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Abstract

This is the third in a series of three papers in which we study a lattice gas subject to
Kawasaki dynamics at inverse temperature S > 0 in a large finite box Ag C 72 whose volume
depends on . Each pair of neighbouring particles has a negative binding energy —U < 0,
while each particle has a positive activation energy A > 0. The initial configuration is
drawn from the grand-canonical ensemble restricted to the set of configurations where all
the droplets are subcritical. Our goal is to describe, in the metastable regime A € (U, 2U)
and in the limit as 8 — oo, how and when the system nucleates, i.e., creates a critical droplet
somewhere in Ag that subsequently grows by absorbing particles from the surrounding gas.

In the first paper we showed that subcritical droplets behave as quasi-random walks. In
the second paper we used the results in the first paper to analyse how subcritical droplets
form and dissolve on multiple space-time scales when the volume is moderately large, namely,
[Ag] = e?? with A < # < 2A — U. In the present paper we consider the setting where the
volume is very large, namely, |Ag| = €®? with A < © < T'— (2A —U), where I is the energy
of the critical droplet in the local model with fixed volume, and use the results in the first two
papers to identify the nucleation time and the tube of typical trajectories towards nucleation.
We will see that in a very large volume critical droplets appear more or less independently
in boxes of moderate volume, a phenomenon referred to as homogeneous nucleation. One
of the key ingredients in the proof is an estimate showing that no information can travel
between these boxes on relevant time scales. Prior to nucleation, the dynamics inside the
moderately large boxes spends most of its time in configurations consisting of a single quasi-
square surrounded by free particles, and makes transitions between these configurations at
rates that depend on the linear sizes of the quasi-square in a computable manner.
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1 Introduction and main results

1.1 Background

The present paper is the third in a series of three papers dealing with nucleation in a super-
saturated lattice gas in a large volume. In particular, we consider a two-dimensional lattice
gas at low density and low temperature that evolves under Kawasaki dynamics, i.e., particles
hop around randomly subject to hard-core repulsion and nearest-neighbour attraction. We are
interested in how the gas nucleates in large volumes, i.e., how the particles form and dissolve
subcritical droplets until they manage to build a critical droplet that is large enough to trigger
the nucleation.



In the first paper [6] we showed that subcritical droplets behave as quasi-random walks. In
the second paper [I] we used the results in the first paper to analyse how subcritical droplets
form and dissolve on multiple space-time scales when the volume is moderately large. In large
volumes the evolution of the Kawasaki lattice gas is much more involved than in finite volumes
treated earlier [9], [I0]. The main difficulty in analysing the metastable behaviour is a proper
description of the interaction between the droplets and the surrounding gas. As part of the
nucleation process, droplets grow and shrink by exchanging particles with the gas around them,
as is typical for conservative dynamics.

Our focus is on both the nucleation time and the tube of typical trajectories prior to nucle-
ation. In Section [.4] we discuss the importance of the results obtained in the present paper and
the two preceding papers, and their relevance within the literature on metastability of interacting
particle systems. To derive our main theorems we distinguish between moderate volumes and
large volumes. We first consider moderate volumes and use the results obtained in [I] to describe
the escape from metastability. In particular, we show that this escape occurs via nucleation
rather than via coalescence. Subsequently, we consider large volumes and exploit the work in [7]
that derives an upper bound on the velocity of front propagation, from which we deduce that
essentially no information can travel between distant volumes on appropriate space-time scales.
This in turn implies that the nucleation in large volumes is homogeneous, i.e., occurs indepen-
dently and with equal probability in disjoint moderate volumes that are essentially independent.

We refer the reader to [I] for a description of what is achieved in the three papers together
(see [1l Ttems (1)—(7) in Section 1.1]) and what are the key challenges associated with Kawasaki
dynamics in large volumes (see [I, Remarks 1.1-1.3]). For more background on metastability
for interacting particle systems, we refer the reader to the monographs [I1], [2] and references
therein.

1.2 Kawasaki dynamics

e Hamiltonian, generator and equilibrium. Let 8 > 0 denote the inverse temperature.
Let Ag C Z? be the square box with volume

[Ag|=¢e®, ©>0, (1.1)

centered at the origin with periodic boundary conditions. With each x € Ap associate an
occupation variable n(x), assuming the values 0 or 1. A lattice gas configuration is denoted by
n € Xg = {0, 1}42. With each configuration 1 associate an energy given by the Hamiltonian

Hm)=-U > nny), (1.2)

{z,y}ehy

where A% denotes the set of bonds between nearest-neighbour sites in Ag, i.e., there is a binding
energy —U < 0 between neighbouring particles. Let

nl = > n) (1.3)

IEA[;
be the number of particles in Ag in the configuration 7, and let
Xn ={neXps: |n =N} (1.4)

be the set of configurations with N particles.



We define Kawasaki dynamics as the continuous-time Markov chain X = (X(¢)):>o with state
space X given by the generator

LHm = > c@ylf@™) - fm),  ne s, (1.5)
{a:,y}eAf3
where
n(z) if z#x,y,
n*Y(z) =< n(z) if z=uy, (1.6)
nly) if z=u,
and
c(x,yvn) = e*ﬂ[H(nz’y)*H(n)H. (17)
Equations ([1.5)—(1.7) represent the standard Metropolis dynamics associated with H, and is
conservative because it preserves the number of particles, i.e., | X (¢)| = | X (0)| for all ¢ > 0. The

canonical Gibbs measure py defined as

—BH(n) 1
NN(U) = e—XN(T])7 ZN = Z e_ﬂH(ﬂ), e X,B7 (18)

Z
N neXn

is the reversible equilibrium of this stochastic dynamics for any NV:

pn (me(z,y,m) = px(n™Y)elx, y,n"Y). (1.9)

