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METASTABILITY OF THE TWO-DIMENSIONAL BLUME-CAPEL
MODEL WITH ZERO CHEMICAL POTENTIAL AND SMALL
MAGNETIC FIELD ON A LARGE TORUS

C. LANDIM, P. LEMIRE, M. MOURRAGUI

ABSTRACT. We consider the Blume-Capel model with zero chemical potential
and small magnetic field in a two-dimensional torus whose length increases
with the inverse of the temeprature. We prove the mestastable behavior and
that starting from a configuration with only negative spins, the process visits
the configuration with only 0-spins on its way to the ground state which is the
configuration with all spins equal to +1.

1. INTRODUCTION

The Blume-Capel model is a two dimensional, nearest-neighbor spin system
where the single spin variable takes three possible values: 1, 0 and 4+1. One can
interpret it as a system of particles with spins. The value 0 of the spin at a lattice
site corresponds to the absence of particles, whereas the values 1 correspond to
the presence of a particle with the respective spin.

Denote by Ty, = {1,..., L} the discrete, one-dimensional torus of length L, and
let A;, = Ty x Tr, Qf = {—1,0,1}*2. Elements of 1, are called configurations
and are represented by the Greek letter . For x € A, o(z) € {—1,0,1} stands
for the value at x of the configuration ¢ and is called the spin at = of o.

We consider in this article a Blume—Capel model with zero chemical potential
and a small positive magnetic field. Fix an external field 0 < h < 2, and denote by
H=Hygp: Qr — R the Hamiltonian given by

H(o) = (o(y) —o(@)* =h Y ola), (1.1)

TzeEAL

where the first sum is carried over all unordered pairs of nearest-neighbor sites of
Ar. We assumed that h < 2 for the configuration whose 0-spins form a rectangle
in a background of —1 spins to be a local minima of the Hamiltonian.

The continuous-time Metropolis dynamics at inverse temperature g is the Markov
chain on €, denoted by {o; : t > 0}, whose infinitesimal generator Lg acts on func-
tions f: Qp — R as

(Laf)(o) = > Rplo,c™ ") [f(e™F) = f(0)]

zEAL

+ )" Ry(o,0m7) [f(0™7) = f(0)] -
rEAL
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In this formula, 0™ represents the configuration obtained from o by modifying
the spin at x as follows,

O'xd:(z) — O'(,T) + 1 mod 3 1f z=x,
o(2) if z#x,

where the sum is taken modulo 3, and the jump rates Rg are given by
Ro(0.07%) = exp{ - 8 [H(e™*) ~H(0)], }. e,

where a1, a € R, stands for the positive part of a: a1 = max{a,0}. We often write
R instead of Rg.
Denote by pg the Gibbs measure associated to the Hamiltonian H at inverse
temperature (3,
1 _
pplo) = —-e PR, (1.2)
B
where Zg is the partition function, the normalization constant which turns pg into
a probability measure. We often write i instead of pg.
Clearly, the Gibbs measure ug satisfies the detailed balance conditions

p1p(0) Rg(o,0™%) = min {pg(0), ps(c™ )} = pg(c™*) Rg(c™*, o),

o €Qp, x € A, and is therefore reversible for the dynamics.

Denote by -1,0, 41 the configurations of 2; with all spins equal to —1,0,+1,
respectively. The configurations -1, 0 are local minima of the Hamiltonian, while
the configuration 41 is a global minimum. Moreover, H(0) < H(-1).

The existence of several local minima of the energy turns the Blume-Capel model
a perfect dynamics to be examined by the theory developed by Beltran and Landim
in [1, 2] for metastable Markov chains.

Let M = {—1,0,+1}, and denote by ¥ : Qr — {—1,0,1,0} the projection
defined by

U(o) = 3 wln) 1o =n} + 21{o ¢ M},
neM
where 9 is a point added to the set {—1,0,1} and # : M — {-1,0,1} is the
application which provides the magnetization of the states —1, 0, +1: 7(—1) = —1,
m(0) =0, 7(+1) = 1.

A scheme has been developed in [1, 2, 8] to derive the existence of a time-
scale 05 for which the the finite-dimensional distributions of the hidden Markov
chain (o (t03)) converge to the ones of a {—1, 0, 1}-valued, continuous-time Markov
chain. Note that the limiting process does not take the value 0.

The approach consists in proving first that in the time-scale 63 the trace of the
process o on M converges in the Skorohod topology to a continuous-time Markov
chain. Then, to prove that in this time scale the time spent on 7, \ M is negligible.
Finally, to show that, at any fixed, the probability to be in Q7 \ M is negligible.

This is the content of the main result of this article. We are also able to describe
the path which drives the process from the highest local minima, -1 to the ground
state 4+1. We not only characterize the critical droplet but we also describe precisely
how it grows until it invades the all space. In this process, we show that starting
from -1, the model visits 0 on its way to +1.
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We consider in this article the situation in which the length of the torus in-
creases with the inverse of the temperature. The case in which L is fixed has been
considered by Cirillo and Nardi [4], by us [7] and by Cirillo, Nardi and Spitoni [5].

The method imposes a limitation on the rate at which the space grows, as we need
the energy to prevail over the entropy created by the multitude of configurations. In
particular, the conditions on the growth impose that the stationary state restricted
to the valleys of -1, 0 or 41, defined at the beginning of the next section, is
concentrated on these configurations (cf. (2.3)).

The study of the metastability of the Blume—Capel model has been initiated by
Cirillo and Olivieri [6] and Manzo and Olivieri [9]. In this last paper the authors
consider the metastable behavior of the two-dimensional model in infinite volume
with non-zero chemical potential. The dynamics is, however, different, as flips from
+1 to F1 are not allowed. We refer to these papers for the interest of the model
and its role in the understanding of metastability.

2. NOTATION AND RESULTS

Denote by D(R4, ) the space of right-continuous functions w : Ry — Qf, with
left-limits and by P, = P%% & € Qy, the probability measure on the path space
D(R4, Q) induced by the Markov chain (o; : ¢t > 0) starting from o. Sometimes,
we write o(t) instead of 0.

Denote by Ha, Hj, A C Qp, the hitting time of A and the time of the first
return to A respectively :

Hy =inf{t>0:0,€ A}, Hj = inf{t>T:0,€ A}, (2.1)

where T} represents the time of the first jump of the chain oy.

Critical droplet. We have already observed that +1 is the ground state of the
dynamics and that -1 and 0 are local minima of the Hamiltonian. The first main
result of this article characterizes the critical droplet in the course from -1 and 0
to +1. Let ng = [2/h], where |a| stands for the integer part of a € Ry.

Denote by V_; the valley of -1. This is the set constituted of all configurations
which can be attained from -1 by flipping no(ng + 1) or less spins from -1. If
after no(ng + 1) flips we reached a configuration where ng(ng + 1) 0-spins form a
[no X (no + 1)]-rectangle, we may flip one more spin. Hence, all configurations of
V_; differ from -1 in at most ng(ng + 1) + 1 sites.

The valley Vo of 0 is defined in a similar way, a ng x (ng + 1)-rectangle of +1-
spins replace the one of 0-spins. Here and below, when we refer to a [ng x (no+1)]-
rectangle, ng may be its length or its height.

Denote by R! = R} the set of configurations with ng(ng+1)+1 0-spins forming,
in a background of —1-spins, a ng X (ng+ 1) rectangle with an extra 0-spin attached
to the longest side of this rectangle. This means that the extra 0-spin is surrounded
by three —1-spins and one 0-spins which belongs to the longest side of the rectangle.
The set R, = 9{6) 1, is defined analogously, the —1-spins, 0-spins being replaced by
0-spins, +1-spins, respectively.

We show in the next theorem that, starting from -1, resp. 0, the process visits
R, resp. MY, before hitting {0, +1}, resp. {-1,+1}. An assumption on the growth
of the torus is necessary to avoid the entropy of configurations with high energy to
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prevail over the local minima of the Hamiltonian. We assume that

lim [Arle”? = 0. (2.2)
B—o0

We prove in Lemma 8.2 that under this condition,
V. -1
o B\
poo  pp(-1)

Theorem 2.1. Assume that 0 < h < 1, that 2/h is not an integer and that (2.2)
is in force. Then,

(2.3)

lim ]P)_l[HgRl < H{01+1}] =1, BILH;OPO[HW) < H{_17+1}] =1.

B—o0
On the other hand, under the condition that
5lirn |AL|1/2{6_[("°+1)}L—2]6 + e_hﬂ} and 5hrn [AL)?eC~MB = o, (2.4)
— 00

it follows from Proposition 5.1 that

li f P,[H <H;] >0, 1 f Pe[H < Hg|l > 0.
gim inf Py Hio 41y < Hal 4m, ¢[Ha,41) < Hol
The condition that 0 < h < 1 ensures that the smaller side of the critical
rectangle is larger than or equal to 2: ng > 2.

The route from -1 to +1. The second main result of the article asserts that
starting from -1, the processes visits 0 in its way to 4+1. Actually, in Section 5, we
describe in detail how the critical droplet growths until it invades the all space.

Theorem 2.2. Assume that 0 < h < 1, that 2/h is not an integer and that
condition (2.4) is in force. Then,

lim P-l[H—l-l < Hg] =0 and lim PO[H_l < H+1] =0.
B—00 B—00

The strategy of the proof relies on the assumption that while the critical droplet
increases, invading the entire space, nothing else relevant happens in other parts
of the torus. A new row or column is added to a supercritical droplet at rate
e~ (=MB/|AL|, because e~ (>~MPF is the rate at which a negative spin is flipped
to 0 when it is surrounded by three negative spins and one 0-spin, and L is the
time needed for a rate one asymmetric random walk to reach L starting from the
origin. We need L? because we need an extra 0-spin to complete a row, and then to
repeat this procedure L times for the droplet to fill the torus. This rate has to be
confronted to the rate at which a 0-spin appears somewhere in the space. The rate
at which a negative spin is flipped to 0 when it is surrounded by four negative spins
is e=(4=7)8_ Since this may happen at |Ay| different positions, the method of the
proof requires at least |Ar|e= =7 to be much smaller than e~(2="8/|A | that
is, |Ar|?e72% — 0. This almost explains the main hypothesis of the theorem. The
extra conditions appear because we need to take care of other details to lengthy to
explain here.

Metastability. For two disjoint subsets A, B of Qr, denote by cap(A,B) the
capacity between A and B:

cap(A, B) = Y pglo P,[Hs < H}J],
oeA
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where A\g(0) = > ,cq, Rp(0,0") represents the holding times of the Blume-Capel
model. Let
ps(=1)

b = apcL{0,+1]) (2:5)

We prove in Proposition 7.3 that under the hypotheses of Theorem 2.2 for any
configuration n € R,

im =
proo pp(n) [Arl 3

cap(—1,{0,+1}) 4(2no + 1) .

In particular,

3 1 cah
4(2no + 1) |Ag]
where a = H(n) — H(-1) = 4(no + 1) — [no(no + 1) + 1], and 0g(1) is a remainder
which vanishes as 8 — oo.

05 = [1+05(1)] (2.6)

Theorem 2.3. Under the hypotheses of Theorem 2.2, the finite-dimensional dis-
tributions of the speeded-up, hidden Markov chain Xg(t) = ¥ (o (6st)) converge to
the ones of the {—1,0, 1}-valued, continuous-time Markov chain X (t) in which 1 is
an absorbing state, and whose jump rates are given by

r(-1,0) = »(0,1) = 1, =(-1,1) = r(0,-1) = 0.

Note that the limit chain does not take the value 9, in contrast with Xz(¢) since
U(o) =0 for all o ¢ M.

A natural open question is the investigation of the dynamics in infinite volume,
extending the results of Manzo and Olivieri [9] to the Blume-Capel model with zero
chemical potential.

The paper is organized as follows. In the next section, we recall some general
results on potential theory of reversible Markov chains and we prove a lemma on
asymmetric birth and death chains which is used later in the article. In Section
4, we examine the formation of a critical droplet and, in Section 5, the growth
of a supercritical droplet. Theorems 2.1 and 2.2 are proved in Section 6. In the
following two sections, we prove that the trace of oy on M converges to a three-state
Markov chain and that the time spent outside M is negligible. In the final section
we prove Theorem 2.3.

