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Abstract We derive thermodynamic functionals for spatially inhomogeneous magnetization
on a torus in the context of an Ising spin lattice model. We calculate the corresponding free
energy and pressure (by applying an appropriate external field using a quadratic Kac potential)
and show that they are related via a modified Legendre transform. The local properties of the
infinite volume Gibbs measure, related to whether a macroscopic configuration is realized
as a homogeneous state or as a mixture of pure states, are also studied by constructing the
corresponding Young-Gibbs measures.

Keywords Young-Gibbs measures - Ising - Inhomogeneous magnetization -
Large deviations - Microstructure

1 Introduction

In continuum mechanics, in order to describe the properties of a material, one studies a
minimization problem of a given free energy functional with respect to an appropriate order
parameter. The physical properties of the system are encoded in this functional which, in
accordance with the second law of thermodynamics, is a convex function. Of particular inter-
est is the case when we are in the regime of phase transition between pure states, which
corresponds to a linear segment in the graph of the above functional with respect to the order
parameter. In such a case, the solution of the minimization problem can be realized as a fine
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mixture of the two pure phases of the system. This is the case of occurrence of microstruc-
tures, a phenomenon observed in materials with significant technological implications. The
percentage of each phase in this mixture has been successfully described by the use of Young
measures. For an overview, one can look at [12] and the references therein. On the other
hand, from an atomistic viewpoint and at finite temperature, there is a well-developed rig-
orous theory of phase transitions. For example, in the case of the Ising model, each pure
phase is described via an extremal Gibbs measure and mixtures via convex combinations of
the extremal ones. In this paper, we connect the two descriptions and derive a macroscopic
continuum mechanics theory for scalar order parameter starting from statistical mechanics.
In this context, we study the appearance of microstructures in our model by constructing
Young-Gibbs measures, as they were introduced by Kotecky and Luckhaus in [10] for the
case of elasticity. For more analogues of Young measures in the analysis of the collective
behaviour in interacting particle systems, see [14].

To fix ideas, we consider the Ising model with nearest-neighbour ferromagnetic interaction
as reference Hamiltonian. To allow spatially macroscopic inhomogeneous magnetization pro-
files, we have to patch together such Ising models for each given macroscopic magnetization.
To obtain the desired profile, we can either do it by directly imposing a canonical constraint
or by adding an external magnetic field to the Hamiltonian. We follow the second strategy
and implement it by using a Kac potential acting at an intermediate scale and penalizing devi-
ations out of an associated average magnetization (in other words, fixing the magnetization
in a weaker sense than the canonical constraint). We study the Lebowitz-Penrose limit of the
corresponding free energy and pressure and show equivalence of ensembles. As a result, for
every macroscopic magnetization, there is a unique external field that can produce it. Note
that this fact is not true for the nearest-neighbour Ising model in the phase transition regime
at zero external field. Indeed, thanks to the Kac term, we are able to fix a given value of the
magnetization at large scales, but this is still not possible at smaller ones. In fact, what we
observe in these smaller scales is the persistence of the two pure states of the Ising model
with a percentage determined by the overall macroscopic magnetization.

It is worth mentioning that, for the case of the canonical ensemble with homogeneous
magnetization, the actual geometry of the location of the pure states has been investigated
in the celebrated result of the construction of the Wulff shape for the Ising model, [3]. In
an inhomogeneous set-up, the equivalent problem would be to further investigate how such
shapes corresponding to two neighbouring macroscopic points are connected, but this is a
challenging question beyond the scope of our paper.

To summarize, the presence of the Kac term in the Hamiltonian produces the phenomenon
of microstructure as the result of the competition between the Ising factor, which prefers the
spins aligned, and the long range averages, which tend to keep the average fixed as induced by
the Kac term. As a consequence, modulated patterns made out of the pure states are created
and macroscopic values of the magnetization are realized in this manner. The percentage of
each pure state in such a mixture is captured by the Young measure. However, it would be
desirable to study more detailed properties such as the geometric shape of such structures.
At zero temperature, there have been several studies at both the mesoscopic-macroscopic
scale (without claim of being exhaustive, we refer to [1,2,11] for a rigorous analysis) and
the microscopic scale for lattice models, as in a recent series of works by Giuliani, Lebowitz
and Lieb, see [8] and the references therein. It would be of fundamental importance to
develop such a theory in finite temperature as one would like to incorporate fluctuation-
driven phenomena. However, this is still beyond the available techniques.

The paper is organized as follows: in Sect. 2, we present the model and the main theorems.
The proof of the limiting free energy and pressure is given in Sect. 3. This is a standard result
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that essentially follows after putting together the results for the homogeneous case, which is
also recalled in Appendix 1. In Sect. 4, we prove equivalence of ensembles. In Sect. 5, as a
corollary of the large deviations, we show that spin averages in domains larger than the Kac
scale converge in probability to the fixed macroscopic configuration. The second part of the
paper deals with investigating what happens when we take such averages in domains smaller
than the Kac scale. We see that, in the phase transition regime, local averages converge in
probability to averages with respect to a mixture of the pure states which, in accordance to
the theory of the deterministic case, we call Young-Gibbs measure. The relevant proofs are
given in Sect. 6 with some details left for Appendix 2.

2 Notation and Results

LetT := [—%, %)d be the d-dimensional unit torus. For ¢ € N, we consider a small scaling
parameter ¢ of the form 27¢. In this case, lim, _, ¢ stands for lim _, ». The microscopic version
of T is the lattice Ay := (5_]’]1‘) NZ4. Fora non-empty subset A C 79, let Q4 = {—1, 1}
be the set of configurations ¢ in A that give the value of the spin o (x) € {—1, 1} in each
lattice point x € A. Whenever needed, we also use the notation o 4.

Given a scalar function « € C(T, R), which plays the role of an inhomogeneous external
field, we define the Hamiltonian Hp, p ¢ : 24, — R as follows:

Hp, ya(0) i= Hy(0) + KA, y.a(0). 2.1)
The first part HR‘: 1 QA, — Ris defined by
HY'(0):=— > ox)o(y), 22)
x,yeA
X~y

where x ~ y means that x and y are nearest-neighbour sites, assuming periodic boundary
conditions in the box A,. The second part is

Kpeyalo) =D (I¥(0) — a(ex))?, (2.3)
xel,
where
)= > J,(x,»)o() (24)
YEA,

is an average of the configuration o around a vertex x € A.. We introduce another small
parameter y > 0 and the Kac interaction J,, : Ay X A, — R defined by

Ty (e, y) =yl (v (x — ). (2.5)

Here ¢ € C 2(R4, [0, 00)) is an even function that vanishes outside the unit ball {r e RY :
|r| < 1} and integrates to 1. The difference x — y appearing in the right-hand side of (2.5) is
a difference modulo A .. Hence, the second term enforces the averages of spin configurations
to follow «. Given (2.1), the associated finite volume Gibbs measure is defined by

aeya(0) = e PHieral@), 2.6)

ZAg.y,a

where Z 4, ¢ is the normalizing constant. Note that throughout this paper, we neglect from
the notation the dependence on .
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To study inhomogeneous magnetizations, we assume that locally in the macroscopic scale
(i.e. the scale of the torus T) we have obtained a given value of the magnetization, which
can however vary slowly as we move from one point to another. To describe what “locally”
and “varying slowly” mean, we introduce an intermediate scale / of the form 277, p € N.

Again, lim;_,¢ stands for lim,_, . Let {C} 1, ..., C; n,} be the natural partition 4; of T
into N; = [=¢ cubes of side-length [, and let {Ag-1715 s Ag-17 y,} be its microscopic
version, denoted by Z,-1;. Its elements are given by A -1;; = (e71C1;) N 24 for every
i =1,..., N;. Making an abuse of notation, for every i, we identify the set A,—1;; C i

with the set Uyca uy Ap(x) in RY, where A; (x) is the cube of size 1 centered in x. Note

that |A,—1,| is the volume of the set A,1;, but also the cardinality of points in Z¢ within
the set A, -1;. Given u € C(T, (-1, 1)), let u® T = (=1, 1) be the piece-wise constant
approximation of u at scale /: for all » € Cy;,

1
ulry =al u(r)dr'. 2.7)
~lal Cri
Here |C)| = 19 denotes the volume of any of the cubes C; 1, ..., C; n,. For A and B non-

empty subsets of Z¢ such that A C B, and for 0 € Qp, we define the average magnetization
of o in A by

ma(@) = =3 o). 2.8)
4] x€A
For n € N, we define the set
20 —n
I, ::[ :zeZﬁ[O,n]]. 2.9)
n

Observe that, under this definition, /)4 is the set of all possible (discrete) values that m 4 can
assume. For t € [—1, 1], let [], be the value in /,, corresponding to the best approximation
of ¢ from above:

[t1, :=min{t' € I, : 1" > 1}. (2.10)
Furthermore, we consider the set
I .
Qi) =={0 €, tma_, (0)=[u" a1 Yi=1... N} @.11)
of all configurations whose locally averaged magnetizationmp _,, . is close to the average of u
in the corresponding macroscopic coarse grained box C; ; [see (2 7)] foreveryi =1..., N;.
We have:

Theorem 2.1 (Free energy and pressure) Foru € C(T, (—1, 1)) and @ € C(T, R), we have

1
3 3 3 10 eilBHAgJ/,Ot(U)
I-0y—0e—0 B|A] & Z

0€QA, (1)
=/T[fﬁ(u(r))+(u(r)—oz(r))z] dr =: Fy(u). (2.12)

This limit gives the infinite volume free energy associated to the Hamiltonian (2.1). Here
fp is the infinite volume free energy associated to the Hamiltonian (2.2) (see Theorem 6.7).
Similarly, we obtain the infinite volume pressure

1
lim lim ——log Z =— i F, =: P(a). 2.13
00250 Bl Ael OB LAey.a weC(ha1,1)) « () @ @19
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Moreover; given I : C(T, (—1, 1)) — R defined by

Io(u) = Fy(u) — min  Fy(v), (2.14)
veC(T,(—1,1))

we obtain the following Large Deviations limit:

1
lim lim lim ——1 Q =] 2.15
lim ylglo lim, BIAy] 0g A, y,a(S2a,,1(u)) o (1), (2.15)

where the set Q, 1 (u) is defined in (2.11).
The proof is given in Sect. 3.

