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Abstract

We examine continuum percolative problems on the Delaunay hypergraph structure. In
particular, we investigate the existence of a percolation transition for a class of Gibbsian
particle systems with random hyperedges between groups of particles. Each such system
will take the form of a random cluster representation of a corresponding continuum Potts
model with geometric interactions on hyperedges of the Delaunay hypergraph structure.
Any percolation results in the random cluster representation will lead to the existence of
a phase transition for the continuum Potts model: that is, the existence of more than one
Gibbs measure.

The original components of this research are as follows. After extending the ran-
dom cluster representation of [GH96| to hypergraph structures, we achieve a phase transi-
tion for Delaunay continuum Potts models with infinite range type interactions — extending
the work of [BBDO3] in the process. Our main result is the existence of a phase transi-
tion for Delaunay continuum Potts models with no background interaction and just a soft
type interaction. This is an extension of the phase transition results for the hardcore (resp.
softcore) Widom—Rowlinson model of [R71]] and later [CCK94]], (resp. [LL72]). Our fi-
nal piece of originality comes in the guise of an overview of the obstacles faced when
investigating further percolative problems in the Delaunay hypergraph structure such as the
Russo—Seymour—Welsh Theorem.



Chapter 1

Introduction

The Ising model, where each vertex of a finite graph is assigned a spin of —1 or 41, was first
introduced in 1925 and has been essential in producing elegant mathematics that describes
the underlying physics of a ferromagnet. The spins —1 and +1 correspond to the magnetic
moments and the particle interaction is defined so that neighbouring particles with the same
spin are favoured over ones with opposite spin. The interaction is stronger at lower temper-
atures and in particular, for temperatures below a critical value, is strong enough to result
in the particles of one type dominating over the whole graph. In 1936, Peierls showed the
existence of such a phase transition for the Ising model in two dimensions [Pe36]], whereas
an exact solution was given by Ontager in 1944, [On44]. The Potts model is a generalisa-
tion of the Ising model where vertices take spins (which we now call marks) from the finite
set 1,...,q instead of using —1 and +1. The Potts models behave in the same way to the

Ising model: at low enough temperature, one mark will dominate.

Percolation for a disordered medium was first introduced in 1957 by Broadbent and
Hammersley [BHS7]] using the example of a porous stone submerged in a volume of water.
In the bond percolation model in particular, each edge of a graph is assigned, independently
of the others, to be open, with probability p, or closed with probability 1 — p. The perco-
lation problem is to investigate the existence of an infinite connected component of open
edges for different values of p. In the porous stone in water analogy, this corresponds to
the question of whether or not water reached the centre of the stone. For any given p, the
probability that an infinite connected component exists is either zero or one, and since this
probability is increasing in p, there must exist 0 < p. < 1, such that for p < p.. the prob-
ability is zero, and for p > p. it is one. Fast forward to today, and percolation is now a

mature, wide reaching, well studied area of probability theory.



Although the random cluster model, invented around 1970 by Fortuin and Kaste-
leyn [FK69], [EK72], first had the purpose of unifying percolation with the Ising and Potts
models, it quickly became a beautiful area of study in its own right. So too, it seems, is
the case for the continuum random cluster representation of the continuum Potts models,
first defined by [[GH96], which continues to be the source of interesting problems. Whereas
the (non-continuum) random cluster model, which we will call the discrete random cluster
model throughout this thesis, has played a key role in many proofs and studies, includ-
ing for example, the Wulff construction, the discontinuity of the phase transition for large
cluster-factor, the Widom-Rowlinson two type lattice gas and the Edwards-Anderson spin-
glass model, the situation in the continuum setting is quite different as results are far fewer.
In [GH96J, a phase transition is shown for a class of multi-type particle systems with a
finite range repulsion between pairs of particles with different type. Later, [BBDO03| used
a similar proof to show the existence of a phase transition for Delaunay Potts models with
hardcore repulsion between all pairs of particles and finite range type dependent interac-

tions on the edges of the Delaunay graph.

In this study, we too will focus on Delaunay Potts models in R?, and indeed Delau-
nay random cluster models where interactions between particles occur on edges or triangles
of the Delaunay graph. The Delaunay graph, in our two-dimensional setting, is the unique
triangulation of the plane given a set of points. It satisfies the criteria that the circumcir-
cles of all triangles have an empty intersection with the point set. The Delaunay graph
corresponds to the dual graph of the Voronoi tessellation. It is straightforward to construct
the Delaunay graph from the Voronoi tessellation: just join, with an edge, any two points
whose Voronoi cells share a 1-dimensional face. Since the Voronoi cell of a point is the
subset of the plane that is closer to this point than any other, the Delaunay graph is a nearest
neighbour structure for a given set of points. This nearest neighbour graph gives rise to a
prominent class of Gibbs measures with interactions that depend on the local geometry of
point sets in R?, see [Der08]] and [DDG10]. Systems like this are often studied in biology
to model cell interactions [FRAQ7]], where interactions depend on the area of the cells and

the distance between them.

A thermodynamic system is said to have a phase transition if the system has more
than one Gibbs measure/equilibrium state. Phase transitions are an important area of re-
search in probability theory and statistical mechanics and aside from those described above,
notable results in the continuum include the hardcore (resp. softcore) Widom-Rowlinson
model of [R71] and later [CCK94]], (resp.[LL72]). In this study we look at a phase transi-

tion from a probabilistic perspective through the use of Gibbs measures and point processes.



A realisation of such a point process is called a configuration. A configuration comprises
of a number of particles (or points in R?), each with a mark assigned to it from a finite
mark space. We consider two types of interaction between the particles: one which is mark
dependent called the type interaction and one which is mark independent called the back-
ground interaction. All interactions occur between pairs of particles that share an edge in
the Delaunay graph or triples of particles that comprise a triangle in the Delaunay graph.
These pairs and triples are both called hyperedges of the Delaunay hypergraph structure.
Interactions such as these are called geometric because they depend on the geometrical
structure of the Delaunay triangulation. A Delaunay Potts model and its corresponding
Delaunay random cluster representation are determined by the background and type inter-

actions, together with a reference measure.

We draw your attention to some differences between geometric models on the De-
launay hypergraph structure and that of classical models such as the Widom-Rowlinson
model and softcore variant of Lebowitz and Lieb [LL72]. The first is that edges and trian-
gles in the Delaunay hypergraph are each proportional in number to the number of particles
in the configuration. However, in the case of the complete hypergraph — on which interac-
tions occur in the classical (non-geometric) models — the number of edges is proportional to
the number of particles squared and the number of triangles is proportional to the number of
particles cubed. Secondly, in the complete graph of the classical models, the neighbourhood
of a given point depends only on the distance between points and so the number of neigh-
bours increases with the activity parameter z of the underlying point process. This means
that the system will become strongly connected for high values of z. This is not the case for
the Delaunay hypergraphs which exhibit a self-similar property. Essentially, as the activity
parameter z increases, the expected number of neighbours to a given point in the Delaunay
hypergraph remains the same, see [M@94]. Therefore, in order to keep a strong connectivity
in our geometric models on Delaunay hypergraphs, we use a type interaction between parti-
cles of a hyperedge with a non-constant mark. Finally, and perhaps most importantly, is the
question of additivity. Namely, suppose we have an existing particle configuration w and
we want to add a new particle x to it. In the case of classical many-body interactions, this
addition will introduce new interactions that occur between = and the existing configura-
tion w. However, the interactions between particles of w remain unaffected, and so classical
many-body interactions are additive. On the other hand, in the Delaunay framework, the
introduction of a new particle to an existing configuration not only creates new edges and
triangles, but destroys some too. The Delaunay interactions are therefore not additive, and
for this reason, attractive and repulsive interactions are indistinct. In the case of a hard

exclusion interaction, we arrive at the possibility that a configuration w is excluded, but for



some z, w U z is not. This is called the non-hereditary property, [DG09]], which seems to

rule out using techniques such as stochastic comparisons of point processes [GK97].

Although we show the existence of a Gibbs measure for each of our models, the
primary focus of this thesis is that of continuum percolation. In showing the existence of
percolation (for large activity and low temperature) of Delaunay random cluster represen-
tations, we also happen to show the non-uniqueness of Gibbs measures, and essentially,
a phase transition for the Delaunay Potts models. In fact, one last piece of information
is needed to show a phase transition. That is, for small activity and high temperature, the
Gibbs measure is unique. By interpreting percolation in our Delaunay random cluster repre-
sentation via a site percolation model, we prove our main results thanks to a discretization
to the integer lattice, on which we show either site percolation, or mixed site-bond per-
colation, depending on the model. The main technical issue is to control the Papangelou
conditional intensities of the marginal point distribution of the Delaunay random cluster
measure with respect to the Gibbs process with background interaction. Heuristically, this
is the conditional probability of there being a point of the process inside an infinitesimal
neighbourhood of the location x, given the complete point configuration at all other loca-
tions w. With a hardcore background interaction present, which we show to be equivalent to
a classical hardcore short range repulsion between all pairs of particles, only a lower bound
of the Papangelou conditional intensity is required. However, when we consider models
with only a type interaction, an upper bound for the Papengelou conditional intensity will

be needed as well.

To conclude the introduction, we remark on the makeup of the rest of the thesis. In
Chapter 2] after introducing necessary notations and definitions that will see us through the
rest of the thesis, we will put down an extension of the Fortuin—Kasteleyn (FK) represen-
tation of [GH96] to a hypergraph structure, show that percolation in the Delaunay random
cluster models will imply the non-uniquness of Gibbs measures for the continuum Potts
models and finally give some insight into our techniques to show percolation for certain pa-
rameter regimes. Although all models considered hereafter will be those on the Delaunay
triangulations, all work in Chapter [2| will be done for more general hypergraph structures.
Chapter [3] introduces our first class of Delaunay Potts models. These will exhibit infinite
range type interactions on either triangles or edges of the Delaunay graph and will also have
a hardcore background interaction. Percolation is first shown to occur for models displaying
both the coarse-grain ready and bounded Papangelou properties — to be defined in Sections
[3.5.1]and [3.5.2] respectively. We then look at three examples. Our proofs in Chapter [3|draw
inspiration from [GH96] and [BBDO3], although we do not benefit from the finite range



property of the type interaction as in [BBDO3||, nor from the luxuries, described above, of

classical multi-body interactions as in [GH96].

Chapter [] introduces our second class of Delaunay Potts models. These will take
the form of Widom-Rowlinson like models, i.e. without a background potential, and will
be seen as an extension to the work of [CCK94] and [LL72[]. The key difference is that
the interspecies interaction will only exist on the Delaunay hyperedges. The proofs are
much more complex compared to Chapter 3| This is because, without the crutch that is the
hardcore background interaction, it becomes necessary to perform a much more in depth
analysis of the underlying geometrical properties of the Delaunay triangulations in order to
exhibit some control of the configurations. Chapter [5]sees an end to our investigations into
phase transitions as we steer towards other percolative problems on the Delaunay hyper-
graph structure. These include the so-called Russo-Seymour-Welsh (RSW) Theorem which
relates the probability of an open horizontal crossing of a square to that of an open horizon-
tal crossing (the long way) of a rectangle with short side equal to the length of the square,
see [Ru78] and [SW7/8]. There are only very few continuum RSW results in the literature,
see [AI96], [Ro90], which is unfortunate, because they would give a greater insight into the
percolative properties of a model and it is thought that an RSW theorem would provide an
important step in a journey towards conformal invariance, similar to [SmO1], see [BS9S].
Although a weak version is shown in [BRO6al], the RSW theorem has yet to be proved for
Voronoi percolation. We inform the reader of the major obstacles faced when trying to
prove RSW for Voronoi percolation and variants. The final chapter (Chapter[6) consists of
a discussion of the results given in the previous chapters and also gives an outlook, ideas

and conjectures for the field of continuum percolation in the Delaunay setting.



Chapter 2

Continuum FK representation on
hypergraph structures

In Section [2.1} we define the state spaces of marked and unmarked configurations of par-
ticles as well as other important notation before introducing hypergraph structures, both in
the marked and unmarked cases, in Section In Section|2.3|we deal with a deterministic
particle configuration — we fix w € €2 — and introduce the Potts model and the random clus-
ter model in this discrete setting, similar to [G94]]. Although, in this thesis, we are generally
concerned with random structures, i.e. we do not fix w € €2, but rather sample w € 2 using
a suitable Gibbs measure as described in Section[2.4] it is important to fully understand the
discrete case as many of the results turn out to be useful to us later on. It is only then that
we can define what has come to be known, from [[GH96|, as the continuum Potts model
and continuum random cluster model — we do this in Sections 2.3] and In Section 2.7
we discuss percolation in the continuum random cluster model and how this shows the ex-
istence of several distinct Gibbs measures for the corresponding continuum Potts model.
Finally, in Section [2.8] we step away from considering general hypergraph structures, and
formalise the Delaunay hypergraph structure that we will use throughout the remainder of
the thesis.

2.1 Preliminaries

This introduction will be from the view point of continuum systems of particles that lie in
the plane (we only work in two dimensions) and that interact with each other geometri-
cally. That is, pairs, or groups of particles interact according to some underlying geometric
hypergraph structure — quite unlike the classical approach of pair potentials. Each particle

has a spatial location, but as we shall see, a spatial location does not always well define a



particle. For instance, particles may be marked, and in this case, each particle will have a

spatial location and a mark from some marked space.

Let us introduce the configuration spaces that we will use. We start off with the

space of locally finite subsets of R?:
0= {w CR?:|wNA| < 4ooforall A € B(RQ)},

where B(R?) is the space of all bounded Borel sets of R2. Let F be the o-algebra generated
by the sets {w € Q, Nxy(w) = n}, where n € N, A € B(R?) and Nj(w) denotes the
number of points of w in A. More formally, N : 2 — N is defined as

Np(w) = |wN A, (2.1)

and are often called the counting variables. As is usual, we take a Poisson point process

with intensity z > 0 as the reference measure on (2, F).

Definition 2.1. Let z be a positive real number. A Poisson point process with intensity z

satisfies the following conditions:

1. For A € B(R?), Ny is Poisson distributed with mean z| A

Lebesgue measure of A.

, where |A| is the standard

2. For any n disjoint sets A1, ..., A, € B(R?), the random variables Ny,, ..., Np, are

independent.

We will denote a Poisson point process on () with intensity z by 117

We also define the mark space. In our study, we restrict ourselves to the case of
a finite mark space, as it will be used to attribute marks or spins to the particles. Let
¥ = {1,...,q}, for a positive integer ¢ > 0 denote the mark space. Denote A as the
reference probability measure on 3, and set A(s) = 1/q for s = 1,...,q. We denote a
marked point of the plane by 7 = (x,5), x € R?, s € . Let Q2 be the space of marked
configurations, i.e. the set of all pairs W = (w, 0,) where w € (2 is the spatial configuration

and o, is the mark vector in >%:

Q= {w:w: (w,04),w € Q,0, € Zw}.

We may write o, := (0,(x) : € w) where o, (z) is the unique mark of x € w. Let

p : Q0 — Q be the projection of the marked point configurations to the positional point



configurations defined by (w,0,) — w. Let F be the o-algebra generated by the sets
{w e Q,Ni() =n}, wheren € N,i € &, A € B(R?) and N} (w) denotes the number
of points of @ in A x i. Instead of the reference Poisson point process 117, we take the
Poisson point process I on Q with intensity measure zv @ . Here, v is the Lebesgue

measure on R?. The probability space of marked configurations is the following triple:
(Q,F,10).

Let Qf = {w : |w| < oo} C € denote the set of all finite configurations w. Also let
F be the trace sigma-algebra of F on €. For a bounded region A € B(R?), we write
wp i=wNAand Qp :={w € Q:w C A}, withpry : Q = Qp, w — wy the projection of
configurations onto A. The trace o-algebra F) := F|q, is the restriction of F to 25 and
Fp = pr/_\l]-' \ C F is the o-algebra of all events that happen in A only.

In the case of marked configurations, ¢ and F ¢ are defined analogously. However,
A € B(R?) will only refer to the positional part of a marked configuration. In particular, we
setwy := wN(AXD), Oy = {w e Q: p(w) C A}, Fy := Flg, and Fp := prylFa CF
where pry : 0 — (Qj satisfying w — Wy is the projection of marked configurations onto
A x 3. Let © = (9;),cr2 be the group of translations, where 9, :  — Q is a translation
by the vector —z € R? that only act on the positions of particles. They have no affect on

their marks.

2.2 Hypergraph structures

In what follows, we are interested in geometrical interactions that act on hyperedges be-
tween points. Suppose H C €y x () is measurable. We call H a hyperedge structure if
n C w forall (n,w) € H. If (n,w) € H, we call n a hyperedge of w. We will write
n € H(w), thereby defining H (w).

2.2.1 Marked hypergraph structures

The definition of a hypergraph structure is easily extended to the space of marked configu-
rations. Suppose H C ﬁf x € is measurable. We call H a marked hypergraph structure if
7 C w for all (7,w) € H. Similar to the non-marked case, if (77,w) € H, we call 7j a hyper-
edge of w and write 77 € H(w). Note that the geometrical properties of a marked hyperedge
7 are still defined in terms of the underlying n. Given a marked hypergraph structure, 7,



and an unmarked configuration w € 2, define

Heo) = U W (2.2)

(m,0n)EH(@)

as the set of the images, under p, of the hyperedges of an arbitrary marked configuration @
satisfying p(w) = w. This is particularly useful as when working with marked hypergraph
structures we can easily distinguish between H () and H(w). In fact, H(w) is the set of
hyperedges of w in the corresponding unmarked hypergraph structure G C Q2 x (2, defined
by

g = U {(n,w)}.

((mon)y(w,0w))eH

2.3 Potts model and FK representation on an arbitrary graph

In this section we deal with a deterministic particle configuration — we fix w € ) — and
introduce the Potts model and the random cluster model in this discrete setting. It is iden-
tical to that in [G94], except that we consider hyperedges rather than simply edges. Let
H C Qy x € be a hypergraph structure, but fix w € €. Denote by G = (wa, H(wa))
the finite hypergraph in A € B(R?) where w, is the vertex set and H(wj) is the set of
hyperedges of wy. Let p be a constant satisfying 0 < p < 1. A Potts measure, I/Z(f’), isa
measure on the sample space XA := {1,...,¢}** where each vertex in wy is assigned a
mark from the set {1, ... ¢}, with ¢ > 2. Given a mark vector, or configuration o,,, € 3“4,

we define

VD (0,,) = Zi [T e |-7(1-0.,m)] 2.3)

b neH(wn)
where Z; is the normalisation constant given by
Zy = Z H exp [—J (1 — 0o, (n))} , (2.4)
Tuwp €SN \nEH(wy)

the parameter .J := In(1 — p) ! satisfies 0 < J < oo and for a hyperedge 1 € H(wx),

2.5)

50 (n) = 1 ifoy,(x) = 0u,(y), forall pairs {z,y} € n,
7en ' = 0 otherwise.

The random cluster model, on the other hand, has realisations in the set £ given by

& =0, 1}H(”A). Each such realisation v € £ is a vector of 0’s and 1’s called a hyperedge



configuration: each hyperedge 77 € H(wy ) is either open or closed. For v € &, let

Ey = {ne€H(wa):v(n) =1}

represent the set of open hyperedges. To represent a realisation of a random cluster measure,
we only use £, which, with wy forms a hypersubgraph (wy, E,) of G. However, the open
hyperedge set F,, is uniquely determined by v € £ which is chosen randomly according to

the probability mass function ,ul(oq) on & given by

1
) (v) = p Pl (L = p) Vg ), (2.6)
where K (F),) is the number of connected components of the hypergraph (wy, E;) and Z,

is the normalising constant given by

Zy=%" (pw(l _p)m(wA)\anK(Ev)) '
veE

Notice that by setting ¢ = 1 we arrive at the standard bond percolation model where each
hyperedge is open (resp. closed) with probability p (resp. 1 — p). Before we give some
important properties of the random cluster measure in this discrete hyperedge setting, we
generalise to the case of non-constant p. By this we mean that a hyperedge n € H(wy)
is open with probability p(n), which depends on the geometry of the hyperedge. A simple
example is when p(n) is a function of |z — y| where = {x, y}. Thus, Equation 2.6|can be

rewritten as

1

D (v) = —

IT p)" (@ = p(n))t = | ¢KE), Q2.7)
Z3

nEH(wa)

where the normalising constant Z3 is given by

Zi=Y (| TI p @ —p)' = ) g

vel nEH (wn)

The measure u](gq) satisfies the Fortuin-Kasteleyn-Ginibre (FKG) inequality, see

[FKG71], if and only if ¢ > 1. Before we specify the FKG inequality, we give some prelim-
inary definitions. A function f : £ — R is said to be increasing if f(E;) < f(E2) when-
ever £y C Fs. Similarly, a function f : £ — R is called decreasing if f(E1) > f(E2)

whenever 1 C Es. An event A is called increasing if 1 4 is an increasing function.

10



Lemma 2.2. (FKG inequality — as a generalisation of [G94])

Fix g > 1. Then if f and g are both increasing functions on &, then we have

Eﬂéq)(fg) > Eﬂlgw(f)Eu;q) (9)- (2.8)

In particular, if A and B are both increasing events, then

pD(ANB) > plD(A)ulD(B). (2.9)

We now give a generalisation of a well-known comparison inequality (see [G94])
for random-cluster measures in the discrete setting. We generalise to our hypergraph frame-
work and to the case of non-constant p. The result relies on the FKG inequality in Lemma
For any two probability measures 1, 2 on £, we say p; stochastically dominates pg,
and write p = po, if E,, (f) > E,, (f) for all increasing functions f : £ — R.

Proposition 2.3. (Comparison inequality)

Let ¢ > 1 and suppose p and p are two probability measures on H(wp) such that

p(n)
(1—p(n))’

p(n)
gM=1(1 = p(n))

> (2.10)

foralln € H(wy). Then, ,u,;q) = ug).

Proof. The proof in a slight adaptation of the proof in [G94] to the case of non-constant p

and to our hypergraph framework. By the assumption that ¢ > 1, the measure u]()q) satisfies

the FKG inequality. See that, forv € £

~ v(n)
. o0) (et 1~ 500) (25)"" ) 15 -
Hp () = / 5 o) V"N k(B s
Zvleg g(U ) HnGH(wA)(l - p(n)) 1—p(77)> q !

where g satisfies

_ 1 p(n) p(n)
o) = e L (@5t / 7t )

11



HneH(WA)(lfp(n))
Hr,ey(wA)(l—P(U))

However, by multiplying Equation (2.11) by = 1, we are left with

gy (v)
S e 90 (v")

Since K (E,) + (|n] — 1)| Ey| is an increasing function of £, and

p(n) o _ b
M=t (1=p(m) ~ (1 =p(n)’

it follows that ¢ is a decreasing function of F,. Therefore, if f is increasing, then, by the

FKG inequality,
E @(f9)
— M
Eﬂg) (f) - E'u(q) (g) < Eugl) (f)

O]

Note that we do not require p and p to be constant: they can vary as long as equation
(2.10) is satisfied. This stochastic domination result is frequently used to prove the existence
of a phase transition for the infinite volume discrete random cluster models with varying
values of p. Indeed, whilst proving a phase transition in continuum random cluster models,

we also make use of this discrete result.

