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Abstract

These notes discuss the material for the Probability course at Budapest Semesters
in Mathematics. The course textbook, Ross: A first course in probability, is frequently
referred.

Probability spaces

The mathematical framework for probability is the probability space, which is a triple
(Q, F,P). Let us consider first the first ingredient, the sample space Q, the collection of
possible outcomes of our random experiment. Elements w € () are called outcomes, while
(certain) subsets A C 2 are called events.

Examples of sample spaces.

I Horse race with three horses, Apple, Banana and Coconut. An outcome describes the
order of the horses at the end of the race.

Qr ={(a,b,0),(a,c,b),...(c,b,a)}; Q7] =3=6
where |E| denotes the cardinality of a set. An example of an event is
Ar = {Apple wins} = {(a, b, ¢), (a,c,b) }; |Ar| = 2.
Note that we have not claimed anything about the “probability” of this event.

IT Two fair dice are rolled, a white die and a yellow die. An outcome is an ordered pair
of the values rolled on the two dice, thus

Qrr={(1,1),(1,2),...(6,6)}; |2r7] = 36.
Note that (1,2) and (2,1) are two different outcomes. Examples of events are

Ajr = {The sum of the values is 5} = {(1,4), (2,3),(3,2), (4,1)) }.
By; = {The sum of the values is 4} = {(1, 3),(2,2),(3,1)},
Crr = {The same values are rolled on the two dice} = {(1,1),(2,2),...(6,6)}.



ITT Keep on flipping a fair coin until a Head occurs. Then
QIII = {(H)7 (Ta H)a (T7 T’ H)a (Ta Ta T7 H)a }
which has infinite cardinality. An example of an event is

Aqrr = {There is an even number of flips} = {(T, H), (1.7,T,H), ....}

IV Darts on a table which is a circular disc of radius 10 inches. The outcome corresponds
to the point of impact of the dart. Then

Qv = {(z,y) € R?|2? + ¢y* <100}
and an example of an event is

Ay = {Score 50 points} = {(z,y) € R* |z +y* < 1}.

In this framework, the usual set theoretic operations and notations make sense. £ U F
means that at least one of the two events occur, while £ N F means that both of them occur.
In particular, in Example IT above

BI] U OII = {(17 3)7 (37 1)? (17 1)7 ) (67 6)}7
BynCrr=A{(2,2)}.

If ENF = () then the two events are mutually exclusive, which is the case of A;r and Cp;
in Example II. £¢ = Q \ E is the complement of the event E. If E' C F then the event £
implies the event F'.

Usual laws of set theoretic operations apply, see the Ross book for a summary. It is
useful to point out the de Morgan laws:

(ENF)° = E°U F*,
(EUF)° = E°N F*.

The second ingredient is the sigma algebra F. It is the collection of subsets of 2 that
are considered as events. F has to satisfy the following properties:

- Qe F,
- if B € F, then E° € F,

- ifEl,EQ,"' Gf, then U El e F.
i=1
In examples I, IT and III above, F can be chosen as the collection of all subsets of €. In
example IV (if, in accordance with intuition, probability is proportional to area) certain
subsets of €2 have to be excluded from F for deeper measure theoretic reasons, yet, it is
hard to construct such subsets.



Axioms of probability

The third ingredient is probability itself, P : 7 — R, which is thus a function that assigns
a number to an event. It has to satisfy the following axioms.

First Axiom P(E) > 0; VE € F;
Second Axiom P(Q)) = 1;

Third Axiom Given a sequence of mutually exclusive events Ej, Es,--- € F (that is,
E; N E; = () whenever i # j) we have

P (D E) = iP(En).

These axioms are in accordance with our intuition about probability. Yet, it should
be noted that the third axiom applies not only to finite, but also to countably infinite
collections of mutually exclusive sets. In this case the sum on the RHS is a limit — thus
sigma additivity is actually a continuity property of P.

Here we discuss some direct consequences of the axioms. As whenever AN B = () we
have P(AU B) = P(A) + P(B), we have

P(A) =P(Q) —P(A)=1—-P(A), VAeF, and in particular
P@) =1-P(Q2) =0.

Note, however, that P(F) = 0 does not necessarily imply £ = () — consider example IV
(with probability proportional to area) and the event E = {(0,0)}.

Inclusion—exclusion formula

Consider now AN B # (). Then, by the third axiom:
P(AUB)=P(ANB°)+P(ANB)+P(A°NB)=P(A)+P(B) —P(AN B).

With a similar reasoning, for arbitrary A, B,C € F:

P(AUBUC) =P(A)+P(B)+P(C)-P(ANB)-P(ANC)-P(BNC)+P(ANBNC).

In words, to get the probability of the union, the probabilities of the events have to be
added, then the probabilities of all possible pair intersections have to be subtracted, then
the probabilities of all triple intersections added... This generalizes to an arbitrary number
of sets: the probability of the union can be computed by adding up all odd-fold intersec-
tions and subtracting all even-fold intersections. This is expressed in a concise form in the
following Proposition, which can be proved by induction on n.

Proposition 1.1 (Inclusion—exclusion formula). Let n > 1, and Ey, Es, ... E, € F.
Then

P(E\UE,U---UE,) =Y (=)™ > PE,N---nE,).

r=1 1<ii<-<ipr<n



2 Finite sample spaces with equally likely outcomes
Let us fix an integer N > 1, and consider probability spaces such that

Q = {wl,w2, . ,LUN},

P({wi}) = P{wa}) = --- = P({wn })-
Then, by the axioms of probability
L.
L=P(Q) =P({fw}) + -+ P({wn}) = NP({w}), = P{{w}) =5 ¥i=1,...,N.
Furthermore, for any subset A C Q, (JA| = K < N), we have

A ={wj,,wjy, ..., Wi}
P(A) =B({uy}) + -+ B({wge}) =

|A|  number of favored outcomes

Q] total number of outcomes

This formula may be familiar from high school, however, it has to be applied carefully.
Before making computations, decide what is your sample space. Several choices may be
suitable for the same problem, nonetheless, once €2 has been chosen, use it consistently.

Example 2.1. There are 11 balls in a urn, 6 red and 5 blue balls. 3 balls out of this 11 are
drawn (without replacement). What is the probability that there are exactly 2 red balls and
1 blue ball among the 3 balls drawn?

Solution #1. Label the balls such that 1,...,6 are red, while 7,...,11 are blue. Con-
struct 2 by noting the labels of the balls at the three consecutive draws — that is, the order
is taken into account. We have

Q = {(i1,12,13) | 41,192,193 € {1,..., 11}, iy # ia, 1) # 13,12 # i3}
Q] =11-10-9.

Also
E = {Exactly one blue ball among the three drawn} = E; U Ey U Ej,

where the sets
Eyx = {The kth draw is blue, the other two draws are red}; k=1,2,3
are mutually exclusive. In particular

E1 :{(il,ig,ig) EQ | le - {7,,11}, ig,ig 6{1,,6}},
|Er|=5-6-5,



and similar computations yield

We arrive at

|Ey| + |Ey| 4+ |Es| 3-6-5-5 5
P(E) = P(E,) + P(E,) + P(E;) = = ==
(E) = P(Ey) + P(E,) + P(Ey) Is] 11-10-9 11

Solution #2. The same labeling is used as in the previous solution, however, this time
the order of choice is not taken into account, only the collection of the three balls drawn is
considered as an outcome. Thus

Q={Uc{l,...,11} | |U| = 3};
|Q|:(131>7

E:{U1UU2€Q | |U1|:2,U1C{1,...,6}; ’U2|:17U2C{7,...711}};

a9

We arrive at

while

B ()55

(E)—@_ (11) _ﬁ'
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Example 2.2 (The matching problem). Consider a a great party with N people involved.
The following morning, people leave one-by-one, and take one of the cell phones at random.
What is the chance that noone picks her/his own phone?

The sample space € is the set of all permutations of the phones labeled 1,..., N. If
the permutation is w = (i1,...,iy), then person #k gets the cellphone of person #ig,
k=1,...N. Let

Ay, = {person #k picks her own phone} = {(i1,...,in) € Q|ix = k},

then
B = {No matches} = A{NASN---NAy = (A U---UA,)°,

and we use the inclusion-exclusion formula to compute P(A; U---U A4,,). Now

|Ax| = |A1] = (N —1)! and thus
(N —-1)!

P(4)) = P(4) =



as the labels can be freely permuted at the remaining N —1 positions. Similarly, for arbitrary
fixed 1 <iy <ip<---<, <N:

|A;, NN A; | =(N—r) and thus

(N =)t
Using this along with the inclusion-exclusion formula:
N
P(AiUAU---UAy) =) (=)™ > P4, Nn---NA,)
r=1 1<iy <-<ip<N

r—

Now

P(B):1—P(A1UA2U---UAN):Z(_;)T

1

which tends to e as N — 0.

3 Conditional probability

Introductory question. Roll two fair dice, a white die and a yellow die. What is the
chance that the sum of the two values rolled is 107 By the previous section the answer to
this question is ;’—6 = %

Now imagine that the two dice are not simultaneously, but consecutively rolled. The
first die has been rolled and turned up 6; the yellow die is yet to be rolled, what is the
probability (given the information on the white die) that the sum of the values will be 107
This happens if an only if the yellow die turns up 4, that is, with % chance.

An alternative approach to this: the information that
A = {The white die turns up 6}
occurs is given. What is the chance (conditioned on A occurring) that

B = {The sum of the values is 10}

occurs, too? Now

A={(6,1).....(6,6)} Al=6  P(4) =

AN B = {(6,4)} ANB|=1 PANB)=
P(ANB) 1
P46



Definition 3.1. Fiz an event A with P(A) > 0, the conditional probability of any other

event £ € F given A is

P(E|A) = %

The following proposition can be verified by direct inspection. It shows that conditional
probability generalizes the notion of probability.

Proposition 3.2. Fiz A with P(A) > 0. Then P(:|A) : F - R; F > E +— P(E|A) satisfies
the axioms of probability.

This conditional probability can be computed using either the definition, or the reduced
sample space, as in the introductory example. Nonetheless, it should be clearly formulated
on which event the conditioning takes place, as demonstrated in the following example.

Example 3.3. Andrew and Bob play for the college basketball team. They get two T shirts
each in closed bags. Any T shirt can be either black or white with equal chance. Andrew
says: “If I have a black T shirt, I will have this one on.” Bob says:“l do not have any
preference regarding the color of the T shirt.” At the next training, Andrew shows up with a
black T shirt on. What is the probability that his other T shirt is black, too? (And consider
the same question for Bob.)

For Andrew, initially, there are four options of equal probability
Q={W.w),(W,B),(B,W),(B,B)}

where the first and the second entry of the pair describes the color of the T shirt in his first
and second bag, respectively. Now given what Andrew says, we condition on the reduced

sample space
{(W,B),(B,W),(B,B)}

As he has a black T shirt on, there is only one out of these three options when his other T
shirt is black, too. Hence the answer is %

How about Bob? By common sense, the fact that he has a black T shirt, does not
influence the color of his other T shirt. Accordingly, the expected answer to the question
is % in Bob’s case. But why is it that the logic applied in Andrew’s case does not work for
Bob’s case?

Let us introduce the following events:

A; = {Andrew has a least one black T shirt}  B; = {Bob has a least one black T shirt}
Ay = {Both of Andrew’s T shirts are black} By = {Both of Bob’s T shirts are black}
A3 = {Andrew has a black T shirt on} Bs = {Bob has a black T shirt on}

Note that A; = Aj, and in fact, we have computed P(As|A;) above. However, B; D Bs,
but By # Bs. To distinguish B; from Bjs, we have to work with an extended sample space.



Bob decides randomly which bag to open, say by flipping a fair coin; in the extended sample
space below, all previous outcomes are doubled, and boldface refers to the bag that Bob
has picked. Let

QBob = {(Wv W)? (VV, W)7 (Wu B)’ (VV, B)7 (B’ W)v (B’W)a (B’B)a (B’B)}

while

Bs = {(WaB)a (Bv W)7 (Ba B)a (BaB)}a By = {(Ba B)7 (BaB)}
so that P(Bs| Bs) = 2 = 1, as anticipated.

Multiplication rule

It follows immediately from the definition of conditional probability that given two events
A and B we have
P(AN B) =P(BJA) - P(A),

which reflects a useful point of view; often, it is easier and more natural to compute P(ANB)
this way than directly. By induction, for events Ey, Fs, ... E,

P(E,N---NE)=P(E,|E,.10N---NE)-P(E, 1|E,2N---NEY) - - P(Ey|Ey)P(EY).
This can be particularly handy if the events F1, ..., E, (may) occur consecutively.

Example 3.4 (Pélya’s urn model). Initially, there are two balls in the urn, a blue and a
red ball. At each round, a ball in the urn is picked at random. The color of the ball picked
18 checked, and then this ball and an additional ball of the same color is put back into the
urn. This way, the number of balls in the urn keeps growing with the number of the draws.

Question: What is the probability that the first three balls are blue, red, blue, in this
order? We may use the multiplication rule to answer this question as follows. For k& > 1,
let B denote the event that the kth ball drawn is blue. Similarly, let Ry denote the event
that the kth ball drawn is red. Then

2 11
P(Bs N Ry N By) = P(B3|Ry N By) - P(Ry|By) - P(By) = 1332 19

4 Bayes formula

Definition 4.1. The finite collection of events A1, ..., A, is a partition of the sample space

if
A; N A; = 0 whenever i # j; and AiUAU---UA, =Q.



You may think of Ay,..., A, as pizza slices. Given a partition, the probability of an
arbitrary event B can be computed as

P(B) = ZH:P(B NA;) = zn:P(BMi)P(Ai)

where we have used the axioms of probability and the multiplication rule. The above formula
is called the law of total probability. Now, for any index k = 1,...n fixed, we have

p(AwB) = D0 A _ P(BIAIP(A)
3 B(B14)B(4,)

P(B)

which is called Bayes formula. It can be interpreted as follows. The A; can be thought
of as various, mutually exclusive possibilities, that have some a priori chances P(A4;). Then
some information are gained, namely, that B has occurred. Given this information, the
probabilities of the A; have to be updated, and it is precisely Bayes formula that gives the
new, a posteriori chances. Here are two examples to demonstrate this.

Example 4.2. Initially, there is just one blue ball in a box. First, a fair die is rolled. Then,
if the number rolled is odd, one red ball is put in the box; if the number rolled is 2 or 4, 3
red balls are put in the box; and if the number rolled is 6, 5 red balls are put into the box.
After that, a ball is drawn from the box. When entering the room at the end of this process
you are informed that the ball drawn is red. What do you think is the chance that 6 was
rolled on the die?

Introduce the following events:

A; = {odd number rolled} = {one red ball and one blue ball in the box};
Ay = {2 or 4 rolled} = {3 red balls and one blue ball in the box};

Az = {6 rolled} = {5 red balls and one blue ball in the box};

B = {Eventually, a red ball is drawn}.

Then
P(A,) = + P(B|A,) —
1) — 92 1) — 2)
P(A;) = & P(B|Ay) = >
2) — 3 2) — 4;
P(4;) = = P(B|As) = >
3) — 6 3) — 6,
thus
A _ P(B|A3)P(A;3) . % : % 5
P(As|B) = T 11,3 1,5.1 93
P(BIA)B(A,) + P(B|4;)P(A;) + P(BIA)P(Ay) 1. 1+8.113.1° 23
In the next example there are just two events, denoted by A and A°(= Q '\ A), which

make the partition.



Example 4.3 (Medical test). Consider a blood test for a disease with the following char-
acteristics. The test is 95% effective, that is, it is positive with 0.95 chance if the person
tested is ill. However, with 1% chance it is false positive, that is, with 0.01 chance positive
if the person tested is healthy. Also, the disease is known to effect 0.5% — that is, 0.005
proportion — of the population. What is the chance that someone tested positive is indeed
ill?

Introduce the following events:
A = {the person tested is ill};

A° = {the person tested is healthy};
B = {the test is positive}.

Then
P(A) = 0.005 P(B|A) = 0.95;
P(A°) = 0.995 P(B|A%) = 0.01;
ths 0.95 - 0.005
P(A|B) = ~ 0.323

~0.95-0.005 + 0.995 - 0.001
which may be surprisingly small at first sight. Note, however, that the a priori chance
(before the test) of the person being ill was 0.005, which is updated to 0.323 with one
positive test. Still, 0.323 may not be convincing enough. We will discuss how to proceed,
but let us introduce the notion of independence before that.

5 Independence

Definition 5.1. Two events A and B are independent if
P(ANn B)=P(A)-P(B).
Example 5.2. Draw one card from an ordinary deck of 52 cards. Let

A = {the card drawn is a spade};
B = {the card drawn is an ace};
C = {the card drawn is a heart}.

We have
13 1
P(4) = B(C) = 1o = 1
4 1
P(B) = o = =;
52 13
AN B = {the card drawn is the ace of spades}, hence
1 1 1
P(ANB) = — — - . — — P(A) - P(B
(AnB) =2 = 1. L B(4) - B(B)

10



which shows that A and B are independent. Similarly, B and C' are independent. Note,
however

ANC =0, hence
P(ANC) = 0 £ P(A) - P(C)

so A and C' are not independent. This is a warning that “mutually exclusive” and “inde-
pendent” are very different notions. In a sense, mutually exclusive events are as far from
being independent as possible, as the following Lemma shows. It can be proved by direct
inspection using the definitions and the multiplication rule.

