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Abstract

In this paper we study the phase transition of continuum Widom-
Rowlinson measures in R? with ¢ types of particles and random radii.
Each particle z; of type ¢ is marked by a random radius r; distributed
by a probability measure @; on RT. The particles of same type do not
interact each other whereas particles x; and x; with different type ¢ # j
interact via an exclusion hardcore interaction forcing r; 4+ r; to be smaller
than |2; —;|. In the integrable case (i.e. [79Q;(dr) < +o0,1 <i < gq), we
show that the Widom-Rowlinson measures exhibit a standard phase tran-
sition providing uniqueness, when the activity is small, and co-existence
of ¢ ordered phases, when the activity is large. In the non-integrable case
(ie. [rQ;(dr) = 400, 1 <i < q), we show another type of phase transi-
tion. We prove, when the activity is small, the existence of at least ¢ + 1
extremal phases and we conjecture that, when the activity is large, only
the g ordered phases subsist. We prove a weak version of this conjecture by
showing that the symmetric Widom-Rowlinson measure with free bound-
ary condition is a mixing of the ¢ ordered phases if and only if the activity
is large.

Key words: Gibbs point process, DLR equation, Boolean model, continuum
percolation, random cluster model, Fortuin-Kasteleyn representation.

1 Introduction

In this paper we deal with the non-symmetric continuum Widom-Rowlinson
model in R¢ with ¢ types of particles and with random radii. Each type of
particle 1 < ¢ < ¢ has its proper activity parameter z; > 0 and a proper
probability measure @Q; on RT for the distribution of radii. Each particle z; of
type ¢ is marked by a random radius r; distributed by @);. The particles of the
same type do not interact each other whereas a particle x; and x; with different
type ¢ # j interact via an exclusion hardcore interaction forcing r; + r; to be



smaller than |z; — z;|. This model can be viewed as a collection of ¢ Boolean
models, each of intensity z; and radii distribution Q);, i = 1...q, conditioned to
not overlap each other.

This model is a generalisation of the simple and beautiful model introduce
in the late 1960’ by Widom and Rowlinson [20] where ¢ = 2 and the radii are
deterministic. Its interest comes not only from its applicability in the descrip-
tion of a binary gas, but also from the fact that it was the very first continuum
model for which a phase transition was rigorously proved, first by Ruelle [19]
using the so-called Peierls’ argument. A modern proof of this phase transition,
relying on percolation arguments and a Fortuin-Kasteleyn representation, was
done in [2, 10]. Involving the non-symmetric case with ¢ > 3, phase transition
results were proved in several articles such as [1, [I7] using the Pirogov-Sinai
theory. All these results concern the case of deterministic radii.

In the present paper, we investigate the random radii case which can be
interpreted as a random media or as a size distribution of particles. We prove
several phase transition results described below which are, depending on the
distribution of radii, similar or different from the deterministic case.

The formal definition of Widom-Rowlinson measures is based on the stan-
dard DLR equations, which prescribe the local conditional distributions of the
model, see definition[2.2] The existence and uniqueness of such solutions are not
obvious. The set of solution is denoted by W R(z, Q) where z = (21,...,2,) is
the vector of activities and Q := (Q1, ..., Q) the vector of radii distributions.
When the radii are uniformly bounded, a general existence result by Ruelle [18]
ensures the existence of Widom-Rowlinson measures. When the radii are not
bounded, a long range interaction occurs and the existence is more delicate. In
a first theorem we prove the existence of Widom-Rowlinson measures without
any assumption on activities or radii. The set W R(z, Q) is never empty.

We say that a phase transition occurs when the geometry of WR(z, Q)
changes drastically with the choice of parameters z, considering that @ is
fixed. In the case of deterministic radii, it is proved in papers mentioned
above that W R(z, Q) is a singleton for z small enough and that there exists z
large enough such that WR(z, Q) contains ¢ distinct extremal ordered phases
(Widom-Rowlinson measure with boundary condition full of particles with a
prescribed type). Precisely in [I] it is proved that for any (z1,22,...,24-1)
large enough there exists z, such that WR(z, Q) contains ¢ distinct extremal
ordered phases. This result is based on an extension of the Pirogov-Sinai theory
of phase transitions in general lattice spin systems to continuum systems. In
our random radii setting we do not obtain such a general result. Actually the
unbounded radii seem to be a serious and difficult obstacle for using Pirogov-
Sinai machinery. Nevertheless, in the integrable setting, [ r?Q;(dr) < +oo,
1 <i < q), we show first that W R(z,Q) is a singleton for small activities z.
And, in the symmetric integrable case Q; = @, 1 < i < ¢, we show that for
activities z = (z, z,..., z) large enough, the set WR(z, Q) contains ¢ distinct
extremal ordered phases. These results derive from a coupling result in [14] and
a Fortuin-Kasteleyn representation and a percolation result developed in [15].
In conclusion, in the integrable setting, W R(z, Q) exhibits a standard phase
transition similar to the deterministic radii case.



Let us now turn to the most interesting and surprising result of the present
paper. In the non-integrable case (i.e. [79Q;(dr) = 400, 1 <i < g), we show
another type of phase transition on the geometry of WR(z, Q). First, it is easy
to see that W R(z, Q) contains always ¢ ordered phases corresponding each to a
Poisson point process with only one type of particle whose the balls covered the
full space R?. But we prove, when the activity is small enough, the existence
of a ¢ + 1-th extremal phase. As far as we know, the existence of such a ¢ + 1-
th extremal phase has never been observed for a continuum Widom-Rowlinson
model with deterministic radii. Let us note that our result is valid in the non-
symmetric setting and that the proof is not based on the Pirogov-Sinai theory.
The main ingredient is a discrimination by specific entropy. We show that the
Widom-Rowlinson measure with free boundary condition has a specific entropy
smaller than any ordered phase.

