WEIGHTED DEPENDENCY GRAPHS AND THE ISING MODEL

JEHANNE DOUSSE AND VALENTIN FERAY

ABSTRACT. Weighted dependency graphs have been recently introduced by the second author, as a
toolbox to prove central limit theorems. In this paper, we prove that spins in the d-dimensional Ising
model display such a weighted dependency structure. We use this to obtain various central limit
theorems for the number of occurrences of local and global patterns in a growing box.

1. INTRODUCTION AND STATEMENT OF RESULTS

1.1. Cumulants in the Ising model. The Ising model is a mathematical model of ferro-magnetism
in statistical physics. It was introduced in 1920 by Wilhelm Lenz who gave it as a problem to his
Ph.D. student Ernst Ising [19]. It can be defined on any finite graph, but we restrict ourselves to finite
subsets A of Z¢. For any lattice site i € A, there is a random variable ¢; which is equal to either 1 or
—1 and represents the spin at site i. A spin configuration w = (0;(w))iea is an assignment of spins to
every site of A.

The distribution of spins depends on the magnetic field h and the inverse temperature § in a way
that is detailed in Section 2.1. In particular, spins corresponding to neighbour sites ¢ and j are more
likely to be equal. The bigger S is, i.e. the lower the temperature is, the more important is this
phenomenon.

In his Ph.D. thesis [19], Ising solved the model for the one-dimensional case d = 1, and showed
that there is no phase transition. But in 1936, Peierls [33] showed that, in dimensions 2 and 3, when
h = 0, the Ising model undergoes a phase transition at a critical inverse temperature §.. He used
a combinatorial argument now known as Peierls’ argument. The two-dimensional model for h = 0
was then exactly solved by Onsager [32] in 1944, using analytic techniques and the transfer matrix
method. It turns out that in higher dimensions, there is also a phase transition for h = 0 (see [33], or
[13] for a more modern treatment). However, there is no phase transition when there is a magnetic
field h # 0 [25, 36].

The Ising model is a priori defined on a finite subset A C Z<¢, but it is well-known that we can
take the thermodynamic limit A 1 Z% (see eg. [13]). This defines, for each pair of parameters (3,h),
a measure pgp on the set {—1, 1}Zd of spin configurations on the whole d-dimensional lattice Z?. In
low temperature without magnetic field, i.e. (3 large and h = 0, this measure is not unique; we will
consider the one corresponding to + boundary conditions, see Section 2.1 for details.

The Ising model has been studied in thousands of research articles, under various aspects. Among
many others, a subject of interest has been the decay of joint cumulants of the spins (also called
truncated k-point functions or Ursell functions in the physics literature). Consider random variables
Xi,..., X, with finite moments defined on the same probability space Their joint cumulant of order
r is defined as

(X1, .., Xp) = [t1.. . 1) log<exp(t1X1 4+ 4 trXr)>,
where (Y') denotes the expectation of Y and the notation [t .. .¢,.|F stands for the coefficient of ¢1 ... ¢,
in the series expansion of F'. The finite moments assumption ensures that this series expansion exists,
at least formally. The joint cumulant of order 2 is simply the covariance. If all random variables
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X1, -+, X, are equal to the same variable X, then k,.(X) := (X, ..., X) is the usual cumulant of a
single random variable.

Joint cumulants have a long history in statistics and theoretical physics, see e.g. [35]. In the case
where the X;’s are indicator functions of the presence of particles or 4 spins for example, they are often
referred to as truncated correlation functions or Ursell functions in the statistical physics literature.
In this paper, we will denote by kg (ci,,...,0;,) the joint cumulant of order r of spins o;,,...,0:,,
with inverse temperature 8 and magnetic field h.

Bounds on cumulants in the physics literature are often called cluster properties. There is in fact a
hierarchy of cluster properties, corresponding to sharper or weaker bounds on cumulants; we refer to
[5] or [26, Chapter 6, §1] for definitions of various kinds of cluster properties.

In the case of the Ising model, a first bound on cumulants was obtained by Martin-Lof [27, Eq. (20)]
— see also [24, Section 1] —: he proved that the joint cumulant kg j, (0457 € A) decreases exponentially
in diam(A)/r, where diam(A) is the the diameter of A and r the order of the cumulants. In [6],
Duneau, Iagolnitzer and Souillard sharpened this bound in presence of a magnetic field (h # 0), or for
h = 0 and very high temperature: kg (0;;7 € A) decays exponentially in ¢1(A). Here {7(A) denotes
the tree-length of A, i.e. the minimal size of a connected set of edges of the lattice Z¢ such that each
vertex of A is incident to at least one edge in the set. In [26], Malyshev and Minlos have a similar result
in the case h = 0 and very low temperature. Both their approaches use cluster expansion, a powerful
tool introduced by Mayer and Montroll [28], which is now standard in the study of the Ising model.
Both proofs use additional ingredients of different nature: Duneau, Iagolnitzer and Souillard use the
Lee-Yang circle theorem and complex analysis arguments, while Malyshev’s and Minlos’ approach
relies on combinatorial developments and bounds on joint cumulants for contours as an intermediate
step.

These bounds on cumulants will be our starting point to prove central limit theorems for patterns in
the Ising model. In order to make the article more self-contained, we give a simpler and more unified
approach of the decays of joint cumulants in several regimes where the cluster expansion converges.
To do so, for 81, B2, h1 > 0, let us introduce the three different regimes

RHT(By,hy) == {(B,h) : 0 < B < B1,|h| < hi}  (very high temperature),
RET(By) := {(B,h) : B> B2, h =0} (very low temperature),
R5F(hy) :={(B,h) : || > h1} (strong magnetic field),

and their union
R(B1, B2, ) = RHT(ﬁh hy) U RLT(ﬁz) U RSF(h1)~

The result is stated as follows.

Theorem 1.1. We consider the Ising model on Z® with parameters (3,h). There erist positive con-
stants e(d) < 1, f1 = B1(d), P2 = B2(d) and hy = hi(d) depending on the dimension d, and for any
integer v > 1 a constant D, such that for all A = {i1,...,i,} C Z?, we have

< Drg(d)ZT(A)’

”‘Eﬁ,h(gilwwagir)
fOT any (6) h) S R(/617627 hl)

The notion of tree-length ¢7(A) is important to make the connection with weighted dependency
graphs, which we discuss now.

Remark 1.2. In the very high temperature and strong magnetic field regimes, one can chose &(d)
independent of the dimension and D, = 1 for all » > 1 (see the end of Section 3.1). This choice of D,
is important to study the speed of convergence in the central limit theorem for the magnetization (see
[11, Section 5.3]), but is irrelevant for the purpose of the present article.
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1.2. Weighted dependency graphs. The theory of weighted dependency graphs, recently intro-
duced by the second author in [10], is a toolbox to prove central limit theorems. It extends the
well-known concept of dependency graphs; see [1, 20].

Throughout the article, a weighted graph is a graph such that a weight w, in [0, 1] is associated to
each edge e, where an edge of weight 0 is the same as no edge.

A spanning tree of a graph G = (V, E) is a subset E’ of E such that (V,E’) is a tree. If G is an
edge-weighted graph, we define the weight w(T') of a spanning tree T of G as the product of the weights
of the edges in T'. The maximum weight of a spanning tree of G is denoted M(G) By convention, if
G is disconnected, we set M(G) =0.

We are now ready to define weighted dependency graphs:

Definition 1.3. Let {Y,,a € A} be a family of random variables with finite moments, defined on the
same probability space; and let C' = (C1,Cy, - -+ ) be a sequence of positive real numbers.

A weighted graph G is a C-weighted dependency graph for {Y,,a € A} if, for any multiset
B ={a,...,a.} of elements of A, one has

(1.1)

where G[B] denotes the graph induced by G on the vertex set B.

n(Ya;a € B)‘ < CrM<G[B])v

Remark 1.4. This is actually a simplified definition, sufficient for the purpose of this paper. It corre-
sponds to the case ¥ = 1 of the general definition given in [10].

