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Revision notes

This is a revision of the thesis I defended in march 2012 at the TU Graz
optimized for screen reading. You can find a version optimized for printing on
my homepage.

This revision only fixes grammar, spelling, typos, missing indices and impro-
ves the layout of some formulae. The mathematical content is the same as in
the officially submitted version. Some parts are erroneous the way they have
been originally written:

The proof of proposition 127 is wrong. A loss of control at the boundary
of Rp can be shown in some cases, though. A loss of control at the
boundary of can be shown in some cases, though. See the example in
[ ]. T think that a weaker statement, showing such a loss of uniform
control over reduced correlations, could be shown. As such a control is
only sufficient for analyticity, the statement of proposition 127 seems to
optimistic to me, currently.

Conjecture 63 is wrong. A slightly weaker version is proven if one shows
an infinite version of | ][theorem 1.10].

The optimality in section 5.6.6 is only true if one adds a global orienta-
tion to the tree. In this case it is a special case of an infinite version of
[ |[theorem 1.10].

The reduced correlations in chapters 5 and 6 are inverses of the redu-
ced correlations as understood in the mainstream mathematical physics
literature. Thus, for translation, the resulting bounds should be inverted.

This includes the only error I have found so far, namely.

Feel free to point out any errors or omissions to me and to ask me questions
about this thesis. Enjoy reading.
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Abstract

A Bernoulli random field (short BRF) is a collection of {0,1}-valued random
variables indexed by the vertices of a graph. We investigate BRFs with pre-
scribed marginal parameters and a dependency structure encoded by a graph.
A prominent example is Shearer’s measure, derived as the extreme case of the
Lovéasz Local Lemma (short LLL). In the case of a finite graph it is constructed
from the weighted independent set polynomial of this graph, with weights de-
rived from the prescribed marginal parameters. The LLL is a classic sufficient
condition for the existence of Shearer’s measure.

The first part of this thesis recapitulates the properties of Shearer’s mea-
sure, in particular its minimality for certain conditional probabilities of a large
class of BRFs. This minimality, specialized to k-independent BRFs indexed
by the integers, lets us determine critical probabilities for k-independent homo-
geneous percolation on trees. The critical probabilities are smooth functions
of the branching number of the tree. Furthermore, the minimality allows to
characterize the uniform stochastic domination of Bernoulli product fields by
the above class of Bernoulli random fields through the existence of Shearer’s
measure alone. Thus the LLL also yields sufficient condition for this uniform
stochastic domination problem.

The second part of this thesis deals with a second BRF linked intimately to
the weighted independent set polynomial of a finite graph. It is the Boltzmann
measure of the model of a hardcore lattice gas. A classic question is to find
estimates of the domain of absolute and uniform convergence and analyticity
of the free energy of the above model. We extend cluster expansion techniques
to derive improved estimates in the spirit of Dobrushin’s condition. The link
with the weighted independent set polynomial allows a straightforward inter-
pretation of these estimates as improvements of the LLL. We conclude with
a series of specializations and improvements aimed at improving estimates for
regular, transitive, grid-like graphs. These graphs are of particular relevance in
statistical mechanics.
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Chapter 1

Introduction

1.1 Overview

This thesis treats properties and applications of certain Bernoulli random fields
subject to independence conditions encoded by a graph. A Bernoulli random
field (short BRF) is a collection of Bernoulli random variables Y := (Y,)yev
indexed by the vertices of a graph G := (V| E). The prototypical example of
such an independence condition is strong independence with respect to GG, that
is non-adjacent subfields of Y are independent:

YUWCV: dUW)>1= Yy:=(Y,)sev is independent of Yyr. (1.1)

In this context G is also called a strong dependency graph of Y | , ,

]. Recall that a subset W C V is independent iff it contains no neigh-
bouring vertices. That is, the induced subgraph G(W') of an independent set W
is a collection of isolated vertices. If Y has strong dependency graph G, then
independent sets of G index product subfields of Y. A classic tool to investigate
independent sets of a finite graph G is the independent set polynomial [ ]:

Is: C—>C zw Z W (1.2)
independent WCV

It is the generating function of the independent sets of G. We stay for the
remainder of this section in the homogeneous and finite setting. There are two
particular BRFs strongly related to Iq.

The first BRF is connected to the Lovdsz Local Lemma (short LLL) | 1,

an important tool in the probabilistic method in graph theory [ |. If E # 0,
then the root of I closest to 0 is p& — 1 € [—1,0] | ]. For p € [p%,,1] and
q := 1 — p define Shearer’s measure | ] on Xy :={0,1}" by

q‘WU'G(W)(—q) if W :=V \ supp(Z) is independent,

0 else,

Hop(Z = ) = { (1.3)

where W := W & N (W) and N(W) are the neighbours of W. In particular

strong

pGp(Z = 1) = Ig(—q) and has strong dependency graph G. Let C;"*(p) be
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the class of all BRFs with strong dependency graph G and marginal parameter
p. The importance of Shearer’s measure stems from the fact | ] that for
each p > pG every Y € C""8(p) and all U C W C V:

Icowy(—q)
Iew)(—q)

=1

P(Yw = 1Yy =1) > pop(Zw = 1|2y =1) = >0. (1.4)

That is the above conditional probabilities are all well defined and p¢c , mino-
rates them uniformly. This property allows to reduce questions for large classes
of BRF's to Shearer’s measure. We apply (1.4) to derive results about perco-
lation and stochastic domination of Bernoulli product fields (short BPF) by
BRFs. To this end we investigate the structure, behaviour and representation
of Shearer’s measure.

The second BRF is well known in statistical mechanics: it is the so-called
hard-core lattice gas, also known as animal model | | or abstract polymer
model | ) ]. Let z € [0, 00] be the fugacity or chemical potential. For
Z:= (zy)vey € Xy define its support as supp(Z) := {v € V : z, = 1}. We define
the probability measure Ay, of this model on &y by
LW

=0 if W := supp(&) is independent,

)\V,z(f) = { G

0 else.

(1.5)

In this setting the normalization factor I is the so-called partition function of
the model. This model does not have strong dependency graph GG. A key statis-
tic of the model is the free energy —log(Ig(2))/|V] | , . Cluster
expansion | , , ] techniques also demand control of the pinned
correlations Igwy(2)/Ia(z) for W C V and complex z. Thus one wants uniform
control of the quantity in question in a small complex domain around 0 as one
takes the thermodynamical limit, that is as |[V| — oo. Extending tree-operator
techniques | | we derive weaker sufficient conditions to achieve such uniform
control and discuss the relation with analyticity of the free energy in detail.

Seen at a more technical level, the following ratios play a key role in the
treatment of the above two themes:

[Iaw) (2)]

Vod WCV: .
[awwiop (2)]

(1.6)
Control of these quantities is achieved by finding lower bounds of the form

I —
Vo ¢ finite W C V : e (=n) I > ey w(r), (1.7)

Iawwgoy) (=7

for real 7 > 0. Depending on the context we want these bounds cy, to be
either just positive or bounded away from 0 uniformly for all possible v and W
and r in some interval. This encompasses the search for sufficient conditions on
r to guarantee uniform bounds. In these cases we express the ¢, w (1) explicitly.
This allows further analysis in some interesting cases.

10



C. Temmel Section 1.2 of chapter 1

1.2 Vue d’ensemble

Cette these traite des propriétés et applications de certains champs de Bernoulli
aléatoires, soumis a des conditions d’indépendance encodées par un graphe.
Un champ de Bernoulli aléatoire (bref CBA) est une collection de variables
aléatoires Bernoulli Y := (Y, ),ev indexée par les sommets d’un graphe G :=
(V, E). L’exemple prototypique d’une telle condition est l’indépendance forte
relative a G. C’est-a-dire les sous-champs non-adjacents de Y sont indépend-
ants :

VUWCV: dUW)>1= Yy:=(Y,)ev est indépendant de Yy .

Dans ce contexte G s’appelle aussi le graphe de dépendance forte de Y | ,

, ]. On se rappelle, qu'un sous-ensemble W C V est indépendant ssi il
ne contient aucun paire des voisins. C’est-a-dire le sous-graphe G(W) engendré
par un ensemble indépendant ne contient que des sommets isolés. Un outil clas-
sique pour étudier les ensembles indépendants d’un graphe G fini est le polynéme
des ensembles indépendants | ]:

Ig: C—=C z— E P
indépendant WCV

C’est la fonction generatrice des ensembles indépendants de GG. Nous nous re-
streignons pour la suite de cette section au contexte fini et homogene. Il y a
deux CBAs particulierement reliés a I.

Le premier CBA est connecté avec le Lemme Local de Lovdsz | ], un
outil important de la méthode probabiliste en théorie des graphes | ]. Si
E # (), alors la racine d’I la plus proche de 0 est p& — 1 € [-1,0] | ]
Pour p € [p%,1] et ¢ := 1 — p on définit la mesure de Shearer | | sur

Xy = {0,1}" par

hep(Z = F) = q‘W|IG(W)(—q) si W :=V \ supp(Z) est indépendant,
’ 0 sinon,

ot W= Wu N(W) et N(W) sont les voisins de W. Notez que ug,p(Z =
1) = Ic(—q) et qu'elle a G comme graphe d’indépendance forte. Soit C3""%(p)
la classe de tous les CBAs avec graphe de dépendance forte G et parametre
marginal p. L’importance de la mesure de Shearer vient du fait que pour tout

p > S, tout Y € C5™"8(p) et tout U CW C V on a

_ Igwy(—q)
Icwy(—q)

=1

P(Yw = 1Yo = 1) > pop(Zw = 1|2y = 1) >0. (1.8)
C’est-a-dire que toutes les probabilitiés conditionnelles ci-dessus sont bien définies
et elles sont minorées par celles de la mesure de Shearer. Nous appliquons cette
minimalité pour obtenir des resultats sur la percolation et la domination sto-
chastique des champs de Bernoulli produits par des CBAs. A cette fin nous
étudions la structure, le comportement et la représentation de la mesure de
Shearer en détail.

11
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Le second CBA est bien connu dans la mécanique statistique : c’est le modele
appelé modele du gaz de reseau a noyau dur, ou aussi modele des animaux
[ | ou modéle abstrait de polymeéres | ) ]. Soit z € [0,00] la
fugacité ou le potentiel chimique. Le support d'un vecteur Z := (xy)vev € Xy
est supp(Z) := {v € V : 2, = 1}. On définit la mesure de probabilité Ay, . de ce
modele sur Xy par

Ig(z)

) 2 g W := supp(Z) est indépendant,
Avz (&) 1= 0 sinon

Dans ce cadre le facteur de normalisation Ig s’appele fonction de répartition
du modele. Ce modele n’a pas G comme graphe de dépendance forte. Une sta-
tistique clé du modele est ’énergie libre —log(Ig(2))/|V] | , ]. Les
méthodes de développement en amas | , , | demandent aussi
le controle des corrélations avec accrochage 1wy (2)/Ic(z) pour W C V et z
complexe. Ainsi on veut un contréle uniforme de la quantité en question dans un
domaine complexe petit autour de 0 quand on prend la limite thermodynamique,
c’est-a-dire quand |V| — oco. Nous développons des techniques d’opérateurs sur
les arbres [ ] pour donner des conditions suffisantes plus faibles pour un
tel controle uniforme et nous discutons alors la relation avec l'analyticité de
I’énergie libre en détail.

Vus a un niveau plus technique, les termes suivants jouent un role clé dans
le traitement des sujets ci-dessus :

\IG(W)(ZN

VogWcCv.: —LGMEL
[awwiop (2)]

On controle ces quantités en trouvant des bornes inférieures de la forme
Vogfini WCV:

\IG(W) (=)
— >y w(r),
aweio)) (=)

pour r > 0 réel. Suivant le contexte, nous voulons que ces bornes soient ou bien
positives, ou bien éloignées de 0 uniformément en v, W et r dans certains inter-
valles. Ceci impose la recherche de conditions suffisantes sur r pour garantir des
bornes uniformes. Dans ces cas la nous exprimons les ¢, w (r) explicitement. Ces
expressions permettont une analyse plus profonde dans certains cas intéressants.

1.3 Ubersicht

Diese Dissertation behandelt Eigenschaften und Anwendungen von Bernoulli-
Zufallsfeldern, welche durch einen Graph gegebenen Unabhéngigkeitsbedingung-
en unterworfen sind. Ein Bernoulli-Zufallsfeld (kurz BZF) ist eine Sammlung
von Bernoulli Zufallsvariablen Y := (Y,),ev, indiziert durch die Knoten eines
Graphen G := (V, E). Das prototypische Beispiel einer solchen Unabhéngigkeits-
bedingung ist starke Unabhdngigkeit beziiglich G, dass heisst nicht benachbarte
Teilfelder von Y sind unabhéngig:

YUWCV: dUW)>1= Yy:=(Y,)pev ist unabhingig von Yy .

12
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In diesem Kontext wird G auch starker Abhdngigkeitsgraph von Y | ,

, ] genannt. Eine Untermenge der Knoten W C V ist genau dann un-
abhdngig, wenn sie keine benachbarten Knoten enthélt. Dass heisst, dass der von
einer unabhiingigen Menge W induzierte Untergraph G(W) eine Ansammlung
isolierter Knoten ist. Wenn Y den Graph G als starken Abhéngigkeitsgraphen
hat, dann indizieren die unabhingigen Mengen von G unabhéngige Teilfelder
von Y. Ein klassisches Werkzeug zur Untersuchung unabhéngiger Mengen eines
endlichen Graphen G ist das Unabhingige-Mengen-Polynom | ]:

Is: C—-C z— Z PN
unabhingig WCV

Es ist die erzeugende Funktion der unabhingigen Mengen von G. Fiir den Rest
dieser Sektion verbleiben wir im endlichen und homogenen Kontext. Es gibt
zwei BZF, welche besonders mit I verbunden sind.

Das erste BZF ist mit dem Lovdsz Local Lemma | ], einem wichtigen
Werkzeug der probalistischen Methode in der Graphentheorie | ], verbunden.
Wenn E # (), dann ist die am nihesten bei 0 liegende Wurzel von Ig gleich
PG, —1€[-1,0] | ). Fiir p € [p%,,1] und g := 1 — p definiere Shearer’s Maf
[ ] auf Xy = {0,1}" durch

q‘WUG(W)(—q) falls W := V \ supp(Z) unabhingig ist,

pap(Z =)= {

0 sonst,

wobei W := W & (W) und N (W) die Nachbarn von W sind. Insbesondere
ist pucp(Z = 1) = I¢(—q) und Shearer’s Ma$ hat G als starken Abhiingigkeits-
graphen. Sei C3""%(p) die Klasse aller BZF mit starkem Abhingigkeitsgraphen
G und marginalem Parameter p. Die Wichtigkeit von Shearer’s Maf} liegt | ]

darin, dass fiir jedes p > p&, jedes Y € C5™"(p) und alle U C W C V gilt:

Icow)(—q)

> 0.
Igwy(—q)

P(Yiw = 1Yy =1) > pop(Zw =1|Zy =1) =
Das heisst, dass alle obigen konditionellen Wahrscheinlichkeiten wohldefiniert
sind und gleichméfig durch jene von Shearer’s Mafl minimiert werden. Diese
Minimalitét erlaubt es, Fragestellungen fiir grofle Klassen von BZF auf Shearer’s
Maf} zu reduzieren. Wir wenden obige Minimalitdt an, um Resultate iiber Per-
kolation und die stochastische Domination von Bernoulli-Produktfeldern durch
BZF herzuleiten. Mit diesem Ziel vor Augen untersuchen wir die Struktur, das
Verhalten und die Représentation von Shearer’s Mafl genau.

Das zweite BZF ist in der Statistischen Mechanik wohlbekannt: es ist das
sogenannte Modell eines harten Gittergases, auch unter dem Namen Tiermodell
[ | oder abstraktes Polymermodell | , ] bekannt. Sei z € [0, 00|
die Fugazitit oder das chemische Potential. Der Support eines Vektors & :=
(xy)vev € Xy ist supp(¥) := {v € V : z, = 1}. Wir definieren das Wahrschein-
lichkeitsmaB Ay . dieses Modells auf Xy durch

1wl
Z falls W := T bhingig ist
Mo (7) = {Ic(z) alls supp(Z) unabhiingig ist,

0 sonst.

13
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In diesem Kontext wird der Normalisierungsfaktor I kanonische Zustands-
summe des Modells genannt. Dieses Modell hat jedoch nicht G als starken
Abhéngigkeitsgraphen. Eine Schliisselgrofle dieses Modells ist die freie Energie
—log(Ig(2))/IVI] , |. Cluster-Entwicklungstechniken | ,

| verlangen gleichfalls nach einer Kontrolle der sogenannten veranker-
ten Korrelationen Igwy(z)/Ia(z) fir W C V und komplexes z. Aus diesen
Griinden will man eine gleichméflige Kontrolle der untersuchten Grofle in einer
kleinen komplexen Domaine um 0 beim Ubergang in das thermodynamische Li-
mit, dass heisst wenn |V| — oco. Wir verallgemeinern Baum-Operator Methoden
[ | um schwéchere hinreichende Bedingungen fiir eine solche gleichmiflige
Kontrolle herzuleiten und diskutieren den Zusammenhang mit der Analyzitit
der freien Energie ausfiihrlich.

Auf einem technischeren Niveau gesehen spielen die folgenden Verhéltnisse
eine Schliisselrole in der Behandlungen der obigen zwei Thematiken:

Iaw)(2)]

Vogwcy: el
[awuwiop (2)]

Die Kontrolle dieser Quantititen wird durch das Auffinden unterer Grenzen der
Form
L) (—7)|

Vo ¢finte WCV: ——M———"—
Heweiop) (=)

Z CU,W(T) )

fiir reelles r > 0, erreicht. Je nach Kontext wollen wir diese Grenzen cyy,, ent-
weder nur positiv oder gleichm#fig positiv fiir alle moglichen v und W und r in
gewissen Intervallen. Dies inkludiert die Suche nach hinreichenden Bedingungen
an r fiir solche gleichméfligen Grenzen. In diesen Fillen driicken wir die ¢, w (r)
explizit aus. Dies erlaubt eine tiefergehende Analyse in einigen besonders inter-
essanten Féallen.

1.4 Notation and conventions

We recall conventions and definitions throughout this thesis as needed. The
common denominator though is:

Graphs are always undirected and locally finite. Given a subset A of the
vertices and/or edges of a graph G we denote by G(A) := (V(A), E(A)) the
subgraph induced by A. The neighbours of a vertex v and a subset of vertices
W are N (v) and N (W) respectively.

Vectors are denoted by & and are indexed by a countable base set V. We
apply scalar operations component-wise to vectors (as in Ty := (ZyYy)vey OF
|Z] := (|y])vev ). For a subset W of the indices write Ty := (zy)yew for the
projection of & onto the subvector indexed by W. We omit the projection if
there is no ambiguity. For a constant ¢ we let constant vector ¢ be el If we
supply a scalar instead of a vector in a function expecting a vector we implicitly
lift it to the appropriate constant vector. This is the homogeneous setting. We
look at BRFs as vector-valued rvs and all conventions for vectors apply to them.

14



C. Temmel Section 1.5 of chapter 1

The notation in the literature around the LLL, in statistical mechanics and
proability theory of Bernoulli random fields is varied and inhomogeneous. In
the setting of Shearer’s measure we exclusively talk about BRFs with marginal
parameter vector p. We always assume that ¢:= 1 — p, also in the homogenous
setting and with common sub-/superscripts. In the statistical mechanics setting
we restrict ourselves to the language of abstract polymer systems (see chapter
5), not to be confused with the polymers in section 1.6.3.

We take the liberty of mixing BRF's and their laws, in particular when talk-
ing about stochastic domination. We also take the shortcut (as in (1.4)) to
define pu,p on the canonical probability space Z := (Z,),ev and to refer at the
same time to Z as a uq,p-distributed BRF, switching notions as more convenient.

Instead of indicator functions we extensively use Iverson brackets.

We express the fact that A is a finite subset of a set B by A € B. Likewise
we write H < G for H being a finite subgraph of G. When we take limits of
such finite subsets and -graphs ezhausting their infinite superset and -graph we
write A, ' B and H, " G respectively. If necessary, we understand the limit
of exhausting subgraphs to be in the sense of van Hove, that is along a Falner

sequence (H,)nen with
. |0H,|
lim

n—00 |Hn|

=0.

We often deal with the space RV, where R is a real interval (maybe extended
with 400) or subset of C and V' is countable. The topology on this space is
always the box topology, that is

i 57 o vYeeV:zW g, (1.9)

1.5 The Lovasz Local Lemma, Shearer’s mea-
sure and applications

1.5.1 The Lovasz Local Lemma

The aim of the probabilistic method | ] is to show the existence of a combi-
natorial object with certain properties. This is done by constructing an appro-
priate probability space and showing that such an object exists with nonzero
probability. Usually, as in extremal graph theory, the object studied is finite and
hence the probability space isomorph to a finite-dimensional vector space.

Suppose that the desired properties of the object are implied by a collection
of local properties of the object. Local in the sense that a local property only
depends on a small substructure of the object. The satisfiability of local prop-
erties depending on disjoint substructures are thus independent. Examples of
such local properties are: the determinant of a 2 x 2 minor of a matrix M (non-
overlapping minors do not use the same entries of M) or left-to-right crossings
in small neighbourhoods of a finite subgraph of Z? (non-overlapping neighbour-
hoods are independent) or the existence of Latin transversals of a square matrix
[ ]. The classical example is 5 vertices of a graph forming a clique, that

15



C. Temmel Section 1.5 of chapter 1

is inducing K5 as a subgraph. This is connected to bounds on Ramsey numbers

[ ; J

We formalize this in the random setting as follows: Let G := (V, E) be a
finite simple graph and Y := (Y, )yev be a collection of {0, 1}-valued rvs. For
each v the event {Y, = 1} corresponds to the fact the local property v holds.
The dependency graph G encodes the independence of the local properties: we
assume for two disjoint subsets U, W of V that Yy is independent of Yy, iff
d(W,U) > 1, that is there are no edges between W and U: E(W,U) = (. Thus
Y € A" (p), where p, := P(Y, = 1). We want to

Problem 1. Find conditions on {Y,}, ., to imply that P(Yy = 1)>o0.

Rare dependencies between the {Y, }v € V correspond to a dependency graph
G with few edges. For such cases Erdos and Lovész | | have derived a suf-
ficient condition on p to guarantee that P(Yy =1) > 0.

The Lovéasz Local Lemma (short LLL). If there exists ¥ € [0,1]V such that

VoeV: q<(l-2) [[ 2w, (1.10)
weN (v)
then
V finite UCW CV: PYw=1yu=1)> [] = (1.11)
veW\U

Note that the LLL depends only on the marginal parameter p and the de-
pendency structure imposed by G. An immediate corollary to the LLL for
dependency graphs with uniformly bounded degree D is the following sufficient
condition on p:

1 DP
YveV: g¢q,<

SeD+) S DFnoE (1.12)

This is derived from the LLL by setting & := ﬁf

In the literature on the LLL the focus is often on not fulfiling a number of
local properties. By symmetry this leads to a dual version of Y with swapped
marginal parameters 1 — p. The LLL, as the probabilistic method in general,
is highly non-constructive. A line of research on the interface with computer
science is to derandomize these existence results to obtain algorithms [ ,
section 5.7 & section 16],[ L.l 1Ll 1, [ | to construct concrete
instances with the desired properties.

There is a series of extensions and variations to the LLL. They include

e [op-sided versions, which relax the dependency conditions | , page 70].
This is the case of a weak dependency graph | , ], or see section
2.1.1.

e directed versions | , lemma 5.11], that is independence is only guar-

anteed from neighbours with incoming edges, for example.
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e compound versions with additional conditions | ], in particular local
conditions seens as aggregates of other local conditions. This is like a
two-stage version of problem 1.

1.5.2 Shearer’s measure

Investigating the class C5""® of BRFs with strong dependency graph G in more
detail, Shearer | | discovered that

Summary 2. There ezists an open, non-empty connected subset PSL of [0,1]V,
such that the following dichotomy holds:

VEePS 3 ZeCy P VY ey (p), UCW CV:
P(Yiw =1Yu =1) >P(Zw =1|Zp =1) >0 (1.13a)

and

Vg PG :3Y €eCI™M(p): P(Yy =1) =0. (1.13b)

We call the law of Z in (1.13a) Shearer’s measure and denote it by ug .
The minimality (1.13a) reduces problem 1 to

Problem 3. What are sufficient conditions for p to lie in PSC;;? What are the
properties of Pgl?

The LLL is one such condition, because if § fulfils (1.10), then p € PSG.
Not only did Shearer derive (1.13), but he used ¢ 5 to show that the LLL is
asymptotically optimal | , theorem 2]. In the homogenous case identify P,
with the interval ]p% ,1]. Then

Summary 4. For every exhausting sequence (T, )nen of finite subtrees of the

D-regular infinite tree Tp, we have

T DD
APk =1 Ty

This matches the sufficient condition (1.12) and shows its asymptotic op-
timality. It is possible to characterize the law of Z in (1.13a), that is pg z,
succinctly:

Summary 5. The law g is characterized by the two properties:
® LGy € Cgmng(ﬁ).
o All realizations with adjacent 0s have zero mass under pig z.

This characterization implies the construction in (1.3), generalized in the
obvious way for inhomogeneous p. We give a detailed introduction to Shearer’s
measure in chapter 2.
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1.5.3 Application to k-dependent percolation on trees

The first application and my initial motivation for my foray into this topic has
been work on k-independent percolation on trees, started during my master
thesis [ | and culminating in [ ]. This work is in the tradition of
[ | and extends | ]. T just quote the abstract of | ], which forms
chapter 3:

Consider the class of k-independent percolations with parameter p
on an infinite tree T. We derive tight bounds on p for both a.s.
percolation and a.s. nonpercolation. The bounds are continuous
functions of k and the branching number br(T) of T. This extends
previous results by Lyons for the independent case (k = 0) and by
Balister & Bollobés for 1-independent bond percolations. Central
to our argumentation are moment method bounds & la Lyons sup-
plemented by explicit percolation models 4 la Balister & Bollobas.
An indispensable tool is the minimality and explicit construction of
Shearer’s measure on the k-fuzz of Z.

1.5.4 Application to domination of Bernoulli product fields

We call a Bernoulli product field (short BPF) with marginal parameter vector
P non-trivial iff > 0. A stricter version of problem 1 is to ask [ I:

Problem 6. For which p’'does every BRF Y with dependency graph G dominate
stochastically a non-trivial BPF?

An even stronger version is

Problem 7. For which p’'does every BRF Y with dependency graph G dominate
stochastically a non-trivial BPF with the same parameter?

Here the notion of dependency graph is weakened to allow even more BRFs.
It turns out that the solution to these and related problems is P$. We state
here just the abstract of | ], which forms chapter 4:

Let G := (V, E) be a locally finite graph. Let 5 € [0,1]V. We show
that Shearer’s measure, introduced in the context of the Lovéasz Lo-
cal Lemma, with marginal distribution determined by p exists on
G iff every Bernoulli random field with the same marginals and de-
pendency graph G dominates stochastically a non-trivial Bernoulli
product field. Additionaly we derive a non-trivial uniform lower
bound for the parameter vector of the dominated Bernoulli prod-
uct field. This generalizes previous results by Liggett, Schonmann
& Stacey in the homogeneous case, in particular on the k-fuzz of
Z. Using the connection between Shearer’s measure and hardcore
gases established by Scott & Sokal, we apply bounds derived from
cluster expansions of lattice gas partition functions to the stochastic
domination problem.

18
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1.6 The hard-core model in statistical mechan-
ics

We give a short introduction to the language of statistical mechanics in section
1.6.1. The definition and discussion of the hard-core lattice gas follow in section
1.6.2. We then present two different cluster expansions related to the hard-core
lattice gas. Section 1.6.3 shows the expansion of the partition function of the
lattice gas itself, whereas section 1.6.4 reduces other models to the lattice gas,
by building up an appropriate structure on abstract polymers.

1.6.1 The language of statistical mechanics

Statistical mechanics aims to reproduce the qualitative and quantitative be-
haviour of physical systems consisting of many particles or nearly independent
subsystems in a formal and rigorous setting. The aim is to relate the local
microscopic mechanics of the system (like interaction between two atoms) to
the statistical macroscopic observable properties of the system (like pressure or
entropy).

For a more comprehensive introduction see | , chapter 1] or [ ,
chapter 1]. Here I only want to review the basic terminology for discrete systems
in thermadynamic equilibrium, that is the system exchanges no energy with its
surrounding and can be regarded as essentially isolated. Our system consists
of a finite volume V of locations. Each location can be in a state taken from
a countable set E. Thus all possible configurations of our model are elements
of Q := EV. We assign to each configuration w € Q an energy H(w), called
the Hamiltonian of w. We are also given the absolute temperature 7" in kelvin
and the Boltzman constant k. The standard formulation, introduced in the late
19*" century by the american physicist and chemist Josiah Willard Gibbs, is the
Boltzmann distribution on Q:

py (W) = Z,H(T) exp(—H(w)/kT)dw , (1.14a)
where the normalizing factor Zy is the so-called partition function, defined by

Zy(T) = exp(—H(w)/kT)dw. (1.14Db)
wenN

This is sometimes called a perturbation of the & priori measure dw on €. If F is
finite then dw is usually just the uniform counting measure. Note that as T — 0
the configurations with minimal energy gain mass under py, corresponding to
a frozen phase, while if T"— oo the differences in the hamiltonian matter less
and the mass of uy is spread more uniformly over €2, corresponding to a plasma
phase. A key quantity in the analysis of the system is the free energy

_log Zy

Fv(T) = T

(1.15)

Its and its derivates’ behaviour determine the macroscopic properties of the
system | , ].
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1.6.2 The hard-core lattice gas

One of the basic models in the setting of section 1.6.1 is the so-called hard-core
lattice gas | , ]. Tt also called the animal model | ] or abstract
polymer model | , ]. It describes the possible configurations of particles
(atoms of the gas) on a the vertices (the locations) of a finite graph G := (V, E).
The classic case is G being a finite subgraph of a regular d-dimensional lattice.
The configurations are subject to two restrictions: each location can carry at
most one particle (self-exclusion or ard-core self-repulsion) and neighbouring
locations can not carry particles (hard-core interaction). Thus the locations of
particles in an admissible configuration corresponds to an independent set of
G. Additionaly a vector of fugacities (or chemical potentials) Z € RK is given,
describing the a priori density of particles at the locations. The probability
measure is given by

Ec(?)

Ioeaz  if 4 is independent
(A) — 1 1S 1aependaen (1163,)
0 else,

with partition function

Ee@®= >, ] (1.16b)

A independent vEA

A derivation of (1.16a) in the setting of 1.6.1 via pair potentials is given in
[ , section 1.1]. The marginal parameters of A\ 7 are

20 Eq(v\W () (%)
Eq(?)

Ac,z([v € A]) = (1.16¢)

Thus the marginal parameters are related to (1.6).

The measure \g,z has a spatial Markov property. Partition V into three sets
A, B and C with d(A, B) > 1, that is C separates A and B. Then

Ve Xy : Ag’g(gA,§B|§c) = AG75(§A‘§0)/\G75(§B|§0) . (1.17)

Therefore it is a Markov random field. It also fulfils the Dobrushin,Langford
& Ruelle conditions | , section 2], which imply (1.17) on finite subgraphs.
The DLR conditions imply the existence of one or more so-called infinite volume
Gibbs measures having g z as its finite projection for every finite subgraph G.

The classical questions are again centered around the behaviour of Z¢(2),
the free energy Fg(Z) = —ﬁlog Zq(2) and the correlation of the states at

W C V, given by EG(V\{W“JE‘[()W”)(Z).

Z2a(Z

1.6.3 Cluster expansions - convergence of the lattice gas

The high-temperature expansion of the model is an expansion of Fg(Z) around
Z = 0 in complex variables. The main focus (see also section 1.6.4) is on the ana-
lyticity of Fz in a small complex multi-disc around 0, uniform in the system size.
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In the particular case of some homogeneous and regular 2-dimensional lat-
tices a so-called non-physical singularity | , , , I, ,
section 8| limits this multi-disc (here just a disc) for negative real fugacities. It
is my understanding that the mathematical physics community considers this
singularity to be related to the limit of the zeros of the finite size partition func-
tions, but no formal proof of this has come to my attentation yet. We rectify
this situation in section 5.2.3.

One technique to derive bounds as in 1.7 is to expand the clusters in the par-
tition function 2y of the hardcore gas. The key step is to rewrite the partition
function as a weighted exponential generating function:

:Z% Z H [v; A ;] szl. (1.18)

n>0  gdevVnr \1<i<j<n

This can be seen as a sum over subgraphs of V. Taking the logarithm amounts
to summing only over connected subgraphs, as every graph can be uniquely de-
composed into its conneced components (see | , section 4.4],] ) D-
This is the so-called Mayer expansion | Il , section 2.2] of the mathe-
matical physics community.

A detailed investigation of the terms

Z H [vi # v5] H%? ) (1.19)

vevn \1<i<j<n

called the truncated Ursell functions. There is a long history | ,
, , | of studying bounds on them to get improved bounds of
the form (1.7). Chapter 5 presents such an example.

1.6.4 Cluster expansion - reduction to the lattice gas

Given a model with short range interactions a popular way to investigate its
partition function is to apply the cluster expansion | , section 6.2],] ,
sections 1.3-1.5]. Examples are perturbations of iid models. At its core is the
so-called cluster representation of the partition function in terms of certain
geometrical objects, called polymers (or contours in dimension 2). Let G :=

(V, E) be finite. Then
Za(2) =Y [[ wa®. (1.20)
yel' Aexy

Here v are the polymers (that is hypergraphs on subsets of V') and w4 (Z) are
the cluster coefficients (subsets of V' being the elements of ). Here wa(%) may
be negative real, too. A polymer v may consist of several clusters, which are
subsets of V. If we look at the free energy we get

V log Za (7 ZHwA H [ANB=10]. (1.21)
| | yel Aey Bey

The logarithm can be understood as decomposing ~ into its connected compo-
nents. A graph structure on the clusters is given by A+ B iff AN B = (). In
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this case A and B are said to be compatible. This gives rise to a graph P(G).
Thus we have

log Z(Z) = Ep(c) (W(2)) , (1.22)
where the rhs partition function is for a hardcore gas on P(G). This rewriting

motivates the need to control Z¢ for the hardcore gas as V(G) grows and in a
complex domain around 0.

In chapter 5 we discuss the abstract polymer model, which is can be thought
of as both a generic cluster representation or a hardcore gas. Take note, though,
that the clusters in the cluster representation are the polymers in the abstract

polymer model. This naming is inspired by the polymer model | , section
3], which is in straightforward bijection with the hardcore gas. At this point
I have to quote | , page 196], who nailed the often confusing terminology
with:

The terminology is inherently confusing, since when the cluster rep-
resentation is interpreted as a grand partition function, then it is
possible to do a cluster expansion of the cluster representation. That
is, the cluster representation represents combinatorial coefficients in
terms of cluster coefficients associated with connected clusters of
sites. Then this representation is reinterpeted as a grand partition
function, which has a cluster expansion indexed by connected clus-
ters of polymers.

1.6.5 The hard-sphere model

Let A be a finite volume of R?, that is a bounded and measurable subset of R?
with respect to Lebesgue measure. The hard-sphere gas of diameter R €]0,00[
enclosed in A at density z | ] has the grand canonical partition function

Za(2) : Z'—)Z%/ exp | — Z U(x; —xj) | doq---dzy,,  (1.23a)

n>0 1<i<j<n
where the pair potential function U given by

0 ifr>R
U: Ry—>R — 1.23b
+ + 7 {oo ifr<R. ( )

It is the potential taking on the value oo for small distances that qualifies the
gas as “hard” by disallowing configurations with pairs of molecules at distance
less than R. In two dimensions it is called the hard disc model. This is not a

discrete system as in section 1.6.1 anymore. Configurations correspond to finite
sets of points in A. As in the discrete case one wants to investigate

1
lim ———— log Z(2). 1.2
A el 8 A(2) (1.23¢)

The configurations of the hard-sphere gas are finite sets of points of A. The

hard-core repulsion encoded by U allows us to define a finite graph G 4 induced
by a configuration A:

G(A) = (A, {(a,b) € A% : |a—b| < R}). (1.23d)
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This way we can write

exp | — Z Uz —x;) | = H [v; A ;). (1.23e)

1<i<j<n 1<i<j<n

Remark that this is the same expression as in (1.18) partition function of the
hard-core gas. The main difference is that we do not sum over a countable
number of configurations but integrate over them. This should motivate the
close connection between the hard-core gas and the hard-spheres model. One can
transfer methods like the cluster expansion in section 1.6.3 and carry estimates
for the Ursell functions from the discrete to the continuous case.

1.7 Summary and discussion of technical results

This section aims to give an overview of the technical results of this thesis.
That is we leave aside the results from the application of Shearer’s measure in
chapters 3 and 4 and refer the interested reader to these chapters. Instead we
focus on the part common to all parts of the thesis, that is results which are
essentially statements about Ig. We omit all derivative results or colloraries
and just focus on bounds of the form (1.7).

Let G := (V,E) be a (possibly infinite) graph and let 7 € [0,00[". As
indicated in (1.6) the focus is on the quantities

Hawsiv) (—7)]
Vo gdWeV: Al = owetnT] 1.24
W= g (-] 24

It is known that they enjoy some nice monotonicity properties: they are mono-
tone decreasing in both ¥ and W. Denote the set of admissible parameters
by

Rag :={Ffe[0,00]Y: VH<G: Iy (—7) >0}

={Fe0,00V: VYvgWeV: AYy(F) >0}. (1.25)

Known properties of R are that it is a subset of [0,1]V, is log-conver and a
down-set. It decreases if G increases. In the finite case it is open, but in the
infinite case it can be written as the intersection of a countable of open sets is
in general not open anymore.

The two main questions are

Question 8. What is the shape of Rg? What are sufficient or necessary condi-
tions for ¥ € Rg?

and

Question 9. What are sufficient or necessary conditions for #* to bound A}, ()
uniformly away from 07

We analyse this question along both quantitative and qualitative lines. Qual-
itative results include monotone behaviour (see lemma 117 and propositions 21,
24, 32, 26 and 178) and the worst case behavivour for negative real arguments

23



C. Temmel Section 1.7 of chapter 1

Name/Origin Ifr, < Then Ay}, (7) >
Kotecky & Preiss s, exp | — Z S (1- r,U)Cxp(ZweNﬂv) sw)—1
[ ] weN7 (’U) 1
lagsi LLL s, 14 5,)"!
classic . s H ( —|—s) Y
[ ], Dobrushin WEN] (v)
[ ] .
D D
symmetric ~ LLL TSRS =
[ ], Dobrushin (D +1)P+D D+1
[ ] )
tree-iterative S A (1 — ry) oo @1
[FPO7] Tew, @) (9)
D —1)P~1 D-1
[ ] and @-V)7 =z -
. DD D
[ 1, in-
spired by Shearer
[ I, only
escaping (W, v)
v 1
new inductive, min 5 1
only escaping weN () H (14 s4) T Sv
(W, v) with escape u€N (v)\{w}
we N \W
. . Ty
new generic, iff Sy
seRg Sy =Ty
new tree-iterative, min —— % (1— rv)IG(Nl(v)\{w}>(§)—1
only escaping V) Lo @)\ fwh) (3)
(W, v) with escape
weNw) \W

Table 1.1: Summary of some sufficient conditions for 7 to lie in Rg. The
condition may on 7 may demand the existence of a suitable 5 €]0, co[" .

(see section 5.8.4). We also deduce a generic condition to be non-zero (see propo-
sition 124 and compare with section 2.2.3). There is also a rigorous clarification
of the relation with solution of the numeric search for negative singularities
via transfer-matriz techniques in section 5.2.3. Finally the partition scheme
in section 6.3.3 finds a lazy version of the pruned SAW tree-interpretation by
Scott & Sokal on the polymer level in section 6.2.3 in a partition of the clusters.
Quantitative results are given in the following section 1.7.1.

1.7.1 Summary of bounds

Let 7, § € [0, 00[. Let D be the maximal degree of a vertex in G. Here G may be
infinite, too. The condition column is for every v and the implication column
for all (W, v) with v € W and W C V finite. We call such a pair (W, v) escaping

it N(v) \ W #£0.
There are also exact solutions for some particular graphs in the homoge-
neous case. The classic one is the D-regular tree (inspired by | . If
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(D—1)(P—D . . D—1 . D—1
r < *=—5p— and ¢ be the unique solution of (1 —§)¢ with £ > 5=, then
AV, (r) > € for every escaping (W, v). Similarly we can treat the k-fuzz of Z

(inspired by | . Ifr < M% and ¢ be the unique solution of (1 — &)¢¥
with £ > kiﬂ, then A}, (r) > & for every escaping (W, v).

The classic conditions try to exert control over all (W, v) at the same time.
Newer conditions allow to ignore one of the neighbours of v, giving only control
over escaping pairs. To still allow some, albeit far from optimal control, the
new generic condition allows to take the parameters for control of the escaping
(W, v), reduce those parameters a bit and then control all (W, v). The amount
of control one gets depends on by how much reduces the parameters.

Calculations and evaluations of these bounds for transitive grid-like graphs,
in particular Z2, are in section 6.5. Finally, a condition for ¥ ¢ R¢ is given in
theorem 174. It allows us to show the asymptotic behaviour for the graph Z<,
as d — 0o, in corollary 193 in section 6.4.1.

1.7.2 A translation guide

This section contains a translation guide between the notations used in the
different chapters. The left column is the notation for the generic setting in the
introduction in chapter 1, the middle column is the polymer system notation
in chapter 5 and parts of chapter 6 and the right column is the notation for
Shearer’s measure in chapters 2, 3, 4 and parts of chapter 6.

generic setting polymer system Shearer/BRF
G:=(V,.E) (P, =) G :=(V,E)
v p q=j-1
Ra Rp o =1- PG
Ie(—7) En(=p) Ec(p)
(W, v) (A7) (W, v)

AY (F) with v ¢ W @) withye A afy, (7F) with v ¢ W.

