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THE SHARP INTERFACE LIMIT OF AN ISING GAME

WiLLIAM M. FELDMAN!®, INWON C. KiM? AND AARON ZEFF PALMER?"

Abstract. The Ising model of statistical physics has served as a keystone example of phase transi-
tions, thermodynamic limits, scaling laws, and many other phenomena and mathematical methods. We
introduce and explore an Ising game, a variant of the Ising model that features competing agents influ-
encing the behavior of the spins. With long-range interactions, we consider a mean-field limit resulting
in a nonlocal potential game at the mesoscopic scale. This game exhibits a phase transition and multi-
ple constant Nash-equilibria in the supercritical regime. Our analysis focuses on a sharp interface limit
for which potential minimizing solutions to the Ising game concentrate on two of the constant Nash-
equilibria. We show that the mesoscopic problem can be recast as a mixed local/nonlocal space-time
Allen-Cahn type minimization problem. We prove, using a I'-convergence argument, that the limiting
interface minimizes a space-time anisotropic perimeter type energy functional. This macroscopic scale
problem could also be viewed as a problem of optimal control of interface motion. Sharp interface
limits of Allen-Cahn type functionals have been well studied. We build on that literature with new
techniques to handle a mixture of local derivative terms and nonlocal interactions. The boundary con-
ditions imposed by the game theoretic considerations also appear as novel terms and require special
treatment.
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1. INTRODUCTION

This article develops an Ising game as a model example for spin games and the phenomenon of phase transi-
tions in mean-field games. Game theoretic models incorporate rational agent behavior, introducing additional
complexity to the particle models of statistical physics. These models are suited to applications including social
dynamics, economics, and neural networks.

We begin with first introducing our framework. To put our work into context, we survey a series of results
in the literature, including the passage from the discrete spin games to continuous mean-field games. Our main
result, stated in Section 1.5, focuses on a mesoscopic to macroscopic scaling limit for the Ising game.

1.1. Motivation

In economics, the study of games has been used to form insights into phenomena that arise when the players
exhibit free will and decision-making in their choice of actions. Beyond the original applications to economics
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and finance [1], game theoretic models have been used in evolutionary biology [2] and opinion dynamics [3].
Mean field games were introduced in [4, 5] to study many player games through the statistical mean-field limit.
Mean field games have been employed for many applications, including economic models of income distribution
[6] and price formation [7] and biological models for flocking behavior [8] and decision-making of honeybees [9].
Along with games, one can consider distributed optimization problems — where many individual agents take
actions with a collective objective — for example, arising from the management of a smart energy grid [10],
charging of electric vehicles [11], or training weights of a neural network [12].

Phase transitions have been proposed to be important phenomena in understanding biological systems [13],
[14], neural dynamics [15, 16], and social behavior [17]. A mean field game model with phase transitions was
recently introduced to study the synchronization of agent behavior [18]. Many frameworks exist to model such
systems. In this work, we consider an intersection between the frameworks of dynamic games and spin systems
that allows for both concrete calculations and general mathematical analysis.

There are many interesting aspects that arise in phase transitions, including mesoscopic and macroscopic
scaling limits and interface dynamics [19], fluctuations in the mesoscopic limit and universality classes [20],
and spontaneous phase separation [21]. All of these aspects have been studied at length for many differ-
ent particle models. In this work, we first briefly review the mesoscopic limit. We then focus our technical
analysis on the macroscopic limit and interface dynamics, where we find novel features that require new
techniques.

1.2. Spin games

Spin systems arise in the analysis of the magnetization of solid-state materials where the spin represents
the magnetic moment of a particle. Another common application of spin systems is that of the grand canon-
ical ensemble of particles interacting as a fluid. In these models, the spin is interpreted as a discretization
of the particle density. In this way, spin systems can be used generally as a discretization of models with
continuous state variables. Spin systems have been considered in connection with the mean-field behavior of
populations in [22, 23], and [24]. An Ising game with discrete player actions was studied in [25] played on
graphs, where a dynamic evolution was considered that behaves similarly to the Ising model in the mean-field
limit.

We combine the concept of spin systems with a multiplayer game, where each agent controls their own spin
in an optimal manner. The Ising game is a prototypical example of such a spin game that mixes a discrete state
variable with a continuous state position. A fundamental distinction with models of statistical physics (as well
as the evolution considered in [25]) is that players will look ahead, and their prediction of the future influences
their control decisions. The spin game models provide an ideal environment to study the phenomenon of phase
transitions with the addition of rational behavior. The potential game structure relates Nash equilibria to
critical points of a global cost analogous to the free energy in statistical physics.

The combination of discrete and continuous state variables has recently been treated in [26]. A general
treatment of finite-state mean-field games is given in [27] and [28]. Phase transitions were observed in [29] as
a bifurcation of the ergodic mean-field game system. The solution to the master equation is analyzed in [30]
and [31]. Phase transitions and related segregation phenomena in continuous space mean-field games have been
studied using bifurcation analysis in [8, 32]. Further analysis of the fluctuations about equilibria was undertaken
in [31]. The more general study of nonuniqueness in mean field games has been covered in [33, 34].

We find that the Ising game with nonlocal interactions undergoes a phase transition as the strength
of player interactions changes. When the interaction strength is small, the players do not deviate from
a ‘rest’ behavior that results in independent spins with zero mean. Above a critical interaction strength,
the players will instead exert their control to align more closely with their neighbors, resulting in a
nonzero mean.

The phase transition corresponds to a bifurcation of solutions to the mean-field game system. When we include
the nonlocal interactions of continuous spatial variables, we find new dynamics that we can best understand by
considering a macroscopic limit.
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1.3. Mesoscopic limit

An initial step is to understand passing from a lattice spin game to the mean-field game on the mesoscopic
scale. We discuss this in detail, albeit formally, in Section 2. Passage to the limit has been studied rigorously
for continuous mean field games in [35, 36] and for discrete mean field games in [31]. Results for semi-discrete
mean-field optimal control problems have been obtained in [26].

The resulting terms in the mean-field game will be discussed momentarily, and we motivate them by the
dynamics of the spin game. Each player has a position on the torus and a spin in {—1,1}. In the mean-field
limit, the spins are aggregated in local neighborhoods to obtain a spin field on the torus. The players choose
a rate to flip their spins, which at the mesoscopic level corresponds to controlling the rate of change of the
spin field. The cost of applying a given rate can be reinterpreted in the mean-field game as a Lagrangian cost
function of the rate of change. The spatial interaction costs are through a kernel J, which we assume to have a
mesoscopic length scale, yielding a non-local interaction for the mean-field game. The combination of local and
non-local terms is a novel feature of this model and a significant challenge in our technical analysis. A boundary
condition is given at the initial time, and at the end time a terminal cost is added so the players prioritize a
target spin.

At the mesoscopic scale, we observe a potential structure where critical points of an energy functional provide
Nash equilibria for the mean-field game. In the main results of our paper, we will focus on characterizing the
minimizing Nash equilibria by analyzing the macroscopic behavior on long-time and length scales. A simple
consequence for the mesoscopic problem stated as Corollary 4.2 is the nonuniqueness of Nash equilibrium for
sufficiently large scales. Prior work on the long-time limits (without scaling space) of potential mean field games
have found connections with weak KAM theory [37, 38]. Analysis of the long-time limit for the mean field game
with a synchronization phase transition (introduced in [18]) has been done recently in [39].

1.4. Macroscopic limit

The literature on the Ising model and other macroscopic limits of phase transition models is vast. For a
treatment of the analogous results in the Ising model, see [19, 40, 41]. Novel mathematical tools were developed
in [42, 43]. Our approach is more akin to the study of sharp interface limits of the Van der Waals-Allen-Cahn-
Hilliard model of gradient phase transitions [44]. Additional tools for similar models are developed in [45-48]. As
in these works our approach is based on the notion of I' convergence and is appropriate for the Nash equilibria
corresponding to global minimizers of the potential energy. See below in Section 1.6 for discussion of more
general Nash equilibria.

We establish a surprising equivalence between the mesoscopic spin field optimal control problem and a mix-
ture of the local and nonlocal Van der Waals—Allen—Cahn—Hilliard models. The resulting macroscale interface
minimizes a cost functional, which takes the form of an anisotropic space-time area. Alternatively, the resulting
interface evolves in time with controlled propagation speed. Closely related macroscopic models of distributed
optimal control are considered in [49, 50].

While we use many tools from the related phase transition models, combining them in this new way introduces
many novel aspects of the analysis. The boundary conditions imposed by the game theoretic considerations also
appear as novel terms and require special treatment.

1.5. Main result and outline

Our contributions consist of both the introduction and the analysis of spin game models. More precisely,
we start with introducing and motivating a class of spin game models at the microscopic, mesoscopic, and
macroscopic scales. Next, we focus on the mesoscopic to macroscopic scaling limit. We reduce the study of
equilibria in the Ising game to critical points of an energy functional that combines a kinetic energy term, a
double-well potential, and a nonlocal energy in the spatial directions. We introduce an analysis of the “effective
surface tension” and initial and terminal time boundary layer costs associated with this model. Finally, we
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use new analytical techniques, within the established context of the sharp interface limit theory of phase field
models, to handle the mix of local and nonlocal interaction costs and the additional boundary layer terms.

After expressing a more general framework, our analysis focuses on a more specific Ising game, which consists
of the following elements:

e A spin field on the space-time domain, s : [0,T] x T¢ — [~1, 1], that represents the mean spin. The spin
field is determined by selecting control policies, a+ : [0, 7] x T — R™, that represent the rates of flipping
from +1 to —1 and from —1 to +1. The evolution equation for the spin field is given by

1+ s(r,2)

L(T’Z)—G,JF(T,Z) #7 (11)

AO0rs(T,2) = a_(7,2)

where the small parameter A > 0 corresponds to a mesoscopic scale.

e A Lagrangian cost function, L : [0,1] x (RT)? — R, of the local mean spin and controls, which is a local
running cost density associated with a player controlling the rate at which their spin flips. From the
structure of the spin game, we get the form

1 1-—
RIS T -

L(Sa a:l:) = l(aJr)
We choose to work with a cost function of the form

l(a) =B " a(log(a) — 1)

that closely resembles an entropic term in the Ising model, although our analysis could be modified for
other convex coercive functions, a + [(a). The parameter 3~ > 0 has an interpretation as a cost coefficient
and appears analogous to the temperature. The convex Lagrangian L enforces that the flipping rates are
positive and encourages a4 to coincide at a neutral value. Consequently, L encourages the mean spin s to
rest at zero. The derivation of this form of Lagrangian from a microscopic model is covered in Section 2
for further motivation.

e An interaction running potential cost density of the form

1
—5s(r2) (N xs(r, ) (2),

where J*(z) = A"%J(A! 2) is a nonnegative, rescaled interaction kernel that encourages players to align
their spins with their neighbors at a length scale of A. The strength of the interaction is given by
J= Jga J(z)dz. As explained in Section 2, minimizing the total potential cost (C* below) corresponds to
Nash equilibrium strategies. The competition of the Lagrangian and the interaction energy results in a
phase transition where, when 3 J > 1, players prefer to organize themselves at a constant Nash equilib-
rium with mean spin s > 0 or —s. We denote the corresponding running cost density of the constant Nash
equilibria by A.
e An initial spin configuration s : T¢ — [—1, 1], and a terminal cost of the form

/Td 9(z) s(T, z)dz.

These initial and terminal conditions cause solutions to deviate from the constant Nash equilibria.
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Our specific problem is now to minimize and to study the sharp interface limit A — 0 of the averaged rescaled
cost (in the macroscopic (7, z) coordinates), under the constraint (1.1) and the initial data s(-,0) = so,

CM(s,ax) =271 /OT /Td [L(S(T, z),a4(7,2)) — %S(T, 2) (J* * s(1,))(2) — A} dzdr
+ /W 9(2) s(T, z)dz.

As A — 0, the mean spin concentrates on the set {—s,s}, except on an interface ¥ and the boundary layers
at 7 =0 and 7 = 7. The contribution of the asymptotic behavior at the mesoscopic A-scale of C* allows us to
characterize the interface between the equilibrium states as a local minimizer of the macroscopic energy, as we
will see in the context of the I'-convergence.

Our analysis begins with the illuminating observation that the cost can be decomposed, up to a total derivative
(®'), into the sum of a double-well potential (W3), a Dirichlet-like strictly convex function (¥) of d;s, and a
nonlocal interaction cost (J*). The integrand of the space-time integral of C* becomes

i875(7’, 2)®'(s(1,2))

1
XWﬁ(S(T, z)) + 55

(s(1,2),\0-8(T, 2)) + ﬁ /er JMz —w)|s(T, 2) — s(7,w)|*dw

1
+ —v
26\
(see Cor. 3.4). Using this decomposition, we show that the rescaled spin variable converges to one of the stable
equilibrium states —s or s, with a transition interface ¥ in between the states. Moreover, we show that the cost
in the macroscopic limit, in I'-convergence sense, is given by the sum of initial and terminal time boundary
layers, and the space-time integral of an anisotropic interfacial energy with “effective surface tension” L,

/ E(V(T, z))d’Hd,
o

where H? is the d-dimensional Hausdorff measure on the space-time interface ¥ = 9,{s = +s} between the
{—s,s} and v is the space-time normal on ¥ pointing toward the s-region.
Our main result, which is stated in full below in Theorem 4.1, is summarized by:

Theorem 1.1. The mesoscopic scale cost functionals C* converge as A — 0, in the sense of I'-convergence on
appropriate spaces, to the macroscopic scale cost

V(5) = mnit(s0(2),5(0, 2))dz end(5(T, 2 z))dz L(v(r, z d
V) = [ V(o) s0.2)ds + [ VST o)z + [ Livtr )i

among BV functions 5 : T — {£s} with ¥ = X(5) as the discontinuity set, and v = v(3) as the measure-theoretic
normal vector field on %, pointing toward the s-region.

In particular, sequences of minimizers for C* are precompact in L' and any subsequential limit as X\ — 0
minimizes V.

See Figure 1 for an illustration of a macroscopic limit s.

The initial and terminal time costs can be represented by a one-dimensional problem, showing that the
solutions are locally constant in space near the boundary layer. A remarkable relation appears between the
initial and end times that

vend(s, g) = inf {Vi"”(é‘m 5)+gs0+ %é(é’o)}, (1.2)

S0
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FIGURE 1. Schematic diagram showing a cross section of s solution in d > 2 (in d = 1 such
catenoidal type solution would not occur). Boundary layers at scale A are displayed around the
phase interface and initial and final times.

(see Rem. 3.9). The ® term contains all of the asymmetry between the initial and final time as the remaining
terms in the decomposition of Corollary 3.4 obey a time-reversal invariance as s(7,z) goes to s(—7,z). This
relation also shows that without an end cost g it is advantageous to relax back closer to 0 from the equilibria
+s near the terminal time. This feature is intimately connected with the forward-looking nature of control
problems: the agents anticipate the end time and turn off their controls to save costs.

The key element of the analysis is various quantitative versions of patching estimates (see Sect. 4.2), which we
use to localize the profile of the spin variable near the transition interface. The other essential ingredient is the
elegant idea introduced in [46] to study a nonlocal interaction energy, where the patching lemmas are applied
to polyhedral regions to construct a recovery sequence for the I' convergence of the cost. While this approach
does not readily yield quantitative error estimates, for our purpose it provides a relatively simple alternative of
perturbing smooth surfaces to compare it with hyperplanes.

1.6. Open questions

There are interesting open questions that arise from our analysis. For instance, we can question the shape of
the minimizer for V' as well as the regularity or geometry of the interface. We suspect that our limit Lagrangian
L is at least continuous with respect to v when the interaction kernel J is isotropic, but it is not easy to check
this due to the anisotropy created by the time variable. Even with a regular L, the shape of the minimizing
interface is not necessarily regular in higher dimensions, as we see from [51, 52]. It is also natural to ask whether
L can be obtained by only considering planar traveling wave solutions. This is true in the case of the nonlocal
interaction energy studied in [46], see [53]. We answer this question positively for the boundary layer costs, but
it remains open for the interfacial cost.

Another natural question is on the asymptotic behavior of phase transition near s = 0 when the “inverse
temperature” [ approaches the critical value where the local parts of the cost dominate and the double-well
structure disappears via +5 converging to zero.

