppose we have a population (say of bacteria). Each individual in the population lives a unit
time and, just before dying, gives birth to a random number of children in the next generation.
This number of children has probability mass function p(i),7 > 0, called the offspring distribution.
Different individuals reproduce independently in the same manner. Here is a possible family tree
of such a population:
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We start at the top of the tree, with a single individual in generation 0. Then there are 3
individuals in generations 1 and 2, 5 individuals in generation 3, a single individual in generation
4 and no individuals in subsequent generations.

Let X, be the size of the population in generation n, so that Xg = 1. Let Ci(n)

of children of the ith individual in generation n > 0, so that we may write

be the number

Xy =CM vl v 1.
(We interpret this sum as 0 if X,, = 0.) Note that Cfn), Cén), ... are independent and identically
distributed. Let G(s) = >_:°,p(i)s’ and let Gy(s) = E [s¥"].
Theorem 4.11. Forn > 0,

Gni1(s) = Gn(G(5)) = G(G(...G(5)...)) = G(Gn(5)).

n+1 times

Proof. Since Xy = 1, we have Go(s) = s. Also, we get X; = C{O) which has p.m.f. p(i),7 > 0.
So G1(s) =E [s*1] = G(s). Since

Xn
i=1
by Theorem 4.8 we get
Gria(s) =[] = B [{ZH 4] = G,(G(s).

Hence, by induction, for n > 1,

Gi1(s) = G(G(...G(5)...)) = G(Gn(s)).

n—+1 times

O

Corollary 4.12. Suppose that the mean number of children of a single individual is p i.e.
o2 ip(i) = p. Then

E[X,] = u".
Proof. We have E [X,,] = G/,(1). By the chain rule,
d
Go(s) = - G(Gna(s)) = Gpi(5) G (Gna(s)).

ds
Plugging in s = 1, we get E [X,,] = E[X,,—1] G'(1) = E[X,,—1] p and, inductively, E [X,,] = p". O
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In particular, notice that we get exponential growth on average if > 1 and exponential
decrease if © < 1. This raises an interesting question: can the population die out? If p(0) =0
then every individual has at least one child and so the population clearly grows forever. If
p(0) > 0, on the other hand, then the population dies out with positive probability because

P (population dies out) = P (Us2{X,, = 0}) > P(X; =0) = p(0) > 0.
(Notice that this holds even in the cases where E [X,,] grows as n — oo !)

Example 4.13. Suppose that p(i) = (1/2)"1, i > 0, so that each individual has a geometric
number of offspring. What is the distribution of X, ¢

Solution. First calculate

[ee) N 1 k+1 1
G(s) = = = .
(=2 s <2> 25
k=0
By plugging this into itself a couple of times, we get
2—s 3—2s

A natural guess is that G, (s) = W which is, in fact, the case, as can be proved by induction.

If we want the probability mass function of X,,, we need to expand this quantity out in powers
of s. We have

1 1 1 B i nk sk
(n+1)—ns n+11-ns/(n+1) 7k_0 (n+ 1)k+1°
Multiplying by n — (n — 1)s, we get
:i k1 gk _ink’l(n—l)sk _n +i nk—1gk
— (n+1) (n+1)k+1 —~  (n+1)F n+l = (n+ 1)k

We can read off the coefficients now to see that

I if k> 1.

n_ if k=0
P(X, =k) = {"ﬂ_l 1
[CxsVaE

Notice that P(X,, =0) — 1 as n — oo, which indicates that the population dies out eventually
in this case. 0

4.2.1 Extinction probability (non-examinable)

Let’s return to the general case for the moment and let ¢ = P (population dies out). We can call
q the extinction probability of the branching process. We can find an equation satisfied by ¢ by
conditioning on the number of children of the first individual.

o0 o0
q= Z]P’ (population dies out|X; = k)P (X1 = k) = Z]P’ (population dies out|X; = k) p(k).
k=0 k=0

Now remember that each of the k individuals in the first generation behaves exactly like the parent.
In particular, we can think of each of them starting its own family, which is an independent copy
of the original family. Moreover, the whole population dies out if and only if all of these sub-
populations die out. If we had k families, this occurs with probability ¢*. So

q=> d"p(k) = G(q). (4.1)
k=0
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The equation ¢ = G(q) doesn’t quite enable us to determine ¢: notice that 1 is always a solution,
but it’s not necessarily the only solution in [0, 1].
Using Proposition A.8 about increasing sequences of events (see Appendix), we have

g="P (LnJ{Xn = 0}>

= lim P (X, =0)

n—oo

= lim G,(0). (4.2)

n—oo

Theorem 4.14. The extinction probability q is the smallest non-negative solution of
x = G(x) (4.3)

Proof. From (4.1) we know that ¢ solves (4.3). Suppose some r > 0 also solves (4.3). We
claim that in that case, Gy, (0) < r for all n > 0. In that case we are done, since then also
q = limy, o0 G, (0) < r, and so indeed ¢ is smaller than any other solution of (4.3).

We use induction to prove the claim that G,,(0) < r for all n. For the base case n = 0, we
have G(0) = 0 < r as required.

For the induction step, suppose that G,,—1(0) < r. Now notice that the generating function
G(s) = >3, p(k)s* is a non-decreasing function for s > 0. Hence

Gn(0) = G(Gp-1(0)) < G(r) =,
as required. This completes the proof. O

It turns out that the question of whether the branching process inevitably dies out is deter-
mined by the mean number of children of a single individual. To avoid a trivial case, we assume
in the next result that p(1) # 1. (If p(1) = 1 then X,, = 1 with probability 1, for all n.) Then we
find that there is a positive probability of survival of the process for ever if and only if p > 1.

Theorem 4.15. Assume p(1) #1. Thenq=1if u <1, and g <1 if p> 1.

Proof. Note first that there’s a quick argument for the case where p is strictly less than 1. Note
that as X, takes non-negative integer values,

P (X, > 0) <E[X,)]

(since P (X,, > 0) = Zk21 P(X,=k) < Zk21 kP (X, = k) =E[X,)).