Table 1.2: Translation guide between the notations for the generic setting in
chapter 1, the polymer system of chapter 5 and Shearer’s measure in chapter 2
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Chapter 2

Shearer’s measure

The first half of this chapter introduces Shearer’s measure. We review its con-
struction and basic properties on a finite graph and characterize it in section
2.2.1. The importance of Shearer’s measure comes from its minimizing prop-
erty in section 2.2.5 and the Lovasz Local Lemma in section 2.2.6. We estab-
lish the existence and uniqueness of Shearer’s measure on infinite graphs in
section 2.3 and extend various results. We also review known and introduce
new couplings involving Shearer’s measure in section 2.2.3 and show that it is
non-markovian in section 2.2.7. We introduce the one-vertex open extension
probabilities (OVOEPs) in section 2.2.4 and employ them consistently as the
core tool in our investigation (see sections 2.2.5, 2.6.1, 4.7 and 6.4.4).

The second half of this chapter deals with the question of how to deter-
mine the critical values and how to represent and construct Shearer’s measure
explicitly. Examples on particular finite graphs and state of the art sufficient
conditions are given in section 2.5. We then turn to a class of quasi-transitive
tree-like graphs, which are particularly amenable to analysis. Important mem-
bers include the k-fuzz of Z and the d-regular tree.

Another important class of graphs, namely grid-like graphs, is investigated
in chapter 6. One particular BPF dominated by Shearer’s measure, the so-called
intrinsic domination, is discussed in section 4.7.

2.1 Notation and conventions

Let G := (V, E) be a locally finite graph. Denote by N (v) the set of neighbours
of v and by N (v) := N(v) W{v} the neighbourhood of v including v itself. For
every subset H of vertices and/or edges of G denote by V(H), E(H) and G(H)
the vertices, edges and subgraph induced by H respectively.

Vectors are indexed by V, i.e. & := (z,)yev. Scalar operations on vectors
act coordinate-wise (as in Z ) and scalar comparisons hold for all corresponding
coordinates of the affected vectors (as in 0 < Z). For W C V let Zy := (24 )vew,
where needed for disambiguation. We otherwise ignore superfluous coordinates.
If we use a scalar z in place of a vector Z, then we mean to use & = z1 and
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call this the homogeneous setting. We always assume the relation ¢ = 1 — p,
also in vectorized form and when having corresponding subscripts. Denote by
Xy = {0, 1}\/ the compact space of binary configurations indexed by V. Equip
Xy with the natural partial order induced by Z < ¢ (isomorph to the partial
order induced by the subset relation in P(V)).

A Bernoulli random field (short BRF) Y := (Y,)yev on G is a rv tak-
ing values in Xy, seen as a collection of Bernoulli rvs Y, indexed by V. A
Bernoulli product field (short BPF) X is a BRF where (X,)ycv is a collection
of independent Bernoulli rvs. We write its law as ITY , where z, := II¥ (X, = 1).

A subset A of the space of binary configurations Xy or the space [0,1]" is
an up-set iff
VEeAyeXy: T<y=yecA.

Replacing < by > yields a down-set.

If Y and Z are two independent BRF's, then we denote by
YANZ:= Yy AZy)vev YVZ:=%,AZy)vev (2.1)

the vertez-wise minimum and vertex-wise mazimum of Y and Z respectively.

2.1.1 Dependency graphs and classes

This section deals with the encoding of dependencies (or more correctly, inde-
pendence) by a graph.

Definition 10. A random field Y := {Y,} ., on a graph G := (V,E) has a
strong dependency graph G iff

YUWCV: dUW)>1= YylYw, (2.2a)
has weak dependency graph G iff
VveV: Y,lYv\ai), (2.2b)
and is pairwise independent on G iff
VoweV: viw = Y, 1Y,. (2.2¢)

Having a strong dependency graph G is equivalent to being 1-independent
on G. Adding edges to a dependency graph does not change its status as
dependency graph, for a given random field Y. Example 15 shows, that in both
the strong and weak case there may be several different minimal dependency
graphs. The definitions (2.2) are listed in order of decreasing strength. Example
14 shows, that pairwise independence is not sufficient for weak independence.
The comment after theorem 106 or | , page 89] shows, that there are BRFs
with a dependency graph G, which is weak but not strong for that BRF.

Definition 11. For a given graph G we define the weak dependency class with
marginal parameter vector i € [0, 1]V

CEk(p):={BRFY: VYveV: PY,=1Yanw) > Do} (2.3a)
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and the strong dependency class with marginal parameter vector p’

VoeV: PY,=1)=p,
corg(z) = {BRFY : | ( J=p . (2.3b)
G is a strong dependency graph of Y
They contain the BPF with marginal parameter vector p and are thus non-
empty. In particular

CE "8 () C CEe () . (2.3¢)

In all but some trivial cases the inclusion 2.3c is strict. The comment after
theorem 106 explains, that even demanding equality in (2.3a) does not imply
strong independence. On the other hand, the > is a sufficiently strong condi-
tion to work with. The class of lop-sided probability measures | , page 70],
[ , theorem 1.2] is a subclass of C&° ().

The rest of this section contains the proofs of the statements made above.
We first show that the condition of strong dependency graph is as strong as one
would like it to be:

Proposition 12. Let Y with strong dependency graph G and {W;},o with
W; CV,i#j = dW;W;) > 1, then the {Yw, },cy are independent.

Proof. Start with W := W; and U := W;2, W;. Apply (2.2a) to see their
independence. Proceed by induction. O

Furthermore the classes are stable under vertex-wise operations

Proposition 13. Fiz the graph G := (V, E) and a marginal parameter vector
p€1[0,1]Y. Let X and Y be two independent BRFs with marginal parameter
vector p. Let ¢ be a binary operator on {0,1}2. Let Z := X oY with Z, :=
X, 0Y,, foreveryv e V. If X and Y are both pairwise independent, have both
weak dependency graph G and have both strong dependency graph G, then Z is
pairwise independent, has weak dependency graph G and has strong dependency
graph G respectively.

Proof. 1t is obvious that all the necessary independent subfields of Z are func-
tions of the same independent subfields of X and Y. Thus they stay indepen-
dent. O

Example 14 (Pairwise independence does not imply weak dependency). Take
the graph G := ([3],0). For ¢ €]0, £[, define the X[z-valued rv Y with distribu-
tion

—
—~
—~

Lie if §€{(0,0,0),(1,0,1),(0,1,1),(1,1,0)}

S {é —¢ if §€{(0,0,1),(0,1,0),(1,0,0), (1,1, 1)}.

Thus all Y; are Bernoulli($)-distributed. We have Y; Y] for i # j, hence Y is
pairwise independent. On the other hand

-1 11
}P’(Yzl):§+a7éZ§:IP’(Y1:Y2:1)P(Y3:1),

hence (Y1,Y3) LY3 and Y is not weakly independent on G.
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It rests to show that there may not be a unique minimal (strong or weak)
dependency graph. The following example is inspired by the corresponding weak
example in [ , section 4.1].

Example 15 (No unique minimal dependency graph). Let Y be uniformly
distributed on

4
A={deXy: Y a;€{1,3}}
=1

We claim, that the following two graphs are minimal strong dependency graphs
of Y. They are not isomorph to each other.

Gy = ([4]7 {(17 2>7 (273)7 (374)})
Go = ([4}’ {(17 2)3 (173)7 (134)})

The BRF Y has the following independence properties:
YlJ—(Y27}/3) Ylﬁl/—(}/Qa}/?)a}Cl) (Y17Y2)7‘K(Y37}/4)' (24)

Furthermore the three rvs (Y7,Y5,Y3) are independent. By the symmetry of
Y’s definition all parts of (2.4) and the triple-independence are invariant under
permutations of the indices from [4]. Admitting (2.4) momentarily, the left part
of (2.4) and the triple independence imply, that G; and G are strong depen-
dency graphs of Y respectively. The middle part and right part of (2.4) forbid
the removal of edges from G; and G5 respectively, rendering them minimal.

Regard the quantities

- 1
pri=PY1=1)= 3 pi1 =Py =1)= 1
- 1 - 1
pinn =P(Yi03 =1) = 3 pi =Py =1) = 3
1 - 1
po:=PY1=1,Y,=0) = 1 pro =P(Y1 0y = 1,Y3=0) = 3

To prove (2.4), we use the permutation invariance of Y. Then the left part
follows from p111 = p11p1 and p11p = piop1, the middle part from pi111 # pr1ip1
and the right part from py111 # p?,. Likewise, to show the triple-independence,
it is sufficient to verify that p111 = p$ and p1; = p?.

2.2 Basics

This section contains a detailed introduction to Shearer’s measure on a finite
graph. It recapitulates the definition and construction by Shearer in section
2.2.1 and develops its properties in the following sections. New results include
the characterization (2.8), an internal coupling in model 22 and the consistent
use of OVOEPs (see section 2.2.4).

2.2.1 Definition, construction and characterization

This section describes the construction of Shearer’s signed measure on a finite
graph with given marginal vector, due to | ]. We define the set of admissible
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parameters ’Pscib for Shearer’s signed measure to be a probability measure. As
this case is the prevalent one discussed we omit the qualifier “probability” and
just call it Shearer’s measure. We characterize Shearer’s measure in proposition
18.

Model 16. Let G := (V,E) be finite and p € [0,1]V. Define the function
pep: Xv — R by

posYw =0Yi\w=1):= > ()" ]q,. (2.5)

WCTCV veT
T independent

Proposition 17. Model 16 defines a signed measure puggz on Xy with total
mass 1 and strong dependency graph G. In particular

W C V not independent = g (Y =0) =0. (2.6)

Proof. The signed measure part is obvious, as we have a real-valued function
on Xy . For the total mass we calculate

—,

> pas(Yw =0,Yiw = 1)

WCV
-y Y ol
WCV  WCTCV veT

T independent

> (H qv) >
TCV independent veT wcCT
—_——

0 T#D

=1.
To show that G is a strong dependency graph for Y under ug gz we regard
disjoint U, U', W, W' CV with d(U W W,U" & W’) > 1. Then

pa y(Ywew: = 0, Yowrr = 1)

S (=1)/TIH+W] (H qv>

WuW'CTCV\(UwU") veT
T independent

> > (—1)/TI+W] (H qy>

S independent TwT' =S veT
WCTCV\U independent
W'CT'CV’'\U’ independent

Z (=TI H T Z (_1)\T’\+|W’| H %

WCTCV\U veT W'CT'CV\U’ veT’
T independent T’ independent

= pes(Yw = 0,Yy = Dug (Y =0,Yy =1).
To show (2.6) we calculate

-,

paz(Yw =0)
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= Z pe 7 (Yw = 0,Yiw = 3)

SeEXv\w

= Z pe.s(Ywer =0, Yv\wer) = 0
Ucv\W

LY T commen ],
UCVAW WWUCTCV vel

T independent

Z (=))W (H Qv> Z (—=1)!Vl

WCTCV veT UCT\W
T independent
=0 T\W#0 o T#W
- Q\Wl <H T ) W)\
veW

= 1] o

veW

The sum is 0 iff W is not an independent set. O

Define the set of admissible parameters for Shearer’s measure as
PG = {7 0,1V : gy is a probability measure} . (2.7)

It is easy to see that 1 € PG . Thus it makes sense to talk about PS,. We denote
by Qi := I— PSGh the set of the ¢ associated with each p € Pﬁl. This notation
carries over for the later specialisations of ’PSC;;. The uniqueness of pg 5 follows
from the following characterization:

Proposition 18. Let v be a probability measure on Xy . If Y under v
has strong dependency graph G, (2.8a)
has marginal parameter p, i.e. Vo€V : pugzY, =1)=p,, (2.8b)
and forbids neighbouring 0s, i.e. ¥ (v,w) € E : g 5(Y{v,w} = 0)=0, (2.8¢)
then v = jg p.
Remark. This characterization implies that ji¢ 3 is stable under projections onto
subgraphs G(W), for W C V. That is for disjoint U, U’ C W C V we have
pes(Yo =0,Yy = 1) = pew) (Yo =0,Ypr = 1). (2.9)

Proof. Property (2.8¢) is equivalent to (2.6). This allows to construct all other
probabilities of v by the inclusion-exclusion principle | , exercise 2.6] and
the use of the independence encoded by G. But the result is just (2.5) — thus
the two probability measures coincide. O

2.2.2 The critical function

Define the critical function of Shearer’s signed measure on G by

Z¢: [0,1]V =R §FZe() = pes(Yv =1) = E || —qu) -
TCV weT
T indep

(2.10)
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In graph theory (2.10) is also known as the independent set polynomial of G
[ , | and in lattice gas theory as the grand canonical partition function
at negative fugacity —¢ | , section 1.1].

Proposition 19. The critical function satisfies a fundamental identity (an
instance of a deletion-contraction identity)

VoeV,pe [0, 1]V : Eg(ﬁ) = EG(V\{’U})(@ —Qy EG(V\Nl(v))(ﬁ) . (2.11)

The critical function factorizes over the connected components (G;)"; of G:
=@ = [[ 2. () (2.12)
i=1

Proof. For (2.11) discriminate between independent sets containing v and those
which do not in (2.10). Tt uses the fact (2.8¢) that a 0 in v implies 1s in A (v).
For (2.12) factorize every independent set into a product of independent sets on
the connected components. O

The critical functions determine pg 5 and PG, :
Proposition 20. If WU CV are disjoint and W is independent, then
pap(Yw =0,Yy =1) = ( 11 QU> Ecu\wiw)) (D) (2.13)
veW

where N1 (W) := e N1(w). This allows us to characterize
PG ={pFel0,1]V: VW CV: Egw)) >0} (2.14)
Thus PSC;; is closed.

Proof. To show (2.13) we use (2.8¢) to calculate

pe(Yw =0,Yy =1) = pe5(Yw =0, Yo p vy = 1)

= (H CIu) Ecw\wiw)y) (D) -

veW

The characterization (2.14) follows by rewriting (2.7) with the aid of (2.13). The
intersection of [0, 1]V with the preimage of [0, 1] of a finite number of polynomials
is closed. O

Going one step further, we have:

Proposition 21.
VW C Vo e VAW FEPT : Eawewn (@) < Zcw)@), (215
with strict inequality iff GOW W {v}) is connected and p, # 1. Hence

PG C{pel0,1]V: Eq(p) >0}, (2.16)
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Remark. (2.16) justifies partly why the critical function is critical. The full
picture emerges in sections 2.2.5 and 2.2.3. Equation (2.15) can be extended to
also handle deletion of single edges. See | , corollary 2.7], proposition 178
or lemma 117.

Remark. In the light of the projection-stability of pi 7 (2.14) and the criticality
(2.16) the characterization (2.14) can be interpreted as “all projections of pq 7
exist”.

Proof. We prove (2.15) by induction over the cardinality of W. If |IW| = 0, then
W = () and we have Zg (o) (D) = 1 — qv < 1 = Eg(g)(P), with strict inequality
for p, < 1. For the induction step choose suitable W and v. Then we use the
fundamental identity (2.11)

Ecwuiv) (D) = Ecw) (D) — wEcw \Wi (v) (D) < Ecw) (D) -

Equality holds iff p, = 1 or W\N;(v) = W, that is G(W wW{v}) is disconnected.
The characterization (2.16) is a combination of (2.15) and (2.14). O

2.2.3 Couplings

This section describes two couplings involving Shearer’s measure. The idea for
the first coupling I have to attribute to Pierre Mathieu. It connects Shearer’s
measure under monotone increasing parameters. We present it in model 22.
The idea is to erase Os in realizations independently of each other. This cou-
pling permits to show certain monotonicity properties of the critical functions
and PSC;'L in proposition 24 and propositions 26 and 23 respectively. Finally it
allows to characterize PSC;L by the preimage of Z¢ in proposition 25. The second
coupling already appeared in | ] and describes what happens outside of PSC;'L
in theorem 27. Together with the minimality in theorem 33 in section 2.2.5 it
gives an alternate description of Pﬁl.

Model 22. Let j € PS and let Y be pg gdistributed. Choose a BPF X with
parameter ¢ independent of Y. Let

F=1-(1-p)(1 -8 =p+c—pe. (2.17)
Then Z :=Y V X (vertex-wise max) is pug, ~distributed.

Proof. We check that Z satisfies the characterization (2.8). By proposition 13
a vertex-wise change by an independent BPF does not change the dependency
graph, thus (2.8a) holds. The marginal parameters are

1—-r,=P(Z,=0)=P(Y,=0,X,=0)=(1—p,)(1 — ¢),

whence (2.8b) holds. And (2.8¢) follows from the fact, that taking the vertex-
wise max with X only flips Os to 1s, thus all Os in realizations of Z still form
independent sets of G. O

Proposition 23. The set sz is an up-set. This means, that if p < 7 and
pEPS, then ¥ € PS,.
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Proof. Apply the coupling from model 22 with ¢ defined by

1— 1= ifp, <1
cy = =p 0P (2.18)
1 else.
Calculating (2.17) with the ¢ from (2.18) results in 7. O

Proposition 24. The function E¢(p) is monotone increasing in p:
PG op<7 = ZEg) <Za(P). (2.19)
Equality holds iff p =7 or 2¢(F) = 0.

Proof. Using the coupling from model 22, we see that

-,

Eq(@) <P(Xy =1)Eq(F).

Unless j = 7 or Z¢(7) = 0, we have P(Xy = 1) = [I,cv o > 0 and a strict
inequality. O

Proposition 25. The connected component of 1 in [0, 1]V NZg ([0, o0]) equals
PS . Thus the boundary OPS, of PS, is the part of hypersurface of Z¢(p) = 0
intersecting [0,1]V directly visible from 1.

oPS C{pePS : Zq(p)=0}. (2.20a)

The interior Psh 0f73 5 1S

PG ={rePS: Zc(p, 1)) >0}, (2.20D)

Proof. We know that Z¢ is multi-affine and thus continuous. We know that P$
contains T, must be contained in the preimage Z¢ ([0, 00[) (by (2.16)), which
is closed, and is an up-set (by proposition 23). Combining these facts yields the
statement. O

Proposition 26. The set 7786,1 is monotone non-increasing in G:

G(W)

wcucv = PV opSo) (2.21)

Remark. The statement (2.21) also holds under addition of edges. See proposi-
tion 178.

Proof. This is a direct consequence of proposition 25 and the monotonicity of

the critical functions in (2.15). O
Theorem 27 (| , proof of theorem 1)). Let G be finite. If § & PG, then
there exists a BRF Z € C5™™(p) with P(Zy = 1) = 0.

Proof. Asp ¢ 77 and 1 € ’P the line segment [, 1] crosses 9P, at the vector 7
(unique because Psh is an up-set — see proposition 23). Let Z satisfy the relation
p = 7. Let Y be pg #~distributed and X be H;f—distributed independently of
Y. Set Z:=Y AX. Then Z € C5""%(p) and

-,

P(Zy = 1) = P(Xy = Dug Yy =1) = 0.
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2.2.4 One vertex open extension probabilities (OVOEPs)

While the critical functions suffice to describe Shearer’s measure, a more nu-
anced analysis is possible by regarding ratios of critical functions. They are
conditional probabilities of the form “open on some vertices | open on some
other vertices”. The motivation for their investigation stems from their nice
interplay with recursive calculations using the fundamental identity (2.23).

Let v ¢ W C V. If Zgw(p) > 0, then define the one verter open extension
probability of (W, v) by

afy (P) == pe p(Yo = 1Yw = 1). (2.22)
Reformulate the fundamental identity (2.11) as
ayy (p) =1 - mqivwiy (2.23)
| Ay, (p)

where W NN (v) =: {w,...,wy} and W; := W\ {w;, ..., wn}.

Proposition 28. The fundamental identity (2.23) is well-defined.

Proof. The finiteness of ojy, (p) on the lhs of (2.23) implies, that E¢ ) (p) > 0.
In turn, this implies by (2.15), that all the terms on the rhs of (2.23) are well-
defined, too. O

We can characterize PG by the OVOEPs:
Proposition 29.
PGS ={pe0,1]V: VY(W,0): al(p) >0}. (2.24)

Remark. If ' € OPS,, the a¥,(§) may become 0 or not even exist (that is, the
conditional probability they represent may not be well-defined). This is the
reason for working with PS instead of p% . Those OVOEPs, which are 0 are

exactly those pairs (W, v), for which pyuge) # 0or Wy {v} = V. Going the
other direction, if p € PSC};, then 7 > 0.

Proof. We show the equivalence of (2.14) and (2.24).

(2.14) D (2.24): For all W C V the ZE¢gw)(p) are positive, thus their ratios
are well-defined and positive, too.

(2.14) C (2.24): For all {wn,...,wp} =W CV let W; := {wy,...,wi—1}.
As all the ayy (p) exists and are positive, we factorize

Econ (@) = [ ol ) > 0.
i=1
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Remark. A similar approach (see | , section 5.3]) is to define P, by the well-
definedness of quantities obeying the fundamental identity (2.23). For fixed
p, define a(W,v) by a(f,v) := p, and the recursion a(W,v) := 1 — W
(with the same notation as in the fundamental identity (2.23)). Then p €
PS iff all a(W,v) are well-defined and non-negative. This approach lacked the
interpretation of the a(W,v) as conditional probabilities, though.

Definition 30. Call the pair (W, v), respectively oy, escaping iff N'(v)\W # 0
and call every vertex w € N'(v) \ W an escape of (W, v).

The notion of escaping pair is inspired by the proof of | , theorem 2].
It allows us to push the probability of encountering a 0 instead of a 1 at v away.
This yields a lower bound on o}, (p) independent of W (except for the condition

Proposition 31. Let € PS, then
V(W,v): oy (D) < po (2.25a)

and
V(W0),w e No)\W: qu < ajy(p). (2.25b)

Proof. The fundamental identity (2.23) implies, that
avw(mzl_qivgl_(h:pv'
[Tex(P)

Likewise, if (W, v) is escaping with escape w € N (v) \ W, then (2.23) yields

quw . quw
T @e® - e @

0 < gy (P) =1

O

Proposition 32. Let p € ng The OVOEPs are monotone non-increasing in
W:
WCU = ap®>ai@). (2.26a)

The inequality is strict iff the connected component of v in G(W Wv) increases
in G(UWw) and p, < 1. The OVOEPs are monotone non-decreasing in p:

<7 =  ap) <ap(). (2.26D)

The inquality is strict if ¥ — p is non-zero in the connected component of v in
GW Ww). In particular
lim ap (p)=1. (2.26¢)
Ppy—1

Remark. The OVOEP af}, also decreases when adding edges to G(W)v. See
proposition 178.

Proof. We assume throughout the proof, that all the OVOEPs are well-defined.
The strict results follow directly from the proof if the increase by U neighours v
or p, < 1. Otherwise it is so for some other vertex in the connected component
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of v and carry the strictness forward through the applications of the fundamen-
tal identity.

(2.26a): We prove the statement by induction over the cardinality of W,
simultaneously for all v. The induction base with W = () is

1—Guv—qu _ v :
R
zlfquajfw}(ﬁ) if vAw.

For the induction step we add just one vertex w to W and set U := Ww{w}.
Let {wy,...,wy} = N(v)NU. First assume that w +v. Using the fundamental
identity (2.23) we have

Oé"{](ﬁ):l— qv Qv

Iliz1 0 w0,y (P) ITiz1 oW (w03 (P)

..........

Secondly assume that v v~ w = w,,. Hence the fundamental identity (2.23) yields

v dv
agp(p) =1~

m Wy
[Tz ot g,

Qv
<1l———= —
----- wm}(m Hi:l O[VI;\{wq,,...,wm_l}(ﬁ)

(2.26b): We prove (2.26b) by induction over the cardinality of W, simulta-
neously for all v. The induction base with W = () is given by

= oy ().

aj(P) = Eqqop (@) = 1 —po <1 =1y = Ego)) () = ag(7).

For the induction step we reuse the notation from (2.11): {wi,..., Wy} =
W NN (@) and W; := W\ {w;,...,wy}. Then

aiy (P)
=1- I_L,nll_ag;(ﬁ) by the fundamental identity (2.11)
1—
:1—71_[?;1&%2(@ as py, <1y
=1- ﬁ by the induction hypothesis as |W;| < |[W]|
= oy (F)Z_1 " by the fundamental identity (2.11).

(2.26¢): Fix (W,v). We deal with a parameter increase only in v, that is
7 =9+ (ry, — py)L,. Choose € as in (2.18), then the coupling from model 22
yields

ayy (1) = agy (P) + co(1 — ayy () = ayy (D) .- (2.27)
The inequality is strict iff ¢, = 0, that is if p, = 7, or o}, (p) = 1, that is p,, = 1.
If we regard p' with p, < 1 and let r, — 1, then ¢, — 1 and o}, () — 1. O

2.2.5 Minimality

The importance of Shearer’s measure is due to its uniform minimality with
respect to certain conditional probabilities. This minimality is one half of the
full picture for Shearer’s measure, the other half is given in theorem 27 in section
2.2.3.
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Theorem 33 (| , theorem 1]). Let v € C&°*(p) be a probability measure.
prEPh andWCUCV then

0<pc;(Yo=1Yw=1) <v(Yy =1V =1). (2.28a)
In particular, we have for p’ € ’PSC,;Z and W CV:

0 < Eguw) () < v(Yw =1). (2.28b)

Remark. The LLL is independent of the cardinality of V', that is the finiteness
of G.

Proof. Tt is sufficient to show (2.28a) for the one vertex extensions with U :=
W {v} and v € V \ W. Analoguously to (2.22) and subject to the same
conditions, we can define one vertex open extension probabilites for v:

By = v(Y, = 1|V =1). (2.29)
Strong independence of Y under v with respect to G implies that

—.

v(Yy=1,Yw=1)=v(Yiw =1) —v(Y, =0,Yy = 1)
>v(Yw =1) = v(Y, = 0v(Yu\ww = 1).
This lets us state fundamental inequality for v (using the notation from (2.23))

Qv

By 21— = (2.30)
ILZ: Bw,
Thus (2.28a) reduces to showing the well-definedness of the inequality
V(W,v): 0<ap® <By- (2.31)

We show (2.31) by induction over the cardinality of W, simultaneously for all
v. The induction base with W = 0 is

v

ag = Ey,0) (D) = po =v(Ys) = By -

For the induction step we reuse the notation from (2.11): {wi,...,wn} =
W NN (@) and W; := W\ {w;,...,wn}. Then
0
< ¥ (f) as pe PG
=1 i %wi by the fundamental identity (2.11)
[1i= e, (P)
<1 qu o by the induction hypothesis as |W;| < |[W]|
12 Aw
< Bw by the fundamental inequality (2.30).

To show (2.28b) we have to differentiate between two cases. In the first case
Eqw)(P) > 0. Welet {wy,...,w,} =W and W; := {wy,...,w;} and factorize
to apply (2.28a):

0 < Eqm(P) = Ha *)<H5W_u =1).

In the second case Z¢w)(p) = 0, which is always a lower bound. O
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2.2.6 The Lovasz Local Lemma

In this section we state and prove the classic Lovdsz Local Lemma | . It
shows that P& has non-trivial volume. Its symmetric version is corollary 39 in
section 2.4.

Theorem 34 (] 1). If there exists a vector § €]0,1[V, such that
YoeV: ¢, <(1—sy) H Sw (2.32a)
weN (v)
then
V(W,v): oy (p) > s, >0. (2.32b)
In particular p € Pgl and
Ea@) > [[s0>0. (2.32¢)
veV

Proof. The claim (2.32c¢) follows directly from (2.32b) by successive condition-
ing. We prove the claim (2.32b) by induction over the cardinality of W, simul-
taneously for all v. The induction base with W = () is

058 = E({v},@)(m =py=1l—-¢q >1- (1 - 51)) = Sy -

For the induction step we reuse the notation from (2.11): {ws,...,wn} =
WNN(@w) and W; := W\ {w;,...,wn}. Then

ajy (P)
dv . .

=1—- =7 by the fundamental identity (2.11)
| ayy, (p)

>1- quiv by the induction hypothesis as |W;| < |[W]|

i=1Sw;

>1- P taking all neighbours
HwE/\/(v) Sw

>1—(1-sy) applying condition (2.32a)

=5,.

2.2.7 Non-markovianity

Shearer’s measure is non-markovian. This is demonstrated by the minimal ex-
ample 35, which is contained in every non-trivial graph G. We use homogeneous
parameters only for convenience. A more general statement using OVOEPs is
in proposition 36.

Example 35. Let G := ([3],(1,2),(2,3)) and let p&, <p < 1. Then

q if € {(0,1,1),(1,0,1),(1,1,0)}
2 ep —
) if §=(0,1,0)
Ha.p(3) = 1-3¢+¢ if5=(1,1,1)
0 else
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Therefore
g\, &
pa.p(01[12) e p(03]12) = (1 ) # —— = jg p(0103]12)
—q 1-¢q
or
q 2 q
pa,p(11102) e p(1302) = <1 = q) 1 i pta,p(1113]02) .

Either one implies, that p¢ , is non-markovian.

Proposition 36. Let G := (V, E) be a finite graph. Let A, B,C be three non-
empty and disjoint subsets of V' with d(A, B) > 1 and G(AW BWC) connected.
Let 1> pePS. Then
pes(Ya=1,Yp =1|Ye =1)
<pas(Ya=1Ye = Dpas(Ys =1|Yo =1). (2.33)

Thus pa,p s not markovian.

Proof. Enumerating {ai,...,a,} := A and using the strict version of (2.26a),
we have
pe(Ya=1,Yp = 1Yo =1)
= pap(Ya=1Yp = 1,Yo = Dpa (Y = 1|Yo = 1)

= (H a?f@Bw{al,...,ai_l}(ﬁ)> (Ve = 1Yo =1)

i=1

(H O‘C’U{m7 ,ail}(ﬁ)> MG,;‘;‘(YB = T‘YC = T)

= pap(Ya = 1Yo = Dug p(Yp = 1Yo = 1).

2.3 Going infinite

This section shows the existence of Shearer’s measure on an infinite graph, as
well as its uniqueness and characterization, in theorem 37. Various related limit
quantities are discussed, in particular the limit of OVOEPs in (2.35).

If G is infinite, then we define

PS= () P5M= N Py (2.34a)
WCV,|W|<oo E'CE,|E'|<co

PS= () PSM= N PYT. (2.34b)
WCV,|W|<co E'CE,|E'|<c0

This is well defined by the monotonicity of P, for finite graphs (2.21). The
set PSGh is not the interior of the closed set PS. See (2.39) for an example of a
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boundary point of ’PSC;VI The equalities on the rhs of (2.34) are a consequence of
the comment after (2.15). It is stated here only for completeness and a justifi-
cation can be derived from [ , corollary 2.7].

We justify the definition of PSGh by the following theorem:

Theorem 37. Let p € ’Pﬁb. Then pg,p exists, is unique and characterized by
(2.8).

Remark. The motivation for the introduction of Pgl is to get rid of all of the
degenerate cases, in particular with respect to the well-definedness of OVOEPs.

Remark. The coupling from model 22 also holds in the infinite case.

Proof. Existence: For p' € PSC,’;, the family {puqw),z : W € V} forms a consistent
family & la Kolmogorov | , (36.1) & (36.2)]. Hence Kolmogorov’s existence
theorem | , theorem 36.2] establishes the existence of an extension of this
family, which we call ug p.

Uniqueness: Let Y be ug g-distributed. We see that

{fwe@: Yww) =lulycwer

is an intersection stable ring (m—ring) generating o(Y). Thus uniqueness follows
from the 7-A theorem [ , theorem 3.3].

Characterization: The extension pug ; satisfies all the properties (2.8) on the
infinite graph G. The properties are all extensive and thus inherited from the
consistent family.

Conversely let v be a probability measure having the properties (2.8). Then
all its finite marginals have them, too, and they coincide with Shearer’s measure.
Hence by the uniqueness of the Kolmogorov extension v coincides with ug 7 and
(2.8) characterizes g i also on infinite graphs. O

It is convenient to define the limit of OVOEPs. Let U be an infinite subset
of V and v ¢ U, then

af(p) :=inf{ay (p): v¢EgW eU}. (2.35)
Proposition 38. We have
() = li v . 2.
A7) = Jim oty (7) (236)

Also af;(p) is monotone decreasing in U and monotone increasing in p.

Remark. If the quantities involved in the rhs of the fundamental identity (2.23)
are non-zero, then (2.36) asserts that the fundamental identity (2.23) also holds
for the corresponding infinite versions of the OVOEPs. That is, let U NN (v) =:
{wi,...,wy} and U; :=U \ {wp,, ..., w;}, then

v 1 qv
G0) =1~

i=1 &

(2.37)
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Proof. This follows from the monotonicity of o}, in W (2.26a). Taking the limit
along a growing sequence of finite sets (W, ),en exhausting U yields (2.36). The
monotonicity properties of ajf;(p) itself are inherited from the ones for o}, (p)
(see (2.26a) and (2.26D)). O

2.4 In the homogeneous case

Recall that in the homogeneous case we write p in lieu of the vector pf. The
only major difference is, that a single value, the critical parameter, describes
the relevant cross-section of the set of admissible parameters PSL- In the case
of a finite graph G define the critical parameter p& by

pS, = max {p: Z¢(p) <0} = min {p: ug,, is a probability measure} .
(2.38a)
In the case of an infinite graph G this becomes

pS, = sup {p : H finite subgraph of G} . (2.38b)

Remark. In the infinite case pfhf is a boundary point of the non-open set PSZ

G(W
w510 = () o1 (2.39)
wev

The critical values are monotone increasing in G. Thus we actually have

pfh = lim p

G(W)
w VS

A (2.40)

In the homogeneous case we have the so-called symmetric version of the
Lovéasz Local Lemma as a corollary of theorem 34:

Corollary 39 ([ D). If G is uniformly bounded with degree D, then

DD

G A
DPsh <1 (D + 1)(D+1) :

(2.41)

Proof. Let a, := DLH and apply theorem 34. O

There is an improved version of the symmetric LLL, which has been discov-
ered independently several times. Its inhomogeneous generalization is proposi-
tion 48.

Theorem 40 (] , theorem 1.3], | , corollary 5.7]). If G is uniformly
bounded with degree D, then
(D —1)P-1
S (2.42a)
In particular, for escaping OVOEPs, we have
1
YV (W,v) escaping: ofy(p) > 1— D (2.42b)
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_1)(P-
Proof. Assume that ¢ < (DB#. Then (2.42b) implies that Eqw)(p) >

(%)‘Wl > 0, for every finite W C V. Hence p > p% . We prove (2.42b) by

induction over the cardinality of W, simultaneously for all v. The induction
base is given by

_ 1)(D-1)
@-nen 1

tp)=p>1-—
aj(p) =p = DD D

As (W, v) is escaping v has at most m < D — 1 neighbours in W, which we
denote by {wi,...,wn} = W NN(v). Using the fundamental identity (2.23)
and (2.42b) the induction step is

oy (p) =1~ o
Hi:l aW\{wi,uwwm}(p)
q q !
2l a2l e 2l 5
IL0-5) " (257 b

The key point is, that the OVOEPs on the rhs of an application of the fun-
damental identity to an escaping OVOEP are always escaping themselves with
escape v. O]

2.5 First examples and sufficient conditions

This section gives some examples of p% and pg,p for particular finite graphs in
section 2.5.1. We state the known improvements on the LLL, that is sufficient
conditions for p'€ PG, in section 2.5.2.

2.5.1 Simple examples

This section gives some simple examples on very simple graphs and closes with
a converse of the symmetric LLL from corollary 39 in proposition 45.

Example 41. Shearer’s measure on a line of n points, L,,

n 1. (p) a5

1 1—gq 1

2 1-2q 1=05

3 1 -3¢+ ¢ 3-5 — (.381966
41 1-49+3¢>=(1-3¢9)(1—q) + =0.33333
5 1—5q+6q¢%> — ¢

Example 42. Shearer’s measure on a circle C,, of n points

n Ec, (p) @<

1 1—gq 1

2 1-2g =05

3 1—3q 1 =10.3333

4 | 1—4g+2¢* | 1- ﬁ = 0.29289
51-5¢+5¢* | 32— vz = 0.276393
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Example 43. Shearer’s measure on a star S, with one central point o and n
leaves. By | ], example 3.4, we get Zg, (p) = (1 — ¢)" — q¢. The measure
can be decomposed in a two step fashion: If Y, = 0, then all leaves realize in 1,
otherwise Y, = 1 and the leaves are iid Bernoulli(p).

Proposition 44. Let S, be as in example 3, then

lim py = 1. (2.43)

n—oo

Proof. pss,’; is defined as the solution of (1—¢)™ = ¢ (see example 43). Excluding

the non-solution ¢ = 0 we see that Ve > 0: AN e N:Vn > N: (1 —¢q)" < ¢,

from which we deduce that qSS,ZL‘ — 0. [
n—oo

Proposition 45. Let G be a graph. Then pfh < 1 iff G is uniformly bounded.

Proof. In light of the symmetric LLL in corollary 39 we only need to show the
forward implication. If G is not uniformly bounded, then it contains stars .S,
for arbitrary n € N. Using (2.43) we get 1 = lim,, pf,”; <pl <1 O

Example 46. Shearer’s measure on the complete graph on n points, K,. By
[ ], example 3.1, we get Ek, (p) = 1—nq and pfhn =1- %L Here the measure
consists of n + 1 events: pug, ,(Yy = 1) =1 —ng and Yo € V : ug, ,(Yy =

0, YV\{v} = I) =4q.
Proposition 47. Let K,, be as in example 46, then

1
lim pf» = lim 1 -~ =1. (2.44)

n— 00 n— 00 n

2.5.2 Improved versions of the Lovasz Local Lemma

This section states improved versions of the LLL, with references to the proofs.
We start with the inhomogeneous version of the improved symmetric LLL from
theorem 40:

Proposition 48. Let p € [0,1]V. If there exists 5 €]0,00[V, such that

YoeV: g¢(l+s,)max H (1+s,): weNw)p<s,, (2.45a)
u€N (v)\{w}

then p' € ’Pﬁb In particular

YV (W,v) escaping: ofy(P) >

0. 2.45b
s~ ( )

Remark. The condition improves upon the LLL (2.32a) and is tight on infinite
trees. See section 5.6.6.

Proof. See proposition 123. O

Fernandez & Procacci derived another more recent and elaborate sufficient
condition for a vector § to lie in PS:
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Theorem 49 (| , theorem 1], ). Let p € [0,1]V. If there exists
5€]0,00[, such that

YoeV: g, EG(/\G(U))(_;) < Sy, (2.46a)
then p € PSL In particular
Y(W,0):  aby () > (1 — gq)Fevien (=91, (2.46D)

The minus in (2.46a) stems from their cluster expansion technique and as-
sures that Eg(Nl(v))(fE) > 1+ s,, whence ¢, < 1. The condition strictly
improves upon the LLL (2.32a) in the case of graphs containing triangles, which
Za (Wi (v)) takes into account.

Further sufficient conditions are in chapter 5. A mnecessary condition via
pruned SAW-trees is in theorem 180.

2.6 Quasi-transitive tree-like graphs

This section presents several examples of infinite graphs, notably the k-fuzz of
Z in section 2.6.3 and the d-regular tree in section 2.6.4. For these examples we
calculate p% and construct pg , explicitly for all p € [p% , 1]. The construction
is based on a generic zero-one switch presented in section 2.6.1. The common
property of these graphs is that they are quasi-transitive and tree-like. Quasi-
transitiveness enables us to shift OVOEPs around in the graph. This is used in
conjunction with the tree-likeness to ground the recursions of the fundamental
identity. In the limit we get equations, whose solutions determine both psGh and
la.p- We terminate with a conjecture for the whole class in section 2.6.6.

2.6.1 Intrinsic construction via OVOEPs

This section shows how to construct Shearer’s measure from a BPF with pa-
rameters given by suitable OVOEPs. In full generality, the construction shown
is rather unhandy, but it illustrates two principles. First, a generic version of
the zero-one switch employed in the constructions for regular trees in model 55
and the k-fuzz of Z in model 55. Second, as a close approximation to intrinsic
stochastic domination result in proposition 112.

Model 50. Let G := (V, E) be a connected graph. Let S, C N(v) and p' €
PS. Let X = (Xy)vev be a BPF with P(X, = 1) := a7 3 (P). Define
Y = (Yv)UEV by

VoeV: Yy=1-(1-X,) [] Xu. (2.47)

WE Sy

Proposition 51. Let Y be the BRF from model 50. If

Viv,w)€E: SyNS,=10 (2.48a)
V(v,w)EE: vE€SyVveES,, (2.48b)

then Y is pg #distributed, with 7> p.
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Remark. In (2.48a), it suffices, that if (v,w) € E, that either v € S, or w €
Sy. The conditions (2.48) are easy to fulfil on tree-like graphs, with better
parameters. The choice of oﬂ(,\ {v} @S parameter amounts to ignoring particular
structural properties of the graph.

Proof. We check that Y satisfies the characterization (2.8). We get the estimate
on the marginal parameter 7 by:

1—-r,

=P(Y, =0) by the construction (2.47)

=P(X,=0,Xg, =1)

= (1= aj (D)) H AV w0} (D) by the independence of X
weS,
|S17|

v w; .

= (1= aj\ (D)) H av’\{wj}(ﬁ) ordering S,
j=1
Sal

< (1= ajn (D) 1_[1 aVJ\{v,w\snp...,wj}(m monotonicity from (2.26a)
j=

=1-p, by the limit of (2.23).

Let (v,w) € E. Therefore, without loss of generality, v € S,, and the construc-
tion (2.47) implies

P(Y, =Y, =0) =P(X, =0,Xs, = 1, X, =0,Xg, =1)
<PX,=1,X,=0)=0.

Thus (2.8¢) holds. Let U, W C N with d(U, W) > 1. The construction (2.47)

implies, that Yy is a function of Xyus,, with Sy = ¢y Su, and Yy a

function of an analogous Xw s, . Condition (2.48) asserts that Sy N Sy = 0,

whence (U U Sy) N (W U Sw) = (. Therefore Yy is independent of Yy, and
(2.8a) holds. O

2.6.2 Analytic warm up

This section analyses some helper expressions helpful in the following sections.
Recall that for us 0° = 1.

Proposition 52. Fiz k,l > 1 and let
hro: [0,1] =Rz 21— 2)h. (2.49)

. . . k . Kk L. .
hi, attains its mazimum at y} with value DD - Furthermore it is strictly

monotone growing in [0, kL_H] and strictly monotone falling in [ki_H, 1].

