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Abstract. We consider stochastic dynamics of lattice systems with finite lo-
cal state space, possibly at low temperature, and possibly non-reversible. We
assume the additional regularity properties on the dynamics:

a) There is at least one stationary measure which is a Gibbs measure for an
absolutely summable potential ®.

b) Zero loss of relative entropy density under dynamics implies the Gibbs
property with the same ®.

We prove results on the attractor property of the set of Gibbs measures
for ®:

1. The set of weak limit points of any trajectory of translation-invariant
measures contains at least one Gibbs state for ®.

2. We show that if all elements of a weakly convergent sequence of measures
are Gibbs measures for a sequence of some translation-invariant summable po-
tentials with uniform bound, then the limiting measure must be a Gibbs measure
for ®.

3. We give an extension of the second result to trajectories which are allowed
to be non-Gibbs, but have a property of asymptotic smallness of discontinuities.
An example for this situation is the time evolution from a low temperature Ising
measure by weakly dependent spin flips.

KEYWORDS: Markov chain, PCA, IPS, non-equilibrium, non-reversibility, attractor
property, relative entropy, Gibbsianness, non-Gibbsianness, synchronisation
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1. Introduction

The study of non-equilibrium statistical mechanics models away from their
time-stationary equilibrium states and their relaxation or non-relaxation into
equilibrium is an active field of research in the theoretical physics community
as well as in the mathematics of Markov processes [32,34]. If there exists initial
data that does not converge into the equilibrium state (even in the presence of a
unique time-stationary measure) the model is called non-ergodic and examples
can be found in [2,22,24,37]. If there is relaxation of all initial data towards some
set of measures we call this set an attractor. In certain settings when there exists
a periodic orbit of measures, this phenomenon is also called synchronisation
and represents a common feature in many areas of science and engineering.
Examples are found experimentally and in simulations in the study of neuronal
pulses of the brain or digital communications receivers, and partially understood
theoretically, mostly in mean field like the Kuramoto model (see e.g. references
[1,4,16,17,39]).

The purpose of this note is to provide some criteria which allow to control
the approach to attractors beyond situations with weak interactions and beyond
reversible dynamics. The criteria will be formulated in terms of regularity of
trajectories, in a sense to be described below.

Restricting to translation-invariant statistical mechanics models on the lat-
tice makes available the powerful relative entropy techniques [6,34] highlighted
for example already in the Gibbs variational principle [15]. The main idea for
the dynamical models is to look at the change of the relative entropy density of
a given measure w.r.t. a time-stationary measure under the evolution. It turns
out, that this change is non-positive under rather general assumptions [6]. The
use of the relative entropy density as a Lyapunov function is subtle because
it is not a weakly continuous functional in the space of measures. More work
is needed, requiring some regularity of the time-evolved measures. Notice also
that the relative entropy density can not distinguish between different Gibbs
measures for the same potential. So, in the presence of phase-transition of the
equilibrium model, that is when there are more than one Gibbs measures corre-
sponding to the potential of the time-stationary measure, the entropy method
can at most ensure attraction of the whole set of Gibbs measures.

The relative entropy approach has been used to prove that measures having
zero entropy loss under the dynamics w.r.t. a time-stationary Gibbs measure
are Gibbs measures for the same potential in the examples of [3, 18,20, 21].
These concern stochastic Ising models but also more general probabilistic cellu-
lar automata without reversibility assumption where the aspect of attractivity



Attractor properties of non-reversible dynamics 509

from initial states away from the invariant set was not discussed. In this note
we provide results on the limiting behavior of trajectories with general initial
data for general translation-invariant discrete-time Markov processes (DMP)
and continuous-time interacting particle systems (IPS) on {1,..., q}Zd assumed
to have the above zero entropy loss property. The previous examples show that
this hypothesis is satisfied in a number of important cases. Let us also mention
the case of the well known symmetric exclusion process (SEP)(see for exam-
ple [32] Chapter VIII). Here the stationary measures p are product measures
and zero entropy loss w.r.t. u implies that the time-evolved measure is a mixture
of product measure.

One more specific motivation for this note comes from the investigation of
a class of non-equilibrium statistical mechanics models with d > 3 proposed by
the authors in [22,24]. Here the dynamics is given by a non-reversible prob-
abilistic cellular automaton (PCA) with exponentially localized updating rule
(see [24]) respectively by an IPS dynamics (see [22]). Both have the property to
create non-trivial periodic orbits of extremal translation-invariant Gibbs mea-
sures. The primary focus in [22,24] was to demonstrate that there can be models
showing non-ergodic behavior in the presence of a unique translation-invariant
time-stationary measure. Once this is established, it is natural to ask if and
how the dynamics drives any starting measure into the periodic orbit. That
this is indeed the case for a mean-field version of the IPS dynamics is one of the
main results in [23]. Let us mention again the Kuramoto model which also is a
mean-field statistical mechanics system driven by its Langevin dynamics. Here
similar results have been obtained see [1,4,16,17].

1.1. Strategy and main results

The main objective of the present paper is to give criteria for a given set of
measures, containing at least one invariant Gibbs measure w.r.t. PCA and IPS
dynamics, to be an attractor for a stochastic dynamics in a lattice setup. Let
us mention that if the dynamics has specific monotonicity properties like “at-
tractivity” (in the sense of stochastic domination being preserved by dynamics)
coupling arguments can be used to derive attractor properties, see [32] Chapter
IIT Section 2. Here we want to treat cases also beyond that.

The strategy is exemplified in the very special case of the stochastic Ising
model (also called Glauber dynamics) for a not necessarily ferromagnetic trans-
lation-invariant Hamiltonian with local spin space {£1} and finite range in-
teractions by Holley [20] and for not necessarily finite range but fast decaying
interactions by Higuchi and Shiga [18]. Here it has been proved that any limit
measure of a sequences of measures (propagated by the Glauber dynamics) must
be a Gibbs measure. The main tool in both cases is to consider translation-
invariant measures and the change in relative entropy density between those
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and the Gibbs measures under the dynamics. To be more precise, the strategy
is as follows. First it is shown, that the time-derivative of the relative entropy
density between measures away from the Gibbs measure and the Gibbs mea-
sures is non-increasing under time-evolution, i.e. g(v|p) == d%ls:th(l/sm) <0
and thus since co > h(v|p) > 0, limyroo g(v4|p) = 0. This fact although is not
the crucial point since it is true for rather general transformations of measures as
mentioned above. What is important is to prove that while the relative entropy
density itself is semicontinuous also the time-derivative of the relative entropy
density is semicontinuous in the useful direction, more precisely one has upper
semicontinuity of vy — g(v¢|u). The semicontinuity from above guarantees that
for a convergent sequence of measures where the sequence of time-derivatives
of the relative entropy densities goes to zero, also for the limiting measure the
time-derivative of the relative entropy density is zero, i.e. for limso 14 = 4 in
the weak sense we have

0 = lim g(v2|n) = g(val).

