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1 Introduction

Markov processes describe the time-evolution of random systems that do not have any memory.
Let us demonstrate what we mean by this with the following example.

Consider a switch that has two states: on and off. At the beginning of the experiment, the
switch is on. Every minute after that, we throw a dice. If the dice shows 6, we flip the switch,
otherwise we leave it as it is. The state of the switch as a function of time is a Markov process.
This very simple example allows us to explain what we mean by “does not have any memory”.
It is clear that the state of the switch has some memory in the sense that if the switch is off after
10 minutes, then it is more likely to be also off after 11 minutes, whereas if it was on, it would
be more likely to be on. However, if we know the state of the switch at time n, we can predict
its evolution (in terms of random variables of course) for all future times, without requiring any
knowledge about the state of the switch at times less than n. In other words, the future of the
process depends on the present but is independent of the past.

The following is an example of a process which is not a Markov process. Consider again a
switch that has two states and is on at the beginning of the experiment. We again throw a dice
every minute. However, this time we flip the switch only if the dice shows a 6 but didn’t show a 6
the previous time.

Let us go back to our first example and write x(ln) for the probability that the switch is on at
time n. Similarly, we write m(zn) for the probability of the switch being off at time n. One then has
the following recursion relation:

m+) _ 9 m 1 m m+) _ L ) D m
x = -2y + =z, T =—x7 + =z, 1.1
1 671 612 2 671 62 (1.1)
with ar(lo) =1 and :1:(20) = (. The first equality comes from the observation that the switch is on at

time n + 1 if either it was on at time n and we didn’t throw a 6 or it was off at time n and we did
throw a 6. Equation (1.1) can be written in matrix form as

1/5 1
(n+1) _ (n) _ -
T =Tz, T_6<1 5).

We note that 7" has the eigenvalue 1 with eigenvector (1, 1) and the eigenvalue 2/3 with eigenvector
(1, —1). Note also that 95(1") + a:(Qn) = 1 for all values of n. Therefore we have

We would of course have reached the same conclusion if we started with our switch being off at
time 0.
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2 Elements of probability theory

Recall that a probability space (£2,.%, P) consists of a set {2 endowed with a o-algebra .# and a
probability measure P. We have

Definition 2.1 A o-algebra .# over a set (2 is a collection of subsets of €2 with the properties that
@ e .Z,if A€ F then A° € .7 and, if { A, },>0 is a countable collection of elements of .%, then
Unso 4n € Z.

Note that if ¢ is any collection of subsets of a set €2, then there always exists a smallest o-
algebra containing ¢. (Show that this is indeed the case.) We denote it by 0%/ and call it the
o-algebra generated by ¢.

Definition 2.2 A probability measure P on the measurable space (€2, %) is amap P: % — [0, 1]
with the properties

e P(%) =0and P() = 1.

o If {A,},>0 is a countable collection of elements of .# that are all disjoint, then one has
P(Un>0 An) = Zn>0 P(An)

Throughout this course, we will always consider the case of discrete time. We therefore give
the following definition of a stochastic process.

Definition 2.3 A stochastic process = with state space X is a collection {z,,}5°, of X-valued
random variables on some probability space (2, .%, P). Given n, we refer to x,, as the value of the
process at time n. We will sometimes consider processes for which time can take negative values,

ie. {xptnez.

Note that we didn’t say anything about the state space X. For the moment, all we need is that
the notion of X'-valued random variable makes sense. For this, we need X to be a measurable
space, so that an X'-valued random variable is a measurable map from €2 to X'. We will however
always assume that X is a complete separable metric space, so that for example Fubini’s theorem
holds.

We will impose more structure on X further on. Typical examples are:

e A finite set, X = {1,...,n}.

e Y =R"or X =7".

e Some manifold, for example X = S, the n-dimensional sphere or X = 7T, the torus.

e A Hilbert space X = L?([0,1]) or X = (2.
We will always denote by #(X) the Borel o-algebra on X, i.e. Z(X) is the smallest o-algebra
which contains every open set. We will call a function f between two topological spaces measur-

able if f~1(A) is a Borel set for every Borel set A. If f:Q) — X, we call f a random variable,
provided that f~1(A) € .Z for every Borel set A. One actually has:

Proposition 2.4 Let f:Q — X and suppose that f~1(A) € F for every open set A. Then
f~Y(A) € F for every Borel set A.

Proof. Define % = {f'(A)| Aopen} and 4 = {f~!(A) | ABorel}. Since ¥ is a o-algebra and
Yy C ¥9,onehas 0%y C 9.

Define now % = {A € B(X)| f~1(A) € 0%}. Itis straightforward to check that .% is a o-
algebra and that it contains all open sets. Since Z(X) is the smallest o-algebra containing all open
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sets, this shows that .%; = Z(X) and therefore 0%, = ¢. Since on the other hand 0%, C .%, this
shows the claim. O

This proposition is useful because of the following corollary:

Corollary 2.5 Let X and ) be two topological spaces and let f: X — ) be continuous. Then f
is (Borel) measurable.

Proof. Since f is continuous, f~!(A) is open for every open set A, so that f ~1(A) € Z(X). The
claim then follows from Proposition 2.4. O

Exercise 2.6 You have probably seen Lebesgue measurable functions defined through the prop-
erty that f~1(A) is Lebesgue measurable for every open set A. Show that every Borel measurable
function is also Lebesgue measurable but that the converse is not true in the case of functions from
RtoR.

Show thatif f : X — Y and g : Y — Z are Borel measurable functions, then g o f is also
Borel measurable. This property is not true for Lebesgue measurable functions. Try to find a
continuous function f: R — R and a Lebesgue measurable function g (you can take an indicator
function for g) such that g o f is not Lebesgue meausrable. Hint: It is useful to remember that
every measurable set A of positive Lebesgue measure contains a subset A’ C A which is not
Lebesgue measurable. Another useful ingredient for the construction of f is the Cantor function
(also called Devil’s staircase).

2.1 Conditional expectations and probabilities

Consider the following situation. You and three friends play Bridge. The dealer dealt the cards
but you haven’t looked at them yet. At this point, assuming that the cards were perfectly shuffled
(i.e. every configuration has the same probability), the probability that your partner has the ace
of spades is equal to 1/4. Now look at your cards. If you happen to have the ace of spades, the
probability that your partner has it obviously drops to 0. If you don’t have it, the probability that
your partner has it raises to 1/3. Note that this probability is now a function of the values of the
cards in your hand. The possible values of this function depend on the nature of the information
that becomes available. This is a simple example of a conditional probability.

The mathematical object that represents information is the o-algebra. In mathematical terms,
if a quantity can be evaluated by using only the information contained in a given o-algebra, then
it is measurable with respect to that g-algebra. It is a good exercise to convince yourself that this
intuitive notion of measurability does indeed correspond to the formal definition given above.

As an example, consider the trivial o-algebra given by .7 = {®, Q}. This is the mathematical
equivalent to the statement ‘we have no information at all’. A function which is measurable with
respect to .7 is constant, which means that its value at any given point can be computed without
requiring any information at all on that point. One should think of the conditional expectation of a
random variable as the best guess one can make for its value (on average) given a certain amount
of information. If no information at all is given, the best guess would be the expectation of the
random variable, which is indeed a constant.

Let us go back to the example of the Bridge players. In this case, a natural choice for 2 is the
set of all possible configuration of cards. When you look at your hand, the o-algebra encoding this
extra information is given by the collection of all subsets A with the property that if one particular
configuration of cards belongs to A, then all the other configurations that assign to you the same
hand also belong to A.

These considerations motivate the following definition for the conditional expectation of a
random variable:
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Definition 2.7 Let X be a real-valued random variable on some probability space (£2,.%, P) such
that E| X'| < oo and let %’ be a sub o-algebra of .%. Then the conditional expectation of X with
respect to .#’ is the .%’-measurable random variable X’ such that

/ XW)P(dw) = / X'(w)P(dw) , 2.1
A A
for every A € F'. We denote this by X’ = E(X | .Z").

Example 2.8 If the only information we know is whether a certain event B happened or not, then
it should by now be intuitively clear that the conditional expectation of a random variable X with
respect to this information is given by

1
Xgp = —— X(w)P
5 P(B)/B (@) P(dw) ,
if B happened and by
1
Xpe = X P(d
b = g, K@ P).

if B didn’t happen. (Here we used the notation B¢ to denote the complement of B.) Itis a
straightforward exercise that the conditional expectation of X with respect to the o-algebra %5 =
{®,Q, B, B¢} is indeed given by

Xp ifweB
Xpe otherwise.

EX | Zp)(w) = {

It is a good exercise to compute the conditional expectation of a random variable X with respect
to the o-algebra generated by two events By and B (i.e. the smallest o-algebra containing both
Bl and Bg).

Recall the Radon-Nikodym theorem from measure theory:

Theorem 2.9 (Radon-Nikodym) Let 1 and v be two finite measures on a space (S, F) such
that 1 is absolutely continuous with respect to v (i.e. V(A) = 0 implies W(A) = 0) and v is
positive. Then, there exists an essentially unique measurable function D: Q) — R such that i(A) =

Ju D(w) v(dw).

Here we used the expression essentially unique to say that if Dy and D- are two possible
choices for the density of 1 with respect to v, then the set {w | D1(w) # Da(w)}, is of v-measure
0. Using this theorem, we can prove:

Proposition 2.10 With the notations as above, the conditional expectation X' = E(X | F') exists
and is essentially unique.

Proof. Denote by v the restriction of P to .%#’ and define the measure y on (Q,.%’) by u(A) =
J4 X (w)P(dw) for every A € F ’. Tt is clear that y is absolutely continuous with respect to v. Its
density with respect to v given by the Radon-Nikodym theorem is then the required conditional
expectation. The uniqueness follows from the uniqueness statement in the Radon-Nikodym theo-
rem. O

Exercise 2.11 Show that if .Z’ is the trivial o-algebra, i.e. F' = {@, 1}, then X’ is constant
and equal to the expectation of X . Hint: remember that X’ being .%’-measurable means that the
preimage under X’ of an arbitrary Borel set is in .#’.

Using only (2.1), show that .#’ = .Z implies X'(w) = X (w) for almost every w € Q.
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Exercise 2.12 Show the following elementary properties of conditional expectations:
o If 1 C %5, then one has E(E(X | %) | %1) = E(E(X | .71) | Z2) = E(X | #1 A\ F).
e If Y is .%)-measurable, then E(XY | %)) = Y E(X | %)).
o If 1 C %y, and Y is Fy-measurable then E(YE(X | %) | %) = E(XY | %).

e Show by a counterexample that E(E(X | %) |.%1) = EE(X | #1)| %) is not true in
general.

We define similarly the concept of conditional probability.

Definition 2.13 Let X be an X-valued random variable and write x 4 for the characteristic func-
tion of a measurable set A C X. Let .#’ and (Q0, .%, P) be as above. We define

P(X € A| Z")=E(xao X |F),
and we call this the conditional probability that X is in A knowing .%".

Remark 2.14 Itis in general a non-trivial task to show that the conditional probabilities as defined
above yield a .%'-measurable function from X into the space of probability measures on X'. Can
you imagine where the problem lies?

In many situations, we will describe .7’ as the o-algebra generated by an other random variable
Y:

Definition 2.15 Let Y be a }-valued random variable on a probability space ({2,.%#,P). We de-
note by .%y C .Z the o-algebra consisting of all elements of the form Y ~1(A) with A € %)
and we say that .%y is the o-algebra generated by Y.

The following lemma gives a rigorous meaning to the notation P(X € A|Y = y):

Lemma 2.16 Let X be an R-valued random variable and Y be a Y-valued random variable.

Then X is Fy-measurable if and only if there exists a measurable function f : Y — R such that
X=foY.

Proof. Tt is clear that X = f oY implies the .#y-measurability of X, so we only prove the
converse.

Consider first the case where X takes only a countable number of values (a,,) and write 4,, =
X~1({a,}). Since X is .Fy-measurable, there exist sets B, € () such that Y ~1(B,) = A,,.
Define now the sets C),, = Bn\Up <n Bp. These sets are disjoint and one has again Y-YC,) = A,.
Setting f(z) = a, forz € Cy, and f(z) = 0 forx € Y \ U,, Cn, We see that f has the required
property.

In the general case, we can approximate X by a .#y-measurable random variable Xy =
[N X]/N. This random variable takes only a countable number of values, so, by the previous part,
there is fy such that X = fn o Y. Define f(x) = lim,, .~ fn(z) whenever that limit exists and
0 otherwise. Then f is the function we are looking for. Since f is a pointwise limit of measurable
functions, f is also measurable. 0

Note that Lemma 2.16 is still valid if R is replaced by R™. This results allows us to use the
notations E(X | Y = y) for R™ valued random variables X and P(X € A|Y = y) for arbitrary
random variables.
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Definition 2.17 Given two o-algebras .%7 and .%5, we denote by %1 V .%; the smallest o-algebra
containing .%1 and .%». We denote by .#; A .5 the intersection of .%; and %.

Exercise 2.18 Show that .%#7 A .%5 is indeed again a o-algebra.

Exercise 2.19 Show that .%; V .%; can equivalently be characterised by the expressions:
o F1\V Fy :U{AUB|A€y1 and B Gg‘\Q},
o F1\ Fy :U{AHB’AGyl and B € 92},

where 0% denotes the smallest o-algebra containing ¢.

2.2 Markov processes

With the previous notations, given a stochastic process {x,, } neN, we define for every m > n the

o-algebras F" = o(xyp) V 0(2py1) V ...V o(zy,), Where o(Y) denotes the o-algebra generated

by a random variable Y. We also use the abbreviation .%,, = o(x,) = %,".
With this notation, we define a Markov process as follows:

Definition 2.20 A process x is Markov if, for every n > 0 and every measurable bounded function
f: X — Rone has
E(f(an) | 70 7") = E(f(xn) | Fa1) .

almost surely.

