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Abstract

We find, using rather classical spaces of Lipschitz or Holder functions, a bound on the spectral
radius of the transfer operator associated with Markov chains on countably many interacting
sites with synchronous updates. This gives us a Dobrushin-like criterion that guarantees the
uniqueness of a stationary measure, but also the exponential temporal decay of correlations for
nice observables and, under some additional assumptions, a spatial decay of correlations. Then,
the stability of the spectral radius is proved for suitable discrete systems or interacting particle
systems.

More than forty years ago, R.L. Dobrushin discovered a criterion which ensure that many models
of statistical physics have at most one equilibrium measure in the high temperature domain [3]. Tt
says, roughly, that if the state of the system on any given site does not depend too much on the
state of the other sites, then the equilibrium measure, provided it exists, is unique. This criterion is
remarkably elegant, in that it does not require any translation-invariance or finite range assumption,
it is easily computable, and can give rather sharp upper bound on the critical temperature when the
system exhibits a phase transition.

In this article, we focus on a dynamical version of this problem: instead of working with Gibbs
measures whose specifications are given, we look at a stochastic cellular automaton (i.e. a Markov
chain on the space of configurations). Starting from a given configuration, the updating process
change all the sites at the same time, independently. The techniques involved will not change
much, as we shall basically estimate the norm or the spectral radius of a given transfer operator,
as in Dobrushin’s original paper [3] or many following works [9], but will nevertheless add a time
perspective, introduce some new objects such as Markov chains, as well as change some more minor
matters (for example, the diagonal dependence coefficients ¢;;, where i is a site, may not be null).
This time-dependent perspective is already present in an article by Mac Kay [10], but without
explicit reference to the Dobrushin coefficients. We also prove that systems on a discrete state
space or iterated function systems are stable, under some additional assumptions and provided the
perturbations are nice enough.

The criterions we get not only ensure the uniqueness of the stationary measure, but can also be
used with great effect to prove an exponential temporal decay of correlation (Corollary 1.15) or, with
additional assumptions, a spatial decay of correlations (Theorem 4.4). One could continue along this
way to prove, for instance, a central limit theorem, with perturbations of the transfer operator or
directly with the exponential decay of correlations.

As the last modifications were done to this article, a recent paper of Mac Kay [10] was brought
to my knowledge. It goes along the same line as the article you are now reading, and one of its
arguments (the Theorem 1) can doubtlessly be used in our setting to great effect. I chose not to



modify the article, since it would need a very thorough overhaul to handle those modifications, but
added some comments to point out what one could gain this way (in short : better and more explicit
bounds, and a little less computation).

In Section 1 we present the setting we chose, the tools we shall work with, and the equivalent
of Dobrushin uniqueness criterion (which is shown to be a upper bound on the norm of the transfer
operator). The tools come from the basic arsenal of optimal transport theory: minimizing couplings,
Wasserstein distances, and Kantorovich-Rubinstein Theorem. We hope it provides the reader with a
simple and almost optimal setting in which Dobrushin uniqueness criterion (Theorem 1.12) is valid -
and actually appears with little effort - in Subsection 1.2. In particular, it leaves a lot of freedom in
the way one chooses the state spaces, which are not required to be identical, and the distances, which
are only required to be lower semi-continuous (and actually only measurable if one looks for some
weaker results). Although the techniques involved are in nothing new (but seem to be frequently
re-discovered), the setting is slightly different, and in some ways more complete. We also obtain the
temporal decay of correlations for free (Corollary 1.15).

The Section 2 presents much more involved arguments. When one looks at dynamics where all the
sites behave independently, they can find trivial examples where Dobrushin criterion fails, but where
the transfer operator has exactly one eigenvalue of modulus 1: a product of mixing Markov chains
with a convenient transition matrix is enough. In the independent case, one can get past this problem
since the transfer operator can be trivially iterated. However, we want to know what happens when
one perturbs such a system: is there still at most one equilibrium measure? We answer this question
for some systems and nice perturbations, but only for discrete state space in Theorem 3.1 or iterated
function systems (for which we show a Lasota-Yorke inequality - Theorem 3.5) in Theorem 3.6. This
section concentrates most of the new results of this article.

Section 4 is devoted to the proof of a spatial decay of correlations for a unique equilibrium
measure, much in the same spirit as in [6], but intrinsically limited by the fact that we do not work
with lattices, and that we do not require the sites to be identical, so that it makes no sense speaking
of the translate of a function. In exchange, the main result we get - Theorem 4.4 - is much more
general.

Section 5 presents some variations on the Ising model, as examples on which our diverse results
apply.

1 Setting and tools

We give ourselves a countable index set V', typically infinite (our results are much less interesting if
one works with a finite index set). For some applications, it may be useful to see V' either as the
vertices of a graph, or as the set of nonnegative integers N. Each element of V' will be called a site.
For each 7 in V, let E; be a Polish space, and d; a lower semi-continuous distance on E;. We put
Q.= H FE;, and we endow it with the product topology and its Borel sets. Any element of €2 will
be caﬁe(;él a configuration, and by induction a point of F; may sometimes be called a configuration
(or a state) at site 7. If w € 2 is a configuration, we denote by w' € F; its value at site 4, and by

o e H E; = Q' the configuration induced outside of site 7. Sometimes, we also use notations such
jev
J#
as w”", which denote a configuration on all sites whose label is strictly greater than n (when the
index set is N), and other similar objects.
The advantage of using lower-semi continuous distances on Polish spaces is that it encompasses

both the "Polish space with discrete distance" (i.e. total variation norm on measures) and the
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"compact metric" settings.
We assume that the distances d; are uniformly bounded, or that in other words there exists a
A > 0 such that, for all 7 in V', we have d; < A.

Definition 1.1 (Uniform continuity at infinity).

We say that a function f from Q to a metric space (M, D) is uniformly continuous at infinity
(or shorter is UCAI) if, for every € > 0, there exists an integer N such that, for every couple of
configurations wy and wy which are identical on the first N sites, D(f(w1), f(wq)) < €.

For each i in V, let w — p;,, be a measurable application from Q to P(E;). We define a Markov
chain on € in the following way. First, we give ourselves an initial distribution over 2; then, if
(X}, )icv is the configuration at time n, the law of (X, )icv knowing (X )icv is ®pi,(X£)jev' In

eV
other words, we choose the new state of all sites independently, but with a law which depends on
the previous state of all sites.

We define a transfer operator £* on the space of probability measures (and also on the space of

sign measures) by:
L= /Q®pi,w/ﬁ( dw).

Equivalently, if p is the law of (X{);ey, then £*u is the law of (X|);cy. We consider its dual operator,
which acts naturally on the space on continuous bounded functions. For any such function, we have:

Lf(w):= /Q F(@') Q) pi( ).

eV

1.1 Basic tools

We use in this article an approach oriented towards functional analysis. One of the main point is a
duality between Lipschitz functions and some finite measures, coming from Kantorovich-Rubinstein
Theorem. We need to define all the functions and measures space we work with. Since the norm we
shall use on measures spaces do not look very natural (at least at first sight) but are easily explained
by duality, we shall start by the functions spaces. Naturally, they are spaces of functions which are
Lipschitz in some sense; they were used in [9].

Definition 1.2 (Holder functions).
Leti inV, and « in [0,1]. The local Hélder spaces of index o are defined by:

]j;i:)a(Ez) = {f : B; — R, measurable, sup | (wa) _ f(w;’” < +oo} ; (1.1)

_ o
wi wieR; dz (wzzv wb)

|f(wh) = flwp)]
I, 5y 7= SUp o

Now, we can go on an define global functions which are locally Holder of index o:

EQ(EZ) = {f : 2 — R, measurable, UCAL sup Hf(w@', )HEE ) < —i—oo} , (1.2)

e

1l m = sup @) e -

Tteq’
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At last, we can define the globally Hélder functions:

= {f € (NLa(E) D> I flgomy < +oo} (1.3)

eV eV

1flg, @ = D flg, 5,

eV

We did not define norms, but semi-norms: if two functions differ only by a constant, then the
Holder semi-norm of their difference is zero. Here, the interest in Lipschitz functions lies only in
their variation: we shall quotient our spaces, saying that two functions are identical if they differ
only by a constant. This kind of quotient is used in many articles, although with some changes (one
may consider, for instance, Lipschitz functions whose value at some reference point is zero). One
advantage of our method is that we will not care about constants. The drawback is that, once the
quotient is done, it will forbid us to speak of the value of the function in any given point; however, we
will still be able to define the difference of the function evaluated in two points, since such differences
are the same for any two functions which differ only by a constant.

Definition 1.3.

Let i in V. For any two functions f and g from E; (resp. Q) to R, we write f ~ g if there exists
some ¢ in R such that f = g+ c. The relation ~ is obviously an equivalence relation on the set of
functions from E; (resp. 1) to R.

For any i in V, we define Lipo(E;), ||llLip, (50 Lal(Ei)s lln.mys La(2) and |||l ) as the

quotients of respectively LNlpa(E L.(E;), IRNTRY L.(Q) and Iz, by the relation

i)? H‘Hﬁga(&);
Lemma 1.4.
I[lip_ (&) @ a norm on Lip,(E;) for every i in'V' and every a in [0,1].
{1,y is @ norm on Lq(S2).

Functions in L, () are bounded.

Proof.