Remark 2.2 The minimization problem in Theorem (2.1) can be easily solved; indeed, since
fp is convex, symmetric with respect to the origin and lim; , 41 f, f; (t) = £o00, the associated
Euler-Lagrange equation

ff’,(u) +2(u—a)=0 (2.16)

has a unique solution u := () for every number o € R. On the other hand, for a given
u € (—1,1), if we choose a(u) := u + %fé (u), then we can say that the Hamiltonian
Hp, .« With o = a(u) fixes the magnetization profile u in the sense of large deviations.
The same is true point-wisely for functions, namely, x + i («(x)) is the minimizer of Fy in
C(T, (-1, 1)).

InRemark 2.2, we have established arelation between a fixed macroscopic magnetization u
and the way to obtain it by imposing an appropriate external field & () via a grand canonical
ensemble with Hamiltonian Hy, ,, (). There is, however, an important difference with
respect to the case of the Ising model with homogeneous external magnetic field: in the case
of homogeneous magnetization, the correspondence between values of the external field and
values of the magnetization is not one-to-one due to the fact that fz is constant on the interval
[—mg, mg] (to be specified later). On the contrary, in our model, we obtain such a one-to-one
correspondence because of the presence of the Kac term which, acting at an intermediate
scale, assigns a value to the magnetization according to the external field. This is manifested
by a new quadratic term appearing in the free energy.

In the following theorem, we prove a duality relation between the free energy that corre-
sponds to the Ising part of the Hamiltonian (2.2) and the pressure P(«), obtained through a
modified Legendre transform with the external field action given by (2.3).

Theorem 2.3 (Equivalence of ensembles) For o € C (T, R), the following identity holds:

P(a) = max —Fy(u). 2.17)
ueC(T,(—1,1))
Conversely, foru € C (T, (—1, 1)),
/Tf,g(u(r))dr = aerg(a%;fR) [ — P(a) — /T(u(r) —a(r)drt. (2.18)

The proof is given in Sect. 4. As we mentioned before, the Kac potential acts at an
intermediate scale ! and tends to fix the average of the spin values in any box larger
than y ~!. To state this result properly, we recall the empirical magnetization defined in (2.8)
and, with a slight abuse of notation, we extend it to a function from T to [—1, 1] given by
r > mp, -1, in such a way that it is constant in each small cube of side-length ¢. Here
Bpr(x) is the ball of radius R with center x, taking into consideration the periodicity in A,.
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The first result asserts that, for « € C(T, R) and R, > y~!, empirical averages converge
in probability to the magnetization profile u = ii(«). Formally, we define the test operator
Loy : LI(T, [-1,1]) — R, depending on a function w € C(T, R) and on a Lipschitz
function g : [—1, 1] — R, by

Logu) = /Tw(r)g(u(r))dr. (2.19)

Under this definition, the following theorem asserts that the operator applied to the empirical
average
Lo g(Mpe1) =6 D 0(ex)g(mpyo(0)) (2.20)

XEA,

converges to L, ¢(u) in 1A,y o-probability. Note that this convergence is a bit different than
the usual convergence in probability, since the measure (4, y,o changes as e — 0.

Theorem 2.4 Let u € C (T, (—1, 1)) and choose a := a(u) as in Remark 2.2. Then, for
Ly, g givenin (2.19), R, > y_l and § > 0, we have

lim 1im 24, ;. (|Lw,g(mBR(€71,)) — Ly )| > 5) =0. .21

y—0e—0

The proofis givenin Sect. 5. As it will be evident in the proof, in the above case Ry, > y~ I

the test function g is not relevant.

A different scenario is observed when considering a smaller scale R: the value of the
random sequence m g, (x)(c) may oscillate and, as a consequence, its limiting value may
not be just the average. In this case, we study more detailed properties of the underlying
microscopic magnetizations. We refer to these as the “microscopic” spin statistics of the
measure (A, y,« (as opposed to the “macroscopic” statistics given by large deviations).
More precisely, we investigate how the limiting value u(r) in (2.21) is realized in intermediate
scales: as a homogeneous state or as a mixture of the pure states, and how one can retain such
an information in the limit. This is reminiscent of the theory of Young measures as applied to
describe microstructure; see [12] for an overview. In fact, in order to describe it in our case,
we will construct the appropriate Young measure.

Definition 2.5 (Young measure) A Young measure is a map
v:T — P(-1,1])
r = v(r)

such that, for every continuous function g : [—1,1] — R, the map r +— (v(r), g) is
measurable. Here P([—1, 1]) is the space of probability measures on [—1, 1], and (v(r), g)
indicates the expected value of g with respect to the probability v(r).

To state the main result, we need to recall some background. For an external field & € R,
let HY" , : Qa, — R be the Hamiltonian defined by

HY' (o) == HY' (0) —h D o (), (2.22)

xeA,

and let /ﬂ}{l ; be the associated finite volume measure

1 _ nn
M?\Hg,h(g) = Znn*e BH 1 (@) (2.23)
Agh
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It is known that the set G(, h) of infinite volume Gibbs measures associated to (2.22) is a
non-empty, weakly compact, convex set of probability measures on ©2;4. More specifically,
in d = 2 and for any pair (8, h), the set G(B, h) is the convex hull of two extremal elements
/LE“ ', the infinite volume limits of (2.23) with & boundary conditions. Any non-extremal
Gibbs measure can be uniquely expressed as a convex combination of these two elements: if
G € G(B, h), then there exists unique Ag € [0, 1] such that

G =", + (1 — A" (2.24)

We define the magnetization at the origin as the expectation

o(h) ::/ao,uzn(da). (2.25)

The function ¢ : R — (—1, 1) is odd, strictly increasing, continuous in every point 2 # 0,
and satisfies

li h) = £1. 22
hirﬁoo‘ﬂ( ) (2.26)

There exists a critical value 8. > 0 such that the limit

mg = }11?5 @(h) (2.27)

is positive if and only if 8 > B, itis the so-called spontaneous magnetization. Note that it also
coincides with the magnetization associated to pq", : mpg = Ik oopgy (do). For B < B, we
have mg = 0. In this case, for every m € (—1, 1), there exist a unique value 7 = h(m) € R
such that ¢(h) = m. If mg > 0, the same is true for values of the magnetization such
that |m| > mg. But, how about if [m| < mg? This has been investigated in [6], where
the canonical infinite volume Gibbs measure has been constructed. As every magnetization
u € [-mg, mg] can be uniquely written as a convex combination

u =)\um/3 — (1 —Au)mﬁ, (2.28)
with &, € [0, 1], then u is the magnetization associated to the probability
)\u:u’(r;?+ +(1- )‘u)l/L(T]_- (2.29)

Hence, although “macroscopically” one observes the value u of the magnetization, in inter-
mediate (still diverging) scales, one observes mixtures of the mg and —mg phases with a
frequency given by 1.

The purpose of the next theorem is to investigate the above fact for inhomogeneous
magnetizations, namely by “imposing” a macroscopic profile u(r) in a grand canonical
fashion, as it is described in Remark 2.2. For low enough temperature and for |u(r)| < mg,
at large scales (beyond 1), the system with Hamiltonian (2.1) tends to fix «(r) while,
at smaller ones, it allows (large) fluctuations once their average over areas of order y ! is
compatible with u(r). Indeed, the result states that, at boxes of scale up to y ~ I one of the two
pure phases £mg is observed while, at scales larger than y~! we see u(r). To capture this
phenomenon, we use the observable L, , given by (2.19). With a slight abuse of notation,
we can also view L, , as acting over Young measures v(r) € P([—1, 1]) as follows:

Ly,g(v) ::/Ew(r)(v(r),g)dr. (2.30)
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Theorem 2.6 (Parametrization by Young measures) Letu € C(T, (—1, 1)) anda = &(u) €
C (T, R) be its associated external field (given by the solution of (2.16)). We have the following
cases:

Case R, > y~\. Forevery § > 0,

}}lgloalgl}) MAg,y,ot(le,g(mBRy (5—1.)) - Lw,g(”u)' >8) =0, (231)

where the functional L, ¢ is defined in (2.19) and (2.30), and the Young measure is given
by v, (r) := 8y for every r € T. Here 6, is the Dirac measure concentrated in u(r).

Case R = O(1). Suppose d = 2 and let B > log V5. Then, for every § > 0,

)}i_r)nosli_l;rbH’Ag,]/,ﬂt('Lw,g(mBR(é‘_l-)) - Lw,g(Vu,R)l >68)=0. (2.32)

Here, forr € T and E C [—1, 1] a Borel subset, the Young measure v, g is given by

Py mBR©) € E] if lu(r)| > mg

Qurypory + (= 2@ pg)mpgo) € E1 - if lu(r)] <mp
(2.33)

where Ay -y and h(u(r)) are given in (2.28) and the discussion preceding it, respectively.

Case | <« R < y~\. Under the same hypothesis of the previous item (d = 2 and
B > log V3), for every § > 0,

vy, r(r)(E) := [

lim hm hm ,uAﬁ vialLwgMmp, 1) = Lo.g(u)| > 8) =0, (2.34)
R—ooy—
where
Su(r)» j
v (r) = {0 flu)l>mp (2.35)
Mur)Smp & (L= Aur))o—mp,  if lu(r)| < mpg

The case R, > y ~1is only a restatement of Theorem 2.4. The proof of the case R = O(1)

is given in Sect. 6. The case 1 « R < y~! follows as a corollary of the previous case and
it is briefly presented in Subsect. 6.1.

3 Proof of Theorem 2.1

In this section we prove the limits (2.12) and (2.13). Then, the limit in (2.15) is a direct
consequence.

3.1 Proof of (2.12)

We first prove it for « and u constant and then for the general case.

3.1.1 Constant u and «.

For u € I|A,|, we introduce the finite volume free energy associated to the Hamiltonian (2.1)

by

FAS,)/,(X (M) _ml g Z e ﬁHAg ya(”) (31)

OGQA4
m(o)=u
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1326 A. Montino et al.