Lemma 5.3. Consider two events E and F such that P(E) > 0. Then E and F are
independent if and only if
P(F|E) = P(F).

In words: the independence of ' and F' means that the occurrence of E' does not shift,
that is, does not provide additional information on the chances of the occurrence of F'.

To proceed, let us revisit the example with the two fair dice by considering the following
events.

Example 5.4. Roll two fair dice, a white and a yellow die. Let

A = {the white die turns up 6};
B = {the sum of the two values rolled is 7};
C' = {the yellow die turns up 1}.

Direct inspections shows

P(A) =P(B) =P(C) =
ANB=ANC=BNnC=ANnBNC={(6,1)}.
Then P(AN B) = 5z = P(A) - P(B), the event A and B are independent. Similarly A and
C are independent, and also, B and C' are independent. That is, the events A, B and C' are

pairwise independent. Yet, if both A and B occur, we can be certain that C' occurs, too.
This is reflected in

P(ANBNC) = % £ P(A) - P(B) - P(C).

Definition 5.5. The events Ay, As, ..., A, are independent as a collection if for any r =
1,...,n and any indices 1 < iy < --- <1, < n we have

P(A;, NN A;,) =P(A;) - P(Ay,) -+ - P(A;,).

In particular, in the above example, the evens A, B and C' are pairwise independent
but they are not independent as a collection. From now on, unless otherwise stated, by
independence we mean independence as a collection.

11



Independent trials

Let n > 1 and p € (0,1) be fixed parameters. Consider an experiment, where one particular
outcome, considered as “success” has probability p. Then this experiment is performed n
times, and we are interested in the number of successes. An examples for that: a fair die is
rolled 100 times, and a success is when the value 6 is rolled (n = 100,p = 1/6).

A mathematical model for that: to start, consider some sample space €}y with an event
A C Qy with P(A) = p. Let the sample space of the trial sequence be the n-fold Cartesian

product
Q:Q()XQOX"'XQQ

and for any 1 =1,...,n let
A=A X - XxXOAXAXxQAx--x

where the A is at the ith factor. Then P(A;) = p and the events Ay, ..., A, are independent
(as a collection). Using this we arrive at the following formulas

P(all trials succeed) = p™;

P(there is at least one success) =1 — (1 — p)";

P(there are exactly ksuccesses) = (Z) (1 —p)n* (k=0,1,...,n).

Conditional independence

Definition 5.6. The events By and By are conditionally independent given A if
P(B; N By|A) =P(By|A) - P(Bs]A)

Recall Example 4.3 with the following extension: after the first test, a second “indepen-
dent” test is performed. Let

By = {The first test is positive},
By = {The second test is positive}.

Then B; and B, are not independent; as if By occurs, we are getting more suspicious that
the person tested is actually ill, and the chances that By occurs are higher than without
any information whatsoever. Yet, B; and B, are independent given the status of the person
tested. That is, By and B, are conditionally independent given either A or A¢ (where the
notations of Example 4.3 are used).

12



A natural question that arises is what the chances of the person being ill are given that
both tests have turned out to be positive.
P(AN By N By) P(B; N By|]A)P(A)
BAIBIN B = =55 By~ P(Bi 1 Bl AP(A) £ P(Br N By AJP(A7)
_ P(B1|A) - P(By|A) - P(A) _
 P(B1|A) - P(By|A) - P(A) + P(Bi| A°) - P(By|A°) - P(A°)
(0.95)% - 0.005

= ~ (.98
(0.95)% - 0.005 + (0.01)2 - 0.995 ’

where we have used conditional independence.

6 Discrete random variables

Definition 6.1. A random wvariable is a (measurable) function X : Q — R.

In words, a random variable is a quantity the value of which depends on randomness (on
the outcome of the random experiment). Random variables are usually denoted by capital
letters (X,Y, Z,...) or greek letters (£,7,(...) Measurability means that for every interval
I C R the set

{we QX (w) el}

is an event, that is, it is included in the sigma-algebra F. This ensures that it makes sense
to consider the probability P(X € I).

Definition 6.2. A random variable is discrete if its range is a countable set. That is, X
1s discrete if the values it can take can be listed:

T1, T2, ... Ty € R

The probability mass function of a random variable is p(= px) : R — R defined by

p(z) = {]P’(X =) ifx=x for somek=1,...

0 otherwise.
The characteristic properties of probability mass functions are

oo

3

e
I
—_

k=1

Consider the following examples:
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e Flip three fair coins. Let Y denote the number of coins that turn up Head. Then Y
can take the values 0,1,2 and 3, and P(Y = 0) = P(Y = 3) = ¢ while P(Y = 1) =
P(Y =2) =2

e Keep rolling a fair die until the value 6 shows up for the first time. Let Z denote the

number of rolls. Then Z can take any positive integer value, and P(Z = k) = (2)F 2.

We will se later that Y and Z are examples of binomially and geometrically distributed
random variables, respectively.

Expected value

Definition 6.3. The expected value of the discrete random variable X s defined as
E(X) =Y aP(X = )
k=1

if the series is absolutely convergent.
Some comments:

e Note that E(X) is fixed number (in contrast with X, which is a random quantity).
It can be regarded as the “center of mass” of the probability mass function. Another
interpretation is related to the law of large numbers, to be discussed later.

o [f the series converges converges only conditionally, but not absolutely, than we say
that the expected value does not exist. Recall that in this case the sum of the series
depends on the order in which the terms are added which is certainly to be avoided.

Expectation of a function of a random variable

Introductory example. Let X take values 0,1 and —1 with probabilities P(X = 0) = 0.5
P(X =1)=02and P(X = —1) = 0.3, and let ¥ = X2, Then P(Y = 0) = P(Y = 1) = 0

and thus EY = 0.5. Here we give an alternative way to compute EY.

Lemma 6.4. Let X be a random variable with EX < oo, and let g : R — R be such that,
forY =¢g(X), EY <oo. Then

EY = E(g(X)) = Y _ glan)P(X = z))

The lemma shows that if we are interested only in E(g(X)), then we do not have to
determine the distribution of g(X).

14



Proof. Let ys;; £ =1,... denote the values that Y can take. As g may fail to be one-to-one,
several z; may be mapped to the same y,. We group the values z; accordingly.

Y g P(X =z) =Y > glan)P(X =) =
k=1 =1 kig(zr)=y:
S ul| Y P Zyeﬂ” = yr) = EY.
=1 k:g(ak)=ye

]

In the introductory example, EX = —0.1 so (EX)? = 0.01, while E(X?) = 1. This
shows that, in general, E(g(X)) # ¢g(EX). However, for a,b € R:

o0

E(aX +b) =) (az, + bP(X = —aZxk]P’ —xk+bZ]P’ ) = aEX +b.

k=1

For r > 1, E(X") (if exists) is called the rth moment of the random variable X.

Variance

Given a random variable X, let us denote (for brevity) the notation ¢ = EX, and let us
define the variance of X by

Var X =E((X — p)?) = Z(xk — 1)’ P(X = 2y).
k=1
This measures how strongly X fluctuates about its mean. Alternative Formula:

Var X =) (x; —2uzg + p°)P(X =) =
k=1
= Z 2IP(X = x1) — 2 kaIP’(X = xp) + ZIF’(X =
k=1 k=1 k=1

=E(X?) — p? = E(X?) — (EX)%

Var X is called the standard deviation of X. For linear transformations we
have
Var(aX +b) =E(aX +b—E(aX +b))> =E(aX +b— (au+b)* =
— E(a(X — 0)? = ®E(X — )? = a® Var(X),
and thus
D(aX +b) = |a|DX.
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7 The binomial distribution

Recall the setting of independent trials. A random variable that arises naturally in this
context is the number of successes out of n trials.

Definition 7.1. Let n > 1 be an integer and p € (0,1) a real parameter. The random
variable X is binomially distributed with parameters n and p (notation X ~ Binom(n,p))
if it can take values k =0,1,...,n and

Msz%=cDﬁO—ka (k=0,1,....n).

Let us compute the expected value and the variance of the binomial distribution. Con-
sider first n = 1. This case is called an indicator random variable as we have just one trial,
and X indicates whether a success occurs. We have

EX=0-(1-p)+1-p=p;
EX?=0%-(1-p)+12-p=p;
Var X = EX? — (EX)? =p—p* = p(1 — p).
Now let us move on the the case n > 2. Let ¢ be a real parameter. We have, for any
integer k£ > 1,
(t*) = (kt* )| ,_,, = k.

(t=1) (1=

dt
Moreover, if &k > 2, then
d2

L= k- 1Y)

= k(k —1).

(t=1)

(t=1)

Using this, linearity of differentiation and the binomial theorem, we have

EX = Z e )= 3 <% . <tk>) (})rta -

k=1

(B

= (np(tp+1—p)" ") }(tzl) = np.

d

7 (tp+1—=p)") =

(t=1)

With a similar computation

- W\ ki \n—k _ - d_2 k T\ ki1 _ o\n—k _
X 1) = Dk D ()t =3 ( 7, >> (})rra-n
-4 (1 +1-p") =

Zn: (n) (tp)* (1 —p)"* | = s
dt? | opy \ i \F dt? | 1)

= (n(n = Dp*(tp +1 = p)" )| ,_y) = nln — 1)p*,
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which then implies

E(XH) =E(X(X - 1)) +EX =n(n — 1)p* + np;
Var(X) =E(X?) — (EX)* = np — np® = np(1 — p),

and thus
DX = +v/np(1 —p).

In what follows, we investigate two important asymptotics of the binomial distribution.

Bernoulli’s Law of Large Numbers

Let us fix some p € (0,1), and consider a sequence of random variables X (= X") ~
Binom(n, p), with this fized value of p, but n — oo. That is, we keep performing the same
trial many times. Note that as EX = np — 00, so does the mass associated to X, hence, it
is more appropriate to consider % instead of X, which is the proportion of successes among
the n trials.

Proposition 7.2 (Bernoulli’s Law of Large Numbers). Let X be as above. Then, for any
e > 0, we have

X
P(‘——p‘>5)—>0 as n — 0o.
n

Bernoulli’s Law of Large Numbers expresses, in a mathematically correct way, our ex-
perience that the proportion of successes approaches, as the number of trials grows, to the
individual success rate p. It can be proved by analysing the binomial mass function. This
is not included here, as Proposition 7.2 will follow as a particular case of the Weak Law of
Large Numbers, which is stated and proved in section 23. Note, however, that

{%—p'>€}:{|X—EX|>n€}

and, as n — o0, no matter how small ¢ is, ne is asymptotically much larger than the

standard deviation DX = /np(1 — p).

The Poisson limit of the binomial distribution

Here we study an asymptotic regime of the binomial which is quite different from the case of
the Bernoulli Law of Large Numbers. In particular, let n — oo, however, do not keep p fixed,
instead, let p(= p,) — 0, in such a way that n-p — A, where A > 0 is a fixed parameter.
Note that this way EX remains uniformly bounded, and accordingly, it is reasonable to
consider the asymptotic behavior of the mass function of X.

17



Proposition 7.3. Let us fix A > 0 and let n — oo, p(= p,) — 0 such that np — \. Then,
for any fixed integer k > 0, we have

Y\ i n—k f,\)‘k
(k>p (1—p) — e R

Proof. Recall from Calculus that

which implies

n—oo n—oo

lim (1 — p)" = lim ((1 _ %)w)pﬂ — (e = e (7.1)

Now

(n)pk(l —p) = nin—1). k,(n —ht 1)19'“(1 —p) M1-p) =
1

=7 () ((n=1)p) ... ((n =k +1)p) - (1 ) (L= p)

and the last factor tends to e by (7.1). As p — 0 and k is fixed, (1 —p)™F — 1. & is
constant, and as np — A, we have also (n — 1)p — X and similarly the further factors up to
(n—k+1)p— A, so

(np)((n = 1)p) ... (n =k +1)p) = A*

which completes the proof of the Proposition. n

8 The Poisson distribution

Definition 8.1. Given a parameter A > 0, the random wvariable X is Poisson distributed
with parameter X (notation X ~ Poi(\)) if

)\k
H;

We have seen that the Poisson distribution arises in a particular asymptotic regime of
the binomial distribution, when n — oo, p = p(n) — 0 such that np — A. In words,
the Poisson distribution is a good model for the number of successes when having many
independent trials such that the individual success rate is small. This is a very frequent
scenario — here are some Poisson distributed quantities:

P(X =Fk)=e¢* k=0,1,2,..

e the number of calls received by the call center of a large bank within an hour. (There
are many customers, but for each of them the chance of calling within that hour is
small.)
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e the number of accidents within a month at some busy junction. (There are many cars
passing, but for each particular car the chance of a crash is very small.)

e the number of typos in a book chapter. (There are many characters, and for each
character the chance of being misspelt is small.)

Here we compute the expected value of a variable X ~ Poi()):
0 )\k—l

_ S AN _ A A
]E(X)kg ke e )\kg (l{;—l)!ie )\EO [ =€ Aet =\
=0 =1 m=

where we changed the index of summation to m = k£ — 1. You may say this is obvious,
as we obtained the Poisson as a limit of the binomial — the expected value of which is np,
and we had np — A. Yet, what we see here is that the order of taking the limit and the
infinite summation (or in a related context, the integration) can be swapped, which is a
highly nontrivial issue. We may proceed to compute the variance by noting E(X (X —1)) =
E(X?) — EX, and

> )\k o )\ka o A
_ . S A -2 A2 2
E(X(X -1)) = g k(k—1)e i A E (k;—2)!_6 A E T =¢ Aet = A
k=0 k=2 m=0
thus

Var(X) =EX? — (EX)’ =E(X(X — 1)) +EX — (EX)> =X+ X -\ =\

Example 8.2. How many chocolate chips should you plan per muffin to ensure that no
more than one percent of customers get upset?

What I mean is that a customer gets upset if she/he finds no chocolate chips at all in
her/his muffin. Let X denote the number of chocolate chips in one particular muffin. Claim:
X is Poisson distributed.

Assuming that the claim holds, given many customers, by Bernoulli’s Law of Large
Numbers we have that

#{customers who get no muffin}

—P(X =0
total number of customers ( )

hence we want that e = P(X = 0) < 0.01, which implies the following lower bound on
the parameter of the Poisson distribution: A > In 100 ~ 4.6.

Now let us argue why the claim holds. To bake the muffins, a large amount of dough
is prepared. This will be later chopped into M > 1 portions of equal size, where each
portion corresponds to one muffin. But before splitting it up, NV > 1 chocolate chips are
put evenly into the dough. For any particular chip, the chance of landing in the portion that
corresponds to my muffin is 1/M. Hence we have many (N) trials with a small individual
success rate (1/M), and the number of successes (chocolate chips in my muffin) is Poisson
distributed. Moreover, A =& N/M, the number of chocolate chips planned per muffin.

You may skip the somewhat lengthy Example 7d on the length of the longest run in the
Ross book. However, the material of pages 155-157 (ninth edition) on the Poisson process
is definitely relevant for us.
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8.1 The Poisson process

In many of the examples of quantities that are Poisson distributed, there is a time scale
involved. This opens the perspectives to an exciting branch of probability: the theory of
stochastic processes, which studies random phenomena evolving in time.

For the particular case of the Poisson process, we have a point process, a countable
random subset of the halfline [0,+00). Here the halfline is typically interpreted as time.
The points in the random set will be referred as tmpacts, which may correspond to the calls
at the call center, the accidents at the junction etc.

The Poisson process is defined by three characteristic properties. To formulate these,
we need some terminology, which will be useful for future reference as well.

e Consider a continuous function f : [0,400) — R, which we study for small values
h — 0+. f(h) = o(h) (“little o of ") if

F) —o(h) = 1im 1%

h—0+ h =0
In particular % = o(h), but 0.01 - h # o(h). Also, v'h # o(h), however, h = o(v/h).

e Consider two discrete random variables X and Y, taking values 1, o, ... and y1, 9o, ...,
respectively. X and Y are independent if for any pair of values x; and y, the events
{X =z} and {Y = y,} are independent. Given random variables X7, X5, ...X,,, their
independence (as a collection) is defined analogously.

Definition 8.3. Fix some positive parameter . A point process on the positive halfline
[0,400) is a Poisson process of intensity \ if

P1 (Independence) Consider Iy, I, ...I,,, an arbitrary finite collection of non-overlapping
intervals in [0, +00), and let Xy, ..., X,,, denote the number of impacts in the intervals
I, ...1,, respectively. The random variables X1, ..., X,, are independent.

P2 (Homogeneity) Let I be an (infinitesimally small) interval of length h. Then

P(There is at least one impact in I) = A -h 4 o(h)

P3 (No Accumulation) Let I be an (infinitesimally small) interval of length h. Then

P(There are at least two impacts in I) = o(h)

Remark. Do not confuse A, the intensity of the process with the various A-s that appeared
previously as parameters of a Poisson distribution. In particular, the intensity of the process
has dimensions ﬁ If time is measured in different units, A has to be rescaled.

Proposition 8.4. Consider a Poisson process of intensity A, and let I, C [0,+00) be an
interval of length t. Let N(t) denote the number of impacts inside I,. Then N(t) ~ Poi(\t).
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For the proof of this proposition we refer to the Ross book.