The boundary layer terms appearing in the macroscopic cost is a novel feature in our problem that merits
further study: for instance, there is an apparent symmetry between the initial and terminal cost (see Rem. 3.9
and (1.2)).
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While we specialize our model with a specific Lagrangian, for which calculation is convenient, we expect that
our analysis extends directly to a more general class. For example, we can consider the Lagrangian functions
that have the form

1+s 1—s

L(s,a+) = l(ay) 5 +(a-) 5

where I(a) is convex and satisfies I'(a) — —oo as a =+ 0 and I'(a) — +occ as a — +oc.

A more interesting and difficult open question is whether one can obtain similar results for nearest-neighbor
interaction costs, analogous to what was achieved for the three-dimensional nearest-neighbor Ising model
in [40].

It would also be interesting to study more general locally stable Nash equilibria. There are results on the
sharp interface limit of locally stable solutions in the context of the Van der Waals-Allen-Cahn-Hilliard model,
see for example [54, 55]. However we are not aware of any such results for non-local or anisotropic models that
arise in our work.

2. SPIN GAMES

In this section, we introduce and provide a non-rigorous exposition on spin games: N-player games, mean-field
control, and mean-field games. In particular, we derive the novel terms that arise in the mean-field spin game
from their microscopic counterparts. The formal derivations discussed in this section are meant as motivation
and contextualization for the rigorous mathematical work that we conduct later in the paper, which considers
a mesoscopic to macroscopic limit.

In the length scale spectrum considered in this work, the N-player game is a microscopic model, and the
mean-field control and game problems are mesoscopic models. To distinguish phase transition phenomena from
other sources of non-uniqueness, it is necessary to consider both the N-player and mesoscopic levels. We observe
that, at least for the global control problem with N players, there are unique solutions. However, in the Ising
game of Section 3, we obtain non-unique solutions of the mean field game system.

2.1. N-player spin games

We consider N players with fixed positions on a uniform square lattice, V> € T?¢. The collection of all
positions is denoted as xV € TN. Each player has a discrete spin state o' € § = {—1,1}, and the player
controls the rate at which their spin flips according to the control Aiv " € R*. We denote the collection of all
spins as o™ € SV and of all controls as AN € (R*)Y. When determining their optimal strategy, each player
may consider the states of all other players, which we encode into the empirical spin measure mgyn v € M(T),
a finite variation signed measure on T¢,

1 N

— E Nyi ;

MgN xN = o g 5IN,1.
N =

We let P(S") denote the space of probability measures on spin configurations. We will consider the evolution
of state distributions ul¥ € P(SY).

To ease the notation we drop IV when it can be inferred from the context.

The problem consists of specifying the following:

e A Lagrangian cost function on the control space, [ : RT™ — R, which is the cost associated with a player
flipping their spin.

e An individual running player cost on the state and empirical measure space, f : S x T¢ x M(T?) — R.
We also consider the case of a global running cost that is a function only of the empirical measure

f: M(T% — R.
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e A terminal cost on the state and empirical measure space, §: S x T¢ x M(T?) — R, and the analogous
case of global terminal cost g : M(T9) — R.
e An initial distribution of states pl’ € P(SV). For example, o' are independent with mean so(z*) for
d
o: T — [—1, 1]

An important aspect of game theoretic problems is the information available to the players. We work here

assuming full information, i.e., closed loop, where each player may choose their control as a function of the state
of all the other players

(t.0) = A(o).

Given A, we define the joint distribution u# € P(SY) as the joint distribution of all players with spin 4
flipping at rate Ai(o), that is u is the solution of

40 = 13 (Aiond (to) - Ailond' () (21)
2 t t )

i=1

where t'o denotes the collections of spins with the sth component flipped to be —o
Global control problem. We define the global cost to be

/ Z ())+f(ma,x)}uf‘(a)dt

GSN i
E 9(Me x) iy (o)
ocSN

and the control problem is

eN(A).

inf
A:[0,t]XSN —(RH)N

This has the form of either a standard optimal control problem with states in P(S™) or as a continuous time
Markov decision process with discrete states in SV. We let V¥V : [0,7] x SV — R be the value function that
solves, for x fixed and ms x the empirical measure introduced above,

Vi (o) = —g(mox)

and

where h is the Legendre transform of a — [(a) and the discrete finite gradient is

IV (o) = VN (o) — VN (o).
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By standard theory, the value function V¥ is the unique solution to these equations and the optimal control is
given by

Ai(o) = h/(% OV (o).

N-player game. We define the individual costs to be

We consider the differential game played by the N players. A Nash equilibrium is collection of controls A such
that for each ¢ we have

Ny <i No((L . AT D).
¢'(A) <infe ((.., AL B, A™ )

We look for coupled solutions v with

Uijy7i(a-) = _g(giaxiyma,x)v

and

0 N 1 j N

0= a”t (U)+§ Z Ai(0) v, (o)
1<G<N
J#i
1 . i ~ . .

+ h(i azviv, (U)) - f(o—l,wl,ma,x)7

with

Al(o) = h’(%@jvi\"j(a)).

2.2. Mean-field spin games

Since the dependence of each player’s costs on the other players is only in terms of the empirical spin
measure, one expects the system to limit to a mean-field game as N — oo. Specifically, the random empirical
spin measures, My x, concentrate on a flow of deterministic spin fields s(¢, ) corresponding to the mean of
o' for x* near x. We follow this concept in order to, non-rigorously, derive the corresponding mean-field game
system in the infinite-player limit.

For the mean-field version, we consider control policies a4 (t,x). We work in terms of the spin field s(t, z),
which represents the average state of the players near = at time t. We note that the density of players in state

+1 can be recovered as HST(”) The evolution of the spin field is given by
0 1—s(t,x) 1+ s(t,x)
Sstn) = a (o) — a5 (2.2)

s(0,2) = so(x).
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f(=o,z,m), and when s(z)dz = m(dz), i.e., m is absolutely continuous with

We assume that f(o,z,m) = — A
= f(+1,z,m). When

respect to the Lebesgue measure and its Radon-Nikodym derivative is s, we write f(z, s)
Me x concentrates at s(t, z) under the probability measure p. (o), we have

Z Zf o', 2 Mo ) (o Z/leff x, 5( HU;(t’I)dx—Adf(x,s(t,~))s(t,x)dx,

UESN =1

and we do the same for § and g. We also abuse notation slightly, to write f(s) = f(m) when s(x)dz = m(dz).

We now counsider the state space to consist of the spin fields s(t, -), denoted by

X ={sp € L*(T%) : =1 < s0(z) <1 a.e. x € T?}.
The global cost is given by

C(s,a) = /OT [/T L(s(t, ), ax(t,2))dz + F(s(t, .))}dt +g(s(T ),

where

1+
L(s,a+) Zlag 7
oE€S

Mean-field global control. The global optimal control problem is

inf {C(s,a); (s,a) solves (2.2)}.

5,0+

The value function is defined for so € X to be

T
Vio (S0) = :1;5 { —/t [/ﬂ‘d L(s(t,z),ax(t,z))dz + f(s(t, -))}dt —g(s(T,")); (2.3)
%s(t,x) =a_(t, x)%w —a(t, x)m on (t,T] x T¢,
s(to, ) = so}.

The McKean-Vlasov equation (2.2) can be expressed as, for all ¢ € C*([0,T] x L*(T?)),

o7 (s(T,-)) — do(s(0,-))
T
= [ [Grotste )+ X [ Dortste. ) @) =oag (0T D ao]ar

og€eS

where D¢(r) is a Frechét derivative we can view in L2(T¢9).
Let the Hamiltonian be

H(s,p) = Y h(-op) =572

oc€ES
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Formally, following the normal derivation using the McKean-Vlasov equation, one arrives at the Hamilton-
Jacobi-Bellman equation on the spin-field space

5V + [ H(s(). DVi(s)@)dz = (o) (24

with

Mean-field spin game. For the mean-field game, we fix a flow of spin-fields r(¢,-) € X, and we consider the
cost

(s,aq;T / /Ed x),ax(t, a:)) + f(x,r(t,-))s(t,m)}dxdt
/ng(x r(T,"))s(T,z)dz.
We are looking for Nash equilibria, i.e. (s,ay) that satisfy (2.2) such that
C(s,ax;s) <C(s',alL;s)
for all (s',a/,) that satisfy (2.2). We can equivalently consider the set-valued map
O(r) = {s i (s,a4) satisfy (2.2) and minimize C(s,ai;r)},

and we want to find a fixed point s € ®(s).
In the game case, the value function v (z, s) solves

0= %’Ut(l‘, s) + Z /d Ay (U,y, s)(—g)l—"_afs(y)th(x’ 8)(y)dy (2.5)
+>5h UWmSD*f@J%
o€eS
with
ve(x, s) = —g(x, s),
and

Ai(v,y,8) =W (= ve(y, s)).

2.3. Survey of results

We now list a few standard results, which are common in either finite-state mean-field games or continuous
mean-field games [27, 28]. The proofs can all be adapted to spin games.

Potential games. A potential game occurs when the costs, f(x,s) and g(x,s) are derived from potential
costs as f(x,s) = Df(s)(z) and g(z,s) = Dg(s)(z). In this case, the Nash equilibria for the mean-field game
correspond to critical points of the global control problem.
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Proposition 2.1. We suppose that f(z,s) = Df(s)(x) and g(x,s) = Dg(s)(z). If V is a solution to (2.4) on
[0,T] x X then ve(z,s) = DVi(s)(x) solves (2.5).

Proof. Equation (2.5) is obtained by differentiating (2.4) with respect to the field argument, s. In particular,
we have

D [ H(s(y),DVi(s)(y))dy(x)

Td
o 14+ o0s(y
= Y Zn(— oot + [ S0~ 0 D)) T L D))y
oes T4 ses
o 1+ 0s(y)
= > S h(—oDVi(s)@) + | Y (o) Aoy, s)——— Du(a, s)(y)dy.
Td
o€S o€eS
O
Mean-field Nash System. In either the game or global case we have the mean-field Nash system, which is
0 B 1—s(t,x) 1+ s(t,x)
= s(t,2) = o () 3 —ay ()0 (2.6)
0 o
*&p(t,I) = Z §h( - Up(t, I)) - f(xv S(tv ))

o€esS
as(t,x) = h'(—op(t,z)).

With s(0,z) = so(z) and p(T,z) = —g(z,s(T,-)).
Monotonicity. If f and g are monotone, i.e.,

(f(:r, st — f(x, 52)) (sl(x) — 32(x)) >0, and, (g(;v, st — g(z, 32)) (sl(x) — sQ(x)> >0,

then the solution to (2.6) is unique. This is analogous to the Lasry-Lions monotonicity condition that is common
in the study of continuous state mean field games. We will be interested in the phenomena that arise without
this property.

Proposition 2.2. Suppose that (s*,p') and (s%,p?) are two solutions to (2.6). If f and g are monotone, then

st =52 and p' = p?.

Proof. The proof follows exactly the same idea as the monotonicity argument for continuous games as in, for
example, Proposition 3.2 of [35], by showing that the quantity

1+osi(tz 1+ 083tz
S (o' (to) — op? () IS T S () - opP(r,a)) LIS
o€ES oc€ES
decreases along the flow, and is nonnegative at the end-time due to the monotonicity of g. O

Convergence of N-player games. Solutions of the N-player game / global control problem converge to the
solutions of the mean-field game / global control problem when the interactions are in a mean-field form.
Without the uniqueness of solutions, it is often necessary to consider a weaker randomized notion of solutions.
On the other hand, classical solutions to the master equation (2.5) construct approximate solutions to the
N-player problem, but without the Lasry-Lions monotonicity condition (or a similar condition), such classical
solutions do not always exist. Results on the convergence of continuous games can be found in [35] and [36].
The well-posedness of the master equation was extended under the assumption of displacement monotonicity
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in [56]. The convergence problem for finite state games has been analyzed in [31] and [28]. The master equation
has also been used to determine the fluctuations about the mean and a large deviations principle [31, 57]. We
expect the results for the framework of spin games to follow similar trends from these works, although we do not
pursue them in detail here. Without a monotonicity assumption that guarantees the uniqueness of solutions,
much less is known, and to better understand the convergence remains an important research area.

A remarkable aspect of these results is that the resulting mean-field game system (2.6) does not depend on the
information structure of the players, or even whether the problem originated as a game or as a global distributed
optimal control problem. We focus on this system as the starting point for our macroscopic convergence analysis.

3. ISING GAME AND MACROSCOPIC LIMIT

We now specify a problem formulation for which we consider in depth the question of a macroscopic scaling
limit. The problem, modeled after the statistical Ising model, exhibits a phase transition, where in the ‘ordered’
phase two stable stationary equilibria solutions are present. In the macroscopic limit, all equilibria will concen-
trate on these two solutions except on a codimension-one interface in space-time. We consider only the case
of a potential game, in which case the global optimizers correspond to Nash equilibria. In contrast with the
Ising model, the interface is ‘controlled’, to minimize an inhomogeneous space-time surface area, which can
also be viewed as a minimization of the speed of propagation along the front. See the discussion at the end of
Section 3.4.

We work on the ‘mesoscopic’ domain [0, \™' 7] x A™1T¢, where A™'T¢ is the d-dimensional torus of width
A1 that can be associated with [0, \~!]¢ C R%. We recall that in the discussion in Section 2 we have already
passed from a ‘microscopic’ scale, which appears in the mesoscopic scale as a length scale of order A~! N—1/4
(so we are effectively considering that N >> A~ >> 1).

The interaction will be determined by a kernel satisfying the following assumptions:

(A1) J:R? — R is non-negative and has finite total mass

J = /R ().

(A2) Finite first moment
/ Ih[.J(h)dh < +oc.
Rd
The interaction acts at a distance of order one on the mesoscopic scale where we use (t, ), which will appear

as a distance of order A on the macroscopic scale where we use (7,2) = (At, Ax). We consider the convolution
on a torus, for n € L2(A1T?), Jxn € L2 (A1 T9) as

(e = [ I —)atw v

where we have used the periodic extension of 1 to R%.

3.1. Problem statement and macroscopic scaling

We rescale the cost by subtracting the cost of the stationary equilibria, A, and multiplying by A¢ to capture
the costs on a co-dimension one region. We consider the asymptotics as A —T 0 of the problem to minimize

AThT
CM(s,aq) = A? /0 /}\71@ [L(s(t,x),ai(t,x)) + f(z,s(t,-)) — A}dxdt (3.1)

+ A4 /)\AW g\z) s\ T, 2)dx
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where we define, inspired from the microscopic problem with i(a) = 87! a (log(a) — 1),

L(s,ax) = 8" s (log(as) — 1) 105 + 47 a_ (logla_) — 1)1 >, (32)
and
Fla,5) =~ s(x) (J % 5)(a), (3.3)
subject to the constraint
dys(t, ) = a_(t,z) 1_%(“”) ~ay(t,2) H%(”) (3.4)

5(0,z) = so(\, ).

The Lagrangian incentivizes the neutral strategy, a.+ = 1, where the spin switching rate is always 1. With this
strategy, the mean spin would lie at rest at s = 0. The parameter /3 has the same effect as the inverse temperature
in the Ising model, although the interpretation here is a control penalty and not inherently statistical. In the
same fashion as the Ising model, the interaction incentivizes agreeing with nearby spins when J > 0.

The constant, A that corresponds to the cost of the stationary equilibria, is given by

J 1

2 92p82)

Remark 3.1. We assume that g does not depend on the spin field for simplicity, although our techniques would
allow such dependence. In particular, it is natural to allow g to depend on s(x) locally, which is slightly different
from the terminal cost in Section 2, where it was assumed that g was defined over the empirical measures. This
local form meshes naturally with our macroscopic analysis and could be the limiting result of a slightly more
complicated microscopic problem.

We introduce the costate p(t, x), so that a; maximizes the Hamiltonian,

1-— 1
H(s,p):= max{(a_ 287(14_ ;S)pL(s,ai)}
at

= 5" cosh(Bp) — B s sinh (Bp),

where the maximum occurs at
a_=e’P. a, =e PP
The optimality equations, equivalent to (2.6), are

Os(t,x) = sinh (Bp(t,z)) — s(t, z) cosh (Bp(t, z)) (3.5)
—Op(t,x) = — B! sinh (ﬁp(t,a:)) + (J * s(t, ))(m),

with

s(0,z) = sop(Ax)
—p(A\TI T, x) = g(Az).
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Because we work directly with the energy, which we will view as a function of (s, d;s), we mostly will not refer
to (3.5) nor the costate p.
We note that the problem can also be posed in the macroscopic coordinates of

(1,2) = Az, \t).