Informally, that a family of random variables {Y,,a € A} admits a weighted graph G as weighted
dependency graph means the following:

e ( has vertex-set A, i.e. we have one vertex in G per variable in {Y,,a € A}.

e The smaller the weight of an edge {a, b} is, the closer to independent Y, and Y, should be. In
particular, an edge of weight 0 — or equivalently no edge — between a and b means that Y, and
Y, are independent. This closeness to independence is not only measured, as one could expect,
by a bound on the covariance, but also involves bounds on higher order cumulants.

As we will see in Section 1.3, weighted dependency graphs allows one to easily obtain central limit
theorems. Another nice feature of weighted dependency graphs is the following stability property: a
weighted dependency graph for a family {Y;,,a € A} automatically gives a weighted dependency graph
for monomials Y7 = [],.; Ya in the Y,’s with a fixed bound m on the degree (i.e. I runs over multiset
of elements of A of size at most m). As a consequence, we can potentially prove central limit theorems
for sums of such monomials. We refer the reader to [10] for a detailed presentation of the theory of
weighted dependency graphs.

Let us come back to the Ising model. The bounds on joint cumulants of Theorem 1.1 can be
naturally translated in terms of weighted dependency graphs for the random variables {o; : i € Z9}.
In the next statement, and throughout the paper, we let ||i — j||; denote the graph distance in Z¢
between two points ¢ and j.

Theorem 1.5. Letw = (0;(w));cza be a spin configuration distributed according to ug p, where (8, h) €
R(B1, B2, h1). Let G be the complete weighted graph with vertex set Z¢, such that every edge e = {i, j}

lli—dlla

has weight we = e(d) , where €(d) comes from Theorem 1.1.
Then G is a C-weighted dependency graph for the family {o; : i € Z%}, for some sequence C =
(Cr)r>1, depending only on d.

Theorem 1.5 is proved in Section 4.1.1. The proof uses Theorem 1.1, some general results of [10]
and elementary considerations. As explained above, this automatically yields a weighted dependency
graph for products of a finite number of spins, which will be presented in Theorem 4.6 below.

We conclude this subsection with the motivation behind Theorem 1.5. The Ising model is the
prototypical example of a Markov random field. Recall that a Markov random field on a graph G
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with vertex set A is a family of random variables {Y,,a € A} such that, for subsets B, B’, B” C A,
{Y,,a € B} and {Y,,a € B’} are independent conditionally on {Y,,a € B”} as soon as every path
going from B to B’ in G goes through B”; this is also sometimes called global Markov property [23].

Informally, in a Markov random field, a variable interacts directly only with its neighbours. We
can thus expect that the dependency between variables is weaker when their distance in the graph G
increases. Indeed, such variables only interact through all variables lying between them in the graph.
In other terms, we expect to have a weighted dependency graph which is complete (because there is
no reason to have unconditionally independent variables), but whose weights decrease with the graph
distance. This was observed in the case of Markov chains, which are one-dimensional Markov random
fields, in [10, Section 10]. The present paper gives such a statement for the d-dimensional Ising model.
In both cases, weights decrease exponentially with the graph distance.

1.3. Central limit theorems. Central limit theorems (CLT's) play a key role in probability theory
and have also been a subject of interest in the study of the Ising model. We refer to the second
edition of Georgii’s classical book [14, Bibliographic Notes on Section 8.2, p.469] for an overview of
the different methods used to obtain such results. The goal of this paper is to prove new central limit
theorems, using the weighted dependency graph technique. To this end, we shall use the following
normality criterion, which is a slightly modified version of the main theorem in [10].

Theorem 1.6. Suppose that, for each n, {Y, ;,1 <1i < N,} is a family of random variables with finite
moments defined on the same probability space. Let C = (Cy);>1 be a fized sequence that does not
depend on n.

Assume that, for each n, one has a C-weighted dependency graph G,, for {Y, ;,1 < j < N,} and
denote A, — 1 its maximal weighted degree.

Let X, = vaz"l Y, and v2 = Var(X,). Assume that there exists a sequence (a,), an integer s > 3
and a real number v such that

1) U 2 (2 n, a2 < CoNA,, (3) (D “ A 0
()amvy (2) for alln, a;, < CaN, A, (3) A7n Em}
Then in distribution,

Xn—E(Xn) d

ay n—00

N(0,v%).

Remark 1.7. The proof of Theorem 1.6 is almost identical to the proof of the normality criterion in
[10, Section 4.3] replacing o, by a,. Indeed, as noticed in [10, Section 4.3], in the special case ¥ = 1
to which we restrict ourselves in this article, the quantities R,, and @,, defined there can be replaced
respectively by N, (the number of vertices) and A,, (the maximal weighted degree plus one).

Recall from the previous section that spins, and therefore products of spins, admit a weighted
dependency graph. The normality criterion above can thus be used to find CLTs for polynomials of
spins in a growing box A, := [-n,n]%. To illustrate this, we consider number of occurrences of two
kinds of spin patterns: local and global patterns.

We define a local pattern P to be a pair (D,s), where D is a finite subset of Z? containing 0
and s is a function D — {+,—}. The cardinality of D is called the size of the pattern P. An
example of local pattern is a positive spin surrounded by negative ones. In that case the subset is
D ={je€Z:|j|l1 <1}, while the sign function is given by s(0) = + and 5(j) = — for all j € D\ {0}.
This pattern has size 2d+ 1. An occurrence of a local pattern P = (D, s) is a set {(i+7,5(j)) : j € D},
where i € Z% is the position of the occurrence.

While in local patterns we consider spins that are at a fixed distance from one another, in global
patterns they can be as far as we want, as long as they have a certain global shape. Formally, we define
a global pattern P of size m to be a pair (O,s), where O = (<q,...,<4) is a d-tuple of total orders
over {1,...,m}, and s is a function {1,...,m} — {4, —}. An occurrence of P in a spin configuration
wis aset {z(M ... 2™} of m elements of Z¢ such that there exists some ordering (z(V), ..., 2(™)) of
these elements such that
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(1) foralli € {1,...,m}, o, (w) = s(4),

(2) forall 4,5 € {1,...,m}, forall k € {1,...d}, xg) < m,(j) if and only if ¢ <j, j.
For example, if d = 2, <;, <5 are both the natural ordering and s(i) = + for all 4, then an occurrence of
the global pattern (O, s) is a set of m positive spins such that each of them is located to the North-East
of the previous one.

CLTs for local and global patterns in other structures than the Ising model have attracted attention
in the literature. We mention Markov chains (see [34, 12, 10] and references therein), patterns in ran-
dom permutations (see [2, 21] for global patterns and [16, 2, 7] for local patterns) and arc configurations
in random set-partitions (CLTs for the number of arcs of size 1, which is a local pattern, and the num-
ber of crossings, which is a global pattern, were given in [4]). Note that Markov chains are (discrete)
one-dimensional Markov random fields, while the random permutation model is a non-Markovian two-
dimensional model (when considering patterns, we think of permutations as permutation matrices).
Finding such CLT results in Markov random fields of dimension two or more, and in particular in the
Ising model, is therefore a natural problem.

We first prove a CLT for local patterns. Let ), » denote the number of occurrences of a given local
pattern P in A,,.

Theorem 1.8. Consider the Ising model on Z%, with inverse temperature 3 and magnetic field h, such
that (B, h) € R(B1,P2,h1). Let P be a local pattern. Then

Sn,P - E(Sn,P) d N(O ’U%)

/‘An‘ n— o0

where Var(S, p)
2 . ar{on,p
vp = lim —————=.
P S [An]
Similarly, if S, 5 denotes the number of occurrences of a global pattern P in A,, we have the
following result.

Theorem 1.9. Consider the Ising model on 72, with inverse temperature 3 and magnetic field h, such
that (B,h) € R(B1,B2,h1). Let P be a global pattern of size m. We assume that, for some positive
constants A and n

(1.2) Var(S, 5) = A|A,[2m2n.

Then
Sn,?5 - E(Sn,’l:“’) d

Var(S, ) "7

N(0,1).

We do not have in general an estimate for the variance Var(Sn’ﬁ). However, when the pattern
consists of positive spins only, we can prove that (1.2) is satisfied (with n = 1) — see Proposition 4.10
below. The reverse inequality Var(S, 5) < B|A,|*™~! is always fulfilled (see the proof of Theorem 1.9).

