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ABSTRACT. We study the metastability of the stochastic three dimensional Ising model on a
finite torus under a small positive magnetic field at very low temperatures.

1. INTRODUCTION

The theoretical study of metastability has become a field of active research during the
last years [2,12,13,16,17,19,20]. The crucial problem is to understand the exit path of
a system close to a phase transition relaxing from a metastable state towards a stable
state. For the physical motivation of this problem, we refer the reader to [19,20]. The
basic situation to investigate the metastability is the stochastic Ising model evolving ac-
cording to a Glauber or Metropolis dynamics. The first step was accomplished by Neves
and Schonmann [16,17,20] who studied the case of the two dimensional Ising model in a
finite volume at very low temperatures. They put forward the essential role played by
the droplets: small droplets are likely to shrink and disappear whereas big ones tend to
grow. The threshold between these opposite behaviours corresponds to the critical droplets
whose energy is exactly the energy barrier the system has to overcome to escape from the
metastable state. The nucleation occurs through the formation of such a critical droplet.
Several more complicated models have also been investigated in the regime of low temper-
atures, but still in dimension two: an anisotropic case [12] and a case with second nearest
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neighbours interactions [13]. It became progressively clear that all the relevant information
to describe the exit path was to be found in the energy landscape associated to the model.

In fact, these Metropolis dynamics at very low temperatures have been thoroughly stud-
ied in a more abstract setting in the context of stochastic optimization. Large deviations
techniques and the Wentzell-Freidlin theory provide the most powerful tools to analyze
these dynamics depending upon a small parameter. The central idea is to decompose the
space into a hierarchy of particular subsets called cycles [11]. Roughly speaking, the cycles
are the most stable sets we can build for the perturbed process. Their fundamental prop-
erty is that the process can’t escape from a cycle without having forgotten its entrance
point. The limiting dynamics is completely determined by the cycle decomposition. For
simulated annealing, the best way to cool down the temperature schedule heavily depends
upon some quantities associated to the cycle decomposition [3,4,5]. For parallel simulated
annealing and generalizations, see also [21,22,23,24]. For genetic algorithms, the cycle
decomposition is the key for understanding the behaviour of the process and for control-
ling the algorithm in order to ensure the convergence towards the global maxima [7,8,9].
For the study of metastability, a general model independent analysis of the exit path for
reversible processes was proposed in [18]. In [6] we handled the general case of Markov
chains with rare transitions and developed a general method to search efficiently for the
exit path. Our technique focuses on the crucial elements of the cycle decomposition neces-
sary to find the exit path. More precisely, we seek only the sequence of cycles the system
might visit during the exit. Such a precise and economical method is indispensable to deal
with the three dimensional Ising model: the energy landscape is so huge and complex that
the least inaccuracy, the least deviation from the metastable path is disastrous and leads
to inextricable problems. To apply our general method to a particular model, we need to
solve some global and local variational problems. This combinatorial part for the three
dimensional Ising model was handled in [1]. Notice that one has to piece together carefully
the variational results in order to find the exit path.

Neves has obtained the first important results concerning the d-dimensional case in [14].
Using an induction on the dimension, he proves the d-dimensional discrete isoperimetric
inequality from which he deduces the asymptotic behaviour of the relaxation time. He
analyzes also the behaviours of regular droplets in dimension three [15]. However to ob-
tain full information on the exit path one needs more refined variational statements (for
instance uniqueness of some minimal shapes) together with a precise investigation of the
energy landscape near these minimal shapes. We examine all the configurations which
communicate with the metastable state under the global energy barrier (i.e. the greatest
cycle containing the metastable state and not the stable state). The configurations of the
principal boundary of this cycle which lead to the stable state are the critical droplets, the
others are dead—ends: although they are likely to be visited before the relaxation time,
they are not likely to be visited during the exit path. This notion of dead—ends was not
explicitly apparent in the treatment of the two dimensional case by Neves and Schonmann



[16,17] because they managed in fact to characterize completely the basins of attraction of
the metastable state and the stable state. We do not know how to achieve a corresponding
result in dimension three and therefore we analyze only the set of configurations visited
by the process before relaxation.

This paper is organized as follows. We first describe the model and we recall the main
definitions concerning the cycle decomposition. We describe the general method for finding
the exit path. We prove some essential facts for the cycles of the Ising model which are
valid in any dimension. We then handle the two dimensional case. All the important
results of this section have already been proved by Neves and Schonmann [16,17,20]. We
reprove them using a technique which will also work in dimension three, for two main
reasons: we need to state these results in the language of the cycles in order to understand
the dimension three (where the droplets grow by following the two dimensional nucleation
mechanism) and moreover we hope that it will make the reading of the three dimensional
case easier (especially since there are much more cycles to analyze). We finally handle
the three dimensional situation. Synthetic descriptions of the exit path in two and three
dimensions are given in theorems 6.32 and 7.36.

2. DESCRIPTION OF THE MODEL

We consider a finite box A = {1--- N}9 of side N in the d-dimensional integer lattice Z.
We will work either in dimension two (d = 2) or dimension three (d = 3). A point of this
box is called a site. Sites will be denoted by the letters x, y, z. We wrap this box into a
torus and we define a neighbourhood relation on A by: x ~ y if all the coordinates of x
and y are equal except one which differs by 1 or IV — 1. At each site x of A there is a spin
taking the values —1 or 4+1. The set of all possible spins configurations is X = {—1, +1}*.
Configurations of spins will be denoted by the letters n, o, £. The value of the spin at site x
for a configuration o is denoted by o(x).

We might see a configuration as a subset of points of the integer lattice Z?, these points
being the sites of the configurations having a positive spin. The inclusion relation is then
defined on the configurations by

nCo <= VreA n)=+1=o(x)=+1.

The elementary sets operations N, U, \ are defined by

vreA  (oUn)(z) = { j iiZEg :+(1 )or n£1) +1
+1 ifo(z) =n(z) = +1
veedA  (onn)(z) = { —1 ifo(z) = —1lorn(z) = -1
[+ o(x) = +1 and n(z) = -1
Ve e A (c\n)(z) = { -1 ifo(z) = —1orn(x) =+1



There is a natural correspondence between configurations and polyominoes. To a config-
uration we associate the polyomino which is the union of the unit cubes centered at the
sites having a positive spin. The main difference between configurations and polyominoes
is that the polyominoes are defined up to translations. We will constantly use the notation
introduced in [1] for polyominoes: the relevant definitions are summed up at the beginning
of the sections 6 and 7. When we say that a polyomino is included in a configuration,
we mean that one of its representative is included in it. For instance, the square [ x [ is
included in o if o(x) = +1 for all = belonging to some square of side | (equivalently, the
polyomino associated to o contains [ x 1).
The energy of a configuration o is

Bo) = — 3 ola)oly) — 5 Y o)

{z,y}:x~y TEA
where h > 0 is the external magnetic field.

The Gibbs probability measure p at inverse temperature (3 is

Vo e X ulo) = %exp —BE(0)

where Z is the partition function.

We build the stochastic Ising model by letting the spins evolve randomly in time. The
spin at site x flips with the rate c¢(x,0) when the system is in the configuration o. The
standard construction yields a continuous time Markov process (o¢):>0 with state space X
and infinitesimal generator L defined by

VfA—=R  (Lf)(o) = Y clz,0)(f(0") - f(0))

TEA

where ¢® is the configuration ¢ flipped at x i.e.

e\ [ Foly) ifyFa
0 ={ 00 ityee

We will consider the Metropolis dynamics associated to the rates
c(z,0) = exp —B(A; E(0))"

where ()T denotes the positive part and

A.E(0) = E(0”) — E(0) = o(z)( Y o(y) +h).

yy~x



Since these rates satisfy the detailed balance condition u(o)c(x,0) = pu(o®)c(z,0”), we
know that the Gibbs measure p is the only invariant measure for the process (o).

Here we will deal with the equivalent discrete time version of the Metropolis dynamics.
We first define a kernel ¢ on X by gq(n,0) = N~% if there exists x in A such that n* = o
(i.e n and o differ by one spin flip) and ¢(n, ) = 0 otherwise. The kernel g is irreducible
and symmetric. The transition kernel pg at inverse temperature 3 is the Markov kernel
on X defined by

Vn#o  pa(n,o) = q(n,0) exp —B(E(o) — E(n)) "

¥n o ps(nm) = 1-> ps(n,o).
o#n

We will study the time homogeneous Markov chain (o, )nen having for transition proba-
bilities the Markov kernel pg.

We denote by —1 (respectively +1) the configuration with all spins down (resp. up).

For D an arbitrary subset of X we define the time 7(D,m) of exit from D after time m

7(D,m) = min{n>m:0, €D}

(we make the convention that 7(D) = 7(D,0)).
For instance, 7(41¢) is the hitting time of the ground state +1.
We define also the time 6(D, m) of the last visit to the set D before time m

0(D,m) = max{n<m:0, € D}

(if the chain has not visited D before m, we take 6(D, m) = 0).

For instance, 6(—1,7(41¢)) is the last visit to the metastable state —1 before reaching +1.
We are interested in the laws of 7(4+1¢) starting from —1 (time of the relaxation to equi-
librium) and of the way of escaping from the metastable state —1 to reach +1, that is
the law of the exit path ((o,), 0(=1,7(+1°)) < n < 7(+19)), in the limit of vanishing
temperature § — oo.

3. DECOMPOSITION INTO CYCLES

The most efficient tool to analyze the dynamical behaviour of a Markov chain with
exponentially vanishing transition probabilities is the hierarchical decomposition of the
state space into cycles. This fundamental notion is due to Freidlin and Wentzell [10] and
was sharpened by Hwang and Sheu for discrete spaces [11]. Here we will deal with an
energy landscape (X, ¢, F) (that is a finite set X equipped with a communication kernel ¢
and the energy F), as in the case of the simulated annealing. We recall here briefly the
main definitions introduced by Catoni in this context [3].
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Definition 3.1. (communication at level \)

Let A be a real number. The communication relation at level A on the landscape (X, ¢, F)
is the equivalence relation R defined by ¢ Ry 7 if and only if either ¢ = 7 or there exists
a sequence &g, --- , &, of points in X such that

So=0,&=mn, Vie{0---r—1} ¢(&;&+1) >0, Vie{0---r} E(&) <A

Definition 3.2. (cycles)

A cycle 7 is a subset of X which is an equivalence class of a relation R for some A in R.
The smallest such A is denoted by A(7) and is called the level of the cycle m. For o in X
and A in R we denote by 7(c, \) the equivalence class of ¢ for the relation R .

Proposition 3.3. Two cycles are either disjoint or comparable for the inclusion relation.

Notation 3.4. Since X is finite, the set { E(0) : 0 € X } is also finite. For X in R we set

pred\ = max{ E(o) : E(c) <\, 0 € X },
succA = min{ E(0) : E(o) >\, 0 € X }.

Definition 3.5. (maximal partition)

Let D be a subset of X. A subcycle of D is a cycle which is included in D. The partition
of D into its maximal subcycles is denoted by M(D). For ¢ in D we denote by 7(c, D) the
unique cycle of M (D) containing o. For o in D¢ we set by convention that 7(o, D) = {c}.

Remark. In case D is a cycle, we have M(D) = {D}.

Remark. There is no ambiguity between the two notations 7(o, A) and w(o, D), since A
and D are different objects.

Definition 3.6. (communication altitude)

The communication altitude between two points ¢ and 7 of X is the smallest A such
that o Ry n. It is denoted by E(o,n). Equivalently, it is the level of the smallest cycle
containing the points ¢ and 7. The communication altitude between two sets A and B is
defined by E(A, B) = min{ E(a,b) :a € A, b€ B}.

Definition 3.7. Let 7 be a cycle. We define

its energy F(n) = min{ E(0) : 0 € 7 },

its bottom F(7) ={o €n: E(o) = E(n) },

its boundary B(n) ={ocgn:3dnen q(n,o) >0},

its height H(7) = min{ (E(c) — E(7))" : 0 € B(m) },

its principal boundary B(w) = {o € B(w) : E(0) < E(w) + H(n) }.

Remark. If the height H(m) is positive, then the principal boundary B (7) is exactly the
set {0 € B(m): E(0c) = E(m)+ H(m)}. The height H(m) can vanish only in the case when
the cycle 7 is a singleton.



The main part of the work here consists in analyzing the specific energy landscape of
the Ising model and some crucial facts concerning its cycle decomposition.

4. THE EXIT SADDLE PATH

In this section, we make a summary of the general strategy devised in [6] in order to
describe the exit path of the process. We take into account the simplifications induced by
the reversibility of the process and just state the essential points. A good way to describe
the exit path is to look at the points of entrance and exit of the cycles of M({—1,+1}°) the
system visits during the exit path. The knowledge of this sequence of points includes the
knowledge of the sequence of the cycles visited by the process. Our work will consists in
finding the most probable of these sequences i.e. those whose probability does not vanish
as (3 goes to infinity.

Definition 4.1. (saddle path)
We define recursively a sequence of random times and points:

To = 0( —1,7(+1 C)) 80 = Org—1 §1 = Org
71 =7(m(s1,{=1 —|-1} ), T0) So = 07 1 83 = Oy
Th — T(m(s2k-1,{=1,+1}°), T%—1) 821; =07 —1 821;+1 =0n,
= 7(4+1°) Sor = 07,1 S2r4+1 = O,
Clearly we have s) = —1 and sg2,41 = +1. The sequence (—1,s1,- -, Sar, +1) is called

the saddle path of (o, ) relative to +1¢, —1. We define a cost function V on the set of the
saddle paths:

V(so, -+ sar41) = —H(m(=1,+1°) + (E(s1) — E(s0))" +

r

™ (Bsar) + (Blsaner) = Blsar)) " = Himlson, {=1, 1)) = B(n(sa, {=1,+1}°)) ).

k=1

We proved in [6] that the law of the saddle path satisfies a large deviation principle with
rate function V. As a consequence, with a probability converging to one exponentially fast
as (8 goes to infinity, the exit saddle path follows a saddle path of null cost. What we have
to do is to search for all these saddle paths. Because we are working with the maximal
subcycles of {—1,4+1}¢, the saddles of the saddle path are min-max points between the
cycles visited and {—1,+1} (see [18]). The task of determining the set of all the saddle
paths of null V—cost can be performed in the following way.



General strategy to find the exit path.
i) find the points ¢’ of the principal boundary of the cycle 7(—1,41°);

i) for each such point ¢’ in B(m(—1,+1°)), determine all the sequences of cycles 7 - - - 7,
in M({=1,41}¢) such that ¢’ € o, B(mr) N 741 # O for k in {0---r — 1}, +1 € B(m,).

ii1) for each such cycle path g, - - - , m, determine all the saddle paths (¢’,s1, -, s2,,+1)
such that (sog—_1,82r) € T X m for k in {1---r}, and (sok, S2x+1) is an optimal saddle
exiting from 7 for all kin {0---7} ie. sop € Tk, Sop+1 € B(mk), q(S2k, S2k+1) > 0.

i) for each point ¢’ in B(w(—1,41¢)) such that step i) has succeeded, determine all the

sequences of cycles 7 --- 7, in M({—=1,41}¢) such that o’ € mj, B(my,) Ny, # 0 for k
in {0---7 —1}, =1 € B(my).

v) for each such cycle path 7, - - - , 7/, determine all the saddle paths (¢/, s, -, s5,.,, —1)
such that (sb,_;,s5,) € 7, x m, for kin {1---7r'}, and (s}, 55, ;) is an optimal saddle

exiting from 7, for all kK in {0---7'} i.e. sb, € mp, 55,1 € B(m}), q(shy, Sop41) > 0.

vi) the set of all the saddle paths of null V—cost passing trough o’ is the set of the saddle
paths (5,1, ,87,0',0',51,-+ ,82,41) obtained by glueing together a reversed saddle
path obtained at step v) with a saddle path obtained at step iii).

The global variational problem consists in finding the principal boundary of the cycle
m(=1,4+1¢). The local variational problems consist in finding the principal boundaries of
the cycles appearing in the cycle paths starting at the points of this principal boundary.
Notice that we took advantage of the reversibility of the process to complete steps iv)
and vi). We used the fact that the portion of the saddle path between —1 and ¢’ in

B(m(=1,41¢)) can be obtained by reversing a saddle path starting at ¢’ and reaching
—1 (see last section of [6] as well as [20]). In the general case, the variational condition
imposed on this portion of the saddle path is not easy to manipulate.

Remark that step i7) may fail: it might happen that there is no cycle path of null cost
in M({=1,4+1}¢) starting at ¢’ reaching +1. In that case, there is no saddle path of null
cost passing through ¢’ and it is not necessary to perform the step v): such a point ¢’ is
a dead—end.

