UNIQUENESS OF THE SRB MEASURE FOR PIECEWISE
EXPANDING WEAKLY COUPLED MAP LATTICES IN ANY
DIMENSION

GERHARD KELLER AND CARLANGELO LIVERANI

ABSTRACT. We prove the existence of a unique SRB measure for a wide range
of multidimensional weakly coupled map lattices. These include piecewise
expanding maps with diffusive coupling.

1. INTRODUCTION

The field of expanding coupled map lattices has witnessed an impressive series
of results since the late 1980’s. Starting with [] numerous authors contributed to
the exploration of ergodic and statistical properties of invariant measures for such
systems, see e.g. [T} E2 3, L, 5, 6, 8L 9 0] T, 2% 113, 148 [T 16, 17, 118, 19, 205, 291, 311 32,
34,35). In all these publications the single site maps are hyperbolic or expanding
(local) diffeomorphisms of a smooth manifold, and the coupling is modeled by a
“diffeomorphism” of the infinite-dimensional state space. Only a few publications
used a different approach which allows to treat also piecewise expanding maps and
such a common coupling like the diffusive nearest neighbour coupling [21.22,2324,
07,0825, 26,33

Yet, the state of the field it is still far from satisfactory. One of the outstand-
ing open problems is to substantiate rigorously the numerical picture of a phase
transition given in [30]. The model considered in the aforementioned paper is a Z?
lattice of expanding Lasota-Yorke like maps, coupled by a diffusive nearest neigh-
bour interaction. As the coupling parameter increases from zero the authors notice
the transition from a situation in which only one invariant measure describes the
statistical properties of the system to one in which two relevant invariant measures
appear (a phase transition, indeed). After more than ten years no aspect of such a
picture has been rigorously proven. In the present paper we prove the first (easier)
part of the picture: the existence of only one “relevant” (that is SRB) measure for
small coupling.

The proof is surprisingly elementary. It combines the following key ideas:

(i) The starting point is a Lasota-Yorke type inequality for coupled systems (cf.
2A4,28)).

(ii) The transfer operator of the uncoupled system is interpreted as a tensor prod-
uct operator of the single site transfer operators (cf. [33]). This allows to make
optimal use of the strong mixing properties of the single site systems.
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(iii) A “site-by-site” decoupling procedure allows to reduce the dynamics of the
coupled system “locally” to dynamics of tensor-product type at the cost of
only small errors (cf. [25,26]).

(iv) The aforementioned small errors are not controlled in the original system but
in a huge extension of that system. This is the essential new idea of this paper.
We believe that it has applications far beyond the present model; indeed, we
expect it to be useful for all kinds of weakly coupled systems where the local
dynamics can be described by linear operators with an isolated simple leading
eigenvalue. Typical examples are high temperature stochastic Ising models or
weakly coupled uniformly contractive iterated function systems.

The plan of the paper is as follows: Section ] details the model and describes
the basic result obtained in the paper. Section Bl describes the already mentioned
extension of the system and how to use it to get the main estimate of the paper.
Secion H] contains the proof of the main theorem based on the results of Section
Finally, Section Hl contains the proof for the case of more general coupling, but with
an extra simplifying assumption on the single site map.

2. THE MODEL AND THE RESULT

Given a compact interval I C R we will consider the phase space Q := I, where
either A = Z4 or A is a boz in Z<[] In the following we always assume I = [0,1]
and 0= (0,...,0) € A, as this can be done without loss of generalityﬂ

We will have a single site dynamics given by the map 7: I — I. We assume 7 to
be a piecewise C2 map from I to I with singularities at (1,...,{nx_1 € (0,1) in the
sense that 7 is monotone and C? on each component of I\{(y = 0,¢1,...,(n_1,({n =
1}. We assume that 7/(7')? is bounded and that inf [7/| > 2

Next, we define the unperturbed dynamics Tp : Q@ — Q by [To(2)]p := 7(xp)-

To define the perturbed dynamics we introduce couplings ®. : © — Q of the
form @ (x) := x+ Ac(x). We call . a (a1, az2)-coupling, if there are operators

A'JA" Y (A) — 01 (A) with ag = ||A||1, a2 = [|A” |1 (maximal column sum norm)
such that for all k,p, g€ A
(2.1) [(Ae)p| < 2lel,  [(DA)gpl < 2[e|Agp,  |Ok(DAe)gp| < 2e[A"gp -

Here 0y denotes the partial derivative with respect to xg. In addition, we say
that @, has finite coupling range w > 0, if 9,®c ¢ = 0 whenever |p — ¢q| > w. So
Agp = A"gp = 0 when |p — q| > w. We say that a coupling has short range if
it is not of finite range and there exist constants L > 0 and v € (0,1) such that
Al o+ A" g < L~!P=4 Similarly, we say that a coupling has long range if it is neithe/r
finite range nor short range and there exists ¢’ > 0 such that A’ g,+A" ¢ < L|p—q|© .
The diffusive nearest neighbor coupling used in [30], and in much of the numerical

1By box here, and in the following, we mean a hypercube. Of course much more general shapes
can be considered by the same arguments, yet for shapes with too large a boundary problems may
arise. To avoid all the related technicalities we confine ourselves to the above mentioned case.