We augment the energy H(n) of configuration n by adding a term A|n|, with A > 0 an activation
energy per particle. This models the presence of an external reservoir that keeps the density of
particles in Ag fixed at e P,

e Subcritical, critical and supercritical droplets. The initial configuration is chosen ac-
cording to the grand-canonical Gibbs measure restricted to the set of subcritical droplets. More

precisely, denote by
U
=] | (1.10)

2U - A
the critical length introduced in [9] for the local model where Ag = A does not depend on 3 (see
Fig. . The energy of the critical droplet in the local model equals

D= —U[(le — 1?4 Lo(le — 2) + 1] + A[l. (L. — 1) + 2] (1.11)

By defining a cluster as a connected component of nearest-neighbours particles, define

R = {n € Xjs: all clusters of  have volume at most £c(¢, — 1) + 2} (1.12)
and put
o—BIH(m+Aln]]
pr() = —————1=(n),  n€ s (1.13)
R
where
Zr = Z o~ BIHm)+An]] (1.14)
neER

is the normalising partition sum. Write P, for the law of X given X (0) = 7. The initial
configuration X (0) is drawn from pg, i.e., the initial law is P,,,, = fxﬁ pr(dn)Py.



le—1

Figure 1: A critical droplet in a finite volume A: a protocritical droplet, consisting of an (€. — 1) X £
quasi-square with a single protuberance attached to one of the longest sides, and a free particle nearby.
When the free particle attaches itself to the protuberance, the droplet becomes supercritical.

We will be interested in the regime

A€ (U2U), B— oo (1.15)

which corresponds to metastable behaviour. In this regime, droplets with side length smaller than
{. have a tendency to shrink, while droplets with a side length larger that ¢, have a tendency to
grow. We will refer to the former as subcritical droplets and to the latter as supercritical droplets.

1.3 Main theorems

e Nucleation time. Let
TrRe = inf{t > 0: X(t) ¢ R}. (1.16)

Theorem 1.1 [Nucleation time] Subject to (1.15)), for every A < ©® < T — (2A —U) and
every 6 > 0,

1 elh el's
lim —InP, TRe & —_ 708 %
oo f 1T ( [|AB| [As]

) <0. (1.17)

e Tube of typical trajectories. We define quasi-squares as clusters of sizes £1 X {5 in the set
QS = {(l1,62) EN? : 4y < 0y < ¥y + 1}
and let A(8) be an unbounded but slowly increasing function of 3 satisfying
A(B)log A(B) = o(log B), B — oo, (1.18)
e.g. \(8) = Vlog 3.

Theorem 1.2 [Tube of typical trajectories] Subject to (L.15), for every A < © < T —(2A—
U) and starting from the initial measure pur, with a probability that is exponentially close to 1 the
system nucleates a growing cluster that visits the full increasing sequence of quasi-squares, and
after the exit from R grows in the same way up to a \/)\(ﬂ)/S X \/)\(ﬂ)/&square, This square
is reached after the exit from R in a time that is exponentially smaller than the time needed to
reach R°.
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Figure 2: Cost of adding or removing a row of length ¢ in a finite volume.

In the proof of Theorems [I.1] and [I.2] the parameter © will play a crucial role. Indeed, in Section
[B] we will see that the analysis for large volumes, i.e., © > 6, can be reduced to that for moderate
volumes, i.e., © < 0, by using their near-independence, where the parameter 6 is defined as
follows. Let r(¢1,¢3) be the resistance of the ¢1 x €5 quasi-square with 1 < ¢; < {5 given by (see
Fig.

T(El,fg) zmin{(ZU—A)& —U+2A—U,2A—U}. (1.19)

Let 6 = 2A—U —+ be the resistance of the largest subcritical quasi-square. Since this quasi-square
has sizes (¢, — 1) x £., we have 6 = 2U + (¢, — 3)(2U — A), and so

y=(A=U)= (L —2)(2U — A) > 0. (1.20)

Remark 1.3 With the techniques developed in [1] it is possible to show that the growing cluster
in Theorem [T.2] triggering the nucleation is wandering, i.e., when the cluster has size ¢; x {5 with
|61 — €3] < 1 it exits any finite box around it with a volume that does not depend on 8 within a
time of order e"(é1:¢2)8,

1.4 Conclusion

1. Theorems provide a detailed description of the escape from metastability for Kawasaki
dynamics in moderate and large volumes, in particular, how subcritical droplets form and dis-
solve on multiple space-time scales, and concludes the work initiated in [6] and [I]. The escape
occurs wvia nucleation and not via coalescence. The nucleation is homogeneous, in the sense that
a supercritical droplet appears for the first time more or less independently and with equal prob-
ability in disjoint boxes of moderate volume, and trigger the nucleation. The configurations in
moderately large boxes behave as if they are essentially independent and as if the surrounding
gas is ideal. The asymptotics of the nucleation time is identified on a time scale that is expo-
nential in S and depends on an entropic factor related to the size of the box. We find that the



probability to deviate from the lower bound is exponentially small in 8, while the probability to
deviate from the upper bound is SES(f), where we write SES(S) for any function of 5 that decays
to zero faster than any exponential of 3. This asymmetry is due to the fact that nucleation after
a given time can only happen when an exponentially large number of particles does not manage
to trigger the nucleation before that time.

2. In [3] the average nucleation time was identified including a sharp prefactor, but only for a spe-
cific starting distribution called the last-exit-biased distribution, which is tuned to the potential-
theoretic approach to metastability. This distribution is unphysical, in the sense that it is unclear
how to prepare a low-density gas so that it starts from this distribution. In contrast, the Gibbs
distribution restricted to subcritical droplets in employed here as starting distribution is
physical, because it can be obtained by rapidly cooling down a low-density gas. With extra work
the prefactor found in [3] can in principle be obtained here as well, but we do not push this point.

