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ACTION MINIMIZATION AND MACROSCOPIC INTERFACE MOTION UNDER
FORCED DISPLACEMENT

PANAGIOTA BIRMPA® AND DIMITRIOS TSAGKAROGIANNIS!

Abstract. We study an one dimensional model where an interface is the stationary solution of a
mesoscopic non local evolution equation which has been derived by a microscopic stochastic spin sys-
tem. Deviations from this evolution equation can be quantified by obtaining the large deviations cost
functional from the underlying stochastic process. For such a functional, derived in a companion paper,
we investigate the optimal way for a macroscopic interface to move from an initial to a final position
distant by R within fixed time T. We find that for small values of R/T the interface moves with a
constant speed, while for larger values there appear nucleations of the other phase ahead of the front.
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1. INTRODUCTION

In recent years, there has been a significant effort to derive deterministic models describing two-phase ma-
terials and their dynamical properties, [19]. Furthermore, with the inclusion of stochastic effects [17] one can
study richer phenomena such as dynamic transitions between local minima. This is an extension of ideas already
developed in the Freidlin—Wentsell theory [18] on random perturbation of dynamical systems. Such effects, can
be encoded to action functionals whose minimizers prescribe the optimal transition. The choice of the action
functional is not straightforward. The purpose of this paper and of the companion [8], is to show that given
the mesoscopic deterministic partial differential equation (PDE), one can consider the underlying microscopic
stochastic process (whose scaling limit is the given PDE) and calculate the corresponding large deviations func-
tional which would provide the action functional we are after. This is a well developed idea also in the more
general setting of nonequilibrium systems [6] and here we examine it in the context of reversible dynamics de-
scribing macroscopic interface motion. Furthermore, this connection to the underlying stochastic process is also
insightful for calculating the minimizers. For example, in the present work we borrow concepts from statistical
mechanics such as contours, free energy, local equilibrium which allow us to better understand the structure of
the cost functional and hence reduce it in a simpler and more easily treatable form.

Similar results have been obtained in the context of the stochastic Allen—Cahn equation. In [20, 21] the
authors study the same problem for d = 1 while in [5,23] it is extended to d = 2, 3. In particular, in [5] the limit

Keywords and phrases. Action minimization, large deviations functional, sharp-interface limit, non-local Allen—Cahn equation,
nucleation.

1 Department of Mathematics, University of Sussex, Brighton, U.K.
& Corresponding author: P.Birmpa@sussex.ac.uk

Article published by EDP Sciences © EDP Sciences, SMAI 2018


https://doi.org/10.1051/cocv/2017021
http://www.esaim-cocv.org
http://www.edpsciences.org

766 P. BIRMPA ET AL.

considered is a joint sharp interface and small noise, but the starting point is at the mesoscopic scale, even though
noise is also involved. Some numerical results were also presented in [16]. In this context, our contribution in
this and the companion paper [8] is that we derive (and subsequently minimize) the large deviations action
functional directly from a microscopic process, hence completing this program of connecting the three scales:
microscopic (process), mesoscopic (equation) and macroscopic (sharp-interface). However, for technical reasons
we have to restrict ourselves in d = 1 even though several partial results are valid also in higher dimensions.
Note also that in a coarse-grained (almost mesoscopic) scale, we have an equation which is comparable to a
non-local Allen—Cahn type equation with a noise which is a martingale generated by the microscopic noise of
each spin. On the other hand, in the stochastic Allen—Cahn one adds by hand a “mesoscopic” white-noise in
one dimension, or a properly coloured noise in higher dimensions (for more details about the motivation see the
introduction in [4]). The connection to the stochastic Allen—Cahn is particularly interesting also in view of the
results [7,22] connecting the fluctuations of this microscopic process to the stochastic Allen—Cahn equation in
a critical regime. We conclude mentioning that the meso-to-macro limit for a closely related evolution equation
has been already addressed in [11], but for a postulated action functional given by the L? norm of an external
force corresponding to the deviating profiles. In fact, we show that the large deviations functional gives a softer
penalization on deviating profiles than the L? norm considered in [11], hence our task here is a bit harder and
we need to properly adjust the proof of [11] in the new context.

2. THE MODEL AND THE MAIN RESULT
We work in the context of a nonlocal evolution equation which can be derived by an interacting particles

system of Ising spins with Kac interaction and Glauber dynamics, [10,13]:

d
Fm=-m + tanh {B(J *m)}, m(0,x) = mo(x), (2.1)

where J «m(z,t) = [ J(x —y)m(y,t) dy and J € C*(R) is even, J(r) = 0 for all |r| > 1, [; J(r)dr =1 and
non increasing for r > 0. We also suppose 5 > 1. Furthermore, this equation is related to the gradient flow of
the free energy functional

Fm) = [ dpmide+ 5 [ @ lm(a) ~mlp)Pdedy, (22)

where ¢g(m) is the “mean field excess free energy”

¢p(m) = dg(m) — min gs(s),  Pg(m) = _% 1

[s|<1

and S(m) the entropy:

= - 1 — 1
S(m) 5 log — 5 1o 5
We also denote by
f( )'—6—]:——,]* —|—lrtnh (2.3)
m)i= <= m 5a ctanh m .

the functional derivative of F. Thus, the functional in (2.2) is a Lyapunov functional for the equation (2.1):

d 1
a” "™ =5 ),

since the two factors inside the integral have the same sign. This structure will be essential in the sequel, e.g.
in Theorem 2.1.

(—BJ * m + arctanh m)(m — tanh(8J * m)) dz < 0,
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Concerning the stationary solutions of the equation (2.1) in R, it has been proved that the two constant func-
tions m*)(z) := £mg, with mg > 0 solving the mean field equation mgz = tanh{Bmg} are stationary solutions
of (2.1) and are interpreted as the two pure phases of the system with positive and negative magnetization.

Interfaces, which are the objects of this paper, are made up from particular stationary solutions of (2.1).
Such solutions, called instantons, exist for any S > 1 and we denote them by m¢(z), where ¢ is a parameter
called the center of the instanton. Denoting m := mg, we have that

me(x) = m(z = §), (2.4)

where the instanton m satisfies
m(z) =tanh {8J x m(z)}, z€R. (2.5)

It is an increasing, antisymmetric function which converges exponentially fast to £mg as  — +o0, see e.g. [14],
and there are o and a positive so that

: ax, =/ _
xlggoe m'(z) = a, (2.6)

see [12], Theorem 3.1. Moreover, any other solution of (2.5) which is strictly positive [respectively negative]
as ¢ — oo [respectively x — —oo], is a translate of m(x), see [15]. Note also that in the case of finite volume
[—e~ 'L, e 'L] the solution m ¢ with Neumann boundary conditions is close to m: for every ¢ > 0 we consider
the non-local mean field equation

m(e) — tanh {Bereum * m(ﬁ)} , |$‘ S EflL, (27)

where m(©) € L®°([—e'L,e 'L};[-1,1]) and
Jneum(xa y) = J(.’IT, y) + J(.’IZ‘, ReflL(y>) + J(l‘, R—E*IL(y))a

with R;(y) :=1— (y —[) being the reflection of y around [. By following [3], Section 3, or [1], Section 3.3, given
¢ > 0 there exists € such that for every e < ¢, there is /(¢ which is antisymmetric, solves (2.7), satisfies

(e — M| poo((—e-1L,e-11]) < € (2.8)

and it is unique in the above neighbourhood. See also [24], Section 6.2.3.

Hence, if we start with an instanton, the evolution (2.1) will not move it. So, in order to impose a speed to
the interface one has to add an external force to the equation (2.1). The result would be a deviation from (2.1)
and any such deviation {¢(x,t)},: corresponds to an external force that can produce it and which is given by

b(p)(z,t) := ¢(x,t) + ¢(x,t) — tanh(BJ * ¢(x, 1)), (2.9)
d

where we have introduced the notation ¢(z,t) = 5i9¢(z,t) and for b we explicit the dependence on ¢. Later,
when this dependence is not relevant we will only use b. Thus, such deviating profiles can be viewed as solutions

of the following forced equation:

%m = —m + tanh(BJ * m) + b, m(z,0) = mo(x), (2.10)
where the force term b is some prescribed function of x and ¢. In this paper, we are interested in investigating
the response of the system when imposing a mean velocity V to the front, i.e., we want to displace the interface
from an initial position 0 to a final one, R, within a fixed time T'= R/V. We consider two scales: the mesoscopic
where the interface is diffuse and the macroscopic where the interface has a sharp jump, i.e., it is given by the
step function mg(1,>0 — Lz<o). Let [0, 7] x R be the macroscopic time-space domain. After rescaling back to
the mesoscopic variables we are interested in profiles in the set U[e ™' R, e 72T] where