2The reader should be aware that there is nothing special about Z?, any other lattice (or
graph) can be treated similarly, provided the number of different sites that can be reached from
a given site along a path of length n grows at most subexponentially in n.

3Under mild additional assumptions on 7 also maps with 1 < inf |7/| < 2 can be treated. The
complications, which arise in the proof of a Lasota-Yorke type inequality, were overcome in [28],
see also the discussions of this point in [Z2] and in [26, Footnote 14].
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literature, is defined by

(2:2) @@y =ap+ 35 D (wg—ap) (PEA),
lp—ql=1

and it is an example of a (1, 0)-coupling with range w = 1A
The dynamics T, : Q — € that we wish to investigate is then defined as

T.:=®.0Tp,

and, more precisely, we wish to investigate its invariant measures in some appro-
priate class. Let M(Q) be the set of signed Borel measures on Qf To state the
main result of the paper we need to introduce the concept of measures of bounded
variation. Let Z be the set of all boxes A1 C A. For each A1 € Z we define fi
Varp:=sup sup pu(9pp)
PEA “/"CO(Q)Sl
(2.3)
Varp, p:= sup sup  p(0pyp) .
PEAL [@lcopag) <1
It is easy to prove that the set B(Q) := {u € M(Q) : Varp < oo} consists of
measures whose finite dimensional marginals are absolutely continuous with respect
to Lebesgue and the density is a function of bounded variation [25]. In addition,
such measures have finite entropy density with respect to Lebesgue [26], Corollary
5]. In fact, “Var” is a norm and, with this norm, B(2) is a Banach space.
It is also useful to introduce the usual total variation norm on signed measures:

(2.4) lul == sup pu(p).
‘W‘CO(Q)Sl

Just like in |25, Sect. 3.3] one checks easily that
1
(2.5) lul < 5 Varpe.

As we are interested in studying observable invariant measures, we must restrict
to a subclass of the class of all measures in order to make relevant statements.
Clearly, M(Q) is too large for our purposes, but on the other hand, in the case
in which A is infinite, B(Q) is quite small. As usual in thermodynamics, it makes
sense to require some condition on the growth of the relevant quantity with respect
to the volume. Let M, (2) be the closure of the set

1
{peM®) : Vp>0 sup e M7 Vary p < oo},
A €T
with respect to the norm |- |. Clearly, M, () consists of measures that can be
uniformly approximated by measures with absolutely continuous finite dimensional
marginals whose densities are functions of bounded variation with the variation
growing less than exponentially in the size of the boxes.

40f course, if A # Z%, then the sum in @3) can involve sites not in A. To properly define the
dynamics it is then necessary to supply some boundary conditions, that is to specify some fixed
value for x4, ¢ € A.

5The topology that we use on 2 is the product one.

6Here, and in the following, we will consider CO(I*1) as a subspace of CO(Q2) by the obvious
inclusion. Also the sup is restricted to functions derivable with respect to xp.

See [26] for a careful discussion of bounded variation in the present context and the relevant
associated properties.
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The results of this paper can be summarized, a bit loosely, as follow.

Theorem 2.1. For each (a1,as2)-coupling of finite range w, there exists g > 0
such that, for each |e| < €g, the dynamical system (Q,T.) has a unique invariant
measure e in MU(Q)E In addition, p. belongs to B(Q), is exponentially mizing
both in time and in space, and it is the SRB measure of the system.

The proof, which also makes precise the statement, can be found in Section

To obtain such a result we consider the dynamics acting directly on the measures
via the linear operator T ju(A) := u(T. 1 A) (for each measurable set A). The basic
facts concerning the operator T, are detailed in the following lemma.

Lemma 2.2 (Lasota-Yorke inequality). For each (a1, as)-coupling, there exist e; >
0, A> 1, and a,b > 0 such that, for each |e| < €1, the operator T is well defined
as an operator on B(Q). In addition, for each p € B(Q)) holds true

Tl < ul
Var(T" ) < aX™" Var g+ bl .

