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Exponential decay of transverse correlations for spin systems
with continuous symmetry and non-zero external field

Benjamin Lees, Lorenzo Taggi

Abstract

We prove exponential decay of transverse correlations in the Spin O(N') model for arbitrary
(non-zero) values of the external magnetic field and arbitrary spin dimension N > 1. Our result is
new when N > 3, in which case no Lee-Yang theorem is available, it is an alternative to Lee-Yang
when N = 2, 3, and also holds for a wide class of multi-component spin systems with continuous
symmetry. The key ingredients are a representation of the model as a system of coloured random
paths, a ‘colour-switch’ lemma, and a sampling procedure which allows us to bound from above
the ‘typical’ length of the open paths.

1 Introduction

The Spin O(N') model is a classical statistical mechanics model whose configurations are collections
of unit vectors, called spins, taking values on the surface of a N — 1 dimensional unit sphere, SV ! C
R, with each spin associated to the vertex of a graph. Some special cases of the Spin O(N) model
are the Ising model (N = 1), the XY model (N = 2), and the classical Heisenberg model (N =
3). Despite the fact that it is a very classical model, there remain important gaps in understanding,
particularly in the case N > 2. This paper addresses a basic and important question, namely how
fast do correlations between spins decay with the distance between their associated vertices when a
non-zero external magnetic field is present? More concretely, we consider transverse correlations in
the presence of an external magnetic field parallel to the e cartesian vector of arbitrary (non-zero)
intensity, namely correlations between the i-th component of the spins for any i € {1,..., N —
1}. Our main result states that, for any value of the inverse temperature and any non-zero value of
the external magnetic field, transverse correlations decay exponentially fast with the graph distance
between the two vertices (in the literature one refers to the exponential decay of correlations as a
mass-gap condition). Our proof method is probabilistic, it uses a new representation of the model as
a system of random walks and loops, which employs colours and pairings, and a sampling procedure
which allows us to stochastically bound the length of a random walks of a given colour by ‘exploring’
the realisation ‘step by step’, thus enabling a comparison with a simpler stochastic process.

When N = 1, 2, 3, the mass-gap condition is a consequence of the celebrated Lee-Yang theorem,
which states that the partition function is an analytic function of the (possibly complex-valued) external
magnetic field away from the imaginary axis. This was proved in [12, [13] when N = 2 (in the same
paper results involving the NV > 2 cases are also derived, but these require anisotropic coupling con-
stants), and in [2, 8, 15] when N = 3, by taking an appropriate limit of the corresponding quantum
system. From the Lee-Yang theorem one can then deduce the mass-gap condition via cluster expan-
sion (see the recent papers [9}, [10]). In the absence of a Lee-Yang theorem when N > 3, the cluster
expansion provides only perturbative results, i.e, the mass-gap condition can only be proven for large
enough (positive or negative) values of the external magnetic field.
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B. Lees, L. Taggi 2

Our result is new when N > 3 and, for any N > 1, our method provides a new direct proof of
the mass-gap condition for transverse correlations bypassing the Lee-Yang analiticity result and the
cluster expansion. Additionally, our proof is also quite flexible and, for example, it holds for any graph
of bounded degree, it holds on Z¢ with finite range (not necessarily translation invariant) coupling
constants, and it holds for a class of models with continuous symmetry whose interaction does not
necessarily take the form e~ 7 (with 7{ representing the hamiltonian function) — these models are ‘less
physical’ but they lead to interesting random loop models, for example the loop O(N) model [6l [14]
(see Section[5.2).

1.1 Model and main result

We define the Spin O(N') model on an arbitrary graph with uniform coupling constants and zero
boundary conditions and we refer to Section [5.2] for extensions. Consider a finite simple graph G =
(V, &) and, for N € Ny, define the configuration space Qg x := (SV~1)Y, where S¥~1 Cc RY
is the N — 1 dimensional unit sphere. For 3 > 0 and h € R we introduce the hamiltonian function
acting on ¢ = (¢ )zev € Qg N,

Hél,jjl\?,ﬁ,h(gp) = _5 Z P Py — thpi\f’ (1-1)

{zy}ee =

where - denotes the usual inner product on R”, the first sum is over undirected edges, and goi is the
i" component of the vector ¢, € SV¥~! € RY. We define the expectation operator ()¢ p.n acting
on f: Qg n — Rby

. ]_ _Hspin
(F)eNpn = —spmn— / dp f(p) e HTonan®), (1.2)
g7N757h QQ,N
where dp = ], de, is a product measure with dg,, the uniform measure on SN¥=1 and Zéf]"\’,f&h

is a normalising constant that ensures <1)gpj$5 5, = 1. Our main result concerns correlations between

spins ¢, ¢, when the graph distance from z to y, dg(x,y), is large. For any = € V), define the
random variable S, : (g n — SN=! representing the spin at = as, S,(¢) := ¢,, moreover we
represent its components as S, = (S1,...,SY).

Theorem 1.1. Let G be an infinite simple graph with bounded degree. For any h # 0, 3 > 0 and
N € N, there are positive constants ¢y = ¢o(G, 5, h, N) and Cy = Cy(G, 5, h, N) such that the
following holds. Let (Gr) .en, with G, = (V1, £1), be an arbitrary sequence of finite graphs such that
G, CGri1 CG.Then, forany L € Nandanyx,y € Vy,

(S;s;gfj}wﬁ < Cpe~0ds@y) (1.3)

where dg(x,y) denotes the graph distance between x and y in G. Moreover, the choice of ¢, can be
made so that, co = O(h?) in the limit as h — 0.

For example, our theorem holds when G = Z¢ and G, is a box of side length L or when G is a regular
tree and G is the subtree of depth L. Our result also holds for non-zero boundary conditions, on Z¢
with finite range (not necessarily translation invariant) coupling constants, and for spin systems whose
measure is not necessarily in the form e, see extensions in Section
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Proof Method. The first step of the proof is a representation of the Spin O(/N') model as a system of
random undirected walks and loops, which may overlap and intersect each other. We collectively refer
to walks and loops as paths. Each path is given a colour i € {1, ..., N} and the measure involves an
on-site weight function that penalises large numbers of overlaps. This representation corresponds to a
combination of the ones introduced in [3| [11], which are in turn related to the one of Brydges, Fréhlich
and Spencer [5], and the random current representation of the Ising model [1]. In this representation
a ghost vertex, denoted by g, is added to the graph, with edges to each other vertex representing the
external field. The correlation between the first component of the spins at x and y can be written as a
ratio of two partition functions, the one in the denominator refers to a gas of loops of any colour and
walks of colour N (/V-walks) with both end points at the ghost vertex, the one in the numerator has,
in addition, a 1-walk with end points = and y.

The first (simple, but important) step of our analysis is a ‘colour-switch lemma’. We use a map which
‘transforms’ the partition function in the numerator by switching the colour of the 1-walk to N and
adding two more steps to the walk that connect its end-points to the ghost vertex. This transformation
allows us to show that the spin correlation equals the expected number of N-walks with their two last
steps on the edges {z, g} and {y, g}.

By the colour-switch lemma, deriving the exponential decay of transverse correlations is equivalent to
showing that the expected number of such N-walks is exponentially small with respect to dg(z, y).
The general idea of the proof is that every walk which starts from the edge {x, g} has a positive
probability to be paired to the ghost vertex at each of its steps, thus ‘dying’ at that step, hence it cannot
be too long.

The two main mathematical ingredients for turning such a simple description into a rigorous proof are:
(i) An upper bound on the distribution of the local times, which is defined as the number of visits of
walks or loops to a vertices. A small local time is required since we can show that the probability that
a walk ‘dies’ at a given vertex is uniformly bounded away from 0 if the local time at that vertex not
too large. (ii) A sampling procedure, which consists of sampling the random path configuration step
by step by exploiting the spatial Markov property, thus controlling the various (many) dependencies by
enabling the comparison with simpler stochastic processes.

Organisation. In Section [2| we introduce the random path representation of the Spin O(/N') model
in the presence of an external magnetic field and present the colour-switch lemma. In Section (3| we
provide bounds for the distribution of the local times. In Section[4]we introduce the sampling procedure.
In Section [5l we present the proof of our main theorem and discuss some extensions.
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Notation
G=MW¢&) an undirected, simple, finite graph
G=(V,E) the graph G together with the ghost vertex ¢
e€ Eor{z,y} € E undirected edges
T~y two neighbour vertices, i.e, z,y € V such that {z,y} € F
N e Ny the number of colours
V) {0, N
de, dg the graph degree of x € V and max ¢y d,
dg(x,y) the graph distance between x and y
Mg the set of link cardinalities on G (with GG possibly replacing G)
Cg(m) the set of colourings for m € Mg
Pg(m, c) the set of pairing configurations for m € Mg and ¢ € Cg(m)
w = (m,c,m) a wire configuration with m € Mg, ¢ € Cg(m), and ™ € Pg(m, c)
Wg the set of wire configurations on G
nk(w) the local time of i-objects at
N
N (w) D et (W)
ul (w) the number of unpaired i-links at
vl (w) the number of pairings of ¢-links at x
Zgnpu(x,y) the total weight of configurations with a 1-path from x to y
Ggnpu(z,y) the two-point function between x and y in the random path model

2 The random path representation

In this section we introduce a random path representation for the Spin O(N') model in the presence
of an external magnetic field. We refer to this representation as the Random Path Model (RPM). This
representation corresponds to a combination of the one introduced in [3} [11], which was also used in
[16] in the study of the dimer model in Z%, d > 3, and of the random current representation of the Ising
model [1]. Two key aspects of the representation are pairings and colours, these are two ingredients
which are not present (or necessary) in the N = 1 case [1], the well-known Ising model, but which
play a crucial role in our analysis, which involves the N > 1 cases.