Ulr,t] = {gb € C°(R x (0,); (=1,1)) : lim ¢(-,s) =m, sl_igl— o(-,s) = mT} (2.11)

s—0t
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and where now in the mesoscopic variables the fronts are represented by the instantons m and m,.. Due to the
stationarity of m, no element in U[e 'R, e 2T] is a solution to the equation (2.1). Instead, to each element in
Ule 1R, e 2T) it corresponds an external force b as in (2.9), and in order to select among such forces one needs
to introduce an appropriate action functional. In [11], the authors invoking linear response theory suggested

the cost functional to be given by foé T fR b(z,t)?dz dt. In a companion paper, [8], instead of postulating the
cost, we derive it directly from the underlying stochastic mechanism wvia large deviations over a certain class
of functions. More precisely, to derive the cost from the stochastic dynamics we work in the space domain
[—e"1L,e"1L] C R with Neumann boundary conditions. As it will be shown later, the main objects to which
the cost concentrates are the instantons, which decay exponentially fast as © — +o0o and are well approximated
by their finite volume counterparts as in (2.8). Hence, in order to avoid unnecessary technical complications we
can concentrate here in the whole R and denote the new cost on R x [0,e~2T7] by:

Tpe-219(6) = /0 6 /}R H(6, &) (. t) du dt, (2.12)

where for notational simplicity we neglect the dependence of the cost on R. The density H(¢, (;S) is given below
and we will also denote it by H(x,t) in case we do not need to explicit the dependence on ¢. Given (¢, ) we
define

U= ¢
w := —tanh(BJ * ¢)
b:= ¢+ ¢ — tanh(BJ * ¢)

and after a simple manipulation by a small abuse of notation we can write % as depending on (b, u,w) in the
following form:

b—u—w+/(b—u—w)?+ (1—u?)(l—w?)
(I—u)(1—w)

H(b, u,w) = ;{(b—u—w)log

—\/(b—u—w)Q—l—(1—u2)(1—w2)—|—1+uw}. (2.13)

The new functional, has a more complicated structure, but asymptotically has a similar behaviour: It is a
straightforward calculation to see that uniformly on u € [—1,1] and w € (—1,1) we have:

H(b, u, w) 1 . H(b,u,w) 1

\b|l~r>noo |bllog(]b| +1) 2 o |b\1£10 b2 4(1 4 vw) (2.14)

Note that the cost assumed in [11] is approximating the case when b is small, but when b is large they are far
from each other; hence it gives a stronger penalization of the deviating profiles than the one derived from the
microscopic system. As we shall also see in the sequel, the minimizers will correspond to external fields b which
are e-small, so it is expected that the minimizers of the new functional will be the same with [11]. But still, we
can not exclude a priori the cases that correspond to large external fields and this is a technical difficulty we
have to overcome. Furthermore, we have a slightly different equation and a more complicated form of the cost.
Thus, in this paper, we find the minimizer of the derived cost Ijg .—277(#) given in (2.12) over the class (2.11)
following the strategy in [11] and adjusting the proof accordingly in order to overcome the aforementioned
technical issues. To start with, we observe that the cost of a moving instanton with e-small velocity, i.e.,

¢€(I7t) = mth(I)’ V= fv
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is given by
1, _
Lo,e—21)(9c) = Z”m/H%Z(du)Vva

where 7/ is the derivative of m and | - || £2(qy) denotes the L? norm on (R,dv(z)) with dv(z) = 17%”2(30). As

in [11] it can be shown that other ways to move continuously the instanton are more expensive.

In such systems one can also observe the phenomenon of nucleations, namely the appearance of droplets of
a phase inside another. In [1,2] it has been proved that for such a profile the cost is bounded by twice the free
energy computed at the instanton:

Theorem 2.1. For any ¥ > 0 there is 7 > 0 and a function m. ,(z,s), * € R, s € [0,7¢%/2], symmetric in x
for each s and such that

s (2,0) = mg, Mer (x,76_3/2) = g, ja(x), & > 0, (2.15)
where e~ = €/2 o > 0 as in (2.6), and
I s/2(mer) <2F(m) + 9. (2.16)

Thus, if V' gets large, there is a competition between the two values of the cost. Therefore, by creating more
fronts we can make them move with smaller velocity with the gain in cost being larger than the extra penalty
for the nucleations. Following [11] we define:

wn (R, T) = n2F(m) + (2n + 1) {; <2nv+ 1) T} , (2.17)

where p =: 4{|m/|| £2(q,) is the mobility coefficient. The first term is the cost of n nucleations while the second is
the cost of displacement of 2n + 1 fronts (with the smaller velocity V/(2n +1)). Our main result is given below:

Theorem 2.2. Let P > inf,>ow,(R,T).
(i) Then ¥y > 0 and for all sequences ¢. € Ule ' R, e 2T with

Ia ot (¢e) < P (2.18)

we have:
.. N B .
liminf T4, x7.(¢e) 2 inf wn(R,T) —, (2.19)

where w,(R,T) is given in (2.17).
(ii) There exists a sequence ¢. € Ule 'R, e 2T such that

limsup 14, « 7. (¢¢) < inf w,(R,T). (2.20)
e—0 n>0

We split the proof in the following sections: in Section 3 we first recall the notions of contours that allow us
to separate the phases. Then we present the multi-instanton manifold and its properties. This is a repetition
of [11] and the reader familiar with it could skip it. However, for completeness of the presentation we also
include it here as we will need several of these concepts in the next sections. One of the key estimates in the
proof is the fact that, because of the finite cost, the profiles can not be away from local equilibrium (instanton
manifold) for too long as there is a driving gradient force pushing them back. The main ingredients for this
are given in Section 4 and the key Proposition 4.4 is a bit different than [11], so its proof is adjusted to the
new context. In Section 5 we outline the proof which consists in splitting the time into good/bad time intervals
during which the cost is small/large, respectively. Moreover, we establish the fact that we cannot stay away
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from the instanton manifold for too long as the gradient dynamics drive us back. Hence, in good time intervals
we will eventually find ourselves close to the instanton manifold and, once this happens, we stay there for the
whole interval. Then, we can linearize around some instanton and attribute some velocity to each interface. This
is presented in Section 6. Furthermore, we still need to “connect” the good time intervals between them and
this will be explained in Section 7. On the other hand, during bad time intervals which are treated in Section 8,
more interesting things can happen, namely creation of new fronts (nucleations). But due to the fact that the
overall cost is finite, they cannot be too many and the overall displacement during the bad time intervals is
negligible. Concluding, having split the cost into smooth displacement (with some velocity) and nucleations, we
introduce a simplified, closer to macroscopic, model for the motion of the “centers” of the instantons. We call it
“particle model” and analyze it in Section 9 concluding the proof of Theorem 2.2. Some further technical issues
are left for the Appendix.

3. PRELIMINARIES

In this section we recall some facts that we will use in the sequel. For a more complete exposition we refer
the reader to the original paper [11] and to the monograph [24]. We start with the definition of contours and
the Peierls estimates which are bounds on the spatial location of deviations from the equilibrium in terms of
the energy F.

3.1. Contours

Given £ > 0, we denote by D) the partition of R into the intervals [nf, (n +1)¢), n € Z, and by Qg(f), ze€R
the interval containing x (note that z need not be the center of ng)). We say that ng), Qg) are connected, if

the closures have nonempty intersection, i.e. Qg) N Qg) # (). Now we define

1
m () = |Q§:E)| /ng) m(y) dy. (3.1)

Given an “accuracy parameter” ¢ > 0, we introduce

+1 if m©(z) Fmg| < ¢
(€0 (e 1) — Bl =5 3.2
1 (m; z) {0 otherwise. (3.2)

For any A C R which is D()-measurable we call
B(()C’K’A)(m) = {x eA: S (m;z) =0 }
Bf’é’/})(m) = {x eA: nloh (m;x) = +1, there exists 2’ € A : @ﬂ@i(f,) #0
160 (m; ') = -S9O (mg x)} 7
BEED () = B4 (m) U B (m) U BN (m).

Calling ¢_ and ¢4 two values of the parameter ¢, with ¢, an integer multiple of /_, we define a “phase
indicator”

. . 4 4 L
PGt gy — [FL €4 (ms ) = +1 in (Q;;ZL UQ) | Q;m) ,
0 otherwise,

and call contours of m the connected components of the set {x : 9(¢-¢=+4+)(m; ) = 0}. The interval I' = [z_, 2 )
is a plus contour if 7(¢*=)(m;z+) = 1, a minus contour if 7(¢*=)(m;x+) = —1, otherwise it is called mixed.
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Moreover, for any measurable A C R and m € L (R — [—1,1]), we define a local notion of energy by

Fmapmse) i= [ os@)da+ 7 [ I@g)mie) —m(y) Py do

1 2
45 [ Taw)m(e) - m() Py

The parameters (¢,_, () are called compatible with (o, c1,k) € R if ¢ € (0,¢o), {— < k(, €4 > 1/0_, and
if for any D(~))-measurable set A and any m € L®(R — [—1,1])

F(malmae) > e1¢® B(C’Z—»/‘)(m) '

With the above definitions we have:

Theorem 3.1 [1]. There are positive constants (o, c1, K, c2, so that if ({,€—,¢+) is compatible with (o, c1, k),
then for all m € L*=([-L, L];[-1,1]),

F(m) = > wee e, (1), (3.3)

I' contour of m

where

l_
weo_ o, (IN) = 01C2€—|F|, if I' is a plus or a minus contour;
+
wee_ o, (IN) = max{clcgi—ﬂﬂ ; F(m) — coe™®+} if I' is a mized contour

and « is given in (2.6).