The final step of the proof is often referred to as “Holley’s argument” which
uses the zero entropy loss property of the limiting measures gr,(vi|p) = 0 to
show a single-site DLR equality for v,. In other words for the stochastic Ising
model any measure where the time-derivative of the relative entropy density is
zero has to be a Gibbs measure.

Investigating conditions under which the possible discontinuity of g(v¢|u)
for general models can be beaten, we arrive at the following results, assuming a
Holley regularity condition (Condition 2.1).

In our first main result, Theorem 2.1, we show that in both cases, discrete-
time and continuous-time stochastic dynamics, at least one weak w-limit point (a
cluster point of the trajectory of measures in innite time where the convergence
is w.r.t. the weak topology) has to be a Gibbs measure for the same potential
as the time-stationary measure.

In our second main result, Theorem 2.2, we show that if all elements of a
weakly convergent sequence are Gibbs measures for a uniformly bounded se-
quence of some translation-invariant summable potentials, which means that
no Gibbsian pathologies persist along the trajectory for large times, then the
limiting measure must be a Gibbs measure for the same potential as the given
time-stationary Gibbs measure.

In our final result, Theorem 2.3, we show, that in case of the continuous-time
dynamics the second result holds under weaker conditions. The Gibbsianness
assumption on the trajectory may be replaced by a uniform non-nullness con-
dition together with martingale convergence of single-site conditional probabil-
ities uniformly in the trajectory. This can be seen as a property of asymptotic
smallness of non-Gibbsian pathologies under time-evolution. The proof is based
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on a representation of the relative entropy loss (valid for non-null probability
measures) we derive in Proposition 2.1. An explicit example for a sequence of
time-evolved measures which are non-Gibbs for all sufficiently large times but
satisfy the conditions is the initial low-temperature Ising model in zero field
under infinite-temperature Ising dynamics (see [7]).

2. Entropy decay under time-discrete and time-continuous interact-
ing systems

Consider translation-invariant probability measures p and v on the config-
uration space {1,..., q}Zd equipped with the usual product topology and the
Borel sigma-algebra. For a finite set of sites A C Z¢ define the local relative
entropy via

v(wa)

ha(vlp) == ) v(wn)log oo

wa€{l,..., g}

and the relative entropy density via

1
h(v|p) == lim —hy (v
(vl 1= Jim, Terha(v1n)
where A runs over hypercubes centered at the origin, whenever the limit exists.
We use notations like wy = {o € {1,...,¢}%" : 1,,(0) = 1}, WAWA\A =
wa Nwpya, A° = 74\ A etc.

Further consider two types of translation-invariant Markovian dynamics on
d
L. )%

1. Discrete-time Markov Processes (DMP) characterized by time-homogen-
eous transition kernels P(c,-) which are also assumed to be continuous in
the first entry w.r.t. the product topology.

2. Interacting particle systems (IPS) characterized by time-homogeneous gen-
erators L with domain D(L) and its associated Markovian semigroup

(PF)exo0.

Standard examples of DMP are the so-called (strict) probabilistic cellular au-
tomata (PCA) characterized by the fact, that the transition kernels factorize,
ie. P(o,ma) = [l;ea Pi(o,m), see [3]. Also more general PCA with exponen-
tially localized update kernel can be considered, see for example [24,38]. For the
IPS we adopt the exposition given in [32] Chapter I: In all generality we let the
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generator L be given via jump-measures ca (7, déa) in finite volumes A C Z4,
continuous in the starting configurations n € {1,..., q}Zd

L= [ ecatndlf© - 1)

A {&:€ac=nac}

where the summation is over all finite sets of sites and f € D(L). To ensure
well-definedness, the jump-measures must satisfy a number of conditions, most
importantly the single-site jump-intensities have to be bounded, i.e. for ca :=

sup, ca(n,{1,...,¢}?) we assume Y y5gca < 00.

The relative entropy density can be understood as a measure of closeness
between the probability measure in the first and second entry. Accordingly
the change in relative entropy density under the application of the dynamics
measures the change in distance between the two probability measures. Let us
recall some important facts about Gibbs measures and relative entropy densities.

Lemma 2.1. Let (QZd,S) and (QZd,S) be measurable spaces of lattice con-
figurations and T any translation-invariant probability kernel from (de78) to
(QZd,S‘), icforalliez? AeS andne QX we have T(Aln) = T(Ag(i)‘ng(i))
where Ag(i) denotes the lattice translates of A by i (respectively ng;y the trans-
late of n by 7). Then h(Tv|Tw) < h(v|u) for all translation-invariant probability
measures v, u on (9% S).

For the proof see for example [6] Lemma 3.3.

Lemma 2.2. Let v and pu be translation-invariant measures on the measurable
configuration space (2, S) and p a Gibbs measure for the Gibbsian specification
v®. Then the relative entropy density h(v|u) exists and depends only on v

and P.

For details on Gibbs measures and their definition via the DLR equation for
models given in terms of Gibbsian specifications v® see [15] Chapter 1 and 2.
The lemma is part of Theorem 15.30 in [15]. The Gibbs variational principle
states that under the conditions of the preceding lemma h(v|p) = 0 if and
only if v is a Gibbs measure for the Gibbsian specification v®. Note, that
for the existence of h, the requirement of u to be a Gibbs measure can be
relaxed considerably. The appropriate notion is that of asymptotically decoupled
measures as defined in [29,40].

Consider a model given in terms of the Gibbsian specification 7* and a
translation-invariant DMP or IPS dynamics. Let us assume that for the dy-
namics the following zero entropy loss condition holds:
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Condition 2.1. There exists a translation-invariant and time-stationary Gibbs
measure g for ¥, Further, for any translation-invariant measure v with

1 gp(v|p) := h(Pv|u) — h(v|p) = 0 it follows that v is a Gibbs measure for
7% (in the case of discrete-time dynamics),

2 gr(v|p) = limyqza ﬁ%u:ohA(PtLl’m) = 0 it follows that v is a Gibbs

measure for v® (in the case of continuous-time dynamics).