2.1 Random path model

We consider a general finite undirected simple graph G = (V,£). Let N € N, be the number of
colours. A realisation of the RPM can be viewed as a collection of undirected (closed or open) paths
with colours in [N] := {1,..., N}. A path is identified by a collection of links, a colouring and by
pairings.

To begin, denote by m € M, := N¢ a collection of links on €. More specifically,

where m, € N represents the number of links on ¢ € £. We say a link is incident to x € V if itis on
an edge incident to x.

Given m € Mg, a colouring ¢ = (Ce)ece, With ¢ : {1,...,m.} — [IN] is a function which assigns
an integer (colour) in [N] to each link. More precisely, we use (e, p) to represent the pth link on the
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Exponential decay of transverse correlations in spin systems 5

1b 1b
3r . 2b
o 2b .0. ——
’}—0 . 1b .
O+———0+_»_:0
CE—

Figure 2.1: A configuration w = (m,c,7y) € Wg, where G corresponds to the graph {1,2,3} x
{1, 2,3} with edges connecting nearest neighbours and the lowest leftmost vertex corresponds to
(1,1). On every edge e, the links are ordered and receive a label from 1 to m.. In the figure, the
numbers 1, 2, ... are used for the identification of the links and the letters b and r are used for the
colours which are assigned to the links by ¢ (we assume that N = 2 and that each link might be
either blue or red). Paired links are connected by a dotted line. For example, the first link on the edge
connecting the vertices (1, 1), (2, 1) is coloured red, it is paired at (1, 1) with the third link on the same
edge and it is unpaired at (2, 1). Moreover, both links touching the vertex (3, 3) are red and they are
unpaired at (3, 3). Finally, no link is on the edge which connects the vertices (1, 2) and (2, 2).

edge e, with p € {1,...,m.}, and we let ¢((e, p)) € [N] be the colour of the p" link on e € £. A
link with colour 7 € [N] is called an i-link. For e € £ and i € [N], we denote by m’ the number of
i-links on e. We let Cg(m) be the set of possible colourings ¢ = (¢, )ecs for m.

Given a link configuration m € Mg, and a colouring ¢ € Cg(m), we say m = (7 ).cy is a pairing
of (m, c) if, for each = € V), 7, pairs links on the edges incident to  in such a way that if two links
are paired, then they have the same colour (so 7, : Uyw{({z,y},1),..., {z, ¥}, M) —
P<y Uy {({z 9} 1), ..., ({7, y}, myzy) - A link incident to  is paired to at most one other
link incident to = and, possibly, it is not paired to any link at . We say two links are paired if there is
an x € V such that the links are paired at . A link can be paired to at most two other links, one at
each end point of its edge. We remark that, by definition, a link cannot be paired to itself. Denote by
Pg(m, c) the set of all such pairings for m € Mg and ¢ € Cg(m). Note that Pg(m, c) generally has
many elements, corresponding to the number of ways the links can be paired.

A wire configuration on G is an element w = (m,c,m) such that m € Mg, ¢ € Cg(m), and
m € Pg(m,c). Let Wg be the set of wire configurations on G. As we can see from the example
in Figure it follows that any w € W can be viewed as a collection of closed or open paths,
open paths will be called walks and closed paths will be called loops (see the Appendix for a formal
definition of such objects). For example, Figure presents three loops and four walks. By a slight
abuse of notation, we will also view m : Wg +— Mg as a function such that, for w’ = (m/, ¢, '),
m(w') =m'.

Let u’.(w) be the number of i-links incident to x which are unpaired at x (i.e. the number of walk end
points at z). Let v’ (w) be the number of i-links incident to = which are paired to another link at ,
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divided by two (i.e. the number of times a path passes through x),

vl (w) = %(Zm?{w} - u;,(w)) (2.1)

Y~z

Moreover, let n! (w) := v’ (w) + u’(w) be the local time of i-objects at x. Unpaired end-points of
links touching x and pairs of paired links touching x both contribute +1 to the local time.

Let G = (V, E) be an arbitrary finite simple undirected graph, we want to introduce a representation
for the Spin O(IN') model on G in the presence of an external magnetic field. Hence, we introduce a
ghost vertex g ¢ V, and the graph G = (V, E), with

V=Yu{g} FE=¢EU{{z,g}:zeV}.

We call any edge which is incident to the ghost vertex a ghost edge and any edge which is not an
original edge. We also call any vertex in ) an original vertex.

Definition 2.1. We let WV, be the set of configurations w € Wg such thatv) (w) = nj(w) = ... =

ny M w) = 0andul(w) = ... = u) (w) = 0foreveryz € V. Given N € N»g, 5 € R, h € R,

we define the non-negative (not necessarily probability) measure (i n g, ON WY, as follows, for any
w = (m,c,m) € W,

poant) = (T107) (T ) (T ), e2)
ecg ¢ zey | Amgd TEV
where U, (w) := U(n,(w)), with
_ &)
Vr e N Z/{(T) = WZ%), (23)

andn, = Y . n! is the local time at z. Given a function f : W, — R, we use the same notation for
i G

the expectation of f under jic N g n, hangn(f) = > f(w) pensn(w).
weWy,

In other words, at the ghost vertex only unpaired end-points of /V-links are allowed, while at the original
vertices either paired links of any colour or unpaired 1-links are allowed, and a weight which depends
on the local time is assigned. Thus, any realisation w € W/, consists of open paths of colour /N with
both end points at the ghost vertex, open paths of colour 1 with end points at original vertices, and

closed paths of any colour. Closed paths of colour 1, ..., N — 1 lie entirely in G C (G, as do open
paths of colour 1.

Notice that, because all open paths necessarily have two end-points, the power of A in ji, Nﬁ,h(w)
is always even, hence the results we obtain for i and —h will be identical. With this in mind we will in
often take h > 0.

The central quantity of interest is the two-point function. For the definition of the two-point function we
will allow only one walk of colour 1.

Definition 2.2. For A C V, define S(A) to be the set of configurations w € WY, such that ul(w) =
1 forevery z € A andul(w) = 0 forevery z € V \ A. We define Zg n sn(A) = ponpsn(S(A))
and Z{, y 5. = ta,n,pn(S(0)). Finally, we define the point-to-point correlation functions by,

_ Zanpn(A)

GGJV”BJL(A) : Zé' N,B,h

DOI 10.20347/WIAS.PREPRINT.2730 Berlin 2020



Exponential decay of transverse correlations in spin systems 7

We call the cases where |A| = 2 two-point functions. When A = {z,y} for x # y we write
Zanpn(z,y) and G v g(z,y) for Za n sn(A) and Gy 5(A) respectively. We also write S¢; for
S(0).

2.2 Equivalence of two-point functions and the ‘colour-switch’ lemma

The next proposition connects the correlation function which was defined above to the spin correlations
of the Spin O(N') model.

Proposition 2.3. Let G = (V, &) be an undirected, finite, simple graph and let G = (V, E) be
obtained from G by adding a ghost vertex g as described above. Let N € N.y, § > 0 and h € R.
We have that,

spin
Genpn(A) = < 11 %10> : (2.4)
z€A G,N,B,h

Proof. The proof is very similar to [11], Proposition 2.3]. To begin, for A C ) we define

spin )
spin spin __grspwn
Zg],gN,ﬂ,h(A) = ZQI,JN,,B,h< H %0g1c> = /Q dep <H ‘Pi«) e Hansnl®), (2.5)
g,N

xEA ngzﬁJl TEA

Now we expand the exponential term, we will define ¢, := (0, ..., 0, 1) in order to have a consistent
notation and cleaner expressions in the expansion. The reader should understand the the ‘spin’ at ¢
is fixed to (0, ..., 0, 1). For convenience we will define a coupling parameter that incorporates /3 and
h.For{z,y} € Eandi € [N]

B if{x,y} €&,
Jioyy =0 fge€{r,ytandi=N, (2.6)
0 otherwise.