Proof. Everything follows from 82’” (2) =211 — 2) 7Lk — (K +1)2]. O

z

Remark. We will often need a solution of ¢ = hy ;(z). In the common case where
there are two solutions we will always choose the one closer to 1.
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Remark. It has already been noted in | | that
. k‘k ) 1 k+1 1
o Ty (1 - k:+1> - (2:50)
Proposition 53. For D > 2, we have
(D —1)P-1 (z—=1)E=D (D — 2z —1)(P==-1)
S 2.51
DD sellD) 2? (D — 2)(P=2) (2:51a)
(D —1)P=1 2#(D — 2)(P=2)
—_— = _— 2.51b
DD i DD (2.51b)
(D _ 1)(D71) ] P
—_— = —_— . 2.51
DD e[l D] G+ 1)+ (2.51c)
Proof. (2.51¢): Regard
ZZ
Fe) =y
L(z):=1log F(z) = zlogz — (z + 1) log(z + 1),
L
g—z(z) =logz —log(z+1) <0.
This shows the convexity of L and F, by exponentiating.
(2.51b): Let
2#(D — 2)(P=2)
F(z):= —Ppp
L(z) :=log F(z) = zlogz + (D — z)log(D — z) — Dlog D,
OL
E(z) =logz —log(D — z),
0*L 1 1
—(2)=- 0.
022 (2) z + D—2 ~
Thus L is convex with a global minimum at z = % and global maxima at
z € {1, D — 1}. Conclude by taking exponentials.
(2.51a): Let
-1 (z—1) D—z—1 (D—z-1)
R L CET T el
27 (D — 2)(P—2)
L(z) :==log F(z),
OL
E(z) =log(z—1) —logz —log(D — z —1) +log(D — 2),
0?L 1 1 1 1
()= —— — = - 0.
6‘22(2) z—1 Z+D7271 sz>
Hence L is a convex function with a global minimum at z = % and global
maxima at z € {1, D — 1}. Conclude by exponentiating.
O
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2.6.3 On the k-fuzz of Z

In this section we deal with Shearer’s measure on Z ), the k-fuzz of Z. It is the
graph with vertices Z and edges for every pair of integers at distance less than
or equal to k. Recall that an X-valued process indexed by Z is called a (k+1)-
factor iff there exists a measurable function f : [0,1]**1) — X such that for
every n € Z : Xy, = f(Un,...,Unyr), where {Uy,}, o is a iid. sequence of
Uniform([0,1]) rvs. It follows that every (k + 1)-factor is k-independent, sta-
tionary and has Z) as strong dependency graph. This section is a rewrite of
[ , section 4.2].

We derive the critical value pf,ik) in proposition 54 (thus validating (3.12)),
construct fiz,, , explicitly in model 55 as a (k+1)-factor and derive asymptotic

properties in proposition 56. For k € Ny and p € [pf,(f),l], let & := &(p, k) be

the unique solution of
hia(§) =q (2.52)

lying in the interval [k/(k + 1),1] (see proposition 52). Denote by [N]) the
k-fuzz of a line of N points and by N the k-fuzz of N. It is easy to see that

pf}(b’” = pf}(;” and pn,, p 1s just the projection of Kz, ,p- Hence all the properties

of and estimates for uz, , stated in the following also hold for un,, p-

Proposition 54.

k
[N(x) k Z(k) N
h

b N—oo 1= (k4 1)0+1) =DPsp = Psp - (2.53)

An explicit construction of Shearer’s measure on Z, is given by:

Model 55. Let p > pf;f) and X = {X,}, s
parameter § as in (2.52). Define Z := {Z,},,., by

be i.i.d. Bernoulli rvs with

k
VnezZ: Z, ::1—(1—Xn)HXn_i, (2.54)
i=1

then Z is g, p-distributed.

If £ = 0, then the empty product in (2.54) disappears and Z = X, that is

. . . . /
Kz .,p 18 @ Bernoulli product measure with parameter p. Accordingly p, ,(10’ =0.

A result of Aaronson, Gilat, Keane & de Valk | , result 4(i) on page
140] on the question of the representation of certain stationary 1l-independent

{0, 1}-valued processes on Z as 2-factors implies that Hn], p 1S DOt Tepresentable

as a 2-factor, for p < % and n € N. This statement is easily extended to as-
sert non-representation of fi,),, , as a (k + 1)-factor for every k,n € N and

Zx . . . .
p < p,”. The core of their proof is a recursive construction of such a process

by a dynamic system. If all the trajectories of the system stay positive, then
they the trajectories encode the process’ distribution. In the present case the
sequence (B, )nen in the proof of proposition 54 does not remain positive, which
entails that some trajectories of the dynamic system become negative. See also
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section 6.4.3, for a related argument on grid-like graphs.

On the other hand, if one fixes N and p € [pg}\j](m,pf,ik) [, one can get some-
thing close to a factor representation. Let (X)), be a collection of indepen-
dent rvs, with X,, Bernoulli(8,)-distributed. Then the same rule as in (2.54),
truncated for the first & indices, yields a fnj,, p-distributed BRF (Zn)N_,.
This is nothing else than the intrinsic construction described in section 2.6.1.

Figure 2.1: A partial view of Shearer’s measure on the 2-fuzz of Z. The lower
row shows a realization of X, the upper row the resulting one of Z. We point
out a 0 in Z, the realizations on its underlying nodes in X (solid downward
arrows) and the effect of the zero-one switch (dashed upward arrows), resulting
in 1s on its neighbours up to distance 2.

Proof of proposition 54. The inequality pf}l’” < I—M% follows from model

55. The second inequality pf;l’” >1- (,H_lk)% follows from [ , theo-

rem 2.1]. We repeat the argument for completeness. For p > pf;f) let B, =
af,_17(p). The sequence (Bn)nen is decreasing by (2.26a) and translation-
invariance of fiz,,, p. It has limit 3 € [0, 1]. Taking the limit of the fundamental
identity (2.37) results in the following, well-defined equation:

q
But by proposition 52 this equation, rewritten as ¢ = (1 — 8)8* = hy 1(8), has
k k
only solutions for g < (}Hlk)w Hence 1 — Mw < pf;f)- O

Proof of model 55. By construction P(Z,, = 0) = &¢¥(1 — &) = hy1(€) = ¢ and

P(Z,=0)=P(Xp_1=...=Xpn_p=1,X, =0)
=PZnp=...=Zn1=1,7Z0=0,Zns1=...=Zpin=1).

This zero-one switch (see figure 2.1) guarantees that vertices with distance less
than or equal to & can never index a 0 in the same realization. Therefore Z has
no realizations containing neighbouring 0Os with respect to Z) as well as the
right dependency graph and marginals. Using the characterization (2.8) we see

that Z is uz,, p-distributed. O
For k € Ny fixed define the strictly monotone decreasing function
(9+1)€—g ifEk>1
. {0,...,k} >R > ¢ 96=(g=1) - 2.55
fii (0b) g { ’ o, @)
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Proposition 56. We have for every k € Ny and p > pf,(z'” the minoration
V finite B C Z\ {0} : 1z p(Yo = 1Y = 1) > fulgs), (2.56a)
where gg := 0V (k+1—dp) and dg := min{|n| : n € B}. In particular we have
VneN: g (Yo =1 y=1)2¢, (2.56b)

and the strict bounds

Ve>0:3C>0,3INeN:¥Yn>N: §" < Emy,, (p) < Cl(L+)E]™.
(2.56¢)
This yields the limit
. log E[Tl](k) (p) . —
nh_}rrgo — = nh_)ngC log Efn),, () = log €. (2.56d)

Remark. The minimality of Shearer’s measure (2.28a) implies that these lower
bounds also hold for every k-independent BRF on Z and N with marginal pa-
rameter p > pf}(f) respectively.

Proof. Fix p > pf;l"). In the proof of proposition 54 we see that (3, )nen is
a strictly monotone falling sequence with g8, —— 5 > kiﬁ As f fulfils

n—oo

q = hi1(8) we have 8 = £. Hence 3, > &, yielding (2.56b). The monotonicity
of (Bn)nen implies that

Ve>0:INeN:Vn>N: Bn<(Q+e)f=(1+¢e).

Hence for n > N we have

c—

@ =152 I] sis e VeV = ey

=1 i=N+1

This proves (2.56¢) upon setting C(¢) := [(1+¢)&] ™. The limit (2.56d) follows
directly from (2.56¢).

For (2.56a) we differentiate according to the shape of B. If dg > k, then
k-independence implies that uz,, (Yo = 1|Yp = 1) =p > § = fi(0).

If dg < klet By := BNZy and dp, := inf{|n|:n € By}. Thus dg =
dp_ Ndp, . In the first case dp_ > k and dp, < k. Let {b1,...,bn} := By Nk
with by < ... < b,,. Hence

1— iz, (Yo = 1|Yp = 1)

—,

=1-ypz, p(Yo=1Yp, =1) by k-independence

= — q — fundamental identity (2.11)
Hi:l MZ(k),p(Y;?i = ]‘|YB+\{b1,»---,bi—1} = 1)

< 5% by induction over |B4|

< (- as ¢ = (1 - €)¢*
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<1-¢ asm < k.

This also holds in the symmetric case with dg_ < k and dp, > k.

The final case is dp, < k and dp_ < k. Assume without loss of generality
that dp = dp_ < dp, and let {a,,...,a1} := B_ N{-k,...,—1} with a,, <
... < ay. Applying the fundamental identity (2.11) and induction over |B| we
get

1- MZ(JC),;D(YU = 1|YB = T)
q
H?:l “Z(k),p(yaj = 1|YB—\{U«17~~~70«j71} = 17YB+ =1)

1
X =

17 vz 0 (Yo, = UVB \farant = L YBA {1 by} = 1)
< q
B Hj:l Ji(k + a;) T2, fx(0)
< — Y
Hj:dB fi(k—3) Hi:l fi(0)

(1—¢)¢*
F etlj)e— ()
mas Gpe=ti1=n | &

1-¢
(k+1—dp)§—(k—dp)’

It follows that

1-¢
(k+1—-dp)§—(k—dgp)
(k+2—-dp){—(k+1—dp)

= (k+1—dg)é— (k—dp) = fu(k+1—dg).

g p(Yo=1Yp=1)>1-

O

2.6.4 On the regular tree

The classic example is the infinite d-regular tree in the homogeneous case. It
was first solved implicitly by | , PP 243-244 before theorem 2], where he
gave one half of the proof of proposition 57.

Proposition 57. Let Ty = (V, E) be the infinite d-regular tree. Then

Ta _ 1 _ (D —1)P=b .

Psp = DD (257)

The result (2.57) together with (2.50) shows, that the homogeneous escaping
LLL in theorem 40 is optimal. In particular, we can construct Shearer’s measure
explicitly:

_1)(>-1
Model 58. Let p > 1 — (DgiDl. Let £ be the bigger solution of

¢ =ha-1(§) = (1-€¢ . (2.58)
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Orient T, towards one end of its boundary and call s, the bigger neighbour
of the vertex v (as in a horocyclic tree | ]). Let X := (X,)yey be IT -
distributed. Define the BRF Y := (Y, ),cv by

VoeV: Y,=1-(01-X,) [] Xu. (2.59)
SviweN(’U)
Then Y is pr, p-distributed.

The construction in model 58 allows a detailed control of the various quan-
tities of interest of pr, p:

Proposition 59. Let T, := (V,,, Ey,) be a full rooted tree of rank d—1, depth n
and with root o. Let p > pgﬁ and & be the bigger solution of ¢ = hq—1(§). Let

(@d=D"*1-1 g
Mg o= Vo =4 @z =23 (2.60)
n+1 ifd=2.
Then
and
VneNe>0:3C>0: &M <Er (p) <Cl(1+e)™ (2.60c¢)
Therefore
. IOg E’Tn (p) T o _
nlgr;o T nl;ngo log oy, \ (o} (p) =log€. (2.60d)

Proof of model 58. The construction (2.59) fulfils the conditions (2.48). Thus
proposition 51 asserts that Y fulfils the characterization (2.8). O

Proof of proposition 57. One inequality is given by model 58. For the other
inequality let T be the infinite, rank (d — 1) tree with root o. Suppose that
p > plr,j and let a := a“’/\{o}(p). Using the limit fundamental identity (2.37)
and the fact that T contains several disjoint copies of itself we arrive at a =
1 — p/a?='. Rewrite this expression to 1 —p = (1 — a)a®"! and see, that
non-negative solutions are only possible for p > 1 — (ng#. O
Proof of proposition 59. The minoration (2.60b) follows directly from the con-
struction (2.59). The bounds (2.60c) are a consequence of factorizing =1, (p) as
a product of escaping OVOEPs and their monotonicity properties. The limit
(2.60d) is a direct consequence of this. O

2.6.5 A quasi-transitive example

Let G be the Cayley graph of the group (a,bla?,b3) with respect to the gen-
erators a and b. We give the value of pfh and give two constructions of a
pc p-distributed BRF, valid for the whole range [p% , 1]. This example intends
to present a more elaborate example, which is still tractable, and serves as a
motivation for conjecture 63.
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Figure 2.2: A small portion of the Cayley graph of (a, bla?, b?).

Proposition 60. We have
PG =2(V2—1). (2.61)

Picture the graph G as either a regular tree T3 with every vertex replaced by
a triangle or as a 3-regular tree of triangles (see figure 2.2). We want to orient
G. Let R be a bi-infinite, transitive, geodesic ray R in G. We choose a base
vertex o € R and identify the vertices of R with Z,), by identifying o with 0.
We think of the end of R going towards oo as up and picture G as hanging down
from this end. Define the height function h : V — Z on R by this identification
and extend it to V' \ R by

h: V-oZ v~ min{d(v,w) + h(w): w € R}. (2.62)

It follows, that h takes exactly two values with difference 1 on every triangle T'
of G, with the bigger value only once. Each vertex v € V' has three neighbours:
two forming a triangle with it and one in the next triangle. Call p(v) the unique
neighbour of v with h(p(v)) = h(v)+1. If h(v) is the bigger value in its triangle,
then its parent is the outside node. Call the set of these vertices U. If h(v) is
one of the two smaller values in its triangle, then p(v) is the A vertex of its
triangle. By making an arbitrary choice at each triangle T', we split these lower
vertices of T" into the sets £ and £_. Each vertex v in £, has a unique sibling
in £_ and vice-versa. Summing up, the neighbours of v € V" are

veU = p(v) € Li,cqr(v) € Ly,e—(v) €L

2.63
veLly = pv)el,s+(v) € Lr,c(v) €eU. (263)
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Model 61. For ¢ <3 — 2\/5, let u and [+ be solutions of
g=1—-wlyl_=1-I)ul-=1-1")u. (2.64)

Let X := (XY) ey be -distributed, X2+ 1= (Zy*) e, be I, *~distributed,
all three BPFs independently of each other. Define the BRF Y := (Y,),ev by

1—(1— XWX X5 ifveld

v ) e ) e(v)
VoeV: Y,=¢1-(1- Xer)XZC’ZU)XS:(v) ifve Ly (2.65)
1-(1-X57)XY, ifvel_.

Then Y is pg p-distributed and called the zero-one switch model.

Let T be the set of all triangles in G and B the set of all brigdes in G, that
is all edges not part of a triangle. Each triangle T' € T has vertices u(T),l+(T)
and [_(T). Each brigde b € B has endpoints u(b) and I(b). For a vertex v € V
let T'(v) and b(v) be its incident triangle and bridge respectively.

Model 62. Let X := (X7)re7 and Z := (Zy)pep be two independent product
fields, which are {1,/ }-valued with P(X1 =\) = P( X1 =) = \/\5[;1 and

P(X7 =1) =v2—1and {1,|} with P(Z, =) =2—+v2 and P(Z, =|) = v2—1
respectively. Define the BRF Y := (Y, ),ev by

YVoeV: 1-Y,
[(X1@) =M[Zbw) =4 ifveld & u(T(v) =v=10))

= Xr@) =200 =1 ifvely & L (T
X1y =N\ Z) =1 ifve L & 1_(T(v

Then Y is e ﬁfl)—distributed and called the arrow model.

Proof of model 61. The construction (2.59) fulfils the conditions (2.48). Thus
proposition 51 asserts that Y fulfils the characterization (2.8). O

Proof of model 62. The construction from the arrows make it evident, that G
is a strong dependency graph of Y. To have Y, = 0 both arrows of Xz, and
Zp(v) have to point to v, thus excluding the possibility of a 0 at either of the
three neighbours of v, as it shares either T'(v) or b(v) with them. The marginal
parameter of Y is

P(X1@w) =1 Zpw) =1) = (V2 -1)2 =3 -2V2 ifveld
P(Y, = 0) = § B(Xr() =+ Zow) =1) = (2= V2)¥25L =3 -2V2 ifve Ly
P(X7(0) =N\o Zowy =1) = (2—V2) ‘/351 =3-2V2 ifvel_.
(2.67)
Thus Y fulfils the characterization (2.8) and is pi¢ o, /5_1)-distributed. O

Proof of proposition 60. The inequality pSGh > 2(v/2—1) follows from either one
of model 61 or 62.
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Let p > pSGh. Choose u € U and v € L. For n € Ny define the subgraphs
A, B, and C,, (see figure 2.3) by

A, =GH{w eV : hw)—n<h(w) <h),du,w) <d@pu),w)})
B, =GH{weV: hw)—n<h(w)<h),dv,w) <dp),w)})
Cpn=G{weV:hw)—n<h(w) <hw),dv,w) <dp),w) ANd(s_v,w)}).

Figure 2.3: The uppermost part of the subgraphs induced by the sets A,, (top
left), B, (bottom left) and C,, (right).

We abuse notation and also let A, := Eq, , (p),Bn := Zaq, ,(p) and C, :=
=a, 5 (p). The fundamental identity (2.11) yields

Ap,=DB, 1 —qA2_, (2.68a)
B, = An—lcn - an—2An—1 = An—l(cn - an—Q) (268b)
Cn = An—l — an_g . (268C)

We can reduce this too

Apyr+ qA?:,—l =B,

An—l(cn—l - an—Q)

Ap1(An—1 —29B,2)
Ap1(Ap_y —2q(A,_1 +qA2_3).

Shifting indices we have:

A+ (3¢ —1)A%_ 5 +2¢°A,2A7_, =0.
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For n = 2m even and D,, := As,,, we get
Dy + (3¢ —1)D2,_ +2¢°D,,,_1D2,_5=0.

Dividing by D2,_,, let §,, := D’fn—@ be the OVOEP. Thus
2q

=0.
67n—1

Om + (3¢ —1)+

In the limit §,, — 6 we get
62+ (3¢g—1)5+2¢*>=0.

A necessary condition to have a real solution of this equation is that ¢ < 3—2v/2.
The ds in the previous lines correspond to MVOEPs (multi-vertex open extension
probabilities), adding a triangle at a time. O

Remark. An alternate reduction of (2.68) is to introduce the OVOEPs
Ay B, B,

Qy = n = ——— NES .
Bn—l ﬁ An—lcn 7 An—lon

This lets us reencode the system (2.68) as

q q q
—1 _ g=1- Yo =1-
Bn—lr)/n—l Ap—17n Op—1

(2.69)

oap =1—

Ifp> pfh, then we can take the limit n — oo and arrive at
g=1-a)py q=010-Pfay qg¢=(1=7). (2.70)

If we assume p <, then a, 3,7 €]0,1[, because the OVOEPs are all escaping
(2.25b). Note the equivalence to (2.65).

2.6.6 A conjecture for quasi-transitive tree-like graphs

The previous three sections 2.6.3, 2.6.4 and 2.6.5 have shown three examples
of transitive tree-like graphs, where the determination of p& has been possible.
At the same time the calculations gave the parameters of an intrinsic construc-
tion via OVOEPs as in section 2.6.1. More examples could be shown, but the
calculations are tedious and we have always found the same pattern.

In all investigated cases we get a finite linear systems of equations with
polynomials in q as coefficients. There are theorems | |, that tell us the
solutions are entire functions of g. The problem is, that in every case except
Z1y, these entire functions are impossible to calculate explicitly. Note that the
definition of £ in models 55 and 58 and of (u,l,l_) in model 61, just describe
this solution, though.

In our examples, changing to OVOEPs gives rise to a higher order system
in several variables. In the investigated cases the solutions are just the param-
eters of the BPF used for the construction. The parameters itself are limits of
OVOEPs and can be seen as fixpoints of the higher order systems. For ¢ < qsG;L,
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these higher order systems are contractive.

The recursions are possible, because the fundamental identity, after some
steps, factorizes over disjoint subgraphs. This is the point at which the tree-like
shape of G comes into play.

All of this leads me to formulate conjecture 63. It is written from the point
of view of construction via OVOEPs as in section 2.6.1.

Conjecture 63. Let G := (V, E) be an infinite, quasi-transitive and connected
graph with more than one end containing

no infinite, connected subgraph with just one end. (2.71)
Then there exists a finite set I, such that qsGh 1s the solution of

max g

Viel:3LCI: q=(1—x) ][ (2.72)
st J€L;

Viel: xz;€]0,1].

For p > pfh Shearer’s measure pg,p, can be constructed from a quasi-transitive
BPF with quasi-transitive parameters T, where & is a solution of the above set
of equations corresponding to q.

Remark. This conjecture should be generalizable to the case of quasi-transitive
parameters. The set of admissible values and solutions for (2.72) should be QF
and 8Qgh respectively.

The vector Z solving (2.72) may not be unique.

Sketch of proof of conjecture 63. This sketch describes the general outline of the
proof that I envision. Some steps (definition of interface, how to recurse) are
only described in informal terms — it is exactly at these points, where the main
notational difficulties lie.

The sketch has two parts. In the first part we show, that if Shearer’s measure
exists, then ¢ must be admissible for (2.72). We regard all OVOEPs as infinite
and escaping. Escaping by construction and infinite, as we work directly in the
limit. The argument then goes as follows:

e Choose a quasi-transitive, geodesic and bi-infinite ray R. Orient the graph
G by identifying R with Z;) and say that the end of R identified with
oo is up. We introduce a height function h, defined on V(R) by the
identification with Z;y and extend it to the other vertices V' \ R by

h: V=72 vemin{dv,w)+h(w): weV(R)}. (2.73)
This is reminiscent of the construction of a horocyclic tree | ]

e Cut between levels 0 and 1 and take one of the resulting connected com-
ponents. Each such component has a finite interface, otherwise we have
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a contradiction to (2.71). Think of the interface as a description of how
disjoint isomorphic embeddings of the connected component into itself are
connected to form the connected component itself.

Enumerate the vertices at the interface (i.e. at the former level 0). Start
defining OVOEPs and recurse, enumerating new vertices not fitting an
already encountered interface. Finish each level before descending and
enumerate as to split the condition of the OVOEPs as soon as possible
into disconnected parts.

By (2.71) the recursion factorizes and by quasi-transitivity only already
known interfaces should appear, after a finite number of steps.

Repeating this procedure for each interface yields a finite system of equa-
tions, indexed by the interface and size of the down-set below it. Taking
the limit and rearranging the equations yields the restrictions of (2.72).

The maximality of ¢&, (2.38b) justifies taking the max over all such g.

In the second part we show, that given a ¢ admissible for (2.72), we can
construct Shearer’s measure. The problem (already hinted at in section 2.6.5)
for a straightforward reconstruction is the existence of long circles. That is,
in all examples so far, the neighbourhood of each vertex in each connected
component of its complement has been connected. This is not when circles
exists, for example in the Cayley graph of the group (a,bla?,b®) with respect
to the generators a and b. Explicit constructions of Shearer’s measure seem to
involve always some kind of arrows instead of just zero-one switches. O
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Chapter 3

K-independent percolation
on trees

3.1 Introduction

If we regard percolation on a tree T, then a natural question is which properties
of the percolation and the tree determine the percolation behaviour. One is
especially interested in bounds which are not particular to a specific model, but
are valid for whole classes of models. The class of models we investigate are
k-independent (also called k-dependent in the literature) site (bond) percola-
tions with parameter p, i.e. the probability that a single vertex (edge) is open
is p and subsets of vertices (edges) are independent if their distance is greater
than k. We look for bounds on the parameter p which guarantee either a.s.
percolation or a.s. nonpercolation.

Lyouns [ ] first treated this question in the case of independent perco-
lation. He defined the branching number br(T) as a measure of the size of T.
Then he showed that it is the characteristic determining the critical probability
for independent percolation (see theorem 64), that is the parameter threshold
at which nonpercolation switches to percolation.

A recent work by Balister & Bollobés | ] deals with the class of 1-
independent bond percolations (see theorem 65). There are two continuous
functions of the branching number which give tight bounds for a.s. percolation
and a.s. nonpercolation of each model in this class.

In section 3.3 we present our results: tight bounds for a.s. percolation and
a.s. nonpercolation for every k. The bounds are again continuous functions
of br(T), parametrized by k. They are the same for bond and site percola-
tion. A core ingredient is a probability measure introduced by Shearer | 1,
which has certain nice minimizing properties (see section 2.2.5). We construct
it explicitly on the k-fuzz of Z in section 2.6.3 and show that it is a (k + 1)-
factor. Shearer’s measure minorizes the probability of having an open path of
k-independent Bernoulli rvs. This property is already exploited implicitly in
the work of Balister & Bollobas. We make this argument explicit by using mo-
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ment method and capacity arguments motivated by Lyons’ proof | ,
supplemented with explicit percolation models inspired by Balister & Bollobas
work [ ].

3.2 Setup and previous results

Let G := (V, E) be a graph. For every subset H of vertices and/or edges of
G denote by V(H) the wvertices induced by H and by G(H) the subgraph of
G induced by H. We have the geodesic graph distance d on both vertices and
edges, extended naturally to sets of them. Define the equivalence relation v <> w
describing connectedness on G. We denote by N (v) the neighbours of a vertex
v. The k-fuzz (or k" power) of G is the graph (V, E'), where E’ consists of all
distinct pairs of vertices with distance less than or equal to k in G.

We primarily work on a locally finite tree T := (V, E). We consider it to be
infinite, unless explicitly stated otherwise. Between two nodes v and w we have
the unique geodesic path P(v,w). For the following definitions root T at the
root o and visualize the tree spreading out downwards from the root. Define the
level I(v) := d(o,v) of anode v and let L(T,n) := {v : I(v) = n} be the n"* level
of T. Downpaths and -rays are finite and infinite geodesics, which start at some
vertex v and go downwards, thereby avoiding all ancestors of v, respectively.
Denote the boundary of T by OT, which is the set of all ends of T, identified
with the set of all downrays of T starting at o. For all nodes v € V'\ {0} there
is a unique parent denoted by p(v). The confluent v Aw is the last common an-
cestor of two distinct nodes v and w. Define a minimal vertex cutset II to be a
finite set of vertices containing no ancestors of itself and delineating a connected
component containing o. Denote by II(0) the set of all minimal vertex cutsets
of 0. Finally let TV be the induced subtree of T rooted at v.

Furthermore we abbreviate {1,...,n} by [n]. As a convention we interpret
[0] := 0, 0° := 1, empty products as 1 and empty sums as 0.

Recall that a bond and site percolation on a graph G := (V,E) is an rv
taking values in {0, I}E and {0, l}v respectively. A percolation percolates iff it
induces an infinite percolation cluster (connected component) in G with nonzero
probability.

We investigate percolations on a tree T := (V| E) and look for properties of
the percolation and the tree influencing the percolation behaviour. For k € Ny
we consider the class of k-independent site percolations with parameter p on T,
denoted by CS(V). A site percolation Z := {Z,}, ., has parameter p iff the
probability that a single site is open equals p. For W C V' let Zw 1= {Z,},cpp-
The site percolation Z is k-independent iff

VYUWCV: dUW)>k = Zy is independent of Zy , (3.1)

that is events on subsets at distance greater than k are independent. Inde-
pendence is synonymous with 0-independence. The present paper investigates
bounds on the parameter p guaranteeing either a.s. percolation or a.s. nonper-
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colation for the whole class. We define the critical values

Phnaz(V) :=1inf {p € [0,1] : VP € C}(V) : P percolates} (3.2a)
pr (V) :=inf{pe€[0,1]:3P ¢ C;f(V) : P percolates} . (3.2b)

Analogously we define the class C}’; (E) of k-independent bond percolations
with parameter p on T and critical values p¥,, (E) and pk . (E).

A X-flow on T is a function f: V — R, such that

VoeV: 0<flu)= Y flw)<a®. (3.3)
w: p(w)=v
Lyons | ] introduced the branching number br(T) as a measure of the size
of a tree T:
br(T) :=sup {A > 1: 3 nonzero A-flow on T}
=sup{A>1: inf AT > 0. (3-4)
IIell(o) per

The duality in (3.4) is due to the max-flow min-cut theorem on infinite graphs
[ ]. The branching number br(T) is independent of the choice of 0 and equals
the exponential of the Hausdorff dimension of the boundary 0T of T | , Sec-
tion 1.8]. Throughout this paper we assume br(T) to be finite.

The first known result is due to Lyons | |, where he characterized the
critical value of independent percolation (k = 0) in terms of br(T):

Theorem 64 (| , theorem 6.2]).

Porin(V) = Bpin(E) = P (V) = P (B) = i (35)
r(T)

In the independent case the critical values coincide, since for fixed p there is
only one percolation. Lyons’ proof is based on moment methods and capacity
estimates of percolation kernels. In general, a percolation is quasi-independent
[ , section 2.4] iff, using the notation from figure 3.2 on page 69 with
u := vAw the confluent of v and w, we have an M > 0 such that for all v and w

Plov,0wlou) < MP(o+v|o+ u)Plo+ wlou). (3.6)

Equivalently this majorizes the percolation kernel (3.22¢) by

P(o v, 0> w) M
= . 3.7
(v, w) Plo<v)P(o+ss) — Plo+u) (37)
This way Lyons | , section 2.4] used the weighted second moment method

to get bounds for the probability of the percolation reaching subsets of dT in
terms of their capacity, extending the independent case in | .

In a recent work, Balister & Bollobés | | deal with the class of 1-
independent bond percolations:
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Theorem 65 (] D-
Pin(E) = br(ﬁl‘)g (3.8a)
1- Ol i b (T) < 2
1 _ br(T) =
Prmaz(E) {i i br(T) > 2. (3.8b)

Their proof strategy for pl,;,(F) is based on the first moment method and
a simple explicit model. We generalize it rather straightforwardly to higher
k in section 3.4.5. Their proof for pl .. (E) on the other hand combines a
so-called canonical model (discussed in section 3.4.4) with several short and
elementary inductive proofs (see [ ]). For every p > % this canonical model
minimizes the probability to percolate. They implicitly retrace the weighted
second moment method, percolation kernel capacity estimates based on A-flows
and the minimizing property (2.28a), (2.56b) of Shearer’s measure | ] on
Z. Alas this inductive approach exploits a few particularities of the case k =1,
which we have not been able to abstract from.

3.3 Main results

Our principal result in the setting of section 3.2 (see also figure 3.1 on page 63)
is:

Theorem 66. Vk € Nj:
1

anm(v) = Pﬁim(E) = W (3.9a)
1— @=L i pe(T) < kL

pfnax(‘/) = pfnaa:(E) = { bT(T])g’:rl . > kj—l (39b)
].—m Zfbr(T)iT,

where we interpret % := 00 in the case k = 0.

This theorem is a corollary of the more general theorem 67 upon setting
s = k and verifying that (un)rooting a percolation does not change its percola-
tion behaviour (see section 3.4.2).

First we narrow down the definition of the percolation classes we work on.
Let C;f;g(V) be the class of rooted site percolations with parameter p on T which
are k-independent along downrays from o and s-independent elsewhere, that is
among vertices not on the same downray. We define the rooted critical values
as

pks (V):=inf{pe[0,1]:VoeV:VPe C;,f”j(V) : P percolates}  (3.10a)
Bs (V):=inf{pe[0,1]:JoeV:3IPec CS)’S(V) : P percolates}. (3.10b)

Prmin
Analogously we define the class C]’,f;(f (E) of k,s-independent, rooted bond

percolations with parameter p on T and the critical values pfn‘:n (E) and p&:s (E).
Define the function

y—1
Yt

gk [1,00] =]0,1] y—1-— (3.11)
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and the value .
Z(k) | k

We reveal their motivation in proposition 54 and 76 respectively. Our main
result determines the critical values (3.10):

Theorem 67. Vk,s € Ny:

1
k,s k,s
Prmin(V) = Prin(B) = —7 (3.13a)
br(T)
br(T)—1 _ . ft 1
ks ks 1= gy = gx(br(T)) - if br(T) < 5=
Praz(V) = Prica(E) = W Zay ey (3.13D)
L = Gy = Pan if br(T) = %=,

where we interpret % = o0 in the case k = 0.

We give the proof in section 3.4 and a plot of the results (3.13) in figure 3.1.

0.6

0.4

br(7)

Figure 3.1: (Colour online) The curves of pf:s (V) and pfnfn(V) for k €

max

{0,1,2,3} and branching numbers in [1,2.5] delimit increasingly shaded re-

gions. The dashed red lines mark the points (%,pi{f)) for k > 1, where

k,s
max

the behaviour of p»¢ (V) changes.

The critical values (3.13) are independent of the root o, the elsewhere-
dependence range s and whether we regard bond or site percolation. A change
of the root from o to o’ turns a k, s-independent percolation at worst into a
(k V s), (k V s)-independent percolation. Upon closer inspection one sees that
this concerns only elements contained in the ball of radius d(o,0") + (k V s)
around o’. They are finitely many and one can ignore them as percolation is a
tail-event (see the adaption of Kolmogorov’s zero-one law in lemma 69), hence

63



C. Temmel Section 3.3 of chapter 3

the percolation essentially remains k, s-independent. The independence of the
parameter s is a consequence of the use of the moment methods, which only
take into account the structure of a rooted percolation along downrays. There
is a bijection from E to V' \ {o} mapping an edge to its endpoint further away
from the root o. This implies that C}3(E) C Cr:s*! (V). Furthermore we have
C}’,f”g(V) = C;f;(}(V) = C}';;S(E) for k > 1 and C)0(V) = Cyd(E) as CyL (V) = 0.
This allows the interpretation of our explicit site percolation models (models
81, 83 and 86) as k,0-independent bond percolation models. Hence we focus
exclusively on site percolations for the remainder of this paper.

We can generalize the single parameter s to a family of finite and unbounded
dependency parameters §:= {s,},cy-- Then the upper bound on pf% (V) in
proposition 76 does not hold anymore. See the counterexample in model 77 and
proposition 78. The lower bound on pﬁ@fn(V) in propositions 85 and hence the
value of pﬁqfn(V) stay valid under these less restrictive conditions and even for

5 = 00, though.

We determine the critical values by a two-pronged approach. General bounds
follow from a direct application of moment arguments | , sections 5.2/5.3]
and capacity estimates of percolation kernels | , section 1.9]. In section
3.4.6 we show that in every instance where we apply the second moment method
our k,s-independent percolations are quasi-independent (3.6). Analysis of a
number of explicit percolation models (models 81, 83 and 86) renders the bounds
tight. All explicit models are in the class CS;B(V) and invariant under automor-
phisms of the rooted tree.

Shearer’s measure | ] on the k-fuzz of Z (section 2.6.3) minimizes the
conditional probability of the event “open for m more steps | open for n steps”
along a path of k-independent Bernoulli random variables (see (2.28a)). Our
novel contribution is an explicit construction of Shearer’s measure on the k-fuzz

of Z (model 55) as a (k + 1)-factor for p > pf,(;” via a zero-one switch ((2.53)
and figure 2.1), by reinterpreting calculations from Liggett et al. | , corol-

lary 2.2]. From the detailed knowledge about Shearer’s measure on the k-fuzz
of Z we derive uniform bounds on the percolation kernel over the whole class
Ck3(V), leading to pfis . (V).

A back-of-the-envelope derivation of the critical values (3.10) goes as follows:
The simplest infinite rooted tree is a single ray isomorph to N. Let Z := (Z,,)nen
be a collection k-independent Bernoulli(p) rvs on N. We have

& <P(Z =T1) <", (3.14)

where the left inequality holds for p > pf}(f) with the relation p = 1 — &¥(1 — €),
thanks to Shearer (see chapter 2), and the right one always with the relation
n**t1 = p, thanks to k-independence. Root T and suppose that (3.14) car-
ries over to k,s-independent percolation with parameter p. Hence we have a
comparison with two independent models with parameters £ and 7, that is

P¢(percolates) < Pp(percolates) and Py(percolates) < P,(percolates),
(3.15)
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)

where the left inequality holds for p > ps(k Plugging in the critical value

br(T) ’
for independent percolation (3.5), for ¢ and 1 we get the g part of p¥:5 (V) for
br(T) < E£L and p¥% (V) for all br(T).

This comparison with two independent models in the last paragraph is solely
in terms of the probability to percolate. We have no direct relation between the
clusters (like a coupling between the percolations) and in particular no stochas-
tic domination (see section 3.4.7).

Already in the independent case | , section 5] the percolation behaviour
atp = bT(T) depends on additional propertles of the tree. This stays the same for

¢ (V) and the g, part of p&:2_ (V). It is not so for p = ps,(f) and br(T) > &HL:

Pin

here proposition 76 asserts that all P € Ck/:k)
Psp "

(V) percolate.

o

Recall that the diameter of a percolation cluster is the length of the longest
geodesic path contained in it. We call a percolation diameter bounded if its
percolation cluster diameters are a.s. bounded, i.e.

dD eN: P(sup {diam(C) : C open cluster in P} < D) =1. (3.16)
The p,, %) line admits another interpretation in terms of cluster diameters:

Theorem 68. For each € > 0 there exist p E]ps,(f) —€ ps,i")[ and P € CEO(V)

such that P is diameter bounded. If p > ps“” then all percolations in CS”S(V)
are not diameter bounded.

3.4 Proofs

3.4.1 Proof outline of theorems 67 and 68

Proof of theorem 67. We start with some obvious relations between the rooted
percolation classes and their critical values, based on the restrictions imposed
by k and s. For all k, %/, s,s" € Ng:

Cks( Ck s( )

) €

if k <k and s < s’ then

The first part is the proof for p¥:2 (V) in sections 3.4.3 and 3.4.4. To get an
upper bound on p¥:# (V) we need to show that every k, s-independent perco-
lation percolates for p close enough to 1. Our approach uses a classical second
moment argument, recalled in lemma 73. We relate it to br(T) in proposition
74, with the core ingredient being a sufficient condition for percolation in terms
of an exponential bound on the percolation kernel, defined in 3.22c. For k, s-
independent percolation proposition 75 reduces this to the problem of bounding
the conditional probabilities of extending open geodesic downrays by the right
exponential term. Finally proposition 76 uses the minimality of Shearer’s mea-
sure from theorem 33 and detailed estimates about its structure on Z) in
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proposition 56 to uniformly guarantee the right exponential term and arrive at
(3.25):

br(T)) if br(T) < kL
Do if bor(T) > =

For the lower bound on p%# (V) it suffices to exhibit k,0-independent perco-

lation models that do not percolate. We describe two such models, the canon-
ical model 81 and the cutup model 83, both constructed from Shearer’s mea-
sure. More precisely, in section 3.4.4 we describe a general procedure, called
tree-fission, to create a k, 0-independent percolation with identical distributions
along all downrays from a given k-independent Bernoulli random field over N.
When applied to Shearer’s measure on N and a derivative of [n]() it yields
the canonical model 81 and the cutup model 83 respectively. We then use the
first moment method, recalled in lemma 72, to establish their nonpercolation,
leading to the following results from (3.30) and (3.31):

1
kO (V) > gr(br(T)) if br(T) € [1]“;:[ and  pm0 (V) pr;i“.

pmaz max
Conclude by applying the inequality from (3.17).

The second part is the proof for pﬁlfn(V) in section 3.4.5. Here the argumen-

tation is the reverse of the one for p¥:5 (V). To get a lower bound on pfnfn(V)
we need to show that every k, s-independent percolation does not percolate for
p close enough to 0. We achieve this by a first moment argument in proposition

85, using solely k-independence along downrays. It culminates in (3.32):

1
Vk,s€Ng: s (V) > —— .
0 Prmin(V) bT(T)k—H

For the upper bound on p% (V) we differentiate between k = 0 and k > 1. In
the case k = 0 we already have a matching upper bound in the upper bound
for p%s (V) in (3.25). For k > 1 we describe a percolating k, O-independent
percolation model, called the minimal model 86. It is constructed by the tree-
fission procedure from section 3.4.4. In proposition 87 we show that it percolates
by bounding its percolation kernel with the help of proposition 75 and applying

the second moment method adaption from proposition 74, leading to (3.33):

1
VeE>1:  pPv)y<——.
) br(T)

Conclude by applying the inequality from (3.17), using the upper bound for
p%s (V) in the case of k = 0. o

Proof of theorem 68. By (2.53) for every € > 0 there exists a N € N such that
z N z .
ps;f) > pih](m > psf(L’” — &. Then proposition 84 asserts that the cutup percola-

tion Pt N) (model 83) is diameter bounded with D = 4N — 4.

On the other hand, let p > pf}f’ and Z :={Z,} be in C{;;j(V). We have

veV

-,

VneNweL(T,n): P(Zpew =1) > pzg p(Yiy =1) > € >0,
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where Y is ugz,, p-distributed, we use the minimality of Shearer’s measure
(2.28b) and the minoration from (2.56b), with £ > 0 from 2.52. This implies
that Z is not diameter bounded. O

3.4.2 General tools for percolation on trees

In this section we list some general tools for percolations on trees which allow
us to shorten the following proofs. The following extension of Kolmogorov’s
zero-one law | , theorem 36.2] is well known. In particular it encompasses
k-independent rvs on a graph G, as they have the k-fuzz of G as their dependency
graph.

Lemma 69. Let G = (V,E) be a locally finite, infinite graph. Let X :=
{Xo}yey be a random field with dependency graph G. Then the tail o-algebra
of X 1is trivial.