Moreover we conjecture that in the non integrable setting, when the activity
is large enough, the set WR(z, Q) is exactly the convex hull of the ¢ ordered
phases (i.e. for large activities, only the ¢ ordered phases subsist and the disor-
dered phase disappears). It would imply a phase transition result since the set
WR(z,Q) would have exactly ¢ extremal Gibbs measures for z large and at
least ¢ + 1 extremal Gibbs measures for z small. Our belief in this conjecture
is based on a similar conjecture for the continuum random cluster presented in
[7] and for which a heuristic proof is given. Moreover simulations in the sense
of the conjecture have been implemented in [16].

In the present paper we prove a weak version of this conjecture by showing
that the Widom-Rowlinson measure with free boundary condition is a mixing
of the ¢ ordered phases if and only if the activity is large. The proof of this last
result is based on a renewal argument in a prescribed direction. It implies that
the scales in thermodynamic limit are different for each direction. We believe
that the result remains true with other choice of scale limits.

The paper is organized as follows. Section [2] introduces the notations, main
definitions and tools. In Section [3] the results of the article are stated. The
proof of Theorem [I| concerning the existence of Widom-Rowlinson measures is
done in Section {4 In Section [5| we prove the existence of a (¢ + 1)-th extremal
phase in the non-integrable setting. Finally Section [f]is devoted to the proof of
the weak version of the conjecture.

2 Preliminaries

2.1 Space

Let us consider the state space S := R x RT with d > 1 being the dimension.
Let © be the set of locally finite configurations w on S. This means that
lw N (A x RY)| < oo for every bounded Borel set A of RY, with |w| being the
cardinal of the configuration w. We write wp as a shorthand for w N (A x RT).
The configuration space is embedded with the usual o-algebra F generated by
the counting variables. To a configuration w € {2 we associate the germ-grain



structure

Lw) = | B(X),

Xew

where B(X) is the closed ball associated to the marked point X = (z,r), centred
at x and of radius r.

Let ¢ be an integer larger than 1 fixed through the paper, and consider the
space € := Q9 of multi-index configurations w := (w!, ..., w?) embedded with
the o-algebra F := F®4. An element i € {1,...,q} is called a type or a colour.

We write L(w) as a shorthand for 1<LJ< L(w’) and wy for (wy,...,w]). We also
<i<q

write (x,7) € w when there exists a colour i such that (z,7) € w'.

2.2 Poisson point processes

For z > 0 and @ a probability measure on RT, let 7%% be the distribution on
Q of a Poisson point process with intensity measure z£? ® @, where £ stands
for the Lebesgue measure on R%. Recall that it means

e for every bounded Borel set A, the distribution of the number of points
in A x RT under 7*? is a Poisson distribution with parameter z£%(A);

e given the number of points in every bounded A, the points are indepen-
dent and uniformly distributed in A. Each point is marked by a mark
distributed by @) and all the marks are independent.

We refer to [4] for details on Poisson point process.

For multi-index z = (z1,...,24) and Q = (Q1,...,Qq), 7#Q = 1l g
... w94 is the distribution of a multi-index Poisson point process. For A C R?
bounded, we denote by FZ’Q (respectively ﬂf\’Q) the restriction of 7%Q (respectively
7%Q) on A x RT (respectively (A x R*)?). Note that measures 7% and 7*@
are stationary, which means they are invariant under all translations of vector
r € RY,

The connectivity properties of the Poisson point process play a crucial role
in this study. It changes drastically depending on an integrability condition,
formalised in the following definition.

Definition 2.1. A family Q is said to satisfy the integrability assumption if
for every colour 1,

/ riQ;(dr) < . (2.1)
R+

If not satisfied we say that Q is not integrable (or in the extreme case). We say
that Q is completely non-integrable if for every 1 < i < g, fR+ r4Q;(dr) = oc.
2.3 Widom-Rowlinson measures

The Widom-Rowlinson measures are defined with standard DLR equations re-
quiring the probability measures to have prescribed conditional probabilities.



But first let us define the event A of authorized (or allowed ) configurations
A={we, V1<i<j<gq, Lw)NLw)=0}.

The Widom-Rowlinson specification on a bounded A € R? with boundary con-
dition wpe is
_ 1a(w) Uwae)

Noe (dw)y) = Wﬂ'/z\g(dwl/\)’

with

Z(Awpe) = / La(wh U wAc)ﬂf\’Q(dwj\).
Q

Definition 2.2. A probability measure P on 2 is a Widom-Rowlinson measure

of parameters z and Q, written P € WR(z,Q), if P is stationary and if for

every bounded Borel set A C RY and every bounded measurable function f,

Z(Awpe) >0 P(dw) — a.s; (2.2a)

/Qf dP:/Q/ﬂf(wﬂ\UwAc)WX’L,AC(dw’A)P(dw). (2.2b)

For every A the equations (2.2b|) are called DLR equations, named after
Dobrushin, Lanford and Ruelle. Thanks to [9], a Widom-Rowlinson measure is
a mixture of ergodic Widom-Rowlinson measures.

2.4 Stochastic domination

Let us discuss stochastic domination, which is going to be a key element of
several proofs of the paper. Recall that an event E € F is said increasing if for
W' € F and w D W', we have w € E. Finally if P and P’ are two probability
measures on {1, the measure P is said to stochastically dominate the measure
P’ written P’ < P, if P/(E) < P(E) for every increasing event E € F. Those
definitions naturally extend to the case of the multi-index configuration space
Q.

The following proposition is a direct application of [I1, Theorem 1.1] and
gives a comparison between a Widom-Rowlinson measure and a Poisson point
process.

Proposition 2.1 (Stochastic domination). For every bounded A C R? and
every boundary condition wpe, we have

P, (dw)y) < w79,

Furthermore for every P € WR(z, Q)

P <@,



3 Results

This section states the main results of the present article.

