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We consider the ferromagnetic g-state Potts model on a finite grid with non-zero external field and periodic
boundary conditions. The system evolves according to Glauber-type dynamics described by the Metropolis
algorithm, and we focus on the low temperature asymptotic regime. We analyze the case of negative external
magnetic field. In this scenario there are ¢ — 1 stable configurations and a unique metastable state. We describe
the asymptotic behavior of the first hitting time from the metastable state to the set of the stable states as § — oo
in probability, in expectation, and in distribution. We also identify the exponent of the mixing time and find
an upper and a lower bound for the spectral gap. We identify the minimal gates for the transition from the
metastable state to the set of the stable states and for the transition from the metastable state to a fixed stable
state. Furthermore, we identify the tube of typical trajectories for these two transitions. The detailed description
of the energy landscape that we develop allows us to give precise asymptotics for the expected transition time
from the unique metastable state to the set of the stable configurations.

Keywords: Potts model, Ising Model, Glauber dynamics, metastability, tunnelling behaviour, critical droplet, tube of typical
{rajectories, gate, large deviations, potential theory.
WSC2020: 60K35, 82C20, secondary: 60J10, 82C22.

I. INTRODUCTION

Metastability is a phenomenon that is observed when a physical system is close to a first—order phase transition, and it remains
stuck for a long time in a state which is different from the equilibrium state. This is known as a metastable state. After a long
(random) time, the system performs a sudden transition from the metastable state to the stable state. In the models for metastable
behavior a suitable stochastic dynamics is chosen and three main issues are typically investigated. The first is the study of the
first hitting time of the stable state(s) for the process started in the metastable state. The second issue is the study of the critical
configurations visited by the process with probability close to one during the transition from the metastable state to the stable
state(s). The final issue is the study of the tube of typical paths of the process during the transition from the metastable state to
the stable state(s).

In this paper we study the metastable behavior of the g-state Potts model with non-zero external magnetic field on a finite
two-dimensional discrete torus A. On each site i of A lies a spin with value o (i) € {1,...,q}, hence the g-state Potts model is
an extension of the classical Ising model from g = 2 to an arbitrary number ¢ of spins with ¢ > 2. To each configuration o is
associated an energy H(o) that depends on the ferromagnetic interaction between nearest-neighbor spins, and on an external
magnetic field 2 which favors a specific spin value. We focus on the regime of large inverse temperature § — . The stochastic
evolution is described by a Glauber-type dynamics, which is a Markov chain given by the Metropolis algorithm that only allows
single spin flip updates. This dynamics is reversible with respect to the so-called Gibbs measure, see (2).

Our analysis focuses on the case of negative external magnetic field. In this scenario there are one metastable state and
q — 1 stable states. Without loss of generality, in the metastable configuration all spins are equal to 1. The remaining constant
configurations are stable states. The goal of this paper is to investigate all three issues of metastability introduced above for this
model. We focus on two classes of transitions: transitions from the metastable state to the set of stable states (briefly denoted

*Passed away on 21 October, 2021.



1 — Z7) and transitions from the metastable state to any fixed stable state (briefly denoted 1 — s). For both transitions, we
investigate the transition time, the minimal gates and the tube of typical trajectories. Finally, we identify the prefactor of the
expected transition time.

Let us now briefly describe our approach. First we prove that the only metastable configuration is the configuration with all
spins equal to 1. For the transition 1 — 27, we are able to obtain the expected value and the distribution of the transition time.
This is more complicated for the transition 1 — s. Indeed, in this case with strictly positive probability the optimal path visits
a stable state different from s before hitting s. We prove that the energy barrier between two stable states is strictly larger than
the energy barrier between a stable state and any other (non—stable) state. In view of this, we prove that the lower and the upper
asymptotic bounds for the transition time have different exponents, see Remark III.1. Moreover, we characterize the behavior
of the mixing time in the low-temperature regime and give an estimate of the spectral gap, see (25) and (26) for the formal
definitions. Next, we identify the set of all minimal gates. In particular, we prove that this set is given by those configurations in
which all spins are 1 except for a quasi-square of spins s € {2,..., ¢} with a unit protuberance on one of the longest sides. Using
the so-called potential-theoretic approach, we give sharp estimates on the expected transition time by computing the prefactor
explicitly. This requires a detailed knowledge of the critical configurations and the configurations connected to them. Finally,
we give a geometric characterization of the configurations that belong to the tube of typical paths for both transitions.

a. Literature on the Potts model All grouped citations here and henceforth are in chronological order of publication. The
Potts model is one of the most studied statistical physics models, as the vast literature on the subject, both on the mathematics
side and the physics side, attests. The tunneling behaviour for the Potts model with zero external magnetic field has been studied
in [1-3]. In this energy landscape there are g stable states and there is not any relevant metastable state. In [1], the authors derive
the asymptotic behavior of the first hitting time for the transition between stable configurations, and give results in probability,
in expectation and in distribution. They also characterize the behavior of the mixing time and give a lower and an upper bound
for the spectral gap. In [2], the authors study the tunneling from a stable state to the other stable configurations and between
two stable states. In both cases, they give a geometric characterization of the union of all minimal gates and the tube of typical
trajectories. Finally, in [3], the authors study the model in dimensions two and three. They give a description of the so-called
gateway configurations in order to compute the prefactor. We note that these gateway configurations are quite different from
the minimal gates in [2]. The g-Potts model with positive external magnetic field has been studied in [4]. In this scenario there
are ¢ — 1 multiple degenerate metastable states and a unique stable configuration. The authors answer all the three issues of
the metastability introduced above for the transition from any metastable to the stable state. Finally, metastability for the Potts
model with three colors, but general coupling constants, has been studied in [5].

b. Literature on metastability In this paper we adopt the framework known as pathwise approach, which was initiated in
1984 by Cassandro, Galves, Olivieri, Vares in [6] and it was further developed in [7] and independently in [8], see also references
therein. The pathwise approach requires a detailed knowledge of the energy landscape to give quantitative answers to the three
issues of metastability in the form of ad hoc large deviations estimates. This approach was further developed in [9, 10] (see also
references therein) by separating the study of the transition time and of critical configurations from that of the tube of typical
trajectories. Indeed, it was recognized that the latter requires more detailed model-dependant inputs. The pathwise approach
hds been recently used in [11] to tackle the three issues of metastability for Ising-like models with Glauber dynamics, and in
[12—14] for Kawasaki dynamics. For more details, see the recent review [15]. The so-called potential-theoretical approach
exploits a suitable Dirichlet form and spectral properties of the transition matrix to give sharp asymptotics for the hitting time.
More precisely, this method estimates the leading order of the expected value of the transition time including its prefactor, see
[16, 17] and references therein. The potential theoretical approach was applied to find the prefactor for Ising-like models and the
hard-core model in [17-21] for Glauber dynamics and in [22, 23] for parallel dynamics. Recently, other approaches have been
formulated in [24-26] and in [27] and they are particularly suited to estimating the prefactor when dealing with the tunnelling
between two or more stable states.

¢. Outline In Section II we define the ferromagnetic g-state Potts model and the associated Hamiltonian. We state our
main results in Section III. In Section IV we analyse the energy landscape and give the proofs of some useful model-dependent
results that are used throughout all the next sections. In Subsections V B and V C we give the explicit proofs of the main results
on the critical configurations and on the tube of typical paths, respectively. Finally, in Section VI we compute the prefactor and
refine the estimate on the expected transition time.

II. MODEL DESCRIPTION

In the g-state Potts model each spin lies on a vertex of a finite two-dimensional rectangular lattice A = (V,E), where V =
{0,...,K—1} x{0,...,L— 1} is the vertex set and E is the edge set, namely the set of the pairs of vertices whose spins interact
with each other. We identify each pair of vertices lying on opposite sides of the rectangular lattice, so that we obtain a two-
dimensional torus. We denote by S the set of spin values, i.e., S := {l,...,q} and assume g > 2. To each vertex v € V is
associated a spin value o(v) € S, and 2" := SV denotes the set of spin configurations.

We denote by 1,...,q € 2 those configurations in which all the vertices have spin value 1,...,q, respectively.
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To each configuration o € 2~ we associate the energy H (o) given by

H(o)= *f( Y. Liow=om) Th Y Liow=1}, )

vw)eE uevV

where J is the coupling constant and h is the negative external magnetic field. We call h negative since there is a minus in front
of H. In this paper we consider the ferromagnetic Potts model and set J = 1.
The Gibbs measure for the g-state Potts model on A is a probability distribution on the state space 2~ given by

eiﬁH<O-)
Hp(0) = ——,

2)

where B > 0 is the inverse temperature and where Z := Y. 5/c 4 e PH (o),
The spin system evolves according to a Glauber-type dynamics. This dynamics is described by a single-spin update Markov

chain {X,ﬁ }en on the state space 2~ with the following transition probabilities: for 6,0’ € 2,

0(c,0")e PHO)-HEI" if 5 £ o,

3
I_ZT]#O’Pﬁ(Gan)a ifG:G/, ( )

Pg(o,0") ::{

where [n]* := max{0,n} is the positive part of n and

L if{vevio) £o'(v)} =1,
N v
0(c,07) = {&V itveV:oM) £’ W)} > 1, @

forany 0,0’ € 2 . Qs the so-called connectivity matrix and it is symmetric and irreducible, i.e., for all o,0’ € 27, there exists
a finite sequence of configurations @y, ...,®, € 2 such that ®; = 0, @, = ¢’ and Q(®;, ®;1) >0 fori=1,...,n— 1. Hence,
the resulting stochastic dynamics defined by (3) is reversible with respect to the Gibbs measure (2). The triplet (£",H,Q) is
called the energy landscape. The dynamics defined above belongs to the class of Metropolis dynamics. In particular, at each
step the update of vertex v depends on the neighboring spins of v and on the following energy difference

Ywrr(Lio=ow)} — Liow)=s)) —h, ifo(v)=1,s#1,
H(6"") —H(0) = Yuwv(Lio(m)=ow)} — Lio(w)=s})» ifo(v)#1,s#1, ©)
Ywrr(Lotm=ow)t = Liow)=s}) Th, ifo(v)#1, s=1,

where 6" is the configuration obtained from o by updating the spin in the vertex v to s, i.e., 6%*(w) = o(w) if w # v, 6™ (w) = s
ifw=wv.

III. MAIN RESULTS ON THE ¢-STATE POTTS MODEL WITH NEGATIVE EXTERNAL MAGNETIC FIELD

In this section we state our main results. Note that we give the proof of the main results by considering the condition
L>K >3, 6)

where (* := [%w is the critical length. It is possible to extend the results to the case K > L by interchanging the role of rows and
columns in the proof.
In order to state our main results on the Potts model with Hamiltonian as in (1), we assume as follows.

Assumption IIL.1 We assume that the following conditions are verified:
(i) the absolute value of the magnetic field h is such that 0 < h < 1;
(ii) 2/h is not integer.

A. Energy landscape

The first result that we give is the identification of the set of the global minima of the Hamiltonian (1). This follows by simple
algebraic calculations.
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FIG. 1: Schematic picture of the energy landscape below ®(1,.2™) of the 4-state Potts model with negative external magnetic field with
S={1,2,3,4}, Z° ={2,3,4}. We have not represented the cycles (valleys) that contain configurations with stability level smaller than or
equal to 2 (see Proposition III.2).

Proposition II1.1 (Identification of 2™%) If the external magnetic field is negative, then the set of the global minima Z™* of the
Hamiltonian (1) is given by Z° ={2,...,q}.

Next, we prove that the g-state Potts model with Hamiltonian H defined in (1) has only one metastable state and we give an
estimate of the stability level of this configuration. Formally, we call path a finite sequence ® of configurations ay, ..., ®, € Z,
n € N, such that Q(@;,®;41) >0 for i =0,...,n— 1. Let Qs & be the set of all paths between ¢ and ¢’. Given a path
o = (ay,...,n,), we define the height of @ as

D, = vn(}ax H(w). @)
For any pair 6,6’ € 2, the communication height ®(c,0’) between ¢ and ¢’ is the minimal energy across all paths @ : 6 — ¢,
ie.,

®(0,0'):= min ®, = min maxH(n). 8)

w:0—0’ w:0—0' NED

We define the set of optimal paths between 0,0’ € 2 as

Qo = {0 € Qo : maxH(n) =®(0,0")}. ©)
For any ¢ € 2, let
Is:={neZ: Hn)<H(o)} (10)

be the set of states with energy strictly smaller than H (o). We define stability level of o the energy barrier
If Y5 = @, we set Vi := oo, Finally, we define the set of metastable states as

ZM={neX :Vy= cer?f‘\’fzwv"}' 12)

Furthermore, for any ¢ € 2 and any @ # o/ C 2, we set
I'(o,o):=®(c,o)—H(0). (13)
We refer to Figure 1 for an illustration of the 4-Potts model.
Theorem IIL.1 (Identification of 2™™) If the external magnetic field is negative, then 2™ = {1} and
":=TA,2°%)=40"—h(*(¢*—1)+1). (14)

Proof. To prove this, we apply [28, Theorem 2.4]. The first assumption on the identification of the communication height follows
by Lemma IV.1 and Lemma IV.3. The second assumption, the estimate of the stability level of any o € 2°\{1,...,q}, is proved
in Proposition II1.2. |

In the following proposition, which we prove in Subsection IV B, we give a uniform estimate of the stability level for any
configuration n € 2 \{1,...,q}.
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Proposition II1.2 (Estimate on the stability level) If the external magnetic field is negative, then for any n € Z'\{1,...,q},
Vp <2<I(1,27).

We define metastable set at level V the set of all the configurations with stability level larger than V, i.e.,

Xy ={ce X :Va>V} (15)
Moreover, given a non-empty subset 7 C 2" and a configuration o € 2°, we define

1% :=inf{t > 0: XP € &} (16)

as the first hitting time of the subset ./ for the Markov chain {Xtﬁ }ren starting from o at time ¢ = 0. Exploiting the estimate of
the stability level in Proposition III.2, we obtain the following result on a recurrence property to metastable and stable states, i.e.,
{1,...,q}. Intuitively, the result can be understood as follows. Any path out of a valley of depth two will involve the creation of
one protuberance along an interface between two stable states or a stable state and a metastable state. In fact, a protuberance is
created by a single spin flip occurring with probability roughly proportional to exp(—2f). Assuming that every other possible
spin flip results in a configuration that is still in the same local valley and with the same energy, the number of attempts 7 for
the system to escape the valley is distributed as a geometric random variable with parameter roughly exp(—2f3). Hence, the tail
of the (rescaled) distribution of T can be estimated as

P(T > e2Px) = (1— e 2P < o, (17)

Choosing x = exp(Be) gives P(T > e(>**€)B) < exp(—exp(ef)). This heuristic suggests that the (rescaled) time to exit a local
minima has sub-exponential tails. In fact, a stronger result holds, and this is the subject of the following theorem.

Theorem III.2 (Recurrence property) If the external magnetic field is negative, then for any 6 € 2 and for any € > 0 there
exists k > 0 such that for B sufficiently large

) > eB(2+8)) < efekﬁl (18)

Froof. Apply [29, Theorem 3.1] with V = 2 and use (15) and Proposition II1.2 to get 25 = {1,...,q} = Z U 2™, where the
last equality follows by Proposition III.1 and Theorem III.1. (]

From Theorem III.2 follows that the function B — f(f) := IP’(‘L'{(’L_._’q} > eP(219)) satisfies limg_,., logp% = —oo and such a
function is known as super-exponentially small.

From Proposition III.1, we have that when ¢ > 2 the energy landscape (£, H, Q) has multiple stable states. We are interested
in studying the transition from the metastable state 1 to 2" and also the transition from 1 to a fixed stable configuration s € 2.
To this end, it is useful to compare the communication energy between two different stable states and the communication energy
between the metastable state and a stable configuration, see Theorem III.3. Furthermore, for any s € 2™* in order to find the
asymptotic upper bound in probability for 7!, we estimate the maximum energy barrier that the process started from r € .27\ {s}
has to overcome to reach s, see Theorem II1.4. These are the goals of the next result. In order to state it, we need some further
definitions. A non-empty subset 4 C 2" is called cycle if it is either a singleton or a connected set such that

maxH (o) < H(Z (0F)). (19)
cEL

When % is a singleton, it is said to be a trivial cycle. Let €' (Z") be the set of cycles of 2.

The depth of a cycle € is given by

[(€) := H(F(9€)) — H(F (¢)). (20)

If € is a trivial cycle we set T'(¢) = 0.

Given a non-empty set &/ C £, we denote by .# (/) the collection of maximal cycles <, ie., # () :={€ € €(Z)| €
maximal by inclusion under constraint 4’ C «/'}. For any ./ C 2, we define the maximum depth of </ as the maximum depth
of a cycle contained in <7, i.e.,

I['(¢/):= max I(%). 1)
Ce ()
In [9, Lemma 3.6] the authors give an alternative characterization of (21) as the maximum initial energy barrier that the process
started from a configuration 1 € %7 possibly has to overcome to exit from .27, i.e., ['(#/) = max, ¢, I'(n, 2\ ).