Proof. Let (V,)nen be an exhausting, strictly monotone growing sequence of
finite subsets of V. For W C V let Ay := o(Xw ) and define the tail o-algebra
Ao =02, Avye. For an event B € A set Z, := E[Ip|Ay,] = Ip. Then we
have a a.s. constant martingale with lim,, ,o Z,, = Ig:

E[Zn11|Av,] = E[E[I5|Av, . ]|Av,] = E[E[I5]|Av, ]| Av,,.] = E[Is|Av,] = Zn .
Hence P(B)? = E[IzP(B)] = E[1%4] = P(B) and P(B) € {0, 1}. O
Next we introduce some notation for rooted percolation on T:

Notation 70. In the context of rooted percolation and for v € V' we write

Ol .= (v TINV(TY)} IT € II(0) (3.18a)

v

Oy :={veroot ={ve 0T}, (3.18b)

where those events mean “there is an open downpath from w to the cutset II”
and “there is an open downray starting at v”.

The following lemma allows us to concentrate exclusively on rooted perco-
lation (see | | for a proof):

Lemma 71. Let P € CT’f(V), for finite k. Then

(v eV :P(O,) >0) & P(P percolates on T) =1, (3.19a)
Vv eV :P(O,)=0) < P(P percolates on T) =0. (3.19b)

In the case k = s = 0 we can change the 3 to V in (3.19a), which is needed
in the proof of proposition 87. Finally the obvious relationship between rooted
percolation reaching a cutset II € II(0) or the boundary 0T from o is:

VweV: Oy,= () Op. (3.20)
IIell(o)

This holds already for the intersection over an exhaustive sequence of cutsets
{IIn} ey e Yo € Vi dm, € N: Jw € II,,,, : v is an ancestor of w. A
central tool is the following two moment methods:
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Lemma 72 (First moment method | , section 5.2]). We have
P(O,) =P(o4>00) < inf Plo<>v). (3.21)
II€Il(o)
vell
Lemma 73 (Weighted second moment method | , section 5.3]).
1
P(O,) =P(o4>00) > inf sup  —— (3.22a)

TETI(0) ey () € (1)

where My (IT) is the set of probability measures on the vertex cutset II and the
energy E(p) of p € Mi(Il) is determined by

E(w) = po)p(w)r(v,w). (3.22b)

v,well
and Kk is the symmetric percolation kernel

Plo+> v, 0> w)

. 2 —
K Ve =R, (v, w) = K(v,w) = PloooPoow) (3.22¢)
3.4.3 Upper bound on pFs (V)
k,s

The task is to establish an upper bound on p;:% (V). In other words, we want
to guarantee percolation for high enough p. The first step in section 3.4.3 is
to use the second moment method to translate this problem into the search
for a suitable exponential bound on the percolation kernel. Then we use k, s-
independence to bound the percolation kernel in terms of a conditional proba-
bility along a single downray. Hence we can guarantee percolation as soon as
we can bound this conditional probability from below in sufficient exponential
terms. The percolation along a single downray is just a Bernoulli random field
with parameter p and dependency graph Ny. In the second step in section
3.4.3 we apply the generic minimality of Shearer’s measure and a lower bound
on pn,,p to get such an exponential lower bound of parameter {. Finally we
relate £ and br(T) and derive the upper bound.

Percolation kernel estimates

In proposition 74 we state a sufficient condition on the percolation kernel in order
to percolate. This condition relates the second moment method to the branching
number. In proposition 75 we bound the percolation kernel for k, s-independent
percolation in terms of conditional probabilities along a single downray, hence
providing a simpler means to derive the sufficient condition in subsequent steps.

Proposition 74. Let P € Crlfos(V) and a < br(T), C € Ry such thatVv,w e V:

K(v,w) < CatlvAw) (3.23)
then P percolates.

Remark. The “?” in Cr_lf (V) means that we place no restriction yet on the
marginals of P. The confluent of v and w is vAw. See also figure 3.2.
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Proof. Take 8 €|a,br(T)[ and let g be a S-flow. Define u(v) := %, hence
plm € M1(IT) for each vertex cutset IT € (o). We have

E(plm)
= > pln()pln(w)s(v, w)
v,well
< 7 p(o)p(w)Cal A
=0y an S p)p(w)
n=0 v, well

vAw=:u€L(T,n)

<C Z a” Z Z g(;}()g)(:}) more nodes
n=0

u€L(T,n) v,well
u€P(0,vAw)

oo
07 Za" Z g(u)? flow property

9 n=0 u€L(T,n)
C (oo} n
< 5 <a> g(u) B-flow
g(O) n=0 ﬁ u€L(T,n)
< — — flow property
g(o) ==\ B
¢ B
= 7 a < 67
9(0) B -«
which is a finite bound independent of II. Apply the weighted second moment
method (see lemma 73) to see that P(o <+ 00) > 0 and conclude. O
0 0
U= vAw u = vAw
/ \\d(v,t)—(sz)-H / “y,t)ﬁ(sz)—H
v t v t=w
d(t,w)>1
w

Figure 3.2: Decomposition of the percolation kernel (v, w) for k, s-independent,
rooted site percolation. The node t € P(u,w) has distance (kV s) + 1 from w if
the path P(u,w) is longer than this (left side), otherwise ¢ = w (right side).
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Proposition 75. We use the notation from figure 3.2. Then Vk,s € Ny, P €
Chs(V),v,weV:
’ 1

Plotlt < w) (3:24)

k(v,w) <

Proof. We use the notation from figure 3.2. In the case d(u,w) > (kVs)+1 we
have

k(v, w)
_ Plo=v,0¢w)
"~ P(o+v)P(o e w)
_ P(o>v,04>w)
~ P(o+0)P(t & w)P(0 < tt > w)

P(o v, u>w) 1 ' .
- k V s)-independ
P(o<>v,t <> w) Plos t|t < w) using (k V s)-independence
1

T Plostltow)
In the case d(u,w) < (kV s) +1 we have t = w and

Plov,04 w)  P(u s o v) 1 1
P(o s v)P(ow) Plo+t) — Plostit<rw)

k(v,w) =
O

Uniform bound by Shearer’s measure

The following proposition combines our knowledge of z,, and its properties
with the simplified condition on the percolation kernel from proposition 75 to
ensure uniform percolation.

Proposition 76.

br(T)) af br(T) < &HL
Vk,s €Ng: pks (V)< {g;((m (M) f (M) < kil (3.25)
Do if or(T) > 5= .
Furthermore for br(T) > k—;gl every percolation in Ckz’fk) (V') percolates. In the
Psp 10

case k = 0 we interpret % 1= 00.

Proof. Let p > pf}(f). Use the notation from figure 3.2. Let £ be the unique
solution of the equation 1 —p = &(1 — €)¥ from (2.52). In a first step we use
(3.24), the minimality of Shearer’s measure (2.28b), the explicit minoration of
Shearer’s measure on N (2.56b) and the fact that I(t) < I(u) + (kV s)+1 to
majorize the percolation kernel as follows:

1 1

< sz)flgfl(u) )
Plortlt < w) = pz, plor tlt < w)

k(v,w) <

1
1
< £ <¢

In the second step we want to apply the sufficient exponential bound condition
on the percolation kernel from proposition 74, hence we have to relate £ with
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br(T). The function g (3.11) satisfies gk(%) = p, has a global minimum in £+%

with value p, }(L’” and induces a strictly monotone decreasing bijection between

[1, 524 and [po™, 1],

Case br(T) < % and g (br(T)) < p = &¥(1—¢): Apply proposition 74 with
C:=¢ W)=l and a := % < br(T) to show that we percolate. This proves the
gk part of (3.25).

+ Z (k)

Case br(T) > L and pf}(f) < p: Apply proposition 74 with C := ¢~ (kvs)=1
< Tl < br(T) to show that we percolate. This proves the p,

and a = %
part of (3.25) and the percolation statement at pf,(f). O

We show that we need uniformly bounded elsewhere-dependences to guar-
antee percolation for high p. The counterexample consists of multiplexing a
distribution indexed by Ny over the corresponding level of T.

Model 77. For p > pf}(f) let Z :={Z,},cy, be a collection of k-independent
Bernoulli(p) rvs. Define a site percolation Z := (Z,),cv on the rooted tree T
by

ZU = Zl(v) . (326)

Proposition 78. For every s € N we have Z ¢ C;f;j(V) and Z percolates iff
p=1.

Proof. All the sites on a chosen level of T realize a.s. in the same state. There-
fore the elsewhere-dependence s, of v is in the range 21(v) < s, < 21(v) + k
and unbounded in v. Using (3.26) and k-independence we get

VneN: PlowL(T,n) =P(Z)=...= 2, = 1) < p/*+D) |

This exponential upper bound implies that P(O,) = 0 iff p < 1. O

3.4.4 Lower bound on pFs (V)

max

To derive a lower bound on pﬁl;w(V) we exhibit appropriate nonpercolating per-

colation models. The proof of proposition 76 suggests to look for percolations
being pz, p-distributed along downrays. To be as general as possible we also
want s = 0. Section 3.4.4 presents a procedure to construct a k,0-independent
percolation model with given distribution along downrays. We then apply this
construction to probability distributions derived from pz,, , and pn (k) oD Ap-
plying the first moment method and relating the relevant parameters to br(T)
yields the lower bounds.

Tree fission

In this section we show how to create a k,0-independent percolation model
from a k-independent Bernoulli random field Z indexed by Ny. Additionally
the resulting model has the same distribution along all downrays, namely the
one of Z, and is invariant under automorphisms of the rooted tree. The generic
construction is presented in proposition 79 and specialized to our setting in
corollary 80.
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Proposition 79. Let Z := {Z,}, oy, be a Bernoulli random field and T :=
(V, E) be a tree rooted at o. Then there exists a unique probability measure v,
called the T-fission of Z, under which the Bernoulli random field Z := {Z,}
has the following properties:

veV

VW CV: ifYoweW:vgV(T")),

then the subfields {Zy w)} are independent. (3.27a)

weWw

VveV: Zpeyw has the same law as {2} (3.27b)

weP(o,v) "

Furthermore Z is invariant under automorphisms of the rooted tree.

Proof. For v € V let A(v) := P(o,v) \ {v} be the set of all ancestors of v. Let S
be the family of vertices of finite connected components of V' containing o. For
R € S define the probability measure vz on {0, I}R by setting

V5 {01} vp(Yr =5r) = [[ P(Ziw) = sulVw € A(v) : Zyu) = su).-
veER
(3.28)
We claim that {vr} . s is a consistent family & la Kolmogorov. Furthermore
each vp has properties (3.27). We admit the claim for the moment and show its
proof after finishing the main argument. Hence Kolmogorov’s existence theorem
[ , theorem 36.2] yields an extension v of the above family. The probability
measure v fulfils (3.27) because all its marginals vg do so. Uniqueness follows
from the fact that the properties (3.27) imply the construction of the marginal
laws vi via (3.28) and the 7 — A theorem | , theorem 3.3].

We prove the above claim about the consistency and properties of the family
{Vr} res by induction over the cardinality of R. Let R,T € S. Then V5rur €

{0,117

vrur Yrur = Srur) = VR (YRAT = SRAT)

X H P(Z)) = 50[Vw € A(v) : Zy(0) = Sw) H -
vER\T vET\R

o . T
Hence vg and vr coincide on their common support {0, 1}Rm

consistency of the family {vr} pcs-

. This implies

It remains to show that vg is a probability measure on {0, l}R with proper-
ties (3.27). We prove this by induction over the cardinality of R. The induction
base for R = {o} is

V{o}(Yo = O) + V{o}<Yo = 1) = IP(ZQ = O) + P(ZO = 1) =1.

The induction step reduces R to T':= R\ {v} for some leaf v of G(R). Hence

> vr(Yr = 5r)
Sr
= Z Z UR(YU = Sy, YT = §T)

st SUG{O,I}
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= ZVR(YT = gT) Z P(Zl(v) = SU|VU) S A(U) : Zl(w) = §w)
St SUE{O,l}

= ZVT(YT = gT)
sT
=1.

For independence suppose that W C R € S fulfils the condition of (3.27a). Let
U = Upew A(w) and for w € W let V,, := V(T*) N R. Then (3.28) entails
that

Z/R(V’U) eW: va = ng‘ZU = gU) = H VR(ZVw = §Vw|ZU = §U) .
weR

Conditional independence on Zy implies independence as in (3.27a).

We turn to the distribution along downpaths. For v € V we have P :=
P(o,v) =: {o =t wo, ..., wy) :=v} € S. Hence V35p € {0, 17

VP(ZP = gp)
l(v)

= H vp(Zw, = Sw,
i=0
l(v)

= [IP(Ei = sw.Vw € A(wi) : Zyu) = 50)
i=0

Za(wi) = Sa@ws))

= IP’(Vw e P: Zl(w) = Sw) .

Finally the invariance under automorphisms of the rooted tree is a result of
the obliviousness of the construction to the ordering of the children. O

Corollary 80. If Z from proposition 79 is k-independent and has marginal
parameter p then v, the T-fission of Z, is the law of a percolation in CS”S(V)
invariant under automorphisms of the rooted tree.

Proof. The definition of v implies that it is the law of a rooted site percolation
which is invariant under automorphisms of the rooted tree. k-independence and
the fact that (Y, = 1) = p follow from (3.27b), while s = 0 follows from the
independence over disjoint subtrees in (3.27a). O

The canonical model
For p > pf;;” we derive a k, O-independent percolation model from uz, ,. It
does not percolate for small br(T) if p is smaller than the g part of (3.25),

leading to a lower bound on p%9 (V).

max

Model 81. Let £k € N, p > pf}(;” and Z := {Zn}neNo be un,, p-distributed
(shifting indices by 1). Define the canonical model of k-independent site perco-

lation with parameter p, abbreviated P;an(k), as the T-fission of Z.
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Remark. We named our canonical model after the canonical model of Balister
& Bollobaés | ]. Their model is a bond percolation model, whose limit case
is defined in the following way: for p > % let & > % be the unique solution
of 1 —p =¢&(1 —¢) (compare with (2.52)). Define the bond percolation Z :=

{Ze}eEE by
ZE = ]. — (1 — Xp(v))Xv7 (329)

where e := (p(v),v). See also figure 3.3. Hence it has dependency parameters
k = s =1. Wesee that Y is closed iff (X, (,, X,,) = (0,1) and, comparing it with
(2.54), we deduce that it is pugz p-distributed along downrays. Balister & Bol-
lobéds do not mention this link explicitly, though. They not only use this model
in its role as nonpercolating counterexample for a lower bound on p. . (E), as
we do with our canonical model in proposition 82, but also show that it has
the smallest probability to percolate among all percolations in C;;; (E), their
equivalent to our calculations in section 3.4.3.

Balister & Bollobdas’ explicit construction is easily generalizable to bond
models with higher k£, but only for s > 2k — 1. Furthermore their inductive
approach fails us already for k& > 2. Thus its main inspiration has been to
look for k, 0-independent percolation models being puz,, ,-distributed along all
downrays, leading to the tree-fission and our construction in model 81.

p(v)/ O\

(¢]

Figure 3.3: Construction of Balister & Bollobas’ canonical model. See (3.29).

Proposition 82. For all k € N : Pﬁan(k) € CkOV). Ifbor(T) < B and
pE [pfﬁ),gk(br(T)) [, then P;an(k) does not percolate. This implies that

Yk €N, br(T) € [17 kzl[ c k0 (V) > gr(br(T)) . (3.30)

Proof. As Z from model 81 is k-independent and has marginal parameter p
corollary 80 asserts that ’P;a"(k) eChI(V).

Remember that p < g (br(T)) is equivalent to & < ﬁ, hence we can choose
g > 0 such that (1+¢)¢ < ﬁ. The first moment method (lemma 72) yields

P(0+> o)
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< inf P(o <)

I1€II(o) ol

< inf C[(1 +¢e)¢)'™ by (2.56
ot [(1+e)¢] y (2.56¢)

=0 by definition of br(T) in (3.4).
Therefore 7?5“"(’“) does not percolate and (3.30) follows directly. O

The cutup model

For N € N and p[j,\z](k) < pZ ) we derive a k, 0-independent percolation model

from u[ N ™10 It never percolates. In the limit N — oo this yields a lower
(k)v sh

bound of p; 26 for ph0 (V).

Model 83. Let k,N € N and Z := {Z,}, .y, have distribution equivalent to

independent copies of Hn o p 0 OB {mN,mN +1,...,(m+1)N — 1} for all
(k) Psn
m € Ny. Define the N-cutup 7}nodel of k-independent site percolation, abbrevi-

ated Peutk:N) a5 the T-fission of Z.

Proposition 84. For allk, N € N : peut(k.N) ¢ Ck[f\),] o (V). It has percolation
j ,0

cluster diameters a.s. bounded by 4N — 4. Hence ‘it does not percolate. This
implies that

VEEN: plt(V)2pg (3.31)
Remark. It is possible to generate models like the cutup model for every p <
pf;(lk) [ , proof of theorem 1].

Proof. As Z from model 83 is k- 1ndependent and has marginal parameter p
corollary 80 asserts that Peut(:-N) ¢ cF: N](k) (V).
sh

To bound cluster diameters note that u N
(k:))p sh
2N — 2 steps up or down along a downray. Hence cluster diameters are a.s.

bounded by 4N — 4 and P°**(*:N) does not percolate. Thus p&0 (V) > p[N](’“’
Finally we know from (2.53) that pLh](“ = pé}l’“’, 0

N, blocks going more than

3.4.5 Determining pl:nfn(V)

To determine pfnfn(V) we take the opposite approach from p%3 (V). For a
uniform lower bound we use the first moment method in proposition 85 on
percolations with small enough p. An upper bound follows from the so-called
minimal model 86, again built by tree-fission from section 3.4.4. We show that it
percolates for sufficiently high p employing the sufficient conditions on the per-
colation kernel from section 3.4.3, effectively using the second moment method.
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Proposition 85.

1
. k,s
Proof. Let P € CFs(V) with p < W. Then the first moment method
(lemma 72) results in
P(0 > 00)
< inf P(o <+ v)
IIell(o)
< inf Z p“ﬂiﬂ k-independence along downrays
II€II(0) o~
~() [ 55
< inf (piﬁ) kel
IIell(o)
1 —1(v) l(’U)
< inf S (p) k+1 l
*nérrll(o) P as (k+1) kE+1 > ()
eIl
=0 as br(T) < p T
Hence P does not percolate and (3.32) follows trivially. O

Model 86. Let X := {X,},y, be an iid. Bernoulli random field with pa-

rameter p := p/ (¥t Define Z := {Zu}nen, Y VR ENy @ 2, 1= Hf:o Xt
Define the minimal model of k-independent site percolation with parameter p,
abbreviated P, m(k), as the T-fission of Z.

Proposition 87. For all k € N : P;,nm(k) € CHOV). Ifp> W7 then
’P;,nm(k) percolates, which entails that
1
VkeN: p"0 (V)< ———. 3.33
(V) () (3.33)

Proof. As Z from model 86 is k-independent and has marginal parameter p
corollary 80 asserts that P;,nm(k) eck? (V).

[N]
Psn (k)vo

Let Z := {Z,},cy be Pgbm(k)—distributed and p > W.
model 86, we see that P(Z,) = ) = P(X[, 4 = 1) = p"**, with p = p!/(k+1),
Use the notation from figure 3.2 and apply the bound on the percolation kernel
(3.24) to arrive at:

Looking at

1 < 1 B

o) S g S ew) S 5o =P

Apply proposition 74 with C := p~*~1 and a := % < br(T) to show that we
percolate. This proves (3.33). O]
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3.4.6 The connection with quasi-independence

In this section we show that in both cases (propositions 76 and 87) where we
apply the second moment method via exponential bounds on the percolation
kernel our k, s-independent percolations are also quasi-independent (3.6). This
gives an a posteriori connection with Lyons’ work and explains why we have
been able to exploit percolation kernels so effectively.

Proposition 88. Let p > pf}f’. Then VP € C;;;(f (V),Vo,weV:

gk—(sz) 1
Fr1E—k  Ploou)’

kv, w) < (3.34)

hence P is quasi-independent.

Remark. It is an artefact of our use of (3.24) that we can not show (3.34) to

hold for p = pf,(f) , Where & = kLH As we believe this artefact to be genuine, we
conjecture that quasi-independence does not hold for PC;(ng)
Psp

Proof. Let p > pf;:"). We use the notation from figure 3.2. Then the minimality

of Shearer’s measure (2.28a), the explicit minoration on Zy) in (2.56a) and the
fact that I(t) < i(u)+ (kV s) + 1 imply that

Plo+ t|t > w)
P(u > tlo > u, t <> w)P(o 4+ ult <> w)
P(u <> tlo <> u, t <> w)P(o <> u)

Y

1z 0 (Yt 1,00 -1y = 1¥50,..awy = L Y(),...a0)) = DP(0 4> u)
k
ka(i)] Fe(0) RV P (0 45 u)
=1

= [(k+ 1) — k] RV FPo ).

V

Together with the bound on k, s-independent percolation kernels (3.24) on
k(v,w) this yields (3.34) and quasi-independence. O

Proposition 89. The minimal percolation model P;"'m(k) is quasi-independent.

Proof. We use the notation from figure 3.2. The explicit construction in model
86 with p = p/(*+1) and the fact that I(t) < I(u) + k + 1 imply that

P(o s t|t > w) = p!®) > pt+r+l — po 3 0) .

Together with the bound on k, s-independent percolation kernels (3.24) we get
quasi-independence

1 1
< < .
Hvw) S g e w) S Ploo )
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3.4.7 A comment on stochastic domination

Recall that a percolation X stochastically dominates a percolation Y iff there
is a coupling of X and Y such that P(X > Y) = 1. Here the natural order
is the partial component-wise order on {0, 1}E. We show that for £ > 1 our
bounds do not imply stochastic domination of an independent percolation by
all k-independent percolations for high enough p.

Proposition 90. Yk > 1,p € [0,1[,b € [1,00[: 3D € [p, 1] and T with br(T) =b
and a k-independent site percolation Z on T with parameter p such that Z
stochastically dominates only the trivial Bernoulli product field.

Remark. It is possible to extend proposition 90 to all (p,b) € [0, 1[x[1, co[, using
[ , proof of theorem 1].

Proof. Denote the d-regular tree by Ty;. We know that pg;j =1-
[ , theorem 2]. Choose d §uch that pg}i > p. By the definition of plr;f
(2.38Db) there is a finite subtree T of T with

p <P :=ps, < Dop-

Root T at some vertex 6. Replace every edge of T by a length (k + 1) path.
Add an extra path of (k+ 1) edges at 6 with endpoint 0. Extend this finite tree
further to some arbitrary infinite tree T with branching number b and root it
at o.

For every length (k+1) path in the previous paragraph take its last edge and
denote their union by S. Place [i4 5 OD S and fill up the other edges with i.i.d.
Bernoulli(p) variables independently of pr 5 on S. The resulting percolation
is k,O-independent. By (2.38a) g ; fulfils pig 5(Yy, () = I) = 0 and hence the
subpercolation on S dominates only the trivial Bernoulli product field. O
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Chapter 4

Stochastic domination of
Bernoulli product fields

4.1 Introduction

The question under which conditions a Bernoulli random field (short BRF)
stochastically dominates a Bernoulli product field (short BPF) is of interest in
probability and percolation theory. Knowledge of this kind allows the transfer
of results from the independent case to more general settings. Of particular
interest are BRFs with a dependency structure described by a graph G and
prescribed common marginal parameter p, as they often arise from rescaling
arguments | |, dependent models | | or particle systems | ]. In
this setting an interesting question is to find lower bounds on p which guarantee
stochastic domination for every such BRF.

This question has been investigated in the setting of boot-strap percolation
[ , section 2| and supercritical Bernoulli percolation | , section 2]. Fi-
nally Liggett, Schonmann & Stacey | | derived a generic lower bound in
the case of a uniformly bounded graph. Of particular interest is the k-fuzz of
Z (that is Z with additional edges between all vertices at distance less than k),
which is the dependency graph of k-dependent BRFs on Z. In this case they
determined the minimal p for which stochastic domination of a non-trivial BPF
holds for each such BRF on the k-fuzz of Z. Even more, they have also shown
that in this case the parameter of the dominated BPF is uniformly bounded from
below and nonzero for this minimal p and made a conjecture about the size of
the jump of the value of the parameter of the dominated BPF at this minimal p.

Their main tools have been a sufficient condition highly reminiscent of the
Lovész Local Lemma | ] (short LLL, also known as the Dobrushin condi-
tion | | in statistical mechanics) and the explicit use of Shearer’s measure
[ | on the k-fuzz of Z to construct a series of probability measures dominat-
ing only trivial BPFs. Recall that Shearer’s measure is the optimal boundary
case for the LLL. It is also related to the grand canonical partition function
of a lattice gas with both hard-core interaction and hard-core self-repulsion

5505, J
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Extending the work of Liggett, Schonmann & Stacey in a natural way we
demonstrate that the use of Shearer’s measure and the overall similarity between
their proof and those concerning only Shearer’s measure is not coincidence, but
part of a larger picture. We show that there is a non-trivial uniform lower bound
on the parameter vector of the BPF dominated by a BRF with marginal pa-
rameter vector p'and dependency graph G iff Shearer’s measure with prescribed
marginal parameter vector p exists on G.

After reparametrization the set of admissible vectors p'is equivalent to the
polydisc of absolute and uniform convergence of the cluster expansion of the
partition function of a hard-core lattice gas around fugacity 0 | , ]

allowing a high-temperature expansion | ]. This connection opens the
door to a reinterpretation of results from cluster expansion techniques | ,
, ] or tree equivalence techniques | , sections 6 & 8], leading to

improved estimates on admissible p’ for the domination problem. Possible fu-
ture lines of research include the search for probabilistic interpretations of these
combinatorial and analytic results.

The layout of this paper is as follows: we formulate the stochastic domina-
tion problem in section 4.2. Section 4.3 contains our new results, followed by
examples of reinterpreted bounds in section 4.3.1. Finally section 4.5 deals with
the weak invariant case and we refute the conjecture by Liggett, Schonmann
& Stacey concerning the minimality of Shearer’s measure for the dominated
parameter in section 4.6.

4.2 Setup and problem statement

Let G := (V, E) be a locally finite graph. Denote by N (v) the set of neighbours
of v and by M (v) := N (v) W {v} the neighbourhood of v including v itself. For
every subset H of vertices and/or edges of G denote by V(H) the vertices in-
duced by H and by G(H) the subgraph of G induced by H.

Vectors are indexed by V, i.e. & := (2,)yecv. Scalar operations on vectors
act coordinate-wise (as in Z¢) and scalar comparisons hold for all corresponding
coordinates of the affected vectors (as in 0 < #). For W C V let Zy := (24 )vew
where needed for disambiguation. We otherwise ignore superfluous coordinates.
If we use a scalar z in place of a vector Z we mean to use Z = 1 and call this the
homogeneous setting. We always assume the relation ¢ = 1 — p, also in vector-
ized form and when having corresponding subscripts. Denote by Xy := {0, 1}V
the compact space of binary configurations indexed by V. Equip Ay with the
natural partial order induced by Z < ¢ (isomorph to the partial order induced
by the subset relation in P(V)).

A Bernoulli random field (short BRF) Y := (Y,)yev on G is a rv tak-
ing values in Xy, seen as a collection of Bernoulli rvs Y, indexed by V. A
Bernoulli product field (short BPF) X is a BRF where (X,)ycv is a collection
of independent Bernoulli rvs. We write its law as ITY, where z, := II¥ (X, = 1).
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A subset A of the space Xy or the space [0,1]V is an up-set iff
VZiecAyeXy: T<y=yecA.
Replacing < by > yields a down-set.

We recall the definition of stochastic domination [ ]. Let Y and Z be
two BRFs on G. Denote by Mon(V') the set of monotone continuous functions
from Xy to R, that is § < # implies f(5) < f(£). We say that Y dominates Z
stochastically iff they respect monotonicity in expectation:

vize (¥ & Mon(V) : E[f(V)] > E[/(2)] ) (4.1)

Equation (4.1) actually refers to the laws of ¥ and Z. We abuse notation and
treat a BRF and its law as interchangeable.

For a BRF Y we denote the set of all dominated Bernoulli parameter vectors
(short: set of dominated vectors) by

»(Y):={¢c:Y g nyy. (4.2a)

It describes all the different BPFs minorating Y stochastically. The set %(Y) is
a closed down-set. The definition of dominated vector extends to a non-empty
class C of BRFs by

N(C) = (] B(V) = {&:vY ey >n¥}. (4.2D)
YeC

For a class C of BRFs denote by C(p) the subclass consisting of BRFs with
marginal parameter vector p. We call a BPF with law Hg, respectively the
vector ¢, non-trivial iff ¢ > 0. Our main question is under which conditions all
BRFs in a class C dominate a non-trivial BPF. Even stronger, we ask whether
they all dominate a common non-trivial BPF. Hence, given a class C, we inves-
tigate the set of parameter vectors guaranteeing non-trivial domination

Pe = {ﬁe[O,l]V:VYEC(ﬁ):HE> §:ce E<Y)} (4.2¢)
and the set of parameter vectors guaranteeing uniform non-trivial domination
PC, = {ﬁe 0,1V :3¢>0:c¢ Z(C(ﬁ))}. (4.2d)

We have the obvious inclusion
PSiom € Pl - (4.2¢)

The main contribution of this paper is the characterization and description of
certain properties of the sets (4.2d) and (4.2¢) for some classes of BRFs.

The main classes of BRF's we investigate are the weak and strong dependency
classes CE™8(p) and C""#(p) from (2.3) in section 2.1.1 respectively.
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4.3 Main results and discussion

Our main result is
Theorem 91. For every locally finite graph G we have

weak strong
Ce Ca

stTom.
cnm
G

dom " udom

7) I geak

dom ' udom

=P5. (4.3)
Its proof is in section 4.4. Theorem 91 consists of two a priori unrelated
statements: The first one consists of the left three equalities in (4.3): uniform
and non-uniform domination of a non-trivial BPF are the same, and even tak-
ing the smaller class C3y*"® does not admit more 7. The second one is that
these sets are equivalent to the set of parameters for which Shearer’s measure
exists. The minimality of Shearer’s measure (see theorem 33) lets us construct
BRFs dominating only trivial BPFs for 5 & PS (see section 4.4.2) and clarifies
the role Shearer’s measure played as a counterexample in the work of Liggett,
Schonmann & Stacey | , section 2]. Even more, this minimality implies:

Theorem 92. Forp € 7352 define the non-trivial vector ¢ component-wise by

Cpi=11-(1-Eg, (;5'))1/“/‘ if po <1 and G, 1is finite (4.4)
gomin{q, : w e N(v)NV(G,)} ifp, <1 and G, is infinite,

where G, is the connected component of v in the subgraph of G induced by all
vertices v with p, < 1. Then 0 < & € S(CE*(p)).

The proof of theorem 92 is in section 4.4.3. For infinite, connected G we
have a discontinuous transition in ¢ as p approaches the boundary of Pgl (third
line of (4.4)), while in the finite case it is continuous (second line of (4.4)). On
the other hand there are classes of BRFs having a continuous transition also in
the infinite case, for example the class of 2-factors on Z | , theorem 3.0].

Our proof trades accuracy in capturing all of PgL against accuracy in the
lower bound for the parameter of the dominated BPF. It is an intuitive fact (4.9)
that X (Ceak(p)) should increase with 7, but our explicit lower bound (4.4) de-
creases in p. There is an explicit growing lower bound already shown by Liggett,
Schonmann & Stacey | , corollary 1.4], although only on a restricted set
of parameters (as in theorem 40).

st
Equation (2.28b) does not imply that pugy < Y for all Y € Ceak(p): for

a finite W C V take f :=1— I 5 € Mon (W) and see that HI‘;V f)_z G (W)Y,
Furthermore (¢ ) is neither minimal nor maximal (with respect to set inclu-
sion) in the class C%*(55). The maximal law is HEV itself, as [0, 5] = E(HEV).
We give a counterexample to the minimality of ¥(u¢ ;) in section 4.6.

4.3.1 Reinterpretation of bounds

weak

Theorem 91 allows the application of criterions for admissible p for to

G
N udom
’PgL and vice-versa. Hence we can play questions about the existence of a BRF
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dominating only trivial BPFs or the existence of Shearer’s measure back and
forth. In the following we list known necessary or sufficient conditions for p’ to
lie in P& , most of them previously unknown for the domination problem.

The classical sufficient condition is the Lovdsz Local Lemma | | in theo-
rem 34. Homogeneous versions are listed in section 2.4. More recent sufficient
conditions by Ferndndez & Procacci | , ] based on cluster expansion
techniques are in section 2.5.2. An example of a necessary condition by Scott
& Sokal | ] is given in theorem 180 in section 6.3.2.

4.4 Proofs

We prove theorem 91 by showing all inclusions outlined in figure 4.1. The
four centre inclusions follow straight from (4.2e¢) and (2.3¢). The core part
are two inclusions marked (UD) and (ND) in figure 4.1. The second inclusion
(ND) generalizes an idea of Liggett, Schonmann & Stacey in section 4.4.2. The
key is the usage of Shearer’s measure on finite subgraphs H for suitable p €
87)35}2 to create BRFs dominating only trivial BPFs. Our novel contribution is
the inclusion (UD). It replaces the LLL style proof for restricted parameters
employed in | , proposition 1.2] by an optimal bound reminiscent of the
optimal bound presented in | , section 5.3], using the fundamental identity
(2.11) to full extent. Using preliminary work on Shearer’s measure from section
2.2.4, we prove the inclusion (UD) in section 4.4.3.

oG ([?) cgeak g Cgeak
sh & udom dom
N N
Cztrong c Cztrong (ND) S
Pudom - Pdom < PSh

Figure 4.1: Inclusions in the proof of (4.3).

4.4.1 Tools for stochastic domination

In this section we list useful statements related to stochastic domination between
BRF's. They are used as building blocks in the subsequent sections.

Lemma 93 ([ , chapter 11, page 79]). LetY,Z be two BRFs indexed by V,
then
st st
Y>Z7 < (V finite W CV : Yy > ZW) . (4.5)

Note to self: One way to prove lemma 93 is using the Lemma of Zorn on Kol-
mogorov consistent chains in the space of all coupling measures (in the context
of the theorem by Liggett). %

We build on the following technical result, inspired by | , lemma 1].
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Proposition 94. If Z := {Z,}, .y is a BRF with

Vn e N,g[n] S X[n] : ]P’(Zn_;,_l = 1‘Z[n] = §[n]) > Pn, (46)

st
then there exists a Hg—distm'buted X such that Z > X.

Definition 95. For W C V and 8§y € Xy we define the cylinder set H;VI(E'W)
by

Havl(gw) = {FE Xy : tw= gw} (47)
Proof. We follow the proof strategy of [ , lemma 1]. We show that v fulfils

the conditions of (4.5). During this proof we interpret [0] as ). We define a
probability measure v on Aj2 inductively by:

Vn > 1,Y 5,1, tn—1) € Xp_1},Va,b € {0,1} :
v(IE, (@) x T (0) [T () % TG0 (1))

= ]P( n = 1‘Z[n—1] = S[n—l]) if (avb) = (L 1)
=0 if (a,b) = (1,0)
= DPn — P(Zn = 1|Z[n71] = §[n,1]) if (a,b) = (0, 1)
1o, if (a,b) = (0,0).

A straightforward induction over n shows that v is a probability measure. The
induction base is

> vy (1) x Iy () = (L=p1) + (0 —P(Z1 = 1)) + 0+ P(Z = 1) = 1.

s1,t1

The induction step is
“1/2 —1/7
Z V(H[n] (S[n]) X H[n] (t[n]))

= Y I (S x T ()

Fn1]tn—1]

" (Z V(T (sn) X L (t) 1Ty (Sp1y) ¢TI,y Fi ”))>

Snstn

=1 by definition of v

= > v ) X T (Fap) -

5[71*1]1{[71—1]

=1 by induction

Next we calculate its marginals. Let n > 1 and 5[,) € &],,). Then we have
v H[n] (S[,L]) X XN)

n

= vy (5) x A [ TG (5ip) x &)

i=1

84



C. Temmel Section 4.4 of chapter 4

and

V(X X 01 (37))

Il
=

v(d x Iy (si) | A x Gt 3 (Bny))

1

.
Il

I
s

[(1 = pi) Loy (5:) + pi Tgay(s4)]

(X[} = 8[ny) -

.
I

|
=

Hence the marginal of the first coordinate has the same law as Z and the

marginal of the second coordinate has the law Hg.

Finally we calculate (4.10c) for v. We proceed by induction over n. The

induction base is

v{EH) ey’ s >h)) =v({(EBl) et H=0<h =1}) =0.

The induction step is

=1 by induction

=0 by definition of v

X (1 — l/({(g,t_) S XVQ : 8, =0< Fn =1 | §[n_1] > ﬁn—l]})
=1.

Hence

—

VneN: v{(51)eay?: 8 2 tm}) = 0.

This implies that
v({(5,f) e v : 5 £ 1)) =0.

O

Proposition 96. LetY and Z be two BRFs over the same index space V. Then

st st
YNZLY<SYVZ.
If X is a third BRF independent of (Y, Z), then also

®
=N

(Y A X)
(Y V X)

v

ZNX),
(ZvX).

st
Y>7 =

Ve

85
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(4.8D)
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Proof. (4.8a): Take a finite W C V and f € Mon(W). Then

E[f(Yw A Zw)]
= Y E[f(Yw A2)|Zw = ZP(Zw = 2)

Zesupp Zw

< Y Elf(Yw)lZw = AP(Zw = 2)

Zesupp Zw
=E[f(Yw)]
= > E[f(Yw)l2Zw = AP(Zw = 2)

Zesupp Zw

< Y. E[f(Yw V)| Zw = AP(Zw = 2)

Zesupp Zw
=E[f(Yw vV Zw)].

st st
Hence Yiy A Zw < Yw < Yw V Zy. Conclude with lemma 93.

(4.8b): Take a finite W C V and f € Mon(W). For & € Xy and f €
Mon(W) define
fz: Xw—-R gy f(NT).

Then fz € Mon(W), as

> 3 Elfe(Zw)P(Xw = 7) as Yi > Zy and f € Mon(W)

The same derivation holds for A instead of V. The fact that X is independent

st
of (Y, Z) is crucial, as we do not know if (Y| X = &) > (Zw|X = &). Conclude
with lemma 93. O

Proposition 97. Let C be one of the dependency classes used in this paper.
Then for all P and 7 we have

S(CER) € S(CH). (4.9)
Proof. Let ¢ € (C(p7)). Let Y € C(p) and X be ITY -distributed independently

st st
of Y. Using (4.8a) we get IIY <Y A X <Y, whence ¢ € 3(Y). As this holds
for every Y € C(p) we have ¢ € X(C(p)). O
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Lemma 98 (] , chapter II, theorem 2.4]). Let Y, Z be two BRFs indexed
t
by V, then' Y SZ Z iff there exists a v € My (Xy?) such that

Y finite W CV,V5w € Xw : v(l (Gw) x Ay) =P(Yiy = 5w)  (4.10a)

Y finite W CV,Vw € Xw :  v(Xy x Iy (fw)) = P(Zw = tw)  (4.10b)

v({(Gt) e Ay?:5>1) =1. (4.10c)

Remark. The coupling probability measure v in lemma 98 is in general not
unique.

Proposition 99. Let Y and Z be two BRF's indexed by the same set V. Then
we have:

st
Y>Z =V finite WCV: and . (4.11)

st
Proof. Assume that Y > Z and let W C V be finite. Lemma 93 asserts that

st
Yw > ZW. Regard. the. mo.notone functions f = HH;/I(T) and g =1 — HH;VI((‘)‘).
Stochastic domination implies that

P(Yw = 1) = E[f(Y)] > E[f(2)] = P(Zw = 1)

and .
P(Yw =0)

I
—_
\
=
=
=
A
[t
\
=
Y
N
I
=~
N
=
I
=

O

Proposition 100. Let Y be a BRF taking values in Xy. Then 3(Y) is closed
and a down-set.

Proof. Take a finite W C V. Then X(Yw ) is closed because we have a finite

number of inequalities over the space of probability measures on Xy, which is
- st st

at most 2!Wl-dimensional. If @ € Y(Yw) and d < ¢, then HZY < H‘civ <Y.

Therefore X(Yyy) is a down-set. Those properties then carry over to X(Y') by
taking the limit in the net of finite subsets of V. O

4.4.2 Nondomination

strong

In this section we prove inclusion (ND) from figure 4.1, that is ngm C PSZ
The plan is as follows: in lemma 101 we recall a coupling involving Shearer’s

measure on a finite graph H | , proof of theorem 1], which creates a BRF
dominating only trivial BPFs for every p’ ¢ PX . In proposition 102 we generalize
an approach used by Liggett, Schonmann & Stacey [ , theorem 2.1] to

arbitrary graphs and inhomogeneous parameters. For infinite G and p ¢ 7)5(7;
we find a suitable finite subgraph H of G on which to effectuate the above
mentioned coupling and extend it with an independent BPF on the complement.
The resulting BRF dominates only trivial BPFs.

Lemma 101 (] , proof of theorem 1]). Let G be finite. If P & Pgl, then
there exists a BRF Z € C’gm"g(ﬁ) with P(Zy = T) =0.
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Proof. As ¢ ¢ P and T € ’Pcib the line segment [7,1] crosses OPS, at the
vector 7 (unique because PC <, is an up-set [ , proposition 2.15 (b)]). Let &
be the solution of p'= . Let Y be ug #distributed and X be Hg—distributed
independently of Y. Set Z := Y A X. Then Z € C5™"%(p) and

P(Zy = 1) = P(Xy = Dug Yy =1) = 0.

cstrong

Proposition 102. We have ’Pdom - Pgl

Proof. Let p & Pgl Then there exists a finite set W C V such that py &

”ﬁi(w). Using lemma 101 create a Yy € Cg{;ﬂlg(ﬁ) with P(Yy = 1) = 0. Extend

this to a Y € C;y""® (]5') by letting Yy \w be Hﬁ\ ,, ~distributed independently of

Yw . Suppose that Y 2 X, where X is H;f—dlstrlbuted. Then lemma 93 implies
st
that Yy > Xw and, using f := ]I{f} € Mon(W), that

—.

0= P(Yiy = I) = E[f(¥)] > E[f(Xw)] = P(Xw = T) = [] 2. 2 0.
veW

(ostrong

Hence there exists a v € W such that z,, = 0, whence Z % 0 and p D & Pdom .