3. In [8] the transitions between the different ground states are analysed in a regime where there
is no pure-gas metastable state and the process is started from a large square droplet with no
surrounding gas. In that setting the interaction between the gas and the droplet, which is at the
core of the present work, is largely avoided.

4. Our theorems only concern the initial phase of the nucleation, until the critical droplet grows
into a droplet that is roughly /A(8) times the size of the critical droplet. They provide no
information on what happens afterwards, when the droplet grows even further and becomes
macroscopically large. In that regime the gas around the droplet becomes depleted, smaller
droplets move around and coalesce into larger droplets, etc. It remains a major challenge to
describe what precisely happens in this regime, which lies beyond metastability.

Outline. The rest of the paper is organised as follows. In Section 2] we recall some definitions
and notations that will be used throughout the paper. In Section [3] we provide the lower bound
for the nucleation time for all A < ©® <T'— (2A — U), while in Section [4] (respectively, Section
we provide the upper bound for the nucleation time and the tube of typical trajectories for
all A < © < 0 (respectively, § < © < T — (2A — U)). In Sections [3[ and [4] we use technical
arguments that are explained in more detail in [I], and focus on the relevant estimates only.
The lower bound for the nucleation time can be obtained for arbitrarily large volumes because
it requires the construction of a nucleation event only. The upper bound is much harder.

2 Definitions and notations

In this section we introduce some definitions and notations that will be needed throughout the
sequel.

Definition 2.1

1. Asin [6], [T], o and d are two positive parameters that can be chosen as small as desired, and
A(B) is an unbounded but slowly increasing function of 8 that satisfies . Moreover,
C* is a positive parameter that can be chosen as large as desired. Once chosen, «, d, A
and C* are fixed. We write O(d), O(a) and O(d) for quantities with an absolute value
that can be bounded by a constant times |d], |«| and |d|, for small enough values of these
parameters. We write O(4, v, d) for the sum of three such quantities.



. We use short-hand notation for a few quantities that depend on the old parameters A €
(%U, 2U), © € (A,T — (2A —U)) and the new parameters «, d. Recall that

U
€=U — A, ecz[f], V=AU —(le—2), 0=20—U—~, (21)
€
and
D=U+d, AT =A+a,

and abbreviate
4A — 0

3
For C > 0, write T for the time scale T = e¢“P.

S =

—a. (2.2)

. For convenience we identify a configuration n € X3 with its support supp(n) = {z € Ag :
n(z) = 1} and write 2 € 1 to indicate that 7 has a particle at z. For n € X3, denote by n°
the clusterised part of n:

nt={zen: | z—2|=1 for some 2’ € n}. (2.3)

Call clusters of 1 the connected components of the graph drawn on n° obtained by con-
necting nearest-neighbour sites that are not a singleton.

. Denote by B(z,r), z € R% r > 0, the open ball on R? with center z and radius r in the
{oo-norm defined by

| Moot (z,y) € R* > 2] V yl. (2.4)
We denote by dist(-,-) the distance induced by this norm.

. The closure of A C R? is denoted by A. For A C Z? and s > 0, put
[A,s] = | B(z,e39)nZ (2.5)
z€EA
Call A a rectangle on Z? if there are a,b,c,d € R such that
A = [a,b] x [e,d] N Z*. (2.6)

Write RC(A) to denote the intersection of all the rectangles on Z? containing A, called the
circumscribed rectangle of A. Denote by R the set of all finite collections of rectangles on
72,

. Given 0 > 0 and S = {Ry,...,R|g|} € R, two rectangles R and R’ in S are said to be
in the same equivalence class if there exists a finite sequence Ry, ..., Ry of rectangles in S
such that

R=R;, R/:Rk, diSt(Rj,Rj+1)<O' V1<j<k.

Let C be the set of equivalent classes, define the map

Go: SER — {RC(U&-)} eR,
jEcC ceC

and let (gf,’“)) ren, € RY be the sequence of iterates of g,. Define
90(5) = lim g(9). (2.7)
k—o0

As discussed in [5], the sequence (gff’)(S ))ken, ends up being a constant, so the limit is
well defined.



Figure 3: Each particle is represented by a unit square. A particle is free when it is not touching any
other particles and can be moved to infinity without doing so. A particle is clusterised when it is part
of a cluster. Particles 1-5 and 16 are free, particles 6-9, 10, 11-15 are not free. All other particles are
clusterised.

)

As in [6], [I], the notion of active and sleeping particles will be crucial. For the precise
definition we refer to [I, Section 4.3.1]. The division of particles into active and sleeping is
related to the notion of free particles. Intuitively, a particle is free if it does not belong to
a cluster and can be moved to infinity without clusterisation, i.e., by moving non-clusterised
particles only (see Figure [3). For t > eP?, a particle is said to be sleeping at time ¢ if it was
not free during the time interval [t — eP5, t]. Non-sleeping particles are called active. Note that
being active or sleeping depends on the history of the particle.

Recall the definition of the local energy H;(7);) given in [I, Section 2.3].

