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Abstract

In this report we investigate how the well-known central limit theorem for i.i.d.
random variables can be extended to Markov chains. We present some of the
theory on ergodic measures and ergodic stochastic processes, including the er-
godic theorems, before applying this theory to prove a central limit theorem for
square-integrable ergodic martingale differences and for certain ergodic Markov
chains. We also give an alternative proof of a central limit theorem for sta-
tionary, irreducible, aperiodic Markov chains on a finite state space. Finally,
we outline some of the diverse applications of the Markov chain central limit
theorem and discuss extensions of this work.
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Introduction

A central limit theorem gives a scaling limit for the sum of a sequence of random
variables. This controls the fluctuations of the sequence in the long run. It is
well known that there is a central limit theorem for sequences of i.i.d. random
variables; the theorem is given, for example, in Chapter III, Section 3 of [11].
This is a very useful result to have, and it is a natural question to ask whether
this can be generalised to sequences of random variables which are not i.i.d.. In
this report we show that we have a central limit theorem for functions of discrete-
time Markov chains under certain conditions. This central limit theorem has
many applications, some of which we discuss in later chapters. We now outline
the structure of this report.

In Chapter [1} we collect preliminary material on measure theory and prob-
ability from various sources, which we will refer to later in the report. This
includes definitions of modes of convergence of random variables, which we will
need to be familiar with in order to understand in what sense the limit theorems
in later chapters hold. We then recall elementary properties of Markov chains,
which will be useful for us to have in mind when we consider limit theorems
for Markov chains. We give rigorous definitions of conditional expectation and
martingales, as well as some results on these, which we will use in the proofs
of several theorems in later chapters. Here, we also define martingale differ-
ences, which are processes related to martingales, as we will study the limiting
behaviour of these processes in Chapter in order to prove a central limit
theorem for Markov chains.

In Chapter 2| we prove the ergodic theorems from [15], define what it means
for a measure or a stochastic process to be ergodic, and prove several results
on ergodicity. We will see in Chapter [3] that the condition that a Markov chain
is ergodic allows us, under a few additional conditions, to prove a central limit
theorem for functions of that Markov chain.

The main results of this report are contained in Chapter [3| Here, we prove
a central limit theorem for certain ergodic Markov chains in two ways. First,
we prove a central limit theorem for square-integrable ergodic martingale dif-
ferences and then, following [15], we deduce from this that we have a central
limit theorem for functions of ergodic Markov chains, under some conditions.
We then restrict ourselves to Markov chains which take values in a finite state
space. In this setting, we use a different method, as in [13], to prove a central
limit theorem for functions of ergodic Markov chains, where we have to impose
fewer conditions than in the case of a general state space. In both cases we
derive formulae for the variance of the limiting distribution.

In Chapter [4 we discuss some simple applications of the Markov chain cen-
tral limit theorem which is proved in Chapter [3l We consider a simple random
walk on a torus, started in its stationary distribution, and we show that there
is a central limit theorem for the amount of time spent in the initial state. We
treat the symmetric and asymmetric cases separately. We also look at an ex-
ample of a random walk on the non-negative integers from (15|, which could
model the length of a queue. Here we show, by a similar method, that there is a



central limit theorem for the amount of time during which the queue is empty.
We conclude the report by discussing extensions of the theory which we have
presented and further applications of this.



Chapter 1

Preliminary Measure
Theory and Probability

Here we present some theory on convergence of random variables, on Markov
processes and on martingales that we will need in order to approach the topics
which we discuss in the rest of this report. We assume knowledge of some basic
definitions and properties from measure theory, including product sigma-fields
and product measures, as could be found for example in Bartle’s text |1]. We
also assume knowledge of introductory probability theory, such as the material
from Ross’s book [10].

In this chapter we state results without proof that we will later apply in proving
our main results.

1.1 Convergence of Random Variables

The main results of this report concern the convergence of sequences of ran-
dom variables. Therefore, we need to recall some definitions and results on
convergence which not all readers will be familiar with. There are four types
of convergence which we will work with in this report: namely, they are almost
sure convergence, weak convergence (convergence in distribution), convergence
in £P and convergence in measure. We will only consider real-valued random
variables in this report. We start by recalling the definitions of these modes of
convergence, as well as some useful facts, taken from the books of Bartle [1],
Grimmett and Stirzaker [6], Ross [10], Shiryaev [11], and Varadhan [15].
Throughout this section, we consider a probability space (2, F,P).

1.1.1 Almost sure convergence

Let {X,,} be a sequence of random variables on (2, F). We define what it means
for X,, to converge to X almost surely, where X is another random variable on
(Q, F), as in Section 7.2 of [6].



Definition 1.1.1 (Almost sure convergence). We say that X,, converges to X
almost surely if

P ( lim X, (w) = X(w)) =1

n—oo

We write this as X,, — X a.s..

1.1.2 [P convergence

For our next mode of convergence, we consider function spaces called L? spaces.
We will give a definition of these spaces as normed spaces and define what
it means for random variables to converge in LP. LP spaces are discussed in
Chapter 6 of [1] in the context of general measure spaces. We reformulate the
material here in terms of a probability space (2, F,P).

Recall that a random variable X is defined to be an F-measurable function and
that the expectation of X is defined as the integral of X with respect to P, when
this integral exists; i.e.

E(X) = / XdP.
Q
We start by defining the spaces LP, for p € [1,00) and then for p = co.

Definition 1.1.2 (LP spaces). Let p € [1,00). Then LP (Q, F,P) is the space
of equivalence classes

[X]:={Y : X =Y P-almost everywhere}
of F-measurable functions X such that
E(|X") < oo.

Definition 1.1.3 (The space £°). We define £ (2, F,P) to be the space of
equivalence classes

[X] :={Y : X =Y P-almost everywhere}

of F-measurable functions X which are bounded P-almost everywhere;
ie. [X] € £ if and only if IM > 0 such that | X| < M P-almost everywhere.

Remark 1.1.1. 1. When it is clear which space, o-field or probability mea-
sure we are working with, we will drop the arguments from L£P so that we

may write
LP = LP(Q,F,P) = LP(Q) = LP(P).

2. Although technically the space LP is a space of equivalence classes of
functions, we will in practice say that a function X is an element of LP if
X is F-measurable and E(|X|”) < co. This is a common convention, as
remarked after Theorem 6.7 of [1].

For 1 < p < oo, we can define a norm on the space LP as follows.



Definition 1.1.4 (£? norm). Suppose that p € [1,00). Then we define the
LP norm by

1
1X1I,, = [E(X[")]7, (1.1.1)
for any X € LP.
We define the £*° norm by
| X, :==1inf {M >0:|X| < M P-almost everywhere}, (1.1.2)

for any X € L.

These quantities are well-defined as norms on the L£P spaces, as we assert in
the following theorem.

Theorem 1.1.1. For p € [1,00), the space LP equipped with the norm ||-||p, as

defined in (1.1.1), is a normed space.
Also, the space L™ equipped with the norm |||, as defined in (1.1.2), is a

normed space.

The proof that £P is a normed space for p € [1,00) relies on Minkowski’s
inequality, which we will now state.

Lemma 1.1.1 (Minkowski’s inequality). Suppose that p € [1,00) and
X, Y € LP. Then X +Y € LP and we have the following inequality:

X+ Y, < IX1, + Y1, (1.1.3)
We are now ready to define £P convergence, as in Chapter 7 of [1].

Definition 1.1.5 (LP convergence). Let p € [1,00] and let {X,} be a
sequence of random variables such that X; € £P (Q, F,P) for all i € N. Also let
X € LP(Q, F,P). Then we say that X,, converges to X in £? if

10 — X ||, == 0.
We write X, i X.

1.1.3 Weak convergence

Let us now define weak convergence of the sequence {X,} as in Section 7.2
of [6]. Let X, X1, Xo,... be random variables on (€2, F).

Definition 1.1.6 (Weak convergence). Let F), be the distribution function of
X, for each n € N, and F be the distribution function of X.

We say that X, converges weakly to X, or X,, converges to X in distribution
if, for every z at which F(z) is continuous,

Fo(z) === F(x).

We will denote this as X, P x.



We will now see two theorems which give us ways to prove weak convergence.
We first state a necessary and sufficient condition for weak convergence, by
defining the characteristic function of a random variable, as in Section 5.7 of [6].

Definition 1.1.7. Let X be a random variable. Then the characteristic func-
tion of X is the function ¢ : R — C, defined by

o(t) :==E (e"X).
This function is well-defined for any random variable X.

The statement of the continuity lemma is taken from Chapter I1I, Section 3
of [11].

Theorem 1.1.2 (Continuity lemma). Let {X,} be a sequence of random
variables with characteristic functions ¢,,. Then we have the following implica-
tions.

1. If there exists a random variable X with characteristic function ¢ such that
X, 2 X, then ¢n(t) 2222 ¢(t) for all t € R.

2. If ¢(t) := limy o0 Pn(t) exists for all t € R and ¢(t) is continuous at
t = 0, then 3 a random variable X with characteristic function ¢ such

that X,, 2 X.

The continuity lemma is very important in probability theory. For example,
it is used by Shiryaev in [11] to prove the central limit theorem for sequences
of i.i.d. random variables. We will use it to prove a central limit theorem for
martingale differences in Section (3.1
We now state a theorem which gives another criterion for weak convergence for
certain sequences of random variables. We will first recall the definition of the
moment generating function, from Chapter 7, Section 7 of [10].

Definition 1.1.8. For a random variable X, the moment generating function
of X is the function M : R — R U {+oo}, defined by

M(t)=E (e).
Note that this function may be infinite.
We now state the theorem, which is found in Chapter 8, Section 3 of [10].

Theorem 1.1.3. Let {X,} be a sequence of random wvariables with moment
generating functions M, and let X be a random variable with moment generating
n—oo

function M. Suppose that M,, ——— M for all t € R.
Then X, 2 X.

This theorem is less commonly used than the continuity lemma for charac-
teristic functions, but we will use this form in our second proof of a Markov
chain central limit theorem in Section following [13].



1.1.4 Convergence in measure

The final mode of convergence which we define is convergence in measure, as in
Section 1.3 of [15].

Definition 1.1.9. Let {X,} be a sequence of random variables on (2, F) and
X another random variable on (2, F). We say that X,, converges to X in
measure or in probability if, for any € > 0,

P(w: | Xn(w) — X(w)| >e) =25 0.

We will see how this mode of convergence is of use to us in Section [1.1.5
It will also be useful to note the following implication.

Theorem 1.1.4. Letp € [1,00] and let {X,,} be a sequence of random variables
with X,, € LP(Q, F,P) for each n € N. Suppose that 3X € LP (Q, F,P) such

that X, 'C—p> X or X,, —» Xa.s..
Then X,, converges to X in measure.

The above theorem comes from Chapter 7 of [1], where Bartle discusses all of
the relations between the modes of convergence which we have defined here. We
should note here that the above theorem is false if we are working in a general
measure space. For almost sure convergence to imply convergence in measure,
we need the condition that the total measure of the space is finite. Of course,
this is not a problem for us here, as a probability space has total measure 1.

1.1.5 The bounded convergence theorem

Let X, X3, X5, ... be random variables on (€2, F) and suppose that X,, — X in
some sense. We are interested in whether we can interchange the order in which
we take the limit and the expectation of these random variables.

There are a few results from measure theory which give sufficient conditions for
this to be allowed (see, for example, [1] and [11]), but we are only going to use
two of these in our work. These theorems both concern random variables which
are bounded.

The first theorem which we state is a special case of Lebesgue’s dominated
convergence theorem, which can be found in Chapter II, Section 6 of [11].

Theorem 1.1.5 (Bounded convergence theorem). Suppose that there exists a
constant C such that | X,,| < C, for alln € N, and suppose that X,, — X almost
surely.

Then X, X1, Xs,... € ﬁl,

E(X,) > E(X)

and

E(|X, — X|) === 0.



We can relax the condition that {X,,} converges almost surely to the weaker
condition of convergence in measure and find that Lebesgue’s dominated con-
vergence theorem still holds, as shown in Section 1.3 of [15]. Hence we have
a bounded convergence theorem for a sequence which converges in measure, as
follows.

Theorem 1.1.6. Suppose that there exists a constant C such that | X,| < C
for allm € N and suppose that X,, — X in measure.
Then X, X1,Xs,... € Ll,

E(X,) == E(X)

and
n— o0

E(X, — X|) 222 0.

1.1.6 Useful inequalities

Proving convergence will involve approximating certain quantities. The inequal-
ities which we list here are very commonly used in probability and will all be
useful for us at some stage in this report.

The first inequality which we state is due to Chebyshev and is found in many
textbooks, including in Chapter II, Section 6 of |11].

Theorem 1.1.7 (Chebyshev’s inequality). Let X be a random variable and let
k € (0,00). Define p =E(X) and 0? = Var(X). Then

2
o

P(X —p| > k) < = (1.1.4)

We now state an equally common inequality, known as the Cauchy-Schwarz

inequality, from [11].

Theorem 1.1.8 (Cauchy-Schwarz inequality). Let X,Y € £2. Then XY € L!
and
E(XY]] < E(X?)EY?). (1.15)

Finally, we state and prove an immediate corollary of the Cauchy-Schwarz
inequality.

Corollary 1.1.1. Let X,Y € £2. Then
Cov(X,Y) < v/Var(X) Var(Y). (1.1.6)
Proof. Set p:=E(X) and v :=E(Y). Then
Cov(X,Y)? = [E[(X — u)(¥ — )]

< E([X — u)E(]Y —1]*)
= Var(X) Var(Y).



1.2 Markov Processes

Since a large proportion of this report will be spent on proving central limit the-
orems for Markov chains, we now take some time to review some basic Markov
chain theory. In this section we recall the definition of a Markov chain, as well as
some related definitions and properties, adapted from the material in Chapter
6 of [6].

Let (2, F,P) be a probability space. We recall that a stochastic process is
defined to be a sequence of random variables on (2, F). Let (S, B) be a mea-
surable space in which the random variables can take values and suppose that
S is countable. We call S the state space of the process.

Definition 1.2.1. A stochastic process {X,,} is called a Markov process or
a Markov chain if it satisfies the Markov condition:

P(X, =s|Xo=20, X1 =21,..., X1 =2p_1) =P(X;, = 5[ X1 = 2p—1),
for alln € N and s,21,29,...,Z,_1 € S.

We are only interested in Markov chains such that
P(Xn41 = jI Xy = i) = P(X1 = j|Xo = 1) = ™5, (1.2.1)
foralln=20,1,2,... and 3,5 € S.