But from Corollary 4.12, we have E[X,,] = p". Hence P(X, >0) — 0 as n — oo, and so
from (4.2), we get ¢ = 1.

Now we give a more general argument that also covers the cases p = 1 and p > 1. First,
observe that the gradient G'(s) = >_,_, kp(k)s*~! is non-decreasing for s > 0 (and, indeed,
strictly increasing unless pg + p1 = 1). That is, G is conver.

It is instructive to consider the consequences of convexity on the graph of y = G(z), on the
interval x € [0, 1], and particularly near z = 1. The graph passes through the points (0, py) and
(1,1), and at (1,1) its slope is u = G'(1).

We have the following two cases:

(1) Suppose p > 1. Since the gradient of the curve y = G(z) is more than 1 at x = 1, and
the curve starts on the non-negative y-axis at * = 0, it must cross the line y = x at some
x € [0,1). Hence indeed the smallest non-negative fixed point g of G is less than 1. This is
illustrated on the left side of Figure 4.1.
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1 1
y=Glz)
Po
y=G(z)
o
0 1 0 1

Figure 4.1: On the left, the case p > 1; on the right, the case p < 1.

(2) Suppose < 1. The gradient at 1 is at most 1, and in fact the gradient is strictly less than 1
forall x € [0,1). (We excluded the case p; = 1 for which the gradient is 1 everywhere.) Now
the function y = G(z) must stay above the line y = x throughout [0,1). So the smallest
non-negative fixed point ¢ of G is 1. This is illustrated on the right side of Figure 4.1.

O
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Chapter 5

Continuous random variables

5.1 Random variables and cumulative distribution functions

Recall that we defined a discrete random variable on a probability space (2, F,P) to be a function
X:Q — R such that X can only take countably many values (and such that we can assign a
probability to the event {X = =z}, i.e. such that {X = x} € F). There is, however, a more
general notion. The essential idea is that a random variable can be any (sufficiently nice) function
X : Q — R, which represents some sort of observable quantity in our random experiment.

Why do we need more general random variables?

e Some outcomes are essentially continuous. In particular, many physical quantities are
most naturally modelled as taking uncountably many possible values, for example, lengths,
weights and speeds.

e Even for discrete quantities, it is often useful to think instead in terms of continuous ap-
proximations. For example, suppose you wish to consider the number of working adults
who regularly contribute to charity. You might model this number as X € {0,1,...,n},
where n is the total number of working adults in the UK. We could, in theory, model this as
a Bin(n, p) random variable where p = P (adult contributes). But n is measured in millions.
So instead model Y = % as a continuous random variable taking values in [0, 1] and giving
the proportion of adults who contribute.

To give a concrete example of a random variable which is not discrete, imagine you have a
board game spinner. You spin the arrow and it lands pointing at an angle somewhere between
0 and 27 in such a way that every angle is equally likely; we want to model this angle as a
random variable X. How can we describe its distribution? We can’t assign a positive probability
to each angle — our probabilities wouldn’t sum to 1. To get around this, we don’t define the
probability of individual sample points, but only of certain natural events. For example, by
symmetry we expect that P (X < ) = 1/2. More generally, we expect the probability that X lies
in an interval [a, b] C [0, 27) to be proportional to the length of that interval: P (X € [a,b]) = b{—ﬁa,
0<a<b<2nm.

Definition 5.1. A random wvariable X defined on a probability space (£, F,P) is a function
X: Q — Rsuch that {w: X(w) <z} € F for each x € R.

Let’s just check that this includes our earlier definition. If X is a discrete random variable
then

{w: X(w) <z} = U {w: X(w) =y}.

y<zx:yclmX

Since ImX is countable, this is a countable union of events in F and, therefore, itself belongs to

F.
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Of course, {w: X (w) < x} € F means precisely that we can assign a probability to this event.
The collection of these probabilities as x varies in R will play a central part in what follows.

Definition 5.2. The cumulative distribution function (c.d.f.) of a random variable X is the
function Fx: R — [0, 1] defined by

Fx(x)=P(X <x).

Example 5.3. Let X be the number of heads obtained in three tosses of a fair coin. Then
P(X=0=3PX=1)=P(X=2)=3andP(X=3)=4%. S0

0 ifz <0 —
: if0<z<1 :
Fx(x)={g+5=13 fl<az<2 —
s+i+2=1 if2<z<3 :
|1 if v > 3.
0 1 2 3 X

Example 5.4. Let X be the angle of the board game spinner. Then

0 if v <0,
Fx(r)=4q%& if0<z<2m,

1 ifz> 2.

We can immediately write down some properties of the c.d.f. Fx corresponding to a general
random variable X.

Theorem 5.5. 1. Fx is non-decreasing.

2. P(a< X <b)=Fx(b) — Fx(a) fora <b.

3. As x — —o0, Fx(x) — 0.

4. Asx — o0, Fx(z) — 1.
Proof. 1. If a < b then {w: X(w) <a} C {w: X(w) < b} and so

Fx(a) =P (X < a) <P (X <b) = Fx(b).
2. Since {X < a} is a subset of {X < b},
Pla<X<b)=PH{X <b}\{X <a})=P(X <b)—P(X <a)=Fx(b) — Fx(a).

3 & 4. (sketch) Intuitively, we want to put “Fx(—o0) = P(X < —o0)” and then, since X can’t
possibly be —oo (or less!), the only sensible interpretation we could give the right-hand side would
be 0. Likewise, we would like to put “Fx(co) =P (X < 00)” and, since X cannot be larger than
o0, the only sensible interpretation we could give the right-hand side would be 1. The problem
is that oo and —oo aren’t real numbers, but F'x is a function on R. The only sensible way to
deal with this problem is by taking limits and to do this carefully involves using the countable
additivity axiom P3 in a somewhat intricate way. O
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Conversely, any function F' satisfying conditions 1, 3 and 4 of Theorem 5.5 plus right-continuity
is the cumulative distribution function of some random variable defined on some probability space,
although we will not prove this fact.

