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Abstract

We consider a variational model for periodic partitions of the upper half-space into
three regions, where two of them have prescribed volume and are subject to the geo-
metric constraint that their union is the subgraph of a function, whose graph is a free
surface. The energy of a configuration is given by the weighted sum of the areas of the
interfaces between the different regions and a general volume-order term. We estab-
lish existence of minimizing configurations via relaxation of the energy involved, in
any dimension. Moreover, we prove partial regularity results for volume-constrained
minimizers in two space dimensions. Thin films of diblock copolymers are a possible
application and motivation for considering this problem.

Keywords Partial regularity - Quasi-minimal partitions - Nonlocal isoperimetric
problem - Thin films
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1 Introduction

The goal of this paper is to initiate the analytical investigation of variational models
for partitions with quasi-minimal surface area, subject to a geometric graph constraint.
The admissible configurations of the model that we consider here consist of two phases
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(i.e., regions of the space with prescribed volume) which are confined by a flat substrate
on the bottom side, and by the graph of a Lipschitz function on the upper side. The
upper interface between the two phases and the region above them corresponds to a
free surface.

The imposition of a graph constraint on the admissible configurations is not new
in the mathematical literature and appeared in particular in variational models for
epitaxially strained elastic films, see (Bonnetier and Chambolle 2002; Chambolle and
Solci 2007; Fonseca et al. 2007; Davoli and Piovano 2019; Crismale and Friedrich
2020); however, to the best of our knowledge this is the first instance where a similar
constraint is enforced on a system with multiple phases, and this constitutes the main
novelty of this paper.

We are interested in the description of optimal configurations minimizing an energy
functional given by the sum of the surface measures of the different interfaces between
the phases, possibly with different weights. We also include in the total energy a general
volume-order term (allowing, for instance, for possible nonlocal interactions among
the two phases); the results in this paper are valid under quite general assumptions
on this term, whereas its explicit form would be crucial for the characterization of
optimal or equilibrium configurations.

This paper is the first step in the rigorous investigation of the properties of the
energy and of optimal configurations of the system. In particular, we discuss the
lower semicontinuity properties of the energy, which permits to prove existence of
minimizing configurations via relaxation in any dimension. Moreover, we establish
several regularity properties of minimizers in dimension two. Further investigations
on the fine structure of optimal configurations will be the subject of future work.

A possible application of the variational model that we introduce is the description
of equilibrium configurations of thin films of diblock copolymers, see Sect. 1.3 for
details.

1.1 The Model

We now pass to an introductory description of the model and of the main results
obtained in this paper. For the precise definitions and assumptions, we refer to Sect. 2.

We consider a configuration described by a phase variable u defined in the upper
half-space of R”, in general dimension n > 2, taking values +1, —1, and 0, repre-
senting the two phases A, = {u = 1}, B, = {u = —1}, and the region above them
V. = {u = 0}. For mathematical convenience, we extend u by a fixed value (say,
u = 2) also in the lower half-space. Having in mind the application to thin films
of diblock copolymers, we will often use the terminology film to denote the region
occupied by the two phases A, U B, substrate to indicate the lower half-space, and
void to indicate the region V,, above the film.

Admissible configurations are those for which the region A, U B, is confined in
the subgraph of a function £, over the flat substrate (see Fig.1). As customary in
this kind of problems, to focus on the effect of the surface energy on the equilibrium
configurations, we work with lateral periodic boundary conditions. We also impose
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Fig. 1 The different phases and interfaces of an admissible configuration

the total volume of the film and the ratio between the two constituent phases by means
of two mass constraints.

We consider a sharp-interface model in which the short-range interaction energy
% (u) of a configuration u is assumed to be proportional to the surface measure of
the interfaces between the different phases, with possibly different surface tensions.
The interfaces involved are: FL‘:‘B (between the two phases inside the film), F;}, Ff
(between each phase and the void), and, since also the contact between the film and
the substrate costs surface energy, S ,f, S f (between each phase and the substrate), S ,Y
(between the substrate and the void).

In addition to the interfacial energy ¢ (u), we consider in the total energy a general
volume-order term N (). For the results contained in this paper, the precise form of
this term does not play arole, and the only property that we use is that A/ (+) is Lipschitz
continuous with respect to the symmetric difference of sets, namely

W) — NI < Ly (1AuAA] + [BuABy]) (1.1)

for some constant L s.
Then, the total energy .% (u) of a regular configuration u, whose profile is given by
a Lipschitz function 4, writes as

F ) =9 W)+ yN(u)
= oM NI + o TN + oapHTH TR
+ oasH' (S + opsHH(SEY + ogH LYY + y N (w)

(see Sect. 2 for the precise definition of all the terms involved).
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1.2 Main Results

The paper is divided into two main parts, where we study several properties of the
energy % . In the first part, we focus on its lower semicontinuity with respect to the
L'-topology, and we identify in Theorem 3.1 the lower semicontinuous envelope .%,
defined over a larger class of possibly irregular profiles. In particular, the relaxation
procedure allows to consider configurations whose free boundary is described by a
function %, of bounded variation: it then might be unbounded and with jump discon-
tinuities.

The functional .Z has the same form of the original functional .%, namely it is the
sum of a surface energy contribution ¢ (u) and of the nonlocal interaction y A (u).
Notice that the relaxation affects only the surface part of the energy, as the nonlocal
term is continuous with respect to L'-convergence. As might be expected, the new
surface energy ¢ has relaxed surface tension coefficients, due to the possibility of
reducing the energy by inserting a thin layer of a phase between two other phases
(wetting). The non-standard aspect of this procedure is that, due to the additional
constraints of the model (namely, the only admissible configurations are subgraphs),
not all the possible infiltrations are allowed; this prevents us to apply directly the well-
known results about the relaxation of surface energy of clusters in R", see (Ambrosio
and Braides 1990).

Concerning the proof, whereas the liminf inequality follows by a standard argument
adapted to our setting (see Proposition 3.7), the construction of a recovery sequence
requires extra care (see Proposition 3.8). Indeed, first we approximate a non-regular
profile by a Lipschitz one, thanks to a construction by Chambolle and Solci (2007);
next, when one of the surface tension coefficients between two phases changes in the
relaxation process, we need to approximate the corresponding interface by carefully
inserting thin layers of the other phases, preserving both the graph constraint and the
mass constraint.

Finally, the existence of a solution to the mass constrained minimization problem
for the relaxed functional

min{.Z (u) : |A,| + |Bu| = M, |A,| = m}, (1.2)

where 0 < m < M, follows by a standard application of the direct method (see
Theorem 3.5).

In the second part of the paper, we turn our attention to the study of regularity proper-
ties of solutions to (1.2). This is where the main mathematical challenges are, stemming
from the fact that admissible competitors have to satisfy the additional condition of
being subgraphs. Indeed, if no graph constraint is in force, then partial regularity of
minimizing clusters could be obtained by a standard strategy, which would amount to
first showing that volume-constrained minimizers are quasi-minimizers of the surface
energy, and then to proving an elimination property (see Leonardi 2001) which allows
to reduce locally to the case of only two interfaces. Once this is done, partial regularity
follows from classical results (see Gonzalez et al. 1983). In our case, though, we can-
not apply directly those results, as they require to make arbitrary perturbations, thus
possibly exiting the restricted class of admissible configurations. Therefore, we need
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to perform delicate geometric constructions, and to combine several ideas in order to
prove regularity.

We next summarize our main strategy. In Lemma 4.2 we remove the mass constraints
by showing that every solution to (1.2) is also a solution to a suitable penalized problem.
The proof of this fact follows a rather standard contradiction argument, which amounts
to show that if a minimizer of the penalized problem does not satisfy the volume
constraint, then it is possible to modify it and reduce its energy—which would be a
contradiction—provided that the constant in front of the penalization term is large
enough. When there is just one mass constraint and the problem is in the whole space
R", this can be achieved by a suitable rescaling of the minimizer. A refined argument
by Esposito and Fusco (2011) shows that the same can be done by a local perturbation
of the set, which brings the mass of the perturbed set closer (but not necessarily
equal) to the desired mass, reducing the energy at the same time. However, the local
variation constructed in Esposito and Fusco (2011) is radial, and is not suitable in our
case since the competitor that is constructed in this way might not satisfy the graph
constraint. Instead, we perform a local rescaling in the vertical direction, so that the
perturbed configuration remains the subgraph of an admissible profile and can be used
to contradict the minimality of the starting configuration. Another relevant difference
is that in our case two mass constraints are in force; we can however avoid the use
of the Implicit Function Theorem (used in arguments like that in (Maggi (2012),
Lemma 29.14) and deal with the two constraints one at a time.

The fact that minimizers solve a penalized minimum problem, together with the
Lipschitz continuity of the nonlocal energy, immediately implies (see Proposition 4.3)
that every solution u to (1.2) is a quasi-minimizer of the surface energy % in the sense
that there exists A > 0 such that

Gu) <G + A(|AuAAY| + |ByABy)), (1.3)

for all admissible competitors v. Notice that in this formulation, admissible competitors
do not have to obey the mass constraints, but they still have to satisfy the graph
constraint, and thus the regularity of quasi-minimizers does not follow directly from
classical results. We denote by A, p the class of quasi-minimizers satisfying the
inequality (1.3) and with total mass M, see Definition 4.1. By using (1.3) we then
show that 4, is bounded, see Proposition 4.4.

The next main result, which is proved in Sect. 4.2 through a series of propositions,
concerns the regularity of quasi-minimizers in dimension n = 2. In view of the
previous discussion, it applies in particular to any solution of the minimum problem
(1.2).

Theorem 1.1 (Partial regularity in dimension n = 2) Assume that n = 2, and that
the surface tension coefficients satisfy the strict triangle inequalities

OAB <0A+0B, 0p<0p+0aB, OB <04+043B. (1.4)

Letu € Ap y be a quasi-minimizer, according to Definition 4.1. Then, the followings
hold.
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(i) (Infiltration) There exists &9 > 0 (depending only on M, A, and the surface energy
coefficients) such that, for any square Q,(z¢) centered at zo € R" with side length
r € (0, 1), the following implications hold:

VuNQr(zo)l < eor® = [VuNQs(z0) =0,
and, if Q,(z0) does not intersect the substrate,
(A UB)NQr(zo)l <eor® = [(AyUBW) N Qs (z0)| =0.

(ii) (Lipschitz regularity of the graph) There exists a finite set ¥, containing the jump
points of hy, such that h, is locally Lipschitz outside X.

(iii) (Singular set) At the upper end of a jump point of hy,, the graph has a vertical
tangent. At the points of X that are not jump points of h,, the left or the right
derivative of hy, is infinite. The graph of h, does not contain interior or exterior
cusps.

(iv) (Internal regularity of TA8) For every o € (0, 1/2) the interface A N 3B is a
locally a C®-curve in {(x,y) € R2: 0 < y < h,(x)}.

(v) (ChH%-regularity of the graph) If xo ¢ ¥ is such that (xo, h,(x0)) € 3*A U 9*B,
then hy, is of class C'% in a neighborhood of xo, for every a € (0, 1/2).

Conditions (1.4) are known to be needed in order to get regularity for minimizing
clusters (see Leonardi 2001; White 1996). Indeed, consider the simple case of a flat
interface between the phase A and the void V: if for instance one had 04 = o+ 0435,
then it would be energetically equivalent to insert a thin layer of the phase B between
A and V, in such a way that these two phases do not touch anymore. In other words,
the strict triangular inequalities are natural conditions to prevent small infiltrations
between pair of phases.

The elimination property is well known in the case of minimal clusters (see Leonardi
2001). The idea of the proof is to construct a suitable competitor by filling the minority
phase in 9, (z9) with one of the other phases. Again, in our case filling A, or B, by
V., might lead to a configuration which violates the graph constraint. Therefore, the
proof of the infiltration for V,, (Proposition 4.5) and for A, U B,, (Proposition 4.6) uses
a two-step strategy: first, we prove the elimination property in a semi-infinite strip,
where it is possible to fill A, U B, with V,, without violating the graph constraint;
then, we show that a minimal configuration having small volume percentage of the
void (or of the subgraph) in a cube must necessarily have a small volume percentage
of the same in the semi-infinite strip, so that it is possible to conclude by using the
first step.

The proof of the Lipschitz regularity follows an idea by Chambolle and Larsen
(2003) (see also Fonseca et al. 2007; Fusco and Morini 2012): we show an interior
ball condition (see Proposition 4.8), namely that there exists a uniform radius pg > 0
such that, for each z on the graph of A, it is possible to find a ball with radius pg
tangent to the graph of &, only at the point z and contained in the subgraph of /,,. This
property implies (Proposition 4.9) that 4, has only a finite number of jump points,
and that h,, is locally Lipschitz continuous outside a finite set (where the inner ball is
tangent to the graph horizontally).
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Since in two dimensions the graph %, is closed, for each point z on the internal
interface between the two phases it is possible to find a ball centered at z that does not
intersect the graph, nor the substrate. Therefore, since internal interfaces do not have
any graph constraint to satisfy, their C'**-regularity follows from classical results (see
Remark 4.11).

Finally, the proof of the C!¢ regularity of the graph (Proposition 4.12) is also based
on an elimination property for the two sets A,,, B,, separately. To obtain this, we observe
that thanks to the Lipschitz regularity of #,,, for every point (xq, 4, (xg)) € 3*AU3*B
with xo ¢ ¥ we can find a rectangle such that the graph of 4, does not intersect its
upper and lower sides. This property allows to perform a local perturbation which
preserves the graph constraint.

