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I'-CONVERGENCE OF THE HEITMANN-RADIN STICKY DISC
ENERGY TO THE CRYSTALLINE PERIMETER

L. DE LUCA, M. NOVAGA, AND M. PONSIGLIONE

ABSTRACT. We consider low energy configurations for the Heitmann-Radin sticky discs
functional, in the limit of diverging number of discs. More precisely, we renormalize the
Heitmann-Radin potential by subtracting the minimal energy per particle, i.e., the so called
kissing number. For configurations whose energy scales like the perimeter, we prove a com-
pactness result which shows the emergence of polycrystalline structures: The empirical mea-
sure converges to a set of finite perimeter, while a microscopic variable, representing the
orientation of the underlying lattice, converges to a locally constant function.

Whenever the limit configuration is a single crystal, i.e., it has constant orientation,
we show that the I'-limit is the anisotropic perimeter, corresponding to the Finsler metric
determined by the orientation of the single crystal.
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INTRODUCTION

Potentials that are attractive at long range and repulsive at very short range model many
relevant systems and phenomena; among them, crystallization has a prominent place. A
phenomenological potential with these features, particularly popular in Materials Science, is

the Lennard-Jones potential. Maybe the most basic potential mimicking attractive/repulsive
1
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interactions and leading to crystallization is the one proposed by Heitmann and Radin [14].
In their model, particles are identified with sticky discs which maximize the number of their
contact points without overlapping each other. More precisely, given N discs in the plane,
having diameter all equal to one and centered in z1,...,z5, the corresponding Heitmann-
Radin energy is given by

1
E(:Cl, N ,mN) = 5 Z V(‘l'J - {L'ZD s
i#]
where V is the Heitmann-Radin potential defined by

4oo ifr<1,
V(ir)=¢ -1 ifr=1,
0 iftr>1.

In this paper we are interested in compactness and convergence results for almost minimizers
of the energy F , in the limit as N — oo. Before describing our approach we recall the main
results about the minimizers of the energy E for finite N and on their behavior as N — oo.
In the seminal paper [14], Heitmann and Radin prove that, for every fixed N € N, all the
minimizers of the energy E among the configurations X = {z1,...,xx} are subsets of an
equilateral triangular lattice. Their proof of this result relies on an ansatz on the exact value
of the minimal energy which was previously provided by Harborth [13]. Moreover, the authors
exhibit some explicit minimizers for all number N of particles; such minimizers are regular
hexagons with side s whenever N = Ny = 1+ 6 + ... 4+ 6s, whereas, for general Ny, < N <
N1, they are obtained by nestling the remaining discs around the boundary of the regular
hexagon constructed for Ny. Clearly, the empirical measures associated to such minimizers
converge (suitably scaled) to a macroscopic hexagon, referred to as Wulff shape. However, the
minimizing configurations are in general non-unique; in [9], the authors characterize, through
an explicit formula, all the number of particles N for which the minimizer is (up to a rotation
and translation) unique.

In [4] it is proven that, for any sequence of minimizers, the empirical measures converge to
a Wulff shape. In [15], a refined analysis for minimizers of the energy E for N particles shows
that the scaling law for the fluctuation about the asymptotic Wulff shape is C N3/4 for some
C > 0, whereas in [8] the optimal constant C' is explicitly provided.

It is well known that the Wulff shape is the solution of the isoperimetric problem for a
suitable anisotropic perimeter. It is then clear the link between the Heitmann-Radin energy
and perimeter-like functionals. This link has been exploited in [4] where it is proven that,
for configurations of N particles lying on the triangular lattice and with prescribed energy
upper bound scaling like a perimeter, the energy functionals I'-converge, as N — +oo, to
the anisotropic perimeter of the macroscopic shape. Clearly, minimizing the I'-limit with a
volume constraint one obtains the Wulff shape, and this gives back that the empirical measure
of minimizers converge to the Wulff shape. In [10], exploiting a discrete Gauss-Bonnet formula,
for finite N, the energy of any configuration is rewritten in terms of a suitable discrete notion
of perimeter of the graph generated by the N particles.

In this paper we consider the asymptotic behavior of the Heitmann-Radin energy, in the
perimeter-scaling regime, without assuming that the particles lie on a reference lattice. In
this respect, we prove that the Heitmann-Radin energy enforces crystallization not only for
minimizers, but also for low energy configurations. But while for minimizers the orientation of
the underlying lattice is constant, for almost minimizers global orientation can be disrupted,
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giving rise to polycrystalline structures. Moreover, we compute the I'-limit of the energy
functionals whenever the limiting orientation is constant, i.e., in the case of a single crystal.

We now describe in more details our approach. Consider a configuration of N particles. We
recall that, for minimizers, the particles belong to a triangular lattice, and most of them (for
large N) have exactly six nearest neighbors. In this respect, the minimal energy per particle
is equal to —6, namely the opposite of the kissing number. Removing this bulk contribution
from the energy, a surface term remains, which corresponds to the energy induced by the
particles that have less than six neighbors. At a first glance, these particles can be identified
as boundary particles.

In order to introduce an internal variable, representing the local orientation of the crystal
lattice, we observe that, at least for minimizers, most of the particles are vertices of some
equilateral triangle. To these triangles one can easily associate some orientation, for instance
through the angles between its edges and some reference straight line. Since triangular faces,
edges and other geometrical objects play a role in our analysis, it is convenient to deal with
the notion of discrete graph generated by the particles; in this respect, we will adopt the
terminology and tools introduced in [10].

