CHAPTER 8
Markov Chains

This chapter is inspired partly by [Nev70] and [R.88].

8.1. Definitions and Basic Properties

Let S be a finite or countable set, which we call state space, endowed with the
o-algebra P(5) ={A: A C S}.

DEFINITION 8.1.1. Let (2, F, P) be a probability space. A sequence of S-valued
random variables (X,)n>0 is a Markov chain (with state space S) if for alln > 0,
X, : Q — S is measurable and

P(Xoi1 =2p1|Xn =20, ..., Xo=20) = P(Xp11 = Tpi1| X =2,)  (8.1.1)

for all xg,..., x4 €S.

We avoided to mention that (8.1.1) holds P-almost surely, and will usually con-
tinue doing so in the sequel. We don’t yet worry about the structure of the
underlying probability space (€2, F, P), although a canonical choice will be made
in Section 8.1.1.

We will mostly consider the case where the probability P(X, 11 = 41| X, = z,)
does not depend on n, that is where

P(Xpp1 =yl X, = x) =P(X: = y|X0 =1)

for all n > 1. In such case, the chain is called homogeneous, and the dependence
among the random variables is determined by the numbers P(X; = y| X, = ),
called transition probabilities. Observe that these satisfy > ¢ P(X1 = y|Xo =
xz) =1 (P-as.) for all z € S. We are interested in the study of Markov chains
for which the transition probabilities are specified a priori.

DEFINITION 8.1.2. A collection Q(x,y), x,y € S, is called a transition probability
matrix if Q(z,y) € [0,1] and if 3 o Q(z,y) =1 for all z € S. A homogeneous
Markov chain (X,)n>0 has transition probability matrix Q) if

P(X,11 =9y X, =2) =Q(z,y) P-as.
foralln >0, z,y€S.
Although it might seem trivial at this point, observe that for all y € S, x —
Q(z,y) is measurable. The existence of a Markov chain associated to a transition

probability matrix will be shown in Section 8.1.1. Before going further we give a
serie of examples.
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66 8. MARKOV CHAINS

ExXAMPLE 8.1.1. Independent variables furnish a trivial example of Markov chain.
Let (X,)n>0 be a sequence of i.i.d random variables with distribution p over
(S, P(9)). If we define Q(z,y) := p(y), then by independence,

P(Xn+1 = xn+1|Xn = Tny- .- 7X0 = .CIZ'(]) = ILL(.CIZ'nJrl) = Q(xn, xn+1) .

EXAMPLE 8.1.2. The two state Markov chain is defined for S = {1,2}. An example
of a transition matrix is given in the following graphical representation:

1

2

1 1

2 3
2

3

EXAMPLE 8.1.3. The random walk on S = Z¢. We considered the simplest case of
random walk in Section 6. Consider a sequence (Y},),>1 of Z%-valued independent
identically distributed random variables, and denote their common distribution
by p. Define Sy := 0, and for all n > 1, S,, := >/, Yi. The sequence (S,,)n>0 is
called a random walk on Z?. Observe that, since Y, is independent of Sy, ..., S,
we have

P(Sp+1 = Zps1|Sn = Tp, - .., So = x0)
= P(Yoi1 = Tpy1 — 2u|Sn = T, ..., So = Xo)
=P(Y,i1 =Tpi1 — )
= P(Yoi1 = Tpi1 — | Sn = )
= P(Spi1 = Tpna1|Sn = Ty) -

Therefore, since P(Y, 11 = Tpni1 — n) = p(Tnt1 — Tn), (Sn)n>o is a Markov chain
with state space S = Z¢ and transition matrix Q(z,y) = p(y — x). When

plz) = {ﬁ il =1 (8.1.2)

0 otherwise,

that is when p(+e;) = % where the eq, ..., e, are the canonical unit vectors of
R?, the random walk is called simple, symmetric. More will be said on random
walks in Section 8.3.2.

ExXAMPLE 8.1.4. Uniform Random Walk on a Graph. Let G = (V| E) be a simple
graph without loops. For each x € V', we assume that A, :={y € V : {z,y} € E}
is finite: |A,| < 0o. Setting S =V, one can define a transition matrix by

Q(x,y) = {ALM lf{$7y}€E,

: (8.1.3)
0 otherwise .

The simple random walk of the previous example is a particular case.

ExXAMPLE 8.1.5. The Ehrenfest chain. Consider two urns with a total of r balls.
Each urn can be considered as a box with a certain number of molecules, the
total number of molecules being r. At each time step, a ball is chosen at random
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(in either box) and its position switched to the other box. Let X,, be the number
of balls in the first box at time n. Then (X,,),>0 is a Markov Chain with state
space S = {0,1,2,...,r} and transition matrix @) given by
—k k
Qe k+1)="—= Qkk—1)=",

T r

and zero otherwise.

EXAMPLE 8.1.6. Birth and death chains. Consider S = {0,1,2,...}, in which
X,, = = means that population at time n is z, and Q(x,y) > 0 only if |z —y| < 1.
Therefore, the chain is determined by the transition probabilities r, = Q(z,x),
¢: = Q(z,x — 1) (clearly, g = 0), p, = Q(z,x + 1). See Figure 1.

To 11 Tz
‘_ coe
0 1 2 T
q1 dx

FiGurg 1. The birth and death chain.

ExAMPLE 8.1.7. Renewal chains. Consider S = {0,1,2,...} and a sequence
(pr)k>1 with Y, pr = 1. Then Q(0,k) = pi, and Q(k,k —1) =1 for all £ > 2.

ExAMPLE 8.1.8. The Branching Process was introduced by Galton and Watson to
understand extinction or survival of family names. Let (Y,C(n))n207k21 be an array
of i.i.d. N-valued random variables, with distribution p: P(Yk(") = 7) = p(y)

for all 7 > 1. Yk(") is the number of children of the kth individual of the nth
generation. Let X, := 1, and define the total number of individuals of the n + 1th
generation:

Xn
X1 =D ¥, (8.1.4)
k=1

Let us show that (X,,),>0 is a Markov chain with state space S = {0,1,2,...}.

P(Xpi1 = Y| Xn =20, ..., Xo = 20) = P(D_ V" = y|X,, = 2, ..., Xo = w0)

Since the variables Yk(") are independent, the distribution of the sum ) ;", Yk(")
is given by the convolution p*p*---%p (x, times), which we denote by p**». This
shows that (X,),>0 is a Markov chain with transition probability matrix given
by

Qx,y) =p™(y) Va,yes (8.1.5)
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It is well known that in the subcritical case, ie. when A := E[Y{”] < 1, the
population dies out P-almost surely. In the supercritical case, i.e. for A > 1, then
the population explodes with positive probability.

We define the iterates of a transition matrix as follows: QW) := @, and for n > 2,
QM(x, 2) ZQ”l z,y)Q(y, 2) . (8.1.6)
yeSs

Clearly, each Q™ is well defined and is again a transition matrix. Let us give an
important equivalent characterization of Markov chains.

LEMMA 8.1.1. Let Q be a transition probability matriz. A sequence (X )n>o0 1S
a Markov chain with transition matriz Q) if and only if for all n > 1 and all
oy ..., Ty €S,

P(XO = Zgy... ,Xn = {En) = P(XO = Io)Q(ZEO,Il) e Q(ZL’n_l, l’n) . (817)
In particular, if P(Xo = xo) > 0, then

P(X,, = y|Xo = z0) = Q™ (z0,y) - (8.1.8)

PROOF. Assume (X,,),>o is a Markov chain with transition matrix Q. If
n =1, (8.1.7) is trivial. Indeed, if P(X, = x¢) = 0 then P(Xy = x¢, X; =21) =0
and so P(Xy = xo, X1 = x1) = P(Xo = 29)Q(x0, z1). If P(Xo=19) =0 >0 the
same holds. So assume that (8.1.7) holds for n. Again, if P(X, = xg,..., X, =
x,) = 0 then P(Xy = zo,..., X411 = zpy1) = 0 and the result follows. If
P(XU =Zg,..., X, = T,) >0 then
P(XQ = Xg, .- 7Xn+1 = xn—i—l)
- P(Xn+1 = $n+1|Xn = Tp, ... ,Xo = l‘o)P(Xo = Zgy ... ,Xn = l’n)
= P(Xn+1 = an+1|Xn = l‘n)P(XO = Io)Q(ZL‘O,Il) e Q(l’n_l, l’n)
= P(Xo=20)Q(x0,x1) ... Q(p—1, Tp)Q(xp, Tpi1)

which shows the validity of (8.1.7) for n + 1. For (8.1.8), use (8.1.7) as follows:
P(X,, = zn, Xo = 20) = Z P(X, =2p, X1 = Tpa, ..., Xo = 20)

which gives (8.1.8) if P(Xy = x¢) > 0. O

Observe that by (8.1.7), the transition matrix ¢ completely specifies the evolu-
tion of the chain, once the distribution of X, is known. Let therefore u be a
distribution on (S, P(S)). When the distribution of X, is given by u, we will
denote the law of (X,,),>0 by P,. That is, by (8.1.7),

P,(Xo=w0,..., Xy =x,) = p(x0)Q(x0,21) ... Q(Tp—1, 20) - (8.1.10)
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When g is a Dirac mass, i.e. p(z) = 1 for some x € S, we will write P, rather
than P,, and interpret x as being a deterministic initial condition. For example,
(8.1.8) gives

(X, = y) = Q(,y). (8.1.11)

As can be easily verified, the measure P, can be reconstructed by convex combi-
nation of the measures {P, },cs:

PHZZM(CC)PI-

We denote expectations with respect to P, by E,. We have
E.(f(Xn)) = Z fY)Pe(Xn = y)

yes
=> f)Q™(x,y)
= g(i)f(a:) , (8.1.12)
where for each n > 1, the function QM f : S — R is defined by
wauw=§;Qmwuwfw» (8.1.13)

(8.1.8) says that the distribution of X,, conditionned on X, is given by the
nth iterate of ). This distribution can be written as P(X,, = y|Xo = o) =
Ell¢x,=|Xo = xo]. Since we will also be interested in functions depending on
the process, of the form f : S — R, we might therefore be interested in studying
more general conditional expectations of the form E[f(X,)|Xo = zo].