1.3 Application to Thin Films of Diblock Copolymers

We now discuss a possible application of the variational model considered here for the
description of the morphology of optimal or equilibrium configurations of thin films
of diblock copolymers under some additional assumptions that will be discussed later.

Block copolymers are an important class of soft materials (see Bates and Fredrick-
son 1999). They are composed by chemically bonded linear chains of monomers.
The competition between the repulsion among different subchains and the entropy
cost associated with chain stretching is the mechanism behind the extraordinary self-
assembly property of block copolymers, that leads to the creation of fascinating
patterns exhibiting interesting periodicity properties (see Thomas et al. 1988).

When block copolymers are constrained in a thin film, the landscape of observed
configurations can be significantly different from that of the bulk case, due to the
influence of film surfaces and the interactions of the blocks with the interfaces. It is
indeed observed that in the vicinity of an external interface the microdomains tend to
align parallel to that surface (Fredrickson 1987). As noted in the physical literature,
“as film thickness decreases, a regime may be encountered where the constraining
effects of both interfaces are felt throughout the film and a transition from the bulk,
3D morphology to a 2D thin film morphology may result” (Radzilowski et al. 1996).

An important distinction must be made between unconfined films supported by
a solid, flat substrate, where one interface of the film is free, and confined films,
where the copolymers and constrained between two hard walls with a fixed thickness.
The behavior in these cases is usually illustrated (see Matsen 1997) by considering
symmetric diblock copolymers, where the preferred bulk configuration is lamellar:
in this case, the copolymer tends to form multilayered structures of lamellae parallel
to the interface, in which each period (L) consists of two monolayers. This induces
a quantization of the film thickness, which is forced to be a multiple of the natural
spacing of the lamellae H ~ %, with k even if the upper and lower surfaces have
an affinity for the same component of the diblock copolymer, and k odd if the two
surfaces have opposite affinities. However, when the film thickness H and the natural
spacing L are not commensurate, this causes compression of the chain of polymers,
namely stress in the film, that in the unconfined case is released by locally modifying
the thickness of the profile by forming terraces (see Fig. 2, top-right), islands and holes
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Fig. 2 Schematic cartoon of three different ways in which a film of symmetric diblock copolymers can
release the stretching stress caused by imposing an initial thickness H (see top-left) that is not commensurate
with the natural spacing of lamellae L

(see Fig.2, bottom-left); in the confined case, the frustration is relieved by changing
the orientation of the lamellae (see Fig. 2, bottom-right).

Besides lamellar configurations, other structures have been observed for asymmet-
ric block copolymers, like for instance spherical (Yokoyama et al. 2000) or cylindrical
(van Dijk and van den Berg 1995) mesophases, which show the same phenomena of
thickness quantization or change in orientation of the microdomains. See also (Darling
2007) for a review of the possible phases that have been observed and a discussion of
their many applications, and (Huang et al. 2021, Fig. 4) for an illustration of the phase
diagram in the case of confined films, showing twenty different morphologies depend-
ing on the volume fraction and on the film thickness. The possibility of accessing a
larger class of equilibrium configurations has been exploited for many applications
(see Segalman 2005), ranging from lithography to mass transport. Patterns in thin films
of block copolymers have been investigated numerically (see, for instance, Hill and
Millett 2017; Lyakhova et al. 2006; Matsen 1997, 1998; Parsons et al. 2017; Stasiak
et al. 2012).

Mathematical models aimed at describing the behavior of block copolymers from
physics and chemistry can be roughly divided into two categories: (self-consistent)
mean fields models (see, for instance, Matsen and Bates 1996; Matsen and Schick
1994) and density functional theory models. A celebrated mean field model for block
copolymers was derived by Ohta and Kawasaki in (Ohta and Kawasaki 1986) for the
case of diblock copolymers (two monomers) in the strong segregation regime by using
several approximations (infinite temperature and thermodynamic limit). It has success-
fully been used to derive qualitative properties related to both the dynamics and the stat-
ics of diblock copolymers. In mathematical terms, the Ohta—Kawasaki is a phase-field
model given by the sum of a Cahn—Hilliard-type functional (replaced by a perimeter
term in the sharp-interface version) and a nonlocal interaction term. By using a nota-
tion similar to the one implemented above, such an energy can be written in the form

oasH" (TP + y N @), (1.5)
where the first term models the short-range interaction between different monomers,
related to the surface energy of the interfaces dividing the regions of high concentration

of the two monomer species, while the second represents their long-range interaction.
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The emergence of highly nontrivial pattern configurations at a mesoscopic scale is
precisely due to the competition between these two kinds of energies.

The model considered in this paper can be viewed as a variant of the Ohta—Kawasaki
model suitable to describe thin films of diblock copolymers in the unconfined case. The
two regions A,, B, of an admissible configuration u represent the two phases of the
diblock copolymers, and are confined by a solid, flat substrate on the bottom side, while
the upper surface is exposed. As a volume-order term A (u) in the total energy, we
consider a long-range interaction responsible for the repulsion force between different
monomers, and thus acting only on the two sets A, and B,—see Example 2.3 for
the precise definition of A (). The region above the film (which could be void, air,
or a liquid solvent) is modeled as a homopolymer, in the framework of the density
functional theory for blends of diblock copolymers with homopolymers derived by
Choksi and Ren (2005) (see also Bonacini and Kniipfer 2016; van Gennip and Peletier
2008, 2009 for related studies in the mathematical literature), and it only interacts
with the diblock copolymer via the surface energies.

As it can be seen by looking at the Ohta—Kawasaki energy (1.5), surface effects
with the exterior are usually neglected in models for block copolymers in the bulk,
since they are of several orders of magnitude lower than the other effects considered.
When confined in thin films, though, the surface interactions of the two phases with
the substrate and with the air (i.e., the additional terms in the energy .# compared with
(1.5)) become important. This is how, at least heuristically, the change in the energy
landscape is justified in the physics literature. Under the additional assumption that
the configurations of interest can be described by a graph over the substrate, the model
considered in this paper could be of help in the study of such a class of equilibrium
stable configurations of block copolymers confined in thin films. We would like to
thank the anonymous referees for pointing out that this latter additional assumption
is not easily justified from the physical point of view. Indeed, despite the fact that in
the physical literature authors refer to the thickness of the film, this does not exclude
the possibility of having a film with holes, or arranging with fubes that violate the
graph constrain. We were not able to find any paper, either in the physical or in the
experimental literature that clearly disregard such possibility.

Finally, we would like to point out that our model is not a dimension reduction
model, like that investigated in De Simone et al. (2002).

1.4 Remarks

We conclude this introduction with a few more remarks. The extension to the case of
more than two phases is relatively straightforward and the arguments presented here
can be directly generalized, at the price of a more demanding notation and of a larger
number of different cases to be taken into consideration. It could also be possible to
extend our results to different kinds of boundary conditions, or if surface interactions
with horizontal walls are presents.

The proofs of the results in this paper follow several well-known arguments used
to treat similar problems and most of the techniques are fairly standard. However,
the implementation of such ideas in our context, where the graph constraint is in
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force, poses several additional challenges, mainly due to the need of adapting, and in
some cases significantly modifying, the construction of suitable competitors. This is
particularly relevant for the construction of a recovery sequence (Proposition 3.8), the
local deformation map used in the proof of the penalization argument (Lemma 4.2),
and the elimination-type properties (Proposition 4.5 and Proposition 4.12).

The generalization to higher dimensions of the two-dimensional regularity theory
for quasi-minimal partitions subject to a graph constraint, developed in Sect. 4.2, is not
straightforward and would require new ideas: while we believe that the elimination
property might be obtained by refined but similar arguments, the inner ball condition
leading to the Lipschitz regularity of the graph is a purely two-dimensional strategy.

Future directions of investigation are the following: firstly, as discussed above, the
extension of the regularity results to higher dimensions (in particular in the physical
dimension three), and the investigation of finer regularity properties in two dimension;
secondly, a description of optimal configurations by means of the Euler-Lagrange
equations satisfied by a minimizer, which involve an interplay between the curvature
and the nonlocal potential on the regular parts of the interfaces; thirdly, an analysis of
the possible singularities (jump points, points where three different interfaces meet,
and points where an interface meets the substrate), in particular by deriving rigorously
Young’s law for the triple points. Finally, an ambitious task would be to study specific
configurations (for instance lamellar patterns with terrace formations) and investigate
their stability properties, possibly by means of second variation arguments.
Structure of the paper. The paper is organized as follows. In Sect. 2, we introduce the
main notation, the class of admissible configurations and the total energy of the system.
In Sect. 3, we compute the relaxation of the energy (Theorem 3.1) and we use this result
to prove the existence of minimizing configurations (Theorem 3.5). In Sect. 4, we first
show that solutions to the minimum problem (1.2) are quasi-minimizers of the surface
energy under a graph constraint (Sect. 4.1), and then we prove Theorem 1.1 on the
regularity of quasi-minimizers in dimension two (Sect. 4.2).

2 The Model
2.1 Notation for Functions of Bounded Variation and Perimeters

The profile of the film will be modeled by the (generalized) graph of a periodic function
with finite total variation in (0, L)”’1 (n > 2), where L > 0 is a fixed parameter, and
its subgraph will represent the reference configuration of the film. We therefore firstly
recall a few notions from the theory of BV-functions (see Ambrosio et al. 2000), in
order to fix the notation used in the paper. Given h € LllOC (2), where Q2 C R™ is an
open set (m > 1), its total variation is defined as

|Dh|(2) := sup{/ hdivgdx : ¢ € C(QR™), |¢] < 1},
Q

and this quantity is finite if and only if the distributional derivative Dh of h is a
bounded Radon measure on 2. We let BV(Q) := {h € L' (Q) : |Dh|() < oo}. If
h € BV(R2), at each point x € 2 the approximate upper and lower limits
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At (x) = inf{t € R: limsup L7 (h > 1} 0 Bp(x)) = 0},
p—0 Wy P

LM h N B
h™(x) = sup{t € R: limsup ({h <1} p(X) = 0}
p—0 @ p"

2.1)

are well defined, where .2 is the m-dimensional Lebesgue measure, B, (x) C R™ is
the ball centered at x with radius p, and w,, = Z"(B1(0)). The jump set of h is then
defined as the set

Jp={xeQ:h (x)<htx), (2.2)

and it is well known that J;, is a (H"~!, m — 1) rectifiable set, with normal v, (x) at
H"l-ae. point x € J.

We also recall that a set E C €2 has finite perimeter in Q2 if | D xg|(2) < oo, where
xe(x) =1ifx € E, xg(x) = 0if x ¢ E; the perimeter of E in Q is then defined as

P(E; Q) = |Dxel(RQ). (2.3)
We introduce the essential boundary of E
3.E = Q\(E°UE"), (2.4)

where, for ¢ € [0, 1], E' denotes the set of points where E has Lebesgue density 7.
Another relevant subset of the boundary of a set of finite perimeter is the reduced
boundary 3* E (see Ambrosio et al. 2000). At every point of the reduced boundary the
measure-theoretic outer normal vg is defined, the Lebesgue density of E is equal to
1/2, and it is well known that 3, E coincides with 3*E up to a H™~!-negligible set.
We finally recall that a Caccioppoli partition of 2 is a finite partition {E;};e(1,..., N}
of 2, N € N, such that Z,N:1 P (E;; Q) < +o0. For a Caccioppoli partition {E;};,
H™~!-a.e. point of 2 belongs to one of the sets (E;)! or to one of the intersections
0"E; NO*E; (i # J).

2.2 Admissible Configurations

We now describe the class of admissible configurations. Throughout the paper, we
will denote by x = (x’, x,,) the generic point in R” = R"~! x R, and by RY =

R"~1 x [0, 00). The canonical basis of R" will be denoted by (e1,...,ey), and the
Lebesgue measure on R” by | - | := Z"(-). Given L > 0, we also set
O0p:=1[0,L)" " cR"™,  Qf =01 x[0,+00). 2.5)

We assume that the substrate occupies the infinite region
§:=R"! x (—00,0). (2.6)
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We introduce the class of admissible profiles

AP(Qpr) :={h ‘R [0, +00) : h € BVioe(R"™1), his O — periodic}.
2.7)

The reference configuration of the film is represented by the subgraph of an admissible
profile 1 € AP(Qy): we denote it and its periodic extension by

Q) = [(x’,xn) €QLxR:0<x, < h(x’)],
2.8)
Qf = {(x/,xn) ER"IXxR:0<x, < h(x’)},

respectively. Notice that, as & has finite total variation, the set €2, has finite perimeter.
We also define, for h € AP(Q}), the free profile

Iy = {(X’,xn) cx' € Qr hm () <x, < h*(X’)}, (2.9)

and we denote by F its periodic extension. Notice that if 0 < x, < h~(x') then
x € (82 #1, while if x, > ht(x) then x € (Qﬁ)o; therefore 86(522t U §) is a subset of
FZ (and coincides with FZ up to a H"~!-negligible set).

The region €2, occupied by the film is partitioned into two disjoint sets of finite
perimeter A, B representing the two phases of the system. We identify these two phases
with the level sets of a marker function u : 2, — {£1} with bounded variation, so
that A = {u = 1} and B = {u = —1}. As Qy is in general not an open set, it will be
convenient to consider u as a piecewise constant function defined in the full space R”",
taking two additional values # = 0 and # = 2 in the region above the film and in the
substrate, respectively. This is made precise by the following definition.