Such a condition is proved to hold in continuous time for example for the
stochastic Ising model [20,21,32] or more general Glauber dynamics and even
non-reversible dynamics see [22]. In discrete time examples are given in [3,24].

Remark. We provide another example where zero entropy loss implies Gibb-
sianness w.r.t. the same potential as the reference measure in the second slot,
however after also taking into account a global preservation of density of parti-
cles which is conserved by the dynamics.

Let us consider the above condition for the well known symmetric exclusion
process (SEP) on the d-dimensional integer lattice (see for example [32] Chapter
VIII)

Lim) = > n@) @ —=n)f0™) - f(n)

T €LY Yy~

where y ~ x denotes nearest neighbors relation of z and y, n*¥ stands for the
configuration equal to 7 except for the sites z and y where it is flipped. f is a
sufficiently smooth observable.

It is known that the extremal stationary measures are the product measures
i, and a classification of their basins of attraction in terms of densities of the
initial measure can be given ( [32] Chapter VIII Theorem 1.47). A translation-
invariant ergodic (that is tail-trivial) initial measure with density p converges to
tp. From this it is clear that the limit of any translation-invariant initial mea-
sure is the corresponding mixture over product measures. Product measures
are Gibbs measures without interaction, and product measures with different
densities are Gibbs measures for different specifications. On the one hand prod-
uct measures are simpler than the Gibbs measures with interaction and their
possible phase transitions we have encountered in our other examples. On the
other hand the SEP is more general than our other examples since possible
limits correspond to sets of specifications and not a single specification. Let
us see that our condition is consistent with this picture by showing that there
are no other ergodic measures with fixed density which have zero entropic loss
w.r.t. one of the u,’s.

Equating the entropy loss of a translation-invariant measure v w.r.t. one of
the invariant product-measures 11, in this case to zero, we immediately see that
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the dependence on p € [0,1] drops out. Indeed, by translation invariance

gsep (Vi)
v(oo =0 03 = 1|ngo.iye)
_ v(dn)v(oco =10, =0 ine)lo 7
> / (dn)v(oo Ing0.iye) S (oo =10 = 0lng0,i3)

in0
d

=Y [vtanivtio .,
i=1

This implies gspp(v|p,) < 0 and if we set gsgp(v|un,) = 0 we have

77{0,%}“) (2'1)

for v — a.a. n and i € {1,...,d}. This implies v(ny|nve) = v(my(nv)|nve) for
any finite volume V and any permutation my (ny) of the finite configuration 7y .
Indeed, we can assume V to be a box since there exists a box B D V and if
we assume v(ng|nge) = v(mp(ns)|ns-) for any permutation 7p, of course also

v(nglnge) = v(mv (ne)|ne-) and thus

v(0o 1, 77{0,@,}“)
V(10 061:|T]{0,€i}°).

n{O,ei}“) - V(OO 161‘ n{O,ei}C)] log

l/(lo Oei

77{0,@}“) = V(OO 161'

v(my (nB)nBe) _ v(ns|nse)
ving\vine:)  v(nevinse)

v(my (nv)nve) = = v(nvnve).
Further, any finite permutation o can be realized as a finite product of nearest-
neighbor transpositions 7; ;(nB) = np\ (i3 (1;)i(n:); where j ~ i. If n; = n;,
there is nothing to show. If 1; # n; by (2.1), translation-invariance and the
elementary definition of conditional probability we have

v(mij(nB)nBe) = v(mij (g 1) g, e )V (B figy) [1Be)
= v(ngigy)ngigye )V (B\(ig)) InBe) = v(ns|nse).

From the invariance of the conditional probabilities w.r.t. finite permutations, it
follows, that v is invariant w.r.t. finite permutations, in other words exchange-
able. By de Finetti’s Theorem (see [15], Example 7.16 and 7.31) it is thus a
mixture of product measures v = fol tpmy, (dp) where m,, (dp) is a unique prob-
ability measure on the product-measures together with the evaluation sigma-
algebra (for more details see [15], Chapter 7: Extreme decomposition). Since
the only tail-trivial mixtures of product measures are the pure product measures
themselves, our claim follows.

Let us state our first result about attractor properties.

Theorem 2.1. Assume Condition 2.1 holds with Gibbs measure p for ~®.
Let vy be any translation-invariant starting measure. Then the set C of all
weak limit points of the sequence v,, := P"vy respectively v; := P}Fvy contains
translation-invariant Gibbs measures for v?.
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Proof. First we note that the set C' of all weak limit points is weakly compact.
Further, the map v — h(v|p) is lower semicontinuous by [15] Theorem 15.39 and
hence the infimum of v + h(v|u) as a map from C to Rf U {+oo} is attained
in some v, € C.

Suppose h(vi|p) > 0, then v, in that case is not a Gibbs measure for the
same potential as p by the Gibbs variational principle (see [15] Theorem 15.39).
Further by Condition 2.1 for the discrete-time case

h(Pv.|) < h(v.|)
and for the continuous-time case for all t > 0
h(PEv ) < h(v.|n).

But this is a contradiction since Pv, respectively PLv, are also weak limit points
by the continuity of P and PL. O

The preceding theorem in particular implies that for convergent trajectories
the then unique w-limit measure (the then unique cluster point of the trajectory
in infinite time) must be a Gibbs measure for 4. Under Condition 2.1 this also
follows from the fact that the limiting measure is invariant for the dynamics
(see [32] Proposition 1.8. for the IPS case, the DMP case follows easily by the
same arguments).

2.1. Attractor properties along Gibbsian trajectories

The next result makes the assumption that all but finitely many elements
of the converging subsequence are translation-invariant Gibbs measures for a
uniformly bounded sequence of translation-invariant potentials. Here we define
the norm [|®[| := >, [[Pallc. As we will see, the benefit from this is the
fact, that the change of entropy as a function of the first entry v — gp(v|p)
and v — g1, (v|p) is continuous along such a sequence of measures. Let us note
that for the attractor property of the set of Gibbs measures, checking upper
semicontinuity of the change of the relative entropy density would be sufficient,
see also (2.13). This is what is in fact done in [18,20].

