HOMOGENIZATION AND PHASE SEPARATION WITH FIXED
WELLS - THE SUPERCRITICAL CASE

RICCARDO CRISTOFERI, IRENE FONSECA, AND LIKHIT GANEDI

ABSTRACT. A variational model for the interaction between homogenization and phase
separation is considered in the regime where the former happens at a finer scale than the
latter. The first order I'—limit is proven to exhibit a separation of scales which has been
previously conjectured in [I1][23].

1. INTRODUCTION

Composite materials are important to modern technology as the mixing of two different
material properties at fine scales can give rise to unexpected emergent behavior [13].
Therefore, understanding the process of phase separation on such materials is crucial to
leveraging these processes for technological applications.

For a homogeneous material, the distribution of stable phases is commonly modeled by
using the Cahn-Hilliard free energy (also known as the Modica-Mortola functional, in the
mathematical community). The energy reads as

B.(u) = /Q W (u(x)) + 2 Vu(@)|?] dr,

where u € W12(Q; RM) represents the distribution of phases, € > 0 is a small parameter
that represents the width of the transition layers between the different materials that
form the composite, and the free energy W : RM — [0, 00) that vanishes at the stable
critical phases. It was first proved by Modica and Mortola [28][29] in the scalar case that
in the limit this energy minimizes perimeter, i.e, interfacial energy. This sharp interface
limit was conjectured by Gurtin [22] to hold in more generality, and was later proven in
[25, B0, 20]. Since then, many variants have been studied such as having multiple phases
[7], fully coupled singular perturbations [8, [19], and even the case in which the wells of W
are allowed to depend on position [16, [14].

Our interest here is in a heterogeneous material where the heterogeneities are modeled
with an oscillating periodic potential W : RY x RM — [0, +-00) that is Q-periodic in the
first variable, where @ C R" is the unit cube (—3, 3)¥. We consider the wells of W to be
fixed constants a,b € RM while the case in which the wells of W are dependent on the
spatial variable will be considered in future work.

The energy functional reads as

Fatwy = [ [ (5ou) +9up] ds
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In order to analyze the behavior of minimizers, we consider a I'—expansion [10, 4]. At the
lowest order, it is possible to show that, F; ; LI Iy as 0, — 0 with

Fo(w)i= | W(w da,

where v € L*(€; RM) and W, is a homogenized potential whose form depends on the rate
of convergence r := lim g. Since we are in the regime of fixed wells a, b, it is always possible
to find many minimizers of F, which achieve zero energy even with a mass constraint.
Thus, in order to better understand the minimizers, we need to consider the next order
in the I'—expansion. Similar to the heuristics for the homogeneous Modica-Mortola
functional, 1t is possible to determine that the energy of having a transition layer between
the phases will be of order . This leads us to consider the rescaled functional

£ 5(u) :zé E,é(u):/g EW (;,u)ﬂwuv] da (1.1)

However, this energy has not been studied much in the literature due to technical
mathematical difficulties it poses. The behavior of minimizers of such a model depends
greatly on the rate r at which ¢, comparatively decay to 0, ie., ¢ < d,& ~ ¢, or
d < . In [I5] the first two authors in collaboration with Hagerty and Popovici, rigorously
characterized the first order I'-limit when ¢ ~ §. This has been recently extended
to the fully coupled scalar case with stochastic homogenization [27]. For ¢ < §, the
characterization of the I'—limit is still open, but in [I4], the authors have identified an
intermediate scaling of & and characterized the I'—limit with respect to strong two-scale
convergence in an analysis that also extends to the case of spatially dependent phases.

In this paper, we study the case § < ¢, and we prove a separation of scales that has only
been conjectured thus far (see [11][23]), namely that the first order I'-limit is the I'-limit
of the functional

N /Q EWhom(u(x))—i—a]Vu(x)\Q] d,

where Wy, is the homogenized potential of W defined as
Whom(2) = / Wy, z)dy.
Q

Heuristically, this is expected because the regime § < e suggests that we first homogenize
(namely, we first send § — 0), and then we study phase separation (namely, we send
e — 0). Indeed, [23] was able to use the technique of direct replacement of the potential
by Whom (first used in [11] in a similar setting) to show the I—limit when § < e2. Here,
we are able to prove that the same heuristics can be made rigorous even when ¢ < €, by
using an intermediate cell problem derived from the two-scale unfolding of the functional.

Our strategy, which will be outlined in Section [I.2] enables us to weaken the regularity
requirements of W to be only Carathéodory and to remove restrictions such as quadratic
behavior near the wells, which are sometimes used in literature [14][20]. Another important
feature is that we prove strong compactness directly from the coercivity and polynomial
growth bounds rather than assuming the existence of a continuous double well potential
Wy independent of x and such that Wy (2) < W(z, z) for every 2 € RM | as used in [23].

Finally, we note that sometimes in the literature the heterogeneity is entered into the
energy through the singular perturbation [2][3]. This creates a similar separation of scales
effect, but it requires different techniques and leads to anisotropic effective limits. The
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techniques used in [2][3] has since also been applied to the case of the Ambrosio-Totorelli
energy [6][5].

1.1. Main results. Let Q C RY be a bounded open set, and N, M > 1. Denote by @ =
(=1/2,1/2)" the unit cube in RV centered at the origin. Let W : RY x RM — [0, +00)
be a measurable function which satisfying the following hypotheses:

(W1) W is a Carathéodory function which is @Q-periodic in the spatial variable, i.e.,
e 2 W(x,z) is continuous for LY —a.e. z € Q,
e 2 +— W(x, 2) is measurable and Q—periodic for all z € RM,
(W2) There are a,b € RM such that
W(z,z) =0 < z € {a,b}.

(W3) There exists R > 0 such that for LV-a.e. x € Q,

1
Wia,2) 2 22l

if |z| > R.
(W4) For every M > 0, there exists a constant Cp; > 0 depending only on M such that
esssup Wiz, z) < Cy

TEQ,|2|<M

Remark 1.1. We note that we use two-wells for convenience. For multiple wells, a similar
result holds using [7].

Remark 1.2. Assumption is the minimum regularity requirement when allowing
for material inclusions which are a common form of composite materials. The coercivity
growth assumption is standard in such type of problems. We note that allows
for a general class of upper bounds on W including polynomial growth conditions. Note
that we are not assuming any behavior of the potential close to the wells. This is a novelty
in comparison with previous works (see,e.g., [20][15][14]).

We now introduce the functionals that we will study.

Definition 1.3. Let {€,},, {d,}, be infinitesimal sequences such that
On

lim — =0.
n—oo &,

For n € N, define the functional &, : L'(Q; RM) — [0, +o0] as

. /Q{lw (%,m@) +sn\vu(a;)12] de if ue W2(Q:RM),

En
+00 else.
We next introduce the limiting functional in ([1.2)).

Definition 1.4. For z € RM let

Whom(2) = /Q Wz, 2) dx.
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Set
Ohom = inf {/1 27/ Whom((t)|7/ ()|dt : v € Lipz([-1,1];RM), v(=1) = a, y(1) = b} :

where Lipz([—1, 1]; RM) is the space of continuous curves 7 : [—1,1] — RM such that v €
Lip(T, RM), for every compact set T' C [—1, 1] disjoint from {t € [—1,1] : v(¢) € {a,b}}.

Definition 1.5. Define the functional &, : L}(Q; RM) — [0, +00] as
OhomPer({u =a}; Q) if u e BV(Q;{a,b}),
Euolu) =
+00 else,

where Per({u = a}; Q) denotes the perimeter of the set {u = a} in Q.

We are now in position to state the two main results of this paper, namely pre-compactness
of sequences with uniformly bounded energy, and the I'-convergence of {&,},.