To any configuration of particles, we associate an empirical measure and a piecewise con-
stant orientation, defined on the triangular faces of the graph. We prove that, in the perimeter-
scaling energy regime, the empirical measures (suitably scaled) converge - up to a subsequence
- to the characteristic function of some set €2, representing the macroscopic (poly)crystal.
Moreover, the regime we deal with provides uniform bounds for the SBV norm of the func-
tion representing the microscopic orientation of the underlying lattice. In turn, we prove that
the orientation converges to some limit function § € SBV(Q), where 0 = >, ;0;xw; with
J € N and {w;}; being a Caccioppoli partition of €. Here each w; represents a grain of the
polycrystal €2, endowed with orientation 0; .

In the second part of the paper, we address the problem of computing the limit energy
functional. We achieve this task in the case of a single crystal: If the orientation 6 is constant,
then the I'-limit is given by the anisotropic perimeter of €2, where the anisotropy corresponds
to a Finsler metric whose Wulff shapes are hexagons with orientation determined by 6. This
result clearly agrees with that of [4], the novelty being that here we do not assume that
the particles belong to some reference lattice. The proof of the I'-liminf inequality, without
assuming crystallization exploits the representation formulas, introduced in [10], that allow to
rewrite the Heitmann-Radin energy in terms of the discrete perimeter of the graph generated
by the particles.

For polycrystals, where the orientation 6 is not constant, one expects some additional
surface contribution, induced by grain boundaries. The sharp grain boundary energy, and in
turn the [-limit in the general case, are not provided in this paper. Some upper and lower
bounds are given in Proposition 3.1. Such bounds, although non optimal, are enough to show
that, depending on the shape of the limit set 2, both the single crystal and the polycrystal
structure could be energetically favorable.

A natural question is whether our results can be extended to more general interaction
potentials, which are less rigid and take into account also elastic deformations. The crys-
tallization problem for general potentials, both for a finite and infinite number of particles,
is still an open research field which attracts much interest since decades [5]. For Lennard
Jones type potentials, in [16] it is proven that the asymptotic energy density of minimizers is
consistent with that of the regular triangular lattice. To our knowledge, our result is the first
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providing asymptotic (local) crystallization by compactness arguments for almost minimizers
of some explicit canonical, although very simple and rigid, interaction potential.

The techniques and results developed in this paper share many analogies with the so-called
tessellation problems. Among them we recall the classical honeycomb problem, which consists
in finding optimal clusters with minimal perimeter under volume constraints. Hexagonal
tessellation is known to be optimal in the flat torus, thanks to the celebrated work of Hales
[12]. A more quantitative analysis of this result is developed in [7] and, in the framework of
I-convergence, in [1].

In fact, our analysis also suggests new basic tessellation problems in I'-convergence. A
prototypical example is briefly described and analyzed in the Appendix, while further gener-
alizations could deserve further investigations.

1. DESCRIPTION OF THE PROBLEM
In this section we introduce the notation we will use in the paper.

1.1. The energy functionals. For every € > 0let V; : [0, +00) — [0, +00] be the Heitmann-
Radin sticky disc potential [14] defined by

400 ifr<e,
Ve(r):=< —1 ifr=¢,
0 ifr>e.

Given X := {x1,...,2x} a finite subset of R?, the Heitmann-Radin energy of X is defined
by

1
B(X) = 3 3 Vella — i)
i#]
Let M denote the class of Radon measures in R? and let A be the class of empirical
measures defined by

N
A::{,ue./\/l:MzZéwi,NeN,xi%xjfori;éj}.
i=1

Note that there is a one-to-one correspondence Z from A to the class of finite subsets of
R?. In view of this identification we can define the Heitmann-Radin energies on measures by
introducing the functionals & : M — [0, o] given by

(1.1) £.(n) :{ E(Z(n)) ifpe A,

+00 elsewhere.

1.2. Discrete graph representation. Let u= >~ 4,, € A be such that & (i) < 400 and
set X = Z(n). We say that z; and x; in X are linked by an edge, or bond, if their mutual
distance equals to ¢ and we write {x;, x;} for denoting such bond. We call Ed.(X) the set of
the bonds of X and (X,Ed.(X)) the bond graph of the configuration.

Since £-(u) < 400, simple geometric considerations easily imply that the bond graph is
a planar graph, i.e., for any two different edges {x,y} and {2/,y'}, the corresponding line
segments [z, y] and [2/,y] do not cross.

It will be very useful to distinguish between “interior” and “boundary” edges. To this end
we first provide the notion of face as it is introduced in [10]. By a face f we mean any open
and bounded subset of R? which is nonempty, does not contain any point z € X , and whose
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FIGURE 1. Particle configuration and bond graph.

boundary is given by a cycle, i.e., 0f = Ule[:ci_l,xi] for some points xg, z1,..,T = xg € X
with {z;_1,z;} € Ed:(X). Notice that the points zo,..,zx_1 do not need to be pairwise dis-
tinct, as a face might contain “inner wire edges” (see the definition below). Note also that for
non-connected graphs, the definition above slightly differs from standard conventions because
ring-shaped regions bounded by two cycles are not faces. We denote by F.(X) the set of faces
of the bond graph (X,Ed.(X)). Moreover, we define F(X) as the set of faces f for which

k=3and F72(X) := F.(X)\ FA(X

Set vo(X) :=1X, v1(X) := Ed.(X), and v9(X) := §F.(X), we define the Euler charac-
teristic of the graph (X, Ed.(X)) as

2
(12) X(X) = S (1) ue(X)

Then we define the following sets:

e Wire(X) is the set of edges that either do not lie on the boundary of any face or
lie on the boundary of precisely one face but not on the boundary of its closure;

e Oext(X) is the set of edges lying on the boundary of precisely one face and on the
boundary of its closure;

° 811m( ) is the set of edges lying on a triangular face and on a non triangular face;

e 02 (X) is the set of edges lying on two non triangular faces.

