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For a general class of gas models — which includes discrete and continuous Gibbsian
models as well as contour or polymer ensembles — we determine a diluteness condition
that implies: (1) uniqueness of the infinite-volume equilibrium measure; (2) stability
of this measure under perturbations of parameters and discretization schemes, and (3)
existence of a coupled perfect-simulation scheme for the infinite-volume measure together
with its perturbations and discretizations. Some of these results have previously been
obtained through methods based on cluster expansions. In contrast, our treatment is
purely probabilistic and its diluteness condition is weaker than existing convergence

conditions for cluster expansions.
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1. Introduction

Phase transitions in statistical mechanics are often studied through sequences
of models involving convergent sequences of parameters. The analysis is usually
“towards a target”: properties of the target model are inferred from properties
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of models in the sequence. For instance, sequences of models with asymptotically
vanishing fields can be used to show first order phase transitions for the zero-field
model. In the same spirit, transitions in continuum-space models are often studied
through limits of models on lattices with decreasing mesh.

In this paper, we treat the opposite — “from the target” — point of view. We
investigate conditions under which properties of a target model are inherited by
models obtained by perturbing parameters (e.g., fields or fugacities) or the configu-
ration space itself (e.g., through discretizations). While our treatment is general, our
basic motivation came from target models in the continuum, for which we wished
to address two types of issues:

Faithfulness of simulation schemes: Simulation of continuum models requires
unavoidable discretizations. It is tacitly understood that using sufficiently refined
discretizations leads to trustable determinations of phase diagrams. Still, one may
wonder if this is always the case. The question involves, in fact, a previous issue: How
should the discretization be performed? The natural choice would be to discretize
the model (both configuration space and interactions) and sample from the Gibbs
measure in the discrete system. An alternative, however, would be to sample the
discretized version of the actual continuum measure. These approaches are quite
likely not equivalent in general, as it is known that coarse-graining may lead to
non-Gibbsianness, see, e.g., [28].

Universality: Stability of the continuum equilibrium measure under discretizations
should imply the irrelevance in the discretized systems of interaction terms which
disappear in the continuum limit. This includes, for instance, hard-core exclusions
involving events with zero probability in the continuum (see the thin rods model in
Sec. 2.3.5 below or the cell gas models in [21], for example). In this sense, stability
can be interpreted as the continuum model acting as a fixed point for a “univer-
sality class” that contains a whole family of discrete systems. Some aspects of this
were studied in [21], where stability of the pressure and correlation functions under
suitable discretizations was established for a particular class of gas models.

Our treatment is geared towards general gas models, that is systems involving
families of geometrical objects — possibly with further decorations such as color
or spin — distributed on some underlying space. This distribution is assumed to
be, while on bounded volumes, absolutely continuous with respect to a basic “free”
Poisson process. Our approach uses only general properties of this density with
respect to the “free measure”, and hence it is applicable to general point processes
not necessarily endowed with a Gibbsian description. In particular, it applies to
the contour ensembles used to describe low-temperature phases, starting with the
well-known Peierls contours.

The results reported below hold for models satisfying an appropriate dilution
condition which physically corresponds to gaseous phases. This dilution condition
leads to objects typically clustering into finite islands separated by percolating
empty space. In particular, our condition implies uniqueness of the infinite-volume
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point process or Gibbs measure. In the Gibbsian setting, our requirement leads nat-
urally to models at high temperature or low fugacity. However, the generality of our
approach makes the technique relevant also for low-temperature (or condensation)
regimes in which typical configurations can be described by diluted contours. This
generality will be exploited in a forthcoming paper; in the present paper, we focus
on stability issues within the uniqueness regime.

Our main result establishes that whenever a target model satisfies this dilution
condition all sufficiently small perturbations of it also admit exactly one consistent
infinite-volume measure which, furthermore, is a slight perturbation of the measure
in the target model. Stability results of this type are typically supposed to be
well-known but are rarely available in the literature. In fact, formal proofs are in
general rather technical and require the adaptation of well but not widely known
techniques such as cluster expansions or Pirogov—Sinai theory. These adaptations
can be delicate and require considerable effort. Our intention is to provide a general
approach that can be used as a “black-box” taking care of the technicalities once the
dilution condition is verified. In addition, our approach has a number of advantages
in comparison with usual ad hoc expansion-based treatments:

e The dilution condition amounts to a strong form of uniqueness that is, however,
weaker than the condition associated to the validity of cluster expansion methods
and therefore applies to a wider range of systems. This extension comes at a cost:
roughly speaking, our condition implies only the continuity of the unique measure
with respect to slight perturbations in the parameters of the model, whereas the
convergence of cluster expansions leads to analytic dependences.

e Our approach yields a coupled perfect simulation algorithm, that is an algorithm
yielding simultaneously exact samples of the infinite-volume equilibrium measures
(restricted to a finite volume) of target and approximating models.

e This coupled algorithm leads to the almost sure convergence of the samples above,
and thus to the weak convergence of the equilibrium measures of perturbed mod-
els towards that of the target model.

We believe that our results are quite natural and easy to apply, as we illus-
trate through a number of examples. Nevertheless, our presentation is not devoid
of technical details. In particular, in Sec. 2 we present a careful account of the
general setup for gas models (which is used indistinctly for discrete and continuum
systems) followed by the precise definition of “approximation” operations (i.e. per-
turbations of the configuration space). Also, in Sec. 5, we discuss with some detail
the ancestor algorithm which constitutes the main tool of our analysis. This algo-
rithm — introduced 15 years ago as a substitute for cluster expansions in [6] —
reconstructs configurations through a (time-backwards) oriented percolation model
of space-time “cylinders”, i.e. objects in the gas model which live for a certain period
of time. This ancestor algorithm succeeds — implying uniqueness and space-time
mixing of the infinite-volume measure — if these cylinders do not percolate. Such a
condition is naturally suited for stability studies, because finite cylinder clusters are
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robust under perturbations. Our dilution condition is crafted to ensure, in general
terms, the lack of percolation for cylinders associated to the target model. This lack
of percolation is then inherited by the perturbed models, whose cylinder clusters
become in one-to-one correspondence with those of the target model as the strength
of the perturbation vanishes.

2. The Basic Setup
2.1. Configuration space

We start by describing the general measure-theoretical setup. The definitions aim
at a general configuration space on an underlying space of locations. Whenever the
latter is discrete, we call the model in question a lattice system, although other type
of systems also fit into this framework.

2.1.1. Particle configurations and configuration space

We consider two locally compact complete separable metric spaces: a location space
(S,dg) and a space of animals (G,dg). A countable S is often called a lattice and
a finite G is interpreted as a set of colors or spins. The product space S x G is also
locally compact complete and separable if endowed with the metric d = dg + dg.
For convenience, we shall call an element (z,7) € S x G a particle and denote it
simply by .. We interpret it as an animal v positioned at location x.

The general definition of configuration space requires special care. For our pur-
poses, it will be convenient to adopt the general framework of point processes
featured in [15]. In this framework, configurations are identified with locally finite
measures on S X GG obtained as a superposition of delta-measures signaling the
presence of particles.

Notation 2.1. Given a metric space (X, d) we denote:

e By By the class of all Borel subsets of (X, d).
e By l’j’g{ the set of elements of Bx with compact closure.

We recall that a set B € By is locally finite if for every B’ € B% the set BN B’
is finite. Also, a measure £ on (X, Bx) is called a Radon measure if £(B) < +o0 for
every B € BY%. Configurations correspond to particular Radon measures supported
on locally finite sets.

Definition 2.2. A Radon measure { on (S x G,Bsx¢) is said to be a particle
configuration if {(B) € Ny for every B € B, .

The following proposition states that a particle configuration can be actually
identified with a locally finite collection of particles, in which particles may appear
more than once.
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Proposition 2.3 ([15, Lemma 2.1]). A measure £ on S X G is a particle con-
figuration if and only if there exist a locally finite set (§) C S x G and a map
me : (§) — N such that

E= ) me()dy, (2.1)
Y €(E)
with -, the Dirac measure centered at~y,. We call (2.1) the standard representation
of €.

Thus, a particle configuration £ can be thought of as a locally finite family of
particles, each with its own respective multiplicity. The set () shall be called the
support of £. It is the collection of particles which constitute £, with no regard for
their multiplicities. If we take these into consideration then we obtain the weighted
support of & given by

(€] :={(72,1) € (X G) x N: 7y, € (§) and 1 < i < me(y2)}-

Definition 2.2 alone is sufficient to define the configuration space whenever G is
compact. For the general case, however, we will require an extra restriction.

Definition 2.4. (i) A measure £ on (S x G, Bgx¢) is said to be of S-locally finite
allocation if it satisfies (A x G) < +o0 for every A € BY.
(ii) The configuration space of S x G is the space N(S x G) of all particle config-
urations on S x G which are of S-locally finite allocation.
(iii) The set of configurations (supported) on A € BY is the set
NAXxG):={{eN(SxG): (&) CAxG}.
[The notation is slightly abusive.]
We now define the natural notions of restriction and superposition of configu-
rations.

Definition 2.5. Given £ € N(S x G) and A € Bsxq, the restriction of & to A is
defined as the particle configuration 4 such that for every B € Bg«¢g

€a(B) =&(ANB).
Equivalently, if £ := 37 ) me(72)d,, then {4 is given by the standard represen-
tation

Yo €

§a = Z me(Ve)dy, -

’)’x€<§)ﬁA

To improve readability, in the following we will write 4 instead of {ax g for A € BY.

Definition 2.6. The superposition of two configurations o, € N(S x G) is defined
as the particle configuration o - 1 such that for every B € Bg«g

(0-n)(B) = o(B) +n(B).

In the particular cases in which ¢ € N (A X G) and n € N (A¢ x G) for a certain
A € BY, the superposition o - 7 can be thought of as a concatenation. In these
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cases, the operations of restriction and superposition induce a natural identification
between N (S x G) and N (A x G) x N(A¢ x G) for any given A € BY. Indeed, the
applications

NS xG) 5 N(AxG) x N(A x G)
£ (a,8€ac)
and
N(A xG) x N(A® x G) 5 N (S x G)
(o,n) —o-n

are bijections and have each other as their respective inverse.

2.1.2. Measurable structure

The space N (S x G) is endowed with a measurable structure by considering the
o-algebra F generated by the counting events, i.e.

F=0({£€N(SxQG):&B)=k}:keNyand B € B, ). (2.2)
Alternatively, if one considers for every B € Bgx ¢ the counting variable
N : N(S xG) =N
Np(n) = n(B),
then
F=0(Np:BeBl).
More generally, for any A € Bgxg the o-algebra F of events occurring in A is
defined as the one generated by the counting events inside A, i.e.
Fa=0({E€N(SxQG):&B)=k}:keNyand B € BY)
= o(Np: B € BY).

The case A = A x G for A € Bg is of particular relevance. First, we make the
following important observation.

Remark 2.7. The identification between N (S x G) and V(A x G) x N(A¢ x G)
defined above is in fact a measurable isomorphism if the spaces are endowed with
the o-algebras F and Faxg @ Faexq, respectively.

Further, we introduce the natural notions of local events and observables.

Definition 2.8. (i) A function f : N (SxG) — Ris called a local observable if there
exists A € BY such that f is Faxg-measurable, i.e. if f(o) = f(n) whenever
OAN = TA-

(ii) An event A € F is called local if 14 is a local observable, ie. if A €

UAeBg Faxa-
(iii) An event A € F is called o-local if it is the countable union of local events.
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2.1.3. Topological structure

Physically, two configurations are close whenever inside some large compact set
each configuration is a slight deformation of the other. This means that each particle
inside this compact set of one configuration can be matched to a neighboring particle
of the other and vice versa. The precise definition is as follows.