Theorem 1.6. Let {e,}n, {0n}n be infinitesimal sequences such that
On

lim — = 0.
n—o00 &,

Let {un}, C LY RM) be such that

sup &, (uy,) < o0.
neN

Then, there exist u € BV (€;{a,b}) and a subsequence {uy,, }r such that u,, — u strongly
in LY(Q; RM).
Theorem 1.7. Let {e,}n, {0n}n be infinitesimal sequences such that

On

lim — = 0.
n—oo £y,

Then, &, L Eso with respect to the strong L' (;RM) convergence.

The strategy of the proofs are stable enough to allow for a mass constraint to be
incorporated in the functional.

Definition 1.8. Let m € (0, [§2|). We define the mass constrained functional

N En(u) if u € WH2(Q;RM), / udr =ma+ (1 —m)b,
En(uzm) = Q
+oo  else.
We also define the suitable limiting problem
N Eolu), ifue BV(Q;{a,b}), / udx =ma+ (1 —m)b,
Eoo(u;m) = Q

+00 else.
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Corollary 1.9. Let m € (0,|9]) and {e,}n, {0n}n be infinitesimal sequences such that
On

lim — = 0.
n—oo &,

Then, gn RN ngo with respect to strong L'(;RM) convergence Moreover, pre-compactness
for sequences with uniformly bounded &, energy holds.

Remark 1.10. The I'-convergence results stated in Theorem [I.7] and Corollary [I.9] allow
to get the standard convergence of minima and minimizers (see [I7, Corollary 7.20])), as
well as approximation of isolated local minimizers (see [25]).

1.2. Outline of the Strategy. The recovery sequence is the same recovery sequence as
for the Modica-Mortola energy with potential Wy.,,. This, and the modifications required
to satisfy the usual mass constraint are detailed in Sections 6 and 7, which require some
care due to the minimal assumptions on W. The core of the work is in proving the Liminf
inequality in Section 4 (see Theorem [4.1]), with some useful preliminary and auxiliary
results contained in Sections 2 and 3. Here, we outline the main ideas of the proof of the
Liminf inequality.

Take a sequence {u,} C WH2(Q; RM) N L>(Q; RM) with bounded energy which achieves
the T'-Liminf (see Definition . We can partially unfold the energy with the unfolding
operator (see Definition just on the potential, and use the non-negativity to throw
away the boundary terms at the cost of the correct inequality,

Enlun] 2/ {/ —W (. Us, tn) dy+€n|Vun]2] dz.
Q L/ En

Applying Young’s inequality, we get
1
Eulinl = [ 2| [ Wt uatoi)) do| V0] do = il
Q Q

To finish we would need to replace the integral under the square root by

Whom (tn) = /QW(y,un) dy.

First, we notice that the following term is negligible in the limit (see (3.5)),

/ / \Us, wp — up| dy|Vuy,| de — 0,
QJQ
and we rewrite F}, as
1
2
/ 2 [/ Wy, un(z) + Us, un(z,y) — un(x)) dy] |Vu,| dx.
Q Q

The idea is to claim that the potential essentially acts like Wyom(uy,), but with the
exception of some small sets. We fix an 7 > 0. Using a slicing argument, we find a
sequence {v7}, € L®(Q; Wy*(Q)) with ||v,|ls < n and with lower energy,

n—o0 n—oo

%
liminf F),[u,] > lim inf / 2 {/ Wy, u, + v)) dy} |Vu,| dx.
Q Q
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We define a double-well function W"(z) such that v is admissible in the infimum (see
Section 3.2). After appropriate truncations and removal of small "bad sets”, we achieve

liminf F),[u,] > lim inf / 2/ Wi (uy,)|Vuy,| dx.
Q

n—oo n—o0

Since W is still a continuous double-well function with the same wells (see Theorem [3.4)),
we can apply ”classical” compactness and I'— Liminf arguments [20] to obtain that up to
a subsequence, u, — u strongly in L*(Q; RM) and

liminf F,[u,] > o,Per({u = a}; Q).

n—oo

To conclude, we show that ¢, /* Ohom, Where ohom is as defined in Definition [I.5

Here we use ideas from [33], where Zuniga and Sternberg showed under very minimal
conditions the existence of a minimizer of the geodesic problems that underly o,. We
recall these properties in Section 2.3, and use them to prove some critical results in Section
3.3.

In the sequel, we will often take subsequences without relabeling, C' will be a generic
constant that may change between inequalities, and subscripts to C' will describe the
limiting parameters that it depends upon.

2. PRELIMINARIES

2.1. The unfolding operator. We recall the unfolding operator, which was first used to
pass to the limit in periodic homogenization problems by rendering the microscopic scale
to behave macroscopically. Two scale convergence was shown to be characterized as L
convergence on the product space through the unfolding operator [12][31][32]. While we
do not need two scale convergence in this paper, the unfolding operator provides here a
useful tool to encode the usual change of variable used in homogenization problems.

Definition 2.1. For § > 0, let

2 €15

where I5 is the set of points k € §Z" such that k£ + Q) C Q. The unfolding operator
Us - LM RM) — LYQ; LY(Q; RM)) is defined as

u(&{ﬂ +5y> for z € Qs, y € Q,
Us(u)(z,y) = (2.1)
a ifxEQ\Q(;,yEQ,

where, given an enumeration {k;};cy of Z%,
x| =k i=min{j €N : k; € argmin{|k — 2| : k € Z"} } (2.2)
is the integer part of z € RV, and a is the well in .

Remark 2.2. This definition of the unfolding operator is nonstandard as we make the
unfolding operator nonzero in the small boundary set As x ). This has been used
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previously in [14] to simplify some of the computations. In particular, by change of
variables and periodicity of W we can rewrite

x
el > = — N
/QW<5,u)d;1: /W( u)da: Za /Wy, (zi +6y)) dy
/ /W y,u(z; + 0y)) dyda:—/ /W y,Usu) dydx
ZEI Zz+6Q Q(g

://W(%U(su) dydzx,
QJQ

where in the second to last equality we used that for every = € z; + 0Q), ¢ L%J = z;. In the

last equality, we are able to add back in the boundary set to the unfolded integral as by
definition of our unfolding operator, we have W (y,Usu) = W (y,a) = 0.

Furthermore, we note that for Sobolev functions, gradients transform by chain rule to be

Us(Vu(z)) =V, (Usu(z,y)).

2.2. Truncation of functions. We define the truncation operator and state its basic
properties.

Definition 2.3. For M > 0, we define the truncation operator Tp; : L'(;RM) —
L= (Q;RM) as
f(z) [f(z)] < M,
Tu(f)(z) = M f(z)
/()]

|[f(@)] > M.

The following can be easily proved.

Lemma 2.4. Let f € WY2(Q;RM). Then, Ty (f) € L=(Q;RM) n WE2(Q; RM) and
IVTu () < IV

2.3. Geodesics of degenerate metrics. Here we describe results from [33], that will
be used extensively to prove convergence of the degenerate geodesic problems under mild
assumptions.

Let F': RM — [0,00) be a continuous function satisfying
(F1) The zero set of F, denoted by Z, consists of a finite number of distinct points;
(F2) liminf, | F(2) > 0.

As in Definition [1.4} we define Lipz([—1, 1];RM) to be the space of continuous curves
which are Lipschitz continuous with respect to the Euclidean metric on any compact
portion of the curve that does not touch the zero set of F.

Consider the energy

E(y) == / FO@)W (0)ldt,  for v € Lips([—1, 1; RM).

1
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Due to the parameterization invariance of the energy and the fact that it is conformal to
the Euclidean metric up to a degenerate factor, we can define a metric on R™ by

d@@):hﬁ{/QFw&waﬂﬁ:veLmathRML%—D:pmﬂwzq},

and (RM d) is a length space. Further, we introduce the length functional L for any curve
v as

L(v) = {tfilépzk:dﬁ(tk)ﬁ(tkﬂ)),

where P is the set of finite partitions of [—1,1]. Using this length space viewpoint,
Proposition 2.5 below was proven in [33].

Proposition 2.5.