2.4 Gibbs measures

Instead of working with a fixed hypergraph as in Section [2.3] we will now look to sam-
ple point configurations from . In order to do this, we introduce the concept of Gibbs
measures on a marked hypergraph structure /. In later Chapters we will look for phase
transitions of Delaunay Potts models using probabilistic techniques, however, before this
can be done, we must first show the existence of at least one Gibbs measure. We out-
line how this is done in the general hypergraph structure setting. Only once we can show
the existence of a Gibbs measure for a particular model, can we use similar strategies to
the Fortuin-Kasteleyn representation of the Potts model [FK72] to show non-uniqueness of
Gibbs measures. This non-uniqueness, as we shall see, is equivalent to the existence of a

phase transition which is a principle goal of this work.
Having established a definition for a hypergraph structure in Section we look

to introduce geometric interactions between particles. Such interactions will give rise to

configurations @w €  that have a much higher energy than others. A Gibbs measure will
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sample these high energy configurations less frequently, i.e. low energy configurations will
be favoured by the Gibbs measure. To measure the energy of a configuration, we introduce

hyperedge potentials.

Definition 2.4. A hyperedge potential is a measurable function, ® : Q F X Q — RU {00},
from a marked hypergraph structure, H C ﬁf x Q, to the extended reals.

Definition 2.5. A marked hypergraph structure H and a hyperedge potential ® are called
translation invariant if for all (,w) € H and for all x € R?,

(92(7), 92(@)) € H and (V4 (7),92(@)) = (77, @)

Hypergraph potentials allow us to control the random hypergraph by giving more or
less weight to certain configurations. Let ® : Q) f X Q — R U {oo} be one such hyperedge
potential attributing a real valued energy to each hyperedge in a hypergraph structure. By
summing over the whole configuration, we arrive at the Hamiltonian energy with respect to

@ for a given configuration @ € (:

H@):= Y 370 (2.12)

nEH(W)

This is the formal Hamiltonian: it is an infinite sum. In order to work with finite sums, we

restrict our Hamiltonian to a bounded region A € B(R?). Consider the subset

HA(Q) = {7 € H(C) : 7ix # 0} (2.13)

and take £ € Qyc, a fixed configuration outside of A, to be the prescribed boundary condi-
tion. The Hamiltonian in A with marked boundary condition ¢ is given by the formula

Hf\é(w) = > ) d(MwUf), forw e Qy, (2.14)
nEH A (WUE)

provided the sum is well defined. The Hamiltonian describes the model, and in particular,
the energy excess of the marked configuration @ U & over the boundary configuration, &.
Notice that it depends only on the marked hypergraph structure H and the hyperedge po-
tential ®. If ® only depends on the single hyperedges, and not on their neighbourhood, then
for any two distinct boundary configurations &, { € Qje,

H$

AIE(W) = HEZ(E) provided that Ha (@ U &) = Ha(w U Q).

This is the case for all of the hyperedge potentials that we will consider in this thesis — it is

13



called the local horizon property. We use the Hamiltonian and a reference measure to define
a probability measure for the model. Recall our Poisson point process reference measure
I on Q with intensity measure zv @ A and define ﬁf\ =1 o erl to be the reference
measure on the local restricted configuration space 2. Together with the Hamiltonian, we

define the partition function

Zn = / exp { Hf‘g(*)} A (d5), (2.15)
Qp
and the negative part of H ;{)' 3
67 . P o —
HAE(M) = (p—("%WUg);

NEH A (WUE)

where ®_ is simply the negative part of ®. Classically, there should be a factor A in the
exponent of (2.15) to represent the inverse temperature of the system. However, we will

assume this information is encompassed in ®.

Definition 2.6. A marked configuration & € Qe is called admissible for a bounded region
A € B(R?) and an activity z > 0, if

o
HAE(w) < 00

for ﬁj\— almost all @ € Qp and if 0 < ZAIE < 00. Denote by ﬁj\z the space of marked

configurations whose restrictions to A€ x X are admissible configurations for A and z.

For A € B(R?), we define the Gibbs distribution for (%, ®, z) in the region A with

admissible boundary condition ¢ as follows:

QAEWW):ZLE@XP[ Hye(@)| T3 (do). (2.16)

Definition 2.7. Given a marked hypergraph structure H, a hyperedge potential ® and an
activity z > 0, a probability measure P on (0, F) is called a Gibbs measure for H, ® and
zif P(Q) ) = 1 and

/fdP:/* A|5Ac/ wafAc)eXp[ Hye (@ )} IT, (dw)P(dE),  (2.17)

forall A € B(R?) and every bounded measurable function f : Q — R.
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The equations of Definition are known as the the DLR equations (after Do-
brushin, Lanford and Ruelle), see for example [Geo99].

Let A* be the universal completion of a o-algebra A. Precisely, A* is the o-algebra
of all sets that belong to the v-completion of A for all probability measures v on A. The
Hamiltonian in (2.14) and the partition function in (2.15]) are not measurable with respect to
the o-algebras introduced in Section[2.1] but only with respect to their universal completion.
More precisely,

1. The function (@, ) — Hﬁg(w) is measurable with respect to (?A ® Fpe)*.
2. The function £ — Z AE is measurable with respect to .fzc.

3. The set ), , belongs to Fy..

4. Q,(dw) is a probability kernel from (ﬁ*AZ’ Fre T ) = (O, 7).

According to the definition of the reference measure ﬁf\, the marks are chosen indepen-
dently of the spatial positions, henceforth, the above measurability statements can be ob-
tained from Claims A.2 and A.3 of [DDG10] via consideration of R? x ¥ instead of R? as
the state space of the point process.

2.4.1 Existence of Gibbs measures

The existence of a Gibbs measure P on (€2, F) with activity z > 0, marked hypergraph

structure  and hyperedge potential ®, relies on the following conditions.

Definition 2.8. We say the couple (®,H) satisfy the range condition (R) if there exists
{rng € N, such that, for all (,w) € H, there exist a bounded region A € B(R?) such
that; (,w’) € H and ®(7, ') = ®(7,w) whenever W\ = wa; and for every T,y € A,
there exist £ open balls B1,..., By (with £ < (g) such that Uleﬁi is connected and
contains x and y, and Np,(w) < ng for each i. Here, B; denotes the closure of the open

ball B; C R2.

Let A € B(R?),r > 0and A®r := UyepB(x, ), where B(z, ) denotes the open
ball of radius 7 centred at 2. A configuration £ € Q is said to confine the range of ® from
A if there exists a boundary layer OA(£) = (A @ r)\A for some r = r Az Where 7 7 is
chosen as small as possible, such that H (w0 U Epe) = Hp(w U E/Ac) whenever & = £ on
OA (). We define the set ﬁé\r as follows:

ﬁé\r = {Z € Q : £ confines the range of ® from A} .
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Remark 2.9. In order to show phase transition in Section we will need an adaptation
of Proposition 3.1 in [[IDDGI0] to the marked case. If a hyperedge potential ® and a
hypergraph structure H satisfy the range (R) condition, then for each A € B(R?), there
exists a set ﬁé\r € F e such that (Alé\r C Qé\r and P(ﬁé\r) = 1 for all translation invariant
probability measures P on (Q,F) with P({0}) = 0. The proof of this statement is an
adaptation of Proposition 5.4 in [DDG10] to the marked case. It is straightforward as the
mark distribution, with respect to our reference measure I does not depend on the spatial

location of the particles and henceforth we omit it and just give the statement.
We now define stability which will ensure that the partition functions are finite.

Definition 2.10. We say the couple (®,H) satisfy the stability condition (S) if there exists

a constant cg > 0 such that
Hyg@) > —cs (NA(W) + Nazx@(f))

or all bounded A € R? @ € Q) and € € QA.
cr

To avoid the meaningless case when ® = oo, we need a final condition to control the

Hamiltonian from above. Let M € RZ2*2 be an invertible 2 x 2 matrix, and define a

U v

keZ?

partition of R? as

where each
V(k):={MzecR?:z—kc[-1/2,1/2]*}. (2.18)

is a rhombus. Furthermore, let I'® be the set of all configurations that consist of a single
point with mark s € 3 whose position lies in some Borel set D C V(0) and define the set
of all configurations whose restriction to a cell V(k), when shifted back to V(0), belongs
to I'* as

s = {Ge: Ik @y ) € T° forall k € Z%}. (2.19)

A marked configuration of w € T is called pseudo-periodic. Note that when the mark of
the particles is obvious, we drop the superscript and write T instead of I'*. The required

partial upper bound for the Hamiltonians is then achieved via the following property.

Definition 2.11. Let & be the positive part of ®. We say the couple (®,H) and the
activity z > 0 satisfy the upper regularity condition (U) if M and D can be chosen so that
the following hold:
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1. Uniform confinement: rs ﬁé\r for all bounded A C R?, and

TTs 1= SUp SUp TAm < O0.

A mels
2. Uniform summability:
=+,
d
cg 1= sup Z M < 0. (2.20)
wel*  en(w): 7]
p(MNV(0)#0
3. Strong non-rigidity:
z|D| > eP

where cp is defined as in , but with ® instead of 3"

If the (R), (S) and (U) conditions are satisfied, the existence of a Gibbs measure is
given by the following theorem:

Theorem 2.12. For every translation invariant marked hypergraph structure H C Q f X Q,
hyperedge potential ® and activity z > 0 satisfying the (R), (S) and (U) conditions, there

exists at least one translation invariant Gibbs measure P on (2, F) with reference measure
z

.

The proof is an immediate adaptation of the proof of Theorem 3.2 and Corollary
3.4 in [DDG10] to the marked case following Remark 3.7 in [DDGI10]. Further details of
that adaptation can be found in [No13|], Theorem 2.1. The proof relies on an entropy bound
and a careful control of the interaction range. The entropy bound is used to obtain tightness

of certain Gibbs distributions with pseudo-periodic boundary conditions.

2.5 Geometric Continuum Potts Model

We now go on to define Potts models on random structures in the continuum. The exten-
sion to the continuum was first introduced as the Widom-Rowlinson model, a continuum
analogue of the Ising model, in [WR70]. Much later, [GH96] generalised this further and
defined continuum Potts models. We present these ideas here, but generalise further to
our hypergraph structure framework and to geometric interactions. To do this, we define

a subclass of hyperedge potentials. Let H be a marked hypergraph structure. Then for
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(7, w) € H with)) = (n,0,) and W = (w, 0y,), set

(7, w) = ¥(n,w) + p(n,w)(1 = s, (n)) (2.21)

where

1 ifo,(z)=0 for all pairs {x,y} € n,
() = { o(@) = oy (y) for all pairs {z,y} € n .

0 otherwise,

and ¢, : Q¢ x Q& — R U {oo}. The marks of the particles contribute to ®(7,w) only
through the d,, term. We call ¢ the background interaction and ¢ the mark or type inter-
action because (1 — 4, ) is only non-zero when hyperedges contain particles with different
marks. Let ¢ > 2, then, given a finite box A € B (R2), and an admissible boundary config-
uration £ = (£, 0¢) , the finite volume Gibbs distribution Q) AE is given by

1 P =z
QA\E(dU) = % exp [—Hi"g(a)} HAq(dw) (2.23)

where for W = (w, 0,,) € Qa,

H&(a) = Hf‘g(w) + H (@),

Hy @)= Y d@mwuo),

nEH A (WUE)

and

Hi@) = % pneu9(i -,

ﬁ=(7770n)
EH A (WUE)

From (2.23)), for fixed w € 4, notice that the conditional distribution of o, under
the condition p(w) = w with respect to @ AE is just the discrete Potts model, given in ,
on w with parameter J a function of . This is the justification given by [GH96] to call their
model a continuum Potts model. As we are working in a hypergraph structure framework,
we call the model defined by (2.23)) the geometric continuum Potts model. A Gibbs mea-
sure on (2, F), if one exists for this model, is called a geometric continuum Potts measure

with activity z and hyperedge potentials 1) and % on a marked hypergraph structure .
We will use Theorem [2.12] to show the existence of geometric continuum Potts

measures for a number of models with different geometric interactions. A phase transition

is said to occur if more than one geometric continuum Potts measure exists. We will show

18



this non-uniqueness for a number of different models. Our main tool is the geometric

continuum random cluster model which is introduced in Section 2.6

2.6 Geometric Continuum Random Cluster Model

Fix k£ € N. For the remainder of this section, let H be a marked hypergraph structure with
|n| = k, for all n € H(w). Our aim is to introduce a hyperedge process on the random
marked hypergraph structure H via a joint construction with the related geometric contin-
uum Potts model with parameters H, v, ¢ and z as outlined in Section This is akin
to the joint construction of the discrete Potts model and the Fortuin-Kasteleyn representa-
tion of [[FK72]]. Like in Section[2.3] the idea behind the random cluster representation is to
introduce the concept of open and closed hyperedges between the particle positions. This
will enable us to set up percolation problems. Our outline of the continuum random cluster
representation is adapted from [GH96]: we give the main results here for convenience and
to show they fit within our hypergraph structure framework. Let A € B(R?) and ¢ € Qye.
The construction consists of three main steps. First, we use a finite volume, Gibbs distri-
bution PX& in A with boundary condition &, marked hypergraph structure H, hyperedge
potential ¢ and activity zg > 0 to sample particles without marks. Recall, from (2.2)),
the definition of H(w) for a marked hypergraph structure and an unmarked configuration,
w € Qx. Then,

1
P ifé(d‘”):f exp | — Y(n,wU§) | I (dw), (2.24)
Al NEH A (WUE)
where
Znje 52/ exp |— Y P(nwU)| T (dw). (2.25)
a nEH A (wUE)

This gives us the distribution of particle positions in a box A given a configuration of particle

positions £, outside A. Note that £ € 25 must be chosen such that

Y Y (pwué) <o,

neH A (wUE)

for IT}! — almost all w € Q, where ¢)_ is the negative part of ¢, and also, such that
0 < Zjje < oo. Such a boundary configuration is admissible in the sense of Definition
although, in the unmarked regime, and with v in place of ®. We will view Pi‘fg as a
probability measure on 2 supported on the set 2, = {w € Q2 : wN A° = £}. Secondly,
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given a fixed set of positions, w € {25, we mark each particle in w independently with a
mark in ¥ = {1,...,¢}. This gives us a marked configuration @ € Q. We denote by A, A

the distribution of the random mark vector o, € >“, where
0u = (ow(x) : x € w).

The random variables (oy,(x))zc., are independent and uniformly distributed on ¥ =

{1,...,q}, whereas 0,(z) = 1 for z € wpe = &.

Finally, we introduce the hyperedge process by declaring each € H(w) open or closed.
Let £ be the space of locally finite hyperedge configurations. More precisely, denote the

space of all hyperedge configurations in the plane:
Ere:={n={m1,...a} CR? 121 £ ... £ a1}
and let
€ :={F C ER2: Eislocally finite} . (2.26)

Then, given w € ¢, let p, A denote the distribution of the random hyperedge configura-

tion
meHw) v =1} €& (2.27)
where (v(n)),en(v) are independent Bernoulli random variables with probability

1—e %) ifn e Hy(w),

) (2.28)
1 otherwise .

Prob(v(n) = 1) = pa(n) == {
Note that p,, A is nothing more than a point process on the space of all hyperedge configu-
rations in the plane, and can be seen as a p, thinning of the complete hyperedge set H (w).
We call a hyperedge 7 open if v(n) = 1 and closed if v(n) = 0. Ensuring all hyperedges
outside of A are open with probability one, as in (2.28)), is called the wired boundary con-
dition. The hyperedge probability is the only place that ¢ enters the construction of

the geometric continuum random cluster measure.
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Combining the above, we have the probability measure P35/ Ale On Q x & which is given by

Pl = /P A, A @ feo A - (2.29)

We address measurability in the following Lemma, and show thatw — A, A and w — fie, A

are probability kernels.

Lemma 2.13. The maps w — Ay a and w — i, A from § to S, respectively E, are
probability kernels.

Proof. Due to the fundamental properties of randomisation of point processes — see Lemma
2.4(a) of [GH96] — A, A depends measurably on w, and hence, the first result follows. For
A, let £, o denote the Laplace transform of p, . That is, for f : Eg2 — [0, 00]

measurable, we have

font= feso [~ 5 e

ner

=TI [pame® +1-pacn)]

nEH(w)

= exp [— > f(n)},

neH(w)

where

F(n) = log [e—f(n) + Lpern e P (1 — e /)]

Therefore, since f is measurable, the function w — L, A(f) is also measurable. This

implies that w — fi, A depends measurably on w. O

Let A C Q x & be the event that no two vertices with different types belong to the
same open hyperedge. Formally, we have

A= @E) €QxE:Y (1—04,(n)=0p. (2.30)

ner

Let ag denote the event that all points of £ are assigned a mark of 1. Then, from li we
see that

Pj\\g( ) > Piﬁg({f}) oA (T8 o (H(E)) = A|5({5}) ZX& el 5

hence, we can define the following conditional measure, which we call the random-cluster
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representation measure:
_ paa
Py= PA|£( - |A).

If we ignore the open hyperedges of the random-cluster representation, i.e. we
only consider w which gives us the particle positions and their types, then we obtain the

continuum Potts model with geometric interactions.

Proposition 2.14. Let pr denote the projection from Q x & onto Q). Then P 4opr—! = Q AE

Proof. Forw € Q AlE let Az be the iw—section of A in 1} That is
Ag:={F €& : (w,E) € A}
Then, by equations (2.23)) and (2.30)), it follows that for w = p(@),

pon(Az) =TI (1=pat)(1 -, (n))

neEH(w)

= exp [—Hflg(w)}
Hence, for any bounded measurable function f on €2, we have

/foprdPA = cl/AfoPrdP;q5
=1 [ Pi) [ hun(@o)f @ (43)
— e [ () [ Aoaldon) @ UE) exp [~ H} (@) ~ Hf (@)
= ¢y / I (dw) f(@ U €) exp [—Hf‘g(w) — H‘/f|£(w)] (2.31)
—a [ faQe

where c1, co, cg are relevant constants. Equation is down to the fact that f I3 (dw) Aw,A
is precisely the Poisson point process " on O with intensity measure zv ® A, . Realis-
ing that P4 and Q AJE are both probability measures, we have c3 = 1. The Proposition
follows. O

On the other hand, if we ignore the type or mark of the particles, and only consider
the particle positions together with the configuration of open hyperedges, then we will

show in Proposition that we are left with the continuum random cluster distribution
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with geometric interactions, which is defined by

1
Crje(dw, dE) := ———q¢"“F) P} (dw)piy A (dE) (2.32)
27A|§
where K (w, E), with E C H(w), is the number of connected components of the hypergraph
(w, E), including the single connected component that intersects A°, if £ # (). Note that
Pf ¢ is the same as in @ but with activity z rather than zq. The normalisation constant
Zy A|¢ 1s given by

Zonei= [ [[a P aE) Py, (2.33)
A

where the subscript 2 is just to differentiate from the normalisation constant in (2.25). No-
tice that the continuum random cluster distribution is completely mark independent and is

defined by using the wired boundary condition.

Proposition 2.15. Let p: Q x £ — Q x & be defined by p(w, E) = (w, E). Then

Pyoptl= Chle-

Proof. For (w, E) € Q x & withw € Qy¢ and H(w)\Ha(w) C F C H(w), let A, g) be
the set of mark vectors o,, € X“ such that marks are constant across connected components
of (w, F), i.e.

A(w,E) = {Jw eXv: (w, E) € Aforw = (w,aw)}. (2.34)

Under A, A there are exactly q‘mA‘ distinct mark vectors o, € X%, each of which
have equal probability. For o, € A, g), we require 0, (z) = 0y, (y) for all z and y in
the same connected component of (w, E). In particular, o,(x) = 1 for = in the unique
connected component intersecting with A¢. This gives ¢4 («.E) distinct possible markings.
Therefore,

qKA(va)

Ao (Aw,E)) = Al (2.35)

where K (w, E) is the number of connected components of the hypergraph (w, F) that lie
wholly inside A. LetEp := {E € £ : nNA # () for all n € E'}. Then, for every measurable
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function f on Q x &Ex,

/f op tdPy = ¢ /A fop Py
— 1 [ Pif(e) [ 1ma@B) (0 BN (Au)

= / Pfe(dw) / two A (dE) f (w, B)gEr@P) (2.36)

with suitable constants c;, co > 0. Equation li is due to the fact that Pi‘qg is absolutely

NA|

continuous with respect to Pil ¢ with density proportional to w — g In the case

when £ = (), the result follows because K (w, E) = Kj(w, E). In the case when & # (),
K(w, E) — Kp(w, E) = 1, so the result follows by letting c3 = caq ™. O

For any boxes A, A € B(R?), with A C A and any marked particle configuration
W= (w,04,) € Q,let

Np (@) == {r € wa 1 0y(z) = s}|, fors =1,...,¢,
be the random variable for the number of particles in A x 3 with mark s. Also, let

Naone(w, E) :=|{x € wa : x belongs to a connected component of

(w, ) that intersects A°}|.

Lemma 2.16. For all A, A € B(Rz), with A C A, the functions Ky : Q x £ — N and
Naope : Q x £ — N are measurable.

Proof. Let
B:={(z,y,w,F) e R?xR?* x Q x £ : 2,y € w,x # y and x>y}
where z<y denotes that x and y are connected in the graph (w, £ N H(w)). Also, let

By = {(z,y,w,E) ER*xR*x Q x &:
z,y€wandIn € E: {x,y} Cn}

and, forn > 1

Bh1 = {(z,y,w,E) e RZxRZx QO x & : ZlBl(x,U,w,E)an(v,y,w,E) > 0}.

vEW
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Therefore,

B:UBn.

n>1

Since B,, is measurable for any n, so is B. Now, for k > 1, K\ (w, E) > k if and only
if there exists k distinct points 21 # --- # w3, in wp such that, for each pair z;, x;, with
1<i<j<k, (x,25,w, E) € B More precisely, Kx(w, E) > k if and only if

Z H ]-{rﬁémj}]-Bc(xivxj?w)E) >0,
T1,e, T EWA 1§7'<]§k

which gives us the measurability of K. By noticing that

NAHAC(waE) = Z g(x,w,E)

TEWA

with g(z,w, E) = 1if 3 ., 1p(2,y,w, E) > 0and g(z,w, E) = 0 if not, we also see

that Na . Ac 1S measurable. ]

The final proposition of this section states a relationship between Na 1(@) in the
geometric continuum Potts model and the percolation property of the geometric continuum
random cluster model. It is this proposition that forms an integral part of the proof of phase
transitions in continuum Potts models with various geometric interactions. Notice that our
choice of wired boundary condition with all particles with mark 1 was arbitrary. The same

applies to each of the marks s € X and each random variable N .

Proposition 2.17. Forall A, A € B(R?), with A C A,
/(QNA,l = Na)dQpg = (q— 1)/NA<—>ACdCA|§- (2.37)
Proof. By Proposition and (2.34), the left hand side of (2.37) is equal to

P [ Pit(de) [ noatdr) 3

TEWA

/ wA dgw)(ql{a (z)=1} — 1)
(w,E)

Now suppose that x is connected to A¢ in the hypergraph (w, F'), and hence o, (x) = 1 for
all o, € A, p). It follows that

/A Ao (dow)(qlio, (m)=1y — 1) = (¢ — DAwa(Aw,B))- (2.38)
(@.E)

On the other hand, if z is not connected to A€ in the hypergraph (w, E), then the mark

o, (z) is independent of A, g, under the measure A, 5, and takes values in {1,...,q}
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with equal probability. This implies that

/ Ao A(dow)(qlis, (2)=13 — 1) = 0. (2.39)
Afw, )

Therefore, by (2.38)), (2.39) and Proposition [2.15] the result follows. O

2.7 Percolation in the Geometric Continuum Random Cluster
Model

In the next chapters, we investigate several different geometric hyperedge potentials for
background and type interactions. For each of these models, we will establish the existence
of percolation in the geometric continuum random cluster model Cyj¢ when ¢ > 1 is an
arbitrary parameter, 2 is sufficiently large and for other appropriately chosen parameters,
for the pseudo-periodic boundary condition & € r Ac Where T was defined in and M
and I' are chosen such that (U) is satisfied. More precisely, let

A= | V().

ke{—n,...,n}?

for large n € N, where V(k) is given in (2.18). We show that for any A € B(R?), there
exists ¢ > 0, such that for all A, D A, and for all £ = (£, 0¢) € T

/C’Anm(dw,dE)NAHA%(w,E) > c. (2.40)

This is the main result upon which the proof of the phase transition in all our different mod-
els is based on, and is analogous to the statement of Proposition 3.1 in [GH96], but adapted
to the hypergraph structure. The proof of (2.40) is deferred until later, but supposing it is
satisfied, we can relate it to the notion of a phase transition in the geometric continuum

Potts model. We give an outline of the main arguments here.