Finally, for any o € .27, if .o/ is a non-empty target set, we define the initial cycle for the transition from o to .7 as ¢'5(I') :=
{octu{ne 2 : ®(o,n)—H(c) <I'=®(0,4)—H(0o)}. Note that if ¢ ¢ o7, then C%,(I') N.o/ = &.
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FIG. 2: On the left, we give a side view (vertical section) of the energy landscape depicted in Figure 1. We colour light gray the initial cycle
%%“ (™). On the right, viewpoint from above of the energy landscape depicted in Figure 1 cut to the energy level ®(1,s), for some s € 2.
The dashed part denotes the energy landscape whose energy value is smaller than ®(1,s). The cycles whose bottom is a stable state are
deeper than the cycle %”}q (T"™) of the metastable state, hence we depict them with circles whose diameter is larger than the one related to the
metastable state 1.

Theorem IIL.3 Consider the g-state Potts model on a K X L grid A, with periodic boundary conditions and with negative external
magnetic field. For any s € Z°°, we have

(1, 27) > D(s, 27\{s}), (22)
L(1,27) <T(s, 2°\{s}), (23)
D(2\{s}) =(r, 2°\{r}), withr € 2°. (24)
Proof. For the details we refer to the Appendix A. |

We refer to Figure 1 and Figure 2 for a schematic representation of the energy landscape and of the quantities of Theorem I11.3
for the 4-state Potts model with negative magnetic field. An intuitive way to understand the result is the following. Consider the
operator |, : & — % that acts on a configuration by switching all spins 1 to s. Let @ := (@, ®y,...,®,) be a path from 1
to £ that realizes the communication height and such that, say, @, # s. Then, the path Z(w) := (Z15(a), ..., P1s(@y))
also realizes the communication height from s to 2™\ {s}. However, the energy cost of each step of ® that removes a 1 spin is
smaller than the cost of the corresponding step in Z);(®). In fact, the difference between the two costs is exactly 4. In other
words, each step of @ that switches a 1 spin happens with a probability that is larger by a factor exp(f3/) than the corresponding
step in Z15(w) (due to the interaction contribution to the energy, this probability is still exponentially small). This explains why
the height of the optimal path from 1 to 2™ is lower than the height of the path from s to 275\ {s}, that is (23). The result (22)
requires more care. On the one hand, as we have argued, the height of the path from 1 to 27 is lower than the height of the
path from s to 27\ {s}. On the other hand, the energy of the starting configuration 1 is larger than H (s). Intuitively, (22) can be
explained as follows: the difference of the energy of the starting configurations H (1) — H(s) = hKL is larger than the difference
of the path heights. Detailed computations are required to better understand this trade-off, and we present these in the proof in
Appendix A..

B. Asymptotic behavior of T}ij and 7} and mixing time

In the following theorem we give asymptotic bounds in probability for both T}l»s and 1}, identify the order of magnitude of the
expected value of T{lgfs and prove that the asymptotic rescaled distribution of ’c‘l% is exponential. Furthermore, we also identify

the mixing time and give an upper and a lower bound for the spectral gap. Formally, let {Xtﬁ }ten be the Markov chain with
transition probabilities (3) and stationary distribution (2). For every € € (0, 1), we define the mixing time IE“X(E) by

t[rsmx(g) :=min{n > 0] crfrgzg//HPg(g,.) _Hﬁ(')HTV <e}, (25)

where the total variance distance is defined by ||V — V/||1y := 1 ¥.5c o |V(6) — V/(0)] for every two probability distribution v, v/
on Z . Furthermore, we define spectral gap as

o ©)
ppi=1-24", (26)

where 1 = llgl) > ;tlgz) > > lé“%‘l) > —1 are the eigenvalues of the matrix Pg(0,1))s ne2 -

Theorem II1.4 (Asymptotic behavior of T’I%S and 7! and mixing time) If the external magnetic field is negative, then for any
s € 275, the following statements hold:
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(a) for any € >0, limg_,,Pg (eﬁ(rm_£> < ’L'i%- < eB<Fm+£)) =1;
(b) for any € > 0, limg_,., IPg (eﬁ(rm_£> < ’L'sl < eB(F(S’%S\{S})“)) =1;

(c) limg_,.. % logE[t},| =T";

(d)

bs d

E[Tﬁ) 5 Exp(l);

(e) for every € € (0,1) and s € X%, 1imlgﬁwélogtﬁ’”"x(£) =TI(s, Z°\{s}) and there exist two constants 0 < ¢} < ¢y < oo
independent of B such that, for any B > 0, c;e PT&2\sh < pg < e BT(s:27\{(sh),

Proof. Item (a) holds in view of Theorem III.1 and [29, Theorem 4.1]. The lower bound of item (b) follows by Theorem III.1
and [9, Propositions 3.4], while the upper bound by (24) and [9, Propositions 3.7]. Item (c) follows from Theorem III.1 and [29,
Theorem 4.9]. Lastly, item (d), i.e., the asymptotic exponentiality of ’L’éﬁ, follows from Theorem 24 and [29, Theorem 4.15].
For this last item, we refer also to [9, Theorem 3.19, Example 3]. Item (e) follows by (24) and by [9, Proposition 3.24]. O

Remark II1.1 Note that the lower and upper bounds for ‘L’Sl in item (b) have different exponents. Indeed, the presence of a subset
of the optimal paths, that the process follows with probability strictly positive, going from 1 to s without crossing 2 *\{s},
implies that the lower bound is sharp. Moreover, the presence of a subset of the optimal paths going from 1 to s crossing
2 \{s}, ensures that the process, with probability strictly positive, enters at least a cycle €y (I'(r,s)) for any givenr € Z*\{s}
which is deeper than the initial cycle ‘fsl (™). This implies that the maximum depth of the cycles crossed by these paths is
I'(r,s), thus the upper is sharp. Finally, we remark that in [4, Theorem 4.3] items (a) and (b) coincide since in that scenario
there is a unique stable state.

C. Minimal gates for the metastable transitions

We also identify the set of minimal gates for the transition 1 — 2™ and also for the transition 1 — s for some fixed s € 2°.
To this end, we need some further definitions. The set of minimal saddles between 6,0’ € 2 is defined as

o,0"’

S(0,6):={Ec2:F0cQ?, tcw: r#gc);H(n) =H(E)}. (27)

We say that 11 € .%(0,0) is an essential saddle if there exists ® € Q" such that either

- {arg max,H} = {n} or

opt
o,0'"

o {arg max,H} D {n} and {arg max H} Z {arg max,H}\{n} forall ® € Q

A'saddle n € (0, 0’) that is not essential is said to be unessential.
Given 0,0’ € 27, we say that # (0, 0’) is a gate for the transition from o to ¢’ if #'(0,0’) C .¥(0,0') and oN¥ (0,0') £ &
forall w € Q‘;p ;/. We say that # (0, 0”) is a minimal gate for the transition from ¢ to ¢ if it is a minimal (by inclusion) subset

of .7(c,0’) that is visited by all optimal paths. More in detail, it is a gate and for any %/ C #/(c,0") there exists @’ € Q%"

c,0’
such that @' NY' = &. We denote by 4 = 4(0, 6’) the union of all minimal gates for the transition ¢ — o’.
In our scenario, we define

q q
W (L,2°) =By (1,1) and 7' (1, 27) := | JBj o1 (1,1), (28)
=2 =2

where th »(1,5) denotes the set of those configurations in which all the vertices have spins r, except those, which have spins s, in
arectangle a x b with a bar 1 x [ adjacent to one of the sides of length b, with 1 </ <b—1.

We refer to Figure 16(b)—(c) for an example of configurations belonging respectively to #/(1, 2°%) and to # (1, Z™%). These
sets are investigated in Subsection V A where we study the gate for the transition from the metastable state 1 to 2°. The
characterization of the set of minimal gates for the transition 1 — 2°* can be intuitively understood as follows. Any element
of the minimal gate necessarily contains only spins of two colors (1 and, say, s). Then, any minimal gate for the 2-colors Potts
model (i.e., the Ising model) is also a minimal gate for the g-colors Potts model with ¢ < 2. On the other hand, any optimal path
from 1 to a specific s € 2™ must necessarily hit .2™*. Therefore, any minimal gate for the transition 1 — 2"* is also a minimal
gate for the transition 1 — s. The proofs of the results given in Subsection V B formalize these intuitions.
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Theorem IIL.5 (Minimal gates for the transition 1 — 27%) If the external magnetic field is negative, then W (1, Z2°*) is a min-
imal gate for the transition from the metastable state 1 to 2. Moreover,

G125 =W 1,27). (29)

We refer to Figures 1 and 2 for illustrations of the set #' (1, 2"*) when g = 4.

Finally, in Theorem II1.6 we establish the set of all minimal gates for the transition from the metastable state 1 to a fixed stable
configuration s € .2°*. In particular, starting from 1 the process may visit some stable states in :2"*\ {s} before hitting s. Thanks
to Theorem II1.3, we get that along any optimal path between two different stable states the process only visits states with energy
value lower than ®(1,.2°*) and so it does not visit any other gate. See for instance Figure 1 and Figure 2, where we indicate
with a dashed gray line the communication energy among the stable states.

Theorem III.6 (Minimal gates for the transition 1 — s € .2°°) If the external magnetic field is negative, then for any s € Z°,
W (1,8) =W (1, 2) is a minimal gate for the transition from the metastable state 1 to s and

Y(1,s)=9(1,27). (30)

We defer to Subsection V B for the proof of the theorem above. Finally, in the next corollary we prove that in both the transitions,
ie,1— Z%and1—s e 27, the process typically intersects the gates.

Corollary IIL.1 If the external magnetic field is negative, then for any s € Z*,
(a) 1imﬁ%19>,3(r;/(w.s) <th)=1;
(b) limp . Pp(Ty y ) <) = 1.
Proof. The corollary follows from Theorems II1.5 and II1.6 and from [29, Theorem 5.4]. (I

Finally, we remark that in [4, Theorem 4.5] the authors identify the union of all minimal gates for the metastable transition
for the g-Potts model with positive external magnetic field. These minimal gates have the same geometric definition of those of
oHr scenario, the main difference is that in the positive scenario the spins inside the quasi-square union a unit protuberance and
in the sea are fixed, while in the negative case we have to take the union on all € S\ {1}, see (28).

D. Sharp estimate on the mean transition time

Exploiting the model-dependent results given in Subsections III A and III C and some model-independent results by [16, 30]
and from [12], in Subsection VI A we prove the following theorem in which we refine the result of Theorem II1.4(c) by identifying
the precise scaling of the prefactor multipling the exponential.

Theorem IIL.7 (Mean crossover time) If the external magnetic field is negative, then there exists a constant K € (0,00) such
that

lim e P By (14) =K. (31)

B—reo
In particular, the constant K is the so-called prefactor and it is given by

3 1 1 1
K_42£*—1q—1|A|‘ (32)
Remark IIL.2 In order to prove Theorem II1.4(c) the only model-independent inputs are the identification of 2", the recurrence
property given in Theorem II1.2, and the computation of the energy barrier U(1, &%) for the transition from the metastable state
to the stable configurations, see (14). On the other hand, in order to prove Theorem II1.7 we need of a more accurate knowledge
of the energy landscape. Indeed, it is necessary to know the geometrical identification of the critical configurations and of the
configurations connected to them by a single step of the dynamics for the transition 1 — 25, that we give in Theorem IIL5.



shing

n
[
]

AIP
Publ

i

2

E. Tube of typical trajectories of the metastable transitions

In this subsection we give the results on the tube of typical trajectories ¥ o-s(1) and F(1) for both the transitions 1 — 2¢
and 1 — s for any fixed s € 2. The tube T »-s(1) (resp. T5(1)) can be characterized, and indeed identified, by only relying on
the geometrical structure of the energy landscape. Once this is done it follows from standard model-independent considerations
[7, 9] that the dynamics leaves T 4's(1) (resp. T(1)) through its non-principal boundary before reaching 1 with exponentially
small probability. In particular, the non-principal boundary are all those configurations on the boundary that do not minimize the
energy. From this follows that T o-s(1) (resp. Ts(1)) contains those configurations which are visited with positive probability
before hitting 2™ (resp. s) as B — oo. Formally, for any ¢ € € (%Z), we define as

F(9F) if € is a non-trivial cycle,

{ne€d¥:H(n)<H(c)} if% ={c}isatrivial cycle, (33)

B(C):= {

the principal boundary of €. Furthermore, let 9"P% be the non-principal boundary of €, i.e., 0"P€ := dE€\B(E).
The tube is defined in terms of unions of Bé »(1,5), defined below Theorem 28, and of the following sets.

- R, (r,s) denotes the set of those configurations in which all the vertices have spins equal to r, except those, which have spins
s, in a rectangle a x b. Note that when either a = L or b = K, R, ;(r,s) contains those configurations which have an r-strip and
an s-strip. In particular, a configuration ¢ has an s-strip if it has a cluster of spins s which is a rectangle that wraps around A.
For any r,s € S, we say that an s-strip is adjacent to an r-strip if they are at lattice distance one from each other. For instance, in
Figure 11(a) there are depicted vertical adjacent strips.

- For any s # 1, we define

S(1,8) :={o € Z(1,s) : o has a vertical s-strip of thickness at least £* with

possibly a bar of length / = 1,...,K on one of the two vertical edges}, (34)

ZM(1,5) := {0 € 2°(1,s) : o has a horizontal s-strip of thickness at least £*

with possibly a bar of length / = 1,..., L on one of the two horizontal edges}, (35
where 2 (r,s) ={c € Z :0(v) € {r,s} forany v € V}.

Theorem IIL.8 (Tube of typical paths for the transition 1 — 27%) If the external magnetic field is negative, then the tube of
typical trajectories for the transition 1 — Z°* is

q rl*—1 rx F—10-1 o+ 0=2
Tos():=J| U Re—10(1,5) U Rr—10-1(1,5) U | UBio1o(Ls)UJ UBo 1oy (1) UBp_ o (1,9)
s=2 L (=1 (=1 (=1 I=1 (=11=1
K-1 K-1 K-1 K—1 6—1 L-1 L-1 L-1 L—1 -1
_ - _ _
vl URyesuJ U UBL,0su U URiuoulJ U U Bi,Ls)us"(1,s)us"(1,s)].
Ly =0* by =0* L= by=L* [=1 Oy=l* Ly =L* Ly =l* ly=0* 1=1
(36)
Furthermore, there exists k > 0 such that for B sufficiently large
Pg(Thups 1) < Tys) Se P (37)

Note that in [4, Theorem 4.7] the authors identify the tube of typical trajectories for the metastable transition for the g-Potts
model with positive external magnetic field. This tube has the a similar geometric definition of the tube (36) of our scenario, the
main difference is that in this negative scenario we have to take the union on all # € S\{1}.

Remark II1.3 In [2] the authors study the g-state Potts model with zero external magnetic field. Since in this energy landscape
there are q stable configurations and no relevant metastable states, the authors study the transitions between stable states.
More precisely, they identify the union of all minimal gates and the tube of typical paths for the transition between two fixed
stable states and these results hold also in the current scenario for the transition v — s for any r,s € 25, r #s. Indeed, the
communication height computed in Subsection IV C is equal to the one given in [1] and its value is strictly lower than ®(1, Z°%)
as we prove in Theorem I11.3. It follows that for any r,s € 25, r # s, any optimal path for the transition r — s does not visit
the metastable state 1 and for this type of transition the identification of the union of all minimal gates and of the tube of typical
trajectories is given by [2, Theorem 3.6] and [2, Theorem 4.3], respectively.
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Using Remark II1.3, the tube of typical paths for the transition from the metastable to any fixed stable state is

L) :=Ts(HU  |J TE(r), (38)
re25\{s}

where TZ°(r) is given by [2, Equation 4.23].

Theorem IIL.9 (Tube of typical paths for the transition 1 — s) If the external magnetic field is negative, then for any s € Z"°
the tube of typical trajectories for the transition 1 — s is by (38). Furthermore, there exists k > 0 such that for B sufficiently
large

Pp (T gy <) < e P, (39)

We defer the explicit proof of Theorem 39 in Subsection V C.

IV. ENERGY LANDSCAPE ANALYSIS

We devote this section to analyse the energy landscape of the g-state Potts model with negative external magnetic field.

A. Disagreeing edges, bridges and crosses

In the following list we introduce the notions of disagreeing edges, bridges and crosses of a Potts configuration on a grid-graph
A. These definitions are taken from [1].
- We call e = (v,w) € E a disagreeing edge if it connects two vertices with different spin values, i.e., 6(v) # o(w).
-Foranyi=0,...,K—1,let

d(0):= "}, L{o()o(m) (40)

(vw)er;

be the total number of disagreeing horizontal edges on row r;. Furthermore, for any j =0,...,L— 1 let

de;(6):= Y, Lio(tom) (41)

(vw)ec;

be the total number of disagreeing vertical edges on column c;.

- We define dj,(0) as the total number of disagreeing horizontal edges and d, (o) as the total number of disagreeing vertical
edges.

