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Zusammenfassung

Zufillige Konfigurationen abzihlbar vieler Teilchen in messbaren Riumen wie Z¢ und R
werden iiblicherweise durch Zufallsvariablen, die Werte in geeigneten Mengen von Zahlmafien
annehmen, modelliert. Solche Zufallsvariablen werden als Punktprozesse bezeichnet. Falls die
Teilchen, informell gesprochen, ,,gleichmaflig und voneinander unabhéangig“ im Raum verteilt
sein sollen, spricht man von einem Poisson-Punktprozess (PPP). Wichtige zugehorige Grofien
wie Teilchendichten kénnen fiir den PPP direkt und explizit berechnet werden.

Betrachten wir allerdings Gibbs-Punktprozesse (GPP) — Verallgemeinerungen vom PPP,
bei welchen die Annahme der Unabhéngigkeit der Teilchen fallen gelassen wird, d.h., Wech-
selwirkungen zwischen den Teilchen erlaubt sind — so lassen sich Grofien, die Informatio-
nen iiber diese Systeme von interagierenden Teilchen kodieren, im Allgemeinen nicht explizit
berechnen. Eine Moglichkeit, dennoch Informationen iiber das System aus diesen schwer zu
handhabenden Funktionen zu gewinnen, liefert ein perturbativer Ansatz: Man kann die GPP
als Modifikationen eines zugrundeliegenden PPP beziiglich eines Wechselwirkungspotenzials
betrachten und die fraglichen Funktionen als Potenzreihen in der Dichte dieses PPP, eines
die Aktivitat genannten Parameters, um die Null entwickeln. Unter der Voraussetzung, dass
die Wechselwirkungen hinreichend schwach sind, erwartet man, dass diese Aktivitatsentwick-
lungen in einem Regime geringer Dichte sinnvoll sind. Der Ansatz ist als Clusterentwicklung
bekannt (manchmal verwendet man die Bezeichnung auch restriktiver fiir eine partikulére
Entwicklung des Logarithmus der Zustandssumme — der freien Energie des Systems). Man
interessiert sich natiirlicherweise fiir die Konvergenzradien dieser Aktivitatsentwicklungen.

In ,,Cluster expansions: Necessary and sufficient conditions“ folgen wir der Tradition eines
analytischen Zugangs zur Clusterentwicklung, welcher die sogenannten Kirkwood-Salsburg-
Gleichungen hinzuzieht. Das sind Integral-Fixpunktgleichungen iiber einem geeigneten Ba-
nachraum von Funktionen, welche von den zum gegebenen Paar-Wechselwirkungspotential
gehorenden Korrelationsfunktionen gelost werden. Wir leiten eine abstrakte hinreichende
Bedingung fiir die Konvergenz der entsprechenden Aktivitatsentwicklungen — die im Fall re-
pulsiver Paarwechselwirkungen auch notwendig ist — in einem recht allgemeinen Setup her.
Unser Kriterium formulieren wir hinsichtlich der Existenz von Funktionen, die Ungleichungen
vom Kirkwood-Salsburg-Typ erfiillen. Wir zeigen nicht nur, wie man klassische hinreichende
Bedingungen im Rahmen dieses Ansatzes vereinen kann, sondern auch, wie neue Konvergen-
zkriterien unter dessen Anwendung gefunden werden kénnen, sowohl in diskreten als auch in
stetigen Setups.

Die Aktivitatsentwicklungen der Korrelationsfunktionen kénnen als exponentielle erzeu-
gende Funktionen bestimmter Mengen von Graphen ausgedriickt werden. Grundséatzlich
besteht die Hoffnung, Informationen iiber die graphische Entwicklung der Korrelationsfunk-
tionen zu erlangen, indem man die zugrundeliegenden kombinatorischen Strukturen von
einem konstruktiven Standpunkt aus versteht: Elementare konstruktive Beziehungen zwis-
chen solchen ,kombinatorischen Spezies“ lassen sich unkompliziert in Beziehungen zwischen
den zugehorigen erzeugenden Funktionen iibersetzen. In ,Logarithms of Catalan generating
functions: A combinatorial approach“ demonstrieren wir diesen Ansatz und présentieren ein
kombinatorisches Resultat, welches den Logarithmus der erzeugenden Funktion der (verallge-
meinerten) Catalan-Zahlen hinsichtlich verschiedener baum- oder pfadéhnlicher Strukturen
interpretiert. Auf dem Niveau formaler Reihen liefert das Resultat ein Analogon zu der



klassischen Clusterentwicklung der freien Energie, wo die graphische Entwicklung der Zus-
tandssumme (i.e., die exponentielle erzeugende Funktion der Graphen) durch die erzeugende
Funktion der Catalan-Zahlen (i.e., die exponentielle erzeugende Funktion regulérer geordneter
Béume) als Ausgangspunkt ersetzt wird. Das erlaubt uns auch, bekannte Ausdriicke fiir die
Koeflizienten des Logarithmus der erzeugenden Funktion der Catalan-Zahlen auf ein simples
Aufzdhlungsproblem zurtickzufiihren.

Einige Fragen, die in der Theorie der GPP autkommen — wie die Eindeutigkeit zu gegebe-
nen Aktivitdten und Paarpotentialen gehérender Gibbsmafle — stehen im starken Zusammen-
hang mit Fragen aus verwandten Modellen fiir Perkolation. Ein konkretes Beispiel fiir ein auf
dem PPP in R? basierendes Modell fiir Perkolation ist das random connection model (RCM),
in dem, informell gesprochen, ein Zufallsgraph dadurch gebildet wird, dass man Kanten zwis-
chen zwei Punkten des PPP unabhéangig voneinander mit einer Wahrscheinlichkeit, die von
einer gegebenen connection function diktiert wird, zieht. Die Wahrscheinlichkeit dafiir, dass
zwei vorab in R? fixierte Punkte durch (Pfade von) Kanten in diesem Graphen verbunden sind,
wird durch die pair connectedness function beschrieben. Man kann die pair connectedness
function als formale Potenzreihe in der Dichte 2z des zugrundeliegenden PPP entwickeln. Zwis-
chen der Paarkorrelationsfunktion eines GPP und der pair connectedness function im RCM
gibt es eine Entsprechung, die durch ein System von Integralgleichungen folmalisiert werden
kann, allem voran unter Einbeziehung der sogenannten Ornstein-Zernike-Gleichung (OZE).
Diese Gleichung setzt die Potenzreihenentwicklung der pair connectedness function, welche
beziiglich bestimmter zusammenhéngender Graphen ausgedriickt werden kann, in Beziehung
zur sogenannten direct-connectedness function, von der man erwartet, dass eine graphische
Entwicklung beziiglich bestimmter ,,doppelt zusammenhéngender® Graphen moglich ist. In
,» The direct-connectedness function in the random connection model“ leiten wir eine solche
Entwicklung fiir die direct-connectedness function rigoros her, zeigen, dass sie tatséchlich die
OZE in einem gewissen nicht-trivialen Konvergenzbereich der Intensitat erfiillt, und setzen
sie zu anderen bekannten Entwicklungen, wie der lace expansion, in Beziehung.



Abstract

Random configurations of countably many particles in measurable spaces such as Z¢ and
R? are commonly modeled by random variables with values in a suitable set of counting
measures. These random variables are called point processes. If the particles are supposed to
be distributed, informally speaking, “uniformly and independently of each other” in space,
the random variable is referred to as the Poisson point process (PPP). Important associated
quantities such as particle densities can be computed directly and explicitly for the PPP.

However, if we consider Gibbs Point Processes (GPP) — generalizations of the PPP, where
the assumption of independence between the particles is dropped, i.e., interactions between
the particles are allowed — the quantities encoding the information about those systems of
interacting particles become intractable in general. A way to still extract information about
the system from those intractable functions is to use a perturbative approach: One can view
the GPP as a modification of an underlying PPP in terms of an interaction potential and
express the functions in question as power series in the density of that PPP, a parameter
called the activity, around zero. Under the assumption that the interactions are sufficiently
weak, one expects those activity expansions to be reasonable in a low-density regime. This
approach is known as cluster expansion (sometimes the terminology is used more restrictive to
describe a particular type of expansion for the logarithm of the partition function — the free
energy of the system). Naturally, one is interested in the convergence radii of those activity
expansions.

In “Cluster expansions: Necessary and sufficient conditions” we follow a tradition of an-
alytic arguments involving the so-called Kirkwood-Salsburg equations. Those are integral
fixed-point equations over suitable Banach spaces of functions that are solved by the corre-
lation functions associated to the given pair-interaction potential. We are able to derive an
abstract sufficient condition for the convergence of the corresponding activity expansions —
that is also necessary in the case of repulsive interactions — in a quite general setup. Our
criterion is formulated in terms of existence of functions satisfying Kirkwood-Salsburg-type
inequalities. We show not only how the classical sufficient conditions can be unified under
this approach, but also how it can be employed to find novel criteria for convergence, both in
discrete and in continuous setups.

The activity expansions for the correlation functions can be expressed as exponential
generating functions for certain sets of graphs. Generally speaking, one can hope to gain
knowledge about such graphical expansions by understanding the underlying combinato-
rial structures from a constructive point of view: Basic constructive relations between these
“combinatorial species” are easily translated to relations between the associated generating
functions. In “Logarithms of Catalan generating functions: A combinatorial approach” we
demonstrate this approach and present a new combinatorial result, interpreting the logarithm
of the generating function for (generalized) Catalan numbers in terms of different tree-like
or path-like structures. The result provides an analogue to the classical cluster expansion of
the free energy on the level of formal power series — where the graphical expansion of the
partition function (i.e., the exponential generating function for graphs) is replaced by the
Catalan generating function (i.e., the exponential generating function for regular plane trees)
as a starting point. It also allows us to recover known expressions for the coefficients of the
logarithm of the Catalan generating functions via rather simple exact enumeration of those



combinatorial structures.

Some questions arising in the theory of GPP — such as the uniqueness of Gibbs measures
corresponding to given activities and pair-interaction potentials — are strongly connected
to questions arising in associated percolation models. A particular model driven by the
PPP in R? is the random connection model (RCM) where, informally speaking, a random
graph is obtained by drawing edges between points of the PPP independently of each other
with probabilities dictated by a given connection function. The probability for two points
fixed in R? to be connected through (paths of) edges of that graph is described by the pair
connectedness function. One can expand the pair connectedness function as a power series in
the density z of the underlying PPP. There is a correspondence between the pair correlation
function of a GPP and the pair connectedness function in the RCM which can be formalized by
systems of integral equations, most notably involving the so-called Ornstein-Zernike equations
(OZE). This equation relates the power series expansion of the pair connectedness function
given in terms of certain connected graphs to the so-called direct connectedness function
which is expected to possess a graphical expansion in terms of certain “doubly connected”
graphs. In “The direct-connectedness function in the random connection model” we rigorously
derive such an expansion for the direct-connectedness function showing that it indeed does
satisfy the OZE in a certain non-trivial domain of convergence and relate it to other known
expansions like the lace expansion.
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1 Introduction

1.1 Motivation and brief outline

Suppose our goal is to model a gas as a system of interacting particles in some physical
space. The statistical mechanics approach to this task involves two main assumptions: The
positions of the particles (gas molecules) are random and very large systems can be represented
by infinite systems. That is, instead of considering microscopic dynamics on deterministic
configurations of particles in a very large volume, one encodes the microscopic dynamics into
probability distributions (ensembles) and studies a random configuration on an infinite volume
— since the latter approach is more accessible. We consider the grand-canonical ensemble
where neither the number of particles nor the energy of the system are deterministic. If there
are no interactions between the particles, one refers to the system as an ideal gas.

Mathematically, the random configurations of particles are modeled by random variables
with values in a suitable space of counting measures. Those random variables are referred
to as point processes. An ideal gas is modeled via the Poisson point process (PPP), the
particle density is tuned via the intensity parameter z. In the case of present interactions, the
so-called Gibbs point processes (GPP) or (grand-canonical) Gibbs measures are used. GPP
can be viewed as modifications of the PPP corresponding to a fixed interaction potential
and an activity z (the latter is the intensity of the underlying PPP). Besides applications in
statistical mechanics [9,17], GPP appear in various models from stochastic geometry [5] and
from spatial statistics [36]. We rigorously introduce the setup of GPP with pair-interactions
and the necessary notation in Subsection 1.2.

Typically, in statistical mechanics, one is interested in the analyticity of certain functions
(such as free energy or correlation functions) encoding information about the system of in-
teracting particles. The functions of interest are, in general, intractable in the Gibbs setup
(i.e., in the presence of interactions between particles), however, one would like to extract
information from them by differentiating in some parameter, e.g., in the activity parameter z.
Therefore, one expresses those quantities as power series in z around zero. This perturbative
approach is referred to as cluster expansion. The study of those formal power series in regard
to their structure and domains of convergence is our main goal; we focus primarily on cluster
expansion results in this introduction.

The original approach to the classical cluster expansion of the free energy involves ex-
pressing it as an exponential generating function for connected graphs and trying to see what
the structure of those graphs tells about the convergence of the generating function (typi-
cally, via tree-graph bounds [4] or, more recently, via tree-graph identities [13]). We discuss
this combinatorial trick that initiated the cluster expansion approach (known as the Mayer
trick [34]) and introduce the activity expansions p, for the correlation functions (given as
exponential generating functions for so-called multi-rooted graphs [25]) in Subsection 1.3.

In Subsection 1.4, we briefly discuss different approaches to cluster expansion known from
the literature and introduce our results from “Cluster expansions: Necessary and sufficient
conditions” (contribution [a]). Our main result (see |a, Theorem 2.1] and Theorem is
a novel sufficient condition for the convergence of the cluster expansion for the correlation
functions in a general pair-interaction setup that is also necessary in the case of repulsive
interactions. To obtain the result, we combine combinatorial considerations with analytical
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Figure 1: On the left, a sample of a PPP with the homogeneous intensity z = 1 is depicted;
on the right a sample of a PPP with z = 10.

arguments a la Gruber and Kunz [18], involving Kirkwood-Salsburg equations — certain
integral fixed-point equations which the sequence of correlation functions solves exactly and
which can be formally expressed as

sz(z) +e, = p(z),

where p(z) denotes the activity expansions for the sequence of correlation functions and K,
denotes the Kirkwood-Salsburg operator (see [a,25]). Our characterization of the convergence
domain of p(z) is formulated in terms of existence of sequences of non-negative measurable
solutions £ of the corresponding sign-flipped Kirkwood-Salsburg inequalities

K.t+e, <&, (1.1)

where K denotes the sign-flipped Kirkwood-Salsburg operator (see (T.4) and compare to the
Kirkwood-Salsburg operator from [a,25]).

This approach reduces finding sufficient conditions for the convergence of the activity
expansions p(z) to finding functions £ satisfying Kirkwood-Salsburg-type inequalities .
In particular, the classical conditions like Kotecky-Preiss |28, Gruber-Kunz [18] or Fernandez-
Procacci [13| are easily recovered by employing it. Moreover, we are able to use this method
to derive various novel sufficient conditions for different hard-core setups, both discrete and
continuous, in [a].

In Subsection 1.5, we return to the sequence of formal power series p(z), given by the
exponential generating functions for so-called multi-rooted graphs. We justify the role of p(z)
as the starting point and main object of our studies in [a] by relating it to other expansions
known from the literature and to finite-volume Gibbs correlation functions. To do so, we
formulate and prove rigorously several results including Proposition Proposition |1.9 and

Corollary

Notice that to show analyticity of the free energy or of the correlation functions other
graphical expansions can be helpful (like the virial expansion [27,34], where power series in
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the density of the GPP are obtained) and might, in general, yield larger domains of analyticity.
An exemplary result that points out the limitations of cluster expansion in a classical setup
is given in Subsection 1.6.

From a purely combinatorial point of view, the classical cluster expansion of the free en-
ergy involves taking the logarithm of the exponential generating function for graphs — which
results in the exponential generating function for connected graphs. What if we consider the
logarithm of the exponential generating function for regular plane trees instead? For which
combinatorial species, in particular what kind of tree-like structures, is the resulting formal
power series the generating function? These combinatorial questions arise in the context
of statistical mechanics when studying discrete one-dimensional systems of non-overlapping
rods (see [24, Chapter 5.2]). In Subsection 1.6 we summarize our results from “Logarithms
of Catalan generating functions: A combinatorial approach” (contribution [b]) providing an-
swers to these questions: The generating function for generalized Catalan numbers can be
viewed as the exponential generating function for regular plane trees and the logarithm of
this formal power series can be represented by the exponential generating function for, e.g.,
tree-like structures called cycle-rooted trees. We give several alternative combinatorial inter-
pretations for the logarithm of these Catalan generating functions that allow us to determine
the coefficients by solving rather simple counting problems. The results are purely combina-
torial, we view the occurring generating functions as formal power series and do not concern
ourselves with questions of convergence.

Finally, in Subsection 1.7, we summarize our results from “The direct-connectedness func-
tion in the random connection model” (contribution [c]). They are motivated by the following
question: In the random connection model (RCM), a particular PPP-driven model of con-
tinuum percolation [19,35], how can the study of the percolation phase transition provide
answers to important question concerning the phase transition in terms of uniqueness of an
associated Gibbs measure? We expand certain connectivity functions in the RCM in a fash-
ion which is partially inspired by cluster expansion: Consider the pair connectedness function
given by the probability that two points (fixed a priori in the space) are connected via paths
of a random graph with the vertex set given by a PPP. Like the pair correlation function of
a GPP, the pair connectedness function admits a graphical expansion in terms of connected
graphs. In statistical mechanics, the Ornstein-Zernike equation (OZE) provides relations be-
tween correlation functions and direct correlation functions [29]. What is the analogue for the
two-point direct correlation function in the RCM setup? We rigorously derive an expansion
for the function satisfying the OZE relations with the pair-connectedness function. While the
existence of such an analytic function in a low-density regime is known by [31], we provide
an explicit graphical expansion and quantify its domain of convergence.

1.2 General setup and notation
Let (X, X, A) be a measure space, where X" is the Borel-o-algebra on the metric space X and

A is a o-finite Borel measure on X. Let A C X be the set of bounded Borel sets.

An activity function z is defined as a measurable map z : X — Rar. Here we assume
additionally that [, z(z)A(dz) < oo for all B € &},. To an activity function, we assign the
measure A, given by

A.(B) ::/Bz(az))\(d:c)7 BeX.
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Although one could introduce complex activities here and work in the usual complex analysis
setup (in which case A, would be a complex measure in general), we only consider physically
relevant positive activities in this introduction.

We call a measure n on (X, X) a locally finite counting measure if n(B) € Ny for all
B € X,. We denote the set of locally finite counting measures on (X, X') by Ny. Each non-
zero 11 € Ny can be written as n = >_7" | 0, for K € NU {oc0} and z1,x2,... € X; by S, we
denote the support {z1,z2,...} of n. Consider the family {Np}pcx, of maps Np given by
Np : Ny — No, n = Np(n) := n(B) for every B € &}. We equip Ny with the o-algebra
generated by the family {Np}pcx,, i.e., M= oc({Np|B € X;}).

Definition 1.1. Let v be a o-finite Borel measure on X. The Poisson point process with
intensity v is the unique probability distribution on (Ny,M) that satisfies:

o The number of points in any bounded Borel set B € X is Poisson distributed with
intensity given by v(B), i.e., for all B € X, and k € Ny

_up V(B k
B({n € Nj| No(n) = k) = e AEL
o The numbers of points in disjoint regions are independent of each other, i.e., for all
m € N and all pairwise disjoint sets By,..., B, € Xy, the associated random variables
NB,,...,Np,, are independent.

For the proof of the existence and the uniqueness of the PPP, see [30].

In infinite volume we want to consider the PPP with intensity measure A.. In a finite
volume A € A}, we can just consider the PPP with intensity measure 15zdA. In the latter case,
we want to introduce modifications of the PPP involving interactions between particles. We
assume that the particles are interacting pairwise (and not in larger cliques) and introduce a
pair-interaction potential v, defined as a measurable and symmetric map v : XxX — RU{oo}.
For z € X and n € Ny, we define the total interaction W (z;n) of « with the configuration

n= Zf:l 5% by

K
W(xsm) = v(w;yi)-
i=1
Furthermore, we assign a family of measurable functions (Hp,)nen, Hy : X® — RU{o0}, to v,
given by
Hy(x1,...,2,) = Z v(zi, xj), H(z) =0,
1<i<j<n
for any n € N and (x1,...,2,) € X". We write H(} ;" | 65,) = Hy(z1,...,2,). For A €
AXp, the finite-volume Hamiltonian Hp is given by Ha(n) = H(na), where n denotes the
configuration restricted to A, i.e., na(B) :=n(BNA) for all B € X. Hp encodes the energy of
the configuration on the finite volume A — the total interaction between particles positioned
inside A.

A Gibbs point process on A € X}, can be defined via an explicit Radon-Nykodym derivative
with respect to the PPP on A. The derivative involves the so-called Boltzmann factor e~ Ha:

13



Definition 1.2. The probability distribution on (N, M) which has the Radon-Nikodym deriva-

tive A(A)
e e~ Ha(n)

N =
SINE))

with respect to the the finite volume PPP with intensity measure 1xzd\ is called the Gibbs
point process or (grand-canonical) Gibbs measure on A with empty boundary conditions (as-
sociated to potential v and activity z). The normalization constant Z, is called the (grand-
canonical) partition function with empty boundary conditions and is given by

EA(Z> =1+ Z E /Ak e Zl§i<j§k U(yuy]))\];(dy).
k=1

Remark 1.1. Different boundary conditions are possible — via modification of the Hamiltonian
Hp to include interactions with particles on the “boundary” of A.

For the infinite volume case, such an explicit definition is, in general, not possible. We in-
troduce infinite-volume Gibbs measures via the GNZ equations, named after Georgii, Nguyen
and Zessin. Those reflect a structural property of finite-volume Gibbs measures expressed by
a system of integral equations:

Definition 1.3. A probability distribution P on (Ny,M) is called a Gibbs measure with in-
teraction potential v and activity z if

E |3 Ney@Fan)| = [ EiF@n+ ) do)
xESy X

for every measurable map F : X x Ny — [0,00). We denote the set of Gibbs measures with
interaction potential v and activity z by 9 (v, z).

Remark 1.2. One can find the proof that finite-volume Gibbs measures satisfy this property
in [9]. Moreover, by [9], the GNZ equations are equivalent to the DLR equations, named
after Dobrushin, Lanford and Ruelle, that provide the classical definition of Gibbs measures
in infinite volume.

Remark 1.3. The questions of uniqueness and existence of Gibbs measures are both highly
non-trivial. The phase transition associated to the uniqueness of Gibbs measures is a central
topic of ongoing research in the field of statistical mechanics (see, e.g., |7]).

In particular, for the trivial interaction potential v = 0, the GNZ equations simplify to the
Mecke formula [31] and we recover the PPP with intensity measure A, as a unique solution.

Finally, we would like to consider a sequence of functions uniquely associated to a Gibbs
measure and encoding all the relevant properties of the system: the so-called n-point corre-
lation functions. In discrete setups, the n-point correlation functions are just given by the
probabilities “to encounter particles at n fixed positions” in the random configuration; in con-
tinuous setups they are given by certain measure densities. The n-point correlation functions
can be rigorously defined as densities of the factorial measures [25]. An alternative definition
is the following:

14



Definition 1.4. Let P € 9(v,z) and n € N. We define the n-point correlation function p,(z)
by

pn(T1, ... xn;2) = H z(xj)e*H”(ml"“’m”)E H e~ Wiwsm) (1.2)

for all (x1,...,x,) € X",

Remark 1.4. Notice that there is a one-to-one correspondence between Gibbs measures and
sequences of correlation functions. This follows from the observation that the functions defined
in (1.2)) coincide with the densities of the factorial measures associated to P, see |25, Lemma
2.2).

For the special case of the PPP with intensity measure ., one recovers the correlation
functions (pn(2))nen given by

Pn(T1y .. xn; 2) = 2(x1) .. 2(2h).

However, in the case of non-trivial interactions, such functions are, in general, non-tractable.
To work around that fact, one can employ a perturbative approach and approximate quantities
of interest, such as the correlation function, as formal power series in the intensity z of the
underlying PPP. l.e., starting from a simplification given by the correlation function of the
PPP, one adds terms of higher order encoding the particle interactions via the Boltzman
factor and expects that the resulting series approximate the Gibbs correlation functions —
if the interactions are weak and the particle density is low enough. The so-called cluster
expansion is such a perturbative approach. It does not only ensure that the partial sums
of the resulting power series approximate the correlation functions, but also that the series
— which are the Taylor expansions of the correlation functions around z = 0 — converge
in a non-trivial region. The study of those power series expansions and their domains of
convergence is the topic of [a] and constitutes the initial research goal behind this thesis. We
now want to introduce the approach in more details — to discuss our main result from [a]
and to present some supplementary results on cluster expansion not included therein.

1.3 Mayer trick and combinatorics

We follow the so-called Mayer trick introduced in the 1940’s [34] that is at the heart of all
combinatorial approaches to cluster expansion. The trick is based on the idea to encode
interactions between pairs of+ particles by weights of edges in an associated weighted graph,
leading to a graphical expansion of the partition function. To elaborate the idea, we introduce
several sets of graphs and a way to assign weights (associated to the pair-interaction potential)
to those graphs.

For every n € N, let us denote by G, the set of all graphs on the vertex set [n] := {1,...,n}
and let us denote by C,, C G, the set of all connected graphs on [n].

To introduce graph weight, we define Mayer’s f function associated to the potential v by

f(x’ y) = e_v(x7y) - 17 .’,E, y E X'
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Let G € G,, be a graph with vertex set [n] and edge set E(G). For (z1,...,z,) € X", the
graph weight w(G;x1, ..., x,) is given as the product of the edge weights dictated by Mayer’s
f function:

w(G e, ..., Ty) = H i, z5).

1,jEE(G)

We want to expand the logarithm of the partition function Z4(z), that is the normalization
constant for a finite-volume Gibbs measure with empty boundary conditions, around the
activity z = 0. To do so, we first notice that Z5(z) is given by the exponential generating
function for graphs: For all k € N and (y1,...,y) € X¥ we have

II a+r@wyn=> TI f@ww)

1<i<j<k Gegy {i,j}€E(G)

and therefore

_1+Z / IT O+fiy)AE(dy) = ;;/A > 1 f(yz,y;) " (dy).

1<i<j<k GeGy {i,j}€E(G

By a well-known combinatorial argument (see, e.g., [12,|15] and compare to the proof of
Proposition based on the fact that the weight of a graph is given by the product of
the weights of its connected components, the exponential generating function for graphs is
given by the exponential of the exponential generating function for connected graphs. That
means, that taking the logarithm of Z5(z) corresponds to discarding the graphs that are
not connected, i.e., log=,(2z) can be expressed as the exponential generating function for
connected graphs: For n € N, we define the n-th Ursell function by

on (21, ) = Z w(Gx1,.. . xn), (x1,...,2,) € X",
GeCp,

then we can capture the following identity between formal power series:
k
log Ex(z Z o / or (Y1, - . yp) A (dy).

In the context of statistical mechanics, log =, is the free energy of the system and encodes
the relevant thermodynamic properties of the system, which can be extracted from it by taking
derivatives; naturally, one is interested in the convergence radius of this activity expansion.

Alternatively, instead of log =, one can (and we will in the following) consider the activity
expansions of the correlation functions. Again, those are given by exponential generating
functions for a certain type of graphs that we call multi-rooted graphs: Let n € N and
k € Nog. We call a graph G € G, a multi-rooted graph with root vertices {1,...,n} if every

vertex j € {n+1,...,n+k} connects to some vertex ¢ € {1,...,n}. We denote the collection
of multi-rooted graphs with root vertices {1,...,n} by Dy, ;4. Furthermore, we define
Uik (T1, - Tpyr) 1= Z w(G a1, Tngk)s  (T1ye . Tppg) € XU
GEDn,n+k
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Notice that for n = 1, we recover the standard Ursell functions, i.e., 11 111 = chk.

Finally, we can define our main object of study: For an activity function z and n € N, the
activity expansion py(z) for the n-point correlation function is given by

1
pulorse052) = S g [ o)) )iy (13)
E>0

for (z1,...,xy,) € X"

1.4 Owur main cluster expansion result: Characterizing the domain of con-
vergence

Later, in Subsection 1.5, we will justify the fact that the activity expansions p, are our
main object of interest — by proving that they provide power series expansions for the
correlation functions corresponding to Gibbs measures with empty boundary conditions and
by connecting them to expansions known from literature. But what can be said about the
radii of convergence of those power series? In the literature, there are essentially three classical
approaches to cluster expansions for discrete systems with hard-core interactions:

e The combinatorial approach: This method is based on the free-energy expansion in
terms of connected graphs due to Mayer’s trick and was clearly formulated by Battle [1]
first, though there is preceding work by other authors. The convergence of the expansion
is established by tree-graph bounds |1,4], i.e., by bounding sums over weighted connected
graphs by sums over weighted trees; later Fernandez and Procacci [13] improved on
the method by rediscovering an old argument by O. Penrose [3§] and employing so-
called tree partition schemes to establish tree-graph identities. Another novel ingredient
contributing to their improvement was an iterative argument asserting that it is enough
to bound the expression involving single-generation trees to obtain convergence (and
analyticity) of the free-energy expansion.

e The inductive approach: This method was introduced by Kotecky and Preiss [28]; later
it was refined by Dobrushin [10] into its “final” form, abandoning any reference to
graphical expansion or power series altogether (Dobrushin himself referred to it as a
“no-cluster expansion”). While the proofs of given sufficient conditions are elegant and
accessible, they do not provide a clear path for further improvement of the conditions
since there is no recipe to come up with new inductive hypotheses. Recently, an induc-
tive proof a la Dobrushin of the Fernandez-Procacci condition emerged [14].

e The analytical approach: This method was introduced by Gruber and Kunz [18]. It
involves a system of integral fixed-point equations over a suitable Banach space of
functions — the Kirkwood-Salsburg equations — that is shown to be solved by the
activity expansions for the correlation functions. The convergence of the expansion is
essentially shown via the Banach fixed-point theorem and the argument involves showing
that an operator associated to the Kirkwood-Salsburg equations is a contraction on the
Banach space. Notice that the uniqueness of the solution ensures uniqueness of the
Gibbs measure. Using a slight modification of the approach — the extended Gruber-
Kunz approach — Bissacot, Ferndndez and Procacci [3] were able to reproduce the
Fernandez-Procacci condition.
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Notice that, until recently, in the discrete setup of polymer models, the three methods
produced at best the same bound on the convergence radius of the cluster expansion — the
one provided by the Ferdandez-Procacci condition (see [3,|13] for a comparison of classical
conditions in discrete setups). However, we are able to improve on the Fernandez-Procacci
condition using the analytical approach (see |a, Proposition 2.4]).

A lot was done to generalize those classic results to hold in continuous setups and for larger
classes of pair interactions. Ueltschi [42] generalized the classic Kotecky-Preiss condition to
hold, in particular, in continuous setups and for soft-core interaction; Faris [11] and Jansen [25|
followed by generalizing the Ferndndez-Procacci criterion.

Let us briefly summarize our results from our contribution [a], “Cluster expansions: Nec-
essary and sufficient conditions”: We follow the spirit of Bissacot, Ferndndez and Procacci [3],
employing a similar (but slightly modified) analytical approach & la Gruber and Kunz in a
much more general setup (and combining it with some combinatorial considerations). The
activity expansions p, of Gibbs correlation functions are given by exponential generating
functions for multi-rooted graphs. Multi-rooted graphs have a certain structural property:
Taking a multi-rooted graph and removing an arbitrary root with the incident edges produces
a multi-rooted graph, where every neighbor of the removed root becomes a root vertex itself.
The weight of the original multi-rooted graph is equal to the weight of the resulting graph
times the weight of the edges removed. This structural property, on the level of generating
functions, is expressed by the Kirkwood-Salsburg equations that can be exploited to find
sufficient conditions for convergence.

Consider an activity z and a non-negative potential v > 0. Let us formulate a particular
sign-flipped version of the classical Kirkwood-Salsburg equations by defining the sign-flipped
Kirkwood-Salsburg operator K, — that acts on families & = (&n)nen of measurable symmetric
functions &, : X — RT — as

(Ko&)nlwr, ... an) = 2(a1) [[Q+ f(xl,xi))<]l{n22}§n,1($2, )
=2

()

0 k
+Z;|/ H‘f(wlay])’é-n—l—‘rk(x%axnaylv7yk))\k(dy)>7 (14)
=1 " IXE

for all n € N and (x1,...,2,) € X". One can show that the non-negative versions p,(z) of
the activity expansions p,(z), given by

N 1
Pn($1,~-a$n§z) = E k'/Xk‘wn,n—i-k(xlr"71:n7y17"°7yk)‘z(1"1)'”z(‘rn))\lz€(dy)
k=0

for all (x1,...,x,), satisfy the equations

K.p(z) +e.=p(2).

Thus, on level of formal series, the activity expansions p,(z) can be written as Neumann-
type series Y 7 f(;‘ez and the partial sums ZT]:[:O f(gez of those series are given by truncated
versions of p,(z) involving graphs with at most N € N nodes. While the classic Kotecky-
Preiss and Gruber-Kunz conditions ensure the convergence of the Neumann series > >~ K
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with respect to an operator norm by ensuring that the operator K. is a contraction, this is
not necessary for the convergence of the Neumann-type series » f(;‘ez in general. We
want to provide a condition which is both sufficient and necessary for the convergence of the
Neumann-type series > .f(?ez in the case of repulsive interaction, which is the idea behind
the extended Gruber-Kunz approach [3].

In the following, we characterize the convergence of the activity expansions p, in terms
of existence of non-negative, measurable solutions to the associated Kirkwood-Salsburg-type
inequalities; it is a somewhat simplified version of |a, Theorem 2.1], for the special case of
repulsive interactions (i.e., for v > 0):

Theorem 1.5. In the case of repulsive interactions, the following two conditions are equiva-

lent:

(i) There is a family & = (&n)nen of measurable symmetric functions &, : X" — RY such
that

2(x1)0p1 + (f(zﬁ)n (X1, oymp) < &Ep(z1,. .., 20) (1.5)

for alln € N and (xy,...,z,) € X".
(ii) The series pp(z1,...,Tn;2) converges absolutely, for alln € N and (z1,...,x,) € X".

Moreover, if (i) is satisfied, then

1
Zk'/xk‘wﬂ,n+k(xlv7mn73/1773/k)|2<$1)2’($n))\];(dy) Sgn(fﬂl,...7$n)
k=0

on X", for all n € N.

This approach allows us to unify existing convergence criteria in a joint context (e.g.,
the classic Kotecky-Preiss and Fernandez-Procacci sufficient conditions) but it also allows
us to find new conditions by designing suitable ansatz functions £ (e.g., as approximations
of the the activity expansions p,) to satisfy the Kirkwood-Salsburg-type inequalities .
We demonstrate the potential of this approach to find new sufficient conditions in various
discrete and continuous setups with hard-core repulsive interactions and are able to use it
to improve on the Ferndndez-Procacci condition in the setup of abstract polymer models
(see [a, Proposition 2.4]).

1.5 Supplementary cluster expansion results
1.5.1 Activity expansions of the correlation functions

The results from this section — except for Lemma 1.9 — do not appear in [a] and are supposed
to be read as supplementary results providing context for the choice of the power series p,
as the candidate activity expansions for the correlation functions. We would like to connect
different known representations for the activity expansions to each other and to the correlation
functions themselves.
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First, we want to consider some combinatorial results to understand the graphical ex-
pansions on the level of the underlying graphs: In the literature there are two types
of expansions that (can be interpreted to) stem from two different possibilities to construct
multi-rooted graphs on a given vertex set. While the following expansions (see Proposition
and Proposition themselves can not be considered novel and appear in different setups
under various assumptions, we provide a combinatorial interpretation of the different repre-
sentations while rigorously proving them to hold in our quite general setup without assuming
concrete sufficient conditions for convergence.

First we introduce a simple procedure to construct multi-rooted graphs, which allows us to
explain how the series p,, relates to the series p! given by the exponential generating function
for connected graphs: For all n € N and (z1,...,2,) € X", let

1
pl(.%'l, e 73;71) = Z E \/Xk SDI,rH»k(xl’ s Ty Y1, - 7yk)z(x1) T Z(xn))‘lz(dy)
k=0
Lemma 1.6. For alln € N, all k € Ny and all (x1,...,Tnex) € X"F we have

Unntk(T15 -0, Togr) = Z H@?{@((xj)jew)

(Vi Vi } £=1

where the sum runs over all set partitions {Vi,...,Vy,} of {1,...,n+k} such that every block
Vi contains at least one root vertex i € {1,...,n}.

Proof. To construct a multi-rooted graph G' € Dy, 1, consider a partition {Vi,...,V;,}, m <
n, of the vertex set {1,...,n + k}, such that every block V; of the partition contains at least
one vertex from the set of roots {1,...,n}. Then simply pick connected graphs Gy, ...,G,, on
the vertex sets Vi, ..., Vin. The weight of the resulting multi-rooted graph G is given by

m

w(G; 1,y Tpak) = Hw(Gg;(xj)jew). (1.6)
/=1

Since every multi-rooted graph can be obtained in that fashion and since the sets of the graphs
corresponding to different partitions Vi, ..., V,, are disjoint, the claim of the lemma follows
immediately from by summation over all connected graphs Gy, ..., Gy, on Vi,.., V,, and
summation over all partitions V1, ..., Vi, m < n. ]

The relations (between the coefficients 1, 4 of the activity expansions p,, and the Ursell
functions) established in Lemma lead to the following representation of p,,:

Proposition 1.7. Suppose that all series pp(z1,...,Ty; 2) are absolutely convergent for some
activity function z. Then also all series p) (x1,...,Tn;2) are absolutely convergent, and we
have for alln € N and (x1,...,z,) € X"

on(T1, ... xp;2) = Z Hp‘-l;zil((a:j)jeRi;z), (1.7)

{R1,o R} i=1

where the sum runs over all set partitions {Ry,...,Rp} of {1,...,n}.
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Remark 1.5. The right-hand side of (1.7 is the representation for the correlation functions
in finite volume from [42, Theorem 2].

Proposition follows from Lemma it is proven at the end of this subsection (see|1.5.2]).

Unlike in the construction underlying our proof of Lemma [I.6] one might obtain multi-
rooted graphs by considering partitions of the root vertices and partitions of the non-root
vertices separately (see also Figure . That is precisely the construction underlying the
proof of the following lemma (Lemma . The lemma leads to a different representation
of p, in terms of the Ursell functions (established in Proposition . While that second
representation is of its own interest, it additionally allows us to show that the series p, do
indeed correspond to the correlation functions (we use it in the proof of Corollary .

Lemma 1.8. For alln € N, all k € Ny and all (x1,...,zy4k) € X"tE we have

1/}n,n+k(3717--'7$n+k) = H (1 +f(xi’xj))

1<i<j<n
,
< 2 H( [T (L4 flaiey) - 1) ol (@iev), (18)
Vi,V } =1 \1<i<n,
JEVL
where the sum runs over all set partitions {Vi,...,V,} of non-root vertices {n+1,... ,n+k}.

Proof. Every multi-rooted graph G € D,, ;.1 can be constructed in the following way. On
the root set {1,...,n} pick an arbitrary graph Gp. On the complement of the root set do the
following construction: Partition the set of the non-root vertices into r sets Vi, ..., V.., r < k.
For every block Vp, pick a connected graph Gy with vertex set V4, and in addition a non-empty
set of edges Ey C {{i,j} | i € {1,...,n}, j € Vi}. Then the graph G on {1,...,n + k} with
the edge set given by the union of F1,..., Ey and the edge sets of Gg,G1, ..., G, is contained
in D, 1k, its graph weight is

w(G;ajl,...,xm_k):w(Go;x1,...,$n)H< H f(xi,xj)>w(Gg;(xj)jew).