(1) |33, Lemma 2.4] Let B(xz,r) denote the open ball centered at x and with radius 1 in
the FEuclidean metric. For every e > 0 such that Z C B(0, %), there is an r. > 0
such that if p,q € B(0, %) N (UzEZ B(z, 25)0) then there is a d-minimizing curve,
v* € Lipz([—1, 1]; RM), such that

'ﬂPLmﬂ<UB®@>—&

ZEZ

(2) [33, Theorem 2.5] For any v € Lipz([—1, 1]; RM), we have
L(v) = E(7);

(3) 133, Theorem 2.6] For every p,q € RM | there is a minimizer v* € Lipz([—1, 1]; RM)
which satisfies

d(p,q) = E(v") = L(v");

(4) |33, Proposition 2.7] Given any partition {ty} of [—1,1], a minimizer v* €
Lipz([—1,1]; RM) satisfies

L(v) =) d(v* (t), 7" (tes1)-

2.4. I'-convergence. In this section, we recall the definition and the basic properties of
[-limits. Since in this paper we work in the setting of the metric space L'(Q;RM), we
will present the equivalent definition with sequences. We refer to [17] (see also [9]) for a
complete study of I'-convergence on topological spaces.

Definition 2.6. Let (X, d) be a metric space, and let {F},},, be a sequence of functionals
F, : X — [—o00,+0]. We say that {F,}, ['-converges to F' : X — [—o0,+00] with
respect to the metric d, if the followings hold:

(i) (I-Liminf) For every z € X and every {z,}, C X with z,, — x, we have
F(z) < liminf F, (z,),
n—oo

(ii) (Recovery sequence) For every x € X, there exists {z,}, C X such that
lim sup F (1) < F(2),

n—oo

and with z,, — x.
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2.5. Sets of finite perimeter. We recall the definition and some basic facts about sets
of finite perimeter that are needed in the paper. For more details on the subject, we refer
the reader to standard references, such as [I], 18] 21, 26].

Definition 2.7. Let £ C RY with |E| < oo, and let A C RY be an open set. We say
that F has finite perimeter in A if

P(E;A) = sup{/divgpdm c o€ CHARYY o|lze < 1} < 00.
E

Definition 2.8. Let a,b € RM. We define the space BV (€;{a,b}) as the space of
functions u € LY(Q;RM) with u(z) € {a,b} for a.e. = € Q, and such that the set
{z € Q: u(x) = a} has finite perimeter in ).

Definition 2.9. Let £ C RY be a set of finite perimeter in the open set A C RY. We
define 0*E, the reduced boundary of E, as the set of points # € RY for which the limit

. DXE(B(ZE, T))
vp(x) = —lim
o0 = T D (B 1)
exists and is such that |vg(z)| = 1. The vector vg(x) is called the measure theoretic
exterior normal to E at x.

We recall part of the De Giorgi’s structure theorem for sets of finite perimeter.

Theorem 2.10. Let E C RY be a set of finite perimeter in the open set A C RN. Then,
P(E,B)=H""'(0*E N B),
for all Borel sets B C A.

3. TECHNICAL RESULTS

In this section we collect the main technical results that will be used in the proofs of the
main theorems.

3.1. Estimates for sequences with uniformly bounded energy. We start by finding
bounds that will allow to compare the energy of a sequence {u,}, with the energy of the
unfolded sequence {75, ., }n-

Remark 3.1. We first remark that any {u,}, C W"?(Q;RM) with bounded energy, i.e.,
sup &, (uy,) < C,
neN

satisfies the following energy estimate

C
||VUnH%2(Q;RN><M) < —. (31)

n

By the chain rule (see Remark and that the unfolding operator is a bounded operator,
we can compute

”Vyu(snu?’L||%2(Q;L2(Q;RNXM)) = 572L||u6n(Vun)H%?(Q;H(Q;RNxM)) < 6721||vun||%2(ﬂ;RN><M)'
Thus, we have the useful estimate

O
||vyu6nun“%Q(Q;LQ(Q;RNXM)) = Cg_' (3.2)
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By slightly modifying the key Poincairé-type estimates in [11][23] rewritten in terms of the
unfolding operator we achieve the key estimate that will be used throughout the paper.

Theorem 3.2. Let {u,}, C WH(Q; RM) be such that

sup &, (uy,) < C.
neN

Then,

s, wn — Un”i%n;m(@;RM)) <C (||VyuénunHi2(Q;L2(Q;RNxM)) + /Q\Q |up — a|2dx> :
on

(3.3)
Moreover, if sup,, ||unllco < +00, then
1
||Z/l5nun — un”LZ(Q;L2(Q;RM)) S 057% . (34)
In particular, this implies that
On \ 2
||Z/{5nun — un”L2(Q;L2(Q;RM))”vun||L2(Q;RNXM) S C <5_> . (35)

Proof. Step 1. We first prove ({3.3)). For x € Q, let
(Us, un) () ::/L{(gnun(x,y) dy.
Q

Using the triangle inequality, together with the inequality (p + ¢q)? < 2(p? + ¢?), we get
[Us, e — |72 < 2[|Us, un — Us,un)ol| 72 + 2llun — Us,un)ell72 (3.6)

where the norm is the L?(2; L?(Q;RM)) norm. We estimate the latter term on the
right-hand side of (3.6). We split the integral as

/|un—(U5nun)Q|2dx:/ |un—(U5nun)Q|2dx+/ lup — af?dz.
Q Q(Sn Q\an

Using the unfolding operator similarly to Remark[2.2] and since Us,, [(Us, un)q] = (Us,un)q,
we get

/Q |un — (Z/{(;nun)@|2dx < ||Z/{6nun - (Z/[5nu”)Q||%2(Q;L2(Q;RM)) + /Q\Q |Un — a|2da7. (37)
Sn

Now, we estimate the first term on the right-hand side of (3.6]). By the Poincaré-Wirtinger
inequality in the y-variable, for each x € €), we can estimate

/ \Us, w, — (L{gnun)Q\z dy < C/ ]Vyugnun|2 dy.
Q Q

Integrating over ) we get the bound
s, 1 — (uénun)Q||%2(Q;L2(Q;RM)) < O”vyuﬁSn“”H%P(Q;L?(Q;RNXM))' (3.8)

Thus, from (3.6, (3.7)), and (3.8)), we deduce (3.3)).

Step 2. We now prove ([3.4) and (3.5)). Since, sup,, ||tun]lco < +00, we get

/ up — aldz < C|Q\ Q.| < O35,
Q\Qs,,
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Combining (3.3) together with (3.2)), and that ¢,, < ¢, we achieve (3.4)

52 2 1
][Ugnun - unHLQ(Q;Lz(Q;RM)) < C (_n + 6n> < C(Sﬁ

n

In view of (3.1)), we conclude that

On \ 2
U5t — (o2 | Vit aymnony < C (—) |

0

3.2. Definition and properties of the auxiliary cell problem. In this section, we
study an auxiliary cell problem that will be invoked in the proof of the liminf inequality

(see Proposition [4.1)).
Definition 3.3. Define the function W7 : RM — [0, 00) as

We) = it | Wi v dy

where the admissible set A4, is given by
Ay = {w € L(Q;RM) n Wy (@ RY) : 9]l oo (giary <,

8l 2200 | Vel 2quasary < 57
We prove some properties of the function W".

Theorem 3.4 (Properties of W"). The followings hold:
(1) For every z € RM | the infimum problem defining W"(z) admits a minimizer;
(2) W is continuous;
(3) W(2) =0 <= z € {a,b};

(4) For each = € RM W7 (z) converges increasingly to
Whom(z) = / W(yaz) dy7
Q
as n — 0. Moreover, W' converges uniformly to Whyen on every compact set.

Proof. Step 1. We prove (1). Fix z € RM. Let {,}, be an infimizing sequence for
W"(2). Since sup,, ||¥n|lsc < 7, up to a subsequence (not relableled), we have that ,, — ¢
for some 1 € L>®(Q;RM), and, in turn, ¥, — v in L*(Q;RM). This is not enough to
conclude by using the lower semicontinuity of the integral functional. We need to improve
the convergence. To do that, we now consider two cases.