Definition 1.2.2 (Transition probabilities). The transition matrix of a
Markov chain which satisfies is defined to be the matrix II with en-
tries m; ;.

For any m,n € N, we define the n-step transition probabilities to be
mij(m,m4+n) =P(Xpyn = j|Xm =1).

These probabilities are independent of m, so we write m; ;(m, m+n) =: m; ;j(n).
We define II(n) to be the matrix with entries m; ;(n).

Lemma 1.2.1. For any n € N, we have II(n) = II".

We next define a stationary distribution of a Markov chain. This will be a
very important definition for us later in the report, particularly when we study
ergodicity of Markov chains in Section [2.5] and when we apply our theory to
examples in Chapter

Definition 1.2.3. A probability measure p on (.5, B) is said to be a stationary
distribution for a Markov chain with transition matrix I if p = plIl.

The following two properties of a Markov chain are common and the study
of Markov chains which have these properties is simpler than that of general
Markov chains.

Definition 1.2.4. We say that a Markov chain with transition matrix II is
irreducible if, for each i,j € S, 3m € N such that m; j(m) > 0.

10



The period d(i) of a state ¢ € S is defined to be the highest common factor
of the set {n : m;; > 0}.
In an irreducible chain, d(i) = d(j) for all 4,j € S.

Definition 1.2.5. We say that an irreducible chain is aperiodic if d(i) = 1 for
alli e S.

Finally, we state a result about Markov chains on finite state spaces, which
we will use in Section to say something about ergodicity of these chains.

Theorem 1.2.1. Let S be a finite set and suppose that {X,} is an irreducible
aperiodic Markov chain with state space S. Then the Markov chain {X,} has a
unique stationary distribution.

1.3 Martingales

Martingales are another essential tool in our work. For example, we prove a
central limit theorem for Markov chains in Section [3.2] via the central limit
theorem for martingale differences (Theorem [3.1.1)), which are processes related
to martingales and are defined below. Also, we will repeatedly use properties
of martingales in our second proof of a central limit theorem for Markov chains
in Section [3.3] We are now going to give a formal definition of a martingale
and some basic properties which we will need, without proof, from Williams’
book [16].

To define martingales, we need a rigorous definition of conditional expectation,
as given in Chapter 9 of [16].

Let (2, F,P) be a probability space. Let X € £! and let G C F be a sub-o-field.

Definition 1.3.1. [Conditional expectation] A version of the conditional ex-
pectation of X given G is defined to be a random variable Y such that

1. Y is G-measurable,
2. Yecll,

3. For every G € G,
E(1gX) =E(1gY).

It was proved by Kolmogorov that such a random variable exists and is
almost surely unique.

Theorem 1.3.1. There exists a random variable Y which satisfies the three
conditions in Definition [1.5.1].
Moreover, if Y1, Yo both satisfy these conditions, then Y1 = Ys almost surely.

Because of the above theorem, we refer to a random variable Y as in Defintion
as the conditional expectation of X given G.
We write Y = E(X|G).
The conditional expectation has several nice properties which will be useful for

11



us. We take these from Chapter 9 of [16].
Let X € £! and let G and H be sub-c-algebras of . Then we have the following
properties.

Theorem 1.3.2 (Properties of conditional expectation).

1. E(E[X|G]) = E(X).
2. If X is G-measurable, then E(X|G) = X a.s..
3. (Tower property) If H C G, then

E(E[X|G]|H) =E(X|H) a.s.. (1.3.1)

4. If Z is a bounded G-measurable random variable, then

E(ZX|G) = ZE(X|G)  a.s..

5. If H is independent of o(0(X),G), then
E(X|o(G,H)) =E(X|G) a.s..
We will now give the definition of what it means for a stochastic process to
be a martingale with respect to some filtration, as in Chapter 10 of [16].

Definition 1.3.2 (Filtration). A filtration is a family of o-algebras
{Fn:n=0,1,...} such that

FoCFRCCF

Definition 1.3.3. We say that a stochastic process {X,,} is adapted to the
filtration (F,) if X, is F,-measurable for all n =0,1,2,....

Definition 1.3.4. [Martingale] A stochastic process {X,,} is a martingale
with respect to (Fy,) if

1. {X,} is adapted to (F,),
2. X,, € £L! foreach n=0,1,2,..., and
3. BE(X,|Fno1) = Xp—1 as., foralln > 1.

When it is clear which filtration we are working with, we will just say that
{X,} is a martingale.
An easy consequence of the definition of a martingale is the following lemma.

Lemma 1.3.1. Let {X,} be a martingale with respect to (Fy,). Then
E(Xn) = E(Xo)

for all n € N.

12



We now see that that the above result can, under some conditions, be ex-
tended to the case where n is a random time.

Definition 1.3.5 (Stopping time). We say that a non-negative integer-valued
random variable T is a stopping time with respect to a filtration (F,) if
{T <n}eF, forevery n=0,1,2,....

The following theorem is a special case of the optional stopping theorem
which is given in Chapter 10 of [16].

Theorem 1.3.3 (Optional stopping theorem). Let (F,) be a filtration, T a
stopping time and {X,} a martingale. Then we have that X € L' and
E(XT1) = E(Xy), if one of the following conditions holds.

1. T is bounded;
2. {X,} is bounded and T is almost surely finite;
3. E(T) < o0 and 3K > 0 such that

[ Xn(w) = Xn (W) < K
for everyn € N and w € Q.

We will apply the optional stopping theorem several times in our second
proof of a central limit theorem for Markov chains in Section [3.3]
Before closing this preliminary chapter, we give one more definition which will
be of use to us later in this report. This comes from Section 5.1 of [15].

Definition 1.3.6. [Martingale difference] Let {X,} be a martingale with re-
spect to a filtration (F,). Define ;11 := X,,11 — X,, for all n € N. Then we
say that the process {Y,,} is a martingale difference.

Lemma 1.3.2. Let (F,,) be a filtration. A stochastic process {Y,} is a mar-
tingale difference with respect to (Fy,) if and only if {Y,,} satisfies the first two
conditions in Definition[I.3.]] and, for all n € N,

E(Y,41|Fn) =0 a.s. (1.3.2)
In Section we prove a central limit theorem for martingale differences

and then go on to deduce a central limit theorem for Markov chains in the
following section.

13



Chapter 2

Ergodicity of Stochastic
Processes

In this chapter we prove the ergodic theorems, which concern convergence of
random variables. These theorems will play a key role in proving the central
limit theorems in the next chapter. We will define what it means for a probabil-
ity measure or a stochastic process to be ergodic, and we will see that ergodicity
is a sufficient condition for the limit in the ergodic theorems to be a constant.

2.1 Measure-Preserving Transformations

In this section we relate stationary stochastic processes to measure-preserving
transformations, following Varadhan in [15].

A stationary stochastic process is a sequence of random variables {X,}, cx
such that the joint distribution of (X,,, Xy,,..., Xy, ) is the same as the joint
distribution of (X, +ms Xnaotms -« - Xnptm) for any ni,ne, ..., ng,m € Z.

Let Q be the space of sequences which take values in some measurable space
(X, B) and let F be the product o-field. Under certain consistency conditions,
we can construct a measure P on (€, F) which describes the evolution of the
process { X}, cy Over time.

We can define the shift 7" on Q by (Tw)(n) = &,+1, where w(n) = &,. Then
stationarity of the process is equivalent to invariance of P with respect to T i.e.
PT-! =P.

In this case, we call T' a measure-preserving transformation for P. We also
say that P is an invariant measure for 7.

We will study general measure-preserving transformations and will later apply
our results to stationary stochastic processes.

Let (2, F,P) be a probability space and T a measure-preserving transforma-
tion for P. We will prove some general facts about these transformations, which
are stated in Section 6.1 of [15], by relating T to a linear transformation on the
space of functions on €2, as described by the following lemma.

14



Lemma 2.1.1. The measure-preserving transformation T : Q — Q induces a
linear transformation U on the space of functions on 0 by

Uf)(w) = f(Tw).
Proof. Clearly
Ulaf +B9)(w) = (af + B9)(Tw) = af(Tw) + B9(Tw) = a(Uf)(w) + 6(Ug)(w).
O

We will now study the transformation U. First we show that U is an
isometry on the L£P spaces for 1 < p < co. By definition (see [9]), U is an
isometry on a normed space if it preserves the norm.

Lemma 2.1.2. U is an isometry on LP for 1 < p < oco.
Proof. We just use the definition of U and invariance of T" with respect to P.
Let p € [1,00) and f € £P. Then

|1 arw) = [ 11T e

- / F(Tw)P dP(w) = / (U F)(w)]” dB(w).
Q Q

Remark 2.1.1. U is also an isometry on £°°.

Proof. For any wg € €2,
U f(wo)| = |f(Two)| < sup [f @) =1l -

SoUf e L2 and [|Uf]|, < |Ifllo- But 3wy € Q such that Tw; = w; and so
U f(w)| = [f(w)]-
Thus [[Uflo = [1fllse- O

Next we show that U is invertible and we find its inverse.

Lemma 2.1.3. U is invertible and the inverse of U is the transformation in-
duced by T, the inverse of T.

Proof. Define U~! by
(U™ f)(w) = f(T~'w) for any function f on Q.

Then
(U )w) = U NH(Tw) = f(T7'Tw) = f(w).
So U~ is the inverse of U. O
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If we consider U as a transformation on £2 and define the usual inner product
on L2 by (f,g9) = / f(w)g(w)dP(w), for any f,g € £?, then we can show that

U is unitary. To d%ﬁne what it means for a transformation to be unitary, we
introduce the Hilbert adjoint operator for a transformation A, which we
denote A*. These definitions are taken from Sections 3.9 and 3.10 of [9].
A* is defined to be the transformation on £2 such that for any f,g € L2,

(Af,9) = (f,A%g).
Then A is unitary if A* = AL,

Remark 2.1.2. An equivalent condition for A to be unitary is that, for any
fg€L?,
(Af, Ag) = (f.9)-

For a simple proof of this, see Section 3.10 of [9].

We now use the above remark to prove that U is unitary. This property will
be useful for us in the proof of the £2 ergodic theorem.

Lemma 2.1.4. U is unitary in L2, with inner product defined by
(f,9) :/f(w)g(w)dl}”(w); i.e. U preserves this inner product.
Q

Proof. Using the definition of U and invariance of T" with respect to P, we get
U109) = [ 1T0)gTa)dw) = [ fTu)g@w)ipre)
- / £ (@)g(w)dP(w)

O

Before moving on to prove the ergodic theorems, we note two more properties
of U which will be of use to us.

Remark 2.1.3. Ul = 1, where 1(w) = 1, Yw € , since
(U1)(w) = 1(Tw) = 1.
Remark 2.1.4. U(fg) = U(f)U(g), for any functions f, g on , since

U(fg)(w) = (f9)(Tw) = f(Tw)g(Tw) = (U f)(w)(Ug)(w).
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2.2 Ergodic Theorems

Let (2, F,P) be a probability space and T' a measure-preserving transformation
for P. Define the invariant o-field by Z={A C Q: TA = A}.

The following theorems from [15] are key results in the proof of the central
limit theorems of the next chapter. The first of these is alternately called the
Individual Ergodic Theorem or Birkhoff’s Theorem.

Theorem 2.2.1 (The Individual Ergodic Theorem). For any f € L1(P), the
limit
... n_l
fim fl+fTw)+-- + [T w) _ g()
n—oo n

exists for P-almost all w.
Moreover, the limit g(w) is given by the conditional expectation

9(w) = E*(f|T).

We will first prove the Mean Ergodic Theorems, which concern £P con-
vergence. We will then develop the tools we need to complete the proof of the
Individual Ergodic Theorem, following Varadhan in [15].

Theorem 2.2.2 (Mean Ergodic Theorems). Let p € [1,00). Then for any
f € LP(P), the limit

TG R () & e AL B

n—00 n

exists in LP(P).
Moreover, the limit g(w) is given by the conditional expectation

9(w) = E*(f|D).

Proof. We first consider p = 2.
Define H = £? and

Ho={f:feHUf=[f}={f:feH f(Tw) = f(w)},

where U is the operator induced by T'.

We claim that Hj is a closed non-trivial subspace of H.

Since ¢ € Hy for any constant ¢, Hy # 0.

Suppose that f,g € Hy, « € R. Then f+g,af € H, by an elementary property
of LP spaces, and we have

Ulf+9) =Uf+Ug=f+yg
and U(af) = aUf = af,

by linearity of U. So f + ¢, af € Hp.
We have that Hj is a subspace of H. Now suppose that (f;) is a sequence in
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Hy with £2 limit f. Then
Uf(w) = f(Tw) = lim f;(Tw)

= lm Uf;() = lim fi()
~ fw)

Thus Hj is closed. This proves our claim.
Now for each n € N, define 4,, : H — R by

_fHUf+ U

Anf
n
Then
1
1Anflly =~ |[f +Uf +--+ U L
1
< g(||f||2+||Uf||2+"'+HUn_lfHQ) (2.2.1)

by Minkowski’s inequality (|1.1.3)
= | fll, since U is an £? isometry by Lemmam

Hence ||A4,] < 1.
Suppose that f € Hy, so that Uf = f, and let n € N. Then

AU+ UM

n n

Anf I

So clearly we have that Vf € Hy,
Anf— f in H and almost surely.

Now suppose that f € Hy".
We claim that Hs- = Range (I — U).
Since U is unitary by Lemma [2.1.4] we have the equivalence
Uf=17 e UTlf=U"f=[.
Thus
Ho={f:feH (I-U")f=f}.
We need the following remark to prove our claim.

Remark 2.2.1. The statement of Exercise 6.1 of [15] tells us that for any
bounded linear transformation A on H, we have

RangeA:{f:fGH,A*f:O}L.

We do not prove this here, since this would require more discussion of Hilbert
spaces and Hilbert adjoint operators, as could be found for example in Chapter
3 of 9.
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We can see that I — U is linear and bounded. Thus, by the above remark,
Hy ={f:f€H (I-U")f = f}" =Range(I-U),

as we claimed.
Therefore, we can approximate any f € Hg- by a sequence (f7) in Range (I — U)

such that || f — f7, 222 0.
For each j € N, 3¢/ € H such that f/ = (I — U) g’ and thus

_gj—Ugj—FU(gj—Ugj)—|—---—|—U"71(gj—Ugj)

A, f? "
N n
¢ — U7
D—
Hence
anf = |2 < Lot + o), -
, 2.2.2
2||g’ 2 .
_ Hn ||2 < ﬁs.uPngHT
jEN

By the triangle inequality,
[Anflly = [|[An(f = ) + An 2|, < [[An(F = )|, + | At -

As we noted in 7 by Minkowski’s inequality, || A, (f — fj)H2 < Hf — fjH2.

