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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 Z¢, d > 3, and prove the occurrence of macroscopic loops whose
length is proportional to the volume of the system. More precisely, 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. 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 me-
chanics models. In this model the spins take values in a unit sphere of dimension N — 1,
see Sect. A.2 for the definition. Special cases of interest are the Ising model (N = 1), the
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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, Frohlich and Spencer in [13,14] following the work of Symanzik [35].
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 known from the seminal work of Frohlich,
Simon and Spencer [24] 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 long as the inverse tempera-
ture 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
[5], 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 [5], 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.
Moreover, when translated back into the language of spins, our result about occurrence
of macroscopic loops has new implications on the decay of correlations in the Spin O(N)
model itself, see Sect. A.2 for further results.

Interacting Bose gas. Providing a rigorous proof of the occurrence of Bose-Einstein
condensation (BEC)—a physical phenomenon predicted by Einstein occurring to a cer-
tain class of gasses at very low temperatures—is one of the most important open prob-
lems in rigorous statistical mechanics [28]. In 1953 Feynman introduced what is now
referred to as the Feynman—Kac representation [21]. This representation allows the re-
formulation 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 [25]. 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 condensation [36,37,42]. Providing a rigorous proof the
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Fig. 1. Illustration 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

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 com-
munities has been made for the solution of this problem, which nevertheless remains
open. A first important progress was made in [2,17] (see also [28, Chapter 1]), where the
occurrence of macroscopic loops was proved for the Bose gas under hard-core local in-
teractions under the so-called half-filling condition. Further important progress has been
made in the rigorous analysis of spatial random permutation models [6,8-10,12,20] and
in the Bosonic loop soup considered in [16]. 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 [39], 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 ap-
proach based on large deviations allowed the characterisation of the free energy of the
Bose gas in RY in a certain region of the phase diagram [1] and lead to a proof of BEC
on the complete graph [40].

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 Sect. A.1 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.
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Lattice permutations and loop O(N). Our general loop soup reduces or is related
to further important statistical mechanics models, for example to the model of lattice
permutations and to the loop O(N) model. Lattice permutations are a special case of
our model in which the local time at each vertex is allowed to be at most one. They are
relevant for various aspects, for example they are a generalisation of the double dimer
model, which attracts interest for many different reasons, see [18,26,33,39]. The loop
O(N) model is a related model in which the local time at each edge (and not at each
vertex) is allowed to be at most one (see [32] for an overview). Our theorem unfortunately
does not cover these models, since it holds only for models in which the local time at
each vertex is allowed to be a large enough constant. However, the qualitative behaviour
of our random walk loop soup is not expected to depend on the specific constraint on
the local time, hence it is interesting and natural to make a comparison to the above
mentioned models.

For lattice permutations, the only available results about existence of macroscopic
loops involve the special case of fully-packed loops, the so-called double dimer model,
which corresponds to the superposition of two independent dimer covers [18,26,33].
In the case of non fully-packed loops, it is known that one single ‘open loop’ forced
through the system is macroscopic [33] when the inverse temperature is large enough in
dimensions three and higher. For the loop O(N) model, the occurrence of ‘macroscopic’
loops has been proved on the hexagonal lattice [19] 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.
In the higher dimensional case, instead, the notion of ‘macroscopic’ loop is stronger.
Indeed, our work shows that in Z¢ withd > 2, for each random walk loop soup which is
covered by our theorem, 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.

Let us also stress that random walk loop soups are intriguing mathematical objects
which appear in many other subjects in probability and mathematical physics, for exam-
ple in the framework of quantum spin systems, and in relation to the theory of scaling
limits and SLE curves. We refer to [3,4,43] and [27,34] for some references on the two
subjects.

1.1. Definitions. Let Ty, be atorus of side length L in 74 whose elements can be iden-
tified with the set {x = (x1,...,xq) € Z¢ : x; € (=%, L] foreachi = 1,...d}. Let
L be the set of rooted oriented loops, i.e., finite ordered sequences of vertices in Ty,
€= (£(0), £(1), ... £(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 Q2 := U>° ,L" be the con-
figuration space, whose elements are ordered collections of rooted oriented loops, see
Fig. 1. Given any configuration w € 2 we denote by |w| the number of loops, i.e., |w| is
defined as the integer n € Ny such that w € £". For any w € 2, we define by

o] [£n]—1

ne@) =Y > Teu(j=y)

n=1 j=0

the local time at x € Tr. We now introduce a very general probability measure on
2, which depends on several parameters and functions, after that we will show that
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very important models correspond to a special choice of such parameters and functions.
We first define a potential, v : Z¢ — R satisfying v(x) = v(—x) for each x € 74
and make the interaction periodic under torus translations by introducing the function
vy, : Ty x Ty — R, which depends on v and L, and is defined as

v (x, y) = Z v(y + Lz — x). (1.1)

z€Z4

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 € Ny loops, v = (ﬁl, £, .. .K,,) e L", the weight,

1 1 ﬁxlffl
PLuwNL (@) = o —
! Zruwna n! o 1G]

) [T vo@) exp (= V@),

XETL

(1.2)
where for any w € €,

o || [£]=11¢;1-1

Vi)=Y 3" 3" > wp(tim). ¢;m). (1.3)

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

and Z;, v,y N, 1s a normalisation constant, to which we refer as partition function. We
generically refer to the random loop model defined by (1.2) 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, co) 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 N correspond to a
higher number of loops. The weight 1/|¢;| in (1.2) 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 (1.2) requires some assumptions
on v and U. We say that the potential v is tempered if

7 :=v(0) + Z V() Ljy<0) = 0 and Z [v(x)| < oo. (1.4)

xezZd xezd

A potential is tempered if it is locally non-attractive (v(0) > 0), the total attractive
interactions (represented 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 : Ng — R is good if there exists
M < oo such that,

nUm+1) < MU®), (1.5)

where U (n) = U(n)e‘“z. For example, U (n) = 1{,<10; and U(n) = L are good for

nl
any tempered potential v, while U (n) = n? is good only if v is not only tempered but
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also v > 0. It is easy to ensure the well-definedness of (1.2) for any 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 S (the inverse
temperature) connects two consecutive particles. We refer to Sect. A.1 below for further
details on such an important connection.

Spin O(N) model and BFS representation. When N € N, v(x) = 0 for any x € Z4,
and

r)

Un) = ——2—,
" 207 (5 +n)

(1.6)

our model corresponds to the Brydges, Frohlich and Spencer representation of the Spin
O(N) model with inverse temperature A > 0 [13] (note a correction of the original
definition in [14, eq. (6.18)]), see also [5,14,29,31] 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(x) = 0 for any
x € Z¢ and

1 ifn <R,

Uin) = {0 otherwise, (1.7)
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 [39], which, in turn, reduces
to the double dimer model [26] when A = oo [39]. 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 [32] 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 Ié_lt\ in (1.2) 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.

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 4.1 below, here we provide
two main examples of potentials fulfilling such an assumption, i.e.,

V1 (x) = alxmg) — Be P L 20),
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and
v2(x) = al—oy — B Ix]] " Lz},

for parameters o, f,t,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 .

We now state our first main theorem. Let I, be the first loop visiting the vertex x,
namely forany w = (¢1, ..., {||) € Q,weletwy(w) :=inf{i € {1, ..., |o|} : x € {;}
be the smallest index of the loops visiting x, where || is the total number of loops in
. We then define for any w = ({1, ..., {j|) € 2,

if
[y(w) = | oe@ 1T wx(@) <00 (1.8)
] otherwise.
Moreover, for any i € N we let ' be the ith loopof w = (41, ..., €je|) € 2,
: L ifi < |w|
r(w) = 1{" 1.9
(@) i(/) otherwise. (1.9

Furthermore, we let Ey, ¢, n,). be the expectation with respect to (1.2). Finally, we say
that the weight function U : Ng — R{ has range R if

R :=sup{n e 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 € Np, 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
x = (x1,...,xq) € T such that x; € 2Ny + 1 for every coordinate i € [d] and denote
the origin by 0 € Tp.

Theorem 1.1. Let d, N € N, be such thatd > 3 and N > 2, let R be a large enough
integer depending on d and N, suppose that v : Z¢ — R is tempered and separable, let
U be a good weight function with range at least R. There exists Ao < 0o such that, for
any A > Ao, the following two properties hold:

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

. ELuena (0]
liminf ———————~ > ¢

L—00: Ld ’
Le2N

(1.11)

for any vertex x € Tp.
(i) There exist cp, c3 € (0, 1), which do not depend on L, such that, for any L € 2N,
any x € T} such that dy (o, x) < c3 L,

Prusni(Ene(l,... o} : 0,x e T™) > c3, (1.12)

where dy (x, y) is the torus graph distance.
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On the contrary, if X is sufficiently small the model exhibits a quite different behaviour,
indeed E; .y n.2(|Tx]) = O(1) inthe limitas L — oo and the quantity in the left-hand
side of (1.12) decays exponentially with the distance between x and y (with exponen-
tial moments uniformly bounded in L). This can be proved using the cluster expansion
method (see for example [22, Chapter 5]) or the methods of [7,38]. Hence, the com-
bination of these facts and of our theorem imply the occurrence of a phase transition
with respect to the variation of the parameter 1. Under further assumptions on the weight
function U the point-wise positivity result, (1.12), can be extended to any vertex x € Tp.

Moreover, our result complements a result from [15], where a random loop model
analogous to ours was considered, in which any edge is allowed to be crossed by at most
one loop and no long-range interactions are present. In this paper it was proved that, if
d > 2 and N is a large enough integer, then the loops are ‘small’ for any A € [0, 00),
hence no phase transition with respect to A occurs. On the contrary, our result states that,
if d > 3 and N is any integer greater than two, then a phase transition with respect to A
does occur as long as the range of the weight function is large enough (depending on d
and N).

Paper organisation and proof structure. We end this introduction by presenting the
organisation of the paper. In Sect. 2 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 Sect. 3 we prove that these 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 Sect. 4 we introduce the first important technique for the analysis of the random path
model, reflection positivity and the chessboard estimate. In Sect. 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 Sect. 6 we derive the so-called Key Inequality. In Sect. 7 we use elementary
Fourier analysis notions for the derivation of the so-called Infrared-bound from the
Key Inequality. In Sect. 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¥, R6 Strictly positive and non-negative real numbers, respectively
N, No Strictly positive and non-negative integers, respectively

[n] Set of integers {1, 2, ..., n}

G=W, &) An undirected, simple, finite graph

ecfor{x,yleé Undirected edges

(x,y)e€& Edge directed from x to y

m = (Me)ocg Link cardinalities, with m, corresponding number of links on the edge e
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¢ = (Ce)ecE
T = (Tx)yey

8= (gx )xEV
Wg

nx
Ux

Qg

g
Z(Wg), 2(Rg), Z(Lg)
5
J()
ZZL,U,U,N,)L
ZL,uw, N (X, Y)
GL,uu,NA (X, Y)
GL,uw,N ()
GrL,uw,N ()
ZL.Uv,NA
(T, Ep)
(T%, EL)
e
()Le’IFL,oe’TL,oeTz
X~y
v = (Ux)xeTy,
h= (hx)xeTL
ZL.U,v.N(h)

()
Zrusna®

Link colourings, with ¢ : {1, ..., me} — {1,..., N}

Pairings, with 7, pairing the links touching the vertex x or leaving them
unpaired

Configuration of ghost pairings

The set of configurations of the RPM in G, withw = (m, ¢, 7, g) € Wg
Set of configurations of the RPM with no unpaired links and no ghost
pairings

Number of pairings at x

Number of unpaired endpoints of links at x

Set of configurations of the RWLS in G

Set of rooted oriented loops in G

Set of equivalence classes

Stretch-factor of € Lg

Multiplicity of [ € Lg

Partition function of the random path model

Directed partition function

Two-point function

Equivalent to Gz, 7.y, .1 (0, X)

Fourier transform of G, ¢ , i 5. (x)

Partition function of the random walk loop soup

Graph corresponding to the torus 74 / L74

Extended torus, with original and virtual vertices

Set of virtual vertices

Fourier dual torus

Origin

Pair of vertices in T;, which are connected by an edge in Ej,
Real-valued vector, with coordinates associated to T,

Vector of real numbers, with coordinates associated to 7,

Partition function with colour changes at x receiving a multiplicative
weight Ay

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 undi-
rected, simple, finite graph, and let N € N. We refer to N 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, colour-
ings and pairings. A glance at Fig. 2 might be helpful. We represent a link configuration
bym e Mg :={m e Nog (Vx eV, Y . mpy € 2No}. More specifically

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 = {x, y}, then we say that it fouches x and y.