LEMMA 8.1.2. Let (X,)n>1 be a Markov chain with transition matriz Q. If f :
S — R, then for alln > 0,

E[f(Xnt1)|Xn = 2, ..., Xo = 2] = Qf () . (8.1.14)
More generally, for any set {iy,... i} C {1,2,...,n— 1},
Elf(Xnt )| Xn = 20, Xy = 2y, Xy = 23] = Qf (7). (8.1.15)

8.1.1. The Canonical Chain. Up to now the underlying probability space
on which the chain is defined hasn’t had an important role, but one should of
course verify that at least one such space exists.

THEOREM 8.1.1. Let p be a probability distribution on (S, P(S)) and Q a tran-
sition probability matriz. Then there exists a probability space (€,3", P,) and
a sequence of S-valued random variables (Xn)n>o on (2,9, P,) which form a
Markov Chain with transition probability matriz Q):

P(Xo=x0,..., Xn = 2n) = p(20)Q(20,71) - .. Q(Tp—1,2n) - (8.1.16)
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PRrOOF. By Theorem 7.1.1, one can construct simultaneously a family of i.i.d.
random variables (Y},),>1 on the product space ' = [0, 1]N, with uniform distri-
bution on [0, 1] with respect to the Lebesgue measure. € is endowed with the
product o-algebra F and P’ is the product of Lebesgue measures. Let us enu-
merate S in an arbitrary way: S = {y1, ya, ... }. Fix some initial condition = € S.
We define a process (XZ),>o on (0,3, P’) as follows. First, X§ := x. Then, we
need to define X7 in such a way that P'(X] = y|X§ = z) = Q(z,yx) for all
k > 1. Define, for all z € S,

onl2) = 3 Qem).
1<i<k
Observe that 0 < aq(z) < ag(z) < --- <1, and ag(z) — 1 when k — oo. Then,
set
X{ =y, ifandonlyif ap_i(z) <Y < ag(x).
Clearly, P'(X]7 = y| X8 = z) = Play—1(x) < Y1 < ag(z)) = Q(z,yx). For
n > 2, XY is defined by
Xy =y, ifandonlyif o 1(X; ;) <Y, <a(X: ).
One then gets, by the independence and uniformity of the Y,;s,
P(Xo =yl X =, o, X§ = m0) =

= Plap_1(X7) <Y, < ap(X))|XE =20, ..., X5 = 20)

= Pllag_1(z,) <Y, < ap(zy))

= Q(Tn, Yr) , (8.1.17)

which shows that (X7),>0 is a Markov chain with transition probability matrix
(2 and initial condition . One can obtain a chain with initial distribution p by
taking convex combinations. Write the process constructed above (X,,),>0, and
denote its law by P., in order to have P.(X, = x) = 1. Now define

P = Z w(z) Py .

z€S
Then, using Lemma 8.1.1,

P (Xo=w0,..., Xpn=12n) = Zu(m)P;(XO =Ty, Xp = Tp)

TES
= > ) ey Q0,71) - Q1 0)
z€S
= p(z0)Q(xo, 1) ... Q(xp_1,Tp),
which is (8.1.16). -

As will become clearer in the sequel, the study of homogeneous Markov chains
is greatly facilitated by the introduction of a certain time translation operator
on the process and of its random version, which will lead to the proofs of all
recurrence results of Section 8.3. In the present section we construct a canonical
space on which this operator will be naturally defined.
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Each realization w € € yields a sequence X;(w), X2(w),..., which we call a
trajectory of the chain. A natural candidate for the simplest probability space
describing an S-valued Markov Chain (X, ),>¢ is therefore the space in which each
element w is itself a trajectory, that is, the elements of which are the sequences
w = (wp,wr, ... ) where each wy € S:

Q= 502} (8.1.18)

For each k > 0, consider the coordinate map X}, :  — R defined by X (w) := wg.
The o-algebra F is defined as the smallest collection of subsets of € for which
each X} is measurable, that is F := o(Xj, k& > 0). The o-algebra F can also be
obtained by considering the o-algebra generated by thin cylinders, i.e. subsets of
Q of the form

[0, X1, ..., 2] = {w € Q1w =z, w1 = T1,...,W, =Ty}, (8.1.19)

where xq,...,x, € S. The intersection of two thin cylinders is either empty or is
again a thin cylinder. The algebra of cylinders is obtained by taking finite unions
of thin cylinders, and is denoted €. Then clearly, ¥ = o(C).

THEOREM 8.1.2. Let p be a probability distribution on (S,P(S)) and Q be a
transition probability matriz. Then there exists a unique probability measure P,
on (Q,F) such that on (Q,F,P,), the coordinate maps (X, )n>1 form a Markov
Chain with state space S, transition probability matriz ), and initial distribution

ju
P.(Xo=1mo,..., X, =x,) = p(x0)Q(z0,21) . .. Q(@p—1,xp) . (8.1.20)

ProOOF. Consider the probability space (€', 3, P}) constructed in Theorem
8.1.1, together with the process constructed therein, which we temporarily denote
by (X])n>o in order to distinguish it from the coordinate maps on €. Consider
the map ¢ : ¥ — Q defined by ¢(w'), := X/, (w') for all n > 0.

LEMMA 8.1.3. ¢ is measurable: ¢~ (A) € F for all A € F.

PROOF. Let A :={A € F: o '(A) € F}. Then A is a g-algebra. Moreover,
it contains all sets of the form X '({z}), z € S, n > 0, since p~ (X1 ({z})) =
(Xnop) '({z}) = X" ' ({z}) € F' by definition (the X’,s are random variables).
Therefore, A = . O
Since ¢ is measurable, we can define the image measure P, := P o ot We have

P,(Xo=w0,..., X, =x,) = P;Q(X(l) =Zg,..., X, = Tp)
= w(w0)Q(x0, 21) - .. Q(Tp—1,T0)
which S}EOWS that (X,)n>0 has the wanted properties. Regarding uniqueness,

assume P, is another measure also satisfying (8.1.20). But (8.1.20) implies that P,
and P, coincide on thin cylinders, and since these generate F, they are equal. [

ALTERNATE PROOF OF THEOREM 8.1.2: Let [z, x1,. .., 2,] be any thin cylin-
der and define

P([xo, z1, ... x,]) == p(zo)Q(x0, 21) . .. Q(Tp1, Tp) - (8.1.21)
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We need to show that P extends uniquely to a probability on (Q2,F) and that
under P. But this follows immediately from Kolmogorov’s Extension Theorem
7.1.2. By (8.1.21), the coordinate maps (X, ),>o clearly define a Markov chain
with transition probability matrix ) and initial distribution pu. O

The following proposition shows that the canonical representation is sufficient
for the study of Markov chains, in the sense that one cannot distinguish the
distribution of the canonical chain from any other.

PROPOSITION 8.1.1. Let (Y,)n>0 be a Markov chain with initial distribution u

and transition matriz (), constructed on some probability space (5,3’, ﬁ) Let
(Xn)n>0 be the Canonical Markov chain with initial distribution p and transition
matriz (), constructed on the product space (2, F, P) as above. Then P is the
image of P under the measurable map ¢ : Q — Q defined by o(@) = (Y (@) )nso-
That is, P = Po o L.

Proor. We already saw in Lemma 8.1.3 that ¢ is measurable. Now for any
thin cylinder [z, ..., z,],

]Bow_l([xo,...,xn]) :ﬁ(Yg:xo,...,Yn:xn)

= 1(x0)Q(zo, 1) - - - Q(Tn—1, Tn)
=P(Xo=2x0,...,Xn=1Ty). (8.1.22)

Since thin cylinders generate &, this proves the proposition. O

8.2. The Markov Property

The basic relation defining a Markov chain, (8.1.1), says that conditionnally on
a given past up to time n, Xy, Xy, ..., X, the distribution of X, depends only
on X,. Since this and time homogeneity suggest a certain translation in time,
the canonical space constructed in the previous section appears well adapted to
the precise formulation of a more general version of this property: conditionnally
on a given past up to time n, Xy, Xy, ..., X, the distribution of the entire future
Xni1, Xpyo, ... depends only on X,,. So from now on, the Markov chain under
consideration will always be considered as built on the canonical product space
(2 defined in (8.1.18). Define the transformation 6 : @ — Q, called the shift, by

O(w)p == wnr1 Vn>0.

