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MIXING LENGTH SCALES OF LOW TEMPERATURE SPIN PLAQUETTES MODELS

P. CHLEBOUN, A. FAGGIONATO, F. MARTINELLI, AND C. TONINELLI

ABSTRACT. Plaquette models are short range ferromagnetic spin models that play a
key role in the dynamic facilitation approach to the liquid glass transition. In this pa-
per we perform a rigorous study of the thermodynamic properties of two dimensional
plaquette models, the square and triangular plaquette models. We prove that for any
positive temperature both models have a unique infinite volume Gibbs measure with
exponentially decaying correlations. We analyse the scaling of three a priori different
static correlation lengths in the small temperature regime, the mixing, cavity and mul-
tispin correlation lengths. Finally, using the symmetries of the model we determine an
exact self similarity property for the infinite volume Gibbs measure.

1. INTRODUCTION

Providing a clear and deep understanding of the liquid glass transition and of the
glassy state of matter remains an open challenge for condensed matter physicists (see
[2] for a review on the various theoretical approaches). One of the theories of the
glass transition, known as dynamical facilitation (DF), relies on two basic assumptions.
The first paradigm is that the dominant relaxation mechanism when approaching the
glass transition should be facilitated relaxation: a local region that relaxes allows (fa-
cilitates) a neighbouring region to relax as well. The second assumption is that slowing
down should be due to a decreasing density of these local facilitation regions: mobil-
ity is sparse in a low temperature (dense) liquid. Assuming that any local relaxation
events needs to be triggered by a nearby relaxation implies that mobility is essentially
conserved and propagates through the system. These are strong assumptions which
lack a clearcut experimental validation. Indeed, experimental tests are difficult in the
absence of a systematic coarse-graining procedure to represent a molecular model with
continuous degrees of freedom in terms of mobility variables. However, an undis-
cussed success of the DF scenario is that it has lead to the introduction of different
models which display several key properties of glassy dynamics. In turn, these models
have provided a deeper understanding of the dynamical heterogeneities that occur in
supercooled liquids: fast and slow regions coexist and their typical size increases while
decreasing temperature.

The first class of models that has been studied in the context of the DF scenario are
the so called Kinetically Constrained Models (KCM), which feature trivial statics and
constrained dynamics. KCM include for example the East and Friedrickson-Andersen
model (see [11], [7] and [3] for some references to the physical and mathematical
literature respectively). Two crucial difficulties in justifying KCM as models for the
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liquid glass transition are the following: (i) it is not clear how kinetic constraints can
truly emerge from the unconstrained dynamics of a many-body system; (ii) since KCM
have a trivial thermodynamics they cannot account for the eventual growth of a static
amorphous order. To cope with both problems, a second class of models has been
introduced, the so called plaquette models [9,[19].

In this paper we focus on the two dimensional plaquette models: the square pla-
quette model (SPM) [9] on Z? and the triangular plaquette model (TPM) [19] on the
triangular lattice 7. Both SPM and TPM are systems of +1 spins with short range
non disordered ferromagnetic interactions. In order to define the Hamiltonian and
therefore the Gibbs measure, we need first to define the plaquettes and the plaque-
tte variables. For the SPM the plaquettes are all the unit squares in Z? while for the
TPM they are all the downward-pointing unit side triangles in 7. For a given spin
configuration o € {jzl}z2 or 0 € {#1}7 and a given plaquette P, the corresponding
plaquette variable is defined as [],.p 0,. Then, the Hamiltonian is defined as —1/2
times the sum of all plaquette variables. Despite the non interacting form of the Hamil-
tonian in terms of the plaquette variables, the thermodynamics of the spin variables
is non trivial. Indeed, the correspondence among the spin and plaquette variables is
not one-to-one, and the spin ground state is highly degenerate (see [9] for an informal
description of the involved symmetries). In particular, both models feature diverging
static correlation lengths as the temperature tends to zero [1,10].

The study of the dynamics of SPM and TPM under the natural single spin flip Monte
Carlo or Metropolis dynamics has been the focus of several works in physics literature.
Numerical simulations clearly indicate the occurrence of glassy dynamics at low tem-
perature [1,/9,(10,/19]. In this regime the dynamics in terms of plaquette variables is
usually described via an effective dynamics of free defects subject to kinetic constraints.
Indeed, flipping a single spin changes the value of all the plaquette variables contain-
ing the corresponding site. Thus plaquettes with variable equal to —1, the so called
defects, are stable when they are isolated. Furthermore, relaxation is dominated by
flips occurring in the vicinity of defects. This shows that effective kinetic constraints
can naturally emerge from many body interactions. Concerning the critical scaling of
time scales, heuristic analysis and numerical simulations clearly indicate an Arrhenius
scaling for SPM and a super Arrhenius scaling for TPM [1,[19]. This difference is due
to the nature of the energy barriers that should be overcome to bring isolated defects
together and annihilate them.

The main focus of our paper is a rigorous study of the thermodynamic properties of
SPM and TPM. Our first result (cf. Theorem [I)) proves that, for any positive tempera-
ture, both models have a unique infinite volume Gibbs measure with a strong form of
spatial mixing. For SPM the uniqueness of the Gibbs measure was known [8], Theorem
3.2] but not the strong spatial mixing. Notice that for the SPM transfer matrix tech-
niques allow for the exact calculation of the free energy at zero external field [6,[18].
The techniques we employ, partially adapted from [8]], are robust and they can also be
applied to cases in which it is not feasible to exactly evaluate the free energy.

We then analyse the scaling of three natural length scales in the small temperature

regime. The largest scale, ﬁﬁm”), measures the critical scale at which correlations decay
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in the bulk and also close to the boundary, uniformly in the boundary condition. We
prove that 2% scales as ef modulo polynomial corrections in § (Theorem [1] and
Remark[3.10).

The second scale, //°“"*) measures the minimal distance at which boundary con-

ditions do not significantly affect the average of local observables located far from the
boundary. For SPM we show that ¢ scales as ¢® modulo polynomial corrections
in 3 (Theorem[2). For TPM we find elndB L gleavity) (%eP. Different types of cavity or
point-to-set correlation lengths have been defined and measured in plaquette models
and other glassy systems. These are highly relevant in connection with the key problem
of measuring subtle correlations due to the growing of an amorphous order in the glass
state (references in [2]).

Remark 1.1. The scale £ does not correspond to the cavity correlation length that
can be measured via static overlap functions but rather to the a priori larger length beyond

which the cavity behaves as the bulk. In fact, for the SPM case, (™) scales as the second
crossover length in [10]. In turn, this length is expected to diverge as the dynamical length
that can be extracted from the four point correlator (see also [1]) which is relevant for the
study of dynamical heterogeneities. For the TPM it has been conjectured from numerical

simulations that there exists a unique static and dynamic correlation length scaling with

e1s38 [10]. This would suggest that our lower bound for () s the correct bound.

However, since we are taking the supremum over all boundary conditions in the definition

of (™) g larger scaling could occur: Notice also that our results prove that there is

another critical length, E((;mm), with a faster divergence.

The third and smallest scale, £{™"*"™) is the correlation length for the product

of spin variables in the infinite volume Gibbs measure. We find (cf. Theorem [2) that

glmuttispin)- - 0B/2 for the SPM and £U™“H5P™)  ¢1238 for the TPM. Both scalings were
previously derived in physical literature (see [1,/9]) for special sets of spins, namely
located at the vertices of an equilateral triangle for the TPM and of a rectangle for the
SPM.

Finally, using the symmetries of the model we determine an exact self similarity
property for infinite volume Gibbs measure (cf. Theorem [3)).

2. NOTATION AND MODELS

2.1. Notation. For an integer n we will write [n] for the set {1,...,n} and for any finite
set A C Z4, we will write |A| for its cardinality. The ¢;-distance in Z? will be denoted
by d(-,-) and the standard basis vectors by €1, . .., ;. Sometime we will write x1, x5 for
the coordinates of a vertex = € Z2. Given A C Z? the basic configuration space will be
Qp = {—1,1}*. When A = Z¢ we drop the corresponding suffix from our notation.
Given o € (2 we let o, be its value at the site x, in the sequel the spin at =, and for any
finite V, we let oy = (0)zev and [o]y := ][,y 02 Given two disjoint subsets V, V' of
7%, and two configurations ¢ € Qy and ¢’ € Qy~ we denote by o ® o’ the configuration
in Q-+ whose restrictions to V' and V' coincide with ¢ and ¢’ respectively. For any
o € Q and vertex z € Z?, o will denote the configuration obtained from o by flipping



4 P. CHLEBOUN, A. FAGGIONATO, F. MARTINELLI, AND C. TONINELLI

the spin at z. Given a function f :  — R the smallest set V such that f does not
depend on oy« will be called the support of f and it will be denoted by S;. A function
f is said to be local if its support is finite.

Finally we recall that f(z) = O(g(z)) as + — 400 means that |f(z)| < Cyg(x) for
some constant C' and any x large enough and that f = Q(g) if ¢ = O(f). We will also
write f < g if f = O(g) and g = O(f).