From [9] we have that:

Trga (@) = FFGC.0) = F@ )+ [ 1AL (3.4)
Formulas (3.4) and (2.18) yield
S (Foel8) = Foe(,0)) < Py (3-5)

for every ¢, in U[e 'R, e 2T]. Then, by Theorem 3.1, for ¢ small enough,

S Inl = AP Fm) (3.

I'; contours of u(-,t)

1£ 2P+ F(m)) = Noax (3.7)

number of contours of u(-,t) <
C1l_—

number of mixed of contours of u(-,t) <
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3.2. Multi-instanton manifold

The instanton manifold is the set M™) = {m¢,§ € R}. We extend the notion to the case of several coexisting
instantons by defining the multi-instanton manifold M®*), k > 1, as the set of all mg, & = (€1,...,&) € RE,
& < ... <&, sufficiently apart from each other such that, setting &y := —o0, &x4+1 := 00, the function

& +¢E
2

m(zx — &) if x € [ , 5”1;53} and j odd,

m(&; — ) if x € Fj_l;_ gj, 5”124_5’} and j even,

has exactly k& mixed contours. We denote
M= | | MP, (3.9)
To study “neighborhoods” of M we introduce the notion of “center of m” that we use here in a slightly
different sense than usual:
Definition 3.2. Recalling L?(dvg), the point £ € R is a center of m if ¢ € I', I' a mixed contour of m, and if
(m — me,my)

L2(dve) = 0, or, equivalently, (m, mlﬁ)m(dys) =0. (3.10)

¢ is an odd, even, center if I" is a (—, +), respectively (+, —) mixed contour.

The following theorem holds, see [14],

Theorem 3.3. If ¢ (in the definition of contours) is small enough the following holds.

e Fach mized contour I of m contains a center of m.

e There is § > 0 so that if for some & in a (—,+) mized contour I of m (analogous statement holding in the
(+,—) case), [|1r(m — me)| L2(ave) < 9, then there is a unique center &y, in I' and

/ ({m — e} — {m— mgm}ﬁ) >0, foral€ €, ¢ #é&m (3.11)
R
: (v, M)
and calling v =m — m¢, Ny ¢ = )
m',m
[6m = (€ = No)| < clvllizqany,  INvel < cllvllzzcaue)- (3.12)

o If also i?f [1r(n —me )| r2(dve) < 0 and [[m — nllp2(qy,) s small, then

‘fm —§n| < CHm—nHL2(dV§). (313)

In Appendix 9.3 we will prove the third statement for both the L' and the L? norm. By the first statement in
Theorem 3.3 a function m with k mixed contours I, ..., I'; has (at least) one center in each one of the mixed
contours; we denote by = the collection of all £ = (&1,...,&k), & < &i+1, & a center of m in I; and define

dpm(m) = glgf: [[m — Mgl 2 (ave)- (3.14)
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If m is close enough to M), then the choice of £ is unique. Note that this definition differs slightly from the
usual definition of a distance of a point from a manifold, but the following lemma bounds this difference by
replacing the inf over centers in (3.14), by the inf over any generic variable £ € I'y X .. X [, with € = (&1, ..., &):

Lemma 3.4. For all k € N there are 6 > 0 and ¢ > 0 so that if m has k mized contours I,..., I and
dap(m) <6, then

k—1

2 . 2 2 B —a dist(Lig1,13)/2
dy(m) > éerluxlfxrk lm —mellzzany = daa(m) C;e A ; (3.15)

where o > 0 is defined in (2.6).

For the proof we refer to [11].

4. PERMANENCE AWAY FROM EQUILIBRIUM

In this section we get bounds on the time interval when a profile is away from the multi-istanton manifold.
This is done by obtaining a lower bound on the energy gradient in terms of the distance from the manifold and
we will use it in Theorem 5.4 in order to get a bound on the number of time intervals where the given profile
is away from local equilibrium. The main theorem is:

Theorem 4.1. For any 9 > 0 there is p > 0 such that the following holds. Let m € L™ (R;(—1,1)) have an
odd number p of mized contours, let F(m) < P (P as in Thm. 2.2) and let dy(m)? > 9. Then

/ AN > p, (4.1)
R

where f is defined in (2.3).

The proof is essentially contained in [11]. Here we only present the necessary modifications needed for the
new functional. This theorem implies a penalization of the time away local equilibrium which is stated in the
following corollary:

Corollary 4.2. Let ¢ satisfy (2.18), then for any ¥ > 0 there is c;.2 > 0 and p > 0 so that, if dp(¢p(-,1)) >0
when t € [to,t1], 0 < to < t1 < € 2T, then necessarily t; —to < 3L

- Cy. op "

Proof. By recalling (3.5) and from Theorem 4.1 we obtain that for some ¢4 > 0

ty
3P > ¢4 / 1LA £t > canp (tr — to),
to

which concludes the proof. O

Now we argue as in [11]. We start with the analysis of the condition daq(m)? > ¥ when the deviation of m
from mg is localized in a neighborhoud of the contours. We first give the necessary notation. Let @, @; and
BjE be intervals of the form @ = [a,b), Q; = [a — j, b+ j), By, [a—j—k,a—j),B,Lz[b-i—j,b—i—j—i—k)
Wlth a,b,j,k all in £, N. Then, given ¥ > 0, we set

Ugjo = {m € L°(R,(-1,1)) : @ is a mixed £ contour for m and Emg/ Im — me|* > 19} (4.2)
€ Q,

and
Vi,j = {m € L*(R,(-1,1)) : n(C,L)(m;@ =41 for all x € B;f)j} . (4.3)
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Lemma 4.3. For any ¥ >0, Q and Q; as above, there is k so that
/ |f(m)] >0 foranym € Ug ;9N Vi j. (4.4)
Qk+j

The proof is given in [11]. With this lemma we can prove the following:
Proposition 4.4. For any ¥ >0, Q and Q;, let k be as in Lemma 4.3. Then there is p > 0 so that
[ almIP 2 (45)
Qktj

meUq,;,9NVk,j

Proof. Suppose that the opposite is true. Then there exists a sequence m,, € Ug ;9 N Vi ; such that
lim [LALf(mn)l]* =0,
n—oo
Qi

which implies that |AS| — 0 and ka+ijn |f(my)|? = 0 where A,, := {x: |f(m,(z))| < 1}. We also have that

2

2 . and hence J * m,, — J *m in L2 . We write (recall that f(m) = J * m — arctanhm):

my — Mmin L oo

my, = mpla, + mn1A5L = tanh(J * (mnlAn) — f(mnlAn))]-An + mnlA;
= tanh(ﬁJ * My — f(mn)]-An)lA" + mnlA%. (46)

Then, [[my|loc < 1 implies that m,14c — 0 in L. For the first term of m,, in (4.6) we have:

/ |mnla, —tanh(BJ xm)|? < / |tanh(B.J * m,, — f(my)) — tanh(B.J * 1m)|?
Qr+j QryiNAn

<cf P o
Qr+;NA,

since tanh is uniformly Lipschitz continuous. Thus, lim,, ., m,, = tanh(B.J * 1) in L? (Qi+;)- Therefore, since
both m,, — m in L . and m,, — tanh(B.J * /) in Qx,; we obtain that

m = tanh(8J *m) in Qy; and f(m)(z) =0 Ve € Qi
Now we obtain the contradiction. We have that

inf my, —me|? >0, Vn,
EGQ/Q| n £| =

which implies (since lim,_ o m, = tanh(8.J x 1) in L*(Qk+;)) that

inf tanh(BJ % m) — me|? > 0,
inf, | (37 ) el >

which (since v = tanh(fJ * M) in Qg4;) in turn implies that 7 € Ug ;9. Furthermore, 1 € V; ; (closed in
weak L?). Thus, by lemma 4.3 there exists k* such that fQH' |f(m)| > 0 for all m € Ug ;9. Contradiction,
J

since this is not true for m. O

A similar result is true when the external conditions are in the plus or minus phase. Let

Uét)j’ﬁ = {m € LR, (-1,1)) : Q is a & contour for m and / |m F mg|? > 19} (4.7)
Qj

Vi = {me L¥®, (~1,1)): ) (miw) = £1 for all w € B, U By, }. (4.8)
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Then we also have the following:

Proposition 4.5. For any ¥ > 0, Q and Q; there are k and p > 0 so that

wl [ Qi zp (4.9

+
melq ;.0MWVi,

With these ingredients we can conclude the proof of Theorem 4.1 following [11].