By [10, formula (3.7)], we have
(1.3) Bo(X) + 38X = #0ext(X) + 104, (X) + 2800 (X) — B4FZ(X) 4 2Wire(X) + 3x(X) .
Note that
(14) E.(X)+3tX = éPer( U N+ X (Pei(f) —3) + 24Wire(X) + 3x(X),

ser(x) T et

where Per(A) denotes the De Giorgi’s perimeter of A for every measurable set A.
With a little abuse of notation, we will often write Ed. (), F(p), F2(u) and FZ*(u) in
place of Ed(Z(1)), F=(Z(1)), FA(Z(1)) and FZ®(Z(u)) respectively.
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1.3. Grain orientations. Let p € A be such that () < +oo. For every o € R we define
P(a) = argmin{‘a - kg’ t ke Z} €z,
with the convention that, if the argmin is not unique, then we choose the minimal one. Clearly

(1.5) P(a —I—jg) =Pa)+j for every j € Z.

Let f € F2(u) and let w = €' be a unit vector parallel to one of the edges of f (with
arbitrary orientation). We set
T T
(16) o(f) = o — Plow) s 0() = a(f) + .

Since all the edges of an equilateral triangle are obtained by rotating one fixed edge by an
integer multiple of %, in view of (1.5), the definitions of a(f) and 6(f) in (1.6) are well-
posed. Note also that 0(f) is the angle between e; and one of the medians of f. Moreover,
by construction, a(f) € (—%, Z] and hence 6(f) € (3, 27].

We set

(1.7) O() = > 0(f)xs-

FEFA (1)

1.4. Surface energy and Wulff shape. Let us introduce a Finsler norm ¢ whose unit ball
is a unitary hexagon in R?. For every n € R? set

3 3
(1.8) pn) = min{ S| s n=3" Ay, Ay € R},
=1 i=1

where

%

(SIS

s ;T
(1.9) vp=¢e'6, wvyg=¢"'2, wz=c¢c'".

us

We define a one-parameter family of Finsler norms g, for 6 € (3, %ﬂ by setting

3 3
(1.10) eo(m) i=min { 3l s =D Ao Aj € R},
j=1 j=1

where v; g = e’w—%)vj for j =1,2,3. Note that pr=¢.

For every set GG of finite perimeter, we set

Per,,(G) := / wo(v)dt,
*G
where v denotes the outer normal to 9*G and ' denotes the one dimensional Hausdorff
measure.
We denote by W the regular hexagon centered at the origin with area equal to one, defined
by

W .= {:z: eR?: |z vy < 973 3_i, i= 1,2,3},
and set Wy := W for all § € R. These sets are referred to as Wulff shapes: it is well

known [11] that they are the solutions of the isoperimetric inequality corresponding to the
anisotropic perimeters g .
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1.5. Preliminaries on SBV functions. We refer to the book [3] for the definitions and
the main properties of BV and SBYV functions, sets of finite perimeter, and Caccioppoli
partitions. Here we list few preliminaries and properties that will be useful in the following.
We begin by recalling some standard notation.

Let A C R? be open. As customary, BV (A) (resp. SBV(A)) denotes the set of functions
of bounded variation (resp. special functions of bounded variation) defined on A and taking
values in R. Moreover, SBW,.(A) denotes the class of functions belonging to SBV(A’) for
all open bounded sets A’ CC A. Given any set D C R, the classes of functions BV (A; D),
SBV(A; D) and SBVipc(A; D) are defined in the obvious way.

We say that a set  C R? has finite perimeter in A if xqo € BV(A) and we denote by
Per(2, A) the relative perimeter of Q in A. It is well known that Per(Q, A) = 2#1(9*QN A),
where 9* denotes the reduced boundary. If A = R? we simply say that 2 has finite perimeter
and we denote by Per(Q) its perimeter. Finally, if {2 is a set of finite perimeter, a Caccioppoli
partition of € is a countable partition {w;}; of 2 into sets of (positive Lebesgue measure and)
finite perimeter with }, Per(w;, Q) < co.

We recall that the distributional gradient Dg of a function g € SBV(A) can be decomposed
as:

Dg=VgL’LA+ (9" —g )@y H'LS,,

where Vg is the approximate gradient of g, Sy is the jump set of g, v, is a unit normal to
Sy and gT are the approximate trace values of g on Sy .
We recall a compactness result.

Theorem 1.1 (Compactness [2]). Let A be bounded and let {gn} C SBV(A). Assume that
there exists p > 1 and C' > 0 such that

(1.11) J IVl o+ #(50) + Ll < C for allhe N,

Then, there exists g € SBV(A) such that, up to a subsequence,
gn — g (strongly) in L'(A),
(1.12) Vgn — Vg (weakly) in L'(A;R?),
lihlggéf’}-[l(Sgh NA"Y) > HY(S,NA) for every open set A’ C A.
In the following, we say that a sequence {g;} C SBV(A) weakly converges in SBV(A) to

a function g € SBV(A), and we write that g, — ¢g in SBV(A), if g5, satisfy (1.11) for some
p>1and g, — g in L*(A). The corollary below easily follows by Theorem 1.1.

