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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
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interactions and leading to crystallization is the one proposed by Heitmann and Radin [16].
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 [16], 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 [15]. 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 [10], 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 [20], 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 [9] 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 [11], 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 [11].

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(Q2), where 6 = >, ; 0,1, 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 [11], 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. For a discussion
on richer models describing elastic interactions and leading to edge dislocations at grain
boundaries we refer to Remark 3.2. A first step in this direction would be to consider the
so-colled soft-disc potential, for which finite crystallization results are available [18]. The
crystallization problem for general potentials, both for a finite and infinite number of particles,
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is still an open research field which attracts much interest since decades [5]. For Lennard
Jones type potentials, in [21] 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
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
[14]. A more quantitative analysis of this result is developed in [8] 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 [16] defined by

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

Given X := {1,...,2x} a finite subset of R?, the Heitmann-Radin energy of X is defined
by

1
Ec(X) =5 Z Ve(laj — 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:M:Z(Sxi,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) () :{ E(Z(n)) ifpe A,

+o00 elsewhere.

1.2. Discrete graph representation. Let u= Y.~ | §,. € A be such that & (;1) < 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.
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FIGURE 1. Particle configuration and bond graph.

We now introduce some notation. We first provide the notion of face as it is introduced in
[11]. By a face f we mean any open and bounded subset of R? which is nonempty, does not
contain any point x € X , and whose boundary is given by a cycle, i.e., 9f = Ule[wi_l, xi]
for some points xg, z1,..,2 = 9 € X with {z;_1,2;} € Ed.(X). Notice that the points
xg, .., Tx—1 do not need to be pairwise distinct, as a face might contain “inner wire edges” (see
the definition below). We denote by F.(X) the set of faces of the bond graph (X, Ed.(X)).
We notice also that our definition differs from standard conventions for planar graphs (see
for instance [6]) since, in graph theory, a face is a connected open (not necessarily bounded)
subset of R? not intersecting X and Ed.(X), and whose boundary is given by a union of
edges (which do not necessarily form a unique cycle). We denote by .%.(X) the set of such
“standard faces” of the graph (X, Ed.(X)), so that we have that .Z#.(X) = F.(X) U R.(X)
where R.(X) is the set of the standard faces whose boundary is not given by a unique cycle
plus the unbounded face. Moreover, we define F2(X) as the set of faces f € F.(X) for which

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

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

2
(1.2) X(X) =) (-
k=0

Notice that
(1.3) x(X)>1 for every X .
Indeed, by Euler’s formula (see, e.g., [6]), we get
1 =4X — fEd:(X) + §7:(X) — §Conn.(X)
1X — fEd.(X) + §F:(X) + R (X) — §Conn (X ) = x(X) + §R:(X) — §Conn.(X),

being Conn.(X) the set of connected components of (X, Ed.(X)). By construction, it is easy
to check that §Conn.(X) — §R-(X) > 0, so that (1.3) holds true.

We now denote by Ed; o,(X) the set of the outer wire edges, namely of the edges that
do not lie on the boundary of any face and by Ed. ;,(X) the set of the inner wire edges,
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namely of the edges lying on the boundary of precisely one face but not on the boundary of
its closure; moreover we set Wire(X) := Ed; oy (X) U Edg jop (X).
By [11, Egs (3.7), (2.4), (3.4) and Subsection 2.6], applied with V' = V, we have that

E.(X) 43X — 1Per( U £) +26Bdeu(X)
€ feEF:(X)

b (P ama () - 8) 4+ 3u(0).

g
FEFZA(X)

where Per(A) denotes the De Giorgi’s perimeter of A for every measurable set A and Ed. ;. (f)
denotes the set of the inner wire edges lying on the boundary of f . Since ZfGF#A(X) tEd: i (f) =

#Ede i (X) , we deduce that

(1.4) EE(X)+3ﬁX=§Per< U f)+ 3 (

feF(X) FEFFA(X)

Pejf ) _ 3) + 26 Wire(X) + 3x(X).

With a little abuse of notation, we will often write Ed.(u), F-(u), F2(p) and FfA(u) in
place of Ed.(Z(1)), F-(Z(1)), FA(Z()) and FZ(Z(p)) respectively.

1.3. Grain orientations. Let u € A be such that & () < +oo. For every a € 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 +]%) =Pla)+j for every j € Z.

