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Abstract

The goal of this project is to analyze and know in detail the Markov chains, a
stochastic process characterized by the fact that the result obtained in a given
stage only depends on the result obtained in the previous stage. We will study a
concrete type of Markov chains, these are the discrete chains. For this, the first
part of the thesis is focused on introducing the basic notation used and the basic
concepts related with Markov chains, and, in the remaining sections, we will focus
on some of its specific characteristics and properties.
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1 Introduction

In the field of probability theory we find the concept of stochastic process, a kind
of process that is characterized by a set of random variables that represent the
evolution of a system of random values along time.

The simplest case of a stochastic process is that its results depend directly from
the other previous results. This type of process is known as Markov chain and will
be the area which this bachelor’s degree final thesis will focus in.

One of the most important properties of a Markov chain, also called Markov
property, is that the values it can take in the future only depend on its present
value, not in past values, so it is said that Markov chains have no memory, due to
the track incurred till present does not affect its future path.

These chains receive their name from the Russian mathematician Andrey An-
dreyevich Markov, who dedicated his studies to stochastic process as well as be one
of the most important participants in the political and social events that occurred
in Europe at the beginning of the 20" Century.

It is essential to know that Markov chains have several and useful applications in
the field of the investigation. Though its applications are numerous, its importance
is greater when we talk about chemistry, medicine, biology and physics, perhaps the
four most important fields in the huge world of science. An easy example of these
applications is the Ehrenfest chain, which allows us to parametrize the exchange
of gas molecules between two bodies. However, this project is not focused on the
practical applications of Markov chains, in it we make a theoretical study of discrete
time Markov chains.

During the bachelor’s degree we have taken probability and statistics subjects.
However, the amount of time dedicated to these topics is not very high, so I found
interesting to focus this thesis on these fields. After looking for several options, I
decided that Markov chains would be an interesting topic due to its characteristic
of lack of memory caught my attention.

Structure of the project

This project analyzes the elemental theory of discrete time Markov chains. The
thesis is divided in several chapters, each of them based on a different question
related with this Markov chains.

To begin with, in the first chapter we can find a brief introduction that helps us
to understand the basic concepts related with Markov chains as well as introducing
some of their basic properties. Additionally, the basic notation that we will find
thereafter is introduced in this section.

Sometimes, in order to move from one state to another within a Markov chain we
can choose among several ways. In chapter 3, we study the probability of moving
between two states taking into account all the possible ways, so we will introduce
the Chapman-Kolmogorov equation for this purpose.



Once introduced several useful concepts in the prior sections, in chapter 4 we
will focus on studying the behavior of each one of the states of a Markov chain. In
particular, we will analyze the possibility of returning to every state.

In the previous section we have studied in the hypothetic return to the original
state. In chapter 5, we will also focus on arriving at a given state, but now the
target is to reach a subset of states of the Markov chain, in which we may not be
initially.

Finally, the last two chapters are strongly related between them. Here, we study
the long term behavior of a Markov chain and the invariant distributions that the
stochastic matrix of the Markov chain presents. Additionally, in chapter 6 we
will see some applications of the previous distributions and in chapter 7 we will
demonstrate the uniqueness of the invariant distribution.



2 Discrete time Markov chains

We already know that Markov chains are very important within the theory of prob-
abilities. In this chapter, we begin focusing on discrete Markov chains, in particular
homogeneous chains, which do not depend on time. This type of chains go with us
throughout the chapter where we study one important result, which will allow us
to know which chains satisfy the homogeneous property. At the end of this section
we also include some basic examples about homogeneous Markov chains.

To begin this section we will give some basic definitions about Markov theory
which are a great help to achieve results that are in later sections.

2.1 Homogeneous Markov chains

In this chapter we should take into account a probability space (2, F, P) and a
family of discrete random variables X, : {2 — I where [ is a numerable set known
as state space and every ¢ € [ is a state.

Moreover, recall that every random variable X : 2 — I will have associated a
distribution v, in other words, v is its law, so v; = P(X =1).

Definition 2.1.1. A stochastic process is a collection of random variables which
are included by an arbitrary set {Xy;t € T}. For every t, we have Xy : Q — R, it
represents the evolution of some system of random values over time.

We are going to study the discrete case, that is to say T =72+ = {0,1,2,...}; as
a result we have the process defined as {X;;t > 0}. Moreover, we will focus on the
stochastic process known as Markov chain. This process has no memory because
its future behaviour is only affected by the present one.

Definition 2.1.2. A stochastic matriz, also called transition (probability) matriz,
Il = (pij;i,7 € I) is a matriz which satisfies the following conditions

(Z) Dij € [07 1]7 Vi,j el

(ii)Vie I,y pij=1

jel

The element p; ; is called transition probability, that is to say, it is the probability
that in the point of time k, the process is in the state j given that in the point of
time £ — 1 it was in 4.

Now we will see, with the help of examples, that there is a strong relationship
between diagrams and the stochastic matrix described above.

Example 2.1.3.

1. We start with a general example in order to clearly see that the stochastic
matrix satisfies its own properties. Given a,b € [0, 1], we have the diagram



and the stochastic matrix is
1—a a
b 1—-0

2. Now, we are going to see a numerical example, in this case we have the diagram

and the stochastic matrix is

b3 0 0 ! 0 0
5 O )
001 0 00O

1 2
0 - 0 %

3 5 0 00
0100 00O
0000 010
0 000 001
0000 1 0O

Then, using the concepts defined so far we are going to study two important
issues for the Markov theory.

Definition 2.1.4. Given a stochastic process {X,;n > 0} that takes values in the
state space I, we have

(i) P(Xo=1)=uv;, Yi € I, which is called initial distribution.

(”) P<Xn+1 = in+1|X0 = 1o, 7Xn - Zn) = P<Xn+1 = in+1|Xn = Zn)7 Vn >0 and
Vios vy i, ini1 € 1.



So the stochastic process {X,;n > 0} is a Markov chain with initial distribution
v =A{v;;i € I} and transition matriz 11 = (p; j;i,7 € I).

The last equality is known as Markov property, which tells us that the probability
of a future event only depends on the probability of the prior event instead of the
whole system evolution. This implies that Markov chains are a non-memory process.

Definition 2.1.5. A homogeneous Markov chain is a Markov chain, such that
Vn >0, Vi,j € I, the probability

P(Xps1 = jl Xy =14) = piy
15 independent of n.

Often, we write HMC(v, 1) in reference to a homogeneous Markov chain with
distribution (or law) v and transition matrix II.

To continue, based on concepts previously defined, we introduce a theorem re-
lated with homogeneous Markov chains, which will be so useful to study some
outcomes we will face in next chapters.

Theorem 2.1.6. A stochastic process {X,;n > 0} with values in I is a HMC(v,1I)
if and only if, Yn > 0 and Vig, ..., 1,1, € I we have

P(XO = io, ceey Xn—l = in—lan = Z) = Viopio,il . .pinflui' (21)

Proof. Firstly, we demonstrate the right implication. Given X,, a homogeneous
Markov chain (v,II), applying the compound probability and the Markov property
we get

P<X0 = 1o, "'7Xn71 = 7/-?1717X7L = Z)
= P(XO = ’Lo)P(Xl = 7:1|X0 = Zo) X X P(Xn = Z|X0 = ig, ...,Xn_l = in—l)

= VigPig,ir """ Pip—1,i-

Now we prove the left implication. Considering (2.1), we have to study that
X, is a Markov chain as well as it is homogenous. Firstly, we analyze the initial
distribution, in that way Viy € I we obtain

P(Xo=io) = Z VigDio,j = Vig Zpio,j = Vjy.

jel jeI

Secondly, we have to check Markov property, in this case we use the conditional
probability, so Viq, ..., %,_1,%, 7 € I we have

P(XO - ?;0, ceey Xn - ’i, XnJrl - j)
P(XO - io, 7Xn == Z)
_ YioPigsir * " " Pin14Pij _

VigPig,iv * " Pip_1,i

P(Xn+1 - j|X0 - io, ,Xn - Z) -

/L"j :



In order to prove the property we are studying, the value of the last equality must
be equal to the value of P(X, 11 = j|X, = i), we are going to check if this is certain

P(Xpi1 = j, X, = 1)
P(X, =)
> P(Xo =g, ... Xp =1, Xnj1 =)

10, estn—1€1

> P(Xo=ig,.., X =)

i07~~~7in7161

E VigPiojir * " Pin—1,iPij  Diy E VigDigyi1 * " " Pip_1,i

P<Xn+1 = J’Xn = Z) =

_G0yenin—1€1 - 105-sin—1€1 —p
= = = Pi,j-
E VigPigyiv * " Pin_1,i E VioPigiv =" " Pin_1,i

1050 esin—1€1 10yesin—1€1

As a result, we have P(X, 11 = j|Xo =i, ..., Xy = 1) = pij = P(Xp11 = j|X,, = 1),
therefore the Markov property is satisfied.

Finally, we have to study the homogeneous property. From the last equality we
have that P(X, 11 = j|X, = i) = p;; where p; ; is independent of n which is the
necessary condition for homogeneity.

In conclusion, we have that X, is a homogeneous Markov chain with distribution
(or law) v and transition (probability) matrix II.

4

The result we have just obtained is very important, due to it is useful to check if a
Markov chain is homogenous or not. We use this result in order to prove that given
a homogenous Markov chain, this can be moved, and in that way obtain another
chain that is homogenous too.

Proposition 2.1.7. Given {X,;n >0}, a HMC(v,II); then {X;1n;m >0} is
another HMC(n,11), that is to say, Ym >0, Yjo, ..., jn € [

P(Xm+0 = jOa '--:Xm+n = ]n) = P(Xm = jU)pjmjl * Pin—1.dn-

Proof. Suppose {X,,;;n > 0} is a homogeneous Markov chain and we want to demon-
strate that {X,,1,;m > 0} too. Consequently, Vm > 0 and iy, ..., i1, jo, -, Jn €
I we have
P(Xm—l-O = jOa ceey Xm+n = .]m)
= Z P<X0 :2.07--~7Xm—1 :im—laXm:j07---7Xm+n :]n)

iOv"'vim—lel

= Y P(Xo=1i0)Pigir** PinorioPivir " Pin-roi
10y ybm—1€1
= P(Xon = Jo)Pjosr = * Pin-r.ja-
In conclusion, as we have seen that equality is satisfied, we have that X,,., is a
homogeneous Markov chain.

U



2.2 Basic examples

In this section, we are studying some basic examples about Markov chains, in
particular about homogeneous ones. These type of chains are considered as one of
the most important for getting into the Markov theory world.

1. Random walks on Z:

Given the stochastic process {X,;n > 0}, we define X as initial position which
is constant (Xy = 0) and the process

XnZXo+fl+"‘+§n=Xo+Z§i

for n > 1 and {&;7 > 1} is a set of random variables.

Let p € (0, 1), and suppose that {&;;4 > 1} is a sequence of {—1, 1} values, which
are 1 with probability p and -1 with probability 1 —p = ¢, thisistosay P(§ =1) =p
and P(& = —1) = q respectively.

In this case, & are identically distributed Bernoulli random variables and also
independents.

To sum up, the process begins at time ¢ = 0 with a value of 0 and moves along a
straight line for every point of time ¢ > 1. The probability that step is to the right
is p, whereas, the probability that the step is to the left is ¢; both are independent
of where it has been before time i.

Once exposed this basic example about Markov theory, we are introducing a
result in which are reflected some of the concepts studied here.

Proposition 2.2.1. Given {Z,;n > 1} a family of identically distributed random
variables and also independents with Z, : Q0 — I. Suppose f : I x I — I and
Xo a random variable with values in I, independent of {Z,;n > 1}. If Xpy =
f(Xn, Zny1) where n >0, then {X,;n > 0} is a homogeneous Markov chain.

Proof. In this case we have to prove the Markov property and the homogeneous
one, to see that X, is a homogeneous Markov chain. Firstly, let us to see the first
property using the conditional probability, so Vn > 0 and Vi, ..., 7,_1,%,7 € [ we
have
. . P(f(Xn, Zny1 = 7), Xn = 1) P(f(i, Zn1) = J, Xy = 1)
( +1 ]’ Z) ( Z) P(Xn — Z)
P(f(i,Z,11) =7)P(X, . .
Sid +z) ) )( =9 = P(f(i, Zns1) = J) = Gij-

In order to satisfy the property we are studying, the value of the last equality must
be equal to the value of P(X,, 11 = j|Xo =i0,..., Tn_1 = In_1, X, = 1), We are going




to check if this is certain
P(Xpi1 =71 Xo =10, ooy X1 = ip1, Xpy = 1)

P(XO - io, ”WXn—l = in—17Xn = i7Xn+1 = ])
P(XO = 1o, ”'7Xn—1 = in—lan = Z)

P(Xo =g, f(Xo, Z1) =11, ..., [(Xn=1, Zp) =1, [( X, Zng1) = J)
P(Xo = 1o, f(Xo, Z1) = i1,y [(Xno1, Zn) = 1)

P(Xo =g, f(i0, Z1) = i1, oo flin—1,Zn) =1, f(4, Zyg1) = J)
P(Xo = i, f(i0, Zo) = i1, ..o, f(in-1, Zn) = 1)

P(Xo =io)P(f(io, Z1) = 1) -+ P(f(in-1,Zyn) = 1) P(f(i, Zny1) = j)
P(Xo = i0)P(flin. Z2) = 1)~ P(f(in1, Z0) = 1)

= P(f(i, Zns1 = J) == ;-

With this we have

P(Xn+1 — leO - iOa '”7Xn—1 — in—laXn - Z) =i = P(Xn+1 - len = Z)

therefore the Markov property is correct.

Now let us to see the homogeneous property. From previous results in the first
part of the demonstration we get P(X,+1 = j|X,, = 7) = ¢;; where ¢, ; is indepen-
dent of n, this is the necessary condition for homogeneity.