Case 1. Suppose ¥ # 0. Using the constraints satisfied by each v,,’s, we get

: . 5 5n?
limsup ||V, || 2y < limsup < :
n—oo n—o00 HwnHL2(Q;RM) HwHLQ(QﬂRM)

where the last step is obtained by the fact that

19l 2(@irar) < hﬁgg}f [nllL2(Qmr)-
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Thus, we deduce that {1,}, is bounded in W'?(Q;RM). By the Rellich-Kondrachov
Theorem, we get that 1, — ¢ strongly in L?(Q; RM), and weakly in W'P(Q;RM) for
all p € [1,2]. In particular, by the compactness of the trace operator, we note that
¥ € Wi?(Q; RM). We conclude that ¢ € A, because

1] L2 (@) [ VY || p2(@urrry < (hT{I_lgf HwnHLQ(Q;RM))(h}LgiOEf IVl r2(rry)

< lminf {[¢, || 2 e [[VYnl 2 mrry < 517,

Case 2. Now we consider the case in which ) = 0. Note that if
llm lnf ||v¢n||L2(Q;RIM) < ‘i‘oo7
n—oo
we can argue as in the previous case, by taking a subsequence bounded in W12(Q; RM).
We now consider the case in which
lim inf ||V¢n||L2(Q,RM) = +00.
n—oo
We have

2
= 0.

o1)
lim sup ||¢n || r2(0.rmy < lim sup
n—00 ’ ’L (@RY) n—00 vanHL%Q;RM)

Thus, in both cases we achieve that ,, — ¢ strongly in L?(Q; RM) and ¢ € A,. We then
conclude by using the Dominated Convergence Theorem (thanks to the upper bound on

W |(W4)) and the uniform continuity of W on B(0, |z] + ) that

im [ Wy, =+ duly)) dy = /Q Wy, =+ 6(y)) dy.

n—oo
Q

Step 2. We establish (2). Let {2,}, C R be such that z, — 2. We first prove that
W"(z) < liminf W"(z,).
n—oo
Using Step 1, for each n € N there exists 1, € A, such that

vv“<zn>::jQIwa,znﬁ-¢m<y>>dy,

and clearly,

WIE) < [ Wit v) dy 3.9
for all n € N. Since ||¢n || o (grry < 1 for all n € N, we have that
T [ (3 20 46 (5)) — (5. + 0 (0))] = 0, (3.10)

for all y € Q. Using (3.9)), (3.10)), the upper bound on W |(W4), we can apply Dominated

Convergence Theorem to conclude that

W"(z) < liminf / Wy, zn + ¥n(y)) dy = liminf W7(z,),
Q

n—oo n—oo
as desired.

In order to establish the other inequality, let ¢ € A, be such that

Wi(z) = /Q Wy, = + o(y)) dy.
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Then, for each n € N, we get

Wwws/W@%+wwd
/W%ww)(wﬁ/w%%+%u> Wy, + buly))] dy

< Wz L/W%%+%U) Wy, 2 +(y))] dy.

Thus, by (3.10), we get the opposite inequality.

Step 3. We prove (3). This follows directly from the fact that W > 0, that (see [(W2))
W(z,z) =0 if and only if z € {a, b}, and that ¢ = 0 on JQ in the sense of traces.

Step 4. We prove (4). Let n; < 1y. Then, A,, C A,,, and thus W™ (z) > W™(z) for
all z € RM. Let {n,}, with 5, — 0 as n — oo. For each n € N, let ¢, € A,, be a
solution for the minimizing problem defining W (z). We claim that ,, — 0 strongly in
L2 Tndeed, since ||t 1= (Q; RM) < n,, we get the claim. Similar to the previous proofs,
the upper bound on W allows us to apply Dominated Convergence Theorem to
prove that W"(z) — Wyom(z) as n — 0. Since the sequence is increasing, we can apply
Dini’s Theorem and get that the convergence is uniform on compact sets. U

3.3. Properties of distances with degenerate metrics. In this section we study the
properties of the metrics

dy(p,q) = inf{/ 2/ W (~(8)) |7 (t)|dt : v € Lipz([—1,1; RM), v(=1) = p, 7(1)=q},

where the space Lipz([—1, 1];RM) is introduced in Definition [1.4]
In particular, we are interested in their behavior as n — 0. We first state some properties

that are easy to establish.

Lemma 3.5. For p,q € RM, define

do(p, q) := sup d,(p, q).

n>0

Then
(1) dy is a metric on RM;
(2) For each p,q € RM it holds lim,,o d,(p, q) = do(p, q).
(8) dy < dpom where

dhom (P, @) = inf {/ 2/ Whom (Y(0) |/ (1) dt : v(—1) = p, 7(1)=q}-

YELipz ([—L,1];RM)

Proof. Step 1. We first prove that d is a metric on RM. Since each d,, is a metric on RM|
we get that dy(p,q) > 0 for all p,q € R™, and that dy(p,q) = 0 if and only if p = q. We



14 R. CRISTOFERI, I. FONSECA, AND L. GANEDI

now prove the triangle inequality. Let p,q,7 € RM™. Then, invoking the triangle inequality
for each d,,, we get

do(p,q) = sup dy(p, q) < supld,(p,r) + dy(7,q)]
n n

< su]g d,(p,r) +supd,(r,q) = do(p,r) + do(r,q),
n> n

as desired.

Step 2. For 0 < 7, < 75, by Theorem [3.4] we have that W (z) > W(z), for all z € RM.
Thus, for each p, ¢ € RM, the supremum in the definition of dy(p, q) is actually a limit.
Step 3. This follows directly from Theorem as W < Whom.- ]

The existence of minimizing geodesics has already been established in [33] for each n
(see Proposition [2.5|()). Therefore, for each 7 > 0 we have 7, € Lip([0, 1]; RM) with
Y(—=1) = a, 7,(1) = b such that

1
oy = dy(a,b) = /IQN/WW(%)WMdt-

For notational convenience, we also define

oo == supd,(a,b).
n>0

We now investigate the behavior of minimizing curves -,,.

Lemma 3.6. Let {n,}, be an infinitesimal sequence, and for each n € N let v, be a
geodesics for d, (a,b). Then, (up to a subsequence, not relabeled) there exists a curve
Y0 € Lipz([—1,1]; RM) such that

lim sup do(7vy,(t),7(t)) =0,

N0 ¢e[—1,1]

and 7o(—1) = a, (1) =b.

Proof. We apply the Ascoli-Arzela Theorem.

Step 1. We first prove equiboundedness with respect to the metric dyg. We claim that
there exists M > 0 such that

{/yﬂn(t) tte [_17 1]} - Bdo(av ]/_\Z)a
for all n € N. We start by showing that there exists M > 0 such that
{Vﬁn(t) tte [_17 1]} - B(OaM)a
for all n € N, where B(0, M) is the Euclidean ball. Indeed, note that
dﬂn ((l, b) S dhom(aa b), (311)

independent of n. Since W grows linearly at infinity (see|(W3)]), we get that there exists
R > 0 such that
W (2) > C(dpom(a, b))?|2], (3.12)

for all |z| > R, where the constant C' > 0 is independent of n and of z € RM. Let

M > max{|a|, |b|, R}. Assume that there exists t, € [—1,1] such that |y,(t,)| > 2M.
Since the curve 7, is continuous and 7,(—1),7,(1) € B(0, M), by the choice of M, it is
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possible to find t7(M) < t, < t5(M) such that |y, (t)] > M for all t € [t7 (M), t5(M)],
and [, (t7(M))] = |m(t5(M))| = M. Then, by using (3.12), we get

2[1WWWM%@W
2 (M)

> Clpom(@, VM [ . (0)]dt

T (M)
Z thom(a; b)M3/27

where in the third step we used the choice of t7(M) and t5(M). This contradicts (3.11))
for M large enough.

