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CONTRACTIVE MARKOV SYSTEMS

IVAN WERNER

ABSTRACT

Certain discrete-time Markov processes on locally compact metric spaces which arise from graph-
directed constructions of fractal sets with place-dependent probabilities are studied. Such systems
naturally extend finite Markov chains and inherit some of their properties. It is shown that the
Markov operator defined by such a system has a unique invariant probability measure in the
irreducible case and an attractive probability measure in the aperiodic case if the vertex sets form
an open partition of the state space, the restrictions of the probability functions on their vertex
sets are Dini-continuous and bounded away from zero, and the system satisfies a condition of
contractiveness on average.

1. Introduction and main definitions

The study of Markov processes on metric spaces associated with a random iteration
of maps has a long history which can be traced back to a paper by Onicescu and
Mihoc [15]. The reader is referred to Kaijser [10, 11], Barnsley et al. [1] and Stenflo
[16] for historical reviews.

Our work can be seen as a continuation of work by Barnsley et al. [1] and
Elton [5], the motivation for which was computer modelling of ‘fractal’ measures.
This addresses the following heuristic question. What is the most general randomly
driven finite mechanical structure on a metric space which determines a Markov
operator with a unique invariant Borel probability measure?

If the metric space is finite, then one would immediately think about a directed
graph with probability weights which determines a stochastic matrix, the only
possible Markov operator in this case. A good candidate for such a mechanical
structure handleable by a computer in a general case is a finite family of Lipschitz
maps (we)ecr on the metric space with some probability functions (pe)ecr (that
is, pe(x) > 0 for every e € E and ) ppe(x) = 1 for all 2). The Markov operator
which arises from it has the following form.

Uf .= Z pefow, for all Borel measurable functions f.
eckE

Obviously, for any Borel subset B, Ulg(z) defines a transition probability from the
point z into the set B. Such systems have already been used for modelling different
stochastic processes for a long time (see the literature cited above), and they were
rediscovered by Hutchinson [8] (although he considered only constant probability
functions) for constructions of so-called self-similar or fractal sets and measures
supported by them. Such systems in a general setting were studied by Barnsley et al.
[1] and Elton [5]. However, as we will see below (Remark 3), their setting does not
extend the case of a finite metric space, which is already very well understood.
In connection with the constructions of fractal sets, Mauldin and Williams [14]
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introduced a finite mechanical structure which generalizes that used by Hutchinson
and extends what is known on finite metric spaces. It is called a graph-directed
construction.

We introduce a theory of systems which unifies those studied by Barnsley et al.
and Elton with the graph-directed constructions. It has already been developed
further in papers [19-22].

The theory does not claim to provide the most general model with respect to
its probabilistic phenomenon, since there is a general theory of ‘dependence with
complete connections’ [9] which aims at that. However, as far as the author is aware,
none of the probabilistic results presented here are covered by the existing theory.

We use the following notation in the paper.

NotaTiON 1. (K, d) is a metric space. All the following spaces of functions on
K are real. Lip(K') denotes the space of all Lipschitz functions, Cc(K) denotes the
space of all continuous functions with compact support, Cg(K) denotes the space
of all bounded continuous functions, C(K) denotes the space of all continuous
functions, and £°(K) denotes the space of all bounded Borel measurable functions.
For a map u defined on K and Q@ C K, u|g denotes the restriction of u on Q.
For f € Cg(K), ||f|| is the supremum norm of f, and || f|o denotes the supremum
norm of f|g for @ C K. P(K) denotes the set of all Borel probability measures on
K, §, is a Dirac probability measure concentrated on z, and > means ‘converges
weakly* (weakly) to’.

Let Ki1,K,,..., Ky be a partition of a metric space K into non-empty Borel
subsets (we do not exclude the case N = 1). Furthermore, for each i € {1,2,..., N},
let

Wi, Wiz, - - ., Wir, Ky — K

be a family of Borel measurable maps such that for each j € {1,2,..., L;}, there
exists n€{1,2,..., N} such that w;;(K;) C K, (Figure 1). Finally, for each i €
{1,2,...,N}, let

Pi1,Pi2y - - -y DiL; Kz — R+

be a family of positive Borel measurable probability functions (associated with the
maps), that is, p;; > 0 for all j and Zf;lpij(x) =1forall z € K;.

REMARK 1. (i) Case N =1 covers the framework from [1] and [5].

(ii) In the following, all probability functions p;; can be seen to be extended on
the whole space by zero, and all maps w;; can be seen to be extended on the whole
space arbitrarily. These extensions are necessary for the definition of the Markov
operator U rather than for the definition of its adjoint U* (see Definition 4). This
is another way to see how the framework from [1] and [5] can be embedded into
ours.

In any arrangement of the maps, a structure of a directed (multi)graph is easily
recognized.
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FIGURE 1.

DEFINITION 1. We call V:={1,...,N} the set of vertices and the subsets
Ki,..., Ky are called the vertex sets. Further, we call

E:={(,n;):i€{1,...,N}, n; € {1,...,L;}}
the set of edges and we use the following notation.
De ' =Pin and we:=wy, fore:=(i,n) € E.

Each edge is provided with a direction (an arrow) by the marking of an initial
vertex through the map

i:F—V
(4,n) — J.

The terminal vertex t(j,n) € V of an edge (j,n) € E is determined by the
corresponding map through

H(Gn) =k = wi, (K;) C K.