Given a link configuration m € Mg, a colouring ¢ = (¢¢).ee, With ¢ : [m,] — [N]
is a function which assigns an integer in [ V] to each link, which will be called its colour.
More precisely, c.(p) € [N] is the colour of the p-th link on the edge ¢ € &£, with
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Fig. 2. Representation of a triplet (m,c, ) with m € Mg,c € Cg(m) and & € 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 lowest 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, o, 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
(1,1 = {{(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), respectively. At (2, 1), there exist precisely two unpaired links and the pairing is
given by (2 1) = {{(e1, 1), (e1, )}, {(e1, 2)}, {(e3, 1)}}, where e3 is the edge connecting (2, 1) and (3, 1)

p € [m]. A link with colour i € [N] is called an i-link. We let Cg(m) be the set of
possible colourings ¢ = (c¢).cg for m.

Given a link configuration m € Mg, and a colouring ¢ € Cg(m), a pairing 7 =
(my)xey 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, c¢) the set of all such
pairings for m € Mg, ¢ € Cg(m).

We can view a triplet (m, ¢, w) withm € Mg, c € Cg(m) and w € Pg(m,c) as a
collection of (open or closed) paths which are unrooted and unoriented, see also Fig. 2.

Additionally, we also introduce ghost pairings. A configuration of ghost pairings is
anelement g = (gx)xey € Hg := {0, 1, 2}V 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, 7, g) such that
m e Mg, c € Cgim), 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 : Wg — Ny as functions
such that for any w’ = (m’, ¢, 7', g') € Wg, m(w') = m’, c(w’) = ¢/, n(w') = 7’
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and g(w') = g’. Forany x € V andi € [N], let u; : Wg — Ny be the function
corresponding to the number of i-links touching x which are not paired to any other link
touching x and let u, : Wg — Ny defined by

N
Uy (w) 1= Z u (w)
i=1
be the total number of unpaired links touching x. Let further ni. : Wg — Ny be

the function corresponding to the number of pairings of i-links at x. We then define
ny : Wg — Ny by

N
ne(w) =Y nf(w)+ g (w).

i=1

as the total number of pairings at x, which are ghost or not ghost. Let mg) :Wg — Ny
denote the number of i-links on e for any i € [N] and e € £, namely for any w € Wg,

me (w) 1= 31 L, (jy=iy (w).
We let

Wg :={weWg:u, =0=g,Vx €V} 2.1

be the set of configurations in which there exist no unpaired links and no ghost pairings.
Elements of Wg are simply denoted by triples w = (m, ¢, ).
‘We now introduce a (non-normalised) measure on Vg and a probability measure on

We.
Definition 2.1. Let N € N, 1 € R*, U : Ng — Rj and vg : V x V — R be given. We
refer to U as weight function and to vg as potential. We define V : Wg — R by

Yw € Wg V(w) = Z vg (x, y)nyx (w)ny(w) 2.2)

x,yeV

and introduce the (non-normalised) non-negative measure pg y,vg. N5 O0 Wg,
/e (W)

) ([T o)

Yw = (m,c,7,8) €Wg G Ug N1 (W) = (1‘[
xey

ee&
(2.3)

Given a function f : Wg — C, we represent its average by ug,u,vgn.a(f) =

Y. HG.Uwg N (W) f(w).
weWg

We define the measure ,ué U,vg.N.2 3 the restriction of the measure ug v,vg,n .1 to

the set of configurations Wg and define a probability measure on Wg by

¢
1G.U,vg.N ... (W)

Yw=(m,c,m) e Wg  Pgusgni(w) = 7 : (2.4)
G.U,vg,N.\
where Zé Uwg.Na = HG.Ug. N,A(Wg) is the partition function. We denote by

Eg.u,vg.n .1 the expectation under the measure Pg 7 g n,1- Sometimes, for a lighter
notation, we will omit the sub-scripts.
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The next lemma provides a sufficient condition for the well-definedness of the mea-
sure (2.4).

Lemma 2.2. Let N € N, 1 € R* and suppose that vg : V xV — R satisfies vg(x, y) =
vg(y, x) for any x, y € V and that
VxeV  ig(x) :=uvg(x,x)+ Z vg (X, ) L{ug (x.y)<0) = 0. (2.5)
yey

Suppose that for U : Ng — R, there exists M < 0o such that

VeV Um)@n— e 9m® < gy (2.6)
Then, for any a € R, it holds that

,LLE<1_[eanx) S e)»e“MN‘gL (27)

xey

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 at-
tractive long-range interactions.

Proof. Leta € R{. To begin, we apply the Cauchy—Schwarz inequality and obtain that
for any w € Wg,

- Vw) < - Z ”xnyvg(x» y)]l{vg(x,y)<0} - Z vg(x, x)”i
x,yeV xeVy
1

1
2 2
(— Z n,%vg(xvy)]]-{ug(x,y)<0}) (— Z nivg(xvy)]]-{vg(x,y)<0})

x,yeV x,yeV

- Z vg (x, x)n)%

xey

— Z ni vg(x). (2.8)
xeV

IA

IA

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

,u[<l_[e‘”“) - Z 1—[ (AN)mf l_[ o U( Zm”)

xeV m= (me)eegeNg = yex

2

x ( Z Mix,y} — 1)!! e VW (DT

yx
-y 1—[(MNAe G DS (MNke")”"’ _ e MNIEl
m=(me)ece NE ¢€€ e€€ m,eN§
(2.9)

where M appears in (2.6). Here, in the first step, we used the fact |Pg(m,c)| <
[Ticy (X s mpxyy — 1)1 forany m € Mg and any ¢ € Cg(m). In the second step, we
used condition (2.6) and the fact that ) .y, 1, = Y ,.¢ m,. This concludes the proof. O
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From now on, we will always assume that the potential vg : V x V — R satisfies
(2.5) and that the weight function U : Ng — 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 3.14 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, » € R*, and functions U : Ny —
Rfandvg : ¥V x V — R.

Rooted oriented loops. Let L be the set of rooted oriented loops (in short: r-o-loops)
in G, i.e., finite ordered sequences of vertices in V, £ = (6(0), e E(k)) such that £(7)
is a nearest-neighbour of ¢(i — 1) for each i € [k], £(k) = €(0) and k € 2N. For any
such £ = (£(0), ..., £(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 £ = (E ), ..., E(k)) € Lg

with k € 2N, we denote by ¢, (£) := (E(m), Lm+1),...,Lk), £(1),..., K(m)) the r-o-

loop that is obtained from £ through a cyclic permutation of lengthm € {0, ..., [£| — 1}
and by r(£) := (E k), Lk—1),..., Z(O)) we denote the time-reversal of £. We then say
that ¢, ¢ € Lg are equivalent if [¢| = |[¢'| and if there exists m € {0, ..., |[€| — 1} such

that £ = ¢, (£) or £/ = ¢,y (r(€)). We denote the equivalence class of £ € Lg by y (£)
and by 2 (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), ..., €(L]), €'(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, £, with itself. Such a loop ¢ = {(¢) 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 r(£), i.e., if there exists m € {0, ..., [¢| — 1}
such that ¢, (£) = r(£). Otherwise the r-o-loop is called unstretched, see Fig. 3. For any
L € Lg, we define the stretch-factor §(€) by

1 if ¢ is stretched,

() = 2 if £ is unstretched.

Note that, for any pair of equivalent r-o-loops ¢, £’ € Lg, it holds that J (¢) = J(¢') and
8(€) = 8(¢'). Thus, by slight abuse of notation, we also use the notations §(y) and J (y)
for the equivalence classes y € X (Lg). Further, we denote by «(y) the length of any
r-o-loop in y and by |y | we denote the cardinality of y.

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

Lemma 3.1. For any y € ¥(Lg), we have that

| | _ S(y)a(y)

3.1
J(y) G-D
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O O O . O O O
§= E: - o g: 'E: 'Z

(a) (b) (c

Fig. 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. (¢) The loop is stretched and has multiplicity
two. It is the 2-fold concatenation of the loop in (a)

Proof. To begin, we fix an arbitrary r-o-loop £ € y and write y = y(¢) = AU B, where
A= {cm(ﬂ) cmef0,..., €] — 1}} and B := {Cm(r(E)) :mef0,..., 4] — 1}}.

We consider the set A and we define k := |€|/J(€). By definition of the multiplicity,
¢ is the J(£)-fold concatenation of its elementary loop £ = i) of length £ and of
multiplicity one with itself. This implies that for any m > k, ¢;,({) = c;—x(£) and
that for any m,m’ € {0, ...,k — 1} such that m # m’, ¢, (&) # ¢, (£). It 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} such that ¢;; (¢) = 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 (£)) = ¢ (¢ (£)) = C(nm) mod j¢](£), implying
that A = B. We thus obtain (3.1) with § = 1 for £ stretched.

Suppose now that ¢ is unstretched and assume that A N B # {. Then, there exist
m,m’ € {0, ..., €| —1} such that ¢,, (£) = ¢,y (r(£)) implying that ¢, —m’) mod ¢ (£) =
r(£). This contradicts the fact that £ is unstretched and thus it must hold that AN B = @.
We obtain (3.1) with § = 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 Qg := U,fozoll’é be the
configuration space. For a potential vg : V x V — R, a weight function U : Ng — R{
and parameters A, N € R*, we define the non-normalized measure

ol N

1 n
v.ugNa @) = 0 [ 77 () [[U(@) exp (= V), (32
i=1 "t xeV

where

no le—11¢51-1

V) =Yy > vg (L (m), £;(n)), (3.3)

i,j=1 m=0 n=0
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for any w € Qg such that w = (¢4, £2,...¢,) € L, for some n € No. We refer to the
constant Zg y vg . N.x ‘= VG,U.vg.N..(§2g) as partition function. We define a probability
measure on 2¢ by

VG.U,vg.N.A (@)

Vo € Qg PguwgNalw) = (3.4)

ZG.U,v5.N.A

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 v vg.n.2
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
2g equivalent if one configuration can be obtained from the other one by changing the
orientation and/or the root of the r-o-loops and/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, o’ € Qg equivalent if there exists n € N
such that o = (£1,...,¢,) and " = (€|, ..., £)) and if there exists a permutation
7w € S, such that £, ;) € y(Z;) for all i € [n]. We denote by p(w) the equivalence class
of w € Qg and by X (£2g) we denote the set of equivalence classes of Qg.

Note that for any two equivalent configurations w, @’ € Qg, it holds that v(w) = v(o').

Definition 3.3. We call a function f : Qg — R that is constant on each equivalence
class root-orientation-label-independent (in short: r-o-I-independent). With slight abuse
of notation, we then let f(p) be the evaluation of f at any configurationin p € X (2g).

For any y € ¥(Lg), we introduce the function k]l/ : Qg — Np, which is defined
as follows: For any w € Qg such that o = (¢y,...,¢,) € E'é for some n € Ny,
we set k)l, (w) = |{i € [n] : ¢ € y}|. Hence, k)l/ counts the number of r-o-loops in a

configuration w € g that are an element of the equivalence class y. For any w € Qg,
we define the sets E1(w) := {(y, kjl/ (w)) 1y € Z(Lg)} and

Ej() = {(y. k, (@) € E1(0) : k,(w) > O}. (3.5)

Note that E7 (w) is always finite. The next lemma follows immediately from our defini-
tions.

Lemma 3.4. Two configurations w, ' € Qg are equivalent if and only if 8f(w) =
Ef (o).

In particular, it follows that the function E7 is r-o-l-independent. The next proposition
provides a formula for the cardinality of any equivalence class p € X (£2g). Recall from
the beginning of this section that §(y), J(y) and «(y) denote the stretch-factor, the
multiplicity and the length of y € X(Lg).

Proposition 3.5. Suppose that v € Qg is such that w € Eg for some k € N and

suppose that B (o) = {(y1, k1), ..., (¥p, kp)} for some p € [k], y1,...,vp € T(Lg)
andky, ...,k € N. Then,

k U 5()/j)01(7/j))kj
= — 77 . 3.6
o) (kl,...,k,J)n( J(r)) G0

j=1
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1o : 1o

Fig. 4. Two equivalent configurations w, w’ € Wg, where G corresponds to the graph {x, y, z, w} with edges
connecting nearest neighbour vertices. The number of colours is N = 2 (1 := g, 2 := o). The configuration
w’ on the right can be obtained from the configuration w on the left through the permutation « for m defined
by kix,yy(n) = nforn € [4], kfy (1) = 1, &y, 2} (2) = 3, k(y,2}(3) = 2, k(y ;1 (4) = 5, kyy,53(5) = 4,
K(y,z}(6) = 6 and Kk ) (n) = n forn € [2]

Proof. Letp e N,y1,...,vp € £(Lg), k1, ..., k, € Nand w € Qg be fixed such that
E(w) = {(y1. k1), ..., (¥p, kp)}. Using Lemma 3.4, we have that

p(@)] = [{o € Qg : Ej (@) = Ej (@)}
={).....q) e LG #{i €[k : L] € y;} =k; Vj € [pl}]

P
= {1, vD e (L) i #i ekl v/ =yjy=k;Vielpl] [T1n¥

j=1
_ ( k ) lﬁl (6(y;>a<y,-)>"f
k],...,kp = J()/j) ’

1

where we used (3.1) in the last step. This concludes the proof. 0O

3.2. Equivalence classes in the random path model. We now introduce an equivalence
relation on the set Wg, which is defined in (2.1). Roughly speaking, we call two con-
figurations 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 Fig. 4 for an example.