Since we may partition the edge set E in the two subsets of horizontal edges E;, and of vertical edges E,, such that E, N E, = &,
the total number of disagreeing edges is given by

Y, Lowszomwnt Y. Licw)zow) =dv(0)+di(0). (42)

(vw)€EE, (vw)€EE,

- We say that ¢ has a horizontal bridge on row r if d.(c) = 0.

-We say that ¢ has a vertical bridge on column c if d.(c) = 0.

- We say that 0 € 2 has a cross if it has at least one vertical and one horizontal bridge. If o has a bridge of spins s € S, then we
say that o has an s-bridge. Similarly, if ¢ has a cross of spins s, we say that ¢ has an s-cross.

- For any s € S, the total number of s-bridges of the configuration o is denoted by B,(0). Note that if a configuration o € 2
kas an s-cross, then Bs(0) is at least 2.

B. Maetastable state and stability level of the metastable state

In this subsection we find the unique metastable state and we compute its stability level. Furthermore, we find the set of the
local minima and the set of the stable plateaux of the Hamiltonian (1). First we define a reference path from 1 to s, for any
s € 27, The energy value of any configuration ¢ in this path, using (42) can be computed as

H(0)—H(1) =dy(0)+dy(0) =1 Y Liguyznys (43)
[152%
We say that a path @ € Qg o is the concatenation of the L paths o) = ( (()i), . ,<,f>), forsomen; €N, i=1,...,Lif o =

(a)o(l) = o,...,w,(lll),wé2>, ...,w,(,f),...,a)éL),...,a),(lf) =0o').
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(a) Two vertical bridges (b) An horizontal bridge (c) A cross on column ¢y

on columns ¢z and cqo. on row ra. and on row rg.

FIG. 3: Example of configurations on a 8 x 11 grid graph displaying a vertical s-bridge (a), a horizontal s-bridge (b) and a s-cross (c). We
color black the spins s.

(a) (b) ()

FIG. 4: (a) First steps of path ®? onal0x12 grid A starting from the vertex v = (3,3). We color white the vertices with spin 1, black those
with spin s. The arrow indicates the order in which the spins are flipped from 1 to s. (b) Illustration of &g _y)2. (¢) Illustration of &g 1)y g1

Definition IV.1 (Reference path) For any s € X%, we define a reference path @ : 1 — s, @ = ((?Jo, ., Q1) as the concatena-
tion of the two paths ®") := (1= @, .. Dk_1) 2) and &) := (@(K—1)2+1 ,...,8=@kL). The path @V is defined as follows. We

set @y = 1. Then, we set @) := a)é’ )’ where (i, j) is any vertex in A. Sequentially, we flip clockwise from 1 to s all the vertices

that sourround (i, j) in order to constmct a 3 x 3 square. We iterate this construction until we get @ _yy2 € Rg—1x-1(1,5).
See Figure 4(a). The path @2 is defined as follows. Without loss of generality, assume that (x)<K 1 € Rxk_1x-1(1,s)
fwas the cluster of spin s in the ﬁrst €0, ---,Ck—2 columns, see Figure 4(b). We define @k 1y, O 1245 as a se-

qguence of configurations in which the cluster_of spins s grows gradually by flipping the spins 1 on the vertices (K — 1, ),
for j=0,....K—2. Thus, (I)(K_1)2+K_1 € Rx_1k(1,s) as depicted in Figure 4(c). Finally, we define the configurations

a, (K—1)24K> - ., @k as a sequence of states in which the cluster of spin s grows gradually column by column. More precisely,
surtzngfrom a)(,( 24k-1 € Rk_1k(1,s), ® o2 )passes through configurations in which the spins 1 on columns ck,...,cr—1 be-

come s. The procedure ends with @k, = s. Note that the energy value of the configurations in the reference path is mdependent
of the first flipped spin (i, j).

Next we show that any configuration belonging to U 5 Rp«—1 ¢+(1,1) is connected to the metastable configuration 1 by a path
that does not overcome the energy value 4¢* — h(¢*(¢* — ) +1)+H(1). For any s € S, we define as
Ny(o):={veV: o(v) =s}| (44)
the number of vertices with spin s in ¢ € 2.

Lemma IV.1 [f the external magnetic field is negative, then for any ¢ € ngz Rp«_1,0+(1,1) there exists a path v : 6 — 1 such
that the maximum energy along 7y is bounded as

?axH(é‘) <AL — (" —1)+1)+H(1). (45)
€Y

Proof. Lets € {2,...,q} be such that ¢ € Rg*,u* (1,s). Hence, the proof proceeds as in the Ising case [16, Lemma 17.7]. See
Appendix B for the detailed proof. O

In the next lemma we prove that any configuration in | J!_, B%*—l, ¢+ (1,1) is connected to the stable set 2™* by a path that does
not overcome the energy value 4¢* — h(¢*(¢*— 1)+ 1)+ H(1).

Lemma IV.2 [f the external magnetic field is negative, then for any o € B%*fl.z* (1,5), then there exists a path v : 6 — s such
that the maximum energy along 7y is bounded as /

I?aXH(é)<4€*7h(£*(€**1)+1)+1‘1(1). (46)
€Y
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FIG. 5: Qualitative illustration of the energy of the configurations belonging to o?.

H(‘;’(K—l)%zx—l)

Furthermore, we get the following upper bound for the communication height

D(1,27°) —H(1) <40 —h(*(£* = 1) +1). (47)

Proof. Consider the reference path of Definition IV.1 and assume that this path is constructed in such a way that @y« (¢« _1);, := 0.
Let v := (@ (p+_1)12 = O, Qps (p—1)43 - - -» DkL-1, S). We claim that maxge, H(§) < 46" —h(€*(€* — 1)+ 1) + H(1). Since y
is defined as a subpath of @, we prove this claim by showing that maxgcq H(E) = 40* — h(€*(¢* — 1)+ 1) + H(1) and that y
does not intersect the unique configuration in which this maximum is reached. Indeed, for ¢ < K — 2, note that the path &)
is defined by a sequence of configurations in which all the spins are equal to 1 except those, which are s, in either a square
¢ x ¢ or a quasi-square ¢ x (¢ — 1) possibly with one of the longest sides not completely filled. For some ¢ < K —2, if Dyp-1) €
Ro_14(1,s) and @p € Ry y(1,s), then MaXGe{ay )0y 1)1 1001 H(O) = H(@y—1)11) =40 — h0* +hl —h+H(1). Otherwise,
o, :=0p Rgﬁg(l,é‘) and (i)g(g+1) € Rg7g+1(1,s), then MaXge (@, )} H(o)= H((i)42+|) =40 —hi> 42— h+H(1).

1 @Dp2 4 e Wp(e41
Let k* := ¢*(¢* — 1) 4 1. By recalling the condition % ¢ N of Assumption III.1(ii) and by studying the maxima of H as a function
of £, we have arg max ;) H = { @y }.
Let us now study the maximum energy value reached along ®?. This path is constructed by a sequence of configurations whose
clusters of spins s wrap around A. Moreover the maximum of the energy is reached by the first configuration, see Figure 5 for a

qualitative representation of the energy of the configurations in ®?. Indeed, using (5), we have

H(O_1y24 ;) —H(Dg_1pyjo1) =—2—h, j=2,....K—1,
H(O_1y24x) —H(@k_1245-1) =2—h,

H(O 1) —H(Og 1y ) =—h j=K+1,....2K—1,
H(®g_1y219x) = H(Bg_1y2105-1) =2 h.

Using K > 3(* > 3, note that H(®y_jyp4) — H(Dg_1px) = 2K — 6+ h(K — 1) > 0. Moreover, H(®y_jy,x) —
H(Ok_1y242k) = 2K +2—h((K — 1)24+K)— (2K +2—h((K —1)*>+2K)) = hK > 0. By iterating the analysis of the energy

gap between two consecutive configurations along @), we conclude that arg max sH = {(f)< K—1)? +1}- In particular,
H(®g 1y241) <H(@) =46 —h(C (" =1)+1)+H(1) (48)

and, we refer to Appendix B for the explicit calculation. Hence, arg max,H = {@}. Since 7 is defined as the subpath of &

which goes from @ (p«_1)42 = O to s, ¥ does not visit the configuration @:. Hence, maxgc, H(§) < 4¢* —h(£*(£* — 1)+ 1)+

H(1) and the claim is proved.

The upper bound (47) follows by (46). U
Next, we give a lower bound for ®(1,.27*) — H(1).

Lemma IV.3 (Lower bound for the communication height) If the external magnetic field is negative, then

O(1,27°)—H(1) > 4 —h(* (" — 1)+ 1). (49)
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FIG. 6: Stable tiles centered in any v € V for a g-Potts configuration ¢ on A for any r,s,t,z € S\{1} different from each other. The tiles are
depicted up to a rotation of a%, ac’.

Proof. For any 6 € 2, we set N(0) := ¥/, N;(0), where N;(0) is defined in (44). Moreover, for all k = 1,...,|V|, we define
Y :={0 € Z :N(o) = k}. Note that every path @ € Q; 5 has to cross ¥ for every k =0,...,|V|. In particular it has to
intersect the set ¥+ with k* := £*(¢* — 1) + 1. We prove (49) by showing that H(.% (¥~)) = 40* —h(¢*(£* — 1)+ 1)+ H(1).
Note that because of the definition of H and of (43), the presence of disagreeing edges increases the energy. Thus, in order to
describe the bottom % (%~ ) we have to consider those configurations in which the k* spins different from 1 belong to a unique
s-cluster for some s # 1 inside a sea of spins 1. For this reason, the proof is similar to the one of the second part of [29, Theorem
4.29]. For the detailed proof see Appendix B. O

Lemma IV.4 [f the external magnetic field is negative, then any @ € Q(l)p (;q is such that @ N U:’:2 Rp_y p+(1,1) # @.

Proof. The proof proceeds as in the Ising case [16, Lemma 17.9]. For the detailed proof see Appendix B. (]
Let 0 € 2 and let v € V. We define the tile centered in v, denoted by v-tile, as the set of five sites consisting of v and its four
nearest neighbors. See for instance Figure 6. A v-tile is said to be stable for ¢ if by flipping the spin on vertex v from ¢ (v) to
any s € S the energy difference H(c"*) — H(0) is greater than or equal to zero.
Gur next aim is to prove a recurrence property in Proposition II1.2, which will be useful to prove that 1 € Z™™ as stated in
Theorem III.1. In order to do this, in Lemma IV.5 for any configuration o € 2~ we describe all the possible stable v-tiles
induced by the Hamiltonian (1) and we exploit this result to prove Proposition IV.1. For any 6 € 2", v € V and s € S, we define
r;(v) as the number of nearest neighbors to v with spin s in 0, i.e.,

ns(v) :=|{wev: w~v o(w)=s}. (50)

Lemma IV.5 (Characterization of stable v-tiles for a configuration 6) Let 6 € 2" and let v € V. If the external magnetic
field is negative, then the tile centered in v is stable for o if and only if it satisfies one of the following conditions.

(1) If 6(v) =s # 1, v has at least two nearest neighbors with spin s, see Figure 6(a),(c),(d),(H)—(1),(m)—(0), (q), or one nearest
neighbor s and three nearest neighbors with spin r,t,z € S\{s}, different from each other, see Figure 6(r)—(s).

(2) If 6(v) = 1, v has either at least three nearest neighbors with spin 1 or two nearest neighbors with spin 1 and two nearest
neighbors with spin r,s £ 1, r £ s, see Figure 6(b),(e),(1), (p).

In particular, if 6(v) = s, then
H(c"") —H(0) = ns(v) = ny(v) = hl—yy +hlg_yy. (51)

Froof. (1) and (2) follow by simple algebraic computations of the energy difference (5). See Appendix B for the explicit proof.
O

We define the set C*(o) C R? as the union of unit closed squares centered at the vertices v € V such that o(v) = s. We define
s-clusters the maximal connected components C;,...,Cs, n € N, of C*(0).
For any s € S, we say that a configuration o € 2 has an s-rectangle if it has a rectangular cluster in which all the vertices have
spin s.
Let R; an r-rectangle and R; an s-rectangle. They are said to be interacting if either they intersect (when r = s) or are disjoint
but there exists a site v ¢ Ry UR, such that o(v) # r,s and v has two nearest-neighbor w, u lying inside R;, R, respectively. For
instance, in Figure 11(b) the gray rectangles are not interacting. Furthermore, we say that R| and R, are adjacent when they are
at lattice distance one from each other, see for instance Figure 11(c) and (e). We are now able to describe precisely the set of the
local minima .7 and the set of the stable plateaux .2 of the energy function (1). More precisely, the set of local minima ./ is
the set of stable points, i.e., # :={c € Z : H(%(d{o})) > H(o)}. While, a plateau D C 2", namely a maximal connected
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set of equal energy states, is said to be stable if H(.#(dD)) > H(D). Note that # U.# C % :={c € 2 : forany v € V the
tile centered in v is stable} C 2". In Proposition IV.1, we prove that .#Z U.# is given by the union of the following sets. See
also Figure 11.

M ={1,2,...,q};

M* =o€ 2 o has strips of any spin s € S of thickness larger than or equal to one such that for any s an s-strip of thickness
one is in between strips of spins different from each other};

M3 ={o € % o has one or more s-rectangles for some s # 1, with minimum side-length larger than or equal to two, either
in a sea of spins 1 or inside a 1-strip such that rectangles with the same spins are not interacting };

M= {o € % : o has one or more s-rectangles for some r,s # 1, with minimum side-length larger than or equal to two,
inside a 1-strip adjacent to an r-strip} U {o € % : o is covered by interacting s-rectangles such that each spin on the corners
has outside the rectangle two nearest neighbors with different spins from each other and from the one inside the rectangle }

M =o€ 2 for any r,s # 1, o has an s-cluster with two consecutive sides next either to a connected r-cluster or to two
r-cluster and the sides on the interfaces are of different length}.

Remark IV.1 The set .4 is defined by fixing a representative configuration & and implicitly it includes also all the configura-
tions connected to © via a path along which the energy is constant, see Figure 8.

A path ® = (@, ..., ®,) is said to be downhill (strictly downhill) if H(@iy1) < H(o;) (H(wiy1) < H(aw;)) fori=0,...,n—1.
Proposition I'V.1 (Sets of local minima and of stable plateaux) If the external magnetic field is negative, then
MOM =M O M0M oMM (52)

Proof. A configuration o € 2" is a local minimum when, for any v € V and s € S, the energy difference (5) is strictly positive.
On the other hand, o belongs to a stable plateau when, for any v € V and s € S, the energy difference (5) is larger than or equal
to zero. Since a local minimum and a stable plateau are the union of stable tiles, we obtain all the local minima and all the stable
plateaux by considering all the possible ways in which the stable tiles may be combined. We do this in various steps. First we
consider all configurations which can be obtained from combining tiles (a)—(b). Then, we progressively add more tile types and
construct all the possible resulting configurations. To refer to a tile type, we will use its corresponding lett in Figure 6.

Step 1. If o has only stable tiles as in Figure 6(a) and (b), then there are no interfaces and ¢ € .# I

Step 2. Let us assume now that the only stable tiles in ¢ are (a)—(1). Note that if o contains a tile of type (f), then o does
not belong to .Z U A . Indeed, if ¢ contains at least an (f) tile, then it also contains an s-strip of thickness one in between two
r=strips and there exists a downhill path of two steps. First, flip from s to r the central spin s and this does not change the energy,
then flip from s to r a spin, which, has now three spin r neighbor. This flip reduces the energy by 2. On the other hand, any spin
update on the central vertex of the tiles (a)—(e) and (g)—(l) strictly increases the energy of ¢. By considering these, we obtain
that o may contain horizontal (resp. vertical) interfaces of length L (resp. K). In particular, for any s € S, an s-strip of thickness
one must be either in between strips with different spins, using (h)—(1) tiles, or in between two 1-strips if s # 1, using (g) tiles.
We conclude that if ¢ is obtained by a combination of the stable tiles (a)—(1), then ¢ € .#' U.#?, see Figure 11(a).

Step 3. Next we consider those o that are defined as the combination of the stable tiles (a)—(e), (2)—(p). Any spin update on
the central vertex of the tiles (m)—(p). Since the central spin s # 1 of these tiles has at least two nearest neighbors with the same
spin, the admissible shapes of an s-cluster are either strips or rectangles. It follows that the local minima containing only tiles
(2)—(p) may additionally contain the following shapes.

(i) One or more s-rectangles (s # 1) with minimum side length two either in a sea of spins 1 or inside a 1-strip under the condition
that rectangles with the same spins are not interacting, see Figure 11(b).

(ii) One or more s-rectangles (s # 1) with minimum side length two, inside a 1-strip, with a side adjacent to an r-strip (r # 1),
see Figure 11(d).

(iil) Alternatively, o is covered by interacting rectangles under the condition that each spin on the corners is the centre of a tile
of type (n)—(0), see Figure 11(e).

We conclude that if ¢ is defined by the combination of the stable tiles as in Figure 6(a)—(p), then ¢ € .Z' U.#>U.#> U .#*.