We call the quadruple G := (V| E,i,t) a directed (multi) graph or digraph. A
sequence (finite or infinite) (...,e_1,€eg,e1,...) of edges which corresponds to a
walk along the arrows of the digraph (that is, t(ex) = i(eg41) for all k) is called a
path.

DEFINITION 2. We call the family M := (Kj(), We, pe)ece a Markov system,
and we call the family without probabilities, (Kj(.),we)ceE, a topological Markov
system.

DEeFINITION 3. A Markov system is called irreducible if and only if its directed
graph is irreducible, that is, there is a path from any vertex to any other. An
irreducible Markov system is said to have a period d if and only if its directed
graph has a period d, that is, the set of vertices can be partitioned into d non-
empty subsets Q1,5 ..., Q4 such that

ile) ey = tle) €Qy1 modd

for all e € F, and d is the largest number with such a property. An irreducible
Markov system with period 1 is called aperiodic.
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DEFINITION 4. We define the Markov operator on £°(K) associated with the
Markov system by

Uf:=> pefow. forall fe LK),

ecE

and its adjoint operator on P(K) by

U*v(f) == JU(f) dv for all f € L2(K) and v € P(K).

DEFINITION 5. We say that a probability measure p is an invariant probability
measure of the Markov system if and only if it is a stationary initial distribution of
the associated Markov process, that is,

U = p.

As in the case of a finite Markov chain, it is very useful to represent a Markov
chain associated with a Markov system as a sequence of random variables defined
on the product space of infinitely many copies of E.

DEFINITION 6. Set

Y:=E':={(..,0_1,00,01,...):0, €EE, i € L}

and
»t.=EN .= {(o1,09,...): 0, € E, i € N}.

We call ¥t the future of ¥. Consider ¥ and X1 as provided with the product
topology. Further, set

mlemy---sen] :={0 €EX:0m =€m,0m+1 = €m41y---,0n = €n}
for all integers m < n,

and
1let, .. en)T i={c€eXT 0y =€1,00 =€9,...,0, =€,} forallneN.
We call ,[em, - .., en] and {[eq,. .., e,]T thin cylinder sets. Now, for any x € K and
1le1s .., en]T C 2T, define
Py(ile1, - en]™) = pe, () pe, (We, @) . .. pe, (We, 1 ©... 0 we, ).

Then P, extends uniquely to a Borel probability measure on X*. Finally, for any
r € K and k € N, set

ZE(0) i= Wy, Wy, _, ©...0wW,, (x) forall o € BT,

It is easy to check that the sequence of random variables (Z])ren with respect to
the measure P, represents the Markov process associated with the Markov system
with the initial distribution d,,. Moreover, obviously

U" f(x) :JfoZ,fdPx for all z € K, f € Cg(K) and k € N.
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2. [Iterations of a Markov system
In contrast to the trivial case of finite Markov chains, we consider here the

following iterations of a Markov system.

DEFINITION 7. Let

M= (Ki, (wig)je s (pij)jer )ier

be a Markov system. Set K? = K; w?j = Wy, p?j = p;; for alli € 19 := I,
j€J%:=J and

MO = M.
Let the nth iteration of M be defined by a Markov system
M= (Kin’ (w?j)jeJ,?’ (p?j)jelrr)z‘ezn

for some n € NU {0}. First we define the vertex sets of the (n + 1)-iteration M"*1
by forming lumps of intersecting subsets wy:(K}'), i € I", j € J].
This can be done using the following algorithm.
(1) Order the set of edges E™ := {(4,j) : i € I"™, j € JI'} arbitrarily, say as
E" ={e1,...,er}, keN.
(2) For each s =1,...,k, construct recursively a set Z(s) C K by setting

Zo(s) = we, (Kie,))
and
Em(s) = Em—1(s) | Am(9),
where

We,, (Ki(em)) Em—l(s) N We,, (Ki(em)) 7é %
[ otherwise,

Apl(s) = {

forallm=1,... k.
(3) Set
{KM 1 ie ™} = {E,(1),...,Ex(k)}
by an arbitrary counting (without distinguishing the same elements in the right
set).

Finally, we define on each vertex set Ki"‘H, i € I"t! the family of maps and
probability functions. For each i € I"*!, there exists a unique index ¢ € I"™ such
that K"*' C K. Define

n+1l ,_ n
wz’j T g Kl
and
n+l . n . n
pij =Dy . for all j € J3".

Therefore Ji”'*'1 = JZ" Thus M™+! is well defined up to the indices.

ExXaMPLE 1. Figure 2 shows the first iteration of the Markov system from
Figure 1.
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PROPOSITION 1. A measure is invariant wit respect to a Markov system if and
only if it is invariant with respect to one of its iterations.

Proof. This is obvious by the definition of the iterations. ]

REMARK 2. Trivially in the case of finite Markov chains, such iterations do
not change anything in the structure. It is known that the essential structure is
preserved by such iterations in a general case as well. The directed graph associated
with an iteration of a Markov system is exactly that obtained from the original
directed graph by a procedure which is known in symbolic dynamics as state-
splitting (see [13]). It is not difficult to see that the shifts of finite type defined
by two directed graphs where one is obtained from the other by state-splitting are
conjugate. It means, in particular, that such iterations of an irreducible Markov
system produce irreducible Markov systems with the same period. If we decide to
label the edges of the directed graph of an iteration of a Markov system simply
by giving them the names of the maps of the original Markov system to which
they correspond, then each iteration produces a sofic system, but not a proper
one, because it defines the same subshift space as the original directed graph. The
difference between them is only in what we consider to be separate vertex sets.