5. STRATEGY OF THE PROOF, GOOD AND BAD TIME INTERVALS

Given € > 0, we fix an orbit ¢ € U[e "' R, ¢2T] as in Theorem 2.2 (neglecting from the notation the dependence
on €) and let b(¢) in (2.9) be the external force to which it corresponds. We decompose the time interval [0, e 2T
into subintervals {S[j,7 + 1), j € N} of length S > 0. For x > 0 we choose a parameter

§d=06(e) :=|loge|™" (5.1)

and define

(G+1)S .
T TP R /js /Rﬂ(gz),gb)(z,t)dxdma or teSEitl).  (62)

0, otherwise

To construct “time contours” we also define ®%)(¢;t) equal to 1 if (5% (p;s) = 1 for all s € S[j — 1,5 + 1)
and = 0 otherwise. We define Gy = {t < € 2T : &(59)(¢;t) = 1} and call ¢t a “good time” and S[j,7 + 1) a
“good time interval” if they are contained in Gyqt. Bad times and bad intervals are defined complementary.

Given the fact that it is too expensive to be away the instanton manifold (Cor. 4.2), the strategy now is to
relate the cost functional to the cost of two mechanisms: translation of the interfaces and nucleation of new
ones. The first can be achieved by relating the cost to the driving force of the motion of the interface and
subsequently to its velocity. This is a valid approximation during the “good” time intervals. On the other hand,
nucleations can only happen in the “bad” ones during which, the already existing interfaces cannot move too
much because the overall cost is finite. We quantify all this in the next sections. We introduce the velocity of
the formed interfaces and relate it to the cost. Contrary to [11], for the case of the cost derived wvia the large
deviations this is not straightforward and new auxiliary profiles have to be introduced.

5.1. Parameters of the proof

We start by choosing some crucial parameters in the estimates. In Theorem 2.1 we saw that the cost of a
nucleation (producing two fronts) is close to the cost of creating two interfaces, i.e., close to 2F(m). Since the
total cost is bounded by P, we obtain an upper bound (n*) on the total number of fronts:

*:1 _ .
n + = (5.3)

Moreover, following [11], for given v > 0 we choose a critical value £* for the displacement of the fronts, after
which we consider that a nucleation has occurred. This is determined to be such that the following holds:

|.7:(m(_g*,g*)) - 2]—'(m)| <7, where M(_px p*) = 1o>0mex — LpcoM_p=. (5.4)

This means that if the profile is made out of a combination of instantons whose centers are far enough (more
than 2¢*) then its free energy is well approximated by the number of such instantons times the cost of each one
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of them. Indeed, by the L2-continuity of F(-), there is ¢ > 0 so that for all m such that da(m) < ¥ and with
centers (£1,...,&), n < n*, &1 — & > 20*, Vi, we have that:

| F(m) — nF(m)| <n*y. (5.5)

However, it may happen that in a newly created nucleation the centers do not exceed the distance 2¢*. These
are called “incomplete nucleations” and we can neglect them arguing as in [1,2,11] using the propositions below.

We first note that starting with such a profile, the free dynamics make it disappear within a finite time,
depending on the distance ¢ (see [1], Prop. 7.1):

Proposition 5.1. There is 7 > 0 so that for any positive £ < £*, the solution v(xz,s) of (2.1) starting from
m(—g,e) (as defined in (5.4)) verifies

sup |v(z, ) — mg| < V.
z€R

This can be also used in a multi-instanton setting:

Proposition 5.2. There is L > 0 for which the following holds. Let ¢ and T be as in Proposition 5.1 and

E=(&,.-.,&), n < n*. Call T the set of all even i such that &1 — & < L. Suppose T non void and that for
J €I, &§+1— & > L. Then the solution w(x,t) of (2.1) which starts from mg is such that

sup [w(z,7) — mg. (z)| <V, (5.6)
z€ER

where £* is obtained from & by dropping all pairs &, &1, i € L.
Then, the same is true if we have an external force whose cost is controlled by a parameter o > 0.

Proposition 5.3. Let ¢, 7, L, £ and £ as previously. Then there is a > 0 such that if

I — mella < 0, / / bz, £)|2 dz dt < o, (5.7)
0o Jr
then the solution w(x,t) of (2.10) with force b and which starts from m is such that
|w(w, ) — Mg (x)||2 < 49. (5.8)

From the previous propositions, we fix the parameters S and 6 of our problem. Following the analysis in [11]
we first choose the parameter S to be of order one such that:

3P 4
S > 10° max {7‘7 } , (5.9)

)
64.2,0 w

where w is the spectral gap parameter given in Section 6. On the other hand, for ¢ a safe choice would be

U
§ =103 min {a, } , «a and cg.1 as in Proposition 5.3 and Proposition 6.1 (5.10)
C6.1

Hence, our choice in (5.1) satisfies the above criteria. With this choice of S and ¢ we have the following theorem:

Theorem 5.4. Let ¢ satisfy (2.18) and let 6 and S as above. Then:

2P
number of bad time intervals < —- (5.11)

)

1 j— i) such that dap(o(,t1)) < 0.

If S[4,7 + 1) is a good time interval, there is t; € S[j — 5
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Proof. Suppose that I is a bad interval and let I~ be its previous. Then inequality (5.2) cannot hold for both I
and I~ since otherwise I would have been a good interval. Hence, the number of bad intervals is at most twice
the number of intervals where (5.2) is not true. Thus,

1
P> . (5.2)218 . + . (5.2)§)t . > 5(#bad intervals)d
The second statement follows from Corollary 4.2. |
5.2. Construction of auxiliary profiles ¢p; and m
Theorem 5.4 allows us to find times ¢; € [j — %,j - %]S, jeJ ={12,..., %} for every good time interval

S[j,7 + 1), such that da(é(-,t;)) < 9. Then we define a new partition of [0, 27T] as follows: if S[j,j + 1)
is a good time interval in the original partition, we replace it by [t;, ¢;11) and modify the neighbouring bad
time intervals accordingly. For example, if the previous is bad, in the new partition it will be replaced by
[S(j—1),t;). If S[j+1, j+2)is a good time interval as well, then ¢;;; are the ones given by Theorem 5.4,
otherwise, t;+1 := S(j + 1). In this way, we obtain a new, slightly shifted, partition {[t;,¢;11)};es of [0, 2T].
Note that in the new partition, the bad time intervals remain unchanged and this will be relevant in Section 8.

To prove Theorem 2.2, we want to derive lower bounds to the cost for a given profile given the condition on
the total displacement. We estimate the cost of the given profile by assigning a notion of velocity to its fronts.
The total displacement is then related to the motion of these fronts with the assigned velocity. We implement
these during the good time intervals.

Suppose t; is the left endpoint of a maximal connected component G' of Gi. By the definition of ¢; we have
that daq(¢(-,t;)) < 9. For 9 small enough, ¢ has only mixed contours which we denote by {I};}%_;, for some
k odd. We call £ = (&,...,&) its centers, ordered increasingly. In the first good time interval [t;, ¢;41) of the
connected component GG, we construct an approximate (to ¢) profile ¢; as well as another orbit m as follows:
First we truncate the forcing term b(¢). For A > 0 we choose a threshold

A= Ale) := |loge| ™, A< R, (5.12)
for K > 0 as in (5.1), and define a new external field

bi(z,t) := (D) (%, )L (.1): [b(e) (,t) | <A(e)}- (5.13)

Then we define the auxiliary profiles ¢, and m to be the solutions of the following system:

%% = —¢1 +tanh(BJ * ¢1) + aby, P10, t5) = o(-, th), (5.14)

1-m2, \"*
afz,t) == (8“”) : (5.15)

The approximate centers &(t), defined in (6.3), are the centers of the profile m that satisfies the equation:

where

d .

zm=m + tanh(8J *m) + b(¢1), m(- ) = m™ (). (5.16)
Recall the definition of function b given in (2.9). The time ¢;, and the initial condition m®(-) are given below.
For simplicity of the notation we drop in t;, the dependence on j. Note that for the coefficient a(z,t) defined
in (5.15) there exists a large constant ¢, > 0 such that

1
— < a(z,t) <1, Vaz,t. (5.17)
Cx



778 P. BIRMPA ET AL.

Existence and uniqueness of solutions of the system (5.14)—(5.16) is proved in Appendix 9.3. The idea for
introducing the new force b; is that, following Appendix 9.3, for forces of order A(e), the density H of the cost
is well approximated by b2. Moreover, an extra factor a(z,t) is needed in order to reconcile the coefficient of the
asymptotics of H (see (2.14)) with the space L*(R, dvg) in which we will be working later for the linearization
around a moving instanton. Hence, the reason of introducing ¢; is to have a profile whose centers are in a
controlled distance from those of ¢ and additionally it has an external force which can be estimated by the
cost. Then we use the idea in [11] of constructing sub-solutions (in our case of ¢; rather than of ¢) which start
from an appropriately “regularized” initial profile and whose centers are ensured to move (being sub-solutions)
at least as fast as the corresponding of ¢. We denote this profile by m and note that, by a comparison theorem,
it holds that m(z,t) < ¢1(x,t) for x € R and ¢ € [t, tj41). Next we present the initial condition m™(-) by
following the initialization procedure described in [11], Section 10.