Definition 2.1 (Admissible configurations)Let I := {£1, 0, 2}. The class X of admis-
sible configurations is the space of functions u : R" — [ satisfying the following
properties:

(i) u € BVioc(R"; 1),

(i) u(x’ + Lej, xp) = u(x’, x,) forall (x’, x,) e R",i =1,...,n—1,
(iii) there exists i, € AP(Qr) such that Q# ={u=1}U{u=-1},
@iv) S = {u = 2}, where S is the substrate deﬁned in (2.6)

(the previous identities have to be understood in the almost everywhere sense with
respect to . Z"). The class of regular admissible configurations is defined as

Kieg 1= [u € X : hy is Lipschitz continuous}. (2.10)

We consider the space X’ endowed with the L'-convergence: we say that a sequence
{ur}ren C X convergesin X' tou € X if uy — u in LI(QJLF).
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Given an admissible configuration # € X, we have a partition of the strip er into
three sets of finite perimeter, which will be denoted by

Avi=fu=1yNnQF, By:={u=-1}nQ}, Vi:={u=01nQ7,
(2.11)

and as usual we will denote by A*, B¥ and V# their periodic extensions. Notice that

A, UB, =, and B*Vj = FZEM (up to a H"~'-negligible set). In other words, the
admissible configurations are just periodic partitions of the upper half-space into three
sets of locally finite perimeter A, B, V, with the constraint that A U B is the subgraph
of a BV-function. The jump set J,, of u coincides (up to a H"~!-negligible set) with
the union of their reduced boundaries:

H”_I(Ju\ U ou=iyno*u= j}) =0, (2.12)
ijel
i#]
with (¥ (x), u~(x)) = (i, j) (up to a permutation) forevery x € 9*{u =i} Nd*{u =
J}
As we want to consider different values of the surface tension for all the possible
different interfaces between the phases, it is convenient to introduce the following
notation (see Fig. 1):

rd.=r, na*A%,  rf.=r,nao*B!, T :=9A"ns*B N0},
(2.13)

and

Sp = 0%A, N (QL x {0}), SZ:=9*"B,N(QL x{0}), S :=Th N(QL x{0}).
(2.14)

The set S ,Y represents the possible region in which the substrate is exposed. In view of
(2.12), the disjoint union of these interfaces coincides with the jump set J,, of u inside
the periodicity strip:

nof =rdururtBustusfus’un (2.15)

with H"~L(N) = 0.

2.3 The Energy of Regular Configurations

We now introduce the energy associated with a regular configuration u# € Xjeg. This
energy will be extended to the whole space X of admissible configurations in Sect. 3
via a relaxation procedure. The total energy is the sum of a surface penalization of
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the interfaces between the phases, with possibly different surface tension coefficients,
and a general volume-order, possibly nonlocal, energy A (1). Here and the rest of the
paper we will always assume that A/ : X — [0, +00) is a given function satisfying
the following property: given a positive constant M > 0, there exists L € (0, +00),
depending on M, such that for all u, v € X with |2, |, |24,] < M it holds

W @) =N = Ly (|1AuDAy] + |BuABy]) - (2.16)

Under the previous assumption, we can define the energy of a regular configuration
as follows.

Definition 2.2 (Energy) Given positive coefficients o4, 05, 04p, 0AS, OBS, 05, Y >
0, we define the total energy of a regular configuration u € Ajeg as

F ) = oaH" T +ogH" T + oasH" T + v N(w)

(2.17)
+ oasH" NS + opsH ™ H(SE) + ogH(S)).

By introducing the surface energy density

oa 1f @, j) = (1,0),

op it (@, j)=(=1,0),

N OAB 1f(l7]):(17_1)7

v, j) = oas if ()= (1.2). (2.18)
ops if (i, j) =(-1,2),

os if (i, j) = (0,2),

with W (i, j) = W(j,i), we can write in a more compact notation an equivalent
representation of the energy in terms of the jump set of the piecewise constant function
u (see (2.15)):

F(u) = / Wt u)dH 4y N ). (2.19)
JNQF

Example 2.3 (Thin films of diblock copolymer) As discussed in the Introduction, a
possible application of the variational model introduced above is in the description
of thin films of diblock copolymers. In this case, the sets A, and B, associated with
an admissible configuration # € X" represent the two phases occupied by the diblock
copolymer, and V,, represents the void (or homopolymer) above the film.

Following (Choksi and Ren 2005) and modeling the phase V,, as a homopolymer,
one can introduce a nonlocal interaction energy A (1) between the two phases A, B,
as follows. Foru € X we letu := sz u(x)dx = |A,| — |Byl|, and we define

N@) = / [V (x)| dx, (2.20)
o
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where the potential ¢, : Qz’ — R associated to the configuration u € X is the
solution to

—A¢py =u—i in Q7 /Q+¢"(x)dx=()’
L

with periodic boundary conditions on the lateral boundary d QO x (0, +00) and zero
Neumann boundary condition at the interface Q1 x {0} with the substrate. By arguing
as in (Acerbi et al. (2013), Lemma 2.6), one can check that AV () obeys the assumption
(2.16).

3 Relaxation and Existence of Minimizers

The goal of this section is to compute the lower semicontinuous envelope .7 of the
functional .# with respect to the convergence in X', under a volume constraint: for
everyu € X

F(u) := inf {nkminfy(uk) L g € Xeeg. |Aug| = |Aul. |Bug| = |Bul. ux — u inX}.
—00
3.1)

In the following theorem, which is proved in Sects. 3.1 and 3.2, we give arepresentation
formula for the relaxed functional .%.

Theorem 3.1 (Relaxation) Assume that oap < o4 + op. Then, the functional Z,
defined in (3.1), is given by

Z(u) = / Wt u ) dH" + y N(w) (3.2)
JNQOF

forallu € X, where

04 :=min{o4, 0p + 0ap} if @, j)=(1,0),
op := min{op, 0 + 0aB} if @i, j) = (-1,0),
Wi, j) o= |7 FUN=0oh g
min{oas, ops + 0AB} if@, j)=(1,2),
min{ogs, oAs + 0AB} if@,j)=(-12),
min{os, oas +6a,08s + 0} if (i, j) = (0,2),

and (i, j) = W(j, i).
Remark 3.2 From the proof of Theorem 3.1, it also follows that the representation

formula (3.2) continues to hold if we drop the mass constraints in the definition (3.1)
of Z.
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Remark 3.3 The assumption c4p < 04 + op prevents the possibility of reducing the
energy by inserting of a thin layer of void between the phases A and B. In the diblock
copolymer application, this is justified by the fact that the subchains of type A and
B are chemically bonded together. In case the opposite inequality holds, the relaxed
functional would have a different surface tension (o4 + op) only for the vertical
interfaces of ' 2 connected to the graph.

Remark 3.4 The choice of the L topology is justified by the fact that, in the application
we have in mind, we do not consider elastic effects, that would lead to cracks inside
the copolymer phases. In case these effects have to be taken into account, a natural
topology would be the Hausdorff convergence of the epigraph of the profile, as in
Bonnetier and Chambolle (2002), Fonseca et al. (2007); the corresponding relaxed
functional would contain additional terms accounting for vertical cracks, connected
to the free profile of the film, inside the two phases.

The existence of minimizers of the relaxed functional . follows by a standard
application of the direct method of the Calculus of Variations. We fix two positive real
numbers M > 0 and m € (0, M), which represent the total volume of the film and
the volume of the phase A, respectively.

Theorem 3.5 Existence of minimizers Under the assumptions of Theorem 3.1, the
constrained minimization problem

min{Z W) : ue X, |A, =m, |B,| =M —m) (3.4)
admits a solution. Furthermore, if u € X is a solution of the above problem, then
F (i) = inf{F W) : u € Xieg, |Aul =m, |By| = M —m}. (3.5)

The remaining part of this section is devoted to the proof of Theorem 3.1. Since
by assumption (2.16) the term N in the energy is continuous with respect to the
convergence in X', it is sufficient to compute the relaxation of the surface energy. This
is proved, as usual, in two steps: denoting by F the right-hand side of (3.2), in the first
step (Proposition 3.7) it is shown that the energy F(u) is smaller than the liminf of
the energies of every sequence approximating u; in the second step (Proposition 3.8),
we prove the sharpness of the lower bound, constructing a recovery sequence made
of regular configurations.

3.1 Lower Semicontinuity

The lower semicontinuity of the interface part of the energy (3.2) follows essentially
from the same type of arguments as in Ambrosio and Braides (1990). It is indeed
well known (see also White 1996) that, for an isotropic surface energy defined on
Caccioppoli partitions of a domain €2, where each interface has a cost proportional
to its area, the validity of the triangle inequalities between the surface tensions is
a necessary and sufficient condition for the lower semicontinuity of the functional.
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However, in our case we do not deal with generic Caccioppoli partitions, but we have
a geometric restriction on the admissible configurations; this is reflected in the fact
that the surface tension coefficients W (i, j) do not satisfy all the possible triangle
inequalities, but only those corresponding to actual configurations of the system. For
this reason, we cannot directly deduce the lower semicontinuity from Ambrosio and
Braides (1990), but the proof is based on the same type of arguments and we will only
sketch the main ideas. The main tool is the following lower semicontinuity lemma,
whose proof follows easily by adapting the ideas in (Morgan (1997), Proposition 3.1).

Lemma 3.6 Let F', F? C By be disjoint sets of finite perimeter with F' U F? = By,
and let m > 2. Suppose that, for i,j € {l1,...,m}, Ajj = Xj; are nonnegative
coefficients such that

A2 S At Ay +)\'ij—lij —i—)»,'jz foralliy,...ij € {3,..., m} distinct.

(3.6)
For every k € N let (F, Fk2, ..., F{") be a Caccioppoli partition of By into m sets,
suchthaz‘Fk1 — F1, sz — F2 andF,i — @inLl(B1), i=3,...,m,as k — oo.

Then,

m
AH N @*F' N 9*F?) < liminf Z A H @ E N8 F)).
k— 00 Py
;'<j
Proposition 3.7 Denote by F the right-hand side of (3.2). For every u € X and for
every sequence {u} jeN C Xyeg such that uj — u in X there holds

F(u) < liminf Z (u;). (3.7)
Jj—>00

Proof As already observed, it is sufficient to consider the surface part of the energy, as
N (u) is continuous with respect to the convergence in X. Without loss of generality
we can assume that the sequence .% (u;) is bounded and that the measures p; :=
\Il(ujr, u;)H”’l L Ju; locally weakly* converge in R” to a positive Radon measure

w. We need to show that > W(u™, u")YH"' L J,. By (Ambrosio et al. (2000),
Theorem 2.56) it is sufficient to show that

w(By(x))

n—1

lim sup >Wut(x),u"(x)) forH" '-ae. x e J,. (3.8)

p—> 0+ Wp—1p
This can be proved by a standard blow-up argument: for fixed x € J,, for a suitable

sequence p; — 07T and for a suitable subsequence, we have that the rescaled functions
vk (y) :=uj, (x + pry) converge in LY(B;) as k — oo to the function

ut(x) inf{y € By :y-v,(x) >0},
wy) =1 _ )
u=(x) in{y € By :y-vu(x) <0},
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and lim sup,,_ o+ 2220 > liminfio oo 5[5, W(v . v ) dH" !, s0 that the
Uk

op—1p"1 = w1
claim (3.8) will follow once we prove that

lim inf/ W v ) dH T > o Tt w). 3.9)
k— 00 BiNJy,
In view of (2.15), in order to show (3.8) we now have to distinguish among six possible
cases, depending on which interface contains the point x.
Case I: x € F,f. In this case, in the blow-up limit we have that half of the ball B;
is filled with the pure phase A,, and the other half-ball is filled with the phase V,,;
that is, up to a permutation wt =1, w™ = 0. Notice that x, > 0 and therefore for
k large enough the ball By, (x) does not intersect the substrate and can contain only
the phases A, B, and V; hence, the rescaled functions v can only take the values
{£1, 0} in By, that is, v,f € {£1, 0}. Since by definition of W the triangle inequality
W(l,0) < W(l, —1) + ¥(—1,0) holds and ¥ < W, the claim (3.9) follows from
Lemma 3.6, applied to F! := {w = 1}, F? := {w = 0}, Fkl = {n = 1} > FI,
sz = {v =0} > F2, FIS’ ={vy =—-1} = 0.
Case 2: x € T'B. This is analogous to the previous case.
Case 3: x € F,j‘B. In this case wT = 1, w™ = —1, and since B, (x) does not intersect
the substrate for k large enough, we have vkjE € {£1, 0}. Then, (3.9) follows again by
Lemma 3.6 in view of the triangle inequality W(l, —1) < ¥(l,0)+ ¥ (-1, 0), which
holds by definition of W and by the assumption o4p < 04 + 0p.
Case 4: x € S,f. In this case w = 1, w™ = 2. In principle, all the four phases can
be present in a neighborhood of the point x; however, by the geometric constraint the
limit interface between the phase A and the substrate S cannot be approximated by
the boundary of V. Therefore, in order to apply Lemma 3.6, we first need to get rid of
the possible infiltration of the phase V.

We denote by Ay := {vr = 1}, By := {vx = —1}, Vi := {vx = 0} the phases of vy
in the upper half-ball B;", and the corresponding interfaces by

F/? = 0%A, N 3"V N By, F,f = 3*By Na*V, N By, F]?B = 0%A, N 0*B; N By,
St =0*AcN3dSN By, SE:=3"ByNnSNBy, S =dViNnSNB.

Then, we modify vy by “filling” the region Vj with either Ay or By, according to the
following rule:

ve(y) ify € Bi\ Vg,
Ue(y) =11 if y € Ve and H*1(T2) < H"=L(T],
-1 ifyeViand H" (T} < HH(TP).