This will enable us to write our expansion in terms of a single variable, Jei, instead of having to con-
stantly differentiate between different cases. To begin we write the exponential term as,

eXp{ > ijz,y}wi%}: [I [Ietns @7)

{zy}eb i=1 {zy}el i=1
and expand ,
Ji i i ( Ex })ml{w’y} i i\mi
= ) (o). @8)
{z.y}’

m?{w,y} 20
For B C V we define sets

Mvg(B):{mEMG:VxEB Z me €2N+1, Vx e V\ B Z mQGQN} (2.9)

ecE:x€e ecF:x€e

./\/lg(B) :Mvg(B) N {m e Mg : Zm{ng} = O} (2.10)

zeV
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We also define ¢'.(m) = 3" m! and g,(m) = 31, ¢’.(m). We have

gran- ¥ sy (%)

i
mleMqg(A) m2,...mN-1e Mg (D) mNEMvG(@) LecE \i=1 €

/ﬂ dg (qux“(wi)ﬁ...<w5>qf) IT (b= ()% .. (pd)=

€A zeV\A
(2.11)
Now we use the following identity from [6, Appendix A]
N
r(3) - .
— ifn; € 2N fori € |INV|,
/ (@)™ (™)™ dp = a¥r(25N) (V] (2.12)
SN-1 .
0 otherwise,

withn = Zf\il n;. Additionally, we sum over uncoloured link configurations and over ways to distribute
the colours of these configurations to obtain

spin 1 e! il imt
o= ¥ (M) ¥ (Mgl
) mleMea(A),mN eMa (D) ¢ ¢ =l

meMg(A) \e€E A)m c€E
m?,..mNeMq ()
Zi\il mi=m

H F(%) 1”1_N[( i _1)” H N ﬁ
o 2 2p (2t B LU 2%/2r "”N ke

1=2 zeV\A

(2.13)

Now if ¢ € 2N then (¢ — 1)!! is the number of pairings of g objects, whereas if ¢ € 2N + 1 then ¢!! is
the number of pairings of ¢ objects that leaves one object on its own (i.e. there are (¢ — 1)/2 tuples
and one single object).

For m € /WG(A) let C(m, A) be the set of colourings such that for every x € V' the number of
1-links incident to x is odd if z € A and is even otherwise and all links incident to g are N-links. For
i € {2,..., N} there are an even number of i-links incident to z for every = € V.

Further, for m € Mvg(A) and ¢ € Cg(m,A) let Pg(m,c, A) be the set of pairings such that
there is precisely one unpaired 1-link at each « € A (and no other unpaired 1-links), additionally for
i € {2,...,N} and every z € V each i-link incident to x is paired at = and no N-links incident to
g are paired. Given such a triple (m, ¢, 7) and = € V let ny(m, ¢,7) = Y2, n (m, ¢, ) be the
local time at the vertex x, we have

o= ¥ 3 (T

meMeg(A) c€Cq(m,A) \ecE

r'(s) r'3)
Z (H 2n(memD (g (m, e, m) + %)) H 2ne(memD (g (m, e, m) + §)

m€Pg(m,c,A) \z€A zeV\A

N

(2.14)
We used that, if w = (m, ¢, m) € Wg and g, links are incident to x thenif z € A, ¢, +1 = 2n,(w).
Similarly if z € V' \ A then g, = 2n,(w).
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Exponential decay of transverse correlations in spin systems 9

Now if we define U, as in Definition we recall the definition of W, and perform the same expan-
sion for ZZ' 5.1, = Z&n .» () we have the result. O

The previous proposition connects the spin-spin correlation of the Spin O(/N') model to the correlation
functions of the random path model. The starting point of our analysis is Lemma below, which
connects the two-point correlation function to the expected number of /N-walks with extremal links
(defined below Definition on {z, g} and {y, g} in a random path configuration with loops of any
colour and N-walks with both end points at the ghost vertex (and no walks of colour 1). The next
definition introduces the probability measure and expectation which describes such a random path
model.

Definition 2.4. We define the probability measure on S C W,

1
—r— HeNgh(w), (2.15)

Yw € SG IP’G,Nﬁ’h(w) = ZéNﬁh

and we denote by E¢ v 3.1, the expectation with respect to P n 3.1,

We now introduce the definition of an extremal link. A link is called exfremal if at least one of its
end-points is unpaired. Given a walk consisting of least two links, we call its two links which have an
unpaired end-point the extremal links of the walk. If a walk has its two extremal links on the edges
e1,e2 € E, we write that it is (e1, 2) - extremal. Notice that /NV-walks have both end points at the
ghost vertex P nv 3,1, - almost surely, hence they have at least two links.

The next lemma is key for our approach.

Lemma 2.5 (Colour-Switch lemma). Let N € N>,, 5 > 0 andh € R\ {0}. Choose an arbitrary
pair of distinct vertices x,y € V. We let M, , be the number of N -walks which have one extremal
link on {z, g} and the other extremal link on {y, g}. Then,

1

GG,N,ﬁ,h<x7 y) = B2

Eg ngn (Mxy> (2.16)
Proof. We let S ({x,y}) C Sg be the set of configurations in S with no 1-walks and with at least
one N-walk whose extremal links are on the edges {z, g} and {y, g}, recall that S({z, y}) is the set
of configurations with a unique 1-walk having  and y as end-points. The proof consists of partitioning
the sets SV ({z, y}) and S({x,y}), identifying a bijection between the elements of the partition in
SN({x,y}) and those in S({z, y}), and comparing the weights of such elements.

To begin, we define a map Fiy : SV ({x,y}) — Wg which acts by removing the extremal links of
the ({z,g},{y, g}) - extremal walks and by leaving unpaired the links to which these extremal links
were paired, as in the example in Figure[2.2]

Further, we define a map F; : S({x,y}) — W which acts by first applying Fiy to w € S({z,y})
(in the analogous way as on S¥({x,y})) and then by changing to N the colour of all the links
belonging to the unique 1-walk with end-points x and y. We note that

R:=F(S({z,y})) = Fn(S"({z,4})) € We (2.17)

The configurations in R have at least one N-walk having x and y as end-points. For any w € R, we
let M, (w) be the number of N-walks with end-points = and y in w. We note that, for any w, w" € R
such that w # w’,

FMw)NFH ') =0 Fyt(w) N Fyl(w') = 0. (2.18)
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Figure 2.2: We suppose that N = 2, we represent the colour 1 by blue and the colour N = 2 by
red, we assume that G is a connected subset of Z with five vertices and edges connecting nearest
neighbour vertices and the vertical links are on edges connecting the vertices of G to g, the ghost
vertex is not represented in the figure. Left: A configuration w € S™ ({z, y}) such that M, ,(w) = 2.
Right: A configuration Fy(w), which is obtained from w by removing the extremal links of the two
({x,9},{y, g}) - extremal walks and by leaving unpaired the links to which such external links were
paired.

Here, for any w € R, Fgl(w) corresponds to the set of configurations which are obtained from w
by inserting M (w) N-links on {z, g} and {y, g} and by pairing them at  and y to the links of the
M (w) N-walks with end-points x and y in some arbitrary manner. Similarly, F ' (w) corresponds
to the set of configurations which are obtained from w by choosing one of the N-walks with end-points
z and y, turning the colour of all its links to 1, inserting M (w) — 1 N-links on {z, g} and {y, g}
and pairing them at = and ¥ to the links of the ng(w) — 1 remaining /N-walks with end-points = and
y in some arbitrary manner. It follows that, if w # w’ € R, then each configuration in ! (w) differs
from each configuration in F;~* (w’) and the same holds for Fy', giving (2.18).

We note that, for any w’ = (m/, ¢/, 7') € R, we have that,

— >+m{$9} M; (w/)—i_m/{w} T (w2
= () (e ) O
_ (M ) ) V101 ¢ )
{w,g}' {y,g}'

(2.19)

where the first two factors in the right-hand side of the first identity correspond to the number of ways
M (w') N-links can be inserted on {x, g} and on {y, g} among the ones already present in w’
and the third factor corresponds to the number of ways such new links can be paired at x and ¥ to the
M;’y(w’) links of the N-walks of w’ with end-points = and y. Similarly, we obtain that,

M;’y( ) 1+m{mg}> <M7” ( ) - 1+m,{y7‘g}) ((ng(w/)_l)')Q
My, (w) — 1 My, (w) — 1 ’
M’ 1+m/ M, —1+ml, )
_ ng(w/) ( ,y< ) {17 9}) ( ( ) , ' {y79}> ’ (220)
{r,g}' My.gy°

)] = Mz, )

where the first factor in the right-hand side of the first identity corresponds to the number of ways
for choosing which of the M;y(w’) N-walks is turned into an 1-walk and the remaining weights are
analogous to those in the previous display.
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We now note that, from Definition forany w' = (m/,d,7’) € Rand any w = (m,c,m) €
Fy'(w'), we have that,

hMT y(w' )—‘,—m{z g}

womant) = (1) (11 ) (M) (1T (L) 7 )

ecf zeV\{z,y} {Z gt zeV ze{z,y}

(2.21)
and, similarly, that for any w’ = (m/, ¢/, 7') € Rand any w = (m, ¢, 7) € F; ' (w') we have that,

o oy (W) =ldmy,
fic,N,p.n (W (H ,)( H " }><HU )( H (M;’Ly(w)—ljtin{;g})!)'