5.3. Initial condition

We work in the first good time interval [t;, ¢;11). Given m(-,;) from equation (8.1), we construct m™(-) as
follows. Let £(m) = (&1(m), ..., &k (m)) be the centers of m at time ¢;.

Case 1. When &;11(m) — &(m) > 2|loge|? for all 5. We let ti, = t; and m(-,#) = m(-,t;.).

?7in

Case 2. When &;,1(m) — &(m) < 2|loge|® for some j odd. We erase both centers for those j’s and we call
the new configuration €M) (m), for which it holds that TMED () < ME(m)- Then, we look at all even j in £ (m)
such that 20* < &11(m) — &j(m) < 2|loge|?, £* as in Proposition 5.3 and we move each &;(m), &+1(m) to

&i(m), &j41(m) so that
&(m) +&ja(m) = 5;'(7”) + 5§+1(m)7 f;‘+1(m) - f;(m) = 2|log 6|2.

We call £ (m) the new configuration and £®)(m) the one obtained by (?)(m) following the same procedure
as to obtain £ (m). In €®)(m) the pairs &;(m), &;4+1(m) with j even either satisfy &;11(m) — &;(m) > 2|loge|?
or &41(m) — &;(m) < 20*. Case 2 is when &;41(m) — &;(m) > 2|loge|? for all j. Then, we define

m(z,t;) = min {m(m,tj),mEB(m)} ,

tin = t; and m(-, tin) = m(-, t;).

Case 3. This case covers all remaining possibilities in the previous case when in & (3)(m) there is at least a
pair &;(m), {j+1(m) with j even satisfying £;+1(m) — §;(m) < 2¢*. In that case, we let ¢, = ¢; + 7, 7 as in
Proposition 5.3 and m(-,t) is the solution at time t; + 7 of (2.1) starting from m(z,t;). We finally define
m(+) := m(-, tin)-

If j = 0 (and hence t; = 0), m(-,0) is the instanton m(-), and initialization is not needed.

As a result of this initialization procedure, we have that for all € > 0 small enough, the centers of m(:,¢;)
have mutual distance > |loge|? and daq(m(-,t)) < 69. To prove this, we use Proposition 5.3 with external
force b := b(¢1) = aby. In such a case, we have that [ b? is related to the cost since we apply it within a good
time interval; hence the requirement (5.7) is satisfied. In the next section we show that in the good time interval
[tj, tj+1) the solution m(t,-) of (5.16) follows closely a moving instanton mg,, where &(t) are the centers of
m(t,-).

6. LINEARIZATION AROUND A MOVING INSTANTON

By the constuction in the previous section, we have that in the good time interval [¢;, ¢;11) the profile m
solves the equation

%m = —m + tanh(8J * m) + b(¢1), m(-,t;) =m™(-), (6.1)
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where the initial condition m™(-) is given by the same initialization as in [11], i.e., it has an odd number k of
mixed contours at mutual distance > |log €|?; moreover da(m™(-)) < 69.

Choice of parameters. From [14] we recall that there exists w > 0 such that
(’U,LU)L2(dV) S fw||v||L2(dV), (62)

for every v € L*(dv) with (v,m')12(as) = 0, where L is the linearized operator of the evolution (2.1). This is
called “spectral gap parameter” . Moreover, let ¢ be given in (6.11) and €; < . Calling £(t) = (§1(1), ..., &(t))
the centers of m(-,t), t > t;, we define the approximate centers £(t) = (£1(t), . .., & (t)) and the deviation u(-, t)
as follows:

(1Aa*m’5i(t), [m(-7 £) — aiméi(t)} )LZ(dy) =0, u(t) = m(t) - mg, (6.3)
where
tit1
Ag» =Sz €R: / b (z,s)ds < a* (6.4)
tj—1
for a* small enough and o; = 1 [o; = —1] if i is odd [even] and &(t) in the i-th mixed contour of m(-,t). From

the definition of A,~ we also have that

| AG-

8§ [li+1
<o [ b s (65)

bj—1

where
dx.

3|~

—m2
L £(t)
1,- - - -
Moreover, we call A;(t), i = 1,...,k, the open intervals 3 (Gio1(t) + &), &ir () + &(1)), with &(t) = —oo and
€r41(t) = +00. We have the following estimate

C

) = &) + [.8) = (e 6) = o Moo < = [ Db (6)ands (6.6)

In the next proposition we give upper bounds for displacements of centers with ¢ odd and lower bounds for
those with ¢ even. In the proof, we follow the strategy in [11] with the exception of having a different operator
and therefore we have to work in a appropriately weighted space.

Proposition 6.1. There is a constant cs.; > 0, so that for ¥ and 6 small enough and for all t € [t;,t;41], we
have the following bounds:

(s )72y < €Nl tin) 172wy + 605U, (6.7)
1 ¢ _
0; [&(t) - &(tm)] < _W /t (Oébhméi(t))L?(dy) + Ce.1 ||U(',tin)||2L2(d,,) + Ujﬂ s (6.8)
where i =1,...,k and
ti+1 R
UJ'Q - /t Habl“%ﬁ(du) + SRmax;  Rmax = 06.Je_a|10gﬁ| /2- (6~9)

3

Note that Ryax — 0 as e — 0.
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Proof. Let
L: L*R,dv) — LR, dv), (Lu)(z) := —u(z) + (1 — m?(t))(ﬂJ *u)(z),
where d
x
dv(z) == — .
L=, (@)
For x € A;, we have
du(z,t Lo -
Eit ) _ aifi(t)mé—i(t) + Lu(x,t) + R(u) + abi(x,t), (6.10)
where )
R(u) := G" (BT * (Mg + (1 — po)dou)) (BT *u)”,
with
0< Ao, o <1
and
G(z) :=tanhz.
It is an easy calculation to show that
1R(w)] L1 av) < ellullFzan- (6.11)

By multiplying (6.10) by u(-,t)14_. and integrating over space we obtain:

d /1 -
pn <2||U1Aa* ”%2(011/)) = (ula,., Lu)p2(ay) + (ula,., R(u))r2@w) + / ula . abidy + R(t), (6.12)
R
where
t
Zazﬁ (/ Mg, pyula,. dz/-i-/ T2 E() u21Aa*du>. (6.13)
Ez(t)
By (6.5),

32
[(ula,., Lu)p2an) — (ula,., L(ula,.)) 2| < 07/ b1 (8)]172 av)-
t

j—1

By the spectral gap property, (ula,.,Lula_.)r2@y) < —w||u|lL2(qy) and by using a similar estimate on ||lu|pe
as in Theorem C.3 of Appendix in [11] in order to bound the second term in (6.12), we obtain:

d /1

dt (2”“”%2(&/)) < _WHU]-AQ* ||L2(du) + 0(61 + clHUHLz(dV))Q/B”u:lAa*

’ fo 2
Hudaab)an +¢ [ labi(s)[Ea) + RO).
2]
Let

—infdt- d 6.14
Ti=infQt ful 1|70, > e | (6.14)

2 2
2Hab1”L2(dy) WHulAQ* ”L2(du)
w + 4

Bounding |[(ula,.,ab1)|lz2() <
have:

, for all times t € [t;,¢;11] such that t < 7 we

d
& (31t B ) < = Sluta,c o + 2labilaca + RO,
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i.e., for t* = min{r,¢;11} we obtain

-
1L ul )3y < e u, ) 120, + Co (/ b (51|72 a0y + SRmax> ,
t

J

with Rpax defined in (6.9). Since

4 [ttt
s < e aliaan + 2 [ laba(o) o,
tj

we have
-
) 72wy < €792 ul, t) 72 + o (/ llabr ()11 (av) + SRmax) :
iy
By the choice of ¢ in (5.10) and (C.1) we have
" 2 1 3
Ce.1 /tj ||Oéb1 (S)HLz(dy) + SRmax S Ce.1 <]_—C§C’A(e)6 + SRmax) S 10 .
Thus, for 4, ¥ and € small enough, ||u(~,t*)||%2(dy) < (8;"7)3 and hence t* =t;44.
For the proof of (6.8), we multiply (6.10) by 14_.m% . and estimate (14 .m%

&) Ug)r2(dy) by first writ-
ing (6.3) as

&i(t)’

(1a,. mf ) ? Me (1) — mé(t))L2(dv) =(14,. m%(t),u)Lz(dy)7 (6.15)

after adding and subtracting Mgy Since the measure dv depends on time, we also have:

d — (g mE L u) 2y = (1 L ) + (1 m’—’aé u)
dt Ay x 51( )? L2(dv) — A, &(t) Ut L2(dv) Agx &St L2(dv)
2mg m' é
_ 5j 13 J
+ / mi 1y, . u——2—da. (6.16)
2]: A, &i (1 _ mgj)Q

We obtain:

—é 7! 2 e — 0T
(La,. g ) 2y = & {(1A“*m5i’u) L2(dv) + <1A“*m§z"m5 aszi>L2(du)}

_Z (]-A Ry m (Ji& - JJéjrh/&'))L?(du)