Definition 2.9. (i) Given § > 0 and &,n € N(S x G) we say that £ is J-
embedded in n if there exists an injective application p : [¢] — [n] such
that d(rsxa(Yay 1), Tsxa(P(Vz, 1)) < 0 for all (yg,i) € [§], with 7sxg
(S x G) x N — S x G the projection onto S x G. We denote it by £ <5 7.

(ii) Given a particle configuration ¢ € N (S x G), a compact set K C S x G and
0 > 0, the (K, §)-neighborhood of ¢ is the set

Ors={neN(SxG):x <snand nix <5 £}

The topology of the configuration space is the one defined by these neighbor-
hoods.

Definition 2.10. The vague topology on N'(S x G) is the topology generated by
the basis

B={(ks:£€N(SxG),KCS xG compact and § > 0}.

A number of observations are in order.

Remark 2.11. (a) V(S x G) admits a metric consistent with the vague topology,
under which it is a separable metric space. It is also complete whenever G is
compact.

(b) The o-algebra F defined in (2.2) is actually the Borel o-algebra corresponding
to the vague topology on N(S x G).

(¢) The vague topology is usually defined as the one generated by the neighbor-
hoods

it = M ENS X G) : [§(fi)) =n(f)| <di=1,...,n}

for 6 > 0 and f1,..., f, continuous functions vanishing outside some compact
set. This definition is equivalent to ours, but we will not use it in the sequel.

2.1.4. Point processes on S x G

We call any random element of N (S x G) a point process on S x G. Every point
process X on S x (G is characterized by its distribution Px, which is a probability
measure on N (S x G); the original measure space on which the process is defined
plays no role. In the sequel, we will study convergence of point processes on S x G
and, in general, of probability measures on N(S x G). Besides the well-known
notion of weak convergence, in our work we will also consider the notion of local
convergence, which we define now.

1650022-7



Rev. Math. Phys. 2016.28. Downloaded from www.worldscientific.com
by TECHNION-ISRAEL INST OF TECH on 03/09/17. For personal use only.

R. Fernandez, P. Groisman € S. Saglietti

Definition 2.12. (i) A sequence (fn)nen of probability measures on NV (S x G)

converges locally to a probability measure y on N (S x G) if

Hm pn(f) = p(f)
n—-+o0o

for every bounded local function f : N'(Sx G) — R. We denote this by p Lo, 1.
(ii) Likewise, a sequence (X, )nen of point processes on S x G converges locally to

a point process X on S x G if Px, toe, Px. We denote this by X, Lo ¥

In the general setting local observables need not be continuous, so that local and
weak notions of convergence may not coincide in general. However, since uniformly
continuous functions can be approximated arbitrarily well in the supremum norm
by local observables, we have that local convergence is always stronger than weak
convergence. Both notions coincide in fact whenever S and G are both countable
and discrete. For further details, we refer the reader to [10, Sec. 4.1] and also [16].

2.2. Gas models

Our models consist of three ingredients: (1) a configuration space, (2) an underlying
“free” measure on the configuration space, and (3) a notion of interaction encoded
in Hamiltonians. The first ingredient was the object of the preceding subsection;
here we discuss the remaining two and give the general definition of gas model.

2.2.1. Poisson processes on S x G and the free measure

In all gas models the underlying free measure will be a Poisson distribution on
N (S x G) for some appropriate intensity. We give the definition of Poisson distri-
bution below.

Definition 2.13. Let v be a measure on (S X G, Bgx ) of S-locally finite allocation
(i.e. such that v(A x G) < +oo for every A € BY).

(i) The Poisson distribution with intensity v is the unique measure 7 on N (S x G)
which satisfies

T'{EeN(SxG):&B;)=k; foralli=1,...,n})

e B (B
L. ;!

1

for all ky,..., k, € Ny, disjoint By,..., B, € B, and n € N.
(ii) A point process X is called a Poisson process with intensity v if it is distributed

according to w”, i.e. for every finite collection of disjoint sets Bi,..., B, €
BY. . the random variables X (Bj),..., X (B,) are independent and Poisson-
distributed with respective means v(By),...,v(By,).

1650022-8
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2.2.2. Hamiltonians

In this paper, we aim at treating general gas models, including also contour ensem-
bles. The latter are not amenable to a standard Gibbsian description. Rather, the
energy cost of particle configurations in these models is described in terms of a
Hamiltonian prescription, according to the following formal definition.

Definition 2.14. (i) A Hamiltonian prescription on N (S x G) is a family of mea-
surable functions

H ={Hpj,; : N(A x G) — (—o0,+00] : A € B, n € N(S x G)}.

The function Hy,|, is called the local Hamiltonian on A with boundary condi-
tion 7.

(ii) Given a Hamiltonian prescription H, A € B and a configuration n € N(A° x
G), the energy leap in A relative to 1 is the function AEy, : AXG — (—o0, +00]
defined by

Happ(naxa + 6+,) = Hapy(na)  if Hapy(na) < +00

400 otherwise.

AEAln(’Ym) = {

The local Hamiltonian H |, measures the energy cost of inserting configurations
in A if surrounded by the configuration 7. The energy leap AFE},|, represents the
energy cost of placing an additional particle v, inside A when in the presence of
the configuration 7. In particular, we may define the impact relation — on S x G
by the rule

Fy =7z & IA € By and i € N (S x G) with AEy,(v2) # AExjyyss, (V2)-
(2.3)

If 4y — 7, we say that 7, has an impact on 7,. This relation is not necessarily
symmetric.

2.2.3. Definition of gas model

Every gas model is defined by a pair (v, H), where v is an intensity measure and H a
Hamiltonian prescription. The former describes how particles would be distributed
if there would be no interaction among them, and the latter specifies this interaction.
Our aim of considering general point processes forces us to list a relatively long list
of assumptions. As illustrated below, these assumptions are naturally satisfied by
usual examples.

Definition 2.15. A gas model on S x G is a pair (v, H) verifying the following
conditions:

(1) S-locally finite allocation. For all A € BY the measure v satisfies v(AxG) < +oc.
(2) Diluteness condition: Hy,(0) < +oo for every A € BE and n € N(S x G).

1650022-9
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(3) Emistence of infinite-volume energy leap function: The limit
ALy () = lim AEjj(v2)

exists for all v, € S x G and n € N (S x G).
(4) Bounded energy loss and allowance of particles:

—00 < AFE := Alenl;fos %g}\fo ABEp;,(72)| < +oo.
neN(SxG)

(5) Integrable interaction range: Let the interaction range of B € Bgx ¢ be the set
I(B) ={4y € S x G : 37, € B such that 3, — 7, }.

Then I(B) is measurable and v(I(A x G)) < +oo for each A € BZ.
(6) Measurability of local Hamiltonians: Given A € BY and v, € S x G,

(i) The application (£,1) — Hap,(§) is (Faxa @ Fiaexa)ni(ax))-measurable.
(i) The application 1 — AE; (v,) is Fy(,,)-measurable.

(7) Integrability of local Hamiltonians: For any A € B and n € N (S x G)
Z\n ::/ e Ham(@) gk (5) < +o0,
N(AXG)

where 7§ is the Poisson distribution on (A x G) with intensity vaxq-.

These conditions are satisfied by all physical systems of interest we know of
(although for some discrete systems, like the Ising model for example, one may
need to consider an alternative lattice gas representation for these to hold), with the
exception of condition (4). This condition is violated, for example, by interactions of
Lennard—Jones type. Indeed, if one considers a ring of particles of a radius for which
the L—J potential is negative, then the addition of a particle at the center of the
ring would lead to an energy leap that becomes arbitrarily low with the (potentially
unbounded) number of particles in the ring, thus yielding AE = —oo. This suggests
that, except for systems with purely nonnegative interactions, the validity of the
leftmost inequality in (4) is tantamount to the existence of some sort of hard-
core requirement preventing arbitrarily large amounts of particles inside bounded
regions. Finally, we emphasize that we do not require interactions between particles
to be of bounded range, only that condition (5) above holds, which essentially means
that typical configurations of the model should not have an infinite amount of
particles interacting with a single given particle simultaneously. See Definition 2.17
below for a more precise statement.

2.2.4. Gas kernels

Every gas model defines a family of probability measures on N'(S x G), called gas
kernels, which describe the local behavior of the system in bounded volumes. We
introduce this family of gas kernels below.

1650022-10
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Definition 2.16. The gas kernel of (v, H) on the volume A € B with boundary
condition 1 € N'(S x G) is the probability measure pap, on N'(S x G) given by

Ay = WAy X Onye (2.4)

where we make the identification N (S x G) = N(A x G) x N(A® x G) and wy},
denotes the probability measure on N (A x G) defined through the relation
e_HA|r)

v
d’]TA

dem = A
n

with 7§ denoting the Poisson distribution on N (A x G) with intensity vy x¢ and
Zug= [ e Mnlar(o)
N(AXG)

being the normalization constant. Notice that by assumptions (1)—(2) in Defini-
tion 2.15 we have

ZAM 2 e_HAM(w)ﬂ—V(NAXG — 0) — e_(V(AXG)"’HAIn(w)) > 0
and also Z,},, < 400 by assumption (7), so that wy), is well defined.

The measures 15|, describe the local behavior of the system inside the volume
A when the configuration outside A is fixed as 7. The true objects of interest for us
are, however, the possible local limits of these along suitable boundary conditions.

Definition 2.17. Let (v, H) be a gas model.

(i) We say that a configuration n € N (S x G) has finite H-interaction range
whenever n(I(A x G)) < +oo for every A € BY, i.e. if n has only finitely many
particles interacting with those in any given bounded volume.

(ii) A probability measure p on N(S x G) is called a (v, H)-gas measure if there
exist n € N(S x G) with finite H-interaction range and (A,,)neny € BY with
A, S such that

loc
HA,n — M- (2.5)

By condition (5) in Definition 2.15, configurations with an infinite H-interaction
range are not physically admissible for the system. Thus, allowing these as bound-
ary conditions in (2.5) may lead to pathological limits of no physical meaning.
Indeed, it is not hard to device examples in which Jp, the J-measure on the empty
configuration, can be obtained as the local limit in (2.5) along a boundary condition
with an infinite H-interaction range. This is why in the definition of gas measure
we disregard this type of boundary conditions.
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2.2.5. Gibbsian gas models

Gas measures possess a clear physical interpretation for the particular case of Gibb-
sian models. These are defined by taking Hamiltonian prescriptions in which local
interactions do not depend on the particular volume under consideration.

Definition 2.18. We say that a model (v, H) is Gibbsian if the Hamiltonian pre-
scription H satisfies the consistency property

Hijn(0) = Hajox-npe (08) + Hia\ 8)j0rnae (041 a) (2.6)
for every A C A€ B, 0 € N(A x G) and n € N(S x G).

Notice that condition (2.6) implies that, as we anticipated, the energy leap
AFEp},;(72) does not depend on A. In particular, assumption (3) in Definition 2.15
immediately holds for Hamiltonians verifying (2.6). Furthermore, condition (2.6)
yields gas kernels satisfying a consistency relation of the form

BAln = /Mmg dpppy(€) (2.7)

for every pair of volumes A C A € B and n € N(S x G). A family of gas kernels
satisfying (2.7) is called a specification. The infinite-volume measures relevant to
Gibbsian models are usually introduced through the A — S version of (2.7).