Theorem 2.2. Assume Condition 2.1 holds with Gibbs measure p for +®.
Let vy denote an arbitrary translation-invariant starting measure. Further let
(Un, )ken (resp. (vt )ken) be any weakly convergent subsequence of the sequence
of time-evolved measures v, := P"vy (resp. vy := Py with t 1 00) and let v,
denote its weak limit. Suppose that

1. For all ny, (resp. ti), the measures vy, and vy, 11 (resp. vy,) are Gibbs
measures for some translation-invariant potentials ®,, and ®,, 41 (resp.
oy ).
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2. The sequences of potentials (P, )xen and (P, +1)ken (resp. @y, ) are uni-
formly bounded, i.e. S := sup, max{||®,, ||, [|Pn,+1]|} < oo (resp. S :=
supy, ||, [| < o0).

Then, necessarily v, also is a Gibbs measure for ’y‘b.

Remark. 1. Notice that the map between potentials and Gibbsian specifications
is one-to-one when the equivalence relation of physical equivalence, [6,15], is used
on the space of potentials. For more details on the relation of specifications and
potentials see [26,41], in particular for the regrouping of potentials see [27].
Hence one wants to exploit the theorem for wuseful choices of representatives
in the class of physically equivalent potentials. This is the same as looking at
equivalence classes of physically equivalent potentials in the definition of the
Banach space of potentials. In that sense we also prove, that limg_, oo ®,, = P.
(resp. limy 00 @4, = P.) exists with ||@.]| < S and v* = 4®~.

2. However, having said this, the property of v, (resp. 14, ) being Gibbs
may depend strongly on the starting measure, and we can not expect it to be
true universally, given the many examples of non-Gibbsian measures known to
appear under time-evolutions [7,8,10,12-14,19,28,30,31]. This is the reason for
our desire to relax the hypothesis and include cases of non-Gibbsian behavior,
see below.

Proof of Theorem 2.2. First notice that also the sequence (Pvy, )ken is weakly
convergent with limy_,~ Pv,, = Pv, since P is continuous.

Step 1: In order to see that (®,, )ren is a convergent sequence, we show
that (@, )ren is a Cauchy sequence in the Banach space of Gibbs potentials with
norm
@0 := > 450 A7 ||® alloc modulo physical equivalence. By [6] formula (2.65)
we can recover the corresponding potentials in the sense that

dV1IAH ~o(|A])
dV2|A C ‘A|

1
@1 — Bslo = 7H log
|A|

where also || f|lc := Sup..constant ||/ — €lloo- The error term may a priori depend
on the potentials ®; and 5. By the uniform boundedness of the sequence of
potentials, however the error term can be bounded by the uniform expression

const S % where JA denotes the boundary of A. Let € > 0 and choose a cen-

tered cube A such that const S|OA|/|A| < €/2. Further by the weak convergence
of the measures there exists N, such that

dl/nS |A g

1
milee g
|A|H & Ao allc = 2

for all s,t > N. using also the uniform non-nullness of all measures in the
trajectory. Uniform non-nullness follows easily from the uniform boundedness
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of the potentials. Consequently for all s,¢ > N,

dl/n A |6A‘
. ¢t S0
Qo | Hc +eonst ST < €

1
@0, = @n.llo < 7|10

Notice that for the limiting potential we also have ||®.|| < S: Indeed, if we
assume ||®,]] > S + ¢ for some £ > 0 then there exists N € N such that
> as0,41<n [P an, — Paylloc >€/2 for all k € N. But we have

k—o0

. 1
lim Z WH(I)AJ% ~Paxllo =0
A>0,|]A|I<N

for all N, a contradiction. Replacing nj by ¢ we get the same result for the
continuous-time case.

Step 2: For any translation-invariant starting measure vy we have that
h(vn|p) (resp. h(v¢p)) is a non-increasing sequence of non-negative numbers.
(Note that the relative entropy density is smaller than infinity, due to the finite
local state space and since the measure in the second slot is a Gibbs measure.)

This sequence hence has a limit (which may a priori be strictly bigger than
zero), but from this follows that the sequence of entropy losses g(v,,|u) (we write
g(vn|p) for both gp(vy,|p) and gr(ve, |)) converges to zero. We would like to
conclude that from lim,4eo ¥y, = vy in a weak sense and lim,4o0 g(vn|p) = 0 it
follows that g(v«|p) = 0. Then we know that v, has to be Gibbs for v® by
Condition 2.1.

The discrete-time case: Now suppose that v is a Gibbs measure for some
translation-invariant potential ®,, and Pr is a Gibbs measure for some trans-
lation-invariant potential ®p, and p is a Gibbs measure for some translation-
invariant potential ®. We use the decomposition of the relative entropy as
in [15] formula (15.32) into the pressure p of the potential for the measure in
the second slot, the expectation (-, ) of the local energy density of the potential
of the measure in the second slot w.r.t. the first measure, and the relative entropy
density of the first measure, i.e.

h(v|u) = p(®) + (v, @) + h(v|u)

with (v, ®) = v(}3 450 ]A[7'®4) and p(®) := limare |A| 7 log Z3 (w) where
Z%(w) is the partition function for @ evaluated at some arbitrary boundary
condition w outside A. We use this to write the entropy loss as

gp(V|p) = p(®) + (Pv, ®) + h(Pv|u) = [p(®) + (v, ®) + h(v|u)]
= (Pv — v, ®) 4+ h(Pv|u) — h(v|u).

The first term is weakly continuous in v and causes no problems since also
P is continuous. For the second term, a priori, we have no knowledge about
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interchangeability of limits. Another way of considering this issue is to rewrite
the relative entropy density h(v|u) = v(h) as an v-expectation of a certain
function A as in [15] Theorem 15.20 where the function h is not quasilocal but
tail measurable. Hence convergence of expected values w.r.t. a locally convergent

sequence of measures is not guaranteed. In fact if the identity

lim [h(Pvp, |u) — h(vp,|u)] = h(P( lim vy, )|u) — h( im vy, |u)
k—o0 k—o0 k—o0

were true, the result would follow. As we will show now, the uniform Gibbsian-

ness assumption on the trajectory is sufficient to ensure such an identity. The

difference in specific entropies, assuming Gibbsianness of the two measures, can

be written as

h(PV|u) - h(V|u) = <V7 (I)u> - <PV, <I)Pu> +p(q)l/) 7p((I)P1/)'

The specific energy v, ® — (v, ®) is jointly continuous w.r.t. the weak topology
for the probability measures and the topology of convergence for the potentials
(see [15] Remark 15.26 (2)). The same argument applies for the second term on
the r.h.s of the last display. By the first part of the proof the potentials are in fact
convergent and thus one can deduce interchangeability of limits. The pressure
terms are continuous as functions of the potentials in the topology of uniform
convergence generated by || - || (see [6] Proposition 2.58 (b) and Proposition 2.56
(d)) and hence limits in the entropic loss can be interchanged.