For a generic u € (—1, 1) we prove that

lim lim Fa, o (]a,) = f@) + @ —a)*. (3.2)
y—0e—0

We proceed in three steps: we first show that the limit limg—o Fa,,y,« ({ul Ag) exists for

every y; we continue with a coarse-graining approximation and conclude establishing lower

and upper bounds.

Step 1: existence of the limit limg_.0 Fp, y o (|-14-|A5) for fixed y > 0 Since ¢ = 279,
with a slight abuse of notation we denote the volume by A, in order to keep track of the
dependence on g. We have Ay 1] = 2d|Aq |. We also define the sequence of magnetizations
ug := [ula,- It suffices to prove that the sequence (Fa, .y« (ug))4 is bounded below and
that the inequality

FAq+1,y,ot(“q+l) = FAq,y,ot(uq) +ay (3.3)

holds for every g, where (a,), is a sequence of non-negative numbers such that > q4q < 00.
The fact that the sequence (F Y (u4))4 is bounded from below follows from the inequal-
ities

1
1 oe o~ FHagra(@)
a2
mAq(o):uq
<1 g S RO < L og SR 34
/3 |A‘1| gEQAq /3 |A’I| O-GQAq

Mmay (U):”q

and the fact that the right hand side of (3.4) converges to the pressure with zero external field;
see Theorem 6.7. To show (3.3), we write:

FAq+1,y,a(uq+l) - FAq,y,a(Mq) = [FAq+1,y,a(uq+]) - FAq+1,y,a(uq)]
+ [Fagsrya(tg) = Fayyaug)] . (3.5
To find an upper bound for
FAq+],V,Ot(uq) - FAq,y,a(”q)’ (3.6)

we use the same sub-additive argument leading to (7.6) in the proof of Theorem 6.7. Indeed,
repeating the argument appearing there, it can be proved that

Fagiryalitg) — Fa,ya(ug) < Cy=9274, 3.7)

where C is independent of g.
On the other hand, to estimate

FAq+1,y,a(uq+l) - FAq+1,y,a(uq), (38)
we use the following continuity lemma whose proof is also given in Subsect. 1.
Lemma 3.1 I and t’ are consecutive elements of lia, | then

log ’Aq |

|Fagya(® = Fagpa@)] < €279~ +
|Aq]

, (3.9)

where C is a constant that depends only on the dimension d.
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The upper bound

o log |Ag+1
Fa,pyalige)) = Fa,pyy.alig) <2° (cz 4y~ + |A|q|| (3.10)
q+1

follows after using this lemma repeatedly: indeed, u44 can be obtained from u, moving
through consecutive elements of /4, | in at most 24 steps. To conclude, define

log |Aq+1|

=21 c2mry~ ¢
dg ( 14 |Aq+1|

)+ 02 1y~ (3.11)

and observe that 3, a4 < oo.

Step 2: approximation by coarse-graining We consider a microscopic parameter L, of
the form 2™, m € Z* depending on y such that yL, — 0Oasy — 0.In the sequel,
in order to simplify notation we drop the dependence on y from the scale L. Recall that
by 4.1 = {Cer.i}; (respectively 7, = {A[;},), we denote a macroscopic (respectively
microscopic) partition of A consisting of Ny, := (! / L)4 many elements.

We define a new coarse-grained interaction J}SL) onthenewscale L. Let Ay x, A v € D1;
then for every x € Ay y and y € A, we define

5 / veio(ylr —r'drdr’. (3.12)
AL.kXALJ{/

As before, |Ar| denotes the cardinality of a generic box Ay ;. Since it assumes constant
values for all x € Ay x and y € A p we also introduce the notation

TPk, Ky = LT (x, ). (3.13)

Note that, for any k, we have

- 1
> IP kK = ﬁ/ dr/ ar'y’¢(ylr —r'h) = 1. (3.14)
k' AL,k R4
Comparing to J,,, we have the error

[y e 3) = I 9| < P DL yyca, (3.15)

where the constant C depends on d and || D@ ||~ (the sup norm of the first derivative of ¢).
For a macroscopic parameter / (to be chosen ¢L in this case) and for r € C; , we define the
piece-wise constant approximation of « at scale / as in (2.7):

1
o) = 1¢,(na, where & = —— [ aGHdr. (3.16)
= [Crkl Je,
With this definition, (3.15) implies that
2
sup sup (Z Jy(x, y)o(y) — a(ex))
XEALK O y
2
—(ZJ}EL)(x,y)G(y) —a(eL)(ex)) ‘5 CyL +¢L. (3.17)
y

@ Springer



1328 A. Montino et al.

TSP and @ we can write

Note that using the notation and a;,

> (3w e -atDen) =L 3 (3 ik K ma,, @) -t

XEA, yeEA, k k'
(3.18)
For the nearest-neighbour part of the Hamiltonian, there are |0 C; | N, = L4 (g1 /L)d =
Lt | A¢| nearest neighbours between the boxes Ay 1, ..., Ar n,, ; hence we have
NEL
HY (0) = Z HYY (o) + 0 (L7 |A), (3.19)

where H “‘;_ is considered with periodicity in the box Ay ;. Thus, to calculate (3.1), we
sum over all possible values uy, ..., uy,, of the magnetization in the boxes Ay i, with
k=1,..., N, and obtain

1 N
e XTI X T

U yeees uN€lq k=1 UkEQALk

%Zk ug=[ul|ag| may (o) =ug
exp[ LdZ(Z T e, K yuge — (EL’) ] (3.20)
k=1 k=1

with a vanishing error of the order |A¢|(y L +¢eL + L1, as follows from (3.17), (3.18) and
(3.19). Like before, we are using the simplified notation N = N, .

In the Appendix, Theorem 6.7, we prove that the convergence to the free energy fg is
uniform, hence the sum

S PR (3.21)

OkERQA, 4
may g (or)=uk

can be approximated by e~BLYf5@0) with an error bounded by ePLYs D), with s (L) — 0 as
L — oc. Then, the overall error is also vanishing:

5 |1\ | ~s(L) = 0 (3.22)

Finally, we are left with

N
1 d
— ——log e—ﬂL Spui)
BIA. 2 (H

Uy UN€la k=1
N
¥ il ur=luTja, |
2

exp { —BL? Z(Z f<L>(k,k’)uk,—&,§S”) . (3.23)

k'=1

Step 3: upper and lower bounds To obtain a lower bound of (3.23), we bound the sum
in (3.23) by the maximum contribution. Note that the cardinality of the sum vanishes in the
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limit & — O after taking the logarithm and dividing by S | A¢|. Then the problem reduces to
studying the minimum

min G(uy,...,un), (3.24)
UL yuny MNEI
%ZHM:—WMH

where G : [—1, 11V — R is the function defined by

Gy, ....uy) = Zf,g(u)+ Z ZJ‘“(z Huj—a) . (325
i=1 j=l1

Moreover, using the convexity of fg, we have

N
*Zfﬂ(u )= fp (NZ ) (3.26)

i=1

Furthermore, from the convexity of the function ¢ +— ( (EL) ) using (3.14), we obtain
N 2 N N 2
1 7(L) ~(eL) (L) : —(eL)
D DI TR NZZJ @ juj =8
i=1 \j=l1 i=1 j=1
v 2
=~ Z b . (3.27)

Thus, using (3.26) and (3.27), expression (3.24) can be bounded from below by

f5 (Tuljan) + (Tuljay — &2, (3.28)

which converges to fg (1) + (u — a)z, and the lower bound follows.

For the upper bound of (3.23), we take one particular element iy, ..., il y that realizes the
value of the lower bound. In this way, we obtain a lower bound for the sum over all possible
values of u in (3.23) that leads to the desired upper bound. The idea is that these values should
be as close as possible to [u]|4,| and satisfy

1 N
5 > i = [u]|a,. (3.29)

Let u~ and u™ be the best possible approximations of [u]}a,| in I;« from below and from
above, respectively. We have:

u” c=max{t € Ia:t <u} uti=min{r € Ia:1>u}. (3.30)
Notice that ut —u~ < L%, We define
ut,ifi=1
~,ifie{2,..,N—1}and i >
i = u+ . l { } = Z{rll [ul|a| (331)
u ,lfl€{2,.}\.,,l—1}an lejzl ;< Tul)a,
NTulia, — 252 i), ifi =N
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Notice that identity (3.29) is satisfied by construction; moreover, it holds that
|i; — [ulja,| <2077 Vie{l,..,N} (3.32)

Asu € (—1, 1), we can chose [a, b] C (—1, 1) such that [u]|,| € [a, b] and i; € [a, D]
for every i, with & small enough and L large enough. As f é is bounded in [a, b] (see Theorem

6.7) and the function ¢ > ¢ is Lipschitz over bounded subsets of R, it follows that
G (i, ....an) =G ([uljays -+ Tulja,) + O (L73). (3.33)
Moreover, since

lim G ([u]j,)s s [0]10,1) = fp @) + (= )7, (3.34)

we conclude the proof of the upper bound and with that the proof of (3.2).

3.1.2 General u and o.

For a macroscopic scale [ of the form 277, p € N, recall the macroscopic partition 4; of T
and let Z,—1, be its microscopic version, both with N = [~ elements. Given the function
u € C(T, (-1, 1)), we define

310 —(
a0 = ra®1 (

A ,  where i = ][Cl,i u(rydr (3.35)

e

and Cy; is the macroscopic version of A . Note that the average 1251) does not depend

e 11,0
on &, while the upper bound Ui(l) it does due to the given discretization accuracy. Similarly,
for @ € C(T, R), we consider its coarse-grained version o) as in (3.16). We next apply the
previous result (for constant values of u and «) and pass to the limit / — 0. To implement
this procedure, we approximate the Hamiltonian (2.1) by the sum of Hamiltonians over the
boxes of the partitions with periodic boundary conditions. Neglecting the interactions between
neighbouring boxes, for the Ising part of the Hamiltonian, we break Nj - [0 A,—1;| ~ |A¢|el™!
many interactions. Hence

N
HY! (@) =D HR | (@) + O (|Aclel™). (3.36)
i=1
where 0 = 01 V...V oy and by v we denote the concatenation on the sub-domains A,-1; ;,
i =1,..., N.Similarly, for the Kac interaction, we neglect O (|A€ |y_lsl _1) interactions
and obtain
2
DD 1@ ye) = (ex)
xelAgy \yeA;
N 2
=> > > Lo —arex) | +0 (Ady el (3.37)
i=1 XEAS,]“ yEAE,]M
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Recalling the definition (2.11) of the set 4, ;, we have

N
—_BH .
Z e PHrcy a0 (@) _ LO(IAclel™)+O(1Acly el ™) Z He / Az,iwf”(a')

0€Qp, 1 (u) O'EQAEI(M) i=1

O (Al ) +0(1Acly el ™) H S e PH v

i=1 [ S OIN -

mAF 1 (‘7) =i;

(3.38)

After applying the previous result for # and o constant to each one of the Hamiltonians

H A, _<1) (recall the definition (2.1)), taking the log, dividing by —f |A.| and passing to

the llmlts lim, _,¢ lim,_,(, we obtain
- - - D)2
> el [fﬂ (07)+ (0 -&") } ~ (339)
i=1

Take finally lim;_, o to obtain f’ﬂ‘ [f,g w@r)) + (u(r) — a(r))z] dr and complete the proof of
(2.12).