3. METASTABILITY OF REVERSIBLE MARKOV CHAINS

In this section, we present general results on reversible Markov chains used in the
next sections. Fix a finite set E. Consider a continuous-time, F-valued, Markov
chain {X; : t > 0}. Assume that the chain X; is irreducible and that the unique
stationary state 7 is reversible.

Elements of E are represented by the letters x, y. Let P,, € FE, be the
distribution of the Markov chain X; starting from z. Recall from (2.1) the definition
of the hitting time and the return time to a set.

Denote by R(x,y), © # y € E, the jump rates of the Markov chain X;, and let
AMz) = >, c g R(x,y) be the holding rates. Denote by p(z, y) the jump probabilities,
so that R(z,y) = Mz) p(z,y). The stationary state of the embedded discrete-time
Markov chain is given by M (x) = 7(z) A(z).
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Potential theory. Fix two subsets A, B of E such that AN B = @&. Recall that
the capacity between A and B, denoted by cap(A, B), is given by

cap(4,B) = Y M(x)P,[Hp < HJ] . (3.1)
T€A
Denote by L the generator of the Markov chain X; and by D(f) the Dirichlet
form of a function f: F — R:

1

D(f) = = Y fl@) (L) n(x) = 5 D mlx) Rz.y) [f(y) = ()]

In this later sum, each unordered pair {a,b} C E, a # b, appears twice. The
Dirichlet principle provides a variational formula for the capacity:

cap(A,B) = ir}fD(f), (3.2)

where the infimum is carried over all functions f : E — [0, 1] such that f =1 on A
and f =0 on B.

Denote by P the set of oriented edges of E: P = {(x,y) € Ex E : R(z,y) > 0}.
An anti-symmetric function ¢ : P — R is called a flow. The divergence of a flow ¢
at x € E is defined as

(dive)(@) = > olz,y).
y:(z,y)EP
Let F4 B be the set of flows such that
Y (dive)w) =1, > (dive)y) = -1, (dive)(z) =0, z¢AUB.
€A yeB
The Thomson principle provides an alternative variational formula for the capacity:

L o L% r)l oa,y)? - (3.3)

- - inf =
cap(4, B) $EFa,B 2 (P R(z,y)

We refer to [3] for a proof of the Dirichlet and the Thomson principles.
In the Blume-Capel model, by definition of the rate function Rg(o,o™ %),

m,i) w,i) )

= up(o) Apg(o
This identity will be used throughout the paper, without further notice, to replace
the left-hand side, which appears in the Dirichlet and in the Thomson principle, by
the right-hand side.

We turn to an estimate of hitting times in terms of capacities. Fix z € E\ (AUB).
Then,

ps(o) Rg(o,o

Po[Ha < Hf ]
Follla <Hpl = g o< HF] 34

Indeed, intersecting the event { H4 < Hp} with {H,t < Hayp} and its complement,
by the Strong Markov property,

Po[Ha < Hp| = P,[HS < Haup|Pu[Ha < Hp| + Po[Ha < Hj (1],

which proves (3.4) by substracting the first term on the right hand side from the
left hand side.
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Recall the definition of the capacity introduced in (3.1). Multiplying and dividing
the right hand side of (3.4) by M (z) yields that

2| Ha Bl = cap(x, AU B) - cap(z, AU B)

Therefore, by definition of the capacity and since, by (3.2), the capacity is mono-
tone,
cap(e, 4) _ cap(x, A)

P.|H Hgl < < . .
[Ha < Hp] < cap(z, AUB) — cap(z,B) (3:5)

Trace process. We recall in this subsection the definition of the trace of a Markov
process on a proper subset of the state space. Fix F' C F and denote by Tr(t) the
time the process X; spent on the set F' in the time-interval [0, ¢]:

n@:Ammm,

where xr represents the indicator function of the set F. Denote by Sg(t) the
generalized inverse of the additive functional Tr(t):

Sp(t) = sup{s >0:Tr(s) <t}.

The recurrence guarantees that for all ¢ > 0, Sp(t) is finite almost surely.

Denote by X¥'(t) the trace of the chain X; on the set F, defined by X'(t) :=
X (Sp(t)). Tt can be proven [1] that X (t) is an irreducible, recurrent, continuous-
time, F-valued Markov chain. The jump rates of the chain X% (t), denoted by
rr(z,y), are given by

re(z,y) = Ma)Po[Hi =Hy|, z,yeF, x#y.
The unique stationary probability measure for the trace chain, denoted by 7g, is
given by mp(x) = w(x)/m(F). Moreover, 7p is reversible if so is 7.

Estimates of an eigenfunction. We derive in this subsection an estimate needed
in the next sections. Consider the continuous-time Markov chain X; on F =
{0,...,n} which jumps from k to k + 1 at rate ¢ and from k + 1 to k at rate
1,0< k< n.

Denote by Py the distribution of the Markov chain X; starting from k£ € F.
Expectation with respect to Py, is represented by Ejy.

Denote by H,, the hitting time of n. Fix 8 > 0, and let f : E — R be given by

f(k) = Ei[e ] .

An elementary computation based on the strong Markov property shows that f is
the solution of the boundary-valued elliptic problem

{(Lf)(k) =0f(k), 0<k<n,

where L stands for the generator of the Markov chain X;.

Lemma 3.1. We have that f(0) <e™/6.
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Proof. Multiplying the identity (Lf)(k) = @ f(k) by €* and summing over 0 < k <
n yields that

iakJrl [f(k+1) — f(k)] + 25’“ [f(k—1)— f(k)] = 92f(k)5k-
k=0 k=1 h=0

On the left-hand side, all terms but one cancel so that

e"[f(n) = fln—-1)] = 9§f(k)€k-
Since f(k) > 0 and f(n) = 1, we have that -
0£(0) < 9§f(k)€k =e"[l-f(ln—-1)] < &,
as claimed. - O

This result has a content only in the case ¢ < 1, but we did not use this condition
in the proof.

4. THE EMERGENCE OF A CRITICAL DROPLET

In this section, we prove that starting from -1, the process creates a droplet
of 0-spins on its way to {0,+1}, that is, a configuration o with a ng x (ng + 1)
rectangle of 0-spins (or 0-rectangle) and an extra 0-spin attached to one of the sides
of the rectangle, in a background of negative spins.

In the next section, we prove that if this extra 0-spin is attached to one of the
longest sides of the rectangle, with a positive probability the process hits 0 before
{-1,+1}, while if it is attached to one of the shortest sides, with probability close
to 1, the process returns to -1 before hitting {0,41}. An important feature of this
model is that the size of a critical droplet is independent of 5 and L.

Throughout this section, Cy is a large constant, which does not depend on S5 or
L but only on h, and whose value may change from line to line.

Recall the definition of the valley V.1 introduced just above equation (2.2). Note
that there are few configurations in V_y which differ from -1 at ng(ng + 1) + 1 sites.
Moreover, such configurations

may not have two spins equal to +1. (4.1)

To define the boundary of the valley of V_1, fix L large, and denote by ‘B the set
of configurations with ng(ng + 1) spins different from —1:

B = {oceQ:|A(0) =no(no+1)},
where
A(o) = {x € AL :o(x) # -1} .
Denote by fR the subset of B given by
R ={oec {—1,0}*% : A(0) is a ng x (ng 4 1)rectangle }.

Note that the spins of a configuration ¢ € R are either —1 or 0 and that all
configurations in R have the same energy.
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Denote by R the set of configurations in Qf, in which there are ng(ng +1) + 1
spins which are not equal to —1. Of these spins, ng(ng + 1) form a ng x (ng + 1)-
rectangle of 0 spins. The remaining spin not equal to —1 is either 0 or +1. Figure
1 present some examples of configurations in .

a

FIGURE 1. Examples of two configurations in 9% in the case where
no = 5. An empty (resp. filled) 1 x 1 square centered at = has been
placed at each site z occupied by a 0-spin (resp. positive spin). All the
other spins are equal to —1.

Let B be the boundary of V_;. This set consists of all configurations ¢ in V_1
which have a neighbor [that is, a configuration ¢’ which differs from o at one site]
which does not belong to V_;. By definition of V_q,

Bt = (B\R) U RT.

FIGURE 2. Example of three configurations in R® in the case where
no = 5. An 1 X 1 empty square centered at x has been placed at each
site x occupied by a 0-spin. All the other spins are equal to —1. The
one on the left belongs to R®. According to the notation introduced at
the beginning of Section 5, the one on the center belongs to %' and the
one on the right to 9t%.

Let R* C R be the set of configurations for which the remaining spin is a 0
spin attached to one of the sides of the rectangle. Figure 2 present some examples
of configurations in ’*. We write the boundary B as

Bt = (B\R) U (R \ R U v (4.2)

Since BT is the boundary of the valley V_1, starting from —1, it is reached before
the chain attains the set {0, +1}:

Hyp+ < H{07+1} P_; as. (4.3)
Note that all configurations of 91* have the same energy and that H(¢) = H(¢) +

2 —hif £ € R*, ¢ € R. In particular, by Assertion 4.D in [7],
H(o) > H(&) + h, c€B\R , {€R?. (4.4)

On the other hand, for a configuration n € R \ R, H(n) > H({) +4— h if ¢ € R,
so that

H(p) > H(E) + 2, neRT\R", £eR”. (4.5)
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FIGURE 3. We present in this figure some configurations (, ; introduced
in the proof of Lemma 4.2. Let m = 16. The figure represent the

configurations (z,m, Cz,m+1, Cz,m+2. Then, (z m+4, Co,m+5, Cz,m+6, and
Cz,m+9. An 1 x 1 empty square centered at = has been placed at each
site x occupied by a O-spin. All the other spins are equal to —1.

In particular, at the boundary B the energy is minimized by configurations in
PMR*. This means that o; should attained B+ at 93%. This is the content of the main
result of this section. Let

e(B) = |Ap|e P + ehP, (4.6)
Proposition 4.1. There exists a finite constant Cy such that
Pa[Hp+ < Hxne] < Coe(B)
for all B> Cy.
Proof. The proof of this lemma is divided in several steps. Denote by {n; : t > 0}
the process obtained from the Blume-Capel model by forbiding any jump from the
valley V_; to its complement. This process is sometimes called the reflected process.
It is clear that 7 is irreducible and that its stationary state, denoted by uvy is
given by uy (o) = (1/Zv) exp{—pH(c)}, where Zy is a normalizing constant.
Moreover, starting from -1, we may couple oy with 7 in such a way that o; = n;
until they hit the boundary. Hence, if we denote by PY, the distribution of 7,

P.y[Hyt < Hypa] = PY[Hy+ < Hyol .
By (3.5),
capy (BT \ R?,-1)

PY[Hp+ < Hye] = PY[Hp+\e < Hya] <

- capy(Re,-1)
where caps, represents the capacity with respect to the process n;. The lemma now
follows from Lemmata 4.2 and 4.3 below. O
Denote by I'. the energy of a configuration o € R :
I, = 4(7’Lo+ 1) —h [TLQ(?’L0+1) +1 - |AL|] . (47)
Lemma 4.2. There exists a finite constant Cy such that
1 1
— < Cy—— Zyelle,
capy(Re,-1) 0 [AL]

Proof. We use the Thomson principle to bound this capacity by constructing a flow
from -1 to R,. The flow is constructed in two stages.

To explain the procedure we interpret a flow as a mass transport, ¢(n, ) repre-
senting the total mas transported from 7 to £. The goal is to define the transport
of a mass equal to 1 from -1 to 8. The first step consists in transferring the mass
from -1 to fR.

This is done as follows. Consider the sequence of points in Z? which forms a
succesion of squares of length 1, 2 up to ng. It is given by u; = (1,1), us = (1, 2),
uz = (2,2), ua = (2,1), us = (1,3) and so on until u,z = (no,1). Hence, we first
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add a new line on the upper side of the square from left to right, and then a new
column on the right side from top to bottom. Once we arrived at the (ng x ng)-
square, we add a final row at the upper side of the square: Let Up2 ) = (k,no+1),
1 < k < ng, to obtain a ng X (ng + 1)-rectangle.