We now conclude this step as follows. Using the upper bound of dy by dpon, and choosing
the straight line path between the point a and the termination point (denoted by L),
we can compute

sup do(a@, v, (£) < sup dnom(as 70, (1)) < sup 2l (£) — dl / e
te[-1,1] te[—1,1] te[-1,1]

using the continuity of v/Wyom and the boundedness of v, (¢) in the Euclidean ball
B(0, M), we can establish the uniform boundedness in the dy metric

{7 (1) = £ € [0,1]} € Bay (@, 4|/ Whom || L= (50,00 (|1M] + |a]))-
We conclude by setting M = 1 + 4V Whoml| oo (80,0 (| M| + |al).

Step 2. We now prove the equicontinuity of the sequence with respect to the metric d.
As in [33, Proof of Theroem 2.6], for any n € N we rescale the curve 7, to a curve (that
with an abuse of notation we still denote by) 7, : [—1, 1] in such a way that

O- n
2\/W77n 777 hnn T] ,

for all t € [—1,1]. Let ty > t;. Then,

B Cron (£2), o (£2)) = / “2 W (g (), (1) dt =

Therefore, we get that

g
do (Y, (t1)5 Yy (2)) < 5‘)(@ —t1) + ||y, — dollco,

O (o
to—t1) < —(ta — t
2ty 1) < Dt — 1),

where the last norm is the uniform norm in the space B(0, M) x B(0, M). Note that by

definition of dy, and by using Dini’s Theorem on the compact space B(0, M) x B(0, M),
we get that

lim [y, —dolloc =0

Fix € > 0, choose n € N such that

€
Idy, = dollos < 5,
and let -
(50 =
00

Then, for every n > n, it holds
do (Y, (t1): 1na (82)) < €,
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whenever |ty — t1| < §p. For each n = 1,...,n, using the equiboundedness and uniform
continuity of v, ., let 6, > 0 be such that

dO(’Vnn (t1)> rm, (tQ)) <e
whenever |ty — t1| < §,. Define
0 == min{dg, d1,...,0n}-

This proves that the sequence {7,, }nen is equicontinuous.

Step 3. Applying the Ascoli-Arzela Theorem, we get the existence of a subsequence and
of a curve vy : [—1,1] = RM to which the subsequence converges uniformly with respect
to the metric dj.

Step 4. We now prove that vy € Lipz([—1, 1]; RM). This follows directly from the fact
that, given any r > 0, there exists m, > 0 such that

inf { W™ (z) : 2 € RM\ (B(a,r) U B(b,7)) } > m,,
for all n € N. Indeed, this can be deduced by using the uniform convergence of W to
Whom, together with the fact that Wy, only vanishes at a and b. O

Now we are ready to prove the main result of this section.

Proposition 3.7. Let v € Lipz([—1, 1];RM) be the curve given by Lemmal[3.6. Then, it
holds ) )
dofa,t) =iy [ 2/WiGgldt = sup [ 230l
-1 n>0 J 1

Proof. By definition, we have

d,(a, b) /2\/ ot

thus taking the limit as n — 0, and recalling that n — W7"(z) is monotone for each
2 € RM we get

do(a,b) < hm 2\/ (v0) |0 | dt.

Now we prove the converse mequahty. Usmg Proposition ﬁ and the fact that
Yo € LlpZ([_17 1]7RM>7 we get

/_ 2 hldt = Lo(oo)

Fix an arbitrary finite partition {t;}7-, of [=1.1]. Use the triangle inequality and the
definition of dy to get

dy(Yo(tr), Y0 (tkr1)) < dy(v(tr), Y0 (k) + dy (v (e)s Yo (1)) + dy(o(tr)s 1 (1))
< do(n(tr), vo(tr)) + dn( v (tr), Yo (trs1)) + do(yo(tr), Yo (trs1))-

Fix 7 € N. In view of the uniform convergence given by Lemma , we can find 79(j, m)
such that for all n < 1y we have

1
sup d t),v(t)) < —.
S (D) 20(0) < 5
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Thus, we can bound the total sum over the partition using the uniform convergence
estimate for all n < ny by

1 1 1
dn('Vn(tk)v'Vn(tkH)) + ; = Ln(%}) + ; = dn(a, b) + 5
1

hE

Z dn(Y0(tk), Y0 (tes1)) <

k=1

B
Il

Taking a supremum over all possible finite partitions, we have

1

1

/ 2T )nyldt = Ly(v) < dy(a,b) +
-1

J
and we conclude taking the limit as 7 — 0 and then j — oo. U

4. LIMINF INEQUALITY

The goal of this section is to prove the following result.

Theorem 4.1. Let {u,}, C WH(Q;RM) be such that u, — u € BV (Q;{a,b}) strongly
in LY(Q;RM). Then,
liminf &, (u,) > Ex(u).

n—oo

Note that this proposition is weaker than the liminf inequality, since we are assuming the
limiting function to be in BV (€; {a,b}), and not just in L'(2; {a,b}). We will prove in
the next section that this is sufficient. The reason why we are first proving the above
result is that, in the proof of the compactness (see Theorem |1.6]), we will use arguments
that are the core of the idea to prove the above result. Thus, we opt by presenting them
first here.

Without loss of generality, in what follows we assume that

liminf &,(u,) = lim &,(u,) < 0.
n—oo n—o0
Step 1: Reduction In this step, we show that it suffices to prove Theorem for u,

uniformly bounded in L*°, and W being linear outside a ball. Let M > R, where R > 0
is the constant given in |(W3)l Let ¢ : [0,4+00) — [0, 1] be a smooth function such that

Yy = 1 on [0, M], Yy =0 for t > 2M.
Define
W (a,2) = e ()W . 2) + (1~ ae(2) 2,
and
E,(v) = /Q [i’WM <%,v(m)) +6n|VU(x)|2} dz.

We claim the following. Assume that for all v € BV (Q;{a,b}) it holds
Exo(v) < liminf &,(vy,), (4.1)
n—o0

whenever {v,}, € Wh2(Q;RM) with [|v,||z~ < 2M is such that v, — v strongly in
LY(€;RM). Then, Theorem [4.1| holds.

Indeed, let {u,}, € Wh2(;RM) be such that u, — u € BV (Q;{a,b}) strongly in
LY RM). Let

Up = 75Muna
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where Tapu, is the truncation of v (see Definition . We observe that
nh_>Holo |un — vn|| L1 (@) = 0. (4.2)
Indeed, let
A, ={reQ : |uy(x)] >2M}.
By Chebyshev’s inequality, we get

1
LN(A,) < W/A | d < % w (gun> dr < C%en, (4.3)

where in the second inequality we used the fact that M > R; together with [(W3)| and
in the last inequality we are using that the sequence has bounded energy. Invoking the

triangle inequality and convexity, we obtain by (4.3])

|tn — Vnll L1 (M) = / |y — vp| dz

n

< (/A lup| di + QMEN(An))

S CM€n7
This proves (4.2)).

Therefore, by (4.1) we get
Eoo(u) < liminf &, (vy,),
n—oo
and to conclude, we claim that for all n € N

En(vn) < En(uy).

Indeed, note that W), satisfies |(W1)|, |(W2)L and |(W3)| Thus, , the definition of v,
and the definition of W}, yield

WM (2, va(2)) < WM (2, un(2)) < W(a, up),
for almost all z € 2, and all z € RM,
This, together with Lemma [2.4] yields

/Q FWM (%,vn(x)) + snlwn(xﬂ dr < &, (uy),

€n

and thus the desired conclusion.

In the rest of this section, we will therefore assume that
Sup ||| oo iy < M, (4.4)
neN

for some M > R.

Step 2: Slicing For each n € N and n > 0, let
fi(@,y) =Ty (Us,un(x,y) — un(2)),

where the truncation operator 7, is with respect to the variable y. We want use a De
Giorgi’s slicing type of argument to modify f7 to make it vanish on 2 x 0Q).