2.2. Finite volume Gibbs measures. In order to define the finite volume Gibbs mea-
sure of our models with spin boundary conditions 7 € €2, it will be convenient to first
introduce the notation 2}, to denote those configurations o € €2 such that opc = Txc,
where 7 € Q and A C Z%. Let B, be a finite subset of Z¢, in the sequel referred to as
the fundamental plaquette, and let B := {B, + = : = € Z%}. Elements of the collection
B will be called plaquettes. Given A C Z% we also let B(A) = {B € B: BNA # (}.
Finally, given a finite set A and 7 € (2, we define the Gibbs measure in A with boundary
conditions 7 and fundamental plaquette B, as the positive probability measure ,uﬁ’T on
2} given by

5 lo]B

2 BeB(A)

RIGES 677 o €0},
ZA7

where 5 > 0 is the inverse temperature and the normalisation constant (partition func-
tion) Zf’T takes the form

Zﬁ’T — Z egZBeB(A)[U}B. 2.1

4SUN

In the sequel we will denote by Cov)y"(f, g) the covariance w.r.t. uﬁ” of two functions
frg: Q) —R.

Using the fact that the fundamental plaquette B, is finite, x/”" is the finite volume
Gibbs measure in A with boundary conditions 7 for the finite range, +1 spin model on
24 with (formal) Hamiltonian H (o) = —3 3" 5 glo] . As usual for spin systems we set
IH| = |B.|/2.

2.2.1. Specific models. In this paper we will concentrate on two models in two dimen-
sions: the square plaquette model (SPM in the sequel), with fundamental plaquette
B, C Z? equal to the unit square {0, 1}? and the triangular plaquette model (TPM) with
B, equal to the right triangle with vertices the origin, €; and €; + & (see Figure[I)). In
the language of [8]] both models are trivial, i.e. each B € B is the translate of exactly
one fundamental plaquette B,. The SPM is also factorizable because B, is a rectangle,

i.e. of the form B, = Bil) X B£2) with Bii) C Z.

Remark 2.1. Usually the TPM is defined on the triangular lattice T (cf. e.g. [19])
in which the fundamental plaquette is any downward—pointing unit triangle. Using the
bijection ® between T and 72 given by T > x = x1d1 + z2d2 — (x1,72) € Z?, where
a1 = € and dy = cos(%w)é’l + sin(%w)e}, we see immediately that any unit downward—
pointing triangle of T is transformed into a plaquette B, + x, x € Z?, where B, is the
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/////

/////

FIGURE 1. The fundamental plaquette for the SPM (left) and for the
TPM in Z? (center) and in the triangular lattice 7~ (right).

right triangle above. In the sequel and if no confusion arises, we will work indifferently
either in Z? or in T according to the geometric convenience.

3. MAIN RESULTS

Our results are essentially twofold. The first set of results analyses the spatial mixing
properties of the two models (decay of correlations, influence of boundary conditions
and uniqueness of the infinite volume Gibbs measure). The second set of results dis-
cusses a self-similarity property of the unique infinite volume Gibbs measure.

We first prove that for all temperatures the SPM and the TPM satisfy the so called
strong mixing property on regular volumes (we refer the reader to [12414] for a thor-
ough analysis of this property and for a critical discussion of its relation with the notion
of complete analyticity of Dobrushin-Shlosman [4},5], and to [16] for a simple and di-
rect approach to prove it). As is well known the above property implies the existence of
a unique infinite volume Gibbs measure ;® = lim AZ2 uﬁ” with exponentially decaying
correlations and finite logarithmic Sobolev constant [13]]. Already at this level a first
critical scale Kﬁmlx) appears, measuring the minimal distance ¢ at which two functions
f, g with supports at distance ¢ have a small covariance in a box A containing their
supports, uniformly in the boundary conditions 7.

Secondly at low temperature we analyse the dependence on 8 of two other nat-

ural critical length scales related to the general concept of spatial mixing. The first

scale, /™) measures the minimal distance at which boundary conditions do not sig-

nificantly affect the average of local observables located far from the boundary. The
second scale, EgmultiSpin), is the minimal scale ¢ such that the infinite volume average of
multispins separated one from each other by a distance at least £ becomes small. As we
discuss in the appendix these three length scales are ordered:

Egmultispin) _ O(fécaVitY)) =0(p ggmix))‘ (3.1

We will now define precisely the above scales and state the main results concerning
their asymptotics for large f3.

3.1. Spatial Mixing Results. We begin by recalling the notion of strong mixing on
regular volumes.

Definition 3.1. Given a positive integer ¢, a finite set A C Z? is said to be (-regular if it is
the disjoint union of squares of the form Q, + fx, x € Z?, where Q, = [(]>.
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Definition 3.2. We say that strong mixing on (-regular sets with positive constants C, m
holds, in the sequel denoted SM (¢, C,m), if for all ¢-regular sets A, all boundary condi-
tions T € 2 and all functions f, g : 2} — R we have

| Covy ™ (f,9)| < Cllfllocllglloc S l[Sgle™ 559, (3.2)

Remark 3.3. The key point in the definition of strong mixing is the arbitrariness of the lo-
cation of the functions f, g. Their supports could in fact be far from each other but close to
the boundary of A. Thus strong mixing requires the exponential decay of correlations not
only in the bulk but also close to the boundary. It is known [15] that in two dimensions
bulk exponential decay (technically refereed to as weak mixing) implies strong mixing on
regular sets, essentially because the boundary of a square is one dimensional and informa-
tion cannot propagate in a one dimensional space. In higher dimensions there are example
of models [21] with bulk exponential decay but no strong mixing property because of the
occurrence of boundary phase transitions.

As in the original work of Dobrushin-Shlosman [4}/5] in order to prove SM (¢, C,m)
it is enough to verify that a certain finite volume condition on boxes of side ¢ holds (see
again [12,[14[16]]). Following e.g. [16, Proposition 3.1 and Theorem 3.3], we have in
fact the following result:

Proposition 3.4 ([16]). Given x let
helo) = ep(5 3 (0%~ [o]m))-

BeB:

B>z
Let also

©(f) = sup sup] Covg’Z(hx, hy)|.
x7y¢Ql T
d(z,y)>¢/4
Then there exist positive constants g, co > 0 independent of (3 such that the inequality
eMPlIHlg p(0) < &g (3.3)

implies SM (¢,C,m) with C' = e©B+1) and m = 1/4.

Remark 3.5. The special role played by the functions {h; },cz2 in checking strong mixing
is due to the following basic identity

_ COVAJ(hwv f)

,U/B\’T(hw)
Thus, if f has a small covariance with h,, its expectation is not sensitive to a change in
the boundary conditions at x.

AT () = 1T (F) Vi ¢ A. 3.4)

Notice that in order to verify (3.3) we need some decay (at least 1/¢) of the function
o(¥) for ¢ large enough. The smallest scale at which the required decay takes place will
be our first critical scale.

Definition 3.6. We define the strong mixing scale 0% g5 the smallest integer ¢ such

that (3.3) holds.
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Our first theorem then says that strong mixing on regular volumes holds for both
SPM and TPM.

Theorem 1. For both SPM and TPM ({™™ = O(Be”) as B — oo. In particular both mod-
els have a unique infinite volume Gibbs measure ;/° with exponential decay of correlations
and zero magnetisation ;i (oq) = 0.

Remark 3.7. It is easily seen that the SPM and TPM do not satisfy the Dobrushin-
Shlosman stronger form of decay of correlations [5]] at low temperatures, i.e. for
all finite sets A and not just for the (-regular ones. Partition 7Z? into the odd and even
sub-latticesand consider the SPM on the even sub-lattice with plus boundary conditions
on the odd one. The resulting system is clearly the standard ferromagnetic Ising model
on Z? for which a phase transition occurs at low temperature. Hence it is not possible to
have at low temperature for all subsets A of the even sub-lattice with plus boundary
conditions on the odd one.

For the TPM the role played by the odd sub-lattice for the SPM is played by the image

under the mapping T 2 72 described in Remark of the subset O = T \ H, where H
is the hexagonal tiling of the plane with each hexagon formed by the union of six triangles
of T (cf. Figure[2). It is immediate to check that, if we fix all the spins at the vertices of O

FIGURE 2. A piece of the triangular lattice 7 with the interaction pla-
quettes (dotted triangles). The black dots are the vertices of the set
O c T where the spins are fixed equal to +1. The remaining vertices
form an hexagonal lattice (thick bonds). Clearly the interaction among
the survival spins is a standard two-body ferromagnetic Ising interac-
tion.

equal to +1, the remaining spins form a standard Ising model on the hexagonal grid and
the same conclusion valid for the SPM holds.

In the previous section we encountered a first possible critical scale (M) a5 the
smallest scale at which strong mixing takes place. Here we are going to define two
other possible critical scales and we will prove results about their scaling behaviour in
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B as B — co. The first new scale, dubbed £/*"'%) is the scale at which the influence of
the boundary conditions on bulk variables (i.e. whose support is far from the boundary)
is smalll. The second scale £M™%P™) concerns the smallness of the infinite volume
average of the product of finitely many spins. In what follows the choice of small
numbers 1/10, 1/5 is somewhat arbitrary (one can replace them by u, 2u with u small).

Definition 3.8. Fix two concentric squares V' C A of side ¢ and 10¢ respectively. Given
7,7 € Q, let Y(¢;7,7") be the total variation distancé] between the marginals on Qy of
the measures piy, iy and let 1(¢) := sup, . (¢; 7, 7"). Then we set

(CV) — min{d : () < 1/10 VO = 0},
To define the second new scale, let F, be the class of finite non-empty subsets A C 7Z? such
that d(x,y) > for all x,y € A. Then we set
glmultispin) — ypin {0 sup |p? ([o]a)| < 1/5}.
Ae€F,

Remark 3.9. By the very definition of the variation distance (cf. [20}, Proposition 4.5]),
for V.C A as in Definition [3.8 and for any function f : Qx — R with ||f]l« < 1 and
Sy C V, one has

max 137 (f) = 13" ()] < max 20(67,7) = 20(0).