Intuitively, this means that knowing the entire history of the process does not contain any more
information than knowing its last value.

Exercise 2.21 Show that if a process is Markov then, for every sequence of times 1, ..., t;, one
has
E(f(xtk) | ﬁtl \ gtz V...V ﬂtk_l) = E(f($tk) ‘ g\tk_l) s

for every measurable bounded function f: X — R.

Definition 2.20 has the following consequence:

Proposition 2.22 Let x be a Markov process and let £ < m < n. Then, for every measurable
Sunction f, E(f(xy) | Ze V Fmn) = E(f(x0) | Fm)-

Proof. Fix £ and m and let us prove the claim by recursion on n. If n = m, the claim is true since
both sides of the equality are simply equal to f(x,). Let us therefore assume that the claim holds
for n = k — 1 with k£ > m. One then has

E(f(zp) | FoV F) = B(E(f(ap) | FE | FoV F) = B(Ef (@) | Fuo1) | To NV Fn) -

Let us now define g by g(z—1) = E(f(z1) | #1—1) (such a function exists by Lemma 2.16). One
can the use our assumption, so that

E(f(z)| FoeV Fm) = E(g(@i—1) | Fe V Fm) = E(g(@-1) | Fm)
=E(E(f(z) | Fr-1) | Fm) -

On the other hand, E(f(xy) | -Zx—1) = E(f(zy)| ﬁok_l) by the Markov property and .%,, C
ﬁé“_l, so that the right-hand side is equal to E(f(xf) | %,,). This shows that the claim then holds
for n = k, so that by induction it holds for every n > m. O
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Theorem 2.23 Given a process {xy }nen, three indices { < m < n, the following properties are
equivalent:

(i) For every measurable function f, E(f(x,)|-%¢ V Fm) = E(f(x) | Fm).
(ii) For every measurable function g, E(g(x¢) | Fm V Fn) = E(g(zy) | Fm).

(iii) For every two measurable functions f and g, one has
E(f(@n)g(@e) | Fm) = E(f(x0) | Fin) E(g(x0) | Fn) -

Proof. By symmetry, it is enough to prove that (i) is equivalent to (iii). We start by proving that
(i) implies (iii). Given some f and g, it follows from Exercise 2.12 that

= E(f(xn)E(g(x0) | Fin) | Fin) = E(g(@0) | i) E(f(20) | Fn)

and so (iii) holds. To show the converse, fix arbitrary functions f, g and h. One then has

E(g(zoh(zm)E(f (@n) | Fo V Fm)) = E(g@)h(zm) f (@) = E(h(zn)E(g(@o) f(zn) | Fm))
= E(h@mn)E(g(zo) | Fn)E(f (@n) | Fm)) = E(E(M(@n)g(@)E(f (@n) | Fm) | Fm))
= E(h(xn)g(@)E(f(zn) | Fn)) -

Since g and h are arbitrary, this shows that one must have E(f(z,, | %, V %) = E(f(x) | Fin)
(almost surely). O

Intuitively, property (iii) means that the future of the process is independent of its past, pro-
vided that we know the present.

Remark 2.24 It follows from Exercise 2.21 that every Markov properties satisfies the properties
of the last theorem. It was however proven in [FWYO0O0] that the converse is not true, i.e. there exist
processes that satisfy the three (equivalent) properties above but fail to be Markov.

Definition 2.25 A Markov process is time-homogeneous if there exists a measurable map P from
X into P(X), the space of probability measures on X, such that

P(z, € A ’ Tp-1 =a)= (P(a))(A) >

forevery A € A(X), almost every a € X, and every n > 0. We will from now on use the notation
(P(a))(A) = P(a, A) and we call P the transition probabilities for x.

Example 2.26 Let X = R, let {{,,},>0 be an ii.d. sequence of Normally distributed random
variables, and let v, 3 € R be fixed. Then, the process defined by x¢p = & and z,,+1 = az, +
BEn11 is Markov. Its transition probabilities are given by

1 —(y — ax)?
\/%ﬂ exp( oNE ) dy

Note that if a? 4 3% = 1, the law of x,, is independent of n.

P(z,dy) =

Example 2.27 Let F: X — X be an arbitrary measurable map and consider an arbitrary proba-
bility measure p on X. Then, the stochastic process obtained by choosing zg randomly in X with
law p and defining recursively x,,+1 = F'(xy,) is a Markov process. Its transition probabilities are
given by P(z, ) = 0p()-
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We will only consider time-homogeneous Markov processes from now on.

Exercise 2.28 Let &, be a sequence of real-valued i.i.d. random variables and define x,, recur-
sively by 9 = 0, z,, = axp—1 + &,. Sow that = defined in this way is a time-homogeneous
Markov process and write its transition probabilities in the cases where (1) the &, are Bernoulli
random variables (i.e. £, = 0 with probability 1/2 and &, = 1 otherwise) and (2) the law of &,
has a density p with respect to the Lebesgue measure on R.

In the case (1) with o < 1/2, what does the law of x,, look like for large values of n?

The following result is fundamental to the description of Markov processes:

Theorem 2.29 Let x be a time-homogeneous Markov process with transition probabilities P.
Then, one has
P(z, € A|zg = a) = P"(a, A), 2.2)

where P" is defined recursively by
Pl=P, P%a, A= / Pz, A) P Ya, dz) . (2.3)
X
Equation (2.3) is called the Chapman-Kolmogorov equation.

Proof. The proof goes by induction. The statement is true for n = 1 by Definition 2.25. Assume
that it holds for n = k£ > 1. We then have

Pz € A| Fo) = E(xa(wig1) | Fo) = E(E(xa(zig1) | Fo V Fi) | Fo)
=EEWNa(Tr+1) | Fr) | Fo) = E(P(xg, A) | Fo) .

Since, by assumption, the law of xj, conditioned on x¢y = a is given by P*(a,-), the claim follows.
O

Exercise 2.30 Check that P"*™(a, A) = [, P"(x, A) P™(a, dx) for every n,m > 1.

Definition 2.31 Given transition probabilities P, we define a transition operator 7" on P(X) by

@A) = [ Pl 4) utda). (2.4)
Note that 7" can be extended to the space of all signed measures by linearity.

Exercise 2.32 Check that the operator 7™ obtained by replacing P by P" in (2.4) is equal to the
operator obtained by applying T' n times, T =T oT o...oT.

Exercise 2.33 Show that if the state space X is countable and 7" is an arbitrary linear operator on
the space of finite signed measures which maps probability measures into probability measures,
then T is of the form (2.4) for some P.

Exercise 2.34 (x) Show that the conclusions of Exercise 2.33 still hold under the assumptions that
X is a complete separable metric space and 7' is continuous in the weak topology.

Hint Use the fact that with these assumptions, every probability measure can be approximated
in the weak topology by a finite sum of §-measures (with some weigths).
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We similarly define an operator 7', on the space of bounded measurable functions from X to
R by

(T.f)(@) = E(f(@1) | 20 = z) = /X @) Pla, dy) .

Note that one always has T, 1 = 1.

Exercise 2.35 Check that the operators 7" and T are each other’s dual, i.e. that

/ (T f) (@) p(dx) = / f@) (Tp)(dx)
X X

holds for every probability measure x4 and every bounded function f.

Definition 2.36 We say that a homogeneous Markov process with transition operator 7', is Feller
if T, f is continuous whenever f is continuous and bounded. It is strong Feller if T’ f is continu-
ous whenever f is measurable and bounded.

It is a legitimate question to ask whether any such function P can be used to construct a
corresponding time-homogeneous Markov process. This can be answered affirmatively by making
use of the following result from probability theory which will not be proven here:

Theorem 2.37 (Kolmogorov’s extension theorem) Let {1, } be a sequence of probability mea-
sures on X™ such that

n(Ar X Ao X ... X Ap) = pipy1(A1 X Ag X ... X Ay X X) (2.5)

for every n and every sequence of Borel sets A;. Then there exists a unique probabiliy measure |
on X such that p1,(A) = (A x X*°).

As a corollary, we get the following result:

Proposition 2.38 Let P be a measurable map from X to P(X) and let py be a probability measure
on X. Then, there exists a (unique in law) Markov process x with transition probabilities P such
that the law of xq is L.

Proof. Define the sequence of measures i, on X" by

Mn—i—l(AO XX Ap) =
/ / / / / P(tn_1, A)P(tn_s, dtn_1)- - P(e1, dw) P(zo, de1)u(dzo) -
Ag JA1 JAg Apn—2JAn—1

It is easy to check that this sequence of measures satisfies (2.5). By Kolmogorov’s extension
theorem, there thus exists a unique measure p on X' such that the restriction of i to X is given
by 1. We now choose 2 = X as our probability space equipped with the probability measure
P = u. We define the process x as the canonical process, i.e. x,(wg, w1, ...) = Wy.

It is straightforward to check that x is a Markov process with the required transition proba-
bilities (and such that the law of x¢ is pp). This concludes the ‘existence’ part. The uniqueness
follows from the ‘uniqueness’ part of Kolmogorov’s extension theorem, since one can show by
induction that the law of (zo, . . . , ;) must be equal to 41 for every n. O
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2.3 Stopping times

Definition 2.39 Given a Markov process z, an integer-valued random variable 7' is called a stop-
ping time for z, if the event {T' = n} is .%{j-measurable for every n > 0. (The value T' = oo is
usually allowed as well and no condition is imposed on its measurability.)

Exercise 2.40 Show that the above definition is equivalent to the same definition with {T" = n}
replaced by {T" < n}.

Given a stopping time 7T and a Markov process x we introduce the stopped process x, 7 by

x, ifn<T,
TAT = .
nAT x7 otherwise.

We denote by .1 = ,9?:,? the o-algebra generated by 27 and by .% 1, the o-algebra generated by
the collection {Z, A7 }n>m.-

Exercise 2.41 Show that this notation is consistent with the one introduced in Section 2.2 in the
sense that if 7 = m almost surely for some m, then one has .#,] = .Z™ and Fr = Fyy,.

Proposition 2.42 Let T' be a random variable taking a countable number of values t; and let
X and Y be random variables such that there exist countable families of random variables X;
and Y; such that X(w) = X;(w) if T(w) = t; and Y (w) = Y;(w) if T(w) = t;. Then, one has
E(X|Y&T) = E(X;|Y;&T) on the set T(w) = t;.

Proof. Denote §; = {w|T(w) = t;} and introduce the -algebras F; = o{Y ~1(4) N Q;}. Note
that since Y and Y; coincide on €;, one also has F; = G{Y[I(A) NQ;}.

Using the notation X|4 for the random variable which is equal to X on A and equal to 0
otherwise, one has

E(X|Y&T)|q, = E(X|q,|F;) -
On the other hand, one has
E(X;|Y;&D)|o, = E(Xi|o,|Fi) = E(X|q,|F) ,
which completes the proof. O

The interest of the definition of a stopping time is that if 7" is a stopping time for a time-
homogeneous Markov process x, then the process x4, is again a Markov process with the same
transition probabilities. Stopping times can therefore be considered as times where the process x
“starts afresh”. More precisely, we have the following theorem:

Theorem 2.43 (strong Markov property) Let x be a time-homogeneous Markov process with
transition probabilities P and let T' be a stopping time which is almost-surely finite. Then, the
process T, = TT+n is also Markov with transition probabilities P and one has

E(f@) | 7)) =E(f@® | Fr), (2.6)

for every measurable f : X*° — R.
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Proof. Let us first show that 2 is Markov. We have indeed

P(.fn cA ‘ To=0ag,...,Tpn_1 = an_l)
=Y P(in € AlFg=aq,...,in1=ap1 &T =m)P(T =m)
m>0
= Z P(Z, € Alxm = a0, Tmin-1 = an1 &T =m)P(T =m)
m2>0
= Z P(:L'ner €A ‘ Tn+m—1 = anfl)P(T =m) =Plap_1,4) .
m>0

Here we used Proposition 2.42 to go from the second to the third line and the Markov property of
z to obtain the last line.
For every measurable set A C X, one has

P(:UTHEA\xT:a):ZP(:CTHEA\:CT:a&T:n)P(T:n)
n>0

=Y Pani €Az =a&T=n)PT =n).
n>0

Since T is a stopping time, the event {z,, = a & T = n} is in .#}". Furthermore, the Markov
property for = ensures that the function P(x, 1 € A|.#{) only depends on z,, and is equal to
P(x,, A). Therefore, one has

P(zp4 € Alzp =a) =) Pla, APT =n) = Pa, A) .
n>0

Since the above reasoning still holds if, instead of fixing 7 one fixes the whole stopped process
TnaT, ONE actually has
P(zry1 € A|F]) = P(ar, A) .

This shows that (2.6) holds if f depends only on the first coordinate. The whole argument can
however be repeated for any expression of the type

P(.’ET+J‘ GA]' \Zi ZO‘?@T) 5
thus leading to the stated result. O

Exercise 2.44 Prove that if 7" = oo is allowed, then the process 27, conditioned on {7 < oo}
(it is undefined outside of that set) is again Markov with transition probabilities P.

3 Finite state space

In this section, we assume that the space X is finite, so we identify it with {1,..., N} for some
N > 0. In this case, the space of signed measures is identified in a natural way with RY in the
following way. Given a measure x on X', we associate to it the vector a € R by a; = u{i}).
Reciprocally, given a € RY, we associate to it a measure u by u(A) = > ica ;. From now
on, we will therefore use the terms “vector” and “measure” interchangeably and use the notation
pi = p(@) = p{i}).

The set of probability measures on X’ is thus identified with the set of vectors in R"Y which have
non-negative entries that sum up to 1. In this context, a transition operator is a linear operator from
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R" to R which preserves probability measures. Such operators are given by N x N matrices
(F;;) with positive entries such that

> Pj=1, forallj. (3.1
i=1

The number P;; should be interpreted as the probability of jumping from state j to state i.
Definition 3.1 We call a matrix P with positive entries which satisfies (3.1) a stochastic matrix.

