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Abstract. We derive strain-gradient plasticity from a nonlocal phase-field model of dislocations
in a plane. After scaling, from the nonlocal elastic interaction we derive a continuous energy with
linear growth depending on a measure which characterizes the macroscopic dislocation density
as well as a nonlocal effective energy representing the far-field interaction between dislocations.
Relaxation and formation of microstructures at intermediate scales are automatically incorporated
in the limiting procedure based on I"-convergence.
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1. Introduction

Crystal plasticity and dislocations are a fundamental theme in the mechanics of solids.
Whereas the calculus of variations has been very helpful in the study of nonlinear elas-
ticity and phase transitions, the study of plasticity and dislocations has proven much
more demanding. Dislocations are topological singularities of the strain field, which share
many features with other important classes of topological defects, such as Ginzburg—
Landau vortices, defects in liquid crystals, harmonic maps, models of superconductivity.
Their importance for the understanding of the yield behavior of crystals motivated a large
interest, and indeed in the last decade tools have been developed to study individual dis-
locations, both in reduced two-dimensional formulations in which one deals with point
singularities [5,24,52], and, with some geometrical restrictions, in the three-dimensional
setting in which singularities are lines [21].
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In this paper we go beyond the scale of single dislocation lines and derive macroscopic
strain-gradient plasticity, starting from a generalization of the classical Peierls—Nabarro
model for dislocations. Here the plastic slips are confined to a single slip plane and the
three-dimensional elastic problem can then be solved (implicitly) and results in a nonlocal
energy induced by the phase field of this model, which represents slip on a plane. In addi-
tion, the crystalline nature of the material implies that slips that are not lattice preserving
generate a large short-range, local energy. This results in a local, nonconvex term that
penalizes the L? distance of the phase field from a discrete set. The nonconvex term is
minimized by piecewise constant, integer-valued phase fields, while the convex nonlocal
term does not allow for discontinuities along lines and regularizes the interfaces. A more
detailed interpretation of the model will be given in Section 2. Specifically, we consider
an energy of this type:

1
g/Qdistz(u(x),zN)azx+ [u];l/2 (1.1)

where u € Lz(Q; RN ), with Q C R2 open and bounded. The parameter ¢ > 0 represents,
ideally, the lattice spacing and reveals the semi-discrete nature of this type of disloca-
tion model, while [u]f‘,1 /2 is an anisotropic seminorm equivalent to the H '/2 seminorm,
defined by

JIav2(Q)

- FpE dxdy. (1.2)

The anisotropy of the interaction kernel I reflects the anisotropy of the underlying lattice
and, possibly, the boundary conditions imposed at the level of the local three-dimensional
problem. Note that, even with the simplest case of isotropic elasticity, invariance under
(linearized) rotations requires a nontrivial and anisotropic interaction between the com-
ponents of u.

This model was proposed and studied numerically in [42,43,50], in a regime in which
a few individual dislocations are present. In the same regime, a scalar simplification of
the model was studied analytically in [32, 33]. In the limit of small lattice spacing e,
the energy concentrates along the dislocations and the problem reduces to a line-tension
model; the relevant independent variable is a measure concentrated on a line and the
energetic cost of single dislocations is logarithmic in €. One important tool was the study
of variational convergence for phase transitions with nonlocal interactions (see also [3,
4,29, 55]). The extension to the physically relevant vectorial situation in [15, 18] (see
also [17] for a generalization to multiple slip planes) leads to the discovery of unexpected
microstructures at intermediate scales. This effect together with the singularity of the
kernel in the nonlocal energy makes the asymptotic analysis very demanding. A key tool
is a multiscale self-similar decomposition of the singular kernel performed in [18].

Here we consider a scale for which the total length of the singularities diverges and
we derive a macroscopic strain-gradient theory, where the macroscopic effect of the sin-
gularities is captured by a density, which is a measure in H ~'/2. In this critical energetic
regime the limiting model combines effects at different scales, it includes both long-range
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interactions of singularities and a short-range term which arises from the self-interaction
of singularities. The study of a single limiting process is crucial to obtain the limiting
behavior of both the local term and the nonlocal one; if the various homogenization and
relaxation steps are taken separately then the nonlocal (interaction) term disappears [20].
This critical phase field model does not show equipartition of energy, at variance with
many other results in the theory of phase transitions. A related effect is that there is no
characteristic length scale at which the energy concentrates.

