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ABSTRACT. A variational model in the context of the gradient theory for fluid-fluid
phase transitions with small scale heterogeneities is studied. In particular, the case
where the scale ¢ of the small homogeneities is of the same order of the scale governing
the phase transition is considered. The interaction between homogenization and the
phase transitions process will lead, in the limit as ¢ — 0, to an anisotropic interfacial
energy.

1. INTRODUCTION

In order to describe the behavior at equilibrium of a fluid under isothermal conditions
confined in a container @ C RY and having two stable phases (or a mixture of two
immiscible and non-interacting fluids with two stable phases), Van der Waals in his
pioneering work [37]| (then rediscovered by Cahn and Hilliard in [12]) introduced the
following Gibbs free energy per unit volume

E.(u) ::/Q[W(u)+52|Vu|2] dz. (1.1)

Here € > 0 is a small parameter, W : R — [0, +00) is a double well potential vanishing
at two points, say +1 and —1 (the simplified prototype being W (t) := (1 — t2)2), and
u : 2 — R represents the phase of the fluid, where v = 41 correspond to one stable
phase and u = —1 to the other one. According to this gradient theory for first order
phase transitions, observed stable configurations minimize the energy E. under a mass
constraint [, u = m, for some fixed m € (—[Q],]9]).

The gradient term present in the energy (1.1) provides a selection criterion among
minimizers of I : u — [, W(u) dz. If neglected then every field u such that W(u) =0
in € and satisfying the mass constraint is a minimizer of I. The singular perturbation
u +— €%|Vul? provides a selection criterion and it competes with the potential term
in that it penalizes inhomogeneities of v and acts as a regularization for the problem.
In particular, the parameter € > 0 is related to the thickness of the transition layer
between the two phases. It was conjectured by Gurtin (see [27]) that for 0 < e < 1 the
minimizer u. of the energy E. will approximate a piecewise constant function, u, taking
values in the zero set of the potential W, and minimizing the surface area HN"1(.J,) of
the interface separating the two phases. Here H"V~! denotes the (N — 1)-dimensional
Hausdorff measure and J, is the set of jump points of w.

Gurtin’s conjecture has been proved by Modica in [32] (see also the work of Sternberg
[36]) using I'-convergence techniques introduced by De Giorgi and Franzoni in [17]|. In
particular, it has been showed that

lim LB (u.) = vHN (),

e—0 ¢

where the constant v > 0 plays the role of the surface energy density per unit area
required to make a transition from one stable phase to the other, and it is given by

1
’y::/ VW (t)dt.
-1
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Several variants of the Van der Waals-Cahn-Hilliard gradient theory for phase transi-
tions have been studied analytically. Here we recall the extension to the case of d non-
interacting immiscible fluids, with a vector-valued density u : RY — R9. In [25] Fonseca
and Tartar treated the case of two stable phases (i.e., the potential W : R? — [0, 00)
has two zeros), while the general case of several stable phases has been solved by Baldo
in [6]. In [6] and [25] it has been proved that the limit of a sequence {uc}c>0, where u,
is a minimizer of F., is a minimal partition of the container 2, where each set satisfies
a volume constraint and corresponds to a stable phase, i.e., a zero of W.

Other generalizations of (1.1) include the work of Bouchitté [8], who studied the case
of a fluid where its two stable phases change from point to point, in order to treat the
situation where the temperature of the fluid is not constant inside the container, but
given apriori. From the mathematical point of view, this corresponds to considering
the energy (1.1) with a potential of the form W (x,u) vanishing on the graphs of two
non constant functions z1, 22 :  — R TFonseca and Popovici in [24] dealt with the
vectorial case of the energy (1.1) where the term |Vu| is substituted with a more general
expression of the form h(z, Vu), while the full coupled singular perturbed problem in
the vectorial case, with the energy density of the form f(z,u,eVu), has been studied by
Barroso and Fonseca in [7]. The case in which Dirichlet boundary conditions are con-
sidered was addressed by Owen, Rubinsten and Sternberg in [35], while in [33] Modica
studied the case of a boundary contact energy. We refer to the works [36] of Sternberg
and [1] of Ambrosio for the case where the zeros of the potential W are generic compact
sets. Finally, in [28] Kohn and Sternberg studied the convergence of local minimizers for
singular perturbation problems.

This paper is part of an ongoing project aimed at studying the interaction between
phase transitions and homogenization, namely when small scale heterogeneities are
present in the fluids. In particular, we treat the case of a mixture of d non-interacting
immiscible fluids with two minimizing phases in isothermal conditions. To be precise,
for € > 0 we consider the energy

£.(u) :z/g)[W(i,u(x))—l—sﬂVu(m)F dz | (12)

where W : RNV x R? — [0,00) is a double well potential that is 1-periodic in the first
variable and with two zeros (see Section 1.1 for more precise details on the hypotheses
on W). The small scale heterogeneities are modeled by the fast oscillations in the first
variable of the potential .

Since lim._,o min &, = 0, in order to understand the behavior of minimizing sequences
as € — 0 we need to consider the rescaled energy F. := e 1'&.. In the main result of this
paper (see Theorem 1.6) we identify the variational limit (in the sense of I'-convergence)
of the rescaled energies F; as € — 0. In particular, we will prove that the limiting energy
is given by an anisotropic surface functional. We refer to Section 1.1 for the precise
statement of the result. Since the scaling e~! of the energy coincides with the scaling of
the fine oscillations in the potential, we expect to observe, in the limit, an interaction
between the phase transition and the homogenization process.

The transition layer between the two phases has a thickness of size €, which is the
same scale of the micro-structures that form within this layer due to the potential term.
The main challenge of this work will be to handle the situation in which the orientation
of the interface is not aligned with the directions of periodicity of the potential W. This
misalignment will give rise to the anisotropy in the limiting energy (see Figure 2). In
particular, the cell problem for the limiting energy density (see Definition 1.3) cannot
be reduced to a one dimensional optimal profile problem, as in the case of the energy
(1.1) (see Figure 1). This phenomenon is well known in models for solid-solid phase
transitions, when higher derivatives are considered in the energy (see, for instance, [13]).
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F1GURE 1. In the transition layer of size € between the region where
u = a and uw = b, microstructures with the same scale ¢ will develop due
to homogenization effects.

The case where different scalings are present, namely when the small heterogeneities
are at a scale d(¢) with lim._,o @ € {0,00}, will be treated in a forthcoming paper.
Moreover, the case in which the wells of the potential W depend on the spatial variable
x, modeling non-isothermal condition, is currently under investigation.

In the literature we can find other problems treating simultaneously phase transitions
and homogenization. In [5] (see also [4]) Ansini, Braides and Zeppieri considered the
family of functionals

S.(u) ::/Q [iW(u(a:))—i—sf (g{i)pu” dz,

and identified the I'-limit in all three regimes

e

) € . €
i%@— —— =c>0, lim — = 400, (1.3)

ig% é(e) e—00(e)
using abstract I'-convergence techniques to prove the general form of the limiting func-
tional, and more explicit arguments to derive the explicit expression in the three regimes
(actually, in the first case they need to assume €%/25-1(g) — 0 as e — 0).

Moreover, we mention the articles [19] and [20] by Dirr, Lucia and Novaga regarding
a model for phase transition with an additional bulk term modeling the interaction of
the fluid with a periodic mean zero external field. In [19] they considered, for a € (0, 1),
the family of functionals

V) = [ | W ute)) + 9P+ o (

for some g € L*°(Q2), while in [20] they treated the case

0,

x

)u(z)} d,

s

VO (u) = / [iW(u(m)) +¢|Vul? + Vo (g) : Vu(x)] dz,
Q
where v € WH°(RY). Notice that V&(l) is a particular case of F@ when o = 1 and
v € H?(Q) has vanishing normal derivative on dQ. An explicit expression of the I'-limit
is provided in both cases.
The work [11] by Braides and Zeppieri is similar in spirit to the ongoing project of
ours where we consider the case of the wells of W depending on the space variable x.
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Indeed, in [11] the authors studied the asymptotic behavior of the family of functionals

G (u) = /01 [W(k) ((S(’;),u(x)> +521u’(t)\2} dt

for §(¢) > 0 and the potential W) defined, for k € [0, 1), as

[ W(s—k) te(0,L),
wies) = { et e

with W(t) := min{(t — 1), (¢t + 1)2}. For k € (0,1) the fact that the zeros of W)
oscillate at a scale of §(e) leads to the formation of microscopic oscillations, whose effect
is studied by identifying the zeroth, the first and the second order I'-limit expansions
(with the appropriate rescaling) in the three regimes (1.3).

In the context of the gradient theory for solid-solid phase transition, we mention the
work [26] by Francfort and Miller, where the asymptotic behavior of the energy

Lc(u) :—/Q [W (g,Vu(x)) —&-EZ\AUIQ} dz.

for v > 0 is studied under some growth conditions on the potential W.

Finally, in [30] the authors studied the gradient flow of the energy (1.2) in the case
where the parameter € in front of the term |Vu|? is kept fixed and only the parameter e
in W(x/e,u) is allowed to vary.

1.1. Statement of the main result. In the following Q C R denotes the unit cube
centered at the origin with faces orthogonal to the coordinate axes, Q := (—1/2,1/2)V.
Consider a double well potential W : RV x R% — [0, 00) satisfying the following proper-
ties:
(HO) z +— W(x,p) is Q-periodic for all p € R?,
(H1) W is a Carathéodory function, i.e.,
(i) for all p € RY the function = — W (x,p) is measurable,
(ii) for a.e. x € @ the function p — W (z,p) is continuous,
(H2) there exist a,b € R? such that W(x,p) = 0 if and only if p € {a,b}, for a.e.
reQ, N N
(H3) there exists a continuous function W : R? — [0, 00) such that W (p) < W(z,p)
for a.e. z € Q and V[N/(p) = 0 if and only if p € {a, b}.
(H4) there exist C > 0 and ¢ > 2 such that 5[p|?—C < W(z,p) < C(1+ |p|?) for a.e.
z € @ and all p € R?.

Remark 1.1. The choice ¢ > 2 is connected to the exponent we used in the term |Vu|?
of the energy (1.2). If that term is substituted with |Vul|?, in (H4) we would need to
take ¢ > q.