Definition 2.2 For any time ¢ > 0, given a configuration 1, = X (¢t) € Az and the collection
A(t) = (Ai(t))1<i<k() of finite boxes in Ag constructed in [I, Definition 1.4], we say that 7, is
0O-reducible (respectively, U-reducible) if for some i the local energy of 7j; can be reduced along
the dynamics with constant A(t) without exceeding the energy level H;(7;) + 0 (respectively,
H;(7;) + U). If 5 is not O-reducible or U-reducible, then we say that 7; is O-irreducible or



U-irreducible, respectively. We define

Xo = {n: € X*: n; is O-irreducible},

Xu  ={m € Xy: n is U-irreducible},

Xp = {m € Xy: all the particles in A(¢) are sleeping},

Xs = {n € Xp: each box of volume e# contains three active particles at most},

7t is a union of at most A(3) quasi-squares with
Xat+ = (M € Xs: mo particle inside (J;[A;(t), A — a] except for those »,
in the quasi-squares, one for each local box A;(t)

Xg = {n € Xa+: n has no quasi-square},
where [A;(t), A — o] are the boxes of volume e(4~*# with the same center as A;(t). P

Define the set

R {77 € Xy: all clusters of n have volume at most £.({. — 1) + 2 } ’ (2.8)

except for at most one cluster with volume less than %)\(ﬁ)

where A(3) satisfies (1.18)). For C* > 0 large enough, our theorem about the tube of typical
trajectories will hold up to time T* defined as

T* = e % Amin{t > 0: X(t) ¢ R'}. (2.9)

In [T, Definition 2.3] we introduced a subset of configurations X* C X3 satisfying certain regu-
larity properties. We referred to this subset as the typical environment. In [, Proposition 2.6]
we showed that if our system is started from the restricted ensemble g, then with probability
SES it escapes from X* within time 7. Thus, effectively our system is confined to A, which is
needed for certain arguments later on.

3 Lower bound

In this section we prove the lower bound for the time 7g. stated in Theorem 1] for any A <
0<I'-(2A-0).

Consider the partition of Ag into boxes A; of side 2¢., with ¢ = 1,..., ‘i\e‘i‘, and set T_ =

e(l=0=9)8 Tf the system exits from R within time 7_, then within that time there exists a box

A; having a non-empty intersection with one free particle and ¢.(¢.—1)+1 other particles. Given

a fixed box A; and a configuration 7, we define n* as the configuration given by free particles

and clusters of n with a non-empty intersection with A;. Note that the support of i may not

be completely contained in A;. Indeed, clusters of  may intersect A;, but not be contained
out

inside. Moreover, we define 79" as the configuration such that n = 79" + ni*, ie., n(z) =

7" (z) V pin(z) for any = € Ag and n?"*(x) = 0 for any x € Ag such that ni"(z) = 1. Note that
79" and 7" have disjoint support. Define 4; := {n € R : n* has one free particle and £.(£, —
1) + 1 other particles} and B; := {n € R : ™ is a critical configuration for the local model}.
By using the invariance of pg, and considering the embedded discrete-time process we have

constructed with a Poisson process of rate 4/2, we have

1Ag] A5

Tz ae3PT. 2 a2l T
Pup (tre ST ) <SES+2) > pr(A) <sES+2) > ur(Bi),
=1 t=1 =1 t=1

10



where the second inequality holds because any configuration in A; has energy at least that of
the configurations in B;. Indeed, note that the configurations in the two sets have the same
total number of particles, and those in A; have at least one free particle, which is the number
of free particles in the configurations in B;. By the isoperimetric inequality, the configurations
with one free particle and ¢.(¢. — 1) + 1 other particles that have minimal energy are those in
B;, and so the claim follows. For fixed 4, due to the decomposition of each n = 7o + nin,
we have H(n) + Aln| = H(n®) + Alne"t| + H(ni*) + Alni®|. Moreover, we denote by B the
set of configurations 7i" compatible with the event B;, and by 7"t ~ 7" a configuration 79"t
compatible with a given ni®. Let 7° be the configuration that is equal to zero everywhere. Since
|Bi"| can be bounded by the number of possible configurations inside a box of side length at

most 3(2, we can write

Z o BLH ™M)+ A0 [] Z o~ BH M) +An""]

i (By) = et e R L
TS e AHENART] ST G A T = ’
ninen n?|Jthin

where we use that the energy of the configurations in BI" is constant and equal to I' and that
the denominator is bounded from below by}~ ouc 0 e~ BHM)+AIM™ ] Thus, we deduce that

P

KR

(TRC S e(F—@—(s)ﬁ) S SES + Qe_g,ﬁ7

and the desired lower bound follows.

4 Upper bound and tube: moderate volume

In this section we prove the upper bound for the time 7z in Theorem [I.I] and identify the
nucleation pattern stated in Theorem both in the case of moderate volume, i.e., A < © < 6.

For Theorem it is enough to provide an upper bound on the exit time from R, i.e., we

will prove that

P, (tre > eI =0+98) — gg, (4.1)

The proof of is divided into two steps, which will be addressed in Sections and
respectively. In the first step, we prove a recurrence property to the set Xr U R¢ within time
e0+9)8 (Section. In particular, by introducing the usual shift operator ¥4, s > 0, defined by
¥4(X) = X(s+ ), for 6 > 0 and a stopping time 7, we will show that

P (Txgure 007 > Tpe®?, 7+ Txgure © ¥y < T*) = SES. (4.2)

In the second step, we build a nucleation event for the exit from the set R starting from Xg
within time eI’ =®)8e%8 (Section 4.2)). In particular, for any 7 € Xz we prove that

P,(tre < Tge%ﬁ) > o(@-T)BefBe=56 (4.3)

This is enough to prove the desired upper bound for the time 7re. SIndeed, by dividing the time
interval [0,eT=®)e] into eT=O~NBe398 intervals of length Tyes” and using ([A.2) and (Z.3)
together with the strong Markov property at the time 7, we get

2
e(T—©-0)3,358

P (rre > oT-8659) < (1 _ e(@—F)ﬂeeﬁe—%B) — SES.