J#i
+Z/ 214, umé El 57 dv
J#i 51
1
_Z/ 1a,. m (oimg, — mf)l — 2mg m Ujgjdu (6.17)
j#i e,

On the other hand, in (6.10) we have:

(]—A mé Lu)Lz(du) = (u Lm )Lz(du)v with \Lm |§Rmax-

Thus, from (6.10) and (6.17) we obtain:

3 [”mélAa* T2(a) — Oi {(1Aa*mgau)L2(du) + (La,-mg mg — Uiméi)Lz(du)}}
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7/ 7/

_ T ; 5
—|—Z (1140* 1Ajm’§~i, (Uigim/ Ujé.] §J>>L2 (@) —Z/ 1A QU’ITI,g T 5 J dZ/

i

_ 1 o F
J#i S
< —(mgiv ab)r2(av) + |AG | + el La .l P2 qy) + Rmax

which has the form:

il |32 an) i t) < B + Zawlsg (6.18)
j=1
where
Bi = (]—Aa*mgiau)Lz(du) - (m;’i7ab1)L2(du) +dc||ull32 «| + Rmax; (6.19)
with
185 + (M, aby) p2an| < ¢“[e™ 75 lu, tin) 12 a,)
t
[ bl ds + S Bume + 1 = L zcanlladl o
tin
and
m5 mé 2m5~ 5
a;j = (1, m5 Mg, —Ujmgj) + (14, m)E Mg = )2 (aw) +/A, 2umg, - : du—/ m£7 (oimg, — mg)liédu.
J
(6.20)
Then we conclude the proof in the same fashion as in [11] by estimating a; ;, since & and ; are well sepa-
rated. O

Concluding this section, we recall that we constructed m(t,-) for ¢t € [t;, t;41] and obtained estimates for
the error [[m(-,t) —mg ,5)||L2 () Next we define m(- ,tj'H) in order to apply this linearization procedure in the
whole of the maximal connected component G.

7. FROM A GOOD TIME INTERVAL TO THE NEXT

The result of Proposition 6.1 ensures that during the good time interval [t;,%;41) the solution of (6.1) is close
to a moving instanton. More precisely, by (5.10) we have that ¢, U7 <o and by (5.9) that e~wS < 1/2. Then
by (6.7) we get, supposing ¢ small enough,

st 72 < e lult)7zam) + ceaU; < 40. (7.1)

Furthermore, since & 41(tj+1) — &(tj4+1) > |loge|?/2, as we have seen in the course of the proof of Proposition
6.1, it follows from (3.15) that for € small enough,

dM(m(-,th)) < 5¢. (72)

We introduce the notion of wvelocity of a front me, (t), by defining:
1

0
v; (t) :=
||m ||L2(d )

(abr, Mg, (1)) L2 (dv) |» (7.3)

where again 0; = 1 [0; = —1] if 7 is odd [even]. Moreover, we want to control the position of the centers of
m(-,t), so we denote by r;(t) the leftmost [rightmost] position of the center &; of m(-,t), for ¢ odd [even], taking
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into account the error in determining the position &;. Thus, the position r;(¢) will be given by &; plus the integral
of the velocity induced by the error ||m(-,t) — Mg H%z(dy). We define:

vi(t) = 00(8) + aicer (U + [ul ) [Baqany ) (7.4)

rilt) = &t) + /t uls), O = (11(0),. .., ma(2). (7.5)

J

Notice that 7(t) < £(t) for t € [t;,t;41), where the partial order is defined as:
(€155 8k) = (€1 8k) & Mgy, ) = MUE gl (7.6)
In particular, if k = &/,
(s &) > (€150, 6) & & <& iodd, & >¢, ieven. (7.7)

By the definition of ¢;41 we know that da(¢(-, tj41)) < . Suppose now that, for € > 0 small enough, ¢(-,¢;41)
has k’-many mixed contours {I}}—i. s, k' odd, with 117,(¢ —mg, )Lz < ¥ for some Gely,i=1,... k.
Note that in general k' # k (since m has been re-initialized at t; and some fronts might have been cancelled).
Then by Theorem 3.3 we have that there exist unique centers {&;(¢)(¢j+1)}i=1,...k of &(-,t;41). The strategy

goes as follows: note that since (using (5.17))

veey

.....

]_—m% 1/2
W@|am(8“) bi| < lba] < [b(o),

the profile ¢1(t;11) is expected to have its odd [even]| indexed centers on the left [right] of the corresponding
centers of ¢(t;41). On the other hand, the profile m(t;1), being a sub-solution of the equation b(m) = b(¢1), with
initial condition m(t;) re-initialized as before, it has its odd [even| centers on the right [left] of the corresponding
centers of ¢1(t;+1). However, it is not guaranteed that this is also the case with the centers of ¢(¢;41). Therefore,

since in the next good time interval we choose ¢ (-, t;rﬂ) = ¢(-,t;r+1) we need to re-initialize m(~,t;r+1) to be
such that m(-, tj++1) < ¢1(s, t;r_H) and keep track of the relevant error. As a result of the initialization, the profile

m(t;+1) may have fewer centers than ¢i(-,t;41).

We estimate the distance between the corresponding centers of ¢ and m at t;1, when both are close to
the manifold M. Recall also that, by the initialization, the centers at t;r have mutual distance > |loge|?. To
perform our estimate we introduce an auxiliary profile ¢o by putting as forcing term only b; with the same
initial condition. For ¢ € [t;,t;41) we have:

t t
t)—pa(®)llr < [ e TTEIBYT || - id ~Oms ) b — by | ds,
160) = a0llsr < [ eI lots) gu(olirds + [ [ e byjazas

tj

where

t
/ /e—(t—s+tj)\b_b1|dxdsg/ |bjdz ds.
t; Jr [bl>A(e)}

In the good time interval [t;,t;41) we define the quantity:

tjt1
8 = /t /R’H(b,u,w)(x,s)dsdx, (7.8)
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in which case it is of the order §(¢). From (2.14) we obtain that:
tj+1
0 :/ /H(b,u,w)(m,s)dsdz 2/ H(b, u, w)(z,s)dsdx
tj R {[b]>A(e)}

>C bl log(|b] + 1)ds da
{Ib]>A(0)}

>C |b|log(1 + A(e))ds dz.
{lo]>A(e)}

Thus, (since ||| = 1)

t
5.
1) — o L < ==t I h(.. s) — dof- L % )
I6:0) = on(. 0l <8 [ e I6.) = 62 ) o + s (79)
and for a new constant C' > 0 by Gronwall’s lemma we obtain that
5.
¢(tj41) — P2 tja1) 2 < Ce(HmSFJG)' (7.10)

On the other hand, comparing to m we have

d

— —m)?(x = — 5 —m)2(x T —a)bi(x s —m)(x T
G [@=mPede = =2 [ (G- mPando+2 [ (1= ahe0e -

+ 2/(¢2 —m)(z,t)(tanh(B.J * ¢a(z,t)) — tanh(BJ * m®(z,t)))dz
R
<C / (2 —m)?(z,t)dx + c/(l — )%} (x,t) dx.
R R
Since from (5.17) it holds that 1 — a < (¢* — 1), applying Gronwall’s inequality and using (C.1) we obtain

t
lga(-,t) = m(-, )32 < cel®HAEt) / / o22ds da
J

1

< ce<2+5>sm 55, (7.11)
for € small enough so that ¢ZCA(e) < 1. Thus, since ||¢(-,t) — ¢2(-,1)|| L r) < 2, (7.9) and (7.11) yield
160+ 8) = Ml )22y < 2da(+8) =l DlZagay(®) + 16+ 8) = b, )ls
< CA‘S(J’E) + ce<2+ﬁ>5% 8 =: 87, (7.12)

where by choosing k < X in the definition of A(e) in (5.12), we have that SJ — 0 as € — 0. Using the above
estimate and the fact that both m and ¢ are close to the manifold at time ¢;, we obtain that

1€(6)(t5+1) = EM)(tj1)] < |lMgmy — Mgyl < S+ 69. (7.13)
Next, recalling the definition of #(¢) in (7.5), in order to define r; (t;rH) we consider the quantity

fi(tijl) = Ti(tj+1) + O'ZSg (714)
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and we erase all pairs i, i + 1 such that #;41(tj11) — 7i(tj41) < |loge|?. Then we let
Ti(t;r+1) = ’f‘i(tj+1),

if no such erasing has occurred for the index i. Otherwise, we let r;(; ) =0

In Section 9 we introduce the notion of particles while referring to the fronts and we say that in this case
the particles ¢ and ¢ 4+ 1 have collided and, due to this collision, they disappeared. We will also write that
ri(t) = riz1(t) = 0 for t > t;+1. Moreover, note that the function 7(¢) has jumps at the times between good
time intervals and this fact will be taken into account in the estimation of the total displacement and the
corresponding “macroscopic”’ cost expressed in terms of the cost due to the motion of the particles. For the
re-initialization at tj_+1 we define:

() = mingo (), m, () (7.15)

In this way we ensure that m(-, g+1) < ¢(-,tj41) as well as that rl(tj'ﬂ) is a lower [upper] bound of & (m(- ,tj'ﬂ))

for i odd [even]. Thus, taking e small enough we have that dq(m(- 7t;rﬂ)) < 209 and that its centers have mutual
distance > |log €|?. So we can repeat the same procedure for the next good time interval [t; 11, ¢j+2).