In the new variables the cost can be now written as
T
CM(s,ax) = )\*1/ / [L(é(T, 2),a4(1,2)) + f(2,8(r,7)) — A} dzdr +/ 9(2) $(T, z)d=
o Jrda Td

with 8(7, z) = s(A~1 7, A~! 2) moving with the ‘fast’ dynamics

1—-3(r,2) 1+ 3(7,2)

A0 8(1,2) = a—(1,2) —ay (1, 2) 5 )

and with the ‘short’ range interaction

fA(z,8) = =5 3(2) (J* * 3)(2),

N |

with
JMz) = AT 2).
The corresponding optimality equations are

A 0:8(T, z) = sinh (Bﬁ(r, z)) — 5(7, 2) cosh (6]5(7’, z))
~A\9,p(r,2) = — B! sinh (Bﬁ(r, z)) + (J)‘ * §(T, ))(z),

with

5(0,2) = sp(2)
(T, z) = g(z).

We remark that, in this form, the system can be easily simulated using forward-backward iteration: see Figure 2
for some results from simulations.

In the following, we will primarily work in the macroscopic coordinates and drop the hat from the notation
for s, a, and p.

3.2. Alternate parameterization and appearance of a double-well potential

In order to pass to the macroscopic limit, it is helpful to decompose the cost functional (3.1) into terms that
resemble more closely what has been studied in the literature. The interaction cost (3.3) will be split as a local
term and a nonlocal gradient penalization in (3.6). An identical nonlocal term has been studied in [46] alongside
a double-well potential, and we use this work as a primary guide for our analysis. The local part of interaction
cost combines with the Lagrangian cost (3.2), and then further decomposes as a double-well potential, Wg, and
a local penalization of the time gradient, ¥, that is similar to kinetic energy. The local terms closely relate to
the gradient penalizations with double-well potentials that were studied in [44] and many other works, except
that we only have the time gradient and no spatial derivatives. The Ising game can thus be seen as a mixture
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FIGURE 2. A spatial slice and a time slice of a 2D simulation, with 3~ = 0.9, J=1.T= 1.5,
where J is a standard Gaussian and A = 1/40. Numerics were implemented using a simple
forward-backward iteration of (3.5) with 802 spatial grid points and 300 time grid points. We
observe numerical convergence despite the lack of convexity of the problem.

of the local and nonlocal phase transition models, which is local in the time component and nonlocal in the
spatial component. This mixture introduces many new challenges. However, using the decomposition detailed
below, many of the techniques of both the local and nonlocal theory can be adapted for our analysis.

We expand the interaction cost as

A _ ! ] s(2)%dz 1 Mw — 2)(s(w) — s(2)) dw dz
Tdf(z,s)s(z)dzf 2/11*dJ()d +4/Td/11‘dj( )(( ) ())d dz. (3.6)

The first term may now be combined with the local control cost. To put this into a more standard form, we
express the local running cost terms as a function of the spin field and velocity,

1-S 1+S}. (3.7)

. 1.,
W(S,V) = inf {L(S.As) — 5T 8 = AV = A_ =2 — A4y =

Our first main goal is to decompose the local running cost W (S, V') as a sum of simpler and easier-to-understand
components: see Proposition 3.2 below. The local energy W will be written as the sum of a double-well potential
(W5 analogous to the double-well (1 — 5?)? as would appear in Allen-Cahn) and a convex ‘Dirichlet’-like kinetic
energy (¥(S,V) analogous to V2 as would appear in Allen-Cahn) that is quadratic near V = 0 and grows
superlinearly like |V|log|V| as |V| — oco. An additional term ® appears in the form of a total time derivative,
which can be integrated out of the cost and incorporated into the boundary conditions. Surprisingly, the total
time derivative term encapsulates all of the time asymmetry of the problem. This term does not have any
analogue in typical local or non-local Allen-Cahn energies, and is related to the anticipatory nature of the
control problem.
At zero velocity, we denote Ws(S) := W (S,0). When 8.J > 1, this is a double-well potential

Ws(S) = f%\/l - 52— %jSQ —A

with minimizers at

S =+4s:=+/1-p-2]-2
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We(S) Ws(S5) Ws(S)
LL;JH S ; ; j S k ; S
—1—s +s 1 -1 —5 +s 1 -1 1

FIGURE 3. Plots of Wy for J =1 and for varying values of 37! € {.66,.9,1.1} crossing the
critical value at fJ = 1.

(see Fig. 3). These minimizers +s correspond to the stationary equilibria of the Ising game. Recall that we have
normalized by the stationary cost A so that Ws(s) = Ws(—s) = 0.
In the next theorem, we use the notation A ~ B to mean A < CB and B < C'A for some constant C.

Proposition 3.2. The potential W (S, V) decomposes as

W(S,V) = Ws(S) + %v '(S) + %\I}(S, V)

where

S N i N
\IJ(S,V) = 2/0 \/Z2_|_(1—S)(1+S)d

and
O(S) =1+ 95)log(1+S5)+ (1—-5)log(1—-29).

The decomposition satisfies

1. U(S,-) is even, strictly convex, ¥(S,0) = 0, monotone increasing on V € [0,00), has the bounds

U(S, V)~ |V|k <\/(1+;/)m> with k(r) = min{|r|,log(2 + |r|)}. (3.8)

The derivative Oy ¥ (S, V) is concave on 'V € [0,00), zero at V =0, hence V. — dy¥(S,V) is subadditive,
and satisfies the bounds

v
Ay (S, V) k( (1+s>(1s>> for V> 0. (3.9)

In particular if we define Uo(V) := U(0,V) then U(S,V) ~ dy¥o(V) and Oy T (S, V) ~ Uo(V) for S in
compact subsets of (—1,1).

2. (double-well coercivity/upper bounds) For B.J > 1 the potential Ws(S) > 0 is smooth, symmetric with
respect to 0, and has three critical points in (—1,1) at +s and 0 which are, respectively, non-degenerate
local minima and a local maximum. In particular, we have the explicit coercivity with respect to the potential
minima

Ws(S) ~ (S +5)* for S near Fs.
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See Section 3.6 for the proof.

Remark 3.3. In view of the decomposition of Proposition 3.2 it is natural to consider the function space for
the spin field s to be

Whi((0,7); L*(TY)).

This is sufficient to make sense of the initial condition and terminal cost in the sense of L' trace. Due to the
slightly stronger than L' growth of the time derivative energy, it is straightforward to obtain the existence of
minimizers in this space. Also, since the spin field exists in (—1,1) (which will soon be improved to (—s,s)) the
functions are also L.

Later, in Proposition 4.3, we find that asymptotically the energy also bounds a gradient in the spatial
directions, making the natural space for the macroscopic fields s that of bounded variation functions on
(0,7) x T.

3.3. Localized energies and defects

Based on the decomposition of Section 3.2, we now introduce a handful of localized quantities. We denote
the quantities at a time-slice with the capital letters G, N, F' and the time-integrated counterparts with G, N, F.
The role of G is to localize the total cost C*(s,a+) on open subsets A C T¢ x [0, T]. This localization incurs an
error based on the discrepancy of nonlocal terms, which we handle as N. The closely related quantity F is a
partially localized energy which counts the non-local influence of all of T¢ on a region A, which proves to be
useful in identifying the correct nature of the ‘cell problem’ introduced in Section 3.4

We first localize the energy by defining, for A C T¢ open,

G*(s,v; A) = A1 /A [WB (s(2)) + %\I/(s(z),)\v(z)) + i/AJ)‘(z —w)(s(z) — s(w))zdw] dz (3.10)

We also denote just the local terms in the energy as

Gl)‘oc(sm;A) =271 /

. [Wg (s(2)) + 1\11(8(2),)\U(Z)):| dz. (3.11)

2p

When comparing localized energies, we must consider the locality defect, as in [46], corresponding to the
discrepancy in nonlocal terms. For A, A’ ¢ T¢,

N(s; A, A) = ﬁ/A/ Iz = w)(s(2) — s(w))? dz dw. (3.12)

When defining the macroscopic costs, it is useful to consider a cost where the nonlocal term is integrated over
all of R? (where if s is defined on T¢ it can be extended periodically). That is

[Wg (s(2)) + i\I/(s(z), Av(z)) + E Mz —w)(s(2) — s(w))2 dw] dz.

FAs,v; A) = )\_1/
( ) 23 4 Jpa

A

Clearly, we have
FA(s,0;A) = GM(s,v; A) + N (s; A, R\ A). (3.13)

We also consider time-integrated versions of the above quantities. We will take the convention of naming the
time-integrated energies with calligraphic font. If A C R4t we let A, denote the time slices of A and 7; and 7



THE SHARP INTERFACE LIMIT OF AN ISING GAME 19

be the lower and upper bounds in time. Then

Gr(s; A) = G/\(S(T,-),)\aTS(T,');AT)dT (3.14)

In terms of these definitions, we can reformulate the cost only in terms of the spin field s.

Corollary 3.4. Assuming that the controls ax are optimal given Oys(t,x), we can write

C(s,02) =G5 (0.7) x ) +

. 1. 1 _,.
» [g(z) (T, z) + ﬁ(b(s(T,z)) - ﬁ@(s(o,z))}dz. (3.15)

3.4. Asymptotic heuristics and preliminary results
We assume that 8J > 1, for which there are two stable long time equilibria, s = /1 — =2J-2 and —s,

with cost A = —% -3 612 5 These equilibria may be viewed either as stationary solutions of (3.5) or as mini-
mizers of S — W(S,0). Corresponding to each equilibrium, there are unique controls given by the constrained
minimization procedure of Proposition 3.2 at zero velocity, A (s,0) and A4 (—s,0).

The stable equilibria correspond to the leading asymptotic term of the cost that is canceled by the A in the
definition (3.1) of C*.

These results are summarized by the following proposition.

Proposition 3.5. Assume that J(x) > 0 for all x € RY and BJ > 1. Then the constant solutions (s,A44(s,0))
and (—s, A+(—5,0)) are globally optimal in the sense that if s(0,z) = s(A\™'T,2) = s for all v € \™'T? | then

c* (S, ay) > c? (5, AL (s, O)),
and the same holds with (s, A1 (s,0)) replaced by (—s, Ay (—s,0)). Equivalently,
G*(5;(0,T) x T > 0.

See Section 3.5 for the proof, which follows directly from Proposition 3.2.

The spin fields may be restricted to take values in the interval [—s,s]. We assume that the initial and final
data sp and g respect this condition as well. This assumption is probably not truly required, since the solution
should be approximately in the interval [—s, s] outside of some initial/final layers.

Lemma 3.6. Assume that J(z) > 0 for all x € R? and BJ > 1. In addition, suppose that s(0,2) € [—s,s5] for

all z € T and that |g(2)| < %@’(5). Then the cut-off function

s?(r,z) := max { min {s(7,z),s},—s}  in [0,T] x T*
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satisfies
(b d b ! b
g (5 ;(O,T) x T )+/]1'd [5 (T,Z)Q(Z) + ﬁq)(s (T’z))}dz
< G*(5;(0,T) x TY) + /Td [S(T7 2)9(2) + %‘I’(S(Tv Z))]dz'

We refer again to Section 3.5 for the proof of the above lemma.

3.5. Macroscopic energy

Let 5 denote a macroscopic field defined in (0,7) x T?, which takes values in the equilibria {—s,s} almost
everywhere with a discontinuity along some d — 1 dimensional interface. In the next section, we will prove that
for minimizers (s*,a?)

lim M5 ) — inf {V 7,‘} 3.16
rmbo (5% a2) seBV((0,1)xT4) (50,9,5) 1, (3.16)

where V is the effective cost which we will make precise shortly. This result follows from a more general result in
the framework of '-convergence, and helps to characterize asymptotically the minimizers (s*,a}) in the sense
that, passing to a subsequence,

Allrg+ P =5¢ argmingeBV((O’T)XW){V(so,g, 5)}

The time scale (in the macroscopic scale) of convergence to the equilibrium is O()), and the boundary layer
terms at the initial and final times correspond to solutions to ‘infinite time horizon’ problems where the spatial
interactions are small. There is also a boundary layer coming from the deviation from the long-time equilibria,
{—s,s}, in a distance O(A) from an interface of d — 1 dimensions, corresponding to solutions of a ‘traveling
wave’-type cell problem. See Figure 1.

The energy V will be interfacial, i.e. V(sg,g,3) = +oo unless 5(7,z) € {£s} for almost every (7,z). We
denote by BV ((0,T) x T% {#s}) the set of bounded variation functions that take values in {£s}. The initial
and final values 5(0, ) and 5(T, -) can be understood in the sense of BV trace, and both take values in {£s} (see
for example Thm. 5.6 of [58] and consider that the traces at time §; > 0 converge in L! as §; =T 0 implying
that the limit trace will take values in {£s}). Let 0.{s = s} N {0 < 7 < T} denote the essential boundary of the
positive phase region in (0,T), i.e. the phase interface. On the interface, let v(7, z) denote the measure theoretic
unit normal pointing from where § = —s to where § = s, i.e. v = D5/| D3| the Radon-Nikodym derivative.

The macroscopic cost V is defined as

V(s0,9,3) = /Td Vi"it(so(z),E(O,z))dz+/

[ V)t [ Letmapant. @

b

The cost term V™ incorporates the initial condition sy and is plotted in Figure 4, along with solutions in time
that approximately achieve the cost. The initial and terminal boundary layer reduces to an optimization on the
mixed scale that is microscopic in time and macroscopic in space.

We now proceed to define formally the macroscopic energy in the interior. In this section, we will further
characterize the initial and end costs and characterize heuristically the interfacial cost.
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FIGURE 4. A plot of V™ on the interval [—s, 5], with 8 = 0.97! and J =1 on the left. On the
right, three of one-dimensional solutions for the mean spin field.

Following the general proof of [46], we consider the localized unscaled energy functional, F!, defined in (3.14).
We define the rescaling Ry, ., of s to be

Riroy st ) i=s(t+ 1tz +r2). (3.18)

Recall that we can decompose F> to

.7:>\(s; A) = /T2 (GA (s(T, )y AO0rs(T,-); AT) + NA (5(7’7 Vs Ag, Rd\AT))dT

T1

where G* and N are defined in (3.10) and (3.12). Both F* and G* satisfy the following scaling identity:

Lemma 3.7. For every set A € R%, we set z+ 1A= {z+rz:z € A}, and we have
A (s(T, s AO0rs(T,-); 2 + TA) = pd=1gMNT (R(Oyz)v,«s(T/T, )y A0 Ro,2),r8(T/7,-); A) (3.19)
and for every set B € R¥*Y we set (1,2) +r B = {(r,2) + 7 (t,z) : (t,x) € B}, and we have
FA (5;(1,2) +rB) = rd FAT (R(r.2),r5; B). (3.20)
Proof. We calculate directly

A (s(T, )y A0-8(T,+); 2 + TA)

= /A {%W(S(T,ZJHE) ANOrs(T,z + 1)) ﬁ/AJ)‘ (T,z+z)75(T,Z+y))2dy}dx

:rd—l/ [gW(S(T,Z—FTf) %r@st—i-m) / x—y)(s(T,Z+7‘f)—S(T,Z+T§))2d?j}di‘
A

_ 'f’d_lG/\/T(R(07z),rs(T/T7 ) )\8 R(O 2), TS(’T/T, ), )

Including the time variable, (3.20) follows with the additional factor of r from the time integral. O

We now use the unscaled energy F! to identify the form of the macroscopic costs by a “cell problem”, namely
with test functions as periodic functions on the tangential plane of a normal direction v. We follow nearly the
same definitions as [46] for L(v), but here we have space-time normal v in contrast to the spatial setting in
[46]. Another new feature is the addition of a width parameter R € RT in the function class, that corresponds



22 W. M. FELDMAN ET AL.

essentially to compactly supported variation from function values of {—s,s}. This compactness is helpful to
restrict our arguments to near the interface, e.g., within a distance A R that will become small as A —T 0; it
was not needed in [46] due to the simpler nature of patching in their problem. We then extend these definitions
to also apply to the initial and end times, where we impose the additional initial condition as a constraint and
the terminal cost in the energy.