The main difficulty in the proof is to obtain a joint treatment of the many different
scales present in the problem. The discrete nature of the dislocations leads to local-
ization and to slip fields in BV(Q; Z"), at the same time the nonlocal part requires
slip fields in H'/2(Q;RN). These two spaces are, except for constants, disjoint (see
Lemma 3.1 below), hence both requirements can only be realized approximately. This
is performed introducing a number of well-separated scales, regularizations and cutoffs,
as discussed in the introduction to Section 7 for the upper bound and Section 8 for the
lower bound. Indeed, both the original functional and the limiting functional are finite
on H'2(Q;RY), whereas the relaxation steps occur at intermediate scales, and is best
described using functions in BV(Q; ZV).

The critical scaling considered here corresponds to a total length of dislocations that
increases logarithmically. Correspondingly, the energy scales as |log ¢|?. This scaling
has already been considered in the literature for cylindrical configurations (i.e., in two-
dimensional models where defects are point singularities). The first result in this context
is the one for Ginzburg-Landau vortices by Sandier and Serfaty [53]. As for point (edge)
dislocations in two dimensions this regime was first studied in [31] in a dilute geomet-
rically linear setting. The latter was then generalized to dilute geometrically nonlinear
models [47,48], the same result without the diluteness restriction was obtained in [34,35].
Along this line of thought, with a different energy scaling, a similar model in two dimen-
sions was used in [45] in order to derive the Read—Shockley formula for the energy of
small-angle grain boundaries.

Our result with the kinematic restriction of lines confined to one single plane is an
important step toward the understanding of the full three-dimensional problem, which
is substantially more subtle: firstly, because the geometry plays an important role in the
interaction between line singularities, and secondly, because it is a higher-order tensorial
problem, in which the energy only controls some components of the relevant strain field.
For these reasons, we expect that any extension to three dimensions will, at least initially,
require strong diluteness assumptions, as used for example for the line-tension scaling
in [21]. In contrast, the present work does not have any restriction on the admissible
configurations to defects (other than the confinement to a single slip plane).

In the context of Ginzburg-Landau for filament singularities and isotropic models of
superconductivity in dimension 3 the critical regime has been studied in [2, 10, 11,53,54].
Whereas some ideas are closely related, the vectorial and anisotropic nature of the dislo-
cation problem renders a direct transfer difficult and requires new techniques, in particular
for treating the microstructures at intermediate scales. As is clear from the summary
above, our argument makes a strong use of the existence of a lifting of the dislocation
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density to a function of bounded variation which represents the slip on the plane that
contains 2. Therefore extension to the unconstrained three-dimensional case will prob-
ably require a different functional framework, which could possibly be formulated via
cartesian currents [16,40, 56].

Our results have interesting implications for modeling in continuum mechanics. On
the one hand, it provides a justification for strain-gradient plasticity models, which have
been widely used in the literature [12,22,27,28,30,44,49], and gives a characterization
of the strain-gradient energy density. In particular, we show that it has linear growth in the
strain gradient, whereas in many phenomenological models expressions with quadratic
growth are used. On the other hand, our result implies that dislocation microstructures
form at intermediate scales, in the form of dislocation networks, the study of which has
long been an important problem in mechanics [1, 13,27,36-39, 46, 51]. We refer to [9,
19] for a more precise discussion of the mechanical implications of our result and its
connection to strain-gradient theories of plasticity.

2. Model and main results

We now formulate the model we study. The total energy associated to a phase field u €
L?(22;RY), with Q@ C R? open and bounded, is

E.[u, Q2] = l/ W(u(x))dx
gJa
[T D@ - u0) - () —uG)drdy. @D
QxQ
The nonlinear potential W : RY — [0, 0o) satisfies
%distz(é, ZNY < W(§) < cdist?(£,ZV) (2.2)

for some ¢ > 0. The elasticity kernel " € L! (R?; RY*N) is defined by

loc sym

Lp(2 23
‘W(H)’ 23

denotes the set of symmetric N x N matrices and e L®(S1; R?YIQN )

NxN
where R sym

obeys, for some ¢ > 0,
~ ~ 1 ~
I'z) =T(-z) and —|é§|2 <TI'(z)§-& < c|5§|2 forall £ € RN, ze S 2.4)
c

The specific form of r depends on the elastic constants and the Burgers vectors of the
crystal, for example for an elastically isotropic cubic crystal one obtains I' = I'"®*°, where

T4 1302 3pAR
# 2 ] @s)

FcubiC(Z) = _
tor(1=v)l* \ w2z v41-3v;
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Here v and w denote the material’s Poisson’s ratio and shear modulus, respectively
(see [15]). It is easy to see that for u > 0 and v € (—1, 1/2) the kernel T fulfills
the assumption (2.4).

