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Abstract

We prove that the scaling limits of spin fluctuations in four-dimensional Ising-
type models with nearest-neighbor ferromagnetic interaction at or near the critical
point are Gaussian. A similar statement is proven for the \¢?* fields over R* with a
lattice ultraviolet cutoff, in the limit of infinite volume and vanishing lattice spacing.
The proofs are enabled by the models’ random current representation, in which the
correlation functions’ deviation from Wick’s law is expressed in terms of intersection
probabilities of random currents with sources at distances which are large on the
model’s lattice scale. Guided by the analogy with random walk intersection ampli-
tudes, the analysis focuses on the improvement of the so-called tree diagram bound
by a logarithmic correction term, which is derived here through multi-scale analysis.

1 Introduction

The results presented below address questions pertaining to two distinct research agendas:
one aims at Constructive Field Theory and the other at the understanding of the critical
behaviour in Statistical Mechanics. While the goals may appear as somewhat different,
the questions and the answers are related. We start with their brief presentation.

1.1 Constructive Quantum Field Theory and Functional Integration

Quantum field theories with local interaction play an important role in the physics dis-
course, where they appear in subfields ranging from high energy to condensed matter
physics. The mathematical challenge of proper formulation of this concept led to programs
of Constructive Quantum Field Theory (CQFT). A path towards that goal was charted
through the proposal to define quantum fields as operator valued distributions whose essen-
tial properties are formulated as the Wightman axioms [55]. Wightman’s reconstruction
theorem allows one to recover this structure from the collection of the corresponding cor-
relation functions, defined over the Minkowski space-time. By the Osterwalder-Schrader
theorem [44], [45], correlation functions with the required properties may potentially be
obtained through analytic continuation from those of random distributions defined over
the corresponding Euclidean space that meet a number of conditions: suitable analyticity,
permutation symmetry, Euclidean covariance, and reflection positivity.
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Seeking natural candidates for such Euclidean fields, one ends up with the task of con-
structing probability averages over random distributions ®(z), for which the expectation
value of functionals F'(®) would have properties fitting the formal expression:

(F()) ~ (L1)

xeRd

where H(®) is the Hamiltonian. In this context, it seems natural to consider expressions
of the form

H(®) ~ (B, AD) + /RdP(tb(x))dx (1.2)

with (®, A®) a positive definite and reflection positive quadratic form, and P(®(x))
a polynomial (or a more general function) whose terms of order ®(x)?* are interpreted
heuristically as representing k-particle interactions. An example of a quadratic form which
is positive, reflection positive, and rotation invariant is given by

(®, AD) = fRd (K|VD2(x) + b (x)[?) da. (1.3)

The functionals F(®) to which (1.1)) is intended to apply include the smeared averages
of the form

Ty(®) = fRdf(x)q)(x)dx (1.4)

associated with continuous functions of compact support f € CO(Rd). Then, expectation
values of products of such variables take the form

ﬁ Ty, (D)) [Rd)ndxl...dan’n(:pl,...,xn)ﬁ[lf(xj), (1.5)

where the functions S, (x1,...,z,) are referred to as the Schwinger functions of the cor-
responding euclidean field theory. Equation (|1.5)) can be regarded as saying that in a
distributional sense

(1, an) = ﬁ (). (1.6)

A relatively simple class of Euclidean fields are the Gaussian fields, for which H con-
tains the quadratic term only. Gaussian fields (whether reflection positive or not) are
alternatively characterized by having their structure determined by just the two-point
function, with the 2n-point Schwinger functions computable through Wick’s law:

Son (21, T2n) = ), H S2(Tr(2j-1) Tr(2f)) = DnlS2](z1,. . 220), (L.7)
s J—
where 7 ranges over pairing permutations of {1,...,2n}. The field theoretical interpreta-

tion of is the absence of interaction. Due to that, and to their algebraically simple
structure, such fields have been referred to as trivial.

When interpreting , one quickly encounters a number of problems. Even in the
generally understood case of the Gaussian free field, with H consisting of just the quadratic
term , Equation is not to be taken literally as the measure is supported by non-
differentiable functions for which the integral in the exponential is almost surely divergent.
Attempts to incorporate interaction terms to try to define non-trivial quantum field the-
ories lead to additional nasty divergences.



A natural step to tackle next seems to be the incorporation, in addition to quadratic
terms, of a term of the form

P(®(z))=X:d*:, (1.8)

which is the lowest order even non-quadratic term of relevance at the level of the renor-
malization group analysis, but this inevitably leads to substantial additional problems.
Partially successful attempts at their resolution have been the focus of a substantial body
of works, through various means such as counter-terms (indicated by the ellipses above),
regularizing cutoffs, scale decomposition, renormalization group flows, the theory or reg-
ularity structures [31], etc.

A natural approach to the definition of the @fl functional integral is to start
by regularizing it with a pair of ultraviolet (short distance) and infrared (long distance)
cutoffs. A lattice version of the ultraviolet cutoff is the restriction of ®(-) to the vertices
of a graph such as (aZ)? with a <« 1. The infrared cutoff is implemented by the restriction
to finite volumes boxes

Agr=[-R,R]% (1.9)

The cutoffs are then removed, taking R ~ oo and then a \ 0, allowing the system’s
parameters to be adjusted in the process, i.e., to depend on (a, R).

The CFT program has yielded non-trivial scalar field theories over R? and R3 [IT],
23, 30, 45] (we do not discuss here gauge field theories, cf. [35]). However, the expected
progression of constructive results was halted when it was proved that for dimensions d > 4
the attempt to construct @3 with

lim Si(z,y) =0 (1.10)

|z—y|—o0

by the method outlined above (in essence: taking the scaling limit of the lattice models
at B < ) yields only Gaussian fields [I}, 19].

Various partial results have indicated that the same may hold true for the critical
dimension d = 4 (cf. [3, O 10, 22] 33]), however a sweeping statement such as proved for
d > 4 has remained open. In this work we address this case.

More explicitly, with the above cutoffs the probability measure which is indicated by
takes the form of a statistical-mechanics Gibbs equilibrium state average

1

norm

(F(9)) =

[ F@) epl-1(@)] T] pdsy). (1.11)

reAR

with a Hamiltonian H(¢) and an a-priori measure p(d¢) of the form

H(¢) == Z Jx,y st(lsy ) p(d¢x) = ei)\d)iﬂ)(bid(ﬁw ) (1'12)
{z,y}cApr

where d¢,, is the Lebesgue measure on R and J, 4 is zero for non-nearest neighbour vertices,
and J > 0 otherwise. To keep the notation simple, the basic variables are written here as
they appear from the perspective of the lattice, i.e. with @ = 1, but our attention is focused
on the correlations at distances of the order of L, with

l<L<R. (1.13)

A point of fundamental importance is that since the interaction through which the
field variables are correlated is local (nearest neighbor on the lattice scale), for the field
correlations functions to exhibit non-singular variation on the scales L > 1, the system’s



parameters (J, A\,b) need to be very close to the critical manifold, along which the corre-
lation length of the lattice system divergesﬂ

Quantities whose joint distribution we track in the scaling limit are based on the
collections of random variables of the form

1
\/T—Lxezzjdf(ff/fi) Gz (1.14)

where f ranges over compactly supported continuous functions, whose collection is denoted
Co(R?), and ¥}, denotes the variance of the sum of spins over the box of size L, i.e.

=Y ¢a)’). (1.15)

.’ZEAL

Ty (¢) =

Definition 1.1 A discrete system as described above, parametrized by (J,\,b, R, L), con-
verges in distribution, in the double limit limy, .o limp/r, .o (with a possible restriction
to a subsequence along which also the other parameters are allowed to vary) if for any
finite collection, of test functions f € Co(R?) the joint distributions of the random variables

{T.0(¢)} converge.

Through a standard probabilistic construction, the limit can be presented as a random
field @, to whose weighted averages T¢(®) the above variables converge in distribution.
We omit here the detailed discussion of this pointﬂ but remark that for the models con-
sidered here the construction is simplified by i) the exclusion of delta functions §(z) and
their derivatives from the family of considered test functions, and ii) the uniform local in-
tegrability of the rescaled correlation functions (before and at the limit). This important
condition is implied in the present case by the infrared bound which is presented below in

Section (1.3

Our main result, from the perspective of euclidean field theory, is the following.

Theorem 1.2 (Gaussiannity of @i) For dimension d = 4, any random field reachable
by the above constructions, and satisfying (1.10), is a generalized Gaussian process.

Let us mention that the precise asymptotic behaviour of scaling limits of lattice models
which start from sufficiently small perturbations of the Gaussian free field, i.e. small
enough A, have been obtained through rigorous renormalization techniques [10] [18] 22
33]. In comparison, our result also covers arbitrarily “hard” ¢* fields, but we do not
currently provide comparable analysis of the convergence in terms of the exact scale of
the logarithmic corrections and the exact expression for the covariance of the limiting
Gaussian field.

Concerning the main statement of gaussianity, let us also note that what from the
perspective of constructive field theory may be regarded as disappointment is a positive
and constructive result from the perspective of statistical mechanics as the theoreticians’
goal there is to understand the critical behaviour in models which lie beyond the reach of
exact solutions. Correspondingly, we next turn to a brief introduction of this perspective
on the result presented above.

!The scaling limit of a correlation function with exponential decay which on the lattice scale is of a
fixed correlation length results in a white noise distribution in the limit.

2By the Kolmogorov extension theorem, one may start by selecting sequences of the parameter values
so as to establish convergence in distribution for a countable collection of test functions f, which is dense
in Co (Rd), and then use the uniform local integrability of the rescaled correlation function and of the
limiting Schwinger functions, to extend the statement by continuity arguments to all f ¢ Co(R?). One
may then recast the limiting variables as associated with a single random &, as in .



1.2 The statistical mechanics perspective

Statistical mechanics provides a general approach for studying the behaviour of extensive
systems of a divergent number of degrees of freedom. Among the theoretically gratifying
observations in this field has been the discovery of “universality”, meaning here that these
key features of phase diagrams and correlations observed on large scales at or near the
critical points (including the numerical values of critical exponents), are common across
broad classes of systems of rather different microscopic structure. This has accorded rele-
vance to studies of the phase transitions in drastically streamlined mathematical models.
The ferromagnetic Ising spin models to which we turn next are among the earliest, and
most studied such systems.

An Ising spin model on A c Z? has as its basic variables a collection of +1 valued
variables {0 }zen, and a Hamiltonian (the energy function) of the form

Hygp(o) == > Joyogoy — Y, hoy. (1.16)
{wvy}CA e

Its finite volume Gibbs equilibrium state (-)a s 3 at inverse temperature 8 > 0 is the
probability measure under which the expectation value of any function F : {:I:l}A - R is

given by 1
Z(A,J.h.B) Y. F(o)exp[-BHa sn(0)], (1.17)

ge{£1}A

(F)A,Jn,p =

where the normalizing factor Z(A, J, h, 8) is the model’s partition function. Infinite volume
Gibbs states on Z?, which we shall denote by (-) J.h,3, are defined through suitable limits
(over sequences A, ~ Z%) of the above.

We focus here on the ferromagnetic case, with J,, > 0 for every = and y, and in
particular on the nearest neighbor interaction, for which the coupling constants vanish
except for nearest neighbor pairs, at which J,, = J. For this reason, we write n.n.f. to
refer to these models and we drop the dependency in J in the notation. In dimension
d > 1, this model undergoes a phase transition at (3,h) = (8.(d),0). Since that occurs at
zero magnetic field, we restrict our attention to A =0 and will omit A from the notation.

Away from the critical point, the model’s truncated correlation functions decay expo-
nentially fast [4, [16] in the lattice distance. This leads to the definition of the correlation
length () as:

§(8) = lim —n/log(00:0ne, ). (1.18)

where e; is the unit vector with first coordinate equal to 1. The correlation length is
proven to be finite for any § < f. [4], divergent in the limit 8 ~ (., and at the critical
point itself the decay of the 2-point function slows to a power-law (see [49] and the precise
discussion around Corollary . For this reason, we use the convention £(f.) = +o0 in
the whole article.

At this point, one may notice the similarity between the Ising model’s Gibbs equilib-
rium distribution and the discretized functional integral . For instance, the
Ising spin’s a-priori (binary) distribution can be viewed as a limit of the ¢* measure

5(o?=1) = }im e_)‘(¢2_1)2d¢/Norm. (1.19)

Hence included in Theorem is the statement that for d = 4 any scaling limit of the
critical Ising model is Gaussian. Despite the previous observation, we do not state here the
Ising statement as a formal corollary of Theorem [I.2] as the theorem’s derivation proceeds
through the analysis of the Ising model. That is, while ([1.19)) allows one to view the Ising



model as a special case of a ¢* theory, our analysis proceeds in the opposite direction, as
will be explained below.

As it is known, and made explicit in Section [5.3] a bellwether for Gaussian behaviour
at large scale distances for models with Ising type interaction is the asymptotic validity of
Wick’s law at the level of the four-point correlation function [II, [42]. For the Ising model
the deviation is expressed in terms of the four-point Ursell function

UL (2,9, 2,t) = (020y0:00)5 = [(020,) 5(0:201) g + (0202) 5 (04005 + (0201) g0y 02) 5] -

The relevant question then is the ratio of U, f (z,y,2,t) to the full four-point function
(05040.0¢)3, when the mutual distances between the four points are large, and of compa-
rable order between the pairs. An asymptotic vanishing statement was previously estab-
lished for dimensions d > 4 through a combination of the tree diagram bound of [II:

]Uf(x,y,z,tﬂ <2 Z (ouoa)g{ouoy)s(ouoz)s{ouot)s (1.20)

ueZd

and the Infrared Bound of |21, 23],
(1.21)

which, by reflection positivity, is valid for n.n.f. Ising models below the correlation length
in any dimension d > 2 (cf. Section .

At the heuristic level, the triviality of the scaling limit for d > 4 is indicated by the
following dimensional analysis. Assume that the two-point function has a power-law decay
(below the correlation length). Then, the observation that for every z,y, z,¢ at mutual
distances of order L, the sum in the tree diagram bound contributes a factor L%
while the summand has two extra factors which are dominated by 1/L%2 (by the Infrared
Bound) in comparison to (0,0,0.0¢)3 suggests that the deviation from the Gaussian
behaviour may be of the relative size O(L*~%), which for d > 4 vanishes in the limit L
tends to infinity. This is indeed the essence of the argument which was presented in [11, [19].
However, the above observation is clearly inconclusive for d = 4.

The hard step in our analysis of the behaviour at the marginal dimension d = 4 is the
following multi-scale improvement of the tree diagram bound .

Theorem 1.3 (Improved tree diagram bound inequality) For the n.n.f. Ising model
in dimension d = 4, there exist ¢,C > 0 such that for every B < B, every L < &(B) and
every x,y, z,t € Z% at a distance larger than L of each other,

C
|U4ﬂ(£ﬁ,y, Z7t)| < c Z (O’uo‘m>ﬁ<0u0y>ﬁ<0uaz)5<0u0t>5, (122>
BL(/B) weZ4
where Br(f3) is the bubble diagram truncated at a distance L defined by the formula
Br(B) =Y. (0002)3. (1.23)
xeAL

For a heuristic insight on the implications of this improvement for d = 4, one may
consider separately the two following scenarios: the two-point function (ogo,)g may be
roughly of the order L2~ (meaning that the Infrared Bound is saturated up to constant),
or it may be much smaller. In the first case (which is conjectured to hold when d = 4),
Br(B) is of order log L, so that the improved tree diagram bound indicates that |Uy|/Sy



is of the order (log L)~¢, and thus asymptotically negligible. In the second case (which is
not the one expected to hold), already the previous heuristic argument involving the tree
diagram bound suffices.

We derive making extensive use of the Ising model’s random current represen-
tation that we present in Section [2] It enables combinatorial identities through which the
non-gaussian deviations from Wick’s law can be expressed in terms of intersection proba-
bilities of random clusters which link the specified source points pairwise. We summarized
the random current representation and discuss at length the intuitive picture relating the
behaviour of these random clusters with the one of random walk traces in Section [2|

To conclude this section, let us mention the following quantitative statement of the
gaussianity of the Ising model’s scaling limit in dimension d = 4. It is expressed in terms
of the characteristic function of smeared averages of spins, and makes the logarithmic
correction explicit.

Proposition 1.4 There exist ¢,C > 0 such that for the n.n.f. Ising model on Z*, every
B < Be, every L < &(B), and every test function f e Co(R?),

Clflery®

oz L) z%, (1.24)

‘(eXP[ZTf,L(U) - %(Tf,L(U)2)5])ﬁ - 1‘ <

with | f] e := max{|f(x)|: x € R} and r; the smallest r > 1 such that f vanishes outside
[-r,7]*.

