WeierstraB-Institut
fir Angewandte Analysis und Stochastik

Leibniz-Institut im Forschungsverbund Berlin e. V.

Preprint ISSN 2198-5855

Macroscopic loops in the Bose gas, Spin O(N) and related models

Alexandra Quitmann'| Lorenzo Taggif]

submitted: January 26, 2022

' Weierstrass Institute 2 Sapienza Universita di Roma
Mohrenstr. 39 Dipartimento di Matematica
10117 Berlin Piazzale Aldo Moro 5
Germany 00186, Roma
E-Mail: alexandra.quitmann@uwias-berlin.de Italy

E-Mail: lorenzo.taggi@uniroma..it

No. 2915
Berlin 2022

U\

2020 Mathematics Subject Classification. 82B27, 60K35, 82B20.

Key words and phrases. Spin systems, Bose—Einstein condensation, random loop models, phase transitions, statistical
mechanics.

The authors thank the DFG (grant number TA 1671/1-1, priority program SPP2265) for financial support. AQ additionally
thanks the DFG through IRTG 2544 and the DAAD (grant number 57556281) for financial support.



Edited by

WeierstraB3-Institut fiir Angewandte Analysis und Stochastik (WIAS)
Leibniz-Institut im Forschungsverbund Berlin e. V.

Mohrenstraf3e 39

10117 Berlin

Germany

Fax: +49 3020372-303

E-Mail: preprint@wias—-berlin.de

World Wide Web: http://www.wias—berlin.de/


preprint@wias-berlin.de
http://www.wias-berlin.de/

Macroscopic loops in the Bose gas, Spin O(N) and related
models

Alexandra Quitmann, Lorenzo Taggi

Abstract

We consider a general system of interacting random loops which includes several models of
interest, such as the Spin O(N) model, random lattice permutations, a version of the interacting
Bose gas in discrete space and of the loop O(N) model. We consider the system in Z4, d > 3,
and prove the occurrence of macroscopic loops whose length is proportional to the volume of
the system. More precisely, we approximate z4 by finite boxes and, given any two vertices whose
distance is proportional to the diameter of the box, we prove that the probability of observing a loop
visiting both is uniformly positive. Our results hold under general assumptions on the interaction
potential, which may have bounded or unbounded support or introduce hard-core constraints.

1 Introduction and main results

We consider a general system of interacting random loops which includes several models of interest,
such as the Spin O(N) model, random lattice permutations, a version of the interacting Bose gas in
discrete space and of the loop O(N) model. In our models the loops can be oriented or unoriented
and interact with each other via a potential which depends on their mutual distance. The potential can
have bounded or unbounded support and can allow a bounded or an arbitrarily large number of visits
at the vertices. We consider the system in Z¢, with d > 2, and prove the occurrence of macroscopic
loops, whose length is proportional to the volume of the system. In particular, we approximate Z¢ by
finite boxes and, given any two vertices whose distance is proportional to the diameter of the box, we
prove that the probability of observing a loop visiting both is uniformly positive. We now discuss some
of the models to which our general loop soup reduces or is related to, after that we provide a formal
definition of the model and state our first main theorem in wide generality.

Spin O(N) model. The Spin O(N) model is one of the most important statistical mechanics models.
In this model the spins take values in a unit sphere of dimension /N — 1. Special cases of interest are
the Ising model (N=1), the XY model (N=2) and the Heisenberg model (N=3). The model is interesting
for all integer values of N > 1, in particular its rigorous analysis is particularly challenging for values
of N greater than two, in which case important mathematical tools are missing, for example correlation
inequalities. An important mathematical object in the analysis of such a spin system is the BFS-random
loop model, which was introduced and studied by Brydges, Fréhlich and Spencer in [12],[13] following
the work of Symanzik [33]. This is a random walk loop soup whose realisations are systems of closed
random walk trajectories interacting by local repulsive interactions. The general loop soup considered
in our paper reduces to the BFS-random loop representation for a special choice of the parameters
(as illustrated below). It is well know from the seminal work of Fréhlich, Simon and Spencer [23] that
a phase transition in the Spin O(N) model with respect to the variation of an external parameter, the
inverse temperature, occurs in dimension d > 2. This phase transition corresponds to the fact that as
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Figure 1: lllustration of a realisation of the random walk loop soup. The larger filled circles represent
the starting points of each loop. In the Bose gas interpretation of the random walk loop soup each step
of each loop hosts a particle and each particle.

long as the inverse temperature is a above a certain critical threshold, the spin-spin correlations do not
decay to zero with the distance (while they decay exponentially fast with the distance as the inverse
temperature is below such threshold, the sharpness of such a phase transition is however known
only for N = 1,2). When translated into the language of loops through the BFS representation,
the non-decay to zero of the spin-spin correlations implies that the ratio of two partition functions —
with one partition function corresponding to the weight of configurations with interacting loops and
a walk connecting two points, and the other partition corresponding to the weight of configurations
with only loops - is uniformly positive with respect to the variation of such two points and to the size
of the system. This fact has no direct consequence for the corresponding random loop model where
only closed trajectories are present. In this paper we show that a phase transition occurs also in
such a random loop model. More precisely, we prove that, for any integer N > 2, for large enough
inverse temperatures, the expected length of any loop is proportional to the volume of the system and,
moreover, given any two distant points, the probability of observing a loop connecting both is uniformly
positive. This also extends a result from [4], stating that, in the special case /N = 2, a positive fraction
of sites are crossed by long loops when d > 3 and the inverse temperature is large enough. Contrary
to [4], our result does not rely on the spin formulation of the random loop model and is entirely derived
from the analysis of a system of closed random walk trajectories. Hence, our result holds for a much
larger class of random loop models — which do not necessarily admit a representation as a spin system
— of which Spin O(N) is just a special case.

Interacting Bose gas. Providing a rigorous proof of the occurrence of Bose-Einstein condensation
(BEC) — a physical phenomenon predicted by Einstein occurring to a certain class of gasses at very
low temperatures — is one of the most important open problems in rigorous statistical mechanics [25].
In 1953 Feynman introduced what is now referred to as the Feynman-Kac representation [20]. This
representation allows the reformulation of the Bose gas — which is defined in the functional analytic
framework of rigorous quantum mechanics — as a probabilistic model of interacting closed Brownian
trajectories [24]. In this system a phase transition corresponding to the occurrence of macroscopic
loops as the particle density is above a certain critical threshold and the dimension is greater than
two is expected to occur. This phase transition is considered to be equivalent to Bose-Einstein con-
densation [34] 35| 40]. Providing a rigorous proof the occurrence of macroscopic loops in such a
random loop model is then of great physical interest and an intriguing mathematical problem per se.
In recent years increasing effort in the mathematical physics and probability communities has been
made for the solution of this problem, which nevertheless remains open. A first important progress was
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made in [2, [16] (see also [25, Chapter 11]), where the occurrence of macroscopic loops was proved
for the Bose gas under hard-core local interactions under the so-called half-filling condition. Further
important progress has been made in the rigorous analysis of spatial random permutation models
[5; 17, 18,19, 111, [19] and in the Bosonic loop soup considered in [15]. In these systems the loops interact
through a potential which depends on the total number of loops of a given length. The presence of
such potential makes the model interesting and challenging, however the interaction does not depend
on the mutual distance between the loops — and thus on how they are displaced in space — and is
then a simplification of the one which is present in the loop representation of the Bose gas. A further
recent progress has been made in [37], in this paper the occurrence of a macroscopic (open) loop was
proved for the model of lattice permutations, in which the loops interact at sites via mutual-exclusion. A
further approach based on large deviations allowed the characterisation of the free energy of the Bose
gas in R? in a certain region of the phase diagram [1] and lead to a proof of BEC on the complete
graph [38].

A special case of our general random loop soup corresponds to the Bose gas in Z% under a minor
modification. The modification consists in the replacement of the continuous time simple random walk
connecting two consecutive particles by a single-step simple random walk trajectory (see also Section
below for further details and comments). Each such step of each loop then interacts with all the
other steps through a potential which depends on their mutual distance. We consider the system in
the grand canonical ensemble, in which the particle density is controlled by an external parameter, the
chemical potential. Our main result is a proof of the occurrence of macroscopic loops as the average
particle density is above a certain (finite) critical threshold. More precisely, we prove that the expected
length of any loop is proportional to the volume of the system and that, given any two distant sites, the
probability of existence of a loop connecting both is uniformly positive.

Other models. Our general loop soup reduces or is related to further important statistical mechanics
models, for example the model of lattice permutations and the loop O(N) model. Lattice permutations
are a special case of our model in which the local time (i.e., the number of times a vertex is visited
by any loop) is allowed to be at most one at each vertex. In other words, the loops are vertex-disjoint
and self-avoiding. This model is relevant for various aspects, for example it is a generalisation of the
double dimer model, which attracts interest for many different reasons, see [17, 126, 37], and is also a
special case of our general loop soup. The loop O(N) model is not a special case of our model and can
be viewed as a variation of random lattice permutations where the mutual-avoidance condition does
not involve vertices but edges, namely each edge is allowed to be crossed by at most one loop. We
refer to [31] and to the numerous references therein for an overview and for motivations in the rigorous
analysis of this challenging model. The occurrence of ‘macroscopic’ loops in the loop O(N) model was
proved on the hexagonal lattice [18] along the critical curve of the phase diagram. In this (planar)
case the term ‘macroscopic’ refers to the existence of a loop which surrounds a circle of arbitrarily
large diameter with uniformly positive probability. On the contrary, our result holds in the case of Z¢
with d > 3 and states that, for any random loop model in which the local time is allowed to be
sufficiently large (but possibly forced to be smaller than a given constant, like in lattice permutations),
the expected length of any loop is proportional to the volume of the box and, moreover, with uniformly
positive probability there exists a loop connecting any two distant vertices. Such a behaviour is not
expected to occur in two dimensions.
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1.1 Definitions

Let Ty be a torus of side Iength L in Z¢, whose elements can be identified with the set {z =
(z1,...,2q) € Z% : z; € (—%,L]foreachi=1,...d }. Let L be the set of rooted oriented
loops, i.e., finite ordered sequences of vertices in T, E = (£(0),€(1),...£0(k)), such that £(i) is
a nearest-neighbour of /(i — 1) for each i € {1,...,k}, (k) = ¢(0) and k > 1. For any such
sequence ¢ = (£(0),£(1),...,¢(k)) € L, we denote by || := k the length of the loop £. We let
2 := U2 ,L" be the configuration space, whose elements are ordered collections of rooted orlented
loops. leen any configuration w € 2 we denote by |w| the number of loops, i.e.,
the integer n € Ny such that w € L™. For any w € {2, we define by

|w| [€n]—1

=3 > 1=

n=1 j=0

the local time at x € T . We now introduce a very general probability measure on 2, which depends
on several parameters and functions, after that we will show that very important models correspond
to a special choice of such parameters and functions. We first define a potential, v : Z¢ — R, and
make the interaction periodic under torus translations by introducing the function vy, : Ty, X T, — R,
which depends on v and L, and is defined as

vp(z,y) = Zv(y+Lz—x). (1.1)

2€74

Moreover, we define the weight function, U : Ny — R, which weights the local time at sites and
may, for example, suppress configurations with local time above a certain threshold. We also introduce
two parameters A\, N € R*. Our measure assigns to any realisation w € Q with n € N loops,
W = (61, 627 ce gn) € L", the weight,

1 Al N n
v . €T - P 12
Prosnalw) = ZLU N n! Zl_[ |€| xle_T[LU relt) e (= Vule) "
where for any w € €,
wl o] [€:]=11¢5]-1
UL ),Ej(n)), (13)

i=1 j=1 m=0 n=0

and Z, i7.», v, is @ normalisation constant, to which we refer as partition function. We generically refer
to the random loop model defined by as Random Walk Loop Soup (RWLS). According to the
previous definition, any step of any loop interacts repulsively or attractively (depending on the sign
of vy (+,-)) with all the other steps of all the other loops through the function vy, (-, -). Moreover, the
parameter A € (0, 00) provides a penalisation or a reward for the total length of the loops, intuitively
higher values of A correspond to a greater total loop length. The parameter N provides a penalisation
or a reward for the total number of loops, intuitively higher values of IV correspond to a higher number
of loops. The weight 1/|¢;| in can be viewed as a normalisation factor for the number of starting
points of a given loop, the weight 1 /n! can be viewed as a normalisation factor for the number of ways
the labels 1, 2, . . . n can be distributed among the n loops. The well-definedness of the measure
requires some assumptions on v and U. We say that the potential v is tempered if

(0)+ >~ v(@)Ljp@<oy =0 and Y Jo(@)] < oo. (1.4)

x€Z4 x€Z4
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A potential is tempered if it is locally non-attractive (v(0) > 0), the total attractive interactions (repre-
sented by the sum with the indicator in (1.4)) are not stronger than such local repulsive interaction, and
if it is summable. Such conditions allow us to prevent that all the loops concentrate in a finite region of
the torus with infinite local time. Given the potential v, we say that the weight function U : Ny — ]R(J{
is good if there exists M < oo such that,

nU(m+1) < MU(n), (1.5)

where U(n) = U(n)e "™ For example, U(n) = li,<i0) and U(n) = 2 are good for any
tempered potential v, while U(n) = n? is good only if v is not only tempered but also 7 > 0. It is
easy to ensure the well-definedness of forany A\, N € R if v is tempered and U is good (see
Lemma 2.2 below).

Special cases. We now discuss the choices of v, U, A and [N of our general loop soup which lead
to other models of interest.

Interacting Bose gas. When N = 2, and U(n) = 1 for any n € Ny, our loop soup is a version of
the discrete Bose gas in the grand-canonical ensemble with chemical potential log A and unit inverse
temperature, the only difference with the Bose gas in continuous space is that the particles are located
in Z% rather than in R and that a single-step random walk trajectory rather than a Brownian bridge
of time (3 (the inverse temperature) connects two consecutive particles. We refer to Section below
for further details on such an important connection.

Spin O(N) model and BFS representation. When N € N, v(x) = 0 for any z € Z%, and

L(3)

O B

(1.6)

our model corresponds to the Brydges, Fréhlich and Spencer representation of the Spin O(N) model
with inverse temperature A > 0 [12] (note a correction of the original definition in [13] eq. (6.18)]), see
also [4],[13, 27, [29] for further connections between the Spin O(N) model and random loops and for a
definition of the spin O(N) model.

Lattice permutations, loop O(N) model and other models. When v(z) = 0 for any x € Z* and

1 iftn <R,

U(n) = { (1.7)

0 otherwise,

our model is such that the local time at each vertex is upper bounded by R € N. When R = 1,
our model reduces to random lattice permutations [37], which, in turn, reduce to the double dimer
model [26] when A = oo [37]. The double dimer model in turn corresponds to the superposition of
two independent configurations of the dimer model. As we explained above, the loop O(N) model [31]
is not a special case of our general model, but it is closely related to. To see the connections between
our model (where the loops are oriented, labelled, and have a starting point) and these models (where
the loops are unoriented, receive no label and have no starting point), one should observe that the
terms # and M_lzl in are normalisation factors for the number of possibilities of assignment of n
labels to the n loops and of shifting the starting point of each loop respectively.
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1.2 Main result about the occurrence of macroscopic loops

Our main theorem states that, if A is large enough, the expected length of any loop is of the order of
the volume of the torus. In particular, the probability of existence of a loop connecting any pair of sites
having distance proportional to the diameter of the box is uniformly positive. Such a general result
requires a further assumption on the potential, to which we refer as separability. This assumption is
introduced in Definition below, here we provide two main examples of potentials fulfilling such an
assumption, i.e.,

vi(2) = alyeoy — e Mz,
and

va () = ol gzmoy — B 2]y *Lizz0),

for parameters v, 3, ¢, s € [0, 00) such that s > d, where | - |1 is the ¢; distance on the torus. These
two examples correspond to a local repulsive interaction and to a long-range attractive interaction
which decays exponentially or polynomially with the distance. Such potentials are tempered if « is
large enough with respect to 3.