Given m € Mg, we call a sequence of permutations k. = (k¢).cg a permutation for
m if k, € Sy, for each e € £, where S, is the group of permutations of n integers.

Consider now m € Mg, ¢ € Cg(m) and m = (7x)xey € Pg(m,c) such that
(m,c,m) € Wg and let k = (k.).cg be a permutation for m. For m, = {{(el, Det),

(62’ pfz)}v RN} {(el—l’ pel,l), (el’ Pel)}}’ we define
= {{(e1, ke, (Pe))). (€2, key (Pes D}, -+ {(€1-14 Koy (Pey_1)s (et Ky (Pe)} -

Furthermore, for any w = (m, ¢, w) € Wg and any permutatlon k for m we let w* =
(m’, c 7') be the configuration such that m = m’, c,(p) = Ce(K_l(p)) forall e € &,
and 7, = 7¥ for all x € V. See also Fig. 4.

Definition 3.6. We call two configurations w = (m,c,w),w’ = (m',c,7n’) € Wg
equivalent if there exists a permutation x = (Kg)eeg for m, such that w’ = w*. We
denote by o (w) the equlvalence class of w € Wg and we denote by X (Wg) the set of
equivalence classes of Wg.



Macroscopic Loops in the Bose Gas, Spin O(N) and Related Models

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

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

Given a configuration w = (m, c, w) € Wg and a permutation for m, «, the con-
figuration w* is by definition equivalent to w. Clearly, there exist [[,.¢ m,! distinct
permutations for m. However distinct permutations for m, « and «’, may lead to the
same configuration, namely it may be the case that w* = w*’. Hence, in order to de-
termine 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 = (xo, ({x0, x1}, p1), x1, ({x1. %2}, p2). ., (%=1, X} o), Xk,

where p; € {1,..., m{xj,l,x,-}} for each j € [k] and such that xo = x; for some k € 2N.
The vertex xg is called the root of L, the link ({xg, x1}, 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-1-loops for
m. Two r-o-1-loops are said to be equivalent if one sequence can be obtained as a time-
inversion and/or a cyclic permutation of the other sequence. More precisely, we denote by
cn(L) = (xn, ({xns Xpa1}s Pra1)s - - Xk, ({xo, X1}, p1)s X1, <o ((Xn—1, X0}y Pr)s Xn)
the r-o-I-loop that is obtained from L through a cyclic permutation of length n €
{Ov s |L| - 1} and b)’ r(L) = (Xk, ({xk—ls Xk}, pk)9 Xk—1, ({xk—la xk—z}s pk—l)s e
({xo0, x1}, p1), xo) we denote the time-reversal of L. We then say that L, L’ € R,, are
equivalent if |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 X (R,,) the set of equivalence classes of r-o-1-loops. The equivalence class of
an r-o-1-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 x € V
is contained in x € £ (R,,) if (e, p) or x occurs in the sequence L for every L € x. We
then write (e, p) € x and x € x. A set of cycles for m, {x1, ..., xx} C X(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.
For any w = (m, c, ) € Wg, we can uniquely construct an ensemble of cycles

cw) == {xi(w), ... Xew) (W)} € En 3.7)

as follows: We take any link ({x, y}, pix,y}) and choose a pointzg € {x, y}. Step-by-step,
we construct a r-o-1loop L for m with root zg and with starting link ({x, y}, p(x,y}) by
choosing z1 € {x, ¥} \ {zo} as the next vertex and by choosing the link which is paired
at z1 to ({x, y}, p(x,y}) as the next link in the sequence. We continue until we are back at
the link ({x, ¥}, p(x,y}). We define the cycle xi1(w) € X (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 a cycle x € ¢(w) an
i-cycle with i € [N] if every link that is contained in x has colour i.

Recall that £ denotes the set of r-o-loops, as defined at the beginning of this section.
For m € Mg, we introduce the map

U :Rm — Lg,
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which acts by projecting an r-o-1-loop L = (xo, ({x0, X1}, p1), X1, - - ., {Xk—1, Xk}, pr),
xk) € R, onto the corresponding r-o-loop ¥ (L) := (xo, X1, ..., xx) € Lg by ‘forget-
ting” about the links in the sequence. It is important to note that for any two equiva-
lent r-o-1-loops L, L' € R,, also the r-o-loops ¥ (L), (L) € Lg are equivalent. By
slight abuse of notation, we thus also use the function ¥ to map an equivalence class
x € 2(R,) toits corresponding equivalence class () € £(Lg).

For any y € X£(Lg) and any i € [N], we introduce the function k)z/ i Wg — Np,
where ka/’l. (w) is defined as the number of i-cycles x € ¢ (w) that satisfy 9 (x) = y for
any w € Wg. We further define k)z,(w) = vazl k}%’i(w). For any w € Wg we define
the set Ep(w) := {(y, k)% (w)) : y € E(ﬁg)}. We further define

E5(w) = {(y. k) (w)) € Ba(w) : k,(w) > 0}. (3.8)

Note that E3(w) is always finite and that E} is many-to-one. It follows immediately
from our definitions that the following lemma holds true.

Lemma 3.7. Two configurations w, w’' € Wg are equivalent if and only if B5(w) =
B} (w') and k)z/’l.(w) = k)z/‘i(w’)for anyy € £(Lg) andi € [N].

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

Lemma 3.8. Suppose that w = (m,c, ) € Wg is such that B3 (w) = {(yl, ki),...,
Yp» kp)}for somep e N, y1,...,yp € E(Lg)andky, ..., k, € N and suppose that
k)z,j,,'(w) = mj; for some m;; € No withi € [N] such that ZIN=1 mj; = kj for any
j € [pl. It holds that
u kj 4
lo(w)| = 1131 (mj,1 ..... mLN)‘{{xu...Xk} €&m: W elkl: Y =y}l =k;Vje [k]}‘,
(3.9)

where k := Zﬁ.’:l

Proof. Suppose that E5(w) = {(y1,k1),.... (¥p.kp)} and k)z/j,i(w) = m;,; for all
i € [N], j € [p], as in the statement of the lemma. We set

k;.

gm = gm(ylw'wyp)
={{x1....xk} €& W elkl: 9(x) =y} =k;Vj €[k} C &En.

We denote by g o(w) — &, the restriction of the map ¢, which was defined in (3 7),
onto o (w), i.e., ;(w/) =) € 5 for all w € o(w). By Lemma 3.7 the map { is
well-defined and, for any {x1, ... xx} € En, ;“ ({Xl, ... Xk}) corresponds to the set of
configurations w’ = (m, ¢/, n’) € 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): [{{ € [k] : ¥ (x;) = y;j and c,(p) =iV (e, p) €
X1}l =mj; forany j € [pland i € [N]. The pairing configuration 7’ € Pg(m, ¢’) is
then uniquely defined by {x1, ... xx}. From these considerations, we deduce that,

P
- B kj
£ (X1, - xiDl = | | <mj,1,...,mj,1v)’ (3.10)

j=1
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where the binomial coefficients correspond to the number of ways of choosing which
of the k; cycles x € {x1,..., x«} that satisfy 9 (x) = y; are assigned colour i for
any i € [N]. Since the right hand-side of (3.10) does not depend on the choice of

{x1,.--, xx} € En, we obtain (3.9) and the proof is concluded. O

The next proposition provides a formula for the cardinality of any equivalence class

o€ E(Wg). Recall from the beginning of this section that 6(y) and J(y) denote the
stretch-factor and the multiplicity of y € X(Lg).

Proposition 3.9. For w € Wg satisfying the same assumptions as in Lemma 3.8 we
have that,

. 1 s\
|6(w)|:l_[me!1_[mj’l' — N'(ZJ(JJ/])) : (3.11)

ecE j=1

Proof. Suppose that w € Wg satisfies the assumptions of the proposition. In the fol-
lowing calculation, we use that any cycle x € ¥(R,,) such that ¥(x) =y € Eg is the

equivalence class of precisely 2a(y ) r-o-l-loops. For j € [p] we setv; := (m, . fm/ N)

and we obtain from Lemma 3.8 that

P
o)l = [Tos {00, 20 € En ' ln € K1 900) = v}l = k; Vi € K1)
j=1

kj
B 1_[ v (2“(3’/ )

x‘{{Ll,...,Lk} C Rt (XL1)s ey x (L)) € Em: {0 € K] :

D(La) = y;Hl = k; ¥ € 1K1}

L 1 \Y 1
:Hv‘i(Za(yj)> k!

XL, L) € RE - {x (L), oy x (L)} € Em : Iin € [K] :

P(La) =y}l = k;VJ € K1}

P K
HU (2a(3/ )) k! Q’"e’

[, ....00 e 2(LY" : |{n € [k]:

~.

b€ vl =k; Vj € K1}

14 k:
kj 1 \b | k
:l_[( ! >< ) |Vj|kj—< ) ||me!
. mji,....,mjn/) \20(y;) kK'\ki, ... . kp

ecE

p

w11 ()
“ mjl' I’I’l]N‘ ZJ(Vj) ’

ee€ j=1
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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 X(R2g) a set of equivalence classes in E(Wg), see also Fig. 5. After that, we use
this map to associate to any function taking values in £2g which does ‘not depend’ on

‘certain features’ of the configurations in Qg a function taking values in Wg, which

also does not depend on certain features of the configurations in Wg. Our equivalence
theorem, Theorem 3.14 below, states that the average with respect to the RWLS measure
of the function taking values in Qg equals the average with respect to the RPM of the

corresponding function taking values in Wg.
To begin, recall the definitions of the maps E} and E7 in (3.5) and (3.8). For any
p € 2(R2g), we define the set,

@ (p) = (B9 (E](p) C TOVg).

The map @ is well-defined since E}(Qg) = E;(Wg). Let p € X(2g) be such
that ET(,O) = {(yl,kl),..., (yp,kp)} for some p € N, y1,...,vp, € Z(Lg) and

ki,...,kp € N. It follows from the definition of @ that any 0 € ®(p) C E(Wg)
satisfies the following two properties:

(i) E3(0) = Ef(p),
(ii) There exist m;; € No such that ), y;m;; = k; forall j € [p] and such that
k;zzf,i(a) =mj;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’) for any w, w" € Wg such that E}(w) = E(w").
Stated differently, a function which is c-l-independent does not depend on the colour
of the cycles nor on the label of the links of the cycle. In particular, any c-I-independent
function f : Wg — Ris constant on ®(p) for each p € Q2g. We will now give examples

of functions that are c-I-independent and of functions that are not c-l-independent. Recall
from Sect. 2 that n’, (w) and n, (w) denote the number of pairings of i-links and the total

number of pairings at x forany i € [N],x € Vand w € Wg.

Example 3.11. Consider the functions f; : Wg — R,i =1,...,6 below, which are
defined for any w € Wg and A C V as,

L4 fl (w) = ]l{There exist two links on {0,e} that are paired together at both its endpoints} (w)

o f2(w) = no(w)

o f3(w) := L{There exists a cycle that touches every vertex xeA} (W)

o fi(w) = IL{There exist two links on {0,e;} that have colour 1}(w)»

o fs(w) :=nj(w),

o fo(w) = ]l{The link ({0,e1},1) and the link ({0,e;},2) are paired together at both its endpoints} (w).
The first three functions are c-l-independent, while the last three functions are not.

Recall from Definition 3.3 that we call a function f : Qg — Rr-o-l-independent if it

is constant on each equivalence class p € X(£2g). With the next definition we associate
to any r-o-1 independent function a c-1 independent function.
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Definition 3.12. Suppose that f : Qg — R is r-o-l-independent and that f: Wg - R
is c-l-independent. We write f ~ f if f(p) = f(o) for any p € X(Qg) and any
o€ O(p).

For instance, the r-o-1 independent function g : Qg — R defined by g(w) =
Li(0,e1,0)cw or (e1,0,e1)cw} (@) fOor @ € Qg satisfies g ~ f1, where f1 : Wg — Riis de-
fined in Example 3.11 above. Another important example is provided in the next lemma,
to which we will refer in the proof our main theorem, Theorem 1.1. For x, y € V we
introduce the functions Ny y : Qg — R and N, y ! Wg — R, which count the number
of loops in a configuration that visit x and y. More precisely, for any w € Qg such that

w=U,....0) € ,C’é for some n € Ny, we set
n
Ney(@) =Y T yer ;) (@) (3.12)
j=1

and for any w € Wg, we set
Ney@) = Y Lieyeq (w). (3.13)
X €¢(w)

It is easy to see that Ny , is r-o-l-independent, that /\7} y 1s c-l-independent.