Since, as it is easy to see (using the Infrared Bound on the left-hand side), for any non-
negative continuous function f # 0 with bounded support,

Crilfl% 2 (Tr(0)*)s 2 ¢f >0, (1.25)

uniformly in 8 < 8. and L, we get that for L > 1 the distribution of Ty (o) is approxi-
mately Gaussian of variance (T 1(c)?).

1.3 Links between the ¢* and Ising variables

That the two areas of research, field theory and statistical mechanics, are linked through a
common underlying mathematical structure has been well recognized in both the physics
and mathematics discourse. In one direction, the injection to the constructive program of
insights based on probabilistic tools such as the domain Markov property or FKG and other
inequalities has led to many simplifying insights (cf. [30]). In the converse direction, tools
such as Infrared Bounds [23] and reflection positivity (cf. [20, 21]) had a transformative
effect on the rigorous study of critical phenomena.

Specific links between the ®* and Ising random variables also exist in both directions.
In one direction, one has the above mentioned connecting the Ising model to the
lattice version of ®*. In the converse direction, Simon-Griffiths [50] observed that the &4
variables can be represented as the asymptotic distribution of a block Ising variable under
suitable ferromagnetic coupling, as explained in Section [6] This will enable us to prove
Theorem [I.2) using a generalization of the arguments for the Ising model.

More generally, such a deconstruction of a random variable into binary components
allows to extend the Ising model’s analysis to results valid for systems with a similar
Hamiltonian but single spin distributions in the more general Griffiths-Simon class, which
is discussed in Section [Gl



Organization of the proof: The result proven here is unconditional. However, to
better convey the argument’s structure, we first establish the claimed result for the scal-
ing limits of critical models (S = 3.) under the auxiliary assumption that the two-point
function behaves regularly on all scales, in a sense defined below. We then present an
unconditional proof for g < 8. in which we add to the above analysis the proof that the
two-point function is regular on a sufficiently large collection of distance scales, up to the
correlation length ().

Organization of the article: In Section [2] we present the basics of the random cur-
rent representation, and the intuition based on random walk intersection probabilities.
Section [3] contains a conditional proof of the improved tree diagram bound at critical-
ity, derived under a power-law decay assumption on the two-point function. Next, as a
preparation for the unconditional proof, in Section [4 we present some relevant properties
of Ising model’s two-point function. Included there are mostly known but also some new
results. Section 5| contains the unconditional proof of our main results for the Ising model.
Section [f]is devoted to its extension to systems of real valued variables with the single-spin
distribution in the Griffiths-Simon class, which includes the ¢* variables. The appendix
contains some auxiliary technical statements that are of independent interest.

2 Random current intersection probabilities

2.1 Definition and switching lemma

Starting with the Ising model, in this section we briefly introduce its random current rep-
resentation, which allows to express the model’s subtle correlation effects in more tangible
stochastic geometric terms. The utility of the random current representation is enhanced
by the combinatorial symmetry expressed in its switching lemma, which enables to struc-
ture some of the essential truncated correlations in terms guided by the analysis of the
intersection properties of the traces of random walks.

Definition 2.1 A current configuration n on A is an integer-valued function defined over
unordered pairs (x,y) € A. The current’s set of sources is defined as the set

on = {zel: (~1)Zvern@) - 11 (2.1)
For a given Ising model on A, we associate to a current configuration the weight

H (Bjx’y)n(x,y) '

w(n) =wy j5(n) = , (2.2)
{x}y}cv n(.’]j, y)
Starting from Taylor’s expansion
B0y )Y
exp(BJzy0.0y) = Z ( y720) , (2.3)

n(z,y)>0 n(m,y)!

one can see that the Ising model’s partition function (defined below (1.17))) can be ex-
pressed in terms of the corresponding random current:

Z(A,B) =2 S w(n). (2.4)

n:on=g



Furthermore, the spin-spin correlation functions can be represented as

> w(n)

_ n:0n=A
(Il;[qax)m S ) (2.5)
n:on=g

At this point, it helps to note that any configuration with dn = @, i.e. without sources, can
be viewed as the edge count of a multigraph which is decomposable into a union of loops.
In contrast, any configuration with On = A, such as the one appearing in the numerator of
, can be viewed as describing the edge count of a multigraph which is decomposable
into a collection of loops and of paths connecting pairwise the sources, i.e. sites of A. In
particular, a configuration with On = {u, v} can be viewed as giving the “flux numbers” of a
family of loops together with a path from u to v. Thus, the random current representation
allows to present the spin-spin correlation as the effect on the partition function of a loop
system with the addition of a path linking the two sources. In these terms, the spin-spin
correlation (o4, 04,, ) represents the sum of the multiplicative effect of the introduction
of n paths pairing the sources.

Connectivity properties of currents play a significant role in our analysis. To express
those we shall employ the following terminology and notation.

Definition 2.2 i) We say that x is connected to y (in n), and denote the event by x S Y,
if there exists a path of vertices x = ug, uq, . .., ur =y with n(u;,u;+1) >0 for every 0 <i < k.
We say that x is connected to a set S if it is connected to a vertex in S.

ii) The cluster of x, denoted by Cy(x), is the set of vertices connected to x in n.

iit) For a set of vertices B, we denote by Fp the set of n satisfying that there exists a
sub-current m < n such that Om = B.

Some of the most powerful properties of the random current representation are best seen
when considering pairs of random currents and using the following lemma.

Lemma 2.3 (Switching lemma) For any A, B c A and any function F' from the set of
currents into R,

> F(ni+ny)w(ng)w(ng) = > F(ni +no)w(ny))w(ng)ly, ez, (2.6)
n;:on;=A ni;:on;=AAB
no:Ong=B n2:Ong=g

where AAB denotes the symmetric difference of sets, AAB:= (AN B)u (B~ A).

The switching lemma appeared as a combinatorial identity in Griffiths-Hurst-Sherman’s
derivation of the GHS inequality [27]. Its greater potential for the geometrization of the
correlation functions was developed in [I], and works which followed. In this paper, we
employ two generalizations of this useful identity. In the first, the two currents n; and no
need not be defined on the same graph (see [5, Lemma 2.2] for details). The second will
involve a slightly more general switching statement, which was used in several occasions
in the past (see [6, Lemma 2.1| for a statement).

It should be recognized that other stochastic geometric representations of spin cor-
relations and/or interactions can be found, e.g. the Symanzik representation of the ¢*
action, and the BFS random walk representation of the correlation functions [11] and that
it is conceivable that the strategy could be applied. However we find the random current
particularly useful for our purpose.



2.2 Representation of Ursell’s four-point function

The switching lemma enables one to rewrite spin-spin correlation ratios in terms of prob-
abilities of events expressed in terms of the random currents. The first of these is the
relation

TA)AB\OB)A, ,
LZVICEIN <3A§;>A>ﬁ 2= P3Py + ny € Fp), (2.7)

for which we denote by P B (n) the probability distribution on random currents con-
strained by the source condition dn = A, or more explicitly

oM (n)
P4 ;(n):= I[on = A], (2.8)
s (TToeao2)a8 Z(A,B)
and by Pﬁlﬁ’,""Ai we denote the law of an independent family of currents (ng,...,n;)
A ) 7 A Al
PAlﬁ =P Ap® Py (2.9)

For two-point sets we may write A = xy instead of {x,y}.

As we will also work with the infinite volume Gibbs measures, let us note that random
currents and the switching lemma admit a generalization to infinite Volumeﬂ Existing
continuity results [5] permit to extend ( . ) to the infinite Volume expressed in terms of
the weak limits of the random current measures P4 A, p and Py R ,in the limit A,, ~ Z¢.
The limiting statement is similar to ( . ) but without the ﬁmte volume subscript A:

oA)glo
—< <0:ﬂ;3;;)'8 = P?AB’Q[nl + 1o € tng] (210)

Combining (2.10]) for the different values of the product of spin-spin correlations leads to
Uf(.%', Y, %, t) = _2<J$0y>,3(0z0t)5 szyzt[cnﬁ'fm (.%') n Cn1+n2(z) # Q] . (211)

This equality is of fundamental importance to the question discussed here. It was the
basis of the analysis of [I], and is the starting point for our discussion.

By (2.11), the relative magnitude of the deviation of the four-point function (o,0,0.0¢)3
from the Gaussian law (i.e. the discrepancy in Wick’s formula) is bounded in terms of in-
tersection properties of the two clusters that link the indicated sources pairwise:

b x,y,z,t Uz
Witz D) < 2Py” "[Cuyinz (2) N Cryiny (2) # 2] (2.12)
(020y0.0¢)3

The random sets Cy, +n,(z) and Cp,in,(2) are not independently distributed. How-
ever (2.12)) can be further simplified through a monotonicity property of random currents.
As proved in [I], and recalled here in the Appendix, the probability of an intersection
can only increase upon the two sets’ replacement by a pair of independently distributed
clusters defined through the addition of two sourceless currents:

ng’Zt[Cnﬁm(x) NCnyiny(2) # 3] < Pz,y’Zt’Q’@[Cnl+n3 () N Chyiny(2) #2].  (2.13)

3The extension of the switching lemma, to Z¢ is straightforward for 8 < 8. since then nj +ny does not
contain infinite paths of positive currents, almost surely under PQ’B . For 8 < . this is implied by the
discussion of [I] for 8 < ¢, and for 3 = 3. it follows from the continuity result of [5] for S = f..

10



This leads to the simpler upper bound in which the two random sets are independent:
\Uf(x, y,z,t)| < 2<U$Uy>6<‘7z0t>5P2y72t7®7@[Cn1+n3 (2) N Cryen, (2) # 2]. (2.14)

Bounding the intersection probability by the expected number of intersection sites and
applying the switching lemma leads directly to the tree diagram bound . However,
as was explained above, to tackle the marginal dimension d = 4 one needs to improve on
that.

While Cp, +ny (2) and Cp,1n, (z) are bulkier and exhibit less independence than simple
random walks linking the sources {x,y} and {z,t}, the analogy is of help in guiding the
intuition towards useful estimate strategies. In particular, it is classical that in dimension
d = 4 the probability that the traces of two random walks starting at distance L of each
other intersect, tends to 0 (as 1/log L, see [2], (2.8)] and [37]), but nevertheless the expected
number of points of intersection remains of order €(1). The discrepancy is explained by the
fact that although the intersections occur rarely, the conditional expectation of the number
of intersection sites, conditioned on there being at least one, diverges logarithmically in L.
The thrust of our analysis will be to establish similar behaviour in the system considered
here. More explicitly, we will prove that the conditional expectation of the clusters’
intersection size, conditioned on it being non-empty, grows at least as (log L)°.

The analysis of clusters’ intersection properties is more difficult than that of the paths
of simple random walks for at least two reasons:

e Missing information on the two-point function: Most analyses of intersection proper-
ties of random walks involve estimates on the Green function. In our system its role
is to some extent taken by the two-point spin-spin correlation function. However,
unlike the former case we do not a priori know the two-point function’s exact order of
magnitude (though a good one-sided inequality is provided by the Infrared Bound).
This raises a difficulty that we address by studying the regularity properties of the
two-point function in Section

e The lack of a simple Markov property: in one way or another, the analysis of inter-
sections for random walks involves the random walk’s Markov property. Among its
other applications, the walk’s renewal property facilitates de-correlating the walks’
behaviour at different places. In comparison, the random current clusters exhibit
only a multidimensional domain Markov property. One of the main contributions of
this paper will be to show a mixing property of random currents which will enable
us to bypass the difficulty raised by the lack of a renewal property.

We expect that both the regularity estimates and the mixing properties established here
are of independent interest, and may be of help in studies of the model also in three
dimensions.

3 A conditional improvement of the tree diagram bound for
5 = ﬁc

To better convey the strategy by which the tree diagram bound is improved, we start with
a conditional proof of for the Ising model on Z* at criticality (i.e. when 8 = f3.),
under the following assumption on the model’s two-point function. The removal of this
assumption will raise substantial problems which are presented in the sections that follow.
Below, |- | denotes the infinite-norm

|z := max{|z;|,1 <i<d}. (3.1)
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Assumption 3.1 (Power-law decay) There exist n and c¢,C € (0,00) such that for ev-
ery T € Zd,

c c
|l‘|dT+77 < <J()O'z>gc < WTH?

(3.2)
The Infrared Bound (4.44]) guarantees that 1 > 0 in any dimension d > 2. Note that if n > 0
for d = 4, then Br(f.) is bounded uniformly in L in which case the tree diagram bound
implies the improved one. Thus, under this assumption the case requiring attention is just
1 =0 (which is the generally expected value).

3.1 Intersection clusters

Our starting point is in which Uy*“ is bounded by the probability of intersection
of two independently distributed clusters Cp,ins(2) and Cpyin,(2), of which n; and no
include paths linking pairwise widely separated sources, dn; = {x,y} and Ong = {z,t}.
Introduce the notation

T = Cn1+n3 (I) n Cl‘l2+n4(z)7 (33>

and let |7| be the set’s cardinality. The tree diagram bound corresponds to the first
moment estimate:
P02\ 7] > 0] < B2 7], (34)

in which the intersection probability is bounded by the intersection set’s expected size.

Although the set 7 is less tractable than the intersection of a pair of Markovian random
walks, their intuitive example provides a useful guide. The intersection of the traces of
two simple random walks in dimension d = 4 has a Cantor-set like structure. Guided by
this analogy, and taking advantage of the switching lemma, we show that conditioned on
the event that u belongs to .7, the intersection |.7| is typically very large. This is in line
with our expectation that the vertices in the intersection set occur in large (disconnected)
clusters, causing the expected size of |.7| to be much larger than the probability of it being
Nnon-zero.

Below and in the rest of this article, we introduce the annulus of sizes & < n and the
boundary of a box as follows:

Ann(k,n):=Ap N~ Ap1 and OA, := Ann(n,n). (3.5)

In the proof, we apply the following deterministic covering lemma, which links the
number of points in a set 2 c Z% with the number of concentric annuli of the form
u+ Ann (g, lry1), with w € 27, which it takes to cover 2. To state it we denote, for any
(possibly finite) increasing sequence of lengths .2 = (£;,), every u € Z%, and every integer
K,

M(Z;%,K) =card{k < K : 2 n[u+Ann({x,lk1)] + D} . (3.6)

Lemma 3.2 (Annular covering) In the above notation, for any sequence £ = ({x) with
b1 >1 and L1 > 20,

if | 27| <27, then there exists a site u € Z for which My (2 ;. £, K) < br. (3.7)

12



Proof We prove the following stronger statement: For every set 2~ containing the origin
and every K, if |2 n Ay, | <27, then there exists u € 2" n Ay, with M, (2;.Z,K) < 5r.

The assertion is obviously true for » = 1 as one can pick u to be the origin. Next,
consider the case of r > 1 assuming the statement holds for all smaller values. If the
intersection of 2" and Ay, _, is reduced to the origin, then My(2";.Z,K) < 2 (only the
annuli Ann(¢;, ¢;.1) with [ equal to K -1 or K can intersect 2") as required so we now
assume that this is not the case. Consider 0 < k < K — 2 maximal such that there exists
ue 2 with f <|u| < lgyq.

Since 2 nAy,_, and Z n(u+ Ay, _,) are disjoint (we use that £ > 2¢;_1), one of the
two sets has cardinality strictly smaller than 2"7'. Assume first that it is 2" n Ag,_,- The
induction hypothesis implies the existence of v € Z n Ay, _, such that

M, (25 %L, k-1)<5(r-1). (3.8)

By our choice of k, every site in 2" is either in Ay, , or outside of Ay, ,. This implies
that only the annuli Ann(¢;,¢;,1) with [ equal to k, k+1, K -2, K —1 or K can intersect
Z, so that

M(Z; %4, K) <M, (2L, k-1)+5<br. (3.9)
If it is 2 n(u+Ay,_,) which has small cardinality, simply translate the set by v and apply

the same reasoning. The distance between the vertex v obtained by the procedure and 0
is at most £;_1 + £ < lx, so that the claim follows in this case as well. O

In the following conditional statement, we denote by %, a sequence of integers defined
recursively so that /.1 = ¢7 with a specified o > 1 and {y a large enough integer.

Proposition 3.3 (Conditional intersection-clustering bound) Under the assump-
tion that the Ising model on Z* satisfies with n = 0 and restricting to a > 3%: there
exist o = Lo(a) and & = 6(a) > 0 such that for every K > 2 and every u,x,y, z,t € Z* with
mutual distance between x,vy, z,t larger than 20y,

ng,uz,u%ut[Mu(g;g&, K) < 5K:| < 2*5K‘ (310)

Before deriving this estimate, which is proven in the next section, let us show how it
leads to the improved tree diagram bound.

