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CHAPTER 1

Markov chains: definitions, basic properties and examples

1. Basic concepts

Like always in probability, we work on some probability space (€2, F,P) that is,
at the same time, crucial and useless. At a certain point it will be very useful to
make (2, F,P) explicit, and we will make it explicit, but for most of the time it is
just abstract nonsense.

To define a Markov Chain (MC) we need to provide a state space E and a
probability kernel p:

e the state space F is just a set, but it comes with its own o-algebra £ that
tells us which subsets of £ are measurable: so (E,£) is a measurable space;
e p is an application from E x & such that
(1) p(x,-) is a probability on (E, &) for every x € E;
(2) p(,A) : E — R is a measurable function for every A € £ (the measur-
able subsets of R are the Borel subsets of R).

A Markov Chain with state space E and probability kernel p (in short: (E,p)-
MC, when E is obvious we just write p-MC, sometimes we omit p too) is a sequence
(X3 )n=o.1,. of random variables taking values in F with the property that for every
n and every A € £

P (Xpi1 € A|F,) = p(X,, A), (1.1)
where F,, = 0 (Xo, X1,...,X,) is the g-algebra generated by X, Xi,...,X,,. The
notation F,, < F, where < means simply that F, C F, but it reminds us that both
F, and F are o-algebras.

REMARK 1.1. Since, by the Tower Property of conditional expectation, (1.1)
directly yields

p(X,,A) =P(X,1€A|X,), (1.2)
one may be tempted to think that (1.1) is equivalent to
P(Xpi1 € A|F,) = P (X1 € A]X,) (1.3)

but there is an hidden information in (1.2): it is saying that the right-hand side
(of (1.2)) depends only on X, and A. Notably, there is no direct dependence on n
itself! We call just MC' a process that satisfies (1.3) for every n: it is a more general
process because it may be time inhomogeneous (see Exercise 2.3 for examples). We
will consider such a case only occasionally and the fact that we sometimes write MC
for a p-MC' should not lead to confusion.
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REMARK 1.2. It may sometimes be practical to consider MC with respect to
more general filtrations (G,). Since we want that (X,,) is adapted (i.e., X, is F,-
measurable for every m), we require that G, = F, for every n. Then we say that
(X,) is a (p,(G)n)-MC if (1.1) holds for every m with F, replaced by G,. It is
straightforward to check that a (p,(G)n)-MC is a p-MC. Analogous generalization
holds for (inhomogeneous) MC.

We stress also that the equality in (1.1) is meant only almost surely because a
priori the left-hand side is defined only almost surely.

More importantly, note that if we set pu(A) := P(Xy € A), then u is a probability
on (E, &) and by the Tower Property of conditional expectation

IP)(X() € Ay, X, € Al) =K [P (X1 S Al‘./—"o) 1{X0€A0}}

-/ (/) eleo. ao) ) ) = [ [ et ds)

(1.4)

for every Ay and A; € £. Of course this generalizes to

P(Xy€ Ag, X1 € Ay,...,. Xn €A, =
/ / / p(dzo)p(xo, dzi)p(z1, dag) ... p(Ty_1, dz,), (1.5)
Ao J Ay n

for every Ag,..., A, €E&.

PROPOSITION 1.3. X is a p-MC with Xo ~ p (i.e., the law of Xq is u) if
and only if (1.5) holds for everyn =0,1,... and for every Ay, ..., A, € E.

PRrRoOOF. Useful exercise. O

Before giving examples of MC’s let us give the following result, which is central
for us.

PROPOSITION 1.4. (&;)j=1,2,.. is an IID sequence of random wvariables that
take values in a measurable space (E',E") and h : E x E' — E is measurable.
If Xy is independent of (§;) and if we set recursively X,41 = h (Xy,&nq1), n =
0,1,..., we have that (X,,) is a (E,p)-MC with

p(r, 4) = P(h(z,€) € 4) , (1.6)
for every x € E and every A € £.

We take this occasion to point out that when dealing with product spaces we use
the product o-algebra which is the o-algebra that contains the product topology: in
particular, the o-algebra that equips £ x E’ is the smallest o-algebra that contains
the sets A x A’ with A€ £ and A" € £'.

Essentially without loss of generality we can choose £ = R or E' = (0, 1), but
sometimes if is practical to deal with more general spaces (and we will see it with



1. BASIC CONCEPTS 7

the first examples). Moreover if we introduce the notation he(x) = h(z,§) we have
the convenient notation

Xn = h&n o hgn_l 0...0 hgl (Xo) 5 (17)

so that X, is just the result of applying n random functions to the initial condition
Xo. And (1.7) is one of the most efficient ways to simulate a Markov chain.

PROOF OF PROPOSITION 1.4. From (1.7) we see that X,, is measurable with
respect to o (Xo, &1, ..., &,). This implies both that F,, < o (Xo,&1, .. .,&,) and that
X, and &, are independent. And of course 1 is independent of o (Xo, &1, ..., &).
Therefore

E [1inxnénsneay | Xo, &1, &) = p (X0, A) (1.8)
where p (x, A) is defined in (1.6). By the Tower Property we conclude the proof:

P (Xni1 € A|F) = E [Lpnxnenineay | Fa)

- E [E |:1{h(Xnyfn+1)€A} |X07€l7 cee 75n:| |‘Fnj| (19)
= p(Xn, A4) .

O

EXERCISE 1.5. The process that we have defined iteratively by means of a func-
tion h and the IID sequence (&,) is called Random Dynamical System. So, Proposi-
tion 1.4 tells us that a Random Dynamical System is a p-MC. The converse is true
in great generality. Namely: under very mild assumptions (on the state space E),
given a p-MC (X,,) there exists a Random Dynamical System that coincides in law
with (X,,). The exercise consists in proving such a statement for E = R.

In order to give the first examples of Markov chains let us consider for the moment
just the class of random walks: this is a very limited context, but it contains already
a lot of examples.

(1) If E = E' = R? and h(x,y) = = + y then the arising MC is just a random walk
on R%: forn =1,2,...

X, =Xo+ ) &, (1.10)
j=1

and p(z, -) coincides with the law of z + &.

(2) If E = FE =Z% and h(x,y) = x + y then the arising MC is just a random walk
on Z%: note that (1.10) still holds

BYUE=E=Z,d=1and P(§; = +1) =1—-P({ = —1) = p then X, is just a
one dimensional simple random walk (simple refers that it jumps just to nearest
neighbors). If p = 1/2 we speak of simple symmetric random walk.

(4) Random walks are naturally defined for example on a graph (N, L) where N is a
(finite or countably infinite) set and L is a subset of N%. N is the set of nodes (or
sites) and L is the sent of links. We say that the graph is symmetric if (z,y) € L
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implies (y,x) € L. If n, := {y : (x,y) € L }| < oo for every € N, so we can
write the set {y: (z,y) €L } as {¥x1, Y22, - - -, Yan, }, We define for u € (0, 1)

h(2,u) = Yo L(G1) /e me) (1) (1.11)
j=1

This way if (¢;) is an IID sequence of variables that are uniformly distributed
over (0,1) (notation: ¢(0,1)), then, given Xy € N, X411 = h(X,,,Uj41) defines
the simple random walk on the graph (N,L), which is a MC with state space
E = N. In particular, if N =Z and L = {(z,y) € Z* : |z — y| = 1}, then (N, L)
is a symmetric graph and the MC we have just defined is the simple symmetric
random on Z.

When F is finite or countably infinite the o-algebra that we use is simply the
set of all subsets of E. In this case we set

Q(IE, y) = p(l‘, {y}) ) (1'12>

and @ is a stochastic matriz in the sense that
(1) Q(z,y) > 0 for every x,y € E;
(2) > epQz,y) =1 for every x € E.

Of course, knowing () is equivalent to knowing p.
As an example, the stochastic matrix associated to the random walk on a graph
is Q(z,y) = 1/n, for every y such that (z,y) € L, and Q(z,y) = 0 otherwise.

2. The Markov property

It is practical (for certain proofs) to introduce a canonical space in which to
represent a p-MC with state space E. The canonical space is simply Q := E{0L-+}
equipped with the product topology and the corresponding o-algebra, that we denote
(as usual) by F. F can be characterized as the smallest o-algebra that contains the
cylindric events, that is the events of the form A; x Ay x ... with A; € £ for every j
and for which there exists jo such that A; = E for every j > jj. Note that the class
of cylinder events is stable under intersection. So the class of cylinder events forms
what in measure theory is a m-system and if two probabilities coincide on a m-system,
then they coincide on the whole g-algebra (i.e., they are the same probability). A
concise and approachable treatment of these issue and, in general, to the measure
theory we need may be found in [8, Ch. 1].

If 11 is a probability on (F, ) and if p is a probability kernel, then we can define
a probability on the canonical space by stipulating that

]PJH(AQXAlx...XAkXEXEX...):

/ 1 dao)p(ae, dar) - plan 1. Ag) . (1.13)
A0><A1><...><Ak_1

Standard (non trivial, but intuitive) extension theorems from measure theory guar-
antee that there exists a P, (on the whole product o-algebra for which (1.13) holds
for every cylinder set. And such a probability is unique because the cylinder sets
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form a m-system. We call this probability the canonical probability for the MC with
initial condition p and transition kernel p.

When p = 9, we write P, for Ps, . Moreover, when the initial datum is evident
or not important to be underlined, we simply write P for P,. Of course E, and E,
are the corresponding expectations.

Consider now the canonical projections X;(w) = w;, j = 0,1,.... Note that
X; is a random variable on the canonical probability space (€2, F,P,) and that it
follows directly from the definitions that (X;);—01,. is a p-MC with X, ~ p.

We point out however that we use P, P, ext. .. also when the probability space
is not canonical and P, is the law of the p-MC (X,,) with X, ~ p.

Let us also introduce the translation operator on the canonical space: for n =
0,1,...

(0rw); = wWnj, (1.14)

for 7 = 0,1,.... For A an event in the canonical space we have, with standard

notation for the pre-image of a set under the action of a function, 6, 'A = {w :

Opw € A} (and one directly checks that 6 is measurable, i.e. 6,'A € F: in fact,
0, ' A is cylindrical if A is).

PROPOSITION 2.1 (Markov Property). We work on a generic probability
space (2, F,P) (not necessarily the canonical one). If (X,) is a Markov chain
and A is an event in the canonical space, then for every k = 0,1,... we have
that P(dw)-a.s.

P ((Xn)nzo,l,... € 9];114 ‘ fk) (w) = ]P)Xk(w) (A) ; (115)

and we recall that Fr, = 0(Xo, X1, ... Xk).

Possibly more intuitively, (1.15) can be rewritten as

P (Xnit)neo1,. € A| Fi) (W) = Py, (A) . (1.16)

PROOF. By definition of conditional expectation and by standard results of mea-
sure theory it suffices to check that

P(X; e Bjforj=0,....,kand X; € A;for j=k,...,j+m) =

-----

for every m = 0, 1, ... and for every choice of events By, ..., By and Ag,..., A, in €.
But, by (1.5), both the left- and right-hand side of (1.17) can be written explicitly

as
[ [ | utdsplan, dn). b o), (19
By By_1 J BpNAg J Ay Am

with p the law of X,. This is straightforward for the left-hand side. For the right-
hand side one should just remark that (1.5) implies via a standard approximation



10 1. MARKOV CHAINS: DEFINITIONS, BASIC PROPERTIES AND EXAMPLES

procedure that

E 1{X0€A07X1€A1, o Xp_1€AL_ 1}f(Xk)] =

/A/A /A / (dzo)p(wo, dz1)p(a1, dza) ... p(wk—1, dxy) f(zy), (1.19)

for every bounded measurable function f: £ — R. 0

REMARK 2.2. An equivalent way to formulate the Markov property, i.e. Propo-

sition 2.1, is for example to say that for every bounded bounded measurable function
h:EOL) SR

E [A(Xp, Xis1, .- ) | Fi] (W) = Ex,w) [M(Xo, X1,...)] - (1.20)

Moreover, if we work on the canonical space and the variables X; are the canonical
projections, we can state the Markov property by saying that for every positive (or
bounded) random variable Y which is measurable with respect to o(Xo, X1, ..)

E [Y o Qk | ./rk] (w) = ]EXk(w) [Y] s (1.21)
P(dw)-a.s

We exploit the notations that we have in our hands to remark that p(x, B) =
P,(X; € B) and also that if we introduce the important notation

pi (z,B) == P, (Xy € B) . (1.22)
Note that px is a probability kernel. Moreover
.= » 27y, (1.23)
k=1

is also a probability kernel (that will come very handy later on).

EXERCISE 2.3. Show that if (X)) is a p-MC, then for every k € {1,2,...} the
process (Xnk)n=o.1,.. s a px-MC. Show moreover that given any sequence of integer
numbers ng,ny, ..., with ng > 0 and nj1 > ny for every j, then (X,,) is a MC:
i general, this MC' is inhomegenousneous. This way we have constructed a large
family of inhomogeneous Markov chains.

3. The Strong Markov property

The notion of stopping time is linked to the filtration that we have chosen for
our space: in our case (F,) is the natural filtration of the MC we are considering,
but it could be a larger filtration. A stopping time 7 (with respect to the filtration
(Fn)) is a random variable that takes values in {0, 1, ..., 00} with the property that

{r <k} eF, forevery k=0,1,.... (1.24)

Note that, with F, the smallest o-algebra that contains U, F,, we have that {7 =
o0} € Foo. Moreover one directly checks that (1.24) is equivalent to asking that
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{r =k} € F for every k =0,1,... For 7 a stopping time, we introduce also the o-
algebra F, that contains what happened up to time 7. The (mathematical) definition
is:
F, ={AeF: An{r=n}t e F,forn=0,1,2,...} . (1.25)
The easy exercise of verifying hat F, is a g-algebra is highly advised. In the direction
of justifying the informal interpretation we have given of F, we remark that if 7 = n
(that is, if 7 is a constant, hence trivially a stopping time), then F, = F,,. Moreover
(one more useful exercise!) if 7/ is another stopping time and if 7 > 7, then
F, < Fr. Finally, if (Y,,) is adapted to (F,,) and if 7 < oo a.s. we can introduce
Yi(w) = Yiu(w) for every w € {7 < oo}. If 7(w) = oo and the Y random
variables are real we can (for example) set Y. (w) := 0. With this choice we have
Yo =3 o1, Ynlmy(7), where the same over an empty set gives 0. Since for every
Borel set B we have {Y, € B} N{r =n} ={Y, € B} N{r =n} € F, we see that
{Y. € B} € F.. Therefore Y, is F, measurable and this is possibly the strongest
argument to say that F,. contains the what happened up to time T.
Important examples of stopping times include the time of first entry of an

adapted process (Y;,) in a mesurable set, keeping in mind that there are two slightly
different natural versions of such a time: the (first) hitting time

T(w) = T (w) == inf{n="0,1,...: Y, (w) € A}, (1.26)
and the (first) return time

Ty(w) = Ty (w) == inf{n=1,2,...: Y,(w) € A}, (1.27)
where we adopt the convention that the infimum of the empty set is co: of course

T < TY.

Also the successive entries do A are stopping times: successive entries to a mea-
surable set is an important sequence of stopping time for what we are going to do
and will be treated when it will come up.

THEOREM 3.1 (Strong Markov Property). X is a p-MC on the canonical
space. For every positive (or bounded) random variable Y, for every choice of
distribution i of Xo and for every stopping time T we have

E.[Y 00:1prcoy|Fr] = Ex, [Y] 1r<oo) (1.28)

P,-a.s..

PROOF. It is clear (is it? Do verify it as an exercise) that the right-hand side in
(1.28) is F,- measurable. Therefore, by definition of conditional expectation, since
Y is either positive or bounded it suffices to check that for every A € F, we have

E, [Y 00,1(;<o}1a] = E, [Ex, [Y] 1{rco0yla] - (1.29)

Now the point is simply to remark that {7 < oo} = U,—01, {7 = n} so that
o-additivity tells us that (1.29) is equivalent to verifying that

EM [Y 9 GTI{T:n}lA] = EH [EXT [Y] 1{7.:”}114} . (130)
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for every n. In turn (1.30) is equivalent to
E,[Y 00,11,2mna] = Eu [Ex, Y] 1ronynal - (1.31)
Since {7 =n} N A € F, we can rewrite (1.31) as
E,. [E[Y 060, F.] 1ir=nyna] = Eu [Ex, [Y] Lrznjnal , (1.32)

but this equality holds as a direct consequence of the (simple) Markov property
(1.21). OJ

4. Useful tool: martingales and harmonic functions

A measurable function f that is bounded below and satisfies pf < f is called
superharmonic, or p-superhamonic if we need to be more explicit. If we have only
pf(z) < f(z) for z € A € € we say that f is superharmonic on A. Moreover we say
that a function is harmonic (on A) if pf = f (on A).