LEMMA 1. Suppose that (K;(), We, Pe)eer is an irreducible Markov system with
an invariant probability measure p. Then p(K;) > 0 for alli=1,... N.

Proof. Let ig € V such that u(K;,) > 0. Let j € V such that there is an edge
ep from ig to j. Since all probability functions are positive on their vertex sets,
va( | Peg dp > 0. Then, by

iteo

= Z J pelKj 0 We dpt

eck
Kie)

2 J peo d,LL,
K

i(eq)
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it follows that u(kK;) > 0. Now let jo € V' be arbitrary. Then, by the irreducibility,
there is a path from iy to jo in G. Therefore, we see, through a finite repetition of
the above argument, that p(K;,) > 0. O

3. Contractive Markov systems

If we try to represent a Bernoulli process on a finite state space, say {1,..., N},
as a Markov process arising from a Markov system, then we find that the underlying
Markov system consists of N contractive maps, each of them mapping the whole
space {1,...,N} on a single point, and some constant probability functions
corresponding to them. Any other Markov chain on this state space can be obtained
by changing only the probability functions. It turns out that the contractiveness of
the maps has deep roots.

DEFINITION 8 (contractive Markov system). We call a Markov system
(Ki(e), We, Pe)eck contractive if and only if it satisfies the following condition of
contractiveness on average. There exists 0 < a < 1 such that

Zpe(x)d(we(:v)7we(y)) <ad(z,y) forallz,ye€ K;andie {1,...,N} (3.1)
eckl
(it is understood here that the p. are extended on the whole space by zero and the
we arbitrarily). We call the constant a an average contracting rate of the Markov
system.

We intend to show here that contractive Markov systems, under some conditions
on the probability functions and the state space (which are a little bit stronger
than is necessary just to make the Markov chain have the Feller property), exhibit
a mixing behavior which is similar to that of the finite Markov chains.

From here we assume that (K, d) is a metric space in which sets of finite diameter
are relatively compact. This implies that (K, d) is a locally compact separable metric
space.

DEFINITION 9. We call a function f : (X,d) — R Dini-continuous if and only
if there is ¢ > 0 such that
J “o(t)

—=dt < o0,
0 t
where ¢ is the modulus of uniform continuity of f, that is,
o(t) :=sup{|f(z) = f(y)l - d(z,y) < t, z,y € X}.

It is easily seen that the Dini-continuity is weaker than the Holder and stronger
than the uniform continuity. There is a well known characterization of the Dini-
continuity, which will be useful later.

LEMMA 2. Let 0 < c <1 andb> 0. A real function f is Dini-continuous if and
only if

i (bc") < o0,
n=0

where ¢ is the modulus of uniform continuity of f.
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Proof. Note that in any case it holds true that

sora-o< | Darcopen(-1)
bent+1

for all n € NU {0}. Hence
b

(1-0 §¢<b6n) <[ a< i@‘i’(b‘f")(i -1).

0

O

REMARK 3. Elton in [5] and Barnsley et al. in [1] considered the case N =1
with Dini-continuous probability functions (p.)ccr which are bounded away from
zero, and Lipschitz-continuous maps (we)ecp such that the system satisfies the
following condition of contractiveness on average. There exists 0 < r; < 1 such
that

H d(we(x), we())P ™ < rid(z,y) for all z,y € K. (3.2)

ecE

There is a widely spread view in the literature that demanding condition (3.2)
rather than (3.1) (with N = 1) would give a weaker assumption. However, this is
not quite true.

The above Elton—Barnsley setup is equivalent to that with condition (3.1) (with
N =1) in place of (3.2).

Proof of Lemma 2. First, observe that condition (3.1) and the boundedness away
from zero of the probability functions (that is, there exists § > 0 such that p. > 0
for all e € E) imply that the maps (we)ecr are Lipschitz. Taking the logarithm of
(3.2) and using its concavity reveals that (3.1) implies (3.2).

On the other hand, by [1 Lemma 2.6], the Elton—Barnsley setup implies that
there exist 11 <r <1 and 0 < ¢ < 1 such that

Zpe(x)d(we(x),we(y))q <rd(z,y)? forall z,y € K. (3.3)

eckE

By performing a remetrization (Z(:L’, y) := d(z,y)?, which preserves the Dini-
continuity of the probability functions, we can reduce it, without loss of generality,
to condition (3.1). 0

In [1], Barnsley et al. realized that for the proof of the attractiveness of the
invariant probability measure, the condition of a uniform boundedness away from
zero for the probability functions can be weakened. They came up with the following
condition. There exists § > 0 such that

Z pe(2)pe(y) =62 >0 forall z,y € K. (3.4)
e€E:d(we (v),we (y))<rd(z,y)
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In fact, conditions (3.4) and (3.3) now also cover some finite Markov chains where
some transition probabilities between the states can be zero, but still very few of
those which are known to possess an attractive probability measure. Moreover,
condition (3.4) would not work for Elton’s proof of the corresponding ergodic
theorem in [7]. Thus an incompleteness of their setup is obvious and there is a
need for an extension of it. Contractive Markov systems provide it in a satisfactory
way.

REMARK 4. (i) A similar structure was discovered by Kaijser in the setup of
random systems with complete connections (RSCC) in [10]. However, what he calls
weakly distance diminishing random systems with complete connections cover only
aperiodic contractive markov systems with compact state space.