As you can see from the coin-tossing example, F'x need not be a smooth function. Indeed,
for a discrete random variable, Fx is always a step function. However, in the rest of this chapter,
we’re going to concentrate on the case where Fx is very smooth in that it has a derivative (except
possibly at a collection of isolated points).

Definition 5.6. A continuous random variable X is a random variable whose c.d.f. satisfies
Fx(z)=P(X <z)= / fx (u)du,

where fx: R — R is a function such that
(a) fx(u)>0foralluelR
(b) ffooo fx(u)du = 1.
fx is called the probability density function (p.d.f.) of X or, sometimes, just its density.

Remark 5.7. The definition of a continuous random variable leaves implicit which functions fx
might possibly serve as a probability density function. Part of this is a more fundamental question
concerning which functions we are allowed to integrate (and for some of you, that will be resolved
in the Analysis III course in Trinity Term and in Part A Integration). For the purposes of this
course, you may assume that fx is a function which has at most countably many jumps and is
smooth everywhere else. Indeed, in almost all of the examples we will consider, fx will have 0, 1
or 2 jumps.

Remark 5.8. The Fundamental Theorem of Calculus (which some of you will see proved in
Analysis 111), tells us that Fx of the form given in the definition is differentiable with

dFx (z)
dx

= fx(z),
at any point x where fx is continuous.

Example 5.9. Suppose that X has c.d.f.

Fx(x>:{o ifx <0

1—e™® fx>0.

Consider

f(x)_{o forx <0

e  forxz>0.

Then
ifr <0

z 0
/oo flu)du = {foz e Udu=1—e* ifx>0,

and so X is a continuous random variable with density fx(x) = f(x). Notice that fx(0) =1 and
so fx has a jump at x = 0. On the other hand, Fx is smooth at 0, but it isn’t differentiable there.
To see this, if we approach 0 from the right, Fx has gradient tending to 1; if we approach 0 from
the left, Fx has gradient 0 and, since these don’t agree, there isn’t a well-defined derivative. On
the other hand, everywhere apart from 0 we do have Fi () = fx(z).
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Example 5.10. Suppose that a continuous random variable X has p.d.f.

fr(a) = {cx2(1 —z) forzx 6.[0, 1]
0 otherwise.
Find the constant ¢ and an expression for the c.d.f.
Solution. To find the constant, ¢, note that we must have
3 4

0 1 1
1:/_Oofx(:c)d$:/0 cx%lx)dxzc[éihzlz.

It follows that ¢ = 12. To find the c.d.f., we simply integrate:

. 0 forz <0
Fx(z) = / fx(u)du = [F120*(1 —u)du for 0 <z <1
> 1 for x > 1.
Since N 5 A
/0 1202(1 — u)du = 12 @) - z> :
we get
0 for x <0
Fx(z)=<42® —32* for0<z<1
1 for x > 1.

0

Example 5.11. The duration in minutes of mobile phone calls made by students is modelled by
a random variable, X, with p.d.f.

fx(z) = {ée:c/6 ifx >0

0 otherwise.

What is the probability that a call lasts
(i) between 3 and 6 minutes?
(ii) more than 6 minutes?

Solution. (i)

6 6
1
PB<X<6)= / fx(x)dz = / ge_z/(;dx ez —e L.
3 3

(i)
P(X >6)= / fx(z)dx = / ée_x/6dac =e L O
6 6

We often use the p.d.f. of a continuous random variable analogously to the way we used the
p.m.f. of a discrete random variable. There are several similarities between the two:
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Probability density function (continuous) | Probability mass function (discrete)

fx(x) >0 VreR px(r) >0 VzreR
/ fX Z px($)21
z€lmX

- / fx(u)du Fx@= Y pxw

uLz: u€lmX

However, the analogy can be misleading. For example, there’s nothing to prevent fx(x)
exceeding 1.

WARNING: fx(x) IS NOT A PROBABILITY.

Suppose that € > 0 is small. Then, by Taylor’s theorem,
Plx<X<xz+e) =Fx(z+e)— Fx(x)= fx(x)e.

So fx(x)e is approximately the probability that X falls between x and x + € (or, indeed, between
x — € and x). What happens as ¢ — 07

Theorem 5.12. If X is a continuous random variable with p.d.f. fx then
P(X=2)=0 foralzeR

and

b
]P’(aSXSb):/fX(x)d:L‘ for all a <'b.

Proof. (Non-examinable.) We argue by contradiction. Suppose that for some x € R we have
P(X=xz)>0. Let p=P(X =2x). Then for alln > 1, P(z —1/n< X <z) > p. We have
P(z—1/n< X <z)=Fx(x)—Fx(zx—1/n) and so Fx(z) — Fx(x —1/n) > p for alln > 1. But
F'x is continuous at x and so

lim (Fx(x) — Fx(x —1/n)) =

n—oo

This gives a contradiction. So we must have P (X = x) = 0.
Finally, P(a < X <b) =P(X =a)+P(a < X <) and so, since P(X = a) = 0, we get

P(angb):/be(x)d:c. 0

So for a continuous r.v. X, the probability of getting any fixed value x is 0! Why doesn’t this
break our theory of probability? We have

{w: X(w) <o} = J{w: X(w) =y}

y<z

and the right-hand side is an uncountable union of disjoint events of probability 0. If the union
were countable, this would entail that the left-hand side had probability 0 also, which wouldn’t
make much sense. But because the union is uncountable, we cannot expect to “sum up” these
zeros in order to get the probability of the left-hand side. The right way to resolve this problem
is using a probability density function.

50



Remark 5.13. There do exist random variables which are neither discrete nor continuous. To
give a slightly artificial example, suppose that we flip a fair coin. If it comes up heads, sample U
uniformly from [0,1] and set X to be the value obtained; if it comes up tails, let X = 1/2. Then
X can take uncountably many values but does not have a density. Indeed, as you can check,

2 fo<z<1/2
x

b jf1/2<2 <1,

]P’(ng):{

and there does not exist a function fx which integrates to give this.