8. DISPLACEMENT DURING THE BAD TIME INTERVALS

From (5.11) the maximal length of the connected component of bad time intervals is bounded by S % <<

|log €|? for the choice of §(¢) made in (5.12). Moreover, the applied force b can be related to and bounded by
the cost. Therefore, the displacement of the already existing centers should be smaller than |log€|?, which is
the distance between the appropriately initialized centers of the interfaces. Similarly, the newly nucleated fronts
are also at a distance from each other smaller than |loge|? even at the end of the connected component of the
bad time intervals. Hence, overall the motion during the bad time intervals will be negligible macroscopically.

Suppose that [tj,,t;/) is a connected component of bad time intervals. Recalling the construction of the
partition of good and bad time intervals in Section 5.2, we have that ¢ty = kS, for all ' < k < j”, k € N. In the
connected component of bad time intervals we define the profile m by solving the equation

%m = —m + tanh(B8J *m) + b(¢), (8.1)

with initial condition the profile m(¢;/, ) as we obtained it from the previous good time interval. Invoking again
Corollary 4.2 and the choice of S for the profile m constructed above, for j'+1 < k < j” there exist { € [t;,t;11)
with m(#, ) close to M.

We compare the solution m to the solution m° of the same equation without the forcing term b(¢) for the
interval [t;/,%;,41), both with the same initial condition. To do that we compare both of them to the auxiliary
profile ¢» generated by the force by. From (7.10), we have that

Oir
[m(, E5r41) — b2 (- Ljrgr) |72 <e(2+’8)SAZ€)' (8.2)

Similarly to (7.11) we have:
G [P dr = =2 [ =m0 do+2 [ a)(62 = m*) (o t)do
Q/R(gbg —m®)(z,t)(tanh(BJ * ¢a(z,t)) — tanh(BJ * m®(z,t)))dz
—m®%(x,t)dz + ¢ [ ?b3(x,t)dx
C [ =m®Pwdo+e [ @t e,
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for ¢ large enough. After applying Gronwall’s inequality and (C.1) we obtain:

) _ 1
[ da(-s 1) = mP (- Ejryn) 172 < Ce@w)sm 05, (83)

where ¢; has been defined in (7.8). Combining (8.2) and (8.3), for m constructed in (8.1) we have:

_ _ 0
[m(,Ejq1) = m° () 172w < ce(2+5)sﬁ- (8.4)

Moreover, since by the definition of the time ;41 the profile m is close to M at that time, we have that

8
M= - — T _ 2 2+8)s 95"
17212 100) = MmOt 22 0r) < 0 A(e) + 70, (8.5)

for some ¢ > 0. From this, we can obtain an estimate for the distance between the centers in E(m(-,tj41)) and
E(mO(-,tj:41)). Let k be the number of centers of m(-,t;) and 7(t;:) = (r1(tj),...,rk(t;)) with |ripq(t;) —
ri(t;)] > |loge|?, Vi. For I € {1,...,k} odd, define i; to be the odd label such that

min |& - &| = |&, — &']- (8.6)
iodd
For [ even we define 4; analogously. Furthermore, during the time interval [t;/,;/+1), new centers might be
created due to nucleations. Let /1, ..., £, be the labels of the newly created centers.
By the properties of the instanton we have that the upper bound in (8.5) induces an upper bound on the

volume of the mismatch between mg 4 and mg(m()(_yt—“l)). Since the centers i1, . .., i are still far enough,

St 41))
this further induces a bound on the corrJerrponding centers. Hence, both |;, — | and |, — &, |, for i odd in
{1,...,k} are bounded by the estimate in (8.5).

In the next iteration, we construct a profile solving (8.1) for ¢ > ¢,y starting at m(t; 41, -). Using the same
argument as before, we choose another time ¢j 45 € [j' + 2 — %,j’ +2 - %]S with m(;42,) close to M. By

repeating the same procedure we obtain

— — 5'/ 1
(- B 42) = mO o) [y < ce®HP Aj(t), (8.7)

where m is the solution of the equation without the forcing term in the interval [f;i41,%;4+2) starting at
m(-,t;j,41). This induces a bound on the corresponding centers by the same amount. These could be the original
ones, or the ones nucleated in the time interval [t;,,f;41) and continued moving the current one, or those
nucleated during the second time interval [t 41,%;/42). Thus, during the first two bad time intervals of the
connected component [t;,t;), the displacement of the old centers (at time ¢;/) or the distance between the
newly created are both bounded by

PG I R SN CIT L S S

Ale) Ale)
At the end of the connected component of the bad time intervals the corresponding estimate is

/1

j
P P P
Z O+ ——T0 < PS5 — 4 —

o2t 1
Ale) h 0(e) A(e)  d(e)

79 < |loge|?, (8.8)

=4’

by the choice in (5.12).
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9. THE PARTICLE MODEL, TOTAL COST AND TOTAL DISPLACEMENT

9.1. The “particle” model

Given a profile ¢ € U[e 'R, e~2T), in the previous sections we created a function m with I(¢) > I(m). By
construction, see (7.15), at the end of each good time interval the function m has its odd/even centers on the
right /left of the corresponding centers of ¢, eventually after performing a jump by a quantity S, (see (7.12)),
if necessary. To each such center we assign a “particle” whose position is given by the function ¢ — r;(t)
as defined in (7.5). From (5.3) there is a maximum possible number of such particles, say n* and we write
7(t) := (r1(t),...,rp+(t)) for their positions. During a connected component of good time intervals we may have
that some of these particles die as a result of a “collision” as described before. On the other hand, during the bad
time intervals (where the cost is higher) we may get a birth (or more) of two such particles after the occurrence
of a nucleation. Thus, a possible behavior of these particles is the following: at time t = 0 we have the particle
r1(0) = 0 and r;(0) = 0 for all 2 < ¢ < n, which moves in a bad time interval, during which a nucleation takes
place at time t] > 0 and we have the creation of the new particles at positions 7, (t7) = 7, +1(¢]) (distance
|log €]?), with i1 odd (note also that we let r;, (t) = r;,+1(t) = 0 for ¢ < t}). Then the particles enter into a
connected component of good time intervals after (possibly) making a jump in their positions r; by at most
o(|log €|?) as shown in Section 8. Then, before entering into the next good time intervals of small cost, new
jumps may occur as a result of the initialization described in Section 5. After entering, new jumps have to
be taken into account as a result of a jump from a good time interval to the next as in Section 7. In both of
these cases (say at a time t3) it may happen that two particles (r;, and r;, 1) collapse in which case we write
ri, (t) = 14,41 (t) = 0 for all £ > 5. Hence, following the above rules and the analysis in the previous sections we
obtain the configuration of the particles denoted by {n, (r1(t),...,7,(t))} for t € [0,e2T].

9.2. Lower bound

We want to find a lower bound of the total cost determined by the new quantities 7(¢) and the velocities v?(¢).

Furthermore, we have the constraint that the total displacement is > ¢ 'R. From this, we derive a constraint
on v)(t), for t € [0,e2T]. We have to take into account the displacement during the good time intervals, the
jumps S7, (7.12), between two good time intervals, the displacement during bad time intervals (8.8) and finally
the displacement due to nucleation and collision of particles. Thus, the constraint reads:

o 0 1 fo 2 j 2 2
Z/ [v)(t)] > e "R—| cn* Z / ([leb1ll72(an) + Bmax)ds + ¢ Z S7 + |loge|” + n*4]log €]
1=1 {t:ri (1) 70} JE€G+ot ti JE€Gtot

(9.1)
In the good time interval [t;,t;1], using (C.2), we have the following lower bound for the cost:

L+t . L+t cQCA(e)
> 5 e WA
[ [redrenaraz [ el a - 1= GE 0

J

where by Holder’s inequality we also have that

1 =2 -« €el?
ladill 2@y > Y & ‘(abhmféi(t))m(dy) _ ce—ollogel?/2 |
’qu(t);ﬁw ||m ||L2(dy)

Thus, taking also into account the mobility p = 4||7m/||12(4.), in a good time interval we obtain:

ti+1 . ty+1 v (t)? 2 2CA(e)
> N emellogel?/290 kTN p
/t,. /R H(p, @) (z,t)dxdt > /tj _~ %);@ m ce §—1 ~30A0
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On the other hand, the cost in a connected component of bad time intervals is neglected unless if a nucleation

occurs. Following the notation we used in Section 8, [t;/,¢;~) is a generic connected component of bad time
intervals. By using the reversibility property (3.4) we have that:

/t /R’H(oé, ¢)(w,t) da dt > F(o(-, 1)) = F((- ).