3.1 Existence

The first question of interest in statistical physics where the objects are defined
through prescribed conditional equations, namely the DLR equations , is
the question of the existence of a probability measure solving those equations.
The following theorem gives a positive answer to this question.

Theorem 1. For all parameters z and Q, the set W R(z, Q) is not empty.

The proof of this theorem follows a standard scheme used for several models
[5L 6 [7]. First, using the specific entropy, we build an accumulation point of a
sequence of finite volume Gibbs measures. The difficulty is then to prove that
the accumulation point satisfies the DLR equations . This is done using
the stochastic domination result of Proposition A detailed proof is given
in Section [4l

Remark 3.1. The ezistence of a Widom-Rowlinson measure was already known
in several cases. First in the cases of bounded radii, the Widom-Rowlinson in-
teraction is finite range and therefore the existence is a consequence of a general
result of Ruelle [18]. Second in the symmetric case where z; = --- = z4 and
Q1 = -+ = Qq, a Widom-Rowlinson measure can be build from a Continuum
Random Cluster Model where each connected component is assigned a colour
uniformly over the q choices. This relation is known as the Fortuin-Kasteleyn
representation. The existence of the Continuum Random Cluster Model with
random radii has been recently proved in [7], yielding the existence of a Widom-
Rowlinson measure.

3.2 Phase transition in the integrable case

Now that Thereom [I] proves the existence of at least one Widom-Rowlinson
measure, the second question concerns the uniqueness, non-uniqueness and con-
sequently the phase transition between both regimes. It is usual, for Gibbs point
processes with different type of particles, to show the uniqueness for small activ-
ities and non-uniqueness for large activity. In the integrable case (see definition
, we recover these both regimes.

First, the following proposition proves the uniqueness for small activities.

Proposition 3.1. Write z; = za; where o := (au,...,0q) is a discrete prob-
ability measure. If Q satisfies the integrability assumption (definition ,
then there exists an unique Widom-Rowlinson measure W R(za, Q) as soon
as z < zc(d,> ", 0;Q;), where z.(d,Q) > 0 is the percolation threshold of the
Poisson Boolean model in R% of radius measure Q.

Proof. From Propositionwe have the stochastic domination 22y (dw'y) <

A,wAc
Tri’Q. Therefore as a direct consequence of Theorem 3.2 in [I4] we have unique-
ness of the Widom-Rowlinson measure as soon as the “single-type” Poisson



Boolean model 7522 %9 does not percolate. Thus the result. Let us note
that z.(d,Q) is positive for every @ satisfying the integrability assumption
Jg+ 7Q(dr) < oo [13]. O

In the symmetric case a non-uniqueness result was proved, initially in [2] [10]
in the case of deterministic radii. A non-trivial generalisation to the case of
unbounded radii was proved in [I5] and is stated in the following proposition.

Proposition 3.2. We are in the symmetric case z 1= 21 = -+ = z4 and Q =
Q1 =---=Qq. If Q satisfies the integrability assumption and Q({0}) =0, then
for activities z large enough, there exist q distinct ergodic Widom-Rowlinson
measures.

This result is a consequence of the Fortuin-Kasteleyn representation and
the percolation of the Continuum Random Cluster Model for large activities z.
As usual, the ¢ distinct ergodic Widom-Rowlinson measures corresponds to the
distinct Gibbs measures with boundary condition 1 <4 < q.

Remark 3.2. The assumption Q({0}) = 0 is an artefact of the proof of the
percolation of the Continuum Random Cluster Model developped in [15]. In this
paper the author emphasizes that the proof would carry out the same for radius
measures Q having small atoms in 0, and he conjectures that the results would
be true with the mazimal assumption Q({0}) < 1. We do not investigate this
generalization here.

In the case of deterministic radii r1,79,...,74, it is proved in [I] that for
large activity z1, 22,...,24—1 there exists z;, > 0 such that the set of Widom-
Rowlinson measures WR((z1, 22, ..., 2¢), (0ry,0rgs - - -, 0r,)) exhibits at least ¢

extremal phases. This result is based on an extension of the Pirogov-Sinai
theory of phase transitions in general lattice spin systems to continuum systems.
In the case of non-symmetric random radii we do not know if such results holds.
However it is reasonable to believe that in the case of bounded random radii,
the Pirogov-Sinai machinery is feasible and similar results could be obtained.

3.3 Existence of q+ 1 extremal phases in the non integrable
setting

The main results of the paper are presented in this section where we investigate
the phase diagram in the non-integrable setting. A central notion here is the
monochromaticity or polychromaticity of Widom-Rowlinson measures. This is
defined as follows.

Definition 3.1. Let Mono be the event of monochromatic configurations w €
Q such that w; = 0 for all 1 < i < q excepted one index. Let Poly be the
set of polychromatic configurations, meaning that Poly = Mono®. A proba-
bility measure P of Q is said monochromatic (respectively polychromatic) if
P(Mono) =1 (respectively P(Poly) = 1).

Let us note that, in the case of monochromatic P, the index ¢ such that
w; # () can be random. In the case of radii @ satisfying the integrability as-
sumption ((2.1)), it is clear that every Widom-Rowlinson measure P € WR(z, Q)

7



is polychromatic. Therefore the question of monochromaticity is relevant only
in this non-integrable setting. Moreover, we know that such monochromatic
Widom-Rowlinson measures exist in the non-integrable setting as mentioned in
the next proposition. The proof is obvious and is not detailed here.

Proposition 3.3. For every 1 < ¢ < q, such that fR+ rin(dr) = +o0, the

Poisson point process 72Q with 2 = (0...,0,2;,0,...,0), is an extreme phase
of WR(z,Q).