(ii) Of course, the contractiveness of a Markov system can be weakened, just as
is done sometimes for maps, by the demand that a contraction on average happens
eventually not after one but after a number of iterations, that is, there exist r € N
and 0 < a < 1 such that

Jd(wgr. W, Ty Wy, - - We, Y) APy (0) < ad(z,y)
for all z,ye K; and i € {1,...,N},

where P, is a probability measure which represents the Markov process starting in
z (Definition 6). However, such systems, again just as in the case of maps, are not
expected to exhibit a substantially new behavior, but a decrease in transparency of
the proofs for such systems can be expected.

Now we are able to prove the first theorem which shows that contractive Markov
system, under reasonable topological assumptions, which allow the associated
Markov operator to map continuous functions on continuous functions, has some
nice properties.

DEFINITION 10. We call the partition K1, ..., Ky of K open if and only if every
K is an open subset of K. Of course this means that K must be disconnected.

THEOREM 1. Suppose that (K, We,Pe)ecr is a contractive Markov system
with an average contracting rate 0 < a < 1 such that the family K1,..., Ky is an
open partition of K and each p. is continuous on K;(y. Then the following hold.

(i) The sequence (U**3,)ren is tight for all z € K, that is, for all € > 0, there
exists a compact subset () C K such that U*kéw(Q) >1—c€forallkeN.

(ii) The contractive Markov system has an invariant Borel probability
measure .

(iii) The invariant probability measure u is unique if and only if
n
Zng(m) — Jgdu for all x € K and g € Cp(K).
k=1

S|

(iv) If the invariant probability measure is unique, then

N
Z J d(z,z;)du(x)<oo forallz; € K;, i=1,...,N.
i=1

K;
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Proof. (i) Fix z; € K; for each i =1,..., N. Define

N
flx) = Z 1k, (z)d(x,x;) for all x € K,
i=1

and let C' > 0 be such that

max d(wexi(e)@t(e)) <C.

eckE
We show inductively that
UF () < 0L
YT 1—q
for all k € Nand all i = 1,..., N. First, observe that, for any i € {1,..., N},
N
Uf(:) = pe(i)fowe(mi) = > Y pe(i) Lk, (wewi)d(wews, ;)
ecE j=leckE
N
= Z Z pe(xi)d(wexivxt(e)) < Zpe(zi)c =C.
Jj=1lecE,t(e)=j ecE

Suppose that U~ f(z;) < C(1—a¥~1)/(1 - a) for some k. Denote by (e, ..., ex)*
a path starting in 4. Then

U f(x;) = Z Pei(@i). . ey (Wey_y - - We, @)

(e1,-sek)*
N

X Z 1k, (wek ... welxi)d(wek co L We, T,y acj)
j=1

< Z Des(T5). - Pey, (wekfl. .. welxi)(i(u}e,c e We, T,y We, xi(ek))

(e1,...ex)*

N
+ Z Z Dey(Ti). . - Pey, (wekfl. .. welxi)d(wek Ti(ey)s xj)

J=1(e1,....ex)* t(ex)=j

N
< Z ZIK] (wekil...welxi) Z Dey (T4). ..

(e1,..rer—1)* J=1 eri(er)=j

X Dey, (wekfl. .. welxi)d(wek o Wey Ty Wey, xj) +C

N
<a Z ZlKJ (We_y - - Wey i) Pey (T5)- - Pey_y (Weyy_y- - - We, T;)
(e1,...,ep—1)* J=1
X d(wek_l. .. welxi,xj) +C

]__
= aU" f(z;)+ C < aC—2 — +oc=0c-—2L.
l1—a 1—a

Let p:= C/(1 — a) and € > 0. Then, by the above,

N
p> U f(z;) = Jf o Z¥ dP,, = JZ 1, (Z5)d(Z5 ;) dP,,
j=1
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for all k € Nand for alli =1,...,N. Thus
P, (d(z,ji,xj) > P for a11j=1,...,N) <e
€

forall k € Nand for all i =1,...,N. Set
N —
Qe = U Bp/6<$j),
j=1

where B,/.(y) denotes the closed ball of radius p/e and center y. Then Q. is
compact, by the assumption on the metric space, and

U*6,,(Qc) = Urlg, (z;) = J lg, 0 Zp dP,, = Py, (Z7 € Q.)

=1-P, (ZF e K\Q:) =1- P, <d(Z,f",xj) > 2 for alljzl,...,N)
€
>1—c¢
forall ke Nand i =1,..., N, as desired.

(ii) Define an operator
1 n
U, = - ,;_1 U*  for every n € N,

and let U," be its adjoint operator on P(K). Fix z € K. By (i), the sequence
(Un"02),,cy is tight also. Therefore it has a subsequence U, *0, which converges
weakly™* to a Borel probability measure, say u. By the hypothesis of the theorem, the
Markov operator U maps continuous functions to continuous functions. Therefore,
its adjoint operator U* is weakly* continuous. Hence

U* (Unm *5$) LN U as m — oo.

However, since

nm +1

1 1
— > Urg(z) = Un, g(x)| < —2|lg| forall g € Cp(K),
Nom, Nm
k=2
we conclude that
U'p=p,
that is, g is an invariant Borel probability measure on the contractive Markov
system.

(iii) Suppose that p is the unique invariant probability measure. Then, by the
above,

1 n
EZng(x)HJ'gdu for all z € K and g € Cp(K). (3.5)
k=1

Conversely, if (3.5) holds true, by Lebesgue’s dominated convergence theorem, it
implies that

1 & w*
=STUTAS o forall A € P(K).
n

k=1
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Again, by the weak*-continuity of U*, this implies that u is the unique invariant
Borel probability measure.