Note that we reach through this procedure only rectangles whose height is larger
than the length. We could have defined flows which reach both types of rectangles,
but the bound would not improve significantly.

Let Ay = {u1,...,ux} and denote by A, the set Ay translated by z € Z*:
Az i = x+ Ag. Denote by (; 1 the configuration with O-spins at A,  and —1-spins
elsewhere. Figure 3 presents some of these configurations. Let e = 1/|AL|. The
first stage of the flow consists in transferring a mass ¢ from -1 to each ¢, ; and then
transfer this mass from (; ; to (y k41 for 1 <k < ng(ng + 1).

Let w24 n5401 = (1,n0 + 2), and consider the configurations Ca,n2+ny+1 Obtained
through the correspondance adopted above. The final stage consists in transferring
the mass & from (; n2 1y 10 G nzyngt1-

Since each configuration ¢, ,2 1,41 belongs to R?, the total effect of this proce-
dure is to transport a mass equal to 1 from the configuration -1 to the set R®.

Denote this flow by ¢, so that ¢(-1,z1) = ¢(Ca ks Cok+1) = €. We extend this
flow by imposing it to be anti-symmetric and to vanish on the other bonds. It is
clear that this flow belongs to F_1 g1a, the set of flows defined above 3.3. Therefore,
by the Thomson principle,

1 no(n0+1) 1
- - §€2 Ap .
e oE D DR Gy RS ceyeTy

Since ¢ = 1/|Ar] and pv(Cix) > v(Ciing(no+1)+1), the previous expression is

bounded by
1 1 1

—— = < (p ;

Ca’pv(ma7_1) |AL| uv(<17n0(n0+1)+1)
which completes the proof of the lemma because the energy of the configuration
Cl,no(no—i-l)—i-l is Fc- O

We turn to the upper bound for cap(B+ \ R%,-1).

Lemma 4.3. There exists a finite constant Cy such that
1
capy(-1, B\ R < Co = [Are e {|A]e7? + Y
v

for all B > Cy.

The proof of this lemma is divided in several steps. Let B := B+ \ R* and let
xB : 21 — R be the indicator of the set B. Since xp(—1) =0 and xp(c) =1 for
o € B, by the Dirichlet principle,

capy (B \ R, 1) < Dv(xs) (4.8)
where Dy(f) stands for the Dirichlet form of f for the reflected process 7;. An
elementary computation yields that

Dyixs) = 3 S wlo) A (o) (1.9)
oc€Bo’€V_1\B

where the second sum is carried over all configurations ¢’ which belong to V.1 \ B
and which differ from o at exactly one spin. We denote this relation by ¢’ ~ o.
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Let
By == B\ R, By = R"\ R, (4.10)
so that B = By U By, and consider separately the sums over By and By. We start
with B2.

Assertion 4.4. We have that
1
> Y wvlo) Auv(o) < ComAple™ e {jAg e 4 eTl0THE Y
v

oc€Bsy 0'~o

Proof. A configuration 7 € By has a ng X (ng + 1) rectangle of 0-spins, and an
extra-spin. If this extra-spin is attached to the rectangle it is equal to +1, while it
may be 0 or +1 if it is not. We study the two cases separately.

Fix a configuration n € By where the extra-spin is attached to the rectangle, so
that H(n) = T'c + (10 — h). Consider a configuration ¢’ € V_1 \ B such that ¢’ ~ 7.
As ¢’ may have at most ng(ng + 1) + 1 spins different from —1, this excludes the
possibility that ¢’ is obtained from n by flipping a —1. By (4.1), configurations in
B with ng(no + 1) + 1 spins different from —1 may not have two spins equal to +1.
This excludes flipping a 0 to +1. Finally, we may not flip the +1 to 0 because by
doing so we obtain a configuration in 8¢, and thus not in B = BT \ R

Hence, either ¢’ is obtained from 7 by flipping the +1 to —1, or it is obtained
by flipping a 0 to —1. In the first case H(c’) < H(n), while in the second case if
the 0-spin belongs to the corner, H(o’) > H(n). Since the number of configurations
obtained by these flips is bounded by a finite constant, the contribution to the sum
appearing in the statement of the assertion is bounded by

1 _ _no—
Co > uv(n) < COZ_ve T |Ap|em 0=,
n

where the factor |Ar| comes from the number of possible positions of the rectangle,
while the constant Cy absorbs the number of positions of the positive spin.

Fix now a configuration n € By where the extra-spin is not attached to the
rectangle. Then H(n) > I'. + 2. Consider a configuration ¢’ € V.1 \ B such that
o’ ~ n. As before, since ¢/ may have at most ng(no + 1) + 1 spins different from
—1, this excludes the possibility that ¢’ is obtained from n by flipping a —1. By
excluding this possibility, we are left with a finite number [depending on ng] of
possible jumps. Hence, the contribution of configurations of this type to the sum
appearing in the statement of the assertion of is bounded by

1 _
Co Y o) < Co e e AL e
n

where the factor |Az|? appeared to take into account the possible positions of the
rectangle and of the extra particle. This proves the assertion. (Il

It remains to examine the sum over By. Denote by N (o) the number of spins of
the configuration o which are different from —1:

N(o) = #A(o) = #{z € AL 1 0, # —1}. (4.11)
Next assertion states that we can restrict our attention to configurations o which
have no spin equal to +1. For a configuration o such that N(o) < ng(ng +1) + 1,

let ¢° be the one obtained from ¢ by replacing all spins equal to +1 by O-spins :
oy =0, NO.



METASTABILITY FOR THE BLUME-CAPEL MODEL 13

Assertion 4.5. For all 0 € Qp, such that N(o) < mng(ng+1) + 1,
H(c°) < H(o) .

Proof. This result is clearly not true in general because +1 is the ground state. It
holds because we are limiting the number of spins different from —1.

For a configuration o € {1y, denote by I, (o), —1 < a < b < 1, the number of
unordered pairs {z,y} of Qp, such that ||z — y|| = 1, {04, 04} = {a,b}, where |z||
stands for the Euclidean norm of z € R2.

An elementary computation yields that

H(O’) — H(UO) = 1071(0') + 31_1)1(0') — th(O') ,
where N; (o) stands for the total number of spins equal to +1 in the configuration
o. To prove the assertion, it is therefore enough to show that hN1(o) < Ip1(o) +
I_l)l(O').

By [7, Assertion 4.A], Ip1(0) + I_11(0) > 44/N1(0). It remains to obtain that
hNi(0) < 44/Ni1(0), i.e., that hy/Ni(o) < 4. Indeed, since N(o) < ng(ng+ 1)+ 1,
Ni(0) < ng(np—+1)+1 so that, by definition of ng, hy/Ni(c) < h(ng+1) <2+h <
3. O

Recall that A(o) = {z € AL : 0, # —1}. A set A C A(o) is said to be a
connected component of A(o) if (a) for any z, y € A, there exists a path (zg =
T, &1, .., m = y) such that z; € A, ||xix1 — x| =1, 0 < i < m and (b) for any
x € A,y ¢ A, such a path does not exists.

Next assertion gives an estimation of the energy of a configuration o € 0y, such
that N(o) < ng(ng + 1) + 1 in terms of the number of connected components.

Assertion 4.6. Let o € Q0 be a configuration such that N (o) = no(no + 1), and
denote by k, 1 <k < ng(ng + 1) the number of connected components of o. Then,

H(o) > T. + 2(k—1) + h.
Proof. By Assertion 4.5, we can assume that o has no spin equal to +1. For such
a configuration and by definition of T,
H(o) = [I-10(0) — (4ng+4)] + Tc + h.
To complete the proof of the assertion, we have to show that I_; () > (4no +
4)+2(k—1).

By moving 2 of the connected components of o, and gluing them together, we
reach a new configuration o' such that N (o) = N (o), while the size of the interface
has decreased at least by 2:

I_l)Q(O') 2 I_l)Q(Ul) + 2.
Iterating this argument k£ — 1 times, we finally reach a configuration ¢* with only
one connected component and such that
17170(0') Z 17170(0'*) + 2(I€—1) . (412)

The last connected component is glued to the set formed by the previous ones in
such a way that the set A(c*) is not a mg x (ng + 1) rectangle. This is always
possible.

Since the connected set A(c*) is not a ng X (ng + 1) rectangle, by [1, Assertion
4.B], I_1,0(0*) > 4ng + 4, so that

I,L()(O') Z (4710 + 4) + 2(l€ — 1),
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which proves the assertion. O

We estimate the sum over o € B; on the right-hand side of (4.9) in the next
assertion.

Assertion 4.7. There exists a finite constant Cy such that

1
S (o) Apv(o’) < Co—[Aple e
Zvy

oc€B o'~0o

for all B > Cy.

Proof. The proof of this assertion is divided in three steps. The first one consists
in applying Assertion 4.5 to restrict the first sum to configurations with no spin
equal to +1. Indeed, as configuration in B; have at most ng(ng + 1) spins different
from —1, by this assertion,

ZZMV ) A (o) < 2rotroth) Z Zuv ) A v (o),

oc€B; o'~o oc€By g0’ ~o

where B o represents the set of configurations in {—1,0}* which belong to B;.

The second step consists in characterizing all configurations ¢’ which may appear
in the second sum. Recall that it is performed over configurations ¢’ € V_1\ B which
can be obtained from o by one flip. In particular, N(¢’), introduced in (4.11), can
differ from N (o) = ng(ng + 1) by at most by 1.

If N(o') = N(o) + 1, as 0/ # B D R', we have that ¢/ € R*. Since ¢ does
not belong to R, the 0-spins of the configuration o form a ng x (ng + 1)-rectangle
in which one site has been removed and one site at the boundary of the rectangle
has been added. In this case H(o) > H(o’) and H(o) > I'c + h. The last bound
is attained if the site removed from the rectangle to form o is a corner. Hence,
restricting the second sum to configurations ¢’ such that N(¢’) = N (o) + 1 yields
that

1
> > (o) Apv(e’) < Co——[Aple PTee™?
Zy
UeBloa’ ~O

where the factor |Az| takes into account the possible positions of the rectangle and
the constant Cy the positions of the erased and added sites.

If N(¢/) = N(o), resp. N(¢') = N(o) — 1, as o has no spin equal to +1, this
means that one 0-spin has been flipped to 41, resp. to —1. In both cases, there are
no(no + 1) such configurations o’. Hence, the sum restricted to such configurations

o’ is less than or equal to
Co Z uy(o) .

o€Bi1 o

Let N :=ng(ng + 1), and denote by Cx, 1 < k < N, the set of configurations in
B1 ¢ which have k connected components. Rewrite the previous sum according to
the number of components and apply Assertion 4.6 to obtain that it is bounded by

N
Z Z ILLV(O' OO_|AL|676F 7hBZ|A |k 1 Bl2(k— 1)],

k=10€Cy k=1

where |Az|* takes into account the number of positions of the k components, and
Cp the form of each component. By the assumption of the theorems, |Az|e27 is
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bounded by 1/2 for 8 large enough, so that the sum is bounded by 2. To complete
the proof of the assertion it remains to recollect the previous estimates. O

Proof of Lemma 4.3. This Lemma is a consequence of Assertions 4.4, 4.7, and from
the fact that h < 5. (]

5. THE GROWTH OF A SUPERCRITICAL DROPLET

In the previous section we have seen that starting from -1 we hit the boundary
of the valley V.1 at SR¢. In this section we show that starting from $3* the process
either returns to -1, if the extra 0-spin is attached to one of the shortest sides of the
rectangle, or it invades the all space with positive probability, if the extra 0-spin is
attached to one of the longest sides of the rectangle.

Denote by JR!, R* the configurations of 8¢ in which the extra particle is attached
to one of the longest, shortest sides of the rectangle, respectively, and by R¢ the
configurations of PR® in which the extra particle is attached to one corner of the
rectangle. Let )% = |2\ \e, Rl = R N Re, R = RN R

Recall that M = {-1,0, 41}, and let

5(B) = |Ap|V/2 e (ot DA=208 4 A |12 emhE 4 |A |2 e (0B (5.1)

Proposition 5.1. There exists a finite constant Cy such that for all o € R,
o' € R, and 0" € R®,

|Po[H_1 = Hy] — 1/2| < Coé(B) and |Py[Ho = Hn) — 1/2] < Cod(B),
|PU/[H_1 :va[] - 1/3‘ < CQ&(ﬁ) and |PU/[H0:HM] - 2/3‘ S CQ&(ﬁ),

PU//[H_l :HM] Z 1 - 006(6)
for all B> Cy.