Assuming that the couple (®, H) satisfy (R), (S) and (U), a Gibbs measure is con-
structed as a limit of Gibbs distributions in boxes A,. Let & = (¢, o¢) € r A¢ such that
o¢(x) = 1 for all z € £ be a pseudo-periodic boundary condition with mark 1. The up-
per regularity (U) and stability (S) conditions then show that E is admissible for A,, and z.
Therefore,

Qn = QAHE o er}L

is a Gibbs distribution in A,, with boundary condition ¢ and activity zq, projected to A,,. Re-
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call the matrix M € R?*2 from and let P, be the probability measure on (£, F) such
that the marked configurations in the disjoint boxes A, +(2n+1)Mk, k € Z?, are indepen-
dent with respect to P, and have distribution (J,,. Rather than obtaining a full asymptotic
translation invariance now, we first confine ourselves to the skewed lattice translations, in

recognition of our cell structure. So we define the spatial average of P,

~

1
Pu=1i] 2 Paodi
n’ieL(n)

where L(n) = A, N MZ2. To obtain a limit for the sequence (}3”)”21, a suitable topology

must be specified. A measurable function f : Q — R is called local and tame if
f(@) = f(@a) and [f(@)| <aNa(w)+b

forallw = (w, 0,,) € 2, some A € B(R?) and suitable constants a, b > 0, where N (w) is
the counting variable defined in (2.I). The set of all local and tame functions is denoted by
T . The T—topology, on the set of all translation invariant probability measures on (2, F),
is defined as the smallest topology for which the mappings P ~ [ fdP are continuous,
where f € T. It can be shown that there exists a subsequence of (]3”)”21 which converges
in the 7—topology. The limit of this subsequence P, once found, cannot be shown to be
concentrated on admissible configurations, see [DDG10], and so it is not known to be Gibbs.
However, since P is non-degenerate, it follows by the Range condition (R) and Remark
that

P = P(-[{0}")

is a Gibbs measure and hence, a Delaunay continuum Potts measure for H, ® and z, and
invariant under the skewed lattice translations. To obtain full translation invariance under

(92)zeRr2. the spatial average of P,

1
) 2100 - Pov; de,
IV(O)] Jv(0)

is taken. The superscript identifies the choice for the marks of the particles in the boundary
when constructing ]Sn An application of li and Proposition shows that

/ (qNa1 — Na)dP, = (g —1) / NaospedCly, e (2.41)

>(q—1)ec. (2.42)

Since Na 1 and N are in 7, the same inequality holds after replacing ﬁn by P, Since
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P s symmetric under changes to the marks 2, . . ., g, this means that
/(qNA,1 — Np)dPW > /(qNA,2 — Na)dPW = ... = /(qNA,q — Na)aPW.

Fort € {2,...,q}, let P® be the translation invariant, Delaunay continuum Potts measure
which is obtained from P(!) by switching the marks 1 and ¢. It is then evident, that there ex-

ists g distinct translation invariant, Delaunay continuum Potts measures — a phase transition.

The only missing step so far, is the proof of (2.40), i.e. the existence of percolation
in the Delaunay continuum random cluster models. This depends heavily on the specific
model in question, and is the dedicated work of this thesis — it forms the bulk of Chapters
3 and 4. Although we use different techniques for different classes of model, we present
here a theme that runs through each: a relationship involving the existence of percolation
for geometric continuum random cluster distributions Cy ¢ and the existence of percolation
in certain site percolation models. Let M, ¢ be the distribution of particle positions given

by the marginal distribution Cy (-, £). We can then write Cyj¢ as follows:

Cajeldw, dE) = Myje(dw)pl?) (dE), (2.43)
with
K(w,FE) dE)
(9) dE) = q Nw,A( 2.44
Mw,A( ) f qK(w’E),UJw,A(dE) : ( . )

Let 11, be an alternative distribution of open hyperedge configurations where each hyper-

edge 1 € H(w) is declared open with probability

pA(1n) = Ply= () (1), (2.45)

and closed otherwise, where H*(w) is some subset of H(w) and p € [0, 1]. Instead of
declaring hyperedges as open or closed, we may wish, instead, to declare the mark of each
particle. This leads us to the definition of a continuum site percolation model, CN‘/“\‘E, with the

same distribution of particle positions as our geometric continuum random cluster model.

We write
SN (dw) = Myje(dw) Ay (dw), (2.46)
where )\, denotes the distribution of the random vector o, = (0, (z) : € w) with
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elements in X, where (o, (z))zcw are independent random variables with probability
Prob(o,(z) =1) = ply=(x). (2.47)

Using the same arguments as in Lemma L, we see that the map w = Ay is a
probability kernel from 2 to 2. Note that the value of p is the same as in ( and w* C w
is the set of points of w that build the hyperedges in H*(w). Finally, define the event that
there is a path that intersects both A and A€ and is made up of points of mark 1 connected

by edges in the reduced hypergraph H*(w). That is:

{A & A} = {EEQX{1}:3x1,...,xn€wwithx1EA,anAC

andfori=1,...,n—1, In € H*(w) : {zs,zit1} C 77}. (2.48)

Proposition 2.18. Let [i, and Ao be as in (2.45) and (2.47). Then, if ,uEJq)A >= [y, we have
forall A, A € B(R?), with A C A

/NAHAchAf > C’/S\ITZ({A — AC})

Proof.

/CA|§ dw dE)NAHAc /MA|5 dw /,U,MA dE NA(—)AC( E)
> /MA|§<dw)/,&w(dE)NAHAC(va)
> [ M) [ BBV oy (0. )

/MA|£ (dw) / w(dow)liasne) (W, 0w)
Ne{A &A%Y,

where the first inequality is a direct application of the assumption in the statement of the
Proposition (since Na«sac 1S an increasing event), and the third inequality is due to the fact

that site percolation implies hyperedge percolation. O

We have shown that to prove the existence of percolation in a geometric continuum
random cluster model, it is sufficient to show percolation in a suitable continuum site model.
This is essentially the work of the next two chapters as we investigate several different

geometric hyperedge potentials for background and type interactions.
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2.8 Voronoi tessellations and Delaunay triangulations

Having outlined general hypergraph structures and marked hypergraph structures in Sec-
tion[2.2] and continued in this generic way up until now, we turn towards our main object of
study: the Delaunay hypergraph structures. It is these so called ‘nearest neighbour’ hyper-
graph structures that underlie the models we present in Chapters 3 and 4, so we introduce
them now. One way to define a nearest neighbour hypergraph structure is to look at Voronoi
tessellations. A Voronoi tessellation is a decomposition of a metric space (in our case R?),
into a discrete set of objects which we attribute the label Voronoi cells. Given w € 2, each
point # € w lies inside its own Voronoi cell Vor,(x): the set of all points in R? that are

closer to x than any other point y € w. That is
Vor,(z) ;== {2 € R*: [z — 2| < |2’ — z[ forall2’ € w}. (2.49)

Often easier to work with than Voronoi tessellations, are Delaunay triangulations.
The Delaunay triangulation of a given spatial configuration w € €2 corresponds to the dual
graph of the Voronoi tessellation. It is straightforward to construct the Delaunay triangu-
lation from the Voronoi tessellation — just join, with an edge, any two points of w whose

Voronoi cells share a 1-dimensional face. The set Del of Delaunay hyperedges is given by

Del := {(ﬁ,w) € Qy x Q:7 C @and 3 an open ball B(7,®) C R* with

wn

—~

OB(7,®) x ) = fand w N (B(7, ) x ) = (2)}. (2.50)

Clearly Del is a marked hypergraph structure, indeed, Del(w) is the set of hyper-
edges on w. These include all singletons, edges and triangles of the Delaunay triangulation.

Other, less general marked Delaunay hypergraph structures include the subsets

Del, = {(7,w) : 7 € Del(w), |p(7)| = k}, for k € {1,2,3},

which we call the singletons, edges and triangles of Del respectively. For w = (w, 0,,) € €2,

the set of marked hyperedges of @ is
Dely(w) = {77 : (7,w) € Del}.

We will also make use of Del(w) and Dely(w): the sets of unmarked hyperedges of w, as
defined in (2.2). It is possible that for some 77 € Del(w), |7| > 3 i.e. 7 is neither a singleton,
edge, nor triangle. This happens when 7 consists of four or more points whose positions

lie on a circle in R? with no points of p(@) inside. In fact, for this not to happen, we must
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consider configurations in general position as in [M@94]]. More precisely, this means that no
four points lie on the boundary of a circle and every half-plane contains at least one point.

Fortunately, this occurs with probability one for our Poisson reference measures 117 and .

In Chapters 3 and 4, we will make use of the following two classes of Delaunay

hyperedge potentials. The first consists of pair interactions of the form

90(777"‘)) = ¢(|‘T - y|) forn = {.’E,y} € DelQ(w)’

which take the ‘length’ of an edge as argument. The second class consists of triplet interac-

tions of the form
80(7—7(“)) = qb(ﬁ(T)) for T € Delg(W),

where 3(7) denotes the smallest interior angle of a triangle 7.
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Chapter 3

Delaunay Potts models with infinite
range

3.1 Introduction

In [BBDO3]], the authors prove the existence of a phase transition for the nearest-neighbour
continuum Potts model with finite range type interaction on the Delaunay graph. We extend
to the case of infinite range, giving a presentation of different results, also seen in [AE15]],
by the same author of the thesis. We work in the hypergraph structure framework presented
in Chapter 2]

3.2 Hardcore background interaction

The models that we consider in this Chapter are those with a hardcore background inter-
action ¥ between pairs of particles, or edges, in Dely or triples of particles, or triangles,
in Dels . For fixed g > 0, we give an infinite energy to hyperedges that contain particles
of distance less than g to each other. This guarantees, with probability one, that particles
cannot get too close. We show, in Lemma [3.1] that these interactions are equivalent to the
classical case of a hardcore repulsion between all pairs of particles that form a hyperedge

in the complete hypergraph CG. In particular, let the background interaction satisfy

1/J(|ZE1 — l’g’) for n= {:L‘l,SL'Q} S CGQ(CU),
$(n,w) = 4 (- ) for n={z1,2} €Del(w), (1)

¢ (mini<icj<s @ — aj])  for n={z1, 22,23} € Delz(w),
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where CGz(w) is the set of all pairs of particles in w and ¢ : R — R U {00} is defined as

Y(r) = (3.2)

+oo ifr < dg,
0 otherwise.

Lemma 3.1. Let w € Q. Then,

ep = S wmw)| =em |- S wmw)|=ew |- 3 winw)

n€CG2(w) neDels (w) T€Del3(w)
3.3)

Proof. The second equality in (3.3) comes directly from (3.2) upon realising that every
triangle 7 € Dels is made up of three edges n € Dely, but equally, each edge n € Del, is
the subset of a triangle 7 € Dels. The first equality needs some more work. We begin by
defining the sets of hyperedges in Dels(w) and CGy(w) that contribute an infinite energy to
the sums in (3.3). Let

HC : = {n € Delz(w) : ¥(n,w) = oo}
= {77 = {xl,xg} S Delg(w) : |x1 — ZL’2| < 50},

and

HC, : = {n € CG2(w) : Y(n,w) = oo}

={{z1,22} €w:x1 # 2 and |21 — 22| < o}-

If we can show that HC, = () & HC = (), the Lemma will follow. It is trivial to see that
HC C HC, because each hyperedge € Dels(w) comprises exactly two disjoint particles
x1,%2 € w. Therefore, HC, = () = HC = (). The other direction is a little more tricky.
We make use of the set Vor,, () C R? defined in , and also its boundary, denoted by
OVor,,(x). Suppose {71, 22} € HC, and let 7172 C R? be the line segment between

and x2 given by
T1T3 = {z € R*: 2 = 21 + (w3 — x1)t for some t € [0,1]}. (3.4)

Take y to be the midpoint of 173 so that |[x; — y| = |z2 — y| < Jp/2. Obviously,
if {z1, 22} € Dela(w), we are done, so assume {z1,z2} ¢ Dela(w). This implies that

y ¢ Vor,(z1) and y ¢ Vor,(x2). Let ¢ be the furthest point away from x; on Tz such
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that 4 € Vor,(z1):

y/ =x + (x2 - xl)tmax

where

tmax = Sup {t tx1+ (562 — :El)t S VOI'w(:El)}.
te[0,1]

By the convexity of Vor,, (1), we have |21 — /| < |z1 — y| < do/2 and v/ € OVor,(z1).
Therefore, there exists some x3 € w\z; such that ¢/ € dVor,(z3) also. In particular,
Vor,,(z1) and Vor,,(x3) share a 1-dimensional face, {1, z3} € Dely(w) and

|J,‘1 —x3] < |$1 —y/\ + \xg—y/| < 50/24—50/22 do.

Hence, n = {x1,z3} € HC and therefore HC = () = HC,. = {). O

3.3 Type interaction

We also use a type interaction ¢ on hyperedges of Del,,, (w), form € {2, 3} that do not share
a common mark between particles. This type interaction will depend on a parameter A > 1
which acts as the inverse temperature for type interactions. For large A the type interaction
is strong. All of the type interactions in this thesis will be positive and will satisfy the local
horizon property (2.13)), i.e. the hyperedge potential will only depend on the hyperedge and
not of the neighbourhood of the hyperedge. For a marked configuration w = (w, 0,,) € Q,
the Hamiltonian in a box A € B(R?), with boundary condition £ = (£, 0¢) € Qe is given
by

Hye@= > dhwud+ D pnwul—d,m) G

nEDely, (wUE) (n.01) EDel,y, (GUE)
N na7£D

where d,, is the indicator defined in (2.22)).

3.4 Existence

In order to show the existence of a Gibbs measure for the Delaunay Potts model with hard-
core background interaction and type interaction as described above, we use the results of
[DDG10] that we adapted in Section[2.4.1] and generalise to our new setting of twin hyper-
edge interactions ¢ and . We will see that we do not need to explicitly define ¢ at this

point — for existence of Gibbs measure, we only require that it is positive and satisfies the
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local horizon property.

Proposition 3.2. For all z > 0, A > 0 and 69 > 0, there exists at least one Gibbs
measure for the Hamiltonian given in ([3.5). Such a Gibbs measure is called a Delaunay

Potts measure.

Proof. For (7],w) € Dely, with7j = (n,0,) and @ = (w, 0,), we will apply Theorem [2.12]

to

O(M,w) == Y(n,w) + p(n,w)(1 = g, (n))-

Therefore, if we can show that the couple (5, Del,,) satisfies the (R), (S) and (U) con-
ditions, we are done. By the definition of Del given in (2.50), there exists an open ball
B(m,w) C R? withw N (0B(M,w) x ¥) = 7 and w N (B(4,w) x X) = (). By setting
A = B(7,w), the range condition (R) follows from our local horizon assumption (2.13).
Stability (S) follows because ® > 0. For the upper regularity condition (U), we start off by
defining the matrix M, from so that V (k) take the form of squares of side length L:

L
M = 0 ,
0 L
with L to be determined later. Furthermore, for any V € B(R?) and any real > 0, let

Ver:={zrxeV:B(z,r) C V} (3.6)

and define I'* as the set of all configurations that consist of a single point of R? x s, whose
projection under p lies in the Borel set D := V(0) © g, where V(0) is defined in (2.18]).

In particular, let
I*:={@w e Qy():w= {7} forsome T € D x s} . (3.7)

This gives our first constraint on L: it must be larger than 2dy. The translations ¥, € © do
not alter the marks of a marked configuration, therefore, we obtain a set of pseudo-periodic
marked configurations fs, defined in , with each w € T consisting of only particles
of a single mark. The particle positions are also distance at least dy from their neighbours,
so using Lemma we conclude that cp = cj{) = 0. Uniform confinement and uniform

summability both follow whilst strong non-rigidity is satisfied if
z|V(0) & o] > eP,

or equivalently, if
L> Z_l/ 2 + do.
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Therefore, we choose L to satisfy
L > max {250, 5o + z*l/Q} . (3.8)

O]

Remark 3.3. Note that Proposition holds for the particular case that dg = 0. This is

equivalent to there being no background interaction at all, or to ) = 0.

3.5 Non-uniqueness

In order to show a phase transition for such a system, we first show percolation with re-
spect to the continuum random cluster model associated to the Hamiltonian in and
then use the theory from Section Before embarking on a proof of percolation for this
conveniently named Delaunay random cluster distribution C'y|¢, we give a brief outline of
the techniques and main ideas that we use. We aim to show that percolation occurs in Cy¢,
for constants z and A large enough, and for suitable pseudo periodic boundary condition
&. We show this by finding a stochastically smaller measure C Al¢ and a corresponding site
percolation model NXE We then show the existence of site percolation under ~X\t§ using a
coarse graining technique and by bounding the expected change in K (w, F') as a point x
is added to a configuration w € (2. Finally, we use Proposition to show percolation in

Cle- The phase transition result of Theorem [3.13| then follows.

3.5.1 Coarse graining

We use a coarse graining technique to compare the Delaunay random cluster model with
site percolation on Z2. We set up the coarse graining procedure in the following. Let
A € B(R?) be a rectangle made up of a finite union of square boxes, Ay, each of side
length 9L, for some L > 0. That is, for some I C Z?

A= U AVEE (3.9
(kD)el

We also split each of these smaller boxes into 81 tiny square boxes (or cells) of side length
L:

8
Ay = U AL (3.10)
1,j=0
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Figure 3.1: The shaded areas show the central band C’B,f: k+1,1 Of two boxes Apgand Apiq;
in an L-splitting of A. The set of hyperedges H. kL pt1.1(w) is also shown.

This is called the L-splitting of A. Given an L-splitting of A, we define the central band of
AkJ @] AkJrLl to be

4 4
CBEpir = <U Aﬁj“"‘) u (U AgiLl) : 3.11)
1=0

=0

Given w € €, let Hf, | ;(w) be the subset of triangles of Dels(w) whose circumscribing
circle has a non-empty intersection with C'B ,f kt1.0» See Figure More precisely,

Hiyq(w) == {7 € Dely(w) : B(1,w) NCBiy 1, # 0} (3.12)

Indeed, for boxes Aj; and Ay ;41 we consider a possible vertical connection by defining
CB,f’ 141 and H, kL 1141 (w) analogously. In the following, we limit ourselves to the horizon-
tal case, however, due to rotational symmetry, all definitions and results hold for the vertical
case t0o. Define the event I, ; that all small boxes AZJZ C Ay, contain at least one point of

w. Precisely:

8
Frp= ) (wn Ay >1). (3.13)

4,7=0

In order to use a coarse graining technique to compare to site percolation in Z?2, we require
a method to ensure adjacent boxes are connected with high probability. The following def-

inition will allow for this. Recall that the role of the inverse temperature A is encapsulated
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inside the potential ¢.

Definition 3.4. The Delaunay random cluster distribution C ¢ with v and ¢ as above is
called coarse-grain ready (CGR) if there exists constants U1 > 0 and Us > 20q such that
forallw € Fk,l N Fk+171,

p(n,w) > U1) >0

forallnC 1 e H,ﬁkH’l(w) and L € [259, Us).

The condition of Us ensures that we can choose a splitting of A with boxes of side
length at least 2d. This becomes important in Lemma[3.9] Different potentials ¢ will give

different values of Us and hence, varying ranges of acceptable box length L.

3.5.2 Papangelou conditional intensity

Definition 3.5. Let v on (2, F) be absolutely continuous with respect to the Poisson point
process I1* and denote by f : Q — [0, o) the Radon-Nikodym derivative given by dv /dIT?.
The Papangelou conditional intensity for v with respect to 117 is then defined by

flwu {z})
flw) -

forw € Qand x € R*\w.

Roughly speaking, the Papangelou conditional intensity, see [DVJOS], can be seen
as the conditional intensity for finding a point at =, given the configuration w. Let m €
{2,3} and recall from the continuum random-cluster distribution, which is colour
independent and given by

1
Crje(dw, dE) := ———q¢"“F) P, (dw)puy A (dE) (3.14)
Z2,0l¢ 7
where K (w, F), with E C Del,,(w), is the number of connected components of the graph
(w, E) and Z,, Al¢ 1s the normalising constant defined in lb Let My ¢ be the distribution

of particle positions given by the marginal distribution Cy (-, €) and recall from |b that

Caje(dw, dE) = Myj(dw)pl?) (dE), (3.15)
with Kol
W@ (ag) = 4o (dE)
i J a5 @By A (dE)
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We define hy to be the Radon-Nikodym derivative of My ¢ with respect to Pil ¢ That is:

ha(w) = Zy 5 / K @By, A(dE). (3.16)
The Papangelou conditional intensity for M ¢ with respect to Pil ¢ is then given by

ha(w U {z})

3.17
on (@) (3.17)

forw € Q and 2 € R?\w. The second thing we need in order to use a coarse graining
technique to compare the Delaunay random cluster model with site percolation on Z?, is to
exhibit some control over the distribution of particle positions My ¢. For this control, we
require a lower bound on the Papangelou conditional intensity (3.17). In particular, we state
the following condition.

Definition 3.6. The Delaunay random cluster distribution C\¢, with ¢ and ¢ as above,
has bounded Papangelou conditional intensity (BPI) if there exists o > 0 (depending on
and ) such that, for any finite box A € B(R?), My e — almost all w € Q¢ and a point
xo, with g € A\w,

ha(w U {zo}) ——

3.18
hon (@) (3.18)

3.5.3 Percolation

Proposition 3.7. Fix q € [1,00). Let 1 be a hardcore background interaction satisfying
(B-1) and (3.2) and let ¢ be a type interaction on hyperedges of Del,,, dependent on param-
eter A. Suppose the Delaunay random cluster distribution C ¢ corresponding to v and ¢
is coarse-grain ready (CGR), has a bounded Papangelou conditional intensity (BPI) and
that z and A large enough. Then, for all A € B(R?), there exists ¢ > 0, such that for all
A DA, andforall € = (€, 0¢) € Tac,

/CA|£(dwvdE)NA<—>AC(waE) > c. (3.19)

Remark 3.8. Note that, despite the need for ¢ € N in the Delaunay random cluster rep-
resentation of the Delaunay Potts model, Proposition 3.7 holds for all real ¢ > 1, and
hence for many more random cluster models than those with corresponding Delaunay Potts

models.
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For the proof, we use the coarse graining framework described in Section to

compare (:“j\l‘tg from li to site percolation on Z?2. In particular, we show that the condi-

tional probability (with respect to C’j\l‘tz) that a box Ay ; is ‘nice’ — given the configuration

outside Ay, ; is admissible — is larger than pite(Z2): the critical probability for site perco-
lation on the integer lattice. Of course, this guarantees an infinite chain of ‘nice’ boxes.
If we define ‘nice’ boxes in such a way that an infinite chain of them implies an infinite
path of edges in the Delaunay graph passing only through points of mark 1, then we have

percolation for CN’[SX‘E This is made rigorous in Lemmas and [3.10| below. Then, once
(9)

we have shown the stochastic domination of p "y over fi,, in Lemma|3.11} Proposition

follows from Proposition [2.18

An important component of the discretization method is to estimate the conditional
probability that at least one point of the configuration lies inside Ay ;, given the configura-
tion outside of Ay, ;. To begin, let A C A and write

Mg, B) = [ [ 5/, O (0T o (0")
for A € Fa, B € Fa\a and § € Q) where f is given by
fW " €)= ZXéhA(w' Uw’Uf) exp[—H}’\bK(w' Uw’)] (3.20)

and Z ¢ is the normalising constant from @P but with ¢ = 1. The marginal distribution
of the point configuration inside A\ A is then given by
A\A
Mg (de”) = faya ()T o (dw"),

where the density fu\a(w”) = fQA (W' " EIIA (dw'). Now, let
(") f(w’,w”,{)/fA\A(w”) for all w” such that fA\A(w”) #0,
W) =
g an arbitrary density fo(w’)  for all w” such that fa\a(w”) =0

(3.21)

and define
MA|€(A’OJA\A = w”) = / g(w’|w”)HZA(dw’) forall A € ]:A.
A

Call g(w'|w") the conditional density (relative to M) of the configuration inside A given

that the configuration in A\A is equal to w”. We check that My ¢(Alwpa = w”) is a
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regular conditional distribution. Indeed,

[ [ atenma@niny® @) = [ ][ o @) fua @i s

B /Bms [ A Wﬂi(dw/)] fava (@3 A (dw”)

— [ [ e O T ()
BNS JA
= Mye(A, B)

- /B Myje(Alona = ")ME ().