We now state our first main theorem. Let I',, be the first loop visiting the vertex x, namely for any
w = (l,....0) € Q weletw,(w) := inf{i € {1,...,|w|]} : = € {,,} be the smallest
index of the loops visiting =, where |w| is the total number of loops in w. We then define for any
W = (61,--~7£|w|) €,

Cop(w)  Fwg(w) < o0
I, = * 1.8
() {@ otherwise. (1.8)

Moreover, for any i € N we let ') be the ith loop of w = ({1, . .. ) € 9,

() = {fi i < |l (1.9)

(®  otherwise.

Furthermore, we let £/, 7, v\ be the expectation with respect to (1.2). Finally, we say that the weight
function U : Ny — Ry has range R if

R:=sup{n €Ny : U(n) > 0}. (1.10)

For example, the range of the weight function is infinite in the case of the interacting Bose gas, U (n) =
1 for every n € Ny, and of the Spin O(N) model, (1.6), while the range is finite if the weight function
satisfies (1.7). We also let T be the set of sites z = (21, ...,24) € Ty, suchthat z; € 2Ny + 1 for
every coordinate i € [d] and denote the origin by 0 € T}.

Theorem 1.1. Letd, N € N, be such thatd > 3 and N > 2, let R be a large enough integer
depending on d and N, suppose thatv : Z* — R is tempered and separable, let U be a good weight
function with range at least R. There exists Ay < o0 such that, for any A > g, the following two
properties hold:

(i) There exists ¢c; € (0, 00), which does not depend on L, such that,

Eruwe I,
lim inf =&Y ’N’/\(’ )

L—o0: Ld
Le2N

> ¢, (1.11)

for any vertex x € Tp.
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(i) There exist ca, c3 € (0, 1), which do not depend on L, such that, for any L € 2N, any x € T
such thatdy (o, z) < ¢y L,

IPL’UMN’)\(HTL e{l,...,|w|} : o,z € F(")) > c3, (1.12)

where d(x,y) is the torus graph distance.

On the contrary, if X\ is sufficiently small the model exhibits a quite different behaviour, indeed
Ervena(|Tz]) = O(1) in the limit as L — oo and the quantity in the left-hand side of de-
cays exponentially with the distance between x and y (with exponential moments uniformly bounded
in L). This can be proved using the cluster expansion method (see for example [21], Chapter 5]) or the
methods of [6} [36]. Hence, the combination of these facts and of our theorem imply the occurrence of
a phase transition with respect to the variation of the parameter A. Under further assumptions on the
weight function U the point-wise positivity result, , can be extended to any vertex x € T;,.

Paper organisation and proof structure. We end this introduction by presenting the organisation
of the paper. In Section [2l we introduce the Random Path Model (RPM), a random loop model which
differs from the RWLS, (1.2), and plays an important role in our proofs. In Section [3|we prove that such
two random loop models are equivalent if one considers averages of functions which do not depend
on certain features of the configuration, like for example the loop orientation or the starting point of the
loop. The loop length is an example of such functions. From this point of the paper until the last page
we work with the RPM and exploit the nice properties of such a model in all the proofs, for example
reflection positivity, colours, the conditional pairing independence. In Section 4] we introduce the first
important technique for the analysis of the random path model, reflection positivity and the chessboard
estimate. In Section 5] we relate the two point function to some important observable of random loop
model — for example we relate the two-point function defined at two neighbour vertices to the expected
number of links of a certain colours crossing the corresponding edge — and use some probabilistic and
combinatorial tools to provide bounds on the two-point function of the random path model. In Section 6]
we derive the so-called Key Inequality. In Section [7]we use elementary Fourier analysis notions for the
derivation of the so-called Infrared-bound from the Key Inequality. In Section [8| we present the proof
of our main theorem. Here we use the Infrared-bound and our estimates on the two-point function to
prove the occurrence of macroscopic loops in the RPM. By our equivalence theorem this result is then
extended to the RWLS, thus concluding the proof of our main theorem, Theorem|1.1

Notation
R, ]Rar strictly positive and non-negative real numbers respectively
N, Ny strictly positive and non-negative integers respectively
[n] set of integers {1,2,...,n}
G=WV¢) an undirected, simple, finite graph
ee€or{z,y} € £ undirected edges
(x,y) € € edge directed from x to y
m = (Me)ece link cardinalities, with m,. corresponding number of links on the edge e
¢ = (Ce)ees link colourings, with ¢ : {1,...,m.} — {1,..., N}
T = (m)xey pairings, with 7., pairing the links touching the vertex x or leaving them unpaired
9 = (9z)zev configuration of ghost pairings
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We the set of configurations of the RPM in G, with w = (m, ¢, 7, g) € Wg

Wg set of configurations of the RPM with no unpaired links and no ghost pairings
Ty number of pairings at

Uy number of unpaired endpoints of links at x

Qg set of configurations of the RWLS in G

Lg set of rooted oriented loops in G

E(Wg), %), X(Lg)

set of equivalence classes

a(1) stretch-factor of [ € Lg
J(1) multiplicity of [ € Lg
ZKL,UM NA partition function of the random path model

ZL,U,U,N,/\(xv y)

directed partition function

Gruwena(z,y) two-point function

Gruwsna(z) equivalent to Gy, v a(0, 7)

GL7U7U,N,,\(I<;) Fourier transform of G, ¢/, v 1 (2)

ZLUvNA partition function of the random walk loop soup
(Ty,EpL) graph corresponding to the torus Z?/ L7
(Te,€r) extended torus, with original and virtual vertices
T c T, set of virtual vertices

T} Fourier dual torus

o0€Tr,0eTL,0eT;

origin

T~y pair of vertices in T';, which are connected by an edge in £,

v = (Vz)zeT, real-valued vector, with coordinates associated to T,

h = (hy)zeT, vector of real numbers, with coordinates associated to 77,

Zruwna(h) partition function with colour changes at x receiving a multiplicative weight 5,
Zng,v,zv,x(m second term of the polynomial expansion

Throughout the paper, we denote any positive constant that depends on the model parameters L, U, v, N, A
by c. The constants ¢ may differ from line to line. Any further dependence will be denoted explicitly.

2 Random path model

In this section we define the Random Path Model (RPM). Let G = (V, £) be an undirected, simple,
finite graph, and let N € N. We refer to [NV as the number of colours. A realisation of the random path
model can be viewed as a collection of unoriented paths which might be closed or open. To define a
realisation we need to introduce links, colourings and pairings. A glance at Figure [2 might be helpful.
We represent a link configuration by m € Mg := {m € N§ : Vo € V, Y Mizyy € 2No}.
More specifically

y~z

m = (me)eeg’

where m. € Ny represents the number of links on the edge e. Intuitively, a link represents a ‘visit’ at
the edge from a path. The links are ordered and receive a label between 1 and m.. We denote by
(e,p) the p-th link at e € £ with p € [m,]. If a link is on the edge e = {z,y}, then we say that it
touches x and y.

Given a link configuration m € Mg, a colouring ¢ = (c,)ece, With ¢, : [m.| — [N] is a function
which assigns an integer in [ IN'] to each link, which will be called its colour. More precisely, c.(p) € [IV]
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Macroscopic loops in the Bose gas, Spin O(N) and related models 9

is the colour of the p-th link on the edge e € £, with p € [m.]. A link with colour 7 € [N] is called an
i-link. We let Cg(m ) be the set of possible colourings ¢ = (¢, )ece for m.

Given a link configuration m € Mg, and a colouring ¢ € Cg(m), a pairing m = (7, )zey for (m, c)
pairs links touching x in such a way that, if two links are paired, then they have the same colour. A link
touching x can be paired to at most one other link touching x, and it is not necessarily the case that all
links touching x are paired to another link at x. More formally, 7, is a partition of the links touching x
into sets of at most two links. If a link touching x is paired at x to no other link touching x, then we say
that the link is unpaired at x. Given two links, if there exists a vertex x such that such links are paired
at x, then we say that such links are paired. We remark that, by definition, a link cannot be paired to
itself. We denote by Pg(m, ¢) the set of all such pairings for m € Mg, ¢ € Cg(m).

We can view a triplet (m, ¢, m) with m € Mg,c € Cg(m) and m € Pg(m, c) as a collection of
(open or closed) paths which are unrooted and unoriented, see also Figure [2|

Additionally, we also introduce ghost pairings. A configuration of ghost pairings is an element g =
(9z)zey € Hg = {0, 1,2}". We introduce ghost pairings since at some point we will need to
‘replace’ some removed pairings by ‘ghost’ pairings in order to preserve the weight of the configuration
(later we will introduce a measure which weights the configurations depending on the sum of the
number of pairings and ghost pairings at the vertices), and they allow the derivation of some useful
monotonicity properties, as we explain in Remark [5.3|below.

A configuration of the random path model is an element w = (m,c,m,g) such that m € Mg,
c € Cg(m), ™ € Pg(m,c)and g € Hg. We let Wg be the set of such configurations.

With slight abuse of notation, we will also view, m, ¢, 7, g : WWg — Ny as functions such that for any

w = (m,d, 7 g)eWg mw)=mcw) =< n(w)=n"and g(w') = ¢ Foranyz € V

and i € [N], letu’ : Wg — Ny be the function corresponding to the number of i-links touching x
which are not paired to any other link touching = and let u, : Wg — N, defined by

waw) = 3w w)

be the total number of unpaired links touching x. Let further n; : Wg — Ny be the function corre-
sponding to the number of pairings of ¢-links at . We then define n, : Wg — N by

ne(w) = Z ng(w) + gz(w).

as the total number of pairings at z, which are ghost or not ghost. Let mg) : Wg — Ny denote
the number of i-links on e for any ¢ € [N] and e € &, namely for any w € W, md” (w) =
> Legy=ip ().

We let _

Ws ={weW;:u, =0=g,Vr eV} (2.1)
be the set of configurations in which there exist no unpaired links and no ghost pairings. Elements of
Wy are simply denoted by triples w = (m, ¢, ).

We now introduce a (non-normalised) measure on Vg and a probability measure on Wg.

Definition 2.1. Let N € N, A € RT, U : Ny — R and vg : V x V — R be given. We refer to U
as weight function and to vg as potential. We define V' : WWg — R by

VweWg  V(w) := Z vg(x, y)ng (w)n,(w) (2.2)

z,yeV
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Figure 2: Representation of a triplet (m, ¢, m) with m € Mg, ¢ € Cg(m) and m € Pg(m,c),
where G corresponds to the graph {1,2,3} x {1,2, 3} with edges connecting nearest neighbours.
The vertices are represented by black circles and the edges are not drawn in the figure. The low-
est leftmost vertex corresponds to (1, 1). On every edge e the links are ordered and receive a label
between 1 and m,.. We assume that N = 3 and rather than by using numbers we represent the
colours using the letters b, 0, g. Paired links are connected by a dotted gray line. For example, at
(1,1), all links are paired and the pairing is given by 71 1y = {{(e1,1), (e1,3)}, {(e1,2), (e2, 1)} },
where e; and e, are defined as the edges connecting (1,1) and (2,1) and (1,1) and (1,2), re-
spectively. At (2, 1), there exist precisely two unpaired links and the pairing is given by 7(21) =
{{(e1,1),(e1,3)},{(e1,2)},{(es, 1)} }, where e3 is the edge connecting (2, 1) and (3, 1).

and introduce the (non-normalised) non-negative measure /i 175,51 On Wy,
Vo= (mem9) W5 pgpmgna) = | [] o) ( [T U0 ). 23)
s &y i, g G,U,vg,N, . Tne<U0! ; T . .

ec& 2%

Givena function f : Wg — C, we representits average by (g, v.0o. 80 () == > Hovwg.na (W) f(w).
wEWg

We definNe the measure Ng,U,vg,N,A as the restricti?n of the measure (g ,44,~,x 10 the set of configu-
rations WV and define a probability measure on Wg by

V4
- HG U w
Vw = (m,c,m) € Wg  Pguugnalw) = Hovrgaa(t) (2.4)

¢
Zg,U,vg,N,)\

where Zé,U,vg,N,)\ = ,ug7U7Ug7N7)\(Wg) is the partition function. We denote by Eg 7, v, the expec-
tation under the measure IPg 17, v,1- Sometimes, for a lighter notation, we will omit the sub-scripts.

The next lemma provides a sufficient condition for the well-definedness of the measure (2.4).

Lemma 2.2. Let N € N, A\ € R and suppose thatvg : V x V — R satisfies vg(z,y) = vg(y, )
forany x,y € V and that

VeeV og(z) =uvg(x,x)+ ng(x, Y) L ug(zy)<0y = 0. (2.5)
yey

Suppose that for U : Ny — RBL, there exists M < oo such that

VeeV  Un)(2n—1)le @ < pm, (2.6)
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Then, for any a € R, it holds that

M@( H eanz) S e)\GH‘MN‘S| (27)

eV

In particular, for the choice a = 0, [2.7) provides an explicit upper bound on the partition function 7.

Condition (2.5) implies that the local repulsive interactions prevail on the possibly attractive long-range
interactions.

Proof. Leta € R(J{. To begin, we apply the Cauchy-Schwarz inequality and obtain that for any w &
W,
_V<w) < - Z nxnyvg(‘ra y)ﬂ{vg(w,y)<0} - ZUQ(I}J?)TLI,

z,yeV eV
1
2
< (- > nivg(ﬂi,y)ﬂ{vg(x,y)w}) ( > 1506(2,9) Lug ey <0}) — > vglw,x)n
z,yeV z,yeV z€V
< =Y n2vg(x)
eV
(2.8)

By assumption (2.5), vg(x) > 0 for any x € V. In the next calculation, we neglect the constraint that
the number of links touching any vertex is even and obtain that

(Me) < X T e v (G men) (S 1)1

eV m=(me)ccg EN§ €€E Yy~ Yy~
2
o o~ 79(@) (ézwm{m,y}) (2.9)
< Z H MN)\e H Z MNA@ eAeaMNwl,
m=(me)ece ENS €€EE e€€ m.eN§

where M appears in (2.6). Here, in the first step, we used the fact

Pg(m, o) < JT (D mizay — 1)1

z€V y~zx
forany m € Mg and any ¢ € Cg(m). In the second step, we used condition (2.6) and the fact that
Y ey Mo = Y .ce Me. This concludes the proof. 0O

From now on, we will always assume that the potential vg : V X V — R satisfies (2.5) and that the
weight function U : Ny — R satisfies (2.6).

3 Equivalence

The goal of this section is to state an equivalence property between the random path model, which was
defined in the previous section, and the random walk loop soup, which was defined in the introduction.
Most of the paper — except for the proof of Theorem[1.1]— can be read independently from this section.
To state the main result of this section, Theorem below, we first introduce an equivalence relation
on the set of configurations in both models. Throughout the section, we fix an arbitrary undirected,
simple, finite graph G = (V, £), parameters N € N, A € R™, and functions U : Ny — R{ and
Vg VxV—=R
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Figure 3: Three rooted oriented loops. The roots are denoted by filled dots. (a) The loop has multiplicity
one and is stretched. (b) The loop has multiplicity one and is unstretched. (c) The loop is stretched
and has multiplicity two. It is the 2-fold concatenation of the loop in (a).

Rooted oriented loops. Let Lg be the set of rooted oriented loops (in short: r-o-loops) in G, i.e.,
finite ordered sequences of vertices in V, £ = (£(0), ..., £(k)) such that £(7) is a nearest-neighbour
of £(i — 1) for each i € [k], £(k) = ¢(0) and k € 2N. For any such £ = (£(0),...,4(k)) € Lg, we
denote by |¢| := k the length of ¢. We call two r-o-loops equivalent if one sequence can be obtained
as a time-reversion and/or a cyclic permutation of the other sequence. More precisely, for any ¢ =

(€(0), ..., L(k)) € Lgwith k € 2N, we denote by ¢,,(¢) := (£(m), ..., L(k),(1),...,¢(m)) the

r-o-loop that is obtained from ¢ through a cyclic permutation of length m € {0,...,|¢| — 1} and by
r(0) == (¢(k),(k—1),...,£(0)) we denote the time-reversal of {. We then say that /, ¢’ € Lg are
equivalentif |¢| = |¢'| and if there exists m € {0, ..., |¢|—1} suchthat ¢’ = ¢,,(¢) or ' = ¢, (r(£)).