Since 071X, *({z})) = X, 11 ({z}) € F, 0 is measurable. One can of course iter-
ate the shift: 6, := 0, and 0,,,, := 6, 0 0.

To use the language of conditional expectation, we encode the information con-
tained in the past of n, Xg, X1, ..., X,,, in the o-algebra F,, := o(Xo, X1, ..., X,).

THEOREM 8.2.1 (Simple Markov Property). Let x € S, and n > 1. Let ¢ :
Q — R be bounded, positive and F,-measurable. Then for all bounded, positive,
measurable 1 : ) — R,

Eule - ¢ obn] = Eulp - Ex, (¢)]. (8.2.1)
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In the right-hand side of (8.2.1) appears the random variable Ey, (), which is
just E,(1)) evaluated at X,, !. Observe that by taking ¢ = 1, for each A € F,,
(8.2.1) is equivalent to the P,-almost sure statement

E [t 00,5, = Ex,[¢]. (8.2.2)

Proor. We first consider the case where ¢ and ¢ are indicators of thin cylin-
ders: ¢ = 1¢, with C' = [z, ..., 2z,], ¥ = 1p with D = [yo, ..., y,]. We have

EXn[w] = Z w<x67---,l’;)Pxn(Xo = xg,...,Xp = x;)

= 1x, =y} QWo, ¥1) - - - Q(Yp—1,Yp) ,
which leads to

E:p[ip : EXn(i/J)] = 1{$0:$}Q<x07 $1) e Q(JinA? xn)l{zn:yo}Q(ym yl) e Q(Z/pqa Z/p) .
On the other hand,
E, [90 o en] = Ez[l{onmo} e 1{Xn:$n}1{Xn:yo}1{Xn+1:y1} s 1{Xn+p:yp}]

= P$<X0 - 07Xn - xnan - yO:Xn-f—l - yh"'aX’VH-p - yp)

= 1{10:93}62(550, r1) ... Q(xp_1, xn)l{mn=yo}Q(y07 Y1) ... Q(ypfly yp) )

which shows (8.2.1) in the particular case. We then show that for the same ¢,
(8.2.1) holds also in the case where ¢ = 14, where A € F. Consider the class
A={Ae€TF:E,Jp-1400,] = E.[p-Ex,(14)]}. We know that A contains all thin
cylinders, and therefore all cylinders by summation. It is then easy to verify that
A is a Dynkin system, and so A = F by Theorem 3.0.1. Now, the extension to
arbitrary bounded positive functions follows by uniform approximation by simple
functions. O

A simple application of the Markov Property is the following identity, known as
the Chapman-Kolmogorov Equation:

Po(Xmin =y) = > Pa(Xn = 2)P.(X, = ). (8.2.3)

zes
Namely, one can write Py (Xpin = y) = Ep[Eu(1x,,,,=y|Tm)], and then
By Eo (I s n=y|Fm)] = Eu[Eu(1x,=y © 0|Fn)]
= E.[Ex, (1x, = y)]
= E,[Px,,(Xn =y)]
= Po(Xm=2)P.(X, =1). (8.2.4)
z€S

The reader should convince himself that any other proof of (8.2.3) will necessary
end up requiring one or another form of the Simple Markov Property.

lObserve here that = — E,(¢) is P(S)-measurable, and that w Ex, () (¥) is a random
variable.
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The Markov Property deserves an extension to the case there the time n is re-
placed by a random time 7. The reason is the following. Suppose we are in-
terested in the following question: if the chain returns back to its starting point
with probability one, is it true that it will do so an infinite number of times?
This seems clear since at the time of first return, the chain is back at its original
position and therefore by the Markov Property the probability of coming back a
second time is again one, and so on. Nevertheless, the times at which the chain
returns to its starting point are random, and the simple Markov Property can’t
be used in its actual form.

Random times are usually called stopping times. We will define them here in
the framework of Markov chains; in Section 9 these will be used extensively in
the chapter on martingales. A stopping time satisfies a list of properties which
we first illustrate on a simple example. Let (X,,),>0 be the random walk on the
integers with initial condition Xy = 0. Considering n as a parameter describing
time, an example of a random time is the first return of the walk to the origin,
which we already encountered in Section 6:

Ty :=inf{n >1: X, = 0}. (8.2.5)

If the walk never returns to the origin, i.e. {n >1: X, =0} =0, we set Ty = occ.
So Ty is a random variable taking values in {1,2, ... }U{oco}. Moreover, the event
{T, = n} is insensitive to the change of any of the variables X}, for k& > n. This is
made clear by noting that {7y =n} = {X; #0,...,X,_1 # 0, X,, = 0}. In other
words, {19 = n} is F,-measurable, where F,, = o(Xo, X1,...,X,). We call the
sequence (F,)n>o the natural filtration associated to the chain (X,,),>o. Clearly,
F, C F,y1 for all n > 0. The natural filtration can be defined for any random
process.

DEFINITION 8.2.1. Consider the natural filtration (F,)n>o associated to a Markov
chain (X, )n>0. A stopping time is a {1,2,...} U {oo}-valued random variable T
such that for alln >0, {T'=n} € F,.

In the Simple Markov Property, we considered a Markov chain at a fixed time
n, conditionned with respect to F,,. We now want to consider the same chain
at a random time 7', and condition with respect to the o-algebra which contains
events that depend only on what happened before T'. Since it doesn’t make sense
to write “o(Xo, X1,...,X7)”, we say that A € Fr if each time T' < n then
A € F,,. So define the stopped o-algebra generated by 7"

Fr={AeF: An{T <n} e F,¥n>0}. (8.2.6)

Fot example, {T" < oo} € Fr. It can be easily verified that Fr is a o-algebra (see
Exercise 8.12). The position of a Markov chain at time 7 is naturally defined by

the random variable
X (w if T'(w
Xo(w) =47 ”( ) | (w)
0 if T'(w)

n,

oo,
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where “0” is any fixed point of S. We also define 0., := id. We are now ready
to move on to the study of the Markov Property when the conditionning is done
with respect to the past of a random stopping time.

THEOREM 8.2.2 (Strong Markov Property). Let x € S. Let T be a stopping time
adapted to the natural filtration (F,)n>0. Let ¢ : Q@ — R be bounded, positive and
Fr-measurable. Then for all bounded, positive, measurable 1 : Q — R,

Eullrey ¢ 0 01] = Eallizensy - @ - Exn ()], (8:2.7)
In particular, if P,(T < o0) =1, then
Exlp -1 obr] = Eilp- Ex, ()] (8.2.8)
The analogue of (8.2.2) for random times reads
ELireos) ¥ 0 0p|F7] = Lircor Ex, [Y]  Pr-aus. (8.2.9)

PROOF. The proof follows by writing {T" < oo} = J,,5o{7" = n}. Then, since
L{r—n) + ¢ is F-measurable, by the Simple Markov Property,

Ex[Lr=ny - ¢ - ¥ 0 0r] = Ex[liz—n} - ¢ - ¥ 0 O]
= E'm[l{T:n} ~p- Ex, (w)]
= Bu[lir—ny - ¢+ Exp ()]

Summing over n gives (8.2.7). 0

8.3. Recurrence and Classification

We now consider the recurrence problem mentionned before in the case of the
random walk: when does a Markov chain come back to its starting point? As

before, we will always consider the canonical chain constructed on the product

space Q = S0},

Two random variables are relevant in the study of recurrence. For each x € S,
the first visit at x is defined by

T, :=inf{n>1:X, =z}, (8.3.1)
where we set T, := oo if {n > 1: X,, = 2} = (). Observe that T, is a stopping

time since {T,, > n} = {X; # z,...,X,, # z} € F,. On the other hand, the
number of visits at site x is defined by

N, = Z lix,=a) - (8.3.2)
n>1

Clearly, N, > 1 if and only if T, < oo, and so P,(N, > 1) = P,(T, < o0). A
cornerstone in the study of recurrence for Markov chains is a generalization to
the situation where N, > k.

LEMMA 8.3.1. Letz,y € S, k> 1. Then
P.(N, > k) = P,(T, < 0)P,(N, > k —1). (8.3.3)
In particular, P,(N, > k) = P,(T, < co)*~1.
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PRrROOF. Observe that N, = N, o 0, + 1. Therefore, N, > k + 1 if and only
if T, < oo and N,o0r, > k:

Py(Ny, > k+1) = P,(T, < c0,Nyo0p, > k)
= Eo[liz,<c0y - Ly, 2k} © 01, ] -
By the Strong Markov Property (with ¢ = 1) and since X7, =y,
Er Lz, <0} - Ly, 2y © 01, ] = Eolliz,<oo} - Exp [1in,2m3]]
= Eo[liz, <o) Ey[1v, 211
= P,(T, < 00)P,(N, > k). (8.3.4)

The second affirmation follows from the first by induction. O

As an immediate corollary, we obtain the following formula:

Bile) = 32 Bl 2 ] = = e Em— (839

This formula makes sense also when P, (T, = co) = 0, in which case E,[N,]| = cc.