Example 8.5. This is a variation on Fxample 7Te from Ross. Let us assume that on a
highway the average number of accidents is 3 per month. We start inspecting that highway
on a particular day.

(a) What is the chance that there are at least two accidents in the next twenty days?

(b) What is the chance that at least t days elapse until the first accident?

1
month

The number of accidents is a Poisson process of intensity A = 3 = O.lﬁ. To solve

part (a), let us measure time in days, then

1
N(20) ~ Poi (01@ . 20days) = Poi(2).

Hence

2
P(N(20) >2) = 1-P(N(20)=0)—-P(N(20)=1)=1—-¢2— 56*2 =
= 1-2%~1-2-0.135 =0.73.

To solve part (b), let T" denote the random variable that measures the time (in days)
that elapses until the first accident. Then

P(T >t)=P(N(t) =0) = e =0,

9 Further discrete distributions

Here we discuss the material of section 4.8 from the Ross book.

9.1 The geometric distribution

Let p € (0,1), the individual success rate in a sequence of independent trials (for example,
p= % for subsequent rolls of a fair die). The random variable X is geometrically distributed
with parameter p (i. e. X ~ Geom(p)) if it can take the values k = 1,2, ... and

{X =k} <= The first success is at the kth trial.

For brevity, let us introduce ¢ = 1 — p. Then, as X = k means there are k — 1 failures in a
row, followed by a success, the mass function is
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where we have summed up a geometric series, which is the reason for the name of this distri-
bution. To compute expected value and variance, introduce the function g(q) = > 72, ¢" =
1%9. As g € (0,1), this power series converges. Hence, denoting differentiation w.r. to ¢ by
prime,

1
(1—q)*

Y kk=1)¢"* = ¢"(¢) = -

— (1—gq)3*

d ket = )=
k=1

Now

P 1
qu’“ 'p=pg'(q) = T p

In particular, in subsequent rolls of a fair die, the expected time when the first 6 occurs is
at the 6th roll. Also,

E(X(X 1)) = 3" k(k — 1¢1p = pag(q) = 21 =24,

o (1-9¢)?® »p
thus
2 2 , 2¢ 1 1 q
VCLT(X):EX —(EX) :E(X(X—l))—i—]EX—]EX :F p_ﬁ_?7

where we have used ¢ +p = 1. Then D(X) = \/7&.

The geometric distribution has another remarkable feature, the memoryless property.
Let k and n be arbitrary positive integers.

P(X>K) = ¢, P(X>n)=g"
qk+n—1
P(X >k+n|X >n) = ="' =P(X > k).
qn

In words: if there was no success in the first n trials, the probability that we have to make
another k trials for the first success is independent of n. (What has happened previously
does not change the distribution of the additional time needed for the first success.)

9.2 The negative binomial distribution

Fix two parameters, an integer r > 1 and a success rate p € (0,1). Consider again a sequence
of independent trials. Then X has a negative binomial distribution with parameters r and
p (i. e. X ~ NegBinom(r,p)) if

{X =k} <= The rth success is at the kth trial.

Apparently, X can take values r,r + 1,... Try to figure out the mass function! (PP(X =

k)= (Z)pd ™)
Claim: EX =< and Var X = —‘21 The proof is postponed to the next section.
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9.3 The hypergeometric distribution

This distribution will be familiar from problems on sampling without replacement (eg. draw-
ing cards, capturing tagged elk etc.). Setting: there are N balls in a box, M blue balls and
N — M red balls. n balls are drawn. Let X denote the number of blue balls among the n
balls drawn. Then

MY\ (N—M

() Co)

(2)

Claim: EX = % The proof is postponed to the next section.

P(X =k) =

10 Expected values of sums of random variables

Here we discuss the content of section 4.9 from Ross and some related material.

Lemma 10.1. Let X and Y be arbitrary (discrete) random variables. We have E(X+Y) =
EX +EY.

Proof. Let X and Y take values x1, xa, ... and 41, 2, ..., respectively. Let p(zy, y)) = P({X =
i} N{Y = y,}) (this is called the joint mass function, to be discussed later). Note that
the events {X = x4}, k = 1,2, ... make a partition of the phase space. Similarly, the events
{Y =y}, =1,2,... make a partition of the phase space. Hence

Y oplony) =PX =), Y plawy) =BY =y

Now

E(X+Y) = Z(%‘FW P, ve) Zxkp s e +Zyep Tk, o)

= Zkap s Y +Zye2p s i)

= Zka = 1) +ZWP =EX +EY.
k
m
By induction, for arbitrary random variables X7, X5, ... Xy we have

Lemma 10.2. Let X and Y be independent (discrete) random variables. We have Var(X +
Y)=VarX+VarY.
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Proof. We keep using the notation from the proof of Lemma 10.1. Note that as X and Y
are independent,

P, ye) = P(X = 2)P(Y = yo).
This implies:

E(X-Y) Zxk?ﬂp (ks Ye) (Z i P(X ) : <Z yP(Y = yg)) = (EX) - (EY).
¢

k.t

(10.2)
Now, using Lemma 10.1 and (10.2)

E(X +Y))) =EX?+EY? +2E(X - Y) = EX? + EY? + 2(EX)(EY). (10.3)

On the other hand, using again Lemma 10.1,
(E(X +Y))* = (EX)*> + (EY)* + 2(EX)(EY). (10.4)
Subtracting (10.4) from (10.3) completes the proof of the Lemma. O

By induction, for independent random variables X7, X,, ... Xy we have

Var(X1+ Xo+ ... + Xn) =Var Xg + Var Xo + ... + Var Xy. (10.5)

Simple as they may seem, Formulas (10.1) and (10.5) have loads of useful applications.

10.1 Indicator variables

Given an event A, the indicator variable associated to A is

)1 if A occurs,
= 0 otherwise.

Note that for an indicator random variable, if p = P(A), we have

Ena = 1-P(A)+0-(1—-P(A) =p,
E(ny) = 1 P(A)+0>- (1-P(A) =p, (10.6)
Var(na) = Eni) — (Ena)? =p—p* =p(1 —p).

In many cases, it turns out to be a very useful idea to split up a random variable as a
sum of indicators.
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The binomial distribution

Let X ~ Binom(n,p). Introduce, for i =1,2,....,n

_J 1 if the ith trial is a success,
= 0 if the dth trial is a failure.

Then

e X =mn +n2+ ...+, To see this, think of someone who observes the sequence of
independent trials, and puts a tick on a piece of paper each time a trial succeeds. Then,
after the sequence has terminated, the number of ticks will be exactly the number of
successes, the actual value that X takes.

e The random variables 1y, s, ..., 1, are independent, as they correspond to independent
trials.

e By (10.6), En; = p and Varn, = p(1 — p), fori =1,...,n.
This way

EX = E(m+..m) =En + ...+ En, = np,
Var X = Var(m+ ..m,) =Varm + ...+ Varn, =np(l —p). (10.7)

We have seen this before, but, actually, this argument describes what is going on.

The hypergeometric distribution

Let X have hypergeometric distribution, as in subsection 9.3. Let us think of the balls as
if they were labeled with 1, ..., N, in such a way that the blue balls have the labels 1,..., M
(and thus the red balls carry the labels M + 1,...,N). For i = 1,..., M we introduce the
following indicator variables:

1 if ball #i is among the n balls drawn,
i = .
0 otherwise.

Now:
X=m+-+nu.

To see this, note that there are exactly as many blue balls among the n balls drawn, as
many indicators 7y, ...,y “fire” (are equal to 1). Now, for any i = 1,..., M, we have:

En = P(n; = 1) = P(ball #i is drawn) = %

To see this, think of the process as if it did not stop after selecting n balls, we keep on
drawing until all the N balls are drawn. This way, the outcome of our random experiment
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is a permutation of the balls. We consider the first n items of this permutation as being
selected. Any specific ball, hence in particular ball #¢, has an equal chance of taking any
of the N possible positions, so the chance it takes one of the first n positions — it is selected
—isn/N.

Now using (10.1) we arrive at

n
EX =E(m +...0m) :MN’

which is what we stated back in subsection 9.3.
Note that the indicators 7; are not independent this time, so (10.5) does not apply.

The elevator problem

5 people board the elevator on the first floor of an 11-storied building. Each of them picks
one of the floors 2,3,...,11 as a destination, evenly, and independently of each other. Let
X denote the number of times the elevator stops. Let us introduce the following indicator

variables:
{1 if the elevator stops on floor #,
i =

0 otherwise,

where i = 2,3,...,11. We have to compute En; = P(n; = 1). Now {7; = 0} means that
none of the 5 passengers pick floor #i, that is, all of them select one of the other 9 possible

destination floors. Since they act independently, the chance of that is (1%)5. We arrive at

En =1—P(n =0) =1-(0.9)
and thus by (10.1) at
EX =E(ny + --- +n11) = 10(1 — (0.9)°) = 4.0951.

The indicators n; are not independent this time either, so (10.5) does not apply.

10.2 Stopping times

Here the idea is to split up a random variable, which measures the time until a particular
event, as a sum of geometric random variables (cf. subsection 9.1). These geometrically
distributed terms correspond to the random intervals that elapse between consecutive in-
termediate stops, hence the name.

The negative binomial distribution

Let X ~ NegBinom(r,p), as in subsection 9.2. Recall that X is the number of trials needed
for the rth success. Let us introduce the random variables 11,75, ..., T, where:

e T} is the number of trials needed for the first success;
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e 75 is obtained by counting the number of trials after the first success until the second
success;

e and so on: T; is the number of trials made after the (i — 1)st success, until the ith
success.

Then
[ ] )(:T‘l—f-jﬂg—f——|—T‘7»7

e foranyi = 1,...,r; the random variable T} is geometrically distributed with parameter
p;

e as we consider a sequence of independent trials, the variables 17, ..., T} are independent.

In short, X arises as a sum of i.i.d. (independent, identically distributed) — in fact, geomet-
rically distributed — random variables. Also, by subsection 9.1, ET; = 117 and Var(T;) = ]%.
Thus, by Formulas (10.1) and (10.5), we have:

EX = ]E(T1+T2++TT):T

VarX = Var(h+To+---+T,) :Ti .
p
which is what was stated back in subsection 9.2.

The coupon collector problem

We have already introduced this problem back in February: a certain product (chocolate bar,
soda...) can be any of M different types. Any item purchased is of a type ¢ (i =1,..., M),
with chance 1/M, independently of other items. Let the random variable S denote the
number of items one has to purchase to collect all M types. (Analogy: collecting state
quarters.)

Think about splitting up S as a sum of stopping times, to find its expected value and
variance. This is similar to the case of the negative binomial discussed above, but not
entirely the same.

As discussed in class, S = T} + Ty + -+ + Ty, where T; (i = 1,... M) is the number
of items one has to purchase, after the (i — 1)th type has been collected, to collect the ith
type. Then T; ~ Geom(M:tL) since, after i — 1 types have been collected, I am happy if a

M
new item is any of the remaining M — (i — 1) types. So

M M
E(S)_E(T1+---+TM)—1+M_1+M_2+---+M.
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11

Cumulative distribution functions

From now on, the random variables are not necessarily discrete.

Definition 11.1 (Cumulative distribution function). Let X be an arbitrary random vari-

able.

Then the (cumulative) distribution function of X is

Fxy:R— R, Fx(z) =P(X < x).

Comments:

Do not confuse X, which is a random variable with x, which is a real number.

If there is no risk of confusion, the subscript X is often dropped and the distribution
function is written as F'(z).

Our fist example is a discrete random variable.

Example 11.2. Let us flip three fair coins (say a quarter, a nickel and a dime), and let X
denote how many of them turns up Head. Determine the distribution function Fx(z).

X is a familiar, binomially distributed random variable, it takes the values 0 and 3 with
probability 1/8 each; and the values 1 and 2 with probability 3/8 each. To determine Fx(x):

let x < 0. Then F(z) =P(X <z) =0, as X cannot take negative values.

F(0) =P(X <0), and X <0 can only occur for this particular random variable if
X = 0. Hence F(0) = 1/8. Similarly, for z € [0,1), X < z can only occur if X = 0,
hence F(xz) = 0 on this interval.

we have that, for this particular random variable, X < 1 if either X =0 or X = 1.
Hence Ly 1
F1)=P(X <1) =P(X = 0) +P(X =1) = o+ 2 = 7.

Arguing as before, for z € [1,2), X < z can only occur if X = 0 or X = 1, hence

F(z) = 1 on this interval.

proceeding analogously with this reasoning we arrive at the function depicted on
Figure 1.

This example demonstrates the general fact that for a discrete random variable £, F¢(x)
15 a step function, the jumps of which are at the values that & can take, and the heights
of these jumps are the probabilities with which the particular values are taken. Now let us
consider a very different example.

Example 11.3. Let us consider a Poisson process of intensity \, and let T' denote the time
that elapses until the first impact, as in Example 8.5, part (b).
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Figure 1: Cumulative distribution function for Example 11.2

Apparently 7' > 0, hence for any t < 0 we have F'(t) = 0. Now let us consider ¢ > 0.
Then, as already computed in Example 8.5:

Fr(t)=P(T<t)=1-P(T>t)=1-P(N(t)=0)=1—e .

Hence we arrive at
0 ift <0,
Fi)=9 _ .
e itt > 0.
See also Figure 2. This function, as opposed to the one depicted on Figure 1, is not a

step function, it is continuous, actually, differentiable except for the single point 0.

F(x)
1

il
| aT

Figure 2: Cumulative distribution function for Example 11.3

Properties of cumulative distribution functions
Let F'(z) be the distribution function of some random variable X.

1. F(z) is nondecreasing: for z; < x5, we have F(x;) < F(z3). Indeed, the events
Ey = {X < x1} and Ey = {X < a9} satisfy £y C Es, hence F(x;) = P(F;) <

2. lim F(x) = 1. By monotonicity (1. above), it is enough to show lim F(n) =1 and

X—+00 n—o00

refer to the sandwich principle. To this end, let A, = {X < n}. We have

n—+oo n—-+oo

lim F(n)= lim P(A,)= P(G A) =P(Q) = 1,
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since the A,, make an increasing sequence of events.

3. lim F(x)=0. It is enough to show lim F(—n) = 0 and refer to the sandwich

X——00 n—oo

principle. To this end, let B,, = {X < —n}. We have

n—00 n—-+o00

lim F(—n) = lim P(B,) = P(ﬁ B,) =P()) =0,

since the B,, form a decreasing sequence of events.
4. F(z) is right continuous. Again referring to monotonicity (1. above), it is enough
to show that, for any fixed zo € R, lim F(zo+ 2) = F(z). Let C,, = {X <z + =},
n— o0
which is a decreasing sequence and
() Co ={X <x} = lim P(C,) =P(X < x) = Fxp).

n—-+o0o
n=1

Comments:

e The above four properties characterize distribution functions. This means that, on
the one hand, for any random variable X the distribution function Fx(z) has these
properties. On the other hand, it holds true that for any F'(x) that has the above four
properties, there exist a random variable X such that F(z) = Fx(x).

e [(x)is, in general, not continuous from the left. For any = € R fixed, let us introduce
the notations

F(zxg—0)= lim F(z), F(zo+0)= lim F(z)

rz—xo—0 rx—xo+0

for the left and right limits of F'(x) at zg, respectively. Then 4. above states that
F(zo+0) = F(x), for any zp € R. On the other hand,

_ 1 ~ 1
F(zg = 0) = lim P(X <2y~ ~) = ]P’(Q{X <o — —}) =P(X < ).
In particular:

So, Fx(x) has a jump at some point zy € R if and only if P(X = ) > 0. Accordingly,
if F'x(z) is continuous on its entire domain R, this means that no fized value is taken by
X with positive probability. In other words, X does not have any discrete component.

The significance of the distribution function is that any information on the distri-
bution of X can be expressed in terms of Fx(z). Let, in particular a < b be arbitrary.
Then:

P(X € (a,b]) =Pla< X <b) =P(X <b)—P(X <a)=Fy(b) — Fx(a).  (1L1)
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12 Absolutely continuous random variables

Definition 12.1. The random wvariable X is absolutely continuous if there exists an inte-
grable function fx : R — R such that

Fx(a) = /a fx(z)dz, Va € R. (12.1)

In this case fx(z) is the density function of X.

Recall from calculus that in this case F(z) is (one of) the antiderivative(s) of f(x).
Accordingly, building upon (11.1):

Pla < X <b) = F(b) — F(a) = /_; f(a)de — /_Oo F(a)dz = /abf(a:)da:

in accordance with the fundamental theorem of calculus. This then generalizes to

P(X € B) = /Bf(x)dx

for any Borel measurable set B C R. In particular, for any zy € R,

P(X = ) = / F(@)de =0,

that is, no fixed value is taken by X with positive probability. Recall that this is equivalent
to the continuity of F(z). In fact, F(z) is not only continuous, it is (almost everywhere)
differentiable: 4£|,_, = f(zo) for almost every zo € R.