Therefore any observable in V' becomes insensitive to the boundary conditions beyond the

scale E&camy). It is a natural question whether there are special observables for which
this phenomenon occurs on a shorter scale. As discussed in Section a very natural
candidate is the spin at the center of the box. In this case a naive analysis suggests that,
under the plus b.c. and for large 3, the average spin magnetisation becomes very small as
(ﬁﬁ“w’ty)) Y2 " In Proposition 5.2 we prove

that for the SPM this actually does not happen and that the correct scale is still ),

The same question remains open for the TPM.

soon as the side of the box becomes greater than

Theorem 2. As 5 — oo the following scaling holds:

(SPM) g(ca\/lty (55 mix) ) egcavity) _ Q(eﬁ) e&multispin) - 6%
(TPM) g(cavuy (5f mix) ) E(cavity) . Q(e}?jﬁ) E((:multispin) - eﬁ%ﬁ )
In particular, for both models gl O(BeP).

Remark 3.10. We can use the above result to derive a lower bound on ¢{™. We in fact get
(™) — (B~ 1e?) for the SPM. For the TPM we only get (™) = Q(5~1ew3#). However
one can prove that the magnetisation of the vertex x at the middle of one of the sides
of the square of side length de” is very sensitive to the choice of the boundary conditions
on the other three sides as long as ¢ is a small constant independent of 8. By using the
symmetries defined in Section one can in fact construct a boundary condition T such

IFor the experts this is essentially the first scale at which weak mixing [12] starts to kick in.
2Given two probability measures u, v on a finite probability space Q) their total variation distance is
maxace [u(A) — v(A)]|
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that T is identically equal to +1 within distance 6e” /2 from z and |m7 — m}| = 2m],
where mT, m} denote the magnetisation at x with boundary conditions T and all plus
respectively. In turn m; = Q(1) as 8 — oo using Lemma[5.1] By proceeding as in Section
[I.1] we easily conclude that eﬁm”‘) = Q(ﬁ_leﬁ ). We conclude that eﬁm”‘) scales like e°, up
to polynomial corrections, for both the SPM and TPM.

Remark 3.11. As the reader can check, our derivation of Theorem([I] as well as our upper
bounds on £ and (P stated in Theorem 2| remain valid when working with
generic Hamiltonians of the form H(c) = — ) g.p J(B)[o]|p, where J(B) are arbitrary
coupling constants with sup{|J(B)| : B € B} < .

3.2. Self-similarity of the infinite volume Gibbs measure. In this section we estab-
lish an exact self-similarity property of the infinite volume Gibbs measure ;.”.

Let (g, k) := §—5(1—2¢)" and ¢(8) = 1’ ([o]p, = —1). Clearly ¢(8) = e=F/2/(e=#/2+
ePl?).

Theorem 3.

(a) For the SPM the marginal of 1i® on Q2, £ € N, coincides with y%', where 8’ = (5, £)
is such that q(8') = ¢(q(8), ?).

(b) For the TPM the marginal of u® on Q,2, for £ = 2" and n € N, coincides with u%,
where (' is such that q(8') = p(q(8), (*) with o = {ggg

By explicit computations we have

_ k 2
ﬁ’:log(1+(1 2q(ﬂ))k> where k:{e in the SPM, 35

1— (1 — Qq(ﬁ)) % in the TPM.

3.3. Extensions to trivial factorizable models. We briefly discuss the extension of
Theorems [l and 2] to an arbitrary factorizable trivial model [8,23] (FTM in the sequel)
in Z¢. These spin systems have a formal Hamiltonian like the one introduced in Section
2.2) namely H (o) = —3 3" s.5lo] 5, where now a generic plaquette B € B has the form
B = B, + z, with B, = Bil) X oee X Bid) and Biz) C Z. W.l.o.g. we can assume
that |B£Z)| > 1 (otherwise the system breaks into lower dimensional independent sub-
systems) and that min{k € Z: k € Bil)} = 0.

Like the SPM also a FTM has a unique Gibbs measure 1 at all positive temperatures

and it satisfies the Dobrushin-Shlosman unjqueness criterium [.8].. In what follows we
will work with the same length scales (M%) (Vi) anq ¢MUltisPn) qafined exactly as

before and ordered as in (3.1) (cf. the proof given in the appendix).

Theorem 4. Choose a FTM. Then as 3 — oo we have:
D 6" = 0(Be’);

(i) () = 0(BI™)) and (™) = Q(P);

(lll) Egmultispin) _ O(eﬁ/d).
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3.4. Summary. In conclusion we observe that the SPM and TPM have (at least) three
a priori different critical length scales. On the first scale covariances in regular volumes
start to decay (exponentially fast) uniformly in the boundary conditions and in the
location of the observables. On the second scale the boundary conditions do not signif-
icantly affect the expectation of bulk observables while on the third scale the product
of finitely many spins have small expectation w.r.t. to the unique infinite volume Gibbs
measure.

The first scale has a scaling roughly ¢’ with a possible poly(3) pre-factor in both
models. The second scale behaves similarly to the first one in the SPM, whereas for
TPM we can only say that it is in between the first and third scale. Finally the third
scale is deeply affected by the underlying geometry of the models and has a scaling
¢8/2 for the SPM and es? for the TPM. For both models this third length scale takes
the form e%/4s, where d; is the Hausdorff dimension of certain sets which are naturally
associated to the fundamental plaquette B,. These sets can be constructed by taking
any collection of plaquettes in B such that the origin appears in exactly one plaquette
and all other vertices of Z? are include either twice or not at all, and then rescaling
space. For the SPM this set is just a quadrant in R?, while for the TPM it is given by the
Sierpinski gasket.

One could define a forth length scale as the smallest ¢ such that 8’ appearing in
Theorem [3lis small, i.e. 3/ < 1. It turns out, by a simple computation from (3.5]), that
as expected, this length scales exactly as the multispin length scale.

4. PROOF OF THEOREM [I]

The proof of Theorem [I] starts with a simple general observation. Recall the defini-
tion of h, given in Proposition [3.4]and let S}, be its support. Fix A C Z? and ¢ € (0, 1).
Also fix two sites z,y ¢ A such that the 2 := S;, N A and S» := S, N A are both not

empty.
Definition 4.1. We say that S C A is a e-screening set for x,y if the following holds:

() A\ S can be written as the disjoint union of two sets V,,, V,, such that SUfc\ c V, and
S C Vs
(ii) there exists no plaquette B € B(A) such that BNV, # 0 and BNV, # {;
(iii) the partition functions Zg" satisfies the bound:
677—
sup % <1l+e.
7,7 ZS’
The usefulness of the above definition appears in the next lemma:

Lemma 4.2. In the above setting suppose that there exists an e-screening set for x,y. Then

sup | Coviy" (ha, hy)| < 4l|he |3 & < 4PN ¢,
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Proof. Let S be a e-screening set and let V, V,, be the corresponding sets appearing in
Definition [4.1] above. Using the DLR equations we begin with the simple bound:

| Cov (e )| = |57 ((hy — Wi () (B | v,)|
< 2lhylloe sup (157 (ke | 0v, = €) = 5 (he | 0, =€)

7—757

Next, given ¢ € Qy, and using (ii) of Definition [4.1] we write

degvx e—gﬁlvz @h, (O,)Zg'r@a@ﬁ

—BHy (0!) B, TR0 RE
Vv (O ’
ZU’EQVZ e 2 “ ZS

Mﬁ’T (ha |ov, =€) =

)

where

I‘AIVw(O') = — E [U®T]B7
BeB(Vz)
BNS=0

and 7 ® 0 ® £ denotes the configuration whose restriction to A¢, V,, and V,, is equal to

7,0 and ¢ respectively. Using (iii) of Definition [4.1lwe get immediately that

1~ :“/B\’T (he | ov, =€)
T ()

ABvT

where fi7’" is the probability measure on Qy, such that ﬂ@f(a) x exp(—gHvx (0)).

(1+4+¢)”

<1+4e¢,

Since ﬂ@f(hx) does not depend on £ we can conclude that

‘,UA’T(hx ’ oy, = ) — Nﬁj(hx ’ oy, = 5/)‘ < 2Hhx”oo €.
O

For both models e-screening sets will consist of the disjoint union of suitable trans-
lates of the n-dilated version of a special set T,. For the SPM the set T, will coincide
with the fundamental plaquette B,. For the TPM instead T, will be the right triangle
with vertices the origin, €; and &; + &;. Having that in mind, the next lemma becomes
useful. Before stating it we need to modify a bit the notion of boundary conditions in
order to also cover the case of (partial) free boundary conditions.