Lemma 3.13. For any x,y € V, it holds that
Ney ~ Ny y. (3.14)
Proof. Consider p € X(2¢g) and 0 € ®(p). It holds that

Niy(p) = Z klxeeveeyy = Z k Lixerviey) = Ny y(0),

(v.k)€E}(p) (y,k)€E% (o)

where in the second step we used that 87 (p) = &3 (o). It thus holds that Niy ~ ~x,y.
O

We now have all ingredients to state and prove the equivalence theorem. In (3.16)
below the expectation in the left hand-side was defined in (3.4) and refers to the random
walk loop soup. The expectation in the right hand-side was defined in (2.4) and refers
to the random path model. The identity (3.16) 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(2g) it holds that

v(p) = n(®(p)). (3.15)

In particular, if f : Qg — Ris r-o-lI-independent, f : Wg — R is c-l-independent and
f ~ f, then

EG.uvg. N (f) =Eg uvg.na(f) (3.16)
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O O 5 O
OO0 O
O O—=—0
(a) (b)

Fig. 5. a A configuration w = (m, ¢, ) € Wg. b A configuration = (€1, {3, £3,44) € 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 7 (w) = E5(w)

Proof. To begin, we fix p € N, ki,...,k, € Nand yj,...,y, € E(Lg) and we
consider p € %(Qg) suchthat E5(p) = {(y1. k1), ..., (¥p. kp)}. We will now calculate
v(p). Note that for any w, @’ € p, it holds that v(w) = v(»’). We can thus fix a
configuration w = (€1, ..., {x) € p, where k = Z?:] k;, and write

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

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

V(@)= Y vg(x, e, yIny(k, p),
x,yeV

(3.18)

where ny(k,y) :=
obtain that

p i kj
1 [ NAOD§(y)\Y
=T — (=247 U(n, (k, —vg (e ne(k.y)nyk.y) |
v(p) =[] k,-z( ) ) x|€V| ( (e, y) [

j=1 yey

le kjny(y;) for x € V. Plugging (3.6) and (3.18) in (3.17) we

(3.19)

Consider now o € ®(p) and let m;; € Ny be such that ZiE[N] mj; = k; for any
j € [p] and such that k)z/j ;(0) =mj; forany j € [p]andi € [N]. We note that for
any w, w’ € o, it holds that (o) = u(o”). We can thus fix a configuration w € o and
write

1) = |o| nt(w). (3.20)

Using (3.20) and (3.11) we obtain that

P N . k:
L — ! (Aa(y')s(yf)> ! ( *vg(x,y)nx(k,y)ny(k,}'))
1 (o) _}:[lgm]l! 70 ]"[/ U(n, (k, y))Ee . (321
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Applying (3.21), we then obtain that
pi@pn= Y n"

o'ed(p)

P )»O‘(V/)(S(V]
Uny(k, y)) e*”g(r-)'>nx("W}')”\‘(k}'))(
U( 200)) ) 11( 1l

yev

Y
m_,-.1!~~-mj>N!

mj1,....mj N€ENg:
mj, |+ +m j N =k

=

P kj
1 ()La(V/)N(S(yj)) j ( , _— "
— | | | | Uny (k, p)) | | VG W nx(kyiny (kyy) ) — v(p),
j=1 kjt 27 xev

yev

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

()= Y n(flpcorn) = Y, fv)=v(f). (3.22)

peX(Rg) pPeX(Rg)

In particular, the partition functions of both models, corresponding respectively to v(2g)

and ,ul (Wg), 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 1.1, such an equivalence theorem together
with Lemma 3.13 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 [39] is that the technique of re-
flection positivity is extended to the measure (2.3), in which long-range interactions are
present. Consider the d-dimensional torus (T, E;) with d, L € N, i.e., the graph with
vertex set Ty = {x = (x1,...,xq) € 74 xj € (—%, %] for each i € [d]} and with
edges connecting nearest neighbour vertices. Similar to [39], the derivation of the Key
Inequality in Sect. 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 (77, £1) 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 Ty and its
copy. More precisely, we define the vertex set of the extended torus as,

L L
T ={(x1,....xa41) € 73y € (—5, E] forevery i € [d], and xg4 € {1,2}},

where Ty = {(x1, ..., X4+1) € 7L : x421 =1} C ’TL,andT(Lz) := T\ Tr. We define
the edge-set,
L= B U{fx,y) cZ™: xeT, y=x+(0,...,0, D) }.

This defines the extended torus (77, £1). We will refer to the vertices in Ty, C 7 as
original and to the vertices in Tf) C 7 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 7z C 74%1 as the origin.
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4.1. Reflection positivity. We now introduce reflection positivity, partially following
[39, Section 4.2].

Domains and restrictions. We introduce the notion of domain and restriction. A func-
tion f : Wy, — C has domain D C 7, if, for any pair of configurations w =
(m,c,m,8),w = @m' c ' g e Wz such that

Veel :eND#W, VzeD, me=m, c,=c, mn,=mu., g =§g
one has that f(w) = f(w’). Moreover, for any w = (m, c, 7, g) € W7, we define the
restriction of wto D C 7p, wp = (mp, cp, Tp, &p) € Wi, , by

(i) (mp)e = m, for any edge e € & which has at least one end-point in D and
(mp). = 0 otherwise,
(ii) (cp)e = c, for any edge e which has at least one end-point in D and (c¢p), = @
otherwise,
(iii) (wp)y = my forany x € D, and for x € 71, \ D we set (p), as the pairing which
leaves all links touching x unpaired (if any)
(iv) (gp)x = gx forany x € D, and for x € 7 \ D we set (gp)x = 0.

Reflection through edges. Recall that the graph (77, £1) is embedded in R%*!. We say
that the plane R is through the edges of (77, &) if it is orthogonal to one of the cartesian
vectors e; fori € [d] and ifitintersects the midpoint of L1 edges of the graph (7, &),
ie. R ={z e R™! : z.e; = u}, for some u such thatu — 1/2 € Z N (—%, %] and
i € [d]. Given such a plane R, we denote by ® : 7, — 7 the reflection operator which
reflects the vertices of 77 with respect to R, i.e. for any x = (x1, x2, ..., X4+1) € 7,

X itk # i,

® =
(O 2u —x;x mod L ifk=1i.

4.1)

Let 7;*, 7, C T be the corresponding partition of the extended torus into two disjoint
halves such that @(TLi) = Ti. Let £,&, C &L, be the set of edges {x, y} with
at least one of x, y in 7, respectively 7, . Moreover, let £ 5 == & N &, . Note that
this set contains 2L¢~! edges, half of them intersecting the plane R, and all of them
belonging to [E; . Further, let ® : W7, — W7, denote the reflection operator reflecting
the configuration w = (m, c, 7, g) with respect to R (we commit an abuse of notation
by using the same letter). More precisely we define Qw = (Om, Oc, Om, ®g), where
(Om)(x,y) = Mex,0y}, (OC)(x,y) = C{Ox,0y}), (OT), = Ty, and (Og), = go.. Given
a function f : Wz, — 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 TLﬂE and denote by W’i the set of configurations w € W7, that are obtained as

a restriction of some w’ € Wy, to ’TLi.

We remark that, although the graph (77, &) is embedded in R%*!, we will only
consider reflections with respect to reflection planes which are orthogonal to one of the
cartesian vectors e; fori € [d] (andnoti =d +1).

Recall from the introduction that for a potential v : 7% — R, the function vy :
Ty x Ty — Risdefined by vy (x, y) := ZZEZd v(y+Lz—x)forany x, y € Tr. From
now on, we will view vy, as a functionon 7y x 77, by assuming that vy (x+e4.1, y+e€4+1) =
vp(x +eg+1,y) =vr(x,y) forany x,y € Ty.
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Definition 4.1. The function vy, : 7; x 7 — R is called i-separable, i € [d], if there
exists an integer k € N, a measure space (T, 7, v), where v is a finite, non-negative
measure, and two bounded measurable functions

a,&:T x T, — CK,

such that for any, x, y € Ty with x; > 0 > y;, we can write
—vp(x,y) = / dv(t)a(t,x) -a(t,y), 4.2)
T

where «(t, x) - &(t, y) denotes the inner product of two vectors in C* and such that it
holds

Vx =(x1,...,xq9) € Ty at,x) =alt,x1,...,Xi—1, —Xi, Xit1, ..., Xq)
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 (1.4) of a tempered potential v : Z¢ — R. Two examples
of potentials v that are tempered and separable are given in Lemma A.2 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 (1p, £1) for L € 2N. Let R be
a reflection plane through edges, which is orthogonal to one of the cartesian vectors
ei,i €{l,...,d}, let ® be the corresponding reflection operator. Consider the random
path model with N € N, € R*, and weight function U : Ny — R*. Letv : Z¢ — R
be tempered and separable. For any pair of functions f, g € A*, we have rhat,

D) wr v, (O = w7 U N LEOS),
Q) uz,U.08:.(fOf) = 0.

From this we obtain that,

1 1
Re(pr, uony(fOg8)) <t voni(fOF) wrveni(gOg)?.  (44)

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 [39] 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

BT U N (@) = p(w)e”V @), (4.5)

where we use the notation u = u7; y,0,n,, 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
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sites lying entirely in 7," or 7, and those involving sites that lie in both halves of the
torus:

V)= Y (e, »i@)iy@)+ Y vLlx, y)ii(@)iy ()

x,yeT} x,yeT]

=Vt =®(V+)

+2 ) v, Vi @)y (),

x€T},yeT,

(4.6)

=:Vg

where 71;(w) 1= n; (W) +nz4e,,, (w) forany z € Ty and w € W. We note that V (w) =
V(w) and ugz; v.v. N Ow) = w1, v N2 (w) for any w € Wy, . The proof of (1) is
thus the same as in [39]. We now prove (2). Using (4.2) we obtain for each / € N that,

Vel = Y (oG y iy (oG YD)y

ylyleT,

/dv(z‘).../du(z’) > ( > ajl(tl,xl)v'-aj,(ll,xl)flxl~--ﬁxr)
T T

o Qi€ kY N X Xl eT

x( Z aj (et oyl ag YD -~~ﬁy/>
1

yloyeTy
:/dv(zl).../ vy Y Fai h®Fa i @.7)
! r Jiae i €410k}

where Fyi ;i 0 W — Cis defined by

iy (w) = Z aj (et xhy e (i XD (w) - ().

Using (4.5), (4.6), (4.7) and a Taylor expansion, we obtain that

+ + 2] + +
11,0 (FOF) = n(fe O(fe™ D) = 3 u(fe™ O =V
>0

2! e e
:Zﬁ‘/TdU(II)"'/;dV(H) Z uife’ Fa o i OWfe v Fa i) =0

=0 Juae i€l k)

>0

where in the last step we used that the measure  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 Sect. 4.1, the notion of support is defined
only for subsets of the original torus. We say that the function f : Wy, — Rhas support
in D c Ty 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 e ’]I‘(L2) 1z —eqq1 € D).
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Fix an arbitrary site t € Ty and let ty9 = o, 1, ..., tx = t be a self-avoiding nearest-
neighbour path from o to ¢, and for any i € {1, ..., k}, let ®; be the reflection with
respect to the plane going through the edge {#;_1, #;}. Let f be a function having support
in {o} and define

= 0r0Oi_1 ... 0O (f).

Observe that the function fl'] does not depend on the chosen path (see also Figure 6
in [39]). 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 = (f;)/et, be real-valued functions with
support {0} which are either all bounded or all non-negative. Under the same assump-
tions as in Theorem 4.2, we have that

1
/LTL,U,U,N,)\( 1_[ f;[t]) =< ( 1_[ M?’L,U,u,N,x( 1_[ fzm> )nru' (4.8)

teTy teTy seTy,

For the proof of Proposition 4.3 we refer to the original paper [23] or to the overviews
[11, Theorem 5.8] or [22, Theorem 10.11].

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

Remark 4.4. Forany F : Wr, — R, welet fr : W7, — R be afunction which extends
F to Wy, in such a way that fr(w) := F(wr,) for any w € Wy, , where we recall
from Sect. 4.1 that wt, denotes the restriction of w € Wg, to Ty, and can be viewed as
a configuration in YWr, . We then have from our construction of the extended torus that,

11, uwN (fF ]lWoTL)

¢
Ly,

Et, vunaAlFl=

)

where
V~V§’—L ={w e WTL :n,=0Vz € ']1‘22)}, (4.9)

corresponds to the set of configurations w € WTL in which any closed path lies entirely

in the original torus (recall also that WTL, defined in (2.1), is the set of configurations
with no unpaired link and no ghost pairing). From this relation, from the fact that

HW%L = l_[ Hney,, =00 L =ueciey,; =0) Lgx=grregs, =0}
XETL
and from Proposition 4.3 we deduce that (4.8) also holds true with w7, replaced by Er, .

The next lemma provides an upper bound on the local time for the RPM with only
closed paths being present.