This is the special case § = 1 of Proposition 4 in [26] (see below for the meaning
of #). Observe that the proof given there for A = Z applies (only if § = 1!) without
changes to A C YA

From preceding experience it is also useful to consider larger Banach spaces: first
define, for each 6 € (0, 1], a norm

(2.6 lillo := sup 61 Vary,
A ET

on B(£2). Then we let B(£2,6) be the completion of B(€2) with respect to this normfl
Observe that ||p||g=1 = Var p.

The key estimate on which Theorem BTl relies is given in the following lemma
whose proof is the content of the next section. Let

B(Q) :={n e B(Q) : p(1) =0}

Lemma 2.3. Recall that Q = I*. For each (ay,as)-coupling with finite range w,
there exist o € (0,1) and C, ez > 0 such that, for all |e| < e2, u € B°(2), 6 € (0,1),
and n € N holds true

|75 p|lg < Co™ min{|Al, |eIn 6|~} Var p.

Finally, we wish to emphasize the power of the approach by showing the possi-
bility of extending it to more more general settings. Short range interactions can
be treated in a spirit similar to the one used for the finite range. Nevertheless, the
technical construction becomes inevitably more involved. For the long range case
the situation looks still similar but one cannot expect an exponential convergence
to the invariant measure, so one cannot simply rely on an estimate of the spectral
radius of the covering dynamics and the story is bound to acquire an extra layer of
complexity.

8If the coupling is defined only for nonnegative ¢ (as it is the case for the diffusive nearest
neighbour coupling on ), this has to be understood as “for each € € [0,€0) ...” here and in the
sequel.

INote that if |A| = co and 0 < @ < 1, then B(f,0) contains objects that are not signed
measures, see [25126] for details.
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To keep the technicalities to a minimum here we content ourself with the follow-
ing result (proved in Section H) concerning the short range case with an additional
assumption on the single site map.

Theorem 2.4. If the map 7 is Lipschitz, then for each (a1, as)-coupling of short
range, there exists €9 > 0 such that, for each |e| < eo, the dynamical system (2, T.)
has a unique invariant measure pe in My (Q). In addition, p. belongs to B(Q), is
exponentially mizing both in time and in space, and it is the SRB measure of the
system.

3. LIFTING THE SYSTEM, PROOF OF LEMMA

From now on we will suppress the dependence on 2 in notations like B().

The basic idea of the present work is to define an extension of the linear system
(Tr,B) and to study its spectral properties instead of the ones of T*. To do so
define

Bp:={peB : dpp=0 = pu(p)=0}.
Remark that B, C B°. We can then define By := XpeaBB, and B = (B%)A, these
are Banach spaces with the norm |[|fi[| := sup,e, Var pip.

As T*(B%) C B°, the (coupled) dynamics is easily lifted to EO, namely T : B —
B’ can be defined as (Teft)p := T jip. However, only in the uncoupled case € = 0
the operator T leaves the subspace By of B’ invariant. Since the invariance of this
subspace - also under a suitable lift of 7 when € # 0 - is crucial for our approach,
we need to proceed more carefully in choosing a suitable lift.

To start with, let us consider some total ordering o : N — Z? of Z% with the
property

(3.1) ¢ Yt < |o(i)| < cit.

For each p = p+ 0(0) and ¢ = p+ o(i) in Z? one can then define the (partial)
telescoping operators I, 4 acting on test functionsﬂ

I, qo(x) == /cp(w) dty - dTpiq(i—1) — /cp(w) dty - drp o) -

Essentially p € A specifies the point from which one starts to telescope and g how
far one is in the telescoping procedure. Note that I, 49 = 0 if dg¢ = 0, and that
II, 4¢ does not depend on the variables contained inside a box of size ¢2|q — p|
centered at p[F We then define the lift U : B® — By by

U(n)q = o gpt-

and the projection map P : By — B(6) by

P(p) = Zﬂp

pEA

Opor example, on a square lattice one can spiral out from zero on larger and larger squares.

HHere ¢ € €O (IZd). This definition suffices in view of the identification already mentioned in
Footnote B

2ndeed, if ¢ € A, |¢ —p| < ¢~ 2|q—p|, then, by @), o~ (¢ —p) < c?|d —p|¢ < ¢~ ¥|q—p|? <
o~1(g— p). Hence ¢ has already been integrated out in ITp 4.
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which is well defined for 6 € (0,1) even if A is infinite[d In fact,
(3.2) I1Pl5, 5y < min{[Al, [elnd]~"},

because Vary, pup = 0if p € A\A;. Observe also that, for each function ¢ depending
only on finitely many variables and for each u € B°,

P(U (1)) = plp) -
In addition, it is easy to verify that
(3.3) PT.=T'P.