Corollary 1.2. Let {g,} C SBV(R?). Assume that there exists p > 1 and C > 0 such that
(1.13) / IVgn|P dz + H(S,,) + 190l oo g2y < € for all h € N.
R2

Then, there exists g € SBV (R?) such that, up to a subsequence, (1.12) holds for every open
bounded set A C R?.

We say that {gn} C SBViec(R?) weakly converges in SBVj,.(R?) to a function g €
SBVioc(R?), and we write that g, — ¢ in SBVjo.(R?), if g» — g in SBV(A) for every
open bounded set A.
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2. '-CONVERGENCE ANALYSIS

In this section we study the asymptotic beaviour, as € — 0, of the functionals & defined in
(1.1). More precisely, we consider the functionals & (u) + 3 u(R?) and provide a compactness
and a ['-convergence result.

2.1. Compactness.

Theorem 2.1. Let {y.} C M be such that E(pe)+3 pe(R?) < g . Then, up to a subsequence,

(i) 2\2f,u5 = xqdx for some set Q C R? with yq € BV (R?);
(ii) O:(pe) — 0 in SBVio(R?), for some 6 = > jes Oixw, in SBV (R?), where J C N,
{w;}; is a Caccioppoli partition of Q, and {6;}; C (5, 37].

Proof. The proof is divided into two steps.

Step 1. We first prove that (ii) holds true for some set Q2 with finite perimeter. In view of
the energy bound and (1.4) we have

C > e(E(pe) + 3 pue(R?)) > Per( U f) + i Z Per(f)

fEF:(ne) FEFT™ (ue)
1 1
> ZPer( U f) = ZPer(QE),
ferA(Us)
where we have set Q. = |J FEFA (L f Then, the claim (ii) follows by the compactness

statement (a) of Theorem A.2.
Step 2. Now we prove (i) with Q provided in Step 1. To this purpose, for every f € FEA (1e)
we denote by a;(f) (j = 1,2,3) the vertices of f, and we define

3
N 1 ~
(2.1) fei=g D 0wy Fei= DL Xi-
ferA(l‘s) Jj=1 fEFeA(Hs)

By the energy bound and (1.4),

C > e(E(pe) + 3 pe(R? >Per< U f)
FEF(pe)

so that, by the isoperimetric inequality, we obtain

R =0l <| | f]=c.
FEF:(pe)

By the proof of Step 1 it follows that, up to a subsequence, i — xq in L'(R?).
We now show that ¢ ius i = 0. Let ¢ € C9(R?), and let s be the average of 1) on the
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triangle f € F2(pe). Then,

3 - 3 -
<52\2[:a€ - Msﬂ@‘ = Z <52\2[[L5 - Msﬂb'—f>
ferA(Ne)
3 -
' feFaA(;U'E)

< Y @@L

feFeA(ﬂe)
< 2‘ﬁa|(R2) ra(d]) < CT&(I/’) — 0,

where 7.(1) is the modulus of continuity of v .
Now we prove that €2|u. — fic|(R?) — 0. We first notice that

1Y < 2e(&(pe) + 3U€(R2)) )

where Y, := {z € supp p. : z lies on at most five bonds}. As a consequence, by using the
energy bound, we get

(2.3)  %lue — fe|(R?) = €% (ne — fie) (R?) < e®f(supp pre \ supp fie) = 4z < Ce — 0.
By combining (2.2) and (2.3) we obtain (i). O

2.2. T'-convergence.

Theorem 2.2. The following I'-convergence result holds true.
(i) (T-liminf inequality) Let {pe} C M satisfy (i) and (i) of Theorem 2.1 with § = fxq
for some 0 € (5, %71‘] . Then
(2.4) lim inf (€ (1) +3 p1e(R?)) > Pery, () .
e—

(ii) (T-limsup inequality) For every set Q0 C R? of finite perimeter and for every 0 €
(%,2n], there exists a sequence {u.} C M satisfying (i) and (ii) of Theorem 2.1
with 6 = Oxq such that

(2.5) limsup e(E-(pe) + 3 ue(R?)) < Pery,, (€2) .

e—0

Proof. Proof of (i). We can assume without loss of generality that there exists C' < oo such
that

(2.6) sup e(E:(pe) + 3 ue(R?)) < C.

e>0
Notation 1. For every € > 0 set

(2.7) Ge = U f and Q. := U f.
FEF:(pe) FEFE (ke)
Let § € (0,1); we classify the faces in F? A(,LLE) into two subclasses SZE&A and LZE(SA defined
by

(2.8) SR = {f € F7% () : Per(f) < %} and L5 := {f € F7% () : Per(f) > %} .
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Set moreover
(2.9) Seoi= |J f, Aesi= |J f, and Ocsi=QoUSs.
feszs feLzs
By construction G, = Q. U3, s UA. 5 = O, 5UA. 5, where the unions are all disjoint, so that
(2.10) Per(O. ) < Per(Ge) + Y Per(f).
feLzy
Claim 1: £(E(pe) + 3pe(R?)) > Per(O. ) + Efesz?(Per(f) —3¢) +1r(d), where r(d) — 0 as
0—0.
Indeed, by (2.6) and (1.4), we have
1 A
(2.11) C> Y (Pex(f) - 3e) = 5(5 - 3)ﬁL§f5 .
feLzy

Therefore, by (1.4), (2.10) and (2.11), it follows that
e(E-(ne) +3pc(R?)) = Per(Ge) + Y (Per(f) - 3¢)