We first focus on the two first statements. It is enough to prove that [|-[|| ) is a norm on Ly (),
since the former statement is a particular case of this one (one only needs first to take df* instead
of d; to get the result for all « in [0, 1], and then to take V = {i} to get the result for Lip,(F;)).
Showing that [[-[|j, ) is a semi-norm is trivial; all we need to prove is that, if [|f — gl q) = 0 for

f and g in L;(92), then f = g. This is the same as proving that, if Lo — 0 for f and § in
Q

f[:l(Q), then f and § differ only by a constant. Let f and § in ﬂl(Q) =0.
Let us fix some wy in ). Let w in 2. For any nonnegative integer n, we have:
flw) = flwo) = i(];(wo ,wZ*) = Flwg",w™) + f(w5",w™) = Flwo):
k=0
Since f is continuous at infinity, we get by making n go to infinity:
f( fwo Zf wg™,w=") f(wo ,w™"). (1.4)



Since the same holds for g, we have:

F(w) = §(w) = flwo) = d(wo +Z )(wg™,w=") = (f = §)(wg" ™).

For any integer n, by the definition of the Lipschitz norms:

(=9 wg™ ™) = (f = ) w5 ™™ < ||f = 3 dp (", wg) = 0.

L1(En)

Hence, f(w) — §(w) = f(wy) — §(wo) for any configuration w in Q, and f and § differ only by a
constant. All is left to prove is the third statement. Starting from Equality 1.4, it is straightforward:

f(w) = f(wo +wao W) = flog", W)
< Fa+ 3o |1 oy el )
n=0 "

< f(

]

Now that we have defined everything we need (at least for the current section) on the side of
observables, we turn to the measures side. While defining the functions spaces was made at the same
time we defined the norm on those spaces, here the measures spaces will be defined directly, but the
distances and norms (Wasserstein distances and Wasserstein-induced norms) we put on them will
require us to introduce a few tools, including Kantorovich-Rubinstein Theorem. The use of such
distances in the wording of Dobrushin uniqueness criterion dates back to a follow-up of Dobrushin’s
original article [3| a couple of years later [4], but the freedom one has in the choice of the cost function
is seldom noticed.

In the following, we denote by S any Polish space. We shall use occasionally the bra-ket notation.
Let us recall that, for any finite measure 1 on S and any bounded, measurable function f from S to
R, one may write:

(i, f) = /Sfdu.

We denote by P(S) the space of probability measures on S, and by My(S) the space of finite
measure £ on S such that (u,1) = 0.

If ;1 belongs to Mo(€) and f to Ly(€), then (i, f) = (i1, f + ¢) for any given ¢ in R. Hence,
(i, f) is well-defined for f in LL;(2).

Definition 1.5.

Let o and v be two probability measures on S. A coupling of p and v is a probability measure
on S x S such that its first marginal is p, and its second marginal v.

We say that a measurable function c from Sx .S to Ry is a cost function if it is bounded, symmetric,
and if it is null on the diagonal. Then, we can define the optimal transport cost between p and v
with respect to ¢ by:

coupling
between p and v

We(p,v) == inf / cdm. (1.5)
SxS



A classical interpretation of the quantity W.(u, v) is the following. We can see the two probability
measures 4 and v as two different way to spread a unity mass on the space S. Then, as is suggested
by its name, W.(u,v) is the lowest cost needed to transport the mass from its repartition p to its
repartition v, given that the cost for transporting a unity mass from point = to point y is c(z,y).
If ¢(x,y) = 1,2y, the distance W, between two probability measures is, up to a factor 2, the total
variation between these two measures.

We expose in the next lemma some of the well-known properties of the Wasserstein distance (see
for instance [11], Chapters 4 and 6).

Lemma 1.6.

If the cost function c is a distance on S, then the corresponding functional W.(-,-) is a distance
on the space P(S).

If the cost function c is lower semi-continuous, then for any two given probability measures p and
v on S, there exists an optimal coupling which realizes the infimum in Equation 1.5.

If c(z,y) = 1,2y, then W, metrizes the strong topology on P(S).

If (S,d) is a Polish metric space, then Wy metrizes the weak topology on P(S). The distance Wy
is then called the Wasserstein distance on P(S5).

All those definition and properties can be extended by taking nonnegative finite measures of the
same mass instead of probability measures. Then, they induce norms on the spaces My:

Definition 1.7.
Let ¢ be a distance on S. Let v be in My(S). The measure o can be decomposed as a difference
of two nonnegative, finite measures: = p, — p_. We define:

H/”L”c = WC(/’LJM/L*)'
Then, |||, is a norm on My(S5).

One of the essential tools of this article is the link between the measures and the observables. It
is indirectly provided by Kantorovich-Rubinstein Theorem:

Theorem 1.8 (Kantorovich-Rubinstein).
Let ¢ be a lower semi-continuous metric on S, which is also used here to define the Lipschitz
functions space on S. Let p be in Mq(S). Then:

lull, = sup (u, f). (1.6)
feLi(S)
1l (s)<1

We now move towards applying this theorem to our setting. For this purpose, we define ¢*(V,R,)
as the space of nonnegative, summable sequences on V; for any (u;);ey in £'(V,R.), we put |lul|,, =
Z u;. We define also, for any (u;)iey in £'(V,R,), a pseudo-distance Z u;d; on €):

eV eV

(Z uidi> (Wa, wp) == Zuidi(u}é,wg). (1.7)

eV eV

Lemma 1.9.
Let (u;)icy in £(V,R.). Then, Zuidi is a lower semi-continuous pseudo-distance on §Q.
eV



Proof.
Let i in V. The pseudo distance defined on Q by d;(wa, ws) := d;(w’, w}) is lower semi-continuous.

Hence, for every positive integer IV, the pseudo-distance E u;d; is also lower semi-continuous.
i<N

Moreover, since g |uidi]| . < Aljul|,, the sequence of functions ( E uidi> is nondecreasing
eV i<N NeN
and converges uniformly. As a consequence:

Z u;d; = sup Zuldl

eV NeN N

As a pointwise supremum of lower semi-continuous functions, the function E u;d; is also lower
eV
semi-continuous. The fact that it is a pseudo-distance is obvious. O

At last, we define a convenient norm on M;(€2), by putting for any u in M(£2):

Il == sup  Wx,_ i, (b, 1) (1.8)
uel (VRy)
Hqul(v,R_HSl

Lemma 1.10.
Il @y is @ norm on Mo(Q), and:

Il = sap  (u f). (1.9)
feL1(Q)
£l (@) <1

Proof.
Let g be in My(Q2).
Let u in ¢'(V,R, ). First, we apply Kantorovich-Rubinstein Theorem 1.8 to the function Z u;d;,
eV
which is a lower semi-continuous pseudo-distance on 2 x €2 by Lemma 1.9.

WZieV uidi(:u—&-nu—) = sup <1ua f> (110)
JELipy (2,27 widi)
[ llLipy 0,5 ey updy <1

The main issue here is to identify the space of Lipschitz functions with respect to the pseudo-
metric Z u;d;. Let f be 1-Lipschitz with respect to Z u;d;, where u belongs to £'(V,R,).
eV i€V
Obviously, for all i in V', we have || f|i 5,y < ui- Moreover, let N € N and w,, wp in €2 be such
that w! = w} for all i < N. Then,

(Z uidi> (Wa,wp) < AZui.

eV i>N

The sequence (u;);ey being summable, this converges to 0 as N goes to infinity. Hence, f belongs to
Ly (Q), with [|fllz, ) < D wi and || fllg, () < w for all d.

K
eV



Conversely, if f belongs to El(Q), as a consequence of Equation (1.4), for all w, and wj, in Q:

f(@a) = F@l < DI g, o (Z 1|5, ) (Was w)-

2% i€V
This proves that the set of functions which are 1-Lipschitz with respect to the pseudo-metric
(Z uidi> for some u € £'(V,R,) such that ||u| . i, < 1is exactly the set of functions which are
eV
of L1 (Q)-norm at most 1. Hence:

sup (4, f) = sup sup (1, f)
FELL(Q) uel (V,Ry)  feLip (2,3 ,cy ui 1)
”f”]Ll(Q)Sl “““el(VR+) 1 Hf“Llpl(Q Siev uzdz)f
— sup Wziev wid; (Ht s 11—)
uel*(V,Ry)

H“Hzl(vyRJr)gl
= lull a)
We get that [[-[| 4 is a pseudo-norm on My(€2). Let u be a positive summable sequence on V,

with ||ullp g, ) < 1. Then Z u;d; is a distance on €2, so that Wy, w4, (14, 1) is non-zero for any
i€V
non-zero measure (1 in Mo (€2) and [|-[| ;) is a norm on Mg(2). O

1.2 Results

Now that the setting is clear, we can go on and prove a theorem akin to Dobrushin’s [3]| or Klein’s [9].
So as to complete this goal, we introduce the interdependence coefficients c;;, which quantify the
influence of the configuration of a site ¢ at time ¢ upon the configuration at site j at time t 4 1.

Definition 1.11 (Interdependence coefficients). Let i,j € V' be two sites. We define the coefficient
Cij by
de (pj,wi,w}'l ) pj,wi,wf;)

Cij = Sup  sup - (1.11)
1] _ GQ wa,waE di(wg, Wll))
a#wb

We shall call M := (c;j)i jev the dependence matriz (associated to the dynamics). Let n € N*.
This matriz can be iterated, so that if we put :

Cz(?) = Z Ciiy Ciyig * * * Cip_1js (1.12)

{il"" ,in71}€V7L71

then M" = (CE;-L))Z-J-GV.
In the worst case, if the configuration at site i at time ¢ is switched from w? to wi, the distribution

of the configuration at site j at time ¢ + 1 move at most by a distance of ¢;;d;(w?, w}).