11



The proof of Theorem will be given in Sections We first rule out the possibility
of an exit from R by coalescence in Section We subsequently construct the subcritical and
the supercritical tube of typical trajectories in Sections [£.4] and [4.5] respectively, which give us
the complete geometrical description of the tube of typical paths stated in Theorem [I.2] for
A <O <4

4.1 Recurrence to vacuum
Here we show recurrence to the set X URS within time Tpe®?, where Ty = ¢, namely, we prove
[@2). To this end, divide the time interval [0, Tye?] into e1%? intervals I; of length Tpe1?. We

have

sup Py (Txzure A Tx\x- > Tge‘w) < H sup Pn(TXEuRc,TXﬁ\X* ¢ 1))

nex* 3, neX*
1<j<e2®?
3
éﬂ CZ&B
= (1 — nlen/\g* P,,(TXEURC A Txp\xx < The+ )) ,

where we use the strong Markov property for the stopping time 7x,ur<. By [I, Remark 2.5 and
Proposition 2.6|, it suffices to prove that

inf P (Txpure A Tag\xe < Tgegﬁ) > e~ 15, (4.4)
nex*

By the typical return time theorem ([I, Theorem 1.5]), we know that the dynamics reaches the set
X+ with probability 1 — SES within time e(2+t2+9# without exiting the environment X*. If the
configuration X (TXA +) contains a supercritical quasi square, namely, a ¢; X 5 quasi-square with
{1 > L., then the dynamics is already in R¢ and therefore directly follows. Otherwise, all
the quasi-squares in X (7x,, ) are subcritical. By the typical update time theorem (|I, Theorem
1.6]), we know that with probability 1 — SES the projected dynamics remains in 7(X(7x,,))
through successive visits in Xa+ within time e("(¢1:¢2)+9)8 < T8 Therefore, by the typical
transition theorem ([T, Theorem 1.8]), we know that with probability at least 1—e~%? the smallest
quasi-square either decays into a smaller quasi-square or a coalescence occurs at time t, i.e., there
exist two sleeping particles in different local boxes at time ¢~ that are in the same local box at
time ¢. In the first case, the volume of the droplets decreases. In the second case, two local boxes
become too close to each other at time ¢, so that there is a non negligible probability that a
coalescence between clusters appears. Thus, the number of droplets decreases. By iterating this
argument for a non-exponential number of times, since the dynamics is in X'* and hence the
number of clusters is at most A\(3), from [I, Theorem 1.5] we obtain that the dynamics reaches
the set Xz U R® within time Tpe®® with probability at least e’%ﬁ, which proves .

4.2 Exit from the set of subcritical configurations

Here we provide the proof of . To this end, we estimate from below the probability that the
following event for the exit from R occurs. Let  be a fixed site in Ag, and let G, be the event
corresponding to the creation of a 2 x 2 square droplet containing = that afterwards grows up to
the exit from R, visiting all the quasi-squares inbetween within time TQB%B , without the creation
of other clusters. To prove , it is enough to show that, for any n € X and any z € Ag,

Py(Gy) > e TPefBem 58, (4.5)
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Indeed, since these nucleation events towards the exit from R around a given site x are disjoint
events, if we choose for example = as the first site in lexicographic order of the initial 2 x 2
droplet, then we get

e < Toed?) 3 X2 By (62) = O D089
rEAg

Thus, it remains to prove (4.5)).

To this end, for any § > 0 divide the time interval [0, Tye3?] into e(@=2=2)Be(5-9)8 intervals
I; of length e(A+2+9)8  We can estimate from below the probability that the first 2 x 2 droplet
containing a given site ¢ € Ag appears during the time interval I; as in the proof of [I, Proposition
3.1]. Since the creations of droplets in each time interval I; are disjoint, by summing over j <
e(0=A=)Be(5-9)8 and using [I} (4.2)-(4.3)], we get that the probability of the event constructed
is at least

3 —3A—U+0(0.d8))Bo—[U+0G.)IB > (I8 o—(4A=20)B¢3B,—O(a,d3)B

j<e(97A7a)Be(%*g)ﬁ

Starting from a 2 x 2 droplet, the nucleation event proceeds as follows. First, let the droplet grow
into a 2 x 3 droplet and so on, until the path reaches a (£, — 1) x ¢, quasi-square, which is the
last quasi-square visited by the path before exiting from R. The lower bound for this nucleation
event is controlled by the atypical transition theorem [I, Theorem 1.9]. In particular, using the
strong Markov property at the times corresponding to each return time in X'+, we get

le—1 £1+1
Py(Gy) > cfPem(18-2008038 T [ o (BA-0)rtatallfg-Oledd)s
61:2 62:e1
l.—1 .
— o0Bo—(40-2U)B,58 H o 2[(2A-U)~(61-2)(2U~A)~2U]B ,~O(a,d.8)8
€1:2
— (Bo—(48-20)8,—2 5 S5 [(2A-U)~(t1-2)QU-8)-2U]8 .3 8 ,—O(,d.5) B

> o TBeB—48,

where in the last step we use the fact that, after fixing any § > 0, we can choose d, «, § > 0 small
enough such that 26 > |O(«, d,d)|. This is possible because O(«, d, ) is a linear function of «,
d and 6.

4.3 Exclude escape via coalescence

In order to prove Theorem for © < 6, we first need to exclude the escape from R by
coalescence.

We say that the exit from R is via coalescence if there are two sleeping particles in different
clusters at time 75. that are in the same supercritical cluster, with volume larger than £.(¢. —
1) + 2, at time Tre. We prove that

P

. (TRC < eT=O+98 and the exit is via coalescence) < e (ATUIBE38 (4.6)

[As]
TR

T, = eT=0+9)8 If the exit from R within T, is via coalescence, then within that time there

and set

Consider the partition of Ag into boxes A; of sidelength 2¢., with ¢ = 1,...
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1., CF, of
X (1), with size less than £.(¢, — 1) + 2 but such that [C}|+...+|CF| > £.(¢. — 1) + 2. First,
consider the case k = 2. Given a fixed box A; and a configuration 7, we define 7i* and 79" as
in Section [3| Moreover, we define 4; := {n € R: ni* O C} UC?}, with C} and C? two disjoint
subecritical clusters of 7 such that |C}| 4 |C?| > £.(¢. — 1) + 2. By using the invariance of ug,
and considering the embedded discrete-time process, we have constructed a Poisson process with
rate 4¢2 and

exists a box A; having a non-empty intersection with k > 2 different clusters, say, C}