Therefore

. 2 .
14nSlle < |17 = £lly + 5 suplg”l,
Taking j — oo, we get that

n—oo

2 )
0 < [|Anfll, < =sup|lg’||, == 0.
N jeN
Hence
c? 1
Apf ——0 VfeHy.
n— oo

If we denote by II the orthogonal projection from H into Hp, as defined in
Section 3.3 of [9] - i.e. II: H — H, satisfies

IIf = g, where g € Hy is such that f = g + h, for some h € HOL

- then

|f iffeH
Hf_{o if fe Hy,
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and so
A,f = TIf in £? for any f € H.

We have a limit in £2 and next we need to show that this limit is in fact the
conditional expectation claimed.

Let f € H. It can be shown that IIf = EF(f|Z), using a theorem from Section
9.5 of [9], as follows.

EF(-|Z) is an orthogonal projection if and only if for f,g € H,

E°(E°(fID)|T) = EF(f|Z) and (E*(f|T).g) = (f.E"(9|2))

Let f,g € H. Then the first equality which we require is clear from the tower
property of conditional expectation (1.3.1)), and we arrive at the second equality
as follows:

(E*(fI2), 9) = E" [E*(f|T)g]
=E (E° [E*(f|T)g/Z])
=E (EP(ﬂI)EP (9|T)) as EF(f|Z) is Z-measurable
=EF [Ep(gﬁ)f] by symmetry
= (f.E*(9]7))-

So E¥(-|Z) is an orthogonal projection.

Since EF(f|Z) is Z-measurable, E¥(f|Z) € Hy for all f € H. In particular, for
f € Ho, E¥(f|Z) = f. So E¥(-|Z) : H — Hy is surjective. Therefore E¥(:|Z) is
the orthogonal projection from H into Hy. Thus, for f € H, E¥(f|T) = I1f.
We have the required result for £2 and we now prove the mean ergodic theorems
for general LP.

Note that the conditional expectation operator is well-defined on £P, so II is an
operator of norm one on £?, for 1 < p < oco.

First suppose that f € £, Then [|A, f||., < [|fl|l«, by the triangle inequality
for the £°° norm.

Since we have shown that A, f — IIf in £2, we also have that A, f — IIf in
measure, by Theorem Thus we can use the bounded convergence theorem
for convergence in measure (Theorem to get that

|Anf —TIf||, =50 for any p € [1,00). (2.2.3)

Now let p € [1,00) and f € £P. We know that £ is dense in LP.
By Minkowski’s inequality (1.1.3), we see that [|A,gl|, < ||g[|, for any g € LP.
Let (f;) be a sequence of functions in £°° which approximate f in L?; i.e.
||f—fj||p—>0asj—>oo. Fix j € N. Then
0 <|[|Anf =11, <[ Anf = Anfill, + [ Anfs — T, + ITLf; — L,
<F = il + [ Anfs =I5, + 15 — £, (2.2.4)
=201, by @23).
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By definition, ||f — fj||p — 0 as j — oo. Therefore, by letting j — oo in (2.2.4),
we have
n—oo
[Anf —T0fll, — 0,

as required. O
The proof of the almost sure convergence in the individual ergodic theorem is

based on an inequality which we will be able to prove by means of the following
theorem from [15].

Theorem 2.2.3 (Maximal Ergodic Theorem). Let f € L(P) and, for n > 1,
define

9= {w Csup (J) + f(Tw) 4 F(T W) o} |
1<j<n
Then

(w)dP > 0.
2

Proof. Let h, be the function defined by
ho(w) == sup (f(w)+ f(Tw)+ -+ f(T?"'w))
1<j<n
(w) + max {0, hy, 1 (Tw)}
(LU) + h’rtfl(Tw)a

where we define A (w) := max {0, h, (w)}.
Note that for any w € Q,

=/
=/

iy (@) 20,
and A (w) < bt (w).
On E?, h,(w) = ht(w) >0, Vw, so
F(w) = hn(w) = hyy 4 (Tw)
=h(w) —h! (Tw), Ywe EY.

I

>

S+

£

IS

=
|

R (w)dP, by invariance of T

since for any integrable function h(w), / h(w)dP is largest when
E
E ={w: h(w) > 0}. O
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We can now apply this theorem to prove the following inequalities which are
adapted from Lemma 6.3 of [15].

Lemma 2.2.1. Let f € LY(P), | > 0 and E, = {w: sup (4;f)(w) zl}.
1<j<n

Then )
P(B,) < 7 /E e

Proof. We have that
. {w: f@»+ﬂﬂ@+~~+ﬂTj%ng}

E, = sup -
1<j<n J

_ {w g @D F W) =D+ (STw) 1) 0} '

1<j<n J
Thus, by the maximal ergodic theorem (Theorem [2.2.3]),
| ()~ vae =0
E,
which is equivalent to

/ J(@)dP — IP(E,) > 0.
E,

Rearranging gives us the required inequality.

Corollary 2.2.1. For any f € LY(P) and [ > 0,
1
P (wsswlan) @2 1) <5 [l
i>1 !
Proof. Let n € N and define
Bui={w: s (4,0 21}
1<j<n

If we also define

Bui={w: sup (4)1)) 21},

1<j<n

then we see that |(A4; f)(w)| = 4; | f(w)] for any w € Q, by the triangle inequality,

and so .
E, CE,.

We can now apply the previous lemma to get

IN

P(E,) <P(E) < 7 [ I7ldp

(2.2.6)
1
7 [ 1.

IA
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Now note that for any n € N,
sup [(A;f)(w)] < sup [(4;)(w)],

1<j<n 1<j<n+1

which implies that
En g EnJrl'

By monotonicity of the sequence of events (E,), we have that

P (s (4n)@) 1) =P Jim sup ((4,9))| 1)

jz1 N0 1<j<n
= P(U?f:lEn)
= lim P(E,)

i
< %/|f(w)|dIP’ by (@20).

O

Now we are ready to prove the almost sure convergence in the individual
ergodic theorem, as in [15].

Proof of the Individual Ergodic Theorem. Fix f € L(P).

Note that the set D :={f1 + fo: f1 € Hy, fa= (I —U)g,g € L7} is dense in
L'. We do not prove this fact here.

For each j € N, let f7 GDbesuchthatEﬂffij — 0 as j — oo;

ie. (fj) approximates f in £!'. Fix j € N. We claim that A, f’ converges
almost surely.

We observed in the proof of the mean ergodic theorems that we have almost
sure convergence for any f; € Hp.

Now suppose g € £L> and let fo = (I — U)g. Then, using (2.2.2)),

n&mm:Wﬂ‘gnmoJ nm:nﬂmmm

0.

o0

So we also have almost sure convergence for fa.

Since f7 € D, for any fixed j, we have almost sure convergence for A, f7 as we
claimed.

Thus we have convergence for f as follows.

For fixed j, we see that

limsup A, f — liminf A,, f = lim sup (Anfj — [Anfj — Anﬂ)
n—oo

—liminf (A, f7 — [Anf7 — A, f])
n—0o0

< limsup A, f7 — liminf A,, f7
n—oo n—oo

+ lim sup [Anfj — Anf]

n—oo

—liminf [A,f7 — A, f] .

n—oo
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But, since A, f7 converges almost surely,

limsup A, f/ = liminf A, f7 a. s.. (2.2.7)
n—oQ

n—oo

Also note that
lim sup [Anfj —Anf] - lirginf [Anfj — Anf] < 2sup ’An (f7 - f)‘ . (2.2.8)
n—roo neN

n—oo

So, putting everything together and applying the previous corollary, we arrive
at

0<P <lim sup A, f — liminf A, f > 5)
n—oo

n—oo

=P (Hmsup [Anf? = Anf] = liminf [A, f7 — A, f] > 5> by

n— oo

<P(swla, (7 -0)|=5) v EZY

< gIE (|4n (7 = 1)]) by Corollary [2.2.0]
<ZE (- 1)) 0,

where the final inequality follows from the fact that ||A,g|; < [lg|l;, for any
g € L£'. This is due to Minkowski’s inequality , as we noted in the proof
of the mean ergodic theorems.

If we now let ¢ — 0, we see that we have an almost sure limit for A, f as
n — 00.
By the result of the mean ergodic theorems, it must be the case that
lim A, f = EF(f|Z) a.s.. O

We have shown almost sure and £P convergence to a random variable, but
the theorems will be of use to us when the limit is a constant. We will see in the
following section that this is the case under certain conditions on the measure
we are working with.

2.3 Ergodicity of Measures

We now define what it means for an invariant measure to be ergodic and see
that this provides a sufficient condition for the limit in the ergodic theorems to
be a constant.

Definition 2.3.1. Let P be an invariant measure for a transformation 7" on €.
P is ergodic for T if P(A) € {0,1} for any invariant set A € Z.

Remark 2.3.1. Let T be a transformation on  and P an ergodic measure for
T. Then any function f which is invariant under T is almost surely constant
with respect to IP.

Moreover, E (f|Z) = EF(f).
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Proof. Let f be invariant under T. Then for any ¢ € R, {f(z) < ¢} € Z. So by
ergodicity, each of these sets is trivial. Thus J¢y € R such that f(z) = ¢y for
P-almost every x. That is, f = EF(f) almost surely.

Thus E (f|Z) = E (EE(f)|T) = EP(f). O

This remark tells us that, when P is ergodic for 7', the limit in the ergodic
theorems is a constant. We will use this result to prove the central limit theorems
in the next chapter.

Next, we look at a simple example of when we have an ergodic measure.

Theorem 2.3.1. Any product measure is ergodic for the shift.

To prove this, we need to appeal to a result known as Kolmogorov’s zero-one
law.
Let (92, F,P) be a product space with Q@ = ... xQ_53xQ_1 x Qg x Qy x Qg x -
and define F; = o {2, : j <1}, for all i € N.
Define the tail o-algebra to be T := NyenTn, where Ty, := o(Fp, Frti,---)-

Lemma 2.3.1 (Kolmogorov’s zero-one law). For any A € T, P(A) =0 or 1.

Proof. Let A€ T C F and let € > 0.
Then Ja,b € N with a < b and 3A’ € o(F,, Fat1,---,Fp) such that

P(AAA) < &

where we use the notation AAA" = A\ A UA"\ A.
Note that P(A) <P(AA") +P(A\ A") <P(AA") + P(AAA’). So

P(A) — P(AA)) <e. (2.3.1)

Since A € T and A’ € o(Fa, Fat1,---,Fp), A and A’ are independent. There-
fore we have

P(A) —P(APA) <e
Also, we have that [P(A) — P(A’)| < ¢, since P(A) —P(4") < P(A)—P(AA") <e¢
by (2.3.1), and similarly P(A’) — P(A) < e. Therefore

[P(A) = P(A)P(A)| < [P(A) — P(A)P(A)] + [P(A)P(A") — P(A)P(A)|
A) -

( )P ( )+ P(A) [P(A) — P(A)|

So we have
P(A) (1 —-P(A)) < 2e.

Since € > 0 is arbitrary, it follows that P(A) (1 —P(A)) = 0. So either P(A) =0
or P(4) =1. O

We can now prove the theorem.
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Proof of theorem. Let T be the shift, P a product measure and A € 7 be an
invariant set. We need to show that P(A) € {0,1}.

By the definition of F, we can approximate A by sets A, in the o-field corre-
sponding to the coordinates from —n to n, in the sense that P(AAA,,) — 0 as
n — oo.

Equivalently, we can approximate T+2" A by T+2" A,,, so by invariance of A, we
can approximate A by T+2"A,,.

But 7?7 A,, is in the o-field corresponding to coordinates from n to 3n and
T~2"A,, in the o-field corresponding to coordinates from —n to —3n. So T+2"A,,
is independent of the o-field corresponding to coordinates from —n to n.

Since T#2" A,, approximates A, we see that A belongs to the tail o-field. So, by
Kolmogorov’s zero-one law (Lemma [2.3.1]), P(A4) € {0,1}. O

2.4 Structure of Invariant Measures

We are now going to apply the individual ergodic theorem (Theorem to
prove a criterion for a probability measure to be ergodic. We will then see that
any invariant measure can be obtained by taking a weighted average of ergodic
measures.

Let T be a transformation on €2 and define

M :={P : T-invariant probability measure on (£, F)}.

Note that M is a convex set which may be empty.

For any convex set C, we say that € C is an extreme point of C' (or x is
extremal) if it cannot be written as a non-trivial convex combination of two
other points in C.

Theorem 2.4.1. P € M is ergodic for T if and only if it is an extreme point
of M.

Proof. Let P € M.

We first show that if P is not extremal, then P is not ergodic. Suppose that
P € M is not extremal.

Then dP;, Py € M, a € (0,1) such that Py # Py and

P =aP; + (1 —a)Ps.
Suppose for a contradiction that P is ergodic. Then we have that, for any A € Z,
P(A) € {0,1}.
But

P(A) =0« P, =Py =0, and similarly

So Py =Py on 7.
Next we show that this implies that Py = P, on F.
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Let f be a bounded F-measurable function. We will show that EF1(f(w) =
EP2(f(w)). Define E to be the set where the following limit exists:

h(w) := lim 1 (f(w)+ f(Tw) + -+ f(T"w)).

n—o00 N,

By the individual ergodic theorem (Theorem [2.2.1)), Py (E) = Po(E) =1 and h
is Z-measurable.
Since Py, Py are invariant, we have, for i = 1,2 and n € N|

/E () F(Tw) o (T ) P,
- / L (F@) + F@) + - f(w)) dP;

EN
[ e
E
=EY(f(w)), asPi(E)=1.

By the bounded convergence theorem (Theorem |1.1.5),

/Eh(w)dmz lim [ L (F(w)+ F(Tw) 4+ F(T" ) B,

n—oo g n

=EY(f(w)), fori=1,2.

We now use that h is Z-measurable, P; = Py on Z, and P (F) = P2(E) to see
that
B () = |

h@AdPlzz/nh@odPQ::E%(f@O)

E E

So we have that Py = P, on F. This is a contradiction.

Next we show the converse part of the theorem. Suppose that PP is not ergodic.
Then 34 € 7 with 0 < P(4) < 1.