Definition 4.2. A point o is a dead—end to go from —1 to +1 if o belongs to E(w(—_l, +1¢))
and there does not exist a sequence of cycles mg - - - 7, in M({=1,+1}¢) such that o € m,

B(mp) Nrger £ 0 for kin {0---r — 1}, +1 € B(m,).

Our strategy to discover the exit path is aimed at analyzing only the relevant features
of the energy landscape. However it seems to us that it is impossible to avoid considering
the dead—ends, if one wishes to determine completely the points the process is likely to
visit during the exit path.



Let us describe more formally this strategy. On the set of all the cycles, we consider
the graph G defined by

(7T1—>7T2)€G < st ﬂﬂ'Q:@, B(ﬂ'l)ﬂﬂ'g#@.

We denote by G the restriction of G to w(—1,+1°)¢ obtained by deleting all the arrows
whose starting cycle is included in 7(—=1,+1¢) i.e.

(7T1 — 7T2) e Gt <~ (7"'1 — 7"’2) € G; Ut ﬂﬂ'(—_l,—l—_lc) = 0.

Symmetrically we denote by G~ the restriction of G to 7(+1, —1¢)¢ obtained by deleting
all the arrows whose starting cycle is included in 7(+1, —1) i.e.

(7T1 — 7T2) e G = (7T1 — 72) eG, m ﬂﬂ'(—l—l, _1c) = 0.

Definition 4.3. Let I be a graph over the set of cycles and let m be a vertex of I.
The orbit O(w, I) of 7 in I is the set

O(m,I) = {«' :3Imy, -+ ,m. cycles, my =7, m, =7, (Mg = mpr1) €[, 1 <k <7}

We denote by I(7) the minimal stable subgraph of I containing 7; it is the restriction of I
to the orbit of 7 in I i.e.

(m1 — o) € I(m) — (mp —me) €I, m € O(mI).

Step 4i) consists in determining the graph G*({c’}) for each point ¢’ in the principal
boundary of 7(=1,+1¢). If {+1} does not belong to O({c’'},G"), then ¢’ is a dead-
end and the last exit from 7(—1,+41¢) before reaching +1 won’t take place through o',
although o’ is likely to be visited before relaxation. Otherwise, o’ is a possible global
saddle between —1 and +1 and we determine all the paths in G ({o’}) leading from {o'}
to {+1}. Then we must search for all the cycle paths in {—1,+1}° of null cost realizing
the exit of m(—1,+1¢) at o’. More precisely, in step iv) we determine all the paths in the
graph G~ ({o'}) starting at {¢'} and ending at {—1}.

To achieve these goals, we will describe a list of relevant cycles, which are included
in {—1,4+1}¢ and we will precise their principal boundaries. Notice that we don’t know a
priori that these cycles are in M({—1,+1}°). We will then use the following simple result.

Lemma 4.4. Let m,--- ,m be a sequence of cycles included in {—1,4+1}¢ such that
(m — mip1) € G fori in {0---7 — 1} and B(m,) N {—=1,+1} # 0. Then all the cycles
o, -+ , T are maximal cycles in {—1,+1}¢.

Proof. 1t is enough to prove that my is a maximal cycle of {—1,+1}¢, since my, -, 7,
satisfy a similar hypothesis. Let m be a cycle containing strictly mg. Necessarily, = con-
tains B (o) (the principal boundary B (7o) is the set of the points of the boundary of mg
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which have a minimal energy, see definition 3.7). Since B(m) N7y # 0, then 7Ny # 0. By
proposition 3.3, we have either m C m; or m; C m. However my and m; are disjoint so that
we can’t have m C ;. Therefore m; C m, and the inclusion is strict since 7 contains 7.
By induction, we obtain that m, is also strictly contained in 7. It follows that B () C m,
implying that {—1,41} N7 # (. Thus 7 is not a subcycle of {—1,4+1}¢. O

This result will yield ”instantaneously” the list of the relevant cycles and will designate
those cycles of the list which are in M({=1,41}¢). Our list of cycles will be large enough
to ensure that for each configuration ¢/ in B(m(=1,+1°)), it includes all the vertices of
the minimal stable subgraph of G containing {¢'}. We will therefore use lemma 4.4 as a
basic tool to find some maximal subcycles of {—1,4+1}¢. We will not find all the cycles
of M({=1,+1}¢), which is a formidable task compared to the problem of describing the
first passage from —1 to +1. For instance we do not investigate the cycles containing several
large subcritical droplets close enough to interact instead of disappearing separately.

Step vi) consists in doing the synthesis of all the results gathered in the previous steps
i)—v). The set of all the cycle paths of null cost is obtained by glueing together an ascending
part and a descending part. We define a graph G over the cycles of M({—1,+1}¢) by

(m — ) € G « Jo’ € B(n(=1,+1°), (m — m) € GT(¢') or (2 — m) € G~ (¢)

i.e. the graph G is the union for o’ in B(m(—1, 41°)) of the graphs G* (¢’) and the reversed
graphs G~ (¢’). The set of the cycle paths of null cost is the set of all the paths in the
graph G joining {—1} to {+1}. Thus the graph G contains all the information necessary
to obtain the set of the cycle paths of null cost between —1 and +1.

5. THE BOTTOM OF THE CYCLES

The results of this section are valid in any dimension d. They describe some essential
facts concerning the geometry of the cycles of the energy landscape of the Ising model.
Theorem 5.3 concerns the points of the cycle we might reach starting from a configuration
belonging to the bottom of the cycle. Theorem 5.5 gives a condition implying that the
bottom of the cycle is reduced to one point. These theorems will be crucial to handle the
two and three dimensional cases. Their proofs rely heavily on the following inequality.

Theorem 5.1. (an energy inequality)
For any configurations n, o, £ of X such that n C o C &, we have (for positive h)

E(o\n) — E(0) < E(\n) — E(§).

Proof. The statement can be checked by a direct computation. [J

Remark. This inequality might be interpreted as follows. The variation of energy when we
turn down a fixed set of spins of a configuration ¢ increases when we enlarge o.

11



Notation 5.2. Let = be a site in A. We define the spin flip operator T'(z) : X — X
by T'(z)(c) = o where we recall that

e [ Foly) fy#z
"(y)‘{—aw) ity = 2

Let x1,- -+ ,z, be a sequence of sites in A. We define the operator T'(z1, -+ ,z,) : X - X
by T(xla T ,il?r) = T(x?") ©r--0 T(xl)

Let o belong to X. To o we associate two operators Sy (o) and S_(o) on the sequences
of sites. The sequence S_(o)(z1, -+ ,x,) (respectively Si---) is the subsequence of
(1,--- ,x,) consisting of the sites z; such that o(z;) = —1 (resp. o(z;) = +1).

Remark. When we speak of a sequence of sites (z1,--- ,z,) without further precision, the
sites do not have to be distinct. For any sequence of sites (x1,--- ,z,) and any configura-
tion o we have T'(S4(o)(z1,--- ,2r))(0) C o C T(S_(o)(x1, - ,xr))(0).

Theorem 5.3. Let w be a cycle and let o be a configuration of the bottom F () of .
Let (z1,---,x,) be a sequence of sites such that T'(x1,--- ,z;)(c) belongs to 7 for all j
in{l---r}. ThenT(S_(o)(z1,--- ,z,))(c) and T'(S1(co)(x1,--- ,2,))(0) also belong to .
Equivalently, if we let n = T'(z1,--- ,z,)(0), then nUo and nN o are in .

Proof. We prove the result by induction on the length r of the sequence of sites (z1,- - , z,).
The result is obviously true for r = 0 and » = 1. Assume it is true at rank r and let
(x1, - ,zr+1) be a sequence of sites such that T'(z;,---,z;)(0c) belongs to m for all j
in{l---r+1}. Let £ =T(S_(0)(x1, -+ ,zr+1))(0) and let n be the unique configuration
included in o such that o \ n = T(Sy(0)(z1,- - ,2r41))(0). We have n C o C . By
hypothesis, £\ n = T(z1, -+ ,2xr41)(0) € m whence E(&\ n) < ().

e First case: o(z,41) = —1. In this situation, we have
S_(o) (@1, xp41) = (S—(0) (@1, 2r), Tri1),
St(o)(@1, -y 1) = Si(o)(@1, -+ s ).

By the induction hypothesis, we know that
T(S-(o)(z1,--- ar))(o) €m, o \n=T(S:(0)(x1, -+ ,2r41))(0) €.

Now & = T(xpy1) o T(S—(0)(x1, -+ ,2,))(0) i.e. £ communicates by one spin flip with a
configuration of 7. Moreover o\7n belongs to m whence E(0) < E(o\n) (because o € F(m)).
By theorem 5.1 we have E(§) < E({\n) + E(c) — E(c \ 7). Therefore E(£) is less than
the level of 7 so that ¢ is in .

e Second case: o(z,41) = +1. In this situation, we have

S_(o)(@1,- ,xrq1) = S_(0)(x1,--+ , ),

St(o)(@1, - s 1) = (S4(0) (@1, 5 20), Trp1)
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By the induction hypothesis, we know that
{=T(S-(0)(z1, + ,ar41))(0) €m,  T(Si(o)(1, -+ ,ar))(0) €.

By theorem 5.1 we have E(o\n) < E(¢§\n)+E(c)—E(§). Therefore E(c\n) is less than the
level of 7. Since o \ 7 differs by one spin flip (at site ,11) from T(Sy(0)(z1, -+ ,z))(0)
which is in 7, o \ 7 is also in 7.

Thus the induction is completed. [

Corollary 5.4. Let 7 be a cycle an let o be an element of F (). If  is a minimal (respec-
tively maximal) element of m with respect to the inclusion, then there exists a sequence of
sites (x1,--- ,x,) such that n = T(z1,--- ,z,)(0), T'(z1, -+ ,x;)(0) € m and o(x;) = +1
(resp. o(x;) = —1) for all j in {1---r}. In particular,n C o (resp. o C ).

Theorem 5.5. Let m be a cycle and let o be a configuration of w satisfying:
for each € in {—1,+1} and each sequence of sites (z1,--- ,x;) in A' such that

T(z1, - ,z1)(0) # o, Vie{l---i} o(zj)=¢€ T(x1,---,25)(0) €m,

we have E(T(x1,--- ,x;1)(0)) > E(o).

Then the configuration o also satisfies:

for each sequence of sites (z1,--- ,x,) in A" such that T(x1,--- ,z;)(c) belongs to m for
all j in {1---r}, the configurations T(S_(o)(z1, -+ ,z,))(c) and T(S+(o)(x1, -+ ,2,))(0)
are in m and

E(T(z1,---,2,)(0)) 2 E(T(S-(0)(@1,--- ,2r))(0)) = E(0),
E(T(z1, - ,2,)(0)) = E(T(S+(0)(z1,- - ,2r))(0)) = E(0),
E(T(z1, - ,2,)(0)) = E(c) = T(z1, - ,2:)(0) = 0.

The bottom F(m) of the cycle m is then reduced to this single configuration o.

Proof. We prove the result by induction on the length r of the sequence of sites (z1,- - , z,)
appearing in the conclusion of the theorem. For r = 0 and r = 1 it is true. Assume it is
true until rank r and let (x1,---,z,4+1) be a sequence of sites such that T'(xy,--- ,z;)(0)

belongs to 7 for all j in {1---r + 1}. The induction hypothesis yields that for all j
in {1---r} the configurations T'(S_(o)(x1,--- ,z;))(0), T(S+(0)(x1, - ,xj))(0) are in 7
and moreover

E(T(z1,---,25)(0)) = E(T(S-(0)(21,--- ,%;))(0)) = E(0),
E(T(x1,---,25)(0)) = E(T(S4(0)(21,--- ,2;))(0)) = E(0),
E(T(x1,---,25)(0) = E(0) = T(z1,---,25)(0) = 0



By hypothesis, T'(x1,- -+ ,Zr41)(0) is in 7 so that E(T(z1, - ,zr41)(0)) < A(7).

e First case: o(z,41) = —1. In this situation, we have
S_(o)(@1, -, xp41) = (S—(0) (@1, 2r), Tri1),
Se(o)(@1, - 1) = Sp(0) (@1, 5 2r)
By the induction hypothesis, we know that T'(Sy(o)(x1, -+ ,zr+1))(0) is in 7. Since for

all jin {1---7 + 1}, T(S+(o)(z1,--- ,2;))(0) is in 7, the hypothesis on ¢ implies that
E(T(S+(o)(z1,--+ yxrs1))(0)) > E(0). Now theorem 5.1 yields
E(T(S-(o)(z1,--  2r41))(0)) < E(T(21,---,2041)(0)) + E(0) —
E(T(S¢(o)(z1, - 2r41))(0))
< E(T(z1, -+ 2r41)(0)) < Alm)
and T'(S_(o)(x1,- - ,2r+1))(0) is in 7, since its energy is less than the level of 7 and it
differs by one spin flip (at site ,11) from a configuration of 7. The hypothesis on o finally
implies that E(T(S_(o)(z1, - ,zr41))(0)) > E(0).
e Second case: o(z,41) = +1. In this situation, we have
S_(o)(x1, -, Trp1) = S_(o)(z1, - ,2r),
St(o)(@1, - xri1) = (S4(0) (@1, 20 ), Trg).
By the induction hypothesis, we know that T'(S_(o)(x1, -+ ,zr+1))(0) is in 7. Since for
all jin {1---7+ 1}, T(S_(o)(z1,--- ,z;))(0) is in 7, the hypothesis on ¢ implies that
E(T(S_(o)(z1, -+ ,xr4+1))(0)) > E(0). Now theorem 5.1 yields
E(T(S(o)(@1,--- s 2r41))(0) < E(T(x1,---2r41)(0)) + E(0) -
E(T(S-(o)(z1, -+, 2r41))(0))
< E(T(z1, - s 2r41)(0)) < Alm)
and T'(Sy(o)(z1,--- ,zr+1))(0) is in 7, since its energy is less than the level of 7 and it
differs by one spin flip (at site ,11) from a configuration of 7. The hypothesis on o finally

implies that E(T(S4+(0)(x1, -+ ,zr+1))(0)) > E(0).
In both cases, equality can occur only if

E(T(S-(o)(x1,- -+, 2r41))(0)) = E(T(S+(0)(z1,- -, 241))(0)) = E(0).

The hypothesis on o then implies that

T(S-(o)(21,- - s xr1))(0) =T(S4 (o) (@1, s 2r11))(0) = @

or equivalently T'(z1, -+ ,zy+1)(0) = o. The induction is completed. O
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6. DIMENSION TWO

A polyomino associated to a configuration is a finite union of unit squares. For o
a configuration we will denote by p(o) the perimeter of the associated polyomino and
by a(o) its area. We will rely heavily on the notation and results of [1]. Let us recall some
essential points.

Summary of the combinatorial results.

The rectangle of sides l; and l» is denoted by l; X . A quasisquare is a rectangle I; X lo
with [l3 —l2| < 1. By I3 X la+1 k (resp. l1 X l2 +2 k) we denote the rectangle I; x I3 plus a
vertical (resp. horizontal) bar of length k sticked against the side lo (resp. 1) starting from
the bottom (resp. from the left). When we speak of [; x Iy +1 k, we assume implicitly that
the length of the bar is less than ls. We use the operators +%, 4% to specify the position
of the bar: [; x I3 +} k means that the bar starts at the (i + 1)-th square along the side of
l1 X la. By Iy x Iy @1 k (respectively I X lo @2 k) we denote the set of all the polyominoes
obtained by sliding the bar of length k& along the side lo (resp. [1) of the rectangle in such
a way that the polyomino is always included in (I3 + 1) x I3 (resp. {1 x (I2 + 1)). Because
of the context, there should be no ambiguity between the + operator for integers and
polyominoes. Moreover the latter will always have a subscript (i.e. +1, +2).

8x A+45 3 J+i1

figure 1: the poloyminoes 8 x 2 +25, 3 x 3 +11

For A a set of polyominoes, we denote by A its orbit under the action of the planar
isometries which leave the integer lattice Z? invariant. By A'? we denote its orbit under
the action of the two symmetries with respect to the axis.

Proposition 6.1. For each integer n there exists a unique 3—uple (l, k,€) such that
ec{0,1}, 0<k<li+e and n=II+e€) +k.

The set of the polyominoes of area n is C,,; the set M,, of the minimal polyominoes of area
n is the set of the polyominoes of C), having minimal perimeter. Let n = [(l + €) + k be
the decomposition of n. The canonical polyomino of area n is

_{lxkﬂk ife=0
"L+ x40k ife=1
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figure 2: the canonical polyominoes mag, mos

Theorem 6.2. The canonical polyomino m,, is minimal.