Here is a first result that links superharmonic functions to supermartingales.

ProPOSITION 4.1. X s a MC with probability kernel p and f is superhar-
monic. Assume also that E[f(Xo)] < oo. Then (f (Xn)),—o,. .. is a supermartin-
gale.

Note that E[f(X,)] < oo is trivially verified if X is not random. Recall also that
a supermartingale bounded below is uniformly bounded in L' (incidentally, this is
explicitly written in the proof just below).

PROOF. Since f is bounded below we set with ¢ := min(inf f,0) < 0 and consider
the non negative process (Y,), with Y, := f(X,,) — ¢ for every n: recall that the
conditional expectation is well defined for non negative random variables without
integrability conditions. So we remark that (Y},) is adapted to (F,,) and E[Y,,11|F,] <
Y,, by superharmonicity: this is the crucial supermartingale property, but we need
also that Y, € L! for every n. But E[Y,41|F,] <Y, yields E[Y,.] < E[Y,], that is
[Yall = B[] < E[¥o] = [Valli = I1£(Xo) — clly < I1f(Xo)ls + lel < oo. o

PROPOSITION 4.2. X is a MC with probability kernel p and assume that
Xo = x is not random. Then f > 0 is superharmonic on A if and only if

(f (Xn/\TbC>) 18 a non negative supermartingale for every x € E.
A n=0,1,...

Proor. We set V,, := f <Xn/\TbD>.
A
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If f is superharmonic on A we have

E ol = B Yo (1) o)) 15

7 (X)) sy + Bl Fl 1o
= f(Xp C) {roal T pf(X”)l{Tﬁ,cM}
</ (Xn) 1

{ro<ny T & 1 = f (X)) = Vo
(1.33)

Since f > 0 the bound we just established implies that ||Y,||1 < |f(z)| < oo for every
n. We have therefore established that Y is a supermartingale, for every deterministic
initial condition.

On the other hand, let us assume that Y is non negative and it is a supermartin-
gale for every choice of 29 = z. So Yy = f(Xo) > 0 yields f(z) > 0 for every x.
Moreover for Xy = x € A, which implies T,ZU > 1, the supermartingale property
directly yields

f@) 2 E[f (X, )| = BIF (X)) = pf(a), (1:34)

and, of course, f(z) = f (Xn/\TbB) if z ¢ A. So the proof is complete. O
A

PROPOSITION 4.3. Choose a probability kernel p. For every A € £
(1) x — P, (T < 00) is superharmonic and it is harmonic in AL
(2) ©— P, (Ta < 00) is superharmonic.

PROOF. For (1) we set f(z) =P, (T < co) and note that pf(z) = E,[f(X;)] =
E,[Px, (T < o00)]. But the Markov property tells us that P(Ty < oo|F)) =
Py, (T% < 00), because Ty = 1 +T% 06, so pf(z) = P,(T4 < o). Since T < Ty we
have that pf(z) < P,(T% < 00). Moreover if z € A then T% = T4 and the proof is
complete.

For (2) we set g(z) = P,(T4 < o0). Like before pg(x) = E,[Px,(Ta < 00)],
but this time the Markov property yields Px, (T4 < o0) = P(T4 0 8 < oo|F}), so
pg(x) = P(Ta o060 < oo0) and {Thob < oo} C {T4 < oo}, which completes the
proof. ]

5. The potential kernel

Given a p-MC we introduce the total number of visits N4 of the chain to a set

Aecé&:
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We introduce also the potential kernel U : E'x €& — {0,1,...} U{oo} by setting
U(x,A) == E,[Na] = Zpk(x,A). (1.36)
k=0

For every =, U(x, ) is a (positive) measure, because it is a countable sum of measures:
we will soon see that U(x, -) may be a finite measure, but it may be that U(z, A) = oo
for every A # () without this being a pathological case.

In case A = {y} we will use the short-cut notation U(z,y) for U(z,{y}). In the
same way we write T}, for Ty, and 17 for T {br}.

PROPOSITION 5.1. For every x € E and A € £ we have
U(z,A) <P, (TZ < o0)supU(y, A). (1.37)
yeA

For A = {y} we have
Uz,y) = P, (T; < 00) U(y,y). (1.38)

ProoOF. This uses the Strong Markov Property, by noting first that Ny =
ZZO:TQ 14(X,,) if T% < co and N4 = 0 otherwise. We have

n:TIZ n=0

=) E, [1{T3,<OO}IEXT31 [1A(Xn)]] =E, [1{TQ<OO}EXTE‘ [NA]]
n=0

< P, (TZ < oo)supU(y,A). (1.39)

yeA
O
For the next result we introduce the successive visits to A: we set TS) =Ty
and, by recurrence, we set
T = inf {k >TW X, € A} , (1.40)

and by this we mean that Tﬁ,”“)(w) = oo if Tﬁ{” (W) = 0. Tf(‘") is a stopping time.
Moreover one readily checks that on the event {Tf(l") < 0o} we have

T = 7% 1T, 00 (1.41)

(n) -
Ty

We also use the concept of stochastic domination: given two real valued variables
X and Y, X (stochastically) dominates Yif P(X > z) > P(Y > x) for every x € R.

PROPOSITION 5.2. p is a probability kernel and A € .
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(1) Assume there exists 6 € [0,1) such that sup,e s Py (T4 < 00) < 6. Then
SUp,c4 Ps (Ték) < oo) < O for every k = 1,2,... and, for every X, €

A, Ny is stochastically dominated by a geometric random variable of
parameter 1 — p. In particular sup,c 4 U(z, A) < 1/(1 —9).

2) If instead P, (T4 < c0) = 1 for every x € A, then P, ™™ < 50) =1
(2) Y A

for every x € A and every k. In this case we also have P, (Ny = 00) =1
for every x € A.

Proposition 5.2 becomes more elegant (and really a dichotomy!) if A contains
just one element:

PROPOSITION 5.3. p is a probability kernel. For every x € E:
(1) If P, (T, < 00) =: 6 € [0,1) then PP, (Ték) < oo) = 6% for every k =

1,2,..., hence, with Xo = x, N is a geometric random variable (time of
first success) of parameter 1—p. In particular Ulx,z) =1/(1-0) < 0.

(2) If instead P, (T, < o0) = 1 then P, (T < oo) =1 for every k and
P, (N, =00) =1 and U(z,z) = oc.

We give a proof of Proposition 5.2 and leave the details of Proposition 5.3 as an
exercise.

PROOF OF PROPOSITION 5.2. We have
P, (Tj,’“*” < oo) —P, (Tj{“) < 00, T < oo) —P, (TjP <00, Tho 00 < oo) ,
A

(1.42)
so by the Strong Markov Property
k1
P, (ng +1) < OO> =E, |:1{T,Exk)<°°}PXTX“) (TA < OO):| , (143)
so in case (1) we readily obtain
P, (T}f*” < oo> < P, ( T < oo) , (1.44)

which yields P, <T3§k) < oo> = 0 for every z. For what concerns N, we remark that,

for Xo=x€ A, Ny = 1—1-220:1 1{T<k>< . SoP,(Nsy >0)=1and, fork=1,2,...,
A o0

P,(Ns > k) =P, (Tf(lk) < 00) < 6% and this establishes the claimed stochastic

domination. Since U(z,A) = [["P,(Na > 2)dz =1+ >, P (T/(‘k) < ), the
bound on sup,c 4 U(z, A) follows
For what concerns (2) we go back to (1.43) and we readily see that in this case

P, (TXQ) < oo) =1 for every k. Therefore P, <ﬁk {TXC) < oo}) = 1 too, therefore
P,(Ny=o00)=1. O
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We now introduce the important notation
Pay = Pu(T, < 00). (1.45)

So we have seen (Proposition 5.3) that p,, = 1 if and only if P, (N, = c0) = 1.
And if p, , < 1 then the chain that starts from z visits a.s. z only a finite number
of times.

It is therefore natural to call recurrent a state x with p,, = 1 and transient if
Pzz < 1 and we will use this language.

Note that p(z,y) > 0 is equivalent to the existence of a value of k such that
pe(z,{y}) > 0 (and it is also equivalent to p,(z,{y}) > 0, p, given in (1.23)). We
will say that y is accessible from x if p,, > 0. We will also say that y is accessible
if it accessible from every state x € F.

The next result is of particular interest in the case in which F is countable.

PROPOSITION 5.4. If py o =1 and py, > 0 then pyy = pay = py = 1.

PROOF. By Proposition 5.3 we know that p,, = 1 is equivalent to P,(N, =
o0) =1 (and U(z,x) = 00). So by the Strong Markov Property
0=P, (N, <o0) > P, (T, <00,T, 005, =00) =P, (T, < 00) Py (T}, = o0) ,
(1.46)
that is p, P, (T, = c0) = 0. But p,, > 0 by hypothesis, so P, (T, = c0) = 0, i.e.
Py =Py, (T, < o00) = 1. Since both p,, > 0 and p,, > 0 we know that there exist
Ny and Ny such that p,, (2, {y}) >0 and p,, (v, {x}) > 0. So for every n

Pryotntnay (Y 10} > Po,. (v, {2})pa(@, {z})pn,, (2, {y}) , (1.47)
and therefore

Uly,y) = anw Awh)pa(, {x})pn.., (v, {})

= pny,z(y, {2HU(x, 2)pn,, (y, {2}) =

Therefore, by Proposition 5.3, p,, = 1. So we have proven that p,, = p,, = 1. By
exchanging x and y this implies also that p,, = 1 and the proof is complete. O

(1.48)

REMARK 5.5. In what follows the concept of accessibility is playing an important
role, but up to now we just spoke of accessibility of a state. More generally, we
say that A € & is accessible from x if P,(T4 < o00) > 0. This of course means
that the exists k such that py(xz, A) > 0. Specializing to A = {y}, we recover
that y is accessible from x if and only if p,, > 0. We stress that this does not
mean that y is certainly visited starting from x. But if x is recurrent, i.e. py, =
1, then Proposition 5.4 tells us that, if y is accessible from x, y is wvisited with
probability one (and y is recurrent too). Note also that for many natural MC no state
1s accessible from any other point: consider for example a random walk X, on R,
Xot1 = Xn+&nsi1, {§} 1ID N(0,1) random variables. Then p(z, dy) = g(y—x) dy,
with g the density of a variable N(0,1). Hence py, = 0 for every x,y. On the
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other hand p(z, A) > 0 for every A of positive Lebesque measure. So every positive
Lebesgue measure set is accessible from any state x.

We now give a result that is going to be useful later on. It is rather intuitive,
but the proof is not straightforward and provides a nice example of interplay of MC
and martingales.

PROPOSITION 5.6. Consider a p-MC and A, B € € such that inf,co P, (T <
oo) > 0. Then, for every probability p on (E,E), we have that P,(Nay =
00, Ng < 00) = 0.

Put otherwise, Proposition 5.6 says that if N4(w) = oo P, ( dw)-a.s., then Np(w) =
oo P, (dw)-a.s..

PROOF. Let us set 0 := inf,ca P, (Tp < 00) and 6 > 0 by hypothesis. A direct
consequence of the definition of § and N, is that {N4 = oo} C {3, Px,(Ts <
o0) = oo}. We claim that

. P, (dw)-a.s.
lim PXn(w) (TB < OO) ( :) l{NB(w):oo} . (149)

n—oo
This suffices to conclude because if w € {) Px, (I < 00) = oo} then we have that
liminf, o Px, @) (T8 < 00) > 6, hence, by (1.49), lim,_,o Px,, ) (T8 < 00) =1 and
Np(w) = oo (both facts P,(dw)-a.s.). We have therefore established that, if (1.49)
holds, then N4(w) = oo implies Np(w) = oo P, ( dw)-a.s..

So the proof of Proposition 5.6 boils down to showing (1.49). In order to establish
this we use that « — P, (T < 00) is superharmonic (see Proposition 4.3(2)). It is of
course also a (bounded) non negative function, so, by Proposition 4.1, {Px, (Tp <
00) bn=o,1... is a non negative supermartingale. Therefore [8, Ch. 11] lim,, Px, (T <
o0) exists a.s. and in L'. Therefore for every non negative integer m and every
event F' € F,, we have

E, |1plim Py, (Tp < oo)} = limE, [17Py, (T < )]
= imE, [17P, (Tp 0 0, < 0| F,,)] (1.50)
= liTrlnIP’H (FN{Tgob, <x}).
Now remark that
{Tpob, < oo} = | J{X; € B} o {Np = o). (1.51)
i>n

Therefore, by the Lebesgue Dominated Convergence Theorem, (1.50) and (1.51)
yield

E, [1F lim Py, (T < oo)] = P, (FN{Ng=o0}), (1.52)
for every F' € F,,. Since this holds for every m, (1.52) holds for every F' € U,,F,,

and therefore for every F' € F,,. Therefore (1.49) is proven and the proof of Propo-
sition 5.6 is complete. 0
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6. Invariant measures

Given a probability kernel p we say that a non zero o-finite (positive) measure
poon (E,E) is p-invariant if pp = p, that is if [, p(dz)p(x, A) = u(A) for every
A € €. We recall that p is o-finite if there exists a sequence of events (A;) with
p(A;) < oo for every j and E = U;A;. For example, the Lebesgue measure on R is
o-finite because the Lebesgue measure of (—n,n) is 2n < oco.

If u(E) < oo we can normalize u, that is we can redefine p as u/u(E), so p
becomes a probability. If there exists a p-stationary probability p we can consider
the stationary p-MC X by choosing the law of X to be p: in this case the law of
X, does not depend on n (and this is the very concept of stationary process).

Note that when a MC has an invariant probability, the question of uniqueness is
well posed (and important). On the other hand, if a MC has an invariant measure y
which is not normalizable, then, for every ¢ > 0, ¢ is an invariant measure too. And
there is no canonical way of choosing c¢. So the question of uniqueness in this case
makes sense only up to a multiplicative constant. In order to avoid repetitions given
p we will say that p is the essentially unique p-invariant measure if p’ p-invariant
implies that there exists ¢ > 0 such that p/ = cp.

It is interesting to remark that if p is a p-invariant measure, then it is also py-
invariant (this is trivial). On the other hand (less trivial), if u is a pj-invariant
measure for a k > 1, then there exists a p-invariant measure. In fact if we set
p =300 up;/k, then p'p = 35 i /k =30 ppy/k = 1.

We will not go much into the structure of the space of invariant probability
measures. We just make the remark that convex superpositions of p-invariant prob-
abilities are still p-invariant probabilities. By this we mean that if ;4 and u' are two
p-invariant probabilities, qu + (1 — ¢)i is a p-invariant probability for ¢ € [0, 1].

We say that p is p-reversible if u is o-finite and if the measure p( dx)p(z, dy) on
(E x E,E®E) is symmetric. More explicitly:

| haautaoped) = [ ngapopia). (159

ExE
for every bounded and measurable h : F x E — R.

PROPOSITION 6.1. pu is p-reversible. Then
(1) p is p-invariant;
(2) if in addition p is a probability, then if X is a p-MC with X of law p
we have that for every n the law of (Xo, X1, ..., X,,) coincides with the
law of (Xpn, Xpn-1,...,Xo)-

PrOOF. For what concerns (1) we write for every A € £

pup(A) = [E ElE(fv)lA(y)u(dw)p(:v, dy) = /E ElA(x)lE(y)u(dx)p(% dy)
(1.54)
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where the second equality is due to reversibility. Now we use that [ pP(z, dy) =1
for every x so, by Fubini-Tonelli Theorem, we obtain up(A) = u(A).

For (2) we remark that

P, (Xo € Ao, X1 € Ay) = / 140 (o)L, () dzo)p(o, day)

ExXE

_ /E @l @pldmn)p(, dr)

- / L, (1)L (o) a( da)plas, o)
ExE
= PM (X() S Al,Xl € A[)) ,

where in the second step we used reversibility and the third step is just a change of
variables. This verifies the claim for n = 2. We leave to the reader the details for
the case of n > 2. O

7. The special case of Markov chains on countable state spaces

When F is countable we choose & = P(FE) (the set of all subsets of E) and we
recall the notation Q(z,y) := p(x,{y}), see (1.12).