In particular, if @ is completely non-integrable (i.e. fR+ r?Q;(dr) = +o0
for every 1 < i < q) then WR(z,Q) has ¢ extremal monochromatic Widom-
Rowlinson measures which correspond to the usual g ordered phases. In the
next theorem we prove that, if the activity is small enough, there always exists a
polychromatic Widom-Rowlinson measure. Therefore, the existence of a g+1-th
extremal phase follows in the completely non-integrable setting.

Theorem 2. Write z; = za; with o := (ay); being a discrete probability distri-
bution. Then,

1. for every o such that max; a; < 1, there ezists z&* such that for all z < z&,
the set W R(zax, Q) contains at least one polychromatic Widom-Rowlinson
measure;

2. the constant z& can be chosen uniform in o satisfying for some 0 <
Omax < 1,

Vie{l,...,q}, @ < amax. (3.1)

The sketch of the proof is as follows. We build first an accumulation point of
the sequence of finite volume Widom-Rowlinson measures with free boundary
condition. Then we show, for small activity, that the specific entropy of this
measure is smaller than the specific entropy of every monochromatic stationary
probability measure. Therefore this measure is not monochromatic and the
theorem follows. The details of the proof are given in Section[5] The assumption
max; o; < 1 (respectively amax < 1) ensures that at least two of the «; are
positive. This is a natural assumption in order to have polychromaticity.

Corollary 3.1. We assume that o := (oy;); is a discrete probability with non-
null coordinate and that Q is completely non integrable. Then W R(za, Q) has
at least ¢ + 1 extreme phases for z small enough.

The assumption "z small” appears in the proof of Theorem [2] as an artificial
assumption needed to ensure that the accumulation point is not monochro-
matic. However it is our belief that this assumption is crucial and that for
large activities all Widom-Rowlinson measures would be monochromatic. This
is formalized in the following conjecture.

Conjecture. In the non-integrable case, for activities z large enough, every
Widom-Rowlinson measures is monochromatic.



Note that if the conjecture is true, it would imply a phase transition result
since the set WR(z, Q) would have exactly ¢ extremal Gibbs measures for z
large and at least g+ 1 extremal Gibbs measures for z small. Our belief in this
conjecture is based on a similar conjecture for the continuum random cluster
presented in [7] and for which a heuristic proof is given. Moreover simulations
in the sense of the conjecture have been implemented in [I6, Section III.2].

We have not succeed to prove the conjecture but our last result is a first
step towards it, by proving a weaker version of the conjecture.

Indeed we show that the symmetric Widom-Rowlinson measure on R? with
free boundary condition and non-integrable radii is monochromatic if and only
the activity z is large enough. Note that the scale we use in the thermodynamic
limit is not symmetric since one direction is favoured. Unfortunately we are not
able to extend the result for every thermodynamic limit, in particular, when
the volume A,, is simply an hypercube.

For every k > 0, let A = Rx [0, k]9 1, ALY = R x [0, k]~ and AP =
] —n,n] x [0,k]4"L. Let us fix a sequence (ky)n>1 of positive integers such that
kn, — +o0 and (k) is negligible with respect to (log(n)),>1. We are considering,

in the same fashion as in the proof of Theorem Piee(duw) = 1AZ(W) (k ) (dw),
n A"
~ free . —f ~ free _
Pn = S Pgee 0T, 1 and Pnfee = W fA(kn) P O T, 1d.1', where In =
Tcin

2nZ x (kn,Z)4~' and where 7, is the translation operator of vector x € R?. Using
the specific entropy (defined in Section , it is easy to prove that the sequence
(Pffee) admits at least one accumulation point P™¢, with respect to the local
convergence topology.

The following theorem is our phase transition result.

Theorem 3. We assume that we are in the symmetric case z := z1 = - -+ = 2,
Q:=Q1 == Qg with Q satisfying the two following conditions
/ exp <—/ Q(r, oo[)dr) du < oo; (3.2a)
1 1
1
Qo)) < .. (3.2b)

Then, for z large enough, (15{:66) converges (withoqt passing by a subse-
quence) to P which is the mizture Y ¢, %TFZ Q withz' = (0...,0,2,0,...,0)
(i.e. P is monochromatic with equal probability of having any color). In
opposite, when z is small enough, every accumulation point of (13]:66) s not

monochromatic and therefore it is not a mizture of the monochromatic phase
7@ 1<i<q.

The proof is based on the Fortuin-Kasteleyn representation in order to trans-
fer the problem from the Widom-Rowlinson setting to the Continuum Random
Cluster setting. We will prove that the sequence of finite volume Continuum
Random Cluster measures converges towards the Poisson Boolean model which



covers the all space R?, proving that Pfree is monochromatic with equal prob-
ability for each color by symmetry of the model. This is done by bounding
the mean number of connected component of a Continuum Random Cluster
measure, using a fine renewal argument. The detailed proof is given in Section

6l

Remark 3.3. In the case of dimension d = 1, then the sequence (ky)n plays no

role and the probability measures Pfree me nd Pf are just the measures

P,, P,, and P,, which will be introduced in the proof of Thereom and Theorem
[3, see Section[]] and Section [

4 Proof of Theorem [I]

First let us consider the extreme case where at least one radius measure, let
say Qi, satisfy [p. rQ;(dr) = oo. It is known, see [3] for instance, that
the Poisson Boolean model covers almost surely the all space R%. In partic-
ular for every bounded A C R?% and 7%-Qi-almost every configuration w, we
have L(wpe) = RY Let us consider the probability measure on € with one
marginal being 7% '@ and the others producing almost surely empty configura-
tions. This is a Poisson Point process 7%Q with only one non-zero intensity
2z, ie. 28 :=(0,...,0,2;,0,...,0). This probability measure trivially satisfies
conditions of Definition and is therefore a Widom-Rowlinson measure
of parameters z and Q.

So from now on we consider the case of @ satisfying the integrability as-
sumption (2.1)).