This theorem is the key for determining the energy barrier the system has to overcome to
travel from —1 to +1. It simultaneously gives a lower bound for this energy barrier and
exhibits a growing sequence of polyominoes realizing this lower bound. This energy barrier
gives the constant characterizing the asymptotic behaviour of the relaxation time.

We define several important subsets of M,,. The set S, of the standard polyominoes is

B {lxl@lkz if e =0
Tl (4D xl@ek ife=1

The set Mn of the principal polyominoes is

M, = Ix(+e)enk|JIxU+e @2k

The sets S,, and Mn coincide only when € is zero. Clearly {m,} C S, C Mn c M,.
Figure 3 shows that the inclusions may be strict.

figure 3: elements of {m13}, S13\ {mis}, Mlg \ Sis, M3\ Mlg

In general, the set M, is much larger than M,. Tt turns out that it is not the case for
specific values of n.

Theorem 6.3. The set M, is reduced to { m,, } if and only if n is of the form [?.

The set M,, coincides with S, if and only if n is of the form [%,1(l + 1) — 1,1(l + 1), in
which case S,, = m,,. The set M,, coincide with Mn if and only if the integer n is of the
form 12,11+ 1) — 1,11 +1),(l + 1) — 1.

This theorem will be crucial to determine precisely the set of the critical droplets. It gives
the uniqueness results associated to the discrete isoperimetric inequality. In fact, it will
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turn out that we do not have uniqueness of the isoperimetric problem for the area of the
critical droplet. Luckily enough, there is uniqueness for the area preceding it. We will
therefore rely on the following lemma.

Lemma 6.4. For n of the form 12,1(l + 1), we have

{ce Mp_1:q(M,,c) >0} = S,,_1,

{C € Mn+1 . Q(Mn,C) > O} = Mn+1

(where q(M,,,c) = min{q(d,c) : d € M, }).

Proposition 6.5. The principal polyominoes can be completely shrunk through the
principal polyominoes: for any integer n and for any principal polyomino c in Mn, there
exists an increasing sequence cy, - - - , ¢, of principal polyominoes such that co =0, ¢, = ¢
and q(ci—1,¢;) >0 fori in {1---n}.

A consequence of this proposition is that the set of the principal polyominoes associated
to the critical volume is contained in the principal boundary of the greatest cycle contain-
ing —1 and not +1. Let us remark that it is not possible to grow arbitrarily far through
the minimal polyominoes a principal polyomino which is not standard: such a polyomino
can only grow until a rectangle I x (I +2) and is a dead—end.

Proposition 6.6. The standard polyominoes can be grown or shrunk arbitrarily far
through the standard polyominoes: for any integers m < n and for any standard poly-
omino c in S,,, there exists an increasing sequence cy, - - - , ¢, of standard polyominoes such
that co =0, ¢y, = ¢ and q(ci—1,¢;) > 0 for i in {1---n}.

The statement of proposition 6.6 concerns the set of the standard polyominoes, which (ex-
cept for specific values of the area) is a strict subset of the set of the principal polyominoes
considered in proposition 6.5. The nice feature of the standard polyominoes is that they
can be grown arbitrarily far through the minimal polyominoes (proposition 6.6 asserts that
a standard polyomino of area m can be grown until any area n > m).

Notation 6.7. We have also some results concerning the best way to shrink or to grow
a rectangle. Let [1,l2, k be three positive integers. We define

M(ly xlg,—k) = {c € Cli,—k : ¢ C l1 X l2, p(c) minimal }.
More precisely, a polyomino ¢ belongs to M(l; x l2, —k) if and only if
ce€Cliy—k, ¢Clyxle, plc) =min{p(d):de Cpi—k,dCl1 xla2}.
Similarly, we define

M(ly x la,k) = {c € Clytk : 11 X la C e, p(c) minimal },
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i.e. a polyomino ¢ belongs to M(ly X l2, k) if and only if
cE Cl1l2+k7 1 X1y C c, p(C) = min{p(d) :d e 01112+k,l1 X lg C d}.

Notice that the elements of M(ly X la,k) (respectively M(l1 x l2, —k)) all have the same
energy, since they all have the same area and perimeter. We denote by £(I; X l2, k)
(respectively £(l x la, —k)) the energy of an element of M (ly x la, k) (resp. M (l1 x la, —k)).
A natural way to remove (add) k squares (for k < I3,k < l3) is to remove (add) a line on
a side of the rectangle; thus we define

12 12
Slhixly,—k) =l —)xhor(la—k) |JaxG-1e -k,

12
S(ll Xlg,k) = {ll X la Dok, 11 Xlg@lk} .

Proposition 6.8. Let 1,12, k be positive integers such that k < 11, k < ls.
The set M (l1 x la,—k) is the set of the polyominoes obtained by removing successively k
corner squares from ly X lo. In particular, S(l; X la, —k) is included in M(ly X l2, —k).

Proposition 6.9. Let 1,12, k be positive integers such that k < 11, k < ls.
The set M(l1 X l2, k) is equal to the set S(ly x l2, k).

These propositions will be the key to find the principal boundaries of the cycles around
the supercritical rectangles, around the subcritical quasisquares and around the dead—ends
i.e. the principal non standard polyominoes.

Application to the two dimensional Ising model.
We first express the energy of the Ising model with the help of the perimeter and the

area of the polyomino associated to the configuration.

Lemma 6.10. For any configuration o in X, we have

Bo) = —5 Y o@ol) — 2 Y o) = p(o) — ha(o) + N*(hj2-1).

{z,y}:z~y zEA

We do not change the dynamics nor the cycle decomposition by adding a constant to the
energy E. In dimension two, we will work with the energy F (o) = p(o) —ha(c). We denote
by £(n) the minimal energy of a configuration of C), (so that £(n) = E(o) = p(o) — hn
for any o in M,,).

Hypothesis on the magnetic field h and the size N. We suppose that h is small compared
to the unity and that for any configurations 7, o, the equality E(n) = E(o) implies a(n) =
a(o) and p(n) = p(c). Whenever we take the integral part of a quantity involving h, we
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assume that this quantity is not an integer. For instance 2/h is not an integer. Finally,
N is large enough to ensure that the combinatorial results proved on the infinite lattice
7?2 remain valid on the torus until the critical area 2/h(2/h + 1). This is obviously true if
h*N > 6.

Remark. A careful study would yield the weaker condition h2N? > K for some constant
K: this would require to push further the techniques used in [1].

We now follow the general strategy outlined in section 4. Our first aim is to determine
the communication altitude between —1 and +1 (corollary 6.14) and to compute it explic-
itly (proposition 6.15). We start by giving a lower bound on the communication altitude
between the sets of configurations of volume m and n (proposition 6.11) and then exhibit
a particular sequence of configurations realizing precisely the value of this lower bound
(proposition 6.12).

Proposition 6.11. Let m < n be two integers. The communication altitude between
the sets Cy, and C,, is greater or equal than max{&(r) :m <r <n}.

Proof. Let o¢,--- ,0s be a sequence of configurations such that oy € C),, 05 € C, and
q(oi,0i+1) > 0 for i in {0---s — 1}. Necessarily we have |a(0;) — a(0;+1)| < 1 so that the
sequence of integers a(op), - - - ,a(0s) takes all the values between m = a(o¢) and n = a(oy).
Henceforth

max E(o;) > max &(a(o;)) > max E(r). O

0<i<s 0<i<s T m<r<n

Proposition 6.12. Let o belong to S,, and let m1, ms in N be such that m; < m < mso.
There exist o1, o3 in Sp,,, Sm, satisfying

E(o1,0) = max{&(n) :m;1 <n<m},
E(o,09) = max{&(n):m<n<mgy}.
Remark. Let us note that the statement of the proposition 6.12 concerns only the standard

configurations and does not hold for any configuration o in C,.

Proof. We only deal with o1 and S,,,, the other case being similar. Proposition 6.6 yields
the existence of a sequence g,,,, - ,0m—1,0m such that

Om = 0, Vje{ml---m—l} (TjESj, q(aj,0j+1)>0.
Taking 01 = oy,, We have

E(o1,0) < max FE(o,) < max &(n).

mi1<n<m my<n<m

The reverse inequality is a consequence of proposition 6.11. [J
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Corollary 6.13. Let m < n be two integers. The communication altitude between the
sets Cy, and C,, (or Sy, and S,,) is

E(Cn,Cp) = E(Sm,Sn) = max{&(r) :m <r<n} = E(mpmy,my).
Proof. This is a straightforward consequence of propositions 6.11 and 6.12. [

Corollary 6.14. F(—1,4+1) = max{&(n):0<n < N?}.
The figure below shows a graph of £(n) for h = 0.21.

2D energy, h=0.21
T

25 T

20

[y
a1

minimal energy
[
o

figure 4: the two dimensional minimal energy £(n) |
0 50 100 150 200 250 300 350 400
area

To compute £(n) we apply theorem 6.2. The minimal perimeter of a polyomino of

area n is

min
ceCy,

()_{2(21+e) if k=0
Ll 2@i+e)+2 ifk>0
where (I, k, €) is the unique 3—uple in N satisfying n = I(l +¢€) + k, e € {0,1}, k <[ +e.

Let & be the corresponding one dimensional energy ie. & (k) = 2-1(k > 0) — hk
(where 1(A) denotes the characteristic function of A). We have E(n) = E(I(I +¢€)) + &1 (k).

Starting with & we find

2—hk; ifk; >2

max &(k) =40 if kg <1
k1<k<ks
2—h if k1 <1<ko
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We next compute the energy barrier between two consecutive quasisquares:
max E(n) = E(I?) + max & (k) = E(*)+2—h,
12<n<I(l+1) 0<k<lI

En) = EAI1+1)+2—h.
l(l+1)21na%((l+1)2 (n) (( + ))+

Thus
max En) — max &(n) = 2—hl,
1(I4+1)<n<(1+1)? 12<n<i(i+1)
max E(n) — max E(n) = 2—hl.
12<n<i(i+1) 1(1-1)<n<i?

Putting [ = [2/h], we see that these energy variations are negative for [ > [. and positive
for [ < l.. From this, we deduce the energy barrier between two remote quasisquares:

5(12(l2+62—1)+1) if (lg,eg) < (lc—l,l)
o E) = 4 (=Dl + 1) it (I, e1) < (I — 1,1) < (I, €2)
1(l1t€1)Sn<la(la+e2

5(l1(l1—|—61)—|—1) if (lc—l,l) < (l1,61)

(we use the lexicographical order on the pairs (I, €)).
We finally obtain the global energy barrier.

Proposition 6.15. The altitude of communication between —1 and +1 is equal to
E(=1,41) = &mne) =&((. — Di.+1) = 4[2/h] — h[2/R])?> +h[2/h] — h

where the critical length I. is [2/h] and the critical area n. is (I — 1)l + 1.

Remark. In particular, F(—=1,41) ~ 4/h when h goes to zero: the energy barrier the
system has to overcome goes to infinity like h~1.

From this we deduce the level of the greatest cycle containing —1 and not +1.
Corollary 6.16. The level of the cycle m(—1,+1¢) is pred&(n.).

Remark. We recall that pred A\ = max{ E(c) : E(0) < A\, 0 € X }, see notation 3.4.
Notation 6.17. If Y is a subset of X, its minimal and maximal areas a(Y') and a(Y') are
a(Y) = min{a(c):0€Y}, aY) = max{a(o):0c€Y}.

Since E(—=1,C,,) = &(n.) for any n > n. (by corollary 6.13 and proposition 6.15),
then all the configurations of the cycle m(—1,+1¢) have an area less than n. — 1 i.e.

a(m(=1,+41°)) < n. — 1. To complete step i) of the general strategy, we determine the
configurations of the principal boundary of the cycle m(—1,41¢).
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Theorem 6.18. The principal boundary B(r(=1,+1°)) of the cycle m(—=1,+1°) is the
set M, of the principal configurations of area n.. For o in M, there exists a unique
configuration in m(—1,4+1¢) communicating with o, which is the quasisquare (I. — 1) x [,
orl. x (I — 1) included in o.

Proof. Let o belong to Mnc. Then E(o) = £(n.) and proposition 6.5 yields the existence
of a sequence oy, - - - ,0,, such that

oo=-1, on,. =0, Vje€{0---n.—1} o;€M;, q(oj,0j+1) > 0.

In particular, we have max{ E(c,,) : 0 < n < n.} < &(n.) so that o, ,_1 belongs
to m(—=1,41°). Since g(op,—1,0n,) > 0, the configuration oy, is in the principal boundary
of m(=1,+1°). Thus M,, C B(rx(—1,+1°)).
Conversely, let o belong to B(mr(—1,+1¢)). Necessarily E(c) = £(n.) so that o is of area n
and it is a minimal configuration. In addition there must exist n in 7(—1,41¢) communi-
cating with . Thisnisin C), 1 and satisfies E(n) < E(o). Thus p(n) < p(oc)—h =4l.—h
and p(n) > min{p(§) : £ € Cp.—1 } = 4. — 2. However the perimeter is an even integer.
The only possibility is p(n) = 4l. — 2 whence 7 is minimal. Yet n, — 1 = (l. — 1)l and by
theorem 6.3, M,,._1 = S,,,—1 so that n belongs to S,,,_1 and it is a quasisquare (I — 1) x [,
or [ x (I —1). Lemma 6.4 shows that the only points of M, which communicate with
M, 1 are the configurations of Mnc. Thus o is a principal configuration of area n. and
B(r(=1,+1%) € My, D

We now proceed to steps i) and #ii) of the general strategy. Moreover, we will han-
dle separately the case of the configurations in S,, and in Mnc \ Sp,: it turns out that
step i) succeeds for the standard configurations and fails for the principal non standard
configurations. The latter are dead—ends.

The standard configurations. We start by describing the relevant list of cycles for
determining the minimal stable subgraph of G* containing the standard configurations of
area n.. These are the cycles around the supercritical rectangles [; x l3 and the cycles
{ll X o +z'1 ]{3}, {ll X o —|—é ]{3}, with I1 > l., 12 > ..

Theorem 6.19. Let l1,l> be two integers greater or equal than ..
The cycle 7(ly x la, pred E(l; X I3 +1 1)) does not contain —1 and +1. Moreover

a(m(ly X lg,pred E(ly x Iy +11))) = lila — 1.+ 2,
Vke{l---lo—2}  M(ly x ly,—k) C w(ly x Iy, pred E(ly x lo +1 1)),
a(m(ly x lo,pred E(ly x Iz +11))) = lils.
The bottom of this cycle is {l1 X l2} and its principal boundary is mu.

Proof. We check that the rectangle [; x Iy and the cycle 7(l; X l2,pred E(l; x Iy +1 1))
satisfy the hypothesis of theorem 5.5. Let x1,---,x, be a sequence of sites such that
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T(x1,---,zj)(li xl2) is in w(ly x la,pred E(l; X I3 +1 1)) for j in {1---7} (i.e. these
configurations have an energy less or equal than pred E(l; x Iz +1 1)). We put n; =
T(fl:l,"' ,flij)(ll X lg) fOI‘j in {Or}

e First case: all the sites (x1,---,z,) are outside l; x lo. We have that 1 x lo C n;
whence E(n;) > £(l1 % l2,a(n;) — lil2) and (see notation 6.7)

predE(l1 X lg +1 1) > Olélja%(rE(’/]j) > Oléljaerg(ll X lg,a(’/]j) — lllg).

Since the sequence 79, - - - , 7, is a sequence of spin flips we have |a(n;+1) —a(n;)| <1 and
(a(n;), 0 < j <r) takes all the values between l;l> and a(n,). Henceforth

01218,2( 5([1 X lg,a(’/]j) — lllg) Z max{é'(ll X lQ, ]{3) : 0 S k S CL(’/]T) — lllg}
SIST

and the area of 7, must satisfy
max{E(l1 X la,k): 0 <k <a(n)—lla} < predE(ly Xl +11).