Notice that 93 — w in L! (B1), and that the partition of the unit ball determined by vy
does not contain the phase V. Therefore, using the inequality ¥ (1, 0) + ¥(—1,0) >
V(—1,1),
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/ Wt ) dHT = w1, 0RO + w1, RN + w1, hHTHTAB)
BiNJy,

+ W1, 2H NS + W (=1, 20H 7 N(SE) + w0, 21" (S
> W(=1, Dmin{H" (T, HHTEH} + (-1, DH TS
+ W, 2H NS + w(—1, 2)H 7 N(SE) + w0, 21" (S

= [ W@, ) dHT w0, 21 NS
B[ﬁ]ﬁk

—max{W¥(1,2), ¥(~1,2)yH" ().

By observing that H"~ (S ,:/ ) — 0ask — oo, from the previous inequality we obtain

lim inf/ W, v ) dH ! > lim inf/ W@, o) dH
k—o00 BiNJy, k— o0 Blﬁfﬁk

To deduce (3.9) we can now apply Lemma 3.6 to the partition of B; determined by
Uk, which contains only the three phases A, B, S and that converges to the config-
uration where the upper half-ball is filled by A, and the lower half-ball is filled by
S. Therefore to apply Lemma 3.6 one only needs to check the triangle inequality
W(1,2) < W(l, —1) + W(—1,2), which holds by definition of W.

Case 5: x € SB. This is analogous to Case 4, with the roles of phases A and B
exchanged.

Case 6: x € S,Y . In this case w™ = 0, w™ = 2, and all the four phases can be present
in a neighborhood of the point x. We deduce (3.9) by applying once more Lemma 3.6,
since that all the possible triangle inequalities (3.6) hold for A1y = W(0, 2) in view of
the definition of W. O

3.2 Recovery Sequence

The goal of this section is to prove the following result, which combined with Propo-
sition 3.7 completes the proof of Theorem 3.1.

Proposition 3.8 Denote by F the right-hand side of (3.2). For everyu € X there exists

a sequence {uj}jen C Xreg suchthatuj — win X, |Ay;| = |Ayl, |By;| = |Buyl, and
F(u) = lim F(uj). (3.10)
]4)00

Proof Fix u € X and let h,, € AP(QL) be the corresponding admissible profile. The
proof is divided into several steps (see Fig. 3 for the modifications performed in Step 2,
3, and 4).

Step 1: approximation of h, with a regular profile. In this step, we construct a sequence
ij € Xsuchthat; — uin X and F (i ;) — F(u), with the additional property that
the corresponding profiles hz; are smooth. By a diagonal argument, this will allow
us, in the following steps, to work under the assumption that the limiting profile is
smooth, and to construct a recovery sequence only in this case.
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For each j € Nit s possible to find a QO -periodic function f; € C ®(R"1) such
that

17 = hull gy, + H' (Tny N 2) < % (3.11)

'/QL\/mdx’—HH(m == (3.12)
and

M = 0p — H g = 0p | < (3.13)

The proof of the first two statements is contained in Step 1 of the proof of (Chambolle
and Solci (2007), Proposition 4.1), while the last statement is proved in (Chambolle
and Solci (2007), Remark 4.4). Define the function i[j :R" — {0, —1,1,2}as

u(x) ifxe sz*;/_ ney

ifx e szﬁy\sz#u,
0 ifxeRE\QY,
2 ifx € S.

0(x) = (3.14)

This modification amounts to fill the (small) region in Q,\$2p, by the phase A, and
to remove the possible parts of the phases A and B outside €2, by replacing them
with V. Notice that i1; € Xiee With f; = hi; and

| 89

lla; — ullpro xry < =- (3.15)

~

First, we show that
H”*‘(rg‘f) — H"HrAB), (3.16)

Define the Radon measures u? := DXA::, ub = DXB;*’ and, for j € N, define
M;‘ := Dx,+ and Mf := Dyps . Then, (3.12) and (3.13) yield
i j

. A B+ : + + A B\ o+
Jim |+ 1 fI(Q) = lim 1Dxgy 1(QF) =1Dxgy QD) = I +n*1(QD).

(3.17)

and, since Agj — Ay, Bii; — By, using also the periodicity,
Iw*1(QF) < liminf |u?1(Q)). 1nP1Qf) <liminf [uF1(Q}). (3.18)
J—> 0 j—oo
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Combining the previous estimates we obtain (3.16) from

A1) + 1B — 1u? + kB0

'H"_I(F;“B) — 2
AT W@ + 11 ?107) — Inf + n¥1(07)
1m 1n - - - -
T joo 2
= lim inf H"~'(T'48)
j—o00 J

< lim inf(H”_l(F;‘B) +H" N Ty, N szfj)) <H" TP,

j—o00
where last step follows by (3.11). Next, we claim that

HNrE) - 1N, 1) - wh ), (3.19)
and that

1SS - NS, HTNSE) - 1S, (3.20)
Using (3.16), (3.17), and (3.18), we have

A1) + 1P 1eh) < 1ijrggf[|u;‘|<gt> +1ufleD]
= liminf [ 1 + 17 1(Q) +2H" (T ]

= |nt + 1Bl +oHr (A
= ln* 1) + kB,

hence
D) — whieh, ke - 1uiep. (3:21)

Denote now, for ¢ > 0, Qf := Q; x (&, +00), and notice that for . L_almost every
e > 0 wehave H"~1(J, N{x, = &}) = 0. For all such ¢, thanks to (3.17) and to (3.21)
we obtain

100 — 110, 1F1(0) — kP10, Iuf +ul1(Q%) — I + 1?10,

and in turn, arguing as in the proof of (3.16), H"_I(FEAJ_B N Q%) — H”_I(F,fB N Q*%).
Then, for almost every ¢ > 0

HHTE 0Q%) = Inf1(Q%) = 1 HITEP N Q)
= Q") —H' I I N ) = HTHI N Q).
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sS4 sb A

v

Fig.3 The modifications we perform in Step 2 (left), 3 (center), and 4 (right)

and similarly H”’I(F% N Q%) — H" Y (T'B N Q%). From these two convergences,
(3.19) follows: indeed, if (3.19) fails then for some n > 0 we would have (using the
fact that H"—l(rg‘j U rgj) — H"NTAUTE))

limsup H" ™' (T4) = H*'(CH + 0, liminf KN (TE) < HI) —n
. Jj—>00

Jj—o00
(or the symmetric inequalities with A and B exchanged). This yields

liminf H"~H(T2\ Q%) < H""L(TB\Q®) —n  foreverye > 0,
Jj—>00 J

which is a contradiction since H"‘l(Ff\Qa) — 0 as & — 0. This proves (3.19).
Finally, by writing
i@ =H T + 1 TEP + 1 (s,
A1) =H'" @ + 1T + HHS
(and similarly for B), we conclude that also (3.20) holds by using (3.16), (3.19), and
(3.21).
Thanks to (3.15), (3.16), (3.19), and (3.20) we obtain F (1;) — F(u), as desired.

Step 2: the non-exposed substrate. Assume v € X;. We construct a sequence
{vj}jeN C X such that

]lingo ”vj - U”Ll(Q'L*') =0, (3.22)

that allows to recover the relaxed coefficients W(1,2) and W(—1, 2) with the non-
exposed substrate in the limit energy, in the sense that

Fj) = FW) + (W(1,2) — W2 R (S + (P(=1,2) — w(=1,2)) 1" (SH).
(3.23)

In the case where OAs < OBs +04B and ops < oas + oag, the relaxed surface
tensions W (1, 2) and ¥ (—1, 2) coincide with the original ones W (1, 2) and ¥ (—1, 2);
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in this case there is nothing to do, and we just take v; := v for each j € N. Assume
instead

oas <ops+oap and o045+ 0AB < OBs.
The only other possible case is ops + 0ap < 0as and ops < 0as + 0ap, that can
be treated similarly. We need to build a sequence {v;} e satisfying (3.22) and (3.23),
which in this case becomes
F(vj) — F () + (0as +0ap — ops)H" 1 (SE). (3.24)
By standard results on traces of BV-functions (for instance, combining Eq. (2.8)

and Theorem 2.11 in Giusti (1984)), it is possible to find a sequence {s;};en with
sj — 0% as j — oo such that

HAD N {x, = 55D — HHSD, HHBD N x =5 — HHSE),

(3.25)
and since H"~'(J, N {x, = t}) = 0 for Z'-a.e. r we can also assume
H Ny Ny = 551 = 0. (3.26)
Also note that, since H"~!(J,) < oo,
HN(Jy N0 < x, < 5;}) — 0. (3.27)
Define the function v; : R* — {0, —1, 1, 2} as
i) = { l(x’, Xn) gtlgz;w)i:e):e Qtv Al == (3.28)

which satisfies v; € Xeg for each j € N (since hy; = hy) and |Jvj — U||L1(Qz~) <

25 KN Q1), which gives (3.22). This sequence allows to adjust the surface tensions
for the substrate: namely, we have by (3.26)

FW)) — FW) = (04 —op)H" HTEN{0 <x, <51 —oapH" T N0 < x, <55}
+oapH T (B N {xy = 5;)) + (0as — ops)H" ' (SE)
+y W) = N®)).

By passing to the limit as j — oo, the first two terms on the right-hand side vanish
thanks to (3.27), the third term tends to o4 BH”_I(Sf ) by (3.25), and the last term
tends to zero by (3.22). Hence, (3.24) follows.

Step 3: the graph. Letv € Xeo and {v} jen C Xjeg be the sequence constructed in the
previous step, satisfying (3.22) and (3.23). We want to modify the sequence in such
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a way to recover the relaxed surface tensions W(1, 0) and W (—1, 0) between the two
phases A, B and the void V: more precisely, we want to construct another sequence
{wj}jen C Areg such that
li i — U =0, 3.29
]Ln;o ”w] U]”LI(Q'L*') ( )

and

im |Zw;) - Z ;) — (W(1,0) — ¥(1,0)H"" (T
j—00

—(W(=1,0) = ¥ (=1,0)H"'(TE)| = 0. (3.30)
In the case where 04 < op+04p and o < o4 +04p, the relaxed surface tensions

W(1,0) and W(—1, 0) coincide with the original ones W (1, 0) and W(—1, 0); in this
case there is nothing to do, and we just take w; := v; foreach j € N. Assume instead

op < 0B+ 04B, 0A+0AB < 0pB.

The only other possible case is op + 0ap < 04 and op < 04 + 04p, that can be
treated similarly. In this case the condition (3.30) becomes

.lim y(wj) — f(vj) - (UA +0AB — oB)H"”(Ff) =0. (3.3])
j—)OO

Lets; — 0" and define, for each j € N, the function w; :R" — {0, -1, 1,2} by

vi(x x,)  if (X, x) € sz’,jv.,
J
w;(x', x,) =11 if by, (x') < xp < (14 8))hy; (x), (3.32)
0 if xp = (1+8)hy, (x)).

Note that hwj =1+ (Sj)hvj = (1 4+ 6;)hy (recalling that huj = h, for all j, by the
construction in Step 2), therefore w; € Xy and

(148 )hy (x")
i = villop = [ [ 10yl ax’ <25 [ e
¢ 01 Jhy(x) or

which yields (3.29). Moreover, by a Taylor expansion

/ \/1 + 11+ 8)Vh, ()2 dx’ = H"HTL) + HHTE) + o(D),
AR ! !

therefore
Fw)) = F(j) = oa(HTL) +HTHTT)) +o()
+(oap —op)H' (T)) — oaH' I (I) +y (N (w)) = N (v))).
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We get (3.31) by using (3.29) and recalling that, by the construction in Step 2, we have
HHTA) — HN(T7) and H ‘(FB) — H'N(TE).

Step 4: t/ze exposed substrate. Let v € Xreg and {w;}jen C Ajeg be the sequence
constructed in the previous step. We want to modify again the sequence in such a way
to recover the relaxed surface tension W(0, 2) of the exposed substrate, that is the
interface between the substrate S and the void V': more precisely, we want to construct
another sequence {z;}jeN C Aleg such that

jILH;O ”Zj —w; ”LI(QI) =0, (3.33)
and
lim |Z(z)) — Fw;) — (¥(0,2) —w(0,2))H"""(SY)| =0. (334
j*)OO

- In the case where o < min{oss + 04, 0ps + op} there is nothing to do since
W (0,2) = W(0, 2), and thus we define z; := w; for all j € N. Assume that

oas + 04 <min{os, os + o} and OpA = 0AB + OB.

In this case (3.34) becomes
lim |F(z;) — F(w)) — (0as +0oap + o5 —os)H" 1 (S))| =0. (3.35)
Jj—o0

Note that the other possible cases can be treated similarly (and even more easily).

We fix two sequences s]( ) ; ) ¢ (0, 1), for j € N, with s; ) < 552) and sﬁl), ;2) —
0as j — oo, such that, by setting L, := Vy; N {x, = s}, we have
H"‘l(LS;n) — H"N(S)), H"_l(LS;@) — HL(S)), (3.36)
and
H' (T, N {0 < xy < 57} = 0. (3.37)

The existence of such sequences can be proved similarly to (3.25), using also the
convergence H"_I(ij) — H"1(SY) in view of the construction of w; in the
previous step. We define the function z; : Oy x R — {0, —1, 1, 2} (extended by
periodicity to R") by

wji(x’, x,) if (X, x,,)GSZh us,
(D

1 if (x7, Vw, and O

7 (X' xp) = 1 (', xn) € Vu, an (< Tn < 8; (2) (3.38)
—1 1f(x’,x,,)€ij andsj <Xp <§;
0 else.
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Since h;;, = max{hwj,sf)} we have z; € Aieg, and also lw; — zjll 1o+ =

s\ .#"=1(Qy), which yields (3.33). Moreover,

F(2)) = Fw)) = opH" (L) +oagH' (L 1) + (0as —o)H" " (Sy)
J J

+y WN(zj)) —N(wj)) + R,
(3.39)

where

="' TE N0 < xy < 5"+ (0as —op)H I TE N {0 < x, <5

+ (0ag — o) H (T2 N {s(l) <X, < s(z)}) HNTE N {s(l) <X, < s(z)})

wj w;j

Notice that R; — 0 thanks to (3.37). We then obtain (3.35) by passing to the limit in
(3.39), using (3.33), (3.36), and the fact that H"~1(SY ) — H"~1(SY).