4.4.3 Domination

In this section we prove inclusion (UD) from figure 4.1, that is 753 C ’Pudom
We split the proof in two and deal with finite and infinite G separately in propo-
sition 103 and 104, respectively. Additionally (4.12) and (4.13) combined yield

a proof of (4.4) from theorem 92.

On a finite graph our approach is direct: proposition 103 uses the minimal-
ity of pg 5 to construct a homogeneous nontrivial parameter vector 0<ce
(C"Vcak(ﬁ)) For an infinite graph the situation is more involved and we use a
technique of Antal & Pisztora | , pages 1040-1041]: Suppose you have a
Y € CEek(p) with 0 < 7 € (Y). Let X be II¥, with 0 < # independently of
Y and set Z := X AY. Then 0 < 7 € ¥(Z) € ¥(Y), that is an independent
non-trivial i.i.d. perturbation does not change the quality of Y’s domination
behaviour.

Proposition 105 uses this perturbation to blame adjacent 0 realizations of Z
on X instead of Y, leading to the uniform technical minorization (4.14):

P(Z, = 11Zw = 5w) > quayy (D) ,

connecting the domination problem with Shearer’s measure. Finally in propo-
sition 104 we ensure to look at only escaping (W, v)s, hence getting rid of the
aly (P) term. This allows us to apply proposition 94, a variant of | , lemma
1], and guarantee stochastic domination of a non-trivial BPF.
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Proposition 103. Let G be finite and p' € PSGh Let X be 1Y -distributed with

ci=1-(1-Zc("" >0, (4.12)
st weak
Then every Y € C&°*(p) fulfils Y > X, hence p € Sga;’

Proof. The choice of § implies that Eg(p) > 0, therefore ¢ > 0, too. Let
f €Mon(V) and Y € C¥°*¥(p). Then

E[f(X)]
=Y [AOPX =3
< f(O)P(X = 0) + f(I) P(X # 0) monotonicity of f
= fOA =Y+ f(D1 - (1 - )]
=[O~ Ec(®)] + /(1) Ec (D)
<FOPY £1)+ fF(I)P(Y =1) minimality (2.28h)
< fEPY =3 monotonicity of f
seXy
=E[f(Y)]

weak

st N N
Hence X <Y. As0< ¢l we have p e pLc

udom *

Proposition 104. Let G be infinite and connected. Let 1T > € ”PgL Define
the vector ¢ by

VoeV: ¢ i=qmin{g :weN@w)}. (4.13)

weak

= st
Then &> 0 and every Y € C&°*(p) fulfils Y > 1IY, whence p € cq

udom *

Remark. Proposition 104 motivated the definition of “escaping” pairs: it allows
for non-trivial lower bounds for escaping aly, (p), in a correctly chosen ordering
of a finite subgraph. Arbitrary o}, (p) defy control of this kind.

st
Proof. We show that Yy > H?‘fv for every finite W C V. Admitting this mo-

st N =

mentarily lemma 93 asserts that Y > Hg. Conclude as p < 1 implies that ¢ > 0.
Choose a finite W C V and let |W| =: n. As G is connected and infinite there

is a vertex v,, € W which has a neighbour w,, in V\ W. It follows (W \ {v,},vy)
is escaping with escape w, € N(v,)\ W. Apply this argument recursively to

W\ {v,} and thus produce a total ordering v; < ... < v, of W, where, set-
ting W; := {v1,...,v;—1}, every (W;,v;) is escaping with escape w; € N (v;)\W;.

Let X be H;f—distributed independently of Y. Set Z :=Y A X. Then (4.14)
from proposition 105 and the minoration for escaping pairs (2.25b) combine to

Vi€ [n],Vsw, € Xw, 1 P(Zy, = 1|Zw, = Sw,) = O‘E{/,;(ﬁ)‘]m 2 qu;Qv; = Cu; -
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st
This is sufficient for proposition 94 to construct a coupling with Zy > HCYZV.
Apply (4.8a) to get

st st
Y > Yw A Xw = Zy > 11T
and extend this to all of V' with the help of lemma 93. O

Proposition 105. Let1 > je ’Pﬁb andY € C&°*(p). Let X be H(‘If—distributed
independently of Y and set Z := X NY. We claim that for all admaissible (W, v)

Viw € Xyt P(Zy = 1|Zw = &w) > qualy (7). (4.14)

Remark. This generalizes | , proposition 1.2], the core of Liggett, Schon-
mann & Stacey’s proof, in the following ways: we localize the parameters «
and r they used and assume no total ordering of the vertices yet. Furthermore
ry = @, follows from a conservative bound of the form

ry := 1 —sup {ajy (p) : (W,v) escaping} =1 —p, = ¢y,

where the sup is attained in o (p) = p,.

Note to self: Lopsided conditions are sufficient for the LLL but fail in the
proof of proposition 105 in (4.16¢), as in general §y; # 1. %

Proof. Recall that p’' € ’PSC;; implies that 7> 0. Whence ¢ < I and (4.14) is well
defined because
VﬁniteWQV,s?WeXW: ]P)(ZW:gw)>0

For every decomposition Ng W Ny := N(v) N W with Ny =: {uy,...,u},
Ny =:{w1,...,wy} and M := W\N(v) the fundamental identity (2.23) implies
the inequality

l m
[1 - O‘%V(ﬁ)] H Pu; H aﬁjjw{wh,,,,wiil}(ﬁ) > Qu, (4-15)
j=1 i=1

where p,; > alﬁlew{u17...,uj,1}(m follows from (2.25a).

We prove (4.14) inductively over the cardinality of W. The induction base
W =0iseasyas P(Z, =1) = ¢,P(Y, =1) > qup, = qua(p). For the induction
step fix Sy € Xy and the decomposition

No:={weWnNN(@):s, =0} =A{ug,...,u}

and
Ny ={w eWNNW): s, =1} = {wr,...,wn}.

We write
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P(Y,=0,Zy, =0,Zn, = 1, Z0 = 5u1)
P(Zn, =0, Zn, = 1, Zy = 5a1)
P(Y, =0, Zyr = 5ur)

< _ - - (4.16a)
ED(XNO = O,}/N1 = 1,Z]u = SM)
P(Y,=0|Zy =5y )P(Zy =5

_ POy =01Zn = 5u)P(Zu Si\4) (4.16b)
P(Xn, = 0)P(Yy, = 1,2 = 5u1)

< . U _ (4.16¢)
P(XNO = 0) ]P)(YNl = 1|ZM = SM)

_ Qo
[T (1= qu) T P(Ya, = 1Yay = . = Ya, = 1, 20 = 51)

< — T (4.16d)
Hj:l pu; 1124 O‘le{wl,...,wi,l}(@

<1-—ay (). (4.16¢)

The key steps in (4.16) are:

(4.16a) increasing the numerator by dropping Zy, = 0 and Zy, = 1 while
decreasing the denominator by using the definition of Z,

(4.16¢) as d(v, M) > 1 and Y € CZeak(p),
(4.16b) using the independence of Xy, from (Yn,, Zn),

(4.16d) applying the induction hypothesis (4.14) to the factors of the rhs prod-
uct in the denominator, which have strictly smaller cardinality,

(4.16e) applying inequality (4.15).
Hence

P(Z, = 11Zw = 5w) > @.,P(Y, = 1|Zw = 5w) > quogy (D) -

4.5 The weak invariant case

In this section we extend our characterization to the case of BRFs with weak
dependency graph which are invariant under a group action. Let I' be a subgroup
of Aut(G). A BRF Y is I'-invariant iff

VyeT: (7Y):= (Y,())vev has the same law as Y. (4.17)
For a given I' and I-invariant 7 we denote by C¥$(p) the weak, T'-invariant
dependency class, that is I'-invariant BRF's with weak dependency graph G, and
by C3%°"8(5) the corresponding strong version.

I-inv

We call a pair (G,T) partition exhaustive iff there exists a sequence of par-
titions (Pp,)nen of V' with P, := (V*);en such that

?

Vn,i,j € N: G(V-(n)) is isomorph to G(Vl(")) =:G,, (4.18a)

(2

91



C. Temmel Section 4.5 of chapter 4

Vn € N: the orbit of P, under I' is finite, (4.18b)
Vl(n) —— V, that is (G, )nen exhausts G. (4.18c¢)
n— 00

The kind of graphs we have in mind are regular infinite trees and tree-like
graphs, Z? and other regular lattices (triangular, hexagonal, ...). We think
of the group I" to be generated by some of the natural shifts and rotations of
the graph. An example for a sequence of partitions would be increasing regular
rectangular decompositions of Z¢.

Theorem 106. Let (G,T') be partition exhaustive. Then

weak weak

PS;;ZZ = Ps(fm" = 755,;““’ ={pe ’PgL : p is T-invariant} . (4.19)

Remark. Tt follows from (4.18) that I" acts quasi-transitively on G. Hence 755;““’
can be seen as a subset of a finite-dimensional space.

Proof. As CYS2%(p) is a subclass of C#k(p) theorem (91) implies that ’ﬁf{bi“" C
chak chak

3 3 Cweak o .
P, Lane C P linv We show Pyl-inv C PL-nY by constructing a counterexample.

Let p ¢ ’ﬁg,;i“‘Q then by (4.18c) there exists a n € N such that p’ ¢ Pir (the
intersection of the projections of I'-invariant parameters on G with PS{‘) Let
P := P, and let (P ... P") be its finite orbit under the action of T' (4.18b).
By (4.18a) each class V{; ;) € PU) has a graph G(V{s,5)) isomorph to G,,. Use
lemma 101 to construct i.i.d. BPFs Z(9) ¢ Cgiong(ﬁ) with P(Z(+9) = 1) = 0.
For j € [k] collate the Z; j) to a BPF ZU), this works as PU) is a partition of

G. By definition ZU) € CJV"% (). Finally let U be Uniform([k])-distributed of
everything else. Define the final BPF Z by

7 =
J

k
U =j]1Z2W. (4.20)

We claim that Z € C¥$*K(p). The mixing in (4.20) keeps Z € C¥°2%(p). To see its
I-invariance let v € I'. The automorphism 7 acts injectively on (P, ..., P®*))
and thus also on [k]. Therefore, using the fact that U is uniform and everything

is constructed independently, we have

. k
12 =Y U=z =Y U =~"N129 =} W =4z9 = 2.

4.5.1 Remarks about the strong invariant case

The mixing in (4.20) destroys strong independence even in simple cases as
G :=Z and T the group of shifts on Z | , end of section 2|. A minimal ex-
ample for this is the following: let G := ({v,w},0), XM, X@ € C&™"(p) and
Y be Bernoulli()-distributed, all independent of each other. Define Z := X
and ask if P(Z, = Z,, = 1) = P(Z, = 1)P(Z,, = 1). This fails for most choices
of p. Calculations on slightly more complex graphs as G := ({u, v, w}, {(u,v)})
show that Z from (4.20) has no strong dependency graph. Thus the mixing
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strong

approach, inspired by [ , page 89], does not allow to characterize P, }-nv
strong
and P, .

Coming back to the case G := Z and I' the group of shifts on Z and the prob-

stron, stron,
lem of determining pufi’;;;g we know that pufi’;‘;’;g € [%, %} Similar bounds are
easy to show for Z). The boundaries of the interval are given by known exact
solutions of natural sub- and superclasses (in this case 2-factors and C¥$2k). A
question is, whether the critical parameter coincides with one of the boundaries
or lies strictly in the interval’s interior. This goes hand in hand with an inves-
tigation in the discovery of structural properties of the above class. On the way
towards this goal there are also some natural subclasses, like (k + 1)-factors or
Markovian, k-independent, translation-invariant BRFs, interesting in their own
right. The use of mixing techniques, which solve the weak case | , 1,
fails here. Possible approaches include applying dynamic systems techniques a
la Aaronson et al. | ], factorizing the probability measures | ] or

specializing more general representation theorems | , , ].
We know, that if a BRF Y := (Y,),ev stochastically dominates a BPF

X := (X,)vey with parameter ¢, then

-,

YWeV: PYy=1)>PX

'—‘l

“ e

veW

One may ask, if the converse also holds. That is
Question 107. Let Y := (Y, ),ev be a BRF and ¢ €]0,1]V. Suppose that

VW eV: PYw=1)>PX = 1] e (4.21)
veWw

st .
Does there exist a vector # €]0, 1]V, such that Y > TI%,.

Assuming that this question can be answered positively, another approach

strong

to paa. , for given G, might be to look, if one can use invariance and strong

independence to get conditions on § to have (4.21).

4.6 'The asymptotic size of the jump on Z,

Liggett, Schonmann & Stacey stated the following conjecture about the size of
the jump at the critical value:

Conjecture 108 ([ , after corollary 2.2]).
wea C£m"k k
Vk e NO : (CZ(k)k( ud(okzq,)) = m : (422)

We think that Liggett, Schonmann & Stacey were motivated by the fact
that they obtained the lower bound using some extra randomness (see the Y
in [ , proposition 1.2] or the X in the proof of proposition 105). With-

weak
out this extra randomness we would have o(ug,) = a(CW"ak(pigom)) On
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Z(xy, the k-fuzz of Z, we have pf}(f) =1- Uf-&-lk)% [ , section 4.2] and
U(,LLZ 2 ) = kL-H [ , section 4.2]. We show that this intuition is wrong
Psh

and that as & — oo the dependence ranges further along Z, making the effect

of adding randomness second to it. In proposition 109 we show that asymptot-

(pf;f))) is much closer to the lower bound of ﬁ from | ,

weak
Lk
corollary 2.5].

ically o(C

Proposition 109. We have

1+ (14¢e)n(k +1)
k+1

Proof. Let N1(0)* := {0,...,k} be the nonnegative closed halfball of radius
. - z
k centred at 0. Define a BRF Y on Z by setting P(Yy, 0+ = 1) = pdé’;;,
- +
P(Yy 0+ = 0) := gyl and letting Yz\x, o)+ be TN distributed inde-
dom

pendently of Yy, (o)+. AsY € C%"(iik(pﬁéz) [ , corollary 2.5] applies and

Ve>0:3K(e):Vhk>K: o(Crk(p-®)) <

(k) dom

(4.23)

st
Y > X, where X is IZ-distributed with o € [ Lemma 93 implies

k k ]
=SHERN = b
st
Xy @+ < Yy, @)+ and in particular the inequality
. " k"
(1 — (kD) B} - . =1-—
1—-(1-0) =P Xy, )+ #0) =Py, 5+ #0) =1 (k + 1)0+D

Rewrite it into

<1 il
S A
1 k .
R
il Tl )
1 ,
< 41— 1)~ 7) .
< b (L (k1))

For every € > 0 and z close enough to 0 we know that 1 —e™* < (1+¢)z. We
_ In(k+1)

lude f = . O

conclude for z s} m()

4.7 Intrinsic stochastic domination for Shearer’s
measure

In this section we present two examples of stochastic dominations involving

Shearer’s measure. The first one results from the coupling in model 22 and
relates Shearer’s measure with different parameter vectors.

Proposition 110. Let P§ > 5 < 7. Then

st
tpa < HRG - (4.24)

Proof. By model (22) we can construct BRFs Y py g-distributed and Z p7 -
distributed, such that they are coupled explicitly by a BRF X and the relation

st
Z =Y Vv X. Using (4.8a), we get Z > Y. O
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The second one presents a BPF stochastically dominated by Shearer’s mea-
sure. We find that the OVOEPs are a natural choice for the parameters of
the dominated BRF. The procedure is a specialisation of chapter 4 to Shearer’s
measure. We specialize proposition 105 in proposition 111 and find that we do
not need an auxiliary BPF. In special cases, that is on certain transitive graphs
with homogeneous parameter, we find that this parametrization is optimal. See
the examples in section 2.6.

Proposition 111. Let G := (V,E) be connected, p € PSGh and Y be pap-
distributed. We claim, that

ng S Xw, (VV, U) : /JJGVﬁ(Yv = 1|YW = §W) > a}jv(ﬁ) >0. (425)

Proof. The fact that p’' e ’Pgl implies that all admissible o}, (5) are well defined
and non-zero.

We prove (4.25) inductively over the cardinality of W. The induction base for
W =01is pg Yy = 1) = py = o (p). For the induction step let M := W\ N (v)
and N := WNAN(v). Let S € Xy and assume that pe 5(Yw = Sw) > 0. The
first case is §y # 1, whereby

e (Yo =0,Yn # 1, Y = 5ur)
pap(Yy = 5w)

e p(Ye =0|Yw = 5w) = =0,

as there are neighbouring zeros in (Y,,Yx). The second case is Sy = I. Let
{wi,...,wy} = N. Use the fundamental identity (2.23) to get

pe (Yo = 0[Yw = sw)
_ e (Y, =0,Yny = 1,Yy = 5um)

B @
pes(Yy = 1Yy = 3y)
_ qv
Hﬁl /‘G’ﬁ(Ywi = 1|Y{w1,~-,wi—1} =1,Yn = Su)
<
Hi:l aMH_—J{’ujl ..... wifl}(ﬁ)
— 1ol (7).

O

Proposition 112. Let G be infinite and connected. Assume that 1 > pe PSC;'L
Define the vector & by

VoeV: Ty = min{ajn g, (0) 1 w € N(v)}. (4.26a)
Then

st

ey > 1Y that is ¥ € Y(ug 5) » (4.26b)
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and
VoeV: z,>min{qg, :weN(@w)}>0. (4.26¢)

Remark. If § ¢ 1, then regard the graph G(W) with W := {v:p, <1}. If
G(W) has finite connected components, then apply proposition 103 to these.
Infinite connected components of G(W) are the domain of proposition 112.

Proof. The proof is the same proof as the one for proposition 104, except that,
instead of using the auxiliary BPF X and (4.14) from proposition 105, we di-
rectly use (4.25) from proposition 111. O

4.8 A summary of the homogeneous case

In the homogeneous case each of the sets defined in (4.2), after being iden-
tified with the respective cross-sections, reduces to a one-dimensional interval
described by its non-trivial endpoint. The dominated Bernoulli parameter value
(short: dominated value) of a BPF Y is

st
o(Y) :=max{c: Y >TV}. (4.27a)
st
Note to self: For finite W we have o(Yy) = max {c: Yir > IV }. As[0,0(Y)]
Nénite wev [0, 0(Yw)] the value o(Y) is contained in all of them and a max. ¢
For a non-empty class C' of BRF's this extends to

o(C):=inf{c(Y):Y € C}. (4.27b)

Note to self: Whereas in (4.27b) I have an inf instead of a min, because I
can not guarantee that this value is attained for some BRF Y. O

The critical domination values of a class C, assuming that C(p) is non-empty
for all p, are written as

PGom i=inf {p €[0,1]: VY € C(p) : o(Y) > 0} (4.27¢)

and
P 1om = inf {p € [0,1] : 0(C(p)) > 0}. (4.27d)

As the function p — o(C(p)) is non-decreasing (4.9) the sets |p5,, ,1] and
19C,0ms 1] are up-sets and we have the inequality

pdcom < pgdom : (4276)

weak
The first known result is a bound on pggom in the homogeneous case, only
depending on the maximal degree of G:

Theorem 113 (| , theorem 1.3]). If G has uniformly bounded degree by a
constant D, then
Cweak (D_ 1)(D_1)
pugom <1- T (4283’)
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_1y(p-1)
and forp>1— %

q /b 1/D

Additionally

the dominated parameter is uniformly minorated:

lim o(C&*(p)) =1. (4.28c¢)

Recall that for k € Ny the k-fuzz of G = (V, E) is the graph with vertices
V and an edge for every pair of vertices at distance less than or equal to k in
G. Denote the k-fuzz of Z by Z,. Note that Zyy is 2k-regular. As Z(;y has a
natural order inherited from Z theorem 113 can be improved considerably:

Theorem 114 (] , theorems 0.0, 1.5 and corollary 2.2]). On Z,) we have
Cijmk %Jeak C%mmg %Lmng kk
() (k) () ) _1_
Piom = Pudom = Pdom. = Pudom = 1 (k + 1)(k:+1) . (4293)

5t7071.g

Forp > pudom the dominated parameter is minorated by

reonz (1= () 7) (=) e

weak

Z(k)

This implies a jump of O'(C%U(i”)‘k(.)) at the critical value p,,. , namely
k Czu:reak'

To arrive at the equality in (4.29a) Liggett, Schonmann & Stacey derived
a lower bound from a particular probability measure, called Shearer’s measure
(see chapter 2). Furthermore it allowed them to show that

on Cstrong k
VheNo:  o(CH (D, ) < T (4.30)

Thus our main result can be written as a corollary of theorems 91 and 92:

Theorem 115. Let G be a locally finite and connected graph. Then

cmmk Cumak C strong C strong

pdom = pudom pdom = pudom = psh (4313‘)

If G contains at least one infinite connected component and has uniformly
bounded degree, then

o (CER (S ) > (¢S50 2 > 0, (4.31D)

Pudom udom
whereas if G is finite we have
weak
o (CL (pCS” ) =0. (4.31¢c)

Pudom
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G (UD) Cgeak N Cgeak
Psh wdom —  Pdom
v v
Cstrong Cstrong (ND) aQ
G > G
Dydom = Pdom > Psh

Figure 4.2: Inequalities in the proof of (4.31). The four centre inequalities
follow straight from (4.27e) and (2.3c). The inequality (ND) is an adaption
of the approach used for Z, in [ ], while inequality (UD) is the novel
interpretation of the optimal bounds of Shearer’s measure.

The discontinuity described in (4.31b) also holds for the more esoteric case

strong

of graphs having no uniform bound on their degree. In this case p,5.., =1
and o(C%°%(1)) = 1 > 0. An explanation for this discontinous transition might
come from statistical mechanics, via the connection with hard-core lattice gases
made by Scott & Sokal | ]. Tt should be equivalent to the existence of a
non-physical singularity of the entropy for negative real fugacities for all infinite
connected lattices.

The graph Z,) turns out to be a rare example of an infinite graph where
we can construct Shearer’s measure explicitly, in this case as a (k + 1)-factor
[ , section 4.2]. A second case immediately deducible from previous work
would be the D-regular tree T p, where

(D -1V T T (D -1~V
1= 25— =P SPaom <= —pp
by | , theorem 2] and theorem 113.

98



Chapter 5

Cluster expansion of
hard-core lattice gases

This chapter discusses convergence conditions for cluster expansions of abstract
polymer models. We introduce polymer systems and give an account of their
properties, including cluster expansion, Mayer coefficients and worst case be-
haviour in section 5.1. We present known conditions by Dobrushin and by
Fernandez & Procacci | | in section 5.2.1. A detailed review of Ferndndez
& Procacci’s tree approximation techniques is given in section 5.5.

Our first contribution is a rigorous understanding of the relation between
the location of the non-physical singularity and the domain of admissible pa-
rameters in section 5.2.3.

We also present a recent polymer level induction-based condition by Scott
& Sokal [ ] in 5.2.2. We build a theory of inductive partition schemes in
section 5.4.4, combine them with Fernandez & Procacci’s techniques and derive
an improved condition in section 5.6.

More inductive partition schemes, extensions and applications to other mod-
els are discussed in sections 5.7 and 6.3.3.

Notation 116. We denote vectors by # and all scalar operations/comparisons
lift to vectors component-wise. Empty sums are 0 and empty products are
1. We interpret 0! as 1 and A° = A? = (), for an arbitrary set A. We let
[n] :={1,...,n}, [n]o :={0,1,...,n} and interpret [0] := (), while [0]y := {0}.

5.1 Introduction

5.1.1 Setup

Let P be a countable system of polymers equipped with a symmetric and re-
flexive incompatibility relation ~. We assume that each polymer v € P is
incompatible with only a finite number of other polymers, that is the graph
(P, =~ ) with vertex set P and edges given by = is locally finite, does not have
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multiple edges and has a loop at every . Without loss of generality we ad-
ditionally assume that the graph (P, &) is infinite and connected. Denote by
Z(y) :={£ €P: &=} and by Z*(y) := Z(y) \ {7y} Recall that an indepen-
dent set of polymers in (P, &) consists of mutually compatible polymers. Set
D, = |I*(v)|, D := sup{D, : v € P} and say that v has uniformly bounded
incompatibilities of degree D iff D < co. We denote the fact that a set of poly-
mers A is a finite subset of P by A € P. For fixed A € P we define the grand
canonical partition function Zx : CA — C by

EA(2) := > [JEX (5.1a)

compatible ICA v€T

=§§,Z IT &gl 1:[12’5 (5.1b)

n>0 'geAn 1<i<j<n

—

where 2" are the activities or fugacities on A. It follows that Zy(Z) = 1. Ex(2)
is affine with respect to each parameter z,.

Remark. Equation (5.1a) describes the multi-index form [ , (2.14)] of the
Za-. In this particular case the multi-indices degenerate into indicators of inde-
pendent sets. Equation (5.1b) describes the tensor form | , (2.13)] of the

partition function. In this case E, corresponds to a weighted (or multi-variable)
exponential generating function.

Finally we write A ~ P for taking the limit of an ezhausting sequence of
finite subsets (in the graph-theoretic sense) of P.

5.1.2 The aim

There are two principal quantities of interest. From here on we assume that
~v € A. The first is the reduced correlation | ], which can always be written
as a product of inverses of

q)’)/ (2?) = o= - (52&)
. Eaviy (2)
The second is the free energy
- log E4(2)
Fy(2) := —T. (5.2b)

The aim is to find bounds on these quantities independently of A, that is in
the thermodynamic limit. Secondary quantities also of interest are the pinned
connected function [ , (2.24)]

810g EA R
—_— 5.2
A (5.20)
and the rooted connected function | , (2.25)]
610g EA R
. 2
5 et (3 (5.24)

Again we want bounds uniformly valid in A.
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5.1.3 Identities
For {&1,...,&,} := A €P and A; :={&,...,&}, the telescoping identity is

ZA(2) = H 2% (). (5.3a)

Even more important is the fundamental identity for the partition function:
EA(E) = EA\{w} (Z) + 2y EA\I(w)(Z) . (53b)

In terms of the reduced correlations it looks like

z
PY() =1+ - (5.3¢c)
m & — 7
Hi:l (bA\{’Yuglv"'vgm—l}(Z)

where {&1,...,&n} := Z*(v) N A. The pinned connected function is a product

of certain reduced correlations [ , (3.8)]:
8log EA s EA\I('y)(g) 1 i 1
—— )= =5 = 77 : — (5.3d)
9z, SING) @3 (%) 11;[1 @%\{7751,...’51_71}(2)

where {&1,...,&n} = ANT*(v).

There is another identity [ , appendix] expressing the logarithm of
the reduced correlations as an integral of the pinned connected function:

1 =
log &7 (2) = 2, /0 812%(5(@))@ (5.3¢)
Y

with

5(04)': 3 57&7
’ azy =1y

5.1.4 Cluster expansion

Let I be a finite set. A vector £ := (&)ier € P! has support
suppg::{vep:ﬂielzfizfy}. (5.4a)
The vector é’ induces the graph G(g) defined as

G(E) == (I {(i.j) € > : &=&}). (5.4b)

There are two partitions of I with respect to G(C.,). The first one is the polymer
label partition I =: |4 #C,. The block C, is defined by

YEsupp §

Vv € suppé : Cy={iel:&=n}. (5.4¢)

=

The graph G(C,) is a complete subgraph of G(§). For two distinct polymers

—

7,7 € supp{ there are either no edges at all between C, and C.,, that is
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E(Cy,Cy) =0 iff y5£+/, or all possible edges are present, that is iff y~~'.

Therefore the structure of G (E) resembles the one of the polymer subsystem
(suppg7 ~) — if necessarily zooming out and taken a bird’s view. The induced
graph G (5) is connected iff the polymer subsystem (suppg7 ~ ) is connected. In
this case we call G(g) a cluster.

The second partition is the cluster partition I =: Lﬂle C;. Each block C;
indexes a connected component, that is a cluster, of G(£). In particular the in-
dices in different elements of the partition index mutually compatible polymers,

that is for every C' # C’ in the cluster partition of I and each pair of indices
i€ C and j € C" we have § #¢;.

A classic approach to investigate F) is the Mayer ezpansion | 11

section 2.2] or cluster expansion | I, [ , section 2.5]. Define the Ursell
functions | J(or semi-invariants | ] or truncated functions | ]) as
1 7] =1
u(é) = ZHecG(g)(_l)lE(H)l 11| > 2 and G(£) connected (5.5)
else.

The spanning subgraph complexr Cq of a graph G is introduced in section 5.4.3.
We formally expand the logarithm of the partition function to

logEA(Z Z Z ©) H (5.6a)

n>1 EGA"

For completeness we show the expansion in section 5.8.3. Other expressions’
expansions follow directly:

= LS LY wd]] = (5.60)

3

n>0 EE{’Y}XA" i=1
dlog = .
2, gi A Z S w@ ]z (5.6¢)
v w0 " fefy}xAn i=0
log @) (2 Z Z Yy € supp(€)] H Ze, - (5.6d)
n>1 feAn i=1

To show the convergence of the above series one bounds either (5.6b), (5.6¢)

r (5.6d). Section 5.1.3 then asserts that all series in (5.6) are finite. A classic

strategy to get uniform bounds in A is to bound the limit series with A replaced
by P.

5.1.5 The worst case

The Ursell functions (5.5) have the alternating sign property:

—

VEe PP (—1)"u(€) > 0. (5.7)
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This result follows from Penrose’s identity in theorem 134. For the general case
of a repulsive potential see | , proposition 2.8].

We deduce that worst case is for negative real fugacities (shown in section
5.8.4)

i=1 i=1
log Za(—|2]) < Re (log Ex(Z)) (5.8b)
Ea(=121) < [Ea(?)] 5.8¢
and [FP07, (2.10) & (2.11)]
Olog = . OlogZy ,
_ > .8d
SEEL ) > | TR ) (5.80)
—log @} (=21) = llog @], (2) (5.8¢)
P (—|2]) < 2R (2)]- (5.8f)
Define the parameter disc as
Rp:={pe[0,00[”: VAEP: E(—p)>0}. (5.9)

5.2 Reaching the aim

From section 5.1.3 we deduce that all quantities of interest (5.2) are expressable
in terms of reduced correlations. Thus we look for a lower bound uniform in A
on @3} (—p). We recall some well-known properties of ®} (—p) and Rp:

Lemma 117 (| 1Ll , section 2.4]). Let p € Rp and v € A € P.
Then ®) (—p) decreases monotonously if either A or f increase monotonously.
If we introduce more incompatibilities in P then both ®)(—p) and Rp decrease.
Finally Rp is a log-convex down-set and subset of [0,1]7.

For completeness we give a proof in section 5.8.5. We can recharacterize Rp
as

Rp={7:VyeAeP: & (=5 €)0,1]}. (5.10)

The upper bound follows from the fundamental identity (5.3¢), while the lower
bound is just the definition of Rp. For p'€ Rp introduce the well-defined limit
of the reduced correlations

®L(—p) :=inf{®}(—p): A € P} = Al% ) (—p) €[0,1]. (5.11)

Therefore, if we have a non-zero lower bound on @} (—p) for every v, then we
know that g€ Rp. In other words

{Fel0,]”: VyeP:0L(—p) >0} CRp.

We show in section 5.2.3 that the inclusion is strict.
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5.2.1 The classic approach

The standard condition is based on induction on the polymer level. It has been
independently discovered several times, most notably by Dobrushin | ] in
the statistical mechanics context and Erdés & Lovész | ] under the name
of Lovadsz Local Lemma in the context of the probabilistic method. Due to the
robustness and simplicity of its proof, the resulting condition is applied in much
more general settings [ , ].

Theorem 118 (] L[ ). For0 < i< let
VyeP: <p$°b([j) = H (1 + pe) - (5.12a)
£€Z(v)

If there exists 5> 0, such that
Gl ) < i (5.12b)

then p € Rp and we have
VyeP: PL(—p) > —. (5.12¢)

If P has uniformly bounded incompatibilities of degree D, then the condition
reduces in the homogeneous case to

DD
p< m ) (5.13a)
which is the mazximum of W at p=1/D. Thus
VyeP: DL (—p) > L (5.13b)
P ~D+1
Following a more traditional approach Ferndndez & Procacci | | inves-

tigated, for v € P, the pinned series

ALED S DITCRINSNSI) | 5 (5.14a)

n>0 fepn

It is the limit series of the cluster expansion of the derivative of the logarithm of
the partition function (5.6b) for negative real fugacities. If we apply the identity
(5.3d), then we get, for p'€ Rp and 7 € P, the relation

1 1
)< [ e (5.14D)
@P(ip_&) EGI*(’Y) (p'P(iﬁj

Thus the finiteness of W(p) is equivalent to the positivity of ®5. The converse
relation follows from (5.3¢):

VyeP: DL (—p) = exp (—py T~ (p)) -

Ferndndez & Procacci’s best condition uses tree-operator techniques and is
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Theorem 119 (] , proposition 7]). For 0 < fi < & let
VyeP: i) i=Ez¢)(f), (5.15a)
If there exists §> 0, such that
5P (i) < . (5.15b)
then we have o€ Rp and, for every v € P,
FP

o5 () — by
U (p <> 27 77
) < B

DL (—p) > (1 — py )@ M=t (5.15d)

(5.15¢)

Their proof is discussed in section 5.5. Within their framework they re-

produce Dobrushin’s result. Comparing (5.15b) and (5.12b) one sees that
PP (i) < ¢FP(ji), whence Fernandez & Procacci’s result is better. Equality
holds for locally tree-like graphs, where Zz(,) factorizes into a product.

5.2.2 The escaping approach

In a number of settings one only wants to show that Z5(—p) > 0. One can
order every A € P such that every reduced correlation in (5.3a) has an unused
incompatible polymer. Using the notation from (5.3a) this means, that we can
choose the &; such that Z*(&) N A; # Z*(&;), for every ¢ € [n]. Therefore one
does not need to control explicitly all reduced correlations. We can trace this

idea back to Shearer’s calculation on regular rooted tres [ , theorem 2].
Subsequently it was employed by Liggett, Schonmann & Stacey | ] and
Scott & Sokal as “good” pairs | , page 62, paragraph 3.

Definition 120. Call a pair (A,7) escaping if v € A € P and Z*(y) \ A # 0.
Call each polymer ¢ € Z*(y) \ A an escape of (A,7). We also introduce the
escaping pair space

L:={(y,e) e P*: e €T*(v)}. (5.16)
The above definition is sufficient, because:
Lemma 121. If A € P, then E, is a product of escaping reduced correlations.

The proof of the lemma is given in section 5.3. The above condition, written
in our notation, is

Theorem 122 (] , theorem 1.3],] , corollary 5.7]). If P has uniformly
bounded incompatibilities of degree D and if
D —1)P-b
p< P (5.17a)
then pT € Rp and we have
v £L: ) >2-1 5.17b
(v,e) € L p\{g}(_P) = (5.17b)
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The bound (5.17a) is optimal for D-regular infinite trees [ , theorem
2]. We see that pl € Rp by (5.9). Our first improvement is an inhomogeneous
version of theorem 122:

Proposition 123. For 0 < ji < & let

VyeP:  @fi) = (1+uw)5g%§§<) (L+pe) o (5.18a)
Y\ gerr(M\{e}

If there exists p > 6, such that
pe®(ii) < i, (5.18b)

then p € Rp and we have

V(v,e)e L @%\{E}(fﬁ) > (5.18c¢)

1—&-”7'

The proof is in section 5.3. Proposition 123 is a straightforward combina-
tion of the inductive approach pioneered in theorem 118 and the escaping pairs
idea employed in theorem 122. Comparing (5.13a) and (5.18b) one sees that
(i) < ©P°P(ji), whence the escaping condition improves on Dobrushin’s
condition in theorem 118. I conjecture that this is the limit of the inductive ap-
proach on the polymer level, for two reasons. First, this condition is optimal on
all trees for inhomogeneous parameters — this is a consequence of tree-operator
theory explained in section 5.6.6. Second, the fundamental identity for the
reduced correlations (5.3c) factorizes only over Z*(vy), thus is unable to catch
incompatibilities further away from ~.

Our next step is to see how this result implies bounds for all reduced corre-
lations, by relaxing the parameter a bit.

Proposition 124. If0 < 7 < L € Rp, then

Hy=py
VyeP: ‘I>%(:5¢)>{Wuw7 if hy >0

1 if 1, = 0. (5.19)

Its proof is given in section 5.3. Proposition 124 implies that, up to a small
error, uniform control of all reduced correlations is already established by uni-
form control over all escaping reduced correlations. If we are satisfied with the
generic bounds (5.19), then our central question becomes:

Question 125. What are the properties of R»? What are sufficient or necessary
conditions for p'to be in Rp?

Let the interior of Rp with respect to the box-topology be
IntRp:={feRp: 3IE>0: F+TecRp}, (5.20)
Then proposition 124 implies that

peEmtRp = (VyeP: @L(—p)>0).
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We talk about the converse inclusion in section 5.2.3.

In the homogeneous case (5.17a) is better than Dobrushin’s (5.13a) and for
triangle-free polymer systems even better than Ferndndez & Procacci’s (5.15D).
Also the operator ¢®° (5.18a) looks like the result of a yet unknown tree-
operator in Ferndndez & Procacci’s framework. This immediately suggests to
derive and improve the condition via cluster-expansion and tree-operator tech-
niques. We introduce, for (v,¢) € L, the escaped pinned series

Vi) = Z Z |(77£1,---7£n)\Hp&. (5.21)

nz0 " CEe(P\{eh)n
Our improvement combining tree-operators and escaping ideas is
Proposition 126. For 0 < ji < & let

VyeP: QD;T‘( 1) == (1 + py) max {Zz« 1)\ e} () € € T*(7)}  (5.22a)

—

If > 0, such that
7T < i, (5.22)

then g € Rp and we have, for every (v,¢) € L,

W%TC(U) — Hy

('ya(#)— 1—,07
eTe

(I);\{E}( P) = (1= py) & 7, (5.22d)

(5.22¢)

Its proof is given in section 5.6. The improvement of (5.22b) over (5.18b) is
clear, as °T¢(j7) < ¢°¢(ji). We close this section with a remark on the relation
between the escaping and general reduced correlations and pinned series. We
have

VyeP: U (5) = (1 + p,Y\IIW(ﬁ)>EI*(,Y) (ﬁ\p;w)(m) . (5.23a)

We can also improve upon (5.14b) by clarifying the exact relation between
escaping and non-escaping terms

VyeP: W)= qﬂ 5 geg[(v @%\{V}( P (5.23b)
and
Y (v,e) € L: Ui,.e(P) = ﬁ ;
P ezt DB ey ()
1 (5.23¢)

- Y — 51
®p\ (1 (7P) cczoty) Py (1)
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5.2.3 The relation to singularity analysis of the homoge-
neous free energy

The analyticity of the free energy in the thermodynamical limit is a preoc-
cupation in physics. See the works about transfer matrices | , ,

1Ll , IL5/11.6] | | and the comments in [ , section 8]. They
investigate the location of the smallest negative singularity —A\. of

z+ Fp(z) = Ah/rg) Fa(z).

This is done for homogeneous fugacities and polymer systems like reqular two-
dimensional lattices, that is (P, ~) is Z? or the hexagonal lattice modulo the
loops. The limit is taken along a sequence of exhausting finite sublattices and
along a Falner sequence, that is in van Hove sense. This means that the quotient
of the size of the boundary to the size of the sublattice tends to zero, as A 7 P.
What is missing from all accounts of singularity analysis known to me is the
relation between —\. and Rp. This section clarifies this and characterizes the
singularity as the boundary point of the homogeneous cross-section of Rp. The
exact nature of this relation is

Proposition 127. The multidimensional open (with respect to the box topology)
interval [0, \:1] is a subset of Int Rp and Ve > 0: (A +¢el) €Int Rp.

and

Proposition 128. For every A @ P the free energy Fy is analytic on the set
{ZzeCP: 37 ntRp : 2] < 7}

I want to stress that this section assumes the existence of this singularity.
A discussion about the existence of the analytic function Fp(z), for small z
and on Z%, is in | , section 8.3]. We give an alternate proof for Z? (with
nearest-neighbour edges and loops) in section 6.4.4.

The proofs of propositions 127 and 128 are in section 5.8.6. If Ael lies in
Int Rp, then we can only add vectors &> 0 with inf {e5y :v € P} =0toit, and
still have A1+ &€ Rp. Currently I am not sure, if Al € IntRp (with respect
to the box topology) or not. More general is

Question 129. Does the statement of proposition 128 extend to Fp? I am not
good enough at infinite dimensional complex analysis to know if the following
is possible:
oFp . OF)
= lim ——

i
0zy AP Ozy

and conclude by the boundedness of the first (and also all higher) derivatives.
It might only be possible with uniform control, that means g+ el € Rp, for
some ¢ > 0. The estimate on Fj(—p) would then be the same as in the proof
of proposition 128. The question is if this is sufficient for the analyticity of Fp
at —p. My problems start with my lack of knowledge about any definition of
analyticity for a countable number of complex variables.
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5.3 Polymer level inductive proofs in the escap-
ing approach

The proofs united in this section only use polymer-level induction, that is the
fundamental identity (5.3b) (or (5.3¢)).

Proof of lemma 121. Let A be finite. Recall that we assume that (P, =) is
infinite and connected. We can enumerate A =: {&1,...,&,} such that every
(Aj,&;) as defined in the telescoping argument (5.3a) is escaping. This is done
the following way: the connectedness of P implies that there exists a £ € A
with an incompatible polymer outside of A, that is |Z*(§1) NA| < Dg, — 1.
Determine & by looking at A\ {1} and so on recursively. Hence Z, can be
written as a product of escaping reduced correlations. O

Proof of proposition 123. We first show (5.18¢), for v € A € P with escape ¢,
by induction over |A| and then take the limit A P\ {¢}. The induction
base A = {7} is a trivial case of the following calculation: the expansion by
(5.3¢) yields an empty product, which equals 1. Let (A,~) be escaping and set
{&,...,&n} = ANZ*(y). Then m < D, —1 and every (A\{v,&,...,&-1},&)
on the rhs of (5.3¢) is escaping, too. Hence

24(-5)
Py
L by (5.3¢)
m &i
Hi:l (I)A\{%él ,,,,, Eifl}(_ﬁ)
- Pry by induction

T I (= pe) !
min I G+

€Z*(v)

N = e (\(e) by (5.18D)

= 14 py [LE (1= pe)™t
Hy i
_ M cancellin

- L+ gy )
_ 1
=13 .