By proposition 6.9, we have £(I1 x l3,1) = E(l3 X la +1 1) > pred E(l; X l2 +1 1) so that
a(ny) = lile and n, =13 X lo.
e Second case: all the sites are inside I; x lo. Now n; C l1 x I3 so that

predE(l1 X g +1 1) > olgf’ngE(m) > oglfgrg(ll X lg,a(’/]j) — lllg)

> max{é'(ll X lQ, —]{3) 0<k <l — a(m) }

Proposition 6.8 shows that for 0 < k <1y, (I3 x lo,—k) = E(l1 x (Ia —1) &2 (1 — k)) so
that E(ly x la +11) — E(l3 x la,—k) =2 — h(k + 1). For this quantity to be positive, we
must have k <. — 2 whence a(n,) > l1ls — (I — 2). In addition for any k, 0 < k <[, — 2,
E(ly X la,—k) — E(l1 x la) = hk > 0 so that E(n,) > E(l; x l2) whenever n, # l1 X la.
We have proved that [; xl2 and the cycle w(l1 xI2, pred E(l1 xl3+411)) satisfy the hypothesis
of theorem 5.5. Thus the bottom of the cycle is {l; x l2}. That M(l; X l2, —k) is included
in the cycle for 0 < k£ < [. — 2 is obvious: each configuration of this set communicates
with I3 x 2 under the level pred E(l; x la+11) (by proposition 6.8, these configurations are
obtained by deleting successively k corner squares from [y x l2). Finally a configuration £
of the principal boundary of this cycle is of energy F(§) = E(l1 X l2+11) so that its area is
equal to [1l2+1, and its perimeter to 2(I1+12)+2. Let n be a configuration of the cycle such
that ¢(n,£) > 0. Necessarily, the area of is l1l5. Thus 7 is a configuration of maximal area
of the cycle and as such it is a maximal configuration of the cycle for the inclusion relation.
By theorem 5.3 the rectangle [; x [ is included in 1,50 that in fact n = I3 x l2. Thus &
belongs to M (l1 X l2,1), which is equal to Iy x la & 1~ (proposition 6.9). Conversely each
configuration of this set communicates with /; x I and belongs to the principal boundary
of the cycle. [
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Lemma 6.20. Let l1,1s,k,7 be integers with 1 > 0,1l >0, k>1,:>0,1; > k +1.
The cycle {l; X lo +% k} has one or two configurations in its principal boundary B:
o ifi=0then B={ly xly+} (k+1)},
o ifi=1I —kthen B={l; xls+5* (k+1)},
o if0<i<ly—kthen B={ly xly+5"(k+1), 11 xIs+}(k+1)}
Lemma 6.21. Let l1,1s,% be integers with 1 > 0,1 > 0,7 > 0,11 > i+ 1.
The cycle {l; X I +5 1} has two or three configurations in its principal boundary B:
o ifi=0then B={l1 xly, Iy xly+}2},
o ifi=1I —1then B={ly xly, Iy xly+5"12},
o if0<i<ly—1then B={ly xly Iy xlo+512 1y x Iy +}2}.
Remark. Results similar to those stated in lemmas 6.20 and 6.21 hold for the configura-
tions I3 x lo + k and also for any configuration in I3 x lo &1 kU l; X Iy &2 k.

Corollary 6.22. The following cycles are maximal cycles of {—1,+1}¢: (with Iy > I,
and ls > 1)

{7]}, n el Xls Bk, O<k<li—Il.+2,

{7]}, n el xXls®dk, O<k<ly—Il.+2,

7T(l1 X lg,predE(ll X lg +1 1)) .
Proof. This corollary is a consequence of lemma 4.4 together with theorem 6.19 and lem-
mas 6.20 and 6.21. Notice that we have to put together the descriptions of the cycles of
theorem 6.19, lemmas 6.20,6.21 in order to check that for each cycle 7 in the above list,

there is a sequence of cycles 7, - - , m- such that 7y = m, E(m) N1 #0,0<i<rand
+1¢€ B(m,). O

Corollary 6.23. Let o belong to S, 1. The minimal stable subgraph Gt (o) of G*
containing o is the restriction of G to the vertices listed in corollary 6.22. The arrows
of Gt (o) are (in the following list, the rectangles l; x lo are configurations containing o)

{lhxly+5k}y = {lixla+s k+1}, 0<i<l—k 0<k<l—I,

{ly xlg +5kYy = {ly x b +5 k+1},  0<i<li—k, O0<k<l —I.,

{lh x4+ kY = {lyx o+, k+1}, 0<i<lo—k, 0<k<ly—I.,
{(hxla+ik} = {lixla+7 k+1}, 0<i<lo—k, 0<k<lp—I.,

{ly xlg +51 — 1. +1} = w(ly x (I +1),pred E(l; x (ls +1) +11)), 0<i<l.—1,
{ly xlyg +5 1y — 1. +1} > w((Iy +1) x lo, pred E((Iy +1) x Ia +1 1)), 0<i<l.—1,
w(ly X la,pred E(ly x la +1 1)) <> {n}, nel xladr 1,

w(ly X la,pred E(ly x la +1 1)) <> {n}, nel xlada 1.
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The symbol <+ means that both arrows — and < are present. The above list should be
completed with all the isometric arrows (obtained by applying the same isometry to both
ends of an arrow).

The only loops in the graph G (o) are
7T(ll X lg,predE(ll X g +1 1)) > {7]}, ne Ui Xlo®11Ul X1laPo 1.

Any other arrow m — w2 of G (o) satisfies a(m1) < a(m2). As a consequence a path in
G (o) starting at {o} with no loop ends in {+1}.

We are done with the standard configurations. We have to examine the remaining
configurations of the principal boundary of the cycle w(—1,+1¢) i.e. the principal non
standard configurations.

The principal non standard configurations. We now do the same work for the con-
figurations in M, \ Sn,.. The relevant cycles are the cycles around the rectangles (I, —
1) x (I + 1) and around the configurations of My, 41 \ Sn.+1-

Theorem 6.24. The cycle w((l.—1) % (l.+1), pred€(n.)) is the greatest cycle containing
(e —1) x (I + 1) included in {—1,+1}°. Moreover,
a(m((lc = 1) x (Ic + 1), pred€(ne))) = (Ic — 1)l + 2,
VEe{l---l.—3} M((le—1) x (o +1),—k) C 7((lc = 1) x (I + 1), predE(n.)),
a(m((lc = 1) x (Ic + 1), pred€(ne))) = (I —1)(l. +1).

The bottom of this cycle is {(lc — 1) x (lc + 1)}; its principa] boundary is M((lc — 1) x
(Ic +1),—(lc — 2)) and thus contains M,,, = (I — 1) x I @2 1

Remark. Obviously, similar statements are true for the rectangle (I +1) x (I — 1).

Proof. We check that the rectangle (I. — 1) x (I + 1) and the cycle w((l. — 1) x (I +
1), pred £(n.)) satisfy the hypothesis of theorem 5.5. Let z1,--- , 2, be a sequence of sites
such that T(x1,--- ,2z;)((le —1) X (I + 1)) is in 7((lc — 1) x (I + 1),predE(n.)) for j
in {1---7} (i.e. these configurations have an energy less or equal than pred £(n.)). We
put n; =T(z1,- - ,2;)((lc —1) x (Ic + 1)) for j in {0---r}.

e First case: all the sites are outside (I —1) % (I +1). We have that (I.—1) x (l.-+1) C n;
whence E(n;) > E((lc —1) x (Ic +1),a(n;) — (Ic —1)(Ic + 1)) and

pred€(n.) > max E(n;) > ma,%crg((lc — 1) x (le+1),a(n;) — (e — 1)+ 1)).

0<j<r 0<j

Since the sequence 79, - - - , 7, is a sequence of spin flips we have |a(n;+1) —a(n;)| <1 and
(a(n;), 0 < j <r) takes all the values between (I. — 1)(l. + 1) and a(n,). Henceforth

max (e~ 1) % (e + 1),al) — (e~ Dl + 1)
max{E((lo — 1) x (lc+1),k):0<k<a(n)—(I.—1)({.+1)}
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and the area of 1, must satisfy
max{E((lo — 1) x (o +1),k):0<k<a(n)—(l.—1)(I.+1)} < pred&(n.).

By proposition 6.9, we have £((I. — 1) x (I +1),1) = E((lc — 1) x (I + 1) +1 1) whence
E((le —1) x (I +1),1) — E(ne) = 2+ h — hl. which is strictly positive since [, = [2/h].
Thus a(n,) = (Ic —1)(Ic + 1) and n, = (I — 1) x (Ic + 1).
e Second case: all the sites are inside (I — 1) x (I +1). Now n; C (I —1) x (I +1) so
that

pred€(ne) > gax B(ny) 2 max £(( ~ 1) x (e + V,aln;) — (e ~ 1(le +1)
> max{&((lc —1) x (lc+1),—k):0<k<(l.—1){.+1)—a(n,) }

Proposition 6.8 shows that for 0 < k <Il.—1,E((l,—1) x (lc+1),—k) = E((lc—1) xl.D2
(e —1—k)) so that E(n.) —E((le —1) x (I + 1), —k) = h(l. — k — 2). For this quantity to
be positive, we must have k < [, — 2 whence a(n,) > (I —1)(l +1) — (Il — 3). In addition
forany k, 0 <k <Il.—3,&((lc —1) x (. +1),—k) — E((lc—1) x (Ic +1)) = hk > 0 so
that E(n,) > E((lc — 1) x (Ic + 1)) whenever n, # (I — 1) x (I. +1).

We have proved that (I. —1) x (Ic+1) and the cycle 7((l —1) x (lc+ 1), pred E(n.)) satisfy
the hypothesis of theorem 5.5. It follows that the bottom of the cycle is {(l.—1) x (l.+1)}.
That M((l. — 1) x (Il + 1), —k) is included in the cycle for 0 < k <. — 3 is obvious: each
configuration of this set communicates with (I, — 1) x (I. + 1) under the level pred £(n.)
(proposition 6.8 shows that all these configurations are obtained by deleting successively k
corner squares from (I, —1) x (I +1)). Finally a configuration £ of the principal boundary
of this cycle is of energy E(£) = £(n.) so that its area is equal to n., and its perimeter
to min{p(o) : 0 € Cy, }. Let n be a configuration of the cycle such that ¢(n,&) > 0.
Necessarily, the area of  is n.+1. Thus n is a configuration of minimal area of the cycle and
as such it is a minimal configuration of the cycle for the inclusion relation. By theorem 5.3 it
is included in the rectangle (I.—1)x (l.+1). Thus ¢ belongs to M ((l.—1)x (Ic+1), —(l.—2)).
Conversely each configuration of this set communicates with M ((l—1) x (I.+1), —(l.—3))
and belongs to the principal boundary of the cycle. Finally, proposition 6.8 shows that
this set contains M,,.. [

Corollary 6.25. Let o belong to Mnc+1 \ Sn.+1. Suppose (o —1) xl. Co C (Io —1) x
(I. + 1). Let Gt (o) be the minimal stable subgraph of G* containing 7(o,{—1,+1}°).
The only arrows of G* (o) entering w(—1,+1°) are
{€} > m((le — 1) xle, {=1,41}°), €€ Mpn, \Sn,, (le—1)x 1l CE.
The remaining arrows of G* (o) are
m(0,{=1,+1}%) <= {n}, ne M((lc —1) x (lc + 1), =(lc — 2)).
There is no arrow in G* (o) ending at {+1}.
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Remark. In this statement, the rectangle (I, — 1) x [. should be understood as a config-
uration and not as a polyomino. That is, (I — 1) x [ C & means that the same (fixed)
rectangle is included in o and &.

Proof. That these arrows belong to GT (o) is a straightforward consequence of theorem 6.24
which implies in particular that m(o, {—1,41}¢) = w((lc — 1) x (I +1),{=1,+1}¢). We
have to check that there are no other arrow. Let n belong to the principal boundary
of m((lc — 1) x (I + 1),pred E(n.)). If nis in Mnc, then all arrows of G starting at the
cycle {n} are present in the above list (lemma 6.21). If 7 is not in M,_, we claim that

{n} = w((lc —1) x (I + 1), pred E(n.))

is the unique arrow of G starting at {n}. Let £ be a point such that ¢(n,&) > 0 and E(§) <
E(n). Since a(n) = n., then a(§) is equal to n. — 1 or n. + 1. Moreover 7 is minimal, and
the inequality E(£) < E(n) implies in both cases that £ is also minimal and that E(§) <
pred £(n.). Thus £ cannot be of area n. — 1 (by lemma 6.4, the only configurations of M,
communicating with M, _; are the principal configurations M, ). Thus a({) = n. + 1.
We next show that & belongs to n((l. — 1) x (I + 1),pred&(n.)). Let z1,---,z, be a
sequence of sites inside o such that T'(z1,--- ,2;)((lc — 1) x (I + 1)) is in w((lc — 1) X
(Ic +1),pred€(n.)) for jin {1---r —1} and n = T'(z1, -+ ,2)((lc — 1) x (lc +1)). We
put n; = T(x1, - ,z;)((lec —1) x (I +1)), 0 < j < r. Since 7 is in the boundary of the
cycle, we have E(n,_1) < E(n,). Moreover 1,_1 is a minimal configuration of the cycle, of
area n.+1, so that the last spin flip at site x,- has decreased the area. Let x,11 be the unique
site such that £ = T'(z,+1)(n). Suppose  # 0,1 so that z,41 # z, (and n(x,41) = —1).
We have € = T(041) (1) = T(@r1,0) (1) = T(rsre1) (1) = T()(1}) where
n. = T(xy4+1)(nr—1). The energy inequality 5.1 yields E(n.) — E(n.—1) < E(§) — E(n)
whence E(n).) < E(n,—1). It follows that 7/ is in the cycle, as well as £ (their energies are
less or equal than pred £(n.) and they communicate with a configuration of the cycle). [

Corollary 6.26. The principal non standard configurations of area n. (i.e. the set Mnc \
Sp,) are dead—ends: there is no saddle path of null cost between —1 and +1 passing
through them.

Corollary 6.27. The set of the global saddle points between —1 and +1 is exactly S,,.
These configurations are the critical two dimensional configurations.

Steps i) and iii) are now completed and we proceed to steps iv) and v).

The ascending part. For each configuration ¢’ in S,,,, we must determine the minimal
stable subgraph of G~ containing ¢’ and all the paths in this graph starting at {¢’} and
ending at —1. Our exposition is similar as before: we first list the set of the relevant cycles
and we use lemma 4.4 to find those belonging to M({—1,41}¢). We finally check that we
have in hand all the vertices of G~.
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Theorem 6.28. Let | be an integer strictly less than ..
The cycle w(l x I, pred€(l(l — 1) + 1)) does not contain —1 and +1. Moreover

a(m(l x I,pred€(I(l —1)+1))) =1(l—1)+2,
Vke{l---1-2}  M(x1l,—k) C 7(l x I,pred€(I(I — 1) + 1)),
a(r(l x 1, pred€(1(1 — 1) +1))) = 2.

The bottom of this cycle is {l x l}; its principal boundary is M (I x I, —(l — 1)) and thus
contains Syj—1)41-

Proof. We apply corollary 6.13. For any n greater than [, we have
E(lx1,Cp) > E*+1) > E>1U(I—-1)+1)

whence @(m(l x I,pred£(I(l — 1) +1))) = I®. Analogously, for any n strictly smaller than
I(1—1)+2, we have E(Il x [,Cy) > E(I(l — 1) 4+ 1); moreover,

E(x1,Cy_1y42) = EQ(I—1)+2) < EA(I—1) +1)

so that a(m(l x l,pred€(I(l — 1) +1))) = I(l — 1) + 2. To prove that the bottom of
the cycle is {l x [}, we could proceed as before and use theorem 5.5. However, a direct
application of our geometrical results (theorem 6.2) yields that the minimum min{ &(n) :
I1—1)+2 < n <%} is equal to £(I?); the unique configuration of energy £(I?) is the
square [ X [. Theorem 5.3 implies also that the altitude of communication between two
different squares [ x [ is greater than £(I2 + 1) (one has to make a spin—flip outside the
initial square to create another square). The statement concerning the principal boundary
is a consequence of proposition 6.8. [

Theorem 6.29. Let | be an integer strictly less than ..
The cycle w(l x (I + 1), pred £(I*> + 1)) does not contain —1 and +1. Moreover
a(r(l x (I +1),pred&(1* +1))) = I* + 2,
Vee{l---1-2} MIx(1+1),—k) C n(l x (I+1),predE(1> +1)),
a(r(lx (I+1),pred€(I* +1))) = 1(I+1).
The bottom of this cycle is {l x (I + 1)}; its principal boundary is M (Il x (I +1),—(l — 1))
and thus contains Sj21.
Proof. The proof is similar as the proof of theorem 6.28.

Remark. Similar statements hold for the quasisquares (I + 1) x [.
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Corollary 6.30. Supposel < l.. The following cycles are maximal cycles of {—1,+1}¢:

{n}, meMix(l+1),-(-1)),
{n},  meM((l+1)xl,-(1-1)),
{nt, meMixl,-(1-1)),

m(l x l,predE(I(l — 1) + 1)),

7(l x (14 1), predE(I* + 1)),

(I +1) x I, pred€(I* + 1)).