Proof of Theorem under the assumption . As the discussion is limited here
to B = 8., we omit it from the notation. If > 0 the bubble diagram is finite and hence
the desired statement is already contained in the tree diagram bound . Focus then
on the case n = 0, for which the bubble diagram diverges logarithmically. Fix o > 3% and
let £p and § be given by Proposition Since x,y, z,t are at mutual distances at least L,
there exists ¢ = ¢(a) > 0 such that one may pick

K =K(L) >cloglog L (3.11)

in such a way that L > 2/k.
Using Lemma then the switching lemma, and finally Proposition [3.3] we get

PP < | T7| < 20K < S PAOL e T M (T L K) < 0K]

ueZ4
_ Z <Uu0m>§ZuZy§EZUZ;)(UMR)Pux,uz,uy,ut[Mu(y;DgﬂmK) <O0K]
ueZ4 =y zot
S e o
uezZt TPy NE2C
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=

Chry4n5(2) = Cny4ny (¥)

Cny1n.(2) = Coyn, (1)

o O

Figure 1: The two (duplicated)-currents nj +n3 and ng +ny4 in blue and black respectively.
The clusters of = (or equivalently y) in n; + ng and z (or equivalently t) in ny + ny are
depicted in bold. The red vertices are the elements of the intersection 7. We illustrated
the annuli around one element, denoted u, of .7 and draw them in gray when an inter-
section occurs. Here, we therefore have M, (.7;.2Z,5) = 3 since three annuli contain an
intersection.

For the larger values of |7, the Markov inequality and the switching lemma give

ny,zt,®,®[|y| > 2(51(/5] 2—6K/5Exy,zt,®7®[|y|]

IN

_ 90K/5 Z {(ouoz){ouoy){ouo:)(ouot) (3.13)

uezZ4 (o20y)(020¢)
Adding (3.12) and ([3.13)) gives an improved tree diagram bound which, in view of (3.11])
and of the logarithmic divergence of B (8.) implied by n = 0, yields ((1.22)). O

3.2 Derivation of the conditional intersection-clustering bound (Propo-
sition (3.3))

The intuition underlying the conditional intersection-clustering bound and the choice of
£y, is guided by the aforementioned example of simple random walks. In dimension 4, the
traces of two independent random walks starting at the origin intersect in an annulus of
the form Ann(n,n®) with probability at least ¢(«) > 0 uniformly in n. Since the paths
traced by these random walks within different annuli are roughly independent, one may
expect the number of annuli among the K first ones in which the paths intersect to be,
with large probability, of the order of J K.

However, in the case considered here, the clusters of w in n; + ng and ns + ng do not
have the renewal structure of Markovian random walks. We shall compensate for that in
two steps:

(1) reformulate the intersection property
(ii) derive an asymptotic mixing statement.

For the first step, let I} be the event (with I standing for intersection) that there exist

unique clusters of Ann(¥g,¢k.1) in n; +n3 and ng +ny crossing the annulus from the inner
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boundary to the outer boundary and that these two clusters are intersecting. Lemma [3.4]
presents the statement that the probability that the event occurs and that these clusters
intersect, is bounded away from 0 uniformly in k.

Note that the annuli Ann(¢,¢;.1) are wide enough so that sourceless currents will
typically have no radial crossing, and when such crossings are forced by the placement
of sources (for instance when one source, is at the common center of a family of nested
annuli and the other at a distant site outside), in each annulus there will most likely be
only one crossing cluster. It then follows that all the crossing clusters of n; + ng belong
to the nj + n3 cluster of the sources, and a similar property holds for the crossing clusters
of ny + ny.

For the second step, we prove that events observed within sufficiently separated annuli
are roughly independent. The exact assertion is presented below in Proposition [3.6] and
will be the crux of the whole paper.

Following is the first of these two statements.

Lemma 3.4 (Conditional intersection-clustering property) Assume (3.2) holds for
the Ising model on Z* with n = 0. For a > 3%, there exist £y = lo(c) and ¢ = c(a, o) > 0
such that for every x,z ¢ Ay, .,

P22 ] > ¢ (3.14)

The main ingredient in the proof is a second moment method on the number of inter-
sections in Ann (4, fr,1) of the clusters of the origin in nj + ng and ny +n4. A second part
of the proof is devoted to the uniqueness of the clusters crossing the annulus. This makes
the event under consideration measurable in terms of the currents within just the specified
annulus, allowing us to apply the mixing property for the proof of Proposition which
follows further below.

Proof Drop 3, from the notation. Fix o> 3% and set £ > 0 so that o> (1+¢)(3+¢)*. The
constants ¢; below depend on ¢ only. Introduce the intermediary integers n <m <M < N
satisfying

n> 03 men®t ) M>m!e ) N> M g, > N3 (3.15)
We start by proving that .# := Cy,ns(0) N Chyin, (0) N Ann(m, M) is non-empty with
positive probability by applying a second-moment method on |.#|. Namely, the switching

lemma (more precisely ) and imply that
EO:C,OZ,%,QH%H - Z POa:,z[U n1+nz O]POZ,QJ[U ni+ne 0]
veAnn(m,M)
Z {(o00u){0v02) (000v){0002)
veAmn(m, M) (000z) (0002)
c1(Byr — Bi-1) 2 colog(M/m) . (3.16)

v

On the other hand, we find that

EOx,Oz,@,Q[’%F] _ Z PO:E,Q[U7 w " O]POZ’Q[U,U) n1+ns 0]. (3.17)
v,weAnn(m,M)
Now, by a delicate application of the switching lemma and a monotonicity argument we
have the following inequality (stated and proven as Proposition in the Appendix),
POI’Q’[’U w e 0] < {o000){0vow){owos) + (o00w){(owoy){(Tvos) _
’ - <UOUJI> (000x>

(3.18)
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Together with (3.2), this gives

E"0%29[|#|*] < C3(Bas - By1) Bans < Ca(log M)?. (3.19)
The second moment (or Cauchy-Schwarz) inequality, and the bound M > m!*¢ thus imply
EOx,Oz,@,z[‘%’]2
02,02,2,0
R A e s (3.20)

At this stage, one may feel that the main point of the lemma was established: we showed
that with uniformly positive probability the clusters of 0 in n; + ng and ns + ny intersect
in Ann(m, M). However, to conclude the argument we need to establish the uniqueness,
with large probability, of the crossing cluster in nj + ng (the same then holds true for
ny + ng). This part of the proof is slightly more technical and may be omitted in a first
reading. It is here that we shall need « to be large enough.

To prove the uniqueness of crossings, we employ the notion of the current’s backbomﬂ
on which more can be found in [II, 4, 14} 15 I7]. If the event {.# # @&} occurs but not I,
then one of the following four events must occur (see e.g. Fig. :

F} := the backbone I'(n) of n; does two successive crossings of Ann(lg,n);
F5:= nj + ny contains a cluster crossing Ann(n,m) \ I'(n;);

F3:= n; +ny contains a cluster crossing Ann(M, N) \I'(ny);

Fy := the backbone I'(n1) of n; does two successive crossings of Ann(N, {x1).

We bound the probabilities of these events separately. For F} to occur, the backbone
I'(n;) must do a zigzag: to go from 0 to a vertex v € OA,, then to a vertex w € 9Ay,,
and finally to . The chain rule for backbones (see e.g. [4]) combined with the assumed

condition ([3.2)), jointly imply that

POI’Q[Fl] < Z <UOUU>(Jv0w>(JwUx> SC(jnggin_Ll 307&;6. (3.21)
vedAy, <UOUI>
we&Agk

To bound the probability of Fs, condition on I'(n;). The remaining current in n; is
a sourceless current with depleted coupling constants (see |4, 14], [I5] for details on this
type of reasoning). The probability that some v € OA,, and w € JA,, are connected in
ZA\T'(n1) to each other can then be bounded by (0,04, ){0,0,)" where the (-)’ denotes an
Ising measure with depleted coupling constants (the depletion depends on I'(n;) and the
switching lemma concerns one current with depletion and one without; we refer to [5] for
the statement and proof of the switching lemma in this context, and some applications).
At the risk of repeating ourselves, we refer to [4] for an illustration of this line of reasoning.
The Griffiths inequality [25] implies that this probability is bounded by (7,0, )%, which
together with , immediately leads to the following sequence of inequalities:

PO:):,Q[F2:| < Z <Uv0'w>2 <Cgn™*. (3.22)

veOAp
weOAm

The event Fy is bounded similarly to F;, and F3 similarly to Fy. For £y = {o(e) large
enough the sum of the four probabilities does not exceed half of the constant ¢5 in (3.20)),
and the main statement follows. O

4We mentioned that a current n with sources = and y can be seen as the superposition of one path from
z to y and loops. The backbone I'(n) is an appropriate choice of such a path induced by an ordering of
the edges. Again, we refrain ourselves from providing more details here and refer to the relevant literature
for details on this notion.
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_ AN /
/"f:: ;:«E%J Ann(ly,n)

@
-~ Ann(n, m)

Figure 2: In this picture, I'(n;) does only one crossing of Ann(¢g,n), and n; +ng —I'(ny)
does not cross Ann(n,m) ~I'(n;). This prevents the fact that the cluster in red, made of
loops in n;+ny-I'(n;) would connect an excursion of I'(n; ) outside of Ay, but not reaching
O\, to 0A,, (which would potentially create an additional cluster crossing Ann({,m)).

Remark 3.5 The condition o > 3* is used in the second part of the proof, where we need
the exponent connecting the inner and outer radii of annuli to be strictly larger than 3.
We did not try to improve on this exponent.

The second of the above described statements is one of the main innovations of this
paper. It concerns a mixing property, which in Section [5.1] will be stated under a more
general form and derived unconditionally for every d > 4.

Proposition 3.6 (Conditional mixing property) Assume that holds for the Ising
model on Z* with n=0. For a > 3%, there exists C > 0 such that for every n® < N, every
x ¢ Ay, and every events E and F depending on the restriction of n to edges within A,
and outside of Ay respectively,

C

Viog(N/n)

The heart of the proof will be the use of a (random) resolution of identity N, meaning
a random variable which is concentrated around 1, given by a weighted sum on the cluster
of 0 in nj + ny, where dn; = {0,2} and dny = @, which will enable us to write

Py [EnF]-PY[EIPY[F]| < (3.23)

PY[En F]~E"?[NI(n; € EnF)]. (3.24)

Since N will be a certain convex combination of the random variables I[y "< 0]/ (o0oy),

the term on the right will be a convex sum of P%*Z-probabilities of the events {y e

0,n; € En F}. For each fixed y, we will use the switching principle to transform the
sources {0,z } and @& of n; and ny into {0,y} and {y,x}, exchanging at the same time the
roles of n; and ns inside A,, without changing anything outside Ap. This useful operation
has a nice byproduct: the event n; € F' becomes ns € F' which is independent of n; € F.
Deducing the mixing from there will be a matter of elementary algebraic manipulations.
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The error term will be (almost entirely) due to how concentrated around 1 N is. In
order to prove this fact, we will implement a refine second moment method in which we
estimate the expectation sharply and the second moment of N. The proof will require
some regularity assumptions on the gradient of the two-point function: for every z € Z¢,

C
|Vx<000$>| < m<000r>, (3.25)
which follows from (3.2]) by an argument that we choose to postpone to Section (after
the required technology has been introduced).

Proof Let us recall that we are discussing here § = 5., omitting the symbol from the
notation. Fix a > 3% (the power 4 instead of 8 suffices at this stage) and choose & > 0 so
that a > (1+¢)(9+¢)?. Below, the constants C; are independent of 3 and n® = N < £(f)
(we may assume equality between N and n® without loss of generality). Introduce two
intermediary integers m < M satisfying that

m>n2  M>m'* | N> M (3.26)

as well as the notation ng = 2¥m for k > 1. Set K such that ng.1 < M < ng.o. The key
to our proof will be the random variable
K1

1 ni+n
N := E kZ:l Z ]I[y <57 0] where qy, := Z <000y>' (3'27>

Xk yeAnn(ny,ngsr) yeAnn(ng,ngy1)

Combining the regularity assumptions (3.25)) and (3.2) with Proposition (the precise
computation is presented in Section , we find

K
gy - L L oorllo) | G .
K k=1 Ok yeAnn(ng,ngi1) <JOU$> K
E*?[N?] < Lg i L > {700y oy 0:){0:04) + {0002 ){0:04)(0y0) <1+ @
K k.l=1 Qpy yeAnn(ng,ng+1) <UOU$> K

zeAnn(ng,ne+1)

(3.29)

The Cauchy-Schwarz inequality and the fact that P**[E n F] = P%2[n; € E n F] thus
imply that

O

PO?[ny ¢ B0 F] - B2 [NIy,epnr]| € /E#P[(N - 1] < (3.30)

Now, fix y € Ann(m, M) and let G(y) be the event (depending on n; +ng only) that there
exists k < nj +ng such that k =0 on A,,, k = nj + ny outside Ay, and 0k = {z,y}. We find
that

ni+no

POx,z[nl cEn F,y -— O,G(y)] — Mpﬁy’yﬂf[nl € E,IIQ € F, G(y)], (3.31)
000

where we use the following reasoning: for m € G(y), consider the multi-graph .# obtained
by duplicating every edge of the graph into m(z,y) edges. If G(y) occurs, the existence
of k guarantees the existence of a subgraph # c .# with 0. = {x,y} containing no
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edge with endpoints in A,, and all those of .# with endpoints outside Ay, so that the
generalized switching principle formulated in [0, Lemma 2.1] implies that

[T eEnF]= > I[TAKX e EnF]
T<M:0T={0,x} T<M:OT AKX ={0,x}
= > [T eE,M~T cF], (3.32)

T<M:0T={0,y}

where we allow ourselves the latitude of calling F¥ and F' the events defined for multi-graphs
corresponding to the events E and F' for currents. One gets when rephrasing this
equality in terms of weighted currents (exactly like in standard proofs of the switching
principle, see e.g. [1] or [6] for a closely related reasoning).

Observe now that forgetting about G(y) on the right-hand side of gives

PY%¥%[n, € E,ny ¢ F] = PY[E]PY[F]. (3.33)
Furthermore, since = ¢ Ay and y € A,,, (3.25)) implies that

C
- (700,)] < ;m (3.34)

(‘70‘71/)(‘71/096)
e
(000%)

Last but not least, we can bound (from below) P**?[G(y)] and P%¥*[G(y)] as follows.
We only briefly describe the argument since we will present it in full details in Section
The event G(y) clearly contains the event that Ann(M, N) is not crossed by a cluster
in n;, and Ann(n,m) is not crossed by a cluster in ng, since in such case k can be
defined as the sum of n; restricted to the clusters intersecting A%, (this current has no
sources) and ng restricted to the clusters intersecting A, (this current has sources x and
y). Now, we can bound the probability of n; crossing Ann(M, N') in the same spirit as we
bounded the probabilities for F} and F3 in the previous proof by splitting Ann(M, N) in
two annuli Ann(v/ M N, N) and Ann(M,/ M N), then estimating the probability that the
backbone of n; crosses the inner annulus more than once, and then the probability that
the remaining current (which is sourceless) crosses the outer annulus. Doing the same for
the probability that a cluster of ny crosses Ann(n,m), we find that

AT ponoyy) " 0] < PO O] 2 1- 2o 1o ()T (335)
(000 )(0y02) n® N

Note that we use that M > N?*¢ in this part of the proof.
Overall, the value of K and (3.30)—(3.35)) put together imply

A

PUENF]- 3 (y)PMC[EIPYCLF]| < <

yeAnn(m,M) V lOg(N/TL) 7

with 6(y) = (o00y)/(Kay,)) where k(y) is such that y € Ann(ny(), Miy)+1)-

The end of the proof is now a matter of elementary algebraic manipulations. Applying
this inequality twice (once with 2 and once with z’) for F' being the full set, we obtain
that for every x,2’ ¢ Ay and every event E which is depending on A,, only,

(3.36)

P [E]-PY[E]| < _ 20 (3.37)

~ Vog(N/n)

Now, assume the stronger assumption that a > 3% and fix m = |v/Nn|. Applying
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° - for m and N, the full event and F,

e then (3.37) for n, m and E (note that m > n3' )
) and-formandN E and F,

gives that for every = ¢ Ay,

0z _ plz Oz 0z Ox w L
IP*[EnF]-PY[EIPY”[F] < |P*[EnF]-P Zé(y)Py P+ s (N
<|PY[EnF]-Y 6(y)PY[E]PY[F WL 5
<| Z (y)PY[E]PY[F]] Jloa(N )

4C7 (3.38)

= Jloa(Njm)

O

Using Lemma [3:4] and Proposition [3:6] we may now establish the clustering of inter-
sections, under (3.2)).