Thus, [, g(w'|w”)IZ (dw') = Myje(Alwpaya = w”) almost surely with respect to MA|\§

and so works as a version. We note that
W W EITA (dw')
LS LMY
faaw”)

W) /A Folw!)TT (du)
(3.22)

[ st ) = 15

is measurable on (2\a, Fa\a) for any fixed A € Fa, and acts as a probability distri-
bution for any fixed w” € Qp\a. Thus, [, g(w'|w”)IT4 (dw') defines completely a reg-
ular conditional probability distribution. For brevity, we will write My aj¢(-) instead of

Mpje(-lwaa = ") where £ = W U € Qac. It follows, together with 1D and 1}
that for any admissible boundary configuration &’ € Qac,

My (A) = Z3h o /A ' U €) expl—HY (o' U o)A (d)

~Zikje [ i@ U eI TR (@), 323

where the second equality is due to the fact that £ is admissible and ) is a hard core

potential. The normalisation constant is given by

Znaler = Zaje faya(W”).

% and L € [20¢, Us] where Us is as in Definition Then, we

have the following lower bound on the probability that a small box, AZ’J in the L-splitting

Fix € =

of A, contains at least one point of w.

Lemma 3.9. Let z > zp := of boxes A € B(R?), and
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for any pseudo-periodic boundary condition £ € r A

MAvv‘gl(lwﬂV\ > 1) >1-— Sil

for all cells V = AZJZ of the L-splitting of A and for any admissible boundary condition
& € Qye, with él\A =¢

Proof. We make use of the fact that

X _n
Fe(dw) = eV 20 [ f({an,. o) )day - day, (3.24)
=0 n! vn
for any bounded measurable function f : Qy — [0, 00). It follows from (3.23), that

Myve(wnv]=1) e Vz fgexp |[~HE o ({z})] haw U {a})da

My vig(lwnV|=0) e=IVIhp (w)

= z/vexp [—H@K,({x})] W

> [ e [~ (o)) do

dx

using the (BPI) condition. Let Vo C V be such that V © §y = V(. Then, by splitting the

integral, we obtain

My e (lwnV|=1) - / .
’ >q “z exp |—Hg,.,({z dx
My v (lwn V| =0) v { v })}

+/V\V exp [—H%g({x})] dx) (3.25)

>0

Rl A D SRR )| ey
Vo {@,y}EDely (£'U{z})
where the integrand in the penultimate term is equal to 1 since |x —y| > &g forally € £'. Tt
is apparent that | V| > 0 because of our assumption that §p < % and that V has side length
L. Thus,

(67

q €
< JE—
z|Vo| 81

for z > zg. O]

My vje(lwnV]=0) <

We now introduce site percolation which we will use in our comparison argument.
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Recall the hyperedge drawing mechanism i, o described in (2.28). Given w € €, let i,
denote an alternative distribution of the random hyperedge configurations

{neMw):vmn) =1}
where (v(1)),c/(w) are independent Bernoulli random variables with probability

1 —exp (—¢(U1))

PrOb(U(ﬁ) = 1) = ]5(77) = 1+ (qm‘*l — 1) exp (_SD(Ul)) 1Deljn(w)(7])v (3.26)
=
where, for m € {2, 3},
Del*, (w) = {n € Delyy (w) : (1, w) > @(Ul)}, (3.27)

and U is as in Definition [3.4] Note that unlike py of (2.28)), p has no dependence on the
box A. Note also that p is increasing in A, although to reduce excessive notation, we don’t

explicitly write this. Recall the definition of the continuum site percolation model from

(2.46):
N (dw) = Myje(dw) Ay (dw),

where ), denotes the distribution of the random vector o, = (0, (z) : = € w) with
elements in X, where (0,,()),ec. are independent Bernoulli random variables satisfying
Prob(o,(x) =1) = PLpels (w) (z) (3.28)
and
Prob(oy(z) # 1) = 1 — plpeis (u) (@)

where p is given in (3.26) and Delj(w) is the set of points that build the hyperedges of
Del, (w).

Lemma 3.10. Let z > zy and A > Ag where zg is given in Lemma 3.9 and

L (g1 = )01 - oot
Ap = Ul_1 log

1— (1 _ 6)”(9U26£250)2

Then, there exists ¢ > 0 such that
CRe{A & A} >c>0
for any box A € B(R?), any finite union A of boxes, and for any pseudo-periodic boundary
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condition £ € fAc.

Proof. LetV = Aw By Lemma we take z large enough such that, for all configura-
tions £’ € Qye, w1th£ \A =¢&,

My vjg(lwnV]=0) < 81 (3.29)
This implies that, for all configurations £” € Qac with &"\A = ¢,
M nv|=0) M NV =)Mo, (d
Aaen(lwn V)= Avlerue(lw NV = 0) M e (dC)
A\V
AW
< 6/81/ My Nen (dC)
A\V

— ¢/81, (3.30)

where the inequality is due to the fact that " U ¢ € Qye, and hence satisfies the conditions
for (3.29). Recall from |i the event Fj,; that all small boxes A};Jl C Ay, contain at

least one point of w and notice that

8
Mp Ajer(Frg) > 1 — Z My ajer(jw VAR =
ij=0

0)>1—e

Let Cy, € F be an event such that each small box Aw C Ay, contains at least one point
and all points in Ay ; N Delj(w) are of mark 1:

Cry = {0 = (w,0,) €Q:w e Fy and o,(z) = 1 forall z € Ay N Delf(w)}.

Recall from (3.28), that under C’Zifl‘g,,, a point T € w, where p(T) € Ay, N Delj(w),

has mark 1 with probability p. Also note that the maximum number of particles in Ay ; N
Delj(w) is no larger than the maximum number of particles in wa, ,. Hence, by the hardcore

background interaction,

(9L + 28)?

=: M.
7r5[2)

|wAk,l N Dely, (w)| <

Therefore

C z|€”(0kl /MAA l\ﬁ”(dw)l{sz}( w)p i

> (1 —e)pM. (3.31)
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However, by taking A > Ay, and since L < Us, we obtain that

1 — exp[—¢(U1)] e #5%502 — (1 - /M
1+ (g=1 — 1) exp[—p(Uh)] = {mommn = =g

=
and hence 5™ > (1 — ¢). Combining this with (3.31), it follows that for all A > Aq,

CRY e (Cri) = (1= €)® > 1= 26 = p*(Z7). (3.32)
Then, by standard percolation results, there exists, with positive probability independent of
A, a chain of boxes A; j from Ay ; C A to A° such that C; ; occurs for each. It remains to
check this implies { A <> A¢}. Recall the definitions for the central band C'B ,’; k1, and the

subset of hyperedges H kL kil ;(w) given by l) and li respectively and let

H,,(w) = {n € Del,,(w) : 37 € H,ik+17l(w) :nC T}

be the subset of hyperedges of Del,,,(w) that build the triangles of HL, 41,(w). Suppose
W = (w,0u) € Cky N Cry1,- Then, since Cy ¢ satisfies (CGR), it follows that ¢(n,w) >
o(Ur) > 0 for all n € H,,(w). Therefore Hy,(w) C Del’,(w) and hence, o, (z) = 1
for all z € H,,(w). Therefore, we can connect Ai’j to Aif—l,l in the~graph Del’, inside
Ay 1 UAg41,, through points of mark 1. Hence, using 1i we have CXTZ({A « A°}) >
c>0.

O

Finally, we show that i, is stochastically smaller than ,uo(Jq)A using the following

Lemma. This completes the proof of Proposition

Lemma 3.11. Forall g > 1 and w € §Q, we have ug{)A = L.

Proof. Fix n € Del,,(w). Then, considering (3.27), it follows that

p(n) _ 1 —exp[—p(n,w)]
gM=1(1—p(n)) g1 exp[—p(n,w)]
1— eXp[—Ul(A)]-Delfn(w) ()]
= g1 exp[—U1(A)1perr () ()]

_ 1- exp[—Ul (A) 1Delfn(w) (77)] q|7l|—1 GXp[—Ul (A) 1Delfn(w) (77)]
L+ (gM=1 = 1) exp[~U1 (A)Lpers, ) ()] / 1+ (g"=1 = 1) exp[~U1(A) 1perz, () (0)]

_ b
1—p(n)

The result then follows from Proposition [2.3] O
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3.6 Model 1 — Delaunay Potts model with restricted triangles

The first model to consider is one with a hardcore background interaction 1) between triplets
of particles, or triangles, in Dels as described in and (3.2). We also use a type inter-
action ¢ between triplets of particles, or triangles, in Dels that gives a positive energy to
triangles without a common mark between its particles. This interaction will depend of the
smallest angle inside a triangle. In particular, fix 5y € (0,7/3] and let the type interaction
satisfy

o(r,w) = p(B(1)) for 7 € Dels(w),

where 3(7) denotes the smallest interior angle of a triangle 7 and ¢ : [0, 7/3] — RU {00}

18 defined as

©(0) = (3.33)

A otherwise,

{ 0 iff < B,

where A assumes the role of inverse temperature and controls the level of the type inter-
action. This is an infinite range type interaction as it can act between triplets of particles
far away from one another, providing they form a hyperedge in Dels and do not share a
common mark. For a marked configuration @ = (w, ,,) € Q4 and an admissible boundary

configuration £ = (, o¢), the Hamiltonian is given by

HEE@: Y. v(rwud+ Y pnwuA-6,(r) (334

T€EDel3 (wUE) (1,0+)€EDels (WUE)
TA #Q TA 75@
where J,, is the indicator defined in (2.22). Since v is a hardcore background interaction
and ¢ is non-negative and satisfies the local horizon property, the existence of at least one
Delaunay Potts measure for the Hamiltonian (3.34) follows from Proposition

Remark 3.12. In this model, we have specified o to be a step function. In later models, we
look at other functions for o, including those that depend more smoothly on 6 € [0, /3].

Theorem 3.13. For all o > 0 and By € (0, ﬁ] there exists zo = zo(Bo,d0) and Ay =
Ao (Bo, 00) such that for z > zy and A > Ay, there exists at least q different Delaunay Potts
measures for the Hamiltonian

To prove Theorem [3.13] we show that the Delaunay random cluster distribution
C ¢ corresponding to 1 and ¢ is coarse-grain ready (CGR) and has a bounded Papangelou
conditional intensity (BPI). Then we apply Proposition
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(©

(e) ®
Figure 3.2: Inserting a point x into a configuration w.

In order to show (BPI), we must first investigate the geometry of the Delaunay tri-
angulation Del(w), and in particular, what happens to it when we augment w with a new
point xp ¢ w. Some hyperedges may be destroyed, some are created, and some remain.
This process is well described in [Li94], but we give an account here for completeness.
Figure [3.2|illustrates the differences in the structure of the Delaunay triangulations Del(w)
and Del(w U {zo}). We first locate the triangle of Del(w) in which z is positioned (a).
We then create three new edges that join xg to each of the three vertices of the triangle (b).

47



This creates three new triangles, and destroys one. At this point, we need to verify that
the new triangles each satisfy the Delaunay condition (2.50). That is, their circumscribing
balls contain no points of w. If the condition is satisfied, the triangle remains (c). If, on
the other hand, the condition is not satisfied, and there exists some point x; of w inside
the circumscribing ball (d), we remove the edge not connected to xg, and replace it by an
edge connecting x¢ and x; (e). This results in the creation of two new triangles. Each of
these new triangles must be checked as above and the process continues. Once all triangles

satisfy the Delaunay condition, we arrive at the Delaunay triangulation Del(w U {zo}) ().

Before we can show (BPI), we must introduce some notation for our particular
case: the hypergraph structure Dels. Whilst most hyperedges 7 € Dels(w) remain intact in

Dels(w U {z¢}), some hyperedges are created, and some are destroyed. Let

E;’;tw := Dels(w) N Dels(w U {zo}), (3.35)
E} . = Dels(w U {z0})\Dels(w) = Dels(w U {zo})\ Eqy),, (3.36)
Ez—olw := Dels(w)\Dels(w U {zo}) = Delg(w)\Eg’étlw, (3.37)

be the exterior, created, and destroyed hyperedge sets respectively, see Figure[3.3] Note that
any created hyperedges must contain xg, and hence,

To|w

We also define 11, , ut . and ! to be the edge drawing mechanisms on £, , E
zo|w’ Mxo|lw zo|w zo|lw’ T mo|w

and E;’;“w respectively, which are derived from the edge drawing mechanism fi, A, as de-

fined in (2.28). In fact
+ = 3.38
Faolw © Faglw = Huw{zo},As (3.38)
'u’;0|w ® N’s:)(()t|w = Hw,A- (3.39)
Let E € & be the resulting subset after a p, thinning of the hyperedge set Dels(w)
for a finite box A € B(R?). Throughout this thesis, we are interested in the number of con-
nected components K (w, E) of the hypergraph (w, ). More precisely, we are interested

in the change to K when we add or remove points or hyperedges from (w, F). The addition

of a single point zy € A to w without also the introduction of hyperedges to F will always
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Figure 3.3: The hyperedge sets E;’é‘w (a), E;Mw (b) and E;()'w (©).

increase the number of connected components by one. On the other hand, the augmentation
of a single hyperedge 7 € Dels(w) to E can result in the connection of a maximum of
three different connected components, leaving one. Therefore, for w € Q, E C Dels(w),
xo € A\w and 7 € Dels(w)\ E, we conclude that

KwU{zo},E)— K(w,E)=1 (3.40)

and
—2< Kw,EUT) - K(w,E) <0. (3.41)
We are now in a position to prove that the Delaunay random cluster distribution for (3.34))

has a bounded Papangelou conditonal intensity.

Lemma 3.14. (BPI - Model 1). For every finite box A C R?, M ¢ — almost all w € Q¢
and a point g, with o € AN\w,

ha(wU{zo}) S q—;;—g'

hA(w) -

Proof. By adding the point z to w we change the structure of the Delaunay triangulation,
as described above. Some hyperedges are destroyed, some are created, and some are not
changed. Recall the space of locally finite hyperedge sets £ defined in Equation (2.26)) and
let

E={EC&:py<P(r)<m/3forallT € EwithT N A # 0},

be the set of ‘nice’ hyperedge configurations where each hyperedge 7 € E that intersects A
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has smallest interior angle at least 3y. We then have

ha(w U {xo}) . fqK(WU{xO}’E)NwU{xO},A(dE)

ha(w) [ @K@ E) p, A (dE)
_ fé‘* K(w{wo}, E)MwU{mo} A dE + fS\S* Klwotao}, E)Mwu{wo}a/\ (dE)
Jer APy A(AE) + [o g0 ¢ i A (dE)

The second term on both the numerator and denominator vanish because of . In particular,
pa(T) = 1—e~ (") for triangles having a non-empty intersection with A and if (1) < So,
then py (7) = 0. It follows that,

ha(wU{zo}) _ Je-a wU{m}E)Mwu{zo}A(dE)
ha(w) Jer @By, A (dE)

fg*mEeXl fS*ﬁE+ ” qK(wU{:vo},E1 UEQ)M-I—Olw (dEQ)M?c):W (dEy)
(@B, (dFs)

K (w,E3UE
fE*OEC’“ fg*mE— g (@ Bs0B)

olw zo|w

B fg*mEm fE*mE+| gt A B MBS L (dB) R B pgs (dEy)

K(w,E3UBs)—K (w,E3) ,—
Jen B fs*mE’ gR (BB R Bs)

ol |

LB R ED S (dFy)
(3.42)
However, since F1 U Fy € £, either 5(1) > [y for all 7 € FE5 or E5 = (. It follows,

since Ey C E;rgp,y that the maximum number of hyperedges in Ej is %—g. Therefore, by
Equations ((3.40) and (3.41), we conclude that

47

KwU{z},E1UFEy) — K(w, Ey) > "By
0

and
K(w, E3U E4) — K(UJ, Eg) <0.
Combining with Equation (3.42)), we obtain

ha(wU{z}) > qu—g'

hA(w) -
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Lemma 3.15. (CGR —Model 1)
There exists a constant Uy > 0 such that for all w € Fy; N Fiyq, and for all T €

Hlf:kﬂ,z(w)
SO(Ta w) 2 SO(Ul),

where L satisfies

o
=: U,. 3.43
V88 ? G4

Proof. Suppose L € [2dp,Us] (the interval is non-empty due to our restriction on Sy,

L
O<50<§ and L <

namely £y € (0, ﬁ] ). Then, given w € Fj; N Fjy1,, recall the central band of
AVEAURAVAETR

4 4
L 4+i,4 i 4
CBjlgy1) = (U Ayt > U (U AZJrl,l) :
i=0 i=0
and the subset of hyperedges of Dels(w) that have non-empty intersection with CB,f: k1.0
H,ﬁkJrl’l(w) = {7’ € Delz(w) : 7N C’B,ﬁkH?l # (D} .

Since all of the little squares A%, 1,7 = 0,...,8 contain at least one point, we have that
every open ball of radius at least /2L and centre y € CBj.:;.4+1, has a non-empty intersec-
tion with w. Therefore, for each 7 € Hf, +1,(w), the circumscribing ball B(7) has radius
less than v/2L.

Let 7 = {a, b, ¢} be such a triangle. Without loss of generality, let 5(7) be the angle
acb and let £ be the arc length of the arc on OB(7) between a and b. Let x be the centre
of B(7). It follows that azh = 25(7) and ¢ = 2r{(7) where r is the radius of B(7). By
the hardcore condition ¢/ > |a — b| > dp. Combining these statements with the fact that
r < /2L gives

do
T) > —.
5r) >
Therefore, because ¢ is an increasing function of 6, we obtain that, forall 7 € H kL ka1 l(w),
(r) = (B 2 0 ( 2= > ol60)
T, W) = T)) > > .
2 2 2 /L ©(Po
By setting, U; = [, the result follows. O

Remark 3.16. The upper bound constraint of By is due to our proof method: we are not
claiming that there is no phase transition for y € (4—\1/5, 7/3]. Indeed in the following
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model, such a harsh restriction does not apply.

3.7 Model 1b — Relaxing of the type interaction

Rather than having a hard type interaction as in (3.33]), we now look at a smooth potential
on 3(7), the smallest angle in a triangle 7. We take an increasing function of 3(7) which
will make interactions stronger between triplets of points that do not share a common colour
if they form a triangle closer to an equilateral triangle. The interpretation in the Delaunay
random cluster model is that triangles with larger minimum angle are more likely to exist.

The hardcore background interaction stays the same.
Let ¢ be as in (3.1)), and let the type interaction satisfy

o(r,w) = p(B(1)) for 7 € Delg(w),

where () denotes the smallest interior angle of the triangle 7, and ¢ : [0,7/3] - R U
{0} is defined as

p(0) = log(1 + A6%) (3.44)

Again, A takes the role of the inverse temperature. Equation (3.44) is another infinite
range type interaction as it can act between triplets of particles far away from one another,
providing they form a hyperedge in Del; and do not share a common mark. Note that we
chose the exponent of 8 to be the lowest sufficient to satisfy a technical constraint of our
proof of Lemma For a marked configuration @ = (w, 0,,) € €, the Hamiltonian is
given by

HYe@ = Y drwud+ Y pmwud—d,(7). (349

T€Del3 (wUE) (1,07 )EDel3 (WUE)
TAFD TAFD

Since % is a hardcore background interaction and ¢ is non-negative and satisfies the lo-

cal horizon property, the existence of at least one Delaunay Potts measure follows from
Proposition [3.2]

Theorem 3.17. For all 6y > 0, there exists Ay = Ag(dp) and zy = z9(do, Ao) such that
forall A > Ay and z > z, there exists at least q different Delaunay Potts measures for the

Hamiltonian (3.43)).
Again it is sufficient to show that C' A€ satisfies the (CGR) and (BPI) conditions. The first

is straightforward.
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Lemma 3.18. (CGR - Model 1b)
There exists a constant Uy > 0 such that for all w € Fy; N Fiyq, and for all T €

Hlf:kﬂ,z(w)’
o(1,w) = ¢(Uh),

where L € [20¢, Us] for some Uy > 20.

Proof. Fix Uy = 4§p. From the proof of Lemma |3.15} we have that 5(7) > % for all
T € H,f:kﬂ l(w), for w € Fj; N Fj41,. Since ¢ is an increasing function of 6, choose

— % _ 1
U= - = e O

Remark 3.19. Note that the choice of Uy in the proof of Lemma is arbitrary, so long

as it is strictly greater than 2. This allows us to split A into very large boxes, which gives

a better estimate for zy and a worse estimate for Ay. To find a better estimate for Ag in

Theorem[3.17)we must choose a smaller box length L.

Showing the (BPI) condition is a little harder. Given a configuration w € 2, we
want to investigate the effect of adding a point 2y € R? to w on the number of connected
components in the the continuum random cluster model. In particular, we would like to

bound below the following:
K(w U {1’0}, E U E) - K(w, El),

where By C BN and E C E}, . Given E C E

| zolw’

single application of Equation (3.40) and repeated applications of Equation (3.41) show us
that

let |E| denote its cardinality. A

K(wU{m}, FLUE) — K(w, E1) > —2|E|. (3.46)

In the case of the Delaunay random cluster representation from Model 1, |E| was easy to
bound above because we had a strict interaction prohibiting open hyperedges 7 € Delz(w)
with an interior angle less that 5y. However, in the current model, we have no hard restric-
tion on the smallest interior angles. Open hyperedges 7 € Dels(w) with very small interior
angles are permitted, if not likely, therefore, we cannot find an upper bound for | E|. Instead,

we look to bound the expected value.

Lemma 3.20. Let A € B(R?). Then [ ]E[ui‘o‘w(dE) <27 (1 + %2) forallw € Q and
xo € AN\w.