Proof. This corollary is a consequence of lemma 4.4 together with theorems 6.28 and 6.29.
Notice that we have to put together the descriptions of the cycles of theorems 6.28,6.29 in
order to check that for each cycle 7 in the above list, there is a sequence of cycles g, - - - , 7,
such that mo = 7, B(m;) Nmig1 #0,0<i<rand =1 € B(r,). O

Corollary 6.31. Let o belong to Sy,—1. The minimal stable subgraph G~ (o) of G~
containing o is the restriction of G to the vertices listed in corollary 6.30. The arrows
of G~ (o) are (in the following list, each square | x | or quasisquare [ X (I + 1) must be
included in o0 ):

{n} & 7wl x (1+1),predE(I* + 1)), neM(lx({+1),—(1-1)),
(M o n((l+1)x,pred€(1> +1)), neM((+1)x1,—(1-1)),
{n} < n(l xl,predE(I(1 —1) +1 neM(IxIl,—(-1)),

’ nGMl2+17
, nelx{l+1)&11,
, ne(l+1)xIda1.

I xl,predE(I(1 —1)+1
x (14 1), pred€(1* + 1
(I1+1)xI,pred&(I1* +1

ny—m
{n} —=(l
ny—m

—~ o oD o=
~—_— — — = ~— ~—

)
)
)
)
)
)

The only loops in the graph G~ (o) are loops around two cycles (corresponding to the
arrows described in the first three lines of the list). Any other arrow m — w3 of G~ (0)
satisfies @(m1) > a(m2). As a consequence a path in G~ (o) starting at {o} with no loop
ends in {—1}.

The exit path. We have finally reached the last step vi). We notice at this point that
there exists only one optimal saddle between two cycles associated to each arrow of the
graph G. Thus the graph G contains all the information necessary to obtain the set of
the saddle paths of null cost between —1 and +1. We describe for instance the canonical
saddle path, which follows the sequence of the canonical configurations:

-1 — mi, mi1 — Mo, M2 — M3, M3 — My, Mg — M5, M5 — Mg, Mg — M7,
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my — Mg, Mg —» Mi1p, M10 — M11, M12 —» M13, M13 — M14, Mi16 —> Mi7, ",
Mp2 —> Mp241, ME241 — ME249, Mg(k4+1) > ME(k+1)+1 """ >
M(1,—1)2 = M(1,—1)2+1, M(1,—1)2+1 —7 MI,—1)2425 M(1,—1)l, —7 M (1,—1)l.+1>
M=) le+1 77 M=)l +2> T2 = My241, ** s, MN2_1 —> My2.

We state here some consequences of the information provided by the graph G which
describes the set of all the saddle paths of null cost. Most of them had already been proved
by Neves and Schonmann with completely different methods (mainly coupling techniques).
We stress that the graph G provides the most complete information available on the limiting
dynamics. Once we know this graph, the results obtained in a general framework [6] may
be applied in a systematic fashion to obtain various estimates. We let the process (o, )nen
start from —1. We recall that 7(41°) is the hitting time of the ground state +1 and
O(—=1,7(4+1°)) is the last visit to the metastable state —1 before reaching +1.

Theorem 6.32. (the exit path)

For any positive €, the following events take place with probability converging to one ex-
ponentially fast as (3 goes to infinity:

o expBEn.) —e) < T(+1%) < expBEMm.) +€);

o expB(2—h—e€) < 7(+1°) —0(=L,7(£+1°)) < expfB(2—h+e);

e during the exit path (0,,0 < n < T), the process crosses the set S, of the critical
configurations at exactly one point o.; it does not cross Cp,, \ Sn.;

e if we let n, = min{n > 0 : a(o,) = n.}, n* = max{n < 7: a(o,) = n.}, we have that
On = Op, = Op» for all m in {n,---n*} and n* — n, < exp(fe);

e all the configurations of the exit path before time n, are of area less than n., all the
configurations after n* are of area greater than n.;

e during the whole exit path, the configuration stays connected i.e. there is only one
cluster of spins in the system; this cluster is a quasisquare | x (I + €) minus at most [ — 1
corner squares before n, and a rectangle l; X lo minus at most l. — 2 corner squares or plus
a line after n*;

e during the ascending part, the process goes through an increasing sequence of qua-
sisquares (I x (I+¢€), | <l.), and visits a quasisquare [ x (I+¢€) approximately exp B(l —1)h
times; when it leaves definitely a quasisquare I x (I 4+ 1), it makes a spin flip along the
largest side of the quasisquare in order to create a square (I + 1) x (I + 1) and it does not
create a rectangle [ X (I + 2);

e during the descending part, the process goes through an increasing sequence of rect-
angles (l1 x la, min(l1,ls) > I.); he visits each of them approximately exp (2 — h) times;
when it leaves definitely a rectangle, he choses randomly the next rectangle it creates,
either (ll + 1) X lQ or l1 X (lQ + 1),

e the process reaches the thermal equilibrium within each cycle of M({—1,+1}¢) it
crosses: the distribution of the process before the exit of a cycle is very close to the
Gibbs distribution at inverse temperature (3 restricted to this cycle.
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7. DIMENSION THREE

A polyomino associated to a configuration is a finite union of unit cubes. For o a
configuration we will denote by a(o) the area of the associated polyomino and by v(o) its
volume. We will rely heavily on the notation and results of [1]. Let us recall some essential
points.

Summary of the combinatorial results.

The parallelepiped of sides ji, jo, j3 is denoted by j; X j2 X j3. A quasicube is a paral-
lelepiped j1 X jo X js with |j1 — jo| < 1,72 — j3| < 1,|js — j1| < 1. We describe next a
simple mechanism for adding a polyomino to a parallelepiped. For the sake of clarity, we
need to work here with instances of the polyominoes having a definite position on the lat-
tice Z3. Let ¢ be a polyomino. By c(z1, 2, 73) we denote the unique polyomino obtained
by translating c¢ in such a way that

min{ y1 : 3 (y2,y3) (Y1,¥2,¥3) € c(x1, 22, 23) }
min{ y2 : 3 (y1,y3) (Y1,¥2,¥3) € c(x1, 22, 23) }
min{ y3 : 3 (y1,y2) (Y1,¥2,¥3) € c(x1, 22, 23) }

T,
o,
x3.

Let e, es, e3 be the standard basis of Z3. We define an operator 4; which adds a poly-
omino ¢ to a parallelepiped j1 X j2 X j3 in the direction of e; by

J1 X j2 X ja+1c = jixj2 % j3(0,0,0) Uc(j1,0,0).
The operators +2 and +3 are defined similarly, working with the vectors es and es:

jl ><j2 Xj3 +QC:j1 ng Xj3(0,0,0)UC(O,j2,0),
J1 X jo X jg +3 ¢ =j1 x j2 x 33(0,0,0) Uc(0,0,3).

Let now ¢ be a two dimensional polyomino. We define the three dimensional polyomino j; x
ja X j3+1c as follows. First, we transform ¢ into a planar three dimensional polyomino ¢’ by
replacing its squares by unit cubes. We rotate ¢’ so that its normal unit vector becomes ey
(as if the two dimensional polyomino ¢ was initially included in the plane (ez,es)). Then
we use the previous definition to set j; X jo X j3 +1¢ = j1 X jo X j3 +1 ¢. We make
the following convention: when we speak of j; X j2 X j3 43 ¢, we assume implicitly that
the two dimensional polyomino c is included in the rectangle j; X j2 so that the resulting
polyomino is included in j; X ja2 X (js + 1). Most often, ¢ will be a two dimensional
polyomino like I3 x I3 41 k. Because of the context, there should be no ambiguity between
the + operator for integers and polyominoes. Moreover, the latter will always have a
subscript (i.e. +1, +2+3).
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figure 5: the po esH X4 x3+33 X241, 4493 %2492

By j1 X ja2 X j3 @1 ¢ (respectively ji X ja X j3®ac, j1 X j2 X j3 B3 c), we denote the set of
all the polyominoes obtained by translating the polyomino ¢ along the side ja X js (resp.
J1 X j3, j1 X j2) in such a way that the polyomino is always included in (j1 + 1) X j2 X j3

(resp. j1 X (J2 + 1) X j3, j1 X j2 X (j3 +1)). We set also

J1 X jaXjsde = U J1 X J2 X J3 @i c.
i€{1,2,3}

For A a set of polyominoes, we denote by A its orbit urlc%er the action of the spatial
isometries which leave the integer lattice Z3 invariant. By A~ we denote its orbit under
the action of the three symmetries with respect to the planes (e1, e2), (e2,e3), (e1,e3).

Proposition 7.1. For each integer n there exists a unique 6-uple (4,1, k, d,, €) such that
0,7, €{0,1}, 6 <, k < l+e€l(l+e)+k < (j+9)(j+7) and n = j(j+0)(j+7)+I(l+€)+E.

The set of the polyominoes of volume n is C,; the set M,, of the minimal polyominoes of
volume n is the set of the polyominoes of C,, having minimal area. Let n = j(j+0)(j +7)+
[(I4€)+k be the decomposition of n. We put r = [(I+¢€)+ k. The canonical polyomino m,,
of volume n is obtained by adding the two dimensional canonical polyomino m,. to the right
side of a quasicube of volume j(j + 6)(j + ). The general formula is

m, = (G+7) X (J+06) X j+14o64y ((+€) x I +14c k).

Theorem 7.2. The canonical polyomino m,, is minimal.

This theorem is the key for determining the energy barrier the system has to overcome to
travel from —1 to +1. It simultaneously gives a lower bound for this energy barrier and
exhibits a growing sequence of polyominoes realizing this lower bound. This energy barrier
gives the constant characterizing the asymptotic behaviour of the relaxation time. Neves
has obtained the corresponding result for any dimension d [14].
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We define several important subsets of M,,. The set S,, of the standard polyominoes is

Sn = (j+’7)x(j+5)><j@1+5+7 (l+€)><l@1+€k

and the set ./Wn of the principal polyominoes is

Mo= |J G+ xG+0) xje(l+e) xIduk
t=1,2,3

The sets S,, and Mvn coincide if § = v = € = 0. Moreover we have {m,} C S, C J\7n C
M,,. However, the inclusions might be strict, as shown by the examples of figures 7, 8.




Theorem 7.3. The set M,, is reduced to {m,,} if and only if n is of the form j3.
The set M,, is equal to S, if and only if n is of the form j3,5%(j + 1),j(j + 1)? or
32 —=1,52(j +1) = 1,§(j + 1) — 1 (in which case S,, =m,,), or j3 + 12,52 + (1 + 1).
The set M,, coincides with M,, if and only if n is of the form j3—1, j2(j+1)—1,(j+1)2 —1
or
3° 33+ 12 U+ 1)
FPE+D FPE+)+E P+ ) +I+1)
JG+D* GO+ + 1) +I+1)

(where in an expression j(j +0)(j +v) + (Il +¢€), we have [(l +¢€) < (j +0)(j + 7))

This theorem will be crucial to determine precisely the set of the critical droplets. It gives
the uniqueness results associated to the discrete isoperimetric inequality. In fact, it will
turn out that we do not have uniqueness of the isoperimetric problem for the volume of
the critical droplet. Luckily enough, there is uniqueness for the volume preceding it. We
will therefore rely on the following lemma.

Lemma 7.4. Forn the volume of a quasicube plus a quasisquare i.e. of the form j(j +
)G +7)+1(l+¢€) (where 0 < i(l+¢€) < (j+6)(j +~)) we have

{ce Mp_1: q(ﬂn \Sp,e) =1} D Mvn_l \ Sn—1,
{ce Mu_1:9(Sn,c) >0} D S,1,

{C € Mpy1: q(./\/ln,c) > O} = Mp41,

where q(A, c¢) = min{q(d,c) : d € A}.
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Proposition 7.5.  The principal polyominoes can be completely shrunk through the
principal polyominoes: for any integer n and for any principal polyomino ¢ in M,,, there
exists an increasing sequence cy, - - - , ¢, of principal polyominoes such that co =0, ¢, = ¢
and q(ci—1,¢;) >0 fori in {1---n}.

A consequence of this proposition is that the set of the principal polyominoes associ-
ated to the critical volume is contained in the principal boundary of the greatest cycle
containing —1 and not +1. Let us remark that it is not possible to grow arbitrarily far
through the minimal polyominoes a principal polyomino which is not standard. The growth
will be stopped at either a quasicube plus a rectangle [ x (I 4+ 2) or at a parallelepiped
JXJix(J+2),7x(+1)x(j+2). Such a polyomino is a dead—end.

Proposition 7.6. The standard polyominoes can be grown or shrunk arbitrarily far
through the standard polyominoes: for any integers m < n and for any standard poly-
omino c in §,,, there exists an increasing sequence cy, - - - , ¢, of standard polyominoes such
that co =0, ¢y, = ¢ and q(ci—1,¢;) > 0 for i in {1---n}.

The statement of proposition 7.6 concerns the set of the standard polyominoes, which
(except for specific values of the volume) is a strict subset of the set of the principal
polyominoes considered in proposition 7.5. The nice feature of the standard polyominoes
is that they can be grown arbitrarily far through the minimal polyominoes (proposition 7.6
asserts that a standard polyomino of volume m can be grown until any volume n > m).

Notation 7.7. We have also some results concerning the best way to shrink or to grow
a parallelepiped plus a rectangle. Let ¢ be either a parallelepiped or a parallelepiped plus
a rectangle and let k be a positive integer. We define

M(e,—k) = {d € Cy)—r : d C ¢, a(d) minimal },
i.e. a polyomino d belongs to M(c, —k) if and only if
d€Cyey—k, dCec, a(d)=min{a(d):d €Cpye_p, d Cc}.
Similarly, we define
M(c, k) = {d € Cy(c)+1 : ¢ Cd, a(d) minimal },
i.e. a polyomino d belongs to M(c, k) if and only if
d € Cyeytkr €¢Cd, a(d) = min{a(d'):d € Cye)pr, cCd }.

Notice that the elements of M(c, k) (respectively M(c, —k)) all have the same energy, since
they all have the same volume and area. We denote by £(c, k) (respectively £(c, —k)) the
energy of an element of M(c, k) (resp. M(c,—k)).

The next two results are restatements of Proposition 3.25, Corollary 3.26, 3.27 and
Proposition 3.28 of [1].
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Proposition 7.8. Let j1, jo, j3,r be positive integers such that r < min(j17j2, j2Js, j3j1)-
The set M(j1 X ja X js,—r) is the set of the polyominoes obtained by removing from j; X
J2 X js3 as many bars as possible, and then removing a succession of corner cubes until
reaching the volume ji1j2j3 — r. In particular, a polyomino obtained from j; X js X j3 by
the successive removal of r cubes in such a way that each cube removal takes place on a
bar of minimal length is in M(j1 X j2 X j3, —T).

Proposition 7.9. Let j1,j2, 3,7 be positive integers such that r < min(j, j2, j2). The
best way to add r cubes to the parallelepiped j1 X j2 X j3 is to add a minimal two dimensional
polyomino of M, on one side of the parallelepiped. Equivalently, we have

) ) ) - - - , 123
M(j1 X Jo x ja,r) = {j1 X Ja X Js@®id, 1 <i<3,de M.} .

In particular, j1 X ja X js ®; my C M(j1 X j2 X js,r) for any i in {1,2,3}.

These propositions will be the key to find the principal boundary of the cycles around the
supercritical parallelepipeds, around the subcritical quasicubes and around the dead—ends
i.e. the principal non standard polyominoes.

Proposition 7.10. Let ji,j2,73,l1,l2,7 be integers. We consider a polyomino c of the
set j1 X ja X js®ly x la. We suppose that r < min(l1,l2) < min(j1, j2,j3). The set M(c,—r)
is the set of the polyominoes obtained by removing successively r corner cubes from c. The
set M(c,r) is equal to the set of the polyominoes obtained by adding a bar of length r
against a compatible side of the rectangle I X ly (in such a way that l; X ly @ r fits into
the side of the parallelepiped).

This proposition will be the key to find the principal boundary of the cycles around the
configurations which are parallelepipeds plus rectangles.
Application to the three dimensional Ising model.

We first express the energy of the Ising model with the help of the area and the volume

of the polyomino associated to the configuration.

Lemma 7.11. For any configuration o in X, we have

E(o) = -2 Y o(@)o(y) — gzg(:c) = a(0) — hv(o) + N3(h —3)/2.

{z,y}:z~y zEA

We do not change the dynamics nor the cycle decomposition by adding a constant to
the energy E. In dimension three, we will work with the energy E(o) = a(o) — hv(o).
We denote by £(n) the minimal energy of a configuration of C,, (so that £(n) = E(o) =
a(o) — hn for any o in M,,).
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Hypothesis on the magnetic field h and the size N. We suppose that A is small compared
to the unity and that for any configurations 7, o, the equality E(n) = E(o) implies v(n) =
v(o) and a(n) = a(o). Whenever we take the integral part of a quantity involving h, we
assume that this quantity is not an integer. For instance 4/h is not an integer. Finally, N
is large enough to ensure that the combinatorial results proved on the infinite lattice Z3
remain valid on the torus until the critical volume 4/h(4/h + 1) +2/h(2/h + 1). This is
obviously true if A3N > 106.