Let f € FA(u) and let w = €' be a unit vector parallel to one of the edges of f (with

arbitrary orientation). We set
T ™

(1.6) a(f)i=aw—Plaw)y 00 =a(f)+ 5.
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) € (%, 27].

We set

(17) Oep) = > 0()1;.
fEFA (k)
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) o(n) = min{Z\)\jl =3 Mg GR},
j=1

J=1

where

@
.
ol
3

(1.9) vy =€, wvy=e€2, wv3=e
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We define a one-parameter family of Finsler norms ¢y, for 6 € (3, %ﬂ by setting
3 3
(1.10) wo(n) = min{Z\)\ﬂ : n:Z/\jvj,g, Aj E]R},
j=1 j=1

where v; g = ei(e_%)vj for j =1,2,3. Note that pr=¢.
For every set G of finite perimeter, we set

Per,,(G) := / wo(v)dA",
o0*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:: {$€R2’$UZ| §2_%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 [13] that they are the solutions of the isoperimetric inequality corresponding to the
anisotropic perimeters (g .

1.5. Preliminaries on SBV functions. We refer to the book [3] for the definitions and
the main properties of BV and SBV 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, SBVj,c(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 SBVj,.(A; D) are defined in the obvious way.

We say that a set  C R? has finite perimeter in A if 1 € BV(A) and we denote by
Per(Q), A) the relative perimeter of Q in A. It is well known that Per(Q, A) = 2#1(0*QN A),
where 0* denotes the reduced boundary. If A = R? we simply say that 2 has finite perimeter
and we denote by Per() its perimeter. Finally, if  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(wj, 2) < co.

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

Dg=VgLLA+ (9" —g ) @v,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 ¢ 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) /Ayvgh\p dz +H'(Sg,) + l1gnll poe(ay < C for allh € N.
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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?),
lihrgioréf H (S, NA") > HY (S, N A")  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 g, 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) / (Vgnl? de + H'(Sy,) + lgnll joogaz) <€ 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 SBVie(R?) weakly converges in SBVi,.(R?) to a function g €
SBVioc(R?), and we write that g, — ¢ in SBVjo.(R?), if g5 — g in SBV(A) for every
open bounded set A.

2. I'-CONVERGENCE ANALYSIS

In this section we study the asymptotic behaviour, as € — 0, of the functionals & defined
n (1.1). As mentioned in the introduction, we first normalize the energy & (p) subtracting
the bulk term 3u(R?), and then study the normalized functional in the perimeter scaling.
Summarizing, we consider the functionals (€. (1) + 3 u(R?)) and provide a compactness and
a I-convergence result.

2.1. Compactness.

Theorem 2.1. Let {u.} C M be such that E-(ue) + 3 pe(R?) < g for some C' € R. Then,
up to a subsequence,
(i) 52§,u5 X Lo dz for some set Q C R? with 1g € BV (R?);
(ii) O:(pe) — 0 in SBVipc(R?), for some 0 = >jes 0ile,; in SBV (R?), where J C N,
{w;}; is a Caccioppoli partition of Q, and {6;}; C (5, 27].
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, (1.4), and (1.3), we have

C2eelp) +3w@) = | S+ 3 Pa(f)

fE€Fe(pe) FEFZA (ne)
1
> ZP r( U f) fPer( <),
FEFE (ne)
where we have set Q. = [J ¢ Fa(uy S~ Then, the claim (ii) follows by the compactness

statement (a) of Theorem A.2.
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Step 2. Now we prove (i) with © provided in Step 1. To this purpose, for every f € F2(y.)
we denote by a;(f) (j =1,2,3) the vertices of f, and we define

(2.1) fie := é Z 25‘11 , e 1= Z 1yde.

fEFA(ne) 5=1 fEFA(ne)
By the energy bound and (1.4),
CZ£(£6(N8)+3M€( >Per< U f)

JEFe(pe)

so that, by the isoperimetric inequality, we obtain
p®) =0l <| | f=c.
JEFe(pe)
By the proof of Step 1 it follows that, up to a subsequence, ZfeFeA(ug) 1 — 1o in L'(R?).