Summation over Go yields [[;; ;<,(1 + f(z;,2;)). Summation over connected graphs G
yields cp|Tw|(ccw). Finally, we see that summation over the edge sets E, yields the factor

[licicnjev, (1 + f(@i,25)) — 1. O

The relations (between the coefficients 1, ,, 41 of the activity expansions p,, and the Ursell
functions) established in Lemma lead to the following a representation of the series py,:

Proposition 1.9. Suppose that all series pp(x1, ..., Ty; 2) are absolutely convergent for some
activity function z. Then

Pn(T1, . xn; 2) = 2(x1) -+ 2(xh) H (1+ f(zi, zy))

1<i<j<n
1
X exp (Z ] /Xk [ IT 0+ fin) — 1ol 7yk)>\]§(dy)>a
k=1 1<i<n
1252k
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foralln € N and (x1,...,z,) € X"

Remark 1.6. This representation is well-established in discrete setups in the literature: E.g.,
in the setup of abstract polymers in finite volume, the exponential on the right-hand side for
n = 1 coincides with the expansion @fv\l of the reduced 1-function in x; from [3]. For general
n > 1 the exponential appears in 3] in the form of a reconstruction formula involving the

. ATty -
1-expansions @xi\x Tt e {1, ., n}

The proposition follows from Lemma it is proven in Section [I.5.2]

We see how the two different constructions of multi-rooted graphs lead to two different rep-
resentations of the activity expansions p,, given by (1.3)) appearing throughout the literature
in various setups.

n n n
n n n n
n n n
° ° ° °
n n n
n n n n [ [ ]
n n n
° ° ° ° 6@6: b

Figure 2: Here, we see a multi-rooted graph G € D4 14 — the round nodes depict roots, the
square nodes depict non-root vertices. In the first line, using the example of G, we illustrate
the construction of multi-rooted graphs underlying Lemma [1.6] where in the first step the
vertex set is partitioned in blocks containing at least one root. In the second line, we illustrate
the construction of multi-rooted graphs underlying Lemma [1.8] where in the first step the
roots and the non-root vertices are partitioned separately.

Now, we would like to convince the reader even further that the power series (pp)nen are
indeed the right object to study — by providing a result indicating that, for every n € N, p,
corresponds to the n-point correlation function of the grand-canonical Gibbs measure with
empty boundary conditions. To do so, we want to introduce some auxiliary notation first:
Let us fix an interaction potential v > 0 and an activity z. For A € A}, let Pp denote
the associated finite-volume grand-canonical Gibbs measure with empty boundary conditions
(non-negativity of the potential v is sufficient for the existence of the finite-volume Gibbs
measure). For n € N, define the candidate expansions for the finite-volume n-point correlation
functions, denoted by py A, just as p, in but with integrals over A™ instead of X™.
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Corollary 1.10. Let z be an activity function and suppose that pp(z1,...,%n;2) converges
absolutely for alln € N and all (z1,...,2,) € X". Then for every Borel set A C X with
S P1(; 2)A(dx) < o0, the functions p, a(z) are the correlation functions of the finite-volume
Gibbs measure Py .

Remark 1.7. Suppose there exists a sequence (A, )men in X such that fAm p1(x)A;(dx) < o0
for all m € N. Then as m — oo, the finite-volume correlation functions py a,,(2) converge
pointwise to the functions p,(z). Usually this is accompanied by a convergence of Gibbs
measures Py~ — P and the functions p,(z) are the correlation functions of the infinite
volume Gibbs measure P. A rigorous statement on convergence is beyond the purpose of this
work; some relevant considerations and references are given in 25| Section 2.3 and Appendix
BJ.

Proof. The corollary essentially follows from Proposition proven at the end of this sub-
section. We show that

Pt (T15 T 2) = 2(@1) - 2(zn) [ U+ flai ;) / e it WlEmp, (dp).

1<i<j<n Ny

(1.9)

To prove this identity, we observe that the expected value on the right side of can be
rewritten as a ratio of partition functions. To do so, notice that the interactions of random
points in 1 with points x1,...,x, on the right side of can be absorbed into a modified
activity as follows: For fixed (x1,...,2,) € X" define the activity Z by

2(y) = a(y)e” =) = () [T(1 + f(ziw), yeX
i=1

For a Borel set A C X with A;(A) < oo, consider the grand-canonical partition function
at activity z given by

Ea(e) =1k ) o [en Tmese Wi (dy),

using the notation introduce above, we can write

/ o sy Wxim) Pa(dn) = Ea(®) .
N
Now, assume for a moment that

1
Zk;/Ak\sﬁg(ylw-wyk)wz“(dy) < o0, (1.10)
k=1 "

then it is well-known from the theory of cluster expansions (as mentioned in Subsection 1.3)
that

—_ > 1
logZx(2) = Z k! /Ak ‘Pll—(yla e ,yk)Aﬁf(dy)-
k=1""
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If the convergence condition ) holds true for z, then because of v > 0 the modified
activity Z satisfies a similar condltlon and log =4 (%) has a similar expansion. Therefore

RER L TREN

and we recognize the exponent from Proposition[I.9] The identities from Proposition [I.9]hold
true in finite volume as well, so we conclude that Eq. (|L.9| . holds true.

[I]

log = (1+ f(zi,y)) — 1) or (y) A\ (dy).

1<i<n
1<]<k

Thus it remains to check that a sequence (Ay,)men with A, (A,,) < oo for all m € N and
Ay, 7 X, which satisfies the convergence condition ((1.10)), exists. Since \ is o-finite and g;
is pointwise finite by assumption, the measure given by pi(x)d\(x) is again o-finite. That
ensures the existence of a sequence (An),,cy C€ X with A.(A,,) < oo and A, /X such that
fAm p1(z)dA(x) < co. To see that the sets A, thus satisfy (1.10]) notice that

Zk,/ ok (Y1, - - ue)| Ai(dy) SZ /m (Y1, - - ue)| Mo (dy)
k:l

holds for every Borel set A. If, moreover, [, p1(x)dA(z) < oo holds, one can interchange
the order of summation and integration in the expression on the right-hand side of the last
inequality to obtain

o0

> = [ e ) = [ @)are) <o,

k=1

which concludes the proof of the corollary. O

1.5.2 Proofs of Propositions [1.7 and [1.9]

Proof of Proposition[1.7. The proposition follows from Lemma [I.6] Clearly there is a one-
to-one correspondence between on the one hand set partitions {V1,...,V;,} of {1,... ., n+k}
such that every block contains at least one root vertex i € {1,...,n}, and on the other hand
pairs consisting of (i) a set partition P = {Ri,..., Ry} of the roots {1,...,n} and (ii) a
collection (V) grep of sets, indexed by the blocks of the partition P, such that the sets VIQLJ_
are pairwise disjoint and their union is {n +1,...,n + k} (we do not exclude Vj, = @).

As a consequence,

m
wn,n+k($17”'7$nay17"‘7yk) = Z Z HQO‘—[}{Z|+|JZ|(xRe7yJZ) (111)

P={R1,...Rm} (Jr)rep {=1

where the sum is over set partitions P of {1, ...,n} and tuples (Jg) rep of pairwise distinct sets
Jr (possibly empty) such that | Jpcp J = {1,...,k}. It is a general fact that if Al(f) (Y1, -5 Yk),
ke Ng, £=1,...,m, is a family of symmetric functions with

21
Zk;/Xk‘A;(f)(yly---,yk)})\];(dy) < 00,
k=0
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then

> H<Z k! ) Zk'/ > HAW y;,)\e(dy), (1.12)

{R17 va}e 1 (J1yeeeydm) £=1
where the sum over (Jy,. .., Jp,) is over tuples of pairwise disjoint sets (with J, = @ allowed)
with union | J J; = {1,...,k}. Assume for a moment that the truncated functions p,; converge
absolutely, i.e., assume that
n o 1
T k
Hz(xz) Z o /Xk‘gawrk(xl, T Y, Yk) | AR (dy) < oo (1.13)
i=1 k=0 "

for all n € N and (x1,...,z,) € X". Then, for every fixed  and set partition {Ry,..., Ry}

¢
we can apply Eq. (1.12) to A,(C)(yl, e Yk) = 90|TRe\+k(sz7 Yly- -y Yk) HieRe z(x;). Together
with ([L.11)), this yields the formula from the proposition. Thus it remains to check the absolute
convergence (|1.13)).

We prove (|1.13)) by induction over n > 1. First, notice that (1.13]) holds for n = 1 and
for all 1 € X, since for every k € N the set of 1-rooted graphs D 14 is exactly the set of
connected graphs Cyyg:

> zZ\xr
T =3 [ olatorme o itian) = e

k=0
and the 1-point functions p;(z) converge absolutely by assumption.
Now assume that the truncated functions p/, ..., p} converge absolutely for some n > 1.
To obtain absolute convergence ((1.13)) for n+ 1, we realize that for our choice of the functions
Al(f) the identity ([1.12]) can be rewritten as

m
Pr+1(T15 ooy Tng1; 2) :pr—IL—Jrl(xlv"?xn-‘rl;Z)"’_ Z Hp\—l;m((xj)jERz‘;z)v (1‘14)
P={Rqy,...Rm} =1
P#{{1,...,n+1}}
where the finite sum on the right side runs over all partitions P of the roots {1,...,n + 1}
except for the trivial partition P = {{1,...,n+ 1}}. Consider

> 11 ofe, (@))jer; 2)

P={Rq,..., Rm} =1

PA{{L,..n+1}}
and notice that it converges absolutely by the inductive hypothesis (as a finite sum of Cauchy
products of absolutely convergent series), while p,+1(1, ..., Tnt1; 2) converges absolutely by
assumption. Therefore,

m
o1 (T1,coes Tni15 2) < Pt (T4 ey Tng1; 2) + Z Hﬁr}%i\((ﬁﬂj)jel%ﬁz) < 0o
P={Rq,...,Rm} i=1

PA{{1.nt1}}

and we get the absolute convergence of pz 4+1(21, .., Tpy1; 2), which concludes the induction
and the proof of the proposition. O
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Proof of Proposition[1.9. The proposition follows from Lemma [T.8] By Lemma

wn,n—i-k(xlw"7$n7y17“'7yk): H (1+f(ml7‘rj))

1<i<j<n

X Z HAn,M\(xla---733n§(yj)jew)v (1.15)

(ViV} =1

where the sum runs over all partitions {V1,...,V;} of {n+1,...,n+ k} and

An,k(l‘la”'7xn;y17"‘7yk) = ( H (1+f(xlayj)) _1>90;_(y17>yk)

1<i<n,
1<5<k
Assume for a moment that
=1
S L Ao -2 |3 (@) < o (1.16)
k=1

Then it follows by the exponential formula from combinatorics (see, e.g., [12]) that

1+Zk‘/ Z HA Vel :Byve )\ dy —eXp<Zk,/ nkmy (dy)>

{Vh 7Vr}£ 1

and the equality from the proposition follows from (|1.15). Thus it remains to check the
absolute convergence (|1.16)).

Therefore, we first notice that by the sign-flipped Kirkwood-Salsburg equations — satisfied
by [a, Proposition 3.6] — the following holds for every xg € X:

o0 k

- 1 -

pr(zo; z) = z(mo) | 1+ ) i /Xk LI 1/ o, i)l Bk ey s 2)dNF(dy)
k=1 j=1

> (o) /X (@0 9)] 71 (3 2)dAy),

in particular, that last integral is absolutely convergent:

Voo € X - /X [F(@o.m)| 51 (: 2)AA(y) < oo, (117)

Standard arguments (see, e.g., |42, Eq. (10)]) yield the bound

‘HH 1+f‘r“yﬂ _1‘ ZZ|f (zi,95)]

i=1j=1 =1 j=1
which yields
00 n k
1
Zm/ [An (@ 9)z(n) - =) | (dy) <Zk'/;gk22|f i, 5) ||k () [ M (dy).
k=1 i=1 j=1
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Finally, interchanging the order of summation and integration on the right-hand side of the
last inequality and using absolute convergence ((1.17)), we obtain (1.16)):

4 n 0 1 n
;k! /X k;kf(xi,ynusoyy)\ﬂ;(dy) =2 G /X kglf(wi,yl)\\sOZ(y)\A’i(dy)

1

n o 1 n ~
=D iy / f @iyl ek ()N (dy) = / [f (i y1) 51 (y1; 2)dA (y1) < oo
= o =Dl i—1 7%
This concludes the proof of the proposition. O

1.5.3 Limitations of cluster expansion

We conclude our discussion of cluster expansion with an observation about the general lim-
itations of the approach. Notice that the cluster expansion is a low density expansion and
the domain in which the correlation functions are analytic can be in general much larger
than the domain of convergence of the activity expansions — see, e.g., [24] where we have
a one-dimensional system of non-overlapping rods such that the convergence of the activity
expansion for the pressure implies that the activities decay exponentially in the length of the
rods, but the pressure is analytic even for exponentially growing activities.

Historically, the convergence of the cluster expansion is often used to argue uniqueness of
Gibbs measures, however, the convergence radius of the activity expansion is typically much
lower than the critical activity corresponding to the uniqueness phase transition and other
methods (e.g., based on disagreement percolation [2,22] or Dobrushin uniqueness [23]) provide
far superior bounds for that critical activity.

Moreover, graphical expansions of the free energy or correlation functions in other pa-
rameters are possible, e.g., virial expansions in the density of the Gibbs processes [27]. The
coefficients are given in terms of irreducible (doubly connected) graphs. Although, classically,
the convergence of the virial expansion is proven via inversion formulas starting from an ac-
tivity expansion (so that the limitations are inherited from cluster expansion methods) it was
conjectured that the virial expansions have a larger radius of convergence than activity ex-
pansions (at least in the case of repulsive interactions). In particular models, this conjecture
was confirmed (see, e.g., [24126,33]).

Notice that, in the case of repulsive interactions, our main result does not only provide
sufficient conditions, but also necessary ones. We show an exemplary result that demonstrates
the limitations of the cluster expansion approach in a very classical setup. The result is based
on a necessary condition that stems from [a, Theorem 2.7] — which is a minor modification
of our main result Theorem 2.1 formulated for subset polymer systems. First, we would like
to introduce this classical setup:

Let X consist of all finite, non-empty subsets of Z%, let X be the power set of X and let
the reference measure A be given by the counting measure on X. We define the hard-core
compatibility interactions by setting

f(X7 Y) = _ﬂ{XﬂY;éE}a X, Y eX

For simplicity, we want to consider a single-type polymer system here, i.e., we assume that
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there exists a finite non-empty set S C Z¢ and a scalar z > 0 such that

(X)) = {z, X is a translate of S, (1.18)

0, otherwise.

The elements of X are called polymers. With respect to the Gibbs measure, configurations
with overlapping polymers are prohibited and the polymers that appear in the configuration
have the same shape and size. To denote the size of those polymers, we set V :=|S]|.

Lemma 1.11 (Limitations of cluster expansions; discrete case). In the homogeneous case of
(one-type) subset polymers, the convergence radius of the activity expansions p,(z) is bounded
by the inverse of the polymer size V.

Proof. A necessary condition for the absolute convergence of p,(z) (see |a, Theorem 2.7] and
choose D' := @) is that for every x € Z? there exists a measurable function a : X — [0, 00)

with
2 Z oY) < gallz}) _ 1,
YeEX,Y3z
By the proof of [a, Theorem 2.7], we can choose a to satisfy the property a(D;) < a(D3) for
D1 C D,. Therefore, we get
ea({z}) B 1
e 3y exy s, )
1 1 1
< < = —.
" YyvexyseetMelsh) T {Y eXlz eV} V

z <
ZYEX,YBJU

O]

Remark 1.8. Analogous results can be formulated for non-overlapping objects of a single type
in continuous setups, consider, e.g., the hard sphere model. That is, let X be given by R¢, let
X be the Lebesgue measure on R% and, for a positive radius R > 0, define the pair potential
v on R? x R4 by

0, if ||z — y|| > 2R,

’U(l’, ): .

oo, if ||z —y|| < 2R.

In this setup, a similar argument yields 1/|Bgr(0)| as an upper bound for the convergence

radius of the activity expansions p,(z), where |Bg(0)| denotes the (Lebesgue) volume of the
open ball of radius R around 0.

Remark 1.9. Notice that the classic Kotecky-Preiss condition yields the bound % for the
convergence radius of the cluster expansion, so that the theoretical improvement possible
past the classic result is limited to a mere multiplicative factor e.

1.6 Generating functions for generalized Catalan numbers

Now, let us briefly discuss the setup and the results from our second contribution [b]. In [24], a
one-dimensional system of non-overlapping rods on Z is considered and the activity expansion
for the associated pressure is studied. Under the assumption that all the rods have the same
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length £ > 2 and activity z, the convergence of the activity expansion follows from the
convergence of the power series Fj(z) satisfying the fixed-point equation

eIk () — 1 4 LeFFR(2) (1.19)

on the level of formal power series. Naturally, the following question arises: What are the
coefficients of F(z) and how can they be interpreted combinatorially?

It is not hard to see that the formal power series Gy (z) = ef*(*) is given by

see, e.g., [32]. One way to interpret the fixed-point equation is to consider so-called
k-ary rooted plane trees: Informally speaking, those are tree-graphs such that every vertex
has exactly 0 children (i.e., it is a leaf) or k children ordered from left to right (see Figure [4]).
One can relate to the following structural property of k-ary rooted plane trees: Such
a tree is either empty or it decomposes into the root and a sequence of k k-ary rooted plane
trees (this recursive relation can be taken as a formal definition |16]). Therefore, by standard
combinatorial arguments (see, e.g., [12]), the generating function for k-ary rooted plane trees
satisfies (1.19). And, for every n € N, the n-th coefficient of G}, enumerates k-ary rooted
plane trees on n vertices: Indeed, the coefficients

n 1/ k
c,go):zl, Cé)z:m(m—nl)’ n €N

of G} are called k'™ generalized Catalan numbers (or Fuss-Catalan numbers, see [32]). For

H %(nk_nl) H n=1 n=2 n=3 n=4 n=5 n=6 n="7 n=8 n=9 H
| k=2 | 1 2 5 14 42 132 429 1430 4862 ... |
| k=3 || 1 3 12 55 273 1428 7752 43263 246675 ... |
| k=5 [ 1 5 35 285 2530 23751 231880 2330445 23950355 ... ||

Table 1: Here we provide the first few (generalized) Catalan numbers for k = 2,3, 5.

k = 2, we recover the prominent Catalan numbers

©_q m__ 2

R  (n+ D!’ nen,

that constitute one of the most studied sequences of natural numbers in combinatorics, ad-
mitting countless significant interpretations relevant in enumeration problems. Among the
combinatorial structures enumerated by Catalan numbers (over 200 are listed in [40]) are
binary plane trees. This interpretation generalizes to k' generalized Catalan numbers, in the
sense that they were shown to enumerate k-ary rooted plane trees [21]. This can be proven
by using the recursive relation

J
C}({O) =1, C](€n+1) = Z Hc](fi), neN,
n=ly+...+; i=1
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Figure 3: There are c2 = 14 unlabeled binary rooted plane trees with 4 (non-leaf) vertices.

which corresponds to the recursive structure of the k-ary rooted plane trees described above.

The question posed in [24] that we answer in [b] can now be reformulated as follows:
For which labeled tree-like structures is F(z) the exponential generating function and what
are the underlying constructions (on the level of graphs) connecting those structures to k-ary
rooted plane trees? Notice that we need to consider labeled structures here, Fj(z) = log G(z)
can not be interpreted as an ordinary generating function for a combinatorial species, but
only as an exponential generating function, since the coefficients of Fj(z) do not need to be
natural numbers.

We provide such combinatorial interpretations in terms of tree-like structures in |b, The-
orem 3.5] and [b, Theorem 3.7]. The structures underlying the interpretation of Fj(z) from
the latter result are called cycle-rooted trees and are inherently of cyclic nature, which can
be understood as follows: Informally speaking, a cycle-rooted tree is obtained from a k-ary
rooted plane tree by bending the right-most branch of the tree into a cycle — identifying the
root and the right-most leaf of the tree. Our bijective result [b, Lemma 3.4] that identifies
the trees with sets of cycle-rooted trees can be viewed as a generalization of the well-known
decomposition of permutations into cycles.

An alternative interpretation, using the fact that the Catalan generating function Gy can
also be viewed as the generating functions for certain monotone lattice paths, the so-called
k-good path [21], is stated in [b, Theorem 2.7] — it is based on our bijective result |b, Lemma
2.4] stating that a k-good path can be decomposed into a set of cyclic path-like structures
we call lattice k-ornaments. Informally speaking, those structures are obtained by bending
k-good paths into cycles — identifying the starting point and the end-point of the path. This
combinatorial interpretation allows for a particularly simple enumerative proof to determine
explicit expressions for the coefficients of Fj(z) (as well as for the coefficients of the higher
powers (Fj(2))?, a > 2). Notice that closed expressions for the coefficients of Fj(z) are

jJJJAJJﬁﬁAﬁij

Figure 4: There are cé ) =14 2- good paths with 4 vertical steps.

known in the literature — the formula for & = 2 (that we prove in |b, Theorem 2.8]) was
presented by Donald Knuth in his 2014 Christmas lecture. Soon formulas for the coefficients
of Fy(z) were proven for k > 2 (see [24]), and also for the coefficients of higher powers
(Fx(2))" with a > 2 (see [6,139]). All those proofs involve general algebraic inversion formulas
like Lagrange inversion. Thus our results identifying those coefficients (see [b, Theorem
2.8 and Theorem 2.9]) can not be considered novel, but demonstrate the usefulness of our
combinatorial interpretation of Fj(z) that allows us to reduce the problem of identifying the
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coefficients of its powers to a simple enumeration problem.

In [b], all appearing power series are treated as formal power series and we do not provide
statements about the convergence of the series. However, the domain of convergence of the
power series Fj(z) was characterized in [24].

1.7 The random connection model and the Ornstein-Zernike equation

Consider a GPP on R? with repulsive pair interactions (i.e., v >0and 0 < f =e¥ —1 < 1).
One can hope to gain knowledge about the uniqueness of the Gibbs measure by choosing
a suitable notion of connectivity on the point configurations and studying the associated
percolation phase transition. A recipe to obtain connectedness functions is given in [8] by
physicists: On the level of graphical expansions, e.g., in the density of the GPP, one obtains
connectedness functions from the correlation functions of the GPP by discarding certain
graphs that contribute to the graphical expansions of the latter. To do so, one rewrites
Mayer’s f function as a certain sum of two functions, f = f* 4 f*, splitting every edge
into two possible edges — one weighted with fT, the other with f*. Naturally, this leads
to expansions of the correlation functions in terms of weighted graphs with the two types
of edges. To obtain the expansions for connectedness functions, graphs that satisfy certain
connectivity assumptions with respect to fT-edges are kept, the rest is discarded. While [8]
provides elegant power series expansions of the connectedness functions, the convergence of
those expansions is not treated in the physics literature and mathematically rigorous analysis
is exceedingly rare (see [31]).

In [b], we consider a simplification, where the starting point is the PPP of intensity A > 0
in R%. Consider the random connection model (RCM), informally described as follows: The
vertex set is given by the points of the PPP (and possibly a finite number of deterministic
points) and edges between the vertices are drawn independently with probabilities given by
a radially symmetric connection function ¢ : R? — [0,1]. The pair connectedness function
7y : RT x R? — [0, 1] is given by the probabilities 7(z1,22) that two deterministic points
x1,29 € R? (a priori fixed as vertices) are connected in the resulting random graph. For a
rigorous introduction of the RCM, see [19}31].

The pair connectedness function admits a graphical expansion in terms of graphs with
two types of edges, (4)-edges weighted by ¢ and (—)-edges weighted by —; we refer to those
as (+)-graphs. This corresponds to the recipe from [8], where one decomposes Mayer’s f
function — notice that f = 0 for the PPP — as f = ¢ + (—¢). The resulting notion of
connectivity then coincides with the one in the RCM. Notice that the negative weights —¢
can be interpreted in terms of Mayer’s f function of an associated GPP with repulsive pair
interactions (in particular, if we draw edges deterministically between sufficiently close points,
—¢ can be interpreted as Mayer’s f function for a hard spheres model).

The expansion of 7\(x1,x2) is then given by

AT -
(21, 22) = Z n‘/ Wi(G)da}[gm_,_g], T1,22 € Rd, (1.20)
n>0 Y GeCH(Tnpg):

:Eﬂlxﬂz

where the graphs we sum over satisfy the following assumptions: Those are (4)-graphs on
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{z1,...,2n42} that are connected (in terms of paths consisting of possibly both types of
edges) and, additionally, 1, xy are connected by a path consisting of only (+)-edges.

The Ornstein-Zernike equation (OZE) is an integral equation first derived in [37]. In
statistical mechanics, it initially related — essentially via a convolution formula — the corre-
lation functions to the direct correlation functions. It was pointed out by Hill in [20] that it
was possible to use the same relations for connectedness functions in percolation as well. The
goal is to find a solution gy, called the direct-connectedness function, to the Ornstein-Zernike
equation

T/\(.fC,y) = g)\(.’lf,y) + )\/d g)\(‘raz)T/\(Z7y)dZ7 T,y € Rd' (121)

R

The existence of a unique integrable and essentially bounded function gy : R? x R? — R4
solving (1.21)) was proven in [31].

In , both the functions 7, and g, are unknown, moreover, unlike the pair connected-
ness function 7y, the direct-connectedness function gy cannot be interpreted probabilistically.
Usually, a complementary equation — a so-called closure relation — is provided to obtain
an approximation of gy as a solution of a modified integral equation (a classic example is
the Percus-Yevick approximation, see [41]). In [b], we do not introduce a closure relation,
but consider a graphical expansion as a definition — showing that it converges and solves
the OZE in a certain low-intensity regime. From [8], we know the physicists expansion of gy
(stated there without proof) given by

A" .
INGEDEDY n,/ > w(G)dT(3 49)- (1.22)
n>0 GEDa:ctl,zg (Z[nt2)):

Tl <i>af2

The difference to the expansion of 7x(x1, x2) is that on the graphs in one imposes
an additional assumption — the existence of two vertex-disjoint (+)-paths between x; and
z (see Figure [5). In other words, the expansion of gx(x1,x2) is obtained from the
expansion of 7\ by discarding those (+)-graphs that possess vertices pivotal for the
T1-To-connection.

In [d, Section 6.2], we show that the convergence of the expansion follows from [31],
but we do not provide quantitative bounds for the domain of convergence of this expansions.
Instead, the idea behind the main result [c, Theorem 1.1] is to perform a resummation in
and show that the resulting series converges and solves the OZE in a certain domain
conjectured to be bigger than the domain of convergence of . The graphical expansion
obtained by the resummation is not a power series — the direct-connectedness function can
be viewed to be partially expanded in the intensity of the underlying PPP. The rough idea
behind the resummation is to split every graph contributing to the expansion into a core
graph and a shell graph — so that the direct-connectedness function decomposes into a core
function and a shell function (see |c, Definition 4.2]). We then provide probabilistic bounds
for both the core (in terms of certain “connection probabilities”, see [c, Proposition 4.1]) and
the shell (in terms of certain “disconnection probabilities”, see [c, Eq. (4.25)]).
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Figure 5: We see two graph contributing to the expansion of Tx(z1,x2). The (+)-edges
are depicted as solid lines and the (—)-edges as dashed lines. Notice that both graphs are
connected (with respect to arbitrary edges) and in both graphs there is a path consisting of
solely (+)-edges connecting the vertices 1 and x9. The right graph does not possess a vertex
pivotal to the x1-xo-connection (with respect to arbitrary edges) — thus it also appears in
the expansion of gr(x1,x2). But in the left graph the solid black vertex is pivotal for
the x1-r5 connection — thus it does not appear in .
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Abstract

We prove a new convergence condition for the activity expansion of correlation functions
in equilibrium statistical mechanics with possibly negative pair potentials. For non-negative
pair potentials, the criterion is an if and only if condition. The condition is formulated with a
sign-flipped Kirkwood-Salsburg operator and known conditions such as Kotecky—Preiss and
Fernandez—Procacci are easily recovered. In addition, we deduce new sufficient convergence
conditions for hard-core systems in R? and Z¢ as well as for abstract polymer systems. The
latter improves on the Fernandez—Procacci criterion.
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1 Introduction

Since its introduction by Mayer in the early 40s, the method of cluster expansions was—and
remains—a very important tool in equilibrium statistical mechanics. A classical application
yields the analyticity of the logarithm of the partition function for a physical system at
equilibrium by deriving a Taylor expansion in the activity or density parameter around zero.
Such results can be quite useful, for example, in the study of phase transitions or the decay
of correlations, for a vast class of models.

In 1971, Gruber and Kunz introduced in their seminal paper [12] systems of non-
overlapping geometric objects—referred to as polymers—given by subsets of a lattice. They
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presented a rigorous mathematical formalism in order to provide convergent cluster expan-
sions for this model. Instead of the logarithm of the partition function, they considered the
correlation functions of the system and derived convergent activity expansions by using a
system of integral equations, the so-called Kirkwood—Salsburg equations, and solving the
corresponding fixed point equation on a suitable Banach space. However, in the following
years less analytical appoaches were favoured by researchers: Combinatorial proofs such
as in [3], relying on tree-graph identities [23], and inductive proofs following the idea by
Kotecky and Preiss [18] and its development in [4] by Dobrushin. The inductive method was
presented in the more general setup of abstract polymers (where the underlying space is not
necessarily a lattice, nor are the polymers necessarily given by geometric objects). Notice
that abstract polymer models are universal in the sense that a large class of classical models
can be represented as polymer models due to the combinatorial structure of the correspond-
ing partition functions (see, e.g., [11] for an application to the Ising model). Moreover, an
interesting connection with probability theory was pointed out by Scott and Sokal in [29]:
Convergence of cluster expansions in abstract polymer models is related to the Lovasz Local
Lemma—better sufficient conditions can provide refinements of the latter (see, e.g., [2]).

In 2008, Fernandez and Procacci proved a new sufficient criterion in the setup of abstract
polymers improving on the result by Kotecky and Preiss. The initial proof [8] relies on
combinatorial arguments, an alternative proof via an induction a la Dobrushin [10] appeared
recently (finally, in this paper we provide an analytical proof in the spirit of Gruber—Kunz).

Overall, in the last two decades, a notable effort was made to generalize classical suf-
ficient conditions in the abstract polymer setup (including the condition by Fernandez and
Procacci) to hold in continuous spaces and for systems with soft-core (or even more general)
interactions, see [5, 14, 22, 24, 32].

We want to go further by employing a Kirkwood—Salsburg approach in the rather general
setup of Gibbs point processes (or, in terms of statistical mechanics, grand-canonical Gibbs
measures) defined via pairwise interactions. It is well-known that—under mild additional
moment conditions, which are automatically satisfied for non-negative pair potentials—there
is a one-to-one correspondence between the set of those Gibbs measures and the associated
families of correlation functions (also known as factorial moment densities). In the special
case of adiscrete space and hard-core interactions, the value of the n-point correlation function
is given simply by the probability to see n particles at the prescribed positions in the random
configuration of particles. The correlation functions can be expanded as power series in the
activity parameter z, i.e., in the intensity of the underlying Poisson process. We denote the
Taylor expansion for the n-point correlation function in z around zero by p, and write p
for the family of those expansions. In general, the series p need not to be convergent at all;
we are, however, interested in conditions which ensure pointwise convergence (towards the
correlation functions). Furthermore, we want to consider the more general case where the
underlying Poisson point process is inhomogeneous, i.e., where a different intensity value
may be assigned to every point in the space, the activity z is a function and the expansions
p are multivariate power series in z. For a rigorous introduction of Gibbs point processes
and corresponding correlation functions, see [14], but notice that here we do not assume the
interaction potential to be non-negative (unless explicitly stated).

The starting point of the paper and the central quantity to investigate are the activity
expansions p which we consider independently of their interpretation in term of the cor-
relation functions. Let us outline the main ideas present in the paper. The coefficients of
the multivariate power series p are defined in terms of a certain family of rooted graphs
to which we refer as multi-rooted graphs (see [14, 30]). Using the terminology from [6],
the activity expansions p are given by the exponential generating functions of the coloured
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weighted combinatorial species of multi-rooted graphs with a fixed set of roots. The set of all
multi-rooted graphs has an essential structural property—it is invariant under the operation
of removal of a root. Taking a multi-rooted graph and removing an arbitrary root (as well as
all edges incident to it), one gets again a multi-rooted graph on a smaller vertex set, where
every neighbour of the removed root becomes a root vertex itself. The weight of the original
graph is equal to the weight of the resulting graph times the weight of the edges removed. The
corresponding property of the generating functions is expressed by the Kirkwood—Salsburg
equations. Every possible rule for the choice of the root to remove induces a different combi-
natorial operation and therefore a different system of Kirkwood—Salsburg equations for the
generating functions.

In this work we provide a condition for absolute convergence of the activity expansions p in
terms of the existence of a measurable function solving a system of Kirkwood—Salsburg type
inequalities (in the case of repulsive interactions, that condition is also a necessary one). Our
main result, Theorem 2.1, is inspired by [1]; it is a slightly modified, strongly generalized
version of Claim 1 therein. The goal, however, is not only to obtain abstract conditions
which are both necessary and sufficient for convergence of the cluster expansions—but also
to demonstrate how these characterizations provide a universal approach to prove model-
specific sufficient conditions on different levels of generality, both in discrete and continuous
setups with repulsive interactions. A two-lane mechanism arises: On the one hand, for a
candidate family of ansatz functions & (given, for example, as approximations of p) one
can search for conditions that ensure that these functions & satisfy the Kirkwood—Salsburg
inequalities; on the other hand, given candidate sufficient conditions, one can construct a
suitable family of ansatz functions £ tailored to satisfy the Kirkwood—Salsburg inequalities
under these conditions.

This approach provides a unifying framework for the known conditions, but it also allows
to prove stronger results. To emphasize this possibility, we derive a new sufficient condition
for absolute convergence of the activity expansions p in the setup of abstract polymers. In
that general setup, our condition improves on any known condition that we are aware of.

A more detailed outline of the main ideas intoduced above can be found in [16] (for the
case of non-negative pairwise interactions and without rigorous proofs).

In the further course of the paper, we investigate two particular hard-core setups as
examples—the subset polymers in Z¢ and hard objects in R¥. There, the sets of roots of
the multi-rooted graphs correspond to configurations of geometric objects. By breaking the
geometric objects into smaller “pieces” to which we refer as snippets, we can identify these
configurations with configurations of snippets (e.g., in the case of subset polymers we can
identify a configuration of polymers with the disjoint union of monomers covering this con-
figuration). Picking a root of a multi-rooted graph—the combinatorial operation underlying
the Kirkwood—Salsburg equations—corresponds to picking a snippet. Different rules to pick
a snippet in general give rise to characterizations of absolute convergence in terms of dif-
ferent Kirkwood—Salsburg inequalities. This way the latter can be tailored to a candidate
sufficient condition. Thus different sufficient conditions can be derived by playing both with
the choice of different systems of Kirkwood—Salsburg inequalities and the choice of different
ansatz functions satisfying these inequalities. We illustrate this mechanism by deriving some
sufficient conditions for a class of hard-core interaction models, in particular for multi-type
systems of hard spheres in R,

The paper is organized as follows: In Sect. 2.1 we introduce the basic notation and present
the general framework. Furthermore, in Theorem 2.1 we state our main result, a character-
ization of the domain of absolute convergence for the activity expansions p, and use it to
recreate the classical sufficient conditions by Kotecky and Preiss as well as the sufficient
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conditions by Ferndndez and Procacci in a rather general setup (see Corollaries 2.7 and 2.9,
respectively). In Sect. 2.2, the same approach is used to prove a new, improved sufficient con-
dition in the setup of abstract polymers (Proposition 2.4). The proof of the proposition relies
on an auxiliary result (Lemma 2.5) which is proved in Appendix A. In the Sects. 2.3 and 2.4
we consider the special case of hard-core interactions. Both in the continuum (Sect. 2.3) and
in the discrete setup (Sect. 2.4), we provide model-specific characterizations of the conver-
gence domain, stated in Theorems 2.6 and 2.7, respectively. As an immediate consequence
of Theorem 2.7 we obtain an elementary proof of the well known Gruber—Kunz condition
(Corollary 2.8). In Sect. 3, we present a forest-graph equality and other combinatorial results
in order to prove Theorems 2.1, 2.6 and 2.7. Finally, in Sect. 4, Theorems 2.6 and 2.7 are used
to obtain practitioner-type sufficient conditions for a class of hard-core interaction models,
including new sufficient conditions for subset polymers in Z¢ (Theorem 4.1) and hard objects
in R? (Theorems 4.2 and 4.4).

The reader interested primarily in the discrete setup of subset polymers is encouraged
to jump directly to Subsect. 2.4, its main result being the characterization of the domain of
convergence for the activity expansions p given by Theorem 2.7 (compare to Theorem 3.13).
The main ideas behind the proof of Theorem 2.7 in Subsect. 3.4 and behind the application
of Theorem 2.7 in Subsect. 4.1 can be transferred to the continuous setup as well.

2 Main Results
2.1 (Locally) Stable Pair Potentials

Let (X, X') be a measurable space, A a o-finite reference measure, and v a pair potential, i.e.,
v: X x X - RU {oo} is measurable and symmetric—in the sense that v(x, y) = v(y, x)
for any x, y € X. Corresponding to the potential v, Mayer’s f function is given by

[, y)=e VY — 1.

We call the pair potential v stable if there exists a measurable map B : X — R such
that foranyn € Nand x1,...,x, € X

[T 0+ f@ix)) < eXiz B0 2.1)

I<i<j<n

holds; we call v locally stable or Penrose stable (due to O. Penrose, see [23]) if there exists
a measurable map C : X — R, such that for any xg € X, n € Nand x1,...,x, € X

satisfying [ ] ;- j<, (1 + f(xi, x;)) # 0

n
[T+ £ o, %)) < €00 (22)
i=1
holds. Notice that every locally stable potential is stable and that every non-negative potential
v is locally stable (with the choice C = 0).
An activity function is a measurable map z : X — R. Physically relevant activities are
non-negative but for the purpose of studying the convergence of expansions it can be helpful
to admit negative (or complex) activities as well. We define the (signed) measure A, on X by

Mwy:/kunmm,Bex. (2.3)
B
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The weight of a graph G with vertex set [n] = {1, ..., n} and edge set E(G) is
w(G; X1, ..., x,) 1= 1_[ f(xi, xj).

{i,j}€E(G)
Let G, be the set of all graphs with vertex set [n], C,, C G, the set of connected graphs and

gol(xl, ceaXp) = Z w(G; X1, ..., Xn)
GeC,
the n-th Ursell function. For n € N and k € Ny, let D, ,+x C Gn+k be the collection of all
graphs G such thatevery vertex j € {n+1, ..., n+k} connects to at least one of the vertices
i €{l,...,n}. We may view the vertices {1, ..., n} as roots and call the graphs G € Dy, ,+«
multi-rooted graphs or, following the footnote 53 in [30], root-connected graphs. Consider
the functions

Ytk (51, oo k) 1= Y (G5 X1, Xngh)

GeDn,n+k

For n = 1, the functions coincide with the standard Ursell functions, i.e., Y1 144k = gpI e
We are interested in the associated series

o0
1
Pu(X1. .o X 2) :=Z—/ Ytk (E1s - X V1o Y020 - - 2 AE (dy).
k—Ok! Xk

The summand for k = 0 is to be read as ¥, ,(x1, ..., x,)z(x1) - - - 2(x,). The series p,
corresponds to the n-point correlation function of a grand-canonical Gibbs measure [30,
Egs. (4-7)], see also [14]—it is the expansion of the correlation function in the activity z
around O.

We will say that the activity expansions p converge absolutely for a non-negative activity
function z if

o

1
Z k! /;gk |Ynn+k (X15 oy Xns V1o - Vi) 2(x1) - - 'Z(xn))»];(dy) < 00
k=0

foralln € Nand (xq,...,x,) € X"

Our main concern is to derive necessary and sufficient convergence conditions, but some-
times it is useful to view the series as purely formal; relevant background on formal power
series whose variable is a measure (here A, (dx)) is given in [17, Appendix A].

Next we introduce sign-flipped Kirkwood—Salsburg operators. A selection rule s(-) is a

map from P(X) := 172 X" to Nsuch that s(x1, ..., x,) € {1,...,n}forall (x1,...,x,) €
P (X). To lighten notation we write xy rather than xg(y,, .. x,). Further let (xé, ..., X)) be
the vector obtained from (xy, ..., x,) by deleting the entry x;, leaving the order otherwise

unchanged. For the simplest selection rule that picks the first entry s = 1, we have x| = x;.