Proof of Proposition In view of the translation invariance of the claimed state-
ment, we take u to be the origin. Since x and y are at a distance larger than 2¢x of each
other, one of them is at a distance (larger than or equal to) {x of u. Without loss of
generality we take that to be z, and make a similar assumption about z.

Let .k denote the set of subsets of {1,..., K — 2} containing even integers only and
fix S € ). Let Ag be the event that no I occurs for k € S. If s denotes the maximal
element of .S, the mixing property Proposition [3.6] used with n = f5_1 and N = ¢, gives

C
Viogls1
To be precise and honest, we use a multi-current version, with four currents, of the mixing
property. We will state and prove this property in Sections [5.1] and [5.2] and ignore this
additional difficulty for now. Also, it is here that the btronger restriction o > 3% is used,
along with the choice of ¢y = £y(«), to enable the mixing. Note that we used that the event
I, is expressed in terms of just the restriction of the currents ny,...,ng to Ann(fg, s41).

Now, the intersection property Lemma and an elementary bound on /s_; gives the
existence of ¢g > 0 small enough that

P02 2 Ag] < (1-2¢0) PP P2 Ag (] +co(1- o). (3.40)

POZ’OZ’Q’Q[AS] < POw,Oz,@,Q[[Sc]POx,Oz,Q,Q [AS\{S}] + (3,39)

An induction gives immediately that for every S € Yk,
PO20522[ A¢] < (1 - ¢o). (3.41)

Let Bg c Ag be the event that the clusters of 0 in n; + n3 and ny + ny do not intersect in
any of the annuli Ann(/g,¢s,1) for s € S. Thanks to Corollary the probability of Bg
increases when removing sources, so that

POx,Oz,Dy,Ot [BS] < POx,Oz,Q,Q[BS] < POx,Oz,Q,Q[AS] < (1 _ CO)‘Sl- (342)

To conclude, observe that if My(.7;.%,, K) < 0K, then there must exist a set S € .k of
cardinality at least (3 — §)K such that Bg occurs. We deduce that

POJC’Oz’Oy’Ot[MO(ﬁ;ga,K) < (5K] < Z POx,Oz,Oy,Ot[BS]
SeSk:|S|2(1/2-0)K
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which implies the claim by appropriately choosing the value of 6. O

4 Weak regularity of the two-point function

In this section, we focus on the Ising model’s two-point function and present some old and
new observations. The main goal of the section is the proof of the abundance, below the
correlation length, of reqular scales at which the two-point function has properties similar
to those it would have under the power-law decay assumption (3.2]) of Section 3| Regular
scales play a key role in the unconditional proof of Theorem [I.3] In order to obtain the
main auxiliary result, stated in Section [4.5] we present here three properties of the two-
point function. These may respectively be referred to as monotonicity (Section , a
sliding-scale spatial Infrared Bound (Section , and a gradient estimate (Section [4.4)).
Throughout this section, we set [J| =3, Jo,, and

S3() = {0004)s. (4.1)

The coordinates of an element x of R? will be written as z1, . .., z4, and |z| taken to denote
its infinite norm. We write e; for the unit vector in the i-th direction.

Remark 4.1 The results presented here apply to systems with real valued variables of
arbitrary distribution (including variables in the Griffiths-Simon class which is of particular
interest for us, see Section @, and ferromagnetic Reflection-Positive pair couplings of
specified properties. We refrain from discussing these gemeralizations and, unless specified
otherwise, focus on the n.n.f. Ising model.

4.1 Messager-Miracle-Sole monotonicity for the two-point function

The Messager-Miracle-Solé (MMS) inequality [34, 41, 46] states that for models with
n.n.f. interactions (and more generally reflection positive interactions) in a region A en-
dowed with reflection symmetry, the correlation function ([T,ca 02 [Toep 02)a 8 at sets of
sites A and B which are on the same side of a reflection plane, can only decrease when B
is replaced by its reflected image, Z(B), i.e.

( [ToeT1 Uf)Aﬁ 2 ( [Too I 096)1\7/5' (4.2)

zeA  zeB xeA  zeZ(B)

In the infinite volume limit on Z, this principle can be invoked for reflections with respect
to
e hyperplanes passing through vertices or mid-edges, i.e. reflections changing only one
coordinate x;, which is sent to L — x; for some fixed L € %Z,
e “diagonal” hyperplanes, i.e. reflections changing only two coordinates x; and x;,
which are sent to x; £ L and x; ¥ L respectively, for some L € Z.
In particular, this implies the following useful comparison principle (see Fig. 7?7 for an
illustration).

Proposition 4.2 (MMS monotonicity) For the n.n.f. Ising model on 7 with d > 1,
along the principal azes two point function is monotone decreasing in |x|, and for any
T = (xl, xd) € Zd

Sp(([# 0, 00) 2 Sp(2) 2 Sp(([l]1,0.) (4.3)

where |1 = Z?=1 251, 2] o max; |z, and 0, is the null vector in a Z31.
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The above carries the useful implication that for any z,y € Z¢ with ||[y]e > d [z e

Sp(x) 2 Sp(y) (4.4)

(Since |z|1 <€ d|z]o < |Y]oo, by the two quantities are on the correspondingly
opposite sides of Sg((]z]1,0.)).)

The above is useful in extracting the implications of the following well-known principle
(of which an early analog can be found in Hammersley’s analysis of percolation [32]).

Lemma 4.3 For every ferromagnetic Ising model on 7% (d > 1) with coupling constants
that are invariant under translations, every finite 0 € A ¢ Z¢ and every y ¢ A,

Ss(y) < %Sﬁ(u) BJuw Sa(y - v). (4.5)
el

This statement is a mild extension of Simon’s inequality which was originally formu-
lated for the n.n.f. Ising models [49]. Being spin-dimension balanced, it is valid also for

the more general Simon-Griffiths class of variables discussed in Section@ below (and more
general interactions)lﬂ

Corollary 4.4 (Lower bound on Sg) For the n.n.f. Ising model on Z (d > 1), there
exists ¢ = c(d) > 0 such that for every B < B, and z € 74,

dlz|+1
Sp(z)> ————exp (- . 46
o2 G ey ) o
Proof Let us introduce
Yﬁ(A) = Z;\Sﬁ(u) ﬁJu,v' (47>
A

Applying (4.5) with Ay and y = ne;, and iterating it | 75| times (i.e. as many as possible

without reducing the last factor to a distance shorter than L), we get
BlJ|S5(ner) < Ya(AL )T, (4.8)
Since lim,, Sg(nel)l/” = e 1/&B) we deduce that
1
VB < Y(AL)THT . (4.9)

On the other hand, by (@4), for each x € Z%, Ss(u) < Sp(x) for all u e OAgjz), and hence

Y5(Agpe|)
—— < B|J|Ss(x). (4.10)
2 ’
The substitution of (4.9)) in (4.10) yields the claimed lower bound (4.6]). ]

®The factor Ss(u) in {&.5) can also be replaced by the finite volume expectation {590y )a, as in Lieb’s
improvement of Simon’s inequality [39]. Both versions have an easy proof through a simple application of
the switching lemma, in its mildly improved form.
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4.2 The two-point function’s Fourier transform

In view of the model’s translation invariance, it is natural to expect the Fourier transform
to be of use. It indeed appears at different levels. For the infinite system on Z% at
B < B one learns useful information by considering the Fourier transform of the two-point
function
Sg(p) = > €P"Sg(x). (4.11)
xeZd
where p ranges over [-m,7]%.
The above sum is absolutely convergent for 8 < 3., though not at 8.. However for any
B the finite-volume model in Ap, = (=L, L]d may be considered in terms of the spin-Fourier
modes, defined as
! > P, (4.12)

Gp(p) = ——
V (2L)d xe(-L,L]4

with p ranging over A} := [-m,7]%n TZ%.

The above spin-wave modes are especially relevant in case the Hamiltonian is taken
with the periodic boundary conditions, under which sites x,y € Ay, are neighbors if either
|z -yl =1 or |y; —z;| = 2L — 1 for some ¢ € {1,...,d}. With these boundary conditions,
the model is invariant under cyclic shifts, and its Hamiltonian decomposes into a sum of
single-mode contributions:

Hpy(0) = 3 &) Esp)l, (4.13)
peA]
where . )
&E(p) =2 ;[1 —cos(pj)] =4 Z:lsiHQ(pj/Q) . (4.14)
J= J=

Among the various relations in which the Fourier transform plays a useful role, the
following statements will be of relevance for our discussion.

i) The finite volume version of the two point function’s Fourier transform (4.11)) reemerges
in its dual role, as the second moment of the spin-wave mode:

S5 () = Y ¢ (0000)as. = (@) a5 2 0. (4.15)

(EEAL

ii) The gaussian domination (aka infrared) bound

= 1
&(p)Ss(p) < CIEh (4.16)

The bound may remind one of equipartition law, and in this form it appeals to
the physics intuition. Alas, it has so far been proven only for reflection positive
interactions |20, 21].

iii) The Parseval-Plancherel identity sum rule
1

(o8)A,.8 = o > §éR)(p). (4.17)
| LlpeAz

As was pointed out in [2I], the combination of (4.17) with (4.16) yields a (then

novel) way to prove the existence of spontaneous magnetization for 5 high enough.
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More explicitly, in (4.17]) one may note that the Infrared Bound (4.16)) does not provide
any direct control on the p = 0 term, since &(0) = 0. And, in fact, the hallmark of the low
temperature phase (8 > ) is that this single value of the summand attains macroscopic
size:

S9(0) ~ |AL| M () (4.18)

with M () the Ising model’s spontaneous magnetization.
For the disordered regime, where M (/) = 0 the sum rule combined with the Infrared
Bound implies that for every 5 < B,

2)g = 3 __dp
o= [ S < [ ot (419)

Since & (p) vanishes only at p = 0 and there at the rate &(p) ~ |p|?, the integral is convergent

for d > 2 and one gets
C
2 d
g S =
(o0l 2|J|B.

with Cy < oo for d > 2. This bound will be used in our discussion of the more general
single spin distribution (including the ¢* type measures) in Section @

(4.20)

We shall also use the following statement on the relation between the finite volume
and the infinite volume states.

Proposition 4.5 For the Ising model on Z¢ (d > 1) with translation invariant finite range
interactions, for any 8 < Be:

1. the system has only one infinite volume Gibbs equilibrium state.

2. the correction functions of that state satisfy, for any finite A c Z%, and any sequence
of finite volumes Vi, ¢ Z% which asymptotically cover any finite region,

(TTox), = lim (T]o)") (4.21)

reA Vo 24 TeA

with (—)E,I;'C') denoting the correlation function under boundary conditions which may
include either cross-boundary spin couplings (e.g. periodic), or arbitrary specified
values of opy;, .

3. with the finite volumes taken as the rectangular domains Ap, also the Fourier Trans-
form functions converge, i.e. for any p € [-m, 7%, and sequence as in (4.21))

Ss(p) = lim Y P (000 ) ) (4.22)
xeVy

The statement follows by standard arguments which we omit here. The main ingre-
dients are the exponential decay of correlations, which at any 8 < . are exponentially
bounded, uniformly in the volume, and the FKG inequality. The first two points hold
also for 5 = 8. [5]. However not the last, , since at the critical temperature the
correlation function is not summable.

We shall employ the freedom which Proposition £.5] provides in establishing the differ-
ent monotonicity properties of S(p) in p.
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4.3 The spectral representation and a sliding-scale Infrared Bound

We next present a Fourier transform counterpart (though one derived by different means)
of the Messager-Miracle-Sole monotonicity stated in Section and use it for a sliding-
scale extension of the infrared bound (4.16)). The results, which include both old [23, 5I]
and new observations, are based on the relation of the two-point function with the transfer
matrix, and the positivity of the latter.

The transfer matrix has been the source of many insights on the structure of statistical
mechanical systems with finite range interactions. Its appearance can be seen in Ising’s
study of one dimensional systems, for which it permits a simple proof of the absence
of phase transition. Also, in higher dimensions it has played an essential role in many
important developments [21] 23, 47|, some of which rely on positivity properties. Here
we shall use the following consequences of its spectral representation for the two-point
function.

Proposition 4.6 (Spectral Representation) For the n.n.f. Ising model on Z* (d > 1),
at B < Be, for every bounded function v:Z%' — C, there exists a positive measure Ho,g Of
finite mass
d = v, 55((0,y, — 4.23
gy @)= wn TS0, ) (4.23)

@,y €291
such that for every n e 7Z,
> 0, T Ss((nyxy —yy)) = e Mldp, 5(a). (4.24)
T ,yLeZd-1 1/€(8)

and for any p = (p1,p.) € [-m, 7]

e —e @

500 = [ aory s ety o), (4.25)

with & (k) = 2[1 - cos(k)] = 4sin?(k/2).

Although the spectral representation is quite well-known (cf. [23] and references therein)
for completeness of the presentation we include the derivation of in the Appendix.
Eq. then follows by applying to the function vy, (7, ) := eP+* and taking the
Fourier transform in the first coordinate. It is of relevance to note that the proof of the
spectral representation is developed first in the context of finite volumes, with boundary
conditions which are periodic in the directions of the principal axes, and then taking the
infinity volume limit.

Of particular interest for us are the following implications of (the first was noted
and applied in [23]).

Proposition 4.7 For the n.n.f. Ising model on Z¢ (d>1), at any B < Be:

1. §5(p1,p2, ..., Pa) is monotone decreasing in each |pj|, over [—m, ],
2. &(p1)Ss(p) and |p1|*Ss(p1) are monotone increasing in ||,
3. the function

55" (p) = Gs(p) + Ss(p+ 7(1,1,0,...,0)) (4.26)
is monotone decreasing in 0 along the line of constant {ps,...,pq} and
(p1,p2) = (Ip1—p2|+d,|p1 —p2| =6), d€[0,[pr12l]. (4.27)

25



and the above remains true under any permutation of the indices.

The correction in (4.26)) is insignificant in the regime where §ﬂ (p) is large. That is so
since |Sg(p +7(1,1,0,...,0))| < C/B uniformly for |p| < 7/2. (The main term diverges in
the limit 8 ~ . and p — 0.)

Proof The first two statements are implied by the combination of with the ob-
servation that each of the following functions is monotone in k € [0,7]: k — &1(k),
ki k%/& (k), and for each a > 0, k ~ & (k)/(& (k) + (e%? - e74/?)?).

In general terms, the third statement is based on the application of the transfer matrix
in the diagonal direction, in each step increasing by 1 the value of x1 + x5. The transfer
is by a pair of alternating application of, T and T, mapping back and forth between
the space of spin configurations on the subgraphs of A defined by the parity of z1 + xs.
However, a situation similar to the previously discussed case is recovered by considering
the transfer by 7T which maps from one even plane to the next even plane.

More explicitly: to produce the spectral representation one may start by considering
a partially rotated rectangular region, whose main axes are associated with the coordi-
nate system (z1 +x2, 21 —x2,x3,...,24). The finite-volume Hamiltonian is taken with the
correspondingly modified periodic boundary conditions which produce cyclicity in these
directions. As stated in , for 8 < B, the change does not affect the two-point func-
tion’s infinite volume limit (although the correlation function is modified at distances
approaching the box’s shortest dimension, and beyond it).

For the rotated system the argument by which monotonicity was proven above for the
Cartesian directions, applies to two point function’s restriction to the even sub-lattice,
since for that one has the single and positive transfer matrix 77. This function’s Fourier
transform is proportional to S(m°4)  of , since

S‘émod)(p) _ Z eip.zsﬁ(()’m_) Z eiﬂ’(xlﬂsg)k
:L‘GAL k=0,1

(4.28)

Il
[\]

S e?7S5(0,1).

.TEAL
Tr1+x2 even

Thus, the third monotonicity statement follows by a direct adaptation of the proof of the
first one. O

Corollary 4.8 The two-point function of the n.n.f. Ising model on Z¢ (d > 1) at any
B < B satisfies, for all p e [-7/2,7/2]%,

—~ = = C
Sa(lIpllee;00) 2 Sa(p) 2 Sp(lplr,0.) -

5 (4.29)

with C' which depends only on the dimension.

Proof The inequality follows from Proposition [£.7] through the monotonicity lines used

for (4.3)). O

The previous bound combined with the second statement in Proposition [£.7] yield an
interesting consequence for the behaviour of the susceptibility truncated at a distance /,
which we define as

xL(B):= ) Sp(x). (4.30)

JJEAL
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Figure 3: The split of Z? into even and odd sub-lattices and their stratification into
intertwined diagonal hyperplanes. The partition function of (-L, L]2 with rotated-periodic
boundary condition can be written as Zoy, = tr(T2T1 )", with T} a pair of conjugate mapping
between the Hilbert spaces of the even and the odd hyperplanes. The product 7577 = T7 T}
provides the even subgraph’s transfer matrix in one of this graph’s principal directions.