Remark. We believe that a careful study would yield the weaker condition h3N?3 > K for
some constant K. However this seems to require lengthy extensions of the techniques used
in [1].

As we did in dimension two, we follow the general strategy outlined in section 4. Our
first aim is to determine the communication altitude between —1 and 41 (corollary 7.13)
and to compute it explicitly (proposition 7.14).

Proposition 7.12. (communication altitude between configurations of different volumes)
Let m < n be two integers. The communication altitude between the sets C,, and C,, (or
Sm and S,,) is

E(Cn,Cpn) = E(Sm,Sn) = max{&(r) :m <r <n} = E(m,,m,).

Proof. This result might be proven in exactly the same way as in dimension two (see
propositions 6.11 and 6.12, corollary 6.13). [

Corollary 7.13. E(—=1,+1) = max{&(n): 0 <n < N3 }.

3D energy, h=0.34
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To compute £(n) we apply theorem 7.2. For each integer n there exists a unique 6-uple
(4,1,k,0,7,€) such that d,v,e € {0,1}, 0 < v,k <l+¢el(l+e)+k < (j+0)(j+~) and
n=75{+0)(F+v) +I(+¢€) + k. The minimal area of a polyomino of volume n is then

min a(0) = 2(j(j +0) +5( +7)+ [ +0)(J +7)) +2(2 + ) + 2xL 0

Figure 9 shows a graph of £(n) for h = 0.34. Let us point out that each arch corresponds
to a two dimensional energy curve. Figure 10 is a narrow view of the graph around its
maximum.

3D energy around the maximum, h=0.34
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Proposition 7.14. We set 6, = 1 if 44++/16 + I2"€ h(2[4/h] —1) and 8, = 0 otherwise.
The communication altitude between —1 and +1 is

E(=1,+1) = &(ne) =&((Je —1)(Je = dc)je) + Ea((le — 1)l +1)
where l. = [2/h] is the two dimensional critical length, j. = [4/h] is the three dimensional
critical length, n. = (jo — 1)(je — d¢)jec + (lc — 1)l + 1 is the critical volume.

Remark. We have E(—1,+1) ~ 32/h? as h — 0: the global energy barrier goes to infinity
like h=2 as h goes to zero.

Proof. We denote by & the two dimensional energy, so that £(n) = E(j(j + )5 +7)) +
E(I(l + €) + k). We first compute the energy barrier between two consecutive quasicubes:

— :3
max &E(n) = &(j )+O§La§§252(”)’

j2<n<32(5+1)
Eln) = E(G*(+1) + & (n),
j2(j+1)?2§j(j+1)2 (n) (‘7 (‘7 )) 05n§?(§+1) 2(n)
En) = GG+ 1D + E(n).
S S () = EGU D)+ max | Es(n)
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We next compare these quantities. Let

b T2 5 G e = 14 - 1)

h > o B
* Bt Sl TR ) T s,
Az = E(n) — En) = j4—-hj)+2—-hj+ &
¥ SRt S e B G H = JU ) I o 25,2 )
—  max &(n).
0<n<j(j+1)

The unique positive root of 45 — hj? +2 — hj is 5. = 2/h(1 + /1 + h2/16) — 1/2 which
is less than 5 = 4/h, but greater than [.. For j < 5/, A; is positive, and for j > j7 A,
is negative. For j < j/”, Aj is positive. For j > j”, we have j > I, (the two dimensional
critical length) so that the two dimensional maxima are equal and Ay = j(4 — hj) which
is negative. Finally, A3 is positive for j < j/ and negative for j > j’.

We have shown that the quantity

max{&(n) : j(j+0)J+7)<n<(G+1G+0)(F+7)}-
max{&(n) 1 j(j+8)(F+v—-1)<n<jF+)G+7)}

is positive for
e 0=0,v=0,j<j/ (case of Ay)
e 0=0,v=1,j<j! (case of Ag)
o d=1,v=1,j<j. (case of Ag)
and negative for
e 0=0,v=0,7>j" (case of Ay)
e 0=0,v=1,j>j/ (case of Ag)
o 0=1,v=1,j>j. (case of As)
We now define the critical length.
o If [5.] =[j] we put j. = [j.] and . = 0.
o If [5I] < [5] we put j. = [j!] and 6. = 1.
The volume of the critical quasicube is (j. —1)(jc —c)j.. We can now compute the energy
barrier between two remote quasicubes.

max{ &(n) : j1(j1 + 01)(J1 +71) <n < ja(fa +02)(J2 +72) } =
( 5((]c - 1)(jc - 5c)jc) + 52((lc - 1)ZC + 1)
if 11 +61) U1 +71) < (e — 1)(Je — de)je < J2(j2 + 62)(J2 + 72)
E(G20J2 +02)(J2 +72 — 1)) + E2((le — D)l + 1)
if  ja(jo +02)(J2 +72) < (Je — 1)(Je — 0c)je, 2 > Le
E(1(1 + 1)1 +71)) + E((e — Dl + 1)
\ it  (je—1)(Je = 6c)je < J1(j1 +61)(j1 + M)
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We finally obtain the value of the global energy barrier stated in the proposition by choosing
j1:(51 :’yl:Oandjg:N,éngyQ:O. O

From this we deduce the level of the greatest cycle containing —1 and not +1.
Corollary 7.15. The level of the cycle m(—1,+1¢) is pred&(n.).

Notation 7.16. If Y is a subset of X, its minimal and maximal volumes v(Y) and 7(Y")
are
v(Y) = min{v(o):0€Y}, (YY) =max{v(oc):0€Y }.

Since E(—1,C,) = E(n.) for any n > n. (by propositions 7.12 and 7.14), then all the
configurations of the cycle m(—1,+1¢) have a volume less than n, — 1 i.e. T(m(—=1,+1)) <
ne — 1. To complete step i) of the general strategy, we determine the configurations of the
principal boundary of the cycle w(—1,4+1°).

Theorem 7.17. The principal boundary B(m(=1,41°)) of the cycle m(—1,+1¢) is the
set M, of the principal configurations of volume n.. For o in M, there exists a unique
configuration in m(—1,+41°) communicating with o, which is the quasicube plus a qua-

sisquare of the set (jo — 1) X (je — d¢) X e ® (I — 1) x I, included in o.

Proof. Let o belong to Mvnc. Then E(o) = £(n.) and proposition 7.5 yields the existence
of a sequence oy, - - - ,0,, such that
oo=—1, op, =0, Yj€{0---n.—1} o;€ My, q"(0j,0541) =1

c

In particular, we have max{ E(c,,) : 0 < n < n.} < &(n.) so that o, ,_1 belongs
to m(—=1,41). Since g(oy,—1,0n,) > 0, the configuration oy, is in the principal boundary
of w(=1,+1°). Thus M,,, C B(r(=1,+1°)).

Conversely, let o belong to B(m(=1,+1°)). Necessarily E(c) = £(n.) so that o is of vol-
ume n. and it is a minimal configuration. In addition there must exist 7 in w(—1,41°)
communicating with ¢. This n is in C,,,_1 and satisfies F(n) < E(c). Thus

min{a(§) : £ €Ch.—1} < a(n) <a(oc) —h < a(o) = min{a(§) : £ €Cp—1 } +2.

However the area is an even integer. The only possibility is a(n) = min{ a(§) : £ € Cp,—1 }
whence 7 is minimal. Yet n.—1 = (jo—1)(je—9¢)jec+ (Ic — 1)l is the volume of a quasicube
plus a quasisquare; by theorem 7.3, M, ._1 = ./f\/lvnc,l so that n belongs to ./K/lvncfl and it
is a quasicube plus a quasisquare j x (j — d.) X j & (I — 1) x l.. Lemma 7.4 shows that
the only points of M,,, which communicate with M, _; are the configurations of Mnc.
Thus o is a principal configuration of volume n. and B(r(=1,+1¢)) C M,,.. O
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We now proceed to steps ii) and #ii) of the general strategy. Moreover, we will handle

separately the case of the configurations in S,, and in M, \ S,,: it turns out that
step i) succeeds for the standard configurations and fails for the principal non standard
configurations. The latter are dead—ends.

The standard configurations. We start by describing the relevant list of cycles for
determining the minimal stable subgraph of G* containing the standard configurations of
volume n.. These are the cycles around a parallelepiped j; X j2 X j3, a parallelepiped plus
a rectangle j1 X j2 X j3 @ l1 X l2 and finally a parallelepiped plus a rectangle plus a bar
J1 X j2 X j3 @l x ls &k, where each configuration contains strictly a critical configuration.

Theorem 7.18. Let j1,j2,J3 be three integers such that the parallelepiped j1 X j2 X js
contains a configuration of S,,,. The cycle

m=7(j1 X ja X jg,pred E(j1 X jo X js® (I — 1) x [ ® 1))
does not contain —1 and +1. Moreover

v(m) > jijejs — min(jija, jiJs, j2jz) + (le — 1)lc + 1,
v(m) = jijajgs + (le — 1)l

The bottom of this cycle is {j1 X j2 X js} and its principal boundary is

=~ 123
B(r) = jixjaxjs®(lc—1) xl.®1

Proof. We check that the parallelepiped j1 X j2 X j3 and the cycle 7 satisfy the hypothesis
of theorem 5.5. Let z1,--- ,z, be a sequence of sites such that T'(z1, - ,zs)(j1 X j2 X j3)
isin m for s in {1---r} (i.e. these configurations have an energy less or equal than
pred E(j1 X ja X js® (Ic — 1) x l. ® 1)). We put ns = T(z1,--- ,xs)(j1 X j2 X j3) for s in
{07}

e First case: all the sites (z1,- - ,z,) are outside j; X j2 X j3. We have that j1 X ja2 X j3 C 75
whence E(ns) > E(j1 X j2 X j3,v(ns) — j1j2js) (see notation 7.7) and

pred E(j1 X ja X js® (le = 1) x . ®1) > Oglggrg(ﬁ X ja X j3,v(ns) — j1j273)-

Since the sequence 7y, - - - , 7, is a sequence of spin flips we have |v(ns4+1) — v(ns)| < 1 and
(v(ns), 0 < s <r) takes all the values between j;j2j3 and v(n,). Henceforth

Oglggrg(jl X ja X j3,v(ns) — jijejz) > max{E(j1 X j2 X j3, k) : 0 <k <v(n) — jijajs }
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and the volume of 7, must satisfy
max{ E(j1 X ja X j3,k) : 0 < k <wv(n,) —j1jejs } < predE(j1 X jaxjs® (lc—1)xIl.®1).
By proposition 7.9, we have
E(ji xjaxgs,(le—Dle+1)=E(1 xjexjs®(.—1)xIl.d1)
so that v(n,) < jijajs + (lc — 1)l + 1.
e Second case: all the sites are inside j; X j2 X j3. Now ns C j1 X j2 X j3 so that

pred E(j1 X jo X js® (lc — 1) x . ® 1) > Jnax E(J1 X j2 X js,v(ns) — j1j2Js3)
SSST

> max{&(j1 X ja X j3, —k) : 0 < k < jijajs —v(ns) }.

Suppose for instance that j;jo is the smallest side of the parallelepiped. Proposition 7.8
shows that for ji(j2 — j1) < k < j1j2,

5(31 X j2 X j37 _k) = E(jl X j2 X (]3 - 1) D3 mjle*k)'

HOWGVGI‘, E(]l X jQ X (]3 - 1) D3 (lc — 1) X I, D1 1) > E(jl X jQ X j3 D (lc — 1) X l. ® 1)
whence necessarily j1j2 —k > (Ic — 1)l. + 1 and v(n,-) > j1j2js — jijz + (le — 1)l + 1.
In addition, we have that £(j1 X ja2 X j3,k) > E(j1 X j2 X j3) for all k such that

—jija 4 (le = Dle+1 <k < (e — Dle, k #0.

We have thus proved that j; X jo X j3 and the cycle 7 satisfy the hypothesis of theorem 5.5.
Thus the bottom of the cycle is {ji1 X j2 x jz}. That M(j1 X j2 X js, k) is included in
the cycle for 0 < k£ < (I, — 1)l. is obvious: each configuration of this set communicates
with j1 X jo X j3 under the level pred E(j1 X j2 X j3s@ (Ic — 1) x I & 1) (by proposition 7.9).
Finally a configuration & of the principal boundary of this cycle is of energy E(§) =
E(j1 x ja xjs® (I — 1) x I & 1) so that its volume is equal to j1j2j3 + (Il — 1)l + 1, and
its area is 2(j1j2 + j2js + j1js) + 2(2l. — 1) + 2. Let n be a configuration of the cycle such
that g(n, &) > 0. Necessarily, the volume of 7 is j1j2j3+ (I —1)l.. Thus 7 is a configuration
of maximal volume of the cycle © and as such it is a maximal configuration of the cycle
for the inclusion relation. By theorem 5.3 the parallelepiped j;1 X j2 X j3 is included in 7.
In addition E(n) < E(&) implies that a(n) < 2(j1j2 + j2js + jijs) + 2(2l. — 1) whence
in fact n belongs to M(j1 X ja X j3,(lc — 1)lc). Thus 7 is the sum of j; X j2 X j3 and a
quasisquare (I, — 1) x I, (proposition 7.9). Also £ belongs to M(j1 X ja X j3, (I — 1)l +1).
The only configurations of this set which communicate with M(j1 X ja X js, (I — 1)l.) are
the configurations of

23

1
j1><j2><j3EB(lc—1)><lcEB1

Conversely, it is clear that all these configurations belong to the principal boundary of the
cycle. [J
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Theorem 7.19. Let j1,j2,73,l1,l2 be integers such that the parallelepiped j; X ja2 X js
contains a critical quasicube and the rectangle l; x ls contains a critical two dimensional
configuration. The cycle

T =m(j1 X j2 X js+1l X Iz, pred E(j1 x j2 X ja+1l1 x l2 & 1))
does not contain —1 and +1. Moreover
v(m) = jijegs +lile —lc+2, O(m) = jijojz +lila.

The bottom of this cycle is {j1 X ja X js +1 11 X la} and its principal boundary is

B(m) = jixjaxjz+1li xla @1

Proof. This theorem might be proved in the same way as theorem 7.18, using the varia-
tional results of proposition 7.10. In fact it is the three dimensional counterpart of the two
dimensional theorem 6.19. [J

Remark. Similar results hold for any parallelepiped plus rectangle j1 X jo X j3s @11 X lo
satisfying the requirements of the theorem.

Theorem 7.20. Let j1 X j2 X j3 be a parallelepiped containing a three dimensional
critical configuration. The cycle

™ = 7T(j1 X jQ X j3 +1 (lc — 1) X (lc + 1),predE(j1 X jQ X j3 +1 (lc — 1) X lc +9 1))
is included in {—1,+1}¢. Moreover,

o(m) = jijejs + (e = Dl + 2, v(7) = jijajs + (le — 1)(le +1).
Vke{l--lo—3) M1 xjax a1 (le—1)x (lo +1),—k) C 7.
The bottom of this cycle is {j1 X j2 X jz +1 (Ic — 1) x (I + 1)}; its principal boundary is

B(m) = M(j1 x ja x gz +1 (le = 1) x (lo + 1), —=(lc — 2))

12
and thus contains ji X j2 X jz+1 (lc = 1) x I @21 .

Proof. These results are the three dimensional counterpart of the two dimensional theo-

rem 6.24 and can be proved as usual with the help of the variational results of proposi-
tion 7.10. O

Remark. Similar statements hold for any configuration in j; X ja X j3 @& (I + 1) x (I — 1).
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Lemma 7.21. Let ji,j2,J3,l1,l2 be positive integers with 1 X lo C jo X j3 and let k, 1
be such that k > 1,1 > 0,1y > k +1i. The cycle {j1 X ja X js +1 {1 X lo +5 k} has one or
two configurations in its principal boundary B:

o ifi=0then B={j1 X jo x js+1l xlo+} (k+1)},

o ifi=1y —k then B = {j1 X jo X js+1 11 x lo +5 1 (k+ 1)},

o fO0<i<ly—k thenéz{jl XjQXj3—|—1l1 Xlg—l—éil (l{i—l-l), 11 Xl2+12(]{3+1)}
Proof. The configuration o = j; X jo X j3 +1 11 X Iz +5 k communicates with at least one
configuration of lower energy, so that the height of the cycle {o} is zero, and its principal

boundary consists exactly of the configurations communicating with ¢ and having and
energy less or equal than 0. [

Lemma 7.22. Let ji1,j2,73,l1,l2 be positive integers with |1 X ly C j2 X j3 and let @
be such that i > 0,1y > i+ 1. The cycle {j1 X ja X j3 +1 11 X lo +% 1} has two or three
configurations in its principal boundary B:

L] jfi:OthenB:ijl><j2><j3—|—1l1><l2,j1 XjQXj3—|-1l1><l2—|—32},

° IfZ:ll—l thGDB:{j1Xj2><j3—|—1l1Xlg,jl XjQXj3—|—1l1 ><l2—|—é’12},

o If0<i<ly—1 thenéz{jl XjQXj3—|—1l1 Xlg,jlXjQXj3—|—1l1><l2—|—3712,

j1><j2><j3—|—1l1 Xl2+§2}

Proof. The proof is based on the same argument as the proof of lemma 7.21. [J

Remark. Lemmas 7.21,7.22 are the three dimensional counterparts of lemmas 6.20, 6.21.
Results similar to those stated in lemmas 7.21 and 7.22 hold for the configurations in
jl XjQXj3EBl1 XlQEBl.