FEFZ® (e)
> Per(O.5) + Z (Per(f) — 3¢e) — 3511[??
(2.12) e ’
> Per(Ous) + Y2 (Per(f) —3) — oo
feszy
which proves the claim with () := — 252 .
Notation 2. Let n € (0, %) ; we set
o= |J f ad = ]
JEFA (pe) JEFA (pe)
10(f)—0l<n 10(f)—01=n

Let
Is={fesiy A ofnoart)y >y, Qrt=qrtu |J f.

n
fe[a,é

For every connected component v of (the closure of) QI we set
[

05 (v) == {{z,y} € Bde(pe) : [2,y] C dyN IO 5},

(2.13) it
A5 (v) == {{z,y} € Ede(pe) : [2,y] COv\ IO s}
We call (1,...,C K7, the connected components of ﬁ?* such that
(2.14) 1075 (Cr) > 8 D25 (G)
and we set

KW
£,0

O =05\ | G-
k=1
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Finally, &1, ...,& J, denote the connected components of Q7" such that

(2.15) <005 (&) < D5 (&)
Note that, by construction, the sets ag,g(gj) and ﬁg:{(éj) do not change if in (2.13) we replace
O, by OZ(S.

Il

% ‘H’II<

FIGURE 2. The connected components (j, are contoured in pink, whereas ¢;
is marked in green.

Claim 2: Per(Og5) > Per(OAZJ) :
Indeed, in view of (2.14),

mn
Ke,é

(2.16) Per(O.s) = Per(OAZé) + Z(Per({k) — 2¢t ﬁgj{(@)) > Per(OAg’a) .
k=1

Notation 3. Set
BYs = {{z,y} € Bde(pe) : [,y € 9Q1~ NOY s},

J"I
+ +
Bg,a = U 3?,5 (&)
j=1

Bl = {{z,y} € Ede(pe) : [z,y] C 6025} \ (Bl5 U Bg;;) )
By construction the set of bonds {z,y} with [z,y] C 80;7 s is given by the pairwise disjoint
union of the bonds in the sets B , ngg , and B so that
(2.17) Per(O. 5) := efBly + et BI§ + et Bl .

Claim 3: Per(OAZ(;) + Zfesjff (Per(f) —3¢) > (1 + r(n))Per@é(Og’é), where 7(n) — 0 as
n—0.
We preliminarily notice that for every bond {z,y} € B ,

(2.18) va(lz,y]) < THr(n)’
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for some r(n) - 0asn— 0.
Now we prove that

J!s I
£ g
(2.19) Do Y (Pex(f) —3) = Y Lt (&) = (1BL;
i=1 fes7s =1
FC&;

Indeed, let f € Sj(SA with f C & for some j =1,...,J 5. Then

Per(f) — 3 — “4{{wu} €A5(&) + [w,9] € 0} > SPer(f) ~ 32> 0.
It follows that

€
Per(f) —3e > J#{{w,y} € P15 (&) « [,y € 0f},
which summing over f € SZ;A with f C ;, implies that

(2200 3 Per(f)-3e2 > #{ryl €A5(&) : ly) € 0F) = 38 AL5(E).
feszs feszs
fcg; fcg;

where the equality is a consequence of the fact that if {x,y} € ﬁgj{(&j) and f C Q! then
{z,y} is not a bond of f. By (2.20) and (2.15), and finally summing over j, we deduce (2.19).
Now, we consider bonds {z,y} € BY§', and we notice that [z,y] € df for some (unique)

~ J"
fc 0?5 \ Ujszi & with f € SzééA We prove that

(2.21) S (Per(f) —3¢) > Zﬁng‘.
feszy

N J7s
fCOg,g\Uji’l 53'

. Jn
Indeed, let f € SZ;A with f C O7 s\ U,;21 & and let {z1,m}, ..., {zL,yr} € Bl§ be such
that UZ [z, 1] = 0f N OOY 5. Then, since Per(f) > 4e, we have

(2.22) Per(f) — 3¢ — ZL = %Per(f) + i(Per(f) —el)—3>0,

which summing over f implies (2.21).
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By (2.17), (2.18), (2.21), and (2.19), we can thus conclude

T2
Per(O7,) + Y (Per(f) —3e) > etBIy +eBIS +> > (Per(f) — 3¢)

feszy i=1 reszy
fC&
+efBIS + > (Per(f) — 3¢)
feszy

n
J86

fCOAZ,g\Uj:H &

>1+rm) > ea(lmyl) + %ﬁB?} + %ﬁBgﬁg

{x,y}eB;’yg
>1+rm) > e+ D ezl
{:c,y}EBg,g {x,y}GBS}UBg”;

> (14 r(n))Perg, (07 5),
where the third inequality is a consequence of the fact that % > % = max, st p5(v), being
S! the unitary sphere in R?.
Claim 4: lim [|x5- — xallzi®2) = 0. By (2.6) and (1.4), we get
e—0 8

(2.23) C> > (Pex(f) —3¢) > efS75 .
feszy

Moreover, by the very definition of Szﬁ? in (2.8) and by the isoperimetric inequality, we have

2

€
(2.24) If| < T2 for every f € SZ’;A.

Furthermore, by assumption

lim |Q7F| =0,

e—0
which, combined together with (2.23) and (2.24), yields
Ce?
4mH?

A0751 < D |f1+ 1901 <
feszy

+1QI7 =0,

whence the claim immediately follows.