We finish this introduction with a comparison with other methods. Standard methods to get CLT
in random fields are mixing properties [29] or FKG inequalities [30, 31]. It seems that the CLT for
local patterns can be easily obtained with these methods. Indeed, in an exponentially mixing field
such as the Ising model, if we denote ZF the characteristic function of the occurrence of P in position
i (see (4.3)), then the field (Z]);czq is also exponentially mixing and we can use the criterion given by
Neaderhouser [29, Section 3]. CLT for functions of neighbouring spins are also accessible with methods
based on FKG inequalities, see [31] for a general result in this direction.

On the contrary, we do not know how to adapt these methods to global patterns. Obtaining a CLT
for subword occurrences in Markov chains (the analogue problem in one-dimensional Markov field) is
already a difficult problem, see [3, 12] for some history on this problem. The technique of dependency
graphs gives access to CLTs for such global patterns, as shown in Theorem 1.9.
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In principle, it would also be feasible to mix local and global conditions (as in vincular patterns for
permutations [18]) or to consider more generally polynomials in X;" = 1£% and X; = 1% in the
spirit of [15]; a major difficulty is then to get general estimates for the variance.

1.4. Outline of the paper. The remainder of the paper is organised as follows. In Section 2, we give
some preliminary definitions and basic results about the Ising model and tree lengths. In Section 3,
we discuss the cluster expansion for the Ising model in the three different regimes we consider (very
high temperature, very low temperature, high magnetic field), and deduce bounds on joint cumulants.
In Section 4, we use the theory of weighted dependency graphs to prove our central limit theorems.

Note: all constants throughout the paper depend on the dimension d of the space and we shall not
make it explicit from now on.

2. PRELIMINARIES

2.1. The Ising model. We consider the Ising model on a finite subset A of Z?. We use the notation
of [13], that we present now.

Let Ep := {{i,j} CA:|li —j|l1 =1} be the set of nearest neighbour pairs in A. To each spin
configuration w, we associate its Hamiltonian

HA,B h\W) = _ﬁ Z Uz hZO’L
{i,j}€€A (ASHN

where 5 > 0 and h are two real parameters, respectively called inverse temperature and magnetic field.
The probability of a spin configuration w is given by the Gibbs distribution

1
g (@) 1= e (),
ZAiB,h
where
AN Z e Hapn(w)
we{—-1,1}4

is called the partition function.

The quantities defined so far are with “free boundary conditions”, which means that the value of
the spins outside of A is not taken into consideration. We can also define the same quantities with
boundary condition, by considering the Ising model on the full lattice Z?, but where the values of the
spins outside of A are fixed. Fixing a spin configuration n € {—1, 1}Zd7 we define a spin configuration
in A with boundary condition 7 as an element of the set

Q= {w e {-1, l}Zd cwp =1, Vi ¢ A} :
We now define the Hamiltonian as

Hj

Aﬁh - Z oi(w hZUz

{igteel €A

where £f = {{i,j} CZ%: |i — jl1 =1 and {i,j} NA #0}.
The Gibbs distribution of the Ising model in A with boundary condition 7 and parameters 8 and h
is the probability distribution defined on Q7 by

e Agh(w)

n —
fxn (@) ==
B,k ZX

where

is the partition function with boundary condition 7.



WEIGHTED DEPENDENCY GRAPHS AND THE ISING MODEL 7

The most classical boundary conditions are the + boundary condition, where 7; = +1 for all i € Z¢,
and the — boundary condition, where n; = —1 for all i € Z%. When considering quantities with +
(resp. —) boundary condition, we write them with superscript + (resp. —), e.g. :“X;ﬁ,h(w)

We now take an increasing sequence A,, of finite subsets of Z? with Ups1 A = Z¢. Tt is a well-
known fact (see, e.g., [13, Chapter 3]) that the sequence of measures ,uj\'n 5. converges in the weak
sense towards a measure denoted ,ug,h as n — oo. In the high temperature case (8 < f.(d), h = 0)
or in the presence of a magnetic field (h # 0), the limiting measure is independent of the choice of
boundary conditions. At low temperature (8 > S.(d), h = 0), the limiting measure depends on the
boundary conditions; in this article, we restrict ourselves to + boundary conditions to have a well-
defined limiting measure in all cases. Also, we drop the superscript + and denote the limiting measure
by 1g,n-

In this article, we work with this limiting measure pg ; and prove our central limit theorem under
this measure. In comparison with the measure MX"; s.n» 1t has the advantage to be translation invariant,
which simplifies in particular the variance estimates.

2.2. Spanning trees of maximal weight and tree lengths. We recall from the introduction that,
if G is an edge-weighted graph, we denote by M(G) the maximum weight of a spanning tree of G.

We will be mainly interested in the case where V is a finite subset A of Z%, E consists of all pairs
of vertices of A (i.e. we have a complete graph), and the weights are of the form w(i, j) = ell"=3lt for
some positive constant € < 1. We denote this weighted graph by G[A]. Then, for a spanning tree T of
G[A],

w(T) — 5Z(i,j)eT Hi*jul,
and the maximal such weight M (G[A]) is obtained by minimizing the quantity > per i = Jlh
Therefore we define
(A =min 3 i~ i,
(i,9)€T
where the minimum is taken over all spanning trees T’ of G[A], i.e. of the complete graph on A. Then
we have M (G[A]) = glr(4),

The quantity ¢/.(A) is sometimes referred to as the tree-length of A. There is another closely related
notion of tree-length, used in the introduction, which is defined as ¢7(A) = ming ¢;-(A U B), where
the minimum is taken over all finite subsets B of Z¢. In other words, this is the minimum length of a
tree connecting vertices of A and possibly other vertices of Z?. Equivalently, this is the minimal size
of a connected set of edges of the lattice Z¢ such that each vertex of A is incident to at least one edge
in the set. These two notions of tree-length are illustrated on Fig. 1.

e 1=(01)

z3=(-10) @ L 1

zo = (1,0)

(r(A) =4 .(A)=6
FIGURE 1. The two notions of tree-length on an example

In [5, page 197], Duneau, Iagolnitzer and Souillard proved the following bound, which will be useful
later in our computations.
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Proposition 2.1. For all A= {xy,...,x,} finite subset of Z¢, we have
tr(A) < lp(A) < 20r(A).

3. CLUSTER EXPANSIONS AND BOUNDS ON JOINT CUMULANTS

The cluster expansion is a powerful tool in statistical mechanics, which consists in studying a system
in terms of macroscopic geometrical objects instead of considering its original microscopic components.
It was introduced in a work of Mayer and Montroll [28] studying molecular distribution and has since
been used in several other topics; for the Ising model, see for example [9] or Chapter 5 of [13]. In this
section, we will use the cluster expansion in three different regimes of the Ising model to prove the
bounds on joint cumulants of Theorem 1.1. This will later be useful to apply the theory of weighted
dependency graphs. Theorem 1.1 is proved in Sections 3.1.2, 3.2.2 and 3.3, depending on the considered
regime.

Remark 3.1. In each section below, we use some classical notation for cluster expansion, such as =, W,
X, ... Note however that these quantities may have different meanings in different regimes. Since they
are only used for the proof of Theorem 1.1 and since the proofs in the different regimes are independent
from each other, this should not create any difficulty.

3.1. At very high temperature, with a weak magnetic field.

3.1.1. The cluster expansion of the (multivariate) moment generating function. Fix hy > 0. For The-
orem 1.1, we will specialize h; to the threshold value of the strong magnetic field regime, but, in this
section, we work with an arbitrary value of hy. We consider the regime where |h| < hy and 3 is
sufficiently small (very high temperature and weak magnetic field).

We fix a finite domain A C Z? and let A = {zy,...,z,} be a set of points in A. We consider the
(multivariate) moment generating function

r ZUJEQA exp (Zgzl 1o, (w)> e~ Hapn(w)
exp Z 1j0u, = .