The Continuous-time case: We need to show for a Gibbsian sequence
(Vtk)kEN that
lim gr, (v, [p) = go( im v, |p).
k—o00 k— o0

In what follows the representation of the entropy loss gy, in terms of the pairing
given in (2.5) will be important. To derive this representation let us split gy,
into several parts. We have

d

EltZOhA(PtLVM) = Z v(L1,,)logrv(wy) — Z v(Llu,)logp(wa).  (2.2)

WA WA

By properties of the relative entropy density, namely Lemma 15.28 in [15] and
the Gibbsianness of the measures involved we can for the r.h.s. of (2.2) also
consider

ZV(LIWA)HA(WAfAC) - ZV(LlwA)HK(wAgAC) (23)

WA WA

and the error is of boundary order. Here H and H” are the Hamiltonians corre-
sponding to ® and ®* and £ is an arbitrary but fixed boundary condition. Let
us start by considering the infinite-volume limit of the first summand in (2.3).
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We show that for a general translation-invariant IPS L obeying welldefinedness
conditions as in [32] and for A 1+ Z? we have

|A| Z Loy ) Ha(waae) = (v, @)L — 0 (2.4)
where
(v, ®)r, —/ (dn) Z/CA ndeA Z [®a(Canac) = Pa()].  (2.5)
A>0 AmA;éV)

Notice that (v, ®);, becomes v(LHj) if the rates are just defined for single-site
jumps. In order to prove (2.4) let us write

A Z Loy ) Ha(waéae)

|A\/ v(dn) > /CA 1,dCa) Y [®alCananaaéac) — La(naéae)]

ANA#D ANA#D

. / (dn) Z/ (m,dCa) Y [®a(Canaaéac) — Pa(naéac)]

|A‘ ACA ANA#D
1
+ TA] v(dn) > /CA 1, dCA)
ANA£D,AZA

x> [®a(Cananmadac) — ®a(nadac)]
ANAAD

= IT+1I.

On the other hand, by translation invariance the pairing can be written as

L= |A|Z/ (dn) Z/\N (n,d¢a) > [@a(Canac) — Da(n)]

i€A A>i ANAAD
“wk /e 3 o
x> [@a(Canac) — Da(n)]
AmA;é(Z)
1

Aa AZA

X Z [@4(Canac) — Pa(n)]

ANA#D
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= Kﬂ/l/(dn

> [eatndca) 3 [@atcanss) - @ato)

ACA ANA#D
|A| Z/ dn Z /| CA ndeA
ieA ASi,AZA
x> [@a(Canac) — Da(n)]
ANA#D
= IIT+1V.

Defining ca := sup, ca(n, {1, ... ,q}?), for the bulk term I — ITI we have the
following estimate

1
|I—IH:’|A/ (dn) Z/CA n,d¢A)

ACA

X Z [®4(Canac) — Pa(n) — PalCana\aéac) + Pa(nadac)]
AnA;éQ) AgZA

<qpes X el

ACA AnA;éQ) AZA

|A|Z Z CAZ Z [®ll

€N A, ACA JEA AS,AZA

SHE Y asp el
i€A A3, ACA  JEB AsjAgA
s%z > caswp [

zeA ASiAgT+i  IEA A5

Z Z CA Sup Z @Al

zeA A3i,ACT+i  JEA AsjAgA

<4je| Y CA+% 3 > casup Y |24

A30,A¢T JEAQHICA ASLACT+i  JED Asj AgO+i

—l—ﬁ Z Z cAsupZHCI)AH

JEAQHIZA ADi,ACT+i  IED A5

<dlo > ea+4 Y casup D @4l

AS0,A¢T as0,Aacr JEN A5 agn
+4@ > calfieA:Q+ig A} (2.6)
AS0,ACT

which is true for any finite set of sites I and €. By the summability assumption
Y oAspCa < oo (see (3.3) in [32]) the volume I' can be picked in such a way
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that the first summand is arbitrarily small. Now 2 can be chosen such that the
second summand becomes also small. By letting A 1 Z¢, the third summand of
(2.6) goes to zero.

Finally we need to show, that the error terms I7 and IV also go to zero in
the infinite-volume limit.

1 1
=Y S [t [ grpeatnd)

i€A ASi AZA
X Z [@a(na\alayacéac) — Pa(naéac)]
AN(ANA)#D
1 1
< QW z Z CASUPZ [®all = 22 ”(I)AHWZ Z ca
i€ ASi AN €A 4T A30 i€A ASI,AZA

1 1
IV — WZ 3 /V(dn)/w%(n,d@) Y [@alCanac) = Da(n)]

€A ADI,AZA ANA#D

2Y gy Y e

A30 ieA ASi,AZA

In both cases, again by the final part of the proof of Theorem 15.23 in [15], one
verifies convergence to zero for A 1 Z%.

As for the second summand in (2.3) the exact same arguments apply and
hence we can write

gr(vlp) = (v, @) — (v, ®") . (2.7)

The mapping ® — (v, @), is linear. It is also bounded since

(v, @)z <2 Dllo Y ea <22 D ca

A0 A30

which is a finite number by assumption (see [32] assumption 3.3). In particular
it is Lipschitz continuous with Lipschitz constant 23, ,ca. The mapping
v (v, ®)y, is weakly continuous if

w3 i [ ealndea)Ha(Ganae) - Ha(m)] = Fra()
revial

is continuous. To see that this is indeed the case, notice that for all finite A C Z¢
the map

ey ) ﬁ/CA(deA)[HA(CAUAC)_HA(n)]

AS0,ACA
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is continuous as a finite sum of continuous function. Further this function is
convergent as A 1 Z% uniformly in 7 since

sup | Z ML/CA(nadCA)[HA(CAnAC) — Ha(n)] = Fr,o(n)]
n AS0,ACA

—swp| Y [ eatndca)lHalCanae) - HaGl

T A0,A¢A

< 2|2 Z ca — 0.
AS0,AZA

In particular the mapping (v, ®) — (v, @), is jointly continuous with respect to
the weak topology of measures and the || - ||-topology on the Banach space of
potentials. This finishes the proof. ]

Remark. Notice that in the expected value (v, ®”) 1, the behavior of the potential
for atypical configurations w.r.t. the measure is suppressed. This suggests that
the existence of a uniformly convergent potential could be relaxed. In this way
a weakening of the notion of a Gibbsian trajectory may do the job.