For k € N\ {0}, let (see Figure 1)

1 2
Sy = {y cqQ : % < dist(y, 0Q) < E}’
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Q

FIGURE 1. The construction of the sets ), and Si, where the cut-off
function ¢, equals one, and transition from one to zero, respectively.

and
2 .
Qr = {y €qQ : T < dist(y, 8@)} )
Let 1 : Q@ — [0, 1] be a smooth function with 0 <+ < 1 such that

Y =11in Qy, Ve =0o0nQ\ (QrUSk), IV Loe(q) < k-
Define
un k(2. y) = Ye(y) £ (2, y).

Theorem 4.2. There exists a sequence {k]!(x)}, with x +— k}!(x) measurable, such that

lim k(x) = 400
n—oo

for almost every x € 2,

) 1
hin_)sgp /Qm dx =0, (4.5)
and with v} = v}, it holds
3
lim sup &, (u,) > limsup / 2 {/ Wy, u, +v)) dy| |Vu,|dx. (4.6)
n—00 n—00 0 Q

Moreover, for almost every x € ), we have the estimate

107 (@, M 2@ I Vyvn(@, )2z < 477 +0llVylds, un (@, )l 2@mvxmy.  (4.7)

The proof of the above theorem requires some preliminary results. First, we claim that,
for almost all x € €2, it holds that

[one (@, )o@y <, (4.8)
for all n € N, and that
T}LH;O ||Uz,k(l’7 M zz@mmy = nh_{glo 113 (@, )l L2 @irary = 0. (4.9)



20 R. CRISTOFERI, I. FONSECA, AND L. GANEDI

Indeed, the first estimate is direct from the definition of the function UZJc together with
the fact that the cut-off function is bounded above by one. To see (4.9)), we observe that
(3.4) and the definition of f gives that

,}g{}o HngL?(Q;LQ(Q;RM)) = nlggo [Us,, un — Un”%2(9;L2(Q;RM)) = 0.

In particular, this implies by taking a subsequence without relabeling that the following
pointwise convergence holds for LVa.e. x €

Tim (| £ (@, )l 2@y = 0.
Thus, (4.9) follows from the fact that the cut-off function is bounded above by one.

We can compute

/ 2 [/ Wy, un + v, 1) dy] |Vuy,| dx
Q Q

< / 2 V Wy, w, + ) dyr V| do
Q Q

+/2 / Wy, uy) dy] |Vu,| dx
Q Q\Qk(x)

N|=

1
2

+/2 Wy, un + v, . (7,9)) dy] \Vuy,| dx
& [/ %@)

= I, + I, + I11,. (4.10)

We will estimate the three integrals separately.

Lemma 4.3 (Estimate for I,,). It holds

1
lim sup /2 {/ Wy, u, + £ dy} |Vuy,| dx
Q Q

n—oo

n—oo

1
< limsup /2 [/ W(y,Us, un) dy} |Vu,| dz.
Q Q
Proof. Write

/2 [ [ W+ Ty = ) dy] |Vl do
Q Q

2
< / 2 [/ W (y,Us,uy,) dy} |Vu,| dx
Q Q
1
2
+ / 2 [ Wy, wn + Ty(Us, un, — uy)) dy|  |Vu,| de,  (4.11)
Q Qn(z)

where
Qn(x) ={y € Q : [Us,un(z,y) — un(2)| > n}.
By Chebyshev inequality, we have

1 1
LYQn (@) < ) /Q [Us, 1 (2, y) — un(2)* dy = ?Il%nun(ﬂf, ) = (@) |2 gmar) (4.12)
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Using [WI}, (1), and (ET2) we get
1
2
Q LJ/Qi(x)
C 1
< S [ £¥Qu)HV (o) d
nJa
c .
Sl Lol CHCL] PR | PR

= _ZHZ/{Jnun - un”LQ(Q;LQ(Q;RM))||vun||L2(Q;RN><M)

where we used Holder and estimate (3.5)). Since 6,, < €, in view of (4.12))this gives

n—0o0

lim sup / 2 [/ Wy, wy + Tpy(Us, un — uy)) dy] |Vu,| dx
Q Q

%
< lim sup /2 {/ W (y,Us, uy,) dy} |Vu,| dz.
Q Q

n—oo
O
Now, we estimate I1,,.
Lemma 4.4 (Estimate for I1,,). Assume that
1
lim su — dx =0. 4.13
n—)oop /Q kjn(x)en ( )
Then,
lim 71, = 0.
n—oo

Proof. Using and the fact that ||u,|lcc < M (recall (4.4) for all n € N, we get

/ 2 / Wy, un) dy
Q A\ Qi ()

|Vu,| de < Cy / LYQ\ an(x))%|Vun| dx
0

1

< Cul| Va2 ( / cN<@\@kn<x>>dx) ,

where the last step follows from Hoélder inequality. Using estimate (3.1]) together with the
fact that

C
N

<
L (Q \ an(gﬁ)) = kn(l‘)’
we get

1
1 2
11, < C / dx] )
Y [ o k()2

Thanks to (4.13]), we conclude. U

We finally estimate /11, by employing a similar strategy.
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Lemma 4.5 (Estimate for I11,). Assume that

1
lim su dz = 0. 4.14
e /an@)en (14)

Then,
lim /11, =0.

n—oo

Proof. Using and the fact that ||u, + v, i[lec < M +n for all n € N (see (4.4)([4.8)),
we get

D=

/ 2 [ Wy, un + v, 1 (2,9)) dy| [Vu,| de < CMW/ £N(Skn(x))%\Vun] de.
Q |/Skm Q

Applying Holder inequality, we get

N|=

11T, < Cuayl| V|| 220 (/ LY (S () dl’?)
Q

and since

N
<
L7 (k) < ()
by (4.14) and (3.1)) we conclude. d

We are now in position to prove the main theorem of this step.

Proof of Theorem[{.9. Part 1. Define

k i

Observe that k, > 1 is an integer for all z € 2, and that the function x — k,(z) is
Lebesgue measurable, as it is the composition of an upper semicontinuous function (hence
Borel measurable) and a Lebesgue measurable function. Furthermore, by we have
that the denominator converges to zero, and thus k,, — oo as n — co. Moreover, in view

of the definition of f and (3.4)), we have

/Qg—Hfg(ﬂCa ')H%Z(Q;RM) dr < 6_||U6nun - Un”%z(g;L?(Q;RM)) <C—.

n gn

Thus, using that ¢, < €,, we deduce that

li / ! d 0
1111 Su — axr = V.
n—)oop Q kn('x)gn

Part 2. We now prove the energy estimate . From (4.10]), together with Lemmas
and [4.5] we get the desired estimate

lim sup / 2 {/ Wy, u, +v)) dy] |Vu,| dx
Q Q

n—oo

%
< lim sup /2 {/ W (y,Us, un) dy} \Vu,| dx
Q Q

n—o0

< limsup &, (u,)

n—o0
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Part 3. Finally, we establish the bound (4.7). Note that
IV y0l12 = IV ythr, [+ @) Vi Fl1? < 20K ()| £+ [V 1),
and thus
9,02, Moeiaon, < V2 [kal@) | £2@ iz + V02 Y igaon)]
Since
lvallz2mmy < (1 fill L2(irmy,s
we obtain
v (@, ) 2@y | Vyvn (@, ) || L2 (@urany
< V2 k)£ W rigumny + 12 Va2 [V £ asian |
< \/5 [2772 + U"Vyuénun(% ')HL2(Q;RM)] )

where in the last step we used Lemma , (4.8)), and the definition of k,. This concludes
the proof of the slicing theorem. O

We now continue with the proof of Theorem
Step 3: Passing to Limit. Using Theorem [£.2] we get that, for all > 0, it holds

n—o0 n—oo

liminf &, (u,) > liminf [ 2 {/ Wy, un, +v)) dy| |Vuy,| de.
Q Q

We now want to pass to the limit in the above inequality as n — oo, replacing W by
W, Observe that v)!(z,-) might not satisfy, for a.e z € €2, the required bound to be an
admissible competitor for the minimization problem defining W". Thus, we reason as
follows. Define