Definition 2.19. Let (v, H) be a Gibbsian model. A probability measure p on
N(S x G) is called a Gibbs measure for (v, H) if for every A € BY

p= /HAM dp(n). (2.8)

Thus, Gibbs measures are precisely those infinite-volume measures which are
consistent (in the sense of (2.7)) with the local description of the model given by
its specification. Hence, we may think of them as the measures describing the global
states of our system. The relation between Definitions 2.19 and 2.17 follows from the
fact that, for a large class of Gibbsian models (see [25] for details), any local limit
of gas kernels as put in (2.5) is in fact a Gibbs measure for (v, H) and, furthermore,
all extremal Gibbs measures can be obtained in this way.

In practice, almost every model of physical interest is Gibbsian. There is, how-
ever, one important exception: contour ensembles. These are of particular relevance
since they constitute one of the main tools for studying Gibbsian systems in the
low-temperature (or condensation) regime. We give further discussion on Gibbsian
and non-Gibbsian models in the following section.

2.3. Examples of gas models

We now present some examples of models to illustrate the definitions of the previous
section. Later in Sec. 4, we will also use these as ground for applications of our
results.
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2.3.1. Models given by an interaction potential

The typical way in which Hamiltonians satisfying (2.6) are specified is via
an interaction potential, i.e. a family ®=(®™),cy of symmetric functions
®(") (S x G)" — (—o0,+00| subject to appropriate measurability and summa-
bility requirements so that the local Hamiltonians

1 1 (1 -
Hap(0) = ) —— > ot (y (DA A0, A)
L S O R TS Y O =t
= S a1 ™ dm)€lnpe]
(2.9)

are well-defined and satisfy all the pertinent conditions in Definition 2.15. The
resulting Hamiltonian prescription is said to be specified by ® and will be often
denoted by H®. The function ®™ is called the n-body interaction of the potential ®.

We say that a model (v, H) is given by an interaction potential if H = H?® for
some ®. It follows from (2.9) that any such model is Gibbsian. Furthermore, we
have that:

° Hfln((b) =0 for any A € B and n € V(S x G).
e For any v, € S x G and 1 € N(S x G) the energy leap AE;71> (72) takes the form
1 - i o
AER(ve) = — > O (4, 30 5. (2.10)

m20 (50 1) (B m) €]

e The bounded energy loss condition in (4) of Definition 2.15 in this case reduces
to the existence of a constant C' > 0 such that

Z Z (I)(m+1)(7277:>/351)aaﬁ/3(;m)) > -C

= (m)

~(1 . .
m20(5 1), (5™ dm) €]

for every v, € S X G and n € N (S x G). This condition is well-known and
standard in the study of gas systems (see [23, Sec. 1.2]).

Models specified by an interaction potential are the most common among gas
models. Below we give some examples.

2.3.2. The discrete Widom—Rowlinson model

It is a classical hardcore interaction model, first introduced by Lebowitz and
Gallavotti in [18]. It involves particles of two types, say (+)-particles and (—)-
particles, located at the sites of the discrete lattice Z® for d > 1. The interaction
between particles allows at most one particle per site and forbids any two particles
of different type from being within a certain fixed distance £ € N of each other.
The corresponding gas model is defined by the following ingredients:

e Location space S = Z¢ and spin set G = {+, —}.
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e Intensity measure given by
V:)\+'Cde5++)\7'Czd X(5,7 (211)

where Ay, A\_ > 0 are two fixed parameters known as the fugacities of (£)-
particles, respectively, and cza denotes the counting measure on Z<.
e Hamiltonian prescription H specified by the potential ® = ®®) given by

+oo ifz=y
<I>(2)(%,7y) =400 HO0<|z—ylloo <k and vy #7% (2.12)
0 otherwise.

Alternatively, one could define the model by considering instead the pair
(czax {4, —y, H), where cza, ¢4 _y is the counting measure on 7% x {+,—} and H is
specified by the potential ® = (&), () with &) as in (2.12) and

- —log Ay ify=+
@(1)(’)’90) = {_log/\ i N

Both representations are equivalent in the sense that they produce the same gas
kernels. Nevertheless, for our analysis it will be more convenient to adopt the first
representation. The reason for this choice will be explained later in Sec. 4. We adopt
this representation also in the remaining examples.

2.3.3. The continuum Widom—Rowlinson model

In the continuum version of the model, particles are now located throughout the
entire Euclidean space R? and the interaction forbids particles of different type from
being within a certain distance r > 0 of each other. It was originally introduced
by Widom and Rowlinson in [29] and later studied in [3, 22]. Its formal ingredients
are:

e Location space S = R? and spin set G = {+, —}.
e Intensity measure

vi=Ay LU A LY% 5,

where £? is the Lebesgue measure on RY.
e Hamiltonian prescription H specified by the potential ® = &) given by

+oo if ||z —yllee <r and y#7

D@ (1,7, i= { (2.13)

0 otherwise.

Notice that the first term in (2.12) excluding multiple particles in one site is now
missing from (2.13). This is because the Poisson distribution #* already assigns
zero probability to configurations with more than one particle per site and so this
term becomes unnecessary.
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2.3.4. The Widom—Rowlinson model with generalized interactions

Several generalizations of the Widom—Rowlinson model are worth looking into.
One interesting possibility is to consider a model in which nearby pairs of particles
of opposite type are not necessarily forbidden, but merely discouraged, and also
intra-species repulsion terms are included. Such generalization is defined through
decreasing functions h,ji : RT — [0,+occ] with bounded support, by replac-
ing (2.12)—(2.13) with the 2-body interaction

hlle = yllo) iy #7
I (y,,9,) = {j-(lz —ylloo) ifrv=7=—
Jrllle =ylleo) ify=75=+.
We call (h,j_, j+) the repulsion vector. The original continuum Widom-Rowlinson
model is obtained by setting h := (4+00)ljp,) and j+ = 0. The discrete version

corresponds to the same choice of h and ji := (+00)1;. We refer to [9] where
these type of generalizations were investigated.

2.3.5. The thin rods model in 7>

Given k € N we consider a system of hard rods in R? of zero width and length 2k
whose centers are located at the sites of Z2. Each rod has an orientation specified
by an angle v € [0,7) with respect to the x-axis, and the interaction forbids any
two rods to intersect. More precisely, if for r > 0 we set

LY = {t- (cosv,siny) : t € [-r,7]}
then the thin rods model in Z? is defined by:

e Location space S = Z? and spin set G = [0, ).

e Intensity measure v := A - cz2 X p, where A > 0 is called the fugacity of rods and
p is a probability measure on G called the orientation measure.

e Hamiltonian prescription H specified by the potential ® = &3 given by

+oo if (LE +x) N (LE+y) #0

(2.14)
0 otherwise.

@(2)(7%%}) = {

Of particular interest to us is the case when the orientation measure is given by
p=pdo+ (1 —p)iz (2.15)

for some p € (0, 1). This model is identical to the discrete Widom-Rowlinson model,
with the exception of an additional repulsion term between particles of the same
type. Indeed, by identifying G with {+, —} we have that v equals (2.11) for A\; := pA
and A_ := (1 — p)\, while ®®) in (2.14) can be rewritten as ®) = @%)R + 0,
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where @%)R is as in (2.12) and
+oo ify=F=+4and |x;1 —yp| <k
@iz)(’yx,’yy) =<d+400 ify=F=—and |x2 —ys| <k (2.16)
0 otherwise.

We call this particular system the nematic thin rods model. More details about this
model can be found in [4, 12] and references therein.

2.3.6. The thin rods model in R?

Similar to the previous model, the rod centers are now located at arbitrary points
of R? and the rod lengths are 2r for some fixed » > 0 which is not necessarily an
integer. The model is formally defined by:

e Location space S = R? and spin set G = [0, 7).
e Intensity measure v = X - L2 x p, where A\ > 0 and p is the orientation measure.
e Hamiltonian prescription H specified by the potential ® = &) where

+oo if (LI +2) N (LL +y) #0

0 otherwise.

(P(?)(%cf?y) = {

For p as in (2.15), the model is equivalent to the continuum Widom-Rowlinson
model since 7" assigns zero probability to configurations for which @&2) in (2.16)
would be nonzero. Thus, both the Widom—Rowlinson model and the nematic thin
rods model have the same continuum version. We refer to [2] where the model with
a finite number of orientations was studied.

2.3.7. The Peierls contours model

To conclude, we show an example of a model which is not Gibbsian, but still fits
into our framework: the Peierls contours model. It was first presented by Peierls in
[20] to study the Ising model at low temperature (see also [13]). For simplicity, we
focus only on the 2-dimensional case.

The Ising model is the lattice system on the configuration space {—1, —|—1}Zz
defined by the set of finite-volume specifications {uiln tA e B ne{-1, +1}2%}
given by

Tiope=nacr —
phglo) = oL i)
Aln
where
B
HX\U(UA):—g Yo o@o) -8 Y. ol@)my) (2.17)

r,yeA zEN,y¢A

le—yll2=1 lz—yll2=1

for a fixed parameter § > 0 known as the inverse temperature. Let us observe that,
since the interaction has range one, the boundary condition 7 is involved in (2.17)
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only through its values on the external boundary 0A of A defined as
ON:={y ¢ A°: da(y,A) = 1}.

Of particular interest are the boundary conditions + and —, corresponding to
n(z) = +1 and n(z) = —1 for all x € Z?, respectively. It can be seen that the
local limits
ti= lim py, and g o= lm pg
M AI/H% Hpl4 and p AI/I%2 Hop)—

both exist and constitute the unique extremal Gibbs measures of the model for a
fixed 3, in the sense of Definition 2.19 (see [11] and references therein for details).
If 3 is such that 4+ and p~ do not coincide, we say that a phase transition occurs
at inverse temperature (. Peierls showed the existence of a phase transition for all
sufficiently large values of 3 by considering the following geometric description of
configurations in terms of contours.

We begin by fixing + as the boundary condition and letting A € B%z be a square.
Now, consider Z2 := Z2 + (%, %), the dual lattice of Zy. Given an edge e joining two
neighboring sites in Z2, let e, denote the unique edge joining neighboring sites in
7?2 which is orthogonal to e. We call e, the dual edge of e. Furthermore, consider:

e ¢(A), the set of edges in Z? with at least one endpoint in A.
e c.(A) = {e.: e €e(A)}, the set of dual edges of e(A).
e A,, the set of sites in Z2 which are endpoints of edges in e, (A).

Given a configuration o satisfying the boundary condition + outside A, let D,
denote the set of dual edges e. € e.(A) such that e joins two sites z, y with different
spin, i.e. o(x)o(y) = —1. With a little work it is possible to show that the edges
in D, join up to form closed curves (which may contain loops). This set of curves
can be decomposed into connected components v1,...,7v,. We call any of these
components v; a contour, and write I'y := {y1,...,7,} for the set of contours of
o. It can be seen that the assignation o — I', is in fact a bijection: given a finite
family I' of mutually disjoint contours contained in e,(A), there exists a unique
configuration or satisfying the boundary condition + in A° which has I' as its set
of contours. Furthermore, if || denotes the number of edges in +, then for any such
o we have
I I Y v

tiaj4(0) = W—Ae Zers D, (2.18)
where Wa is a normalizing constant depending solely on A. Thus, whenever A
is a square, with (2.18) we obtain an alternative representation of ,ulm 4 in terms
of a system of contours interacting by exclusion. In the current framework of gas
models, this system is defined by setting:

e The dual lattice Z?2 as the location space S.
e The set of contours rooted at the origin 0, := (3, 3) € Z? as the spin set G. Here,
we say that a contour « is rooted at x € Z2 if x is the smallest site belonging to v
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(with respect to the lexicographical order). Thus, we interpret any 7, € Z2 x G
as the contour shape v rooted at x.

e The intensity measure v given for each v, € S x G by v(v,) := e~ 2817l

e For each A € B%E and 1 € N'(Z2 x G), the Hamiltonian Hy,, specified as in (2.9)

but for the local potential &5 = (@%)7 ®(2) given by

+oo i v, NA 1)
o (’me:ym) = ! v ?
0 otherwise

and

(I)(l)('y$) _ +oo if N (Zi —A) # 0
A 0 otherwise.