Hypotheses (H1), (H2) (H3) and (H4) conform with the prototypical potential

k
=1

where F; C @ are measurable pairwise disjoint sets with @ = Uf”zlEi, and W; : R —
[0, 00) are continuous functions with quadratic growth at infinity and such that W;(p) = 0
if and only if p € {a,b}, modeling the case of a heterogeneous mixture composed of k

different compositions. Here W in (H3) may be taken as W := min{W,..., Wy}.

Let Q € RY be an open bounded set with Lipschitz boundary. For € > 0 consider the
energy F. : H'(Q;RY) — [0, 00] defined as

F(u) :_/Q [1W<§,u(x)) +€]Vu(ac)2] d, (1.4)
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FicURE 2. The misalignment between a square (), with two faces orthog-
onal to v and the directions of periodicity of W (the grid in the picture)
is the reason for the anisotropy character of the limiting surface energy.

where |Vu(x)| denotes the Euclidean norm of the d x N matrix Vu(x) € R™>Y (matrices
with d rows and N columns).

We introduce some definitions. For v € S¥~1, with SV¥~! the unit sphere of RV, we
denote by Q, the family of cubes (), centered at the origin with two faces orthogonal to
v and with unit length sides.

Definition 1.2. Let v € S¥~! and define the function o RN 5 R? a5

_Joa ify-vr<0,

Fix a function p € C°(B(0,1)) with [px p(z)dz = 1, where B(0,1) is the unit ball in
RN, For T > 0, set pr(z) := TN p(Tx) and

ZZp,T,l/ = PpT *RUQY - (16)

When it is clear from the context, we will abbreviate @, 7, as tur,.
Definition 1.3. We define the function o : S¥=! — [0, 00) as
o(v):= lim g(v,T),
T—o0
where
.
g(”) T) = Wlnf{ /Q [W(y,u(y)) + |VU‘2] dy : Qll € Qllv u e C(,O, Ql/aT) } )
TQu
and
Clp,Qu.T) i= {u € HNTQuRY) s u=Tipr, on 9(TQ,) }.
Just as before, if there is no possibility of confusion, we will write C(p, Q,,T) as C(Q,,T).
Remark 1.4. For every v € S¥=1, 5(v) is well defined and finite (see Lemma 4.1) and

its definition does not depend on the choice of the mollifier p (see Lemma 4.3). Moreover,
the function v+ o(v) is upper semi-continuous on S ~! (see Proposition 4.4).
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Using (9], it is possible to prove that the infimum in the definition of g(v,T") may be
taken with respect to one fixed cube Q, € Q,. Namely, given v € SV~ and Q, € Q, it
holds

T—o00

. 1
o(v) = lim Wlnf{ /QV (W (y,u(y)) + \Du|2] dy : uv e C(Q,,T) }

Remark 1.5. In the context of homogenization when dealing with nonconvex potentials
W it is natural to consider, in the cell problem for the limiting density function o, the
infimum over all possible cubes T'Q,.. For instance, this was observed by Miiller in [34],
where the asymptotic behavior as € — oo of the family of functionals

Ge(u) = / w (E, Vu) dx,
Q 3
defined for v € H'(€;R?), is studied. The limiting energy is of the form

/ W(Vu(z)) dz,
Q
with

_ 1
W(A) := inf inf — Wy, A+ Vio(y)) dy.
(A) e o B o ( ()

In the case where W is convex, the infimum over k € N is not needed (see [31]).

Consider the functional Fp : L'(Q;R?) — [0, 0o] defined by

| /Ma(uA(x)) AHNN(z) ifu € BV(Q: {a,b}),

Fo(u) = (1.7)

400 else,

where A := {u = a} and v4(z) denotes the measure theoretic external unit normal to
the reduced boundary 0*A of A at z (see Definition 2.6).

We now state the main result of this paper that ensures compactness of energy bounded
sequences and identifies the asymptotic behavior of the energies F..

Theorem 1.6. Let {&,}nen be a sequence such that €, — 0 as n — oo. Assume that
(H0), (H1), (H2), (H3) and (H4) hold.
(i) If {un}nen C HY (4 RY) ds such that

sup Fe, (up) < +00
neN

then, up to a subsequence (not relabeled), u, — wu in L'(Q;R?), where u €
BV (Q;{a,b}),
(ii) Asn — oo, it holds Fo, =5 F.

Moreover, the function o : SN =1 — [0,00) is continuous.

Once Theorem 1.6 is established, using well known arguments to deal with the mass
constraint (see [32|) and the result by Kohn and Sternberg (|28]) for approximating
isolated local minimizers, we also obtain the following.

Corollary 1.7. Letm € (0,|Q|) and consider, for e > 0, the functionals G. : L'(; R%) —
[0, +00] given by
Fo(u) if [qu(z) dz=ma+ (|Q —m)b,
Ge(u) =

+o00 otherwise .
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Under the assumptions of Theorem 1.6 it holds that G, p Go, where G : LY(Q; RY) —
[0, +00] is given by

Fo(u) if [qu(z)dz =ma+ (1 —m)b,
Go(u) =

+00 otherwise .

In particular, every cluster point of a sequence of e-minimizers for {Ge }e>o is a minimizer
for Go, and, moreover, every isolated local minimizer u of Gy can be obtained as the L'
limit of {ue}e>0, where u. is a local minimizer of G..

The proof of the Theorem 1.6 will be divided in several parts. We would like to briefly
comment on the main ideas we will use.

After recalling some preliminary concepts in Section 2 and establishing auxiliary tech-
nical results in Section 3, we will prove the compactness result of Theorem 1.6 (i) (see
Proposition 5.1) by reducing our functional to the standard Cahn-Hilliard energy (1.1).

In Proposition 6.1 we will obtain the liminf inequality by using the blow-up method
introduced by Fonseca and Miiller in [22] (see also [23]). Although this strategy can
nowadays can be considered standard, for clarity and completeness we include the argu-
ment.

The limsup inequality is presented in Proposition 7.1 and requires new geometric
ideas. This is due to the fact that the periodicity of W in the first variable is an essential
ingredient to build a recovery sequence. It turns out (see Proposition 3.5) that there
exists a dense set A C SV~! such that, for every v; € A there exists T,, € N and
va,...,uN € A for which W(z + T,,v;,p) = W(z,p) for a.e. x € Q, all p € RV and all
i=1,...,N, and such that {v1,...,vnx} is an orthonormal basis of RY. Using this fact,
in the first step of the proof of Proposition 7.1 we obtain a recovery sequence for the
special class of functions u € BV (£;{a, b}) for which the normals to the interface 0* A,
where A := {u = a}, belong to A. We decided to construct a recovery sequence only
locally, in order to avoid the technical problem of gluing together optimal profiles for
different normal directions to the transition layer. For this reason, we first prove that the
localized version of the I'-limit is a Radon measure absolutely continuous with respect
to HV=1L0*A, and then we show that its density, identified using cubes whose faces
are orthogonal to elements of A, is bounded above by ¢. Finally, in the second step we
conclude using a density argument that will invoke Reshetnyak’s upper semi-continuity
theorem (see Theorem 2.9) and the upper semi-continuity of o (see Proposition 4.4).

2. PRELIMINARIES

In this section we collect basic notions needed in the paper.

2.1. Finite nonnegative Radon measures. The family of finite nonnegative Radon
measures on a topological space (X, 7) will be denoted by M(X).

Definition 2.1. Let (X,d) be a o-compact metric space. We say that a sequence
{itn}neny C M(X) weakly-+ converges to a finite nonnegative Radon measure p if

/wdun%/wdu
X X

as n — oo, for all ¢ € Cy(X), where Cy(X) is the completion in the L> norm of the
space of continuous functions with compact support on X. In this case we write A L

The following compactness result for Radon measures is well known (see [21, Propo-
sition 1.202]).
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Theorem 2.2. Let (X,d) be a o-compact metric space and let {py }neny C M(X) be such
that sup, ey pn(X) < co. Then the exist a subsequence (not relabeled) and p € M(X)

such that p, — p.

2.2. Sets of finite perimeter. We recall the definition and some well known facts
about sets of finite perimeter (we refer the reader to |3] for more details).

Definition 2.3. Let £ C RY with |E| < oo and let  C RY be an open set. We say
that E has finite perimeter in § if

P(E;Q) := sup{/ divpdz : ¢ € CHOLRY), |l@llre < 1} < 00.
E

Remark 2.4. E C R" is a set of finite perimeter in  if and only if yg € BV(Q), i.e.,
the distributional derivative Dy is a finite vector valued Radon measure in 2, with

/ cpdDXE:/divgodw
RN E

for all ¢ € CL(Q;RY), and |Dxg|(R2) = P(E;Q).

Remark 2.5. Let Q C RY be an open set, let a,b € RY, and let u € L'(Q; {a,b}). Then
u is a function of bounded variation in , and we write v € BV (£;{a,b}), if the set
{u=a}:={r €Q : u(x) = a} has finite perimeter in Q.

Definition 2.6. Let E C RN be a set of finite perimeter in the open set Q@ C RY. We
define 0*E, the reduced boundary of E, as the set of points 2 € R for which the limit

() i= — Ly DXEEHTQ).
' r—0 |Dxgl(z + Q)
exists and is such that |vg(z)| = 1. The vector vg(z) is called the measure theoretic

exterior normal to E at x.

We now recall the structure theorem for sets of finite perimeter due to De Giorgi
(see [3, Theorem 3.59] for a proof of the following theorem).

Theorem 2.7. Let E C RN be a set of finite perimeter in the open set Q C RN. Then

(i) for all x € O*FE the set E, := @ converges locally in L'(R) as r — 0 to the
halfspace orthogonal to vg(x) and not containing vg(x),
(ii) Dxg = —vg HN1LO*E,
(iii) the reduced boundary O*E is HN ~'-rectifiable, i.e., there exist Lipschitz functions
fi :RN=L 5 RN i €N, such that

o0
0E = fi(Ky),
i=1
where each K; C RN7! 4s a compact set.

Remark 2.8. Using the above result it is possible to prove that (see [2, Proposition
2.2])
... Dxgz+rQ)
vele) = = lim == v
for all x € O*F.