As remarked before, since T.By ¢ B, we need some way to go back to the space
Ba. This is achieved via the (partially defined!) telescoping operator H : B - Ba,

(3.4) (Hp)g= Y Thy ity -
PEA

Indeed, the infinite sum is not always well defined, but as we only consider finite
range couplings, the operators

(3.5) Tem :=HT." (m>1)
are always well defined on B, as the next lemma shows.
Lemma 3.1. Let m > 1. The linear operator Te,m : By — By is well defined, and
(3.6) T el < Cwm) sup Var(T ")
pEA

Proof. Let ¢ € C'(2). As noted above, 9y (Il qp) = 0 for all ¢ € A such that
|¢d —p| < ¢ 2|q—p|. Consequently, 9y, (I, qp) o T™) = 0 provided |g— p| > c*muw.
Therefore, for p, € By,

(H;,qT:mﬂp) (p) = Hp ((Hp,qsp) oT")=0 if |q—p| > mw.
It follows that for fi € Ba, i = (tip)pen,
(3'7) (Te,mﬁ)q = (E[Tlnﬂ)q = Z H;,qTe*mMP
lg—p|<c2mw
is well defined, and

| Te.mfil| = sup Var(HT, )4 < 2(2¢*maw)? sup Var(T*™ i) .
geN PEA

O

Recall from ([3) that PT. = T*P. As PH = P whenever these operators are
well defined, it follows

(3.8) PTep =T P .

So we can use T, : By — By as a covering dynamics for 7™ : B° — B°.

L3Note that, on each local test function, the sum reduces to a finite sum.
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In particular, for each n > 1, we have the commuting diagram

By — By

(3.9) “’T l P

BY —— B(O)
which makes sense since, by Lemma Bl Te,m is a bounded operator on Ba.
To conclude we need to have a closer look at the operator Téym. Recall that the
sum in ([B7) is a finite sum as the interaction has finite range.
Next, writing m = mq + mo, for each i € Bp and each p € A, holds

3.10 Var(T*™ ) < a’ X™™ Var pup, + b|T™2p
€ P P € P

with o’ = a(a+ b), see LemmaZA and eq. (). In order to profit from the strong
mixing properties of the single site operator we use a decoupling trick originally
introduced in a similar context in [33]: approximate ®. by ®P, where site p is
decoupled from all other sites. To this end we introduce the following notation: let
ip : I® — I® be the map (ip(x))q = 74 if ¢ # p and (ip(x))p, = 0. Then define
P [N — TA,

» KD ifg=p
1 e = {(«be(ap(w)))q fa#
Note that
(3.12) (DP?)gp = Ogp -
This implies
(3.13) (92)"(Bp) < Bp -

It is then natural to define the decoupled dynamics T¢ , := ®P o Tj). Observe that
(T2, x)p = 7" (3p).

Here is a basic estimate for comparing different couplings. It is a variant of |26,
Proposition 5], and we give its proof in the appendix.

Lemma 3.2. The lemma consists of two parts:

a) Let FF:Q — Q be two Lipschitz mapE with Lipschitz constant L > 0 that
are close in the following sense: There are constants Ko, K1, Ko > 0 such that

(1) Y gen Sup, [Fy(w) = Fy()| < Ko,
(it) quA SUPpea SUPg,, f] |0pFo(@2p, §) — OpFg(@sp, §)|dE < K1, and
(i11) sup{Var(Fjv):0<t<1l,ve B(Q),Varv <1} < Ky; F, = (tﬁ' +(1- t)F)
Then, for each v € B,
(3.14) |F*v — F*v| < Ky (Ko + K;) Varv .
b) For use in Section[A we provide a variant of the above estimate: if assumptions
(i) and (ii) are replaced by
() 3 gen SUPg [Fy(T) — Fy(x)|2 < K3 for some K3 >0,

Mp.g-Qisa “Lipschitz map”, if all Fg(x) are Lipschitz with respect to each coordinate zp
with uniformly bounded Lipschitz constants. This means in particular that all partial derivatives of
all Fy exist Lebesgue-a.e., are uniformly bounded and that Fy(z+sep)—Fg(z) = [ OpFy(z+Eep)dE.
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then, for each v € B,
(3.15) |F*v — F*u| < 2K3 K3 Varv .

As in 26, Lemma 8] one shows that the assumptions of part @) of this lemma
are satisfied for F' = ®. and F' = ®?. Hence one can compute

(3.16) |D2p — (P2)"p| < [€](8ar + 2az + 4) Var p

provided |¢| < min{% 2 1 Using Lemma it is then straightforward to show

) 9(12

(compare the proof of [26, Theorem 6])
(3.17) T2 — TE? | < Cmale| Var .