For a unit-normal vector v in R%*! we define B, to be the set of all d-dimensional cubes centered at the origin
and orthogonal to v. For O € B, we let [0 x Rv denote the strip O x Rv := {(¢,z) + {v; (¢, 2) € O,€ € R}. We
say that s : R — R is O-periodic if s((t,z) + rw) = s(t,x) when r € R is the sidelength of 0 and w € R4*!
is a unit-normal vector along an axis of [J. Finally, with R > 0, we introduce the function class

Xp(O) == {s: R — (=1,1) : s is C*, O-periodic, and satisfy (3.22)} (3.21)
where
st z) = {5_5 Eigiii (3.22)
Now we define the interfacial energy with normal v with width R to be
Lr(v) :=inf {0 '"Fi(s;O0xRr);0€m,, s Xp(0)}. (3.23)

The assumption that s is C' is significant here as discontinuities in the time direction across the cell boundary
could result in extra, unaccounted for, energy. We will show later in Lemma 4.13 that the condition s € C ! can
be replaced by a finite energy condition without changing the value of Lg.

With the above definitions, we finally define the interfacial energy to be

L(v) = %glgg Lr(v). (3.24)

The limit exists since Lr(v) is monotone decreasing in R and nonnegative from Proposition 3.5.

For the initial time we restrict v to be oriented in the positive ¢ direction, and for [J € B, we consider the
half-strip O x RT v := {(t,z) + &v; (t,z) € 0, € RT}. For R > 0 and s¢ € (—1,1), we denote

X (s0,8,0) = {s: R — (=1,1) : s is C*, O-periodic, and satisfy (3.26) } (3.25)

where
s(t,x) = § for t > R and s(0,z) = so. (3.26)
Note that, although the definition above makes sense for any sg € (—1,1), in our main results we restrict to the

case so € [—s, 6] which is easier.
We then define

Vit (sg,8) == inf {|O|7'"FH(s;Ox RTv);0 € W, s € X (s0,5,0)} — %Q(so). (3.27)
and
Vinit(s, 5) := lim inf V" (s0, 5). (3.28)
R—+o0
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The terminal energy is constructed similarly. We restrict v to be oriented in the negative t direction. For
R > 0 and OO € B, we denote

X5(5,0) = {s: R — (=1,1) : s is C?, O-periodic, and satisfy (3.30)} (3.29)
where
s(t,x) =5 fort<—R. (3.30)

We then define, for g € R (which will later be restricted to |g| < %@(5)),

VEnd(s, g) == inf{|D|*1(f1(s;D x R 1) +/D [gs(O ) + —ﬂé( 5(0, ))}dx);D cm,, se X0},
(3.31)
and
Verd(s, g) = liminf VE"(5, g). (3.32)

R—4o

Note that the limits in (3.28) and (3.32) exist due to monotonicity, although one can easily see that it is 400
unless 5 € {—s,s}.

_ For the remainder of this subsection, we discuss a further characterization of the macroscopic energy terms
L(v), Vinit(sq,5), and Ve"4(5, g). Heuristically, when J is radial and monotonically decreasing in the radial
direction, the simplest form of a solution is given by the one-dimensional traveling wave, namely

s(t,x) =q(v- (t,2)).

We prove that this is indeed the case for Virit and Ve where the nonlocal term does not participate. It remains
as a conjecture for L.

Theorem 3.8. The macroscopic initial energy is given by the one-dimensional reduction

Vinit sy, 5) = lim inf mf]{AROW(O%FW“) @Umgmpnmangynfq%)

R—oo 5€C1([0,R 2/

Similarly, the macroscopic terminal energy is given by

0
Verd(s,g) = liminf _ inf {/ @w@m+iw@mgwma+¢@+§@s

R—o00 3€C1([-R,0]) R 2/ 154
(3.34)

Proof. The inequality < for both (3.33) and (3.34) is immediate as the one-dimensional solutions may be used
in the definition of V"% (s 5) and V*"¢(3, g) by extending as constants in space and incur the same cost.

For other direction we consider s € X7 (s, 5,00). We may find a regular value for x such that ¢(t) = s(t, x)
satisfies ¢(0) = sp and

S [ L Oatot.) + (st a0, Jawar > [ (Walat0) + 55 (0.0 0) )
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The inequality > in (3.33) follows as the nonlocal term is nonnegative.
Similarly, for (3.34) we consider s € Xg"(3,0), and find a regular value of z such that ¢(t) = s(¢,z) and

|D\/ / s(t,z)) + U (s(t, z), Oys(t, x)))dxdt—i— \D|/ gs(0,z) + ;B@(S(O,x))}dx

> /_R (Walato) + 55(a(0). 4 ) )t + 94(0) + 552 (a(0))

The result follows. O

Remark 3.9. The decomposed energy has a symmetry, 5(t) = —§(—t), by evenness of Ws and W¥. This
interesting observation, not obvious from the original formulation, yields in particular that

. 1
verd(s, g) = inf {Vm“(so, 5)+gs0+ B@(so)} for g €R, 5¢€ {+s).

So long as —s < 8¢ < s the solution for V"(s(, 5) is a time translation of the same ‘heteroclinic’ solution.
When sy < —s and 5 = s the solution for § in the definition of V"% (3.33), does not exist, although the infimum
is still well defined.

Remark 3.10. (Controlled front propagation). We may also relate the macroscopic problem to a problem of
the optimal control of the propagation front, which has been studied in [50} [49]. Consider that the unit normal
v = (v, V), and when |v,| # 0 the front speed may be expressed as ¢ = ‘ == z denote the spatial
unit-normal. The anisotropic minimal surface problem for ¥, may now be converted into a problem of controlled
front propagation where the cost rate to propagate the front with velocity ¢ with spatial unit-normal 7, is
given by

L(c;0y) == 1+ c2L(v),

where clearly v can be recovered from ¢ and ¥, as v = (¢,0;)/v1 + ¢2. By an application of Fubini’s theorem
and the coarea formula, we may express

/EE(U(T,Z))d’Hd:/OT/ETi(c(T,z);ﬁw(T,z))de_ldT.

Thus the macroscopic problem is reinterpreted as controlling the wave speed of the evolving front ;. This
formulation recovers some optimal control structure of the problem. A more rigorous expression of the controlled
front problem is given in [49].

A partial result holds for the interfacial energy, reducing the problem to the directions (¢,w ) when |v,| # 0.
For a unit-normal e, we let

J(r) = /}Rdi1 J(re+y)dy,

where the integral is taken over the subspace orthogonal to e. Given ¢ € R? and a unit-vector e € R? we set

§le=8&— (5'6)6'

Proposition 3.11. Given a unit vector v with |v,| # 0, assume that the Fourier transform FJ(§) is mazimized
at f:](ﬁl,;m)
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Then the macroscopic interfacial energy L(v) is given by the two-dimensional reduction where we limit the
dependence of functions in Xr(O) to only (t,z - Uy).

The assumption on FJ is satisfied for instance when J is a Gaussian centered at zero.

Proof. We extend s to R?*! by zero, and the Plancherel/Parseval theorem and convolution formula states that
/ s(t,x)(J * s)(t, z)dz
Rd
2
- [ Ene(FEneo)
Rd
2
[ e (Fo.0) de
Rd

IN

by our assumption on FJ.
The inverse Fourier transform F.J(£, 5, ) in all variables is formally d, 5, J(x) where 6 5 is the d — 1 Hausdorff
measure on the subspace orthogonal to 7,, and

(515, 7) % 5)(t,2) = / TP (5 - 2 — W )s(t, 219, + ' Da) e,
R

SO

[ stta)7  )(t.2)da
[ st)Gr, T s)(ta)de
Rd

IN

/ / / J% (w — st 1 p, + wig)s(t, x1s, +w'Dy)dw dz . dw.
R JRI-1 JR

Equality above holds when s does not depend on x| 5_. The problem for L(v) is then equivalent to minimizing
over s that only depend on ¢t and w = x - 7. O

Conjecture

We suspect that, under the assumptions of Proposition 3.11, the limit cost can be characterized entirely in
terms of the travelling wave solutions. Potential lack of regularity and topology of the interface associated with
the limiting cost makes it difficult to verify our ansatz. More precisely we conjecture that the interfacial cost
L can be characterized using the front speed ¢ = vy/|v;| (the ratio of the size of normal in the time and the

spatial direction). Indeed we expect that (recall L(v) = ﬁ L(c)) we have
. , 1 ) 1,
B0 = ot { [ (Wsla©) + 559(00.ca() + 7 [ (6= —aw)’an)as (339)

lim ¢(§) =-s, lim ¢(&§) = 5}.

£——o0 £—+o0

A minimizer of (3.35), would then construct travelling wave solutions of the form s(¢,z) = g(ct — ¥, - ). The
cost function L(c) and approximate traveling wave solutions are plotted in Figure 5.
Remark 3.12. If the conjecture holds, then it follows that

1 - o
lim ——— L(c) = Vinit(—s, 5),
Jim s (e) (=5,5)
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FIGURE 5. On the left, a plot of L(c). On the right, a spatial slice of three solutions to the cell
problem with different front speeds ¢. Parameters are 8 = 0.97* and J = 1.

as the infinite speed transition is equivalent to the microscopic in time switching from —s to s.

3.6. Proofs

Here we present some of the longer proofs from earlier in this section that we postponed: the decomposition
formula (Prop. 3.2), optimality of the constant solutions (Prop. 3.5), and the improvement of cost for states
bounded between the equilibria (Lem. 3.6).

3.6.1. Proof of Proposition 3.2

First we compute the optimal controls, Ay, as a function of V. Changing AL while preserving the equality

1-8 145
V=Al 2 - A —

only affects the term L(S, A1) in the energy so by Lagrange multipliers there is B € R

oL 1+£5
— (5, A :I:Bi
8Ai( ) :I:)
or
1+5 1+5
logAy =+B —
and so
logAtA_ =B —-B=0.
Plugging this back into the constraint ODE we find the quadratic equation
1-5 145
A2 VA - —= =0
-2 2
so taking the positive root of this equation and then using the constraint AL A_ = 1 we find

(1+8)AL(S,V)=V2+ S)(1+S)F
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These are strictly positive, monotone, and convex in V.

Note that
1+ 5)A
192 a(sv) = 4 1= ( 5) = (3.36)
oV VV2+ S)(1+59) VV2+ S)(1+5)
and, in particular,
(1j:S)iA (5,0) =F1
8V + I - :F
Differentiating (3.36) again we note that
872 ﬂA (8,V) _872 ﬁA (S,V) (3.37)
ovz | 2 T Tz | TV '
Now plugging this into the definition of W (S, V)
1.
W(S,V) = L(S,A+(S,V)) — 5JS2 —
we see the desired properties of W are a matter of calculus. First, compute
1+S 1 0
DiiL(S, Ai) = 2 Ar 1-S 1 :
0 FFa-
So computing directly
1 0F 4
oyW(S,V)=— 1+ 95)]log Ay — 3.38
vW(S,V) 25;( )log Ay —7 (3.38)

and, in particular,

1 [1F S 1
W (S,0) = %Z$10g 1+S 23
+

For the second derivative we continue computing

1 0A:\%? 1148 0AL

Using (3.37) and log(A4+A_) = 1 we see that the second term above vanishes and so

1 0A+
QleiSAi (< +5) 3‘/)

(1+9)A,
25Zv2 S)(1+9)

2W(S,V) =
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1 1
2B VP r(1-9(1+5)

where we have used (3.36) to get the second equality. This gives the convexity in the V' variable and we can go
a bit further to make a strict convexity estimate.
Then by the fundamental theorem of calculus

_Z)

45/ \/Z2 S)(1+59)

dz.

W (S, V) = W(S,0) + dyW(S,0)V

We have the formula 9y W(S,0) = log 1+S from above, which we express as dy W (S,0) = %@'(S).
For the remainder term we deﬁne as in the statement of the theorem,

_ Z)
U(S,V) / \/Z2 T3 9) dz.

We note that, for 0 < Z <V < /(1 -9)(1+595),

1 1 1
V20— 8)(1+5) \/22 S)(1+95) = VA =8)(1+S) (3.39)
1 VE<u(V) < 1 2
V20 -8)(1+S8) T /A =9(1+89)

Note that the upper bound is true for arbitrary V.
While for V> /(1 —S)(1+5)

V —
WS, V) > / V=24,
1/a-s)a+s) 24

|4

1
=- {V(logZ - 1)}
4 L /(1=5)(1+5)

3V
d-8)(1+9)

1 14
> —Vlog <2+ a S)(1+S)> .

The corresponding upper bound will not be used anywhere so we omit the proof.

1
= ZVlog

=~

Next, we discuss the properties of 9y ¥(S, V). Note that

OLV(S, V) =4B0EW(S,V) =

\/VQ S)(1+95)

which implies the convexity of ¥ and the concavity of 0y W.
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For V < /(1 = S)(1+5) we use again (3.39) to find

1
U (S, V) ~ =Y P o<V s 1-5)1+5)

For V > /(1 —8)(1+S) we use 93V (S,V) ~ V~! to find

v (S, V) ~log <2 + Y ) .

1-51+5)

Double-well potential. Lastly, we consider the double/single well nature of the potential

Ws(S) = L(5, A=(5,0) - 5787 ~ A
= % zi:(l + S)Ai(S,O)(log (AL(S,0)) — 1) _ %JASQ _A

1

"~ 28

__1 Lo
= 3V 8)([I-8) - 5Js* - A

(1+9)(1—95)(logALA_ —2)

Note that W3 always has a critical point at .S = 0 and

WH0) == —J

R I

so we can see again the critical value at J =1. When ﬁj > 1 the critical point at the origin is a local maximum

and there are two local minima at
s=1/1—p3"2]2

and —s. O

3.6.2. Proof of Proposition 3.5
Proof. The proposition also follows from Proposition 3.2 as we have ¥(V,.S) > 0 with equality when V = 0,

i/m /Jl‘d JMw — z)(s(w) — s(z))2dw dz>0

with equality when s is constant, and Wg(S) > 0 with equality when S € {—s,s}. From the proof of Proposi-
tion 3.2 we see that the case S = s corresponds exactly with A = A1(s,0), and the case S = —s corresponds
exactly with A = A4 (—s,0). O

3.6.3. Proof of Lemma 3.6.

We first show the result for s~ (7, z) = min{s(7, ), s} and then restricting to s(,z) > —s is similar.
Consider the set Q = {(7, 2) : 5(7,2) > s}. We also define s* (7, 2) = max{s(t,2),s}.
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We first note that for each z € T?, s+ and s~ are weakly differentiable in time with

8st+(7' )= 0-8(1,2) (1,2) €Q
' 0 otherwise,

and

0,5 (1, 2) = {0 (1,2) €Q

0-s(7,z) otherwise.
The local part of the cost separates into the two domains, that is,

\II(S(T,Z),)\aTs(T, z)) = Wg (sb*(T,z)) + %\P(sb*(ﬂz),)\&sb* (1, z))

+ W (s (r,2)) + %

1
Wg (5(7', z)) + 2%
v (5b+(7, 2), A9y (T, z))
For the nonlocal part, we will use that for (7,2) € [0,7] x T¢,
P (1, 2) + s (1, 2) = s(7, 2) + 5,
and s~ (1,2) < s(7, 2), and s* (7, 2) > s(7, z). By nonnegativity of J* we also have that

(J/\ * sbf)(T,z) < (J)‘ x 8)(T, 2), (J)‘ * 5b+)(7', z) > (J)‘ x 8)(T, 2).

For (7,2) € Q, we have s(7, z) = s**(7,2) and s~ (7, 2) = 5 and (dropping the dependence on (7, ) for ease
of notation)

s ks <sJ x5+ (5—5)(J xs— Jxs"T)
=s5(J s —J k") + 5T x0T
= 5(J xsPT = JAg) 4 U I x0T
N L T A Ly Pl Sy Yo
Similarly, for (¢,z) € Q°, we have s(t,x) = s~ (t,x) and s**(¢,z) = 5 and
s xs<sJ ks+(5s—5) (S xs— J k")
=s(Jrxs—J ks )+ 5T k5"
=5 (J s —Js) 4+ TN x st
e LY (Lo Lo o

This implies that

G*(s:0,7] x T) > G*(s"7;[0,T] x T%) + G*(s"*; [0, T] x T%) — G*(s; 0,7 x T?),

and, by Proposition 3.5,

G (5750, 7] x T?) > G*(s;[0, 7] x T¢) = 0.
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We conclude
G (s;[0,T] x T) > G*(s"; [0, 7] x T4).
Observing that ® is convex and |g(z)| < %@’(5), we have

_ 1 _ 1
Sb (T7 Z) g(Z) + %‘b(sb (T,Z)) < S(Tﬂ Z)g(z) + %@(S(T,Z)),

which finishes the proof. O

4. MAIN RESULT

Our main result is a type of Gamma-convergence, akin to Theorem 1.4 of [46] which addresses nonlocal
Allen-Cahn equation. In addition to the previous assumption Assumption (A1) and Assumption (A2) on J we
will always assume in this section

(A3) (Super-criticality)
BJ > 1.