Me zeV\{z,y} {z,g} ze{zy}

(2.22)
Note that the two previous displays differ from each other only in the last factor. Thus, combining the
last four displays we deduce that, for any w’ € R,

1G,N,6,h (Ffl(w’)) = ;2 M"(w') pra,n .1 (Fﬁl(w’)) (2.23)

The previous identity can be deduced from (2.19), (2.20), (2.21), (2.22) since (2.19) and (2.20) give
the cardinalities of the sets in the left- and right-hand side of (2.23) respectively and (2.21), (2.22) give

the weight of each element of the sets. Thus, we obtain that,

Zanpn(T,y) = Z pa N8 (W ZNGNBh CH(w))

weS({z,y}) w'eR
1 _ . 1
=23 D Henan(Fy (W) M () = o5 D7 pansn(w) May(w)
w'€R weSN ({z,y})
1 1
= — Y panpn(w) Myy(w) = Zé v 5 w3 Eanon(May),

wESG

where for the second identity we used (2.18), for the third identity we used (2.23), for the fourth identity
we used again and the fact that, for any w’ € Rand w € Fy'(w'), MJ (w') = My (w),
for the last identity we used Definitions [2.2] and From the last expression and Definition [2.2] we
deduce and conclude the proof. O

3 A bound on local times

The next lemma provides an upper bound for the joint distributions of local times of vertices when the
maximum degree of G, dg, is finite. Since the measure in Definition is invariant with respect to a
sign inversion of the external magnetic field (the number of unpaired end-points of /N-links can only
be even), we can, without loss of generality, take A > 0.

Further notation. Recall that for an arbitrary finite directed graph G = (V, £) we denote by G =
(V, E) the graph obtained from G by adding a ghost vertex, as described above Definition Given
a set of original vertices A C ), we introduce the following notation for the complement and for the
edge and vertex boundaries of A. We define A° := V \ A, note that this set only contains original
vertices. We let /4 be the set of edges in £/ which have at least one end-point in A (these can be
original or ghost), we let 0F 4 be the set of edges in E which have one end-point in A and the other
end-point in A¢, and we let Eg be the set of edges which connect a vertex in A to the ghost vertex.
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We denote the external boundary of A by 0°A - the set of vertices in z € A° which have a neighbour
in A - and the internal boundary by 9" A - the set of vertices in A which have a neighbour in A°. By
definition, 9’ A, 9°A C V.

Lemma3.1. Let N € N, 8,h > 0. Forany k € N there exists ¢; = c1(d§, k, N, 3, h) € (0, 00)
satisfying limy,_,q ¢ = 0 such that, forany set A C V and z € A,
Ponpn(Vr e A n, > k) < c|1A|, (3.1)

IE:G,N,B,h (m{z,g}]l{VxEAnsz}) < hc|1A|- (32)

Proof. To begin, we define the measure in Sg,
VweSe  fi(w) = Panpnlw) Zg n g pe

We define by X the set of elements & = (&!)cep,icn] € {0, 1}ExIN] sych that, for any 2 € V and
i € [N],we havethat >- i, 1 € 2N. We have that,

y~x
i(Ve € Ang > k) = Y i({Vz € A,ngy > k} N {Vi € [N],Ve € E,mi(w) € 2N+ ¢'}).

¢ex

e (3.3)
For (n',...,n") € NV we define the quantity,

N | I I N
X 1 N 22/ iy2n* = -
(n°, ,nt) v dy 211 (¢") o i F(Zze[m ni + E< )
(3.4)

which appears in (2.12), and has been proved in [6, Appendix A]. We see from the definition (3.4) that,

X', oo hnt 1, ey <Xt et et ), (3.5)
forany (n',...,n"V)andi € [N]. Moreover, we define forany n € N, X,,,(n) := sup {X(n',...,n
SN n' =n}, which satisfies

N>:

Tlllir(l) Xsup(n) = 0. (3.6)

Forany e € E, w € Wg andi € [N], we let m/,(w) be the number of i-links on the edge ¢ and we
define the vector m'(w) = (m| (w))eeE. Moreover, we define ¥ C NEXIV a5 the set of elements

e
m € NN such that, forany € V, and any i € [N], 3°, , m{, v € 2N, and such that for any
e€ E\E& andanyi € [N]\ {N}, mi = 0. In the next calculation we use the fact that, for any

function f : NEXINI 5 R,

S (T ) (T (TL ) o o)

w=(m,c,m)EW/, ~e€E eV
1% {z g}
Z <HHm”)<H )(HX n.(m )f(ml,...,mN), (3.7)
meSg 1=1 ec 79}
where we used the notation nn, = (n},...,nY)and m = (m!,...,m"), and we wrote n,(m) =
(ng(m'),....ny (m")), where ni,(m") := 3 3, mi, .. Foranyset A C V we now define the

operator M 4 : NEXIN! s NEXIN] 35 follows,

ifee Ea,
if@EE\EA.

e

o [mi mod 2
Ve€ E Vie[N] Vm=(m' .. ,m")e NN (ay(m)) = {mf "
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and define the constant K := inf {X'(n',...,n™) : 32 n' € {0,...,d5 + 1} }, which is finite
and positive and is dominated by the smallest “vertex factor"(on-site weight together with the number
all possible pairings) when all incident edges (including the edge to the ghost vertex) have at most one
link. We obtain that, for any £ € Y.,

ﬂ({VxEA,nm >k} 0 {Vi € [N],Ve € B,mi ezN+§;§}>

3 (HHB )(Hh{”})(l‘[xnm NL{Vz € A, zm{”}>2k})

meSea: i€[N] ec€ Mz gy €V i€[N]

My (m)=¢ Yy~
eh+NBdg | |A| hmﬁ',g}
< (X (®) — ) > (H I 2 i ) I '><HX(nm(MA(m)))>
mGi}G- 1€E[N] e€E\E 4 Me: z€V\A {z.g} =%
. Mv(m) £7
mi=¢iVeeE 4, Vie[N]
eh TN Bdg \ |A] o A _
_ (Xsup(k) T> ,1( () {Ve € Ea,mi =& Ve e B\ Ea,mi € 2N+g;}),
1€[N]
(3.8)

where for the first inequality above we used the property , multiplied and divided by X’ (nw(MA(m)))
for each vertex x E A, and, for each edge which is incident to at least one vertex in A we used the
bound ZnEQN—i-q I < ¢, for each ¢ € {0, 1}. From the previous inequality and we deduce
that,

ﬂ(Vw e An, > k)

eh-l-Nﬁd’é

. >A| Z ﬂ(Vz’E [N],VeEE\EA,mé€2N+§2>

gef0,137xIM]
VweV7Vi6[N],y;z €l €2N

< (A (h)

€h+ N Bdg

< 2N‘EA|<Xsup(k> 5

)A| Z ﬂ(w € [N],Ve € E\EA,mf3 € 2N—|—fé)

EE{O,l}E\EA X[N]
‘v’xEV\A,Vie[NLy;z gg'x,y} €2N

oh+NBds.,

< (Xsup(k:) 2N = >|A iSc).

From (3.6), we deduce that the quantity inside the brackets in the right-hand side goes to zero with k,
thus we conclude the proof of (3.1) and we obtain an explicit expression for the constant|cy}

T NBdgy
C1 = Xsup(k) 2ng+1€T' (3.9)

The proof of ( is analogous, suppose that z € A, denote by E the expectation with respect to ji.
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In the first step we have that,

E(m{zyg} 1{Vz € A,n, > k,Vi € [N],Ve € E,m’ € 2N + 52})

- (IS (I ) ()

mesg: i=1 eef ¢ €L zeV\{z} Mg} Mgy
My (m)=¢

(Han NI{Vz e A, Y m{xy}>2k})

=% lE[N},ny

and in the next steps we proceed analogously to the previous case with the exception that we bound
the sum associated to the edge {2, g} by >, con i, M7y < he', for ¢ € {0, 1}. This concludes the
proof. O

Forany e € (0,1), z,y € V,and k € N, let &, , .x C We be the set of configurations w such
that there exists a self-avoiding nearest-neighbour path in G, v = (zg, x1, . . ., T), with zp = = and
x, = y, such that at least € ¢ vertices z € ~y are such that n,(w) > k. Depending on the context, we
might write Ex,y@k C M for the set of link cardinalities m € M ; satisfying the same property.

Lemma 3.2. Fix N € Ny, 8,h > 0. Forany e € (0,1), there exist C, = Cy(dg, N, 3,¢,h) €
(0,00) and K = K(dj, N, 3,h) € N such that, forany k > K,
VQU;?JGV ]EGNﬁh(m{a:,g}:H-{eg6k})<CQ a:y)

Moreover, K (d, N, 3, €, h) is non-decreasing with h.