We are finally at the punch-line: let h be the invariant probability density of the
single site map 7. As ¢(z) = fol h(&)p((Th2 ) 2p, T2€) dE does not depend on
Zp, we have pp(1) = 0, so that

d 1
T2 () = pp(p o TIY) = pip (d_xp /O (X[0,2,) (&) — 2ph(€)) (T ) £, Tm2§)d§)
d 1
=i (g [ £ 0 — AT ) €1

where L is the transfer operator of the single site map. This means that, calling o
the mixing rate for the single site map,

T2 52 up| < Cog™ Var py, -
Combining this equation with BI0) and BID) yields
Var(T) ™ up) < a’ A\~ Var pp, + bC'ma|e| Var pp, + bCo™ Var puy,

Setting o1 := max{)\_l,oo}% < 1 and m; = ma, there is, for m large enough,
e(m) > 0 such that for |e| < e(m) holds

(3.18) Var(T™pp) < of* Var py,
In view of Lemma Bl we conclude that, for each i € By,

| Temitll < Clmw)?of™ |l -
At this point we can choose m large enough so that [C(mw)d} " o1 =0 < 1,
whereby obtaining
(3.19) ITemll < o™ (|l -
We now conclude the argument by using equation ([B2) and B9
TP ullo = || PTe ¥ (1)lo < 2min{|AL [eIn6] ™' }oP™ Var p.
By the usual trick of writing n = pm + ¢, ¢ < m and Lemma we finally have
(3.20) 1T ullo < Cmin{|Al,|elnf| " }o™ Var p,

for each 4 € B® and 6 € (0,1). This finishes the proof of Lemma
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4. PROOF OF THEOREM [Z1]

Having obtained the exponential estimate ([B20), the assertions of Theorem T
can be proved along well known lines. For our convenience we follow once more [26].

The existence of a T-invariant probability measure pu. € B follows from a weak
compactness argument as in [26, Theorem 4]. The uniqueness of such a measure fi,
in B is an immediate consequence of ([BZ0).

Uniqueness in M, (2) follows by a standard approximation argument. Assume
there exists an invariant measure i € M, (Q2). By definition, given 0,7 > 0, fi can be
approximated by a measure fi5,, such that |fi— s, < 6 and Vara: ps < C’gme’”[‘/'%
for any A’ € 7.

Let ¢ be a function depending only on the variables belonging to a box Ag € Z,
so that ¢ o T depends only on the variables in the nw-neighborhood A, of Ay.
Then

(4.1) fi(p) = T (i — psn) (@) + T (o, — p1e) (@) + pe ()

We must prove that fi(p) = pe(p). As [TP™ (i — psn)| < |f— pon] < § with an
arbitrary § > 0, it just remains to show that the second term can be made as small
as we like by choosing 1 and n appropriate.

Given a measure p let pa, be its marginal with respect to the box A,. Given a
measure g on I it is convenient to extend it to a measure p’ on all I* by simply
tensoring it with the Lebesgue measure on the complement of A, ; note that such
an extension does not increase the bounded variation of the measure. With these
conventions,

(4.2) T (s — pe) (@) = T ([o,m.a,]" = [Hen,]) (@)
Hence, by (82Z0),
(4.3) T (1o, — pe) ()] < Co 071%™ (1 + C e 1)

As |An| < [Ao|+ (JAo| T + 2nw) it follows that, for 2wn < |In o], one can make this
term arbitrarily small by choosing n large. Hence i = .

Since in the case |[A| < oo one has M, (2) = M(Q), it follows that finite systems
have only one measure absolutely continuous with respect to Lebesgue.

If [A| = co and A" € Z, let @ ar(2cnr) := Pe(zenr, 0gar). Then @ p/ is still an
(a1, az)-coupling with finite range w for the configuration space I A and Ten =
@ pr 0 Ty gives a dynamics to which all our results apply. Calling ué\/ its unique
invariant measure absolutely continuous to Lebesgue one can prove, with essentially
the same argument as before that, for each ¢ € C%(€Q),

(4.4) Jim () = (1 ()] = 0.

The exponential mixing in space and time can be obtained exactly as in [26].

Finally, our use of the term SRB for the measure p. is justified by the fact that
1 enjoys the law of large number with respect to a vast class of initial measures
related to Lebesgue and, in addition, is stable under smooth random perturbations,
that is the random perturbations have a unique invariant measure that converges
to fie, see [20].

Normally, for finite systems, the criteria for defining the SRB measure are three
(e.g., see [BO]), the absolutely continuity of the measure along the unstable mani-
folds, the law of large numbers with respect to Lebesgue for smooth observables,
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the stability with respect to random perturbations. In the infinite case the sit-
uation is a bit more subtle since measures tend to be not absolutely continuous
one with respect to the other and, in our case, [IH] shows that a lot of invariant
measures can have marginals absolutely continuous with respect to Lebesgue. Yet,
we have shown that, if some moderate regularity is required, then only one invari-
ant measure with absolutely continuous marginals exists, moreover this is the limit
obtained by truncating the system to a finite size as (4] shows. This together
with the fulfillment of the other two requirements is, in our opinion, sufficient to
attribute to u. the qualification of SRB.