4.1 Construction of a good cluster point

To build a Widom-Rowlinson measure, consider a sequence of Widom-Rowlinson
measures on the bounded boxes A,, with free boundary condition defined as

1g(w)
Po(dw) = P37 d0) = A w2, ),

n

with A, =] — n,n]d and Z, = [q 1A(w)7ri§(dw1\n). Then consider P, =

T _ 1 r —1 . .
Ze;@;ZdP or; ' and P, = yEIn) Ju, (Pn o7, )dx, where 7, is the translation

operator of vector z € R%. The measures P,, are by construction stationary.
The aim is to find an accumulation point for the sequence (P,,) with respect to
the local convergence topology defined in the next definition.

Definition 4.1. A measurable function f : Q2 — R is said local if there exists
a bounded A C R? such that f(w) = f(wy) for all w € Q.

A sequence (Pn) converges, with respect to the local convergence topology,
towards P, if for every bounded local function f we have

/ Fw)Po(dw) — [ f(w)Pldw).
Q

10



A very convenient tool for proving the existence of an accumulation point
is the specific entropy. It was introduced in [9] and is defined in the following
definition.

Definition 4.2. For a stationary probability measure P we define the specific
entropy of P, written Z(P), as the following limit:

1
_ 1 z,Q
I(P) = lim e Ta, (Pl 9), (4.1)

with Iy, (P|w*®) being the relative entropy of P, with respect to w9, defined
as

lo dn®Q i Py, < w29 g=9Er
ZAn(P|7rz’Q) _ fg g log(g) An f n An 0 9 d""A}?
400 else

The stationarity ensures the convergence of the limit in . This is the
reason why we introduce a stationary version P, of the finite volume Widom-
Rowlinson measure P,,. The following proposition ensures the compactness of
the level sets of the specific entropy.

Proposition 4.1 (Proposition 2.6 [12]). With respect to the local convergence
topology induced on the stationary probability measures on €, we have

1. T is affine;
2. 1 1s lower semi-continuous;

3. the set { P stationary, Z(P) < C} is compact for every positive real num-
ber C.

Proposition 4.2. For all n we have

Proof. First using the fact that the specific entropy is affine, see Proposition

we have

I(P,) = Ul(lAn)IAn(Pnﬂz’Q)-

Now using the definition of the specific entropy and standard bounds on the
partition function, we get

Ia, (Po|7*9) = —log(Z,) < (214 -+ + 2) LY An),
which leads to the expected result. ]

Using Proposition and Proposition we obtain the existence of an
accumulation point P of the sequence (P,,). For the rest of the proof we are,
for convenience of notation, omitting to take a subsequence when making n

11



go to infinity. We now have a good candidate for being a Widom-Rowlinson
measure.

Then we have to prove equations (2.2). This is done for the symmetric
case in the PhD manuscript [16] and we are here adapting the proof to the
non-symmetric case.

In the next proposition we prove that the measure P produces almost surely
authorized configuration. This trivially implies that condition is fulfilled.

Proposition 4.3. We have P(A) =1, and therefore
Z(A,wpe) > exp(—2LY(A)) P(dw) — almost surely.

Proof. The event A is not local and we cannot use directly the local convergence.
But this event could be called ”almost local” since for every configuration w,

La(wa,) — 1g(w).
k—oo
Therefore we have

P(.A):/QlA(w)P(dw): lim [ 1a(wp,)P(dw)

with
/ﬂ 1a(w,) Pr(dw) = / / La(wag) P o 75 (dw)da

it o 1o Pade)ds

For n > k, we have 7,(A;) C A, assoonasxe[k—n,n—k]dandso

LYk —n,n—k]*
ﬁd /n/ 1A Tw Ak n(dw) = ([ Ed(An) ] )7

which tends to 1 as n goes to infinity. The result is proved. O

4.2 The cluster point statisfies ([2.2b))

Starting now we fix A C R?. We are going to prove that P satisfies the DLR(A)
equation. To do so we need to modify the sequence (P,), defining a new
= A . . . .
sequence (P,). This new sequence will be asymptotically equivalent to the
~ A
former one and each P, will satisfy the DLR(A) equation (2.2b)). Finally by
considering good ”"localizing” events, we will be able to pass the DLR property
through the limit.
Consider

A 1 .
Pn = ﬁd(An)/An lAng(An) X (13,10’7'z )dl’

~ A .1 .
The measures P,, are not probability measures but satisfies good property, see
the following proposition.
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Proposition 4.4. For each bounded local function f : € — R we have

/Qfdiaﬁ—/ﬂfdpn -0

~ A
which implies that P is an accumulation point of the sequence (P,,).
Furthermore the measure P satisfies the DLR(A) equation (2.2D)).

We are omitting the proof of this standard result. The first point is done in
[0] for the Quermass-interaction model, and the second point is a consequence
of the compatibility of the Gibbs specification &7} one: And both points are
done in the PhD manuscript [16].

Now let fix a measurable function f bounded by 1. By the structure of F
we can consider f to be local. We are going to prove that for each ¢ > 0, the
quantity

[P [ [ feh ) 1*‘(‘2} m) 759 (duwy) P(dw)

is bounded by 7e.

The function fy(w) = [q f(w) + wAc)%ﬂi’Q(dw’A) is in general
not local, which is the main obstacle in proving the result. We cannot directly
use the local convergence, and the piecewise convergence used in the proof of
Proposition is not good enough as we need a more uniform convergence.