Given a set A consider a subset P C B(A) with the property that P > B for any
plaquette B C A. In other words P contains all the plaquettes inside A and possibly
some of the “boundary” plaquettes which intersect A and A€. Then we define

ZXP — Z exp(g Z [U]B)- 4.1

oy BeP

Lemma 4.3. Let {A;}*_, be a collection of disjoint subsets of Z? and let A = U¥_, A;. Fix
¢ € (0,1) and assume that
ZT,P

A
max maxsup —5 < 1+e.
1 7-’7_/ A/-’
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Then
zeT
up i
Proof. For i € [k] let P; = B(A;) \ {B € B(A;) : 3j <isuchthat B € B(A;)}. Given
c® e Qy.,ic k], letcM®---@0* @7 be the configuration equal to ¢V in A;, i € [k],
and equal to 7 outside A. With this notation

k
Zf’T: Z Z Hexp(éZ[o‘(l)@@U(k)@T]B)

O'kEQAk 0’1€QA1 =1 BeP;

< (14"

Notice that by construction, if i > 2 then > ;. [V ®---©0*) @7]p does not depend
on o ... g0~ Thus

T
ZA’T' -
Z?:z ZU(J)GQAJ_ [HZ 9 exp( ZB@ [ .20k @ T]Bﬂ ZK§2)®...®J(1€)®T,'P1
- Z?:z Zg(j)emj [H§:2 eXP<§ >_Bep, @ ® @k e T']B)] ZXEQ)@“@JW@TI’H
- max, ZT’P1 y E?:z Za(j)eQAj |:Hz 2( ZBEP [ @0k @ T]B>]
~ min, Z 2 25?22 Zd(j)EQA» [Hf:z eXp<§ ZBep_ e ®- 0ok T/]B)]
Sk T avren, [Hf:3 exp (7 > pen, [g(w ® 0o @] B)] 705 @ P
The proof is finished by iteration. O

The next result provides good building blocks of e-screening sets for large n.

Proposition 4.4. Let T.™) be either the square [n]? for the SPM or the right triangle with
vertices the origin, né; and n(é; + é3) for the TPM. Then
77
T nt1
maxsup > 5 < 3exp( (n + 2) tanh(5/2) 3 ) -2,

o

when the exponential in the r.h.s is bounded above by 4/3.

The proof of the proposition is postponed to Section We now conclude the
proof of Theorem [1] by proving that for both models (i O(B€P) for large B.

e The SPM case. Consider the square Q and z,y € Qj such that S, N Qg # 0, Sy, N
Q¢ # 0 and d(x,y) > £/4. As can be easily checked, taking A = @y, conditions (i) and
(ii) of Definition [4.1] are satisfied for suitable sets V,,, V;, when taking S equal to either
R, + z or R, + z for a suitable » € Z?, where R, = [{] x [¢/10] and R, = [¢/10] x [¢],
(w.l.o.g. we assume that //10 € N). Clearly R, + z (the same for R, + z) can be written
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as the disjoint union of ten translates of the square /1 (see Figure[3). Therefore, if
¢ = c|Be? | and using tanh(3/2) ~ exp(—2e~?) for large 3, we obtain from Lemma [4.3]
and Proposition [4.4]
ZyT,
sup —2<= < (1+2(8))",

!
7,7 Z}%L_Z

with ¢(8) = O(ﬁeﬁ(l_%)) for ¢ > 15. Hence using Lemma 4.2 and the same notation
of Proposition [3.4] we get:

lim e*1Hlgp(0) < lim 7Bl ((1 Fe(B)0 - 1) —0,
B—o0 B—00

for ¢ large enough, where we have used ||H|| = 2 for the SPM. In particular for the
above choice of ¢ (3.3) holds for 3 large enough. O

e The TPM case. We proceed exactly as for the SPM. Suppose w.l.o.g. that R, + =
satisfies conditions (i) and (ii) of Definition [4.1] for the given z,y. Then we first divide
each of the ten squares of side /10 forming R, + z into two right triangles with oblique
side along the 7 /4 direction and then take as e-screening set the union of the lowest
right triangles (see Figure [3). Using again Lemmas [4.2] [4.3] and Proposition [4.4] we
conclude as in the SPM case.

°
Y

FIGURE 3. Examples of e-screening sets for the SPM (left) and for the
TPM (right)

4.0.1. Proof of Proposition The starting point is a high temperature expansion of
the partition function ZX’P for any finite set A and P C B(A). Our expansion is similar
to but not exactly the same as the one in (cf. Eq. (2.9) there).

Using
@2 — cosh(B/2) (1 + utanh(5/2)) , u==+l1,
from (4.1) we get
77" = cosh(B/2)/7! <2‘A| + Z tanh(5/2)! Z H [J]B). (4.2)
acP 0eQ} Bea

a#D
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Definition 4.5. We say that o C B(A) is a cycle in A (and write o € K(A)) if for each
x € A the cardinality of {B € o : x € B} is even. The empty set is a cycle.

Remark 4.6. Notice that since B(A) may contain plaquettes B such that B N A # (),
there can be vertices x ¢ A with odd cardinality of {B € a : x € B}.

If « C P is not a cycle, then there exists + € A such that the term [[5 ., [0]B
can be written as o, f(o) for some function f with the property that x ¢ Sy. Thus

> ocay Ll pealols = 0. As a consequence we can write Z7F = 2l cosh(B/2)P1 27

where
2P =142 3 tanh(8/2) Y [[lols- (4.3)
a€l(A) o€} Bea
aCP, a#
Clearly
1277 1)< > [tanh(8/2)[!.
a€l(A)
a#D
In conclusion if ) ,cx(a) |tanh(3/2)[l*! < 1/3 then
a#l)
z;” ol
mgxsﬁrll)ﬁ <1+3 Z | tanh(5/2)]".
’ A aclC(A)
a#D

We now take A = T*("). Then the statement of the proposition follows from the follow-
ing key lemma.

Lemma 4.7. For both models and for any t € (0,1) and n € N,

S° it Cexpla(n+ 2t} 1. (4.4)
ack(T™):

a#D
Proof of Lemma
e The SPM case. For any 0 < j < n call H; the cycle a € IC(T*(")) given by the
horizontal stripe of plaquettes (k,j) + B, 0 < k < n. Define similarly the vertical
stripe of plaquettes V; = {(j, k) + B« : 0 < k < n}. [8, Proposition 4.4] implies that
any cycle a € IC(T*(")) can be written as a = a(1)A«a(2), where A is the symmetric
differerence, o (1) is a union of cycles of the form H;, a(2) is a union of cycles of the
form Vj. For each a € IC(T*(")) we fix once and for all a decomposition o = a(1)A«a(2)
as above, with a(1) having minimal cardinality. These special decompositions are called
economic in [8]], where it is proved that they satisfy the bound || > @ + @ (see
formula (4.31) there, apart a typo in the sign). Thus we conclude that:

a a " 2 n
Z tlol < Z t‘:(al)‘t"(f)‘g[ Z tlA\%l] = (1 4 552D

aek(T™) ack(T{™) Ac{0,1,...n}
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x

FIGURE 4. Left: A piece of the triangular lattice 7 with the line R and
the Pascal’s triangle P, in gray and light gray. The black dots denote the
shadow of z on R and in dark gray are the plaquettes of B, z. The set
consisting of {z} and its shadow can be thought of as the sum of all the
shadowed plaquettes (dark gray). Right: The same figure on Z? under
the change of basis ® (see Remark [2.7]).

Using that 1 + 2 < e we conclude.

e The TPM case. Given two sets of plaquettes A, B C {x + B, : = € Z?}, we define the
sum A+ B as their symmetric difference AAB. Moreover, we define the multiplication
kA with k € Fo = {0,1} (the field of integers mod 2) as 14 := A and 04 := (. Itis
then clear that the family of subsets of B(T*(")) forms a vector space over Fy. Let P,
be the family of plaquettes belonging to the binary Pascal’s triangle rooted at = and
developing up-wards on the triangular lattice (see Figured). For i = —1,0,...,n we
denote by P; the intersection of the plaquettes contained in the Pascal’s triangle rooted

at (i, —1) with the plaquettes intersecting T*("), i.e. (cf. Figure[5)
P =Py _nnBIT).

FIGURE 5. The region T*(8) given by all the vertices on and inside the
dark lines. The figures show all the plaquettes belonging to B(T*(S)).
Left: The plaquettes belonging to P, are marked in gray. Right: The
plaquettes belonging to P; are marked in gray.
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Lemma 4.8. The cycle space IC(T*(n)) forms a vector space over the field Fo under the
symmetric difference. Furthermore P_1, Py, ..., P, is a basis.

The proof of the lemma is postponed to the appendix. Using the above lemma we
can parametrize all cycles in IC(T*(n)) with o € {—1,1}["-, where [n]_ = {-1,0,...,n},
via the bijection

{—1, 13- 56— a(0) € IC(T*(")), where a(o) := Z I(o;=-1)F;. (4.5)
i€[n]|—
Unlike the SPM, we do not have a combinatorial method to efficiently bound from
below the cardinality |a(c)|. We will now develop a probabilistic method that turns out
to be effective. We sample o € {0,1}")- according to a Bernoulli field of parameter
1/2, and so
> el = or R[] — 1, (4.6)
ae(Ty):
a#D
In order to control the size of the cycles in (4.6), we now give a useful character-
isation of the plaquettes belonging to a cycle «(o) in terms of the product of certain
elements of o, which is inspired by a discussion in [25]]. For this purpose and inspired
by [[19], it is convenient to introduce the notion of the shadow of a vertex in the TMP.