Comment: The range of an absolutely continuous random variable X is not restricted
to a countable set, the probability is “smeared all over the place”. As no fixed number is
taken with positive probability, one may wonder how to interpret fx(xg) for some zy € R.
Now let consider some £ > 0 infinitesimally small. Then, assuming that f(z) is continuous
at xg:

xo+e
Plzg < X <zo+¢) = / fx(x)dr = fx(xo)e,
zo
accordingly, fx(zo) can be interpreted as the rate with which the probability of falling into
a small interval about xo scales down as the size of the interval tends to 0.
Density functions have the following characteristic properties:

e f(xz) >0 for (almost) every x € R,

o jfoof(x)dx = 1.
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Compare these with what we have learned about the probability mass function of a
discrete random variables! In a nutshell, in the absolutely continuous case we will have the
same formulas as in the discrete case, just summation will be replaced by integration. You
will have to recall what you learned in calculus!

Example 12.2. The density function of a random variable X is
{0 ifr <1,
A ifz>1.
(a) A=7
(b) P2 <X <3)=?¢

To find A, we have to check that X satisfies the two characteristic properties of density
functions. f(z) > 0 holds for every z € R if A > 0. For the other property:

1= mf(:c)d:c = /Ooéd:c: lim {—i} =

o x3 L—oo | 22%],
: A A A
- g&(ﬁﬁ*E)—§’:>A—z

To solve part (b):

3 2 11° 1 1 5
(2<X <3) /2 f(x)dx /x3dx sz 5 + 1736

There are several further examples of similar character in section 5.1 of the Ross book.
Also, Homework set #7 (to be posted soon) will contain several such exercises.

Expected values

Definition 12.3. The expected value of an absolutely continuous random variable is defined
as

EX = /;Ef(x)dx.

Convergence issues analogous to the ones discussed in the discrete case may arise. In
particular, it is required that the integral is absolutely convergent, otherwise, there are three
possibilities, EX = 400, EX = —o0, or the expected value does not exist.

Proposition 12.4. If X is an absolutely continuous random variable, and g : R — R s
measurable, then Y = g(X) is another random variable. We have

[e.e]

Eyzwmxwz/puvﬂ@w

—00

if the integral on the RHS is absolutely convergent.
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For the proof, see section 5.2 of the Ross book. Let me just mention that the argument
we had for the analogous statement in the discrete case does not work here.

From here the general formalism runs pretty much parallel to the discrete case. Let us
keep our variable X fixed. It is a common notation to write = pux := EX (the subscript
is dropped if there is no ambiguity).

Definition 12.5. The variance of the variable X is defined by

o0

Var X = E((X — p)?) = / (x — ) fx (2)d.

—00

The standard deviation of X is DX = v Var X.

The following properties are proved exactly the same way as in the discrete case, just
replace summation by integration:

e alternative Formula for the variance:
Var X = E(X?) — > = E(X?) — (EX)?,
e generally, E(g(X)) and g(EX) are different,
e linear rescaling: for a,b € R we have
E(a-X+b) = a-E(X)+b, Var(a-X+b) = a*-Var(X),  D(a-X+b) = |a|]-D(X).

(12.2)

13 Uniform distribution

Definition 13.1. Let a < (§ two real numbers. The random variable X 1is uniformly dis-
tributed on the interval o, B] if its density fx(x) is equal to some positive constant ¢ on the
interval o, B], and vanishes outside the interval. Notation: X ~ UNI|«, f].

o0
Note that the requirement [ fx(z)dz =1 fixes the constant ¢ and we have:

fxle) = {B_ s
0 otherwise |,
and, by (12.1)
0 if x < a,
Fx(z) =445 ifa<z<p,
1 if x > 0.
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Figure 3: Density and distribution function for the uniform distribution

See also Figure 3.
Here we compute the expected value and the variance for the uniform distribution. Let

us consider first the special case Y ~ UNI[0, 1], then fy(z) =1 for x € [0,1] and fy(x) =0
otherwise. Hence

o0

1
EY = /xfy(x)dx:/o xdx:%;
= 1
E(Y?) = /xzfy(a:)dx:/o xzda::%,
_ By _Ey)p-L._ l_1
Var(Y) = E(Y?) —(EY)" = 311
Now let X ~ UNI[a, ], then X = (f — a)Y + «, and using (12.2):
EX = (8 — a)BY +a = O‘;B,
Var(X) = (B —a)*VarY = w.

For problems on the uniform distribution, a useful formula is as follows. Let o < a1 < 1 <
[, then

f1 —ar  length of “useful” interval

Blay <X <p)= | frlo)ds = (13.1)

o B—a  total available length
This is analogous to the formula we had in combinatorial problems. Some applications:

e Let X ~ UNI[0,5]. What is the chance that the integer part of X is an odd number?
1 2

1
P(integer part odd) = P(X € [1,2)) + P(X € [3,4)) = rtE=¢= 0.4.
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1
o Let Y ~ UNI0,1]. What is the chance that the numbers Y, 1 —Y and 3 arise as the
sidelengths of a triangle?

1
Y+1—Y>§ = always,

1 1
Y4->1-Y = Y >-,

2 4
1 Y+1>Y & Y<3
2 4’

(13.2)

hence . 5 )
P f triangle) =P | - <Y < — | = —.
(can from a triangle) (4 4> 5
See Example 3¢ in section 5.3 of the Ross book for another application. Also, such problems
are included in Homework set #7.

Although we do not discuss multidimensional distributions in this section, it is worth
mentioning that Formula (13.1) has a natural generalization to higher dimensions. For
example, if the random point P is uniformly distributed on some bounded domain D C R?,
then for D, C D,

Area(Dy)
P(P e D)= ———.
( 1) Area(D)
As an application, recall the Bertrand’s paradox, Example 3d in section 4.3 of Ross, which
we discussed on the very first class of this course, back in Budapest.

Distributions that are neither discrete, nor absolutely continuous

Discrete and absolutely continuous are two major classes of random variables, however,
there are distributions that do not belong to any of these two categories. This can happen
in different ways.

Distributions that have a discrete and an absolutely continuous component. This is
Example 10a in section 4.10 of the Ross book. See also Figure 9 there. Such a random
variable can be realized as follows. Flip a fair coin. If the coin turns up Head, let X
be uniformly distributed on the interval [0,0.5]. If the coin turns up Tail, let X follow a
discrete distribution. In particular the conditional probabilities are P(X = 1|Tail) = 1/3,
P(X = 2|Tail) = 1/2 and P(X = 3|Tail) = 1/6.

Distributions that have neither discrete, nor absolutely continuous components. This is
a different scenario, more interesting mathematically, and related to fractals. Watch the
“devil’s staircase” video on this, linked from piazza.
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14 Normal (Gaussian) random variables

This is probably the most important class of continuous distributions. We start with the
case of the standard normal distribution.

The standard normal distribution

Definition 14.1. A random variable Z has standard normal distribution (notation: Z ~
N(0,1)) if its density function is

_ _ 1 —x2/2
fz(rc>—so(w)—me :

Accordingly, the cumulative distribution function of Z is

—0o0

The graph of the function ¢(z) is the well known bell curve, see Figure 4. The function
®(z) cannot be expressed in terms of elementary functions. It is an analytic function,
see Figure 5 for its graph. Its values are given in the standard normal table, available for
instance in the resources section of piazza. When solving homeworks or taking exams, you
may use this table.

()

—20 —18 —16 —14 —12 —10 —8 -6 " z‘u &

Figure 4: The standard normal density ¢(z)

Note that ¢(x) is an even function — this precisely means that the distribution of Z ~
N(0,1) is symmetric about the origin. This implies in particular



Standard Normal Distribution CDF
10 -

Figure 5: The standard normal distribution function ®(z)

We still need to check that ¢(z) is a proper density function. ¢(z) > 0 is obvious. Now
let

I = /612/2611'.
We still need to verify
/gp(x)dx s =1 & I?=2n.
Now:
2 2 (L'2 y2
P = /eﬂ” /2dx~/ey /Zdy:/ e dady =
R2
21 +oo
7'2 72 oo
= / /ew*drd& = (2m) [—6’7} = 2.
r=0
0=0r=0

where we have used polar coordinates.
Now we compute the expected value and the variance of Z ~ AN(0,1). First note that
there are no issues with convergence: since there exists C' > 0 such that

6—:52/2 < C«e—\r|

+00 00
and, for arbitrary k > 1, [ az¥e *dx is absolutely convergent, so is [ a*e¢=**/2dx. This
0

—0o0
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means in particular that limits to oo can be taken in an arbitrary manner. Now

E(Z) = / x%@(l‘)dl‘ = (27’()_1/2 / xe_x2/2d$ = O’
since the function is odd, and the interval is symmetric about the origin. To proceed,
Var(2) =B(2%) - (B2 =B(2*) = [ ooy = (2m)? [ ae P,

oo
and to compute [ 22e 2z we use integration by parts with « = = and dv = ze=*"/2dx.

—00

Then du = dz and v = —e~""/2, s0
+00
/:EQe_xz/Qd:U = [—xe‘zg/z} + / e 2dy = [ =2n

as the first term vanishes by L’Hospital’s rule. We arrive at
Var(Z) = 1.

To define normal distributions with other parameters, it is convenient to introduce some
further terminology.

Standardization

Definition 14.2. A random variable Y is standard if EY =0 and Var(Y) = 1. Let X be
an arbitrary random variable, and let p = EX and 0® = Var(X). The standardization of
X is

— X =0Y+p.
o

It is easy to check that Y is indeed a standard random variable:
X —p
o

EY = IE( )z%(]EX—M):O

o o2

X — 1
VarY = Var( M)z—Var(X)zl.

Let Fx(x) and Fy(x) denote the cumulative distribution functions of X and Y, respectively.
Then

FX(a;):]P’(XSx):}P’(JYJrqu):]P’(Ygx_’u> = Fy (x_“)

o o
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In the absolutely continuous case let fx(z) and fy(z) denote the density functions of X
and Y, respectively. Differentiation gives:

el = 1w (222)).

g

General normal distributions

Definition 14.3. Fiz y € R and 0® > 0. X is normally distributed with expected value p
and variance a* (notation X ~ N (u,c?)) if there exists Z ~ N(0,1) such that X = o Z + p.

If X ~ N (u,0c?), by the above Formulas

Fx(r) = @(9”"“‘),

o

Fele) = Lo () - e (<)

where exp(t) = e’. See also Figure 6.

I(z)

,:—'30 ;;—}20 ;zio' I3 ].ljro' ,|+=:2rr ,;ﬁ»‘:\a T
Figure 6: The density function of N (u, 0?)

By construction, the class of normal distributions is invariant under rescaling. That is, if
X ~ N(u,0%) and a,b € R then for X’ = aX +b we have X’ ~ N(i/, (¢/)?) with ¢/ = ap+b
and (0')? = a®0?.

Normally distributed random variables arise in many situations. The main reason for
this is the central limit theorem. Computations of probabilities of normally distributed

random variables are based on the standard normal table, as in the example below.

Example 14.4. The amount of beer served in a pub is normally distributed with expected
value 1 pint and standard deviation 2 oz.

(a) What is the chance that I get less than 13 0z?
(b) I have a tolerance level a oz, which means that I complain iff I get less than a oz. If

this happens on the average once out of 20 occasions, what is my tolerance level?
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Let X denote the amount of beer measured in oz. Then X ~ N(16,4). (Watch out

when it is o and when ¢?!) This means Z = 2% = X216 j5 standard normal. For part (a):

X—-16 -3
5 < 7) ~P(Z < —1.66) = B(—1.66) = 1 — B(1.66) ~

~ 1-0.9515=0.0485,

P(X <13) = IP(

using the standard normal table.
For (b), we have to search backwards in the table.

X 16 _a—16 16 — 16
0.05=P(X§a):IP’< > g“z ):P(Z§a2 ):@(GQ )

Hence, using the relation ®(—z) =1 — ®(z) we get

16 —
o ( 62 a) = 0.95 = ®(1.65)

which, by monotonicity (hence invertibility) of ® implies

16 — a

5 =165 <= a=16—-2-1.65=12.7.

Further problems of similar character are included in Homework #7.

15 The de Moivre-Laplace Central limit theorem

Let X(= X™) ~ Binom(n,p) with p fized and n — oo. (For example, we keep rolling the
same die (p = ¢) many times (n — 00).)

In such an asymptotic regime (which is, it is important to emphasize, quite different
from the Poisson regime!), the distribution is so much “stretched out” that we can hardly
observe anything about it if we want to study it directly. In particular EX = np also tends
to co. As a first step, let us center X and consider:

X—EX=X—np

Now the expected value is moved to the origin, yet, the mass function remains stretched
out, both along the positive and along the negative semi-axis.
We have discussed earlier Bernoulli’s law of large numbers, which concerns a rescaled
version of our (centered) variable, namely
X X —np

40



for any ¢ > 0. This means that if we divide by n, all the randomness is scaled out, the
distribution of Y gets concentrated on 0 in the limit. In other words, dividing by n is an
overkill.! This is not a surprise, as

D(X) =vnpg  (¢=1-p)

and thus D(X) = o(n) (recall the little o notation).
The de Moivre-Laplace theorem concerns the standardization of X. The idea is to
consider, instead of Y, the variable

Z_(Z(n))_X—IEX_X—np
B O D(X)  apg

The theorem states that Z is not only standard, actually, it can be regarded as standard
normal in the asymptotic as n — co. So here is the statement of the theorem.

(15.1)

Theorem 15.1 (de Moivre-Laplace CLT). Let X (= X™) ~ Binom(n,p) with p fived and
n — 0o. Let us consider the standardization (15.1). Then, for any a < b we have

X —np
P (a < N < b) — O(b) — P(a) as n — 0o. (15.2)

Although the full proof of this theorem is not provided here, nonetheless, we sketch the
main steps. Formula (15.2), which is our ultimate goal, will be refereed to as the global form
of the de Moivre-Laplace theorem.

Step #1: Stirling’s formula. This is to approximate n! for large values of n.

nl ~ n V27mn, more precisely ni-e =C+0 (l) :
en n"-\/n n
where C' = v/2m. Here, given two functions u,v : N — R, u(n) = O(v(n)) (u is big O
of v) means that there exists some K > 0 such that u(n) < Kv(n) (cf. with little o we
discussed at the Poisson process). The argument below proves that the (logarithm of the)
sequence converges to some constant C', with the error term O(1/n). The fact that C' = V2r
follows form the de Moivre-Laplace theorem itself (namely, the limit has to be a probability
distribution, which fixes the constant).
Stirling’s formula relies on the observation that for any k£ > 1

k+1
nk + In(k+1) 1
Ogak:/lnxda;— nk £ mtk+l) 1 (15.3)
2 2
k

This arises by comparing the integral with the area of the trapezoid. The bound form
below follows as the function In(x) is concave down. The bound from above follows when
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Figure 7: The idea behind Stirling’s formula

computing the error term of the trapezoidal rule — the second derivative of In(x) is —%.
See also Figure 7.
Now let us sum up the expression in (15.3) on k = 1,..., (n — 1). we have:

n—1 n

In1 1
S, = akZ/lna:dx—(%+1n2+...+1n(n_1)+D(Q”)>:
k=1

_ [:Uln:c—a:]qf—(ln(2-3.,_.(n_1),n)_¥> _

— nln(n) — In(n) — In(n!) + In(v/7) = In (” ' ﬁ) |

e - nl

Also, (15.3) implies that S, is a series with positive terms, bounded from above by:

1
< -
Sh, k;

TM

which is a convergent series. Hence there exists some S > 0 such that

S = lim S, = nmln(” ﬁ)

n—oo n—00 en . n'

Also, by the tail estimate on ) k—12:

0< f:ki—o()

ILet us note, nonetheless, that in this setting %, the empirical success frequency, is definitely a very
reasonable quantity to consider. See the applications further down in this section.
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Step #2: The local form of the de Moivre-Laplace theorem. To appreciate this, recall

that ¥
. —np
X ~ Binom(n,p); Z = .
(n,p) 5

Accordingly, X can take the values £ = 0,1,...,n, with probabilities

P(X =k) = (Z)pkq”_k; k=0,1,...,n.

Since the standardization Z is an affine linear rescaling of X, for any £ there exists exactly
one z; € R such that X = k iff Z = z,:

values of X : 0,1,...,k,...,n
50,0, 0
values of 7 : 205 21y v v vy Zhy e v e Zne
In fact, zp = ]f/_T%' The local form of the de Moivre Laplace theorem states that
P(Z =z)=P(X = k) = (”>p’€q”—k _ @ g (1> (15.4)
k /npq n

for any k& > 1 such that |k — np| = O(y/n). (15.4) follows from Stirling’s formula by some
computation, which we do not detail here.
Step #3: Local form implies global form. We use the notation from Step #2. Note that

1
npq’

Az =z, — 211 = E=1,2,...,n.

Now, using (15.4):

Pla<Z<b)= » PZ=zn)= ), *\O/%Jro(%), (15.5)

The bound of the second term here follows as there are O(y/n) terms of magnitude O(1/n).
Consequently, the second term is O (%l), which tends to 0 as n — oo.
On the other hand, the first term in the RHS of (15.5) is a Riemann sum, in particular

A S A — | etz = 0(e) - a(a),

n
k:a<zip<b Pq k:a<zp<b

as n — 0o, which is precisely (15.2).
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Applications

Example 15.2. A fair coin is flipped 40 times. What is the chance that there are exactly
20 Heads?