Step 4. Next we consider those o that are obtained as the combination of the stable tiles (a)—(e), (g)—(q). Combining the tiles
of type (q) with all the previous ones, we obtain that for any r,s # 1,r # s, an s-cluster may have two consecutive sides adjacent
either to a connected cluster or to two clusters with spins r and the sides on the interface may have either the same or different
length, see Figure 7. We claim that in a stable configuration ¢ these are no clusters as in Figure 7(a)—(b), in which an r-cluster
has a side longer than or equal to the side of the the s-cluster on the interface. Indeed, the path (w; = o,..., @) that flips from s
to r all the spins s on the interface of length ¢ visits states @y, ..., @ with constant energy and H(w;) < H(wy_1).

Let us now focus on the case in Figure 7(c), and let ¢ be a configuration with such clusters. We prove that ¢ € .Z. In
particular, all configurations connected to ¢ via a path along which the energy does not change also belong to .. In order to
see this, consider the path which flips from s to r the spins s adjacent to an r-rectangle (see for instance the path depicted in
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FIG. 7: Illustration of an s-rectangle, that we color black, adjacent to two r-rectangles, that we color light gray. Furthermore, we color gray

those r-rectangles with r € S\ {r,s}.
w1 wo

FIG. 8: Example of a path @ := (ay,. .., ®,) started in a configuration @y := o with a cluster as the one depicted in Figure 7(c) and such that
H(w;) = H(w;), for any i, j = 0,...,n. Since all the configurations depicted have the same energy value and they are connected by means a
path, they belong to a stable plateau.

Figure 8). Note that at any step the energy does not change. Hence, combining all the stable tiles (a)—(q), we conclude that
ceMUMOM MM

Step 5. Finally, assume that ¢ may be obtained by a combination of tiles (a)—(s).

For this step, we refer to Figure 9, where we represent r, s,z respectively by O,®,®,0 and where we take r,¢ ¢ {s,1} and
7z # s. Let us assume that this type of tile belongs to a configuration ¢ and consider the following cases.

Step 5.1. If ny(vy) = 4, then 6(w;) = o(wy) = 5. If both the v,-tile and v4-tile are of type (m), then v3 would be the central
vertex of a unstable tile. Thus, at least one of them is of type (q). Proceeding as in Step 4 we show that o is either unstable or it
belongs to a stable plateau.

Step 5.2. Assume ng(v;) = 3. If o(w;) = o(wy) = s, then again o is either unstable or belongs to a stable plateau. If
c(w1) = s and 6(w;) # s, then v; must be the central vertex of a tile of type (q) and again & is either unstable or belongs to a
siable plateau. Otherwise, v3 would be the central vertex of a unstable tile.

Step 5.3. We now consider the case ng(vy) = 1. This will be useful to study the case ns(v;) = 2 in the next step. Along the
path @ := (0,0"",(6™")"1"") the energy decreases. Indeed,

H(Gv,r) 7H(G) — 0’ (53)
=2, ifn,(v1) = 1;

H((GM)") = H(0™) = { =3, itni(n) =2 6
—4, if n,.(v;) =3.

It follows that the tiles as (r)—(s) with ns(v;) = 1 do not belong to any configuration in .# U M.

Step 5.4. Lastly, let us consider the case n;(v;) = 2. Without loss of generality, assume that the spin s nearest neighbors of v;
lie on the same row. Consider the following two cases:

- v1 has at least one nearest neighbor with a spin among r,7,z ¢ {1,s}, say r, then along the path (¢,5"", (6"")"1"") the energy
decreases. Indeed, we have

H(0")~H(0) =0 and H((0"')"") = H(0") < 1. 55)

Thus, there are no such tiles in configurations in .Z U M.
- v1 has two nearest neighbors with spin s on vertices v and vs and two nearest neighbors with spins r},r ¢ {r,t,z}. If ¥; =

ry = r, then the path (o,c"", (6" )" 'Y is downhill. Indeed, H(6"") —H(0) = 0 and H((¢"")"'") —H(c"") = —1 +hlp_py.

FIG. 9: Example of a v-tile equal to the one depicted in Figure 6(r)—(s). We do not color the vertices w; and w; since in the proof they assume
different value in different steps.



Publishing

AlP

N\

FIG. 10: Illustration of the Step 5.4.

NN 1]
(a) (b) (©) (d) (e)

.

FIG. 11: Examples of local minima of the Hamiltonian (1). We color white the vertices with spin 1 and we use the other colors to denote the
other spins 2,...,q.

Assume now that r} # r}, as in Figure 10(a) where we represent r; by ® and r, by O. We may repeat the discussion above by
considering the tile centered in v, and performing, if possible, another zero-cost flip, and so on. This procedure necessarily
ends, see, e.g., Figure 10(c). Note that the vertex u may coincide with v3. This concludes the proof of Step 5.4.

Finally, in view of the discussion above, the stable tiles (h) and (i) belong to a stable configuration only when they belong to a
strip of thickness one and the stable tiles of type (f) does not belong to any stable configuration. (]

We are now ready to prove Proposition III.2.

Proof of Proposition II1.2(Estimate on the stability level). In order to prove the recurrence property it is enough to focus
on the configurations belonging to .# := (.#\{1,...,q})U.#. For any N € .# we prove that Vy is smaller than or equal to
V*:=2<T(1,27). Let us first give an outline of the proof. First, we estimate of the stability level of those configurations in
~# that have at least two adjacent strips of different spins, see Figure 11(a) and (d). Second, we estimate the stability level of
those configurations in .# that have at least an s-rectangle (s # 1) either in a sea of spins 1 or inside a cluster of spins 1, as well
as those configurations in which there is at least an s-rectangle (s # 1) having a side such that on the corners there are stable tiles
of type (m) and elsewhere there are stable tiles of type (d). See Figure 11(b),(c) and (d). Third, we consider those local minima
i which at least an r-cluster has a side completely adjacent to a side of an s-cluster, see for instance Figure 11(c)—(e) and Figure
13. Finally, we focus on those local minima that do not belong to any of the cases above, that is, those local minima with at least
an s-rectangle with each side adjacent both to an r-cluster (r # s) and to a 1-rectangle, see for instance 11(e).

Case 1. Let us begin by assuming that 1 has either at least two horizontal or vertical strips. Consider the case depicted in
Figure 11(a). Assume that ) has an r-strip a x K adjacent to an s-strip b X K, a,b € Z, a,b > 1. Assume that r,s € S, s # 1.
Let i be the configuration obtained from 7 by flipping from r to s all the spins r belonging to the r-strip. We define a path
@': n — 1] as the concatenation of a paths oV, 09 Letw: 1 — 1] be the path that flips the spins in the r-strip to s, column
by column, starting from the column adjacent to the s-strip. Number the columns of the r-strip in order of flipping, and let
o) = ((;)(()') =Mi_1, a)l('), ce ,((') = 7);) be the path that flips the r spins in the i-th column. Then, fori=1,...,a—1,

) ) Z—hﬂ{r:1}7 iijl;
Ho)~H0" )= ~hlyyy,  ifj=2,..,K—1; (56)
—2—hlg_yy, ifj=K.

For any i =1,...,a — 1, the maximum energy value along o' is reached at the first step. Computing the energy values along
the sub-path '@, that flips the last r-column, requires more care. Denoting by v; the vertex whose spin is flipping at the step i,

(a) (a—1) I =hlg—yy, if ns(vi) =1,
H -H =
and, if i =2,...,K,
@ (@y_ J—1=hlioyy, ifng(v) =2,
H(w")—-H(") =
(CO, ) (wlfl) {2 _ hjl]-{r:l}) if ns(vl) = 3. (58)
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FIG. 12: Examples of interacting rectangles in fj when £* = 5. We color gray the r-rectangle R and black the s-rectangle.

In view of the above construction, H(1) > H(7) and, by comparing (56)—~(58), V, <2 =V*.

Case 2. Let us now consider 7 characterized by a sea of spins 1 with some non-interacting s-rectangles (s # 1). We distinguish
the following cases:

(i) n has at least a rectangle Ry, ., of spins s, for some s € {2,...,¢}, with its minimum side of length ¢ := min{¢;,/,} larger
than or equal to £*;

(ii) n has only rectangles Ry, » ¢, of spins s, for some s € {2,...,¢}, with a side of length ¢ smaller than ¢*.
In case (i), we construct a path @ = (ay, ..., ®;—1), where @y = 1 and @y_; =: 7}, that flips consecutively from 1 to s those spins
adjacent to a side of length £ > £*. We have

H(w)—H(n)=2—h, (59)
H(O),')—H((Dl;l):—/’l, fori:2,...,£—2. (60)

It follows that H(f}) —H(n) =2 —he. If £ > (* = [%w, then 2 — h¢ < 0. Therefore the maximum energy is reached at the first

step and by (59) we get Vy =2 —h < V™. Otherwise, if 1 has only rectangles Ry« of spins s, then 7) has a rectangle Ry« (¢ 1 1)

of spins 5. Now, either this s-rectangle does not interact with the other rectangles of fj or it interacts with another rectangle R. In
the former case we conclude by arguing as previously since £* + 1 > £*. In the latter case, we have the following two possibilities

(1) Ris an s-rectangle,
(2) Ris an r-rectangle with r ¢ {1,s}.

In case (1), we define a configuration ] from 7} by flipping a spin 1 to s in the interaction interface. In particular,

H()—H(7) = h. (61)
Hence, the maximum energy along (1, ®i,...,@—», 7, ) is reached at the first step and we conclude that V;, =2 —h < V*.
Let us now focus on case (2). We have to consider the two cases depicted in Figure 12. Let vy,...,vp1 be the vertices next
to the side of length ¢£* + 1 of the s-rectangle such that v has two nearest neighbors with spin 1, one nearest neighbor s and
one nearest neighbor inside the r-rectangle R. In the case depicted in Figure 12(a), we define A := f("1¥) and A} := ﬁl(vz’s). In
particular,
H(f)—H(7)=1-h, (62)
H(fl) —H(M)=—1-h. (63)

Hence, from (59)—(60) and (62)—(63), we have that H(f);) — H(n) =2 —h(¢* +2) < 2 —h¢* < 0. Moreover, in view of (59)
and (62), along the path (n,®,...,®;_2,7,M1,72), we get that the maximum energy is reached at the first step. Hence,
Vy=2—h<V".

Gn the other hand, in the case depicted in Figure 12(b) we define A := 7j("*) and #; := ﬁi(fl’s) forany i=2,...,0*+ 1. Note
that

H()—H(R)=1-h, (64)
H(f)iy1)—H(N)=—h, i=1,...,0". (65)
Hence, from (59), (60), (64) and (65), we have H(fj«11) — H(n) = 3 —h(2¢* + 1) < 0. Moreover, by comparing (59) and (64)
along the path (n,®1,...,0;-2,7,%1,...,fe1) the maximum energy is reached at the first step. Hence, V) =2 —h < V™.
Now, we focus on the case (ii). We define a path @ = (@, ..., w,—1) that flips consecutively from s to 1 those spins s next to a
side of length ¢ < £*. We get:
H((O,')—H((O,;[):h, fori:l,...,E—Z; (66)
H((Dg,l)—H(a)(,;z) :—(Z—h). ©67)
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FIG. 13: Local minimum on a 30 x 20 grid graph in which there are not any s-rectangle with at least a side neither completely adjacent to an
r-cluster nor completely sourrounded by spins 1.

Hence the maximum energy is achieved after £ — 1 steps and H(ey—) —H(wp) =h({—1) <2—h <V*.

Case 3. Let us now assume that 1) has an s-rectangle R := R, and an r-rectangle R := R4 such that R has a side of length
a adjacent to a side of R of length ¢ > a, see for instance Figure 11(e). The case ¢ < a may be studied by interchanging the
role of spins s and . Given 7 the configuration obtained from 7 by flipping to r all the spins s belonging to R, we construct a
path @ : 1 — 7 as the concatenation of b paths o, .. o®. Leto: 1 — 7 be the path that flips the spins in the r-rectangle
R to s, side by side, starting from the side adjacent to the s-rectangle R. Number the sides of R in order of flipping, and let

o) = (a)(()i) =1Mi-1, a)l(i), e [E") = 7);) be the path that flips the r spins in the i-th side. Then, fori=1,...,b—1,
‘ ' 1, ifj=1;
Ho!) -H@")={0, ifj=2..a-1 (68)
-1, ifj=a.

Foranyi=1,...,b—1, H(n) = H(n;) and the maximum energy value along o' is reached at the first step. Computing the
energy values along the sub-path o), that flips the last r-side of the initial R, requires more care. Denoting by v; the vertex
whose spin is flipping at the step i

o _Jo ifn,(v1) =1,

H(wl ) H(nbil) o {—1, lfl’lr(vl) = 2; (69)
Oy gty = ) 1 i) =2,

H(w, ) H(w,q) - {2’ if nr(vi) =3, o

foralli=2,...,a. In view of the above construction, @, = H(n)+ 1. Furthermore since a > 2, H(1n) > H (1) and, by comparing
(68)—(70) we have Vy =1 < V™.

Case 4 Finally, let us consider 1 with at least an s-rectangle, say R, with each side adjacent both to an r-cluster, r # s, and to
a'l-rectangle. Let £ be the length of the interface between R and the 1-rectangle and let @ = (wy = 1,...,®;) be the path that
flips from 1 to s all the spins 1 on the £ vertices that lie on the interaface between R and the 1-rectangle. We have that

1—h, ifi=1;
H(w;)) —H(wi—1) =4 —h, ifi=2,....0—1; 71
—1—h, ifi=C.
Since H(wy) —H(N)=—h <0and Py, =H(N)+1—h,wegetV=1—-h<V* O

C. Communication height between stable configurations

In order to study the hitting time ’L’sl of a stable configuration s € Z°¢, we first estimate the communication height ®(r,s)
between two stable configurations r,s € 2%, r # s. Indeed, during the transition 1 — s, the process may visit a stable state r # s
before hitting s. Using (42), the energy difference between any o € .2 and any s € 2" reads

H(0)—H(s) =dy(0) +dy(0) + 1 Y Ligu-1}- (72)
ucV
In [1, Proposition 2.4] the authors define the so-called expansion algorithm. We rewrite this procedure in the proof of the next

proposition by adapting it to our scenario. Indeed, it is different from [1] since in our setting there is a non-zero external magnetic
field.
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FIG. 14: Illustration of some particular configurations belonging to the path @ : ¢ — t of Proposition IV.2. We color black those vertices
whose spin is ?.

Proposition IV.2 (Expansion algorithm) If the external magnetic field is negative and if 6 € & has a t-bridge for some t €
{2,...,q}, then there exists a path ® : © — t such that &, — H(0) < 2.

Proof. Without loss of generality we assume that the first column cg is the #-bridge. Following an iterative procedure, we define
a path @ : 0 — t that flips all spins to # column-by-column starting with column cy. Formally, @ is the concatenation of L paths

oW, ... ol with o) = ( éi) =0i1,..., 1@ = 0;) and wj(i) = (wj(.?l)mt), foru:=(i,j—1)and j=1,...,K. In particular,
0y := 0, or, := t and the configurations o;,i =0,...,L, are given by
t ifve Ui-,oci,
oi(v) = J=h 73
iv) {o(v) ifve V\Uoc). (73)

See Figure 14 for an illustration of the construction above. Let us now study the energy difference H (w](-i)) —H (a)j@l) for

#=1,...,K. Tt is immediate to see that if o(u) =1¢, then H(a)j(-i)) —H(a)]@l) = 0. Hence, assume that o (u) # ¢. Using (5) and
counting the number of spins s neighbors of u, we get

2—hl, , if j=1;
=1y M/
H(a)j(’)) —H((D}-?]) < _h]l{a)J(.?l(v)zl}7 ifl< J< K (74)
727h]l{mj(.ijl(v):1}’ if j=K.

For every i = 1,...,L — 1, the inequalities (74) imply that & — H(0;—1) < 2. Hence, the path @ : ¢ — t is such that
o, —H(o) <2. O
Thanks to Proposition IV.2 we are able to obtain an upper bound on I'(r,s) := ®(r,s) — H(r), forany r,s € 27, r #s.

Piroposition IV.3 (Upper bound for the stability level between two stable configurations) If the external magnetic field is
negative, then for any r,s € 2%, r £, we have

®(r,s) — H(r) <2min{K,L} + 2. (75)

Proof. The proof is analogous to the one of [1, Proposition 2.5] by replacing the role of [1, Proposition 2.4] with Proposition
1V.2. For the details we refer to Appendix B. (]

Now let us estimate a lower bound for I'(r,s), for any r,s € 2%, r #s. The following proposition is an adaptation of [1,
Proposition 2.7] to the case of Potts model with external magnetic field. Recall that B;(c) denotes the total number of vertical
and horizontal s-bridges in ¢ € 27, see Subsection IV A.