The proof of this proposition is divided in several lemmata. The first result
describes what happens when there is a 0-spin attached to the side of a rectangle of
0-spins in a sea of —1-spins. From such a configuration, either the attached O-spin
is flipped to —1 or an extra O-spin is created at the neighborood of the attached
0-spin.

For n > 1, let

kn(B) = e B 4 pe~ (26 |AL|67(47h)ﬁ' (5.2)
Since n? < |Arl, kn(B) < 81(B), where
§1(B) == e 4 |AL|V2eCME 4 |Ap|em(ME
Note that for 8 large enough, |Ap|e=*=M8 < |Ap|t/2 e~ (=8B,

Assertion 5.2. Fizng <m <n < L—3. Consider a configuration o with nm + 1
0-spins, all the other ones being —1. The 0-spins form a (n X m)-rectangle and
the extra 0-spin has one neighbor 0-spin which sits at one corner of the rectangle
[there is only one —1-spin with two 0-spins as neighbors |. Let o_, resp. o4, be
the configuration obtained from o by flipping to —1 the attached 0-spin, resp. by
flipping to 0 the unique —1 spin with two 0-spins as neighbors. Then, there exists
a constant Cy such that

palo,o-) — = | < Codr(B), |pslo,oy) — | < Codi(B) .

—_
—_
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Proof. We prove the lemma for o_, the proof for o, being identical. Clearly,
Rg(o,0-) = Rg(0,04) =1, so that
Rg(o,0-) 1
pslo,o) = = -
)‘,3 (U) 2+ Zo/;ﬁo, ,O 4 Rﬂ (07 U/)

Consider the last sum. There are three terms, corresponding to the corners of the
rectangle, for which Rg(o,0’) < e Ph. There are 4(n+m)— 2 terms, corresponding
to the inner and outer boundaries of the rectangle, such that Rg(c,0’) < e #2=h),
All the remaining rates are bounded by e #=") Hence,

Z Rg(o,0') < Co kn(B) ,

o'#o_,04

where k,(8) has been introduced in (5.2). This proves the assertion. O

In the next assertion we consider the case in which the extra 0-spin does not sit
at the corner of the rectangle, but in its interior. The proof of this result, as well
as the one of the next assertion, is similar to the previous proof.

Assertion 5.3. Under the same hypotheses of the previous assertion, assume now
that the extra 0-spin has one neighbor 0-spin which does not sit at one corner of the
rectangle [there are exactly two —1-spins with two 0-spins as neighbors |. Let o_,
resp. UI, oy, be the configuration obtained from o by flipping to —1 the attached
0-spin, resp. by flipping to 0 one of the two —1-spins with two 0-spins as neighbors.
Then, there exists a constant Cy such that

pa(r,0) — 2| < GaE), [pstoot) — 1| < Goas).

The next lemma states that once there are two adjacent O-spins attached to
one of the sides of the rectangle, this additional rectangle increases with very high
probability. This result will permit to enlarge a (p x 1)-rectangle to a (2ng x 1)-
rectangle. To enlarge it further we will apply Lemma 5.8 below.

This result will be used in three different situations:

(A1) To increase in any direction a rectangle with 2 adjacent 0-spins whose dis-
tance from the corners is larger than 2n¢ to a rectangle with 2no adjacent
0-spins;

(A2) To increase in the direction of the corner a rectangle with k£ > 2 adjacent
0-spins which is at distance ng or less than from one of the corners to a
rectangle with adjacent O-spins which goes up to the corner;

(A3) To increase a rectangle with k < 2ng adjacent 0-spins which includes one
of the corners to a rectangle with 2n¢ adjacent 0-spins.

Fix ng < m <n < L — 3. Denote by ¢ a configuration in which nm 0-spins form
a (m x mn)-rectangle in a sea of —1-spins. Recall that we denote this rectangle by
A(o), and assume, without loss of generality, that m is the length and n the height
of A(0). Let (z,y) be the position of the upper-left corner of A(o).

We attach to one of the sides of A(0) and extra (p x 1)-rectangle of 0-spins,
where p > 2. To fix ideas, suppose that the extra 0-spins are attached to the upper
side of length m of the rectangle.

More precisely, denote by (@9, 0 < ¢ < d < m, d — ¢ > 2, the configuration
obtained from o by flipping from —1 to 0 the ([d — ¢] x 1)-rectangle, denoted by
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R 4, given by {(x+c,y+1),...,(x+d,y+1)}. The next lemma asserts that before
anything else happens the rectangle R. 4 increases at least by no units at each side.
For a pair (c,d) as above, denote by 8. 4 the set of configurations given by

Sed = {n(“’b):OgagcanddSbgm},
and by E, 4 the exit time from 8. 4,
E.q = inf {t >0:0: & Sc,d} .

Let ¢* = max{0,¢ —ng}, d* = min{m,d + no}. Denote by H. 4 the hitting time of
the set 8¢ g»:
H.q = inf {t >0:0; € Sc*,d*} .

Lemma 5.4. There exists a constant Cy such that
P [Eea < Hea] < Cod1(B) -

Proof. Consider a configuration 7(*?) in Sc,a- To fix ideas assume that a > 0,

b < m. At rate 1 the —1l-spins at (z +a—1,y+ 1), (t+b+ 1,y + 1) flip to 0.
Consider all other possible spin flips. There are less than 2 |Ay| flips whose rates
are bounded by e~ [4~"8 4(n 4+ m) flips whose rates are bounded by e~[2=1B and
4 flips whose rates are bounded by e "2, Since all these jumps are independent,
the probability that the —1-spin at (x +a — 1,y + 1) flips to 0 before anything else
happens is bounded below by 1 — Cy [|Ar|e =P 4 ne= 278 1 e=h8] Tterating
this argument ng-times yields the lemma. ([

Applying Assertion 5.2 or 5.3 and then Lemma 5.4 to a configuration o € R*
yields that either the process returns to R or an extra row or line of O-spins is
added to the rectangle of 0-spins. The next two lemmata describe how the process
evolves after reaching such a configuration.

Denote by m < n the length of the rectangle of 0-spins. If the shortest side has
length ng or less, the configuration evolves to a (m x [n — 1]) rectangle of of 0-spins.
If both sides are supercritical, that is if m > ng, a —1-spin next to the rectangle is
flipped to 0.

Denote by Sy, the set of stable configurations of €2y, i.e., the ones which are local
minima of the energy:

SL = {o€Q:H(o) < H(o®*) for all z € AL}

Let
02(B) = [Ap|elmmold 4 emhs

Fix2<m <ng, 2<n<ng+1, m <n. Consider a configuration o with nm
0-spins forming a (n X m)-rectangle, all the other ones being —1. If m = n = 2, let
8(o) = {-1}. If this is not the case, let 8(c) be the pair (quaternion if m = n) of
configurations in which a row or a column of 0-spins of length m is removed from
the rectangle A(o).

We define the valley of o, denoted by V,,, as follows. Let G, 0 < k < m, be the
configurations which can be obtained from o by flipping to —1 a total of k 0-spins
surrounded, at the moment they are switched, by two —1-spins. In particular, the
elements of G; are the four configurations obtained by flipping to —1 a corner of
A(o).

Let § = Up<k<mGk. Note that we do not include G, in this union. Let B be
the configurations which do not belong to G, but which can be obtained from a
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configuration in § by flipping one spin. Clearly, 8(c) and §,, are contained in B.
Finally, let V(o) = G U B be the neighborhood of o.

Lemma 5.5. Fizr 2 <m <ng, 2<n<nyg+1, m <n. Consider a configuration
o with nm 0-spins forming a (n x m)-rectangle, all the other ones being —1. Then,
there exists a constant Cy such that

Po [ He\s(0) < Hs(o) ] < Cod2(B) .

Proof. Assume that 2 < m < n. The other cases are treated in a similar way. As
in the proof of Proposition 4.1, denote by 7; the process o; reflected at V,, and by
PY its distribution starting from o. By (3.5),

v capy (o, B\ 8(0))
= <
Po[Hp\s() < Hs(o)] = F5 [ Hp\s(0) < Hs(o)] < capy (@, 8()

where capy represents the capacity with respect to the process ;.

We estimate separately these two capacities. Let n(®), 0 < k < m, be a sequence
of configurations such that (¥ = o, (™) € §(o), and n*+1) is obtained from n*)
by flipping to —1 a 0-spin surrounded by two —1-spins.

Consider the flow ¢ from o to 8(c) given by ¢(n®, n*+1) =1 and ¢ = 0 for
all the other bonds. By Thomson’s principle,

1
capy(,8(0))
To estimate the capacity on the numerator, denote by x = x3\s(c) the indicator
function of the set B\ 8(0). By the Dirichlet principle,

capy(0.B\8(0)) < Dv(x) < 3. S uv(e') Apv(e”)

o’ €B\8(c) o

)

< m Zy eE@+m=DHIE

where the last sum is performed over all configurations ¢’/ € V,, \ [B \ 8(o)] which
can be obtained from ¢’ by one flip.

To estimate the last sum we examine all elements of B\ §(c). There are at most
Co |AL| configurations o’ obtained from a configuration in § by flipping a spin at
distance 2 or more from the [inner or outer] boundary of A(co). These configurations
have only one neighbor ¢ in V,, and their energy is bounded below by H(o)+4 — h.

There are at most C configurations ¢’ not in §,,, and obtained from a configu-
ration in § by flipping a spin [surrounded by three spins of the same type] at the
boundary of A(c). These configurations have only one neighbor ¢” in V,, and their
energy is bounded below by H(c) 4 2 — h.

Finally there are at most Cy configurations ¢’ in G,,, \ 8(o) or obtained from a
configuration in § by flipping a spin [surrounded by two spins of the same type]
at the boundary of A(c). These configurations have at most Cy neighbors ¢ in
Vo and their energy is bounded below by H(o) + mh. It follows from the previous
estimates that

Dy(x) < Co Zive*H@)ﬁ{ [Ap|e BB 4 emmhf
Putting together the previous estimates on the capacity, we conclude that
Py [ Hp\s() < Hs(o)] < Co{|Ap|e moMF 4¢P}
This completes the proof of the lemma. ([l
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Applying the previous result repeatedly yields that starting from a configuration
o with nm 0-spins forming a (n x m)-rectangle in a sea of —1-spins the process
converges to -1 if the shortest side has length m < ny.

Corollary 5.6. Let o be a configuration with ng(ng + 1) 0-spins which form a
ng X (ng + 1)-rectangle in a background of —1. Then,

Po[H_1 =Hx] > 1 — Coda(P) .

The next results shows that, in constrast, if m > ng, then the rectangle aug-
ments. We first characterize how the process leaves the neighborhood of such a
configuration o.

Fix ng < m <n < L — 3. Consider a configuration ¢ with nm 0-spins forming
a (n x m)-rectangle in a sea of —1’s. Recall that we denote by A(o) the rectangle
of 0-spins. Let V, be the valley of o whose elements can be constructed from o as
follows.

Fix 0 < k < ng. We first flip sequentially k spins of A(c) from 0 to —1.
At each step we only flip a 0-spin if it is surrounded by two —1-spins. The set
of all configurations obtained by such a sequence of k flips is represented by Gy.
In particular, since at the beginning we may only flip the corners of A(c), G1 is
composed of the four configurations obtained by flipping to —1 one corner of A(o).
On the other hand, since m > ng, all configurations of G5 have an energy equal to
H(o) 4+ kh. Denote by G_;1 the configuration obtained from o by flipping to 0 a
—1-spin which is surrounded by one 0-spin. Let § = U_1<p<n,S9%, and note that
9n, has not been included in the union.