It may be argued that n = 40 is not that large, yet, we will see that the approximation
given by the de Moivre-Laplace CLT is not that far from the actual probability. Let X
denote that number of Heads. Then:

X ~ Binom(n,p) = Binom(40,0.5)

hence
EX =40-0.5 = 20; D(X)=+v40-0.5-0.5 =+10,
hence the standardization is Z = X;I?)O It is important to point out that we approximate a

discrete distribution with a continuous distribution. Hence, literally speaking, for any £ the
chance of P(X = k) is 0 by this approximation. To handle this issue, we assign to each of
the values X = k, the interval X € (k—0.5, k+0.5]. This is called the continuity correction.
Now

05 X-20 _ 05
P(X =20) = P(19.5< X <20.5) =P ( ) ~

VI Vi S VI

0.5 0.5 0.5
P—=)-d(-——=)=20(—=) -1~
(\/10) ( \/10) (\/10)
29(0.16) — 1 ~ 2 0.5636 — 1 = 0.1272.

P(X = 20) = (gg) (%)40 =0.1254...

so the approximation is pretty good. It is worth noting for future reference:

Q

Q

In fact

Z~N(0,1) = P(Z|<a)=P(—a < Z<a)=P(a) — P(—a) =2P(a) — 1, (15.6)
for any a > 0, by ®(—a) =1 — ®(a).

Example 15.3. Consider a college with 400 students. Fach of the students are expected
to show up at a lecture with 0.6 chance, independently of each other. How many seats are
needed to ensure, with 99% probability, that every student who shows up at the lecture can
take a seat?

It is important to observe how this question is formulated. If we wanted to ensure that
all attendees can take a seat with 100% probability, then apparently 400 seats would be
needed. There is a possibility that all the 400 students show up, however, the probability
of this is tiny. If we want to go only for 99%, that changes the picture significantly. Let X
denote the number of students who attend the lecture. Then

X ~ Binom(n,p) = Binom(400, 0.6)
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hence

EX =400-0.6 =240;  D(X) =+/400-0.6- 0.4 = /96 ~ 9.8,

and we are looking for the smallest £ > 1 such that

P(X < k) > 0.99.

P(X < k) = P X—240§k:—240 _ k — 240
9.8 9.8 9.8

k — 240
® ( ) > 0.99 = $(2.32)

So we want

9.8
which, by monotonicity of ® is equivalent to

k — 240
9.8

> 232 <— k> 262.736;

so 263 seats will do!

Example 15.4. How many times a fair coin has to be flipped to ensure that the proportion
of Heads is between 0.49 and 0.51, with 0.95 probability?

Again, observe how the question is formulated. By the Law of Large Numbers, the
proportion of Heads converges to 0.5 in the following sense. Given any precision level €, as
the number of trials n grows, the proportion of Heads will lie in the € neighborhood of 0.5,
with higher and higher certainty (or probability) 1 — 4. The de Moivre-Laplace CLT this
way provides a quantitative refinement of the Bernoulli Law of Large Numbers. We can
never be 100% sure, no matter how many trials are made, there is always a tiny-tiny chance
that all flips are Tails (for instance).

There are three quantities in relation here, the number of trials n, the precision € and
the certainty 1 — d. If two of these are given, the third can be determined. The question
above is formulated in such a way that we are looking for a lower bound on the number of
trials n that ensures a particular precision with a particular certainty.

Let X denote the number of Heads. Then

X ~ Binom(n,p) = Binom(n,0.5)

hence

EX =n-0.5; D(X)=+vn-05-0.5=+vn-0.25=0.5y/n.

Now n is unknown, and we want that
X
095 < P (0.49 <—< 0.51) =P(|X —0.5n| < 0.01n)
n

P X —0.5n
0.5y/n

< 0.02\/5) = 28(0.02v/n) — 1,
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where we have used (15.6). This is equivalent to
0(0.02v/n) > 0.975 = B(1.96) <= 0.02v/n > 1.96 <= n > 9604.

I will comment in class how this relates to survey making (cf. Homework #7B).

16 The exponential distribution

Let A > 0. The random variable X is exponentially distributed with parameter A (notation:

X ~ Ezp(N)) if
0 ifx <0
F = '
x(@) {1 —e M ifz >0,

and, accordingly

fx(x):{o if 2 <0,

Ae ™M if x> 0.

See also Figure 8. Note that we have already seen this distribution in Example 8.5, part
(b): this is the distribution of the time that elapses until the first impact in the Poisson
process. The exponential distribution arises frequently as a model for various waiting times.

F(x)
14

L

f(x)

Figure 8: Distribution function and density for X ~ Exp(A).

Computing moments is an exercise on integration by parts:

Ji . 17 |
EX = /a:/\e_mdx = [—xe"\ﬂo + X/)\e_’\xdx = X;
0 0
and for any k£ > 2
k ky,—Az ka0, K k—1,-\z ko ok
EX" = [ 2%Xe dx:[—xe }0+X Axt e dx:X]EX .
0 0



The recursion gives, in particular

2 1 1
= thus Var(X)=—= and D(X)=—.

EX? =
A2 A

A remarkable feature of the exponential distribution is the memoryless property (cf. the
analogous property we have seen for the geometric random variable). Let ¢ > 0 and s > 0
be arbitrary. Then

P(X >s) = e

P(X t —A(s+t)
P(X >t+s|X>t) = (]P)(;i;):ee_M — e = P(X > s).

In words: no matter how long we have already been waiting, the chance that we have to
wait for at least another s units of time remains the same.

17 The distribution of a function of a random variable

Example 17.1. Let X ~ Exp()\), and let Y = X?. Determine the density fy(y) of Y.

We determine first the cumulative distribution function of Y. Note first that as P(X >
0) =1, we have P(Y > 0) = 1, hence Fy(y) =0 for y < 0. Let us now consider y > 0:

Fy(y) =P(Y <y) =P(X* <y) =P(X < ) =1 —e V.
Now differentiation with respect to y gives:
0 if y <0,
fr(y) = ~ S =
( ) ﬁg -e )\\/g lf y > O

Proposition 17.2. Let X have density function fx(x) and let us consider Y = k(Y') such
that k: R — R is

o continuously differentiable
e strictly monotonic (either strictly decreasing, or strictly increasing).

Note that in this case k : R — R is invertible — let us denote its inverse by k= 1(y). The
density function of Y can be computed by the following formula:

d(k~(y)) ‘

m (17.1)

o) = Fx (') - \

Comments:
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e The support of X is the set
supp X = {x € R| fx(x) > 0}.

We have P(X € supp X) = 1. For Proposition 17.2, it is enough that k£ : R — R is
strictly monotonic restricted to supp X. This is the case in Example 17.1.

e Instead of the formal proof, we give a heuristic argument (which, actually, can be
made rigorous) to explain Formula (17.1). Recall that the value fx(z) is the scaling
factor by which the probability of falling in an interval of length dx about x decays as
dx — 0. Now the preimage of some small interval [y,y + dy] by k : R — R is another
small interval [z, x 4 dz| where

d_y B dk(z)
de | dx

de _|d(k~(y))
dy dy '
Accordingly

fr(y)dy =Py <Y <y+dy) =Pl < X <z +dr) = fx(z)dz

and division by dy yields (17.1). See Figure 9 for the case when ¥ = X? and X is
supported on the positive halfline.

Figure 9: Density transform formula.

Example 17.3 (Standard Cauchy distribution). Let © ~ UNI [—%, %] and X = tan©.

1 _r T
f@(m:{w foe(-53).

0 otherwise,

We have
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and

v = k(9) = tan(d) © 9 = k~'(2) = tan"'(z)  so d(taf;j: () _ 1 +1x2

and thus ]

- (1 +22)
See section 6.3, in particular Figure 7 in the Ross book for a geometric problem in which

the standard Cauchy distribution arises. An interesting feature of this random variable is
that EX does not exist.

fx(z)

18 Independent random variables

Recall that we have already introduced the notion of independence for discrete random
variables when we discussed the Poisson process. Here this is generalized to arbitrary
random variables.

Definition 18.1. Let X and Y be arbitrary random variables. X and'Y are independent
if for any pair of intervals Iy and Iy we have

PXelyandY € l,)=P(X € ) -P(X € I,).
Independence means that
PYelLh|Xel) =PY €l,).

That is, no matter how we fix the value of X, the conditional distribution of ¥ remains
unaffected. This behavior is in strong contrast with the case of Y = k(X) studied in the
previous section, when fixing the value of X determined Y entirely. There is a large scale of
intermediate cases. In other words, the joint distribution of X and Y contains much more
information than just the distributions os X and Y separately (the marginal distributions).
Unfortunately, we do not have the time to elaborate on joint distributions in detail.

From now on, we mostly (but not entirely) focus on the independent case. If the vari-
ables X and Y are independent, then their marginal distributions determine their joint
distribution, and questions on their joint behavior can be addressed in terms of them. For
example, let X and Y have cumulative distribution functions Fx(x) and Fy (z), respectively,
and let W = max(X,Y). Then, for any z € R:

Fyz)=PW <z)=P(X <zandY <z)=P(X <z)-PY <zx)=Fx(z) - Fy(z).
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Sums of independent random variables

In this section the following question is studied: if the distributions of the independent
random variables X and Y are known, how is their sum Z = X + Y distributed? Let us
consider first a discrete example.

Proposition 18.2. Let X and Y be independent, X ~ Poi(\) and Y ~ Poi(u). Then
X +Y ~ Poi(A+ p).

For any k£ > 0 we have:

PX+Y =k = > PX+Y=kX=0)PX=i)=
= Y PV =k—ilX=iP(X=i)= > PY =k-iP(X =i)=
k % —1
— it (k—1)!
1= (kN o (A + p)*
= e—(>\+u)H > (i))\zuk—z _ e—()\—HL) X .

Hence we see that the one parameter family of Poisson distributions is closed under
adding independent copies. The terminology is that the family of Poisson distributions is
stable, which is rather exceptional (see the case of uniform distributions below).

Now we move on to absolutely continuous examples. In this case X and Y have some
density functions fx(z) and fy(y), respectively. The density function of X + Y is given by
the Formula:

fxiv(2) = / Ix (@) fy(z — x)d.

In real analysis, this is called the convolution of the two functions fx and fy. See Ross,
section 6.3 for a proof. As an application, we have (see again Ross, section 6.3 for the
computation):

Example 18.3. Let X and Y be independent, both X ~ UNI[0,1] and Y ~ UNII0,1].
Then the density of X +Y is:

t if t € [0, 1],
fxav(t)=q2—t iftell,2],
0 otherwise.

See Figure 10.
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fit)

Figure 10: Convolution of two i.i.d. UNI[0,1].

Finally, as most important application, let us consider the sums of independent normally
distributed random variables.

Proposition 18.4. Let X, and X, be independent, X1 ~ N(u1,0%) and Xo ~ N (us,03).
Then
X1+ Xo ~ N + p2, 07 + 03).

Recall Lemmas 10.1 and 10.2, which extend from the discrete case to general random
variables. Hence it is not surprising that E(X; + X3) = g + pe and Var(X; + X3) =
0? 4+ o32. What is, however, specific to normal distributions is that this family is stable
under convolutions. See Ross, section 6.3.3 for the computation.

In the context of Proposition 18.4 we have — Xy ~ N (—ps9,03), and thus

Xl—XQ :X1+(—X2) NN(,LLl —,LLQ,O'%—FO'S), (181)

that is, the expected values are subtracted, but the variances add.
Proposition 18.4 has many applications, which may easily come up in Homework and
Exam problems. Here is an example.

Example 18.5. In a bottle of mineral water the amount of sodium has expected value 35 mg
and standard deviation 3 mg, while the amount of calcium has expected value 55 mg and
standard deviation 4 mg. The amounts of these minerals can be regarded independent and
normally distributed. What is the probability that in my bottle (a) the total amount of the
two minerals exceeds 100 mg; (b) there is more sodium than calcium?

Let X denote the amount of sodium, and Y denote the amount of calcium in my bottle,
measured in miligrams. Then X ~ A (35,9) while Y ~ N(55,16), and they are independent.
Hence, by Proposition 18.4 and (18.1)

X+Y ~N(90,25)  and X — Y ~ N(—20,25).
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To solve (a):

X4Y -9
P(X +Y >100) = 1—P(X+Y§100):1—P<+T§2)

= 1-®(2) =1-0.9772 = 0.0228.
To solve (b):

P(X>Y) = P(X-Y>0)=1-P(X-Y <0) =
X—-Y+2
= 1—IP’<T+0§4):1—<I>(4)%0.

19 Further indicator problems

Recall the problems discussed in section 10.1. Here we include some further examples.
Indicator variables are useful for some problems in Homework #8 and may occur on the
Final Exam as well. Recall that the idea is to represent some discrete random variable X
as X =m; + - -+ ni, where the n; are indicators. Then EX = > En,. If, furthermore, the
indicators are independent, then Var(X) = > Var(n;).

Example 19.1. Let us recall the matching problem: N phones are distributed among N
people. Let X denote the number of people who are matched with their phones. Let us
determine EX and Var(X).

Recall that at the beginning of the semester we determined P(X = 0) by the inclusion-
exclusion formula. Now let

I
—

_ )1 if person #i is matched with her/his phone,
= 0 otherwise,

Then X =n; +--- 4+ ny. Also, for any ¢ = 1,..., N we have:

(N-1)! 1
771 771 (771 ) N' N
and thus

N
1
EX =) En =N=1
i=1

To proceed to Var(X), note that these indicators are not independent. So we rely on

52



the following pattern:
Var(X) = EX?—(EX)? (=EX*—1);

N
X2 o= > w4 2y
=1

1<j
Ep; = En(=1/N); (i=1,...,N) (19.1)
E(nin;)) = Pmi=1landn;=1); i<y
N N
EX? = En? 2Enin;, (=1+2 Py =1landny=1) ).
; m+; min; ( + (2) (m =1 and 1, ))

Here Z is the sum on all pairs such that 7 < j, so there are (J;[ ) terms. Now
1<)

{n; =1 and n; = 1} = {both #i and #j are matched with their phones},

SO
(N —2)! 1
77177] (771 and 77] ) N' N(N o 1)
and thus, using (19.1)
EX?2=1+2 N ;—2 — VarX=EX?’-1=2-1=1
B 2)N(N-1) 7 B B -

Example 19.2. A fair coin is flipped 100 times. The outcome of this experiment is a
sequence of the type THHTTTHTTHHT ... A run of Heads is a mazimal subsequence of
consecutive symbols H. Let X denote the number of runs in the sequence. Determine EX.

Let
1 if a run of Heads starts at position #i, .
0 otherwise,
Then )
En; = P(n, = 1) = P(the first symbol is H) = 3
however, for ¢ = 2,...,100:

En, = Plmi=1) =
1
= [P (the symbols at positions #(i — 1) and #i are T H, respectively) = T

So:

100 100

199
EX =) En=En +)» En = 5T =252

4
i=1 i=2
See sections 7.2, 7.3 and 7.4 of the Ross book for further applications of indicator vari-
ables.
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20 Covariance

Definition 20.1 (Covariance). Consider two random variables X and Y, and let us denote
by ux = EX and py = EY their expected values. The covariance of X and'Y is defined as

Cov(X,Y) = E((X — px)(Y — ).
Alternative formula:
Cou(X,Y)=E(X Y —py X —px-Y +pux-py) =E(X V) —px py = E(X-Y)—EX -EY.
Lemma 20.2. Let X and Y be independent. Then Cov(X,Y) = 0.

The proof of Lemma 20.2 is just a reference to (10.2), which extends form discrete
to general random variables. However, it is important to note that the converse of this
statement is, in general, false, as the following counterexample shows.

Example 20.3. Let X take values —1,0 and +1, each with probability %, and let Y = X2,
Then Cov(X,Y) =0. Yet, Y is a function of X, so they are NOT independent.

To see this, note that apparently EX = 0, while X - Y = X (since Y = 1 if and only if
X #0), hence E(X -Y)=EX = 0.
Covariance has the following properties:

o symmetric: apparently Cov(X,Y) = Cov(Y, X);

e positive definite: Cov(X,X) = Var(X) > 0, moreover Var(X) = 0 only in the trivial
case when X is deterministically equal to the constant EX.

e bilinear: by symmetry, it is enough to check that, given random variables Xi, X5,Y,
and constants ai, as,b € R:

Cov(a1 X1+ a3 Xo +0,Y) = a; Cov(X1,Y) + ag Cov(Xs,Y). (20.1)

This follows as
E(a1 Xy + asXo + b) = aypug + asps + b

(where p; = EX;, i = 1,2) and thus
(Zle + (IQXQ + b— E(ale + (IQXQ + b) = al(Xl — ,ul) + a2(X2 — ILLQ)
so (20.1) follows form the definition of covariance and the linearity of expectation.