Corollary 7.23. Suppose ji X ja X js contains a configuration of S,,, (i.e. a critical three
dimensional configuration) and 1y X ly contains a critical two dimensional configuration.
The following cycles are maximal cycles of {—1,+1}¢:
1) 7(j1 X ja x g3, pred E(j1 X ja X jz +1 (lc — 1) X o +2 1)),
2) 7w(j1 xJexgs+1(lc—1)x (lc +1),pred E(j1 X jo X jz+1 (Ic — 1) x l. +1 1)),
3) w(j1 X Jo X js+1li xla,pred E(j1 X ja X js+1l1 X l2® 1)),
and this cycle is not included in a cycle of type 1),
4) m((Je — 1) X (Je = dc) X je +1 11 X la, pred E((je — 1) X (je — 6c) X je+1l1 X 2 © 1)),
and this cycle is not included in a cycle of type 1),
5) {n}, meM(jr xj2 xjs+1(le =1) x (lc + 1), =(lc — 2)),
6) {n}, nejxijyxis®l x1,dk where j| x jb x j4 contains a quasicube
(je — 1) X (e — 6c) X je, 1] x 15 contains a quasisquare (I. — 1) X l., k is positive,

and this cycle is not included in a cycle of type 1),2),3),4),5).
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The list should be completed with all the isometric cycles (obtained by applying an isom-
etry) as well as all the cycles whose bottom is obtained by translating the rectangle l; X lo
along the side of the parallelepiped (i.e. the configurations in j1 X ja X js ® 11 X l3).

Proof. This corollary is a consequence of lemma 4.4 together with theorems 7.18, 7.19, 7.20
and lemmas 7.21, 7.22. Notice that we have to put together the descriptions of the cycles
of theorems 7.18, 7.19, 7.20, lemmas 7.21,7.22 in order to check that for each cycle 7 in
the above list, there is a sequence of cycles 7, - - - , 7, such that 7o = 7, B(m;) Nmiy1 # 0,
0<i<r,and +1 € B (7). Formally, this would require a tedious induction. For instance,
the following arrows are in the graph G: m(j1 X j2 X js,pred E(j1 X j2 X js +1 (lc — 1) X
lc+11))—>{j1 ><j2><j3—|—1 (lc—l)xlc+11}—>{j1 ><j2><j3—|-1 (lc—l)xlc—|—12}—>

- — 7T(j1 X Jo X J3 41 le X lc,predE(jl X Jo X jg 41 le X lo+1 1)) — e = 7T(j1 X J2 X
Js+1l1 % lg,predE(jl X J2 X Jz+1l1 Xla 41 1)) — s — 7T((j1 + 1) X Ja X j3,predE((j1 +
1) xjoxgs+1(le—1)xlc+11)) = - = {+1}. O

Corollary 7.24. Let o belong to S, +1. The minimal stable subgraph Gt (o) of G*
containing o is the restriction of G to the vertices listed in corollary 7.23. The arrows
of G (o) are (we denote by n the parallelepiped j1 X jo X j3 and the cycles which are the
starting point of the arrows belong to the list of cycles of corollary 7.23; the rectangles
l1 x lo contain a critical two dimensional configuration; the rectangles l} x l5 are very large):

1) around the parallelepipeds: -

m(n,predEn® (l. — 1) xl.® 1)) < {H Eend(le—1) xl.dl
2) growing in the direction of ey :

m(n 41 (le = 1) x (le + 1), pred E(n +1 (I — 1) x lc ® 1)) <> {&},
ge Mn+1(le —1) X (le +1), —(lc = 2)),

(7]—|—1l1><l2 predE(7]+1l1><lgEBl))<—>{£} gE’/]—I—llleQEBl

{7]—|—1l1Xl2+1]{3}—>{7]—|—1l1><l2+1(k?+1)} 0<k<ly—1I.,

{7]—|—1l1Xl2+2k}—>{7]—|—1l1Xl2+2(k+1)} 0<k<l—1I.,

{7]+1l1><l2+2l1—l +1}—>7T(7]—|—1l1><(l2—|—1) predE(’/]—l-1l1><(l2—|—1)—|—1)),

{7]+1l1><l2+1l2—l —|—1}—>7T(7]—|—1(l1—|—1)><l2 predE(T]—|—1(l1—|—1)><l2—|—1)),
X .+
X .+

{411y x4+l —lc+1} = w((j1+1) X ja X j3, pred E((j1+1) X ja X js+1 (I —1) X
{7]+1l/1><l/2+1l/2—lc+1} —>7T((j1—|—1)XjQXj3,pI‘€dE((j1+1)XjQXj3+1(lc—1)

3) growing in the direction of es:

m(n+2 (le —1) x (le + 1), pred E(n +2 (I — 1) x lc ®1)) < {&},

ge Mn+z(le —1) X (le +1), —(lc — 2)),
(7]—|—2l1><l2 predE(n+2l1><l2691))<—>{£} gE’/]—I-QlleQEBl
{T]—I-QllXl2+1]{3}—>{7]—|—2l1Xl2+1(k+1)} 0<k<l—1I.,
{T]—I-QllXl2+2k}—>{7]—|—2l1Xl2+2(k+1)} O<k<l—1.
{7]+2l1Xl2+2l1—lc+1}—>ﬂ'(’/]+2l1><(l2+1),predE(7]+2l1X(lg—l—l)—l—l)),
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2l xlo+i1lo—lc+1} = m(m+2 (i +1) x lo, pred E(n +2 (1 +1) x l2 + 1)),
{7]+2l/1><l/2+2l/1—lc+1} —>7T(j1><(j2+1)><j3,p1‘edE(j1><(j2—|—1)Xj3—|—2(lc—1)><lc—|—11)),
{7]+2l/1><l/2+1l/2—lc+1} —>7T(j1><(j2+1)><j3,p1‘edE(j1><(j2—|—1)Xj3—|—2(lc—1)><lc—|—11));

4) growing in the direction of e3:

(0 +5 (le — 1) % (I + 1), pred B(n +5 (I — 1) x Lo & 1)) <> {€},
ge Mn+s(le —1) X (le +1), —(lc = 2)),

(7]—|—3l1 X g, predE(n+3l1><ZQEBl))<—>{£} 567]+3l1><l2€91
{7]—|—3l1Xl2+1]{3}—>{7]+3l1><l2+1 (k+1)} 0<k<ly—1I.,
{7]—|—3l1Xl2+2k}—>{7]—|—3l1Xl2+2(k+1)} 0<k<l—1I.,

{7]+3 l1 xIlo+211 — 1, —|—1} — 7T(7] 4311 X (lg —|—1),predE(7] 4311 X (lg + 1) + 1)),
m+slixlo+1la—lc+1} = w(n+3 (1 +1) X o, pred E(n +3 (I1 + 1) x I3 + 1)),
{7]+3l/1><l/2+2l/1—lc+1} —>7T(j1 XjQX(j3+1),pI‘€dE(j1 XjQX(j3—|—1)—|—3(lc—1)><lc—|—11)),
{7]+3l/1><l/2+1l/2—lc+1} —>7T(j1 XjQX(j3+1),pI‘€dE(j1 XjQX(j3—|—1)—|—3(lc—1)><lc—|—11)).

The symbol <+ means that both arrows — and <— are present. Thhe above list should be
completed with all the isometric arrows (obtained by applying the same isometry to both
ends of an arrow), as well as all the arrows obtained by sliding either the bar along the
rectangle (i.e. the configurations in ly X lo &1 k) or by translating the rectangle Iy X ls on
the side of the parallelepiped n (i.e. the configurations in n® l; X l3).

The loops in the graph G* (o) are

w(npred E(a (I —1) x L ®1)) & {€}, fendlo_Dxlodl

mm+1 (e —1) X (lc+1),pred E(n 41 (I — 1) x l. & 1)) + {&},
EeMm+1(le—1) x (e +1),—(l. —2)),
m(m+1l xXla,pred E(n+11l X la® 1)) < {&}, €n+1li xla® 1,
m(m—42 (e —1) X (lc+1),pred E(n +2 (I — 1) x . ® 1)) + {&},
EeMm+2(le—1) x(lc+1),—(.—2)),
m(m 42l X la,pred E(n 42l X la® 1)) < {&}, £€nta2li xla® 1,
T(n+3 (le —=1) x (le + 1), pred E(n +3 (lc — 1) X lc ® 1)) <> {¢},
EeMm+s(le—1)x(c+1),—(.—2)),
m(n+3ly X la,pred E(n+3li xla® 1)) < {&}, £€n+s3li xla® 1.

All these loops are of length two. Any other arrow m — mo of G (o) satisfies v(m;) <
v(m2). As a consequence a path in G* (o) starting at {o} with no loop ends in {+1}.

We are done with the standard configurations. We have to examine the remaining
configurations of the principal boundary of the cycle w(—1,+1¢) i.e. the principal non
standard configurations.
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The principal non standard configurations. We now do the same work for the con-
figurations in Mvnc \ Sn.. The relevant cycles are the cycles around the parallelepipeds
(je = 1) X (je — 6c) X (je + 1), around the quasicubes plus rectangles (j. — 1) x (j. —
de) X je +1 (Ic = 1) x (I + 1), and around the configurations of MncH \ Sn.+1- We
handle first the case of the configurations of Mvnc \ Sp, which lead to a parallelepiped
(je — 1) X (je — 6c) % (je + 1) and then those which lead to a quasicube plus a rectangle
(Je = 1) X (Je — 0¢) X je +1 (le = 1) x (Ic +1).
Theorem 7.25. The cyclem = 7((j.—1) x
cycle containing (jo — 1) X (je — dc) X (Je +1

Je—0¢) X (je+1), predE(n.)) is the greatest
included in {—1,+1}¢. Moreover,

~—  —

o(m) =ne+1, v(m) < (Je—1)(Je—0c)(je + 1) + (le — 1)l + 1.

The bottom of this cycle is {(jc — 1) X (je — 0c) X (jo+ 1)}; its principal boundary contains

1€:6C (e —1) X (Je—0c) X (Je+1), £ € My, }

and is included in M((jo — 1) X (je — d¢) X (Je +1),mc — (Je — 1) (e — 0¢c) (e + 1)).
Remark. Obviously, similar statements are true for the parallelepipeds isometric to (j. —
1) X (je = 6c) x (je +1).
Proof. We check that the parallelepiped (j. — 1) X (jo — dc) X (jo + 1) and the cycle
7 satisfy the hypothesis of theorem 5.5. Let x1,---,x, be a sequence of sites such that
T(z1, - ,2s)((Je—1) X (Je—0c) X (je+1)) isin w for sin {1---r} (i.e. these configurations
have an energy less or equal than pred £(n.)). We put ns = T'(z1,- -+ ,25)((je — 1) X (je —
de) X (je+1)) for sin {0---r}.
e First case: all the sites are outside (j. — 1) X (je — dc) X (je + 1). We have that
(Je —1) X (je = 6c) x (je +1) C ns whence E(ns) = E((Je — 1) X (Je — bc) X (Je +1),v(ns) —
(Je = 1)(Je = dc)(je + 1)) and

pred £(ne) = Oglsa’frg((jc —1) X (je = bc) X (Je +1),v(ns) — (Je — 1)(Je — 6¢)(Je + 1))
Since the sequence 7g,--- ,n, is a sequence of spin flips we have |v(nsy1) — v(ns)] < 1
and (v(ns), 0 < s < r) takes all the values between (j. — 1)(j. — 6.)(je + 1) and v(n,).
Henceforth

Olélgéirg((jc - 1) X (]c - 5c) X (]c + 1)7”(775) - (]c - 1)(jc - 56)(jc + 1)) 2

max{ &((je —1) X (Je = dc) X (Je +1),k) : 0 <k <v(ny) — (Je — 1)(Je — 0c)(Je + 1) }
and the volume of 7, must satisfy

max{ E((je—1)X (Je—0c) X (Jet1),k) : 0 <k < v(m)—(Je—1)(je—0c) (Jet1) } < predE(ne).
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By proposition 7.9, we have £((jc — 1) X (je — 6c) X (Je + 1), (lc = 1)lc +1) = E((je — 1) X
(je —0c) X (Je+1)+1 (lc —1) x I.+1 1) which is strictly greater than pred £(n.). Thus v(n,)
is strictly less than (j. — 1) X (je — dc) X (e + 1) + (lc — 1)l + 1.

e Second case: all the sites are inside (j. — 1) X (je — d¢) X (je +1). Now ns C (jo — 1) X
(je — 6c) X (je + 1) so that

pred&(n.) > Olgf’grg((jc —1) X (e — dc) X (e +1),v(ns) — (Je — 1)(Je — 0¢)(Je + 1))

> max{&((je — 1) X (Je —dc) X (Je +1),—k) : 0 < k < (je — 1)(Je — 0c)(Je +1) —v(n,) }.

Proposition 7.8 shows that £((j. —1) X (je —6c) X (Je+ 1), —(Je — 1) (e — ) + (Ic — 1)l + 1)
is equal to £(n.). Necessarily, v(n,) is strictly greater than n..

In addition, we have that £((j. —1) X (e —6c) X (je+1), k) > E((je—1) X (je—0c) X (je+1))
for all £ such that

v(m) = (Je = D(Je = 8c) (e + 1) < k < 0(7m) — (Je —1)(Je — 0c)(je + 1), k # 0.

We have thus proved that (jo—1) X (je—dc) X (jc+1) and the cycle 7 satisfy the hypothesis
of theorem 5.5. It follows that the bottom of the cycle is {(j. — 1) X (je — 6c) X (Je + 1)}
Moreover the set {£ : € C (o — 1) X (jo — 8¢) X (je + 1), € € My.41} is included in
the cycle: each configuration of this set communicates with (j. — 1) X (jo — d¢) X (je + 1)
under the level pred&(n.). Thus {& : € C (je — 1) X (je — d¢c) X (je + 1), & € Mvnc}
is included in the principal boundary of 7. Finally a configuration £ of the principal
boundary of this cycle is of energy E(§) = £(n.) so that its volume is equal to n., and its
area to min{ a(o) : 0 € C,, }. Let n be a configuration of the cycle such that g(n,&) > 0.
Necessarily, the volume of 1 is n. + 1. Thus 7 is a configuration of minimal volume of
the cycle and as such it is a minimal configuration of the cycle for the inclusion relation.
By theorem 5.3 it is included in the parallelepiped (jo — 1) X (jeo — d¢c) X (je + 1). Thus £
belongs to M((je — 1) X (je — dc) X (Je +1),nc — (Je — 1)(Je — 0c) (e +1)). O

Corollary 7.26. Let o belong to MncH \Sn,+1. Suppose (jo—1) X (je —6c) X Je+3 (Ic —
1) xl. C 0. Let Gt (o) be the minimal stable subgraph of G containing 7(o,{—1,+1}°).
The only arrows of G+ (o) entering w(—1,+1°) are

{&} = 7((Je — 1) X (Je = 0e) X Je +3 (le — 1) X e, {=1, +1}°),
ge‘//\_/tvnc\snc7 (Je = 1) X (Je = 0¢) X je+3 (lc = 1) x 1. C &

The remaining arrows of G* (o) are

(o, {=1,41}°) <> {n}, 7€ B(n(o,{=1,+1}°)).

There is no arrow in G (o) ending at {+1}.
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Remark. We have proved in theorem 7.25 that

B(m(0,{=1, £1})) € M((je = 1) % (je = 8c) % (e + 1)sme = (Je = D) (e = 8e) (e + 1)).