Exercise 3.2 Given a vector 1 € C, we write || for the vector with entries |1;| and Y"(y) for
the number Zf\;l ;. Show that if P is a stochastic matrix, then one has Y (Pu) = > (u) and

S Pul) < (ub.
We can associate to such a matrix F;; an oriented graph,

called the incidence graph of P by taking X = {1,..., N}
as the set of vertices and by saying that there is an oriented

2 0«——o0o 3 edge going from i to j if and only if Pj; # 0. For example,
if

0 3 0 2
15 7 10 8

- o4 10(5 0 0 0 (3:2)
0 0 0 O

then the associated graph is given by the one in Figure 1.

Figure 1: Graph for P. Note that the 4th row of P is zero, which implies that the

vertex 4 can not be reached by any walk on the graph that
follows the arrows.

3.1 Irreducible matrices

Definition 3.3 We call a transition matrix P irreducible if it is possible to go from any point to
any point of the associated graph by following the arrows. Otherwise, we call it reducible.

At an intuitive level, being irreducible means that every point will be visited by our Markov
process. Otherwise, the state space can be split into several sets A; such a way that if one starts the
process in A; it stays in A; forever and if one starts it outside of the A;’s it will eventually enter
one of them. For example, the matrix given in (3.2) is reducible because it is impossible to reach
4 from any of the other points in the system.

For every state = 1,..., N, we define the set R(¢) of return times to ¢ by

R()={n>0](P"), > 0} .

In other words, R(7) contains the lengths of all possible paths (on the incidence graph) that connect
1 to itself. Note that R(¢) has the property that if n and m belong to it, then n 4+ m belongs to it as
well.

The period of the state ¢ is then defined by

p(i) = ged R(3) .

We call a stochastic matrix aperiodic if p(z) = 1 for every i. We call it periodic of period p if
p(t) = p > 1 for every 1.
The following result is well-known in number theory:



FINITE STATE SPACE 13

Proposition 3.4 There exists K > 0 such that kp(i) € R(i) for every k > K

Proof. By dividing everything by p(i), we can assume without loss that p(¢) = 1. Since gcd R(7) =
1, there exists a finite collection p1, . .., p, in R(7) such that gcd{p1, ..., p,} = 1. The Euclidean
algorithm implies that there exist integers aq, ..., a, such that Y}°7' ; a;p; = 1. Set P = Y p;.
Then, for k =1,..., P, one has

=1

This shows that NP + k € R(:) for every k € {0,...,P} and every N > Ny with Ny =
P max{|ai|,...,|an|}. Therefore, the claim holds with K = Ny P. 0

As a consequence of this result, we can show
Proposition 3.5 An irreducible stochastic matrix is either aperiodic or of period p for some p.

Proof. 1t suffices to show that p(z) = p(j) for every pair ¢, 7. Since P is irreducible, there exist
n and m such that (P");; > 0 and (P™);, > 0. Setting N = n + m, this implies that N €
R() N R(j) and so p(¢) divides N and p(j) divides N. Since one has N + R(i) C R(j), this
implies that p(j) divides p(z). On the other hand, the same is true with ¢ and j exchanged, so that

one must have p(i) = p(j). 0
Note that a different characterisation of stochastic matrices with period p is the following;

Lemma 3.6 A stochastic matrix P is periodic with period p if and only if it is possible to write
{1,..., N} as a disjoint union of sets Ao U ... U Ap_1 in such a way that if Pj; # 0 for a pair of
indices i and j, then i € A, and j € Ay, withm = n + 1 (mod p).

Proof. Assume for the moment that P is irreducible and define A,, by
A, ={j|3 m = n (mod p) such that j”f >0} .

The choice of the index 1 is arbitrary, this just determines that 1 € Ay. Since €2 is assumed to be
irreducible, the union of the A,, is all of {1,..., N}. Furthermore, they are disjoint. Otherwise,
one could find j such that Pjj > 0 and P} > 0 with m # n (mod p). Since P is irreducible, there
exists furthermore ¢ such that quj > 0,sothatn + g € R(1) and m + ¢ € R(1). This contradicts
the fact that P is periodic of period p. The fact that these sets have the required property is then
immediate.

If P is not irreducible, it suffices to note that the definition of periodicity implies that {1, ..., N'}
can be broken into sets By, ..., By with the property that P;; = 0if¢ € By, j € By and k # (.
The restriction of P to each of these sets is then irreducible, so that the result follows from the
irreducible case. 0

Exercise 3.7 Let P be irreducible of period p. Show that, for n > 1, the period ¢q of P" is given
by ¢ = p/r, where r is the greatest common divider between p and n. The corresponding partition
{B;}of {1,...,N}isgivenby B; = J where {A;} is the partition associated
to P by Lemma 3.6.

n>0 Ai—i—nq (mod p)’
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Exercise 3.8 Consider an irreducible stochastic matrix P and an arbitrary partition {B; }3;5 of
{1,..., N} suchthatifi € By, and j € By, withm # n + 1 (mod ¢), then Pj; = 0. Show that ¢

must be a divider of p and that the partition { B;} is the one associated by Lemma 3.6 to the matrix
pr/a.

Exercise 3.9 Show that the three following conditions are equivalent:
(a) P isirreducible and aperiodic.
(b) P" isirreducible for every n > 1.
(¢) There exists n > 1 such that (P");; > O foreveryi,7 =1,...,N.

The example given in (3.2) is aperiodic. However the exam-

ple shown in Figure 2 is periodic with period 3. In this particu-

lar case, one can take Ay = {2}, A; = {1,3}, and Ay = {4}.

2 o«=—o 3 Note that this choice is unique (up to permutations of course).
Note also that even though P is irreducible, P2 is not. This is

a general fact for periodic processes. Stochastic matrices such

that the corresponding incidence graph is given by Figure 2 are

oe— o of the form
1 ! 000 gq
1 0 1 0
pP=
Figure 2: Periodic. 8 (1) 8 1 6 q

for some ¢ € (0, 1).
Exercise 3.10 Prove that if there exists j such that P;; # 0, then the matrix is aperiodic.

Theorem 3.11 (Perron-Frobenius) If P is irreducible, then there exists exactly one eigenvector
m with Pt = w. Furthermore, m can be chosen such that all its entries are strictly positive. If
P is aperiodic, all other eigenvalues satisfy |\| < 1. If P is periodic with period p, there are

2imj . . .
eigenvalues \j = e » and the associated eigenvectors [ij satisfy

pj(n) = e 2T xn), ifn € Ay, (3.3)

where T is the (only) eigenvector with eigenvalue 1 and the sets Ay are the ones associated to P
by Lemma 3.6.

Proof. Since ||Ppul|y < |||y for every vector i € CV (see Exercise 3.2), the eigenvalues of P
must all satisfy |A| < 1. Since the vector 1 = %(1, 1,...,1) is an eigenvector with eigenvalue 1
for P, there exists an eigenvector with eigenvalue 1 for P, let us call it 7. Since P is real, we can
choose 7 to be real too. Let us now prove that 7 can be chosen positive as well.

Define the matrix 7" = %(P + P%2 4 ... 4 P™). Clearly T™ is again a stochastic matrix and
m is an eigenvector of 7™ with eigenvalue 1. Since P is irreducible, there exists n and § > 0 such
that 77 > ¢ for every ¢ and j. Write now 7. for the positive part of 7 and 7_ for its negative part.
We also define v = min{||7||1, ||m—]]1}. It is clear that one has T" 7 > dal and T"7w_ > dal.

Therefore,

[T 7lly = [[T"7y = T |1 < | T"my = ded|[y + [ T"7— — o]y
< lmll + fl7—ll = 260 = f|mfly — 26a .
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Since 7™ = 7 and § > 0, one must have o = 0, which implies that 7 is either entirely positive
or entirely negative (in which case — is entirely positive).

From now on, we normalise 7 in such a way that Y (7) = > (|x|) = 1. All entries of 7
are strictly positive since 7 = T"xw > §1. The fact that exists only one 7 (up to multiplication
by a scalar) such that Pm = 7 is now easy. Assume that Pm; = m; and Py = me. By the
previous argument, we can assume that the entries of the 7; are positive sum to 1. Then the vector
w3 = w1 — 7o is also an eigenvector with eigenvalue 1 for P. However, since > (w3) = 0, one
must have m3 = 0. From now on, we call the unique positive eigenvector with eigenvalue 1 of an
irreducible stochastic matrix P the Perron-Frobenius vector of P.

It remains to consider eigenvalues with |[A\| = 1 but A # 1. Denote by v an eigenvector for the
eigenvalue e?. We write the components of v in the form v; = rie'% for r; > 0 and we normalise
them in such a way that >_ r; = 1. The relation E;-V:l Ppjv; = ¢y then translates into

N
> e Pyry = "0ty (3.4)
j=1

Multiplying both sides by e ~*@*%) and summing up yields Z;Ykzl ei(ej_ek_e)ijrj = 1. On the
other hand, we know that Py ;r; > 0 and that fok:l Py;r; = 1. This implies that

ek — ¢10;=0)  for every j and k such that Py; # 0. (3.5)

Combining this with (3.4) in turn implies that = 7, the Perron-Frobenius vector. By multiplying
v with a scalar, we can assume that 6; = 0. Since P is irreducible, the relation (3.5) then deter-
mines every 6; uniquely provided that we know 6. On the other hand, (3.5) shows that one must
have N0 = 0 (mod 27) for every N € R(7) (and for every 7). It follows from Proposition 3.4 that
R(%) contains every large enough multiple of p, so that one must have 6 = % for some integer j,
so that the corresponding eigenvector v is of the form (3.3). O

Remark 3.12 The Perron-Frobenius vector 7 has a very specific interpretation. We see that if we
construct a Markov process x,, with transition probabilities P and such that the law of xg is 7,
then the law of x,, is 7 for every n > 0 as well. For this reason, we will also call it the invariant
measure of P.

A very important consequence of the Perron-Frobenius theorem is the following

Theorem 3.13 Let P be irreducible and aperiodic and let 7 be its Perron-Frobenius vector. Then,
for any probability measure v € RN, one has lim,,_,oo P"v = T.

Proof. Let us denote by ||u]|1 = 3, || the L'-norm of a vector. It follows from Exercise 3.9
that there exist values n > 0 and § € (0, 1) such that P"n > §||n||11 for every positive vector 7).
Write now (7 — ). for the positive part of 7 — v and similarly for its negative part. Note also that
| — v)4|l1 = [|[(m — v)_|l1 = 3|l — v||1. One then has

1P — 7l = |P"x — )l = |Pr — )5 — P — )
< P"Gr =025 — 8l — ) Il + PG — ) — Bl — )l
<A=99|m—=vl .

Since v was arbitrary, one gets | P*"v — 7||; < (1 — 6)¥||x — v||; by iterating this bound. 0
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Note that Theorem 3.13 also follows immediately from the fact that if P is irreducible and
aperiodic, then all eigenvalues of P have modulus strictly smaller than 1, except for the isolated
eigenvalue 1 with eigenvector m. The proof given above however has the advantage that it can be
generalised in a straightforward way to situations where the state space is not finite.

Exercise 3.14 Show that the conclusion of Theorem 3.13 also hold if one only assumes that

Zi V; = 1.

3.2 The general case

A general stochastic matrix is not irreducible. It can however be broken up into irreducible com-
ponents in the following way. Fix an arbitrary stochastic matrix P of dimension N and call "
the associated directed graph. The set {1,..., N} is then naturally endowed with an equivalence
relation by saying that ¢ ~ j if and only if there is a path on I" going from ¢ to 7 and back to ¢ (we
make it an equivalence relation by writing ¢ ~ ¢ regardless on whether P;; > 0 or not). In terms
of the matrix, this means that ¢ ~ j if and only if there exist m,n > 0 such that (P"™);; > 0 and
(P™);; > 0, with the convention that PV is the identity matrix.

We denote by [¢] the equivalence class of ¢ under this relation and we call it the communica-
tion class of i. For example, in the case of (3.2), we have [1] = {1,2,3} and [4] = {4}. The
set of equivalence classes is endowed with a partial order < by saying that [¢] < [] if and only
if there is a path on I" going from j to ¢. In the above example, one has [1] < [4]. Note that this
order is not total, so it may happen that one has neither [¢] < [j] nor [j] < [Z].

Exercise 3.15 Check that the relation < defined above is indeed a partial order.

Definition 3.16 An equivalence class [¢] is minimal if there is no [j] such that [j] < [¢] and

(7] # [i].
Consider a stochastic matrix such that the associated graph is given by
1 2 3
L]

4

el ————>e (

7

O

In this case, the communication classes are given by

[11= {1}, [2] = {2}, [31 = {3}.
One furthermore has the relations [5] < [2] < [1], [3] < [4], and [3] < [2] < [1]. Note that [4]

and [2] for instance are not comparable.

Definition 3.17 A state ¢ such that [¢] is minimal is called recurrent. All other states are called
transient.
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By construction, we see that every Markov process {x,,} with transition probabilities P sat-
isfies [zn4+1] < [x,] for every n. It seems therefore reasonable that every Markov process with
transition probabilities P eventually ends up in one of the recurrent states. This justifies the ter-
minology “transient” for the other states, since they will only ever be visited a finite number of
times. Before we prove this result, we give a definition.

Definition 3.18 An N x N matrix P with positive entries such that >, P;; < 1 forall j is a
substochastic matrix.

Substochastic matrices are typically obtained when we restrict a stochastic matrix to a subset
of indices. One has the following:

Lemma 3.19 Let P be an irreducible substochastic matrix which is not a stochastic matrix. Then,
P"u — 0 for every p and the convergence is exponential. In particular, the eigenvalues of P are
all of modulus strictly less than 1 and so 1 — P is invertible.