The interaction term ®() is responsible for the exclusion among different con-
tours, while the term (I)E\l) bans those contours which are not contained in A.

The resulting pair (v, H) is called the Peierls contours model. The main physical
interest of this model lies in the fact that phase transitions in the Ising model at
low temperatures can be understood in terms of the diluteness properties of gas
measures for (v, H). Indeed, if {,ufm A e B%E,n € N(Z2 x G)} is the family of
kernels induced by (v, H), then (2.18) can be rewritten as

MIAH(U) = HZ*W)(FJ) (2.19)

for any square A € BY. and spin configuration o € {—1, +1}% equal to + outside
A. Here, () denotes the empty contour configuration. Using (2.19) and the spin-
flip symmetry of the Ising model, one can show that if the gas measure p? :=
lima -7z ,ui*m is sufficiently diluted (which occurs at low temperatures) then the
infinite-volume measures y and p~ in the Ising model are distinct. Therefore, by
changing the (local) spin variables into new (non-local) contour variables, the proof
of the existence of a phase transition reduces to the proof of some form of diluteness
of the contour measure. We refer to [25] for details.

In our present context, however, this model is of interest also for another reason:
it constitutes the canonical example of a (physically relevant) non-Gibbsian system.
Indeed, for any v, € Z2 x G, A € B%E and n € N(Z2 x G) we have that the energy

leap
+00 if%“(@#@or%“(zz_/\)?é@
0 otherwise

AEAln(’Ym) = {

depends on the volume A through the restriction imposed by the interaction term
@%)7 implying that the model is not Gibbsian. However, the limit

{+oo if v, N () # 0

lim AF ) =
A‘n(’y ) 0 otherwise

AL

exists for all choices of n and ~,, so that the conditions in Definition 2.15 are still
satisfied. The restriction imposed by @S&) must be, nonetheless, included for (2.19)
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to hold, as “IAI o is supported on configurations o such that I'; is always contained
in A,.

2.3.8. Other examples

More in general, our treatment is also adapted to handle systems in the following
general classes:

General contour ensembles. The Peierls contours discussed above are particularly
simple because the Ising Hamiltonian is symmetric under the overall flipping
of configurations. More general non-symmetric cases are the object of study of
Pirogov—Sinai theory [27]. The main features of contours defined in this theory are
the following:

(i) Contours are “thick” subsets formed by collections of plaquettes,

(ii) contours include some additional information (color, configurations on both
sides or, in general, the configuration on the relevant plaquettes),

(iii) each reference configuration has a specific contour ensemble,

(iv) contour ensembles are not of physical nature and only external contours coin-
cide with the physical “defects” in the presence of reference configurations,

(v) contour weights include ratios of partition functions that must be bounded so
as to obtain exponential expressions similar to the one in (2.18).

The last property is encoded in the expression “contours must satisfy a Peierls
condition”. If these conditions are met, by proceeding as for the Peierls contours
one can show that the diluteness of a contour ensemble implies the existence of
a measure “tilted” towards the corresponding boundary configuration. We observe
that PS contour ensembles do not fit the Gibbsian framework for the same reason as
in the Peierls contours ensemble. Our results applied to these PS contour ensembles
can yield not only proofs of the existence of phase transitions in the associated spin
systems, but also the stability of the resulting phases with respect to perturbations
and discretizations. This will be exploited in a subsequent publication [7].

General polymer models. These models — introduced by Gruber and Kunz [14] —
involve general geometrical objects subject to a general hardcore condition defined
in terms of a “compatibility” relation (see [17, 5]). They are the traditional target of
cluster-expansion or closely related methods [1]. Our results extend uniqueness and
mixing properties to a larger region of parameters than expansion-based treatments,
at the cost of sacrificing analyticity considerations.

General point processes. Point processes are the genesis of the ancestor algorithm
exploited in this paper. All the models presented in one of the original publica-
tions [8] fall within the scope of our treatment: area-interacting processes, Strauss
process, loss networks, random cluster model. In fact, our results apply to models
that combine the generality of polymer models — that do not require a geomet-
ric underlying space — with that of point processes — that allow soft as well as
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hard-core interactions. A full presentation of the ancestor algorithm in such a gen-
eral framework, and involving even weaker dilution requirements, is the object of a
separate paper [24].

2.4. Approximation families

We now describe the perturbations of the configuration space that will be considered
in the target model. These include, but are not limited to, discretization schemes
on both the location space and spin set.

Definition 2.20. A family ® = (D.).>0 of measurable applications D, : S x G —
S x G is called an approximation family if the following conditions are satisfied:

(i) Forany B € BY, . and § > 0 there exists B € BY. . with Uo<e<s DZY(B) C
B,
(ii) For any B € BY, o and § > 0 there exists B(s) € B, o With Uy<.<5 De(B) C
B((S).
(iii) There exists a : R>o — Rx¢ with lim_ .o+ a(e) = a(0) = 0 such that

dsxa(De(Ve),72) < ale)
for every v, € S x G and £ > 0.
The application D is called the e-approzimation operator.

We note that conditions (i)—(ii) are merely technical requirements needed for
the proofs, the essence of Definition 2.20 is contained in (iii). In fact, if the metric
structure on S x G is such that Bs = {7, € S x G : d(y,, B) < 6} € B2, holds
for any B € BY, . then conditions (i)-(ii) are immediately satisfied and they can
be removed from Definition 2.20. On a side note, we observe that by definition Dg
is always the identity operator on S x G. This is so for notational convenience.

Example 2.21. Some natural examples of approximation families include:
o Spatial translations: Defined on S = R?, given for each € > 0 by
D (z,7) = (x+¢€-v,7)

for some fixed unit vector v € R
e Spatial discretizations: Defined on S = R?, given for each € > 0 by

DE(x,7) = (2e,7)

where, for = (r1,...,24) € R?, we write

2o = (a [%] N [i—dD (2.20)
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e Spin rotations: Defined on G = S?~!, the unit sphere in d-dimensions, given for
each ¢ > 0

D::Ot(xv'y) = (.’IJ,E : R'}/)

where R is some fixed rotation.
e Spin discretizations: Defined on G = [0, ), given for each € > 0 by

DiB(z,7) = (w,a ED (2.21)

Approximations can be composed giving rise, for instance, to operators of the
form Dngzgs that discretize both space and spin and may depend on more than
one parameter. To simplify the exposition we will always assume that € € R, but
we point out that the extension to the case in which € = (e1,..., ;) is a vector of
parameters is straightforward.

In the sequel, for notational convenience we shall write ¢ instead of D.(vs).
Moreover, for £ € N(S x G) and each € > 0 we define D.(§) € N(S x G) as the
particle configuration given by the standard representation

D.(§) = Z m(Va )0y -
”/m€<£>

The fact that D.(£) is indeed locally finite follows from (i) in Definition 2.20.
Furthermore, it follows from Lemma 6.3 below that lim,_q+ D.(§) = & vaguely. To
simplify notation, we may sometimes write £° instead of D, (§).

3. Main Results

The main results featured in this article concern the particular class of heavily
diluted gas models, which we introduce now.

Definition 3.1. A model (v, H) satisfying Definition 2.15 is said to be heavily
diluted if there exists a measurable function ¢ : S x G — [1, +00) such that

—AE
ot .~ ¢
qg

/ qm)dww] <1 (3.1)
I(7vz)

sup
vee5xG | 4(Vz)
The quantity aZ’H is called the g-diluteness coefficient and ¢ is called the size

function.

Heavily diluted models have a unique gas measure, as the following result in
[25] shows.

Theorem 3.2 (Uniqueness of the Gas Measure in Heavily Diluted Mod-
els). Let (v, H) be a heavily diluted model on S x G. Then:

(i) The local limit pu := limp g pa, exists and coincides for anyn € N'(SxG) with
finite H-interaction range. In particular, (v, H) admits a unique gas measure.
(ii) If (v, H) is Gibbsian then p constitutes the unique Gibbs measure of the model.
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To state our results we need to introduce first the notion of negligible event on

N(S x Q).

Definition 3.3. We say that an event N C N(S x G) is dynamically negligible for
a given intensity measure v on S X G if it satisfies the following properties:

(i) N is a o-local 7¥-null event.

(ii) N is closed under addition of particles, i.e. n € Nynp <& = £ € N, where n < ¢
whenever their standard representations satisfy () C (£) and my,(vz) < me(7vz)
for every v, € Q.

Examples of dynamically negligible sets will be given in the applications of
Sec. 4. As illustrated in Sec. 4, most realistic continuum models will not satisfy
the limit (3.2) in the hypotheses of Theorem 3.4 below for every configuration, but
will rather do so only for configurations outside a dynamically negligible set. Thus,
for our results to be of any real use in the continuum, it is necessary to allow for
violations of (3.2) inside such sets. Fortunately, our results will still hold under this
weaker hypothesis. Later in Sec. 6, we will introduce the even weaker notion of
dynamically impossible sets when discussing further relaxations to the hypotheses
of Theorem 3.4 below.

We are now ready to present our main result. In its statement, we add super-
scripts to the usual notation in order to identify the model which we are referring
to.

Theorem 3.4. Let (D.).>0 be an approximation family and suppose that
(v®, H®):e>0 is a family of gas models such that:

(i) For every e > 0 the intensity measure v° is given by
ve =100 D1
(ii) There exists a dynamically negligible set N for v° such that

. € e 0
lim ABH (1) = AB () (32)

e—0t

for every v, € S x G and all n € N(S x G) with n+ 6., € N°.
(iii)

AE := inf | inf inf  AFM (42 —00.
50 Alent e eAXG Ale (V2) | | > —o0
neN(SxG)

(iv) There exists for each v, € S X G a set V(v;) € Bsxag such that:

e For every € > 0 one has the inclusion
DNIT(45) S V(7). (3.3)
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e There exists a size function q : S x G — [1,+00) which verifies
Sy o~ AE
q

«

/ q(%)dv‘)m)] <1 (3.4)
V(vz)

sup —_—
Yz ESXG Q('Yr)
Then:

(a) Each model (v°, H®) admils exactly one gas measure pc.
(b) Ase — 0%, we have the weak convergence

e =l
(c) There exists a coupling (Z%)e>0 of the measures (1)e>0 such that for any
B € BY, . there exists (a random) ep > 0 verifying that for alle < ep

25 = D. (zo (3.5)

D;1(3)>'
In particular, 25 25 Z9 with respect to the vague topology.

We point out that, in all common situations, the condition " H’ < 1 alone is
enough to guarantee the validity of (iv) in the statement of Theorem 3.4. Indeed,
as we shall see in Sec. 4, a set V(. ) satisfying (3.3) can generally be obtained by
slightly enlarging I (7z) in some appropriate manner. If aZO*HO is a continuous
function of the parameters of the model and all the remaining models (v°, H®).~g
are “sufficiently close” to (vY, H?), then performing this slight enlargement will
yield a coefficient ag’o*v very close to ozZO’H °. so that (3.4) holds.