2.2. A representation of continuous-time entropy decay and more
general continuity conditions

There are numerous examples of IPS with trajectories that show non-Gibb-
sian behavior [8,10,12-14,19,28,30,31]. One very nice example is the infinite-
temperature Ising dynamics investigated in [7]. Here of course the w-limit mea-
sure of any trajectory is the equidistribution. In this section we generalize
Theorem 2.2 to not exclude the possibility of non-Gibbsian measures in trajec-
tories of general IPS. We start with a representation of the entropy loss for IPS
similar to (2.7). Right away we can write

gr(vlp) = gr(v) + (v, @)L (2.8)

where @ is the potential for the L-invariant Gibbs measure pu and

. 1
gr(v) = AlT%d T %; v(L1,,)logv(wy).

Let us express g1, (v) as a single-site density similar to —(v, ®”);, but now for
probability measures v that have the much weaker property of being non-null
instead ob being Gibbs measures.

Definition 2.1. We call a random field v non-null if there exists a number § > 0
and a version of the single-site conditional probabilities such that 6 < v(ng|noe)
for v-a.a. n.
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Examples: 1. Gibbs measures for absolutely summable potentials as well as
almost Gibbsian measures as defined for example in [9,36] are non-null.

2. Weakly Gibbsian measures in the sense of the definitions discussed in
[9,29,36] (where the potentials only have to be absolutely convergent pointwise
for a set of boundary conditions with full measure) are not necessarily non-null.
The same holds for the class of intuitively weakly Gibbs measures as defined for
example in [11].

3. Consider the so-called weakly dependent measures as defined in [33,40],
these are slightly less general measures in the class of asymptotically decoupled
measures. Weakly dependent measures have the defining property that there
exists a number a(A) such that limp4z4 a(A)/[A] = 0 and

e~y (A)w(B) < v(AN B) < *Wy(A)w(B) (2:9)

for all measurable sets A and B where A depends only on sites in A and B
depends only on sites in A¢. If v is a weakly dependent random field on Z? with
finite local state space which is also translation invariant, then v is non-null.
Indeed we have for the v-a.e. uniquely defined regular conditional probabili-
ties e~ u(n9) < v(nolno-) and by the translation invariance we can define

e—a(0) inf, . (n0)£0 v(ng) =: 6 > 0.

4. Consider trajectories from the infinite-temperature Ising dynamics inves-
tigated in [7] where v4(na) = [ vo(do) [];cp Poisi(o; — ;). Clearly vy (nolnoe) >
(1—e=2%))/2.

5. Any IPS dynamics with sitewise independent jumps on a finite local state
space, where the intensity matrix is irreducible and non-null.

Proposition 2.1. Let v be a translation-invariant and non-null probability
measure and L a well-defined translation-invariant IPS generator (in the sense
of [32]), then

v(€alnac)
[ ey ros o (2.10)

Notice that the r.h.s. of (2.10) exists since

1
/dn Z/ URUIN) IAI|1g v{talna-) ZcA log

AS0 77A|77A AS0 nfy—a.a n V(nA|nAC)

91(v) /dnz

A>0

SIOgSZCA < 00
A30
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where we used v(na|nac) > 6/21 which can be verified using the chain rule
for conditional measures (which means writing a quotient of conditional prob-
abilities as a product of single site probabilities). Notice also, by the non-
positivity of (2.8) the r.h.s. of (2.10) is an element of (—oo, —(v, ®)1] where
—(v, @)L < 2||®[| Y A50ca < oo and @ is the potential for the L-invariant
Gibbs measure p.

Proof of Proposition 2.1. Before taking the infinite-volume limit we have

|A| Z UJA 10gV(LUA)

_ 1 y g Y@natans)
= |A| %\:/ (dn) Z / (n,déa)1,, (n) 1o V(WA)

ANAAD

_|/1\|/1/(d77 Z / (1, dEn) Tog LoA0AIMA) v(§analnaa)

ANA£D v(nanalnaa)

|A| Z/ d77 Z/ |A| n’dgA (5A0A|7]A\A)

(nmAlnA\A)

On the other hand by translation-invariance the r.h.s. of (2.10) can be written
as

W Z/ (dn) Z/éc(md@)logj@'m“) G,

(nalnac)

Thus the finite-volume difference can be expressed as
Gr(v) |A|Z 1,,) logr(1,,)

v(éalnas) | v(€analnaa)
S g ] viam [ etodcaon GRS —1og SRR

(2.11)

|A|GAA3

By the martingale convergence theorem we have for all €A and cofinal increasing
sequences of finite volumes A D A

ngmd v(alnaa) = v(éalnac)

for v-a.a. n and in L'. Hence for fixed finite A C Z? and A D A by the
non-nullness condition

[ fetmassnon S0
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|V(§A|77A\A) —v(&alnac)]
< / ”(d")/ ) (o Eala) v (Ealmma)]

= 5|1A| sup/c(ﬁ7d§A)/V(dn)|V(§A|77A\A) —v(éalnac)|

< 6|A| max/u(dn)\u(§A|77A\A) —v(&alnac)l

and hence by the martingale convergence this goes to zero in the infinite-volume
limit. For the second summand in (2.11) the same arguments apply and hence
for all A we have

Jvtan | c<n,d«sﬁ>nogw—log vinalnar) w2, o 1)

v(€analnaa) v(nanalnaa)