In order to present our main result we first introduce several effective energy densities
which are generated by the rescaling procedure. Detailed explanations of the physical sig-
nificance of the different steps are given in Section 4. In a first step the nonlocal kernel I
generates an unrelaxed line-tension energy ¥ : Z¥ x S! — [0, c0) by

V(b n) = 2/ L(x)b-bdH (x). (2.6)

{x-n=1}

Relaxation at the line-tension scale leads to the BV-elliptic envelope ¥y : ZY x S —
[0,00) of ¥ : ZN x S1 — [0, 00), defined by

1
Vrel(b,n) 1= inf{—/ U([ul,v)d K u € BV (R%ZN),
2 J5.nB,
supp(u — ug,n) CcC Bl}, 2.7)

where ug’n (x) := b){xn>0y and v is the normal to the jump set J,, of u. We recall that
the concept of BV-elliptic envelope was introduced and studied in [6, 7] (see also [8,
Sect. 5.3)).

Finally, in the second relaxation step one obtains a continuous energy density g :

RN*2 5 [0, 0o) defined as the convex envelope of
0 if A =0,
go(A) ;=3 Yra(b,n) ifA=b@nforbeZN, nesSt, (2.8)
00 otherwise.

In particular, the function g turns out to be positively 1-homogeneous [20].
Our main result is the following.

Theorem 2.1. Let Q@ C R? be a bounded connected Lipschitz domain, and let E¢[-, Q] be
defined as in (2.1), with W and T" which satisfy (2.2)-(2.4).
We say that a family of functions ug € L>(2;RN), & > 0, converges to u if

Ug
In(1/¢)

With respect to this convergence we have

—su inL>(Q:RY)ase — 0. (2.9)

. 1
F-slg)l}) WEa['» Q] = Fo[', Q]»

where Iy is defined by

Folu, Q] := Fself[u,Q]Jer QF(X—)/)(u(x)—u(y))'(M(X)—u(y))dxdy (2.10)
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and
S

D
Foat[tt, Q] ::/ g(Vu)dx—i—f g(d—”)dwsm Q.11
Q o \d|D%u|

ifu e BV(Q:RN) N HY2(Q:RY), and Fylu, Q] = oo otherwise. Here g : RN>*2 —
[0, 00) is the convex envelope of the function go defined from the kernel I in (2.6)—(2.8).

Further, the functionals (In(1/¢)) "2 E,[-, ] are, with respect to the stated conver-
gence, equicoercive, in the sense that if u, € L2(Q; ]RN) are such that Eglug, Q] <
C(In(1/¢))? for all € then there is a subsequence g — 0 such that, for some dy € ZN
and some u € LZ(Q; ]RN), one has

lim Yo =9k 2R Y, (2.12)
k—o00 111(1 /Ek)

We remark that v coincides with the line-tension energy density obtained in the
subcritical regime [18]; see Theorem 4.1 below.

The proof of the above theorem is a combination of various results proved in the rest
of the paper. The compactness assertion follows from Proposition 5.1, the upper bound
from Proposition 7.2, and the lower bound from Proposition 8.1.

To close this introduction we briefly recall the connection between E, and the clas-
sical Peierls—Nabarro model which contains the elastic energy over a three-dimensional
domain. The Peierls—Nabarro model, as generalized in [42, 43, 50] to three dimensions,
expresses the free energy in terms of the slip v : 2 — R3 on a two-dimensional cross-
section Q C R? as

EfreE[U] = Eelastic [v] + Einterfacial[v]'

Here the first term represents the long-range elastic distortion due to the slip, and the
second term penalizes slips that are not integer multiples of the Burgers vectors of the
crystal lattice. One denotes by by, ..., by € R3 the relevant Burgers vectors and considers
slips of the form

v=uih; +---+unbny

where u : R? D @ — R¥. Typically, N = 2 and the vectors b; are a basis of R? x {0},
but this is not relevant for the mathematical analysis. The term Ejyerfacial penalizes values
of u far from Z¥, so that v is close to the lattice generated by {bq,...,by}. A simple
model is

1 .
Einterfacial [V] = E/ dlstz(u, ZN) dx,
Q

where u is related to v as stated above. We observe that the specific functional form does
not contribute to the limit. At variance with many classical results on I'-convergence for
phase-field models of phase transitions, there is no equipartition of energy, and the only
role of the interfacial energy is to force u to jump on a scale €. The limiting energy arises
then completely from the elastic term, as is apparent from the characterization of g and ¥
in terms of the kernel I in (2.6)—(2.8).
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The elastic interaction is given by
1
Eeastic[v] = 1nf{/ -CVU -VU dx},
QxR 2

where the displacement U :  x R — R3 is required to have a discontinuity of v = Y u; b;
across €2 x {0}. Minimizing out U leads to a nonlocal functional of u of the kind of (2.1)
up to boundary effects which do not influence the leading-order behavior; see [32,33] for
a discussion. The factor € in Ejyerfacial 1S proportional to the lattice spacing and arises from
the different scaling of the bulk and the interfacial term. We refer to [19, 32] for a more
detailed discussion of this relation.