In principle, Theorem 3.4 deals only with perturbations of the intensity mea-
sure which are given by approximations in the sense of Definition 2.20. However,
one may cover other cases of interest as well by first transferring perturbations in
the intensity measure to an effective Hamiltonian prescription and then applying
Theorem 3.4. In this way, we obtain the following important corollary, dealing with
absolutely continuous modifications to the intensity measure. This scenario typi-
cally represents perturbations in the parameters of the model: fugacity of particles,

inverse temperature and interaction range among others.
Corollary 3.5. Let (v, H%).>0 be a family of diluted models such that:

(i) There exists an intensity measure v on S X G such that v° < v for every e > 0.
(ii) There exists a dynamically negligible set N for v such that

: e 0
Eli)%l+ AEW(’}/m) = AE’I] (’Ym)7
for every v, € S x G and alln € N(S x G) with n+ 6., € N¢, where
ABj(0) = Jim AFS, )
with

o c dv®
AB}y00) = BB ()~ g (92 00)).
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(i)

AE := inf | inf inf  AFE:(y.)| | > —oc.
€20 | A€BY | 712EAXG K
neN(SxG)

(iv) There exists for each v, € S X G a set V(v;) € Bsxag such that:

e For every € > 0 one has the inclusion
' (75) € V(7a)- (3.6)
o There exists a size function q : S x G — [1,+00) which verifies

v oo [ aGne,)
oV = sup | —— q(y)dv(yy) | < 1.
! Yz ESXG q(7z) V(va) ! !

Then:

(a) Each model (v¢, H®) admits exactly one gas measure uc.
(b) As e — 0%, we have the local convergence

T
(c) There exists a coupling (Z%)e>0 of the measures (1)e>0 such that for any
B € BY, . there exists (a random) ep > 0 verifying Z5 = Z% for alle < ep.

Remark 3.6. Motivated by the uniqueness result in Theorem 3.2, one might won-
der how (3.1) relates to Dobrushin’s uniqueness condition in the case of lattice
systems, i.e. whenever (v, H) is Gibssian and S = Z? for some d € N. Recall that
for any such system, Dobrushin’s condition asserts that there exists a unique Gibbs
measure if

v . sup Z ( sup H:u{m}ln - u{f}nzm> <1, (37)
w€Zd | \1=1 off y

where 7 = 7' off y means that ns_y})xc = nzs—{y})xG and for any x € S

lvlle = sup  [v(A)].
€F(atxa
Under some particular conditions, it is possible to show that (3.7) is weaker
than (3.1). Indeed, suppose that we have a lattice system with a countable spin
set G, which is given by an interaction potential ® as outlined in the examples
section. Then, a straightforward computation using the definitions shows that for
any x,y € Z%

N
drv (igey s iiayly) < (maxv(yz))e” 1y

1650022-24



Rev. Math. Phys. 2016.28. Downloaded from www.worldscientific.com
by TECHNION-ISRAEL INST OF TECH on 03/09/17. For personal use only.

Stability of gas measures under perturbations and discretizations

for any pair 1,1 € Z¢ x G such that n = 1 off y, where y — x means that there
exist 7,7 € G such that v, — .. In particular, we get that

sup  drv (Lfayins Hz}n) < (magl/(%)) e Ay y — a}
gtz 1=1 Oy 7€

where | - | denotes cardinality. Hence, if:

(a) v(7.) is a constant independent of v,
and

(b) Hy:y— a}| < |I(yz)] for each v € G,
then we obtain that

o < al?, (3.8)

for any constant size function ¢, so that our dilution condition in fact implies
Dobrushin’s. However, we point out that (a) and (b) may not always hold. Indeed,
(a) implies that G needs to be finite and (b) suggests that there is some symmetry in
the interaction between different particle types, i.e. v, — 7, if and only if v, — ;.
These conditions are satisfied for example by the discrete Widom—Rowlinson model
with Ay = A_ presented in Sec. 2.3.2, so that for this particular model the bound
in (3.8) holds. It is less clear whether a similar comparison still holds in the general
case.

4. Applications

We discuss here some consequences of our main results for the models in Sec. 2.3.
First, we will focus on applications of Corollary 3.5 and then consider other applica-
tions using Theorem 3.4 in its full generality. The reader should keep in mind that,
although we do not state it explicitly in each application, for every local and/or
weak convergence of probability measures throughout this section Theorem 3.4
guarantees the existence of a coupling in which the convergence takes place almost
surely.

4.1. Applications of Corollary 3.5

We illustrate the use of Corollary 3.5 by showing the continuity in the parameters
of the unique gas measure for the Widom—Rowlinson and Peierls contour models
defined in Sec. 2.3.

4.1.1. The Widom—Rowlinson model

Theorem 4.1 (The Discrete Widom—Rowlinson Model). Given k € N and
A,y > 0, consider the discrete Widom-Rowlinson model with fugacities N and
exclusion radius k. Then, if

o\ Ay L k) = max{A;, AF T2k 4+ 1)+ min{\;, AT} < 1 (4.1)
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there exists an open neighborhood U of (AT, A7) such that for any (AT, A7) € U
the model with fugacities \* and exclusion radius k admits a unique Gibbs measure
w(AT, A7) Moreover, the application (AT, A7) — p(AT, A7) is continuous on U in
the local topology, i.e. for any (A\F,\;) € U the following local limit holds:

PREA™

lim p(AF, A7) = (A, AD).
AT A= AD)

Proof. Observe that for any 7, € Z? x {+, —} and n € N(Z? x {+, —}) we have

I(vz) = {1} U{fy 7= -7 llz — yle < k} (4.2)
and
) Hoo ifn(I(72)) >0
A () = {0 otherwise. (43)

It follows from this that for the model (1/’\+’/\_ , H) with fugacities \* and exclusion
radius k the associated diluteness coefficient in (3.1) for any constant size function
qis

+ oA _
o = sup e AT (1)

Yo €L4X{+,~}
= max{\", AT} (2k + 1) + min{ A7, A"},
Therefore, if a%,([i,)R()\a'7)\g,k) < 1 then there exists an open neighborhood U of
+ —

(A\*, A7) such that o " H < 1 for all (\*,A\") € U. In particular, by Theo-
rem 3.2 there exists a unique Gibbs measure (AT, A7) of the model (u/\+’)‘_,H)
for any (\T,A\7) e U.

To see that (AT, A7) — (AT, A7) is locally continuous in U, we fix (AI,,A\) €
U and check that for any sequence (A}, A\ )pen € U converging to (A, A\) we
have

O AT 225 u(AEL D).

For this, it suffices to see that (u/\i’)‘g , H)penu{oo) satisfies the hypotheses of Corol-
lary 3.5. But notice that if for n € NU {oo} we write ™ := v+ n then 1" < v
with density given by
dv™ AL
=) = 3 =0 T L=y

In particular, we have that for every 7, € Z? x {+,—} and n € N(Z* x {+,-})

n

n dv™ [00
AEj () = MBS () —log ( G (0) ) = ABY () = ABF (1)

and also that

AE = —log <sup[max{AZ -2 - A;}]) > —00
neN
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if (AF, A )nen is sufficiently close to (AL, A). Furthermore, if for each v, € Z¢ x
{+, =1} we choose V(v;) := I'!(v,) then the inclusion (3.6) immediately holds for
alln € NU {oo} and

I oo
_AEozZ A1

provided that (A, A\, )nen is sufficiently close to ():;O,)\go) so that AFE is close
enough to 0. Hence, we see that the sequence (V/\"’/\;,H)neNu{oo} verifies the
hypotheses of Corollary 3.5 (with the limit n — oo replacing the usual ¢ — 0)

and this concludes the proof. O

Remark 4.2. If one uses the alternative representation of the Widom—Rowlinson
model given by the pair (7, H) in Sec. 2.3.2 then for any constant size function ¢
one obtains the larger diluteness coefficient

o = max{ A", AF}((2k + 1) + 1)

which leads to a smaller uniqueness condition than the one in Theorem 4.1. This is
why we chose to include the fugacities in the intensity instead of the Hamiltonian
prescription.

To illustrate the need to consider dynamically negligible events, let us treat the
case of the continuum Widom—Rowlinson model. We have the following analogue
of Theorem 4.1.

Theorem 4.3 (The Continuum Widom—Rowlinson Model). Given 1o > 0
and \§, \g > 0, consider the continuum Widom-Rowlinson model of fugacities \&
and exclusion radius ro. Then, if

ol (N A5 7o) == max{Ay, AdH(2ro)? < 1 (4.4)

there exists an open neighborhood U of (A\S, Ay ,70) such that for every (AT, A7, 7) €
U the model of fugacities \* and exclusion radius v has a unique Gibbs measure
w(AT AT, 7). Moreover, the application (AT, A7, 1) — (AT, A7, r) is locally contin-
uous on U.

Proof. The first assertion follows as in the proof of Theorem 4.1 by noticing that
now (4.2) is replaced with

1) ={V 7= =7 Iz = yllo <7}

To see the local continuity, observe that if (AF, A, 7,)nen converges to
(AL A% 7s) € R2 and for each n € NU {co} we denote by (v, H") the model

o0
with parameters (A}, A, r,) then the convergence

n

AE (1) = AE" (7,) — log (dLm) L ABT™ (1) = ABE ()

dv™>®
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may not hold if n 4 4, is inside the set
N ={¢ e NRYx {+,-}): 37, # 4. € (£)such that ¥ = —4 and ||y — 2||c =70}

Indeed, the problem lies when 7, is at a distance ry from a particle in i of opposite
type. If this is the case and 7,, /" 7o then we can have AE,I,{n (Vz) =0 -+ 400 =
AE,I,{ = (7z). However, since N is a dynamically negligible event for »*°, one may
disregard these cases and still proceed as in the proof of Theorem 4.1 to conclude
the result. |

Similarly, we can obtain an analogous result for the model with generalized
interactions. For simplicity, we only state it for its continuum version and omit the
details of the proof.

Theorem 4.4 (The Continuum Widom—Rowlinson Model with Gener-
alized Interactions). For each ¢ > 0, let us consider the continuum Widom—
Rowlinson model with fugacities AT and repulsion vector (h®,7%,4%). Assume that
the following conditions hold:

(1) lm, o+ A\ = A and lim, o+ AT = )g .
(ii) lim._ o+ h%(r) = RO(r) and lim._ o+ j5(r) = jL(r) for L-almost every r > 0.
(iil) lim. o+ mpe =mpo and lim,_o+ mjz = myo , where

mpe =sup{r > 0:h%(r) #0} and mys =sup{r >0:ji(r) # 0}.
(iv) aWR(/\Bt,hO,jg,jg) < 1, where for any XT,A\= > 0 and repulsion vector
(h,j—,Jj+) we define
awr(AE, R, j) = 24 max{)\*m?_ + At max{m{, mi}, )ﬁm?+

+ A~ max{m¢, m;-i_ 1}

Then fore > 0 sufficiently small, there exists a unique Gibbs measure u° of the asso-

ciated continuum Widom—Rowlinson model. Furthermore, we have the convergence

loc
ps — .

The uniqueness regions of parameters prescribed by the above bounds are com-
parable — although a little weaker — to those obtained via disagreement percola-
tion arguments (see, for instance, [11]). It is not clear, however, whether the latter
method can lead to the stability results brought by our approach.

4.1.2. The Peierls contour model

Theorem 4.5 (The Peierls Contours Model). Define the coefficient
Bp =inf{ > 0:ap(B) <1},
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where

ap@)i= sp | S [l |, (4.5)
Vo €LZXG \%\ 5y 7y e 720
Then, if B > [Bp the model at inverse temperature B admits a unique gas measure
w(B). Moreover, the application [+ (03) is locally continuous on (0, [p).