Lemma 4.5. Under the same assumptions as in Theorem 4.2, there exists ¢ € (0, 00)
such that for any A C T and any vector (ayx)xea € Né, it holds for any L € 2N that

ETL,U,U,N,A< 1_[ 6“*‘"”) < ¢MNd Y sene™ (4.10)

xX€eA
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Proof. Consider A C Ty, and (ay)xeT,; € NOTL. From (4.8) and from Remark 4.4 we
obtain that

1
[

™
ETL’U’U’N’)‘< 1_[ e“nu) = (l_[ E’H‘L,U,v,N,A( l_[ e‘“‘"}')) L

xeA xeA yeTy,

< ec)»Nd >ene™
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 important object in our analysis and corresponds to a fraction between partition
functions. We will later, in Proposition 5.9 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, Er). Recall from Sect. 2 that u; (w) denotes the number of i-links touching x that
are unpaired at x and that g, (w) denotes the number of ghost pairings at x for any
x € Ty,i € [N]and w € Wr, . Recall from (1.10) that we denote by R € Ny U {oo}
the range of U : Ng — R{.

Definition 5.1. For x, y € Ty with x # y, we define the sets
Whe,y = {w eWr, : u;,=g,=0vze T\ {x,y},
ub=1=ul u=0vie (... N} g =2V (x v} (5.1)
and
Wiy 1= [w eWn, : u.=g. =0¥zeT,\ (x},
up=2oru} =2oru, =Oandu, =0Vi e (3,... N} & =4}.  (52)

Moreover, we define the directed partition function,

T, U0.NAWe y) ifx #y,
Iy uwna G y) =40 I . (5.3)
Wy U N (2 = =2 Ty ) ifx =y,
and the two-point function,
Zr, . uv N (X, )
Gy vwNa (X, y) 1= 22 —Em i, (54)
L, U..N.2

Stated differently, any configuration w € Wy y with x # y is such that there exist
precisely two open paths connecting x and y, one of them having colour 1 and one of
them having colour 2, see also Fig. 6. In Sect. 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 x and y.
It is important to have two open paths of different colour. Indeed, imposing two unpaired
links of same colour at x and y does not necessarily imply a connection between x and

y.
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(a) (b)
Fig. 6. a A configuration w € Wy y such that u}c = u% = ul = u2 = 1. There exist precisely two open

paths connecting x and y, one of colour 1 := o and one of colour 2 := b. There also exists a closed path of

colour 3 := g. b The configuration Fj(w) € W. The two open paths in w have been merged to a closed path
containing x and y

From now on we fix the dimension d € N, the number of colours N € Nx», 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 : Ny — IR} For a lighter notation we will
omit the dependence from such quantities when appropriate.

A first important property of the two-point function is monotonicity.

Proposition 5.2. Let x € Ty be an arbitrary vertex such thatn = x -e; is odd andn > 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

2
22 (L= Lt 2 =t =2) Ly =2 L2 =ty =2) T,y Lhi=ge=0))

bl = OVz,)
T

’

(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 [30, 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 [30, Theorem
2.1] and to deduce the monotonicity property.

5.1. Reformulation of the two-point function. In this section we provide a reformulation
of the two-point function. In Sect. 5.2 this reformulation will be used to derive a lower
bound for G(o, e1) and in Sect. 5.3 it will be used to derive the relation between the two-
point function and the expected number of closed paths touching two vertices. Recall
from (2.1) that W denotes the set of configurations of the RPM with only closed paths
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being present. Recall also that ¢(w) denotes the ensemble of cycles of w € W and
was defined in (3.7). We let §1(w) C ¢(w) be the set of 1-cycles of ¢(w) and for any
x € ¢(w) and x € Ty, we denote by n'X
namely

the number of visits of the cycle x at x,

n’(‘X) = Z Z p)Ex

y~xp1

In other words n)(CX) is the number of links contained in x touching x divided by two.
The next lemma states that the two-point function G(x, 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 [P and of its expectation [E, which were provided in (2.4).

Lemma 5.4. For x, y € Ty with x # y we have that

Gx,y) =212 ]E( Z 2000 Une+1) Uny+1) e_ax,y(w))’

v (5.7)
e Ul Ulny)

where

Tryw) =2 (vL(0,0) + vL.(x, ) + Y (W, x) + v, y)nu(w)).  (5.8)

METL

In (5.7), we use the convention that 2 = 1. Note that, since U is good, it is the case that
U(n) = 0 implies that U(n + 1) = 0.

Proof. Consider x,y € Ty, x # y. Recall from (2.1) that W denotes the set of config-
urations w € W in which there exist no unpaired links nor ghost pairings. We introduce
amap F1 : Wy, — 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 Fig. 6. For any w € W, F N Y(w) then corresponds to the set of configurations that
are obtained from w by adding two ghost pairings at x and y, by choosing an arbitrary
l-cycle x € ¢!'(w), by selecting two arbitrary pairs of links belonging to such a cycle
which are paired at x 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

[ eWyy: Frw) =w}| =2 > n®n{p. (5.9)
xegt(w)

Further, for any w € W, for any w’ € W, , such that F;(w’) = w and for any
zeTy,

nz(w/) = ng(w) + Lizefx.yp

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)(n, (w) + l{ue{x,y}}) (nz(w) + ]l{ze{x,y}}) =V(w) + ﬂx,y(w)

MJETL
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implying that

Uny(w)+1) Umy(w)+1)
U (nx(w)) U(ny(w))

pw') = p(w) e V), (5.10)

From (5.9) and (5.10) we obtain that,

Z(x.y) = Y w(Wey N{FW) = w})
weW

UGy (w) + 1) Ulny(w)+1)
_ (x),,(0) J Uy, y(w)
2 2 wwy Do nng Ulnew)  Uyw)) © '

weW xeg!(w)
(5.11)

Multiplying both sides of (5.11) with %—i gives (5.7) and the proof is concluded. O

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,er) =E(m(), \m?, ). (5.12)

{o,e1}"{o.e1}

Proof. Tobegin, we introduceamap F> : W, ¢, — W which acts by inserting precisely
one 1-link and one 2-link on the edge {o, e} such that the 1-link has the highest and the
2-link has the second highest position, by pairing at o 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, ¢, 7) € W) we have that

{w' € Woe, : Hr(w') =w}| = 1{6 (w), (5.13)

{o.e1)(M{0,e;)=1, C(o,el)(m{u,el)_l)ZZ}

where we recall from Sect. 2 that ¢, (p) denotes the colour of the p-th link on the edge
e. For any w € W and for any w’ € W, ¢, such that F»(w’) = w, it holds that

1 Mio,e1}(W)!
pw) = — plw) —— 2 (5.14)
A2 (myo,e}(w) — 2)!
We define My y C NIS:LX[N] asthe setofelementsm = (m},...,mY).cx, € N%LX[N]

such that > m’{m,} € 2Ny for all x € Ty and i € [N]. Recall from Sect. 2 that

mg)(w) denotes the number of i-links on e forany e € E;,7 € [N],and w € W. Note
that

y~x

W= | tweW:mPw)=mlVie[NlVe cEp), (5.15)

meMp N
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where the union in (5.15) is disjoint. From (5.13), (5.14) and (5.15), we obtain that

)"2
Go,en) =2z D (W N{RW) =w))
wew
_ Mo,e1)!

Y LT L )
((m{o,e]} —2)! {C(().e])(”1{().21))=1-C{u.el)(m{u.el)_l)=2}
(5.16)

Z < Mio,er} 1 1 X ) )
i (Miger) — 2)! {clo,e1) (Mo, D=1 Cloe) M) = D=2 D =i veeR Vie[N])
meMjp N

7 | . .
Y Pl p(nl) = il Ve € EL Vi € [N])
Moy (m(a e} — )!
X P(Clo,e)(Mio.e1)) = 1, Cloer)(Miger) — 1) = 2|m) =il Ye € E Vi € [N]),

where itjpe,) 1= YN, ”;ll{.o,el}' For any m € M y, we have that

P(clo.e1)(Mio.e1) = L, Clo.er)(Mpo.ey — 1) =2|mP) =l Ve € E Vi € [N])

i e )
Moy T ey T L gy T e (m{oel}—z) -9 (5.17)
- (~l -2 rﬁ(,,;gl) =N Mio.e)! {o’el}m{o’el}.
Mio.e1y M 0,011 0,01} {0,e1}

For the first equation we used that u(w) = w(w’) forany w, w’ € {w € W : m(l)(w) =
n”a’L Vi € [N]Ve € Ep}. 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. |

5.2. LowerboundforG(o, e1). Inthis section we show that the quantity E(m (5) erl g) 82})

which was proved to be equal to the term G(o, e1) of the two-point functlon gets ar-
bitrarily large as the range of the weight function R, and X are large. In particular, we
show that ]E(m o, e]} o e2}) gets larger than IE(m 1}) uniformly in L as R and A are
large. Our estimate is presented in Proposition 5. 8 below. We first state two preparatory
lemmas. Recall that n, denotes the local time at x. The next lemma states that the local
time approaches the range of the weight function as A goes to infinity uniformly in the
size of the box.

Lemma 5.6. For any k < R, where R is the range of U, it holds that,

lim lim sup ]P(n(, < k) =0. (5.18)
A—>00 L—0o0
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

L

1 (Vxe']I‘L,nx<k) ITLI
P =) S B(vx € Tu,m 97 = (Fprm ot 2R 61)
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Using similar calculations as in (2.9), we obtain for the numerator that

. (cNA) c
p(Vx €Ty, ny <k) < > [ —— (5 mepzdeveer,
m=(me)eer, €Ng" <EL = (5.20)

< (eNWMTLL @k 4 1)dITeLl,

We used that there exist no more than (2k + l)d‘TL| link configurations m = (m¢)eck,; €
NIgL that satisfy Zy”)‘ mix,y) < 2k forany x € Ty. . . .

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

KTy

w(vVxeTy, U KTl (5.21)

_ ’
ny=k)= (2kNHNTLI/2
The right hand-side of (5.21) 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) < ¥, 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 {o, e} is sufficiently
large compared to the local time at the origin, the probability that {0, e1} is crossed by
at least two distinct closed paths is also large. This is a necessary step for proving that

]E(m(l) m? ) is large.

(0,61 0,1}

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

it holds that, ‘

P(all links on {o, e1} belong to the same closed path | miy e,y > noe > k) < et
(5.22)

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

PP(all links on {0, €1} belong to the same closed path | Mio,e1} = Noe = k)
B IP’(all links on {o, e} belong to the same closed path, my ¢} > noe > k)

a P(mio.e, = noe = k)

_ Z,Nzl IP’(all links on {o, e; } belong to the same closed path, mg})ve } = o€ = k, m({/,)e] =0V, # i)
a Zl 1 ( (Z)e,) = noe = k, m((j))e. =0Vj#i )
IP’(all links on {o, e} belong to the same closed path, m(o?m > noe >k, mg.}el} =0V, # l)
N P(m{), ) = noe = k. m{l), ) =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
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O e O
O 0—Q) O
({o,e1},1>;.~"1
O—0——0 O

Fig. 7. Part of alink 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

configuration outside the origin. Givenm € M and ¢ € C(m), we denote by P°(m, ¢) C
P(m, c) the set of pairing configurations 7 = (77x)reT, € P(m, ¢) 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 Ay, .« the set of triples (m, ¢, 7) with
m e M, c e C(m)and mw € P°(m, c), which are such that m, ¢} > n,e > k, all links
on {o, e1} have colour 1 and U (4 > pn mix, y}) > Oforallx € Ty.

Using the conditional probability formula, we have that

P(all links on {o, e } belong to the same closed path, mii?e” > nye >k, mg?el} =0V # 1)

= Z P(precisely one closed path on {o, e1} |me(w) =N, ce(w) =Co Ve € Ep, my(w) = 71, VX # 0)

(5.24)

(0,6, 7)EAL ¢k

X P(me(w) = e, co(w) = ¢ Ve € B, my(w) = 7T, VX # 0)

|P@i, ¢, 7)) - - -
(MﬁgAL.S.k o e P &)« mw = e Vx £ 0]] P(me(w) = mite, co(w) = ¢, Ve € Ep, my(w) = 7 Vx # 0),
where | P (m, ¢, )| denotes the number of pairing configurations &= € P(m, ¢) which
are such that 7, = 7, for all x € T \ {0} 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 m(w) = m.(w’) and c.(w) = c.(w’) for all
e € ]EL.

We now derive an upper bound for | P (11, ¢, 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 Fig. 7. The idea is to pair the
paths step-by-step such that we obtain a closed path that contains all links on the edge
{o, e1}. We begin with the path containing the first link on {0, e}, ({o, €1}, 1), and we
denote by ({0, y1}, k1) with y; ~ o0, and 1 < ki < iy} the other link of this path
which is unpaired at the origin. At the origin, we then pair the link ({o, €1}, 1) to a link
({o, y2}, ko) which is not ({o, y1}, k1), since we do not want to close the path. Hence,
for the first link on the edge {o, e}, we have (271} — 2) pairing possibilities, where

il =1 2 y~o 2o peliitgoyy] Héty (=1} is the number of 1-links touching o divided by
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two. We denote by ({o, y3}, k3) the link corresponding to the same path as ({0, y»2}, k2).
This link may neither be paired to ({o, y1}, k1) at the origin implying that we have
2n é — 4) pairing possibilities for the link ({0, y2}, k2). We proceed in this manner until
we have paired all links on the edge {o, e;}. More precisely, the link ({o, y1}, k1) is
first paired at the origin after all links on {0, e} have been explored. We need at least
a = [(Myp,e;) — 2)/2] pairings at the origin until all 1-links on {o, 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)| < i) —2)2al —4)--- il — 2a0)27) — 20 — DI (5.25)

We compare the upper bound for | P (1, ¢, 77)| with the number (27 é — 1!l of pairing
possibilities of the 1-links without the restriction that all links on the edge {o, e} must
belong to the same closed path. We consider the case 7, ¢,) even, which is the worst
case. Using the estimate 1 — x < ¢™* for any x € R, we obtain that

|PGi, &, 7) @al —2eal -4 @al —m! L +2)

fo,e1}

@iy = DI @iy — D@ty —3)- - iy —itl, ) +3)

where in the last step we used that ri1(,¢,) > eno > 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, e1) gets arbitrarily large as long as the range
of the weight function and the parameter X are sufficiently large. In particular, G(o, e1)
gets much larger than the expected number of links of a given colour on {o, e1}.