3.2 Proof of (2.13)

This is similar to the previous proof. For the case of « constant, the existence of the limit
& — 0 for fixed y can be proved by the same sub-additivity argument as before, without
however the extra effort to keep the canonical constraint in the sequence of boxes of increasing
size. Then, by the same coarse-graining argument, similarly to (3.23) we obtain

N N [N

1 814 £a(y: = .o

mlog E (He BL fﬂ("‘))exp —BL? E E J;L)(l,j)uj -«
€ Uly.ony uNEILd i=1 i=1 Jj=1

(3.40)

For an upper bound, given (3.26) and (3.27), we take the maximum of all choices of
ui, ..., uy and bound (3.40) by

N
1 1
— — - = P — . 3.41
ul,“.r,I}tz/lvxelLd 18 (N Zu,) (N Zu, ot) (3.41)
The later quantity is further bounded by
— min_{f5 W)+ @ —a)?} (3.42)
uel-1,1]

and the upper bound follows.
For a lower bound we take one element (when all are equal) and obtain:

liminf lim
y—0 >0 B|Ag|

log > e PHrera® > mm {fﬁ(u)—i—(u—a)z} (3.43)

EQ/\E
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For a general « € C(T, R), we consider the partition %,-1; of N; many elements and, in
each box, we apply the previous result. We have

N _ '
1 BH 20 (0i)
lim lim logH Z e Lol
y—=0e-0 B|Ag] :
i=1 GEQAe*l“
N _ )
1 BH 5[(1)(01)
= — lim lim ——— log z e Serlivd
N; —'r=0e-0 B |Aa*‘l,i| o,
N; 5
=->"|C1i| min [fﬂ )+ (u—a) ] . (3.44)
P ue(—1,1y

Note that, for every a € R, since fg is convex and u +— (u — oz)2 is strictly convex, the
function u — fg(u) + (u — «)? is strictly convex, so its derivative is strictly increasing.
Hence equation

S tu=a (3.45)

has only one solution #(«). Since @ +— () is a continuous function, taking the limit/ — 0
in (3.44), by the Dominated Convergence Theorem we obtain

[ ar [5G @m + G @) — )], (3.46)
Since this coincides with
. 2
e fmin /Tdr [f8w(r) + (w(r) — a(r)?], (3.47)

the result follows.

4 Proof of Theorem 2.3

We have already proved (2.17) in Theorem 2.13, so we just need to prove (2.18). As in the
proof of Theorem 2.13, equation (2.17) can be read as

P(a) = —Fy (u () , 4.1)

where # has been defined in the discussion following equation (3.45). Given u €
C (T, (—1, 1)) and taking @ = & (1), we get

P () = —Fgu) (). (4.2)
From the definition of Fy,, it follows that
/ fau(r))dr = —P (@(u)) — / [u(r) — &(u(r))]2 dr. 4.3)
T T
It remains to show that

/ Jpu(r)dr = —/(u(r) —a(r))’dr — P(a) (4.4)
T T

@ Springer



Thermodynamics for Spatially Inhomogeneous Magnetization... 1333

for every @ € C (T, (—1, 1)). Observe that

S BHR @K n ()]

SOz, L S PKneya(®

o€Q, (1) 0€Q, (1) ZAf‘y’a
< ZAg,)/,(X Z eﬁKAg.y.oz((T)7 (45)
oe€Qp, 1 (u)

where Ky, .y ¢ is defined in (2.3). With computations identical to the ones appearing in the
proof of Theorem 2.1, it follows that

lim e PHR() — / Fau(r))dr (4.6)
Jim lim, ﬂ|A | © S b

and

lim lim lim
I-0y—0e—0 B|A¢|

log > effrerel® = / W) —a()’dr. @)

o€ ¢ (u)

Taking — ﬁIA I log in (4.5) and passing to the limit using (4.6) and (4.7), we obtain (4.4) and
complete the proof of Theorem 2.3.

5 Proof of Theorem 2.4

We prove it first for & and u constant, by taking @ constant as well. The general case will
follow by applying this case to piecewise constant approximations at an intermediate scale.

5.1 Constant z and o

We first prove the following exponential bound: for every § > 0, there is a positive number
1(5) such that

1

ALl D¢ (msky ) (0)) —g)|>8| < e NI®, (5.1)

xXeA,

HAe,y.a

‘We observe that

1 K
™ XEZAj»g(mBRym)—gw)\ = Tad Z sy, ) =g @I = 75 Z I B, ]
' (5.2)

where we used the fact that g is Lipschitz with constant K. This implies that

1
pncra(| Ty 2 80ns, w)=g@| > ) = uAg,y,a(| A Z Mg, =l > 8/K).
€ xelAg

(5.3)
Now notice that, for every y € 74, we have

S L=y ¢(y|z—y|)—/ b +5() = 1+50),  (54)

ze74 zezZ4
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where s(y) — 0 when y — 0, uniformly in y. As a consequence, we have

1 1
Bl > o0) == > QL HE@y) —s)e)
Y y€eBR, (x) 7' yeBg, (x) zezd
1
= > @)+ 0 R + 510, (5.5)
v ZEBRy(x)

where we recall the definition of 1. Zy in (2.4). It follows that

MBr, (x) =
|A |xeA !
= Z B 2 N@-ul+s)0M+ 0GRy
| |xeA V| VEBR,, (x)
1 1
< — o z 1) (o) —ul +s(»)O() + O(y~'/R,)
Al XEA, Bk, | YEBR,, (x)
|A | V(@) —ul+s()O) + 0" /Ry). (5.6)
YEA,

The correction term s(y)O (1) + 0()/_1 /R) vanishes when y — 0. It follows that, for y
small enough and for every § > 0, the following estimate holds:

1
MAE,y,a(m Z Impg, (x) — ul > 6) < ILAg,y,a(|A - Z |1 (o) —ul > 6/2) (5.7
€ xeAe

To estimate the latter expression, we observe that, V&8’ > 0,

Y (o)
17 (o) — Pl (T[)\ | ul > 3} +45. (5.8)

|A |
xelAg

If we choose 8’ = §/2, we obtain

! [ £ 1Y (0) — ul > 8/2)
e PR 5) = 1anya ™ > 5/4).
E (59

Thus, we reduced the problem to the following lemma, whose proof is given in the Appendix
1:

Lemma 5.1 Foreveryc,8 > 0 and y small enough, we have that
Mgy« (’{x € A : ’I;’ (o) — u’ > 8}| > c|Ag]) < e_lAg‘ﬁc‘sz/z, (5.10)
where I} is defined in (2.4).

5.2 The Inhomogeneous Case.

Like before, we consider a macroscopic scale characterized by the parameter /, which we
take to be equal to 277 for p € N. Recall that % is the corresponding macroscopic partition
of Tinto N; := 14 many sets denoted by C; x, k = 1, ..., N;. We denote their microscopic
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versions by A1, ;. Let u® and w® respectively be the piece-wise constant approximations
of u and w defined as (2.7). Since g is bounded and continuous and w is uniformly continuous,
we have

S 00 glmay, @) - [ 0@)gindr

xelAe

IAI

= > oV ex)gmpy () - / o (g r)dr|+ 00 (5.1

|A |
xel;

For x € A1, letm B, (x) be the magnetization considering periodic boundary con-
ditions in A,-1; ;. Note that gy (x) coincides with mp, (x) if the distance between x and
Ae \ A1y ; is larger than R),. Then, since g is Lipschitz, we have

> g(meyw)= > g (ingw)+0 (L), (5.12)

XEAF 11 XEAS’IM

Replacing in (5.11) and splitting over the boxes of the partition Z,-1;, we obtain

O]
G.11) < — Z| | |A

Then, defining

3 & (i 0) — 8|+ 0D+ 0. (513)

1
e™ ll EA[,,'

1 _
Y = > s (mBRy(x)) —g@")|. (5.14)
|A8*11,i|

XEAE’IIJ

for [ and & small enough, we have

e fywi Z o) g (a0 (@) = /T o(r)g (r)dr| > 8

xeA,
1 1

< BAsya EZY" >8/2 . (5.15)
=

We notice that, for ¢ > 0,

N
1 I{i:Y; > ¢}
N 2 — Z ,+f > v szngnooi . (5.16)
iiYi>¢ iiYi<¢
Choosing ¢ < §/2 and setting §' := 2”8” (8/2 — ¢), we have
(L
Hanra | 3 2% > 8/2 | < iacya (2 Yo > ) = 8'N). (5.17)

i=1

To proceed, we apply the result obtained in the first step for « and u constant. For this purpose,
we define a new probability measure i, ,, ) defined on the union of the boxes A1, ; with

periodic boundary conditions in each of them and with external field o) as defined in (3.16).
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Then, by neglecting the interactions between the boxes A -1, ;,i =1, ..., N, for any set B
we obtain that

1-dj—1 1-dj—1,,—1y\ o
Kaeya(B) < e MIOOFOETIDOE Y Thy (g, (5.18)

Let us denote by [8'N;] the smallest integer not smaller than 8’ N;. It follows from (5.1) that
there exists 7(¢) > 0 such that

fn, a0 (I Yi > ¢} = 8'N)
[8'Ny1

N T ; Ni\ o1
- (ra/Nn) [T 7 a0 < (WNﬂ)e 519

Noting that
( N, ):eN](—B’long’—(l—B’)10g(1—8’))+c10gN17 (5.20)

from (5.17), (5.18) and (5.19), we obtain the following estimate

1
MAe,y.a ﬁl Z Y; >§/2
i=1
< exp {s*doa) FOE Y+ oE Uy Ny — s*da’l(;)} . (521

If we choose [ small enough, the coefficient of ¢~ inside the exponential is negative and
thus we obtain

Ny
. 1
lim 2, (ﬁ[ le Y, > 6/2) =0, (5.22)
-

concluding the proof of the inhomogeneous case as well as of Theorem 2.4.