Theorem 1.12.

“+oo
Assume that Supz c;; is finite. Then, L acts continuously on Ly (), and:
]EV
“+o0o
||‘C||]L1(Q)—>L1(Q) < SUPZCij- (1.13)
% i—0



Proof.

First step:

We begin by choosing w’, wj in F; and @ in @', and writing £f (@', w’)—Lf(@", w}) as a telescoping
sum. Let n be a nonnegative integer.

‘Cf(wiﬂwz) w wb /f Wi ®p]w wl /f wl ®p],w wi

JjeEV jeV
= Z/f wl p]w wi p]w “Jb dwl ®pk¢w wb dwl ®pk’w wi dwl
k<j k>j
/f wl ®pkzw w dwl <®pkw w, dwl ®pkw w dwl ) :
k<n k>n k>n

We show that the remainder of this sum converges to 0 as n goes to infinity. Let I, 5 i be

any coupling between ® Praiw and ® Pret i -

k>n k>n

/f wl ®pkw wi dwl <®pkw w, dwl ®pkw wd dwl >

k<n k>n k>n

— /Qf(wl) — fwE" w™) ®pk@¢7wz( dwh) 1L, gt i ((dw?™, dwy™).

k<n

Since f is continuous at infinity, | f(wi)— f(wi™, ws™)| decays to 0 when n goes to infinity uniformly
in w; and w9, which implies that the remainder of the telescoping sum also vanishes at infinity. Hence,
we have:

Ef(wZ,WQ) w wb Z/f wl p]w wg, pjw wb dwl ®pkw w d("Jl ®pkw wh, d(")1
k<j k>j
(1.14)
Second step:
Now, we use (1.14) to get a upper bound on the norm of £Lf. We keep the same notations as in
the first step, choose j in V, and an optimal coupling 7,z i wi between p; i i and pjgi i (following
Theorem 4.1 in [11], such a coupling always exists).

/f uJl p]w wi —Djwt “’b dwl ®pkw wi dwl ®pkw Wi, dwl)

k<j k>j

/f wlvwl (w17w2) jw wk Wy (dw{’ dw%) ®pk,wi,wi( dwlf) ®pk,wi,w3< dwlf)

k<j k>j
/”fH]L w17w2) Wj,Ui,wfl,wg( dw{, dw%) ®pk,wi,wg( dwf) ®pk@i,wz( duﬂf)
k<j k>j
S ||f||L1(E]) de (pj,wi,wfl?pj@i,w};)
< Cij 1l ) dilwa, wp)-



Now, we sum this inequality over all 7 in V', and get:

Lf @, wh) = LF@wi)| < e 1Fllnym,) di(wh, wh).

jeVv

Since this is true for all @ in ' and all w! and W in E;, obviously,
HfH]Ll(Ei) < Zcz’j HfHLl(Ej) ;
jev

and:

||f||L1(Q) < chz‘j ||f||]L1(Ej) < Z ||f||]L1(Ej) Zcz‘j < (?ggZ%) ||f||]L1(Q)'
eV

eV jev jev eV

However, we do not have proved yet that £f belongs to IL;(2).

Third step:

All we have to check now is that L£f is still continuous at infinity; this is where the assumption
that all the p;,, are continuous at infinity will play its role. Let n be a nonnegative integer, and let
w, and wy in Q such that w=" = w;" (that is, these two configurations are the same on the first n

sites). For each i in V', we choose and optimal coupling 7, ., between p;,, and p;,,. Let m be a
nonnegative integer.

Lf(wa) = L (ws)

/f wi) <®pkwa (dwk) = ) Py ( dw1>

keV kev

= /Qf(wl) — f(WQ ®7Tk;,wa,wb( dw’f: dwé)

keV
- z 50 = S ) @ (s 0
keV
[ ST = ) @ T e ).
keV

As in the first step of this proof, the remainder vanishes as m goes to infinity; we use the same
kind of upper bound as in the second step.

+o0
1Lf(wa) = L @) <D Nl Wy (Prcns Prs)- (1.15)
j=0
Moreover, we have for all j in V' and nonnegative integer m:
de (pj,wij,wb Z Wd j wgn-m >n+i,pj7wb§n+i+17w5n+i+l) + de (pj’wbgn+m+17wa>n+m+1,pj7wb).

Since each p;,, is continuous at infinity, the remainder vanishes as m goes to infinity. Hence:

+o0o +oo
W, (Pjwa> Pjwy) = Zde Dj pznti, >n+i>pj7w§n+i+1,w;n+i+1) < Z cijdi(wy, wp) < A Z cij- (1.16)
=0

10



Now, we apply Inequality (1.16) to Inequality (1.15), and obtain:

+oo  +o00
Lf(wa) = L@ <AY > i 1 Fllny ey -
§=0 i=n-+1
For all nonnegative integer n, we have:
+00 +oo
Z Cij HfHLl(Ej) < (suchij> HfH]Ll(Ej) )
i=n+1 i€V izo

the right hand side being a summable function of j as soon as the hypothesis of Theorem 1.12 is

+oo
satisfied. Moreover, lim Z cij |1 fllL (g, = 0 for all j. By the dominated convergence theorem,
S Rag ] o

400 oo

Jim AT ST ey 1y, =0

=0 i=n+1

Since this upper bound also does not depend neither on w, nor on wy, the function L f is continuous
at infinity and belongs to L;(€2), which ends this proof. O

The bound 1.13 is worth commenting. If all ¢;; are finite, the dependence matrix M is an infinite,

nonnegative (in that all its coefficients are nonnegative) matrix. The operator norm of M when
+oo

acting on ¢1(V) is sup Z c;;; in particular, it acts continuously if and only if this expression if finite.
JeV

One could make M aét 0on different Banach spaces and get different expressions for the operator
norm. It is not clear how one could translate such an action to a well-defined function space on €2:
if one makes M act on £?(V') for some p > 1, then the corresponding norm on functions on §2 do not
control the supremum norm, and by duality we can not get a good control of the norm of £* on the
whole M(Q2) space (although some control is still possible on some subspace of Mg(€2)). However,
one can still hope for good properties of the system such as in [5], where it is enough to control some
operator norm of the dependence matrix.

Actually, the conclusion of Theorem 1.12 is valid under weaker assumptions. While we worked
here with d; as lower semi-continuous metrics, the same conclusion holds with costs functions which
are merely nonnegative, symmetric, measurable, zero on the diagonal and uniformly bounded by
some A. In other words, neither the positive definiteness, the triangular inequality nor the lower
semi-continuity are necessary. However, those assumptions are needed for Corollary 1.13, and the
lower semi-continuity makes for a simpler proof (it ensures the existence of optimal couplings, and
spare us the use of couplings close to this optimum).

Corollary 1.13.
+oo

Assume that supz cij < 1. Then, there exists at most one stationary measure.
i€V i

Proof.

11



Let py and po be two stationary measures. Since they are stationary, £*(py — p2) = pg — fo.

Iy = p2ll gy = sup  {p1 — pa, f)

feLi(2)
£l () <1
= Sup <M1 — U2, £f>
FeL1(Q)
£l (@) <1
< sup (1 — p2, f)
JeL1(Q)

11y @) SIENL, @)Ly @)

< HEH]Ll(Q)HILl(Q) [pa — M2H(d)

“+00
< (SUPZ%) 1 = pall (g
J€Vizo
“+o00
Hence, if supz% < 1, then ||u; — ,u2|| @ =0 and 1 = ps. O
JEV

This corollary states that, if the dependence matrix has an operator norm smaller than 1 when
acting on ¢*(V), then there is at most one stationary measure. One can weaken this condition by
iterating this matrix: if its spectral radius is smaller than 1, then the conclusion of this corollary
holds. In other words, for the uniqueness of the stationary measure to be known it is enough to prove

that, for some n € N*,
suchU <1

]GV

Remark 1.14.

One could also be interested in conditions which ensure that there exists at least one stationary
measure. This is the case if each E; is compact. Then, Q2 is compact, and so is P(Q2). Since L* act
continuously on P(S2), it has a fized point by Schauder’s theorem, and thus there exists at least one
stationary measure.

However, on can use alternative conditions in some cases. For instance, assume that p(L) is
strictly smaller than 1. Then, we take any probability measure p on 2 and define a sequence (u,) by:

This is a Cauchy sequence, and if it has a limit then this limit is a stationary measure. All we need
is a condition to ensure that (P(Q), || — -[|(y)) is complete. This is true if either each (E;, d;) is a
metric Polish space, or if for some 6 we know, for every site i and every points x and y in E;, that
di(x,y) > 61,2, (then, we may work with a stronger topology on P(S2), which would still be complete).

A bound on the norm or on the spectral radius of the transfer operator can give much more than
the mere uniqueness of the stationary measure.

Corollary 1.15 (Temporal decay of correlations).
Assume that the system has a unique stationary probability measure p. Let f and g be in L,(Q).
Then:

+o0 n
B (f(X0)g(Xn)) = Bu(N)Eu(9)] < N f 1l 91l @) (S@Z%’) : (1.17)
A
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Proof.
By the definition of the transfer operator, we have:

L CX0)9(X) ~ BN = | [ 16) (£79(0) — B0 dw)'

<l 1€79 = Eu(9) oo
+o0 n
< HfH]Ll(Q,u) ||g||L1(Q) (SUPZCij> 5
I€Vizo

where the last inequality comes from the fact that £"g converges exponentially fast to E,(g), which
is the projection of g onto the eigenspace of L corresponding to the eigenvalue 1. [

2 Iteration of the transfer operator

In order to use the conclusion of Corollary 1.13, the transfer operator must be contracting, or at least
the spectral radius of the dependancies matrix must be strictly smaller than one. However, one can
easily find examples such that the dynamic has trivially a unique stationary measure and one has
exponential convergence towards this measure, while the dependence matrix has a spectral radius
greater than 1. For example, let us consider a sequence of independent and identically distributed
ergodic Markov chains on a finite state space. Let N be the transition matrix, and m; the projection
on the eigenspace for the eigenvalue 1 of the matrix NT. Then, one has a unique stationary measure,
but Corollary 1.13 can be applied if and only if | NT — 7| is strictly smaller than 1.