5. SHORT RANGE

Since now the range is infinite it is necessary to decompose the interaction accord-
ing to space scales, the point being that the interaction on larger scales is smaller
and smaller in the weak norm but no control is available on its variation, hence it
is necessary to wait longer and longer times for the dynamics to act effectively on
it. This forces a more complex book keeping mechanism which is reflected in the
necessity of a larger covering Banach space that, with a slight abuse of notation,
we will still call By.

Let S be a positive integer to be fixed later. We define the Banach spaces

Br:={pn:=(pgt1) : g€ A;t €Ng:=N\{1,...,8};1€{0,...,t}, pgri € By} ;

together with the norm

(5.1) |l ==sup sup (p'a Var pgei+ p~t o' |uguil)
geEA  teNg
1€{0,....,t}
for some constants a, p € (0,1) to be fixed later. Pictorially, one can imagine the
above space as a collection of towers at each site g € A, where the tower ¢ has hight
t and the the index [ denotes the [-th floor in this tower. We can now define the
lifted linear dynamics

— Hq,t,1—1 if Il >0
(5.2) (Tﬂ)q,t,l = { % rm(s+1) .
Z{(p,s):r(q—]ys):t} Hp,qT6 Hp,s,s ifi=0
where
0 if [qg—p|<s?+ S

Tamps)= {Iq—pl if [g—p| > s>+ 5.

Roughly speaking, within each tower s at site p the operator T pushes each measure
one floor up, except for the measure at the top level, which is first transformed
according to the dynamics of the whole tower and then distributed (by means of
the telescoping operators H;q) to the ground levels of towers at sites q in the
following way: If g is close to p (in the sense |q — p| < s? + ) the corresponding
measure is mapped to the tower of height ¢ = 0, whereas if q is farther away from
p, it is mapped to the tower of height |q — p|.

To relate the dynamics of the linear system (7', B, ) with that of the operator T,
(for an integer m to be fixed later) we introduce the space B,,(6) as the completion
of B with respect to the weak norm

lulo = sup  sup 0N |u(p)] .

AL€T |p] o a1, <1
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Then we define
Haqu ift=1=0

U BO — E ) v =
A (W) g, {0 otherwise ,

and
P:By — By(0), Ppu= ZT:ml,uq,tyl .
q,t,l
It is easy to check that PT_” = T>™" P, and hence PT"V = ™" for each n € N,
so that the linear system (T',Bx) is indeed an extension of 7™ : B — B,,(6)[H
The following lemma is the main result of this section.

Lemma 5.1. If 7 is Lipschitz and ®. is a short range coupling (see Section @ for
this terminology), then there exist o € (0,1) and C, €2 > 0 such that, for all |e| < ez,
we BQ), € (0,1), and n € N holds true

(5.3) |T*"ulg < Co™ min{|A|,|elnf|~*} Var p.

Proof. As in the case of a finite coupling range, estimate (B3)) follows from the fact
that T is a strict contraction on Bj. Namely, we will show that there are m € N,
o € (0,1), and ez > 0 such that for all & € B holds

(5.4) 1Tkl = sup (Ti)gealer < o™ |l
q,,

where |pi; == ptal Var p+ p~tal =t |, see [BI)).
The case | # 0 is easy: for all g and ¢ we have

(5.5) (Ta)gtales = lpgtile = gl <ol < o™all,

where m > 0 and o € (am, 1) will be determined in the course of the proof.

So we assume from now on that [ = 0 and start with the case t = 0. (T'ji)q,0,0
is given by the sum in ([E2) that ranges over indices p and s. We begin with the
contributions for s = 0. Without loss of generality we may assume that m is even.
By C we denote any constant that may depend on the “ingredients” of the system
(like a, b, A, etc.) but which is independent of any constant that is to be fixed during
the proof (i.e. S,a,p,m,0,€e1. A crucial choice will be m = §S for some § > 0 to
be fixed later.) Then

|H;,qT€*mﬂp,o,o|0,o

= Var(Ily, T 11p.0,0) + [T, ;T2 tip0,0]

<2Var(T™ppo,0) + 21T tp.0,0]

< 20\ % Var(T' % 1p0.0) + 200+ 1)|T5 % p1p.0.0]

< ON™% Var(jup,0,0) + Clelm Var(pp.o.0) + CO'O% Var(gp,0,0)
< o Var(ppo,0)

— 1
<o'llal (o1 :=max{A™" o0} 7)