We denote the equivalence class of £ € Lg by y(¢) and by 3(Lg) we denote the set of equivalence
classes of r-o-loops.

Given two r-o-loops ¢, ¢’ € Lg such that £(0) = ¢'(0), we define their concatenation as ¢ @ ¢’ :=
(€0), ..., 0(le)), £'(1),...,£'(]'])). We define the multiplicity of £, J({), as the maximal integer
n € N such that ¢ can be written as the n-fold concatenation of some r-o-loop, !7 with itself. Such
a loop (= g(f) has multiplicity one and will be referred to as the elementary loop of {. We call an
r-o-loop ¢ stretched if there exists a cyclic permutation of ¢ that is identical to (), i.e., if there exists
m € {0,...,[¢| — 1} such that ¢,,(¢) = r(¢). Otherwise the r-o-loop is called unstretched, see
Figure[3] For any ¢ € Lg, we define the stretch-factor §() by

1 if £ is stretched,
5(6) L | |
2 if £ is unstretched.

Note that, for any pair of equivalent r-o-loops ¢, ¢’ € Lg, it holds that J(¢) = J(¢') and 6(¢) = 6(¢').
Thus, by slight abuse of notation, we also use the notations () and .J(+y) for the equivalence classes
v € X(Lg). Further, we denote by () the length of any r-o-loop in 7 and by || we denote the
cardinality of .

The next lemma provides an exact formula for the cardinality of any equivalence class v € 3 (Lg).
This is an auxiliary lemma for the equivalence relation that is treated later in this section.

Lemma 3.1. Foranyy € X(Lg), we have that

i(v) aly)

I ==75

Proof. To begin, we fix an arbitrary r-o-loop ¢ € -y and write v = y(¢) = AU B, where

A:={cn(l): me{0,..., /0| —1}} and B := {cp(r(0)) : m € {0,...,[(] — 1}}.
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We consider the set A and we define k := |¢|/.J(¢). By definition of the multiplicity, ¢ is the .J(¢)-fold
concatenation of its elementary loop (= @(6) of length k& and of multiplicity one with itself. This implies
that for any m > k, ¢,,,(¢) = ¢,—(¢) and that for any m,m’ € {0, ...,k — 1} such that m # m/,
Cm(0) # ey (£). 1t follows that |A| = k. Since length and multiplicity of £ and r(¢) each are identical,
the same considerations as above apply to the set B implying that |B| = |A| = k.

We will now see that the sets A and B are either identical or disjoint depending on whether [ is
stretched or unstretched. We first consider the case that / is stretched. This means that there exists
m € {0,...,|¢|—1} suchthat c;(¢) = r(¢) and thus r(¢) € A. In particular, any cyclic permutation
of r(¢) is a cyclic permutation of ¢ since for any m € {0,...,|¢| — 1}, we have that ¢,,(r({)) =
Cm(Ci(l)) = Clm+m) mod |¢(£), implying that A = B. We thus obtain with & = 1 for ¢ stretched.

Suppose now that £ is unstretched and assume that A N B # (). Then, there exist m, m’ €
{0, ..., [€] = 1} such that ¢,,,(£) = cpr(r(£)) implying that C(m—m) mod ¢ (£) = 7(£). This con-
tradicts the fact that £ is unstretched and thus it must hold that AN B = (). We obtain with 0 = 2
for / unstretched. This concludes the proof. O

3.1 Equivalence classes in the random walk loop soup

In this section we introduce an equivalence relation on the set of configurations of the random walk loop
soup that was defined in the introduction. We first generalize the definition of the model on a general
undirected, simple, finite graph G = (V, £) and then define the equivalence relation. We denote by
Lg the set of rooted oriented loops in G. We let {2 := Up> (L¢ be the configuration space. For a
potential vg : V x V — R, a weight function U : Ny — R and parameters A\, N € R, we define
the non-normalized measure

L Ael Nee
V6,005, NA (W) 1= = HT.|<§) [[U(a(w)) exp (- V(). (3.2)
i=1 "
where

V(w) = Z vg (;(m), £;(n)), (3.3)

for any w € €)g such that w = (61,62, .. .Kn) € L¢ for some n € Ny. We refer to the constant
Zg.Uwg,N X = Vg,ug,N,2(§dg) as partition function. We define a probability measure on €2 by
Vg ,Uwg N (W)
Ywe Qg Pguwgnalw) = ng— (3.4)
G,Uvg,N,\

We always assume that the potential vg satisfies (2.5) and that the weight function U satisfies (2.6)
such that the measure in (3.2) has finite mass. We denote by Eg 7., v, the expectation with respect
to the measure (3.4). Sometimes, for a lighter notation, we will omit the sub-scripts.

We now introduce an equivalence relation on {2g. We call two configurations in €)g equivalent if one
configuration can be obtained from the other one by changing the orientation and/or the root of the
r-o-loops or by changing the labels of the r-o-loops. This is formalized in the next definition. We denote
by .S,, the group of permutations of n elements for n € N.

Definition 3.2. We call two configurations w, w’ € g equivalent if there exists n € N such that w =
(01,...,0,) and W' = (¢},..., ;) and if there exists a permutation 7 € S, such that £;) € ({;)
for all i € [n]. We denote by p(w) the equivalence class of w € {2g and by 3(€)g) we denote the set
of equivalence classes of {)g.
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Note that for any two equivalent configurations w, w’ € {)g, it holds that v(w) = v/(w').

Definition 3.3. We call a function f : g — R that is constant on each equivalence class root-
orientation-label-independent (in short: r-o-lI-independent). With slight abuse of notation, we then let
f(p) be the evaluation of f at any configuration in p € 3(Qg).

For any v € X(Lg), we introduce the function k7 : Qg — Ny, which is defined as follows: For any
w € Qg suchthatw = ({1, ...,4,) € L for some n € Ny, we set k) (w) = |{i € [n] : ; € 7}].
Hence, k:% counts the number of r-o-loops in a configuration w € ()¢ that are an element of the
equivalence class 7. For any w € Qg, we define the sets = (w) := {(7, k}(w)) : v € X(Lg)} and

E(w) = {(7, k;(w)) € E1(w) : ky(w) > 0}. (3.5)
Note that =% (w) is always finite. The next lemma follows immediately from our definitions.

Lemma 3.4. Two configurations w,w' € Qg are equivalent if and only if 2% (w) = Z5(w’).

In particular, it follows that the function =7 is r-o-l-independent. The next proposition provides a formula
for the cardinality of any equivalence class p € %({)g). Recall from the beginning of this section that
d(y), J(7y) and a(y) denote the stretch-factor, the multiplicity and the length of v € 3(Lg).

Proposition 3.5. Suppose that w € ()g is such that w € E’é for some k € N and suppose that
Eiw) = {(n1, k1), (Vp. kp)} for somep € [k], 1,...,7 € E(Lg) and ky, ..., k, € N.

Then, . .
= (1 2 ITCHE) o

Proof. Letp € N, v1,...,7, € X(Lg), k1,...,k, € Nand w € g be fixed such that =} (w) =
{(m, k1), -, (9, kyp)}. Using Lemma 3.4 we have that

p(w)] = Ho' € Qg : Ej(W) = Ef(w)}
= {(0h,....0) € L& #{i € [k] : £} € v} = k;Vj € [p]}]

= {1, ) €S(Le)* : #{i € [k] 17 = v} = k; Vi € [p]}| HI%‘I’”

where we used (3.1) in the last step. This concludes the proof. O

3.2 Equivalence classes in the random path model

We now introduce an equivalence relation on the set Wg, which is defined in (2.7). Roughly speaking,
we call two configurations in Wg equivalent if one configuration can be obtained from the other one
by changing the positions of the links on the edges while keeping their colours and pairings fixed, see
Figure [4] for an example.

Given m € Mg, we call a sequence of permutations k = (He)eeg a permutation for m if k. € S,
for each e € £, where S,, is the group of permutations of n integers.
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Figure 4: Two equivalent configurations w, w’ € Wy, where G corresponds to the graph {z, v, z, w}
with edges connecting nearest neighbour vertices. The number of coloursis N = 2 (1 :=g, 2 :=
0). The configuration w’ on the right can be obtained from the configuration w on the left through
the permutation ~ for m defined by K, 1 (n) = nforn € [4], k(1) = 1, Ky (2) = 3,
K{y,z} (3) =2, K{y,z} (4) =5, K{y,z} (5) =4, K{y7z}(6) = 6 and K. u) (n) =nforn € [2].

Consider now m € Mg, ¢ € Cg(m), T = (73)sey € Pg(m, c) such that (m, ¢, ) € Wy and let

K = (Ke)ece be a permutation for m. For 7, = {{(el,pel), (€2,De5) }s - -y {(€1=1, Py, ), (ez,pel)}},
we define

7T'; = {{(617 Key (p81>>7 (627 562(p€2>)}7 SRR {(6571, KRej_y <p6171))7 (617 Ke (pez))}}'

Furthermore, for any w = (m, ¢, ) € Wg and any permutation « for m we let w* = (m’, ¢/, ') be
the configuration such that m = m/, ¢,(p) = c.(k, ' (p)) foralle € £, and 7, = 7% forall xz € V.
See also Figure 4]

Definition 3.6. We call two configurations w = (m, ¢, m),w' = (m/,c,7') € Wy equivalent if there
exists a permutation £ = (K.)cce for m, such that w' = w". We denote by o(w) the equivalence
class of w € Wy and we denote by ¥ (W) the set of equivalence classes of Wj.

Note that for any two equivalent configurations w, w’ € W, it holds that z(w) = u(w"). With slight
abuse of notation, if a function f : Wg — R is constant on each equivalence class, then we let f(o)
be the evaluation of f at any configuration in o € 3(Wg).

Our goal is now to compute the cardinality of an equivalence class 0 € 3(Wg) and our result is
presented in Proposition [3.9 below.

Given a configuration w = (m, ¢, m) € Wg and a permutation for m, k, the configuration w” is by
definition equivalent to w. Clearly, there exist Heeg m,! distinct permutations for m. However distinct
permutations for m, x and «’, may lead to the same configuration, namely it may be the case that
w" = w" . Hence, in order to determine the number of configurations which are equivalent to w, we
need to control the overcounting. For this, we now introduce the notion of cycles.

Cycles. Given m € Mg, a rooted oriented linked loop (in short: r-o-I-loop) for m is an ordered
sequence of nearest-neighbour vertices and pairwise distinct links,

L= ($07 <{$07 1’1},]91), L1, ({$1, .1'2},}?2), SR ({xk*b xk}apk)a ij),

where p; € {1,..., My, , 4} foreach j € [k] and such that 2y = x;, for some k € 2N. The ver-
tex xg is called the root of L, the link ({xq, 1}, p1) is called the starting link of L and the length of L is
defined by |L| := k. We let R, be the set of all r-o-I-loops for m. Two r-o-I-loops are said to be equiv-
alent if one sequence can be obtained as a time-inversion and/or a cyclic permutation of the other se-
quence. More precisely, we denote by ¢, (L) := (xy,, ({Zn, Tns1}s Prs1), - - - T, {0, 21}, p1), 21,
ooy ({xp_1,2n}, Pn), z,) the r-o-I-loop that is obtained from L through a cyclic permutation of
length n € {0,...,|L| — 1} and by 7(L) := (zg, {xr—1, 2k}, Pk)s Tr—1, {Tp-1, Th—2}, Pk—1),
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oo, ({mo, 1}, 1) :1:0) we denote the time-reversal of L. We then say that L, L' € R,, are equiva-
lentif |L| = |L’| and if there exists n € {0, ..., |L| — 1} such that L' = ¢, (L) or L' = ¢,(r(L)).
We denote by x(L) C R,, the equivalence class of L. € R,, and we denote by >(R,,) the set
of equivalence classes of r-o-l-loops. The equivalence class of an r-o-I-loop will simply be referred
to as cycle, which can be thought of as an unoriented loop with no root. We say that a link (e, p)
with p € [m¢] and e € £ or a vertex z € V is contained in x € 3(R,,) if (e,p) or = occurs
in the sequence L for every L € x. We then write (e,p) € x and x € Y. A set of cycles for m,
{X1,-- s Xe} C E(R.,) with k € N, is called an ensemble of cycles for m if every link is contained
in precisely one cycle of the set, i.e. if for every (e, p) with p € [m.], e € &, there exists precisely one
i € [k] such that (e, p) € x;. We denote by &,, the set of ensembles of cycles for m.

Forany w = (m,¢,m) € Wg, we can uniquely construct an ensemble of cycles

C(w) == {xa(w), ..., Xew)(w)} € En (3.7)

as follows: We take any link ({x, 4}, p2,,3) and choose a point 2y € {x,y}. Step-by-step, we con-
struct a r-o-l loop L; for m with root 2, and with starting link ({z,y},p{z4}) by choosing z; €
{x,y} \ {20} as the next vertex and by choosing the link which is paired at 2, to ({z, ¥}, P{z,y}) as
the next link in the sequence. We continue until we are back at the link ({x, ¥}, p(z,43)- We define the
cycle x1(w) € 3(R,,) as the equivalence class of L;. For the next cycle, we choose a link that has
not been selected yet and proceed as before. We continue until all links have been selected. We call
acycle xy € ((w) an i-cycle with i € [N] if every link that is contained in x has colour i.

Recall that L denotes the set of r-o-loops, as defined at the beginning of this section. For m € Mg,
we introduce the map
V: Ry — ,Cg,

which acts by projecting an r-o-I-loop L = (zo, ({xo, 21}, 1), 21, - - ., {@k_1, Tk}, D), a:k) € R,
onto the corresponding r-o-loop V(L) := (g, x1, ..., 2zx) € Lg by ‘forgetting’ about the links in the
sequence. It is important to note that for any two equivalent r-o-I-loops L, L' € R, also the r-o-loops
Y(L),9(L") € Lg are equivalent. By slight abuse of notation, we thus also use the function ¥/ to map
an equivalence class y € %(R,,) to its corresponding equivalence class ¥(x) € X(Lg).

Forany v € X(Lg) and any i € [N], we introduce the function k2, : Wg — Ny, where k2 ;(w)
is defined as the number of i-cycles x € ((w) that satisfy J(x) = ~ for any w € Wg. We further
define k2 (w) := SV k2 ;(w). Forany w € Wy we define the set Zp(w) := {(7,k2(w)) : v €
3(Lg) }. We further define

Zx(w) = {(7,k2(w)) € Za(w) : k2(w) > 0}. (3.8)

Note that =5 (w) is always finite and that =3 is many-to-one. It follows immediately from our definitions
that the following lemma holds true.

*

Lemma 3.7. Two configurations w,w' € Wy are equivalent if and only if =5(w) = Z3(w') and
k2 (w) = k2 (w') forany v € X(Lg) andi € [N].

The next lemma is a preparatory lemma for Proposition [3.9] below.

Lemma 3.8. Suppose thatw = (m, c,7) € Wy is such that Z5(w) = { (71, k1), ., (Y, kp) } for
somep € N, vq,...,7, € ¥(Lg) and ky, ..., k, € N and suppose that kiﬂ(w) = m;,; for some
m;; € No withi € [N] such that S~ | m;; = k; forany j € [p]. It holds that

p

ol =T1(,, % ) e 6 e W 000 =231 = ki € )

Jj=1

Y

(3.9)
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where k := k;.