So, the family of random variables {X,,; n > 0} satisfy the Markov property and
homogeneity so that is a homogeneous Markov chain.

4

Corollary 2.2.2. Let {Y,;n > 1} be a family of identically distributed random vari-
ables and also independents with values in I. If X, = > | 'Y;, then {X,;n > 0} is
a homogeneous Markov chain.

With that, we have that given a set of identically distributed random variables,
which also are independent, we can build different Markov chains, which satisfy the
properties defined at the beginning.

To conclude this example we give the transition matrix, where p and ¢ =1 —p
are probabilities defined above (p € (0,1))

oo O
Lo O3 -

Q o"g O

o o o
" oo o



2. Random walk on Z with absorbing barriers:

Consider two players A and B who play at coin flipping (or heads or tails) and
their capital are a and b respectively. The game ends when one player runs out of
money.

This game is the practice of throwing a coin in the air. Consider the player A
who wins 1 coin when the result is a head, this happen with probability p; moreover,
the player loses 1 coin if the result is a tail, this happen with probability ¢ = p — 1.

Given the stochastic process {X,;n > 0}, which we note as the evolution of the
capital for the player A. Therefore, we define Xy = a as initial condition and the
process X, 11 = X, + &,41 such that X,, : Q — {0,1,...,a + b} where {&;;i > 1} is
a set of identically distributed random variables and also independents.

To conclude this example we give their transition matrix, where p and ¢ =1—1p
are probabilities defined above

10 0 0 - 0

qg 0 p 0 - 0

0 g 0 p - 0
m= (0 0 ¢qg 0 - 0
0 - g 0 p

0 0 0 0 1

3. Random walk on Z with reflecting barriers:

This section has a similar argument to the last example, but with a difference;
when one player runs out of money not ends the game due to that the other player
gives him one coin. In this case the transition matrix is

01 0 O 0

g 0 p O 0

0 g 0 p 0
m= (0 0 ¢q O 0
0 g 0 p

0 0 10




3 Chapman-Kolmogorov equation

One of the most relevant elements when introducing to Markov chains is the Chapman-
Kolmogorov equation. In order to study this type of equation, in this chapter, we
focus on analyzing the simple way that allows us to discompose the probability of
moving from one state i to another state 5 in m steps, in the sum of the probabilities
of the trajectories that go from the state i to the state 7 and pass through any other
state in an intermediate point of time.

In this chapter, we should take into account a probability space (2, F, P) and a
family of discrete random variables X, :  — I where {X,;;n > 0} is a HMC(v, IT)
and [ is a countable set called state space.

Definition 3.0.1. Given {X,;n > 0} a time homogeneous Markov chain, we define
the m-step transition probability, with m > 1, as

Py = P(Xp = j1Xo = i) = P(Xom = j1X0 = i), Visj €1

which is the probability of going from i to j in m steps. In this case, the transition
matriz is given as I1,, = 1™ = (pi;4,5 € 1).

Observation 3.0.2. Considering the last definition, for m = 1 we have the tran-
sition probability pg}j) = pij = P(X,41 = j| X, = i) which goes from 7 to j in one
step. Now, the transition matrix is II(Y) = II.

Moreover, we are checking that m-step transition probability is well defined,
hence we have to calculate pEQ) = P(X,s2 = j|X,, = 7). In order to compute
Xyt =7, X1 must go through some state k.

pg’?]) = P(Xpjo = j|X, =) :ZP<Xn+2 = j, Xns1 = K| X, =14

kel
_ - P = Ko =k X =)
_ 3 P = Ko =k X =) PlXns = Xo =)
kel P(X, =1) P(Xpp1 =k, X, = 1)
= > PXnpor =, Xnpa =k, Xo = i) P(Xnp1 = k, X, = i)
- Z P(Xoio = j|Xni1 =k, X, = i) P(Xn1 = k[ X,, = 1) = Zpi,kpk,ja
kel —

where the last result is the 7, j-th entry of the transition matrix IT%.

After that, if we do mathematical induction on the number of steps, we get the
following result.

Proposition 3.0.3. The m-step transition probability is the m-th power of the
transition matrix 11, that is to say 11" =11 T I1, Vm > 2

10



Proof. To study this proposition, we just need to prove the following equality

Y Zp g, Vm > 2
kel

which implies that II™ = II™ 11, because of the first definition. Using the condi-
tional probability we get

kel

= Z P(Xn+m =7, Xnom-1 =k, X, = 2)
— P(X,, =1)

. Z P(Xn+m — j, Xn+m,1 — k, Xn — fl) P(Xn+m71 - k,Xn — 7/)
— P(X,, =1) P(Xpim—1 =k, X,, =1)

. Z P(Xn+m =7J Xn+m—1 = k’, X, = 2) P(Xn-l—m—l = kan - Z)
— P(Xoimo1 =k, X, =1) P(X,, =1)

= Y P(Xnim = 1 Xnpmo1 = k, X = i) P(Xp i = k| X5 = 1)
kel

= > s V.
kel

Finally we have p” = > perPr ]pﬁ’;j 2 = el png*“ka as we desired.

g

Observation 3.0.4. From the previous proposition we get p” =D kel pl p;w,
now Viy, ..., i, € I we can rewrite the equality as follows

pz,] § pz Jim— lp%m Ly — § : Di iz Piysi " Pim—1,5-

im—1€l Tm—1,--501 €1

Now, considering the defined items and the outcomes obtained in the prior intro-
duction, we are already able to study the Chapman-Kolmogorov equation, which is
defined as following.

Definition 3.0.5. Let m,n > 0, then Yi,j € I the probability of going from i to j

m m—+n steps is
m+n
sz k plw
kel

which is called Chapman-Kolmogorov equation.
To continue, we have to see that the Chapman-Kolmogorov equation is correct.

We have to take into account that for going from ¢ to j in m + n steps; firstly we
are going from ¢ to k in m steps and then, from k to j in n steps. As a result we

11



have

pz(?""n) = P(Xm+n = j|X() = Z ZP min = ]’ = k|X0 — Z)
kel
= Y P(Xpin = j|1 X =k, Xo = i) P(X,n = k| Xo = i)
kel
- szkpk,y
kel

Observation 3.0.6. In this case, the transition matrix is given as II"*" = IT™II",
where m,n > 0. It can be defined due to the probability distribution is discrete
and the Markov chain is homogeneous.

Then we are studying the effects of considering that the first state of the HMC(v, IT)
is generated randomly, so Vj € I we can write

P(X,=j)=> P(Xo=iX,=j)=> P(Xo=i)P(X, =j|Xo=1),
el el
where P(X,, = j| X, =1) = p%) and P(Xy = i) = v;. Using this last notation, we
can rewrite the previous equality as follows
P(X,=7)= Z Vipl(j;-).
iel

With this we obtain the product between the transition matrix and a initial distri-
bution which form a vector, then we get

I/J(-n) =P(X,=j)= Z Vipl(j;-) where v = VII" is the law for X,.
el

Also using Observation 3.0.4., for all j € I, we can express the equality as

follows
1/](-") =P(X,=j) = Z Vzpm Z Z ViDijiy =" Pip_1,5-

el 1€l i1,.yin—1€1

To continue, we study how we can determine the law of the random vector
(X ooy Xp,,) with nq, ..., n,, > 0. For this, it is necessary using the distribution v
and the transition matrix II. In general, we use the compound probability to find
the law of the vector, so Viq, ..., 7, € I we have

P(X,, =1y, Xn,, = im)
- P(an - ’ll)P(Xn2 — i2|an — Zl) c P(Xnm — Zm‘an - il; "'7Xnm71 - ’l'm,1>
=Y wpl P .
kel

With this, the result obtained consists in the product of the initial distribution
and the elements of the stochastic matrix, which are raised to a given power, so it
presents the same characteristics than the law obtained in the case of the homoge-
neous Markov chain X,,.

12



4 (Classification of states

In this chapter, we analyze the way in which we can classify the states that compose
a Markov chain. This classification may be based in the communication relationship
that the different states present, so we study the possibility of moving from one state
to another and then come back to the initial state, or weather given a specific state
we do not move from this point.

In this section, we should take into account a probability space (€2, F, P) and a
family of discrete random variables X,, : 2 — [ where [ is a countable set and
{X,;n >0} is a HMC(v, IT) where the transition matrix is I = (p; j;4,7 € I).

4.1 Basic concepts

We begin defining two concepts which show us that Markov chains are divided into
parts.

Definition 4.1.1. Given the states 1,5 € I, we write © — j and say that j is
accessible from i if the chain can go from state i to state j in a finite number of
transitions with positive probability. This means that, for some n > 0

pgg) = P(X, = j|Xo = 1) > 0.

Once given this definition, we use it to introduce the following concept, in which
we talk about the possible relationship between two states.

Definition 4.1.2. The state i communicates with j if they are accessible between
them, in other words, this is i is accessible from j and j is accessible from i, which
we write as i <> j.

To continue, we are going to see that the property of communication is an equiv-
alence relation, so, it has to satisfy the properties of reflexivity, symmetry and
transitivity respectively, which are shown below

(i) pﬁﬂ) =P(Xo=1Xo=14)=12>0,801i <> in 0 steps.

(n)

(ii) If i <> j, exist n,m > 0 such that p;; >Oandp§-z?)>0,thenj<—>i.

(iii) If ¢ < j, exist ny,ne > 0 where pET)
(m1) (m2)

exist my, my > 0 where p;;°" > 0,p; ;> > 0, then ¢ <> [ because, using the
Chapman-Kolmogorov equation, the probabilities satisfy

n1+m szk pkl = pgy )png) > 0,
kel

n2+m2 Zplk p;“ > pl(] )pyzz) > 0.
kel

> 0, pg?) > 0 and also j < [, so

13



Therefore, we have that the property < is an equivalence relation which gives a
partition of the state space, I, into equivalence classes, which are called communi-
cation classes. Moreover, we have that two states that communicate are in the same
class. The concept we have just studied helps us to define the following property.

Definition 4.1.3. A Markov chain is irreducible if there is an unique equivalence
class, in other words, when every state communicates with each other.

Now, we define the concept of a closed class, which will be useful later for clas-
sifying states.

Definition 4.1.4. A subset C C I is a closed class if i € C' and i — j implies that
7 € C, that is to say, from a state of a class C we can never have access to a state
of I\ C (hence, we cannot move from it).

To continue, once given the last definition, we say that a class C' is closed if the
elements of the stochastic matrix satisfy the following property

me- =1,VieC.

jec

An alternative way to study whether a class C' is closed, is using the n-step
transition probability, which must take the following value pgz) =0, for all s € C,
jel\Candn >1.

4.2 Classification of states

Right now, we have defined some concepts, which form an introduction in order to
be able to study the behaviour of any state of a Markov chain, which depends on
whether we return to the initial state or not. For this, we begin defining two highly
important concepts within the classification of the states.

Definition 4.2.1. For any state i € I, we define
fi = P(X,, =1 for infinitely many n|Xo = i) = P;(X,, = ¢ for infinitely many n)
and hence, we say that © is recurrent if f; = 1, and it is transient if f; = 0.

In general, a state is said to be recurrent if we will return to it in the future, if
not, it is transient.

Definition 4.2.2. The first passage time to state i € I is defined as
T,=inf{n>1,X, =i},
this is the first time in which the chain visits the state 1.

To continue, we define a new concept which will also help us to determine if a
state is recurrent or transient.

14



Definition 4.2.3. The probability that a chain which starts in state i pass through
J, denoted p; ;, is defined as

pij = Pi(Tj < o0).

Once given the last definition, we can rewrite p; ; as follows

pig =) PATj = k).
k=1

Moreover, we have the particular case where the probability that a chain which
starts in state ¢ returns to the starting point, ¢, it is denoted as p; ;.

Now, we are going to introduce a new concept, for which we will need to consider
1 it X =k

the indicator function 1yx—z) = {0 it X AR

Definition 4.2.4. The number of visits that the chain does to the state 7, denoted
by N(j), is defined as

NG) =D Lixa—sy-
n=1

Considering the concepts we have just defined, we have an equivalence between
both elements {N(j) > 1} and {T; < oo}, given X, = 14, so the element p; ; can be
expressed as p; ; = P;(T; < 00) = P;(N(j) > 1).

To carry on, given the last property, we are going to prove the following equality

P(N(j) = k) = pigpy; ',k > 2.

Now, we are going to compute the probability that a Markov chain which starts
at ¢ visits the state j for the first time in the point of time k and, the next time it
comes back to 7, it takes n instants of time, then the probability is

P Xpnik =7, Xpsk1F Jyery Xp = Jy ooy X1 # | Xo = 1)
= P(Xn-l-k = ja "'7Xk+1 #.]|Xk - ])P(Xk = j7 "'7X1 7£ ]|X0 = Z)
_ BTy = m)PA(T; = k).

Using the expression of p; ;, we have that the probability of visiting the state ¢ at
least twice is

P(N(j)>2) = Y. P(Tj=k)P)(T; =n)

k=1 n=1
= | DR = k)) (Z Py(T; = n)) = PijPjj
k=1 n=1

After that, we do mathematical induction on the number of visits to the state j.
Assuming the result is true for k — 1, we will see that also holds for k. To continue,

15



we calculate the probability that a chain which starts at ¢ visits the state j for the
first time in the point of time [, after this, the chain will visit again the state j k—1
times.

P(Xn+k+'"+m+l = j7 "'7Xk+---+m+l = j7 "'7Xm+l = j> "'aXl = j7 "'7X1 7£ ]’XU = Z)

k—1
= BTy =n) 2 BTy = m)P(T; = 1),
As we have done previously, once computed the last equality, we have the following
probability

P(N(G)>k) = Y > > PB(T;=DP(T;=m)--- P(T; = n)

= (Z PAT; = w) <Z Pi(T; = m)) = (Z Pi(T; = n>>

m=1
k—1 k—1
PijPig " Pijg = Piiljj -
This result is very important, due to it will help us to demonstrate some of the
theorems, related with the classification of states, that we will find later.