Definition 4.9. In the TPM on the triangular lattice T let R be an arbitrary horizontal
line. For any vertex x lying below R let B, r consists of all plaquettes B € P, between
x and R included (recall P, is the set of plaquettes forming an infinite Pascal’s triangle
rooted at x rotated by m). Then the shadow on R of a vertex xz lying on R or below it,
denoted S, r, is x itself in the first case or the set of vertices on R belonging to an odd
number of plaquettes contained in the family B, r (¢f. Figure d) . For the TPM on 72

one simply applies the mapping T 2 72 described in Remark 1] to the above geometric
construction.

We denote by R, the horizontal line passing through (0, y), i.e. the line at height y.
Giveny > — 1 let S(y) = {z € Z : (x,y) € S(o,-1),r,} be the projection on the first
coordinate of the shadow of the vertex (0,—1) on R, (see Definition [4.9). We define
the set 7(") as

T = {z€7%: 2+ B, e BTy =17 U{(i,~1) : i € [n]_}.
Given z € T(") we define
A(z):={jen]- : z+ B. € P;}.
Note that by definition of a(c) we have
z€ By €afo) & [0]a:) = 1. 4.7)

The following claim characterises the set .A(z) and describes some of its properties:
Claim 4.10. Given z = (21, 22) € T we have A(z) = z; — S(23). Moreover, we have

21,21 — 20— 1 € A(z) C 21 — 20 — 1, 1] (4.8)
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/A% RE)
7
(07'_1) \/ \/
[ Z T Z
0 2 4 6 1 3 5 7

FIGURE 6. Left: The shadow of the vertex (0,—1) on R5 and the con-
struction of the set S(5) = {0,2,4,6}. Right: a vertex z = (7,5) € T®,
the corresponding set .A(z) (below), and the cycle P; in gray.

Proof. Given y > — 1 it is trivial to check that S(y) C [0,y + 1] and 0,y + 1 € S(y).
Writing z = (z1, 22), it is clear from the construction that z + B, € Py iff z; € S(z9).
Fix now a generic j € [n]_. By translation we have that z + B, € P; if and only if
(z—1(4,0)) + B, € Py, which holds if and only if z; — j € S(z2), i.e. j € z; — S(22). This
proves that A(z) = z; — S(22).

By the initial observations on S(y) we know that S(z2) C [0,22 + 1] and 0,22 + 1 €
S(z2). Since A(z) = z; — S(22), we conclude that that A(z) C [21 — 22 — 1, z1] and that

21— 29— 1,21 € A(2). O
We now introduce special subsets of 7 denoted by I'(j) with j = —1,0,1,...,n

(see Figure[7). I'(j) is defined as
() :={(,3) : —-1<i<j}u{(G+ii—1):1<i<n—j}. (4.9)

Note that |T'(j)] = n+ 2 for all j = —1,0,...,n. Moreover, for any z € T(™) we have

L : L v

FIGURE 7. The marked vertices show the sets I'(—1) (left), I'(3) (mid-
dle) and I'(8)(right) for n = 8. The light gray plaquettes correspond to
P_q, P; and Py respectively.
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e : 2T = {; iz i =1) i€l

otherwise.
Now, using these sets and (4.7), we can bound the size of each cycle a(c) € IC(T*(n)) as
follows,
la(o)| = Z 1(z + Bs € a(o Z Z (z+ By € a(0))
2€T (™M) nl_z
eT JE[ |- 2€D(j) (4.10)
1S Yt =)
JE[n z€l'(5)

It is convenient to write ¢ = e~ with ¢ > 0 (in the applications we have ¢ ~ 2¢~5).
Using (4.10) and Jensen inequality we can write

E[t(@)] = E[e~l@)I] < E[exp{ -2y Y 1 1)}}

JEn} z€I'(5)
:E[ex {

2 Av ;Y A —-1)}] 4.11)
< AVjE[exp{ — E(n; 2) Z 1([o]ac) = —1)}}

z€l'(5)
z€l'(j)

To bound the last expectation from above we need a last and crucial technical fact.

Claim 4.11. Let 0 € {—1,1}* be sampled according to the product Bernoulli(}) measure.
Let A1, ..., Ay, be finite subsets of Z such that

Ak\(AlLJAQU"'UAk_l)#@ Vk=1,...,m. (4.12)
Then, for any c € R,

[exp{ Zﬂ - }] =2""(e+1)™

We will postpone the proof of Claim [4.11] until the end of this section. We now have
all the tools required to conclude the proof of Lemmal[4.7]for the TPM. In order to apply
Claim 4.11] to bound from above the r.h.s. of (4.11]), we first show that we may order
the sets A(z) for z € T'(j) such that they satisfy (4.12)), i.e. each set is nonempty and
any set is not included in the union of its predecessors. We index the vertices’s in I'(j)
as follows (recall (4.9),

|G —-2,i—5—-3) lfj+3\ \n+2.
Then the sets A(z("), i = 1,...,n + 2, satisfy condition (4.12)) by Claim [4.10} in partic-
ular by (4.8). Indeed, by Claim .10} A(z(), i =1,...,n + 2, equals
]_S(_1)7 ]_5(0)7 7]_5(])7 ]+1_S(0)7 ]+2_S(1)7 et ’I’L—S(’I’L—j—l)
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Using (4.8) one gets that the following ordered family of points
0,j—1,7-2,...,—1,j+1,§+2,...,n

has the property the the i—th point belongs to .A(z(")) but it does not belong to A(z("))
for ¢/ < i. As a consequence, by applying Claim
e(n+2) —n—2, —cnE2) n+2
E[exp{— . ;.)1([(’]*‘(2’ :—1)}] =92 L)L (4.13)
2€L(j

By combining (4.6), (4.11) and (4.13) we conclude that (recall that 1 + = < e%)

e(n+2) e(n+2)
Z tlol = 2”+2E[t|a(0)‘] —1<(e” = + 1)1 < exp{(n + 2)e” = -1
ack(T™):
a#D
(4.14)
as required since ¢t = e €. O

Proof of Claim We define G, := UF_, A, and define F}, as the o—algebra generated
by {ci}icc,. Due to we can decompose A,, as A,, = B,, Uy, with B,, :=
Ap \ G—1 # 0 and C,, := A,,, N G,,,—1, where By, and C,, are disjoint. In particular
[0)a,. = [o]lB.]0lc,, and [o]c,, is F,—1—measurable. Observe that if {X;}! ; are i.i.d
+1 random variables and ¢ := P(X; = —1) then E ([, X;) = (1 — 2¢)", i.e.

P([[xi=1)=5+—" (4.15)

e“+1
2 M

E[ect (ol am=—1) ‘fm_l} :E{ecn([a}fam:—mm | Fonet| = (4.16)
where the last identity follows by integrating over o; with i € B,,.
Note that [0] 4, is F,,,—1-measurable for k¥ < m — 1. The by conditioning on F,,,_1,

and applying (4.16), we get

k=1
- E[exp (cm_lll([a]Ak _ —1))E[exp (c]l([a]Am - —1)) | J-“m_1H (4.17)
k=1
= 60; 1E[exp (cm_l 1([o]a, = —1))]
k=1

The result now follows by iteration. O



20 P. CHLEBOUN, A. FAGGIONATO, F. MARTINELLI, AND C. TONINELLI

5. PROOF OF THEOREM

Given A1, As, ..., A, C Z? we define their sum A; + --- + A, as the set of vertices
of Z? belonging to an odd number of A;’s (i.e. for set addition we take the symmetric
difference). Notice that

[olasttan = [J10a, 5.1)
i=1

We also define A, A’ to be equivalent and write A ~ A’, if there exist a finite family
of plaquettes { B;}; such that A = A’ + 3" | B;. When A ~ () we say that {B;}",
is a plaquettes decomposition of A if A = By + By + --- + B,,. The decomposition is
minimal if each B; appears only once. It is straightforward to show that the minimal
decomposition is unique. The importance of the above construction is justified by the
following result proved in [23] Section 4.4]. For any finite set A C Z? the multispin
average 1 ([0] 1) satisfies

5 o AL,
w([o)a) = {tanh(ﬁ/Q)" A0, (5.2)

where n = n(A) is the size of the minimal plaquettes decomposition of A.

5.0.1. Asymptotics of ) g  — oo. For both models the upper bound on gleaviey)

follows from and Theorem For the TPM the lower bound on sz‘”“” follows
again from (3.I) and the lower bound on £™%P™ in Theorem 2 (cf. below). Thus it
remains to prove the lower bound £ = Q(e?) for the SPM. The following simple
argument forms the basis of our approach.

Let A + () be a finite set contained inside the square centered at the origin of
side ¢ > EgcaVitY). Then, by definition, for all boundary conditions = we must have

| ,uﬁ’T([a] 4)| < 1/5, where A is the square of side 10¢ centered at the origin. Using the
DLR equations we can write in fact

(1)l =] [ @) (137 (o))~ 7 (0)0) |
< [ @@l o))~ i (o] <2 [ dbyotein ) <175,

where ¢ (¢; 7,7') is the variation distance introduced in Definition[3.8 Thus, in order to

bound from below £ by ¢, it is enough to prove that for a suitably chosen boundary

condition 7 and A C [—g, 5]2 N Z?, we have |py" ([0]4)| > 1/5if A = [-5¢,502 N Z2.

Our choice of 7 will be the all plus boundary conditions. With this choice it is conve-
nient to define BT (A) = {BNA: B € B(A)} and to denote by B its generic element.
We will write K (A) for the family of cycles in BT (A), i.e. collections of the B;"’s such
that any point in A belongs to an even number of the B;"’s.