P
j=1
Proof. Suppose that Z5(w) = { (71, k1), .-, (7, kp) } and k2 ;(w) = m;, foralli € [N], j € [p],
as in the statement of the lemma. We set

Em =En(n,-m) = {{x0 - xu} €& L€ K- 90x) =} = k; Vi € [K]} C &

We denote by ¢ : o(w ) — &, the restriction of the map ¢, which was defined in , onto o (w),
ie., C(w) == C(w') € &, forallw' € o(w). By Lemmathe map ( is well- defmed and, for any
{x1, - Xk} € Em, C ({Xl, ... Xk }) corresponds to the set of configurations w’ = (m, ', 7’) €
o(w), where ¢ € Cg(m) is a colouring function that has the following two properties: (1): ¢’ assigns
the same colour to any two links that are contained in the same cycle; (2): |[{l € [k] : d(x1) =
vjand c,(p) = iV (e,p) € xi}| = m;, forany j € [p] and i € [N]. The pairing configuration
7' € Pg(m, ) is then uniquely defined by {1, . - . X& }. From these considerations, we deduce that,

p
- k; >
— 3.10
I ({xas - xa ) ”(mj,h.--,mj,N : (3.10)

where the binomial coefficients correspond to the number of ways of choosing which of the &; cycles
X € {x1,-.-,xx} that satisfy J(x) = -, are assigned colour i for any ¢ € [N]. Since the right
hand-side of does not depend on the choice of {x1,..., Xk} € Em, we obtain and the
proof is concluded. O

The next proposition provides a formula for the cardinality of any equivalence class o € E(Wg). Re-
call from the beginning of this section that 6(-y) and .J(-y) denote the stretch-factor and the multiplicity
of v € E(ﬁg)

Proposition 3.9. Forw & Wg satisfying the same assumptions as in Lemma we have that,

1 5(v) \"
]—Hme Hm]’ g (2(]((7 >)) : (3.11)

eel 7=1

Proof. Suppose thatw &€ Wg satisfies the assumptions of the proposition. In the following calculation,
we use that any cycle y € 3(R,,) such that ¥(y) = v € Lg is the equivalence class of precisely
2a() r-o--oops. For j € [p]we setv; == (. " ) and we obtain from Lemmathat

M, 150G, N

{x(L1),....x(Lr)}EEm,
o Lk} C R |{ne[>1§] 191(Ln Xvﬁl =k; VJE[k]}‘

U (0, 0) € 2(Lg)" Hne[k]vf’éek%}l k) }‘

f[
- {X(L1),-x(Lk) YEE
kJ . ’ I E mo
— H (2a ) ) ‘{(Lh ,Li) € R, {ne[;{c] ﬁl(Ln x%k‘ Yebw k]}‘
P
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p k.
L)) L)
= — ) |yt = me!
H (mﬂ, Ce ,mj,N 20[(7]) ”7‘7‘ k! ]{]1, .. .7kp H

ec&
1 3(v) \"
— ! i
e H mjal- - my Nl (2(](%‘)> ’

where in the last step we used (3-1) for the cardinality of y; for each j € [p]. This concludes the proof
of the proposition. O]

3.3 Relation between RPM and RWLS

We now state an equivalence relation between the RPM and the RWLS. We first associate through
a map, @, to each equivalence class in ¥()g) a set of equivalence classes in X (W), see also
Figure |5| After that, we use this map to associate to any function taking values in {)g which does ‘not
depend’ on ‘certain features’ of the configurations in (g a function taking values in Wg, which also
does not depend on certain features of the configurations in Wg. Our equivalence theorem, Theorem
below, states that the average with respect to the RWLS measure of the function taking values in
(2g equals the average with respect to the RPM of the corresponding function taking values in Wg.

To begin, recall the definitions of the maps =} and =% in (3.5) and (3.8). For any p € X(£g), we
define the set,

(p) = (Z3) 7' (Ei(p) € E(Wg).

The map ® is well-defined since Zi(Qg) = Z5(Wg). Let p € X(€g) be such that Zi(p) =
{(m. k1), ..., (9, kp) } for some p € N, v,...,7, € ©(Lg) and ky,...,k, € N. It follows
from the definition of ® that any o € ®(p) C X (W) satisfies the following two properties:

() Z3(0) =Ei(p),
(i) There existm;; € Ny such that >,y m;; = k; forall j € [p] and such that &7 (o) = m;;
forany j € [p] andi € [N].

Definition 3.10. We call a function ]f : Wg — R colour-label-independent (in short: c-l-independent)
if f(w) = f(w') forany w,w" € Wg such that =5(w) = Z5(w’).

Stated differently, a function which is c-lI-independent does not depend on the colour of the cycles
nor on the label of the links of the cycle. In particular, any c-l-independent function f : Wg — Ris
constant on ®(p) for each p € g. We will now give examples of functions that are c-l-independent
and of functions that are not c-l-independent. Recall from Section [2| that n’,(w) and n,(w) denote
the number of pairings of ¢-links and the total number of pairings at x for any ¢ € [N],z € V and
w € Wg.

Example 3.11. Consider the functions fi: Wg — R,7=1,...,6 below, which are defined for any
we Wgand A CV as,

mf (w ) = H{There exist two links on {o,e1 } that are paired together at both its endpoints } (w )

B fo(w) :=ne(w)

m /s (w) = IL{There exists a cycle that touches every vertex z€ A} (’LU)

u f4(w) = H{There exist two links on {o,e1 } that have colour 1} (w),
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B f5(w):=nl(w),

u f6 (w) = IL{The link ({o,e1},1) and the link ({0,e1 },2) are paired together at both its endpoints } (w)
The first three functions are c-I-independent, while the last three functions are not.

Recall from Definition [3.3] that we call a function f : g — R r-o-l-independent if it is constant on
each equivalence class p € X()g). With the next definition we associate to any r-o-l independent
function a c-I independent function.

Definition 3.12. Suppose that f : {3 — R is r-o-l-independent and that f : Wg — Ris c-I-
independent. We write f ~ fif f(p) = f(o) forany p € 3(€Qg) and any o € ®(p).

For instance, the r-o-l independent function g : Qg — R, g(w) = L{(o.e,,0)cwor (e1,0,e1)ew} (W) Tor
w € Qg satisfies g ~ f1, where f; : Wg — R is defined in Exampleabove. Another important
example is provided in the next lemma, to which we will refer in the proof our main theorem, Theorem
For 2,y € V we introduce the functions N, : Qg — R and /\~/'$7y : Wg — R, which count
the number of loops in a configuration that visit  and y. More precisely, for any w € {2g such that
w= (l,...,0,) € LE for some n € Ny, we set

Nog(w) =) T yery(w) (3.12)
j=1
and for any w € Wg, we set
Nog@) = > Tgyeg(w). (3.13)
XEC(w)

It is easy to see that V. , is r-o-l-independent, that /\~/'x7y is c-l-independent.
Lemma 3.13. Forany x,y € V, it holds that
Nay ~ Ny (3.14)

Proof. Consider p € 3(€)g) and o € ®(p). It holds that

Nx,y(p) = Z k 1{x€€VZ€7} = Z k ]l{acGEVZE'y} = Nx,y(a)a

(7.k)€ET (P) (7,k)€E3 ()

=5(0). It thus holds that NV, , ~ N, ,. O

where in the second step we used that =} (p)

We now have all ingredients to state and prove the equivalence theorem. In below the expecta-
tion in the left hand-side was defined in and refers to the random walk loop soup. The expectation
in the right hand-side was defined in and refers to the random path model. The identity
states that the two models are equivalent if one looks at functions which do not depend on certain
features of the configurations; the colour and the label of the links for the random path model, and the
root, orientation and label of the rooted oriented loops for the random walk loop soup.

Theorem 3.14. For any p € X(€)g) it holds that

v(p) = p(®(p))- (3.15)
In particular, if f : Q0g — R is r-o-l-independent, f : V\/g — R is c-I-independent and [ ~ f , then
Eg.Uug.NA(f) = Egvu6 80 (f)- (3.16)
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Figure 5: (a) A configuration w = (m,c,m) € Wy. (b) A configuration w = ({1, (s, {3, 04) € Qg.
The roots of the rooted oriented loops in w are represented by small gray filled circles. It holds that
o(w) € ®(p(w)) and it is easy to see that = (w) = =5 (w).

Proof. To begin, we fix p € N, ky,...,k, € Nand v,...,7, € X(Lg) and we consider p €
53(Qg) such that Z5(p) = {(71,k1), ..., (Vp, kp) }. We will now calculate v/(p). Note that for any
w,w’ € p, it holds that v(w) = v(w'). We can thus fix a configuration w = ({1, ..., {;) € p, where
k=>"_\ kj, and write

v(p) = |plv(w). (3.17)

Given the set =5 (w) = Z5(p), we rewrite the sum of the interaction terms (3.3) of v(w) as

V(w) =Y vg(z, y)na(k,v)n, (k7). (3.18)

z,yeV

where n,(k, ) := ;’:1 kjng(~y;) for x € V. Plugging (3-6) and (3.18) in (3:17) we obtain that

Po1 /A NXOD () \ P
vip) =] o <—(%)) 11 (U(nx(k:, M ]] e—vg(x,y>nz<k,~/)ny(k,~n) . (3.19)
!

2'](7]) zeY yey

Consider now 0 € ®(p) and let m;; € Ny be such that 3,y m;; = k; forany j € [p] and
such that l{:?ﬁ,i(a) = m;,; forany j € [p] and i € [N]. We note that for any w,w’ € o, it holds that
p(o) = p(o’). We can thus fix a configuration w € o and write

ph(o) = |o| pf(w). (3.20)

Using (3.20) and (3.11) we obtain that

1 /XD~ )\ P B .
“e(‘”:HHm»-!( 5 ME)”)) H(U(w(k:,v))l_[e va(yina o) y(’“’“’)). (3.21)

j:1 =1 75t yEV
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Applying (3.21), we then obtain that

p(@(p) = > (o)

o'ed(p)

o A8() (o) k) (k)
—vg (x,y)ne (k,y)ny (k,
L(5a7) (vt I eomen)

=1 zey yey

L 1
(I Y o)

7j=1 Mj,l,...,mj7N€N0:
mj,1+-+mj N=k;

P

1 (AN (y i)

(2 TR —vg(x,y)nz (ky)ny (ky) |
Hk ( 2J () ) H(U% I ) v(e)

j=1 3t eV yey

.

where we used (3.19) in the last step. This proves (3.15). Let now f Qg — R be r-o-l-independent
and f Wg — R be c-l-independent such that f ~ f. Applying (3.15), we have that

p ()= D 1 (Fleeaey) = D, flowlp) = v(f). (3.22)

PEL(Qg) PES(Qg)

In particular, the partition functions of both models, corresponding respectively to v(£)g) and uf(VN\/g),
are identical. This implies that (3.22) also holds true for the normalized measures giving (3.16) and
thus concludes the proof of the theorem. O

In the proof of our main theorem, Theorem such an equivalence theorem together with Lemma
will be used to extend to the RWLS our result about occurrence of macroscopic loops, which will
be first be proved for the RPM. From now on the paper will deal with the RPM.

4 Reflection positivity and Chessboard estimate

We now introduce reflection positivity, and its immediate consequence, the chessboard estimate. The
novelty of this section with respect to [37] is that the technique of reflection positivity is extended to
the measure (2.3), in which long-range interactions are present. Consider the d-dimensional torus
(’]I‘L,IEL) with d, L € N, i.e., the graph with vertex set T, = {x = (z1,...,7q4) € Z% : w; €
(—%, L] foreach i € [d]} and with edges connecting nearest neighbour vertices. Similar to [37], the
derivation of the Key Inequality in Section [6|below requires the introduction of a new graph.

Extended torus, virtual and original vertices. We now view (T, E;) as the sub-graph of a larger
graph embedded in R which is denoted by (TL, & L) and is referred to as extended torus. The
extended torus is obtained from the d-dimensional torus by duplicating the vertex-set and by adding
an edge between every vertex in T, and its copy. More precisely, we define the vertex set of the
extended torus as,

L L
Too={(21,...,041) €Z" : z; € (—5 5] forevery i € [d], and z441 € {1,2} },
where T, = {(z1,...,2411) € Tt : g1 = 1} C Tz, and ’]I‘ = T \ TL. We define the

edge-set,
&= ELU{{Z’,y} CZdJrl: IGTL73/:$+<07"'7071)}'
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This defines the extended torus (77, ). We will refer to the vertices in T, C T}, as original and to
the vertices in ']I‘(LQ) C Ty, as virtual. From now on we will replace the sub-script G in all the quantities
which were defined above by 7, or T, when considering the random path model in the extended or in
the original torus. We keep referring to o, corresponding to the vertex (0, ...,0) € T, C T, C VAaRs

as the origin.

4.1 Reflection positivity

We now introduce reflection positivity, partially following [37} Section 4.2].

Domains and restrictions. We introduce the notion of domain and restriction. A function f : Wy, —
C has domain D C Ty, if, for any pair of configurations w = (m, ¢, 7, g),w’ = (m/,d, 7', ¢") €
W, such that

Vee&p:eND#D, VYz2€D, me=m, co=c,, m =m, ¢g.=4dg.
one has that f(w) = f(w’). Moreover, for any w = (m, ¢, m, g) € Wr, we define the restriction of
wto D C T, wp = (mp, cp,7p, gp) € Wr,, by

) (mp). = m, for any edge e € &, which has at least one end-point in D and (mp). = 0
otherwise,
i) (¢cp)e = c. for any edge e which has at least one end-point in D and (cp). = 0 otherwise,

i)y (mp), = m, forany x € D, and for z € T, \ D we set (7p), as the pairing which leaves all
links touching x unpaired (if any)

V) (gp)s = g forany x € D,andforx € T;, \ D we set (gp). = 0.

Reflection through edges. Recall that the graph (77, &) is embedded in R4+, We say that the
plane R is through the edges of (77, £1) if it is orthogonal to one of the cartesian vectors e; for i € [d]
and if it intersects the midpoint of L?~* edges of the graph (77, &L),i.e. R = {z € R¥* : 2.¢; =
u}, for some u such thatu — 1/2 € Z N (—%, £] and i € [d]. Given such a plane R, we denote by
O : T, — T, the reflection operator which reflects the vertices of 77, with respect to R, i.e. for any
r = (x1,29,...,2q:1) € TL,

O(z) == {‘”’“ th# i, (4.1)

2u —x, mod L ifk=n1.

Let ’7'L+, T, C T1 be the corresponding partition of the extended torus into two disjoint halves such
that O(T;") = T,;7. Let £, E; C &1, be the set of edges {x, y} with at least one of z, % in T,
respectively 7, . Moreover, let EF := £ N &, . Note that this set contains 2L~ edges, half of
them intersecting the plane 2, and all of them belonging to [E;.. Further, let © : W, — Wy, denote
the reflection operator reflecting the configuration w = (m, ¢, 7, g) with respect to R (we commit an
abuse of notation by using the same letter). More precisely we define Ow = (Om, O¢, O, 0g),
where (Om) (23 = Mioz,0y} (OC) 2y} = Closoy} (OT)s = Tes, and (0g), = ge,. Given a
function f : Wy, — C, we also use the letter © to denote the reflection operator © which acts on f
as Of(w) := f(Ow). We denote by A* the set of functions with domain 7;" and denote by W5
the set of configurations w € Wy, that are obtained as a restriction of some w’ € Wy, to TLi.
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We remark that, although the graph (77, £1) is embedded in R4, we will only consider reflections
with respect to reflection planes which are orthogonal to one of the cartesian vectors e; for i € [d]
(@andnoti = d + 1).

Recall from the introduction that for a potential v : Z¢ — R, the function vy, : T x T, — Ris
defined by vy, (2, y) := Y, cpa v(y + Lz — x) forany z, y € T. From now on, we will view v, as a
function on 77, X 77, by assuming that vy (z + €41,y + €411) = vi(z + eqy1,y) = vi(z,y) for
any x,y € Ty.

Definition 4.1. The function vy, : 7, x 7, — R is called i-separable, i € [d], if there exists an
integer £ € N, a measure space (7,7 ,v), where v is a finite, non-negative measure, and two
bounded measurable functions

Oé,d:TXTL—)(Ck,

such that for any, z,y € T, with x; > 0 > y;, we can write

~uslay) = [ dvit)at.o) -att.y) 42
T
where a(t, ) - &(t, y) denotes the inner product of two vectors in C* and such that it holds
Vo = (z1,...,2q) €Ty alt,z) =a(t,z1,..., 01, — T, Tit1,...,2q) v — almost surely.
(4.3)

We say that v is separable if v, is i-separable for any i € [d)].

Recall also the definition in (T.4) of a tempered potential v : Z¢ — R. Two examples of potentials v
that are tempered and separable are given in LemmalA.]in the appendix.

The next theorem introduces an important tool. The theorem states that the random path model is
reflection positive.