We can therefore define probability measures P; and Py by

Py(E) = W.

and

Then we have

Py(TE) = W
_ P(TANTE)
 P(TA)
_ P(ANE)

= T R(A)

asAel

by invariance of PP.
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So Py € M. Similarly, we can show that Py € M.

Furthermore,
P =P(A)P; + P(A°)Py
=P(A)P; + [1 — P(A)] Ps.
Therefore P is not extremal. This completes the proof. O

The next theorem shows that any probability measure in the convex set M
- that is any invariant measure - can be obtained by taking a weighted average
of the extremal points of M - i.e. the ergodic measures.
We use the notation M, := {P: P € M, P extremal}.

Theorem 2.4.2. For any invariant measure P, there exists a probability mea-
sure pup on the set M. of ergodic measures such that

P= /Me QuedQ.

To prove this we need the following lemma.

Lemma 2.4.1. Let P be a probability measure on (2, F) and, for each w € Q,
define P, by

P,(E):=P(E|Z) (w) =E(1g|Z) (w), for any E € F.

Suppose that P is invariant.
Then for P-almost every w, P, is invariant and ergodic.

Proof. We want to show that P, (TA) = P, (A)
VA € F, for almost all w. Then we will have invariance of P, for almost
all w.

Let £ € Z. It is enough to show that /

P, (A)dP(w) = / P, (T A)dP(w), be-
E

E
cause P, is Z-measurable.

We have that

/ P, (A)dP(w) 1 5P, (A)dP(w)
E

¢
E" (1E (14]7))

=EF (E(1514]Z)) as E€ T
=EF (1g14)

=P(ENA).

-}

(2.4.3)

On the other hand, by similar reasoning,
/ P,(TA)dP(w) =P(ENTA)
E

=P(TENTA), by invariance of E € T
=P(EN A), by invariance of P.
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So we have invariance and now need to establish ergodicity.
Again let F € Z. Then, repeating the argument in (2.4.3)), we get

/ P,(E)dP(w) =P(ENE) =P(E). (2.4.4)
But, since P, (E) < 1,

/ P (E)dP(w) < / dP(w) = P(E),
E E

with equality if and only if P,,(E) = 1 for P-almost every w € E.

Therefore, for the equality (2.4.4) to hold, we must have P,(F) = 1 for
P-almost every w € E.

Repeating the same argument from once more, we get

/ P, (E)dP(w) =P(ENE°) =0.
So for P-almost every w € E¢, P, = 0.
Thus for P-almost every w € (),
P,(E) = 1iuepy €{0,1}, VE€T;
that is, P, is ergodic for P-almost all w. O

Proof of Theorem. As a consequence of the lemma, we can view P, as a map
Q — M,. Take pp to be the image of P under this map.
From the definition of P,,, we have that

P = /Q P, dP(w).

By a change of variables we get

P /Mﬂ QupdQ

as required. O

2.5 Stationary Markov Processes

In this section we are going to show how an ergodic Markov process can be de-
fined and how the theory from the previous sections can be applied to Markov
processes, following Varadhan in Section 6.3 of [15].

Let (X, B) be a measurable space and let (£2, F) be the space of sequences which
take values in X with the product o-field.

Let {X,,} be a stochastic process which takes values in the state space X.

For any m,n € Z with m < n, define F* = 0 {X; : m < j <n}. Also define
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Fon=0{X;:7<n}and F" =0{X;:j>m}.

As we noted in the opening discussion of Section we can, under certain
consistency conditions, construct a probability measure P on (2, F), which de-
scribes the evolution of {X,} over time. We assume from now on that these
conditions are satisfied. Further discussion of these conditions can be found
in [15].

We can then transfer all of the definitions and results from the previous section
on measure-preserving transformations by taking the measure to be P and the
transformation 7' to be the shift.

Suppose that {X,,} is stationary; i.e. P is an invariant measure for 7'

Definition 2.5.1. We say that {X,,} is an ergodic stochastic process if P
is an ergodic measure, as defined in Definition [2.3.1] for the shift 7'

In particular, we want to consider Markov processes.
The measure P on (2, F) defines a Markov process with transition probabilities
given by II if, for any n € NU {0} and A € B,

P{X,+1 € A|F,} =1I(X,,A) P-almost surely,

whenever this measure exists and is unique.
The following theorem tells us that whenever the transition probabilities are
independent of time n, we have the required existence and uniqueness.

Theorem 2.5.1. Let P be a stationary Markov process with given transition
probability 11.

Then the one-dimensional marginal distribution p, given by p(A) =P(X, € A)
(independent of time by stationarity), is Il-invariant; i.e.

u(A) = /H(l’, A)p(x)dx  for every A € B.

Conversely, given any such u, there exists a unique stationary Markov process
P with marginals p and transition probability 1.
Proof. Suppose that P is a stationary Markov process with transition probabil-
ities given by II. Then
wA)=P(X, € A) = /H(x,A)]P’(Xn_l = z)dx
= /H(x, A)p(x)dz, by stationarity.

Now take a measure p on (X,B). Then a unique stationary Markov process
with marginals p exists. We will not prove this fact, but refer the reader to
Section 4.4 of [15] for further discussion of this. O

Let II be a transition probability and define the set of invariant probability
measures for II by

M = {u L u(A) = /X (z, A)u(z)dz for all A € B} .
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M is clearly a convex set of probability measures. Denote the set of extremals
of M by M., as we defined at the beginning of Section and note that this
set may be empty.

For each p1 € M, denote the Markov process with marginals p by P,,.

Since the map p — P, is linear, we have that

'ue.//\;l/e = ]PDHEMe.

In fact we also have the opposite implication. To see this, we need the following
theorem.

Theorem 2.5.2. Let v be an invariant measure for I and P = P, the corre-
sponding stationary Markov process.

Let T be the invariant o-field on Q; T ={A:TA = A}, where T is the shift.
Then Z C 0(Xy), to within sets of P measure 0.

Proof. Let E € Z C F. Then, as in the proof of Theorem we see that
there are sets E,, € F," which approximate E. So for any k € Z, T'E,
approximates T% E and, by invariance, approximates E. But T*E,, € .7:,5;7’: . So
EcTt :=NpenF™ and E € T~ := NpenFn. Thus

P(Elo(Xo)) =P (E N Elo(Xo))
=P(E[EIT]NE[EIT"]|o(X0))
=P (E|o(X0))P(E|o(Xo)) by conditional independence.

Therefore P (E|o(Xp)) = 0 or 1. It follows that E € o(X() to within sets of P
measure 0. O

We can now show that ergodicity of a Markov process is equivalent to er-
godicity of its marginals.

Theorem 2.5.3. Let p be a measure on (X,B) and P, the corresponding
Markov process. Then the following equivalence holds:

ueﬂe & P,eM..

Proof. For_the first implication, suppose that p is not extremal. Then
Jpa, p2 € M and Ja € R such that p = ap; + (1 — a)ps.

Therefore, P, = o, + (1 — a)P,,, by linearity. So P, is not extremal.

Now suppose that P is not extremal. Then P is not ergodic, by Theorem |2.4.1
Therefore 3F € 7 such that 0 < P(EF) < 1.

By the previous theorem, we can choose E such that E € o(Xp). This means
that 34 C X such that 0 < p(4) <1 and E = {X, € A}.

By invariance, for any n € N, E = {X,, € A}. Thus

E={w:X,(w) €A, Vn}.
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Suppose that there exists a subset of A with positive measure on which
II(z,A) < 1. Then P(E) = 0, which is a contradiction. Thus for p-almost
every x € A,

II(z, A) =1 and II(x, A°) = 0.

Now we can write

p(A) = [ 1z, A)dp(x)

/
/A (e, A)dp(z) + / (2, A)dp(z)

c

— u(4) + / TI(e, A)dp(a).

So / II(x, A)du(z) = 0 and thus, for p-almost every x € A°,

II(z, A) = 0 and II(x, A°) = 1.
For any measurable set B we have that

w(B) = u(B|A)u(A) + p(BJA°)u(A°), by the law of total probability
— u(BlAY(A) + p(BIA9)1 - u(A))
We claim that both v := u(-]A) and v5 := p(-|A°) are stationary distributions.
Then it will follow that u is not extremal.
We want to show that v;(B) = /H(x,B)dyi(x) for all measurable sets B, for

i=1,2.
We have that

/ T(z, B)dvi ()

dp(z) :
= | Il(z,B by a change of variables
IR

= L/ II(x, AN B)du(x) since II(z, A) =1 for y-a.e. x € A
1(A) Ja
= ﬁ /H(x, AN B)du(z) since II(z, A) = 0 for p-a.e. z € A°
7
1
=——u(ANB by stationarity of p
w40

= u(B|A) = n(B).

By a very similar argument,

/H(x,B)dyg(x) = 15(B).

This completes the proof. O
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Remark 2.5.1. The measure y is always an invariant measure for the transition
matrix II of P,, by Theorem i.e. p is a stationary distribution of the
Markov chain P,,.

Suppose that p is the unique invariant measure for II. Then M= ©} and so

clearly p is an extremal point of the set M. Therefore, by Theorem P, is
ergodic.

We can now prove a simple criterion for ergodicity of a stationary Markov
chain, in the case where the state space of the chain is finite.

Theorem 2.5.4. Let {X,,} be a stationary Markov chain which takes values on
a finite state space. Suppose that the chain is irreducible and aperiodic. Then
{X,} is ergodic.

Proof. By Theorem {X,,} has a unique stationary distribution. Therefore,
by Remark {X,} is ergodic. O
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Chapter 3

Central Limit Theorems

In this chapter, we consider central limit theorems for ergodic stochastic pro-
cesses. We will see that a central limit theorem holds for ergodic Markov chains,
under some conditions. We present one proof, following [15], which will be a
consequence of a central limit theorem for square-integrable ergodic martingale
differences. We then present an alternative proof, following [13], for ergodic
Markov chains on a finite state space.

These theorems concern weak convergence, which we defined in Section [I.I] and

denote X, N X, for random variables X, X1, Xo,....

3.1 The CLT for Martingale Differences

Let (X, B) be a measurable space and let (2, F) be the space of sequences which
take values in X with the product o-field.

Let {¢;} be a sequence of square-integrable martingale differences with respect
to a filtration (F,), as we defined in Definition [1.3.6] which take values in X.
Let P be the probability measure on (2, F) which describes the evolution of the
stochastic process {&;}.

Suppose that {£;} is stationary and ergodic; i.e. P is stationary and ergodic on
(Q,F).

Remark 3.1.1. As stated in Section 6.5 of [15], it follows immediately from
the individual ergodic theorem (Theorem [2.2.1)) and Remark that we have
a strong law of large numbers,

§1+&+--+&,
n

—0 a.s..

We will now prove that we have the following central limit theorem, as shown
in [15].

Theorem 3.1.1.

7, = 4+ &+ + &, D

Tn ;
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where Z ~ N (0,0?), for some o > 0.

Proof. This proof follows Varadhan in [15], using the continuity lemma for char-
acteristic functions (Lemma [1.1.2)).
The characteristic functions of Z,, and Z are

bu(t) = E[eXp{ Mfa;ﬁ mH

2,2
and ¢(t) = exp{—a;},

respectively.
Let us define
2t2

o oo pofi25525)]

We want to show that

lWh(n,n,t) — 1] 2225 0.
Then the result will follow by Lemma [I.1.2] the continuity lemma, since,
[U(n,5,) = 1] =250 = gu(t) == (t).
First note that we can write

Y(n,n,t) =1 =1(n,n,t) —(n,0,t)
= [, t) —w(n,j - 1,1)],

j=1

so that we want to estimate the quantity

M:

TL ]a (na.j - 17t)} .

—

Jj=

We will estimate this quantity in three steps.
For any j € {1,2,...,n}, let us set S; = & + & + -+ +&;. Then the 5" term
in the sum is

P(n,j,t) = (n,j — 1,1)
= exp { UZij } E {exp {Zf/%H — exp {02152;'} D) } E [exp {it:q/%l H
242 ; ;
o5} (eloo {5} {25)]
g e J i1 —o?t?
o?t?j ) { z‘It)S{Jl\/ﬁ } pz’tgj . }D —o?t?
or {2 o (o (2o ()
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For our first estimate, we show, by means of a Taylor expansion, that we can

replace this term in the sum by
Z'tSj,1 (02 *532) t2
vn 2n ’

242
ot
O(n,j,t) = eXp{ J } E |exp
Take t to be in an arbitrary finite interval, say |¢| < T'. In this interval we have

2n

[¥(n,5,t) = ¥(n,j — 1,t) = 0(n, j,1)|

oxc Z'tSj,1 oxc % ~ex —o2t? _ (0'2 - 5]2) 2
P Vn P LD L ™ 2n
242 Q.
= exp { 021;] ‘IE {exp { Ztijﬁl }

.<exp{@g}_exp{—;;t2}_ 2 —E)e _ﬁjg)]

where the second equality is due to the martingale difference property

(11.3.2)), as follows:

(52} 5) - o oo {552} 5.)

it itS;_, .
AR
=0, since E (&]F;-1) = 0 by (L.3:2).

We now apply the triangle inequality for expectation and the fact that
lexp {is}| =1 for s € R to get

)

W}(najv t) - 1,[)(’&,] - 1at) - Q(H,j, t)|

2t2j

con( )

2n

eXp{itSj‘l }’ |eXp {%} —exp { g2t2} B (02 =€) 12 g
N vn 2n 2n Vn

o2t2j ite; —o22) (o2 —-E) 8 it
— E R YA _ J _ )
] ) e e
~ exp 0.2t2j
2n

it€; ite;  &t? —o2t? o2t?
T QR . AL A —1+—||.
exp{ \/ﬁ} vn o P "o o
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Applying the triangle inequality again, and the fact that the exponential func-
tion is monotone increasing, we see that

‘w(najv t) - ’(/)(TL,] - lat) - 0<n’j7 t)|

o?t?j
< exp 2n

. ; 2,2
~<E[exp{%}—l—%+w

vn Vi 2n
< CrE eXp{if/%}—l—it/%—i—éz:j
+Cr (exp{_;jlt2}—1+0225> ,
with Cr = exp "1

This estimate is independent of j by stationarity.
We now take the following Taylor expansions up to the term linear in }L:

ité; itg;  Et° 1
Er— = 1 _— = —
P { vn } + vnoo 2n toln
—o2t? 1 o2t? n 1
X = - _ .
CXP 2n 2n © n

Substituting these into our equation above gives that for any j € {1,2,...,n}
and [t| < T,

|¢(’%Jﬂf) - 1/}(77‘7] - 17t) - 6‘(’1’L,j7t)| =0 (i) ’

so that 1
sup [¢(n,j,t) —(n,j—1,t) —0(n,j,t)| =0 (>
[t|<T n
1<j<n
and

- . . , 1
sup ZWJ(?L],Z‘:) - w(”J - 17t) _9(n7]at)| =n-o0 (Tl) .