Finally, we state a result due to Reshetnyak in the form we will need in this paper
(for a statement and proof of the general case see, for instance, |3, Theorem 2.38]).
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Theorem 2.9. Let {E,}5°, be a sequence of sets of finite perimeter in the open set
Q C RY such that Dxg, — Dxg and |Dxg, |(Q) = |Dxg|(Q), where E is a set of finite
perimeter in Q. Let f: SV=1 — [0,00) be an upper semi-continuous bounded function.
Then

lim sup /8 @) a0 ) < / f (wisla)) MY ().

n—00 0*ENQ

2.3. I-convergence. We refer to [10] and [14] for a complete study of I'-convergence in
metric spaces.

Definition 2.10. Let (X, m) be a metric space. We say that F,, : X — [—o0, +o0]

I-converges to F' : X — [—o00, +00], and we write F), T F, if the following hold:

(i) for every x € X and every x, — = we have

F(z) < lirginf Fo(z,),

(ii) for every & € X there exists {x,}52; C A (so called a recovery sequence) with
T, — x such that
limsup F,(x,) < F(x).
n—oo

In the proof of the limsup inequality we will need to show that a certain set function
is actually (the restriction to the family of open sets of) a finite Radon measure. The
classical way to prove this is by using the De Giorgi-Letta coincidence criterion (see [18]),
namely to show that the set function is inner regular as well as super and sub additive.
In this paper we will use a simplified coincidence criterion due to Dal Maso, Fonseca
and Leoni (see [15, Corollary 5.2]). Given Q C R an open set, we denote by A(Q) the

family of all open subsets of (2.

Lemma 2.11. Let X : A(2) — [0,00) be an increasing set function such that:
(i) for all U,V,W € A(Q) with U CV C W it holds
AW) S AWN\T) +A(V),
(i) NUNV)=XU)+ AXV), for all U,V € AQ) withUNV =10,
(111) there exists a measure p : B(2) — [0,00) such that
AU) < (U)
for all U € A(RY), where B(S2) denotes the family of Borel sets of Q.
Then X is the restriction to A(Q2) of a measure defined on B(€2).

3. PRELIMINARY TECHNICAL RESULTS

The first result relies on De Giorgi’s slicing method (see [16]), and it allows to adjust
the boundary conditions of a given sequence of functions without increasing the energy,
by carefully selecting where to make the transition from the given function to one with
the right boundary conditions. Although the argument is nowadays considered to be
standard, we include it here for the convenience of the reader.

For € > 0, we localize the functional F; by setting

Folw )= [

A
where A € A(Q) and u € H'(A;R?). Also, for j € N, we define

AV .= {z e A : d(z,04) < 1/j}.

I (Zauw) + eDut)? | ar,
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Lemma 3.1. Let D € A(Q) be a cube with 0 € D and let v € SN1. Let {Dy}ren C
A(Q) with Dy, C D be cubes, let {nx}ren with np — 0 as k — oo, and let uy €
HY(Dy;RY), with k € N, satisfy

(i) xp, = xp in L'(RY),
(ii) wkxp, — uo, in LY(D;RY),
(iii) supgen Fn (ur, D) < 00.
Let p € C°(B(0,1)) with [pn p(x)dx = 1. Then there exists a sequence {wy}ren C
HY(D;RY), with wy, = Up 1 /v D,(Cjk), where U, 1y, ., is defined as in (1.6), for some
{jk }ken with jr — o0 as k — oo, such that

lim inf 7, (ug, Dy) > limsup F,, (wg, D) .
k—oo k—o0

Moreover, wy, — uo,, in LI(D;R?) as k — oo, where ¢ > 2 is as in (H{).

Proof. Assume, without loss of generality, that
lim inf ]:77k (uk,Dk) = lim ]:771@ (uk, Dk) < 400 (3.1)
k—00 k—o00

and that, as n — oo, un(2)xp, () = uo,(x) for a.e. x € D.

Step 1. We claim that

]}LH;O HUk — Uo,v ‘Lq(Dk;Rd) = 0. (32)
Indeed, using (H4), we get
g () — g (2)]7 < C (W (;,uk(x)) + 1) : (3.3)
k

for € Dy. From (3.1) we have xp, (:c)W(nik,uk(x)) —0as k — oo fora.e. x € D, and

thus
C|D| — limsup ||Jup — uO,VH%q(Dk‘Rd)
k—o00 ’

k—o0

zliminf/Dk [CW (;,uk(x)> + O — uy(a) —uo,,,(m)ﬂ da

z/DlimianDk(x) [CW <;;,uk(a:)> +C—|uk(x)—uo,u(x)\q] dz

k—o0
> C|DJ,
where we used Fatou’s lemma and (3.3).
Step 2. Here we abbreviate w0, /5, as Uy, Set vg := Uy, , and A\, == [[upxp, —
Vgl 2(pyray. Using Step 1, since ¢ > 2 we get limg,00 Ay = 0. For every k,j € N divide
D,({j) into My, ; equidistant layers L};J of width npAg, for i = 1,..., My ;. It holds

1
My, ik = 7 (3.4)
For every k,j € N let LZOJ, with ig € {1,..., M} ;}, be such that
1
/,_ Agle) dw < / Ap(z) da, (3.5)
LY, kj JDY

where

() — op(@)P + i (Vi (@) + [Vor@)]?) -

1
Ap(x) = — (14 ug — ve|?+ |vg|?) +
(2) 77k( | |*+ vkl?) o
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Further, consider cut-off functions ¢y ; € C°(D) with

C
0< Pk,j < 17 ||v80k7]|| < —, (36)
Mk Ak
such that
i0—1
onj(z) =1, formE(UL ) U(Dg\ DY), (3.7)
M;w '
or(x) =0, forze | | J Li; | U(D\Dy). (3.8)
i=19+1
Set

Wi,j = Pr,juk + (1 — prj)vk
Tt holds that lim oo limy o0 [|Wk,j — w0l La(p;ray = 0. Let jx € N be such that D ¢
Ui]\i%jﬂ L}'Cj. Then wy, ; = vy in D(j’“). We claim that

hlgn inf 7, (ug, Dy;) > limsup lim sup F,, (g, ;, D) . (3.9)

j—oo k—o0

Indeed

10—1
fnk(wk’j’Dk): < (UL > Dk\D(3)>+‘7_—77k (wk,j’Lﬁco,j>
My, ;
+ ‘Fnk Vs U LZJ
i=ig+1
=: Ay ; + By +Ch;- (3.10)
To estimate the first term in (3.10) we notice that

hm 1nf Fi, (g, Dy) > limsup limsup Ay, ; . (3.11)

Jj—00 k—oo

Consider the term By, ;. Using (H4) together with (3.6) we have that

1 .
By < C/io [%(1 + [Wr 5D + i (1Vrs P lur — vl + [Vug]* + W,ﬁ)} dz

1
C/ZO [ 1+\uk—vk|q+\vk\ ) k)\2|“k_vk|2+77k’ (|Vuk|2—|—|V’Uk,|2):|dl‘
k

< C

L Jup — w9 | Jug — og]?
<— +
Mk,j Dl(cj)

Mk NEA:

+ Mk (|Vuk]2—|— ]V’Uk]Q)]dm, (3.12)

where in the last step we used (3.5) and the fact that supyey [|vk || oo (pyray < 00. Since
for a cube r@ with side length r we have
2NN

(”)
@] < —

and the cubes Dy, are all contained in the bounded cube D, we can find j € N such that
for all j > j and k € N we get

)

) _ ¢

- =CM\.. 3.13
My e — J Mg jnk ¥ (3.13)

Step 1 (see (3.2)) yields
C
M,k

/Dm 1+ fux = onl?] d < G [ = vell 8 oy +1] < G, (3.14)
k
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Moreover, by (3.4) we obtain

1 / 9 .
S CNug — vt de < Cjg, 3.15
My jmA} J @ | | (3.15)
77k/ |Vug|? dy < lim sup Fy, (ug, D) < o0, (3.16)
Dk k—o0
and, since
C
Vol < —, (3.17)
Mk
Mk 2 C .
Vo l* dy < =Cjr. 3.18
i /Diﬁ Vol dy < 3= O (3.18)
From (3.12), (3.13), (3.14), (3.15), (3.16) and (3.18) we get
lim lim By =0. (3.19)

Jj—00 k—o0

We now estimate the term C}, ;. Using (3.17), we obtain

1
Chs < [, WK 290 dy

i
i=ig+1 Lk j

IN

)

C .
%‘Déj)ﬁ{xeD Sl v <k}

and so

lim lim C}; =0. (3.20)

Jj—00 k—o0

Similarly, it holds that

k—o0

_ C
lim 7, (wg;, D\ D) < klim n—|(D \Di)N{xeD: |z -v|<n} =0. (3.21)
—o0 Mk
Using (3.10), (3.11), (3.19), (3.20) and (3.21) we obtain (3.9).

Applying a diagonalizing argument, it is possible to find an increasing sequence
{j(k)}ren such that
lim By, jry + Chjiy + Fos (Wnj (), D\ D) = 0,

k—o00

and limy— oo ||Wg j(x) —Uow | L1 (psrey = 0. Thus, the sequence {wy fren, With wy := wy, )
satisfies the claim of the lemma. O

Remark 3.2. In the paper we will make use of the basic idea behind the proof of Lemma
3.1 in several occasions. In particular, it is possible to see that the result of Lemma 3.1
still holds true if the set D C R is a finite union of cubes, and Dy, = D for all k € N.

The proof of the limsup inequality, Proposition 7.1, uses periodicity properties of the
potential energy W. In particular, we will show that W is periodic in the first variable not
only with respect to the canonical set of orthogonal direction, but also with respect to a
dense set of orthogonal directions. In the sequel we will use the notation A := QVNSN—!
and {ej,...,ex} will denote the standard orthonormal basis for RV, We first recall the
following extension theorem for isometries (for a proof see, for instance, [29, Theorem
10.2]).

Theorem 3.3. (Witt’s Extension Theorem) Let V' be a finite dimensional vector space
over a field K with characteristic different from 2, and let B be a symmetric bilinear form
on V with B(u,u) >0 for all w # 0. Let U,W be subspaces of V and let T : U — W be
an isometry, that is, B(u,v) = B(Tu,Tv) for all u,v € U. Then T can be extended to
an isometry from'V to V.
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Lemma 3.4. Let v € A. Then there exist a rotation R, : RN — RN and \, € N such
that Ryen = v and N\, Rye; € ZN for alli=1,...,N.