You may recall from linear algebra that these properties characterize inner products.
Indeed, covariance can be regarded as an inner product on some linear space.
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A further consequence of bilinearity is that, given arbitrary random variables X, ..., X,
we have

Var (i; X,-) = Cov (iXi’Zi;X]) = zn:zn:Cov(Xi,Xj)

i=1 j=1

= Z Var(X;) +2 Z Cov(X;, X;).
i=1 i<j
Definition 20.4 (Correlation coefficient). The correlation coefficient of two random vari-
ables X and 'Y 1is defined as:

Cov(X,Y)
PXY)=px DY
Proposition 20.5. For arbitrary random variables X and Y :
—1<p(X,)Y) < 1.
Moreover |p(X,Y)| =1 if and only if X and Y are in exact linear relation. More precisely:
p(X,Y)=1 <= Y =m-X+d forsomem >0 andbec R, (20.2)
p(X,)Y)=—-1 <= Y =—m-X+d for somem >0 andb e R. (20.3)
Proof. Let us introduce ox = DX and oy = DY for brevity. Let, furthermore,
X Y X Y
ox oy 0x Oy
Then, by bilinearity of covariance:
Var X VarY Cov(X,Y
Var(z) = Y X  Vary ,ColXY) )y ox,y)

hence
p(X,)Y)=-1 <= VarZ=0 <= 7 = const,

which is equivalent to (20.3). Similarly,
_VarX VarY 2Cov(X, Y)

Var(W) = =14+1-2p(X,Y
ar(W) = S5 4 T 2t 12X ),
hence
p(X,Y)=1 < VarW =0 <= W = const,
which is equivalent to (20.2). O
Comments:

e So what correlation actually measures is the extent of linear dependence among the
two random variables.

e Note

(X, V) <1 <= |Cou(X,Y)| </Var(X) -/Var(Y), (20.4)
which is the Cauchy-Schwartz inequality.
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21 Tower rule

Given two random variables X and Y, we may consider, for any zy € R, the conditional
distribution of Y given that X = xo, and accordingly, the conditional expectation E(Y|X =
xo).

E(Y|X = z¢) has a double character: on the one hand, it is an average (an expectation),
on the other hand, it depends on xy. In a sense “half of the randomness” is integrated out,
the “other half” associated to the value of X, is still undetermined. Accordingly, we may
just write E(Y|X), which is a random variable, a function of X.

Now, we may take the expected value of this later random variable, which we denote
by E(E(Y|X)). The tower rule states that the expected value EY can be computed in two
steps as

EY = E(E(Y|X)).

An analogy is the law of total probability. There is a lot more to say about the tower rule
and conditional expectations, this topic is to be revisited in the enrichment period. Let us
just include here two applications.

Example 21.1. Let T' be uniformly distributed on [0,10]. A detector is functional for a
random time interval which has length T'. During that interval, it detects the impacts of
particles, while no particles are detected before and after this time interval. The particles

arrive according to a Poisson process of intensity 2. Let X denote the number of particles
detected. EX =7

Solution: Note that if 7' = ¢, the conditional distribution is X|T =t ~ Poi(2t). Hence
E(X|T =t) = 2t, or briefly E(X|T') = 2T. Now, by the tower rule

EX = E(E(X|T)) = E(2T) = 2ET = 2 5 = 10
where we have used that 7'~ UNI[0, 10].

Example 21.2. In a casino, the following game is played: a fair die is rolled until a 6
occurs for the first time, when the player earns 20 dollars. However, each time the value @
1s rolled prior to that 6, the player has to pay v dollars. What is the expected gain of the
player in such a game?

Let X denote the gain of the player. Try to find EX using the tower rule with one of
the following two auxiliary random variables:

Solution #1 Introduce N, the number of rolls.

Solution #2 Introduce Y, the value obtained at the first roll.
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22 Moment generating functions

Definition 22.1. Let X be a random variable. The moment generating function of X is

defined as
My :R—=R;,  te Mx(t) =E().

If there is no ambiguity we may drop the subscript X and simply write M (t).

Comment: The integral may not be finite for all ¢ € R. What we assume is that there
exists some ¢ty > 0 such that My (t) < oo for ¢t < t5. This is indeed the case of all major
distributions discussed here (eg. Poisson, normal, exponential etc.)

Basic properties:

e M(0) =1,
e Let prime denote differentiation w.r.t. t. Then

M'(t) =E(Xe™) = M'(0) =EX
M"(t) = E(X?%Y) = M"(0) =E(X?)

and proceeding with this, for the nth derivative at 0:
M®™(0) = E(X™).
e Let X and Y be independent. Then
Mx .y (t) = E(eXH)) = B(eX) - E(e!Y) = Mx(t) - My(t). (22.1)
e Let Z be the standardization of X, that is, X = ¢Z + u. Then

My (t) = E(eX) = E(eH0Z+1) = ¢t . E(e77) = e My (to). (22.2)

Let X ~ Poi()\). Then

Mx(t) = Zetke A e Aexp(Ae’) = exp(A(ef — 1)).
k=0
Let Z ~ N(0,1). Then
T - 2 2t
My(t) = / e o(z)dr = \/—2_7T exp (—% +tr — 3 + 5) dr =
= etz/z-i/exp( 1 (x —t) >d:v:et2/2. (22.3)
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This implies, by (22.2):

t20'2

X ~ N(i,0?) <= Mx(t)=¢e"-e 2.

The logarithmic moment generating function of X is defined as
W (t) = In(Mx(t))

and has the following properties:

Vx(0) =0,
W (1) = %18 1 (0) = %ﬁg; —EX, (22.4)
a5 = BEOMOORON gy g VO =URON

23 The Weak Law of Large Numbers

23.1 Useful inequalities

Proposition 23.1 (Markov’s inequality). Let X be a nonnegative random variable —
i.e. P(X >0)=1 - and let p =EX. Then, for any a > 0:

P(X >a) < 2.
a

Proof. Let us fix a > 0, and introduce the indicator variable

1 if X >a,
Na =

0 otherwise.

Then
a-n, <X = aP(X >a)=E(a-n,) <EX = pu,

and division by a results in Markov’s inequality.
O

Comment. This inequality is void if a < pu, and it is useful for @ > pu. For example, it
states that the probability that X takes values ten times greater than EX cannot exceed
0.1. It is remarkable that this bound holds irrespective of the actual distribution of X.

Proposition 23.2 (Chebyshev’s inequality). Let X be an arbitrary random variable and
let u =KX, 0> =Var(X). Then, for any b > 0:

0.2

P(X —pl 2 0) < T
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Proof. Let us introduce Y = (X — p)? which is a nonnegative random variable. Hence we

may apply Markov’s inequality with b? playing the role of a. Note also EY = Var(X) = o2

EY o’

PX — pl 2 0) = B((X —p)? 2 17) < — = T

]

Again, Chebyshev’s inequality is useful when b > o. It is widely applicable as it holds
irrespective of the distribution of X. Accordingly, the bounds are often not very sharp. For
example, by Chebysev’s inequality

P(|X — u| >30) < = =~ 0.111.

2 ol

However, if we know that X is normally distributed (X ~ A (u,0?)) then, using (15.6)

P(|X — | <30) =P(|Z] < 3) =20(3) — 1 = 0.9974 = P(|X — u| > 30) = 0.0036,

which is far less.

23.2 The Weak Law of Large Numbers

Setting. Let Xy, Xs,...,X,,... be a sequence of independent, identically distributed (in
short: i.i.d.) random variables. This is highly relevant, for example, for (idealized) statistics
applications. As the variables have the same distribution, they also have the same expected
values and variances, which we denote as

p=EX;(=EX,); o =Var(X))(=Var(X,)); (v¥n>1).

Another notation:
S, =X +Xo+---+X,.

Theorem 23.3 (Weak Law of Large Numbers). Let us consider an i.i.d. sequence with
the notations introduced above. Let € > 0 be arbitrary. Then

S

(|2

—n—,u’26) — 0 as n — o0.

Interpretation. In words, the sequence of random variables % — the “empirical mean
with growing sample size” — converges to p in probability. There are other relevant forms
of convergence which are, actually, stronger than convergence in probability. This is the
reason for the terminology “weak law of large numbers”.
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Proof. We have
ES, =EX;+---+EX, =nu

and by independence also
Var(S,) = Var(Xy) + -+ Var(X,) = no”.
We will apply Chebyshev’s inequality to S,,.

2
P(‘&—/L’25>:P(]Sn—n,u\zne)nga—%()
n

n2e? ne?
as n — oo. O
Comments.

e Consider a sequence of independent trials. Let, for ¢ > 1,

1 if the ¢th trial is a success,
0 if the dth trial is a failure,

that is, the indicator variable associated to the ith success. These random variables
are i.i.d. Also S, ~ Binom(n,p) and EX;(= EX,;) = p. Hence, in this special case,
the WLLN states that for any € > 0:

S

p(|2

—n—p‘ZS) — 0, as n — 00,

which is just Bernoulli’s Law of Large Numbers.

e Taking a look at the computation it turns out that we could have proved something
stronger. Namely, instead of

&_ _ Sp—np S, —ES,
n - n N n
we could have considered
S, —
—n’u, for some a > 0.
nOé
Then
Sp— np N Var(S,) o?

aslong as2a—1 >0 < a > % This indicates that the true order of fluctuations
for S, is \/n, a fact that we will revisit in the Central Limit Theorem.
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24 The Central Limit Theorem

We will use the notations of the previous section.

Theorem 24.1 (Central limit theorem). Let X1, Xs, ..., X,,... be an i.i.d. sequence, p =
EX,, 0> =Var X, S, =X, +---+ X,,. Then, for any a € R

Sp —nu 1 f 2
n < — x /2 ) .
P <—\/ﬁa < a) — P(a) N / e dx (24.1)

In words: the sequence of variables ST;ZH converges in distribution to the standard
normal Z ~ N(0,1).

We will prove this theorem for the special case when the random variable X; (and hence
all the X, £ > 1) have a finite moment generating function M (t) = Mx, (t)(= Mx, (t)) for
any t € R. (It would be enough that the variance is finite, but then the proof would require
different tools.) Also, we will rely on the following Lemma, which we include without proof.

Lemma 24.2. Let
Yi,...,Y,, ...

be a sequence of random variables with cumulative distribution functions
Fi(z),...,F(x),...,

and moment generating functions
Mi(t),...,My(t),...,

respectively. Let, furthermore, W be a random variable (to which the sequence converges)
with cumulative distribution function Fy (z) and moment generating function My (t), re-
spectively. Assume that

M, (t) — Mw (1), vt € R.

Then
F.(a) — Fw(a) whenever Fy(-) is continuous at a € R. (24.2)

Proof. of Theorem 24.1.

First step: let us assume that p = 0 and 0 = 1, in other words, that the i.i.d. random
variables X1,...,X,,... are standard. In this case S’z/_ﬁ’;“ reduces to \S/—%
We will apply Lemma 24.2 with Y,, = j—% and W = Z ~ N(0,1). Since Z is a continuous

random variable, (24.2) applies to any a € R once we establish that

2 t?
= ¢ /2 -
(Mi%(t) s My(t) = /% Vt € R) — (\Df/%(t) = W(t) =5 Vi€ R) . (24.3)
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as the logarithm is a continuous function (we have used (22.3)).
Now, as the variables Xi,..., X, are i.i.d., by (22.1) we have

Ms, (t) = Mx,+qx, () = Mx, (t) - Mx, (1) ... Mx, (t) = (M(t))".

=5 (o0 (175)) = (G5) = (v (5))

\Ili%(t):n-\lf(%).

Now as E(X;) = 0 and Var(X;) = 1, we may use Taylor expansion and (22.4), to obtain,
for small s:

Then

and thus

52 52
U(s) =0+0+ =+ 0(s%) = 5+O(s3)

which readily implies (24.3).
Second step: extend to arbitrary p and o. Let us introduce

and thus

- X, —
Xe=2FTP k12 o
g

which is an i.i.d. sequence of standard variables and

~ > = X; — Xi — Sp —
S =X 44X, = 1 /i_'_”_+ 1=K N

g g g

and thus

Sn Sp—nu

vn o yno
However, by the first step the convergence (24.1) applies to \g/_%’ which this way extends to
the general case. O]

Applications of the CLT

Example 24.3 (de Moivre-Laplace CLT). Here we discuss the special case of independent
trials as at the WLLN.

1 if the ith trial s a success,
0 if the ith trial is a failure,

Also S, ~ Binom(n,p), p = EXi(= EX;) = p and 0 = D(X;)(= DX;) = /p(1 —p).
Hence Theorem 2.1 reduces to the de Moivre-Laplace CLT (Theorem 15.1) in this special
case.
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Example 24.4. We would like to measure some quantity (say, the distance of a star, in
light years...). n measurements are made, under identical and independent conditions; the
result 1s an 1.1.d. sequence Xy, ..., X,, with unknown p =EX;. The estimate for p is Sn—", and
the question is how close this is to the true p, and in what sense. Let us assume o = 5.

(a) Assume n = 100 measurements are made. Determine the smallest § > 0 such that
W differs from the estimation % by not more than § with probability 0.95¢ (Statistics
terminology: determine the confidence interval of p at significance level 95%.)

(b) How many measurements are needed to ensure that S—; and p differ by not more than
0.4 with probability 0.98 ¢

For part (a):

0.952@(’ﬂ—u‘§5)zp(‘s"_w < ﬁé) m2@(@)—1
n g g

Vno

that is

NG 1.960
0.975 = (1.96) > & | —— 0> = 0.98.
90 > 0 (V22) = 52> 27

For part (b), with a similar computation:

2 2
0.99 = (2.32) > & <@) = n> (2‘32‘7) - (2‘32 ' 5> = 841.
g

) 0.4

Example 24.5. Consider 48 real numbers the values of which are rounded off to the closest
integer. The round off errors for these numbers are i.i.d. with uniform distribution on
[—0.5,0.5]. Let R and T denote the sum of the 48 real numbers, and the sum of the integers
obtained by rounding off the numbers individually, respectively. What is the chance that
rounding off R to the closest integer results in T ¢

Let X1, ..., X4s denote the consecutive i.i.d. round off errors, and Sys = X7 + -+ + Xus.
As X; ~UNI[-0.5,0,5], we have y = 0 and o2 = % Also, R =T + S4s. Hence

Sas < 0.5

P(|[R—T| <0.5) =P(|Sss] <05) =P <\/ﬁ0 = \/4_8(\/5)_1

) ~ 20(0.25) — 1 = 0.1974
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25 Joint distributions

25.1 Joint cumulative distribution functions

For two random variables X and Y, the joint cumulative distribution function F : R> — R
is defined by
F(z,y) =P(X <z and Y <y), for (z,y) € R%
That is, F'(a1,as) is the probability of the event that the random point (X,Y") lies in the
quadrant with top right corner (ay, as).
For g € R consider
Fx(zg) =P(X <xp) = lim P(X <xp,Y <y)= lim F(xg,y),

Yy—r+0o0 y—r+0o0

the marginal distribution function of X. Similarly for yo € R the marginal distribution
function of Y is defined as
Fy(yo) = lim F(z,yo).

T—-+00

Some further limit properties:

lim F(zg,y) = 0, Vzgé€R,

y——00

lim F(l’,yo) = 0, Vyo S R,

T—r—00
lim F(z,y) = 1

T—r+00,Y—+00

For a single random variable, another important property was that the cumulative distribu-
tion function is nondecreasing. This generalizes to the bivariate case as follows. Let a; < by
and ay < by be arbitrary. Then

F(bl, bg) — F(al, bg) - F(bl, ag) + F(al, CLQ) Z 0. (251)

Question 25.1. Find a geometric interpretation of the property (25.1).

25.2 Discrete case: joint and marginal mass functions

The pair (X,Y) is jointly discrete if both X and Y are discrete random variables. This
means that it is possible to enumerate the values that X and Y can take as x1,...,x,...
and as y1,...,Ys,.... Accordingly, the planar points the random (X,Y’) may take can be
enumerated as (x1,v1), (1,Y2), - - -, (Tk, Ye), - - . . Define the joint mass function of (X,Y) by

p(zr,ye) = P(X = x5 and Y = yp).
Obvious properties:
p(xk7y€) > 07 V(k/’,£>,
> plaky) = 1
k.0
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It is useful to think of the joint mass function as a table the entries of which add up to 1.
The marginal mass functions of X and Y are defined as

P(X =xy) = Zp(xk, Yo); and P =y = Zp(:z;k, Ye), (25.2)

respectively, and can be thought of as column sums and row sums of the table, respectively.

Example 25.2. There are 5 balls in a urn, 2 blue balls, 2 red balls and 1 white ball. Two
balls are drawn (without replacement). Let X denote the number of white balls among the 2
balls drawn, and let' Y denote the number of red balls among the 2 balls drawn. Determine
the joint mass function and then deduce the marginal mass functions for this example.

25.3 Jointly absolutely continuous case: joint and marginal den-
sities
Definition 25.3. The pair of random variables (X,Y) has a jointly absolutely continuous

distribution if there exists some f : R* — R (the joint density) such that, for any (Borel
measurable) set A C R* we have

P((X,Y) € A) = / / (o, y)dzdy.

Obvious properties:

flz,y) = 0, Y(z,y) € R
//f(x,y)dxdy = 1.
R2

The joint cumulative distribution function and the joint density function are related as

ay a2

Flana) = [ [ fay)dyda

and accordingly

0*F
f(x()’y()) = axay(x(by())

(Recall Formula (25.1) at this point.)
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Marginal densities

Let (X, Y) be jointly absolutely continuous with joint density f(z,y). Then, for the marginal
distribution function of X:

Fx(zo) =P(X <x0) = 7) 7f(t,y)dydt = ?fx(t)dt,

—00 —0O0

where
o0

hw=/$mww

In other words, the (marginal) distribution of X is absolutely continuous with marginal
density fx(x). Similarly, the (marginal) distribution of Y is absolutely continuous with
marginal density

n@:/#mwm

Instead of summing up the masses along columns and rows as in the discrete case, fx(z)
and fy(y) are obtained by integrating the joint density along vertical lines and horizontal
lines, respectively.