[t<T ;55

As this is true for arbitrary T', we have that for any ¢ € R,

S .. 8) = (s — 1,8) = 0(n.j, ) =n -0 (i) noelo (313)
j=1
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n
It will now be enough to estimate Z O(n,j,t)|, since
j=1

n

O<Ant Z n.]7 (na.]_17t)_9(n7.]at)]+29(n7.]7t)

= j=1

n

Z P(ng,t) —p(n,j — 1,t) — 0(n, 3. )| + > 0(n, . 1)) .

= j=1

(3.1.4)

In order to do this, we fix some large k € Z and divide the set {1,2,...,n} into
blocks of size k, with possibly an incomplete block at the end.

Let j€Z and define r(j)>0 to be the integer such that
kr(j)+1 <7 <Ek(r(j)+1). We see that r indexes the block of size k in which

we find any given j.
o S | (02 —&7) 2
b N 2n '

Define
. ot kr(j
ak(nvjat) ‘= exp {277,(])} E
Our second estimate will be on the i(n,j,t). We will then show that the
O (n, j,t) approximate 6(n, j,t) sufficiently well.

Fix r; < %. Then, for any j such that kr;+1 < j < k(r141), we have r(j) = ry.
Therefore

k(ri+1) k(ri+1) 2,92 . 2 2\ 42
t°k tSkr o “) b
Z Or(n,j,t)| = Z exp{a2 rl}E[exp{Z kl}( 2@) 1
j:kT1+1 j:kT1+1 n \/ﬁ n
[ k(ri+1) .
1 ztSkr
< C(t)-E Z exp{l}(JQ— jz)
S FEes! vn
i . k(ri+1)
1Sk,
= C(t)-E Xp{ : } > (0*=8)
"l S P
1 [ k(ri41)
= C(t) - E > (*=8)||,
j=kri+1

o242
where C(t) = — exp { }

k(ri+1) 2
HZJ kri+1 U

Set (k) H, which is independent of 7 by
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stationarity, so that

k(’l”lJrl k
> bk(ngit)| < C(t)— (k).

j=kri+1

We can use the L' ergodic theorem from Theorem to show that

o(k) £, 0 as follows. Since {&} is an ergodic process and E (£7) = o,
we have, setting r; = 0,
E|TiL (02 -€)|] (o
6(k) | p | e E(o® - &I7)
=E (¢* - &), by Remark
=0.
Therefore
n L%J k(r+1)
Zok(najv Z ek Tl .77 )
= r=0 |j=kr+1
L (3.1.5)
< -C(t)-d(k
"o sk

= C(t)d(k) 22 0.

Next, for our final estimate, we consider

Z‘gk n ]a

(n ]7 )| <n sup |0k(n7]7t)79(n7]at)|

1<j<n

2 24270 S
P exp{f 0 o {5001 (1)

2 1<j<n 2n

o?t?j itS;_1
_ E J —
R e Ll

t2 {O'QtQk"l“(j) }
= — sup |exp{ ——2

2 1<j<n 2n

E {(02 — &) exp {

itSk7.(j)

i

0’2t2('— k"l"( )) it (Sj,1 — Skrj )
(ol s
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Then, by the triangle inequality, we can estimate
n
Z ‘ek(n?.ja t) - 9(7’7,, j7 t)l
j=1
2

242 ;
<2y (oo {00}

1<j<n 2n

E l‘az —elh- exp{02t2 (J;L kr(j))}exp {it (Sjl\/—ﬁskrm) }H }

12 242
<exp{g} sup E[|02—§j2-|

2 2 Jigj<n

1 exp{02t2 (J —kr(4)) } exp{it (Sj-1 = Skr(s)) }H

2n

We now claim that the expectation

L exp{02t2 (J = kr(5)) } exp {it (Sj-1 = Skr(s)) }H

5 [w—sﬂ

2n vn
is periodic in j with period k.

Let m € Z. First note that r(j +mk) = r(j) +m, by our definition of r, so that

Sj+mk—1 = Skr(j+mk) = Sj+mk—1 — Skr(j)+mk (3.1.7)
= &kr(j)+mk+1 T Ekr(i)+mh+2 + -+ Eitmh—1.

and
Jj+ mk —kr(j+mk)=j+mk—kr(j) —mk=j—kr(j). (3.1.8)

Using (3.1.7)), we write

E “02 — €2, il ‘1 — exp { a*t* ([j + km}Q; kr(j + km)) }

exp { it (Sjakm—1 — Skr(j+km))
Jn

22(j 4+ km] —kr(j + &
_]E“02§g2‘+km|’1exp{a L+ m]2n rt m))}
27 r(j)+mk j+mk—
.exp{Z (Err)+ k+1:/rﬁ + &jrmk 1)}H
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Then, by (3.1.8), we have

E DUQ e ‘1 B exp{a%? ([f + km] — kr(j + km))}

2n

exp { it (Sjtkm—1 — Skr(j+km)) }H

G
_E “02 e ’1 exp{f%’“"(m}

2n

- exp {it (gkr(j)+mk+1 +oee ngrmk*l) }H

NG

2t2 . l{j .
—E[|02—§?| l—exp{g (J T(]))}
2n
- exp it (Errgy i1 + &2+ T €-1) ’
vn
where in the last line we use stationarity to shift all indices of £ by —mk.
Thus we have periodicity, and so we need only consider j =1,2,... k.
But, for 1 < j <k, we have that r(j) = 0, by definition of r.
Therefore
2 (j — kr(4)) it (Sj-1 — Skr(s))
sup E [|o? — €2]|1 —ex {U }ex J r(d)
155%n | Gl P 2n P Vn

1<I<k

= sup E l|02§l2|

- { 5242 (12; kr(1)) } o { it (SHJE Skr1)) }H

o {15

Substituting this back into (3.1.6)), we obtain
n

Z'ek(n?j7t)_9<n7j7t)| <mn sup |9k(n7jat)_9(n7jat)|

j=1 1<j<n
1 U2t2l Z'tSl,1
— exX ex
P\ 2n P vn

o?t?l itS;_1
1 —exp o exp T

—0 by bounded convergence (Theorem [1.1.5)).

= sup E [’02 — 512’
1<i<k

2 242
<exp{a } sup EDU2—§2}
2 2 ) 1<z

C(t) sup E (}02 — fﬂ

1<I<k
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We now have

OS Ze<na]7 Z nja _ekn.]7 +Zekn]7
Jj=1

j=1

Z n.77 _ek(nJ’ |+ Zekn]7>'

j=1
Fix k£ and let n — oo to get
n n
0< hyILn—ilip ;G(n,j,t < h;[l_?olip Z:: (n,j,t)

Now, letting k¥ — oo and recalling (3.1.5]), we see that the right-hand side of the
above inequality tends to 0 and so

n

nhﬁngo 20(7@],75) =0. (3.1.9)
i=

Hence, putting together (3.1.3)), (3.1.4) and (3.1.9)), we have that

n—roo

A(n,t) —= 0,
as required. O

We have proved a central limit theorem for square-integrable ergodic mar-
tingale differences. Next we will show that this result can be extended to a
larger class of processes, and in particular to certain stationary ergodic Markov
chains.

3.2 The CLT for Markov Chains I

We continue to work in the same setting as in the previous section. Thus we
let (X, B) be a measurable space and let (2, F) be the space of sequences which
take values in X with the product o-field.

In this section our aim is to prove a central limit theorem for functions of ergodic
Markov chains, under some conditions, following the method used by Varadhan
in [15]. We start by consdering the following processes.

Let { X, } be a stationary zero-mean process, adapted to a filtration (F,), whose
path is described by the probability measure P on (2, F). If we can write
Xn = &nt1 + Mnt1, where {£,} is a square-integrable ergodic martingale differ-
ence and {7n,} is negligible in some sense, then we can show that we have a
central limit theorem for {X,}. We formalise this in the following theorem,
which is a key step in proving a central limit theorem for Markov chains. This
result is stated but not proved in [15]. Here we provide a detailed proof.
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Theorem 3.2.1. Let {X,} be a stationary process such that, for any n,
E(X,) =0 and X, = &n41 + Mnt1, where {&,} is an ergodic stationary se-
quence of square-integrable martingale differences and {n,} satisfies

(XZ njﬂ = o(n). (3.2.1)

E

Then

X1+ Xo+--+ X, 2Ny

¥a |
where Z ~ N (0,02), for some o > 0.

Proof. Fix a > 0. We need to show that

P Mga 27, ¥(a
(= <o) (@)

where ® is the distribution function of a N(0,0?) random variable for some
o>0.
Now fix e > 0 and n € N. We claim that

_IP(Z:P:}SHJ <a+€;|2?—\}%7@'+12€> (3.2.2)
D im Wi
“P’(\}EZE)

and

P <Zn—\/%X > a) >P (Z?:lﬁf"“ <a- 5)
_p (|Z?=\}F7L7i+1| > 5)

P Yo it N D Wikl 12y Mis1l .-
n vy )

(3.2.3)

We prove the upper bound (3.2.2)) using a lemma which we now formulate.

Lemma 3.2.1. For any a,e > 0 and any random variables A, B, we have
P(A+B<a)<P(A<a+e)—P(A<a+e|B|>e)+P(|B|>¢).
Proof of lemma. By the law of total probability,

P(A+B<a)=PA+B<w|Bl<e)+P(A+B<a;|B|>¢). (3.24)

43



Note that |B| < € = —B < ¢. So for the first term in the above equation we
have
P(A+B<a;|B|<e)=P(A<a—B;|B|<e¢)
<P(A<a+e:|B|<¢)
P

(A<a+e)—-P(A<a+¢g|B|>¢).

We can bound the second term in equation (3.2.4)) by

P(A+B<a|B|>e) <P(B|>2),

and so we have proved the lemma. O
Note that
P >oim Xi <a)l=P Doic Sit1 n D i1 Mit1 <a

The upper bound claimed in (3.2.2) now follows from the above lemma by
substituting

A= E:lﬁf“ and (3.2.5a)
27-11 Ti+1
B ===l 2.
Yo (3.2.5b)

Now let us define an error term

n n n
a(n) = —P (Zit}flﬂ <a+eg; |Zi:1fm+1 > s) +P (|Zi—\1fm+l > 5) )
n n n

so that the upper bound (3.2.2)) implies that

P(%ﬁﬁa) SP(Z%}T?H<G+E>+OC(TL).

By Chebyshev’s inequality (|1.1.4)) and our assumption (3.2.1]), we can see that

n 2
0<p |Zi:1 77i+1| ) < E([Zi:l 771+1] ) oo 0,
n

EN

and similarly,

Hence a(n) ——22 0.
We now turn our attention to the second claim (3.2.3)) and formulate another
lemma.
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Lemma 3.2.2. For any a,e > 0 and any random variables A, B, we have
P(A+B<a)>P(A<a—¢)—P(B|>¢e)+P(A+ B <a|B|>¢).
Proof of lemma. We note that |B| < e = —B > —e. Therefore
P(A+B<a;|Bl<e)>2P(A<a—¢g;|B|<e)

=PA<a—¢)-P(A<a—¢;|B|>e¢)
>P(A<a—¢e)—P(|B|>¢).

So, by the law of total probability,
P(A+B<a)=P(A+B<a|B|<e)+P(A+B<a;|B|>¢)
>P(A<a—¢)—P(B|>e)+P(A4+ B<a;|B|>¢),
and the lemma is proved. O

We now make the same substitution as in (3.2.5) and the claimed lower
bound ({3.2.3)) follows from the lemma that we have just proved.
Next we define another error term

B(n) := —P (‘Zn—l”“ > 5>

vn
+P (Z?—l §it1 + Z:‘L:l Ni+1

Z?:l Mi+1
NG

< a;

> e
\/ﬁ \/ﬁ > ’
SO that the lower bound 323 1mphes

P(Z:z_/%XiZa) zp(z:i%lﬁfi“<a—a>+ﬁ(n).

In the same way as for a(n), we can see that 8(n) —— 0.
At this point we have shown that

P(Z?:lﬁfiﬂ<a—5>+ﬁ(n)gﬂl’<zz7f§a)

E :?—1 €i+1
P - -
< ( /n

n

< a+5) + a(n),

with a(n) =% 0, 8(n) “=>% 0. Since {£,} is an ergodic stationary sequence

of square-integrable martingale differences, we have a central limit theorem for
{&,} by Theorem Therefore 3o > 0 such that

P(X%lﬁfz“ <a—6> 2% ®(a —¢) and
Doy Siv1
P2

<a+6> 272 d(a+e),
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where ® is the distribution function of a random variable with distribution
N (0,02).
Thus, by the sandwich rule,

"X, "X,
Pla—e) < linniior.}fIP’ (Z:’\_/lﬁ < a) < liﬂsolipP (ZZ\_/% < a> < ®(a+e).

Finally, we let ¢ — 0 to see that the required limit exists and

lim P (ZT}/%X < a) = ®(a).

O

The following remark from [15] helps us to find processes which satisfy the
conditions of the above theorem.

Remark 3.2.1. Suppose that {Z,} is a stationary square-integrable sequence.
Then if we define n,, := Z,,— Z,, 11 for each n, we have that E[(Z] 1 1m5)%] = o(n).

We provide a short proof of this fact.

Proof. Since {Z,} is square-integrable, the expectation we are interested in is
well defined. To prove the remark, we use Minkowski’s inequality (1.1.3]) and
stationarity.

| ()'| - 2[4~z
=121 = Zn1 3
2
< (HZ1||§ + ||Zn+1||§> by Minkowski’s inequality (1.1.3))

2
= (2012113) " by stationarity

= o(n).
O

Given a zero-mean stationary ergodic process {X, }, we can, under some
conditions, construct {Z,} as in the remark above so that X,, + (Z,+1 — Z,) is
a square-integrable ergodic martingale difference.

We would then have X,, = &,41 + nn41 satisfying the conditions in Theorem
[3.:27] for a central limit theorem to hold.
Define

Ly 1= ZE n+j|Fn), whenever this sum converges.
We will now show that if Z,, exists and is square-integrable for each n, then
Xn + (Zny1 — Zy) is a square-integrable ergodic martingale difference and, by

Theorem and the previous remark, we have a central limit theorem for
{X,}, as is claimed in [15].
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Lemma 3.2.3. Suppose that
Ly = ZE(XnJrJl}—n)
j=0

exists and is square-integrable for each n.
Then we have a central limit theorem for {X,}.