Proof. 1t is sufficient to prove the claim for y positive with norm 1. Define 7™ as in the proof of
the Perron-Frobenius theorem. Then, since || Pu||; < ||u||1 for every positive vector u, one has
| P )|y < ||PT™ ||y for every n > 0. Choose n such that 7™ > 81 (such an n exists by the
irreducibility of P). Since P is not a stochastic matrix, there exists a > 0 and an index j such that
> Pij < 1—a. Therefore | P" ™ ully < ||[PT™ull1 < (1 — ad)||ull1, which concludes the proof.

O

This shows that

Theorem 3.20 Let {x,,} be a Markov process with transition probabilities P and let i be a tran-
sient state. Then the probability that x,, € [t] for an infinite number of values n is 0.

Proof. Recall first the Borel-Cantelli lemma from probability theory:

Lemma 3.21 (Borel-Cantelli) Ler {A,,},,>0 be a sequence of events in a probability space Q. If
> P(Ay) < o0, then the probability that infinitely many of these events happen is 0.

By the strong Markov property, it is sufficient to prove the theorem for the particular case when
xog = j for a state j € [i]. We take as A,, the event {x,, € [i]}. By the Borel-Cantelli lemma, the
claim follows if we can show that

Y Papelid=3 > (P <oco.

n keli]

Denote by P the restrictign of P to the indices in [¢]. Then P is an irreducible substochastic matrix
and one has (P"); = (P"); for k, j € [t]. The result follows from Lemma 3.19. O

Exercise 3.22 Let P be an arbitrary stochastic matrix. Show that the set of all normalised positive
vectors u such that Pu = g consists of all convex linear combinations of the Perron-Frobenius
vectors of the restrictions of P to its recurrent classes.

In order to conclude this subsection, let us give a formula for the probability that, starting from
a given transient state, the Markov process will eventually end up in a given recurrence class. In
order to somewhat simplify the argument, we assume that the recurrent classes consist of single
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points, that the states 1 to I are recurrent, and that the states R + 1 to R + 7' are transient (set
N =T + R). Therefore, the transition matrix P can be written as

(4 8)

where I is the identity and () is some substochastic matrix (so that (¢) — I) is invertible).
Define now the matrix A;; with j € {1,..., T} and i € {1,..., R} as the probability that the
process starting at the transient state R + j will eventually end up in the recurrent state ¢. One has

Proposition 3.23 The matrix A is given by A = S(I — Q)™ ".
Proof. One has

P(the process reaches i eventually | 29 = R + j)

T
= Z Q1 P(the process reaches i eventually | zg = R + k) + .5;;

T

Z ’Lk‘Qk‘j + Szg >

where we used the Markov property to go from the first to the second line. In matrix notation, this
reads A = AQ + S, and therefore A = S(I — Q)™ '. The invertibility of (I — Q) is an immediate
consequence of Lemma 3.19. O
3.3 Return times and the law of large numbers

In this section, we are interested in the following question: given a finite-state Markov process
with transition probabilities P starting in a distinguished state . How long does it take to get back
to 7?7 It may be rather surprising that this can easily be computed explicitely:

Theorem 3.24 Let x be an aperiodic irreducible homogeneous Markov process on a finite state
space X with invariant measure 7 and satisfying xo = i almost surely for some distinguished state
1. Let T’ be the random (stopping) time defined by

T = min{n > 0 such that x,, = i} .
Then, one has ET = 1/m(3).

A closely related result is the Strong Law of Large Numbers for Markov processes. Let us
recall the Strong Law of Large Numbers of probability theory:

Theorem 3.25 (Strong Law of Large Numbers) Let {£,},>1 be a sequence of i.i.d. real-valued
random variables such that B¢, = ji < oo and E(¢ — p)? = 02 < 0. Define Sy = % Zévzl &n.
Then, one has limy_, o, Sy = p almost surely.

Its simplest extension to Markov processes states:

Theorem 3.26 Let x be an aperiodic irreducible homogeneous Markov process on a finite state
space X with invariant measure 7 and let f: X — R. Then, one has

lim Z fan) = fGHm(), (3.6)

JEX

almost surely.
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Before we turn to the proof of these two results, let us make a preliminary calculation.

Lemma 3.27 Let P be irreducible and let © be a Markov process with transition probabilities P.
Fix two states i and j and define the stopping time 'T;; by

T; =inf{k > 0|z =i} .
Then, for every p > 1, the expectation E(T} | o = j) is finite.

Proof. Fix ¢ as in the statement of the Lemma and denote by Z the process stopped at T;. For
every n > 0, define the quantity

Qn =supP(Z, #i|Tp=7).
J#i
Note in particular that P(T; > n|xo = j) < @,. The irreducibility of P implies that there exist

N >0andé > Osuchthat Qn <1 —9.
The strong Markov property yields the following bound:

Qrn =sup > P(Epy #i|ay = OP(En =] F0 = j) <sup > Qu-nynP(@n = | Zo = j)
JF pti JF 0£i

= Qu-1N Sl;p P(ay #i|Zo = j) = Qu-1yn@n < (1 = HQu—1)n -
jFi

It follows that Qn < (1 — 6)¥, so that there exist constants C and ~ > 0 such that Q,, < C'e™ "
for every n > 0. Therefore, one has

E(T? |9 =j) = Y n"P(T; =n|zg=j) < Y nPP(T; >n— 1|z = j)

n>0 n>0
<> nPQu1 <C D> nPe .
n>0 n>0
This sum always converges, and so the result follows. O

We now give the reasoning that simultaneously proves both results stated at the beginning of
this section.

Proof of Theorems 3.24 and 3.26. Let x;: X — R be the indicator function for the set {i}. Since
any function on X can be written as a finite linear combination of such functions, it suffices to
consider Theorem 3.26 with f = y;, so that the right-hand side is equal to (7).

Note that we have already proven in Theorem 3.13 that lim,,_, o Ex;(z,) = 7(?) and therefore
also that

N—oo

1 N
lim B(5 D xiten) =6 . 3.7)
n=1

In order to get (3.6) it thus suffices to get rid of the expectation on the left-hand side. Define a
sequence of stopping times 7;, by Ty = —1 and, recursively,

Ty+1 = min{k > T,, such that z;, =i} .

The strong Markov property implies that (except for 17 — 1) the sequence of intervals T;, — T},
consists of i.i.d. random variables with the same law as the time 7" considered in Theorem 3.24.
Since ET? < oo by Lemma 3.27, It follows from the Law of Large Numbers that
T,
lim —* =ET,

n—o0o n,
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almost surely. Define now F,, = nET, so that one has T,, ~ E,, for large values of n. Since
T,, > n by definition, one has |% -

theorem yields

. E,
nlingoE‘Tfn—1‘ =0. (3.8)
Note that the definition of the times 7,, yields the relation Tin = Tin ZZ’;O xi(xg). We can rewrite

this as

E, 1 1 En
T BT > Xi(@k) + Rn (3.9)
" k=1

where the rest term R,, satisfies

1 Th 1 En 1 Th En
Rl = |~ >~ g3 x| < |7 (Z Xi@w) = Y xi@n))|
n n n k=1 k=1
+](———)sz(xk)\<] ‘+’ 1]:2‘%—1‘. (3.10)

Taking expectations on both sides and using (3.7) and (3.8), we see that one has ET = 1/7(i),
thus concluding the proof of Theorem 3.24.

On the other hand taking limits on both sides of (3.9) and using the fact that E,,/T,, — 1
almost surely, we see that lim,,_, o E%L Zf;l Xi(xr) = m(2) almost surely. By the same argument

as in (3.10), it follows immeditely that one has limpy _, % z{j:l xi(xr) = m(2), thus concluding
the proof of Theorem 3.26. O

Exercise 3.28 Show that the assumption that x is aperiodic is not needed in order to prove (3.7).
Therefore, Theorems 3.24 and 3.26 hold for general irreducible Markov chains on a finite state
space.

3.4 Random walks on finite groups and card shuffling

A very important particular case is that of a random walk on a finite group. Think of card shuffling:
there are only a finite number of possible orders for a deck of card, so this is a Markov process on
a finite set. However, this set has a natural group structure by identifying a deck of card with an
element of the group of permutations and the Markov process respects this group structure in the
following sense. The probability of going from e (the identity) to an element g of the permutation
group is the same as the probability of going from an arbitrary element h to g - h. This motivates
the following definition:

Definition 3.29 Consider a group G and a Markov chain with transition matrix P on G. We say
that the Markov chain is a left-invariant random walk on G if there exists a probability measure
P on G such that Py, = P(h™'g). We call it right-invariant if the same statement holds with
Py, = P(gh™!) instead.

It is clear that if the group G happens to be abelian, right-invariant and left-invariant random
walks are the same.

Exercise 3.30 Show that if {x,,} is a left-invariant random walk, then {z !} is a right-invariant
random walk and find its transition probabilities.
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Because of Exercise 3.30, it suffices to study one of the two types of random walks. Let us
choose the left-invariant ones.

Exercise 3.31 Consider a random walk with transition matrix P on a finite group G and define
¥ = {g € G| P(g) > 0}. Show that P is irreducible if and only if ¥ generates G.

Exercise 3.32 Show that the normalised counting measure w(¢g) = 1/|G| is an invariant measure
for every random walk on G.

The most common example of a random walk on a finite group is card shuffling. Take a deck
consisting of n cards. Then, the set of all possible states of the deck can be identified in an obvious
way with the symmetric group Sy, i.e. the group of all possible permutations of n elements. When
identifying a permutation with a bijective map from {1, ..., n} into itself, the composition law on
the group is simply the composition of maps.

3.5 The Gilbert-Shannon-Reeds shuffling

A quite realistic way of shuffling a deck of n cards is the following. Assign O or 1 randomly and
independently to each card. Then make a pile with all the cards marked O and another one with all
the cards marked 1 (without changing the order of the cards within the pile) and put the two piles
on top of each other. This is the definition of the inverse of a Gilbert-Shannon-Reeds shuffle. In
this section, we will argue why the following result holds:

Theorem 3.33 It takes about % logy n GSR shuffles to mix a deck of n cards.

The precise formulation of Theorem 3.33 can be found in a 1992 paper by Bayer and Diaconis.

In principle, this approximation holds only for very large values of n. However, if we denote
by 7 the uniform measure, by J. the measure concentrated on the identity, and by P the transition
matrix associated to the GSR shuffle with 52 cards, one gets the following picture for |7 — P™d,||1
as a function of m:

2 i e B St Sl

. 5 logy 52
s
0 —

0 1 2 3 4 5 6 7 8 9 10

Note that % log, 52 is quite a good approximation for the number of shuffles required to mix the
deck.

A little thought shows that the inverse of m consecutive GSR shuffles can be constructed as
follows. Make space for 2™ piles of cards on the table and place your deck of cards face up. Pick
the cards one by one and place each of them face down onto one of the 2" piles chosen uniformly
and independently for each card. Finally, put each of the piles on top of each other starting with
the first one. Using this characterisation of the inverse of m consecutive GSR shuffles, we will
now give an explicit formula for the probability of m shuffles producing a given permutation . In
order to state the formula, we introduce the concept of “rising sequences” for a permutation o.

Definition 3.34 A rising sequence for a permutation o of N elements is a collection of consecu-
tive indices A C {1,..., N} such that o is increasing on A. A rising sequence is maximal if it is
not contained in any other rising sequence. The number of rising sequences of a given permutation
is denoted by R(0o).
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Example 3.35 Consider the shuffle that brings an ordered deck of 5 cards in the configuration
(2,4,1,5,3). We associate to it the permutation o(1) = 3, 0(2) = 1, 0(3) = 5, 0(4) = 2,
o(5) = 4. This permutation contains three maximal rising sequences, {1}, {2, 3}, and {4,5}, so
that R(o) = 3. Note that even though o is increasing on {2, 4,5}, this is not a rising sequence
because the indices are not consecutive.

Theorem 3.36 The probability that m GSR shuffles of a deck of n cards produce a given permu-
tation o is given by
1 m —
P(o) = (2 +n R(O’))’

gmn n

(3.11)

where we use the convention ( ) =0ifa <b.

Proof. Take the example of n = 5, m = 2 and ¢ as in Example 3.35. In this case, we want to find
a sequence of 2 inverse GSR shuffles that map (2,4,1,5,3) into (1,2, 3,4,5). An inverse GSR
shuffle is characterised in this case by a sequence of numbers V; € {1, ..., 4} which say in which
pile the card ¢ ends up. There are obviously 2" such inverse shuffles. In order to get a perfectly
ordered card deck at the end, one certainly needs that IV; < N; if 7 < j. Furthermore, we need in
our example that N1 # N» and that N3 # Ny. In this particular case, the list of all possible GSR
shuffles (written in the format (/N1 No /N3 N4 N5)) that produce the right permutation is thus given
by
(12233) (12344) (12234) (12244) (13344) (23344) .

4+g—3 — 6.

In the general case, the number of GSR shuffles which yields a given permutation o is given

by the number of increasing functions N : {1,...,n} — {1,...,2™} that have jumps of size at
least 1 at R(o) — 1 prescribed places. Of course no such function exists if R(o) > 2™, which is
consistent with the convention taken in (3.11). Subtracting the function that jumps by 1 at these
places, this is the same as the number of increasing functions N : {1,...,n} — {1,...,2m+1—
R(0)}. If we use the convention N(0) = 1 and N(n + 1) = 2™ 4+ 1 — R(o) and count jumps with
multiplicities, such a function has exactly 2 — R(o) jumps. We can therefore represent it by a

sequence of n zeroes and 2 — R(o) ones, where having k ones between the ith and the jth zero
2™M4n—R(0) )

This is consistent with (3.11) which predicts (

n
and the result follows since every inverse GSR shuffle is equally likely. O

means that N(j) — N(¢) = k. The number of such sequences is obviously given by (

We can now give the idea of the proof of Theorem 3.33. One has

m 1 n! /2™ +n — R(o)

2m + k — R(O’)

1_H om

k—R(o)
om

(2m +n — R(0))!
2mn2m — R(o))!