Proof. Let v € A be fixed. Consider the spaces
U := Span(en), W := Span(v)

as subspaces of V := QY over the field K := Q, with B being the standard Euclidean
inner product. Then, the linear map T': U — W defined by T'(ey) := v is an isometry.
Apply Theorem 3.3 to extend T as a linear isometry 7 : QV — QY. In particular,
T(e;) - T(ej) = 6;5. Up to redefining the sign of T'(e;) so that det7 > 0, we can assume
T to be a rotation. Let A, € N be such that A\, T(e;) € Z" for all i = 1,..., N. Finally,
define R, : RN — RY to be the unique continuous extension of 7" to all of R, which is
well defined as isometries are uniformly continuous. O

Proposition 3.5. Let vy € A. Then there exist v1,...,un_1 € A and T € N such that
Vi,...,UN_1,VN i5 an orthonormal basis of RY, and for a.e. x € Q it holds W (x +
Tvi,p) = W(x,p) forallpe R andi=1,...,N.

Proof. Let R : RV — RY be a rotation and let T := Avy € N be given by Lemma 3.4
relative to vn. Set v; := Re; for i = 1,...,N — 1. We have that Tv; € ZV for all
i=1,...,N. Fixi € {1,...,N} and write Tvy; = Z;yzl)\jej, for some \; € Z. For
p € R? using the periodicity of W (-, p) with respect to the canonical directions, for a.e.
r € Q we have that

N
W(x+ Tvi,p) =W I+Z)\jej,p = W(z,p).
j=1

O

In the following, given a linear map L; RY — R¥ | we will denote by || L|| the Euclidean
norm of L, i.e., || L||? := Zgjzl[L(ei) - ej]%. For the sake of notation, we will also define
the set of rational rotations SO(N; Q) C SO(N) as the rotations R € SO(N) such that
Re; € QN forie {1,...,N}.

Lemma 3.6. Let ¢ >0, v € A, and let S : RNV — RY be a rotation with S(en) = v.
Then there exists a rotation R € SO(N;Q) such that R(ey) =v and |[R— S| < e.

Proof. Step 1 We claim that SO(N;Q) is dense in SO(N) for every N > 1.

We proceed by induction on N. When N =1, SO(N) consists of the identity, so the
claim is trivial. Let N > 1 be fixed and let ¢ > 0 and S € SO(N) be arbitrary. By density
of Q¥ NSN~! we can find a sequence {g,}nen € A with |g,| = 1 such that g, — S(en)
as n — o0o. By Lemma 3.4 we can find R, € SO(N;Q) such that R,(ex) = ¢n. Since
SO(N) is a compact set, we can extract a convergent subsequence (not relabeled) of
{R,} such that R,, - R € SO(N), with R(en) = limy,—oc Rn(en) = S(en).

Thus, the rotation R~'oS fixes ey and may be identified with a rotation T' € SO(N —
1), i.e., writing e; =: (€},0),i = 1,..., N —1, it follows that Re; = (T¢},0),i =1,...,N—
1. By the induction hypotheses, we can find 77 € SO(N — 1; Q) such that

T -7 <.
Define R’ € SO(N;Q) by

/
Re; .=

T¢,0) i=1,...,N —1,
(T"e;,
eN 1=

Let ng be so large that
€
IR~ Ru < <.
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We claim that our desired rotation is Ry, o R’ € SO(N;Q). Indeed,
|Rng 0 B = S| < [|[Rng 0 B' = Rug o ™' 0 S| + || Ry o R 0§ = S|
=R~ R™ o S|| + || Ry — R|
= |T" = T|| + || Rny — Rl <e.

Step 2 Let S € SO(N) with S(ey) = v be given. If N = 1, there is nothing else to
prove, so we proceed with N > 1.

By Lemma 3.4 we can find a rotation R; € SO(N;Q) such that R;(ey) = v. Since
R; !0 S is a rotation with (R; ' 0S)(en) = ey, as in Step 1 we can identify R~ o S with
a rotation 77 € SO(N —1). Also by Step 1, SO(N — 1;Q) is dense in SO(N — 1), so we
can find 7o € SO(N — 1;Q) such that |75 — T1|| < €. As before, identifying 75 with a

rotation Ry € SO(N;Q) that fixes ey, we set R := Rj o Ry € SO(N;Q). We have that
(Rl e} Rz)(eN) = Rl(eN) = v and

|Rio Ry — S| =|[Re = Ry ' o S|| = [T = T1|| < e.
U

Definition 3.7. Let V . SV~ We say that a set E C RY is a V-polyhedral set if OF
is a Lipschitz manifold contained in the union of finitely many affine hyperplanes each
of which is orthogonal to an element of V.

A variant of well known approximation results of sets of finte perimeter by polyhedral
sets yields the following (see |3, Theorem 3.42]).

Lemma 3.8. Let V. .C SN be a dense set. If E is a set with finite perimeter in €,
then there exists a sequence {Ey}nen of V-polyhedral sets such that

Jim [[xg, = xelL@ =0, lim [P(E,; Q) - P(E;Q)] = 0.

Proof. Using [3, Theorem 3.42] it is possible to find a family {F},}eny C RY of polyhedral
sets such that

IxE, = xEl@) < =, |P(Fy; Q) — P(E;Q)] <

S~
S|

For every n € N, let Fg"), . ,ng) be the hyperplanes whose union contains the boundary

of F,,. Let yln), e ,ygz) € SN=1 be such that I'; = (ul.("))L. Then it is possible to find

rotations Rgn) : RN — RY such that Rgn)ui(n) € A and, denoting by E, C RY the set
enclosed by the hyperplanes (Rgn)l/l-(n))L, we get

2
IXE, — XEllL1(Q) < o |P(En; Q) — P(E;Q)] <

S

4. PROPERTIES OF THE FUNCTION o

The aim of this section is to study properties of the function ¢ introduced in Definition
1.3 that we will need in the proof of Proposition7.1 in order to prove the limsup inequality.

Lemma 4.1. Let v € SN71. Then o(v) is well defined and is finite.

Proof. Let v € SN~ For T > +/N let Qr € Q, and ur € C(Qr,T) be such that

s [, W) + Vs Py < o(7) + 7, (1)
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where, for simplicity of notation, we write g(T") for g(v,T). Let {V(Tl), e ,VéN)} be an
orthonormal basis of RV normal to the faces of Q7 such that v = V(TN). We define an
oriented rectangular prism centered at 0 via

P(a,B) :={z e RY :|z-v| <3 and |x-u¥)] <aforl1 <i< N -1}

Let S > T + 3+ +vN. We claim that for all m € N with 2 <m < T, we have

9(S) < g(T)+ R(m,S,T), (4.2)

where the quantity R(m,S,T') does not depend on v and is such that
lim lim lim R(m,S,T)=0.
m—00 T'—00 S—00

Note that if this holds then

limsup ¢(S) < liminf g(7),

S—o0 T—o0

and this ensures the existence of the limit in the definition of o. Therefore, the remainder
of Step 1 is dedicated to proving 4.2.

The idea is to construct a competitor ug for the infimum problem defining ¢(S) by
taking L%JN_I copies of TQ, N v+ centered on v+ N SQ, in each of which we define ug
to be (a translation of) uz. In order to compare the energy of ug to the energy of ur, we
need the copies of the cube T'Q, to be integer translations of the original. Moreover, we
also have to ensure that the boundary conditions render ug admissible for the infimum
problem defining ¢(S). For this reason, we need the centers of the translated copies of
TQ, Nv* to be close to v+ N SQ, (recall that the mollifiers pr, and pg, only depend
on the direction v).

Set

S 1 N-1
Mrgs = {_T J
’ T+ /N +2 '

N-1

and notice that

lim lim
T—00 S—00

Ms T

We can tile (S — %) Q7 with disjoint prisms {pi + P (T+ VN +2,5 — %)} ) SO
that "

T
for each ¢ € {1,...,Mgr}. In each cube p; + VNQr we can find z; € ZV since
dist(-,ZV) < V/N in RY, and we have
zi + (T +2)Qr C pi + (T + VN + 2)Qr.

Consider cut-off functions ¢g7 € C.(SQr;[0,1]) and, for m € N with 2 < m < T,
i€{l,...,Mgr}, let om; € Ce(zi + (T + L)Qr;[0,1]) be such that

0 ifzedSQr),

1 1

ps1(T) = Vs rllLe < CT, (4.4)

1 ifze (S—})QT,

and

0 ifze a<xi + <T+ %)QT),
[Vom,illLee < Cm, (4.5)

1 ifxex;, +TqQr,

Spm,i(x) =
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SQr

(T+ %) Qr

Ficure 3. Construction of the function ug: in each yellow cube x;+T Q1
we defined it as a copy of ur and we use the grey region (x; + (T +
LYQr) \ (z; + TQr) around it to adjust the boundary conditions and
make them match the value of ug in the green region. Finally, in the
pink region SQr \ (S — £)Qr we make the transition in order for ug to
be an admissible competitor for the infimum problem defining g(.5).

for some C' > 0. Define ug : SQr — R by

(

up(x — x;) ifeex,+TQr

Omi(T)(pr * w0 ) (@ + pi — i) + (1 — @m,i(z))(pm * uow) ()
if 2 € (z; + (T + 2)Qr) \ (2 + TQr)

@s,17(2)(pm * vow) (@) + (1 = p57(x))(ps * uop)(x)
ifze SQT \ (S — %)QT

\ (Pm * uo,w) () otherwise.
Notice that since p; - v =0, if z € d(x; + TQr) we have
ur(z — ;) = (pr * uow)(x — i) = (pr * vow) (T + pi — ).

Thus us € HY(SQr;R?) and, if z € dSQr then us(xr) = (ps * up,)(z), s0 ug is
admissible for the infimum in the definition of g(.S). In particular,

o) < g [ [Wlouste) + V(@) ao
= x=rFilus, SQr)
=: Il(T, S) + IQ(T, S, m) + I3(T, S, m) + I4(T, S, m), (46)
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where
1 Mr. s
Il(T, S) ::W Z fl(“Sa$i + TQT)’
i=1
1 Mt s 1
12(T> Sam) ::SN_I Z ]:1 <U5‘, (:l:l + <T+ m) QT) \(:L‘Z +TQT)> ’
i=1
1 (1)
Ig(T, S, m) 323]\771]'.1(“5'7 ET,S,m)’
I4(T, S, m) ::W‘Fl(usj Eg.)s‘)a
and we set
o 1 v !
ET,S,m‘: S_T QT\U x; + T—FR Qr
=1
and

Eé?)s = SQr \ <S - ;) Qr.