Under this assumption W; is a double-well potential with two distinct minimizers £s. In the critical or subcritical
case the asymptotic behavior will be completely different.

Theorem 4.1. Consider the initial data so € L*(T?) with |so| < s and terminal data g € L*(T¢) with |g(z)| <
ﬁ@’(s), where ® is given in Proposition 3.4. Then the following holds:

(i) For every sequence (s*,a) with §*(0,-) = so and uniformly bounded cost, there is a convergent subsequence

in macroscopic variables, $* — 5 in L'([0,T] x T?). Moreover $* — 5 € BV ((0,T) x T¢;{—s,5}) and

liminf C*(s*,a*) > V 5)-
&Iglgé (3 ,a )_ (803978)

(ii) For every 5 € BV((0,T) x T¢;{—s,s}), there exists a sequence (s*,a*) such that $* — 5 in L1([0,T] x
Td)? ’§>\(0a ) = 50, and

limsup C*(s*, a*) < V(s0, g, 3).
A—=10

Let us briefly outline the strategy carried out in this section to prove the above convergence result.

In Section 4.1, we show that, in an appropriate sense, the cost C* asymptotically controls the BV norm and
so sequences s with bounded cost C* satisfy appropriate compactness properties. The argument combines ideas
for local and nonlocal Allen-Cahn problems in a slightly delicate, but largely standard, way. Note that in this
stage we are yet to characterize the macroscopic cost V.

In Section 4.2, we prove several technical “patching” results which are key to the later I'-convergence argu-
ments. These are quantitative versions of localization results that are naturally needed to ensure that our
macroscopic Lagrangian depends locally only on the normal directions of the interface between the state —s
and s. More precisely, we show that sequences of test minimizers defined in disjoint domains can be patched
along a joint boundary without increasing the energy too much as long as an appropriate notion of trace matches
along this joint boundary. The ideas in this section are inspired by [46], but the argument is technically more
difficult because the cost functional requires some microscopic regularity in the temporal direction.

Then in Sections 4.3 and 4.4 we carry out the typical two part I'-convergence argument.
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The argument for the lower bound inequality in Section 4.3 follows a classical general technique introduced by
Fonseca and Miiller [59]: the problem can be reduced to establishing a pointwise lower bound on the densities
for a subsequential limit of the particular test minimizer sequence s*. In technical terms the patching and
compactness lemmas play a key role here.

For the upper bound inequality in Section 4.4 we follow a beautiful idea introduced by Alberti and Bellettini
[46] of induction on polyhedral regions. By approximating with polyhedral regions instead of smooth sets,
Alberti and Bellettini reduced the entire difficulty of controlling lower order terms related to the “bending”
hyperplanes to a relatively simple patching argument where polyhedral test regions meet transversally to the
interface. This argument adapts nicely to our setting because we have also established a technique for patching
local test minimizes.

A consequence of Theorem 4.1 for the problem at the mesoscopic level is that the Nash equilibria are not
unique.

Corollary 4.2. Suppose that so = 0 and g = 0. For sufficiently small A, the system (3.5) has at least two
distinct, nonzero solutions.

This follows, as the trivial zero solution does not converge to the values {—s, s}, and the system is invariant
under the change of sign. Our result does not necessarily describe all the solutions of (3.5) as it only captures
the solutions corresponding to minimizers of the global cost C*.

4.1. Compactness

In this section we show that sequences with bounded G* are precompact in L' and all cluster points are
indicator functions of sets of bounded variation. As we have explained, the energy G* is understood to measure
the space-time surface area of the interface between the £s phases. Thus a BV -like compactness result is to
be expected. We note that the estimates we obtain are not uniform as J —4 1, di.e., s = 0, reflecting the
possibility of some more complex phenomena occurring near the critical parameter values.

Of course this type of result is well known for Allen-Cahn [44] and nonlocal Allen-Cahn functionals [46].
Our functional is a mix of the two, and with some technical tricks inspired by the two cases we can prove the
compactness.

Our first step is to really make a decomposition into a typical local Allen-Cahn type functional measuring
the temporal variations, and a nonlocal Allen-Cahn functional measuring the spatial variations:

G (5 ') = YA (5 A') + X (5 4')
where
YA (5 A ::/ [iwg(é( D)+ oW (5(r,2), A O 5(r z))}dz
’ A L2 26 A T
and
XMN5; 47 = /A/ 2/\Wg( 3(r,2)) dz + 7/, N JMz —w)(5(r, 2) —§(T,w))2 dwdz.
The space-time energy splits analogously
G5, A) = VN3 A) + X5 A) for A RIT!

where X* and Y are naturally defined as temporal integrals of X* and Y as was done for G* in (3.14).
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Proposition 4.3. Let Q C (0,T) x T¢ be a polyhedral space-time region and 8 : Q — [—s,s] be a sequence as
A =10 with

sup G* (é)‘; Q) < +oc.
A>0

We assume that 8.J > 1. Then § is relatively compact in L'(Q) and each of its cluster points belongs to
BV (); {—s,s}).

The proof is a combination of the compactness arguments for local and nonlocal Allen-Cahn.

Proof. By Proposition 4.11 we can extend 5" to be equal to s in (0,7) x T¢ and then replace this extension
by an L'(2) equivalent sequence defined on the entire (0,7) x T% and with G*(5*; (0,T) x T%) < CG*(5*; Q)
where the constant depends on the domain 2.

Note that both Y*(8*;(0,T) x T¢) > 0 and X*(3*;(0,T) x T?) > 0 so both are bounded by M :=
SUp, s G2 (8Y; (0, T) x T9).

First we estimate the time derivative using the bound on Y* and following a standard argument for local
Allen-Cahn functionals. From the Young’s inequality,

\/mfuf?wﬁ(g)qf(g, 20;8) < ATPWis(8) + %xqu(g, A0, 8)

Using above with (3.8) for the set |A\d;§| <1 and using the ¥ bound with (3.8) for the rest, we arrive at
I ) o ) 10r(r,2)) <A1 41005 A0, 8(r.2)| 2 A1 dzdr
(0,T) x T4
< CYM8Y4(0,T) x T?) < CM,

Call W(s) := [ Ws(s)'/2ds so that we have proved

//(0 yiw(g(n z))|dzdr < CM. (4.1)

JT)xTd dr

Next, we use the bound on X* to obtain a uniform bound for the spatial gradient of (a mollification of)

.§>\(t, Z) = sp(é)\(’r, Z))7

where ¢ is the cut-off function

5 §>5/2
o(s) =125 s€[—5/2,5/2] (4.2)
-5 s< —s/2.

The point of this cut-off is that it is (i) Lipschitz so it doesn’t affect the temporal energy Y* too much, (ii)
it simplifies the computation of the nonlocal part of the energy essentially concentrating the energy on the
interface without changing the L' limit of the sequence (an idea of [46]).



34 W. M. FELDMAN ET AL.

Next we mollify at scale A by ¢*(2) := cA\"%¢(z/)), where ¢ is a nonnegative (not identically zero) smooth
function with compact support and total mass ¢! that satisfies

o <JxJand |Vo| < J=J.

The proof of the bound on |V, (¢ x )| follows closely that of Theorem 3.1 in [46]. First, the inequality

// (JX % I (2 — w)|5(T, 2) — 5(7, w)|dwdz<2J/ JMNz —w)|5 (7, 2) = 3, w)|dz dw
Td JTd

Td JTd

is established by direct computation with a change of variables argument. The right hand side is decomposed
using the set H) = {z: (7, 2) € [-5/2,5/2]}. On (0,T) x T\ H2? x (0,T) x T\ H we have that

4
|§)\(T,Z) - §A(T,’UJ)| < g|§)\(7vz) - §)\(T7w)|2a

using the fact that § € {£s} away from H).

Whereas in H? we simply bound |3*(7,2) — 3*(7,w)| < 2s5. The area of H} can be bounded by a con-
stant times the integral of Ws(§), since there is p > 0 such that Wg(s) > p when s € [—5/2,5/2]. Along with
nonnegativity of the nonlocal term, we have

1 2)
|£@|§——//‘ Ws(8Y)drdz < == M. (4.3)
P JJ(,T)xTd p

Therefore
QJ/ / TNz —w)|8M(7, 2) — 3 (1, w)|dz dw
Td JTd

< 2J/ / fJ’\zf )|§>‘(T,z)75)‘(T,w)\2dzdw+2// 25dzdw)d7
Td\H) ']I‘d\H/\E Td JH)

AC X (8(r,); TY).

IN

We use this to estimate the error in mollification

T
[ 165006 -2 2lazar
o Jrd

[
[ [ [l - 2. fawasar

/ // *J)‘ (z —w |s T, W) - TZ’ddedT
Td JTd

AC" X (8;[0,T) x Tq).

Mz — )( (ryw) —§ (T,z))dw‘dsz
Td

IN

IN

AN

Using, for the final inequality, the estimates from the previous paragraph. Thus we obtained

T
/0 /Td |(¢* % (7, ))(2) — 87 (1, 2)|dzdr < CMA. (4.4)
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By similar computations
T
/ / ’V(gb)‘ *5’\(7,-))(2)|dzd7
0 JTd

1L

i/ //(JA*JA)(z—w)lé)‘(T,w)—§A(T,z)|dwdzd7'SC’XA(é)‘;(O,T)de).
C)\ 0 Td JTd

/Td(wﬁ)(z = ) (3M(r,w) = 3\ (7,2))du| dz dr

IN

Let us now put together above bounds to obtain the global bound. Since W is invertible on [—s/2,5/2], by
definition (4.2) it follows that ¢ o W~ is Lipschitz. So using the previous inequality and (4.1) it follows that

Ak M T A SN /\*i oW1 M T
J[ PP ealiar [[ ([0 R )] ot 4 [0 ) [Jaza

< CM.

By standard BV compactness results there is a subsequence so that ¢* * § — 5 strongly in L' and § €
BV ((0,T) x T?) with

// D 5| < liminf // | Dy ¢ x 31, 2)| < CM.
(0,T)x T4 A—0 (0,T) x T4

Finally, we show the convergence of 3*. Let Ky := {(7,2) : *(7,2) € [-5 + 6,5 — 6]}. As in (4.3)we have
K\ < C(0) A M,

and, from (4.4) and, since either |§ — §| = 0 outside of K and otherwise |§ — §| < 2,

T
/ |§>‘(7'7 z) — O * [9')‘(7'7 z)|dzdr
0

IN

Td
T
//(\gA(T,z)ng(T,z)|+|§*(T,z)f¢A*g*(T,z)\)dsz
0 Td

0T +2|Ky| + C" A

IN

Since § is arbitrary, the sequence §* is equivalent to ¢* * § in L' and thus is relatively compact with all of its

cluster points in BV ((0,T) x T¢; {—s,s}). O

4.2. Patching lemma

In this section, we develop a technical tool which will be essential in the proof of I' convergence. Roughly
speaking we look for a way to “patch” test minimizers which are defined in disjoint domains to be a test
minimizer in the union without increasing the total energy too much. To this end we will need to control the
increase of the nonlocal “Dirichlet” energy and the increase of the local “Dirichlet” energy for the cost in the
form (3.15). For the nonlocal part of the energy we will follow the ideas in [46], Section 2. However, in [46]
the actual patching can be done in a straightforward way, simply defining a new, possibly discontinuous, test
minimizer piecewise. We cannot do this because the local energy penalizes large time derivatives by the term
A1 (u, A\Gyu) in the energy. Thus the presence of the local energy necessitates a smoother notion of patching.
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We introduce a notion of “trace” on d — 1-dimensional surfaces, imitating the notions introduced in [46].

Define an auxiliary potential
. YR\ | A dt
J(h) = / JI=- )= =
0 t)|t|td

and note that from (A2)

/ J(h)dh:/ |h|J(h) dh < 4o0.
Rd Rd

We also recall the notion of A-trace error as in [46]. Note that finite energy fields do not necessarily have
a true trace on space-like d-dimensional surfaces, the nonlocal energy only gives large scale not micro-scale
regularity. The notion of trace error circumvents this technical difficulty.

Definition 4.4. For an open set A’ in RY, a function u : A’ — [~1,1], a Lipschitz surface ¥’ contained in a
finite union of d — 1-dimensional affine hyperplanes, and a function v : 3 — [—1, 1], we define the spatial A-trace
error from A’ onto ¥/ as

bra(u, v, A, 3) / / B)u(z + AR) — v(z)|dh dHIL.
4 +)\h€A’

Similarly, for an open set A in R%*!, a function u : A — [~1, 1], a d-dimensional Lipschitz surface Y contained
in a finite union of d-dimensional affine hyperplanes, with normal vector field v, and a function v : ¥ — [—1, 1],
we define the A-trace error from A onto ¥ as

Tey(u, v, A, ) ::/ tra (1,0, Ar, 5,) dT_// B)[u(z + M) — v(2)|dh|va|dHE,
0 z+AheA,

where A, = {z: (7,2) € A}.

This leads to a notion of convergence of traces imitating [46][Definition 2.1]. Note that we need to add some
additional terms to our notion of trace convergence to deal with the temporal part of the energy. First we define
the distance to a space-time surface X in the pure temporal variable

t((1,2),X) =inf{|o|: (1 +0,2) € &} (4.5)

Definition 4.5. Consider (as in Def. 4.4) an open set A in R%*!, a family of functions u* : A — [~1,1-], a
d-dimensional Lipschitz surface ¥ contained in a finite union of d-dimensional affine hyperplanes, with normal
vector field v, and a function v : ¥ — [—1,1]. We say that the A-traces from A onto ¥ of u* converge to v if

1
lim / |u? — || |dHE + / ~Uo(A0,uM(T,2)) dTdz + Try(ut, v, 4, 2) | =0.
A—=+0 » AN{t((7,2),2)<A}

We note that on (AUX)° where |14] # 0 the traces of u* from above (in the 14 direction) u} and from below u*

are defined |v;|H?-almost everywhere due to the superlinear energy bound on d,u. Recall from Proposition 3.2
that Wo(V) = ¥(0,V).

Remark 4.6. Note that the energy bound sup, G*(u*; A) < +00 morally is a uniform BV-norm bound and is
not enough to show that the traces of u* on a hypersurface ¥ lie in a strongly compact subset of L'(X, H?).
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Also, as mentioned earlier, the energy bound is not sufficiently regular to give a notion of trace for u* on parts
of ¥ where |1i| = 0.

Thus, as remarked in [46], the convergence of A-traces is not so easy to verify for a specific surface. On the
other hand, if we take a foliation by Lipschitz hypersurfaces we can get convergence of the A-traces on almost
every surface in the foliation as we show in Lemma 4.7.

Lemma 4.7. Suppose that A, ¥, and u” are as in Definition 4.5 and

1
sup/ f\IJO()\c’?TuA) drdz < 4o0.
A>0J4 A

Let g : A — R be a continuous and piecewise-linear function with |V, ,g| =1 a.e. and 3, be the a-level set of
g. Suppose that u® — ug in L'(A). Then, along a subsequence, the \ traces of u* on ¥, relative to A converge
to ug for a.e. a € R.