In the case of a sequence of independent dynamics, a simple workaround is to iterate the dynamic:
thanks to the independence, the iterated dynamic keeps the property that the updates on every sites
are independent, and to apply the conclusion of Corollary 1.13 it is enough that [|(N™)* — 7| is
strictly smaller than 1 for some n - which is true if NV is ergodic. However, this method can not be
adapted in the interesting cases, when there is even the slightest dependence between the different
sites. Our goal in this section is to iterate the transfer operator so as to get estimates of its spectral
radius which behave nicely when one slightly perturbs a sequence of independent dynamics.

We shall begin again with a boring list of miscellaneous definitions, starting with a new function
space and some operators. Let ¢ in V' and « in [0, 1]; we put:

Bo(E)) := {f O x B2 - R: 3K > 0,V0, w0l € O x B2, |f(@,w,wi)| < Kdg(w;,wg)} (2.1)
flls, sy i= sup sup L emeh)

et wiwieE; % (

For any 7 in V, for any function f from 2 to R, we will denote f/; the function from Q' x E? to

R such that, for all @' in ', for all w! and wj in E;:
f/i(wi7w27wll;) = f(wiijz) - f(wszz)

Clearly, for any ¢ in V' and any f in L,(E;), we have Hf”lLa(Ez—) = Hf/iH]B (E)’ We also have, for

any f in Lo (Q), the equality | fll,. g = > I1fle. s
eV

13



Let s and j in V. Let f in B,(E;). We write:

‘Pj,wi,wfl,wg = ®pk,wi,wg & ®pk,wi,w3 € p(ﬁj)

k<j k>j

We recall that 7,z . wi denotes an optimal coupling between p;: . and Pjwiwi- Let us define

the operators we shall use in the proof of Theorem 2.6:

(Liff) (@, wyywp) = /Qf(w{’wg,wé)ﬂw,wg,wg( dwy, dw}) Pz g ey ( d)). (2.2)
Equation (1.14) becomes, for all ¢ in V' and f in L(2):
(L)i=>_ Lijls (2.3)
jev

We now need some reference configuration, to help us decouple the dynamics. Let (wé’i)iev in Q2
be this reference; we put:
A :=sup sup d;(w',wp,;) < A.

i€V wieE;
Let ¢ in V and f in B, (E;). We define:
(Zif) @ it = / J (@, ) T g (i, dwd) P e e (), (2.4)

and:
<‘Cuf> ((’“i>“;>"°1§) = /f(("‘ih"“;?“‘g) Wi,w",w};,w};( df"’%» d""é) (Pi,wi,wg,w}; Pi,wi,wéi,w(i) 1)( d("“zl) (25)
Q ’ ’

Trivially, one has:
(Lf) ) = Z Lijfi+ Lifri + Liif i (2.6)
jEV
J#i
We need to decompose further these operators in order to prove Proposition 2.7. Let ¢ in V', and

Wi, in Q. Let f in By(E;). We define:

(Euf> (517 w(iz? wlZ)) = /Qf(w?b wé? wé) Wi,wé’i,wé,wé( dwév dw?}) Pi,wi,w&i,wé ( dwzl)’ (27)

T

and:
<£“f) (wi’ wi, wlz,) = /f(u)ll7 w;, wé) (ﬂ'i@i’wé’wg - Wi,wéi7WZ,wl§>( dwé, dwé) Fi@i,wé “wéi( dwﬁ). (2.8)

Once again, we put: A
A}, = supsup sup d; (wj,wé’l-) <A.
1€V jEV wieE;
J#1

We also need to introduce some kind of reference dynamic on each site; they will be considered as
a dynamic we perturb. We create them by specifying some configurations, and then looking at the
dynamic on any site knowing this is the configuration outside of this site. Let ¢ in V and @ in Q'
There is a Markov dynamic on E; such that, if the configuration at time n is w', the configuration at
time n + 1 is chosen with the probability measure p; : ,i. We call £ i its transfer operator acting
on Lipschitz functions on F;. For any such function,

ref i,

(Lref,i@if) (wl) - /E f(wi)pi,wé,wi( dwi)

14



2.1 Operator norms

We now give some estimates of the operator norms for the operators previously defined. The first
lemma is the most straightforward, since the computation involved is almost the same as in the proof
of Theorem 1.12.

Lemma 2.1.
For alli and j in'V, for all o in [0, 1],

<

||‘Cij||]Ea(Ej)—>]Ba(Ei) ij)

and:

.

Ba(E;)—Ba(E:)
Proof. A
Let f in B,(E;), and (@', w’,wj) in Q x E2.

[(Li; ) (@ wi, wh)| =

/Qf(wjh w%a wi]’,) Pj,Di,wg,w};( dwjl) Wj,wi,wjl,wi( dw%a dwij’,)

<l [ A3 Ty e, )

J
(0%
S ||fH]Ba(Ej) (/Ede(w%awé) Wj,wi7wé,wg( dw%, dwé))
N J
= ”f“IBSa(E]-) de (pj,wi,w}'lapj@i,wg)
< ¢ HfHJBza(Ej) d5 (wy, wh)-

Since this holds for every (', w’ and wj) in Q' x E?, we have proven Inequality (2.9). The proof
for Inequality (2.10) is virtually the same. ]

Lemma 2.2 is the crux of the matter: if we can afford to lose some regularity, then the perturba-
tions can be adequately controlled by the non-diagonal terms.

Lemma 2.2.
For alli in'V, for all a in [0,1], for all f in L,(Q),

-«

<20 I Eaey | Do M ey | (2.11)
JjeV
J#

B (E:)

Proof. '
Let i in V, f in L, (F;) and (@, wi,wi) in Q x E2 Let n > 0.
If d;(w;,w;) < n, we compute:

<

‘ <£“f/l) (wi7 wfz’ wlZ)) /f/l<w_117 w;> wil’)) Wi,wi,wg,wé( dw;, dwil%) Pz’,al’,%,%( dwﬁ)
Q

+

1@ ) Ty iy o) Prg (051
< 2¢; ||f/1HB1(E1) d’i(wiy wlZ))
< 2c¢; ||f||]L1(Ei) Ul_“d?(Wf;,wé)-

15



If d;(w’,w}) > n, we compute:

‘ <Enf/z) (@' w

)| < / F@68) (Prtg i — Pttt ) d58) pyss ()

/f w17w2 zw oﬂ wg - Pi,wi,wéﬂi,wé,ix dwi>pi,wi,wz( dw;)

< 2/ Zcij Hf”]Ll(EJ)
jev
J#i

JEV
J#i

Now, we optimize the parameter n by choosing:

-1
n= (Cn‘ ||f||]L1(El-)> Ag Zcij Hf”]Ll(E])

JEV
J#i

Hence, we have :

l—«

ooy S2 (€ ) | 20D el

ey
J#

”Ez‘if/z

Lemma 2.3 is a mere translation of a natural hypothesis on the operators L ;-

Lemma 2.3.
Assume that there are some nonnegative real numbers K and X such that, for all n in N, for all
i in'V and all sequence of configurations @}, ..., @', in Q'

H‘C’refiwi ""Crefiwi < KX\ (212)
e 7 I Lipy (Bi)—Lipy (Bs)
Th@n, fOT all@ mn [/ 5 all n in N Cmd all f mn LI(EZ);
H( I/ Bi(E) ”f”[Ll(Ei) ( )

Proof. |
Let i in V and n in N* . For f in L;(E;) and (@, w!,wj) in Q" x E2,
( zz) fri@ Wi, wp) / /f — f(@,, W) T o (AW, dwy,)
d@;) .. 'Wi,wi,wg,wi( dwa’l, dwb’l) P i ( dwi)

4,W° WG W6 4

/ /f f((.d wbn)ﬂ- 7; W, an 1’wbn 1(dwan7 dwé,n)
(dw dwal)Piwi i (dw;)Pﬂ i (dwll)

Wn—1:%0 %0 4 L,W",Wo W0 4

n 17“}0 Z’WO z(

zw uﬂw a,l»

16



Let @, @) in (Q)".

[ 1@ i) = F@ i) My, (s ) - Ty, )
= [ 1@ ( [ / pim o () prs ()
E;
/ /pzwn l,n 1 ) pzww(dw1>>

= <‘Cref,1,w 0 'Cref,l,wl‘creflw f(w;w )) (W;)
- (‘Cref,i@;71 T £ref,i,wil ‘Cref,i,wif(win )) (wllj)
At this point, we use our hypothesis, and integrate:
(‘Cii> f/i(wi,wé,wé) < KA" HfHLl(E‘i) di(wg, W})-

This is true for all w’, wj and @', which ends this proof. O

Lemmas 2.4 and 2.5 (as well as their proofs) are very similar to Lemmas 2.2 and 2.3 respectively;
they shall allow us to work with a less stringent hypothesis on the operators L, ; 5.