1—ﬁ< += 50|

Since, if m is large, the term is small, one can arguably use the approximation [ [;(1+xz;) ~
1+ >, z;, which is valid if the x; are small. One gets

k — R(O’)
Z om nl Z

k=1
where the expectation is taken with respect to the uniform measure on the set of all permutations
.

1

| P™de — w1 ~ ] Z

o

n/2—R(a) _ " g®
2m 12
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At this point, it is not obvious how to proceed. It has been proven however that the probability
(under the uniform measure) that (o) = m is exactly given by the probability that the sum of n
1.1.d. uniform [0, 1]-valued random variables is between m and m + 1. Therefore, the central limit
applies and shows that, for large values of n, the expression § — R(c) is approximately normal
with variance n. This implies that

3/2

n
1P o = mlly ~ T

As a consequence, one needs m > % log, n to make this distance small, which is exactly the result
of Bayer and Diaconis.

4 Invariant measures in the general case

4.1 Reversible and stationary Markov processes

Recall that, given a transition probability P on a space X, we associate to it the operator 7" acting
on finite signed measures on X by

@A) = [ Pla, Apido)

A probability measure 7 is said to be invariant for P if T'nr = .

In general, given a transition probability P and a corresponding invariant measure 7, one can
construct a measure P on the space of biinfinite sequences X7 in the following way. Given any
positive number n > 0, we define a measure P on X?"*1 by

/f(x_n, ooy ) PR(dx) = 4.1)
/X /X T /X f@_n, ... 2p) P(xy_1,dxy) - P(x_pn,dx1_p)m(dr_p) .

It is an easy, although tedious, exercise to check that the family of measures on X?"*! defined by
(4.1) is consistent, so that it defines a unique measure on X' by Kolmogorov’s extension theorem,
Theorem 2.37. We define on X the family {#,,} of shift maps and the time-reversal map o by

(0(@), =2—k, (On(2))), = Thoin -

Note that one has the group property 6, o 8, = 0y, so that the family of maps 6,, induces a
natural action of Z on X'%. With these two maps at hand, we give the following definitions:

Definition 4.1 A probability measure P on X% is said to define a stationary process if §;P = P
for every n € Z.

Definition 4.2 A probability measure P on X'Z is said to define a reversible process if o*P = P.

In other words, a stationary process is one where, statistically speaking, every time is equiva-
lent. A reversible process is one which looks the same whether time flows forward or backward.
We have the following results:

Lemma 4.3 The measure P defined above defines a stationary Markov process.
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Proof. 1t is sufficient to check that
[ £ a0 P2 = [ @1 ) PR
for every f: X*™ — R. We have

/f(:v—n, oy 1) PR(dx)
=/X/X-~~/Xf(x_n,...,xn_l)P(xn_Q,dxn_l)...p(x_mdgcl_n)ﬂ(dx_n)
:/X/X.../Xf(xl_n,...,xn)P(mn_l,dxn)...p(xl_mdxz_n)ﬂ(dxl_n)
:/X/X“'/Xf(xl—"’“"x”)P(fcn—l’d%)"'P(wl—mdwz—n)P(ac_n,dxl_n)w(dx_n)
= / F@ s ) PRd2) .

Here we went from the second to the third line by just renaming variables. We went from the third
to the fourth line by using the invariance of 7, namely that [, P(x, A) n(dx) = w(A). O

It turns out that, for Markov processes, there is an easy criteria that allows to check whether a

given process is reversible or not. In order to state it, define p: X2 — X2 by o(z,y) = (y, z), and
write P for the measure on X2 given by

(Pm)(A x B) = / P(x, B)n(dz) . 4.2)
A
With this notation, we have
Theorem 4.4 Consider a stationary Markov process x with transition probabilities P and invari-
ant measure . Suppose that there exist transition probabilities Q) such that o*(Pm) = Q. Then,
the process Yy, = T_y, is a stationary Markov process with transition probabilities () and invariant

measure T.

Proof. Note that the assumption is just another way of saying that
[ fpP@dy ) = [ .. do ).
for every measurable and integrable function f: X? — R. We therefore have

/ F@ oy ) P(d)

- / F@ns e @0) Py, dy) - - P, dar_p)m(dz_p)
X

- /X F@ s 0) P, d) - - Pty A ) Q@ 1y d—n)(di1 )

T /X f(x—n7 o) P(xp_1,dxy) - - - Q(xl—nv dx_p)P(x1—p, dro_p)m(dr1-1)

T TSI
I

. /X F@ sy 20) Planor, dp) - Q@1 dir— ) Q@3 d1_p)m(da_) -
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Proceeding in the same fashion, we finally arrive at

/ f@ p,...,x) P2(dx)
= /X /X .. /X f@_p, ..., 2)Q(x1_p,dx_p) - Qxp, dry_1)7(dTy)
= /f(x_n, ) (0°QF)(d)

where we denoted by Q. the law of the stationary Markov process with transition probabilities )
and invariant measure 7. This shows that P, = 0*Q,. and therefore that o*P, = Q,, which is the
desired result. 0

We get as an immediate corollary:

Corollary 4.5 The measure P, defined above defines a reversible Markov process if and only if
one has o*(Pm) = Pm.

Proof. 1t is obvious that the condition is necessary since otherwise the law of (zg, z1) would be
different from the law of (z1, x¢) under P,. The sufficiency follows from the above theorem since
on can take ) = P. 0

Note that in the case where X is countable, the condition (4.2) can be written as
Pijm; = Pjm; 4.3)

for every pair %, 7. Summing over j in (4.3) or choosing B = X in (4.2), we see that if there exists
a probability measure 7 such that (4.2) holds, then this measure is automatically an invariant
measure for P. This allows one to easily ‘guess’ an invariant measure if one believes that a given
process is reversible by using the equality

mi_ By

j Pj;

Closer inspection of this equation allows to formulate the following equivalent characterisation for
reversibility:

Lemma 4.6 An irreducible Markov process on a finite state space with transition probabilities P
is reversible with respect to some measure 7 if and only if one has
PilinPi e PigigBQh = Pl Piliz - P,

nin—1 nt1 in72in71P7:n71in (44)

for every n and every sequence of indices i1, . .., in.

In other words, such a process is reversible if and only if the product of the transition prob-
abilities over any loop in the incidence graph is independent of the direction in which one goes
through the loop.

Proof. In order to show that the condition is necessary, let us consider the case » = 3. One has

Piyis Pigio Pigiy Tiy = Piyig Pigiy PiyiaTiy = Piyig Pigis PivigTis = Pigiy Pigig PiyiyTiy -
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Since the process is irreducible, we can divide by 7;, on both sides and get the desired equality.
The proof for arbitrary n works in exactly the same way.

Let us now show that the condition is sufficient. Fix one particular point in the state space, say
the point 1. Since the process is irreducible, we can find for every index ¢ a path ¢y, ..., %, in the
incidence graph connecting 1 to ¢ (we set ¢; = 1 and %,, = 7). We then define a measure 7 on the
state space by
P
P

ninf 1

‘Pinflin72 .. PiQil
P; P,

T, =
n—1in n—2in—1
Note that (4.4) ensures that this definition does not depend on the particular path that was chosen.
Since our state space is finite, one can then normalise the resulting measure in order to make it a

probability measure. Furthermore, one has

P]lﬂl _ & . Pl‘nllnfl P’L‘nflin72 . Bgi1 . Pjn—ljn Pjn72jn71 .. lejQ (4 5)
Pijﬂ-j Pij P, iy Piy_sin P i, Pjnjn—1 Pjn—ljn—z Pj2J'1
Since we have ¢ = iy, j = jp, and i1 = j1, the path i1, ..., %, jn, - - -, j1 forms a closed loop and
the ratio in (4.5) is equal to 1. This shows that the process is indeed reversible with respect to 7
(and therefore that 7 is its invariant measure). O

Example 4.7 Let « € (0,1) and S > 0 be some fixed constants and let {{,,} be a sequence of
i.i.d. (0, 1) random variables. Define a Markov process on R by the recursion relation

Tpil = ay + B, .

It is immediate that 7 = N(0, 32/(1 — a?)) is an invariant measure for this process (in fact it is
the only one). The measure P is given by

1 —a?)z? — ax)?
(Pm)(dz, dy) = Cexp(—( 252) _ Y 257 ) ) dz dy
22+ y? — 202
:Cexp(— y252 y) dz dy ,

for some constant C'. It is clear that this measure is invariant under the transformation x < ¥, so
that this process is reversible with respect to m. This may appear strange at first sight if one bases
one’s intuition on the behaviour of the determinstic part of the recursion relation x,+1 = azy,.

Example 4.8 Let L > 0 be fixed and let X be the interval [0, L] with the idntification 0 ~ L (i.e.
X is a circle of perimeter L). Let {&,, } be again a sequence of i.i.d. A/(0, 1) random variables and
define a Markov process on X" by

Tpt1 = Tp + &, (mod L) .

In this case, an invariant probability measure is given by the multiple of the Lebesgue measure
m(dx) = dz/ L, and the transition probabilities are given by

(y —x —nL)’

P(zx,dy)=C Z exp(— 5

neZ

)dy.

Since this density is symmetric under the exchange of x and y, the process is reversible with
respect to the Lebesque measure.
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Example 4.9 Let (V, F) be a non-oriented connected graph and let x be a random walk on V'
defined in the following way. Let us fix a function p: V' — (0,1). If z,, = v € V, then x,, 1
is equal to v with probability p(v) and to one of the k, adjacent edges to v with probability (1 —
p(v))/k(v). In this case, the measure m(v) = ck(v)/(1 — p(v)) is invariant and the process is
reversible with respect to this measure.

Finally, let us note that if a Markov process with transition probabilities P is reversible with
respect to some probability measure 7, then the operator T, is symmetric when viewed as an
operator on L2(X, 7).

4.2 Existence of invariant measures

In the previous section, we have seen that a Markov process on a finite state space always has (at
least) one invariant probability measure 7.

In the case of an infinite state space, this is no longer true. Consider for example the simpe
random walk on Z. This process is constructed by choosing a sequence {,} of i.i.d. random
variables taking the values {£1} with equal probabilities. One then writes 29 = 0 and x,,+; =
Tn + &,. A probability measure 7 on Z is given by a sequence of positive numbers 7, such that

o o T™n = 1. The invariance condition for 7 shows that one should have

T+l + Tp—1

L= Tl Tl 4.6
m 5 (4.6)

for every n € Z. A moment of reflection shows that the only positive solution to (4.6) with the
convention g = 1 is given by the constant solution 7, = 1 for every n (exercise: prove it). Since
there are infinitely many values of n, this can not be normalised as to give a probability measure.

Intuitively, this phenomenon can be understood by the fact that the random walk tends to make
larger and larger excursions away from the origin. In the following subsection, we make this
intuition clear by formulating a condition which guarantees the existence of invariant measures
for a Markov process on a general state space.

4.3 Weak convergence and Prokhorov’s theorem

Recall first of all the following definition:
Definition 4.10 A metric space X is called separable if it has a countable dense subset.

Example 4.11 Examples of separable spaces are R™ (take points with rational coordinates) and
[P(R"™) for every n and every p € [1,00) (take functions of the form P(al:)ff“‘”'2 where P is a
polynomial with rational coefficients).

Remember that a sequence u,, of probability measures on a topological space X is said to
converge weakly to a probability measure p if

lim /X P(2) pin(d) = /X (@) p(dz) | @)

for every bounded and continuous function ¢: X — R. Note that the speed of the convergence in
(4.7) is allowed to depend on (.

Example 4.12 If {x,,} is a sequence of elements converging to a limit z, then the sequence d,,,
converges weakly to J,. In this sense the notion of weak convergence is a natural extension of the
notion of convergence on the underlying space X.
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The aim of this section is to give a ‘compactness’ theorem that provides us with a very useful
criteria to check whether a given sequence of probability measures has a convergent subsequence.
In order to state this criteria, let us first introduce the notion of ‘tightness’:

Definition 4.13 Let M C P(X) be an arbitrary subset of the set of probability measures on some
topological space X'. We say that M is tight if, for every € > 0 there exists a compact set K C X
such that u(K) > 1 — ¢ for every u € M.

To see that this concept is not far-fetched consider the following:

Lemma 4.14 If X is a complete separable metric space and M consists of a single measure [,
then M is tight.

Loosely speaking, this lemma says that on every ‘reasonable’ space X', probability measures
concentrate on compact sets.

Proof. Let {r;} be a countable dense subset of X and denote by B(z, r) the ball of radius r centred
at z. Fix € > 0 and, for every integer n > 0, denote by N,, the smallest integer such that

u( U B(rk,l/n)) >1- 2

n
k<Nnp, 2

Note that since {rj} is a dense set, one has |J;,~ o B(r, 1/n) = &, so that N, is finite for every n.
Define now the set K as

K= U Bow1/n).

n>0k<Nyp

It is clear that u(K) > 1 — e. Furthermore, K is totally bounded, i.e. for every § > 0 it can be
covered by a finite number of balls of radius ¢ (since it can be covered by N, balls of radius 1/n).
It is a classical result from topology that in complete separable metric spaces, totally bounded sets
have compact closure. O

On the other hand, one can show that:

Theorem 4.15 (Prohorov) Let {ju,} be a tight sequence of probability measures on a complete
separable metric space X. Then, there exists a probability measure |1 on X and a subsequence
fin,, Such that (i, — | weakly.

In order to prove this theorem, we need the following little lemma, which is a special case of
Tychonoff’s theorem:

Lemma 4.16 Let {x,} be a sequence of elements in [0, 1]1°°. Then, there exists a subsequence ny,
and an element x € [0, 11°° such that limy,_, @y, (1) — () for every i.