DEFINITION 8.3.1. A point x € S is called

e recurrent if P,(T, < c0) =1,
e transient if P,(T, < co) < 1.

PROPOSITION 8.3.1. Let x € S. Then

(1) x is recurrent if and only if Po(N, = 00) =1,
(2) x is transient if and only if P,(N, = oc0) = 0.

PROOF. Assume z is recurrent. Then since {N, > k} \, {N, = +oo},
and since P,(N, > k) = 1 by the previous lemma, we have P,(N, = oo0) = 1.
Conversely, if P,(N, = oco) = 1 then P,(N, > k) =1 for all £ > 1, which implies
P.(T, < oc0) = 1 by the previous lemma: z is recurrent. If z is transient then
P.(T, < o0) < 1, and by Lemma 8.3.1, P.(N, = 00) = limg_,0o P,(N, > k) =
0. [

Observe that {N, = oo} is a tail event, and we have proved that with respect
to P,, its probability is either 0 (when x is transient) or 1 (when x is recurrent).
Nevertheless, we have not yet proved a 0-1 Law for Markov chains.

The goal of the rest of this section is to study the partition of S into recurrent
and transient states. Comparison of recurrence properties of different points x, y,
will be done by studying the expected number of visits at y when started from x:

uw(z,y) == Ey[N,y|. (8.3.6)
LEMMA 8.3.2. For any z,y € S,
(1) w(z,y) = 32,50 Q" (x,y).

(2) x is recurrent if and only if u(x,x) = oco.
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(3) If x #y, then
u(z,y) = Py(T, < oo)u(y,y). (8.3.7)

Each of these properties is intuitive: together, (1) and (2) give a computable
criterium for verifying whether a point is recurrent, which will be used repeatedly
in the sequel (in particular for random walks, in Section 8.3.2). The identity
(8.3.7) gives a simple way of comparing recurrence properties of different points.

PRrROOF OF LEMMA 8.3.2. (1) follows by the definition of N, and (8.1.8), (2)
was shown in (8.3.5). For (3), we use the Strong Markov Property. Since N, =0
on {Ty = 00}7

E.[Ny| = E,[N,, T, < o0] = Ey[1{1,<cc} - Ny 0 O7,]
- Ex[l{Ty<oo} ’ Ey[Ny”
= Pp(Ty < 00)Ey[N,],
which is (8.3.7). O

“Recurrence is contagious”, as seen hereafter.

LEMMA 8.3.3. Let © be recurrent, and y # x. If u(x,y) > 0, then P,(T, <
o00) =1, u(y,x) > 0, y is recurrent and P,(T, < oco) = 1. Ify is transient, then
u(z,y) = 0.

PROOF. Since z is recurrent, P, (NN, = co) = 1 (Proposition 8.3.1), and so
0= P,(N, < 00) >

P, (T, < 00,T} 0 07, = c0)
= E.[1{1,<00} - {1y=00} © 01, ]
= Eu[li7, <00} * Eyllim,=o0}]]

= P,(T, < 00)P,(T, = c0). (8.3.8)

Since u(z,y) > 0, there ex1sts n > 1 such that Q™ (x,y) > 0, which implies
P.(T, < 00) > QM (x,y) > 0. (8.3.8) thus gives P,(T, = 00) = 0, i.e. P, (T, <
o) = 1. By (8.3.7), we obtaln u(y,z) = Py(T, < oco)u(x,xz) = oo > 0. Since
u(y, z) > 0, there exists m > 1 such that Q(m) (y,x) > 0. Then, for all p > 0, by
the Chapman-Kolmogorov Equation,

QU™ (y,y) = QU (y, 2)QW (z, 2)Q" (z,y)
and so
> 3 QU g, 4) > Qg ) [ 30 QP (e, 2)]| Q) —
p=0 p>0

which implies that y is recurrent. Proceeding as above from y to x gives P, (T}, <
o0) = 1. The last claim is then obvious. d

As an application, consider the simple random walk on Z with 0 < p < 1.
Let 2,y € S, 2 < y. Then u(z,y) > QU 9 (z,y) > p¥* > 0. Similarly,
u(y,z) > ¢~ > 0. Therefore, all points are either recurrent, or transient. It is
thus sufficient to consider the recurrence properties of the origin. By Theorem
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6.1.1, we have that all points are recurrent if p = %, transient otherwise.

Going back to the general case, let us write S as a disjoint union R U T, where
R are the recurrent points and T are the transient points. Define the following
relation on R: = ~ y if and only if u(z,y) > 0. Then obviously x ~ x, and
Lemma 8.3.3 shows that ~ is reflexive: = ~ y implies y ~ . On the other hand,
Then, if # ~ y then there exists n > 1 with Q™ (z,y) > 0, if y ~ 2 then there
exists m > 1 with Q™ (y, 2z) > 0, and so Q" (x,z) > 0, i.e.  ~ z. That is,
~ is an equivalence relation, and we can consider the partition of R into equiv-
alence classes. Since R is countable, this partition also is, and we denote it by
R =J;5, R;. Each R; is called a recurrence class.

The Classification Theorem hereafter proves the following intuitive properties: the
chain started at € R; stays in R; forever and visits any other y € R; an infinite
number of times. The chain started at x € T either never visits R and visits any
transient point a finite number of times, or eventually enters a recurrence class
R; and stays there forever.

THEOREM 8.3.1. The decomposition S = (J'L,IUJ.21 R; has the following properties:

(1) If z € R; then, P,-almost surely, N, = oo for ally € R; and N, =0 for
all y € S\R;.
(2) If v € T and Ty :=inf{n > 1: X,, € R} then, P,-almost surely,
(a) either Tx = oo and then N, < oo for ally € S,
(b) or Ty < oo and there exists a random j > 1 such that X,, € R; for
alln > Ty.

PRrROOF. (1) Let x € R;. Then E,(N,) = u(x,y) =0 for all y € T by Lemma
8.3.3, and for all y € R; (i # j) by definition. Therefore, N, = 0 P,-a.s. for all
y € S\R;. If y € R;, then by taking k¥ — oo in Lemma 8.3.1, we get

P,(N, = 00) = P,(T, < 00)P,(N, = c0) . (8.3.9)

But P,(T, < o0) = 1 by Lemma 8.3.3, and P,(N, = oco) = 1 by Proposition
8.3.1. Therefore, N, = 0o P,-a.s.
(2) Let z € T. We first show (2a), which means

P,(Tg = 00) = P,(Tr = 00, Ny < coVy € 7). (8.3.10)
Since
Pu(Ty = 00, N, < co¥y € T) = Py(Tg = 00) — Px<{T_rR = oo} N J{N, = oo}) ,
yeT
it suffices to notice that for each y € T,
P,(Tx = 00, N, = 00) < P,(N, = 00),

which is zero since y is transient (use (8.3.9) and Proposition 8.3.1). This proves
(8.3.10). Then we show (2b), which means

P.(Tx < o00) = P,(Tg < 00,35 > 1s.t. X, € R;Vn > Ty). (8.3.11)
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Since the recurrence classes R; are disjoint, we can compute

Px(TfR < OO,Xn € iR]Vn Z TR) = E-”L‘[]'{ng<oo} . 1{Xn€ijVn20} o QTR]
= Ex[l{ng<oo} : PXTR (Xn S ijn > O)]

But clearly, Px,, (X, € Rj¥n > 0) =1if Xp, € Ry, 0if X, & R;. Therefore,
the right hand side of (8.3.11) equals

Z Ew[l{Toz<00} ) PXTy (Xn € R;¥n > 0)] = E, [1{T92<°°} Z 1{XT92€R-7'}}
§>1 Jj=1

= Em[]-{ng<OO}]

= Px(TjQ < OO) .

We have used the fact that »° o, 1ixy, ex;} = L{xpexy =1 on {Tx < oo}. This
finishes the proof of the theorem. O

8.3.1. Irreducibility. The Classification Theorem shows that the long time
evolution of a Markov chain depends on how the state space S splits into equiv-
alence classes, via the use of the function u. It is natural to consider the case in
which the chain has a single class.

DEFINITION 8.3.2. A chain is called irreducible if u(x,y) > 0 for all z,y € S.

An equivalent definition of irreducibility is: for all x,y € S, there exists an n > 1
such that Q™ (x,y) > 0. As seen hereafter, in an irreducible chain, all the points
are of the same type.

THEOREM 8.3.2. Let the chain be irreducible. Then

(1) either all the points are recurrent, there exists a single recurrence class
S =Ry, and P,(Ny, =o00Vy e S)=1 forallz €S,

(2) or all states are transient, S = T, and P,(N, < coVy € S) =1 for all
r €S,

When S is finite, only the first case can happen.