ZAiB,h

A;Bsh
To state the high temperature representation of this moment generating function, we need some
notation. Let us call Z3 .5, the numerator of the right-hand side. The denominator Zxs,5 is then

exactly Z9 A.p.p- Forasubset E C &4, we denote V, (E) the set of vertices in Z? that are incident to an
odd number of edges in E. As usual, we use A for the symmetric difference operator on sets. Finally,

if E C &4 and B C Z¢ fulfill BAVO( ) C A, we define
W(E, B) = (tanh 8)/#I(tanh gh)'" ]  (tanht;).
2;EBAV,(E)

Lemma 3.2 (high temperature representation). We have

(3.1) zi 5.5, = (cosh B)IEr1(2 cosh Bh)IAl H cosh(t Ef\l;@h,
j=1

where

Exgn= . W(EB).

ECEN,BCA:
BAV,(E)CA

Proof: This proof is a straight-forward extension of the case A = () and h = 0, see e.g. [13, Eq.
(5.40)]. We write in short o; for o;(w). Since every o; lies in {—1,+1}, we can write
exp(tjog,) = cosh(t;) + o4, sinh(t;) = cosh(t;) (1 + oy, tanh(t;));
exp(Bho;) sh(Bh)(1 + o; tanh(Bh));
exp(Bo;o;) = cosh(B)(1 + o;0; tanh(3)).



WEIGHTED DEPENDENCY GRAPHS AND THE ISING MODEL 9

This gives the following expression for Z ;\4; 8.kt

Z/(‘;B,h = (cosh )€l (cosh Sh)IA H cosh(t;)

j=1

2| 2 I (ewostann(@) | - | > [[(oitanh(sh) | - | > [] (0w, tanh(t;))

wEQA ECE {i,j}€E BCAicB CCAz;eC

Changing the order of summation we get

Z/(‘;B,h = (cosh )€l (cosh Sh)IA (H cosh(tﬂ)

j=1

Z tanh(3)!Z! tanh(ﬂh)|B|< H tanh(tj)> Z ( H 00} Hoi H ij> ,

E.B,C z;eC weQa \{i,j}eE i€B z;€C

where, as above, we sum over £ C £, B C A and C C A. By an easy symmetry argument, the sum
in square brackets is zero unless all ¢;’s appear an even number of times, which corresponds to the
condition BAV,(FE) = C. In this case, the sum is the number of spin configurations || = 2/, This
ends the proof of the high temperature expansion. O

Pairs (F,B) with E C £, and B C A can be considered as subgraphs of A, where the vertex
set V(E, B) consists of B and of vertices incident to an edge of F and the edge-set is precisely E.
This graph has a unique decomposition (up to reordering) into s connected components, each again
being the graph of some (E;, B;) (for 1 < i < s). Clearly, if BAV,(E) C A, then each (E;, B;)
satisfies B;AV,(E;) C A. Moreover, the weight function is multiplicative with respect to connected
components, i.e. W(E, B) = [[, W(E;, B;). Therefore using notation of [13],

Engn=1+ Z% Z HW(EiaBi) H 1[V(E;, B)) NV (B, By) = 0],

s>1 " (B1,B1),--,(Bs,Bs) i=1 1<i<j<s

connected

where 1[event] is the indicator function of the corresponding event. The last product in the above
display encodes the fact that connected components should not intersect. We set

(B, B),(E',B") = 1[V(E;, B;)) "\ V(E;, B;) = 0] — 1,
as usual in cluster expansions.
To compute cumulants, we need an expansion of log (<exp (Z§=1 tjo_mj)>/\,3 ) and thus of
. Boh

log(E[‘\‘; s, n). Such an expansion will be given by the theory of cluster expansions, but we should
first check some conditions ensuring convergence, e.g. the ones given in [13, Section 5.4]. For this, we
define

W(E, B) = (tanh 8)!"!|tanh gh|!P!,

which dominates all functions W(E, B) when the ¢;’s are complex parameters of moduli at most
tanh ™' (1).

Lemma 3.3. There erists a constant 3% (d, hy) such that the following holds for |h| < hy and B <
ht(d, hy). For each fized pair (E,, B,) where E, and B, are finite subsets of Eza and Z respectively,
one has
Se.py= Y. W(EB)VEIC[(E,B), (B, B)]| < |V(E.,B,)|

BCE,q ,BCzd:
(E,B) connected
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Remark 3.4. To prove the convergence of cluster expansion, it is actually enough to prove a weaker
version of this lemma, where E, and B, fulfil B,AV,(E,) C A and where the sum only runs over pairs
(E, B) with the additional conditions E C £y, B C A and BAV,(E) C A. The stronger version stated
here will be useful in the proof of Lemma 3.6 below.

Proof: By definition, C[(E, B), (E,, B*)] = —1if (F, B) and (E, B,) share a vertex and 0 otherwise.
Thus

Se,.B,) < Z Z W(E, B) elV(E:B)]

veV (E,,By) ECEZd,BCZd s.t. (E,B) connected
and veV (E,B)

A simple translation argument shows that the quantity in the brackets is independent of v, so that

Se...) < |V(Ex B > W(E, B) eV (=)

Eszd,BCZd s.t. (E,B) connected
and 0€V (E,B)

Note that (F, B) connected implies in particular that B is included in the vertex set of the graph
associated to E. For such pair (E,B), we therefore have W(E, B) < (tanh 8)/Fl(tanh gh)!V(®)l,
Moreover, for a given E, the number of corresponding sets B is 2!V (Pl Finally, connectedness implies
[V(E,B)| = |V(E)| < |E|+ 1. Thus we get:

Se,.B,) < |V(E, By Z 2P+ (tanh B)IF! | tanh Sh|IFIF el FlH1
ECSZd connected
s.t. 0EV(E)

The summand depends only on the size k of E. From [13, Lemma 3.59], the number of connected sets
E C £ya containing 0 of size k is bounded from above by (2d)?*, so that

Se..5.) < [V(E., Bo)| | D>_(2d)** (tanh B)* (2¢|tan Bh|)* !
k>1

For 3 small enough, uniformly on h with |h| < hy, say 8 < 8%(d, h1), the sum is smaller than 1, which

proves the lemma. O

We can now state the cluster expansion of 1Og(5§;5,h)' In the remaining part of Section 3.1, we
write X to represent a list ((E;, B;))i<i<s of pairs of subsets of £za and Zg4, where each (E;, B;)
should correspond to a connected graph and satisty B;AV,(E;) C A. Such a list is called an (ordered)
cluster. We also write |X| = s for its length, W(X) =[]]_, W(E;, B;) for its weight and lastly
X =;_, V(E;, B;) for its support.

Proposition 3.5. For 8 < 8"(d, hy) and |h| < hy, we have the following expansion:
(3.2) log(Eﬁ;ﬂ,h) = Z (X) W(X),
X

where the sum runs over clusters X of all lengths s > 1,

1
(P(X):w((El’Bl)v"'a(E&Bs)): ; Z H C[(EivBi)v(E]WBj)} ’

" GCG, connected {i,j}€G
and G denotes the complete graph on s vertices. The convergence of the series in Eq. (3.2) holds in
the sense of locally uniform convergence of analytic functions in the complex parameters ty, ..., t,. for
lt1,. .., [tz| < tanh™'(1).
Proof: This follows from Lemma 3.3 and the general theory of cluster expansions, see e.g. [13, Chapter
5]. For the analyticity in the parameters, see specifically [13, Section 5.5]. O
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3.1.2. Bounds on joint cumulants. Recall that A = {z1,...,2,} is a set of points in the finite domain
A. The joint cumulant ka.8.4(0s,, .. .,04,) is the coefficient of ¢, ... ¢, in
T
log <exp thamj > = log Zj{‘;ﬁ}h — log Zg;ﬁ’h
=1 AB,h

= |A| log(2 cosh Sh) + |Ea| log(cosh 5) + Zlog(cos t;) + logEf;ﬁyh —log ZR;[M.
j=1

Only the summand log Eﬁ;ﬁ,h contributes to the coefficient of ¢; . ..t,.. Using Proposition 3.5, we have
(3.3) kagn (O 00) = [t t] Y @(X)W(X) = > o(X)[tr...t] W(X).
X:XCA X:XCA

The exchange of infinite sum and coefficient extraction is valid since we have uniform convergence of
analytic functions on a neighborhood of 0. A cluster X contributes to the coefficient of t1 ...t, only if

(3.4) (B1AVL(EL)) W --- W (B;AV,(Ey)) = A.