Theorem 4.2 (Reflection positivity). Consider the torus (71, Ey) for L € 2N. Let R be a reflection
plane through edges, which is orthogonal to one of the cartesian vectors e;, i € {1,...,d}, let© be
the corresponding reflection operator. Consider the random path model with N € N, A € R*, and
weight function U : Ny — R7T. Letv : Z* — R be tempered and separable. For any pair of functions
f,g € AT, we have that,

(1) p7,0082(fO9) = 171, 00,82 (9O f),
@) pwr,uena(fOf) > 0.

From this we obtain that,

Re(pr,v08(f09)) <t vy (f OF) : 1730080 (9 ©9) 7 (4.4)

Proof. The proof of the case where v equals the zero function, denoted v = 0, is analogous to the
proof of Theorem 4.3 in [37] and will not be stated here. The only difference is that here we deal
with complex functions and that, in addition to links, colourings and pairings, also ghost pairings are
present.

We now present the proof in case v : Z% — R is a non-zero, tempered and separable potential. It

holds that

piry vaona(w) = p(w)eV ), (4.5)
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where we use the notation ;1 = 17, yo.n,x With v = 0 denoting the zero function. By translation
invariance of the random path measure we can assume without loss of generality that the reflection
plane R passes through the origin. We can decompose the terms of the function V', which is defined
in (2.2), into three groups, those involving sites lying entirely in TL+ or 7, and those involving sites
that lie in both halves of the torus:

V(w)
= ) olm i@y W)+ Y vn(ay)ie(W)iy @) 42 Y vp(@, y)ie(w)iy (W),

J/ J/ J/
~~ "~ ~

—V+ =0(V+) =Vg

(4.6)
where 7. (w) := n.(w) + N.qe,,, (w) forany z € Ty and w € W. We note that V (fw) = V (w)
and i1, vonA(0w) = p, vona(w) forany w € Wr, . The proof of (1) is thus the same as in [37].
We now prove (2). Using (4.2) we obtain for each | € N that,

(~Ve)'= Y (cuclal y iy ... (—or(a' y)igiy

xl,...,xleTz
yl..yleTy

:/Tdu(tl).../TdV(tl) 3 ( > ajl(tl,:pl)...ajl(tzjxl)ﬁxl...ﬁxz)

j17~"7jle{17"'7k} $17...7I16Tz

><< > @jl(tl,yl)---ajl(tl,yl)ﬁyl---ﬁyl)

yb €Ty

:/dy(tl)'--/dl/(tl) Z El,...,tl,jl,...,jl®Ft1,...,tl,j1,...,jl7
T T

J1ye-g1€{1,..,k}

(4.7)
where Fy1 5 @ W — Cis defined by
Fo g w) = Z g, (2t - ag, (8 2 g (w) - - g (w).
zl.., xZETZ
Using (4.5), (4.6), and a Taylor expansion, we obtain that
— + _ v+
:LLTL,U,U,N,)\(f@f> = M(fe (f v QVR Z 1T pu(f (fe v )(—VR)Z)
1>0
2! _v+ _v+
= Z / dv(t / d(t") Z H(fe v Fa wj...;09(fe v Ftl,...tl,jl,...,jl))J
>0 Jis--gi€{1,...k} 26
>0,

where in the last step we used that the measure 1 with v = 0 is reflection positive. Thus, the theorem
is proven. O

4.2 Chessboard estimate

We now introduce the notion of support. Contrary to the notion of domain, which was introduced in
Section the notion of support is defined only for subsets of the original torus. We say that the
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function f : Wy, — R has support in D C T, if it has domain in D U D, where D® is defined
as the set of sites which are ‘on the top’ of those in D,

D@ .= {z ¢ Tf) 1z —eq1 € D}

Fix an arbitrary site t € T and letty = o, t1, ..., tx = t be a self-avoiding nearest-neighbour path
fromotot,andforanyi € {1,...,k}, let ©; be the reflection with respect to the plane going through
the edge {t;_1,;}. Let f be a function having support in {0} and define

f[t] = @kO@k—l 061 (f)

Observe that the function f[t] does not depend on the chosen path (see also Figure 6 in [37]). The next
proposition provides an important tool that can be applied to upper bound the measure of a product of
local functions.

Proposition 4.3 (Chessboard estimate). Let f = (fi)ier, be real-valued functions with support
{0} each and which are either all bounded or all non-negative. Under the same assumptions as in
Theorem[4.2, we have that

1

MTL,U,U,N,A< H ft[t]> < ( H ,UTL,U,v,N,)\( H ft[s]> )TL. (4.8)

tGTL tGTL SETL

For the proof of Proposition [4.3| we refer to the original paper [22] or to the overviews [10, Theorem
5.8] or [21, Theorem 10.11].

The following remark states that the chessboard estimate can also be applied to the expectation Er,
for the RPM in the original torus with only closed paths being present (recall the definition of the
expectation £ provided right after equation (2.4)).

Remark 4.4. Forany I’ : Wr, — R, we let fr : Wy, — R be a function which extends F' to Wy,
in such a way that fp(w) := F(wr,) for any w € Wy, , where we recall from Section [4.1|that wr,,
denotes the restriction of w € Wy, to T and can be viewed as a configuration in Wr, . We then
have from our construction of the extended torus that,

17,008 (fF Lype )

Er, vonalF] = 7 ;
TrL

where R R
Wi ={w e Wrp :n,=0Vz¢€ ']I‘(LQ)}, (4.9)

corresponds to the set of configurations w & WTL in which any closed path lies entirely in the original
torus (recall also that YW, , defined in (2.1), is the set of configurations with no unpaired link and no
ghost pairing). From this relation, from the fact that

]]'1;\/701 = H ]]‘{nz+ed+1 :0} ]]‘{Uz:uz+ed+1 :0} ﬂ{gzzgz+ed+1 :0}
zeTy,

and from Proposition[4.3 we deduce that (4.8) also holds true with 1.7, replaced by Er, .

The next lemma provides an upper bound on the local time for the RPM with only closed paths being
present.
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Lemma 4.5. Under the same assumptions as in Theorem there exists ¢ € (0, 00) such that for
any A C Ty, and any vector (a,).c4 € NZ\, it holds for any L € 2N that

ETL>U,U7N,)\< H eaznz> < €CANdZ$€A eax. (4.10)

€A

Proof. Consider A C Ty, and (a,)zer, € Ny*. From (@.8) and from Remarkwe obtain that

1
7] .
ey [Le™ ) < (T Brpama T )™ < emimicas

€A €A y€eTy,

where in the last step we applied (2.7). This concludes the proof. O

5 Two-point function and its properties

In this section we define the two-point function and study its properties. This function is an impor-
tant object in our analysis and corresponds to a fraction between partition functions. We will later, in
Proposition below, relate the two-point function to the expected number of closed paths touching
two vertices in the random path model with only closed paths. In the whole section, we consider the
RPM on the (original) torus (T, E,). Recall from Section that u’ (w) denotes the number of i-links
touching x that are unpaired at = and that g,(w) denotes the number of ghost pairings at « for any
xz € Ty, i € [N]and w € Wr, . Recall from that we denote by R € Ny U {co} the range of
U . NO — RS_

Definition 5.1. For x,y € T with x # y, we define the sets

nyy = {wEWTL: uZ:gZZOVZETL\{:U7y}7 (51)

z

ul =1=u?u. =0Vie {3,...,N}, gz:2Vz€{a:,y}}
and

Wi o 1= {w EWr, : u, =g, =0Vz €Ty )\ {z},

ul = 20ru? = 2oru, =0andul = 0Vi € {3,..., N}, gm:4}.

(5.2)

Moreover, we define the directed partition function,

,UTLUUN/\(Wzy) ifx #y,
7 & = e ’ 5.3
T, U, NA (T, Y) {,U’]I‘L,U,U,N,/\(21{u%Q}Jr]l{u%Q} Ly, ) ite=y, (5.3)
and the two-point function,
) x,

Grp v na(T,y) 1= N T 00N (2 ) (5.4)

4
ZTL,U,v,N,)\
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Figure 6: (a) A configuration w € W, , such that u;, = u} = u, = u = 1. There exist precisely two
open paths connecting x and ¥, one of colour 1 := o and one of colour 2 := b. There also exists a
closed path of colour 3 := g. (b) The configuration F3(w) € W. The two open paths in w have been
merged to a closed path containing x and y.

Stated differently, any configuration w € W, , with  # y is such that there exist precisely two
open paths connecting x and ¥, one of them having colour 1 and one of them having colour 2, see
also Figure [6] In Section [5.1] we will define a map which changes the colour of one of the open
paths and merges them afterwards. This will allow us to relate the two-point function to the expected
number of closed paths connecting = and y. It is important to have two open paths of different colour.
Indeed, imposing two unpaired links of same colour at x and ¢ does not necessarily imply a connection
between x and y.

From now on we fix the dimension d € N, the number of colours N & NZQ, the size of the system
L € 2N, the parameter A € R, a tempered and separable potential v : Z¢ — R and a good weight
function U : Ng — IR%S”. For a lighter notation we will omit the dependence from such gquantities when
appropriate.

A first important property of the two-point function is monotonicity.
Proposition 5.2. Letx € T, be an arbitrary vertex such thatn = x - e; is odd and n > 3 for some

i € [d]. Then,
G(o,x) < G(o,ne;) < G(o, (n —2)e;). (5.5)

Proof. Note that, by definition, for any pair of distinct vertices x,y € T, the two-point function can
be expressed as

#(Lige=2y L=z =1ua=2) Ligy=2) Lut =z =2,u,=2) [ Loty Lfuo=g.=0})

G(Jc,y) B M(VVT )

; (5.6)

namely as the expectation with respect to a reflection positive measure of a product of functions, with
the domain of each function corresponding to a vertex of the torus. It follows then from the general
theorem [28], Theorem 2.1] that a function satisfying such a property satisfies (5.5). O

Remark 5.3. The introduction of the ghost pairings is particularly useful to express the two point
function as the average of a product of functions, with the domain of each function corresponding to a
vertex of the torus. This allows us to apply [28, Theorem 2.1] and to deduce the monotonicity property.
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5.1 Reformulation of the two-point function

In this section we provide a reformulation of the two-point function. In Section this reformulation
will be used to derive a lower bound for G (o, e;) and in Sectionit will be used to derive the relation
between the two-point function and the expected number of closed paths touching two vertices. Recall
from that W denotes the set of configurations of the RPM with only closed paths being present.
Recall also that ((w) denotes the ensemble of cycles of w € W and was defined in (3.7). We let
(Yw) C ¢(w) be the set of 1-cycles of ((w) and for any x € ((w) and x € T, we denote by n{
the number of visits of the cycle x at x, namely

M{z,y}

(X) - Z Z {{I@},p Ex}

y~r  p=1
In other words néX) is the number of links contained in y touching x divided by two. The next lemma
states that the two-point function G(z,y) can be expressed as the expectation of a function that
involves the number of visits of 1-cycles at x and y. Recall the definition of IP and of its expectation [,
which were provided in (2.4).

Lemma 5.4. Forx,y € Ty, withx # y we have that

(x) U, +1) Uln, +1) e_@l.’y(w))7

G(z,y) = 2\°E ( S ol o U

x€¢H (w)

(5.7)

where
Tay(w) =2 (vp(0,0) + vp(w,y) + Y (v (u, ) +vp(u,y))nu(w)). (58)

u€eTy,

In (5.7), we use the convention that % = 1. Note that, since U is good, it is the case that U (n) = 0
|mpI|es that U(n + 1) = 0.

Proof. Consider x,y € Tp, x # y. Recall from that IV denotes the set of configurations w € W
in which there exist no unpaired links nor ghost pairings. We introduce a map F; : W, ,, — W which
acts by changing the colour of all links that are contained in the open path of colour 2 to colour 1,
by then pairing at x and y the two 1-links that have an unpaired endpoint and by removing all ghost
pairings in the configuration, see also Figure@ Forany w &€ W, Ffl(w) then corresponds to the set
of configurations that are obtained from w by adding two ghost pairings at « and y, by choosing an
arbitrary 1-cycle x € Cl(w), by selecting two arbitrary pairs of links belonging to such a cycle which
are paired at z and y respectively and unpairing them (thus obtaining two open paths with end-points
x and y both), by changing the colour of the links belonging to one of these two open paths to 2. From
these considerations we deduce that for any w € W we have that

[{w' € W,y : Fi(w') = w}| =2 Z n{nlo. (5.9)

XEC (w)

Further, for any w € W, for any w' € W, such that F;(w') = w and for any z € T,

nZ(w/) =n.(w) + Lizefzy)}
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since at x and y precisely two ghost pairings are removed, and precisely one pairing (of colour 1) is
added. In particular,

V(w') = Z v(u, 2)(nu(w) + Luegayyy) (N2(0) + Lizefoyyy) = V(W) + Opy(w)

u,z€Ty,

implying that

e Pau (), (5.10)
From and (5.10) we obtain that,
Z(w,y) = p(Wey N {F (') = w})

wew

Ung(w) +1) Ulny(w) +1) _5 (5.11)
=2 3 utw) 30 i) S

wew x€¢(w)

2

Multiplying both sides of (5.17) with 27 gives (5.7) and the proof is concluded. O
77

The next lemma provides a further reformulation of the two-point function evaluated at two neighbour
vertices, this value plays an important role in our method.

Lemma 5.5. It holds that
G(o,e1) = E(m&i{el}mgifel}). (5.12)

Proof. To begin, we introduce a map 5 : W, ., — W which acts by inserting precisely one 1-link
and one 2-link on the edge {0, e; } such that the 1-link has the highest and the 2-link has the second
highest position, by pairing at 0 and e; the inserted links with the link of same colour that has an
unpaired endpoint and by removing all ghost pairings in the configuration. For any w = (m, ¢, ) €
W we have that

H{w' € Wye, : Fo(w') = w}| = ]l{ ), (5.13)

(w
¢{o.e1}(M{0,e1})=1, C{o,el}(m{o,el}—l)ﬂ}

where we recall from Section that ce(p) denotes the colour of the p-th link on the edge e. For any
w € W and for any w' € W, ¢, such that F5(w') = w, it holds that

1 Mioe}(W)!
p(w') = = p(w) ’ : (5.14)
A2 (Moer3(w) —2)!
We define My C No2*I™ as the set of elements m = (m?, ..., mY)ecs, € No™*™ such that

>y m?{m’y} € 2Ny forallz € Ty andi € [N]. RecaIINfrom Sectionthat md” (w) denotes the

number of i-links on e forany e € E, ¢ € [N], and w € V. Note that

W= ] {weW:ml(w)=m.Vie[N]Ve € E}, (5.15)
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where the union in is disjoint. From (5.13), (5.14) and (5.15), we obtain that

G(o,e1) = Ze Z We, N{Fa(w') = w})
wew
m{om}! )
- IE(—]l
(m{o,el} — 2)! {C{o,el}(m{o,el}):LC{o,el}(m{o,el}_l)ZQ}

- ¥ E(Mﬂ . )
B (Mo} — 2)! {¢o.e1} (M{0,e11)=1 o1} Mz} —1)=2F F 1) =i VeeE Vie[N]}
ThEML,N o,e .