Lemma 2.4.
For alli in'V, for all a in [0,1], for all f in1L,(9),

l1-a
Liifyi 2(Ap) ¢, chi 1l &) - (2.14)
BQ(E’L) ]GV
J#i

Proof.
This proof is very close to the proof of Lemma 2.2; we highlight the main differences. Let ¢ in V/,

fin Li(E;) and (@', W, wi) in Q' x E?. Let n > 0.
If d;(wy, wp) < n, we still have:

‘ (Ezzf/z) @', Wi, wp)

If di(w’,w}) > n, we compute:

‘(Euf/z) (wi’w /f w17w2 pzw Wi pzw w)( de)Pzw wd i wh (d )

< 2¢5i || flly, () ' (wy, wp).

| [ 1) (g = g ) 9) P, (5

<280 | il s,
jev
J#i

<G D il f gy | o (Wi, wh)-
JEV
J#
We get the wanted result by optimizing the parameter 7. O]
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Lemma 2.5.
Assume that there are some nonnegative real numbers K and X\ such that, for all i in 'V there
exists a configuration @, in Q' such that, for all n in N:

< KA. (2.15)

Lip, (E;)—Lip, (E;)

n
ref i, &'

Assume furthermore that we use this reference configuration in order to decompose L into EA“ +

Lii, i.e. that @ = wh;- Then, for alli in'V, alln in N and all f in Li(E;),

oF

The proof of this lemma is essentially the same as the proof of Lemma 2.3.

< EN |l - (2.16)
B1(E;)

2.2 Evaluating the norm of the transfer operator

Since we are interested in the behavior of product systems which are perturbed by some coupling

between the dynamics at different site, it is convenient to quantify the perturbation. Let a be in
[0,1]. We define:
e(a) == such%, (2.17)
IEV ey
i#£j
and:
e:=¢(1). (2.18)

When working in the setting of Proposition 2.7, we shall need a control not only on the columns
of the dependence matrix, but also on its rows. Thus, we put:

g = SupZCi]’. (2.19)
iev “
JeEV
J#

The next two propositions give, under different assumptions on the restricted dynamics, a bound
on the norm of £" when mapping IL; to L, which behaves nicely when & goes to 0. The loss of
smoothness can not be avoided in such a general setting, and will be addressed later for two special
cases (discrete state spaces and iterated function systems).

Proposition 2.6.
Assume that there are some nonnegative real numbers K and X such that, for all n in N, for all
i in V and all sequence of configurations @, ..., @' in Q'

< K\, (2.20)

Lip, (E;)—Lipy (E;)

Lo oo Lo
H ref i,y ref 1,00}

If K> 1 and A > 0, then for all « € [0,1] and n € N,

A 11—«
127l ey S ATUENT 4+ nATE <§ 2 (MOS) ) max(K°\* + e(a), KA +2)". (2.21)
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Proof.

We shall evaluate [|L" ||, q), with n an nonnegative integer, using a decomposition into elemen-
tary operators such as (2.6). We iterate this decomposition, stopping whenever we encounter some
EZ-Z- or when we can not decompose anything anymore (that is, when we have iterated this operation
n times). We then get (in all the following sums, and for all 7, one shall read Z,, instead of L;;):

(Enf)/z‘o - Z L:ioil (En_lf)/il + Z\ioio (ﬁn_lf) Jio

1€V

= Z £i01‘1 ce ‘Cin_linf/in

(/L'lf" ,ln)GV"
n—1
+ ‘Cio’h T ‘Cikflik‘cikik ('Cnikilf)/ik :
k=0 (i1, i )€VF
We now take the L, (F;,) norm and sum over all ig:
1 ey <A ST || Liy i iall5y ) (2.22)

(i07"' ai7L)EVn+1

+ zn: Z Hcioil e ‘»Cik_zik—lfik—lik—l (En_kf) [ik—1

k=1 (ig, - igx—1)EV*

. (2.23
Ba(Eio) ( )

First step:

We take care of the first part of this decomposition (2.22). Let (ig, ...i,) in V"', We split the
whole sum into different parts, each one corresponding to a certain number of identical operators
L; ; in a row at the rigt end of the string of operators. If ¢, , = --- = 4,, an application of
Lemma 2.1 and Lemma 2.3 gives us:

“EZOll T Einfli”f/i" HBl(Ezo) S Cioil U Cin—k—lin—kKAk ||f||]L1(E”L) .

Hence, we get:

Z | Ligir =+ Lin_vin frin HIB%l(EiO)

(10, yin)EVNHL

S Z Cigi1 * " Cip_1in HfH]L1(Ezn)

(g, yin)EV L
in—l#in

+ KZ Z ciOil e Cin—k—lin—k)\k ||f||]]“1(Eln—k) :

k=1 (7'07 :i'nfk)e'vnikle
In—k—17In—k
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Now, let us fix some 7 in V' and some integer k£ between 0 and n — 1. Then:

Z Cigi1 =" " Cipy_ g 1in_s ”fH]Ll(Ei)

(i0,+ yin—j) EVHHT
In—k—1Fln—k=1

= Z Cip o1 Z Cip_p—oin_p—1 """ Z Cigiy ||f||L1(EZ)

iﬁ,k,1€‘/f Ip—k—2€V g€V
7"n,flcfl;él
< (»Sup E Cioil) S Cip—p—1i z : Cipp—gin_t—1 """ E :Cili? Hf”]Ll(Ez)
ZlevioEV in_k—1€V tp—k—2€V 1€V
in—k—170

IN

n—k—1

< (sup E cioil) sup E Cigiy ||fH]Ll(Ei)
i1eV ineV % o€V
10#£11

<e(KA+ €)n_k_1 ||f||IL1(Ei) )

where we use the fact that sup;cy ¢;; < KA (this inequality, by far not optimal, let us reduce the
number of constants in our formulas). We sum this inequality over all k:

Z Hﬁi()’h e ﬁinflinf/iHIBl(Eio)

(10, 4in)EV T
in=1

n—1
< (a(m +e)" T Ke Y AKX+ 4 KA”) 11l )

k=1

€ n n
< (ns (B +2)" + EN") £l -
At last, summing over all ¢ the last inequality gives us:

Z | Ligiy - - Ein,linf/iHBl(Eio) < (HE(K)\ +e)" + KA”) 1N, 0 - (2.24)

(30, ,in)EV”+1

Second step:
We now compute estimates for the second part of the decomposition (2.23). For this part, we lose
some regularity: hence, we control its a-Holder norm instead of its Lipschitz norm. Let 1 < k < n

20



and ¢ in V. Let f in L;(€2). Applying Lemma 2.1 and Lemma 2.2 gives us:

~
E : H‘Cioil o ‘Cik—Qik—l‘Cik—lik—l f/ikfl

(G0, ixk—1)EVF
o (07
< § : Cigiy Cir—aip_1
2

Ba(Eio)

~

Eik—lik—lf/ik—l

(@0, sig—1)EVF BalFiyy)
-«
o
S 2 Z C’Laoll . e C,qu72ik71 <C7"k71ik71 ‘|fHH_‘1(E,Lk71)) AO Z Cikflj Hf”]Ll(E])
(io,---,ik,l)EV’“ ];éev
lg—1
< 2 Z Cioéil ce Ciak_g’ik_lcik—likfl HfH]Ll(Eikil)
(G0, yig—1)EVE
l1-a
X | Ao Z Civir " " Cip_ain_s Z Cig_1j Hf”Ll(Ej)
(io,---,ikfl)evk JGV
J#ik—1
« 11—«
aya k—1 aya k-1
§2<U(A-+d®) R“EZNWM@J (AﬁU(A-+d®) E:WMN@O
1% JjeV
@ —a aya k—
< 2(KA)*(Age)' ™ (KA + e(a))* 1l ) -
Now, we use this inequality with £"7*f, and sum over all k:
Z Z Hﬁioil e ‘Cikfﬂkfl‘cikflikfl (ﬁn_kf) Jie—1
k=1 (; . k Ba(EiO)
=1 (ig,,ig)EV
n—1
< 2KN)*(A02)" ™ Y (KA +2(@)" (KA + )" | fll o (2.25)
k=0
<2n o max(K* A" +e(a), KA +e)" || fllL, q) -
Finally, we sum the inequalities (2.24) and (2.25):
l—a
n -« n -« € Aof-: aya n
1" |, @) oL@y S ATKA" +nA <X +2 <AK/\) ) max (KN + e(a), KA +¢e)".
O

Now, we provide another version of this proposition under a condition which is less restrictive
and easier to check.

Proposition 2.7.
Assume that there are some nonnegative real numbers K and X\ such that, for all i in 'V there
exists a configuration @' in Q' such that, for all n in N:

- - 2.26
e .
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If K> 1 and A > 0, then for all « € [0,1] and n € N,

A

n 11—« n l— 9 A()S + Aggt
£ oy < ACEN 4 A <_+2 &=

11—
) ) max(K\ 4+ e(a), KA+ ¢)".
(2.27)
Proof.

The proof for this theorem is essentially the same as the proof of Theorem 2.6. The only difference
is the introduction of a new member in the decomposition, similar to (2.23). Now, for all ¢, one shall

read EM instead of L;;:
(Enf)/z’o - ZV ﬁioil (En_lf)/il + Zioio (ﬁn_lf) Jio + Eioio (ﬁn_lf)/io
1€
11710

= Z £ioi1 s ﬁin_linf/in

(il,---,in)evn
n—1
+ Z £ioi1 e ‘Cikflik’cikik (Enikilf) /%
k=0 (ir, in)eVh
n—1 ~
+ Z £ioi1 e ‘Cikflik’cikik (‘C”*k*lf) /% .

k=0 (i1, ,ix)EVF

Then, we use Lemma 2.5 instead of Lemma 2.3. This new part is treated exactly the same way
as the part (2.23), except that we use Lemma 2.4 instead of Lemma 2.2, and that the computation
is simpler (we need not use the Hélder inequality). ]

The products KA is larger than 1 in the interesting cases; indeed, ||L||}q) 1) < KA, so if
K\ is smaller than 1 then the spectral radius of the transfer operator stays smaller than 1 under
small perturbations. Hence, Propositions 2.6 and 2.7 do not express any meaningful exponential
convergence by themselves.