6 Young-Gibbs Measures, Proof of Theorem 2.6

As mentioned before, the first case is just a restatement of Theorem 2.4. For the second case,
it suffices to prove an exponential bound for the constant case and then the inhomogeneous
case follows by the strategy in Subsect. 5.2. The last case is a direct consequence and it will
be given at the end of this section. Hence, for the rest of this section, we restrict ourselves
to constant o, u and w. We first prove the case |u| > mg and then the more difficult one:
|u| < mg. The hypotheses over the dimension and 8 are needed only in the second case.

Case |u| > mg. Let f be alocal function and fy its translation by x € A,. For simplicity
of notation, we use f instead of g(m g, ). Then, for w constant and for fixed 6 > 0, it suffices
to prove an exponential bound for 14, y.« (Es), where
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with 4 such that EMZ" (09) = u,ie., forh := f/g (u). We expand the Hamiltonian Hy, , o as
follows:

Hp, o = HY" 4+ D I —ul 20— o) D IV = 2(u — e)u| Ae| + (o — u)*| Ag.
xele X€A,

(6.2)

When considering the corresponding measure, the constant terms cancel with the normaliza-
tion. Note that

1
o= a(u) :u—l—if/é(u) = 2(ax —u) = h. (6.3)
Hence, recalling (2.22) with the above &, we consider the following Hamiltonian:
Hy, o o= HY 4+ D [ —ul, (6.4)
xelAe

To treat the second term, for some parameter { > 0, we consider the random variable

D (o) := lfx € Ae 2 1I{ (0) — ul > ¢}, (6.5)

[Ael
which gives the density of bad Kac averages. Then, using the inequality
iaeya(Es) < ma,y.a(Es, D =8) + pa,y,a(De > 8) (6.6)

and Lemma 5.1 (for appropriate choice of ¢ and §”), the problem reduces to finding exponential
bounds for the first term. Notice that, using (5.4) and (5.5), we have

D=2 > hxyor

yEA, YEA; xeA,
=> 00 D S &= o) +sx) 0 )]A] 6.7)
XEA, YEA, X€Ag

for some s(y) — 0as y — 0. Then the first term on the right-hand side of (6.6) is bounded
by

Cis(y)|Ael N
e
—~ €_ £,V E PIUN .
E PHue.ya(@)y s 1{D, (0)<8) (6.8)
ZAS»)/»C( UEQAE

where C| is a positive constant and where VA Ae,y,a 18 the partition function associated to
I:IAS,},,O,. For o such that D, (0) < §’, we have
HY 4(0) < Ha, pa(0) < HY 1(0) + [A:|(C28 + £2), (6.9)
s0 (6.8) is bounded by
_gHMm
> e PHR 01 g, D 012

LA+ DA TERAe
—BHY" ,(0)
> e P )<y

O‘EQAS

_ €C3(S(V)+6’+C2)|AeIMTII\n”h(E(S|D§ <3). (6.10)

&
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From Lemma 5.1, we have that ,u‘l‘\ng 2D <8 > %, for ¢ small enough. Moreover, it is a
standard result that there exists C4(5) > 0 such that

/’L?\ns,h(ElS) S e—C4(8)‘As|’ (611)

for ¢ small enough. For the exponential bound (6.11), we refer to [5], Theorem V.6.1. Actually,
this theorem gives the result for f a local magnetization, that is, for f of the form f (o) =
Fi\ > e 0 (x); in our case, this is enough as every local function can be written as a linear
combination of local magnetizations. Under these considerations, by appropriately choosing
¢, 8 and for y small, the right hand side of (6.10) is bounded by 3e~Cs®IA¢l for some
constant C5(8) > 0, and the result follows.

Case |u| < mg. In this case, for f alocal function, we seek an exponential bound for

MAS,y,a(‘ﬁ > fil0) —Eqg,(fo)| > 6), (6.12)
€ xele

where G, := A, uf" + (1 — A,)pu™ with A, as in (2.29). Comparing to (6.1), we notice
that, instead of the measure uzn with the external field corresponding to u, we have the
canonical measure G,,. Hence, in order to work with realizations of the measure G,,, we need
to introduce a scale K and prove that, for boxes in this scale, the relevant measures are /L“f or
u™ and that they appear with a percentage that agrees with the overall fixed magnetization
u. There are two main obstacles: the first is that the Kac term in the original measure cannot
directly fix the magnetization via large deviations as in Theorem 2.4, since we are looking
at averages in a smaller scale than y ~!; in particular, (5.5) is not true. The second is to show
that, in the smaller scale K, only the nearest-neighbour part of the Hamiltonian is effective.
Hence, we introduce another scale L > K, in which the Kac term acts to all spins in the
same way. Then inside the box only the nearest-neighbour interactions are relevant.

To proceed with this strategy, we fix a microscopic scale K of the form 2™ and call
Ag.1, ..., Ak N the partition of A, into

Nk := (eK)™¢ (6.13)

boxes of side-length K. We call A(}(. ; the boxes with the same center as Ak ; and distance

~/ K from their complement A% ;. We next introduce the notions of “circuit” and of “bad
box”.

Definition 6.1 (Circuit)Itis easier to define the lack of circuit. Forasign = 4, we say thata
configuration o € {—1, 1}”*+ does not have a t-circuitin A g ; if there exists a path of vertices
{x1,...oxk) C Ak \ A(I)m such that d(x1, Aﬁ(’i) =1, d(x, A(}(.i) =1,d(xi,xiy1) =1
foreveryi = 1,...,k —1,and 0, = —7 foreveryi = 1, ..., k. In other words, if the
connected components of —7 that intersects the boundary of Ag ; do not intersect A(,)(’ Pt
we are not interested in distinguishing the sign of the circuit, we just say that o has a circuit.

Observe that the existence of a t-circuit can be decided from the outside configuration.

Definition 6.2 Given some precision ¢ > 0, a box Ak ; is called ¢-bad for a configuration
o if

e o does not have a circuitin Ag ;, or if

e o hasacircuitin Ag ; but

1
min‘— fr—E,m ()] >¢. (6.14)
=% |AK|X§“ Ho.r

@ Springer



Thermodynamics for Spatially Inhomogeneous Magnetization. .. 1339

On the other hand, we call a box ¢-good if it is not {-bad. We can further specify it saying it
is (¢, )-good if

1
E " —E,m . 6.15
’|AK|x€AKif P‘o,r(f) <¢ ( )

Let N¥ bad and Ng gOOd be the number of ¢-bad and (¢, t)-good boxes, respectively. To
conclude the proof of the case |u| < mg, it suffices to prove that the probability of having a
large density of ¢-bad boxes is small and that the density of (¢, +)-good boxes is A, ; this is
the content of the following lemma.

Lemma 6.3 Forevery ¢, 8 > 0, there exists C(¢, §) > 0 such that the following exponential
bounds hold for every e and y small enough and K large enough:

Nbad
() KA.y« (% > 8) < e CEIIA (6.16)
K
good
(i) MAE,y,a(‘ ;H — | > 5) < e CEDIA (6.17)
K

Before giving its proof, we see how the case |u| < mg follows from it. For £, §’ > 0 (they
will later depend on §), (6.12) is bounded by

Nbad

bad
E 5, XL~ KLo§). 618
MAyyoz(‘“\ | fo Gu(f)‘> )‘f‘MAg,y,a(NK > ( )

xelAg

The exponential bound for the second term is given by Lemma 6.3. To control the first one,
we decompose the average as follows:

LS
—E
|A| ¢ ()= Z(mm

xelAg

Z fe— Ecu(f)) (6.19)

xelAg

,";“;( o)

Take §' = 4”}3” and observe that, for o such that < §’, we have

‘|A1£|X§sfx—IEGu(f)‘S‘NIK > (lAKl Z fe — EGu(f))‘-i-*

it Ak ;is ¢-good
(6.20)
Then the first term of (6.18) is bounded by
1 N[b(ad
MAs,y,a(‘Nf Z (I | Z fx —Eg, (f)) 3N L < 8’). (6.21)
K it Ak, is ¢-good Ak XEAK K
Subtracting and adding E;m (f), we have
1
DI e > s Gu<f>)|
it Ak is ¢-good xeA
N[g(ood
Z > | 2 S B (D20l | =
=% j:Ag;is ({,7)-good xeAK, K
(6.22)
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Choosing ¢ = %, the first term in the last expression is smaller than %, thus (6.21) is bounded
by

good bad
K, s Ng.
ey | 20 loe [ =055 =] > 3 <
ng(ood 5
< .. ya(z 1l | = | > Z) (623)

which, by Lemma 6.3, decays exponentially.

Proof of Lemma 6.3 (i) We first notice that the criterion for a box to be “bad” is based
only on the nearest-neighbour interaction part of the measure. Therefore, instead of esti-
mating (6.16) using (ta,,y,«, We reduce ourselves to an estimate using only the Ising part.
To do that, we introduce another intermediate scale L of order y‘“’", for a > 0, and
we first condition over all possible values of the magnetization in this scale: we divide A,
into boxes Ay 1, ..., AL N, NL = (sL)’d (recall (6.13)) and, in each box Ay ;, the new
order parameter ma, ; (o) takes values in /|5, ;|- We denote this new configuration space by
My = ]_LNZL] Iia, ;|- Then, by conditioning on a set of configurations with a given average
magnetization in M, the Kac part of the Hamiltonian is essentially constant so we are only
left with the nearest-neighbour interaction.