The sign-flipped Kirkwood—Salsburg operator K 2 with selection rule s(-) acts on families
& = (&))nen of measurable symmetric functions &, : X" — Ry as

R2§)n et o) = 206 [T+ £ G x) (Tuz2pama (o))
i=2

00 k
Z 1 k

+k 15/3@ rll‘f(xs’yj)“fn—“rk(xé’""x;l’yl’""yk)’\ (dy)),
= j=

2.4)
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foralln € Nand (x1,...,x,) € X". Here we allow the functions (K 7€) to assume the

value “o00”. For non-negative potentials and on a suitably reduced domain, K 2 differs from the
standard Kirkwood—Salsburg operator [26, Chapter 4.2] by a mere sign-flip: it has | f (x5, ;)]
instead of f(xy, vi).

Theorem 2.1 Let z(-) be a non-negative activity and s(-) any selection rule. Consider the
following two conditions:

(1) There is a family & = (&,)neN of measurable symmetric functions &, : X" — Ry such

that
2(X)8n1 + (K3E)n (X1, .-, x0) < En(x1, ..., Xp) (2.5)
foralln € Nand (x1, ..., x,) € X"
(i) The series p,(x1, ..., X,; 2) converges absolutely, for alln € N and (x1, ..., x,) € X"

Condition (i) is sufficient for (ii) to hold; moreover, if (i) is satisfied, then

o0

1
Zﬁka\wn,m(xl,...,xn,yl,...,yk)}zm)---z(xnn’;(dy) < En(x1. . xn)
k=0""

(2.6)

on X", foralln € N.
In addition, if we assume the pair potential to be non-negative, then (ii) implies (i) as well,
so that the two conditions are equivalent in this case.

Remark 2.1 We formulate this theorem—as well as the following results—for non-negative
activities, mainly for the purpose of notational convenience. Naturally, such conditions for
absolute convergence can be formulated in the usual framework of complex analysis by
exchanging complex activities z with |z| in the convergence criteria.

We prove the theorem in Subsect. 3.2. The known sufficient convergence conditions of
Kotecky—Preiss and Ferndndez—Procacci types are easily recovered from Theorem 2.1. We
start with the Kotecky—Preiss type criterion [18], as extended to soft-core and continuum
systems by Ueltschi in [32] (and to stable interactions by Ueltschi and Poghosyan in [24]).

Corollary 2.2 Let z be a non-negative activity function and assume stable interactions in the
sense of (2.1) for some B > 0. If there exists a measurable function a : X — R such that
forall x € X

[ G let ey + 2800 < ato) )
X
then the activity expansions pp (X1, ..., Xn; z) converge absolutely and the bounds
(X1 Xni 2) < 2(x1) - -2yt DAl
hold for alln € Nand (x1, ..., x,) € X". Notice that for non-negative pair interactions, we

can choose B = 0 in condition (2.7).

Remark 2.2 Notice that via the substitution @ = a — 2B the above criterion is equivalent to
the existence of a measurable function a : X — R such that for all x € X

/X | f (e, p)[edOT2BD) (dy) < a(x).
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Proof Assume that (2.7) holds and define & = (§,),eN, & : X" — [0, 00), by
En(X1s o Xp) 1= 2(X1) - - 2y )t D F G

for some a(-) satisfying (2.7). The interactions fulfill the stability condition (2.1), therefore

for every n € N and x1, ..., x, € X there exists an index j € {1, ..., n} such that the bound
[[ +fGj.x)) =B (2.8)
1<i<n,i#j

holds. Choose the selection rule s that always picks an element x; satisfying (2.8) from
(x1, ..., Xxy). Plugging our choice of & into the left-hand side of Eq. (2.5) and bounding the
interaction term as ]_[?:2(1 + f(xs, xlf ) < e2B () e recognize an exponential series, and
find altogether that the left-hand side of (2.5) is bounded by

2x)2) -+ 2(xy) DT exp( fX | G 1" he(dy) +2B(x,)).

By condition (2.7), this is in turn bounded by &, (x1, ..., x,). It follows that condition (i) of
Theorem 2.1 is satisfied. O

Analogously, one shows that the criterion by Fernandez and Procacci [8], extended to soft-
core and continuum systems by Faris in [5] and by Jansen in [14], is sufficient for absolute
convergence of the activity expansions p. We prove the result in the slightly more general
setup of locally stable interactions.

Corollary 2.3 Let z be a non-negative activity function and assume locally stable interactions

in the sense of (2.2) for some C > 0. If there exists a measurable function u : X — [0, 00)
such that for all x € X

) k
1 ‘
d) |14 o Xkez’?—l“yﬂl'[|f<x,y_,->\ [T G+ r0nyiaidy) | < pw,
k=1 """

j=1 I<i<j<k
(2.9)
then the activity expansions p,(Xy, ..., Xn; 2) converge absolutely and the bounds
n
pnnsoxm; ) < [] (U4 £ xp) [t
I<i<j<n i=1
hold for alln € N and (x1, ..., x,) € X". Notice that for non-negative pair interactions, we

can choose C = 0 in condition (2.9).

Remark 2.3 The Fernandez—Procacci condition improves on the the Kotecky—Preiss
condition—in the sense that the assumptions of Corollary 2.2 yield the assumptions of Corol-
lary 2.3. In other words, Corollary 2.3 in general guarantees convergence of p on a larger
domain of activities .

Proof Assume that (2.9) holds and define § = (&,),en, & : X" — [0, 00), by

G, .ox) =[] (U4 o)) [Treo
i=1

I<i<j<n
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for some p satisfying (2.9). Let s be the selection rule that always selects the first entry—so
that x; = x1 and x; = x; for i > 2. For locally stable pair potentials, we have

[TO+ fe xi&ua (2, s X y1s o 00

i=2

n k n k
= [[] a+sGixy [ a+roay[]]]a+ fGyn ] [weo [Tren

I<i<j=<n I<i<j<k i=2j=1 i=2 =
k
- <1<E<,,(1 ) H“("l )(k,-llk(l + O y)) ]1:[1 () e €00 (2.10)

where we used the local stability to estimate

1_[1_[(1+f(xuyj)> = 1_[1_[(1+f(xz,YJ)) < Hec(”) — =1 COP),

i=2j=1 j=1i=2

We plug our choice of € into the left-hand side of (2.5) and use the estimate (2.10) together
with the assumption (2.9) to find that condition (i) of Theorem 2.1 is satisfied. O

Remark 2.4 We see that Theorem 2.1 provides a mechanism to prove sufficient conditions for
absolute convergence—by constructing a sequence of ansatz functions & tailored to satisfy the
Kirkwood—-Salsburg inequalities under the given condition. Conversely, given an appropriate
sequence of ansatz functions &, obtained, for example, as an approximation of p, one can try
to determine the corresponding sufficient condition for convergence.

We now proceed to demonstrate the usefulness of that approach by deriving a sufficient
condition that improves on the classical examples above.

2.2 Abstract Polymer Models

In the following we want to consider the setup of abstract polymers [1, 8], in which the
two classical conditions above—Kotecky—Preiss and Fernandez—Procacci—were first intro-
duced.

Let X be a countable set (the set of polymers), let X be the powerset of X and let A
simply be given by the counting measure. Moreover, let R C X x X be a symmetric and
reflexive relation. We write x ~ y for (x, y) € R (and say that x and y are incompatible)
and x ~ y for (x, y) ¢ R (and say that x and y are compatible). Moreover, we call a subset
X C X compatible if x ~ y forall x # y € X and write X ~ z for z € Xif z ~ x for
all x € X. Weset I'(x) := {y € X| y = x} for any x € X and extend this notation to
['(X) := Uyex{y € X| y = x} for any X C X. Notice that we do not require I"(x) to be
finite sets and that x € I'(x) for every x € X. Finally, we consider hard-core interactions
corresponding to Mayer’s f function given by f(x, y) := —llxxy).

In this setting we prove a new, improved sufficient condition for absolute convergence of
the activity expansions p.
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Proposition 2.4 Let 7 be a non-negative activity function and assume that there exists |4 :
X — [0, 00) such that for all x € X

|1+ > [Iron [T & =ue [T & @1

k>1Y={y1,..., Vi) wel'(Y) wel'(x)
ViX, Yi~Y;
where the inner sum on the left-hand side runs over compatible subsets Y = {yi, ..., yx} C
["(x). Then the activity expansions p,(x1, ..., Xu; ) converge absolutely and the bounds
n
Pn(X1, vy Xp3 2) < 1_[ ]l{xi~Xj}l_[lL(xi) l_[ et
I<i<j<n i=1 wel' ({x1,...,xn})

hold for alln € N and all (x1, ..., x,) € X",
The proof of the proposition essentially exploits the following auxiliary result:

Lemma 25 Let n : X — [0, 00). Then the following holds for every x; € X, n € N and
= {x2, ..., xp} C X such that x; ~ x; foralli € {2,...,n}:

pxr) [ et

weF(xl)

I+ X l_lu(yl [ et

k>1 Y={yi,...,yk} i=1 wel'(Y)
Yi*X1, Yi~Yj

p(xr) [ et

wel (x))NI'(X)C

< p , (2.12)
I+ > JlerO [1 erw)
k=1 Y={y1,..,y} i=1 wel (V)NI'(X)C
VieX1, Yi~Yj
yi~X

where I'(W) is given by U!_, T"(w;) foranyn € Nand W = {wy, ..., w,} C X. The inner sum
in the denominator on the left-hand side runs over compatible subsets Y = {y{, ..., yx} C
["(x1); the inner sum in the denominator on the right-hand side runs over all such subsets Y
which additionally satisfy the constraint Y NI'(X) = &, i.e., y; ~ X foralli € {1, ..., k}.

The lemma is of rather technical nature; for the interested reader, the proof is to be found in
Appendix A.

Remark 2.5 The general idea behind the proof of Proposition 2.4 is to argue as in the proofs
of the classical conditions presented in the previous section (Corollaries 2.2 and 2.3)—but
to choose a sequence of ansatz functions & which, heuristically speaking, encode more of
the structure of the exact solution to the Kirkwood—Salsburg equations (i.e., of the activity
expansions p) than the ansatz functions chosen in the proof of those corollaries. The intuition
thereby is that “less multiplicative” ansatz functions &€ provide better convergence criteria.

Proof of Proposition 2.4 Assume that (2.11) holds and define & = (§,)pen, & @ X' —
[0, c0), by setting

gt x) =[] Lpap[[we ][ ™ (2.13)

I<i<j<n i=1 wel' ({x1,...,x,})
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for some p satisfying (2.11), for any n € N and every (xi,..,x,) € X". Thereby we
again use the convention I'({wy, ..., w,}) = U’ I'(w;) for {wy, ..., w,} C X. As in the
preceeding proofs of the classical sufficient conditions, we show that our choice of § =
(&1)nen satisfies the system of Kirkwood—Salsburg inequalities (2.5) from Theorem 2.1. To
lighten the notation, we choose the same selection rule s as in the proof of Lemma 2.3 and
denote by X the set {x», ..., x,}. Notice that the left-hand side of (2.5) is equal to

z(x1) 1_[ ]l{x,ij}l_[l’L(xl) 1_[ et )

I<i<j<n wel(X)
k
x 1+Z Z 1_[1{)’1""’)61} 1_[ ]l{xi"’Yj} 1_[ ]l{yiNyj}
k>1Y={y1,..., yi} j=1 2<i<n I<i<j<k

I<j=k

k
[Teen I ™
=1

wel (Y)NI'(X)C

By Lemma 2.5, the assumption that z satisfies the condition (2.11) implies that z also
satisfies the inequality

z(x1) 1+Z Z Hly,oom 1_[ Lixi~y)) 1_[ Liyi~ys)

k>1Y={y1,..., Vi } 2<i<n I<i<j<k
1<j<k

k
[Teop J] ™
=1

wel (Y)NI'(X)C

BRI § BT

wel (xNT(X)C

and thus, for our choice of &, the left-hand side of (2.5) is bounded from above by

n
1—[ Il{xl'wj}l_[M()Ci) 1_[ e ) H e (w)

I<i<jzn i=1 wel (X) wel (x)NI'(X)C
n
= 1_[ IL{xi'vx_/} l—[l/v(xi) 1_[ et = En(X1, ooy Xn),
I<i<j<n i=1 wel (XU{x1})
which—by Theorem 2.1—yields the claim of the proposition. O

Example 2.1 Consider non-overlapping (hard-core interactions) cubes on Z? of side-length
2 with translationally invariant activity z. The sufficient condition on z for the absolute
convergence of p(z) given by the Fernandez—Procacci criterion provides the bound

"
< max
¢ =T 149+ 16u2 + 8u3 + ut

while our condition from Proposition 2.4 provides

~ 0.057271,

ou
z < max He ~ 0.060833.

w>0 1+ 969““ + (6615/1“ + gelbu + 2617M),LL2 + 8621M,LL3 + €25MM4
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This corresponds to an improvement of approximately 6%.

2.3 Hard-Core Systems in the Continuum

Let %" be the collection of non-empty compact subsets of R?, equipped with the Hausdorff
distance and Borel o -algebra [19, Chapter I-4], and X C .#” a non-empty measurable subset.
Here we want to additionally assume that X consists of bounded convex sets that are non-
empty and regular closed, i.e., that are equal to the closure of its non-empty interior. Notice
that such sets are compact and have finite positive Lebesgue measure that is equal to the
Lebesgue measure of their interior. In practice X will consist of easily described subsets. For
example, when dealing with closed balls B, (x) C R? we may identify X with R? x R,.
Consider the hard-core interactions given by the potential v(X, Y) := colljxny £z}, Mayer’s
f function then is

f(X,Y) = —=Iixny+e)-

Clearly the function is well-defined for general subsets X, Y C R? that are not necessarily
in X, the domains of definition of the functions <p,Tl and V¥, ,4« extend accordingly.
For D C R? and a measure Az on X defined as in (2.3), consider the formal series

o0
1
T(D:z):=1+) —'f Ol (D, Y1, ..., York@y). (2.14)
k—1 k Xk
As is well-known [6, Eq. (3.12)]
21
T(D;z) =exp|— Z — / ]l{EIi:YiﬂD;éfZ}QDII(YI, Cees Yk)klg(dY) (2.15)
=1 k' Xk

on the level of formal power series.
Moreover, if the domain D can be written as a finite union of disjoint objects X; € X, say
D =X, U...UX, forn € N, then the identity

(0]
1 T k
1+; E/Xk ol (D. Y1, ... Ykay)

[ee)
1
:ZE/kwn,n—ﬁ-k(Xl’aXna Yl?’aYk))“]ZC(dY)
k=0 VX

holds by Lemma 3.8 below and we recognize that the series T (D, z) provide expansions for
the reduced correlation functions in the sense that

on(X1, ..o, Xp;2) = 2(X1) -+ - 2(Xn) Nixy ... x,, disjoinyy T (X1 U -+~ U Xy; 2).

-----

The absolute convergence of the expansions p(z) for the correlation functions is implied by
the absolute convergence of 7'(D; z), i.e., by the pointwise convergence

o0
1
1+Z—f 01k (D, Y1, Y lak(dY) < oo,
=1 k! Xk

for all domains D that are unions of finitely many objects X; € X.
Assume we are given a systematic way to chop up the objects X € X into smaller bits
and pieces, called snippets (think: analogous to representing a polymer as a collection of

N Springer
49 - 8



33 Page12o0f47 S. Jansen, L. Kolesnikov

monomers in the discrete setup of subset polymers). That is, choose a positive number ¢ > 0
and assume that there is a designated collection [E,; of bounded Borel sets in R4, each of
which is contained in some open ball of radius ¢, and a chopping map

C: X—= P, X CX)

such thatforevery X € X,C(X) ={Ey, ..., E,}withm € Nand E, ..., E,, asetpartition
of X. We additionally want to assume that the topological boundary of every snippet is a
A-null set, i.e., A(E\E®) = O for all E € E, (where E denotes the topological closure and
E° the interior of F).

Let I, be the set of bounded domains D C R that can be written as the union of finitely
many disjoint snippets. The empty set D = & is an element of D,. For two disjoint subsets
Dy, D; C R4 with Dy # @ and for finitely many objects Y1, ..., Y € X, k € N, set

k
I(Do; Dy; Yy, ..., Y) = (1_[ ﬂ{Domm;éz,DmY,:@})( 1_[ ﬂ{Y,ﬂYj:Q})- (2.16)
i=1

l<i<j<k

Theorem 2.6 Let z(-) be a non-negative activity function. The following two conditions are
equivalent:

(1) There exists a non-negative map a : D, — Ry such that for all D € D, the map
A" > F + a(DUF) is measurable and the following system of inequalities is satisfied.:
For all non-empty D € D, with C(D) = {E1, ..., E,} C E, for some m € N, there

existsan s € {1, ..., m} such that—setting D' := D\ E;—we have
1
Z _[ I(Es D/. Yl Yk)ea(D/UYIU-"UYk)_a(D/))\.k(dY) < ea(ESUD/)—a(D/) 1
k! Xk b b L Z - .
k=1

(i) T(D; z) is absolutely convergent for all D € D,.

Moreover; if one of the equivalent conditions (hence, both) holds true, then, for all D € D,
we have

. o 1 | r k
log T(D: )| < ) Iai:vinp2oy|or (Y. ..., YO|AS@Y) < a(D).  (2.17)
=1 k! Xk

2.4 Subset Polymers

Let X consist of the finite non-empty subsets of Z¢ (or any other countable set), and let
X = P(X) be the o-algebra containing all subsets of X. The reference measure A is simply
the counting measure. The interaction is a pure hard-core interaction as in Sect. 2.3. Notice
that this setup is a special case of the abstract polymer setup introduced in Sect. 2.2. For a
finite set D C Z<, define T(D; z) as in (2.14). In statistical physics T(D; z) corresponds
to the probability that no polymer intersects D. If D is a polymer or a union of disjoint
polymers, it corresponds to a reduced correlation function in the sense of [12].

Notice how in the case of subset polymers every polymer always can be “chopped” in a
canonical way—into a disjoint collection of monomers. Those play the role of snippets from
the previous section—that simplifies the formulation of a criterion for absolute convergence
of the activity expansions p (compare next result with Theorem 2.6).

Theorem 2.7 Let (z(X))xex be a non-negative activity. The following two conditions are
equivalent:
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(1) There exists a function a(-) from the finite subsets of 74 10 [0, 00) such that a(&) = 0 and
the following system of inequalities is satisfied: For all finite, non-empty subsets D C 7%
there exists an x € D such that—setting D' := D\{x}—we have

Z Z(Y)ea(D’UY)—a(D/) S ea(D’U{x})—a(D’) _ 1' (2.18)

YeX:
Ysx,YND' =2

(ii) T(D; z) is absolutely convergent for all finite subsets D C 7.%.

Moreover, if one of the equivalent conditions (hence, both) holds true, then, for all finite
subsets D C 74, we have

0

1

logT(Dia)l <Y Do Maevinpge)|g{ (V... Yole(¥) - 2(Ye) < a(D).
k=1" (v;,...Yp)eXk

(2.19)

The theorem is similar to Claim 1 in [1, Sect. 4.2]. As noted in [1], Theorem 2.7 allows
for an easy recovery of the extended Gruber—Kunz criterion. The criterion is named after
Gruber and Kunz [12], who proved a similar condition but with a strict inequality. See [8]
for a comparison of the Gruber—Kunz criterion to other classical conditions.

Corollary 2.8 Let (z(X))xex be a non-negative activity. Suppose there exists some a > 0
such that for all x € 7.2,

Y el < — 1. (2.20)

Yax

Then T (D; z) is absolutely convergent, for all finite subsets D C 7.

Proof Set a(D) := «a|D|, where o > 0 satisfies the inequality from (2.20). Because of the
additivity of a(-), we have a(DUY) = a(D)+a(Y) for all finite, disjoint subsets D, Y C 74,
Therefore condition (2.18) becomes

Z z(Y) ed(¥) < ea(xh) _ 1,

Y>ox:
YND=o

which depends on D only through the constraint Y N D # & on the left-hand side. By the
non-negativity of the activity z, it is clearly sufficient that

ZZ(Y) ea¢(M) < ed(xh) _ 1,
Yox

which holds true for all x € Z¢ because of (2.20). O

Another immediate consequence of Theorem 2.7 is that convergence of cluster expansions
implies exponential decay of the activities in the object size. Precisely, set

V(D) := Z Z2(Y).

YeX:
YND#Z

Notice that if the activity is translationally invariant and not identically zero, one can choose
an arbitrary polymer X € X with positive activity, say zo > 0, and obtain the bound

V(D) = zo|D|. (2.21)
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Theorem 2.9 If z(-) is a non-negative activity and T (D; z) is absolutely convergent for all
finite subsets D C 74, then necessarily

Y (1)’ < oo

Yox

forall x € 7¢.

Proof By condition (i) in Theorem 2.7, evaluated at D’ = &, there exists a non-negative
function a(-) such that

Zz(Y)e“(Y) <) 1 < 00,

Yaox

For any polymer Y € X, the value a(Y) is necessarily larger than V (Y) by (2.19) and the
claim follows. O

For translationally invariant systems, Theorem 2.9 says that if the activity expansions are
absolutely convergent, then necessarily the activities are exponentially small in the size of
the object—by (2.21) we can observe that z(X) = O(exp(—zo|X|)) when |X| — oo. Let
us emphasize that the necessary exponential decay is an intrinsic limitation of the activity
expansion, which cannot be eliminated by tinkering with different sufficient convergence
conditions. Rigorous results for one-dimensional and hierarchical models [13, 15] suggest
that the exponential decay is not needed for the convergence of the multi-species virial
expansion, however for general systems this is so far an unproven conjecture.

3 Combinatorial Lemmas: Proof of Theorems 2.1, 2.6, and 2.7
3.1 Forest Partition Schemes: Alternating Sign Property

To obtain a better understanding of the series p,, given by the generating functions of multi-
rooted graphs, we now consider a particular way to construct the latter—by taking a designated
spanning forest and successively adding edges to it. This perspective onto multi-rooted graphs
leads to a forest-graph equality analogous to the familiar tree-graph identity for connected
graphs [8, Proposition 5] and allows for a direct proof of an alternating sign property for
the coefficients ¥, ,4+x of p, in the case of repulsive interactions (i.e., for non-negative
potentials).

The forest-graph equality builds on the notion of forest partition schemes—maps that
assign spanning forests to multi-rooted graphs in D, ,, 4« and thereby in a specific manner
provide partitions of D, ;4.

In the following, we let F, ,4« denote the set of forest graphs on the vertex set [n + k]
consisting of n rooted trees, where the vertices {1, ..., n} are the roots of the trees (recall
that a forest is an acyclic graph and a tree is a connected acyclic graph).

Definition 3.1 (Forest partition scheme) A forest partition scheme is a family of maps 7,  :
Dy.n+k = Fn.n+k such that foralln € N, k € Ny, and all F € F,, ,+«, there exists a graph
Rn,k(F) € Dn,n-i—k with

Tyt ({F)) ={G € Dunik | E(F) C E(G) C E(Ryk(F))} =: [F, Ry x(F)].
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To lighten the notation, we introduced partition schemes as families of maps on uncoloured
structures. Notice, however, that partition schemes may be defined on coloured structures and
may be allowed to depend on the colouring of the vertex set. Therefore, one could introduce
families of maps my ,, (x[,]), indexed additionally by colourings x [, € X" of [n] = {1, ..., n}.
Same graphs on the vertex set [n] with different colourings x [, of the vertices can be mapped
onto different forests under such partition schemes.

The existence of forest partition schemes is ensured by the existence of a large class of
tree partition schemes, e.g, the Penrose tree partition scheme (see [8, 33]; for coulouring-
dependent schemes see also [25, 31]).

Example 3.1 A particular forest partition scheme can be defined as follows: For a given multi-
rooted graph, construct a connected graph from it by adding a ghost-vertex and connecting
it to every root directly by an edge. Then apply the Penrose partition scheme to the resulting
connected graph to obtain a spanning tree of this connected graph. Finally, by removing the
ghost vertex as well as every edge incident to it, one gets a spanning forest of the initial
multi-rooted graph. For the map given by this construction, the characterizing properties of a
forest partition scheme follow from the corresponding properties of the Penrose tree partition
scheme.

Naturally, the choice of the Penrose tree partition scheme in the example above is somewhat
arbitrary; any tree partition scheme which does not “delete” any edge incident to the ghost
vertex in the above construction yields a forest partition scheme via the same procedure.

Proposition 3.2 (Forest-graph equality) Let (77, k) neN, keN, be a forest partition scheme and
let (R k)neN, keN, provide the corresponding family of multi-rooted graphs as in Defini-
tion 3.1. Then

Ytk Gt o) =y [ f@ixg) I1 (1+ f(xi,x))

FeFyntk {i,JY€E(F) {i,J}€E(Ry k (F)\E(F)
foralln e N, k € Ng, and (x1, ..., Xp1k) € Xntk,

Proof The proof is similar to the standard proof of the tree-graph equality [8, Proposition
5]. We have

wn,ﬂ+k(x1’~"7xn+k) = Z U)(G, (xl""vxn+k))

GEDn,i1+k

= > > w(G. (1 xagk)

Fe]:n,n+k GEDn,n+k:

Tk (G)=F
= > [T r&ixp I1 (1+ fxi,x))).
FeFnntk (i, jI€E(F) {i.JYeERy k (F)\E(F)

O

In the case of repulsive interactions, the forest-graph equality allows for a direct proof of
the alternating sign property for the graph weights v, ,4«. For n = 1, it reduces to the
well-known alternating sign property [8, Eq. (2.8)]

On (X1, .o xn) = (=D |gr(x1, .y X)) (3.1)

of the Ursell functions.
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Corollary 3.3 For non-negative potentials, we have
k
Ytk (X1s oy X)) = (=D [k (01 -0 X)) |

foralln € N, all k € Ny, and all (x1, ..., xp4r) € XK,

Proof Each forest F € F, ,4« has exactly k edges. Indeed, the forest F' consists of trees
Ty, ..., T,. Let m; be the number of vertices of the tree 7;; thus m| + --- +m,, = n + k.
Each tree 7; has exactly m; — 1 edges, therefore the number of edges of the forest is given
by Y7 ,(m; —1) = k. Since f < 0and 1 + f > 0 for non-negative potentials, it follows
that

Ytk 1o xap) = (DE YT T 1 Gax))l

Fe}—n,ank {i’j}eE(F)

1_[ (14 f(xi,xj)),

{i,JYEE Ry k (F)\E(F)
hence (— ) v nik (X1 ...y Xpak) = 0. O

We will use the alternating sign property to establish that—in the case of non-negative
potentials—condition (i) in Theorem 2.1 is not only sufficient but also necessary for absolute
convergence of p.

We conclude this section with a lemma that is not needed for the proof of Theorem 2.1
but enters the analysis of hard-core models, see the proof of Lemma 3.8 below.

Lemma3.4 Foralln € N, all k € Ny, and all (x1, ..., Xp4k) € X"tk we have

Vnnk @1 ) = ] (L4 £ x))
I<i<j<n
.

X Z H( 1_[ (1+ f(xi,xj)) — 1>‘P|Tvg|((xj)jeVz)’

Vi, Vihe=1 “<i<n,
JEVe

(3.2)

where the sum runs over all set partitions {Vy, ..., V,.} of non-root vertices {n+1, ..., n+k}.

Remark 3.1 The lemma allows for an alternative proof of the alternating sign property from
Corollary 3.3, starting from the well-known alternating sign property of the Ursell function
instead of the forest-graph equality. Indeed, the sign of every summand in the right-hand side
of (3.2) is

(_1)r+2§:1(|‘7i|—1) = (= D*.

Proof of Lemma 3.4 For n = 1, the lemma reduces to a well-known equality for the Ursell
functions, see e.g. [11, Eq. (5.13)]. For n > 2, the proof is similar, we provide the details for
the reader’s convenience. Every multi-rooted graph G € D, ,4 can be constructed in the
following way. On the root set {1, ..., n} pick an arbitrary graph G¢. On the complement of
the root set do the following construction: Partition the set of the non-root vertices into r sets
Vi, ..., Vi, ¥ < k. For every block V;, pick a connected graph G, with vertex set V,, and in
addition a non-empty set of edges E; C {{i, jYliefl,...,n}, j € Vp}. Then the graph

N Springer
L g 54



Cluster Expansions: Necessary... Page 17 of 47 33

G with vertices 1, ..., n + k and edge set given by the union of E1, ..., E,; and of the edge
sets of G, G1, ..., G, is in Dy ,4k, its graph weight is

-
w(G; X1, - Xnk) = w(Go; X1, - -+, Xp) H( 1_[ f(Xi,Xj))w(Ge; (xXj)jev,)-
e=1 Mi,j)eE;
Summation over G¢ yields the factor H1§i< an(l + f(xi, x;)). Summation over the con-
nected graphs G yields (plTw (V). Finally, summation over the edge sets £ yields the factor
[Ti<icnjev,(1+ f(xi,x;)) — 1. O

3.2 Kirkwood-Salsburg Equations: Proof of Theorem 2.1

To prove our main result, Theorem 2.1, we will show that the activity expansions p satisfy the
Kirkwood-Salsburg inequalities and, moreover, that equality holds for non-negative interac-
tions. To do so, we will need to establish a recursive formula for the coefficients v, 1« of
pn given in terms of multi-rooted graphs.

Lemma3.5 Letn € N, k € Ny and (x1, ..., x,) € X". Abbreviate s = s(x). For L C [k],
let £ denote the cardinality of L. Then for all (y1, ..., yr) € XK,

wn,n-ﬁ-k(-xla cees Xns Y1y oo ey )’k) = nlf;éﬁn:(l + f(-xSaxi)) ZLC[k](l_[ieL f(-xS’ yl))

X Yn—1tn—14k (X50 - oo X Oidiers (V) jetr\L)-

Furthermore, ifn > 2,

Ynn(X1, ..., Xp) = H (L+ f Gy, X)) Ya—tn—1 (x5, .., xp).
1<i<n:
i#s

The lemma is proven in [14, Lemma 4.1] and holds true as well for pair potentials that may
take negative values. The index set L corresponds to the non-root vertices adjacent to the
selected vertex s. Similar recurrent relation are well-known from the literature and have been
employed in the context of both activity and density (virial) expansions for a long time (see,
e.g., [20, Eq. 5]).

We now want to translate the recurrence relation for coefficients v, ,, 4+ from Lemma 3.5
into integral equations for partial sums and series. For a non-negative activity function, we
set

_ N ¢
Pr(x1s X 2) = 2(xn) e 2(xn) Y i | [Pk 2, PREAY).
k=0 . Xk

Notice that p, (x1, . .., X,; z) is absolutely convergent if and only if p, (x1, ..., X,; 2) < 00,
and, in the case of non-negative potentials,

Pn(X1, .oy Xp32) = (=D pp(x1, ..., Xn5 —2)

holds due to the alternating-sign property from Corollary 3.3.
Let Sn(2) = (Sn.n(:; 2))nen be the vector of partial sums given by

_ N—n 1 .
SN ety X3 D) = 2(e) - 2(8) Y = | Wk (xn - X, 3)[AE(dY)
k=0 k! Xk
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if N > n, and 0 otherwise. The summand for £ = 0 is to be read as |V, , (x1, ..., Xp)|-.
Proposition 3.6 For general pair-interactions, we have

p(z) < e +K:p(z) (3.3)
and

Si()=e., Sni1<e.+KiSyG) (N=1).

Moreover, for non-negative potentials, we get the equalities

p(z) =e, + Igzsﬁ(z) (3.4)
and

Svi1=e.+KiSx(2) (N =1

Proof The equality S 1(z) = e, follows from the definition of S 1(z) and ¥r1,1(x1) = 1. For
the recurrence relation, we employ arguments from [14, Sect. 4] and combine them with the
alternating sign property from Corollary 3.3 to argue equality in the case of non-negative
potentials.

Consider first Sy 11 ,(z) with2 < n < N + 1. Define

n l
Bt (X1, -y X3 V1 ) = 2(e) [ [+ f G D) | G 30

i=2 i=1
Fix n > 2. Lemma 3.5 and the triangle inequality yield

‘I/fn,n—i-k(xl’ LI ’xl’h y17 LI ) yk)‘
= Z Fn0(X15 -y Xn5 Y1) |Wn—1+£,n—1+k(xé, cee X,/p YL, .V[k]\L)|» (3.5)
LC[k]
where £ = #L. When we integrate over yi, ..., Yk, all sets L with the same cardinality

contribute the same, therefore

1
_/ |wn,n+k(x1»---,xn,YI,---7yk)|)\lz{(dy)
k! Xk

k
1 . / / k
S ego m ék %n,f(xl’ LRI 9xna y17 R ] y@) ‘wn—l—i—ﬁ,n—l—i—k(xz, .. "xn7 y)‘ A‘z(dy)

Summing over k = 0,..., N + 1 — n we obtain a double sum over k and £. A change in
summation indices from (¢, k) to (¢, m) = (£, k — £) yields

N+1—n
~ 1
SN+1n(X15 -0y X053 2) < E E‘/éc%‘)nj(xl,---’xn;yl’w-,)’Z){"'}}\é(d()’l,---)’E))’
Px
=0

N+1—n—¢ 1
{1= Z %/ [Vn—14tn—14e4m (X5s oo x00 Y) [ AT (Aot - - - Yerm))-
m:() . Xm
The term in curly braces is nothing else but S’N,,,_Hg(xé, cees X0y V1, -. s ye). For £ >

N + 1 — n, the function S N.n—1+¢(+; 2) s identically zero. It follows that

o0

~ 1 ~

SN+1n(X1, o X0 2) < E —f Fon (X1, X VSN =140 (XD, .o X, WAL (dY).
2_06! Xt
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This proves the inequality S'NH,,, (s2) < (I%Zs SN (z))n (). Thecasesn > N+2andn = 1 are
treated in a similar fashion, we leave the details to the reader. For the equality S N+1.n(52) =
(I? SSN (z))n(-) in the case of non-negative potentials, notice that for such potentials (3.5)
holds with an equality — due to the alternating-sign property from Corollary 3.3.

Finally, by passing to the limit N — oo in the recurrence relation for Sy (z), the inequality
(3.3) for p(z) follows (and in the case of non-negative potentials the fixed point equation
(3.4) is obtained). Notice that all exchanges of limits, sums and integrals are permitted by
monotone convergence and because all terms involved are non-negative. O

Proof of Theorem 2.1 For the implication (i) = (ii), suppose there exists a sequence § =
(é1)nen of measurable non-negative functions &, : X" — R, such thate, + K}§ < §. We

prove by induction over N that Sy (z) < & forall N € N. For N = 1, we have
Si=e. <e.+KE<E.
If S'N < & for some N € N, then
Sni1 <e.+K:Sy(z) <e. + KE <&,

where the first inequality holds by Proposition 3.6 and the second one due to the inductive
hypothesis and the monotonicity of K 2 on non-negative functions.

This completes the induction and proves Sy < & for all N. Passing to the limit N — oo,
we find p < &. This proves the absolute convergence (ii) as well as the bound (2.6).

Left to show is the implication (ii) = (i) under the additional assumption that the potential

is non-negative. Suppose that p, (x1, ..., x,; z) is absolutely convergent, for all n € N and
(x1,...,xy) € X" Then p, (x1, ..., x,; 2) is finite everywhere and we may set
Sn(xl, e »xn) = 5n(x1’ s »xn; Z)'

Proposition 3.6 yields & = e, + K 2& hence a fortiori § > e, + K €, as a pointwise inequality
for all vector entries. This proves (i). |

3.3 Integral Equations for Hard-Core Models: Proof of Theorem 2.6

In this section we specialize to hard-core systems in the continuum as in Sect. 2.3 and
use capital letters for objects X € X. Let D;ffl +t C D+ be the collection of graphs
G € D, 4k that have no edges linking any two root vertices i, j € {l,...,n}. Define
1/f,rlf’f11 4x in a similar way as ¥, ,+ but with summation over graphs in fofﬂ & It is not
difficult to check that

Ynnk X1 X = [ (0+ £ X)) (X1 Xngd).

I<i<j<n

The reduced functions 1//;"3 4 satisfy recurrence relations similar to Lemma 3.5. Define

k
X1 Xo . XY Yo = [[rxn vy [ (04 £ y))

j=1 l1<i<j<k

[T (0 + rxi. ). (3.6)

2<i<n
1<j<k
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Remember the indicator / from (2.16) and notice

gX1:Xo, .. X Y1, V) = (=DM (X3 XU U X Y, .., V). (B)

Lemma3.7 Forallk,n € N, we have
Yrd (X X Y1 YY)

= > e(X Xo o X0 (Ve Uy g1k (X oo X0 (V) jers (Y)) e L)
LClk]

The proof is based on combinatorial considerations similar to the proof of Lemma 4.1 in
[14], we leave the details to the reader. The lemma holds true for arbitrary subsets of R4, the
X;’s and Y;’s need not be in X. That applies to our next result as well.

Lemma3.8 Forallk,n € N, we have

w:fg-l,-k(xlv LR X}’h Ylv MR Yk) = ¢{+k(X1 U e UX}’!’ Y17 MR Yk)

Proof Revisiting the proof of Lemma 3.4, we see that

Y XL X YL Y

Z 1_[( I1 1+f(Xi’Yj))—1)¢|Tw|((Yj)jew), (3.8)

..... V. he=1 M <i<n,
JEVL

where the sum runs over all set partitions { Vi, ..., V,.} of non-root vertices {n+1, ..., n+k}.
For hard-core interactions, the term in parentheses is equal to minus the indicator that D :=
X1 U---UX, is intersected by at least one Y;, j € V. Thus

.
W,ngrk(Xl, ca X Y, ) = Z H(—ﬂ{ajevg:Y,mD;é@})(ﬂrVN((Yj)jew)

Vi, V) £=1
Using again (3.8), we deduce
Y X X YY) = k(DL YL Y = 9] (DL YL Y.
O
Lemma 3.9 Let k € N and let Dy, Dy be two disjoint subsets of R, with Dy # @. Then
@l k(Do U Dy, Y1, ..., Y
= Z (=D I(Do; D1 (Yi)ieL) @] os_e <D1 U (U Y;), (Yj)je[k]\L),
LClk] iel
where the sum is taken over all subsets L C [k] and € denotes the cardinality of L.
Proof The claim of the lemma follows from Eq. (3.7), Lemmas 3.7 and 3.8. O

For D e D, with Eq, ..., E, € E; and C(D) = {E}, ..., E,}, let

o0
= 1 T k
T(D;z) =1+ 1; o '/Xk|<ﬂ1+k(D, Yi, ..., Yo r5dy),
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T1(D; z) :=68,.1({E1, ..., E,}), and for N > 2,

N—n
T 1 T k
Tn(D:z) == ljuzn) + ) :Eka L5 e ey 14D Y1 YO [22(dY).
k=1 "

Although the value of T(D; z) (if the series converges) does not depend on the choice
of the chopping map, notice that the value of Tn(D; z) clearly does depend on C(D) =
{E1,..., E,} and not only on E; U ... U E,;, — due to the constraint on the number of
snippets.

A selection rule is a map s from collections of disjoint snippets D, to E, such that

sU{EL, ..., Ex}) e {Eq, ..., Epl,

i.e., s(-) selects one of the snippets. We use the suggestive but somewhat abusive notation Ej
for the selected snippet, and let £, ..., E,, be any enumeration of the remaining snippets. If
&(-) isafunction from D, to R that satisfies the measurability assumption from Theorem 2.6,
define a new function k& (possibly assuming the value “00”) by setting

(@8)(D) = >0 €(Ey U.. . UE))
=21
. , .
+;Eka1(Es,Egu...uE;,,Yl,...,Yk)s(Egu...E,;UYI u...uyk),\z(dy)

(3.9)

for D € D, with Eq, ..., E, € E; and C(D) = {E}, ..., E,}. Furthermore, let e(D) :=
dn1({E1, ..., E,}) be the indicator that D is a single snippet.

Let z be a non-negative activity such that for every non-empty D € D, the series 7~"(D; z)
converges absolutely. Notice that the topology induced by the Hausdorff distance is equiv-
alent to the myopic topology and the map 7" 5 F > ljpe | FnB£o)(F) = —f(F, B)
is measurable with respect to the myopic topology for all compact subsets B (see [21]).
Measurability of .#’ > F +— T(D U F; z) for every D € ¢ can be concluded, e.g., by
representing the series T(D U F; z) asin Eq. (2.15). Since T(D UF;z) = f’(BU F; z) for
every D € I, its topological closure D in R? and every F € .#” (by our assumptions that
the boundaries of snippets are A-null set), the measurability of .#’ 5 F + T(D U F; z) for
all D € D, follows.