We now show that 2 ‘Q[/LE fie = 0. Let ¢ € CO(R?), and let Yy be the average of ¢ on the
triangle f € F2(pe). Then,

<522ﬂe_ﬁsaw>| = Z <52£/’L6 ﬁeawL!ﬂ
fEFsA(HE)

(2 2) = Z (82\2[,115 ﬁav (77[} - Q;Z)f) I—f>
' fEFsA(/JE)

S

fGFEA(/»LE)
< 2ma|(R2) Te(l/}) < CT&W’) -0,

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

HY. < 2e(E-(pe) + 3pe(R?)),

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

(2.3)  &%|pe — 1| (R?) = ® (e — 1) (R?) < ®(supp pic \ supp fic) = Yz < Ce — 0.
By combining (2.2) and (2.3) we obtain (i). O

<e”fﬂs = fie; (0 =)L)

2.2. T'-convergence. This section is devoted to the proof of the main I'-convergence result
for the energy functionals &.(u) + 3 (R?), under the assumption that the limit orientation
is unique.

Theorem 2.2. The following I'-convergence result holds true.

(i) (T-liminf inequality) Let {u.} C M satisfy (i) and (ii) of Theorem 2.1 with 0 = flg

for some 6 € (%,2n]. Then

(2.4) ligl_j(l)qfs(&(ue) + 3 ue(R?)) > Pery,(€2) .
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(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 @ = 01q such that
(2.5) lim sup (& (ue) + 3 pe(R?)) < Per,,(€2) .
e—0

Before providing the rigorous lower bounds leading to the proof of (2.4), we briefly discuss
the main idea in an informal language. Looking at (1.4), neglecting the “—3” and the positive
terms 2§Wire(-) + 3x(-), the formula would reduce to the perimeter of the union of triangular
faces. In turn, the I-liminf inequality would be nothing but the lower semicontinuity of the
corresponding crystalline perimeter. The main effort in the proof of (i) will be to deal with
the negative —3 contribution coming from non triangular faces. We stress that this term
provides a real energy gain at grain boundaries, where the energy density is in general lower
than the sum of the perimeter of two touching grains. As a matter of fact, we will prove
that non triangular faces cannot decrease the energy density for single crystals in the limit as
e —=0.

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

(2.6) sup £(€x(pie) + 3pc(R?)) < C.

Notation 1. For every € > 0 set

(2.7) Ge= |J f and Q.= ] f.

FEF:(pe) fEFA (pe)

We classify the faces Ff A(Me) into two subclasses given by the faces having “small” and
“large” perimeter, respectively. To this end we introduce a parameter § € (0, %) and we set:

(2.8) SZ;A = {f e F7%(ue) : Per(f) < %} and LZ%(SA = {f € F7%(ue) : Per(f) > %} .

Set moreover
(2.9) Seo= |J f. As= |J f, and O.5:=0Q.UX
feszs feLzy
By construction G, = Q. UX, s UA, 5 = O, 5UA, 5, where the unions are all disjoint, so that
(2.10) Per(O:5) < Per(Ge) + Y Per(f).
feLzy

Claim 1: £(E(pe) + 3pe(R?)) > Per(O. ) + Zfes¢?(Per(f) —3¢)+r(d), where r(6) — 0 as

0—0.
Indeed, by (1.3), (2.6) and (1.4), we have

(2.11) C> Y (Pex(f) —3e) > 8(% - 3)t¢L§§ .

#A
feLs,6
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Therefore, by (1.4), (2.10) and (2.11), it follows that
(& (pe) + 3N€(R2)) > Per(G:) + Z (Per(f) — 3¢)

FEFZ® (ne)
(2.12) > Per(Oc5) + ZM(Per(f) — 3¢) - 3efL7D
f€STs
> Per(Oe5) + Z (Per(f) — 3¢) — 13—026 :
jest?
which proves the claim with r(9) := —% .

Notation 2. We now split the family of triangular faces into two types: the faces that are
“almost aligned” with the limit orientation #, and all the remaining ones. To this end, we
introduce a parameter n € (0, %) and we set:

76

o= |J f ad = ]
FEFS (pe) FEFA (ne)
10(£)—0]<n 10(f)=0]>n

We add to Q7 all its adjacent non-triangular faces with small perimeter, by setting
A ~
Is={fesiy AN ofnoart)y>ey,  Qrt=qrtu |J f.
ferls
For every connected component v of (the closure of) Q" we define 8;7; (7) as the set of

bonds lying both on the boundary of v and on the boundary of O, s and by ﬁg;('y) as the
set of bonds lying only on the boundary of v but not on that of O, 5, namely

075 (7)== {{z,y} € Bde(pe) : [2,9) C OyN 0.5},
P15 () = {{z,y} € Bda(pe) © [2,] € 97\ 904}

With (2.13) in hand, we can classify the connected components of O, 5 into two families: the
ones for which the “outer perimeter” is larger than the “inner perimeter” and viceversa.