Proof. Given a self-avoiding walk -y in G, we denote by || the number of vertices contained in y and
we write ZWH for the sum over all self-avoiding walks starting from = and ending at y. Below we
apply Lemma we bound the number of self-avoiding walks of length n by d;”, and (:) < 2m
obtaining,

el
EG,N,ﬂ,h (m{x7g} ﬂ{gx7y7e,k}) S Z Z IEG,N,B,h (m{oag} ]l{VZL‘ € Aa Ng > k} Z Z
yiz—y ACH: viz—=y r=[e|y|]

|A]>e|v]

()

on = (1 . h h 1 v c)do(@y)
< 3 ar Y (Nasiis X @by < s s da)t,

n>dg(z,y) r=[en] n>dg(z,y)

(3.10)

where for the last inequality we assumed that % is large enough so that 2dg ¢] < 1 (see equation
). Choosing k so large that 2dg c{ < e~! gives the bound. The monotonicity property of K
follows from the definition of [c1} O

4 Sampling procedure and number of surviving walks

The main goal of this section is the proof of the following proposition. The proposition states that,
conditional on having ‘many vertices’ with ‘low’ local time between the vertices x and vy, the expected
number of ({z, g}, {y, g})-extremal walks is exponentially small in the distance between x and .
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Below we condition on sets of configurations in YW/, which have a prescribed link cardinality and
colouring on the edges of G C (, thus we need to ensure that the event on which we condition has
non-zero probability. For this, we introduce the notion of admissible pairs. We say that the pair (m, ¢),
with m € Mg and ¢ € Cg(m) is admissible if the total number of i-links touching any original
vertex is even for any colour @ € [N] and no i-link is on a ghost edge if i # N. Recall the definition
of the event &, , . x, which was provided above Lemma We use the superscript € to denote the
complementary event. In this whole section we again assume that 5, h € R.

Proposition 4.1. Assume that G = (V, E) is a finite simple graph and that G = (V, E) is obtained
from G by adding a ghost vertex, as defined above Definition Leth,B € Ry, e € (0,1) be
arbitrary. There exists a large enough K, € N and constants c3,C3 € (0,00) such that, for any
k > Ko, z,y € V, any admissible pair (1, ¢) such thatm € &, _, and ¢ € C(m),

EQN’B’h(Mx,y ’ Mme(w) = Me, c.(w) = ¢, Ve € 6) < Cye ® @ da@y) (4.1)
where cs = c3(d, N, 8, h) = O(h?) in the limit as h — 0 and K is non-decreasing with h.

The idea of the proof is that every time that an N-walk ‘starting from x’ (i.e, with extremal link on
{z, g}) encounters a vertex with ‘low’ local time and with at least one link on the ghost edge incident to
it, with ‘considerable’ probability it pairs to that link and ‘dies’ there. Thus, in order for the walk starting
from x to reach v, it must happen that the walk does not die at any vertex with a link on the ghost
edge incident to it. We will show that this happens with exponentially small probability in dg(z, y). The
central technical tool for the proof of the proposition is a sampling procedure, which allows us to ‘reveal’
the number of ghost links incident to any original vertex step-by-step, thus allowing the comparison
with a simpler stochastic process. A similar strategy has been used also in [4].

4.1 Sampling procedure

Recall the notation for sets of vertices and their boundaries that was introduced in Section |3 For any
A C V, we define the set,

SH = { w = (m,c,m) : meNFa ceCp,(m), 7 € Palm,c),

ui(w) =0 Ve € A Vi€ [N], ) =0Vj £ N |, (@2
where Cg, (m) is the set of colourings ¢ = (ce)eecr, for m, and P4(m,c) is the set of pairing
functions for (m, ¢), 7 = (Tz)zcauseau g}, Such that m, = 7, = () for any € 9°A (in other
words, any link touching a vertex x € 0°A or ¢ is unpaired at that vertex). We obtain that if A = )V (in
which case 9°A = ()) then S4 = Sg. Moreover, let A C B C V and for any w = (1, ¢, ) € S5,
we define

Sé’w = { w = (m,c,7) €S4, : Me =1, Ve € OF, },

to be the set of configurations in Sé which a agree with w0 on OF 4. In other words, any realisation in
S& consists of loops of any colour which are entirely contained in A, walks of colour i € [N — 1] with
extremal links on the original edges in 0F 4 (w-allowing), and walks of colour N with extremal links
on the original (w-allowing) or ghost edges in £ 4. On this set we define the probability measure,

w=(mem) e 84% BEL )= —o—( T 20 (T E2) ([T ew).
€ TEA

A |
; ! m !
ZG,N,,B,h c€EA\EY, sed Hzgd

(4.3)
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where U, (w) is defined in Definition , and Zé”]f}’@h is a normalisation constant. Sometimes we will
omit some of the sub-scripts for a lighter notation. The measure can be viewed as a restriction
of P g5 to subsets of G, with a boundary condition possibly allowing walks of any colour entering
and leaving A from its boundary.

Restrictions and compositions. Given two sets, A, B, suchthat A C B C V), and arealisation w =
(m,c,m) € SE, we let w| 4 be the restriction of w to the vertices of A, namely w|4 = (m/, ', 7') is
an element of S5 such that
m,=me, c¢,=c  Ve€ Eq,
and, moreover,
mo=m, VYeeA; rw.=m,=0 VredA

Furthermore, given two disjoint sets of vertices, A, B C V), we say that w = (m, ¢, 7) € Sé and
w' = (m',d,7") € SE are compatible if they agree on 0E 4 NOEp, namely forany ¢ € 0EANOEp
we have that m, = m/, and ¢, = ¢, (this condition is always fulfilled when dE4 N OEg = (). Finally,
given two disjoint subsets A, B C V, and two compatible configurations, w = (m, ¢, ) € Sé and

w' = (m',d,7") € SE, we define their composition,

/

w L w,
as the configuration in S5°Z, w LU w' = (m”, ", n") satisfying,
" 1" "o "o
m, = Me, C, =C. Ve & Ey, m, =m,, ¢, =, Ve& Ep,

m=m, VreA n,=xn, VreB.
The sampling procedure depends on a realisation of link cardinalities on original edges, m € Mg,
on a colouring of such links, ¢ € Cg(m), and on a sequence of maps which we call a strategy,
F = (F4) acy, where,
VACY Fi:S84—V\A (4.4)

The strategy establishes which (original) vertex will be sampled next depending on the outcome of the
previous steps. We write w ~ P to denote that w is sampled according to P, where here P is some
unspecified probability measure.

Definition 4.2 (Sampling procedure). The sampling procedure with strategy F’, and admissible pair
(m, ¢), withm € Mg, ¢ € Cg(m), is defined recursively by the following steps. At the first step,
n = 0, we select the vertex xy := Fy(()) € V and we sample a configuration,

wy ~ PG’N7ﬁ7h( - ‘ Me(W) = Me, ce(w) = é, Ve € 5),

which is an element of S¢ = SY%. We define the restriction wg = (w),
any stepn > 0, we define

)|{x0}, and set Ay 1= {x¢}. At

Ly 1= FA",1 (wnfl) eV \ Anfla

(i.e., x,, is chosen according to the strategy and depending on the outcome of the previous steps),
which we call the ‘vertex selected at the step n’, or, in short, 'n-vertex’. Furthermore, we sample the
configuration,

wly ~ PO (| me(w) = e, c(w) = & Ve € €0 Bua, ),
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— which we refer to as a n-sampling configuration’ — which is an element of Sg\A"‘“w"‘l. We define

the new configuration,
Wy, 1= Wy U (w; |{In}>>

(noting that the two composed configuration are compatible by construction), which we refer to as a
‘n-composed configuration’, and the set,

An = Anfl U {mn};

which we refer to as a ‘n-explored set’. This concludes the definition of the step n. We denote by
T := |V| — 1 the last step of the procedure, which, by construction, is such thatT = inf{n € N :
A, =V}

In other words, the sampling procedure defines a (random) sequence of sets Ay C A;... C Ayr =
V such that A,, is obtained by adding to A,,_; the n-vertex, x,,. Moreover, it defines a (random)
sequence of configurations, w1y, wo, ..., wr, with w,, € SA", such that each new configuration w,,
is obtained from the previous one, w,,_1, by adding the (random) links on ghost edges incident to x,,
and by specifying all the pairings at x,, (the number of links on original edges and their colourings are
not random since they are fixed by the conditioning and specified by m and ¢). The next proposition
states that the configuration wy obtained in the last step of the procedure, which by construction is an
element in Wy, is distributed according to Pengn( + | me(w) = e, co(w) = & Ve € ), the
measure which was defined in Definition

Proposition 4.3. Let Py, : r be the law of the sampling procedure with link cardinality m € Mg,
¢ € Cg(m) and strategy F, where (m, ¢) is admissible. We have that, for any w € Sg such that,
me(Ww) = me and c.(Ww) = ¢, forevery e € €, we have that,

,Pﬁ%ap(’wT = ’LZJ) = PG7N757h<ZD | me(w) = me, ce(w) = 56 Ve c g) (4.5)

Proof. Use (2, F, Ps .z r) to denote the probability space of the sampling procedure with link car-
dinality m € Mg, colouring ¢ € Cg(m), and strategy F. Recall that, by Definition for any
realisation w € €2 of the sampling procedure and any n € {0,...,T}, w!, = w/,(w) denotes the
n-sampling configuration, w,, = w,,(w) denotes the n-composed configuration, z,, = x,,(w) denotes
the n-vertex, and A, = A, (w) denotes the n-explored set. Define also 7y = Fy(0), Ay := {Z},
and, for n € {1,..., T}, we define recursively, 7, :== F; _ (w|; ), and A, = A, U {E,).
The first observation is that, by Definition forany w € Q,

wr(w) = <= Yne{0,....T} z,(w) =&, Ap(w)=A,, w;(w)‘{in} = u?‘{@n}.