Lemma 5.1. Let A C A C Z? be non-empty finite sets and suppose that A = B{ +---+B,}
with B # B} whenever i # j. Then

pAT ([0]4) > tanh(8/2)" .
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Proof. Letas := {By,...,B;}. By applying [8, eq. (2.12)] together with [V; AV,| < |Vi|+

|Va| we get

S ek ) tanh(g/g)lam,q\
ZO!EIC+(A) (tanh(ﬁ/Q))W

Wi (oa) =

> tanh(8/2)/*4! = tanh(3/2)".

O

The above bound is quite crude and one may suspect that for many choices of A it
would be too pessimistic. That is indeed true as we will see shortly. Nevertheless it is

enough to prove the sought lower bound on plevio),

Choose A = [-10¢,10¢)>NZ? and let A = {(0,0), (0,1)}. Clearly A £ § and A = Bf +
.-+ By, where Bi" = B, + (i — 1,0) for i € [10/] and Bf,,, = {(10¢,0), (10¢,1)}.
Using the lemma 1" (04) > tanh(8/2)'9+! ie. (€Y — (eP) by the argument
given above. O

The key feature of the above choice of A is that its minimal plaquettes decomposition
requires a linear (in ¢) number of plaquettes B*. Another natural choice for A would
be the origin so that ;% ([c]4) becomes the magnetisation at the origin under the
plus boundary conditions. In this case the minimal plaquettes decomposition requires
a Q(¢2) number of plaquettes B*. Reapplying the above strategy would however only
produce a lower bound Q(e®/?) on corresponding cavity length. A natural question is
therefore whether the magnetisation at the origin starts to be (roughly) independent of
the boundary conditions on scale ~ e” or on scale ¢8/2 (or on some scale in between).
The answer is provided in the next result whose technical proof is deferred to the
appendix.

Proposition 5.2. There exists ¢ > 0 such that for any ¢ < ce®
i B+
hﬁni)gf py, (00) >0,

where Ay = [—£,0)?> N Z2.

5.0.2. Asymptotics of (™ P g5 3 s 0. Using the required bound on ¢™!tisPin)
will follow once we are able to estimate the size n(A) of the minimal plaquettes de-
composition of a given finite set A. For this purpose, we now also define the shadow
of a vertex for the SPM (recall Definition [4.9] for the TPM). We call positive (nega-
tive) corner any translation of the set {ke; : k > 0} U {kéy : k > 0} (of the set
{ké1: k <0}u{kéy:k <0}.

Definition 5.3. For the SPM fix a corner R together with = belonging to the quadrant
delimited by R. If x € R then we define the shadow S, r of x on R as x itself. Otherwise
Sz, r are the three points on R which, together with x, form the vertices of a rectangle. In
that case the set of plaquettes contained in the rectangle will be denoted by B, .

The next result gives an algorithmic characterisation of sets A ~ () and of their
minimal plaquettes decomposition in terms of the shadows of their elements.
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Lemma 5.4. Let A C Z? be finite and let R be either a corner (positive or negative) in
the SPM or an horizontal line in the TPM, such that every x € A belongs to the quadrant
delimited by R in the first case or lies below R in the second case. Then

(i) A~0Oifandonly if 3> .4 Sz = 0.
(i) If A ~ (), then the minimal decomposition of A is given by all the plaquettes belonging
to an odd number of the families {B; r }c 4 described in Definition and5.3

Proof. (i) Fix a point z € A and a corner or a line R depending on the model such
that = casts a shadow on R. By definition {z} ~ S, r for any z € A so that A =
Y oweal®} ~ > ,ea Ser. Inorder to conclude it is enough to prove that y~, 4 Sp.z ~ 0
iff > c4 Sz = 0. The “if ” part is trivial. To prove the opposite implication suppose
that 3 _, Szr # 0 while >~ _, S = ~ 0. Then there exist n > 1 distinct plaquettes
Bi,...,B,suchthat )~ _, S; = = B + --- + B,. By a minimality argument, one can
easily check that the set B + --- + B, cannot belong to R, while }°__, S; = does,
which gives a contradiction.

(i) Suppose that A ~ () and notice that {z} = Sy % + > pep, , B- Hence, using

> wea Sz,r = 0 (cf. above), we get

A=Y =Ysat Y H=Y Y B

€A €A BeB:r r€ABeEB, R

The rh.s. in the above expression gives a plaquettes decomposition of A. To get the
minimal decomposition it is enough to remove all possible repetitions. O

We now have all the necessary tools to analyse g{multispin)

e The SPM case. Using and Lemma[5.4] if A C Z? is a square of side length ¢, then
A ~ 0 and p?([0]4) = tanh(8/2)¢. This implies immediately that £"™ P — (e8/2).
In order to get an upper bound on ™%P™ take A € F, such that A ~ () (recall
(5.2)) and, w.l.o.g., assume that A contains the origin and is contained in the half-
space {z € Z*: xy > —x1}. Since the minimal distance between the points of A is
at least ¢, any positive quadrant rooted at y € A, y # 0, cannot share plaquettes with
W = {0,...,|¢/2]}? (see Figure[8). We now take R as a negative corner such that A
and W lies in the quadrant delimited by R. Let By, ..., B, be the minimal plaquettes
decomposition of A w.r.t. R as described in Lemma(5.4l By construction all plaquettes
of By contained in W cannot belong to any other family B, =, y € A\ {0}. Hence,
n > [£]?/4.
In conclusion implies that there exists ¢ > 0 such that
J2

1
1P ([0]4) < tanh(8/2)"F < = Vel

e The TPM case. W.l.o.g. and to simplify the notation we consider the TPM on the
triangular lattice 7 with the ¢;-distance replaced by the graph distance and we define
the family F, accordingly. Let A consists of the vertices z, y, z of a downward pointing
equilateral triangle with side length 2*. Using Lemma A ~ () and its minimal
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k s RE ‘ R

FIGURE 8. Left: aset A ~ () in [F,—g (black dots) above the —45° diago-
nal, the square W (in gray) and the negative corner R in the construc-
tion for the SPM. Right: a portion of the set A € F,_, (black dots) above
the line £, the half-hexagon #, the Pascal triangle W (in gray) and the
line R in the construction for the TPM.

plaquettes decomposition is given by all the plaquettes lying in the truncated upward-
pointing Pascal’s triangle with vertices x, v, 2. The number of these plaquettes equals
3* while the minimal graph distance between points of A is equal to 2*. Hence, using

again (5.2)), (multispin) _ Q(ef), a = {ggg

To prove the upper bound we proceed similarly to the SPM. Fix A C 7, A € F; and
such that A ~ () (recall (5.2)). We denote by k the largest integer such that ¢ > 2*
and, w.l.o.g., we assume that the origin of 7 belongs to A and that A is contained in
the upper half graph delimited by the horizontal line £ through the origin. Consider
the half-hexagon 7 of side length 2*~! centered at the origin and lying above £ and
let R be any horizontal line of 7 such that both A and # lie below R. By construction,
for any z € A, ¢ # 0, the upward Pascal triangle rooted at x cannot intersect the
upward Pascal triangle W rooted at the origin and contained in #. Lemma (5.4 implies
the minimal plaquettes decomposition of A must contain all the plaquettes in W. In
conclusion the cardinality of the minimal plaquettes decomposition of A is at least 3%~

and the sought bound £{™ %P — O(efe), o = %, follows as before.

6. PROOF OF THEOREM [3]

In order to prove Theorem [3]it is enough to establish a finite volume version of the
result with free boundary conditions (equations and (6.6)) and use the unique-
ness of the thermodynamic limit.

Let us start by fixing some useful notation. Given a finite set A C Z2 let B/(A) = {B €
B(A): B C A} and define the Gibbs measure on A with free boundary conditions as

eg ZBer(A) [0l

B f
M o) =
A ( ) Zf’f

s O’EQA,

where 7 f’f is the normalisation constant.
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6.1. The SPM case. Given ¢, N € Nlet A,y = {0,1,...,/N}? and A} = Ay v N (Z2.
Our aim is to prove that

i o song =n) = ), Ymea; (6.1)
where 5/ = /(3,/¢) is as in the statement of Theorem [3] Above we have identified
n € Q; , with a configuration in €2y, , using the bijection Ay n > z — lx € A]

Given ¢ € Q Az ~» we denote by p, (o) the £1 plaquette variable [o]p, associated to
the plaquette B, := B, + z. Notice that the spin configuration o € (2, , is com-
pletely determlned once we assign its values along the South and West boundary of
Ay n (ie. the sites with at least one coordinate equal to zero) and all the plaquette
variables associated to B/(A, y). It follows that the number of spin configurations
compatible with an assignment of the plaquette variables equals 22V*! and that

1
'uﬁlfN( ) 22N€+1 H I/B(px(o')), (6-2)
z€[0,N£—1]2NZ2

where v#(—1) = ¢(B) and V(1) = 1 — ¢(B).