Let us consider the event

Up, = {w,V(z,7) € wpr, 7 <11}
Lemma 4.1. For ry large enough and for all w € A we have

La(- +wae) , 20
— . )l = dm 7| <
oo, (0F A <

where Zr, (A, wae) == [o1u,, (W14 +wae)T2 9 (dw'y) is the modified par-
tition function.
The constant r1 can be chosen to also have 71'A’Q(UC ) <

The proof of Lemma [£.7] is done in Section [4.3] Using Lemma [1.1] we get

1 W )1 4(W'y + wpe
§<e+ /fdP—//f(w’/\+wAc) Ur, () 1A A)de’QdP‘.
Q QJQ

Zr1 (A7 wAC)

Now in order to "localize” (with respect to w) the functions 14 and Z,, (A, wc)
we introduce the events

|z]

T ={we, Y(z,r) € w, 7’§7+k}.

Lemma 4.2. For k large enough we have:

P(T}) < c:

13



2. PQ(TE) < € for each n;
3. wHR(Y¢) < e

The proof of Lemma [4.2]is done in Section Using this lemma we have

5§26+‘/fdP

7’1(A "‘)AC)

Now with the introduction of the events U,, and Yy, the next lemma enables
us to "localize” the integrated functions.

/ / f wA—i-wAc 1UR (wA)lTk( ) dm /ZX’Q dP|.

Lemma 4.3. There exists A bounded, depending on r1 and k, such that for
every 'y € Ur, and w € T N A,

1A(w'A +wAC) = 1A(w;\ + wA\A) and ZTI(A,wAc) = ZR1 (A,wA\A).

The proof of Lemma [4.3]is done is Section With this Lemma we have

| ip

0 <2+

La(w) +wara)

— fwy +wpe)l : W) ly, (w dn>? dP’
|+ one)tus, @i, @) 7 (s
<de+ fdpﬁ
Q
1a(wy +w .
—/ / f(Wh +wae)ly, (W) A(Z A A\A)dﬂfx’Q P,
aJa r(@waa)

where the last inequality comes from Lemma and the local convergence of
Proposition for n large enough fixed from now on. Now using again Lemma
and Lemma we obtain

/fdP //fwA—i— Whe 1AZ(U(J[/X\ :/tl;c) ’Q(dwj\)f?ﬁ(dw)’.

=0 thanks to Propositionf4.4]

0 < Te+

4.3 Proof of the lemmas
4.3.1 Proof of Lemma [4.1]

First from standard computation we have

QU) =1—exp <—£d(A) Z ziQi([r1, OOD) (4.2)

14



which indeed can be as small as needed when 7] is large enough.
La(.+wae) . 20
[ Sront, ) gl
1a(@) = [ ptene)tin, () g
Z (N wpe) — Zpy (A, wpe)
Z(A, (UAC)
< 72 QUF) + exp(LYA) Y z)n*(UY,), (4.3)

7

< ‘@A wAc(UC )

where the last inequality comes from Proposition and Proposition So
by choosing 7 large enough both quantities (4.2)) and (4.3)) are smaller than e.

4.3.2 Proof of Lemma [4.2]

The events T, are increasing. Therefore from Proposition We have P(Y}) <
w%%@(Y¢). Furthermore we have

A c c s c z, c
P, (T5) < Po(T5) < 7?15 < 729(T%),

where the third inequality is a consequence of Proposition [2.1] applied to P, =
ﬁwr So points 1 and 2 from the lemma are a direct consequence of point 3.

The point 3 is proved in [I6, Lemme 1.3.22] or can be adapted from the
proof of Lemma 3.5 in [5].

4.3.3 Proof of Lemma

Since w € A, it is enough to check that balls (z,r) € w centred far enough
can not overlap L(w'y). But since wy € Ug,, we have L(w)\) € A @& B(0,r1).
Finally w € T and therefore we have for a set A large enough (which can be
made explicit) that for (z,7) € wae, B(x,r)NA® B(0, R1) = (). This concludes
the proof of the Lemma.

5 Proof of Theorem

The first assertion is a consequence of the second which we prove now. Con-
sider the sequence (P,,) of finite-volume Widom-Rowlinson measures with free
boundary condition, and (P,,) the stationary modification, defined in the proof
of Theorem [1| see Section [4l As in the proof of Theorem [1} the sequence (P,,)
admits an accumulation point denoted by P, which satisfies P(A) = 1. But
the proof of the DLR equations done for the proof of Theorem [I] in Section 4]
is not valid in this case since Lemma [4.2] is false in the extreme case. In fact to
prove the DLR equations we will use the polychromaticity which we show now
using the specific entropy.

5.1 Lower bound of the specific entropy of monochromatic mea-
sures
Consider a monochromatic stationary probability measure P™°"°. Without loss

of generality consider P"°"° to be ergodic. This implies in particular that the
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colour of P"°"° is deterministic, and let us call it 4. Let us compute the specific
entropy of P™°"?. Let n > 0. If P{'""? is not absolutely continuous with respect
to wi’Q then Zp, (P™"°|7r*Q) = oco. Otherwise P}" < Trf\’Q but, since
7Q

Pmono

is monochromatic of colour 4, then we also have PJ'"* < w3 A, where

z' == (0,...,0,2,0,...,0) is the vector where the only non-zero coordinate
being z; at the i-th position. Therefore

IAn (Pmono’ﬂ_z,Q) _ IAn (Pmono’ﬂji,Q) + IAn (ﬂzi7Q|ﬂ,z,Q)
> Iy, (7% Q= Q), (5.1)

where the inequality (5.1]) comes from the positivity of the relative entropy. But
a direct computation leads to

dﬂ'
A = [ [ exp(z£4(An)) 10—y
d7r A

which implies

G ’Q\W =Q) Zz] > LYA )miin sz
J#i J#i

The last inequality together with ([5.1]) implies

I(Pmon()) > min sz = 2 <1 — max Ozi) . (5.2)
b\ Z

Remark 5.1. Inequality (5.2)) cannot be improve since inequality (5.1) becomes
an equality in the case where P™"° = 72"Q,

5.2 Upper bound of the specific entropy of P

Let us now look into the specific entropy of P. If we prove that Z(P) <
2z (1 — max; o), then, by the lower bound (5.2)), P is not monochromatic. The
bound from Proposition is not good enough for the purpose of the current
proof and we now improve it. Divide the cube A, into copies of the smaller
cube A,, with m < n. We denote by k, the number of such copies of A,, in A,
and we fix € <1 — qpax < 1.