Remark 2.2. We discuss in this paper the case that €2 is a bounded Lipschitz set. Similar
results can be obtained, with the same proofs, for 2 being a torus. In the latter case it is
easy to see that the elastic energy FEpsic coincides with the nonlocal energy in E,, up to
lower-order terms which are continuous in the topology considered here. This leads to the
model described in [19].

3. Functional setting

In this section we briefly recall the main properties and the standard notation for the
function spaces used in the paper.

The elements of BV(£2; RY ) are the functions with bounded variation in Q C R2,
which are the functions in L'(2; RY) whose distributional derivative Du is a bounded
measure on 2. We denote by D*u the part of this measure which is singular with respect
to the Lebesgue measure. In turn, SBV(2; RY) denotes the space of special functions of
bounded variation, which are the functions in BV (£2; RN ) whose distributional gradient
can be characterized as Du = Vu¥? + [u] @ v#'L_J,. Here J, is a 1-rectifiable set
called the jump set of u, and it is defined as the set of points for which u does not have an

+

approximate limit. The normal to this set is denoted by v, and [u] = u™ — u~ denotes the

jump of the function u across the set J,. For any #!-a.e. x € J,, one has
. %I(JumBr(x))
m ——Fm—=

li
r—0 2r

1

and
2/ lu —ut(x)|dy = 0.
r=0 1" JBr ()N{£(y—x)v>0}
We refer to [8] for details.
The fractional Sobolev space H '/2(Q2) is equipped with the homogeneous H '/2 semi-
norm, which as stated in (1.2) is given by

_ 2
2 = / = JOE 4 4y 3.1)

QxQ lx —y]?
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for a measurable function f : © — R, and for an open set Q C R?. We observe that if Q
is bounded then for any f there is ar € R such that

If —arlliLz) < celflnizg)-

This can be proven directly from the definition of [ f]g1/2(q), letting as be the average
of f over Q. If Q is bounded and Lipschitz, then any sequence f; which converges
weakly in L? and is bounded in the H'/2 seminorm converges strongly in L? (see for
example [25, Section 7]). One can see that this norm is equivalent to the one obtained by
the trace method.

We next recall that BV(2; Z ) is (up to constants) disjoint from H '/2(Q; RN), which
only contains functions that “do not jump”. This fact can be made precise using the fol-
lowing lemma.

Lemma 3.1. Ler Q@ C R? be open and u € BV(2) N HY?(Q). Then ' (J,) = 0.

In particular, if u € BV(Q; Z"V) then Du = [u] ® v#'L_J,, hence in this case
H1(Jy) = 0 implies Du = 0.

Proof of Lemma 3.1. We claim that for any § > 0 we have
Hl'@x e Jy lut —u|(x) > 8}) =0. (3.2)

Since § is arbitrary, this will imply the assertion.
We write J,fa) i={x € J,:|lut —u"|(x) > 8}. Fix n > 0, and choose p > 0 such that

|u(x) —u(y)?

/ e B, (V) dxdy <. (3.3)
QxQ |x =yl

This is possible, since u € H '/2(£2) and by dominated convergence this integral converges

to zero as p — 0. For #'-ae. x € Ju(g) one has

. 1
hm—;/ () — ()] dy = 0.
By (x)

r—>0r
where
ut(x) if(y—x)-v>0,

ux(y) 1= {u_(x) if(y—x)-v <0,

with u*(x) the traces and v the normal to the jump set in x. Therefore for #'-a.e.
(8
xeldJ,’,

o1 i 1
lim — lu(y) — (w)r|dy = lim — [ux(y) — (ux)r| dy
r=>07wre JB,(x) r=>0 r< JB,.(x)

1 1)
= St =l > 3,
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where (f), denotes the average of f over the ball B, (x). Moreover, from the 1-rectifia-
bility of J,, and hence of JM(S), we have

lim J€ 'JD N B.(x) = 1.

r—02

By Vitali-Besicovitch’s covering lemma (see for instance [8, Theorem 2.19]) we can

choose countably many disjoint balls B; := B(x;j, r;) such that for all j one has r; €
8

0,0/2), x; € i,

—[ () —uldy = ° (3.4)

where u; is the average of u over B;, with r; < J€1(J,58) N Bj) < 3r;, and satisfying
H (1P \U; B)) =o.