PROOF. (1) If there is a recurrent point, then by the irreducibility hypothesis
and Lemma 8.3.3, all points are recurrent, and clearly there can exist only one
recurrence class. The statement, as well as (2), follow from Theorem 8.3.1. For
the last statement, assume |S| < co. If some x € S were transient, then by (2),

we would have, P,-a.s., N, < oo for all y € S. In particular, ZyeS N, < oco. But
this is absurd since

DoNy=D0D Hxmy = DD L = 0.

yes yeS n>0 n>0 yeSs
(Indeed, for each n >0, >° g 1ix,=y} = 1.) O

Before going further and introduce invariant measures, we apply these results to
the study of recurrence of random walks on Z¢.
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8.3.2. The Simple Symmetric Random Walk on Z?. The simple ran-
dom walk on Z? was introduced in Example 8.1.3: S,, = ZZ:1 X}, where Sy =0
and the variables X}, are Z%-valued, i.i.d., with distribution p defined in (8.1.2).
We denote the probability describing the walk by P (rather than Fp). Clearly,
the chain is irreducible. By Theorem 8.3.2, the points are either all recurrent, or
all transient. It is thus enough to consider the origin, whose time of first return
is denoted Tj. The random walk is recurrent if P(7, < oo) = 1, and transient
otherwise (i.e. if P(Tp < 0o) < 1). The main result for the simple random walk
is the following.

THEOREM 8.3.3. The simple symmetric random walk is recurrent for d = 1,2,
and transient for d > 3.

Since Q™ (0,0) = P(S, = 0), which is zero when n is odd, Lemma 8.3.2 gives
the following criterium for recurrence.

The walk is recurrent < Z P(Sy, =0) = . (8.3.12)
n>1
Recurrence for d = 1, 2 will be obtained with the following property of symmetric
random walks.

LEMMA 8.3.4. If the walk is symmetric, then
P(Ss, = 0) = sup P(Ss, = 2). (8.3.13)

2€74

ProOOF. We sum over the position at the nth step and use independence:

P(Syn=2) =Y _ P(Sy =y, S = 2)

y€Za
y€eZ4

=Y P(S,=y)P(Sh=2—1y). (8.3.14)
y€Z4

By the Cauchy-Schwartz Inequality and a change of variable,

N R P LR P C R

yez? y€Zd y€eZd
= P(S,=y)*.
y€eZ4
Now if the walk is symmetric then P(S, = y) = P(S, = —y), and so using again
(8.3.14) with z = 0, we get
ZP(Sn:y)2: Zp<Sn:y)P(Sn:_y):P(SZnZO)a
yeZd y€eZ4

which proves the claim. O

Below, || - || denotes Euclidian distance in Z¢.
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PrROOF OF THEOREM 8.3.3: First consider d = 1: by Lemma 8.3.4,

L= Y P(Sm=y) < (4n+1)P(Ss, =0),

yEZ:||y[|<2n

which gives P(Sy, = 0) > (4n + 1)~'. By (8.3.12), the walk is recurrent. For
d = 2, we proceed in the same way. A straightforward computation using inde-
pendence of the Xys yields E[||S2,||?] = 2n. By the Chebychev Inequality,

B[ S2]?] _ 1

< L 2
P([|S2n]l > 2v/n) < =~ 5

One can thus proceed as before and obtain

L P(Sull <2 = Y P(Sm=y) < 8V +1PP(Sm=0).

yeZ?:|lyl|<2vn

By (8.3.12), the walk is recurrent. For d = 3, we need an upper bound. Let
n; > 0, i € {1,2,3}, be the number of positive steps done along the direction
e;. To be back at the origin after 2n steps, we must choose a triple (ny,ns,ns)
satisfying ni; + ns + n3 = n, and then choose a path which contains, for each
1 =1,2,3, n; steps along +e¢;, and n; steps along —e;. There are

2n _ (2n)!
N1 N Ng Mo N3 N3 n (nllng!n3!)2

ways of doing so. Since each path has probability (%)2”,

o (2n)! 1
PEn=0= 2 Gl
(n1,n2,n3):
nit+nz2+nz=n

1 (2 3 n! 11?
22\ g ( nilng!(n — ny — ng)! 37

ni,n):
0<n1+n2<n
1 [2n n! 1
< — ma; —. 8.3.15
— 220 ( n ) (nl,n?): n1!77/2!<n — Ny — ng)' 3" ( )
0<n1+n2<n

We have used the fact that the numbers in the brackets add up to one.
LEMMA 8.3.5. There exists C' > 0 such that

! 1 C
max n — <. (8.3.16)
(n1,m2): nllngl(n — Ny — ng)' 3" n
0<n1+n2<n

PROOF. As can be easily verified, the denominator in (8.3.16) decreases when
the difference between the three numbers ny, ny, n — ny — ny is reduced. One can
therefore bound the maximum over all triples in which each term lies within
distance at most one from 7. This implies that for large n, the Stirling Formula
can be used for each of the terms apearing in the ratio, which proves the lemma.

O
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Using the lemma and again the Stirling Formula for the first term in (8.3.15),

D

n2
With (8.3.12), we conclude that the simple random walk on Z? is transient. The
proof that the walk is transient in higher dimensions is left as an exercise. 0

Observe that all the estimates we have obtained above for P(Ss, = 0) follow from
a more general Local Limit Theorem, valid in all dimension (see Exercise 8.19):

1

P(Sn =0~ ——si.

8.4. Equilibrium: Stationary Distributions

Theorems (8.3.1) and 8.3.2 give a first general picture of what the asymptotic
behaviour of a Markov chain looks like: starting from an arbitrary point x, it
either falls into one of the recurrence classes R;, or remains transient forever.
Our next objective is to take a closer look at what can happen in each of these
cases. More precisely, we will look at things such at the average time spent
by the chain at each point x € S, leading to the natural notion of invariant
measure. Before this we to introduce some notations for probability distributions

on (S, P(S)).

8.4.1. Invariant Measures. Let p be a measure on (S, P(S5)), i.e. a collec-
tion of non-negative numbers (u(x))zes. To avoid misleading it with £, which
acts on random variables living in another space, we denote the expectation, with
respect to pu, of a positive bounded measurable function f : S — R by either of
the symbols

[ Fin=n(5) =3 no)fa).
z€eS
It is sometimes useful to think of functions f : S — R as column vectors and
of measures p on S as row vectors. The expectation p(f) can then be naturally
written as an inner product:

(fom) =) pulx)f(z).

z€S

If @ is a transition probability matrix, we define a new measure u@ by

pQ(x) ==Y u(y)Qy, x). (8.4.1)
yeS
Remembering (8.1.13):
QM f(x) =Y Q" (x,y)f(y), (8.4.2)
yes

we have the following identity:

{(f;nQ) =(Qf, 1) -
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It does then make sense to say that @) act from the left on functions and from
the right on measures. If 41 is a probability (i.e. > p(x) = 1), then u@ is again
a probability. Going back to Markov chains: if p is the probability distribution
of Xy for the Markov chain (X,,),>0 whose transition matrix is @, i.e. P,(Xo =
x) = pu(x), then p@ is the distribution of X;. Indeed, by Lemma 8.1.1,

PuXy=1) =Y Pu(Xi=2,Xo=y) = > py)Qy,z) = nQ(x).
yeS yes
Similarly, the distribution of X, is given by uQ:
Pu(X = 2) = uQ™ ().

We see that understanding the large-n-behaviour of the chain goes through the
study of the limits

m(z) = lim pQ™(z). (8.4.3)

n—oo

Giving a meaning to (8.4.3), conditions under which this limit exists, and its
possible independence of i, will be done in details later.

There is also a formula for the expectation of f(X,,) with respect to E,:
B (f(Xa) = Y Pu(X = 2)f(2) = nQ™(f). (8.4.4)
€S

(8.4.4) says that the expectation of an observable made on the evolution can be
obtained by an expectation of this observable over S with respect to the measure

p@™. Observe that pQ™ (f) = (f, uQ™) = (Q™ f, ) = (Q™ f). To motivate
the following definition, assume for a while that the limit defining 7 in (8.4.3)

exists for all z € S. Then for all bounded f,
(f,7Q) = (Qf m) = lim (Qf, uQ™) = Tim (f, uQ"*Y) = (f,7).
which implies that 7¢) = 7. This motivates the following definition.

DEFINITION 8.4.1. Let Q) be a transition matriz, v a measure on (S, P(S)). If

Q= g, (8.4.5)
then p 1s called invariant with respect to ().

(8.4.5) is sometimes called the balance relation. Consider the random walk of
Example 8.1.3, with Q(x,y) = p(y —z). Then the counting measure (u(x) = 1 for
all x) is invariant:

pQ(x) = Qy,x) =Y ply—z)=1=p(x).

yes yeS

By induction we see that if 41 is invariant, then pQ™ = u for all n > 1. Moreover,
when the initial distribution p of a Markov chain (X,,),>¢ with transition matrix
@ is invariant under @), then X, has the same distribution as X,. Namely, by
(8.4.4),

E,(f(X0)) = Q"™ (f) = u(f) = Eu(f(Xo0)).
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In such a case, i.e. when the distribution of the chain is insensitive to the evolu-
tion under the transition matrix @), we say that X, is at equilibirum for all n > 1.
Invariant measures will play an important role in the study of the asymptotics of
the chain.