From this, we deduce the first identity below, for which we also define 121_1 := (). For the second
identity, we use the definitions (2.15), (4.3) and the conditional probability formula,

P er ( wp = W )

T
. V\Anflaw V\An71 . o~
n=0

Mme(w) = Me, co(w) = é, Ve € By, N 5)

= PG,N,ﬂ,h(”JJ | Mme(w) = Me, c.(w) = ¢ Ve € 5).

This concludes the proof. O
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We now introduce k-candidate and k-good vertices, for arbitrary k € N.

Definition 4.4. We say that a vertex x € V is k-candidate forw = (m,c,m) € Wg, orm € Mg, if

25: 7n{Ly}f§k.

yeEV:Iy~x

We say that the vertex x € V is k-good for w = (m,c,m) € Wg, orm € Mg, if it is k-candidate
and, additionally, m, ,» > 0.

In the sampling procedure, while the link cardinality on the original edges and their colours are fixed
and given by m and ¢, the link cardinality on the ghost edges is random. The next lemma states that, if
the link cardinality on the original edges, m, is such that the vertex z is k-candidate, then, conditional
on m.(w) = m for each original edge e and on the colourings, with probability uniformly bounded
from below by a positive constant (which depends only on &k and on the model parameters), z is also
k-good. The existence of k-good vertices is important for the proof of our main theorem since the
N-walks starting from x might ‘die’ at such vertices with uniformly positive probability, hence having
‘many’ k-good vertices between x and y means it is unlikely for the walks ‘starting from’ {z, g} to
reach y.

Lemma 4.5. Letk € N be arbitrary, fix a link cardinality m € N¢, a colouring ¢ € C (), and a strat-
egy F', suppose that (1, ¢) is admissible. Let (Q2, F, Py, z 1) be the probability space of the sampling
procedure. For anyn € {0,...T}, let F,, be the o-algebra of the first n-steps of the sampling pro-
cedure. Letn € {0,...T} be arbitrary and, recalling Definition (Sampling procedure), suppose
thatw € ) is such that the n-vertex, x,, = x,,(w), is a k-candidate for m. Then,

)

P E,F< ., is k-good for w), }"n_1> (W) > ¢y, (4.6)

where ¢, = c4(N, B, h, k) > 0 whenever h > 0 and, additionally, c, = O(h?) in the limit as h — 0.

Proof. Letw € ) be as in the statement of the lemma, recall Definition[4.2]and that A,, = A,,(w) C
V represents the set of vertices which have been ‘explored’ up to the step n, recall also the definition of
the n-sampling configuration, w/,(w) € Sa"“"*"~“)_Since we assume that ., (w) is k-candidate
for 71 we deduce — after noting that z,,(w) € F,,_1 — that,

Pm,ay( ,, is k-good for w!,

Fa) @)
= PO () > O] me(w) = e, colw) =G Ve € Byyani NE).

(4.7)

Forz € V\ A,_1(w) we define ¢' = ¢'(2) :==3_ .y, .., and g = SV ¢, and note that ¢’
is even by assumption for any colour ¢ # N. By using the conditional probability formula, factorising
(and noting that the total number of i-links incident to any original vertex is almost surely even for each
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colour 7), we obtain that, for any z € V' \ A,,_;(w) which is k-candidate in mn,

Pg}ﬁ%’;(w)’w”’l(w) (m{z,g} (w) > O’ me(w) = M., c.(w) = ¢ Ve € Ey an-1(y) N 5)

V\A, W), Wy — ~ ~
— Z ]P)G\Nﬁ}ll ) wn—1(w )(m{zyg}(w) = n‘ Me(Ww) = Mg, c.(w) = C Ve € By gn—i(y) N 5)
qNT—L&->nO€2N

> U (TI5 @~ 01 (0 +n = 1)1
qN7<LF>n€-2N

= () ( TEL @ = D) (@Y +n - 1)
qu—L‘;’LG.QN

> RrUER) (g +n— 1)
qNZ-?z%2N . 1
S U (gHn -1 1+c
an+2n(22N

where c; is defined by the last identity and it is such that c¢; = 0 if ¢ € 2N + 1, in which case the
lemma trivially holds. In the previous formula we also used the fact that (n — 1)!! corresponds to the
total number of pairings of n links of the same colour touching a vertex, where n is even. Otherwise,
if ¢ € 2N, then,

Ug) (@ -1l
C ey
° > rU(SE) (¢N =1+ n)!
qNTj—Z%QN
q nn
UG @ - 1 qr2 kw2

—hm( 2) (gN —1+2)!!_ﬁqN—1+2— E

where for the second-last inequality we used the fact that 2 is k-good by assumption. Note that the
left-hand side depends only on %k and / and that cs = O(1/h?) as h — 0. This concludes the
proof. O

4.2 The walk-tracking sampling strategy

We now define a specific sampling strategy, the walk-tracking sampling strategy. The tracking walk
sampling strategy consists of selecting at every step n a vertex, x,,, which belongs to the external
boundary of the n-explored set and such that a walk with an extremal link on {zo, g} leaves the
set A,_1 precisely from x,,, where x is the O-vertex of the sampling procedure. The walk-tracking
sampling strategy will allow a comparison with a simpler stochastic process in order to bound from
above (stochastically) the number of walks with extremal link on {z, g} which reach the external
boundary of A,, (namely, which ‘survive’ until the step n) as a function of n. We will show that this
number decays exponentially fast with n and the expected number of walks with extremal link on
{z0, g} ever touching y will turn out to be exponentially small with the graph distance between z, and
Y.

Before introducing the definition of the walk-tracking sampling strategy, we introduce the notions of
surviving walks, escape vertex, and selected walk. Givenaset A C V), avertex x € A, a configuration
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w € S4, and an integer j € {1,. .. ,mj{vw}(w)}, we say that the j-th walk of w from x survives in
A if there exists an edge {z,q} € OE4, q € A, z € V' \ A, such that a walk in w with extremal link
({z, g}, j) and with the other extremal link on {z, ¢} exists. In other words, this walk starts from the
j-thlink on {x, g} and first leaves the set A on the edge {z, ¢}. We call such a vertex z the escape
vertex of the j-th surviving walk in A for w € Sé. Moreover, we define,

Spa(w) :=1nf{j € N5y : the j-th walk from x in w survives in A}, (4.8)

corresponding to the smallest index of all walks of w from & which survive in A and, if s, 4(w) < oo,
we call the s, 4(w)-thwalk of w € SZ from x surviving in A the selected walk in (z, A) forw € S4.
In other words, the selected walk is a surviving walk which whose extremal link on {x, g} has minimal
label.

Definition 4.6 (walk-tracking strategy from x € V). We call the strategy F' = (F)acv a walk-
tracking strategy from x if it satisfies the following two properties: 1. It starts from x, namely Fy(()) =
{x}. 2. Forany A C V such thatx € A, and for any w € S§ such that, s, 4 = s, a(w) < 00, we
have that Fa(w) := {2}, where z is the escape vertex of the selected walk in (z, A) forw € S4.

In other words, at any step, the walk-tracking strategy ‘selects’ the escape vertex of the selected walk
until such a walk ‘dies’, after that it ‘selects’ the escape vertex of the next selected walk until this walk
also ‘dies’, and it continues this way until no selected walk exists. Note that the walk-tracking strategy
is not uniquely defined, there might be several walk-tracking strategies from x.

We now provide a formal definition of ‘death of the selected walk’ (or simply ‘death of the walk’). Fix an
arbitrary walk-tracking strategy £ which starts from = € V, recall the definition (€2, F, Py, z ), and
recall the definition of the n-composed configuration, w,, = w,,(w) which is provided in Definition
(Sampling procedure). We say that the selected walk dies at step n of the procedure if the selected
walk, which by definition has an extremal link on the edge {x, g} in w,,, also has an extremal link on
the edge {z,,, g} in w,. Note that the event ‘the selected walk dies at step n’ is measurable in F,,, the
o-algebra generated by the first n steps of the sampling procedure, and we assume that it is empty if
no selected walk exists.