P

iR (TRC < eT=0+9)8 and the exit is via coalescence)

[Agl s 8
HeT 402658,

< SES + Z Z pr(A;) < SES + eI 2008 sup ur (4;).
i=1  t=1 v

For fixed i, due to the decomposition n = n?"* + ni*, we have H(n) + Aln| = H(n9") + An2tt| +
H(n") + A|ni®|. Denote by A" the set of configurations 1 compatible with the event A;, and
by 79"t ~ it a configuration 79"t compatible with a given 7i". Let n° be the configuration that
is equal to zero everywhere. Since |A"| can be bounded by the number of possible configurations
inside a box of side length at most 3¢2, we can write

Z o BIHM™M)+A ] Z o~ BH (07" )+ A7)

:UJR(A) = ni“EAi“ = ’I’]?‘”N’f}in
! E : o BHMM)+A ] E e BH M) +AN™ ]
niueR . ngetwn;u
< |Air| sup e AHMMFAIMT] < | gin o= (THA=U)E < = (THA=U=0)8
<14 = |4 =<
nin EA;D

where we use that the denominator is bounded from below by >, ou 0 e BHM™)+ANT ],

Moreover, H(ni") > T + A — U for any ni® € Ai". Indeed, since C? is a subcritical cluster, we
get _ ~
H(n") = H(C}) + H(CY) = H(C}) + H(CY)

for a suitable choice of C? such that C? C A; N C? and |C}| + |C?| = £.(¢. — 1) + 3. To get the
claim, it remains to show that H(C})+H(C?) > T+A—U. To this end, using [4, Corollary 6.18],
we know that the perimeter of a cluster with volume n is bounded from below by 4,/n. Assume
that |C}| = ny and |C?| = na, with 2 < ny,ny < L.(l.—1)+1 and ny +ng = £.(f. —1)+3. Thus,
we deduce that the total perimeter of the two disjoint clusters is at least 4(y/n1 + /n2). Since
L. > 2, by direct computation we deduce that the minimum value of the perimeter is achieved
for either ny = 2 and ny = £.(¢. — 1)+ 1 or n; = £.(¢. — 1)+ 1 and ny = 2. For the isoperimetric
inequality applied to each cluster, we know that the minimal perimeter is achieved when one
cluster is a dimer and the other cluster is a (. — 1) x £. quasi-square with a protuberance. Thus,
the total energy of the two clusters is at least

(C—A)+@2A-U)=T+(A-U),

which concludes the proof of (4.6)) for & = 2.

The general case k > 3 can be treated in a similar way by a simple induction argument.
Finally, by we deduce that the exit from R via coalescence has a probability exponentially
small to occur within time Ty, so that by using the lower bound 7_ obtained in Section [3| we
deduce that the exit via coalescence is typically excluded.
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4.4 Subcritical tube of typical trajectories

Here we describe the uphill motion of the dynamics. From the typical transition theorem for
subcritical quasi-squares ([T, Theorem 1.8]), we know that a ¢1 x ¢3 quasi-square, with 2 < ¢ < £,
decays into a (£ — 1) x ¢1 quasi-square, while a 2 x 2 square dissolves, up to time T™* defined in
(12.9). To construct the subcritical part of the tube of typical trajectories, we use the argument
carried out in [I2] exploiting the reversibility of the dynamics. In particular, the first part of
the typical tube of exiting trajectories is the time-reversal of a typical evolution of a shrinking
subcritical quasi-square. Thus, with probability exponentially close to 1 the system nucleates
a wandering cluster that visits the full increasing sequence of quasi-squares up to the £, x £,
square. Note that the path described above is fully covered by the dynamics in a time at most
T*. Indeed, during the last transition from the (¢, — 1) x £. quasi-square to the ¢, x £, square,
the system remains in R’ but exits for the first time from R, and the time needed to escape from
R is shorter than T* by Theorem provided C™* is large enough, where we recall for the
definition of T* and C™.

4.5 Supercritical tube of typical trajectories

Here we describe the downhill motion of the dynamics. Using the subcritical part of the typical
trajectories described in Section [I.4] we know that with probability exponentially close to 1 the
dynamics nucleates a wandering cluster that visits all the quasi-squares up to the £, x £, square.
Afterwards, by the typical transition theorem for supercritical quasi-squares ([I, Theorem 1.8]),
we know that the wandering cluster grows in the same way up to time T*. By Theorem
and the construction of the tube of typical trajectories given above, the time T* coincides with
the appearance time of a single large cluster of volume é/\(ﬂ) with probability tending to 1.
Thus, our description of the supercritical part of the tube of typical trajectories holds up to
the formation of a \/A(8)/8 x \/A(3)/8 square. Finally, note that the time used to reach this
square after the exit of R is of order e(®=®)8 where b is the largest depth of the valleys visited
afterwards, which is exponentially smaller than ¢'=®)% ie., than the order used to reach R¢
(see Theorem [1.1)).

5 Upper bound and tube: large volume

In this section we prove the upper bound for the time 7z in Theorem [I.I] and identify the
nucleation pattern stated in Theorem in the case of large volume, i.e., § < O <T'—(2A-U).
In Section[5.1] we first construct a toy model for our droplet dynamics on moderately large boxes
and identify the exit time from R for this model. In Section [5.2] we use the latter, together with
the near-independence of the dynamics in different boxes of moderate volume, to estimate the
nucleation time and identify the nucleation pattern.