The second and final stage in the construction of the valley V, consists in flipping
a spin of a configuration in §. More precisely, denote by B all configurations which
are not in G, but which can be obtained from a configuration in § by flipping one
spin. The set B is interpreted as the boundary of the valley V, := G U B.

Note that all configurations in V, can be obtained from o by at most ng flips.
Conversely, if (n(© = o7, ..., 7)) is a sequence of configurations starting from
o in which each element is obtained from the previous one by flipping a different
spin, one of the configurations n*) belong to the boundary of V..

Denote by Rs the set of 2(m + n — 2) configurations obtained from o by flipping
to 0 two adjacent —1-spins, each of which is surrounded by a 0-spin. Clearly, Ro is
contained in B, and the energy of a configuration in Ry is equal to H_; = Hy — £,
where Hy := H(o)+(2—h) is the configuration in which only one —1-spin has flipped
to 0. As noh > 2 — h, an inspection shows that all the elements of A := B\ R
have an energy strictly larger that Hy. In particular, starting from o, the process
reaches the boundary B at Ro. This is the content of the next lemma.

Let

55(8) = e~ l(no+)h=2]6 |AL|1/2 e~ (2=mB 4 |Aple=2 . (5.3)

Lemma 5.7. Fizng < m <n < L—3. Consider a configuration o with nm 0-spins
forming a (n x m)-rectangle in a sea of —1’s. Recall that A := B\ Ry. Then, there
exists a constant Cy such that

]P)U[HA < HIRg] < Oy 53(ﬁ) .
Proof. Since we may not leave the set V, without crossing its boundary B, the

probability appearing in the statement of the lemma is equal to the one for the
reflected process at V,, that is, the one in which we forbid jumps from V, to its
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complement. We estimate the probability for this later dynamics which is restricted
to V.

By (3.5), the probability appearing in the statement of the lemma is bounded
above by capy (o, A)/capy (o, Ra), where capy, stands for the capacity with respect
to the reflected process. We estimate the numerator by the Dirichlet principle and
the denominator by the Thomson principle.

We start with the denominator. Denote by n(1), ... n®+m=2) the configu-
rations of Ry, and by x;, y; € Z? the positions of the two extra 0-spins of 77,
Assume that x; # =z for j # k. Consider the flow ¢ from o to Ry such that
o(o,0%) = 1/[2(n +m — 2)], (6®,n9)) = 1/[2(n +m — 2)], and ¢ = 0 at all
the other bonds. By the Thomson principle, since puy(c®7) is less than or equal to
pv(o) and py(n),

1 1
<
capy(o,R2) — n+m—2

Zy ePHo (5.4)

We turn to the numerator. Denote by f the indicator function of the set A. Since
f vanishes at ¢ and is equal to 1 at A, by the Dirichlet principle, capy (o, A) <
Dvy(f). On the other hand,

Dy(f) = D> o) Apv(&), (5.5)

nEAE~n

where the second sum is performed over all configurations in V,, \ A which can be
obtained from 7 by one spin flip. This relation is represented by & ~ 1.

We first consider the configuration n in A which have a neighbor in §_;. Fix
& € G_1. Consider the configurations obtained from £ by flipping a spin which is
not at the boundary of A(c). There are at most |A| of such spins, and the energy
of the configurations obtained by this spin flip is bounded below by Hy + 4 — h.
There is one special spin, though, the one which is next to the extra spin and not
at the boundary of A(c). The energy of the configuration obtained by flipping this
spin to 0 or to +1 is bounded below by Hy+ 2 — h. The contribution of these terms
to (5.5) is thus bounded above by

1
2 (n+m) - e~ BHo { |AL| e~ (4—h)B + e~ (2-h)B } ,
v

where the factor 2 (n + m) comes from the total number of configurations in §_;.

We turn to the configurations obtained from & by flipping a spin at the boundary
of A(c). Since the configuration resulting from this flip can not be in R, their
energy is bounded below by Hgy+ 2 — A. The contribution of these terms to the sum
(5.5) is thus bounded by

2 1 pm, —2-ns
4(n+m) 7y e e )
the extra factor 2(n + m) coming from the possible positions of the extra spin flip
at the boundary.

Consider now configurations 7 in A which have a neighbor in a set Gy, 0 < k < nyg.
Fix 0 < k < ng and £ € Gi. The configuration £ is formed by a connected set
A(§) C A(o) of 0-spins in a sea of —1-spins.

There is one special case which is examined separately. Suppose that £ belongs
t0 Gpno—1 and 7 to G,,. There are C(ng) of such pairs, and the energy of 7 is equal
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to H(o) + noh = Ho + (no + 1)h — 2. We exclude from now in the analysis these
pairs.

Apart from this case, there are two types of configurations n € A which can
be obtained from £ by a spin flip. The first ones are the ones in which n and &
differ by a spin which belongs to the inner or outer boundary of A(¢). There are
at most 4(n + m) < 8n of such configurations. The energy of these configurations
is bounded below by H(§) + 2 — h = H(o) + kh + 2 — h = Hy + kh. The minimal
case occurs when a —1-spin which has a 0-spin as neighbor is switched to 0.

The previous estimate is not good enough in the case k = 0 because in the
argument we did not exclude the configurations in G_;. For k = 0 if n belongs to
B\ G_1, we obtain that H(n) > H(c) + 2 + h = Hp + 2h. The right-hand side
of this inequality corresponds to the case in which a 0-spin surrounded by three
0-spins has been changed to —1. In conclusion, if the flip occurs at the boundary
of A(€), there are at most 8n configurations and the energy of such a configuration
is bounded below by Hg + h.

If the flip did not occur at the boundary of A(€), there are at most |Ar| possible
configurations, and the energy of these configurations is bounded below by H(&) +
4—h=H(o)+kh+4—h=Hy+ 2+ kh.

The previous estimates yield that the Dirichlet form (5.5) is bounded by

%efﬁHo{n Ap[e=(=MB | 2 e=(@-MB | o=l(notDh=218 o —Bh | |AL|ef2ﬁ} _
v

Multiplying this expression by (5.4) yields that the probability appearing in the
statement of the lemma is bounded above by

Co { ne—(2—h)B + e~ [(no+1)h—2]8 4 IAL|e*2ﬁ}

because (ng 4+ 1)h —2 < h and 4 — h > 2. We bounded 1/n by 1 when n appeared
in the denominator because n can be as small as ng + 1. This completes the proof
of the lemma since n? < |Ar|. O

The previous lemma asserts that the process leaves the neighborhood of a large
rectangle of 0-spins in a sea of —1 spins by switching from —1 to 0 two adjacent
spins at the outer boundary of the rectangle. At this point, applying Lemma 5.4
yields that with a probability close to 1 these two adjacent 0-spins will increase to
2ng adjacent O-spins. To increase it further, we apply the next lemma.

This result will be used in two different situations:

(B1) To increase in any direction a rectangle with 2ng adjacent 0-spins whose
distance from the corners is larger than 2no to a rectangle of adjacent 0-
spins which is at distance less than 2ng from one of the corners;

(B2) To increase a rectangle with k > 2ng adjacent 0-spins which contains one
corner and is at a distance larger than 2ny from the other corner to a
rectangle of adjacent 0-spins which is at distance less than 2n¢ from this
later corner.

To avoid a too strong assumption on the rate at which the cube Ay increases,
we do not impose [as in the Assertions 5.2-5.3 and Lemma 5.4] the extra rectangle
of 0-spins to grow without never shrinking or to grow while the spins at the corners
stay put.
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As in the proof of Lemma 5.7, we construct a set of configurations in two stages.
We consider below the case in which the extra rectangle is far from the corners.
The case in which it contains one of the corners can be handled similarly.

Fix ng < m < n < L — 3. Denote by o a configuration in which nm 0-spins
form a (n x m)-rectangle in a sea of —1-spins. Denote this rectangle by A(o), and
assume, without loss of generality, that m is the length and n the height of A(0).
Let (z,y) be the position of the upper-left corner of A(o).

We attach to one of the sides of A(0) an extra (p x 1)-rectangle of 0-spins, where
p > ng. In particular, the length of the side to which this extra rectangle is attached
has to be larger than ng. To fix ideas, suppose that the extra O-spins are attached to
the upper side of length m of the rectangle and assume that m > 5ng. As explained
previously, the case m < 5ng is handled by Lemma 5.4.

FIGURE 4. Assume that no = 3. The first picture provides an example
of a configuration n(®®. Here, m = 18 < n, ¢ = 6, d = 10 and p = 5.
The gray portion indicates that the rectangle continues below as its
height is larger than 18. The second picture presents a configuration in
Ge,d,6- We chose k = 6 > no to make the definition clear.

Denote by n(®%, 2ng < ¢ < d < m —2ng, d— ¢ > ng, the configuration obtained
from o by flipping from —1 to 0 the ([d—¢] x 1)-rectangle, denoted by R 4, given by
{(z+c,y+1),...,(x+d,y+1)}. Denote by Gc.a.k, 0 < k < ng, the configurations
obtained from 7(“? by sequentially flipping to —1, close to the corners of A(c), a
total of k O-spins surrounded, at the moment they are switched, by two —1 spins.
We do not flip spins in R, 4.

In the case [not considered below] where the rectangle R. 4 includes one corner,
say ¢ = 0, we treat the spins at (z,y + 1),...,(z + no,y + 1) as belonging to the
corner and we allow them to be flipped.

Let § = U¢,q Uo<k<ng Je.d,k, Where the first union is performed over all indices
such that 2ng < c < d < m—2ng, d—c > ng. Note that we excluded k = ng in this
union. Denote by B the configurations which do not belong to § and which can be
obtained from a configuration in § by flipping one spin. The set B is treated as the
boundary of G.

Note that B contains configurations in G, 4, and also configurations in G, 4 x
in which d — ¢ = ng. Let A, A2 be such configurations:

Ar = JSeamo,» A2 = U Gewn, A= AUA,
c,d

c’,d' 0<k<ng

where the first union is performed over all indices such that 2ng < ¢ < d < m—2ny,
d — ¢ > ng, and the second one is performed over all indices such that 2ng < ¢’ <
d < m—2ng, d —c = ng. The set B also contains configurations in which a 0-spin
in a rectangle R, 4 surrounded by 3 0-spins is flipped to %1.
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All configurations in G are similar to the ones represented in Figure 4. They are
obtained by adding a (p x 1)-rectangle of 0-spins to the upper side of A(c) and by
switching to —1 some of the spins of A(o) close to the corners.

For t < Hgp, denote by ¢, resp. d;, the position at time ¢ of the leftmost, resp.
rightmost, 0-spin of the upper rectangle. Let 7" be the first time ¢; < 2ng or
di > m — 2ng:

7 = inf{t >0:¢; < 2ng or dy > m—2np} .
and let 64(B) = |Ap|e 4=MB 1 |AL|V/2 e [2-HB
54(B) = |AL|3/2 e 4mMB 4 AL |em2-HB (5.6)

Lemma 5.8. Let o/ = 1(¢0:%)  for some 2ny < ¢co < do < m — 2ng, do — co > 2ng.
Then, there exists a finite constant Cy such that

Pg/[Hg < T*] < Oo 54([3)
for all B > Cy.

Proof. Let C} be the set of spins in A(o) close to the corners which takes the value
—1 at time ¢. In the right picture of Figure 4 the set C; consists of the 6 squares
at the corners which have been removed from the left picture. Set C; to be Ay, for
t > Hsz. Before hitting B, the total number of sites of Cy, represented by |Cy|, is
strictly bounded by ng. Moreover, Before hitting B, |C¢|, which starts from 0, is
bounded by a Markov process m; which jumps from k > 0 to k + 1 at rate nge 2"
and from k + 1 to k at rate 1.

Let by = 1{oy € §°\ A}. This process starts from 0 and jumps to 1 when
oy reaches B through a configuration which is not in A. Inspecting all possible
jumps yields that the process b; is bounded by a process z; which starts from 0 and
jumps to 1 at rate |[Ap|e[*="MP 4 2(n +m)e~B~MP < §(B), where 6,(5) has been
introduced just above (5.6)

The key observation in the proof of this lemma is that the processes (¢, d;), Cy
and b; are independent until the set B is attained because they involve different
spin jumps.