In this case it is natural to introduce an equivalence relation between states:
x ~y (x and y communicate) if Po(T) < 00) and P, (T} < co). Note that = ~ y if
and only if p,, > 0 and p,, > 0 for x # y and = ~ x for every z: requiring that
x communicates with itself is useless when there exists y # x such that x ~ y, but
it is not superfluous when x does not communicate with any other state. Moreover
we recall that p,, > 0 is equivalent to the existence of k such that Q*(z,y) > 0,
which in turn is equivalent to the existence of x =: xg, x1,x9, ..., 2 := y such that
Q(xj_1,x;) >0for j=1,2,... k.

The kernel p, or the associated MC, is said irreducible if the only equivalence
class is F/, that is if all states communicate.

The ~-equivalence classes partition E into sets that may be closed or open: an
equivalence class A is closed if Q(x,y) = 0 for z € A and y ¢ A. Otherwise A is
said to be open. By Proposition 5.3 we readily see that either p,, =1 or py, <1
for every x in a given class: we therefore generalize the terminology introduced for
states right after (1.45) by saying that an equivalence class is recurrent if it contains
recurrent state (and hence all states in the class are recurrent), and we say that the
class is transient otherwise. So an open class is transient, but note that a closed
class needs not to be recurrent: the simple random walk on Z is irreducible if the
probability of jumping to the right is not 0 or 1 and, as we will soon recall in more
detail, it is recurrent if and only if it is symmetric. Hence the asymmetric simple
random walk is transient, but Z is (trivially) a closed class.

And, always by Proposition 5.3, if the class is open then x belongs to an open
class (and therefore we say that the class is transient). In fact, Proposition 5.3 is
also telling us that if z and y belong to the same class, then either p, , = p,, = 1 or
both p,, <1 and p,, < 1: as we will now see with examples, a closed class needs
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not to be (made of) recurrent (states). In order to make this more concrete let us
develop an elementary exercise.

EXERCISE 7.1. Le us consider a MC on E = {1,2,3,4} with

12 0 0 1/2
o 14 1/2 1/4
@=10 14 34 0
12 0 0 1/2

Identify the ~-equivalence classes and determine whether they are transient or re-
current. Find all the invariant measures for this MC.

(1.56)

SOLUTION. It is often useful to represent graphically the stochastic matrix @):
and the arrows show the allowed one step transitions. Hence there are two equiv-

(@ ) )

alence classes, {1,4} and {2,3}. The state 2 leaks towards state 4, hence {2,3} is
open (hence transient). The class {1,4} instead is closed (hence recurrent. This
class structures becomes more apparent at the matrix level if we exchange the label
between the states 2 and 4. With this new numbering the stochastic matrix becomes
/2 1/2 0 0
/2 1/2 0 0
0 0 3/4 1/4]"
0 1/4 1/2 1/4

which is made of the two 2 x 2 matrices

r= (15 1) wmd o= (Vs Vi) (1.59)

(1.57)

1/2 1/2 1/2 1/4

on the diagonal. Note that R is stochastic, but T is only substochastic, in the sense
that 7oy + T2 < 1. This is the mark of the open character of the class {2,3} in
the original numbering. It is straightforward to find all the invariant measures that
(in the original numbering) are simply (¢, 0,0, ¢), ¢ > 0. Hence the only invariant
measure can be normalized to be a probability: (1/2,0,0,1/2). This is of course a
direct linear algebra exercise, but (as we detail just below) an invariant probability
gives probability zero to transient states. On the other hand, when F is finite any
measure can be normalized. Moreover the chain restricted to the states {1,4} is
irreducible, hence there is only one invariant measure for this chain. These consid-
erations, plus the symmetry between the states 1 and 4 allow to find all the invariant
measures with no computations. 0
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We remark that if p is a p-invariant probability, then pu(x) = p({z}) = 0 for every
z in a transient class. This is simply because E,[N,] = >~ pu(z) which is equal to
oo if pu(x) > 0 for one state x in the class: in fact u(y) = > u(@)Q*(z,y) for every k
and if y is in the same class of x there exists k such that Q*(z,y) > 0, hence u(z) >
0 implies p(y) > 0. But this is impossible because E,[N,] = > u(y)E,[N,] =
(@) B [No] 32, 20 1Y) pyala[Na] < Bo[No] D2, pu(y), so Uz, @) = Eu[Ny] = o0, ie.
x is recurrent. We insist that this is true only for invariant probabilities: invariant
measures supported by transient classes may exist. Let us stress also that in the
argument we just completed we have shown that if g is an invariant measure (not
necessarily a probability) then, given any ~-equivalence class A, either p(x) > 0 for
every v € A or u(x) =0 for every z € A

Finally, we say that a p-MC is p-irreducible if F is the only equivalence class (i.e.,
if all sites communicate). In this case all states are either recurrent or transient. In
this case we simply say that the MC is recurrent, respectively transient, if there exists
x € E which is recurrent (respectively, transient). We will show in Theorem 2.1
that a recurrent MC admits an invariant measure that is essentially unique: if this
invariant measure is normalizable (hence, if it can be chosen to be a probability),
then the invariant probability is unique. A consequence of Theorem 2.1(iv) is that an
irreducible MC that admits an invariant probability is recurrent: but the existence
of an invariant probability is not necessary for recurrence, so an irreducible recurrent
MC that has an invariant probability (hence a unique invariant probability) is said
positive recurrent. On the other hand, an irreducible recurrent MC that admits no
invariant probability is said null recurrent. This terminology is extended to recurrent
classes. Of course, if |E| < 0o, recurrence implies positive recurrence.

We will see in Propositon 2.2 that an irreducible MC that admits an invariant
probability is recurrent, hence positive recurrent.

7.1. Birth and death chain. £ =NU {0} and @ is defined by
Q(]aj + 1) = pja Q(]:j - 1) = Qja Q(]?J) = ij (159)

with p; +¢; +r; = 1 for every j. We assume that p; > 0 for every j € E, ¢; > 0 for
every j € E\ {0} and ¢p = 0.

It is straightforward to argue that this MC is irreducible: from every state the
chain moves to both nearest-neighbors with positive probability (the graphical rep-
resentation may help).
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We introduce the function ¢ : E' +— [0, 00) defined by ¢(0) =0, ¢(1) = 1 and by
imposing that
(Qp)(k) = @(k) for k=1,2,.... (1.60)
This yields (¢(k+1) —@(k)) = (qx/pr)(p(k) — @(k — 1)) for k > 1 and therefore for
n> 2

n—1 m
o) =1+ T2 (1.61)

=t jo1 Pi
Note that ¢ is increasing, so lim,_, ¢(n) =: p(00) exists and takes value in (1, co].
Just for this example we write 7, for T?, that is 7, := inf{n = 0,1,...: X,, = a}.
Remark that, by (1.60), ¢ is Q-harmonic on N (not on the whole of E because
Qe(0) = pg > 0 = ¢(0)) so (¢(Xnar)) is a martingale. Remark also that, for
every L > x, we have E,(77) < oo: this follows from a standard estimates because
inf, . P.(7, < L) > 0 (see for example [8, Ch. 10, Sec. 11]). Therefore by the
Optional Stopping Theorem [8, Ch. 10, Sec. 10] we have that, for a« < z < b,
o(x) = E;[p(Xr,nr] from which we readily extract

p(b) — p(z) ()
P,y >71,) = ———~ — Py >1) = 1—"—=. 1.62
=7 = S = el memw=t-og . 00
The event {7, > 79} becomes larger when b grows, so
. T
blg]élo Pu(m > 710) = Py (Upsa{m > 10}) = 1— ;0(10)) . (1.63)

It is rather intuitive that this formula is saying that the MC is recurrent if ¢(00) = 0o
(and it is recurrent if p(c0) < co. Below we give details for this, but it is better to
get convinced about it (and try to prove it independently of what is written below).

If 0 is recurrent (hence any other x is) we have in particular p, o = P, (79 < 00) =
1 for every x. Let us choose a value of x # 0 and note that for b > x we have that
Ty, > b—x under P, so P.(1, > 79) > P.(b—2x > 79) and limp oo Po(b—2 > 79) = 0
because P, (19 < oco) = 1. Therefore limy o P.(7, > 79) = 1 so, by (1.63), p(o0) =
00.

On the other hand, if 0 is transient, i.e. U(0,0) < oo, we have U(z,0) < oo
which implies p,o < 1 (otherwise from x the chain goes a.s. to 0 and a.s. to z
again because it makes just steps of length one and it cannot stay on a bounded
set for an infinite time (see the estimate just before applying the Optional Stopping
Theorem), and we can repeat the argument indefinitely. Remark now that P, (7, <
70) > Pu(m < 70, To = 00) = 1 — py for b > z, because 1 — p, o = P,(79 = 00) and
we have used again that this MC cannot stay in a bounded set for an infinite time
and that it jumps to nearest neighbors. Therefore limp oo Py (7, < 79) > 1—pro >0
and, by (1.63), ¢(c0) < oc.

We have therefore proven that the birth and death MC is recurrent if and only
if p(00) = oo.

Let us try to identify the invariant measures of this chain. This is an interesting
exercise because it shows that finding the invariant measures can be a daunting task.
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In fact p@ = p amounts to finding positive solutions p of

1(j = Dpj-1+ p(G + 1)gjp = p(i) (L —r;) forevery j=1,2,...,  (1.64)

and 1(0)py = p(1)g: recall that 7o = 1 — py. After some elementary (but not a
priori obvious) steps we see that this is equivalent to finding positive solutions p of

gin(j —1) <p“ - “@1)) +piu(j +1) (qﬂ'“ _ ) )) — 0 for every j.

q; p(J p;  py+1
(1.65)
At this stage we realize that one family of solutions is
J
u(i) = w0 [[(pr-r/a), forj=1,2,..., (1.66)

k=1

because with this choice both termes between parentheses in (1.65) are zero, and
1(0)po = p(1)g: holds too.

But did we find all the solutions? We solved the easier problem of finding the
reversible measures! In fact reversibility is equivalent to requiring p(j — 1)Q(j —
Lj)=u()QU,7 — 1), ie. u(j —1)pj—1 = p(j)g; that readily leads to (1.66). But
the answer is yes: we did find all the invariant measures, because u(1) = u(0)po/q
is the requirement for invariance (that explicitly coincides with reversibility for these
two sites) and (1.64) says that u(j + 1) is a function of u(j) and u(j — 1). So there
is only one family of solutions indexed by 1(0), and we found it.

So we have obtained the following rather complete result:

PROPOSITION 7.2. The invariant measures of the birth and death MC' are
given by (1.66), so the invariant measure exists and it is essentially unique. The
chain is recurrent if and only if p(oc0) = 0o. Moreover the birth and death MC
is positwe recurrent if and only if > [1i_;(Pe—1/q) < oo (and the invariant
probability is unique).

Note that we did find an (essentially unique) invariant measure also when the
chain is transient. We will see that neither existence nor uniqueness is granted when
a MC is transient. We will instead see (Theorem 2.1) that it does not come as a
surprise that when the chain is recurrent there exists an essentially unique invariant
measure.

Proposition 7.2 implies in particular that the symmetric simple random walk is
null recurrent, as well as the well known fact that an asymmetric simple random
walk is transient. In fact the symmetric simple random walk (E = Z and Q(j,j +
1) = Q4,5 — 1) = 1/2 for every j) is equivalent to the birth and death MC with
¢ = p; = 1/2for j = 1,2... and py = 1. To be precise the birth and death
chain is the absolute value of the symmetric simple random walk. So ¢(c0) = 0o
(recurrence!), but the invariant measure p in (1.66) is explicitly given by u(j) = 2
for j =1,2,... and p(0) = 1, hence p(E) = oo and the MC is null recurrent.
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7.1.1. A pathologic, but interesting, birth and death chain. Let us briefly consider
the case in which all the conditions of the birth and death MC are satisfied, except
for pg > 0.

Assume py = 0, hence o = 1. In this case we loose irreducibility, in fact 0 traps
the MC. So Ej := {0} represents a class on its own (of course a recurrent class):
note that Ej is accessible (from any state in the system). E; := N is another class
and it is clearly open. So, one way or the other, E; is transient. We say one way or
the other because E; can be transient in different ways, in the sense that the MC
could escape to infinity with positive probability, or it could fall into the trap Ej
with probability one.

In order to look at these different scenarios we consider the simplified set up of
pj =pand g =qfor j =1,2,...and pp =1—ry = 0. If p > 1/2 the process
is a random walk with increment with increment expectation 2p — 1 > 0, excepts
when it hits 0 (and it is trapped). The law of large numbers suffices to conclude
that P, (790 = o0) > 0 for every x > 0. But we can make this estimate quantitative
exploiting the function ¢ in (1.61) which in this case becomes

1—(q/p)"
1—(q/p)’

so that P, (19 < 00) = limp 00 Pu(1 > 70) = 1 — () /p(00) = (¢/p)*. So the MC
that starts from x is eventually trapped in 0 with probability (¢/p)* and walks off
to 400 with probability 1 — (¢/p)”.

p(n) = (1.67)

If ¢ > p instead one can argue (we leave the details to the reader) that the MC
is eventually trapped in 0 with probability 1.

Let us look at the invariant measure: it is clear that u(x) = do(z) (Kronecker
delta) is an invariant probability for every choice of p. But more than that is true:
pQ(0) = p(0) means £1(0) + u(1)g = p(0), that is p(1) = 0. Then pQ(1) = u(1)
means p(2) = p(1)/q = 0. And pQ(j) = p(j) for j > 2 yields (u(j +1) — pu(4))g =
(u(g) — (g — 1)p, so u(j + 1) — u(yj) = 0 for every j > 2. This means that
w(x) = dp(z) is the unique invariant measure (up to a multiplicative factor) and it
is the unique invariant probability.

We will see that such a statement follows from the general theory (Theorem 2.1)
because 0 is recurrent and it is accessible. While this model of non irreducible birth
and death chain is artificial, it illustrates well a phenomenon that is not artificial at
all (see Sec. 7.3).

7.2. The simple random walk on Z. Here we are again with the simple
random walk on £ = Z, that is X,,;1 = X,, + &40, P(€=1) =1 -P( = —-1) = p.
This MC is of course irreducible. The quickest way to see that it is transient for
p # 1/2 is to use the law of large numbers: lim,, X,,/n = 2p—1 a.s., so every state is
visited at most a finite number of times. On the other hand there are several ways
to see that if p = 1/2 the simple random walk (in this case, symmetric) is recurrent:
an elementary (but computationally possibly a bit demanding) way to see it is to
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use the binomial formula for
2n n—o00 1
" ) ~ —— (1.68)

@ = ()2

where the asymptotic equivalence follows from the Stirling asymptotic formula n! ~
Vv2mn(n/e)". For completeness we signal the obvious fact that Q*"™'(x,z) = 0,
which is in any case irrelevant for concluding that U(z,z) =3, Q**(0,0) = cc.

Let us find the invariant measures: @) = p spells out

p(j —Dp+p(j+1)(L—p) = p(j) for every j € Z. (1.69)

This means that .

If p=1/2 it is convenient to observe that (u(j+1) — u(4))/(u(j) —u(j —1)) =
p/(1 —p) =1, i.e. the increments of u are constant. So u(j) = u(0) + je for every
choice of ¢. But the only choice that yields p(j) > 0 for every j is ¢ = 0. So the
only invariant measure is the uniform measure on Z: pu(j) = p(0) > 0 for every j.

On the other hand, if p # 1/2 it is (possibly) better to exploit directly (1.69)
and look for solutions of the form p(n) = ¢”. One readily sees that ¢ = p/(1 — p)
or ¢ = 1. Since given (say)u(0) and u(1) one determines p, we obtain that all the
solutions are p(z) = Cy + Ci(p/(1 — p))*, which is a positive measure if Cy > 0 and
Cy > 0 and it is non null if Cy A C; > 0. So we see that we have a two dimensional
family of measures: the invariant measure is a linear combination of the uniform
measure and a measure that grows exponentially at 400 or at —oo, according to
whether p > 1/2 or p < 1/2. Therefore when the simple random walk is transient,
essential uniqueness of the invariant measure is lost.

One should not draw quick conclusions from this example: in this case we have
seen that we loose uniqueness of the invariant measure if the MC is transient, but in
Section 7.1 we have already found a transient chain with unique invariant measure
and in Section 7.3 and Section 7.4 we will present examples of transient MC’s with
no invariant measures.