O

Remark. The following proof, as well as the one of proposition 163, comparing
different parameters, applies what I call for lack of a better word the “coupling
method” — inspired by a coupling on Shearer’s measure | ]. Something sim-
ilar has been attempted in [ , section 5.2 & 5.3]. But the analysis has been
restricted to finite systems with a fixed fugacity vector and the bounds given
are not uniform in A. The “goodness” condition they use is equivalent to (5.10).

I have an idea how proposition 124 (and in general every hard-repulsion
result) extends to the case of soft-repulsion. That is different from the soft-core
version of the LLL | , section 4.2], but by comparing a soft-core model with
an appropriate hard-core model. This would allow the transfer the results from
[ | and here immediately to the soft-core case. It would be interesting to
know if this would improve on the approach in | |, or at least reproduce
this result as a corollary.
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Proof of proposition 124. We prove the bound (5.19) for all v € A € P by
induction over the cardinality of A and then take the limit A 7 P. If u, = 0,
then 0 < p, < p1, = 0 and @} (—p) = 1 — p, = 1, independent of the cardinality
of A. We therefore assume that 5> 0 for the rest of this proof. The induction
base with A = {~v} is given by

Py iy — P
&Y () =1-py 21— Lty
gl oy

For the induction step let {&1,...,&m} :=Z*(y) N A. Then

o3 (—7)
Hy
—1— by (5.3c)
m &i 7
21 PR\ 1 iy ()
—1_H T Py — we assumed p, # 0
PrITZs R\ ey (H)
>1- M s Py as p < fi and by (5.67) (or lemma 117)
Py Iiz1 P\, ()
i)
> 11— () by (5.3¢)
y
Therefore

Hry Hry Ky

5.4 The toolbox

This section contains a series of technical definitions and results. They are the
building blocks for the following sections. You may want to skip this section on
first reading and refer back to it later, when needed.

5.4.1 Lattices and fixed points

In this section we present an adaption of a well known fixed point theorem on
lattices by Tarski | |. Part of the results are inspired by calculations by
Faris | ] and Ferndndez & Procacci | ]

For some countable set of labels L, let X := [0,00]" be the lattice with
partial order ¥ < g, that is coordinate-wise comparison of the vectors: VI €
L : z; < y. The supremum and infimum of a subset A of X are defined by
sup A := (supa; : @ € A)cr, and inf A := (infa; : @ € A)cr, respectively. We
recall that sup® = 0 and inf () = .

We say that a function ¢ : X — X preserves the order iff
Vi, geX:  I<y= o(@) <o) (5.24)

A sequence (™), of elements of X is said to be non-decreasing and non-
increasing iff Vn € N : ) < g+ and 7™ > 7"+1) respectively.
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Proposition 130. Let (gj’("))neN be a non-decreasing sequence of elements of
X. Then lim, o 7™ = SUpP, N 7. Same for a non-increasing sequence and
its inf.

Remark. The limit above is taken in the box-topology, that is the limit is taken
independently in each coordinate. Uniform convergence in the product topology
is too strong.

Proposition 131. Let i € X and ¢ : X — X be order-preserving. If () :=
¢"™(¥))nen is a non-decreasing sequence, then ¢(sup,,cy g™y = SUP,en H(F™).
Same for a non-increasing sequence and its inf.

Note to self: Lower semicontinuity of ¢ is a much stronger property. %

Proof. Monotone convergence in each coordinate. O

Let ¢ : X — X be order preserving. The set of fived points of ¢ is
Fy:={jeX:¢6y) =79} (5.25a)

and the set of decreasing points is

Dyi={FeX:6() <} (5.25b)
Proposition 132 (after | , theorem 1] and | , page 177]). Let ¢ :
X — X be order preserving. Then
lim ¢"(0) =inf Dy = inf Fy € Fy #0) (5.26a)
and
Fyn[0,00[*# 0 < DyN[0,00F#0. (5.26b)

Proof. Let Z:=inf Dy. We show that '€ Fy and Z = inf F;. We have
VyeS:Z2<y
= ¢(7) <infDy =7

= 7€ Dy

= ¢*(2) < ¢(2)
= ¢(2) € Dy

This implies that zZ = ¢(Z), whence Z € Fy. As Fy C D, we deduce that
infD¢ = ian¢ =7

We show by induction that ¢™ (6) is non-decreasing. The induction basis is
#°(0) = 0 < ¢(0). The induction step from n to n + 1 is given by

¢"(0) < ¢"1(0) = ¢" 1 (0) = ¢(¢™(0)) < ¢(¢"T1(0)) = ¢"72(0).
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Hence (¢"(0))nen, is non-decreasing. Furthermore one can show by induc-
tion, that Vn € Ny : ¢™(0 ) < Z, which implies that @ := lim, o ¢"(0 ) =
Sup,, o, #"(0) < Z. Even more, we get

n€Ng n€Ng
Hence @ € Fyy and 7 = inf Fy < 4. We conclude that 2= . O]
Proposition 133 (after | , proposition 8)). Let ¢ : X — X be order-pre-
serving and set p:= ¢(0). If i € Dy, then (¢"(P))nen, is non-decreasing with
limit p*, (¢™(f))nen, s non-increasing with limit {* and we have
B(7%) = 7" < i* = (") (5.27)

In particular, p* € [0,00[" iff Dy N[0, 00[F#£ 0.

Remark. Proposition 132 asserts that p* = inf Fy, that is it is the smallest
fixed point of ¢. There is no a priori reason for g* = fi*. Later on ¢ is (in
each coordinate) a polynomial of finite degree with non-negative powers and
coefficients — maybe this allows to show uniqueness of the fixed point?

Proof. As 0 < j we have ¢(0) < ¢(7). As 0 < i we have 5= ¢(0) < ¢(7) < i
and ¢(p) < ¢(f). Thus
p<o(p) <o) < fi

A straightforward alternating induction shows that

VmneN:  F<¢Mp) < ¢m(R) < 6TE) < 67 () < i
It follows that the two sequences are non-decreasing and non-increasing respec-
tively. Apply propositions 130, 131 and 132 to conclude. O

5.4.2 Sum-product identities

This sections enumerates some sum-product identities on formal power series.
For the remainder of this section A is a finite index set. Let f: A x Ng — C
and g : Ax M — C, where M is the set of finite subsets of Ng. We assume that
gla, M) = f(a,|M]). The well-known Cauchy product is (with A = {1,2})

<Z f(1,n)> (Z f(2,n)> => > fA,m)f2,n—m). (5.284)
n=0 n=0

n=0m=0

If A has more than two elements, then

11 (Z f(av”)> => > ] flama). (5.28b)
acA An=0 =0 (m,)ac A NG A€A

acA Ma=n

For exponential formal series we have

H ( g(aT,L![nD> _ Z% Z H g(a, M,). (5.28c¢)
n=0 n=0

acA (Mg)aca a€A
Haca Mq=[n]
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If we only sum over non-empty ordered sets, then

TE“H)- 5, £ e o

ac€A \n= n=[A] (Ma)aca a€A
Va€A: M,#0
L+JaeA Ma=[n]o

The previous identity can be rewritten in terms of f as
o f(a,n) 1 fla,mq)
11 <Z | = > — > 11 et (5.28¢)

a€A \n=1 n=lA] " (mq)aca€N4 acA

acA Mag=n

Finally the distributive law over the cartesian product B := [],c 4 Ba is

H < Z f(cuma)) = Z H fla,mg) . (5.28f)
ac€A \m,€B, B3(ma)aca a€EA
5.4.3 Penrose’s identity

Let G := (V, E) be a finite, simple graph. Then Cg is the set of all spanning
subgraphs of G. Likewise Tg is the set of all spanning trees of G. There is a
natural partial order on Cg given by

H<H < EH)CEH).

In particular we can identify H € Cg with E(H). For L,U € Cg with L < U
the Boolean interval from L to U is defined as

(LU= {HeCs: L<H<U}.

A function S : Tg — Cg is a partition (or Boolean) scheme of Cq | , before
(5)] iff
Ce:= |4 [T, S(T)]. (5.29)
TeTe
Define the set of singleton trees of S (short S-trees) by
Ts(G) ={TeTg:T=5(T)}. (5.30)
Theorem 134 (Penrose | , equation (5)]). Let S be a partition scheme of
Cq, then
Y (FYEE = )V Ty (@) (5.31)
HeCa

The number of S-trees is independent of the choice of S.
Proof. Let (z¢)ecr be a vector of numbers. Then

>, M we=> = > Ilu

HECq e E(H) TeTe ecB(T)  FCE(S(T)\E(T) feF

3| N |

TeTc e€E(T)  fEE(S(T))\E(T)

Set all . = —1. This cancels all the contributions from trees with T # S(T),
while for every T € T5(G) the contribution is (—1)!VI=1, O
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5.4.4 Inductive partition schemes

Let G := (V,E) be a simple graph. The aim of this section is to introduce
partition schemes of Cg described by an exploration algorithm 135, selecting a
spanning tree from a spanning subgraph, and a sufficient compatibility condition
(5.33) on a partition of E\ E(T), for a given T € T¢, describing the maximal
spanning subgraph of G reducing to T.

We call static information our knowledge of the structure of G. This in-
cludes labellings and orderings of elements of G. We also fix a root 0o € V. In
the following we describe the generic version of an inductive partition scheme

Gen.

Given H € Cg the exploration algorithm Ege, 135 selects a spanning tree
of H € Cg by starting at the root o and grows the tree iteratively: during each
iteration it considers all the nodes neighbouring its boundary, selects some of
those to form the new boundary and removes all conflicting edges. This generic
prescription guarantees the selection of a spanning tree of H (see proposition
137). We call dynamic information all information we discover about H during
its exploration.

The complement is to take a tree T € Tg and partition £\ E(T) into the
admissible edges Agen(T) and the conflicting edges Cgen (T). If this partition is
compatible (5.33) with the exploration algorithm, then we can define a partition
scheme Gen by the preimage of the Ege, (see proposition 138). The compati-
bility is given iff all the dynamic information used in £ge, to select T from H
is a function of T (and the static information).

A partition scheme is inductive iff it can be described in the above way.
The term inductive has been chosen, because the natural proofs for the various
properties work by induction over the level of the (partially selected) spanning
tree. The motivation for the formalization of inductive partition schemes is that
the exploration algorithm 135 advances locally through the graph. Hence we
hope to deduce properties of the singleton trees of such a scheme from the local
structural properties of G.

It is far from clear if every partition scheme is inductive. A likely counterex-
ample is the minimal weight spanning tree partition scheme in section 5.8.1. Its
global description and dependencies have been an obstacle in my search for its
local description.

In the rest of this section we formalize the above idea, resulting in the generic
inductive partition scheme Gen. The gaps in Gen’s specification are filled in
later sections, resulting in different inductive partition schemes.

Algorithm 135 (Gen exploration). Let H € Cg. We construct a sequence
(Hy)ken, of subgraphs of H starting with Hy := H and a sequence (Tj)ren, Of
subsets of V' starting with Ty := {o}. We think of T}, as the explored tree part
of Hy. We construct Hy 1 from Hj by the following steps:

(gb) Let the unexplored part be Uy := V \ Ty. Let the potential nodes Py
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be the set of neighbours of T} in Uy and the boundary Bj be the set of
neighbours of Uy in T. SELECT a subset S of Py, containing at least
one vertex from C' N Py, for every connected component C' of Hy|y,. Call
these the selected nodes. Set T41 := T), W Sk.

(gi) Let the ignored nodes be I := P, \ Sp. REMOVE all the edges in
E(Bk,.[k) N E(Hk)

(gp) For each v € S, SELECT (v, w,) € E(Bg, Si) N E(Hy).
(gu) For each v € Sy, REMOVE all (v, w,) # (v,w) € E(By, Sk) N E(Hy).
(gc) REMOVE all of E(S;) N E(Hy).

Remark. Observe that all steps factorize over connected components of Hy|y, .
We can schedule the iterations on different connected components in parallel and
in arbitrary order. We can even advance further into one connected component
and explore it more or fully without influencing the exploration of the other
connected components.

Proposition 136. The following invariants hold ¥V k € Ng in algorithm 135:

Hyr < Hy, (5.32a)

Hy|r, is a tree (5.32b)

Hy € Cq (5.32¢)

Hyy 1|7, = Hilz, (5.32d)

Hylu, = Hlv, (5.32¢)

(E(Ux) W E(Ug, Br)) N E(Hy) = (E(Ux) W E(Uy, Br)) N E(H) (5.32f)
Vi>k: veS, < dylov)=k (5.32¢)

Bji1 C S, (5.32h)

Remark. We can replace every occurrence of E(Hy) by E(H) in algorithm 135.
This follows from invariant (5.32f), which asserts that for each edge there is ex-
actly one iteration of the exploration algorithm during which it is either selected
or removed.

Proof. Invariant (5.32a) is clear as we obtain Hy1, from Hy by removing edges.
Invariant (5.32¢) follows from (5.32f). Invariant (5.32d) follows from (5.32b)
and the subgraph relationship (5.32a).

(5.32h): (gi) ensures that all connections in Hy1 between By and Uy go
over Si. By induction these are all connections in Hyy1 between T}, and Ug1.

We prove the other invariants by induction. They all hold trivially for k = 0.

(5.32b): The subgraph Hjy1|r,,, consists of Hyq1|r,, the vertices Sj and
the edge sets E (T, Sx)NE(Hy+1) and E(Sg)NE(Hy+1). By (5.32d) and (5.32b)
Hyi1|r, = Hi|1, is a tree. (gc) ensures that E(Sy) N E(Hgy1) = 0. (gp) and
(gu) ensure that each v € Sy, has a unique neighbour in T} in Hy 1|7, ,. Thus

Hy 1|7, is a tree.
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(5.32¢): The tree Hyq1|7,,, (5.32b) is connected. If v € Up41, then (gb) as-
serts that there exists a connected component C' of Hy|y, such that v € C.
(gb) also asserts that there exists a w € C N S such that: (gp) asserts
that there exists a z € Ty with 2z« w in Hy and from (5.32¢) it follows that
Hy1lu,,, = Hilu,,,- Thus v w < 24> 0 and Hyyq is connected.

(5.32f): During iteration k (gi), (gu) and (gc) only remove edges in E(By, Py)
or E(Sg). Thus E(Ug41) N E(Hy) and by (5.32g) E(Bit1,Uk+1) N E(Hy) =
E(Sk,Ug+1) N E(Hy) are subsets of E(Hy11). The statement (5.32f) follows by
induction over k.

(5.32g): If v € Ty, then dg,_, (0,v) = dg, (0,v) = k, as Hyy1|r, = Hilr, by
(5.32d). It rests to show that

v €Sy & dp,,,(0,v) =k+1.

If dyg, ,(0,v) = k+ 1, then v € T}, := Lﬂf:o By, and there exists a w with
(v,w) € E(Hyy1) and dg,_, (0,w) = k. Thus w € By. By (gi) and (gu) the
only neighbours of By in Uy in the graph Hy1 are those in Sk.

On the other hand if v € Sy, then, as Hyy1|7,,, is a tree (5.32b), it has a
unique parent w € By, C Sk_1 (5.32h). As w is v’s only neighbour at distance k
from the root in Hy41 (5.32g) we have dpy, ., (0,v) = dp,,,(0,w)+1=k+1. O

Proposition 137. Algorithm 135 describes a function Egen : Ca — Tg. It is
monotone decreasing, that isVH € Cq : Egen(H) < H.

Proof. Let H € Cg and apply algorithm 135 to it. We observe that if T, =V,
then Hy, = Hy11. But aslong as Ty, # V we have Sy, # 0 (as Hy, € Cg by (5.32a))
and therefore (T})ren, grows strictly monotone to and then stabilizes in V' in
at most |V| steps. This implies that the monotone decreasing (5.32a) sequence
(Hy)ren, of subgraphs of H stabilizes in Hy|. Finally (5.32b) asserts that
Hyy| = Hyy||1,, is a tree and (5.32¢) that Hyy| € Cy and thus Hyy) < H. [

Proposition 138. Let Egen be as in proposition 137. For each T € Tg, parti-
tion E(T) into the admissible edges Agen(T) and the conflicting edges Cgen(T).
If, for each H € £;} (T), we have

Ve € Agen(T)\ E(H) 1 Egen((V,E(H) W{e})) =T (5.33a)

and
VCQCGen(T)\E(H) : gGen((‘/aE(H)H'JC)) #T> (533b)

then the map
Gen: Tg—Cq T Gen(T):=(V,E(T)W Agen(T)) (5.34)
is a partition scheme of G with [T, Gen(T)] = 5} (T).

Remark. It may also seem that such partition schemes are extensible to infinite
graphs — the partial exploration of the graph and the preimage of the partial
tree seem to be only dependent on the distance from o. Let

Acen(T)D := {e:= (i,7) € Agen(T) :i € Ly,j € Ly, k <1}

116



C. Temmel Section 5.4 of chapter 5

Then Agen(T) = W1 > 1Agen (T)V. The proof of the compatibility of Agen (T)®
with Egen may use information about the path to the deeper (with respect to
T) end 4 of an edge e. Thus, although we select a tree in Egep, there may be
vertices which are not selected in a finite number of iterations. We present a
concrete counterexample in a later section.

Proof. Fix T € Tg. For A C Apge(T) and C C Cret(T) let Hia,cy := (V, E(T)w
Aw (). We show that Ha ¢y € [T, GenT] iff C = 0.

We first assume that C' = (). We argue by induction over the cardinality of
A. For the induction base with A = () we have Hg gy = T and Egen(T) = T.
For the induction step consider A := A’ W {e}. By the induction hypothesis
Egen(Harpy)) = T. Ase € Agen(T) we apply (5.33a) to see that Egen(H(a,p)) =
T, too.

For the second part assume that C' # (). We have already shown that
EGen(H(a,9)) = T. Therefore (5.33b) implies that Ep(Ha,¢)) # T.. O

5.4.5 Depth k tree operators

The aim of this section is to show a generic result for depth k& recursive con-
structions of weighted, labelled, finite trees and convergence of certain series of
those trees. It generalizes | , proposition 8 and parts of proposition 7].

Let T, be the set of rooted, finite trees of depth n, T = W4, ., Tr the
set of rooted, finite trees of depth at most n and T3, = W¥,,en, T; the set of
rooted, finite trees. Count by p(¢) all the automorphisms of ¢ which keep its
root invariant. Let £ be a countable set of labels. A function ¢ : £LY® — [0, 00|
is t-invariant iff it is invariant under all rooted automorphism of ¢ (these are
the automorphisms of ¢ fixing the root of t). We denote by L;(t) the i-th level
of t and by W (¢) the non-root vertices of ¢. Finally ¢} is the rooted subtree of t
with root v and depth k.

Let 7, be the set of rooted trees with vertices [n]o and root 0 and 7o, :=
W, Tn- For 7 € Too we denote its unlabelled version by ¢(7) € T5,.

Proposition 139. Fix k € N. Suppose we have a collection of t-invariant
functions (ct),ce<. Let X = [0,00]% and 5 € X. Consider the operator Ty :
k

X — X defined VI e L by
i = Y o X a® I1 e TT m. Gam)

texs Xe{lyxLIw® veL;i(t) wE Ly (t)
0<i<k—1

If there exists fi € X such that
o) < i, (5.35b)
then the family of series, indexed by L,

Ri(p) =) % > 11 Ct(f,g)(XV(T,g)) IIr,  (5:35¢)

n20  Xe{iyxcn 7€Tn i€[n]o J=0
d,(0,i)=0mod k
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converges uniformly, as

R(7) = lim T3(5) = TAR(7) < fi. (5.35d)
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Remark. Denote by ¢, : X — {0,1} the index function of the depth 1 tree
consisting of the root and n children. Hence ¢ is the index function of the tree

consisting just of the root, ¢; the one of the tree consisting of the root and one
child, ....

Proposition 140. In the setting of proposition 139: if VI € L: ¢o(l) > 1 and
ci(l,1) > 1, then Tz > p(1 + idx).
Proof. For every | € L we have [T5(ii)]; > co(l)pr + c1(l,)mpr > pi(1 + ) by

omitting all trees except the one with just the root, labelled with [, and the
other with the root and one child, both labelled with . O

Proposition 141 (after | , appendix]). Suppose that Ty > §(1+ i) and
(5.35b) holds. Decompose Ty =: p(idx + Spz) by splitting off the root of each
tree. Likewise decompose R(p) =: pQ(pF). Then Sy > 0 is order-preserving,
7 < 1 and we refine (5.35d) to

VieLl: [QP)< (5.36)

Proof. As R(p) and Q(p) increase in g we can assume without loss of generality
that fi > g > 0 or fall back on a smaller polymer system omitting the 0 entries
of p. We also have .

(T + ) < o) < i
whereby
M

vie L: <
pl_1+m

<1.

Thus
FQB) = R(p) = TH(R(P) = pidx + Sp)(R(5)) = FR(P) + SHR(P))

whence, ignoring 0 entries of ¢ and as S5 is order-preserving,

Q(p) = PR(P) + Sp(R(p)) < P QD) + Sp(f) -

5.4.6 Depth k tree approximation

This section extends | , proposition 7] to level k approximations. For basic
notation see section 5.4.5.

Proposition 142. Fiz k € N and a polymer system P. Suppose that we have

a family of t-invariant functions (ct),.o< such that
k

VEEP™ fu(o,.... &) < Y I  con@ep). (537
TETH ie[7l]0
d-(0,i)=0mod k

Let X := [0,00])” and g € X. Consider the operator Ty : X — X defined
VvyeP by

ji = [T, :=Zﬁlt)# S w@® [ e I ke (5.37)

tegs fef{y}xPIW®I 072%27}521 weLy(t)
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If there exists fi € X such that

T(i) < i, (5.37¢)
then
FU() < . (5.374)
Even better, the condition of proposition 140 applies, and thus
[T5(0)]y — pyiiy
VyeP: [Y(p)] < —F—1—"T". 5.37e
W= ) (537

Remark. For k = 1 the cluster G(v,~,7) can be counted by a two-expansion
of a level 1 tree or by ca(7,7,7). We therefore can not expand (5.37¢) further
without loss of generality.

Proof. Setting L := P in (5.35¢) condition (5.37a) implies that

FU@L =Y > W@ s

n20 " e yyxpr

< Z > > H oy vy [ pe, = R,

n>0 n TETy €ln =0
EG{W}X'P dr (Ozz) Omodk !
Then (5.37d) follows by applying (5.35d) from proposition 142.
We know that [T5(fi)], counts the clusters G(v) and G(v,~) as trees of depth
0 and 1 respectively. Hence c¢o(y) = 1 and ¢;(7,7v) = 1. We apply propositions

140 and 141 to get (5.37¢).
O

5.5 Review of the approach by Fernandez & Pro-
cacci

5.5.1 A short synopsis of the tree-operator approach

This section gives a short summary of the main steps of the tree-operator ap-
proach. It is intended as coarse big picture of how the different results in sections
5.4 and 5.5 fit together.

e The aim is to majorize the cluster expansion (5.6b) uniformly in A.
e This is equivalent to the convergence of the pinned series (5.14a).

e Choose a partition scheme (5.29) and partition the spanning graph com-
plex of a cluster using Penrose’s theorem 134.

e We are left with a sum over the singleton trees of the partition scheme on
a cluster (5.45).

e Determine some local necessary properties of those singleton trees based
on polymer labels (5.42).
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e Keep only those local necessary properties, which allows us to decompose
each tree as built from trees from a finite set (see proposition 142).

e Reorganize our sums to write the pinned series as the fixpoint of a tree-
extension operator based on the above finite sets of trees (proposition
139).

e Control the convergence of this tree-operator by an appropriate condition
(weighted sum over the finite set of trees) (5.35b)/(5.45) over an appro-
priate label space.

5.5.2 Penrose (or greedy) scheme

Let I be a finite and totally ordered set. Let G := (I, E) be a connected graph.
We present a formulation of the first partition scheme by Penrose | , equa-
tion (6)] or [ , section 4.1] in the inductive style of section 5.4.4. The static
information comprises the total order on I, the structure of G and the choice of
the root o0 € I.

Algorithm 143 (Pen exploration). Let H € Cg. For every k let Hy, Ty, Uy,
By, and Py be as in algorithm 135. The missing specification to go from Hj to
Hj, 41 on a connected component C' of Hy|y, is:

(pb) SELECT C NSy :=CnN P;.

(pi) As CNI; =0 REMOVE nothing.

(pp) Forie CNSklet j; :=argmin{j € By : (4,5) € E(Hy)}. SELECT (3, 7;).
(pu) Fori e CnSy REMOVE all (4,j) € E(Hy) with j; # j € By.

(pc) REMOVE all of E(C'N Sy,) N E(Hy).

Remark. We call Pen also greedy because of the choice of S, in (pb). Algorithm
143 flood-fills H. This means it incorporates a parallel version of Dijkstra’s
single-source shortest path algorithm | I, , page 145] on a graph with
unit edge weights.

Proposition 144. The function Epe, described in algorithm 143 is Ca — Ta
and monotone decreasing, that isVH € Cq : Epen(H) < H.

Proof. Follows from proposition 137. O

Algorithm 145 (Pen tree edge complement partition). Let T € 7g. Let Ly
be the k'" level of T. We partition E \ E(T) into Apen(T) & Cpen(T). Let
0<k<l,jeLg i€ L;and e:= (i,j) € E\ E(T). Then e € Cpen(T) iff one
of the mutually exclusive conditions (5.38) holds:
1>k+2, (5.38a)
I=k+1Aj<p(i). (5.38b)
And e € Ape,(T) iff one of the mutually exclusive conditions (5.39) holds:
—1, (5.39)
I=k+1Aj>p(). (5.39b)
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Proposition 146. The map
Pen: Tg—Cs T~ Pen(T):=,E(T)d Apen(T)) (5.40)
is a partition scheme of G with [T, Pen(T)] = 5} (T).

Proof. If we admit that the partition in algorithm 145 satisfies (5.33), then
proposition 146 is a direct consequence of proposition 138. Thus we show (5.33)
for (c,‘pen and Apen(T).

Fix T € Tg and H € EZL(T). Let 0 < k < I, j € Ly, i € L; and
e:= (i,j) € E\ E(T). Let (Hp)nen, and (T),)nen, be the sequences associ-
ated with H from algorithm 151. For §) # F C E\ E(H) set H:= (I, E(H)WF)
and let (ﬁn)neNO and (Tn)neNo be its associated sequences from algorithm 151.

For e € F let m(e) be the level of iAj. We claim that for each N € N:
Tn)rjyzo = (gn|:fn)71:[:0- (5-41)

We show (5.41) by induction over n. By definition Hy|r, = }NI0|T0. For the
induction step from n < N to n + 1 we show that algorithm 143 is not influ-
enced by the presence of such an e € F. The presence of e does not change P,
compared to P, in (pb).

(Vee F:m(e)>N) = (H,

Observe that if e € Age(T), then by (5.39) m(e) = k. To show (5.33a) we
assume that F' C Age(T). If e is of type (5.39a), then it is removed during
iteration (k — 1) by (pc). If e is of type (5.39b), then it is removed by (pu)
during iteration k.

To show (5.33b) we assume that F’ := F N Cpey(T) # (. Choose e € F
with m(e) = N := min {m(f): f € F'}. We demonstrate that the presence of
e causes (Hy|1, )nen, to diverge from (H,|7 )nen, exactly at level N + 1, that
is (5.41) holds and Hyn 1|7y, # HN+1|TN+1' We go through all the cases of
(5.38):

Case e of type (5.38a): Here N = k. The presence of e lets (pb) SELECT
i € Py.

Case e of type (5.38b): Here N = k. The presence of e lets (pp) SELECT
i as the parent of ¢ in T4 instead of p(i). O

—

We specialize to the case of G := G(£) being the cluster induced by a vector
€ € PL. This increases the static information about G — its structure is a
function of &.

= =

Proposition 147 (Properties of Tpen(G(€))). Let T € Tpen(G(§)) and let C;
be the set of children of i in T. Then

VkeNy: supp ka s an independent subset of P (5.42a)
supp &, is an independent subset of T(&;) (5.42b)
. (5.42¢)

|C;| = | supp &,
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Proof. Fix k. Suppose we have i,j € L, with & ~¢;, then e := (i,j) € E
as G = G(£) is the cluster of £ Hence by (5.39a) e € E(PenT) and thus
Pen(T) # T. This shows (5.42a), which implies (5.42b), which in turn implies
(5.42¢). O
5.5.3 Depth one tree approximation

We use the notation for trees from section 5.4.6. The summary of Fernandez &
Procacci’s tree approximation machinery is:

Theorem 148 (| , proposition 7]). Let (¢y)nen, be a sequence of functions,
where each ¢, : Y"1 — {0,1} is invariant under permutations of its last n
arguments. Suppose that

VEEP ™ Juo, &)l < Y T eni(€ninso i) (5.43a)

TETH i€[n]o

Let X := [0,00]” and § € X. Consider the operator Ty : X — X defined by
Ty := p 9", where 99" : X — X and

vieP: @@= S en@ ] me (5.43b)
=1

n20 " fe{ypxPn
If there exists fi € X such that
o) = 59" () < i, (5.43¢)
then
FU() < i (5.434)
and p € Rp. Suppose 09" fulfils also
QI 1= I — idx >0, (5.44a)

then we have for every v € P:

—

() < ﬁif‘) (5.44b)
log B (—4) > §7(j7) log(1 — ps) (5.44c)
and for each v € A € P
B} (—p) > (1 p,)77 (5.44d)
Ex(-p) > [ - pe) e (5.44e)
EeEN

Proof. Part (5.43) is a corollary to the more general proposition 142.
For part (5.44) the first bound (5.44b) follows from (5.37¢). For (5.44c) use

identity (5.3e). The bounds (5.44d) and (5.44e) are direct consequences of the
prior majorations. O
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Remark. Condition (5.44a) is natural: looking at (5.43b) we can see that

gen

(707 (ﬁ) Z C1 (’Ya’Y)H’y = .u'y )

as we have to count the cluster G(v,~). Furthermore condition (5.44a) guaran-
tees the well-definedness of (5.44b):

- f
VyeP: (pw(lﬂm) <Py () Sy = py < 1+Wu < 1) ;
Y

by counting also the cluster G(7).

The best sufficient condition derived by Ferndndez & Procacci is

VyeP: oiF(f) = Exey (i) - (5.45)

It results from applying Penrose’s identity (5.31) with Penrose’s partition scheme
Pen described in section 5.5.2:

‘u(§07 cee 7571)‘
= ‘Tpen(G(fov s 75%))‘

= 3 I € Toen(Glbor - 60))]

TE€ETn

SOOI P8

TETn 1€[n]o

IN

The cEPs in the last line are a straight encoding of the properties enounced in
proposition 147, namely

¥ (Cos o) = lo~&] T] [&#&]
i=1 i#£j=1

The condition (5.43c) admits a bigger p iff the majoration (5.43a) is tighter.
This framework incorporates previous conditions | , (3.7)], for example the
condition (5.12b) of Dobrushin’s approach can be written as

VyeP: o) = [ 1+ne). (5.46)
£€Z(v)
This comes from relaxing the condition in the cE¥'s to

n

o, &) =[] lo~&] T] & # &l

i=1 i#j=1
5.5.4 A modified Penrose scheme for higher depth approx-
imations

The aim of this section is to show how to encode the uncle conditions implied by
(pu) in the family 7 instead of 7y, thus ignoring the ordering of the vertices
implied by their bijective labelling by [n]o. Uncle conditions only play a role in
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approximations of depth 2 or higher.

—

One approach is to modify Pen on a cluster G(€) to keep more information
about the polymers involved. Fix a collection {<,: vy € P} of total orders <
on Z(7).

Algorithm 149 (PenM exploration). We only list the differences to algorithm
143.

Let C be a connected component C' of Hg|y,. Then
(pb) SELECT C'N Sk :=CnN Px.
(pi) As C NI := 0 REMOVE nothing.
(pp) Forie CNSylet AL := {j € By : (i,7) € E(Hy,)}. Order A totally via
J<ani e (& <a GV =N <)) (5.47)
Let j; := min {j € AL} with respect to <ai- SELECT (3, j;).
(pu) For i € C NSk REMOVE all (4,5) € E(Hy) with j; # j € AL C B,
(pc) REMOVE all of E(C N Sk) N E(Hy).
We also modify the partition in algorithm 145 to

Algorithm 150 (modified Pen tree edge complement partition). Let T € T¢.
Let Ly, be the k'" level of T. We partition E\ E(T) into Apenas (T)WCpennr (T).
Let 0<k<1,j€ Ly, i€ L and e := (i,§) € E\ E(T). Let

r={j€Ly:(i,j) € E} #0
and define a total order <4; on Af via
J<aii e (< GVEG=501<H).
Then e € Cpenn(T) iff one of the mutually exclusive conditions (5.48) holds:

1>k+2, (5.48a)
I=k+1NAj<ap(i). (5.48b)

And e € Apenar(T) iff one of the mutually exclusive conditions (5.39) holds:

k=1, (5.49a)
L=k+1NAj>ap@). (5.49b)
The modified scheme PenM allows the formulation of a new restriction. If
T e TG(E)’ then
VEkeNji€ Ly,j€Ly1: & <¢ &) = (4,7) € Cpenm(T). (5.50)

—

In particular, this holds for T € Tpenn(G(€)), in addition to the properties
enounced in proposition 147.
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5.6 Combining escaping and tree-operators

5.6.1 The motivation

We have seen in section 5.5.3 how Ferndndez & Procacci improved Dobrushin’s
condition by incorporating information about Z*(y). Condition (5.18b) called
for a similar extension. It became quickly clear that Pen would not suffice. A
partition scheme, which never branches to all of Z*(y), was needed.

The holy grail would be a scheme excluding a globally fixed neighbour of each
vertex. This is impossible, though. The counterexample is a polymer system
(P, =) isomorph (ignoring loops) to a large circle of size N. Take the cluster
formed by 5 € PN with suppg = P, which is again isomorph to the circle of
size N. It has N spanning trees and only one of them can be expanded to the
full circle. This means, that every partition scheme has N — 1 singleton trees
on G ({) Fix the root and the globally forbidden neighbours. Then every finite
family approximation not returning to forbidden neighbours contains at most
one of those N — 1 trees. Hence no partition scheme with globally excluded
neighbours exists.

Thus the search turned to guaranteeing the needed exclusion locally for the
singleton trees of the partition scheme. This inspired the formalization of induc-
tive partition schemes in section 5.4.4 as a framework for the returning partition
scheme in section 5.6.2.

5.6.2 Returning (or self-avoiding) scheme

Let I be a finite and totally ordered set. Let & € PT and G := G(g) Assume
that G is connected, that is it is a cluster. We present an inductive partition
scheme Ret adapted to clusters. The static information comprises the total
order on I, the cluster structure of G given by 5 and the choice of the root
oel.

Algorithm 151 (Ret exploration). Let H € Cg. For every k let Hy, Ty, Uy,
By and Py be as in algorithm 135. The missing parts to construct Hy,1 from
Hj, are:

Call an edge (i,7) € E(C N Py, By) N E(H) same (or S) iff {; = &; and
different (or D) iff &; # ;. Likewise call a vertex ¢ € P same iff all such (g, )
are same and different iff there exists such a non-same (4, j). Finally we say that
a connected component C' of Hy|y, is same iff all vertices in C' N Py, are same
and different iff C'N P, contains at least one different vertex.

If C'is an S connected component of Hy|y,:
(rbs) SELECT CNSg :=CnN Py.
(ris) As C'NI; = ) REMOVE nothing.
(rps) Fori e CNSk let j; :=argmin{j € By, : (¢,j) € E(Hy)}. SELECT (¢, ;).
(rus) For i € CN Sy REMOVE all (4,j) € E(Hy) with j; # j € B.
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(recs) REMOVE all of E(C' N Sy) N E(Hy).

If C is a D connected component of Hy|y,:
(rbd) SELECT C NSy :={i€ CNPF;:iis D}.
(rid) CNI,={i € CNP;:iis S}. REMOVE all of E(By, (CN 1)) N E(Hy).
(rpd) Forie CNSlet j; :=argmin{j € By : (¢,5) € E(Hy) is D}. SELECT

(4, ji)-

(rudd) For i € C NSy REMOVE every D (i,j) € E(Hy) with j; # j € By.
(ruds) For i € C NS, REMOVE every S (i,7) € E(C NSk, Bx) N E(Hy).
(rcd) REMOVE all of E(C' N S;) N E(Hy).

Proposition 152. The function Eger described in algorithm 151 is Ca — Tg
and gRetlTG = idTg.

Proof. Follows from proposition 137. O

Algorithm 153 (Ret tree edge complement partition). Let T € Tg. Let Ly be
the k" level of T. First we determine if an edge (p(i),7) is a same or non-same
edge:

st I\{o} > {S,D} i {> ST5HO (5.51)
D &#&q-
For k > 1 define the equivalence relation ~ ) on Ly by
i~ J < s(Ployi)\ {o}) = s(P(0,5) \ {o}), (5.52)

where the equality on the rhs is taken in {S, D}k. This implies that an equiva-
lence class consists of either only same or only non-same nodes and whence we
can extend s to them. For completeness let ~ () be the trivial equivalence rela-
tion on Ly = {o}. There is a tree structure consistent with T on the equivalence
classes, namely:

i~y J = () ~w) p(U), (5.53)

that is equivalent vertices in Ly,1 have equivalent parents in L. We therefore
call [p(4)](xy the parent class of [i](j11).

We partition F\ E(T) into Aget(T)WCret(T). Let 0 < k <, j € Lg,i € L,
and e := (i,7) € E\ E(T). Then e € Cre(T) iff one of the mutually exclusive
conditions (5.54) holds:

iy & P[00y, [i] 1)) » (5.54a)
1>2 A [l € P[00y, [P(p()]1—2)) A & # &5, (5.54b)
1>2 A [l € P([0)0), [p(p(2)](1-2)) N & =& A s(C) =8, (5.54c)

oy = P@)]a=1y A& #E& A s(i) =D A j<p(i), (5.54d)
Ty = P@D)]a-1y) AN & # & N s(i) =8, (5.54¢)
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L>1 A [flay =Pp@lg-ny A& =& As(i)=S A j<p(). (5.54f)

And e € Aget(T) iff one of the mutually exclusive conditions (5.55) holds:

Ul =l (5.55a)
1>2 A [fl) € P([0)0), P(p(i)]1=2)) AN & =& A s(C) =D,  (5.55b)

where C' € P([j]), [p(i)]1—1)) the unique class with p(C) = [j](r),

=

> 1A [l =pilay) A& #E A si) =D A j>pli), (5.55¢)
1> 1A [l =p([i@y) A& =& A s(i) =D, (5.55d)
L>1 A [y = p([i@) AN &=E& A s(i) =8 A j>p(i). (5.55€)

Remark. Of particular importance are the deep edges in (5.55b). This is where
we use the particular structure of G(§). Paths in the tree returning to a previ-
ously visited polymer find here always an admissible edge to add, thus excluding

the tree from TRet(G(g))'

Proposition 154. The map
Ret: Tg—Cs T Ret(T):= (I, E(T) W Agret(T)) (5.56)
is a partition scheme of G with [T, Ret(T)] = Ep (T).

Proof. If we admit that the partition in algorithm 153 satisfies (5.33), then
proposition 154 is a direct consequence of proposition 138. Thus we show (5.33)
for gRet and ARet(T)-

Fix T € T and H € EZL(T). Let 0 < k < I, j € Ly, i € L; and
e = (i,5) € E\ E(T). Let (Hp)nen, and (Ty)nen, be the sequences associ-
ated with H from algorithm 151. For § # F C E\E(H) set H := (I, E(H)WF)
and let (H,)nen, and (T}, )nen, be its associated sequences from algorithm 151.

We define the influence level m(e) of e as the unique solution of [j] ) A[1] ;) €
Ly (ey. We claim that for each N € N (compare with (5.41)):

(Ve F:m(e) 2 N) = (Halr,)nZo = (Halz, Jn=o - (5.57)

To show (5.57) we proceed by induction over n, for n € [N]o. By definition
Holp, = ﬁo‘fo. For the induction step from n < N to n 4+ 1 we show that
algorithm 151 is not influenced by the presence of such an e € F'. The addition
of e does not change P, nor the s classification of its vertices compared to P,.
Let i and j be the ancestors of ¢ and j at level n+ 1 of T respectively. Then they
are both in P, and P,. As [i}tn+1) = [l(nt+1) in T we have two possibilities in
Hp,|u,: both i and j are classified S and in an S connected component of H, |y,
or both i and j are classified D and in a D connected component of H,|y, . In
both cases the presence of e in H could merge the connected components of 4
and j in H,|y, respectively into one connected component of ﬁn| 7, » but only

of the same classification. Therefore all vertices in P, = P, end in connected
components of Hy|v, and H,|5 of the same classification respectively. Thus

S, = S, and T}, = T,,. Finally the selection of the parent in (rbs) and (rbd)
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is independent of H, |y, and lfIn|0n in all possible combinations. We conclude

that Hpi1lr,,, = Hn+1|Tn+1'

Observe that if e € Age(T), then by (5.55) e has influence level k. To show
(5.33a) we assume that F' C Apge:(T). If e is of type (5.55a), then it is removed
during iteration (k — 1) by (res) or (red). If e is of type (5.55b), then it is
removed by (rid) during iteration k. If e is of type (5.55¢), then it is removed
by (rudd) during iteration k. If e is of type (5.55¢), then it is removed by (rus)
during iteration k. If e is of type (5.55d), then it is removed by (ruds) during
iteration k.