Proof. We have that

oo
E [Zn+1|]:n] =E ZE [Xn+1+j|-7:n+1] ‘]:n
j=0

o

E[X,i145|Fa] by the tower rule (1.3.1)

7=0

E [Xn+j|-7:n] —E [Xn‘fn}

o

j=0
=7, — X,.
Therefore
Xn=2,—E [Zn+1|‘Fn]
= (Zn - Zn+1) + (Zn+1 —E [Zn-&-ll}—n}) .
If we define

Mn+1 = Zn — Zn+1 and
Ent1 = Zny1 — E[Zn11|Fal,

then we have

Xn = g1 +&nt-
By Remark E[(3°7-1mj)%] = o(n). Tt is easy to see that {,} is ergodic
and square-integrable, so we only show that {£,} is a martingale difference.

By Lemma we just need to show that E[£,4+1]|F,] = 0. This follows
immediately from our definition of &,:

E [fn—kl‘fn} =E [Zn+1 —E [Zn+1|]:n] Ifn]
=E [Zn+1|]:n] —-E [Zn+1|]:"] =0.

Therefore, by Theorem we have a central limit theorem for {X,,}. O

We now see under what conditions we can apply this lemma to the specific
case of a function of an ergodic Markov chain.
Let {X,} be a stationary ergodic Markov chain, adapted to a filtration (F,),
with state space X, transition probability IT and invariant measure p. Let P be
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the stationary ergodic probability measure on (€, F) which describes the path
of this Markov process.

Let f be a square-integrable function with mean zero with respect to the invari-
ant measure. We will show that, under further conditions, we have a central
limit theorem for f(X,,). We use the method outlined above, following [15].

Theorem 3.2.2. Let f € L2(X,B,p) be such that Y . f(x)u(x) = 0. Sup-
pose that U € L? such that [[ —U|U = f. Then

Z?:i/g;(Xj) 2>Z,

where Z ~ N (0,02), with variance

o2 = EP [(U(Xl) — U(Xo) + f(XO))2] .

(o)
Proof. We want to show that Z, := ZE( f(Xn4j)|Fn) is well-defined and
3=0

square-integrable for all n € NU {0}.

If Zy can be defined, then we can define Z,, using the shift operator T, via
Zn(w) = Zp(T"w). Thus we only need to show that Zy is well-defined and
square-integrable.

For each n =0,1,2,..., define @, f by

(Qnf)(x) :=E(f(X,)|Xo=2) forallzeX.

Then

We claim that Qn.(Qm)f = Qminf, for any n,m € NU {0}.
To prove this claim, let m,n € N and let X; be a random variable with the
same distribution as X}, for each k € NU {0}. Then

(Qu(@u) F)(X0) = B (Quf (X,)|F0)
= E (B [£(%n)1%0 = Xa] 170)

Note that starting a Markov chain from state X,, and letting it run for time m
is equivalent to considering a Markov chain which is in state X,, at time n and
letting it run up to time m + n. Thus

E [£(Xa)l %o = Xa| = B[f(Xunsn)| Pl

and so

(Qn(Qm)f)(Xo) = E(E[f (Xntn)|Fnl [ Fo)
=E[f(Xm+n)|Fo] by the tower property
= Qm+na
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as claimed.

Therefore Qnf = Qn-1(Q1f) = Qn-2(Q3f) =--- = Q1 [.
Fix x € X. Then

(@f)(x) =E(f(X1)|[Xo =2) = > _ fy)(z,y)dy = (IIf)(x).

yeX

So we have that Q1 = II and thus, whenever the sum converges,

ZE X)1F0) = 3@ (X0) = S Q1) (Xo) = S (I ) (Xo).
7=0 3=0 j=0

Moreover, if the sum does converge,

oo

> )(Xo) = (1 -107" ) (Xo),

§=0
since - - -
T-TY Wf=) Wf-> WHf=1f=f.
=0 =0 =0

As in the hypothesis of the theorem, suppose that 3U € L2 such that
[ —IU = f. Then

Zy = ZE X;)|Fo) = (I —=1" ) (Xo) = U(Xo) (3.2.8)
converges and we see that Z,, € £2 with
Zn = ZIE X)) Fo) =U(X,), V¥n=0,1,2,....

We now appeal to the previous lemma which gives us that, under the assump-
tions of the theorem, we have a central limit theorem:

E}l_\l/;(Xj) 2,5

where Z ~ N (0,0?), for some ¢ > 0.

To complete the proof of the theorem, we now need to calculate the variance

a2

Using our notation from earlier, we have that f(X,) = &,+1 + n+1, where
€nt1 =U(Xpt1) — U(X,) + f(X,) is a martingale difference,

as shown in Lemma [3.2.3] and

(Z 77j)2] =o(n). (3.2.9)



Then we have
P 0.6} 1 " "
Var (jifn] = — Var > G+ Y nin
j=1 =1

+ Var

> &

J=1

1
= — | Var
n

n
> 77j+1]
j=1
n n
+2 Cov lz vty 77j+1‘|
i=1 j=1

Note that all of the random variables &;, n;, 7 = 1,2, ..., have mean zero.
Therefore
n n 2
Var Zﬂjﬂ] = E[(Z 77j+1) ] = o(n) by (3.2.9)
j=1 j=1
and
n n 2
Var Z@H] =E (Z §j+1) ]
j=1 j=1
=) El&],
j=1

since for any i < j,
Cov [&i,&] = E[&:§5] = E(E &5 7)) = E(GE[§5]F]) =0,

as {&} is a martingale difference, and similarly for i > j.
Then, by stationarity, we see that

n

Y E[¢},] =nE[g].

j=1
Putting these together, we get
Y fXDY _nE[G] o) 2 (SN,
By the Cauchy-Schwarz inequality for covariance ([1.1.6)), we have that

IN
\

2 oo (oo} (oo} (oo}
0<—|Cov D &Y mi Var [ Y & [ Var [ Y i
=1 j=1 j=1 j=1

= 2\ [uE &) V/om)
=21/E[&2] @ 22%0.
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Hence

\@r<zxiygxn> S

= B |(U(X1) = U(Xo) + F(X0)?]

That is
o2 = FPx [(U(Xl) ~U(Xo) + f(Xo))z] .

3.3 The CLT for Markov Chains 11

We now restrict ourselves to Markov chains on a finite state space and present
an alternative approach to proving a central limit theorem for stationary ergodic
Markov chains. This method allows us to arrive at the result more directly, but
we get a less general result here. What follows is adapted from handwritten
notes by Balint Téth [13].

Let X be a finite set and let (Q, F) be the space of sequences which take
values in X, with the product o-field.
Let {X,, } be a stationary, irreducible, aperiodic Markov chain on (€, ), adapted
to a filtration (F,), with transition probabilities given by II and state space X.
Because we are working on a finite state space, we can apply Theorem
This tells us that {X,,} is ergodic, since it is a stationary, irreducible and ape-
riodic Markov chain on a finite state space.
Define P to be the stationary ergodic probability measure on (€2, ) which de-
scribes the time-evolution of the process {X,,}.
Let f € £?(X,B, i) and suppose that f has mean zero under the unique sta-
tionary distribution yu; i.e. > oy p(x)f(x) = 0.
Define

n—1
Sn =Y F(Xg).
k=0

The main result of this section is the following central limit theorem:

Theorem 3.3.1.
D
— 7,

Elts

where Z ~ N(0,0%) for some o3 > 0.

To prove this, we are going to prove a central limit theorem for another
quantity which approximates S, as in |13], and we will see that our desired
result then follows.

Set Xy = xg deterministically.
We are going to use the fact that the times between consecutive returns to
xo and the behaviour of the chain in these time intervals are i.i.d.. We define
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several random variables which we are going to work with.
Define the return times to zg inductively by

Ro =0
R,y1:=min{k > R, : X = xo}.

Then R,, is the n'" return time to zo after time 0 for each n € N.
Next we define the length of the time interval between returns as

Ty =Ry — Ru_1, YneN

and the sum of the function of the Markov chain in each of these time intervals

by
R,—1

Y= > f(Xp).

k=Rn_1

By the Markov property , we see that (Y,,T,), cy are i.id..
We also have that all exponential moments of Y;, and T;, are finite, as we are in
a finite state space.
Clearly E(Y;,) = 0. Let us set o3 = E (V,?) and b = E (T},).
Let the total number of visits to z¢ (including the one at time 0) before time n
be given by

vp :=min{k: Ry >n} Vn e {0,1,2,...}.

Equivalently,
k
z/n:min{k:ZTl >n}.
=1

Define U,, := R,,, = min{m > n: X,;, = x0}, so that U, is the time of the first
return to xq after time n. Then

Un_l Un_l
Su= Y f(Xi) = > f(Xk).
k=0 k=n

Remark 3.3.1. As stated in [13], we can show that ZkU;: f(X%) is stochasti-

cally bounded, by a random variable independent of n. The idea of the proof is
that this sum is bounded by the sum of |f| taken between any two consecutive
return times. We do not provide details of this here.

‘We also have that

U,—1 Vn
Su, = Y, [(Xp)=> V=S5,
k=0 P

where we define



The proof of the main result will follow immediately from the central limit
theorem below. We next turn our attention to proving this theorem, which is
the main focus of [13].

Theorem 3.3.2. For S, := Yo, Yy

t(l)x

3
l@
N

9

where Z ~ N (O, %(%)
Proof. Define a function ¥ : R — R by

exp {¢(A)} := E (exp {AY1}).
We claim that )
wW:§ﬁV+MF)%A%O

Note first that, by the series representation of the exponential function,

exp{ A% 4 O()G”)} =1+ { 22 +O(A3)} + 5 ng,\Q +o()\3)r +ee
—H-UV+MﬁL%A%Q
Now
@m{wQﬂE@mﬂAm})E{1+AE,%;ﬂYf+CXﬁﬂ
=1+0+ %AQE(YE) +0(\?)
:1+1Vﬁ+OQ%
exp{ A2+0(X%}

and taking logarithms proves our claim.
Next we claim that exp {)\Sk - ¢(A)k} is a martingale.

Since we have finite exponential moments, the following calculation is all that
is needed to prove this:

E [exp {ASii1 — () (k+ 1) } 1 7]
=F [exp {/\Sk — w()\)k} exp {AYip1 — (N} | Fi
= exp {ASk — ¥(\)k P E exp {AVis1}] exp {—0(N)}

*}
ASk = Wk} exp {(A)} exp {~(\)}
)k}

= exp

{
-

S, — YNk
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Note that E {exp {)\S\'/”% H is the moment generating function of f/% and

2
exp {’\—20—0} is the moment generating function of a normal random variable

2 b
. . 0'2
with mean zero and variance 2.

We want to show that E [exp{)\%}] a7, exp{)‘;%;}. Then Theorem

will give us the result of this theorem.
Let us fix n. Then v, is a stopping time and by the optional stopping
theorem (Theorem [1.3.3)), for any 6 € R,

E [eXp {é)Sun - 1/1(9)%” -E {exp {950 - OH — ¥ =1. (3.3.2)
Therefore
]| -l () eerfo ()1

(oo () 5} - {5)]

where the last line follows from (3.3.2)) with § = 2-.

Call v
o=l ()]
AN vy, o2 \2
(ool () 2o 1))
so that

E

S, N2
exp {/\\/%}] = exp { Ugb } + E,.

We will show that F,, is an error term which tends to 0 as n — oc.
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We can write

sl {1 () [5(2) - ()]

-Halen{Za 1o () fon{le ()]
og\? A\ vy
(o o))

We are going to use the Cauchy-Schwarz inequality (1.1.5) to bound this
error. Note that for any random variables X,Y, Z € £2, with Y2, Z2 € £?,

? by Cauchy-Schwarz

(E[xY2)" < (E[X])" (B [r*27])
(E [XQ])2 E [(Y2)2} E {(Zz)z} applying Cauchy-Schwarz again
’E

(B [X7])

IN

i E [z
(3.3.3)

Define the following random variables:
A 1 2\
sl o8 - 50 ()
1 2\
= {30 (G5) 0}

E3,:= GXP{—U(Z\Q} —exp{—TW (\;\ﬁ) l:;}

a2 A2
E, = e‘%ﬁT’Hﬂ[lﬂl,n '1227n 'lzé,n]
and it is easy to check that we can apply the inequality (3.3.3]) to get

Then

20222

Ey<e b (E[E},))°E[E],]E[E],].
02 2
We can now look at each term in the product individually. The constant e%
plays no role here.
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Using , we see that
2 7 _ s (2
E [Eln] =E {exp { \/ﬁS,,n P T Unp,
=1.

In order to estimate the expectation of the other random variables in the error
term, we claim that we have a strong law of large numbers for v,,:

n n oo 1
% 12 2 as. (3.3.5)

We prove this claim as follows. Since the {T}} are i.i.d.,

J
1 J—oo,
jg "X E(T) =b  as.,

by the strong law of large numbers for i.i.d. random variables.
Note that we have the following equivalence, for any J € N:

J n J
— = Z> 7".
J; - J < no-n
Fix ¢ > 0 and define J,, := {bz J Then J,, =% c0, so
€
1 JIn
—ZTJ Smscy a.s..
Jn
1 JIn n
But + 7> b, so the event 7 Z J£ = {n > l;} occurs for only

7j=1
finitely many n almost surely.
Therefore 3N € N such that Vn > N,

e e

1
lim inf 2% >
n—oco N b+ ¢

Hence

Now define J, := L)TLEJ . Again we have

Jn
n~>oo
E a.s..
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1‘3

In
But ;7 < b, so the event ZTj <
j=1

J
= {n < V”} occurs for only
n

ol =
<

n

finitely many n almost surely.
Therefore 3M € N such that Vn > M,

Hence

v, 1
limsup — <
n—oo N b—e

We now have

v v 1
< liminf % < limsup — <
b+e n—oco N n—soo N b—e¢

a.s.,

so by taking the limit ¢ — 0, we have that the desired limit exists and we have
proved our claim that

a.s..