Conclusion: (2.4) holds true. By Claims 1-3, we have
£(E-(pe) + 3= (R?) = (1 + 7(n))Pery, (O7 ) +7(5),

which, by Claim 4, in view of the lower semicontinuity of the anisotropic perimeter with
respect to the strong convergence in L'(R?), implies

lim inf e(E: (j1e) + 3pe(R?)) > (1 + r(n))Pery, () +r(5).

Then (2.4) by sending n — 0 and 6 — 0.
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Proof of (ii). The I'-limsup inequality can be easily obtained as a consequence of (A.2)
and (1.4). For the reader’s convenience, we briefly sketch the proof. By standard density
arguments in I'-convergence we can assume that {2 has a finite number M of connected
components with polyhedral boundary. Let X? be the periodic lattice generated by ee’?=32)

and by ee'?=%) . We denote by F‘E(ng9 ) the set of equilateral triangles with vertices in Xf
and side-length equal to €. Set

Xe={vef: feF (X)), fcQl, =) 6, Q= U
reXe fEF(X?): fcQ
Since F.(X.) = FA(X.), by (1.4), we immediately have
(& (1) + 3 e (R?)) = Per(2) + 3¢ M.
Moreover one can trivially check that Per(§2.) — Per,,(£2) as ¢ — 0, thus concluding the
proof of (ii). O

Finally, in this last part of the section we briefly consider the case of additional confining
forcing terms. Let

V3
F20) = E-0) + 3@ + 32 [ g,
g JRr2
where g € C°(R?) with g(z) — +o0 as || = +o0.
Corollary 2.3. Let {u.} C M be such that FZ(u.) < g . Then, up to a subsequence,

(1) (Compactness for ) 52§,u5 X xadz for some set Q C R? with xq € SBV (R?).
Moreover, 62?,&5(1&2) — Q.

(2) (Compactness for 0.) 0-(ue) — 6 in SBV(R?), for some 6 = died
J C N, {w;}; is a Caccioppoli partition of Q, and {6;}; C (%, 2x].

3 -liminf inequality) If 0 = Oxq for some 6 € (T, 2x], then
33

0 Xw; , where

(2.25) lim inf e FZ(pe) > Pery, (2) + / gdx.
e—0 0
(4) (T-limsup inequality) For every set Q C R? of finite perimeter and for every? €
T 21, there exists a sequence {u.} C M satisfying (1) and (2) with = Oxq
373 K
such that

(2.26) lim sup e FY (pe) < Pery, () + /dia:.

e—0

Proof. We briefly sketch the proof, the details are left to the reader. Items (1) and (2) are an
easy consequence of Theorem 2.1 and of the fact that, in view of the coercivity assumption
g(x) — 400 as |x| — 400, there is no loss of mass at infinity. Items (3) and (4) are
consequences of Theorem 2.2, once noticed that the functionals FZ(u) are nothing but the

functionals & (i) + 3u(R?) plus the continuous perturbation ‘2/—5 Jregdz. O

3. ASYMPTOTIC BEHAVIOUR OF ENERGY MINIMIZERS

In this section, we present some variational problems for which the asymptotic behaviour
of minimizers can be easily studied using Theorems 2.1 and 2.2.
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3.1. Energy bounds for polycrystals.

Proposition 3.1. The following lower and upper bounds hold true.
(i) (Lower bound) For all {j} C M satisfying (i) and (ii) of Theorem 2.1, we have

1
(3.1) lim inf (£ (1) + 3 e (R?)) > #H0%Q) + 5%1(uj8*w,- \ 0*Q).
E—
(ii) (Upper bound) For every set Q C R? of finite perimeter and for every § € SBV (Q; (%, 27))
there exists a sequence {u:} C M satisfying (i) and (ii) of Theorem 2.1 such that
(3.2) nms(l)lpa(gg(ug) + 3 e (R?)) < Zper%_ (wy) -
e— .

J

Proof. We start by proving (i). Let § € (0,7) and let O.s and € be defined as in (2.9)
and (2.7). By Claim 1 in the proof of Theorem 2.2 and by using that Per(f) > 4¢ for every

fe FfA(ug) , we have
1
e(&e(pe) + 3N€(R2)) > Per(Oa,d) + Zf%pl(aﬁe \ aOa,(S) +7(0),
where 7(§) — 0 as 6 — 0. By arguing as in Claim 4 in the proof of Theorem 2.2 one can
easily show that

(3.3) Ixo.s — xallr — 0 ase — 0.
Let fic be the Radon measure defined by

1
fic(A) :=Per(O. 5, A) + 1%1((895 \ 00, 5) N A) for every open set A C R?.

By (3.3) and by the lower semicontinuity of the relative perimeter, we have
(3.4) lim i(I)lf fie(Br(x)) > Per(0*Q2, By (z)) for every x € 9*Q and for every r > 0.
E—r

Let now x € (0*w; N 0*wy) \ 0*Q for some j,k € N with j # k and let r > 0. By (A.1) we
have

(3.5) lim inf (B, (x)) > iPer(a*wj, By (x)) + iPer(@*wk, B.(x)).
E—>

By (3.4) and (3.5) together with standard blow up arguments (3.1) follows.

Finally, we briefly sketch the proof of (ii). Again by standard density arguments in I'-
convergence, we can assume that the w;’s are in a finite number M , have pairwise disjoint
closures and have polyhedral boundaries. Then, denoting by ug the measure constructed in
(ii) of Theorem 2.2 for Q = wj, it is easy to check that . := >, ul satisfies (3.2). O

3.2. Single crystals versus polycrystals.

Corollary 3.2. Let 0 € (5, %71’] , and let ) be a subset of RQ with finite perimeter such that

v(z) € {vggtr=1,23 for S -a.e. x € 0°Q, where Vg = 9=y, | with vy defined in (1.9).
Let e, — 0 and {pe, } C A be such that

(3.6) inf  liminfe(E(\) + 3. (R?)) = lim en (&, (pe,) + 3pe, (R?)).