The theory is particularly nice in the discrete and continuous cases because we can work
with probability mass functions and probability density functions respectively. But the cumulative
distribution function is a more general concept which makes sense for all random variables.

5.2 Some classical distributions

As we did for discrete distributions, we introduce a stock of examples of continuous distributions
which will come up time and again in this course.

1. The uniform distribution. X has the uniform distribution on an interval [a,b] if it has
p.d.f.

ﬁ fora < x <b,
0 otherwise.

We write X ~ Ula, b].

2. The exponential distribution. X has the exponential distribution with parameter A > 0
if it has p.d.f.
fx(x) =X, z>0.

We write X ~ Exp(\). The exponential distribution is often used to model lifetimes or
the time elapsing between unpredictable events (such as telephone calls, arrivals of buses,
earthquakes, emissions of radioactive particles, etc).

3. The gamma distribution. X has the gamma distribution with parameters o« > 0 and
A > 0if it has p.d.f.

AO&
fx(z) = ——azte™ £ >0.

for @ > 0. For most values of « this integral does not have a closed form. However, for a
strictly positive integer n, we have I'(n) = (n — 1)!. (See the Wikipedia “Gamma function”
page for lots more information about this fascinating function!)

If X has the above p.d.f. we write X ~ Gamma(a, ). The gamma distribution is a
generalisation of the exponential distribution and possesses many nice properties. The Chi-
squared distribution with d degrees of freedom, Xfl, which you may have seen at ‘A’ Level, is
the same as Gamma(d/2,1/2) for d € N.

4. The normal (or Gaussian) distribution. X has the normal distribution with parame-
ters 1 € R and o2 > 0 if it has p.d.f.

1 _ 2
Fr@) = == ex (—%(ﬁ) LR,

o1



We write X ~ N(u,02). The standard normal distribution is N(0,1). The normal distri-
bution is used to model all sorts of characteristics of large populations and samples. Its
fundamental importance across Probability and Statistics is a consequence of the Central
Limit Theorem, which you will use in Prelims Statistics and see proved in Part A Proba-
bility.

Exercise 5.14. For the uniform and exponential distributions:

e Check that for each of these fx really is a p.d.f. (i.e. that it is non-negative and integrates
to 1).

e Calculate the corresponding c.d.f.’s.

Example 5.15. Show that

00 1 o 2
1 ::/ exp —u dx = 1.
—o0 V2102 202

Solution. We first change variables in the integral. Set z = (x — p)/o. Then

B 0 1 (l’ _ /‘)2 S 2
I—/_oo = exp <—%‘2 dx = /OO rexp 5 dz.

It follows that
[e%e] 1 2 o0 2
1'2—/ exp( Z)dm/mrexp<—y2>dy

. / L e (Y gy

Now convert to polar co-ordinates: let r and 6 be such that = rcosf and y = rsinf. Then the
Jacobian is |J| = r and so we get

/%/ 3T eXD < T2) drdf = [—e_TQ/Q}:O =1.

Since [ is clearly non-negative (it’s the integral of a non-negative function), we must have I =
1. OJ

The c.d.f. of the standard normal distribution,

Tl
Fx(z) = / — e 2,

oo V2T

cannot be written in a closed form, but can be found by numerical integration to an arbitrary
degree of accuracy. This very important function is usually called ® and if you did some Statistics
at ‘A’ Level you will certainly have come across tables of its values.

5.3 Expectation

Recall that for a discrete r.v. we defined
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whenever the sum is absolutely convergent and, more generally, for any function h: R — R, we
proved that

Eh(X)] = ) h(z)px() (5:2)

z€lmX

whenever this sum is absolutely convergent. We want to make an analogous definition for con-
tinuous random variables. Suppose X has a smooth p.d.f. fx. Then for any x and small § > 0,

Pz <X <z+4+90)= fx(z)d
and, in particular,
P(nd <X <(n+1)d) =~ fx(nd)d.
So for the expectation, we want something like

[e.e]

> (n6) fx(nd)s.

n=—oo
We now want to take § — 0; intuitively, we should obtain an integral.

Definition 5.16. Let X be a continuous random variable with probability density function fx.
The expectation or mean of X is defined to be

[e.e]
E [X] :/ zrfx(x)dx (5.3)
—00
whenever [*|z|fx(z)dz < oo. Otherwise, we say that the mean is undefined (or as in the

discrete case, if only the positive tail diverges, we might say that E[X] = c0.)

Theorem 5.17. Let X be a continuous random variable with probability density function fx,
and let h be a function from R to R. Then

o0

E [h(X)] = / h(@) fx (2)da. (5.4)

(whenever [ |h(z)| fx (z)dz < o).

Notice that (5.4) is analogous to (5.2) in the same way that (5.3) is analogous to (5.1). Proving
Theorem 5.17 in full generality, for any function h, is rather technical. Here we just give an idea
of one approach to the proof for a particular class of functions.

Proof of Theorem 5.17 (outline of idea, non-examinable). First we claim that if X is a
non-negative continuous random variable, then E [X] = [[°P (X > x)dz. To show this, we can
write the expectation as a double integral and change the order of integration:

E[X] = /O:OO xfx(z)dr

= / fx(z)dydz
=0 Jy=0

:/ fx(z)dx dy

y=0 Jz=y

=/ P (X > y)dy,
y=0

giving the claim as required.
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So now suppose h is such that hA(X) is a non-negative continuous random variable. Then

BICOI= [ PO > ) dy

=0

:/ / fx(z)dzdy
y=0Jz: h(z)>y
o0

— [ @ [ dyds
2=0 y: y<h(z)
- / OOO fx(@)h(z)dz,
giving the desired formula in this case. O
As in the case of discrete random variables, we define the variance of X to be
var (X) =E [(X — E[X])?]

whenever the right-hand side is defined. For simplicity of notation, write u = E[X]. Then we
have

o0

var () = [ (@ P fxos

—00

= /OO (z* = 2xp + 1) fx (x)da

_;.OO oo o0
= / 2* fx (a)dx — 2#/  fx (x)dz + MQ/ fx (x)dx
—0o0 —00 —00
=K [XQ] - M2,
since [%_afx(x)dr = pand [%_ fx(x)dr = 1. So we recover the expression
var (X) = E [X?] — (E[X])*.
Just as in the discrete case, expectation has a linearity property.