N o
- ¥ ﬁ P(m{i) = i Ve € E, Vi € [N])
{0,61} - :

X P(C{Ovel}(m{(,’el}) =1, C{o,el}(m{o,el} — 1) =2 | mgi) = Thi Vee E Vi € [N]),

meMrp N

(5.16)
where My, e} = Zfil fn?{O,el}. Forany m € M, y, we have that
P(C{o,e1}<m{o,e1}) = 1, 6{0761}(771{0,61} — 1) =2 ‘ mg) = ﬁli Ve € ]ELVi S [N])
M{o,e1}~2
_ Th}o,el} 1m{oe y— L, er}r {0 e} _ (m{o,el} - 2)' ! (5.17)
o) Mioery! foer) Mo}

{De}’ {061}’ {06}’ v {0161}

For the first equation we used that /.(w) = p(w') for any w,w’ € {w € W : mg)(w) =miVi €
[N]Ve € EL}. The fraction between the two multinomial coefficients thus corresponds to the different

numbers of colourings. Plugging (5.17) into (5.16) and using (5.15), we obtain (5.12) and the proof is
concluded. O]

5.2 Lower bound for G(o, e1)

In this section we show that the quantity E(m Eo)el} fo)@}), which was proved to be equal to the

term G(o, e;) of the two-point function, gets arbitrarily large as the range of the weight function, R,
and \ are large. In particular, we show that E(m go)el}m({o)e }) gets larger than E(m ) }) uniformly
in L as R and A are large. Our estimate is presented in Proposition - 5.8| below. We flrst state two
preparatory lemmas. Recall that n, denotes the local time at . The next lemma states that the local

time approaches the range of the weight function as \ goes to infinity uniformly in the size of the box.
Lemma 5.6. Forany k < R, where R is the range of U, it holds that,

lim lim sup ]P’(no < k) = 0. (5.18)
A=0 [ 00
L even

Proof. Consider k < R and take k' > k such that U (k') > 0. Applying the chessboard estimate,
Proposition [4.3]and Remark 4.4, we obtain that

(5.19)

//(Vx eTy, n, < k:) el
(Ve e Ty, ny =k) '

IP’(nO < k) < P(Vx eTr, n, < k)‘TlL' < <
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Using similar calculations as in (2.9), we obtain for the numerator that

¢ (CN)\)me
m=(me)cer, €Ny ¢EL v (5.20)

< (eNX)MTLl(2f 4 1)4Tel,

We used that there exist no more than (2k + 1)4Tl link configurations m = (m,)ece, € Ng* that
satisfy >, _, M,y < 2kforanyz € Ty,

For the denominator we choose as lower bound the weight of a single configuration and obtain that
AFITL]

’ g A
w (Ve eTr, n, =k)> (2k)\TLl/2

U (k)T (5.21)

The right hand-side of (5.27) corresponds to the weight of a configuration where the 2k’ links touching
a vertex are on precisely one edge each. From (5.19), (5.20) and (5.21) we deduce that,

P(n, < k) < XFe(d, k, k', N,U,v),
where the constant ¢(d, k, k', N, U, v) < oo does not depend on A and L. This proves (5.18). O

The next lemma states that, as long as the number of links on {0, e; } is sufficiently large compared to

the local time at the origin, the probability that {0, e; } is crossed by at least two distinct closed paths

is also large. This is a necessary step for proving that E(m&)’el}mgel}) is large.

Lemma 5.7. Forany k € N>y, 0 < ¢ < 2 and any weight function U with range R > k it holds that,

B
P(all links on {0, e} belong to the same closed path| moe,} > NoE > k:) < e~(i—ar), (5.22)

Proof. Consider k € Ns9 and 0 < € < 2. Using that for any configuration w € W all links on
{0, e1} belong to the same closed path only if they have the same colour, we can write

IP’(aII links on {0, e1} belong to the same closed path ] Mioer} = NoE > k:)
P(all links on {0, e; } belong to the same closed path, M oe,} > Mo > k:)
P(m{qel} > NE > k})

N . (7) m
> e, P(all links on {0, e1 } belong to the same closed path, Migey = Nof 2k, (Ge) )

Zij\il ]P)(m?o),el} 2> NoE 2> k’ mg[j;),el} = O\V/] 7& Z)

. (1) m(]’) -0
B IP’(aII links on {0, e} belong to the same closed path, Mg e} > nye >k, {Vo,je;é}l )

o (1) () .
]P’(m{oyel} > nee >k, m{gel} =0Vj # 1)

(5.23)
We now provide an upper bound for the numerator of the last term in (5.23). The idea is to condition on
the link and colouring configuration on every edge and on the pairing configuration outside the origin.
Given m € M and ¢ € C(m), we denote by P°(m, c) C P(m, c) the set of pairing configurations
7 = (m)zer, € P(m,c) which are such that each link is paired at both its endpoints, except for the
1-links touching the origin, which are left unpaired at the origin. We denote by A, . j, the set of triples
(m,c,m) withm € M, c € C(m) and m € P°(m, c), which are such that m, ¢} > n.c > k, all
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@) O- O O
o, u1} k1) )

O g —0—0

OO O O

Figure 7: Part of a link and colouring configuration, in which only the 1-links are depicted. All pairings
outside of the origin are fixed. There exist precisely five open paths starting and ending at the origin.
The links belonging to the five paths are drawn in different widths.

links on {o, €1} have colour 1 and U (4 >y T, y}) > Oforall z € Ty. Using the conditional
probability formula, we have that

IP(all links on {0, e; } belong to the same closed path, mf{lo)m} > nye >k, mg)el} =0Vj # 1)
- Z PP (precisely one closed path on {0, €1 } | me (w)=rte ce(w)=Ce veEL)

e (W)=Tz V0
(7’7:1,7677’:1') EAL,E,k

X P(me(w) = Me, ce(w) = ¢ Ve € B, m,(w) = 7, V& # 0)
|

B |P(m, ¢, 7)
= Z {m e P(m,¢): m, =T,V # o}

P (" e s <),
(1,6, 7)EAL ek
(5.24)

where | P(m, ¢, )| denotes the number of pairing configurations m € P (1, ¢) which are such that
7, = 7y forallz € Ty \ {o} and such that all 1-links on the edge {0, e; } belong to the same closed
path. In the last step, we used that P(w) = P(w') for any two configurations w, w’ € W such that

me(w) = me(w') and c.(w) = c.(w') foralle € Ey.

We now derive an upper bound for | P(1, ¢, 7)|. The pairings of the 1-links outside of the origin are
fixed in such a way that we have a collection of open paths of colour 1 which start and end at the origin,
meaning that precisely two links of each such path have an unpaired endpoint at the origin, see also
Figure [/l The idea is to pair the paths step-by-step such that we obtain a closed path that contains
all links on the edge {0, e; }. We begin with the path containing the first link on {0, e }, ({0, €1}, 1),
and we denote by ({0, 41}, k1) with y; ~ 0,and 1 < k; < 1,4,y the other link of this path which
is unpaired at the origin. At the origin, we then pair the link ({0, e, }, 1) to alink ({0, y2}, k2) which is
not ({o, 41}, k1), since we do not want to close the path. Hence, for the first link on the edge {0, e; },
we have (27, —2) pairing possibilities, where 71} := § 3 D peliingy ] Lé(o (=1} is the number
of 1-links touching o divided by two. We denote by ({0, ys}, k3) the link corresponding to the same
path as ({o, 42}, k2). This link may neither be paired to ({0, y1}, k1) at the origin implying that we
have (2n) — 4) pairing possibilities for the link ({o, y2}, k2 ). We proceed in this manner until we have
paired all links on the edge {o, e; }. More precisely, the link ({0, y1 }, k1) is first paired at the origin
after all links on {0, e, } have been explored. We need at least o := [(1y,e,3 — 2)/2] pairings at
the origin until all 1-links on {0, e; } belong to a closed path. An upper bound for the number of pairing
possibilities of links of colour 1 at the origin is thus given by

|P(m, & 7)| < (2RL —2)(2R) —4) - -+ (2R — 2a) (2R, — 2 — 1)!1. (5.25)
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We compare the upper bound for | P(17, ¢, 7 )| with the number (272} — 1)!! of pairing possibilities of
the 1-links without the restriction that all links on the edge {0, e;} must belong to the same closed
path. We consider the case fn{mel} even, which is the worst case. Using the estimate 1 —x < e™*
forany = € R, we obtain that

|P(m, &,7)| (2 —2)(20g — 4) -+~ (275 — Ty, .y +2)
al =1

’ 1
_ - (5.26)
< exp ( )3 2Rl — (21 — 1))

1 m{oel} -2
< _ - hoely 7 - _Z
= P ( %, 2 =P ( + 2k:>

where in the last step we used that 7, ¢,1 = €ng > k. The proof is concluded by plugging (5.26) in

(5.24) and by using (5.23). O

The next proposition states that G(o, e;) gets arbitrarily large as long as the range of the weight
function and the parameter A are sufficiently large. In particular, G(o, e;) gets much larger than the
expected number of links of a given colour on {o, e; }.

Proposition 5.8. Letd € N, N € N>, andv : Z¢ — R be tempered and separable. For any
M, a € (0,00), there exists R € (0, c0) such that for any good weight function U with range at least
R, there exists Ao > 0 such that for any A > \q and any L € 2N,
(1) ) (2)
E(1 0y Miney) = ¢E(mg ) > M. (5.27)
Proof. Letd € N, N € N>y and v : Z¢ — R be tempered and separable and consider M, a €
(0,00). In the following calculations, U : Ny — R{ will be an arbitrary good weight function and

we will later specify its range such that all the events on which we condition have a strictly positive
probability. Consider & € N such that £ > a. We have that

N
@ @ y_ 1 ) (1)
E(m{o,el}m{o,el}) o GE( {o el}> N —1 E(Z m{o,el}(m{o,el} - a))
=2

k—a
= N—I]P) {oel} >k, Zm e1}
k

—a . (5.28)
= N -1 P(m {0 ey 2 Ko Zm{o ey =1 | M{o,e1} = E > kN, rotallnks on {o.e1})
X P(m{o,el} > E > kN, not all links on {o, e; } of same colour )
> —k —a P > > kN IP( notalllinks on {o,e1} > No > LN
o N(N — 1) ( M{o,e1} d ) ( of same colour ‘m{0761} - E = )

We provide a lower bound for the first probability appearing in (5.28). Using the conditional probability
formula, we have that,

o S j ‘ !
IED('rn{o,el} > E > kN) = Z ]P)(m{o,el} > E | N = ]) IP)(no - ]) > ﬁp(no > de)»

j=kdN
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where we used the rotational symmetry of the torus in the last step. For the second probability in (5.28|
we apply Lemmawith €= %l and obtain that,

n
P(not all links on {0, e } of same colour | My e,} > — > kN)

d
N -1 No
> N PP (at least two closed paths at {0, e1} | myo.e,} > Fl > kN) (5.30)
N -1 111 1 N-1
> 1 — ¢ ali—mn) - -
> 5 (l—etimm) >

where in the last step we used that e=* < 1 — Sz for any = € (0, 3). Plugging the lower bounds
and in and applying Lemma(5.6|we obtain that for any weight function U with range
R > kdN,where k := 16d> N?M + a + 1, there exists \g = \o(d, N, U, v, M, a) < oo, such that
forany A > A\g and for any L € 2N,

(2) /{Z—CL

]E(m(l) (2) ) — GE(m{o,el}) = 16d2N?

{01} 0,e1} P(no > kd) > M.

This concludes the proof. O

5.3 Two-point function and expected number of closed paths connecting two
vertices

In this section we derive the important relation between the two-point function G(z, y) defined in
and the expected number of closed paths connecting  and y using reformulation of the two-
point function. Recall from the definition in that we denote by /\7;4, : W — R the function
which counts the number of closed paths (cycles) visiting  and y.

Proposition 5.9. There exists ¢ > 0 such that for all L. € 2N and for all x,y € T, withx # y,
E(Ney) > cG(z,y)*" (5.31)

Proof. Consider z,y € T with x # y. By the reformulation (5.7) of the two-point function, we have

that
5 )2 Une +1) Ulny +1) _;
G(z,y) = _E< nHIp ’ B_UW>
R (5.32)
2 2 1 _ ~
< 2/\NM E( x}ty 27 (atny) 67”1#) )

~ 1 ~
where we used the upper bound 3_ -, n{n{X) < Nif, ngn, for any w € W and then applied

the definition in (1.5) of a good weight function U/. Using now twice the Cauchy-Schwarz inequality, we
obtain from (5.32) that

2172
22 M ]E(wa) 1 E(e8ﬁ(nz+ny)) i E(e—%z,y(w)) 3 '

G(x,y) <

For the proof of (5.31) it only remains to show that the two expectations E (€57 (=) and E (e =% v ()
are finite uniformly in L € 2N. The existence of a finite ¢ such that for any L € 2N,

E (€8ﬁ(nz+ny)) < ¢,
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follows from Lemmaand Proposition We now derive a uniform upper bound for E(e_%m’y(w)).
Forany x,y € T, we have that

ug(e_%’”'y(“’))

_ 4(vL(o,o)+vL(x,y)) U(nl“ — 2) U(ny — 2)

=€ 1 =2= 1 =0Vz T 1 u,=0Vz )

,u< U(ny) U(ny) {92=2=gy} *{9:=0V2€T \{z,y}} * {u-=0V2€T}
(5.33)

where we use the convention g = 1. The identity (5.33) can be derived by defining a map on W
that adds precisely two ghost pairings at « and at y. From (5.33), Proposition[4.3and Remark [4.4] we
obtain that

2

—20 w o 1 U Nz — 2 L
E(e 2 < ¢f (@% 11 Wﬂ{gzzw”zo})) , (5.34)

z€eT

where a 1= ) .. |v(x)| < oo since v is tempered. To prove that the term on the right-hand side
of is finite, we use that Z > 1 and we follow the same steps as in the proof of Lemma The
only difference here is that in the interaction term V' (w) at each vertex precisely two ghost pairings
are present (in addition to the pairings of the links). However, as can be seen in (2.9), the presence
of such two ghost pairings at each vertex decreases the weight of the whole expression. From these
considerations and from and we thus deduce that there exists ¢ € (0, c0) such that for
any L € 2N it holds that, E(e‘%Zvy(w)) < c¢. This concludes the proof of the proposition. O

6 Derivation of the Key Inequality

The main goal of this section is to derive Theorem below, which states a Key Inequality for the
two-point function defined in (5.4). The derivation of such a Key Inequality involves a central quantity,
defined in (6.1) below, and the chessboard estimate, which is given in Section [4.2

Throughout the section, we fix parameters d > 2, N € Ns,, A € RT, L € 2N and functions
v:Z%* — Rand U : Ny — R such that v is tempered and separable and such that U is good and
has range R > 2. Recall from Section that (T, EL) and (T, EL) refer to the original and to the
extended torus. We write the sub-script 77, or T;, when considering the RPM in the extended or in the
original torus and we omit all the remaining sub-scripts for lighter notation.

We now introduce the central quantity 2 (h) for a real-valued vector h = (h;).e7, . In Section
we will expand % (ph), with ¢ € R, as a polynomial in . When considering its limit ¢ — 0, we will
see its relation to the partition functions defined right after Definition [2.1]and in (5.3).

Central quantity. We denote by Wl’fi”t C Wr, the set of configurations w € Wy, such that the
following properties hold at the same time:

(i) The number of 1-links on {x, y} that are unpaired at « is equal to the number of 2-links on {z, v/}
that are unpaired at « for any {z,y} € &,

(i) There exists no link of colour ¢ > 3 that is unpaired,
(iii) There exists no ghost pairing,

(iv) At virtual vertices all links are unpaired.
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S0 ° O O
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Figure 8: (a) A configuration w € A((z,q), (y,7)) C W™ (we assume for graphical reasons that
all the links lie on the original torus). There exist precisely two open paths connecting x and y, one of
colour 1 := o and one of colour 2 := b. There also exist two closed paths of colour 3 := g. (b) The
configuration F5(w) € W, ,. The extremal links on {x, ¢} and {y, 7} have been removed.

Condition (iv) implies that any closed path of w lies entirely in the original torus. Recall from Section
that . (w) denotes the number of links touching x that are unpaired at  for any € 7. Given
w € Wr, , we denote by o, (w) the number of links on the edge {z, x + ey} that are unpaired at
T e TL.

Definition 6.1 (Central quantity). For any vector of real numbers h = (h,).c7, , we define

Z(h) = WL( 11 he 11 (%)QHWTL) 6.1)

‘Z‘G'TL acE’]TL

In other words, in (6.1) a multiplicative factor h, is assigned to each pair of unpaired links of different
colour at z, while a multlpllcatlve factor f is assigned to each link on an edge touching the virtual
torus which is unpaired at both its end-points.