As already anticipated, we will see (Proposition 2.2) that what we can exclude
for a transient MC is the existence of an invariant probability: if an irreducible MC
admits an invariant probability, the MC is (positive) recurrent.

7.3. Branching process (Bienaymé-Galton-Watson process). The BGW
process (Z,) is a MC on E := N U {0} defined starting from the IID family ¢ :=
(énj)(njyenz, with P(&1 € E) = 1. We use the notation p; := P(&, = j) and we
assume p; < 1 for every j to avoid trivialities. The chain can be introduced by
iteration once Z;, independent of ¢ is given (for conciseness we choose Zy = 1) via

7 o {§n+171 + fn+1,2 + ...+ €n+17Zn if Z,, > 0,

- 1.70
i 0 if Z, =0. (1.70)

We assume hat p = E[§11] = >;jp; = p € (0,00) and that py < 1 (to avoid
trivialities). Note that in any case Q(0,0) = 1, so {0} is a ~-equivalence class and
it is closed. 0 is also accessible if pg > 0. In practice, the process looses part of its
interest if po = 0: 0 is no longer accessible (but we consider this case too). The



26 1. MARKOV CHAINS: DEFINITIONS, BASIC PROPERTIES AND EXAMPLES

process is also of little interest if p; = 0 for j > 2: in this case all the singletons
are ~-equivalence classes (all open, hence transient, except for {0}). But if py > 0,
p1 > 0 and there exists j > 2 such that p; > 0 then one easily sees that {1,2,...} is
an open ~-equivalence class.

It is useful to establish that (Z,,/u") is a (non-negative) martingale with respect
to the natural filtration of the MC (this is left as exercise). Hence lim,, Z,,/u" exists
a.s. and we denote the limit (non-negative) random variable by H. Understanding
whether H = 0 or not is very helpful in understanding the BGW chain.

EXERCISE 7.3. Show that if p > 1 and E[£} ] < oo then the martingale (Z,,/j"™)
is UI (Uniformly Integrable, see [8, Ch. 13]), hence in this case H # 0.

SOLUTION. Set ¢? := var(£;;), 0 > 0 because & ; is non trivial, and M, =
Z,/p". We have that E[Z2,,|Z,] = p*Z2 + 0°Z, so E[Z2, ] = p’E[Z2] + o*u™ and
E[M?,,] = E[M?]+0?u 2. Therefore sup, E[M?] < co which implies that (1/,,) is
UL A UI martingale converges a.s. and in L'. So E[lim, Z,/u"| = E[H] = 1 which
means that H #Z 0. ]

For s € (0,1] we introduce also ¢(s) = E[s**1]. Note that (Ezercise) ¢(-) is
convex, increasing and smooth. Since ¢(0) = limg o ¢(s) = po and p(1) = 1, there
exists only one solution in [0, 1) to the the fixed point equation s = ¢(s). Call this
solution p.

PROPOSITION 7.4. 0 is a recurrent state for the chain (Z,): note that 0 is
accessible (from any other state, i.e. p,o > 0 for every n) if and only if py > 0.
All other states n are transient. Moreover

(1) if p <1 then ) 1z 50 <00 a.s. (hence H=0);

(2) if p > 1 then P(H = 0) = p, hence 1y—o ), 12,50 < 00 a.s., and if
E[£7,] < co on the event {H > 0} we have Z, ~ Hu™ a.s. (here ~ is
aymplotic equivalence).

The only invariant measure can be normalized and it is dg.

PRrROOF. If py = 0 then 0 is not accessible, so we can even choose F = N, and
w> 1. If po > 0 instead 0 becomes accessible.

If 4 < 1, recalling that (Z,/u™) converges a.s. we see that Z,, = O(u™) — 0 a.s.,
hence Z,, = 0 for n sufficiently large because the process (Z,) is integer valued. This
implies directly also that H = 0. In the critical ¢ = 1 case we can also conclude
that lim, Z,, = 0, hence that , hence Z,, = 0 for n sufficiently large and H = 0,
because lim,, Z, =: Z,, exists a.s. and this (a priori random) limit can only be 0
because otherwise 7, (w) = Zy(w) for n sufficiently large and Z,, # 0 implies that
¢ = 0, which is impossible. So for y < 1 (critical and subcritical case) the process
hits (and is absorbes by) 0 in a finite time.

Let us turn to g > 1. In this case E[Z,] = p" grows exponentially. But this
does not mean that (7,,) grows exponentially, but recall that we know that Z,,(w) ~
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H(w)p™ where this asymptotic equivalence is properly stated only if H(w) > 0. And
we did establish that H is not trivial if the ¢ variables are in 2.

What happens for u > 1 is that the process may not grow because it gets to 0
and stays there (extinction). In order to compute the probability of extinction let
us remark that for n € N and s € (0, 1]

E[s7] = E[E [s"|Z.-1]] = E[¢(s)"] | (1.71)

SO
E[s7"] = po...0p(s) = ¢”(s). (1.72)

We are now showing thta lim, ¢°"(s) = ¢ for every s < 1. Start by remark-
ing that if H(w) = 0, then Z, = 0 for n large, hence (by Dominated Conver-
gence) lim, E[s?"; H = 0] = P(H = 0) for every s € (0,1). On the other hand
lim, E[s?"; H > 0] = 0 for every s € (0,1) (again by Dominated convergence, be-
cause Z, — oo when H > 0). Hence P(H = 0) = .

From the MC viewpoint we remark that we have proven that for ;4 > 1 the chain
may get absorbed by 0 or may go infinity.

For what concerns the invariant measures we remark that we must have in par-
ticular pQ(0) = u(0), that is p(0) + >, u(5)Q(4,0) = p(0) because Q(0,0) = 1.
Hence if if py > 0, then Q(7,0) > 0 for every j, and we can conclude that u(j) =0
for every j > 0.

On the other hand, if py = 0, Ois no longer accessible: nevertheless is Zy; = 0, the,
Z, = 0 for every n, so dy is still an invariant probability. But a priori there may be
other measures: since py = 0 we may (and do) choose £ = N to study whether there
exist other invariant measures. The invariance condition is Y372, 1u(7)Q(j, k) = pu(k)
for every k € N. But Q(j, k) = 0if k£ < j, so the invariance condition may be written
as Z;?:l w())Q, k) = (k). In particular p(1)Q(1,1) = (1), that is u(1) = 0
because QQ(1,1) = p; < 1. We can the iterate this argument: if u(1) = p(2) =... =
w(k —1) =0, then p(k)Q(k, k) = p(k) and pu(k) = 0 because Q(k, k) < 1. So there
exists no other invariant measure (and, by restricting £ to N in this special case of
po = 0, we have found our first example of a MC with no invariant measures). [

7.4. The discrete renewal process. A discrete renewal process is just a ran-
dom walk with positive increments: Sy := 0 and S,+1 = Sy, + &1 With {&;}jen 1ID
with P(§; € NU {o0}) = 1. If Sy # 0 (and we choose to work with Sy > 0) we will
say that S is a renewal sequence with delay.

While the random walk viewpoint is natural, it is as natural and at times helpful
for the intuition to consider the renewal process as a point process. By this we
mean that we look at the sequence S (with or without delay) as a random subset
of NU {0} U {oc0}: 1 := {So,S1,...} is the random subset. Note that we do not
exclude the case in which P(§ = 0o) > 0: in this case the renewal set contains only
a finite number of points and co. So {k € n} is the event {there exists j = 0,1, ...
such that S; = k}. The points in 7 are called renewal epochs, the £ variables are
the inter-arrival variables and 7 is the renewal set.

Here are two relevant questions for us:
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(1) What is the probability that n is a renewal epoch? That is, what is the
value of u(n) := P(n € )? Does the limit of the sequence (u(n))n—o1,..,
called renewal sequence, exist and what is its value?

(2) Consider the intersection of two independent renewal sets with same inter-
arrival law but different delay. Under which conditions is this random set
almost surely not empty?

The first question is a classical important question. The second one solves a
technical step that is going to be important in the general theory of Markov Chains.
But the discrete renewal process provides also a very nice example of fully solvable
Markov chain.

In order to study n we introduce a MC called Backward Recurrence Time process:
A, = n —sup{Sk : Sk < n}, that is A, is the time elapsed since the last renewal
epoch if we are at time n (see Fig. 1). In particular, n = {n : A, } is the zero level set
of the random function n — A,,, when P({ < 00) = 1, otherwise n = {n : A, }U{oco}.

So=0 S1 S Ss S48 Se

FIGURE 1. A trajectory of a renewal process without delay (So = 0) and, above,
the corresponding backward renewal time (A4,,).

Note that, given A, we know that A, is either A, + 1 or 0. We invite the
reader to provide a proof of the (a priori not obvious) fact that (A,) is a MC with
E =NU{0} and for j =0,1,...

- . N PE>i+1)
with £ ~ &;. Of course Q(7,0) =1 — p;.

Let us forget for a while the ¢ variables and let us just consider the Q-MC with
a general sequence of (p;) that are simply numbers in [0, 1]. Note however that if
p; = 0 then the chain cannot climb above j: by (1.73) we see that if p; = 0 then
pr, = 0 for every k > j. So we make this hypothesis on the (p;) sequence. In
principle, if p; = 0 for j > K (and p; < 1 otherwise) we could choose as state space
E ={0,1,..., K}, but we will not do so: we can imagine to start with a delay A,
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larger than K, the A; = 0 and the chain will stay in {0, 1, ..., K} for all times in N.
The states in {K + 1, K 4+ 2,...} are just transient and {0, 1,..., K} is the (closed
hence) recurrent class for the MC.

It is straightforward to see that the chain is irreducible if p; > 0 for every j and
if p; < 1 for infinitely many j’s.

Let us try to compute pg to decide if the chain is recurrent or transient: if the
chain is not irreducible then the result holds for the class to which 0 belongs, so
for {0,1,..., K} with the notation we used just above. Note that if we keep in the
game the & variables we see directly that poo = P({ < oo) and, as it is clear from
the origin of the process, 0 is recurrent if and only if the inter-arrivals are a.s. finite.
But let us compute using the (p;) sequence:

Po(To=j+1) = pop1---pj-1(1 —p;) for j=0,1,2,..., (1.74)
where of course we mean P(Ty = 1) = 1 — py. So if we introduce the non increasing
sequence II; := pop; ---p;—1 for j =1,2,... and I, := 1 we see that Z?:o Po(Th =
j+1) =1y -1, for n =0,1,.... Therefore

oo = Po(Ty < 00) = Iy — Iy = 1 -1, (1.75)
and the chain is recurrent if and only if II,, = 0. And in fact from (1.73) we see
that I, = P(§ = 00).

Let us turn to the invariant measures. Luckily the computation turns out to be
particularly simple: for j = 1,2, ... we have uQ(j) = p(j) yields pu(j) = p(j—1)pj_1,
s0 f1(7) = p(0)pop1 - - - pj—1. Moreover pQ(0) = 1(0) yields

Zu(j)(l —p;) = n(0), (1.76)

that is > 2y po -+ -pj-1(1 —p;) = 1 which simply means that Po(7p < oo) = 1.
The conclusion is rather remarkable: there exists an invariant measure if and

only if the chain is recurrent! This gives another example of a MC without invariant

measures (we have see that this is the case also for the BGW process when py = 0).

Let us investigate when p can be normalized. Of course the condition is:

Zu(j) = u(0) (1+Zpop1---pj1> < 00. (1.77)

This becomes more enlightening if we go back to (1.73). In fact (1.77) is equivalent
to 1+ 277, P(§ > j) = E[{]. So there exists a (unique) probability if and only if
the inter-arrival variable is in IL'. And the invariant probability is for j = 0,1,. ..
N PE>7)
m(j) = —=—=—.
V= "rpg

We are going to pick up again the analysis of the renewal process in Section 6.2
of Chapter 2.

(1.78)






CHAPTER 2

Markov Chains with accessible recurrent states

1. Accessible recurrent states

This chapter is devoted to a class of MC that a priori may look artificial: we
consider MC on a general state space (F, ) and for which there exists € E such
that

(1) pzn =1, that is 2 is recurrent;
(2) pyo > 0 for every y € E, that is z is accessible (from every state).

In this case for conciseness we will simply say that x is accessible and recurrent.
If only the second condition is satisfied, then x is simply accessible. Note that if x is
recurrent and accessible, then if there is another state y that is recurrent, then, by
Proposition 5.4 of Chapter 1, y is accessible too (in fact, py o = puy = Pyz = Pyy =
1). So, if x is recurrent and accessible, we can simply say that the MC is recurrent.
We will see that this generalizes also to finite and null recurrence.

This class of MC of course contains plenty of natural models when E is countable.
We are now going to give an interesting example of a MC with an accessible (possibly
recurrent) state. But we want to stress that in the next chapter we will show that
several MC that do not have accessible states can be related to an auxiliary MC that
has an accessible (possibly recurrent) state and that results proven for the auxiliary
MC can be transferred to the original MC. This of course enhances substantially
the importance of the content of this chapter.

1.1. Reflected walks: the Lindley process. The Lindley process with incre-
ments & is the MC with state space F = [0,00) (£ = B(FE)) defined in the standard
random dynamical system way by

Xn+1 = (Xn +’£n+1)+ ) (21)

with the £ variables taking values in R and of course ;. = max(z,0). Therefore the
kernel of the Lindley MC is

p(z,[0,y]) = P(&+2 <y), (2.2)
for every y > 0. In particular
p(z,{0}) = P(& < —2). (2.3)

Such a process is a random walk reflected at the origin: In fact, to the Lindley
process we just introduced one naturally associates the random walk S on R, defined
by Spi1 = Sn + &nt1. Note that if Sy = Xg =2 > 0, then S,, = X, for n < inf{n :
Sn < 0}, see Fig. 1.

31
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FIGURE 1. A trajectory of a Lindley process (X,,), thick line, and of the un-
derlying random walk (S,,), thin line. The two processes coincide for the first six
steps, so the thick line hides the thin line.

It is clear that 0 is accessible as soon as P(&; < 0) > 0: we are assuming this to
avoid trivialities. Whether 0 is recurrent or not is, in general, less evident, and we
are going to address this issue. But it is for example easy to establish that if & € !
and E[&;] < 0 then 0 is recurrent (in fact, positive recurrent, where, like in the case
of E countable, positive recurrence means that Eq[7Tp] < 00).

2. Invariant measures and accessibles recurrent states

If = is accessible for the kernel p we introduce the measure A, by setting

ilA(Xj>] : (2.4)

for every A € £ (and X is a p-MC). Note that if P,(T, < oco) = 1, i.e. if z is
recurrent, we have

> 1A<Xj>] 7 25)

just because X; = x both at j =0 and j = T5.

THEOREM 2.1. Choose a probability kernel p which admits an accessible state
x. Then
(1) If x is recurrent then X\, is p-invariant.
(2) If \; is p-invariant then x is recurrent.
(3) If x is recurrent and w is a p-invariant measure, then p({z}) < oo and

p=p({z})As.




2. INVARIANT MEASURES AND ACCESSIBLES RECURRENT STATES 33

(4) If z is recurrent then E,[T,] < oo if and only if there exists a unique
p-invariant probability w. In this case m = Ay /E,[T].

We are going to say that z is positive recurrent if we are in the framework of
point (4), that is if E,[T,] < co. Of course we say that z is null recurrent if it is
recurrent but E,[T,] = oco. Note that Theorem 2.1 (3) is an essential uniqueness
statement.