Step 5: the mass constraint. By combining the constructions in the previous steps
and using a diagonal argument, we have that given u € X, there exists a sequence
{zj}jen C Aieg such that

lim flzj —ullior =0, lim F(z)) = F@w) (3.40)
j—o00 j—o00

(see in particular (3.22), (3.29), (3.33) for the convergence of the functions, and (3.23),
(3.30), (3.34) for the convergence of the energies). In order to obtain the recovery
sequence, we need to restore the mass constraint: denoting by |2, | = M, |A,| = m,
we modify the sequence {z;};cn and we construct a new sequence {u}jeN C Nieg
such that

j—00 L j—00
and
|Ay;,| =m, |By| =M —m. (3.42)

We first adjust the volume of Qh by a vertical rescaling: namely, we take A ; :=
|Q N (notice that A; — l as j — oo) and we let hj 1= A; hZ , So that |Qh | =

We now need to adjust the volume of A;; and B;. Let
Xj ={& Ajxa) - () xp) € AZJ.}, Ej = {0 Ajxa) 0 () xp) € sz}

be the sets obtained by rescaling Vertically Az; and Bg; by the factor A;; notice that
A U B = Qp; and therefore |A | + |B | = M. We also remark that, as A; — 1 and
AZ,—>AL,,B ,—>B inL! wehave|A | > m, |B | > M —mas j — oo.
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Suppose to fix the ideas that |A | < m (we proceed similarly in the other case). Let
X € 2y, be a point of density one for B,. Since B — B, in L', we have

. |BjNB.X)]
lim lim ———M— =

r—0% j—00 | By |
Hence, it is possible to find 7o > 0 and jy € N such that

1B N By ()]

3

- = <1 forall j > jo.

4 [Bro|

Therefore, for every j > jo (for ap0351bly larger jo) it is possible to find ; € (0, rp)
such that |B N By, (X)| =m — |A | > 0, since this quantity tends to zero as j — oo.

We eventually deﬁne

1 if (', xx) € By, (X) N Bj,
wj(x', xn) 1= 1 2; (s xp/Aj) i (X, x0) € Qu;\(Br, (X) N B)),
0 if (x', x) € QF\Q;
We then have huj =h; = )\jhzj, so that u; € Ay and |Qhu,.| = M. Moreover,

Au, = Aj U (B, (X) N B)), hence [A,,| = |Aj| + |B; N B, (¥)| = m. Thus (3.42)
are satisfied. Finally, also the convergences (3.41) hold, since A; — landr; — 0.0

4 Regularity of Minimizers
In this section, we will study the regularity of solutions to the minimum problem
min{JF(u): ueX, |Ayl=m, |B,=M—m}, 4.1)

whose existence has been established in Theorem 3.5.

The strategy to prove the regularity of minimizers relies, as it is common in these
kinds of problems, on the regularity theory for area quasi-minimizing clusters (see
(Maggi 2012, Part IV) and the references therein). Indeed, we will firstly show in
Sect. 4.1 via a penalization technique that it is possible to remove the volume constraint
in (4.1) by adding a suitable volume penalization to the functional. Furthermore,
the term A (u) in the energy behaves as a volume-order term thanks to assumption
(2.16). In view of these two properties, it follows that the partition of R" given by
(Ay, By, Vy, S), for a solution u of (4.1), is a quasi-minimizer cluster for the surface
energy

G (u) ::/ Yt u)dH"™, uex. 4.2)
JNQF

The precise definition of quasi-minimality in our context is given in Definition 4.1.
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Next, in Sect. 4.2 we exploit the quasi-minimality property to obtain the regularity
of minimizers in two dimensions stated in Theorem 1.1. Technical difficulties arise
from two fronts: on the one hand, we can only compare with clusters that satisfy
the constraint of being the subgraph of a function of bounded variation, a fact that
poses a severe restriction on the class of competitors. On the other hand, the interfaces
between the phases of the cluster are weighted by different surface tension coefficients.
The challenges that arise from these two features prevent us to rely on the standard
theory quasi-minimizing clusters, and requires ad hoc modifications of the classical
proofs. For this reason, we develop a regularity theory only in dimension n = 2, since
the general dimensional case requires more refined arguments. We also remark that
the regularity properties are obtained under the assumption that the surface tension
coefficients satisfy a strict triangle inequality (see (4.45)).

4.1 Penalization and Quasi-Minimality

In this section, we show that, in any dimension n > 2, every solution to the minimum
problem (4.1) is a quasi-minimizer for the surface energy (Proposition 4.3), in the
sense of the following definition.

Definition 4.1 (Quasi-minimizer) We say that u € X is a quasi-minimizer for the
surface energy ¢, defined in (4.2), if there exists A > 0 such that for every admissible
configuration v € X" one has

Gu) < 9() + AlAuAA,| + | By ABy)). 4.3)

We denote, for A > 0and M > 0, by Ax_u the class of all configurations u € &  such
that u is a quasi-minimizer for ¢ with quasi-minimality constant A, and |2, | < M.

As a first step, we remove the mass constraint in (4.1) by considering a suitable
penalized minimum problem, see (4.4). The main idea of the proof is discussed in the
Introduction.

Lemma 4.2 (Penalization) Let 0 < m < M < oo. Then, there exists A > 0 such
that every solution to the constrained minimum problem (4.1) is also a solution to the
penalized problem

min{?(u) +A(||Au| —m| + |1m,] — M|) Cue X}. (4.4)

Proof Letu € X be a minimizer for (4.1), consider a sequence {1} jeny With 1 ; — oo
as j — o0, and u; € X solving the minimum problem

min{%aj(v) = §(U)+)»A/(||Av| —m|+ |1, | —MD ve X}, (4.5)

whose existence can be shown arguing as in the proof of Theorem 3.5. We will show
that, for j large enough, we have

Al =m, S, | =M, 4.6)
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which will imply that « itself is a solution to (4.5) for j large, as desired.

To prove (4.6), we argue by contradiction and we show that, if at least one of the
equalities in (4.6) is not satisfied, then for j large enough it is possible to construct
by a local variation a configuration iTj € X such that 74 ; (ﬁj) < %_/ (uj). The
construction of the local variation exploits the same diffeomorphism for both of the
mass constraints, applied at different points. In the first part of the proof (Steps 1-4),
we thus present the construction of the general diffeomorphism and the corresponding
estimates for the change of volume, perimeter, and nonlocal energy under this pertur-
bation. To simplify the notation, in the rest of the proof we will write A, B}, and 2;
in place of A, j» Bujs and 2y, - respectively.

Step 1: Definition of the dijj‘ebmorphism. We denote by B := {x’ e R"™! : |x'| < r}
the (n — 1)-dimensional ball centered at the origin with radius » > 0, and define for
zeR"

CTz.r):=z+ (B, x(0,r), C (zr):=z+ (B x(-r,0),
and

C(z,r):==C*(z,r)UC (z,r)U(z+ B, x {0}).

We next assume that z = 0 and we define a family of local perturbations in C (0, r).
Precisely, for |o| < r we define the map @, : R* — R” by

&

(¢ o1 = B3

- —1)) ifx e C*T(O,r),
Po(xx) = (x5 = (1= B (2 1)) ifxec @, @7

(x', x,) if x € R"\C(0, r).

SlE S

The function ®, is a vertical rescaling with horizontal and vertical cutoff functions.
The role of the parameter o can be seen from Fig. 4. Notice that for |o| < r the function
®,, is a bi-Lipschitz map and that ®,(C(0, s)) = C(0, s). Moreover, it holds

/ _ Idn—] ‘ 0
DCD(.X 7xn) - (Uo-(.x/, xn)‘] +ao_(x/’ xﬂ)) ) (48)

where Id,,_1 is the (n — 1) x (n — 1) identity matrix,

(253 (X/, Xn) = (1 n I);_l)/% if (x,’ xn) € C+(O’ r)’ (49)
—(1=Bh)e if v, x,) € C7(0, 1),
and
—o (%) A if (), x,) € CH(O, 1),
UU()C/, Xp) 1= ’x( g )/|X| 1 s xn) _( ) (410)
L4 1)E  if @, x) € CTO, 1),
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C(z,r
ENCt(zr) =) O (ENCT(2,7))

o

ENC™(z,r) P, (ENC~(z,1))

Fig.4 The effect of the map @, for o > 0, on a set E: it stretches the set on ct (z, r) and it compresses
iton C™ (z,r)

When we will perform a perturbation localized in a cylinder centered at a point z € R”",
we will consider the map x — z + &, (x — 2).
Step 2: Estimate of the change in volume. Let E C C(0, r) be a measurable set. We
first estimate the maximal change of volume ||®, (E)| — | E||: by using (4.8) and (4.9)
we get
o]
|®s(E)| — |E| §T|EOC(0,r)|. 4.11)
Next, we prove more refined estimates on the change of volume of a set E in the

upper and lower cylinders CT(0, r), C~(0, ). We first consider the case o > 0. In
this case, the followings hold:

(i) Foreverye > Oand o € (0, r),if [ENCT(0,r)| < er" then
0= P (ENCT 0.1 = [ENCTO,r) U@, (4.12)

where

Ue) := [1— ngl(w:_l)"ll}s.

(ii) Forevery u € (0, w,—1) ando € (0,r),if [ENC™(0,r)| > ur", then
[P (ENC™ (0,7 )| —[ENC™(0,r)] < —Lwlolr"' <0, (4.13)
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where

1 n—1 =
L(M):=|:——<1— i >+ (1— r ) :|a)n_1.
n Wp—1 n Wp—1

To prove (4.12) we notice that by (4.8) and (4.9), and since o > 0,

|, (ENCH0, )| —|ENCH0,r)| = 5/ (1 — M) dx < 3/ (1 - ﬂ) dx,
r ENC*(0,r) r r A r

where F, = B;e x (0,r) and r, := r(e/wn_l)ﬁ. Similarly we obtain (4.13) by

comparison with G, := C~ (0, r)\(BéM x (=r,0)), s, :=r(1 - ,u/a),,_l)ﬁ.

In (4.12)—(4.13) we have written |o| in place of o to stress the fact that the same
estimates hold also in the case 0 < 0 up to exchanging the roles of C*(0, r) and
C~(0,r), as can be easily checked. Notice that U(¢) — 0 as ¢ — 0, and that
L(p) is strictly positive, and more precisely L(u) € (0, %) for every choice of
w € (0, wp—1), with L() = Oas u — 0, L() — 2= as up — o, 1.

Step 3: Estimate of the change in perimeter. Given a countably H"~!-rectifiable set
¥ C R", by the generalized area formula (see (Ambrosio et al. 2000, Theorem 2.91))
we have that

H”_I(QJ(E))—H”_l(E):/ (Joo1dZ @, — 1) dH" ' (x),  (4.14)
P

where d*®, : 71X — R” denotes the tangential differential of ®, at x € ¥ along
the approximate tangent space 7> to X, and the area factor J,_1dZ ®, is defined as

(see (Ambrosio et al. 2000, Definition 2.68))

1dE @, = \Jdet((dF )" o 4 Dp) (4.15)

(here (dxZ ®,)* is the adjoint of the linear map dxZ ®,). In order to estimate (4.15), fix
x € ¥ andletry, ..., 1,—1 be an orthonormal basis for the approximate tangent space
rrxz. By using (4.8), (4.9), and (4.10), forall i, j € {1,...,n — 1} we have

(¥ @) 0df Py),; =1 - 1) + 7' (1) - wo (1)) + 7} (T - wo (1)) + (5 - e (0))(T) - o (1)),
where &, = (@3,, o, ®)and T, = (ril, A ri”) denote the components with
respect to the canonical base of R”, and wy (x) := (vs(x), ax (x)). By using the fact
that |w, (x)| < +/2|o'|/r and the general formuladet(/ +1A) = 141 trace(A)+ O (1?)
ast — 0, we get

det((AZd,)* 0 dZdy) = 1 + zniz,."m g () + 0((%)2)

i=1
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where |0((%)2)| < C(%)2 for a constant C > 0 independent of o, r, and of x € X.
Therefore by (4.14) we find for |o| sufficiently small

o]
=co—,

|Jn,1d§<1>0 —1| = ‘\/det((dfcba)* 0dFd,) — 1 ;

where co > 0 is a dimensional constant. This, together with (4.14), yields

n—1 n—1 lo| n—1
@ () = HHE) | < a0 H (). (4.16)

Step 4. Estimate of the change of the term N (-). Finally, we estimate the change
in the term A/ (-) of the energy. We note that, by assumption (2.16), it is enough
to get an estimate on |®,(E)AE| for a general set E with finite perimeter. By the
same computation as in (Acerbi et al. (2013), Proposition 2.7), writing CID;l ', xp) =
(', xn + ¢o (xn)) With |¢o (x,)| < |o|, for f € C'(R") we have