Given n € Q Ay We introduce the renormalised plaquette variables p,.(n) = [1]¢B, +>
for x € Aj 5. Again 7 is univocally determined by its values on the South and West
boundary of Aj N and its renormalised plaquette variables. Notice also that it holds

ﬁw(aAzN) = H py(0) Vo € Qp, y- (6.3)
y€{0,...0—1}2+z

We can now state the basic lemma concerning the SPM Gibbs measure ,uﬁ f :
Lemma 6.1. Fix two configurations n,n' on A} , such that their renormalised plaquette
variables coincide. Then

iy o ong = nh) =k o ong =}
Proof. We introduce a bijection 7" on 2, , as the composition of the bijections 7, with
z varying among the sites in the South and West boundary of A7 y, defined as follows.
If 2 = (0,29), then T, is obtained by flipping all spins on sites with second coordinate
x9. If x = (x1,0) with 1 > 0, then T}, is obtained by flipping all spins on sites with first
coordinate x1. To get the thesis it is enough to show that the bijection T satisfies two
key properties:

) Vo € Qu, , itholds p37 (o) = i/ (T(0));
@) if OAf =1 then T(U)AZN =1
Property (i) immediately follows noticing that p,(c) = p.(T(c)) and using (6.2). To

prove property (i) we notice, using (6.3), that T'(o)s Az, has the same renormalised

plaquette variables as 7. These in turn coincide with the renormalised plaquette vari-
ables of 7' by hypothesis. Furthermore T has been defined in such a way that, if o
agrees with 7 on the South-West boundary of A7 y, then 7'(c) agrees with 7’ on the
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same set. Therefore property (ii) follows by recalling that the renormalized spin con-
figuration is determined uniquely by its values on the South-West boundary of Aj v,
and the renormalised plaquette variables. O

We now claim that for any spin configuration n € 2, it holds

1 A~
i ooy =) =g I PP, (6.4)
2€[0,N0—1]2N0Z2

where p?(—1) = ¢(q(B),£?)) = q(8') and p®(1) = 1 — p®(—1). Then follows by
comparing with (6.2) where in the latter we take ¢ = 1 and replace 3 by /.
We are left with proving (6.4). It holds

TEM(CE oA;N—nD:QQJLI Wl (o a pulon; ) = puln)})

(6.5)
= 22N+1 HMAZ Jos T pu(o) = pa(m)h)
yEZB*-HC
where z varies on [0, N¢ — 1]2 N ¢Z2. Indeed, the first equality follows from Lemma
and the fact that the number of configurations n compatible with a given choice
of renormalised plaquettes variables equals 22V*!. The second equality follows from

(6.3). Then (6.4) is obtained by using equations (4.15) and (6.5).

6.2. The TPM case. We denote by 7, y the triangular region in Z? with vertices the
origin, 2"*Ve, and 2"V (€] + é3) (see Figure O]left). Moreover we set 7,* y, := T, n N
2772, Our aim is to prove that

i N({ff o7y =) = u%fv(n), VneQr: . (6.6)

where we identify 7 € QT* with a configuration on Q7; . in the natural way.

We define the North and West boundary of 7, v as OnTon = {(z1,22) € To N -
ry = 2N} and OwTan = {(z1,22) € Tony : 21 = 0}, respectively. Note that
|8N7;L,N| = 0w TpN| = N(n+ N)+1, with N (i) = 20,

Given o € Q7, ,, we denote by p, (o) the plaquette variable [o]p, ;.. Furthermore,
given n € Q7+ we define the renormalised plaquette variable p;(1) = [n]2n B, 14, for
x €Ty We observe that the spin configuration o € Q7, y is completely determined
once we assign its values along the West boundary and the plaquette variables for each
plaquette in B/(7, n). It follows that the number of spin configurations compatible
with an choice of the plaquette variables is equal to 2V ("*N)+1 and that

1
’u%fN( ) 2N(n+N)+1 H I/B(pm(o')), (67)
2€Tn, N\ON Tn,N

where v? is defined as in the SPM case. Similarly, n € QT* is univocally determined
by its values on 9y 7, ; and its renormalised plaquette Varlables

Recall that P, is the family of plaquettes belonging to the binary Pascal’s triangle
rooted at = and developing up-wards on the triangular lattice (see Figure ). Then let
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P be the set of plaquettes in P, that are also contained in the triangle with vertices
x,x + 2", x + 2™ (€] + é2) (see Figure[9 left). It is then simple to check that

pelor: )= [ po) VoeQr,. (6.8)
yy+B«€PY
We now define iteratively some geometric sets that we will need to define a bi-
jection on Qr, . analogously to what we did in proof of Lemma Let Ty :=
{(0,0),(0,1),(1,1)} and ¢y := 1. Then Vi > 0 we set
Tip1:=1T; U {TZ + (@i + 1)51} U {T, + (@i + 1)(51 + 52)}, liy1:=20;+ 1,
(which implies ¢; = 2/T! — 1) as in Figure[9] (right).
The following result can be easily proven inductively:

Claim 6.2. Fixi > 1 and ¢ € Q. Consider the configuration ¢’ obtained from & by flipping
all spins in T;. Then the plaquette variables of ¢ and &' differ at exactly three plaquettes,
those with bottom left corner at (—1,—1), (¢;,—1) and (¢;,¢;):

_ _[£]x+B* Zf$ S {(—1,—1),(fi,—l),(fi,fi)},
[S]x-i-B* -

[€]2+B. otherwise.

N
|
=

‘
ERRRRRRRS

FIGURE 9. Left: The region 7. In grey are the plaquettes in P2 with
z = (0,4), crosses correspond to the sites in 75, = 72,1 N 22Z2, white
circles are the sites in dy 72,1, and the black circles are T®. Right:
Black circles correspond to sites belonging to Tp, 77 and 75 (modulo
translations). The grey plaquettes are those on which the plaquette
variable is changed when flipping all spins of T} (see Claim [6.2)).

Lemma 6.3. Fix two spin configurations n,n' on T,* x, such that their renormalised pla-
quette variables coincide. Then

W (o zore =n) =y ({o o, =)

Proof. For j € [2V*"], we define the bijection 77) on Q7 v as the map that flips all the
spins in (T}, 4 N+1 + j€2) N T, . Thanks to Claim the plaquette variables associated
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to B/ (T, n) are left invariant by 7\) and the only spin variable on the West boundary
of 7,, v which is flipped by TU) is on site jé,. We define a bijection T on Q7. v as the
composition of 7@) for all j such that N.j) 7 7720 i) Then analogously to the SPM case

(cf. proof of Lemmal6.2)) we have (i) u% (o) = u% N(T(U)), and (ii) if o7+ = 7 then
T(U)E*N =1/. Since T is a bijection, the thesis follows from (i) and (ii). O

It follows from Lemma together with that for any n € Q7+

W (Goror =) = v 11 12 o I (o) =p:(m)}). 6.9)

xeﬁl N y:y+BL PR

where 7, N=T N \ OnTyn,n. Then since the number of plaquettes inside the Pascal’s
triangle of linear size ¢ = 2" is {* = 3" (a = log 3/ log 2), it follows from (4.15) that

W Qoo T pelo) = pe(m}) = 0% (o)), (6.10)

y:y+BL€PR

where p?(—1) = ¢(q(B),£*) = q(8') (cf. Theorem[B}(b)). Plugging (6.10) into
we get the analogous of (6.4). Due to which is the analogous of (6.2)), one can
derive as in the SPM case.

7. PROOF OF THEOREM [4]

(i) The proof is identical to the one given for the SPM if one takes as e-screening sets
large enough d-dimensional cubes. For these sets in fact the analog of Lemma [4.7] can
be generalised (see also the arguments in the proof of [8, Proposition 4.5]).

(ii) The upper bound on EgcaViW) follows again from (3.1I). To prove the lower bound
we follow the pattern of the proof for the SPM. Let V' C A be the two concentric squares
centered at the origin of side ¢ and 10/ respectively, and let A = BWx...x By {0}.
For ¢ large enough, we have A C V. It is easy to check that A » () so that ;/?([0]4) =0
(cf. [23] Section 4.4]). It is simple to exhibit a subset I C {0, 1,...,10¢} of cardinality
at least 10¢/|diam(B")| such that {0} = 37, ,(B” + i) N {0,...,10¢}. Then A =
> ic1(Bsx +i€g) N A and Lemma 5.1} which continues to hold in our generality, implies
that 1} ([0]4) > tanh(8/2)17] i.e. £ = Q(eP).

(iii) Let A C Z< be a finite set such that min{d(z,y) : =,y G A} > (. W.lLo.g. we
assume that A contains the origin. Let k; = max{j > 0 : j € B! } for i € [d], and let
L= {Zle a;ki€; : a € Z%). Clearly L is isomorphic to Z%. We set A; = ANL and
Ay = A\ A;. We can compute 1°([0] 4) by first conditioning on the spins at the vertices
of Z¢\ L to get

i ((o)a) = 1P ([0, 1P (0], | o20)).
Observe now that, given the spins on the vertices of Z¢ \ L, the law of the remaining
spins is again a FTM with fundamental plaquette B’ = {0, 1}¢ (upon identifying L with

2%) and Hamiltonian H'(n) = —1 >4 Ja[n] B, +a, where J, € {—1,1} and the sign is
determined by the conditioning spins.
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Using [24] (cf. also [22, Formula 4.7]) we get that

|/‘ﬁ([a]A1 | Oz\L = 6)| < IUB([U]Al | Ozd\L = +)7 Ve {_17 1}Zd\L' (7.1)

In the r.h.s. of the average is computed w.r.t. the ferromagnetic trivial factorizable
Hamiltonian H’ corresponding to Ja = 4+1Va € Z% In particular it is equal to zero
if A; % () and equal to tanh(5/2)"(“1) otherwise, where the equivalence relation ~
is taken using as fundamental plaquette the hypercube B, and n(A;) is the size of
the corresponding minimal plaquette decomposition (see (5.2)). By generalising the
results of Section[5.0.2|for the SPM case, since A; # () and min{d(z,y) : z,y € A1} > ¢,
one gets that n(A;) > c/? for some constant ¢ depending on the k;’s. It is immediate to

conclude that ({™55PI) — O (ef/d).