In particular, we should have A C X. When (3.4) is fulfilled, since [t;] tanh(¢;) = 1, we have
[ty ...t ] W(X) = (tanh 3)°X) (tanh 7))

where e(X) = |E1| + -+ + |Es| and b(X) = |By1| + - - - + | Bs|. Back to Eq. (3.3), we get

|50ign (0o 0a )| < Y ()] (tanh 8)°)] tanh fA["C0.
Ag)%g/\
Taking the limit A 1 Z?, we get a similar upper bound for the cumulant xs j,(05,,. .., 0,,) under the

probability measure pg ; corresponding to the whole lattice VAR

k(0o 00,)| <D Jo(X)] (tanh B)°X) [ tanh BA|"X).
Acx
But, by definition, ¢(X) = 0 unless the graph corresponding to (UiZ, Ei,U;_, Vi) is connected.
Together with the condition A C X, this forces e(X) > ¢r(A). Hence, we can write
(3.5) K551 (Cans -0 0a,)| < > lp(X)| (tanh 8)*X)| tanh SR[P0),

X
@1 €X, e(X) 201 (A)

We now bound the right-hand side in the following lemma, whose proof is inspired by the end of the
proof of Theorem 5.16 in [13].

Lemma 3.6. Fiz hy > 0. Then there exist constants Jhct(d,hl) > 0 and € > 0 such that, for (8,h)
with B8 < jhct(d) and |h| < hy, we have the following inequality:

Z lo(X)| (tanh 8)¢X) | tanh SR[PK) < £,
X: x1€Xand e(X)>R

Proof: The proof involves different values of the parameter (3, h) so that we will here make explicit
the dependency of the weight in (3, h): we write W(@,h)(E, B) instead of W(E, B). We first prove the
following inequality: for 8’ < 8%(d, hy), we have

(3.6) Y o0 (tanh ) (tanh 'h1) ) = 7 |o(X)] [T Wisrny (Bi, Bi) < 1.
X: 11€Y X: 11€Y =1
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This uses the same argument as in [13, Eq. (5.29)]:

S e [T W m(EnB) <> r > > lo((Ei, Bi)i<s)| [ W g n) (B, Bi)
i=1

. >'d >1 (E1,B1): E,B>),....(E,,B i=1
X: :CleX rZ2 zlEVl(Ell,Bl) ( 2, 2)7 7( T T) ?

< Y Wiy (B, B el VE B <V (9, {a})] = 1,

(BE1,B1):
z1€V(E1,B1)

where we used Lemma 3.3 and [13, Theorem 5.4]. This proves (3.6).
Let us fix a value 8" as above. There exists a constant € < 1 such that for 8 small enough, we have
tanh § < ¢ tanh /. We can now write, for 3 small enough and |h| < hq,

> |o(X)] (tanh 8)°)| tanh gh|")
X: z1€Xand e(X)>R
<et > [p(X)] (tanh ') (tanh 87, )"0 < e,
X: z1€Xand e(X)>R

where the last inequality uses (3.6). This ends the proof of the lemma. O
Combining Eq. (3.5) and Lemma 3.6, we get the desired bound: for 5 < ﬂj}g(d),

kg (Tays. . 00,)] < T
3.2. At very low temperature, without magnetic field.

3.2.1. The cluster expansion of the partition function. We now turn to the regime without magnetic
field (h = 0) and very low temperature (8 large). Intuitively, in that case, the spin configurations with
fewer pairs of neighbours having opposite spins appear with higher probability. To emphasize the role
of these pairs, we rewrite the Hamiltonian as follows:

HYsow)==BIEJ =8 Y (0i(w)o;(w)—1).
{i,jre&]

The only non-zero terms in the sum are those where two neighbours ¢ and j have opposite spins. Let
us consider a finite subset A C Z? with + boundary condition. A typical spin configuration will then
look as a sea of +’s with some islands of —’s. Therefore the interesting macroscopic components for
the cluster expansion in that case are the frontiers between the areas of +’s and those of —’s, which
are called contours. Let us define them more rigorously.

Given w € QF, let A~ (w) denote the set of lattice points i where o;(w) = —1. For each i € Z¢ we
define S; :=i + [}, 3] to be the unit cube of R? centred at i. Now let

Z/l(w) = U Si,
)

1€A™ (w
and consider the set of maximal connected components of the boundary of U(w), which we denote

F/<UJ) = {’yla s 7’7T}-
Each of the 7;’s is a contour of w. Contours are connected sets of closed (d — 1)-dimensional faces of
the cubes S;. We denote by |v;| the number of such faces in ;. Let I'y := {y € I'(w) : w € Qf} denote
the set of all possible contours in A. Finally, a collection of contours IV C 'y is said to be admissible
if there exists a spin configuration w € Q0 such that I''(w) = T".
We say that A is c-connected if R\ |J,c, S; is connected, which we will assume from now on in this
paper. Then, according to [13, eq (5.42)], the partition function can be rewritten as

+_ BlEf =t
Zppo =€ ENp 00
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where
SYTESED DI |
I’ CT s admissible yET’
The cluster expansion is an expression of log EX; 5.0 as an absolutely convergent series. In this case,
an (ordered) cluster is a list X = (v1,...,7s) of contours. We denote by X the support of X, ie

X = U,ex7- In the following we write X C A to say that X C U;epS; as subsets of R,
In can be shown (see e.g. [13, Chapter 5]) that the cluster expansion converges for /3 large enough.

Proposition 3.7. There exists 8%,(d) such that for all B > B%(d),
logZis0= > @(X)e Primbl,
X:XCA

where

(Y155 Ys) =$ > IT <G

" GCGsconnected {i,j}eC

Joifvinn =0,
C(%a%) T {_1 otherwise,

and G4 denotes as above the complete graph on s vertices.

3.2.2. Bounds on joint cumulants. This cluster expansion can be used to compute expectations and
therefore deduce some bounds on joint cumulants.
Let A C A and let us define o4 := [[;c 4 0. Its expectation is given by

e~ Haspo(w)

<UA>X;ﬁ,0: Z UA(W)?-

WEQX A;B,0

For any spin configuration w € QX and any contour v € I'(w), let us define the interior of v (written
Int(7)) as the set of points of A which would have spin —1 if v was the only contour of w. We also

write Int(X) := J, ¢y Int(7) for any collection X of contours. Thus for any w € Qf and any i € A,

oi(w) = (—1)Er (@)emmt()

and thus
oa(w) = (=1)Ziea e (@):i€mt()}
= (—1)Xner/ () Hi€Adent(}]
Therefore one can write
':‘+7A
+ _ TAB0
(oalrp0 =25
—A;8,0
where
EX;E‘O — Z H (_1)\{i€A:i€Int(v)}\672ﬁ\v|_
o I'"CI'padmissible yeI'/

The cluster expansion of log EX,’?O converges, which means that we have an analogue of Proposition

3.7 for EX;[;W replacing e =281l by (—1)Hi€Au€mt(NH =281 Thus (JA>X,5 o can be expressed as

(Ca)ipo=exp| > HX)— Y ¥hX)|,
X:XCA X:XCA

where for a cluster X = (v1,...,7s),

\I/?(X) = (X)) (—1)Xi= M€ ATEmt () H o =28 355 bl
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In particular, in the domain of convergence of the cluster expansion, joint moments are nonzero. If a
cluster X has no vertex of A in the interior of any of its contours, then \IIQ(X) = \Ifg(X) Such clusters

do not contribute to (U@Xﬁ o- Therefore,

(Ta)igo=xp | D (VX)) - TE(X)) |,
X~AXCA

where X ~ A means that X contains at least one contour 7 such that a point of A is in the interior
of . The series is absolutely convergent and we can let A T Z%, obtaining the following proposition.