Proposition IV.4 (Lower bound for the stability level between two stable configurations) If the external magnetic field is
negative, then for every r,s € 2%, the following inequality holds

®(r,s) — H(r) > 2min{K,L} + 2. (76)

Proof. We show that along every path @ : r — s in 2" there exists a configuration 1 such that H(n) — H(r) > 2K + 2. Consider
apath w = (@,...,®,) with 0 =r and @, =s. Obviously, B,(r) =0 and B,(s) = K + L. Let @; be the configuration along the
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path @ that is the first to have at least two s-bridges, i.e., k := min{k < n| By(@y) > 2}. We claim that the configuration @y;_, is
such that

H(wp_,)—H(r) >2K+2. a7
Let us prove this claim by studying separately the following three cases:
(i) @y has only vertical s-bridges,
(ii) @y has only horizontal s-bridges,
(iii) @y has at least one s-cross.

We study scenarios (i) and (iii), since scenario (ii) may be studied similarly as (i). Let us begin by assuming that (i) holds. From
the definition of k, it follows that By(@;_,) = 1 and Bs(@y) = 2. Otherwise @; would have an s-cross in view of [1, Lemma 2.6]
and it would be a contradiction with (i). Let us assume that «; has the two vertical s-bridges on columns ¢ and ¢ and, without
loss of generality, w;_; has only one s-bridge on column c. In particular, in @;_, all spins in ¢ are s, except one which is different
from s. Thus, in view of [1, Lemma 2.3(d)] we have

de(p_,) =2. (78)

Moreover, it is easy to see that there are no horizontal bridges. Thanks to this fact and to [1, Lemma 2.3(c)], we have d, (&;_;) >
2 for every row r;, i =0,...,K — 1. Then,

W(@p_p) Z dr(wp_,) > 2K. (79)

From (72), (78) and (79) we get that
H(wl_cfl)_H<r)22+2K+hZ1{%71(Lt):l}22+2K' (80)

ucV

Let us now focus on (iii). In this case @y has at least one s-cross and, by definition of k, By(y_,) is either 0 or 1 and we study
these two cases separately.

Assume Bs(w;_;) = 0. @;_, has no s-bridges, then, by [1, Lemma 2.6], Bs(e;) = 2 and oy has exactly one s-cross. Let
s assume that this s-cross lies on row 7 and on column ¢. The horizontal and vertical s—brldges of @y must have then been
created simultaneously by updating the spin on the vertex ¥ := #N¢é. Hence, we have a;_ (?) # s, ap_; (v) =, forall v € FU¢,
v+ D, and wg(¥) = s. Since there is a spin equal to s in every row and in every column, @;_; has no r-bridges (¢ # s). Since by
assumption Bs(@y_;) =0, w;_, has no bridges of any spin. Therefore, from [1, Lemma 2.3(c)—(d)] follows that

Zd 1) >2K and d,(ay_,) Zdtl ) >2L. (81)

Plugging (81) in (72), we conclude that
H(w;_)—H(r) >2L+2K >2min{K,L} +2 = 2K +2. (82)

Assume now B;(w;_,) = 1. In this case, @;_, has an unique s-bridge and we assume that such a bridge is vertical and lies on
column é. In view of [1, Lemma 2.2], there are no horizontal z-bridges in @w;_, (t # s). Hence, @w;_; has no horizontal bridges
and by [1, Lemma 2.3(c)] we get

(1) Z dy(ax_) >2K. (83)
Moreover, @y has a unique horizontal s-bridge, say on row 7. Hence, if ¥ is the vertex where @;_,; and oy differ, ¥ must lie in #

and @;_ (V) #sand wp_,(v) =s, ¥v € 7, v # ¥, and (V) = s. Let ¢ be the column where ¥ lies. [1, Lemma 2.3(d)] implies
that d.(o;_;) > 2 for any column ¢ # &, ¢é. Then,

L—1
dy(@p_y) =) de;(@y_y) >2L—4. (84)
j=0
In view of (72), (83) and (84) it follows that
H(wp_)—H(r) >2L+2K—4>2min{K,L} +2=2K+2, (85)
where the second inequality holds because L > K > 30* > 3. O
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(a) (b) ()

FIG. 15: Illustration of three examples of 6 € Z when ¢* = 5. In (a) the £*(¢* — 1) 4+ 1 = 21 spins different from 1 have not all the same spin
value and they belong to more clusters. In (b) we consider the same number of spins with value s # 1 that belong to two different clusters. In
(c) we consider the same number of spins different from 1 that are different between each other and that belong to two adjacent clusters.

V. MINIMAL GATES AND TUBE OF TYPICAL TRAJECTORIES

In this section we give a geometrical characterization of the critical configurations and the tube of typical paths for both
metastable transitions 1 — 2 and 1 — s for any fixed s € 2.

A. Identification of critical configurations for the transition from the metastable configuration to the set of stable states

This subsection is devoted to a more accurate study of the energy landscape (2", H, Q). From a technical point of view, the
proofs are a generalization of the corresponding results for the Blume Capel model [28, Section 6].
Let 2 C 2 be the set

2:={ceZ :Ni(o)=|A—-["("=1)+1]}. (86)
Furthermore, let 21 and 2 be the sets

9" :={c€ X :Ni(0)> A - [C(¢* = 1)+ 1]}, @&7)

927 :={c e Z :Ni(o)<|A|-["("=1)+1]}. (83)

Note that 1 € 2. For any 0 € 2, we remark that ¢ has £*(¢* — 1) + 1 spins different from 1 and they may have all the same
spin value and may belong to one or more clusters, see Figure 15.

A two dimensional polyomino on Z? is a finite union of unit squares. The area of a polyomino is the number of its unit squares,
while its perimeter is the cardinality of its boundary, namely, the number of interfaces on Z? between the sites inside the
polyomino and those outside. The polyominoes with minimal perimeter among those with the same area are said to be minimal
polyominoes.

Lemma V.1 [f the external magnetic field is negative, then the minimum of the energy in 2 is achieved by those configurations
inwhich all the spins are equal to 1 except those, which have the same value t # 1, in a unique cluster of perimeter 4¢*. More
precisely,

F(2) = CJ@’, (89)
=2
where
9" :={0 € 2 : 0 has all spins 1 except those in a unique cluster C'(0) of spins t of perimeter 40" }. (90)
Moreover,
H(Z(2)=H(1)+T'(1,27)=®(1,27). (C2))

Proof. Since the presence of disagreeing edges increases the energy, in the configurations in .% (), all £*(£* — 1) + 1 spins
different from 1 are equal to 7 (say) and belong to a unique cluster C'(o). As we have illustrated in the second part of the
proof of Lemma IV.3, the minimal perimeter of a polyomino of area £*(¢* — 1) + 1 is 4¢*. Thus, (89) is verified and we get that
W (1,27%) C F(Z). Hence, HW (1, 27)) = H(F(Z)) and, since for any n € #' (1, 2°)

H(n)—HQ) =40 —h(* (" —1)+1)=T(1,2"), 92)

(91) is satisfied. [l
In the next corollary we prove that .% (2) is a gate for the transition 1 — 2.
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(a) (b) (©) (d)

FIG. 16: Examples of ¢ € ' in(a)andof o € 9" in (b) and (c) when ¢* = 5. We associate the color gray to the spin ¢, the color white to the
spin 1. The dashed rectangle represents the smallest surrounding rectangle of C' (o). Figure (d) is an example of configuration that does not
belong to 7.

Corollary V.1 If the external magnetic field is negative, then for any @ € Qif ;/V ONF (D) # 2. In other words, F(9) is a
gate for the transition from 1 to Z'°.

Proof. For any path @ € Qq g5, ® = (@, ..., ®,), there exists i € {0,...,n} such that ®; € Z. Indeed, given N(c) :=Y!_, N,(0),
any path has to pass through the set % := {c € 2" : N(0) =k}, forany k=0,...,|V|, at least once and ¥ (¢« )41 = 2. Since
from (91) we get that the energy value of any configuration belonging to the bottom of Z is equal to the min-max reached by
any optimal path from 1 to 2, we get that @; € .F(2). O

In the next proposition, we show that (1, 2*) is a gate for the transition from 1 to .2"*. We define Ry, ¢, be the set of the
rectangles in R2 with sides of length ¢; and ¢5.

Proposition V.1 (Gate for the transition from the metastable state to the stable set) If the external magnetic field is nega-
tive, then any path ® € Qi’f;g-x visits W (1, 2°%). Hence, W (1, Z°%) is a gate for the transition from 1 to 2.

Proof. For any ¢ # 1, let 9" be the set of configurations ¢ € %' such that the boundary of C'(o) intersects each side of
the boundary of its smallest surrounding rectangle R(C'(c)) on a set of the dual lattice Z> + (1/2,1/2) made by at least two
consecutive unit segments, see Figure 16(a). Furthermore, let ' be the set of configurations 6 € 2" such that the boundary of
the polyomino C' (o) intersects at least one side of the boundary of R(C'(0)) in a single unit segment, see for instance Figure
16(b) and (c). Hence, .# (2) = 9 U, where 9 := U’, 2" and 9= UL, 9" . The proof proceeds in five steps.

Step 1. Our first aim is to prove that

D=, 2HNUW' (1,2°). (93)

From (28), we have #/ (1, 2°)U#'(1,2°*) C 9. Thus, we are left to prove the reverse inclusion & € 2. The boundary of the
cluster C' (o) could intersect the other three sides of the boundary of R(C'(c)) in proper subsets of each side, see Figure 16(d).
Assume R(C'(0)) € R(¢+q)x(¢++b) for some a,b € Z. C'(o) is a minimal polyomino and so it is also convex and monotone by
[28, Lemma 6.16]. Hence, the perimeter of C'(0) is equal to the perimeter of R(C' (o)), which implies 40* = 4¢* +2(a+b),
and so a = —b. Now, let C”(G) be the polyomino obtained by removing the unit protuberance from C'(c) and let R be its
smallest surrounding rectangle. ,If C'(o) has the unit protuberance adjacent to a side of length ¢* + g, then R is a rectangle
(#* +a) x (£* —a—1). Since the area of R must be larger than or equal to the area of (o), we have

Area(R) = (£* +a)(t* —a—1) > Area(C'(6)) = £*(1* — 1) <= —a*—a>0.

Since a € Z, —a®> —a > 0 is satisfied only if either ¢ = 0 or a = —1. On the other hand, if the unit protuberance of C' (o) is
adjacent to a side of length £* — g, the same argument gives

Area(R) = (" +a—1)(¢* —a) > Area(C'(6)) = (0" — 1) = —a®>+a>0.

Again this is satisfied only if either @ = 0 or @ = 1. In both cases we get that R € R x(¢+—1)- Thus, if the protuberance is attached

to one of the longest sides of R, then & € #/ (1, 2°%), otherwise & € #(1, 2°). Then, (93) is verified.
Step 2. For any ® = (a,...,®,) € Q{",- andany t € {2,...,q}, let

filw) :={keN: o € F(7), Ni(&—1) = [A[- (" = 1), N(an—1) =€ (¢ = 1)} (94)

We claim that the set f(®) := U/, f;(®) is not empty. Let @ = (e, ..., ®,) € Q7" s and let k < n be the smallest integer such
that (o,...,0,) N 2" = @. Since wy;_, is the last configuration in 2 along , it follows that @ € Z and, by the proof of
Corollary V.1 we have that oy € .7 (2). Thus, there exists t # 1 such that @ € 2'. Furthermore, Ny (@_,) = |A| —¢*(¢* — 1) and
o, is obtained from @j;_; by flipping a spin 1 to s # 1. Note that Ny (@;_,) = |A| —£*(¢* — 1) implies that N; (aw;_,) < £*(¢* —1).
Since by Lemma V.1 we have that N, (@) = £*(¢* — 1) 4 1, we conclude that N;(ow;_,) = ¢*(£* — 1) since in a single spin flip
the number of spins ¢ changes by at most one. Thus, N;(@;_;) = ¢*(¢* — 1) and k € f(o).
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Step 3. We claim that for any path @ € Q;",-; one has ®; €  foralliec f (w). We argue by contradiction. Assume that

there exists i € f() such that @; ¢ & and @; € 2. Since i € f(®), there exists  # 1, such that i € f;(®). Furthermore, @;_ is
obtained from @; by flipping a spin ¢ from 7 to 1. In view of the definition of &, every spin equal to ¢ # 1 has at least two nearest
neighbors with spin ¢. Hence,

H(wi—1)—H(w)>(2-2)+h=h>0. (95)
From (95) we get a contradiction since
by >H(wi—1)>H(w)=H(1)+T(1,27) =®(1,2™),

where the first identity follows from Lemma V.1. Then the claim is proved.

Step 4. Now we claim that for any path @ € Q" }[S, w; € F(2) implies 0;_1, w11 ¢ 2. Using Corollary V.1, there exists a
positive integer i such that @; € .%(2). Thus, there exists t # 1 such that @; € 2. Assume by contradiction that @, € 2. Then
o;+ must be obtained by @; by flipping a spin ¢ to s # ¢, since Nj(@;) = Ni(@;+1). In particular, this spin-update increases the
energy and so, using Lemma V.1, we obtain ¢, > H(w;+1) > H(w;) = H(1)+1'(1,27) = ®(1, 2™*), which is a contradiction.
Hence ;11 ¢ 2 and similarly we may also prove that @;_; ¢ 2.

Step 5. Our final aim is to show that for any path ® € Qf”,, we have that @ N # (1, 2°*) # @. Given a path
o = (ay,...,0,) € Q7 5{5‘&" assume by contradiction that @ N % (1, 2*) = @. From step 4 we know that along @ the con-
figurations which belong to .# (%) are not consecutive and they are separated by a subpath which belongs either to 2 or
to Z~. Let j € {1,...,n} be the smallest integer such that ®; € .#(2) and such that (@;,...,®,) N 2" = @. In particular,
J € f(w) since j plays the same role of k in Step 2. Note that using (93), Step 2 and the assumption @ N # (1, 2™) = &, we
have w; € #'(1, Z™*). Furthermore, by (91) the energy along the path from ®; € .7 (2) to ®, decreases. Let ¢ # 1 be such that
®; € Z'. Then the only moves that decrease the energy are

(i) flipping the spin in the unit protuberance from ¢ to 1,

(ii) flipping a spin 1 with two nearest neighbors with spin ¢ from 1 to ¢.

Since w1 ¢ 27, (i) is not feasible. Hence, necessarily H(w;1) = H(1) +T'(1,2™) — h and starting from ®;; we consider a
spin-update that either decreases the energy or increases the energy of at most 4. Hence the only feasible moves are

(iii) flipping a spin 1, with two nearest neighbors with spin ¢, from 1 to 7,

(iv) flipping a spin ¢, with two nearest neighbors with spin 1, from 7 to 1.

Note that by (iii) and (iv), the process reaches a configuration ¢ with all spins equal to 1 except those, which are ¢, in a polyomino
C'(0) that is convex and such that R(C'(0)) = R(g= 1) (¢+—1)- Note that we cannot iterate move (iv) since otherwise we would
ind a configuration that does not belong to 2. On the other hand, applying once (iv) and iteratively (iii), until we fill the
rectangle Ry« 1)x(¢+—1) With spins 7, we find a set of configurations in which the one with the smallest energy is o such that
C'(0) =R(C'(0)). Starting from any configuration of this set, the smallest energy increase is 2 — i and it is achieved by flipping
from 1 to ¢ a spin 1 with three nearest neighbors with spin 1 and a neighbor of spin ¢ inside C' (o). It follows that

Py —H() >4 —h(C*+1)(" = 1)+2—h>T(1,27), (96)

where the last inequality holds because 2 > A(¢* — 1) since 0 < h < 1 and ¢* := {%1 , see Assumption III.1. Since in (96) we
¢btained a contradiction, we conclude that any path o € Qip z,w must visit 7 (1, Z7). O

B. Minimal gates: proof of the main results

We are now able to prove Theorems II1.5 and II1.6.

Proof of Theorem II1.5. By Proposition V.1 we get that % (1, 2™) is a gate for the transition from the metastable state 1 to
Z5. In order to show that # (1, 2™) is a minimal gate, we exploit [29, Theorem 5.1] and we show that any n € #/(1, Z™%)
is an essential saddle. In order to do this, in view of the definition of an essential saddle given in Subsection III C, for any
n € # (1, Z) we construct an optimal path from 1 to 2™ passing through 7 and reaching its maximum energy only there.
Since n € # (1, 2°%), there exists s # 1 such that 1) € Bp«_; 4+(s,1) and the optimal path above is defined by modifying the
reference path @ of Definition IV.1 in a such a way that @« -_1);; = 1 in which C*(17) is a quasi-square £* x (¢* — 1) with
a unit protuberance. It follows that @ N# (1, 2™%) = {n} and arg maxzH = {n} by the proof of Lemma IV.2. To conclude,
we prove that %/ (1, 27%) is the only minimal gate. Note that the above reference path @ reaches the energy ®(1, 2°*) only in
# (1, 2°%). It follows that, forany n; € # (1, ™), the set # (1, 2 *)\{m1 } is not a gate for the transition 1 — 2. Indeed, from
the above discussion we get that there exists an optimal path @ such that @ N% (1, 2°)\{n1} = @. Note that the uniqueness of
the minimal gate follows by the condition 2/h ¢ N, see Assumption IIL1. (]
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Proof of Theorem II1.6. For any s € 2, the min-max energy value that is reached by any path @ : 1 — s is ®(1,s) = ®(1, 2°%).
Furthermore, Theorem II1.3 implies that when a path @ : 1 — s visits some r € .27\ {s}, the min-max energy value that the path
reaches is still (1, 2™). Indeed, for instance in the case in which the path @ may be decomposed in two paths @; : 1 — r and
i T — s, we have @ = max{®P, , Py, } = P(1, Z*) where we used (22). Hence, the saddles visited by the process are only
the ones crossed during the transition between 1 and the first stable state. This fact, together with Theorem IIL.5, allows us to
state that the set # (1, 2™) is the unique minimal gate for the transition from 1 to s, for any fixed s € .2"*. Thus, (30) is satisfied.
O

C. Tube of typical trajectories: proof of the main results

In order to give the proofs of Theorems IIL.8 and IIL.9, first we prove the following lemmas.