PROOF. For (1) let us start by showing that \,p = A,. For this we rewrite (2.5)
as

ZlA 1{Tx>]}] FTZIP’ X; €A T, >j) = > pilx,A),
=0

7=0
(2.6)
and FT marks the application of the Fubini and Tonelli Theorem. Note that p; is
a kernel, in the sense that x — p,(z, A) is measurable for every A and p;(z,-) is
a measure for every z. Of course p;(z, £) < 1 so it is not a probability kernel. In
particular, one sees that if h : £ — R is measurable (and positive or bounded),

fE p;(z, dy)h(y) = E,[h(X;); T, > j]. Note also that

/EAw(dy)p(y,A) - /EZ@(% dy)p(y, A) =

Let us therefore show that
gl.p = A, and consider first the case x ¢ A. We have

o0

[E 5(x, dy)p(y, A).  (2.7)

J=0

[E B (z, dy)p(y, A) = E, [p(X;, A); Tp > J]

= E, [P. (X;1 € A|F); To > j] (2.8)
=P, (T > 7, ]+1 S A)
=P

s (L >7+1, Xj41 €A) =pjp(z, A),

where the second step is the (simple) Markov Property, in the third step we used
{T, > j} € F; to carry the indicator function inside the conditional expectation,
that then becomes an expectation, and in the fourth step we used x ¢ A. Therefore

if z ¢ A we have

/E Al dy)p(y, 4) = D Brealw A) = ij 2, A) Z (2, A) = Au(A),

where in the last step we have used (2.6).
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Let us consider now the case A = {z}: in this case we proceed exactly like
before, except for the last step

/E 5, (x, dy)p(y, {2}) = E. [p(X;, {}); Ts >
= E. [P (Xj41 = 2|F) 5 T > ]
IP’I(Tx > 7, XjH:x) = Px(Tx:j—l—l) .

(2.10)

Recalling (2.6) and we see that this implies that

/E( v {z}) = Z]P’ L4 1) = BTy <o) (= 1), (211)

But it is straightforward to see also that A\,({z}) = P,(7, < o0), hence we have
proven that A\,p(A) = A\, (A) for every A € £.

In order to conclude that A, is invariant we are left to show that it is o-
finite. For this we use that \,({z}) = 1 < oco. Since \;p; = A, we have also
Ae D0 279p; > Ao 30y 279p = D00 277\ py = (1 —27")\, for every n, hence
AzPx > Az, wWhere p, has been introduced in (1.23). Since we have assumed that z
is accessible, p.(y, {z}) > 0 for every y € E, which implies that £ = U,en{y € E :
p*<y7 {x}) Z 1/n} = UnGNEn- Then

oo > A({z}) > /Ekx(dy)p*(y, {z}) > /E Ae(dy)pu(y, {z}) > %Ax (En) -

(2.12)
So A\ (E,) < oo for every n and A, is o-finite. This completes the proof of (1).

For what concerns (2), we have to show that x is recurrent. So let us assume
that x is transient, i.e. P,(T, = o0) > 0, and let us show that this is incompatible
with the hypothesis that A, is p-invariant. Since g, := P,(7T, = 0o0) > 0 we set

ZZI 14(X ] : (2.13)

and by direct inspection we see that A\ = A\, + ¢.0,. Moreover (2.9) and (2.11)
imply that A\Jp = A,. Therefore \)p = A\, + ¢.0,p by p-invariance of \,. Since
d.p(A) = p(z,A) is a positive measure, we obtain a contradiction. Hence x is
recurrent and (2) is proven.

A (A

For what concerns (3), let us start by observing that, since p is invariant, it is
o-finite. So u({z}) < co. On the other hand u({z}) > 0 because u({z}) = 0 implies
i = 0 because z is accessible (this can be seen by arguing like in the beginning of
(2.12): 0 = p({z}) = [, u(dy)p.(y,{z}) implies p = 0 because p,(y, {z}) > 0 for
every y).
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The idea now is based on the following scheme: for every A € £

W(A) = pp(4) = p({z})p(r, A) + /E TR

(2.14)
= p({z})Py(X: € A) + P, (Xo # 2, X; € A)
and then (restarting from the first line of (2.14))
A) = p{z})p(z, A dy)p(y, d VA
W(A) = p({a})pla, A) + /E " / u( Ay )p(y/, dy)p(y, A)
— j({eDp(e A) + p({z}) / p(z, dy)p(y, A)
E\{z}

(2.15)

/ / p(dy")p(y', dy)p(y, A)
E\{z} E\{w}
= p({z})Po (X1 € A) + p({zH)Pe (X1 # 7, X5 € A)

+PH<XO7£I7X1 %anQ EA) ’

and so on to obtain that for every n

w(A) = u({m})ZPx(Xk%a:fork‘: 1,...,j—1, X, €A

P,( Xy #zxfork=0,....n—1, X, € A4), (2.16)

from which we infer

w(A) > p({z}) Z]P’ (X #afork=1,. -1, X, € A)

7j=1

= u({z}) me(Tx > j, X; € A) (2.17)

ZlA ] = p({a}) A (4).

We are now going to exploit accessibility of z (and invariance of p, by hypothesis,
and of \,, by point (1)) to transform inequality (2.16) into an equality: note that

Hp=pt (2.16) Azp=Az
pl{r}) "= [Eu(dy)P*(y, {z}) = p({z}) /E Ae(dy)ps(y, {2}) =" p{z}),

(2.18)

where in the last step we used also A\,({x}) = 1. This implies that u = p({z})\,

Suppose in fact that p # u({zx})A;, by (2.16) we know that v := p — u({z})\, is

a (positive) measure for which [, h(y)v(dy) = 0, with h(y) := p.(y, {z}) > 0 for

every y, which implies v(h > 1/n) = 0 for every n, hence v(E) = 0 because {h >

1/n} A/ E, in contradiction with the assumption p # u({z})A,. This completes the

proof of point (3).

= n({z})E
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For point (4) we observe that, since z is recurrent then A, is p-invariant (by
point (1)) and we have essential uniqueness (by point (3)). We remark that \,(E) =
E.[T;]. So if E,[T,] < oo then \,/E,[T,] is the unique p-invariant probability. On
the other hand if \,(F) = E,[T,] = oo, any other p-invariant measure is proportional
to Az, hence there does not exist a p-invariant probability. O

We know that the existence of an invariant measure p with pu(F) = oo and
u({x}) > 0 does not imply that x is recurrent (see for example Section 7.2). On the
other hand the following result is useful:

PROPOSITION 2.2. If w is a p-invariant probability with w({x}) > 0, then x
18 recurrent.

PROOF. By the Strong Markov Property we know that E,[N,] < E,[N,] for
every y € E. Therefore, since 7 is a probability, we have

[ AN = B[N < Bl (2.19)

But E;[N,] = > Pr(X,, =) = Y 2 m({z}) = oo. Therefore z is recurrent.
U

3. Excursions based on a recurrent state and Ratio Limit Theorems

In this section we assume that x is recurrent for p. We recall that 7. ) is the
time of j* return to z, so and TV = T,.. We put by definition 79 .=0. A very
efficient tool is the decomposition of a trajectory of the MC into ezcursions from
x to x: an excursion from x to x is a trajectory of variable length that starts with
x and ends with z, and no visit to x in the middle. We can see an excursion as
a random variable taking values in a suitable probability space, but we will take a
more implicit approach: a (measurable) function of an excursion in fact is just a
Fr,- measurable random variable.

The key point is that excursions are independent, and even IID if we work with
P,. The key result to establish this is the following consequence of the Strong
Markov Property:

PROPOSITION 3.1. If x is a recurrent state for p and if, for every k € N,
2oy ..y Zi, are Fr,-measurable non-negative or bounded random variables, then
for every choice of Xq such that P(T, < oc0) =1

k
E H Z] ¢] eTéj)
7=0

= B[z [ (7] (220)

J=1

ProOOF. We proceed by induction. For k =1 by the Strong Markov Property
E[Zy(Z100r,)] = E[ZEx, [Z1]] , (2.21)
and, since P(T), < co) = 1, we replace X7, by x and (2.20) follows for k = 1.
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If (2.20) holds for £ > 1 and any P such that P(7, < oo) = 1, then using that
0, = 0,6-1 00z, on {Téj) < oo} and that ]P’(T;,gj) < 00) = 1 we see that

k+1 k+1

E|([]Zo %gw] =E |Z ((H Zjo eng,-l)) o 9T1>
J=0 J=1

k+1 k+1

H Zjo 9T£j71> =K [ZO] HEI [ZJ]
i=1 =1

where in the second step we used the Strong Markov Property and in the last step
we used the induction hypothesis for P = P,. O

(2.22)

Here is a direct consequence of Proposition 3.1. For f : E' — R we set

=X, (2.23)

and for j € N
TG+

Zj(w, f) == Zo(x, f) o0 = > F(XR). (2.24)

k=T 41

COROLLARY 3.2. Under the hypotheses of Proposition 3.1, for every f mea-
surable we have that (Z;(z, f))j=o1... 15 a sequence of independent random vari-
ables and (Z;(x, f))j=12,.. is an IID sequence. In particular, if P = P,, then

(Zi(z, [))j=o0,1,.. is IID.

The major consequence of Corollary 3.2 (and of the Law of Large Numbers for
IID sequences is the following result that makes invariant measures very relevant for
the asymptotic behavior of MCs with one recurrent state (and not only when the
invariant measure can be normalized):

THEOREM 3.3 (Ratio Limit Theorem). Let p be a Markov kernel admitting
an accessible recurrent state and call \ the (essentially unique) invariant mea-
sure. Then for every choice of the law of Xo such that P(T, < co) = 1 we have
that for every f,g such that [, |f|d\ < oo, [,]g9|dX < oo and [, gd\#0

S [ fdy
PQLOO S e ngdA> - (2.25)

PrROOF. By Theorem 2.1 (1) and (3) we know that A = A({z})\, so we can
replace A with A,. Then Theorem 3.3 is a direct consequence of

(Xk)

]P(hm i J(X) /fdA) =1, (2.26)
n—00 Yk 1iay (Xk)

for f non negative and measurable.
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Let us first show (2.26) with P = IP,.. In this case (Z;(z, f)) en is an IID sequence
(Corollary 3.2). Note that E,[Z;(x, f)] = E.[> 12, f(Xe)] = [ [dA, for every j.

Moreover
Tim

SR = S 2 ), (2.27)
k=1 Jj=0

so Kolmogorov Law of Large Numbers yields that

Tz (m)

P, %ﬂnooﬁ > (X /fd/\ = 1. (2.28)

k=1

This of course remains true if m is replaced by any N valued sequence (even random)
(L,,) such that P,(lim,, L,, = co) = 1. We choose

- Z 1y (Xk), (2.29)

and lim,, L, = oo A;-a.s. because zx is recurrent. Note that ngL") <n< ngL"H).
Next we remark that

gil f(Xk) < Ek:l f(Xk) < n+1 ZT (Lnt1) (Xk) .
Lo T Yialw(Xk) T Le Latl

By taking n — oo we obtain (2.26) with P = P,.

The general case is a straightforward exercise that uses the Strong Markov Prop-
erty, or even directly the Law of Large Numbers when the first random variable
in the sequence has a different law with respect to the other variables in the se-

quence. Of course we need that this first variable is a.s. finite, for which we use
that P(T, < o0) = 1. O

(2.30)

A direct corollary to the Ratio Limit Theorem in the positive recurrent case is
the a.s. Ergodic Theorem for MC (of course, the a.s. Ergodic Theorem, also known
as Birkhoff Ergodic Theorem, holds in much greater generality):

COROLLARY 3.4 (Almost Sure Ergodic Theorem for Markov Chains). Let p
be a Markov kernel admitting an accessible recurrent state and assume that x is
positive recurrent (i.e. \.(E) < 0o and we set m := A,/ \.(E)). Then for every
choice of the law of Xy such that P(T, < o) = 1 and for every f measurable
and positive or such that fE fdm < oo we have

(nlggoan (X5) /fdw) = 1. (2.31)

PrROOF. Apply Theorem 3.3 with g = 1. 0
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Also in he null recurrent case we have an interesting consequence of the Ratio
Limit Theorem:

COROLLARY 3.5. Let p be a Markov kernel admitting an accessible recurrent
state and assume that x is null recurrent (i.e. Ay (E) = oc). Then if f is such
that [, |f|d\, < co we have

P (JEEO%ZH:JC(X,C) _ o) 1 (2.32)

PROOF. In this case one is tempted to choose again g = 1 in Theorem 3.3. But
in this case |, 1 9dA; = 0o. To get around this problem we use the fact that A, is
o-finite so for every ¢ > 0 we can find an event F; such that 1/e < A\, (F:) < 0.
Therefore Theorem 3.3 with ¢ = 15, yields that

e S (X fEfdAm>
P( lim &k _ — 1. 2.33
Since | [, fdX;|/ [, 9dAs < e [, [f]dA; we conclude. O

4. The Ergodic Theorem

The Almost Sure Ergodic Theorem for Markov Chains (Corollary 3.4) directly
yields that, in presence of a finite recurrent accessible state z, for every initial
condition and every A € £

SR
lim E;P(Xk € A) = 1(A). (2.34)

This result cannot be improved to lim, . P(X, € A) = 7w(A) in full generality:
consider in fact that irreducible MC with £ = {1,2} and Q(1,2) = Q(2,1) =1
(hence Q(1,1) = Q(2,2) = 0). In this case P1(X, = 1) = Q"(1,1) = 0 if n is odd
and Q"(1,1) =2 if n is even. So (P1(X,, = 1))nen does not converge.

In fact the only problem that we have to watch out for is the periodicity that is
evident in the simple example we just developed.

Given p, we say that the period t, of a state = is the Greatest Common Divisor
(GCD) of E, :={n=1,2,...: pu(z,{z}}, with GCD(0) = co. If t, = 1 then we
say that x is aperiodic. There are two relevant facts about periods that we collect
in the next statement:

PROPOSITION 4.1. Choose a Markov kernel p. We have that
(1) if x is accessible, then there exists ng such that pu,(z,{z}) > 0 for
every n > ng;
(2) if x and y are accessible, then t, =t,.
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PROOF. For what concerns (1) we start by remarking that, since x is accessible,
E, is not empty, hence t, < co. If t, > 1, then we can consider E,/t, := {n/t, :
n € E,} and we are back to ¢, = 1. So let us treat the case t, = 1: note that E,
is stable under addition (by the usual Markov Kernel trick). Moreover, since the
GCD of E, is 1 we can find {ny,...,n,} C E, such that the GCD of {ny,...,n,}
is 1 (we can assume without loss of generality that m > 2, because if m = 1
then n; = 1 and there is nothing to prove). So, by Bézout identity (or Lemma),
there exists r1,...,7, € Z such that Z;":l rin; = 1. We rewrite this identity as
a:= 3, ol =1+, lrjln; = 1+b. Note that a,b € E since E, is
stable under addition. By Euclidean division we can write any n € Nasn =qb+r
with r € {0,...,b—1} and ¢ = 0,1,.... Therefore n = gb+r(a—b) = (¢—1r)b+ra.
If n is larger than b* we have that ¢ —r > 0 and (again, stability under addition)
n € E,. Point (1) is therefore proven.

For what concerns (2) we recall that accessibility implies that ¢, < oo and
ty, < oo. Let us show that t, > t,: choose n € E,. By accessibility there exists
Na,y such that py, (z,{y}) > 0 and there exists n,, such that p,, , (y,{z}) > O:
therefore both n,, +n,, and n,, +n +n,, are in E,. Therefore n,, +n,, is a
multiple of ¢, and so is n. Hence ¢, > t,. Since the argument can be repeated by
exchanging x and y, t, = t,. 0

The Ergodic Theorem is stated in terms of the total variation between probability
measures: if 4 and v are two probabilities on (E, £)

dry(p,v) = Sup (1(A) = v(A)) . (2.35)

Various facts about the total variation distance are discussed in Section 7, notably
that that convergence in total variation is stronger that weak convergence of prob-
abilities, which is evident from (2.61) (but the two types of convergence coincide if
E is countable, see Proposition 7.2).

THEOREM 4.2. Choose a Markov kernel p that admits an accessible, aperi-
odic, positive recurrent state. Denote by m the unique p-invariant probability.
Then for every probability v on (E,E) such that P, (T, < co) = 1 we have

Jim dry(ppa7) = 0. (2.36)

PROOF. Let us start by remarking that
(119 1) = sp (P(X, € A) = w(A)) = sup [B, (X, € A) = n(4)

< [ swpIP (X, € A) = w ()] (). (237

So, by Dominated Convergence, it suffices to show that

limsup |P,(X,, € A) —7w(A)| = 0, (2.38)
noo4
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wu(dy)-a.s..

We give a proof of (2.38) based on independent coupling, in the sense that we
consider the process (X,(ll),Xg))n:O,l,m with (XM),_01... a p-MC with XM), =
y and (X®),_01.. a p-MC with X®), with law 7. Moreover (X)), _q;  and
(X®),_01... are independent.