For each B; we estimate, as in the proof of Poincaré’s inequality for H 172 using
Jensen’s inequality,

1
/ () — ;2 dy < — () — u (o) dx dy
i Iy JB;jxBj
< &/ uG) —uL
~ 7w JB;xB lx —y|3 '

In particular, recalling (3.4),

§2 87 _ 2
—nr} </ lu(y) —u; > dy < i/ @) —u)I® u(gz)l dxdy.
16 B, 7 JB;xB |x =yl

We divide by r;j, sum over j, and obtain

HIP) <> X' IO NB) <) 3
J J

_ 2
=< Cs/ dedy = Csn,
U; BjxB Ix =yl

where Cs depends only on § and in the last step we have used 2r; < p and (3.3). Since 7
was arbitrary, the proof of (3.2) and therefore of the lemma is concluded. ]

4. Limits at separated scales

In this section we briefly review two previous results on different scalings which have
been mentioned in the introduction and that will be used in the proofs.

If a sequence u, has energy proportional to In(1/¢), in the sense that E.[u,, Q] <
C In(1/¢), then asymptotically u, describes dislocations with finite total length, and the
limiting energy is given by an integral over the line. This is called the line-tension approx-
imation and was studied in [18, 32].



S. Conti, A. Garroni, S. Miiller 2496

Theorem 4.1 ([18, Theorem 1.1]). Let Q C R? be a bounded connected Lipschitz
domain, and let E¢[-, 2] be defined as in (2.1), with W and T" which satisfy (2.2)—(2.4).
The functionals (In(1/g)) ™! E¢[-, Q] are L'-equicoercive, in the sense that if E¢u,, Q]
< C In(1/¢) then there are d, € ZV andu € BV(Q2; Z"N) such that u, — d, has a subse-
quence that converges to u in L' (Q;RY).
Further, we have
-lim ———E[, Q] = E"[, Q
i /e Lol S <]
with respect to strong L' convergence, where the relaxed line-tension fuctional EXT™ |
defined by

A

/ Vra(u], v) dH  ifu € SBV(Q;ZV),
JuNQ

00 otherwise,

Eely, Q) = 4.1)

with Ve obtained from I as in (2.6) and (2.7).

The main difficulty in the proof of Theorem 4.1 is that this problem has no natural
rescaling, since infinitely many scales asymptotically contribute to the energy. The proof
is based on a dyadic decomposition of the interaction kernel, which is also used in Sec-
tion 8 below, and on an iterative mollification technique which permits one to show that
microstructure can only appear at few scales, and therefore on the average scale there is
no microstructure. This permits passing from the nonlocal functional E, to a line-tension
functional with the unrelaxed energy ¥ ; the relaxation from i to v then takes place at
the line-tension level and does not couple to the nonlocality of E,. We refer to [18] for
details and we remark that a similar formula for the subcritical regime also holds without
the geometric restriction to a single plane, if the dislocations are dilute [21].

For later reference we observe that (2.4) and the definition in (2.6) imply that c|b| <
W (b,n) forallb € ZV,n € S, and by (2.7) we obtain, with Jensen’s inequality,

clb] < Yra(b,n) <y (b,n) forallb e ZN ne S (4.2)

The transition from scaled line-tension functionals to a functional with a continuous
distribution of dislocations was studied in [20]. Here two effects are present. Firstly, by
rescaling the discrete nature of the dislocations is lost, and macroscopically one only sees
the effective dislocation density, passing from ¥ to go. This corresponds to recover-
ing continuous slips from superposition of many atomic-scale plastic slips, and naturally
relates to strain-gradient plasticity models. Secondly, and already at the macroscopic
scale, one relaxes go (which is finite only on certain rank-one matrices) to the macro-
scopic energy g. As usual in problems with linear growth, the gradient constraint does
not affect the effective energy density, which turns out to be convex (see [41] for a gen-
eral statement).
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Theorem 4.2. Let 2 C R2 be a bounded connected Lipschitz domain, and let V : ZN x 51
— [0, 00) obey %|b| <y (b,n)forallb € Z" andn € S'. The functionals

) Q- ZN
Eu, ) = /Jumgm,/f([u]/o,v)d% ifu € SBV(Q2,0Z"), “3)

o) otherwise,

are equicoercive with respect to the strong L' topology, in the sense that if oy > 0, o3 — 0
and Egz[uk, Q] < C then there are dy, € RN andu € BV(Q; RY) such that uy — dy has
a subsequence that converges to u in L' (Q;RY).