Theorem 4.9 (Sliding-scale Infrared Bound) For any n.n.f. model on Z¢ (d > 2),
there exists a constant C = C(d) >0 such that for every f <. and L>10> 1,

xr(B8) _ Cxe(B)
2 B3 2

(4.31)

The case £ =1 is in essence similar to the Infrared Bound , as is explained below,
so that may be viewed as a sliding-scale version of this inequality. One may also
note that is a sharp improvement (replacing the exponent d by 2) on the more naive
application of the Messager-Miracle-Sole inequality giving that for every L > /¢ > 1,

xL(B) _ xe(B5)

ST (4.32)

Proof Let us first note that it suffices to prove the claim for all 8 < 8., with a uniform
constant C. Its extension to the critical point can be deduced from the continuity

Sa(a) = lim Sy, (@) (4.33)

(which follows from the main result of [5]). This observation allows us to apply the
monotonicity results discussed above.

Below, the constants C; are to be understood as dependend on d only. Consider the
smeared version of x () defined by

T(8) = 3 e Ul g 0. (4.34)

xeZd

with ||p|2 = X%, p?. The MMS monotonicity statement (#.4) implies that

e xL(B) <X1(B) < Cixr(B) (4.35)
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for every L, so that it suffices to prove that for every L >/¢> 1,

Xr(B) <C 5&(5)_

2 2= (4.36)
We will work in Fourier space, and use the identity
. 272 =
@)=t [ e Sy, (437)
Now, let
A={pe[-F 5] Ipl = oo} (4.38)
Using the symmetries of §5 and the decay of Corollary we find that
/[ v e~ IPl3L? Ss(p)dp < (d + 036_Z2) [4 e~ IPl3L? Ss(p)dp. (4.39)

Since |p1] = [|p]eo for pe A and |p| e > |pll1/d, the second property of Proposition [4.7] and
Corollary [£.8| give that

55(p) < Sp([Ipleo, 01) < (d7)*S5(Fpl1,0,) < (dF)*(Sp(7p) + C/B). (4.40)

Using this inequality and making the change of variable p — ¢ = %p gives

[, exel-Ip 3L o < Co () 2( [ expl-lal31Sa(a)da + Cs/5). (441

)

which after plugging in (4.39) and taking the Fourier transform implies that

X(B) < Cs(£) 2 (%u(B) + C5/B). (4.42)
The inequality (4.36) follows from the fact that X;(3) > 1, so that the constant C5// can
be removed by changing Cg into a larger constant C7//. |

Inequality (4.4) and then the sliding-scale Infrared Bound with L = |z| and ¢ =1 (4.31])
implies that for every z € Z,

C C Cy{c?
LN S € () € % (4.43)

Sg(z) < —
B() |.1‘|d A
yeAnn(d|z|,2d|z|)

The factor (08 )p in the upper bound may seem pointless for the Ising model where it is
simply equal to 1, but it becomes very important when studying unbounded spins, as in
Section [6] where it is essential for a dimensionless improved tree diagram bound.

It may be noted that the combination of with leads to the more standard
formulation [20} 2] of the Infrared Bound in z-space:

C
Sg(%) < W (444)
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4.4 Regularity of the gradient of the two-point function

Proposition 4.10 (gradient estimate) For the n.n.f. Ising model, there exists C =
C(d) > 0 such that for every § < B, every x € Z% and every 1 <i <d,

1S+ 00) - Sp(o)] « T g, ), (1.45)

|

where

Sg(dnel)lo (255(%e1))
Ss(ner) Ss(ney) /°

The previous proposition is particularly interesting when Sg(2dne;) > coSg(5e1), in
which case we obtain the existence of a constant Cy = Cp(cp,d) > 0 such that for every
redA, and 1<i<d,

F(n)=C (4.46)

|S@($iei)—55(x)| < %Sﬁ(%). (4.47)

Proof Without loss of generality, we may assume that x = (|z|,z,). We first assume that
i = 1. Introduce the three sequences u, = Sg(nei), vy, := Sg((n,z,)) and wy = up + vy,
The spectral representation applied to the function v being the sum of the Dirac functions
at 0, and x, implies the existence of a finite measure p,, g such that

Wy = fo " e dy, 5(a). (4.48)

Cauchy-Schwarz gives w2 < wy,_1wn+1, which when iterated between n and n/2 (assume n
is even, the odd case is similar) leads to

Wl ¢ Wn \2n oy 20 (Wn/2
o~ 2(wn/2) >1-2log ( o ). (4.49)

We now use that u,/; > vy/2, Un 2 Un, and up > up+1 which are all consequences of the
Messager-Miracle-Sole inequality. Together with trivial algebraic manipulations, we get

41og(2ty 2/ un)
U,
n

Un+l 2 Un —

(4.50)

The bound we are seeking corresponds to n = |z|.
To get the result for ¢ # 1, use the Messager-Miracle-Sole inequality applied twice to
get that
|Sg(x +e;) — Sp(x)| < Ss(x —der) — Sg(x + dey), (4.51)

and then refer to the previous case to conclude (to be perfectly honest one obtains the
result for n = |x| — d, but the proof can be easily adapted to get the result for n =|z|). O

Remark 4.11 When x = ney and i = 1, running through the lines of the previous proof
shows that one can take F'(n) = 2log(Sg(ne1)/Sz(5e1)) which is bounded by (2+0(1)) logn
thanks to the lower bound (4.6) and the Infrared Bound (4.44). We therefore get that for
every n < £(6),

Ss(ner) - Sp((n+)er) < (2 + 0(1))10%%(%1). (4.52)

It would be of interest to remove the logn factor, as this would enable a proof that Sz(neq)
does not drop too fast between different scales.
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4.5 Regular scales

Using the dyadic distance scales, we shall now introduce the notion of reqular scales, which
in essence means that on the given scale the two-point function has the properties which
in the conditional proof of Section |3 were available under the assumption (3.2)).

Definition 4.12 Fiz ¢,C > 0. An annular region Ann(n/2,4n) is said to be regular if the
following four properties are satisfied:

P1 for every x,y € Ann(n/2,4n), Sg(y) < CSs(x);

P2 for every x,y € Ann(n/2,4n), |Sg(x) - Sz(y)| < Clx_y‘Sﬂ(az);

||

P3 for every x € Ay, and y ¢ Ay, Sp(y) < %Sﬁ(z);
P4 Xan(B) 2 (1+¢)xn(B).

A scale k is said to be regular if the above holds for n = 28, and a vertex x € Z¢ will be
said to be in a reqular scale if it belongs to an annulus with the above properties.

One may note that P1 follows trivially from P2 but we still choose to state the two
properties independently (the proof would work with weaker versions of P2 so one can
imagine cases where the notion of regular scale could be used with a different version of
P2 not implying P1).

Under the power-law assumption of Section |3| every scale is regular at criticality.
However, for now we do not have an unconditional proof of that. For an unconditional
proof of our main results, this gap will be addressed through the following statement,
which is the main result of this section.

Theorem 4.13 (abundance of regular scales) Fiz d > 2 and a > 2. There exist ¢ =
c(d) >0 and C = C(d) > 0 such that for every n® < N < &(f3), there are at least clogy (N /n)
reqular scales k with n <2F < N.

Proof The lower bound (4.4)) for Sg and the Infrared Bound (4.44)) imply that
xn(B) 2 coN > co(]\7/71)(0‘72)/(0‘71)n2 > cl(N/n)(aQ)/(a*l)Xn(ﬁ). (4.53)

Using the sliding-scale Infrared Bound (4.32)), there exist r,c2 > 0 (independent of n, N')
such that there are at least c;logy(IN/n) scales m = 2% between n and N such that

er(ﬁ) 2 X4dm(/8) + Xm(/B) (454)
Let us verify that the different properties of regular scales are satisfied for such an m.

Applying (4.4]) in the first inequality, the assumption (4.54) in the second, and (4.4]) in
the third, one has

|Ann(4dm, rm)|Sa(4dmer) > Xrm(B) = Xaam(B) = Xm(B) > [Apjaa)|Sa(3mer).  (4.55)
This implies that Sg(4dme;) > coSg(imel), which immediately gives P1 by (4.4)) for Sg
and P2 by the gradient estimate given by Proposition Also, the fact that Sg(x) >
Sg(4dmer) > 4 xm(B) for every x € Ann(m,2m) implies P4. To prove P3, observe

that for every R, the previous displayed inequality together with the sliding-scale Infrared
Bound (4.31)) give that for every y ¢ Agrm and x € Ay,

[ARm|S5(Y) < XEm(B) < CaR*xm(B) < CsR*m?Ss(x), (4.56)
which implies the claim for C' and ¢ respectively large and small enough using here the
assumption that d > 2. O
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5 Unconditional proofs of the Ising’s results

In this section, we prove our results for every g < (. without making the power-law
assumption of Section We emphasize that unlike the introductory discussion of that
section, the proofs given below are unconditional. The discussion is also not restricted to
the critical point itself and covers more general approaches of the scaling limits, from the
side B < . (hence the correlation length will be mentioned in several places). However,
at this stage the discussion is still restricted to the n.n.f. Ising model.

5.1 Unconditional proofs of the intersection-clustering bound and The-
orem for the Ising model

The notation remains as in Section |3} The endgame in this section will be the uncondi-
tional proof of the intersection-clustering bound that we restate below in the right level
of generality. The main modification is that the sequence .Z of integers f; will be chosen
dynamically, adjusting it to the behaviour of the two-point function. More precisely, re-
call the definition of the bubble diagram By (/3) truncated at a distance L. Fix D> 1 and
define recursively a (possibly finite) sequence £ of integers ¢ = ¢ (3, D) by the formula
fo =0 and

Cher = inf{0: By(8) 2 DBy, (8)}. (5.1)

By the Infrared Bound (4.44), By, — B; < Cplog(L/¢) (in dimension d = 4) from which it is
a simple exercise to deduce that under the above definition
D* < By, (8) < CD" (5.2)

for every k and some large constant C' independent of k.

Proposition 5.1 (clustering bound) For d = 4 and D large enough, there exists § =
§(D) > 0 such that for every 3 < B, every K > 3 with {x < &(B), and every u,x,y, z,t € Z*
with mutual distances between x,vy, z,t larger than 20x,

Py WML, (T 2, K) < 6K ] < 27K, (5.3)

Before proving this proposition, let us explain how it implies the improved tree diagram

bound.

Proof of Theorem Choose D large enough that the previous proposition holds
true. We follow the same lines as in Section , simply noting that since By, () < CDF,
we may choose K > clog Br(f) with 2k < L, where ¢ is independent of L and 3, so that
(3.13) implies the improved tree diagram bound inequality. |

The main modification we need for an unconditional proof of the intersection-clustering
bound lies in the derivation of the intersection and mixing properties. The former is similar
to Lemma but restricted to sources that lie in regular scales. We restate it here in a
slightly modified form.

Lemma 5.2 (Intersection property) Fix d=4. There exists ¢ >0 such that for every
B < Be, every k, and every y ¢ Aoy, ., in a regular scale,

PO L] > c. (5.4)
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Proof Restricting our attention to the case of y belonging to a regular scale enables us to
use properties P1 and P2 of the regularity assumption on the scale. With this additional
assumption, we follow the same proof as the one of the conditional version (Lemma |3.4)).
Introduce the intermediary integers n < m < M < N satisfying

Gen>0  nts>men®c ) MY> N> M | N>, > N3 (5.5)

I

For the second moment method on .#, the first and second moments take the following
forms

EY 22141 > e1(Bar(B) - Bua(B)) 2 2By, (), (5.6)
B2 ] < es(Bu(B8) = Bm-1(8))Bant (B) < e3By,.., (B), (5.7)

where in the second inequality of the first line, we used that D is large enough and
Lemma [5.3] below to get that

B 1+15C
ih—ié? and By, 1(8) < (1+15C) By, (8) < —

For the bound on the probabilities of the events F1, ..., Fy defined as in Section recall
that the vertices x and z there are in our case both equal to y that belongs to a regular
scale. Using Property 2 of the regularity of scales, the bounds in (3.21]) and (3.22) follow
readily from the Infrared Bound . o

Bu(B) 2 By, (8).

In the previous proof, we used the following statement.

Lemma 5.3 Ford =4, there exists C > 0 such that for every B < B. and every £ < L <&(5),

log(L/ﬁ))

Br(B)<(1+C B(B). (5.8)

Proof For every n < N for which n = 2 with k regular, we have that (recall the definition
of xn (/) from the previous section)

Bon(8) - Bn(B) < CoN~*xn/a(B)?

< ™ xn(B)?

< CQn74(X2n(/8) - Xn(ﬁ) )2

< C3(Ba2n(B) - Bn(B)) (5.9)
where in the first inequality we used (4.4)), in the second the sliding-scaled Infrared Bound
(4.31)), in the third Property P4 of the regularity of n, and in the last Cauchy-Schwarz.

Now, there are log,(L/¢) scales between ¢ and L, and at least %logzﬁ regular scales

between 1 and ¢ by abundance of regular scales (Theorem [4.13)). Since the sums of squared

correlations on any of the former contribute less to Br(8) — Be¢(3) that any of the latter
to By(f3), we deduce that

Bu(9) £ (1+ OB ) ), (5.10)
O

Next comes the unconditional mixing property.
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Theorem 5.4 (random currents’ mixing property) For d > 4, there ezist a,c > 0
such that for every t < s, every B < B¢, every n® < N < &(B), every x; € Ay, and y; ¢ Ay
(i <t), and every events E and F depending on the restriction of (ni,...,nys) to edges
within A, and outside of An respectively,

‘leyl’“wrtyi)gv"v@ |:E n F] _ P;lyl7"'71'tyt7®7~"7®[E]leyl7"'7:Eiyt7®"“)® [F:” S S(log % _C.

(5.11)

Furthermore, for every xi,...,x; € Ay and yi,...,y; ¢ AN, we have that
‘PZlyl,...,ztyt,Q,.‘.,Q[E] _ P;wi,‘..,mtyi,g,...,z[E]‘ < s(log %)—c’ (512)
|Pgly1,...,ztyt,®,...,®[F] _ P;’lyl,~~~,w2yt7®,~~-,®[F]l < s(log %)—c' (513)

We postpone the proof to Section [5.2] below. Before showing how Theorem [5.4] is used
in the proof of the improved tree diagram bound, let us make an interlude and comment
on this statement.

Discussion The relation is an assertion of approximate independence between
events at far distances, and f expresses a degree of independence of the prob-
ability of an event from the precise placement of the sources when these are far from
the event in question. This result should be of interest on its own, and possibly have
other applications, since mixing properties efficiently replace independence in statistical
mechanics.

The main difficulty of the theorem concerns currents with a source inside A, and a
source outside Ay (i.e. the first ¢ ones). In this case, the currents are constrained to
have a path linking the two, and that may be a conduit for information, and correlation,
between A, and the exterior of Ay. To appreciate the point it may be of help to compare
the situation with Bernoulli percolation: there the mixing property without sources is a
triviality (by the variables’ independence); while an analogue of the mixing property with
sources x and y would concern Bernoulli percolation conditioned on having a path from
x to y. Proving convergence at criticality, for x set as the origin and y tending to infinity,
of these conditioned measures is a notoriously hard problem. It would in particular imply
the existence of the so-called Incipient Infinite Cluster (IIC), and the definition of the
IIC was justified in 2D [36] and in high dimension [53], but it is still open in dimensions
3 < d <10. When the number of sources is even inside A, things become much simpler
and one may in fact prove a quantitative ratio weak mixing using mixing properties for
(sub)-critical random-cluster measures with cluster-weight 2 provided by [5].

Theorem has an extension to three dimensions using [5], but there it becomes
non-quantitative (the careful reader will notice that the condition d > 3 is coming from
the exponent appearing in the proof of in Lemma in the next section). More
precisely, one may prove that in dimension d = 3, for every n, s and &, there exists a
constant IV sufficiently large that the previous theorem holds with an error € instead of
s(log %)’C. This has a particularly interesting application: one may construct the I1C
in dimension d = 3 for this model, since the random-cluster model with cluster weight
q = 2 conditioned on having a path from x to y can be obtained as the random current
model with sources z and y together with an additional independent sprinkling (see [6]).
This represents a non-trivial result for critical 3D Ising. More generally, we believe that
the previous mixing result may be a key tool in the rigorous description of the critical
behaviour of the Ising model in three dimensions.