Considering the concepts previously defined and given one state ¢ € I, if the
probability satisfies the following equality p;; = 1, then

Pi(N(i) =00) = lim Py(N(i) > k)= lim ppf;' = lim 1 =1

(N() = c0) = lim P(N()2k)= lim piip;;~ = lim :
and hence, the state ¢ is recurrent because we can visit this state oo times. Moreover,
the probability p;; may also be less than 1, p;; < 1, and in this case we have that

P(N(i) = 00) = lim P(N(i) > k)= lim p;pi;' =0
k—+o0 k——+o0 ’

and now the state 7 is transient, because the number of times we visit this state is
low.

Once studied the previous equalities, we focus on the definition of the number of
times that a chain visits one state, in this context, we will introduce the calculation

of the expected value. Therefore, given the expected value E;(1(x,-;1) = Fi(X, =

Jj) = pgz), the expected number of visits to state j, for a chain that begins in i, is

the following

E(N(G) = »i5.

Now, we study the relationship between different types of states of a Markov
chain and the expected value of the number of times that a chain visits them.

Theorem 4.2.5. Given a state j € I which can be transient or recurrent, then we
have E;(N(j)) = 222 or E;(N(j)) = oo respectively.

1-pj,j
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Proof. Firstly, we consider the case in which the probability p;; is less than 1, so
p;; < 1 and using the property P,(N(j) > k) = ,ompﬁj_-l we have

Py(N(j) =00) = lim B(N(j) > k)= lim p;;p};" =0.

k—+o00 k—+4o0

In particular, P;(N(j) = oo) = 0 and hence, the state j is transient. Now, we

compute the expected value

Ej(N(j) = Y kPi(N(G)=k) =) k(P(N(j) 2 k) = B(N(j) = k+1))

= > kpipkt = pisek) = pis(L=pig) Y kel
k=1 k=1

1 __Pij
L=pii)*  1—=pj,

= pig(l— pju')( < 00.
Secondly, suppose the following equality holds p;; = 1 and using the property
Pi(N(j) 2 k) = pi;pj;" we get

P(N(j)=00) = lim B(N(j) > k)= lim p;;-1""" = p;;.

k——+o0 k——+o0

In particular, P;(N(j) = oo) = 1 and hence, the state j is recurrent. From this
equality, we obtain that the value for the random variables is co, due to the prob-

ability of happening is 1, in this case, the expected value is E;(N(j)) = oo.
O

Once given the prior theorem, the opposite implication is also true. This means
that given the expected value of the number of times a chain visits one state, we
are able to know if this state is recurrent or transient.

To continue, we are going to study some important properties related with re-
current and transient states, which are necessary, in practice, to classify the states
of all classes.

Proposition 4.2.6. Given one state i, if i is recurrent and i — j, then j — i.

Proof. We begin assuming that the next property does not hold j — i, so we have
j #» i. This fact means that once the chain has reached the state j it will never
been able to return to the state ¢ again, in which it was located initially. Hence,
once we had given up the state ¢ we cannot come back again, so the state ¢ is not
recurrent, it is transient, which is a contradiction.

g

By the last proposition, we can check that given both states i, j; the state ¢ is
recurrent if once we have given up it we are not able to come back, this means that,
1 — j but j A .
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Proposition 4.2.7. Consider two states 1, if i is recurrent and ¢ — j, then j 1is
also recurrent.

Proof. To begin with, we know that if ¢ is recurrent and ¢ — 7, then also we
have that j — 1. Therefore, there exists integers M, m > 1 such that ]0]Z >0

™ > 0 and then, using the Chapman Kolmogorov equation, we obtain the

following outcome pg i Frm) pgl )pE’Z)pf 7/, which means that to go from state j

to the state j in M + n + m steps, we can go from j to ¢ in M steps, then from ¢
to ¢ in n steps and finally from ¢ to j in m steps. With this, we can compute the
following expected value

E(NG) = Y p) > Z p —Zp(f]”*”*’” > pltplm Zp
k=1

k=M-+n+m n=1

and pi j

= plIp™ BN (1)) = oo,

the last equality is due to the fact that i is a recurrent state, so now we have that
J is also recurrent.

g

To carry on, as an immediate consequence of both properties we have already
studied, we have the following results.

Corollary 4.2.8. Considering a communication class, C, then all its elements are
recurrent or transient.

Corollary 4.2.9. Given a class, C, which is finite, irreducible and also closed, then
all its states are recurrent.

Proof. Firstly, we have that a given class C' is finite and closed, which implies that
there is at least one recurrent state. The class C' is also irreducible, this means that
all its states are communicated so, considering the results studied before, these
states have to be recurrent.

g

Now, we introduce an example in which we analyze all the concepts we have just
studied.

Example 4.2.10. Consider the Markov chain with state space I = {1,2,3,4,5}
and transition matrix

1 1
104300
01030
=10 0 5 0 2
1 1 1
2030
1 1 1
3 03 03
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In this case there are two communication classes which are

C = {2,4}, Cy = {1,3,5}.

To continue, we analyze the communication relation that exists between the
different states in order to determine weather the previous classes are recurrent or
transient. For this, we use the diagram associated to the stochastic matrix, which
is

A
-

/_'_'_____‘_‘_\. :)
‘]Od 3 1

We begin studying the states of the class C';. In this case, the state 4 is transient
because if we start in this state, we are able to move to state 1 and once there
we cannot return back to state 4. We know that if a state is transient, the rest
of the states within the same class are transient too. Hence, the whole class C' is
transient.

Finally, we study the defining characteristics of the class C5. This class is closed,
because of we can move from the state 4 € (4 to the state 1 € C5, but once we
reach the class Cy we are not able to give up this class. Furthermore, this class is
finite and irreducible due to all the states satisfy the property of communication,
then, based on Corollary 4.2.9. (5 is a recurrent class.

Once defined the concepts of recurrent state and transient state, and having
studied some of their properties, we can define new ways to classify the states of a
Markov chain.

Definition 4.2.11. A state i@ of a Markov chain is called absorbing if p;; = 1, so
an absorbing state is necessarily recurrent.

With the last definition, we obtain that if a Markov chain is in an absorbing

state 4, it will not leave it due to p;; = 0,Vi # j, so the closed class is only make
up by state i, C' = {i}.
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Definition 4.2.12. An essential state is one that allows exit and return, in other
words, given an essential state i for all 7 € I such that i — j it is also true that
J =i

Given the prior definition, if the state allows to leave it but not to return, then
it is called inessential, hence state ¢ is inessential if for j € I exist n > 1 such that
pgz) > 0 but pg-ff) =0,Vm > 1.

4.3 Periodicity and cyclic classes

Now, we suppose the state space is made up of disjoint sets and at each point of
time we go from one set to another until at the last moment we return to the initial
set. These sets are called cyclic subclasses, which we analyze later, but first we
will study the period of the essential states which determines the number of cyclic
subclasses that each one of them has.

Definition 4.3.1. Given essential state i € I, the period of the state i denoted d(7)
is d(i) = gcd {n > 15171(',7? > O}, so we say that the state i is periodic if d(i) > 1.

Moreover i is said to be aperiodic if d(i) = 1.

Hence, we have seen that a state ¢ € [ is periodic if the greatest common divisor
of the number of steps to return to the starting point is greater than one.

To continue, the following proposition studies the fact that if all states are in
the same class, then they have the same period.

Proposition 4.3.2. Consider two states i,j € I which satisfy the following property
i <> j, then the period of the states are the same, d(i)=d(j).

Proof. Given i,j € I a pair of distinct states. Then i <+ j and there exists n,m > 1

such that p§j;.) > 0 and pg-f?) > 0, thereby we have pl(-erm) > pgz)pﬁ) > (0 and hence,

n 4+ m must be divisible by d(i). Let & > 1 such that pgkj) > 0, now we have
pETHm) > pig)pgi)p%) > 0, in this case d(i)|n + k 4+ m, thus k is divisible bu d(z).

This is true for every k such that p% > 0, so d(i)|d(j) by the definition of period.
Reversing the roles of i and j we have d(j)|d(i), so d(i) = d(j).

g

Consequently, the period of a class can be defined as the period of its states.

Now, we consider the congruence equivalence relation, so given m,n € Z we have
m = n(mod d) which means that m — n is divisible by d. For the following results,
we suppose that C' forms an essential states class and we fix a reference state i € C'
with period d.

To continue, given j € C' and considering » > 1 such that pg»? > 0, if the
probabilities satisfy pggl) > 0 and pl(»z) > 0, then we have that p(f-"w) > pgg?)pg-? > 0
and ™t > pmp0)

1,0
p 17; p;: > 0. Suppose that the period of the state ¢ is d, so it divides
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m—+r and also n+r. Consequently, m —n is divisible by d and hence we can rewrite
this fact as m = n(mod d). Finally, we define s; as the remainder when n is divided

by d for any n with pgz) > 0.
Corollary 4.3.3. For any j € C corresponds an integer s; = 0,1,...,d — 1 such
that pgz) > 0 which implies that n = s;(mod d).

To carry on, we are going to present the cyclic classes. In order study this
concept, we will need the outcomes obtained right now, where we have been studying
the congruence relation, so considering h € {0, 1,...,d — 1}, we define

Chn={j¢€ C;pl(»j;-) > 0 for s; = h(mod d)} ={j € C;PEZ-) > 0 for n = h(mod d)},

the last equality is due to the congruence for a fixed module is an equivalence
d—1

relation, moreover Cy = Cy. Once given this, we can express C' = U C}, so the sets
h=0
Co, ..., C4_1, which are disjoint, are called the cyclic subclasses of I.
Now, we study a result that will be helpful when classifying the states that
compose a Markov chain into cyclical subclasses. This result takes into account all
the non-null elements of the transition matrix.

Proposition 4.3.4. Given j € Cy and p;; > 0, by convention Cy = Cy it follows
that if k <d—1, thenl € Cyy1 and if k =d — 1, then | € C.

Proof. Let n > 1 such that pgz) > 0, we have that pl(.jfl) > pig)pj,l > 0. As j € C},
we get that n = k(mod d) and, as the congruence equivalence relation is preserved
by sums, we obtain n + 1 = k + 1(mod d) which implies that [ € Cy1.

4

To carry on, we introduce an example, of a Markov chain with finite state space,
in which we study the period and the cyclic subclasses.

Example 4.3.5. Consider the Markov chain with state space I = {1,2,3,4,5,6,7}
and stochastic matrix

|

|
O wow= O = O O
O wikwhy O O O O
O O OO O O
OO O OO0 O -
w= O O O O OO
why O OO O O
oS O O O o~ o

In this case, we have that the Markov chain is irreducible, due to there is an unique
equivalence class. Now, we study the cyclic subclasses that the chain has. For this,
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we note that all states are essential, thus, the period of this class is the period of
any state. Consider for example the state ¢ = 1, and then d(1) = 3. Therefore,
there are three cyclic subclasses and these are the following ones

C’0 - {172}7 C, = {47 7}7 Cy = {37576}

4.4 Example: an analysis of the random walk on Z

In this section, we have an example in which we analyze all the concepts that we
have studied previously.

As we explain in the first chapter, this example focuses on the real line of integers.
We started at state ¢ and each time of point we can move one step forward or one
backward with probabilities p and ¢ = 1 — p respectively.

Using the previous explanation, it is easy to check that all the states communi-
cate, thereby there is only one class which is irreducible.

To continue, we know that all the states of a given class should be recurrent or
transient. In our case, we will focus on checking if the initial state, which is the
state 0 (X, = 0) to simplify, is recurrent or transient and then we will have that
the rest of the states belong to the same type.

Before carrying on, we need to mention that the stochastic process is composed
by random variables (; that follow a Bernoulli distribution, then the stochastic
process X, = >, (; follows a Binomial distribution so we have that

P(X, =2k —n) = (Z

) p*(1 —p)" % where k = 0,1, ..., n.

Now, to classify the state 0, we use the Theorem 4.2.5., so it is only necessary
consider the following sum >~ p(%), which is the expected value of visits to the
state 0, for a chain that begins in 0.

. . . 2n+1
Firstly, if we consider m as an odd number we have p(() o T = 0, so we cannot

come back to the initial state 0 with an odd number of movements, due to the
number of steps to the right should be equal to the number of steps to the left.
Then, if the number of movements is even we have that

Therefore we get

) N~ e N (20 n W N (20) .
Z_:lpo,o —;po,o —Z_;(n)p (L=p)" =) S p"(1=p)",

in this case, Stirling’s formula, if n is large, provides a good approximation to n!,
and using the notation of [3, pag 9] we have

1
n!l ~n"T2e "2 asn — oo.
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Hence, we can approximate the probability pgfgl ) ~ %. To continue, we

have to consider two cases, the first one is when p = 1 then we have p((fg )

the sum is . .
(m) 1
ITED I
m=1 n=1 n

in this case the state 0 is recurrent as the last sum is infinite, and hence, all states
are recurrent.

~ 1
R 80

The second case is when p # 1, then p((fg ) ~ % = \;—% where 0 < r < 1 so
the sum is
o o 7"’”’ oo
(m) n
Z Poo ~ — < r < 00
m=1 n=1 mn n=1

and now the state 0 is transient as the last sum is finite, and hence, all states are
transient.

Finally, we are going to study the cyclic subclasses. We observe that all the
states are considered as essentials, due to if we move from anyone of them we are
able to come back in a future point of time.

As we said before, the chain is irreducible, then exists an unique class which has
a period of 2, so we just have two cyclic subclasses which are

Co={j € Z;p{) > 0 for n = 0(mod 2)} = {0, +2, +4, ...},

Cir={j € Z;p) > 0 for n = 1(mod 2)} = {£1,+3,45,...}.
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5 Hitting times

In this chapter, we should take into account a probability space (2, F, P) and a
family of discrete random variables X, : @ — I where {X,,;n > 0} is a HMC(v, II)
and [ is a countable set called state space. Let A be a subset of the state space I,
so AC .