Theorem 5.18. Suppose X is a continuous random variable with p.d.f. fx. Then if a,b € R
then E[aX + b] = aE [X] + b and var (aX + b) = a®var (X).

Proof. Bt Theorem 5.17,

E[aX—i—b]:/

—0o0

o0 o

(az +b)fx(x)dx = a/

xfx(z)dr + b/oo fx(z)dx = aE [X] + b,
as required, since the density integrates to 1. Moreover,
var (aX +b) = E[(aX + b —aE [X] — b)?] = E [a*(X — E[X])?]
=ad’E [(X—E[X])ﬂ = a’var (X). O

Example 5.19. Suppose X ~ N(u,c?). Then

e X has the same distribution as u+ oZ, where Z ~ N(0, 1),

e X has c.d.f. Fx(x) =®((x — p)/o), where ® is the standard normal c.d.f.,

o E[X] =y,

e var (X) = o2

o4



Solution. First suppose that 4 = 0 and ¢? = 1. Then the first two assertions are trivial and

E[X]= / \/%e_xQ/de

which must equal 0 since the integrand is an odd function. Since the mean is 0,

o .2 oo —x2/2
var (X) =E [XZ] = / %eiﬁ/Qdm = / x - %dm.

—00

Integrating by parts (and taking limits of the bounds to +00), we get that this equals

—x2/2 & © 1
(& _m2/2 .
—T- + —e dr = 1.
V2T ]OO /_Oo 27
So var (X) = 1.

Suppose now that Z ~ N(0,1). Then
P(u+0Z <2)=P(Z < (v — p)/o) = B((z — 1)/0).
Let ¢(z) = \%6_12/2, the standard normal density. Differentiating P (u + 0Z < z) in x, we get

27
Lolle — /) = S e (—(‘”‘"“)) |

7'('0'2 2(72

So p+ 0Z ~ N(u,0?). Finally,
EX|=Ep+cZl=p+oE[Z]=pn

and
var (X) = var (u + 0Z) = o*var (Z) = 0. O
Exercise 5.20. Show that if X ~ Ula,b] and Y ~ Exp(\) then
a+b (b—a)? 1 1
E[X] = 5 var (X) = TH E[Y]:X’ V&I‘(Y):ﬁ.

Notice, in particular, that the parameter of the Exponential distribution is the reciprocal of its
mean.

Example 5.21. Suppose that X ~ Gamma(2,2), so that it has p.d.f.

dre=2*  forx >0,

0 otherwise.

fx(z) = {

Find E[X] and E [+].
Solution. We have

o) 0 93
E[X] = / x - dre T dr = / §x3_1e_2xda}
—oo 2!

—0oQ
and, since I'(3) = 2! we recognise the integrand as the density of a Gamma(3,2) random variable.
So it must integrate to 1 and we get E[X] = 1.

On the other hand,
1 *1 >
E [] = / = dze *dr = 2/ 2e 2y
X o0 T —0o

and again we recognise the integrand as the density of an Exp(2) random variable which must
integrate to 1. So we get E [%] =2. O

WARNING: IN GENERAL, E [¢] # gx7-
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5.4 Examples of functions of continuous random variables

Example 5.22. Imagine a forest. Suppose that R is the distance from a tree to the nearest
neighbouring tree. Suppose that R has p.d.f.

fr(r) = {reﬂ/2 forr >0,

0 otherwise.

Find the distribution of the area of the tree-free circle around the original tree.

Solution. Let A be the area of the tree-free circle; then A = 7R%. We begin by finding the c.d.f.
of R and then use it to find the c.d.f. of A. Fg(r) is clearly 0 for » < 0. For r > 0,

FR(T) - P(R < 7“) = /0 36782/2618 = [—6752/2}; =1 671“2/2.

Hence, using the fact that R can’t take negative values,

Fa(a) =P(A < a) =P (R < a) :P(Rg \/E) :FR< ) _ 1 e/

m m

for a > 0. Of course, Fa(a) =0 for a < 0. Differentiating for a > 0, we get

Fala) = S—e—a/@m),
2

So, recognising the p.d.f., we see that A is distributed exponentially with parameter 1/(27). O

Remark 5.23. The distribution of R in Example 5.22 is called the Rayleigh distribution. One
way in which this distribution occurs is as follows. Pick a point in R? such that the x and y
co-ordinates are independent N(0,1) random variables. Then the Fuclidean distance of that point
from the origin (0,0) has the Rayleigh distribution (see Part A Probability for a proof of this fact;
there is a connection to Example 5.15).

We can generalise the idea in Example 5.22 to prove the following theorem.

Theorem 5.24. Suppose that X is a continuous random variable with density fx and that
h: R — R is a differentiable function with dl;(xx) > 0 for all x, so that h is strictly increasing.

Then'Y = h(X) is a continuous random variable with p.d.f.

d

fry) = fx(h’l(y))@h’l(y),

where h™1 is the inverse function of h.

Proof. Since h is strictly increasing, h(X) < y if and only if X < h=!(y). So the c.d.f. of Y is
Fy(y) =P(h(X) <y) =P (X <h™(y)) = Fx(h ™ (1)).

Differentiating with respect to y using the chain rule, we get

d

—h7Y(y). O
a (v)

fr(y) = fx(h'(y)
There is a similar result in the case where h is strictly decreasing. In any case, you may find
it easier to remember the proof than the statement of the theorem!
What if the function h is not one-to-one? It’s best to treat these on a case-by-case basis and
think them through carefully. Here’s an example.
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Example 5.25. Suppose that a point is chosen uniformly from the perimeter of the unit circle.
What is the distribution of its x-co-ordinate?