APPENDIX A.

As anticipated in Section [3| we collect here the proof of the ordering of the three
length scales ¢{™) (1Y) anq ¢MUlEsPn) 4104 of Proposition

1.1. Proof of (3.1). We begin by proving that £M™ %P — 0 (¢ %)) Let A be a finite

set, with |A| > 2, such that ming ye 4 d(z,y) > C£™™) and fix x € A. Let also A be the

square centered at z of side 1065 For ¢ large enough no other points of A belong

to A. Using the DLR equations we write

/du (o) 1T (00)-

Recall now that p#(0,) = 0. Thus
13" ()| < | / aw(7') (137 (02) = 157 (02)) |

8 (00) — 17 (00)| <

7'7'

by construction and the definition of K(Cavm. The result follows immediately.

Next we prove that £/ — 0(3¢™™). Fix two concentric squares V C A of side ¢
and 10¢ together with f : Qy +— R with ||f||oc < 1. The triangular inequality and (3.4)
(notice that hy, > e~281H1) imply that

() = 137 (D] < IS sup | Covy (s, ).
rEAC

Choose now ¢ = Cf3 zﬁmi"’. The definition of zﬁmix) together with and Proposition
implies that there exists a constant ¢ such that the r.h.s. above is not larger than

mix)
ecﬁe_e/eg < 1lforC > 1.
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1.2. Proof of Proposition Let A = [~/,¢)?> N Z? and recall the definition of the
plaquettes family B*(A) under plus boundary conditions and of the associated space
of cycles K+ (A), given right before Lemma 5.3l In what follows it will useful to think
of KT (A) as Fy-vector space, by taking the symmetric difference as summation. In
particular, if A is a collections of cycles in KT (A) then a plaquette B* will belong
to Y 4« iff it belongs to an odd number of cycles in A. In K (A) we consider
the following collection G of special cycles { R;, C’i}ffgl, called row and column cycles
respectively. Order the rows and columns of A from bottom to top and left to right. For
i,j ¢ {0,2¢ 4 1}, the cycle R;(C;) consists of all the plaquettes in B7(A) N B(A) whose
lowermost (leftmost) vertex lies in the i**-row (j**-column) of A. Fori =0 (i = 20+ 1)
R; consists of all the plaquettes in B*(A) lying on the first (last) row. Similarly for
Co, Cy.

The following are few elementary properties of G which we collect for convenience
in a lemma whose proof is omitted.

Lemma A.1.

(a) Let A C G be nonempty and suppose that y_ . , o = (. Then A = G.
(b) Let A,B C G. Suppose that ) .y =3 g Then A=BorB=G\ A
(c) Given of € K(A) there exists A C G such that o/ =} cq =3 ,cq\ 4

Corollary A.2. Given f : KT(A) — R, we have the identity
1
Y. fl@)=5 ) flaW),
aek+(A) Wcg

where a(W) := > oy o

We are now ready to write a workable formula for 1} (¢). Let o, denotes the family
of plaquettes in B (A) contained in [0, ] x [0, —¢]NZ? so that " 5, ., BT = {0}. Using
[8, eq. (2.12)] and Corollary[A.2] we have

_ Cwegtanh(8/2) Ml N(p)
o) = anh(B/FT = D(B) N

Lemma A.3. If W C G contains i row cycles and j column cycles then |a(W)| = (i +
J)(2¢ + 2) — 2ij. Moreover, if W C G consists of u rows among Ry, Ry, ..., Ry, v rows
among Ryi1,Ryi2,...,Ropy1, j columns among Cy,C1,...,Cy and k columns among
Cey1,Cry2,- -, Coy1, then

la(W)Aay| = jL 4+ vL — 2vj — 2uj — 2vk + 2uk .

Proof. For the first assertion we observe that each Bt (A)-plaquette that appears in
a(W') must be exactly either in a row cycle or in a column cycle of W. For the second
assertion, we note that |a(1W)Aa.| can be obtained from |a(W)| = (u+v+j+k)(2(+
2)—2(u+v)(j+k) (as in the first assertion) by subtracting twice the number of B (A)-
plaquettes of a(WV) inside [0, ¢] x [0, —¢] (this number is (u+k)({+1) —2uk) and adding
the number all B*(A)-plaquettes in [0, 4] x [0, —¢] (this number is (¢ + 1)?). O
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For notation convenience let L = 2/ + 2 and let ¢ = tanh(/3/2). As a consequence of
the above lemma we get immediately

zz( ) (B)ersrss =3 (B oy wn

=0 j=0 =0
z (N
) L/2 L/2
L Z Z <L/2> <L/2> (t2v + tL—2v + $2u + tL—2u>L/2‘ (A.4)
u=0v=0

In order to bound from below the ratio N(5)/D(/3) it is convenient to rewrite both
expressions in a probabilistic fashion. Let X be a centered Bin(L,1/2) random variable
and let Y, Z be i.i.d. centered Bin(L/2,1/2) random variables. Then (A.2) and a little

algebra give
X X"
D _ 92L L2%/2 E Tt
(8) = 2214 - ,

2 $2Y =2 22 | 27 L/2
N(ﬁ):tL222LE<[ + I + } .

2
Trivially N(3) > 92L1%  Moreover cosh(z) < e**/2 implies that
D(B) < 22L41°/2 R (elloa)*LX?/2)

Thus
NG
D(B) - E(e(logt)QLX2/2) :

Next we bound from above the above expectation value. For any A > 0 we write

E(e(logt)zLX2/2) <A+ /oo da P(e(logt)2LX2/2 > a).
A

The Azuma-Hoeffding’s inequality (cf. e.g. [17]) implies that P(|X| > k) < 2622/ L
so that

]P’(e(logt)%XQ/2 > a) < 2exp (—4 log a/(log t)2L2) = 9q~4/((og)?L?)

If’}’ W > 1 then
log(t)?LX?2/2 2
E(e ) <A+ CESDREE (A.5)
which, after optimising over the free parameter )\, becomes
2

(logt)2LX?2/2 1/
E(e )20 e
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Notice that v > 1 is equivalent to L < 2/|logt| = e(1+o0(1)). Recalling that I = 2¢+2
we conclude that for any ¢ € (0,1) and any ¢ < (1 — §)e? /2

. .. N(B)
liminf 47 (0g) = lim inf
B—o0 #A( 0) B—o0 D(,@)

as required. O

>0

1.3. Proof of Lemma [4.8] To prove the first assertion it is enough to show that if
a,v € K(T™) then a+~ € K(T\™) . To this aim take v € 7" and call A, Ay, As the
three triangular plaquettes containing v. We set n; := 1(4A; € «) and m; := 1(4; € 7).
Since « and ~ are cycles of T, we have n; + ng +n3 = 0 mod 2, and my +mo+m3 =0
mod 2. If we call k; := 1(A; € a+ ), by definition of o + v we have k; = n; + m; mod
2. We conclude that k; + ko + k3 = 0 mod 2, hence v belongs to an even number of
plaquettes in « + . By the arbitrariness of v € T*(n) we conclude that « + ~ is a cycle.

We now prove that P_1, P, ..., P, is a basis of IC(T*(")). We observe that the Pascal’s
triangle P, (rooted at the origin 0 of Z?) is a cycle in Z? \ {0}, that is every site in
7?2 is contained in an even number of plaquettes of P, except for the origin. It follows

immediately that P; is a cycle of T*(") (see Fig.[d). To prove that P_q, ..., P, are linearly
independent, suppose that a_1P_1 + - -- + a, P, = () with a; € Fy. By construction we
have (i,—1) + B, € P; if and only if i = j. Hence (i, —1) + B, appears q; times in the
cyclea_1P_1 +---+a,P, = 0, and therefore a; = 0 for each i = —1,0,...,n.

It remains to show that P_q, P, ..., P, generates IC(T*(“)). For this we will use the
following result:

Claim A.4. Every non-empty cycle in K (T*(")) contains a plaquette of the form (i, —1)+ B,
forsome i € {—1,0,...,n}.

Before proving our claim, we conclude the proof of Lemma [4.8] Fix o € IC(T*(")),
let I(a) = {i € {-1,0,...,n} : (i,—1) + B, € «a}, and consider the cycle v :=
a+ Ziej(a) P, . By construction (i, —1) + B, ¢ v for any i = —1,0,...,n. Therefore, by
Claim[A.4] v = (). Equivalently, we have oo =}, (o) Fi as required.

Proof of Claim Suppose, for contradiction, that « is a non-empty cycle and (i, —1)+
B, ¢ o forany i = 0,...,n. Let R be the horizontal line passing through the lowest
vertices contained in any plaquette of the cycle a. By assumption R lies on or above
the line {ké} : k € Z}, and therefore R N (UpcaB) C 7™ and is non empty. Fix v €
RN(UpeaB), by the definition of a cycle v must belong to an even number of plaquettes
in a. Since v belongs to exactly one plaquette rooted on R, and two plaquette rooted
below R, a must contain at least one plaquette rooted below R, which contradicts the
minimality of R. O
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