Proposition 3.8 (Equation (5.47) in [13]). For § large enough,
(Ta)go = exp ( Do (Uh(X) - ‘I’,B(X))> -
X~A

We now want to find estimates on the joint cumulants of the variables {o; : i € A}, for all A C Z¢
finite. But in this case, it is easier to estimate first another quantity related to cumulants. We define,
for some set B and random variables (Y;);cp defined on the same probability space with nonzero joint
moments,

(-1l
Q(Vi;jeB) =[] <HYJ> .
w20 M€

For example,

B <0102>;0 B <0102U3>;,o<01>§,0<02>§,0<U3>;,0
Q,B,O(Jl> 02) - + Qﬁ,o(ala 027 03) - + —+ —+
<01>,@ o<‘72>5 0 <01‘72>5,0<0103>5,0<U203>ﬂ,0

We show a bound on the quantities Qg (0,37 € A) for all finite 4 C Z4.
Lemma 3.9. Let A be a finite subset of Z* of size r. Then for 3 large enough,
Qp.0 (05 € A) = 1] < CpemPr),
where ¢ = ¢(d) and C,. are positive constants depending respectively on d and r.

Proof: Using Proposition 3.8, we have

logQ(oj;5 € A)= Y (=PI (TH(X) - Tg(X)),

SCA,540 X~5

Recall that X ~ § means that at least one point of § is in the interior of a contour in X. We split the
second sum depending on the exact subset I C § of points that are in the interior of a contour in X.
By definition of ¥, observe that, if I is as above, then ¥ 5(X) = WE(X). Therefore

logQojije A=Y (-1 Z —Ws(X))

1Cs:
5CA,67#0 I#0 Int(X)ﬁ& T

=2 X [ —ws(x)) S (.

ICA: 5:
T£0 ICInt(X) ICSC(TU(A\Int(X)))

11

But the last sum is equal to 0 unless A is contained in Int(X), in which case it is (—1)!"!. Therefore

we obtain

logQ (oj;j € A) = Z Z ‘Il ‘1’5 X) — Vp(X)).

X: ICA:
ACInt(X) I£0
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Finally, there are 2" — 1 non-empty subsets of A, and [¥5(X)| < Wg(X) := lp(X)|e™ 28 Xi=1 1l for all
X and I, thus
3.7) logQ (o5 € A< Y 2(2" = DTs(X).

X:
ACInt(X)

We conclude by using a trick similar to Lemma 3.6. By [13, Equation (5.29)], if 8 > B (d), for any
face f of any S; (i € Z%), we have the bound

X:?Bf
Thus if 5 > 28%(d), B
> Te(x)eX < Ts(X) <1
X:X>f X:X>f
So for any positive integer R,
(3.8) ST Ts(X) <ePRNT Tp(X)eIX < e PR
X:X5f X:X3f

IXI>R
Let us now turn back to Eq. (3.7). Every cluster X such that ¢(X) # 0 and A C Int(X) satisfies
|X| > 2¢7(A). Moreover, if a cluster of size R has j; € A in its interior, then it contains at least a

face f which is at distance at most R of j;. There are at most CR? such points, for some constant
C = C(d), therefore

Y UX)< ) CRY| DT Up(X)

ACTnt(X) R22tr(4) s
<C Z Rle PR < ¢
R>20r(A)

< OlemeBtr(A)

for B large enough, where C’ and ¢ are some positive constants depending on the dimension d of the
ambient space. Thus by (3.7),
log Q (034 € A)| < Ce=Pir(),
for some positive constant C!. depending on r and d. Exponentiating completes the proof. O
Now we can convert this estimate into the desired bound on joint cumulants.

Proposition 3.10. Let A be a finite subset of Z¢ of size r. Then, for 8 large enough,

—cBlp(A)

lkpo (o€ A)| < Dre” 2,
where ¢ = ¢(d) is given by Lemma 3.9 and D, is a positive constant depending on r.

Proof: By Lemma 3.9,
Qpo (0535 € A) =1+ O(M(G[A])),

where G is the weighted graph defined on Z% such that for each e = (4,5), one has w, = e
—cBlln(A)

Indeed in that case M(G[A]) =e— =2 — > e~Blr(A); see the discussion in Section 2.2.
Then using [10, Proposition 5.8], we deduce that

kg0 (055 € A) | = [[(o;)}0 x O(M(GIA))).

JEA

—cBlli—illa
2

The first factor is trivially bounded by 1, while the second is bounded using Proposition 2.1:
M(G[A4]) =e

—caBp(A) —caBlr(A)
2 <e 2
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. —eqBlp(A) .

Thus |kgo (0555 € A)| < Dye 2z, as claimed. O
3.3. With a strong magnetic field. The last regime we consider is the Ising model with a strong
magnetic field, i.e. h is bigger than some value hy > 0 (h; is to be determined later). The case of
negative h (smaller than —h; < 0) is obviously symmetric.

In this regime, there is also a well-known cluster expansion for the partition function [13, Section
5.7]. Let us present it briefly.

Fix A ¢ Z% and consider the Ising model on A with 4+ boundary conditions. We first write its
partition function in a suitable form. For a subset A~ of A, we denote

0eA” ={{ijh €&, i€ AT jEAT]
Define also W(A™) = exp(—28[6.A~| — 2h|A™]). Then we have:

Lemma 3.11 (strong magnetic field representation). With the above notation,

Z3 g = (BIER +BIAL) [ D0 W(A7)
A—CA

Proof: The proof is not difficult and can be found, e.g., in [13, Section 5.7]. It is important to
note that the sum over A~ C A corresponds to the sum over spin configurations in the definition of
the partition function: the correspondence simply associates with a spin configuration the set A~ of
positions of its minus spins. O
Let A be a subset of A. It is straightforward to modify the argument to find a similar expression for
the numerator of (o4) (as in Section 3.2) or of {exp (3 ;.4 ti0i)) (as in Section 3.1).

(3.9) Y oalw)exp (—H/tﬁyh(w)) = exp (BIEL] +hIAN) [ S ()M Tw(A)

wENA A—CA
(3.10)
> exp (-H;M(w) + Ztm) = exp <ﬁ|gg| + h|A| + Z“) Sl T exp(—2t:) | W(A™)
wENA i€A i€A A—CA LicAnA-

A set A= C A can be seen as a subgraph of the lattice Z%. As such, it admits a unique decomposition
as disjoint union of its connected components A~ = 57 LISy Ll --- U S,.. The weight W behaves multi-
plicatively with respect to this decomposition W(A™) = [];_; W(.S;); the same is true for the modified
weights (—1)I4M 7 TW(A™) and [[[;c 4nn- exp(—2t;)] W(A™) which appear in Egs. (3.9) and (3.10)
above. This enables us to use the technique of cluster expansion.

The convergence of this cluster expansion is proved for the partition function in [13, Section 5.7].
The argument can be directly adapted to get a cluster expansion of the expression in Egs. (3.9)
and (3.10) above. The same reasoning as in Section 3.1 or in Section 3.2 leads to similar bounds on
joint cumulants, which proves Theorem 1.1 in the strong magnetic field regime.

4. WEIGHTED DEPENDENCY GRAPHS AND CENTRAL LIMIT THEOREMS

We will now use the bounds on cumulants obtained in the previous section to show that the family
of random variables {o; : i € Z%} has a weighted dependency graph, and we will use this fact to
deduce central limit theorems. We consider any of the regimes studied in the previous section: strong
magnetic field, very high temperature, or very low temperature with + boundary condition. To have
uniform notation, we omit from now on the notation of the boundary condition in low temperature.

4.1. Weighted dependency graph for the ¢;’s and central limit theorem for the magneti-
zation.
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4.1.1. The weighted dependency graph. We start by proving Theorem 1.5, which gives a weighted
dependency graph for {o; : i € Z¢}.

Proof of Theorem 1.5: Let B = {iy, ..., i, } be a multiset of elements of Z? and consider the induced
subgraph G[B]. Then the maximum weight M (G[B]) of a spanning tree in G[B] satisfies

4 (B)
M(G[B]) =e">

Thus by Proposition 2.1,
(4.1) elr(B) < M(GIB]) <5

By Proposition 5.2 of [10], it is sufficient to show that

KB, ( H fo H 0a> < D, M(G|[B)),
aeB; aEBy,

for some sequence D = (D,.),>1, where By, ..., By are the vertex-sets of the connected components of

G1[B], which is the graph induced by edges of weight 1 of G on B.