Further, with respect to this topology,

I-lim E5[. Q] = E[. ).

where

dDu
d|D i BV(S:RM),
ESu, Q] := /szg(dlDul) Dl fu & BVEERT) (4.4)

00 otherwise.

The function g is positively 1-homogeneous, obeys %|A| < g(A) < c|A|, and coincides
with the convex envelope of go, which is defined from W via Ve as in (2.7) and (2.8).

We observe that in [20, (1.4)] there is a typo: the integral should be (as in (4.4) above)
over 2, not J,.

Proof of Theorem 4.2. This statement reduces to [20, Theorem 1.1] if ¢ is BV-elliptic
(i.e., ¥ = Yre), after a change in notation.
In the general case we observe that for any (fixed) o > 0 by [16] the functional

oVra([u]/o,v)dH' ifu e SBV(Q:oZN),
EETely, Q] = [Iunﬂ Ve(ulfo.v) ( ) (4.5)

00 otherwise,

is the relaxation of ELT, and that v, is BV-elliptic and has linear growth, in the sense
that

1
—1b| < Yra(b,n) < clb| forallb € ZV, ne S'.
C

Therefore the I'-limit of the sequence E(%T is the same as the I"-limit of EbT’rel; we refer

to [23, Proposition 6.11] for details.

Finally, as mentioned above, [20, Theorem 1.1] implies that the sequence Ee '™
I"-converges to E(%T. Coercivity is also inherited, since ¥ < . This concludes the
proof. ]

In proving our main result we shall have to take into account both these results, but
also include the effects of the long-range elastic energy, which scales as the squared H /2
norm of 1. We remark that H '/2 is singular with respect to the natural spaces of piecewise
constant functions entering the above results, hence one cannot recover Theorem 2.1 from
a direct combination of Theorems 4.1 and 4.2.
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5. Compactness

The functions u,/In(1/¢) belong to the space H/2(Q; RN), the limit however will also
belong to BV(2; RY). The key step in the proof of the compactness result is to produce
a new sequence of functions, called v, in the proof below, which belong to BV(2; N )
and are close to ug.

Proposition 5.1 (Compactness). Let Q C R? be a bounded connected Lipschitz domain,
and let E.[-, 2] be defined as in (2.1), with W and T which satisfy (2.2)—(2.4). Let u,
be a family with E¢ue, Q] < M(In(1/¢))? for some M > 0. Then there are a function
u € BV(S:RN)Y N HY2(Q:RYN), vectors d, € ZN and a subsequence g — 0 such that

_ b _ . 120. N
ln(l/sk)(usk de) = u in L7(Q2;R™). (5.1)

In order to prove the compactness result we recall some notation and a result
from [18]. We define the truncated kernels by

k
Tioa) =y T
i=0

where (see Figure 1)
(x/]x)(3K+D —23k) i 0 < x| < 27K 1,

I
Tr(x) := § T(x/|x])(x|73 =23%)  if27%1 < |x| <27%,
0 if x| > 27

Fig. 1. Sketch of T, ', I'1 and "> (left) and of T, I'[g 5] (right). For clarity we have plotted 1/|z|
instead of 1/z]3.
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and the corresponding truncated energies by

Efu, Q] :=/S~2

The result from [18] that we use concerns approximation of regular fields by BV phase
fields. We observe that the symbol E; is used in [18] for the energy already divided by
In(1/e¢), i.e., for the quantity E2°1! := E,/In(1/e).

o L (x = y)(u(x) —u(y)) - (u(x) —u(y)) dx dy. (5.2)

X

Proposition 5.2 ([18, Proposition 4.1]). Let @ C R? be a bounded Lipschitz domain,
and let E¢[-, Q] be defined as in (2.1), with W and T" which satisfy (2.2)—~(2.4). Assume
that w CC Q2 and § € (0, 1/2). Then there exists a constant C > 0 such that for every
sufficiently small € > 0 (on a scale set by § and dist(w, 92)) and every u € L>(Q;RY)
there are k € N and v € BV (w; ZN) such that

k . C
;;Eh o] < Es[u,sz](l + —5(111(1/8))1/2)’ (5.3)
- C E.[u, ]
|Dvf() = = (/e (5.4)

81—8/2 < 2—k < 81_8.

Furthermore,

Eg[u,Q])l/z

— < C2_k/2 - -
lu = vl = In(1/2)

The constants depend only on W and T'.