In the next section, we shall focus on some corollaries of Propositions 2.6 and 2.7. Since we
have two very close sets of hypotheses, we shall state the following results only in the setting of
Proposition 2.7. To get the corresponding result in the setting of Proposition 2.6 is straightforward:
just erase the Aje’ in all the formulas.

3 Applications

3.1 Discrete metrics

A first interesting case is when the metrics d; are uniformly bounded from below (and, as such metrize
the discrete topology on each set), so that:

1€V W wieE;
wiFwi

Since we have in such a situation 61,., < d(z,y) < Al,.,, we work in this subsection with
avatars of the total variation norm.

22



When this inequality holds, the Holder and Lipschitz spaces are the same, and are endowed with
equivalent norms. Hence, we do not actually lose any regularity when we apply the method explained
in Subsection 2.2. More precisely, the following holds for any Lipschitz function f and any « in [0, 1]:

O N ey < Mflly@ < AT 1l (o) - (3.1)

This allows us to derive the following theorems:

Theorem 3.1.
Assume that there are some real numbers K > 1 and 0 < X\ < 1 such that, for all i in V there

exists a configuration W, in Q' such that, for all n in N:

‘ c

1
£n|‘£1(Q)HL1(Q)7 then, for fivred K, X\ and «,

n
ref i,&!

< KA\". (3.2)

Lip, (E;)—Lip; ()

If we put p(L£) := inf
neN*

,O(C) <A+ (1 + 8(04))OK,)\,a (m) . (3.3)

Actually, our proof will provide explicit (although not simple, and obviously not optimal) bounds
on p(L).

Proof.
Up to the choice of a higher A\, we can assume that A > 0. An application of the norm equivalence
(3.1) to the result of Proposition 2.7 gives us:

€ < () 0

l1—a t t\ l—«
o3)” (s (25 it

Since, for all integer n, the function x — x» is concave, it is smaller than its tangent in any point.

Hence:
l A 1—OL %
£ @) @) < ((j) K) A

AN\ Age + Abet\ '™
* ((E) K) K (A—K)\)

< ((%) K)iA (3.4
(8 e ()

K\ + () €>n

RS
> o
_I_
[\
= >

K+~

1
xmax(, 3 , 3
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The second inequality above is very crude. It does not affect our computation of the asymptotic
bounds and makes the computations easier, but one might want to avoid it when they look for a
quantitative bound on p(L).

Now, let us take any four nonnegative real numbers A, B, C' and D such that B > 1, C' < 1 and
D > 1; we shall consider the quantity p := 1321\1?* A-Bw+C- D" First, since the function n — Bn

is nonincreasing and the function n — D" is nondecreasing, we know that:

p=inf A-Bs +C-D"< inf inf A-B:+CD-D°=infA-B++CD- D"

neN* neN* n—1<x<n >0

Now, everything is up to a good choice of . One should remember that, in our setting, C' can
be seen as a small parameter (perturbation). As C' goes to 0, everything else being constant, the
corresponding choice of x should go to infinity so as to minimize A - B . We shall try to choose a
x small enough that C'D - D* still vanishes as C' goes to 0 (for instance, it decays polynomially in
terms of C'), but not too small so that A - B still converges towards A. Let R € (0,1); we pick for
instance:

RInC

InD °
This particular estimate gives us the following inequality:

p< A B mhc 4 DO R,

Now, one can get a quantitative bound on p(£) by replacing A, B, C' and D by the corresponding
parameters. One can go even a small step further when it comes to asymptotics, at the cost of even
huger and less intelligible non-asymptotic bounds, by basically removing the parameter R. For this,
we pick:

InC+2In|InC|
In D ’
which gives us, for C' close to 0 and after the development of the exponential:

<A+A1nBlnD+ 1
—_— 0] —_ .
= I C| ABD\ TIn C]

This is a more precise version of the bound of Theorem 3.1, provided one replaces all the param-
eters with those of Equation (3.4). O

Remark 3.2.
These bounds could most probably be improved by using Theorem 1 of [10], for a bound which does
not involve any o and is of the form :

1€, )—ra ) < A+ O(e +).

Most of our computations remain necessary, so as to control the distance of the transfer operator
L to the transfer operator for the product of independent systems and prove it is in, say, O(e + €').

A simple consequence of these quantitative bounds is the following qualitative corollary, which
addresses the issue of the uniqueness of stationary measures:

Corollary 3.3.
Assume that there are some real numbers K > 1 and 0 < X\ < 1 such that, for all i in V there

exists a configuration @' in Q' such that, for all n in N:

< K\, (3.5)

Lip, (Es)—Lip; (E;)

n
H ref i,o'
Then, if €, ' and e(a) are close enough to 0, the system has at most one stationary measure.
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The proof is roughly the same as the proof of Corollary 1.13: all we need is to take a higher
iterate of £, so that the norm of £" is smaller than 1.

Despite what is written in this corollary, ¢ and e(«) play different roles. Let us take a family
of systems depending on a parameter, let say a temperature 7', such that the strength of the inter-
action max(e(7T),e"(T)) goes to 0 as T goes to infinity, and such that all those systems satisfy the
assumptions of Corollary 3.3 with the same K and A. Then, the conclusion of Corollary 3.3 is valid
as long as e(«)(T') stays bounded for some o < 1 and for T" large enough. Actually, £(«) mays even
go to infinity as T' goes to infinity, though at a very slow rate. To put it simply, ¢ and &' really need
to go to 0, while () only needs to be bounded, or at least not to increase too quickly.

3.2 A Lasota-Yorke inequality for coupled iterated function systems

Now we shall study iterated function systems. Instead of working directly on the space of con-
figurations (that is, we choose the next configuration at random), we work on the space of local
contractions (that is, at each site we choose a contraction at random, and we apply it to the current
configuration). Essentially nothing changes: one can, from an iterated function system, induce a
classical system on the space of configurations 2. However, this additional layer can be useful, here
mainly thanks to a Lasota-Yorke (or Déblin-Fortet) inequality.

For each 7 in V and o in [0, 1], let Cont,(E;) be the set of contraction mappings from E; to E;
whose Lipschitz constant is at most o, i.e. the set of functions 7" from E; to E; such that:

(T (w5), T() _
di(w(imwlla) N

sup
wl ,w};eEi

wi Fwi
We define for each ¢ in V' and o in [0, 1] the uniform distance on Cont, (E;) by:

di(T,, Ty) = sup d;(T,(w"), Ty(w")).

wieEi

For all i in V| let (F},d}) be a compact subset of Cont,(E;) with its Borel o-algebra. We put

o =supinf{\ € [0,1] : F; C Cont,(E;)}, and Q" = HF
eV eV

Let P(F;) be the space of probability measures on Fj. For each i in V, let w — p;, be a
measurable and uniformly continuous at infinity application from € to P(F;). The dynamic we
study is the following: first, we choose an initial configuration wy in 2. Then, at time ¢, if the current
configuration is w, we choose for each site ¢ a transformation T with distribution p; , independently
for each site, and apply this transformation to w’ to get the configuration at time t + 1 at site i. We
construct this way a Markov process on (2.

For every ¢ and j in V', we define:

% Wd*< ]w w“pjw wb)
et wa,waE dl<wa7 wb)
a#wb

and for very « in [0, 1]:

—SUPZ zj ) _SUPZ U ) a):supZ(ij)a,

jev eV jev eV
i#j J7#i
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We will denote C*(1) by C*, then £*(1) by *, and at last (¢/)*(1) by (¢')*. As in Section 1, we
will apply the transfer operator £ to the set of globally Lipschitz functions L;(€2):

Lfw)= [ [T’ Tiw',...) Q) p;.(dT}).

ar i€V

Remark 3.4.

As we have said at the beginning of this subsection, we may look at an iterated function system
m two different ways: either we choose a transformation randomly, an then apply it, or we choose
directly the image of a configuration at random, which is equivalent to projection the probability
measures from F; onto E;, by:

Piw = T(W')uP} -
Thus, we can go back to the setting we have used since the beginning of this article. Conversely, we
can go from the "classical” setting to the iterated function systems setting by putting T, := w*, and:

Pf,w = (Twi)*pi,w

Note that the fact that the set E; are Polish, and not necessarily compact, is not an issue: it is
stratghtforward to generalize what we did with compact subsets of contractions to Polish subsets of
contractions.

A particularly interesting consequence is that, for every i and j, we have ci; < cf;, where the
former correspond to the "classical” system and the later to the iterated function systems. This can
be proven easily by projecting an optimal coupling from F; onto Ej;.

Theorem 3.5 (Lasota-Yorke inequality).
Let a € [0,1]. For all f in Ly(S2), we have:

ILf L) < o lf 1l @) + C (@) I, @ - (3.6)
Proof.

Theorem 1.12 ensures that £ acts continuously on L;(2) as soon as C' is finite. Following Re-
mark 3.4, this is the case whenever C* is finite. Hence, the continuity at infinity of £fis proved.