In this section, we study which is the probability that a Markov chain reaches
a state which is within the subset A. In order to analyze this concept would be
necessary to introduce some new concepts.

The random variable H4 : Q — {0,1,2,...} U {oo} defined by
H* =inf{n>0;X, € A}

is called the hitting time of A, which is the first time the chain hits the subset A.
In addition, if we consider the empty set, then its infimum is oo.

To continue, we define the probability that, starting from state ¢ € I, the chain
hits A as
hit = P(H” < o).

Consider the particular case in which the chain is initially in state ¢ and also i € A,
then we have that the hitting time is H* = 0 and the probability h#* takes the
following value hi' = 1. We also have to consider the case in which the subset A is
a closed class, then h# is called absorption probability.

Now, we study the average time a chain needs to reach the subset A. This fact
is called mean hitting time and is defined by

pit = E(H*) =Y nP(H* =n)+ coP(H" = ).

In this case, we also consider the fact in which the subset A is a closed class, then
pst is called the absorption time.

In practice there are some cases in which we use the following notation
ht = Py(hit A), p* = E;(time to hit A)

because these expressions are easy to find once we have the stochastic matrix.

To continue, we are going to study all the possible values that the probability h#
can take in function of whether the state 7 is on the subset A or not. To make this
analysis, we use the minimal solution expression which means that if x = (z;;7 € I)
is a minimal solution and y = (y;;7 € I) is another solution such that y; > 0, then

Theorem 5.0.1. The vector of probabilities h* = (h*;i € I) is the minimal non-
negative solution of the following system
{ hit =1 forie A

' 5.1
h? = ngpi,jhf fora §é A. ( )

24



Proof. Initially, we show that the probability 24 is a solution of the system. Firstly,
if Xo =1 € A, then H* = 0 and in this case the probability is h4 = 1. Secondly, if
Xo=1¢ A, then H* > 1 and using the Markov property we have

P,(H* < 0o|X; = j) = Pj(H* < 00) = !
and hence

h' = P(H"<oo)=) P(H"Xi=j)=) P(H"<oo|Xi=j)R(Xi = j)

= Z hfpz‘,j

Jel

Jjel Jjel

with this we have that h{' = > jer pijhi', Vi ¢ A and hence h*! is a solution of (5.1).

In general, there exist multiple solutions for the system. In this context, let us
to prove that the vector h* is the minimal solution. Now, suppose [ = (I;;i € I) is
another solution to (5.1) so we have h! = [; = 1 Vi € A, if otherwise we have i ¢ A
we can rewrite the linear equation l; = ) jer pi;l; as follows

li = Zpi,jlj + Zpi,jlj-
JEA JjgA

In the last expression we substitute {; and we obtain

li = Zpi,jlj + Zpi,j (Z Pikle + ij,klk>

jeA jgA keA k¢ A

= P(X1€A)+P(Xo€ A X1 ¢ A)+ Z Zpi,jpj,klk-
JgA kA

Repeating this argument, which consists in substitute for /; the final term we have

+ Z T Z Dij1Pji.gz " - .pjnflvjnljn'

]‘1(7?14 jn¢A

Finally, if the solution /;, is non-negative and the previous terms P;(X; € A), ...,
P(X, € A X, 1¢& A, ...,X; ¢ A) sum to P(H* < o0), then [; > Pi(H* < n)
which implies that

;> lim P(H* <n)=P(H" < c0) = hi

n—-+00

With this we get that the vector of probabilities h* = (h#;i € I) is the minimal
non-negative solution to the linear equations (5.1).

g
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Once we studied this result, we find a similar fact for the vector of mean hitting
times p# in the following theorem.

Theorem 5.0.2. The vector of mean hitting times p” = (ui;i € I) is the minimal
non-negative solution of the following system

{ pd =0 forie A
pt =1 +Zjefpi,jﬂ}4 fori¢ A.

Proof. To begin we show that the mean hitting time 1 is a solution of the system.
Firstly, if Xo = i € A, then H* = 0 which implies that u# = 0. Secondly, if
Xo=1¢ A, then H* > 1 and using the Markov property we have

E(H X1 = j) = 1+ Ej(H") = 1 +
and hence using some properties of the conditional expectation we get
pl o= E(HY) =) E(H'Lix—p) =) E(HYX) = j)P(X: =)
jEI jEI
= 1+ sz‘,j,uf-
J¢A

with this we have that u# =1+ > jea iy, Vi ¢ A and hence p# is a solution for
the system.

In general, there exists multiple solutions for the system. In this context, let
us to prove that the vector y# is the minimal solution. To continue, suppose that
r = (ri;i € I) is another solution to the system, so we have k* = r; = 0, Vi € A.
Now suppose that i ¢ A and then we have

ri = 1+Zpi,j7’j:1+zpi,j <1+ij,k7“k>

JgA JgA kgA
= P(H*>1)+ P(H">2)+ Zzpi,jpj,krk-
GEA kA

Repeating this argument, which consists in substitute for r; the final term we have
ri=P(H = 1) 4+ B(H >n)+ Y piji Pinrialin-
jl:~~~7jn¢A

Finally, if r;, is non-negative we get

ri > lim (B(H* > 1)+ -+ B(H* > n)) = E;(H*) = !
n—-+0oo

and with this we get that the vector of mean hitting times p* = (u';i € I) is the
minimal non-negative solution of the system.

4
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To continue, we introduce two examples in which we analyze the concepts pre-
viously studied. In the first one the state space is finite but in the second one not,
in this case, the minimality condition is essential.

Example 5.0.3. Consider the Markov chain with symmetric random walk on the
integers 1,2,3,4. We want to study which is the probability of absorption in 1 if
we start in the state 2 or in the state 3. Using the result of the first theorem, this
is the system (5.1), we have to compute hy = Py(hit 1) and hy = Ps(hit 1).

1

2

: : :)1
1 C — - e -
1 2 3 4

First we get hy = Pj(hit 1) = 1 this is the probability of hitting 1 if we left 1.

Now, suppose that we start at state 2 and consider the situation after making
one step, so we jump to the state 1 or to the state 3 with the same probability

which is % and hence we have

1 1

Similarly, the expression is obtained for the probability h3 and this is
, 1 1
h3 = Pg(th 1) = §h2 + §h4

Both equations we have just found form a system of linear equations and hence, is
easier to get the values of hy and hs so, we have

h2:§+%h4
hs = % + 2hy.

The value of hy is not defined by the system (5.1) because being in state 4 we cannot
reach the state 1. In this case, we use the minimality condition and hence we get
hy = Py(hit 1) = 0. Substituting this value in the previous system we have that hy
and hs take the following values hy = % and hy = % respectively. If we had not used
the minimality condition the result would be the same because, as the state space
is finite, to study the probabilities h;, is only necessary the prior diagram.

To continue, we compute the time that must take until the chain is absorbed
in state 1 or 4 if we start in the state 2 or in the state 3. In this case, we have
to compute the value of mean hitting time uy = Ey(time to hit {1,4}) and pg =
Es(time to hit {1,4}) using the system of Theorem 5.0.2..
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First we get p; = g = 0 because we are initially in one of the states in which
we want to arrive.

Now, suppose that we start at state 2 and consider the situation after making
one step so we jump as we defined before. In this case the mean hitting time is

—1+1 —1—1 —l—i—l
M2 = 2#1 2#3— 2#3-

Similarly, the expression is obtained for the mean hitting time p3 and this is

=1+ L + L= 1+ L
3 = 2#2 2/~L4 = 2#2.
Using the two equations which we have just found, then, starting in the state 2, the
mean time for the chain to be absorbed by the state 1 or 4 is 2. On the other hand,
if we are initially in the state 3, the mean time to be absorbed by the state 1 or 4
is also 2.

Example 5.0.4. In the first chapter, we studied the example of a random walk on
Z with absorbing barriers, also called Gambler’s ruin on 0,1,... . Let us consider
the homogeneous Markov chain with the following diagram

TN TN Y

! T 2 i-1 i i+
CO - S

Suppose that the gambler plays at heads or tails and initially he has ¢ coins,
at each point of time he wins or loses one coin with probability p or ¢ = 1 —p
respectively. The game ends when the gambler loses everything. We want to study
the probability that the player loses everything, we note that the only absorbing
state is {0}.

The transitions probabilities are

Poo = 1
Dii—1=1—p, piiy1=p fori=1,2,....

We want to study the probability h:' for state 0 when we start at state 4, in other
words, we want analyze h; = P;(hit 0). Using the previous theorem we have the
following system

ho=1

hi = th_l + th_l for i = 1,2, e

In this case, we have a recurrence relation of the form rh;; + sh; +th;_; = 0 where
r and t are non-zero. We compute a solution of the form h,, = A", so we have
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rA%2 + s\ +t = 0. There are two solutions of the quadratic equation, these are
Ay =1land \_ = 1%, then h, = A} 4+ aA” is a solution.

Firstly, if p # ¢ we have that A\, # A_ and we can solve the following equation
ho = a + B which implies that § = hg — a = 1 — a. Therefore, the previous
recurrence has the following general solution

hizl—a+a(g) , fori>1
p

where a € [0, 1] and the probability h; takes different values depending on the values
p and ¢. To continue we study two cases

(i) If p < q, then as h; € [0,1] implies that & = 0 and hence the minimal solution
is given by h; = 1.

(ii) If p > ¢ and we have to find a minimal solution, the value of o has to be the

biggest one, then o = 1 and the minimal solution is given by h; = <g> )

p

Finally, if p = ¢ = %, then we have that Ay = A_ =1 and h,, = (8 4+ na)A?} is a
solution. To continue, we can solve the following equation hy = S} which implies
that SA7} = 1. Therefore, the previous recurrence has the following general solution

hi=14+«ai, fori>1

in this case the restriction h; € [0, 1] implies that & = 0 and again we have h; = 1
for all i.

In conclusion, for p < % the player loses everything.
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6 Distribution and measure

In this chapter, we shall study the limiting behaviour of Markov chains when at
time n approaches infinity. In particular, we will focus on the relationship between
this behaviour and probability distributions which are invariant. The previous
concept tells us the fraction of times that the Markov chain spends in each state
as n becomes large. Moreover, we study other utilities that has this distribution in
Markov chains.

In this chapter, we should take into account a probability space (€2, F, P) and a
family of discrete random variables X, : Q@ — I where {X,,;n > 0} is a HMC(v, II)
and [ is a countable set called state space.

6.1 Stationary or invariant distribution

In this section, we study the relationship between the long time behaviour of Markov
chain with the invariant distribution or measure. Remember that a measure p is
a row vector pu = (p;;1 € 1) with non-negative entries. Moreover the measure p is
invariant if pll = p.

Definition 6.1.1. Given v = (v;;i € I) a row vector which is a probability distri-
bution such that satisfies
0<y <1, Viel and Z%-zl
iel

and considering I1 = (p; j;i,j € I) a stochastic matriz, then if

Z’}/Z’piJ‘ =Y, VJ el (61)

iel
we say that v is an invariant distribution or stationary distribution for stochastic
matriz 11.

For a Markov chain {X,;n > 0} with transition matrix IT and invariant distri-
bution 7, we can rewrite in matrix form the condition (6.1) as follows
Y =~
where 7 is a row vector as we said above.

Given v an invariant distribution, we will study that the distribution (or law) of
the HMC(~, II), {X,;;n > 0}, is independent of n, for all n > 0. Therefore, we will
see that all random variables X,, have the same law.

For n = 1 we have the equality (6.1) which we have analyzed previously. Now
we study the case in which n is 2, for this we will use the Chapman-Kolmogorov
equation so we have

Z%‘p%) — Z% Zpi,kzpk,j = Z (Z %‘pi,k) Dk,j = Z%pk,j =,

iel el kel kel iel kel
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and hence we get ’y]( ) = =P(Xo=17)=2> s ’yl-pg?j) = 7; which is the same law as the

previous case, where n = 1.

After that, we use mathematical induction over the number of steps needed in order
to the chain reaches the state j. Assuming the result is true for n — 1, we will see
that also holds for n. To continue, we want to compute the distribution of the
random variable X,,. For this, first of all, we study whether equality (6.1) holds but
in this case are needed n steps to go from state ¢ to state j, so we have

S = 3w ST v =% Y P i

icl i€l inyein_1€l i€l ina€l
_ (n— .
- ,ylpl Jin—1 pln 1’.7 f}/zn 1p74n 1.J — /7]7
in_1€1 el in_1€1

in this case we get ’yj(»") =P(Xn=17) =2 s %-pg}-) = v; and this is the law of the

random variable X,,.

Therefore, if the distribution of the initial state Xj is 7y, then the following equality
> el %'p,(z) = 7; implies that, for all n, P(X,, = j) = =, so, all random variables
have the same law. In addition, we can note that the distribution of all random
variables is independent of n.

To continue, once given the definition of invariant distribution and some proper-
ties, we study the existence of an invariant distribution for any stochastic matrix.
After this, we analyze this fact through some examples.

Proposition 6.1.2. Given a homogeneous Markov chain {X,;n > 0} with finite
state space I, then all stochastic matriz 11 has an invariant distribution.

Proof. First we consider a probability over the space I, which we refer as w =
(w;;i € 1), it satisfies 0 < w; < 1 and also ), , w; = 1.

Before carrying on, we say that the number of elements which the finite space I
contains is denoted as || and it is called cardinal.

To continue, we define for all n > 1 the equality w, = * Zm o Wil (m) " and now
we analyze that w,, also defines a probability over the space I. On the one hand we
have

1 n—1 . 1 n—1 .
Downi = DD D w =3 wi p

i€l i€l m=0 jeIl m=0 jeI el
n—1
1 1
= —E ij-lz—ngwjzl,
n - n <
m=0 jel jel

and on the other hand we get that w,; > 0 because w € [0,1] and also p;; > 0.
Then, both necessary conditions are satisfied in order to consider w,, as a probability.
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The set of probability over the space I is a closed and bounded set in [0, 1]17].