/ If — fod; |dx < |a|/ IV £ (x)] dx. 4.17)
C(0,r) C(,r)

Let now E C R” be a set with finite perimeter and let { fx}ren be a sequence of
smooth functions such that f; — xg in L! and IV fellpr — Z(E). Then, also
Jfro CID;l — XEO© CI>;l in L. Therefore applying (4.17) to the function f; and passing
to the limit as k — oo yields

|6 (E)AE] =/ Xz — xE 0 ®,|dx < |0|P(E). (4.18)
C(0,r)

Step 5: General strategy. We can now go back to the main argument of the proof and
show that any solution u ; of the penalized problem (4.5) satisfies the mass constraints
(4.6), for j large enough. The idea of the proof is to assume by contradiction that one
of the mass constraints in (4.6) is not satisfied, and to construct a perturbation of u ; in
a cylinder C(z, r) by means of the maps ®,;. More precisely, we will choose a point
z € R", aradius r > 0 and scaling coefficients o; € (—r, r) and define

() = uj(z+ 0, (x = 2)). (4.19)

This is a local perturbation inside C(z, r) (the center and the radius will be chosen in
such a way that the cylinder does not intersect the substrate S) such that the phases of
the new configuration u; are given by

~

Aj=24+ P (Aj—2). Bj=z1+0,(Bj—2). Q=2+ (Q;—2).
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Thanks to (4.16), (4.18), and (2.16), we get the estimate

~ Co
i) = A5, () = (2 4+ 7L )(2(A)) + 2(B)) o]
2 (11 = m| + |18 = M| = [1A;1 = m| = [12;1 = M[),
(4.20)

where ¢ depends on the constant ¢ in (4.16) and on the surface tension coefficients.
The goal would be then to show that, if at least one of the volume constraints is not
satisfied, then it is possible to choose z, r and o; so that

1A —m| + 12| — M| = ||Aj| —m| = |IRj| — M| < —Clo;Ir"!, 4.21)

for some C > 0 independent of j. As A; — oo, the combination of (4.20) and (4.21)
shows that 74, ; ™ i) < %_i (u ) for j large enough, which is a contradiction with the
minimality of u; in (4.5).

In the next two steps, we will implement the previous strategy. We first observe
that, by using u as a competitor in the minimum problem (4.5) and since .Z (1) < oo,
we obtain the bounds

sup(ﬂ(Aj)+Aj||Aj| —m|> < 00, sup(@(Bj)+xj||Bj| _ (M—m)|) < o0.
JeN jeN
(4.22)

Thus, up to a subsequence (not relabeled), we get that A; — A and B; — B in LY
with [A| = m, |[B| = M — m since A; — 00. We also have Q; — Q := AU B.
Notice that €2 is still the subgraph of an admissible profile.

In the following, given a point xo € R", r > 0, and a directionv = (v, v,) € sr-1
with v, # 0, we define

yr = x0 + (r cos (arctan M)) v (4.23)

|
and we consider the corresponding cylinder C(y,, r). The choice of the point y,

guarantees, since v, # 0, that there exists a constant ¢, > 0, independent of r, such
thatif v, > 0

CTrnr)N{x —x0)-v <0} =0, |CT(yr, 1) N{(x —x0) - v < 0} =21,
(4.24)

while if v, < 0

C (r.N{x—x0)-v<0=0, |CT(y,r)N{x—x0) v <0} =2cr"
(4.25)
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Notice that the strict positivity of ¢, is a consequence of the fact that v, # 0.

Step 6: Fixing the total volume. Assume by contradiction that |2 ;| # M for infinitely
many j. We will consider for simplicity the case |€2;| > M for all j, as the other case
can be treated by a similar argument.

Case 1. Assume that there exists xg € 9*Q M 3* B such that v (xg) - e, > 0 (where
vg denotes the exterior normal). We consider the point y, and the constant ¢, defined
in (4.23) and (4.24), respectively, for v = vq(xp) and » > 0 to be chosen later.

De Giorgi’s structure theorem for sets of finite perimeter ((Ambrosio et al. 2000,
Theorem 3.59)) together with (4.24) ensures that

_Qncty,nl . JANC(y, 1)l RN CT ()l
lim = lim =0, lim ———M— =

r—0 rh r—0 rh r—0 r’

2cy,.

Therefore, for every ¢ > 0, the fact that xo; — Xxq. x4, = xa and xp; — xp in

L' yields the existence of » € (0, 1) and jo € N such that forall j > jj the following
holds:

|QjﬂC+(yr,r)| < er”, 12, NC™ (yr, )| > cpr”, (4.26)
|A; N C(y, )| < er”. 4.27)

Moreover, for r small enough we can also guarantee that the cylinder C(y,, r) is
contained in the upper half-space and does not intersect the substrate. We then choose
o; > 0 and consider the perturbation defined in (4.19) centered at the point z = y,.
In view of (4.26), by using (4.12) and (4.13), we get

191 =121 < —(L(cy) = U(&))ojr" .
On the other hand, by (4.11) and (4.27),

e gj n—1
[1A;1 —14;]] < TlAj NC(yr,r)| <eojr'™".

Therefore, noting that we can assume M < |§~2 il < [€2;] (it is sufficient to choose o
and e small enough), we find

[19;1 — M| — |91 — M|+ |1A;] —m| — ||Aj| —m| <151 — 191+ |1A;] — 14;]]
< —(L(c\,) —U(s) —s)ojr"*'.

By choosing ¢ sufficiently small, we can ensure that U (¢) + ¢ < L(c,), which yields
(4.21) and leads to the desired contradiction in this case.

Case 2. If the assumption of the previous case does not hold, we can find a point
X1 € 9*Q2 N 0*A such that vo(xy) - e, > 0. Since 0 < m < M, it is possible to find a
second point x, € 3*A N 3* B such that v (x3) - e, < 0.
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We will consider the composition of two perturbations of the form (4.19) localized
in two disjoint cylinders C(y,], r) and C(y,z, r), where (see also (4.23))

yrl =Xx1+ [r cos (arctan %)] vo(x1),

2= x4 [r cos (arctan M)} VA (x2).

Y ((va(x2))|

<

Let

E}i={(x—x1)-vo(x1) <0}NCOL P,  E?:={(x—x) va(x2) <0} NCHZ, 7).

Note that E} € C~(y., r) and that E2 C C*(y2,r). We let it := cyq(x,)» Where the
constant c,, for a vector v, is defined in (4.24). As in the previous case, fixed ¢ > 0,
we can find » > 0 and jy € N such that for all j > jy we have

1Q;NCTGL Dl <er”, 12,0 C7 0] > (4.28)
IV, NC(y2, )| < er”, (4.29)

and
| (AJ- ncol, r)) AE! <er, | (Aj nco?, r)) AE2| < er".  (4.30)

By reducing the value of r > 0 we can further assume that the two cylinders C (yrl ,F)
and C (y,z, r) are disjoint and do not intersect the substrate. For a fixed sequence
{a} }jen C (0, r), we define a second sequence {sz}jeN as

21 =By g
Sy ,l) 4.31)

Je2yp (1= 57) dx

o7 = ao; where o 1=

for each j € N. Notice that « is independent of r by scale invariance. Then, we

consider the configuration #; obtained by applying to u; the composition of the two

perturbations y,! + & o1 — y!) and y? 4+ @ o2 (- — ¥2). We denote the sets of the new
J J

partition determined by #; by Kj, I_~3j, S~2j = Avj U Ej, \7/
We first consider the variation of the volume of ;. By (4.28), and since a} > 0,
we can apply (4.12) and (4.13) and obtain

1, NCGL Nl —192,nCOL I < —(Lw — Ue)o]r"
On the other hand, by (4.29) and using (4.11) we find
19 N COLNI= 125N CO7 NI =1V N CO7 NI =1V, N CGE I

o?
Llvinculnl <eoir" .
-

IA
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By combining the two estimates and recalling (4.31), it follows that
18511251 = =(L4w = U(e) — ae)o ). (4.32)
Next, we look at the variation of the volume of A ;. We have fori =1, 2
A7 0 COL NI = 1A; N COp NI = 195 (B = DI = B[+ R, (433)
where thanks to (4.30) and (4.11)

[RI1 = (195 (A N COLMAE; =yl = [(Aj N COp, MAE]| < eojr™.
(4.34)

Also notice that the choice of 0]2 in (4.31) guarantees exactly that
(195 B! =31 = 1E1) + (1052 (E2 =y — | EZ)

o} | o} ’d
S (1——)dx+—’/ (1——)dx=0. (4.35)
rJEl-y] r o JE2-y? r

Therefore, from (4.33), (4.34), and (4.35), we get
[1Aj] — 14,1 = 1A, nCGl.nl =14, nCOL NI +1A; N CO2 I —A; N CG2 |

= 1961 (By =y = B} + 19,2 (E7 = DI = |l + R} + [R]|  (4.36)

< E(O'jl + Ujg)r"*1 = 8(1 +ot)a}r”71.

We can now conclude as follows. Similarly to (4.20), we find

@)~ 5, = (L 4y L) (24 + 2B} +0)
2 (1A = m] 4+ 181 = M| = (141 = m| = |I2;] - M])
< C+ o] + a1 = 141 +1851 - 12;1)
< {C(l +a)—Aj (L(M) —U(e) —ae — (1 + a)s)r"*l]a; 4.37)
where we used (4.22) in the second inequality, and (4.32), (4.36) in the last one. We
can therefore choose & > 0 small enough so that the constant multiplying A ; is strictly

negative; as A; — 00, this provides the desired contradiction with the minimality
of uj.
J

Step 7: Fixing the volume of each phase. In this step, we conclude the proof by showing
that |A j| = m for j large. Thanks to the previous step, we can assume that [Q2;| = M
for all j € N. Suppose by contradiction that A; # m for infinitely many j. We
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consider for simplicity only the case |Aj| > m for all j, as the other case can be
treated with similar computations.

Case 1. Assume that there exists xg € 9*A N 9*B such that v (xg) - e, # 0. We
assume to fix the ideas to be in the case v4 (xg) - e, > 0;in the other case, it is sufficient
to exchange the roles of the upper and lower cylinders in the computations below. We
consider, for 7 > 0 to be chosen, the point y, and the constant ¢, defined in (4.23) and
(4.24), respectively, corresponding to v = v (x).

Fix ¢ > 0. By De Giorgi’s structure theorem and the convergence x4; — x4, there
exist 7 > 0 and jp € N such that for all j > jj it holds

|A; N CH(yr,r)| <er”, |A; NC™ (yr, )| > cor”, (4.38)
and
Vi NC(yr, 1) <er'. (4.39)

Moreover, for r small enough we can also guarantee that the cylinder C(y,, r) is
contained in the upper half-space and does not intersect the substrate. We then choose
o; > 0 and consider the perturbation defined in (4.19) centered at the point z = y,.
From (4.38), (4.12), and (4.13), we have

|Aj| = |Aj] < —(L(cy) — U(e)or" .
Moreover, from (4.39) and (4.11) we can estimate
||‘7.] N C()’r, r)| - |Vj N C(yr’ r)|| < go.jrnfl.

Thus, using the fact that |Q2;| = M for all j € N, and that m < |A;| < |A;| (by
choosing o and & small enough), we obtain

1A = m|+ 191 = M| = |IAj] = m| =121 — M| = [1€2;] — 21| + |4;] - |41
=||V; N C(yr, 1) = [V; N C(yr, )|+ |Aj] — |A]]
< —(L(cy) = U(e) — &)a;r" .

Therefore, by choosing ¢ > 0 small enough we get (4.21), as desired.

Case 2. Finally, assume that v4 (x) -e, = Oforall x € 9*ANad* B. The construction
in this case is similar to the one in Step 6, Case 2. Since 0 < m < M, we get that there
existx; € 0*"AN9d*V andxp € 3*BNI*V. We let, forr > 0, y,1 and yr2 be the points
defined by (4.23) corresponding to the choice of v (x1) and vq (x2), respectively, and

Eli={(x—x1)-vo(x) <0}NCOLP,  E?i={x—x) va(x) <0}NCOH ).
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We let u 1= cyq(x;) > 0, where the constant ¢, for a vector v, is defined in (4.24). As
in the previous cases, for fixed ¢ > 0, we can find r > 0 and jy € N such that for all
Jj = jo we have

|<Qj er(y,‘,r)> AEN <&, AN CTGLAI > u 1A NCTOL )] < e
(4.40)

and

| (Q, nco2, r)) AE2 <er",  |A;NCO2 1) <er. (4.41)

By reducing the value of > 0, we can further assume that the two cylinders C (yr1 1)
and C (yrz, r) are disjoint and do not intersect the substrate. For a fixed sequence
{O’}}jgN C (0, r), we define a second sequence {crjz}jeN as

o1y (1= 54) dx

(4.42)

07 = —ao! where o 1=
Jpzoyp (1= 5 dx

for each j € N. Notice that 0> < 0 and that « is independent of r by scale invariance.