Let f bein Li(Q). Let @ € ', as well as w! and wj € E;. We put w, = (@, w!) and w, = (@, w}).

Ef(wi’ wé)—ﬁf(wi, wlz)

F(Towgs Trwgs ) QDo (ATk) = | f(Tow Trws ) Q) Pz s (ATH)
o keV o keV
= Z f Tow le ) ®pl:,wi,wg< di;)
o k<j
®(p]w wl(dT) jww(dT ®®pkw wk, di’)
k>j
f(T(]u) le ) — f(Tou)g, leg, ) ®pz7wi7wg( di)
o keV
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Let j in V. Let n

3w be an optimal coupling between p7 and p%_; ,. Then:

jw wl ]ww

F(Towl, Tl ) @ P i (ATk) @ (95 5 5 (AT)) = 15 s (AT3)) @ Q) 1 s (AT

Qr k<j k>j

f(Tow?, Twwy, ... Tiwl, ...) — f(Towy, Twwy, ... Tiw), ...)

Q*
& Di o (AT @75 e s (AT, AT)) @ Q)] (AT)

k<j k>3

< e / A (Tyeod, T 7y (AT, ATY) (3.7)

J

<l / (@) (1 T) 7y g (AT, dT))
J

1l ) Wt o (2 )

< 1l (@)l ).

On the other hand, we also have:

f(Towg, T, ) = f(Towy, Ty, ) ®P;,m‘,wg( dTy) < o | Flly, (g di(war wh)- (3.8)

o jev

With (3.7) and (3.8) together, we get:

1E ALz < 0 M leamy + D (@) 1l s, (3.9)

Jjev

The sum of (3.9) over all ¢ in V' gives us:

LS, ) < o fllug) + C (@) 1 fllL. g
]

Usually, one works with iterated function systems on spaces for which the injection from L, ()
into L, (£2) is compact. Then, the Lasota-Yorke inequality is enough, with standard arguments (such
as a theorem by H. Hennion [7]), to prove that the transfer operator acting on L, (E;) is quasi-compact.
Even if it does not ensure that the system has a unique stationary measure, the consequences of this
argument are in general more than satisfying. However, we do not benefit here of such features; we
shall nevertheless show that this Lasota-Yorke inequality remains useful.

3.3 Application to coupled iterated function systems

We have proved in Section 2 that, given a slightly perturbed product system, for any function f
and for n large enough, we have a nice control of the Holder norm of £"f in term of the Lipschitz
norm of f. Of course, this is not sufficient in general. In Subsection 3.1 we have shown that, if the
Lipschitz and Holder norm are equivalent, the uniqueness of the stationary measure is preserved by
small perturbations of some systems. Now, we shall use the Lasota-Yorke inequality (3.6) to get
back, in a different fashion, the regularity we lost in Proposition 2.7. Hence, we shall get results
similar to the ones of Subsection 3.1, but for different systems and when discrete distances are not
suitable.
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Theorem 3.6.
Assume that there are some real numbers K > 1 and 0 < X\ < 1 such that, for all v in V there
exists a configuration @, in Q' such that, for all n in N:

< KA™. (3.10)

n
-
H ref 1M | Lip, (E))—Lip, (Bi)

If we put p(L) = niélg* En”ﬂi(ﬂ)—»b(ﬂ)f then, for fired K, X\, o and «,

pLE) < max () + (1+(0)Oncaca (1t oy ) (3.11)

In particular, if *, ()" and €*(a) are close enough to 0, the system has at most one stationary
measure.

Proof.
Let us take some integer n. We iterate the Lasota-Yorke type inequality of Theorem 3.5.
1L fll o) S @ ||£n_1f||L1(Q) + () H‘Cn_lfH]La(Q)
< ...

n—1
<" | f gy + C (@)D" £ -
k=0

Now, we apply Proposition 2.7:

1L fllL, ) < 0" 1 f 1l o)
n—1
£ Ot (@)Y otale

k=0

- L € Age + Aleh\ '™
K\ +(n—k 1)</\+2(—AK>\

X maX(Ka)\a + 8*(a)a KX+ s)n—k—1] ||f||]L1(Q)
< (14 0K A0 @) max(o, ) + w2t [ £ 4 g (BaEL A6
> n «)) max(o, n S NG

X max(K\* +e*(a), KA+ ¢,0) ||f||]L1(Q) :

Since ¢;; is smaller than cj; for any ¢ and j, we can replace € and e’ by £* and (¢")* respectively.
This upper bound on the norm of the operator £" is slightly different from the one we studied in the
proof of Theorem 3.1. We actually have to look at bounds which look like:

p = sup A-B%+n'C~D",
neN*

However, even if the value of n we choose and the precise estimates we get do change a little, the
conclusions of Theorem 3.1 and Corollary 3.3 still hold. O

Remark 3.7.
Some better bounds and less cumbersome computations may be achieved using perturbation theory
alongside Lasota-Yorke inequalities. The work by G. Keller and C. Liverani [8] is central, although

the hypotheses used in said article can be slightly weakened (mostly to avoid having to control the
spectrum of the perturbated operator).
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4 Spatial decay of correlations

We have developed in all the previous sections methods to prove that the spectral radius of the
transfer operator £ is smaller than 1. In other words, we are able to prove inequalities such that
1L @) -1y < KA", with 0 < A < 1, for suitable systems. We shall now use these results to show
a feature of the corresponding systems, the spatial decay of correlations.

We recall that for any ¢ and j in the vertex set V, the coefficient cg-L) can be interpreted as an
evaluation of the influence of the configuration at site ¢ at any time ¢ on the configuration at site j
at time ¢ + n. We can define the basin of influence of a given site for a given time:

Definition 4.1 (Basin of influence).
Let i be a site, and n a positive integer. The basin of influence of site i at time n 1s:
I(i,n) :={jeV : >0}

Now, we start two prove a spatial decay of correlation for the stationary measure, assuming that
it exists and that it is attractive at exponential speed (a feature we have now many ways to prove
for suitable systems). We shall proceed in two steps. With Lemma 4.2, we prove that if p is a
product measure, then (L£*)"u show some kind of spatial decay of correlation for any given n. With
Lemma 4.3, we estimate the error between (£*)"u and the stationary measure.

Lemma 4.2.
Let p = ®,ul- be a product measure on §). Let ((X))iev)nen be the Markov process such that
i€V
the distribution of (X{)iev is p and the transition process is the one we have studied so far. Let us
choose two distinct sites i and j in' V. Let f be a Lipschitz function on E;, and g a Lipschitz function
on ;. Then:

E(f(X)g(X3)) — B(f(X.))E(g(X3))] (4.1)
<A f gz l9le Do+ Al 1l D
kel(i,n)NI(j,n) kel(i,n)NI(j,n)
o) <l

Proof.

By recurrence, one can show that the law of X! depends only on those X} such that k belongs
to I(i,n). In particular, if ¢ and j are two sites such that I(i,n) and I(j,n) are disjoint, then X!
and X/ are independent.

Now, let ((X*)rev )nen be a process whose law is the same that ((X*)iey )nen, such that X7 is
independent of (X})ey for all k in I(i,n)NI(j,n) with cgz) < cg;.), and such that X} = X} otherwise.
We define the same way a process ((X*)pev )nen Whose law is the same that ((X*)zey )nen, such that
Xk is independent of (X),ey and (X)iey for all k in I(i,n) N I(j,n) with {7 > c,(g.), and such that

Xk = X% otherwise. By construction, we have:

E(f(X,)9(X3)) = E(f(X,))E(9(X3)): (4.2)

We need an evaluation of the error term:

[E(((X0) = SN I < I i, iy 190 B (X X)) < A iy 9l D el

kel(i,n)NI(j,n)
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since any change in the value of X} changes the law of X! knowing X} of at most Ac,(gf) in Wasserstein

distance. We get a similar upper bound for [E(f(X?)(g(X?)—g(X7)))|. The equations (4.2) and (4.3)
imply the lemma. [

Lemma 4.3.

Let 1 = ®,ui be a product measure on 2. Let ((X!)icy)nen be the Markov process such that

eV

the distribution of (X)iey is 1 and the transition process is the one we have studied so far. Let us
choose two distinct sites i and j in' V. Let f be a Lipschitz function on E;, and g a Lipschitz function
on Ej

Let K and X be such that || Ly, o)1, < KA", and assume that the system has a stationary
probability measure v. Then:

B, (f(X3)9(X7) — Eu(f(X)g (] < AU fllip, (5,

Proof.
First, we point out that, for any 1, x5 in F; and any y;, y» in £},

Fan)glar) = Fe)g(@)] < e

The contraction property of the operator £ can be translated, on the measures side, to:

191100 + 119llip, 2)) [1F o) A" (4.4)

1910 di (Y1 92) + [19llip, (5)) 1/l dil1, 22)-

v = (L)l < AKX

Let 7 be an optimal coupling between (X', X7) taken under the initial law x and the same couple
taken under the initial law v, with respect to the distance || f{|yi, g, 9/l & + 19llips,) 11/ 10 di- By
Equation (1.8), we know that:

1900 + 19l ip, 22y [1F 1) BN

/(E_ . f(x1)g(yr) — f(z2)g(ya) dmr| < A<HfHLip1(E¢)

Now, we can state the main theorem of this section.

Theorem 4.4.