(iv) Fix ; € K; for each i = 1,..., N. Let v be the Borel probability measure
on K given by

N
v(A) = 6, (A) forall A€ B(K).

Define fr := min{f, R} for R > 0, where f is the function from (i). Then every fgr
is a bounded continuous function on K by the assumption of the theorem and, as
in the proof of (i),

N
[0t mav < > @) < v
i=1
for all £k € N and R > 0. Therefore,
1 n
inyﬂﬁmu<Np
n
k=1

for all n € N and R > 0. By (iii) and Lebesgue’s dominated convergence theorem,
this implies that

JfRdu < Np forall R > 0.
By Levi’s theorem, we conclude that
Jf dp < Np,

as desired. O
The next lemma is a generalization of [1, Lemma 2.5].

LEMMA 3. Suppose that (Kj(), We, Pe)eer is a contractive Markov system with
an average contracting rate 0 < a < 1 such that p.|x, («, 1s Dini-continuous for all
e € E. Then, for every f € Cc(K), the functions (U™ f|k, )nenufoy are uniformly
equicontinuous for alli=1,... N.

Proof. Let ¢. be the modulus of uniform continuity of p.|x, o forallee€ E.
Note that each ¢, is non-decreasing and that ¢.(t) < 1 for all ¢. Set

t 0<t<1
and ¢ = max.cpu{o}{Pe}. It is clear that ¢ is also non-decreasing and that it

satisfies Dini’s condition.
Let f € Lip(K) and || f|| < 1. Then there is C' > 2 such that

|f(z) = f(y)| < Cd(z,y) forallz,y€ K.
Set L := max{L1,...,Ly} and

ﬂu%:LVCJa oy,

1—a Jg U
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where LV C := max{L,C}. Then 3(0) = 0, and 3 is continuous and increasing. By
[2, Sublemmal, increasing ¢ if necessary, we can assume that (3 is concave. Further,

chmj o), L6

1—a U “1—ata !
t

WV

B(t) — Blat) = tla™' —1) = Lo(t).

Hence

B(at) + Lo(t) < B(t) forall t > 0.
Note that, for 0 <t < 1,

Bt)=C| —du> CJ du = Ct,

and, for t > 1, 8(t) = B(1) > C > 2. Therefore,

|f(z) = f(y)| < Bld(z,y)) forall z,y € K.

As an induction hypothesis for some n € N, assume that |U"~! f(z) — U f(y)| <
B(d(z,y)) for all z,y € K;, i =1,...,N. Let z,y € K; for some i € {1,...,N}.
Then, since § is increasing and concave,

L;
U@ f)(a) = UU )] < Zpij(ﬂf)wn_lf(wij(x)) — U™ fwig ()]

< Zpij(fﬂ)ﬁ(d(wz'j (@), wi;(y)) + Lid(d(z,y)))

< Blad(z,y)) + Lé(d(x.y))
< B(d(z.v).

Hence the (U" f|k, )nenuqoy are uniformly equicontinuous for each i = 1,..., N.
Since Lip(K) N Cc(K) is a dense subset of (Cc(K), ||.||), the claim follows by an
(e/3)-argument. O

We need to know more about properties of irreducible directed graphs. The
following lemma is a generalization of the lattice theorem (see [3, Theorem 4.3]).

LEMMA 4 (lattice theorem). Let an irreducible directed graph with period d be
given. Then, for every finite path (es,...,e,) of the digraph, there exists mg > 0
such that for all integers m > myq there exists a closed path of length md which has
(e1,...,en) as a part of it and starts with e;.

Proof. Let A be the set of all k& € N such that there exists a closed path of
length k which has (ey,...,e,) as a part of it and starts with e;. Then A is closed
under addition. Since the digraph has period d, the greatest common divisor of
numbers from A is d. Therefore, the set A contains all but a finite number of positive
multiples of d (see [3, Appendix, Theorem 1.1]). In other words, there exists mo € N
such that for all m > mg, there exists a path of length md which has (eq,...,e,)
as a part of it and starts with e;. ]
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LEMMA 5. Let an irreducible directed graph with the set of vertices V and
period d be given. Fixi € V and let V; be the set of all pairs of vertices (o, 8) € VXV
which are accessible from ¢ by paths of the same length. Then there exists r € N
such that, for each («, 3) € V;, i is accessible from « and [ by paths of the same
length which are less than or equal to dr.

Proof. Let (o, 8) € V;. Then there exist paths s, and sg from ¢ to o and from ¢
to 3, respectively, of the same length, say ng. By the lattice theorem, there exists
me, € N such that, for all integers m > m,,, there exists a closed path of length md
which starts in ¢ and has s, as a part of it. Analogously, there exists mg € N such
that, for all integers m > mg, there exists a closed path of length md which starts
in 4 and has sg as a part of it. Set rqg := max{ma, mg} and r := max, gyey, rag-
Then there exist two closed paths of length dr which start in ¢, and one of them
has s, as a part of it and the other has sg as a part of it. Hence there exist two
paths of the same length dr — nys < dr, where one of them is from o to 7 and the
other is from g to 1. ]

The next lemma is a generalization of [1, Lemma 2.7]. It uses a well known
technique of coupling, the main idea of which is to put as much mass as possible
close to the diagonal of two processes (see [10, 11] for more on this).

LEMMA 6. Suppose that (Kj(c),We,Pe)eck is an irreducible contractive Markov
system with an average contracting rate 0 < a < 1 such that pe|k, (o) I8 Dini-
continuous and there exists 6 > 0 such that pe|K1(c) > ¢ for all e € E. Then the
following hold.