Proof. Since [0, 1] is compact, there exists a subsequence n,ﬁ and a number (1) € [0, 1] such that
limy oo Tl (1) — z(1). Similarly, there exists a subsubsequence nz of n,lg and a number x(2) such

that limg_, o 2,,2(2) — 2(2). One can iterate this construction to find a family of subsequences n}€
and numbers z(2) such that

* Ty is a subsequence of z i1 for every .
k

o limy_ Tpi () — x(2) for every 1.
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It now suffices to define ny = n’,j The sequence n obviously tends to infinity. Furthermore, for
every i, the sequence {x, (i)},>; is a subsequence of {x”?; (1) } >0 and therefore converges to the
same limit x(7). O

Proof of Prohorov’s theorem. We only give a sketch of the proof and only consider the case X =
R. Let r; be an enumeration of Q and write F), for the distribution function of i, i.e. Fi,(x) =
pn((—00, z]). Note that F;, is automatically right-continuous since (=00, x] = (j~o(—00, 1]
for every sequence xj converging to x from above. (It is not left-continuous in general since
if xj, is a sequence converging to = from below, one has (J;(—00,x;] = (—o0,x) which is
not the same as (—oo, z]. As a generic counterexample, consider the case 4 = ¢ and x = 0.)
Note that the right-continuity of ¥}, and the density of the points r; together imply that one has
F.(x) = inf{F,(r;) |r; > x} for every z. In other words, the values of F;, at the points r; are
sufficient to determine Fj,.

Note furthermore that F,,(x) € [0,1] for every n and every x since we are considering
probability measures, so that we can associate to every function F;, an element Fn in [0, 1]*°
by Fm- = F,(r;). Since [0,1]* is compact, there exists a subsequence F’nk and an element
F € [0, 1]°° such that limg_, Fnk’i = FZ for every i. Define a function F:R — [0, 1] by
F(x) = inf{F}; | r; > x} for every € R. Then the function F has the following properties:

1. F'isincreasing.

2. F'is right-continuous.

3. lim;_, o F(x) =0and lim,_,,, F(x) = 1.

The first and second claims follows immediately from the definition of F'. Since the sequence of
measures { /i, } is tight by assumption, for every € > 0 there exists R > 0 such that F},(R) > 1—¢
and F,,(—R) < e for every n. Therefore F' satisfies the same equalities so that the third claim
follows, so that F' is the distribution function of some probability measure .

We now show that if /" is continuous at some point x, then one actually has F,, (x) — F(x).
The continuity of /' at x implies that, for every ¢ > 0, we can find rationals r; and 7; such that
r; < o < rj and such that Fi > F(x) — € and F] < F(x) + . Therefore, there exists N such
that Fn“ > F(x) — 2¢ and Fnk,j < F(x) + 2¢ for every k > N. In particular, the fact that the
functions £}, are increasing implies that | F,, (z) — F'(x)| < 2¢ for every k > N and so proves the
claim.

Denote now by S the set of discontinuities of F'. Since F' is increasing, .S is countable. We
just proved that pi,,, ((a, b]) — p((a, b]) for every interval (a, b] such that a and b do not belong to
S. Fix now an arbitrary continuous function ¢: R — [—1, 1] and a value £ > 0. We want to show
that there exists an NV such that | [ () pin, (dx) — [ @(z)p(dx)| < Te for every k > N. Choose R
as above and note that the tightness condition implies that

[ ey dn - [ 1; @) ()| < 2, (48)

for every n. The same bound also holds for the integral against x. Since ¢ is uniformly continous
on [— R, R], there exists § > 0 such that |¢(z) — ¢(y)| < € for every pair (z,y) € [~ R, R]? such
that |z — y| < 6. Choose now an arbitrary finite strictly increasing sequence {z,, }_ such that
x90=—R,xp = R, |1 — | < d for every m, and x,,, € S for every m. Define furthermore
the function ¢: on (—R, R] by ¢(z) = x,,, whenever x € (Ty,, Tm+1]. Since ¢ is a finite linear
combination of characteristic functions for intervals of the form considered above, there exists
N such that | [ FR Q(T) i, (dx) — [ _RR P(x)u(dx)| < e for every k > N. Putting these bounds
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together yields
[ ot~ [ emn)] < | [ @ - [ o
+| [ etwmtan [ pwman| +| [ @ - [ oy

+| [ }; Hayp(dz) — / }; eyt + | [ i P, (dr) — / I; ()

<2+2+et+ete<Te,
for every k > N, thus concluding the proof. O

This theorem allows us to give a very simple criteria for the existence of an invariant measure
for a given Markov process.

Theorem 4.17 (Krylov-Bogolubov) Let P be a Feller transition probability on a complete sepa-
rable metric space X. If there exists v € X such that the sequence of measures { P"(x,-)}n>0 is
tight, then there exists an invariant probability measure for P.

Proof. Fix x as given by the assumptions and consider the sequence Q" of measures on X defined
by

1 n
QA =3 P 4.

k=1
It is clear that this sequence is also tight, so it has a subsequence that converges weakly to some
probability measure 7 on X. Note furthermore that one has the equality

1
TQ" - Q" = —(P"*\(z,-) - P(x,-)) .
n
Let ¢ be any continuous function from X to R which is bounded by 1 and fix ¢ > 0. By
the definition of weak convergence, there exists a value n > 1/e for which | [ p(z) Q™ (dx) —
J e(x)m(dx)| < e. Since Ty is also continuous by assumption (we assumed that P was Feller),

we can choose n sufficiently large so that | [ Typ(x) Q™(dz) — [ Tip(z) w(dx)| < e as well. We
then have

[ e @m0 - [ewaan)| < | [ o@ @nan - [ o@ Q)
+| [ e @@ - [ o Q| +| [ o @ ) ~ [ o) mdn)
< | [o@ndn — [ (@)@ Q)
+ i‘/w(y) (P ), dy) — /sO(y)P(:I:,dy)‘ +e
< 2+ % <Ae.

Since e was arbitrary, this means that | [ p(z) (T'7)(dz) — [ @(x) w(dx)| = 0. Since ¢ was also
arbitrary, this in trun implies that 7' = m, i.e. that 7 is an invariant measure for our system. [

As an immediate consequence, we have that
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Corollary 4.18 If the space X is compact, then every Feller semigroup on X has an invariant
probability measure.

Proof. On a compact space, every family of probability measures is tight. O

Remark 4.19 Note that the completeness of &’ is essential in all the previous arguments. Consider
for example the Markov process defined on (0, 1) by the recursion relation x, 11 = x,/2. It
obviously doesn’t have an invariant measure on the open interval (0, 1), even though it defines a
perfectly valid Feller semigroup on (0, 1) equipped with the topology inherited from R.

One simple way of checking that the tightness condition of the Krylov-Bogolubov theorem
holds is to find a so-called Lyapunov function for the system:

Definition 4.20 Let X be a complete separable metric space and let P be a transition probability
on X. A Borel measurable function V: X — R U {co} is called a Lyapunov function for P if
it satisfies the following conditions:

e V-Y(R,) # @, in other words there are some values of z for which V() is finite.
e Forevery c € Ry, the set V! ({x < ¢}) is compact.

e There exists a positive constant v < 1 and a constant C' such that
| Ve Pa.dp < v+ C.
x
for every z such that V' (z) # oc.
With this definition at hand, it is now easy to prove the following result:

Theorem 4.21 If a transition probability P is Feller and admits a Lyapunov function, then it also
has an invariant probability measure.

Proof. Let x € X be any point such that V' (x) # oo, and consider the sequence of measures
{P™x,-)}. Defining V,, = [, V(y) P"(x, dy), we then have the inequalities:

C C
Va SWVari +C S92 + Q)+ O S S9"V@ + - SV@+ . @49)

Therefore, there exists a constant C such that Vi, < C for every n > 0. Let now € > 0 and
denote by K, the family of compact sets {x | V(z) < c}. Tchebycheff’s inequality shows that
PY(x,K.) > 1— C’/c It thus suffices to choose K = K. with ¢ = 5/C~' to have a compact set
such that P™(x, K) > 1 — ¢ for every n > 0. O

It remains to find an effective criteria for the transition probabilities to be Feller. We have the
following:

Theorem 4.22 Let x be a Markov process defined by a recursion relation of the type

Tnt1 = F(xn, &),

for {&,} a sequence of i.i.d. random variables taking values in a measurable space 2 and F': X x
Q — X. Ifthe function F(-,£): X — X is continuous for almost every realisation of £, then the
corresponding transition semigroup is Feller.
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Proof. Denote by P the law of &, on {2 and by o: X — X an arbitrary continuous bounded
function. It follows from the definition of the transition semigroup 7, that

(Top)() = /Q o(F(z, ) PE) .

Let now {x,, } be a sequence of elements in X" converging to . Lebesgue’s dominated convergence
theorem shows that

(o)) = Jim | (PG ©) P9 = [ lim o(Flan &) PS)

Jm,
— [ e(F@.0) P = (Tp)).
which implies that T, ¢ is continuous and therefore that T is Feller. O
Combining all of the above yields:
Corollary 4.23 Let x be a Markov process defined by a recursion relation of the type
Tpt1 = F(zn, &),

for {&,} a sequence of i.i.d. random variables taking values in a measurable space 2 and F': X X
Q — X. Ifthere exists a function V: X — X with compact level sets and constants v € (0,1) and
C > 0 such that

[VEeoR@ V@ o, veex,
Q
then the process x has at least one invariant probability measure on X.

The proof of the previous theorem suggests that if a Markov process has a Lyapunov function
V, then its invariant measures should satisfy the bound [V (x)7n(dx) < C/(1 — =), where C
and ~ are the constants appearing in (4.9). This is indeed the case, as shown by the following
proposition:

Proposition 4.24 Let P be a transition probability on X and let V: X — R, be a measurable
Sfunction such that there exist constants v € (0,1) and C > 0 with

[ v Pa.dy <3V + .
Then, every invariant measure 7 for P satisfies
C
/ V)r(dr) < —— .
X 1—v

Proof. Let M > 0 be an arbitrary constant. As a shorthand, we will use the notation a Ab to denote
the minimum between two numbers a and b. One then has the following chain of inequalities:

/ (V@) A M) m(de) — / (V@) A M) (Tr)(dz) = / (T.(V A M))() 7(dz)
X X X

= [ | @ am) Padpaan < [ @V +0n M)
X JX X
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Iterating this estimate, one finds that

| V@ < [ (@M@ + 1<) A M) (o)
X X

for every n > 0. Since the function on the right hand side is bounded by M, we can apply the
Lebesgue dominated convergence theorem. It yields the bound

[ V@ nanyan) < .
X -~

which holds uniformily in M, and the result follows. O

4.4 Uniqueness of the invariant measure due to deterministic contraction

In this section, we give a very simple criteria for the uniqueness of the invariant measure for a
given system.

Theorem 4.25 Consider a Markov process defined by a recursion relation of the type

Tpg1 = Fxn, &), (4.10)

for {&,} a sequence of i.i.d. random variables taking values in a measurable space Q) and F': X x
Q — X. If there exists a constant vy € (0, 1) such that

Ed(F(x,8), F(y,8)) < vd(z,y), 4.11)

for every pair x, y in X, then the process (4.10) has at most one invariant probability measure.

Proof. Let 71 and 73 be any two invariant measures for (4.10) and let zg and yg be two independent
X-valued random variables with respective laws 71 and 7. Let {£,,} be an independent sequence
of i.i.d. random variables as in the statement of the theorem and define x,, and y,, recursively via
(4.10).

We have the inequality

E(1 A d@n, yn) [ Fn) = EA A d(F(2n-1,8), F(yn-1,8))) < 1 Ayd(@n—1,Yn-1) -
Iterating this bound in the same way as in the proof of Proposition 4.24, we obtain
E(1 A d(zn, yn)) < E(1 A" d(z0,0)) - (4.12)

Denote now by p,, the joint law of (z,, y,) in X 2 and define the projection maps G;: X 25X
by Gi(x,y) = = and G2(z, y) = y. Since the measures m; are invariant, we have G i1, = m; for
1 = 1,2 and for every n > 0. In order to show that the sequence p,, is tight, fix € > 0. We know
from Lemma 4.14 that there exist compact sets K and K5 in X such that 7;(K;) > 1 —¢ (in other
words m;(X \ K;) < ¢). Therefore

pn(K1 % Ko) = 1= (X2 \ Ky % Ka) > 1— (X X (X K2)) — (X \ K1) x X) > 1= 2,

so that the sequence i, is tight. This implies that there exists a measure p and a subsequence ny,
such that 1, — p weakly. Since 1 A d is continuous, one has

/(Md(:v,y))u(dw,dy) = kli}ngo/(l/\d(w,y))unk(dw,dy) < klingo/(lf\'y"‘“d(x,y))uo(dw,dy),
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where the second inequality is nothing but (4.12). Note now that 1 A d" converges pointwise to 0
and is bounded by 1, so that Lebesgue’s dominated convergence theorem yields

[ nde,pyds,dy =0,

so that u(A) = 1, where A = {(z,7)|x € X} is the ‘diagonal’ in X2. Since the G; are
continuous, one has again G it = m;, so that

m(A) = WA X X) = p((A x X)NA) = p(A x A) = p((X x A)NA) = m2(4),

implying m; = 9. Since the 7; were arbitrary invariant measures, this shows that there can be
only one of them. O

There are situations (we will see one of them immediately) where (4.11) only holds for x and
y in some subset A of X', but where A has the property of eventually ‘absorbing’ every trajectory.
This motivates the following discussion.

If there exists a closed set A C X such that P(z, A) = 1 forevery x € A, then one can restrict
the original Markov process to a process on 4. In this situation, we say that .4 is invariant for P.
It then suffices to check (4.11) for  and y in A to conclude that the process has a unique invariant
measure in P(A). In this case, one would like to have a criteria that ensures that every invariant
measure for P is in P(A). Consider the sequence A, of sets recursively defined by

A=A, Ay ={x e X|Px, A, >0}. (4.13)
With these definitions, we have

Proposition 4.26 Let A be an invariant set for P and let A;, be defined as in (4.13). If U,,>o An =
X, then every invariant measure w for P is in P(A).