The next result is an analogue of Proposition 3.6.

Proposition 3.10 We have

T(52)=e()+&T(;2).
Moreover T) (;z) =e(-)andfor N > 1
Tns1(s2) = e() + @ Tn) (5 2).

The proposition follows from Lemma 3.9 by arguments similar to the proof of Proposition 3.6,
therefore the proof is omitted.

Proof of Theorem 2.6 To show the implication (ii) = (i) suppose that 7'(D; z) is absolutely
convergent and thus T(D;z)is convergent for all non-empty D € D,. Moreover, T(D;2)
is uniformly bounded from below by 1 and does not depend on the choice of the chopping
map C. We set

a(D) :=logT(D;z) >0
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for non-empty D € D, and a(@) := 0. Furthermore, for D € D, with Ey, ..., E,;, € E, and
C(D) ={Ey, ..., Ey}, let Eg € E; be given by Eg((E,.....E,)) for some selection rule s(-)
and set D' := D\ Ey. Exploiting the fixed point equation for 7'(-; z) from Proposition 3.10,
we get

o0
/ 1 / /
Pty a /k I(Es; D' Y1, ..., et PNk (dy) < eBsWP),
- JX
k=1

Item (i) of Theorem 2.6 follows upon multiplication with exp(—a(D’)) on both sides (in fact,
we have shown that the inequality from item (i) holds for every choice of s € {1, ..., m}).

The implication (i) = (ii) follows from Proposition 3.10 by an induction over N similar to
the proof of Theorem 2.1 on p. 20. Indeed, check that for the induction step it is sufficient
that the corresponding system of Kirkwood—Salsburg inequalities holds for all finite disjoint
unions of snippets (for any choice of the chopping map C, the snippet-size ¢ > 0 and the
selection rule s). Bound (2.17) is then established using the triangle inequality, the alternating
sign property, and Eq. (2.15). O

3.4 Recurrence Relations for Subset Polymers: Proof of Theorem 2.7

Just as in the continuous case, we will show that the expansions T solve a system of integral
equations in the discrete setup. We do so by providing a recursive formula for the corre-
sponding coefficients go{ e

Lemma 3.11 For all finite subsets D' C 74 all x € 74 \ D/, and all k € N,

@{-}-k(D/ ) {x}’ Yl’ s Yk)

k
= §01T+k(D/, Yi,....Y)+ Z(—H{Yiax,yiszz})¢[(D/ UYi, (Y))j%i)
i=1

with o = 1.

Proof Notice that the analogue of Lemma 3.9 holds in the discrete setup of subset poly-
mers as well, in particular for the choice Dy := {x} and D := D’. However, since two
disjoint polymers Y] and Y; cannot both intersect the same monomer x, only the summands
corresponding to L = & and |L| = 1 in the sum on the right-hand side of the identity in
Lemma 3.9 provide non-trivial contributions. O

Let D be a finite non-empty subset of Z¢ and z a non-negative activity function. Set

o0

~ 1 T

T =1+ = 2. lelu®@ Vo Yoler -2t
k=1 (Y1,....Yp)exk

and for N € N,

Tn(D; 2) i= 1{p|<N)
1
2m 2 Mot = @D Vi YOz - 2(V0).

(3.10)
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Furthermore, we use the convention TN(Q ;z) =1forall N > 1.

Again, we lift the established recurrent relations on the level of coefficients (given by
Lemma 3.11) to the level of partial sums and series, deriving a system of integral equations
for those. The following result is an analogue of Proposition 3.6 and Proposition 3.10 for
subset polymers.

Proposition 3.12 Under the assumptions of Lemma 3.11, the identities

T(D'Uxk) =T+ Y. z(NTD'UY;2)

Yox:
YND'=o
and for N € N,
Tni1(D'Ufx)io) =Tn(D )+ Y z2(V)In(D'UY;2),
Yox:
YND'=2

hold for any non-negative activity z.

Remark 3.2 Notice that the first identity in Proposition 3.12 is just a sign-flipped version of
the standard Kirkwood—Salsburg equations for the reduced correlation functions found in

[1].

Proof Lemma 3.11 yields
T /
Lpopeyte, inievin @1 (D7 U xh Y X
T /
= H{‘D/H_Zf(:l |YZ|SN}(p1+k(D ) Yl? D) Yk)
k

+ ) (~ Iy, vinD'=e)) L puvi 4y, vy1<M 9k (DU Yi, () j20).
i=1

The proof of the recurrence relation for Ty (-; 2) is concluded by exploiting the alternating

sign property of the Ursell functions, summing over k and Y1, ..., Yk, and exploiting the
symmetry of gp,I. The recurrence relation for 7'(-; z) follows by passing to the limit N — oo.
O

Proof of Theorem 2.7 To prove the implication (i) = (ii), suppose that condition (i) is sat-
isfied for some set function a(-). Proceeding as in the proof of Theorem 2.1 again, we prove
by induction over N that

Ty (D; z) < exp(a(D)), (3.11)

for all finite subsets D C Z¢. For N = 1, the inequality reads 1{p|<1} < exp(a(D)) and itis
true because a(D) = 0. Now, suppose it holds true for some N > 1 and all D. Let Dczd
be finite. If D is empty, then TN+1 (D 2)=1< exp(a(D)) If D is not empty, let x be any
element of D and let D' := D\{x} Then Proposition 3.12 yields

Tyy1(Diz) =Tn(Di)+ Y z(V)Ty(D'UY:2).

Y>ox,
YND' =2

By the induction hypothesis and condition (2.18),

Tyi1(D; z) < @) 4 Z 2(Y)etP'UY) < a(D'Ulx)) _ ga(D).

Youx,
YND'=2
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This completes the inductive proof of (3.11). Passing to the limit N — 0o, we get T(D; z) <
exp(a(D)) < oo.

To prove the converse implication (ii) = (i), suppose that T (D; z) is absolutely convergent
for all finite subsets D. Then T'(D; z) < oo and Proposition 3.12 yields

T(DU(x}:2)=T(D;2)+ Y z(MT(DUY;:2).

Y>ox,
YND=2&

Seta(D) := log T(D; 7). Then a(D) > 0 because T(D: z) > 1, moreover

ea(DU{x}) — ea(D) + Z Z(y)ea(DUY)

Youx,
YND=o

and the inequality (2.18) follows. O

Notice that the preceeding results of Sect. 3.4 can be generalized by proving a more general
version of Lemma 3.11—a direct analogue of Lemma 3.9, where we consider two arbitrary
finite subsets Dy C 74 and Dy C 74 instead of the special case where one of the subsets is
a monomer. Naturally, one can view configurations of polymers not only as configurations
of monomers but as configurations of disjoint snippets of arbitrary shape and derive from the
generalized version of Lemma 3.11 a system of Kirkwood—Salsburg equations different from
the one in Proposition 3.12, equations which involve terms of higher order in the activity z.
Those equations in turn lead to the following alternative for Theorem 2.7:

Theorem 3.13 Let (z(X))xex be a non-negative activity. The following two conditions are
equivalent:

(i) There exists a function a(-) from the finite subsets of Z to [0, 00) such that a(&) = 0 and
the following system of inequalities is satisfied: For all finite, non-empty subsets D C 7%
there exists a subset Dy C D such that—setting D1 := D\{Dg} — we have

Z Z Z(Yl) o Z(Yk)ea(DlUYlU...UYk)fa(Dl) < ea(DlUDo)fa(Dl) _ 1’
k>1{Yq,..., YricX

where the sum runs over sets of mutually disjoint polymers {Y1, ..., Yy} C X such that
YiNDy#DandY; "Dy =D foralli € {1...,k}.
(i) T(D; z) is absolutely convergent for all finite subsets D C 7.

Moreover, if one of the equivalent conditions (hence, both) holds true, then, for all finite
subsets D C 74, we have

o0

1

log T(D;2)] <> o > Maivinnrey|ef (Y. YO z(Y) -+ 2(Y) < a(D).
k=1 (Yq,..., Yy ) eXk

The details of the proof are left for the reader as an exercise. Notice that the sufficient condition
for convergence given by Theorem 3.13 is more general than the one given by Theorem 2.7.
However, all the proofs of sufficient conditions for systems of subset polymers in Sect. 4 are
using the special case of Theorem 2.7.
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4 Application to Concrete Hard-Core Models

Our main results (Theorems 2.1, 2.6 and 2.7) provide characterizations of the domain of
absolute convergence for the activity expansions p, (x1, ..., X,; z) from which well-known
classical criteria are easily recovered (Corollaries 2.2, 2.3 and 2.8). In this section, we illus-
trate how our convergence conditions provide new, “practitioner-type” sufficient conditions
in concrete hard-core models, both discrete and continuous. Our goal here is not to improve
on the best available conditions, but to provide upper bounds on the convergence radii that
are of reasonable computational feasibility. In the one-dimensional setup of the Tonks gas,
however, we are able to go as far as to recover the characterization of absolute convergence
from [13].

4.1 Single-Type Subset Polymers in Z¢

Consider the setup of subset polymers from Chapter 2.4. Suppose there is some finite non-
empty set S C Z¢ and a scalar z > 0 such that

z, X is a translate of S,
2(X) = ) 4.1)
0, otherwise.

We call polymers with non-zero activity active polymers. Define
V(D) :=|{X eX|z(X) >0, XN D # &},

the number of active polymers intersecting a finite domain D C Z4 . Notice V ({x}) = |S],
forall x € Z4.

Theorem 4.1 Let z(-) be the activity function from (4.1). Suppose there exists @ > 0 such
that

18] e*V )z < IS 1, (4.2)

Then T (D:;, z) is absolutely convergent for all finite subsets D C 74, thus the activity expan-
sions pp (X1, ..., Xn; 7) converge absolutely for alln € N and all (x1, ..., x,) € X"

Remark 4.1 Notice that Theorem 4.1 improves on the upper bounds for the convergence
radii given by Kotecky—Preiss and by Gruber—Kunz. The improvement over the Gruber—
Kunz condition is achieved by a more sophisticated choice of the ansatz function a in the
proof of the theorem. However, although we do not have a general proof that the result by
Fernandez—Procacci is stronger, notice that for all non-pathological examples we considered
(e.g., non-overlapping dimers or cubes) Fernandez—Procacci provides better bounds than
Theorem 4.1.

Example 4.1 (Hypercubes) If § = {1, ..., k}d with k € N, condition (4.2) becomes

- < sup exp(ak?) — 1
T a0 k4 exp(a(2k - l)d) -

Carrying out the optimization over « yields the condition

1 )(2—1/k)d—1

d
2k — 1) zs(l——(z_l/k)d
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In the limit d — oo at fixed k > 2, the right-hand side converges from above to the familiar
bound 1/e.

Proof of Theorem 4.1 We apply Theorem 2.7 with a(D) := aV (D). We check that V(-) is
strongly subadditive. Let B, C be finite subsets of Z¢. Then for every polymer X,

lixnB2o) + lixnc2o) = lixnBuc)ze) + LixnBne)£o)-

Indeed if X intersects B but not C (or C but not B), the inequality reads 1 +0 > 1 + 0 and
it is true. If X intersects both B and C, the inequality reads 1 + 1 > 1 + l{xnpnc)~2) and
it is true as well. Finally if X intersects neither B nor C, then both sides of the inequality
vanish. Summing over all polymers X, we get

VB)+V(C)>=VBUC)+V(BNC). (4.3)

Now we turn to the criterion (i) from Theorem 2.7. Condition (2.18) for D’ = & reads

N ZeﬂtV(S) < eVxh _q

’

it is satisfied because of V({x}) = |S| and the assumption (4.2). For non-empty D’, we
bound the left-hand side of condition (2.18) with the help of the strong subadditivity. The
inequality (4.3) applied to B = D’ U {x} and C = X yields

V(D' U{x}) 4+ V(X)> V(D' UX)+ V({x)}), 4.4)
forx € Z2\ D', x € X,and X N D' = @, and

V(D'UX) = V(D) = V(D'U{x}) + V(X) = V(D) = V({x})
= V(D' Ux}) = V(D) +V(S) —IS|.

This provides an X-independent bound for the exponent in the left-hand side of condi-
tion (2.18). The number of summands on the left-hand side of condition (2.18) is given by the
number of active polymers intersecting x but not D', which is equal to V(D' U {x}) — V(D’).
Thus to prove (2.18) it suffices to show that

(V(D/ U fx)) — V(D/))z VD'V =V(D)+V(S)~ISIT < oalV(D'UhH=V(D)] _ (4.5)
In view of condition (4.2), the last inequality in turn follows once we check
(V(D/ U {x)) — V(D’))(e“'s‘ _ 1)ea[V(D/U{x})—V(D/)—\SI] < |S|(ea[V(D/U{x})—V(D’)] _ 1)
or equivalently,

1 —exp(—«lS]) _ 1 —exp(—aR)
N - R

, R:=V(D' Ulx}))—V(D).

Because of the subadditivity of V, we have R > V({x}) = |S|. The exponential map
x — exp(—ax) is convex and therefore the difference quotient is monotone increasing, i.e.,
(exp(—ax) — 1)/x < (exp(—ay) — 1))/y whenever 0 < x < y. We apply the inequality to
x = R and y = |S] and obtain the required bound. O
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4.2 Single-Type Hard-Core System in R

Consider a bounded convex shape S  R? which is non-empty, regular closed and balanced
(recall: A set S C R is called regular closed if and only if it equals the closure of its interior,
i.e., S° = S, and it is called balanced if and only if oS C § for all |a| < 1). We investigate
the special case of the hard-core setup in the continuum from Sect. 2.3 where X consists of
all translates x + S = {x + y | y € S}. Let us further assume that both the activity and
the reference measure A are translationally invariant. Then we may identify X with R?, the
reference measure A with the Lebesgue measure, and the activity function with a positive
scalar, z(x) =z > 0.
For an integrable function / : X — R we write

/h(Z)A(dZ) =[ h(x + S)dx.
X R4

Write | S| for the Lebesgue volume of the shape S and define for Borel sets D C R?

V(D) := /Rd Ij(x4+-5)nD22)dx. (4.6)

Notice V ({y}) = |S|, whichis positive and finite by our assumptionson S,and V (S) = |S® S|
with A® B :={a+b | ae€ A, b € B} the Minkowski sum. The latter identity holds
since we assumed the set S to be balanced which implies {(x + S) NS # &} = TP S.
Moreover, notice that V—as a function on D, with the convention V (&) = O—satisfies the
measurability assumption from Theorem 2.6 by the same argument as formulated on p. 22
for T.

We refer to such systems as single-type hard-core systems in the continuum. In the language
of stochastic geometry (see [28, Sects. 3,4]), the associated Gibbs measure is a hard-core
germ—grain model with deterministic grain S (the germs are the positions x).

Theorem 4.2 Assume there exists o > 0 such that
1S]e*V Sz < e8I _ 1. 4.7

Then the activity expansions py(x1, ..., Xn; 7) converge absolutely for all n € N and all
(x1,...,x,) € X",

Remark 4.2 Again, notice that while Theorem 4.2—just as its discrete analogue Theo-
rem 4.1)—improves on the Kotecky—Preiss condition, it is in all the cases we considered
as examples weaker than Ferndndez—Procacci (e.g., for systems of hard spheres the bounds
on the radius of convergence obtained in [9, 22] are slightly better). However, the advantage
of our criterion is that an explicit bound is provided directly, with no need for numerical
computation regardless of the dimension.

Example 4.2 (Hard spheres) If S = Br(0) is the closed ball of radius R > 0 around the
origin, condition (4.7) becomes
exp(a|Bg(0)]) — 1
zZ < sup .
>0 | BR(0)| exp(a|B2r (0)])

Carrying out the optimization over « yields the condition

Bz < (1- ) -
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In the limit d — oo at fixed R > 0, the right-hand side converges from above to the familiar
bound 1/e.

Proof Let o > 0 satisfy condition (4.7). Set a(ﬁ) = aV(ﬁ) for D € D, choose some
chopping map C and let D € D, (the snippet-size ¢ > 0 will be specified later in the
proof). For the simplest selection rule s choosing always the first snippet £, condition (i) in
Theorem 2.6 reads

Xk

Z% / I(E;: D' Yy, .. Yp) etV DUV =V @lk gy )
© JXK

k=1

< elV(D'UEN=V(D)] _ | (4.8)

where D' = D\E;.

Notice that—unlike in the discrete case—terms of order higher than one in z do not
necessarily vanish in the series in (4.8). Inspired by the proof of Theorem 4.7, we try first
to bound the exponent on the left-hand side of (4.8), seeking a bound that separates ¥ :=
Y U---UYy from E; and D’. If the constraint were that E; C Y, we would conclude with
strong subadditivity applied to B := Y and C := D’ U E| that V(E|) + V(D' UY) <
V(Y) + V(D' U Ey). For the weaker constraint E; N'Y # &, this is no longer true. Let
Z € X. A straightforward case distinction reveals that under the indicator /, the inequality

Wzne 2oy + Niznuryzey < lizavzey + Lizawue)£2)

is correct for all possible values of the left-hand side except possibly 1 + 1. Indeed it may
happen that Z intersects both E; and D’ U Y, hence a fortiori D’ U E{, but not Y, so that
the right-hand side becomes 0 + 1. This happens precisely when Z intersects D’ and E| but
not Y. The inequality becomes correct if we add the indicator of this event to the right-hand
side. Integrating over Z, we obtain

V(EN)+V(D'UY) <V(¥)+V(D'UE))+ /X znE 22, zny=2, znD'£2)M(dZ).

Moreover, there exists a constant C = C(S, d) > 0 that depends only on the dimension d
and the shape § such thatif k = 1 and ¥ = Y| € Xis a translate of S, then

/Xﬂ{szl;ﬁz, zny=2, znp'#2)M(dZ) < Ce.

Indeed, on the left side we may drop the indicator that Z intersects D’ and see that it is
sufficient to check

/ lznE £, zny=21A(dZ) < Ce. 4.9)
X

To see that such an estimate holds let B, (c) be a closed ball of radius & around some ¢ € R?
containing the snippet £ and let x € Y N E (by assumption this intersection is non-empty).
Then x € B.(c) and the inequality

WznE 22, zny=0) < l{z0B. ()22, x¢7)

holds pointwise in Z, thus also

/ﬂ{szI;é@,zmyzg})»(dZ) 5/ lznB, (c)~2, x¢z)M(dZ).
X X
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Notice that
/Xll{szs(c);ez,xﬂ})»(dZ) ={y eRI(y+ )N B(0) # 3, % ¢ y+ S,

where B, (0) is the closed ball of radius ¢ around 0 and X := x — c. For the set on the
right-hand side of that equation, the identity

[y eRY(Y+ ) NBA0) # @, % ¢ y+ S} = (S® B(0) \(F + 9),
holds since S being balanced directly implies
(v €RY(y + $) N B:(0) # 2} = S & B:(0)
and
{(yeRUiey+S}=i+S.
Furthermore, observe that the inclusion
(S @ B:(0)\(x +5) C((S® B:(0)\S) U ((S® Be (X)) \(x + 5))

holds since x € B.(0) and S is balanced set. Moreover, (S @ B, (x)) \(x 4+ §) is the translate
of (S & B:(0)) \S by x, hence it has the same Lebesgue volume and
[(S® B:(0)\(x + S)| <[(SD B(0))\S|+ | (S & B:(x)) \(x + )|

=2|(S @ B:(0)) \S]

=2(1S @ B:(0)] — IS -
Finally, by Steiner’s formula for compact convex sets (see [28]), |S & B:(0)| — |S| is given
by a non-constant polynomial in €, which yields a bound of the form given by the right-hand
side of (4.9) (where the constant C > 0 can be expressed in terms of the intrinsic volumes

of S following the formula).
Consequently, we obtain the bound

V(E))+ V(D' UY)<V(¥)+V(D'UE)) +Cs (4.10)

which corresponds to the bound (4.4) in the proof of Theorem 4.1.
The inequality (4.10) immediately yields the following upper bound for the left-hand side
of (4.8):

Xk
eCe lVIDUED=VID)=VIED] % ™ Z—/ I(E;; Di Yy, ..., Yo e Takay).
k! Xk b b 9 9
k=1
The summand for k = 1 is equal to
ze*V® / LiyinEg 2o.1np=e)A(dY]) = z[V(D' U Ep) — V(D')]e®V .
X

For k > 2, we bound V(Y) < Zf;l V(Y;) = kV(S), drop the indicator that the ¥;’s do not
intersect D’, and get the upper bound

Notice that there exists N € N such that for all kK > N + 1 the integral vanishes. To see
this, assume that there are infinitely many disjoint objects ¥ € X intersecting the snippet E
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(and therefore some open e-ball B, in which the snippet is contained). Since all the objects
Y are translates of S, we can choose the same radius » > 0 for all of the infinitely many
disjoint objects Y intersecting E; such that ¥ = x + § C B,(x). Naturally, every such
r-ball must intersect B, and therefore their union is again a bounded Borel subset of R?. But
— by our assumptions on the shape S—every ¥ € X has the same fixed, strictly positive
Lebesgue measure, thus their disjoint union must have infinite Lebesgue measure, which is
a contradiction to its boundedness.

For k < N, we drop the indicator that Y3, ..., Y} are disjoint and find that the integral is
bounded by

V(EDT? f e a0 [ N a1 1am=2) 4 (d¥2) ) e Y1),
X X

The inner integral is bounded by Ce because of (4.9), the outer integral gives an additional
factor V(E1). Altogether, the left-hand side of (4.8) is bounded by

o Ce qalV(D'UE)—~V(D)=V(E)] (z[V(D' UE)) — V(D)]e2’®

N
1Ce Z ZkV(El)k—leakV(S))
k=2

Proceeding as in the proof of Theorem 4.2, but taking into account the strict inequality from
assumption (4.7), we find that there exist @ > 0 such that

ea[V(D/UEl)—V(D’)—V(El)]Z[V(D/ UE]) — V(D)e?’® < e [V(D'UEN=V(D) _ |

compare to (4.5). Therefore, picking ¢ small enough, we see that (4.8), hence also condition
(i) in Theorem 2.6 is satisfied and all T'(D; z), D € DD, are absolutely convergent. The claim
of the theorem follows immediately. O

4.3 Multi-Type Hard Spheres in RY

Let (r,)nen be an increasing sequence of positive real numbers and let B, (0) C R, n e N,
be the family of d-dimensional closed balls around O with the corresponding radii. To the
sequence (r,),eN of radii is associated the sequence of non-negative activities (z;),en such
that the ball B,, has the activity z;. In the setup of hard-core systems in the continuum from
Sect. 2.3, let X be given by all possible translates of these objects. Notice that the closed
balls are compact convex sets that are non-empty and regular closed. We refer to this special
case of a hard-core system as a system of multi-type hard spheres in R?. We will show a
new sufficient condition for absolute convergence of the activity expansions in these types
of models.
For an integrable function & : X — R we write

h(Z)A(dZ) = h(x + B,,(0))dx.
| n@iaz =3 [ hes+ 5, 00

=1

We define the family of functions (V,),~¢ by setting for Borel sets D C R4

V(D) := /d I(x 1B, (0)ND£2)dx, (4.11)
R

where B, (0) is the d-dimensional closed ball of radius » > 0 around 0. Naturally, the map
V, coincides with the map V from (4.6) for the grain S given by the closed ball B, (0) and
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therefore satisfies the measurability assumption from Theorem 2.6 (as a function on D, with
the convention V(&) = 0). Furthermore, we have V,({y}) = |B-(0)| and V,(Bs(y)) =
|Bs(y) @ Br(0)| = |Bs+r(0)] (where & denotes the Minkowski sum) for any y € R4 and
any numbers r, s > 0.

The following auxiliary result turns out to be essential for the proof of the new sufficient
condition:

Lemma 4.3 Let D1 be afinite union of bounded convex regular closed subsets of R? and let D>
be a d-dimensional ball in R?. The map (0, 00) > r > V’(DlLé,f)(zl));)V’(Dl) is monotonically
decreasing inr.

Proof First of all, observe that for sets D given by a finite union of convex, regular closed
subsets of R? the volume V, (D) can be written as

V(D) = |D| + S(D)r + o(r), (4.12)

where S(D) denotes the surface area of D. This follows from a generalized version of the
classical Steiner’s formula (see [27, Sect. 4.4]). In particular, we see that the map r +—
Y, (D 1%1121;;)%(1) D js differentiable in r = 0.

Nex)t, we notice that the map satisfies the following semi-group property:

Vr+s(D) = Ve(D @ B (0)).
Therefore, to prove the claim of the lemma, it suffices to consider the differential at zero:
lim 1 (Ve(AUB) —V:(A) |AUB|—|A]|
1 - - )
where A := D{ & B,(0) and B := Dy & B, (0).
Using the formula (4.12), a simple computation shows that this limit is equal to
|B] (S(AU B) — S(A)) — S(B) (|JAU B| — |A])
|B|? ’

The monotonicity in the claim of the lemma is then equivalent to
|B[ (S(AU B) — §(A)) — S(B) (IAU B[ —[A]) =0
or, equivalently,
1Bl _ _[AUB[—]A|
S(B) ~ S(AUB) — S(A)
Using the obvious identities |A U B| — |A| = |B] — |AN B| and S(AU B) — S(A) =
S(B) — S(A N B), we can rewrite the last inequality as
S(B) - S(ANB)
Bl ~ |ANB|°

which holds by the isoperimetric inequality since B = D, @ B, (0) is a ball in R? (“the ball
is the shape that minimizes the surface area for given volume”, see [7, 3.2.43]). O

The following sufficient condition is, in some sense, a “continuous version” of the Gruber—
Kunz criterion in the setup of hard spheres in R?. The similarity in the form arises as follows:
To establish the recurrence relations underlying the proof of Gruber—Kunz we selected a
monomer, a single point in Z¢, from a configuration of polymers. We follow this idea in the
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proof of the following result, choosing the chopping map C and the selection rule s such
that a tiny snippet that approximates a single point in the continuous space sufficiently well
is selected. At the same time we choose an ansatz function a that can be interpreted as the
continuous analogue of the ansatz function from the proof of Corollary 2.8.

Theorem 4.4 In the setup of multi-type hard objects on RY, assume that the activity z satisfies

Ja > 0: Z |Brz|e°‘|B’e+’1|zg < eBnl 1, (4.13)
>1

where by | B,| we denote the (Lebesgue) volume of a ball of radius r > 0. Then the activity
expansions p, (X1, ..., Xn; z) converge absolutely.

Remark 4.3 Activity expansions for systems with infinitely many types of objects are not
particularly well-studied in statistical mechanics. In the case of finitely many types, we
expect our result to exceed Kotecky—Preiss but to be weaker then Ferndndez—Procacci—as
in the special case of a single type treated above (see Remark 4.2). The general case, for
r, — 00 in particular, remains to be investigated.

Proof Again, our strategy is to show that condition (i) from Theorem 2.6 is satisfied for an
appropriate ansatz function a. By assumption, r is the radius of the smallest ball present in
the system. Set a(ﬁ) =aVy, (5) for D € D¢, where V,, is given by (4.11) and « satisfies
(4.13). Choose some chopping map C and let D € D, (the snippet-size ¢ > 0 is to be
specified later in the proof). Just as in the proof of Theorem 4.2, independently of the choice
of the snippet E (i.e., independently of the selection rule s), we obtain the following upper
bound for the left-hand side of the inequality from condition (i):

ST <
eC1(e) el VIDUEN =V (D) =V (EDT 3 | KE:D. Y. Y)Y D0kAY). (4.14)
=1 k! Xk

The positive number Cj(¢) converges towards O for ¢ N\ 0 and is precisely the bound from
(4.9) in the proof of Theorem 4.2 for Y given by a translate of B, (0), i.e., by a sphere of
minimal volume present in the system.

The summand for k = 1 in (4.14) is equal to

E zee""B’K*’l'f Lir(vy=re) LivinE 22, vinD' =2y A (dY1).
X
{>1

Notice that the integrals in the last expression are equal to [V, (D" U E1) — V,,(D’)] for every
£ eN,
The summand for any k£ > 2 in (4.14) is bounded from above by

k
k
o Z |Brgl,+r1 |
Z Zey -z / 1_[ Lrviy=ry;}
Xk !
l1,..., i i=1
k
l—[ Ly,nE 22, v,nD'=2) 1{11,... 7 disjoim})»k(dY), (4.15)

which—by arguments similar to the ones used for the bound C(g)—is again bounded by

k
aZ|Brgl.+r1|
Ca(e) Y 2y ...z = B, | ... |By, | (4.16)
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for a positive constant C»(¢) that is independent of k and satisfies C2(e) N\ 0 for ¢ N\ 0.
Notice that the sum in (4.16) is finite for every k € N by assumption (4.13) [since it is simply
given by the k-th power of the left-hand side of the inequality in (4.13)]. Moreover, by the
same argument as in the proof of Theorem 4.2, the expression in (4.15) does vanish for all
but finitely many k& € N, i.e., there exists a number N € N such that (4.15) is equal to zero
forallk > N + 1.

Altogether we get the upper bound

e?C1(e) QU V(D'UEN=V(D)=V(ED] o (Z zee?Brenl[yv, (D' U Ey) — V,,(D)]+
>1

k
o Z ‘Br@i +rq

|
GE Y Y e A By 1B )

2<k<N ¢1,..., Ly

As in the single-type case, we see that it is sufficient to prove the strict inequality

e [V(D'UE)—V(D')-V(ED)] ZzzealBrHr' |[Vr[ (D' U E)—V, (D] < eV(D'UEN-V(D)] _ 4
>1

for small values of ¢ > 0 and, consequently, for small volumes of the snippet E| contained
in an e-ball.

To do so, we bound [V, (D" U Ey) — V,,,(D")] from above by [V,.,(D" U B;) — V,,(D’)]
for every £ € N, where B, is the ball of radius ¢ containing the snippet E{. Then we use
Lemma 4.3 to obtain

Vi, (Be)

[V, (D' U Bg) = Vy, (D] < [y, (D' U Be) — Vy,, (D')]
Vi (Be)
for m < £ (since in that case r,,, < r¢ holds by assumption) and therefore

V,, (D' U By) — V, (D)
Vr1 (BS)

> zeetBrenlv, (DU EN =V, (D)) <
=1

Z dealBrg+r1 | Vi, (Be).
>1

By dominated convergence and assumption (4.13) we can choose ¢ > 0 small enough to
strictly bound the right-hand side of the last equation by

V. (D' U Ep) =V, (D)

(eOtVrl (Ev) _ 1.
Vr1 (El)

Finally, it suffices to show the inequality

alV(D'VEN-V(D)] _q

etV UEN-v D)=V (N Y (PTV ED = Vi (D)) gy, ey _

1) <e
Vr1 (El)

(4.17)

as in (4.5) to conclude the proof. O

4.4 Tonks Gas on Z

Next we turn to the discrete one-dimensional Tonks gas with translationally invariant activ-
ities. That is, in the setup of subset polymers from Sect. 2.4 for d = 1, let (z¢)¢en be a
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sequence of non-negative numbers and consider the activity

Z(X):{zg, X={m,m+1,...,m+ £ — 1} for some m € 7Z, 4.18)
0, else.
Theorem 4.5 Letd = 1 and let (z¢)¢eN be a sequence of non-negative activities.
(a) Suppose there exists o > O such that
o0
Ze“%e <e*—1. (4.19)

Then T (D; z) is absolutely convergent for all finite subsets D C 7.
(b) Conversely, if T (D; z) is absolutely convergent for all finite subsets D C 7, then there
exists a > 0 such that (4.19) holds true.

Remark 4.4 The condition (4.19) is exactly the necessary and sufficient criterion for absolute
convergence of the activity expansion of the pressure in the system derived in [13]. While
the result itself is not novel, we consider the proof to be instructive since it demonstrates how
our approach can provide conditions improving on the Ferndndez—Procacci criterion. In this
concrete setup even the optimal result—recovering the whole domain of convergence—can
be achieved.

The proof of the sufficient condition relies on a refinement of Theorem 2.7. Roughly, we
weaken condition (i) to consider the Kirkwood—Salsburg inequalities being satisfied only for
single rods rather than for arbitrary configurations of rods; at the same time we specify the
selection rule by assuming that the leftmost (or, alternatively, the rightmost) element {x} is
always picked from any given domain.

Proposition 4.6 Suppose there exists a non-negative function a(-) from the finite intervals of
Z to [0, 0o) with a(@) = 0 and for every finite interval D of 7 with x = min D such that

Z 2(Y) ea(D’UY)fa(D/) < ea(D/U{x})fa(D') —1, (4.20)

Youx,
YND'=o
where we set D' = D\{x}. Then T (D, z) is absolutely convergent, for all finite D C 7
(interval or not).

Proof We revisit the proof of the implication (i) = (ii) of Theorem 2.7 given on p. 24 and
prove first by induction over N that TN(D 7) < exp(a(D)) for all finite discrete 1ntervals
D C Z.For N = 1, the inequality is trivial because Ti(D;z) = Iypi<iy <1< exp(a(D))
Now, /, Suppose Ty (D; z) < exp(a(D)) for some N € N and all discrete 1ntervals D C Z
Let D C Z be any discrete 1nterva1 If D = &, then TN+1(D 7)=1< exp(a(D)) If D
is non-empty, let x := min D (or, alternatively, x := max D) and set D' = D\{x} then
Proposition 3.12 yields

Tyy1(Diz) =Tn(Di)+ Y z(V)Ty(D'UY:2).
Yax:
YNnD' =2

Since all the arguments D" and D" U'Y of Ty on the right side of this identity are again finite
discrete intervals, the inductive hypothesis and our assumption (4.20) imply that

TN+1(5; 7) < e 4 Z z(Y)e“(D/UY) < 4D,

Yox:
YND' =2
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This completes the inductive proof of the inequality Ty (D; z) < exp(a(D)). Passing to the
limit N — oo, we get T(D; z) < expN(a(D)) < oo for all intervals D C Z. The convergence
extends to all finite sets because log 7' (-; z) is subadditive. O

Proof of Theorem 4.5(a) Consider the selection rule s(D) := min D that picks the left-most
point of a finite set. Foro > O and L € N let

V(D) := |{X CZ | Xisan L-rod, X N D # @}‘
and a(D) = ay,1.(D) := a V(D). The choice of @ and L is specified later. For a non-empty

interval D, write x := s(D) = min(D), and D" := D \ {x}. If D’ is non-empty, then
condition (4.20) reads

(.¢]
Y zet e -1, 4.21)
=1

Indeed in that case for each ¢ there is a single £-rod X that contains x but does not intersect
D’ (note that x + 1 € D’ because of the assumption that D is an interval and x = min D).
The rod is simply the ¢-rod with right-most endpoint x. Moreover V. (D'UX) — V(D) = ¢
and V(D' U {x}) — V(D) = 1.

On the other hand if D’ is empty, then the number of ¢-rods that contain any given site
x € Z4 is equal to £ and the number of L-rods intersecting an £-rod is equal to L + £ — 1,
therefore condition (4.20) reads instead

o0
D tzpe D <ol (4.22)
=1

The proof of Theorem 4.5 is complete once we check the existence of @ > 0 and L € N such
that the inequalities (4.21) and (4.22) hold true. Set

o
hw) =1+ zeu®  (@eRy).
=1

Conditions (4.21) and (4.22) are equivalent to
h(e®) <e¥, W) <1-e" (4.23)

Notice that & is convex and monotone increasing with 42(0) = 1. The assumption (4.19)
yields the existence of some u = e* > 0 such that 4(u) < u. On the other hand, clearly
h(0) = 1 > 0. Therefore the mean-value theorem yields the existence of a point &z € (0, u)
such that 4(zz) = u. The point & is necessarily larger then 1 because /(i) is. Suppose by
contradiction that 2’ (&) > 1. Then the convexity of 4 implies

h(u) > h(i) +h' (@) (w — ) > h(@) + (u — it) = u,

which contradicts the assumption (u) < u. Therefore h(ii) = & > 1 and h'() < 1.
Replacing o with & := log if needed, and picking L = L(«) large enough, we find that
(4.23) is satisfied for some o > 0. This concludes the proof. O

Proof of Theorem 4.5(b) Let a(D) := log T(D;z) = log T(D; —z). In view of Eq. (2.15)
and the alternating sign property, we have

o0

1

aD)=3 = Do MEewopze)e{ (V. ... Y| 2(¥) - 2(Yi).
k=1 .(Yl ..... Yk)eXk
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By Proposition 3.12, for every D C Z \ {1}, we have

Z Z(X)ea(DUY)_a(D) S ea(DU{l})—a(D) _ 1 (4.24)

Y>l1,
YND=o

Let us choose D C Z N (—o0, 0] with 0 € D. Then for every given £ € N, the unique rod of

length ¢ that contains 1 but does not intersect D is the rod {1, ..., £}, and we obtain
o0
ZZK ed(DU(L,...th)—a(D) _ qa(DU{1)—a(D) _ | (4.25)
=1

Let Do := D and form > 1set D,, := D U{l, ..., m}. The exponent on the left-hand side
in (4.25) may be written as

4
a(DU{1,....6) —a(D) = Y _(a(Dn) — a(Dp-1)). (4.26)

m=1

Now
a(Dm) - a(Dm—l)

= Z — Z (ﬂ{EIi:Y,-ﬂDm;éZ} — H{Hi:YiﬂDm_1#®}>‘¢;¢r(Y1’ LY lz() -z (V).

The only clusters (Y1, ..., Yx) that contribute to the sum are those that intersect D,,, but do
not intersect D,,_1. This is only possible if one of the Y;’s contains m and all of them are
contained in Z N [m, o0). Thus

a(Dy) —a(Dy—1)
= — Z ﬂ{aizy,»am}ﬂ{Vi:Yic[m,oo)}MI(Yl,.-.,Yk)\Z(Y1)--~Z(Yk)-
k=1 (Y1,...,Yp)exk

Because of the translational invariance, the value of the sum does not depend on m. Thus
a(Dy) —a(Dy—1) = a > 0 forallm > 1 and some o > 0. Turning back to (4.26), we
obtain

a(DU{L,...,0}) —a(D) = ta

and then (4.25) yields Z?’;l zeexp(al) < exp(a) — 1. O

4.5 Tonks Gas on R

Next, we want to consider the continuous version of the one-dimensional Tonks gas. Let
(L¢)een be sequence of strictly positive numbers and X the space of compact intervals
I C Rwithlengths |I| € {Ly | £ € N}. Themap R x N, (x,€) > [x — L¢/2,x + L¢/2] 18
a bijection between R x N and X. The reference measure A is defined by the equality

/ h(X)A(AX) = Z/OO n([x — &, x4+ 5 ])dx
X =1 Y~
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for all non-negative measurable functions 2 : X — R, . We assume that the activity is of the
form
20, X =[x,x+ L¢] forsomef € N, x € R,
72(X) =
0, else
for some sequence (z¢)¢eN of non-negative numbers. We assume that rod lengths are bounded
from below, i.e., there exists § > O such that
inf Ly > 6. 4.27)
teN
From here on, we will consider the following chopping map: For X = [x, x4+ L] € X, let
C(X)=1{Ey, ..., Ey}consistoftheintersections of X withthe intervals [x+(k—1)e, x+ke)
with k € Z, where ¢ € (0, §). The space of snippets [E, consists of intervals [a, b] and [a, b)
of lengthb —a < e.

Theorem 4.7 In the setup of multi-type Tonks gas on R, under the assumption (4.27):

(a) Suppose there exists a > 0 such that
o0
> ety <o (4.28)
=1

Then the expansion for T (D; z) is absolutely convergent, for all bounded sets D C R.
(b) Conversely, if T(D; z) is absolutely convergent for all bounded subsets D C R, then
there exists « > 0 such that (4.28) holds true with “<” instead of “<”.

Remark 4.5 The theorem essentially recovers the necessary and sufficient convergence cri-
terion from [13] (derived there for the activity expansion of the pressure in the system).
The sufficient condition in [13] is (4.28) with “<” instead of “<”. Again, while the result
itself is not novel, its proof demonstrates the potential of our approach to go beyond the
Ferndndez-Procacci criterion—also in continuous setups.