Lemma V.2 Let € (n) and € (§) be the non-trivial cycles whose bottom are ) € Ryy—1(1,s) and § € Ry¢(1,s) with £ < £* — 1
and s # 1, respectively. Then,

B(E M) =Bj_1,,(1,5); 97)
B(€(C)) =B}y 4(1,5). (98)

Proof. Forany s # 1, let n; € Ry (1,s) with ¢ < ¢*. By Proposition IV.1, 1y € .43 is a local minimum for the Hamiltonian
H. Using (33), our aim is to prove the following

Bl_i, \(1,5)=F (€ (m)). (99)

In nq, for any v € V the corresponding v-tile (see before Lemma IV.5 for the definition) is of type (a), (b), (d), (¢) and (h), see
Figure 6. Starting from 1)1, by flipping to 1 (resp. s) the spin s (resp. 1) on a vertex whose tile is of type (a), (d) (resp. (b), (e)),
the process visits a configuration o7 such that

H(o)—H(m) >2—h. (100)

'Thus, the smallest energy increase is given by & by flipping to 1 a spin s on a vertex v; centered in a tile of type (h). Let
T = nlv"l S Bﬁ:i 1 (1,s). In 1y, for any v € V the corresponding v-tile is one among those depicted in Figure 6(a), (b), (d),
(©), (h) and (p) with r = s. Since H(12) = H(11) + h, the spin flips on a vertex whose tile is of type (a), (b), (d) and (e) lead
to H(0p) —H(n1) > 2. Thus, as in the previous case, the smallest energy increase is given by flipping to 1 a spin s on a vertex
vy-centered in a tile of type (h). Note that starting from 1), the only spin flip which decreases the energy leads to the bottom of
% (1M1), namely in 7.

Let us now note that

H(ne—1) —H(m) =h({-2). (101)

Since ¢ < ¢*, comparing (100) with (101), we get that ny_1 € .Z (d€ (11)), and (99) is verified.
Let us now consider for any s # 1 the local minimum §; € Ry ¢(1,s) C A 3 with ¢ < ¢* — 1. Arguing similarly to the previous
case, (98) may be verified by proving that 3}7175(1,3”) =7(0%(41)). O

Lemma V.3 Let 6 (1) be the non-trivial cycle whose bottom is ) € Ry, 1,(1,s) with min{¢y,¢,} > ¢* and s # 1. Then,
A€ (M) =By, 1, (1,5) VBl g, (1,5). (102)

Proof. Forany s # 1, let 1y € Ry, 1, (1,s) with £* < ¢; < £». By Proposition IV.1, 17, € .#/* is a local minimum for the Hamiltonian
H. Using (33), our aim is to prove the following

By 4, (1,5)UB}, , (1,5) =.F (€ (m)). (103)

In n, for any v € V the corresponding v-tile is of type (a), (b), (d), (¢) and (h). Let v; € V such that the v;-tile is of type (e)
with r =s, and let 1p := nlv"s. Note that if v; is adjacent to a side of length ¢, then 1, € Bél_éz(l,s), otherwise 1, € B}Ml (1,s).

Without loss of generality, let us assume that 17, € Béb 0 (1,s). By simple algebraic calculation we obtain that

H(m)—H(m)=2-h (104)
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In 1 for any v € V the corresponding v-tile is of type (a), (b), (d), (e), (h) and (p) with# = r = 1. By flipping to s a spin 1 on a
vertex w whose tile is of type (p) with r = s the energy decreases by & and the process enters a cycle different from the previous
one that is either the cycle 4 whose bottom is a local minimum belonging to Ry, 41,0,(m, 1), or a trivial cycle for which iterating
this procedure the process enters . Thus, Béufz (1,5) C 9€ (M ). Similarly we prove that Eéﬂ (1,8) CI€(m).

Let us now note that starting from 1), the smallest energy increase is A, and it is given by ﬁipping to 1 a spin s on a vertex
whose tile is of type (h). Let us consider the uphill path @ started in 17; and constructed by flipping to 1 all the spins s along
a side of the rectangular ¢; x ¢, s-cluster, say one of length ¢;. Using the discussion given in the proof of Lemma V.2 and
the construction of @, we get that the process intersects %4’ (n) in a configuration ¢ belonging to Bézflﬁ (1,s). By algebraic
computations, we obtain the following

H(o)—H(ni) =h(lr—1). (105)

Since ¢, > ¢*, it follows that H(c) > H(1m2).
Since by flipping to 1 (resp. s) the vertex centered in a tile of type (a), (d) (resp. (e)), the energy increase is largest than or equal

to 2 + h, it follows that (103) is satisfied. ([l
In order to prove Theorems II1.8 and I11.9, we need some further definitions that are taken from [7, 9, 31]. Our goal is to give an
equivalent definition of the tube that only relies on the energy landscape data. We call cycle-path a finite sequence (€}, ...,%n)

of trivial or non-trivial cycles €},...,6, € € (%), such that 6;N%;+1 =& and d6;NC| # D, foreveryi=1,...,m—1.
A cycle-path (61,...,%,) is said to be downhill (strictly downhill) if the cycles €}, ..., %, are pairwise connected with decreas-
ing height, i.e., when H(.% (d%;)) > H(F(0€:+1)) (H(Z(0%;)) > H(F(0%€;+1))) forany i =0,...,m— 1.

We denote the set of cycle-paths that lead from & to </ and consist of maximal cycles in 2"\.<7 as

P o = {cycle-path (61,...,6)| 6, ..., 6n € M (€ (0)\A),0 € €,06uNA #+ T}

Given a non-empty set & C £ and 6 € 2, we constructively define a mapping G : Qs 4 — P s in the following way.
Given w = (@, ...,®,) € Qo 4, We set my = 1, €1 = €,y (0) and define recursively m; := min{k > m;_;| & ¢ €;} and G}y ==
G (0n;). We note that @ is a finite sequence and @, € <7, so there exists an index n(®) € N such that @, o = On €A

(@)
and there the procedure stops. By (61,...,%n,, ) is a cycle-path with ¢1,..., G, C 4 (2 \«/). Moreover, the fact that

» € Q¢ 4 implies that 6 € €7 and that 0%,,,») N/ # @, hence G(®) € P .7 and the mapping is well-defined.

SV

We say that a cycle-path (47, ...,%p) is connected via typical jumps to of C 2 or simply vt j—connected to < if
B(E)NC1 £, Vi=1,....om—1, and B(C) A # D. (106)

Let J¢ .7 be the collection of all cycle-paths (%7,..., %) that are vtj-connected to .27 and such that ¢} = €. Given a non-empty
set o7 and 0 € 27, we define @ € Qg 4 as a typical path from o to <7 if its corresponding cycle-path G(®) is vtj-connected to

& and we denote by Q\gj 4 the collection of all typical paths from ¢ to 7, i.e.,

QY ={0 € Q./| G(0) € Jig, (). }- (107)

Finally, we define the tube of typical paths T,;(0) from G to o/ as the subset of states 11 € £ that can be reached from ¢ by
means of a typical path which does not enter .« before visiting 7, i.e.,

Ts(0):={n€Z|JoeQ)  : nco} (108)
Finally, we define /(o) as the set of all maximal cycles that belong to at least one vtj-connected path from €9 (I') to 7, i.e.,
T (0):={C € M (€} (c)\)|3(€,....,C) € Jgo(r),er> 3 € {l,...n}:€;=¢}. (109)

Note that T/ (0) = A4 (Ty7(0)\«7). and that the boundary of T, (o) consists of states either in &7 or in the non-principal part
of the boundary of some ¢’ € T/ (0), i.e, IT (0)\F CUges ,(6)(dC\HB(€)) =: 0P Ty (0).

Proof of Theorem I11.8. Following the same approach as [7, Section 6.7], we characterize the tube of typical trajectories using
the so-called “standard cascades”. See [7, Figure 6.3] for an example of a standard cascade. We describe these in terms of the
paths that are started in 1 and are vtj-connected to Z™*. See (107) for the formal definition and see [9, Lemma 3.12] for an
equivalent characterization of these paths. We remark that any typical path from 1 to 2™* is also an optimal path for the same
transition.

In order to give a geometrical description of these typical paths, we proceed similarly to [7, Section 7.4], where the authors
apply the model-independent results given in Section 6.7 to identify the tube of typical paths in the context of the Ising model.
We define a vtj-connected cycle-path that is the concatenation of both trivial and non-trivial cycles. Let 177 be a configuration
belonging to one of the minimal gates for the transition 1 — 27, see Theorem IIL.5 . We begin by studying the first descent
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from 1; both to 1 and to Z"*. Then, we complete the description of T 5s(1) by j Jommg the time reversal of the first descent from
N1 to 1 with the first descent from 17 to 2°°. In view of (28) we have that 1; € B,* 10+ (1,s) for some s # 1, and for the sake of
semplicity we describe a vtj-connected path from 1 to 2™ conditioned to hit .2"* for the first time in s.

Let us begin by studying the standard cascades from 1 to 1. Since a spin flip from s to 7 ¢ {1,s} implies an increase of the
energy value equal to the increase of the number of the disagreeing edges, we consider only the splin-flips from s to 1 on those
vertices belonging to the s-cluster. Thus, starting from 1, and given v; a vertex such that n;(v{) = s, since H(1n1) = ®(1, 2°%),
we get

H") = &1, 27%) +ng(vi) —ni(vi) + h. (110)

It follows that the only possibility for the path to be optimal is ns(v1) = 1 and n; (v;) = 3. Thus, along the first descent from 1,
to 1 the process visits 17, in which all the vertices have spin 1 except those, which are s, in a rectangular cluster £* x (¢* —1), i.e
M2 € Rp+—1 ¢+ (1,s). By Proposition IV.1 1, € .4 3 is a local minimum, thus according to (106) we have to describe its non-trivial
cycle and its principal boundary. Starting from 1),, the next configuration along a typical path is defined by flipping to 1 a spin s
on a vertex v, on one of the four corners of the rectangular s-cluster. Indeed, since H(1n2) = ®(1, 2™*) —2+ h, we have

H(nY>') = ®(1, 27°) — 24 2h+ny(v2) —m (v2), (111)

and for the path to be optimal, we must have ngy(v2) = 2 and ny(v;) = 2. The smallest energy increase for any single step of the
dynamics is equal to h. Thus, a typical path towards 1 proceeds by eroding the £* — 2 unit squares with spin s belonging to a
side of length £* — 1 that are corners of the s-cluster and that belong to the same side of v,. Each of the first £* — 3 spin flips
increases the energy by /4, and these uphill steps are necessary in order to exit from the cycle whose bottom is the local minimum
M2. After these ¢* — 3 steps, the process hits the bottom of the boundary of this cycle in a configuration 7= € Eé*_lﬁ_l (L,s),
see Lemma V.2. The last spin-update, that flips from s to 1 the spin s on the unit protuberance of the s-cluster, decreases the
energy by 2 —h. Thus, the typical path arrives in a local minimum Mgy € Ry« ¢+_1(1,s), i.e., it enters a new cycle whose
bottom is a configuration in which all the vertices have spin 1, except those, which are s, in a square (£* — 1) x (¢* — 1) s-cluster.
Summarizing the construction above, we have the following sequence of vtj-connected cycles

{m LGP (h( = 2)), {ne 3,6 (£ —2)). (112)

Jterating this argument, we obtain that the first descent from 1 € #'(1, ™) to 1 is characterized by the concatenation of those
vij-connected cycle-subpaths between the cycles whose bottom is the local minima in which all the vertices have spin equal to 1,
except those, which are s, in either a quasi-square (¢ — 1) x £ or a square ({ — 1) x ({—1) for any ¢ = ¢*,...,1, and whose depth
is given by k(¢ —2). More precisely, from a quasi-square to a square, a typical path proceeds by flipping to 1 those spins s on
one of the shortest sides of the s-cluster. On the other hand, from a square to a quasi-square, it proceeds by flipping to 1 those
spins s belonging to one of the four sides of the square. Thus, a standard cascade from 7 to 1 is characterized by the sequence
of those configurations that belong to

0 re—-1

U UB,Mls)uwals UB[M,lsuRHH(ls) (113)
(=1L]=1 =1

L'et us now consider the first descent from 1; € E}*,Lg* (1,s) tos € Z*. Since the path is optimal, we only consider flips from
Lito s. Thus, let w; be a vertex such that 1, (w;) = 1. Flipping the spin 1 on the vertex wy, we get

HP™) = @1, 27) i (w1) = ng(wt) — (114)

and the only feasible choice is n;(wy) = 2 and ns(w1) = 2. Thus, n;""" € B, _; ;.(1,5), namely the bar is now of length two.
Arguing similarly, we get that along the descent to s a typical path proceeds by flipping from 1 to s the spins 1 with two nearest-
neighbors with spin s and two nearest-neighbors with spin 1 belonging to the incomplete side of the s-cluster. More precisely,
it proceeds downhill visiting 7; € Bé*fl‘l*(l,s) forany i =2,...,0* — 1 and fjy« € R~ 4+(1,s), which is a local minimum by
Proposition IV.1. In order to exit from the cycle whose bottom is 74+, the process crosses the bottom of its boundary by creating
a unit protuberance of spin s adjacent to one of the four edges of the s-square, i.e., visits {fjp«;1} where =1 € Béw* (1,s), see
Lemma V.3. Starting from {11}, a typical path towards s proceeds by enlarging the protuberance to a bar of lehgth two to
£* —1, thus it visits fg+y; € Bé*ﬁ (1,s) forany i =2,...,¢* — 1. Each of these steps decreases the energy by A, and eventually the
bottom of the cycle is reached, i.e., in the local minimum 7o« € R+ ¢«41(1,s). Then, the process exits from this cycle through
the bottom of its boundary by adding a unit protuberance of spin s on any one of the four edges of the rectangular £* x (£*+1)
s-cluster in fp¢«. Thus, it visits the trivial cycle {fap 11 }, where flap 41 € Bj. o (1,5) UBJ. | ;»(1,5). Note that the resulting
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standard cascade is different from the one towards 1. Thus, summarizing the construction above, we have defined the following
sequence of vtj-connected cycles

{3, G0 (A0 = 1)), {figei1 1, G (A€ = 1)), {Tlape 11} (115)

Note that if ¢+ € B} 4+41(1,5), then the process enters the cycle whose bottom is a configuration belonging to Ry iy o1 (1,5).
On the other hand, if 7o+ € B}* +1.¢0+(1,5), then the standard cascade enters the cycle whose bottom is a configuration belonging to

Ry p+12(1,s). In the first case the cycle has depth ~¢*, in the second case the cycle has depth h(¢* — 1). Iterating this argument,
we get that the first descent from 7 to s is characterized by vtj-connected cycle-subpaths from Ry, ¢, (1,s) to Ry, ¢,+1(1,5)
defined as the sequence of those configurations belonging to E’él‘ ‘s (1,s) forany I = 1,...,¢, — 1. Eventually, a configuration in
which this cluster is either a vertical or a horizontal strip is reached, i.e., it intersects one of the two sets defined in (34)—(35).
If the descent arrives in .”¥(1,s), then it proceeds by enlarging the vertical strip column by column. Otherwise, if it arrives in
#""(1,s), then it enlarges the horizontal strip row by row. In both cases, starting from a configuration with an s-strip, i.e., a
local minimum in .2 by Proposition IV.1, the path exits from its cycle by adding a unit protuberance with a spin s adjacent to
one of the two vertical (resp. horizontal) edges and increasing the energy by 2 — h. Starting from this trivial cycle, the standard
cascade proceeds downhill in a new cycle by filling the column (resp. row) with spins s. More precisely, the standard cascade
visits K — 1 (resp. L — 1) configurations such that each of them is defined by the previous one flipping from 1 to s a spin 1 with
two nearest-neighbors with spin 1 and two nearest-neighbors with spin s. Each of these spin-updates decreases the energy by /.
The process arrives in this way to the bottom of the cycle, i.e., in a configuration in which the thickness of the s-strip has been
enlarged by a column (resp. row). Starting from this state with the new s-strip, we repeat the same arguments above until the
standard cascade arrives in the trivial cycle of a configuration ¢ with an s-strip of thickness L —2 (resp. K —2) and with a unit
protuberance. Starting from { &}, the process enters the cycle whose bottom is s and it proceeds downhill either by flipping from
1 to s those spins 1 with two nearest-neighbors with spin 1 and two nearest-neighbors with spin s, or by flipping to s all the spins
1 with three nearest-neighbors with spin s and one nearest-neighbor with spin 1. The last step flips from 1 to s the last spin 1
with four nearest-neighbors with spin s. Thus, the first descent from 7n; to 2™ conditioning to hit this set in s is characterized
by the sequence of those configurations that belong to

K—-1 K—-1 K—1 K—1 6—1 L—-1 L-1
U UR@I,[ZISU U U UB ézlqu U Ree(1,5)
Uy =CF bH=0* =0* ly=0* =1 =0* by=0*
L—1 L—1 (-1
ulJ U U B, ,(Ls)us(1s)us(1,s). (116)

b =0 ly=0* I=1

To conclude we need to find the standard cascade from 1 to 2™*. Using Theorem II1.5 and the symmetry of the energy landscape
with respect to the g — 1 stable states, we complete the proof by taking the union of the standard cascades from 1 to all possible
s'€ 27 given by (113)—(116). Finally, (37) follows by [9, Lemma 3.13]. U

Proof of Theorem II1.9 Let us assume g > 2, otherwise the result is proven in [7, Section 7.4]. Starting from the metastable
state 1, the process hits .2™¥ in any stable state r with the same probability # The set of typical paths Q\{gs may be partitioned

it two subsets QVU b= {a) € QVU ConN %S\{s} &} and QVU 2= {oe QVtJ : @N27F\{s} # @}. Since the process follows

arpath belonging to Ql.s with probablhty 2 > 0, these trajectories also belong to the tube of typical paths. Thus, the tube

%4(1) is comprised of those configurations that belong to all the typical paths that go from 1 to .27, i.e., those states belonging
t0 T 2-s(1), and of those configurations that belong to all typical paths from any r € 2™\ {s} to s. Using Remark IIL.3, these last
configurations belong to the tube T2 (r) given by [2, Equation 4.25, Theorem 4.3]. Finally, we apply [9, Lemma 3.13] to prove
(39). O

VI. SHARP ESTIMATE ON THE MEAN TRANSITION TIME FROM THE METASTABLE STATE TO THE SET OF THE
STABLE STATES

In order to prove our main results on the computation of the prefactor and on the estimate of the expected value of the transition
time from a metastable state to the stable set, we adopt the potential theoretic approach. In order to apply this method, let us
give some further definitions and some known results taken from [16, 30] and from [12].