For any finite volumes I" and 2 we can split the sum in (2.11) and write

v(§alnac) v(nalnac)
d/ LdEn) [log —25AMAY) 4, VATIATIAY)
|A|§§|A|/ m | et ){ v(€analnaa) V(UAmAP?A\A)}
I
Al JEAT+ICA ASi, ACQ+i Al

v(Ealnac) v(nalnae)
- /V(dn) /C(n’dm) [log v(€analnaa) s V(WAHAWA\A)}
1

Y Y g

PEATHICA ASi,AZQ+i

v(alnac) v(nalnac)
8 /V(dn) /C(n’dgA) [IOg v(€amalnna) log V(TIAHAWA\A)]
1
+ ﬁ Z Z

ieANT+HIZ A ABZ

< [ vtan | c(n,dgA>[1og Healia) _, vilnac) |

v(€amalnaa) v(nanalnaa

=I+IT+1II

For the boundary term I11 we have

|111] < Z IOgéchw
| | 1EANTHiZ A AS0 ‘ |

#lieh:T+ig A} 1
< IA] longCA

A30
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which goes to zero for A 1 Z%. For the error term arising from the truncation
of the rates represented by I, pick Q such that .-, agoca < €. As a
consequence we have

1 1
|II\§log§—2 Z cA<log5—2€
AS0,AZQ

by the same estimate as for I71. Finally for the bulk term I we can pick I'(2)
such that in the martingale convergence (2.12) we have

/l/(dn)/c(mdﬁa.) [log V(V(£A|77Ac) ~log v(nalnac) )] ‘ <e

sup
Eanalnaa) v(nanalnaa

AD0,ACQ

for all I'(©Q2)CA — i. Hence

1 1
r-q XY & [ vtan [

iEAT(Q)CA—i AS0,ACQ

" [1 v(€alnas) o v(nalnae) }
v(€ana—ilna—ia) v(nana—ilma—ia)
1
<e Z K: Const €.
A30,ACH A
This finishes the proof. O

We know that with limg_, . v, = v, weakly it follows
—{(vs, @), = lim gr,(v4,)
k—o0
by the continuity of (-, ®);. By Condition 2.1 if v, & G(7®) we have

— (Ui, B, > g1, (v4).

Hence, in order to have the continuity result, it would be sufficient that
lim gy (vy,) < gr(vs) (2.13)
k—o0

which is upper semicontinuity of g, (-) along the trajectory. Of course this semi-
continuity may very well hold under less restrictive assumptions as in Theorem
2.2 where we stipulate uniform Gibbsianness of the trajectory.

For example in a situation where the potentials "+ still exist (as elements
of the Banach space with norm || - ||) but fail to be uniformly bounded, the
semicontinuity along a weakly convergent trajectory is determined by the semi-
continuity of the function v — (v, ®”). Uniform boundedness of the ®"’s is
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just a natural way to ensure continuity, but (semi-)continuity may hold even
beyond such a requirement.

As another example take the infinite-temperature Glauber dynamics applied
to an initial low temperature zero magnetic field Ising state in dimensions d > 2,
investigated in [7]. This model shows provably non-Gibbsianness for sufficiently
large times, without recovery of Gibbsianness along the trajectory. Still the
relative entropy of the time evolved measure relative to the independent mea-
sure goes to zero, and the measure converges to the independent measure by
elementary computations. For illustration let us use the representation from the
proposition above. We have for any time-evolved starting measure vy

[, op Vet 1m0e)
gL(Vt) B / t(dn)l 8 Vt(770|Tloc)

where v, (n§|n0¢)/v(n0|m0¢) is bounded from above by (14 e~2%)/(1 —e~2!) and
from below by (1 —e~2%)/(1 + e~2") and hence

0
1% c
[ty

as t T co. But this is continuity of gy at the equidistribution along the trajec-
tory since the unique limiting measure is the equidistribution where of course

gr(eq) = 0.

In general it would be nice to find conditions on a weakly convergent se-
quence of measures lim,4o, vy, = v, such that gz (v,) is upper semicontinuous.
In the following theorem we give conditions on the finite-volume conditional
probabilities of the convergent sequence of measures such that gy is continu-
ous. In particular, many cases of site-independent jump-processes satisfy these
conditions.

Theorem 2.3. Assume Condition 2.1 holds with Gibbs measure u for 4*. Fur-
ther assume that

1. The sequence (v;, )nen of translation-invariant measures, propagated by
some well-defined IPS L, converges weakly to v, as t,, 1 oo,

2. For alln € N, v, is non-null with uniform constant § > 0 and

3. The martingale convergence theorem for the single-site conditional prob-
abilities holds uniformly in n € N, more precisely for all £, € {1,...,q}

we have
lim lim Sup/”tn (dn)lv,, (€olmave) — v, (€olmoe)| = 0. (2.14)
ATZe ntoo
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Then v, is Gibbs for the same potential as p.

Notice that the convergence

lim [ v (dn)|v ez Noe)| =0

fees 1, (dn)|ve, (Solnavo) — v, (Solmoe)]
always holds by the martingale convergence theorem since conditional probabil-
ities are uniformly integrable. Assumption three asks for the approach to zero
to be uniform over the sequence of measures. Let us check some examples:

Examples: 1. If v, € G(P") is a weakly convergent sequence of Gibbs
measure for a sequence of potentials with uniform bound then

/ (@) | (€olar0) — vin(€olrioe)

_ /1/ (dn)fVn(dU)|Vn(€0|ﬂA\00Ac) — Vn(§0|noc)|yn(m\0‘gm)
! J vn(do)vn(navoloae)

< Const Z (127l
A30,AZ A

where we used |e® —e¥| < |z —y|e™@ =Ly} By the convergence of the sequence
of potentials (see step one in the proof of Theorem 2.2) and the uniform bound
there exists a finite volume A such that sup,ey - 450 aga [®%4] < e The
non-nullness requirement is also satisfied by the uniform boundedness of the
potentials.

2. For the infinite-temperature Glauber dynamics from [7] as mentioned
above we have the non-nullness bound (1—exp{—2¢,})/2 which can be bounded
tp-independently for ¢, > T. Further

[rntdnio, lno) = v, (Gl < exp{-2t}  (2.15)

and hence there exists a finite volume A such that (2.15) becomes small uni-
formly in t,,.