150bserve that, since ZSENS,O<l<s p—3a~! does not converge, it is not true that Pi € B(6)
for each fi € B, while ”P”3Aﬁ5w(9) <(A-p) 1 —-a)"tlelno|~t.
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for sufficiently large m and |e| < e(m), where we used essentially the same arguments
that lead already to (BIX). Summing this over all p for which 7(¢— p,0) =t =0
means that one has to sum over all p for which |g— p| < S:

>0 ' Z{I’ﬁf(tzﬂz,O):o} Iy oI 1p0.0

for a suitable o € (01, 1), provided m = 4.5 is sufficiently large.
Next we estimate the contributions for s # 0 to the sum in ([22) when | = 0 and
t = 0. In this case

05 Tt g oo = Var(ITy Ty, ) [T T Dy,
<2Var(T e+, ) 2|y,
< 20)\7m(5+1) Vavr(ﬂp,s,s) + 2(1 + b)‘lu’ILS;S|
S [20,)\7m(s+1)p750475 + 2(1 + b)ps]|ﬂp,s,s|s,s .

d o™
< CS%7|al < —- Al
0,0 2

As s> S and |g— p| < s> + S in the case under consideration, we conclude

* T*m(s+l) s
‘ Z{(p,s):SENS\{O}J(Q-P;S):O} Pae Hp.s. 0,0
(5.7) <C Y (52 +8) e o7 a7+ 2(1 4 b)p*] |

s=S+1
.
< Cof il < 7117
for suitable o9 € (p,1) and o € (03/2,1), provided A™™" < ap? and m = 65 is
sufficiently large.

We finally turn to the case [ = 0 and ¢ # 0. For this we will need the following
estimate: There are § € (0,1) and § > 0 such that

(58) |H;,qTe*m(S+1)Np,s,s| S Cmﬁ‘q_pl Va‘r(lu’l?,s,s)

provided m(s + 1) < §|q — p|. The proof will be given below.

Now, since ¢ # 0, the condition 7(g — p, s) = t in the summation in () means
that t = |g— p| > s>+ S. In particular, as m = §S, we have m(s+1) = 6S(s+1) <
§(s®> + S) < 6|q — p| so that ([ER) is applicable. Therefore

|H;)qT:mﬂp,s,s|t,0

= pt VaI’(H;qT:m(S{_l)Np,S,S) + p_ta_t|H;,qT:m(S+l)/1’P7S,S|

< 2ap" A7) Var (1 ) + 260" |11, + o T Con 817 Var (s )
< (2apt(pa)\m)_s +2bp°pt + (pa)‘s‘tcmﬁ"’"") |t4p,5,51s,5

Hence, observing that ¢t = |g— p| > S and s < /%,

H* T*m 8,8
}Z{(P;S)ZT(q—p,s)—t} pgle Hps, "

(59) z d t m\—s s t —s—t t =
< ZCt (P (paX™)=* + p°p' + (pav) Cmf3') |2l
s=0

< Co3|al < o™,
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1
for suitable o3 € (p,1) and o € (02%,1), provided ap® > B and S = §~'m is
sufficiently large.
Putting together (H), (B8), @), and @) yields
ITal < o™ ||l
for some m > 0 and o € (0, 1). This concludes the proof of Lemma Bl O

Proof of estimate (BH). The basic idea of the proof is to approximate T by
amap Ty =T, e.p.a;m(s+1) With the property that 9,((7s)¢) = 0if |[¢ — p| > |g— p|.
To this end recall the map 7, : I* — I* from Section Bl (ip(z))y = 74 if ¢ # p
and (Zp(x))g = 0 if ¢ = p. Then define

F o, AT @)y g = pl <l pl
(TS(m))q’ - m(s+1) . _92
(T (p(@)g i |¢ —pl > lg—p|.
Note first that (IT, 40)(Ts()) is constant as a function of x, because ¢ > 1. It

follows that
s T* pw=0 if pe By

palsh
Hence, recalling that pp s s € By, we see that
ML T2 4D o = L (T = T o] < 20T = T s

The latter quantity can be bounded using Lemma B2 To this end let us check
the hypotheses of that lemma.

~ 0 if — —2|g—
(o) — T @)l <10 o iflq —pl < la-pl
|(DT Japlos if|d —p| > c?|q— P

To estimate the derivative notice that 0 < |(D®)gp| < 6gp+ 2L|e|y'9 77! so that

0 < [(D®)gpl2 < gp + \/2L[e[y2!7-?l = (1d + \/2L[e|B)yp. Hence, setting
At = |7'|o0, by the triangular 1nequahty
|(DT) gpl < Ni{([Id + /2Le|B]™) ¢p}> .