Solution. Represent the chosen point by its angle, ©. So then © has a uniform distribution on

[0,27), with p.d.f.
L for0<6<2r
fe(0) = {2” _

0 otherwise.

Moreover, the z-co-ordinate is X = cos©, which takes values in [—1,1]. We again work via

c.d.f’s:

0 for 6 <0
Fo(f) =< & for0<6<2nm
1 for 6 > 2.

Notice that there are two angles in [0, 27) corresponding to each x-co-ordinate in (—1,1):
/3 ™\ 7\
’asl \ /

\ /

—oaf \\ /

R4

Then Fx(x) =0 for z < —1, Fx(z) =1 for x > 1 and, for x € (—1,1), we can express the c.d.f.
in terms of arccos: [—1,1] — [0, 7] as

Fx(x) =P(cos O < x)
= P (arccosz < © < 2w — arccos x)

= Fo(2m — arccos x) — Fg(arccos x)
arccos T  arccos T

2 2T

=1

1
=1— —arccosz.
T

This completely determines the distribution of X, but we might also be interested in the p.d.f.
Differentiating Fx, we get

for -1<z<1
de(a})

dx

= forz< —-lorxz>1

undefined forz = —-1orxz=1.

So we can take

11

= for -1<z<1
fX(ﬂf)Z T \/1—x2

0 fore<—-lorx>1

and get Fx(z) = [*_ fx(u)du.
Notice that fx(z) — co as © — 1 or & — —1 even though [*_ fx(z)dz = 1. O
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5.5 Joint distributions

We will often want to think of different random variables defined on the same probability space.
In the discrete case, we studied pairs of random variables via their joint probability mass function.
For a pair of arbitrary random variables, we use instead the joint cumulative distribution function,
Fxy:R? —[0,1], given by

Fxy(z,y) =P(X <z,Y <y).

It’s again possible to show that this function is non-decreasing in each of its arguments, and that

lim lim Fxy(z,y)=0

IT——00 Yy——00
and

lim lim Fyy(z,y) = 1.

T—00 Yy—+00

Definition 5.26. Let X and Y be random variables such that
y x
Fxy(z,y) = / / fxy (u,v)dudv
—00 J —00

for some function fxy: R? — R such that
(a) fx,y(u,v) >0 forall u,v € R
(b) [, J7 fxy(u,v)dudv = 1.
Then X and Y are jointly continuous and fx y is their joint density function.

If fxy is sufficiently smooth at (z,y), we get

2
fx,y(x,y) = MFX,Y(CU’Z/)-

For a single continuous random variable X, it turns out that the probability that it lies in

some nice set A C R (see Part A Integration to see what we mean by “nice”, but note that any
set you can think of or write down will be!) can be obtained by integrating its density over A:

P(XeA= /Afx(x)dx.

Likewise, for nice sets B C R? we obtain the probability that the pair (X,Y) lies in B by
integrating the joint density over the set B:

P(XY)eB) = [ [ fur(adedy.
(z,y)EB

We will show here that this works for rectangular regions B.

Theorem 5.27. For a pair of jointly continuous random variables X and Y, we have

d b
IP’(a<X§b,c<Y§d)://fxy(x,y)dxdy,

fora <bandc<d.
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Proof. We have

Pla< X <b,c<Y <d)
:P(ng, Yﬁd)—]P’(XSa, YSd)—i—[P’(Xﬁa, ch)—]P’(ng, Yﬁc)
= F)Qy(b, d) —FX7y(a, d) —I—FX7y(a,C) —F)gy(b, C)

d b
:/ / fxy(z,y)drdy. -

Theorem 5.28. Suppose X and Y are jointly continuous with joint density fxy. Then X is a
continuous random variable with density

o0
fx(z) = / fxy(z,y)dy,
—00
and similarly Y s a continuous random variable with density

fy(y) = /_OO fxy(z,y)dx.

In this context the one-dimensional densities fx and fy are called the marginal densities of
the joint distribution with joint density fx y, just as in the discrete case at Definition 2.16.

Proof. If fx is defined by fx(z) = ffooo fxy(z,y)dy, then we have

[ st [ [ petunayan

_P(X <u),
so indeed X has density fx (and the case of fy is identical). O

The definitions and results above generalise straightforwardly to the case of n random vari-
ables, X1, Xo,...,X,,.

Example 5.29. Let

(r+y) for0<z<1,1<y<2,

otherwise.

[eniy G

fxy(z,y) = {

Check that fxy(x,y) is a joint density. What is P (X < %,Y > %) ¢ What are the marginal
densities? What is P (X > %) ?

Solution. Clearly, fx y(x,y) > 0 for all z,y € R. We have

0o fee) 2 11
/ / fX7y(x,y)dxdy://2($+y)d:cdy
—00 J—0 1 Jo
2 1
1 5 1 ]
= —x° + -xy| dy
J i,
271 1
= ~+—y|d
J Gran)a
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We have

Integrating out y we get

for z € [0,1], and integrating out x we get

1
fy(y)Z/O *(w+y)dw=%+ly

for y € [1,2]. Using the marginal density of X,
1 7103 9
PlX>—-) = — — |l der = —.
< —2) /; <2x+4) 716

Definition 5.30. Jointly continuous random variables X and Y with joint density fxy are
independent if

g

Ixy(z,y) = fx(x)fy(y)

for all z,y € R. Likewise, jointly continuous random variables X1, X, ..., X,, with joint density
[x1.Xs,....x,, are independent if

X0 X0, X0 (X1, 225 ) =[xy (21) fxp (22) -+ fx, (T0)
for all x1,x9,...,x, € R.
Note that if X and Y are independent then it follows easily that
Fxy(z,y) = Fx(z)Fy (y)
for all z,y € R.

Example 5.31. Consider the set-up of Fxample 5.29. Since

Lo (b2) (31a).