6.1 Polynomial expansion

For any vector of real numbers h = (h,).cT, , we define the discrete Laplacian of h on the extended

torus,
> by,

yeTL:
{x>y}€gL

Proposition 6.2 (Polynomial expansion). For any vector of real numbers h = (hz)zeTL and any
v € R, we have that,
Z(ph) = Zg, + 9’2 (h) + o(¢%), (6.2)

in the limit ¢ — 0, where

ZA(h) = N’ Z%L ( Z iy +% Z hxhx*‘*ﬂ) + 2/\2MTL gq} Z h.h,

{z,y}€E, €Ty, {z,y}€EL
— Z Zr, (2, y)(A"h)(A*h), — — Z Zr, (x,x) Z he.
z,yeTr, IETL q€TL:

{z,q}€€L

(6.3)
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Figure 9: (a) A configuration w € A({x,y}). (b) A configuration w € A'({x,y}). (c) A configu-
ration w € A((z,q), (y,7)). The colours are defined by 1 := b, 2 := o and 3 := g. In all three
configurations there exist precisely four unpaired endpoints of links.

Reflection positivity will allow us to derive an upper bound on the term for a particular choice of
h, which will then lead to the Key Inequality (6.14). The remainder of the current subsection is devoted
to the proof of Proposition Section [6.2] can be read independently from what follows below in the
current subsection.

From now on we will call a link extremal if at least one of its endpoints is unpaired.

The term Z)(h) of order two, defined in (6.3), is the contribution to 2(h) of all configurations
w € Wi which are such that ) | u,(w) = 4. By definition of YW7"* a total number of four
unpaired endpoints of links can exist in three different situations depending on the number of extremal
links, see also Figure[9] The first one is that there exist precisely two extremal links which are unpaired
at both its endpoints. Such two extremal links have to be on the same edge. The second situation is
that there exist precisely three extremal links, one of them is unpaired at both its endpoints and the
other two are unpaired at precisely one of its endpoints. Also such three extremal links have to be on
the same edge. The third and last situation is that there exist precisely four extremal links, which are
all unpaired at precisely one of its endpoints. Such four extremal links are either all on the same edge
or there exist two edges with precisely two extremal links each.

vert

Subsets of WPFE”. We now define several subsets of WTL C W, according to the considerations
above. A glance at Figure|§] might be helpful. Recall that {x, y} € £ represents an undirected edge.
In the following definition, with slight abuse of notation, we represent by (x, y) € £, an edge directed
from z to y.

(i) Forany {z,y} € &, we let A({x,y}) be the set of realisations w € Wj<"* with precisely two
extremal links, such extremal links are on the edge {z, y}, one of them having colour 1 and one
of them having colour 2 and both extremal links are unpaired at both its endpoints. It follows from
this definition that in any w € A({z,y}), there exist only closed paths except for one open path
of colour 1 and one open path of colour 2 which both have length 1.

(iy Forany {z,y} € Ep, we let fll({x, y}) be the set of realisations w € W3 with precisely
three extremal links, such extremal links are all on the edge {z, y}, two of them being 1-links
and one being a 2-link. One of the extremal 1-links is paired at = and unpaired at y and the other
one is paired at y and unpaired at x. The extremal 2-link is unpaired at both its endpoints. Any
configuration w € fll({x, y}) is such that there exist only closed paths except for one open
path of colour 2 which has length 1 and one open path of colour 1 which has length > 1. Let
A%({z,}) be defined as .A'({z, y}), but with the properties of the extremal 1- and 2-links on
{z,y} interchanged.
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(iiiy For any pair of (directed) distinct edges (z, q), (y,7) € &L, let A((x,q), (y,r)) be the set of
realisations w € W™ with precisely four extremal links, two of them on {, ¢} and two of them
on {y, r}. One of the extremal links on {x, ¢} and {y, r} is a 1-link and the other one is a 2-link.
The extremal links on {x, ¢} are both paired at x and unpaired at ¢ and the extremal links on
{y, r} are both paired at y and unpaired at r. It follows from this definition that any configuration
w € A((x,q), (y,r)) is such that there exist only closed paths except for two open paths, one of
them having colour 1 and one of them having colour 2, which both have length > 1. Further, we
let A((, q), (x, q)) be the set of realisations w € Wg¢"* with precisely four extremal links, such
extremal links are all on {z, ¢}, two of them being 1-links and two being 2-links and all extremal
links are paired at «, but unpaired at q.

Lemma 6.3. Forany (x,q), (y,r),{u,b} € &, any{z,w} € E; andanyi € {1,2}, we have that

12457 <A<{u7 b})) = /\2 Z%‘L7 (6.4)
pr, (A({z w}) = Nk, (m{) ), (6.5)

nr (Al(x, ), (5,7))) = {i L (wy) i(@,q) 7 (y.7),

AL, (z,2) if(z,q) = (y,7). (6.6)

Proof. We begin with the proof of (6.4). Fix an arbitrary undirected edge {u,b} € &;. Recall the
definition of the set W%L in (4.9). We define a map F3 : A({u,b}) — W%L, which acts by removing
the two extremal links on the edge {u, b}. For any w € W%L, F;*(w) corresponds to the set of
configurations which are obtained from w by inserting a 1-link and a 2-link on {u, b} and by leaving
the links unpaired at both its endpoints. We thus have that

|y (w)| =2 (m{ujb};w) : 2)7 (6.7)

which corresponds to the number of ways a 1-link and a 2-link can be inserted on the edge {u, b}
among the ones already present in w.

For any w € W%L, forany w € A({u, b}) such that F3(w) = w, we have that

m{uyb}(@b)!
(m{%b} (Uv) + 2)!

piry (w) = Npur, ()
From and (6.8), we deduce that
pr (A{u b)) = > pr (A{w, b)) 0 {Fs(w) = @}) = AN Y pr (@) = X Zg,.
weWs. weWs.
This concludes the proof of (6.4).

We continue with the proof of (6.5). Fix an arbitrary edge {z,y} € E.. We define a map F} :
Al({z,y}) — W;’-L which acts by removing the extremal 2-link and the extremal 1-link on {z, y}
that is unpaired at = and by pairing at y the remaining extremal 1-link on {x, } with the 1-link that has
received an unpaired endpoint. For any w &€ W%L, F4_1(w) corresponds to the set of configurations
which are obtained from w

(i) by inserting one 2-link on {, y} and by leaving the inserted link unpaired at both its endpoints,
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(i) by choosing one 1-link, ({x,y},p) with p € [my, 4], on {z,y} and by removing its pairing at
Y,

(iii) by inserting one 1-link on {x, y}, by leaving the inserted link unpaired at = and by pairing the
inserted link at y to the link to which the link ({z,y}, p) has been paired before the removal of
its pairing at y.

Forany w € W%’ we thus have that

z +2
|Fy (w)] = (m{ ,y}(wa) )me{;),y}(w), (6.9)

where the binomial coefficient correspond to the number of ways two links can be inserted on {x, y}
among the ones already present in w. The factor 2 accounts for the number of possibilities of choosing
which of the inserted links has colour 1 and which one has colour 2. The factor mgy} corresponds
to the number of possibilities of choosing a 1-link on {z, y} whose pairing gets removed at y. For any
w E VNV%L and any w € A'({x,y}) such that F;(1) = w, we have that

My (W)!
(m{x?y} (w) -+ 2)!

pir, (0) = Ny, (w) (6.10)

Combining and (6.10) we thus obtain that

pr (A ) = > (A ({,y} 0 {Fu() = w}) = N2k, (m) ).

wEW?—L
This concludes the proof of (6.5).

We continue with the proof of (6.6). Consider x,y € T, (possibly x = y) and ¢,r € 7T, such that
q ~ z and r ~ y. We denote by VW, the extension of WV, ,, defined in and (5.9), to the
extended torus by replacing T, by 77, and by adding the condition that n, = 0 forany z € T, \ T}.
We define a map 5 : A((,q), (y,7)) — Wz, which acts by removing all extremal links in the
configuration, by leaving unpaired the links to which these removed links were paired and by adding 2
ghost pairings at x and y in case = # y and by adding 4 ghost pairings at = in case x = vy, see also
Figure {8l For any w € W¢ , F; '(w) corresponds to the set of configurations which are obtained

x7y ’
from w

(i) by removing all ghost pairings in the configuration,
(i) by inserting %“” 1-links and %’” 2-links on {x, ¢} and by inserting %y 1-links and %y 2-links on
{y,r}, where g, = g, = 2incase thatz # y and g, = 4in case z = y,

(iii)y by leaving the inserted links unpaired at ¢ and r and by pairing them at z and ¥ to the links of
same colour that have an unpaired endpoint in some arbitrary manner.

For any w € W¢  , we thus have that,

I,y’
4 (Mw,a) (W) F2) My, (w)+2 if and {z,q T 1
(") : 4 yand {z.q} # {y.7}
) 4 (M ) (3 it (z,q) = (r,y),
‘F l(w)‘ — 4 2
5 2 =2y ug=2) 4 (M) (OF2) (Meant (WF2) iy — gy and g #£ 1,
2t tud=2 Tl ag=ny (M) (0T (4) it (x,q) = (y,7).

(6.11)
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We now explain (6.11). In all four cases, the binomial coefficients involving the number of links on the
edges correspond to the number of ways the extremal links can be inserted on {x, ¢} and {y,r}
among the ones already present in w. If {z, q} # {y, r} we then have precisely two possibilities on
each edge to colour the inserted links such that on each edge one of the inserted links has colour 1
and the other one has colour 2 giving us a factor of 4. If {z, ¢} = {y,r} we have (3) possibilities
of colouring the inserted links such that two of them have colour 1 and two of them have colour 2.
The remaining factors in correspond to the number of pairing possibilities of the inserted links.
If z # y and {z, q} # {y,r}, we have precisely one possibility of pairing the inserted links at 2 and
y with the extremal links of same colour. If (z, ¢) = (r, y) we have two possibilities of choosing which
of the inserted 1-links is unpaired at ¢ and two possibilities of choosing which of the inserted 2-links
is unpaired at g. After having chosen these links, there exists precisely one pairing possibility, thus
giving us a factor of 4. If z = y, we have to distinguish between three situations. If u,(w) = 0, then
the inserted 1-links and 2-links have to be paired with each other at z. This implies that there exists
precisely one possibility of pairing the inserted links. If ui = 2 and ui = 0, then the inserted 2-links
are paired with each other at x, but the inserted 1-links are not paired with each other at 2. We thus
have precisely one possibility of pairing the inserted 2-links and two possibilities of pairing the inserted
1-links with the extremal 1-links at z. The same considerations hold true in the cases u! = 0 and
u? =1,and ul =2 = 2.

Forany w € Wy, for any w € A((z,q), (y,7)) such that F5(w) = w, we have that n () =
n.(w) for all z € T, due to the insertion of the ghost pairings at = and y. Together with the consider-

ations above, we deduce that,

/\4:“7' (w) mm{z,q}é)w)! : mm{y,r}éw)! i {ZE,(]} 7£ {y,r},
pr(w) = 0 W e 612

A, (0) e s it{z,q} ={y,r}.

Recalling the definition of the partition function in (5.3) and using (6.11) and (6.12), we obtain for any
pair of directed edges (z, q), (y,r) € &, that

1257 (A((IL‘, Q)v (y7 T))) = Z 12457 (A((ZE, Q)a (y7 T)) N {FS(w) = 12)})
BEWS,,

_ {v Zr,(x,y) it (2,9) # (y.7),

%ZTL(:U7y) if ($7Q) = (y,?’).

This concludes the proof of the lemma. O
We now have all ingredients to prove Proposition (6.2

Proof of Proposition[6.2 Fix a vector of real numbers h = (h,.).c7, and ¢ € R. Forany i € Ny, let

C(i)(h) = AT <]1{U=i} H h?z H (%)agc]lw;z")v

ZG'TL x€Ty,

vert

where U(w) := § .7, u.(w) is the total number of unpaired endpoints of links in w € W3
divided by two. Using that C©) (k) = pr, (WS, ) = Z4, and that C¥(h) = 0 for any i € 2N, + 1,
we have that

Z (ph) = Lz, + ¢*CP(h) + ("),
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Further,

COm) = 37 iy (A D) ey + 5 3 o (Alhw o+ e} hubsen,

{z,y}€EL J:E']TL

+2 ) un( ({z, y}>hh + Y MTL(A((ZJC ), (v, )))hh
{z.y}eEyL {(z.0).(v.r)}CEL 613

Note that the fourth sum in the right hand-side of (6.13) is over all unordered pairs of (not necessarily
distinct) directed edges. Applying Lemma[6.3]this sum can be rewritten as follows,

> (A0, 4.7) hghe

{(z.9),(yr)}CEL

> X m(Alwa) 5.) b,

z,y€Tr: q,reTL:
Jf?éy {m’q}z{yrr}eg[,

+% Z Z KL, (A((OC,Q), (x,r))> hghy + Z Z P (A((%Q)? (%Q))) g

zeTy, q,r€TL: z€T, q€TL:
{z,q}{y,rYe€r a#r {z,q}€€L
2
= — Z Zr, (z,y)(Ah), (A™h), — — Z Zr, (v, ) Z hy.
z,yeTyr JUE']TL q€TL:
{m,q}ESL

Applying Lemmal6.3|also to the first three terms of (6.13), we obtain that C?) (h) = Z(®)(h), where
Z?)(h) is defined in (6.13). This concludes the proof of the proposition. O
6.2 Key Inequality

Before stating the Key Inequality we state a proposition which is a direct application of Proposition

Proposition 6.4. Leth = (h.).cT, be a real-valued vector such that |h.| < 1 for every z € Ty,. For
any x € T, define the new real-valued vector h* = (h?).cT, by

ha: ifz € TL,

Vz e T; h? =
B {hﬁed+1 ifz €T,

We have that

The above proposition follows immediately from Proposition [4.3] after observing that we can write,

= MTL( H ff[flc),

zeTy,

for a sequence of real-valued functions ( 1, . )zct, that all have support {0} and where f,[f]t is defined
as the reflection of fh,:D to the site x, see the definition in Section
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We can now state the Key Inequality. For any vector of real numbers, v = (v.).ct,, we define the
discrete Laplacian of v on the original torus,

Vee T, (Av), = Z (vy — vg).

yG’H‘L:
Y~z

Theorem 6.5 (Key Inequality). For any real-valued vector v = (v,,).ct, , we have that,

> G, (z,y)(Av)(Av), < (1+2E(m), ) D (v, — ) (6.14)

.Z’,yETL {xvy}EEL

Proof. Fix a real-valued vector v = (v, )zer,, and let h” = (hY),c7, be obtained from v as follows:

Vg if v € TL;
Va € T; hY = 6.15
b Te {—2 dvyo,,, ifzeT? (619

We will use the following identities:

i) S RhY AL Y R =—3 Y (v-w,))

{I,y}E]EL z€Ty {xvy}EIEL

(iy (A*hY), = (Av),,

(i) > et Z sty (hg)? =2d(1+2d) 30y, V3.

7q}€£L

Recall the definition of Z(?)(h) in for a vector b = (hy)zer, € R7E. From (i), (ii), (i) we deduce
that,

)\2

v 1
{‘Tvy}eEL )\4 {iE,y}E]EL (616)
= Zy(2.y)(Av), (Do), - 52, (0,0)d (1 +2d) > ol
x,yE']l'L €Ty,

Moreover, recall that, as defined in Section for any original vertex x € Ty, (h")* is defined
as the vector which is obtained from h” by copying the value h? = v, at any original vertex and
the value h? = —2duv, at any virtual vertex and deduce from this and from 1; that, for all

rt+egqgi1
v = (v,)er, andforallz € Ty,

)\4
Z(2)<(hv)x) — (2 22 Mer (mgj’m}) EL| — ?ZTL<O, 0)d(1+2d) HI‘L\) V2. (6.17)

Using Propositions [6.2] and [6.4} a Taylor expansion and (6.17), we have that, in the limit as ¢ — 0,
_1
Z(ph") = 25, + 2D (R7) + o(p?) < ( T] 2 ((9h"))) ™

= 78, + (207 i, (i) d
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Thus we proved that, in the limit as ¢ — 0,
Zy, +¢*ZP (RY) + o(¢?)