Then, we consider the configuration u; obtained by applying to u; the composition
of the perturbations y! + ®_1(- — y}), y2 + ®_2(- — y?). We denote the sets of the
J J

new partition determined by ; by ANj, Ej, Ez,- = Xj U §j, \7j
We first consider the variation of the volume of A ;. By using the last two inequalities
in (4.40) and the last inequality in (4.41), together with (4.12), (4.13), (4.11), we get
|Aj] =141 < —(L(w) — U)o r" " +elofr". (4.43)

The choice (4.42) guarantees that

(195 B! =31 = 1EN) + (1052(E2 = yD1 = | EZ)

ol

/ 2 /
X o; X

-1 (1_u>dx__/ (1_u)dx:()’
rlgeg o rilg-p\ T

therefore by arguing as in (4.36) we find
19,1 - 19/1] < (@) + 102" = e(1 +a)olr, (4.44)

and in turn, similarly to (4.37) (using (4.22) (4.43), and (4.44))

I, u;) — G (uj) < |:C(1 +oa)— A <L(/L) —U(e) —ae — (1 +a)5)r”_1:|a;.
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We can therefore choose ¢ > 0 small enough so that the constant multiplying A ;
is strictly negative; as A; — 400, this provides the desired contradiction with the
minimality of u . O

The result of Lemma 4.2 together with the Lipschitz continuity assumption (2.16) of
the term N(-) easily yields the quasi-minimality of solutions to (4.1).

Proposition 4.3 Let u be a solution to the minimum problem (4.1). Then, u is a quasi-
minimizer for the surface energy ¢, according to Definition 4.1.

A standard truncation argument shows that quasi-minimizers are bounded.
Proposition 4.4 (Boundedness) Let u € A p. Then, hy, € L*(Qp).

Proof The boundedness is a consequence of the finiteness of the volume of €2;,, and of
the following elimination-type property: there exists € > 0 and 7y > 0, depending on
n, A and on the surface tension coefficients, such that if u € A, p and |2p, N {x, >
r}| < e for some 7 > 0, then |25, N {x, > 7+ fp}| = 0.

To show this, define m(r) := |y, N {x, > t}|, suppose that m(f) < e and notice
that for a.e. # > 0 it holds m'(t) = —H""! (Qﬁl? N {x, = t}). By comparing with the
configuration v := ux{y,<s}, using the quasi-minimality of u and choosing & small
enough, by standard computations one obtains the differential inequality m(t)nn;] <

—Cm/(t) for a.e. t > 1, that allows to conclude that m(t) = 0 fort > 7 + Cen by
integration. O

4.2 Partial Regularity of Quasi-Minimizers in Dimension 2

From now on, we assume that the dimension of the space is n = 2. We also assume
that the surface tension coefficients satisfy the strict triangle inequalities

OAB < 0A+0pB, 0A <O0B—+0AB, OB <04+ OAB. (4.45)

Under these assumptions we will show a series of regularity properties satisfied by a
quasi-minimizer u of the surface energy ¢, according to Definition 4.1. Notice that
for u € Ay we have a uniform bound

sup (192, +H'(Th,)) = €

ueAa m

for a constant C depending on M, A and on the surface tension coefficients. In two
dimensions, thii bound immediately yields boundedness from above of the film, that
is there exists M > 0 (depending on M, A and on the surface tension coefficients)
such that

Qp, C[0,L]1x [0,M] forallu € Ap m. (4.46)

The first regularity fact that we establish is an elimination property for the empty
region above the film, in the spirit of Leonardi (2001).
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Proposition 4.5 (Infiltration for V) Let u € A p. There exists 1 > 0, depending
on A, M, and on the surface tension coefficients, such that if for some zo € R? and
re(,1)

IV#N Q,(z0)] < &17?, (4.47)
where Q,(z0) :=z0 +rQ and Q := (—%, %) X (—%, %), then
VN Qs (z0)] = 0. (4.48)

Proof LetC~ := (—%, %) x (—o0, l) and, for zo € R and r > 0, set C;” := rC™,
C (z0) := zo+C, . Along the proof, to lighten the notation we will drop the subscript
u from the sets (2.11) of the partition determined by u and from the corresponding
interfaces (2.13)—(2.14). The proof is divided into two steps.

Step 1: infiltration in strips. We first show that there exists €, > 0, depending on A
and on the surface tension coefficients, such that for every zo € R? and r € (0, 1) the
following implication holds:

V¥NC (zo)l <&irr = |V¥NC5 (z0) =0. (4.49)
ar

We assume for notation convenience, and without loss of generality, that C;” (z9) C
(0, L) x R; the general case is obtained by periodicity. For s € [0, r] we let m(s) :=
[V NC; (zo)l, sothatm(r) < &; r? by the assumption. The function m (s) is monotone
nondecreasing, with

1
m'(s) = E7—(1(80;(@) N V(l)) for ! — almost every s > 0. (4.50)

Fix now s € (0, r) such that (4.50) holds and H'(J, N 8C; (z0)) = O (notice that
Z1-almost every s > 0 has this property). We define a competitor by “filling” the
empty region in C; (zo) above the substrate by the phase A or B. More precisely,
assume that

HY B N (20)) < HITANCS (20)) 4.51)
and define

@ 1 ifz € VNC; (z0).
us(z) :=
! u(z) otherwise

(which corresponds to fill the region V N C; (zo) by the phase A). The proof in the
other case, when one has the opposite inequality in (4.51), follows similarly by filling
V NCy (z0) by the phase B.
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We then have A,, = A U (V NC; (20)), By, = B, and A, U B, is the subgraph
of an admissible profile; therefore u; € X is an admissible configuration and by
quasi-minimality of u we find

Gu) =9 uy) + A(|Au, AA| + | By, AB))

<YW —aaH' (T4 NC; (20) + (oap —op)H' TP NC(20)  (4.52)
+oaH' (VI NICT (20) + (0as — a)H' (SY NC; (z0)) + Ams).

Observe now that by (4.51)

—oaH' (T NC; (o) + (04 — op)H (TP N C; (20))
< —oaH T N C (20)) + max{oap — o, OYH (I N C; (20))
= —2c;H (T NC; (20)) < —c1 (HNTA N C; (20))
+H (TP NC; (20))

where we set ¢] 1= —% max{opp —0p — 04, —04} > 0 thanks to the strict triangular
inequality between the coefficients. Hence,

—oaH' (T N ¢ (20)) + (o4 — op)H' (TE N Cy (20)) — osH' (SY N C; (20))
< —minfer, osH(H' (T N C; (20) + H' (TE N ¢ (20) + H'(SY NC; (20)))
= —min{c1, 05} 2(V: C; (20)) = —minfer, o5} (2(V N C; (20)) — 2m/(5))
< —alVNC @I +em'(s) = —cam(s)? +esm(s),

(4.53)

where we used the isoperimetric inequality in the last inequality, and ¢, c3 are positive
constants depending on the surface tension coefficients. Furthermore, by the geometry
of the set V we have H'(SV N C; (z0) < HY v N dCy (z0)), hence

oA (VD N3C; (20)) + oasH (SY NC; (20)) < (04 + oas)H (VD NACS (20))
=2(04 + oas)m’(s).

(4.54)
By inserting (4.53)—(4.54) into (4.52) and setting ¢4 := ¢3 4+ 2(04 + 045), we find

czm(s)% < cam'(s) + Am(s) < cqm'(s) + Am(s)%m(r)%
< cam'(s) + \/gAm(s)%r.
The previous estimate holds for almost every s € (0, r) obeying (4.51), but one can

obtain the same estimate also for almost every s satisfying the opposite inequality
(with possibly different constants c», c4). Therefore

(c2 — \/gA)m(s)% < cam'(s) forae.s € (0, r).
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Then, by choosing £€; > 0 small enough, depending on A and on the surface tension
coefficients, we obtain that

m(s)% < Cm/(s) forae.s € (0,r),

for a constant C > 0 depending only on the surface tension coefficients. From this, it
is easy to obtain by integration that m (%r) = 0, which proves the implication (4.49).
Step 2. We now claim that there exists £; > 0 such that

- 3 \2
VIOl <er? = VFNC (o)l < el(zr) (455
7

where £ is given by the previous step. Once this claim is proved, the conclusion of the
proposition follows easily by combining this property with Step 1. Let us now prove
(4.55). As before by periodicity we can assume Q,(z9) C (0, L) x R. We denote
by Q) (z0) := zo + (=35, 5) x {—5} the bottom side of the square Q, (z¢). We first
observe that, by the geometry of the set V, we have

H (VI N Ql(z0)) <

VNno,
%ﬂ <er (4.56)

Then (assuming without loss of generality that &1 < %) we can find p € (%r, r) such
that the two points zo + (—2, — .20+ (£, - £). on Q/(z0), are not points of density
one for V. We then consider the strip U := C; (z0)\ Qs (z0) and, by the choice of p,
it follows that the lateral boundary of U is outside v hence

H'wvD vy <H(vDPn Q;(zo))(4§6) err. (4.57)
We can further assume that
H' (J, N 3C; (20)) =0, (4.58)
since this is valid for .#!-almost every p € (0, r). To continue, we assume that
HY(TANU) < H' (TEND) (4.59)

and we construct a competitor by filling the region V N U by the phase B (the proof
in the other case, when one has the opposite inequality in (4.59), follows similarly by
filling V N U by the phase A): we define

-1 ifzeVnNU,

u() = u(z) otherwise.
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Since i € X is admissible, by quasi-minimality of u we find, similarly to (4.52),

G(u) <Gu) + (oap — o) H' TANU) —opH (TENU)

Loa - (4.60)
+osH' (VD N aU) + (055 — o) H (SY NU) + AV N U,

and in turn, arguing similarly to the proof of (4.53), using the assumption (4.59),

(oap —oA)HTANU) —opH TENU) —osH (SV NU)
< —olVNAUIE +aH' (v nav),

where c1, ¢; are strictly positive constants depending on the surface tension coeffi-
cients. By inserting this inequality into (4.60) we obtain

eV AUZ < (¢ +op)H' (VD N aU) + ogsHI(SY NU)+ AV N U

Now observe that, by the geometry of the set V, we have H! SV Nnu) < H! (V(l) N
Q/.(20)); hence from the previous inequality and (4.57) it follows that

VN UI% < (c1+op+ops)eir+ AlVNU]|.

Finally, observe that by using the uniform bound (4.46) and the vertical geometry of V
we have |[VNU| < MH'(vD N Q).(z0)) < e1Mr, so that by inserting this estimate
in the previous inequality we obtain

olVn Ul% < (c1+op +ops)eir + e AMr,

thatis, |V NU| < Csfr2 for some constant C > 0 depending on A, M and on the

surface tension coefficients (recall that the bound M in (4.46) depends only on these
quantities). Eventually

3 \2
VNCs o)l = VNUI+|VNQr(zo)l = Cefr* 411’ < él(zr) ,
I

provided that we choose &1 small enough. This completes the proof of (4.55). O

We also have a dual statement for the region occupied by the film. The proof follows
by the same argument used in the proof of Proposition 4.5. However, since we can
obtain this result as a consequence of the stronger property proved in Proposition 4.8,
we omit the proof.

Proposition 4.6 (Infiltration for AUB) Letu € Ap_y. There exists &2 > 0, depending
on A, M, and on the surface tension coefficients, such that if for some zo € R? and
r € (0, 1) such that Q,(z0) N S = ¥ we have

12, N Qr(z0)| < 217, (4.61)
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then
125, N Q5 o)l =0. (4.62)

Remark 4.7 1t is worth to notice that, in the proof of Proposition 4.5 (and also of
Proposition 4.6), the constraint of being subgraphs prevents us to construct competitors
by means of local variations in a square 9, (zo), butimposes to consider the full vertical
region below or above the square. Notice also that, if a single set 2 is a quasi-
minimizer of the perimeter in the class of subgraphs, a standard argument (Giusti
1984, Theorem 14.8) shows that it is actually a quasi-minimizer among all possible
competitors of finite perimeter, without the constraint (we will exploit this fact in the
proof of Proposition 4.12). However, in our case we have a partition of the subgraph
into two sets A, B of finite perimeter, and this argument fails due to the presence of
different types of interfaces between the phases.

We continue by proving that a quasi-minimizer satisfies an interior ball condition.
The proof of this result follows a strategy devised in Chambolle and Larsen (2003)
(see also Fonseca et al. 2007; Fusco and Morini 2012) and adapted to our setting. For
the reader’s convenience, we report here the details of the main nontrivial technical
changes that have to be made. Since we are in dimension 2, the function £, (see (2.1))
is a lower semicontinuous representative of /,; in the following it will be convenient
to identify &, with i, so that in particular the subgraph Q‘Zu is an open set. From
now on, we work under this convention.

Proposition 4.8 (Interior ball) Let u € A p and let py < % Then, for every
7€ Fgu there exists an open ball B, (z0) such that

Bpy(z0) C {(x.y) e R*: y <hy(x)},  8Bp(zo) NI} ={z}. (4.63)

Proof We divide the proof into two steps. To simplify the notation, we drop the sub-
scripts on the various objects depending on u, which is fixed along this proof. We also
denote by

Q;, ={(.y) eR*: y < h(x)} (4.64)

where h = h,, is the profile associated with the configuration u. Recall that, by the
convention of identifying # with its lower semicontinuous representative 4, the set
2, is open.

Step 1. We claim that for every ball B, (zo) C 2, , where pg is as in the statement,
the set 9B, (z0) N I‘z consists of at most one point.