3 *, E—
52§)\5AXQ

Then, up to a subsequence, 0., (pe,) — Oxq in SBViec(R?), where 0c, (11, is defined
according with (1.7).
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Y,
ALY
\AY,
Y/
\VaV/ /
\Y Q

N

FIGURE 3. Single crystal.

Proof. By (2.5) it easily follows that &,(&:, (e, ) + 3pe, (R?)) < C. By Theorem 2.1, we
have that, up to a subsequence, 0 () — 6 in SBV,.(R?) for some § € SBV(Q) with
0 =3 csiXw; , where J C N, {w;}; is a Caccioppoli partition of €2, and {6;}; C (3, 2n].
By (3.1),(3.6) and (2.5) we have

1 1
Per,,, (Q) + 5%1(uja*wj \ 0" Q) = 1 (0" Q) + 5jfl(uja*wj \ 9*Q)
<liminfe, (&, (e, )+ 3ue, (R?)) = inf  liminfe(E.(A.) + 3A(R?)) < Pery,(€2) .

n— 3y * e—0
235, Bxq

We deduce that 1521 ({U;0*w; \ 0*Q}) = 0, and hence § = Oxq for some 0 € (3,
(2.4) and (2.5) we deduce that

win

7). By

Pery, (Q) < Pery, () < liminf ,,(E:, (pe,) + 3 pte,, (R?))

n—oo

= inf  liminfe(&(Ae) + 3A(R?))< Pery, ().

e? é)\s LXQ e=0

We conclude that Per,, (2) = Per,,(2) , which implies 6=90. O

Remark 3.3. Using the minimality property of the measures p., , one can prove that the
compactness of the sequence {yi, } stated in Corollary 3.2 in fact holds true in SBV (R?).

Corollary 3.4. Let 91, 92 € (5, %77] with 91 # V2 and, given 7 € R?, set
(3'7) Q= W191 U (Wib + T) ) m(T) = |W191 N (Wﬂ2 + 7—)| :

Then, there exists m = m(¥1,V2) such that, whenever m(t) < m the following holds:
Let e, — 0 and {pe, } C A be such that

€2§i;:fixm hgl_jonfg(geo‘e) + 3>‘6(R2)> = 71151010 en(&e, (e, ) + 3pte, (Rz)) :
Then, up to a subsequence, 0., (ue,) — 6 in SBVioc(R?), for some 6 = ZjeJ 0 Xw; in
SBV(R?), where J C N, {w;}; is a Caccioppoli partition of Q,, and {0;}; C (%,%W]
Moreover, the function 0 is not constant, i.e., §J > 2.



I'-CONVERGENCE OF THE HEITMANN-RADIN ENERGY TO THE CRYSTALLINE PERIMETER 17

FIGURE 4. polycrystal.

Proof. Notice that we can always write (), = w; Uws, with w; and ws open disjoint set such
that S := dwi N dws is a segment and Jw; \ S C Wy, for j = 1,2. Moreover, there exists a
modulus of continuity /(m) — 0 as m — 0 such that #1(S) < I(m) with m = m(7) defined
in (3.7).

By (3.2) there exists a sequence {)\.} such that

(3.8) lim enl(Ee, (pe,) +3pe,(R?)) = inf  liminfe(E.(\.) + 3A(R?))

j
2Y3)\ Byg, 70

e—0

2 2
<limsupe(E(Ne) + 3 X (R?)) < ZPeer (wy) < ZPer(ng) +cl(m).
j=1 j=1

for some ¢ < co. In particular, by (2.1), 6;, (pe,) — 6 in SBV,.(R?) for some § € SBV(Q)

with 0 = ZjEJ 0iXw; » where J C N, {w;}; is a Caccioppoli partition of Q, and {6;}; C
(%,2n]. It remains to prove that, for m(r) small enough, 6 is not constant. If 6 = fxq, for

some 6 € (%, 27], then, by (2.4), we have

(3.9)  lim e,(&, (ie,) + 3pte, (R?)) > Pery, (€2;)

n—oo

2 2
> (14 p(f — 0,)2" (09 N OWp,) = (14 p(f — 6;))Per(dWy,) — r(m)

j=1 j=1
for some moduli of continuity p, r : [0,+00) — R which are continuous, vanishing at zero
and strictly positive elsewhere. Clearly (3.8) and (3.9) are not compatible for m smaller than
some m depending only on 1 and 9 . O

APPENDIX A. OPTIMAL TESSELLATIONS OF THE PLANE

It is well known that the plane can be tessellated by regular polygons; more precisely, by
equilateral triangles, squares and hexagons.

Fix one of such regular polygons p and assume that the edges of p have length equal to
one. Let I = (©1, 03] be a given interval, representing the family of orientations of p , and
satisfying suitable properties listed below. Set ©,, := %(@1 + 0O3), and py := ¢(0=9av)p for
all § € I. The required properties of I are that 0 ¢ I, 2#(d(pe, + 7) N dpe,) = 1 for some
7 €R?, Y O(pa, +7) N Opay) = 0 for every a1 ,az € I and for every 7 € R?.
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For instance, we can choose I = (7, %ﬂ'] if p is the equilateral triangle or the regular hexagon
and I = (%, %77] if p is the square.