Let K and X\ be such that ||L"|| ) 1) < KA" for all positive integer n, and assume that the
system has a stationary probability measure v. Let i and j be two distinct sites. Let f be a Lipschitz
function on E;, and g a Lipschitz function on E;. Then:

Es(f9) = Bo (DB < A 1 lliip, () 19luipy iy b | KX+ 5 > min(e, )
kel(i,n)NI(j,n)

(4.5)
Proof.
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If we glue Lemma 4.2 and Lemma 4.3 together, we get:

E.(f9) = E(NE9) < inf | Allflliip, ey ol | BN+ D2
kel(i,n)NI(j,n)

(n) ~ (n)
Cpi’ SCp;

FA N i, ) Il [ KX+ D0
kel(i,n)NI(j,n)
<)
However, adding a constant to f or to g does not change the quantity E,(fg) — E,(f)E,(g).
Hence, we might as well assume that f satisfies ||f|l, < A flly;,, (g) /2, and that g satisfies a
similar inequality. This concludes the proof of this theorem. O

This theorem takes a very interesting form when one deals with systems with finite range inter-
action. We define a distance D on V' by:

D(i,j) := min{n € N* : min(cl(;),cgy)) >0}, i#j. (4.6)

Let n be a positive integer, and choose two sites i and j. If D(i,7) > 2n + 1, then for each site k,

either D(k,i) > n or D(k,j) > n. Hence, k can not belong to I(i,n) and to I(j,n) at the same time,

which shows that the correlation may decay exponentially. This is what we state in the following
corollary:.

Corollary 4.5.

Let K and X\ be such that ||L"||, ) 1) < KA" for all positive integer n, and assume that the
system has a stationary probability measure v. Let i and j be two distinct sites. Let f be a Lipschitz
function on E;, and g a Lipschitz function on E;. Then:

D(i,j)—1

E.(fg) — E.(f)E.(9)| < A? ||f”Lip1(Ei) ||g||Lip1(E]-) KA—=. (4.7)

If A is strictly smaller than 1, we shall refer to the property described in Equation (4.7) as the
"exponential spatial decay of correlations".

Remark 4.6.

In the same spirit, one can prove a spatial decay of correlations for functions which depend on a
finite number of sites, or even for functions which depend on an infinite numbers of sites but not too
much on sites far enough.

5 Examples

As for applications of our results, we present two versions of Ising model with synchronous update;
the first one is a direct application of our Dobrushin-like uniqueness criterion, and the second one
involves iterated function systems. In both cases, we shall show that for high enough temperatures,
there is at most one equilibrium measure.
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5.1 Discrete Ising model

Here, we shall work on Z¢, and each site will have a spin of +1 or —1. Hence, for all i in Z%, we take
E; :={-1,+1}, and d;(1,+1) = 1. Our distance on Z%, that we will denote by |i — j| for any sites i
and j, will be the /! distance (or, equivalently, the lentgh of the shortest path between i and j). Let
X! be the configuration at site i and at time n. We want the process ((X!);cz4)nen to be a Markov
chain on 2 := ®i€Zd E;. We put:

_ E(Xn,0)
; e RT
P(X,, +1 = =o|(X )]GZd) = BCG,.0) B(Xn,o)
e + e RT
where E(X,,,0) == — Z J]ZaXn, with sup Z |.Ji;| being finite. The parameter 7" is the temperature.
jeza jezd i€zd

Neither do we impose that J;; be 0, so that the configuration of a given site at time n+ 1 may depend
on its configuration at time n, nor do we assume that the law of the Markov chain be translation-
invariant (which is equivalent to the property that J; ; = Jo j_; for all i and j).

A particular Ising model is the one with J;; = 1;,_;—;; we shall call this model the Ising model
with closest neighbors interaction.

Let ¢ and j be two sites of the lattice. We now compute the coefficients ¢;;:

1 1
Cij = SUEZ 2E(Ui,l) 21441 o 2E(Ui,l) 2[J441 "
e’ 1+ e“ " rRT e “RT 1+ e“ " rRT e ET

Very easily, one shows that the influence of site ¢ onto site j is maximal when the cumulated influence
of all other sites is zero, or in other words that:

N—

1 1 smh

2| 7451

R
1+e R?l 1+ e’ 1—|—COSh<

L (B) o

As a corollary of Theorem 1.12, we have:
Corollary 5.1 (Ising model).
sinh (M)
RT
If sup

J€24 ;7a 1 + cosh

< 1, then the process has a unique stationary measure.

RT

In particular, if T is high enough there exists a unique stationary measure.

For the Ising model with closest neighbors interaction, there is a unique stationary measure v as

soon as T > ————~. Moreover, for any function f from E; to R and any function g from E;
k argtanh(;)

to R, we have:
li=gl-1

E.069) - BB < (6£)00) (arann (7:) ) (5:2)
where 0f = |f(1) — f(—=1)| (and the same for g).

Actually, we get much stronger results if the conditions of Theorem 1.12 are satisfied. For instance,
the probability measures, when transported by the dynamic, get close to the unique stationary
measure at exponential speed. Moreover, the precise estimate we have for the Ising model with
closest neighbors interaction on Z¢ can be generalized to any Ising model with closest neighbors
interaction on a graph with finite maximum degree, such that the degree of any vertex is even.
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Proof.
The first statement is a direct application of Corollary 1.13.
The second one is straightforward if we have a look at the following inequality:

2|J;
ci; < sup Z tanh (%) o7 SuP Z | Jij]-
7.4

; d d
JEZL ie jEZ

The third one is basically an application of our Dobrushin-like criterion, but with a small change.
Since we gain a factor 2, we need a slightly better bound for the coefficients ¢;; than the one in
equation (5.1). We can actually compute these coefficients explicitly, and we find then:

1 21_=
Cij = 5 tanh <%) s

which is what we want. The gain of a factor 2 is due to the fact that, for any sites ¢ and j such that
Jij is nonzero, the value of the energy F(w')(1) can never be zero (because there is an odd number
of equal influences), which leads to this improved bound.

The exponential spatial decay of correlations is a direct application of Corollary 4.5. O]

Actually, if we apply directly Theorem 4.4 to the Ising model with closest neighbors interaction,
we can prove that E,(fg) = E,(f)E,(g) if |¢ — j| is odd.

5.2 Ising model and iterated function systems

We propose at last another version of the Ising model, with an iterated function systems flavor. In
order to simplify some of the arguments, we shall work on Z¢ with translation-invariant systems.
For all i in V| we take F; := [—1,+1], and d;(x,y) = |x — y|. We also define two transformations
oneach F;: f1(x) = —14+(x+1)/3, and fi(z) = 14+ (z—1)/3. When we choose f1, the configuration
gets closer to 1, while it gets closer to —1 if we choose f_;. Let X! be the configuration at site i and
at time n. We still want the process ((X},);cza)nen to be a Markov chain on Q := @),_,4 E;. We put:

E(Xn,o)
¢  RT

Xn,o) !
2 cosh <—T>

P(X, 1 = fo(XI(X]) jene) =

where: ' '
==Y JioX) — JyToX},
jez?
J#
with sup Z |Jij| being finite. We also assume that the system is translation-invariant, which can
jezd i€z7d
be translated by J; ; = Jo ;.
Now, we shall match this system with the diverse assumptions of Theorem 3.6. Let wy be the
configuration (0,0, --). Let i be any site. The Markov chain induced on Ej; is defined by the following

formula:

oX?

J, n

i1

2 cosh (J“UX )

P(Xi1 = fo(X)IX7) =
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This iterated function system satisfies the assumptions of Theorem 1 in [1], and hence has a unique,
attractive stationary probability measure. Moreover, the operator L, ; o acting on Lipschitz func-
tions on E; is quasicompact. It comes for instance from a theorem of H. Hennion [7], and the remark
that this operator satisfies a Lasota-Yorke inequality (for a proof of this inequality, see Subsection 3.2):

1 |Jii]
||£ref,i,ﬁoif||ﬂ51(Ei) S g Hf”i\lgl(El) + ? Hf”oo :

Thus, L, ;5 has a unique eigenvalue on the unit circle, 1, when it acts on ﬁ)l(Ei), and any
other eigenvalue is of modulus strictly smaller than 1. Once we make this operator act on Lip, (E;),
the eigenvalue 1 disappears, and its spectral radius is strictly smaller than 1. Hence, there exists
some K > 1 and A < 1 such that:

< K\".

Lip, (E;)—Lip, (E;)

n
ref i,wp’

Since the system is translation-invariant, we can take the same constants K and A for all operators
L, etizsi- They are also independent of the temperature. Some computations lead to the estimates:
/5]
%S R

T
Cii < | ]; ’

J#

Now, we can state a result for such Ising models:

Corollary 5.2 (Iterated Function System Ising model).

Assume that Z |Joi|“ is finite for some a < 1. Then, if the temperature T is high enough, the
i€z
process has a unique stationary measure.
Assume that Jo; = 0 if |i| is large enough. Then, if the temperature is high enough, the systems
exhibits an exponential spatial decay of correlations.

It is nothing more than an application of Theorem 3.6. Juste notice that, since the system is
translation-invariant, we have * = (¢')*, and that the assumption of this theorem imply that both
e* and £*(a) go to zero as T grows to infinity.

Remark 5.3.

Let C' be the Cantor set. Let us write C; := 2C — 1, with the usual conventions about set
multiplication and addition. Then, any stationary measure for the Ising model we defined here is
supported by Q.1 Ci. This shows, in particular, that it would be impossible to get a convergence for
the total variation norm starting from every probability measure. If u;, the marginal of the probability
measure (1 on E;, has a density with respect to the Lebesgue measure, then so does (L"w); for any n,
so that the distance in total variation between L™ and the stationary measure is always 2. Hence,
it is paramount to work with softer norms.
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