Suppose on the contrary that there exists a ball B,(z0) C £2;, z0 = (X0, Y0),
such that B, (zo) N Fz contains at least two points a = (x4, y4), b = (xp, yp), With
Xa < Xpy h™(x0) < Yo < W (x0), h~(xp) < yp < h(xp). We will prove that this
is not possible if p < pg. By periodicity, we assume without loss of generality that
B,(z0) C (0,L) x R.
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Fab
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Tq Ty

Fig.5 The construction in the proof of Proposition 4.8

We define (see Fig.5) I';p to be the arc on I', connecting a with b, and y,  to
be the arc on dB,(z0) N {y > yo} connecting a with b. Notice that by construction
Iy lies above y, . We also let D to be the region enclosed by I'y, 5 and y, 5 (i.e., the
bounded component of Rz\(Fa,b U va.p))- Also let

La=H'(TapnNTH, Lp:i=H'TupNTE), L:=Ls+Lp=H(Tup),
Cai=H (vap N (AN By(z0))), 5 =M (Vap) —la, £:=La+Ls=H (Vap).
We construct a competitor by removing the set D from the subgraph €2;,: more
precisely, we define & := uxpec. In this way u is an admissible configuration, A; =
A\D, B; = B\D, and the profile s; coincides with & outside [x,, xp], and its graph

on [x,, xp] is given by ¥, ». Then, by using the quasi-minimality of u we obtain

Gu) <9Yw)+ A|D| =% W) —oaLs —opLp
—oagH (TA8 N D) + o4l +0pls + A|D|,

hence
oa(La —4) +op(Lg — L) +oagH (T2 N'D) < A|D|. (4.65)

To continue, we distinguish between two cases.
Case 1: assume that £4 < L, £ < Lp. In this case we obtain from (4.65)

min{o, op}(L — £) < A|D|. (4.66)
We estimate the difference L — £ as in (Fusco and Morini (2012), Lemma 6.6); we
reproduce the argument here for the reader’s convenience. Assume first that A is
Lipschitz continuous. Since I'; 5 and y, , are the graphs on [x,, xp] of & and Ay,

respectively, and h(x,) = h;(x,), h(xp) = h;(xp), we have
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Xp
H' (Cap) = H' (vas) = / (VI+ 02 = 1+ 07) ax
Xa

—/Xb(¢> (h(x) —hb;(x)) dx = %|D|.

[1+ (h(x))?

By combining this inequality with (4.66), we see that necessarily p >
Therefore, any ball B,,(z0) C €2, can touch the graph FZ at most once.
If & is not Lipschitz, then we can approximate & by a sequence of Lipschitz functions
gk as in (Fusco and Morini (2012), Lemma 6.2), write the previous inequality for gi
and obtain the same conclusion by passing to the limit.
Case 2: assume that £4 > L4, £p < Lp (the other case, {4 < L4 and £ > Lp,is
completely analogous). In this case, thanks to the triangle inequality o4 < op + 0ap
(see (4.45)), we find by (4.65)

L—-¢

v

min{os,0p}
% .

(0 +04B)(La — £4) +05(Lp — €p) + oagH' (TP N'D) < A|D|,
and in turn
op(L — ) +oap(La —ta+H TP ND)) < A|D|.
One can check that
La—ts+HT22ND)>0 (4.67)

(this inequality follows essentially by (Maggi (2012), Ex. 15.14)). Therefore, using
(4.67)itfollows thatop(L—£) < A|D|andin particular (4.66) holds. We can therefore
repeat the same argument as in the previous case.

Step 2. By the result in Step 1, the existence of an interior ball at every point of Fz can
be proved by following the same lines as in (Chambolle and Larsen (2003), Lemma 2)
or (Fonseca et al. (2007), Proposition 3.3, Step 2). O

As a consequence of the interior ball condition proved in Proposition 4.8, we obtain
the Lipschitz regularity of the free profile FZ,, of a quasi-minimizer u outside a finite
set. The proof is an adaptation of the strategy of (Chambolle and Larsen (2003),
Lemma 3).

Proposition 4.9 (Lipschitzregularity) Letu € Aa_y. There exists afinite set ¥ C Q.
with Jp, C X, such that h, is locally Lipschitz in Q1 \X and has left and right
derivatives at every point of Q1 \Z, that are, respectively, left and right continuous.

Proof We denote by & := h,, the admissible profile associated with the configuration
u.Forz e F;f, we let

n(z) = {v es: By, (z 4+ pov) C Q;}
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where pgp > 0 is given by Proposition 4.8 and €2, is defined in (4.64). In view of
Proposition 4.8, n(z) # @ forall z € FZ. Notice also that, if v € n(z) for some z, then
necessarily v - e2 < 0 (or otherwise F}f would not be an extended graph). We define
the singular set

LSi=n({ze€lh: e en@or —e €nz)}) C Oy, (4.68)

where 77, denotes the projection on the x-axis, and by %# its periodic extension.
Similarly to (Chambolle and Larsen (2003), Lemma 3), one can show that the set
n(z) is a closed (possibly degenerate) arc on S! with length strictly smaller than 7.
In turn, this allows to show that X is a finite set with J, C X, and that % is locally
Lipschitz in R\ . O

Remark 4.10 The points in the singular set ¥ identified in Proposition 4.9 are of two
possible kinds: they are either jump points of the function 4, or continuity points of &,
at which the left or the right derivative of 4, is infinite. At the upper point (x, hj (x))
of a jump x € Jj,, the graph has a vertical tangent. Notice also that the graph of &,
does not contain cusp points as a consequence of the infiltration property and the inner
ball condition (see Step 1 in the proof of Proposition 4.9).

Remark 4.11 Let u € Ap u. Since the set QF = {(x,y) € R? : 0 < y < h(x)}
is open, A is a quasi-minimizer of the perimeter in Qﬁ in the classical sense.
Thus, it is possible to apply standard regularity results (see (Maggi 2012, Theo-
rems 26.5 and 28.1)) to obtain that F;{“B is a locally a C1%-curve in QZ for every
a € (0, 1/2), and that it coincides with 9A N d B in Q;f.

Finally, we show that the graph as a better regularity around points of 9*A U 9*B.
Notice that if 4, (xg) = 0, then (xq, h,(x9)) ¢ 9*A U 0*B, or otherwise V,, would
have Lebesgue density zero at that point, which is not permitted by the infiltration
property in Proposition 4.5.

Proposition 4.12 Letu € Ax m. Ifxo € Qp\X issuchthat (xo, h,(x0)) € 0*AUI*B,
then hy is of class C'% in a neighborhood of xo, for every a € (0, 1/2).

Proof To simplify the notation, we denote by & := h, the admissible profile asso-
ciated with the configuration u, and we remove the subscript u from the sets of the
corresponding partition. Recalling (4.45), we let

§:=min{oap + 04 —0p,04p,04} > 0. (4.69)
Step 1. Fix xq as in the statement and let zg := (xo, £ (xp)). Thanks to Proposition 4.9
we can find r9p > 0 (depending on x¢) such that 4 is Lipschitz continuous in (xo —

ro, X0 +ro), with Lipschitz constant £ € (0, 00). Fors > 0, set Ry := z9 + s R, where
R :=(—1,1) x (—2¢,2¢). Then,

[, NTR, =0 (4.70)
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for all s € (0, rp), where TRy := zo + (—s, 5) x {£2£s}. Moreover, by possibly
reducing the value of rg, we can also assume that R, N S = (.

We now prove an infiltration-type property, similar to Proposition 4.5, for the two
phases A, B at the point z. Precisely, we claim that there exists ¢ > 0 (depending on
zp) such that if

|ANR,| <er? 4.71)
for some 0 < r < rg, then

[AN R, 2| =0. (4.72)

The same property holds if the set A is replaced by the set B.
For s € (0, rg) set m(s) := |A N Ry|. Then, for Zlae. s € (0, rg) we have that

m'(s) = 20 H'(AD N @TR; U™ Ry)) + HN (AP NaRN@TR, U™ Ry))
(4.73)

and that
HI(BRS N@*AUJ*B)) =0. 4.74)

We claim that there exist C1, C; > 0 such that for s € (0, ro) satisfying (4.73) and
(4.74), the following differential inequality is true:

Cim(s)? < Cam'(s) + 3Am(s). (4.75)

Once (4.75) is established, (4.72) will follow by a standard argument by using (4.71)
and choosing ¢ sufficiently small, as in the last part of Step 1 in the proof of Proposi-
tion 4.5.

We are thus left with proving (4.75). The idea is to construct a suitable competitor
and to use the quasi-minimality inequality for u; we have to pay attention that the
competitor satisfies the graph constraint. If

H'(T*NRy) > H' (T2 N Ry) (4.76)
then we set (see Fig. 6)
Ay := A\Ry, By := (B\Ry) U(BN R, 4.77)
where for a measurable set E C R, we define
EC :={(x,y) € Ry: h(xg) —2ls <y < h(xo) —2¢s + H'(Ey)}, (4.78)
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R, r,

(o (.

B,

Fig.6 The construction of the competitor in the case H! (l"A N Rg) > H! (I"AB N Ry): we remove A N Ry
and we “move down” B N Ry

with E, :={t € R: (x,t) € E}. In the case where
HYTANRy) < HN(TAB N Ry) (4.79)
we set instead
Ay = A\Ry, By :=BU(ANRy). (4.80)

Note that the configuration vs = x4, — X, 1S an admissible competitor for the quasi-
minimality inequality in Definition 4.1. In the first case, this follows from (4.70), while
in the second case the free profile of the configuration is left unchanged. Denote by
hs : Qr — [0, 0o) the admissible profile such that 2, = Ay U By.

Assume that (4.76) holds, and thus A and By are defined as in (4.77). Then, by an
argument similar to (Giusti (1984), Lemma 14.7) one can prove that

H' (8"Bs N Ry) < H'@*BNRy) +H (AD NI™Ry). (4.81)

Moreover, one can check that

IF (o — ) — b (0 — )] + 1o + ) — b (o +9)] < HUAD N aR) S ' (s),
(4.82)

and that

|B,AB| < 2|AN Ry| = 2m(s). (4.83)
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The quasi-minimality of u, together with (4.73), (4.74), (4.81), (4.82), and (4.83),
yields

oA H T2 N Ry) + o H TENRy) +oagH (TA8 N Ry)
< opH' (3*By N Ry) + max{oa, oap}H (AD NIRy)
+max{oa, op}(lh (xo — ) — hy (xo — )| + |h (xo +5) — hy (xo +)|)  (4.84)
+ Am(s) + A|BsAB|
<opH' (TB N Ry) + opH (T4E N Ry) + 3max{oa, o, oaplm’(s) + 3Am(s).

By using (4.69), (4.76), and the isoperimetric inequality, we estimate

oA H ' (TA N Ry) + (04 —op)H (TAB N Ry)
> oo H (T4 N Ry) + min{oag — o5, OYH (T4 N Ry)

5 5
> sH' (T O R) = SHI T AR+ SHITA Ry 48

By inserting (4.85) into (4.84) we obtain the desired inequality (4.75) in the case where
assumption (4.76) holds.

Assume now that (4.79) is in force, and thus Ay and By are defined as in (4.80). In
this case, the quasi-minimality inequality for u yields, using also (4.73) and (4.74),

oaH' TANRy) +oapH (TAB N Ry) < opH' (T4 N Ry) + oapH (AD NORy) + 2Am(s)
<opH' (T4 N Ry) + oapm’(s) + 2Am(s). (4.86)

By using (4.69), (4.79), and the isoperimetric inequality, we estimate (with similar
computations as those used to get (4.85))

(04 — op)H' (TA N Ry) + oapH (TAB A Ry) > C(m(s)? —m/(s)). (4.87)

By inserting (4.87) into (4.86) we obtain the desired inequality (4.75) also in the case
where assumption (4.79) holds.
Step 2. We conclude as follows. Let xo be as in the statement, and let z¢ :=
(x0, h(xp)) € 0*A U 0*B. Assume zg € 3*B. Let ro > 0 be as in Step 1, so that
h is Lipschitz continuous in (xo — rg, xo + rp) with Lipschitz constant €. Let also
& > 0 be given by Step 1. Then, since zo € 3* BN3*V, itis possible to find r € (0, rg)
such that |A N R, (zo)| < er?. From Step 1 we get that [A N Ry ;2| = 0. This implies
thatin R, > there are only the sets V and B. In particular, we also have TR, 12 C B(O),
0" R,pp C B (recall (4.70)), and BN R; 2 is the subgraph of a function of bounded
variation.

Let now E C R,/ be any set of finite perimeter such that EAB CC R, 7, and
let EC be the set defined in (4.78). We can test the quasi-minimality inequality with
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the competitor obtained by replacing the phase B N R, > by E G, which is admissible
since it satisfies the graph constraint. We therefore find

0B P (B; Rj2) < opP(EY; Repp) + A(ECAB) N Ryl (4.88)

We observe now that, similarly to (4.81), we have P(EC,; R:p) < P(E; R p);
moreover (since BN R, = (BN R, /2)G) we also have

I(ESAB) N Rypal = [ECAB N Ry 2)| = |EC| + (BN R 2)% = 21EC N (BN Ry 2)|
<I|E[+ BN Ryp| =2[EN (BN R, )| = [EA(B N Ry p2)|-

Then, inserting the previous inequalities inside (4.88) we find
A
P(B; Rrp2) < P(E; R pp) + G—I(EAB) N Ry 2l
B

for every set of finite perimeter £ C R,/ such that EAB CC R, 2. This shows that B
is a quasi-minimizer of the perimeter inside R, > in the classical sense, that is without
the graph constraint. Thus, the regularity of I'y N R, 2 = 0*B N R, /2 follows from
classical regularity results for quasi-minimizers of the perimeter (see, for instance,
(Maggi 2012, Theorems 26.5 and 28.1)). This concludes the proof. O

By collecting all the previous statements, we obtain the properties listed in Theo-
rem 1.1.

Proof of Theorem 1.1 The infiltration property (i) follows by Proposition 4.5 and
Proposition 4.6. The Lipschitz regularity (ii) and the characterization of the singu-
lar set (iii) are proved in Proposition 4.9 and Remark 4.10. The internal regularity of
the interface (iv) is discussed in Remark 4.11. The C!+%-regularity of the graph (v) is
proved in Proposition 4.12. O
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