Before we prove Lemma we show how it can be used in order to satisty the (BPI)

condition.
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Lemma 3.21. (BPI — Model 1b)
For all A € B(R?), for all configurations w € Q and for all points xo € A\w,

ha(wU{zo}) > q—47r(1+AT’“2)'
ha(w)

Proof. Recalling the definition of hy(w) from (3.16), we write the integrals in terms of

- + ext
'uxo\w’ /‘Lwo|w and M:po\w'

ha(wU{zo}) _ fQK(wU{xO}’E)MwU{xO},A(dE)

ha(w) Ja5@E) i, A (dE)

I ¢ B) (f qK(wu{mg},EﬁUEQ)—K(w,El)M;OIw(dE2)> MZ’LL(dEl)

[ (w.3) <f qK(w,E3UE4)—K(w,E3)u;O|w(dE4)> Ni’g‘w(dEg) :
(3.47)

However,
/qK(“U{xO}’ElUEQ)_K(“’EI)MIW(dEz) > /q_z'EQ'ujow(dEz)
S o2 Bl (aE)
Ar 2

> (), (3.48)

The first inequality comes from Equation [3.46] The second inequality is due to Jensen’s
inequality and the third to Lemma [3.20] We also know, from (3.41)), that

K(w, E3U Ey) — K(w, E3) <0, (3.49)

because adding hyperedges can only reduce the number of clusters. Combining (3.47),
(3.48) and (3.49)), we obtain

) X —4m 1+ﬂ2
Pa(w U {ao}) S 4P g (@B (145
hA(CL)) = qu(w,Eg)Mz);I‘w(dE3)q0
_ (),

O]

Proof of Lemma The number of open hyperedges, | E|, that have a non-empty inter-
section with {z(} is obviously dominated by the total number of hyperedges of E;rrolw‘ We
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also know, by (2.28)), that the probability that a hyperedge is open with respect to u ol
pa. Therefore, the expectation of | E'| with respect to um‘w satisfies

/ Elul ,dE)= > pa(r)= Y [1—6‘“”(“”}. (3.50)

reEt reEt

zglw zglw

The problem we have is that the number of hyperedges in E;:J o has no upper bound. There-
fore, we partition E;_O|UJ into a sequence of disjoint sets (H;);>1 where

H, = {7‘ € EJFO‘W :B(1) > 1}

and

1 1
Hi::{TEE:Ow:Z<B( ><i—1}

for ¢ > 2,4 € N. For ¢ € N, the cardinality of the set H; is no larger than 27i. Due to the

fact that ¢ is an increasing function of 6, it follows that ps (7) < 1 — exp[—¢(;17)] for all
T € H; providing ¢ > 2. Hence, by (3.50), we obtain

/\Em (dE) = 22[1—6 90<W}<27T+Z2m[1—e 111)}
i=171€H;
1+AZ@—1)]

. A
:27r+22m(i_1)3+1 <27

To bound the infinite sum, we use the fact that

> i =2 <1 72
< =2 —_—=—. 3.51
P DB r b D DAl -5
=2 =2 =1
Therefore,
n Am?
By, (AE) < 2m (14 == ). (3.52)

3.8 Model 2 - Delaunay Potts model with infinite range

In [BBDO3], the existence of a phase transition is shown for the nearest-neighbour con-
tinuum Potts model with finite range on the Delaunay graph. We are going to extend this

study to the case of infinite range type interactions. The hardcore background interaction ¢
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remains as in (3.1) and (3.2)). However, we propose a type interaction ¢ with infinite range
between pairs of particles, or edges, in Dels that gives a positive energy to edges with no
common mark between particles. This type interaction will depend on the length of the

hyperedge. In particular,

p(n,w)=¢(lz —yl) for n={z,y} € Dely(w),

where |x — y| is the Euclidean distance between = and y in R?, and ¢ : [0, 00] — RU{o0}

o(0) := log (1 +A @)3>

where A > 0 is an inverse temperature parameter for the type interaction. This is an infinite

is defined as

range type interaction as it can act between pairs of particles far away from one another,
providing they form a hyperedge in Dely and do not share a common mark. Define the
hyperedge Hamiltonian of a marked particle configuration W = (w,0,) € Qp, with an

admissible boundary configuration § = (¢, o¢), by

HY@) = > vhwud+ > emwudl—6,m) (53

neDela (wUE) (n,01) EDela (WUE)
NNAFAD nNAF#D

where 5% 1s the indicator defined in 1} We now turn to the existence and uniqueness
questions. Again, since 1 is a hardcore background interaction and ¢ is non-negative and
satisfies the local horizon property, the existence of at least one Delaunay Potts measure for
the Hamiltonian (3.53)) follows from Proposition [3.2]

Theorem 3.22. For all 69 > 0, there exists Ay = Ao(do) and zy = z0(A,dy) such that
for A > Ag and z > 2z, there exists at least q different Delaunay Potts measures for the

Hamiltonian (3.53).

Lemma 3.23. (CGR - Model 2)
There exists a constant Uy > 0 such that for all w € Fy; N Fiiq; and for all n €

Hlﬁk—i-l,l(w)’
90(77’ w) > 90(U1)7

where L € [20¢, Us] for some Uy > 26y.

Proof. Fix Uy > 26 and suppose L € [20g, Us]. Then, given w € Fj,; N Fj1 4, recall the
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central band of Ay ;U Apiq;

4 4
L Atia 4
CBipt1, = (U Ayt > U (U AZH,z) :
=0

1=0

and the subset of hyperedges of Dely(w) that have non-empty intersection with CB,’;J: k1l
Hlﬁk—i-l,l(w) = {n € Dely(w) : n N CBII;:k—i-l,l #0}.

Let n = {x1, 22} € H£k+17l(w). It follows that there exists 3 € w such that 7 =
{z1,22,23} € Delz(w) and 7N CB,f:kH,l # (). Since all of the little squares AZJZ for
1,7 = 0,...,8 contain at least one point, we have that every open ball of radius at least
/2L that has a non-empty intersection with CB:k41, also has a non-empty intersection
with w. Therefore, the circumscribing ball B(7,w) has radius less than v/2L and hence,
|1 — 22| < 2v/2L. Since  is a decreasing function of ¢, choose U; = 2v/2U; and the
result follows.

O

As we are now working with the hypergraph structure Dels as opposed to Dels in
Models 1 and 1b, we switch our focus from triangles to edges and therefore need to realign
our notation before we can show (BPI). In particular, we define the sets of exterior, created
and destroyed hyperedges of Dels(w) and Dels(w U {x}). Let

BN, = Delz(w) N Dela(w U {wo}), (3.54)

E*, = Dely(w U {20})\Dels(w) = {n € Dely(w U {wo}) : n Narg = 3:0}, (3.55)

zolw *

and

o

zo|w

:= Dely(w)\Dely(w U {x}) = Dels(w)\E (3.56)

zo|w?

be the exterior, created, and destroyed hyperedges respectively, see Figure and define

to be the edge drawing mechanisms on £, , B and B re-
zo|w zo|w zo|w

ext
zo|w

and u

- +
'uxo\w’ 'uwo\w
spectively.

We show (BPI) with a similar method as to the one used for Model 1b. Namely,

for a pp thinning of E:jolw’ E, we look for an upper bound for the cardinality of E. The

augmentation of a single hyperedge n € Dely(w) to E can result in the connection of a
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(a) . (b) . ()

Figure 3.4: The hyperedge sets E;’é‘w (a), E;Mw (b) and E;()'w (©).

maximum of two different connected components, leaving one. Therefore, for w € (2,
E C Dels(w) and ) € Dels(w)\ E,

~1< K(w,EUn) — K(w,E) <0. (3.57)

A single application of Equation (3.40) and repeated applications of Equation (3.57)) show
us that

K(wU{zo}, By UE) — K(w, Ey) > —|E|, (3.58)

where By C B\ and E C E7, | . The right hand side of differs from that of
by a factor 2 due to the fact that we are using edges and not triangles. For the finite range
nearest neighbour model of [BBDO3]], it is easy to obtain an upper bound for | E|. However,
in the current regime, we have neither a restriction on the number of neighbours, like in
Model 1 and 1b, nor a restriction on the range of the interaction, as in [BBDO3]], therefore,
there is no upper bound for |E|. Again, we look to bound its expected value with respect
to u;ro‘w. This is shown in Lemma — the proof requires that particles not be too close

together — we conveniently make use of the hardcore background interaction.

Lemma 3.24. Let A € B(R?). Then [ |E|yit, (dE) < 4 [9 + AT’*} for Myje — almost
allw € Q and xy € AN\w.

By taking o = 4 [9 n AT”"’} and by using (3.58) instead of (3.46), it can then be
shown, by the proof of Lemma [3.21] that

ha(wU{zo}) o —afor 4]

3.59
Ton (@) ; (3.59)

almost surely with respect to M ¢, and hence that Cy ¢ satisfies the (BPI) condition.

Proof. Given w U {xg} € Q, such that z¢ ¢ w, let B(xo,r) C R? be the ball of radius r

centred at . The background interaction ¢ ensures that with probability one, under M) ¢,
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no two particles of w form a hyperedge of length less than dy in Dels(w). Moreover, with
probability one, any two particles are at least distance dy apart — see Lemma[3.1] Therefore,
almost surely with respect to My ¢, we obtain the following upper bound for the number of

points y € w with |y — xg| < 7:

w(r+380)2 [T+’
|B(xo,7) Nw| < 7 (0/2)? —4< 5 ) . (3.60)

This is just the maximum number of balls of radius & that you can pack together in R?,
whose centres lie within Euclidean distance r of x¢. Therefore, using (3.60) for values

r = 260,40 . . ., we see that

2
| B(0,200) Nw| < 4 (3;0> =36 =: by, 3.61)
0
2
| B(0,400) Nw| < 4 @‘50) = 100 =: bo, (3.62)
0

(2n + 1)50

2
) =4(2n+1)% =: by, (3.63)
do

e, 2080) Nl < 4

The number of hyperedges of E;Mw that have length less than r is obviously bounded above

by |B(zo,r) Nwl|, however, as r increases, this bound grows quadratically. On the other

hand, according to ¢, hyperedges with large length are less likely to remain in a pp—thinning

of E;’ than their counterparts with small length. In the following, we try to play these
olw

two facts against each other. We start by partitioning the plane into annuli of increasing

radius centred at x( such that
o
R’ = | ] AN,,
n=0
where

AN() = B(x(), (50),
AN, = B(:L‘o, 2n50)\ANn,1 forn € N.

We then let E/ be a pp thinning of the hyperedge set E;“O‘w for a finite box A €
B(R?). Letn = {xg,z} € E;FOW. Since zg lies in A, we recall from li that the proba-
bility of 7 appearing in E is given by pa(n) = 1 — exp{—¢(|zo — z|)}. For convenience

we let py take a real valued argument and write

paA(f) :=1 — exp{—¢(¥)}.
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Then for n € N, define
E":={n={xo,2} € E:|xog— x| < 2ndp},

the subset of hyperedges of F that have length less than 2ndg. From (3.61)), we see there

can be at most 36 particles of w within distance 26y of zo. Therefore,
/ Bt w(dE) < 36.
£(w,z0) ’

Similarly, for n = 2, there are | B(z¢,4d0) N w| particles to consider. As above,
at most 36 of these are of distance less than 2Jy from z( and have probability at most 1
of sharing a hyperedge with z( in £. The remaining particles lie in the annulus AN, and
due to the fact that p, is a decreasing function of distance, they have at most probability

pA(2dp) of sharing a hyperedge with x( in E. Therefore,
[ 1Bt (dE) < 36+ (b — bpa(20),
E(w,xo)

and in general
n—1

f V) <36+ 0 ~ a2
w5T0o i=1

=4

n—1
9+ ((2z’ +1)% — (20— 1)2>PA(2i50)]
=1

=4

=1

n—1
9+ 8ipA(22'50)] .

We have defined a non-negative sequence of random variables {|E"™|}, . such that |[E"|

|E| as n — oo forall E € £(w). By the monotone convergence theorem, we find

[ B @E) = [ tim (B, ()
E(w,z0) E(w,zo

)TLA)OO
= lim / E™\ut, (dE
n—oo ( S(w@o) ’ Cl?o‘w )
n—1

<4 (3.64)

9+ nlgrolo Zl 8ipa (2idp)
1=
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Recall that

and therefore,

A
Then by combining (3.63) with (3.64)), we obtain
oo oo
8nA 8nA
E (dE) <4 |9 <419 —
JALA 3 G| <P
Ar?
9+ A 94 —
- Z [ + =5 }
which gives the statement of the Lemma. O

Having shown that the Delaunay random cluster distribution C ¢ satisfies both the
(CGR) and (BPI) conditions, Theorem follows from Proposition [3.7]

3.9 Lower bounds for activity and temperature parameters in

the phase transition regime

Table [3.9] presents our estimates for zy and A for each of the models in this Chapter. As
discussed in Remark the choice of box length L in the splitting of A can be used to
optimise either zy or Ag. However, L must be chosen in the interval [2dg, Us]. We choose
L = 469 in each model.

<0 Ag
%l
Model 1 —;Jﬂ%il——g lOg[ligL:lL}
660 < Vv2Bg 71)

iy 7!'2
Model b ST0T g93/2 (14 2 )
0

404 Ar?
Moder2 sl 32v262 (1 + 1)

4658

Table 3.1: Activity and inverse temperature estimates. For brevity, we denote by a the
constant (1 — ¢) 7444,
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Chapter 4

Soft Widom-Rowlinson Model on
Delaunay Graph

4.1 Introduction

Chapters [2]and [3] concerned the extension of [BBDO3] to the case of type interactions with
hyperedge potentials with infinite range. Our arguments relied on the hardcore background
interactions. We now look at a class of models that do not have any background interac-
tion at all. The motivation comes from the Widom-Rowlinson model [WR70] — a marked
point process with particles of two types: the mark space takes the form ¥ = {—1,+1}.
There is no background interaction, only a hardcore exclusion between particles of different
type. We present the model here in the hypergraph structure framework of our Chapter [2]
Although we present it in two dimensions to fall in line with the work of this thesis, the
Widom-Rowlinson model is actually well defined on R? for all d > 2. The underlying
hypergraph structure is simply the complete hypergraph CG. Given a marked configuration
w € Q, recall that CGo (@) is the set of hyperedges built from a pair of particles in @. That
is
CGe(w) :={npCcw: | =2}.

In the particular case of the Widom-Rowlinson model, for @ = (w, 0,) € €, interactions

correspond to the Hamiltonian

H?@) = >  emnw)(l-1b,mn), (4.1)

(n,0)€CG2(w)
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where 5(,” is the indicator defined in |b and ¢, for some fixed » > 0 and n = {z,y},

takes the form
oo if|lz—y| <,

0 otherwise.

wmwuﬂz{

There exists constants 0 < zp < 26 < 00, such that for activity z < zp the Widom-
Rowlinson model has a unique Gibbs measure, whereas, for activity z > z(, there are
multiple Gibbs measures. This shows the existence of a phase transition. The problem of
non-uniqueness of Gibbs measures for large activity z was first solved by Ruelle using a
Peierls-type argument. It was later also shown using a continuum random-cluster represen-
tation where the Widom-Rowlinson model is obtained by independently assigning to each
connected component in the continuum random-cluster representation a mark of either —1
or +1 with probability 1/2 for each. This more modern stochastic geometric method was
due to [CCK94]. There are a variety of different generalisations of the Widom-Rowlinson
model including the case when particles of different type are just discouraged to get too

close, rather than forbidden. Specifically, the type interaction takes the form ¢

A ifjz—y| <,
0 otherwise.

meuﬁz{

for some constant A > 0 representing the inverse temperature. Otherwise, the Hamiltonian
is the same as in (4.I). For this generalisation, the problem of non-uniqueness of Gibbs
measures, for a required high activity or low temperature, was solved by [LL72]. The re-
sult was later repeated using a continuum random cluster representation in [GH96]. These
Widom-Rowlinson models each admit an analogue with ¢ > 3 types of particle. These
analogues each exhibit a phase transition which can be shown using a suitable continuum

random cluster representation.

We propose an extension of [CCK94] and [LL72] by only considering interactions
on the Delaunay hypergraph structure Del rather than the complete hypergraph structure
CG. We use a soft exclusion between pairs of particles of different type that form a hy-
peredge together in Del,. This geometric flavour is the key difference between our model
and the Widom-Rowlinson model on the complete hypergraph structure, where geometric
interactions are absent. However, just as in the Widom-Rowlinson model, there is no back-
ground interaction in our model, so two particles of the same type can suffuse: they can get
infinitesimally close without penalty. We show non-uniqueness of this proposed model for
large activity and low temperature. In this sense, it is an extension of the study in Chapters
[2)and [3] and in particular a substantial generalisation of the model analysed in [BBDO3].
The proof techniques and methods in [BBDO3|| and Chapter [3| of this thesis use the back-
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ground hardcore interaction to ensure an upper bound on the number of particles in a box
A € B(R?). Here, we develop a novel approach without using any background potential.
Our methods require a smooth soft type interaction on edges of the Delaunay graph. The
potential will decay with an increase in edge length and disappear for lengths greater than
R > 0, i.e. the interaction has a finite range. On the other hand, as distance tends to 0,
the potential tends to infinity — smoothly. The main task is to uniformly bound, from above
and below, the quotient of densities defined as a Papangelou conditional intensity in (3.17).
Once this is achieved, we use coarse-graining techniques to compare our model to a mixed

site-bond percolation model on the integer lattice.

Define the background potential as ¢» = 0. Let the type interaction ¢ between pairs
of particles, or edges, in Dely depend of the length of the hyperedge, and satisfy

p(n,w) =¢(lz —yl) for n={z,y} € Dely(w),

where |z — y| is the Euclidean distance between = and y in R?, and ¢ : (0,00] — R is
defined as

M4 A
o(0) = log ( ; ) 1{¢ < R}. 4.2)

The parameter R > 0 is the finite range of the interaction and A assumes the role of
inverse temperature and controls the level of the type interaction. Define the hyperedge
Hamiltonian of a marked particle configuration @ = (w,0,) € 5, with an admissible

boundary configuration £ = (¢, o¢), by

Hf@(w) = Z p(nwU&)(1— Oar, (), (4.3)
(n,0)€Dela (@UE)
nNAZD
where 4, is the indicator defined in (2.22). It follows from Propositionand in particular
Remark [3.3] that at least one such Gibbs measure exists.

Theorem 4.1. There exists zo(R,q) > 0 and Ao(z, R,q) > 0, such that, for all z >

20(R,q) and A > Ao(z, R, q), there exists at least q different Delaunay Potts measures for
the Hamiltonian ([{.3).

The proof structure has similarities with those in Chapter [3] but the techniques are
vastly different. For instance, we again find a suitable edge drawing mechanism fi,,, show
percolation for C’XE and relate it the non-uniqueness of Delaunay Potts measures through

the application of Proposition [2.18] We also again use a discretization argument to show
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percolation in C’j\‘fz, however, instead of the coarse grain structure of Section , we use

an alternative regime and compare to mixed site-bond percolation on the square lattice,

rather than standard site percolation as before.

4.2 Mixed site-bond percolation

Given a graph G = (V, E), let P, be the probability measure on configurations of open
and closed sites of G. Each site of G is open with probability p and closed with probability
1 — p. Similarly, let f’p be the probability measure on configurations of open and closed
edges of G. Each edge of G is open with probability p and closed with probability 1 — p.
For g € V and a subset of vertices X C V/, let

o(p,x0, X, G) :=Py(Fapathvg,eq,..., ey, v, withvg = x9,v, € X

and all its vertices open |z is open ),
and

B(p,zo, X, G) := f’p(ﬂ apath vy, e1, ..., ey, v, withvg = xg,v, € X

and all its edges open ).

Then the following inequality holds for 0 < p < 1, and is often used to show that

site percolation implies bond percolation — see [KeS82].
O-<p7w07X7 G) S /B(pwr()?Xa G) (44)

In mixed percolation, both edges and vertices may be open or closed, possibly with
different probabilities. Each edge or bond is open independently of anything else with
probability p’ and each site is open independently of anything else with probability p. The
edges and sites that are not open, along with the edges to or from these sites, are closed.
We now look for paths of open sites and open edges. For ¢ € V and a subset of vertices
X cV,let

v(p, Py 10, X, G) := P, (Japathvg,eq,...,en, v, withvg = z9,v, € X

and all its vertices open, and all its edges open ).

Let G’ be the reduced graph where each edge and site of G is removed indepen-

dently with probability 1 — p’ and 1 — p respectively. By taking expectations of inequality
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1} on G’, with respect to P and P;, we arrive at the mixed percolation result of Ham-
mersley: a generalisation of the work of McDiarmid [Ha80]. That is, for 0 < §, p,p’ < 1:

’7(6]9,]9/,130,)(, G) < 7(]7, 5p,ax0aXa G) (45)

By setting § = p and p’ = 1 in (4.5), and noticing that v(p?, 1,29, X,G) =
o(p?, 20, X, G) we arrive at

U(pzvx()vaG) SﬁY(p7pax0>X7G)a (46)
and hence

Hmixed(p>p) > Hsite (p2)7 (47)

where Opixea(p, p’) is the mixed percolation probability with parameters p and p’, and
Osite (p) is the site percolation probability with parameter p. Inequality (4.7) will be used
in a new coarse graining scheme for continuum random cluster models without a hardcore

background interaction.

4.3 Coarse graining

We endeavour to use a coarse graining technique to compare the site percolation model

C’XE with mixed site-bond percolation on Z2. Let A € B(R?) be a box made up of a finite

union of smaller boxes, Ak’,l’ each of side length 8L, for some L > 0:
N
A= U A (4.8)
k,1=0
We also split each of these smaller boxes into 64 tiny boxes of side length L:
7 ..
A= | A% 4.9)
i,j=0
This is called the L-splitting of A. Given an L-splitting of A, define
5 ..
A= U Al
i,j=2

to be the union of the 16 smaller boxes towards the centre of Ay, ;. These will act as the sites

in the mixed site-bond percolation model on Z2. Finally we define the link boxes between
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(a)

ot
i

l‘\/

/

X RCET T e M)

Figure 4.1: (a). Part of an L-splitting of A. The shaded boxes are the link boxes. (b) The
shaded area is the union of the Voronoi cells with centre x € H ,f jr10(W)-

A_k,l and A_kJrl,l as
3 3 3 3
k1, 6,542 7,542 0,j+2 1,742
Ap = U JulUag™ fulUad v Uaiy | @i
=0 =0 =0 =0

which act as the bonds in the mixed site-bond percolation model on Z2, see Figure (a).
This completes the coarse grain procedure. When we establish percolation in the mixed
site-bond model on Z?2, i.e. the existence of an infinite chain of open sites and bonds, we
would like to relate it to the existence of an infinite connected component of hyperedges in
Dely, built only from points of mark 1, in the continuum site percolation model CN'/S;E To do
this, we define C’B,f: k+1, to be the straight line segment between the centres of the boxes
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A and A4 and let
Hfpp11(w) == {z € w: Vor,(z) N CByyqy, # 0} - (4.11)

be the subset of points of a configuration, whose Voronoi cells intersect the line segment
C’B,f:kJrl ;- See Figure (b).

4.4 Percolation

Without the hardcore background interaction to lean on, our previous strategies of dis-
cretization seem not to work at all. Instead, we look much deeper into the underlying
geometry and properties of the Delaunay tessellations. Throughout this chapter, we work
exclusively on Del,, therefore we often refer to hyperedges as just ‘edges’. For brevity,

given a configuration w € €2, we write

Ney = {x,y} for {z,y} € Dely(w). (4.12)

Recall what happens to a Delaunay graph when we add a point zg to a configuration
w € €, and in particular, recall the sets of exterior, created and destroyed edges denoted by
E;’é“w, E;()'w and Ea?olw respectively and defined in 1 — . To add to these, we also

define the neighbourhood of x.

Definition 4.2. Given a graph G, a polygon P C G is a sequence of vertices starting and
ending at the same vertex, with each two consecutive vertices in the sequence adjacent to
each other in the graph. No repetitions of vertices are allowed, other than the starting and

ending vertex.