One example of authorized configuration is when each copies of A,, contains
only one type of particles and when the ball does not overlap the outside of the
cube. This leads to the following inequality.

kn

T Q(A) > exp < 2LY(A ) 1+ Z Z .t , (5.3)
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with ¢p,; = mfRd fR+ 1B(x7r)gAin(dr)dx. Fix v < 1 — € — amax- By
choosing m large enough, we have ¢, ; > 1 — v for all <. Furthermore we have

log(mi2%(A))
LU(A,)

<z- [,d]?[l\n) log (1 —q+ zi:eXp(Zaiﬁd(Am)¢m,i)> . (5.4)

I(Pn) =

Fix 8 < 1 satisfying € + amax < B(1 — 7). Using the fact that LI(A,,)/kn, —

n—oo

L4(A,,), we have for n large enough that

I(P,) <z — ﬁd(ﬁAm) log (1 —q+ ;exp(zaiﬁd(Am)qu’i)) . (5.5)

The bound from (5.5) is not depending on n. It remains to prove that the
following function of z is negative close to the origin, uniformly in a satisfying

@1,
\I/a(z) = ZmlaX o — ﬁd(ﬁAm) log <1 —q+ ; exp(zaiﬁd(Am)(bm,i)) :

It satisfies ¥4 (0) = 0 and

>, Aidm,i exp(2ai LNy i)

1—q+ Y, exp(za; LY Ap) Pm i)
B(l—7)

IL—q+>; eXp(zamamEd(Am)¢m,i) ’

Uy (2) = max a; — B

< Omax —

where the last bound does not depend on «. Therefore by the choice of the
parameters we have W, (0) < —e and thus for z small enough, uniform in
a satisfying (3.1), we have W/, (z) < —5. Therefore using the lower semi-
continuity of the specific entropy, we get that Z(P) < z (1 — max; «;), which
implies together with that P(Poly) > 0.

Now by conditioning on the event Poly, one can prove that the conditioned
probability measure satisfies the DLR equations . This was done in details
in [7] for the symmetric case.

6 Proof of Theorem [3

6.1 Fortuin-Kasteleyn representation

We consider the sequence (Pgee) defined in Section 3] which admits, thanks to
Proposition at least one cluster point denoted P"*¢. The second part of the
theorem, which claims that, for small activity, P is polychromatic, is similar
to the proof of Theorem [2} We do not give the details here. So it remains to

prove the first part of the theorem on the monochromaticity.
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In a same fashion as Section |4} one can easily prove that P™°(A) = 1. So
one way of proving that P is monochromatic is to prove that P covers
the all space R? with one giant connected component.

The first step of the proof is to transfer the problem from multi-type Widom-
Rowlinson measure in 2 to "single-type” Continuum Random Cluster measure
in .

To a measure P on {2 we associate its color-blind measure, denoted by P,
which is a probability measure on 2 defined by

VEcF, P(E)=P{w|U;w' € E}).

The specific entropy and the local convergence topology can be defined the
same as for . In particular P is still an accumulation point of the sequence
(Plee).

Proposition 6.1 (Fortuin-Kasteleyn representation). The measure Py is a

Continuum Random Cluster measure on the bounded box A,(qk”) with free bound-

ary condition and with parameters q,z and Q. This means

Nee(w)

free _4q 2,Q
Pn (dw) - Zékn) WAngn)(dW),

where Ne.(w) denotes the number of connected components of the structure

L(w), and where 7 is the normalizing constant.

This proposition is a standard result, known as the Fortuin-Kasteleyn rep-
resentation or grey representation, proved and used in a lot of articles such as
[2, 10} [7, [15].

The next proposition is the key element of the proof of Theorem

Proposition 6.2. In the assumptions of Theorem [3, there exist Z < oo such
that for all z > z and for alln

/ Nee(w)PIe(dw) < D x C*n,
Q

where C, D > 1 are finite constants not depending on n.

Remark 6.1. In the case d =1 one can prove in the same fashion the bound
/ Nee(w)PIree(dw) < C
Q

for large enough z and for a constant C > 1 independent of n.

Before proving this proposition, let us show how it leads to the expected
result. By the computation done for the proof of Theorem [T} see Section [4 we
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have

_ 1
T Pfree — T (Pfree 2,Q )
( n ) ﬁd (Agﬂ")) n ‘WAglkn)

1 < "
= ——— ( —log(Z{"")) + log(q / Ne. dP. ree)
£ (A)

_ Dx C*n log(q)
2nkf§ 1
<D log(q)cknflog(n)/log(c)_
Since (ky,) is negligible with respect to log(n), this upper-bound tends to zero
when n goes to infinty. So by the lower semi-continuity of the specific en-
tropy, we have Z(P®) = 0 which implies that P = 7%%  Noting that the
condition implies in particular that [p. rQ(dr) = oo, so the Poisson
Boolean model covers almost surely the whole space R? with one connected
component. Therefore, since P™°(A) = 1, the measure P™ has no choice

but to be monochromatic. By symmetry of the model, each color appears with
probability 1/q.

6.2 Proof of Proposition

First let £ > 0 which is taken for simplicity as the inverse of a positive integer.
A condition on k will appear later. Furthermore let us consider ¢ > ¢ such that

Q({0}) <1/q.