Remark 25.4. So in particular we have seen that if (X,Y") are jointly absolutely continuous,
then (the marginals of ) both X and Y are absolutely continuous. However, the converse of
this statement is, in general, false. Can you think of an example where both X and Y are
absolutely continuous, but they are NOT jointly absolutely continuous?

Example 25.5. Let the joint density of (X,Y) be given by the formula
2e7 %2 ifx >0,y >0
flz,y) = .
0 otherwise.
- Determine the marginal densities,
- compute the probability P(X >Y)

for this example.

Two dimensional uniform distribution

Definition 25.6. Let D C R? be a bounded domain. The distribution of (X,Y") is uniform
on D if

f@w:{%%sﬁwweD

0 otherwise.

Example 25.7. Let (X,Y) be uniformly distributed on the triangle with vertices (0,0),
(1,0) and (0,1). Determine the joint density and the marginal densities.
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25.4 Independence

Recall the notion of independence form Definition 18.1. Note that independence is equivalent
to
F(.T,y) :FX(x)FY(y)> V(a:,y) €R2'

Furthermore, if (X,Y") are discrete, then they are independent if and only if
P, ye) =P(X =) - PY =w),  Vk, L
If (X,Y) are jointly absolutely continuous, then they are independent if and only if
flay) = fx(@) fr(y),  V(zy) R

Question 25.8. Check the examples of this section for independence. Some further related
problems are 6.20, 6.21 an 6.22 from the Ross book, which you may find in the file
supplement_HWSA.pdf available in the resources section of piazza.

An important special case is when X ~ UNI[ay, 1], Y ~ UNI|as, 55] and they are in-
dependent. Equivalently, the random point (X, Y) is uniformly distributed on the rectangle

[, B1] X [ag, Ba].

Question 25.9. A woman and a man decide to meet at some location. If both of them
arrive, independently, at a time uniformly distributed between noon and 1pm, what is the
probability that the first to arrive has to wait more than 10 minutes?

Example 25.10 (Buffon’s needle problem). A table is ruled with equidistant parallel lines
that are 2 inches apart. A needle of length 1 inch is flipped onto the table. What is the
probability that the needle intersects one of the lines?

Let X denote the distance (in inches) of the midpoint of the needle to the closest line, and
let © denote the angle that the needle makes with (one of) the lines. Then X ~ UNI|0, 1],

while © ~ UNI|0, 5] and they are independent. Equivalently, the pair (6, X) is uniformly

distributed on the rectangle [0, 5] x [0, 1]. Hence

1
P(intersection) = P <X < isin @) =
w/2

1 1 . 1
0

26 Conditional distributions

Discrete case

It is pretty straightforward to define the conditional mass function of X on P(Y = y,) > 0.
For example in this case the conditional mass function of X given Y = 0 is:

67



Y\X o1

0 0402

1 0.1]0.3
04 2
P(X =0lY =0) = — =—
02 1
PIX=1Y =0) = —=—.
( | ) = 0673

It is also clear that X and Y are independent if and only if the conditional mass function
is the same for every Y =y, (and coincides with the marginal mass function).

Jointly absolutely continuous case

Let us fix yo with fy(yo) > 0 and xy € R arbitrary. Then, for dy infinitesimally small,
consider

F(xo,y0 + dy) — F(xo,y0) _

PX Smlyp <Y Syo+dy) = —p% s g

F(xo, dy)—F(xo,
_ Lot 3; Lro-te) dy—0 %—g(xo,yo) .
FY(yo-I—dg;—FY(yO) F (o)
° 0*F
ooy (T Yo)dz
- = fX y(l‘|y = yo)dl‘
fY(?/o) / |

This motivates the following definition.

Definition 26.1. Let yo € R be such that fy(yo) > 0. The conditional density of X given
Y = yo is defined as
f(x7 yO)

fy (o) .

What is remarkable is that we condition on Y = g, although this has zero probability.
Here are two examples.

fX\Y(CC\Y = yo) =

Example 26.2. Let the joint distribution of (X,Y') be uniform on the triangle with vertices
(0,0), (1,0) and (1,1). Determine the conditional densities for X|Y = yo and Y|X = x
for all values yo and xq that are relevant.

Conclusion: if the joint distribution of (X,Y’) is uniform on some domain D C R?, then
the conditional distributions are always uniform, on some interval(s) (which depend on the
conditioning). The marginal distributions are, however, typically not uniform.

Example 26.3. Let X ~ UNI|0,1] and for any zo € (0,1) let Y|X = o ~ UNI[0, x]
(shortly Y| X ~ UNI|0, X]). Determine the joint density, and then the marginal density of
Y.
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Conditional expectation

Recall section 21 on the conditional expectation and the tower rule. More generally, we may
consider the conditional expectation of any Z = g(X,Y’) as

E(g(X,Y)[X = 1) = / 90,9 Frx (W)X = z0)dy

which can be regarded as a random variable, as it depends on X = zy. The tower rule is
then

E(E(g(X,Y)|X)) = / E(g(X,Y)|X = o) fx(x)dz = / / oz, 9)f (2, y)dedy = E(g(X,Y)).

Another useful relation is that, when g(z,y) = hq(z) - ha(y), we have
E(h1(X) - ha(Y)[X) = hi(X) - E(h2(Y)]X)

As an application, consider Example 26.3.

EX = L
2
X 1 1

E(X-Y) = EE(X-Y|X))=EX-EY|X)) =E (X—2> _Llipx2_l

COU(X,Y) = 6_512_

Conditional variance

For X = x, fixed, on top of E(Y|X), the variance of the conditional distribution of Y
may be considered. This way the conditional variance Var(Y|X) is obtained, which, as it
depends on X = xq, is a random variable. If the expected value of this random variable is
taken, then

E(Var(Y|X)) = E(E(Y?|X) — (E(Y|X))*) = E(Y?) - E(E(Y|X))?),

by the tower rule. Swapping roles, we may consider the variance of the conditional expec-
tation:

Var(E(Y]X)) = E(E(Y]X))*) — (E(E(Y]X)))* = E(E(Y]X))*) — (EY)*.
Adding the two relations the conditional variance formula is obtained:
VarY =E(Var(Y|X)) + Var(E(Y]X)).

As an application, let us revisit the following example
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Example 26.4. Let T' be uniformly distributed on [0,10 sec|. A detector is functional for
a random time interval which has length T'. During that interval, it detects the impacts of
particles, while no particles are detected before and after this time interval. The particles

arrive according to a Poisson process of intensity A\ = 2 sec”t. Let X denote the number of
particles detected. EX =2 Var X =7

Solution: Note that if 7' = ¢, the conditional distribution is X|T" =t ~ Poi(At). Hence
E(X|T =t) = At, or briefly E(X|T) = AT. Now, by the tower rule

EX = E(E(X|T)) = E(\T) = AET = 2sec” ' - 5sec = 10
where we have used that 7'~ UNI][0, 10sec]. Also Var(X|T) = AT, so
E(Var(X|T)) = E(A\T) = 10,

1 1
VGT(E(X|T)) = VCLT()\T) — )\2 VCLT‘(T) = 4sec_2 . _1020 SeC2 — go’
1
Var(X) = E(Var(X|T)) + Var(E(X|T)) = 10 + %

Conditional expectation and prediction

Let us consider first just a single random variable X (with 4 = EX and ¢ = DX), which
we would like to estimate by a deterministic value ¢ € R. Then in the sense of mean square
displacement, the error of the estimation is

E((X—c)*) = E(X —ptp—c)*) = E(X —p)*) +2(u— ) E((X =)+ (c—p)* = 0”+(n—c)?,

which is Steiner’s theorem. In particular, the best estimation for X is y = EX, for which
the mean square error is 0.
Now given two random variables X and Y, we may be looking for some functional
relation such that
Y = k(X) + random fluctuations

In other words, given that X takes a specific value, we would like to predict Y in such a way
that minimizes the error arising from random fluctuations. Then, by the above argument,
the best prediction is k(X) = E(Y|X), the mean square error of which is Var(Y|X).

Example 26.5. A random quantity S ~ N(u,c?) is sent as a signal, and received at the
other end of a channel as another random variable R for which the conditional distribution
is R|S ~ N (S,1). If the value R = r is received, what is the best estimate for what has been
sent?

By the above considerations, we want to find E(S|R = r). Now

for(s|R=7r) = J;,S(’:)) _ fRIS(r’kS}R_(;) fs(s) _

— () exp (—% ((5;—2“)2 +(r— s)2>) |
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where C(r) is some normalizing factor. Then

ot (r—s)? = (1+%) —2s <r+%>+61(7")= (26.1)

o?+1/(, o? 1 9
- — (s —23(1+02r+1+02u>+ur>+02(7")

2 1
where p, = 751 + 7z Hence

~ 1 — u,)?
fsir(s|R =1) = C(r)exp (—5 . M) ,
that is, S|R ~ N (g, 0%), with

0% =Var(S|R) =

which is independent of R, and

0.2

R4 ——
1+ 02 +1+02

pr = E(S|R) = f

which is a convex combination of R and pu.

Correlation coefficient and indicator variables

As covariance and correlation coefficient came up, let me include one more problem on this.

Problem 26.6. Consider an ordinary deck of 52 cards where each card has one of the 4
possible suits (W, 0, &, ) and one of the 13 possible values (2,3,...,10,J,Q, K, A). Add
two jokers two get a deck of 54 cards. Shuffle the deck and draw a card. Put the card back
and repeat this procedure 30 times. (So this is sampling with replacement.) Let X denote
the number of times the card drawn is a spade, and let Y denote the number of times the
card drawn is an ace. Determine Cov(X,Y).

27 Multidimensional transformations
Let (X,Y) have joint density f(z,y), and let (U, V) = k(X,Y), where k : R* — R? is
e smooth (continuously differentiable)

e one-to-one
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Comment: it is enough if k has these properties when restricted to the domain U C R?
on which f is supported.

Our aim is to calculate the joint density g(u,v) of (U, V). For a domain D; C R? let
Dy = k(Dy) (and thus D; = k~'(D,)). Then

P(U,V) € Dy) = P((X,Y) eDl)://f(x,y)da:dy://f(k1(u,v))Mdudv

O(u,v)
= //f —dudv

where

the Jacobian of k : R? — R2.

Hence
1

g(u,) = F( w0) -

for the joint density of (U, V).
It is important that on top of determining the Jacobian, one has to keep track of the
two dimensional domains, as demonstrated in the following example.

Example 27.1. Let (X,Y) be independent, X ~ UNI[0,1]; Y ~ UNI[0,1]. LetU = XY
and V =Y /X. Determine g(u,v), the joint density of (U, V).

We have
1 f0<z<landO0<y<l,
flx,y) =

0 otherwise.

We have to determine the image of the unit square by k. y/x = v corresponds to a line
of slope v that goes through the origin, hence the range of this variable is 0 < v < 4-00. For
any value of v fixed, we have to determine the range of u.

e if v = 1, we are after the intersection of the line (z,x) with the unit square, which is
a segment between (0,0) and (1,1), hence we have 0 < u < 1.

e if 0 < v < 1,we are after the intersection of the line (x, vx) with the unit square, which
is a segment between (0,0) and (1, v), hence we have 0 < u < v.

e if 1 < v, we are after the intersection of the line (x,vx) with the unit square, which is
a segment between (0,0) and (1/v,1), hence we have 0 < u < 1/v.

In a summary the image of the unit square is the domain
R? DU = {(u,v)|0<v < 1;O<u<v}U{(u,U) |1 <v < +400;0<u<1/v}
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For the Jacobian
2y

= = = .
T

L if
gup) =4zt el
0 otherwise.

y —y/a’
x 1/x

Hence the joint density is

28 The multivariate normal distribution

Some terminology

Throughout this section, vectors in R™ will be underlined, while n x n matrices will be
double underlined.
For the joint distribution of (arbitrary) random variables (X7, X5 ..., X},), the vector of

expected values is
H1 EX;

p=1 1= |
M EX,

and the covariance matrix C is defined as

Cij = Cov(Xi, Xj) 1=1,...,n; 5=1,...,n.

2
. 07 PO102
- 2 9
PO102 05

Where 07 = Var(X;) (i = 1,2), and p is the correlation coefficient. C is always a symmetric
positive definite matrix by the Cauchy-Schwartz inequality (20.4).

In particular, for n = 2

I

The multivariate normal distribution

Let 1 be a vector of expected values and C' a covariance matrix. Let, furthermore, A = C*,
which is another symmetric positive definite matrix. The variables (X1,..., Xn) are jointly
normally distributed with vector of expected values p and covariance matrix C' (in short
X ~ N(p,C)) if their joint density is B o

flzy, ... 2,) = % - exp (—%(Q—E)Té@_ﬁ)> ’

T1
where x = : , and the superscript 1" stands for transpose.

Tn
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Special case. If u=0= ] | (the origin) and C =A=1= , the unit
0 0 1
matrix, then
[l mn) = @) - p(an),
that is, the variables are independent, and X; ~ N (0,1) (i =1,...,n).

Proposition 28.1. If X ~ N(u,C), then there exist independent variables Y; ~ N(0,1)
(i=1,...,n) and an invertible n X n matriz B such that

X=k'Y)=BY+pu <= Y=KkX)=B"X-p).

Proof. As A is symmetric and positive definite, it is diagonalizable. That is, there exist

n positive eigenvalues Aj, ..., A\, (counted with multiplicity) and associated eigenvectors
Uy, ..., u, which form an orthonormal base. Furthermore, denoting
A 0
g = Ql ... Qn and Q —
0 An
we have

where D is a diagonal and P is an orthogonal matrix.
Denote, furthermore
VA1 0

D1/2 — .
= . -
and define
B':=DV?p' «— B=PD'
Then we have
A=pPDpP'=PDV’D'? P = (BB (28.1)

(as £—1 = ET for an orthogonal matrix, while 21/ ? is symmetric). So if

y="Fk(x)=B"(z—p
then as this transformation is linear, it has a constant Jacobian
dy L
= /%)
J =5, =det(B” 1 = det(D \/det D= \/detA (28.2)
where we have used that det P = 1 for an orthogonal matrix. Also
(@—w'Ale—p) = (- )" (BB z-pn=y"y (28.3)
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So, the joint density of Y = (Y7,...,Y},) is

| 1 VdetA 1 .
o) = Sorw = e (e A - )

l\')lr—t

= (27) " exp (

QQ)

which completes the proof. O]
Note also that X = BY + p, so

n n

COU(XZ', XJ) = Cov (Z sz‘Yka Z ngYg) = BikBjé(Sk:E =
(=1

k=1 (=1
= Zsz ik = (BB"); = (A",
which shows that g

If X = (Xq,...

erties.

é is indeed the covariance matrix for X.
n)

X, ) are jointly normally distributed, then we have the following prop-

o If the variables are uncorrelated, that is, for all pair ¢ # j we have Cov(X;, X;) =0,
then X; ~ N (u;,0?) (i = 1,...,n) and the variables are, actually, independent. Recall
that in general zero covariance does not imply independence, so this is a special feature
of the jointly normally distributed case.

e Any linear combination Y . ; a;X; of the variables is normally distributed.

e The conditional distributions are normal, too. For example if n =2, then X;|X5 ~
N (px,, %), where 62 = 03(1 — p?) and px, = p1 + p L(X, — pp). this can be verified
02
by computations analogous to what we have done in Example 26.5.

Example 28.2. The height-weight example, see the excel file.
Example 28.3. Theoretical Exercise 7.41 in the Ross book.

29 Almost sure convergence

Definition 29.1. A sequence of random variables Y, : 2 — R converges in probability to 0
if for any e >0
P(Y,| >¢€) = 0 as n — oc.

Definition 29.2. A sequence of random variables Y, : 2 — R converges to 0 almost surely
if for any e > 0
P{we Q|Y,(w) —» 0}) = 1.
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Example 29.3. Here is an example of a sequence of random wvariables for which Y, — 0
in probability, but not almost surely. Let Q0 = [0, 1] with the Lebesque measure. Forn > 1,
there is a unique k > 0 and r € {0,...,2% — 1} such that n = 2% +r. Let

A Yar <w <
n\W) =
0 otherwise.

Borel-Cantelli lemmas

Let A, C €, n > 1 be a sequence of events, and

limsup A4,, = ﬁ G Ag; liigngn = D ﬁ Ap.

n—o0 n=1k=n n=1k=n

In words: lim sup A, is the event that infinitely many of the A,, occur, while liminf A,
n—oo

is the event that all but finitely many of the A,, occur. It follows for the de Morgan laws
that

n—»00 n—o0 n—roo n—00

¢ c
(lim sup An) = lim inf AY; (lim inf An> = limsup AY.
Lemma 29.4 (Borel-Cantelli lemmas). Let A, be a sequence of events.