To continue, suppose that there exists a convergent subsequence whose limit is an
element of the set defined above. This element has to be a probability over the
space I, which we note as . Thus, for any subsection {w,;;j > 1} we have that
wy;, when j takes very large values, converges to 7.

Now, we analyze that the probability v is an invariant distribution. First we
have

n;j—1 n;—1
1 1 < 1
Wy, — Wy, Il = — E wIl™ — — E wIIMHD = — (1 — wII™)
" m=0 " m=0 "

and hence as {w —wlIl™; j > 1} is a bounded sequence due to state space I is finite
we have

1
jgrgo Wy; — Wy, 1T =y — A1, jgglm n (w wll' ) 0.

with this we get that v — vII = 0 and hence, 7 is an invariant distribution for II
because the following equality is satisfied yII = ~.

g

Now, to study the previous concepts, we will use two practical examples that
differ on the number of invariant distributions for the stochastic matrix.

Example 6.1.3. Consider the Markov chain with state space I = {1,2} and tran-

sition matrix

In this example, we want to study that this chain has an invariant distribution -.
To find this distribution, we have to prove the equality vII = ~, this is

(1 72) < ) = (n )

with this we obtain the following equations

[N e
[SH N[V}

(SN
Ul W

"= i% + %727

Y2 = %’Yl + %’Yz-

Moreover, we know the vector « is a probability distribution, so it also has to satisfy
the equality v; + v = 1.

Once resolved the system of linear equations, we find that v = (%, %), all the
components are positive and satisfy the three equations above, so they represent an

unique invariant distribution for the chain.
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With this example, we have seen that the Markov chain with finite state space
has an unique invariant distribution. To carry on, we prove the prior result in one
of the examples that we have defined in Section 1, the random walk on Z with
absorbing barriers, with finite state space. In this case, we will see that there may
be more than one invariant distributions, therefore, the result above only assures
its existence.

Example 6.1.4. In this case, the Markov chain with state space I = {0,1,..., M}
is given by stochastic matrix

10 0 O 0
g 0 p O 0
0 g 0 p 0
m= [0 0 ¢q O 0
00 --- g 0 p
o0 --- 0 0 1

Now we want to compute the invariant distribution for the stochastic matrix II. For
this, we have to analyze the following equality vIT = v where v = (v1,72, .., Ya1)5
so we have the following system

Yo = Yo + M4,

Y1 = 724,

Yj = Vj—1P + Vj+1q for j =2, M — 2,
YM-1 = YM-2D,

YM = YM-1DP + VM-

Moreover, we know that the vector v is a probability distribution, so it also has to
satisfy v+ -y =1 and v, > 0 for all ¢ € [I.

Once solved the system of linear equations we get that v; = -+ =71 =0 and
Yo + vam = 1. Hence the family of invariant distribution is

v=(1-0a,0,...,0,a) for € 0,1].

In the last example, we observe that sometimes there exists more than one in-
variant distribution, so this distribution is not always unique. Moreover, in the last
two examples, we have seen that there is at least one invariant distribution.

In the following theorem, in which we can note the relationship between invariant
distributions and n-step transition probabilities, we study that the invariant distri-
bution is an equilibrium distribution because for all instants of time the invariant
distribution is the same.

Theorem 6.1.5. Given the state space I which is finite, we suppose that for some

1 € I is satisfied that
pgz) — v asn— oo foralljel,

then v = (v;;j € I) is an invariant distribution.
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Proof. Firstly, we know that 0 < ~; < 1 for all j € I, this also holds for the

probability p§j;.) so this is 0 < PEZ) <1lforalln>1andije€l. Now, we analyze
the vector v and see that it is a probability distribution. Using the commutation

between the summation and the limit, due to state space is finite, we have

;= lim p;/ = lim E = lim 1=1.
z; i —7 n—+o0o ’] n—+oo 7 pz’] n—+oo
JE JE j€

Finally, using the Chapman-Kolmogorov equation, we analyze if v is an invariant
distribution, so we get
(n)

;= lim p,/ = lim
i n—)—&-oopz’] n—>+oop

(n+1) _

2y}

ngglooZmpk,g angn PPks =D Wb

kel kel

with this we get that the vector v is an invariant distribution because the equality
holds.

g

Once given this result, we consider an example in which the state space I is not
finite, this can be the random walk on Z which we have studied in Section 4.4,
then the limit of the Frobability to go from state i to state j in n steps is invariant
because it satisfies p; ; — 0 := 7; as n — oo for all ¢,j € I, but the vector v is
not a probability dlstrlbution because ;. ;v # 1 as well as it is not an invariant
distribution.

To continue, we introduce a practical example in which we study the result we
have just studied.

Example 6.1.6. Consider the Markov chain of Example 6.1.3.. Our goal is to

compute the transition probabilities p( ") and p22)

First we have to compute the eigenvalues of the transition matrix II. For this,
we calculate the characteristic equation, this is

1 4 3
det(IT — AId) = Lo (2o 2o
et( ) O:>(4 )(5 > 50~V

thus, solving the equation we obtain the following eigenvalues 1, - 55- Now, we can
rewrite the transition matrix II as a diagonal matrix and hence exists an invertible
matrix A such that

10 "0
HzA( I)A‘1=>H(”):A< 1n>A‘1.
0 35 0 (3)

Now, we want to compute the transition probability p Usmg the n-th power
of the stochastic matrix we have

(n) . 1 n 1 n
=a-1 — _ .
hii =« p (20> atp (20)
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To continue, we calculate the values of the constants a and 3, so we have to solve
the following system of linear equations

0
{ 1=pl=a+p
1
L=pll=a+ 58
so, the values of the constants are the following o = % and § = }—g.

Now, we use the last theorem applied on the probability p&?) and we have

L 4151\ _ 4
im = lim (—+— (= =— =
oo P11 T LA\ 19 T 19 20 19 ™M

and with this we obtain that the distribution ~; is invariant. If we had computed
the probability pé”l) , the result would have been the same. Now, we repeat the same

idea on the probability pgnz) , then we get

— -1 ) = =
Dao = M + A (20> T <20) )

and now we want to compute the constants p and A, so we have to solve the following
system of linear equations

0
{ L= phy =+
1
= p) =+
4
1_97

b o — i (15 A (L)) 15
im = lim |—+— (= = — = .
e 22 7 50\ 19 T 19 \ 20 19 7

With this we obtain that the distribution 7, is invariant. If we had computed the

probability p§”§ the result would have been the same. Therefore, by Theorem

6.1.5. we get that v = (71,72) = (55, 12) and it is an invariant distribution.

In this case, we obtain the values pu = }—g and A\ = and hence the limit is the

following

In the examples of this chapter, we can observe that the invariant distribution
may not exist, be unique or more than one distribution may exist. To continue,
we are going to introduce some results that allow us to set conditions in order
to guarantee the existence and uniqueness of the invariant measure. Firstly, we
remember the concept of measure and invariant measure.

Definition 6.1.7. A measure is any row vector p = (p;;i € 1) with p; > 0 for
all v € I. Moreover, we say a measure i is invariant, if for any transition matric
II = (pij;1,7 € I) satisfies

Zﬂz’pi,j = u;, Vjel,

el

this equality in matrix form is the following pll = p.
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Now, in the following result, we analyze the existence of the invariant measure.

Theorem 6.1.8. Given the stochastic matriz II = (p; j;i,j € I) of the Markov
chain {X,;n > 0}, which is irreducible and all states are recurrent. Consider

then
(i) A\l € (0,00) for alli € I.
(i) X' = (A\[;i € I) satisfies N'II = \.

Proof. Given n > 1 we have that the element {7, > n} depends only on X, ..., X,, 1
because none of the random variables X,, for all n > 1 are in state r. Using the
Markov property at time n — 1 we get

Pr = (Xl = l, ...,Xn_l = ’L,Xn = j and TT 2 n) = PT<Xn_1 = ¢ and Tr Z n)pi,j.

We also know that the states of the Markov chain are recurrent, so it is satisfied
P.(T, < o0) =1, which is the same as P(Xy = X7, =) = 1. Now, we have

Ty [e’s) [e%s}
>‘§ =k, Z Lix,= = Er Z jl{Xn:j and 7,>n} = Z P(Xy =jand T, > n)
= n=1 n=1

To continue, the chain, before visiting the state j at time n, has been in some state
1 € I at time n — 1 so, this is the following

X = Zipr(xn_l =i, X, =jand T, > n)

i€l n=1
= ZPZ]ZP n-1=7dand T, > n) = ZPHE Zﬂ{xl i and T,-1>1}
icl i€l
T,-1
= Y piE Z]l{xl = Apij
iel el

and with this we have that the following equality is satisfied \"II = A", which shows
(ii).
To continue, we have to prove (i). For this purpose, we know that all the states

of the Markov chain communicate among them. Then, for each state ¢ € I there
are n,m > 0 such that pET) > 0 and p,(nni) > 0, with this we have

ZAkpkz = )\Tprz pf"z) > 07
kel
and, in addition, we obtain that 1 = A =3, _; kpk - /\7"pZ o+ - With this we get
Al < -5 < oco. Hence, the vector X" satisfies A7 > 0 for all i € I, this shows (i).
p

1,7

i
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In the previous theorem, the equality \] = E, ZZ;_Ol 1x,=i is defined as: given
a fixed state r, A] is the mean time we have been in the state ¢ before reaching the
state r. Moreover, remember that 7, = inf{n > 1; X,, = r} is the first time the
chain visits the state 7.

To continue, we will analyze a concept which we have used to study the result
which we have proved above.

Observation 6.1.9. Consider a Markov chain that starts in the state r, then we
have that 25;61 1¢x,=r} = 1 and this implies that

Tr—1

No=E Y Lix,—ny=E()=1
n=0

Now, once analyzed the existence of the invariant measure, we are going to study
the uniqueness for this invariant measure. In the following result we see that the
uniqueness is satisfied except for multiplicative constants.

Theorem 6.1.10. Given the stochastic matrix 11, which is irreducible and all states
are recurrent, then the invariant measure p for Il is unique up to a multiplication
by a constant.

Proof. Firstly, given the invariant measure u, we want to prove p > u,A". Therefore,
considering the measure pu we have that

Hj = Zﬂiopio,j = Z HigPio,j + HrPrj-

o€l 10FET

To continue, applying the same procedure to j;, we obtain the following equality

My = Z (Z iy Diy i T :quT:iO> Pio,j T HrPrj

toF#r \irF#r
= D> HaPiioPioy + (Z PrPrioPio,j T Mrpr,j) ;
i07i17ér 7:0757‘

and now, once calculated the previous equalities, we repeat this fact n — 1 times,
and then for all n € N we obtain that

/"L] = E : Minpinvinfl o plOv]

10 yeeeyin T

+ b Z Driin_1 """ Pigyg T F Z DriioPio,j T Pr.j

10,50y in—17T ioF#T

>uP(Xi=jand T, > 1)+ -+ pu.P.(X, =7 and T, > n)

:;L,,ZPT(Xk:j and T, > k) — p,\; as n — oo.
k=1
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In this case, for each j € I, we get the following relation p; > p, A7 for all j € I, so
this implies that g > u, A\".

In addition, if the irreducible Markov chain has all its states recurrent, then, by
Theorem 6.1.8., \" is invariant, and hence, & = p — p, A" is also invariant and
a > 0. We have I1 is irreducible so, given i € I we can go from state i to state r in n
steps, thus pgﬁ) > 0. Using this we have 0 = , — 1, A\ = o, = 33, oszg»f? > ozipz(ﬁ),
and hence o; = 0. This implies that the vector a = (ay;1 € I) is null because all
its components are null, so we get that 0 = a = p — p, A" which is the same as

= A" where p, is a constant, therefore, the invariant measure is unique.
O

With the results we have analyzed, we have been studied the existence and
uniqueness of the invariant measure. Now, we will introduce a practical example in
which we analyze the concepts we have studied in the last two theorems.

Example 6.1.11. Consider the example of the random walk on Z which we study
in Section 4.4. In this case, we have to consider the symmetric random walk, this
isp= % = ¢ so, the stochastic matrix is

10100
I = 02040
00301

In this case, the Markov chain is irreducible and also all its states are recurrent.
Now, we have to prove that the measure p = (u;;4 € I) is invariant, so it has to
satisfy the following equality pulIl = p and this is equivalent to p; = %pi_l + %piﬂ
for all + € I. The previous equality holds if pu; = 1 for all 7 and hence, the measure
[ 1s invariant.

6.2 Positive recurrence

Now, we analyze the different types of recurrent states which we can find. Moreover,
we also study the relationship between these states and the invariant distribution.

First, remember that a state ¢ is recurrent if it satisfies the equality P;(X,, =
i for infinitely many n) = 1. In chapter 3 we studied that this is equivalent to the
following one p;; = Pi(T; < 0o) = 1. To continue, we introduce some new concepts.

Definition 6.2.1. A state i € [ is said to be positive recurrent if, starting at
the state i, the expected time till the chain returns to the state i is finite, this is
equivalent to m; = E;(T;) < oo.

In the case in which the state © € I is recurrent and does not satisfy the previous
condition, in other words if m; = E;(T;) = oo, the state i is called null recurrent.
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In the last definition, the variable m; is called mean recurrence time at state ¢,
which is the expected return time to this state.

To continue, we analyze the relationship between recurrent states and null re-
current or positive recurrent states.

Corollary 6.2.2. Positive recurrent states and null recurrent states are both recur-
rent.

Proof. For a positive recurrent state, we have m; < oo and this means that T;
cannot be oo with strictly positive probability. Hence, state 7 is recurrent. On the
other hand, for null recurrent states, is given by definition that these states are
recurrent.

g

Now, we analyze that for a Markov chain with stochastic matrix II, to say that the
chain has positive recurrent states is equivalent to say that, the stochastic matrix II
has an invariant distribution. In our case, the study focuses on irreducible Markov
chains.