The next lemma states that, when we perform a sampling procedure following a walk-tracking strategy,
if at step n we select a k-candidate vertex in m, then with probability uniformly bounded from below
by a positive constant (which depends only on k and on the model parameters) the selected walk dies
at step n. The lemma is a consequence of Lemma4.5]

Lemma 4.7. Choose an arbitrary integer k € N, an arbitrary walk-tracking strategy I’ which starts
from x € V, and an admissible pair (1, ¢) withm € N¢, & € Cg(1m), moreover recall the definition
(Q, F, Pazcr). Suppose that w € §) is such that the vertex which we sample at step n € N,
z,(w), is a k-candidate for m and, additionally, assume that a selected walk in (z,,(w), A,_1(w)) for
wy,—1(w) exits. Then,

Pin,r (the selected walk dies at the step n ‘ Foo1)(w) > T

where|c4 was defined in Lemmal4.5
Proof. Recall that ,,(w) is the vertex which we select at step n, which — by definition of the walk-
tracking strategy — is the escape vertex of the selected walk, and that the selected walk in the

(n — 1)-composed configuration exists by assumption for the realisation w € £2. Hence, the se-
lected walk in the (n — 1)-composed configuration, w,,_; = w,_1(w), has an extremal link on

DOI 10.20347/WIAS.PREPRINT.2730 Berlin 2020



Exponential decay of transverse correlations in spin systems 21

{z,9} = {xo(w), g}, and it contains a link on an edge connecting a vertex in A,,_; = A,_1(w) to
T, €V \ A,,_1, which we refer to as the escape link. We let R be the event that the escape link is
paired at x,,(w) to a link on the ghost edge {z,,(w), g} (this event is defined to be empty if no link on
the ghost edge exists). We have that, for any w € 2 as in the statement of the lemma,

Pinir (the selected walk dies at the step n ‘ fn_l) (w) =

An— W), Wn—1 (W ~ ~
Z ﬂqN(l7m)62NPG,N,1,['3(,h) 1( )(Rﬂ{m{{\;n(w)yg} = g} ) me(w) = M, Ce<w) = Ce v@ € EV\A,Lfl(w)mg
/=1

where we used the notation ¢ = ¢ (¢, m) := U+ eviymn(w) m]{\;n(w),y}. Moreover by Definition
and by the fact that x,, (w) is a k-candidate for 7 by assumption, we obtain that, for any ¢ € N,

Ap—1(w),wp—1(w ~ ~
IEDG’NiB(’h) 1 )(R } Me(W) = Me, (W) = Ve € By a,_ (w) N 8,mffcn(w)’g}(w) = E)

/ S 1
avl,m) T k+1

(4.10)

For the previous identity we used the fact that, by the definition of the probability measure (4.3),
conditional on the link cardinalities and colouring on all the edges which are incident to a given vertex
in A C V, the pairing function at that vertex has uniform distribution on the set of allowed pairings. By
combining and (4.10) and by using the fact that, by Lemma conditional on the vertex x,, (w)
being k-candidate, with probability at Ieast it is also k-good, we deduce that, for any w € () such
that x,,(w) is k-candidate,

c
Picr (the selected walk dies at the step n ‘ Fn1)(w) > cg = ’ j T
where the constant|c, was defined in Lemma[4.5] This concludes the proof. O

4.3 Stochastic comparison and proof of Proposition

Consider a sampling procedure with walk-tracking strategy, and denote its probability space by (€2, F, Py, z),

as introduced above. Recall the definition of the selected walk provided above Definition and the
definition of death of the walk provided above Lemma[4.7] For any realisation of the sampling proce-
dure w € ) we set T, = 0 and we define recursively for any j € Ny,

Tj(w) :=inf{n > T;_1(w) : the selected walk in A, (w) dies at step n and z,,(w) is k-candidate },

the step a selected walk dies for the j-th time when a k-candidate vertex is selected in the course the
procedure, using the convention inf{@} = 00. Moreover, for any 7 € N+, we denote by

Xj(w) :=[{n e {Tjo1(w) +1,...,Tj(w) AT} : z,(w) is k-candidate in 1} |,

the number of times between two consecutive deaths of the selected walk that a k-candidate vertex
is sampled. We now define a sequence of independent random variables, (Y}),en.,, with geometric
distribution, Ge(1 — ¢g), each, whereis the constant which appears in Lemmaand the average
of Yjis é The next lemma states that the variables Y; stochastically bound from above the variables
X. The reason is that, by Lemma at every step on a k-candidate vertex the selected walk dies
with probability at least ¢4 uniformly. The proof of the lemma is standard and it is presented in the
appendix.
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Lemma 4.8. Let i € N¢ be a link cardinality on original edges, let ¢ € Cg () be a colouring of
m, assume that (T, ¢) is admissible and let F' be a walk-tracking sampling strategy. Then, for any
{,reN,

¢ ¢
Pm,é,F(ZXz‘ >r | F) < Pm,é,F(ZY; >r),

=1 i=1

where we use Pm,g, F also for the law of the variables (Yn)neN, which we assume to be defined in
the same probability space of the sampling procedure and which are independent from the sampling
procedure.

We are now ready to present the proof of Proposition 4.1

Proof of Proposition[4.1, Suppose that h, 3 > (. Choose a pair of vertices x,y € V, a link cardi-
nality 7 € &, . and acolouring ¢ € C(7) such that (172, ¢) is admissible, let I be a walk-tracking
sampling strategy from . Let ¢ € (0,1) and k& € N be arbitrary. Define the random variables in

(Qa f) Pﬁl,é,F)s

Ti=inf {u € {1,...,mpg(wr)} : ZXi > edg(z,y)},

i=1
7 :=inf{ueN : ZY; > edg(z,y)},
i=1
using the convention that inf{()} = occ. To begin, note that,
IEGN’B’h(Mw ’ Me(W) = Me, co(w) = ¢, Ve € 5}) = Enzr(Myy(wr))
< E~757F< (M gy (wr) — 7) 1{myy gy (wr) > T}),

(4.11)

where for the first identity we used Proposition 4.3] while for the inequality we used the fact that, by
assumption on 71, any path connecting x to y contains at least € dg(x, y) k-candidate vertices, hence
none of the walks with extremal link {z, g} which died before the procedure selects at least € dg(x, y)
k-candidate vertices can reach .

Now fix the integer ¢ := [%}. We have that,

Em’é’F((m{x’g}(wT) — 7)1{myy gy (wr) > T})

< Ener (m{x,g}<wT)]]-{m{J:,g}<wT) > 5})—1—

412
B ((miegy (wr) = 1) Uiy (wr) > 7m0y (wr) < 0}) “.12)

< Ea i (Mo UM, > 03) + Eaer (megy (wr) {7 < 0})
< hcl + D (m{mvg}(wT)ll{T < E}),

where the last inequality follows from Lemma = ¢1(d§, k, N, 8, h) was defined there and
goes to zero as k goes to infinity. We are now going to bound the second term in the right-hand side.
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For this, note that,

Eser (m{z,g}(wT)ﬂ{T < 5}) =Eper Em:,F(m{x,g}(wT)ﬂ{T </} ’ fo))

<
= Ber (m{m} (wo) Eaer ({7 < 0} | Fo ))
4
<

i=1

¢
< Enr (Mg (o)) Przr( ZYi > edg(z,y))

=1
< e dolen) $h
(4.13)

where for the first identity we used the fact that, since the sampling procedure starts from x, we
have that my, g (wo) = Mz g (wr), for the second inequality we used the fact that the vari-
ables Y; are independent from the sampling procedure, for the third inequality we used the fact that
Bz (myz gy (wo)) < C7 for some finite constant C7 € (0, 00) by Lemma and the Chernoff
bound for sum of i.i.d. geometric random variables, Pmap(ziem Y; > Ap) < e car(-l-n),

where p = %Gdg(l’, y) is the average of the sum of variables and \ is any positive real value. By

combining 1) and 4) and recalling that cg = , we obtain,

Fosn(May | me(1w) = 1, (1) = 2¥e € £) < he™ 01 18T 40 oo ey,
Thus we deduce that,
Ecnph (Maay | Me(W) = Me, co(w) = EVe € 5) < O 70 do(@y)

for some positive constant C's = C'3(V, 3, h, dg) and

1 1
C3 1= g C4 min{log(c—l), 1} >0. (4.14)

We note that there exist K large enough such that for any k& > K, we have that log(é) > 1 for any
h € (0,1) (recall equation . This implies that, under such a choice of &, log(;-) = O(1) in the
limit as b — 0. Thus, c3 = O(cy4) = O(h?) in the limit as h — 0 uniformly in the admissible pairs
(m, ¢) (recall thatwas introduced in Lemma. This concludes the proof. O

5 Proof of Theorem [1.1]and extensions

In this section we prove Theorem|{.7]and discuss its extensions.