It is worth pointing out the following properties of pr * ug, for L > 0. We will
demonstrate that

1
Vipr xuoy)(xz) =01if |z - v| > 7 (4.7)

and that
I¥(ps % w0, loe < CL: (48)

To prove these, we note that ug, is a jump function and hence its distributional derivative
is the vector measure (b — a) ® vHV~!Lvt. Then we see

V(o * t0,)(x) = / pL(y)(b — a) ® vaHN 1 (y).

B(ac,%)ﬂl/i-
1

Thus, if |z - v| > +, we have B (z,1) Nv* = 0 and thus V(p, * ug,)(z) = 0. To see

(48), we can estimate
HN 1 Blz *1 nv <C !
) [ — l N-1"

On the other hand, since ||Vpr | < LY, we have for every z that

IV (pr, % o) ()] < CLNHN! (B (x i) N uL> <CL

and thus ||V (pr * uou)|lec < CL.
We now bound each of terms Ii,...,I4 separately. We start with I;(7,5). Since
x; € ZV, the periodicity of W together with (4.1) yield
1
L(T,S) = NlMS,T/ [W(IE?UT(»T)) + |VUT($)|2} dx
S TQr

1

1
< WMT,STN_I <Q(T) + T)’ (4.9)

In order to estimate Is(T, S, m), notice that by (4.7)

a ifz-v<-—2L,
m

(pm * uop)(x) = (4.10)
b ifx-v> %,
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and that
a if:c-ug—%—*/TN,
(pr * uop) (@ +pi — x;) =
b if:c-uz%—l—@,

since ; € p;vV/ NQp. Furthermore, since for every x € R?, the function ¢ — (pr*ug,)(z+
tv) is constant outside of an interval of size 1/T, we have, for every i € {1,..., Mr g},
that

/< APl chi A R
Tq m )@T )\ T T

1 1 N-1
< HIVGr el (T 1) -] @

Thus, using (4.5) and (4.11) we obtain

C VN 1 1
Iy(T, 5,m) < [ 1MT’5 [<2 + m) (1+ ||V‘Pm,i‘|%°°) + EHV(Pm * UO,V)H%OO

1 1\ V-1
+ IV (pr * uo,y)\%m] [(T + ) _ TN—l]

< oy=iMrs (L+m? +7) [(T ) - TN 1]

TN-1
< — M 4+ 7) — —1
O M (1 m? [( = ) ]
TN N-1
where in the last step we used the inequality

1+ <14CO(N - 1)t (4.13)

for t < 1, that is valid here when T > 1.
Using (4.10), we can estimate I3(T,S,m) as

1
Is(T,S,m) = gN-1 /E<1) [W (@, pm * uo) + |V (o * uoy,,)|2} dx

1) 1
< gt B 0 oot < A (L4 1m0, I )

C 1\ 1] 1+ m?
Ssm[(s‘ﬁ — MrsT ]m

. N1 TN [ am?)
ST SN RS T

=: J3(T,S,m). (4.14)

Finally, we get

1
(T 5m) < g | [0 vl < G 4+ 19008 2 wn)lE)

C
SNl

_l’_

< P — - —
CSNl[S <S ) ]S

1
B0 kel < -} [0+ Vsl + 190 * un3)
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L+m?[ Ny 1\"111
+CsN_1[s -7 m
1+82N -1 1+m?N -1
< =: . .
<C S TS +C T TS Jy(T, S, m) (4.15)

where in the last step we used (4.13), assuming T > 1.
Taking into account (4.12), (4.14), and (4.15), we obtain

lim lim lim [Jo(T, S, m)+ J3(T,S,m)+ Ja(T,S,m)] = 0. (4.16)

m—00 T'—o0 S—o0
Thus, in view of (4.6), (4.9), (4.3) and (4.1), we conclude (4.2) with
R(m,S,T) := Jo(T,S,m) + J3(T,S,m) + Ju(T, 5, m). (4.17)

Notice that R(m, S,T) does not depend on v nor on Q7.
Finally, to prove that o(v) < oo for all v € S¥~! we notice that, by sending S — oo
in (4.2) we get

o(v) <g(T)+ lim R(m,S,T).
S—00

Since ¢(T') < oo and, by (4.16) and (4.17), limg_,oo R(m, S, T) < oo for all T > 0, we
conclude. O

Remark 4.2. The proof of Lemma 4.1 shows, in particular, that
. . 9
lim Wmf{ /TQ [W(y,U(y)) + | Dul ]dy cu € C(Q,T)}

exists, for every v € SV~ and every Q € Q,. This will be used later in the proof of
Lemma 4.6.

Next we show that the definition of o(r) does not depend on the choice of the mollifier
p we choose to impose the boundary conditions.

Lemma 4.3. For every v € SV~ the definition of o(v) does not depend on the choice
of the mollifier p.

Proof. Fix v € S¥=1 and let {T},},,en be such that T,, — oo as n — oo. Let p(M), p(?) ¢
C°(B(0,1)) be two mollifiers and let us denote by o(v, p) and o (v, p?) the functions
defined as in Definition 1.3 using p(") and p@, respectively, to impose the boundary
conditions for the admissible class of functions. Let {Qn}nen € Q. and {ug)}neN C
HY(T,,Qn; R?) with u,(ll) = p(Tln) * up,, on 01,Q, be such that

. 1
lim ﬁfl(uannQn) = U(V7 p(l))- (4.18)

n—oo T

For every m,n € N, consider the cubes (Tn + %) Qn and a function ¢, , € C°((T, +
%)Qn) with 0 < ¢y, m < 1 such that ¢, =110 T5,Qn, ©nm = 0 on O[(T), + %)Qn] and
IVenmlleo < Cm. For every n € N define W) e H' (T, + 1)Qn; RY) as

u(2) (x) = u%l)(aj) if o € T,Qn,
P () (00 % 10,) (@) + (1 = Prm(@)) (02 % u0,) () otherwise .

)
Then u? = p( ) up, on (T + 1)Qy] and u( ) is constant (taking values a or b)
outside the set {(:U z,) € RN 1 2/ € Q),z, = svfors € [~ % T—]} where @/, :

(Th + 2)Qn \ T5,Qn] N vt We have

1 1 1
W}i (U,(EL (Tn + m> Qn) < WFI(UanQn) + Rpom, (4.19)

n
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where
1
R = / (W (4@ (3)) + [Vu® (3)[2] dy

T s Ho\Ten
C 1 N= N—-1 2 2

< — (1 += — TN Y (4T

—T,gV( +m) " (1415, +m*)
c

where in the last inequality we use (4.13). Using (4.18) and (4.19) we get

1 C
o, p®) < liminf 7oy P <“£3)’ <T" " m> Q“) < o pM)+ .

Using the arbitrariness of m we get the result. U
We now prove a regularity property for the function o.
Proposition 4.4. The function o : SN~ — [0,00) is upper semi-continuous.

Proof. Step 1. Fix v € S¥=1 and let {vy}neny € SV 71 be such that v, — v as n — oo.
We first prove that, for fixed T' > 0, the function v — g¢(v,T') is continuous. We claim
that limsup,,_,. 9(n,T) < g(v,T). Fixe > 0. Let Q, € Q, and u € C(T'Q,,v) be such
that

‘TN_lg(y, T)— /Q [W(y,u(y)) + |Vu\2] dy| <e. (4.20)

TQu

Without loss of generality, by density, we can assume that u € L>®(;R%). For every
n €N, let Ry, : RY — RN be a rotation such that R,v, = v and R, — Id as n — 0,
where Id : RY — R¥ is the identity map. Define u, € C(TQ,,,vn) as un(y) := u(Rpy).
By (4.20) we have

TN=Lg(u T) < /T W) + 9] dy

< / Wy, u(y)) + [Vul?] dy + 5,
TQy

<TVN 9w, T) + ¢+ 6, (4.21)

where

Op, = Wy, un(y))dy — Wy, u(y))dy
TQuy, TQv

We claim that d, — 0 as n — co. Since € > 0 is arbitrary in (4.21), this would confirm
the claim.

Fix n > 0 and let M := C(1 + |Jul|}~), where C > 0 and ¢ > 2 are given by (H4).
Let K ¢ RY be a compact set such that 7Q, ¢ K and TQ,, C K for every n € N.
Notice that W(z,u(x)) < M for all z € TQ,. Using the Scorza-Dragoni theorem (see
[21, Theorem 6.35]) and the Tietze extension theorem (see |21, Theorem A.5]), we can
find a compact set £ C K with |E| < n and continuous map W : K x R — [0, 00) such
that W(z,-) = W(a,-) for all z € K \ E and |W(z,u(z))| < M for every z € K. We
claim that

[ | W uw) - W u)]| a < on. (4.22)
TQv
and that

L W) = W mw)]| ay < on. (1.23)
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Indeed
L W) =W uw) | dv= [ W uw) - W] a

< 2M|E|
<2Mn.
A similar argument yields (4.23). Since T'Q), is bounded

|| W By at)) = Wgutw) | ay o, (4.21)
TQu

as n — oo. Thus, from (4.22), (4.23) and (4.24) we obtain
limsup §,, < 2Cn.
n—oo

The claim follows from the arbitrariness of 7.
In an analogous way it is possible to show that liminf,, . g(vp,T) > g(v,T), and
thus we conclude that the function v — g(v,T') is continuous.

Step 2. Fix v € SN=1 ¢ >0, and let T > 0 be such that

lg(v,T) —o(v)| < €. (4.25)
Let {vn}nen be a sequence converging to v. By Step 1 we have that
lim g(v,,T) = g(v,T). (4.26)
n—oo

Then, for S > T 4 3 + /N, using (4.2) and (4.25) we get, for m € {1,...,T},
9g(wn,S) < g(vn, T) + R(m,S,T)

=g, T)+ g(vn,T) —g(v,T)+ R(m,S,T)

<oWw)+e+gwnT)—gv,T)+ R(m,S,T).
Taking the limit as S — oo we obtain

o(vn) <o) +e+gwnT)—9gw,T)+ qu;II;O R(m,S,T).
Letting n — oo, by (4.26)
limsupo(v,) <o(v)+e+ él;rréo R(m,S,T).

n—0o0

Finally, taking T'— oo and then m — oo, using (4.17), we conclude that

limsupo(v,) <o(v)+e

n—oo

for every € > 0, and thus we obtain upper-semicontinuity. O

The following technical results, that will be fundamental in the proof of the limsup
inequality (see Proposition 7.1), aim at providing two different ways to obtain, for v €
SN=1 the value o(v).