First we prove an auxiliary result, the analogue of Proposition 4.6 for the continuous
setup, which is not quite as trivial. We introduce the following notion: Define the e-gap-filling
operation - by setting D:= DU{x e R|3y,z € Dwithy < x < z such that z—y < ¢} for
any D C R. Let & be some subset of the power set of R, we say that a function £ : & — R
does not see gaps of diameter at most ¢ if it is invariant under the e-gap-filling operation, i.e.,
if (D) = £(D) forall D € 2.

Proposition 4.8 Suppose that there exists a non-negative, measurable map a(-) defined on
finite unions of (bounded) intervals which does not see gaps of diameter at most ¢ and
satisfies the following system of inequalities: For any (bounded) interval D with C(D) =
{E1, ..., En}, Ev, ..., E, € E,, where the chopping map C is defined as above, there is a
subinterval Eg C D of length at most ¢, such that

o0
Z 1 I(E,: D': Y, Yy )ed(P'UNU-UY)—a(Dh k (qyy < o@(EsUD)=a(D) _ |
— k’ Xk S k] LRI z >~ .

(4.29)
where we set D' :== D\E; and I (Eg; D'; Y1, ..., Yy) is the indicator from Eq. (2.16). Then
T (D; z) is absolutely convergent for all bounded subsets D C R.
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Proof We can modify the Kirkwood—Salsburg-type equations « from Chapter 3.3 as follows:
If &£(-) is a function from D, to R that does not see gaps of diameter at most € and satisfies the
measurability assumption from Theorem 2.6, define the function Ji;zsé (possibly assuming
the value “oc0”) by

Z26)(D) =Mz §(EJU...UE))
o
+Zl [(Eg;E,U---UE.: Y Y)g( 0. UE UYU . UY )xk(dY)
k‘ sk S 2 ny L1y I'k EZUUEnUY1UUYk Z ’
k=1

for D e D, with Eq, ..., E, CE;,and C(D) = {Ey, ..., E,}, where Dis given by “filling
gaps” of diameter at most ¢ in D C R as defined above.

Notice that for any such function £(-) (that does not see gaps of diameter at most ¢ and
satisfies the measurability assumption from Theorem 2.6)

AE =Rk
holds, where k7§ is the function defined by (3.9). In particular, the left hand side of the

equation is well-defined. Since the functions Tn(-:z), N € N, and T(-; z) do not see gaps
of diameter at most ¢ (by our assumption ¢ < ¢ and the respective definitions), Proposition
3.10 implies

T(52) =e() + AT (5 2).
and
Tnt1(52) = e() + (A Tw) (5 2).

Assumption (4.29) is equivalent to e(D) + (Jiis e?)(D) < D) for any interval D C R. We
prove by induction over N that fN(D; z) < e“D) forall N € N and all intervals D C R.
For N = 1, we have by our assumption

T\(D.z) = e(D) < e(D) + (A e")(D) <P

for all intervals D C RR. Next, assume for some N € N that fN (D;z) < e?(D) for all intervals
D C R, then

Tn+1(D; 2) = e(D) + 7 Tn(D; 2) < e(D) + (A ) (D) < P,

where the first inequality holds by the inductive hypothesis, by monotonicity of ji;ZS on non-
negative functions and by the observation that for intervals D C R all the arguments of &
appearing in the definition of (,%7; £)(D) are again intervals.

This completes the induction and proves Ty (D; z) < e4D) for all N € N and all intervals
D C R. Taking the limit N — oo yields the corresponding bound for 7'(D; z). The claim for
arbitrary bounded subsets follows since every bounded subset is contained in some compact
interval and

T(D1:z) < T(D3,z)
for D1 C D, C R. O

Proof of Theorem 4.7(a) In analogy to the discrete case, for @ > 0 and L > 0 let

o0
VL(D) 1=/ Wiy x+L1nD£2) dX.
—00
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and a(D) = aq, 1. (D) := o VL. (D). The choice of « and L is specified later in the proof. We
apply Proposition 4.8 with the choice of the chopping map introduced at the beginning of
this subsection and the selection rule s that picks the leftmost snippet.

Remember the indicator I (E; D'; Yy, ..., Y;) from Eq. (2.16). We show that there exists
o > 0 such that

oo
1 .. a[Vp (D'UY U---UY)— VL (D)1 k
;E/XkI(EI,D,Yl,...,Yk)e L Lk dy)

< e@VL(D'UEN=VL(D') _ 4 (4.30)

for all intervals D' = [a, b) C R or D’ = [a, b], including the empty set D’ = &, and all
snippets E; = [(k — 1)g,a) € E,.

If D’ is non-empty, then because of infyeny Ly > ¢ and |Eq| < ¢ there cannot be two
or more disjoint rods in X that intersect £ but do not intersect D’, so the inequality to be
proven reduces to

f e“(vL(D/UY)_VL(D/))]l{ymEI;eg, YﬂD’:@}kz(dY) < ea(VL(D/UEl)—VL(D/)) —1.(4.31)
X

Assuming that L > ¢, this is equivalent to

o0 |E1]

ZZ@/ e Lot gy < e E1l (4.32)
0

=1

The integral on the left-hand side is equal to exp(«L/)[exp(x|E1]) — 1]/a, so we find
that (4.30) is equivalent to

0
S et <a,
=1

which holds true because of the assumption (4.28).
If D’ is empty, we note that there can be at most two disjoint rods in X that intersect the
snippet E1, hence (4.30) becomes

1
/ eV iyng, 214 (dY) + 3 /2 VLI b o vonE 20, vin=e)A2 (d(Y1, 12))
X X

<e*VeE) _q, (4.33)

The right-hand side is equal to exp(«(L + |E1|)) — 1. The first term on the left-hand side is
equal to

o0 0
Y 2L+ |E1DeETED =3 7y Ly e* BT 4 0(e).
=1 (=1

The second term on the left-hand side of (4.33) is equal to

0
=

Mr/ Iy oy Ve Lo+l g dy
E}

Lr=1

which is bounded by

i 2
<Z Z(eaL[> ea(€+L)|El |2 — 0(82)
=1
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For the inequality (4.33) to be satisfied, it is sufficient that

o.¢]
> Lezee™ 4+ 0(e) < Pl — ek, (4.34)
(=1

Arguments similar to the proof of Theorem 4.5(b), applied to the convex function 2 : R, —

R, h(u) :=1+ Z?il zeu't, show that under condition (4.28) there exists @ > 0 such that
not only condition (4.28) holds true but in addition

o0
/’l/(ea) = Z LngeOlL‘Z < 1.
=1
Thus one can choose L = L(«) large enough and ¢ small enough so that (4.34) and
hence (4.33) hold true. O

Proof of Theorem 4.7(b) We proceed as in the proof of Theorem 4.5(b). Suppose that the
expansions are absolutely convergent and define

0
1
a(D) :=logT(D; —2) = ) o fx Mggicin:vinnze)|ei Y. ... Yo A2@Y).
k=1""

Then by Proposition 3.13 and since infycn Ly is bounded from below by ¢ > 0,
f ﬂ{XﬂEl;éQ, XND'=2) ea(D/UX)_a(D/))\.Z(dX) < ea(D/UE1)—a(D/) 1 (435)
X

for example for E; = [0, ¢) and D’ = [e, ¢ + L] with L > 0 and ¢ sufficiently small.

Before we evaluate the two sides of the inequality, we note two useful properties of a(-).
First, the map a does not see gaps of diameter at most ¢. Precisely, if X = [x — L¢, x] with
x € [0, ¢) and D’ is as above, then

a(D'UX)=a([x — Ly, e+ L].

Indeed, any rod ¥; € X that intersects [0, €) must also intersect D’ U X because it has a
length |Y;| > ¢. Second, because of translational invariance, the weight a(D) of a non-empty
interval depends only on its length | D|. We check that in addition, it is an affine function of
the length. For x € R, define

o0 o0
1
a(x) = E 20 E Eka Wvicirl: v; e (—ooxt| @1 (Y1, -« -0 Yi, [x — Lo, x| A5 (dY).
=1 k=0

The quantity «(x) is best thought of as an integral over clusters in which the right-most
rod [x — Lg, x] has its right end pinned at x. By translational invariance, «(x) is actually
independent of x and we may write o (x) = « for some scalar « > 0. Now let I = [a, b] and
J =[b,c]witha < b < c. Then

o0
1
a(lUJ)—a(J) = Z o /}:{k ll{EIie[k]:Y,-ﬂl;ég}]l{‘v’ie[k]:Ym]:@}lﬁﬁl-(r(ylv Y| X’;(dY)-
k=1""

Any cluster (Y1, ..., Y) thatintersects I but not J has its right-most end in [a, b), therefore

allUJ)—a(J) = /a(x)dx =al|ll.
I
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With these two observations, the left-hand side of (4.35) becomes

o0 e 00 e o0 1
Zze/ et (r—LexlUD)=a(D) gy — Zzz/ e HOdy = " zpe = (e — 1)
=1 70 =1 70 =1 “

while the right-hand side of (4.35) is exp(ae) — 1. It follows that

o0
Z zee?lt < q.
=1
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A Proof of Lemma 2.5

Proof of Lemma 2.5 We show that the system of inequalities

k
I+ X Tlweon [T ™
k=1 Y={yy,...y} i=1 wel'(Y)
Yi*X1, Yi~yj

el (q)
gel ()N (X)

k
=1+, > [Iron JI e (A1)

k=1 Y={y1,...., ¢} i=1 wel (Y)NI'(X)C
Yi*X1, Yi™Yj
yi~X

which is equivalent to (2.12), holds under the assumptions of the lemma. We do so by proving
the following three claims. However, first we would like to introduce some additional notation
to complement the notation from Sect. 2.2.

For given x; € X'and X = {x3, ..., x,} C X let Q denote the set I'(x;) N I'(X) and let C
denote the set of (non-empty) compatible subsets of Q. Furthermore, we define the family
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(Av)uco, Au = Ay(x1, Q, n), indexed by all the subsets U C Q (including the empty
set), by

Ay =Ayx, Q=) Y ]"[u(yl [T ™.

k=1 Y={y1,...y} i=1 wel (Y\U

where the sum is over subsets Y = {y1, ..., yx} C X such that the following constraints are
satisfied: Y is an compatible set, Y C I'(x1), YN Q0 =@ and U =T'(Y) N Q.

Finally, define the family of coefficients (By)uco, Bu = Bu(x1, Q, i), also indexed by all
the subsets U C Q (including the empty set), by

Bu=Pue. Q.= [[ e* @+ Y TJlwueo J[ e+

qeQ\U Cmcﬁgz ceC we(Q\UN\I'(C)

Then the following statements hold true:
Claim A.1 The right-hand side of (A.1) is bounded from above by
1+ ) Ap.

uco

Claim A.2 The left-hand side of (A.1) is bounded from below by
Bz + Z BuAy. (A.2)

uco

Claim A.3 The lower bounds By > 1 hold for every U C Q and thus

Bo+ Y BuAu =1+ ) Ay.

ucQ uco

All the sums in the three claims above run over subsets of O = I'(x1) N I'(X) including
the empty set (so that the coefficient S appears in (A.2) twice). The inequalities (A.1) follow
directly from the three claims. Proving the claims is thus sufficient to conclude the proof of
the lemma:

Proof of Claim A.1 Reorder the sum in the right-hand side of (A.1) by putting the summand
together which belong to the same U := I'(Y) N Q. Notice that the constraint ¥ ~ X implies
YN Q =since Y C I'(x1). The claim now follows directly from the simple observation
that T(Y) N T(X)¢ ¢ T'(Y)\U for any Y and thus

nw) w(w)
M ¢w= ] e

wel'(M\U wel (Y)NI'(X)C
O

Proof of Claim A.2 To see that the bounds stated in the claim hold, decompose the sum in the
left-hand side of (A.1) as

k
1+ > JIweo [T ™

k>1 Y={y1,....y} i=1 wel(Y)
VieX1, Y~y
k
=1+ > > > Le=ow[[uGn [ ™. (A3)
CeCU{@} k=1 Y={y1,...,y} i=1 wel(Y)
VieX1, Yi~Yj
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Notice that for any C € C

k
Yo Y de=on [ w0 [ ™
i=1

k>1 Y={y1,..., Vi } wel'(Y)
Yi*X1, Vi~
>[Ju© ] &
ceC wel (C)NQ
k
1+Y " > Lyno=eyli~c) [ [ G0 1 et )
k=1 Y={y1,.... vk} i=1 wel (M\(I(C)NQY)

YieX1, Yi~yj

This estimate is established by discarding the exponential weights corresponding to a subset
of I'(C): Multiplying the lower bound in the last line with

l_[ e.u(w) > 1

wel (CNFM\Q

yields equality. No further estimates are necessary to prove the claim; we simply plug the
obtained lower bound into the right-hand side of (A.3) and get

I+, D lwno- Q}Hu(yl) [T ™+ [[ue ] ™

k=1 Y=(y1,..., %) wel(Y) CeCeeC  wel(C)NQ
ymom Yi~yj
k
<[ 14> > wng=eiLiy~c) [ [nO0) ] et ()
k=1 Y=(y1,..., ) i=1 wel (N\(I(O)NQ)
Yie X1, Yi~yj

or, equivalently,

k
1+ [Iu@ T e™+> > Lyno=ey[[n0n [] ™

CeCceC wel (C)NQ k>1 Y={y1,..., vk} i=1 wel'(Y)
VivXL, ity
k
+ Z l_[ wu(c) H et W) Z Z Liyno=o}l{r~c} HM()’;’)
CeCceC wel(C)NQ k=1 Y={y1,...,y} i=1
Yi*X1, Yi~Yj
l_[ et (w)

wel (V\(T(C)NQ)

as a lower bound for the left-hand side of (A.3).
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Reordering the last expression by summing over Y first, one realizes that it is equal to

k
1+ [[we© T ¢™+>0 > Lwng=ey[[ren [] ™

CeCceC wel (C)NQ k>1 Y={y1,..., Dk} i=1 wel'(Y)
Yi*X1, Yi~yj

< [ 14> [Twre© [ el

e ceC weT(C)NO\I(Y)

which may be rewritten as

k
1+ JIr© [T ¢+). > lLwno=e[[ron I1 e ()

CeC ceC wel'(C)NQ k=1 Y={y1... 3} i=1 wel (H\((T(Y)NQ)

% l_[ eltw) + Z 1_[ w(c) 1_[ ehtw)

wel(Y)NQ geg ceC we(T(C)UT (Y)HNO

From the last expression, we obtain precisely the sum in (A.2) by putting the summands
in the last expression which belong to the same U = I'(Y) N Q together and dividing by
[0 e/(@ . This yields the claimed lower bound. m]

Proof of Claim A.3 Without loss of generality, we may assume that Q = I'(x;) N T'(X) is a
finite non-empty set. Then the claim can be proven via induction over the cardinality of Q.

To start the induction consider the case Q = {¢}, ¢ € X. Then g = e @ 4 u(g) > 1
and B,y = 1 by definition.

For the inductive step, letn € N, Q,, = {q1, ..., g»} C X and letC, be the set of compatible
subsets of Q,,. Furthermore, let ¢,,+1 € X\ Q, andlet Q,+1 = Q,, U{gu+1}. Naturally, there
exists a family of subsets ®, C C,, such that the set C,+1 of compatible subsets of Q4 is
given by Cpy1 = {C U {gns1}|C € ©®, 0r C = @} UC, =: ®, UC,.

Under the assumption that 8y (Q,,) > 1forallU C Q, itistoshowthat 8 (Qy+1) > 1for
allU C Qp+1. Thereforelet U C Qpy1.1If gy € U then By (Qu+t1) = Burign1}(On) =1
by the inductive hypothesis. Left to consider is the case ¢,,4+1 ¢ U (and thus U C Q). Recall
that we defined the coefficient Sy (Q,+1) by

Bu(Qui) =[] e+ > J[wu@ I1 o).

q€Qn1\U CeCpyy ceC we(Qn+1\UN\I'(C)
CNU=2
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Using the decomposition C, 1 = O, U C,, we get

Bu(Qus1) = e HantD) 1_[ e M@ 4 Z H“(C) 1_[ )

q€0,\U Ce®, c€C We(Qn1\U\I'(C)
cNU=2
+ 2 [lwe I e
CeCy, ceC we(@n+1\U\I'(C)
cNU=2
— e H@nt1) II e D 4 L(gnsr) II e~ 1 (@)
qe0n\U q€(Qn\UN\T'(gn+1)
+ugnr) Y [[w© [ S
Ce®, ceC WE(Qu+1\U\T'(CY{gnt+1})
cNU=9
+e—ﬂ(4n+l) Z HM(C) 1_[ e—u(w)
CG@H ceC we(Qn\U)\F(C)
cNU=g
+ 2 [lweo I e
CeCy\O, ceC we(Qn\UN\I'(C)
cNU=g

Multiplying the second summand in the last expression by the products of negative exponen-

tial weights
1_[ e—u(w)) <1
wel ({gn41})
and the third summand by
[ "=t
wel ({gn+1D\T'(C)

we obtain the following lower bound:

Bu (Qn+1)
Z<e—u<qn+1)+ u(qm)) 1—[ e @) 4 Z 1—[ 1(c) 1—[ o H(w)
q€0,\U Ce®, ceC we(Qu\U\T(C)
cNU=g
+ 2 Ilre JT e
CeC,\O, ceC we(Q,\U\T'(C)
cNU=2

Since e H@n+1) 4 (gn+1) = 1 for any pu, this last expression is in turn bounded from below
by

1_[ e H@ 4 Z H’U“(C) 1_[ e HW) Z HM(C) 1_[ e—H(w)

qeQn\U Ce®, ceC we(Q,\U\I'(C) CeCy\®, ceC we(Q,\U\I'(C)
cCNU=9 cNU=2
=[] e+ > [lwe I ™ =puw.
q€Qn\U CeCy ceC we(Qn\UN\L(C)
CNU=2

By the inductive hypothesis By (Q,) is bounded from below by 1, hence we have shown
Bu (Qn+1) = 1. This concludes the induction and therefore also the proof of Claim A.3. O
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Combining the three statements from the claims A.1, A.2 and A.3 immediately yields the
claim of Lemma 2.5. O
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3 Logarithms of Catalan generating functions: A combinato-
rial approach

This section contains a preprint version of:
S. Jansen and L. Kolesnikov. Logarithms of Catalan generating functions: A combinatorial
approach. arXiv e-prints, 2022.

Personal contribution:

This article is a collaborative effort based on discussions with my supervisor, Sabine Jansen,
who proposed this combinatorial puzzle. I developed and implemented many ideas incorpo-
rated in our main results, with occasional input from Sabine. I also took a leading role in
drafting and writing the article.
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Logarithms of Catalan generating functions: A combinatorial
approach

Sabine Jansen*! Leonid Kolesnikov*

Abstract

We analyze the combinatorics behind the operation of taking the logarithm of the
generating function Gy, for k*" generalized Catalan numbers. We provide combinatorial
interpretations in terms of lattice paths and in terms of tree graphs. Using explicit bi-
jections, we are able to recover known closed expressions for the coefficients of log G by
purely combinatorial means of enumeration. The non-algebraic proof easily generalizes to
higher powers log® Gi, a > 2.

Keywords: Catalan numbers, logarithms of generating functions, combinatorial interpre-
tation, lattice paths, Dyck paths, plane trees, cycle-rooted trees, exact enumeration.

MSC 2020 Classification: 05A15, 05A10.

1 Introduction

The present article originated in the following question: given k € N, what is the combinatorial
interpretation of the power series F'(x) that solves the equation

ef'@ =1 4 g ehF@) (1.1)

and is there a way of computing the coefficients of F'(x) by counting suitable labeled combi-
natorial structures? The question was raised in the context of the statistical mechanics for
a one-dimensional system of non-overlapping rods on a line [6, Section 5.2]; up to sign flips,
the function F(z) corresponds to the pressure of a gas of rods of length k& and activity x on
the discrete lattice Z.

The exponential exp(F'(z)) is easily recognized as the generating function for (generalized)
Catalan numbers, whose definition we recall below. Thus we are looking for a combinatorial
interpretation of the logarithm of the generating function for (generalized) Catalan numbers.
Logarithms of Catalan generating functions have in fact attracted interest since Knuth’s
Christmas lecture [7]; to the best of our knowledge, the focus has been on the computation of
coefficients, with the question of combinatorial interpretation left open. We provide several
such interpretations, among them one with cycle-rooted labeled trees. For the interpretation

“Mathematisches Institut, Ludwig-Maximilians-Universitiat, Theresienstr. 39, 80333 Miinchen, Germany.
fMunich Center for Quantum Science and Technology (MCQST), Schellingstr. 4, 80799 Miinchen.
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1 INTRODUCTION 2

it is essential that we work with labeled combinatorial species, as is manifest already for a
simple special case: For k = 1, the solution to (1.1) is

F(m):—log(l—m):z% Z% (n—1)!

n=1 n=1

As 1/n is not an integer, the function F' is not an ordinary generating function, but it is the
exponential generating function for a labeled structure, namely for cycles.

Let us recall some facts about Catalan numbers. The sequence of natural numbers (Cy,)n>0
with

2n!
gm0
is commonly referred to as Catalan numbers since the 1970’s. The name goes back to Eugene
Charles Catalan who was the first to introduce Catalan numbers in the above form, after they
already appeared in literature as far back as the 18th century, most prominently in the work
of Leonhard Euler.

C, =

Catalan numbers emerge in a huge variety of different counting problems: Over 200 pos-
sible interpretations are listed in the monograph [12] by R. P. Stanley alone; many of those
are of great significance in the field of combinatorics. Two especially prominent types of
structures enumerated by Catalan numbers are discrete paths (e.g., Dyck or Motzkin paths)
and tree graphs (e.g., binary or plane trees) under certain restrictions, see items 4 — 56 in [12,
Chapter 2)).

The generating function Gy of Catalan numbers (C),)p>0 is given by the formal power

series o
ZCCE _1+Zn' n+1

n>0

Naturally, one can view G5 as the ordinary generating function for any of the over 200 unla-
beled structures in [12] or as the exponential generating function for any of the corresponding
labeled structures (in the sense of combinatorial species and associated generating functions,
see [1]). In particular, we will view G2 as the exponential generating function for labeled
lattice paths (see Section 2) or for labeled binary trees (see Section 3).

The generating function G2 can be generalized to the following formal power series: For
k > 2, consider the power series G}, sometimes called the binomial series [2, 11], given by

i T () B Rl

n>1 n>1

1< kn)
- ) n/Z L
n\n-—1

as generalized k™ Catalan numbers following the terminology in [5] (also known under the
name of Fuss-Catalan numbers [9]); notice that the Catalan numbers (C,),>1 are indeed
recovered for kK = 2. The power series G}, satisfies

and let us refer to the coefficients

Gr(z) = 14 2Gy(x)".
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1 INTRODUCTION 3

It is well-known (see [5]) that generalized k" Catalan numbers enumerate monotone lattice
paths, the so called k-good paths, or alternatively plane k-ary trees. Therefore, we can and
will interpret G as the exponential generating function for labeled lattice paths (see Section
2) or for labeled plane k-ary trees (see Section 3).

The main object of study in this paper is the logarithm of the generating function Gy
for k > 2, which again can be represented by a formal power series. Explicit expressions for
the coefficients are already known from the literature: The expansion of log G5 was presented
2014 in the annual Christmas lecture by Donald Knuth [7] — who subsequently posed an
elegant conjecture for the expansion of log? Ga as a problem in [8] to be solved by various
authors soon after:

"™ (2n
10g2 G2 = Z I < n ) (Hanl - Hn),

n>2

m
i=1 7

where the harmonic numbers (Hp,)m>0 are given by Hp, 1= ) L for m € N.

Higher powers log® G, a > 2, were examined in [2] and [11], explicit formulas for the
coefficients were derived — in terms of harmonic numbers in the former and in terms of
Stirling cycle numbers in the latter work. The proofs are of algebraic nature and involve
general inversion formulas — in particular, the Lagrange inversion formula.

Here, we present a combinatorial, bijective proof providing explicit expressions for the
coefficients of log G by means of exact enumeration. The proof easily generalizes to the case
of the higher powers log® G, a > 2. For example, in the aforementioned case of the squared
logarithm log? Cy,, we obtain

[2"] log? Gy ( —2an <kn_ )Hp_l,

where H,,, := ZZ" 1 7 form € N. Naturally, this expression for the coefficients can be rewritten

to match the one by Knuth presented above. In the general case a > 1, we get the formula

["]log® Gy, = chn >

where

and

1
Npq = Z Hz ) qz.

(q17 -qa G[p
q1+...+9a=p

While identifying the coefficients of log® Cy for k > 2 and a > 1 is not a novel result (since
those are known from [2] and [11]), we think that our proof itself is of interest — as we are
not aware of any alternative proof that is essentially non-algebraic in nature.

The article is organized as follows: In Section 2, we provide a combinatorial interpretation
of log G}, in terms of lattice paths (Theorem 2.5) by using bijective results identifying lattice

89



2 COMBINATORIAL INTERPRETATION VIA LATTICE PATHS 4

paths with sets of certain paths or path-like structures (Lemma 2.4 and Lemma 2.6). Ad-
ditionally, we use this interpretation to provide a closed expression for coefficients of log G,
(Theorem 2.8) via a purely combinatorial proof, which can be easily generalized to higher
powers log® G, a > 2 (Theorem 2.9). In Section 3 we provide an alternative interpretation
of log Gy, in terms of plane trees (Theorem 3.5). Again, at the heart of this interpretation
is a bijective result identifying k-ary trees with sets of certain trees or tree-like structures
(Lemma 3.4 and Lemma 3.6). Finally, in the appendix, a method to encode both lattice
paths and plane trees via cyclically ordered multisets is introduced, providing a bijection be-
tween the two combinatorial species and establishing a direct connection between the two
combinatorial interpretations of log Gj.

2 Combinatorial interpretation via lattice paths

2.1 Lattice paths and associated generating functions

In this section, we want to consider a combinatorial interpretation of (generalized) Catalan
numbers in terms of monotone lattice paths and understand the logarithm of the correspond-
ing generating functions on the level of these combinatorial structures. We concentrate on
item 24 in [12, Chapter 2], but consider labeled structures instead of unlabeled.

Definition 2.1 (Labeled good paths). Let n € N and let k > 2. Let V C N be a finite label
set with |V| = n. A path on the quadratic lattice Z* from (0,0) to (n,(k — 1)n) with steps
(0,1) or (1,0), together with a labeling of the heights {(k — 1)j}to<j<n—1 by elements of V
(as visualized in Figure 2), is called a V -labeled k-good path if it never rises above the line

y = (k — 1)z. Denote the set of all such paths by P,(V) and write Py (n) := Pi([n]).
Remark 2.1. By labeling we mean a bijective map from {(k —1)j}o<j<n—1 to V. Notice these
heights are exactly those on which the path can potentially intersect the diagonal y = (k—1)z.

Remark 2.2. Our notion of (unlabeled) good paths is essentially the same as introduced in [5],
up to a vertical shift of the path by 1. Notice that, by [5], G — as the generating function
for k" generalized Catalan numbers — is equal to the exponential generating function for

(@k(n))neNm i'e'v n
Grlz) =1+ %L@k(nﬂ.

n>1

Next, we want to introduce combinatorial structures that are enumerated by the coeffi-
cients of log G.

Definition 2.2 (Label-minimal good paths). Let n € N and let k > 2. Let V C N be a
finite label set with |V| = n. A V-labeled k-good path P is called label-minimal if the label
of the height 0 is minimal under all labels labeling heights at which P intersects the diagonal
y=(k—1)z.

Denote the set of V-labeled k-good paths that are label-minimal by @f‘in(V) and write
PWin(n) = PM0([n]). The corresponding exponential generating function is defined by the
following formal power series:

min z" min
Gy (x):ZEL@k (n).

n>1
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5
1

2 3
/ 7

A 8
2

1 4
9

3 6

Figure 1: On the left side, we see a 3-good lattice path of length 12 (labeled by {1,2,3,4});
on the right side, we see a 2-good lattice path of length 18 (labeled by {1,...,9}).

Let1 < ¢ < n and let B1U...UBy be a partition of [n]. For everyi € [{], let P, € 2 (B;).
The set { Py, ..., Py} is called a label-minimal k-field on [n]. Denote the set of all label-minimal
k-fields on [n] by F™"(n).

9
Y G

1

| 3
7

3 / 8
/ 9

2 4

Figure 2: On the left side, we see a label-minimal 3-good lattice path of length 12 (labeled by
{1,2,3,4}); on the right side, we see a label-minimal 2-good lattice path of length 18 (labeled

by {1,...,9}).

Alternatively, just like the logarithm of the exponential generating function for permu-
tations can be interpreted as the exponential generating function for cycles (as explained in
the introduction), one can interpret log G via certain cyclic structures as well. Informally
speaking, those cyclic structures can be obtained by “bending k-good paths into circles”, i.e.,
by identifying endpoints of [n]-labeled k-good paths with their starting points and keeping
the labelings (which thus become cycles on [n]).

Definition 2.3 (Labeled ornaments). Let n € N and let k > 2. Let V be a finite label set
with |V| =n. For P € P, (V) construct a labeled infinite lattice path P by taking (infinitely
many) labeled paths j(n,(k — 1)n) + P, j € Z, and concatenating them (while keeping the
labeling).

An equivalence relation on the set Pi(V') can be Adeﬁned as follows: Let two V -labeled
k-good paths Py and P> be equivalent if and only if Py is a translate of P» along the line
y = (k— 1)z (including the labeling).

The corresponding equivalence classes [P] can be identified with the shape of the infinite
periodic paths P together with an infinite periodic labeling (i.e., a cycle on [n]) which are
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2 COMBINATORIAL INTERPRETATION VIA LATTICE PATHS 6

obtained by identifying the endpoint and the starting point of P.

Denote the set of the equivalence classes, called V-labeled k-ornaments, by 2. (V) and
write 5 (n) = P ([n]). The corresponding exponential generating function is defined by the
following formal power series:

Giw) =3 S PRl

n>1

Let 1 < ¢ < n and let By U...U By be a partition of [n]. For every i € [{], let O; be a
Bj-labeled k-ornament. The set {O1,...,0;} is called a k-ornament field on [n]. Denote the
set of all k-ornament fields on [n] by F2(n).

— N W

I R

DD W =

Figure 3: Both 2-good paths of length 8 depicted on the right side are representatives of the
2-ornament depicted on the left side.

Now, with these definitions at hand, we are ready to give a combinatorial interpretation
for log G}, in terms of label-minimal k-good paths or, alternatively, in terms of k-ornaments.

2.2 Bijective results

The following lemma provides the combinatorial insight essential to the proofs of the main
results in this section: It enables us to identify labeled good paths with sets of label-minimal
good paths.

Lemma 2.4. Letn € N and let k > 2. There is a bijection between Py (n) and F™™(n).

Proof. Let us define a bijection m : Pg(n) — Z % (n). For a k-good path P € P (n), we
obtain a label-minimal k-field m(P) € Z™%(n) from P by the following inductive procedure:

Step 0: Set II = P.

Step N >1: Let 0 = y; < ... < y; denote the heights at which the path II intersects the line
y = (k— 1)z and let i1,...,iy € [n] denote the corresponding labels.

e If there exists a j € [¢] such that i; < 41 holds, set y := min{y; : j € [{], i; < i1}
and set II = P. Cut the path II at the height y, obtaining two paths — a path
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II; from (0,0) to (£45,y) and a path II; starting at (%7,y) which inherit their
labelings from II. IT; and Iy are again k-good paths — up to a translation of Il,.
Replace II with the translate of Il starting in (0,0) and GOTO Step N+1.

e Otherwise STOP.

Naturally, this procedure produces a label-minimal k-field on [n].

Conversely, given a label-minimal k-field F' € .%.(n), construct an [n]-labeled k-good path
m~Y(F) € Px(n) as follows: Order the labeled k-good paths from F decreasing in the label
at y = 0. Successively, glue the predecessor path to the successor path by concatenation
(identifying the endpoint of the former with the starting point of the latter). Naturally, the
resulting lattice path is an [n]-labeled k-good path and the described procedure does indeed
define the inverse of the map m introduced above. O

Remark 2.3. Clearly, our choice of label-minimal paths is somewhat arbitrary in the following
sense: In the inductive procedure from Lemma 2.4 defining the map m, one can choose
different rules to “cut” the path P at its intersections with the diagonal. E.g., one could
instead consider “label-maximal” paths (or, more generally, define y as the height labeled
minimally with respect to an arbitrary order on the labels instead of the canonical one).

— Ut

.Y

SN0 00~

9
6

DD O = DN 00 1 W — Ot

Figure 4: On the left, we see a 2-good path of length 18, on the right we see the label-minimal
2-field corresponding to it in the sense of the proof of Lemma 2.4.

This bijective result allows us to interpret log G as the exponential generating function
for label-minimal good paths:

Theorem 2.5. Let k > 2. The following holds as an identity between formal power series:
log G, = Gin,

Proof. The claim follows directly from Lemma 2.4 via a standard combinatorial argument

(see, e.g., [4], for the argument formulated in the framework of combinatorial species). O

Lemma 2.6. Forn € N and k > 2, there is a bijection between the sets P (n) and 2} (n).

Proof. The bijection is given by assigning to the label-minimal path P & @}:ﬂn(n) its equiv-
alence class [P] € &7 (n). This map is clearly invertible since every element of &7 (n) has a

unique representative P € 2" (n) that is label-minimal. O
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Remark 2.4. Again, we see that the choice of label-minimal paths was somewhat arbitrary:
In the above proof, one could identify [P] € &7 (n) with a representative different from P,
e.g., with the “label-maximal” path in [P], see Remark 2.3.

The lemma allows us to identify log G}, with the exponential generating function for labeled
k-ornaments:

Theorem 2.7. Let k > 2. The following holds as an identity between formal power series:
log Gy, = G},

Proof. The claim follows from Theorem 2.5 and Lemma 2.6 since the latter implies that
G, = GZ”” for k > 2. O

We have shown how taking the logarithm of the generating function for k' Catalan
numbers Gy can be interpreted on the level of lattice paths. By Theorem 2.5, it can be
interpreted as the exponential generating function for label-minimal k-good paths — so that
taking the logarithm of G} corresponds to discarding those k-good paths that have labels
at height 0 which are not minimal among the labels labeling intersections of the path with
the diagonal y = (k — 1)x. Alternatively, by Theorem 2.7, log G}, can be interpreted as the
exponential generating function for k-ornaments — so that taking the logarithm corresponds
to identifying those k-good paths that result in the same k-ornament when they are “bent
into a circle”.

2.3 Identifying the coefficients

Lemma 2.4 also provides an elementary way to recover the explicit expressions for the coefhi-
cients of log Gy, for every k > 2 (known from [6, 7]) — by simply counting k-ornaments.

Theorem 2.8. Let k > 2 and n € N. We have

log(Gr(x)) = Z ﬁm

n>1

Proof. A well-known result (see, e.g., [3]) provides the number c,(f ZL of Dyck paths of length
kn with exactly p € N returns to zero (which corresponds to the number of unlabeled k-good
paths of length kn that intersect the diagonal y = (k — 1)z exactly p + 1 times):

o _ kp—p (kn—p\
kn " kn—p\n—p

Notice that if some k-good lattice path P intersects the line y = (k — 1)z exactly p+ 1 times
then the same holds for every path in [P] and |[P]| = p (since choosing a representative of [P]
is equivalent to choosing which intersection point to place at y = 0). Therefore, the number
of [n]-labeled k-ornaments intersecting the diagonal y = (k — 1)z exactly p times (for any
representative, counting starting point and endpoint as one intersection) is given by
n!ﬂ
p
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and thus we get

("] log G, =

p=1 1

O

The presented proof of the preceding theorem has the following advantage: It can be easily
modified to investigate the coefficients of log® Gj, for higher powers a > 2. As mentioned in

the introduction, the result itself is not novel and similar expressions for the coefficients are
known from [2, 11].

Theorem 2.9. Let a,k > 2 and n € N. We have

[x"]1log® Gy, = Z c,(szleﬂ,

p=a

where
w» _kp—p[(kn—p
Fn = n — n—
p b
and 1
Npo = Z H o
(@1,-qa)€[p]® + =L
q1+...+qa=p

Remark 2.5. In the special case a = 2, considered by Knuth in [8], we get

" 1 " k—1 (kn—p
" log? Gj, = ) — =2 < )H_,
[2"] log™ G pz; in D q(p —q) an—p — ot

1<g<p-1 p=2

where Hy, :== >1" |  for m € N.
Proof. By Theorem 2.5 and by a standard combinatorial argument, log® G, is the exponential
generating function for k-ornament fileds consisting of a > 2 k-ornaments. For every n € N,
we need to determine the number of such k-ornament fields on [n]. To do so, we employ
the same decomposition as in the proof of Theorem 2.8 sorting the k-ornament fields by the
total number of intersections with the diagonal y = (k — 1)z (in any corresponding set of
representatives). So, let ]\Afgfl’n) denote the number of k-ornament fields on [n] consisting
of precisely a > 2 k-ornaments such that in total there are p intersections with the diagonal
= (k—1)z (for any representative, counting starting point and endpoint as one intersection).

Then .
a ~
[z"]log® G, = ] Z ngf‘;’”).
p=a

In the proof of Theorem 2.8, we already established that
()
|Ckpn
n!
p
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is the number of [n]-labeled k-ornaments O intersecting the diagonal y = (k — 1)z exactly p
times (for any representative, counting starting point and endpoint as one intersection). We
now want to determine how many k-ornament fields of precisely a > 2 k-ornaments correspond
to each such k-ornament O — in the sense that they can be obtain by cutting O at precisely
a > 2 intersections with the diagonal y = (k — 1)z. This number is exactly the number of
possible decompositions of a cycle of length p into a > 2 segments which is given by

> .
a )
(qlv"'vqﬂ)e[p}a
q1+...+qa=p
where the tuple (q1,...,q,) corresponds to the lengths of the segments, the factor p corre-
sponds to the possible choice of the starting point for the first segment and the factor é is
due to the fact that there are a > 2 sequences (qi, . . ., q,) corresponding to the same cycle on

{qh ve 7%}-

Left to notice is the following: Consider a k-ornament field of a > 2 k-ornaments and let
the corresponding numbers of intersections with the diagonal y = (k — 1)z be given by a fixed
sequence (qi, ..., qq) with g1 +...+¢, = p. From how many distinct k-ornaments intersecting
the diagonal y = (k — 1)z precisely p times can this k-ornament be obtained by the cutting
procedure described above? Naturally, this is equivalent to asking how many different cycles
on [p] can be cut to obtain a set of a > 2 cycles with lengths (q1,...,q,) and the answer is
just given by the number Hle G-

Thus the number Néﬁ{n) is given by
(p)

N C
b p alliy ¢
(q1;-9a)€[P]*
q1+...+qa=p

and, plugging that in the above expression, we obtain

n (p) n
a k, p
[o"log Gy = 5 > fnl=2 > |~ > N
" p=a (q1,---,9a)E[P]* =11 p=a
q1+...+qa=p

3 Combinatorial interpretation via tree graphs

3.1 Tree graphs and associated generating functions

In this section, we provide an alternative combinatorial interpretation for the logarithm of
the binomial series G, in terms of tree graph structures. To do so, we introduce several sets
of labeled graphs.

Definition 3.1 (Rooted plane trees). Let k > 2. For a finite set V' C N, we define a rooted
plane k-ary tree with the vertex set V as follows: Consider a quadruple (V, E,r,(£(v))yev)
such that
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1.revV,Ec(Y),
2. the graph (V,E,r) is a tree rooted in r,

3. for each vertexr v € V, the set C(v) C V of children of v in (V,E,r) satisfies the
constraint |C(v)| < k,

4. for each vertez v € V, £(v) : C(v) — {1,...,k} is an injective map.

For each vertex v € V, we interpret the numbers {1,...,k} as an ordered list of slots
potentially available for the children of v. We say that the p'* v-slot is occupied by a vertex
jeV,ifjeCw) and l(v)(j) =p € {1,...,k}. We say that the p™* v-slot is vacant, if such
a j does not exist. The slots {1,...,k} are visualized in an increasing order from left to right
and vacant slots are depicted by small solid (unlabeled) nodes.

We denote the set of rooted plane k-ary trees with the vertex set V' by J (V).