X and Y are not independent.
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5.5.1 Expectation

We can write the expectation of a function h of a pair (X,Y) of jointly continuous random
variables in a natural way.

Theorem 5.32. o roo
BV = [ [ bty (e sy

As in the case of Theorem 5.17, a general proof of this result is rather technical, and we don’t
cover it here. However, note again that there is a very direct analogy with the discrete case which
we saw in equation (2.2).

In particular, the covariance of X and Y is

cov(X,)Y)=E[(X -E[X])(Y —E[Y])]=E[XY]-E[X]E[Y]
(exercise: check the second equality).

Exercise 5.33. Check that
E[aX +bY] = aE [X] + bE[Y]

and
var (X +Y) = var (X) 4 var (V) + 2cov (X,Y).

Remark 5.34. We have now shown that the rules for calculating expectations (and derived
quantities such as variances and covariances) of continuous random variables are exactly the
same as for discrete random variables. This isn’t a coincidence! We can make a more general
definition of expectation which covers both cases (and more besides) but in order to do so we need
a more general theory of integration, which some of you will see in the Part A Integration course.

Example 5.35. Let —1 < p < 1. The standard bivariate normal distribution has joint density

- I S 2
fX,Y(xvy) - QWWGXP( 2(1 _pQ) (fL‘ 2pl‘y+y )>

for z,y € R. What are the marginal distributions of X and Y ¢ Find the covariance of X and Y .

Proof. We have

fx(z) = /_Oo 27T\/1_7%)2(3)@ (—2(11_102)(352 — 2pTYy + y2)> dy

- ey,

= 7ef:v2/2 /OO ;exp <
V2 —0o \/2m(1 = p?) 2(1 - p?)

But the integrand is now the density of a normal random variable with mean px and variance
1 — p?. So it integrates to 1 and we are left with

So X ~ N(0,1) and, by symmetry, the same is true for Y. Notice that X and Y are only
independent if p = 0.
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Since X and Y both have mean 0, we only need to calculate E [XY]. We can use a similar
trick:

1
E[XY] = / / X ( 2—2x+2>ddx
o0 2m/1 — p? 1— PA20= p)( pry+y7) ) dy

:/oo =" o V211 - 2) 1— eXp( ST pp)))dydm

The inner integral now gives us the mean of a N(pz, 1 — p?) random variable, which is pz. So we
get

o0

e 24y = pE [XQ] =p,

2
px
cov (X,Y) = /
—oo V2T

since E [X2] =1. O
This yields the interesting conclusion that standard bivariate normal random variables X and
Y are independent if and only if their covariance is 0. This is a nice property of normal random

variables which is not true for general random variables, as we have already observed in the
discrete case.
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Chapter 6

Random samples and the weak law of
large numbers

One of the reasons that we are interested in sequences of i.i.d. random variables is that we can
view them as repeated samples from some underlying distribution.

Definition 6.1. Let X, X5,..., X,, denote i.i.d. random variables. Then these random variables
are said to constitute a random sample of size n from the distribution.

Statistics often involves random samples where the underlying distribution (the “parent dis-
tribution”) is unknown. A realisation of such a random sample is used to make inferences about
the parent distribution. Suppose, for example, we want to know about the mean of the parent
distribution. An important estimator is the sample mean.

_ 1 &
Definition 6.2. The sample mean is defined to be X,, = — Z X;.
n
i=1

This is a key random variable which itself has an expectation and a variance. Recall that for
random variables X and Y (discrete or continuous),

var (X +Y) = var (X) 4 var (V) + 2cov (X,Y).
We can extend this (by induction) to n random variables as follows:

ar (Z XZ-> = Zvar (Xi) + Z cov (X, Xj)
=1 =1

i#]
n
= Z var (X;) + 2 Z cov (X;, Xj).
i=1 1<J
Theorem 6.3. Suppose that X1, Xo, ..., X, form a random sample from a distribution with mean

w and variance 0. Then the expectation and variance of the sample mean are

E [Xn] =pu and var (Xn) = %02.

Proof. We have E [X;] = p and var (X;) = o2 for 1 <i < n. So by linearity of expectation and
the variance rules recalled above,

E[X,] =E [ii){] :Tllzn:E[X

var (X'n) = var < ) < 2) = % Zvar (X;) = %02,
i=1

since independence implies that cov (X;, =0 for all ¢ # j. O
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Example 6.4. Let X4,..., X, be a random sample from a Bernoulli distribution with parameter
p. Then E[X;] = p, var (X;) = p(1 —p) for all 1 < i < n. Hence, E [)_(n] = p and var (Xn) =
p(1—p)/n.

In order for X,, to be a good estimator of the mean, we would like to know that for large
sample sizes n, X,, is not too far away from p i.e. that |X,, — u| is small. The result which
tells us that this is true is called the law of large numbers and is of fundamental importance in
probability. Before we state it, let’s step away from the sample mean and consider a more basic
situation.

Suppose that A is an event with probability P (A) and write p = P (A). Let X be the indicator
function of the event A, i.e. the random variable defined by

X(@) = La(w) = {1 becs

0 ifwé¢gA
Then X ~ Ber(p) and E[X]| = p. Suppose now that we perform our experiment repeatedly
and let X; be the indicator of the event that A occurs on the 7¢th trial. Our intuitive notion of
probability leads us to believe that if the number n of trials is large then the proportion of the
time that A occurs should be close to p i.e.

1 n
n;Xi_p

should be small. So proving that the sample mean is close to the true mean in this situation will
also provide some justification for the way we have set up our mathematical theory of probability.

Theorem 6.5 (Weak law of large numbers). Suppose that X1, Xo, ... are independent and iden-
tically distributed random variables with mean p. Then for any fixed € > 0,

1 n
P(‘E X;—p >e>—>0
n
=1

§e>—>1
as n — 00.)

In other words, the probability that the sample mean deviates from the true mean by more
than some small quantity e tends to 0 as n — oco. Notice that the result only depends on the
underlying distribution through its mean.