Let x; = d; — ¢;. Before hitting B, x; evolves as a random walk in Z which starts
from d — ¢ > 2ny and jumps from k to k + 1 at rate 2 and from k + 1 to k at rate
2¢= Pk, Let 1y be the first time a; < ng.

Let H? be the hitting time of 1 by the process b;, and let H,% be the first time
|Cy| attains ng. The event {Hp < 7*} is contained in the event {1y < 7%} U{H? <
TYU{HS <71}

Consider three independent Markov chains, X;, Y;, Z;. The first one takes value
in {0,...,m}, it starts from 2ng, and jumps from k to k + 1 at rate 2 and from
k +1 to k at rate 2e~P". The process Y; takes value in {0,...,ng}, it starts from
0, and jumps from k to k4 1 at rate 2¢ =" and from k + 1 to k at rate 1. The last
one takes value in {0, 1}, it starts from 0, and jumps from 0 to 1 at rate d;(5).

Before time Hy we may couple (a4, |Ct|,b:) with (X¢, Y:, Zt) in such a way that
X; = x4, |G| <Y and by < Z;. In particular, {ry < 7} C {HF < HX},
{HE <7} c{HY < Hx}, {H} <7} C {Hf < H;,}. In these formulas, H"
stands for the hitting time of the process W. Hence, the probability appearing in
the statement of the lemma is bounded above by

P[HY <H,| + P[H) <HX <H,] + P[Hl <H; <H]. (5.7)
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We estimate each term separately.

The first one is easy. Denote by PkX the distribution of X, starting from k. Let
f(k) =P [H;zf) < H7X], which is harmonic. It can be computed explicitly and one
gets that

P[HY < Hy| = Pay [Hp < HX] < 2¢7 70"
provided g8 > Cy.

We turn to the second term of (5.7). On the set {H;x < H,X} we may replace X
by a random walk on Z and estimate P [HZO < HX]. As X and Y are independent,
we condition on Y and treat H}zfo as a positive real number. The set {HZO < HX}is
contained in {X; < m} where J = HY . Fix § > 0. By the exponential Chebyshev
inequality and since m < n [the sizes of the rectangle A(o)],

BY [X;<m] < PX[Xy<n] < MES[e7X].

Choose § = 1/n and compute the expectation to obtain that the previous expression
is bounded by 3 exp{—(2/n)H) } provided 8 > Cj. By Lemma 3.1,

E[e*(Q/")HZ:O] < Oone*nohﬁ,

where E represents the expectation with respect to P.
The third expression in (5.7) is estimated similarly. The argument yields that it
is bounded by

_ 51(8)
3E[e- @A < 39— 9,58,
N A E
where ) () has been introduced just above (5.6). This completes the proof of the
lemma because noh > 2 — h. [l

Remark 5.9. One could improve the previous argument and obtain a better esti-
mate by allowing the spins at the boundary of A(o) to flip while the rectangle R q
fills the upper side.

The next result describes how the supercritical droplet of 0-spins grows. Let
65(6) — e—[(ng-{-l)h—?]ﬂ + e—hB + |AL|3/2 e—(2—h)6 i

A simple computation based on the bound |Ap|e~2# < 1, which holds for 3 large
enough, shows that there exists Cyp such that

51(8) + 63(8) + |ALIY?64(8) < Cod5(B) (5.8)
for all g > Cy.

Proposition 5.10. Fizng <m <n < L. Let o be a configuration with mn 0-spins
which form a m X n-rectangle in a background of —1-spins. Then, there exists a
constant Cy such that

Po[Hs, \ {0} = Hs(oy] > 1 — Cod5(B) ,

for all B > Cy. In this equation, if n < L —3, 8(c) is the set of four configurations
in which a row or a column of 0 spins is added to the rectangle A(o). If m < n =
L — 2, the set 8(o) is a triple which includes a band of 0 spins of width m and two
configurations in which a row or a column of 0 spins of length n is added to the
rectangle A(o). If m < L —3, n = L, the set 8(o) is a pair formed by two bands
of 0 spins of width m +1. If m =n =L — 2, 8(0) is a pair of two bands of width
L-2 Ifno<m=L-2,n=1L,8(c)={0}.
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Proof. Consider the first case, the proof of the other ones being similar. By Lemma
5.7, with a probability close to 1, the process o; escapes from the valley V, of o
by flipping to 0 two adjacent spins at the outer boundary of A(¢). By Lemma 5.4,
with a probability close to 1, these two adjacent spins will become 2ny adjacent
0-spins. Of course, if the length of the side is smaller than 2ng, this simply means
that the 0-spins fill the side.

Denote by R, the (2ng x 1)-rectangle of adjacent 0-spins. At this point, if R, is
at distance less than 2ng of one of the corners of A(o), we apply Lemma 5.4 again
to extend it up to the corner. After this step, or if R, is at distance greater than
2ng of one of the corners of A(o), we apply Lemma 5.8 to increase R, up to the
point that one of its extremities is at a distance less than 2ng of one of the corners
of A(o). We fill the 2ng sites with 0-spins by applying again Lemma 5.4. We repeat
the procedure applying Lemma 5.8 to reach a position close to the corner and then
Lemma 5.4 to fill the gap.

The probability that something goes wrong in the way is bounded by the sum of
the probabilities that each step goes wrong. This is given by Co{d3(8) +6n0d1(8) +
2|A1|*/264(B)}, which completes the proof of the proposition in view of (5.8). [

Corollary 5.11. Let o be a configuration with ng(ng+ 1)+ 2 0-spins which form a
ng X (ng + 1)-rectangle in a background of —1, with two additional adjacent 0-spins
attached to the longest side of the rectangle. Then, there exists a constant Cy such
that

P,[Ho = Hy] > 1 — Co|AL|"?55(B)
for all B> Cy.

Proof. Denote by {T; : j > 1} the jump times of the process o;. Let oy be
the configuration obtained from ¢ by flipping to 0 all —1-spins in the same row or
column of the two adjacent 0-spins. Hence, o has (ng-+1)? 0-spins in a background
of —1 spins. According to Lemma 5.4, Py[0(Ty,—1) = 04+] > 1 — Cpd1(8). Since
Tho—1 < Hyt, we may apply the strong Markov property to conclude that

Py[Hyq = Hyt| > Py, [Hi1 = Hy] — Cod1(B) .
At this point, apply Proposition 5.10 (2|Ar|'/?) times to complete the proof. [

Proof of Proposition 5.1. We prove the first statement, the argument for the other
ones being analogous. Fix o € . Recall that we denote by T} the time of the
first jump. By the strong Markov property at time 77 and by Assertion 5.2,

Po[H_1 = Hn| = EU[PUTl [Hoq = HMH
1
9 {PU+[H—1 = Hy| + Py_[H-1 = HM]} + Rg,

where Rg is a remainder whose absolute values is bounded by Cj d1(5), and o_,
resp. o4, is the configuration obtained from o by flipping to —1 the attached 0-spin,
resp. by flipping to 0 the unique —1 spin with two 0-spins as neighbors.

The configuration o_ has ng(ng+ 1) 0-spins which form a ng x (ng+ 1)-rectangle
in a background of —1. Hence, by Corollary 5.6, P,_[H_1 = Hy| > 1 — Cpd2(f).
On the other hand, by Corollary 5.11, P, [Hy1 = Hy) > 1—Co |AL|*/?55(8). The
first statement of the proposition follows from these estimates and from the fact
that 62(8) < d5(8), because 4 — noh > 2, and d3(8) < Cy d5(8) for S large enough
by (5.8). O
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6. PROOF OF THEOREMS 2.1 AND 2.2

The proofs of Theorems 2.2 and 2.1 are based on Propositions 4.1 and 5.1. By
Proposition 5.1, there exists a finite constant Cy such that
max Po[Hy1 < H{_10y) < God(B),
max Po[H_1 < Hpo113] < (1/2) + Cod(B)

for all 8 > Cy, where 6(8) has been introduced in (5.1).

(6.1)

Proof of Theorem 2.2. We prove the first statement of the theorem, the argument
for the second one being identical. Recall the definition of the boundary B* of the
valley of -1 introduced in (4.2). By (4.3) and by the strong Markov property at
time Heg+,

P.q [H+1 < Ho} = E; [PU(H%+) [H+1 < Ho} } .
Let g(0) =P_41[H, = Hy+|, 0 € BT. By Proposition 4.1, the previous expectation
is equal to

> q(o)Po[Hyr < Hol < > q(0)Po[Hya < Hol + Coe(B)
ceBt+ ocER
where £(5) has been introduced in (4.6).
By the first estimate in (6.1), uniformly in o € R,
Py[Hi1 < Ho] < Py[Hy1 < Ho, H{_1,0y < Hy1] + Cod(B)
= Pg[Hfl < H+1 < Hg] + Cy 5([3) .

Therefore, by the strong Markov property at time H_1,

P_1[Hy1 < Ho] < P_q[Hi1 < Hol Y q(0)Po[H 1 < Hyo41)] + Cod(B).
gER

because (5) < §(8).
By the second bound in (6.1), as §(8) — 0, for o € R, Po[H_1 < H{o, 413] < 2/3
provided 8 > Cy. Hence, for § large enough,

P_1[Hi1 < Hol < (2/3)P_1[Hya < Hol Y q(0) + Cod(B)
gER®

< (2/3) P_l[H+1 < Ho] + Cy 6(6) .
This completes the proof of the theorem since §(3) — 0. O

Proof of Theorem 2.1. Since the chains hits B before reaching 0 and R!, by the
strong Markov property,

P_1[Hy < Hol = > P_4[H, = Hy+]Ps[Hy < Ho .
ceBt

Recall the definition of ¢(o) introduced in the previous proof. By Proposition
4.1, this expression is equal to

> qlo) + > q(0)Py[Hy < Hol + R(B) . (6.2)

oceR! cERS
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where the absolute value of the remainder R(f) is bounded by Cy £(/5). By Assertion
5.2, Lemma 5.4 and by the proof Lemma 5.5, uniformly in o € R*, ¢/ € R
Po[Hn < Hypiup-1,0y] > 1 = Co[01(B) + 62(8)] ,
Py [H_l < HERZU{O}] =1-0Cy 52(ﬁ) .

Hence, uniformly in o € R*,

Po[H_1 < Hyuypoy] =2 1 = Col61(8) + 02(B)] (6.3)

and we may introduce the set {H_1 < Houy(oy} inside the probability appearing
in (6.2) by paying a cost bounded by Cy[d1(8) + d2(8)].
Up to this point, we proved that

P_y[Hy < Hol = Y q(0) + Y q(0)Ps[H 1 < Hy: < Ho] + R(B),
oER! oTERS®

where the absolute value of the remainder R(f) is bounded by Co [e(8) + 61(8) +
d2(B)]. By the strong Markov property this expression is equal to

> 4(0) + Pa[Hyw < Hol Y q(0)Po[H 1 < Hyuuqoy) + R(B) .
oeR! cERS
By (6.3), this expression is equal to
Z q(0) + P_1[Hp < Ho] Z q(o) + R(B),
cER! oERS
where the value of R(fS) has changed but not its bound. Therefore,
(1= al0)) Poallo < Hol = 3" alo) + R(8).
oERS ceR!
Since, by Proposition 4.1,
> (o) = Pl = Hyt] > 1- <(9).
gERIURS
replacing on the right-hand side ) o q(0) by 1 =3 . q(0) — R'(B), where the
absolute value of R'(j3) is bounded by ¢(8), we conclude that
P_l[H%L < Ho] =1+ R(ﬁ),

as claimed. O

7. THE CONVERGENCE OF THE TRACE PROCESS

In this section, we examine the evolution of the trace of oy on M = {-1,0,+1}
under the hypotheses of Theorem 2.2. Denote by 7, the trace of o, on M. We refer
to Section 3 for a precise definition. By [1, Proposition 6.1], 7; is an M-valued,
continuous-time Markov chain. Recall the definition of 63 given in (2.5).