Theorem 6.2.3. Given an irreducible Markov chain with stochastic matriz II =
(pij;i,j € I), then the following properties are equivalent

(i) some state i is positive recurrent,
(ii) all states are positive recurrent,

(1) the stochastic matriz 11 has an invariant distribution ~y.
In particular, when (iii) holds we have m; = ,Yi foralliel.

Proof. Firstly, we prove that (ii) implies (i). In this case, we have that all states
are positive recurrent, hence, each state i is positive recurrent and this shows (i).

Secondly, we prove that (i) implies (iii). Given r € [ a positive recurrent state,
then r is recurrent. We know that the chain is irreducible, hence there exists
an unique equivalence class and it contains one recurrent state, so all states are
recurrent. Theorem 6.1.8. tells that A" is an invariant measure, using this, we
construct an invariant distribution. First note that

Tr—1 T,—1
Z A= Z E, Z 1ix,—iy = B Z Z Tix,—i}
el el n=0 n=0 i€l
Tr—1
= E Y 1=E(T)=m, <o
n=0

T

: . . AT .
From this equality we can define a new random variable a; as a; = - where j € I.
In this case we have that, Zje[ a; = 1 and hence, a = (o;;j € I) is an invariant
distribution.
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To continue, we prove that (iii) implies (ii). Now, we know the Markov chain
is irreducible and also the stochastic matrix II has an invariant distribution 7 so,
Y icrvi = 1. Given a state r € I, then we have that v, = >, %-pﬁfj) > 0 for
any n > 1. To continue, we can define an invariant measure u = (u;0 € I) as
i = 2= and hence we have u, = 1. Besides, as we know that the Markov chain is

irredu(;ible, by Theorem 6.1.10. we obtain u > u,A" = \". Therefore, we have

mr:Z)\Zg &:i<oo

iel iel T I

with this we obtain that the state r is positive recurrent which shows (ii).

Finally, we have to prove the equality m, = 717’ for this we assume that the
properties (i), (ii), and (iii) hold, so, all states are recurrent. By Theorem 6.1.10.
we have = pu, A" and, using this, we obtain the following equality

_ S e
= A Z%

b
il iel I

with this we obtain the required formula.

g

Now, once we have studied the positive recurrent and null recurrent states, which
are both recurrent states, we will analyze in an example the result we have just
studied.

Example 6.2.4. Consider the example of the random walk on Z for the case in
which p = % = ¢, we know that it is an irreducible Markov chain. In Example
6.1.11. we saw that there is an invariant measure p and by Theorem 6.1.10., any
invariant measure is a scalar multiple of u. Now, we analyze weather the symmetric
random walk is null recurrent or positive recurrent. We have Z i = 00 so, there
icl
can be no invariant distribution and, by Theorem 6.2.3., all6 states of the walk
are null recurrent.

Finally, we introduce an important result which is based on irreducible Markov
chains with finite state space, I. In this result, it is established a relationship with
positive recurrent states.

Proposition 6.2.5. Given an irreducible homogeneous Markov chain with finite
state space, then it is positive recurrent.

Proof. First, we show the recurrence. For this we assume that the Markov chain is
transient so, for all i, j € I, we get

Sl =Y PX, =) =Y E(lx,—p) = E(N()) < oo,
n=1 n=1 n=1
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(n)

and hence, as the state space is finite we have ) jer > p;; < oo, but the previous

sum is equal to

I ICED ST
n=1 jeI n=1

which is a contradiction. Therefore, this implies that Markov chain is recurrent.
Now, by Theorem 6.1.8. there exists an invariant measure A" and, as the state
space is finite, > .., A/ = E,.(T,) = m, < co. Therefore, by Theorem 6.2.3. the
chain is positive recurrent.

i
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7 Ergodic theory

In the previous chapter, we have introduced the concept of invariant distribution
where, among other things, we have also studied its possible existence. In this
section, we focus on doing an analysis of the uniqueness of the invariant distribution
which is related to a new concept, the ergodicity.

In this chapter, we should take into account a probability space (2, F, P) and a
family of discrete random variables X, : @ — I where {X,,;n > 0} is a HMC(v, II)
and [ is a countable set called state space.

7.1 Ergodic theorem

Now, we analyze the problem of the uniqueness of invariant distributions. For this
is necessary to know that a Markov chain is called ergodic if it is positive recurrent
and also we can go from each state to each other. First, we will introduce some
results that help us with the required analysis.

Definition 7.1.1. The stopping time is a random variable T : Q@ — N U {oo} such
that, for allm > 0, the event {T = m} can be expressed in terms of Xo, X1, ..., Xm.-

To continue, we use the concept defined above to introduce an important result,
the strong Markov property. In this theorem, given a state j € I, we simply wait
that the process hits this state at some random point of time, and then, we study
what happens thereafter. For this, it is necessary to define the unit mass at j as,
d; = (8;4;% € I) which takes the following values

s o1 it j=i
M0 A

Theorem 7.1.2. Given a HMC(v,11), {X,;n > 0}, and consider a stopping time

T of this Markov chain, then, conditional on T < 0o and X = j, {Xrin;n > 0}
is a new HMC(6;,11) and also independent of the random variables X, ..., Xr.

Proof. Firstly, let T be a stopping time and consider the random variables X, ..., X7
which determine an event A, where A C Q and then, for all £ > 0, AN{T =k} is
determined by Xy, ..., Xi. With this, we have the following

P({Xr =io, X1 =i, oo Xpyn = in} N ANLT =k} 0 { Xy = j})
== P({Xk - io,XkJrl - ’il, ...’Xk-+n == ’Ln} N A N {T - k} N {Xk == j})

Now, remember the fact that AN {X; = j} is determined by Xy, ..., X} so, using
Markov property at time k and also considering the conditional probability we get

P(Xy =gy oe; Xpn = | AN{T =k} N{Xs = jHP(AN{T = k} n{X, = j})
= P<Xk = @'oan+1 =1, ~~7Xk+n = in‘Xk = j)P(A N {T = k} N {Xk - J})
= DjioPiosis *** Pinrin P(AN{T = k} N { X} = j}).
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The last equality is caused by the fact that {X,;n > 0} is a homogeneous Markov
chain with transition probabilities p; ;. To continue, we sum over £ = 0, 1, ... in the
equalities we have previously studied, and we obtain

P({XT = 7;O>XT+1 = 7;17 ...7XT+TL = Zn} NAN {T < OO} N {XT = ]})
= DjioPiosis " Pin_rin P(AN{T < 00} N{ X7 = j}).

Finally, we divide by P({T" < oo} N {Xr = i}) the equality which we have just
calculated and we get

P({XT =00, X741 = U1, o0y XT4n = Zn} N A|{T < OO}7XT = j)
= DjioPiosis ** Pin_rin P(AQT < 00}, X1 = j),

and this proves that { X7 ,;n > 0} is a homogeneous Markov chain and also it is
independent of the random variables X, ..., X7, as we want.

4

To continue, remember that in chapter 4 we introduced the random variable T;
defined as T; = inf{n > 1; X,, = i}, which is the first time in which the chain visits
the state ¢ and it is know as the passage time. Now, we define the r-th moment in
which the chain visits the state ¢ with the following recurrence

=0, TV =1, T =inf{n>T" +1; X, =i}.

Now, we use the concept prior analyzed to introduce a new one, the length of the
r-th walk between two passage times, T;. We define it as follows

3 (2

S —
0 if 707 =0

(]

{T‘(T) _ T'(T—l) if T;(T—l) < 00

To carry on, we will study an outcome which will be useful to prove the er%odlc
theorem. Before, we note that, for all r > 1, random variables T and S

stopping times. This fact is due to {TZ = m} is equivalent to say that X,, = ¢ and
previously we have passed r — 1 times through the state . With this, we note that
e only depends on X, ..., X,,. Now, we introduce a new result which links the

)

probability of the first passage time with the r-th walk between two passage times.

Proposition 7.1.3. Given r = 2,3, ..., conditional on T(r 2 , the r-th walk Si(r) 18
independent of the random variables { Xy; k < TZ-T 1)}, then we have

P(S" = m|T" " < o0) = P(T, = m).

Proof. Firstly, note that, to prove this result we use the strong Markov property.
In this case, we consider the stopping time 7' = Ti(r_l) < oo of the homogeneous
Markov chain {X,,;m > 0}. Then, X = i and conditional on T, {X7,,,;m > 0}

is a HMC(4;, 1) and also independent of Xy, ..., X7. Once given these properties,
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SZ»(T) can be defined as the first passage time to state i for the chain {Xr4,,,;m > 0}
so, this is S = inf{m > 1; Xrm = i}.

Therefore, using the properties we have just analyzed, we have the following
equality P(Si(r) = m|TZ-(T_1) < o0) = P(T; =m).

g

Using the concepts studied before, we can conclude that the non-negative random
variables SZ-(U, 552), ... are independent and identically distributed. Now, we continue
considering the passage time and we will introduce a new result which links this
random variables with the Markov chains whose states are all recurrent. Remember
that a recurrent state, ¢, is one which satisfies P;(7; < co) = 1.

Proposition 7.1.4. Given an irreducible Markov chain {X,;n > 0} with stochastic
matriz 11 and all its states recurrent, then for all i € I we have P(T; < co) = 1.

Proof. Firstly, we know that the first passage time to state i, T}, is independent
of the initial position of the Markov chain, thus, we can rewrite the probability
P(T; < 00) as follows P(T; < 0o) = > .; P(Xo = j)Pj(T; < o). In this case, we

just have to prove P;(7; < co) = 1 for all j € I. Given n > 1 such that pg’?}) >0
and by Section 4.2., as all states are recurrent, we have
1 = P(X,, =i for infinitely many m) = P;(X,, = i for some m > n+ 1)
= Y Pi(X, =i for some m > n+1|X, = k)P(X, = k)
kel
= Zpk(Ti < Oo)pg,rl?-
kel

We know that D, ; pgﬁg = 1 and by the prior equation, we have that the probability
satisfies P;(T; < o0) = 1.

Finally, substituting this value, in the following equality, we obtain

P(T; < 00) ZPXO—j (T; < 00) ZP

J€el JeI

the last equality is because the sum of probabilities is always 1.

U

To continue, we introduce an important theorem, this is the strong law of large
numbers, which will be useful to prove the ergodic theorem. We are not going to
demonstrate this theorem because its proof is highly complex and also requires some
previous results which are not closely related with Markov chains. An analysis of
this theorem can be found in the following book; Nualart, D.; Sanz, M.: Curs de
probabilitats.
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Theorem 7.1.5. Consider {Y,;n > 1} a sequence of independent and identically
distributed random variables, and also non-negative, with E(Y1) = m, then

P(lim Mzm)zl.

n—+o00 n

Now, we know that in chapter 4 we introduced the number of visits that the
chain does to the state i, denoted by N(i). We define the number of visits to the
state ¢ before the instant n as follows

n—1
=D _Tpo=ip
r=0

then the coefficient Y29 determines the time that the chain spends in state i, before
arriving at instant n. The following theorem examines the long-run value spent by
a Markov chain in each state. Moreover, in it we talk about the uniqueness of the
invariant distribution.

Theorem 7.1.6. (Ergodic theorem) Consider {X,;n > 0}, an irreducible Markov
chain with stochastic matriz 11 and initial distribution v, then

Pl M0 1)

n—+oo n m;

In addition, if the Markov chain is positive recurrent, then given a bounded function
f:I— R, we have

(ngrgoo - Zf Z%f(i)) =

el

in this case, the invariant distribution v = (v;;1 € 1) is unique.

Proof. First suppose the Markov chain is transient or null recurrent, then for all
1 € I, the number of visits to state ¢ is finite, so lim, N"T(Z) =0= mi with
probability 1.

Now, suppose the Markov chain is recurrent and fix a state . Considering T' = T;,
by Proposition 7.1.4., we get P(T < oo) = 1. Now, by strong Markov property,
we have the Markov chain {Xr,,;n > 0} with initial distribution §; = (6, ;7 € I)
and stochastic matrix II and also, independent of X, ..., X7. Moreover, both chains
XTM and X, spent the same time at state i, for this, we only need to consider that

= 0;.

Prev1ously, we have defined the length of the r-th walk to the state i, denoted
by S . To continue, we use this concept to analyze the time of the visit to the
state ¢ depending in which instant, n, of the chain we focus. Firstly, we know
that the moment of the last visit to the state ¢ before the instant n is TZ-(N"(“ D =

Sl.(l) +oee S;N"(i)fl) and hence, we have

SM g ST <y
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Secondly, we also know that the moment of the first visit to the state i after the
instant n — 1 is Ti(N"(Z)) = Sl-(l) +-+ Si(N”(l)) and now we have

S 4 g 5
Finally, using the inequalities which we have just studied, we obtain the following

S 4SOV 4 5O

(]

N, (7) =SNG N,.(3)

Now, by Proposition 7.1.3. we get that Ei(Si(r)) = m,; and using the strong
law of large numbers, we have

My g®
P(lim S+ 5 :mi>:17

k—+4o00 k

In addition, we have considered that the Markov chain is recurrent, therefore, by
chapter 4 we have the following equality

P ( lim N, (i) = oo> =1
n—+00

Therefore, if we apply what we have just introduced in the inequalities previously
analyzed, we get the following

n
Pl L =m; | =1,
(i =)
and thereby we obtain what we want to show, so P <limn_>+oo N"T(z) = mi> =1.