(2.13)

More precisely, we call (1,...,( K", the connected components of §2+ such that
+ +
(2'14) ﬁ8g75 (Ck) > ﬁ /525 (Ck) )
and we set
K2,

05 :=05\ | G-
k=1

Finally, &,...,¢& I denote the connected components of QI such that

(2.15) 1< 4075(&5) <8 AIS(E).

Note that, by construction, the sets agj(gj) and ﬁ;’:{(fj) do not change if in (2.13) we replace
O s by Og,é.

Claim 2: Per(O,5) > Per(OZ(s) .



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

Il

% ‘H’II<

FIGURE 2. The connected components (i are contoured in pink , whereas the
§j’s are marked in green.

Indeed, in view of (2.14),

K
(2.16) Per(O; s5) = Per( Ogé Z (Per(Cx) — 2¢t ﬁ (&) > Per(OAg,é).
k=1

Notation 3. Set
Bly = {{z,y} € Ed(p.) : [x,y] C 091" N 0O},

n
Jz~:6

Bg—i— U 877'1'

Bl = {{x,y} € Bde(e) : [1,y) C 007} \ (BI; UBLY).
By construction the set of bonds {z,y} with [z,y] C 80;7 5 is given by the pairwise disjoint
union of the bonds in the sets ng , B;’j;r , and BZ’; so that

(2.17) Per(O, 5) := et Bls +etiBl 5 Ty et BlS .

Claim 3: Per(O 5) T ZfeS#A (Per(f) —3¢) > (1 + T(n))Per%(OAZ(;), where 7(n) — 0 as
n—0.
We preliminarily notice that for every bond {z,y} € B'; ,

(2.15) eollennl) < T
for some r(n) — 0 asn— 0.
Now we prove that
I
(2.19) SN (Per(f) —3¢) > Z S50t Zﬁng .

J=1 fesjf‘
ey
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Indeed, let f € SZ;A with f C &; for some j =1,...,J”5. Then

Per(f) — 3¢ — SH{{r,y} € 25(&) © [,3] € O} > SPex(f) — 3 2 0.
It follows that

Per(f) ~ 3 = J4{{w,y} € A25(&) : [,y € O},

which summing over f € SZ%A with f C ;, implies that

(2200 Y Per(f)—=3:== > t{{zy} €A5(&) : [yl €0fy = T8 AIN(E).
feszy feszy
ey Ji«3

where the equality is a consequence of the fact that if {x,y} € ﬁgj{(&j) and f C QI 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)

. g
fcOls\ U;ii & with f € SzééA. We prove that

(2.21) Y (Per(f) ~3¢) = Zﬁngl.
feszy

. I
g,
fCOg,g\szl Ej

A J1
Indeed, let f € S(Zi;A with f € O75\ U;21 & and let {z1,31}, ..., {zr,yr} € Bl be such
that UL [z, y] = 0f N 90! s . Then, since Per(f) > 4e, we have

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

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

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

feszy i=1 reszd
fC&
+efBIs + > (Per(f) — 3¢)
feszy

n
FCOTNUL €
£,0 j=15J

>(1+rm) > eallry)) + %ﬁBZ}} + %ﬁBZ’g

{x,y}GBZE
>1+rm) > e+ D eglmy))
{zyyeBls {m,y}GBg;UB;’:g‘

> (1+ T(??))Per@g(og,(;) )
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where the third inequality is a consequence of the fact that % > % = max,cst pg(v), being
S! the unitary sphere in R2.
Claim 4: lim |15, — Lol/z1®2) =0. By (2.6) and (1.4), we get
e—0 €,6

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

Moreover, by the very definition of SZ%A in (2.8) and by the isoperimetric inequality, we have

2

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

Furthermore, by assumption
lim |Q7F| =0,
e—0

which, combined together with (2.23) and (2.24), yields

. Ce?
A07,1 < Y IfI+1Q0F < 5 + 190 = 0,

regs 4762
whence the claim immediately follows.
Conclusion: (2.4) holds true. By Claims 1-3, we have
£(E-(pe) + 3p=(R?)) = (1 + 7(n))Pery, (07 5) +7(9),

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 nf (£ (ne) + 3c(B) > (14 r(n))Per, () + ().
Then (2.4) by sending n — 0 and 6 — 0.