Lemma 4.5. Let v € A. Then
o(v) = lim ¢*v,T), (4.27)
T—o00

where
901 = g [ W)+ 1Dl ay - Qe @ we @)}

and QD is the family of cubes with unit length side centered at the origin with two faces
orthogonal to v and the other faces orthogonal to elements of A.
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Proof. Fix v € A. From the definition of o(v) it follows that
o(v) < liminf g*(v,T). (4.28)
T—o00

Let {T},}nen with T,, — 00 as n — co. By Lemma 4.1, let {Qn}neny C Qu and {uy fnen
with u, € C(Qn, Ty) N L®(T,,Qn; R?Y) be such that

. 1
nh_}n(go W}-l(uanQn) =o(v). (4.29)

For every fixed T),, an argument similar to the one used in Step 1 of the proof of
Proposition 4.4 together with Lemma 3.6 ensure that it is possible to find rotations
Ry : RY — RY with R,(en) = v and Ry (e;) € A foralli=1,...,N — 1 such that

~ 1
‘Jrl(uanQn) - fl(uanRn(Qn))’ < E: (4-30)
where iy, (1) := u, (R, 'x). Thus

1
lim sup g™ (v, T') < lim sup W]ﬂ (Un, T Rn(Qn))

n—oo n—o0

. 1
< lim sup Wfl (tn, TnQn)

n—00 n

=o(v), (4.31)

where the last step follows from (4.29), while in the second to last step we used (4.30). By
(4.28) and (4.31) and the arbitrariness of the sequence {7}, }nen, we conclude (4.27). O

Lemma 4.6. For v € SV~ and Q € Q, define
Q) = lim g%, T),
T—o0
where

g%mT%:T§4hﬂ{LQHW%u@D+Mmmdy:UEWQJU}

Then there exists {Qntnen C Qo such that 0% (v) — o(v) as n — oo. In particular, if
v € A it is possible to take {Qn}nen C QN

Proof. First of all notice that, in view of Remark 4.2, 09 (v) is well defined. By definition,
we have o(v) < 0Q(v) for all Q € Q,. Thus, it suffices to prove that it is possible to find
a sequence {Qn tnen C Q, such that 0% (v) < o(v) + Ry, where R, — 0 as n — oo.
Let {T},}nen be an increasing sequence with T,, — oo as n — oo such that

g@nggdm+$

It is then possible to find {Qn}nen C Q, (or, using Lemma 4.5, {Qy ey C QO in case
v € A) such that for all n € N it holds

1
g9 (v, Ty,) < g(v, Tp,) + . (4.32)
An argument similar to the one used in Lemma 4.1 to establish (4.2) shows that for
every v €SV Qe Q,, T >0,8>T+3++Nand m € {1,...,T}, it holds

gQ(V, S) < gQ(V, T)+ R(m,S,T), (4.33)

where R(m,S,T) is independent of v € S¥~! and of Q € Q, (see (4.17)), and is such
that
lim lim lim R(m,S,T)=0.

m—00 T—o00 S—00

In particular, for all n € N| it is possible to choose m,, € {1,...,T,} such that
lim lim R(my,S,T,) = 0. (4.34)

n—00 S—o0
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Thus, we get
g° (v, 8) < g9 (v, T},) + R(mn, S, T},). (4.35)
From (4.32) and (4.35), sending S — oo, we get

2
o9 (v) <o(v) + = + lim R(my,S,Ty).
n S—o00

Using (4.34) we conclude that

o(v)= nlg]goo (v).

5. COMPACTNESS

Proposition 5.1. Let {u,}nen C HY(Q;RY) be a sequence with sup,, ey Fe, (un) < 400,
where e, — 07. Then there exists u € BV (Q;{a,b}) such that, up to a subsequence (not
relabeled), u, — u in L'(;RY).

Proof. Let W : R¢ — [0,00) be the continuous function given by (H3). Let R > 0
be such that Z|p|9 — C > 0 for |p| > R, where C > 0 and ¢ > 2 are as in (H4), and
lal, |b| < R. Take a function ¢ € C°°(R?) such that ¢ = 1 in Br(0) and ¢ = 0 in Byg(0).
Define the function W : R — [0, 00) by

W) i= o @) + (1= 9(0)  lol* =€)

for p € RY. Notice that W(p) = 0 if and only if p € {a,b}. Since W(p) < W(z,p) for
a.e. T € Q, we get

Fen(up) > /Q [iW(u(x)) +5|Vu(x)|2] dz =: F¢, (un),

and, in turn, we have that sup,, ¢y F-,(un) < +00. We now proceed as in [25] to obtain
a subsequence of {u,},en and u € BV (Q; {a,b}) such that u,, — u in L'(Q;R9). O
6. LIMINF INEQUALITY
This section is devoted to the proof of the liminf inequality.

Proposition 6.1. Given a sequence {e, }nen with e, — 0%, let {uy }nen C HY(Q;RY)
be such that u, — u in L'(Q;R?). Then

Fo(u) < liminf ;. (uy) .
n—oo
Proof. Let {up}neny C H'(;R?Y) with u, — u in L'(Q;R?). Without loss of generality,
and possibly up to a subsequence, we can assume that
liminf 7., (uy) = lim F, (up) < 0. (6.1)
n—oo n—o0
By Proposition 5.1, we get u € BV (Q;{a,b}). Set A := {u = a}. Consider, for every

n € N, the finite nonnegative Radon measure

1 x

P 1= [EW (g,un(m)) + alDun(x)\ﬂ LN Q.

From (6.1) we have that sup,,cx pn(£2) < co. Thus, up to a subsequence (not relabeled),
w* . . . .

tn — 1, for some finite nonnegative Radon measure p in €. In particular,
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We claim that for N l-a.e. 2y € 9*A it holds
d

(@0) = o(va(eo)) (6.3)
where A := HN"11L 0*A. The liminf inequality follows from (6.2) and (6.3). The rest of
the proof is devoted at showing the validity of (6.3).

Step 1. For HV -a.e. 2 € 0*A we have
dp
dA

Fix xzy € 0* A satisfying (6.4) and a cube Q, € Q,, with v := vy(zg). Let {0 }ren be
a sequence with d; — 0 as k — oo, such that u(9Q,(xo,dr)) = 0, where Q. (zo, ) =
xg + 0, Q, for all £ € N. Then it holds

(z) <o0. (6.4)

jﬁuwzgggMQg&y%”:éﬁbg&uaggﬁﬁw> 5
We have
Mn(QVJ&n? ) lel / [1W <x’“n(:ﬂ)> +5n|Dun(fL‘)|2:| dz
O 5t JQuos) Len  \en
— 5k/Q [;W (xo;ékz,un(xo + 5kz)> + n|Dup (zg + 5k2)‘2] dz
B / _en B:W <5k?/v“n(yk)> +€n|Dun(y2)!2] dy, (6.6)

where in the last step, for the sake of simplicity, we set y; := xo + 0y + €,,5,, we wrote
9”0 = My, — Sp, with m, € ZV and |sn] < VN, and we used the periodicity of W to
51mphfy, for z =y + "sn, z € Qy,

0 zo + k(Y + §sn 4] 0
(228w () ) o ()

Consider the functions ug () := w,(zo + 6xx), for n,k € N. We claim that

Jim Tim [wkn = o, (o) 21 (@uime) = 0, (6.7)

where wg,,, () is defined as in (1.5). Set Q;f :=Q, N{z € RY : z-v > 0} and Q, its
complement in @Q,. We get

dim T g = o, o) 21 (iR

k—o0 n—00

= lim lim [/ |un (2o + Opz) — a| dz +/+ |un (zo + Opz) — b] dx}
v Qv

= lim [/ |u(zo + 0pz) — a| do + /+ |u(xo + orz) — b dx]
Qv

k—o0
v

1
~ fim & /‘ |mw—aMy+/' fu(y) — b dy
koo 51143\][ Qv (w0,0k)NH, Qu(x0,05)NH,S

‘Qy(l‘o,5k)ﬂH;ﬂB| ‘Qy(:to,(sk)ﬁHjﬂA‘
N + N
6k 5k

= |b—a| lim [
k—ro0
=0,

where H,f :={z € RN : z-v > x-v}, H, is its complement in RY and B := Q\ A.
The last step follows from (i) of Theorem 2.7.
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Step 2. Using a diagonal argument, and (6.7), it is possible to find an increasing
sequence {ny }ren such that, setting

Eny
Nk ‘= %}: ) Tk = NkSny, » wk(l’) = Uk ny, (x - xk) )

the following hold:
(i) limp o0 i = 05
(ii) limp o0 g = 0;
(iil) wg — uo, in L9(Q,; RY) for all ¢ > 1;
(iv) we have

. 1 n n
im g [W (y,wykk)) +enk|Dunk<ykk>|2] ay
Quv—xp Nk

k—o0 Eny,

k—o00 n—00 En

1 )
=i tin o [ () + el D) a
Qy—%sn En
From (6.5), (6.6) and (iv) we get

du . [ 1 <y ) 2

—(zg) = lim —W | =, wi(y) | + ng|Dwi(y dy.

o =tm [ W () ) mdDu)

Let @y be the largest cube contained in @, — xj centered at zero and having the same
principal axes of @,. Since zp — 0 as k — o0, Qr C Q, — xy for k large and the
integrand is nonnegative, we have that

d , 1
ﬁ@o) > hmsup/ [W (y,wk(y)> 4 nk|Dwk(y)]2] dy . (6.8)
k—oco JQ, LT Nk

Step 8. Finally we modify wy, close to Q) in order to render it an admissible function
for the infimum problem defining o(v) as in Definition 1.3. Using Lemma 3.1 we find a
sequence {wy, ey C H'(Q,;R?) such that

lim inf F,, (wg, Qx) > limsup F, (w0, Qu) , (6.9)
k—o0 k—o0
and with wy, = (ug)7,, on 0Q,, where (uy)r, is defined as in (1.6). Hence, by (6.8) and
(6.9)

d . 1 B _
o) =t | [nkw (é,wk@)) +nkerk<y>|ﬂ dy

dA k—oo
= lim sup/ {n,iv_lW (z, wg(nK2)) + n,iv+1|Dwk(nkz)]2] dz
k—oo L9,
Tk
= lim sup n,]cvfl /1 [W (z,uk(2)) + |ka(z)]2] dz
k—oo Qv
>o(v),
since wy, € C(Qy, nik), where v (2) := wk(nk2), and this concludes the proof. O

7. LIMSUP INEQUALITY
In this section we construct a recovery sequence.

Proposition 7.1. Let u € BV (Q;{a,b}). Given a sequence {&y, tnen with &, — 01 as
n — 00, there ewist {up}nen € HY(GRY) with u, — u in LY (Q;RY) as n — oo such
that

limsup F¢,, (un) < Fo(u) . (7.1)

n—oo
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Proof. Notice that it is enough to prove the following: given any sequence {&;, }nen with
en, — 0 as n — 00, it is possible to extract a subsequence {e,, }ren for which there exists
{upren € HY(QRY) with ug, — w in LY(Q;RY) as k — oo such that

limsup F,, (ur) < Fo(u).

k
k—o00

Since L'(€2;RY) is separable, we conclude using the Urysohn property of the I'-limit (see
|14, Proposition 8.3|).