3. In order to move at least one step away from independent spin-flip dynam-
ics to spatially dependent IPS consider the high-temperature spin-flip dynamics
from [7], Section 6, started either in another high-temperature Gibbs measure
or in the low-non-zero-temperature d-dimensional Ising model. From [35] we
learn that

vi(molmoe) = ) /VO(dU)Zé(UOCaUOC)fleXP{—Hé(UOUOC,UoWoc)}

oo=+,—
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where H? is a time-dependent Hamiltonian for the joint two-step distribution
vo(do)Si(o,dn) and Z' the corresponding normalization. This Hamiltonian
has nice locality properties collected in Theorem 6.3 in [7]. In particular it
is bounded uniformly also in ¢ (see formula 6.7 in [7]) and hence v; is non-
null uniformly in ¢. The uniform martingale convergence can be verified using
formula 6.8 in [7].

The uniform L;-convergence of the single-site conditional probabilities (2.14)
together with the non-nullness assumption implies the same convergence to hold
for all finite-volume conditional probabilities. This is the statement of the fol-
lowing lemma which we use in the proof of Theorem 2.3.

Lemma 2.3. Assume conditions 1,2 and 3 of Theorem 2.3 to hold, then

=0

lim i d - ‘
A, fim sup / v, (dn)|ve, (€alnaa) — v, (Ealnac)

for any finite-volume configuration & .

Proof. We use the fact that finite-A conditional probabilities can be expressed
by single-site conditional probabilities (compare Theorem 1.33 of [15]) which
allows us to get uniform convergence for finite A from the single-site condition.
More precisely, let us begin with two sites A = {1,2}. We have that the two-site
conditional probabilities can be expressed via one-site conditional probabilities
by use of the identity

where F is a function from the set of {1,...,¢} x {1,..., ¢} matrices given by

g
o1€{1,...,q} a01752/a€2701

F§1§2 ((CLUlvG?)017026{17---»‘1}2) = Z

By the uniform non-nullness hypothesis the matrix elements are uniformly
bounded against zero by § > 0 and thus F is uniformly continuous on the
set of such matrices. Using the same function we may also write

Vt, (5152\77{1,2}6) = FE1§2 ((th (01|0277{1,2}c)017026{17___7(1}2)~

Hence, for any € > 0 there exists a p > 0 such that

Yo I (oafoanuye) — v (or]oana ey < p (2.16)

o1,02€{1,...,q}2
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implies that [vy, (§1€2]ma\f1,23) — Ve, (§1€2]n11,23¢)] < €. From this follows that
the single-site condition with one fixed spin-value in the conditioning of the form

Jim, hmTSUP/th (dn)lve, (o1loangizye) = v, (G1]oana12) =0 (2.17)

for all o1, 09 implies the two-site condition

lim 1 d ¢) — =0
A, HrTllTSUP/th( Mlve, (§1€2(ng1,23) — v, (§1820ma\(1,2})]

for all £1,&s. To see this write the last integrand as a difference of the function
F' at the corresponding arguments and decompose the range of integration over
the n-variable into the set where the condition (2.16) holds, and the complement
of this set.

Further note that the above single-site condition (2.17) itself follows from
our assumption (2.14)

lim lim sup / e, (dn) o, (01m1ye) — v (o1 lmaygy)] = 0
ATZd ntoo

estimating the integrand in (2.17) by

i, (01|0277{1 2}c)—Vt (01|0277A\{1 2})\
q

< Z o (m2[n23e)

Vi, (U2|77{2} w(01lm2n1,232) = v, (O1lmanay g 2y)]

and using for the first term on the r.h.s. the uniform non-nullness bound 4.
The case of general A follows from induction using a function analogous to

the above F' to relate conditional probabilities in A to those in A\ {¢} and the

singleton {i}. |

Proof of Theorem 2.3. We have for the relative entropy loss g1, (v, |1) = gr.(v1,,)
+(vt,,, @)1 and need to show limsup, . |gr (v, [1t) — gz (v«|pt)| = 0 since then
by Condition 2.1 v, € G(y®). The energy part (-, ®), is continuous and poses
no problems. For the entropy part we can use the uniform non-nullness and
Proposition 2.1 to write

_ v, (Ealnac)
lgr(ve,)]| = ‘/th(dn Z/ (1, déa) |A| 7%"(

= nalnac)

1
< logg ZCA < 00.
A30
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In order to truncate the (maybe infinite) sum, pick T such that
gt 3 ca<ef2
3 5 CA 9
A30,A¢T

and A D T'. Let us use the following short-hand notations

v, (€rlnre v, (€r|nar)

lg(fa 77) = log M) lF (fa 77) = log 7\7
vt,, (nr|nre) v, (e |navr)

r _owrelire) b o ve(&rlnavr)
l (fan) Ea 10 V*(nr“nf‘c), lA(fﬂ?) e 10g V*(UFV]A\F) .

We can estimate the entropy difference
gL (v, )—gL(v+)

<s+‘/l/*dn > [ endea) gt €n) ~ () + 1R € )

A30,ACT

- [witan 3 /n,dsA%

A>0,ACT

() — 12 (Em) + T2 (Em) — 12 () + 12 (E, n)}‘
cex|[uan X [endengiten -

ASOACF
F Y el Rl
A30,ACI’
+/[ — v, )(dn) > /n,de |A|ZA(§7IH‘
AS0,ACT’
#|fontn S [ endes) g - e
AS0,ACT

=&+ A(A) + B(n,A) + C(n, A) + D(n, A).

All error terms become arbitrarily small. Indeed, for fixed A, lim sup B(n,A) =
ntoo

0 by the local convergence of the sequence of measures and the finiteness of

the local state space. The same holds for C(n, A) since the sum is finite and

IS are local and thus continuous functions. For A(A) we can use martingale
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convergence as in (2.12), more precisely we can estimate

AW < [utan S [ endea) gl em — 2]

A30,ACT
Vi (€alnac)
S/V* d?] / 777d£A ’ 7’
Aaoz;cr [AI v (€alnaa)
Ve(nalnac)
i) 5[ty s
/ ABOXA:CF AT v, (nalnaa)
< Z X max/u*(dn) vi(Ea|nac) _V*(€A|77A\A)‘
N
AS0,ACT
+ Z |A|5|A| maX/V*(dn) ve(nalnae) — V*(UA|77A\A)’
A30,ACT

which goes to zero for A 1 Z¢. For D(n,A) we can use the same estimate as for
A(A) together with Lemma 2.3 and the fact that we can pick A large such that
limsup, 4, D(n, A) becomes small. O
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