Definition 4.3. Let 0, := (Vag|w E;E“jw) where V|, is the set of points that share an

edge with x¢ in Dela(w U {x}) and E;g?w is the set of edges in Dely(w U {zo}) that have

both endpoints in V.. More precisely,

Veolw = {x €W Nz € E:olw}

and

bd
E;O‘w = {U:ry € ;’;ﬁw DX,y € on‘w}.
The graph Oy, = (Vaolws E;E?w) splits the plane into two regions. The region containing

o we call the neighbourhood of xy, and 0, |, is called the boundary of the neighbourhood

of xo.

o|w
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Let B := B(xz, R) be the ball of radius R centred at zg and let Vg C V|, be the
restriction of V|, to B. Recall, from Equation 2.44] that

4B = 2P (0E)
w,A f QK(W’E)MW,A(dE) ’

where 1, A is the distribution of edge configurations, associated with the edge probability

ext
w

PA(Mzy) = 1 — e—#(z=yl) " Also recall that U, pt and p
E-‘r

zo|

are the edge drawing mecha-

nisms on

, and E°X respectively and define
zo|w w zo|w

qK(w,E)szt(dE)
Jaf@E g (dE)

il (dE) = 4.13)

The main task in this section is to find an upper bound, independent of w € (2,
for the expected number of connected components of (w, E) that intersect V, where E is
sampled from uézt)’w. This will enable us to bound the Papangelou conditional intensity of
Mje , both from above and below, see Lemma E] and Lemma below. This in
turn allows us to exhibit control over the distribution of particle positions — a necessity for

our discretization approach, see Lemma[4.6/and Lemma[4.§]

Proposition 4.4. Given a graph (w, E), let Ny} (w, E) denote the number of connected

components that intersect V. There exists 0 < o < 0o such that

/ N§S (w0, B)u)(dE) < o,

Sforall w € (.

Proposition|4.4|is the key step in proving percolation and hence the non-uniqueness
of Gibbs measures. The proof is substantial and constitutes a significant part of this thesis.
For this reason we defer it to Section 4.3l

Lemma 4.5. For every finite box A C R?, My ¢ —almost all w € Q¢ and a point Ty, with
x9 € AN\w,

hA(WU{:EO}) > =@

4.14
on (@) >q ", (4.14)

where « is given in Proposition 4.4

69



Proof. 1t follows by similar arguments to the proof of Lemma [3.14] that

ha(wU{zo}) [ @ E2) [ glwzoh BrUE) =K (w.B2) 4 (d By ) &Y (d Es)
halw) = J D e (AT

Therefore, by using the measure in (4.13)), we have that

halwUA{x _

( { 0}) > // qK(wu{zo},EluEg) K(W’EQ)M:;_(dEl)Mézz,w(dEQ)'
ha(w)

As the function f : R — R defined by f(x) = ¢” is convex, we can apply Jensen’s

inequality to obtain

/W S g/ K@U{e0} B1UE:)~ K @ Ba)iid (dB )l (dE2) .15
Alw

Notice that new edges, made by the insertion of x to the configuration w can only be open

with respect to p.f if they have length less than R. Therefore,

K(wU{zo}, B1U Es) — K(w, F2) > —Ny: (w, E2) (4.16)
and by Proposition [4.4]
/N&; (w, B2)pl?) (dE2) < o < oo, (4.17)

Together, (@.13)), (4.16) and (#.17) show that

ha(wU{zo}) _
T ST

O

Having a uniform lower bound for }LA(#({;;O}) allows us to exhibit some control

over the distribution M} v|¢ (-) defined in (3.23). In particular, fix

1— site Z2 1/2
Bl (2 4( D @.18)

and choose L to satisfy

R
~1/2
z <L<——, 4.19
- 4\/5 ( )

then, we obtain the following lower bound on the probability that a small box, AZJZ in the
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L-splitting of A, contains at least one point of w.

Lemma 4.6. Let & € Qpc. Then for all cells V = A;]l of an L-splitting of A and for any
&' € Qve, such that €\ A = &, we have

MA’V‘S/(’LUOV‘ 2 ].) > 1-— 6i4

«
forall z > zy :== 203,?3 .

Proof. We want to show that M ye/(Jw N V| > 1) > 1 — & holds for large enough 2.

Since we have ¥ = 0, this is straightforward.

MA,V\&(‘W N V‘ = 1) - / hA(W U {x})dx > qiaZ|V‘
v -_ )

MA’v‘§/(|w N V| == 0) N hA(W)

where the inequality is a direct application of Lemma4.5] It follows that
My i (jw NV] = 0) < ¢*(=[V) 7,

and hence, for z > zg

zOR2>_1 €

Magie(on V12 1) 2 1= 27D > 1= (5

O]

We have a lower bound for the Papangelou conditional intensity in (4.14)) which
allows us to bound from below the number of particles in a box V with high probability, for
large z. We shall show that the number of particles in a box also has an upper bound, depen-
dent on z, with high probability. Having such an upper bound is important as it allows us
to quantify the probability that all particles in a box have mark 1. In Chapter[3] and indeed
the work of [BBDO3|], an upper bound for the number of particles in a box followed im-
mediately as a consequence of the hardcore background potential. However, without such
a background potential, we turn to finding an upper bound for the Papangelou conditional

intensity of My ¢, uniform over suitable events.

Let Ay, be an element of an L-splitting of A and define F' to be the event that
each of the smaller boxes AZJZ C Ay, that are not contained in A, ,, contain at least one
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point of w. More precisely, it is a specific set of “well-behaved” configurations given by:

Fri= () {weQiwnay=1}. (4.20)
i,j€{0,...,7}:
AL CA\A-

Lemma 4.7. Given a finite box A C R?, an element of the L-splitting A, C A, a config-

uration w € FY and a point vq € A7 ) \w,

ha(wU{zo}) _ o
Tw)o <gq +17

where « is given in Proposition 4.4

Proof. Suppose w € F*' and zg € A7 ;\w. Then, by similar techniques to that used in
Lemma[4.5] we see that

h/\(w U {1’0}) B qu(w,Eg) fqK(wU{wo},EluEg)—K(w,Eg)ILL;IJ—(dEl)Neth(dE2)

ha(w) [ qR@E [qK@ BB KB 1 (dEs) pg (dBa)
K(w,Bs) , ext
= JoReE) | qKq(j:gWE‘*)K%’E(gii)(dEa)u&’“(dEz;) @20
= ([ Ky a8 e R
where (#.21)) uses the inequality
K(wU{xo}, F1 UEy) — K(w, E2) <1, (4.22)

which was established in (3.40) and (3.57). We can then apply Jensen’s inequality to the

integral in the denominator to obtain the upper bound

_ -1
ha(wU {zo}) <q (qff K(w,E3UEs)— K (w,Ea) o (dES)iu‘e(:)?l),w(dE4)) ) (4.23)
ha(w)

Recall that V, |, = {r € w: Nyg € E;O"d} and notice that for all w € FX, ¢ €
A7 \w, and = € V,|,,, we have that |z — zg| < 4+/2L. This basically ensures that the
neighbourhood of z is contained in the ball of radius 4v/2L and centre zq:

Vaolw C Bz (@o) C B.

Therefore, since =,y € V., for all 1, € £ (w), it follows that adding edges in £, (w)
can only fuse together two connected components (reducing the number of connected com-
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ponents by one) if they each intersect B. Hence,
K(w,FE3UFEy) — K(w, Ey) > —N‘C};g(w,E4). (4.24)
Combining (#.23) and (#.24), together with Proposition #.4] we conclude that

ha(wU{zo}) _ o
Tw)o <gq +17

for allw € FY and for all zg € A7y ;\w.
L]

In the following, we fix A ; C A and drop the subscript £ and [ from our notation.

For example, F;2§' will be written as F**' and A~ ; will be written as A~. Having an upper

bound for }M(%({OSO}) allows us to exhibit some control over the conditional probability

measure My A/ (-|F**'). In particular, we can find a lower bound for the conditional

probability, given w € F!, that A~ contains no more than m(z) € N points of w € .

Lemma 4.8. Fix z > 0. Let A = Ay, ; be an element of the L-splitting of A. Then, for any
§' € Qa-ye, admissible for A~ and z, with §\A = &, and §' € F*", we have

Mpa-je(JwNAT[ <m(z)) > 1—¢,

where m(z) := 2¢ " 1q¢°*|A~ |z and e is given in (4.18).

Proof. First of all, we define the random variable NNV to be the number of points of a config-

uration in A, i.e. N = |w N A~[. Explicitly, we can write Mp A~ |er(dw) as
My a-jer(dw) = Z - jorha(w U €T - (dw), (4.25)

as given in (3.23). We also use the fact that

/f(w)HZ_(dw)zezlA‘IZi:/ Fer, . apV) ey .. den,  (426)
n=0 (a-)"

Combining Equations (4.25) and (4.26), and setting Z’ := e_Z|A7|ZX1A_‘ ¢ for brevity, we
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see that

z"
MA’A—M/(NZTL—FD (n /A )n+1 {;Cl,.. xn+1}U§/)d$1...d$n+1
— i' Z// / ha(wU & U {z})drdw
n (A Ja-

3

I\
v 4

.Ea)
()

1

S
+

n

Z//(A AwUE)ga—|e (w)dw,

where

B ha(wUu & U{x})
ga-e (W) —/A @0 dx.

Again, using Equation {#.23)), it follows that

z
Map-jg(N=n+1)= (n T 1> /Q Mp Ao (dw, LN wy=n})9a-|er (W)

A

z
= <n+ 1> M A= (N =n) /QA Mp A= (e (dw] LN (w)=n})9a-|e (w).  (4.27)

Notice that, since w U &’ € F*', we can use Lemma 4.7| to bound the function ga-|¢/(w)
above by ¢ *1|A~|. Therefore, following (4.27), we obtain

MA7A*|§’(N =n-+ 1)
MA7A—‘§/(NIN) n+1

/ Mp a1 (dw|N = n)ga-|er(w)

z

a+1
<oy \A/ My p- e (dw]N = 1)

=1
B qa+1|A_|Z

o (4.28)

This gives us a relationship between the probabilities, with respect to Mx - ¢ (+), that there
are n and n + 1 particles in |w N A~ | respectively. However, for all n > m(z) we would
like to extend this relationship to compare the probabilities, that there are n and |m(z)|

particles in |w N A~ | respectively, where | m(z) | denotes the highest integer not larger than
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m(z). To do this, we apply (4.28) multiple (n — |m(z)]) times.

a+1 —
q A7z
MA,A*|£’(N = TL) S #MAAWG(N =n— 1)
at+l|A— at+l|A— at+l|A—
ATz ¢ TAT |z ¢IATz
R S el AP 2= P A AN =
= " n—1 [m(z)] + 1 AA |§( [m(z2)])
<1
—1,\n—Lm(2)]
(qa+1|A |2)
Therefore, using a combinatorial argument, it follows that
oo at1{A—|,\2—Llm(2)]
ATz
Mya-e(N>m(z) < > ( n') [m(2)]! (4.29)
n=|m(z)]+1 ’
o0 at 1 A— |5\ P~ Lm(2)]
A |z>
< - . (4.30)
%)Hl( ()]

By recalling that m(z) = 2¢~1¢%*1|A~|z, this gives us
My a-o(N > m(2)) < i (5)"_“”(2)J - i (f)n 4.31)
AA—E - D 2 - — 9 : '

Since € < 1/2, the right hand side of (4.31]) is less than e. By taking complements, we have
established that
MA,A‘|§’(N S m(z)) Z 1—e

O]

Before we reintroduce the site percolation measure, we define an alternative edge
drawing mechanism to s, o described in (2.28). Given w € €, let fi,, denote the distribution
of the random hyperedge configurations

{neM(w):vmn) =1}
where (v(1)),e(w) are independent Bernoulli random variables with probability
1

Prob(v(n) = 1) = p(n) := m Lpers*(w) (1) (4.32)

——
=:p
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where
Del5*(w) := {77 ={z,y} € Dely(w) : |z —y| < \/gL} .

The probability p, is constant on the graph Del5*(w) which allows us to use the fact that
site percolation implies bond percolation in Proposition Hence, we define a site per-
colation measure, C’XEAC, and show that site percolation occurs for large enough A and z.

Recall the definition of the continuum site percolation model
R (d) = Mye(dw) Ao (d),

where ), denotes the distribution of the random vector o, = (0, (z) : = € w) with

elements in X, where (0,,())ze, are independent Bernoulli random variables satisfying
Prob(o,(z) = 1) = plpely(w) () (4.33)

and
Prob(0,,(z) # 1) = 1 — plpes+ () (2)

where p is given in (4.32)) and Del]*(w) is the set of points that build the hyperedges of
Del5* (w). Using analogous arguments to the proof of Lemma 3.11} it follows that

iD= . (4.34)
Therefore, by Proposition the following Lemma completes the proof of Theorem [4.1]

Lemma 4.9. Let z > zg and A > Ay(z) where 2 is given in Lemmaand

qR!

Ag(z) = (120 1/m( — 1

where m(z) is given in Lemma Then, there exists ¢ > 0 such that
CRefA & A} >c>0

for any box A € B(R?), any finite union A of boxes, and for any pseudo-periodic boundary
condition £ € fAc.

Proof. We start by bounding the probability, with respect to My ¢, that all small boxes
V= AZJZ of A\A~ contain at least one particle — precisely the event X' defined in (4.20).
Using the result of Lemma[4.6|and a similar argument to that in the proof of Lemma [3.10]

we can choose z large enough such that, for all configurations £’ € Qac with &"\A = ¢,
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- 48¢ 3e
ext ]| —
MA’AKN(F,C:}) >1-— - g MA’AKII(’wmAkJ’ =0)>1- 61 - 1-— 1 4.35)
A CA\A-

Next, we define the event G}, ; := {w € Q : [wNA™| < m(z)} that there are at most m(z)
points of w in the subset A~ C A and also the event

Fpp = ﬂ {weﬂ:\wﬁAZ’é\Zl}.
Z7j€{0777}
AYjCAT

that all small boxes V = A;cl of A~ contain at least one particle. Then we have that, for
all configurations £’ € Qac with ¢"\A = ¢,

MA7A|£II(Fk:l, F]S?(lt, Gk,l) = / 1F7 (w)leﬁ (w)le,l (w)MA,A‘gll (dw)

QA k,l

).

L (C) [/Q 1 (w)lay, (W) My Al (dw|w\AT = Q\NAT) | Mp pjer (dC)

k,l
A\A— A—

= /Q Lpgs (O M, a-1g (Fy s Gr 1) My ajer (dC), (4.36)
A\A—

where ¢’ := (\A~ and where we used Equation (3.23). However, by Lemma and
through our choice of z in {.33)), it follows that

My a-1e(Fyyy Gig) = 1= My a-1e0(Fy)°) — Ma a1 ((Gra)©)
16¢

1— = _

> 61 €
He

=1- = 4.37
0 (4.37)

and hence, combining with (.35)) and (#.36)), we conclude that

_ o€
My njer(Fyy FRY Grg) > <1 —€— 4> / Lpex (C)Ma aer (dC)
Qa\a- '
5e 3e
S(1-2) (1=
(=3) (%)
> 1 — 2e. (4.38)
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The next step is to condition the marks of the particles. Let C; € F be the event
that each small box A;{Jl C A contains at least one point, A~ = A, contains no more
than m(z) points and all points in A~ N Del}* have mark 1:

Cr = {w = (w,00) €EQ:we F mF,gj‘; N Gy, and
ou(z) = Lforallz € A= N Der{*(w)}. (4.39)

Recall from (4.33), that a point T € @, where p(T) € A~ N Del{*(w), has mark 1
with probability

with respect to C’Zi‘]f” ¢~ It follows that

Zsi ~Del* (w)NA
Czt,il\g”(ck,l) > /MA,Ak,l5”(dw)1FM(w>1F,§’f§(w)1Gk,z(w)p el (@)na]

> UMy e (Frrp FEY Giy) (4.40)

However, by taking A > Ay, and since L < R/ /8, we obtain that

1

P = Gaq12

> (1— 26)1/U71('Z)J7
a t+1

and hence pl™(*)] > (1 — 2¢). Combining this with li and || we conclude, for all
A > Ag(z), that

1/2

CAY e (Crp) = (1= 26)* > 1 —de > (p'(27)) (4.41)

If w € Cyy, we say that Ay is a ‘good’ cell. Two neighbouring cells Ay ; and Agiq;

: 12 L _ kk+1,l . . .
are said to be ‘linked’ if the box Ajnx = A defined in |i has an intersection
with Del}*(w) that contains only points of mark 1. More precisely, the event that Ay ; and
Ajy1, are linked, is

L?,Wrl = {w €Q:o0,(x)=1forallz € Aﬁ;]ffl’l N Del}™ (w)}

Also define
Flink := (Fk_l N F,S"f) N (Fk_—i-l,l N Flzx+t17l>
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and
Glink := {w € Q : |w N Ajink| < m(2)},

and let ¢ € Qag be a boundary configuration outside Ajip such that E\A = & The
conditional probability that Ay ; and Ay are linked, given they are both ‘good’ cells, is
then given by

ézitnenk\&’(Lgc,k+1|Ck,l N Ck+1,l) = /MA:AlinkK’ (dw‘Flink)l{Gnnk}(w)ﬁtm(Z)J
> (1—¢€)(1—2e¢)
>1—4e

> (pie(z2))"?, (4.42)

where the second inequality is another application of Lemma4.8] but with Aj;pi in place of
A~. Then, by , and the results of McDiarmid and Hammersley, in particular,
(#.7), mixed site-bond percolation occurs. There exists a chain of good boxes joined by
links from Ay ; C A to A°.

It remains to check this implies {A <+ A°}. For this, we recall the set Hj, v1(w)
from (@.11)). Using the argument of the proof of Lemma [3.23] we know that all hyperedges
n = {z,y} € Dely(w) that have a non-empty intersection with /%, +1,(w) satisfy [z—y| <
V/8L. This implies that H,ﬁkJrLl(w) C Delj*(w). Let z,y € w be such that Vor,,(x) and
Vor,,(y) contain the centres of the boxes Ay ; and Ay ; respectively. Since H| ,f k1, (w) C
Del}*(w), we can to connect = and y in the graph Del5" (w) inside A7 ;U Ajnk UA ™ 411

Hence, by and (#.42)), we have

it {A & A} > e>0.

Theorem [.1] follows as a consequence of Proposition [2.18]and Proposition

4.5 Proof of Proposition 4.4

4.5.1 Sketch

The proof of Proposition[d.4]is rather long, so we first outline the strategy. We want to bound

the number of connected components that intersect Vp in the reduced graph of E;’é‘w under

,ugzng. Note that if we had an upper bound on |V, this would be trivial. Unfortunately, we
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do not. However, we do know that for large |V3/|, a large number of particles must be close
together and thus, are more likely to be connected to each other due to the soft exclusion

between particles of different type. The graph 0p := (Vg, Ep), with edge set
Ep = {ny € E;’(‘)t‘VB tx,Y € VB} (4.43)

is connected, but does not necessarily contain a polygon, like 9, Here, E;’(‘)ﬁVB is simply

E;’é“w evaluated for w = Vp. The case where z lies in the opposite half plane to all z € Vg

is one such example of Jp not forming a loop. We call Op the contraction of the boundary
Ozolw to B, see Figure

The crux of the proof is to find an upper bound for the number of edges in the edge
set E'p that have length greater than some fixed real number. This will allow us to construct
a sequence of edge subsets of E'g, defined by edge length, to balance the unbounded num-
ber of particles against the increased probability that they are connected. The smaller the
edge lengths, the greater the possible number of edges in the subset, but also the greater the
probability that they are open. It turns out that such an upper bound can be found in the
scenario where there are no defects in the geometry of V. These defects which we give
the logical name ‘kinks’ are defined below in Definition #.11T} An upper bound cannot be

found if the geometry of Vg contains kinks, so we devise a plan to discount them.

Notice that it is not necessary that Eg C E;’;tw. This creates a problem when

t

w° To overcome this, we introduce an

we consider an edge drawing mechanism on E;’é
edge drawing mechanism on E'p and build a structure that will allow us to compare events
between the two probability spaces. This technique relies heavily on some geometric prop-
erties of the Delaunay tessellation. Having outlined a sketch of the strategy, we begin to

define some important notation.

4.5.2 Notation

We begin by introducing a polar coordinate system in R?. Let g be the pole, and let L
be the polar axis. For z € R?2, denote 2 to be the angular coordinate of 2 taken counter
clockwise from the polar axis L. Given two points z,y € R?, Yﬁ will denote the unique
straight line that intersects x and y in the plane, @ will denote the half line that stops
at y and Ty will denote the line segment between = and y only. Given two straight lines
(1,05 C R? that intersect at a point z € R?, Z ({1, 02) will denote the angle between them.
More precisely, it is the angle needed in order to rotate ¢; onto ¢» with z as the centre of
rotation. Notice that it is certainly not true that £(¢1,¢2) = Z (2, £1), however, it holds that
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Z(ly,le) + Z(€2,¢1) = m. When we consider a triangle in the plane with vertices x, y, z,
for example, we sometimes refer to the interior angle at y as zyz. In this case, as we specify

the interior angle, Tyz = zyz.
Definition 4.10. Given a set of points V = {z; € R?> : 1 <i < n} with &, < --- < &,

n—1
I'= (Vv U 77%'271'4-1)

=1

the graph

is called a spoked chain if 1z, € Dela(VU{x0}) forall 1 < i < n. The polygon P(T', x¢),
created by adding the point xo and edges Ny, z, and 1z, o, to I is called the induced polygon

of I — see Figure[d.2]

Lo

Lo

Figure 4.2: From top to bottom we have: 1. A collection of points that neighbour x( in
the Delaunay/Voronoi tessellation. 2. A spoked chain I', shown in bold. 3. The induced
polygon P(T, zg).

In order to quantify the number of connected components that intersect Vg, we

analyse the shape of the contracted boundary, dp. First however, we split B into four
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quadrants, Q; C R? fori = 1,2, 3, 4, where
Qi == {zEB:g(i—1)§£<gi}.

Instead of bounding the number of connected components that intersect Vz directly, the
plan is to bound the number of connected components that intersect Vg N ()1 and then
multiply this bound by 4. The reasons for doing this are twofold: it not only provides us a
framework to define kinks, but also ensures that any two points that we consider will differ
in angle by no more than 7 /2. This allows us to find a lower bound for the probability that

the two points belong to the same connected component.

Definition 4.11. Let I' = (V, E) be a spoked chain. Suppose x;,x;,x), € V such that

Z; < &; < &y We say that x;,x; and xy, form a kink in 1" if:
1. Zixjzy, < /2
2. wpxpxg > /2 forall vy, xy,xp €V withd; < 3y < &y < B < &g

3. xpxypTy > w2 forall vy, xj,xg €V with & < 3y < 2jy < By < 3.

Definition 4.12. Suppose x;, x; and xj, form a kink in the spoked chain I' = (V, E). The
kink is called intruding if the line segment T; Ty, lies outside of the induced Polygon P(T', ()
and protruding if it lies inside P(I", zg).

Lemma 4.13. Let I' = (V, E) be a spoked chain where V = U} {x;} and &1 < - - - < T,
A kink inT' = (V, E) is either intruding or protruding.

Proof. Suppose not. Then there exists 1 < ¢ < j < k < n such that z;, z; and x), form a
kink in I" and 7; 7, lies neither inside nor outside of P(T', zo). Let U C R? be the connected
component of R2\m than does not contain x;. It follows that I' crosses 7; 7, between Z;
and 7y, and hence, there exists x;; € V NU with z; < 2 < 2. Without loss of generality,
let #; < & < &j. Therefore, 752;2; < m/2 which contradicts condition [2] of Definition
for the kink formed by z;, z; and xy. dJ

Lemma 4.14. Let I = (V, E) be a spoked chain with V- = U" ({x;} and &1 < - -+ < T,
If x;, xj and xy, form an intruding kink in I, then 4(%1-;17@41, %k_l, Th) < m/2.