Let ¢ anf ¢y be defined as in (1.8) and (1.10), with the vectors v; in (1.9) replaced by the
normals v to dp, i.e., the unitary vectors orthogonal to the edges of p.

For every € > 0 set

F.:={epg+7:0cI 7cR’}.

Notice that for all f € F. there exists a unique 8 = 6(f) such that f = epy up to a (still
unique) translation.

Lemma A.1. Let {vy} be the set of the normals to Op . There exists a modulus of continuity
r(n) with the following property. Let ©" : S' — R be defined by

. 1 if maxy |v-vg| >1—n;
¢'(v) = ‘
p(v)  otherwise.

Let {Q.} be a sequence of sets of finite perimeter such that xo. — xq in SBVie.(R?) for some
set 2 of finite perimeter. Then

lim inf/ P"(v) At > (1 + 7(n))Pery, ().
0*Q)e

e—0

Proof. There exists ¢(n) > 0 with ¢(n) — 1 as n — 0 such that |p"(v) — ¢(v)| < ¢(n) for
all v € S'. Therefore the lemma is an easy consequence of the lower semicontinuity of the
@-perimeter Per, . ([l

In what follows, for every € > 0, we denote by ®. the set of family of faces H. C F. whose
interiors are pairwise disjoint. Moreover, we set

0. = {QCR2 o= f, forsomeHEerbg}.
feH:
Now we prove a I'-convergence result.

Theorem A.2. The following I'-convergence result holds true.
(a) (Compactness) Let He € ®. and set

Qo= £, 0= 0(f)xs-
fEH: feH:

Assume that Per(Q.) < C. Then, up to a subsequence, xo. — Xa in SBVie.(R?)
for some set Q0 of finite perimeter. Moreover, 0. — 0 in SBWV,.(R?), for some
0= Zje] 0iXw; in SBV (), where J C N, {w;}; is a Caccioppoli partition of 2,
and {6;}; C I.

(b) (T-liminf inequality) Let H. , Q. , 0., Q, and 0 be as in (a), and let A be a an open
set. Then

(A.1) liran_)iélf Per(Q., A) > Z Per%j (wj, A).
jeJ
(c) (D-limsup inequality) For every set @ C R? of finite perimeter and for every 0 €
SBV(Q), there exists a sequence {H:} satisfying the claim in (a) such that

(A.2) lim sup Per(€2,) < Z Per,, (w;).
e—0 jet J
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Proof. Proof of (a). By the very definition of §(f), we have that ||0:||z~ < ©O2. Moreover,
by the uniform bound on Per(£2.) , we obtain that J#1(Sy.) < C. It follows that ||0:||py < C
for some constant C' < oo independent of €. Then the claim follows from Corollary 1.2.

Proof of (b). For every 9 € I let H.(¥) := {f € H. : 0(f) = ¥}, and set Q. (9) :=
ZfeH y X - Notice that if 0 # 199, then

Per(Q(91) U Q. (32), A) = Per(Qe(91), A) + Per(Qe(v5), A),

for every open bounded set A C R?. It follows that there exists an at most countable set of
indices J and a set {0, }nes C I such that Q.(¥,) # 0 for every n € J and

Per(Qe, A) Z Per(Q ), A) for every open bounded set A C R?.
neJ
Let M € N and consider ¥ ...,9y € J. Let n > 0 be such that

|~—19-\>n forall1<i<j<M.

Moreover, for every 1 <i < M set I, :={0 e 1:[9—v;| <%}, and
QZZ. = J Q)
9el’;

. 1 2 .
Then, xgin — Xqu in Ljy (R), with
n._ ,
Q) = | l wj .
JEJ |9 —0;]<7

Trivially, for every i = 1,..., M we have that Q] — w; in L], (R?) asn — 0 and |0; —9;| < Z.
By Lemma A.1 we deduce that for every open bounded set A it holds
M
. . . . 77
hgn_}(glf Per(Q., A) > Z hgn_:(glf Per(€2];, A) Z Per,, (€2

Letting first n — 0 and then M — 400 we deduce the I'-liminf 1nequahty (b).

Proof of (c). Since partitions with polyhedral boundary are dense (see [6]), by standard
density arguments in I'-convergence we can assume that w; are polygons. In this case, the
construction of a recovery sequence satisfying (A.1) follows by arguing as in the proof of
(3.2). O

For € > 0 we can define the following functional

B Per(Q) if Qe 057
Pera(Q) - { 400 otherwise.

We state the following corollary which is a direct consequence of Theorem A.2.

Corollary A.3. The functionals Per. I'-converge, with respect to the convergence in L%OC(RQ)
of characteristic functions, to the functional Perg defined by

Perp(£2) := min { Z Per% w;) Z 0ixw; € SBV(Q),
JjeJ jeJ

{wj}; is a Caccioppoli partition of 2, {0;}; C I} ’
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for all sets 0 with finite perimeter.

Clearly we have the following inequality, valid for all sets {2 with finite perimeter:

(A.3) Pery(Q2) < reni}l Per,, () .
€

The considerations in Subsection 3.2 can be easily extended to the functionals Per. and
Perp. In particular, there exist sets 2 such that the inequality in (A.3) is strict and, on the
other hand,

0 Il?llln Pero(Q?) = vVmPer(W,,),

where W, is the Wulff shape which solves the isoperimetric problem corresponding to the
anisotropy ¢, among sets with unit area. Moreover, letting 2. be minimizers of

min Per.(Q),
Q: |Q|=m

it follows that, up to rotations and translations, (2. converge to \/m W, in the L'-topology.
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