5.1 Independence of moderately large boxes: a toy model

In [I] we showed that the process, seen at the return times in Xa+ after seeing an active particle
in the local boxes, is close, up to coalescence and exit from R, to a Markov chain £ on the subset
of QS with dimensions (¢1,¢5) such that (¢1,¢3) = (0,0) or 2 < £; < ¢y < ¢1 +1 < £.. These
dimensions in QS are either those of the smallest quasi-square at the return times in XA+, or
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(0,0) in case there is no sleeping particle anymore. Letting s = (¢1,¢3), we set

si1=d Wahitl) if2<bi<lr<hi+1<l,
(2,2), if s = (0,0),

and
1o (=10 if2<b<h+1<L,
(0,0), if s =(2,2).

Thus, ¢ is a birth-death process with transition probability

ef(r(O,O)*A)B7 if s = (0,0),
p(S,S + 1) = { e—(A—U)B7 if s 7é (070)7

where 7(0,0) = 4A — 2U — 0 is the resistance of a configuration in Xg, and
p(s,s —1) =e =28 if 5 £ (0,0).

Taking into account coalescence events, we provided an upper bound for the exit time from
R in case © < 6, by relating it to an estimate of the hitting time in s = (¢, £.) for £&. In case
© > 0 we can relate back to a toy model that can be described as a birth-death process ¢ of such
a chains &, independently from each other.

Toy model (. With each arrival in (0, 0) of a chain £ on a subset of QS we associate the death
of the chain itself. Rather than considering transitions from (0,0) to (2,2) with probability
e~ (r00)=2)8 — (0Be(4A-2U)BeAB 45 in the case © = 6, at each step of the process ¢ we add
a Poisson number of new chains ¢ with mean b(3) = e®fe~(42-2U)8eA8  We associate a birth
event with each arrival of these chains. For (; = (&;)1<i<n € UjZOQSj , the next configuration
Cr+1 of the process ( is constructed as follows:

(i) Forany £ = s # (0,0), we choose anew &} € {s—1, s, s+1} according to p(s, -) independently
of everything else.

(if) From the list (&)1<i<n, we delete all the (0,0), so that we eventually obtain a shorter list.

(iii) At the end of the reduced list, we add a Poisson number of (2,2) with mean b(3).

Starting from a list of dimensions (¢1;,%2,)1<i<n With 2 < £ < £l < {1 +1 < £, for any
1 <@ < n, each chain £ typically dies and has a small probability to reach (¢.,£.) before. We are
interested in the process ¢ that is absorbed in every configuration for which there exists a chain
¢ that has reached (4., £.) for. Each chain & of the process ¢ either dies or is absorbed within
time e(®=2)8e%8 with probability 1 —SES. Furthermore, the probability of reaching (£, £.) within
time e(?=2)8e8 ig at least e~ (F~(4A-2U)B  Indeed,

Plo) (T(ee,te) < T(0,0) Tt ) < €078F07)
= Pa2) (Te..0) < 700,00 T(0.0) A Tt by < €755 (5.1)
= P2.2) (T(ee) < 70,0)) = P2.2) (Te,0.) < 700,005 7(0,0) A Teo 00y = elO7AT08)

> o~ (T-(4A-20)8 _ gpg.
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Figure 4: Construction of the clouds (C;)i1<i<3 at time ¢ = 0. Note that dist(Cy,,Ci,) = VTpe "B,
with £ > 0 small enough, for 1 <i;,i2 <3 and i1 # i2.

Within k steps of ¢, with probability 1 — SES we have that at least kb(ﬁ)e*%ﬁ new chains ¢ are
born. Thus, for k > e(®=2) the probability that no such chains & manages to reach (L, Le)
before dying is at most

—(6/4)B
e

Thus, the exit time from the set R has the order claimed in Theorem for this toy model,
thanks to [I, Theorem 1.8]. By excluding the escape from R via coalescence as in Section
and by arguing as in Sections together with the independence of the chains £, we deduce
that Theorem holds for the toy model (. To resume, the three key properties of the toy
model, which imply Theorems and are the following:

(1) The evolutions of the chains &; are independent.

(2) The probability that a chain &; reaches (£, .) before dying within time e(®=2)8e% is at
least e~ (I—(4A=2U))Bed8 for any 6 > 0.

(3) At each step a Poisson number with mean b(3) of new boxes appears.

In Section we will show that for our model we can define a birth-death process that is
close to the toy model, i.e., up to negligible events properties (1)-(3) still hold. This will imply
Theorems [I.1] and in the case § < © < T — (2A -U).

5.2 Near-independence of moderately large boxes in the original model

At time t = 0, we declare as sleeping all the particles that belong to a quasi-square ({1, f5) with
01 > 2. We define A(0) as the set of sites in Ag that are occupied by a sleeping particle, and put

5(0) = {B(a,r0) | a € A(0)}, 1o= e2(0=mB > 0,
At time t = 0, we define the set of clouds (Ci)i<i<n(0) 8 gr,(S(0)), ie., the collection of
rectangles at distance at least ¢ from each other. (See Fig. ) Let Z; be the restriction of the
process X to the cloud C;. We couple Z; with Z b, which is a Kawasaki dynamics on C; with
periodic boundary conditions and initial condition Z;(0). To construct this coupling we assign
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Cy X% x :
0 T*
Gy — x x :
0 T*
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Cs & & |
T*

ay T TS T3

Figure 5: We depict the construction of the times (7] ;)o<j<3 fori =1,..., N(j), where N(0) = N(1) =3
and N(2) = N(3) = N(4) = 5. In particular, each line corresponds to the time horizon for a cloud up
to time 7™ and each cross represents a return time 7;:, where we highlight with a circle the times 7},
and with a square the times 7.

colours to some particles, as follows. We paint black the particles of the process =; that visit
Ap \ C; or share a cluster with a black particle. We paint white the particles of the process =¥ b
that visit the internal boundary of C; or share a cluster with a white particle. All the other
particles have no colour, both in Z; and Efb. Let B(t) and W (t) be the sets of sites in C;
that were visited by a black and a white particle, respectively, within time ¢. [7, Theorem 2
and Corollary 1.2] provide a control on the growth of these two sets. Indeed, for any t > e®#
and 6 > 0, with probability 1 — SES the two zones remain contained within a distance te®fed?
from the boundary of C;. We use the natural coupling that ensures equality of Z; and ZF ® in
C; \ (B(t)UW(t)) for any ¢t > 0. With any Efb we associate the sequence (7y;)k>0 of return
times in Xa+ after seeing an active particle in the local boxes (see [I, Eq. (1.22)-(1.23)]). We
define the stopping times

Ty = max To;

1<i<N(0)

and
76, = max{Tri < 79},

32

pb

i.e., the last time before 7§ when =}

recurs in Xa+.