Proof. Suppose there exists a spoked chain I' = (V, E) with V. = U {z;} and 2; <
-+ < Zp. Let x;, z; and z, form an intruding kink in I'. Since the kink is intruding, we

know that z; lies in the interior of the triangle {x¢, z;, xy }, for all i < [ < k. Suppose the

statement of the Lemma is false, that is: Z(¥;z;+1, Tx—_1,xf) > /2. This forces either

82



Figure 4.3: From left to right, top to bottom we have: 1. The shaded area is the neigh-
bourhood of g, whilst the bold edges form 9,|,,. 2. The contraction of J,,, to dp. 3.
The points x2, x3 and x4 form an intruding kink in I'y. 4. The points z2, z3 and x5 form a
protruding kink in I's.

Tit1 Or Tp_1 to be in the interior of the triangle {z;,z;, z;}. Without loss of generality,
suppose, in fact, that ;¢ is in the interior of {x;,x;,z;}. Therefore, x,@k < 7/2
which by Definition[4.TT} contradicts that z;, x; and x;, form a kink in I, d

4.5.3 Intermediary Lemmas

Kinks of intruding and protruding nature may occur in dg N @1, although the number of

them is bounded above — see Lemmal4.15|and Lemma The aim is to separate 0g N Q1

into a fixed number of kinkless pieces, each a spoked chain, which are easier to work with.

For each of these kinkless pieces, we will find an upper bound for the expected number,
() t
X

with respect to fiey ,,» Of connected components in a thinning of E*

that intersect it.
olw

Lemma 4.15. The number of intruding kinks in Og N Q1 is bounded above by 2.

Proof. We show that the angle between two intruding kinks in a spoked chain is greater
than 7/4. Since Op N @ lies in the quadrant ()1, and is a spoked chain by definition, the
result will follow. Let I' = (V, E) be a spoked chain and order the elements of V, such that
#1 < -+ < &p. Suppose there is an intruding kink in I". Therefore, by Definition[4.12]and
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Lemma4.14] there exists 1 <i <n —landi+ 1 < j < n, such that
4(55i:ci+1, Zﬁfj_lxj) < 7['/2 (4.44)

and 7;z; lies outside of the induced polygon P(T', zo).

Figure 4.4: Lower bound for angle zgz;_1z;

The straight lines X;x;1 and X;_12j split the plane into four regions. Since the

kink is intruding, o must lie in the opposite region to that of the line segment ;7. Let L*
—2j_1

be the radial line of angle x‘“f Let z; € R? be the point of intersection of §ixi+1 and

¥ j—127 and let 22, 23 be the points of intersection of L* with x;x;;{ and ¥; 12} respectively
— see Figure.4] Then,

TiT; + Tz + FozaTy = 2m, (4.45)

which implies, together with (#.44)), that

— 2r —m/2 3
max {miZon,xozg,xj} > 7r27r/ = Zﬁ (4.46)

Without loss of generality, let mo/z\?,xj > %’r. Because x;_1 lies on the line segment z37;, it
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follows that

— _—— 3
xoxj_la:j Z x0231:j Z Zﬂ- (4.47)

LR o

Figure 4.5: The intruding kink formed by x, z; and x,.

Suppose there is another intruding kink in I', formed by xx, x; and z,, for j < k < I <
m < n. Then , by Lemma[#.14] we have that

Z(i’kl‘kJrl, -%m—lxm) < 7T/2.
Let t51 be the tangent to B(7 (o, Tk, Tr+1)) at x+1. Then, by noting that
|V N B(T(l’o, Lj—1, $]))| =0,

which is a consequence of the properties of the Delaunay structure (2.50), it follows that

L(thr1, ToTy1) < L(Tppii, ToTho 1) (4.48)
< LTt i) (4.49)
<7/2. (4.50)

Here, (4.48) is direct from the definition of a tangent and (#.49) is a consequence of the fact

that Ty 11 < Zyp—1 < . For 1 <r < n, let z;,; denote the centre of the circumscribing
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circle of 7(zg, zr, 7r41) € Del3(V U {zo}). Since the triple {zq, 7} |, 7,11} form an
isosceles triangle, see Figure .5 we can conclude that

Bryr — &1 = 7/2 = Ltgr, ToTrai) > 0. (4.51)

Figure 4.6: Lower bound for angle between kinks of type 2

Let y be the antipodal point to z( on the circumscribed ball of 7(zo, xj_1,2;) in
R?. Since, |z¢ — y| is equal to the diameter of the circle, it follows that Zoz;y = 7/2, see
Figure[#.6] The points g, z; 1, 2; and y form a cyclic quadrilateral. Using, (4.47), and the
fact that opposite angles of a cyclic quadrilateral add up to 7, we see that ﬁy?j < m/4.

Hence, by (.51)

. . . . . . S .
Tpy1 — 35 > Tpyq — &5 > 2 — &5 = ywox; = m — Tox;y — Toyz; > m/4,  (4.52)

=m/2 <n/4

where the second inequality is due to a further property of the Delaunay structure that we
show in the Appendix [AI] This tells us that the angle between intruding kinks must be

greater than 7 /4.
O

Lemma 4.16. There are no protruding kinks in 0g N Q1.
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Proof. Again, order the elements of Vg such that £ < --- < Z,. Suppose we have a
protruding kink, then, by Definition 4.12] we have forsome 1 <i < j <k <n

LTy, < /2. (4.53)

The pair z;x; does not form an edge of Ep, therefore, by the properties of the Delau-
nay graph, z; lies inside B(7(zo, s, 2)). The line segment Z;Ty, is a chord which splits
B(71(xo,x;, rx)) into two regions. Since we have a protruding kink, Z;7}, lies inside the
induced polygon P(0p N Q1,x¢) and so x; does not lie in the same region as xy. There-
fore, by , it follows that Wk > /2, and hence, there are no protruding kinks in
OB N Q1.

O

Before we can prove Proposition 4.4] we need two more results to allow us some

control over the edges of E;’(‘)ﬁw

We first introduce an edge drawing mechanism, where
edges are drawn independently of each other, conditionally on a given particle configura-
tion. Let fi2,, be the alternative edge drawing mechanism associated with the edge proba-

bility

|z -yl < R}
4z -yt +1

D2 (nxy) = (4.54)

and let ggﬁ be the corresponding edge drawing mechanism on E;’;‘w only.

Lemma 4.17. Forall g > 1 and w € §Q, we have Mfuq)A = A2 0

Proof. Fixn = (z,y) € Dely(w). By Proposition 2.3 it is enough to show that

p(n) pa2(n)
q(1—=pm) =~ (1 —p2(n)

Recall, from the construction of the continuum random cluster model, that

> (4.55)

|z -yl < R}

— 1 — e Plz=yl) — )

If |z — y| > R, then p(n) = p2(n) = 0, and (4.55) is trivial. Suppose |« — y| < R, then, in
fact, we also have

p(n)  _  pa(m)
gL =p()) (1 =p2(n))
Therefore, (4.55)) holds for all ) = (x, y) € Del(w) and the result follows. O
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Recall, that Vg C V|, C w. Also recall, from , that E'g is not necessarily a
subset of E;’;ﬁw In fact, they belong to different Delaunay tessellations:

Ep C Dely(Vg U {zo}) and EJN  C Dely(w U {zo}).

We introduce another edge drawing mechanism, but this time on Ep. Let u* denote the

distribution of the random hyperedge configurations

{ne€Ep:v(n) =1}

where (v(n))necE,; are independent Bernoulli random variables with probability

eyl S 2ARME - < 5)

Prob(v(n) = 1) = p* :
(v(n) =1)=p"(n) (5o —y) 11

, (4.56)

forn = {z,y} € Ep. We then compare the probability that two points are connected with
respect to fi2 ,, and the probability that they are connected with respect to p*.

Lemma 4.18. Fixw € Q. Let 1,y € Ep and let x < y denote that x and vy lie in the same

connected component of (w, E), where E is a pa—thinning of E;’(‘)tw. Then,

~ext

i3 (T < y) 2 P (Nay)- (4.57)

Proof. By the definition of p*, i follows trivially for z,y € 0p with |z — y| > % AR
or with [# — g| > 7. Therefore, we assume |z — y| < % ARand |z —g| < 7.

Case 1: If n,, € ESX | we have:

zo|w’

~ext

. 1 1
1550 (T <> y) > Pa(Ney) = >

7] = W 1
Fle—y) +17 4 (3le—y) +1

> p* (nxy)~

Case 2: If 1), ¢ E%“w, the proof is much longer and goes as follows. Since 7, ¢ E;’é“w,
and z,y € Op there exists z € w\Jp, such that 7,,, € Delz(w U {zo}). This implies that
z € Violw\V and & < £ < §j. We now check whether 7)., 17,y € Eo\ . If they are not, we
find more points of V,, | »\Vp in a similar way. Continue this process until there are no more
points z € V,\Vp with # < 2 < ¢. Therefore, there exists 21, 22, ... 2, € Vi 1u\VB

with < 27 < --- < 2, < ¢ such that

ext
773:31 ) 77212’27 cety 77zny S Emo‘w'
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The event that each of these hyperedges is open implies the event that x and y
belong to the same connected component of open hyperedges, hence

~ext

2w (< y) > P2(Nazy )P2(Nz125) -+ P2(Mzpy)- (4.58)

For any two points, x1,x2 € w, with 1 < 29, define C’ffm to be the arc on the
circle B(7(x1,22,70)) between z1 and x2 and define Uy, ., to be the subset of R? bounded
by C70,, and 173, that is, the convex hull of C70, . Letn = #{z € Oy, : T < 2 < §}.

T1T2 T

We claim that

L(CZ) + -+ + L(C2,) < L(C2) (4.59)

Tzl ZnY

no matter the value of n € IN, where L(C') denotes the length of the arc C'. Before we prove
the claim, we show how it implies the Lemma. By our assumption that |z — y| < % ANR
and |# — g| < 7, it follows that L(C%9) < 1, and by (4.59): L(C32,) +-- -+ L(C%°,) < 1.

Tz1

Obviously, this shows that
|x — 21|+ |21 — 22| + -+ |2n—1 — 2n| + |20 —y| < 1. (4.60)

Consider the following algebraic manipulation. For a,b € R with0 < a < b < 1, we have

1 1 1 1
. f— > )
Gat+1 GV 1 L (Gat et oY) +1 T (et b)t 41

(4.61)

where the inequality follows because 4 < 1 and because of the constraints on a and b.

Hence, using (4.60), we obtain

1 1
5 D >(—— ). (0"
P2(Mwz1) -+ P2(Mzny) 2 (g|l‘—21|4+1> <g|zn_y|4+1>

1
> — . (4.62)
Tz =21+ |21 — 22|+ H |z —y) +1
1
* FnCE)
| .
> =p (nxy)a

4 (Bl —y)) ' +1

where (4.62) is the repeated use of (4.61)) with @ = |2; — z;11| and b = |z; — zj41|. This,
along with (.58)), shows the statement of the Lemma. We finish by verifying the claim
(#.59).
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Suppose there exists z € 0|, \Op such that 1,7, € E;’é‘w. Since z ¢ B, it
must be true that z € Uy,. Therefore, by a direct application of Theorem [A.2]} we have

L(C32) + L(CZy) < L(Cy).

and the claim holds for n = 1. Assume the claim holds for n = & — 1. Then, let n = k.
There exists 21, ...z, € Oy, \Op such that &1 < --+ < T and Nzys - -+ Ny € E;;;t‘w
Let

i = argmax |z; — Ty|.
1<j<k

It follows that z; € U,_,.,,, where, for convenience, we write 29 := z and 211 := y. By
Theorem[A.2]in the Appendices,

L(C™ )+ L(C™, )< L(C™ _ ). (4.63)

Ri—1%i ZiZi+1 Ri—1%i+1

By making the following notation change:

Zj, forl1 <j <

Zj4+1, fOI‘iSjgk‘—l,

it follows, from (@.63)), that

L(CEo) + v +L(CR) < LG ) + -+ L(O:ffly)’
and hence, by the assumption forn = k — 1,
L(CZo) + - + L(C3,) < L(Cgy).
The claim follows by mathematical induction. 0

Lemma 4.19. Let 6 > 0 and I' = (V, E) be a spoked chain with V- C Q1. If I does not
contain a kink, then the number of edges in E with length greater than 20 is at most 6 (%) 2.

Proof. Order the elements of V' = U" ;{z;} suchthat ; < ... < &,. For1 <i < n, let
D; C R? be the disc of radius ng“‘ centred at z;. Let S; C R? be the sector of D; with
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interior angle 7 /2 and line of symmetry Z;z;11. We claim that

S;NS; =0, fori # j; and (4.64)
nL_Jl S;i C Q1o E (4.65)
i=1 V2

Figure 4.7: The sectors S; of a spoked chain in (1.

Assuming the claim is true, the sum of the areas of the sectors S; must not exceed
the area of ()1 @ % which is less than %TFR2. Each edge n € E of length greater than 26
contributes a sector of area greater than %62, therefore, the maximum number of such edges

srR (R
2 \d)

which gives the result. All that is left to do, is to prove the claims. Consider z; € V. Let

in " is simply

£1 be the image of the line ﬁiimiﬂ under a rotation of angle 7/2, centred at x;11. There are
exactly two connected components of R?\¢;. Let U denote the one that contains x;. Now
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suppose x3, € U for some i + 1 < k < n. This implies that 2;7;, 12, < m/2. Then, by
Definition 4.11] this contradicts the fact that I" does not contain a kink. Therefore, x, € U¢
foralli +1 < k <n.

Figure 4.8: The point ), is the first time after ;1 that the chain enters U.

Let /5 and /3 be the images of the half line m under rotations, centred at z; 1,
of angles 7/4 and —m /4 respectively — see Figure Again, there are two connected
components of R?\ (¢ U £3). Let U denote the one that contains z;. Equation
follows by noticing that S; € U and S, C U° forall i + 1 < k < n. Equation
is easily verified when you consider that S; C D; for all 1 < ¢ < n and the maximal
radius for D; is half the maximal edge length, which, considering we are restricted to @1,
is V2R. O

We are now in a position to prove the main result of this section.
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4.5.4 Proof
Proof of Proposition ' First of all, we split B = Bg(xo) into four quadrants, Q; C R?
fori =1, 2, 3,4, where

Qi = {ZGB —(i—1)< gz}

Consider Op N (1 which contains all vertices and edges of Op that lie wholly in ();. By
construction, Op N Q1 is a spoked chain. It follows from Lemma and Lemma that
there are at most 2 intruding kinks of dp N @1 and zero protruding kinks. For each intrud-

ing kink ;, x;, vy, we remove the edge 7, from Op N Q1. Since removing an edge

Tj+1
anywhere except from the end of a spoked chain will result in leaving two spoked chains,
we are left with at most 3 spoked chains in Q1. Importantly, none of these will contain an

intruding or protruding kink.

Let ' = (VI EY) be one such kinkless spoked chain in ;. Recall from the
statement of Proposition [4.4] that the number of clusters or connected components in a
graph (w, E) that intersect Vp is denoted by Ny7 (w, E) and define Nf(w, E) to be the
number of clusters of (w, E) that intersect V. We endeavour to bound the expectation
of Ni¥(w, E') with respect to ,uf(:zaw’ - the edge drawing mechanism on EX'(w) given in

(@.13). Then, to conclude the Proposition, we will use the following:

[ V5 B aE) < 12 [ [ N, B, )

where the factor 12 is considering at most three kinkless spoked chains in each of the four
quadrants. Order the elements of V' such that 1 < --- < &,. Let {x <> y} denote the
event that = and y belong to the same cluster of (w, ') and notice that

/NCC lu’extwA(dE < 1+Z |:1_MextwA({xJ (—>$]+1})]

7=1
<1+ Z [1 — 12 ext,w, A ({% ~ $j+1})] (4.66)
<1+ Z 1~ p* (Naya;11)] (4.67)
=1+ Z [1—p*(n), (4.68)
neEr

where ({@.66) and are due to Lemmas and [4.T§] respectively. We partition the
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edge set E' of the spoked chain I into subsets depending on edge lengths. Let

2
El = {nxyEEF:\x—y>7T/\R}

and

AR
El = {nxyEEF:’TZ,<|xy|_ F—

2 2/\R}

fori > 2,7 € N. By recalling that
oy~ MP =y < AR -l < 5
D Nxy) = 1 .
FGle—yl) +1

from (4.56), we see that 1 — p*(n) = 1 for all € El. However, since I is contained in

@1, and hence |# — g| < 7, we have
1
1 _p*(nacy) = 7 )
2 (Glz—y) " +1

for all ,, € EY, foralli > 2andi € N. Let 7 := 1 A £Z. Then, considering |z — y| <
11) for all 7, € ET, and noticing that U2 Bl = E' and EF N E]F = () fori # j. it

_2r

(i
follows that
* = * N 1
S -ra) =33 (-rm) s S Y
neET =1 ngEZF nEE{ =2 nEE,L-F q ( T ) +
i 1
<6R’m%r 2+ ) [6R’ 7] T (4.69)
=2 q ( I ) +1
2, 92 -2 q v i
< 6R*n?r 1+A;(i_1)4 (4.70)

where 1@! comes from the application of Lemma to each of the sets EzF . To bound

the infinite sum, we use the fact that

0o ;2 0o
2 GoTE <

=2 1=2

4.71)

4 =1 2
=4 = = x2
(i—1)72 212 3"
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Together, Equations (#.68)), (#.70) and (#.71)) combine to give

92 2
/ NE(w, ) \(dE) < 1+ 6R>nr 2 [1 5T ]
2qm?
=14+6(4VR*r?) |1
+6( \/R?T)|: + 3A}

Therefore, setting o := 12 (6(4 vV R?1?) [1 + 2;,,1—:12}) completes the proof.
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Chapter 5

Russo-Seymour-Welsh Theorem

5.1 Introduction

After studying continuum percolation, we now consider a question which serves as the next
logical step in a journey towards a complete understanding of the probabilistic properties
of continuum models. Briefly, an open crossing from one domain in R? to another exists if
there is a connected component of open points and hyperedges that intersects each domain.
If a hyperedge is open with probability p, how would the crossing probability behave on
larger scales? In particular, what is the probability of crossing a rectangle? This leads to
the Russo—Seymour—Welsh Theorem (RSW) (see [BR06d] and references within) which
relates the probability of an open horizontal crossing of an L x L square to that of an open
horizontal crossing (the long way) of a 3/2L x L rectangle, see [BS98]| and [SW78]. More
precisely, for some function f : (0, 1] — (0, 1] with f(¢) — 1 as ¢ — 1, if the probability
of an open horizontal crossing of the I x L square is bounded below by ¢, then the proba-
bility of an open horizontal crossing of a 3/2L x L rectangle, is at least f(q). The function
f does not depend on L. The RSW theorem was first proved for Bernoulli bond percolation
on the two dimensional square lattice. The model is as follows: each edge is open, inde-
pendent of each other, with probability p, and closed with probability 1 — p. Kesten [Ke82]
later generalised the lattice RSW theorem in such a way that, given ¢ < 1, one just needed
to know the probability of crossing a cL x L rectangle the short way in order to bound the

probability of crossing a larger rectangle the long way from below.

The RSW theorem is a fundamental tool that forms the foundation for a wide range
of results concerning discrete percolation in the plane. In particular, for the triangular lat-
tice, it was used in the famous proof of Cardy’s formula and conformal invariance [SmO1]].

However, in the continuum, RSW theorems are too few. This does not mean they are of
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less importance, rather, more difficult to prove. Indeed, the establishment of results seem
promising in the continuum, once an RSW theorem can be found. A small glimpse of this
can be seen in [BRO6a]: the authors manage to prove a much weaker version of RSW. It
turns out to be sufficient for them to show that the critical probability for Voronoi percola-
tion in the plane is 1/2 — this is a fairly recent and major result. In the Voronoi percolation
model alone, where points are distributed with a Poisson point process, and Voronoi cells
assigned to be open independently with probability p, a full RSW theorem would possi-
bly lead to such results as conformal invariance and Cardy’s formula, see [Ey11]. There
are also many open problems in Gibbsian models, where particles have both type depen-
dent and type independent interactions. Beffara and Duminil-Copin [BD11]] showed a box
crossing estimate for the two dimensional random cluster model on the lattice, and, having
established the existence of a phase transition in the Delaunay Potts models discussed in
Chapters 3 and 4, it is the next logical step to look for an RSW estimate, which would, in

this area, be the very first such result.

For bond percolation on the square lattice and indeed site percolation on the trian-
gular lattice, the proof of RSW relies on planar duality. For other discrete models — those
without the planar duality property — other techniques are used, however, underlying them
all is the use of independence. In the continuum setting, this independence of events is usu-
ally lost, and so, a proof of RSW seems to be more difficult. Alexander [Al96] shows one
way around this problem with the continuum when he proves a version of the RSW theo-
rem for the Boolean model. The Boolean model, sometimes referred to as the Poisson blob
model, is driven by a Poisson point process, X. Each point of X has an independent iden-
tically distributed random radius attached to it. These radii give rise to closed balls around
the points of X. As well as being independent of each other, the radii are also independent
of X. Points in the plane are then said to be open if they lie in one of the closed balls, or
closed if not. We denote the open region by C' and note that C' and C¢ are both made up
of connected components. We say there exists an open (respectively closed) path between
two points x and y in the plane, if x and y belong to the same connected component of
C (respectively C). There is an open crossing between two domains V1, Vo € B(R?) if
there exists z € V; and y € Vy with an open path between x and y. Roy [R090] shows
an RSW theorem for the Boolean model where the radii are bounded, however, he did not
transfer the property that f(q) — 1 as ¢ — 1 across from the discrete model. Alexander
proves the RSW theorem for the non random fixed radius case of the Boolean model. More
precisely, let X be a Poisson point process in R? with intensity . For A ¢ R and r > 0
let A@r = UzeaB(x,r). Obviously, C' = X @ r is the open region.

Theorem 5.1. [Al96|]] Let X be a Poisson point process in the plane. Let \ be the intensity
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Figure 5.1: Fixed radius continuum percolation model

of X. Suppose r > 0, then, for some constant K (Ar) > 0, with K (-) nondecreasing,
P(H"([0,3L/2—157/2] x [0, L])) > K (Ar)P(H ([0, L—2r]*))*P(H" ([0, L +57]?))?

where H" ([a,b] x [c,d)) is the event of a horizontal open crossing of a (b — a) x (d — ¢)

rectangle.

Alexander uses the fixed radius of the discs, 7, to ascertain that events in regions of the
plane separated by a distance 4r are independent. This is the key aspect which enables
RSW despite the dependence in the model. His proof is then largely similar to that of RSW
on the lattice — he uses a ‘canonical low crossing’ to act in the same way as the ‘lowest
occupied crossing’ of [Ke82]|. That is, given a lowest crossing, or path v C R? of a rect-
angle R C R?, the lowest canonical crossing is simply the shifted path Y (0,4r)(7). Using
symmetry and independence, it can then be shown that, with non-negligible probability, this
canonical crossing can be combined with another open path, to form an open crossing of R,
ableit, with a gap of width 4r. The technical difficulty is crossing this gap of width 4r and

connecting the two paths together.

5.2 Problems with Voronoi percolation

The Voronoi percolation model is most easily described as the union of two Poisson point
processes: one with intensity Ap that gives open points and another with intensity A\(1 — p)
that gives closed points. Voronoi cells of open points are themselves open and Voronoi
cells of closed points are closed. We assign IP,, to be the associated probability measure.
For p > 1/2, as shown in [BROG6a], there exists an infinite cluster of open Voronoi cells
with probability one. We fix p = 1/2 in the following discussion and set P := P, /5.
Unfortunately, the techniques of [Al96] do not carry over to the Voronoi percolation case.
Alexander showed that events in well separated (by distance 47) regions are independent in

the non random fixed radius boolean model. However, in the Voronoi tessellations, there
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is no upper bound on the diameter of individual Voronoi cells. Large cells are rare, but do
occur. Given A € B(R?), let Ay := {w € Q : diam(Vor(z)) < R forevery z € w N A},
for some fixed R > 0, then

P(A) — 0

as the size of A tends to infinity. In short, large Voronoi cells do exist. Recall from Section
the o-algebra F, of all events that happen in A only. Then, no matter how separated
two regions A1, Ay € B(R?), the events in F, are not independent of those in Fy,. This
is in contrast to the Boolean model with fixed or even bounded radii. We say the Boolean

model exhibits spatial independence in the sense of the following definition.