(i) For every f € Co(K),

lim |U"f(x) —U"f(y)|=0 forallz,y€ K; andi€ {1,...,N}
n—oo

and the convergence is uniform on bounded subsets.
(ii) If in addition the contractive Markov system is aperiodic, then, for every

fGCC(K);
lim |U"f(z) —U"f(y)|=0 forallz,y€ K,

and the convergence is again uniform on bounded subsets.
Proof. Let SCK be bounded. We can assume that SNK; #@ for all i=
1,..., N. Since each probability function p. is bounded away from zero on Kj,

the average contractiveness condition implies that each map we|k, «, 1s Lipschitz.
Hence there exists C' > 0 such that

reneaéc d(weﬂfz‘(e)v mt(e)) <0

forall z; € SNK;,i=1,...,N. Let z;,y; € SN K, for each i = 1,...,N. Fix
i,j€{1,...,N}. Set

Y=t x 0t = {é = (el,él,eg,ég,...” (61,62,...) € E+, (él,éz,...) S ZJF},
and let P*:= P, ® P,, be the product measure on ¥*. Thus, if we define

Z¥(€) :=we, 0... owe, (x;) and Zﬁf (€) :=we, ... owg, (y;) on X,

n
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then Z% and Z¥ are independent Markov processes with initial distributions
0z, and d,, respectively and U" f(x;)=E(f o Z;') for all f€ Cp(K), where the
expectation means with respect to the measure P*. Let o > 0 and for each m € N,
let G m be the set of all € € ¥* such that there exists ¢ such that

Zyi(e), 2y (e) € K;,  d(Zyi(@), 24 (8)) <o, d(Z](8),2)" (€)) > a

for all I < m.

Then the (Ga,m),,cy are disjoint. Further, for each n € N, set

_E\UGam

Denote by B,, the o-algebra in X* generated by Z7,...,Z% Z% ..., Z% . Then
Ga,m € By, Now, for f € Cc(K),

U™ fzi) — U f(y;) = Ef(Z”") —Ef(ZY)
= Z Ellg, . (f(Z5) = F(Z4)]

m=1
+E[p, , (F(Z7) - £(Z2))]
Further, note that for n > m,
E(f(Z'V:?) Bm) = Z pem+1(Zfﬂi)"'pen (wenflo"' Oweln+1Z7:‘Er’Z)

(em+15--s€n)

xf(we" o... owemHZﬁ{)
= U”_mf(Z,”f{).

Therefore,

n

U™ f(ai) = U f(y;) = Y Elg, , (U™ f(Z5) - U™ (Z%))]

m=1
+E1p,, (F(Z3) = 1(Z7))]-
Let € > 0 and choose, by Lemma 3, o > 0 such that, for all u,v € K;, 1 =1,..., N,
dlu,v) <a = |U"f(u) =U"f(v)|<e forallneN.
Then

U™ f (i) = U™ f(y;)] ZE ] +E[1p, 2 fl] < e+2fIP*(Ban)-

Thus the proof of (i) and (11) will be complete when we prove the following. O

SUBLEMMA 1. Suppose that the contractive Markov system is irreducible and
one of the following hold.
(i) 1 =7.

(ii) The contractive Markov system is aperiodic.
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Then P*(B,,) — 0 as n — oo for all o« > 0, and the convergence is uniform
on S.

Proof. First, observe that

E(d(Z3 s mige, )| Z0) = D pe(Z ) d(we 25 i)
eckE
Zpe A(we ZE , WeTie)) + d(WeTi(e), Te(e)) ]
eck

< ad(Zﬁ" , ;Ct(e”)) +C

for all n € N. Therefore, for any natural numbers no > nq,

E(d(Zz;7xt(en2))‘Z;?l) :E[E( ( )’ 7L2 1)‘Z7f71:|
gaE[d(ZﬂQfl’xt(enz*l)” "1]+C

Repeating this, we are led to
xr xr C n n xX;
E(d(Z5y wueny) | Z0) < 7= +a™ (20 v, ))-
Now, let s > 2 be the largest Lipschitz constant of the maps we\Ki(c), e € E. Then,
for all n € N,

A(Z7 i(e,)) < d(we, Zn' 1 We, Tage, 1)) + A(We, Ta(e, 1) Ti(en))

<
< sd(Zy 1, Ty, 1)) +C  Prae.

Repeating this, we get

v s —1
d(Z§l733t(e,z)) < Pl C <s"C Pr-ae.
Hence
E(d(Zz;’xt(enz))|Zzll) < 1— nz—nlsnlc P*—a.e.
Set
log —
Y= )
log —
and let no > vny. Then
@ @i 2C A .
E(d(Zn;’xt(ew)Han) < 1—a =: 5 P*-a.e.

Therefore, by Markov inequality,

P*(d(Z3y wice,,) > A Z3;) <
Analogously,

P (d(Z%,ye(e,,)) > A|ZY) <5 Prae.
Since (Z%)pen and (Z%j)neN are independent processes,

P*(d(Z,,:i;,l‘t(enz)) A and d( nz,yt(e )) /\‘Z Zy’) i P*-a.e.

niy? T ny
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Note that the average contractiveness condition

Zpe(u)d(weu,wev) < ad(u,v) forallu,v e K;, i=1,...,N,

eck

implies that, for every w,v€ K;, i = 1,..., N, there exists ey € F such that
A(Weyty We,v) < ad(u, v).