We can now see that

E[EL,] =E [eXp {M (\2}) . H
1

2 2 3
—e oo fan (320 (0 ) ) 2]
2 n n2 n
X243

e b

by the strong law of large numbers for v, (3.3.5) and bounded convergence
(Theorem [1.1.5). By the same reasoning,

n—oo

A202 AN\ v\
4 0 n
216t -5 | (oo {25} -om { oo () 5])
A202 1022 AN v 1)
=E — oL _ —n =20 2 “n
({25 e {0 (G5 w0 ()5}
n—oo 0.
SO 24,2 2_2
0< lim E*<e 2 -1-¢ 5 -0=0.

n—oo

Thus E,, — 0 as n — oo, and so we have

Syn n—oo )\2 O'g
exp )\\/ﬁ —— exp > (-

Appealing to Theorem [1.1.3] we have that f/”% converges in distribution to a

E

2
mean zero normal random variable with variance o—b‘), as required. O
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The proof of the main theorem is now straight forward.

2
Proof of Theorem|[3.3.1l Let Z be a random variable such that Z ~ N (0, O;f) .
We have that

S, 8

. 1 U,—1

by the definitions of S and S. But by Remark the sum in the second term
is stochastically bounded by a quantity which is independent of n, so

1 U,—1 >
NG > f(Xk) = 0.
k=n

Also, by the previous theorem,

D
= — 7
Vn
Hence we have
Sup oy
vn ’
as required. O

We have proved that we have a central limit theorem and we now wish

2
to calculate the variance %0 of the limiting distribution, again following Téth

in [13]. The following remark is a key observation to facilitate the calculation
in [13].

Remark 3.3.2. Since f has mean zero, 3¢ such that f = (I —II)g. In fact,
9= I"f.

Proof. Suppose that g =Y ° II" f converges. Then

(I-Mg=(I-M)) HW'f=3 M"f-3 IHf=Tf = f.

n=0 n=0 n=0

So we just need to show the convergence of the infinite sum. However, it is well-
known that, when II is the transition matrix of an irreducible aperiodic Markov
chain on a finite state space, II" f converges exponentially, so the infinite sum
converges. O

Theorem 3.3.3. If we define an inner product on the space of functions on X
by
(a1, a2) == Z a1 (z)az(z) (),

zeX
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for any functions ay,as, then

o2
?0:2<f7g>_<faf>a
where f = (I —I)g.

Proof. By the above remark,

Sp = 2_: f(ch)
k=0
n—1
= [9(Xx) — Tg(Xx)]
k=0
= 9(Xo) — 9(Xn) + > [9(Xx) — TMg(Xy-1)]

Define
M, =Y [9(Xi) — g(Xp_1)].
k=1
We claim that M,, is a martingale. To prove this we note that

E (g(Xn+1)‘fn) = Hg(Xn)a
by definition of the transition probability II. Thus

n+1
E (M 41| Fn) = E (Z [9(X) — Tg(Xj—1)] |fn>

k=1

=E (Z [9(Xk) — g(X-1)] Ifn>

k=1
= Mn + Hg(Xn) - Hg(Xn)

= M'm
and so M,, is a martingale.
Let T'="T;. Then
-1 Ri—1
Sr=Y f(Xx) =Y [(Xp) =T
k=0 k=0

T is a stopping time and St = ¢g(Xo)—g(X71)+ M7 = g(x0) —g(x0)+ M7 = M7.
So by optional stopping (Theorem [1.3.3]),

E(S7) = E(Mr) = E(Mo) = 0.
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Now define another martingale

n—1

Noi= MZ = 3" [Tlg? = (Tlg)?] (Xp).
k=0

We confirm that this is indeed a martingale by the following calculations.
By definition of M,, and N,,

E (Nni1|Fn) = No =B (M2,|F) — M7 = TIg*(X,,) + [Tg(X,)].
Now note that
E( n+1|]:) :E( n+1 M |]:)
=B ([(Mos1 — My) + M, J* = M2, )
=E ( n+l = |]'— ) +2E (( n+1 = n)Mn|]:n)
=E ( n+1l — |]: ) + 2MnE n+1|]:7l) - 2M72L
=E ((Mn41 — n) | Fn) + 2M7 — 20}

since M, is a martingale
=E (Mn41 — M,)?| ).

We then see that
]E(Nn+l|fn) - N, = 0,

E (M1 = My)*|F2) = E ([9(Xn11) = Tg(Xa)]* | F2)
— B (9(Xn11)*F0) = 2g(X0)E (9(Xni1)| Fa)
+E ([Mg(X.))* | 72)
= Mg (X,) — 2g(X,)Tg(X,) + [g(X,.)]
= g% (X,,) — (g (X, .

Thus NV, is a martingale, as claimed.
Using this we can calculate

E(S7) = E(M7)

( Tz:_l[ﬂg — (Ig) }(Xk)>

=0

E(No) + E TZ {Hg — (Ig) }(Xk)>

k=
by optional stopplng (Theorem [1.3.3)

=E (Tzl (1192 — (119)°] <Xk>) :
k=0
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We claim that

E <i [Hg . Hg )
Define F(z) :=E <Z 1{X, = x})

We will show that F(x) = F(y)II(y,z). Then, by uniqueness of the station-

yEX
ary distribution (Theorem [1.2.1)), we must have F' = Cy for some constant C.
We have that

F(z)=E (i]l{Xn—w;TZn}>

P(1{X,=2;T >n})

[Hg (x) — (Tg(x))*]

8HM8

—ZZ (I{X, =2;Xp_1=y;T >n}), where y ~ z & II(y,x) > 0

n=1y~zx
:H(O,I)+ZZIP’(]I{Xn:x;Xn_lzy;TZn})
n:QU?’Z‘;TO
(2o, x +ZZ (IH{Xn =2;Xpn1 =y; T >n—1}),
n=2 Yy~
yy7é$0

where the last line can be explained by considering the following two cases.
Suppose first that x = z¢. Then

Xn=2Xpna=y;T2n} ={X=0;X,, 1 =y;T =n}
={X,=2;X,_1=y;T >n— 1} since y # xo.

Now suppose = # xg. Then clearly

{Xpn=0;X 1=y;T2n} C{X,=2;Xp1=y; T >n—1}
and, since y # xg,

{Xn=0;Xp1=y;T>n—-1} C{X,,=x; X;,_1 =y; T > n},

giving the required equality.
We next note that

P(X,=2z|Xn1=y;T>n—-1)=1(y,x).
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Then we have

F(x) = (o, 2) + Y Y PU{Xy = X0 =5, T 20— 1))
n=2 Yy~
Y#To

= II(zg, x)

Y Y PXp=2Xoa =y T 2n—- )P (X =y;T >n—1)

n=2 Y~z
y#xo
= M(wg,2) + Y Ty, 2) Y P(Xn1=4T>n—1)
=M(wg,7) + Y Ty, 2) Y P(Xy=y;T >n).
But, since
Y P(Xp=a2T>n)=Y P(T=n)=1,
n=1 n=1
we get that

F(2) = (zo,2) + 3 U(y,2) S P(Xo =37 = n)

Y~z n=1
Y#To
= ZH(y,I)ZP(Xn =y T > n)
Yy~ n=1
= (y,x)F(y).

Yy~

Therefore 3C' € R such that F(x) = Cu(x), Vo € X, by uniqueness of the
stationary distribution.

We have that F'(z9) =1, so C = and

1
u(zo)

F)= 27 foranze x.
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Our claim follows by noting that > _ 1{Xy =} = 1 for any k. This gives

E (Tzl [11g?  (119)°] (Xk)> =E (Tzl > 1{Xk = o} [Tg? ~ (9] (Xk)>

k=0 k=0 zeX
=K (Z [HgQ _ (Hg)g] (x) Z 1 {Xk = l‘})
rzeX k=0
T—1
= > M%) - (Mg (2))*| E (Z 1{X) = :c})
rzeX k=0
= [M9%() - (g (2))?] F(a)
rzeX
_ () 2(,) — 2))2
=3 g (2) — (g(x))’] .

Next, we calculate

> p)gi(z) = > > pa)(x,y)g*(y)

rxeX yeX z€X
= Z w(y)g?(y) by stationarity
yeX

={g,9) by definition of the inner product.

If we take ||-|| to be the norm induced by the inner product (-,-), then we have
() [ 2 2 1 2 2
Mg (x) — (Mg())*]| = ——— (llgl* = Igll”) .
mez;( p(o) pu(o)

‘We now see that

1 () :ZF(m):ZE<zT:]l{Xn:x}>

plwo) i mlao) 1 rex
:E(ET:Z IL{Xn—x}> =E(T)=b
ol aex
So we have shown that
E(S}) = E CZ [11g” - (119)*| <Xk>>

b (llgl® — Img)1*)

63



In fact,
E(SYQ“) = bo’%a

where
ot :=2(f.9) = (f. )
We see this by the following calculation, noting that f = g — Ilg.

lgll” = ITIg]|* = (g, g) — (I1g,T1g)
= (g —1Ilg,g) + (Ilg, g) — (g, Ilg)

= (f,9) + (lg,g — 1lg)
=(f,9) — (-1lg,g — Ilg)
=(f,9) — (g —lg,g — g) + (9,9 — g)
=(f,9) —(f. f) + (9. )
=2(f.9) —(f. f)-
But 02 = E(Y?) = E(S2) = bo?. So
08 _ 2
D v
as required. O

We have shown in Theorems [B.3.1] and [3.3.3] that

Sn'D
— Z
N

where Z ~ N (0,07), and

ot =2(f,9) = (. f)-

We have now proved a central limit theorem for Markov chains via two
different methods, under different conditions, one following Varadhan in [15]
and the other Té6th in [13]. In each case we derived a formula for the variance
of the limiting distribution. We now provide a calculation to check that the two
expressions for the variance agree, in the case where both theorems are valid.

Remark 3.3.3. Take {X,,} to be a stationary, irreducible, aperiodic Markov
chain with finite state space X, and let f € £2 have mean zero under the unique
stationary distribution .

Then we have that 3g such that f = (I —II)g, and

Z?:l f(Xj) 2>Z

vn ’
where Theorem asserts that Z ~ A (0, 02)7 with

0? = B [(g(X1) - g(Xo) + F(X0))]
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and Theorems (3 and |3 assert that Z ~ A (O, 0%), with

We claim that o2 = o2.

Proof. To prove this equality, we express both o2 and ¢? in terms of g only and
we will see that we arrive at the same expression.
Let us first look at o2. We see that

o = 3" p@)(z,y) lg(y) — g(z) + f(2))*

z,yeX

= 9®)? > p@)(z,y)

yeXx zeX

+ 3 ) [£@)? + g(0)? — 2f (@)g(2)] 3 T(a, y)

reX yeX

+2 ) p@)(z,y)gy) [f(2) — g(x)]

z,yeX

=3 uWew)?+ Y u@) [f(2)® + g(2)* - 2f (x)g(x)]

yeX zeX

(3.3.6)

+2 % p(@)(z,y)g(y) [f (@) — g(x)]-

z,yeX

Now we use the relation f = (I —II)g to find that

D ul@) [f(2)? + g(x)? = 2f(x)g(x)]

=3 ulx) [(g<x> D (D y>g<y>)2 +g(x)?

~2(g@) -~ Y H(x,y>g<y>)g<x>]

yeX

=" u(x) [g(%)2 —2) T(z,y)g(x)g(y) + Y M(x,y)9(y) > T(w,2)g(2)

yeX yeX zeX

+g(2)* = 2g(2)* +2 > T(z,y)g(x ]

yeX

= pl@) Y M(z,y)g(y) Y M(z,2)g(2)

zeX yeX z€X
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and

2 ) p@)(z,y)g(y) [f () - g(x)]

z,yeX

= > w@(x,y)9(y) [9(z) = > Tz, 2)g(2) — g(x)

z,yeX 2eX

=23 p(2) Y Mz, y)gy) > Tz, 2)g(=).

zeX yeX zeX
Substituting these expressions into (3.3.6[), we get

o? = Z w(x)g(z)? + Z () Z (z, y)9(y) Z (2, 2)g(2)

rzeX reX yeX zeX

=2 p(z) >z, y)g(y) Y M(w, 2)g(z)

zeX yeX zeX

= w@)g@)? = p(@) Y Mz, y)g(y) Y (=, 2)g(2).

reX zeX yeX zeX

We now consider 0. Recalling the definition (a,b) = Y .y a(x)b(x)u(x), we
have

o =2 fla)g(@)uz) = Y f@)u(x)

reX zeX
=2 g(x) [g(w) - > Mz, y)g(y)] mey
reX yeX
-3 [g(x) =Y Tz, y)g(y)| wlx)
rzeX yeX
=2 p)g(x)® =2 > pl@)(z,y)g(x)g(y)
zeX z,yeX
= u@)g@)? +2 ) p@)(z,y)g(x)g(y)
rzeX z,yeX
= (@) > (@ y)g(y) Y Mz, 2)g(z)
rzeX yeX zeX
= pa)g()? = p() Y Mz, y)g(y) Y M(z, 2)g(2).
reX reX yeX zeX
Thus we have verified that o2 = o%. O
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Chapter 4

Applications of the Markov
Chain CLT

In this chapter, we are going to give some examples of how one can apply the
theory which we have studied in this report.

4.1 Simple Random Walks on a Torus

Our first two examples concern a simple random walk. This process represents
a very simple physical situation: we have a particle which jumps either to the
left or right in each time step with given probabilities. However, we would not
be able to say anything about this using the well-known central limit theorem
for i.i.d. random variables (Theorem 3 of Chapter III, Section 3 in |11]).
Random walks are studied in many texts, and more discussion of this topic can
be found in [3] and [6], for example. We adapt some of the definitions and
results from Section 3.9 of (6], where simple random walks on the integers are
treated.

Let (2, F,P) be a probability space. Let K € N and consider a torus with K
sites; i.e. a line in one dimension with K discrete points labelled 0,1,..., K —1
such that site K — 1 neighbours site 0, as shown in Figure

4.1.1 The simple symmetric random walk

We consider a simple symmetric random walk {X,,} on the torus, which we
define as follows, adapting Grimmett and Stirzaker’s definition of a simple sym-
metric random walk on Z in [6].

Let Z1,Z5,... be a sequence of i.i.d. random variables such that
P(Z; = +1) = 1.

Let Xy = 0 and, for n € N, define X, = ZZi mod K.

=1
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It is easy to see that {X,} is a Markov chain, by adapting an argument from
Section 3.1 of [6], and that the chain has transition matrix IT, whose entries are
given by II; ; = II(4, j), with

(i, i+1)=M(,i—1) == fori=1,2,--- ,K—2

(0, 1) = (0, K — 1) =

NN~ DN

MK —1,K—2) =TI(K —1,0) =

and all other entries zero.