Proof of Proposition 5.1. We start by proving that the sequence (u, — dg)/In(1/¢), for
a suitable choice of d, € Z%, converges in L? along a subsequence to a limit which is
contained in H /2. By coercivity of T,

Eelue, Q] = C[”s]qul/z(g)-

Therefore the sequence u,/In(1/¢) is bounded in the homogeneous H '/? seminorm.
By the Poincaré inequality we can find vectors dAg € R¥ such that (1, — c?s) /In(1/¢)
is bounded in H'/2 and has a subsequence which converges weakly in H /2 and strongly
in L2 to a limit u. We choose d; € ZV such that |d, — d,| < N/2 and observe that
(de — d,)/In(1/€) — 0.

It remains to show that the limit u is in BV(Q2; RY). Let o CC Q. By Proposition
5.2 with § = 1/4, for sufficiently small ¢ there are k, € N and vy € BV (w; Z") such that
87/8 < 2—k5 < 83/4,

lve —uell L1 @) < CMM227%/2(In(1/£)) /% < CM /2638 (In(1 /e)) '/

and
E¢lug, Q]

|Dl)s|((1)) S CW

<cMIn(1/e).
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In particular, after extracting the same subsequence as above, (v — d;)/In(1/¢) converges
to u in L'(w; RY) and (v — d;)/In(1/¢) is bounded in BV (w; RY). Therefore, after
possibly extracting a further subsequence, we obtain

Ve — dg

n(1/e) —u weakly in BV(w; RY)

and
|Dul(w) <cM

with ¢ not depending on w. Since the bound does not depend on w we conclude that
u € BV(Q:;RY). |

6. Density and approximation

We give here a refinement of Theorem 4.2 that will be needed in the proof of the upper
bound. The main difference is that we can approximate with functions which are at the
same time polyhedral and uniformly bounded in L°°. This is clearly only possible if the
limit is contained in L*°. The refined upper bound requires an extra assumption on the
energy density which is fulfilled by the function i defined in (2.6) (see Lemma 6.4).

We recall that v € BV (2; ]RN), with @ C R? open, is polyhedral if Dv =
Z;I,{:o[vh] QnpHL Sy, where H € N, S;, = [ay,, by] is a segment in R?, and n;, € S
is normal to Sj.

Proposition 6.1. Let Q@ C R? be a bounded Lipschitz domain, and let y : ZN x S —
[0, 00) obey

1

— bl <y®b.n) <A +cln—n')Wb,n")y forallbeZN, n.n eS8

c

Foranyu € L®(Q;RY) N BV(Q;RYN), any § > 0, and any sequence 0 — O thereis a
sequence of polyhedral functions v; € SBV(Q2; o} ZN) such that vj = uin L' and

lim sup E(I;jT,[vj, Q< E"[u, Q]+

j—oo
with sup; ||vjllLee() + [Dv;[(2) < 0o and ELT, E§T asin (4.3) and (4.4).

The proof of Proposition 6.1 is based on the following density result, which was
proven in [21, Lemma. 6.4], building on [16, Corollary 2.2]. The key ingredient in this
construction is the scalar result in [26, Theorem 4.2.20]. The related situation for partition
problems was studied in [14, Theorem 2.1].

Lemma 6.2 ([21, Lemma 6.4]). Assume that { : ZN x ST 5 R satisfies
v(b.n) <A +cln—n')W(b.n') forallbeZV, n.n eS8

Assume that u € BV(R?;ZN) and let Q@ C R? be a bounded Lipschitz set with | Du|(3R)
= 0. Then for any n € (0, 1) there are r > 0, a polyhedral v € BV(R?; Z") and a bijective
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map f € CY(R?;R?) such that

Do f) - Du|®?) < 1. 6.1)
|IDf(x) —Id| + | f(x) —x| <n forall x € R, (6.2)
and
/ v(lvyd#' < (1 +cn)/ V@l dd +en. (63)
JuNQy JuNQ

where Q, := {x € R? : dist(x, Q) < r}. Further, the restriction of v to Q is polyhedral.
We start by deriving a variant of this lemma.
Lemma 6.3. Assume that ¢ : ZV x S — R satisfies
v(b.n) <A +cln—n')W(b.n') forallbeZV, n.n eS8

Assume that u € BV(Q;0ZN) for some o > 0 with Q@ C R? bounded and Lipschitz. Then
for any n € (0, 1) there is a polyhedral v € BV(Q; 0 ZN) such that

|Dv|(R) < 5|Dul(R2), (6.4)
lu —vllL1(@) < co+ cn|Dul(2), (6.5)

and
/ oy (v]/o.v)dH < (1 + cr])[ oy ([ul/o,v)dH' + cno. (6.6)
JyNQ JuNQ

Proof. Replacing u by u /o and v by v/o we see that it suffices to consider the case o = 1.
We can also assume |Du|(£2) > 0 (otherwise u is constant and v = u will do). We extend
u to a function u € BV(R?; Z") such that | Du|(d2) = 0, for instance, by reflection
(see [8]). Possibly reducing n we can assume 7 < |Du|(2) and |Du|(2,) < 2|Du|(£2),
where €2, is defined as in Lemma 6.2.