0 = {x € Q: [[Vyls, un(z, )|l 12(qirrry) < 1}
Then, for each x € Q7, we have that v]!(z,-) € A, (see Definition .3). We can estimate

1
lim inf / 2 [/ Wy, u, + v)) dy} |Vu,| dx > lim inf / 2/ W (uy,)|Vuy,| do
9 Q 9K)

n—oo n—oo
> lim inf / 2/ Wn(u,)|Vuy,| de — limsup / 2/ Wn(u,)|Vuy,| dz.
n—00 Q n—00 Q\Q7

We claim that

lim sup / 2/ Wn(uy,)|Vu,| de = 0.
o\

n—oo

Indeed, by Chebyshev’s inequality we have that
N n 1 2
L7\ Q) < ﬁ o ||Vyl/{5nun(x, '>||L2(Q;RM) dz,

and thus, by (3.2) we get
2

)
LY\ Q) < . 4.15
@\ Q) < e, (4.15)
Using the upper bound on u, (see (4.4])), we obtain

/ 2 /W) [Vun| d < Cigy / V| de,
Q! Q1

a\
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and applying Holder and (4.15)) we infer from (3.1)) that
On,
| VW) V| do < Cargl£ 0\ ) [Vl ey < Cona

which proves the claim because §,, < &,.

Therefore, for all n > 0 we have that

lim inf &, () > lim inf / 2 W) [V d. (4.16)
Q

n—oo n—oo

We specifically note that up to this point, we have not used the convergence of {u,},
in any way. Now we do so, and by virtue of ”classical” results on the Modica-Mortola
functional (see [20, Theorem 3.4]), we get that

nh_}rr;() En(uy) > oy Per({u = a}), (4.17)

where

1
o= min{ [ 9Tl 7 € Lip (=11} R) (1) = 0.1 = b}
—1
Step 3: Concluding the Arguments We send 7 — 0 in (4.17)). Recall that

Ohom = IMinN {/_1 2/ Whom (V) |7/ |dt : v € Lipz([—1,1]; RM), v(=1) = a, v(1) = b} .

We claim the following.

Proposition 4.6. Let

o = lim o, = sup o,,.

Then 0o = Ohom-

Proof. Note that o, is increasing, and thus the limit exists.
By Theorem for every n > 0, 0, < Ohom, and this establishes the inequality o < ohom.

We prove the converse inequality. Proposition |3.7| gives us that og is the distance between
a and b in a certain metric dy, and that there exists v € C°([—1, 1]; RM™) such that

1
op = su;g/ 27/ W (50) |70 dt. (4.18)
n> -1

Without loss of generality, due to parameterization invariance we can assume that the
70(t) = @ if and only if ¢t = —1, and that ~,(¢) = b if and only if ¢ = 1. For j € N\ {0},
define

T ={te[-1,1] : y(t) € B(a,1/j) },
T) = {te[-1,1] : () € B(b,1/j)},
and
T = L1\ (T2UTY).
Let
Lj= | |w®)]dt < oc.
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By Theorem [3.4] we have uniform convergence of W7 ot Wy, on compact sets. Let (1;);
be a decreasing sequence such that

1
Wi — \/Whom < —.
IV V Whomllcog) < 2L,
for all n < n;, where K C RM is a compact set such that vo(t) € K for all t € [-1,1]. We
observe that

oz [ 2 WG
> [ oy WGl
> [ 2/ Wamlalbilat —2 [
2A3¢W;EM%W—§

Taking j — oo and using Monotone Convergence Theorem together with (4.18)), we
conclude. O

VI00) =\ 0| Il

J

5. COMPACTNESS

In this section prove Theorem [1.6]

Proof of Theorem[1.6. Let {u,}, C WH(Q; RM) be such that

sup &, (u,) = C < o0.
neN

By (4.16), we obtain the uniform bound without using any information about the

convergence:
sup/ 2/ Wn(u,)|Vu,| de < C
n Jo

Since W has two wells a, b, we can apply arguments in [20] to extract a subsequence such
that u, — u € BV(Q;{a,b}) strongly in L.

g

6. LIMSUP INEQUALITY

The main result of this section is the construction of a recovery sequence.

Theorem 6.1. Given u € BV (Q;{a,b}), there exists a sequence {uy,}, C Wh2(Q; RM)
with u, — u strongly in L*(Q;RM), such that
limsup &, (un) < Exo(u).

n—o0

The proof of the limsup inequality requires two technical results that are well known
to the experts. For the reader’s convenience, we state them in here. The first is an
approximation result, stating that C? sets are dense both in configuration and in energy.
This result is contained in the proof of |7, Lemma 3.1].

Proposition 6.2. Let E C () be a set with finite perimeter. Then, there exists a sequence
of sets {Ep}n, where each E, C Q) satisfies
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e OE, NQ is of class C?;
e HN"1 00N OE,) =0,
such that E, — E with respect to the L' topology, and
li =
Jim Eoo () = Exo(u),
where u, =1, and u = 1g.
The next result ensures that, up to a small error, it is possible to reparametrize a curve
in such a way that the energy functional is bounded by the limiting energy. This was
originally used in the article by Modica (see [28, Proof of Proposition 2]). Here we give
the version used in [16, Lemma 4.5], since it clearly states the estimates that we will need.
Note that none of the assumptions on W required in [I6] are actually used, other than

continuity in the second variable. Moreover, the lower bound for 7 follows easily from the
definition of 7 given in the proof of the result.

Lemma 6.3. Fiz A\ >0, ¢ > 0. Let v € CY([-1,1];RM), with y(—1) = a, y(1) = b, and
v (s) # 0 for all s € (—1,1). Then, there exist 7 > 0, and C > 0, with

1
€
C€§T§—/ ~'(t)] dt,

VA _1‘ (®)

and g € CY((—7,7);[—1,1]) such that
e — AT W (g(1))
R O
forallt € (—1,7), g(—7) = —1, g(7) =1, and

[ 2 (a0 + <7 @) P (007
< [ 2T ) ds+ 20 [ pls)lds

We are now in position to prove the existence of a recovery sequence.

Proof of Theorem[0.1]. Let A = {u = a}.

Step 1. Using Proposition [6.2] and a diagonalization argument, we note that it suffices to
prove the result for u € BV (£2; {a, b}) such that 9ANQ is of class C?, and HY 1 (0 ANIN) =
0.

Step 2. Let u € BV (2;{a,b}) be as in Step 1. Fix n > 0. Let v € C*([-1, 1];RY) with
7(—1) = a, and (1) = b, be such that

/_ 2 W GO (Ol < 1. (6.1)

Without loss of generality, we can assume that 7/(s) # 0 for all s € (—1,1). For each
n €N, let 7, > 0, and g, € C*([0, 7,]; RM) be those given by Lemma [6.3| relative to the

choice of ,
n
€= &p, A=(——<], 6.2
(L(v)) (6:2)
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Q

0A

F1GURE 2. The two different scales ¢,, and 9,,.

where .
Liy) = / /()] ds < oo.
-1

Let dist(-,0A) : RNV — R be the signed distance function from 9A. Note that dist(-, 0A)
is of class C*, since OA is of class C?. For n € N, define

b dist(z, 0A) > 1,
U () = ¢ v (gn(dist(x,0A))) |dist(x,0A)| < 7n, (6.3)
a dist(z, 0A) < —7p.

We claim that the sequence {u,}, satisfies the required properties, up to an error 7.
Observe that each u, € WH2(Q; RM). Moreover, by using the fact that 7, — 0 as n — oo,
we have that u,, — u strongly in L'(€; RM).

We prove the convergence of the energies. Define
A, ={x € Q : |dist(z,04)] < 1.},

and note that
|A,| < HNTH0A)T,. (6.4)

For each n € N, consider the set of indexes
I, ={ieN: 2 +6,Q CA,, z € 6,7V},
By={ieN: 2z +06,QNA, #0, 2 € 6,Z "} \ L.
Let K, := #1,, and observe that

-1
g ([ E2]) "o 65

Avi=J (5 +6,Q)UR,

i€l,

Write

where

R, = |J (z+6.Q) NA,.