This concludes the interlude, and we return now to the proof of the intersection-
clustering bound.
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Proof of Proposition We follow the same argument as in the proof of the condi-
tional version (Proposition and borrow the notation from the corresponding proof at
the end of Section [3.2] We fix o > 2 large enough that the mixing property Theorem [5.4]
holds true. Using Lemma we may choose D = D(«a) such that .1 > (3.

The proof is exactly identical to the proof of Proposition [3:3] with the exception of
the bound on P%0%22[ A5] and the fact that we restrict ourselves to subsets S of even
integers in {1, ..., K —3}. In order to obtain this result, first observe that since we assumed
li <&(B), by Theorem there exists y € Ann(¢x_1,%x ) in a regular scale. Since the
event Ag depends on the currents inside Ay, , (since S does not contain integers strictly
larger than K - 3), and that {x_1 > % _,, the mixing property (Theorem shows that

pOr0=22[ 4] < PWOPI[ Ag] + < PWO2O[ fg] 4+ 270K, (5.14)

C
Viog ¢
To derive the first bound on the right-hand side, we apply the mixing property repeatedly
(Theorem and the intersection property (Lemma exactly as in the conditional
proof. For the second inequality, we lower bound ¢x_; using By, ,(5) > DX=1 and the

Infrared Bound (4.44)). o

5.2 The mixing property: proof of Theorem

As we saw, the mixing property is in the core of the proof of our main result. The strategy
of the proof was explained in Section when we proved mixing for one current under
the power-law assumption. In this section we again define a random variable N which is
approximately 1 and is a weighted sum over (¢-tuple of) vertices connected to the origin.
The main difficulty will come from the fact that since we do not fully control the spin-spin
correlations, we will need to define N in a smarter fashion. Also, whereas in Section [3.2]
we treated the case of a single current (s = 1), here we generalize to multiple currents.

Fix 8 < B, and drop it from the notation. Also fix s > ¢ > 1 and n® < N < £(f).
Below, constants ¢; and C; are independent of the choices of s,t,3,n, N satisfying the
properties above. We introduce the integers m and M such that m/n = (N/n)'/? and
N/M = (N/n)'3 (we omit the details of the rounding operation).

For x = (x1,...,2¢) and y = (y1,...,¥yt), we will use the following shortcut notation
PXY = PPty and  PXY @ P2, (5.15)
where the second measure is the law of the random variable (ng,...,ns nf,...,n.), where
(nf,...,n.) is an independent family of sourceless currents.

To define N, first introduce for every vertex y ¢ Aoy, the set (see Fig. )

Ay(m) = {ueAnn(m,2m): Vz e Ayyyas {oz0y) < (1+ C'gu‘)(auoy)}, (5.16)

where C' is given by the definition of good scales.

Remark 5.5 When y is in a reqular scale, then Ay(m) is equal to Ann(m,2m) by Prop-
erty P2 of reqular scales. The reason why we consider A,(m) instead of the full annulus
Ann(m,2m) is technical: since y will not a priori be assumed to belong to a regular scale

(in fact |y| may be much larger than £(3) when 8 < B.), we will use (for (5.26) and (5.37)

below) the inequality between (o,0y) and (o,0y) in several bounds. Now, if y1 = |y|, then

Ay(m)o{ze Z%:m <z <2m and 0 < z; <m/d for j > 1} (5.17)
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as the Messager-Miracle-Sole inequality implieﬁ that (o.0y) > (0.0y) for every x € Ay, q.

From now on, fix a set % of regular scales k with m < 2¥ < M /2 satistfying that distinct
k,k" € 2 are differing by a multiplicative factor at least C' (where the constant C' is given
by Theorem . We further assume that |Z| > ¢1log(N/n), where ¢; is sufficiently
small. The existence of ¢ is guaranteed by the definition of m and M and the abundance
of regular scales given by Theorem [£.13]

Define N := Hle N;, where

X ’
n;+nj

I[u <" 2], (5.20)

1 1
N,’ =
L L @) 2

Ay, (29)
where ayy(u) := (0z0u)(0uoy)/{(020y) and Ay, (M) = Yyep, (m) @zy(u). The first step of
the proof is the following concentration inequality.

Proposition 5.6 (Concentration of N) For every o > 2, there exists Cy = Co(a,t) >0
such that for every m large enough and n® < N < &(f),
Co

EY2[(N-1)?] < g (N /)’ (5.21)

Proof We shall apply the telescopic formula

t t
N—lEHNZ’—1= (Nl_l)HNJ
i=1

i=1 = 7>

with the last product interpreted as 1 for ¢ = ¢t. Hence, by Cauchy-Schwarz inequality and
the currents’ independence,

EXY2[(N-1)*] <t i E2[(N; - 1)*] []E®?[N7]. (5.22)
=1

7>
It therefore suffices to show that there exists a constant Cy > 0 such that for every i <t,

Cy

Xy, L 1)\2
BN - 1)) < oS

(5.23)

To lighten the notation, and since the random variable N; depends only on n; and nf, we
omit the index in z;,y;, n;,n; and write instead just z,y,n,n’. We keep the index in N;
to avoid confusion with N which is the product of these random variables.

The proof of is also based on a computation of the first and second moments
of N;. For the first moment, the switching lemma and the definition of N; imply that

5 The claim follows directly from the inequality Sg(y) < Sg(x) for every x,y such that x; > 0 and
Y1221+ Y51 |yj — ;] In order to prove this inequality, define, for 0 <i < d,

. d
U(z) = (1‘1 + Z |yj - CL’]‘|,.CL‘2, ey iy Yitly o - ,yd)- (518)
j=i

Successive applications of the Messager-Miracle-Sole inequality with respect to the sum or the difference
(depending on whether z; is positive or negative) of the first and i-th coordinates implies that

Ss(y) < Sp(v™M) < S5(0P) < < S5(v'?) = S5(). (5.19)

35



E"¥?[N;] = 1. From the lower bound on |, to bound the second moment it therefore
suffices to show that

Co

E"Y2[NZ] <1+ il (5.24)
which follows from the inequality, for every £ > k in ¢,
S P[0 S 0] < Ay (25) Ay (29 (1 + C527 R, (5.25)
ueh, (2%)
vehy (2%)
Case ¢ > k. We find by (A.11) that
pv-2 n+n’ <a, , (o20y) (ouow)  (020y) (ouow) _ 596
[U,U iL'] sa ,y(u)a ,y('U) ((Uu0y> <Uxav> + <Uv0y> <Ux0u> ( )

Now, since u € A, (2), (0,0,) < (1+C|u 2 ){(ouoy). Furthermore, since £ is a regular scale,

Property P2 of regular scales implies that (ouow) < (1+ c/lu=l ){oz0,). We deduce that

o]

<1+Co27 (R, (5.27)

Similarly, since v € A,(2%), (oz0,) < (1 + C"U :c' ){(owoy). Property P3 for the ¢ -k regular
scales in Z between k and ¢ implies that

<‘7w0y> (ouoy)
(0v0y> (020u)

Plugging (5.27] into and summing over u € A,(2%) and v € A,(2%) gives
(15.25]).

<027 h), (5.28)

Case ¢ =k. Assume that (o,0,) < (0y0y). Use (A.11) to write

P*2u,v iy x] < (oyoy) ( {o20u) + {ouay) ) gy (V). (5.29)
(oz00) (U’uay>
By Property P1 of regular scales, the first term under parenthesis is bounded by a constant.
The second one is bounded by 1 by assumption. Now, for each v € Ay(2k ),

{(ouou) < Xore1(B) < C2(xor1 (B) = x2r(B))

uehy (2F):(ouoy)<(ovoy)

<Cy Z (ooow)
uehy, (2F)

(020u)(0uoy)

<Cy
wehy (2F) (o0y)

= C4A:r,y(2k)a

where the first inequality is trivial, the second one is true by Property P4, the third by
Remark (when y is regular then it is a direct consequence of P4, and when it is not
one can use and the Messager-Miracle-Sole inequality), and the fourth inequality
follows from Property P1 of regular scales (to replace (cgoy,) by (0,0,)) and the fact that
since u € Ay (2%), (0,0y) < (1+ Clu - al/|y|)(ouoy) < Cs{ouoy).
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We deduce that

SR alce Y PO "] <G, (N (5.0
u,vehy, (2F) u,vehy, (2F)
(ouoy)<{ovay)

O

For a proof of Theorem we fix a > 2 (which will be taken large enough later).
Applying the Cauchy-Schwarz inequality gives

P[0 F] - B[Nl o] < VESPN- D2 € ———.  (331)
o V1og(N/n)
Now, for u = (uq,...,u;) with u; € Ann(m, M) for every i, let G(uq,...,u) be the event

that for every i < s, there exists k; < n; + n} such that k; = 0 on A, k; = n; + n] outside
Ay, and 0k; is equal to {u;,y;} if i <t and @ if ¢ <i <'s. The switching principle implies
as in Section [4.3] that

Xy,@ Ani+n; . y
P [(n1,...,n5) e ENnFu; < x; for i <t,G(uy,...,u)]

¢
= (Hazi7yi(ui))Px“’uy[(n1, coong) e B (n],....n) e F,G(u1,...,u)]. (5.32)
i=1

Also, as before, we have the trivial identity
P*""W[(ny,...,n5) € E,(n],...,n.) e F] =P [E]PW[F]. (5.33)
We now pause the argument to establish the following lemma.

Lemma 5.7 For d > 4, there exists € > 0 and ag = ap(e) > 0 large enough such that for
every n® < N < &(B) and for every u with u; € Ayi(2ki) for some k; with m < 2 < M /2
for every 1 <i<t,

n;+n

t -1 ’
(TT o (u)) PY2Lu " i, ¥i < 4,Glun, )] = P [Gun, )]
i=1
<s(#). (5.34)

Proof Fix ¢ > 0 sufficiently small (we will see below how small it should be). The first
identity follows from the switching lemma so we focus on the second one. Let G; be the
event that the current k; exists. This event clearly contains (see Fig. [4) the event that
Ann(M, N) is not crossed by a cluster in n;, and Ann(n,m) is not crossed by a cluster
in n, since in such case k; can be defined as the sum of n; restricted to the clusters
intersecting A%, (this current has no sources) and n; restricted to the clusters intersecting
A¢, (this current has sources u; and y;). We focus on the probability of this event for i < ¢,
the case t < i < s being even simpler since there are no sources.

We bound the probability of n; crossing Ann(M, N) by splitting Ann(M, N) in two
annuli Ann(M, R) and Ann(R, N) with R =+ MN, then estimating the probability that
the backbone of n; crosses the inner annulus, and then the probability that the remaining
current crosses the outer annulus. More precisely, the chain rule for backbones [4] gives
that for ag = ap(e) > 0 large enough and N > n®0,

Xy < > 3 M ’ €

P*[I'(n;) crosses Ann(M,R)] < ). <CR’—+<(n/N)°,  (5.35)

vedA R (02:0u;) R
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Figure 4: The currents n; (red) and n} (blue). Since the sources of n;, i.e. ; and wu;, are
both in Ajs, a reasoning similar to the proof of uniqueness in the intersection property
(first control the backbone, proving that it does not cross the annulus Ann(M, R), and
then the remaining sourceless current) enables us to conclude that the probability that the
current contains a crossing of Ann(M, N) is small. Similarly, since the sources u; and y;
of n] lie both outside of A,,, we can prove that the probability that n} crosses Ann(n,m)
is small. An extra care is needed for establishing the latter since y is not assumed to be
regular. To circumvent this problem, we consider only intersection sites u; in one of the
boxes Ay (y;), which are depicted here in gray.

where the lower bound to bound the denominator and the Infrared Bound for
the numerator. Then, observe that the remaining current n; \ I'(n;) is sourceless. Adding
an additional sourceless current and using the switching lemma and Griffiths inequality
[25] (very much like in the bound on F3 in the proof of Lemma ([3.22))) gives

P*Y[n; \I'(n;) crosses Ann(R,N)] < > (0vow)? < C3R3N3(R/N)* < (n/N)E, (5.36)
ve@AR
weBAN

where we used the Infrared-Bound and in the last one the definition of R and the
fact that N > n® for ag large enough.

When dealing with the probability of n} crossing Ann(n,m), fix r = \/nm and apply
the same reasoning with the annuli Ann(n,r) and Ann(r,m). The equivalent of is
the same as before, but one must be more careful about the bound on the probability of
the event dealing with the backbone:

P*Y[I'(n]) crosses Ann(r,m)]<Cy Y. (w0 o00y;)

<Oy < (nf N, (5:37)
vedA, (ou,0y,)

where we used the Infrared Bound (4.44)) and our assumption that u; belongs to one of
the Ag(y;) (to show that (oy0y,) < Ca{oy,0y,)). ]

Invoking the above lemma we now return to the proof of Theorem [5.4]
Introduce the coefficients §(u,x,y) equal to

¢ Ay, (U7)
S(u,x,y) =[] —=¥ 2~ __ 5.38
(wxy) = s @ (5-38)
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for u such that for every i < t, u; € Ayi(Qki) for some k;, and equal to 0 for other u.

Gathering (5.31)—(5.33)) as well as Lemma and observing that the sum on (uq,...,uz)
of 0(u,x,y) is 1, we obtain that

Css Crs
PY[EnF]-) d(ux,y) P [EPY[F]| < ———— +2C45(n/N)* £ ———,
[PY[EnF] %:( y)PHEPY[F]| < O] 6s(n/N)° < 10g(N(/n)>
5.39

provided that N > n® where o is given by the previous lemma.

To conclude the proof is now a matter of elementary algebraic manipulations. We begin
by proving when all the y;,y; for i <t belong to regular scales (not necessarily the
same ones). In this case, apply twice (once for y and once for y’) the previous inequality
for our event E and the event on the outside being the full event to find

2C7s

Viog(N/n)

Since all the y;,y, are in regular scales, Remark H implies that A, (2F) = Ayg(Qki) =
Ann(2%,2F+1) Furthermore, Property 2 of regular scales implie that

[PY[E] - P’ [E]] < ‘ Z(é(u,x,y) - (5(u,x,y'))qu[E]‘ + (5.40)

|5(u7X7y) - 5(u,x,y')| < CgS%é(U,X,y) < Cgs(n/N)l/?’cS(u,x,y). (541)

Therefore, follows readily (with a large constant Cg) in this case. The same argu-
ment works for the second identity .

Now, assume further that N > n3%, Consider z = (z1,..., 2 ) with z; in a regular scale
for every i <t and z; € Ann(m, M ). We also pick y on which we do not assume anything.
The fact that the §(u,x,y) sum to 1 implies that

[PYE] - P*[E]| = [PY[E] - 3 0(u,x,y)P*[E]|

C(;S C78

+ < ,
\/Iog(m/n) \/Iog(N/n)
(5.42)

< [PYY[E] - ¥ o(uxy) P E]

where in the second line we have used for u and z for n and m which is justified
since m/n = (N /n)Y/3 > no.

Finally, we repeat the reasoning above. For N > n%?, the proof of is obtained
by applying for £, F, N and n, the previous inequality for E, m and n (which
is justified since m/n = (N/n)"3 > n3®0) and then again for F'; N and n. This

concludes the proof with a = 9ay.