Proof. That these arrows belong to G (o) is a straightforward consequence of theo-
rem 7.25 which implies in particular that n(o,{=1,+1}°) = 7((jo — 1) X (Je — d¢) X
(je+1),{=1,41}¢). We have to check that there is no other arrow. Let 7 belong to the
principal boundary of 7((jo — 1) X (je — 6c) X (Je + 1),predE(n.)). If n is in Mvnc, then
all arrows of G starting at the cycle {n} are present in the above list (lemma 7.22). If 7 is
not in Mvnc, we claim that

{n} = 7((Je —1) X (je — dc) x (je + 1), pred &(ne))

is the unique arrow of G starting at {n}. Let £ be a point such that ¢(n,&) > 0 and E(§) <
E(n). Necessarily E(¢) < pred £(n.). Since v(n) = n., then v(§) is equal to n.—1 or ne+1.
Moreover 7 is minimal, and the inequality F(¢) < E(n) implies in both cases that £ is also
minimal. Thus £ cannot be of volume n.—1 (by lemma 7.4, the only configurations of M,
communicating with M, _; are the principal configurations M, ). Thus v(§) = n. + 1.
We next show that ¢ belongs to m((jc —1) X (je —d¢) X (je +1),pred E(n.)). Let x1,--- ,zp
be a sequence of sites inside o such that T'(z1,- -+ ,25)((je — 1) X (e — d¢c) X (Je+ 1)) isin
T((je—1) X (je—6c) X (je+1),predE(n.)) for sin {1---r—1} and n =T(z1, -+ ,2r)((Jec —
1) X (je — 6¢) X (Je +1)). We put ns = T'(z1,--+,2;)((Je — 1) X (Je — &) x (Je + 1)),
0 < s <r. Since n is in the boundary of the cycle, we have E(n,_1) < E(n,). Moreover
7-—1 is a minimal configuration of the cycle, of volume n. + 1, so that the last spin flip at
site z, has decreased the volume. Let x,11 be the unique site such that £ = T'(z,+1)(n).
If x, = x,41 then & = n,_1. Suppose z, # z,+1 (so that n._1(z,41) = —1). We
have § = T'(zr41)(nr) = T (@41, 2r)(nr—1) = T(@r, Tr41)(nr—1) = T(2r)(n;.) where n, =
T(xr+1)(nr—1). The energy inequality 5.1 yields E(n.) — E(n,—1) < E(§) — E(n) whence
E(n.) < E(ny—1). It follows that 7. is in the cycle, as well as £ (their energies are less or
equal than pred £(n.) and they both communicate with a configuration of the cycle). O

We deal now with the principal non standard configurations which lead to a quasicube
plus a rectangle (jo — 1) X (je — d¢) X je +1 (Ic — 1) x (Io + 1). This situation corresponds
to the presence of a two dimensional principal non standard configuration on the side of
the critical quasicube.

Theorem 7.27. The cycle n((jc—1) X (je—6c) X je+1(lc—1) X (Ic+1), predE(n.)) is the
greatest cycle containing (jo — 1) X (je—8¢) X je+1 (le = 1) X (I + 1) included in {1, +1}¢.
Moreover,

() = (e — 1)(Fe — dc)je + (le — 1)le + 2,

() = (Je — 1)(Fe — c)je + (le = 1)l + 1),
Vke{l---1.—3} M((Je—1) X (Je —0c) X je+1 (e —1) x (I +1),—k) C .

S
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The bottom of this cycle is {(jc — 1) X (je — d¢) X je +1 (Ic — 1) x (Ic + 1)}; its principal
boundary is

B(m) = M((je —1) X (e = bc) X je+1 (le = 1) X (le + 1), —(lc — 2))

12 —
and thus contains (jo — 1) X (je — ¢) X je +1 (le — 1) Xl B2 1 (which belong to M,,, ).
Proof. The proof is similar as for theorem 6.24. [

Remark. Obviously, similar statements are true for the configurations in the set

(Je = 1) X (Je = 6c) X Je @1 (le = 1) x (Ic +1).

Corollary 7.28. Let o belong to My, 11\ Sn.t1. Suppose (je — 1) X (je — 6e) X je +1
(le —1) x1le Co C (Je—1) X (Je —0c) X Je+1 (e = 1) x (I +1). Let G (o) be the
minimal stable subgraph of G* containing m(o,{—1,+1}¢). The only arrows of G* (o)
entering w(—1,+41¢) are

{&} = m((Je — 1) X (Je = 0c) X je +1 (le = 1) X le, {=1, +1}°),

§EMu \Sn.s (Je—1) X (Je—0c) X je+1(le —1) X I C&.

The remaining arrows of G* (o) are

7T(O', {__17 +_1}C) < {77}7 ne E(?T(O‘, {__17 +_1}C))
There is no arrow in G* (o) ending at {+1}.
Proof. The proof is similar as for corollary 6.25. [
We sum up the consequences of the previous results in the next corollaries.

Corollary 7.29. The principal non standard configurations of volume n. (i.e. the set

Mvnc \ Sn, ) are dead—ends: there is no saddle path of null cost between —1 and +1 passing
through them.

Corollary 7.30. The set of the global saddle points between —1 and +1 is exactly S, .
These configurations are the critical three dimensional configurations.

Steps i) and iii) are now completed and we proceed to steps iv) and v).

The ascending part. We now proceed to the last part of the program: for each configu-
ration ¢’ in S, we must determine the minimal stable subgraph of G~ containing ¢’ and
all the paths in this graph starting at {¢’} and ending at —1. Our exposition is similar
as before: we first list the set of the relevant cycles and we use lemma 4.4 to find those
belonging to M({—=1,+41}¢). We finally check that we have in hand all the vertices of G~.
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Theorem 7.31. Let j be an integer strictly less than j. and greater or equal than ..
Let § < v belong to {0,1}. The cyclem =m(j x (j + ) x (j +7),predE(G(7 +)(F+~v—
1)+ (Ic — 1)l. + 1)) does not contain —1 and +1. Moreover

o(m) = j(+6)0F+r -1+ Ue—Dle+2, v(m) <jG+0)G+7)+le—1Dl+1.
The bottom of this cycle is {j x (j + ) x (j + v)}; its principal boundary contains the set

{€:6€C 7% (J+8) % (G+7), € € Sj(j4+8)(j+1-1)+(UemDet1 }
and is included in M(j x (7 +9) x (j+7),(c — 1)l +1—34(j +9)).
Proof. We apply proposition 7.12. For any n greater than j(j +0)(j + ) + (lc — 1)l + 1,
E(x({G+0)x({+7),Cn) 2 EGG+6)(I+v—1) + (e —1)lc+1)
whence (7) < j(54+6)(j+v)+ (I —1)l.+1. Analogously, for any n strictly smaller than
3G +0)G +v—1) + (le = Dle + 2 we have E(j(j +0)(j +7),Cn) = €U+ )G+ —
1) + (I — 1)l + 1); moreover,
E((G+0)J +7):Ci(54+6) Grr—1D)+e—1)1er2) < EGG+0)G+7v—1) + (lc — 1)lc +1)

so that v(m) =j(j +6)(j +~v—1) + (Ic — 1)l + 2. To prove that the bottom of the cycle
is {j x (j +9) x (j +7)}, we could proceed as before and use theorem 5.5. However,
a direct application of our geometrical results (theorem 7.2) yields that the minimum
min{E(n) : j(j + )G +7 -1+ —Die+2=<n<ji+0)+7)+ -1l +1}
is equal to E(j(j + 6)(j + 7v)); the unique configurations of energy E(j(j + 6)(j + 7)) are
the quasicubes isometric to 7 X (j + ) x (j + ). Theorem 5.3 implies also that the
altitude of communication between two different quasicubes of this set is greater than
EGG+0)(J+v—1)+(le—1)lc+1) (one has to fill a face of the initial quasicube to create
another quasicube). The statement concerning the principal boundary is a consequence of
proposition 7.8. [

Theorem 7.32. Let j be an integer strictly less than l.. Let § <« belong to {0,1}. The
cycle

=7 X (j+0)x(j+7),predE(j(j +6)(j +7) —j+1))
does not contain —1 and +1. Moreover

o(m) = j(G+0)G+v)—i+2, o) =40+ +7),
VEe{l---5—2} M@GExG+0)x(G+v),—k) Cm.
The bottom of this cycle is {j x (j + &) x (j +)}; its principal boundary is
B(m) = M(j x (j +0) x (7 +7), =i +1)
and thus contains {£:§ C j X (j+0) X (j +7), & € Sj(j+6)(j+~)—j+1 J-

Proof. The proof is similar as for theorem 7.31. [
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Theorem 7.33. Let j be an integer strictly less than j.. Let 6 <~ belong to {0,1}. Let
[ x (I 4+ €) be a quasisquare strictly included in j X (j + §), where | < I.. The cycle

T=m(jx{G+)XG+y)+3lx(+e),predE(Gj(G+)(G+~)+I(l+e)—1+1))
does not contain —1 and +1. Moreover

o(m) = jU+0)+7)+il+e —1+2, v(m) =i+ +7)+il+e,
Vke{l---1-2} M@GEXGH+O)x(G+y)+slx({+e),—k) Cm.

The bottom of this cycle is {j x (j + &) x (j +) +31 x (I + €)}; its principal boundary is

Br) = MGx(G+0)x(G+7y)+slx(l+¢€),-1+1)

and thus contains {£ : £ C j X (j +6) X (J +7), £ € Sj(j+8)(j+7)+(1+e)—1+1 }-

Remark. This theorem cover the cases j < I, and j > [., which are of slightly different
natures. When j < [., the system does not have to create a two dimensional critical droplet
in order to fill a face of the quasicube.

Corollary 7.34. Suppose j < j.. The following cycles are maximal cycles of {—1,+1}¢:

m(J x (5 +0) x (4 +7),pred€(j(j +6)(§ +7 = 1) + (le = Dl + 1)), lc <7,

{n}, n€B@( x (+8)x (j+7),pred€(j(j +8)(j + 7 — 1) + (le = Ve + 1)), le < J,
(X (J+6) x (G+7),pred€(i(j +6)(j+v)—j+1)), 5 <le,

{nt, neM@Gx(G+6)x(G+7),—j+1),j<l,

T(GX(G+0) X (G+7y)+slx (l+¢€),predE(j(G+0)G+v)+1(l+e) —1+1)),1<]I,
{nyy, neM@Ux(G+06)x(G+v)+slx(l+e),-1+1),1<l..

Proof. This corollary is a consequence of lemma 4.4 together with theorems 7.31, 7.32, 7.33.
Notice that we have to put together the descriptions of the cycles of these theorems in order
to check that for each cycle 7 in the above list, there is a sequence of cycles mg,--- , 7,
such that mo = 7, B(m;) Nmiy1 #0,0<i<r and =1 € B(m,). O

Corollary 7.35. Suppose o is a configuration of S,,,_1. The minimal stable sub-
graph G~ (o) of G~ containing o is the restriction of G to the vertices listed in corol-
lary 7.34. The arrows of G~ (o) are (in the following list, the starting cycles belong to the
list given in corollary 7.34):
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m(j x (G +0) X (§ +7),pred€(G(1 +0)(J +v = 1) + (le = Dl +1)) < {n},
n€B(m), le<j<je,
x@+)x0G+ry=D43le—1) xle+11} =
(X [G+0)x (G +y=1) +3(le =1) X le, {=1, +1}%) ;e <j < Je,
m(j x (G +0) x (4 +7),pred€(j(j +0)(G +v) —j+1)) < {n},
neM@Gx(G+6)xG+v),-i+1), j<le,
Ux@+)x0+ry=D43ixG+d-1)+11} =
(X G+0)xG+r=1)+3jx([G+6-1),{=1,+1}%),j <L,
m(J X (G+0) x (G +7) +slx (I+€),pred€(j(j +0)(J +7) + 1l +¢€) —1+1)) < {n},
NEM@GX(G+0)X (G +7)+slx(+e),~1+1), <,
Ux@G+o)xG+y)+slx(l+e—1)+11} —
T x (G +0)x (G +7)+alx U +e—-1),{=L+1}%),l <l.
As usual, this list should be completed with all the isometric arrows as well as with the
arrows between configurations where the quasisquares | X (I + €) are slid against the side

of the quasicubes, and the unit cube 1 is slid against the side of the quasisquare (i.e. the
configurationsin j X (j+0) X (j+7) @3l x (I+e€)d1).

The only loops in the graph G~ (o) are loops around two cycles. Any other arrow
m — my of G~ (o) satisfies v(m) > v(m2). As a consequence a path in G~ (o) starting
at {o} with no loop ends in {—1}.

The exit path. We have finally reached the last step vi). We notice at this point that
there exists only one optimal saddle between two cycles associated to each arrow of the
graph G. Thus the graph G contains all the information necessary to obtain the set of
the saddle paths of null cost between —1 and +1. We describe for instance the canonical
saddle path, which follows the sequence of the canonical configurations:
—_1—> mp, m; — My, Mo — M3, M3 — Ny, My — Mz, M5 — Mg, Mg — My, M7y — Mg,
mg — My, Mg — My, Mg — Mi1, M1 — My2, M2 — My3, M3 — Mg, M1y — Mys,

M5 — Mig, M1 — Myi7, Mg — Mig, Mg — M2, Moo — M2y, M2 — Moz, Moy — Mas,
Ma25 — Mag, M27 —> Mag, -+, Mz (1. 1), 7 M3 (l.—1)le+15 M3 (lo—1)l+1 7 WyB34(1.—1)1.+25
M2 (4 1)+ (le=1)le —7 W2 G4+ (e 1)le+1s MG2 (G 1)+le—Dle+1 7 M2 (j41)+(le—1)1c+2
W (G+1)2 4=l 7 MH(G+1)2+(le—Dle+15 WG(+1)24+le—Dle+1 = W(i+1)24(le—1)lc+25
MG+1)2 4=l 7 MG +(e=DletD " s Mo —1)(je—8c)jet(le=1)le 7 M(je—1) (je—be)jet(le—1)lc+1s
m(jc71)(jc*50)jc+(lcfl)lc+1 - m(jc71)(jc*50)jc+(lcfl)lc+27 T mN3*1 — mN3'
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We state here some consequences of the information provided by the graph G which
describes the set of all the saddle paths of null cost. We stress once more that the graph G
provides the most complete information available on the limiting dynamics. Once we know
this graph, the results obtained in a general framework [6] may be applied in a systematic
fashion to obtain various estimates. We let the process (o, )nen start from —1. We recall
that 7(4-1¢) is the hitting time of the ground state +1 and 6(—1,7(+1°)) is the last visit
to the metastable state —1 before reaching +1.

Theorem 7.36. (the exit path)

For any positive €, the following events take place with probability converging to one ex-
ponentially fast as (3 goes to infinity:

o expBEn:) —e) < T(+1%) < expBEMm.) +€);

o expf(E2 —€) < 7(+1°) — 0(=1,7(+1°) < expB(Ez. + €), where E. is the two
dimensional global energy barrier given in proposition 6.15;

e during the exit path (0,,0 < n < T), the process crosses the set S, of the critical
configurations at exactly one point o.; it does not cross Cy,, \ Sp,;

e if we let n, = min{n > 0 : v(o,) = n.}, n* = max{n < 7 :v(0,) = n.}, we have that
On = Op, = Op» for all m in {n,---n*} and n* — n, < exp(fe);

e all the configurations of the exit path before time n, are of volume less than n., all the
configurations after n* are of volume greater than n.;

e during the ascending part, the process goes through an increasing sequence of qua-
sicubes (j X (j+0)x (j+7), j < jc). It visits a quasicube j X (j+9) X (j +) approximately
exp B(j—1)h times if j < l. and exp B(E2((le—1)lc+1)—E2(j(j+9))) times if j > .. When
it definitely leaves a quasicube, it fills the right side of the quasicube in order to obtain
the next larger quasicube, this filling occurs according to the two dimensional nucleation
mechanism; in particular, it does not make a parallelepiped which is not a quasicube;

e during the descending part, the process goes through an increasing sequence of par-
allelepipeds (j1 X ja X js, min(j1,je2,j3) > jc). It visits a parallelepiped ji X ja X js
approximately exp BFEs. times. When it definitely leaves a parallelepiped it fills a side of
the parallelepiped chosen at random in order to obtain a larger parallelepiped, this filling
occurs by following the two dimensional nucleation mechanism;

e the process reaches the thermal equilibrium within each cycle of M({—1,+1}¢) it
crosses: the distribution of the process before the exit of a cycle is very close to the
Gibbs distribution at inverse temperature (3 restricted to this cycle.

Let us notice a new phenomenon occurring in dimension three. Before growing a qua-
sicube or a parallelepiped whose sides are larger than [., the system will build every
configuration reachable below the energy barrier Ey.. This energy barrier goes to infinity
like 4/h and can thus be terribly high. The system will form small clusters very far from
the main cluster. There will be small sparks appearing everywhere on the torus. It will
try to build very strange shapes around the main cluster, like small antennae and wires.
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