The vertices ¢ and j are connected in G if and only if ¢ = j, because of the definition of the weights
we in G. Consequently, each multiset in the list By, ..., By consists of a single spin o;, possibly
repeated several times. The random variables o; taking value +1 or —1, we have

; {o—i if j odd,
ol =

‘ 1if j even.
Therefore it is sufficient to prove that for any set B’ of distinct 41, ..., 1,,
(4.2) K (0 -1 0)| < D M(GIBY).

But by Theorem 1.1,
|I€57h (O'i1 ey 0'1'7.)‘ < DTEKT(B/),

for some sequence D depending only on r. Thus using (4.1), Equation (4.2) is proved, which completes
the proof of the theorem. d

4.1.2. The central limit theorem for the magnetization. As a first application, we use the weighted de-
pendency graph from last section to obtain the well-known central limit theorem for the magnetization
(for an early reference, see [30]), in the regime (3, h) € R(B1, B2, h1).

We consider the Ising model on Z¢, with inverse temperature 3 and magnetic field h. For any
positive integer n, we define A,, := [—n, n]¢ the d-dimensional cube centred at 0 of side 2n. We define

the magnetization
Sp = Z oi,

i€EA,
and let v2 denote the variance of S,,. Let us further define the covariance
(0i305)p.n = (0i05) 5,0 = (0i) 5.0 (T) 5.1

Theorem 4.1. Consider the Ising model on 7%, with inverse temperature 3 and magnetic field h, such
that (B, h) € R(B1,P2,h1). Then there exists v =v(B, h,d) such that

Sp —E(Sn)  a

/‘An‘ n—o00

Moreover v2 > 0 so the Gaussian law is non-degenerate.

N(0,v%).

We start by a lemma of [8] on the asymptotics of the variance of .S,,.
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Lemma 4.2. [8, Lemma V.7.1] The limit

2

v? = lim —2

n—m©|A |

exists as an extended real valued number and
2 .
v= E (005 04) g,h-
iczd

But by Theorem 1.1, in the regimes we consider, the cumulants (so in particular the covariance) are
exponentially small, so the sum is absolutely convergent and we actually have the stronger statement:

Corollary 4.3. Suppose that (8,h) € R(51, B2, h1). The limit

2
2 (Y

v? = lim —% = Z<0020i>5,h

n—oo A,
i€zZd
18 finite.

Proof of Theorem 4.1: We will use Theorem 1.6. Let G be the weighted dependency graph defined
in Theorem 1.5. Then for all n, G[A,,] is a C-weighted dependency graph for {o;;¢ € A,,}. The number
of vertices of G[A,] is

N, = |Ay] = (2n +1)%,

and its maximal weighted degree is

=gl
A, — 1 =max E e 2 .
ZE n

JEA,
There are 2¢ (C“d‘ﬁ;l) points at distance y of 0 in Z?. Indeed such a point has coordinates (y1, ... ,vq)
such that |y1|+- -+ |ya| = y. There are (dzle) choices for the values of |y1],. .., |y4|, and each y; can

be either positive or negative, which multiplies the number of choices by 2¢. Thus there are at most

2¢ (dgyl 1) points at distance y of any point x in A,,, and

2dn

d+1y—
n—1< 59d <
ZE < “q )_C’,

for some constant C' because the infinite series is absolutely convergent.
We now have to find a sequence (a,) and integers s and v such that conditions (1)-(3) of Theorem 1.6

are satisfied. We set for all n, a, = /[A,] = (2n+1)%, v = = /2 icza(00;04)p,n as in Lemma 4.2 and

we can choose s to be any integer > 3.
Now condition (1) is satisfied because of Lemma 4.2, as
2 _ @ 2
|As] a2 n—oo '
Condition (2) is also satisfied as a2 = (2n +1)% = N,,.
Finally, for some constant C”,

(Nn)i A _ pi(2n+1)
An an o (21’L + ].)
and the right-hand side tends to 0 as n tends to infinity for s > 3. So (3) is satisfied too.

The central limit theorem is proved.

Moreover, whatever the values of 5 and h are, the spin at 0 is not constant, thus (g, 0g)g,n > 0. On
the other hand, because of the GKS inequalities [17, 22|, for all i € Z%, (0;0:)5.n > 0 (see e.g. [13]).
Therefore,

4
s
o \d>
2

v = (00,0080 + Y, (00;0:)sn >0,
i€Z4\{0}
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which ends the proof of the theorem. O
4.2. Central limit theorem for occurrences of given patterns.

4.2.1. Power of weighted dependency graphs. A major advantage of the theory of weighted dependency
graphs is that this structure is stable by taking powers.

Definition 4.4. Let G be an edge-weighted graph with vertex set A and weight function w; we also
consider a positive integer m. We denote by MSet<,,(A) the set of multisets of elements of A with
cardinality at most m. Then the m-th power G™ of G is by definition the graph with vertex-set
MSet<,,(A) and where the weight between I and J is given by wy, (I, J) = maxcr jcsw(i,j). As
usual, edges not in the graph should be seen as edges of weight 0.

This definition is justified by the following property, proved in [10, Section 5.3].

Proposition 4.5. Let {Y,,a € A} be a family of random variables with a C-weighted dependency
graph G. Then G™ is a D-weighted dependency graph for the family {Y7,I € MSet<,,(A)}, where
Yr =[l,cr Yo, and D depends only on m and C.

Instead of applying this to the variables o;, we will rather work with the variables X(; ) := X;
1% and X(; -y = 1 — X;. Start with the following observation. For all A = {(i1,s1),..., (ir, s;)
7% x {+, -}, we have, for r > 2,

N1l

68,0 (X(iy,s1)s - > X(ios))| = 5= [68,0(0005 03]

Mimicking the proof of Theorem 1.5, we obtain the following. Let G5 be the complete weighted graph
with vertex set Z? x {4, —}, such that for all 4, € Z¢,

W' ((1,4), (4, +) = w' (i, +), (G, -)) = 210,
In other words, we ignore the sign and use the weight function w from the previous section. Then
G, is a C-weighted dependency graph for the family {X(; s);i € 7%, s € {+,—}}, for some sequence
C=(Cr)r>1.
By considering the powers of G5 and using Proposition 4.5, we obtain weighted dependency graphs
for the products of X(; 4)’s and X(; _y’s with a bounded number of terms.

Theorem 4.6. Consider the Ising model on Z2, with inverse temperature B and magnetic field h,
such that (B,h) € R(P1,B2,h1). Let m be a fized positive integer; for multisets 1 of elements of
74 x {+, -}, we define Zr := [Lic; Xi- Then G is a D,,-weighted dependency graph for the family
of random variables {Zr; 1 € MSet<y, (Zd x {+, —})}, for some sequence D, depending only on m.
4.2.2. Local patterns. In this section, we prove Theorem 1.8, that is the CLT for the number of occur-
rences of a given local pattern of spins (for example, the number of isolated + spins).

To find a weighted dependency graph for the potential occurrences of a pattern P = (D, s) of size
m, we consider Gp, the restriction of GI* to the Z’s of the form

(4.3) zF = [ X+ss0)-

JED
Note that vertices of Gp are canonically indexed by i € Z? so that we will think of Gp as a graph
with vertex set Z¢. The weight of the edge between i, and iy is then

o L L(|[i1—is]|1 —me -
(.4 w (i iz) :jle%lz}febw(ll + j1, iz + ja) < e2(ln—izlhmmaxagenfla=Fln),

The graph Gp is a D-weighted dependency graph for {Z;,i € Z?}, for some sequence D depending
only on P. Indeed, it is a restriction of the weighted dependency graph given in Theorem 4.6.

We define
Snp =) ZF,
€A,
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the number of occurrences of P whose position is in A,,. In the example of isolated + spins, we have

Sn)p = Z Xi H (1 — XJ)

i€A, Jilli—gllh=1
It is also easy to encode in this framework the number of + connected components of any given shape.
Let ng,P denote the variance of S, ». We have a lemma analogous to Lemma 4.2.