To proceed with this plan, we follow the coarse-graining procedure as in Sect. 2.1; recall
the effective interaction J_lsL) in the new scale L given in (3.13). For n := {n;}; € My,
recalling (3.18), we denote the new coarse-grained Hamiltonian

2
K\, o —L"Z(Zﬂ“(z U —a) (6.24)

(note that « is constant). Recalling the error (3.17), for L = y‘”“, we obtain that
A ya(NRG > SNK)

1 nn
— 2 e PHR () p—BKA; y.a(0)
= le“d>5NK VZny £ () g=PKacyalo

(L) 1 nn
_BK —BH," (o) ,Cy?|A
= > e @o—— BT A e PRI (625)
neMg Aey.e o:Vi,
ma; (o)=n;
where

(L) nn
_BK _ a
Zneyu = z e PKAzy E o PHR, (@) ,Cy@|Ac]

neMrg o:Vi,
ma; ;(0i)=n;

= 7z N o h Rilvayum (ma,, = milt). (626)
neMpy

Note that in the splitting in (6.25) we do not specify the boundary conditions, as with an
extra lower order (surface) error we can choose them ad libitum. Hence, we have to estimate
MI}\HE,O({N}?,% > 6Nk}). We split it into a product over the measures /HK‘LJ’O’ 4 assuming +
boundary conditions and making an error of lower order. Then, we focus in a box Ay and
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denote by Nk 1, (respectively N}}a 1.¢) the number of boxes (respectively bad boxes) of size
K in Ay . In order to conclude, it qufﬁcee to show that there is 7 (§, ¢, K) > 0 such that

WA 0.+ (ANRS ¢ > 8Nk.1)) < e N C:e o, 6.27)

The proof of (6.27) is lengthy and it is outlined below, after the end of the proof of Lemma
6.3. Furthermore, this decaying estimate should win against the accumulating errors of the
order y“|A,|in (6.25) and (6.26). This is true since y ¢ K¢ <« r, ¢, K), for y small enough,
after using the fact that |A; | = Nk 1 K9, We also need a lower bound of (6.26). For that, it
suffices to show that for every i:

_.yd—1
WA olma,, =mi) = e (6.28)

The proof is given in Appendix 1, concluding the proof of item (i) of Lemma 6.3.
(i1) To prove (6.17), for u constant, in a box A, we have:

o(x)—u
|A8|xEA
d
1 N1g<°§+
= — e o(x m = —A)m
e 2 (e X ow )+ (S
it Ak is (¢,+)-good XEA

good

D> (ﬁ > o) +mp)+ (NZ"V';‘ = (1= 3) (=mp)

itAg,iis ({,—)—good K xeAg

1
e Z — Z o(x), (6.29)
itAg iis ;‘—bad xEA
Moreover,
good good bad
Kv{v_ _(1_)\ ):_ NK,CF‘F _ _ N
Nk ! Nk ! N

From Definition 6.2, in the good boxes we have a circuit of + spins. Then, using (8.1), for
every x € A(}( we have that

Eup . lo@)]=Emg+ K CK, (6.30)

for K large and a generic box Ag. We consider the measure (1 4,,,,« and use the estimate
(5.1). We split the measure over the boxes (A ;); like previously and, using (6.29) as well
as the estimate (6.16), we obtain (6.17). This concludes the proof of Lemma 6.3. ]

In the sequel, we first prove the remaining estimate (6.27). Here we present the strategy
and state the main lemmas. For the proofs we refer to Appendix 1 and 1. The section will
conclude with the proof of (2.34).

Proof of (6.27). Givenabox Ar,letI C {1, ..., Nk, 1} denote the indices of the boxes A g
within it.

Definition 6.4 Given I C {1,..., Nx r}anda € {—, +}, we define X’ to be the set of

configurations where there is some circuit around A ; foralli € I and (6 14) is true. On
the other hand, we define X’ to be the set of conﬁguratlons for which there is no circuit for
any of the boxes in /.
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Asking for more than §Ng 1, 0 < § < 1, many bad boxes is equivalent to the fact that at

least one of the two cases described in Definition 6.4 has to occur more than ‘SNf L hence:

wpdcsove (U w)u( U A 6.31)

(La): 125N L L= 3Nk 1

To estimate the first contribution, we have the following lemma:

Lemma 6.5 Consider a box Ay divided into Nk | smaller boxes Ak, with K < L. There
is a positive constant ¢ so that, forany I C {1, ..., Ng r}andi € I, the following is true:

WX 0.4 (X)) < et PR o (X ) (6.32)

where ¢ is the precision parameter in the criterion (6.14) of bad boxes.

To obtain (6.27), we need to iterate the result of Lemma 6.5 and get

KN 0 Uninzsng nXi) < D (g 2K O < 22Nkt (g2 g )N/,
I: 112Nk 1/2
(6.33)
which agrees with the one in the right hand side of (6.27) since r(d,¢, K) =
—8log(¢ 2K %) is sufficiently large by considering K large for ¢ and 8 fixed.
To find an estimate for the second contribution in (6.31), we use the random-cluster
formulation. We give a complete description of the method in Appendix 1, where we also
provide the proof of the following lemma:

Lemma 6.6 Suppose f > log V5. For every § > 0, there exists C = C(8) > 0 such that
the exponential bound

1N, 0 gL nzsng X)) < e VKL (6.34)

holds for K (and L) large enough.

Note that here, for simplicity of the proof, we can use empty boundary conditions by
making an extra error of smaller order. From (6.31), (6.33) and (6.34), we conclude the proof
of (6.27).

6.1 Proof of (2.34)

When R — oo, for any translation invariant measure v (either ug", or uﬁ‘(‘u) for some
|u| > mg) we have that

Eulgmpg)] — g(Eylo(x)]). (6.35)
Similarly, if R depends on y and we pass simultaneously to the limit in such a way that
1< R, <yl o
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Appendix 1: Homogeneous Magnetization

For the nearest-neighbour interaction and for 4 € R, we define the finite volume pressure
by

log > e P, (7.1

GEQAS

1
Lph) =
PAsp B 1Al

Moreover, for u € I)5,|, we define the finite volume free energy by

faeplu) = —71g > PR (7.2)
Blad - &~

mp, (0)=u

and extend the domain of f,, g to [—1, 1] by assigning the values that correspond to linear
interpolation between the values of f,, g at the neighbouring points in /|5,|. We next prove
the existence of the infinite volume free energy and pressure.

Theorem 6.7 (Free energy and pressure) The sequence of functions ( fA..p )8 converges
point-wise to a function fg : [—1,1] — R called free energy. The function fg is convex
and continuous, differentiable in the interior of its domain. Its derivative fﬂ is continuous,
it satisfies limy || fé () = —o0 and limy| fé (u) = oo and it is bounded on compact
subsets of (—1, 1). Moreover, the convergence limg_.o fa,,p = fp is uniform.

Similarly, the sequence of functions (pAg, ﬂ) converges point-wise to a function pg :
R — R called pressure and it is given by

&

pp(h) = up. {uh fpa)}, (7.3)

uel—

for every h € R.

Proof This is a classical result (see e.g. [5,13,16]) with the exception of the uniform conver-
gence of the free energy, which s given here. With a slight abuse of notation we use Ay := A,
with & = 279, Observe that A, is the disjoint union of the sub-domains A, 1, ..., Ay od,
each of which s a translation of A, . For a configuration o € QAH, ,wecalloj,i =1,..., 2d
its projections over these sub-domains, i.e., 0 = o1 V ... V 0,¢ Where by V we denote the
concatenation on the sub-domains. Let u € I| Al Observe that if my,,(0;) = u for all

i =1,...,2% then mp,.,(0) = u. Note also that there are O (ZdlaAq|) many edges con-
necting vertices of different sub-domains, where by d A, we denote the boundary of the set.
As a consequence, after defining

a = > PO, (7.4)

O'EQAq
ma, (0)=u
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we neglect the contributions between the sub-domains, so for some C > 0 we obtain:

2d
—pc2 Z —BHR (0}) _gcady d
Ugy1 =€ BC3A,| E | |e Aqi =e pC2 I‘}Aqlas . (7.5)

GIEQAq,l UZdeQAq,Zd i=1

ma,  (O1)=u A, 5 (0pd)=u

Taking logarithm and dividing by —f ‘A , we get
Sagirp @) < fa,p @)+ 0 (279). (7.6)
For a configuration o € Q4 ,,,let N* (o) := |{x € Ag41 : o(x) = 1}| be the associated

g+l H nz
containing all possible number of pluses. Let # and u’ be consecutive elements of 1 |Ags1]
such that u < u’/, and let n and n + 1 be respectively their associated number of pluses. Then

Z ¢ PR @) _ Z ¢ PR @) Z Z H}l\nﬂ(o,)

UEQAquI UEQAq+] UGQAq+] geQA g+l
m(o)=u’' N*t(o)=n+1 Nt (o)=n o'>0
NT(c")=n+1

number of pluses. There is a correspondence between / [Agsi] and the set [ ,

(1.7

where 0’ > o means o’ (x) > o (x) for every x € A,1. In the later sum, the configurations
o’ differ from o just in one site. As every site has 2¢ neighbours, we have

H (o)) = HRD | (0) = 2471, (7.8)

Replacing in (7.7), using the fact that [{o’ : 0’ > 0, N* (0/) = n + 1}| = |Ag41| —n (e,

the number of minuses in the o configuration) and the bound % < |A , we get
Z e*ﬂHR’(‘IH(a) < |Aq+1|e'82d+l z e—ﬁHX’;H(o). (7.9)
O’GQAqul UEQAquI
m(o)=u' m(o)=u
, we get
log |Ag+1
Tagirp @) = fagp (W) <0 % . (7.10)
| q+1’

For fa,...p (u’ ) — fag41.p (1) the same bound can be obtained by replacing the number of
pluses N by the number of minuses N . Then

log |A
| fag1.8 W) = fagp ()] =0 log|Aq1] . (7.11)
|Aq+1|

Foru € 1|5, |, let u_ and uy be the best approximates in /| Al of u from below and
from above:

U_ := max {m/ €1}y, cm’ su}, Uy :=min {m/ €1}y, cm’ zu}. (7.12)
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Foru € Ly \ A, using (7.11) repeatedly, we get

log |A
qu+|,/3 () < qu+1,ﬂ (w-) A qu+1,f3 (uy)+ O (Og|q+1})

|Aq+1 |
log |Ag+1
< fagp @)+ 0 tog |Ag 1] , (7.13)
|Aq+1 |
. - ]0g|Aq+l|
after using (7.6) and the fact that 277 <« Tagal
q
Leta, := O (%) and observe thata := > q 9q 18 finite. From the above estimates
q
and the fact that f, g is defined by linear interpolation, we obtain
Fagin.p W) < fa,.p W) +aq, (7.14)

for every u € [—1, 1] and every q. Let g4 := fa,,p — Z?;Ol a;. Inequality (7.14) implies
that

8q+1() < g4(u), (7.15)

for every u € [—1, 1]. The point-wise convergence of the free energy guarantees the point-
wise convergence of (gq)q to fg — a. Then (g,)4 is a sequence of continuous functions
defined on a compact set that converges point-wise and in a monotonic way to fg —a. Under
these hypotheses, Dini’s theorem asserts that the convergence is uniform, hence concluding
the uniform convergence of fa, g to fp. O

Proof of Lemma 3.1

We consider identity (7.7) with HX’; replaced by Hy, .y« While comparing Hy, y.o (0)

with Hp Y (U’ ), the nearest-neighbour part of the Hamiltonian can be treated as in the
proof of Theorem 6.7. To treat the quadratic part, observe that, as every vertex interacts with
0] (y_d) vertices, we have

Hp,ya(0') = Hayyo (0) + O (y"’) . (7.16)

We can now repeat the arguments of the proof of Theorem 6.7: using (7.11) and (7.6) with
error O (274 y‘d ), for t and 1’ consecutive elements of 15 41 e have that

log |Aq|

|Fag () = Fa,pa()| < C279 70 4 T (7.17)
where C is a constant that depends only on the dimension.
Proof of Lemma 5.1
Givenc, ¢ > 0,let Ba, 5 ¢ ~c be the set of mostly bad spin configurations:
Baoyimei={o €@ v At 1 (@) —ul > ¢)] > e}, (7.18)
where 1) is defined in (2.4). Let u € [—mg, mg]. To get an upper bound of
UAey.a(Ba,y.c>c) = : > e PHreya), (7.19)

Z,
£, V.« 0€BA yroe

@ Springer



1346 A. Montino et al.

we look for a lower bound for the Kac part of the Hamiltonian. Indeed, for o € B, y ¢, >c
since « = u (from (2.16)) we have that

> (1 ) —u)* =t A, (7.20)
xele
which further implies that
S e PHrere@ < o Pelhelg? > e PHR (@) (7.21)
0€BAy.b.>c oeQn,

Furthermore, from Theorem 6.7 we have that there exists an error s;(¢) — 0 as ¢ — 0 such
that

Z e—ﬁﬁx';(ﬂ) — e—ﬂlAs‘[Pﬁ(O)‘f‘Sl(s)]. (7.22)

O'EQAE

On the other hand, to estimate the denominator of (7.19), note that since u € [—mg, mg]l,
we have that f}; (u) = 0. Then, (2.13) gives P (a) = — fg (u) for u = o; hence,

Zp, ya = e PAlli@+neEn] (7.23)

for some error s; (&, y) vanishing as ¢ and y go to zero. Thus, if we substitute (7.21), (7.22)
and (7.23) into (7.19), we obtain that:

Bneya(Ba,ygme) < e PIRCTH1@=0EN] < g=PlAclec/2, (7.24)

for ¢ and y small enough.
Ifu ¢ [—m gsm ﬁ] we have a similar strategy but for the appropriate external field. Hence,
adding and subtracting u we expand the Hamiltonian as follows:

Ha, oy (@) = H @)+ >[I (@) —u]’ + 2w —0) D 1Y (6) — 2u (u — @) |A,|

xXEA, xXEN,

+(u — o) | Al . (7.25)

Note that for the computation of (7.19) the constant terms are irrelevant. In the case u ¢
[—mp. mg], from (2.16) we have that

fpw)=="2@w—a); (7.26)

hence our goal is to approximate the Hamiltonian Hy, o by (2.22) with external field
h := =2 (u — o). Additionally, recalling (5.4) and (5.5) we obtain that

Srle)=2 > hx o)

yEA; YEA: XEA,
=D 0@ > Sxy=D 0@ +s@)0MIAl (727
xXEA, yeA; xelAe

for some s(y) — 0 as y — 0. Then, with /& defined above, the third term of (7.25) gives
—h> .. A, O (%) with a vanishing error. For the second term we use (7.20).
For the denominator, we restrict to

Ba, ¢ <e = [a €Qa i lx et [N (0)—ul> ¢} < C/|Ag|] (7.28)
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for ¢/, ¢’ > 0 to be chosen appropriately. Then for o € By, ./, <. We have that

> (I ) —u)’ < 0 ()¢ |Al + ¢ Al (7.29)

xelAe

Thus, replacing all above estimates in (7.19), with ¢/, ¢’ > 0 chosen such that O (1) s (y) +
O (1) ¢’ + ¢'? is smaller than ¢ (also y small enough) we obtain:
(8 ) e BlAel (T +0Ws() o= CBlA:
Hag,By,a \PAgy.t,>c) = — Y =< ,
e FlAel(0(Me'+¢ Z)M?\ns,h (BAg,y,g’,gc/) /’erl\ng,h (BAe-)/,{’,EC’)
(7.30)

for some C > 0. Thus, to conclude it suffices to prove that the denominator is close to 1.
This is the content of the next lemma:

Lemma 6.8 Let u € [—1,1]\ [—mﬂ, mﬂ] and let h = fé(u) be the external field that
corresponds to the homogeneous magnetization u. Then, for the measure (2.23) we have that

)}iglogi_r)l%)ﬂr}\t,h(BAg,y,{,>c) =0 (7.31)

forevery ¢, c > 0.

Proof of lemma 6.8. Foro € B,y >c, We have

1
= 2 @) —u] = e (7.32)
Ael &
which implies that
1
W | TALl DN —ul | = iy, (Ba,yee)- (7.33)
€ xXEN,

By translation invariance of the measure [/L?\Ii ;, With periodic boundary conditions, the left-
hand side of (7.33) coincides with Eﬂx}\n i [|Ig — u|] Since the random variable |Ig — u|
depends on a finite number of coordinates, the later expectation converges to E;m [ Ig —u |]
as ¢ — 0. Note that u;" is the infinite volume limit of (2.23). Then, by applying the
multidimensional ergodic theorem (e.g. Theorem 14.A8 of [7]), we obtain that

: Y _
lim By [} —u|] =0, (7.34)
since Euzn[a(x)] =uforallx € B, (0) and y~! — oo0. ]

Appendix 2: Estimates on “Bad Boxes”.

Before proceeding with the estimates on “bad boxes”, we state a theorem for the infinite
volume Gibbs measures for the Ising model:

Theorem 6.9 Ford > 2, h = 0and B > B.(d) (Bc(d) is the critical value of the inverse
temperature in dimension d ), there are two different probability measures ugn L on{—1, I}Zd
such that, for any sequence of increasing volumes (A,),, the sequence M'}\"g,o, 4 (with £
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boundary conditions) converges weakly to /L '\ . More precisely, for A C A finite subsets of

4 and f 1 {—1, 1}Z — R a function that depends only on spins inside A, there exists a
positive constant C such that

‘IE m [f]— EH3n+[f]| < C|A|€7ﬂdist(A,AC). 8.1)

A0+

Furthermore, exponential decay of correlations holds: if the functions f and g depend on
spins inside the finite regions A y and Ay, respectively, then there exist positive constants Cy
and Cy such that

B, 1£8] — By, [£ 1By, [g1] < Crem Coinar 29, (82)

The proof is standard and can be found in [15], Theorem 2.5 and its proof in Section 2.6.2.
See also Theorem 2.18.

Proof of Lemma 6.5.
In this section we give the following proof:

1
Proof of Lemma 6.5: Let A(}(O be the cube with the same center as A(}( and at distance K 2
from its complement. Given a set S C A, an accuracy parameter ¢ and a radius R > 0 we
define the following set of configurations:

Cse = o 1| D gnpye) = X Bupn [gmpo]| = €181} (8.3)

xe$§ xeS§

We have that for any t € {+, —} and for L large enough
CA([JOC CCA‘}(O,%' (8.4)

Giveni € I and C € K; the sets G¢,; and X’\ are C¢ measurable while the set CA% i is

C measurable. Hence, using (8.4) we obtain
/ /
W 0+ (XD) = D bR 6 (Gein Cag e NN
CE’C,’

D2 180 (Cpp o (Gei NG, (8.5
Cek; !

IA

where we have used the restricted measures ,uc 0+ and /,LCL 4 instead of uh A .0, From
the exponential decay of correlations (8.2), we have that there are two positive constants Cj
and C; such that

Eugn.o,,[g(mBRm)g(mBR(y)) — By [g(mBm))]IEMO,[g(mgk(ym] < Cre @ 8.6)

Then, using the Chebyshev inequality and the weak convergence to an infinite volume limit
(8.1) we obtain:

(§|Aloo |)2 > EM%‘TO_+[ I1 (g(MBR<z))—]Eug,a[g(mBR(z))])]

x,yen®, =xy

ct 2K, (8.7)

nn
C
He0.4+(Cpm. )

IA
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for some ¢ > 0 and where R is such that R < K !/2. Then from (8.5) we obtain:

P 0 (XD < cc KT DT uih o (Gea N, (8.8)
Cek;

which gives the right hand side of (6.32) by using the fact that the events G¢,; for C € K;
are disjoint. O

Proof of Lemma 6.6

For completeness of the presentation, we first give a short description of the method and then
proceed with the proof of the relevant Lemma 6.6. We restrict ourselves to dimension 2, but
we expect that a similar result should be also true in higher dimensions. As before, we divide

. 2 .
Ay into boxes A ;, and call Ng j = % Recall that A(,)( ; stands for the box with the same

center as Ak ; and distance +/K from its complement A%
Let E(AL) be the set of edges connecting vertices in Ay: E(Ap) := {{x,y} C A :
|x — y| = 1}. The random-cluster probability for @ € {0, 1}£(A1) is defined by

o) = | TT p2r 1 = py=em |, (8.9)

(xy)eE

where p := 1 —e~%#, Cl(w) is the number of connected components (or clusters) associated
to w, and Z’ is the normalizing constant. The Edwards-Sokal probability Q, see [4], is defined
on the product space {0, 1}EAL) % {—1, 1}2L and has the random-cluster probability ¢ as the
first marginal and the Ising probability (1, 0, as the second marginal. The main property of Q
is that the conditional probability Q(-|w) is given by sampling a value of a spin independently
in each cluster of w with probability % In this way, if x, y € Az and w € {0, 1}E(AL) are
such that x and y are connected by a path of edges ey, ..., e; such that w,; = 1 for every i,
then Q(o(x) = o (y)|w) = 1.