5.1 Proof of Theorem .1l

Consider a finite simple graph G and define G by adding a ghost vertex to G as described above. We
first use Proposition and Lemmaand after that, using the fact that M, , < my, 41, we obtain
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that, forany e € (0,1), k € N,h > 0,8 >0, N € Ny,

sptn 1
(‘Px <Py>gp1v B.h = 72 —Ec s (M:vy) (5.4)

1
—Eanpn(I{Ey crtMay),

1
h_]EGNﬁh(ﬂ-{gxyek}m{xg}) + h

where © denotes the complement of the event, and the event &, , . , was defined above Lemma
We now fix e = - and k = max{Ky(dg, N, 3,h), K(dg, N, B, h), Ko(dg, N, 5,1), K(dg, N, 3,1)},
this allows us to use Lemma [3.2] and Proposition [4.7] where these constants have been introduced.
From Lemma|3.2] we deduce that,

Ecnon (Mieg L{Eryer}) < Cre™ @), (5.2)

For the second term in the right-hand side of (5.1) we use Proposition and obtain,

EGvath(:H‘{ga?,y,e,k}Mm,y)
ST Y Powga(Ve € Eme(w) = e, co(w) = &)

meEMg:  EeCg(m)
megw ,Y,€6,k (ﬁl}&) admissible

EQNWg,h( o ‘ Ve € &, me(w) = Me, ce(w) = ée) < (Cse ~1o% 3 dg(@y) (5.3)

Combining the previous expression with in we obtain (1.3). Note that the monotonicity
properties of K and K guarantee that the chosen value of £ does not depend on h for h € (0,1).
Thus we deduce that the exponent in the right-hand side of the inequality in is O(h?) in the
limit as h — 0. This implies that |c| . = O(h?). Now let G be an infinite S|mple graph of bounded
degree, let (G ) Len be a sequence of finite simple graphs such that G;, C G4 C G. By noting that
dg, (z,y) > dg(x,y) for any L € N and that the constants c3 and C5 do not depend on L, the proof
of the theorem is concluded.

5.2 Extensions

A first natural extension of our main result is to the Spin O(N) model in Z% in the presence of non-
homogeneous coupling constants and a non-zero external magnetic field. More precisely, let J =
(Ja,y)zyeza be a matrix of non-negative real numbers such that for any z,y € 7% Jpy = Jy. and
Jre. = 0, let (AL)Len be an infinite sequence of subsets of Z%, with A, C Az C Z%. For any set
A C 7 define the hamiltonian function,

HAJh Z ny Pz = Py — h Z@m' (5-4)

z,yeA TEA

Under the assumptions that the coupling constants have finite range and are uniformly bounded,
namely

IK <o : Yo,y € 2% J,, < Kand J,,, = 0if |z — y||, > K,
our main theorem holds also, with few adaptations in the proof being required.

Note also that, since our theorem holds for arbitrary graphs, it is not difficult to account for finite boxes
in Z< with periodic or empty boundary conditions.
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Finally, our method also works for spin systems with continuous symmetry, whose associated mea-
sure is not necessarily expressed in terms of Boltzmann weights. For example, consider the following
expectation operator, (>(gk3\,ﬁh with & € N, 5, h > 0, defined by

Doni= g — [ 4 (TL (22 20) e X o) 1) 69

ng’BJL 9.N {$7y}€g =0 eV

For any function f : Qg v — R, where ng])\,ﬁ,h is a normalising constant that ensures (1)¢ v 5, =
1, the graph G = (V, £) is finite and the other terms have been introduced in Section We refer
to such an expectation operator as the k-truncated Spin O(N) model. Note that the measure (5.5)
corresponds to the Spin O(/V) model when k = oo. The case kK = 1 and h = 0, has been considered
in [6, 7], its corresponding loop representation (which, in Z?, uses colours and pairings like ours [6],
while in the hexagonal lattice takes a simpler form [7]) is a model of interest known as the loop O(N)
model. This model is interesting, for example, for its connections to Schramm-L&wner evolution and
other planar statistical mechanics models. Our measure interpolates between the two models as
k is varied between 1 and co. For this model, our main result can be reformulated as follows (recall
the definitions in Section[1.1).

Theorem 5.1. Let G be an infinite simple graph with bounded degree. For any h # 0, § > 0,
k € Nog, N € Ny, there are constants cs = cs(G, N, 5, h, k), Cs = Cs(G, N, 5, h, k) such that
the following holds. Let (G1) .en, with G, = (V1, EL), be an arbitrary sequence of finite graphs such
thatGy, C Gro1 C G. Then, forany L € N, forany x,y € Vy,

0< <SalsS;>(g]?,N,ﬁ,h < Cgeesdo(my), (5.6)

where dg(x,y) denotes the graph distance between = andy. Moreover, the choice of cs can be made
so that cs = O(h?) in the limit as h — 0.

Note that does not necessarily make physical sense as a spin system for all values of 5 > 0,
since the measure (given by d times the interaction term) might be signed if (3 is large. Despite that,
the spin-spin correlation, in the left-hand side of (5.6), is non-negative and exhibits exponential decay
for any non-zero value of the external magnetic field and for any £k € N, as our theorem states.
The random path model associated to is completely analogous to the £ = oo case, the only
difference is that on every original edge at most k links are allowed. Thus, all the steps of our proof
apply with almost no difference (and the results of Section [3| are not necessary since every vertex
is a.s. dgk-candidate). In particular, our result implies that its two point-function (defined as the ratio
of partition functions with a 1-walk connecting x and y and one without) decays exponentially in the
graph distance between x and .

Appendix

Formal definition of paths, walks and loops. We will first define paths, which represent a connected
set of links, after that we will introduce two classes of paths, walks (open paths) and loops (closed
paths). Given w € Wg, we use ({x,y},p) to denote the p'" link of w which is on the edge {z, y},
withp € {1,...,mz,y(w)}. We say that a set of links .S in w,

S = {({CCl, Zh},pl), ({x27 y2}7p2)7 s ((;Cg, yé)vpf)}a
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is pairing-connected in w if, for any pair of links, ({z,y},p), ({2/,y'},p') € S, there exists an

ordered sequence of links in S, (({z1,v;},p1), ({25, ¥4}, 05), .. ({@}, Y4}, Pi)) C S such that
the following two conditions hold simultaneously:

) ({z,y},p) = ({1, v}, p1), and ({2, ¥}, ') = ({2h, i} D),

(”) for anyi S {17 R k - 1}’ y': = x;Jrl and ({'r;7y;}7p;> is paired to ({m;+1uy£+l}7p;+l) at
Yi = Tigq

Paths are maximal pairing-connected sets. More precisely, a set of links .S of w is a path in w if it
is pairing-connected and there exists no pairing-connected set of links in w, S’, which is such that
S’ D Sand S’ # S. ltis necessarily the case that all links belonging to the same path have the same
colour.

We will now distinguish between different type of paths. A path .S of w is called a loop if it is such
that any link ({z,y},p) € S is paired to another link at both its end-points. A path .S of w is called a
walk if |S| = 1 orif |S| > 2 and there exist precisely two distinct links in .S such that each of them
is unpaired at one end-point and paired at the other end-point. Two such links will be called extremal
links for the walk or extremal links for w. From these definitions it follows that any path is either a loop
or a walk, there are no other possibilities. If the links of a loop or a walk have colour 2, we might refer
to it as an i-loop or an i-walk respectively.

Proof of Lemmal(4.8. Our goal is to show that, for any u € {0,1,...¢ — 1},

mg ZX+ ZY>T‘f0§ "6, F ZX+ZY>’I“‘~F0 (5.7)

i=f—u+1 i=f—u

Using (5.7) iteratively we deduce the lemma. To begin, fix an arbitrary integer u € {0,1,...¢ — 1},
and observe that,

i=f—u+1
{—u—1

=Em,~,F(P P(Xpw > — ZX— Z V| Fro Yoo Y0), (68)
i=f—u+1

where L5, ;  denotes the expectation with respect to Py, ¢, r, the conditioning is on the whole history
of the sampling procedure up to the stopping time 7,_,_; and on the variables Y; with 7 from ¢ —
u + 1 to /, these variables are independent of Fr, . For a lighter notation, use now f)() for
an@pﬁ ‘ Frow s Yo—ut1,--- ,Yg), and E for the expectation with respect to P. Additionally, we
set t_1 := —1 and recursively define the variables,

jeN tj(w):=inf{n >1t;1(w) : x,(w)is k-candidate},
representing the times a k-candidate vertex is selected by the sampling procedure, again using the

convention that inf{()} = oc. Forany j € N, we denote by d;(w) the step of the sampling procedure
such that a selected walk dies for the j-th time at a k-candidate vertex, i.e, tq,(w) := Tj(w), for any
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integer j € N. Note that, for any ¢ € N,
75(Xg_u > q)
=P ({no selected walk dies at the steps 4, ., s td, 415+« stdey1+q) N {tdp oy 14q < oo}>

= E(P({td[ﬂkﬁq < 00} N {the selected walk does not die at the step t4,_, ¢} | Fry, . +q-1)

1{the selected walk does not die at the steps ¢4, ,,---ta, , 1+q} N {tdy__14q < oo})
< (1 — ¢5) P(the selected walk does not die at the steps ta, , ,,td, . \+1,-- - tdy o 1tg-1)
(5.9)

where for the previous step we used Lemma4.7] lterating the previous bound, we deduce that,
Pagr(Xe—w > q | Froy i Yeeust, -, Y2) < (1= ¢6)! = Paer(Yeeu > q).

Using the previous inequality in (5.8) and the fact that ¢ was arbitrary, we deduce (5.7) and thus
conclude the proof.
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