We will first be interested in the existence of invariant measures, then of invariant
probability measures, and then we shall move on to the study of the existence of
the limits (8.4.3).

8.4.2. Existence of Invariant Measures. Finding an invariant measure
means, for the time being, solving a system of equations for (u(z))es:

pa) = py)Qy.x) VreSs.

yeS

DEFINITION 8.4.2. A measure p is reversible (with respect to Q) if
w(z)Q(z,y) = w(y)Qy,x) v,y € 5. (8.4.6)

The set relations (8.4.6) are sometimes called the relation of detailed balance, since
it is stronger than (8.4.5). Observe that if u is reversible, then for all z € S,

pQ(x) = p)Qy.x) = > ux)Q(x,y) = p(x).

yes yes

We have thus shown

LEMMA 8.4.1. If u s reversible, then it is invariant.

This result gives an easy way of finding invariant measures. For example, consider
the uniform random walk on the graph, introduced in Example 8.1.4. Then the

measure p(x) := |A,| is invariant. Namely, if {z,y} € E,
1 1
p(@)Q(z,y) = |Auf = = 1= [Ay| 7= = n(y)Q(y, @) .
|Aq| T4,

Another example is the simple random walk on Z with Q(z,z + 1) =p < 1. It
easy to verify, using the above criterium, that the measure

P T
=(——), VzxeZ
po)=(y=)) ¥
is invariant. Observe that p(z) is bounded if and only if p = 1. When p > 3
(resp. p < %), then u gives unbounded weight to points far to the right (resp.
left), which reflects the transience of the walk. As an exercise, the reader can also
compute an invariant measure for the Ehrenfest Model of Example 8.1.5 (Exercise

8.24).

The following result shows that the existence of at least one recurrent point x
guarantees the existence of an invariant measure.
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THEOREM 8.4.1. Let x € S be recurrent. For all y € S, define
Tp—1

valy) = Egg[ 3 1{Xk:y}] = E,[N,,T, < T,). (8.4.7)

Then v, is an invariant measure 2. Moreover, v,(y) > 0 if and only if y belongs
to the recurrence class of x. Finally, v,(y) < oo for ally € S.

PROOF. Observe that v,(z) = E,(1) = 1. We compute, for all z € S,

Z Vx(y)Q(y7 Z) = Z Z Ex[l{k<Tz}1{Xk=y}]Q(y7 Z)

yeS yeS k>0

yeS k>0
= Z BT pery lix=2)] -
k>0
This identity (8.4.8) is justified by observing that, since 1gpepylix,—y is Fi-
measurable, the Markov Property at time k gives
Eoll k<t Lx= Lixin=3] = Ea[linary Lix=yy Lixi=2) © O]
= Eu[lgperylix=n Ex [Lixi=2]]
= Eo[lpery Lixi=py Ey[1(x1=5)]
= E[likery Lix=0} QY 2) .

Now, if z # z, then clearly Tkery ixyi=2) = Vg1« L{xpa=2}s and so

Tr—2
Z Vﬂ?(y>Q(y7 Z) = Z El[l{k+1<Tz}1{Xk+1=Z}] = EI [ Z 1{Xk+1:Z}] = V36<Z> :
yes k>0 k=0

On the other hand, when z = z, then E,[1{rer,11(x,,,=2}) = Po(T = k+1), and
so, since x is recurrent,

> Q) =)  PuTe =k +1) = Po(Ty < 00) = 1 = 1) .
yeSs k>0

This proves that v, is invariant. Then, if y belongs to the recurrence class of =,
there exists some m > 1 such that QU (z,y) > 0, and so

va(y) = Y va(2)Q"(2,) > vy (2)Q™ (z,y) > 0.
z€eS

On the other hand, if y is not in the recurrence class of x, then N, = 0 i.e.
Lix,=yy = 0 for all £ > 0 P,-a.s. by Theorem 8.3.1, and so v,(y) = 0. To show
that v,(y) is finite, observe that invariance of v, implies that v, = v,Q™ for all
n > 1. In particular,

1= v,(2) = Q" (2) > 1 (y)Q™(y,2) VyeSs,

2To see that v, is not completely trivial, i.e. that v,(y) < co for all y € S, see [R.88] p. 301.
of Neveu p. 50.



86 8. MARKOV CHAINS

which implies v,(y) < oo if n > 1 is such that Q™ (y,z) > 0. But this is true
for at least one n when y belongs to the recurrence class of x. If y is not in the
recurrence class of z, we have v,(y) = 0 < 0o, as seen above. ]

Observe that if there is more than one recurrence class, then the theorem above
allows to construct invariant measures with disjoint supports.

THEOREM 8.4.2. Let the chain be irreducible and all points be recurrent. Then
the invariant measure (which ezists by Theorem 8.4.1) is unique, up to a multi-
plicative constant.

PrROOF. Let x € S and consider the invariant measure v, of Theorem 8.4.1.
We will show that for any other invariant measure pu,

u(y) > p(r)va(y) VyesS. (8.4.9)

Assume for a while that this is true. We have, for all n > 1,

ZM (z,2 >ZM )y (2 n)(z7$):#(x)>

z€S z€eS
which gives

> l(=) = pl)r(2))Q" () = 0.

z€S
Therefore, p1(z) = pu(x)v,(z) each time Q™ (z,z) > 0 for some n > 1. But this is
guaranteed by the irreducibility of the chain. Therefore, u = cv,, with ¢ = u(x),

proving the theorem. To obtain (8.4.9), we will show, by induction on p > 0,
that (a A b:= min{a,b})

pA(Tz—1)

pu(y) > [ Z 1ix,= y}] (8.4.10)

From this, (8.4.9) follows by taking p — oo. The inequality (8.4.10) is an equality
when y = x, so we may always consider y # x. For p = 0, the inequality is trivial.
Assuming (8.4.10) holds for p,

pA(Tx—1)
= w=2)Q(z,y) = wx) > E, [ > 1{szz}}Q(z7y)
z€eS 2€S k=0
P
z) Z Z Ey[Lieerlix=]Q (2, y) -
z€S k=0
P
z) Z Z EI[1{k<Tz}1{Xk=z}1{Xk+1:y}} (8.4.11)
z€S k=0

p
x) Z E, [1{k<Tx}1{Xk+1:y}]
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In (8.4.11) we used the Markov Property, as in the proof of Theorem 8.4.1. Now,
since y # ,

p p
Z Ef[l{k<Tz}1{Xk+1=y}] = Z Ex[l{k+1<Tz}1{Xk+1=y}]

k=0 k=0
p+1 (P+DA(Tz—1)
= Eullgerglix—pl = E:[ Y. lix=p)-
I=1 1=0
This proves (8.4.10) for p + 1. O

Now that the existence and uniqueness of invariant measures is settled, we turn
to the problem of determining whether there exist finite measures, i.e. for which
wu(S) < oo, or, which is equivalent, to finding probability distributions on S
invariant under (). This will require a further distinction among recurrent points.
Before this, we give a simple result showing that invariant probability measures
concentrate on recurrent points. From now on, invariant probability measures
will be denoted by 7.

LEMMA 8.4.2. Assume there exists an invariant probability m, then each point
x € S with w(x) > 0 is recurrent.

PROOF. Since 7 is invariant we have 7Q™ = x for all n > 1. Assume
m(x) > 0. Then, using Fubini’s Theorem and recalling the definition (8.3.6),

OOZZW ZZ (1)Q™ (y, z Z x) <u(w,x).

n>1 n>1 yes yes
We used (3) of Lemma 8.3.2 and the fact that 7 is a probability. By (2) of the
same lemma, we conclude that x is recurrent. Il

PROPOSITION 8.4.1. If the chain is irreducible and if there exists an invariant
probability w, then it has the form

m(r) = =——— Vzes. (8.4.12)

PRrOOF. If there exists an invariant probability, then all points are recurrent.
Indeed, if there existed a transient point then all points would be transient (since
the chain is irreducible), and so 7w(z) = 0 for all z by Lemma 8.4.2, a contradiction.
We choose any = € S and show that m(z) has the form (8.4.12). By Theorem
8.4.1 there exists an invariant measure v,, given in (8.4.7). By Theorem 8.4.2
the invariant measure is unique up to a multiplicative constant. Therefore, if
there exists an invariant probability 7, then the total mass of v, must be finite,
vz(S) < oo, and 7 have the form 7 = o5y But

Vx(S) = Z Vm(y) =F, [TJLZ_I Z 1{Xk:y}] = E:E(Tx) .

yes k=0 yeS

Eyf((:/aij) = (1Tz). This shows the theorem. 0

In particular, 7(z) =
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The previous result shows that for an invariant measure to exist, one must have
E.(T,) < oo for all recurrent point x. This leads to the following distinction
among recurrent points.

DEFINITION 8.4.3. A recurrent point x € S is called

e positive-recurrent if E.(T,) < oo,
e null-recurrent if E,(T,) = co.

For example, the simple symmetric random walk on Z is recurrent, but null-
recurrent, as we saw in Theorem 6.1.1. Positive recurrence is a class property:
points belonging to the same recurrence class are either all positive-recurrent, or
all null-recurrent.