Proof. We first show recursively that P"(z,.A) > 0 for every € A,,. The statement is true by
assumption for n = 0. Suppose that it is also true for n = k£ — 1 and let « be an arbitrary element
in Aj. One then has

Pz, A) = / Py, A) P(z, dy) > / P*Y(y, A) P(z, dy) > 0 .
X

A1

The last inequality follows from the fact that the function y — P*~1(y, A) is strictly positive on
Ay 1 by construction and P(x, A;_1) > 0 by the definition of Ay.

Suppose now that 7(A) < 1. Since |J,,~¢ A, = X and obviously 7m(X) = 1, there must exist
n > 0 such that 7(A,, \ .A) > 0. Since T’ "r=r1 by the invariance of m, this implies that

w(A) = / P(x, A) w(dx) > / Pz, A) w(dx) + / P*(x, A)w(dx) > w(A),
X A Ap\A

where the last inequality follows from the fact that 7(A,, \ A) > 0 and P"(x,.4) > 0 for every
x € A,. This is a contradiction, so that one must have 7(A) = 1. O

Let us conclude this section by a complete treatment of the following example:
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Proposition 4.27 Let x be the Markov process on Ry such that x,,1 is given by the solution at
time 1 to the differential equation

dx 1

= __9 B, 0) =z, 4.14

a2 + &), 2(0) =z, (4.14)
for a sequence of i.i.d. C([0, 1], R)-valued random variables {&,} such that sup,ciq 17 [§n(®)] < 1
almost surely. Then, this process has a unique invariant measure 7. Furthermore, T satisfies

([1/3,1]) = L.

Proof. Denote by ® the solution map to (4.14), so that x,,+1 = ®(x,, &,). Denote furthermore by
& the map that solves (4.14) with £,(t) = 1 for all £ and by ®_ the map that solves (4.14) with
&n(t) = —1forall t. Then, a standard comparison argument shows that z,,+1 € [P_(xy,), 1 (z,)]
almost surely.

Fix ¢ > 0, and define A = [1/3 — £,1 + £]. With this definition, one has [®-"(1/3 —
€),®."(1 + ¢)] C A, where we set ®_"(z) = 0 if = has no preimage under ®”. Since
limy, 00 @” () = 1/3 and lim,, o 7} (x) = 1 for every x € R, itis clear that | J,,~¢ A, = R4
so that Proposition 4.26 applies. Since this was true for every ¢ > 0, one must actually have
m([1/3,1]) = 1.

Denote now by @’ the derivative of ® with respect to x. We know from the elementary prop-
erties of differential equations that ®’(z,,, &,) is the solution at time 1 to the differential equation

dy — y@®
at — z22(t)’

y(0) =1,

where x is the solution to (4.14). This equation can be solved explicitly, so that

' (z,, &) = exp(— /01 x;l(tt)) .

This shows that the map @ is continuous in x (actually even differentiable), so that the correspond-
ing transition operator is Feller. Since [1/3,1] is compact, this in turn implies that it has at least
one invariant probability measure. Furthermore, one has |®'(x, §)| < 1/e < 1 for every z < 1, so
that Theorem 4.25 applies. O

4.5 Uniqueness of the invariant measure due to probabilistic effects

In this section, we give another simple criteria for the uniqueness of the invariant measure of a
Markov transition operator which is based on completely different mechanisms from the previous
section. The result presented in the previous section only used the contractive properties of the
map F' in order to prove uniqueness. This was very much in the spirit of the Banach fixed point
theorem and can be viewed as a purely ‘deterministic’ effect. The criteria given in this section is
much more probabilistic in nature and can be viewed as a strong form of irreducibility.

The criteria in this section will also be based on Banach’s fixed point theorem, but this time in
the space of probability measures. The ‘right’ distance between probability measures that makes
it work is the total variation distance defined in the following way.

Given two positive measures /. and v on a measurable space (2, we denote by D, and D, their
Radon-Nikodym derivatives with respect to the measure 1 4 v. It is easy to check that both y and
v are absolutely continuous with respect to p+ v, so that these derivatives exist. With this notation
in mind, we then define

I = vy = /Q Dp(w) — Dy(w)| (1 + 1)) - @.15)
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Note that this distance does not depend on the choice of reference measure. In other words, if 7 is
an arbitrary positive measure on ) such that both x and v are absolutely continuous with respect
to 7 (with respective derivatives D,, and D,,), then one has

|k —v|tv = /Q D,(w) — Dy(w)| n(dw) . (4.16)

This follows immediately from the fact that in this case one has ﬁu = Du(@u +D,)and D, =
D,(D,, + D,), and therefore |D, — D,| = |D, — D,|(D,, + D,).
Given two positive measures 4 and v, we denote by 1 A v the measure obtained by

(1 A)A) = [ min{D,(w), D)} (1 + v)(dw)

Since, for any two positive numbers, one has |z — y| = = + y — 2min{z, y}, the definition (4.15)
immediately implies that if x4 and v are two probability measures, one has

ln— vty =2 —2(u A v)Q) . (4.17)
Note also that

Lemma 4.28 The space of probability measures on ) endowed with the total variation distance
| - |ltv is complete.

Proof. Let 1, be a sequence of probability measures that is Cauchy in the total variation distance
and let 1) be defined by n = > (27" u,. Then each of the j, is absolutely continuous with
respect to 7. By (4.16), the total variation distance is equal to the L' distance between the corre-
sponding Radon-Nikodym derivatives. The result thus follows from the completeness of L'(£2, 7).

O

We are now in a position to formulate the criteria announced at the beginning of this section.

Theorem 4.29 Let P be a transition probability on a space X. Assume that there exists o > 0
and a probability measure n on X such that P(x,-) > an for every x € X. Then, P has a unique
invariant measure T.

Proof. Note first that the assumption implies that 7'ys > o for every probability measure p on &X'
We can therefore define probability measures 7'y by

Tpu=an+1—-a)Tu. (4.18)

Let 1+ and v now be two arbitrary probability measures on &X'. Using (4.17), we can define the
probability measures [ and 7 by

lw—vlrv _ |l — vty _
—10 e

w=puAv+ 2 , Vv=uAv+

One then has

i — vty

ITp = Tviley = |1 Th = Tolrv——

It follows from the definition (4.18) that

|\ Ti— Tty = |lan+ 1 —a)Tji—an — (1 — a)T7| v
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=(l-o|Th—-Tr| <21 -a),

where we used the fact that the total variation distance between two probability measures can
never exceed 2. Combining these bounds yields

[Ty —Tv|rv <1 —a)|lp—v|rv,

so that 7' is a contraction. The result now follows from Banach’s fixed point theorem. O

5 Structure theorem for invariant measures

In this section, we prove a general structure theorem for Markov processes that gives us a better
understanding of what the set of invariant probability measures can look like. Since for any two
invariant measures m; and o for a given transition operator 7', any convex combination of the
type tm1 + (1 — t)me with ¢ € [0, 1] is again an invariant measure for 7', the set Z(T") of invariant
probability measures for 7' is obviously convex. If 7' is Feller, then it is a continuous map from
P(X) to P(X) in the topology of weak convergence. Therefore, if 7, is a sequence of invariant
measures converging weakly to a limit 7, one has
Tr=T lim 7, = lim Twm, = lim ©, =m,
n—o0 n—oo n—oo

so that 7 is again an invariant probability measure for 7". This shows that if 7" is Feller, then the
set Z(T') is closed (in the topology of weak convergence).

Remark 5.1 If T is not Feller, it is not true in general that Z(T") is closed. Choose for example an
arbitrary measure p on R and consider the transition probabilities given by

0, ifz <O
P(x"):{ p o ifx > 0.

In this case, d§, € Z(T) for every x < 0, but g & Z(T).

Before we get to the “meat” of this section, let us make a short excursion into deterministic
ergodic theory.

5.1 Ergodic theory for dynamical systems

Recall that a dynamical system consists of a probability space (€2, .%#, P) and a measurable mea-
sure preserving map 6: {) — €2, i.e. a map such that PO~ 1(A)) = P(A) for every A € .%. We will
denote as usual by E expectations with respect to P.

Given such a dynamical system, we define .# C .Z as the set of subsets such that §~1(A4) = A.
It is clear that .# is again a o-algebra. The perhaps most famous result in the theory of dynamical
systems is

Theorem 5.2 (Birkhoff’s Ergodic Theorem) Let (), %, P, 0, %) be as above and let f:2 — R
be such that E|f| < oc. Then,

N—oo

1 N-1
lim — > f(0"w) =E(f|.7)
n=0

almost surely.
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remember that a dynamical system is said to be ergodic if all sets in .# have either measure 0
or measure 1. Note that this is a property of the map 6 as well as of the measure P.

Corollary 5.3 With the notations of Theorem 5.2, if the dynamical system is ergodic, then

1 N-1
iy 2 00 =5S

almost surely.

Proof of the corollary. By definition, the function f = E(f | .#) is .# -measurable. Define the sets
Ay ={weQ|fw) >Ef}, A ={we Q| fw) <Ef},and Ag = {w € Q| f(w) = Ef}. All
three sets belong to .# and they form a partition of 2. Therefore, exactly one of them has measure
1 and the other two must have measure 0. If it was A, one would have E f= / Ay f(w)P(dw) >
Ef, which is a contradiction and similarly for A_. This implies that P(4y) = 1, and so P(f =
Ef)=1. O

Before we trun to the proof of Theorem 5.2, we establish the following important result:

Theorem 5.4 (Maximal Ergodic Theorem) With the notations of Theorem 5.2, define
N-1
Sn(w) = Y f(0"w), My(w)=max{Sy(w), S1(w), ..., Sn(w)},
n=0

with the convention Sy = 0. Then, f{MN>0} f(w)P(dw) > 0 for every N > 1.

Proof. Forevery N > k > 0 and every w € €, one has My (0w) > Si(6w) by definition, and so
fw)+ My(Bw) > f(w) + Sk(Bw) = Ski1(w). Therefore

f(w) 2 max{S(w), S2(w), ..., Sn(W)} — Mn(bw) .

Furthermore, max{S;(w), ..., Sn(w)} = My(w) on the set { My > 0}, so that
[ f@P@) = [ (M) - M) Pe) > EMy — [ My@)P)
{My>0} {My>0} An

where Ay = {0w | Myn(w) > 0}. The second-to-last inequality follows from the fact that My >
0 and the last inequality follows from the fact that # is measure-preserving. Since My > 0,
J4 Mn(w)P(dw) < EMy for every set A, so that the expression above is greater or equal to 0,
which is the required result. O

‘We can now turn to the

Proof of Birkhoff’s Ergodic Theorem. Replacing f by f — E(f |.#), we can assume without loss
of generality that E(f|.#) = 0. Define 7 = lim sup,,_, . S,,/n and n = lim inf,, o Sy, /n. It is
sufficient to show that 7 < 0 almost surely, since this implies (by considering — f instead of f)
thatnp > Oandsonp =n = 0.

It is clear that 7j(Aw) = 7j(w) for every w, so that, for every £ > 0, one has A° = {fj(w) > ¢} €
& . Define

[rw) = (fw) =€) xa: (W) ,
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and define S5, and M5, accordingly. It follows from Theorem 5.4 that |, (M,>0} fE()P(dw) >0
for every N > 1. Note that with these definitions we have that

S%(w)_{ 0 ifjw) <e 5.0

N %—5 otherwise.

The sequence of sets { M5, > 0} increases to the set B° = {sup, S5 > 0} = {supy % >0} It
follows from (5.1) that

SN
g __ = _ = _ €
B —{n>s}ﬂ{sxp—N >€}—{77>5}—A )

Since E|f¢| < E|f| 4+ € < oo, the dominated convergence theorem implies that

lim fEW)P(dw) = / fEW)P(dw) >0,
N—oo {M15\1>0} Ae

and so
0< /AE fE(w)Pdw) = /As(f(u)) —¢)P(dw) = /AE F(W)P(dw) — eP(A%)
= /AE E(f(w)|#)P(dw) — eP(A%) = —eP(A%),

where we used the fact that A° € .# to go from the first to the second line. Therefore, one must
have P(A®) = 0 for every € > 0, which implies that 7 < 0 almost surely. O

5.2 Structure of the set of invariant measures

Recall the construction from Section 4.1 that associates to every invariant probability measure 7 of
a given transition operator a measure P on the space XZ of X-valued processes. We furthermore
defined the shifts 6,, on XZ by

(0px)(m) = x(n+m),

and we write # = 0. By the definition of stationarity, one has:
Lemma 5.5 The triple (X%, 0,P;) defines a continuous dynamical system.

Proof. 1t is clear that 6 is continuous. It was already checked in Lemma 4.3 that P defines a
stationary process, i.e. that it is invariant under 6. O

In this section, we will often approximate sets belonging to one particular o-algebra by sets
belonging to another o-algebra. In this context, it is convenient to introduce a notation for the
completion of a g-algebra under a given probability measure. Assuming that it is clear from the
context what the probability measure P is, we define the completion .% of a o-algebra .% to be the
smallest o-algebra containing .%# with the additional property that if A € .% with P(4) = 0 and
B C Ais any subset of A, then B € .Z.

Remember also from the theory of dynamical systems that the measure P is said to be ergodic
if every measurable set A C X% which is invariant under 6 satisfies P,(A) € {0,1}. As in the
previous section, we denote by .# the set of all measurable subsets of X7 that are invariant under

6.
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Definition 5.6 We say that an invariant measure 7 of a Markov process with associated transition
semigroup 7' is ergodic if the corresponding measure P is ergodic for 6.