Now, in case (i), by Lemma 5, there exists > 0 such that for any pair of vertices
accessible from ¢ by paths of the same length, there exist paths from them to ¢ of an
equal length that is less than or equal to dr, where d is the period of the contractive
Markov system. In case (ii), that is, d = 1, there also exists r € N such that there
are paths of length equal to r» between any two vertices. In both these cases, it is
implied that
Zy

n—dr

P*(Jist. Z2,Z% € K; |ZE

n—dr’

) > 524 p*ae.
for all n > dr. Therefore, by the Markov property,

P*(Jist. Z%,2Y € K; | 2%,

Zyj) > §247 p*ae.
for all ny > dr 4+ n;. Since each we|g, ite) is Lipschitz, there exists pg, > 0 such that

Cmax _ d(we,, ©... 0 We, Tie,), Wey, O O We, Ti(e,)) < Par
(e1,€1,...,edr ,€dr )*

for all z;,y;, € K; NS, i =1,...,N, where the maximum is taken over all paths
(e1,...,eqr)* and (€1,...,€4.)* of the directed graph.

Now, choose k large enough so that a® (25‘”)\ + par) < a. Let ng = yng +dr + k.
Then

P*(eny—t = Eny—y and d(Z2 . 2% ) <ad(Z2_,_, 2" _,_,)
for all  =0,...,k—1|Z%, 2% ) > §**Hd) prae.

ni’

(see Figure 3).
Then, by the above and the Markov property,
P (enz_l = énz_l,d(Zz; b Zy l) ad(Zwl — 1727%7171) for all
l=0,...,k—1, d(Zn2 ke—drs Tt(enyk—ar) )g)\ and

Uy Yeteny ) SAZ05Z00) 2 3080400 Praace.
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Observe that
d(ZZ;—Iw ZZ;—k) < d(er;—Iwwenq—k 9...0 wenz—k—dr-%—lxt(engfk—dr)) + Par
+ d(wgnrk O OWeyy g gr i1 Yt(Eny kar) Zg;fk)
< Sdrd(zﬁgfkfdr7xt(eng—k—dr))
+ par + Sdrd(yt(énrkm»)a Zg;—k—dr)

P*-a.e. Hence

P(d(Zis, Z8) < a* 25T N+ par)| Zii, Zi) = 3670 Prace.

e ny
Thus

P (d(Zy,Z%) > a|ZE, ZY) < 1 — 1520Fd0) - Prge,
Now choose a sequence of natural numbers ni,ne, ... such that ny.y1 > yne+dr+k

for all ¢ € N. Then, by the above and the Markov property,
PH(d(Z8,28) > a, t=1,...,m) < (1 — 1820+ 1 for all i € N,

ny
Hence
P*(Ban) < (1 — iéz(’”dr))mfl if n > n,.

Thus P*(B, ) — 0 as n — oo and convergence is uniform on S, since 7,7,k do
not depend on the choice of z;,y;, € S,i=1,...,N. ]

DEFINITION 11. A measure y € P(X) is called the attractive measure of the
contractive Markov system if and only if

U™y forall v e P(X).

Note that the attractive measure is the only invariant probability measure of the
contractive Markov system if U* is weakly* continuous, which is true if U maps
continuous functions on continuous functions.

THEOREM 2. Suppose that (Kje),We,pe)ecr is an irreducible contractive
Markov system such that Ki,..., Ky is an open partition of K, pe|Ki(e) is Dini-
continuous and there exists § > 0 such that pe|Ki(g) > ¢ for all e € E. Then the
following hold.

(i) The contractive Markov system has a unique invariant Borel probability
measure [i.

(ii) If, in addition, the contractive Markov system is aperiodic, then
U"f(x) = u(f) forallz € K and f € Cp(K),

and the convergence is uniform on bounded subsets, that is, p is an attractive
probability measure of the contractive Markov system.

Proof. (i) Fix x; € K; for all i = 1,...,N. Since the sequence (U*'d,, )en is
tight, (1/n "), U*'6,, Ynen is also tight for all 4 = 1,..., N. Hence there exists an
increasing sequence of natural numbers (ny)ren such that, for each i = 1,..., N,
(1/me >0k, U*'6,. )wen converges weakly* to a Borel probability measure, say j,
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that is,
o1 ! .
lim — E U'f(x;) = pi(f) forall feCp(K)andie{l,...,N}.

Since, by Lemma 6(i), for every f € Cc(K),
lim |[U"f(x;) —U"f(y;)|=0 forally, € K;andie {1,...,N},

we conclude that for every f € Co(K),

N
lim — S U() =Y mi(fH)lk (v) forallze K.
=1

Since, for every x, we deal here with convergence of Radon probability measures
on a locally compact metric space, it is implied that

nk

N
lim — S UF() =Y ni(f)lk (v) forallz € K and all f € Cp(K). (3.6)
=1

k—o0 N =1

Define a linear operator @ : Cg(K) — Cg(K) by

N
Q(f) = pi(flk, forall f € Cp(K). (3.7)
i=1
Then, by (3.6),
QU =Q,
and therefore
Q@ =Q. (3.8)

Now, by the definition of p;, U*u; = p; for all ¢ = 1,..., N. Since the contractive
Markov system is irreducible, this implies, by Lemma 1, that p; (K;) > 0 for all
i,j=1,...,N. Now let f € Cg(K) with f > 0. Then, by (3.8),

N N N N
S il =D i | Dok, |1 = Y i (Hpi(Kj) 1k,
i=1 i=1 j=1

i,j=1
that is,

N
pi(F) =Y mi(Hps (Kj) foralli=1,...,N.
j=1

Suppose that there exists ig such that p;,(f) < maxigj<n p;(f). Then, by the
above,

wi(f) < 11<nja<xNuj(f) foralli=1,...,N,

which obviously cannot be true. Hence
ﬂz(f)zuj(f) foralli,j:l,...,N,
Let p := pq. Since f € Cg(K) with f > 0 was arbitrary, we conclude that all p;,

i=1,...,N, are equal to y. Hence

lim — > U'f(x) =pu(f) forallze K and f € C(K). (3.9)
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Suppose that there exists A € P(K) such that U*A = A. Then
1 .- )
—> U A=)\ forallkeN
ng )

also, but if we apply Lebesgue’s dominated convergence theorem to (3.9), it is
implied that

1 .
— N U
Thus A = pu, that is, g is a unique invariant Borel probability measure of the

contractive Markov system.