We can define a partial order on the probability space {0, 1}£(*2) by w < @' if and only
if w, < o), for every e € E(Ag). A function f : {0, EAD & Ris increasing (resp.
decreasing) if and only if f(w) < f(@') (resp. f(w) > f()) for every w, @ such that
w < o;anevent A C {0, 1} (AL ig increasing (resp. decreasing) if the indicator function 14
is an increasing (resp. decreasing) function. For probabilities P and P’ on {0, 1}F(A2) we say
that P is stochastically dominated by P’, and write P <g P’,if and only if f fdp < f fdpP’
for every increasing function f. The later property holds if and only if f fdP > f fdp’

for every decreasing function f. Let B, be the Bernoulli probability on {0, 1}EAL) with
1—e=%
1+Z*25'

parameter p (=

By@) =[] o1 =)'~ (8.10)
ecE
The random-cluster probability satisfies B, <; ¢; in particular, ¢ (A) < B,(A) for every
decreasing event A. We are ready now to give the proof of Lemma 6.6.

Proof of Lemma 6.6: 'We need to introduce some terminology. Let Z>* := 7% + (% %) be
the dual set of vertices of Z2. For an edgee = (xy) € E (Z*), where E(Z?) is the set of edges
of Z?, we define its dual edge e* as the one obtained after rotating it 90 degrees around its
middle point; for an edge subset A C E(Z?), we define A* := {¢* : e € A}. For any subset of
edges E, let the support of E be the set of vertices that are extreme vertices of any of the edges
in E. For a subset R C Ay, we define its dual set of vertices R* as the support of E(R)*. The
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Ry

R2 R4

Ry

Fig. 1 The rectangles Ry, R, R3 and R4

inner boundary of R* is defined by 9°R* {x € R* : |x — y| = 1 for some y € Z>* \ R*}.
For a configuration w € {0, 1E® | we define its dual configuration w* € {0, l}E(R)* by
¥ = 1—w,. We say that an edge e* € E(R)* is w*-open if ¥, = 1. Associated to »*, and
for a fixed box Ak ;, we call Ja,, (0*) C E(Ag ;)* the set of edges “penetrating from the
outside of Ag ;”, i.e., those containing the dual edges that are w*-open and are connected
to 8°(A>‘I‘<’i) by a path of w*-open edges. We say that & € {0, 1}£(A2) has a circuit of open
edges in Ag ; if Ja,; (@*) N E(A(}Q)* = (} (this is the formal way of saying that w has a
self-avoiding path of open edges living in E(Ak ;) that surrounds A(}(. -

Consider the random-cluster probability ¢ associated to 114, o, (defined in (8.9)) and the
corresponding Edwards-Sokal coupling O between ¢ and 114, o,. The fundamental property
of O implies that, for every Ak ;,

Q({(w, o) € {0, 1PFAL s (=1, 1}AL (8.11)
o has a circuit of open edges in Ag ;, Ak ; is bad of type II}) =0. (8.12)

As a consequence, if we define Y} to be the set of configurations w € {0, 1} E(AL) that
do not have a circuit of open edges for every i € I, we have MALsOsQJ(U11|I|ZBNK.LXI”) <
& (Ur:11=8Nk. Ly;’ ); to conclude, we need to control this last term. Recall the Bernoulli
probability B, on {0, 1E@AL), given in (8.10). As Uy. ‘1|25NK.LJJ}’ is a decreasing event, the
stochastic domination B, <y ¢ implies that ¢ (Us. 71258k, YV]) < Bp(Ur 1128k, V])-
Observe that inequality

B, (Ur: 11258k 1 V])

N ONk,

< ( K.L ) (Bp({a) € {0, )45 ; 4 does not haveacircuit})) 8.13)
[0Nk. L]

holds, where Ak is any of the boxes Ak 1, ..., Ag ny , . Moreover, by Stirling’s formula,

there is a constant C; = C1(8) > 0 such that (m];[vli(’LLw) < Cva’L for every N 1. To estimate

B,({w € {0, I}E(AK) : w does not have a circuit}), (8.14)

1
K—K2
2

1
or K_2K2 x K that satisfy UleRl- = Ag \ A?( (see Fig. 1). 0

we consider its complement. Let R, Ry, R3 and R4 be the rectangles of dimension K x

Let R be one of these rectangles and, without loss of generality, suppose it to be horizontal,
1

that is of dimension K x K_z# Let T(R*) and B(R*) be the corresponding vertices in

the top and in the bottom of the support of the (dual) set of edges R*, that is, the ones with

highest and lowest second coordinate (see Fig. 2).
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T(R*)

B(RA) S **t s

Fig.2 A configuration o™ is good transversally if it has a path of open edges connecting T (R*) with B(R™)

We say that a configuration @ € {0, 1}£® is good lengthwise if its dual configuration
w* € {0, I}E(R)* does not have any path of open edges connecting 7 (R*) with B(R*); in this
case, we say o* is bad transversally. Observe that a sufficient condition for a configuration
w € {0, 1}E(A’<) to have a circuit is that, for every 1 < i < 4, the projection wg ;) is good
lengthwise. We have

4
B,({we{0, 11EAK) : & has a circuit)) > (Bp({a)e {0, 1}E® . 4 is good lengthwise})) ;
(8.15)

in the last inequality, we used the fact that the event {a) € {0, 1}ER : o is good lengthwise}

is increasing and that the Bernoulli probability satisfies the FKG property; see [9]. To estimate
the probability of the last set, we consider its complement:

{a) € {0, I}E(R) : 0™ is good transversaly} . (8.16)

Observe that, if @* is good transversally, there exists a self-avoiding path y of open edges
starting in B(R*) and such that |y| = VK |, where |v/K | denotes the integer part of VK
and |y | the number of edges of y. Then

B,({w € {0, l}E(R) : " is good transversaly})

< Bp( U U {w € {0, BE® : % = 1 forevery e* € y}) (8.17)

x*eB(R*) y starting at x*

lyl=lvVK]
=< z Z B,({w € {0, 1JER . w}. = 1 for every e* € y}) (8.18)
x*eB(R*) y starting at x™*
lyI=lVK]
< K3WEKI(1 = p)VED, (8.19)

We conclude that

4
B,({w € {0, 1}E©) : & does not have acircuit}) <1 — (1 — K3L‘/m(l — p)L*/EJ)
(8.20)

<1- (1 8K [3(1 — p)]LﬁJ> — 8K [3(1 — p)]VKI. (8.21)
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s NVk.L
Coming back to (8.13), we obtain the upper bound [Cl (SK 3(1 — p)]W?J) ] . Con-

dition 8 > log+/5 is equivalent to 3(1 — p) < 1. Take K large enough to satisfy
s
(SK B(1 — p)]W?J) < 1 to conclude.

Proof of (6.28).

Given n € I|c|, if |n| < mg we choose p < 1 such that n = pmg — (1 — p)mg. Supposing
that A; = [0, L)d we splititas: Ay = Azr UAUA,, where

A={x=(x1,....x0) € AL : |x; — pL| < ¥} (8.22)

for an appropriate ¢* > 0 to be chosen next. The set AZ (respectively A7) is the part of
the domain corresponding to smaller (respectively larger) values of x;. With this definition,

letting ;1 = + and 1) = —, there is a ¢ > 0 such that
) 1
W 0. (1 22 @@ = amp)l = la})'2) > 5. (8.23)
xeA,

We express the set in (8.23) by the union (over all possible magnetizations m;,i = 1, 2, with
Imi — timg| < c|A7|7Y/%) of the set {3~ _ .« o' (x) = m;| A} |}. Then, it follows that there
L

are two values m;“, i =1, 2, of the magnetization with the above constraint so that

. 1 2
nn _ * T _
1o ( > o SN E AT (8.24)
xXeA,
With this, we define the set
Gy={o: D o) =mflALli=12 > oalx)=b|Al} (8.25)
xeATL" xeA

with b such that mTIA‘LLI +m3|AL | +b|A] = nl|AL]. Itis easy to see that such a b exists for
ac* in (8.22) large enough.

Thus, to getalower bound to the left hand side of (6.28) we restrictto G;,. As aconsequence,
in each subdomain the corresponding probabilities can be bounded as in (8.24) and we are
left with only the boundary terms, which are of the order L?~! (for a box A; = L%). We
have

un, olma, =nh) = wa) 0(Gy)
1 opr@d+2d-!
- Znn e
AL,O
« z lg e_ﬂHAz(ﬁAz‘I(AZ)C)Q_'BHAZ(UAZll(AZ)C)e_ﬂHA(UA)
n

O, +,0,—,0A
ALt AL

%

1 6—2ﬁ1(2d+2)L"*le—ﬂ2dJ|A\ H ( 1_ nn_ )
ZZHLO o C|Az|l/2 A0,

(8.26)
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Then we can easily conclude since

nn nn ~ 7on nn Zn 2—Ae—ﬁdJ\A|
+ - s + -
AT.0,+7A7.0,- AT.0.4+7A[.0,-7A0
_ d—1__ A _
> ZZ{IL o€ 2BJ(2d+2)L 2 Ae ﬁd‘”A\. (827)

If [n| > mg, then we choose h := h(n) as in discussion following (2.27) and obtain:

1 1
nn _ 1/2 . _ _ -
1 (I X2 o) =l = elAy | )5c2|AL|XZyE“ALM['(“(’C) ICIORI R

XeAL

(8.28)
for an appropriate choice of c. Following the steps above, (8.28) implies (6.28) for the case
[n| > mg and concludes the proof.
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