Proposition 7.1. As 81 oo, the speeded-up Markov chain 1n(fst) converges to the
continuous-time Markov chain on M in which +1 is an absorbing state, and whose
Jump rates r(n,§), are given by

r(-1,0) = r(0,+1) = 1, r(-1,+1) = r(0,-1) = 0.
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The proof of this proposition, presented at the end of this section, relies on
estimation of capacities. We start characterizing the distribution of o(Hg+) when
the process starts from -1. Recall the definition of §2(3) introduced just before
Lemma 5.5.

Lemma 7.2. There exists a finite constant Cy such that for every o € RY,
IR P_1[H, = Hp+] — 1| < Co[e(B) +61(8)]
for all B > Cy.

Proof. Fix a reference configuration ¢* in R*. By (3.4) and by definition of the
capacity,
M(-1)P_1[H, = Hf . i 1]
P_1[Hs = Hy+] = BTl .
Cap(_la %Jr)

By reversibility, the numerator of this expression is equal to
M(o)Pe[H -1 = H;gm{_l}] = pp(0) Ag(o) Po[H 1 = H£+U{_1}] ‘

By Assertions 5.2 and 5.3, with a probability close to 1, either a negative spin next
to the attached 0-spin flips to 0 or the attached 0-spin flips to —1. In the first case,
as the process left the valley V_; introduced at the beginning of Section 4, it will hit
B+ before reaching -1. In the second case, applying Lemma 5.5 repeatedly yields
that the process reaches -1 before hitting B+. Hence, by these three results,

’PU[Hfl = H%+U{_1}] - n(a)‘ < Go[01(B) + 62(8)],

where

2(o) {1/2 if o € M,

1/3  ifo € R

Since

)\( ) . 2+51([‘3) if o € R°,
7T 3460(8) ifoen,

and since pg(o) = pg(c™), we conclude that

]P)—l[HU = H‘B*] = % (1 + RB) )

where the absolute value of Rg is bounded by Cy[d1(8) + 62(8)]. Summing over
o € R?, it follows from Proposition 4.1 that for any configuration o* € R?,

ps(o”) R

—— — 1| < C )

LTl — 1] < Cule() +5:9)
because d2(8) < £(8). To complete the proof of the lemma, it remains to multiply
both sides of the penultimate identity by |97%. O

It follows from the proof of the previous lemma and the identity |R%| = 4(2no +

1)|AL| that there exists a finite constant Cy such that for all o € R,
cap(—1,B"
LB sang +1)| < Colel®) +01(8)] (r.1)

pp(o) [ALl

for all g > Cp.
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Proposition 7.3. For any configuration n € R' and any configuration & € R},

. cap(—1,{0,+1}) 4(2np + 1) . cap(0,{-1,41})
lim = = lim
Boo pg(n) ALl 3 pooo pp(§) AL
Proof. We prove below the first idendity of the proposition, the one of the second

being analogous. We first claim that

cap(—1,{0,+1}) = cap(-1,B") > P_1[H, = Hy+]Po[Ho 11y < H-1] .
oceBt

(7.2)
Indeed, since starting from —1 the process hits BT before {0,+1}, by the strong
Markov property we have that

IED—I[H{O-,Jrl} < Hjl] = Z P_1[H, = H$+U{,1}]PU[H{O,+1} < H_4].
ceBt
By (3.4), we may rewrite the previous expression as
P_y[Hy+ < H'y| Y P_a[H, = Hy+]Po[Ho 41y < H1] .
ceB+

This proves (7.2) in view of the definition (3.1) of the capacity.
By (7.1) and (7.2), for any configuration o* € 1%,

cap(—1,{0,+1})
ALl pg(o*)

= [4@no+1)+RY] Y P_a[H, = Hyt)Pol[Ho 41y < H-1] .
ceBt
where |R§31)| < Cy [e(B) + 91(B)] for B large.

Consider the sum. By Proposition 4.1, we may ignore the terms o ¢ 98%. On the
other hand, Proposition 5.1 provides the asymptotic value of Py[H{g 113 < H_1]
for o € R?. Putting together these two result yields that the sum is equal to

1

2
5 PoilHove = Hys] + 5 PolHy = Hys + Ry,

where the absolute value of the remainder R(;) is bounded by Cy[e(5) + §(B)]. By
Lemma 7.2, this expression is equal to

1 2 2 ng—1
2 2ng+1 3 2ng+1

where |R§)| < Cy [e(B) + 6(B)] because §1(8) < §(B). The first assertion of the
proposition follows from the previous estimates. (I

(3)
+ Ry,

The same proof yields that for any configuration n € R, ¢ € R},

cap(—=1,0)  4(2ng+1) . cap(0,+1)
pooo maMALl — 3 seee ()ALl
In particular,
cap(—1,0) cap(0,+1)

=1 li =1. 7.3
’ 51‘?;0 Cap(oa {_17 +1}) ( )

.
b0 cap(—1, {0, +1})
Corollary 7.4. We have that
lim cap(0,M\ {0})
oo 145(0)
where 0z has been introduced in (2.5).

0 = 1,
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Proof. Fix n € R* and £ € R§. By definition of 03, the expression appearing in
the statement of the corollary can be written as

pp(§) cap(0, M\ {0})  pp(n) AL pp(=1)
15(0)  pp(€) ALl cap(=1, M\ {~1}) us(n)

By the previous lemma, the product of the second and third expression converges
to 1, while the first and fourth term cancel. O

Lemma 7.5. We have that
cap(~1,+1)
lim
B—ro0 Cap(_17 {07 +1})
Proof. Fix a configuration o* in JR®. By the proof of Proposition 7.3,
cap(~1,+1)
pp(o*) ALl

=1.

= 4@2no+1) Y P_y[H, = Hy+]Po[Hiy < H-1] + RS
gER®

where |Rgl)| < Cyle(B) 4+ 6(B)] for some finite constant Cy.

By Proposition 5.1, starting from o € R® we reach {-1,0} before +1 with
a probability close to 1. Hence, up to a small error, we may include the event
H{ 4,0y < Hyy inside the second probability which becomes {Ho < Hi1 < H_1}.
Applying the strong Markov property, the right-hand side of the previous expression
becomes

4(2n0 + 1) PolHi1 < H-1] > P_y[H, = Hy+] Po[Ho < Hyy 41y) + RY
gER

for a new remainder Rél) whose absolute value is bounded by Cyle(8) + 6(5)].
By Theorem 2.2, Po[H;1 < H_1] converges to 1. On the other hand, the sum
can be handled as in the proof of Proposition 7.3 to yield that
cap(—1,+1) 4(2no +1)

lim = .
A sl L] 3

This completes the proof of the lemma in view of Proposition 7.3. O

Lemma 7.6. We have that
im cap(+1,{-1,0})
B—ro0 cap((), {_17 +1})

Proof. By monotonicity of the capacity and by equation (3.5) in [7],
cap(+1,0) < cap(+1,{-1,0}) < cap(+1,0) + cap(+1,-1).

We claim that cap(—1,41)/cap(0,+1) — 0. By Lemma 7.5, we may replace
the numerator by cap(—1,{0,+1}), and by the second identity of (7.3), we may
replace the denominator by cap(0, {-1,+1}). At this point, the claim follows from
Proposition 7.3.
Therefore,
cap(+1,{-1,0})

lim =1.
oo cap(0,+1)

To complete the proof, it remains to recall again the second identity in (7.3). O
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It follows from the previous result that
lim cap(+1, M\ {+1})
o0 pp(+1)
Indeed, by the previous lemma, this limit is equal to
lim 6 Cap(oa {_17 +1}) /Lﬁ(o)
oo 115(0) pp(+1)
This expression vanishes in view of Corollary 7.4 and because pg(0)/pus(+1) — 0.

5 = 0. (7.4)

Proof of Proposition 7.1. Denote by rg(n,&) the jump rates of the chain 7g,:. It is
enough to prove that

Jim 75(0.6) = ¥(n.€) (75)

for all n # & € M.
By [1, Proposition 6.1], the jump rates rz(n,§), n # £ € M, of the Markov chain
Mgyt are given by
ra(n,§) = 0 M) Py[He = Hyy] .
Dividing and multiplying the previous expression by P, [Hy\ (3 < Hj,‘ ], by defini-
tion of the capacity and by (3.4),

mm@=£QWMMwwm%<mMm.

It follows from this identity and from (7.4) that for £ = —1, 0,

05
lim 75(+1,€) < lim +1 +11) = 0.
& rg(+1,§) < A pEs) cap(+1, M\ {+1}) = 0

On the other hand, by Corollary 7.4,
05
lim cap(0,M\ {0}) = 1,
while, by definition, 85 cap(—1, M\ {—1})/ps(—1) = 1. Furthermore, by Theorem
2.2,

lim ]P),l[HJrl < Ho] = 6hrn Pg[Hfl < H+1] =0.
—00

B—o0

This yields (7.5) and completes the proof of the lemma. O

8. THE TIME SPENT OUT OF M

We prove in this section that the total time spent out of M by the process o (t03)
is negligible. Unless otherwise stated, we assume that the hypotheses of Theorem
2.2 are in force.

Proposition 8.1. Let A = Qp \ M. For every £ € M, t > 0,

/311—>H;o E¢ [/Ot 1{o(s03) € A} ds} =0.

The proof of this proposition is divided in several steps. Suppose that the process
starts from -1. In this case, we divide the time interval [0, t] in 5 pieces, and we prove
that the time spent in A in each time-interval [0, Hy+], [Hy+, Ho], [Ho, H%(T],
[H%J,H_H] and [H41,00) is negligible.



32 C. LANDIM, P. LEMIRE, M. MOURRAGUI

The proof of the last step requires the introduction of the valley of 4+1 which
is slightly different from V_; and Vo. Denote by V4q the valley of 41. This is
the set constituted of all configurations which can be attained from 41 by ﬁipping
no(no + 1) or less spins of +1. The boundary of this set, denoted by B t1s 18
formed by all configurations which differ from 41 at exactly ng(ng + 1) sites. The
configuration with minimal energy in %il is the one where ng(ng+ 1) 0-spins form
a ng X (ng + 1)-rectangle. Denote the set of these configurations by Ry,. Fix
17 € Ryq and £ € R and note that

H(n) — H(+1) > H(¢) — H(-1). (8.1)
Thus V4 is a deeper valley than V_;1 or Vg.

Indeed, according to [1, Theorem 2.6], the depth of the valley Vi is given
by uB(—I—l)/cap(—{—l,%il). As in the proof of (7.1), or by applying the Dirich-
let and the Thomson principles, we have that cap(—i—l,%il) is of the order of
|[Arlpg(n) for n € Ryq. Hence the depth of the valley V4 is of the order of
kg = eBHM=HEDIB /|A ;| and starting from 41,

H%i . /kg converges to an exponential random variable. (8.2)

By (2.6), (8.1), 83/ks — 0. Hence, by (8.2), for all ¢t > 0,
ﬁlin;o P+1 [H%il < toﬁ] =0. (83)

We turn to the proof of Proposition 8.1. We first show that conditioned to
the valley V_1, the measure ug is concentrated on the configuration -1. The same
argument yields that this result holds for the pairs (0,Vg), (4+1,V41).

Lemma 8.2. Suppose that (2.2) holds. Then, there exists a constant Cy such that

pa(Vo1 \ {-1}) P
Tacy S Gl

for all B > Cy.

Proof. Fix 1 < k < N =ng(no + 1) + 1, and denote by Ay the configurations in
V.1 with k spins different from —1. The ratio appearing in the statement of the
assertion is equal to

Z Z #6 < 9N Z Z #6 . (8.4)

k=1ocecAy M’Q k=1 eAU

In this equation, AY represents the configurations in V_; with & spins equal to 0,
and we applied Assertion 4.5.

Fix k < N and consider the set .A% ; of configurations in AY for which the 0-spins
have j connected components. There are at most Co|Ar|? of such configurations,
and the energy of one of them, denoted by o, is equal to H(-1)—kh+1_; o(o), where
I_1 (o) represents the size of the interface. By (4.12), I_10(c) > I_19(c*)+2(j —
1), where o* is configuration obtained from ¢ by gluing the connected components.
By [1, Assertion 4.A], I_1 o(c*) > 4Vk. Therefore, the previous sum for k < N is
bounded above by

Co Ze [4VEk— kh]ﬂZm [ e=2G-18
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Since |Ap|e 2 < 1/2 for B sufficiently large and since 4vk — kh > min{4 —
h,4v/N —1 — (N — 1)h}, the previous sum is less than or equal to

Co |AL|( [4=hIB 4 o= <n0*1>ﬁ) < G |AL|( [4=h1B | = 25) < Cy|Ap|e 2

because 4N — 1 — —1h=4y/no(no+1) —no(ng + 1)h > 4ng — 2(ng + 1) =
2(ng — 1) > 2.