Using (5.5) we have that for the given v > 0,
f(¢(7tj”)) - ]:((b(>tj’)) > 2(_]]:(’)’71) - n*’Ya

where ¢ is the number of nucleations that happened during [¢;/,t;~]. Thus, for all € > 0, the total cost is bounded
from below by

e~ 2T 0 2 2
. W0 (t) _ c;CA(e)
#) de dt > = +nF(m) - ——5 =P
L [redenaaz [ 30 S - 00
iry () #£0
—Ceia‘ log 6‘2/26*2T -7, (92)

where n/2 is the total number of nucleations with ¢, n < n* where n* is the maximum number of fronts created
by the nucleations (see (5.3)). Thus, the problem reduces to finding the infimum over the velocities v{(-) of the
right hand side of (9.2) under the constraint (9.1), where i = 1,...,n* is the index of a front and suppose that
its lifetime is T;. With this estimate, arguing as in [11] we conclude the proof of the lower bound.

9.3. Upper bound

First, we compute the optimal number of nucleations. Then, we construct a sequence ¢. € U[e 'R, e 2T,

which at time ¢t = 0 consists of a multi-instanton with 2n 4 1 centers at positions 0 and 2nQile_lR + %| log €|?,

fori=1,...,n. Then for t € (0, 2T] they move with constant velocity % to the right (the odd-numbered)

or left (the even-numbered), where V = R/T. When they are at a distance smaller than |log €| they disappear.
It is easy to check that this sequence satisfies (2.20).

Acknowledgements. We would like to thank Guido Manzi, Nicolas Dirr and Errico Presutti for many fruitful discussions.

APPENDIX A. EXISTENCE OF SOLUTIONS OF THE SYSTEM (5.14)—(5.16)

Recalling the definition of b in (2.9) and of b; in (5.13), we define the sequence {£¥, ¢, m*};>, which solves
the following system of equations (for simplicity we work in the good time interval [0, S]):

b(m*) = b(g1), with m*(-,0) = mo("), (A2)
where ) )
. B 1777%0 2 . B 1—77%&.71 2
oy =1, o1 = 3 an Qg = 3
The initial condition my is as in the initialization in Section 5 and ék = (éf, . ,é,’j) are the approximate centers

of m* defined as in (6.3). We define the initial center £° as the center of the profile m®, defined by:

b(m®) = by, with m°(-,0) = mo(-).
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Then, m! solves the following initial value problem:
b(ml) = Oélbl, with ml(-,O) = m()(').
From the equations above for m® and m! we have:

d
allml(ut) —m ()72 < 2+ B)m' (1) = m®()lI72 + (1 — ar)ball7

But, by the definition of ¢, in (5.17), it holds that |(1 — ag)b1| < ceail|b1|, for every k > 1. Then, applying
Gronwall’s inequality and using (C.1) we obtain:

1 t 1
(. 4y _ 2,0/, 2 <ee2HBS 2 <ce2tP)S____ - A
[lm=(-,t) —m7 (-, t)||72 < ce 1—C§CA()/R/O H(x,s)dsdz < ce 1—cch(e)5(€)’ (A.3)
for some new constant ¢ > 0. We define
& - &7 = max Jé -] (A4)

and estimate |€} — €9, for i € {1,...,n} by

& -8 <

ml—m

Iz

We first show that {Ek}kzo C L*°([0, S]; R™) is a Cauchy sequence. By following the same reasoning as in (A.3),
for every k > 1 we have that

t
ImP (-, t) = mF (1) < ce@ TS / 1b(m™)(-, 5) — b(m*)(-, )] 22ds

1

<ce®tB)Sg_ -~ .
=< T—a2ca’

Therefore, since |[m* — m*~1||;> is small, given a mixed contour I'; we have that:
€F = &7 < Cllm* = m* . (A.6)
For the difference between the two forces b(m*) and b(m*~1), from (A.1) and (A.2) we have:

—m?, 5 1—m? _, 5’
/ ||b(m mFh) HdeS—// 85 - TS by (z,s)*dxds
1 ¢ 2 2 2
§ | [t - md s dsds
Afe))

IN

2 n t
< Z/ / [Mgn-1 — Me—2[1 () <a(e)de ds
i=17/0 JI}
Ale))? _ e Sl
< B sy sup (16 - &) (A7)
0<s<t

In the above computations we exploited the fact that m* and mF~! have the same number of contours and
their centers are close to each other due to (A.6). We combine (A.5), (A.6), (A.7) and for e sufficiently small
we obtain a contraction: _ ~ ~ ~

supl|¢® — €71 < Lsup €7 — &7

where L = C||m/||;1%°A%nS < 1.
Similarly, using the same estimates we can show that the sequences {m*}; and {¢¥}; are Cauchy in the
norm sup, (|| - |lw:.1) and using a standard argument we can show that the limit point satisfies the system.
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APPENDIX B. L' AND L? BOUNDS ON THE CENTERS

We denote
N ={me L>®(R,[-1,1]) : limsupm(z) < 0; limjnfm(x) >0}

T——00 T—=T 00

and define the ¢ neighborhood of M) := {m¢, £ € R} by

M = | |{m e L¥(R,[~1,1)) : |[m —mel|2 < 6}
EER

Lemma B.1. Any m € N has a center. Moreover, there are positive constants ¢ and § so that any m € ./\/l((;l)

has a unique center £(m). Furthermore, for any n € ./\/lgl) with ||m — n||z small we have:
€(m) = &(n)] < cllm —n|L1.
The same result also holds for the || - ||L2 norm.

Proof. From the definition of a center it suffices to find a & such that

(ma m/f)Lz(dug) =0 (Bl)
The function & +— (m, M) £2(dy,) is a continuous function and by the definition of AV we have that

lim sup(m, m¢) £2(av) < 0; l:ggllgof(m,mé)m(dy&) > 0.
Tr——00
Thus (B.1) has a solution.
To show uniqueness, since the function m is in the d-ball around some ¢, (without loss of generality we can
also assume that & = 0), we write
m=1m+, ||¢HL2(du) < 4.
Then (B.1) gives (m,mé)L2(dys) = —(’l/),mé)[/z(dyg) and since |[¢)||z2(qy) < 0, we obtain that

1—

= 2
_ _ m
|(¥, M) L2 (dve) | < |\¢||L2(du)||m2?ﬁ@||L2(dv) <07 m3

||| 2(ar), forany & € R. (B.2)

Following [24], Theorem 8.5.1.1, we choose § < I which implies that there is no solution to (B.2) when

g
ellnzan,)
€l = 1 and [[m —m||L2(ay) < 9.

Given n with ||m — n|/p: small, we write: n = m + x, with ||x|/r: < ¢’. We define
9(&) == (M, M) L2ave) + (0, M) L2 (dve) + (06 M) L2 (dve) (B.3)
Then &(n) is defined by g(£(n)) = 0. We have:

&(n)
0= g(€(M)) = (X Moy p2(avey + /5 OIS
Since |£(n)| < 1 and |{(m)| < 1 we have that |z| < 1, thus ¢'(z) > ag/2. Hence,
2 B 2 Me (m
[67) = £0m)] < =106 Ty 22 v < oo Il 7= f%gf e

which concludes the proof. Alternatively, we can have the following inequality:

€(n) — €(m)| < —

aio‘(X?m./f(m))L2(dV§(m))| < |XHL2(du)||m/§(m)||L2(dz)7

o

which concludes the proof for the case of the L? norm as well. O
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APPENDIX C. ASYMPTOTIC ANALYSIS OF H
For H given in (2.13) we have that uniformly on u € [-1,1] and w € (-1, 1):

lim 7%(1)’“’1”) _! and lim Hbww) L
lb|—oc |b|log(|b] +1) 2 =0 b2 4(1 4 uw)

Moreover, for the choice of A(e) in (5.12), in the case |b] < A(e), we have that:

|H (b, u,w) — V| < Cb)P < CAe)?,

4(1 + uw))

for some C' > 0. Thus, for b; defined in (5.13), using (5.17) we have that for the same constant C' > 0 the
following hold:

1

al(x,t)by(x,t 2dxdt§7/ H (b, u, w)dx dt C.1

/{msme)}' (et 1= CA() Jypi<aey ( ) -y
and

1
H(b,u,w) — ——b2|dedt < CA(e / b2 (z,t) dzdt
/{b|<A(e)}| ( ) 41 + uw) i ) {lb|<A(e)} )
< ciC’A(e)/ |o(, t)b(x,t)|* dz dt.
{Ibl<A(e)}

Adding and subtracting f{‘b|<A(6)} H (b, u,w)dx dt, for e small enough it is further implied that

1 c2CA(e)
H(b,u,w) — ——<b? dwdtg*i/ H(b, u, w)dz dt, C.2
/{IbSA(e)} # ) 41+ uw) | 1—c2CA() Jypi<aey ( ) €2

which is small as € — 0 since the cost is bounded by P and A(e) — 0.
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