We begin by introducing some further model-independent definitions and results. Consider any energy landscape (2",H, Q)
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and let i : 2" — R. We define Dirichlet form as

&= L up(o)Bslomih(a) —h()P
onez

o BH(©O) g~BlHM)-H(o)];
z A

[h(c) —h(n)]>. (117)

N —

onez
Given two non-empty disjoint sets <7}, 9% C Z, the capacity of the pair «7| , .o is defined by

CAP(, 90) := h&r/nﬁi?ou €g(h). (118)

b, =bh,, =0

Note that from (118) it follows immediately that the capacity is symmetric in .} and %. In particular, the right hand side of
(118) has a unique minimizer /7, , known as equilibrium potential of </, </ and given by hy, ., (0) = ]P’(T;'/l < 72{2), for any
n € 4 . Finally, using what we have just defined, consider the following.

Definition VI.1 A set &7 C 2 is said to be p.t.a.-metastable if

lim Maxg¢ s g (0)[CAPg(0, 2/ )] !
B—e Minge o7 hg(0)[CAPg (0,7 \{0})]

— =0. (119)

The prefix p.t.a. stands for potential theoretic approach and it is used for distinguishing the Definition VL1 from that of the
metastable set 2. We remark that the idea of defining a set as in Definition VI.1 was introduced in [30], where the authors
refer to it as set of metastable points. We refer to [30] and to [16, Chapter 8] for the study of the main properties of this set.

Since the identification of a p.t.a.-metastable set is quite difficult if one starts from the Definition VI.1, we recall [28, Theorem
3.6] where the authors give a constructive method for defining any p.t.a.-metastable set. In particular, for any 6,n € Z, the
authors introduced the following equivalence relation

o ~nifand only if ®(o,n)—H(0o) <I"™ and ®(n,0)—H(n) <I"". (120)

Assumed Z\X° #+ 2, let %’1”), e %Z;) and f%”(sl), ceey f%’&v) be the equivalence classes in which '™ and Z"° are partitioned

with respect to the relation ~, respectively.
Fheorem VI.1 [28, Theorem 3.6] Assume that Z\Z* # @ and Z\(Z U Z™) # @. Choose arbitrarily o5 ; € ﬁ&”(f) for any
i=1,...,ksand o, j € %’Jf’)for any j=1,...,ky. The set {Cs1,...,05k,,0m1;---,Omk, } iS a p.t.a.-metastable.

Kemark VI.1 In [16, Chapters 8 and 16] the authors state the main metastability theorems for those energy landscapes in which
the stable set Z° = {s} and the metastable set 2™ = {m} are singletons. In particular, in [16, Lemma 16.13] the authors
piove that the pair </ = {m,s} is a p.t.a.-metastable set.

A. Mean crossover time and computation of prefactor: proof of main results

In this subsection we prove Theorem III.7 by using the model independent results given in [12] and [16, Chapter 16], by
exploiting the discussion given in [28, Subsection 3.1] and also by using some results given in [30],[18]. Let us begin by giving
the following list of definitions and notations.

- With an abuse of notation we consider 2~ as a graph whose vertices are the configurations. Given two configurations
o,n € Z there is an edge between the corresponding vertices if it is possible to move from ¢ to 1 (resp. 1 to &) in one
step of the dynamics.

- Let 27 C 2 be the subgraph obtained by removing all the vertices corresponding to configurations ¢ € 2~ such that
H(o) >TI"+ H(1) and also removing all edges incident to these configurations.

- Let 27" C 2" be the subgraph obtained by removing all the vertices corresponding to configurations ¢ such that H(c) =
I + H(1) and also removing all edges incident to these configurations.
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- Let Z51a (1, Z°°) be the protocritical set and let G5, (1, 27°) be the critical set. More precisely, we exploit [16, Definition
16.3] and define (Gpp, (1, 27), Ppra(1, Z7%)) as the maximal subset of 2" x 2" such that: (1) for any 6 € P, (1, 27)
there exists N € Gpp, (1, 27) such that o ~ 1 and for any n € €5, (1, 27%) there exists 6 € P, (1, 27°) such that
n~o;

(2) forany 6 € Z52 (1, 27), ®(0,1) < P(0, 27);
(3) for any 1 € Gy, (1, 27) there exists a path @ : 1 — 27 such that max;c, H({) —H(1) <T™ and @ N{{ € Z":
O(E,1) <@, 27)} =2

Next, consider # (1, 2°%) = 4' U%4? where 4! and 4 are defined as follows.

-4l :={oc € #(1,2) : the cluster of spins different from 1 has the unit protuberance on a corner of one of the longest sides
of the quasi-square £* x (¢£* —1)}.

-49? .= {oc € W (1,2°): the cluster of spins different from 1 has the unit protuberance on one of the ¢* — 2 vertices different
from the corners of one of the longest sides of the quasi-square £* x (£* — 1)}. Following the same strategy given in [12], let us
consider the set

1
ZN\(Ehs(DM U (T(27,1) = 2°(), (121)
i=1
where each .2 (i) is a set of communicating states with energy strictly lower than ®(1,.2"*) and with communication energy
®(1, 27%) with respect to both 1 and £™*. Among these sets we find also the wells 9%1 (resp. QFJJ ") that are connected by one
step of the dynamics with the unessential saddles that in [12, Definitions 3.2 and 3.4] are said to be “of the first type” (resp. “of

the second type”) and that are denoted by o; (resp. {;). In view of the above discussion, let us define the following subsets of
.

- A=l (DU ({0 U 2.
) Jvm s
- Bi= 4 (D27, D)) UU ({GHu 257,
Before of the proof of Theorem IIL.7, it is useful to state the following results.
Lemma VL1 The cardinality of 4" and 4* are |9'| = 8|A|(q— 1) and |9?| = 4|A|(£* —2)(q — 1), respectively.

Proof In %" the protuberance lies at one of the two extreme ends of one of the side of length ¥, hence there are four possible
positions. On the other hand, in & there are 2(¢* — 2) sites in which can place the unit protuberance. In both cases, the quantity
2|A| counts the number of locations and rotations of the cluster with spins different from 1. Indeed, the quasi-square with the
unit protuberance may be located anywhere in A in two possible orientations. Furthermore, the factor (¢ — 1) counts the number
of possible spins that may characterize this homogenous cluster. O

Lemma VL2 [f the external magnetic field is negative, then the set {1, 2} is p.t.a-metastable.

Proof. Consider the equivalence relation ~ given in (120). From Theorem III.1, we get that in the energy landscape (2,H,Q)
the metastable set is a singleton. Hence, there exists only one equivalence class with respect to ~ given by 2™ itself. On
tie other hand, 2™ = {2,...,q} and from Equation (23) of Theorem IIL.3 we get that 3&”(51) = {2},...,%27” = {q} are
the equivalence classes with respect to the relation ~ that partition 2Z™°. Thus, by Theorem VI.1 we conclude that the set
{1,2,...,q} = {1, 2%} is p.t.a.-metastable. O
Fioposition VI.1 [f the external magnetic field is negative, then

Cora(1, 27°) =W (1, 27). (122)

Proof. Following the same strategy of the proof of [16, Theorem 17.3], (122) follows by the definition of épp, (1, 27*), by
Lemmas IV.1-IV.4 and by Proposition V.1. (]

Lemma VL3 Lern € # (1, %) and let ) € 2 such that 7] := n"" for somev €V andt € S, t # N (v). If the external magnetic
field is negative, then either H(n) < H(N) or H(N) > H(7).

Proof. Since n € # (1, 2°%) = UL, B}. _, »+(1,1), there exists s # 1 such that n € BJ._, ,.(1,s). This implies that 7 is charac-
terized by all spins 1 except those, which are s, in a quasi-square (¢£* — 1) x £* with a unit protuberance on one of the longest



g

sides. In particular, for any u € V, either n(u) = 1 or n(u) = s. If n(u) = 1, then for any ¢ € S\{1}, depending on the distance
between the vertex u and the s-cluster, we have

4_h]l{t=s}7 lfnl(u) :4;
H(ﬁ)—H(n)Z 3—1{,:3}—]1]1{,:3}7 ifnl(u)=3, ns(u)z 1; (123)
220y —hly_y, ifn(u)=2,n5(u)=2

Otherwise, if 11(u) = 1, for any 7 € S\ {1}, depending on the distance between the vertex u and the boundary of the s-cluster, we
get

4+h, if ng(u) = 4;
_ 3—1y_pn+h, ifn(u)=1n4u)=3;
H()—H(n) = (=1} 124
(M) () 221y +h, ifny(u) =2, ns(u) =2; (124)
1 =31y +h, ifn(u)=3,n(u)=1.
We conclude that H(n) # H(7). O

In [12, Definitions 3.2 and 3.4] the authors define two subsets of unessential saddles for the metastable transition and they call
them respectively unessential saddles of the first type” and of the second type and in [12, Equations (3.16)—(3.17)] they define
the sets K and K. Using these definitions and Lemma V1.3, we are now able to prove the following.

Lemma V1.4 [f the external magnetic field is negative, then the following properties are verified.
a K=2,K=0.

(b) Any 6 € W' (1, Z°%) is such that © € Uj”:“i"({ o} U Q’;l) namely there exist at least a unessential saddle o; “of the first
type” and its well Q‘?l is not empty.

(c) The set Ujﬁf’ {1y 2’;9“) is not empty, namely there exists at least a unessential saddle §; “of the second type”.

Froof. By Lemma VL3 we have that any 1 € #/ (1, Z"*) that communicates with configurations in the cycles ‘5} S(IMuU
¢ (D(27%,1)), in 2\ 2, and it does not communicate by a single step of the dynamics with another saddle. This implies
that for any 1 € (1, Z%)\# (1, Z™), visited by the process before visiting the gate #/(1, 2™*), it does not exist a path
@ : 1 — 7 such that ® NCL-(T"™) =2, 0 "W (1, 2°°) = {n}, and maxgep, H(o) < P(1,27*). This concludes that K = .
Furthermore, for any ) € (1, Z°)\# (1, Z"), visited by the process after visiting the gate #'(1, 2™), there does not exist
@i : 1 — 7 such that o NE (T(27,1) =2, oW (1,27%) = {n}, and maxgee, H(c) < ®(1,27). This concludes that
K = @ and the proof of item (a).

Let us now prove item (b). Using Theorem II1.5, we get that any saddle in which the protuberance is on one of the shortest sides:
i€ W'(1,Z%), is an unessential saddle. Thus, o; satisfies [12, Definition 3.2] and it belongs to U;’l"i“ ({o;}uU ffjl) Moreover,
iflo; € Bé*. s+_1(1,5), and without loss of generality the protuberance is on the shortest side that is north, then it communicates
by one step of the dynamics with a configuration in B@y s+_1(1,5) with a bar of length two on the north side. This belongs to f»’fil
together with those configurations with a bar of length / on the north side belonging to 32*7 s+ (1,s) forany I =3,...,0* -2 and
its bottom is a configuration belonging to Rp«_ s+11(1,s) with the shortest sides that are north and south. The same arguments
iold by replacing north with south, east, west.

Let us now prove item (c) by illustrating an example of unessential saddle "of the second type”. We choose this unessential
saddles as the configuration ¢ € 9%, (I'(2°%,1)) N (# (1, Z°°)\# (1,2°%)) in which all the vertices have spin equal to 1
except those, which are all equal to s for some s # 1, in a cluster that is a square (£* — 1) x (¢£* — 1) with a bar of length
two on one of the four sides and a bar of length £* — 2 on one of the two consecutive sides, see Figure 17. Note that { €
L (L, Z\W (1, 27°) since the perimeter of the s-cluster is 4¢* and since its area is equal to £*(¢* — 1) 4 1, and so by (43) we
get that H({) = H(1) +40* —h(£*(0* — 1)+ 1)) = ®(1, 2°). Furthermore, § € 9%;”" (I'(2°*,1)). Indeed, by flipping to s the
spin 1 adjacent to the bar of length ¢* — 2, the process intersects a configuration belonging to B%*fl,i* (1,5) C € (T(27%,1)).
O

Now we are able to give the proof of Theorem III.7. Since our model is under Glauber dynamics, we exploit the proof of [16,
Theorem 17.4].

Proof of Theorem IIL.7. Let us begin to compute the prefactor (32) by exploiting the variational formula for ® = 1 /K given
in [12, Lemma 10.7]. This variational problem is simplified because of our Glauber dynamics. Indeed, from the definition of A
and B and from Proposition VI.1, we get that 27\ (AUB) = €pp, (1, 27). It follows that there are no wells inside €pp, (1, 27%)
and any critical configuration may not transform into each other via single spin-update. We proceed by computing a lower and
un upper bound for ® as follows.
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FIG. 17: Example of a unessential saddle { “of the second type” defined in [12] when £* = 5. We color white the vertices with spin 1 and gray
the vertices with spin s # 1.