Proof. This proof is a slight generalization of [46][Proposition 2.5]. We may suppose that u* and ug are defined
on R4 extended by 0 away from A. Define

A
- 1
oa(T,2) = / J(h)|u’\(T,z + Ah) — ug(r, 2)|dh + {/ X\IIO(/\ﬁTu)‘(T +0,2)L(r40,2ea A5+ |uA - uo|} |07 ¢
Rd A

(4.6)
and

1
a) z/ oa(r,z) dH, M = sup/ —Uoy(A0;ut) drdz.
T AN

A>0

By the co-area formula

/Q,\(a)da = / oA (1,2)|Vgldr dz
R A
g/ J(h)|ur (7, 2 + Ah) — uo(7, 2)|dh dr dz
Rd+1 ]Rd
A
+/ / ~Uo(A O uMT +0,2)) 1 (r10,27ea dTdzdo + [[ut — uo| 11

/ / R)|u (7, 2 + Ah) — ur(7, 2)|dhdT dz + / R)[ur (T, 2) — ug(T, 2)|dh AT dz
Rd+1 JR Rd+1 JRd
+ 2AM + [|ut — up|| 11

< / j(h)”UO( +Ah) —'LLO||L1 dh+2M)\+C||U>\ —U()HLI.
Rd

Each term on the right converges to zero as A — 0. Note that ||ug(- + Ah) — ug|[z1(a) — O for each fixed h and

the integrand is dominated by 2||u0|\L1(A)j(h).
Since Qx(a) > 0 it converges to zero in L' and so, up to a subsequence, it converges to zero pointwise a.e.
a € R. [

We will also use another criterion for trace convergence, modified from [46]:
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Lemma 4.8. Suppose that A, ¥, u*, and v are as in Definition 4.5. If for almost every (t,x) € ¥ the sequence
w7,z + A h) converges to v(T,z) locally uniformly on h € X" (A, — 2), i.e.

lim sup |ur(7, 2+ Ah) —v(7,2)| =0 for all K C R? compact
A=0 e KNA-1(A,—2)

then

lim [/ [u — vl|pe|dHE + Try(ud, v, A, %) | = 0.
)

A—0

Now, we move forward to prove a bound on the patching error in terms of the tracial quantities we have
defined. First, we recall a definition from [46] which was used for the nonlocal energy control.

Definition 4.9. We say ¥ strongly divides A_ and A, if ¥ is the Lipschitz boundary of some open set ) with
Ay cQand A_ C R\ Q.

We recall a localization Lemma of [46].

Lemma 4.10. Suppose u, Ay, ¥, and v+ are as in Definition 4.5 where A+ are disjoint open subsets of R4+1
that are strongly divided by . Suppose further that

lim Try(u, vy, A4, %) = lim Try (u,v_, A_,¥) = 0.
A—0 A—0
Then the discrepancy cost N* defined in (3.14) satisfies

limsup N (ut; Ay, A) < £/ lvy —v_||ve|dH™
A—0+ 2 Js

Proof. For every time-slice, ; := QN {7 = t} is a relatively open set with A, ; C Q; and A_ ; C R x {7 =t} \
Q;. Furthermore, 0€); is contained in a finite union of d — 1 dimensional affine hyperplanes. Note that 9€Q; C ¥,
with equality except at finitely many values of t. Specifically, 9€2; is contained in the original hyperplanes
containing Y., which had normal direction with nontrivial v, component. Thus, 0, is a Lipschitz boundary
that strongly divides A4 ;. In such a scenario, the following inequality is proved in Lemma 2.7 (specifically Eq.
(2.10)) of [46],

J
]\/vA(’U,)\(t7 ), A+,t; A,_’t) § 5 / |U+,t — ’U77t|de71 —+ trA(u, ’U,,t, A,,t, 8Qt) + tr>\(’u7 ’U+7t, A+7t, BQt)
o0

We have defined the A-trace error try exactly for this estimate. The result is then obtained by integrating in
time and using the co-area formula and the definitions of Try and N. O

The next result shows how to patch test minimizers across a regular (polyhedral) boundary. As in [46]
patching creates extra nonlocal energy due to the nonlocal defect. However now we also have a local term in the
energy AW (u, A 0,u) which grows superlinearly in the 0,u variable. This means that we cannot simply patch
discontinuously, we need to make a regularization at the A length scale across the patching boundary. The next
proposition shows that such a regularization can be made, at an additional energy cost which is controlled by
a trace error of the type introduced in Definition 4.5. This result addresses the temporal Dirichlet type energy
which is not present in [46].

Proposition 4.11 (Defect estimate). Let u, A, and ¥ be as in Definition 4.5 with u : A — [—s,s] and
GMu; A) < 4o0. Let ux be the respective traces of u on (AU X)° N {|v;| > 0}.
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Then there is 4 : (AUX)° — [—s,5]| such that & = u outside of a A neighborhood of ¥ and for every 6 > 0
and for any subregion B C A

Goe(@; (AUE)®) = Gloo(us A) + INM@; B, B) — N (u; B, B)|

1

< C/ {luy —u_|+ X+ 6} [p]dH + Co6 [ Wo(Adyu) drdz. (4.7)
b

A ~/Am{0<t((772),2)é>\}

Here G\, is defined in (3.14) and the constants C depend on 3.

Proof. We will first assume that ¥ is a subset of a single affine d-plane, at the end of the proof we will explain
how to extend to the general case of a finite union of affine pieces.

In the single plane case there is a single normal direction v constant on ¥. Note that if 14 = 0 no argument
is needed, simply take @ = u so we can assume v; # 0. We may further assume that 0 € 3. Define

Ay = An{tr-(r,2) > 0} and r.(7, 2) := argmin_{|7 — 0| : (0, 2) € E}.

If z is not in the projection of X onto T? then we define 7,(7, 2) := Foo in Ay. So we have (7 — r.(7,2)) €
[0, +00] in Ay respectively.

Also, in the typical style of a priori estimates, we can assume that u is C! individually in Ay (but not their
union) so that the computations below are justified, but then the estimate obtained will not depend on the C*
norm so we can remove that assumption in the end.

Now we proceed in several steps.

Step 1: First we introduce @ which essentially averages u in a temporal neighborhood of ¥ of size O(\). This
is the exact scale at which we must perform the regularization, smaller scales would have too large temporal
“Dirichlet” energy and larger scales would magnify the energy of transitions from —s to s too much. The energy
error of the regularization will be related to the trace difference which needs to be traversed over the A scale.

Let ¢ be a cut-off function that satisfies

1 — I'x ) S)\ 4 —
C(T,z):{o :: E: 3:>)\§2 and |0,¢] < CAL.

Define

A2
@:=Ca+ (1 —¢)u with ﬂ(T,Z):X/ u(t +0,2) do.
—)/2

We make a few computations relating @ — v and 9,4 to the traces on ¥. When (7, z) > 0 then r.(7,2) €
[T —A/2,7+ A\/2]. We use this to write, on {¢ > 0},

u(r, z) = ut(r. (1, 2), 2) —|—/ Oru(o,z) do if (7,2) € Ax.
«(7,2)

Then we can use this decomposition in @ as well. By definition we have

(T, 2) = p(r, 2)ut (re(7,2), 2) + (1 — (7, 2))u™ (r.(7, 2), 2) + AK (7, 2), (4.8)
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where u(7,z) € (0,1) is defined as the fraction of o € [-\/2,A/2] so that (7 + 0,2) € A, and

1 r(7,2)  pri(T,2) 1 A2 T+o
K(r,z) = F/ / Oru(k,z) dkdo + 2 / O-u(k, z)dk do.
—\/2 T+o ru(7,2) Jri(7,2)

The appearance of this type of error term motivates the following definition on Ay N {¢ > 0},

1 2
ave, (|0.u])(r, 2) = X/ 0ru(o, 2)| do + ﬁ/ / 0u(k, 2)| dkdo
[re(7,2) £X, 14 (7,2)] [re(7,2) X1 (7,2)] Y 0,74 (7,2)]

Note that avg, (|0;u|) are, respectively, integral averages of 0,u purely on Ay respectively, they do not see the
discontinuity across X. Recall that we have reduced, for convenience, to the case where X is a graph over the ¢
direction and +(7 — r.(7,2)) > 0 on Ay.

One particular consequence of these computations is that on {¢ > 0},

[a(7, 2) —u(r, 2)| < |Jut (re(1,2),2) —u™ (re(7,2), 7)| + A Z avg, (|0rul) (T, 2). (4.9)
+
We can also make a similar decomposition for 0, 4. Note
00 = —Ju(t+ %,z) —u(r — %,z)}
When ((7,z) > 0 then r.(7,2) € [T — A/2,t + \/2] so we can write

§|u(7' +3,2)—u(t—%,2)| = §|u+(r*(7, 2),z) —u” (r«(7, 2), 2)]

1 7. (7,2) ro(T,2)+A/2
+ - / +/ Oru(o, z) do
A r(T,2)—A/2 7y (7,2)
1 _
< X|u+(r*(7, 2),2) —u” (re(7,2),2)| + Zavgi(|8Tu|)(T, z2).
+

Step 2. Next we make a general comment on integrals of the type

l/ h(r.(1,2),2) drdz
A S0y

for a function h € L'(X,dH%x). By the co-area formula

1 12 ~139d
- h(r«(r,2),2) drdz = — h(r«(7,2), 2)|Ds.|~ dH dr.
A Jiesoy AJ a2 S0

Note that, since vy # 0, |0;7.(7,2)| = 1 and |Dyr. (7, 2)| = “Z’:l‘ (re(7,2),2), 80 | Dyt o7 (1, 2)| = 14| (rs (7, 2), 2) L.
Thus we obtain the change of variables formula

1

- h(ri(r, 2),2) dez:/h|1/t|d’Hd. (4.10)
A S0y z



THE SHARP INTERFACE LIMIT OF AN ISING GAME 41

Step 3. Using above formula, here we will see that error terms of type avg, (|0-u|) can be controlled by the
energy in a A - temporal neighborhood of ¥.

The following formulae will be applied below with f = |0, u| or other related functions in later steps. We use
the change of variables formula, applied to h(r,z) := f(7 + 0, 2), twice to compute

1 1

A |f(r*(7,z)+o,z)|dad7dz:// F(r + 0, 2)| dolw|dHA(r, 2)
= J[20]

A {¢>0} A [+2,0]

|f (1, 2)|dT dz.

x/{0<j:(7r*(‘r,z))<)\}

Similarly,

1 2
7/ )‘72/ / |f(re(7,2) + k, 2)| dkdodrdz
Adiesoy A a0 o)
:/ E/ / |f (T + k, 2)| dk do|v,|dH (7, 2)
2 A Jizn0 Jio0)
- g/ / /|f(T+kvZ)||Vt(T,Z)\de(T,z)dkda
AJizao o0 s

2
- 7/ / / |f(T 4+ k, 2)||ve (7, 2)|dH(T, 2)dk do
A Jr0 Jie0 /s
2
- 7/ / |f(7,2)|dT dzdo
A [£X,0] J{O<£(T—7rs(T,2))<0}

< |f (7, 2)|dT dz.

J!
{0<E£(T—r«(7,2)) <A}

Combining the above we find

1
f/ Nave, (|f])dr dz < 3/ \F(r, 2)|dr dz. (4.11)
AJiesoy {0<t(r—r.(1,2)) <A}

Now, since we will often take f = |0;u/| or similar below, we need to explain how to estimate the right hand side
in (4.11) with that choice of f. For the below we use the version of Young’s inequality |V| < § + C6~1 Wy (V)
for arbitrary 1 > § > 0:

|0,u(r, 2)|dr dz = A1 / MOru(r, z)|dr dz

/{0<i(r—r*(7,z))<)\} {0<E(T =7« (7,2)) <A}

<

/ SN 4 CSTINTI W (A O, u))d T dz
{0<E(7—ru(7,2)) <A}

1
< / 5|Vt|d7’ld+0571*/ Po(AOru) drdz (4.12)
) Ax{t((7,2), ) <A}

where we used (4.10) at the last step with h = 1.

Step 4. In this step, we work to estimate the local terms in the energy, with the first focus on the “Dirichlet”
type term. We aim to estimate from above the difference

/ A—lm(a,AaTa)dez—Z/ A1 (u, A Opu)dr dz.
ALUA_ T JAL
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We define
v:=_(0;4+ (1 —¢{)0;u sothat 0,4 = v+ 90.((4 —u).
As part of estimating the previous energy difference we will estimate
U(a, \o;u) — ¥ (a, Av).

Using abstract variables a = Av and h = A 9-{ (4 — u) and dropping the @ dependence because it is the same in

ecach term
a+h
/ V' (k)dk

< (19 (a)| + |9 (a + h)])|A|

< 29'(|al + [R])|A]

< 2W([al)[h| + 29'(|h])|A]

<V (lal)*Lip=0y + [kI> + CU(|A))
< CV(lal)Lgns0p + |[B* + CU(|A]).

U(a+ h) — U(a)

Where we used in order, from Proposition 3.2, that ¥’ is monotone increasing, odd symmetric, subadditive on
[0,00), and for the remaining inequalities we used the bounds (3.8) and (3.9).
Applying this we arrive at

/ l\I/(zl,)\aﬂl) drdz
A

+UA_ A
C
<= [0 (i, M) + (i, Alo]) Lo, cis0p + A2l — ul? + 20 (@, Ao ¢|[a — ul)]dr d-.
ALUA_

For the first term on the right we use non-negativity of ¥

1 1 1
/ ~U(a,A\v) drdz < / —U(u, A\ dru)dr dz +/ —~U(a, \w)dr dz.
ALUA_ A ALUA_ {¢>0}

Since we can bound ¥(a,-) < C'Pq(+) it remains for us to bound the error terms (using even symmetry of ¥)

1 1
(I ::/ —Uo(\)drdz, (IT) := ~ INO-C2|a—u|? drdz, and (III):= — Wo(A|0-C||6—ul)dT dz.
{¢c>03 A A Jicsoy A Jie>03
Note that |A9,¢| < C and |¥o(P)| < C|P|? so
1 N 2 1 A
(II),(III) < C— |6 —u|® drdz < C— |t — u| drdz.
A Jieso0y A Jieso0y

At the last step we used |@ — u| < 2 to bound the L? norm by L!. Then, applying (4.9) and (4.11) this becomes

1 1
f/ |& —u| drdz < f/ |ut (14 (7 2), 2) —u™ (ru(7, 2), 2)| + )\Zavgi(|8Tu|)(T, z)drdz
A Jiesoy A Jiesoy T
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= / lut —u”|dH? + 3/ |0-u(T, z)|dT dz
= {0<E£(T—7«(7,2)) <A}

The second term can be estimated by the discussion in Step 3, in particular (4.12).
It remains to discuss the error term (I), relying on the convexity of ¥y. Observe first that

(I) = / l\IIO()\v)dez < ¢ CUo(AO-0) + (1 — O)To(ADru) dr d=.
{¢>0p A {¢>0)

The second term is already one of the claimed error terms in the statement. The first term is bounded by using
formula (4.9) to relate with the traces on X:

1
/ fC\IJo()\ﬁ 1) drdz < C/ —Uo(A0-4) drdz
A UA_ A {¢>0p A

< O3 [y Tl 22 = (1720, 2)) + OB T v () ar

The last line using that Uo(A + B) < C(¥o(A) + ¥o(B)). It follows by again convexity of ¥y and Jensen’s
inequality

Yo(Aavg, (|9rul)) < avey (Yo(A|0rul)).
Now (4.11) yields

1
)‘/C>0} )\Zavgi |0-ul))drdz < C’Z/ A 100 (M9 )dr ds.

0<t(7—r«(7,2))<A}

This type of term appears on the right hand side of the claimed estimate so we are done estimating term (7).

Next we deal with the double-well term

1
/ S ws(a )drdz—/ s (u )de;,«:/ L Wait) = Wi(u)) drdz.
ALUA_ A ALUA_ A {¢>0} A

So we need to deal with this term on the right
Wi(a) = Wp(u+((d — u)).

Applying (4.9) and using that Wy is Lipschitz on [—s, s]

Ws(@) = W ()| < Cluy (ri(r, 2), 2) = u-(ru(r,2),2) + CAY_avgs(|0-ul) on {¢ > 0}.
+

From there the estimate is the same as in Step 3.
Step 5. We still need to bound [N (@, B, B) — N*(u, B, B)|. For that we write @ = u + ((4 — «) and bound

IN*@, B, B) — N*(u, B, B)| < g/ C(r, 2)|a(r, 2) — u(r, )| drdz
AJB

This type of error term was already bounded in step 4 above.
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FIGURE 6. Open region A intersected by defect surface ¥ made up of two affine pieces X;,
A-time neighborhoods and their overlap are displayed.

Step 6. Finally we consider the case when ¥ is a finite union of pieces X1,...,X; which are each contained
in affine planes Pj, see Figure 6. We can assume that the planes P; are all distinct, otherwise, the corresponding
sets could be regrouped with a smaller J. For A > 0 sufficiently small the A-neighborhoods of any two parallel
planes of {P;} will be disjoint. Any two non-parallel P; meet, at most, on a set of Hausdorff dimension d — 1
and we can bound, using the compactness of the region [0,7] x T¢,

"Hd(E;‘ NXk) <CX for any j # k.