)\4
<z, + ¢ (200, (mlY, ) d - S22, (0.0)d (1+2d) )) D 02+l
zeTp,

where h" was defined in ( as a function of v, and this can only hold true if

)\4
Z@(h?) < <2 A2 b <m5[10)781}) d— -2, (0,0)d(1+ 2d)> >l (6.18)

xzeT,

By replacing in the left-hand side of 1) dividing the whole expression by Z , and plugging
in (5.4), we deduce that, for any finite strictly positive \,

Z Gr, (z,y)(Av), (Av), < Z (v, — Ux)Q +4Fy, (m&)’el}) (d Z V2 — Z Vg vy )

z,yeTy, {z,y}€EL zeTy, {z,y}€E
_ 1 2
= (1428, () Y0 (o —v)’,
{x7y}E]EL
This concludes the proof of the theorem. O

7 Upper bound on the Fourier sum

In this section we provide a uniform lower bound for the Cesaro sum of the two-point function (recall the
definition in (5.4)). The result is presented in Theorem[7.1]below. It is derived using Fourier transforms
and the Key Inequality for the two-point function stated in Theorem The lower bound depends on
the numerical value of G(o, e1) and on the expected number of 1-links on {0, e; }. For a comparison
between these two quantities we refer the reader to Proposition In the whole section d > 2,
NeN,,NeRT,Le2N,U:Ny— R} and v : Z* — R are fixed and satisfy the assumptions
of Theorem We omit all sub-scripts here.

For x € Z%, we denote by N, := ZZO:O 1¢s,=+) the number of visits at x of a simple random walk
S = (Sn)nen, in 7 starting at the origin. We denote its probability measure and its expectation by
Pr.w. and Er.w.'

Theorem 7.1. We have that

Z Glo,z) > (0’61); Glo.0) (1+2E(m), 1) Cr(d), (7.1)

where (C1(d))en is a sequence of non-negative real numbers, which is defined in (7.10) below,
whose limit . — oo exists and satisfies

2E™(N,) — 1
lim CL(CZ) = —( 0) .

To begin, we define the Fourier dual torus,

1NZ Vi e ld}.

. 2m L
TL = {f(nl, . ,nd) € R? . n; € (—5

N |
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We denote the elements of T by k = (&, ..., k4) and we keep using the notation o for (0, ...,0) €
Ty or (0,...,0) € T%. Given a function f € [*(Ty), we define its Fourier transform,
VEeT;, fk):=> e ™ f(x) (7.3)
zeTy,

It follows from this definition that ,

Ve e Ty, f(z) e f( 7.4
L ,M kGZT fk (7.4)

We use the notation G(z) = G(o, ) and we denote by G(k) the Fourier transform of G(z). We
start from the following equality which is an immediate consequence of (7.3) and of (7.4).

Lemma 7.2. We have that,

2 2 ki A
i > G(x) = G(o) + Gler) — ] > cos’ (51) G(k) (7.5)
Ll zery L1 keTs\{o}
Proof. To begin note that it follows from (7.4) that
1 1k-eq 1 1k-e1
Gler) = m Z FaG(k) = T |G( 0) + ﬁ Z “G(k) (7.6)
Ll gers L LT kers \{o}
and that ] ] ]
Glo)=— > G(k) = —G(o) + — G(k).
T 2 T |T.] 2. (7.7)

= KET$ \{o}

Bg defir;]ition , it holds that 7+ | G(o) = ITLI > e, G(z). Thus, by summing (7.6) and (7.7), we
obtain that

> (+e™)Gk). (7.8)

KET} \{o}

] Z G(x) = G(0) + G(e1) —

Ty

Since the term in the left-hand side of is real and since G(k) is real, it follows that
1 zk e1) A 2 2 kiy A
Y. (1) Gh) === > cos’ (%) G(k),
To|, 4 To|, 4 2
kET% \ {0} kET% \{o}

where we used the equality 1 + cos(k1) = 2 cos?(). This concludes the proof. O

The goal is to bound away from zero uniformly in L the quantity on the left-hand side of (7.5). The next
proposition is an application of Theorem

Proposition 7.3 (High frequency upper bound). We have that
cos?(%)

) (L2 wen)): (7.9)

Vk e T: \ {o}  cos? (%) G(k) <

where for any k € T%,

d
22 1 — cos(
7=1
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Proof. To begin, we fix an arbitrary & € T \ {0} and define the vector v = (v, )zer, € R~ by,
k1
Vee T, v,:= COS(E) cos(k - x).

We note that under this choice the following facts hold true,
(i Forany x € Ty, (Av), = —e(k) vy,

(ii) Z{x,y}eEL (vy — v)? = (k) erh vz,

(i) D yer, VevyGlz,y) = G(k) > ser, Va-

These computations are classical and a proof can be found for example in the appendix of [37]. We
now apply (i) to the left-hand side of (6.74) and (ii) to the right-hand side of (6.14), thus obtaining that

> v, Glz,y) < (k) (1+2Emi),,) Y v
zweTy, zeTy,

We obtain (7.9) by applying (iii) to the left-hand side of the previous inequality and by dividing every-
thing by £%(k) >y, cos®(k - ). This concludes the proof. O

We now have all ingredients for proving Theorem
Proof of Theorem[Z.1l To begin, we deduce from (7.5) and (7.9) that

= Y6 2 S EE 1 aml), )

T keT: \{o}

(7.10)
1 ker; \{o}

Using the fact that the sum in (7-10) is Riemann and using the identity cos*(%) = 1(1 + cos(k1)),

2
we obtain
Erw (Ne1) + Er.w.(No> B 2Er.w.(No) _ 1

lim Cp(d = 7.11
where in the last step we used that E™"(N,,) = E™(N,) — 1. For a detailed derivation of (7.17)
see also [37, Section 5]. This proves (7.2) and concludes the proof. O

8 Proof of Theorem[.1]

In this section we present the proof of Theorem The idea of the proof is to first use our results
from Sections [4]to[7]to derive statements that are similar to the ones in Theorem but in the RPM.
The main results for the RWLS will then follow from the equivalence theorem, Theorem Recall
our convention on the constant ¢, which is always positive and finite and may differ from line to line.
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Proof of Theorem[1.1l Letd, N € N such thatd > 3 and N > 2 and suppose that v : Z¢ — R
is tempered and separable. Recall from Section that we denote by E™""(N,) the expected number

of visits at the origin of a simple random in VA starting at the origin. We let M > % and we
set M = M — % > 0. Let U : Ny — R{ be good with large enough range R and let
Ao € (0, 00) be such that for any A > A, it holds that
erglo%fmZGOx ) > M > 0. (8.1)
Le2N z€Ty,

The existence of such a weight function U and parameter )\ follows from Theorem|7.1|and from the
lower bound (5.27) for the term G(o, ;). We now fix A > \g. By site-monotonicity, Proposmon
and by Lemma[4.5]there exists ¢ > 0 such that for any L € 2N and z,y € T, we have that

G(z,y) < G(o,e1) <E(n?) <c. (8.2)

Recall the definition of ./\N/'x,y : W — Ny in (3.13). From the monotonicity result [28, Theorem 2.2]
and from we deduce that there exist m € (0, 1) and ¢ > 0 such that, for any L € 2N and any
z,y € Ty satisfying |z; — y;| € 2N + 1foralli € [d] and such that |z — y| < mL, we have that
G(x,y) > ¢, from which we deduce using that there exists ¢ € (0, 00) such that for each
such pair of sites x,y € Ty,

E(/\N/'xy) > cG(z,y)* > . (8.3)
The Cauchy-Schwarz inequality now implies that
E(Nzy)
Ny >0) > =2 > ¢ (8.4)
P(Ny > 0) 2

where in the last step we used (8.3) and that ]E(./\Nf2 ) < E(nin}) < cby Lemma Recall from
Lemmathat Ny : Q2 — Ny, defined in ,is such that Ny, ~ N, From @3), 8-4) and

from Theorem [3.74] we can thus deduce that

E(N.y) > ¢, (8.5)

)

and
PEne{l,... . lw}:2yel™)=PWN,, >0) >c (8.6)

where we recall that the expectation in (8.5) refers to the expectation in the RWLS. This proves (1.12).
It remains to prove (T.17). Letx € T. Forany w € €, let K, (w) be the total length of r-o-loops in w
visiting -, namely, for any w = ({1, ..., {,) € §2, we let

||

= ey (W),
j=1

be the local time at x for the RWLS.

Forany w = (€1,...,{,) € €, recall from (1.8) that I", (w) denotes the first loop of w that contains
x. Then, for any k£ € N, we have that

k
k(k+1
Z E NJ; yﬂ{nz<k}) < E(K IL{ngg<lc} S Z Kx]l{preciselynIoopscontainx}) S E(|Fx|) %
yETL n=1
(8.7)
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Further, there exists ¢ € R™ such that for any y € T, such that |« — y| < mL, it holds that
E(Nx,yﬂ{nzgk}) = E(./\/:E’y) — E(N$7yﬂ{nm>k}) >Cc— E(Nz,yﬂ{nz>k:})7 (8.8)

where we used (8.5) in the last step. The second term in (8.8) converges to 0 as £ — o0, which
can be seen by applying the equivalence theorem, Theorem [3.14] the Cauchy-Schwarz inequality, the
Markov inequality and Lemma[4.5] Indeed,

§ . . E(n,)\ ?
ENoyLinony) = EWyLinoy) < E(A2,)} <nx>k>2§(E<ni> “”) (k).

where limy_,, ¢(k) = 0. From (8-7), (8-8) and we thus deduce that for any k € N,

2(c—c(k)) _ 4
E(|l'y]) > ———~=mL

D> Ty ™
for some m € (0, 00). We now choose ky € N large enough such that ¢(ky) < ¢ and the proof of
the theorem is concluded. O

A Appendix

A.1 The interacting Bose gas and random loops

We introduce the partition function of the random loop model corresponding to the Bose gas in T,
with interaction potential v, : Ty x T, — R. Given n € N, the number of particles, and 3 € [0, o),
the inverse temperature, we define the partition function,

DS S0 / Dy @) e (Y / 0. (1))

" a=(@1,..xn)E(TL)" TES, i=1 1<ij<n
(A1)

where S,, is the group of permutations of n integers, dWﬁy is the measure of a continuous-time simple
random walk in T, of time-length 5 which starts at x and ends at ¥, and is defined in the measure
space of continuous-time Cadlag trajectories w : [0, 5] — T, which start from z and end at y, the
normalisation is such that f dWﬁy equals the probability that a continuous time simple random walk
in Ty, of time (3 starting from = ends at y, vy, is the interaction potential which was defined in the
introduction. This reformulation of the Bose gas can be derived from the quantum analytic formulation
through the Feyman-Kac formula [24], see also [40] for the analogous derivation in continuous space.
Since permutations naturally induce cycles, can be viewed as the partition function of a random
loop model. The grand canonical partition function of the interacting Bose gas is then defined as,

Zbose,g Z eynzbose’ (A.2)

where 11 € R is the chemical potential, an external parameter. We formally obtain the RWLS con-
sidered in this paper (in the special case N = 2 and weight function U(n) = 1 for any n € Ny) if
we replace the continuous time simple random walk of length /3 by a single-step simple random walk
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trajectory. More formally, replace dW7, in (A.1) by dey, where deB is defined as the measure
which assigns welght to the trajectory such that,

x it e€l0,5),

vte[0,8] wit)= {y o

and weight zero to all the other trajectories. In other words, the particle spends time [ at the vertex
x and then jumps to a nearest neighbour, y, with uniform probability. We now make this connection
formal by setting for simplicity 5 = 1. By replacing dW, , by dW, , in 1» we thus obtain

T YNED o) | § LR R0 iy AR

z=(z1,....xn)ETL™ TESy =1 1<i,5<n
1
ol Z Z (ﬁ)n Lz (i) —ils =1vie[n]} €XP ( Z vr(w;, %))
" z=(21,0.,00)ETL" TESH 1<i,j<n
"1
= — exp V(ly, ..., l)),
k=1 k! %Eﬁk { Z |6 \—n} H M ‘ )

where ) was defined in . For the last identity, for any pair (-, ) appearing in the sum we summed
over all the loop configurations (£1, . .., {;) € L* with the same loop structure as in (z, 7) and divided
by the number of such configurations. After simplifying the resulting factorials and summing over all
configurations (z, ) we obtain the last expression in the previous display. Finally, by considering the

grand canonical ensemble and setting A = ﬁe“ we obtain,
oo
ZAZose,g — Z e,unZAfLose (A.3)
n=0
oo n
1 P\
— ZE 11 7] o V(... ) (A.4)
k=0 """ (b1,...p)eck i=1 "
= ZLUw,Ns (A5)

where Zp, 7, v Was defined in the introduction, here N = 2, U(n) = 1 for any n € N; and
v: Z% — Ris related to vy, by (1.1).

A.1.1 Extensions

Our proof technique would allow us to prove the occurrence of BEC for random loop models which
are even closer to the Bose gas, (A.7), than (A.3). Indeed, the only limitation of our technique is that
the distance between two consecutive particles in the same loop is at most one. This is a necessary
condition for reflection positivity, which is employed in a crucial way. For example, one may consider
the following model,

~bose . _ i
Zng = ol Z Z {viem] lop@—aih<t}

z=(x1,...,0n)E(TL)" TESn

X H/dwﬁ o (@) eXp > / j(t))dt), (A.6)

1<i<j<n
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which is a minor modification of (A.1), with the modification consisting in the introduction of the indicator
that the distance between x; and :cw( ) is at most one. Our proof method would allow us to prove the
occurrence BEC for this model (in the grand canonical ensembile, as in (A.3), namely the occurrence
of macroscopic loops for any 3 € [0,00) and a large enough chemical potential . Now if (3 is
‘sufficiently’ small, then is extremely ‘close’ to the interacting Bose gas, (A.1). Indeed, since
[ is small, it rarely happens in that x,(;) (corresponding to the position of the last step of a
continuous time simple random walk of time [ starting from x;) is at a distance at least 2 from x;.
Being the two models so close, the hope is that in the future it may be possible to deduce BEC for

by a comparison with (A.6).

A.2 Examples of tempered and separable potentials

In this section we provide examples of potentials v : Z? — R that are tempered and separable.

Lemma A.1. Letv!, v? : Z¢ — R be defined by

v () = anlgp—gy — Bre” PN g, v (x) = gl fpmoy — Bol| "1 2}

for some constants oy, s, b1, Ba,t,s > 0 such that c; > (4 Zyezd’y# e~ and such that
ay > Ba 5 cqa 20yl Thenv! and v? are tempered and separable.

Proof. ltis easy to see that v! and v? are tempered. We now prove separability of v'. Leti € [d] and
letz,y € T withy; < 0 < x;. We have that

d
y) = By H Z e~ tei—yi—Lz|

j=1 2€Z
We can write the factor involving the ¢-th coordinate by

S et oLl

e p——
elt —1 elt —1
2€L

(&

For j € [d] \ {i}, we use complex Fourier transforms (see e.g. [41]) and obtain that

271'77. )
§ e —trj—y;—Lz| _ E :6 |(Jzj—y;| mod L) Lz\ E f L yJ) (A8)

1Y/ 2EZL n=—o0o

where f is the Fourier transform of f : R — [0, 00), f(z) = e L=l given by f(€) = W >
0. Combining and we can write

“obay) = [ att.o)-att i)
Rd-1
where a : R4 x T, — C? s defined by a(t, z) = (;(t, ) eq1,2} with
(t,2) = eteil g P2 (T 1T 15eesT )‘LtJ; as(t,z) = cre — |z zL(atl, i1yt 1) [ ]

for some ¢; = ¢1(3,¢, L) € R*. The function & : R4"! x T, — C2 is defined as in (@.3). Here
we use the notation [t| = ([t1],..., |ta_1]) € Z4 ' foravector t = (t1,...,tq_1) € RL The
finite, non-negative measure dv(t) is given by

dv(t) = f([tr]) - f([taa])dt,
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where dt denotes the Lebesgue measure on 7' = R%!. Hence, vi yields a representation of the
form (4.2).

Separability of v? can be deduced from separability of v* since for -, y € T}, it holds that

1 1 o0
2 = — - - @ s=1o—plz—y—Lzl g
o=t e - g, o "

2€74 2€74
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