It remains to consider the contribution of the set Ax. There are at most Cp [AL]
configurations in this set, and each configuration has the same energy. The contribu-
tion of these terms to the sum (8.4) is bounded by Cy [Ap e~ (2ot 18 < O |Aple=25.
This completes the proof of the lemma. O

Assertion 8.3. We have that
1 Hot
lim —E_; [/ 1{o(s) € A} ds} =0.
0

Proof. As the process oy is stopped at time Hg+, we may replace A by ANV_5.
By [1, Proposition 6.10], and by definition of 63, the expression appearing in the
statement of the lemma is bounded above by

L ps(A0Va)  cap(-1, M\ {-1}) p(ANVor)

% Cap('la%Jr) B Cap('lv%Jr) :uﬁ(_l>
By Proposition 7.3 and (7.1), the first ratio converges to 1/3, while by Lemma 8.2
the second one converges to 0. O

A similar result holds for the pairs (0,Vp), (+1,V41), where the valleys are
defined analogously as V_j.

Denote by R}, resp, |3, the set of configurations with ng(ng + 1) + 2 0-spins in
a background of —1-spins. The 0-spins form a [ng x (ng + 1)]-rectangle with two
extra contiguous 0-spins attached to one of the longest, resp. shortest, sides of the
rectangle. The next result is needed in the proof of Lemma 8.5.

Lemma 8.4. For everyt > 0,
1
lim — E¢|HaNntdg| = 0.
. 5 (B, BelHoa A 105]

Proof. Consider a configuration o € R. Applying Lemma 5.5 repeatedly yields
that P,[Hy+ < H.1] — 0. We may therefore include the indicator of the set
{H.1 < Hgy+} inside the expectation appearing in the statement of the lemma.
After this inclusion, we may replace H.1 by Hgp+yq1). At this point, it remains
to estimate (1/65) Eq[Hg+ug-13]. Since the process is stopped as it reaches B+,
we may replace o; by the reflected process at V_;. After this replacement, bound
H‘B*U{-l} by H_l.

We need therefore to estimate (1/63) EY[H.1]. By [1, Proposition 6.10] and by
definition of 64, this expression is bounded by

cap(c*,-1) 1 _ capy(o*,-1) 1
pp(-1)  capy(o,-1) po(-1)  capy(o,-1) ’
where o* is a configuration in /3%, By Lemma 8.2, uy(-1) — 1, while by the proofs
of Lemma 4.2 and 4.3,
o (ool
B—oo capy(o,-1) B—oo vy (o)
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Consider now a configuration o € Rj. Denote by A the [ng x (no + 2)]-rectangle
obtained from the set of 0-spins of o by completing the line or the row where the
two extra spins sit. Denote by £ the configuration where each site in A has a 0-spin,
all the other ones being —1.

As in the proof of Lemma 5.5, we define the valley V¢ of £ in two stages. Fix
0 < k < mng. We first flip sequentially k spins of A from 0 to —1. At each step we
only flip a O-spin if it is surrounded by two —1-spins. The set of all configurations
obtained by such a sequence of k flips is represented by Gi. In particular, since
at the beginning we may only flip the corners of A, G; is composed of the four
configurations obtained by flipping to —1 one corner of A. Let § = Up<i<n, Gk,
and note that G,, has not been included in the union.

The second stage in the construction of the valley V¢ consists in flipping a spin
of a configuration in §. More precisely, denote by B all configurations which are
not in G, but which can be obtained from a configuration in § by flipping one spin.
The set B is interpreted as the boundary of the valley V¢ := G U B and it contains
Sino.

Note that o belongs to § and that starting from o the process hits B before -1,
so that H.4 = Hp + H.1 o Hg. Since (a+b) At <a+ (bAL), a, b> 0,

Eq[HaNts] < Eg[Hp| + Eo[(H.p0Hg) Atlg] .

Replacing o by the process reflected at V¢, applying [1, Proposition 6.10], and
estimating the capacities yield that the first term divided by 6g converges to 0 as
B — 00.

We turn to the second term. We may insert the indicator function of the set
{Hp = H{n(l)_’n(2)}}, where ™, 7®) are the configurations obtained from & by
flipping to —1 a line or a row of length ng of the rectangle A. After this insertion,
the strong Markov property yields that the second term of the previous displayed
equation is bounded by

Eg[l{Hg = H{n(1)7n(2)}}Ea(H3) [H_l A t@g] :| .

Since the configurations n(*), n(®) belong to R, the result follows from the first part
of the proof. (I

Lemma 8.5. For everyt > 0,

1 tlg 1 tlg
limsup —E_4 {/ 1{o(s) € A} ds} < 3 limsup max — E¢ {/ 1{o(s) € A} ds} .
B—oo Op 0 Booo €Ny O3 0

Proof. By Assertion 8.3,

We may therefore insert the indicator of the set { Hg+ < t03} inside the expectation
appearing in the statement of the assertion at a negligible cost. By Proposition 4.1,
we may also insert the indicator of the set {Hyp+ = Hmpa}. After inserting these
indicator functions, by the strong Markov property, we get that the expectation
appearing in the statement of the lemma is bounded by

1 05
H_E-l {I{Hﬁa = Hpy+ < t%}EU(H%” [/ 1{o(s) € A} ds] } + Rg,
B 0
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where Rg — 0.
The previous expectation is bounded by

1 t95
il Z P_1[Hy :HW}EU[/ 1{o(s) € A}ds} :
0s 0
oER
Since Ag(o) > 1 for 0 € R* and since R* C A, by removing from the integral
the interval [0,71], where 71 represents the time of the first jump, the previous

expectation is less than or equal to

1 65 1
7 UGZ;GZE:]PJ [H, = H%+]p,@(0,§)Eg[/O 1{o(s) € A}ds} 5
By Assertions 5.2 and 5.3, we may disregard all configurations & which do not
have two contiguous attached 0-spins and which do not belong to $R. The previous
expression is thus bounded above by

1 tlg A 21 tlg A
max—IE{/ 1{o(s) € ds}—l——— max E{/ 1{o(s) € ds}—i—R,
max B[ [ dot) € Ayas] + 5 max B[ [ 100 € 8) :
where P35 represents the set of configurations with two contiguous 0-spins attached
to the shortest side of the rectangle, and Rg — 0.

The second expectations is bounded by

1 2 1 65
o 561%%3(9% Ee [H.1 AtOs] + 30, E1 [/0 1{o(s) € A} ds] .

By Lemma 8.4, the first term vanishes as 8 — co. The second one can be absorbed
in the left-hand side of the expression appearing in the statement of the lemma,

which completes the proof of the lemma. (I

Lemma 8.6. For everyt > 0,

1

limsupmax — E¢ |Hg Atlg| = 0.
Bﬂoopﬁemlz 03 5[ 0 ﬁ]

Proof. The proof of this lemma follows the steps of Section 5 where we described

the growth of the supercritical droplet. Fix a configuration ¢ in %R} and recall

Lemma 5.4. By this result,

1 1
%Eg[Ho /\t6‘3] < %Eg[l{EQd:H@d} (Ho/\teﬁ)] + tél(ﬁ).

Since E.q < Hp, we may write Ho as E.q + Ho o E. 4 and bound Hg A tfg by
E.q+ [(Ho o E.q) A t0g]. Hence, by the strong Markov property, the previous
expression is less than or equal to

1 1
t0u(B) + g Ee[Eea] + 5o [U{Eea = Hea} Bo(r, ) [ Ho A t05] | .
On the set {E.q = Hcq4}, 0(FE.q) is a configuration with (ng + 1)? 0-spins forming
a square in a sea of —1-spins. The previous expression is thus bounded by

1 1
to — E¢ | B, — E,| Ho Ntlg | ,

1(ﬂ)+96 ¢[Bea] +96 max o[ Ho 5]

where the maximum is carried over the configurations just described.

Compare the previous expression with the one on the statement of the lemma.
We replaced the set R, by the set of 0-squares of length (ng + 1) at the cost of
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the error term ¢ 01(8), and the expectation of the hitting time of the boundary of
the neighborhood of £. Proceeding in this way until hitting 0 will bring the sum of
all errors and the sum of the expectations of all hitting times. The assumptions of
Theorem 2.2 were inserted to guarantee that the sum of the error terms converge to
0 as 8 — oo. The hitting times of the boundary of the neighborhoods involve either
the creation of two contiguous 0O-spin at the boundary of a rectangle, whose time
length is of order e(>~"# or the filling of a side of a rectangle, which corresponds to
the hitting time of an asymmetric one-dimensional random walk, whose time-length
order is proportional to the length of the rectangle. Both orders are much smaller
than g, which completes the proof of the lemma. O

Lemma 8.7. For everyt > 0,
1 tlg
limsup — E44 [/ 1{o(s) € A}ds| = 0.
oo Op 0
Proof. By (8.3), we may insert the indicator of the set {Hg+ > t6g} inside the
+1

expectation. After this insertion, we may replace the process o; by the reflected
process at V41, denoted by 7., and then bounded the expression by

1 tlg
_EL[/ 1{n(s) € A}ds} .
0s 0

This term is equal to

1
05

1 [tos 1 v
—— 3 (&P [n(s) € Al ds .

tlg
PY,[n(s) € Alds < —
/O Hal J 0 Jo  m(+D) G

As vy is the stationary state for the reflected process, this expression is equal to
(@) (Ve \ (1))

pv(+1) ps(+1)

By Lemma 8.2, for V4, instead of V.1, this expression vanishes as 8 — oo. O

Proof of Proposition 8.1. Lemmata 8.5 and 8.6 show that the time spent on A until
the process reaches 0 is negligible. We may repeat the same argument to extend
the result up to the time where the process reaches 4+1. Once the process reaches
+1, we apply Lemma 8.7. (|

9. PROOF OF THEOREM 2.3

Unless otherwise stated, we assume throughout this section that the hypotheses
of Theorem 2.3 are in force. According to [8, Proposition 2.1], we have to show
that for all n € M,

limlimsup sup P,lo(s0g) € Al = 0. (9.1)
020 B oo 26<s<36
We present the proof for n = -1. The proof for n = 0 is identical. The one for
1n = +1 is even simpler because the valley is deeper.

Lemma 9.1. Under P-1, the random variable 3 Hy+ /03 converges to a mean one
exponential random variable.
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Proof. As we are interested in Hy+, we may replace the process oy by the reflected
process at V_1, denoted by 7.

The proof is based on [1, Theorem 2.6] applied to the triple ({-1},V.q \B",-1).
We claim that the process 7; fulfills all the hypotheses of this theorem. Condition
(2.14) is satisfied because the set {-1} is a singleton, and condition (2.15) is in force
in view of Lemma 8.2. Therefore, by this theorem, the triple ({-1},V_.1 \ B*,-1)
is a valley of depth

) psl) a1 {0.41))

capy(-1,B7) cap(-1,B+) cap(-1,B1)
where the last identity follows from the definition of 63 given in (2.5). By (7.1)
and Proposition 7.3, the last ratio converges to 1/3. Hence, by property (V2) of [1,
Definition 2.1], 3 Hy+ /05 converges to a mean-one exponential random variable, as
claimed. ]

By the previous lemma, for 20 < s < 34,
P_l[o(seﬂ) S A] = P_l[o(selg) € A, Hq;+ > 469[6] + R375 s

for some remainder Rg s which vanishes as § — oo and then § — 0. On the set
{Hn+ > 46}, we may replace the process o, by the reflected process 7; and bound
the first term by

PY [n(s05) € A] <

> wv(o)BY[n(s0s) € A] =

oeV_q

pv(-1)

because py is the stationary state. By Lemma 8.2 this expression vanishes as
B — oo, which proves (9.1) for n = -1.
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