LEMMA 8.4.3. Let the chain be irreducible. Then the following are equivalent.

(1) There exists one positive-recurrent point x € S.
(2) There exists an invariant probability .
(3) All points x € S are positive-recurrent.

PRrROOF. (1) implies (2): Assume = € S is positive-recurrent. Consider the
invariant measure v,. Then v,(S) = E,[T,] < oo, and so 7 := v,(S) 'y, is an
invariant probability. (2) implies (3): As we saw in Lemma 8.4.2, the existence
of an invariant probability implies that 7(x) > 0 for all x. But n(z) = E,[T,]™*
by Proposition 8.4.1, and so E,[T,] < co. (3) implies (1) trivially. O

We gather the results about invariant for irreducible chains in a theorem.

THEOREM 8.4.3. Let the chain be irreducible and all points be recurrent. Then

(1) either each point is positive-recurrent, and there exists a unique invariant
probability measure w, w(S) =1, given by

1
= Vo e S 8.4.13
"(@)= gy Ve (8.4.13)
(2) or each point is null-recurrent, and any invariant measure p has infinite
mass (1u(S) = 00).

8.5. Approach to Equilibrium

We now turn to the study of how equilibrium is approached along the time evo-
lution of a Markov chain. Our main purpose is to show that the distribution of
the chain converges, in the limit n — oo, to the invariant measure constructed in
Theorem 8.4.3. We will therefore study the limits which appeared in (8.4.3). A
detailed study of the convergence to equilibrium can be found in [Str05].

The convergence of distribution will be in the sense of the total variation norm,
defined, for each p : S — R, by

lollev == lp(@)] - (8.5.1)

z€eS
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We will say that a sequence of measures (i,),>1 on (S, P(S)) converges to p if
||gen— ]| Tv — 0. As a short hand, we write p,=-p. Our aim is to find under which
conditions can one obtain, for a recurrent chain with unique invariant probability
7T7

pQ™ = .

We will present a standard proof based on a coupling argument.

Consider a Markov chain with state space S and transition matrix Q). A coupling
consists in building two copies of this chain on the cartesian product S := 5 x S.
We endow S with the o-field P(S). If i, v are probability distributions on S, p®wv
denotes the probability distribution on S defined by (1 ® v)(z,y) = p(z)v(y).
We then define the following transition matrix on S:

Q(z,y), (2'y)) :== Qz, 2")Q(y,y') - (8.5.2)

By Theorem 8.1.2, we can construct a canonical version of a Markov chain
(X, Yn)n>o with state space S, initial distribution ¢ ® v and transition matrix Q.
We denote the associated measure by P,g,. It is clear that under P,g,, the cou-
pled chain (X,,,Y,),>0 describes two independent copies of the original markov
chain. Its marginals are given by

Puav(Xot1 = @] X, = 2) = Q(z,2'),  Pueu(X, = 2) = pQ" (),
]P),u®u<Yn+l = yI’Yn = y) = Q(y7 yl) ) ]P)M®V<Yn = y) = VQ(TL) (y) .

A key idea is then to choose v := 7, where 7 is the invariant measure of (). This
implies that under P,g,, (Y;,)n>0 is at equilibrium for all n > 0:

Puox(Yn =y) = WQ(n) (y) =7(y) =P (Yo =1y).

Therefore,

Pu(Xn =) = 7(Y) = Puon(Xn = ) = Pugr(Yn = v)
= Byor [Lixa=y — Livi=n] -
Let now T define the stopping time at which X,, and Y,, meet for the first time:
T:=inf{n>1:X,=Y,}.

In other words, T is the first time the chain (X,,, Y;,),>0 hits the diagonal {(z, z) :
x € S}. The point is that if the two chains meet at some time N, then the Markov
Property implies that they become probabilistically undistinguishable for times
> N. We therefore decompose the last expectation with respect to the stopping
time T and to the position of the chain at time T:

Euor [1ixu=y} = Liva=y}] = Buor [Liron) (Lixa=y) — Livazyy)]

+ Z Z By [1ir=k xe=vi=2} (1{x=y} — Liva=yy)] -
k=1 zeS
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This last sum is zero. Indeed, using twice the Markov Property at time k,
By [Lir—i,x,=vies) L{xn=y}) = EponlLim—t xo=vi=z} 1{X,_p=y} © 0]
= E,or [1{T:k,Xk:Yk:z}]Q(n_k) (2,9)
= EuonL{m—k xo=vi=z} 1{v, =y} © 0"]
[

= Epon[Lim=k,x,=vi==} Livi=y}] -

Therefore,
Z |Pu(Xn=y) —7(y)| = Z Euer [Lirsny (Lixumyy — Livaey))]]
yes yeS
<2 ZEu®W[1{T>n}1{Yn:y}] = QP,M@W(T > n) )
yeS
We are left with
11Q"™ — 7|ty < 2Pueq(T > n), (8.5.3)

which is the standard coupling inequality. We will thus obtain Q™ =  if we can
show that the chain (X, Y,)n>0 is recurrent. The most general way of obtaining
this recurrence is under a condition on the chain S called aperiodicity, to which
we shall turn in a while. Before this we consider a more restrictive condition, but
which gives a rate of convergence for the speed at which ||uQ™ — ||ty — 0.

LEMMA 8.5.1. Assume the chain S satisfies the following condition: there exists
¢ > 1 such that

inf Q(z,y)>6>0. (8.5.4)
z,yeSs
Then, for all probability distributions u, v, we have
Puou(T > k0) < (1—6)F, VE>1. (8.5.5)

Proor. We will prove the lemma for Dirac masses yt = d,, v = ¢, in which
case the measure is denoted IP(,,). That is, we will show that for all £ > 1,

Play)(T > k€) < (1-6)*, V(z,y) €S. (8.5.6)

The general case (8.5.5) then follows by summation over (z,y) € S ®. We show
(8.5.6) by induction on k. Consider first the case k = 1. For any pair (z,y), we
have, by (8.5.4),

Plag) (T <€) > Py (Xe =Yy) = Playy(Xe = Yo = 2)

z€S
= QY(x,2)Q"(y,2) > 6> Q“(y,2) =4,
zeS z€S

which shows (8.5.6) for £ = 1. Assume then that (8.5.6) holds for k£ and for all
pair (z,y). Then,

Play)(T> (k+1)0) = > Py(T > (k+1)6 X = 5,Yie = 1)
(s,t)eS

3A mettre en exercice!
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Using the Markov Property at time k¢,
P(x7y) (T > (k?—l—l)g, Xy = S, Y = t) = P(Ly)(T > k’g, Xy = S,YM = t)P(S’t)(T > é) .

Using P (T > ¢) < 1 — 0, resumming over (s,¢) € S and using the induction
hypothesis yields (8.5.6) for k + 1. d

A direct corollary is then

THEOREM 8.5.1. Assume the chain S is irreducible and positive recurrent and
satisfies (8.5.4) for some 6 > 0, ¢ > 1. Let m denote the unique invariant
probability measure. Then

Q™ — 7|y < 2(1 — §)LF! (8.5.7)

uniformly in all initial distribution w. In particular, pQ"™ = .

To emphasize the fact that a chain as above forgets about its initial condition,
consider two distinct initial distributions pu, /. By the triangle inequality,

10Q™ — QM ||rv < Q™ — 7|ty + || — Q™ |lrv — 0,

and so the distribution of X,, with initial distribution p becomes, asymptotically,
indistinguishable from the one started with p'.

Assumption (8.5.4) is a strong mixing condition. It forces trajectories to meet,
in the sense that any pair of points (x,y) can be joined during a time interval
of length ¢ with positive probability. This implies that two trajectories meet at
some of the times ¢,2¢,3(, ..., and so the coupled chain S is recurrent. Clearly,
(8.5.4) is not realistic when S is infinite, and one can cook up simple examples in
which it is not satisfied even in case where S is finite. Consider for example the
case where S are the vertices of a square, where the particle can jump to either
of its two nearest neighbours with probability %

DEFINITION 8.5.1. Let x € S be recurrent. Let I(z) := {n >1: QM (x,z) > 0}
be the set of times at which a return to x is possible when starting from x. The
greatest common divisor of I(x), denoted d(x), is called the period of x.

Since x is recurrent, u(z, x) = oo > 0, and so Q™ (x, z) > 0 for infinitely many ns.
Therefore, I(z) contains an infinite number of numbers. Moreover, observe that
I(x) is stable under addition: if n,m € I(x) then by the Chapman-Kolmogorov
Equation (8.2.3),

QU™ (2, x) > Q" (x,2)Q" (z,2) > 0,
and son +m € I(z).

LEMMA 8.5.2. If x,y € S belong to the same recurrence class, then d(z) = d(y).