5.3 Proof of Proposition (1.4

As mentioned in the introduction, Newman [42] showed, using the model’s Lee-Yang
property, that gaussianity of the limit is implied by the asymptotic vanishing of the scaling

"Note that in this case §(u,x,y) and d(u,x,y’) are both close to

§'(u,x):=]] {o2,0u;)

i<t ‘1/| ZvieAnn(Qki ,2ki+1)(‘7zi‘7vi> '
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limit of |Uf |. A more quantitative proof is available through the inequality, valid for every
n > 2 and derived using the switching lemma in [I, Proposition 12.1],

0< gn[Sg](xl,. ..,wgn) —S[g((]}l,.. .,{L‘Qn)

3
<—— Z Sg(:clj...,gr/{,...,%,...,%,...,gf/[,...,xzn)Uf(xi,xjjxk,xl). (5.43)

2 1<i<j<k<l<2n

Combined with the improved tree diagram bound (|1.22)), this inequality has the following
consequence: for a continuous function f which vanishes outside [-r,r]*, and for § < 3,

and L < £(8),
(TyL(0)™) s - STy ()] < 3Ty (@)™ )5 fI% S(Lyr.B),  (5.44)

where

(0202,)8(0202,)(02025)3(00024)
S(L,r,B) = 2 , (5.45)
erZ:d EL(B)Q ’ BL(xl,...,an;)(/B)c
1, Ta€ArL
where L(z1,...,x4) is the minimal distance between the x;. Also note that by flip sym-

metry we find that (Tf7L(a)2n+1)5 = 0. Multiplying (5.44) by % and summing over n,
we obtain

[(expl= Ty 0()])s = exp[ 5 (T5,1(0)*)s]| < exp[5(Ty(0)*)s1C12" | F%S (L7, B).
(5.46)

Proposition therefore follows from the bound

log logL)C

S(L,r,B) < Cor™( o

(5.47)
that we prove next. Note that is easy to obtain under the power-law assumption
(3.2). Without this assumption, the derivation requires a few lines of (not particularly
interesting) computations to address the fact that we do not a priori know that Bz ()
grows logarithmically. Roughly speaking, the argument below uses the idea that in the
case in which By () is small, then ¥7,(3) is much smaller than L?, so that both combine
in such a way that the previous bound is always valid for ¢ > 0 sufficiently small. We now
provide the proof of (5.47). Fix 0 < a <1 (any choice would do) and split the sum into
four sums

S(L,7,pB) = » () + D () + D () + 3 ().

zeAgrr, T¢Aarr, xelAgrr, T¢Narr,
T1,-,T4€ALL T1,eT4€AL Z1,-T4€A L Z1,e5T4€N L
L(z1,...,x4)2L" L(z1,...,x4)2L" L(z1,...,z4)<L® L(x1,...,x4)<L®

(1) @) 3) )
(5.48)

Bound on (1) We focus on this term and give more details since it is in fact the main
contributor. By Lemma 5.3}

BL(ay...xs)(B) 2 &5 BL(B). (5.49)

Summing over the sites in A, we get that

[Arzlxern(8)* xz(8)? e
(1)S03WSCT12(WL(IB)) , (550)
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where in the second inequality we used the sliding-scale Infrared Bound (4.31)) to
bound Yag,1,(8) in terms of x(3) < CsL™*X1(B) and the Infrared Bound (#.44) to

write

xL(B) < CsL*. (5.51)
Using Cauchy-Schwarz in the first inequality below, (5.51]) to bound the first term
in the middle and Lemma for the second one, we find that

xL(8)? X1/10g L(8)? . BL(8) = Brj1og .(8) < loglogL'

<2 < 5.52
2T () I F R 1 () gL 0P
Plugging this estimate in ((5.50)) gives
loglog L \¢
1) < Cor?(——==) . 5.53
(1) < Cor'* (=) (5.53)

Bound on (2) Combine (4.4)) and the sliding-scale Infrared Bound (4.31) to get that for

i=1,...4,
Cho Cn
(0202;)p < WXM/d(ﬁ) < WXL(/B)- (5.54)
Summing over the sites gives the same bound as in (5.50) so that the reasoning in
(1) gives
loglog L \¢
2) < Cpar'?(——=) . 5.55
(2) < Car®(= 727 (5.55)

Bound on (3) This term is much smaller than the previous two due to the constraint
that two sites must be close to each other. In fact, we will not even need the improved
part of the tree diagram bound and will simply use that By, . .,)(8) > 1. Then,
we use the Infrared Bound to bound the terms (0,04,)s and (0.04;)s for
which z; and z; are at a distance exactly L(x1,...,24). Summing over the other
two sites 2, and 2; gives a contribution bounded by x2,1(8)? < C13L™8r*21(8)? by
the sliding-scale Infrared Bound . Summing over x and then z; and z; gives

that
Char*log(Lr)

(3) < [A-4a

(5.56)

Bound on (4) This sum is even simpler to bound than (3). Again, we simply use
Bl (zy,..24)(8) 2 1, bound two of the terms (0,0.,)s using (5.54), and the other
two using the Infrared Bound (4.44)). Summing over the vertices and using the
constraint that two of the sites must be close to each other gives the bound

015’1"8

(4) s [A-4a”

(5.57)

In conclusion, all the sums (1)—(4) are sufficiently small (recall that by definition r > 1)
and the claim is derived.

Remark 5.8 For 8 < B, applying (5.45) with r = 1 and L = £(B) gives the following
bound on the renormalized coupling constant g(3):

1 —C
9(B) = ng,y;&zd UL (0,2,y,2)| < log(257) ™, (5.58)
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where we used that

E(B)? 2 coxe(s)(B) 2 erx(B) 2 e2/ (Be = B)

(the inequalities follow respectively from the Infrared Bound, a classical bound obtained
first by Sokal [51f, and the mean-field lower bound on x(B) [1f). In field theory this
quantity is often referred to as the (dimensionless) renormalized coupling constant. In
[33] it was proved that for lattice qﬁ measures of small enough X\ it converges to 0 at the
rate l/log(ﬁ). Such behaviour is expected to be true, in dimension d =4, also for the
n.n.f. Ising model.

6 Generalization to models in the Griffiths-Simon class

6.1 Definition of the models

While the random current properties are rooted in the binary structure of the Ising spins,
the results extend to a broader family of statistic-mechanical Gibbs equilibrium states of
systems of variables 7 = (7,,) defined over A c Z¢, with an Ising-like Hamiltonian

Hp g(1)=- Z Ty TaTy (6.1)
{z,y}cA

and an a-priori site measure p of the form

n N
p(r):= Y expl ), K;joio;] x6(T- ;ijfj)» (6.2)

ce{s1}N 0=l j

where § denotes the Dirac function.

In discussions of the Gibbs equilibrium states of such systems, i.e. measures of the
form e #H (") [1, p(7,)/Norm, the variables 7, can be viewed as local weighted averages of
an array of Ising constituent spins attached to the vertices (x,j) of a decorated version
Ax{1,...,N} of the original graph:

Ty = Z Qjaac,j . (63)
j=1

This device was introduced by Griffiths [26] as a tool for the extension of inequalities
which were initially established for Ising spin models to similar systems of more general
spins, of which a number of interesting examples were presented in [26]. It was subse-
quently pointed out by Simon and Griffiths [29] that upon taking weak limits this class
can be extended to include also the ¢* variables described in Section This general
family of models is referred to below as the Griffiths-Simon (GS) class. Simon and Grif-
fiths’ observation was employed in the proof of the “no-go” theorem for d > 4 of [1]. It will
also play a similar role here, allowing us to extend the results proven above to a similarly
broader class of variables.

While this is not relevant for all the properties discussed above, we restrict our attention
here to nearest-neighbor ferromagnetic (n.n.f.) models and omit J from the notation.

An important observation is that Reflection-Positivity remains true regardless of the
distribution of the single-site variables 7. In particular, the n.n.f. models satisfy this
condition so that the results of Section [4] extend mutatis mutandis to p in the GS class.
Note however that p can have unbounded support, so that to be of relevance the relations
of interest need to be expressed in spin-dimension balanced forms, a fact on which we were
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Figure 5: The decorated graph, in which the sites x € A of a graph of interest are re-
placed by “blocks” %, of sites indexed as (z,7). The Ising “constituent spins” o, ; are
coupled pairwise through intra-block couplings K ; and inter-block couplings @Q;J; Q.
The depicted lines indicate a possible realization of the corresponding random current.

careful in Section [d] Many of the basic diagrammatic bounds which are available for the
Ising model extend to the GS class essentially by linearity, and then to the GS class by
continuity. In particular, the regularity estimate extends verbatim.

When discussing systems of GS single site variables we denote by (-), 3 the model’s in-
finite volume Gibbs measure, 5.(p) the corresponding critical inverse temperature, £(p, 3)
the correlation length, Uf’ﬁ the 4-point Ursell function of the 7 variables, and Br(p, )
the bubble diagram truncated at a distance L.

6.2 An improved tree diagram bound for models in the GS class

For bounds which are not homogeneous in the spin dimension, one needs to pay attention
to the fact that 7 is neither dimensionless nor bounded, and prepare the extension by
reformulating the Ising relations in a spin-dimensionless form.

For example, the basic tree diagram bound has four Ising spins on the left side
and four pairs on the right. An extension of the inequality to GS models can be reached
by site-splitting the terms in which an Ising spin is repeated, using the inequality

(o20u)p,s{ouoy)pp < Z<0m0u>p,ﬂ Bluu{owoy)ps (6.4)
"

(which has a simple proof by means of the switching lemma)ﬂ The resulting diagrammatic
bounds may at first glance appear as slightly more complicated than the one for the
Ising case, but it has the advantage of being dimensionally balanced. That is a required
condition for a bound to hold uniformly throughout the GS class of models. Additional
consideration is needed for the factors by which the tree diagram bound of [1] is improved
here. Taking care of that we get the following extension of the result, which also covers
the ¢* lattice models.

8 An alternative method for reducing a diagrammatic expression’s spin-dimension is to divide by (o2 ).
Both methods are of use, and may be compared through (4.20)).
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Theorem 6.1 (Improved tree diagram bound for the GS class) There exist C,c >
0 such that for every n.n.f. model in the GS class on Z*, every 5 < Be(p), L <&(p, B) and
every z,y, z,t € Z% at distances larger than L of each other,

Bo(p, ) \
|Uf"8([L‘7 y7 Z,t)| S C(%) Z z (TxTu>p”6' BJU,U/ <7-u/7_y)p”3<7_z7_u>p7ﬁ /BJu,u” <7-u//7'z)p7ﬁ.
’ (6.5)

Before diving into the proof, note that the improved tree diagram bound implies, as it did
for the Ising model, the following quantitative bound on the convergence to gaussian of
the scaling limit of the 7 field in four dimensional models with variables in the GS class.

Proposition 6.2 There exist two constants c¢,C > 0 such that for every n.n.f. model in
the GS class on Z*, every B < Be(p), L < &(p, B), every continuous function f: R* - R
with bounded support and every z € R,

Clflery

oz L)° z". (6.6)

|[(expl=Ty0(7) - S(Tru(1)?),8)), 5 - 1] <
We now return to the proof of the improved tree diagram bound, following the path
outlined above. The GS class of variables is naturally divided into two kinds. The core
consists of those that directly falls under the definition (6.2)). The rest can be obtained
as weak limits of the former. Since the constants in (6.5)) are uniform, it suffices to prove
the result for the former to get it for the latter. We therefore focus on site-measures p
satisfying the condition , which can directly be represented as Ising measures on a
graph where every vertex is replaced by blocks, as explained in the previous section. In
this case, we identify (-), g with the Ising measure, and 7, with the proper average of
Ising’s variables. With this identification, we can harvest all the nice inequalities that are
given by Ising’s theory. In particular, we can use the random current representation.
More explicitly, to generalize the argument used in the Ising’s proof, we introduce the
measure P*Y defined on the graph Z¢ x {1,..., N} in two steps:

e first, sample two integers 1 < i, j < N with probability Q;Q;{(0+,i0y.j)p.8/{TeTy)p.5
8):(y,9)}

random current representation of the Ising model (-) p:[g.

e second, sample a current according to the measure pl corresponding to the

The interpretation of this object is that of a random current with two random sources
(z,i) € By and (y,7) € AB,. Also note that the superscript zy will unequivocally denote
this type of measures (we will avoid using measures with deterministic sources in this
section to prevent confusion) and Pi 5 Which have no sources.

Remark 6.3 The interest of the measure Piy over measures with deterministic sets of
sources comes from the fact that the probability that the cluster of the sources intersects a
set of the form 2B, can be bounded in terms of correlations of the variables T4,z € Z¢ (see

Proposition .

Proof of Theorem As mentioned above, every p in the GS class is a weak limit of
measures of the form . We therefore focus on such measures.

Exactly like in the case of the Ising model, the core of the proof of Theorem will
be the proof of the intersection-clustering property that we now state and whose proof is
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postponed after the proof of the theorem. Define £y = 0 and ¢; = f;(p, 3) using the same
definition (using By (p, 3) this time) as in (5.I). Let 7, be the set of vertices v € Z? such
that %, is connected in ny +n3 to a box %, and in ny +ny to a box %,~, with v’ and u”
at graph distance at most 2 of u. Note that .7, is now a function of u and that it is defined
in terms of “coarse intersections”, i.e. lattice sites v such that both clusters intersect %,
(but do not necessarily intersect each other).

Proposition 6.4 (intersection-clustering bound for the GS class) For d = 4 and
D large enough, there exists § = §(D) such that for every model with p satisfying ,
every B < Bo(p), every K such that L < £(p, B) and every u,u’,u",x,y,z,t € Z¢ with u'
and u" neighbors of u and x,y, z,t at mutual distances larger than 2{g,

P M (7 2, K) < 0K < 277K, (67)

We now keep going with the proof of the theorem. Express U} % in terms of intersection
properties of currents by summing ([2.14)) over vertices of %,, ..., %.:

|sz”8(xv Y, z, t)| < 2<7—$7_y>p,5<Tth)p,ﬁP§%2t7®7®[Cn1+n3 (8111) N Cn2+n4(8n2) * ®]7 (68)

where Cp,+ns(0n1) and Chpyin, (0ng) refer to the clusters in nj + n3 and ng + nyg of the
sources in dnj and dny respectively (we introduce this notation since the sources are not
deterministic anymore).

Define K > clog[BL(p,3)/Bo(p, )] as in the Ising case. We now implement the same
reasoning as for the Ising model, with the twist that we consider coarse intersections. If
Chn,+ns(0n;) and Cp,in, (0ng) intersect, then

e cither the number of u € Z% such that Ch,+ns(0n;) and Cp,n, (On2) intersect A,
is larger than or equal to 20K/ 5

e or there exists u € Z% such that Chn,+n3(0n1) and Cp,in, (Ong) intersect %, and
M, (Z; 4, K) < K.

Using the Markov inequality and (A.34]) on the first line, and Lemma in the second
one, we find (drop p and 8 from notation)

|Ug(z,y,2,t)| < 9 0K/5 Z (TaTu) BIuuw {Tw Ty ToTu) BIuur (TurTe)
w,u! u''eZd
+ Z (TxTu} Buu <Tu’7'y><7'z7'u> BIuur <7'u”7't>Pm7zu’u,y’u{/t [Mu(%a Z,K)< 5K]'
w,u! u' €74

(6.9)

It may be noted that the definition of M, (.7,;.Z,K) in terms of coarse intersections
instead of true intersections is crucial to use Lemma (like that the event does not
depend on the specific sources in each block). Also, the fact that 7, was defined in terms
of clusters intersecting boxes at graph distance at most 2 of u enables us to ignore the te-
dious additional of d4, in Lemma The intersection-clustering bound (Proposition
concludes the proof. O

We now need to prove Proposition The proof itself is exactly the same as for
Proposition (the monotonicity property of is not impacted), except for the proofs
of the mixing and intersection properties (i.e. statements corresponding to Lemma
and Theorem respectively). Below, we briefly detail the statements and proofs of
these results. Let I;(0) be the event that there exists v € Ann(fy, k1) such that 2, is
connected in nj + ng and to nsy +ny to the union of the boxes %, with w at a distance at
most 2 of 0.
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Lemma 6.5 (intersection property for the GS class) There exists ¢ > 0 such that
for every p satisfying (6.2)), every 8 < B:(p), every k, every neighbour 0" of the origin, and
every y ¢ Aog, ., in a regular scale,

P2 1(0)] 2 . (6.10)

Proof Reuse the notions included in the proofs of the intersection property in previous
sections. Let
n
ni+ns nj;+ns

M= 3 Q[on; =’ (v,4)]Q31[dny =’ (v,7)]. (6.11)

veAnn(m,M) i,i'=1

A computation similar to before gives

E%ﬂ,o'y,@,zﬂ///ﬂ > c1(Bu(p, B) = Bim-1(p, B)) (6.12)
ES%OI%Q’@H‘%F] < CQBka(p’B)Q- (6.13)

Now, in the first line we use the same reasoning as in (??). We include it for completeness
to see where the division by By(p, 3) enters into the game (it is the only place it does).
The Infrared Bound ([{.43) (note that (7¢), 3 = Bo(p, 3)) implies that

BM(paﬁ)_Bm—l(pvﬂ) 2 Bflwl (pvﬂ)_Bfk(pnB)_C?)BO(p:ﬁ) 2 (1_%)B£k+1(p76)' (614)

Cauchy-Schwarz therefore implies the fact that .# # @ with positive probability, which
implies in particular the existence of a vertex v € Ann(m, M) which is connected in nj +n3
to Ay and in ny + ny to A.