The main result of this section is the following characterisation of the set of all invariant mea-
sure for a given Markov semigroup:

Theorem 5.7 The set Z(T') of all invariant probability measures for a Markov semigroup T' is
convex and m € L(T) is ergodic if and only if it is an extremal of Z(T') (that is it cannot be
decomposed as m = tmy + (1 —t)my witht € (0,1) and m; € L(T)). Furthermore, any two ergodic
invariant probability measures are either identical or mutually singular.

Before we turn to the proof of Theorem 5.7, we prove the following preliminary lemma,

Lemma 5.8 Let P be the law of a stationary Markov process on X%. Then, the o-algebra .% of
all subsets invariant under 0 is contained (up to sets of P-measure 0) in F{.

Proof. Consider the collection of events
By={AeB:¥Ye>03N>0&A. € ZVy withP(A A A,) < e} .

We claim that one actually has By = Z(X%). Since By contains all cylindrical sets, it suffices to
show that it is a o-algebra. For this, since B clearly contains ¢ and X'Z and is stable under taking
complements, it suffices to consider countable unions. For a sequence of events {A,};>1 C By,

we can by assumption find a sequence /N; and events A’ € 9 N such that P(A; A A’ ) < e279,
Since P is finite, we can also find J such that setting A Uj>1 AJ, one has P(A A U]<J Aj) <
e. We conclude that P(A A ;< ; A}) < 2¢ so that, since ;< ; A} C FN for N = max{N

j < J}, the claim follows.

Let now A € . and, for every ¢ > 0, consider N > 0 and a set A. € .F% such that
P(A A A.) < ¢, which exists since A € By. By the invariance of A and of P under shifts, it
follows that we also have P(A A O-F+*M Ay < e. Since =RV A, C F for every ¢, it
follows that one has A € J >°. Since this is true for every k, one actually has A 6 F2°. The same
reasoning but shifting in the other direction shows that one also has A € .7 2.

We use from now on the notation A ~ B to signify that A and B differ by a set of P-measure
0. Point (iii) of Theorem 2.23 (or rather a slight extension of it) shows that if f and g are two
functions that are respectively .75 and .%_ 3> -measurable, then

E(fg|70) = E(f|.79) E(9] 77) -

Applying this result with f = g = x4, we find that
E(A | 20) = (E(xa | #9))”

Since on the other hand x4 = x4 and E(x4 | %) € [0, 1], one has E(x4a | Z8) € {0, 1} almost
surely. Let A denote the points such that E(x 4 | 98) = 1,sothat A € ,/0 by the definition
of conditional expectations. Furthermore, the definition of conditional expectations yields P(AN
E) = P(AN E) for every set £ € % Y and (using the same reasonlng as above for 1 — x4)
P(A° N E) = P(A° N E) as well. Usmg this for E = A and E = A° respectively shows that
A~ A, as required. O

Corollary 5.9 Let again P be the law of a stationary Markov process. Then, for every set A € ¥
there exists a measurable set A C X such that A ~ A%,
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Proof. We know by Lemma 5.8 that A € %), so that the event A is equivalent to an event of
the form {zg € A} for some A C X. Since P is stationary and A € .#, the time 0 is not
distinguishable from any other time, so that this implies that A is equivalent to the event {x,, € A}
for every n € Z. In particular, it is equivalent to the event {x,, € A for every n}. O

Note that this result is crucial in the proof of the structure theorem, since it allows us to relate
invariant sets A € .# to invariant sets A C X, in the following sense:

Definition 5.10 Let 7" be a transition operator on a space X and let 7 be an invariant probability
measure for 7. We say that a measurable set A C X is w-invariant if P(x, A) = 1 for m-almost
every x € A.

With this definition, we have

Corollary 5.11 Let T be a transition operator on a space X and let  be an invariant probability
measure for T. Then 7 is ergodic if and only if every m-invariant set A is of w-measure 0 or 1.

Proof. It follows immediately from the definition of an invariant set that one has 7(A) = P(A4%)
for every m-invariant set A.

Now if 7 is ergodic, then P.(A%) ¢ {0, 1} for every set A, so that in particular m(A) € {0,1}
for every m-invariant set. If 7 is not ergodic, then there exists a set A € .# such that P(A) &
{0,1}. By Corollary 5.9, there exists a set A C & such that A ~ {xg € A} ~ AZ. The set A
must be m-invariant, since otherwise the relation {x¢ € A} ~ A% would fail. O

Proof of Theorem 5.7. Assume first that 7 € Z(7T) is not extremal, i.e. it is of the form 7 =
tm + (1 —)my with ¢ € (0,1) and m; € Z(T'). (Note that therefore P, = tPr, + (1 — t)Pr,.)
Assume by contradiction that 7 is ergodic, so that P (A4) € {0,1} forevery A € .Z. If P.(A) = 0,
then one must have P, (A) = P,,(A) = 0 and smilarly if P;(A) = 1. Therefore, P, and P,
agree on ., so that both P, and P, are ergodic. Let now f: X% — R be an arbitrary bounded
measurable function and consider the function f*: X% — R which is defined by

1 n
fr@) = lim =Y f@*@)),
n—oo n, —1

on the set F/ on which this limit exists and by f*(z) = 0 otherwise. Denote by F; the set of points
x such that f*(z) = [ f(x)Pr,(dz). By Corollary 5.3, one has P.,(E;) = 1, so that in particular
P.(E\) = P, (Fy) = 1. Since f was arbitrary, one can choose it so that [ f(z) P, (dx) #
J f(x)Pr,(dz), which would imply E1 N Ey = ¢, thus contradicting the fact that P(E;) =
P.(F>) = 1.

Let now m € Z(T') be an invariant measure that is not ergodic, we want to show that it can be
written as m = tm1 + (1 — t)mg for some m; € Z(1T) and t € (0, 1). By Corollary 5.11, there exists a
set A C X such that m(A) = ¢ and such that P(z, A) = 1 for w-almost every x € A. Furthermore,
one has m(A€) = 1 — t and the stationarity of 7 implies that one must have P(z, A°) = 1 for 7-
almost every x € A°. This invariance property immediately implies that the measures 7; defined
by

m(B) = %71‘(121 NnB), mo(B) = %_tﬂ'(;lc NnB),
belong to Z('I") and therefore have the required property.

The last statement follows immediately from Corollary 5.3. Let indeed m; and w2 be two
distinct ergodic invariant probability measures. Since they are distinct, there exists a measurable
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bounded function f: X — R such that [ f(zx)mi(dz) # [ f(z)ma(dx). Let us denote by {x,}
the Markov process with transition operator 7' starting at xo. Then, using the shift map 6 in
Corollary 5.3, we find that the equality

Jim 5 3 e = [ f@mdo

holds almost surely for 7r;-almost every initial condition xg (which is the same as to say that it
holds for P,-almost every sequence x). Since [ f(z) m1(dz) # [ f(x) wo(dx) by assumption, this
implies that r; and 7o are mutually singular. O

This structure theorem allows to draw several important conclusions concerning the set of all
invariant probability measures of a given Markov process. For example, we have that

Corollary 5.12 If a Markov process with transition operator I’ has a unique invariant measure
m, then 7 is ergodic.

Proof. In this case Z(T') = {r}, so that 7 is an extremal of Z(T). O
In a rather analogous way, one has the following extension of Proposition 4.26:

Proposition 5.13 Let A be an invariant set for P and let Ay, be defined as in (4.13). If U,,>0 An =
X and A can be written as a disjoint union of closed sets

A=1] Bk,

k=1

with the property that every By is invariant for P and the Markov process restricted to By has
a unique invariant measure Ty, then the my, are ergodic and they are the only ergodic invariant
measures for that process.

Proof. The ergodicity of the 7y, follows from Corollary 5.12. Suppose now that 7 is an arbitrary
invariant measure for the process. It follows from Proposition 4.26 that 7(A) = 1. Furthermore,
it follows as in the proof of the second part of Theorem 5.7 that the restriction of 7 to By, is again
an invariant measure for P. Since on the other hand we assumed that the process restricted to By,
has a unique invariant measure 7y, this shows that m = >, m(By) 7. O

Let us finish this course with a final example. Consider a sequence &, of i.i.d. random variables
that take the values £1 with equal probabilities and fix some small value £ > 0. Define a Markov
process {x,,} so that, given x,,, T, +1 is the solution at time 1 to the differential equation

dx(t
Zi ) = sin x(t) 4+ €&, sin @ s 2(0) =y .

It is a good exercise to check the following facts:

e The measures do, With k € Z are invariant (and therefore ergodic because they are ¢-
measures) for this Markov process.

e For ¢ sufficiently small (how small approximately?), the sets of the form [(2k+3/4)7, (2k+
5/4)] with k € Z are invariant and there exists a unique (and therefore ergodic) invariant
measure on each of them.

e The invariant measures that were just considered are the only ergodic invariant measures
for this system.



MEASURABLE AND TOPOLOGICAL SPACES 43

Appendix A Measurable and topological spaces

This section contains some definitions from measure theory that are taken to be granted. They are
only included here so that the course is self-contained. It also contains a few notations that are
used throughout this course.

Given a set X, denote by 2 the set of all subsets of X'

A measurable space (M, .%) consists of a set M equipped with a o-algebra .%, i.e. a subset
F C 2M such that:

e e Fand M e 7.

e If A € .Z,then A° € F, where A denotes the complement of A.

o If {Ag,A1,...} C F, thenU,2yAp €.F and o2y Ap € F.
In other words, .% is closed under complementation, countable unions, and countable intersec-
tions. Elements of .%# are called measurable sets. A function between measurable spaces is
measurable if the preimages of measurable sets are measurable sets.

A topological space (X, 7) consists of a set X equipped with a topology T, i.e. a subset
T C 2% such that:

e pcTandX cT.
o If {Ag, A1,...,An} C T, then Vg A, €T.
e f AC T, thenJyc g AET.

In other words, 7 is closed under arbitrary unions and finite intersections. Elements of 7 are
called open sets. A function between topological spaces is continuous if the preimages of open
sets are open sets.

Given a topological space (X, T), we define A(X) as the smallest o-algebra on X’ containing
7. This particular o-algebra is called the Borel o-algebra of X. In other words, the Borel o-
algebra is the smallest o-algebra such that all open sets are measurable. We denote by B(X) the
(Banach) space of all Borel-measurable and bounded functions from X to R equipped with the
norm

l¢lloo = sup [p(x)] . (A.1)
reX

We denote by Cp(X) the (Banach) space of all continuous and bounded functions from X to R
equipped with the same norm as in (A.1).

All the measurable spaces we will consider are topological spaces equipped with their Borel
o-algebra.

A.1 Measures

Given a measurable space (M, .%#), a measure ;. on M is a function from .%# to R, with the
following properties:

e () =0.
o If {Ag, A1,...} C .Z isacollection of pairwise disjoint sets, then

p(U A) = S A
n=0 n=0

We will call (M) the mass of u. A signed measure 4 is a function from .# to R with the
property that there exists two measures p4 and p— such that u(A) = py(A) — p—(A) for every
Ac 7.
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Given a measure space (M, .7, 1), we denote by .Z the completion of .# with respect to L.
The o-algebra 7 is defined to be the smallest o-algebra with the properties that F C Z and that
if A e %, (A =0and B C A, then B € .%. In the particular case where M = [0, 1], %
consists of the Borel sets, and 1 is the Lebesgue measure, .% consists precisely of the Lebesgue
measurable sets. This is why .7 is also called the Lebesgue completion of .% with respect to s

A probability space (§2, .7, P) consists of a measurable space (€2, .%) and a probability mea-
sure P on (2, i.e. a measure on {2 such that P(2) = 1. We denote the set of probability measures
on 2 by P(2).

A.2 Weak, strong, and total variation convergence

Let p1, p2, ... be a sequence of measures on a topological space X. We say that the sequence
converges weakly to a limit p if

lim. /X F(@) pn(da) = /X F(@) pldz) (A2)

for every f € Cp(X). We say that it converges strongly if (A.2) holds for every f € Bp(X). We
define the total variation distance between two measures  and v by

ln=viv =5 sup |[ s o) -
e

(A.3)

Another equivalent definition of the total variation distance is

|1 — vty = sup |u(A)
Acx

where the supremum runs over all measurable subsets of X'. Finally, if we denote by D, and D,
the densities of 1 and v with respect to the measure n = %(,u, + v) (these densities can easily be
shown to exist by the Radon-Nikodym theorem), then one has the equality

= vliry = [ IDu@) = Du@)l ()
We say that a sequence { ., } converges in total variation to a limit y if

lim |pn — pllrv =0

n—oo

Even though it may look at first sight as if convergence in total variation was equivalent to strong
convergence, this is not true as can be seen in Example A.5 below.

It is also a fact that under very mild conditions on X" (being a complete separable metric space
is more than enough), (A.3) is the same as the seemingly weaker norm,

| = vy = Sup, / f(@) (dx) — (A.4)

Hflloo 1

where the supremum only runs over continuous bounded functions.
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A.3 Examples

Example A.1 The interval [0, 1] equipped with its Borel o-algebra and the Lebesgue measure is
a probability space.

Example A.2 The half-line R, equipped with the measure
P(A) = / e Tdr
A

is a probability space. In such a situation, where the measure has a density with respect to
Lebesgue measure, we will also use the short-hand notation P(dx) = e™* dx.

Example A.3 Given a € ), the measure d, defined by

1 ifac€ A,
0a(A) = { 0 otherwise.

is a probability measure.

Example A4 Let {a,},>0 C R be a sequence such that lim,,_,c a,, = a exists. Then, the
sequence d,, converges weakly to d,, but does not converge strongly.

Example A.5 Let € be the unit interval and define the probability measures
tn(dz) = (1 + sin2mnx)) dz .

Then, p,, converges to the Lebesgue measure weakly and strongly, but not in total variation. (This
resut is also called Riemann’s lemma and is well-known in Fourier analysis.)

Example A.6 The sequence N'(1/n,1) of normal measures with mean 1/n and variance one
converges to AV/(0, 1) in total variation (and therefore also weakly and strongly).
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