2
n,P

Lemma 4.7. Asn tends to infinity, the quantity I\JA’ ‘ tends to v} = > kezd (ZFZT ) g.h < 0.

Proof: That Gp is a weighted dependency graph for the family Z7 implies that
(283 2Py < Daehh-mose seo ol

This proves that v3 is finite as claimed.
Let € > 0 be fixed. We want to show that for n large enough,

2
Un,P
|A | - Z<Z(;)’lej>ﬁ;h <e.

kezd
We have
2
Z’P
‘ n zGAn JGA
73 Z Z 7> 73
zeAnJeZd 1€A, FEZI\A,

By translation invariance of (Z]; ZF) 3 5, the first sum equals Y, ;4 (Z8; Z])p.n. Thus the only thing
left to do is to show that for n large enough, the absolute value of the second term is bounded by e.
We cut the sum on i into two parts : the points that are far from the boundary of A,, and those which
are not. Recall that the boundary 0A,, consists of points j not in A, which have a neighbour in A,,.
We denote (i, 0A,,) = minjeoa,, || 4 —j ||1, which is the distance between i and dA,,. For R a positive
integer, let us consider the points i € A,, at distance more than R from the boundary of A,,. We have,
again by translation invariance

‘Aln‘ > > ZD) el < D W25 28 )8l

i€An ZA\A,, kezd
5(i,6An)>R‘7€ \ |k|>R

But the series Y, o4 [(Z5; Z]) g, is absolutely convergent so the sum above tends to 0 as R tends
to infinity. Therefore, there exists some integer Ry such that

(4.5) T SD DRNND DI (¥ s TS

eA d
5(1‘,5/\";330 JELNAR

Now let us consider the points of A,, that are at distance at most Ry of OA,. There are at most
C|0A,|RE such points. Therefore

\Aln\ Z Z Z73 ZP nl < \Aln| Z Z|ZO,Zk>5h|<C”fA||Rd

i€Ay, d
JEZNA, 5(i,0An) < Ro kez

An
5(i, BAn)<R0

But as n tends to oo, |?A ”‘l tends to 0. Therefore for n large enough,

1 5
(4.6) A Z Z (2T Z] ) pnl < >

iEA cc7d
5(1,5/\”%110 JELNAR

Adding (4.5) and (4.6) completes the proof. O
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We are now ready to prove the central limit theorem.

Proof of Theorem 1.8: We proceed as in the proof of Theorem 4.1. We consider Gp[A,,].
The number of vertices is N,, = |A]| = |A,| and, from (4.4), its maximal weighted degree A, — 1 is
bounded as follows:
A, —1<max S ezli-ilh-maxe sen la=Bll) < o 3 Cpezlizili,

i€A P€EA,
" e, " e,

where Cp is a positive constant depending only on the pattern P. Thus by the same argument as in
the proof of Theorem 4.1, A,, — 1 < C%, for some other constant CJ.

Again we set for all n, a,, = /|A,|. We also set v = vp as in Lemma 4.7 and we can choose s to be
any integer > 3.

Conditions (1) to (3) of Theorem 1.6 are satisfied again and the theorem is proved. O

Remark 4.8. The variance vp appearing in Theorem 1.8 might be equal to 0 for some patterns P, in
which case the central limit theorem is degenerate. If the pattern has only plus spins, the same proof
as before gives vp > 0.

4.2.3. Global patterns. In this final section, we establish Theorem 1.9, the central limit theorem for
the number of occurrences of a global pattern of spins.

To find a weighted dependency graph for the potential occurrences of P of size m, we consider Gp,
the restriction of G7* to the Z;’s of the form

(4.7) Z@(l),“,,z(m} = HX(m(”,ﬁ(i))'

i=1
In G, the weight of the edge between {z@ 2™ and {yM, ... y(™} is given by
ws({z®, .. 2™} {y® Ly = max }w(x(i),y(j)) — gt mingjeqr,my Iz =y
1,7€11,....m
Again, the graph G5 is a D-weighted dependency graph for {wa(l) e {zM . 2™ ¢ Z4Y, for
some sequence D depending only on P as it is a restriction of the weighted dependency graph given

in Theorem 4.6.
Now define

R E : P
Snj) T Z{z<1)7,,_,m(7”)}7
{zM) .. z(M)}CA,

the number of occurrences of P in A,,. Let vi 5 denote the variance of S, 5.

Proof of Theorem 1.9: Consider the weighted dependency graph G3[A,]. Its number of vertices is
N = |A,|™. Let us now bound its maximal weighted degree A,, — 1. Fix {zM) ... 2™} C A,,. We
have

m

m
E 5% ming je(1,...,m} |z =y, < 2 2 :2 :5%|\1“)—y(”\|1

{y®,..,ymICA, yD,. Ly e, =1 j=1
m .
< S miA )t S edle =l
i=1 yEA,

By the proof of Theorem 4.1, the last sum is bounded by a certain constant C'. Thus

1o,

A, —1= max E 2 Min jeq1,..m} 1@
2 (M)A

(ot CA ) Tytmen,

(@) _y ) -
vl < m?|A, M

We want to apply Theorem 1.6 and set a,, = ,/ vi 5+ Condition (1) is trivial, while (2) holds for

s

all weighted dependency graphs when a, is the standard deviation of X,, (see [10, Lemma 4.10]).
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Condition (3) is fulfilled since, using (1.2) and the above inequality for A,

% m % 2 m—1

A, an, m2|A,|m1C AN, 220~

for some constant C’, and, for s large enough, the right-hand side tends to 0 as n tends to infinity. 0O

We now show a simple sufficient condition — the pattern consisting of positive spins only — so that
the bound (1.2) on the variance is satisfied. We start with a lemma.

Lemma 4.9. Fizm > 2. There exist some constants R > 0 and B > 0 such that the following holds.
For any lists (z™M, ..., ™) and (y, ... y™) such that () = y() but no two elements in the set

{:c(l), conatm @ ,y(m)} are at distance less than R from each other, we have
COV <H X(x(i)7+), HX(x(i)7+)> Z B.
i=1 i=1

Proof: By definition, and using that X,y )X, 1) = X(Qz(l),ﬂ = X () 4), we have

cor (H X@o [ 1 X<x<i>’+>> =E[Xpm 1) Xam n Xy b Xgm 1)
=1 =1

—E[X@om 4 X ] E[X o HXye 1) Xgom 1]

Using the expression of joint moments in terms of cumulants — see, e.g. [10, Eq. (3)] — and the bound
for cumulants of spins (Theorem 1.1), we have that there exists a constant C, such that

E[X @0 1) Xeom )] = E[Xo ] E[X gom 1] | < Cme™,

whenever the z(¥) all lie at distance at least R from each other. The same holds for the other joint
moments in the above expression for the covariance and we get

Cov (H X(w(i)7+), HX(Q:(“;H) = (E[X(w(1)7+):| — E[X(w(l),+)]2)

=1 =1
E[Xao )] E[X o 4 |E[X g o] E[X o 4] + error,

where the error is uniformly bounded by C,,e*. The main term in the above equation is positive (as a
product of positive terms) and independent from the (Y and the y*) (by translation invariance), while
the error can be made as small as wanted by making R tend to infinity. This proves the lemma. [

Proposition 4.10. Let P be a global pattern of size m and assume that the function s defining P
takes only value +1. Then there exists a constant A such that Var(S, 5) > A|A,[*™ L.

Proof: We expand the variance as

_ P P
Var(S, 5) = > Cov (Z{zm ..... amp Ly, y<m>}) :
{z(1) . a(M)yca,
M, y(Myca,

When P involves only positive spins, the FKG inequalities ensure that all summands are positive. Re-
stricting the sum to sets with an ordering that fulfils the hypothesis of Lemma 4.9 gives a lower bound.
Therefore Var(S,, 5) > B-N1, where Ny is the number of pairs of sets {zM, .. 2t} {yM Ly
as in Lemma 4.9. For fixed R > 0, this number is clearly of order |A,|>™~!, finishing the proof of the
proposition. O
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