Using a Cramér type estimate as in [27] this leads to the following bound for Kj:
let n=m(s+1) and r = |q— p| so that n < or. Then, for any t > 0,

Z| — T () |
< Y Ai(md+ V2LieB]
|>

l¢'—p|>

(5.10) < Z )\_%JT([Id_i_ /2L|€|B]5T)qlpet|q'7p\7250727"

lg—pl>c=2r
<P ) S ([1d + VIL[BPT) octld]
qezd
< (Afe()0e Ty = g = glar
where (1) = 3, cza(0q0 + 2L[elyzl91)etldl. Clearly, [¥(t)] < oo for t €

(0, %| In~|). Hence, if we fix such a t and choose § > 0 sufficiently small, then
B € (0,1). (These choices are uniform for € in a neighbourhood of 0.)

c2r
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The proof that Ko can be taken to be some fixed constant (depending on m but
not on p and ¢q) is completely standard and it is left to the reader. Accordingly,
Lemma yields

|H;,qTe*m(S+1),Up,s,s| < Omﬁ‘p_ql Var(.upys,S)
and that is (&:F]). O

Lemma Bl and (E3) are the equivalent of Lemma and (BI9) which where
the basic ingredients to prove Theorem Bl in the finite range case. These results
can be used now in a similar way to obtain the corresponding result in the short
range case.

Proof of Theorem [24] The proof follows the one of Theorem 1] let us outline the
main points.

The uniqueness of the invariant measure in B, follows trivially from Lemma Bl
On the other hand, the approximation argument is now more subtle since one can
no longer use the finite range property in [2). Nevertheless, using large deviation
type estimates like in the proof of equation (EX]) one can show that ([2) continues
to hold if modulo another small error term.

The same remarks apply to obtaining the spatial decay of correlation out of the
temporal ones: again one has to treat explicitly very long range effect by showing
that they produce a very small contribution.

Finally, the reasons to call the above invariant measure SRB remain unchanged
from the short range case. O

6. APPENDIX

Proof of Lemma@A Tt suffices to estimate (F*1v — F*v)(¢) for a test function ¢
with |QP|CU(Q) < 1:

(F*V—F*V)(w):/w(ﬁ'm) o(Fz)dv(x /Q/ o(Fyx)) dt dv(z)

Q

//Zaqchtm = Frq(@) dv(a) dt = /ZF (Fy— Fy) - )(a o) dt

geEA
so that
|F*v — F*u| < ZKQ Var ((Fq —Fy) - V)
1ISHN
< Ks Z <|F Fyloo —i—supsup/ |0p Fg(2p, € 6qu(:c¢p,§)|d§> Var v
geA A Ty

< Ky(Ko+ Kq) Varv .

This proves part @) of the lemma.

The above estimate is, in some sense, too good for our needs in Section B where
it may be hard to verify that K7 < oco. It is then convenient to have a rougher
estimate. To this end let us define the function R € C°(R*,Q) by

0 ifze<O
R(x)g =<z, ifzq€]0,1]
1 itag > L.
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and let ¢ := @ o R. Next, define &, K, : R — [0,00), £(y) := max{1l — |y|,0} and
ky(y) == n k(n~ty). For each Ay € Z, we introduce, for each 77 = (14)qea, the
convolution operators @ 4, on C°(Q):

Qune)@ = [ T wonlop = m)olan,,v) dyvlda).
peA
Not surprisingly, it holds the estimate
(6.1) |Q;577A1 —v| <= Z ngVarv .
qGAl
In fact,
@ =)= [ [ T salon = mle(aen, o) - pl@ldyv(do)
Q JRAL
peEA
! d
— [t [ [ TI ot~ o) (e e, + y ~ men, )y v(da)
0 Q JRM peAs
1
— / dt / / IT #nn(z0) D 0ap(@an,, Ten, + t2)zqdzv(da)
0 Q JRM PEAL qEN
1
— [t x> w0 [T o Ca@en
0 RA1 geEN1  pEMy

where ¢y .(x) == @(Tga, , Ten, +t2). From the above formula estimate (&) follows,

because [, 2]k, (2) dz = 3.

Accordingly, if 3 . g < 00 we can define
ap = i 7 .
Qnp = lim Qqa,e

Then
- 2 -
[F*v — F*v| < 2Ky Yy _ngVarv + sup v((Qnep) o F — (Qpe) o F)
3 T4 lol<1
2
<

§K22anarV—|— |V‘ZW;1|Fq_Fq|oo-
q q

~ _1 L1
Now, for all the g for which |Fy — Fyloo # 0, choose ng = K, 2 |Fq — Fgl|& to get

|F*v — F*y| < 2K2% Varvz |Fq — I:"q|§o < 2K2%K3 Varv .
q
This finishes the proof of part H) of the lemma. O
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