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 Xf be the periodic lattice generated by ee0=3)

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

Xe={zef: feF(X0), fcQl, =) 0, Q= ) f.
z€Xe feF-(X9): fcQ
Since F.(X.) = FA(X.), by (1.4), we immediately have

Moreover one can trivially check that Per(§2.) — Per,,(f2) 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

FE() == E(p) + 3u(R?) + \2/5 /RQ gdpu,
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where g € C°(R?) with g(z) — +o0 as || = +o0.
Corollary 2.3. Let {u.} C M be such that FZ(p.) < % . Then, up to a subsequence,

(1) (Compactness for p.) 52§,u5 X lgdx for some set Q C R? with 1o € SBV (R?).
Moreover, €2§ME(R2) — Q.

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

(3) (I-liminf inequality) If 6 = 01 for some 0 € (%, 27], then

(2.25) liminf e FY (pe) > Per, () + [ gdx.
e—0 0 0

(4) (D-limsup inequality) For every set Q C R? of finite perimeter and for every? €
(%,2n], there exists a sequence {uc.} C M satisfying (1) and (2) with § = flq
such that

(2.26) lim sup e FY (ue) < Pery, () + /dix.

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(z) — +oo 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 & () + 3u(R?) plus the continuous perturbation g Jge gda. O

3. ASYMPTOTIC BEHAVIOUR OF ENERGY MINIMIZERS

In this section, we present some variational problems for which the behaviour of configu-
rations that are asymptotically optimal in energy can be easily studied using Theorems 2.1
and 2.2.

3.1. Energy bounds for polycrystals.
Proposition 3.1. The following lower and upper bounds hold true.
(i) (Lower bound) For all {uc} C M satisfying (i) and (ii) of Theorem 2.1, we have
1
(3.1) liminf e(E (pe) + 3 pe(R?)) > #H(0*Q) + 5%1(uj8*w,- \ 6*Q).

e—0
(i) (Upper bound) For every set Q@ C R? of finite perimeter and for every @ € SBV (£); (5, %71'])
there exists a sequence {u:} C M satisfying (i) and (ii) of Theorem 2.1 such that
(3.2) limsup e(E-(pe) + 3 e (R?)) < Z Perg,. (wj) .
J

e—0

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(uE) , we have

S(6 () + 3 1o (R2)) > Per(Os5) + iﬁl(mg \ 90,.5) +1(5).
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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) ||]]'Oa,6 —lgljpr — 0 ase — 0.

Let fie be the Radon measure defined by
1
fie(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(l)’lf fie(Br(x)) > Per(0*Q, By (z)) for every x € 0*Q and for every r > 0.
e—

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

(3.5) limint ic (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 y. := > uz satisfies (3.2). O

Remark 3.2 (The Read-Shockley formula). In view of the lower bound (3.1), the energy
density at grain boundaries is larger than a positive constant which does not depend on the
magnitude of the jump [#] of the orientation function. Such an estimate holds true also for
positive ¢ (and actually (3.1) is derived from that just letting ¢ — 0). From these lower
bounds the compactness properties of 6. follow, leading in the limit to a piecewise constant
orientation.

In fact, (3.1) is in contrast with the celebrated Read-Shockley formula [19], which predicts
that the energy density at grain boundaries is proportional to |[f]|1log(|[f]|). In this respect
the grain boundary energy within the sticky disc model turns out to be higher than the one for
real crystals, where elastic deformations together with edge dislocations decrease the number
of atoms with wrong coordination number, thus relaxing the energy density to lower states.

A natural question is whether an energy lower bound in terms the Read-Shockley energy
density |[0]| log(|[#]|) would still provide a piecewise constant orientation in the limit. Indeed,
well-known compactness properties for SBV functions would imply that 6§ € SBV with
V6O = 0; nevertheless, these conditions (even under uniform bounds for the Read-Shockley
energy) do not ensure that 6 takes a countable number of values ([3, Example 4.24]).

In conclusion the sticky disc energy does not allow to properly model edge dislocations
at grain boundaries; some quantitative analysis of richer semi-discrete models taking into
account the competition between elastic effects and edge dislocations is provided in [17, 12].