Proposition 5.8. Letd € N, N € Noj and v : Z¢ — R be tempered and separable. For
any M, a € (0, 00), there exists R € (0, 00) such that for any good weight function U
with range at least R, there exists Ly > 0 such that for any A > ,y and any L € 2N,

Em", m® ) —aEm®, )= M. (5.27)

{o,e1}"{o,e1} {o.e1}

Proof. Letd € N, N € Nx; 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
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condition have a strictly positive probability. Consider k € N such that k > a. We have
that

)] 2 2 _ ) (1
]E(m{u el}m{oel}) —QE( 081 (Zmoel 081 —(1)>

v

k=a po 0 )
N—l Mo,e1) >k, Zmoel =

k —
4 p(m® kzm(z) >1|m081}2”

0
N—l Miser} {o.e1} FZkN’

v

(5.28)

not all links on {o, e} of same colour )

x P(mg,e) = % > kN, not all links on {0, e} of same colour )

k—
N(N —

v

P(moe1}>;”>kN)

x P(not all links on {o, e} of same colour | m, ¢} > ’;—0 > kN).
We provide a lower bound for the first probability appearing in (5.28). Using the condi-
tional probability formula, we have that,

o0 .
B(mioe) = = = kN) = D Blmio.ey) = % |no = j) B, = j)
j=kdN (5.29)

1
> ﬂ]P’(ng > kdN),

where we used the rotational symmetry of the torus in the last step. For the second
probability in (5.28) we apply Lemma 5.7 with ¢ = é and obtain that,

P(not all links on {o, e;} of same colour |m{y ¢} > r;_o > kN)

N -1 no
= P(at least two closed paths at {0, €1} | m{g ¢} > =z kN) (5.30)
> N__l(l — e_é(%_ZkN)) > LN—_I,
- N — 8 N

where in the last step we used that e™ < 1 — %x for any x € (0, %). Plugging the
lower bounds (5.29) and (5.30) in (5.28) and applying Lemma 5.6 we obtain that for any
weight function U with range R > kd N, where k := 16d>N2M + a + 1, there exists
Ao = Ao(d, N,U,v, M, a) < oo, such that for any A > X and for any L € 2N,

) k—a

E(mg(l))el}mg)el}) - aE(m{(J 81}) 2 16d2N2 IP)( > kd) z M.

This concludes the proof. 0O
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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(x, y)
defined in (5.4) and the expected number of closed paths connecting x and y using
reformulation (5.7) of the two-point function. Recall from the definition in (3.13) that
we denote by N, Xy W — R the function which counts the number of closed paths
(cycles) visiting x and y.

Proposition 5.9. There exists ¢ > 0 such that for all L € 2N and forall x, y € T with
X F#Y,

E(Nyy) = cGlx, »)*. (5.31)

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

222 Une+1) Umy+1) -
G(x, TR 005,00 X y —Uyy
(x,y) N (Xg(:w)nx ny Uins) Uory) e )

222 M?

IA

]E(./\ij P20 () e—f)x{_v)y (5.32)

1 ~
where we used the upper bound erg“(w) nECX)ng,X) < N¢ynyny 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

222M? I

G(x,y) < E(Nx,y)i E(eSrtnn) 3 E(e—zax,y(w))%.

For the proof of (5.31) it only remains to show that the two expectations E(es v (”XJ’”.V))

and E(e~2x.y®)) are finite uniformly in L € 2N. The existence of a finite ¢ such that
for any L € 2N,

E(eSf)(nx+ny)) <c,

follows from Lemma 4.5 and Proposition 4.3. We now derive a uniform upper bound
for E(e’z“xvy(“’)). For any x, y € T, we have that
Ml(e—zm,y(w)) — e4(vL(0,0)+vL(x,y))

U(ny —2) U(ny—Z)]l 1 1
Uny) Uny) {8x=2=gy} 1 {8:=0VzeT \{x,y}} H{u;=0VzeT,} )>

(5.33)

where we use the convention 8 = 1. The identity (5.33) can be derived by defining a
map on W that adds precisely two ghost pairings at x and at y. From (5.33), Proposition
4.3 and Remark 4.4 we obtain that

2

- 1 Ulny —2) i
B(e ™20 () < ¢ <ﬁ (T x—ﬂ{gx:z,uxzm)) SNCES

xeT, U(ny)

where o 1= ) ;4 |v(x)| < oo since v is tempered. To prove that the term on the
right-hand side of (5.34) is finite, we use that 7' > 1 and we follow the same steps
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as in the proof of Lemma 2.2. 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 (5.34) and (2.9) we thus deduce that there exists ¢ € (0, co) such that for any
L € 2N it holds that, E(e~2%»®)) < ¢. This concludes the proof of the proposition. 0O

6. Derivation of the Key Inequality

The main goal of this section is to derive Theorem 6.5 below, which states a Key Inequal-
ity 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 Sect. 4.2.

Throughout the section, we fix parameters d > 2, N € Nsp, A € R*, 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 Sect. 4 that (T, E;) and
(71, €r) 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 Z (h) for a real-valued vector b = (hy)ye7; -
In Sect. 6.1 we will expand 2 (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 Wg-ir ' € Wy, the set of configurations w € Wy, such
that the following properties hold at the same time, see also Fig. 8:

(1) The number of 1-links on {x, y} that are unpaired at x is equal to the number of
2-links on {x, y} that are unpaired at x for any {x, y} € &,
(ii) There exists no link of colour i > 3 that is unpaired,
(iii) There exists no ghost pairing,
(iv) At virtual vertices all links are unpaired.

Condition (iv) implies that any closed path of w lies entirely in the original torus. Recall
from Sect. 2 that u, (w) denotes the number of links touching x that are unpaired at x
for any x € 7. Given w € Wy, , we denote by «, (w) the number of links on the edge
{x, x + e4+1} that are unpaired at x € T.

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

ox

P (h) = ML( I1 he I1 (%)71%9;‘)' 6.1)

xeT; xeTy

In other words, in (6.1) a multiplicative factor &, is assigned to each pair of unpaired
links of different colour at x, while a multiplicative factor % is assigned to each link

on an edge touching the virtual torus which is unpaired at both its end-points.



Macroscopic Loops in the Bose Gas, Spin O(N) and Related Models

o .

— . o

Ol
q

t

80

=20
O
|_

Fig. 8. a A configuration w € ng” (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) € Wy y. The extremal links
on {x, ¢} and {y, r} have been removed

6.1. Polynomial expansion. For any vector of real numbers h = (hy)yc7;, We define
the discrete Laplacian of & on the extended torus,

(A*h)y = Z hy.

yveTy:
{x,y}e€L

Proposition 6.2 (Polynomial expansion). For any vector of real numbers h = (hy)yeT,
and any ¢ € R, we have that,
Z(ph) = 7, + 9> ZP (h) + 0(¢?), (6.2)

in the limit ¢ — 0, where

Z(n) ;=,\27z;€h( 3 hihy+ thhx+ed+l)+2A2uTL mDe) > by

{x,y}eEr xe'JTL {x,y}eEL
54 . (6.3)
> Lo @A )y = 7 Y Ty (nx) Y k.
x,yeTp xeTy qeTr:
{x.q)e€L

Reflection positivity will allow us to derive an upper bound on the term (6.3) for a
particular choice of &, which will then lead to the Key Inequality (6.15). The remainder
of the current subsection is devoted to the proof of Proposition 6.2, Sect. 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 (k) of all

configurations w € W%i” which are such that erTL uy(w) = 4. By definition of

W”‘” ! a total number of four unpaired endpoints of links can exist in three different
51tuat10ns depending on the number of extremal links, see also Fig. 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
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Fig. 9. a A configuration w € A({x, y}). b A configuration w € Al({x, ¥y}). ¢ A configuration w €
A((x, q), (y,r)). The colours are defined by 1 := b, 2 := 0 and 3 := g. In all three configurations there exist
precisely four unpaired endpoints of links

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.

Subsets of W" !. We now define several subsets of W' " C Wy, according to the
considerations above. A glance at Fig. 9 might be helpful. Recall that {x, y} € &L
represents an undirected edge. In the following definition, with slight abuse of notation,
we represent by (x, y) € £ an edge directed from x to y.

(i) For any {x, y} € &L, we let A({x, y}) be the set of realisations w € W;-i” with
precisely two extremal links, such extremal links are on the edge {x, 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({x, 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.

(i) For any {x, y} € E, we let Al({x, y}) be the set of realisations w € Wg—i” with
precisely three extremal links, such extremal links are all on the edge {x, y}, two of
them being 1-links and one being a 2-link. One of the extremal 1-links is paired at
x 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 € A!({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%({x, y}) be
defined as A! ({x, y}), but with the properties of the extremal 1- and 2-links on {x, y}
interchanged.

(iii) For any pair of (directed) distinct edges (x, ¢), (y,r) € &, let A((x, q), (y,r)) be
the set of realisations w € Wg{” with precisely four extremal links, two of them on
{x, g} 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, g} 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), (v, 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((x, g), (x, q)) be the set of realisations w € Wg-i’ " with precisely four extremal
links, such extremal links are all on {x, ¢}, two of them being 1-links and two being
2-links and all extremal links are paired at x, but unpaired at gq.

Lemma 6.3. For any (x, q), (y,r), {u,b} € &1, any {z, w} € Ep and any i € {1,2},
we have that

wr (A(u, b)) = 1> Z, (6.4)
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o, (A (2 wh) = 22k, ). 6.5)

A Zr (x.y) i (x. M
1z, (A, ), (v, 7)) = {ﬁ G y) i q) £ (3.r)

6.6
TZTL(-xvx) l'f(x,f])Z(y,r)- ( )

Proof. We begin with the proof of (6.4). Fix an arbitrary undirected edge {u, b} € &r.
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 ,

Fs_l (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

|F; ! w)| =2 <m{“’b}(2w) " 2), 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 for any w € A({u, b}) such that F3(w) = w, we have that

my,py (W)!

(M (@) + )1 (6.8)

o, (w) = A2, ()
From (6.7) and (6.8), we deduce that

pr (AQu, b)) = >~ e (Alu, B) N {Fs(w) = @) =22 Y g, (0) = 2> Zf, .

weWg, BeWg,

This concludes the proof of (6.4).

We continue with the proof of (6.5). Fix an arbitrary edge {x, y} € E;. We define
amap Fy : Al({x, yh) — WT , which acts by removing the extremal 2-link and the
extremal 1-link on {x, y} thatis unpalred at x and by pairing at y the remaining extremal
1-link on {x, y} with the 1-link that has received an unpaired endpoint. For any w € W%L ,

F 4_1 (w) corresponds to the set of configurations which are obtained from w

(1) by inserting one 2-link on {x, y} and by leaving the inserted link unpaired at both its
endpoints,
(ii) by choosing one 1-link, ({x, y}, p) with p € [m y;], on {x, y} and by removing its
pairing at y,
(iii) by inserting one 1-link on {x, y}, by leaving the inserted link unpaired at x and by
pairing the inserted link at y to the link to which the link ({x, y}, p) has been paired
before the removal of its pairing at y.

For any w € VV%L , we thus have that
_ mix (W) +2
|Fy ! (w)) = ( N ) m,) (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
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colour 2. The factor mgc) v corresponds to the number of possibilities of choosing a 1-link

on {x, y} whose pairing gets removed at y. For any w € W%L and any @ € A'({x, y})
such that Fy(w) = w, we have that

my, yy(w)!
(m{x,y}(w) +2)! )
Combining (6.9) and (6.10) we thus obtain that

pr, () = A2, (w) (6.10)

wr (A yD) = 3w (Al x y) N EsD) = w)) = 22f, (m) ).

w GW%L

This concludes the proof of (6.5).