With this in mind, we proceed inductively and assume we have constructed @; satisfying the conclusion of the
theorem on (AUX; U---UX;)° Then we apply the single plane case to define @;41 by the mollification of ;.
Notice that the traces (@ij)+ on ;41 only differ from the traces of u on the intersections of ¥ for 1 < k < j
with 3,41 and by the previous argument these intersections have H¢ measure bounded by C\ so

[ @)= @-tan < [ e ]+ onant
jt1

Zjt1
Furthermore the energy

1

/ U (A0, 1;) drdz < G (T (AUZ U---U X)) — G (us A)
A JAN{0<t((72),5;41)<A}

which we have already assumed, in the inductive hypothesis, to be bounded by the right-hand side of (4.7). O

We now state several useful consequences of Proposition 4.11, restated in terms that are more directly useful
for Section 4.4.

The primary use of Proposition 4.11 is to patch together two solutions that agree in trace along the dividing
boundary. We state as a corollary that this can be done without introducing extra cost in the limit as A — 0.
We use the notation A; LI A to denote the interior of the closure of A; U As.

Corollary 4.12. Suppose that a surface 3, which is a finite union of pieces of d-dimensional affine planes,
strongly divides a pair of sets A1 and As, and u} : Ay — [—5,5] and ud : Ay — [—s,s] with sup, G(u3; A1) +
supy G(uy; Az) < oo. Suppose further that the A-traces on & of uy converge to vy : ¥ — [—s,s] and the \-traces
on ¥ of u} converge to vo : ¥ — [—5,5]. Then there exists u™ : A; LI Ay — [—s, 5] that satisfies

lim sup (||u/\ — u{‘||L1(A1) + ||u’\ — ué\HLl(AQ)) =0
A—10
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and

lim sup (gk(u&A1 U Ap) — GMud; Ay) — gA(ug;AQ)) < c/ o1 — vo|dHC.
A—=+0 %

Furthermore, the construction of u depends only locally on the values of uy and us, and uw = u; or u = us a
distance greater than A from the boundary of A1 or As.

Proof. The proof is a direct application of Proposition 4.11 with the function
U= ui\lA1 + ug‘lA2

and u* = 4. Definition 4.5 ensures that the right hand side of (4.7) are controlled in the limit as A —%+ 0 by
C [5 [v1 — v2|dH? and also

limsup./\/')‘(ﬂ,Al,Az) = llimsup [N)\(INL,Al U AQ,Al @] AQ) *N)\(ﬂqu,Al) 7./\/.)\(&7142’142)]
A—0 2 A—0

< limsupNA(u,Al,Ag) + C/ vy — 112|de
A—0 b))

applying (4.7) with B respectively to be A; U Ay, Ay, As. Recall from Definition 4.5 and the assumption of
A-trace convergence on ¥ that the last term on the right of (4.7) involving A=1W(\-) also converges to zero as
A—0.

Furthermore, Lemma 4.10 implies that the nonlocality defect AN (u, A1, A3) is bounded by C Js o1 — vo|dHY.
The L' equivalence follows from the fact that u; = u and uy = u a distance greater than \ from X. O

We similarly will use an adjustment of functions defined on a square to periodic functions in Xr. We fix a
space-time unit-normal vector v and O € B, and consider the step function

) s (tz)-v >0,
vy (t, ) = {5 (t.2) v <0, (4.13)

Recall that we define spaces for O-periodic C! functions in Section 3 ((3.21), (3.25) and (3.29)). Recall also that
we consider a sequence \; > 0 such that \; — 0 as i — co, which we denote as A —T 0.

Proposition 4.13. (a) Given v : O x Rv — [—s,s] satisfying the following:
o supy G(u; 0 x Rv) < oo,
o the X traces agree with v, on the 00 x R and on O x {—R, R}v,
then there is @ € Xg(O) such that

lim sup (||ﬂ’\ - u>\||L1(D><]Ru)) =0
A—=10

and

lim sup (f)‘(ﬂ)‘;D xRv) — g)‘(u)‘;D X Rl/)) <0.

A—+0

(b) If u* : 0O x RT v — [—5,5] where vy > 0 with
o sup, G(ut;0 x RT v) < o,
o the A-traces agree with v, on the 00 x RT and on O x {R}v,
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o the L'-trace converges on 0 x {0}v to a constant sy € (—s,5),
then there is @* € X% (sg, +s,0) such that

limsup (12" — w1 @z 1)) =0
A—=10

and

lim sup (]—'/\(ﬂ)‘; OxRTv) — Q’\(u’\;D x RT V)) <0.

A—=+0

(c) Ifu* : O x RT v — [—s,5] where vy < 0 with
o supy G(ut;0 x RT v) < oo,
o the A-traces agree with v, on the 90 x RT and on O x {R}v,
then there is @* € Xg"(+s,0) such that

lim sup (”ﬂ/\ — M| Oxr u)) =0
A—=10

and

lim sup (.FA(&)‘; OxRYv) — ¢ Nu; O x RT V)) <0.
A—=10

Proof. Let A; := 0 xRv — [—s,s] and Ay be the union of all the translations along one sidelength of [J. Then
Corollary 4.12 constructs @ on A; Ll Ay with

lim sup (||€LA —uMlprgay + 1@t - U/\HLl(Az)) =0
A—=+0

and

limsup (G (@5 A1 U Az) = G (i A1) = G2 (1 A2) ) < 0.

A—+0

The constructed @* is periodic along the translations as the construction of Proposition 4.11 is local, making
the adjustment of #@* on one edge the same as the adjustment of @* on the opposite edge. In this way we may
consider @* defined on all of R¥*1,

We now proceed with a mollification of @* to @) at a scale e much smaller than \. The mollification converges
in L' and the local time gradient term is lower semicontinuous due to convexity. Furthermore, the A-trace error
does not increase more than order A, and thus the A-traces of the mollified sequence converges. By the nonlocal
defect estimate of Proposition 4.11, we have that the nonlocal defect vanishes across A; and R\ A; and thus
from (3.13) we have

lim sup (]:’\(ﬂA;D x Rv) — GMw; O x Rl/)) <0.
A—10
We proceed similarly at the initial and end times. We need to patch on a boundary that is orthogonal to
the time direction here. Having extended u to the half space with ¢t > 0, we now also patch with the constant
function sy on the half space with ¢ < 0. We mollify the sequence at a scale € and shift it forward on the \ scale
to construct a sequence @ that agrees with the constant sy at ¢t = 0. The shift also converges in L.
The end time is exactly the same, except that we can simply extend by @*(0,-) to times greater than 0. [
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4.3. Proving (i) of Theorem 4.1 by lower-semicontinuity

In this section, we show part (i) of Theorem 4.1, the lower bound inequality of the I'-convergence: any
sequence s* with bounded cost which converges in L' to a limit 5 has asymptotic cost bounded from below
by the effective cost V(so, g, 5). For this we follow a now standard idea introduced by Fonseca and Miiller [59]:
it suffices to show that the H¢ density of the limiting total variation measure is bounded from below by the
respective value of the effective functional. The key technical tool in this argument is the patching estimates
Proposition 4.11 and Proposition 4.13, which allow us to patch the local values of s* into a global periodic test
minimizer for the appropriate cell problem.

Proposition 4.14. Consider a sequence § satisfying
PN ) = 5(r,2)  in LY([0,T) x TY)
and

lim inf G*(5; [0, T] x T¢) +/
A—0

. 1 1,
» [g(z) T, 2) + ——2(3MT,2)) — ﬁé(s’\(O, z))}dz < +o0.

2

Then 5 € BV ((0,T) x T4, {s, —s}) and

liminf G*(8%; 0, 7] x T%) + /T [g(z) ST, 2) + %@(gk(T, 2)) — %@(é’\(o,z))}dz > V(s0, 9, 5).

Proof. For each point (,2) € [0,7] x T?, define the energy density

AT, 2) = A1 [Wg (8M(1,2)) + %\If(é/\(ﬂ 2), 0,81, 2)) + i/

J)‘(z —w) (§)‘(7, z) — §/\(T,w))2 dw},
Td

and the energy measure

oMA) = //Ah/\(T, Z)dZdT+/,4n{T}de (g(z) MT, 2) + %@(gA(T, z)))dz - /Aﬁ{o}x'ﬂ‘d %(I)(gf\(o,z))dz,

for a measurable set A in [0, T] x T.
Note that

oMA) = GMNEN A) + NN A, [0,T] x TN\ A) for any A C (0,T) x T

In particular, the total mass of ¢ is bounded above by the total cost. Therefore there is a subsequence and a
nonnegative measure o on [0, 7] x T¢ such that the c* converge in the weak-x topology, o —* o.

We aim to show the following density lower bounds with respect to the interfacial surface measure as well as
the initial and end-time surface measures. Call ¥ to be the set of points (7, z) € (0,T) x T where the measure
theoretic limit of 5 is not in +s. Note that by our definition this is does not include any initial or final time
points.

(a) On (0,T) x T¢

do

M(T,Z) > L(v(r,2)) for H¥s-ae. (1,2) € T.
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Here v(7,2) is the measure theoretic unit normal direction pointing outward to {5 = s}, defined H?|x-
almost everywhere.

(b) On 7 =0,
L(o z) > V™ (s0(2),3(0,2)) for H.—r-ae. z € T¢
delT:T ’ et ) ) T= . .
(¢) OnT1="T,
do end (g d d
————(T,2) > V"S(T, 2),9(z)) for H|,—p-a.e. z € T
dHd|—o
To begin the proof of (a), we consider a point (79, 29) € & where the outward unit-normal vy to {5 = —s} is

well defined. Consider a unit d-cube in the subspace orthogonal to vy, O € B, from the definitions of (3.23).
Call the d 4+ 1 dimensional unit cube @ = [0 x [-1/2,1/2]yy with one of the axes oriented in the vy direction
and also the rescaled cubes (79, z9) + r @ that are centered at (79, z9) with side lengths . We say points (79, 29)
are regular if the limit exists

do _ . 0((70,20) + 7 Q)
dH (10, 20) = }1_13% - (4.14)
and the rescaled 3, see the notation defined in (3.18), satisfies
R(7,20).+8 — Uy, strongly in Lj,., (4.15)

where v, is the step function from (4.13). Standard results [60] imply that (4.14) and (4.15) will hold H%|x
almost everywhere provided that X is rectifiable, which holds for the jump set when 5 is in BV. Similarly, for
(b) and (c), these conditions hold at the beginning and end times where ¥ is replaced by the slice {0} x T% or
{T} x T?, and v is replaced by the appropriate normal vector (the sign of 5(0, z) or negative sign of 5(T}, z) in
the time direction).

Now consider a regular point (79, 29) € ¥ as above satisfying (4.14) and (4.15). From weak convergence, we
deduce that

lim (T)\((TO,Z()) + TQ) = J((To,ZO) JrTQ)

A—0

except for a countable set N of values of r. Furthermore, by (4.14) we have

lim lim U/\((To,zo)—&—rQ) —  lim 0((70,20)—1—7“@) _do (70, 20)
r—=0; r¢N \—+0 Td - r—0; T¢N T'd - de|Z 0;<0)-

Since §* — 5 in L', by (4.15) we have

lim lim R = lim R 5=w, in L.
r—0; r€N A—+0 (70.20),7 r—0; r¢N (70,20),7 vo

Then we can choose sequences 7; and \; such that

lim r; = lim — =0,
1—00 11— 00 T

iy O (0:20) +7:Q) _ do

71— 00 ’rid d'Hd|g

(70, 20),
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lim R(7'07ZO)77‘i§>\i =1, in L.
71— 00

By the scaling property of G* (Lem. 3.7), and by dropping the remainder of the nonlocal term away from
(70, 20) + 7; Q, we have

o ((70,20) + 7 Q)

d
T

G (8% (10, 20) + 73 Q)

d
T

= g)\i/” (R(TO,ZO)»Hg/\i ) Q) :

>

By Lemma 4.7 we can choose t € (0,1) arbitrarily close to 1 so that, up to a subsequence, the A;-traces of
R(TO7Z0)7Ti§)‘i on 0(t Q) converge to vy, in the sense of Definition 4.5. The cost decreases since the new cube is
smaller:

g)\i/ri (R(Tmzo),ms)\i ; Q) > g)\i/ri (R(Tmzo)?ms)\i 5 t Q) .

Using Proposition 4.11 we construct séatched which “extends” R(T(J’ZO)’,.is)‘i to td x Ryy by patching with
vy, at distance t/2 away from the tangent hyperplane. Corollary 4.12 and the convergence of the A;-traces of
Riry,20),r: 5™ t0 vy, on 0tQ N {(7 — 70,2 — 29) - vo = +t/2} shows that

lim inf {g)‘i/” (R(TO,ZO),HS)"';tQ) +gNi (Vyo; (O x Rug)\t Q) — g/ (s;atched;tlj X RI/O)} >0.

1—> 00

We use Proposition 4.13(a) to further replace s,y peq DY Sheriogier @ t 0 periodic function of R+, This does

not increase the cost due to the agreement of the A\’ trace limits along the boundary of t( x R,

lim inf {gW” (sz st x Ryo) —ghi/ri (si st x RI/O)} > 0.

00 patched? periodic)
Since vy, is constant on the components of (¢t x Rug)\t Q, we have

G (Vy; (O x Rup)\t Q) = Fi(vy0; (10 x Rg)\t Q) = 0.

Lemma 4.10 bounds the nonlocal defect for the periodic approximation séeriodic so that
lim inf {g)\l (S;ﬁ)eriodic; tUxR VO) - ‘F)\i (S;Jem'odic; tOxR VO)} > 0.
1—> 00

i

periodic 1S continuously

Again using the scaling Lemma 3.7, and Proposition 4.13 that allows us to assume that s
differentiable, we have

td I/R (U()) < ]:/\'i/” (Sl

periodics

t x Rl/o)

which concludes the proof for (a) after chaining together the inequalities and taking ¢ close to 1.

At the initial time the argument is identical, except that when defining Séeriodic we must enforce that
s;erwdic € XM (s0(2),5(0,2),0), i.e., that s;modic(o, x) = so(z). This is also done by Proposition 4.13(b) by

patching with the constant function sg(z) in the domain ¢t < 0 and shifting slightly forward in time so that
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s;‘,modic(o, x) = so(z) holds. The rest of the argument goes through exactly working on ¢t x R* 1y where vq
points forward in time.

At the final time we have (for @~ the intersection of the cube with the lower half plane and v the unit-vector
in the negative time direction)

ooy ((r0,20) + 1 Q7)
d

T

Ai(ghis (19, 2 A%
. M ( ,(07d0)+ Q )+T_d/z+rm<g<) (Tx)—&—%q)( “T ,x)))dm

T

1
=GN/ (Rirg z0).rs ™5 Q7) + / (g(z +riy) 8N (T, 2z +ry) + %‘1’(?" (T,z+ ry)))ély-
O

At points of Lebesgue density of g, we can approximately replace g(z + r;y) in the line above with g(z). As

before we construct sp...;,4;c € Xgnd(5(T, z),0) in Proposition 4.13 (c), making sure to preserve

liirgglf { / 2) Rer,2),r, (0, ) + %q)(R(Tyz)yms(O,x)))dx

~ [ (006) hersse0.2) + 55 (sherie0.2) e} < 0.

We arrive at, using again Lemma 4.10 to equate F/"(s)_ . it 0 x RYng) and GM/7i (st gt 0 x
R+ n1)7
lim inf {g/\ I (Rig ) 8™ Q7) +/ (g(z +riy) (T, 2z + 1 y) + 76@( (T, z+mr y)))dy
i—00 td
./_'.)\ /TL( ;emodwvtD X R+ nl) / (g(Z) S;z‘mmodw(o 1’) + 75@( peT’wdlC(O’m)))dx} Z 0.
t0

We repeat the final scaling argument with

td Vend(g(T’ Z),g(Z)) < ]:)\i/ri( ;PrwdimtD X RJF nl) * /

(g(z) spPT"LOd'L('(O IE) + 7(1)( meodzc(Oa ‘r)))dxa
tO

28

to conclude the claim of (c).