The physical interpretation of this random walk is that we consider a particle
constrained to jump between K sites on a torus. The particle starts in state
0 and in each discrete time step the particle jumps one site to the left or one
site to the right with equal probability. We can see this in Figure with
p=q=73.

q p

N

Figure 4.1: We have created a figure to demonstrate a simple random walk on a
torus: The particle in red starts at site 0 and, in each time step, it jumps to the
right with probability p, or to the left with probability ¢, where p 4+ ¢ = 1. The
case p = q = % corresponds to the simple symmetric random walk in Section
and the case p # ¢ corresponds to an asymmetric random walk, which is
treated in Section @

Example 4.1.1. We are going to consider the local time at zero of the Markov
chain up to time n, which we define as

Tk (n) ==Y Lo(Xg).
k=0

The local time measures the amount of time the Markov chain spends in state
0 up to time n.
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We will prove a central limit theorem for this quantity, using Theorem [3.2.2
In order to apply this theorem, the first condition which we need to check is
that the Markov chain is ergodic.

To do this, we will show that {X,} has a unique stationary distribution p.
Then, by Remark we will have that {X,,} is ergodic.

One can easily calculate that if a probability measure p on {0,1,..., K —1}
satisfies

K-1
p(i) =Y 0@ ()  Vi=0,1,...,K -1,
7=0
then .
ni) =2 Vie{01,... . K—1} (4.1.2)

So p as defined above is the unique stationary distribution for {X,} and thus
the Markov chain is ergodic.

Now recall that, by Theorem [3.2.2] we have a central limit theorem for f(X,,) if
f has mean zero, f € £L? and we can solve the equation (I — 1)U = f for some
Ue L2

Recalling the definition of Tk, we choose to set f to be the indicator function
centred so that it has mean zero under the stationary distribution p of the
Markov chain; that is

Then

We claim that

(K —1)(K —2)
3K?

Proof. We look for a solution to the equation (I — II)U = f and see that U
must satisfy the following system of equations:

where Z ~ N (0,0?), with ¢* =

U(0) - %U(l) - %U(K S—1- % (4.1.4a)
| . 1 . 1 .
—iU(z—l)—l—U(z)—iU(z—i—l):—E for 1<i<K—2 (4.1.4Db)
1 1 1
—§U(0)—§U(K—2)+U(K—1)z—E. (4.1.4c)

The general solution to the homogeneous form of equation (4.1.4b)) is
U(i) = A+ Bi, and a particular solution to the inhomogeneous equation is
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i2
Therefore, the general solution to (4.1.4b)) is
2
i
U(W)=A+Bi+ —.
(7) + Bi+ %

We see that the following solution satisfies the required system of equations:

Uli)=——i Vi=0,1,...,K—1.

K-1
Clearly Z [U(i)]? (i) < oo, so that U € £2. Therefore, by Theorem [3.2.2, we

i=0
have a central limit theorem

Tk(n) —E[Tk(n)] _ Yk f(Xn)

vn vn

where Z ~ N(0,02), for o = EP» [(U(Xl) —U(Xo) + f(XO))Q].
We now need to calculate the variance, as follows.
Define G(i, j) := (U(j) — U(é) + f(i))*. Then

0% = ' [(U(X1) = U(Xo) + f(Xo))’]

- Zu(i)ﬂ(i,j)G(i,j)

D
— 7,

1 N
= ? Z H(Zaj)G(Za ])
i
Substituting in the values of II gives

o’ = ;;{{i (G(i,i+ 1) 4+ G(i,i — 1)]

i=1
+G0O0,)+GO0,K-1)+GK-1,K—-2)+G(K — 1,0)}.
We then substitute in our definition of G and simplify, resulting in

=2 {E 03 b5}

=1

2 2
2 2(K —1
We can simplify this further by noting [1 — K] = [1 — (K)] , so that
a iK—1 . 2 2
K P K
K—1 K—1 K—1
1 4 . 9
D OF S RS
o K i=1 i=1



Then, using standard summation formulae, we get

, K-1 4 KK-1) 4 (K-1)KQ2K-1)

0= — — —

K K? 2 K3 6
K—1 2
— K—-2K+202K -1
- ( v >)
(K —1)(K —2)

3K?

We now have a closed form for the variance, and we have shown that

Titr) = Effco) ,

where Z ~ N (0,0?%), with

o (K-1)(K-2)
N 3K2
O

Remark 4.1.1. We see that as K — oo we have the limit 02 — %

That is, as the number of sites on the torus increases to infinity, the limiting
distribution above tends to N (0, 3).

It is of interest to ask what happens if we switch the order in which we take
the limits, first letting K — oo, then taking the time n — co. This scenario
corresponds to looking for a central limit theorem for the local time of a simple
symmetric random walk on the integers.

It is known that in this case the limiting distribution is actually the distribution
of |£], where £& ~ N(0,1), as proved on slide 12 of [14]. This distribution on
the non-negative real numbers is quite different from the distribution A" (0, 1),
which is non-zero on the whole real line.

Thus we cannot switch the order in which the limits are taken without affecting
the result.

4.1.2 Asymmetric random walks

In the previous section, we showed that we have a central limit theorem for the
local time of a simple symmetric random walk on a torus. We can treat the
asymmetric case in the same way.

Let p,q € (0,1), p # q. Let {X,} now be the simple random walk defined as
follows, where again we adapt the definition of a simple random walk on the
integers from [6].

Let Z1,Zs, ... be a sequence of i.i.d. random variables such that P(Z; = 1) = p
and P(Z; = —1) = ¢, for all i € N.

As in the symmetric case, let Xg=0 and, for mn €N, define

Xn:zn:Zi mod K.

=1
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Then, as before, { X, } is a Markov chain with transition matrix II, whose entries

are now given by II; ; = II(4, j), with

H(ii—l—l):p fort=0,1,..., K —2

(K —-1,0) =
(12—1) fori=1,2,..., K -1

and all other entries zero.

This random walk represents a similar physical situation to the symmetric case,
but now the particle jumps to the right with probability p and to the left with
probability g, where these probabilities are unequal. This is also shown in Figure

£l

Example 4.1.2. Again we consider the local time at zero,

n) = 1o(X).
k=0

It is straight forward to check that the Markov chain has a unique stationary

distribution, g, which is the same as in (4.1.2)) for the symmetric case:

pli)=—  Vi=0,1,...K—1.

Thus the chain is ergodic, by Remark
As before, we set f to be the function defined by

1
[0 =1-+
and f(@) = —% Vi=1,--- K —1,

so that Ti(n) — E[Tk (n)] = Y f(Xz).
We claim that 0

where Z ~ N (0,0?) for some o > 0.

Proof. To prove this, we will use Theorem [3.2.2] once again. Thus, we want to
find a solution to the equation (I —II)U = f. We see that such a solution U

must satisfy the system of equations below:

U(0) ~ pU(1) — qU(K ~1) =1 =,
QUi — 1)+ U(i) — pU(i +1) :—%, for 1<i<K—2,
—qU(0) — pU(K — 2) + U(K — 1) = %
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We find that the general solution to (4.1.7b)) is

Ull)= A+ B (Z>i+K(;_q).

After some manipulation of the equations, it turns out that the system of equa-
tions is solved by the function U defined by

pK—iqi i

(r—q) ¥ — ¢¥) +K(p—Q)’

U(i) =

foralli=0,1,..., K — 1.
K-1

It is clear that U € £2; ie. Y [U(i)] u(i) < oc.
i=0
Thus, by Theorem [3:2.2] we have a central limit theorem
Tk(n) —E[Tk(n)] »

— Z
Vn ’

where Z ~ N (0,0?) for
o? = E% [(U(X)) — U(Xo) + £(X0))°]

We can now compute the variance, in a similar way to our calculation in the
symmetric case in Section The actual form of ¢? is complicated, so we
only describe its asymptotic behaviour here. We find that o2 is asymptotically
of the order % There is a coefficient which blows up as p — %, so this agrees
with our calculations for the symmetric case, in Remark where we see
that the variance is asymptotically constant. O

4.2 A Queuing Problem

Another Markov chain which we can study with the tools from Chapter [3|is the
one suggested by Varadhan in Exercise 6.15 of [15]. Let {X,,} be a Markov chain
which takes values on the non-negative integers and has transition probabilities
given by
forx=y>0
L8 fory=az+1, 2>1
H x’ — 4 b iy

(@y) 0 fory=x—1, z>1
forx =0, y=1,

for some ¢ € (0,1).

This Markov chain could model the length of a queue, where in each discrete time
step there are three possibilities when the queue is not empty: with probability
% the queue remains unchanged, with probability greater than % one person
leaves the queue, or with probability less than i one person joins the queue.
When the queue is empty, the queue either remains empty or grows to one with

equal probabilities.
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Example 4.2.1. An interesting quantity to consider is the amount of time
for which the queue is empty; i.e. the number of times k at which X; = 0.
Therefore, as in the previous examples, we will look for a central limit theorem
for the local time of the Markov chain at zero, defined by

T(n) = To(Xz).
k=0

We claim that N
T(n) ~ B [T(0)] o,

Tn ;

2—9
where Z ~ N [ 0, —— |.
( (1+ 5)2>
Proof. As in our previous two examples, we wish to apply Theorem [3.2.2] We
first need to show that {X,} is ergodic and, in order to do this, we prove that
the Markov chain has a unique stationary distribution.

We need to find p such that, for all x € NU {0}, u(x) = Z My, x)u(y);

yeNU{0}
that is, p must satisfy
1 1+46
u(0) = Lu(0) + 2 (1) (4.2.1a)
1 1 1+6
pd) = Sp(0) + Sp) + ——n(2) (4.2.1b)
1-90 1 149
w(z) = Tﬂ(z -1)+ i,u(l’) + %ﬂ(l’ +1), forz=2,3,.... (4.2.1¢)

We also have the constraint -
> ulw)=1.
=0

We find that the general solution to (4.2.1¢) is

1-6\"
=A+B|—— forx =23, ...
,u(x) + (1+5> ’ or x 737 )

and the constraint (4.2) gives us that A =0.
We can then see that we have the following unique solution to the system of

equations (4.2.1) and (4.2):

s
== for x =0,
p(x) = {1+61—6)””1

26W f0r$:172,....

Therefore, by Remark {X,} is ergodic. Let us set f to be the centred
indicator function on the state 0,
f =10 —E*[L]

= 1o — u(0)
12

146
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That is
L forx =0
0=

s forz=12,....

Then T'(n) Z F(X3).

We next need to look for a solutlon U to the equation (I — II)U = f, so that
we can apply Theorem U must satisfy the system of equations

= 1
Z (60,y — H(0,)) U(y) = 150 and
y=0
> )
Z((Swy—ﬂ(x,y))U(y):—— forz=1,2,...,
" 1496
y=0
which is equivalent to
1 1 1
1 1 + 1) 1-6 1
= - - 1)=——— f =1,2,....
5U () Ue-1)-—U+tl)=-7 7 foz=12
One can show that the solution to this system of equations is
2x
=— forall z =0,1,2,....
U(x) T+ orall z =0,1,2,
We have that U € £2?, since
00 00 rz—1
2
;}[U(x)] w(x) =85(1+9) g (1—1—5) < o0,

recalling that ¢ € (0,1).
Thus, by Theorem [3.2.2] we have a central limit theorem for the local time at

Z€T0:
T o n
() ~BT0)] _ Tieo /X0 2,
Vn Vn
where Z ~ N(0,0?) and the variance can be calculated using the now familiar
formula

o? = % |(U(X1) = U(Xo) + f(X0))*]
After some computation, the variance comes out as
s 2-96
(14 6)%
We have therefore shown that we have

T(n) ~E™[T(n)] p, ,

Tn ;

2—46
h 7~ — .
where /\/'<O7 (1+5)2> O
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Conclusion

In Chapter [3] our most general result (Theorem [3.2.2)) showed that there is a

n

central limit theorem for Z f(Xr)
e
transition matrix II, under some conditions. Namely, we required that the chain
has a countable state space in R and f is a mean zero square-integrable function
such that (I —II)U = f, for some U € L2. Several extensions of this result have
been proved, and perhaps the most notable of these is the 1984 paper of Kipnis
and Varadhan [7].

In the examples of simple random walks on a torus which we discussed in
Section we were modelling a situation of a single particle moving around
K sites on a torus. We were able to deal with this example using our Theorem
[B:2:2] If we suppose that we are in a similar physical situation, but with some of
the sites on the torus occupied by other particles and our jumping particle only
able to move to unoccupied sites, then we can no longer handle this situation
with the tools that we have studied in this report.

The situation described above is an example of what is known as a simple ex-
clusion process. These processes are explained further by Komorowski, Landim
and Olla in Part II of [§]. In [7], the authors extend the Markov chain central
limit theorem and apply their results to symmetric simple exclusion processes,
under some conditions. Further extensions to this work have been achieved
more recently; for example, in a 2004 paper |2], Bernardin considers asymmet-
ric simple exclusion processes in one and two dimensions. More results on the
topic of simple exclusion processes are collected in Part IT of the 2012 book [3g].

Another distinct application area of central limit theorems for Markov chains
is Markov chain Monte Carlo. This subject is explained in Gamerman and
Lopes’ book [4], and here we outline some of the main ideas of the subject,
summarising material from that text. Monte Carlo integration is a method for
estimating an integral by using a random sample. The idea is that if we have
a large random sample, for which a law of large numbers applies, and we take
the sample mean of a function, then this quantity approximates the integral
of the function with respect to the distribution of the sample. If we have a
central limit theorem for the random sample, then we can control the error of
the approximation.

For more complicated and high-dimensional distributions, it can be difficult
to generate a random sample which has a given distribution. Markov chain
Monte Carlo methods provide a solution to this problem. If we can construct
a Markov chain which converges to its stationary distribution, and whose sta-
tionary distribution is equal to the distribution in which we are interested, then
at large times, the random variables in the chain are approximately distributed
according to the distribution of interest. If, moreover, we have a law of large
numbers and a central limit theorem for the Markov chain, then we can take
values of the chain after it has been running for a specified large time and use
these as a random sample in Monte Carlo integration.

when {X,,} is an ergodic Markov chain with
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Markov chain Monte Carlo is frequently applied in statistics, most often to
perform inference on the posterior distributions in Bayesian models, as explained
in [4]. A good example of this is given in [12]. Markov chain Monte Carlo
methods also have wider applications. For example, in [5] the authors use
Markov chain Monte Carlo to estimate coefficients, which cannot be explicitly
computed, in the theory of elliptic partial differential equations.

These are just a few examples of how the work which we have presented in
this report can be extended and applied to diverse areas of mathematics.
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