To continue, let v = (v;;4 € I) be an invariant distribution for {X,;n > 0},
in this case, suppose that the Markov chain has all its states positive recurrent so,
m; < oo. In addition, given the function f : I — R, consider that |f| < 1. With
this, for any J C I, we have

LY 500) = Yot @) = 2 X FO Y (tms) - Yl
= Z (NZL(Z) —%') f@)] < Z NT;(Z) — i +Z N () — %
iel ieJ i¢J
<Y e (R )
icJ i¢J

To carry on, we know that the probability that a Markov chain is in the state i is

v;. Then, the time period that we spend in this state, we already know it is %,

must be equal to ;. So we have that v; = m% and hence the following equality holds

P <limn_,+oo Nae) %~> =1, for all ¢+ € I. Therefore, using this we have that

> +Z<N”T@+7i)gzzN"T@ +2)

i€J i¢J i€J i¢J

Nn—(i) — i

N
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Now, let € > 0 and consider J a finite subset, so J = {0,1,..., N}. Firstly, we
have that Ziy 7 < §- Secondly, for n > N we get > ., ’N”T(’) - %-‘ < §. Then, for
n > N and using what we have just established we obtain the following

)= > vl

el

H

n—

S|
\

I
=)

r

and this shows the equality which we want to prove because the required convergence
is satisfied.

g

7.2 Finite state space

In this section, we study the uniqueness of the invariant distribution considering the
case in which the state space I is finite, so as I = {1, ..., N}. For this, we refer to
the non degenerate probability distribution of I, which we denote by m = (m;;1 € I).

This distribution satisfies 0 < m; < 1 and also Zie =1
Now, we give a definition which is necessary to study the ergodic theorem with

finite state space.

Definition 7.2.1. A homogeneous Markov chain, with stochastic matriz I1 = (p; ;3 1,
j € 1), is ergodic if, for all i € 1, it satisfies the following property

= lim p\", Vj
T nEIEoopW , Vjel
where m; 1s a non degenerate probability distribution.

In the previous definition, we observe that the limit is independent of the state
1 € I. To continue, the ergodicity helps us to study the problem of the uniqueness
of the invariant distribution. In the following result we analyze this fact.

Theorem 7.2.2. Given a homogeneous Markov chain, {X,;n > 0}, with finite
state 57)9&66 I and stochastic matriz 11. Suppose that there exists k > 1 such that

HllIIlpl > 0. Then, for alli € I, there exists m = (m;;5 € I) which satisfies
ije

mj = lim pgn)
n—+oo” I

where w is a non degenerate probability distribution. Furthermore, for all j € I, it

satisfies
g mpL; = Ty,

lel

with this we have that 7 is the unique invariant distribution for II.
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Proof. Firstly, for all n > 1, we denote by 045»”) and ﬁ](-") the values miln py}) and
i€ 7

max pf}) respectively. Now, using Chapman-Kolmogorov equation and knowing

S ’

that > ., pgz) =1, we get

ozg-"ﬂ) = minpgzﬂ) = mlnz:pZ lpl’] > mlnz:pZ ! mlnpl( W= rlnelln Di. loz( "= (n),
lel lel

with this we get that {ag-n)}nzl is an increasing sequence. Then, as 0 < p;; < 1,
the above sequence is bounded, therefore exists a limit which we denote by «;.
Repeating the same argument for the maximum, we obtain

1
YY) < St < Y = 5

and now, the sequence {B](.")}nzl is decreasing. Then, as 0 < p;; < 1, the above
sequence is bounded, therefore exists a limit which we denote by £;.

For the moment, by definition we know that agn) < pg;-) < 5](-n), so if it complies
a; = f;, then, for all j = 1,..., N, we will have that the following equality is
satisfied, lim,, o pgg) = 7; where 7; is equal to ; and also (3;. Therefore, to show

the desired result, it is necessary to study, for all 7 = 1, ..., N, the following equality

lim (5§"> _ ag.")) —0,

n—-+00
and then we have that 5; = «;. In the following lines, we will analyze the previous

equality.
(k)

1,7

Firstly, we define 6 as 6 = mlnp > 0, then we have the following probability

7]6
(k+n) n
Pi; = szlpm - Z (p” - Qp]l >pu - Z@pﬂpl
lel lel lel
2n)
— Z(p%l Hp )ng +(9p( :
lel

To continue, as pgﬁ) > 0 and we know that p%)

U? — Hp%) > 0. Therefore, using this, we obtain

< 1, then we have the following
relationship p;

(k+n) (1) (2n (n) (n) (2n)
Pi; = Z(pll —9p1>rln€11npl,j +9pj] ZP Zepjl +9py

lel lel lel

= (1-6)al™ +opir

J]’

in this equalities we use that > . jer pET;) = 1. Hence, using we have just calculated

we have oz(k+”) > a(")(l 0) + Hp@n).

Using the same argument, we get @Hn) < 6](»")( —0) + ijzn).
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Now, combining the two inequalities which we calculate, we have 3 j(-kJr")—aJ(.kJrn) <

(ﬁj(-") - ag-"))(l —#). Then, by induction we obtain, for all » > 1, the following

rk+n rk4+n n n r
0.< B — o™ < (5" —af)(1 -0,

and with this we get that lim,_, (5](") - aé.n))(l —0)" =0 due to § > 0. Therefore,
there exists a sequence {n, },>; which satisfies

lim f; (nr) _ o) = 0.

r—-+00 J

Hence, due to for {ﬁ](-") — ag-")} each term is less than or equal to the previous

one, then we get lim,,_, BJ(-TL) - agn)

Bj = v, which is the desired equality.

= (0 as we want, and hence this implies that

Finally, we will study that 7 is an invariant distribution. Firstly, we need to see
that 7 is a non degenerate probability distribution, for this suppose that n > k. so
gn) > ag ) > mmpz =6 > 0, then we get

i,j€l
lim oz()> lim 0 =0 and 7; =a; = lim oz()
n—-+4oo n—-+oo n—-+4oo

and this, implies that 7; > 0 for all j =1,..., N.
Now, knowing that »_ jer pz(»j;) = 1 and using the hypothesis of the theorem,

7 = limy, 400 pgz), we have the following equality

2omi =2 M pl =l D pl =1 vied

jel jel jel

thus, > jerm = 1. Moreover, we have previously seen that m; > 0, therefore we
have obtained that m = (7;;j € I) is a non degenerate probability distribution.

To continue, we have to study that the probability distribution is invariant, this
; (n+1) (n) _
;mpm- = lim ;pwpm = lim pi5"" = lim p =m;,
where we have used the Chapman-Kolmogorov equation. Therefore, using what we
have just analyzed, we have that m = (7;; 7 € I) is an invariant distribution.

g

Now, we will introduce a practical example in which we analyze the properties
that we have studied in this section.

Example 7.2.3. Consider the homogeneous Markov chain of Example 6.1.3..
Our goal is to determine the number of invariant distributions that the chain has.
Firstly, for alli = 1,2, we look at Example 6.1.6. Where we study the values of the
limits of the probablhtles pl 1 ) and pz 2 , which are v, = and Yo = respectlvely
In this case, we have v; > 0 and v > 0, and also 3 —|— 72 =1, hence the Markov
chain is ergodic. Now, by Theorem 7.2.2. the invariant distribution v = (i E)

197 19
1S unique.
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To continue, once studied the ergodic theorem for finite state space, we will
analyze that the left implication is also true.

Corollary 7.2.4. Given a non degenerate probability distribution m = (n;;5 € I)
over space I which satisfies lim,,_, pg;-) = m;, then exists an integer number k > 1
(k)

> 0.

Jor which min p;;

ijel
Proof. Firstly, given the equality lim,, . pgz) = m; we have that, for all j =

1,..., N, the required number of steps to reach the state j is n;, so for all n > n;,
(n) (n)

pf;- > 0 where ¢ € I. Therefore, this implies that for all j =1,..., N, mifnpi? > 0.
k2 Ze 9
Now, we define k = max(ny, ...,ny) and then, forall j = 1, ..., N, we get milnpgl? >0
1€ ’
and this is what we wanted to prove.
U

The ergodicity of Markov chains on an arbitrary finite state space can be char-
acterized by the following notion.

Definition 7.2.5. A Markov chain with finite state space is reqular if there exists
a power of the transition matriz, I1, with only positive entries.

To continue, we introduce a practical example in which we analyze the concept
which we have just defined.

Example 7.2.6. Consider the Markov chain with state space I = {1,2,3} and
transition matrix

1 1
5 3 0
_ {1 1 3
=135 35 3
100

To continue, we will study if the Markov chain is regular or not. For this, we are
going to compute the successive powers of the stochastic matrix in order to check if
there exists a matrix where all of its entries are non-null. Firstly, we calculate II(?)
and we get

7 1 3

20 20 10

@_ |37 7 3

H - 50 50 25
1 1

3 3 0

with this we have an entry which is null, therefore, we have to calculate II®®), which
is the following

100 49 21

200 200 100

m® — [ 29 199 21
500 500 250
7 7 3

20 20 10
Now, all entries of the matrix are positive, therefore, this implies that the Markov
chain is regular.
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To continue, using the concept which we have just introduced, the regularity, we
will study the uniqueness of the invariant distribution of Theorem 7.2.2..

Proposition 7.2.7. Consider the stochastic matriz II = (p; j;i,j € I) which is
regular, then the invariant distribution m = (mj;j € I) is unique.

Proof. Firstly, due to the stochastic matrix is regular, for all i,j € I, we get
that pz(»Z-) > 0 and hence, by Theorem 7.2.2. we have the following equality

lim,, 4 o0 pl(-z.) = m;. To continue, given that the column vector a = (ay; k € I) has

all its components equal to 1, then we can define the matrix @ = (qx;; k,j € I) as
() = am, in other words, each row of () is the same and it is the non degenerate
probability distribution 7. Once defined this, we have that lim,,_, ;. [I™ = Q.

Now, we will study that the invariant distribution 7 is unique. For this, we
suppose that there exists another invariant distribution 8 = (5;;¢ € I), therefore,
it has to satisfy the following equalities SII = § and BII™ = j for all n > 1, but
as (3 is an invariant distribution, then fa = .., 8; = 1 which implies that

lim O™ =8 lim O™ = 8Q = Bar =,

n—-+o0o n——+00

and hence, f = 7 and this show that the invariant distribution 7 = (7;;j € I) is
unique.

g
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8 Conclusions

This project has a theoretical approach so it is difficult to get conclusions or specific
results. However, the research and analytical work carried out constitute a good
framework in order to develop future studies that look for practical conclusions
using the basics of Markov chains.

From my point of view, this thesis has been useful in order to analyze the sev-
eral applications of the probability concepts we have learnt along the degree. For
example, we have used the concept of conditional probability and independence in
the study of the Chapman-Kolmogorov equation.

Furthermore, I have been able to know the basics of Markov chains, as long as
their different properties and characteristics, an aspect which was unknown for me
till T carried out this project. However, I have not only learnt specific mathematical
aspects due to this project has been a great challenge for me and have allowed me
to improve my skills related with the research of information and presentation of
ideas in a clear and accurate manner.

Finally, I want to say that the project has been only focused on discrete time
Markov chains. Despite this, there exists another type of chains, continuous time
Markov chains, which have not been included in the scope of this thesis due to
I preferred to focus the analysis in a specific topic. In this regard, it could be
interesting to expand the scope of this study and to carry out a similar analysis
focused on continuous time chains.
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A Basic probability concepts

In this section we will see the most relevant concepts about probability theory which
we will be very useful to study Markov chains.

In this chapter we will focus on the probability of countable sets. For this, we
will study the concepts of conditional probability and independence. Moreover, we
will focus on random variables, concretely discrete variables, due to they are the
ones that help us to define the concept of Markov chain.

A.1 Probability of countable sets

We are starting this section giving the general probability definition. After, we will
focus on the case of countable sets. Moreover, we also enumerate the most relevant
properties related with this probability.

Definition A.1.1. The triple (2, F, P) is a probability space which is defined by

(i) Q is the sample space (set of possible outcomes).

(ii) F has o-algebra structure, is a collection of subsets of 2, this satisfies that
-Q e F,
-if Ae F, then A° € F,

- if the sequence {A,;n > 1} C F, then U A, € F.

n=1
(i1i) P, called probability of F, is an application P: F — [0, 1] which satisfies
- P(Q)=1,
-if {Ay;n > 1} C F disjoint two to two (this is to say A; N A; # 0,Yi # j),

then
P <U An) => P(4).

The definition of probability we just exposed is quite general, so we focus on the
case where the structure of the sample space is usually finite (or countable) and
always equiprobable.

Definition A.1.2. Consider Q2 = {w;;i € I} where I is finite or numerable (in the
numerable case I = N). Now, {p;;i € I} is a probability if p; € [0,1],Vi € I and
Y icr Pi = 1. In this case, the probability of any event A C Q) is defined as

Py =Y Puh =Y p

w; EA ,w; EA
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Once given the last definition, we have the following result.

Corollary A.1.3. Assume that Q = {w;;i € I} where I is finite, so I = {1,...,n},
and we consider that the sample space is equiprobable. Then, probabilities {p1, ..., pn}
take values p; = % foralli=1,...,n. Moreover, the probability of any event A C )

1s defined as 4
1 1
P(A):Zpi:ZEZEAZ 1:%.

i, w; EA 1, w;EA Lw; EA

Now we list some important properties of the probability.

—_

L P()=0,P(Q) = 1.
2. Forall Ae F, P(A) €[0,1].
3. Assume that A, B € F are disjoint, then P(AUB) = P(A)+ P (B).

This property may be more general if we consider A;, As, ..., A, mutually
disjoint, in this case we have

(01 S
i=1 i=1
4. P(A°)=1—-P(A), for all A e F.
5. Let A,B € F and A C B, then P (A) < P (B).
6. If A,Be F,then P(AUB)=P(A)+ P (B)— P(ANB).

7. Consider Ay, ..., A, € F, then P (U Ai> < ZP(AZ»).
i=1

=1

A.2 Conditional probability and independence
In this section, we study two important concepts. Conditional probability and the
independence. Firstly we start to talk about the conditional probability.

Definition A.2.1. Let us assume that A, B € F are events with P(A) > 0, we can
define the probability of B conditional on A as

P(ANB)

P(BlA) = —5 5

The following results are three important formulas related to the probability
defined above.