In fact, (Xr(Ll), 75,2))71:0717_._ is a MC with state space F x E equipped with the
standard product o-algebra: we leave the proof of this fact to the reader, but we
point out that the kernel p® of this new Markov chain from the state (y,z) € Ex E
to an event of the form A x B is p®((y,2), A x B) = p(y, A)p(z, B). Let us re-
mark that 7 x 7 is p®-invariant. Moreover, if  is an accessible recurrent aperiodic
state for p, then (z, ) is an accessible recurrent state for p®. In fact, it is acces-
sible because for every (y,z) there exists n,, such that p,(fy)‘ﬁn((y, 2),{(z,z)}) =
Pry.+n(Ys {2})Pn,..4+n(2, {2}) > 0 for every n > 0: this follows from the accessibility
of z and aperiodicity (this is the only, but crucial, point in which aperiodicity is
used!), see Proposition 4.1. We now use that 7 x 7 is an invariant probability, so
Proposition 2.2 tells us that x is (positive) recurrent and Theorem 2.1, parts (1)
and (3), imply that 7 x 7 is the unique p®-invariant probability. We use the sim-
plified notation T for the stopping time T, (b:c,z) (we work with the natural filtration

of (X7(zl), X7(7,2))n:071,---):

T:=inf{n=01,...: XM =x¥=z}. (2.39)
We have
By (X € A) = w(A)] = [Es,xr [La (X)) — 14 (XP)]]
= |Es,n [1a (X)) =14 (XP); T > 0] (2.40)

where in the second step we have used that
Es,r [1a (X)) =14 (XP); T <n] =0, (2.41)

which is a consequence of the Strong Markov Property that implies that for 7 < n
and on the event {T" = j} we have

Es,xr [1a (X)) — 14 (XP) |Fr] = paoj(z, A) — puejlz, A) = 0. (2.42)

So we are left with showing that lim,, Ps, < (1" > n) = 0, u(dy)-a.s..

REMARK 4.3. It is rather intuitive (and we claim) that P.(T, < oo) = 1. Here
is a proof: call C' = {y : Py(T, < 00) = 1} and x € C. Then fory € C we
have 0 = Py (T, = o0) = Py(Xy # 2, T, 00, = 00) > P, (X; & C, T, 060, = o0) =
E,)[Px, (T, = 00); X1 & C|. Since Px, (T, = oo) > 0 for X; ¢ C we see that
P, (X, ¢ C) = 0. This means that C is closed (the process cannot get out of it).
Hence

A(C) = B[S 16(X)] = EA[T.] (2.43)
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which completes the proof of the claim.

In view of Remark 4.3, it suffices to show that lim, P, ) (T">n) = 0, u X
7T( d(yv z))-a.s., Le. ]P(y,z) (T < OO) = 1, X 7T( d(y, z))-a.s..

REMARK 4.4. If E is countable and given the assumption of accessibility of x,
one sees that the support of m, i.e. Ey := {x : w(x) > 0}, is closed fo the Markov
chain (and E \ Ey is transient). Hence it suffices to show that P, ., (T < 00) =1
for every y, z € Ey. Moreover the p-MC'is irreducible on this set (Proposition 5.4 of
Chapter 1). Moreover aperiodicity implies that p,(x,{x}) > 0 for n sufficiently large
(in fact, for every x € Ey). Therefore p,(y,{z})pn(z, {x}) > 0 for n sufficiently
large too, for every y and z in Ey. This means that P, .y (T < o00) = 1 for every
y,2 € Ey and the proof of Theorem 4.2 is complete. If E 1is not countable this
argument is no longer available and we attack the problem using renewal theory.

The last step of the proof that can be restated in terms of renewals (and inter-
section renewals).

For this we introduce the sequence (T;l)) j=1,2,.. of the times of successive visits

to = by (XT(LD)”:O,LW: SO 7-;1) = ngj) for the MC (Xr(f)). In the same way we call

(7-;2))3‘:1727.__ of the times of successive visits to x by (X7(12))n:0,17,__. Note that this are
a.s. infinite sequences of finite numbers because we have assumed P, (T, < co) =1
and we have proven P, (T, < co) = 1. Moreover, by the Strong Markov Property,

we know that
(1) (1) (2) (2)
<Tj+1 ik )j:1,2,... and <Tj+1 I )j:1,2,... ’ (2.44)

are two IID sequences. More than that, these two sequence are equal in law because
they are just IID sequences of random variables that have the same law as T,
for the p-MC with Xy = x. By the hypothesis of positive recurrence we have
that E,[T,] < co. Note that this means that (Tj(l))j:m,m and (T]-(Q))j:mw are two
independent random walks with positive increments that are in L. In different
language, (Tj(l)) and (Tj(Q)) are two independent delayed positive persistent renewals
with the same inter-arrival law. Moreover, they are aperiodic because the original
Markov chain is aperiodic, see Proposition 6.3.

Therefore P, .) (T' < 00) = 1 is a direct consequence of Proposition 6.5 and the

proof of Theorem 4.2 is complete. 0

5. The Lindley process

The Lindley MC has been introduced in Sec. 1.1, to which we refer for the
notations (&,), (X,) and (S,).

An extremely precise understanding of the Lindley MC has been developed (see
for example [1] and references therein) and we will just touch a few aspects of all
this activity. Let us start by observing that, by construction, X,, > .S,, for every n.
So, if lim,, S, = oo a.s., this happens in particular when ¢; € L' and E[¢;] > 0 by
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the Law of Large Numbers, then X,, — oo and Ny < oo a.s.: so 0 is transient (recall
that we assume that P(§; < 0) > 0, so 0 is accessible).

There is an interesting direct link between the Lindley process with Xy = 0 and
the random walk (S,) with Sy = 0. In fact, it is straightforward to see that the

return times (Téj))jzo,lw of 0 by (X,,) are the descending ladder times of (S,): the
descending ladder times are defined by setting 7o = 0 and, for k > 0, 711 := inf{n >
Tk © Sp < S5 }. So the ladder times are the times in which the walk hits a new

minimum. The identity we just claimed is actually pathwise: that is To(j )(w) = 7;(w)
for every w.
One can show that (.S,) has only three possible behaviors [1, p. 224, Th. 2.4]:

(1) either S,, — oo a.s.;

(2) or S,, = —o0 a.s.;

(3) or limsup,, S, = +o0 and liminf, S, = —c0 a.s.;
and P(7; < o0) = 1 if and only if we are in cases (2) or (3). Therefore ((2) or (3)) is
a necessary and sufficient condition for recurrence of the Lindley process. So (X))
is null recurrent if and only if (S5,,) is in case (3), and this happens if and only if
€ e L and E&§ = 0 or € ~ —£. In Proposition 5.2 we will show a part of these
results: namely, that S,, — —oo implies that (X,,) is positive recurrent.

We are now going to show remarkable identity for the Lindley MC (and then we
develop some consequences):

PROPOSITION 5.1. If he(z) = (v + £)+ we have that for every x >0

h&lohfzo“'ohﬁn (I) - maX(07§17§1+£27"'7§1+'~‘+£n—17€1+--~7§n+x) .
(2.45)

Proposition 5.1 acquires its interest if we recall (1.7)
Xn = hﬁn e} h&kl ©0...0 hfl (.’lf) 3 (246)

and for the the Lindley MC he(2) = (+€)4+, so (X,,) is a Lindley MC with X, = .
And even if X,, does not coincide at all with the quantity in (2.45), nevertheless
these two random variables have the same law

Xn ~ Y, = hg ohgo...0hg (z), (2.47)

because (£1,&a,...,&) ~ (&ny&n—1,- -, &1)-
Let us however stress that (X,,) % (Y,,): they are not at all the same process. In

particular, if z = 0 then (Y},) is non decreasing, while of course (X,,) oscillates up
and down! See Fig. 1.

PROOF OF PROPOSITION 5.1. Let us deal with the case x = 0 (the generaliza-
tion is immediate). The proof follows by induction because he, (0) = (&) which
is the first step of the induction. The iterative step uses that for every x > 0 and
yelR

(x+yy), = max(0,7,2 +y), (2.48)
which can be established by considering separately the cases y > 0 and y < 0. [
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Here is a remarquable consequence of Proposition 5.1.

PROPOSITION 5.2. If S,, — —o0 a.s. then the Lindley MC (X,,) converges
in total variation toward a limit law that is the unique invariant probability and
the process is positive recurrent.

PRrOOF. If S,, — —oo then for every  we have lim,, Y,, := Y, < oo exists! And
Yoo := max (0,&,& +&,...) - (2.49)

Note that Y., does not depend on z.

Since X, ~ Y, we readily obtain that, for every Xy =z > 0, (X,,) converges in
law to Y. Let us show that the law of Y, is an invariant probability for (X,): for
this we introduce a variable &, such that (&;) =01, is IID. We have lim,, he,(Y;,) =
hey(Yao), just because hey)(+) is continuous (if we want to be pedantic we say a.s.
continuous to leave out the zero probability event that § = oco). But hg, (Y,,) ~
he, ., (Xn) = Xn11, which converges in law to Y. This means that he,(Yoo) ~ Yoo,
hence the law of Y, is an invariant probability.

It is straightforward to see that P(Y,, = 0) > 0 by exploiting that its law is
invariant and that P(§; < 0) > 0. Therefore by Proposition 2.2 we have that 0 is
recurrent and, by Theorem 2.1, we obtain uniqueness of the invariant measure that
is a probability.

We are left with improving the convergence in law to convergence in total vari-
ation. For this we apply Theorem 4.2: the only property that we are left to verify
is aperiodicity. But p(0,{0}) = P(&; < 0) > 0 hance 0 is aperiodic and the proof is
complete. O

In the previous proof we exploited the general theory to infer uniqueness of
the invariant probability. We could have extracted uniqueness (among probability
measures) from the fact that we know the weak convergence of the process and that
the limit does not depend on the initial condition.

PROPOSITION 5.3. (X,,) is a (p, E)-MC and if (X,,) converges in law to X
for every initial condition Xg = x € E. If there exists an invariant probability
7, then Xoo ~ 7 (hence w is the unique invariant probability).

Proor. The hypotheses can be restated by saying that the n-step Markov kernel
pn(z, ) computed at x, converges weakly to the law v of X, and this holds for every
x € E. Therefore for every h € Cp and every n (and passing to n — oo in the last
step we have

[ nwtn) = [ nwman) = [ 1) [ (a0 a

= [ ([ ntpate ) wtan) — [ ntowian, 250

hence m = v. O
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6. Back to Markov chains with countable state space

6.1. Random walks on Z. We focus on the MC defined by the iteration
Xpi1 = X, + &1 with X € Z and the TID sequence (&,) is make of random
variables of law P, and of course P¢(Z) = 1, so we write P¢(x) for Pe({z}). We
assume that ¢ is not trivial, that is P:(z) < 1 for every z. Note that for this MC
p(z,{y}) = Q(x,y) = Pe(y—x). This is particular implies that U(z, y) just depends
on y — x, so either all states are recurrent, or they are all transient. Moreover it
implies also that the uniform measure p on Z (u(z) = 1 for every x € Z) is invariant.

The issue of essential uniqueness of this invariant measure, at least in the case in
which z is positive recurrent, depends on whether or not x is accessible. Note that
if £ takes values only on even (respectively, odd) sites, then even sites communicate
only with even (respectively, odd) sites. So, in general, E = Z can be decomposed
into equivalence classes and the uniform measure over the equivalence class is going
to be invariant. And this invariant measure is going to be the (essentially) unique
invariant measure that is supported on a given equivalence class. In any case, we
can conclude that that no state is positive recurrent for for random walks on Z.

Let us look more carefully at the irreducibility issue. We have the following
result (that can be easily generalized also to dimension larger than one):

PROPOSITION 6.1. A random walk on Z with increment variable £ for which
a state (hence all) is recurrent is irreducible if and only if the subgroup generated
by the support of the law of € is Z.

PROOF. Since Q(z,y) = P:(y—x) for every x and y, it suffices to consider the cas
Xo = 0. Let us call G subgroup generated by the support of P. It is straightforward
that Py(X,, € G for every n) = 1. Therefore if G # Z, the MC is not irreducible.
On the other hand, if G = Z then we consider the set Hy := {y : U(0,y) > 0} and
we remark that Hy is a subgroup of Z. In fact

(1) 0 € Hy because U(0,0) > 0 by definition;
(2) if z,y € Hy then there exist n, and n, such that Q™ (0,2) > 0 and
Q™ (0,y) > 0, hence

Q™ (0, +y) > Q™ (0,2)Q™ (x,z +y) = Q™ (0,2)Q™(0,y) > 0, (2.51)
so x4+ vy €€ Hy;

(3) © € Hy means U(0,z) > 0, which implies (Proposition 5.4 of Chapter 1)
U(x,0) > 0 because 0 (or x) is recurrent. But in this case U(z,0) =
U(0, —x), hence —z € H,.

Since we have assumed that G = Z, we have that Hy = Z, so any state is
accessible from 0 and, since 0 is recurrent (again: Proposition 5.4 of Chapter 1) we
obtain that all states communicate. ]
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PROPOSITION 6.2. Consider a random walk on 7. with increment variable £
such that £ € L': x € Z is recurrent if and only if E[§] = 0.

The only if part of Proposition 6.2 is straightforward and holds also in higher
dimension. The if part is much less trivial and d = 1 is crucially used.

PrOOF. The only if part is a direct consequence of Kolmogorov Law of Large
Numbers. Let us focus on the if part and let us choose z = 0 without loss of
generality.

We proceed by contradiction and assume that U(0,0) < co. We start by recalling
that U(0,z) < U(x,z) = U(0,0). Therefore " U(0,z) < (2n + 1)U(0,0), i.e.
for every n € N we have

> U(0,2) < C with C := 3U(0,0). (2.52)
On the other hand lim, X,,/n = 0 a.s. by the Law of Large Numbers. Hence for
every € > (0 we can find n. such that for n > n. we have

P(X<en) = 3 Q0.0) > % (2.53)
z: |z|<en

By elementary arguments we have therefore that for every choice of ny > m > ng
we have

1
m > m —=. 2.54
>, QMO = Y, Q) > g (2.54)
x: |z|<eny x: |z|<em
By summing over m = ng,ng + 1,...,n; we arrive at

ni

Y Y Qo) > ”1;"0, (2.55)

m=ng z: |z|<en;

which directly entails that .., U(0,2) > (nm1 —no)/2 ~ ni/2 for oy — oo.
Let us make now the definite choice of ¢ := 1/(3C): by (2.52) we have that
> lej<em U(0,2) < Ceny = ny/3. Therefore for ny sufficiently large a contradic-
tion emerges and this denies the assumption U(0,0) < oo. Therefore U(0,0) = oo
and the proof is complete. O

6.2. Back to discrete renewals. We pick up again the analysis from Sec-
tion 7.4 of Chapter 1. Let us first show that the following result that is an exercise
in establishing aperiodicity of a chain that has a direct applications to the remainder
of this subsection.

PROPOSITION 6.3. Assume that the backward recurrence time MC (A,) is
irreducible. (A,) is aperiodic if and only if the support of & is aperiodic (i.e. if
{neN:PE=n)>0} CdN only ford=1).
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PROOF. We observe that Ey := {n : Q"(0,0) > 0} = {n: P(3_7_,§;) > 0} =
{Z§:1 z; : k € N and x; belongs to the support of ¢ for every j}. Moreover E
is clearly stable under addition. Set d :=GCD(Ey): Bézout Theorem implies that
there exists ng such that nd € Ej for every n > ng. So if the support of £ is aperiodic

we have d = 1, hence 0 is aperiodic for (A,). On the other hand if 0 is aperiodic for
(Ay), d =1 by definition. O

THEOREM 6.4 (Discrete Renewal Theorem). Consider n an aperiodic re-
newal with inter-arrival variable &. Then

r}g{}op(n €en) = ﬁ € (1,00]. (2.56)

PROOF. We prove the result without delay (the case with delay follows di-
rectly from the result without delay). We have that P (n € ) = Py(A4,, = 0) and,
by Theorem 4.2 (and Remark 4.4), if the renewal is positive persistent we have
lim, Py(A, = 0) = 7({0}), where 7 is the invariant probability in (1.78). So the
proof is complete in the positive persistent case.

In the transient case the result is a direct consequence of the Dominated Con-
vergence Theorem, because 1,(n) = 0 for n sufficiently large.

ADD: case null recurrent.
OJ

We recall that the renewal set n = {n € N: A, = 0} if (4,) is recurrent. In
this case, 7 is an infinite set. When (A,,) is recurrent (respectively, transient) we say
that the renewal is persistent (respectively, terminating). We say that 7 is positive
persistent if (A,,) is positive recurrent, i.e. if the inter-arrival variable is in L.