We continue with the proof of (6.6). Consider x, y € T (possibly x = y) and
q,r € 71, suchthatg ~ x and r ~ y. We denote by WY | the extension of W, y, defined
in (5.1) and (5.2), to the extended torus by replacing T, by 71, and by adding the condition
thatn, = Oforany z € 7, \T,. We define amap Fs : A((x, g), (y,r)) — W} ,, 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 x # y and by adding 4 ghost pairings at x in case x = y, see also Fig. 8. For any

we Wy, Fs_l (w) corresponds to the set of configurations which are obtained from w

(i) by removing all ghost pairings in the configuration,
(ii) by inserting %‘ 1-links and ‘%‘ 2-links on {x, ¢} and by inserting %V 1-links and %V
2-links on {y, r}, where g, = gy = 2incase that x # y and g, = 4 incasex =y,
(iii) by leaving the inserted links unpaired at ¢ and r and by pairing them at x and y to
the links of same colour that have an unpaired endpoint in some arbitrary manner.

For any w € W¢ , we thus have that,

x,y°
4 (m(x,q);wm) (’"U-r)z(w)‘fz) if x # yand {x, g} # {y,r},
4 (mcx,q)(w)“‘) (4) if (x,q) = (r,y)
1 _ 4 2 ’ T
|F5 (w)‘ = zl{u}[:ﬂﬂw%ﬁ) 4 (m(m)z(w)+2) (ln(x.r)z(w)+2) ifx=yandq #r, ©.11)
zl(u}:zf’l(u;:n (’"(x,qa(“’““) (‘2‘) if (x,q) = (y, 7).

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, g} and {y, r} among the ones already present in w. If {x, g} # {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 {x, g} = {y,r} we have (é) 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 (6.11) correspond to the number of pairing possibilities of the inserted links.
If x # y and {x, g} # {y, r}, we have precisely one possibility of pairing the inserted
links at x and y with the extremal links of same colour. If (x,qg) = (r, y) we have
two possibilities of choosing which of the inserted 1-links is unpaired at g 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 x = 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 x. This implies that
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there exists precisely one possibility of pairing the inserted links. If u}c =2and u)% =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 x. We thus have precisely one possibility of pairing the inserted
2-links and two possibilities of pairing the inserted 1-links w1th the extremal 1-links at
x. The same considerations hold true in the cases ul = 0and u2 = 1,and u! =2 = u?2.

For any w € W} y» forany w € A((x, q), (y, r)) such that F5(w) = w, we have
that n,(w) = n,(w) for all z € 71 due to the insertion of the ghost pairings at x and y.

Together with the considerations above, we deduce that,

x.q)(0)! @) .
A4 wr (w )(m qu(w)_,_z)! (m )‘; @)+2)! if {x,q} #{y,rh

e . (6.12)
Mg, (i )ﬁ if {x, g} = {y, r}.

wr (w) =

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 (x, g), (y,r) € &L that

nr, (A(x, q), (v, 1))

Y wz (A, @), (v, 1)) N{Fs(w) = b))
wewy

M 2y (x0y) if (x.q) # (3.7,
= 4 .
AT Zr, (x,y) if (x,q) = (y,7).
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. For
any i € Np, let

CO(n) := W1, ( 1_[ hTL 1_[ (l)%]].wtml>

zeTy, xeTy,

where U (w) := % ZzeTL u;(w) is the total number of unpaired endpoints of links in
w € Wi divided by two. Using that O (k) = ju7; Vg, ) = Z§ and thatC¥) (k) = 0
for any i e 2Np + 1, we have that

Z(ph) = L, + > CP(h) + 0(p?).
Further,

O = Y (Ade, D Yiehy + 5 3w (A, + eaa) Vichises,

{x.y}eEL xE']l'L

+2 > g (fll({x, y})hxhy (6.13)

{x,yl€EL

Y (A, o) )gh,
{Ce.g), (v} CEL
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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,

> wm (A((x, ). (v, r))) hghy
{(v.g). (r."}CEL

=2 Y X wn (A0 g

x,yeTr: q,reT;:
x7#y  {x.qh{y.rie€e

+% Sy un (A, ) hgh

xeTy, q.re7y:
{(x.q}{y.r}e€r.q#r

+) ) MTL(A((x,q),(x,q)))hg

xeTy qeT:
{x.q}e€L
a4 A 5
=5 D In G )@ (8 )y = Y Tr (60 Y hg
x»YETL xeTy, qe’Z—L;

{x.q)e€L

Applying Lemma 6.3 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 4.3.

Proposition 6.4. Let h = (h;).c7; be a real-valued vector such that |h;| < 1 for every
z € T1. For any x € Ty define the new real-valued vector h* = (h}).c7; by

hx l‘fz € TL’

. 2
¢ hyteq, 1z € Ti).

Vz e Tp, hxzz{

We have that

zm=( [] 20 )ﬁ. (6.14)

XETL

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

Z(h) = ML( I1 f,&i:1>,
XGTL

for a sequence of real-valued functions (fj, )xeT, that all have support {0} and where
f,Ex)]C is defined as the reflection of f}, , to the site x, see the definition in Sect. 4.2.
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We can now state the Key Inequality. For any vector of real numbers, v = (v;);eT, ,
we define the discrete Laplacian of v on the original torus,

Vx e Tp (Av)y = Z (vy — vy).
yETLZ
y~x

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

Y Gr (o)A (av)y < (1+2E(m), ) Y. (y—v)? (6.15)
x,yeTy {x,y}eEr

Proof. Fix areal-valued vector v = (vy)yeT, , and let h' = (h?) xe7; be obtained from
v as follows:

Uy if x ETL,

Vx € 7T; hY =
L —2d vy, ifxeT?.

X

(6.16)

We will use the following identities:

. 2
(1) Z h:c)h; + 2 Z hgh:c)wd” = _% Z (Ux - Uy) ’
{x,y}eEL xeTL {x,y}eEL
(i) (A*h")x = (Av)y,
(i) Yrer, 20 geri: (WP =2d (142d) Y, oy, v2.
{x.q}e€L

Recall the definition of Z@® (k) in (6.3) for a vector b = (h, )xeT; € RZz. From (i), (ii),
(iii) we deduce that,

)\‘2
2 _ l 2 2.t 1
AL -5, Yy — )T+ 22708, (mye) D vy
{x,y}eEL {x.yleEL

)»4
+5 2 In(xny)(Ao) (Av)y (6.17)

x.yeTy

)\'4
— S Zr,(0,00d (1+2d) > v

XETL

Moreover, recall that, as defined in Sect. 4.2, for any original vertex x € Tr, (k)" is
defined as the vector which is obtained from k" by copying the value h? = v, at any
original vertex and the value h,, = —2dv, at any virtual vertex and deduce from
this and from (6.17) that for any v = (v;);eT, and for any x € T,

24
ZO(m¥)*) = (212 wh, (mf)g ) IEL| — —Z'ﬂ'L(O 0)d (1+2d) |1rL|)

(6.18)

Using Propositions 6.2 and 6.4, a Taylor expansion and (6.18), we have that, in the limit
as ¢ — 0,
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Z(ph) =7, +¢*Z@ (h*) +0(¢?) < ( [1# ((wh”)"))W

XGTL
)"4
— 7+ ¢2(2,\2 wh, (mD, ) d — S Zr, 0.0 d (1 +2d)) 3 02 +o(gd).
xETL

Thus we proved that, in the limit as ¢ — 0,
Zh, +* 22 (") + o(p?)

<Zh +¢? (ZAZM%L( ({1))81 )d—*ZTL(O o)d(1+2d)) > vi+o(@?),

XETL

where h* was defined in (6.16) as a function of v, and this can only hold true if

)\‘4
7Yy < (2)\2 ut (D, ) d - S Zr, 0.0 d (1 +2d)> Yl (619

)CETL

By replacing (6.17) in the left-hand side of (6.19), dividing the whole expression by
%Z%L and plugging in (5.4), we deduce that, for any finite strictly positive A,

Y G, (x, »)(A0), (Av)y

x,yeTp
< Z (vy — vx) +4ETL gl)el Z vy — Z vxvy)
{x.y}eEL xeTy, {x.y}eEL
= (1 +2Er, (mg?el})) Z (vy — vx)z.
{x.y}eEL
This concludes the proof of the theorem. O

Remark 6.6. The bound (6.14) is reminiscent of the Gaussian Domination bound, which
appears in the framework of spin systems with continuous symmetry [24], where a
quantity which is analogous to our quantity 2 () is defined. In that framework Gaussian
Domination is referred to the inequality Z°(h) < 2°(0). Our case differs from [24]
since, as one can deduce from our Polynomial expansion, Proposition 6.2, no Gaussian
Domination can hold.

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 6.5. The lower bound depends on the numerical value of G(o, e)
and on the expected number of 1-links on {0, e1}. For a comparison between these two
quantities we refer the reader to Proposition 5.8. In the whole sectiond > 2, N € N. |,
LAeRY L e2N, U : Ny — Rg and v : Z¢ — R are fixed and satisfy the assumptions
of Theorem 6.5. We omit all sub-scripts here.
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For x € Z% we denote by Ny = Y o0 I(s,=x} the number of visits at x of a
simple random walk S = (S,)en, in 7 starting at the origin. We denote its probability
measure and its expectation by P*% and E™W-.

Theorem 7.1. We have that

IT g Z Glo,x) = 2 el);G(" 2 — (1+2E@m{), ) Co(d). (1.1

where (Cp(d))LeN is a sequence of non-negative real numbers, which is defined in (7.10)
below, whose limit L — o0 exists and satisfies

_ 2E™(N,) — 1
lim Cp(d) = ——. 7.2
Limoo L( ) 4d ( )

To begin, we define the Fourier dual torus,

2 L L
T} == {=—1,....ng) eR? :n; € (==, Z1NZL Vi € [d]}.
L 22
We denote the elements of T} by k = (k1, ..., kq) and we keep using the notation o for

©,...,00eTLor(0,...,0) € T} . Given afunction f € 12(T}), we define its Fourier
transform,

Vk e T, fk):= Z e R £ (x). (7.3)
XETL

It follows from this definition that ,

VxeTr, f(x)=— PAREA(9) (7.4)
|T |ke’11‘*

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

Lemma 7.2. We have that,

> G(x) = Go) +Gler) — z > cos® (’ﬂ) Gk). (1.5)
IT T By ITL IkeT*“g} 2
L

Proof. To begin note that it follows from (7.4) that,

_ L ik-eq A~ - 1 ik-e A~
Glen) = = 2 @160 = |G(0) T Y HGH) (76
keTs keT% \{o}
and that
1 . 1
G(o) = T > G = m Z Gk). (7.7)

keT% e €T} \{o}
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By definition (7.3), it holds that (G(o) ITlL\ > €T, G(x). Thus, by summing (7.6)
and (7.7), we obtain that

1 e A
IT | > G0 =GO +Gle) — = Y (1+) G, (7.8)

L
xeTy ITel keT} \{o}

Since the term in the left-hand side of (7.8) is real and since G(k) is real, it follows that

HTI_I > (1+F) Gk =

LV ket \(o}

2 cos> (ﬁ) Gk,
IT.| 2

keT% \{o}
where we used the equality 1 + cos(ky) = 2 cosz(%). 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 6.5.

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

c0s2(%) )

k ~
Vk € T% \ {0} cosz(El)G(k)g - (1+2E@m), ). (7.9)

where for any k € T%,
d
e(k) =2 (1—cos(kj)).
j=1

Proof. To begin, we fix an arbitrary k € T7 \ {0} and define the vector v = (vy)xeT, €
RT: by,

k
Vx e T Uy 1= cos(El) cos(k - x).

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

(i) Z{x,y}eEL (vy — v)® = e(k) ZXETL U)%’

(i) Y yer, v vy Glx.y) = Gk X0y, v

These computations are classical and a proof can be found for example in the appendix
of [39]. We now apply (i) to the left-hand side of (6.15) and (ii) to the right-hand side of
(6.15), thus obtaining that

2 Y vevyGx.y) < e(k) (1+2E(my,), ) Y vl
x,yeTy xeTy,

Applying (iii) to the left-hand side of the previous inequality and dividing everything by
&2(k) ZX T, cos?(k - x) gives (7.9) and concludes the proof. O

We now have all ingredients for proving Theorem 7.1.
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Proof of Theorem 7.1. To begin, we deduce from (7.5) and (7.9) that

1 G(o) + G(ey) ) 1 cosz(%)
— > G) = ———— = (1+2E(my,), ) =— > —>.
ITol = 2 T kT o) e (k)
We set
1 cos?(4h)
Cr(d) = — 2 7.10
L(d) WnkZ: =7 (7.10)
ETL\{O}

Using the fact that the sum in (7.10) is Riemann and using the identity cosz(%) =
%(1 + cos(ky)), we obtain

E™-(Ne,) + E™(N,) _ 2E"™™(N,) — 1
4d a 4d ’

lim Cp(d) = (7.11)
L—oo
where in the last step we used that E™%(Ng,) = E"V(N,) — 1. For a detailed derivation
of (7.11) see also [39, Section 5]. This proves (7.2) and concludes the proof. O

8. Proof of Theorem 1.1

In this section we present the proof of Theorem 1.1. The idea of the proof is to first
use our results from Sects. 4 to 7 to derive statements that are similar to the ones in
Theorem 1.1, but in the RPM. The main results for the RWLS will then follow from the
equivalence theorem, Theorem 3.14. Recall our convention on the constant ¢, which is
always positive and finite and may differ from line to line.