Proof. Notice that the coefficient ap(3) is exactly the diluteness coefficient for
the model at inverse temperature 3 associated to the size function ¢(v;) := |Vz|.
Hence, uniqueness for § > (p follows from Theorem 3.2. For the continuity, we
proceed as in the proof of Theorem 4.1. Thus, we fix S > [p and a sequence
(Br)nen € Rsg, converging to (o and show that the family (uf’",H)neNU{m}
satisfies all the hypotheses of Corollary 3.5. This can be done as in the proof of
Theorem 4.1, but one has to be careful that

wt | g [_bg(d”_ﬁ”(%))”:mf[ inf 2(8 — fuo)bel| = o0

nEN |v,€SxG dyPe nEN |v,€SxG

if B, < Boo for some n € N, so that if one takes v in the statement of Corollary 3.5
as vP> then the same argument that in the proof of Theorem 4.1 does not go
through this time. To solve this, we take v := v with 3, := inf, enu{oc) Bn and
then proceed as before. O

We point out that the analogous result also holds for the model in higher dimen-
sions. The condition in Theorem 4.5 for the d-dimensional model (d > 2) is satisfied
for all 8 > 0 such that

D N <1 (4.6)

£>2d
where Ny denotes the number of contours of perimeter £. For the two-dimensional
model, this condition coincides with the Peierls condition presented in usual text-
books treatments of the Peierls argument. In higher dimensions, however, the Peierls
condition is weaker, basically corresponding to changing the factor £ in the left-hand
side to £1/(4=1) Also, additional arguments based on the Borel-Cantelli lemma show
that it suffices to have “4-00” instead of “1” in the right-hand side of (4.6) in order
to guarantee a phase transition. Of course, our theorem implies further properties
that cannot be directly obtained from the original Peierls argument.

4.2. Applications of Theorem 3.4

We now discuss some further applications which use Theorem 3.4 in its full gener-
ality. We shall focus in discretization schemes applied to the thin-rods and Widom-—
Rowlinson models and determine diluteness regimes in which the Gibbs measure
of the continuum model is the scaling limit of the equilibrium measure in the dis-
cretized model.
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4.2.1. The Widom—Rowlinson model and its “universality” class

Theorem 4.6. For Ao, 79 > 0 such that A\o(2r)? < 1 we have the following:

(i) The continuum Widom—Rowlinson model with fugacity Ao and exclusion radius
ro in R? admits exactly one Gibbs measure, which we shall denote by u°.

(ii) The discrete Widom—Rowlinson model with fugacity €?\o and exclusion radius
L in 24 admits exactly one Gibbs measure [i¥ if 0 < e < (24r9) =4 — 1¢.

(ili) Provided that 0 < & < (2%r)~@ — 1o, as € — 0 we have

e ois_l KA HO

where for each ¢ > 0 we define the shrinking map i. : Z% x {+, -} — R? x
{+,—} by the formula

is(fo) = (8 : fo)'

Proof. Assertions (i)-(ii) follow at once from Theorem 3.2 and (4.4)—(4.1), respec-
tively. To show (iii), we consider the spatial discretization family (D%).5q given
by (2.20) and for each € > 0 set:

e The intensity measure < as v° := ¥ o (D3)~1 where v := \gL? x (64 +5_).
e The Hamiltonian prescription H¢ as the one given by the 2-body interaction
+o0o ifx=yande >0
O (y,5y) := § 00 if 0 < ||z — ylloo < 7o and v # 7 (4.7)

0 otherwise.

Notice that (v°, H?) is precisely the continuum Widom—Rowlinson model of fugacity
Ao and exclusion radius rg, whereas for each ¢ > 0 the pair (v°, H®) constitutes
essentially the i.-shrunken discrete model of fugacity €¢)\¢ and exclusion radius .
More precisely, for every A € B%d and € > 0 we have

15 ayjo = Baj © iz (4.8)

where ﬂim is the Boltzmann—Gibbs distribution with empty boundary condition
associated to the discrete Widom—Rowlinson model and HZI(D is the one associated
to (v°, H?). Thus, by taking the limit as A  Z¢, Theorem 3.2 yields for 0 < £ <
(24r0)"% — 1y
/146 — /16 o Z'E—l

where p° is the unique Gibbs measure of the gas model given by the pair (v°, H®).
Hence, to conclude the desired convergence it suffices to show that the family
(v%, H?).>0 satisfies the hypotheses of Theorem 3.4. But notice that:

e (i) in the hypotheses holds trivially by the choice of measures v°.
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o lim._ o+ AEL (75) = AE)(y,) for all n € N(R? x {+,—}) and v, € R x {+, -}
such that 1+ d,, is outside the dynamically negligible set Ny U Ny for 1%, where
Ny ={€ e NREx {+, -} :o({y} x {+,—}) > 1 for some y € R?} (4.9)
and
N = {€ € N(R? x {+,}) : 37,9 € (€) with 7 = = and |ly — z]|ec = 70}-

o AL :=inf.>¢ AEH" =0 by the repulsive nature of the interaction.
e If for v, € R x {+, —} we take

V() = {7 : ly = 2llec <0} U{(z,=7) : [Iz = @lloc <70+ 6}
with § > 0 sufficiently small so that for any constant size function g we have

sup V() = Mo((2(r0 + 8)E + (20)4) < 1,
Yo EREX {+,—}

VOV

Qg

then T (42) C V(v,) for every ¢ > 0 sufficiently small.

Thus, the hypotheses of Theorem 3.4 are satisfied and from this the result follows.
O

Theorem 4.6 in particular shows that, for the case of the Widom—Rowlinson
model, in order to simulate the Gibbs measure of the continuum system the method
of sampling from the Gibbs measure of the discrete model obtained by discretizing
both the interactions and the configuration space indeed yields a faithful approxi-
mation of the desired distribution, at least whenever in the heavily diluted regime
and the discretization is sufficiently refined. It is clear that Theorem 3.4 guarantees
that the same statement holds in general for other types of gas models as well. We
point out that, in general, this procedure is not equivalent to directly discretizing
the continuum measure. Indeed, the proof of Theorem 3.4 shows that (3.5) is in
general as much as one can expect, although this is not enough to imply that for
any fixed € > 0 the Gibbs measure of the discrete system u® coincides with D, (1),
the discretization of the continuum Gibbs measure. As a matter of fact, the latter
may sometimes fail to be Gibbsian at all, where by this we mean that there exists
no Gibbsian gas model for which D.(u°) is a Gibbs measure (see, e.g., [28]).

Another interesting interpretation which can be made of Theorem 4.6 is that it
portrays the continuum Widom—Rowlinson model as a fixed point of a “universality
class” to which many families of discrete models converge when properly rescaled.
Indeed, the only relevant information about the discrete models used in the proof
was that the additional interaction forbidding multiple particles per site vanishes as
e — 0, which suggests that the same convergence should also hold for other discrete
models with extra interactions which become negligible in the continuum limit.
At least for heavily diluted gas models, this is indeed the case and is essentially
a consequence of Theorem 3.4. We illustrate this fact below by considering the
particular case of the nematic thin rods model as an example.
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Theorem 4.7. For \g,ro > 0 such that 4)\07"3 < 1 we have the following:

(i) The continuum Widom—Rowlinson model with fugacity Ao and exclusion radius
ro in R? admits exactly one Gibbs measure, which we shall denote by p°.
(ii) The nematic thin rods model in Z? with fugacity € \o and rod length 272 admits

ezactly one Gibbs measure i if 0 < e < /2r + ﬁ —270.
(iii) Provided that 0 < e < (/2r¢ + ﬁ — 21, as € — 0 we have

~ .1 d
usoz€1—>,uo.

Proof. The proof is almost identical to that of Theorem 4.6. One only has to
replace (4.7) with
+oo ife>0,y=F=+ and |[z1 —y1| <70
<I>§2)(%ﬂy) . 400 ?fs >0,vy=49=—and |z — y~2| <7
+oo 10 < [|lz = yllo < 7o and v # 7
0 otherwise
and (4.9) with N; U N_, where

Ny ={(eNR> x {+,-}): 3% #4. € ({) with 7 =49 =+ and y1 = 21}
and

N_={£e N(R? x {+,-}): 37, # 4. € (§) with 7 =5 = — and y2 = 22}.

The rest of the proof goes through exactly as before. We leave the details to the
reader. |

4.2.2. The thin-rods model

For simplicity, we focus only on the continuum model in R?. We begin by estab-
lishing the continuity in the parameters of the model with a fixed finite number
of orientations. In the sequel, given a number k € N, a vector of k orientations
6=(61,...,0p) € [0, )% and a probability vector 7’ = (p1,...,pr) € R¥, we shall
write p®7 for the orientation measure given by

k
PP = Z Pide, -
i=1

Theorem 4.8 (The Thin Rods Model in R?). Fir k € N and, given X\o,lo >
0,00 € [0,7)% and a probability vector py € R¥, consider the thin rods model in R?
with fugacity Ao > 0, rod length 2ly > 0 and orientation measure pén*ﬁo. If

ko, 7 = NP sup | [ inGy = lap ()| <1 a10)
~y€[0,m) 0

then there exists an open mneighborhood U of (Ao,lo,go,ﬁo) such that for all

(M1, 0,p) € U the model with parameters (A, 1,0,p) has a unique Gibbs measure
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u(AJﬁjﬁ). Moreover, the applications (A,l7§7]5) — u(A,l,é,ﬁ) and (A 1,p) +—
w(A 1, 00,0) are respectively weakly continuous on U and locally continuous on
U§O = {()‘J;ﬁ) : ()\75;90’5) € U}

Proof. A straightforward calculation shows that if (v°, H%) is the model with
parameters (Ao, lo, 6o, Po) then the diluteness coefficient associated to any constant
size function ¢ is

s —
o = s [ vty - iagh )
From this, the first assertion about uniqueness of the Gibbs measure immediately
follows. To establish the weak continuity, we fix (Am,lm,gm, Poo) € U and an
arbitrary sequence (An,ln,gn,ﬁn)neN C U converging to (Ao, loo, gm,ﬁm) € U and
show that

7 o\ d 7 -
M()\naln7 anapn) - N()\ocalooaeooapoc)-
For this purpose, we define the approximation family D = (Dpn),enu{sc} by the
formula

(2,6,(i)) if v = 0s0() for some i =1,... k

(z,7) otherwise,

D, (z,7v) = {

where for each n € NU{oo} and i = 1,...,k, 9_;1(2) denotes the ith coordinate of
0,,(i). Furthermore, for each n € NU {oo; consider the Hamiltonian prescription
H™" given by the potential ®,, = (<I>£Ll), s ), where

g (20
(I)gzl)('ya:) = /\ooﬁoo (7’)

0 otherwise,

) if v =0,(i) for some i =1,...,k

and
. N In
+oo if (Llﬂ{ +x)N (L +y) #0

0 otherwise.

o) (Vo Yy) = {

Now, if we write 1™ := 1> o D, ! where 1> := A\ L2 x PP then it is not hard
to see that the model (v™, H™) is equivalent to the thin rods model with parame-

—

ters (A, ln, 0, Pn ). The result now follows at once upon noticing that the sequence
(V" H™)penu{oo} satisfies the hypotheses of Theorem 3.4 if (A, I, Orn, P )men is suf-
ficiently close to (Aso, loos 500, Poo)- Finally, to obtain the local continuity whenever
the vector of orientations is fixed we follow a similar argument using Corollary 3.5

instead. O

To conclude, we consider the case of a continuum of possible orientations and
derive the analogue of Theorem 4.6 in this context for spin discretizations. For
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definiteness, we state the result for the continuum model with a uniform orientation
measure on [0, 7).