Remark 3.1. Vacant slots can be interpreted as unlabeled leaf vertices (compare to the full
binary trees as in [5]).

Figure 5: Binary (d = 2) tree with n = 9 vertices.

Definition 3.2 (Root-minimal plane trees). Let k > 2. For a finite set V. C N, let t be a
rooted plane k-ary tree with the vertex set V, i.e., t € F (V). We say that a vertex v € V
is on the rightmost branch of t if v is an element of the vertex set B C V defined via the
following induction:

1. Let the root r € V be in B.

2. If a vertex v € V is in B, then the vertex occupying the k™ (rightmost) v-slot is in B.

We call t root-minimal if the root r € V is smaller (with respect to the canonical order
on the natural numbers) than any of the other vertices on the rightmost branch of the tree.
The set of root-minimal plane k-ary trees is denoted by ﬂkmi“(V). We denote the set of
root-minimal plane k-ary forests with the vertex set V' by ﬂénm(V).

Definition 3.3 (Cycle-rooted plane trees). Let k > 2. For a finite set V. C N, we de-
fine a cycle-rooted plane k-ary tree with the vertex set V as follows: Consider a quintuple

(V,E,R,o0,(£(v))yeyv) such that

1. RcV,Ec(Y),
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Figure 6: Root-minimal binary tree with n = 9 vertices.

2. (R,EN (12%)) is the cycle graph associated with the cyclic permutation o on R and is
visualized as oriented clockwise,

3. the graph (V, E\ (g),R) is a forest of |R| trees rooted in vertices from R,

4. for each vertex v € V, the set C(v) C V' of children of v in (V, E\(];),R) satisfies the
constraint |C(v)| < k,

5. for each vertex v € V, £(v) : C(v) — {1,...,k} is an injective map; we use the same
vocabulary and interpret £(v) in the same manner as in Definition 3.1,

6. For every r € R, the k™ (rightmost) r-slot is vacant.

We denote the set of cycle-rooted plane k-ary trees with the vertex set V by Z,°(V) and the
set of cycle-rooted k-ary forests with the vertex set V by Z#7(V).

Remark 3.2. Cycle-rooted trees can be interpreted as equivalence classes of rooted plane trees:
Two rooted plane trees are equivalent if and only if they result in the same cycle-rooted tree
when we identify the root of the tree with its right-most leaf (the right-most branch therefore
becoming the cycle sub-graph in the resulting cycle-rooted tree). In this way a cycle-rooted
tree with a cycle of length r corresponds to an equivalence class consisting of r rooted plane
trees. Compare this to the definition of k-ornaments (Definition 2.3 in Section 2).

Figure 7: Cycle-rooted binary tree with n = 9 internal vertices.
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Let n € N and let & > 2. For notational convenience, we set J(n) = Ji([n]) and,
analogously, write 7™ (n), Z,°(n), ™" (n) and Z¢(n) for any n € N.

As mentioned in the introduction, the exponential generating function for (% (n))pen is
given by the series Gy, (see [5]), i.e.,

Cule) =1+ 21 Tl

n>1

Moreover, we denote

e by @}cmn the exponential generating function for (7™ (n)),en given by

Amin z" min
Gp @) = 3 ST )

n>1

e by G?l the exponential generating function for (7 (n))nen given by

Gafa) = 30 21170 ().

n>1

3.2 Bijective results.

The following lemma is the tree analogue of Lemma 2.4.

Lemma 3.4. Letn € N and k > 2. There is a bijection between the set of k-ary trees with n
vertices Ti,(n) and the set of root-minimal k-ary forests with n vertices Fi™(n).

Proof. We consider the following map m from J(n) to ™ (n). Let t € Jx(n), then we
obtain the forest m(t) € .Z™"(n) from ¢ by the following inductive procedure:

Step 0:  Set i =r. Set £ =1.

Step N >1: e If the k™" (rightmost) /-slot is vacant, STOP.

e If the '™ (rightmost) £-slot is occupied by a vertex j € V and j < 4, then delete the
edge {/, j}, obtaining N + 1 trees, and leave the k' f-slot vacant. Let all vertices
that were roots in the previous step remain roots and let j become the root in the
tree to which it belongs. Set i = j, £ = ¢ and GOTO Step N + 1.

e If the k'™ (rightmost) /-slot is occupied by a vertex j € V and j > i, then do
nothing and the number of trees remains N. All vertices that were roots in the
previous step remain roots. If the j-slot d(j) is vacant, STOP. If the k* j-slot is
occupied by some vertex, set £ = j and GOTO Step N + 1.

Naturally, this procedure produces a forest of root-minimal trees while preserving the
vertex set and the offspring constraint k, thus the map m : J5,(n) — #™"(n) is well-defined.

Conversely, given a k-ary forest in # linin(n), one can obtain a tree from it by the following
procedure: Order the trees of the forest decreasing in the root numbers (with respect to the
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canonical order on the natural numbers). From this sequence of trees, we obtain a single tree
(with the root given by the largest of the initial roots) by successively attaching the successor
tree to the predecessor tree as follows: Let j be the last vertex on the rightmost branch of the
predecessor tree. We place the root of the successor tree in the vacant k" (rightmost) j-slot,
leaving the offspring structure unchanged otherwise. Naturally, this procedure preserves the
vertex set and the offspring constraint k as well, and thus defines a map from Z(n) to
I (n) — which clearly is the inverse for the map m defined above. O

Remark 3.3. Naturally, our choice of root-minimal trees is somewhat arbitrary in the following
sense: In the proof Lemma 3.4, one can choose a different rule to compare the labels ¢ and j.
E.g., one could instead consider “maximal-rooted” trees (or, more generally, use any arbitrary
order on the natural numbers instead of the canonical one).

Figure 8: On the left side, we see a binary tree with n = 9 vertices; on the right side, we see
the root-minimal binary forest corresponding to it in the sense of the proof of Lemma 3.4.

The following theorem is the tree analogue of Theorem 2.5 and a direct consequence of
the preceding lemma.

Theorem 3.5. Let k > 2. The following holds as an identity between formal power series:
log G, = Ginin,

Proof. Analogously to the proof of Theorem 2.5, the claim follows directly from Lemma 3.4
via a standard combinatorial argument (see, e.g., [4], for the argument formulated in the
framework of combinatorial species). O

The following lemma is the tree analogue of Lemma 2.6.

Lemma 3.6. Letn € N and k > 2. There is a bijection between the sets 7;°(n) and Z;™"(n).

Proof. We consider the following map p from Z°(n) to Z™"(n). Starting with a cycle-rooted
tree ¢ € Z;°(n), one obtains a root-minimal tree p(c) € Z™"(n) by the following procedure:
For every vertex r € R on the unique cycle in ¢, the k™" (rightmost) r-slot is vacant by
definition. Delete the edge {i,j} of the cycle which connects the minimal cycle vertex i € R
with its neighbor in the counter-clockwise direction j € R. Let the minimal cycle vertex ¢
now be the root of the resulting tree and, for every r € R\{j}, let the £*" r-slot be occupied
by the former clockwise neighbor of r on the cycle while leaving the k™ j-slot vacant. That
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way, the former cycle becomes the rightmost brunch of the resulting tree. Otherwise, let the
offspring structure be inherited from c. Notice that the resulting tree is indeed in .Z™"(n),
the map p is thus well-defined.

Conversely, to obtain from a root-minimal tree ¢t € Z,™"(n) a cycle-rooted tree in .7,°(n)
consider the following procedure: Add an edge between the root r of ¢ and the last vertex
of the rightmost branch of ¢, obtaining a cycle. Set R C V to be the cycle nodes (that are
precisely the vertices on the right-most branch of the original root-minimal tree t). For every
cycle node r € R, let the k"' (rightmost) r-slot be vacant. Otherwise, for every v € V, let
the offspring structure of v be inherited from the map [(v) defining t. Clearly, this procedure
provides the inverse to the map p defined above. ]

Remark 3.4. If we identify the cycle-rooted trees with equivalence classes of trees as hinted in
Remark 3.2, then a bijection is given by just assigning to a root-minimal tree ¢ its equivalence
class [t]. The map is indeed invertible, since every equivalence class has a unique representative
which is root-minimal (compare to the proof of Lemma 2.6).

Figure 9: The cycle-rooted tree from Figure 7 (depicted on the left side) corresponds to the
root-minimal tree from Figure 6 (depicted on the right side) in the sense of the proof of
Lemma 3.6. The construction is illustrated in the middle.

The following theorem follows immediately from Lemma 3.6 and Theorem 3.5. It is the
tree analogue of Theorem 2.7:

Theorem 3.7. Let k > 2. The following holds as an identity between formal power series:
log G = G5.

Proof. The claim follows from Theorem 3.5 and Lemma 3.6 since the latter implies that
Gy = G}cnin for k > 2. O

We have shown how taking the logarithm of the generating function for £ Catalan num-
bers G can be interpreted on the level of trees. By Theorem 3.5, log G, can be interpreted
as the exponential generating function for root-minimal plane k-ary trees — i.e., taking the
logarithm of G, corresponds to discarding those k-ary trees that have roots that are not min-
imal among the vertices on the right-most branch of the tree. Alternatively, by Theorem 3.7,
log G, can be interpreted as the exponential generating function for cycle-rooted k-ary trees
— so that taking the logarithm corresponds to identifying those trees that result in the same
cycle-rooted tree when their right-most branch is “bent into a circle”.
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A Cyclic multisets: Encoding lattice ornaments and trees

Here we introduce a way to encode both k-ornaments and cycle-rooted k-ary trees by struc-
tures we call cyclically ordered multisets. The rough idea of the encoding is best explained
starting from binary rooted trees. Each internal vertex (except for the root) sits on a branch
connecting one of its leaf-descendants to the root, and is at the origin of a new branch emanat-
ing from it. Enumerating the vertices in the order in which they are visited by a depth-first
search, along with the lengths of the associated emanating branches, we obtain sequences
(v(1),...,v(n)), (f(1),..., f(n)) of labels and branch lengths, with the branch lengths sum-
ming up to the total number of vertices. In turn, the branch lengths may be reinterpreted as
step heights of lattice paths. Alternatively, we may view the branch lengths f(j) as multi-
plicities of the element v(j) in some multiset. The precise constructions are more involved as
k-ary trees may have more than one branch emanating from internal vertices and the natural
structure for cycle-rooted trees is a cycle, rather than an ordered list, of the vertex labels.

For every n € N and k£ > 2, we will introduce a bijective map 7 encoding [n]-labeled k-
ornaments and a bijective map 7 encoding cycle-rooted k-ary trees on [n] using the same set
of cyclically ordered multisets. Naturally, those maps 7 and 7w induce a bijection between the
sets Z,°(n) and 7, (n) for every n € N and k > 2 which can be interpreted as a way to encode
k-ary trees by monotone lattice paths and is similar the well-known encoding of binary trees
by Dyck paths from [10]. Moreover, the bijections 7 and 7 provide an alternative approach
to finding the coefficients of log G, — by simply counting cyclically ordered multisets in the
image of 7 and w. Before we further discuss the encoding, we would like to introduce the set
of cyclically ordered multisets rigorously:

Definition A.1 (Cyclically ordered multisets). Let k > 2. A cyclically ordered k-multiset
(o, f) on [n] consists of a cycle (cyclic permutation) o on [n] together with a map f : [n] —
N’g_l given by

(0] i (i), o1 (3)) € N

such that Y1, 22;11 fq(i) =n. To the cycle o, assign the cycle graph Cy = (V, E), given by
V =[n] x[k—1]

and

E ={{(i,9),(4,p)}| i =7 and |¢g—p| =1 or i is the o-predecessor of j, g =k—1 and p = 1}.

Alternatively, one can view f as a function on the nodes of Cy, i.e., f :[n] x [k — 1] — Ny,
(i,q) — fq(i). We denote the set of cyclically ordered k-multisets on [n] by A2 (n).

Let n € N. In the binary case k¥ = 2, one needs the whole set .Z5(n) to encode the
corresponding 2-ornaments or binary trees. For & > 3, however, the set .#; (n) is too big. We
introduce a subset of .#;’(n) which is naturally suited to encode the structures from 2 (n)
and 7°(n):

Definition A.2 (Multisets with root vertices). Let m = (o, f) € 4 (n), leti,j € [n| and let
1 <kikj <k—1. We call a simple path on the circle graph Cy starting in (i, k;) and ending
in (j,kj) a segment of Cy if i = j and k; < k; or if it is consistent with the orientation of o,
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i.e., if i # j and for every pair of consecutive points (¢1,k — 1), (l2,1) in s we have that {3 is
the o-sucessor of £1. To any segment s of C, we assign the scope of s given by

A(s) = |{i € [n]|(i,m) € s for some 1 <m <k —1}|

and the weight of s in m given by

w™(s) = > fmli).

(i,m)€es

For m € .#;(n), we define the set of root vertices W (m) by
W (m) := {i € [n]| every segment s of Cy starting in (i,1) satisfies w™ (s) > A(s)}.

We denote the set of those multisets in .4, (n) that possess root vertices by M(k,n), i.e.,

M (k,n) = {m € A;(n)|W(m) # 0}.

Figure 10: On the left side m € .#2(2) is depicted, on the right side m’ € .#5(4). The
numbers inside the circle graph depict the multiplicities of the vertices of the circle graph C,
closest to them. Notice that m ¢ M(5,2), but m’ € M (3,4), since 1,2 € W(m/).

Now we can introduce a map encoding lattice ornaments by cyclically ordered multisets:

Definition A.3 (Map 7 encoding lattice ornaments by multisets). Let k > 2 andn € N. We
define the embedding @ : P (n) — #(n) as follows: For a k-ornament O € &% (n), we set
m(O) =: (o, f), where o is simply given by the labeling of O. To obtain the map f, take any
representative of O and set fq(i), g € [k —1], i € [n], to be the number of steps to the right at
the height y = y; + q — 1, where y; is the height labeled by i in O.

Remark A.1. Naturally, the map 7 is indeed injective. The property of the path O to not rise
above the diagonal y = (k — 1)x corresponds to the property W (w(0O)) # @ on the level of
multisets. Moreover, the set of labels marking the heights at which O intersects the diagonal
becomes the set W(w(0)). Thus the range 7(Z;(n)) of 7 is given by M(k,n) := {m €
A (n)| W(m) # @} so that |27 (n)| = |M(k,n)|. For k = 2, we have M (k,n) = ., (n) and

7 is a bijection.

Now we investigate how cycle-rooted trees can be encoded by cyclically ordered multiset.
To this end, we introduce the following map:

103



A CYCLIC MULTISETS: ENCODING LATTICE ORNAMENTS AND TREES 18

1
/ (22)
2 2
(32)
3 (3.1)
(2
4 (4)
(12
1 @y

Figure 11: The [4]-labeled 3-ornament corresponding to the 3-good path from Figure 2 (de-
picted on the left side) is mapped by 7 to the multiset from .#5(4) (depicted on the right
side).

Definition A.4 (Map 7 encoding cycle-rooted trees by multisets). Let k > 2 and n € N.
We introduce an embedding T : F°(n) — ¢ (n). Given a cycle-rooted tree t € F,°(n),
we construct the cyclically ordered multiset 7(t) = (f,0) € M2 (n) by the following two-step
procedure:

e Step 1 (Constructing the cycle o by exploration of vertices in t): Starting at any root
of t € 72(n), the cycle o is obtained by the following exploration procedure: In every
step of the exploration, we uncover a single vertex of t. In the first step, we uncover
an arbitrary root v of t. In every further step, as long as there are unexplored vertices
in the mazximal k-ary subtree of t rooted in r, we go to the last explored vertex that has
an unexplored child and uncover its leftmost unexplored child. When the mazimal k-ary
subtree of t rooted in r is explored, we move to the next root in t according to the cyclic
order induced by the oriented cycle of roots t and repeat the procedure. We stop when all
vertices of t are explored and define o as the cycle induced directly by the linear order
in which the vertices of t were uncovered.

e Step 2 (Define the function f by re-distributing multiplicities of vertices in t): Ini-
tially every vertex of t is assigned a single multiplicity. Then the multiplicities are re-
distributed between the vertices of t by “rolling-down” (viewed drawing the trees growing
upwards with equiangular branches, see Figure 12): Let i € [n] be an arbitrary vertex of
t. For q € [k], consider the path ©4(i) given by the unique simple path starting in i and
ending in its leaf-descendant such that every vertex j # i on the path occupies slot q of
its parent. Denote by |©4(1)| the number of vertices on the path ©4(i).

If i is a root, i.e. i € R, set
Ja(@) := [0q(i)] + dq,1
for1<g<k-1.

If i is not a root, then 1 is the child of a vertex, say i occupies slot p of its parent. For
1<q<k-—1,let ¢ denote the q-smallest element of [k|\{p} and set

fq(d) = |@q’(j)|-

Notice that Z;‘Zl z];;ll fq(j) = n indeed holds for the function f defined above.
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Figure 12: Redistribution of multiplicities from Step 2 of Definition A.4 in the binary case:
The multiplicities of non-root vertices “roll down” and the multiplicities of roots do not move.

Remark A.2. The map 7 is indeed injective. The set R of roots of ¢ is mapped under 7 precisely
onto the set W(7(t)) on the level of multisets. Again, the range 7(.7,°(n)) of 7 is given by
M (k,n) so that |.7;°(n)| = |M(k,n)|. In the binary case k = 2, we have M(k,n) = .4 (n)
and 7 is a bijection.

Figure 13: Final result: The cycle-rooted tree from Figure 7 (depicted on the left side) is
mapped by 7 to the multiset from .Z5(9) (depicted on the right side).

Let K > 2 and n € N. By Remark A.1 and Remark A.2, a bijection between the sets
Z2(n) and 25 (n) is given by the composition #! o 7, where # : &7 (n) — M (k,n) is given
by #(0) = n(0) for O € 2 (n). Moreover, let t € Z°(n) and Oy := 7~ 1(7(t)), then there
is a one-to-one correspondence between the roots of ¢ (vertices R of the cycle subgraph of t)
and the labels at which Oy intersects the diagonal y = (k — 1)x. The bijection can be viewed
as an alternative to the well-known encoding of binary trees by Dyck paths presented in [10,
Chapter 6.3] which also involves a depth-first exploration of the tree (as described in Step 2
of Definition A.4).

Finally, notice the following: It can be shown that the set M (k,n) contains exactly the

fraction 25 of all elements in .22 (n). Since by definition |.Z; (n)| = (n—1)! (((k;ll)")) holds,

where ((;)) denotes the multiset coefficient and can be written as ((;)) = (i+§._1) for i,j € N,

e 0] _ (= 1) (0~ 1) _ (kn 1)
n n—11) (kn — n—1)!
M(k = k = = —.
[M (k,n)] k-1 k—1 ( n > (kn —n)!
This outlines an alternative proof for Theorem 2.8, since we have |M(k,n)| = |Z.(n)| =
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|72 (n)| and thus log G, is the exponential generating function for (My(n))nen, i-e.,

08 Gulw) = 3 Dty = 3 20 o1

| _
= = (kn —n)!
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4 The direct-connectedness function in the random connec-
tion model

This section contains the published version of:
S. Jansen, L. Kolesnikov, and K. Matzke. The direct-connectedness function in the random
connection model. Adv. in Appl. Probab., 1-44, 2022.

Personal contribution:

This article is mainly a collaborative effort with Kilian Matzke (who was a PhD student at
the time), with occasional input from my supervisor, Sabine Jansen. Kilian proposed the
question and initiated the collaboration in which he had a leading role. In numerous discus-
sions, we developed the ideas for the main results — to which I could contribute my expertise
in cluster expansion methods and resummation of series.
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Abstract

We investigate expansions for connectedness functions in the random connection model
of continuum percolation in powers of the intensity. Precisely, we study the pair-
connectedness and the direct-connectedness functions, related to each other via the
Ornstein—Zernike equation. We exhibit the fact that the coefficients of the expansions
consist of sums over connected and 2-connected graphs. In the physics literature, this
is known to be the case more generally for percolation models based on Gibbs point
processes and stands in analogy to the formalism developed for correlation functions in
liquid-state statistical mechanics.

We find a representation of the direct-connectedness function and bounds on the
intensity which allow us to pass to the thermodynamic limit. In some cases (e.g., in
high dimensions), the results are valid in almost the entire subcritical regime. Moreover,
we relate these expansions to the physics literature and we show how they coincide with
the expression provided by the lace expansion.

Keywords: Ornstein—Zernike equation; random connection model; connectedness func-
tions; Poisson process; percolation; graphical expansions; lace expansion
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1. Introduction and main result

Perturbation analysis plays an important role in both stochastic geometry [14, Chapter 19]
and statistical mechanics. For Gibbs point processes (grand-canonical Gibbs measures in statis-
tical mechanics), quantities like factorial moment densities (also called correlation functions)
are highly nontrivial functions of the intensity of the Gibbs point process itself (density) or
the intensity of an underlying Poisson point process (activity). When interactions are pairwise,
it is well known that the coefficients of these expansions are given by sums over geomet-
ric, weighted graphs. There is a vast literature addressing the convergence of these expansions;
see, for example, [2, 16]. Some attempts have been made at exploiting power series expansions
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2 S. JANSEN ET AL

from statistical mechanics for likelihood analysis of spatial point patterns in spatial statistics;
see [19].

The physics literature provides similar power series expansions for connectedness functions
in a class of percolation models driven by Gibbs point processes, the so-called random con-
nection models (RCMs) [6]. The expansion coefficients for the pair-connectedness function
can be written in terms of a sum of certain connected graphs (see (3.1)) and the coefficients
for the direct-connectedness function in terms of a sum over certain 2-connected graphs (see
(4.1)). The two functions are related via the Ornstein—Zernike equation (OZE) [20], an integral
equation which is of paramount importance in physical chemistry and soft matter physics and
which enters some approaches to percolation theory; see [25, Chapter 10]. For Bernoulli bond
percolation on Z¢, the OZE encodes a renewal structure and is used to prove Ornstein—Zernike
behavior [4], a precise asymptotic formula for pair-connectedness functions in the subcriti-
cal regime that incorporates subleading corrections to the exponential decay. The OZE also
appears as a by-product of lace expansions [10, Proposition 5.2].

The expansions for connectedness functions appearing in [6] are derived as a means of dis-
cussing the following question: is it possible to choose the notion of connectivity in such a way
that the percolation transition, if it occurs at all, coincides with the phase transition in the sense
of non-uniqueness of Gibbs measures? We remind the reader that the relationship between the
two phenomena is rather subtle, and in general the corresponding critical parameters do not
match; see [12] and references therein. To the best of our knowledge, the question above has
not been fully answered for continuum systems, although Betsch and Last [1] were recently
able to show that uniqueness of the Gibbs measure follows from the non-percolation of an
associated RCM driven by a Poisson point process.

Moreover, the convergence of the expansions for connectedness functions has not been
treated in a mathematically rigorous way, in stark contrast with the rich theory of cluster expan-
sions. Even in the simplest case of the RCM driven by a Poisson point process that we consider
in this paper, where activity and density coincide and are called the intensity, rigorous results
for the expansion of connectedness functions barely exist: the first ones were obtained by Last
and Ziesche in [15]. However Last and Ziesche do not prove that their expansions coincide
with the physicists’ expansion, and they do not prove quantitative bounds for the domain of
convergence of the small-intensity expansion.

Our main result addresses graphical expansions of the direct-connectedness function in
infinite volume. The results by Last and Ziesche [15], combined with our combinatorial con-
siderations from Section 6.2, imply that the physicists’ expansions have a positive radius
of convergence; however, it is not our purpose to provide a quantitative bound for the lat-
ter. Instead, we perform first a re-summation, in finite volume, of the physicists’ expansion.
Although the re-summed expansion is no longer a power series in the intensity of the underly-
ing Poisson point process, it has the (conjectured) advantage of converging in a bigger domain
than the physicists’ expansion. We provide quantitative bounds on the intensity that allow us
to pass to the infinite-volume limit in the re-summed expansion of the direct-connectedness
function. The proof uses the continuum BK inequality proved in [10].

In addition, we discuss the relationship of the physicists’ and our expansion to the lace
expansion for the continuum random connection model [10]. Roughly, the lace expansion
could in theory be rederived from the graphical expansion by yet another re-summation step.
In fact a notion of laces similar to the laces for the self-avoiding random walk [2, 22] already
enters the proof of our main result on graphical expansions (see Section 4.3). Thus, contrary
to what is stated in [9, Chapter 6.1], the denomination ‘lace expansion’ for percolation is not a
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The direct-connectedness function in the random connection model 3

misnomer, at least for continuum systems. It is unclear, however, whether the discussion offers
a new angle of attack on the intricate convergence problems in the theory of lace expansions.

Let us properly introduce the RCM and state our results. The RCM depends on two param-
eters, namely its intensity A >0 and the (measurable) connection function ¢ : R4 — [0, 1],
satisfying

O</<p(x)dx<oo

as well as radial symmetry ¢(x) = ¢(—x) for all x € R?. The model is described informally
as follows: the vertex set is taken to be a homogeneous Poisson point process (PPP) in R? of
intensity A, denoted by 1. For any pair x, y € n, we add the edge {x, y} with probability ¢(x —y)
and independently of all other pairs. We refer to [10, 18] for a formal construction.

The RCM is an undirected simple random spatial graph and a standard model of continuum
percolation. We denote it by £ and we use [P, to denote the corresponding probability measure.
Its vertex set is V(§) = 7, and we let E(£) denote its edge set.

For x € R, we let £&° be the RCM augmented by the point x. In other words, the vertex
set of £* is n U {x} and the edges are formed as described above. In particular, edges between
x and points of n are drawn independently and according to ¢. More generally, for a set of
points xp, . . ., X, we let £*1>~* be the RCM with vertex set n U {xy, ..., x¢} (also here, edges
between deterministic points x1, x» are drawn independently and according to ¢).

We say that x, y € n are connected (and write x <— y in &) if there is a path from x to y in
£. For x e R4, we let 6(x) = €x, £) = {y € n° : x «—> y in £*} be the cluster of x and define
the pair-connectedness (or two-point) function Ty, : R4 x R — [0, 1] to be

T(x, y) = Pk(x<—>yin sx’y). (1.1)

Thanks to the translation-invariance of the model, we have 7, (x, y) = 72 (0, x — y) (where 0
denotes the origin in Rd), and we can also define t; as a function 7, : RY — [0, 1] with 7). (x) =
P, (0 «— x in £%).

We say that x, y € n are 2-connected (or doubly connected) and write x <= y in & if there
are two paths from x to y that have only their endpoints in common (or if x and y are directly
connected by an edge or if x =y). We define

o (x) ;== Py (0 <= xin So’x).
Recall that the critical intensity for percolation is defined by
Ae =sup{i = 0:Pr(|4(0)| = 00) = 0}

and that the identity
sup{A > 0: P, (|6(0)| = 00) =0} =sup{L >0: / T (x)dx < oo}

has been shown to hold true for connection functions ¢ that are nonincreasing in the Euclidean
distance (see [17]). Itis proved in [15] that for A < A, there exists a uniquely defined integrable
and essentially bounded function g, : RY x R? — R4 such that

T.(x, ¥) = ga(x, y)+A/Rd 8.6, 9Tz, ) d), x,yeR (1.2)
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This equation is known as the Ornstein—Zernike equation (OZE), and g, is called the direct-
connectedness function.
For two integrable functions f, g : RY — R, we recall the convolution f * g to be given by

f %)) = / FO0g( — y)dy.
Rd

We let f*! = f and f* = "= « f. Notice that we can interpret both the pair-connectedness
function 7, and the direct-connectedness function g, as functions on R4, thanks to translation-
invariance. The OZE then can be formulated as

T = gx + A(gn * To). (1.3)

Naturally, the question arises whether one can provide an explicit form for the direct-
connectedness function g,. Unfortunately, an immediate probabilistic interpretation of g, is
not known. One classical approach from the physics literature is to obtain explicit approx-
imations for the solution g; of (1.2) by introducing complementary equations, known as
closure relations, the choice of which depends on the specifics of the model considered.
Different closure relations provide different explicit approximations for g, and thus also for the
pair-connectedness function t;, e.g., via a reformulation of the OZE (1.2) for the Fourier trans-
forms of the connectedness functions. Most prominent are the Percus—Yevick closure relations
[5, 25]; other examples can be found in [7]. Another approach [6] is to directly provide an inde-
pendent definition of g, in terms of a graphical expansion and then argue that this expansion
satisfies the OZE (1.2). We follow the spirit of the latter approach: our main result is a graph-
ical expansion for the direct-connectedness function, with quantitative bounds on the domain
of convergence.

Let

As = supq A >0: sup Z)\k_la;‘k(x) <oo}, X* = sup{kzo:k/ak(x)dx< 1}.
xeRd k>1

(1.4)

It is not hard to see that X* < Ayx < A, using (1.5) below.

We can now state our main theorem. It provides (in general dimension) the first rigorous
quantitative bounds on A under which the direct-connectedness function admits a convergent
graphical expansion.

Theorem 1.1. (Graphical expansion of the direct-connectedness function.) For A < Ay, the
direct-connectedness function g,(x1, xp) is given by the expansion (4.24), which is abso-
lutely convergent pointwise for all (x1, x2) € R*. Moreover, for A < A, the expansion (4.24)
converges in the Ll(Rd , dxp)-norm for all x| € RY.

The convergence results for the expansion (4.24) are proved in Theorem 4.1 and Theorem 4.2;
the equality with the direct-connectedness function is proved in Section 5.

Last and Ziesche show that there is some Ag > 0 such that g, is given by a power series
for A € [0, Ag). No quantitative bounds for Ay are provided, however. In Section 6.2, we dis-
cuss how to relate this expansion to our expression for g,. We now make several remarks on
Theorem 1.1 and the quantitative nature of the bounds provided there.
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e Since 0 <o, <1, we can bound
k
Z,\k—la;k(x)gZ(A/m(x)dx) =Y (Eflfxen:0=xin )], 1.5
k>1 k>0 k>0

Yvhere the identity is due to the Mecke equation (2.1). This shows that *x < A, and that
Ay 1s the point where the expected number of points in 7 that are 2-connected to the
origin passes 1 (i.e., we have EAH {x en:0<=xin 50} H >1forall A > Ay).

e The argument of the geometric series in (1.5) can be further bounded from above by

B

the expected cluster size (minus 1). A classical branching-process argument gives that
Ax > 1/2 (see, for example, [21, Theorem 3]).

k'/r,\(x)dx:E,\[‘{xEni()(—)xmgo}

e In high dimension, we have the following result, proven in [10]: under some additional
assumptions on ¢ (see [10, Section 1.2]), there is an absolute constant cq such that

e / 03 (x) dx < 1 + co/d

in sufficiently high dimension, or, for a class of spread-out models (closely related to
Kac potentials in statistical mechanics; see [8]) with a parameter L,

Ae / 03, (x)dx < 14 coL ™

for all dimensions d > 6 (in the spread-out case, cg is independent of L but may depend
on d). As o), is nondecreasing in A, this provides a bound for the whole subcritical
regime. This also implies that for every € > 0, there is dy (respectively, Ly) such that
X* > 1 — ¢ for all d > dj (respectively, L > Ly and d > 6). As we also know that A, N\ 1
as the dimension becomes large, this shows that in high dimension, L. (and thus also Ay)
gets arbitrarily close to A..

Outline of the paper. The paper proceeds as follows. We introduce most of our important
notation in Section 2. This allows us to demonstrate some basic (and mostly well-known)
central ideas in Section 3, where the two-point function is discussed in finite volume. Section 4
contains the main body of work for the proof of Theorem 1.1 (the convergence results). The
remainder of Theorem 1.1 regarding the OZE is then proved in Section 5.

We discuss our results in Section 6. In particular, we point out where many of the formulas
can be found in the physics literature (not rigorously proven) and allude to generalizations to
Gibbs point processes. Moreover, we highlight the connection to two other expressions for
the pair-connectedness function; in particular, we show how our expansions relate to the lace
expansion. Lastly, we address other percolation models very briefly in Section 6.4.

2. Fixing notation

2.1. General notation
Welet [n]:={1, ..., n}and [n]y :=[n] U {0}. For a set V, we write (‘2/) ={ECV:|E| =2}
ForI ={ij,i»,...,ic} CN,letx; = (xil, .. ,xiK). For compact intervals [a, b] C R, we write
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(U5} ug us U4 us Ug (Vg

FIGURE 1. A schematic sketch of the pivot decomposition (ug, Vo, . .., V7, ug) of G, setting x = uy and
Y= Uk+1-

Xa.p) = X1 With I = [a, b] N N. If a = 1, we write X5] = X[1,»]- By some abuse of notation, we
are going to interpret Xf,,»] both as an ordered vector and as a set.
If not specified otherwise, A denotes a bounded, measurable subset of R4,

2.2. Graph theory

We recall that a (simple) graph G = (V, E) = (V(G), E(G)) is a tuple with vertex set (or
set of points, sites, nodes) V and edge set (or set of bonds) E C (‘2/) In this paper, we will
always consider graphs with V C R?, and for x, y € R?, an edge {x, y} will sometimes be
abbreviated xy.

If xy € E, we write x ~y (and say that x and y are adjacent). We extend this notation and
write x ~ W for x € V and W C V if there is y € W such that x ~ y; also, we write A ~ B if there
is x € A such that x ~ B. For W C V, we define the W-neighborhood Ny (x) ={y e W :x~ y}
and the W-degree of a vertex x € V as degy,(x) = [Nw(x)|, and we write N(x) = Ny(x) as well
as deg(x) = degy (x). For two sets A, B C V, we write E(A, B) ={xy € E(G) :x€A, y € B}.

Given a graph G=(V,E) and W CV, we denote by G[W]:= (W,{ec E:e C W}) the
subgraph of G induced by W. Given two simple graphs G, H, we let G H := (V(G)U
V(H), E(G) U E(H)).

Connectivity. Given a graph G and two of its vertices x, y € V(G), we say that x and y are con-
nected if there is a path between x and y—that is, a sequence of vertices x =vg, Vi, ..., Vg =Y
for some k € Ny such that v;_1v; € E(G) for i € [k]. We write x <— y in G or simply x <— y.
We call 6(x) = 6(x; G) = {y € V(G) : x «<—> y} the cluster (or connected component) of x in G.
If there is only one cluster in G, we say that G is connected.

For x «— y in G, we let Piv(x, y; G) denote the set of pivoral vertices for the connection
between x and y. That s, v ¢ {x, y} is in Piv(x, y; G) if every path from x to y in G passes through
v. We say that x is doubly connected to y in G (and write x <=y in G) if Piv(x, y; G) = @. We
remark that in the physics literature, pivotal points are usually known as nodal points.

In the pathological case x =y, we use the convention x <— x in G and set Piv(x, x; G) = &
for any graph G with x € V(G) (equivalently, x <= x in G).

We observe that the pivotal points {u1, . . ., ui} can be ordered in a way such that every path
from x to y passes through the pivotal points in the order (u1, . . ., ug). We define PD(x, y, G) =
PD(G) to be the pivot decomposition of G, that is, a partition of the vertex set V into a sequence,
(x, Vo, u1, V1, ..., ug, Vi, y), where (uy, ..., ux) are the ordered pivotal points and V; is the
(possibly empty) set of vertices that can be reached only by passing through u; and that is still
connected to x after the removal of u; 1. See Figure 1.

Classes of graphs. Given a (locally finite) set X C R?, we let G(X) be the set of graphs with
vertex set X. We let C(X) be the set of connected graphs on X. Moreover, for x, y € X, we let
D, y(X) € C(X) be the set of non-pivotal graphs, i.e., the set of connected graphs such that
Piv(x, y; G) = @.

Given m bags Xi,... ,XmCIRd with |[X;NX;| <1 for all 1<i<j<m, we let
g(X1, ..., X,) denote the set of m-partite graphs on Xy, ..., Xy, i.e., the set of graphs G
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The direct-connectedness function in the random connection model 7

with V(G) = UL | X; and E(G[X;]) = @ for i € [m]. Note that we allow bags to have (at most)
one vertex in common, which is a slight abuse of the notation in graph theory, where m-partite
graphs have disjoint bags.

The notion of (4)-graphs. We introduce a (3)-graph as a triple
G*=(V(G),ET(G), E(G)=(V,E*, E"),

where V is the vertex set and ET, E~ C (‘2/) are disjoint. In other words G is a graph where
every edge is of exactly one of two types (plus or minus). We set E := E* U E~ and associate
to G* the two simple graphs G'*! := (V, E) and G := (V*, ET), where Vt:= {xe V:3e e
E* : x € e} are the vertices incident to at least one (+)-edge.

We extend all the notions for simple graphs to (4)-graphs. In particular, given X C R?,
we let GE(X) be the set of (4)-graphs on X. Moreover, C*(X) are the (£)-connected graphs
on X, that is, the graphs such that G/*! is connected. Similarly, CT(X) C C*(X) are the (+)-
connected graphs, that is, those where Gt is connected and V(G)= V™. For x, yeX, we
denote by D;fy(X) the set of those (4)-connected graphs on X where Piv(x, y; G*h=g, and
by D;ny(X) - ny(X) the set of those (4)-connected graphs on X where Piv(x, v; G+) =0.
We also define the (£)-pivot decomposition PD* (x, v, Gi) =PD* (Gi) = PD(G™!) and the

(+)-pivot decomposition PD™* (x, v, Gi) =PD" (Gi) = PD(G+). Lastly, we write x & yif
there is a path from x to y in E™.
Given a (£)-graph G and a simple graph H, we define

G H:= (V(G)UV(H), EN(G), E_(G)U E(H)).

Weights. Given a simple graph G, a (£)-graph H on X C R?, and the connection function ¢,
we define the weights

wG) = (DFOT T ex—y,  wrEH:=DED T oG-y,
{x,y}€E(G) {x,y}€E(H)

2.3. The random connection model

The RCM £ can be formally constructed as a point process, that is, a random variable taking
values in the space of locally finite counting measures (N, \) on some underlying metric space
X. There are various ways to choose X. One option is to let X =R? x M for an appropriate
mark space M (see [18]); another way can be found in [10, 15]. In any case, one can reconstruct
from £ the point process n on R? which makes up the vertex set of £. We treat n both as a
counting measure and as a set, giving meaning to statements of the form x € .

If e = {x, y} is an edge, then we write ¢(e) = ¢(x — y). For a bounded set A C R?, we write
na =1 N A and let £5 denote the RCM restricted to A, that is, £[n4 ]. The two-point function
restricted to A is defined as ‘L’}f\ (x,y)=P, (x < yin Sf\’y ) for x, y € A and zero otherwise.

For V C W, there is a natural way to couple the models &¥ and &%, which is by deleting
from &% all points in W \ V along with their incident edges. We implicitly assume throughout
this paper that this coupling for different sets of added points is used.

The Mecke equation. Since it is used repeatedly throughout this paper, we state the
Mecke equation, a standard tool in point process theory, in its version for the RCM (see
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[15]). For m € N and a measurable function f : N x R — R0, the Mecke equation states
that

Ex[ > f(S,ff[m])}=?»m/Ex[f($xl """ o X)) | dXpmy, 2.1

;C[m]ey](m)
where 5™ = {}[m] en™:x; #xjfori# j} are the pairwise distinct tuples.

Rescaling. It is a standard trick in continuum percolation to rescale space in order to normal-
ize a quantity of interest, which is f @(x) dx in our case. We refer to [18, Section 2.2]. As a
consequence, we may without loss of generality assume that [ ¢(x) dx=1.

The BK inequality. We say that A € A lives on A if 14(u) = 14(u ) for every u € N. We call
an event A € N increasing if i € A implies v € A for each v € N with i C v. Let R denote the
ring of all finite unions of half-open rectangles with rational coordinates. For two increasing
events A, B € N we define

AoB:={ueN:JdK,Le'Rst. KNL=9 and ugx €A, ur € B}. 2.2)

Informally, this is the event that A and B take place in spatially disjoint regions. It is proved in
[10, Theorem 2.1] that for two increasing events A and B living on A, we have

P(A o B) < P5.(A)Pr(B).

The RCM on a fixed vertex set. Given some (finite) set X C R and a function ¢ : RY — [0, 1],
we will often have to deal with the following random graph: its vertex set is X, and two vertices
X,y € X are adjacent with probability ¢(x — y), independently of other pairs of vertices. This
is simply the RCM conditioned to have the vertex set X. To highlight the difference from &,
which depends on the PPP 7, we denote this random graph by I',(X). If ¥ C X, then we write
[y (Y) for I'y(X)[Y]. Since there is no dependence on A, we write IP for the probability measure
of the RCM with fixed vertex set.