Upper bound. In order to estimate un upper bound for the capacity we choose a test function i : 2™ — R defined as

1, ifoeA,
h(c):=¢0, ifoeB, (125)
¢, ifoce¥ i=172,

where c1,c; are two constants, see [12, Equation (10.17)]. Thus, we get

. . 1 2
< — —
C) (1—&-0(1))01,25}),1] h:ﬁ&glm[o,l] 3 ) Lo lh(o) —h(1)]

by =Lhp=0 onest
h‘(ﬁi =C,‘,i=172
=(1+o(1)) min [ Y (1-hm)*+ Y, h(n)|
c,e2€[0,1] SZa oEB
ne,i=12 nevii=12
o~ o~
=(I4o(1)) min [ Y N (M(1-c)+ Y N(n)] (126)
€01l g1 nesi =12
o~ o~

where N~ (1) :={& € UL, Rp—1+(1,1) : E~m}|,and NT () := [{€ € U?:zg%*_m*(lat) : & ~n}|. Let us note that

1 1
N (m)=1,ifn € ¥'U¥* and N* (1) {; ;ZZizz’ (127)

Thus, we have

O<(l+o(1)) min [ Y (1—c)*+ci+ Y (1-c2)*+203]

61,026[0,1] T]Egl T’Egz
=(+0(1)) min [|9'(2c2 —2¢c;+1)+|9%|(3c5 —2c2+1)],

c1,62€[0,1]

where the equality follows by the fact that the sums are independent from 1 € ¢/, i = 1,2. Furthermore, since the minimum
value of the function g (cy) := 26‘% —2c1+11s % and the minimum value of the function g (c;) := 3c% —2cy+11s %, we have

1 2 1 2 i 400
@:|%1\§+\5¢2|§:§8|A|(6I—1)+§4\/\\(€ =2)(g=1)=3IAl2C - 1)(¢-1),

where the second equality follows by Lemma VI.1.
Lower bound. Since the variational formula for ® = 1/K given in [12, Lemma 10.7] is defined by a sum with only non-negative
summands, we obtain a lower bound for ® as follows

1
®> min min = Lign}[h(c) —h(n)]*
2€0,1] 2 *>[0,1] 2 S s {o~m}
cracl ]h\Azlv_h?L':(]) O ME(Cpra (1,27))F
g

where (Gpra (1, 27%)) T 1= Cora (1, %) U0 Gpa (1, 27%).
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Note that 9Gpp,(1,27°) N 2% = UL, (Re s 1(1,5) U B o (1,5)),  with UL, Rp - 1(1,5) C €}s(T™) and
UL, BE o1 (1,5) C %Y "(T(2°%,1)). Thus, we have

0> min (r  weaps X ap)
20 e 1,279 NoeUl, Rpr ey (1), oeUL, B o (1),
o~n o~n
= Yy min <N(n)[1—h]2+N+(n)h2). (128)
hel0,1]

ONECH (1, 27%)

Since the minimizer of the function f (k) := N~ (n)[1 — h)> + NT(n)h? is hupin = WM, we obtain

N~ (m)N*(n)

0> —_—
onctim 29N (m)+N*(n)

4
= JIAIE = 1)(g 1), (129)

where the first equality follows by (127). Finally, (31) is proven following the strategy given in [16, Subsection 16.3.2] by taking
into account the metastable set {1, 2™} by replacing the role of Lemma 16.17 with [12, Lemma 10.7], see Remark VI.1 and
Lemma VI.2. ]

Appendix A: Additional material for Subsection III A
a. Proof of Theorem 111.3

Let us begin by recalling that for any r,s € 2%, r # s, from Theorem III.1 we have
(1, 2°%) = (1, 27%) — H(1) = 40 — h(£*(¢* — 1) + 1), (A1)
and, from Proposition IV.3 and Proposition IV.4,
[(r,s) =®(r,s) — H(r) =2min{K,L} +2. (A2)
Por any r,s € 2%, r # s, first we show that I'(1, 2™) < I'(s,r). Indeed, given 0 < h < 1 and L > K > 3¢*, we have
ra, 2% —T(r,s)=4*—h(l*(*—1)+1)— (2K+2)
A —h(0(F=1)+1)—60* =2 < =20 —h(L*)> + 0 —h—2<0 = (23).
Furthermore, by Assumption III.1, ®(r,s) is smaller than or equal to ®(1,s), for any r,s € 2%, r # s. Indeed, since |V| = KL,
®(r,s) — D(1,8) = 2K + 2+ H(r) — 40" + h(¢*)> —ht* +h—H(1)
=2K+2—|E|— 40"+ h(¢*)* —ht* +h+ |E| - h|V|
=2K+2—40* +h(0*)?> —ht* +h— hKL (A3)

feranyr,s € 2%, r #s. Since £* = [%W, we can write /* = % +1— 0 where 0 < 6 < 1 denotes the fractional part of 2/h, that

is not integer in view of Assumption III.1(ii). Assume by contradiction that (22) is false, i.e.,
d(r,s) > P(1,s). (A4)
Using (A3), we have that (A4) is verified if and only if
2K +2 —40* +h(£*)* —he* +h > hKL

2K+2—4(%+1—6)+h(%+1—S)Z—h(%—s—l—é)—s—hthL

— h
2 2 42 2 2
K+ -2 41-8)+(5+1-8)?2—-=—-1+6+1>KL
= +h h(h+ )+(h+ ) ; +o+1>
2.2 8 4 4. 4 4 4 2
= K4+ - 5+ +1+8°+-——-5-28—>—1+5+1>KL
GKt S T PR =
2 4
<:>ZK—h—2+l+52—52KL. (A5)
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Since L > K > 3/¢* and since 0 < 6 < 1, we have that

2 6 6
KL23K£*:3K(z+1—6):zK+3K—3K5>ZK. (A6)
Moreover, since 0 < § < 1 implies that 5> — § < 0, we have that
2 4 2 4
CK— 4148 -8 < K——+1. A7
GK—m 1t GK—mt (A7)
Combining (A5), (A6) and (A7), since 0 < § < 1, approximately we get that (A4) is satisfied if and only if
2 4 6 4 4
-K——+1>-K < ——-K——+1>0 A8
h h? = h h h? +1>9, (A8)

that is a contradiction. Indeed, the l.h.s. of (A8) is strictly negative since Assumption III.1(i), i.e., 0 < k& < 1, implies that
*% + 1 < 0. Hence, we conclude that (22) is satisfied.

Finally, we prove (24). By [9, Lemma 3.6] we get that 2"\ {s}) is the maximum energy that the process started in € 2"\ {s}
has to overcome in order to arrive in s, i.e.

[(2\{s})= max T(n,s). A9
(2\{s}) nedis) (1,5) (A9)
For any n € 2°\(Z*U{1}) we have that

L(n,s) =T(n,27) =2(n, 27) - H(n)

<®(1,2°)-HQ1)=I(1,2"),
where the inequality follows by the fact that 1 is the unique metastable configuration and this means that starting from n €
Z\Z* there are not initial cycles ‘5{2} (I'(n,s)) deeper than %{ls} (™). Note that this fact holds since we are in the metastability

scenario as in the [9, Subsection 3.5, Example 1]. Thus, using (23), since for any r € 2™\ {s} we have I'(r,s) = T'(2*\{s},s),
we conclude that

max I'(n,s) =max max I'(n,s), max I'(n,s)}=I(r,s).
ne2’\{s} (1.5) {ne% (Z\{s}) ( )neﬂ‘f\{s} (n.5)} (r:s)

Appendix B: Additional material for Subsection IV B
a. Proof of Lemma 1V.1

Proof. Let 6 € UL, Ry-_1+(1,1). Hence, there exists s € {2,...,q} such that 6 € Ry=_y +(1,s). Consider the reference
path of Definition IV.1 and note that for any i = 0,...,KL, Ny(®;) = i. The reference path may be constructed in such a way
tirat @ (p«_ 1) := 0. Let ¥:= (@p: (1) = O, Dp=(p+_1)1,- - -, D1, B = 1) be the time reversal of the subpath (@, ..., Qp(p+_1))
of @. We claim that maxgc, H(E) < 4¢* —h(€*(¢* — 1)+ 1) + H(1). Indeed, note that @« («_j) = 0,..., @ is a sequence of
configurations in which all the spins are equal to 1 except those, which are s, in either a quasi-square ¢ x (£ — 1) or a square
(£—1) x (¢ —1) possibly with one of the longest sides not completely filled. For any ¢ = ¢*,... 2, the path ¥ moves from
Rie-1(1,5) to Re—1¢-1(1,s) by flipping the £ — 1 spins s on one of the shortest sides of the s-cluster. In particular, @y_1)_; is
obtained by @y, ) € Ry—1(1,s) by flipping the spin on a corner of the quasi-square from s to 1 and this increases the energy by
Ii- The next £ — 3 steps are defined by flipping the spins on the incomplete shortest side from s to 1 where each step increases the
energy by h. Finally, c?)(éf 12 € Ry_1-1(1,s) is defined by flipping the last spin s to 1 and this decreases the energy by 2 — h. For
any £ = (*,...,2, h({—2) < 2—h. Indeed, £* = [#] and from Assumption IIL.1, we have 2 —h > h(¢* —2) > h({—2). Hence,
maxg e, H(E) = H(0) = 40" —h(¢*(¢* —1) +1) — (2 —h) 4+ H(1) and the claim is verified. O

b.  Explicit calculation of the inequality (48)

We have
H(@p)—H(1) =40 —h(£* (0 = 1)+ 1),
H(®y 1p24) —H(1) =4K—4—h(K—1)*—h.
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Note that
H(Gy) —H (@ _1y241) =40 —h(0*)? +ht* —4K +4+ hK*> — 2hK + h. (B1)

Using the constraints of Assumption IIL.1 it follows that, we may write ¢* = ,% +1— 0 where 0 < & < 1 denotes the fractional
part of 2/h. Hence, using (B1), we get

H(@) < H(dg_1)241) (B2)
= 4 —h(l*)V +ht* —4K+44+hK> —2hK +h <0
— —%(%H—6)+(%+1—5)2—(%+1—5)+%K—%—K2+2K—1 >0
f%f%+%5+%+1+52+%7%57267%71+5+%K7%712K272K
f%f%+%K+52—871 > K> —2K.

Since K > 3¢* = 3(% +1—9) and since 0 < & < 1, it follows that
R . 2 6 6
K®—2K > K(3(*) ~2K =3K(; +1-8) ~2K = 'K+ K ~3K§ > . K —2K.

Moreover, since 0 < § < 1 implies that 52> — 8 < 0, we have that

4 6 4 4 6 4
—— — 4+ K48 -86-1<————+-K. B3
h? h * h + < h* h * h (B3)
Hence, approximately we get that (B2) is verified if and only if
4 6 4 6 4 6 2
—— — 4 -K>-K—2K &= —————= K+2K >0
2 hTh T h A

that is an absurd because of the 1.h.s. is strictly negative. Indeed, Assumption III.1(ii), i.e., 0 < h < 1, implies that —%K +2K =
2K(1— 1) <0. Thus, (B2) is not verified and

H(é)k*) >H(OA)(K71>2+1) (B4)

¢.  Proof of Lemma 1V.3

Proof. For any 6 € 2, we set N(o) := Y.L, N;(0), where N;(0) is defined in (44). Moreover, for all k = 1,...,|V|, we
define ¥4 := {0 € 2" : N(0) = k}. Note that every path @ € Q1 4 has to cross ¥ for every k =0,...,|V|. In particular it
has to intersect the set ¥+ with k* := £*(¢* — 1) 4+ 1. We prove the lower bound given in (49) by computing that H(.%# (¥%~)) =
4¢0* —h(€*(¢* — 1)+ 1)+ H(1). Note that beacuse of the definition of H and of (43), the presence of disagreeing edges increases
the energy. Thus, in order to describe the bottom .% ( ¥+ ) we have to consider those configurations in which the k* spins different
from 1 belong to a unique s-cluster for some s # 1 inside a sea of spins 1. Hence, consider the reference path @ of Definition
1.1 whose configurations satisfy this characterization. Note that @ N %+ = {@} with ® € B}, | ,.(1,s). In particular,

H(dp)—H(1) =40 —h(C* (" —1) +1), (B5)

where 4/* represents the perimeter of the cluster of spins different from 1. Our goal is to prove that it is not possible to find a
configuration with k* spins different from 1 in a cluster of perimeter smaller than 4¢*. Since the perimeter is an even integer, we
assume that there exists a configuration belonging in ¥;+ such that for some s € S\ {1} the s-cluster has perimeter 4¢* — 2. Since
40 —2 < 4V/k*, where Vk* is the side-length of the square v/k* x v/k* of minimal perimeter among those of area k* in R?, and
since the square is the figure that minimizes the perimeter for a given area, we conclude that there does not exist a configuration
with k* spins different from 1 in a cluster with perimeter strictly smaller than 4¢*. Hence, @y~ € % (¥+) and (49) is satisfied
thanks to (B5). O
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d. Proof of Lemma IV.4

Proof. At the beginning of the proof of Lemma IV.3 we note that any path @ : 1 — 2°* has to visit ¥} at least once for every
k=0,...,|V|. Consider Yp(¢+—1)- From [32, Theorem 2.6] we get the unique configuration of minimal energy in %}s(¢«_y) is the
one in which all spins are 1 except those that are s, for some s € {2,...,¢}, in a quasi-square ¢* x (¢* —1). In particular, this
configuration has energy ®(1, 2™*) — (2 —h) =4¢* —2 —he*(¢* — 1) + H(1). Note that 4¢* — 2 is the perimeter of its s-cluster,
s # 1. Since the perimeter is an even integer, we have that the other configurations belonging to #j« 4+ ) have energy that is larger
than or equal to 4¢* — h¢*(¢* — 1) + H(1). Thus, they are not visited by any optimal path. Indeed, 4¢* — h¢*(¢* — 1)+ H(1) >
(1, 2°). Hence, we conclude that every optimal path intersects ;- (;_1) in a configuration belonging to U;_, Ry« 1¢+(1,7). O

e. Proof of Lemma IV.5

Proof. Let 6 € 2 and letv € V. Assume that 6(v) = s, for some s € S. To find if a v-tile is stable for o we reduce ourselves
to flip the spin on vertex v from s to a spin r such that v has at least one nearest neighbor r, i.e., n,(v) > 1. Indeed, otherwise the
energy difference (5) is for sure strictly positive. Let us divide the proof in several cases.

Case 1. Assume that ng(v) = 0 in 6. Then the corresponding v-tile is not stable for o. Indeed, in view of the energy difference
(5), if r # 1, by flipping the spin on vertex v from s to r we have

H(c"")—H(0) = —n;(v) —hl—y). (B6)
Furthermore, for any s # 1, by flipping the spin on vertex v from s to 1 we have
H(c")—H(c)=—n(v)+h. (B7)

Hence, for any s € S, if v has spin s and it has four nearest neighbors with spins different from s, i.e., ns(v) = 0, then the tile
centered in v is not stable for ©.

Case 2. Assume that v € V has three nearest neighbors with spin value different from s in 0, i.e., ny(v) = 1. Then, in view of the
energy difference (5), for any s € S and r ¢ {1,s}, by flipping the spin on vertex v from s to r we have

H(c")—H(0)=1=n(v) —hl_y. (BY)
Moreover, by flipping the spin on vertex v from s # 1 to 1 we have
H(c")—H(c)=1—n(v)+h (B9)

Hence, for any s € S, if v has only one nearest neighbor with spin s, a tile centered in v is stable for ¢ only if s # 1 and v has
nearest neighbors with spins different from each other, see Figure 6(r) and (s).

Case 3. Assume that v € V has two nearest neighbors with spin s, i.e., ny(v) = 2. Then, in view of the energy difference (5), for
any s € S and r ¢ {1,s}, by flipping the spin on vertex v from s to r we have

H(o")—H(0)=2—n,(v) —hl_y. (B10)
Moreover, by flipping the spin on vertex v from s # 1 to 1 we get
H(c"Y)—H(c)=2—n;(v)+h. (B11)

Hence, for any s € S, if v has two nearest neighbors with spin s in 0, a v-tile is stable for ¢ if v has the other two nearest neighbors
with different spin, see Figure 6(m)—(q). Furthermore, if s # 1, a v-tile is stable for ¢ even if v has two nearest neighbors with
$pin s and the other two nearest neighbors with the same spin, see Figure 6(f)—(i).

Case 4. Assume that v € V has three nearest neighbors with spin s in 0, i.e., ns(v) = 3, and that the fourth nearest neighbor has
spin r # 5. Then, for any s € S and r ¢ {1, s}, we have

H(c"™)—H(0)=2—hl_. (B12)
Furthermore, by flipping the spin on vertex v from s # 1 to 1 we get
H(c"Y—H(c)=2+h. (B13)

Case 5. Assume that v € V has four nearest neighbors with spin s in o, i.e., ns(v) = 4. Then, for any s € S and r ¢ {1,s}, we
have

H(Gv’r)—H(G)=4—h]1{s:1}. B14)



Furthermore, by flipping the spin on vertex v from s # 1 to 1 we get
H(c"')—H(c)=4+h. (B15)
From Case 4 and Case 5, for any s € S, we get that a v-tile is stable for ¢ if v has at least three nearest neighbors with spin s, see

Figure 6(a)—(e). Finally, note that (51) is satisfied in all the cases 1-5 above thanks to (B6)—(B15). O

f Proof of Proposition IV.3

Proof. Our aim is to prove (75) by constructing a path @ : r — s such that
®y—H(r) =2min{K,L} +2=2K+2, (B16)

where the last equality follows by our assumption L > K. Let * € 2 be the configuration defined as

s, ifvEcy
o'(v)i=q" ’ B17
v) { r, otherwise. (BI7)
We define the path @ as the concatenation of the two paths ®") : r — ¢* and ®® : 6* — s such that d, 0 =H(r) +

2K and @) = H(r) +2K +2. We define o) = (a)él), et a)l(;)) where coé1> =r and where for any i = 1,...,K the state a)i(l)
is obtained by flipping the spin on the vertex (i — 1,0) from r to s. The energy difference at each step of the path is

4, ifi=1,
Ho"M-Ho")={2, ifi=2,... K1, (B18)

0, ifi=K.

Hence, arg max ) = {0)1(21, a),(<l) = 0*}. Indeed, in view of the periodic boundary conditions and of the (B18), we have
H(o ) —H(r)=2K = H(o\)) - H(r). (B19)
Therefore, @ 1) = H(r) +2K. Let us now define the path ). We note that ¢* has an s-bridge on column ¢y and so we
apply to it the expansion algorithm introduced in Proposition IV.2. The algorithm gives a path ®?) : 6* — s such that ® 0@ =
F{(0*)4+2=H(r)+ 2K + 2, where the last equality follows by (B19). O
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