PROPOSITION 6.5. Consider two independent positive persistent delayed re-
newals n = {no, M, ...+ ans n' = {n},n},...} that share the same inter-arrival
law. We assume in addition that the inter-arrival law is aperiodic. Then

nnn #0 a.s..

PRrOOF. It suffices to consider the case which 7 has no delay (i.e., ny = 0).
Moreover since 7’ is a.s. an infinite set, it suffices to show that for every infinite
subset H C N we have

PinNH#0) =1. (2.57)
In fact, we are going to show that n N H is a.s. an infinite set.

It is practical at this stage to look at the renewal process as a random walk (S,,)
with positive increments, hence living on the non negative integers: n = {Sp, S1, ...}
The fact that 7 is positive persistent means that E[S;] = E[S;;1 — 5] < co. With
standard notation T}, = T is the first hitting time (notice that in this case 7" = T},)
and {n € n} = {T,, < co}. Therefore u(n) := P(7T,, < o0) is the renewal function
and lim, u(n) = 1/E[S;] =: 26 > 0 by the Discrete Renewal Theorem (Theorem 6.4).
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Therefore there exists k such that u(n) > ¢ for every n > k. In turn, since H is
an infinite subset of N U {0}, for every i we can choose j € H in such a way that
J>1+k, so

0 < P(T)_; < o00) . (2.58)
If we now consider the renewal with delay i, that is Sy = ¢ instead of Sy = 0 as we did
up to now, so the law of S is denoted by P; (and P = Py), we have P (7;_; < 00) =
P; (T; < 00) and, since j € H, P; (T; < 00) < P; (T < 00). Therefore

inf P, (Ty <o0) > 4. (2.59)

Therefore by Proposition 5.6 applied to the MC (S,,) (even with an arbitrary law of
So, but for us Sy = 0 suffices) with A = NU{0}, so N4 = 0o because T is persistent,
and B = H, we obtain that Ny = oo a.s., that is (S,,) visits H infinitely often. The
proof is therefore complete. |

7. Complements: the total variation distance

We have introduced the distance in total variation between probability measures
in (2.35). Let us point out that

drv(p, v) = sup |p(A) = v(A)] (2.60)

because A can be replaced by AL, From (2.60) its is clear that dry(-, -) is a distance.
Here is an equivalent expression for the total variation distance:

1
vl v) = 2 st (/Efdﬂ_/];fdy) ' (2.61)

That the right-hand side dominates dry(p, ) is seen by choosing f =14 — 1, =
214 — 1. The other bound may be established by remarking that [ fdu— [ fdv =
[ fd(p—v)+ — [ fd(p — v)— where we have written the signed measure 1 — v as
difference of the two positive measures (u — v)+ with disjoint support. Call A,
respectively A_, the support of (1 — v), respectively of (1 —v)_. For ||f]le <1
we therefore have

/fdu—/fdu < /1A+d(u—u)+—/1Ad(u—u)_

= /(1A+—1A_) d(p —v) (2.62)
— /(21A+—1) dlp—v) = 2(u(Ay) —v(4y)) .

Therefore (2.61) is proven.

Note that (2.61) directly implies that convergence in total variation is stronger
than weak convergence. In fact (p,) converges to p weakly if [ g A — ) g Ju for
every f bounded and continuous: the convergence in total variation demands that
this convergence holds for every bounded function, and uniformly in the class of
functions bounded by a a fixed constant.
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The next result says that if ;4 and v are both absolutely continuous with respect
to a measure, then the distance in total variation is 1/2 times the L' norm of the
difference of the densities. This makes clear that in general convergence in total
variation is strictly stronger than the standard (weak) convergence of probabilities.
In fact, if a sequence of probabilities that admit a density converges in total varia-
tions, then the limit admits a density. So, for example, if X,, ~ N(,1/n), then of
course (X,,) converges in law toward 0, i.e. the law of X,, converges weakly toward
do. But the law of (X,,) does not converge to dy in total variation.

PROPOSITION 7.1. If the probabilities p and v (on (E,£)) are absolutely
continuous with respect to the o-finite measure A\, hence y = f,\ and v = f,\
with f, and f, non negative measurable functions, then

1
dTV(Ma V) = §||fu - fV”ILl(A) . (2'63)

PRrROOF. By (2.61)

dntu) = 5 s ([rra- [rna) <5 [in-nla, e

Fillfllo<1
The other bound is obtained by choosing f = 1y,-5, — 15«5, in (2.61). O

On the other hand, if E is countable then weak converge and convergence in
total variation coincide. Here is the precise statement:

PROPOSITION 7.2. If E is countable and endowed with the discrete topology
(then all subset of E is a Borel set, consistent with our choice of £) and (ii,)
is a sequence of probabilities on (E,&) then (u,) converges in total variation
if and only if it converges weakly. This convergence take place if and only if
lim,, pn(x) =: p(x) for every x and ) p(x) = 1.

PROOF. Let us start by remarking that in this countable context we have

re(pv) = 5 3 () = (), (2.65)

zel

because, by Proposition 7.1, z — p(x) and z — v(z) may be seen as densities
respectively of p and v with respect to the counting measure (defined by A(z) := 1
for every ).

We already know that convergence in total variation implies weak convergence
(in full generality). Let us show the converse statement in the countable set up:
assume that (p,,) converges weakly to . Then, by using the test function 1y,
lim,, p,(z) = p(x) for every x. For every ¢ > 0 there exists a finite subset K of
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E with p(K) > 1 —¢/2. Hence there exists ng such that p,(K) > 1 — ¢ for every
n > ng. But by (2.65)

dry (b, o Z () = p(@)| + 5 (“n (KE> th (KE>>

:cEK

n>n0 IZ’un - ’+5

zeK

(2.66)

and by passing to the limit n — oo we see that (1, ) converges toi p in total variation.

Note that the convergence (weak) convergence of (p,,)) to u embodies the fact
that p is a probability. But the existence of the limit lim,, u,(x) =: u(x) does not
implies that x is a probability, i.e. > p(x) = 1. But the argument we just gave
shows that the existence of the limit lim,, y1,,(z) =: p(x) and Y p(z) = 1 yields
convergence (in total variation, hence also weak convergence). UJ

Finally wide point out the following coupling viewpoint on convergence in total
variation. We exploit the fact that a probability on E may be viewed as the law of
an F valued random variable.

PRrROPOSITION 7.3. We have that
dry(p,v) = N inf P(X#Y), (2.67)
~p

~v

where X and 'Y are random variables defined on the same probability space.

PROOF. The upper bound is easy: from (2.35) we have that for every choice of
X ~ pand Y ~ v on the same probability space

dry(p, v) = SleE [14(X) = 14(Y)] = SleE [1a(X) = 14(Y); X #Y] <P(X #Y).

(2.68)
For the lower bound we refer to ADD. O



CHAPTER 3

General Markov Chains

1. Harris Markov chains

A lot of interesting MC have no recurrent accessible state. In fact, in plenty of
cases (think of a random walk with increment law that gives measure zero to every
state, for example when the increment law has a density with respect to Lebesgue)
no state is accessible (leave alone being recurrent). T. Harris ideas in this context
is: can we modify the MC so that the new MC has an accessible recurrent state and
such that we can relate results for the new MC to the original MC?

This is possible for a class of MC that we call Harris MC. To be precise, in
general to an Harris MC we can associate a new MC with an accessible state. This
state may not be recurrent: proving recurrence requires more work, but it is not
difficult to give conditions that are sufficient for recurrence.

We say that a p-MC is Harris if there exist A and B in £, £ > 0 and a probability
pon (E, &) with p(B) = 1 such that

(1) A is accessible;
(2)ifre Aet C C B, C €&, wehave p(z,C) > ep(C).

Let us give immediately some examples that are not particularly interesting, but
they start giving a gist of what Harris chains are.

e If F is countable and x is accessible we can take A = {z} and B = {y},
any y such that Q(z,y) =: ¢ > 0. End p is the Knornecker delta on y. In
particular any irreducible MC with E countable is Harris.

e A random walk on R, X, 11 = X, +&,41, with & ~ U(—1,1). In this case we
can choose A = B = [-1/2,1/2], p the uniform measure on B and € = 1/2.
It is straightforward to show that A is accessible.

e A chain is said atomic if it possesses an atom, that is a measurable set A
such that p(z, dy) = v(dy) for every x. If this atom is accessible then the
chain is Harris with A the atom, B=F, p=v and € = 1.

Consider now a p-MC that is Harris. We build the auxiliary chain that is going
to be on the enlarged state space E* := E U «, with a a singleton, that is «
contains only one element, that (with abuse of notation) we call a. The o-algebra
of measurable subsets of £ is £¢ := {C,CUa : C € £}. The probability kernel p®

51
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of the auxiliary chain is introduced first by defining p®(z,C) for x € F

p(z,C) ifre E\Aand C € €&,
p*(x,C) ==« if € Aand C = o, (3.1)
p(z,C) —ep(C) ifrxe Aand C €€,

and the first line implies that p®(z,a) = 0 for x € E'\ A because p® is a probability
kernel, and then by completing the definition with

p%(a, C) = [Ep“(y, C)p(dy), (3.2)

where of course we can replace E with B as region of integration.

REMARK 1.1. p* is a probability kernel because p®(x, E*) =1 forx € E\ A as
we have already seen. For x € A we have p*(z, E*) = p(z, E) —ep(E) +e =1 and
of course p*(a, E*) = [, p*(y, E*)p(dy) = 1. We remark also that

p*(a,a) = ep(A) = ep(AN B), (3.3)

so in general the chain cannot go from « to « in one step. But « is aperiodic for the
p*-MC'if p(ANB) > 0 (of course this is only a sufficient condition for aperiodicity).

So « is an accessible state for p*-MC. If we are able to show (and we will develop
examples in this direction) that a is recurrent then we know that there exists an
(essentially unique) p®-invariant measure. So we can apply the Ratio Limit Theorem.
And if the invariant measure is normalizable we can also apply the Ergodic Theorem
(with convergence in total variation distance). Of course these results are interesting
if we can export them to the p-MC! But this is the case as we show now.

We start by introducing the elementary probability kernel v : E* x £ — [0, 1]
by setting v(z,{z}) = 1 if 2 € E and v(a,C) = p(C) if C € £. Note that these
requirements identify v because they imply that v(z,a) = 0 for every z € E*. So
this kernel sends states in £ into E: if the state is in E the kernel does nothing, if
the state is « then it is sent inside F, in fact in B, according to the law p.

LEMMA 1.2. vp® = p® as kernels on E* x €% and p*v = p as kernels on
E x€&.

PRrROOF. For the first identity we take C' € £ and observe that
w@.0) = [ vo dp0) = [ ol .0) P (0, 0). (34
If z € E instead
°(5,C) = [ vlo, dp(0,C) = (2. ), (35

so the first identity is established.
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For the second one we compute for z € E and C € £

P00 = [ 5, dyo(y.©) = p*(w vl ©) + [ (e, dy)r(y,©)

E

= €1A(93),0(C)+1A(9:)/C( (z, dy) — ep(dy))+1 o(x) Cp z, dy) = p(z,0),

and the proof is complete. O

We are now building an inhomogeneous MC, that is a MC in which the kernel
depends on the time. In fact, the process we build is only very mildly inhomogeneous:
we just use a different probability kernel for even and odd times: for even times we
apply the kernel v (that takes a process from the state E* and puts it into E by
doing nothing if the process is already in F and by taking a to a random point
distributed according to p otherwise) and for odd times we apply the kernel p®, that
moves the process from E to E“. The point is to realize that this process for even
times is a p*-MC (on E) and for odd times it is our original p-MC on E.

We formalize this discussion (still keep a bit at an informal level, but little work is
needed to make everything proper, except that one would have to introduce heavier
notations). The process (Y,)n—01.. is a sequence of E* valued random variables

and if we call p the law of Yj, for every m = 2,4,6,... and every choice of events
Ao,...7Am in £
P, €A, j=1,.
/ / / p(dyo)v(yo, dy1)p*(y1, dya) -+ V(¥m—2, Win—1)P" Ym-1, AYm) ,
Ao J Ay
(3.7)

and by choosing A,, = E* we obtain the corresponding expression for m odd.

LEMMA 1.3. (Y2n)n—01... is a p*-MC. Moreover P(Ya,11 € E) =1 for every
n=0,1,... and (Yant1)n=01... is a p-MC.

ProOOF. This is just a matter of observing that the kernel from time 2n to time
2n + 2 is vp® which coincides with p* by Lemma 1.2. On the other hand, the kernel
from time 2n + 1 to time 2n + 3 is p®v which coincides with p, always because of
Lemma 1.2. O

A priori one may worry whether with this procedure we cover all p-MC, i.e. is
it true that, given a law p on E, we can find a law for Y| so that Y} is distributed
according to pu? The answer is yes because it suffices to choose Y, according to
1 which is the probability on E“ that assigns measure zero to a and such that

u(C) = p(C) for every C € €.
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Then it is not difficult to see that for every f : E'— R (measurable and bounded
or positive)
E, [f(Xn)] = Epa [f(Ya,11)] = Epa [vf(Y2,)] (3.8)
where (X,,) is a p-MC. Note that vf : E* — R, in fact vf(z) = f(x) if x € F and
vf(a) = [ fdp.

2. Contractive Markov chains

Let us put ourselves in the Random Dynamical Systems context (or formalism),
i.e. in the context of Proposition 1.4. When the function A that defines the ran-
dom dynamical system has good contractive properties we can directly control the
time asymptotic behavior of the MC and establish existence and uniqueness of the
invariant probability. For this we need to assume that the state space £ is metric:
d denotes the distance between states. Here is the result:

PROPOSITION 2.1. Let us fir a measurable h : E x E' — E (recall the
notation h(z,§) = he(x)). Let us assume that

(1) there exists a measurable function K : E' — [0,00) such that

d (he(x), he(y)) < K(€)d(x,y) (3.9)
for every xz,y € E and every £ € E', and Ellog, K(&)] < oo as well as
E[log K(gl)] < 0;
(2) there exists y € E such that Ellog, d(y, he, (y)] < 0.
Then for every initial condition Xo = x € E the MC (X,,) converges a.s. to an
E wvalued random variable X, that does not depend on x. Moreover the law of
Xoo 18 the unique invariant probability of the MC.

We give a full proof of Proposition 2.1 only for a particular model: the Ran-
dom Coefficient Autoregressive Markov Chain. The arguments we develop in this
restricted context should allow the interested reader to develop a full proof of Propo-
sition 2.1.

2.1. Random Coefficient Autoregressive MC. The basic Random Coef-
ficient Autoregressive (RCA) MC is defined iteratively, once the initial condition
Xo=x € R is given, by

Xn+1 - Kn+1Xn +Cn+1 = fKn+1,Jn+1(Xn)a (31())

with ((K,, J,))nen and IID sequence of random variables taking values in R?. Note
that in this case

[fra(2) = fraW)] < K]z —yl, (3.11)

so this process has good contractive properties if log|K| € L' and Elog|K| < 0.
In order to make this clear and explicit let us consider the particular case in which
J, = K, for every n, so

XnJrl = KnJrl (1 + Xn) = fKn_H (Xn)7 (312)
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and let us simplify things a bit by choosing the K variables non negative and non
trivial (recall that we assume log K € L' and Elog K < 0). In this case it is not
difficult to see that if x < 0, the stopping time inf{n : X, > 0} is a.s. finite, so the
negative semi-axis is transient, but we will work in any case with £ = R and what
we just claimed will come out of the analysis we will develop.

By direct inspection it is not difficult to see that

Xn = fKnO...Ole(l’) =
K,+K,Kn 1+ K, Ky 1Ky o+..+K,K, 1 Ko+ KK, 1---Ki(1+2z).
(3.13)

If we reverse the engine of this MC we obtain

Y, = fk,0...0fk, (z) =
Ky + KKy + K1 KoKy + o4 KKy Koy + KKy Kn(14+2), (3.14)

which is an increasing process if x > 0. But even if z < 0, it is not difficult to see

that lim,, Y,, := Y
Yo :=> []X;, (3.15)

n=1 j=1

exists and it is a.s. finite. In fact, by the law of large numbers (1/n)log K1 Ky - - - K,, —
Elog K < 0, so for every /5 € (exp(Elog K), 1) there exists C(w) (C' is an a.s. finite
random variable) such that for every n € N

Ky (@)Ka(w) - Ku(w) < C(w)B". (3.16)

This suffices to show that (Y,,(w)) is a.s. a Cauchy sequence and therefore the limit
lim, Y, =: Y, exists a.s.. Note that (3.16) yields also that the limit is independent
of the value of . Note moreover that Y, is supported on [0,00). And now by
exploiting that X,, ~ Y, for every n we can complete (Ezercise) the proof of

PROPOSITION 2.2. The random coefficient autoregressive process defines by
(3.12) has a unique invariant probability v and for every initial condition x € R
we have (X,,) converges in law to Y.