Since Zflk") > 1, we have for a constant D > 1 large enough,

/ Nee dpiree < / Nee qN“ dWA’(an)
Q

b [ ah,
A'n

o fon /i
_Ncc 2
<D </Qq deng)> , (6.1)

where the last inequality is a consequence of the stationarity of the Poisson
Boolean model and the subaditivity of the number of connected components,
i.e. Nee(wa,na,) < Nee(wa,) + Nee(wa,) for disjoints Ay and As.

Remark 6.2. In the case d = 1 there is no need to introduce k,, and k and we
directly have

/ Nee dP™ < D / g dni?,
Q Q

where Ay, =] —n,n|.

Therefore, it is enough to show that that for a fixed k£ small enough the
sequence
NCC z Q
/Q d?TA(k)
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is uniformly bounded in n > 1.

We are going to introduce the notion of connected component to the right.
Thanks to a renewal phenomena, the number of connected components to the
right will have a geometric law. Then we will prove, using the geometric law,
that this number of connected components to the right admits exponential
moments for z large enough.

More precisely we have

2
/Q giee dﬂA’(% < </Q gVee dwifg+)) (6.2)

where this inequality comes from the stationarity and the independence prop-
erty of m%€.

Now the problem is that when n grows, a ball can appear and cover all ex-
isting connected components. So seeing n as the time, the present is depending
on the yet unknown future. To overcome this issue let us do the following. To
a radius r we associate the following transformed radius

F= /12— (d— D)k Lo 1y
This way if (z,7) is a marked point, the set

T(x,7) = [x1,21 + 7] x [0, k]!
does not cover anything left of = and is entirely covered by the ball B(z, ).
Remark 6.3. In dimension d =1 we simply consider ¥ = r.

Now we are defining the number of connected component to the right, de-
noted by N/ (w), as the number of connected components of |J T(z,7). We

(z,r)Ew
have N.. < N[, and N/, is increasing with respect to n, which implies
Ncc ) *Ngc ) cc i
/Q dr® Cf+> < /Q Ve dnl,) < /Q dnA%> (6.3)

where the right-hand side in (6.3|) does not depend on n. Therefore in order
to prove Proposition we have to prove that the right-hand side of (6.3)) is
finite.

The first thing to do is to prove that the quantity N/, (w) is 7 f,f 4y almost

surely finite. Then we will be able to show that this quantity admits exponentlal
moments for z large enough. This comes out to study the number of connected
components of a segment model where the left extremities of the segments
are the points of a Poisson point process (on the real line) of intensity zk¢, and
where the lengths of the segments are independent random variables distributed
accordingly to the measure Q satisfying

Q([0.7]) = Q([0, V/r? + (d — 1)k?] )

Condition | m ) transfers trivially to Q. By taking k small enough, we also

have Q({0}) < 1/g.
The next lemma, proved in [8, Corollary 4], ensures that N/, (w) is 7 (% 5

almost surely finite.

20



Lemma 6.1. For every z > k=9, the quantity N, (w) is WZ’S,’Z“ almost surely
finite.

This lemma, working thanks to the condition , ensures in particular
that up to a random point Y, the "cylinder” [V, o0] x [0, k]! is covered by
U T(x,7). So when we go through AYY from the origin, each con-
(a:,r)GwAgéH
nected component encountered has a positive probability p(z) of being the infi-
nite one, independently of all finite connected components already encountered.
Therefore the random variable N’ (w) is geometric of mean p(z)~! satisfying

P = [ NL@ g ()
(9] le’e}

and

So an explicit computation of the right-hand side of (6.3]) leads to
[ @ ang, = 3 ) - pa)e! (6.4)
@ > a>0

which is finite as soon as p(z) > 1—1/4.
In the following lemma we prove that for large activities z, p(z) is as close
to 1 as we need.

Lemma 6.2. For z large enough
p(z) >1-1/q.

With this lemma we have for z large enough that

0 2/k
C = (/Q ghee dTr/Z\,L’;J’)) < 00

which combined with (6.1]), , (6.3) and (6.4) concludes the proof of Propo-
sition

The last thing needed is to prove Lemma |6.2

6.3 Proof of Lemma [6.2]

We know that N/, (w) is a geometric random variable. We have
p(z) =@, (N = 1)

> Wi’f,ir) (Ngc (w) =1, [z +y, 00| is right-covered in w}x7oo[x[07k]d_1>,

where x and y are positive real numbers and we say that [z, oo is right-covered
in w if
[z, 00[x[0, K] € | T(a, ).
(a,r)ew
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Therefore we have

p(2) 2 (1= e7) Q(lz +y, )

79[z + y, 00| is right-covered in W)z 00 x[0,k]4~1)

=(1—¢) Qz +y, 00

7.‘.Z7Q([y7 ool is right-covered in w[o7m[x[o7k]d,1),

where the last equality comes from the stationarity of <.

Lemma 6.3. For y > 0 fized, the probability
79[y, ool is right-covered in W[0,00[x[0,k]4~1)
converges to 1 when z grows to infinity.

Proof of Lemma[6.3 Consider the realisation of a Poisson point process on the
half line of intensity z and with segment length of law (. Thanks to Lemma
we know that this segment model percolates for z > k¢ Therefore it
exists a infinite connected component starting from a random point Y. If y is
inside this infinite connected component then there is nothing to do. Other-
wise by increasing z we are adding Poisson point and ) is translating to the
left, converging almost surely to 0 when z grows to infinity, and overlapping y
after a finite random time. From this almost surely convergence we deduce the
convergence of the probability of Lemma [6.3 O

Let us now conclude the proof of Lemma [6.2

For z,y small enough, thanks to the construction of Q satisfying Q({0}) <
1/, we have Q([z + y,00[) > 1 — 1/G. Now that z and y are fixed, thanks to
Lemma we have for z large enough that the same is true for

(1-e*) Q(z +y, oo[)m*Q([y, ool is right-covered in Wi0,00[x[0,k]4~1)-

Thus for z large enough p(z) > 1 —1/¢ and Lemma is proved.
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