3. Fixing ideas: the two-point function in finite volume

We use this section to put the definitions of Section 2 into action and to derive a power
series expansion for 7, in finite volume. We start by motivating the introduction of (£)-graphs
by linking them to the RCM I',.

Observation 3.1. (Connection between (£)-graphs and probabilities.) Let X C R? be finite.
Let ¥ € G(X) be a graph property. Then

Y wHG) =P([,(X) e ).
GeGE(X):
(V(G).ET(G)eP

Proof. Note that

P, eP)= > J] e@ [] a-el.

GEGQE%) ecE(G) ee()z()\E(G)
Expanding the factor ]_[e cCO\EG) (1 — ¢(e)) into a sum proves the claim. ]
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Note that the weight of a (4)-graph may also be calculated by taking the product over all
its edges, with factors ¢(-) and —¢(-) for edges in ET and E, respectively. Observation 3.1
motivates that the edges in ET correspond to the edges in the random graph T'y,.

Next we prove a power series expansion for 7, in terms of the intensity A. The expansion
(3.1) has already been given by Coniglio, De Angelis and Forlani [6, Equation (12)], who
work in the more general context of Gibbs point processes but do not prove convergence. The
proposition enters the proof of Proposition 5.1.

Notice that the coefficients of power series expansions like (3.1) are given by integrals
with respect to the Lebesgue measure, and it is sufficient that the integrands be defined up
to Lebesgue null sets for those integrals to be well-defined. Since vectors X[3 ,42] € R4 with
fewer than n distinct entries constitute a Lebesgue null set, we can assume that for x| # x, only
graphs with vertex sets of cardinality n + 2 contribute to the nth coefficient in (3.1). The same
considerations apply to all graphical expansions appearing from here on, including our main
definition (4.6).

Proposition 3.1. (Graphical expansion for the two-point function.) Consider the RCM
restricted to a bounded measurable set A C R, and let x1, xy € A. Then

AT -
o) =) / Y WG i 3.1)
n=0 GECi (;C[n+2]) :
X<

with

A .
Z n / Z Wi(G)‘ dX3,n12) < exp{2A + )LIAIeA} < 0.
=0 GeC* () :

+
X|<—Xp

Note that Proposition 3.1 is valid for all intensities A > 0. This situation is completely
different from familiar cluster expansions [2], where the radius of convergence of relevant
expansions is finite in finite volume as well.

The expansion (3.1) amounts to the physicists’ expansion in powers of the activity. The
expansion in powers of the density instead involves sums over a smaller class of graphs. For
PPPs, activity and density are the same and the two expansions must coincide. In our context,
we point out that the sum over graphs in (3.1) can be reduced to the sum over the subset
of graphs in C* that contain a (4)-path from x; to x> and that have no articulation points
(with respect to x1, x2). To define articulation points, recall that a cut vertex leaves a connected
graph disconnected upon its deletion. Now, an articulation point is a cut vertex that is not
pivotal for the x;—x; connection. It is not difficult to see that for fixed points x[,4.2, the graphs
with articulation points in the sum over graphs G in (3.1) exactly cancel out. This cancellation
happens at fixed n and does not require any re-summations between graphs with different
numbers of vertices.

The proof of Proposition 3.1 builds on yet another equivalent representation: in Equation
(3.1) we can discard those graphs G for which G* is not connected and those for which not
every (—)-edge has at least one endpoint in V(G+); see Equation (3.6) below for a precise
statement. To the best of our knowledge, Equation (3.6) is new.
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Proof of Proposition 3.1. We write 1) =r)f\ and n=np. Given x1,xp € A, we can

partition

T.(x1, xg)_ZIPA(xl > xp in £3172, |G(xy, £ =n—|—2)

= — fn ]P’(F(p (;C[,H_z]) € C(;C[,H_z]))
n+2
X eXPi - )»/ (1 ~T10 - e —)’))) dy} dX(3 n+2) (3.2)
A .
i=1
The second identity can be found, for example, in [15, Proposition 3.1]. Set

m n+2
F @21 ¥im1) = P(Cy (Rint21) € CGpean)) [ | ( [T —e0i—yn- 1)-

j=1 \i=1

Expanding the exponential in (3.2), we find

)Ln-i-m
n(x1, X2) = Z mn! _/ / S Xtnt215 Yomy) dVpmy dX(3.0421, (3.3)
n,m>0 AT
with
An+m
m'n! / /,, V(x["”]’ y[m])‘ dypm) dX(3,n+2]
n,m=>0 nJAM
A" n+2
T Ll / P(Ty (Fn+21) € C(¥pa+21)) eXP{A/ (1 —[10 - e —y))) dy} dx[3,n42]
=0 n! n A L
<> Mo oe
n! n 3.n+2]
n>0
=exp{2k+A|A|eA} < 00. (3.4)

In the third line, we have used the inequality

n+2 n+2
fA< “TTa =g — y)))dy</2so<xl Mdy<n+2, (3.5)

i=1

which can be shown as follows. Let n € N and let 0 < ay, ..., a, < 1. Notice that the identity
1-[1L, A —a)=(1—a,)(1— ]_[?:_11 (1 —a;)) + a and the estimate (1 — a,) <1 hold for
all n € N. The inequality between the integrands in (3.5) now follows by induction with the
choice a; = ¢(x; — y). The rescaling introduced in Section 2.3 ensures that f AP —y)dy <1,
i € [n+ 2], yielding the second inequality.
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Next we turn to a combinatorial representation of f as a sum over (4)-graphs. Recall that
C™ denotes sets of (&)-graphs that are (+)-connected. The definition of f and Observation 3.1
yield

fGura. )= D WG Yo wH) =) wiGeHn),

GeCt (3[n+2]) HeG (76[”+2] &[m]) : GoH
Yi~X[n+2] Vie[m]

where the last sum is over all (&)-graphs G’ =G @® H in C* ( Xnt2] U y[m]) such that, first,
there are no edges between points of y; second, (G & H )t is connected; and third, the vertices
of (G @ H)" are precisely X[;+2]-

We rearrange the double sum (3.3) over m, n into one sum, indexed by the value of m + n,
and obtain

aom =32 )3 WE(G) i s (3.6)
n>0 GeCi (;C[,z+2])2

{x1,x2}< V(G+) ,G* connected,
EGFE WV =2

/ Y wEO) it (3.7)
n>0 GeC* (;C[,H_z]) :

+
X|<—X2

In the second identity, we have added some graphs to the sum, namely those in which G7 is
not connected or where there exist edges between vertices of V' \ V.

We claim that the weights of these added graphs sum up to zero. To see this, first iden-
tify [n + 2] with the vertices X[,12] and fix a graph G € C([n + 2]). Now, let C C [n + 2] with
{1, 2} € C and consider the set Gg(C) of all (£)-connected graphs G* on [n+ 2] such that
G = G and C is the vertex set of the (4+)-component of 1 in GT. If there is at least one edge
e in G that has both endpoints outside of C, we partition G5(C) into those graphs where e is in
E* and those where e is in E~. This induces a pairing between the graphs of G;(C), and they
cancel out. What remain are precisely the graphs in (3.6). (|

4. The direct-connectedness function

4.1. Motivation and rough outline

The expansion of the direct-connectedness function in powers of the activity given by [6],
without proofs and convergence bounds, is

o= : / Y WEG) @.1)
n>0 xl X (x[n—O—Z])
+
X] X2

It is obtained from the expansion of the pair-connectedness function in Proposition 3.1 by dis-
carding graphs that have pivotal points (i.e., graphs G where Piv(G) is nonempty). Before we
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pass to the thermodynamic limit, we perform a re-summation and find another representation
of g){‘ which has the conjectured advantage of increasing the domain of convergence.

Let G=(V,Et,E7)eC* (;C[n+2]) be a (+)-graph appearing in the expansion (3.6). Thus
V={x;:1<i<n+2}, the graph G is connected, x; and x, belong to V* =V(G"), every
vertex y € V(G) \ V(G+) is linked by at least one (—)-edge to VT, and there are no edges
between two vertices in V \ V*. We impose the additional constraint that G/*| = (Xpt2y, ET U
E‘) has no pivotal points for paths from x; to x;.

Since x; and xp are connected by a path of (+4)-edges, G admits a (+)-pivot decom-
position W= (uo, Vo, - - ., ug, Vi, up41) (with up =x; and ug41 = x2), where k € Ny is the
number of pivotal points in Pivt(x;, x2;: G). Then, G decomposes into a core graph Geore =
(V(G"), ET, Egy), with EZ . the set of (—)-edges of G with both endpoints in V; U {u;, uiy1}
for some i € [k]o, and a shell graph H = (V I, ET\E By our choice of E__,., we have

= COI‘C) core’
PD*(Geore) = PDT (Geore) = W. Clearly
WE(G) = W5 (Geore ) WE(H).

In the right-hand side of (4.1), we restrict to graphs that also appear in (3.6) and rewrite the
resulting sum as a double sum over core graphs and shell graphs. This gives rise to the series

- /r Z Z Gcore ( Z m! f Z Wi(H) dj;[m]> d}[3,r+2].

Geore m=0

The outer sum is over potential pivot decompositions W of core vertices X[r42], the second
sum over (Z)-graphs Geore = ( X421, ET Ecore) that are (4)-connected and for which W is
both the (£)-pivot decomposition and the (4)-pivot decomposition (in other words, the simple
graph (?C[HQ], E+) is connected and PDi(xl , X2, G)=PDT(x1, x2, G) = W). The inner sum
is over (+)-graphs H = (V(H), @, E~(H)) with vertex set X[,12] U Y[ and (—)-edges {yi, x;}
such that every vertex y; is linked to at least one vertex x;, under the additional constraint that
421 YYpms ET, EZpe UE™(H)) has no (+)-pivotal points for paths from xj to x2. Let us
denote the series associated to such graphs H by hi\ (Gcore):

A o A" 1) 5
B Geoe) = 3 o [ 5 W) & (42)
m=0 A" H

The right-hand side of (4.2) depends on G¢qre Only through the pivot decomposition W. We
obtain the representation

8 (xl xX2) = Z " f Gcore)h)L (Gcore) dx[3 r+3]- 4.3)
r=1 W Gcore

This expression, written in a slightly different form (see Definition 4.2), forms the starting
point of this section. The main results of this section are the following:

1. Let Geore be a (£)-graph as above. Then the corresponding power series hf (Gcore) is
absolutely convergent for all intensities A > 0 (Proposition 4.1). In addition, h}‘} (Gcore)
can be expressed in terms of probabilities involving the random connection model on
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The direct-connectedness function in the random connection model 13

the fixed vertex set V(Gcore) and of Poisson processes in A. This alternative expression
is used to show that the (pointwise) limit

h;, (Gcore) = Ali/vlilgd hf\\ (Gcore)

exists for all A > 0 (Lemma 4.5).

2. Then we show in Theorem 4.1 that

; r' /]Rd)r Z Z wE Gcore

core

hk (Gcore)

dx(3,r4+3) < 00.

This allows us to define

gn(xr, x2) == Z /]Rd)r Z Gcore)hk (Gcore) dx[3 r+3]

core

and to pass to the limit in (4.3), showing that

lim g2 (x1, x2) = g3 (x1, x2)
A /R
as part of Theorem 4.1.

4.2. Definition

Here we introduce the precise definitions of core graphs and shell graphs as well as of
the functions hf and gi\. We follow the ideas outlined in the previous section but make two
small changes. First, shell graphs H are defined not as (4)-graphs with minus edges only but
right away as standard graphs. Second, a close look reveals that the shell function 42 (Geore)
defined in (4.2) depends on the core graph only via W; accordingly we view hf as a function
of a sequence of sets. In addition we drop the index from the core graph; thus the graph G in
Definition 4.1 below corresponds to Gere in the previous section (see Figure 2).

Definition 4.1. (Core graphs and shell graphs.)

1. Let x1,x € R and let {x;,x2} CWCR? be a finite set of vertices. We call a
graph G € C+(W) with PD%(x1, x2, G) = PD " (x1, xa, G)=W acore graph with pivot
decomposition W and denote the set of such graphs by chgre

2. Let G e CT(W) be a core graph with pivot decomposition W= (uo, Vo, ..., Vi, ti41),
k € No, where we set ug := x1 and uyy := xp. Moreover, let V; := V; U {u,, uit+1} and
let Y be a finite subset of RY. A shell graph on W U Y associated to Wisa (k 4 1)-partite
graph H € Q(Vl, LV ) suchthat GO H € D;'i n,(WUY). We call the vertices Y C

V(H) satellite vertice;s and write S(H) =Y. Notice that the set of all shell graphs on
W UY associated to W does not depend on the choice of the core graph G. We denote it

by gshell

We define hi\ and gi\ by expansions similar to (4.2) and (4.3) and postpone the proof of
convergence to Proposition 4.3 and Theorem 4.4. By some abuse of language, we refer to the
series (4.6) as the direct-connectedness function, and we use the same letter g, as in (1.2). This
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FIGURE 2. In the first line, we see an example of two (3)-graphs; the (4)-edges are depicted by dotted
lines and the (minus;)-edges by dashed lines. Notice that both graphs are (4)-connected. However, the
solid black vertex—which is (+)-pivotal for the x;—x, connection in both graphs—is (&)-pivotal for the
Xx1—x2 connection in the graph on the left but not in the graph on the right. Hence, the graph on the
left is a core graph according to Definition 4.2 but the graph on the right is not. In the second line, the
simple graph on the left is a shell graph for the core graph above, since the (4)-graph given by their sum

(depicted on the right) is (£)-doubly connected; in particular there are no (3)-pivotal points for the x;—x;
connection.

is justified a posteriori by the proof of Theorem 1.1, where we show that the series is indeed

the expansion for the direct-connectedness function g, defined as the unique solution of the
OZE (1.2).

Definition 4.2. (Shell functions and direct-connectedness function.)
1. Let W C RY be finite and let W be given as in Definition 4.2. For m € Ny, define the
m-shell function h™ by

WKW, Y= > wH),  Y={p.....ym} CR%, (4.4)

Y. W
HeGg

and the shell function hf\‘ in finite volume A C RY by
AV A" m (7
h (W) = Z — / § R (W, Yim)) d¥pmy.- 4.5)
m>0
2. Let A < A,. We define the direct-connectedness function as g5 : R? x R¢ — R,

)\.r — -
g )= / Z( > wi«;));zf(w) dX3r42,  (46)

rz0 W \GeGl,,

where W:= {x1,...,x42} and we sum over decompositions W of W given as in
Definition 4.1. In the pathological case x; = x3, (4.6) is to be read as g)‘} (x1,x):= 1.
Let gf :R? — R be defined by gi\(x) = gf 0, x).
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The direct-connectedness function in the random connection model 15

The 0-shell function 2“ is understood to be given in terms of shell graphs without satellite

vertices, 1.€., .
KOW)= > wH).
HeGZ

Note that because of translation-invariance, gf\\ (x1, x0) = gf 0, x2 —x1)= gf (x2 — x1).

4.3. Analysis of the shell functions: laces

If we take a look at the graphs that are summed over in the shell function, we note that the
associated minimal structures have a form which is very reminiscent of graphs that are known
as laces and famously appear in the analysis of, for example, self-avoiding walks [3, 22]. They
are also the namesake of the lace-expansion technique.

Proposition 4.1 is the central result of this section. It allows us to bound the shell function
by the probability that the points in a PPP 5 are not connected to the core vertices W. Moreover,
we introduce laces and partition the shell graphs with respect to them. For every lace, we obtain
a precise expression for its contribution to the shell function.

To prove Proposition 4.1, we will need quite a few definitions (see Definitions 4.3, 4.4, and
4.5) and some intermediate results thereon.

Proposition 4.1. (Bounds on the shell functions) Let A >0 and let A CR? be boungled.

Let ug,...,urr1 €A for keNy, let Vy,..., Vi CA be finite sets, and set W=
(uo, Vo, - .., Vi, tgy1). Then
| (W)| < Py(na </ Wing"). 4.7)
Moreover, "
A 5 - 1
2o / A (W, i) | 5y < —=eM (3 +V/5)". (4.8)
=0 m! m \/g

Proposition 4.1 consists of two parts, and it is (4.8) that guarantees the well-definedness of
the shell function /%* of Definition 4.2.

Proposition 4.1 is easy to prove for k =0, and we mostly focus on k > 1. Throughout the
remainder of this section, we fix a pivot decomposition W= (uo, Vo, - .., Vk, ur4+1) and recall
that ‘_/i = V; U {u;, ujr1}.

We now work towards a deeper understanding of the shell graphs H summed over in (4.4).

Definition 4.3. (Skeletons) Let W ¢ R¢ and let W= (uo, Vo, - . ., urp4+1) be a pivot decompo-
sition of some core graph on W. Furthermore, let ¥ C R? be finite and let H be a shell graph
associated to W with satellite vertices S(H) =Y. Then we define the skeleton H of H as the
following graph: its vertex set is V(H)={0, ..., k+1}. Abond ap is in E(H) if and only if
| — B] > 2 and there exist s € {ug} U Vy, € Vg_1 U {ug} such that

o stec E(H), or
e sy, yt € E(H) for some y € S(H).

In the first case we call {s, t} a direct stitch, and in the second case we call it an indirect
stitch. We call an edge o8 in E(H) a bond to distinguish it from the edge of the underlying
graph H.

:Fhus, the graph H has no nearest-neighbor bonds, and o with |« — 8] > 2 is a bond in
E(H) if and only if {uy} UV, and Vg_1 U {ug} are connected by a direct or indirect stitch. See

122

https://doi.org/10.1017/apr.2022.22 Published online by Cambridge University Press



16 S. JANSEN ET AL

m M
U Uk+1

k+1

uQ Uk+1

0 kE+1

FIGURE 3. In the first line, we see a schematic shell graph H . Its skeleton Hy is already a lace, namely L.
The skeleton of the graph H> in the second line is not a lace, but H, € {(L)). The structure of L is indicated
in H> and in H; by the thicker edges.

Figure 3 for an illustration. We may now apply the standard vocabulary of lace expansion (for
self-avoiding walks) to the graph H [22, Section 3.3].

Definition 4.4. (Laces)

e The graph H with vertex set {0, . .., k+ 1} is irreducible if 0 and k + 1 are endpoints of
edges in E(H) and for every i € [k] there exists of € E(H) with o < i < B.

e The graph H is a lace if it is irreducible and, for every bond off € E(H), removal of the
bond destroys the irreducibility.

e We denote by Ly the set of all laces on {0, ..., k+ 1}.

In the context of lace expansions, usually the word ‘connected’ is used instead of ‘irreducible’,
but ‘connected’ is clearly misleading in our setup; Brydges and Spencer originally called those
graphs ‘primitive’ [3]. We observe that the skeleton graphs H arising from our shell graphs
H are precisely the irreducible graphs (and so G @ H being 2-connected corresponds to the
skeleton 4 being irreducible).

We map irreducible graphs to laces by following a standard procedure [22, Section 3.3],
performed backwards. That is, we define bonds oz]/. ,ij with 8] > B} > - - - inductively as follows:
we set

B = k+1, af := minfa: af] eE(I:I)},
and

=min{o: 3 > o) withaf € EH)}, B}, =max{: o} B € EE)}.

o1
The procedure terminates when oz]f =0. At the end, we let a;8; be a relabeling of the bonds
ozjf ,3; from left to right.
It is well known that the algorithm maps irreducible graphs to laces; moreover, the set of
irreducible graphs that are mapped to a given lace L can be characterized as follows.
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Definition 4.5. (Compatible bonds and the span of a lace.)

1. Let L be a lace with vertex set {0, ..., k4 1}. A bond is compatible with a lace L if the
algorithm described above maps the graph (V(L), E(L) U {«8}) to the lace L.

2. Let WC RY and let W = (uo, Vo, ..., ug+1) be a pivot decomposition of some core
graph on W. Further let ¥ ¢ R¢ be ﬁmte and let H be a shell graph associated to W with
S(H) =Y. Then we say that H belongs to the span of the lace L, and write H € (L)), if
E(L) C E(H) and every bond of € E(H) \ E(L) is compatible with L.

In other words, H is in the span of L if the above algorithm maps Hto L. See Figure 3.
Given W and a lace L, we define

RA(W; L) = Z o / i W(H) dypm.- (4.9)

m>0 S(H)—y[m]

The series hf (W, L) converges absolutely for every fixed A. This is shown as part of the proof
of (4.8) in Proposition 4.1. Now,

=Y h(W:L).

LeLy

The following characterization of compatible bonds will be useful. We recall that the bonds
of a lace with m bonds can be labeled as «;f; with

O=aj<ay<Bi<az<Pr=<- - <am<Pmi <,8m:k+1;

see [22, Equations (3.15) and (3.16)].

Lemma 4.1. (Characterization of compatible bonds.) Let L be a lace with vertex set V(L) =
{0, ..., k+ 1} and bonds ajBj, j=1, ..., m, labeled from left to right (i.e., aj < ajy1). Then a
bond af ¢ E(L) with o < B — 1 is compatible with L if and only if either

(a) i <o < B <Bjforie[m]or
(b) ai <a < B <aji2 forie[m— 1] (where we set o411 = k).

Proof. Letaf ¢ E(L) be compatible with L; that is, the algorithm below Definition 4.4 maps
E(L)U {apB} to E(L), which in turn means that ¢8 is not selected to be part of the output lace.
We show that then either (a) or (b) is satisfied. Assume the algorithm has already constructed

the partial lace up to some j < m, producing the bonds ( . B; ) _, (note that they are in reverse
order and make up the last j bonds of the lace). Assume moreover that aJ <B < ozj ; that is,
af is a potential candidate to be chosen as the next bond of the lace. Since it is not chosen,
. / / / .
there is a]+1ﬁj+l with ﬂj+1 € (ozj, aj_l] such that either

.Oll+

_ /
° oejJrl—Otand,BjJrl > B.

| <a,or

Both the second case and the first case under the additional assumption ,BJf 1 = B imply that
of3 satisfies (a). Let us thus focus on the case where a]/. 1 <oand ,BJT +1 < B. Remembering the
stage of the algorithm, we have 8 < ozjf_l , implying (b).
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FIGURE 4. Schematic illustration of A; from the proof of Lemma 4.2 for i =0, 2, 3, 4, 5, 6.

Now let o8 ¢ E(L) be a bond that satisfies (a) or (b). We claim that o is compatible with L.
Let i be the index such that «;8; satisfies (a) or (b). Note that in the execution of the algorithm
below Definition 4.3, «f does not appear as a candidate to be added to the constructed lace up
until the point where o, B, €m—1Bm—1, - - - , ®iy1Bi+1 have already been added to the partial
lace. At this stage of the algorithm, if @8 satisfies (b), then it is not picked, because the left
endpoint of the bond «;8; has a smaller value (i.e., o; < «). If of satisfies (a), however, then
either also o; < @, or o; = @, but ¢;8; has its right endpoint further to the right (i.e., 8 < i,
since the two bonds cannot be equal), and so again, «;f; is picked by the algorithm. O

To prove the second result of Proposition 4.1, we need the following counting lemma, which
may be of independent interest.

Lemma 4.2. (On the number of laces.) Let f; be the ith Fibonacci number with fi =0, fo = 1.

Then
k k
k 1 (3445
Li|l=1 E ~ d, k — 00, Li| ~— .

Proof. We first choose i vertices in {1, ..., k} and then count the laces that use exactly
those vertices. To this end, let A; be the set of laces L with V(L) = {0, ..., i + 1} so that every
vertex is the endpoint of at least one stitch. We claim that |A;| =f; for i > 1. Clearly, |Ag| =1,
|A1] =0, |A;| = 1. See Figure 4 for an illustration.

Let i > 3. We now establish the Fibonacci recursion. First, note that the bond incident to O
(the ‘“first’ bond) must always have 2 as the second endpoint. Now, depending on whether
or not the third bond is incident to 2, the remaining lace lives on {1,2,...,i+ 1} or on
{1,3,4,...,i+1},and so |A;| = |A;_1| + |A;_2].

The asymptotic behavior follows from the fact that f, ~ ®"/+/5, where ® = 1 (14 +/5) is
the golden ratio. O

We can now work towards finding an explicit expression for hf} (W, L) for a fixed lace. The
next lemma is in the spirit of Observation 3.1 and will help us find probabilistic factors in the
shell function.

Lemma 4.3. (Bipartite graphs and probabilities.) Let Y, A, B, C C R4 be finite, disjoint sets.
1. Then

Yo wEH) =[] (-PA~y»O))=(=D"P¥yey:A~yxO).
HeG(AUC,Y): yeY
VyeY :y~A

2. Moreover,

> wH)=[]P(A~y~B.y~=C).
HeG(AUBUC,Y): yeY
VyeY :A~y~B

125

https://doi.org/10.1017/apr.2022.22 Published online by Cambridge University Press



The direct-connectedness function in the random connection model 19

3. Lastly,
> wH)=-PA~Y).

HeGAY):
E(H)£9

Proof. The first part of the statement is rather straightforward. If Y = {y}, then G(A U C, {y})
is the set of star graphs (with center y). Observe first that

> we-( > ) ¥ )

HeG(AUC,{y}) : y~A H'eG(A,{y}):y~A H"eG(C,{y})

The first sum is over all star graphs in G(A, {y}) except the empty one, the second is over all
star graphs in G(C, {y}), and so

> w(H) = —(1 ] -0, x))) [0 =90, x)=-PA~y~xO).

HeG(AUC,{y}) : y~A x€A xeC

It is an easy induction to prove that for general Y, the sum factors into a product over sums
over star graphs. For the second statement, assume again that ¥ = {y} and observe that

> w(H)=< > w(H))( > w(H))

HEQ(QUBU%{y}) : HeG(AUC,{y}) : y~A HeG(B,{y}):y~B
oy

=PA~y~B,y=C),
where the last identity is due to independence. The statement easily extends to general Y (again,

the sum factors).
For the third statement, note that we sum over every graph except the empty one. |

Since the explicit expression for hi\ (W, L) is a lengthy product of probabilities, we first
introduce some notation to represent the factors of this product compactly. Let A, B be two
subsets of [k + 1]o. We define the set of all possible direct stitches in H leading to bonds
af € E(H) witha € A, B € B as

Y(A,B):={xyCW: e €A, BeBwitha <f—1and x € {ug}UVy, y € Vg_1U{ug}},
and we write Y (A) = T(A, A). We define

Gop = I (11— (x—y)
e ([a. BHUT (. B))
and, for a1 < an» < a3,
Gay ooz = [ (1= ¢(x — ).

xyeY ([aj+1,00),[a2,a3))

Note that these products encode the sum over all w-weighted graphs on the set of edges
multiplied over.
To lighten notation, for 0 <o < g <k+1, set

[ue ] := {ua} U Vy, [up]l:= Vg1 U {”ﬂ}a
[tg, ugl:= {ug} U Vy U---UVg_1 U{ug}.
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A= <51> B = [U1,82)5 : D E= (51753]

FIGURE 5. Illustration of the induction proof of Lemma 4.4. The lace L is sketched using dashed lines.
The left picture shows the base case m = 1, where ug =s1 and ug41 = 1. To the right, the first three
stitches of L are (partially) sketched. The sets C, D are defined as C = [s7, #1) and D = [[#1].

We extend this notation further: for a, b € {uo, ..., ug+1}, let (a, b) := [a, b]\ {a, b}, let
la, b) := [a, b] \ {b}, and let (a, b] := [a, b] \ {a}. We set (a, b) := [a, b] \ ([a]] U [b]) and
define sets (a, b] etc. accordingly.
Moreover, define
Ou.p=Pi(Hy € na st [uall ~y~ [ugl, y = [ug+1, up—11)
for 8 > o + 2. We extend this notation by writing

QA,B = 1_[ 1_[ Qa,ﬁ

a€A BeB

for sets of pivotal points A, B; we abbreviate Qy [»,¢c] = Q{a,[b,c]-
We are now ready to state Lemma 4.4, for which we recall the definition of h)‘} (W; L) in

4.9).
Lemma 4.4. (The shell function of a lace.) Let A= 0 and let A C R? be bounded. Let W c R?
be a core vertex set with pivot decomposition W = (ug, Vo, . . ., ux+1). Let L be a lace with

vertex set [k + 1]o and m bonds o;B;, i € [m]. Then, setting oy41 = k, we have

(W5 L) =P, 1 <> W) [ | g 1 = Qo — Pt~ LD |
i=1

m—1

X [T oo iso etk 11 Qi (g k1 (4.10)

i=1
/n

n>0 S (H)=yn]

Moreover,

w(H)) A < 273V 4.11)

Proof. We abbreviate n =np, h= h;\ , and prove the statement by induction on m.

Base case. Let m = 1, which means that 1 =0 and 81 =k + 1. Set A = [ug]l, B = [u1, uxl,
and C = [[ug+1]. See Figure 5 for an illustration of A, B, C.

Note first that the edge set Y ([k + 1]o) \ E(A, C), that is, the possible direct stitches between
points of W except the direct ones between A and C, do not determine membership of H in
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The direct-connectedness function in the random connection model 21

{L). Any such edge xy may or may not be present, resulting in a factor (1 — ¢(x — y)) that can
be extracted. In total, this produces the factor go x+1, and we can restrict to considering graphs
H € (L)) that do not possess any such edge. The remaining graphs H only have edges that are
incident to A U C U S(H).

We split this set of remaining graphs H into those that have a direct stitch between A and C
and those that do not. Among the former, the sum over graphs factors into graphs H' € G(A, C)
(the direct stitches) and graphs H” € G(W, S(H)). With Lemma 4.3,

h(W; L) = qok+1 Z % /An ( Z W(H/)> Z w(H") | ¥

n>0 H'e€G(A,C):E(H)£D H"eGW . yn):
yi~WYig[n]

+Z%/An > wH)

n>0 Heg(W&[ﬂ]):
deg (y;))>1Vie[n],
Ji:A~yi~C

AT -
=qoit1 | “PA~OP(n <> W)+ = / Y. wH) by
n! A" >
n>0 Heg(W,y[n]):

deg (y))=1Vie[n],
Ji:A~yi~C

(4.12)

For now the power series are treated as formal power series; convergence is proven later. To
treat the sum in (4.12), we define

Si={y:A~y~C}, S:={:Cxy~(AUB)}, andS3:= {y:C~y~A}.

With these definitions, we can partition y = S(H) = S; U S, U S3. Moreover, we know that
S1 # @. Re-summing and then applying Lemma 4.3, the sum over »n in (4.12) becomes

)\n1+n2+n3
_— w(H)d(y Ly .y
Z n1!n2!n3! /;\n1+n2+n3 Z ( ) (yl’[nl] Y2.[na] y3,[n3])

ny,n2,n3=0 He(L):
Si(H)=yi,mm;1Viel3]

Al . A0 R
=<Zmﬁn Z W(H)dy[n]>(2;)5/[\n Z W(H)dy[n]>

n>1 HeG(AUBUC ¥in): HeG(AUB,y[,)):
Vie[n]:A~y;~C Vie[n]:yi~(AUB)
A -
x (ZE/A > w(H)dy[n]>
n>0 HeG(BUC,yn):
Vie[n]:yi~C
A " A "
=( > = /P(A~y~c,yoo3)dy = —/IP’(yN(AUB))dy
n! A n! A
n>1 n>0
Al "
x Z-(-/ P(Cwwa)dy) . (4.13)
n! A
n>0
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Recognizing the exponential series in the expression above, we can rewrite the probabilities
with respect to P (appearing in the exponents) as probabilities with respect to PP, associated
to &7, e.g., Py~ (AUB))=Py(y ~(AUB) in &7). Then we can apply the univariate Mecke
formula (see (2.1) for m = 1) to rewrite (4.13) as

(eEx[l{yEWANyNC,y*B}I] _ 1)e—EAU{yenin(AUB)}l]e—EAU{,VEU:C’\’Y”"B}H
:<1 _ e—Ex[l{yGniANyNC,wa}I]>e—IEx[I{yen:yN(AUB)}I]e—Ex[l{yen:CNyOO(AUB)}I]

=(1 — Qo k_H)e—ExH{yEﬂI)’N(AUBUC)}l]‘
Since e Erlllyeny~(AUBUON] — P, (5 «£> W), we can plug this back into (4.12) and obtain

B(W; L) =P, 01 <> Wgo i1 (1 = Qosr = A~ O))

on the level of formal power series. Now we prove convergence and check that the previous
computational steps are justified not only on the level of formal power series. We first revisit
Equation (4.13). On the left-hand side, let us put absolute values inside the integral (but outside
the sum over shell graphs H). The resulting expression is bounded by the middle part of (4.13),
again with absolute values inside the integral. Each integrand is bounded in absolute value by
a probability; hence it is smaller than or equal to 1. The resulting series are exponential series
and, in particular, absolutely convergent. As a consequence, Equation (4.13) is justified and the
last sum in (4.12) is bounded as

At -
P D WEH)| dipy
n! AR
n>0 HGQ(W,;I[,[]):
deg (yi)>1Vie[n],
di:A~yi~C

< eEalllyen:A~y~C.y=B}|] JEilllyeny~(AUB)} ] Erll{yen:C~y-<B}|]

< el lllyeny~All Ealllyen:y~(AUB)} gEall{yen:y~Cl]

<PV, (4.14)

where for the last inequality we use the fact that the expected number of direct neighbors of any
fixed element of W with respect to 7 is given by A [ ¢(x) dx, as well as the rescaling introduced
in Section 2.3 ensuring that f ¢(x) dx = 1; compare this bound to the one used in (3.4). For the
other contribution to h(ﬁ/; L), we notice that

A .
> f ( > W(H/)> > wH") []
n>0 " YA |\ meg@.CrEH) £2 H"€G(W Su):

yi~Wvieln]

<P(A~C) eEalllyen:y~Wi] < eMWl’ (4.15)

by the same argument as in (4.14).
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Combining (4.14) and (4.15) with (4.12) and 0 < go ¢+1 < 1, we deduce

A -
Z f W(H)| dypn < el 4 e W <2624Vl < o0,
nz0 " S(H)—y[n]

Inductive step. For the inductive step, let m > 1. We write the lace L in terms of its vertices
(si, t;) in W (that is 5; = uo, and t; = ug,) and let L’ be the lace on W' := W\ [s1, s2) obtained
from L by deleting the first stitch. We note that if H € (L)), then H[[s2, uz+1]] € {L’)). Observe
that

n
h(W:L) =h(WL) Y~ > W(H) dy). (4.16)
20 N HeGTy, . Vs 1 5
HoL'e(L)
Again we first prove (4.10) and carry out computations on the level of formal power series;
we prove convergence (and thus (4.11)) at the end. We can apply the induction hypothesis
to h(W’; L); it remains to deal with the second factor. We partition the vertices in [s1, s3] as
=[s11, B=(s1, 52), C=1[s2, 11), D =[], and E = (1, s3] (see Figure 5). If m =2, we let
E= (11, ug].

The graphs summed over in (4.16) must satisfy the following restraints: there must be at
least one direct or indirect stitch between A and D, and there cannot be any (direct or indirect)
edge between A and E. In particular, the remaining direct stitches may or may not be there, and
thus can be extracted as the factor gy, «;,a3-

We partition S(H) = U?ZIS,', where

Si={y:A~y~D,N(@y) C[s1, ]}, S={y:A~y~C,N©) C[s1, 11)},
S3={y: I #N©Y) C [51, 52)}, Sy={y:B~y~(CUDUE), N(y) < (s1, s31}.

Again, we intend to split the sum over graphs into those that have at least one direct stitch
between A and D, and those that do not. We can thus rewrite the second factor in (4.16) as

9oy ,00,03 Z / W(H) d5)7[11]

”>0 HeG(Vy,..., Va3 1,V[n]):

HeL'e(L),
VecE(H):eN(AUDUy(,)) #2

= o,z (Z / . w(H) di[,-,[ni])
i=2

>0 HeQ(W Yi, L J)
SH)=S,
n=0 ! A" HeG(ls1.531, in)):

yi~AUBYi€[n]

T / S wa di[n]}

n>1 HeG([s1,53],n):
yi~AUBYie[n]

P (_p(A ~ D)eErlivemyeSiil | (EallbyenyeSilil _ 1)

X eXP{Ex[I{y eny eSSl -ExlllyenyeSHl+Eill{yenye 54}|]}, (4.17)
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where the last identity was obtained using Lemma 4.3. Note that the factor h(W’ ;L ) con-

tains the factor P(n </ [s2, ugy+1]) = e~ Eallyeny~lsz.uer1 B Together with this factor, (4.17)
equals

exp{Ex[ —{yen:(AUB~y~[s2, upr1l}l + [{yen:A~y~D,y=(BUO)}|
+{yen:A~y~C,y»B}|+|{yen:B~y~(CUDUE)}|]} (4.18)
x Py(n </> W)(1 — Qa.p — P(A ~ D)).

It remains to rewrite the argument in the expectation of the exponent in (4.18). Note that

—yen:A~y~Isy, ukr1l, y =B} — {y€n:B~y~ [s2, uk+1l}|

+l{yen:A~y~(CUD),y»B}|+{yen:B~y~(CUDUE)}
=—|{yen:A~y~(t1, ugt1]l, y = (BUCUD)}|

—yen:B~y~(s3, ugy1],y » (CUDUE)}|.

This gives two exponential terms. The first is

exp{_EA[|{yen:[ual]]Ny’\“(btﬁl,Mk—l—l]’y""((”al’uﬂl]”]}
k+1
_ 1_[ exp{_EAH{yen:[ual]]“'y’v[[uj]»y”“((”al’“j))}u}
J=p1+1
= Quy, (1 k+11-

Similarly, the second exponential term equals Q(a;,ay), (a3, k+1]-

Again, we prove convergence and justify the previous computational steps. Revisiting the
left-hand side of (4.17), we insert absolute values inside the integral (and outside the sum over
graphs H). As in the base case, this is bounded by the middle part of (4.17) with absolute values
in the integrals, and each integrand is a probability. With the Mecke equation, we obtain

A >
sEll T el
n>0 HeG(Vo,..., Vg —1.3n)):

HoL (L),

Vee E(H):eN(AUDUyr,))#2
<2exp{Billlyen:ye SN+ Eillye n:ye Sl

+Ellyen:yeSN+Ellyen:ye S|

< 2e3MAUBI

arguing as in (4.14) for the last inequality. -
Note that by the induction hypothesis, the term h(W/ ;L ) with absolute values in the

respective integrals is bounded by 27~1e3*W'l_ Since AU B and W’ are disjoint, this proves
@.11). 0

Proof of Proposition 4.1. Again, we abbreviate n =n, and h = hf\\. First, consider k=0,
i.e., pivot decompositions with no pivotal points. Then there are no direct stitches, and we have

W (W, 5m) = (D" [[Poi~ W), h(W) =Pu(n <> W).

i=1
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Moreover,
E — / h(’") W, Yim1)| d¥pm ]—eEAH{ye’IY Wil < AWl
m: m

m>0
using the same bound as in (4.15). Since this proves the proposition for k = 0, we turn to k > 1
and we first prove (4.7).
We rewrite h(ﬁ/) by explicitly writing out the sum over laces L in terms of the endpoints of
their stitches in W (note that any lace can have at most k stitches). We first exhibit this for k = 2,
where W = (ug, Vo, ut, Vi, up, Vo, u3) and there are two different laces. With the abbreviation

Qij = 0ij+ P([u;] ~ [u;]),
h(W) = h(W; Li)+ h(W; Ly) =5 </~ W)(g0,3(1 — Qo,3) + Qo.3(1 — Qo2) (1 — 013))

3 Bi—1
=Pi(n <~ W) Z q0., (1 — QO,ﬂ1)|:]1{m=3} + Lyp, <3 Z Qo3(1 - Qa2,3):|-
B1=2 ar=1

(4.19)

Clearly, this is unnecessarily complicated for k = 2, as the sum over «> contains only one term
and g, = 1. However, this turns out to be convenient for general k. We use the convention
that Qj4,p), o = Q2 ,[a,p) = 1. Carefully rearranging the sum over all laces yields

k+1
h(W)y= > h(W:L)=Putn <> W) Y qo.p,(1 — Q0.8,)Q0.(81.k+1)
Lez(W) pi=2
Bi—1  k+1 y
X 11{51 k+1}+Z Z G5 (1 = Q. 2) Q0,021 (82.k+119(0.02). 2
ar=1 fr=p1+1
Br—1  k+1 5
x ]1{52 k+1) Z Z 9o, /33 Qa37ﬂ3)qw170¢2,0¢3
az=p fz=pr+1

Oz, 31, (B3, k+11Q(2,03), 83 2(0,02), (a3, 82)
Ba—1  k+1

X ]l{ﬁ3 k+1) + Z Z Gy, /34 Qot4,/34)4012,a3,a4
as=P2 Ba=p3+1

O304, (Ba k+11Q(e3,00), B4 L@, @3), (g, 3) X+

- Bi-1—1
< | Lige gz + Uig i<k D okt (1= Quir1) [ dooyio
- ok=Pr—2 J=k,k+1

Q(Olk*l,ak),k-f-] Q(akfz’akfl)s(ak,lskfl)] [P }]]

Note that if 8 =k + 1 for some i, then the double sum following the corresponding indicator
breaks down to 0. Also, only the innermost bracketed term contains two factors of g, ...