3.2. Single crystals versus polycrystals. Next corollary establishes that among all empir-
ical measures converging to a limit set with edges parallel to the Wulff shape, single crystals
are energetically favorable.

Corollary 3.3. Let 6 € (3, %71’] , and let Q be a subset of R? with finite perimeter such that
v(z) € {vg gle=1,23 for ' -a.e. x € 9*Q, where vy, 5 = =2y, | with vy defined in (1.9).
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Let e, — 0 and {pe, } C A be such that
(3.6) inf lim inf £ (& (A) + 3. (R?)) = lim en (£, (ke,) + B, (R?)).

52§>\5L19 dzx e

Then, up to a subsequence, O, (pe,) — 01lg in SBVi,.(R?), where 0., (ue,) is defined
according with (1.7).

N
\VAVAY,
\VAY/
\VaV/ /
AVAN 0
\YAVAVAVAVAVAVAVA

FicURE 3. Single crystal.

Proof. By (2.5) it easily follows that &, (&, (ie,) + 3pe, (R?)) < C. By Theorem 2.1, we
have that, up to a subsequence, 0., (te,) — 6 in SBVjo.(R?) for some § € SBV(Q) with
0= ZjeJ 0;1ls, , where J C N, {w;}; is a Caccioppoli partition of 2, and {6;}; C (3, %ﬂ )
By (3.1),(3.6) and (2.5) we have

Per, () + 3 A (U0 \ 0°0) = A (0°0) + . (U073 \ 0°)
< liminfe, (&, (ke,) + 311, (R?)) = inf  liminfe(E(Ae) + 3A(R?)) < Pery,, ().

n—oo
52§)\5LHQ e=0

We deduce that 321 ({U;0%w; \ 0*Q}) = 0, and hence 6 = 01 for some 0 € (3,
(2.4) and (2.5) we deduce that

7]. By

wiN

Per,, (Q) < Pery, () < lirginf en(€en(pe,) + 3 e, (R?))
= inf  liminfe(&(Ae) + 3A(R?))< Pery, (Q) .

€2§)\51‘19 =0
We conclude that Pery, () = Pery, (£2), which implies 6=90. O

Remark 3.4. Using the minimality property of the measures p., , one can prove that the
compactness of the sequence {y., } stated in Corollary 3.3 in fact holds true in SBV (R?).

Next corollary provides a class of examples where the emergence of grain boundaries is
rigorously derived by means of variational arguments.

Corollary 3.5. Let 91, 92 € (5, %7’[’] with 91 # V2 and, given 7 € R?, set
(3.7) Qr =Wy, U Wy, +7), m(7) == Wy, N (Wy, +7)]|.

Then, there exists m = m(¥1,92) such that, whenever m(r) < m the following holds:
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Let e, — 0 and {pe, } C A be such that

inf  liminfe(E-(\e) + 3A(R?)) = lim e, (&, (1e,) + 3pe, (R?)) .
€2§>\5LHQT e—0 n—00
Then, up to a subsequence, O, (ue,) — 0 in SBVioc(R?), for some 0 = >jes by
SBV(R?), where J C N, {w;}; is a Caccioppoli partition of Qr, and {0;}; C (% gw].
Moreover, the function 0 is not constant, i.e., §J > 2.

FIGURE 4. polycrystal.

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

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

(3.8)  lim e,(E, (pe,) + 3pe,(R?) = inf  liminfe(E.(\.) + 3A(R?))
n—00 62@>\ Lﬂ e—0

e—0

2 2
< limsupe(E-(Xe) + 3 A (R?)) Z €Ty, (wj) < ZPer(ng) +cl(m).

for some ¢ < co. In particular, by (2.1), 6., (g, ) — 6 in SBVi,.(R?) for some § € SBV(Q)
with 6 = Z icy0ily,, where J C N, {w;}; is a Caccioppoli partition of €2, and {0;}; C
(T, 27]. It remams to prove that, for m(7) small enough, 6 is not constant. If § = f1q_ for

337
some 0 € (Z,27], then, by (2.4), we have

37 3
(3.9)  lim en(&, (ne,) + 3pte, (R?)) > Pery ()

2 2
> (14 p(0 - 0,)" (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 91 and 9 . U
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APPENDIX A. OPTIMAL TESSELLATIONS OF THE PLANE

It is well known that the plane can be tessellated by regular polygons whose associated
lattices are of Bravais type; more precisely, by equilateral triangles and squares.