To show (5.33b) we assume that F’ := F NCpen(T) # 0. Choose e € F with
m(e) = N :=min {m(f) : f € F'} minimal. We demonstrate that the presence
of e causes (Hp|r, )nen, to diverge from (Hplz )nen, exactly at level N + 1,
that is (5.57) holds and Hy11|1y,, # ﬁN+1"1~“N+1' We go through all the cases
of (5.54):

Case e of type (5.54a): It is evident that N < k Vv [. Hence there exist
ancestors i and j of ¢ and j in Ly, respectively with [p(i)](n) = [p()](n) =
[l Alilgy € Ly (i = iiff | = N possible. Same for j and j). It also follows
from (5.54a) that [i](y+1) # [i}(w4+1). This means that during iteration N of
algorithm 151, without loss of generality in that order, i is classified as S in
an S connected component of Hy |y, and i is classified as D in a D connected
component of Hy|y,. The addition of e in H places i and j in the same con-
nected component of f{N\ﬁN, via the path i<+ i< j <»j. This means that i is an
S vertex in a D connected component of H Nlg, and thus is not selected into

Sy by (rbd). Thus Ti1 # Tn41-

Case e of type (5.54b): Here N = k. Let i be the ancestor of i with
p(ilv+1) = Ulvy)- As & # & the addition of e in H classifies 7 as D in
step N. Therefore i € Sy by (rbd), but i & Ty. Thus Ty41 # TN+1-

Case e of type (5.54c): Here N = k. Let i be the ancestor of i with
p([ij(veny) = llv). As & = & the addition of e in H classifies i as S in
step N. As i<iin Hy|y, and hence Hy|g  we know that i is in a D con-
nected component of Hy /|y, , namely the one of i. Therefore i € Sy by (rbs),
but ¢ ¢ Ty. Thus Tn41 # TNt

Case e of type (5.54d): Here N = k. Let i be the parent of 7 in [j](x). The
addition of e in H lets (rpd) select j to be the parent of i in TN+1‘TN+1' Thus

Tt # T

Case e of type (5.54¢): Here N = k. Let i be the parent of 7 in [j](x). The
addition of e in H classifies i as D during step N instead of S. Therefore its
parent in Tn1|7,,, is chosen by (rpd) instead of (rps) and is not i any more.

Thus TN+1 75 TN+1.
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Case e of type (5.54f): Here N = k. Let i be the parent of ¢ in [j](n). The
addition of e in H lets (rps) select j to be the parent of 4 in TN+1|TN+1' Thus

Tni1 # Tt O

= —

Proposition 155 (Properties of Tret(G(€))). Let T € Tret(G(§)) and let C; be
the set of children of i in T. Then

|Ci| = | supp &¢, | 5.584)

(supp e, ) \ {&} is an independent subset of T*(&;) 5.58b)
VkeNg,2€ Ly: supp &i](m is an independent subset of P (5.58¢)
VielI\{o}: iisD = & & suppgp(o,p(i)) . (5.58d)

(
(

Proof. Fix k and let 4,5 € Ly with i ~gqqy j. If §=Ej, then e := (i,j) € E

as G = G(&) (5.4b). Hence by (5.55a) e € E(RetT) and thus Ret(T) # T. This
shows (5.58¢), which implies (5.58b), which in turn implies (5.58a).

Suppose there exists a vertex ¢ violating (5.58d). If p(i) = o we have a
direct contradiction to the D classification of i. If p(i) # o, then the violation
implies the existence of j,j € P(o,p(i)) with dr(o,7) + 1 = dr(o,j) < dr(0,17)
and § = & # . Take such a j minimal with respect to dr(o,j). Consider
the edge e := (j,i), which is in E due to the fact that G = G(€) (5.4b). It is
admissible with respect to T of type (5.55b). Hence e € E(Ret(T)) and thus

Ret(T) # T. m

5.6.3 Proof of proposition 126

Remark. Compare this proposition with theorem 148. It would be interesting
to equip £ with a directed incompatibility relation derived from the one on P
and create a partition scheme on clusters of this new polymer system yielding
the same result. In this case clusters should have structural properties inherited
from P via L. Of course this would probably demand directed partition schemes
(that is on directed graphs) etc.

—

Proof of proposition 126. Let T € Tret(G(£)). Property (5.58d) is equivalent
to:

Vie I\ {0} : ﬂ%] € P(07p(7’)) : d']I'(Ovj) < dT(07j) < dT(O,i) A gz = gj 7’é gj .

Therefore the polymer labels of P(o, ) form a lazy self-avoiding walk on suppf_'.
In particular we can look at the ordered sequence of avoided polymers for i € I.
By (5.21) we only regard € with supp€ C P \ {e}. Hence the avoided polymers
for i are a polymer-valued sequence starting with ¢ and adding ¢; if we use
a D edge after j on the path P(o0,7). The avoided polymers of o are (&) and
therefore the sequence is non-empty for every i. Call ; the last polymer in the
avoided-polymer sequence of vertex i. We have &; ~¢; by construction for every
i € I. Hence (&;,¢;)ier € L1,

We focus on a vertex i and its children in T. Property (5.58b) implies that
their polymer labels form a compatible set. And property (5.58d) implies, that if
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we have an S i then (&;,&;) = (§,(5), €p(s)), While if we have a D 4 then €; = £ (;).
These constraints are determined by the extended labels (&;, €;)icr. Set I := [n]o
with 0 := n. We drop all other constraints on T, apply Penrose’s identity (5.31)
and get

[u(©)|
= |Tret(G(E))]
= Z [ € Tret(G(E))] (5.59a)

TE€ETn

Z H Cmum flv i (£i17€i1)’""(§i3i7€isi))'

TETn 1€[n]o

where the (s;)l'_, denote the number of children of ¢ in 7 and

C

multi((&9,€0), -+ s (€nyn))

= (TG e) = (020)] T €8]

AC[n] \i€A i#jEA
< | I ez @ \{eohei=%] [ [&#&| . (5.59)
i€[n]\A i#j€n]\A

Let Y := [0,00]*. Denote by i,, the injection from X to Y multiplexing
values by ignoring the escape coordinate in £. Define the operator ™ : Y —

Y by
1
SOEI’IYL}M)( ) — Z E Z mult1 &:») Hu(&, )

n20 " (E8)e{(v.e)}xLr

We see that ¢™1 (€, &) is the coefficient of the product of the following terms:

n

->yL > [L(6=) = ool TT (& #€ Tuees

n>0 (§ & e{(y,e)}x L =1 i£j=1 i=1

and

Ez (\LeH U (e,7): €T+ ()\ (e} })

=y Y Ileer@m\iea=a ]I & %61 [ vee.co

n>0 (E,é)e{(“/,e)}XE” =1 i#j=1 i=1
Therefore
OIS (@) = (1 + t(y,0)) Ez )\ (e} (T(67): €2+ (\(})) -

For ¥ € Y define the tree operator

Sp: Y =Y i 7omit(d).
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Using the fact that

VyeP: ¢fte() = max {ofy (im () : € € T*(7)}

we deduce from (5.22b) that

S () (m (1)) < i (1) -

We apply proposition 139 for k = 1 to S;, (5 and get a finite series fixpoint
R(im(P)) < im(iL). Then (5.22c) follows from (5.59a):

V(v.e)eL: p"/\pffy,a) (p) < R(v,s)(im(ﬁ)) < fhy -

As in the proof of proposition 142 we see, that both ¢o((vy,€)) = 1 and
c1((v,€),(7,€)) = 1 as we count the clusters G(vy) and G(y,7). All terms are
monotone increasing in p. Hence we assume without loss of generality that
p > 0 or pass to a reduced polymer system. We apply propositions 140 and 141
to see that 7 < 1 and

mult (; e e —
Ply,e) (im () — My ©STe (1)
v . * < v < 2i .
(776) €L (v,¢) (p_) = 1— D~ = 1= Dy
This proves (5.22c). Applying (5.3e) we get
V(v,e)eL: q’%\{g}(_ﬁ) > eXp(—Pw‘I’@@)(ﬁ))

> (1 _ pv)wmlg)(im(ﬁ)) > (1 _ pv)@c(ﬁ) ,
whence (5.22d) holds. O

5.6.4 Relation between the pinned series

Sketch of proof of (5.23a). The idea is to decompose every tree according to
the polymers labels of its first level. The relevant restriction for the first level is
(5.58b). Note that there is no escape restriction, as long as we stay in the root
polymer . Thus the subtrees at the child of 0 with polymer label v have no
restriction yet and give a W, part. The other children form a compatible subset
of Z*(v). This gives a product of factors ¥ ,). Summing over all compatible
subsets of Z*(v) yields Ez+ (). O

Rewrite (5.23a) into
Zz- () (i ()9 (i (4)))
1= pyZz () (i (D (7))

q’v(ﬁ) =

If pyEz+(y) <im(ﬁ)\P* (im (ﬁ))) < 1, then this also constitutes a bound of ¥, (p).
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5.6.5 Improvements

There are two possible extensions: keeping a longer history and respecting un-
cles.

Longer history: We can extend the label space to keep a longer history of
length m around:

L:={(0,...,ém) o eP,Viec[m]: & eI (&i-1) \{&o,---»&i—2}}-

Again & is the usual polymer label and (1, .. ., &) a self-avoiding path of length
m starting at &. This is only justified for pairs (A,~) which are m-escaping
(that is there is a length m self-avoiding path starting at v in P\ A).

A priori this means even less admissible pairs, but if P is infinite and con-
nected one can order each finite A such that each escaping pair in its telescoping
product (5.3a) is m-escaping.

This extension is complementary to the depth k approximations from section
5.4.6. The first one heeds more restrictions along the paths from the root, while
the second one heeds more restrictions on the same level of the tree.

Respecting uncles: The same modification as in section 5.5.4 can be applied
to exclude some of the possible uncles in the parent equivalence class of a D
node. It only applies to approximations of depth 2 or more.

5.6.6 Proof of the optimality on trees

We claimed that (5.18b) is optimal on trees. We show this by proving the op-
timality of (5.22b) for polymer systems isomorph to a tree with loops. In this
case (5.22b) reduces to (5.18Db).

Proposition 156. Let (P, =) be a tree with loops. Fix (y,e) € L. Let E €
P\ {E}I with & =~ and assume that supp & is connected. We claim that
T € Tret(G(E)) & 7 € T7 fulfils (5.584), (5.58b) and (5.58d). (5.60)

Proof. = follows from (5.58). For <« let 7 € T; fulfil the rhs of (5.60). We
show that 7 € TG(@ and Age: (1) = 0.

Property (5.58b) of 7 implies that every edge (4,j) € E(7) has incompatible

polymers at its endpoints. Thus F(r) C E(G(§)) and 7 € To@)-

Let Pe := {A € P: € Ae}. This way (Pe, ~|p,) is a tree with loops and
root . Property (5.58d) implies, that once use a D edge from v to £ to enter a
subtree, we can not use the label v in the subtree any more. This amounts to
restricting the available polymers labels for the subtree from P, to Pg:

Viel: supp(EV(Ti)) C Py, . (5.61a)
It is at this point, where we use the tree-like shape of P: forbidding 7 restricts

us to a subtree, for lack of other connections in (P, ~ ). Combining (5.61a) with
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(5.58a), that is every vertex can have at most one child with a given polymer
label, results in

Veesupplidjiel: Ce={iel:& =€ =Ploi)\ (Plo,j)\ {j})
(5.61b)
That is, the vertices with the same polymer label are all along a finite downpath
in the tree.

Let 0 < k <1l,j€ Ly i€ L;and e := (i,j) € E\ E(r). We suppose
that (i,5) € Aget(7) and derive a contradiction in all cases of (5.55). Hence
ARet (T) = (Z)

Case (5.55a): We look at s(P(0,3) \ {0}) = s(P(0,7) \ {o}). If at some D
step the paths P(o,4) and P(o, j) stepped to two different polymer labels, then
(5.61a) asserts that &; % ¢;, as they are in disjoint, and thus compatible, polymer

subsystems. Therefore (i, ) & Aget(7). If EP(OJ—) = EP(OJ), then some vertex on
the path had two children with the same polymer label. This contradicts (5.58a).

Case (5.55b): The D step demanded for C in (5.55b) implies that &; # ¢;.

Case (5.55¢): By (5.61a) all different uncles in [p(i)];—1 are in disjoint, and
thus compatible, polymer subsystems.

Case (5.55d): By (5.61b) there are no same uncles.

Case (5.55¢): By (5.61b) there are no same uncles. O

For 7 € T; extend the labels on V(T) = I to (§,¢:)ier, as in section 5.6.3.
The claim (5.60) is equivalent to equality in the upper bound (5.59a):

u() = Trea(GEN = D [I ™™ (& ei). (€ireir)o - - (i, 50,,)) - (5.62)

TeTr i€l

The chain of reasoning for the optimality goes as follows: (5.62) and (5.60)
imply that for Ret, no improvement (more history, uncles, depth k, ...) can
improve on the above depth 1 approximation. Therefore the derived depth 1
condition 7¢°T¢(ji) = p¢*°(ji) < ji is asymptotically (depth k approximations
with all conditions for k — oo) optimal. As every partition scheme has to give
the same result in the k¥ — oo limit for optimal depth k approximations based
on it, we have shown that ¢°° is optimal for tree-like polymer systems.

This section shows optimality in one particular case. At far more general
question has been asked by Roberto Ferndndez on my last visit to Utrecht:

Question 157. Is (5.18b) the best condition obtainable from the fundamental
identity (5.3¢) for every polymer system?
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5.7 Extensions and related models

5.7.1 The robustness of the condition by Kotecky & Preiss

Historically, the first condition was by Kotecky & Preiss | ]. Tt is
VyeP: py < pyexp Z pe | - (5.63)
§ET(7)

In the tree-operator framework it is a consequence of theorem 119 after relaxing
the coefficients cE¥ (or ¢P°P) to:

H Som &l (5.64)

This relaxation holds for every partition scheme on a cluster. That is, the relax-
ation is not a property of the choice of the partition scheme (Pen by Ferndndez
& Procacci), but solely of the structural properties of the cluster G (E ). Summing
up we get

)
1
=y SN
Y (1, Hus
1 n
IR 1
n>0 I =1

1
S
n20 """ (Me)eery) EE€EZ()
wggz(y) Me=[n]

1 (pe)™e
DY I =
(me)eez(y) €Ny EET(V)

cez(y) ME=T

I (> %%L by (5.28¢)

EEI(y) \n20

= 1T o=

EEL(v)

—exp | Y pe

EEZL(y)

n>0

5.7.2 Thinking about exactness

Call a polymer system (P, =) escaping orderable iff there is a global total order
on P such that, for every A € P, (A, max A) is escaping,.
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Examples are trees and the k-fuzz of Z. In my opinion this is intimately
related to the question of exact calculation of critical points and exact represen-
tation of Shearer’s measure. In these cases we have exact inductive arguments
on the polymer level and the same should be true on the cluster level (compare
with section 5.6.6).

Question 158. Are escaping orderable polymer systems identical with those
not containing an infinite, connected subgraph quasi-isometric to R¢, for some
d> 27

5.7.3 Uniting the greedy and escaping approach

The best classic condition (5.15b) by Ferndndez & Procacci and the best escap-
ing condition (5.22b) are not comparable: there are examples of (P, ), where
one beats the other. The difference is a trade-off between ignoring the small-
est (with respect to i and thus p) polymer in Z*(y) and the additional factor
(14 ). Even for a given graph, it might be highly dependent of the choice of p.

The easy way out is to take the log-convex hull of all points satisfying one
of the two conditions.

A more sophisticated approach classifies each non-loop edge in (P, =), that
is each (v,¢e) € L, as escaping or greedy. It then optimises over all such classi-
fications. The aim would be to construct a partition scheme behaving greedily
or self-avoiding, according to the edges it considers. The partition schemes Pen
and Ret are extreme cases of such a classification. By taking the best clas-
sification, which might change with [/p, even for a given (P, =), one would
get a combined condition improving on both (5.15b) and (5.22b). This com-
bined condition is probably useless in practise: the usual case are conditions for
quasi-transitive (P, &) with quasi-transitive fugacities. But it would fuse the
two approaches and provide an automatically adapted balance between the two
behaviours (greedy and self-avoiding).

5.7.4 Application to related models

The new condition (5.22b) should be transferable to the hard-sphere case | ]
One just needs to introduce a second parameter 0 < r < R, which describes
“same-ness” of two points. Calculations are in progress.

Think about generalizations to other interactions as in | I, [ ] or
[ ]. Possible solutions to the soft-core interaction problem are cutoffs (di-
viding interactions into soft and hard parts), etc. The basic idea of a self-
avoiding walk should be salvageable, though — as long as we still have hard-core
self-repulsion.

5.8 Miscellaneous stuff

5.8.1 Minimal weight scheme

Choose Q-linear independent weights @ € R¥. Let min : C¢ — T¢ be the
function choosing the minimal weight spanning tree of H with respect to Wg g
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Note that the minimal weighted spanning tree is unique.

Proposition 159 (| , lemma 2.2]). The function Min : Ta¢ — Cg defined
by

Min(T):= [V, |J EH) (5.65)
H:min(H)=T

is a partition scheme.

Proposition 160 ([ , lemma 2.2]). Let Tyax = max(G) be the mazimal
weighted spanning tree of G with respect to W. Then Min(Tymax) = Tmax and
Tmax S TMzn(G)

Corollary 161. For every G and partition scheme S of Cq, we have |Ts(G)| >
1.

Remark. After | , note on middle of page 12] ordering the edges (e1, ..., e,)
and taking the weights w,, := 2™ one gets the lexicographical spanning tree.

5.8.2 The polymer system has no strong dependency graph

For A € P and 7 € [0,00[” there is a Boltzmann measure \a_ z on {0, 1}A given
by:

EA(2) ' [Ieen 2 if A compatible

Mz {0,130 =1[0,1] A~ {0 (5.66)

else.

Recall the notion of strong dependency graph: G is a strong dependency
graph of the Bernoulli random field (short BPF) Y := (Y,)),ev iff for all U, W C
V with d(U, W) > 1 the subfield Yy is independent of Yy .

Proposition 162. The BRF with distribution Ay z may not have (A, = |52) as
strong dependency graph.

Proof. Choose A := {a,b,c} with a~b=c, but a%c. Thus (A, ~|52) resembles
a line of length 2 with loops at each polymer. Choose z > 0. Then E,(z) =
1 + 3z + z2. Therefore

A,z (1ale) = Ejz) and  Ap.(lq) = ZEI(j .
We see, that
A,z (Tale) # A2 (La)Aa 2 (1e)
O
5.8.3 Proof of cluster expansion
Proof of (5.6a). This follows the exposition in | ]. We write the partition

function as a sum over induced graphs and then factor them into their clusters.
Hidden is the fact that taking the exponential of a generating function amounts
to enumerating sequences of them: in our case we enumerate the clusters of the
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induced graphs.

Let 56 P™. Then

I[I Exgi= I a-l=ah= > II v

1<i<j<n 1<i<j<n AgE(G(E)) (i,7):=e€A
= Z (—)lAl = Z (=1)! B
ACE(G(E)) HeCq g

—

The last quantity factorizes over connected components of G(§). Let (Cy)i-,
be the cluster partition of I with respect to G(£). Then

I )= H IT Gs1=]]uce)-
1<i<j<n k=11<i<j<n k=1

1, €CK

We rewrite the partition function (5.1b) as

—

EA(Z)

YA Y| I e T

n>0 " fepn \1<i<j<n

SIEDM DD Hu ﬁ%

n>0 EEA" m>0 (Ck)k 1 =
Wity Cr=[n

=z$zz P ﬁ( )=

1€C,

iy oy zﬁQ@upQ

n>0 m>0  (Cr)pey gGAn k=1 1€Cl,
Wity Cr=[n
1 m
=2y > 1| 2 w@ ]
n>0 m2>0  (Cp)pe, k=1 EGACIC 1€Cl,
Wit Cr=[n]
1 nl X 1 -
=2 a2 2 i W) 1] =
n>0 m2>0  (ng)p-, k=1 EEA[”IC] 1€ [ng)
> ng=n
1 m 1 N Nk
=2 2 I W) 1] =
m>0 " n>0 (np)7L, k=1 Fe Alng] i=1
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T[Szl

m>0 n>0 EeAn

_exp<z T u( [[5)

n>0 EEA”

5.8.4 Proof of worst case

Let £ € P" and Z € C". Then the alternating sign property (5.7) and the fact
that Re(a) < |a| imply that

Re <u(g) J fo,) = 7‘u(g>| Re (H(Z§7)>

This way we show (5.8b)

= Re (log 2A(2)) by (5.6a).

Also, if € € {7} x P™ and Z € C™ the alternating sign property (5.7) implies
that

n

GIIEED

=1

< W@l = w@ (-l

(5)1_[25

This proves (5.8d) and (5.8¢).

5.8.5 Proof of monotonicity and shape properties

Proof of lemma 117. From (5.6d) and (5.7) we deduce that

log @) (— Z o Z v € supp(€) H

n>1 EEA”
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Thus increasing p or A decreases the logarithm and thus ®)(—p). The first
increase is synonym with Rp being a down-set. If we add incompatibilities to
~, then more § have a connected G(f) leading to the same result. Rewriting
Rp={p€0,00": VAEP: Ex(-p)>0}
={pe0,00[": VyeAeP: &) (-p) >0}

we see that more incompatibilities imply more restrictions on p, whence Rp can
only decrease.

Remark. This proof for log-convexity follows the exposition [ , sections 2.3
and 3.4.3], in particular the proof of | , proposition 2.3.15].

Let p,fi € Rp and X € [0, 1]. We recall Young’s inequality:
Ya,b>0: a b < Xa+(1—\)b.
We rewrite the cluster expansion (5.6a) using Penrose’s identity (5.31) into a

sum over multi-indices 7@ € (Ng)*. As all summands are non-negative real values
and —log = (—p) < oo the rearrangement is well-defined.

—log Ex(—p) = Z Z e Supp H Z Qi A H P?E :

n>1 é‘eAn n:A—Ng £eN
Then
—log Ea(—p i)
= Z “nAH (pre ™) )
ﬁ:A—)NO &61\
A 1-X
= > aan | [Iee| (T we
7:A—Ng EeEA EeEA
S SIITYBY | ARNIESYEI 17
7:A—Ng EEA EEA

= —AlogZa(—p) — (1 — \) log Er(—f) .

Thus M i' = € Rp and

EA(—P ) 2 Ea (=P Ea (-0
O
Proposition 163. If0 < 7 < i € Rp, then
V(A7) 12 ®3(=p) = @x(—f) > 0. (5.67)

Thus p' € Rp, too, and Rp is a down-set.

Remark. The proof is purely inductive as those in section 5.3.
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Proof. As [i € Rp (5.10) holds for it. We show (5.67) by simultaneous induction
over the cardinality of the A in (A,v). Thus (5.10) holds for p, too. The
induction base is A = {7} and

0<@p (=) =Epp (i) =1 —py S 1—py =E3(=p) =P, (=p) < 1.

For the induction step set {&1,...,&n} :=T*(y) N A:

0

< D) (—f) as fil € Rp

—1- By by (5.3¢
[T R s,y () o

<1- g Hy induction hypothesis
T2 2R\ g i} (57)

<1- 3 i as p < [i
I 2R (i (5P)

= 3)(—p) by (5.3¢)

<1 by (5.3¢).

Proposition 164. We have Rp C [0,1[7.

Proof. Let p'€ Rp. Then for every v € P we have Z(,3(—p) =1 — py, > 0 and
py < 1. Thus j< 1. O

If we take a different convex combination for each parameter we have more
basic relations. For A € [0,1]” we have

— -

—log 2 (=g = (T = X)ji)
D ama [JOepe + (1= Ae)ue)™

n:A—Np EeEA
Ae 1=X
> Z A, A H(Pfgﬂg é)ns
n:A—Np EeEA

—log Ea(=p i )

and thus

Ea(=AF— (T = X)) < Ea(=p i)
The function log =, is sub-linear for negative real fugacities

- logaAeiw (- 0@

= Z D H Agipe, + (1= A, e,

n>1 feAnl 1

>Z > (H%P&ﬁﬂ 1=, ugl)

n>1 SEA" =
—log Ea(—Ap) — log B (— (T — X)ji)
and thus
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5.8.6 Proofs of analyticity

Proof of proposition 127. Let p < A.. We know that Fp is analytic in —p and
thus finite in [—p — &, —p + ], for some small . Thus

Fp(—p—E)<OO
1
=VAEeP: fmlogEA(fp—s)<oo
S VAEP: ZEpx(—p—¢)>0
e (p+e)leRp
= prIntRp.

Conversely, let p € [0,1] and & > 0 with (p 4 €)1 € Int Rp. Then

Fx(=p)
logZx(—p)
= — T log ZAl—p
Al
1 Al
= A log H @%i(—p) by the telescoping identity (5.3a)
i=1
1 €
<——1 —_— by th ic bound(5.19
ST Ong+e y the generic bound(5.19)
geA
1 15
S e
Al & pte
p+e
= log
< o0
Thus p < A.. O

Proof of proposition 128. Fix A € P and p’ € Int Rp. Then there exists a & > 0,
such that g+ & € Rp. We write

Fa(=p)

1
=~ L logza(-p)

Al

1 |A]

&i . . . C.
= A log H O3 (=p) by the telescoping identity (5.3a)
i=1
< — log H e by the generic bound(5.19)
T AT Sy e e
< 0
The expansion of Fj(—p) as a series is given by (5.6a). O
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Chapter 6

Pruned SAW tree
interpretation and rigorous
bounds on grid-like graphs

This sections aims to give some rigorous bounds for grid-like graphs, that is
mainly Cayley graphs of Z¢. These graphs are of particular interest to the math-
ematical physics community. The knowledge about them is diminished, though:
unlike the graphs in section 2.6 the recursive calculation of the OVOEPs via the
fundamental identity are not well-founded recursions. On the other hand their
geometry allows transfer-matriz techniques | , IL5/11.6] | ], which are
outside the scope of this thesis, and results build on translation invariance.

Towards this aim we recall the pruned SAW (self-avoiding walk) tree inter-
pretation by Scott & Sokal in section 6.2. We use this interpretation to deduce
monotonicity under adding edges in section 6.3.1 and necessary conditions for
p> pf,w that is lower bounds on pfh, for the above Cayley graphs in section 6.3.2.

The rest of this chapter deals with various aspects of pza 5 tightness of a
certain class of OVOEPs in section 6.4.4, formalization of the torus argument
for approximations in section 6.4.2 and non-representation as an edge-factor for
p close to pfh in section 6.4.3.

Exact solutions for Z2 have been obtained via transfer-matriz techniques and

series expansion techniques. We list them and all rigorous bounds we know of,
in section 6.5. This includes higher-depth bounds from chapter 5.

6.1 Reminder on notation

This chapter uses notation from both Shearer’s measure in chapter 2 and poly-
mer systems in chapter 5.

We recall some notation for trees. Let T := (V, E) be a tree with root o.
For v € V, we denote by T the subtree induced by v, that is induced by v and
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all its offspring. This effectively creating a new rooted tree rooted at v. The
level of a node v € V is written [(v) and L(T,n) is the nt" level of the tree. For
n € N, we denote by T|,, the level n restricted subtree of T, which is the subtree
induced by v and all its offspring nodes with I(v) < n.

6.2 A review of the pruned SAW tree interpre-
tation by Scott & Sokal

This section reviews the pruned SAW tree interpretation by Scott & Sokal in
the language of Shearer’s measure. The original is in the language of statistical
mechanics and distributed all over | l.

6.2.1 Exact calculation on finite trees

Algorithm 165 ([ , Algorithm T in section 3.4]). Let T := (V, E) be a finite
tree rooted at o and p € [0,1]V. Define the effective parameters by recursion
upwards from the leaves towards the root:

1
f=q J] —=- (6.1a)

1 _ €
weC(v): qgff#1 w

In particular, if v is a leaf, then ¢ = ¢,. If ¢ is well-defined, then we have
the identity

=) = [] 00— a5 (6.1b)

veV

Remark. The vector 7° is called effective because it lets us treat T like a totally
disconnected graph.

Proof of algorithm 165 by Temmel for q¢ € le The fundamental identity (2.23)
and factorization over disjoint subtrees (2.12) yield

Er(p) = H aUV(T"’)\{v}(m'

veV

Hence (6.1b) follows by identifying ¢ with 1 — O (o {v}(ﬁj and remarking
that (6.1a) is equivalent to the fundamental identity (2.23). O

Proof of algorithm 165 by Scott & Sokal. The proof uses by induction over the
cardinality of V. If V = {v}, then €(v) = (). Hence ¢ = ¢, and 1 — ¢ =
1 — g, = Z1(p). For the induction step suppose, that Vw € €(0) : Eqw(p) =

Huevmrw)(l —q"). Then

[Ta-am

veV

R

wEL(o) veV (Tw)

1
=1 II == I II 0-a"

weC(0): qff#1 G weC(o) veV (Tw)
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T II o II  II (-

wEE(0) vEV (Tw) weC(0) veV (T¥)\{w}
= II e=®-a IIT II 1II Q-
we€(o) weC(0) ue€(w) veV (Tw)
= H ET“’Z;)7QO H H E"]I‘wm
weC(o) weC (o) ue(w)
= Eav\{o) (P) — doEc(v\N: (o)) (P)
= Z1(p).
O
Proposition 166 (| , theorem 3.2]). Let T be a tree and ¢ as in (6.1a).
Then ) B
7O & 0<q¥<T. (6.2)

Proof by Temmel. We identify ¢ with 1—a1{/(Tv)\{y}(ﬁ) and remark that (6.1a)
is equivalent to the fundamental identity (2.23). Thus (6.2) follows from (2.24).
O

6.2.2 SAW trees

Let G = (V, E) be a graph. A path or walk P :=7Tg... vy, is a finite sequence of
nodes such that v; «~v;11. We call n the length of the walk P. If we also allow
v; = V41 then P is lazy, while if we demand v; # v; for all 4, j € [n]o then P is
self-avoiding. Let W(G) be the set of all finite length walks/paths on the graph
G. Let SAW(G) be the set of all finite length self-avoiding walks/paths on G
and let SAW (G, v) be the set of all finite length self-avoiding walks/paths on G
starting at the vertex v. We define the prolongement operator by

Pww =01 . . o,w if v, w~w
P else.
(6.3)

The self-avoiding walk tree Tsaw(g,0) := (V', E') of G rooted at o has nodes
V' := SAW(G,0). A path P € V' is the parent of a path @ iff there exists a
w € V such that P~w = (. Hence the root of Tsaw(g,o) is the path o and
L(Tsaw(G,0)> 1), the n'” level of Tsaw/(a,0), consists of all the self-avoiding paths
of length n in G starting at o.

~t W@NV%W@)MHMWW:{

Definition 167 (| , section 6.2, page 68]). For every self-avoiding path P :=
0v1 ... U, € SAW(G, 0) choose a total order <p of its children in Tgaw(g,0)- The
set of spurned vertices S(P) of P is then the set of smaller possible extensions
of the parent of P:

)0 ifP=0o
5(P):= {{w eV :Qww=<gQwv} if P=Qwv. (64)

Define the pruned self-avoiding walk tree Tsaw(a,0) of G based on o by pruning
P :=0ov; .. ov, € SAW(G,0) and all its children from Tsaw(q,o) iff 31 < i <
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J < n with v; € S(ovr..-7;). In other words, P € V(Tpsaw(a,0)) iff
Vi<i<j<n: v; ¢SO ) d{v}. (6.5)

The graph G is a tree iff G = TSAW(G,O) = TpSAW(G,o)-

6.2.3 Tree interpretation

The following result originates in | , section 6.2]. It is the result an unfolding
procedure motivated by the recursive nature of the fundamental identity (2.11),
which creates the pruned SAW tree.

Proposition 168 (] , (6.9)]). Let G := (V, E) be a finite, connected graph.
Choose a root o € V. Fiz Tpgaw (o) := (V', E") by fizing the ordering among

children in SAW (G, 0). For p € [0,1]V, define the vector p € [0, I}V, by
Voo eV': (oo i=0qy. (6.6a)

Define the accepted pair (0...0,v) associated with the path 0...0 by

VooeV' : Ao uv) (6.6b)
weGu wEGT
That is A(0-.-0) are all vertices not visited or spurned prior to reaching v. In
particular v € A( ) and A(0) =V. If § € QF, then
Vo veV': cj%:l—a;(m)(ﬁ). (6.6¢)

Proof. We prove (6.6¢) by induction over the cardinality of V', upwards from
the leaves. If 0.7 is a leaf in Tpg AW(G 0), 1.6. a maximum pruned SAW, then
v is isolated in G(A( —)). Hence ajj (P) = py. By algorithm T 165 we
have

(o)

Afﬂu:‘jﬁz%zlfpvzlfaa(o v)(ﬁ)~

For the induction step let P := 0...v € V' be a non-leaf node. Sup-
pose that (6.6¢) holds for all extensmns P~w € V'. They are all children
of P in Tpsaw(a,0), hence we enumerate those w as {wi,...,wy,} such that
Wy < PpWm—1=<p ... wWa<pwi. Let P; := P~»w;. Then algorithm T 165 yields

g
171 _
=gqp H T by (6.1a)
i=1 2
m
1
=gp o induction step
U= @
i 1
=q o by (6.6a)
g @a(p, (P)
1 1
=qy i as A(P;) = A(P)\ {v,w;,...,wn}
H aA(P)\{v,wi,...,wm}(ﬁ)
=1—alp) D) by the fundamental identity (2.23).
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Theorem 169 (| , (6.12)]). For all choices of o € V and orderings among
children as required in definition 167 we have

7eEPS = pe P Tosaw(s, o) (6.7)

where p is defined as in (6.6a).

Proof. Fix o and Tysaw(a,0) = (V', E') by fixing the ordering among children
in V' as required in definition 167. Equation (6.2) tells us that q € QT AW (Co0)
iff 0 < ¢ < 1. By (6.6¢) this amounts to:

VP=oweV': 0<@p =1-ayp@ <1l & ap@ €o1].

(6.8)
Ifqge Qéh, then o}, () > 0 for all (W, v) and the rhs of (6.8) holds. Hence
q e o . On the other hand, for every (W,v) there exists a pruned

TpsAW (G, 0)

SAW tree and node Py, in that tree such that A(Pyy,.)) = W d {v}. If
je oy eaw (G0 Uhen afy (p) €]0,1]. Hence VW C V, W independent, we have

Eqw)(p) > 0, which by (2.14) is equivalent to ¢ € QsGh O

6.2.4 Inequality of arithmetic and geometric means

This section recalls some analytic facts needed in section 6.2.5.

Lemma 170 (Generalized AM-GM inequality | , 59.1]). Let £ > 0 and
a > 0 be two vectors of length n. Let a:= Y | a;, then

n n 1/a
S (1)

with equality iff & = x1, for some x > 0.
Proposition 171. Let o, > 0 and fop: 2 +— (1 LIfl1>x2 >y >0, then

fap(x) > fap(y)-

Proof. 8'2‘*f (2) = = Z)QH >0and & fa L(2) = (Oi(_a:gi)@ > 0 for z # 1. Hence
fa,p is strongly convex. O

Z

6.2.5 Tree homogenization bounds

The following propositions show first how to homogenize effective parameters
of a tree at one level in proposition 172 and then how to extend this to the
average of a finite nuber of levels in proposition 173. It all boils down to four
applications of the generalized inequality of arithmetic and geometric means in
lemma 170 to bound means of geT

Proposition 172 (] , Proposition 3.3]). Letl; := |L(T,)| and g; := liy1/1;.
1/
For ¢ € [0,1)V define ()2, by q; = (HUEL(T,i) qv) . Define (G;)2., recur-
siwely by Gp := dp and (while Gi11 < 1)
. qi
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If there is a level i such that §; > 1, then ¢ & QOSh,
Proof. Let ¢ be as in (6.1a). Define ()2, by

’L
1/1; 1/1;

q—icf'f — H q Ucﬁ" — H dv

_ geff
veL(T,s) veL(T,i) HwEQ(v)(l dy )

di
1/li :
(HvEL('ﬂ‘,i+1)(1 - qz?ff))

Two applications of the arithmetic-geometric mean inequality (6.9) result in

1/li+1
€ 1 €
H (1_qvff) Sl_l Z QUH
veL(T,i+1) Tl e n(T,i+1)
1/li41
<1l- H qfﬁ =1- (jzefl ’

veL(T,i+1)
which in turn implies that

zeff 5 di

L T a7 (6.11)

This has the form fg, 4, from proposition 171. Note that (jf) = ch = qb. Apply
the inequality from proposition 171 recursively to see that (g=T)2, > (4;)2,.
If there is a level ¢ such that qfﬁ” > §; > 1, then proposition 166 asserts that
q¢ Qi 0
Proposition 173 (] , Proposition 3.4]). We extend the statement of propo-
sition 172. Fiz 2 < k < D and choose G € [1,00[. Let ; :== 1;/G* and y; ==

L » 1/7vik
Zzt]f 1’yj For ¢ € [0,1]V define (Gix)25 " by Gy = (H;'Hi 1q]%) .
Define (Gik);2 ‘H k recursively by § GD+1-kk = GD+1-kk ond (while §it1, < 1)

Qi k

Gi g = A (6.12)
If there is a level i such that §; , > 1, then ¢ & QOSh_
Proof. Let ¢° be as in (6.1a). Define (7 DI by
i
itk—1 At
= (a;")
Jj=t
itk—1 7 2\ i
= (e by (6.11)
jl_[:i <(1 B q]+1) >
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i+k— _off g
(H;; 1(1_q]9f1)gng)

- ik T e T
TN = e )@ 489705 =17 Ga = P = G
J=1 J

Two applications of the arithmetic-geometric mean inequality (6.9) result in

i+k—1 i+k—1 ~y
—off \yji1/7i L _eff
H (1- qj‘_3+1)’YJ+1/’Y Lk <] - 4 qj?+1
=i = Yi+1,k
i+k—1 /
_eff \Vi+1/Yi+1,k _eff
<1- 1T @) =1-q%,
Jj=1
which in turn implies that
ik

—eff
q; K > o G, .
(1 _ qi+1,k) Yit1,k/Vik

This has the form f, g with @ = Gv;411/7vir and f = @ from proposition
171. Note that cjgf_ﬁ_l_hk = (pt+1-kk = D+1—k,k- Apply the inequality from
proposition 171 recursively to see that ((jf;g)lggl_k > ((ji7k)i';'61_k. If there is a
level ¢ such that (jﬁ}? > Gi k> 1, then there is a level j € {i,...,i + k — 1} with
(jfﬂ > 1 and proposition 166 asserts that ¢ ¢ Q3. O

6.2.6 Growth number bounds for homogenized trees

This section extends section 6.2.5 to the infinite case. Define the upper growth
rate of a tree T rooted at o by

gt(T) := limsup | L(T,n)|*/" . (6.13)

n—oo
The infinite necessary condition on ¢ is

Theorem 174 (] , Proposition 8.3]). Let T := (V, E) be an infinite tree
rooted at o € V. Let G := gr(T) and Vi € N : [; := |L(T,¢)|. Every vector
g€ [0,1]V satisfying

1/1;

G¢ ) _
veL(T,:)

is mot in Q.

Note to self: Because you seem to take too long to get the inequalities right:

B := br(T) < gr(T) =: G, hence (B+?)j(53+1) > (GJF%C:GH) and the branching

number br(T) can never play a role.

O

We start with two technical propositions:
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Proposition 175 (| , Lemma 8.5]). Let D > 1, let go,...,gp—1 > 0 and

1/D
define G = (Hfgl gi) . Let Q > 0. Suppose there exist qo,...,qp € [0,1]

satisfying
Q

(1= qit1)9 (6.152)

Vie{0,...,D—1}: ¢ >

and
go < ¢p. (6.15D)

G

ThenQ<m

Proof. When D =1 then (6.15) yields
Q<q(l—q)” <q(l—q)”
hence @ < (GJr%% as G = go and by applying proposition 52.

If D > 1 then define weights y; = (HJ Og]) /G for i € {0,...,D} and let
= Zl 0 ! 4;. Note that 79 = vp = 1. Define

D—1 yr D
(i) o (i)
i=0 i=1

The discussion in the proof of proposition 173 implies that

1T

On the other hand, as ¢y < gp and vy = vp = 1 we have

D—1 1/T D—1 1/T

i=1 i=1
Conclude by applying the argument for D =1 to ¢y and §. O
Proposition 176 (] , Lemma 8.4]). Let (g;)2, be a sequence of positive

real numbers, let G = limsup;,_, . (go - - -gD_l)l/D and let Q > 0. Suppose there
exists a sequence (q;)52, satisfying

. Q
Vi: 0<¢ <1 and ¢q>-——-, 6.16
(1= gi+1)” (6.16)
then @ < W
Proof. 1f Q > m then choose for € > 0 a H < G such that
~ HH G
Q= e ¢ (6.17)

T+e  (H+)ED (G ner
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This is possible by (2.51¢). Since G > H we can find indices (i,,)men satisfying
1<iy <ig<ig<--- and
T
Ym: [[ gi>Hme i (6.18)
i=im 1
As @ > 0 and by (6.16) we see that Vi : ¢; > ﬁ > @ > 0. Now, if
VmeN:gq, > (1+¢)qi,,,, then

o . diy
< i< —_— =

0<@< lirrzrig?of ¢, < lgglglof Atom 0,
a contradiction. Hence there must be an index M such that ¢;,, < (14¢)gi,,.,-
For ease of notation we now let D = ipr41—iar, let §; = ¢;,,+i for j € {0,...,D}
and let b; = g;,, +j for j € {0,...,D —1}. Now (6.16) translates into

Vie{o,...,.D—1}: ¢ > Lb

(1= qj41)

Furthermore ¢y < (1 + ¢)¢gp. If we set ¢; = §; for j € {0,...,D} and gy =
do/(1+¢€), then

vjef{0,....D—1}: ¢ > %
(1=qj41)™
By proposition 175 and (6.18) we get that Q < %, while (6.17) asserts
that Q > % Hence a contradiction and Q < (GJF%% O

Proof. Proof of theorem 174 Suppose ¢ € Qo%h and fulfils (6.14). Then
VDeN:qe Q.

Define g; = li1/l; and (¢\”))3, by
A ifi€{0,...,D—1}
(o _ ) 0"
% " =3\aqp ifi=D
0 else.

It follows from the proof of proposition 172 that on T|p
(D)

Vie{0,....,D}: 0<q~) <gf<1.

Furthermore, by the monocity of f, g in proposition 171, we have
VieN: q; = limsup(jZ(D) <1,
1—00

where (§;)$2, fulfils the inequality

qi > Q
(1= Giy1)9 = (1 = Gsy1)9

From the inequality we can deduce that (1 —¢§;)% > Q >

VieN: g =

G
% > 0, hence

G+1

1/gi
g < (1 — (C;Jr%%) < 1 for all i € N. The statement now follows from
proposition 176. O
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6.3 Building on the pruned SAW tree interpre-
tation

This section shows some applications of the pruned SAW tree interpretation
from section 6.2.3.