Definition 5.2. A point process X is said to be spatially independent if there exists v > 0
such that given Ay, Ay C R? with d(A1, Ag) > 1, any two events A and B are independent
if A€ Fp, and B € Fy,.

Even though independence (and even spatial independence) fails in their case, Bef-
fara and Duminil-Copin [BD11]] prove RSW for the discrete random cluster model that we
described in (2.6)), but on the square lattice, Z2. They invoke self duality and use stochastic

domination of different boundary conditions.

="

Ry R, R

Figure 5.2: Event A

The basics of their proof are as follows. Take two squares S1 and .S say, so that they overlap
as in Figure[5.2] This results in three regions of equal width: By = S1\S2, R2 = 51N S2
and R3 = S2\S;1. The probability of a horizontal open crossing of a square, in the discrete
random cluster model on the lattice, is known to be 1/2 for critical p. Let A be the event
that there is a horizontal open crossing of both S and S, and that there is a vertical open

crossing of Sy that starts at the bottom edge of Ry. Since open crossings are increasing
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events, it follows, by the FKG inquality presented in Lemma that p(A) > 1/16.

Suppose now that event A holds. Therefore, we have a ‘highest’ horizontal open
crossing of S and a ‘right-most’ vertical open crossing of Sa. Denote these by 'y and I's
respectively. The areas above I'; in S7 and to the right of I'y in S2 are known. Omitting
some technical details, and supposing our crossings do not combine to form a horizontal
open crossing of S1U.S, we take the reflections of I'y and I's in the shared vertical boundary
of Ry and R3. Denote these reflections as I'; and I's. I'y, 'y, T'; and ' enclose an unknown
area, which we call A, see Figure[5.3] Let B be the event that there is an open crossing
from I'; to I's in A. Note that I'; and I's are both open. Also note that A is symmetrical.
The authors then see that p(B|A) > uf(B|A, C) where C is the event that 'y and T’y are
closed. But p}(B|A, C) is shown to be 1/2 by a simple use of symmetry and duality.

\pl

Figure 5.3: The shaded areas have been discovered as we are conditioning on event A.

Lets try and construct a similar approach for Poisson Voronoi percolation and see
where it breaks down. Since the FKG inequality holds for Poisson Voronoi percolation,
and, again, the probability of a horizontal open crossing of a square is known to be 1/2 for
critical p, see [BRO6b], the event A is bounded below by 1/16. Suppose again that A holds
and that y; and 2 are our ‘highest’ horizontal crossing of S; and a ‘right-most’ vertical
crossing of S5. Again, the areas above 7; and to the right of v, are known in the sense that
we know whether each point belongs to an open Voronoi cell or a closed Voronoi cell. The
curve =1 is an interface graph of S; with open Voronoi cells ‘below’ and closed Voronoi
cells ‘above’. The positions of the Poisson points whose Voronoi cells are adjacent to and
below ~; are known. These cells are called half-known’ as they are yet to be completed:
we do not know the positions of the Poisson points below. Therefore, given A, we know
part of the Voronoi tessellation, but do not know other parts. This is known as having a

partial Voronoi tessellation.
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Figure 5.4: Construction of A’, as shown by the shaded area.

Figure 5.5: Construction of A

101



We want to discover the positions of particles in A. The only constraint is that the
structure of the tessellation that is already known, i.e. in the areas above y; and to the right
of 2, must be preserved. Almost surely, each vertex of our partial Voronoi tessellation
has three equidistant closest Poisson points: each vertex has a triple of associated Poisson
points. Therefore, for each vertex v, there is a unique disc circumscribed by its associated
triple of Poisson points, and centred at v. Let the union of these discs be denoted A; and de-
fine A’ := (S7 U S2)\Aq, see Figure In summary, given the event A, we have a known
configuration wy, € 25, of Poisson points. By taking a second Poisson point process re-
stricted to A’ we can ‘complete’ the Voronoi tessellation. The structure of the tessellation

above 71 and to the right of ~5 will be preserved.

Figure 5.6: This is where the proof fails. You can see a piece of an open crossing from I'; to
I’y inside A. However, it does not reach 1. If we bound the probability of crossing the gap
between ~y; and I'1, we would be done. However, this is a Poisson point process, and so the
width of the gap is not bounded above. There could be many very very thin Voronoi cells

between I'; and ;. We say Poisson Voronoi percolation cannot “cross a gap” of unknown
width.

The interface between A; and A’ is denoted by I'y and I'y as shown in Figures
and @ We take the reflection of I'; and I'5 in the shared vertical boundary of R, and Rs.
Denote these reflections as I'; and I'y. 'y, I's, T'; and T’y enclose an area, which we call A.
The next step is to bound the probability of having an open crossing from I'; to I's inside A

away from zero. This is slightly more technical than before, but using a suitable decreasing
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event at the boundary, C, it can be shown, using the FKG inequality, that
P(B|A) > P(B|A,C) > 1/2.

However, there is a problem. We still may not have a horizontal crossing of 51 U So. See
Figure [5.6]for an example.

Remark 5.3. Shortly after the submission of this thesis, an RSW result was shown for
Voronoi percolation in [[lasl4|]. The author uses the FKG inequality, rotational symmetry,
and quasi-independence (similar to Definition properties, along with renormalisation

techniques in their proof.

5.3 Gibbsian models with geometric interactions

The existence of small and large Voronoi cells caused the problems in the Poisson Voronoi
percolation model. We now look at other continuum models with a Voronoi/Delaunay struc-
ture where such defects do not occur. One model that restricts Voronoi tessellations so that
cells are neither too large nor too small is the double hardcore model of [DerOS]. Let the
mark space Y contain only two marks: open and closed. We say that w = (w,0,) € Q
satisfies the double hardcore condition (DHC) if, for R > r > 0,

B(x,r) C Vor,(z) C B(z, R) forall x = (z,s) € w.

The hyperedge potential acts on all hyperedges x € Del; (w) but does not satisfy the local
horizon property (2.13)). It is defined as

P(x,w) = p(Vory(x)) := (5.1)

400 if (DHC) not satisifed
0 if (DHC) satisifed.

A Gibbs measure Ppyc for such a hyperedge potential is shown to exist in [Der08]],
but also by an adaptation of the proof of Proposition [3.2]in this thesis. In this model, the
Voronoi cells are open and closed independently of each other and, crucially, independent

of the particle positions.

Conjecture 5.4. Fix z = 1 and p > 1. Denote R, |, C R? to be a pL x L rectangle. Then
’PDHc(HJ'_(RLL)) >e>0 = ’PDyc(H-i_(Rp’L)) > g(p, 6) >0

where HY (R, 1) is the event of a horizontal open crossing of R, 1, and g(p, €) does not
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depend on L.

By complementing the background interaction (5.I) with a type interaction, we
move into the familiar area of continuum random cluster models with a random Delau-
nay/Voronoi structure. In this case, whether or not a Voronoi cell is open depends heavily
on the particle positions. What is particularly interesting is that the problems outlined in
Section [5.2] concerning small and large cells, and their detrimental effect on our efforts
to prove RSW, are very similar to the problems faced in Chapters [3|and ] In particular,
throughout the proofs of continuum percolation for the various Delaunay random cluster
models, the recurring elements were to bound below the probability that a small box V
contains at least one particle (no large Voronoi cells), and to bound below the probabil-
ity that a box A contained no more than M > 0 particles (average size of Voronoi cells
in A is not too small). We therefore conjecture that the RSW theorem holds for the soft
Widom-Rowlinson model on the Delaunay graph studied in Chapter 4]

Conjecture 5.5. Fix z > z9, A > Ag and p > 1. Denote R, C R? t0 be a pL x L

rectangle. Then
P ARHT (R L)) >e>0 = P*B(HY(R,1)) > g(p,e) >0

where HY (R, 1) is the event of a horizontal open crossing of R, 1, g(p, €) does not depend
on L and P>*% is the Gibbs measure corresponding to the Hamiltonian (4.3).

In summary, there are many ways to prove the RSW theorem, but all depend on
the spatial independence property, defined in Definition [5.2] in a critical way. There is
one exception to this, however, as we saw in Section [5.2] where the authors of [BDIT]
take advantage of planar duality and symmetry arguments. The case of Poisson Voronoi
percolation falls down in the same way in both scenarios — the size of the Voronoi cells is
unbounded. We conjecture that an RSW estimate can be shown in the case where geometric
interactions occur between the particles to discourage large (and small) Voronoi cells. This
by itself however, does not give us spatial independence, in fact, more dependence has been
built into the system. However, without large Voronoi cells, an adaptation of the proof
method of [BDI1] seems more possible. The size of any gap, as shown in Figure [5.6] is
bounded above, and without small Voronoi cells, the number of Voronoi cells that can fill
said gap is also bounded above, enabling us to “cross the gap”. There are other things
to consider though. Do symmetry arguments still work in this setting? Non-hereditary
processes like the double sided hardcore one described above would cause this to fail for
instance. This brings us to the FKG inequality — a key ingredient for stochastic domination

arguments used in many of the proofs we have discussed. A point process analogue was
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given in [[GK97[], however, as we have seen, using geometric interactions erases the clear
distinction between attraction and repulsion. Will a weaker result be sufficient? Finally,
due to the existence of a Gibbs measure, and therefore a consistency relation, it is supposed
that dependence decays with distance. This decay of correlations, if shown to be strong
enough, could enable us to separate events and evaluate their intersection. These are all
interesting questions and ones which must be answered in order to find a proof of RSW in

the Delaunay/Voronoi continuum setting.
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Chapter 6

Conclusions and Outlook

In conclusion, in this thesis, we have shown the existence of percolation, for high activ-
ity and low temperature, in two classes of Delaunay random cluster models. Those with a
hardcore background interaction, and those without any background interaction at all. Fol-
lowing a joint construction of these Delaunay random cluster models with corresponding
Delaunay Potts models, we can interpret these percolation results with respect to the lat-
ter. They imply that multiple distinct Gibbs measures (Delaunay Potts measures) exist for
large enough activity and low enough temperature for each of our models, and providing
uniqueness of a Gibbs measures at the opposite end of the phase space, show the existence
of a phase transition. This extension of the continuum random cluster representation to
the Delaunay hypergraph structure is formulated in Chapter [2|for hyperedge potentials that
only depend on the hyperedge and not the neighbourhood of the hyperedge. Follow on
work might include constructing a similar continuum random cluster representation for the
case when hyperedge potentials do depend on the neighbourhood of a hyperedge, and then
finding a suitable model where percolation exists — it is thought that dependent percolation
may be needed. One example of such a model has a hyperedge potential that acts on sin-
gle particles, but is a function of the number of neighbours to that particle in the Delaunay
graph. Clearly this depends on the neighbourhood of the hyperedge (single particle) and
not just the hyperedge itself.

In Chapter |3} we study a class of Delaunay random cluster models with hardcore
background interactions: a generalisation and extension of the work of [BBDO3] to the
case of infinite range type interactions both on triangles and edges of the Delaunay graph.
The first model we consider has a type interaction that discourages triangles with large
smallest interior angle if all three particles that build the triangle do not have the same

mark. We show non-uniqueness of Gibbs measures for large activity z and low temperature
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A~L. Our estimates for these activity and temperature thresholds are similar to those in
[BBDO3J}, although the former depends on the angle threshold 3y between discouraged and
non-discouraged triangles in our case, rather than the finite range R of the interaction as
in [BBDO3|]. Our estimates show that if we decrease the angle threshold, we must increase
the activity to retain percolation. This is counter intuitive behaviour because, in the random
cluster representation, we are increasing the hyperedge drawing probability so one would
expect a more connected hypergraph. However, the positions of the particles also depend
on our type interaction. For this model, and indeed all those we consider in this thesis,
the required activity and inverse temperature are shown to increase with the cardinality of
the mark space. This on the other hand, is intuitive: a wider selection of marks will make
it more difficult for one of them to percolate. Our second model is just a relaxation of
the first, using a smooth type interaction that gives increasingly more penalty for triangles
with a larger smallest interior angle. Our proof of percolation only relies on the hardcore
background interaction to control the maximum number of particles in a box. A possible
extension of this model would be to lose the background hardcore interaction altogether.
This would result in the case of an infinite range type interaction with no background in-
teraction. To do this, we would simply need to find a bound for the expected number of
destroyed hyperedges when a particle is added to an existing configuration. We could then
follow the methods of Chapter[d]to control the maximum number of particles in a box. The
final model in Chapter [3is a direct extension of [BBDO3] to the case of infinite range type
interaction on the edges of the Delaunay graph. The novelty is to bound the expected num-
ber of created hyperedges without using a finite range assumption. Our estimates for the
activity and temperature thresholds are weaker, as expected. Comparing with [BBDO3|], the
temperature parameter threshold is identical, however, our activity parameter threshold, al-
though now independent of the range of interaction R, depends heavily on the temperature.
In fact, we require z to be proportional to ¢ to the power 4Aw /3. By taking advantage of
the self similarity property of the Delaunay triangulation, it is thought that this model can
be generalised to the case where ¢ = A, although our ‘annulus’ proof technique would not

work.

In Chapter 4] in the case of Delaunay random cluster models without any back-
ground interaction at all, we present an extension of [LL72]] and [[CCK94] to the Delaunay
structure where we use a smooth decreasing type interaction that explodes in the neigh-
bourhood of the origin to ensure percolation. The problem of non-uniqueness of Gibbs
measures for large activity z was first solved for the Widom-Rowlinson model by Ruelle
using a Peierls-type argument [R71]]. It was later also shown using a more modern stochastic

geometric method in [CCK94]: the authors used a continuum random-cluster representa-
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tion. The work of [LL72] provided a solution to the problem for the more general case of
the Widom-Rowlinson model when particles of different type are just discouraged to get too
close, rather than forbidden: non-uniqueness of Gibbs measures required high activity or
low temperature. Again, much later, a continuum random-cluster representation was used
to make the same result — this time by [GH96|]. The Widom-Rowlinson and its generalisa-
tions discussed here do not incorporate a background interaction: only a repulsion between
particles of different type in the form of a pair interaction on the edges of the complete
graph. We consider a much more restricted version of these models, where the inter-type
interaction only occurs on edges (hyperedges) of the Delaunay graph. This is the key fea-
ture of the present study and is the first time non-uniqueness of a Gibbs measure has been
shown for a Delaunay Potts model without a background interaction. Our result, as usual,
is for large activity and low temperature, which each depend on R, the finite range of our

type interaction.

One might presume that an increase in the range of the type interaction would facil-
itate percolation. And whilst this is certainly true in the classical systems of non-geometric
interactions on the hyperedges of the complete graph, where it represents an increase to
the repulsion, it is not so clear cut in our hypergraph structure framework where the lines
between repulsion and attraction are blurred due to the non-additive nature of the geometric
interactions. In fact, although our estimates show that a larger activity is needed to maintain
a phase transition for type interactions with either a large range, or very small range, the
temperature does not need to be as low in the latter case. However, our proof relies on a
bound « for the change in the expected number of connected components when you aug-
ment a configuration with a new particle. The bound we found is quadratic in R, but this
is due to our particular proof methods. Due to the self-similarity property of the Delaunay
hypergraphs, it is believed that a bound independent of R can be obtained. This would grant
significantly tighter estimates for the required activity and temperature for percolation. In
particular, in the case of a constant type interaction on edges of the Delaunay graph, perco-
lation would exist for all activity z > 0 and for temperature small enough — very interesting
yet intuitive behaviour. To see this, we follow our proof method. Choose any acticity z > 0.
To ensure, for this activity, that the small boxes in an L’-partition of A contain at least one
particle with high probability, we must choose L large enough. This choice of L, due to our
bound for @ being independent of the length of hyperedges, is inversely proportional to the
square root of z. To ensure percolation, we must finally choose A small enough such that
all particles in an 8L x 8L box have mark 1 with large probability. This only depends on
the number of particles in the box and will therefore be constant due to our choices of z and
L.
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As a final remark, all of the estimates in this thesis depend on our choice of coarse
graining structure — in particular the square lattice. By using an alternative skewed lat-
tice of rhombi with interior angle 7 /3, we can improve our estimates by a constant factor.
However, a comparison with another continuum point process instead of a discretization ap-
proach is not thought possible. These thoughts are due to the non-additivity of the geometric
hyperedge interactions which do not allow for stochastic comparison of point processes in

the form of the analogue Holley—Preston inequality presented in [GK97].
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Appendix A

Geometrical Lemmas

Lemma A.1. Let G = (V, E) be a spoked chain where V- = U]_ x; and 1 < --- < &p,.
For 1 < k < n, let z}; and x_ | be the centres of the circumscribing circles of the triples

{®0, k-1, 21} and {0, T), T 11} respectively. Then &) | > .

Proof. The points 7 ; and 2, both lie on the bisector of the line segment ZoZy. Suppose
&y > Iy, then the radius of B({xo, x}, T141}) is greater than the radius of B({zo, zx—1, 21 })
and hence 77, | > @7. Now suppose &3 < Zy. If 2, | < 2}, then zx1; lies in the interior
of B({zo,xx_1,x}) which contradicts the properties of a Delaunay tessellation. There-

ok ok
fore, 7 | > Ty O

Tk—1

T

Figure A.1: Linear bisector of the line segment ToZj,

Let a € R? be the pole in a polar coordinate system where & denotes the angular

110



coordinate of a point z € R2. For z,y € R? with & < ¢, let B({a,z,y}) be the unique
circle that intersects a, z and y. There are exactly two arcs of B({a,z,y}) with endpoints
# and §. Let C, be the one that does not contain a. Given an arc of a circle, C, let L(C)
denote its length. For two points =,y € R?, recall that Tg} denotes the unique straight line
in R? that passes through both  and v.

Theorem A.2. Suppose a € R? is the pole. Let b,c € R?, with 0 < b<é<m Let
D C R? be the region bounded by B({a,b,c}). Let U be the convex hull of C{... Then, for
all z € U,

L(Cy,) + L(CZ) < L(Cy)- (A.D)

Proof. We start off with some notation. Let » > 0 be the radius of the circle B({a, b, c})
and let

M:=|b—c| , hi:=|b—2z , he:=|z—¢,

t:=|z—al, sy:=|b—al, s2:=|c—al,
and

01:=2—b, Og:=¢—2, 0:=6; + 0s.

Then, L(C{,) = 2601 x radius(B({a,b,z})), and radius(B({a,b,z})) = hi/2sin(6,).
Therefore, we have the following formulae for L(C}.,), L(CY,) and L(C}.):

o
sin(@l) ’

0y o 0
sin(6y) L(Che) =M sin(6)

L(Cy.) = h L(CZ) = ho

The strategy of the proof is to first show that L(C},) + L(C2.) = L(C}.,) for z € C}. and
L(CE) + L(C%,) < L(CY) for z € be. We then define L(C{) 4+ L(CZ,) as a function of
61, s1,t and r, and show that it is convex with respect to ¢ — see Figure[A.2]for an illustration

of this convexity. Noting that z is uniquely determined by ¢ and 0, we conclude the result.

Let z € Cy.. It follows that B({a,b,c}) = B({a, b, z}) = B({a, 2, ¢}). Therefore,
Cy, Uy, = Cy.. Hence,

L(Cy,) + L(CZ) = L(Cy)- (A2)
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Let z € QU N be. Then, hy + hy = M and

01 0
L(Cy. L(CY,) =
(Cbz) + (Czc) hy sin(@l) + ho sin(02)
. 91 02
=M sin(6;) +M hl)sin(Og)
<h f + (M — hy) 0
= "sin(0) Y sin(0)
=M
= L(C},), (A.3)

where the inequality holds because # > max{6;,602} > 0 and g(x) := ﬁ is an increas-

ing function on the interval [0, 7].

Let M and  be fixed constants. To write L(C}) + L(C%,) as a function of 01, s

and ¢, note that by the cosine rule of triangles,

hi =t* — 2s1tcos(fy) +s7 and h3 = t* — 2s9t cos(6) + 53, (A4)
hence,
a 1/2 01
L(Cy,) = (t2 — 2s1tcos(0r) + S%) m =: f1(01,s1,1). (A.5)
Furthermore, s5 is a function of s; and 64, since
M
M? = 5% + 53 — 25159 COS (sim1 (2>> ; (A.6)
T
and 6, is a function of 6;:
M
0y =0 — 0 =sin™* (> — 6, (A7)
2r
Then, by (A.4), and (A.7)), we have
02(61)
LICYY = (2 _ 9 2\1/2 _. ‘
(Czc) (t 82(81,91)tCOS(02) —1—82(51,01) ) sin(92(01)) f2(91,$1,t>
(A.8)

We aim to show that f(61,s1,t) := f1(01,s1,t) + f2(01, s1,1) is convex with respect to t.
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To do this we start by taking the first and second derivative of f; with respect to ¢:

d t — s1cos(fy) 01
7f1(017517t): t )
dt (t2 — 251t cos(61) + s%)l/2 sin(61)
and

d? 1

—5f1(01,81,t) =

dt? (82 — 2s1tcos(61) + 3%)1/2

B 2(t — 51 cos(61))? 01
2 (t2 — 251t cos(61) + s%)?’/2 sin(61)
0 (2 — 251t cos(6y) + s%)3/2
sin(61) (t* — 2s1tcos(6:) + s%)2
=20 >0

(t* — 2s1tcos(6y) + s%)l/2 (t — s1 cos(6))?
(t* — 2s1t cos(6:1) + s%)z

>0

The denominator of the quotients in the square brackets is just A3 which is positive. The
function ﬁ is also positive for 0 < x < . Therefore, to show that 5722 f1(01,81,t) >0,
we only need to check that the numerator of the quotient in the square brackets, denoted

F(61, s1,1), is positive. Indeed,

F(61,51,t) = (t2 — 2s1tcos(bh) + s%)3/2 - (t2 — 251t cos(0y) + s%)l/2 (t — s1 cos(6))?

(t* — 2s1t cos(61) + 8%)1/2 (t2 — 251t cos(61) + 55 — (t — 51 cos(91))2)

(t* — 2s1t cos(6:1) + s%)l/Q +s1 (1 —cos®(61)) > 0.

=h1>0 >0

Therefore, g—;fl (01, s1,t) > 0. Similarly, j—;fg(ﬁl, s1,t) > 0. Therefore, j—;f(ﬁl, s1,t) >

0, which implies convexity with respect to t. Fix 0 < 6; < sinfl(%). There exists
0 < tmin(01) < tmax(01) < 2r such that tin(01) < |z] < tmax(61) for all z € U with

% — b = 6;. We have shown, in Equations 1} and li that

J(01, 51, tmin(01)) < L(Cy.) and  f(61, 51, tmax (01)) = L(Cy)-

113



Therefore, by the convexity of f, for all ¢ € [tmin(01), tmax(01)],

t— tmin(gl)
0 ) 7t S
f( Lol ) tmax(el) - tmin(el)

(01,51, tmin(01))

tmax(al) —t
i tmax(61) — tmin(ﬁl)f(el’ 51, tmax (01))

< f(ela Slvtmax(el)) = L(Ogc)'

Since, 01 and s; were arbitrary, this completes the proof.
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Figure A.2: The difference between L(C},) + L(C,.) and L(Cy.) for points z € U. On

the plot, ¢ takes values between t,, = 0, when z € be and tyx = 100, when z € Cp.
Similarly, the values of 0, are a percentage of 6, which is the maximum value for 6. The

following values were used: » = 10, M = 5/3 and s; = @ sin(sin_liﬁg/(QO))/Z)) ~ 19.5.
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