Fix one of such regular polygons p and assume that the edges of p have length equal to
one. Let I = (O1,02] be a given interval, representing the family of orientations of p, and
satisfying suitable properties listed below. Set O, := %(@1 + 03), 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 ay ,as € I and for every 7 € R2.

For instance, we can choose I = (%, %7‘(’] if p is the equilateral triangle and I = (7, %w] 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+71:0cI, 1mcR?}.
Notice that for all f € F. there exists a unique § = 6(f) such that f = epg 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;
() = .
p(v)  otherwise.

Let {Q.} be a sequence of sets of finite perimeter such that 1o, — lg in SBViee(R?) for some
set ) of finite perimeter. Then

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

e—0

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

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

og::{QcW:Q:fg 1, forsomeﬂgeéa}.

Now we prove a I'-convergence result.

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

Q.= J £, 0= 01y

feH, feH:
Assume that Per(Q.) < C'. Then, up to a subsequence, 1o, — g in SBVi..(R?)
for some set Q of finite perimeter. Moreover, 0. — 0 in SBVi,.(R?), for some
0= ZjeJ 01, in SBV(S2), where J C N, {w;}; is a Caccioppoli partition of 2,
and {Qj}j clI.
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(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) ligl_jonf Per(Q., A) > ZJ Perng (wj, A).
JE

(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 Pery, (wj).
e—0 jet J

Proof. Proof of (a). By the very definition of §(f), we have that ||0¢||z~ < ©2. Moreover,
by the uniform bound on Per(£2.) , we obtain that J#'(Sy.) < C. It follows that ||0.|| gy < C
for some constant C' € R 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 ]lf Notice that if ¢ # J2, then

Per(Q:(91) UQ:(Y2), A) = Per(Q:(91), A) + Per(Q:(¥2), 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, }necs 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 91 ..., 9y € J. Let n > 0 be such that
|0 — Y] >n forall1<i<j<M.
Moreover, for every 1 <1 < M set Igi ={0el:|¥—-1v<3},and
0l = | 2
el
(R?), with

QZ’ = U wj .

JET :|9;—9:]< 2

Then, ]192,77 — ]19" in LllOC

Trivially, for every i = 1,..., M we have that Q] — w; in LIIOC(RQ) asn — 0 and [0;—0;| < 7.
By Lemma A.1 we deduce that for every open bounded set A it holds

M
. . . . 'r]
hgglf Per(Q., A) > Eﬁ llgglf Per(Q2!,,A) > (1 +r( E Per,, (€2

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

Proof of (c). Since partitions with polyhedral boundary are dense (see [7]), 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



I'-CONVERGENCE OF THE HEITMANN-RADIN ENERGY TO THE CRYSTALLINE PERIMETER 21

For € > 0 we can define the following functional
Per. () — { Per(©2) if Q€ O.,

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

Pero(€2) := min { Y Pery, (w)) Y 0L, € SBV(9),
jedJ jedJ

{w;}; is a Caccioppoli partition of Q, {6;}; C I } :

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) < réli}l Per,,(Q) .
€

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

o I‘glln 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.

Remark A.4. The results stated in Theorem A.2 can be extended also to the case of the
unitary hexagonal tessellation in the following manner. First of all we notice that, in this case,
the corresponding lattice is the honeycomb one which is purely complex (in the triangular
and square cases the corresponding lattices are of Bravais type). More precisely, the unitary
honeycomb lattice is given by L = LrU(Lp+e1) where L is the triangular lattice generated

by the vectors
wy =V3e's, wy=+V3e'7.
Let ¢ be the Finsler norm defined as in (1.8) but with the vectors v; replaced by

vy =€'5, vy =¢", vgzei%”.
Then, set ¢ := %{5 and consider the crystalline perimeter
(A.4) Per,(G) := / o(v)dat for every set G of finite perimeter.
*G

The factor % encodes the fact that one generator of L7 (whose length equals to v/3) corre-
sponds to two unitary bonds in L. The generalizations to ¢y and Per,, are obvious. With
formula (A.4) and Per,, in hand the I'-convergence statement in Theorem A.2 can be easily
proven also in this case with minor changes in the proof.
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