(1) If Z P(Ay) < oo, then P (hmsupA )

n—0o0

(2) If the events A,, are independent and > P(Ag) = oo, then P (lim sup An) =1
k=0 n—r00
Proof. To prove (1), use that for any N > 1:

P (limsupAn> (ﬂ UAk) <P (U Ak> < ZIP’ (Ap)

n—oo n=1k=n

which is the tail of a convergent sequence, hence tends to 0 as N — oc.
To prove (2), we may use independence of the events A, and the identity 1 —z < e™*
to obtain

(ﬂAC> —H1— (Ap)) <H K) < exp <—§P(Ak)>.

Then
C 00
. . c c _
P ((hinﬁs;ip An) > P <hrrLIi>l£fA > = nh_}rgoIP’ (ﬂ A ) < 7}1_}11010 exp (— ;]P’(A,Q) =0
as any tail of a divergent series (with non-negative terms) is infinite. O
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Strong law of large numbers

Consider am i.i.d. sequence of random variables, X1, Xs,..., X,,,...; with 4 = EX (= EX))
and S, = X; +---+ X,,. The weak law of large numbers states that % — p in probability.

Theorem 29.5 (Strong Law of Large Numbers). Consider an i.i.d. sequence with the no-
tations specified above. Then

S

—— = almost surely, as n — oo.
n

Proof. We prove this statement under the additional assumption EX* < co. Note that this
implies that there exists some K > 0 such that E(|X|?) < K for p=1,2,3, 4.

Centered case. Let us assume for now that p = 0, hence our aim is to bound % from
above. We have

- 4
Sﬁ=(X1+---+Xn)4:ZX;‘+Z<2>X§X}+...
=1

1<j

where the additional terms are of the form cXinXk with j # ¢ and k # i. When
the expected value of such a term is taken, we have, by independence and p = 0 that
E(cX;X;Xy) = ¢- EX; - E(X7X}) = 0. For the other two types of terms, we may use the
upper bound on E(|X?) to get:

IESfL < Kn? for some K > 0.

Now, for any € > 0:

Sn

n

2
25) _ PS5t > pieh) < BT :54 !
9

nied n?

"

by the Markov inequality. Note that the numbers on the RHS form a summable series.
Introduce, for m > 1 fixed,

Anm:{

By the first Borel-Cantelli lemma, P(B,,) = 0 for any m > 1. That is, P(BS) = 1 for any

m > 1. Hence
P(ﬂ Bﬁ) =1

m=1
n

Sn

n n—o00

1
2—}; B,, =limsup A7
m

which precisely means that

]P’({V5>05|n021: Vn > ng
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which is exactly the statement of the SLLN. R
For extension to the general case of u # 0, let X,, = X,, — p, which are centered, so the
previous case applies. Then note that

(- {5e)

30 Markov chains

Given a countable set S, a sequence of S-valued random variables X, X1,...,X,,... is a
Markov chain if

P(Xn - in | Xn—l = Z.n—ly)(n—Z - in—27 s 7X1 — Z.17)(0 - Z0) = ]P)<Xn = Zn | Xn—l = in—l)

for any n > 1 and 4,,%,_1,...,%1,70 € S. Throughout, time homogeneous Markov chains
are considered which means

P(X,=j[Xm1=1) =P(Xy =j|Xo=1i) = py
where p;; is the transition matriz. We have
J
Consider the Gambler’s ruin, Ehrenfest chain, Weather chain examples from Durrett.
Here is another example:

Example 30.1. A drunk person is walking around randomly in a small town the map of
which is displayed on Figure 11. Each time he is at one of the corners, he picks evenly one
of the available streets, except the street he has just arrived from. Do the corners visited
by the drunk person form a Markov chain? If yes, determine the transition matriz. If no,
come up with an alternative suggestion for a Markov chain that describes the process.

Multistep transition probabilities:
]P(Xner = ]‘Xn = 2) = (pm>ij

where p™ is the mth power of the matrix p.
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Figure 11: Map of the city for Example 30.1

Classification of states

For x,y € S, introduce the following notations:

T,=min{n >1: X, =y} the first hitting/return time,
Pay = Py(T, < 00) =P(T, < 00| Xy =1y) the probability that x can be reached from y,
T —yif pyy >0,ie. In>1: pp, >0 x communicates with y.

Further terminology:
o If p,.. = 1, then x is called recurrent, if p,, < 1 then z is called transient.
e Aset AC S is

— closed if for any x € A and y € A we have x /4 vy,

— arreducible if for any pair x,y € A we have r — y.

Proposition 30.2. If A C S s finite, closed and irreducible then all states v € A are
recurrent.

Proof. Introduce

Ty =min{n >T"" : X, =y} the kth hitting/return time,
Ny=#{n>1: X, =y} the total number of visits at y,
E,(N,) the expected number of visits at y, when starting from z.

Notice that
{N, >k} = {T} < oo},

hence

E.(N,) = iIF’m(Ny > k) = iPz(Tf < 00).
k=1 k=1

Also
Px(T; < oo) = pmyplgj?-
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This implies that there are two options:

y is transient <= p,, <1 <<= E, (N,) = —"— < o0;
yisrecurrent <= p, =1 <= E (N,) = oo.

Using indicator variables, we get another formula
k
Ew(Ny) = Zp:cy
k=1

Now, the statement of the Proposition follows from the following two observations:

1. If A is irreducible, and there exists some y € A which is recurrent, then every x € A
is recurrent. This holds because

]Ez(Nm) - Zp];x > Py (Z%y) Py
k=1 Jj=1

and we have p,, > 0 and p,, > 0 by irreducibility, while the middle factor is infinite
as y is recurrent.

2. If Ais finite and closed, than it contains at least one recurrent state. To see this,
assume that all sates in A are transient. Then Vz,y € A we have E,(NN,) < co. But

ZE“”(N@/) - Zzpfw = Zzpiy - Zl = o0

yeA yeA k=1 k=1 yeA k=1

]

Corollary 30.3. If S is finite, then it arises as a disjoint union S =T UR1 U - - URg
for some K > 1, where every x € T 1is transient while for any k =1,..., K, Ry is a closed
and irreducible (hence recurrent) class.

Proof. Let x € T if there exists some y € § such that x — y but y 4 x. Such states are

transient as there is a positive probability that we get to y and then never get back to x.
For y1,y2 € (S\T), we have y; — y» if and only if yo — y;, which defines an equivalence

relation, and the R are the equivalence classes. O

In most cases, irreducible Markov chains are considered, which means that S consists of
a single closed irreducible class. In case S is finite, (all states in) this class are recurrent.
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Stationary distributions

Even if started from a specific state Xy =7 € S, at the next time step, X; is already random,
in particular P(X; = j|X, = i) = P;;. Hence it is reasonable to consider the evolution of
distributions. If we have

aj:P<X0:j), (OéjZO,VjES, Z@j_1>

jeS
then
K
By =P(X;=j) =) P(X;=j|Xo=i)P(Xo=1i)=> a;P;
icS i=1
where we have assumed that #S5 = K < co. The moral is that probability distributions on
S are evolved by multiplication by the transition matrix from the right.

K
Definition 30.4. A vector (my,...,7x) with m; >0 and Y m; = 1 is a stationary distribu-

i=1
tion if

K
Wj:Zﬂ-i-Pij’ \Vljzl,K
=1

that is, if m; is a left eigenvector of the matriz P;; corresponding to the eigenvalue \ = 1.

Proposition 30.5. If S is finite and the chain is irreducible, then there exists a unique
stationary distribution. Moreover, m; > for everyi=1,... K.

Proof. Recall

K
 Py=1;  Vi=1..K

j=1
which can be interpreted as follows: A = 1 is an eigenvalue of P,; with right eigenvector
(1,...,1)T. Hence A = 1 is an element of the spectrum of P, and thus there has to exist at

K
least one left eigenvector (vy,...,vk); for which v; = Y v, P;; for every j =1,... K.
i=1

Now we show that v; > 0 for every j = 1,... K — more precisely, that all of the
components v; have the same sign. Consider R = (Id+P)/2, that is, R;; = (0;; + Pi;)/2,
the transition matrix for the lazy chain. On the one hand, R apparently has the same
eigenvalues and eigenvectors as P. On the other hand, there exists M > 1 such that
RZJ-‘]/-I > 0 for every (i,j) € {1,...,K}?. To see this, note that, by irreducibility, for every
pair i, j there exist m(= m(i, j)) such that Rj} > 0. Let

M =max{m(i,j) : (i,j) € {1,..., K}*}
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and we claim that Rf‘f > 0 for every (i, j), because if you make it to j earlier, you can just
“waste your time” there. Now we argue by contradiction, assuming there exist components
of negative sign, which would imply:

K
§ M
i=1

|vj| =

K
=1

K K K K
= D lul < 3D JlRY =D ol
j=1 i=1

j=1 i=1

a contradiction. To see that all components are, actually, positive, note that

K
M
=1

as on the RHS at least one term is positive, unless v; = 0 for all 4, a contradiction.

Finally, to see that the eigenvector v obtained this way is unique (up to a constant
factor), assume that the eigenvalue A = 1 is of higher multiplicity, then the associated
eigenspace would contain a two dimensional plane, and thus a vector perpendicular to v,
which would have components of variable signs, a contradiction. O

Convergence

Aperiodicity. For x € S, let
Per(i) = g.c.d{n>1: p;; > 0}

where g.c.d. stands for greatest common divisor. If Per(i) = 1, then ¢ € S is called aperiodic.
Equivalently, ¢ € S is aperiodic if there exists N > 1 such that p}: > 0 for any n > N. Also,
if + € S is aperiodic and 7 <> j, then 5 € S is aperiodic, hence aperiodicity is a property of
a class. Unless otherwise stated, irreducible, aperiodic Markov chains are considered.

Proposition 30.6. Let us consider an irreducible, aperiodic Markov chain on a finite state
space S. Then, for any pair 1,7 we have

lim pl' = 7.
n—00 pl] J

Also, E,(T,) = (n(z))™" for any x € S.

Proof. (Sketch)
Coupling argument. We may consider the Markov chain on & x § with transition probabil-
ities

P(Z’lvyl)(fﬁz,w) = Pzizo " Pyrye-
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This chain is irreducible. As a consequence, if X, and Y,, are two copies of the Markov
chain started from two different states, and 7" denotes the first time that X, = Y,,, then
P(T < o0) = 0. This implies

IP(X, = j) —P(Y, =j)| <2P(T >n) >0 Vj€S, asn — co.

Now if X, is started form state ¢ and Y,, is started form the stationary distribution, this
boils down to
s |pi; = mif = 0.
To see that E,(T},) = (n(z))~!, introduce N, (x), the number of visits at z up to time n.
Recall that T* is the time of the kth visit at y. Then
n k

. . TE
s R )

almost surely. The first equality is because for both fractions the numerator counts the
total number of steps, while the denominator counts the number of times the chain is at
state x. The second inequality is a law of large numbers when the chain is started form =,
and otherwise the initial transient of making to x for the first time does not contribute to
the asymptotic. Hence

Ny,
tim 2 _ (g, (7))
n—o00 n
almost surely, also when the chain is started from the stationary state, in which case
E.N,(z) = 7(x)n. O

Detailed balance

Let us consider irreducible chains with finitely many states (#S = K < 00). We know that
K

there is a unique stationary state m;, namely, the eigenvector > m;p;; = m;, however, it may
i=1
be difficult to solve this explicitly if K is large.

Definition 30.7. The Markov chain has detailed balance if there exists some vector w; > 0
such that
Wipij :ﬂ-jpji VZ,j € {1,...,[(}2

Summation on ¢ implies that in this case 7; is the stationary distribution.
Comments.

e There are chains which do not have detailed balance. See Example 1.29 in Durrett.
e Two important examples for detailed balance are

— Birth and death chains, in particular, the Ehrenfest chain.

— Random walks on undirected graphs.
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Gambler’s ruin

For N >2and p € (0,1),let S={0,1,...,N — 1, N}, and

p(i,i+1)=p and

p(i, i — )—q_l—p for 1 <i< N —1, while
p(0,0) =

p(N,

N) =

0 and N are absorbing states. Introduce § = q/p. Let

Ty =min{n >1: X, = N},

To =min{n > 1 : X, =0},

T = min(Ty, Ty),

h(k) =P(Ty < Ty| Xo = k), k=1,...,N —1;
g(k) = E,T, k=1,...,N—1.

Unfair game from the gambler’s perspective: Let p < 1/2; and thus § > 1. X,, =0
means that the gambler is bankrupt at time n, while X,, = N means that the gambler has
made his goal and stops playing at time N. Let us determine h(k):

hO) =0, h(N)=1:
h(k) = gh(k — 1) + ph(k + 1) =
(I + 1) — h(K)) = O0R(K) — h(k — 1)) = -~ = 0°(h(1) ~ h(0))
and thus
= B(N) — h(0) = 3 (h(k +1) — (k) = (h(1)  h(0)) 3 6 = (h(1) — h(0)) 5
0—1

_1 k—1 B k k_
BK) = h(K) — (0) = D_(h(i + 1) — h(0) = S0 (1) (o) = - L T

Let us consider roulette when p = 18/38, ¢ = 20/38 and 6 = 10/9. If, for example,
k =50 and N = 100, then

(10/9)° —1 _
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Fair game: The case of p =g =1/2 (6 = 1) was considered back in Budapest:
h(k) =+ (30.1)

Unfair game from the casino’s perspective: Now p > 1/2 and thus § < 1. We may
consider the limit
Aim Py(Ty < 00) =1~ lim h(k) = o (30.2)
— 00

N—oo

In particular, for roulette, the chance that the casino will ever go bankrupt decreases ex-
ponentially as a function of the initial capital k. For example, if k& = 100, P(Ty < o0) =
(0.9)199 ~ 2.656 x 107°.

Expected exit time for the fair game: For p = 1/2 let us determine g(k).

gk +1) —g(k) =g(k) =gk =1) =2 =--- = g(1) —g(0) =2k = c — 2k
and thus
0= g(N) = g(N) - g(0) = _<9(/€+1)—g(k)):Nc—2N(N2_ D)

c=N-1

and

E—1

. . k(k—1)
g(k) = g(k) = g(0) = ) _(9(i+1) = 9(d)) = ke = 2—=—— = k(N — k). (30.3)

=0
Infinite state spaces
Reflected random walk. Let

S={0,1,...},

p(i,i+1)=p fori>0,
p(i,i—1)=q=1—p fori>1, and
p(0,0)=g=1-p.

Let us use the notations from the gambler’s ruin section, in particular 6 = ¢/p.
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Drift to the left: p < 1/2, and thus § > 1. This is a birth and death chain, which has
detailed balance:

m(i)p=m(i+1)g = 7w(i+1)=0"7(i)=0"x(0)
which by > % 7(i) = 1 gives
m(k) = (1 -0 He~*!
As there is a stationary distribution, the expected return time to any state has the finite
expectation (m (7))~

Drift to the right: p > 1/2, and thus 6 < 1. From (30.2) it follows that the chain is transient:
when started from 0, there is a positive chance that it never returns. With probability 1 it
returns only finitely many times, and wanders off to infinity.

Case with no drift: To see what happens in this borderline case, we consider the N — oo
limits of
- (30.1). When started form 0, the chain returns with probability 1.

- (30.3). However, the expected return time is infinite.

Also, the detailed balance equations would result in 7(i) = 7(0) for every i > 1, but as
there are infinitely many states, no such probability distribution exists.

These examples demonstrate that, for irreducible Markov chains on infinite state spaces
there are the following three options.

e Positive recurrence. There is a stationary distribution, the chain returns to its starting
position with probability 1, and the expected return time is finite.

e Transience. There is a positive probability that the chain does not return to its
starting position. With probability 1 it returns only finitely many times and wanders
off to infinity.

o Nullrecurrence. The chain returns to its starting position with probability 1, however,
the expected return time is infinite. Accordingly, there is no stationary distribution.

Symmetric random walk on Z? By symmetry, there cannot exit a stationary distri-
bution, so the chain is either transient or nullrecurrent. It is a famous theorem of Gyorgy
Pélya that the simple symmetric random walk on Z? is recurrent for d = 1,2 and transient
for d > 3.

We will investigate first the case of d = 1. Let us start the chain from 0. Then, by direct

inspection
2n 1 :
s k=2
P(X, = 0) = () - o ! ™
0 if k=2n+1.
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Let
An — {XQn - 0}7

and let us use Stirling’s formula to estimate P(A,,).

nn
n! ~ —V2mn,
en
2n
n
(n))? ~ —-2mn,
e mn
om 2n nZn c
(2n) Vdrn = 22" . —-2mn - —=, for some ¢ > 0,
e2n NZD

2 1
P(A,) = ( n) o = % + higher order terms.

(2n!) =

n

Now as

> P(A,) =0

n=1

(2) of the Borel-Cantelli lemmas suggests that
P(limsup 4,) =1 =

The walk returns to 0 infinitely many times with probability 1.

For d > 2, consider d independent random walkers Xff), 1=1,...,d, along the d coordinate
axes, all isomorphic to Z. The d dimensional random walk returns to the origin at time 2n
if and only if all the Xz(:z) return to 0 simultaneously. So

A% = {d dimensional random walk returns to the origin at time 2n};

d
P(A]) = HP(XQ(Q =0) = (P(4,))" = N + higher order terms
i—1

a2

So
ZP(A?L) =00 = nullrecurrence = d=1or 2;
n=1
Z P(A%) < oo = transience = d>3.
n=1

87