Case 1. Assume that the set A := {u = a} is a A-polyhedral set (see Definition 3.7).
We need to localize the I'-limit of our sequence of functionals. For {, }nen with 6, — 0,
ve LY RY) and U € A(Q) we set

Wes, 1 (0;U) = inf { hII_l}iIlffgn (Un, U) : v, = v in LY(U;RY), v, € HI(U;]Rd)} .

Let C be the family of all open cubes in 2 with faces parallel to the axes, centered at
points z € QN Q and with rational edgelength. Denote by R the countable subfamily
of A() whose elements are 2 and all finite unions of elements of C, i.e.,

k
R:=0QU {UCi:keN,CieC}.
i=1
Let e, — 07. We will select a suitable subsequence in the following manner. We
enumerate the elements of R by {R;}ien. First considering R, by a diagonalization
argument, we can find a subsequence {ey; }jen C {€n}nen and functions {uf1 ten C
H'(Rq;R?) such that

Bt s in LYRp;RY),

;

and

Wie,,3 (s Bi) = ]ll)rgo Fen, (ufl,Rl)-
Now, considering Ro, we can extract a further subsequence {Enjk }een and functions
{u,fZ} C H'(Ry;R?) such that

u? »u in L'(Ry;RY), wi - u in L'(Ri;RY),
and
W{Enjk}(u; Ry = lm 7., (u®, B), W{ njk}(w Ry = lim Fe,, (ujy' ).

Continuing along the {R;} in this fashion and employing a further diagonalization argu-
ment, we can assert the existence of a subsequence {%},,cn of {&, }nen with the following
property: for every C € R, there exists a sequence {ugﬁ}neN C HY(C;R%) such that

USR —u in L'(C;RY),

and
Wiery(u;C) = lim For (ur,C) . (7.2)

n—oo

We claim that
(C1) the set function X : A(2) — [0, 00) given by
A(B) = Wicry(u; B)
is a positive finite Radon measure absolutely continuous with respect to p :=
HNLLO* A,
(C2) for HV La.e. xg € OA, it holds
dA

@(mo) < o(v(x)) - (7.3)
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FIGURE 4. Thesets U C V. C W and V? c V, W% ¢ W\ U. Notice
that V% \ W?° can be non-empty.

This allows us to conclude. Indeed, we have that
lim For (ufr, Q) = Wiery (u; Q)

n—oo
d\
= () dHN (=
/MD @) (z)

N-1
< /{9 | ol@) @)

= Fo(u).

Step 1. We first prove claim (C1).

We use the coincidence criterion in Lemma 2.11 to show that A\(B) is the restriction
of a positive finite measure to A(£2).

We will first prove (i) in Lemma 2.11. Let U, V,W € A(2) be such that U cC V C W.
For § > 0, let V° and W be two elements of R such that V? c V, W ¢ W\ U, and

N (a*AO nWw\ (Veu Wﬁ))) <. (7.4)

Let {vn}nen € HY(V%RY) and {wp}neny € H' (W9 RY) be such that v, — u in
LYV RY), wy, — win LYW RY), and (see (7.2))

Wiy (u; V0) = lim For(vn, V?), (7.5)
Wiery (u; W) zqggofaﬁ(wn,wﬁ. (7.6)

Let p: RY — [0, +00) be a symmetric mollifier, and define

@) = () (7.7)

From Remark 3.2 we can assume that w, = &, * v on OW? and v, = &, * u on OV?.
Using a similar argument to the one found in Lemma 3.1 applied to the sets F, =
(WI\VH\ WO\ VM and E := W\ V? with boundary data &, * u, it is possible to
find functions {@,} C C®°(W?) with supp Vi, C L) (here we are using the notation
of the proof of Lemma 3.1) such that, if we define the function u, : W — R? as

Un = Xysuws (@ntn + (1 — on)wn) + X(W\(VéuWﬁ)(fn *u),
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we have that u, € H'(W;R?) and
lim F_r (un, L{®) = 0. (7.8)

n—oo

Notice that u, — u in L'(W;R?) as n — oo. Moreover, we get
Wiery (us W) < liminf For (un, W)
i n—o0 n

< liminf | F.r (un, Vo) + For (tn, W)

n—00
+ For (un, W\ (VO UW?)) + For (un, L)
< Weery (43 V) + Wiery (u; W°)
+lim inf F.p (un, W\ (V3 UW?)) (7.9)
where in the last step we used (7.5), (7.6) and (7.8). We see that
lim inf Fr (un, W\ (VO UW?))

— Fip (gn su, {z e W\ (VEUW?) : dist(z, 04) < gﬁ})
LYz e W\ (VOUW?) : dist(x,04) < eR})

< Climinf 55
= V! (aA nWw\ (V3u W5)))
<05, (7.10)

where in the last step we used (7.4). Using (7.9), (7.10) and the fact that V° C V and
WO Cc W\ U, we get

Wiery (u; W) < C6 4+ Wyry (u; VO) + Wiery (u; W)
< CO6 +Wriery (ws V) + Wiery (u; W\ U).
Letting 6 — 01, we obtain (i).
We proceed to proving (ii) in Lemma 2.11. Let U,V € A(Q2) be such that UNV = .
Fixing n > 0, we can find u,, € H'(U U V;R?) such that u, — u and
Wiery(w; UU V) > lmgffgg(un, Uuv)—n.
Then, since the restriction of u, to U and V converges to u in these sets,
Wiery (us U) < linnigf Fer(un, U)
and
Wiery (u; V) < liéggffeﬁ(un, V)
by definition, we have
AU)+AV) < hnH_ligffeg(Um U)+ linn_1>i£f}'€n7z(un, V)
< liminf For (up, UUV) < AU UV) + 1.

n—o0

Sending n — 01, we conclude
AU+ A(V) < AU N V).

To prove the opposite inequality, as in the proof of (i), we select U® C U, V® C V with
U°, V% € R and

N1 (a*Ao N ((U Uv)\ <U5 U V5>)) <4 (7.11)
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Again we may select v, € H' (V®;R?) and u, € H'(U%R?) such that v, — u in
LYV RY), upy, — win LY (U%R?) and

Wiery (un; U%) < lim inf Fog (un, Uo), (7.12)
Wiery (vn; V°) < lim inf Fog (v, V°). (7.13)

As in (i), we may assume without loss of generality that w, = &, *u on dU?, v, = &, * v
on V?, and we can find functions ¢,, € C>(U NV;[0,1]) so that, defining

wy, 1= Xysuys (Pntn + (1 — pn)vn) + XUV )\ (Usuve)én * U
we have w, € H'(U UV;R%) and
lim F_r (wn, L) = 0, (7.14)

n—oo

where Vo, C LSO), again using the notation of Lemma 3.1. Observing that w, — u in
LY U UV;RY), we get

AU UV) < liminf Fog (w,, U U V)
< fazla(un,U‘;)—f—fgzlz(vn,V‘s)

+ a0 (U UV)\ @O UVD) 4 Fugln, 240
< AU + MV + lim inf F.r (wn, (U U V) \ (U UV

where in the last step we used (7.12), (7.13), and (7.14). Noticing as in (ii) that

lim inf Fx (wa, (U U V) \ (U8 UV?)) < CHV (8*A0 N ((U UV)\ (U5 U v5)))
and by (7.11) we have

AMUUV) < XMU)+AXVO) +Co < MU)+ ANV)+C6

and, letting 0 — 0, we conclude (ii).

We prove (iii) in Lemma 2.11. Let ' CcC Q. Recalling (7.7), we know that u * &,

is constant outside a tubular neighborhood of width e around 0*A and that ||V (u *
én)llz < . Thus

M) = Wiery (w; Q) < liminf For (u* &, ) < CHYNH(Q' no*A) = Cu(Y). (7.15)

This shows, by the coincidence criterion Lemma 2.11, that AL is a Radon measure.
Since p is a finite Radon measure in Q and (7.15) holds for every Q' CC €, we conclude
that A is a finite Radon measure in  absolutely continuous with respect to p, which
was the claim (C1).