At time ¢ = 77_;, j € N, we similarly construct the set of clouds (Ci)1<i<n(j), where we now

B

replace 19 by r; = e 2 rj—1. We then define the stopping times

* . _ " .
T = max min{Te;: Tes > Ti_ eN
g 1<i<N(j) kZO{ g i J 1}5 J ’

i.e., the first time after time 77_; when all the = ® have recurred in XA+, where we consider the
configuration at time 77, as initial condition. (See Fig. ) Note that 77; > 77 for any j,i.
We then define the process

Zj = (Zi(7]))1<i<n()s 0<j<J,

where
J* = max{ri <T*}.
],20{ 5 <71}
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It is important that we monitor the droplet dynamics at times (T;Z) jENo,1<i<N(j) rather than at
times (7;,i) en,,1<i<N(j), because for the former all the clouds recur almost simultaneously, i.e.,
within a time interval of length TA+. This fact is needed to obtain the near independence of the
droplet dynamics in these boxes. In the same way we view ( as a birth-death process of indepen-
dent Markov chains &, and view Z as a birth-death process of essentially independent histories
of configurations =. To identify a history = along the configurations Zy = (Z:(75;))1<i<n(0)
Zy = (Zi(m] ;) 1<i<N(1)s - - -, We have to

. . S — — - . -
(i) decide Wth-h is the successor =/ in Ziv1 = E1<jenms1) of Ei in Zk, = (Ei)1<i<n) for
any k > 0, if such a successor exists;

(ii) identify the death events of an history Z, i.e., the abscence of a successor Z in Zy1 of Z;
in Zk;

(iii) associate with the appearance of each =} in Zji; without predecessor Z; in Zj a birth
event.

To this end, in each configuration = in Z; we consider one of the clusters containing at least
one sleeping particle outside the black and the white zones (where the clusters coincide with the
quasi-squares of =¥ b), and we choose the one with the smallest dimensions. In this cluster we
consider the particle that is asleep for a longer time (or one of these, if they are more than one).
As long as this particle is still sleeping in one of the E; in Zj, we identify E; as the successor
of Z;. Otherwise, we say that =; has no successor, which corresponds to a death of a history =.
We then associate with each = without predecessor the start of a new history =.

Remark 5.1 The choice that (74)r>0 is a decreasing sequence allows us to control the appear-
ance of clusters outside or at the boundary of the clouds at the previous step without having
an increasing number of clusters along a history Z. (It may however happen that the number
of clusters decreases together with a birth event: this occurs whenever the clusters in the same
cloud become clusters in different clouds at the next time step.) Then the number of clusters
can increase along a history Z, but up to coalescence and with a negligible probability compared
to that of growing a row on the smallest quasi-square.

Remark 5.2 From [I, Theorem 1.5], up to an event of probability SES, there are no more than
e(@t9)B return times in Xpa+ of = ® between two successive configurations of the same history
E for any 6 > 0. This, together with [I, Theorems 1.6, 1.8 and 1.9], implies that, unless a
coalescence occurs, the smallest quasi-square ({1, f2) along a history =

(i) typically resists for a time of order e("(¢1:£2)=2)8 if ¢, > 92
(ii) typically either decays in a quasi-square (¢5 — 1,¢1) if €5 > 2 or dies if (¢1,42) = (2,2);
(iii) grows into a quasi-square (£2,¢; + 1) with a probability of order e((2A=V)=2)8,

This shows that each history typically dies or exits from R within a time of order e(®~2)# with
probability 1 — SES.

The proposition below is the core result of this section and ensures that the key properties
of the toy model ¢ also hold for our model Z.

Proposition 5.3 Up to an event of probability SES:
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(1) The evolutions of the histories E; are independent.

(2) The probability that a history Z; reaches ({.,£.) before dying within time e®=2)8e%8 s at
least e~ (T=(4A=2UNBIB for any § > 0.

(3) At each step a Poisson number with mean b(S) of new boxes appears.

Proof. Property (1) is immediate from [7, Theorem 3]. Indeed, at each step 0 < j < J*,
uniformly in 1 < 41,42 < N(j), the distance between the clouds C;, and C;, is at least r; >
e28e%8 for any ¢ > 0, which implies that the condition in [7, Eq. (1.23)] is satisfied. Property (2)
readily follows from Remark 5.2 after arguing as in (5.1)). Property (3) follows from the fact that
the number of new clouds that are created at each step dominates a Poisson random variable
with mean b(f) = e®Pe~(#A-2U)BeAB  This is related to creation of new local boxes and can be
obtained after arguing as in the proof of [I, Lemma 4.1]. |

By Proposition [5.3] it is immediate that, for any § > 0,

P TP 58 < (1 _ o—(r—(1a—20))5,~35 ol EA2INR, L2

TRe > +——€ —e e = SES.
e\ TR A = ( )
This, together with the argument developed in Section [3] implies Theorem Once we provide
the upper bound for the exit time from R, we can use the same argument as in Section [£.3] to
exclude the escape via coalescence in the case of large volumes, so that in this case Theorem [I.2]
follows from the near-independence of the histories =; and from the arguments in Sections

and [4.5]
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