The second part of the proof bounding the probabilities of Fi,..., Fy follows by the
same proof as for the Ising model. More precisely, for F;, the chain rule for backbones [4]
and a decomposition on the first edge of the backbone with one endpoint in (a block of
a vertex in) A,_1 and the other (in a block of a vertex) in dA,, and then the first edge
after this between an endpoint (in a block of a vertex) outside Ay, and one in (a block of
a vertex in) Ay, implies that

ngéQ[F ] < Z <T07'U>p,ﬁ /BJvIﬂ) <Tv7’u}/>p,ﬂ /Ble7w (TwTy)p,ﬂ < anggin—4 < 046125.

vedAp <7'07'y)pﬁ
wE@Agk
v w'eZd
(6.15)
This inequality uses Property P2 of regular scales, the lower bound on the two-point
function, and the Infrared Bound . For F3, the same reasoning as for Ising, with

Proposition replacing the switching lemma, leads to

+ —
ngéz[Ffﬂ] < Z Pf’g[%v Rate t@w] < Z <Tva> 5Jw,w’ (Tw’Tv’) 5Jv’7v < C5Ek5;
veOAp e,
weOAm wedAp,
v w'eZd
(6.16)
where in the last line we used again the Infrared Bound (|4.44]). ]

We now turn to the proof of the mixing property for the measures P%”, which is the
exact replica of the Ising statement.
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Theorem 6.6 (mixing of random currents for the GS class) For d >4, there exist
a, ¢ >0 such that for every p satisfying (6.2)), every t < s, every 8 < Be(p), every n® < N <
&(p, B), every x; € Ay, and y; ¢ Ay for every i <t, and every events E and F depending on

the restriction of (n1,...,ng) to edges within A, and outside of An respectively,
‘Px}gl, Y@ B[ B o ) szﬁyl,...,ztyt,@,.‘.,ﬁ[E]Pi}ﬁyl,...,xtyt,g,...,g[F]‘ < s(logN) c
(6.17)
Furthermore, for every xi,...,x; € Ay and yi,...,y; ¢ AN,
‘Patlgl,...,mtyt,z,..‘,z[E] _ Pi}ﬁyi,...J:tyz,@,...,@[E]‘ < s(log %)—c7 (6.18)
PO ] P ) < s(log M) (619)

Proof The beginning is the same as for the Ising model, until the definition of the
variable IN; which becomes

1 1 N nﬁ-n

N; := ¥4 Z ® uEE Z I[(u,j) «—" On;], (6.20)

ket $21y1 Ak(y ) =1

where ag, (u) = (TeTu)(Tuy)/(T2Ty) and Ay (k) = Tyen,(yi) Gey(uw). The proof of the
concentration inequality follows the same lines as in the Ising case. Indeed, the choice
of the weight QJQ- enables to rewrite the moments of the random variables IN; in terms of
the correlations of the random variables (7, : z € Z%). The rest of the proof is exactly the
same, with trivial changes. For instance, in the proof of Lemmal[5.7], one must be careful to
derive bounds on probabilities involving S|J|. This is easily doable using Proposition
exactly like in the previous proof. |

A Appendix

A.1 Partial monotonicity statements

An inconvenient feature of the random current representation is the lack of an FKG-type
monotonicity, as the one valid for the Fortuin-Kasteleyn random cluster models (cf. [2§]).
The addition of a pair of sources may enhance the configuration, e.g. forcing a long line
where such were rare, but in some situations it may facilitate a split in a connecting line,
thereby reducing the current’s connectivity properties. Nevertheless, some monotonicity
properties can still be found, and are used in our analysis.

In this section, we set o4 for the product of the spins in A and write Cy(S) =

UxESCn(-T)~

Lemma A.1 Let A, B, S be subsets of A and F' a non-negative function defined over pairs
of currents, which is determined by just the values of (n1,ns) along the edges touching the
connected cluster Cp,4n,(S) and such that F(ny1,ng) =0 whenever that cluster intersects

B and (On1,0ny) = (A, B). Then

<0-B)A\Cn1+n2(s)7ﬂ
(oB)A8

EyS[F(n1,m2)] = Y [F(ng,ny) ]<EVZ[F(ni,ng)]. (A
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Proof The second inequality is a trivial application of Griffiths’ inequality [25]. The
first one is proven by a fairly straightforward manipulation involving currents that we now
present. We drop S from the notation. Fix T' ¢ A not intersection B and choose F' given
by

F(n1,n3) :=1[Cpyiny(S) =T]I[n; =n]l[ng =m on 7] (A.2)

for n and m currents on A and T respectively. For such a choice of function, we find that

A
wmAwBMEfBﬁhnmﬂ]:quﬁgmgiﬂmg;BFﬁmnﬁwmﬂwmﬂ

4 (n)w(m
mum)
Z(A76) n}:0n,=B
4™ (n)w(m)
=—— = (op)axr ), w(ng)
Z(A7 5)2 n/y:9n}=g
= (o) alop)ar By 7[F (n1,00)], (A3)
where n), is referring to a current on A\ T. In the second line, we used that for F'(n;,ns)
to be non-zero, n; must be equal to n and ny be decomposed into the current m on T
and a current n/, outside T' (also, na(z,y) is equal to zero for every x € T and y ¢ T'). In
the last line, we skipped the steps corresponding to going backward line to line to end up
with EX?[F(n;,n)].

The proof follows readily for every function F' satisfying the assumptions of the lemma.
Also, we obtain the result on Z¢ by letting A tend to Z. O

An interesting application of the lemma is the following pair of disentangling bounds.
The first inequality appeared in [I, Proposition 5.2], the second is new.

Corollary A.2 For every 3> 0, every four vertices ,y,z,t € Z* and every set S c Z¢,

P2y7Zt[Cn1+n2 (2) N Chry4n,y(2) # 2] < ng,z,zt[cnﬁm (2) N Cny(2) # 2], (A.4)

PP 22(Cpy 0y (0) N Cyin,y (0) 1 S # 2] < PR [Cpyy i (0) 1 Crigin,y (0) 0 S # 2],
(A.5)

Proof Fix 8 >0, A finite (the claim will then follow by letting A tend to Zd) and drop
B from the notation. For the first identity, introduce the random variable

C-= C(nl,ng,ng) = CnS(CnlJrnQ(l')). (A6)

Lemma applied in the first and third lines, Griffiths’ inequality [25], and the trivial
inclusion Cp, +n,(2) c C in the second, give

<Uz0t>A\Cn1+n2 (z) ]

P! [y (2) 01 Cog o () = 2] = B[z, ¢ iy ()] 8

> Ef\y’g’@[ﬂ[z, t¢ C]—<‘Z"2A);C]
zUt
=PUPH [ 1 ¢ C), (A7)

which gives the first inequality.
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The second identity requires two successive applications of Lemma First, condi-
tioning on ng + ny, the proposition applied to S := Cp,4n,(0) NS gives

P?\LOZ’@’Ot[Cn1+n3(0) N Cn2+n4(0) ns# @] < P?\xVOzjoy’Ot[Cn1+n3(0) n Cn2+n4(0) nS# @],
(A.8)

Similarly, conditioning on nj + ng, the proposition applied to S’ := Cp,+ns(0) NS gives

POAx’OZ7®7®[Cn1+n3(0) N Cn2+n4(0) ns# @] < P?\x,OZ,ﬁ,Ot[Cn1+n3 (0) n Cn2+n4 (0) ns# @],
(A.9)
thus concluding the proof. O

A.2 Multi-point connectivity probabilities

The following two relations facilitate the derivation of estimates guided by the random
walk analogy.

Proposition A.3 For every x,u,v € Z%, we have that

PO 2y " 0] = \907)6{ouTz)o (A.10)
<‘700m>f3
POy, "2 0] < (000v)g{ovou) plouos)s . <000u>g(0u0v)5<0v0m>5. (A1D)
’ (o002)s (0002) 5

The equality is a direct consequence of the switching lemma and has been used
several times in the past. The inequality is an important new addition, which
is proven below. Its structure suggests a more general k-step random walk type bound,
but the present proof does not extend to k£ > 2. In particular, if a k-step bound could
be proven for every k, it would improve the concentration estimate for N in the proof
of mixing from an inverse logarithmic bound to a small polynomial one, which would
translate into a similar bound for the mixing property which may be very useful for the
study of the critical regime. Note that this would not improve the log correction in our
result since the intersection property also requires the ¢ to grow fast.

Proof Fix >0 and drop it from the notation. We work with finite A and then take
the limit as A tends to Z%. In the whole proof, «— denotes the connection in nj + ny, and
/> denotes the absence of connection. As mentioned above, follows readily from
the switching lemma. To prove , use the switching lemma to find

P2 [u, v« 0] = (o00u)A{ouoz)A S D) (A.12)
<UOUI>A
Then, our goal is to show that
Py [0« u] < PYP[0 < u] + P2 [0 < u] = P22 [0 < 0] (A.13)

which implies (A.11)) readily using (A.10). In order to show (A.13]), set C = Cyp,in,(v)
and apply Lemma to F'(n1,ng) := I[u <> v] to obtain

u,ux u, <U o > N\
PR [ <> v] = BY 21w <> U]ﬁ]. (A.14)
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Next, apply Lemma [A1] to

F(ni,np) := H[u+v](1-w) >0 (A.15)
<000x>A
(the inequality is due to Griffiths’ inequality [25]) to obtain (A.13]) thanks to the following

inequalities

P?\I,Q[u (_/_) U] _ P?\x,Oy[u (_/_) U] _ E?\I,Q[F(nh n2):| _ Ei’Q[F(nl, n2) <0'00':1:>A\C:|

<000x>A
< BY[F(n1,13)] = PS2[u f> 0] - PY™[u > 0]
(A.16)
i
Remark A.4 Griffiths’ inequality [25] plugged in (A.14) gives
POu,u:L‘ [U <> U] > POU’Q [U <~ u] (A17)

Remark A.5 The inequalities (A.13) and (A.17) can be extended to every set S c Z¢ and

every two vertices x,y € z4:

nj+ns ni+ng

PP2[0 "5 8] < PYPO[0 "5 8] < PYP[0 "5 §]+PS %0 "5 §]-P2P[0 "5 9.
(A.18)

A.3 The spectral representation

In Section [4.3] we make use of a spectral representation of the correlation function. Thought
the statement is well known, cf. [23] and references therein, for completeness of the pre-
sentation following is its derivation.

Proposition A.6 (Spectral Representation) For the n.n.f. Ising model on 74 (d > 1),
at B < B, for every bounded function v:Z% ' — C, there exists a positive measure o8 Of
finite mass

~ dp, g(a) = Vg, Uy, S8 ((0,y, — A19
ey es@) = % w0, ) (A.19)

1YL ezd-1

such that for every n € Z,

Vg, Uy, Sp((ny ) - - [ e~ du, 5(a). A.20
% s = [ o) (A20)

In particular, with v = §, (the Kronecker delta function over Z471), this yields the
following spectral representation for the correlation function along a principal axis

Seo,e((n,0,)) = ) e “"dus, ge(a), (A.21)

where ps, 3¢ is a probability measure.
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Proof It is convenient to first derive the corresponding statements for finite volume
versions of the model, in tubular domains with periodic boundary conditions T(m,¥) :=
(Z|mZ) x (ZJZ)*1 (with the convention (Z/ooZ) = Z). Let Sp(x) = (70T )T (m,0)-

Consider an C-vector space ¥; with basis # consisting of elements |7) indexed by
the spin configurations 7 on the transversal hyperplane (Z/EZ)d_l. On ¥, introduce the
transfer matriz Ty whose matrix elements in this basis are

T(rr)=ep[8 Y (mnenm)+8 Y wml (A22)
{zy}e(z/ez)* we(Z/eZ)4!
x,y neighbours

Also, consider the family of linear operators ¥, on ¥, depending linearly on functions
v: (Z0Z)*' - C, which in the basis Z are diagonal, acting as

Tolry:=( > v(@)m)|r). (A.23)

we(Z/07)d-1

In this notation, one obtains the following representation for the correlation function
of spins at sites which we write as (n,z,) € T, ¢

Trace(Tg”*”EUT[L\I/q(f) )
Trace(T;")

Z mvhsm,ﬁ((nayl -x,))=
z,,y1€(Z/0Z)3-1

(A.24)

Now, the n.n.f. model’s transfer matrix 7y is positive definite. Indeed, the symmetry follows
directly from the definition. Positivity with respect to reflections by symmetry hyperplanes
passing through mid-edges follows from the elementary criterion of [2I] (see also [13]).
Being a positive definite matrix, Ty is diagonalizable. The spectral representation of T}
enables us to write

9

S (s gy - Sty 2 e B e ol
z,,y,eZd-1 Z/\eSpec(Tg) AT
(A.25)
where {|ey)} is an orthonormal basis of eigenvectors of Ty. Since the matrix elements of
Ty are all strictly positive, the maximal eigenvalue Apax is non-degenerate. Hence, in the
limit m — oo only the terms with A\ = Apnax and X = Aax are of relevance, and one is left
with the single sum:

> T Sei((nri-y)) = Y () (enmalTlea)enlTlen, ). (A.26)
T,y €21 AeSpec(P)

Writing A/Amax = €% directly yields

T _Soo 5 - = = _and v 5 A27
mygm—lvlvy‘ AT )= e © Wsel@) (A.27)

where f1, 5.0 is a discrete finite measure (whose support starts at £(¢, #) which is the inverse
rate of decay in x of S, ¢(x)). The statement follows by taking the limit of this relation
with £ — oo. For any 8 < 3. the existence of the limit can be justified through standard
arguments based on the fact that the correlations decay uniformly in ¢ at an exponential
rate 1/£(8)(> 0). The limiting measure (which will no longer be discrete) is of support
bounded away from 0, starting at the inverse correlation length. |
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A.4 Intersection properties for random current representation of mod-
els in the GS class

We start with the version of the switching lemma that we will use. Below, §,, denotes
the current equal to 1 on the edge uv and 0 otherwise.

Lemma A.7 (coarse switching lemma) Let S,T be two disjoint sets of vertices. For
every event E depending on the sum of two currents and every x # y,

sz’g[x S +ny e B < > e, MPga’by[nl +12 + 0 € B,
aeSb¢S (ow0oy)
(A.28)
P?’QJ[S ny+n; T,n; +ny € E] < B2 Z Ja,bJ&t(aaas)(atab)PZS’tb[m +1g+ gy + 05t € E.
aeS,b¢S
seT teT
(A.29)

Proof We start with the first inequality. Fix A finite. By multiplying by the quantity
(020,)54 M Z(A, J,8)?, and then making the change of variable m = nj + ng, ny = n, we
find that

(D= Y wg(ng)ws(ng)[ng +ny ¢ EJl[z "5

ony (o9}
Ong=g

- Y ws(m)I[me Ellfz <5 5] % (’:)
om o) i

S]

=2 NS wys(m)I[m e B[z <2 §]2Fm) (A.30)
am:{x’y}

where in the last line we used that the number of even subgraphs of the multi-graph .#
(see for instance definition in [6]) associated with m is given by 2M*mM)-IAl where |m
means the total sum of m, and k(m) is the number of connected components. Now,
observe that

wap(m)l[z < S12E0 < 5 B g (m = 601w "5 b1y, > 1]2¢0m-0),
a¢S,beS
(A.31)
Indeed, we are necessarily in one of the following cases: consider the edges ab with a € S,
b¢ S, and a connected to y in m — d,;. Assume that

e there is an edge ab as above with mg, > 2, in such case k(m - d,) = k(m) and
wop(m) = 25{2;’7 wog (M — 64p) < BJgpwog(m — 64p);

e there is a loop in the cluster of z in m which is intersecting the edge-boundary of .S,
in such case there are two edges ab satisfying the property above, with k(m —d4) =
k(m) and wog(m) < 26J, pwos(m = 64p);

e otherwise, there is only one edge ab with mg;, = 1, in such case k(m—44) = k(m) +1
and wog(m) < 28J, pwos(m — dgp).
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Injecting the last displayed inequality in the first one, and then making the change of
variable m’ = m - §,,, we find that

W< S By Y was(m)2F™Iw Z5 a)l[m’ + 6y € E]

a¢S,beS om’={z,y,a,b}
= N By Y wg(n)ws(na)[z "E52 a]l[ny + 0y + Gap € E]
agS,beS Oni={x,a,b,y}
Ong=g
= 2 BJa,b Z wg(nl)wﬁ(ng)ﬂ[nl +1ng + 5ab € E], (A32)
a¢S,beS onq={by}
Ong={z,a}

where in the last line we used the switching lemma. Dividing by (amay)A,54_|A|Z(A, J, B)?
and letting A tend to the full lattice implies the first claim.

The second claim follows from the same reasoning using pairs of edges (ab, st) with
a€S,b¢S, seT and t ¢ T such that a is connected to s in nj + noy. O

We deduce the following pair of diagrammatic bounds on the connectivity probabilities.

Proposition A.8 For every distinct z,y,u,v € Z%

Pi’?[@m e Byl < > A1aty) By (TyTer) BIw a (A.33)
x! y'eZd
ni+ng <7—m7_u> /BJu,u’ <7—u’7_:):>

P2 [0n, <" B,]< Y. (A.34)

p,B =y (TxTy)

Proof For the first one, sum (A.29) for F being the full event and vertices in %, and
By, and use (A.10]). For the second one, do the same with (A.28]) instead. ]
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