Step 2. We now prove (C2). Let zp € QN 0*A be on a face of 9*A (since the set is
polyhedral) and write v := v4(xg). Using Proposition 3.5 it is possible to find a rotation
R, and T € N such that, setting Q, := R,Q, we get Q, € Q, and

W (x +nTv,p) = W(z,p),

for a.e. € Q, every v € SV~ that is orthogonal to one face of Q,, every p € RM and
n € N. By Remark 2.8 it follows that for py-almost every zg € 2,

Q(x[)) = lim )\(Ql,(ﬂfo,ﬁ))

dpu es0t  eN-Lbo 7 (7.16)
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where Q,(zg,¢) := 29 + Q. In view of Lemma 4.6, it is possible to find {7} }xen € TN
with Ty, — 0o as k — oo, and {ug treny C C(Qy, Tk) such that

) 1
)= Jim e [ W)+ 9

k
1
= lim [TkW(Tkm, vp(z)) + Vvk(x)ﬂ dx, (7.17)
k=00 o, Ty
where vy @ Q, — R? is defined as vgx(x) := ugp(Tpz) and 0@ (v) is defined as in

Lemma 4.6. Without loss of generality, by density, we can assume uy € C(Q,,Tx) N
L>®(TQ,; RY). Since the choice of mollifier p € C2°(B(0,1)) is arbitrary by Lemma 4.3,
we will assume here that supp p C B(0, %) and thus

. 1
up (Tpx) = uop(x) if |Trz| > 3"

For z € RN let x, := x - v and 2’ := x — z,v. Moreover, set @', := Q, N v .
For t € (—3,3), extend the function 2’ — vy (2’ 4 tv) to the whole v+ by periodicity,
and define -
: T,
ug, () if |xy,| > 5"26",

v, () = (7.18)
R
o) i fel < S

The idea behind the definition of the function vff,)g is the following (see Figure 5): for

every fixed € > 0 and k € N we are tiling the face of A orthogonal to v with eX-rescaled
copies of the optimal profile ug. The fact that A is a A-polyhedral set and that T}, € TN
ensure that it is possible to use the periodicity of W to estimate the energy in each cube

of edge length ‘SZLQTT’“ The presence of the factor € in (7.18) localizes the function around
the point ¢ and accommodates the blow-up method we are using to prove the limsup
inequality and, because of periodicity, will play no essential role in the fundamental
estimate (7.25).

Let m, € R, (TZN) and s, € [0, )" be such that ;—7% = my, + sp, and let

R
€
Tep = ——=5p.
Note that for every € > 0 we have
lim z., =0. (7.19)
n—oo

Define the functions u, i € HY(Q,(xg,¢); RY) by

_ &) [T o
Une s(T) = v, o Ten )

We claim that there is €' (x¢) such that for every 0 < ¢ < €’(z¢) and any k € N
0. (7.20)

Jim {up ek = ull11(q, (v )re) =

Since g is on a face of 0*A, we can find &’ such that u = g, (z — x0) in Q,(zo,€’).
Changing variables,

/ e () — () |de
QV(xove)

- /(5Qu—€xg,n)ﬂ{z:zl,|§

)

z
R ’Uﬁc — ) —u(zo + 2 + exc ) |d2.
n2 k} £
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Ql/(xo’ 6)

()

FIGURE 5. The construction of the recovery sequence v, ;.: for every
€ > 0 and k € N fixed, we deﬁned it as up, in the green region and, in

each yellow square of side length < bl , as arescaled version of the function
Uk -

(e)

Since the functions v, ; are uniformly bounded with respect to n € N, we prove our

claim by noticing that [(eQ, —ex.n) N {2z : |2, < EZS%H — 0 as n — oo.
Thus, using the definition of X and (7.20), we get

W < liminf

fsﬁ(un,a,kaQu(wOag))- (7.21)

We want to rewrite the right-hand side of (7.21) in terms of the functions vy, - To do
so, changing variables, we write

1
6]\[—_1]:65 (un,E,ka Qu (3307 5))

€ To+ €
= [ (B natin + ) + e Tuneatan + o) |
v n

€ To + ey 55
= / |:€_RW< 067?, 71)77,&3;:(:[/ - ma,n)) + —’VU,r(iL(y - xg,n)|2:| dy

€ xo+ WY+ Ten
:é [?W(O e &%ﬁw0+—wﬁMwhy

= : ©) ER 1o () (2
_/Qu—zg,n [$W< TR R’ nk(y)) + Vo) ]dy

R
— € €y @ En 1wy, ()12
o L (Gt e
=F R( r,(f;gan/ - iL‘E,n) )

where in the second to last step we used the periodicity of W.
We claim that

lim sup lim sup lim sup 7 _z ( Vp ko (Qu — Tep) \Q,,) =0. (7.22)

k—o00 e—0t n—oo 5



32 CRISTOFERI, FONSECA, HAGERTY, POPOVICI

Indeed, using Fubini’s Theorem and a change of variables, we have

‘Fﬁ (vf’b,k’ (Ql/ - xs,n) \ Qy)
w(Lw) + S vl | a
E” Tk L —ze n)\Q, €7R SR, nk(y) ? v'ﬂ,k Y Yy
E.’L‘l 6.%'/
T T, Tizyv ), ,
/é/( L—en\@) kW(( E V) Uk(sETk e V))
1 ex / 2
+ ? VUk< T + T,V >

k

]d?—[N_l(:p’)d:c,,.

Fix k € N. By (7.19), for each € > 0, let n(¢) € N be such that |z, | < € for all n > n(e).
In particular we have (Q), — )\ Q) C (14+¢)Q, \ Q.. Set ps = p, - Yor every
z, € (—3 oL 2) the functions f, g : Q) — R defined by

2
f(@) =W (Typa! + Thayv), vp(2’ + 2v)), g(@') = ‘Vuk (x/ + Vﬂ:,,)

are @), periodic. The Riemann-Lebesgue Lemma yields

lim f( e,k /)dHN 1( )

n—oo
=|U| / W ((Tia' + Trayv), vp(z’ + z,v)) dHN "Y'y (7.23)
Q)
and
ILm g(uska Y dHN " (a) = |U| / Vg, (2 + zv) ‘2 dHN Y2, (7.24)
noo Jyy Q,

for every open and bounded set U C RY. Thus we get
limsup 7 (vn ks (Qu = 2en) \ Q)

n—oo
/ /
< limsup/ / T;JV((T]C ;ZCT +Tk:v,,1/>,vk< ;2 +x,,y>>
n—o0 5/ (1+9)Q1\Q) En Lk Enlk
1 ex’ 2
+ T V’Uk< RTk +x,v )

k

<fa+aa,\ @l / T (T o0) + - (Vo) o).

v

dHN (") dx,,

Sending € — 0 we obtain (7.22).
Finally, we claim that

hmsuphmsuphmsup]: R ( 271@@1/) = UQ”(V). (7.25)

k—oo e—0t n—oo

Recalling the definition of the functions Uff;c (see (7.18)) and using Fubini’s Theorem we

can write

En Tk
]:g (Ufb,kﬁQl/) :]:i (U'rel,kan/m {’$u| < % }>

ax ET U ex! ET U
WV =t = = T R
_en Tk 0 Len eRk En exTy ey




HOMOGENIZATION AND PHASE TRANSITIONS 33
!

2
EXL ET UV
——— |V —— v dz'd
RT? vk<6§Tk+€5Tk>H rat

1 cx! 2!

3 /L [TkW(TkEZZQTk +Tlcyzzyavk< R, + yv )>
1 /

T vvk( T + YV )

Thus, using (7.23) and (7.24) (that are independent of ), we obtain

2
] dz'dy,.

1 2
fim tim i P (1500@.) = Jm [ (10 (Bl + 7 (Vo) )

=% (v).
From (7.21), (7.22) and (7.25) we get

A x0, € 1
lim W < lim sup lim sup lim sup e N7 R R (Un.ek, Qu(xo,€))
e—0 e k—oo  e—=0t n—o0

< o). (7.26)

In order to conclude, we use Lemma 4.6 to find a sequence {Qn}neny C QO such that
0@ (V) = o(v) as n — oo. Using (7.26) we obtain for every n € N
D M@l g

il R e L

and, letting n — oo we have

Z: (o) < a(v).

Using the Urysohn property, we conclude that if the set A := {u = a} is A-polyhedral,
then there exists a sequence {uy, }neny € H'(Q;R?) with u, — u in L'(Q;R?) such that

lim sup F,, (un) < Fo(u).

n—oo

Case 2. We now consider the general case of a function v € BV (€;{a,b}). Using
Lemma 3.8 it is possible to find a sequence of functions {vi}reny C BV (€;{a,b}) with
the following properties: the set Ay := {vx = a} is a A-polyhedral set and, setting
A :={u = a}, we have

dm xa, = xally @) =0, lim [P(Ag; Q) — P(A;Q)] =
00 k—o0

From the result of Case 1, for every k € N it is possible to find a sequence {uF},en C
HY(Q;RY) with uf — vg as n — oo, such that

lim sup Fe,, (u¥) < Folvg) .

n—oo
Choose an increasing sequence {n(k)}ren such that, setting uy := uﬁ(k),
1 1
lure = ullpr < - Fenup) < Fo(vx) + . (7.27)
Recalling that the function o is upper semi-continuous on SV—! (see Proposition 4.4),
from Theorem 2.9 and (7.27) we get

limsup Fe, (uk) < limsup Fo(vk) < Fo(u).

k—o00 k—00

This concludes the proof of the limsup inequality. O



34 CRISTOFERI, FONSECA, HAGERTY, POPOVICI

8. CONTINUITY OF o

To prove that the function v +— o(v) is continuous, notice that Theorem 1.6 implies,
in particular, that the functional Fy is lower semi-continuous with respect to the L!
convergence. It then follows from [3, Theorem 5.11] that the function o, when extended
I-homogeneously to the whole R is convex. Since o(v) < oo for every v € SV=1 (see
Lemma 4.1), we also deduce that o is continuous.

For the convenience of the reader, we recall here the argument used in |3, Theorem
5.11] to prove convexity. Take vy, vi,vy € RY such that vg = v; + vo. We claim that
o(vo) < o(v1)+o(vz). Using the 1-homogeneity of o, this is equivalent to convexity. To
prove the claim, let F := {z € Q : x -1y < a}, where @ € R is such that Q \ E # 0,
QN E # . Consider a cube z +rQ C Q\ E, where 2 € RY and r > 0, and a triangle
T C rQ with outer normals — %, “1; and 2. For n € N, let

Twol” Tl vl
nN—l 1
E,:=FU U1 <zi—|—nT>,
1=

where the 2;’s are such that z; + 27 C 2z +7Q and (z; + 2T7) N (2 + LT) # 0 if i # ;.
It can be shown that xg, — XE, so by lower semi-continuity of Fy we obtain

HN N E)o(v) = Fo(xe) < lim inf Fo(x,)

= HN"U(B)o(v) + Lo () + o () — o (i),
where L > 0 is the length of the side of T" orthogonal to 1. This proves the claim.
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