6.3.1 Monotonicity under adding edges

We first extend theorem 169 to the infinite case. Then we use it to show mono-
tonicity of the various quantities connected to Shearer’s measure under adding
edges, something that we have not been able to do in chapter 2. In the same
vein we treat covers of graphs in proposition 179.

Proposition 177. For every graph G := (V,E), all choices of o € V and
orderings among children as required in definition 167, we have

L > T R
PEPS & peP NG (6.19)

where p is defined as in (6.6a).

Proof. This is a direct consequence of theorem 169 and the definition of PSC}; in
(2.34D). O

Proposition 178. Let G := (V, E) and G’ := (V, E’) be two graphs sharing on
the same set of vertices. The set of admissible parameters and the OVOEPs are
monotone in the edges. Formally

ECE = PSS 2PS . (6.20a)

Writing («) for the OVOEPs with respect to G', we have

V(W) e PG aly () = (o) (). (6.20b)

Remark. This proposition adresses the points made after propositions 21, 32
and 26. See also lemma 117 for a proof via cluster expansion.

Proof. We prove proposition (6.20a) by induction over the cardinality of E'\ E.
Thus we regard the case E'\ E =: {e =: (v, w)}. We construct both Tpgaw(c,v)
and T,gaw(cr,») using the same local orders, extending all <p with P ending
in v to include v and vice-versa. Therefore Tsaw(c,0) < Tpsaw(ar,v)- A bigger

tree implies more constraints on ¢, thus PSGh ) PSGh/ . This proves (6.20a).

To show (6.20b) again add just one edge e := (u, w). The crucial case is v = u
and w € W. With {wy,...,wn} = WNN(v) in G and {w,w,...,wy} =
W NN(v)in G' we have

ayy (P)
=1- v
Hi:l atl:lj}\{v,wprl,m,wm}(m
<1- v

m i
a%\{v,wl ..... Wy } Hi:l a%\{v,wi+1,...,wm}(m
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= (aw)'(P) -

If {u,w} € W {v}, then (W,v) is unaffected by the presence of e. If {u,w} C
W then use simultaneous induction over all v with respect to the cardinality of
W over all such (W, v). O

Proposition 179. Let G be a cover (in the topological sense of 1-complexes)
of a connected graph H, then ng < pfh.

Remark. The lifting is inspired by the comment in | , example 8.4 on page
87].

Proof. Fix o € V(H) and let 0 € V(G) be a lift of 0. For every vertex in
Tpsaw(a,0) lift the path it represents into Tpsaw(q,s). We choose as the total
ordering among children in T,saw(g,5) an extension of the total ordering in
Tosaw (#,0)- Hence Tosaw(#,0) < Tpsaw(a,s)- Use (6.19) and (6.20a) to get

ThsAW (H,0) Thsaw(a,s)
p ,0 P 6
< P

H G
Psh = Psp, = DPsh -

6.3.2 A necessary condition for admissibility

The necessary condition on ¢ in the case of trees in theorem 174 translates into
the following bound for arbitrary graphs

Theorem 180. Let G := (V, E) be an infinite graph. Let g := gt(Tpsaw(a,0))s
for some root vertex o € V and choice of orders as in definition 167. Then

g
P > 11— ( g (6.21)

g+ 1)(g+1) ’

Proof. We use the bijection from (6.19) along the homogeneous cross-section
Thsaw(G,o)

and see that p&, = D, . Conclude by applying the upper growth number
bound (6.14). O

6.3.3 An inductive partition scheme dual to Scott & Sokal’s
pruned SAW tree interpretation

This section is dedicated to a modification of Ret, such as to become dual to
the tree-interpetation of the optimal bound for nonnegativity of Z,, reviewed
in section 6.2.3.

Recall that the tree-interpretation uses an unfolding of the partition function
via the fundamental identity, choosing for each application of the fundamental
identity an arbitrary total order of Z*(y). Then the rhs of the fundamental
identity is developed according to the ordering.

The same concept, applied to Ret and the cluster level would be to use this
total order (like in the tree-interpretation chosen arbitrarily for each path in the
history) every time we branch into a non-same component: only retain those
vertices as candidates, which are the tallest children for their potential parents
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in the boundary. This implies that all the smaller siblings of the chosen parent
become forbidden, too, mirroring the pruned SAW tree interpretation on the
polymer system level.

Let I be a finite, totally ordered set. Given 56 Pl we let G := G(g) and
assume that it is connected, that is it is a cluster. We present an inductive
partition scheme Dual adapted to clusters. The static information comprises
the total order on I, the structure of G as cluster of f_: the choice of root 0 € T
and, for every P € SAW(P) ending in v, a total order <p on Z*(7).

Algorithm 181 (Dual exploration). Let H € Cg. For every k let Hy, Ty, U,
By, and Py be as in algorithm 135. The missing parts to construct Hy41 from
H,, are:

To i € Ty, we associate the polymer walk given by
w: I —=SAW(P) w(i) = (&)jepr(o,) - (6.22)

The polymer walk w(i) may be lazy. The non-lazy version w(i) of w(i) removes
repetitions of the same polymer. Define the accepted set A(i) of i as

Ai) == A(@(i)). (6.23)

Call an edge (i,5) € E(C N Py, Br) N E(H) accepted (or A) iff & € A(j)
and rejected (or R) iff & ¢€ A(j). Likewise call a vertex i € Py, rejected iff all
such (7, ) are rejected and accepted iff there exists such an accepted (4, ). Fi-
nally we say that a connected component C' of Hy|y, is rejected iff all vertices in
CN Py, are rejected and accepted iff C'N Py contains at least one accepted vertex.

If C is an R connected component of Hy|y,:
(dba) SELECT C'N Sy :=C N Py.
(dia) As E(By, (C N P)\ (CNSk)) =0. Thus REMOVE nothing.
(dpa) For i € C'NSy, let j; := argmin{j € By : (i,j) € E(Hy)} and SELECT
(4, ji)-
(dua) For i € C N Sy, REMOVE all (i, j) € E(H,) with j; # j € By.
(dca) REMOVE all of E(C N S;) N E(Hg).
If C is a A connected component of Hy|y,:
(dbr) SELECT CNS,:={ieCNP:iis R}
(dir) REMOVE all of E(By, (C'NP)\ (CNSk) N E(Hy).

(dpr) For i € C NSy, let j; := argmin{j € By : (¢,j) € E(Hy) is A} and SE-
LECT (i, j,).

(durr) For i € C'N S, REMOVE every A (i,j) € E(Hy) with j; # j € By.
(dura) For i € C' NSy, REMOVE every R (i,5) € E(C NSy, B;) N E(Hy).
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(der) REMOVE all of E(C N Sy) N E(Hy).

The construction mirrors the one in the exploration algorithm 151 for Ret.
Replace same S and different D with rejected R and accepted A respectively.

Algorithm 182 (Dual tree edge complement partition). Let T € Tg. Let Ly
be the k" level of T. We have again a status function

A ifie A(p(i))
R ifig A(p(i)).
Do the same construction for equivalence relations and equivalence classes on

each level of T as in algorithm 153. This yields a tree structure on equivalence
classes.

s: I\{o} = {AR} i—>{ (6.24)

Let 0<k<l,j€ Ly, i€ Lyand e:= (i,j) € E\ E(T). Then e € Apyua(T)
iff one of the mutually exclusive conditions (6.25) holds:

Uy = [iay (6.25a)

1>2 A [l € Ploloy, ()]a—z) A & £ AG) A S(C)= A, (6.25b)
where C' € P([j]), [p(i)]—1)) the unique class with p(C) = [j](x),

F2 1A [l = plilw) A &G € AG) A s(i) = A A j>p(i), (6.25¢)

L2 1A [l = i) A &G & AG) A s(i) = A, (6.25d)

L= 1A [y =p(ida) A& & AG) A s(i) =R A j>p(i). (6.25¢)

Remark. Of particular importance are the deep edges in (6.25b). This is where
we use the particular structure of G(g) Paths in the tree returning to a pre-
viously visited or spurned polymer find here always an admissible edge to add,
thus excluding the tree from Tpua (G(E)).

Proposition 183. The map
Dual: T —Cq T Dual(T) := (I, E(T) ¥ Apya(T)) (6.26)
is a partition scheme of G with [T, Dual(T)] = €5 ,(T).

Proof. The proof is the same as the proof of proposition 154. We have again
two clases and the is given after the dual exploration algorithm 181. O

= =

Proposition 184 (Properties of Tpuai(G(€))). Let T € Tpuar(G(§)) and let C;
be the set of children of i in T. Then

|Ci| = (6.27a)

(supp 50) \ {&} is an independent subset of T*(&;) (6.27Db)
VkeNg, i€ Ly: supp ﬁi](k) is an independent subset of P (6.27¢)
VieI\{o}: iisR = & &supp&popay \{&i} (6.27d)

VieI\{o}: iisR=&¢ |J {e€T&%u): e <anu)n &l
j€P(0,)\{o}
(6.27¢)
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Proof. This proof is the same as the proof of proposition 155, with the same
modification as in the proof of proposition 183. The lazy self-avoiding (6.27d)
and pruned (6.27e) properties of the polymer level walk from the root are a
consequence of the deep edges (6.25b). O

Comparing the pruned SAW tree property (6.5) with (6.27¢) and (6.27d),
we see that p(,,) is a lazy, pruned self-avoiding path with respect to the same
family of orders indexed by SAW (P).

6.4 Cayley graphs of Z¢

This section focuses on a Cayley graph G of Z¢, finitely generated by an asym-
metric set S := {$1,..., 54, } of cardinality k. This implies that

Viezd: N(@) ={f+5:5€S} A |N(@)|=2k¢q.

The graph G is translation-invariant under the natural action (translations) of
VA

6.4.1 Subtrees of pruned SAW trees

In this section we determine subtrees of pruned SAW trees amenable to analysis.
This yields upper bounds on g, for the pruned SAW trees containing them and
subsequently for G. We introduce translation invariant separation orders and
use them to construct three such examples of subtrees: the vectorized pruned
SAW tree in section 6.4.1, the dimensional pruned SAW tree in section 6.4.1
and the stacked pruned SAW tree in section 6.4.1. This leads to general upper
bounds in theorem 187 and the precise asymptotic behaviour for Z¢ in theorem
192.

Proposition 185. Let T be an infinite subtree of ']I‘pSAW(G 5 with respect to
some orders as in definition 167. If g := gr(T), then

gg

G
dsh < (g + 1)(g+1) . (628)
Proof. Theorem 180 asserts that
¢ _ Tosaw(a,o) < T — g°
dsh = 9sp, S Gsp = (g n 17)(g+1) .
O

Definition 186. We call a vector 0 < @ € R? with Q-linear independent entries
a separation vector of dimension d. It defines a total separation order <z on Z?
compatible with addition

T<zy < (d,%) < {a,7). (6.29)

This order divides the neighbourhood of a vertex into two hemispheres:

viezt: N@T) ={#+5:5€SuS5,(d@ 35 > (<)0}
={FeN@) : (@7 < >)aD}. (6.30)
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Let P:=ap...7, € W(G) and §€ Sw S~!. The extension of P by a step
in direction § is written as

PEF=0...80(F0 + i) = Pv(Z, + 9).

We combine rooted trees with the binary, non-commutative, left-associative graft
operation T1®Ts, grafting Ty onto Ty by regarding T;’s root as a child Ts’s root.

If a tree T is defined by a finite recursive equation (ignoring depth), then
the growth rate gr(T) exits [ , section 3.3] and is equal to its upper growth
rate:

gr(T) := lim |L(T,n)|"™ = gx(T).

n—oo

Vectorized pruned SAW tree

A first estimate. Inspired by and generalizing | , example 8.3, page 89]. It
has the disadvantage of not being asymptotically tight, which is achieved in
section 6.4.1).

Theorem 187.
ka™Ce

o T (6.31)

psGth—

Definition 188. Let d be a separation vector. Define the vectorized, pruned
SAW-tree Tl (P) of G rooted at P € SAW(G) recursively by

TVSAW( ) =G{P}Ho @ TVSAW(PWZ/) (6.32)
geN (0)F

Proposition 189. The tree Tl (0) is a subtree of some Tosaw(z,6)-

Proof. For Q :=Tg..- T € W(G), define Q; := To..-z; and a(Q) := (a,25,).
Define the positive self avoiding walks by

SAW (G, 20)t == {To. T € W(G) : Vi€ [n] 1z —2n_1 € N(0)'}.

They are clearly self-avoiding as a(Q);) is strictly increasing in j for every @ €
SAW(G)*. It follows from (6.32) that

V(Tisaw (0)) = SAW(G.0)" (6.33)
For P € SAW(G,0)* and &,7 € N(0)" define a total order <p by
PLE<pPLy o @<ay. (6.34)

By the identification (6.33) <z is a total order on the children of P in T\ (6)
Let P := 0%, ... %, € SAW(G)t with n > 1. Le

C3

@ € SAW(G,0)" \ A(P) = [ J{ P} US(F)) -

7=0
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We want to show, that for every § € N'(0)*, P # Q. If this holds, then

g AW( ) fulfils the pruned SAW tree property (6.5) with respect to <p from
(6.34).

By the above choice of Q we have j € [n — 1] and either 77 € N(0)* with
Y=aZjr1 — Lj or = 0, such that Q = P; j»ﬁ. It follows, that

a(Q) = a(Pj) + (@, 9) < a(Pjy1) < a(P)
and P # Q. O

Proof. Proof of theorem 187 The tree T,y (P) is a rooted, regular rank kg
tree, therefore gr(T% w(P)) = kg. Conclude by proposition 185. O

Dimensional pruned SAW tree

The idea is that for m consecutive steps we always step in a new dimension, then
forget everything except the dimension chosen in the first step and reiterate.
This way we guarantee that at each step we have at least 2(d — m) choices,
except in the forgetting step. This tree is a subtree of the much more general
stacked, pruned SAW tree (6.41), of whom it keeps the essential properties.

Definition 190. Fix 0 < m < d. Let S := {&1,...,84} and C := (c1,...,¢)
a stack of elements of S'W S~! pictured growing to the right. Define the free
coordinates F(C) of C by F(C):={i€[d]: +6; € C}. Define the dimensional,
pruned SAW tree TdSAW( ) of depth m of Z? rooted at P € SAW(G) and
indexed by the stack C' of committed directions recursively by

m,CW{&;}
G{PHe () Traw ™ (P+e)
i€I(C) .
if |C] <m
Tighw(P) = o O RS poe) (6.35)
i€I(C)
G{P) o TS (pLe,) else.

Proposition 191. The tree ']I‘dSA;,v (8) is a subtree of some T w745

Proof. Tt follows from (6.35) that every stack C := (c1,...,¢) contains | dif-
ferent vectors and [ < m. Hence we can define the total order << on S S™!
by

—c1 <o = —C =R e <o <c - =<ccq-
{£€;:i€I(C)} arbitrarily ordered
B B (6.36)
Let 0 # P := 0%...%, € V(TR (0)) with n > 1 and let Cp :=
(c1,...,c) be the stack at the time P was reached in the recursion (6.35).
There exists a kp € Ny such that the relation n = kpm + I[p holds. We also

define the total order <p among all possible extensions (not only self-avoiding
ones) of P by

PEi<pPEy e & <c, 7. (6.37)
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The walk P increases its d" coordinate exactly every m'" step. Let P; =

0.. .Z;. Hence for every 0 < j < (kpm A n) — 1 we have in the dt" coordinate

—d _ =d  _ =d
TG < Ty = Ty -

For every C appearing in (6.35) we always have 8; € C' and —&, ¢ C. Hence

- ~1 - - = S o ~d | ~d _ =d —d
Vye SwS y<chxj+1—xj:>y7éed:>xj+y < Tppom =Tp,

hence P ¢ S(Pj). In the case of kpm < j < n — 1 we see that our total order
=Cp, remembers the directions committed to and puts them always highest.

Therefore the same reasoning as in the d* coordinate applies:
ng’e SwSt: :lj%cpj fj+1 —fj =: e’:‘jé'ij
=y {éd} (] {Eléil ckpm <1< j}
= Vig F(Cp,): &+ <T VT +i >,
hence P ¢ S(P;). Thus T, (8) fulfils the pruned SAW tree property (6.5)
with respect to <p from (6.37).

O

Theorem 192.
g°

A P
Psh = (g+ 1)e+D)’

where g := {/ Zi;l 2(d—1).

Proof. Rooted subtrees of Tgls’g,f}} (0) with the same |C| are isomorphic under
relabelling of the coordinates and flipping of their orientation. Furthermore

(6.38)

ngi‘ég}(ﬁ) is periodic and we know | , section 3.3] that
_ m—1
er(Tashw (0) = 2(d—1). (6.39)
1=1
Conclude by applying proposition 185. O
Corollary 193. We have
lim dq% = 2% (6.40)

Remark. In the proof we choose m = m(d) to balances two goals: on the one
hand m should grow fast enough to compensate for the missing m‘" term in
(6.39), while on the other hand it should grow slow enough so that the factors
in (6.39) don’t become to small compared to 2d.

Proof. Fix 0 < o < 1. Let m : N - N d — m(d) € [d] be such that
limg_ 0 #ﬁ;) = ¢ > 0. We minorize
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Using that limsup,_, . # =0 and limg_,o m(d) = oo this yields:

-1
lim infﬂ > lim inf [2(d — m(d)] 2
d—oo  2d d—oo

> liminf 2(d — m(d)) lim inf !

d—oo T d—oo  ™(d) Q(d—m(d))
1

= lim inf ( — m(d)) lim inf

d—o0 m—oo ""/2(Cm1/a _ m)

. m(d)\ .. . 1

=(1-1 1 f——>->-—

(1t 70 ) it

1 1/«
= <liminf ) =1Y*=1.
m—oo  Y'm

As g(d) < 2d this implies that limg_, %2 = 1. Use (2.50) to get

. g(d)* . _g(d)  g(d)*
lim d = lim lim
d—oo (g(d) + 1)@+ dsoo g(d) d—oe 2 (g(d) + 1)(6(D+1)
_1 9 _ 1
9 ginéog(g+ 1)+~ 2e’
We know that Wﬁ% > qgj > % and conclude by multiplying
with d and taking limits as in (2.50). O

Stacked pruned SAW tree

This is the original idea underlying the dimensional, pruned SAW tree. It is
more general in the following ways:

e There is no cap on the size of the stack, that is it may grow to depth d.
e One can take more than one step in a committed direction.

e When forgetting committed directions one may only pop some elements
off the stack, instead of all except the bottom-most one.

It is also more complicated to calculate with than the dimensional pruned SAW
tree. We state it only for completeness.

Definition 194. Let S := {&,...,64} and C' := (c1,...,¢) be a stack of
elements of SW S~1. Define the free dimensions F(C) := {i € [d] : +&; &€ C} of
C. Define the stacked, pruned SAW tree TS sy (P) of Z9 rooted at P € SAW(G)
and indexed by the stack C' of committed directions recursively by
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TG aw (P) = G({P})
O Tw (PE 1)
O] ngi{%@)(P Ley)
®...

6.41
© TSSAW(P::CI) (6-41)

o O TP
1€F(C)

© O T (P&,
IEF(C)

Proposition 195. The periodic tree ngi)w (8) is a subtree of some T g avy (74 ) -

Proof. The same idea as in the proof of proposition 191, adapted to the less
restrictive constraints. In short, it is again a dynamic drift argument with

recursion over the dimension d: if C' := (e1,...,¢;) then we have only d — [
free coordinates to choose from and the total orders make the [ coordinates
committed to irrelevant. O

=,

The growth of ']I‘(S ‘“w(0) is encoded (again using isomorphism via relabelling
of substrees with same stack depths) by the largest real eigenvalue of the lower
d x d Hessenberg matrix M (d) with entries

1 ifj<i+tl e j<i
M(d)qg) = 2(d—i) ifj=i+1 (6.42)
0 ifj>i41.

Its characteristic polynomial ps(A) = det(AI — M(d)) fulfils

d—2 d—1
pa(A) = (A= Dpa—1(A) = > pi(N) H (29) (6.43a)
i=0 j=it+1
pa(A) = dpa—1(N) (6.43b)
d—1
pa(0)=—]1(2i—1). (6.43c)
i=1
6.4.2 The torus argument
To justify taking the limit in the transfer-matriz approach by Todo | ] and
Guttman | ] a torus argument is used. The proof of this argument itself
is always missing, though. We give a rigorous proof of this argument, following
the outline in | , example 8.4 on page 87]. For background information see

the connection with analyticity in section 5.2.3.

Proposition 196. Let G be the cover of a graph H by the action of a subgroup T’

of Z¢, then pl < péh If {T'n},en @ sequence of subgroups of 7% such that their

fundamental domains are growing and exhaust Z¢, then we have lim,,_, oo pg{‘ =
G

Psh-
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Proof. The first part is a rephrasing of the cover proposition 179. For the second
part let B, := [-n,n]? and G,, := G(B,,) the subgraph of G on the at 0 centred
cube of side-length 2n + 1. As the fundamental domains exhaust Z? we have

VneN:IM=Mn)eN:YVm>M: G,<H, = ¢+ <q5".
Putting it together with the first part we get

lim p_y Hum <péh_ hrn 0 pgy Gn < hm Dopr Hun

m—» 00

6.4.3 Construction as an edge-factor

If we regard the intrinsic construction from section 2.6.1 in the particular case
of G := Z (with nearest-neighbour edges), then we get a particular kind of
zero-one switch on each edge (see figure 2.1, but for K = 1). A natural idea is
to put such a switch on each edge, thus inhibiting its endpoints to ever realize
in 0 simultaneously. Model 200 shows, that this is possible, but proposition 201
only for high p and not for all of [p& , 1].

Definition 197. Take a regular graph G := (V, E) with degree D. Let YV :=
{Yo}yev and X := { X}, be processes, with X, being identical X-distributed.
We call Y a edge factor of X on G iff there exists a measurable function f from
XP and bijective index functions {indy}, oy with ind, : [D] — N (v), such that

VoeV: Y= f(Xwindy(i)il1) - (6.44)

Definition 198. Let G := (V, E) have uniformly bounded vertex degrees. An
orientation O is a function £ — V', mapping each edge to its endpoint, yielding
a direction for the edge. For an orientation O, we define the in-and outdegrees
deg;n, degoy: © V — No. We also have

D™ .= min {deg,,(v) :v € V}  D* .= max {deg,,(v) :v eV}
D™ .= min {deg,,,(v) : v € V} DT := max {deg,,(v) ;v € V}.

out out

(6.45)

3 1 3 maxr .__ min __ max max . mwn __

If they coincide we write D% ;= DIMin = DMar a5 well as DT := DMin =
Dmam
out *

Proposition 199. Let G a connected graph admitting an orientation with either
Dmer =1 or DT'%* = 1. Then G is either a horocyclic tree [ ] or a finite

out
size circle with trees branching out from that circle.

Proof. Using symmetry we just consider the case D]»** = 1. Draw the oriented
graph given by the orientation, then along a dlrected path you either return to
your node (possible for at most one circle because of connectedness) or branch
out without ever coming back (the tree parts). O

Model 200. Take a graph G with maximum vertex degree D. For a given
mazD maz a.
orientation O let D' := Do 4 Dmaz_ For p e [1 — 24 oD ,1] let

out DID/

¢ be the bigger solution of ¢ = cPout’ (1 — ¢)Pin™" = hpmas D= (c ) (2.49). We

out

construct pqp, as a factor of a BPF on the edges of an extended G := (V,E)
with parameter c.
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Proof. For v € V we have D% edges oriented towards v. Add D" — D%
phantom edges leading from v out to one common phantom stub node (which
we do not care about). Proceed likewise for D3* ~and edges oriented away
from v. After having this done for all of V', create a BPF Hf/, where c as above

and F’ := E'W {phantom edges}. Create a BRF Y := (Y, )yev by

VoeV: l—Y,U::( I1 Xe)( 11 (1—Xf)). (6.46)

e€Out(v) f€In(v)

The independent sets in G and G’ are the same. For an independent W € V we
have Yy ~ HZV. Along each edge we have a zero-one switch: for e = (v,w) € F
oriented v — w the term X, appears in Y, and (1 — X,) in Y, hence the
products in (6.46) can never be simultaneously be 1. Thus Y, and Y,, never
realize in 0 simultaneously. The characterization (2.8) asserts that Y is pug p-

distributed. O
Proposition 201. Let G := (V, E) be a D-regular graph and Y := {Y,}, oy ~
ptap- Then forp <1 — (D*jlj# we cannot write Y as an edge factor of an

iid field of Uniform([0, 1] )-distributed rvs X := {Xc}, c -

Remark. The non-realization result of proposition 201 takes inspiration from
[ , section 3], which treats 2-factors on Z. It should not come as a
big surprise - the construction in model 200 does not even take the structure of
N (v) into account.

Proof. Suppose that Y is an edge factor of such an X. Then there exists
{ind,},cy as in definition 197 and 0 # A C [0,1]” measurable such that

YoeV: YU = ]IAC((X(v,indv(i)))i';l) .
For i € [D], define the index collection I(i) € P([D]) with
I(i) :={j € [D] : Fv,w € V :ind,(j) = w},

the marginal integral F; : [0,1] — [0, 1] with

Fi(x) := // La(yi, - Yi-1, %, Yit1,- - yp)dy1 - - - dyi—1dyiv1 -+ - dyp
and the marginal support A; by
Ai = {J} S [O, 1] : FZ(J?) > 0} .

If v~ w with ind, (i) = w and ind,, (j) = v, then we get

0=PB(Y,=0,Yy=0)= [ Fya)F(x)de = / Fi(2)Fy(w)da
[0,1] AiNA,

Let A be the Lebesgue measure on [0, 1]. We have
iel(j) = AinA=0 A—as. = A CA] A—as.

Hence Vi € [D] : i € I(i), as A; NAS =0 M-a.s. .
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As it is obvious that Vi € [D] : () # I(i) # [D] and we have just shown that
I is antireflexive and symmetric, we can define a graph with vertices [D] and
edges given by I. Deleting edges in this graph equals discarding restrictions on
the A;, hence we consider only the case of spanning forests where the component
trees are stars Si,...,S), each of size at least 2. Let ¢; be the lowest-index
vertex in the star S; and 2 < D; :=|S;| < D. We get

A
= ==
1
=
Mm
=

P(X (v,ind, (i) € As)

IA
&zb

ﬁ
Il
-

Il
=

P(X (y,ind, 1)) € Ai)

I=1i€S,

M
<TTP(X v inau i)y € Ai)[L = P(X (v indy (ir)) € Ai)] P

=1

M M

D, — 1)(i—1)

<117 w3 Di=D

=1 D =1

D — 1)1
< % applying (2.51a) recursively.

O

Another fact, using the notation from the proof of proposition 201, is that
Vie[D]: q= / Fi(x)dx < M(4;) =: a;,
A

whereupon we easily deduce that 0 < a; < 1. Using a measure-preserving
transformation T; : [0, 1] — [0, 1] with T;([0, a;[) — A;, we write

P(Y,=0)=P(Ni€[D]: Xuina) €T (4)).

This amounts to, after retransformation in each coordinate, defining a Shearer-
edge-factor by a subcube of [0, 1]P of length a; x ... x ap, which describes the
0O-realization in the corresponding Y.

Proposition 202. Let G := (V,E) be the Cayley graph of a group T with
respect to the finite generating set S = {ai1,...,ap}. Assume that no element
in S has order 2. Then we can write ug,, as an edge-factor of Bernoulli rvs

with parameter c, the solution of ¢ = cP(1 —c)P, iff p € {1 — (%)2[) , 1} .

Remark. Care has to be taken if one of the elements of S has order 2. Let

T :={a€ S:ahasorder 2} and F := |T|. If T # S, then the construction

DP(D—E)P—B)

@D-E)P B

of T an arbitrary direction. Finally, if 7= S, then we have a tree of degree D,

(D—1)(P—1
DD

works down to 1 — by giving each edge labelled by an element

in which case the construction works down to 1 — and is isomorph
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to model 58, the optimal case in proposition 201.

On Zy,y, the k-fuzz of Z, and for k > 1 we have the situation, that for

q < (,H_lk)% we can explicitly construct Shearer’s measure | , section 4.2],
. \2(k—1) .
but not an edge-factor. Whereas if ¢ < % we also have the construction

as an edge-factor given in proposition 202.

Proof. Forp > 1— (5572; =1- (%) define X ~ IIZ, with c as indicated above.
For the index functions take the labels of the edges induced by the generating

set S. The solution is given by

YoeV: Y, = H (1 - X(U,indv(a))) H X(v,indv(a)) .
a—les a€S

6.4.4 Tightness of a subclass of OVOEPs on Z¢

We show that a certain subset of OVOEPs describes the tight asymptotics for
Za(p), as A 7 Z. We use this tightness result to show the existence and ana-
lyticity of the infinite volume limit of the free energy of the polymer system in
proposition 204. Contrast its proof with the proof of proposition 203 with the
subadditive approach in | , section 8.3], where the limit is shown to exist for
the physical range of parameters. At the end of this section we discuss about
the relation of this tightness result with the relevant intrinsic domination result
from section 4.7.

Without loss of generality we give the statement only for d = 2. Proposi-
tion 203 should be easily generalizable to Z? and other d-dimensional lattice
graphs. I conjecture that a qualitative comparable statement holds on all infi-
nite, locally finite quasi-transitive graphs with quasi-transitive parameters. The
obstacle seems mostly notational (as in conjecture 63), especially in writing
down the equivalent of W, 1 ;) (6.47a) in full generality.

Proposition 203. Let G := Z2. For n,k € N and | € Ny, define the set

O<z<nA0<y<k+])
k=% (z,y) € Z% \Y . (6.47a)
(r=nA0<y<k)
Forp > pfz define the value
a(p) == inf {a"® (p): nkeN,leNy}. (6.47D)

W(n,k',l)

The graph Gn = G(W(n,n,0)) 15 the subgrid of side-length N with lower left
corner at (0,0). Then we have

= —loga(p) < . (6.47¢)
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Proof of proposition 205. 1f (n,k,1) < (7, k,[), then by (2.26a) we have

n,k i,k
) =yt ).

Thus a(p) is a limit in the sense of nets

ap) = Tim afpt  (p).

n,k.l—oo W(”vk’l)
All ag/{}(’f?k” are escaping and thus by (2.25b) oz%,{}(’f,)k,l) (p) > q. Combining this
with the monotonicity (2.26b) implies that a(p) is monotone in p and that

a(p) > a(pf,i) > log qSZ; > —00. (6.48)
Enumerate Wy n,0) =: {v1,...,vn2} by successive vertical lines:
(0,0),(0,1),...,(0,N —1),(1,0),(1,1),...,(N=1,N —1).

Thus Wi := {v1,...,vi-1} = Wiy, &, 1) for suitable coefficients (n;, k;, ;). This
yields the identity

N? N?
- v; ni,k;
Eon(p) = [ i, (0) = Ha(w(zw (p)-
i=1 i=1
On the one hand we have
— 2
Ecy (p) = alp)™ . (6.49)
On the other hand choose € > 0. Then there exists a (n,k,l) such that

a(Wn(f)k ) (p) < a(p) + . We estimate roughly

N2
= = ni,ki
Eay(p) = :G(W(n,k,l))(p) H ag/v(niyi”i) (p)
i=(nV (k+1+1))2
2_(n 2_
< EG(W(n,k,z))(p) (a(p) +€)N (nV(k+1+1))"—4N (k+1) )

Therefore

2 — — 2_(n 2_
a(p)N S Zan (p) S :'G(W(n,k’l))(p) (a(p) + €)N (nV(k+141))"—4N (k+1)

and
log = log = _
IOga(p) § Og ]\?QN(p) S g G(‘]}[\/](;L,k,l))(p)
N?2—(nV(k+1+1))?—4N(k+1
i Al N2 ) ( )log(a(p)+s).

We first take the limit for N — oo and then for £ — 0, resulting in (6.47¢). O

Proposition 204. Let P be Z2, with incompatibility of nearest—neizghbour edges.
Then Fp : C — C exists and is analytic on D :={z € C: |z| < ¢4, }.
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Remark. Recall that section 5.2.3 asserts —qSZ; is the singularity of Fy2 closest
to 0.

Proof. A key point is Montel’s theory of normal families | ], for example
in the form:

Lemma 205. / , proposition 8.12] Let D be a domain in C. Let S C D
having at least one accumulation point in D. Let 0 < M < oo and (fn)nen be
analytic functions in D satisfying

VneN,zeD: Refulz) <M (6.50a)
VzeS: li_>m fn(z) exists and is finite. (6.50Db)
We set S = [quz,()] and f, == Fw,,,, (recall that W, ) is a square

of side-length n). Then (6.50b) is just (6.47c). To show (6.50a) we write for
z € D:

Re fn(2)
1 —_
= Re (_’I’LQ 10g EW(n,n,0) (Z)>

1 -
_ -= Relog EWin,n,0) (2)

<~ TogEuw, .0 (2] by (5.50)

= _% log=¢, (1 —|z|) switching terminology

< —loga(l—|z])

by (6.49) < —log g%, by (6.48)
< oo as qfi €]0,1[.

st
We turn to o(jiz2 ). Proposition 112 asserts that pz2 , > H%(Qp), where

. (0,0)
b(p) = aZ2\{(O,O),(1,O)}(p) :

Recall that 0.0
a(p) = aty” (p),

with W= {(z,y) € Z*: 2z <0V (z=0Ay<0)}. Joining the result (6.47c)
implies that
b(p) < o(pzz ) < a(p)- (6.51)

The upper bound follows from (6.47¢) (use the monotone functions fw = Iy _ ).
Define the sets

Wyi={(z,y) €Z?: z<—-1V(r=-1Ay<0)}
Wo:={(z,y)€Z*: z>1V(z=1Ay>0)}.
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That is Wy is W7 rotated 180°. This lets us write:

2
0o
< b(pfz) by escaping (2.25b)
< b(p) by monotonicity (2.26b)
< a%,OV;O&)JWQ (p) by monotonicity (2.26a)
=1- ) a ) by the fundamental identity (2.37)
w10y P)wov.0 P
1
=1- 3 by translation invariance
a(p)
< a(p) by monotonicity (2.26a).

Therefore there is a substantial difference between b(p) and a(p). The relation
bp) <1-— ﬁ also holds for higher dimensions. An immediate question is

Question 206. What is the correct value of o(jiz2 ,)? Is it one of the bounds in
(6.51)?

If o(piz2 ) < a(p), then this would be a stark contrast to (2.56d) and (2.60d).
My current non-understanding of the problem lets me not even formulate a rea-
sonable conjecture. It seems to me though, that a(p) misses some of the essential
structure of Z2? and would require a two-dimensional equivalent of proposition
(94) - something that I consider unlikely.

For p < pgz,z, the following related and more generally formulated question
arises:

Question 207. Given a Cayley graph G on Z? generated by S and knowing that
pdcom = pfh as well as the upper bound on pSGh from theorem 187: Can we use
< to construct an X € C&"*"8(p) such that o(X) = 0? This is, without going
through Shearer’s measure and using lemma 1017

6.5 Known rigorous bounds and exact solutions

This section compares known bounds on qffl for the integer lattice Z2. We
enumerate both upper bounds from the pruned tree techniques in section 6.4.1,
numerical estimates from various sources in the literature as well as lower bounds
from the different criteria in sections 2.2.6 and 2.5.2 and the techniques devel-
oped in chapter 5. We outline the steps to calculate higher depth conditions de-
rived from tree-operator bounds in practise in section 6.5.1 and give the bounds
themselves in section 6.5.2.

6.5.1 Calculating tree-operator bounds

An application of the theory of tree-operators in chapter 5 boils down to an ex-
plicit enumeration of a finite family of rooted trees. This section describes how
to the calculations for higher depth approximation bounds work. The depth
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one approximations bounds are given in sections 5.2.

We work in the setting of proposition 142. Thus we have a polymer system
P with incompatibility relation =2, a partition scheme S and a depth k € N.
We have an approximation of the form (5.37a), leading to a series of the type
(5.35¢). The convergence criterion for this series is (5.35b), for a suitable label
space £ and g, ji €]0,00[%. Our aim is the calculation of this criterion. Therefore
we calculate VI € £ the term

[T5(0) = Zﬁlt) ooa I e I #e- (6.52)

tegs Xe{l}xLIw®l vEL;(t) wELy(t)
0<i<k—1

Recall that the (c;), egs are indicator functions invariant under rooted automor-
phisms of the tree, that is invariant under every reordering of the children. For
a given tree t, the number of such automorphisms is p(t). We have a projection
function | : £ — P. This allows us to rewrite the criterion as a sum over a finite
family F of rooted, P-labelled trees F', with labelling functions | ol; : V(t) — P:

k—1
T =>_ 1T 11 pcen | TI mawy] - (6.53)

teF =0 veL() vE Ly (t)

Hence the problem is reduced to the description of £, | and the family F'. The
description of £, | and [; translates into constraints on the P-valued labels ¢
can carry in order to belong to F'.

We also need total orders on P: namely a global one <, local ones <., for
v € P and path orders <p, for P € W((P, ~)). To reduce the number of these
additional parameters we can eliminate the path orders by expressing them by
the local orders:

Viy:=PeW(/P) (<pf & =<, E. (6.54a)

All our example graphs (P, =) (with loops) are translation-invariant. This lets
us express the local orders by translation to the origin

VYEP: £=,€e (E-1)=<(E—7). (6.54b)
Combining (6.54b) and (6.54a) we get
ViA=PeWP) (<pfe =<, (-7 =<(E-). (6.54c)

In view of the partition of the complement of a spanning tree of a cluster
(5.33) the family F' must ensure, that for every ¢ € F' and every ordering of the
vertices of t all edges e € V(¢)?\ E(t) are conflicting, that is e € Cg(t).

A preliminary example is

Example 208 (Kotecky & Preiss for depth k). We approximate S by only
keeping compatibility restrictions between the polymer labels of a vertex and
its parent. That is, for a tree ¢ with root o to be in F' we demand, that

depth(t) < k (6.55a)
Yoe Vi) \{o}: &~ . (6.55b)
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The family F' given in example 208 is not finite. Nevertheless the condition
(6.55b) only depends on adjacent levels and reduces to an iterated depth one
approximation. This is just the classic Kotecky & Preiss condition. See also
section 5.7.1. By the nature of the cluster expansion (6.55) has to hold for
every singleton tree in the partition with respect to every partition scheme .S of
a cluster.

Example 209 (Penrose with cousins of depth k). We approximate Pen by only
keeping cousin restrictions, that is restriction (5.42a). That is, in addition to
(6.55), we demand, that

Vielk]: supp(gLi(t)) is a compatible subset of P . (6.56)

Demand (6.56) is equivalent to l;(L;(t)) being an independent set in (P, ).
Because the condition spans the whole level of a tree a depth one approxima-
tion as in (5.15b) is strictly worse than a depth two approximation and so on.
Improving the approximation from example 209 we have

Example 210 (Penrose both of depth k). We approximate PenM from section
5.5.4 instead of Pen. To (6.55) and (6.56) we add the uncle restrictions

Vie [k’],V’U € Li(t)aw € Lz’—i(t) : gp(v) =g, §w = wF# & (6'57)

Demand (6.57) comes from (5.50), ensuring that all such (v, w) are conflict-
ing. We can apply the same improvement to Ret as to Pen in section 5.5.4 and
the longer history improvement from section 5.6.5.

Example 211 (Returning of depth & and with history size m). Let t be a finite
tree rooted at o with polymer labels. We apply the status labelling and class
construction from algorithm 153 to ¢. Then t € F iff (6.55) holds and

Vclass C: supp(€c) is a compatible subset of P (6.58a)
Velass C # {o} : Vv e C,w e p(C) : o) <, Ew = SwF o (6.58Db)
VoeV(): & &h), (6.58¢)

where h : V — SAW((P, ~)) is a length m SAW in P \ supp(€y) ending at a
neighbour of &, in (P, =) and is extended every time there is a D transition on
P(o,v).

Here (6.58a) and (6.58b) are the same as in example 210, but softened to
apply only within each class. This is countered by (6.58c), which has been the
primary reason for the introduction of the classes.

We have implemented algorithms to construct the above examples of finite
families and several variations thereof in Standard ML | ], in particular

for the implementations SML/NJ, Moscow ML and MLton. The evaluation of
the resulting polynomials is done in Python and Sage.

6.5.2 The planar grid Z?

We list all bounds for ¢% known to us in table 6.5.2.
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In the case of depth k£ = 1 bounds, as in (6.60), the condition always fac-
torizes into the form p < max(f(u)), while in the higher depth cases, as in
(6.61), one has to search for solutions numerically. An example of a graphical
search is given in figure 6.1. Following are some of the polynomials, or their
transformations, used in table 6.5.2.

72 H [
¢, > max {u : — = } . (6.59)
" p+Ezoon () pt+ (1+p)?

72 K H
Q5 > max {,u : — = } . 6.60
4 (14 1) Zz+ 0,0\ 0,0 (1) (14 p)? (6.60)

p(p, p) := 64p° 1 + 400p° 1B + 1088p° ™ 4 48p* u® + 17040 18 + 304p* 1"
+1716p° 1° + 828 18 + 4p> 1™ + 1168p° u* + 1284p* 1i® + 42p° 18
+ 528 1% + 1260p* ut + 152p° 1i® + 144p° 1% + 808p* 1 + 2783
+200° 1+ 312p* 12 + 2960 1% 4 5p? put + p° + 60p 4 192p% 2

+ 20023 + 4p* + 60p% 1 + 30p% 1% + 6p° + 25p% 1 + 5p? + p.
(6.61)
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0.8 |

0.6

0.4 |

02

1 1 1 1 1 1
0.09 0.095 0.1 0.105 0.11 0.115 0.12

Figure 6.1: (Colour online) The contour plot of p(p, ) — p from (6.61) in the
critical parameter regime. The abscissa is p and the ordinate is y. The vertical
line has abscissa 0.0979 and represents the maximum p* for which there is
a p* such that p(p*, p*) < p*. We recall that p(p, ) is the polynomial of
the generating function of the finite family of trees from the greedy cousin
approximation from example 209 with depth k = 2 for the planar grid Z2.
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I looked into the abyss of my mind;
and the abyss stared back.
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