Theorem 4.9. Given A\, I > 0, let us consider the thin rods model on R? with
fugacity A, rod length 21 and uniform orientation measure p, on [0,m). Then, if

alh (A1, pu) = %)\12 <1

there exists a unique Gibbs measure p of the model and for every n € N sufficiently
large the model with orientation measure

i
L

Pu =

S|
>
3e

I
<

i
also has a unique Gibbs measure pu" which, furthermore, satisfies pu" 4, 14

We omit the proof of this result since it goes very much along the lines of
Theorem 4.6 but using the spin discretization family introduced in (2.21) instead.

5. The Fernandez—Ferrari—Garcia Dynamics

In this section, we study the Ferndndez—Ferrari-Garcia dynamics first introduced
in [6]. In their work, the authors focus on the Peierls contours model of Sec. 2.3 and
show that, for a sufficiently large value of the inverse temperature g3, the unique gas
measure of this contour model can be realized as the unique invariant measure of
this dynamics. In [25], it is shown that this result can be extended to the broader
class of gas models, where the sufficiently large inverse temperature condition is
replaced by the one in (3.1). This extension of the dynamics will be the main tool
used in the proof of Theorem 3.4. We give a brief overview of it now.
Given a gas model (v, H), we consider the following dynamics on N'(S x G):

At rate e~ 2F the birth of new animals is proposed with intensity given by v.
Each ~, proposed for birth will be effectively born with probability
e~ (AEn(v2)=AE) where 7 is the state of the system at the time in which the
birth of v, is proposed.

e Every animal which has effectively been born will have an independent lifetime,
with exponential distribution of mean 1.

After its lifetime has expired, each animal dies and vanishes from the configura-
tion.

Thus, the infinitesimal generator L associated to such dynamics is formally given by

L(f)(o) = Y o(w)(flo—=b,) = f(3)

Yo E(0)
+/6—AEU(’)’1)(f(O- +0y,) — f(v2))dv(vs) (5.1)
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for any bounded local function f : A'(S x G) — R. The reader may notice that (5.1)
is nothing more than the standard Glauber dynamics (also called the Gibbs sam-
pler) adapted to this particular context. These dynamics have been well-used in the
past in the study of Gibbsian systems ([11, Chap. 4]), even in the continuum setting
([19, Chap. 7]), although mostly in the analysis of finite-volume Boltzmann—Gibbs
distributions, see [26]. The following result is shown in [25].

Theorem 5.1. If (v, H) is heavily diluted then the Markov process with generator
L exists and has the unique gas measure of (v, H) as its unique invariant measure.
Furthermore, there exists a time-stationary construction K = (KCt)ier of the process.

Remark 5.2. In the statement of Theorem 5.1 above, by a “time-stationary con-
struction” we mean a graphical construction in the classical sense of Harris, i.e.
there exists a Poisson process II on an appropriate metric space X and a (deter-
ministic) function

Z: N(X) = B(R— N(S xQ)),

where B(R — N(S x G)) denotes the space of measurable functions f : R —
N (Sx@G), such that I = Z(II) is a time-stationary process taking values in N'(SxG)
with generator given by the formula in (5.1).

For our purposes, it will be convenient to understand the basics of the proof of
this result, so we summarize it below. The idea is to construct K explicitly as a
suitable thinning of a non-interacting birth-and-death process on S x G with the
appropriate rates.

To make matters more precise, let us consider the product space C = (S x G) x
R x RT. The elements of C are called cylinders, since any (v,,t,1) € C can be seen
as a cylinder on S x R of axis {z} x [t,t + {] and diameter . However, we shall
prefer to describe each cylinder C' = (v;,t,s) € C in terms of its basis 7., its time
of birth t and its lifespan I. We denote these three features of C' by basis(C), bo
and [, respectively.

In the following, we consider particle configurations that belong either to C or
to C x [0, 1]. This requires the obvious adaptation of all the definitions in Sec. 2.1.1.
We perform the necessary adjustments in the following definition.

Definition 5.3. Let (X, d) be a locally compact complete separable metric space.

e A measure § on (X, Bx) is called a Radon measure if (B) < +oo for any B € BY%.
It is called a particle configuration on X if in fact (B) € Ny for any B € BY.

e The space of particle configurations on X is denoted by N*(X).?

e N*(X) is endowed with a measurable space structure by considering the o-
algebra generated by the counting events on X.

2Notice that in Sec. 2.1.1 we asked the configurations in A/ (S x G) to be of locally finite allocation.
Hence the extra index * in N*(X). This restriction was imposed in Sec. 2.1.1 for simplicity of
notation in the statement of Theorem 3.4, but it is unnecessary here.
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e Given a Radon measure ¥ on X we define the Poisson distribution 7V as the
unique probability measure on AN*(X) which satisfies
({6 € N*(X): 0(B;) = k; forall i = 1,...,n}) = [ | %
i=1 i
for all ky,..., k, € Ny, disjoint By,..., B, € B} and n € N.
e A random particle configuration on X is called a Poisson process with intensity
9 if it is distributed according to 7V.

In the following, we will often identify a given random cylinder configuration ¥V
with a birth-and-death process on S x G through its time sections: if for each t € R
we define the random particle configuration V; € N'(S x G) by the formula

Vi({V2}) := #{C €V : basis(C) = v, and be <t < bc +1c}

for every 7, € S x G, then V = (V;)cr constitutes a birth-and-death process on
S x G. From this point of view, we interpret any cylinder (v,,t,!) as an animal ~y
born at time ¢ on location x with a lifetime of length .

Now, consider a Poisson process Il on C with intensity measure ¢, = v X
e 2EL x £ where L is the Lebesgue measure on R and £' is the exponential
distribution of mean 1. We call II the free process, since it is a non-interacting
birth-and-death process on S x G. It is stationary and has 7“7 as its invariant
measure. The process I will be obtained as an appropriate thinning of I1. However,
to properly conduct such thinning, we need to add an additional component to II:
to each cylinder in II we attach an independent uniform random variable, which we
call its flag. Each of these flags will be used to determine the success of its cylinder’s
attempted birth in the dynamics. More formally, we define the flagged free process
IT as the Poisson process on C x [0, 1] with intensity measure ¢, := ¢, x Lo }. For
any (vz,t,1) € II we denote its corresponding flag by F'(v,,t,1). Thus, elements of
II are simply pairs of the form (C, F(C)) with C € C. Finally, we define the thinned
process K by the formula

K ={(va,t,1) €12 F(vyg,t,1) < M (72 [ Ki-)} (5.2)

where, for 7, € S x G and ¢ € N(S x G) we use the notation M(v,|¢) =
e~ (APe(12)=AE) Observe that the self-referential nature of the thinning rule in (5.2)
could keep the process K from being well-defined. Indeed, let us introduce some def-
initions that will help us give further details on this matter.

Definition 5.4.

e Given C,C € C, we say that C is a first generation ancestor of C' and write
C — C whenever

basis(C) — basis(C) and bg < be < b + g,
where — is the impact relation defined in (2.3). We will denote by P(C') the set
of all first generation ancestors of a given C € C.
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e For C € C, we define A;(C) := Ilp(y, the restriction of II to P(C), and for
n € N we set

We define the clan of ancestors of C'in II as

AC) = | An(C).

neN

e For t € R and A € BY, let us define the clan of ancestors of A x G at time t as

ANA X G) = | ALAXG)
neNy
where A{(A x G) := {C € 11 : basis(C) € A x G, bc <t < bc + lc} and for
neN

ALAxG) =) Au0).
CeAL(AXQ)

Let us return to the discussion of whether the process K is well-defined. Notice
that if we wish to determine whether a given cylinder C' = (v, t,1) € II belongs to
K or not then first we need to specify the configuration ;~ in order to evaluate
whether the condition in (5.2) is satisfied. To be more accurate, due to Assump-
tions 2.15 we will only need to specify K;- inside the set I(7,). Hence, recalling
Definition 5.4, we see that to determine the fate of C, we must first determine the
fate of, in principle, all of its ancestors in A; (C). But this itself involves determin-
ing the fate of a second generation of ancestors, A2(C). In general, to determine
if C belongs to K one may need to study the fate of every cylinder in the clan of
ancestors of C. If A(C) were to span over an infinite number of generations then it
may be impossible to decide whether to keep C' or not and, hence, the process K
would not be well-defined in this situation. On the other hand, if for every cylin-
der C' € II, the clan A(C) spans only over a finite number of generations then
IC would effectively be well-defined. Indeed, since M (v, | K7_) = M(v, |0) for any
(Vz,t,1) € II with no ancestors preceding it, the fate of every cylinder in the last
generation of ancestors of a given C' € II can be decided upon inspecting their
respective flags (and nothing else). By proceeding one generation at a time, the
fate of all their descendants, including C', can be determined. More precisely, take
C e II and define

N¢ =max{n € N : A,(C) # 0}.
If No < 400 set
Kne(C) :==A{(y,7,1) € Anc(C) - F(y,1,1) < M (3 |0)}
and for 1 < i < N¢ — 1 inductively define
Ki(C) = Kip1 (C)U{(Fy, 7, 1) € Ai(C) = F(3y, 1) < M(Yy | Kig1(C))}-
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Then the cylinder C' € 11 is kept in K if and only if
F(C) < M3y | Ki(C)).

This algorithm decides whether C' is kept in finitely many steps. Therefore, we have
that for K to be well-defined it suffices to have No < 400 for every C € II. As it
turns out, the heavy diluteness condition of Definition 3.1 is enough to ensure this.

Proposition 5.5 ([25, Proposition 9.3]). If (v, H) is heavily diluted then almost
surely the clans of ancestors A'(A x G) are finite for every t € R and A € BY.

It follows from the discussion above and a straightforward computation that if
(v, H) is heavily diluted then K is well-defined and its infinitesimal generator is
given by (5.1). Furthermore, Proposition 5.5 implies the following facts:

(i) The dynamics defining K loses memory of the initial condition, a fact which
implies uniqueness of the invariant measure. Furthermore, since I is a sta-
tionary process (due to its time-translational invariant construction and the
stationarity of IT), this implies that for each ¢ € R the configuration K; is
distributed according to the unique invariant measure of the dynamics.

(i) KMN" % K, as A /S forall t € R and i € (S x G) of finite H-interaction
range, where C* is the process obtained by running the dynamics in the vol-
ume A with boundary condition 7 (and with AF replaced by AEyj¢,.p,. in
the definition of M, see Eq. (5.2)). Each process K" is again stationary and
a straightforward calculation with its generator shows that pyj, is its unique
invariant measure. From this and the local convergence stated above, we con-
clude that the invariant measure of K is the unique gas measure of (v, H).

6. Proofs of Theorem 3.4 and Corollary 3.5

In this final section, we give the proof of our main result, Theorem 3.4. Following
the proof, we discuss some relaxations of its hypotheses and then conclude the
section by showing how Corollary 3.5 follows from Theorem 3.4.