1. Theorem (Compound probability) If we consider Ay, ..., A4, € F such
that P(Al MN---N Anfl) > 0, then
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2. Theorem (Total probabilities) Given the partition By, ..., B, of {2
({B;;1<i<n} C F) with P(B;) > 0,Vi = 1,...,n. Then, for all A € F
(event) we have

P(A) = Xn:P(A NB;) = znjp (A|B)) P (B;).

3. Bayes’ theorem Given A, ..., A, a partition of Q ({A4;;1 <i<n})and B
an event (it means B € F) where P(A;) > 0,Vi = 1,...,n and P(B) > 0.
Then forall I =1,....n

P(B) -
> P(B|A;)P(4))

Jj=1

After that, we study the concept of independence and some of its properties.

Definition A.2.2. Consider two events A, B € F which are independents if
P(ANB) = P(A)P(B).
Once given this specific definition of independence, we can consider the general
one.

Definition A.2.3. Let us assume that the events Ay, ..., A, € F are independents
if for all finite subsets {Ai,, ..., Ai, } C {A1, ..., A} satisfy

k
j=1

To continue, we enumerate the properties of the independence.

1. 0 and Q are independents from the others.
2. An event A is independent from itself < P(A) =0 or P(A) = 1.

3. Two events, A and B, are independents < A° and B are independents < A€
and B¢ are independents < A and B¢ are independents.

Now we want to expose a result that links the two concepts we have studied so far.

Proposition A.2.4. Let A,B € F events such that their probability are strictly
positive, then

A and B are independents < P(B|A) = P(B) and P(A|B) = P(A).

Finally, we explain the concept of conditionally independent and we study the
relation which it has with the concept of Markov family.
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Definition A.2.5. Consider the events Ay, Ay, A3 € F such that P(Az) > 0, then
Ay and Ay are conditionally independent given Az if

P(A; N AyA3) = P(A1|As)P(As|As).
Definition A.2.6. Given the events { A1, A, A3}, these form a Markov family if
P(A3|A; N Ag) = P(A3]Ay).

Observation A.2.7. If we consider A;, Ay, A3 like a chronological sequence where:
A, is the past, A is the present and As is the future; then P(As|A;NAy) = P(As|A2)
shows that the dependence relationship only matters in the present (not in the past).

Proposition A.2.8. Let us assume that Ay, As, As are events, so Ay, Ay, A3 € F,

then Ay and Ay and As are conditionally independents respect As if, and only if
{A1, Ay, A3} are a Markov family (in other words, P(As|A; N Ay) = P(As]Ag)).

Observation A.2.9. The last proposition can be summarized with the following

P(A; N A3]Ag) = P(A1|A2) P(A3|Ay) & P(A3lA1 N Ag) = P(A3]A).

Proof. Firstly, we show the right implication. Given A;, A5, A3 € F and using the
equality P(A; N As|Ay) = P(A;|As)P(As|Ay) we have
P(A;NAyN A3) _ P(A; N A3]Ag)P(As)
P(A; N Ay) P(A; N A)
P(A;|Ay) P(As[Az) P(A,)

T T P A)P(Ay Ul

Now we prove the left implication, let Ay, Ay, A3 € F and consider P(A3|A;NAy) =
P(A3|As) we may appreciate

P(AiNAyNAs)  P(A3]A1 N Ay)P(Ar N Ay)

P(A3|A1 ﬂAQ) ==

P(A1 N A3|As) =

P(4) P(A,)
P(A3|Ag)P(A1|Ag) P(Ay)
P(Ay) = P(A3]A2) P(A1|Ay).

A.3 Discrete random variables and expected value

To complete the chapter, we study the discrete random variables. We begin defining
the random variable concept and then we focus on the discrete case, for which we
define its distribution too. Finally, we talk about the expected value.

Definition A.3.1. Given a probability space (2, F, P) and a measurable space
(R,B(R)), a random wvariable is a map which transforms elements of the sample
space ) with reals, this means that X : Q0 — R such that

VA€ B(R), X HA) ={weQX(w)ec A cF,
where B (R) is the Borel o-algebra.
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Observation A.3.2. The Borel o-algebra is the smallest o-algebra generated by
the collection of open or closed sets in R.

Definition A.3.3. The law (or distribution) of a random variable X is the proba-
bility P o X! such that

VA€ B(R), PoX *(A) = P(X *(A)) = Plwe QX(w) € A).

Observation A.3.4. Usually we write Py instead of P o X! so we write (P o
X H(A) = Px(A).

To continue, we focus on discrete random variables which we wanted to study.

Definition A.3.5. Given a random variable, this is discrete if the set X (Q2) is finite
or countable, this can be written as X : Q — [ where I is finite or countable.
Therefore, we can express the discrete random variable like {a;;i € I}.

Definition A.3.6. The law (or distribution) of a discrete random variable is called
probability mass function and it is defined by

pla;) = P(X =a,), fori€T and » pla)= Y PX=a;)=1.

i€X(Q) 1€ X (Q)
Definition A.3.7. The set X; : Q@ — I, i = 1,...,n of random wvariables are

independent if, for any x4, ...,x, € I

P(Xy=21,.., Xp = 2) = [ [ P(Xi = ).

To conclude this section, we talk about the expected value focusing on discrete
random variables.

Definition A.3.8. Given a discrete random variable X, {a;;i € I} where I C N

such that
Z |a;| p(a;) = Z |a;] P(X = a;) < o0

iel el

we define the expected value of X as E(X) =) . ;aip(a;) = > ;o aiP(X = a;).
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B Examples

Example B.0.1. Consider a coin repeatedly tossed (p the probability of heads and
q = 1 — p that of tails). Let H, and T,, the number of heads and tails in the first n
releases, proof that X,, = (—1)?»™H» is a homogeneous Markov chain.

We define the set of random variables Vk = {1, ...,n} as

¢ = 0 if k is head
T if ks tail

which are independents, so we can express the number of heads and tails as following

manner n n
Hy=> & and T, =n—Y &,
k=1 k=1

this implies that X, = (—1)2n+tn = (—12(Zha@)4Tia s — (_1)2-Sia &
and X, 41 = (—1)2H)-S05 6 = X, (—1)2&+1 = X, (—1)"&+1. Now, using the
conditional probability and independence, we see that X, is a homogeneous Markov
chain, Vi, j € I we have

P(Xn—H = ]|Xn = 2)
P(Xo(—1)"61 = j, X, = i)

= P(Xn(_l)_gn+1 = J|Xn = Z) =

P(X, =1)
_P((-1)yt =L X, =i0)  P((-1)"%0 = DP(X, =)
P(X, =1) B P(X, = 1)

1

We obtain that p; ; is independent of n so X, is a homogeneous Markov chain.

Example B.0.2. Weather in the Land of Oz. The Land of Oz is wonderful
by many reasons, but weather is not one of them. There is never two consecutive
days of good weather. If the weather has been good, the next day will be rainy or
snowy. If it rains (or snow) there are the same probabilities that the following day
the weather changes or remains unchanged, and if it changes, only half the time it
would be a good day. Represent the weather in the Land of Oz according to Markov
chains.

The stochastic matrix of this problem can be the following one

NN )
= N D=
N = D=
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so the associated diagram is

N\»—\CN-

Example B.0.3. Drunkard’s walk. Consider a completely drunk person who
walks between his house and a bench. All the steps along his path can be designated
by a whole number between 0 (house) and n (bench). In the spot ¢ there is a bar,
which is the starting point of the walk. The drunk person moves leftwards with a
probability p, and moves rightwards with probability ¢ = 1 — p. When he reaches
his house or the bench, he stays there. Describe the drunkard’s walk according to
Markov chains.

In this case the stochastic matrix is

1 0 0 0
0 qg 0 p 00 --- 0
0 0 g 0 p O 0
0 - 00 ¢qg O 0
0 0 0 1

and the diagram is represented as the following

q q q q
1C e ﬁ .ﬁ‘ﬁ. Ol
0 1 2 i-1 i i+1 n-1 n
— —_— ¥ — > —
P p p p
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Example B.0.4. A fisherman and his boats. A fisherman owns 4 boats that
rents to tourists. Each boat can be damaged with a probability p, independently of
the conditions of the other boats. The fisherman can repair his boats at nights, but
just one each night. Because of municipal rules, he can not rent any boat if there
are not 2 or more boats available. If one day he can rent his boats, he will offer all
the boats available. Study the Markov chain associated to this problem.

Given p, the probability that the boat is not damaged is ¢ = 1 — p, so the
stochastic matrix is

0 1 0 0
| 2 ¢ 0
H _ 3 2 2 3
P’ 3p*q 3pq q

pt 4ApPq 6p°¢* 4¢*p+ ¢

and the associated diagram is

Example B.0.5. Consider the following stochastic matrix

1—a a
II =
(%)
where a,b > 0 and a + b > 0. Now, we want to compute the m-step transition
probability of every state. For this, is necessary to compute the m-th power of the

stochastic matrix, II). Firstly, we have to calculate the eigenvalues of II, for this,
we compute the characteristic equation which is

det(II = ANd) =0= XN - A+ (a+b(X—1)+1=0

thus, solving the equation we obtain the following eigenvalues 1 and 1 — a — b,
whose eigenvalues are (1,1) and (a, —b), respectively. With this, we can define the
following

1 a _ 1 b a 1 0
©= (1 —b)’ 0= (1 —1)’ b= (0 1—a—b)'
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Now, we can rewrite the transition matrix II as follows II = QDQ!, and hence,
this implies that II(™ = QD™ Q=1 so, we get

qm 1 1 a 1 0 b a
 a+b \1 —b 0 1—a-bm) \1 -1

_ L (bay (d-a-b" fa —a

 a+b \b a a+b —b b )’
with this we have that each matrix entry is the m-step transition probability of
going from one state to another.

Example B.0.6. Guardian of the tower. A guardian can watch from the four
corners of a tower in the following manner: after staying 5 minutes in a corner he
throws a coin to the air to determine if he moves to the left (heads) or he moves to
the right (tails). This process is repeated to the infinity. Study the Markov chain
associated to the process. If p = % (p is the probability of obtaining heads) compute
1.

Given p = %, the probability of obtaining tailsis g =1—p = %, so the stochastic
matrix is

1 1
05 0 3
1 1
3 050
1 1
05 0 3
1 1
3 050
and the associated diagram is
1
P=3
—
1
1 =5 1
P=3 =3 2 P=3

In this case, to obtain the matrix I we have to consider two cases, if n is an
even number, then the stochastic matrix is
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3 030
1 1
qw— |V 2 03
1 gLl
2 2
05 0 3

if n is an odd number we have the stochastic matrix

0 3 0 3

1 1
H(n):§O§0
0 o i
2 2
3 050

(a) Suppose that the starting corner is selected randomly. If X,, is the random
variable which defines where the guard is located after 5n minutes, compute the X,
law.

In this case, as the start is selected randomly we have Xy = i where ¢ = {1,2,3,4}
and the probability is P(Xy =1i) = %, so the vector known as initial distribution is
(1 11 1) and the law for X, is

FRARRV ]

1 1 1 1
0 2 0 2 4 4
1 1 1 1
2 0 2 0 2| |4

1 1 o e
0 2 0 2 1 4
1 1 1 1
2 0 2 0 1 4

which is the same if we consider n an even number or an odd number

(b) Now suppose that the guard starts in a fixed corner.

In this case, we suppose that the guard starts in the first corner, so the vector
is (1,0,0,0) and we have to study the law for two cases. Firstly, we consider n an
even number, the lay for X, is

2 003 0\ 1\ (3
0204310 0
2 03 O)[0] |3
0120 3%/\0 0
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Secondly, if n is an odd number, then the law for X, is

o= O = O
O IR O N
= O = O
O NI O NI
o O O =
= O N O

Example B.0.7. Consider the Markov chain with the state space I = {1,2,3,4,5}
and transition matrix

14000
1 1 1
3 3 3 00
II=1]0 010 0
0031 3+ 0
1000 1%

In this case, there are four communication classes which are

C1={1,2}, Cy = {3}, C5={4}, C3 = {5}.

To continue, we analyze the communication relationship that exists between the
different states. For this, we use the following diagram

O/\Q
/ \Q
O

O

1
2

The class C] is recurrent because once we reach the class C; we are not able to
give up this class, and also it is finite and irreducible. The state of the class C is
recurrent, in particular it is an absorbing state, because if we start in state 4, we
are able to move to state 3 and if we start in state 3 we are always on it. The state
of the class (3 is transient because if we start in state 4, we are able to move to
state 3 and once there we cannot return back to state 4. The state of the class Cy
is transient because if we start in state 5, we are able to move to state 1 and once
there we cannot return back to state 5.
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Example B.0.8. Consider the Markov chain with the state space I = {1,2,3,4,5}
and transition matrix

=

I
O O we O O
O O wi= e O
= = O O O
O O O N
= O w= O O

In this case, there are one communication class which is
Cy=1{1,2,3,4,5}.

To continue, we analyze the communication relationship that exists between the
different states. For this, we use the following diagram

1

- - .
1 4
L o ;
2 1
2
) . .
1
) 3
1 3
3

In this case we have an unique class, C', which contains all the states of the Markov
chain. Moreover, using the previous diagram it is easy to see that all the states
communicate, so the chain is irreducible, in particular the class C} is recurrent
because we can visit every state infinite times.

Example B.0.9. Consider the Markov chain with the state space I = {1,2,3,4}
and transition matrix

NI N= O N
= O NI O
O Ni= = O

o O O N
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and the associated diagram is

In this case, we have to study if the states of the Markov chain are essential or
inessential. First, we note that being in state 1 we can leave but we cannot return
to it, so this state is inessential. Now, being in state 2 we can go to state 3 and once
there we can return to the initial state or go to state 4. If we go to state 4, from
there, we can return to the initial state. With this we have that state 2 is essential.
The same argument is valid for states 3 and 4, which are also essentials.
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