PROOF. Since x,y are in the same class, there exists K > 1 such that
QY (x,y) >0 and L > 1 such that Q) (y,z) > 0. Therefore,

QY M (y,y) = QW (y,2)Q) (x,y) > 0,
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which means that K+ L € I(y), and therefore, d(y) divides K+ L. Then, consider
any n € I(z). We have

QUL (y 1) > QW) (y, 2)Q™ (z, 2) QU (z,y) > 0,

which means that K +n + L € I(y) and therefore, d(y) divides K + n + L.
Therefore, d(y) divides n. Since this holds for all n € I(z), d(y) is a divisor of
I(x). As a consequence, d(y) divides d(z). Changing the roles of y and x shows
that d(x) divides d(y), and so d(z) = d(y). O

LEMMA 8.5.3. If d(x) = 1, then there exists mg such that Q™ (x,z) > 0 for all
n > my.

PRrROOF. We first show that when d(x) = 1, I(z) must contain two consecutive
integers. So let ng,ng + k € I(x). If k =1 then there is nothing to do. If £ > 1
then (since & > d(z)) there must exist some | € I(x) which k£ does not divide.
Write [ = km—+r, 0 < r < k. Since I(x) is stable under addition, the two numbers
(m+ 1)(ng + k), (m + 1)ng + nq, are both in I(z). But these numbers differ by
less than k:

(m+1Dng+k)—(m+Dng+ni=m+Dk—(km+r)=k—r<k,.

Proceeding by induction we finally obtain a number N such that {N, N + 1} €
I(z). Let mg := N?. Then each n > N? can be written as n = N2 + kN + r for
some k > 0,0 <r < N. We can therefore write n asn = (N+1)r+N(N —r+k),
which shows that n € I(z). O

This lemma says that any point with d(xz) = 1 can come back to its original
position in an arbitray number n of steps, as long as n is sufficiently large. This
clearly means that if two independent walks are started at points z, 2’ with d(z) =
d(z’) = 1, they can meet at any y € S at time n with positive probability, as
soon as n is taken sufficiently large. Of course, depending on x,y, n might have
to be taken larger. This shows that imposing d(z) = 1 for all = € S leads to the
same recurrence property as (8.5.4), without uniformity in z, y.

DEFINITION 8.5.2. Ifd(x) =1 for all z € S, the chain is called aperiodic.

Aperiodicity is an algebraic property that turns all initial conditions equivalent;
it does entail that two trajectories started at two different points have a positive
probability of meeting along the evolution, but only just (with no uniformity on
the time or points). This is enough to guarantee convergence to equilibrium.

THEOREM 8.5.2. Let the chain be irreducible and aperiodic. Assume w is an
invariant probability. Then for all initial distribution pu,

1hQ®™ —7[lry — 0.

PROOF. We first show that S is irreducible. So let (z,y), (2/,y’) be points in S.
Since the original chain is irreducible there exist K > 1 such that Q) (z,2") > 0
and L > 1 such that Q") (y,3') > 0. By Lemma 8.5.3 there exists ng > 1 such
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that QU (x,2) > 0 for all n > ng, and mo > 1 such that Q™ (y,y) > 0 for all
m > my. For all n > max{ng, mg}, we have

QU (2, y), (2, y)) = QETE™ (z, ) QEF ) (y, o)
> QU (2, 2)Q") (2, 2") QT (y, ) QW (y,y') > 0.

Then, since 7® is an invariant probability for Q, the chain S is recurrent (Lemma
8.4.2). By the coupling inequality (8.5.3), this shows that ||uQ™ —7||ry — 0. O

Observe that there exists a chain which is irreducible, aperiodic, recurrent, but
in which two copies don’t necessarily meet (see [R.88] p. 313).

8.6. The Ergodic Theorem

The notion of wnwvariant measure, together with the convergence properties de-
scribed in Theorems 8.5.1 and 8.5.2, gives a fairly satisfactory description of the
asymptotic behaviour of an irreducible Markov chain. What still needs to be
done is to see how the empirical quantities relate to this asymptotic behaviour.
For example: what is, up to time n, the time spent by a chain at a site y € 57

THEOREM 8.6.1 (Ergodic Theorem). Assume the chain is irreducible and positive
recurrent. Let m denote the unique tnvariant probability measure, and consider
a non-negatiwe function f : S — R, integrable with respect to w: [|fldr < oc.
Then for all z € S,

n—1

L3 g0 — [ fin, Pras (8.6.1)

n
k=0

This results answers the previous question (in the case of an irreducible, positive
recurrent chain). Namely, take f = d,. Then [ fdm = n(y) and by (8.6.1), the
fraction of time spent by the chain at y is

1 1

Eﬁ{O <k<n—-1:X,=y}= - kz_; Lixy=yy — 7(y), Pr-as. (8.6.2)
This is very different from the convergence obtained in the previous section.
Namely, in the aperiodic case for example, we had obtained ||pQ™ — 7|ty — 0,
which implies P,(X,, = y) — w(y) for all y € S, which is a probability of what
happens at time n. On the other hand, (8.6.2) gives an almost sure convergence
of the time the trajectory spends at y up to time n.

PROOF OF THEOREM 8.6.1: Let x € S. We consider the partition of the
trajectory into the successive returns of the chain at x:
0=T0<Tr<T2<...,
where T := T, and for k > 2,
TF =inf{n > TF': X, = x}.

Since the chain is irreducuble and since there exists an invariant probability,
the chain is recurrent (Lemma 8.4.2), and each T is P,-almost surely finite. The
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result will follow from the fact that the events happening during the time intervals
[T, TF1) are independent, and from the Law of Large Numbers. Fix f: S — R
and define, for all £ > 0,

TR+ _q

Z f(X

j= T

Clearly, Z, = Zy o (9T(k)
LEMMA 8.6.1. The sequence (Z,)n>0 i i.i.d.

PRrOOF. First observe that for all positive measurable bounded g : R — R,

the Markov Property at time 7. (k) gives

Eiv[g(Zk)] = E:v[(g © ZO) © 0'1“;’“)] = Eﬂﬁ[g(ZO)] )

and so the Z;s are identically distributed. For the independence, it is sufficient
to show that for all £ > 0,

Eelgo(Zo) - .- gk(Zk)] = Eelgo(Z0)] - - . Eelge(Z0)], (8.6.3)

where g; : R — R, j = 0,1,...,k are arbitrary bounded functions. This is

trivially true when k = 0, so assume (8.6.3) holds for £ — 1. Using again the

Markov property at time T;,gk)

E.[g90(Z0) - 91(Z)] = Ex[g0(Z0) - - - gr—1(Z1—1)| Exlgr(Z0)]
= E.[90(Z0)] - - - Ex[gx(Z0)] -
This shows (8.6.3) for k. O]

and the induction hypothesis,

Now, observe that since 7 is invariant it must have the form = = m(x)v, for all
x, where v, is the invariant measure of Theorem 8.4.1. This implies that

E.[| %)) = B.[Z)] = B [Tfﬂxj)]

Te—1

=Y fWE [Zl{xj y}]

yes

:/fdyx_ /fd7r<oo

Therefore, by the Strong Law of Large Numbers,

n—1
1 1
- E Zy —> —/fdﬂ' P,-a.s. (8.6.4)
n < m(z)

Let N,(n) be the number of visits of the chain at x up to time n. Then TN

n < TNz(n)+1

<
and since f is non-negative,

TNe(m)_q n N () 4 q

Z F(Xp) < Z F(X),
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which is the same as

n

Na(n) k=0
The same expression with f = 1 gives 15 — 1,(5) = $ This finishes the
proof. O

8.7. Exercises

Generalities.

EXERCISE 8.1. [GS05] p. 219. A Die is rolled repeatedly. Which of the following
are Markov chains? For those that are, supply the transition matrix.

e The largest number X, shown up to time n.

e The number N,, of sixes in n rolls.

e At time r, the time C, since the most recent six.
e At time r, the time B, until the next six.

EXERCISE 8.2. [GS05] p. 219. Let (X,,)n>0 be the simple random walk starting
at the origin. Are (|X,|)n>0 and (M, ),>0 Markov chains? (We defined M,, :=
max{Xy : 0 < k < n}.) When this is the case, compute the transition matrix.
Show that Y, := M,, — X,, defines a Markov chain. What happens if Xy # 0.

EXERCISE 8.3. [GS05] p. 220. Let X,,Y, be Markov chains on S = Z. is
X, + Y, necessarily a Markov chain?

EXERCISE 8.4. [GS05] p. 220. Let X, be a Markov chain. Show that for all
1<r<n,
PX,=z|X;=2;,i=1,2,....,r—=1,r+1,...,n)
= P(XT = ZL‘|X7~_1 = Tr—1, Xr+1 = xr—s—l) .

EXERCISE 8.5. Consider “Markov’s Other chain” ([GS05] p. 218): let Y7, Y3, Y5, ...

be a sequence of independent identically distributed random variables such that
1

P(Yopy1 = —1) = P(Yopy1 = +1) = 7

Define then Y, := Yo, 1Yory1. Check that Y5, Y, Ys, ... are identically dis-

tributed, with the same distribution as above. Is (Y;)r>1 a Markov chain? En-

large the state space to {#1}? and define Z, := (V;,, Yni1)-
EXERCISE 8.6. [R.88] p.281. Two state Markov chain. Let S = {0,1} with

transition matrix
11—« a
9= [ 515 }