6.1. Proof of Theorem 3.4
We divide the proof in three steps.

6.1.1. Uniqueness of the gas measure for each model (v¢, H®)

Let us begin by considering a Poisson process II on C x [0, 1] with intensity measure
b, = v x e AFL x Lp+ x U[0,1]. Notice that, by the nature of the intensity, all
cylinders in II have multiplicity one. Thus, it makes sense to define for each ¢ > 0
the e-discretized process II” (or simply e-process) by the formula

I :={(75.t,s,u) € Cx[0,1] : (Ya,t, 5,u) € I} (6.1)
Observe that T is a Poisson process on C x [0, 1] with intensity % x e 2E L x L+ x
U[0,1]. Moreover, (6.1) establishes a one-to-one correspondence between cylinders
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of IT and II¢. Thus, in the following we write C; to denote the e-cylinder in I1¢ which
corresponds to the cylinder C € I1, i.e. if C' = (v4,t,s) then we set C. = (75, ¢, 5).
Now, by the proof of Theorem 3.2 we see that it suffices to show that for each
e >0 A% (A x @), the clan of ancestors at time 0 with respect to the Hamiltonian
prescription H¢ and with underlying free process I1¢, is finite almost surely for all
A € BY. To see this, notice that if we define an impact relation —y by the condition

Fy =V Yz & Ty € V(V2)

and for A € BY we consider the corresponding clan of ancestors A%V (A x G) given
by —v, then for each £ > 0 we have

AYHY (A % G) € D(A™Y (A, x @) (6.2)
where A, = {z € S :d(z,A) <e} and for I" C C we set
De(T) = {(7;t,8) € C: (yast,5) €T}

By the proof of Proposition 5.5 (see [25] for details), we see that ag’o*v < 1 implies
that almost surely A%Y (A x G) is finite for every A € BZ, so that from (6.2) we
conclude that A% (A x G) must be finite as well. This shows that (v°, H¢) has
a unique gas measure. Notice that our argument does not imply that the model
(v, H¢) is heavily diluted itself. Indeed, the only available estimate

efAE

a(v5)

HE
efAE

/ 4(Fy)dv* (3,) < / 7O ()
I () V(va)

q(7s)

for every v, € S x G is, in principle, not enough to show that ago’v < 1 implies
ay <1

6.1.2. Construction of the coupling (Z%):>¢
We need first the following technical lemma.
Lemma 6.1. Suppose that N C N (S x G) is a o-local 7 -null event. Then

P(II; € N for somet € R) =0. (6.3)
Proof. If N = UneN N, for a sequence (Ny,),en of local events, then it suffices to
show that for each n € N one has

P(II; € N, for some t € R) = 0.

Thus, let us fix n € N and consider A € Bg such that N,, € Faxg. Let us observe
that since N,, is Fa«xg-measurable we have

II; e N,, & (Ht)AXG e N,. (64)

Now, let M be the set of cylinder configurations § € N*(A x G x R x RT) such
that:
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(1) 6:(A x G) < 400 for all t € R.
(ii) Every cylinder in 6 has a strictly positive lifespan, i.e l¢ > 0 for all C' € 6.

Notice that if § € M, then the process 8 = (0;)icr is piecewise constant. In
particular, for 8 € M, we have

0; € N, for some t € R & 6, € N, for some r € Q.

Now, the choice of the intensity measure ¢, plus the fact that v(A x G) < 400
yields that

P(HAXGXRXR+ € MA) =1
Hence, from (6.4) we obtain that

P(II; € N, for some t € R) = P((II;)axg € Ny, for some r € Q)
<> P, €N,) =) a(N,) =0. m
reQ reQ
Now, we construct the coupling (Z%).>¢ by considering the processes

K2 =A{(z t,s) eIL: Fag,t,s) < M (v | Ki-)}
where for each 7, € S x G and £ € N (S x G) we define
M= (7, | €) 1= e (APE () =AE),

By the arguments in Sec. 5, each process K¢ is stationary with invariant measure u°.
Thus, for each ¢ > 0 we may define Z° := K§. We need to check that for any
B € BY, ; there exists e > 0 such that for every e <ep

Z5 = DE(ZgE,l(B)). (6.5)

To see this, we notice that if N denotes the dynamically negligible event in the
statement of Theorem 3.4 then by Lemma 6.1 and since K° is a thinning of II
we can assume that, with the exception of a set O of realizations of II with zero
probability, for every C € II we have

(Kbe)1(vasis(C)) + Svasis(cy € N°. (6.6)

What we will show in fact is that, for almost every realization of the process II
outside of this exceptional set O, for any given B € BY, ., if ¢ is sufficiently small
then (6.5) holds. The heart of the proof is contained in the next lemma, which
states that clans of ancestors stabilize for e small.

Lemma 6.2. Fiz A € B and let O be the exceptional set above. Then in O° there
exists almost surely (a random) €9 > 0 such that for 0 < e < &g

K. (a0v (axay = De(Khov (axa)s (6.7)

i.e. any C € A%V (A x G) is kept in K° if and only if C. is kept in K¢ for every
0<e<ey.
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Proof. Define K := max{n € N: A%V (AxG) # 0}, which is finite since aZO’V <1
Notice that for every cylinder C' € A?QV(A x G) and € > 0 one has

C. € K & F(C) < M*(basis(C-)|0).

Thus, since () + dpasis(cy € N by (6.6) and I(basis(C)) = () by definition of K, by
recalling that

N € 0

lim AEH (v2) = AEE" (7,)

e—0+
for every v, € S x G and n € N(S x G) with n + ¢, € N¢, we deduce that for e

(randomly) small enough

DE(,CO )7

€ —
D (AR (AxG)) — ALY (Ax @)

except perhaps if F(C) = M°(basis(C)|0) for some cylinder C' € A?\}V(A x G),
a fact which can only occur with zero probability. In a similar way, one may proceed
with the following generations by induction, using at each step (6.6) and (6.2), to
arrive ultimately at (6.7). O

Now, fix B € BY, , and take A € BY sufficiently large so that B C A x G,
where B(M is as in Definition 2.20. By Lemma 6.2, applied to this volume A and
the inclusion

DY (K)CAxG

€

that is valid for every 0 < e < 1, we conclude that (6.5) holds for ¢ small enough.

6.1.3. Concluding the weak convergence p — 1°

The weak limit now follows from (6.5) by the dominated convergence theorem and
the following lemma.

Lemma 6.3. Let us suppose that (€)).>9 C N(S x G) satisfies that for any
B € BY, . there exists eg > 0 such that §§) = Ds(fgzl(B)) for all e < ep. Then
€@ — €O yaguely.

Proof. It suffices to show that for each compact set K C S x G and § > 0 there
exists €9 > 0 small enough such that £(5) € (£(0) g s for all 0 < £ < g¢. But if given
B € BY, . we define

1 . _ -
PB ‘= §m1n{dS><G('7x7'7y) Ve F YTy € < (BP)>}
and take

€0 1= PK &) /\€K(5) ANd>0
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where K(®) and K are the sets from Definition 2.20, then ¢ € (£®)g s for
every € < €, since:

(i) From the definition €K, and the fact that K C K(5) we see that every Wf) €
( E?) is of the form ) = D.(v,) for some 7, € (£©). Moreover, since e <
pr @ there is at most one such 7, so that, in particular, their multiplicities

must be the same. Thus, the application p : [5},?] — [€] given by
p(1, ) = (D1 (1), 4)

is well-defined and injective. Since € < § we obtain that fg? <5 €O,
(i) By definition of ek, and the fact that K C D "(K () we see that for every

Yz € <§§?)>7 there exists %(f) € (€)) such that D.(v,) = {5 Furthermore,

since € < py (s there is at most one v, € (f?) being mapped by D. to ’yg(f) S0
that, in particular, the multiplicity of 'yg(f) in £€0) is at least equal to that of 7,

in 52)). Therefore, the application p : [§§?)] — [€)] given by

P(Vas 1) = (De(V2), 1)

is well-defined and injective. Since £ < ¢ this shows that §§?) =<5 £, |

6.2. Some relaxations in the hypotheses of Theorem 3.4

Notice that for the proof of Theorem 3.4 we only required the dynamically negligible
event N to satisfy the following two properties:

e N is closed under the addition of particles.
e P(II; € N for some t € R) = 0.

Thus, if we call any event N verifying these properties a dynamically impossible
event, then condition (ii) in the hypotheses of Theorem 3.4 may be relaxed by
requiring that the event in question be only dynamically impossible. However, we
should point out that in most cases of interest the original condition is already
satisfied and it is simple to verify, so that there is no real gain from this relaxation.
Furthermore, we also point out that in the statement of the theorem all infima and
suprema may be taken to be essential in the measure-theoretical sense, arriving at
the more general statement of Theorem 3.4 below. The reader who is not interested
in applying our result to a specific model may prefer to skip its reading.

Theorem 6.4. Let (Dg).>0 be an approximation family and suppose that
(v%, H®)e>0 ts a family of diluted models such that:

(I) For every e > 0 the intensity measure v° is given by
v =100 D1
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(I1) There exist a v°-null set M C S x G and a measurable set N C N(S x G)
closed under the addition of particles satisfying:

(1)

AE :=inf | inf inf  ABH (45)|| > —c0.
€20 [A€BY | ve€M®
77+6"/z ENC
(ii) P(Il; € N for some t € R) = 0, where II is the Poisson process on C with
intensity measure 1° x e "AFL x EL where AE is as in (i). (Notice that
AFE (and hence I1) depends, in principle, on the particular choice of N.)
(iii) For every v, € M€ and alln € N (S x G) with n+ -, € N¢ one has
. € 0
lim AE# (vs) = AE;I (Va)-

e—0t
(iv) There exists for each v, € S X G a set V(v;) € Bsxa such that:
e For every € > 0, one has the inclusion
DZHI™ (9)) € V(1)
e There exists a size function q : S x G — [1,+00) which verifies
o—AE

VOV ~ 0/~
o sup | —— q(yy)dv < 1.
/ Y ESXG [CI(%) /V(%) (iv) (’Yy)]

Then the conclusions of Theorem 3.4 hold, namely:
g

(a) Fach model (v¢, H®) admits exactly one gas measure uc.
(b) Ase — 0T, we have the weak convergence

e =l
(¢) There exists a coupling (Z%)e>0 of the measures (u°)e>o such that for any
B € BY. o there exists (a random) ep > 0 verifying that for alle < ep

Z5 =D (2°

O imy)- (6.8)

In particular, 25 25 Z9 with respect to the vague topology.

6.3. Proof of Corollary 3.5

To conclude this last section, we show that Corollary 3.5 is a particular case of
Theorem 3.4. Indeed, notice that, since v° < v, for every A € B2 we have that
7r1”: < mi with density given by
dry’ (1 (AXG)—(AXG)) dv®
—L (o)=Y v —(V), 6.9
o) = RIS (6.9)
Y, g
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a fact which can be deduced from the integration formula (see [19, Proposition 3.1])

e—v(AX G)

flo)dry = 7/ f Syi | dv™ (4t . An
/N(Axc) ()i = 2. n! (AxG)" ; e ( )

neNg

valid for all bounded Fjxg-measurable functions f and measures v on S x G of
S-locally finite allocation, where v™ above denotes the n-fold product measure of v.
In particular, the models (v, H%) and (v, H?) are equivalent, i.e. they produce the
same gas kernels uf\l n where H¢ is the Hamiltonian prescription given by

(o) = ()~ 3 e ()

(V1) €lo]

It is not difficult to check that for each & > 0 the pair (v, H®) satisfies Definition 2.15.
Moreover, since for every v, € S x G it is possible to verify that I ({y,}) =
I'" ({~,}) and we also have that

AEIEXM - AEle

for every A € BY and n € N(SxG), we see that the family of models (v, H). > falls
under the hypotheses of Theorem 3.4 for the approximation family D = (D¢)s>0
given by the identity operator on S x G for each € > 0. The result then follows
from Theorem 3.4.
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