This result can be easily generalized almost (verbatim) to the case in which

= J; is random with E[(log|J|)+] < oo and to the case in which the K and J
variables assume also negative values. Of course the invariant probability will no
longer be supported on the positive semi-axis.

REMARK 2.3. The invariant probability is more interesting than it looks at first.
Note, for example, that even if K(= J) > 0 is a bounded random variable, Y., may
not even be in IL'. In fact

ElYx] = Y (E[K])", (3.17)
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so E[Y,] < oo if and only if E[K] < 1. With some work (but not too much) it is
also possible to see that an analogous result holds for all moments: E[YX] < oo if
and only if E[K*] < 1. Therefore Ya, has a heavy tail unless E[K*] < 1 for every k,
which requires P(K < 1) = 1 (i.e., that the process is contractive for every w, not
Just in a probabilistic sense).

Sticking for simplicity to the case (3.12), let us address the question of whether
this process is a Harris MC. This requires conditions on law of K. We will not try
to look for optimal conditions and we start by observing that if K is a continuous
random variable — we denote by f its density — then measure p(z, -), p is the transi-
tion kernel, has density y — f(y/(14z))/(1+z). In particular for z = 1 the map is
y — f(y/2)/2 Therefore if f(1/2) > 0, by continuity we can find ¢ > 0 and § > 0
such that f(y/(1+x))/(1+ x) > € uniformly in z,y € [1 — J,1 + 6]. Therefore we
can choose A = B = [1 — §,1 + ], p the uniform mesure on B, and ¢ = 2d¢y and
satisfy the second of the Harris requirement.

But also the first Harris requirement is fulfilled. In fact it suffices to show that
for every € R we can find a value of n and a4,...,a, € I, == (—n+1/2,n+1/2)
(we are choosing 7 so that inf;, f > 0) we have that

p+ apnan 1+... ... Faya,_1-aztana,_1---a(l+x) € (1—-45,140). (3.18)

Once this is established, the result is obtained because (3.18) holds also in an open
neighborhood of (ay,...,a,). The requirement (3.18) may appear difficult to es-
tablish, but it is not the case. In fact, it suffices to remark that if x < 1 then
r < (1 +x)/2 < 1, so even by choosing simply a; = 1/2 for every j we will hit
the target (of becoming larger than 1 — §) in a finite number of steps. Analogous
reasoning for x > 1.

As a matter of fact, the argument we just developed shows that the chain is
Harris with A = B = [1 — §,1 + d] and suitable choice of £ (p is the uniform
probability on B) under the assumption that the law of K is bounded below by a
measure with a density f that is continuous and f(1/2) > 0.

REMARK 2.4. A similar argument can be developed if f(x) > 0 for x € (1/2,1].

REMARK 2.5. Another interesting point is to notice that the minimum of the
support of the invariant probability can be determined with precision: if we call a,
a < 1 by hypothesis, the minimum of the support of the law of K, then by iterating
from x = 0 we see that the support of the invariant probability does not go below
a+a*+...=a/(1—a). Just a slightly more involved argument gives the bound in
the other direction. On the other hand the supremum of the support of the invariant
probability is 400, since we are assuming that the mazimum of the support of K is
larger than one.

In the cases in which we are able to prove that the MC is Harris, we can apply
the general theory and conclude that , under the assumption that E[log K| < 0, the
only invariant measure is the invariant probability and that p,(z,-) converges to
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the invariant probability in total variation distance for every x such that P, (T4 <
o0) = 1. But we know by the weak convergence result (obtained by exploiting the
convergence in law result in Proposition 2.2) that lim, E,[h(X,)] = [ hdv for every
x (v is the invariant probability). By choosing h to be a smoothed version of 14 we
see that the chain that starts from x visits A a.s., that is P, (T4 < 0o) = 1 for every
x.

3. Feller chains and Foster-Lyapunov criteria

In this section we assume that F is a metric space, d is the notation for the
distance, and the elements of £ are the Borel subsets of E. Moreover for the results
in this section the notion of Feller kernel is important: we say that p is Feller if
pf € C° (hence pf € CY) for every f € CP. Note that if p is Feller, so are p, (any
n) and p, (given in (1.23)).

EXERCISE 3.1. If the p-MC (X,,) is defined by the random dynamical system
Xni1 = h(Xy, &uy1) (see Proposition 1.4) and if v+ h(x,€) is CO for almost every
&, then p s Feller.

SoLuTioN. If lim,, z, = « we have pf(x,) = E[f(h(z,,§))] — E[f(h(z,£))] =
pf(x) by Dominated Convergence, because f o he is C° for almost every ¢ and it is
bounded. 0J

For n € N, u a probability and p a Markov kernel we introduce the probability

n—1

1
= — . 1
— D HPk (3.19)

J=0

T = T = whP

LEMMA 3.2. If p is Feller then for every pu we have that the limit of every
weakly convergent subsequence of (wlP) is a p-invariant probability.

Proor. This is a direct consequence of the identity

1
— (pn —p) - (3.20)
In fact, assume without loss of generality that (m,) converges weakly to m. For
f € CY we have [, fd(m,p) = [, pfdm, and by the Feller property we obtain that
(mnp) converges to wp. On the other hand | [, f d(up, — p)|/n < 2| f|loo/n and we
obtain that 7p = 7. OJ

TP = T +

Lemma 3.2 hides the difficulty in the convergence assumption that embodies the
fact that the limit is a probability. In turn, the fact that the limit is a probability
is due to the test functions for the weak convergence we consider, that is Cy. And
it is not at all granted that (7/P) has a convergent subsequence: as an example we
can take the (Feller) Kernel p(x, dy) = d,11(dy) for which p, f(z) = f(x +n). The
problem is of course that, no matter what the initial condition is, 7, in this case
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concentrates (i.e., gives probability 1 — e, any € > 0) on a set that walks out to +oo
as n becomes large.

In spite of the very special nature of this example, it captures the only problem
that can happen. This is the content of the next result, Prohorov Theorem, for
which we need the notion of tightness (we just give it for sequences): a sequence
(in,) of probabilities on (E, &), with E a topological space, is said tight if for every
e > 0 there exists a compact K C E such that u,(K) > 1 — ¢ for every n.

THEOREM 3.3 (Prohorov Theorem). If E is a metric space and (u,) is tight,
then every subsequence of (11,) contains a weakly convergent subsequence.

For a proof of Prohorov Theorem (along with a necessary and sufficient version
of it) we refer to [3, Ch. 1, Sec. 5]. For the simpler case of £ = R (in this context
the result is often called Helly-Bray Lemma or Helly’s Theorem) see for example [2,
p. 336].

Here is the first Foster-Lyapunov tool to control that the probability does not
escape to infinity in time. It directly yields tightness, as a the result of a strong
quantitative bound (at the expense of strong assumptions, that we will weaken in
the Foster-Lyapunov arguments that follow this first one).

PROPOSITION 3.4. Assume that there exists V : E — [0, 00] measurable with
V(zg) < 0o for a state xy and that satisfies

pV+f < V+b, (3.21)

for a b € R and for f : E — R measurable, bounded below and such that
{z € E: f(x) <c} is relatively compact (i.e., its closure is compact) for every

c. Then <7r2m> is tight and, if p is Feller, there exists a p-invatiant probability.

PROOF. Let us start with the non crucial remark the one can always choose
f > 0 by an appropriate choice of b. By applying the kernel to both terms of (3.21)
and by using again (3.21) we obtain

pV +pf <pV+b< V42— Ff, (3.22)
that is
pV +pf+f < V+20, (3.23)
and we can iterate this procedure to obtain
n—1
PV + > prf < pV +nb. (3.24)
k=0

Therefore, since V' > 0, we obtain

n—1
LS belm) < Vi) +b, (3.25)
k=0
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that yields

T f < Viwg) +b, (3.26)
for every n. By considering the (relatively) compact set K. = {z : f(z) < ¢} for
¢ > 0 we readily see that

szo <KE> < lﬂffo]f < M’ (3.27)
C n

which implies that (Wffo) is tight. The proof is completed by Prohorov Theorem
and by applying Lemma 3.2. 0

The next result yields existence of an invariant probability under much weaker
hypotheses (but it requires conditions on the metric space, so, strictly speaking, the
hypotheses are weaker only if we restrict to the metric spaces to which the result
applies). This new result does not really yield explicit estimates.

PROPOSITION 3.5. If E is a locally compact and separable metric space, p is
Feller and there ezists a measurable function V : E — [0, 00] with V(xg) < oo
for a state x¢ and such that

pV +1 <V +blg, (3.28)

for a positive constant b and K a compact subset of E, then there exists a p-
wmovariant probability.

PROOF. The proof uses the weak-* convergence of (finite) measures: a sequence
of positive finite measures (i, ) weak-* converges if there exists a finite measure p
such that lim, [, hdu, = [, hdu for every h € C2(E;R), that is for every h which
is continuous and compactly supported. The key point here is that from every
subsequence of (u,) one can extract a weak-* convergent subsequence. In general,
weak-* limit measures can be null measures. When dealing with probabilities, weak-
« convergence readily yields that u(K) < 1 for every weak-x limit p and every
compact set K. So p(F) < 1 and, in general, p is a subprobability (and, again, it
can be that u(F) = 0). On the other hand, if there exists a compact set K such
that p,(K) > e > 0 for every n, then for every weak-* limit p we have u(K) > e.

We are going to apply these facts to (Wff‘) ’p>, like for Propositon 3.4. And, like
in the proof of the same proposition, by iterating (3.28) we obtain

V>pV+1-b1g

>p(V+1-blg)+1—blg = pV+2—bplg —blg

(3.29)
§=0
that is )
V(zo) > paV (o) + 1 — prk(l‘m K), (3.30)

J=0
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that we rewrite as
1 1
“V(xo) > —paV(zo) +1—bma®® (K) , (3.31)
n n

and we use this last bound to obtain

1
by (K) > 1— ~V(w0). (3.32)

Therefore for any weak-* limit p of (Wff‘)’p> we have p(K) > 1/b.

On the other hand, by recalling (3.20), we see that (with m, = mixo’P ) for every
h bounded

2
|Tnph — Toh| < ﬁHhHoo (3.33)

We now apply this bound with 2 € C? and h > 0 so that, if the weak-* limit of (r,,,)
is 41, we obtain that [, phdu < [, hdp, which readily yields that up(A) < p(A) for
every A € £. On the other hand, up(F) = p(F) (this holds for every measure pu)
and therefore up(A) = u(A) for every A € £.

Now we recall that pu(K) > 0 so g is not null. A priori we know that pu is
a subprobability, so we can normalize it to be a probability: = := u/u(E) and
7p = w. We have therefore found a p-invariant probability. OJ

3.1. A Foster-Lyapunov argument for (null) recurrence. Roughly, we
would like to say that if we can find V' bounded below such that lim,. |z V() = 00
and such that pVV < V outside of a compact set, then the p-MC is recurrent. In
order to minimize introducing definitions, we give a minimal version of this result
that is tailored to the two applications we give.

PROPOSITION 3.6. Let us consider E = [l,00), | € R, and a p-MC on this
space. We assume that there exists V : E — [0,00) which outside of a bounded
set satisfies two properties:

(1) V is (strictly) increasing and lim, ., V(z) = oo;

(2) pV < V.
We also assume that for every x outside of a bounded set there exists € > 0 such
that infyep. (z) Py (Tp, (e < 00) > 0 with Be(z) := {2 : |z — x| <e}. Then there
exists v > 1 such that for every x € E we have P,(Ty,) < o0) = 1.

The condition on P, (75,50 < 00) > 0 is a very weak requirement (see applica-
tions) in order to avoid that the process gets stuck at some z for arbitrarily large
x.

The proof is given as a guided exercise.

PRrROOF. First of all note (Ezercise) that the hypothesis involving B.(z) implies
that P.(3, 1p.(,e(Xn) = 00) = 1. Moreover, we can choose r > [ such that the
hypotheses hold for x > r. We set for conciseness 7" = T}, (the hitting time of
[l,r]) and we introduce Y, := V(X,ar) for n = 0,1,.... The process (Y,)n=01,.. is
a super-martingale for every choice of Yy = « € E (Ezercise: note that by iterating
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pV <V 4+ bly,, that holds by hypothesis for a positive b, we obtain Y;, € L' for
every n). Since Y, > 0 we have that (Y, (w)) converges to a limit that we call
Yoo (w) < oo for every w € G, with P,(G) = 1.

If there exists x such that P,(T};,) = 0o) > 0 then for w € {T},} = 00} NG we
have that X,,(w) > r for every n and therefore Y, (w) = V(X,(w)) — Yoo (w) < 0.
Since V' diverges at infinity and since it is a bijection on the region we consider, we
obtain that (X, (w)) converges to a limit in X, (w) € [r,00). But this means that
Xnp(w) € Bo(Xoo(w)) for every € > 0 and all n large and this is incompatible with
our hypothesis on the exit probability. Therefore P,(7};,) = 0o) = 0 for every x. 0O

3.1.1. Application to the Lindley MC with centered drift. We consider the Lind-
ley MC with E[¢] = 0 (we recall that we exclude the trivial case of £ = 0). We
treat only the case in which there exists L such that P(§{ < —L) = 0. This is an
assumption that simplifies (a lot!) the analysis: it is possible to generalize this result
at least to the case in which the variance of £ is finite (with the very same choice of
V). We choose V(z) = log(l + z), z € [0,00) = E. We remark that the following
elementary bound holds: for y > —1

log(1+y) < y-— %?J21y<0- (3.34)
Then
pV(z) = Efllog(1+ (z+¢&)4)] = V(z)+E {log (1 + %)1 . (3.35)
If 2 > L then as. (x + &)+ = x. Therefore for z > L
1

Therefore pV (x) < V(z) for every x > L. Finally, in this case and outside [0, L], the
evolution is just a random walk and since ¢ is centered and nontrivial, we have that
p(y, B, (2)) = P(¢ € By(2¢)%) =: p. > 0 for y > L and € > 0, so p(y, B.(¢)) > p.
for every y € B,(¢) and © > L + . Therefore we can apply Proposition 3.6 and the
set [0, L + €] is visited infinitely often by the MC. From this one easily extracts that
also 0 is visited infinitely often (so 0, and the whole MC since 0 is accessible from
every x, is recurrent).

3.1.2. Application to the RCA MC with E[log K] = 0. Also in this case we sim-
plify our life by making a strong assumption on the support of log K: there exists
L such that P(log K > —L) = 1.

The first step is to work with Z,, := log X,,:

Zni1 = log K i1+log (1 + exp(Z,)) = log K1+ 2Z,+log (1 4+ exp(—2,)), (3.37)

which makes clear that Z behaves almost as a random walk when it is positive and
far from the origin. On the other hand, Z has a lot of difficulty to enter the negative
semi axis. In fact, since £ > —L, if Zy < —L then Z; > —L and Z,, € [—-L, ) for
every n > 1. So we can choose E = [—L, 00).
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We then choose V(z) = log, (z) for z > 0 and V(z) = 0 for x € [-L,0]. Since
E>—Lforx>L+1
pV(z) = logz+E [log (1 +

so by (3.34)

logZK | log(1+ exp(—Z))H 7 (3.38)

z

(2) + log(1 + exp(—=2))

1
552 [(log K+ log(1 + exp(—2)))”; log K + log(1 + exp(—2)) < 0]

2 V() 40 (eXPi_Z)) _ 2_; (E [(log K)?; log K < 0] +0(1)) . (3.39)
Therefore there exists M > L + 1 such that pV(z) < V(z) for every z > M. The
argument to show that Z cannot visit infinitely many times a neighborhood of a point
goes pretty much as for the Lindley case. Therefore we can apply Proposition 3.6
and conclude that [—L, M] is a.s. visited by Z and therefore [exp(—L], exp(M)] is
a.s. visited by the RCA MC X.

pV(z) =V
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