We now show that, starting with the innermost square brackets, the bracketed terms are
bounded by 1 in absolute value.

To lighten notation, we write the innermost sum as Zzz’:;l] R(c). We split the factor

1 — Qo1 = (1 = Qi 1) — P(lutgy] ~ [utge411).
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This yields two sums

by—1 by—1 by—1
Y Re@)=) R@)- ) R
a=b a=b a=b

where R’ and R” are both nonnegative. Now, with the estimate O y.) k1 < On.c) kbl =
Olby,),k+1, We can bound

by—1 by—1
DIR@= Y (1= Quit Qb k1
a=b a=b
by—1
== Qo it )+ it Y, (1= Qai Qb +1.a) k1, (4.20)
a=b;+1

which is readily proven to be at most 1 by induction. Moreover,

by—1 by—1
Y OR(@ = ) quir1Plua] ~ [ugs1]). (4.21)
a=by a=b

The above summands can be rewritten as the probability of the event that the direct stitch
(o, k+ 1) is present, while all direct stitches (j, k + 1) for j € («, k + 1] are not. Hence, these
are disjoint events for different values of «, and so the sum is at most 1.

In total, we rewrote 22:_1,11 R(w) as the difference of two nonnegative values, both at most 1,
proving our claim.

To deal with the summands for 2 < i < k, we write the double sum as

by—1  k+1
. 2 R@p
a=b, f=byr+1

and split the term 1 — Qg 5, = (1 — Qu;.5,) — P([1e;] ~ [up;]) so that

bry—1  k+1 bry—1  k+1 by—1  k+1
Y)Y Rap=) > Rep-) > R@p (4.22)
a=b| B=br+1 a=b; B=by+1 a=b; B=by+1

for nonnegative summands R’, R”. We prove a bound on the sum over R'(«, 8) by induction on
k — by. If by = k, then the bound is the same as for the bound (4.20). For b, < k, we first bound
O(ai,al,(B.k+1] = Olby,a1,(8.k+1] and then extract the summand for 8 =k + 1, yielding

by—1  k+1 by—1  k+1
Y R@pH=Y D (1= Qup)Qibralpit11Q1b.a).p
a=b| B=by+1 a=b| B=by+1
br—1
<D (= Qukr )iy k1
a=b
by—1  k
+ Oby by —17.k+1 Z Z (1 = Qu.p)O1b,a1.(8.1C1b1 ). 8-
a=by f=by+1
(4.23)
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By the induction hypothesis, the double sum in (4.23) is at most 1. Therefore,

by—1 k41
Y Y R@ps< Z (1= Qo ke Dby ) et 1
a=by B=by+1 a=b
+ (1 = Qby—1,k+1) Qb1 65— 1) k+1 T Oby—1,k+1Qby,br —1),k+1
by—2
=Y (1 = Quit)Qby.cy.kt1 + Qlby by —21.k4+1
a=by

=1,

where the last identity is now an easy induction.

Turning to the second summand in (4.22), by the same argument used to treat (4.21), the
summands R”(«, B) are probabilities of events which are disjoint for different values of (c, B),
and so they sum to at most 1.

The observation that the bracket term for i =1 is handled analogously finishes the proof
of (4.7).

We proceed to prove (4.8) for k > 1. By combining Lemma 4.2 with Lemma 4.4, we obtain

Z - / | (W, )| dpmy < Z Z o / w(H)‘dSz[m]

m=>0 LeL;, m>0 S(H)—y[m]
< L <—3 + ﬁ) 2k3HWI,
=5\ 2
Using the bound k < |W/| finishes the proof. O

Lemma 4.5. (Thermodynamic limit of the shell function.) For every A > 0, the pointwise limit

lim & hy (W
A;{%dx() (W)

along Re-exhausting sequences exists.

Proof. Let (A,)neN be an Rd—exhausting sequence. For fixed W= (uo, Vo, ..., ug+1), note
that
An(7h An
h, (W) = Z h, (W’ L)
Lely

For each lace L, the limit

exists and does not depend on the precise choice of R%-exhausting sequence. This is clear from
the representation for hﬁ\ (W, L) proven in Lemma 4.4. In particular, hf (W, L) is given as the
finite product of A-independent factors and factors that describe the probability of certain point
processes containing no points (namely, Py (na </> W) and the factors Q; ;). As probabilities
that are decreasing in the volume, the latter admita A R4 limit. It follows that the limit of
the shell function exists as well and is given by

= Z hA(W;L).

Leﬁk D
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4.4. The direct-connectedness function in infinite volume

In this section, we consider the limit lim, »pa gt with gi\ as in (4.6) and give suffi-
cient conditions under which it exists, thereby proving the two convergence statements from
Theorem 1.1.

The candidate limit is given by the analogue of (4.6) with A replaced by R¢; the existence

of h%d = h,_ has been checked in Lemma 4.5. Thus,

o= SN I 31 1D SIS ) PA() E PR CEY)
— r: Rd)’
r_ Geg(%re
where the inner sum is over core graphs G on X[,42) with prOt decomposition W, i.e., over
(+)-connected graphs G on X[r42] with PD"(x1, x2, G) = PD* (x1, %2, G)= W. Remember the
quantities 0 < Ax < Ay introduced before Theorem 1.1. We will see in (4.25) that the sum over
core graphs for a given pivot decomposition is a probability, hence in particular nonnegative.

Theorem 4.1. (The thermodynamic limit of g/‘\\: pointwise convergence.) If A < Ay, then

+ > -
Z rl /Rd)r Z WE(G) | |1 (W)| 3,42 < 00

r: W Geg&%re

for all x1,x2 e R, Moreover, for every Rd-exhausting sequence (Ap)neN, We have the
pointwise convergence

. An
lim g;"(x1, x2) = g.(x1, x2)
n—0o0

with g, given in (4.24) (equivalently, Equation (4.6) with A replaced by R?).

Theorem 4.2. (Integrability and convergence in the L'-norm.) If A < A, then for all x| € R?,

/ |8 (x1, xz)ldx2<z 5 fRd (/(Rd)r Z(

Proof of Theorem 4 1. We consider a summand in (4.24) for fixed W and set X1 =up as
well as xp = uy41. Let W= (uo, Vo, - . ., Vk, uit+1). Remember Vi={u}uVv;uU {uir1}. A ﬁrst
important observation is the fact that the weight of a core graph with pivot decomposition W
factors into the product over the k(=)-subgraphs induced by the vertex sets V;. The sum over
core graphs thus factors as

3 wi(G)=§< >, wi(H>>

Wi(G)) |hA(W)| d}[3,r+z]> dxy < o0.
Ge gW

GeCtT(W): HeD;fi,uiH(V,-)
PDT(G)=PD*(G)=W
k
= l_[ P(F¢(Vi) € Dui,ui+1>
i=0
k
= IP’( (o (Vi) € Diy }). (4.25)
i=0
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Hence, the core can be written as a probability. Combining this with Proposition 4.1,
we get

k
> wEG) | B (W) <Pa(na <A~ W)P( (T (Vi) € Duyu })
GeCT(W): i=0

PDT(G)=PD*(G)=W

_P, ({%(uo, ) = W} N éo {gX“[T/i] € Duyos, })

Above, we used independence as well as the fact that for V € W, the two random graphs
I'y(V)and & W[V] are identical in distribution. The inequality holds true for bounded A as well
as A =R9,

We now go back to (4.6) and rearrange the sum by first summing over the number of pivotal
points k, giving

Z p / , Z( Wi(G))VIf (W)] diiz.r42y
Vo Gegl,

r=0

—ZA"Z n! /AH" W ( Gw i(G)>|hi\(W)|d‘7[”] diigy. (4.26)
GE core

k>0 n>0
In the second term, the sum is over pivot decompositions W = (ug, Vo, ..., Vi, ux+1) where
k
uy = X1, U1 = X2, and Ui:OVi ={vi, ..., v}

When rewriting the integrand of (4.26) as a probability, the event that u; and ;4 are 2-
connected for i € [k]p in disjoint vertex sets V; becomes the event that these connection events
occur disjointly within W; see Section 2 and recall the definition (2.2). The inner series can
thus be bounded as

Z p / > ( wi(G)>|hf(W)| Vi)
W \Gegl

n>0
core

”[k] vlﬂJ
<Zn,/nﬁ”k< 0> &4 ) [k]UV[n]}

n>0

A ({”0 = uy in £ oo (g <=5 gy in 1T }>) v

=P, ({uo = u1 in "} o- - o {ug &> ugy1 in EM0MH ), (4.27)

where the identity is due to the Mecke equation and the fact that by summing over v, we were
partitioning over what the joint cluster of g k1] is. We can now use the BK inequality ([10,
Theorem 2.1]) to bound (4.27) by

k
H Py (i = wigr in 637 ) < [T ontir — ). (4.28)
i=0

i=0
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Inserting this back into (4.26),

DT NP (P

wi<G>) ()| 1

k=0 nz0 Gegcore
<Y w0 — ). (4.29)
k>0

The last expression is finite for A < A, by the definition of A,. The pointwise convergence of
gi\” to g, follows by dominated convergence. 0

Proof of Theorem 4.2. If we integrate over x in (4.29), this yields the upper bound

klz<)\/a)\(x)dx)k,

k>1

which is finite for A < A, by definition of A,. The theorem follows by Fubini—Tonelli and the
triangle inequality. O

5. The Ornstein—Zernike equation

Here we complete the proof of Theorem 1.1. In view of Theorems 4.1 and 4.2, it remains to
prove that the expansion (4.24) is indeed equal to the direct-connectedness function given by
the OZE (1.2). This is proven by showing first that gj\\ from Definition 4.2 fulfills the OZE in
finite volume and then passing to the limit A 7 R

The idea of the proof in finite volume is basically well known; the same proof works for the
OZE for the total correlation function.

Proposition 5.1. (The Ornstein—Zernike equation in finite volume.) Let A C R? be bounded
and let x1, xo € A. Then

A (xp, 1) = gl (x1, x2) +/\/ g (x1, x3)7 (x3, x2) dics.
A

Proof. We drop the A-dependence in the superscript of rAA and gi\. Thanks to
Proposition 3.1, we can re-sum the series expansion for 7, at will. Given a pivot decomposition

W = (ug, Vo, . . ., uxy+1) of an arbitrary core graph G with the vertex set W, define
B (W, S 1= ) wiH), I Z - / H (W S .
HeG(Vy,..., Vk:;’[m]): m=0

G@HeCuO et 1 (WUy[m])
(5.1)

in analogy to the shell functlon hy, in (4.5) (just like the latter, 4, only depends on G through
its pivot decomposition W) To be more precise, the shell function 4, is recovered from 4, by
summing over a smaller subset of graphs H in (5.1), adding the restriction that G & H shall not
contain (%)-pivot points for the up—uy41 connection. Note that

0<h; (ﬁ/) — e Ealllyeny~Will 1_[ (1—px—1y)
xyeW:Bielklo:{x.y}SVi
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FIGURE 6. The schematic representation of a (4)-graph G @ H in ct (Wu yp3)) illustrates the factor-

Uy, U4
ization of the graph weight from Equation (5.2): the edges of H are explicitly depicted in the picture,
while the core graph G is represented by its pivot decomposition (ug, Vo, . . ., u4). The vertices yj3; are

depicted by squares, ordered from left to right. The first (£)-pivot point for the up—u4 connection in
G ® H is up. Thus, the weight of the simple graph H factors into the weight of its subgraph induced by
Wé U Y1y = {uo, ur, up} U Vo U Vi U {y1} (hatched on the left) and the weight of the subgraph induced by
Wg U§[3]\[1] = {uz, ug} U Vo U V3 U {y3, y3} (crosshatched on the right).

and that when replacing h; with A, in the right-hand side of (4.6), we get 7, instead of g;. We
can split the sum ﬁgm)(W, Yim) = hf\m)(VV, Yim1) + f;m)(ﬁ/, Yim1), where £ contains the sum
over those graphs H such that G & H does have (4)-pivotal points with respect to the up—uyy1

connection. We set o
@)= X5 [ A ) o

m>0

Assume now that u; for j € [k] is the first pivotal point of GGBHGCXil’XZ(WUﬁm]).
Furthermore, let Wj/ = (uoj Vo, ..., uj), let W;/ = (uj, Vj, ..., uxy1), and let yf5 for s <m
be the points adjacent to WJ/ (possibly after reordering the vertices). The weight of such a
graph H then factors into the product of the weights of two graphs, namely the subgraphs of H

induced by WJ/ UYs C V(H) and by 17[/;/ U Ypm\is1 C V(H); see Figure 6. That is,
w(H) :W(H[W]/ U}[s]])W(H[VVJ// U;’[m]\[s]])~ 5.2)
Moreover, we see that H [WJ/ U 55[‘?]] &) G[WJ/] does not contain (%)-pivot points (for the uo—u;

connection) and H [WJ’/ U Yimnis ] @ G[WJV ] is in general just (&)-connected.
By partitioning over j, we thus obtain the decomposition

$00) = 3 () 7).

Since both /; and h; converge absolutely, so does f;, justifying all re-summations. Letting
x1 =ug and x3 = ug41,

(. — g, x) =Y AF "

P
=1 nyme0 1 lizo it

AL o i

k
/A sk ( [ [P(Ce (Vi) € Diy s, <\7,-))>
=0 \i=o

138

https://doi.org/10.1017/apr.2022.22 Published online by Cambridge University Press



32 S. JANSEN ET AL

j—1

Jjtk P J V V
=2 % / Z T /Aj-1+z{i:én,- BTy () € D (7))

Jj>1,k>0 1 >0 1 li= 0" i=0

-1
x b (W) [ T dvimn dz‘[i—l]:|
i=0
ik
| L T e 80)

i=j

J+k
< b (W) T Vg dflwum} du;
i=j

=A / gn(x1, w)t(u, x2) du.
A

The re-summation with respect to j and k is justified as the resulting series converges for A < A,
even when we put £, in absolute values. O

We can now extend the result of Proposition 5.1 to A ' R? and thus prove that the expan-
sion (4.24) is indeed equal to the direct-connectedness function for A < A, finalizing the proof
of our main result.

Proof of Theorem 1.1. We have

T, 1) = lim (1, x)
A /RE
= lim ghG, )+ lim / B0, AT (i, ) ds,  (53)
ARI A/RA JRa

where the first equality holds by the continuity of probability measures along sequences of
increasing events and the second one by Proposition 5.1.
Note that the integrand in (5.3) is bounded uniformly in A by

Ct).(x3, x2),

where C = SUPycRd >k Ao (k+1)(y) is a constant obtained in (4.29). Since 7, is integrable for
all A < X, the theorem follows by dominated convergence. U

6. Discussion

6.1. Connections to percolation on Gibbs point processes

The Ornstein—Zernike equation gets its name from the seminal paper [20] and has since been
a well-known formalism in liquid-state statistical mechanics. It relates the total correlation
function to the direct correlation function and it naturally connects to power series expansions
of these correlation functions (see [6, 23, 24]; the terminology is not the same in all of these
references).

The correlation functions admit graphical expansions that also consist of connected graphs.
It was observed [11] that a similar formalism can be formulated for the pair-connectedness
function, and a key reference for this is [6]. The pair-connectedness function is deemed part
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of the pair-correlation function. The connected graphs appearing in the expansion of the latter
are referred to as ‘mathematical clusters’, and they correspond to our (+)-connected graphs.
Isolating the (4)-connected components within these graphs yields the ‘physical clusters’, and
the graphs in which x; and x, lie in the same physical cluster make up the expansion for
7).(x1, x2). In the following, we elaborate on this.

The percolation models considered in the physics literature are mostly based not on a PPP
(Stell calls the Poisson setup random percolation [24]), but on a Gibbs point process (called
correlated percolation in the language of Stell). (The denomination ‘random percolation’ for
the Poisson setup feels quite misleading for probabilists; but it reflects language commonly
adopted across physics, with ‘random’ understood as ‘completely random’ in the sense of
completely random measures [13], a class comprising the PPP.)

To define the latter, consider a nonnegative pair potential v: R? — R~( and some finite
volume A. Let N(A) be the set of finite counting measures on A and let i € N(A). Then the

energy of {xi, ..., x;} under the boundary condition u is
n
Hix, o =) v(wi—xg)+ ) > vei—y).
I<i<j<n i=1 yep

Let f : N(A) — R be bounded. We define a probability measure as

( ) Z A CE TP Xn})e_H({xl ..... xn}) e

A n

where the partition function E(z) is such that E;[1] =1 and z € R is called the activity. If we
denote by n a random variable with law [, then n is a point process. Note that we recover the
homogeneous PPP with intensity A = z by setting v = 0.

We can define the RCM £ on this general point process, and we denote its probability
measure by P, ,. We furthermore define the (one-particle) density as

p1(x) =z, [ }In)] 0,
and we define the pair-correlation function as
;OZ(X, y) — ZZEZ[C—H({XJ}M)]_

Again, in the case of a homogeneous PPP with intensity A =z, we have p =z and p, = z°.

Defining the pair-connectedness function as

Tz,go(x, y) = Ez,tp [eiH({x’y}‘n)]l{m—w in ngy}],

we can decompose
(X, y) = szz,w(xv )+ ZzEw[ —Hly |)7)]1{ </>yin S”}]

In [6], Coniglio et al. define the pair-connectedness function as 7, , = (z2 / ,02) Trp-

The function 7,, has a density expansion (note that 7., is better suited for activity
expansions) that can be found in [6, Equation (12)], which can be obtained from the den-
sity expansion of the pair-correlation function: the latter is obtained by expanding the Mayer
f-functions f(x, y) = e "™®¥ — 1 in the partition function, which is the starting point of a cluster
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expansion. Splitting the Mayer f-function as f =f* + f* with f+ =e™"®Yp(x — y) and exe-
cuting the same expansion for the correlation function ‘doubles’ every edge into a (+)-edge
and a (x)-edge. Only summing over graphs in which x and y are connected by (+)-edges yields
the pair-connectedness function.

In general, the graphs appearing in the density expansion are a subset of those in the activity
expansion, namely the ones without articulation points (articulation points were defined after
Proposition 3.1). In the case of a homogeneous PPP, we have A =z = p, and so activity and
density expansion coincide (and the graphs with articulation points cancel out). Moreover,
FT(x, y)=—f*(x,y) = @(x —y), and the graphs summed over in the expansion become the
(£)-graphs, yielding the expansion (3.1) for t;.

It is an interesting question which ideas of this paper can be generalized to RCMs based
on Gibbs point processes. While some aspects generalize without much effort, the crucial
difference lies in the fact that the weight of graphs showing up in expansions for Gibbs point
processes also encodes the pair interaction induced by the potential v. To recover probabilistic
interpretations for terms after performing re-summations and bounds is therefore much more
delicate.

6.2. Connections to Last and Ziesche

In [15], Last and Ziesche use a Margulis—Russo-type formula to prove analyticity of 7, in
presumably the whole subcritical regime. Moreover, they show the existence of some Ay > 0
(which is not quantified) such that both 1) and g, have an absolutely convergent graphical
expansion in [0, 1) that seems closely related to the ones discussed here. We want to illustrate
how to relate the respective expressions.

The two-point function. Last and Ziesche show that 7 (x1, x2) is equal to

A" - = . -
Z - f Z (=1 MIP(x) <— x2 in Ty (¥su11,2))s Ty (Xint2)) is connected) d¥(3 nt2].

n>0 JC[3,n+2]
(6.1)
We show that the above integrand is the same as the one in (3.1). We can rewrite the one in
(6.1) as
—_1yn—HI
E|:]1{F¢(fc[n+z]) is connected} Z (=D ]l{xl < sxin F(p(;w)}i|~ (6.2)
JC[n+2]

Note that now, any nonvanishing J needs to contain {1, 2}. We are now going to observe some
cancellations. For a fixed graph G € C(Xn12)),

Yo Vv = Y. G acen Livt o=t
JC[n+2] 1,JC[n+2]

= Z (_l)n_m1{{1,2}§1§J}1{G[}1]connected}]l{VjeJ\I:xjoo;q}

1,JC[n+2]
= Z (— 1)n_lll]l{G[?q] connected}
{1,2}CIC[n+2]
< Y (DM ey (6.3)
JC[n+21\]
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Note that for given G and I, defining Z(G, ) ={j € [n + 2] \ [ : xj = X7}, we can rewrite

> EOMyepguin = Y (DY (6.4)

JC[n+21\I JCI(G,I)

The only case for which (6.4) does not vanish is when Z(G, I) = &. We can therefore rewrite

(6.3) as

_1y+—Ml — _1yr I -
> D ]l{x1<—>x2 inGG1} — > M Connected}]l{Vje[n+2]\1:x,-~;c,}’
JCln+2] {1.2)CICn+2]

and so (6.2) becomes

> (=1 VIP(Ty () is connected, xj ~%¥j € [n+ 2]\ 1)
{1,2}CIC[n+2]

= Y P(Iy@)isconnected) [] |:1_[(1—90(xi—xj-))—1j|

(1,2)CIC[n+2] jen+2I\I L ier
- Y Ywo
IC[n+2] G
In the last line, summation is over the same set of graphs as in (3.6), with the additional

restriction that V(G+) = I. Resolving the partition over / gives that (6.1) is equal to (3.6).

The direct-connectedness function. In [15, Theorem 5.1], it is shown that there exists A such
that for A € [0, Ag),

)\‘l’l
ao=>2 X ] e
n>0 GEDxl - (3[n+2]) ecE(G)
% Z Z (_l)n—|J|+|E(G)\E(H)| d}[3,n+2]- (6.5)

- . JC[n+2]:
H GC(X[M]) " x| <—xp in H[%/]
HCG

We show that the integrand in (6.5) is equal to the one in (4.1). With the calculations (6.3) and
(6.4) performed for the two-point function, letting I° = [n + 2] \ I, we have

ey _ iyl
> D ]l{xl «—xinHE) T R o Vi EPEARS ConneCted}]l{Vjelv:xj~}, inH}"
JC[n+2] {1,2}CIC[n+2]

The two indicators imply that H is connected, and so

Z Z (— 1)~ WIHEG\EH)

- . JC[nt2l:
HEC (u): X1 <> in H[%/]
HCG

= Yy HEONEDIY e commecte {etesyss in 1)
{1,2)CIC[n+2] HCG i

— Z Z (_1)n—|1|+\E(G)\E(H/)| Z (—DIF!, (6.6)

(L2ICISIn 2] ' eCGy: FCEGN(ax1u(4)):
H'CG Viel©:FNIx{j})#2

142

https://doi.org/10.1017/apr.2022.22 Published online by Cambridge University Press



36 S. JANSEN ET AL

Note that for the second identity in (6.6), we split the edges of H into those contained in H’
(the subgraph induced by /) and the remaining ones, called F.

When E(G) N (IZC) # &, the sum over F vanishes. Hence, the sum over I can be reduced to
those 7 such that G[/] contains no edges. For such sets /, we have

> EDF=]] > DF=TTD=En M 67

FCE(G)NUIXI®): JeI¢ @#F;CEGNIx ) jele
Viel:FN(Ix {j})#2

If we insert (6.7) back into (6.6), the two factors (—1)"~H! cancel out, and so

% . JC[n+2]:
Hecfgggz]). X1 <—>x7 in H[X/]

= > Y (O

{1,2)SIC[n+2]: HeCG):
EG)=2 HCG

= > 1122y (— DIFEVEEDL (6.8)
Heg(}[n+2]):Gl>H

where G > H means that E(H) C E(G), the subgraph of H induced by the vertices incident
to at least one edge (call this set V>(H)) is connected, and the subgraph of G induced by
[n+ 2]\ V>1(H) contains no edges.

With the identity (6.8), and letting X = X[,,+2), the integrand of (6.5) is equal to

> [] ¢ > DT T ete)

HeG(X): ecE(H) FE()\EH): eek
{x1,02}CV>1(H), VeeF:eNVs | (H)#2,
H[V=1(H)] connected (X,FUE(H))_EDXI ~X2 X)

=2 Il ¢@ > (=DIFI T et
HeG(X): eeE(H) Fg();)\E(H) ecF

R (X,FUE(H))€Dy, 1, (X)

= Y w0 (6.9)
ceDE . (X):

X1,%9 .

+
X]<—>Xxp

The argument for the first identity in (6.9) is the same as for the identity of (3.6) and (3.7).

6.3. Connections to the lace expansion

Both the graphical power series expansions and the lace expansion provide expressions for
the direct-connectedness function. In this section, we show how to get from one to the other.
Note that the statements to follow hold for sufficiently small intensities and cannot replace
the lace expansion, which works all the way up to A.. The emphasis of this section is on the
qualitative nature of the results.

We first summarize some results of [10], where the lace expansion is applied to the RCM.
We keep some of the definitions brief and informal, and we refer to [10] for the detailed
definitions in these cases.
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On the lace expansion. In [10], among other things, the OZE is proved for t; in high dimen-
sion (and for certain classes of connection functions ¢; see [10, Section 1.2]). In particular, it
is shown that

81(x) = ¢(x) + I (x),

with IT, (x) = ano (—l)”l'[&n)(x). The functions H(A") are called the lace-expansion coeffi-
cients; they are nonnegative and have a quite involved probabilistic interpretation. To briefly

define them, let {x A yin &%Y } be the event that x «<— y in £ but x is no longer connected
to y in an A-thinning of 1”. Informally, every point z € n survives an A-thinning with probability
]_[ye 4 (1 —@(z—1y)). See [10, Definition 3.2] for a formal definition. Letting

E(x, VA, éx’y) = {x PN yin éx’y} N {ﬂw € Piv(x, y; Sx’y) x < win Sx},
we introduce a sequence &, . . ., &, of independent RCMs and define

I'[(AO)(x) = o (x) — p(x),
n
H(An)(un) — A\ f P, ({0 < up in SS’"O} N ﬂ E(ui_1, ui; Cﬁ(ui—z, éiu_i]z), f‘?iu”’ui)) duijo,n—1]
i=1
(6.10)

for n>1 (with u_; =0). The method of proof is called the lace expansion, a perturbative
technique in which one first proves via induction that

L) =)+ Y (=" ) + A(((p +y (—1)’"n§’">) % U)(x) +R (0 (6.11)

m=0 m=0

for n € Ng and some remainder term R, , (see [10, Definition 3.7]), and then shows that the
partial sum converges to I1, = g, — ¢ and that R;_, — 0 as n — oo.

The lace expansion was first devised for self-avoiding walks by Brydges and Spencer [3] and
takes some inspiration from cluster expansions. It was later applied to percolation (specifically,
bond percolation on Z?) by Hara and Slade [8]. While the name stems from laces that appear in
the pictorial representation in [3], laces are absent in the representation for percolation models.

We show that we can rewrite l'[g") in terms of graphs that are associated to a lace of size

n. More generally, rewriting H(k") should serve as a bridge between the graphical expansions
for g, that are well known in the physics literature, and the expression for g, in terms of
lace-expansion coefficients.

The big advantage in the lace expansion lies in the probabilistic nature of all the terms that
appear, allowing one to bound most of the integrals that appear by the expected cluster size,
which is finite for A < A.. The downside is the absence of a direct expression for g, and thus a
direct proof of the OZE, which is only obtained after performing the n — oo limit in (6.11).

We now show how to re-sum the graphical expansion for 7, and how to obtain the lace-
expansion coefficients by appropriate grouping of terms.

Building the connection. For x, y € X, let é)fy(X) C C*(X) be the set of graphs in C +(X) such
that G* is connected and contains {x, y}, and E(G[V \ V*])= @. Hence, all (—)-edges are
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incident to at least one vertex in V(G+). This is exactly the set of graphs summed over in (3.6).
Indeed,

(X1, X2) = Z /Rd wE(G) dX[3,n42)- (6.12)
)n

n>0 é)cil X (x[n+2])

If we define ﬁfy(X) = D;fy(X) N é;fy(X), we can express g, (x1, x2) by replacing the graphs
summed over in (6.12) by f)ﬁfy (Xn421)-

We are going to recycle some notation from Section 4. We split G into its core G¢ore and its
shell H, so that

PD+(X, ¥, Geore) = PD:I:(X, Vs Geore) = (uo, Vo, ut, ..., uk, Vi, uk—H)

for some k (where ug =x and w1 =y). We also recall that G ‘contains’ a skeleton (see
Definition 4.3), a graph on [k + 1]p.

Qeﬁnition 6.1. (The minimal lace.) Let G be a graph with core Gcoe and shell H; let
W = (ug, Vo . .., ur41) for k € N be its (+)-pivot decomposition. We define the minimal lace
Lmin(x, y; G) as the lace with the following properties:

e L (having bonds «;8; with i € [m] for some m € N) is contained as a subgraph in the
skeleton H;

e for every i€ [m], among all the bonds «f in H satisfying o < Bi_1, the bond «;8;
maximizes the value of 8. For i = 1, we take 8o = 1.

If Piv* (x, y; G) = @, we say that G has a minimal lace of size 0.

In other words, the first stitch 081 maximizes the value of 8; among all stitches starting at O,
the second stitch has a maximal value of §, among the stitches with 1 < «y < 81, and so on.
As a side remark, it is worth noting that the minimal laces offer an alternative way of par-
titioning the set of all shell graphs by mapping every shell graph H onto its minimal lace.
This gives a standard procedure used in lace expansion for self-avoiding walks; performing it
‘backwards’ yields precisely the mapping described below Definition 4.4.
With the notion of minimal laces, we partition

g x) =Y m" (1. x), (6.13)
m>0
where
7" (61, x0) 1= Z fRd W (G) dX(3 0 42). (6.14)
)H
n>0 GE’DX1 X (X[n+2])
| Lmin [I=m

We also set 71A )(x) )(0, X).

We strongly expect that the (pointwise) absolute convergence of the power series on the
right-hand side of (6.14) holds (at least) in the domain of absolute convergence of the physi-
cists’ expansion (4.1) and thus, as already discussed, for sufficiently small intensities A > O.
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However, a proof would go beyond the scope of the discussion here; therefore we formulate

the absolute convergence of nim) (in the above sense) as an assumption for the following result
(Lemma 6.1).

Assumption 6.1. There exists 0 < Ay < A, such that the right-hand side of (6.14) is (point-
wise) absolutely convergent for allm e N and A < Ay.

Under Assumption 6.1, we show that the coefficients defined in (6.14) are basically identical
to the lace-expansion coefficients introduced in (6.10).

Lemma 6.1. (Identity for the lace-expansion coefficients.) Let m > 1 and let A < Ay. Then

13" (x0) = 7,0, x) — p(x),
(- ") = 7™, x).

As a side note, since Hgm) is nonnegative, Lemma 6.1 shows that the sign of ﬂ)(\m) alternates,
which is far from obvious from the definition in (6.14).

Next, we prove an approximate version of the OZE in analogy to [10, Proposition 3.8].
Clearly, Lemma 6.2 follows immediately from the latter via Lemma ; however, we want to
present a short independent proof on the level of formal power series, which we consider
instructive for the understanding of the underlying combinatorics. We emphasize that the proof
presented here treats the claim of Lemma 6.2 as an identity between formal power series;
in particular, we do not concern ourselves with absolute convergence of the power series
appearing in (6.20) and in (6.21).

Lemma 6.2. (The lace expansion in terms of (4)-graph coefficients.) Let m € Ny, let 1 < Ay,
and set 7 p(x) 1= > nil)(O, x). Then

T.(0) = T m (%) + (T m * T2) (%) + Ry m (),

where Ry, is defined in [10, Definition 3.7].

Before carrying out the proof of Lemma 6.1, we define

A B =[]0 —e@->b)

acA beB

and ¢(a, B) = ¢({a}, B). Now, observe that, given a set A C R and an RCM event F,

A" R i
> o / oA Tm) YL WEO A =PaE(ny%) € F). (6.15)
n>0 (R9) GEéViN,z(TJ[”_,_z]):

GTeF

where £(n) is the RCM on the basis of the point process n and nfm is an A-thinning of n" (the
usual PPP of intensity A and added point v). In particular, v may be thinned out as well. We
remark that 74y has the same distribution as a PPP of intensity A¢(A, -).
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FIGURE 7. Illustration for the proof of Lemma 6.1. On the left, we see an example graph G € B; the grey
bags on the bottom represent PD™ (u_1, u,,, G) (note that there can be pivotal points within a grey bag).
The minimal lace Ly, is not depicted; however, note that p,,, € B. On the right, we see a schematic zoom
into G[Z], where Z = Z[n], together with the partition Z=SUT.

Proof of Lemma 6.1. The statement for m = 0 is clear. For m > 0, we can rewrite TL’im) as

)\’k-i-n

AW, ) = A > > wEG) d(dom—11. Fia. Zm). (6.16)
(Rd)m k ‘I’l' (Rd)k—o—n
k,n>0 GeBB

where BC DE , (id[—1,m) UX{x) UZ) are the graphs such that

U_1,Um
e uy is the first pivotal point in Piv* (u_1, u,,; G) (i.e., ord(ug) = 2);
e Uom—1] S PV (u_1, tp; G) and u;—y < u;;
e there are points py, . .., py such that Lyin = {(u—1, u1), (p2, u2), . . ., (P> Um)};

e 7y are those vertices z ¢ {uy—1, uy} in G such that {z} U N(z) contains at least one vertex
y of order y > uy,—1.

Given a graph G € B, let B denote the set of points x in V(G+) with u;, > <x < uy,;_1. See
Figure 7 for an illustration of such a graph G. We integrate out the points Z first and claim that
their contribution to (6.16) is

A i
2 n! /(Rd),, Y WEH) dZpy = — AP (E (i1 t; B, § 1)), (6.17)

n>0 HeBB*

where every H € B* is the subgraph of some G € B and has vertex set BU {up_1, ty} UZ[n
and precisely those edges in G that have at least one endpoint in {u,,} U Zp,.

We let y be the last pivotal point in V(G+), that is, ord(y) = ord(u,,) — 2. We write Z = Z
and split Z once more into those vertices ‘in front of” and ‘behind’ y; thatis, Z=SU T, where
T are the points in G* of order ord(u,,) — 1 together with the points in V' \ V(G+) that are
adjacent to the former, and S =Z\ T. Possibly y = u;,—1, in which case § = &. See Figure 7
for an illustration of this split of the vertices in Z.

Note that there are no restrictions on the (—)-edges between B and S U {y}, whereas there
must be at least one (—)-edge between B and T U {u,,}. There are no restrictions on the
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(—)-edges between {u,;,—1} USN V(G+) and T U {u,,}, whereas there cannot be any (—)-edges
between S\ V(G+) and 7 U {u,,}. By distinguishing whether or not S = &, we find that the
left-hand side of (6.17) is equal to

A > Z
L I CCERTER) 2. wHO) G
o " (R9) GECNuim,l,um ({um,l,um}UZ[n]):

um_léum
Ak PN +
+r)y & /(.]Rd)kﬂ @(B. S U }) 2 W)
k>0 Heé;—“m_ Ly ({umfl,y}Uﬁk]) :
um,1<i>y

A o _ >
X (Z F /(Rd)n (GD(B? Itn) U {um}) - 1)¢(V+(H) \ {y}’ fin] Y {l/lm})

n>0

Z Wi(G) d?m}) dg[k] dy
GEéyi,um ({yvurn}U?[n]) :
yES
= ]PA (um—l = Uy in S({Mm_l} U 77@1))) — ]P))» (um_l = u, in é_-umfl,um)

+ )\’ /Rd E)\ I:]l {um—] <>y in g({um_l}UU{}g)) }

x (P (v = un in € (VUi )) = oy = un in (1 Uy ) ) ) o
(6.18)

where we abbreviate = %{u,,—1, £“»—1). Note that the inner probabilities are conditional on
the random variable 4. We now resolve the integral over y by use of the Mecke equation and
incorporate the first two summands as the case y = u;,,—1. With this, (6.18) becomes

Ea [ 2 1 {imt <y in & (1110l ) } L {estim in & (i330rm \%’><B>)}}

ye nllm,I

_EA|: Z ]]-{um,1<—>y in £¥m—1 }]l{y<:>um ins(num\cg/)}i|v (619)

yentm—1

where ¢’ = ‘f(um_l, S(n“mfl \ {y})). But both terms in (6.19) are simply a partition over the
last pivotal point for the connection between u,,—1 and u,,, and so (6.19) equals

P (um—l <> Uy, In ";‘_({um—l} U 77?5))) — (U — p—1) = _]P)}»(E(um—l s Um; B, gum—l,um))’

proving (6.17). Lemma 6.1 can now be proven by iteratively applying (6.17). O

Proof of Lemma 6.2. For m € Ny, we can write

A .
Z o _/( Z wE(G) d¥(3 121, (6.20)

m
I
T (x1, x2) = Zni)(xl,xz)+ )
1=0 n>0 R Gea
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where A is the set of graphs G € CE ( [n+2]) \ﬁi P (;C[n+2]) together with the graphs G €

X1,X2

Di . (Xn+21) where [|Liin|l > m. Note that if G € A, then Piv* (x1, x2; G) # @.

X1,X2

For G € A and u € PivT (x1, x2; G), define
VS := {yeV(G") :y<u}U{y e V(G)\ V(GT) : 3z e N») N V(GT) with z < u},

that is, all the core vertices of order at most that of u together with the shell vertices adjacent to
at least one vertex of strictly smaller order than u. Next, let u" = u*(x1, x2; G) be the vertex
in PivT (x1, x2; G) such that

E(VS @)\ {u™}, VAV (™) =2  and  G[VI(u™)]eD; .

If such a point exists, it is unique; if no such point exists, set u*

A as
= (UA1> U~/4>m»

i=1

=Xx>. We can now partition

where

A= {G e A:u™ #x and HLmin(xl, ut G[V< (ucm)])H = i},
Aoy = {G cA: HLmin(xl, uMt G[V< (uc”t)]) || > m}

Now, if x; = u™ and V' := V= (u™) as well as V" := {x;} U (X[p421 \ V'), then
wH(G) =wE (G[V'])w*(G[V"]):

that is, the weight factors. Therefore, for every i € [m],

Z n! /Rd)n Z WH(G) ¥ 42 —A/Rd ”ii)(xl, w)ty (u, x2) du. (6.21)

n>0

Setting
_ Al -
Ronto—xi= Yo [ Y wE G dia
n=0 YR Gea,

we can rewrite (6.20) as
T () = T, m (%) + AT m * T) (X) + Ry ().

One can now prove by hand or by employing Lemma 6.1 that R;,_,,, = R, .. O

6.4. Other percolation models

The results of this paper should apply in quite analogous fashion to all other percolation
models that enjoy sufficient independence—in particular, to (long-range) bond and site perco-
lation on Z¢. We take bond percolation on Z¢ with edge parameter p as an example. We can
adjust our notation by using C (x, Y, Zd) to denote the connected subgraphs of Z¢ containing x
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and y, and we define Dy, y(Zd) and the notions for (3)-graphs analogously. Then one can show
that, if we restrict to a finite box A C Z¢, the two-point function satisfies

T, x) =Y p > (=DIF L (6.22)
n>0  GeC*(x1,x,A):|E(G)|=n,
X1 <i>x2

One can easily observe that all graphs summed over in (6.22) that contain more than one
(+)-cluster cancel out, which is also what happens in the RCM. The direct-connectedness
function can be defined analogously to Definition 4.2, providing a suitable setup for an analysis
analogous to the one in Section 4.
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