Proof of Theorem 1.1. Let d, N € N such that d > 3 and N > 2 and suppose that
v : Z% — Ris tempered and separable. Recall from Sect. 7 that we denote by E”*(N,,)
the expected number of visits at the origin of a simple random in Z¢ starting at the origin.
We let M > %andwesetl&[ = M—% > 0.Let U : Ng — Rj
be good with large enough range R and let 1o € (0, 0o) be such that for any A > A, it
holds that

1 -
llLII_I)IOIlf m Z G(o,x) > M > 0. (8.1)
Le2N xeTy
The existence of such a weight function U and parameter Ao follows from Theorem
7.1 and from the lower bound (5.27) for the term G(o, e;). We now fix A > 1. By
site-monotonicity, Proposition 5.2, and by Lemma 4.5 there exists ¢ > 0 such that for
any L € 2N and x, y € Ty, we have that

G(x,y) < G(o,e) <E(m}) <c. (8.2)
Recall the definition of N, Xy W — Np in (3.13). From the monotonicity result [30,

Theorem 2.2] and from (8.2) we deduce that there exist m € (0, 1) and ¢ > 0 such that,
forany L € 2N and any x, y € T, satisfying |x; — y;| € 2N+ 1 for alli € [d] and such
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that |[x — y| < mL, we have that G(x, y) > ¢, from which we deduce using (5.31) that
there exists ¢’ € (0, co) such that for each such pair of sites x, y € T,

EWNyy) > cGlx, )* > ¢ (8.3)
The Cauchy—Schwarz inequality now implies that

EWN, EW:,y)?

PN,y > 0) > E(/\/Z 5

> c, (8.4)

where in the last step we used (8.3) and that E(Nzy) < E(n2n2) < ¢ by Lemma
4.5. Recall from Lemma 3.13 that N, , : @ — Ny, defined in (3.12), is such that

Nx,y ~ /\7}” From (8.3), (8.4) and from Theorem 3.14 we can thus deduce that
EWNyy) > c, (8.5)
and
P@Enell,... o)} : x,y eT™W) =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 (1.11). Let x € T. For any w € Q, let K (w) be the
total length of r-o-loops in w visiting x, namely, for any w = ({1, ..., {|,|) € 2, we let

o]
Ki(@) =) ljrer;) (o),
j=1
be the local time at x for the RWLS.

Forany o = (€1, ..., 4j) € L, recall from (1.8) that I'y (w) denotes the first loop
of w that contains x. Then, for any k € N, we have that

k
Z E(-N;c,y ]l{nxfk}) < E(Ky 11{nxfk}) = Z E(Kx 11{precisely n loops contain x})
yeTy, n=1 (8.7)

k(k+1
E(ra) "5

Further, there exists ¢ € R* such that for any y € Ty such that |x — y| < mL, it holds
that

E(/\/x,y]l{nxfk}) = E(-/\[x,y) - E(Nx,y]]-{nx>k}) > C = E(A[x,yﬂ{nx>k})v (8.8)

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

EWNxylin, k) = EWx y L, k) < BT, )2 P(ny > k)2

L (8.9)
< <E(n2) (nx)>2
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where limy_, o c(k) = 0. From (8.7), (8.8) and (8.9) we thus deduce that for any k € N,

2(c —c(k)) .
E(T.)) > ————m L’

k(k+1)
for some m € (0, 00). We now choose kg € N large enough such that c(kg) < ¢ and the
proof of the theorem is concluded. O
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A. Appendix

A.l. The interacting Bose gas and random loops. We introduce the partition function of
the random loop model corresponding to the Bose gas in Ty with interaction potential
vy, : Tr x Ty — R. Given n € N, the number of particles, and B € [0, 00), the inverse
temperature, we define the partition function,

n . ﬁ . .
zZbose :=ni! > ]_[/dwg_xﬂi)(w’(t))exp( 3 /0 v (@ (). 0/ 0)dr) (A1)

x=(x1,...,xp)E(T)" TES, i=1 I<i,j=<n

where S, is the group of permutations of n integers, d Wﬁ y is the measure of a continuous-
time simple random walk in T, of time-length 8 which starts at x and ends at y, and is
defined in the measure space of continuous-time Cadlag trajectories w : [0, f] — T

which start from x and end at y, the normalisation is such that f dW}z y equals the
probability that a continuous time simple random walk in Ty of time 8 starting from
x 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 [25], see also [42] for the analogous derivation in
continuous space. Since permutations naturally induce cycles, (A.1) can be viewed as
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the partition function of a random loop model. The grand canonical partition function
of the interacting Bose gas is then defined as,

o0

bose, bos
2 = Y ezl a2
n=0

where & € R is the chemical potential, an external parameter. We formally obtain the
RWLS considered in this paper (in the special case N = 2 and weight function U (n) = 1
for any n € Np) if we replace the continuous time simple random walk of length 8 by

a single-step simple random walk trajectory. More formally, replace d W)/z y in (A.1) by

d Wf y» where d Wf y is defined as the measure which assigns weight % to the trajectory
such that,

if € [0, B),

X
vt € [0, B] w(t):{y it = B,

and weight zero to all the other trajectories. In other words, the particle spends time S
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 § = 1. By replacing dW. x oy

by aw x’y in (A.1), we thus obtain

Zye :=$ > Zl_[ / WE @) exp( Y / v (@ (1), o (1))dr)

X=(X1,00s Xy )ETL" TES, =1 I<i,j<n
1
o > > (—)" Utwy—xihi=tvicmn exp (Y vr(xi, x)))
D x=(x1,eexp) €T TESH I<i,j<n
1 Qd)~ 14
=X 2 1l I 0 exp(V(ly, ..., 6),
k=1""(1,....tp)eLk { ; 16 _”} i=1 !

where V was defined in (1.3). For the last identity, for any pair (x, 7) appearing in the
sum we summed over all the loop configurations (£1, ..., £;) € £F with the same loop
structure as in (x, ) and divided by the number of such configurations. After simplifying
the resulting factorials and summing over all configurations (x, 7) we obtain the last
expression in the Previous display. Finally, by considering the grand canonical ensemble
and setting A = 55/ we obtain,

o0

ZZase,g = Zeunzll;ose (A.3)
n=0
| NG
- Zk_ Hﬁexp V..., 0)) (A.4)
k=0 " (¢,....00)eLk i=1 ti
= ZL.Uv,N.s (A.5)

where Z7, vy, n.» Was defined in the introduction, here N = 2, U (n) = 1 foranyn € Ny
and v : Z¢ — Ris related to vz, by (1.1).



Macroscopic Loops in the Bose Gas, Spin O(N) and Related Models

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.1), 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,

~ 1
T O ST
n.p n! Vlélnl \xn(i)*x,'\lil}

X=(x1,....,xn)E(TL)" TES,

x H/d F e @) exp 3 / v (e (), w/(t))dz) (A.6)
i=1

1<i<j<n

which is a minor modification of the Bose gas, (A.1). The modification consists in the
introduction of the indicator that the distance between x; and x(;) is at most one for
each particle i. Our proof method would allow us to prove the occurrence BEC for this
model in the grand canonical ensemble, namely the occurrence of macroscopic loops for
any B € [0, co) as long as the chemical potential 1. Now if 8 is ‘sufficiently’ small, then
(A.6) is extremely ‘close’ to the interacting Bose gas, (A.1). Indeed, since g is small,
it rarely happens in (A.1) that x, ;) (corresponding to the position of the last step of a
continuous time simple random walk of time f starting from x;) is at a distance greater
than 1 from x;. Being the two models so close, the hope is that in the future it may be
possible to deduce BEC for (A.1) by a comparison with (A.6).

A.2. Implications for the Spin O(N) model. Our result has new implications on the Spin
O(N) model, which is ‘equivalent’ to our random loop model when the weight function
is chosen as in (1.6) and the potential v is zero.

To begin, we define the Spin O (N) model precisely. Let G = (V, &) be a finite undirected

graph. Fix an integer N € N.(. We denote by ¢ € (SV _l)v the spin configurations,
where S¥ =1 ¢ RY is the unit sphere of dimension N — 1. For example, SO — {—1, 1}
and S! c R? is the unit circle We will often write spin configurations as ¢ = (¢y)yey

where ¢, = ((p;, 738 Ny € RY is the value of ¢ at the vertex x € V. The hamiltonian
of the spin O (N) model is defined as
Hg n(p) = — Z @x - Py, (A7)
{x.y}e€

where ¢, - ¢, denotes the usual inner product of two N-component vectors. For a
parameter § > 0 known as the inverse temperature the partition function at inverse
temperature f is given by

zZn = H/SN 1d¢ e PHoN (@), (A.8)

where dg, denotes the uniform probability measure on SN-1 that is, fSN*I dox = 1.

We introduce an expectation operator (-)g y g on functions (SN-1HVY - R, that assigns
the value

1
Nlgnp = —spm— (TT / dp ) f((@oeev) e PN (A9)
Gg.N.p  xeV
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We write (f); y g When G is the d-dimensional torus of side length L.

When translated back into the language of spins, our general result about macroscopic
loops implies that the correlation functions of the form (go} (p%(p;gof) L,N,p are uniformly
positive as long as N > 2, d > 3 and g is large enough. The transition from a regime of
exponential decay of such correlation functions (when g is small) to a regime of uniform
positivity of such correlation functions (when f is large) in dimensions d > 3 can be
seen as an alternative characterisation of the phase transition in the Spin O(N) model
with N > 2. As far as we know, only in the special case N = 2 such a point-wise
positivity result can be deduced from the point-wise positivity of the correlations of
the form ((pxq) ),N,p, which was proved in [24] (see [5] for a derivation, which uses
Pfister’s theorern) Hence, our result on the Spin O(N) model, which is stated in the next
theorem, is new when N > 2.

Theorem A.l. Suppose that d > 3, N > 2, and B is large enough, then there exists
c1, ¢2 > 0 such that for any L € 2N and forany x,y € T suchthat |x — y|lco < c2 L,

(120 @) LN g = Cl. (A.10)

Proof. Using the same expansion as in [29, Proposition 2.3] we deduce that, under the
rey)
F(%+ﬂ)
of long range interactions, i.e, v(x) = 0 for any x € 74,

same choice of the weight function, U (n) = for any n € Ny, and in the absence

G, uwN.p X Y) = BHO 0201 07) LN p-

From (8.3) we then deduce the desired result. 0O

A.3. Examples of tempered and separable potentials. In this section we provide exam-
ples of potentials v : Z¢ — R that are tempered and separable.

Lemma A.2. Let v', v? : Z¢ — R be defined by
v () = @1 Lm0y — Bre P L 20y, v (x) = @2l jx=o) — Bolx | Lixstol

for some constants a1, a2, B1, B2, t, s > 0 such that a1 > ZveZ" Yo et gy >
B2 Zyezd’)qéo Iy|{*, and s > d. Then v! and v? are tempered and separable.

Proof. Tt is easy to see that v! and v? are tempered. We now prove separability of v!.
Leti € [d]and let x, y € T with y; < 0 < x;. We have that

d
—vi oy =B [ e it

j=1zeZ

We can write the factor involving the i-th coordinate by

\ Lz ! xil elvil et xil ,—tlyil
—UxXi—=yi—LzZ| _ LIXg Lyi —L]|X; —Lyi
e = ——eMiletVil ¢ e e . A1l
Z eLt_l eLz 1 ( )

Z€Z -

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

0
Zefz\,\'jfyjszl _ Zefz\(lxj-fyj\ mod L)—Lz| _ Z f(n)eiznTane_ithyj, (A.12)

Z2€Z Z2€Z n=-—00
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where f is the Fourier transform of f : R — [0, 00), f(z) = e ‘Ll given by f(é) =
> (. Combining (A.11) and (A.12) we can write

2L
12L2+4n2$2
—v} (x,y) = f alr, x) - &(t, y)dv(),
Rd—l

where o : R4~! x T; — C2 is defined by a(t, x) = (a;(t, X)) jef1,2) with

o (t, x) = Clel\leel 7 (X 1o Xim 13X 1 o0 X)) UJ;

| i . . .
Olz(t,x) =cje letlel A (XL seeesXi— 1> Xi4 10 X)L 2]

for some ¢; = ¢1(8,t, L) € R*. The function @ : R¥~! x T, — C? is defined
as in (4.3). Here we use the notation |7| = (|t1],..., [ta4—1]) € Z~! for a vector
t=(t,...,15-1) € R4 The finite, non-negative measure dv(z) is given by

dv(t) = f(lnl) - f(la—1])dr,

where dt denotes the Lebesgue measure on 7 = R4~ ! Hence, v}‘ yields a representation
of the form (4.2).

Separability of v can be deduced from separability of v! since for x, y € T it holds
that

1 T
U%(X,y)Z—ﬁzz—Z—ﬁzzﬁ/o p ey =Ll gy,
z

x—y—Lz|}
zeZd| Y Z|l I/
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