(ii) Let € K. By Theorem 1(i), the sequence (U*"d,)nen is tight. Therefore,
there is a subsequence (U*"* §,)ren which converges weakly* to a Borel probability
measure, say u, that is, U™ f(z) — u(f) (kK — oo) for all f € Cp(K). Since, by
Lemma 6(ii), |[U™ f(z) — U™ f(y)] — 0 for all y € K and for all f € Cc(K), it
follows that U™ f(y) — p(f) for all y € K and f € Cc(K).

Let € > 0. By the tightness of (U*"0,),, ¢y, there exists a compact @ C K such
that U*",(K \ Q) < ¢ for all n € N. Hence

ol =|[sozzar)< | lgozlare | laozilar,
{25 eK\Q} {Zieq}
<l | 1 0 2 dP: + gl = 105\ @) + gl

< llglle +llglle

for all g€ Cp(K) and all n€N. Let f € Co(K). Since, by Lemma 3, the functions
(U™ f|k,)ken are equicontinuous for each ¢=1,...,N, by the Arzela—Ascoli
theorem, there exists a subsequence, without loss of generality (U™ f)ren, which
converges uniformly on Q. Hence there exists n. > 0 such that

HUnkf _ ,u(f)HQ <e forall k> Ne.
Thus, by the above,

U f(x) = u(f)]

U U f = u(f) (@)
(Il I+ u(H) + U™ F = u(Hlle
(Il +n(f)+1)

NN

for all n > n,, . Hence

U"f(zx) — deu for all z € K and f € Co(K).
This also implies that

Urf(z) — J'fdﬂ for all x € K and f € Cp(K);

the convergence is uniform on bounded subsets by Lemma 6(ii). By Lebesgue’s
dominated convergence theorem, we conclude that

Uy for all v € P(K). O
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EXAMPLE 2. Every irreducible finite Markov chain is a contractive Markov
system satisfying the hypothesis of Theorem 2.

ExaMpLE 3. Consider, for simplicity, R? to be normed by ||.|[;. Let K; :=

[0,1] x [0,1], K2 := [0,1] x [3/2,2] and K3 := [3/2,2] x [0, 2]. Consider the following
maps on R2:

1 Yy 2y ) 2 y %y+% ) 3 y _%x+% 3
4 = P = )
y 2y —3 *\y ~2r4

with probability functions

[SNIE

pri=1lk,, p2i=31k, psi=3lk,, pai=3lk,, Ps5i=li,.

An easy calculation shows that they define a contractive Markov system with an
average contracting rate 8/9 on K; U Ky U K3, as is shown on Figure 4, which
satisfies the hypothesis of Theorem 2(ii) and does not satisfy the hypothesis of [1,
Theorem 2.1].

wy contracts K; in the z-direction, expands it in the y-direction, and maps it on
Ks. wy contracts K7 in the y-direction and maps it on K3. ws contracts K3 in the
z-direction, rotates it 90° clockwise, and maps it on the middle dashed rectangle in
Ks. wy contracts K3 in the y-direction and maps it on the upper dashed rectangle
in K. ws rotates K5 90° clockwise, contracts it and maps it on the bottom dashed
rectangle in K7. Note that ws is the only contractive map here.

EXAMPLE 4. Let G := (V, E,i,t) be a finite irreducible directed (multi)graph.
Let ¥ be the set of all one-sided infinite paths o := (...,0_1,0¢) of G (one-sided
subshift of finite type associated with G) provided with the metric d(o,0’) := 2,
where k is the smallest integer with o; = o} for all k < ¢ < 0. Let g be a positive,



CONTRACTIVE MARKOV SYSTEMS 257

Dini-continuous function on X such that

Z gly) =1 forall z € Xg,
yeT—({z})

where T is the right shift map on Y. Define, for every i € V,
K;:={o € X¢g:t(og) =i},
and, for every e € F,
we(o) == (...,0-1,00,€), pe(0):=g(...,0-1,00,e) forall o€ K.

Obviously, maps (we)cer are contractions. Therefore, (K, We, pe)ecr defines a
contractive Markov system which satisfies the hypothesis of Theorem 2 and does
not satisfy the hypothesis of [1, Theorem 2.1]. Hence Theorem 2(ii) covers [18,
Theorem 3.1] (there, it was assumed that Y.~  $#(1/(1 +n)) < oo, where ¢ is the
modulus of uniform continuity of log g with respect to metric d’'(o,0’) = 1/(|k|+1)
(k is the same as in the definition of d), which is equivalent to the Dini-continuity
of g with respect to metric d, since logx < x — 1). The invariant measure of such
a contractive Markov system is called a g-measure. This notion was introduced by
Keane [12]. See [3, 6, 7, 17] for more on this.
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