We will give a proof of the weak law under an additional assumption that the variance of the
distribution is finite. To do that, we’ll first prove a couple of very useful inequalities.

as n — 0.

(Equivalently, we could have put

1 n
i=1

Theorem 6.6 (Markov’s inequality). Suppose that Y is a non-negative random variable whose
expectation exists. Then

P(th)gEg]

for allt > 0.
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Proof. Let A = {Y > t}. We may assume that P(A) € (0, 1), since otherwise the result is
trivially true. Then by the law of total probability for expectations,

E[Y] = E[Y|A]P(A) + E[Y]|A9 P (A°) > E[Y|A] P (A),

since P (A°) > 0 and E[Y|A°] > 0. Now, we certainly have E[Y|A] = E[Y|Y >t¢] > t. So,
rearranging, we get
ElY
v >0 < BV

as we wanted. O

Theorem 6.7 (Chebyshev’s inequality). Suppose that Z is a random variable with a finite vari-
ance. Then for any t > 0,

var (Z)

P(z-E[7)] > 1)< D
Proof. Note that P(|Z —E[Z]| > ¢) =P ((Z — E[Z])* > t?) and then apply Markov’s inequality
to the non-negative random variable Y = (Z — E[Z])%. O

Proof of Theorem 6.5 (under the assumption of finite variance). Suppose the common
distribution of the random variables X; has mean p and variance o2. Set

1 n
Z = H;X

As we saw in Theorem 6.3,

1 & o?
[Z] =p and var(Z) = var <n E > -

So by Chebyshev’s inequality,

1 — o?
=1
Since € > 0 is fixed, the right-hand side tends to 0 as n — oco. O
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Appendix

A.1 Useful ideas from Analysis

Here are brief details of some ideas about sets, sequences, and series, that it will be useful to
make reference to. Those doing the Analysis I course in Maths this term will see all of this in
much greater detail!

Countability

A set S'is countable if either it’s finite, or its elements can be written as a list: S = {z1, z2,z3,... }.
Put another way, S is countable if there is a bijection from a subset of N to S. The set N itself
is countable; so is the set of rational numbers Q, for example. The set of real numbers R is not
countable.

Limits
Even if you haven’t seen a definition, you probably have an idea of what it means for a sequence
to converge to a limit. Formally, we say that a sequence of real numbers (a1, as, as, ...) converges
to a limit L € R if the following holds: for all € > 0, there exists N € N such that |a, — L| <€
whenever n > N.

Then we may write “L = lim,, o ay,”, or “a, — L as n — 00”.

Infinite sums

Finite sums are easy. If we have a sequence (a1, as,as, ... ), then for any n € N we can define

»

3

I
(]

ak = a1 +as + -+ an.

B
Il

1

What do we mean by the infinite sum ).~ ; az? An infinite sum is really a sort of limit. If the
limit L = lim,,_, s, exists, then we say that the series 220:1 ay, converges, and that its sum is L.
If the sequence (sp,n € N) does not have a limit, then we say that the series > ;7 | ai, diverges.

An important idea for our purposes will be absolute convergence of a series. We say that
the series Y po, ay converges absolutely if the series Y -, |ax| converges. If a series converges
absolutely, then it also converges.

One reason why absolute convergence is important is that it guarantees that the value of a
sum doesn’t depend on the order of the terms. In the definition of expectation of a discrete
random variable, for example, we may have an infinite sum and no reason to take the terms in
any particular order. Formally, suppose f is a bijection from N to N, and define by = ay). If
the series Y ;2 ; aj converges absolutely, then so does the series Y 7 by, and the sums > ;7 | ay
and Y 7, by are equal.

An example of a series that converges but does not converge absolutely is the series 1 — % +
%—i—l—%—...,whesesumislnz
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If we reorder the terms as 1+%—%+%+%—i+é+ﬁ—%+..., then the sum instead
becomes %ln 2.

Power series

A (real) power series is a function of the form

f(z) = Z cpa®
k=0

where the coeflicients ¢,k > 0 are real constants. For any such series, there exists a radius of
convergence R € [0,00) U oo, such that Y 5 cxz® converges absolutely for |z| < R, and not for
|z| > R.

In this course we will meet a particular class of power series called probability generating
functions, with the property that the coefficients ¢ are non-negative and sum to 1. In that case,
R is at least 1.

Power series behave well when differentiated! A power series f(z) = Y o ck2® with radius
of convergence R is differentiable on the interval (—R, R), and its derivative is also a power series
with radius of convergence R, given by

F@) = S0k + Depaat.
k=

0

Series identities
Here is a reminder of some useful identities:
Geometric series: if a € R and 0 < r < 1 then

n—1

1_ n
Zark:a( ")
1—7r

k=0

and

> a
Sart=
k=0 -
Exponential function: for A € R,
oo
L L
= n!
Binomial theorem: for z,y € R and n > 0,
" /n
@+y)" =) <k> akyn k.
k=0

Differentiation and integration give us variants of these. For example, for 0 < r < 1,

k=1 k=0
and

Z?_ i > th ) at

k=1 k=0



A.2 Increasing sequences of events

We mentioned the following result in the later part of the course. A sequence of events A,,n > 1
is called increasing if Ay C Ay C A3 C....

Proposition A.8. If A,,n > 1 is an increasing sequence of events, then

P <U An> = lim P (4y).
n=1

Proof. The proof uses countable additivity. Using the fact that the sequence is increasing, we
can write A, as a disjoint union

An:A1U(AQ\Al)U(Ag\AQ)U'”U(An\An_l),

and similarly, we can write |J,2 ; A, as a disjoint union

U A=A U U (Ak \ Akfl).
k=1 k=2

Then applying the countable additivity axiom twice, we have
(e.9] o
k=1 k=2

P (A1) + > P (A )\ Apoy)
k=2

= lim
n—oo

(since by definition of an infinite sum, ) by = lim ) bg.)

k=2 n—=00 p—9
= lim P(A4,). O
n—oo
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