Proof of Theorem 4.1 part (i). Let s* as in the statement and choose a subsequence so that

lim C* (s, a™) = lim inf C* (s, a™).
A—0

1—0

By Proposition 4.3 s has a subsequence (not relabeled) converging in L*((0,7") x T¢). Now the hypotheses of
Proposition 4.14 are satisfied and the conclusion of 4.14 is the desired conclusion of Theorem 4.1.
O

4.4. Proof of (ii) of Theorem 4.1 by an upper bound inequality

The difficulty in constructing the recovery sequence lies in approximating a general smooth interface locally
by flat interfaces. We follow the beautiful idea introduced by Alberti and Bellettini [46]. Essentially the concept
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is to reduce to the case of polyhedral sets, via a typical argument with a Reshetnyak Theorem [61], and then
prove the case of polyhedral sets by an inductive argument. We can mostly follow [46] until we come to the
point of “patching” neighboring cells at which point we reuse the ideas from Section 4.2.

Definition 4.15. e An d+ 1-dimensional polyhedral set E in R is an open or closed set whose boundary
is a Lipschitz surface contained in the union of finitely many affine hyperplanes. The faces of OF are
intersections of OF with one of those hyperplanes, edges points of F are boundary points which are in
multiple faces. The normal direction vg is defined at all non-edge points.

e A k-dimensional polyhedral set is a polyhedral set in a k-dimensional affine subspace or the closure of
such a set. Note that intersections of polyhedral sets in R?*! with k-dimensional affine subspaces are
k-dimensional polyhedral sets.

e A polyhedral set in a domain  C R%*! is the intersection of a polyhedral set in R4+ with Q.

e A function s € BV (; {£s}) is called a polyhedral function if there is an d + 1 dimensional polyhedral set
E which has OF transversal to 0€), such that s = s1p — s1gc almost everywhere in 2. More generally
f € BV(,R) is called polyhedral if there is a finite collection of disjoint polyhedral sets E; so that
UE; N = and f is constant on each E;.

Definition 4.16. We say that two sets E and F in R*! are transversal if HY(E N F) = 0.

We also make the following notation: given a set £ in RY and § > 0 we call Ej to be the set of points with
Euclidean distance at most 6 to E.
We may localize the limit energy V from (3.17) on an open subset A C [0,T] x T? as

V(so,g,§; A) ::/A [Vivzit(30(2)7§(072)>d2+/

Verd(§(T, 2), g(2))d= —|—/ L(v(r,z))dH"
Ar

A\(AoUAT)

Now we construct the recovery sequence for polyhedral functions sy and g.

Theorem 4.17. Let 5 € BV((0,T) x T% {£s}), so € BV(T%;(—s,s)), and g € BV(T%R) with |g| < %@’(s)

be polyhedral functions. There are functions s* on [0, T] x T% with limy_,+q ||s*(0,-) — so|| L1 (1ay = 0 and |s*] < s
s0 that s» — 5 uniformly on every compact subset of (0,T) x T\ Jump(5) and

lim sup {QA(S)‘; (0,7) x T*)dr + /
A—=10 Td

1 1 _ _
[SA(T,z)g(z) + %(D(SA(T7 z))}dz - /W %é(so(z))dz} < V(s0,9,5).

Proof of Theorem 4.17. The proof is a direct adaptation of [46] until we reach the proof of (c) below, which
considers patching recovery sequences in neighboring domains.
Call T = Jump(3) U {0} x T? U {T} x T¢. Note that by definition I is a d-dimensional closed polyhedral set.
For a given § > 0, consider the class A of d + 1-dimensional open polyhedral sets A in [0,7] x T¢ with the
following properties:

(i) 0A and T" are transversal. B
(ii) There is a sequence of functions s* defined and continuous on A and a constant K > 1 (which may depend
on A) so that

s*=5 on{£€A:d(&T)> K\, lim 1s2(0,2) — so(2)|dz =0, |9ys| < KA7Y, (4.16)
A—=T0 (0,2)€A
and
1 1 _
GMNsM; A) —|—/ {s’\(T, 2)9(z) + =@ (sMT, z))}dz - / —®(s0(2))dz < V(s0,9,5 A) + 6.
(T,z)eA 25 (0,2)nA 28
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= t="T

Jump(s) A

FI1GURE 7. Example of a polyhedral decomposition so that each subregion is either of the type
considered in (a) or in (b).

Denote A LI Ay to be the interior of A; U A;. We prove that [0,7] x T¢ € A by the following inductive steps.

(a) If A is a d + 1-dimensional polyhedral set in  such that H¥(ANT) =0 then A € A.

(b) Let ¥ be one of the following: a connected polyhedral subset of {T'} x T\ Jump(g), a connected polyhedral
subset of {0} x T\ [Jump(5) U Jump(sp)], or a face of Jump(5). Let 7 be the projection map onto the
affine subspace containing Y. Suppose that A is an d + 1-dimensional polyhedral set in [0, 7] x T so that
'NA=%and 7(A) = X. Then A € A.

(c) If A1, Ay € A are disjoint then A; LI Ay € A.

Since 5 is polyhedral we can write [0,7] x T as a finite U union of polyhedral subdomains satisfying the
hypotheses of (a) or (b), see Figure 7. (For example, do a Voronoi type decomposition, and then add regions
of type (a) as necessary to achieve the projection hypothesis in (b).) In particular, even though constants K in
(ii) may increase by a finite factor at each union stage, there is no problem since there are only finitely many
such unions.

Note that once we have proven (a)—(c), since 6 > 0 was arbitrary, by a diagonal argument, we can find the

recovery sequence S)\.

Proof of (a): In this case, § is constant equal to either £s in each connected component of A. In this case,
the recovery sequence is trivial s* = 5. The nonlocal and Dirichlet parts of the energy are zero for constants,
and the double-well potential is zero on +s so

HA({0} x T? N A) = 0 so the initial data condition in (4.16) is trivially satisfied, and

/<T )€ FA(T’ 2)a(e) + %@(SA(T» Z))]dz =0

because HA({T} x T¢N A) = 0.

Proof of (b): We divide into cases depending whether the flat interface ¥ is in {0} x T¢, {T} x T? or is a
face of Jump(3).
First suppose X is a face of Jump(

(5). Let v be the (constant) inner space-time normal to the affine plane
containing Y. From the definition of L(v

), let 0 € B, and w be an element Xr(0O) (defined in (3.21)) with
IO ' F (w; O x Ry) < L(v) + 6.

We fix some (7, 2) € ¥ and let s*(7,2) := w(A"1(7 — 7), A"} (z — 2)). Note that since w € Xz(0J) the property
(4.16) is satisfied with K = R. Recall that Xr(0) consists of C! functions so |9;s*| < KA~! increasing K if
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necessary. The remainder of the argument is the same as [46], the AT period cells tile most of ¥ except for a
O(A)-neighborhood of 9% which has surface measure O(\) because X is polyhedral.

Next suppose ¥ is a component of {T'} x T4\ (Jump(3) U Jump(g)). We fix some z with (7,2) € ¥, so then
5 takes a constant value either +s on A, which we call 5(A). Also g takes a constant value on ¥, g(Z). Let v
now denote the normal-vector oriented in the negative time direction. From the definition of V"¢ we choose
[ € B, and w be an element X£"%(5(A),0) (defined in (3.29)) with

|9(2)w(0,2) + i@(w(o,x))]dx) < Verd(s(A),g(2)) + .

|D\—1(f1(w;DxR+u)+/ %

O

Let s*(7,2) := w(A™ (7 = T), A7 (2 — 2)). As before we can conclude the compact support and time derivative
bound properties of (4.16) from the properties of the space X§"¢. Using the projection condition 7(A4) = ¥ and
tiling ¥ with AO period cells, up to an O(A)-error from the period cells intersecting 9% as before, we have

. (. A isAzz end (3(T, 2), g(2))dz
Alinlo{g (s ’A)+/<T,z>eA [s (T.2)9(2) + 552 (T, ))]d }g/zv (5(T, ), g(2))dz + 6|].

Finally suppose ¥ is a component of {0} x T?\ Jump(5) so again 5 takes a constant value either +s on A, call
that value 5(A). Similarly, sq is constant on ¥ so we let so(X) denote the value. From the definition of V"% let
R > 0, v be oriented in the positive time direction, [J € B, and w be an element X" (s¢(X), 5(A),0) (defined
in (3.25)) with

0P F (w; O x RT v) — %‘P(so(z)) <V (50(2),5(5)) + 6.

We similarly fix some (0,2) € ¥ and let s*(7,2) := w(A~'r,A\"! (2 — 2)), then proceed as in the previous cases
to conclude.

Proof of (c) This is the point where we need new arguments. Essentially the patching procedure of
Proposition 4.11 is carried out again here, but with simpler boundary conditions we are able to make more
explicit estimates.

Given disjoint sets Aj, Ao € A set A := A; U Ay and A := JA; N JAs. Note that A is contained in a
finite union of affine hyperplanes. By assumption, there are sequences s?‘ defined, respectively, on A; satisfying
hypothesis (ii).

Define

8% in Zg.

Y {si\ in A
-

We need to regularize §* across the interface 0A; N OAy at least in the time variable. For given r > A, let

¢:[0,T] x T — [0,1] a continuous cutoff function, which is 1 in an r-neighborhood of A; N Ay and zero
outside of a 2r-neighborhood with |V, .¢| < 7. Let ¢* = A=+ p(A~1.) be a standard mollifier at scale )\,
and define

st = (oM x4+ (1 -5

A

Note that, because §* is only defined in A; LI Ay we mean technically

P xN12) = Z(r,2)"! / AN — w2 — )3 (u,y) dydu
A1UAs
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with the normalization factor

1
N Jasua, OMNT —u, 2 — y)dydu

Z(1,z):

Since A; U Ay is a polyhedral domain, inf4,,4, Z(x,t) > ¢ > 0 where the constant depends ogthejomain
Lipschitz property. Due to the hypothesis (ii) and its definition, the function s* is continuous in A; U A, with

0,5 < CAT oL (4.17)

As long as 7 > X this is bounded by CA~1.
By hypothesis (ii) we know

=5 in Aq UAQ\F(K1+K2)>\

all(l SO we can COIlClllde
S)\ = A m A \ F K 1 AZT .
S] J (Kl 2 )>‘

The mollification converges uniformly away from the jump set, which also implies convergence in L' at the
initial time. Call K = K| + K5. Then we have shown that s* satisfies (4.16) with the constant K.
Because A and T' are finite unions of d-dimensional polyhedral sets which meet transversally,

TN AQT‘ < C>Mr (4.18)

for some constant C' depending on the sets but not on A or 7.
Now we use this to compute the energy

GM (5 Ay U Ay) +/ [T 2)() + Lo\, 2)]dz
{T}xTAN(A,UA,) 28

[s{‘(T, 2)g(z) + %fb(si\(ﬂ z))} dz

1
{sé\(ﬂ 2)g(2) + ﬁfb(sg\(T, z))} dz

< GM(sp5 Ay) +/

{T}XTdﬁAl

+ gA(Sé;Az) +/

{T}xTINAs
+GM(sM Ao NT ) + N (85 Ap, Ao).

We estimate the energy in the overlap region using (4.18). The double-well term is immediate using Wg([—s, s]) <
W;5(0)

1
/ ~Ws(st) drdz < Cr.
JACINRI RSN
The derivative term is estimated using (4.17) and (4.18)

1
/ —W(A0,sN)drdz < Cr.
JACN I SN
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The nonlocal part of the energy is bounded similarly by (4.18)
N5 Ag, NTgx, Ag, NTy) < Or
using the simple inequality
NA(s, A, A) < CAT A
Finally for the nonlocal cross term we use Lemma 4.10 to find

lim sup N (s*; Ay, Ag) = 0.
A—0

Combining the above we find

[5:)‘(T7 2)g(z) + i‘I)(SA(T, z))} dz}

lim sup {Q’\(S’\; A LU Ay) +/ 23

A—=10 {T}xTeN(A1UA2)
S V(SOaga §; Al) + V(So,g, 5; AQ) + Cr.

The transversality condition used again implies

[s)‘(T7 2)g(z) + i‘I>(s>‘(T, z))}dz} <V(so,9,8; A1 U As) + Cr.

lim sup {QA(S)‘; A U Ag) +/ 203

A—T0 {T}XTdﬂ(AluAQ)

We can also choose r — 0 as A — 0 to get (ii), actually » = X works.
While the construction may not satisfy |s*| < s, we may apply Lemma 3.6 to find an asymptotically equivalent
sequence that satisfies this property. O

From Theorem 4.17 we can conclude the proof of Theorem 4.1 part (ii) by the density of polyhedral
sets/functions and the Reshetnyak continuity theorem. We just need to establish the upper-semicontinuity

of the surface energy density L(v).

Proposition 4.18. The maps L : S+ R and V" (. 5), Vend(3,.) : (=1,1) = R with 5 € {—s,5} are upper-
semicontinuous.

Proof. Given a base direction vy € S¢ there is a mapping I : v € S¢ — SO(d) such that I(v)vy = v. Note that
for any d-dimensional periodic cube [ in the orthogonal complement of v, the map O € SO(d) — |0~ *F(so
0;0 x ROwy) is continuous for any fixed s € Xr(0). Thus the formula

Lv) = lim inf [inf{|O] '"F'(so I(v);Ox Rr); O e W, s € Xp(O)}]
—00

represents L as an infimum of continuous functions of v € S, making it upper-semicontinuous.

The argument for V"% is immediate using continuity of the integral for the terminal cost evaluation.

To prove upper-semicontinuity of V¢"4(3,-), we can simply consider a linear extension and compare costs.
For instance, fix so,1, So,2, R and 0. For s; € X} (s 1,5, ) we can define sy € X" (s¢ 2, 5,0) by

50,2 50,1 _
s2(t, ) = {(|80’2 ~s0a| =9) ls0,2=50,1] + t|30,27so,1| t <[s0,2 = 501

s1(t —[s0,2 — 50,1/, 2) t > |s0,2 — S0,1

The cost is continuous with respect to sg 2, making V"% upper-semicontinuous when we take the infimum over
R and . 0
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Proof of Theorem j.1 Part (ii). Let 5 € BV((0,T) x T {+£s}), so € L*(T¢;(—1,1)), and g € L*(T%; R) be gen-
eral, not necessarily polyhedral, data. As a consequence of Theorem 1.24 in [62] (and approximation of smooth
functions by polyhedral ones), there are sequences of polyhedral functions §", s, and g" in the same spaces
and so that

(5",s0,9") — (8,50,9) in L' norm,
and also
Ds" A D5 and |D3s"| = |Ds|
in duality with continuous functions. Furthermore, this convergence implies that
(™(0,-),8™(T,-)) — (8"(0,-),8"(T,-)) in L' norm,

as shown in Theorem 2.2 of [63]. By Theorem 4.17, for each n there are functions s™" with limy_,+¢ ||s*"(0, ) —
gl Lreray = 0, limy 4o || = 5[ (11 0,7y x74) = 0, and

lim sup {gk(s%"; (0,T) x Td)dr—i—/

N0 T [SA’n(Ta Z)Q(Z)—FL(I)(S)""(T, z))}dz—/ i<I’(361(z))dz} <V(sy, g™, 5").

26 Td 25

A

We may now consider a sequence s such that lim,,_,., A, = 0, and we will adjust the initial condition of
A

s*™ so that it agrees with sg. This may be done by the linear interpolation
~n T T An,n
§"(r,z) = max{1 — X,O}so(z) + mm{x, 1} (T, 2).

Arguing as in the proof of Proposition 4.11, seeing that lim,, . [|s**"(0,-) — soll L1 (ray = 0, we have

lim sup {g’\(én; (0,7) x T%)dr + /

n—oo Td

[én(T, 2)g(z) + %@(én(T, z))}dz - /Td %@(so(z))dz}

{s’\"’”(T, 2)g(z) + iq)(s’\’”“”(T7 z))}dz - / i<I>(sg(z))dz}

<1 Al oAn,m. d
< limsup {g (s™™(0,T) x T )d7+/ 23 1a 203

n—o0o Td

We may now conclude upper-semicontinuity of the limit

limsup V(s§, g", 5") < V(s0, 9, 5)-

n—oo

Using Proposition 4.18, L' convergence of s and g™ at the initial and final times with Fatou’s lemma and
Egorov’s theorem we have the upper-semicontinuous limit for V" and V¢"?. Again using Proposition 4.18,
and the well-known result of Reshetnyak that weak convergence of 5" in BV combined with convergence of the
perimeter implies upper-semicontinuity of the surface area functional (see Thm. 1.3 of [61]). O
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