JE€EBnR
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Then,
where C'4 > 0 is a constant depending on 0A.

Step 3. We claim that there exists a dimensional constant C'y > 0 such that

in(e) — ()] < (O 22 ) (67)

n

for all z € z; +0,Q, and all n € N, and ¢ € I,,, where w, : [0,00) — [0, 00) is the modulus
of continuity of . Indeed,

|un () = un(2i)| = |y (gn(dist(z, 0A))) — 7 (gn(dist(z;, 0A)))|

<w, (€n<|dlst(x DA) - dist(zi,aA)D)

).
<o (on),

where in the second step we used the fact that |g/,| < C/e,.

Step 4. We claim that

= (£ 00) - Waan(unfe))] s

By using the unfolding operator restricted to A, we get

/Anw(%,un@)) dz /W Q/Wy,% Un dydm—l—/ ( )) dx
A

6NZ/ Wy, un(z; + 0ny)) dy + W( )) dzx.

lim
n—oo

=0.

Thus, we can write

/An {W (;—n,un(x)) - Whom(un(:v))] dz

- 5711\7;{27; {/Q Wy, un(2z;i + 0ny)) dy — Whom(un(zi))}
+ i [55 Whom (n () — / e Whom (un(2)) dm}

[ (En®) - Wientnt@)]
= J 4+ T2 J37.L (6.8)

We now estimate the three terms J!, J2 and J3 separately. Since v is continuous on a

n» “n’

compact set, we note that by definition of the recovery sequence

sup ||un ||z < M < o0, (6.9)
neN
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This implies that
| Tal < C|R.| < Cd, (6.10)
where in the last inequality we used .

Now we estimate J2. Let wpem be a modulus of continuity of Wi, in B(0, M), where
M > 0 is the constant in . Then,

[ al =

/ Waom (ttn () — Whom (tn () da
UK:n1 Zi+6nQ

2

< / nom([tn(2:) — tn(z)]) do
URn 2i+6,Q

i

S Knégwhom <w’y (CNj_n>)

S Csnwhom <w7 (CN(;—”>) s (611)

where in the previous to last inequality we used Step 3, while in the last inequality we

used (6.4]) together with (6.5)).

Finally, we estimate .J!. Using the definition of Wy, we write

/ W (g (21 + 80)) dy — Whom (tn(21)) = / W (3, (21 + 8)) — W (s un(2)] dy.
Q Q

Thus, using a similar argument to that in (6.11]), we obtain

|J71;,| S C’enww <w7 (CN(S—”>) s (612)

En

where wyy is a modulus of continuity of W in B(0, M), where M > 0 is the constant in

(6.9).
Combining (6.12))(6.11])(6.10]), we get

iAn W <%,un(x)) — Whom(tn()) do

€n

1
< L (214 1221+ 1)
< (o (v (02)) omm (s (e22))+2)
En En En
— 0, (6.13)

as n — 0o, where in the last step we used the fact that 4, < &,, together with
limy 0wy () = limy_y0 Whom (t) = 0.
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Step 5. Using Step 4, and the coarea formula (see [I, Theorem 2.93 and Remark 2.94)),
we get that

1
lim sup gn(“n) = lim sup / |:_W (E’ un) + 5n|vun|2:| dx
Q

n—o0 n—00 €n On

1
< lim sup / L—Whom(un)JreannF] dx
Q

N n %/Q {W (;—nﬂn(iﬂo - Whom(un(x)):| dx

1
= lim sup / |:€_Whom<un)+€n|vun’2:| dx
Q

n—o0 n

+ lim sup

n—oo

i [ [ L Wian1(0,(69) + 20 006D

n—o0 —Tn n
CHN T ({2 € Q1 dist(z,04) = s}) ds
<limsup sup HY'({z € Q: dist(z,0A4) = s})-

n—oo  |[s|<my,

fmgmmmwmﬂmmﬁﬁ@ﬂ“

—Tn n

<limsup sup HV'({z € Q: dist(x,0A) = s})-

n—oo |5‘§7—n

| U 20/ Whom (YO (0]t + MW]

< 'HN_I((‘?A) [Thom + 37],

where the last inequality follows from (6.13)), together with (/6.2]), Lemma and the
fact that, since A is of class C?, it holds

liI%HN_l({iL‘ € O : dist(z,0A) = s}) = HVH(0A).

Since n > 0 is arbitrary, we conclude. O

7. THE MASS CONSTRAINED FUNCTIONAL

As it is usually the case, the strategy of the proof for the Gamma-limit in the unconstrained
case is stable enough to be used for the mass constrained functional, with minor changes.
The liminf inequality follows from exactly the same proof. What needs to be checked is
that, in the construction of the recovery sequence, it is possible to adjust the mass of
the sets constructed in the proof of Proposition [6.1] There are some standard ways to
do that, which can be found in the paper by Fonseca and Tartar (see [20]), and in the
paper by Ishige (see [24], see also [7]). However, such strategies are heavily based on the
assumption that potential W enjoys regularity that we do not require in this paper. Here,
we use a different argument that does not require such assumption.

Lemma 7.1. Fizm € (0,|92). Let u € BV(Q;{a,b}) with [{u = a}| = m. Then, there
exists a sequence {uy,}, C W12 RM) with u,, — u strongly in L'(Q;RM) such that

lim sup &, (1) < Ex (),

n—oo

where &, and E, are defined in Definition .
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Proof. We show how to modify Proposition [6.2] and the definition of the function w,, in
Step 2 of the proof of Proposition [6.1]in order to get the recovery sequence satisfying the
mass constraint.

Step 1. Let £ := {u = a}. Let {E,}, be the sequence provided by Proposition [6.2] We
would like to modify this in such a way that the required mass constraint is satisfied. The
strategy we use is a variant of an idea by Ryan Murray.

Let zg, 1 € Q2 be points of density one and zero for E, respectively. i.e.,

. |ENB(xy,r)| . |E N B(xg,r)|

0 By, )] M B )]

Then, there exists R > 0 such that
3 IEOBwm )y o< [EOBEl L (7.1)
4 |B(x1,7)] | B(xo,7)| 4

for all » < R. Without loss of generality, up to decreasing the value of R > 0, we can
assume that B(zy,r) N B(zg,r) = (. For r < R, let

E, = EUB(z1,7) \ B(zo, ).
Note that

Let {F7}, be the sequence of sets given by Proposition relative to F,. Then, for n
large, we get that

|P(F); Q) — P(E; Q)| <, | 1er — el <

Since such sets [ are obtained with the standard procedure of mollification of the
characteristic function of F,, and by taking a super level set, we get that there exists
n € N such that

NN NN
B (mo, (5) 7’) CQ\E and B (xl, (5> r> C F,

for all n > n. Now, assume that |F| < m. Let s, > 0 be such that |F}| 4+ |B(0, s,,)| = m.

We claim that
AN
Sn < (g) r,

for all n > n. Indeed, for n large enough, using ([7.1)) it holds that
3
|E| = [E] < 7|B(z1,7)]-
Therefore, considering the set
E7 = F' U B(x, ),

we get that |ﬁ,’;| = m, for all n > n. Using a diagonal argument, we obtain the desired
conclusion. A similar argument is used to fix the mass in the case where |F)’| > m. This
sequence satisfies the required properties.
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Step 2. It can be shown that, for each n € N, there exists v, € R such that the function

b dist(z, DA) > 1,
Up () = < v (gn(dist(z,0A) +v,)) |dist(z,0A)| < 7,
a dist(z, 0A) < —7,.

is such that
/ up(z) de = ma + (1 —m)b.
Q

Using the fact that v, — 0 as n — oo, it is possible to check that all of the steps in the
proof of Proposition [6.1] can be carried out in a similar way. This allows to conclude. [J
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