We apply Lemma 6.2 to obtain a polyhedral v € BV(R?; Z") and a diffeomorphism f
satisfying (6.1)—(6.3). We define

“uo N
|Q|/(v uo f)dx eR

and choose d € Z¥ such that |d — d| < N2 We replace v by v — d, so that

(v—uo f)dx
[5]] /
while (6.1) and (6.3) are not affected. We then estimate using (6.1) and (6.2):

< N2, (6.7)

IDvl(Q)§n+|D(u°f)l(Q)§n+/ )l o f d 3!

uo £ N
< n+/ [l | D~ ot d g6
JuN f()

<n+ |Du|(R2y,) sup{|Df le|(x) :x eR?, e e S}
= 0+ [Dul(2y)(1 + 1) < 5[Du|(L2).
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This proves (6.4). Since (6.6) follows immediately from (6.3), it remains to prove (6.5).
By Poincaré, (6.1) and (6.7),

luo f—vlpi@ < NY2|Q+c|D@o f) — Dv[(Q) < N2 |Q| +cn < c.
Now if we prove that there is ¢, > 0 such that
lu —wuo fllpq) < 2cxn|Dul(2y), (6.8)

then with a triangular inequality we obtain [[v —u| ;1) < ¢ + 2c«n|Du|(2,) and con-
clude the proof.
It remains to prove (6.8). We start by proving that for any z € C'(R?; R") we have

lz—=z0 fllLi@) =< 2cxn|Dz|(S2y), (6.9)

for some ¢, chosen below. Indeed,
1
/ lz(x) —z(f(x))| dx = / ‘[ Dz(x +t(f(x) —x))(f(x) —x)dt|dx
Q elJo
1
< /() = Xl / / 1D=](x + 1(f(x) — x)) d dt.
o Ja

For any ¢ € [0, 1], we define F; : R? — R? by F;(x) := x + t(f(x) — x) and estimate
by a change of variables and (6.2):

/ |Dz|(F(x))dx = / |Dz||det DF/ ! dx < [DzlL1(q,) (1 + cxn).
Q

7 (

Therefore (6.9) holds for any z € C! and, by density, (6.8) is proven. ]

In what follows we prove that the unrelaxed line-tension energy density ¥ defined in
(2.6) satisfies the assumptions of Lemma 6.3.

Lemma 6.4. Let I obey (2.3) and (2.4), and let  be defined by (2.6). Then

v = [ 1y-nfob-ba ') (6.10)

and
U(b.n) < (A +cln—n'|)y(b,n") forallb e ZN n,n" € S,

Proof. To prove the first equality, for a fixed n € S, we write both sides in polar coor-
dinates, measuring the angles 6 with respect to the vector n. Precisely, we let nt :=
(—=n2,n1) and write y = ncos @ + ntsiné, for 6 € [0, 27). Then

2
/|y.n|f(y)b.bdjfl(y)=/ lcos O[T (12 cos @ + n'-sin0)b - b db.
S 0
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At the same time, if x - n = 1 we write x = n + tn+ with ¢ = tan 6, and using (2.3) and
the first condition in (2.4),

o0
2/ C(x)b-bdH'(x) = z[ C(n+ntt)b-bdt
{x-n=1} —00

/2 1
:2/ T'(n +n*tan6)b-b—— df
—n/2 cos? 6

:2/”/2F(n0050+nl5in0)b.b 1 40

—n/2 cosf cos2 6

/2 .
=2/ ['(ncos6 + ntsinf)b - bcosh db

—m/2
2n

=[ ['(ncos 6 + ntsin0)b - b|cos 0] d6.
0

This concludes the proof of (6.10).
To prove the estimate we then write, with |y -n| — |y - n’| < |y - (n —n’)| and (2.4),

Y(b.n) — Y (b.n') = /Sl('y'”' — 1y -n'DEGIb-bd I (7)
< |n—n’|/ ()b -bd ' (y) < eln—n'| b2
S1

and, again from (2.4), |b|?> < ¢y (b, n’). This concludes the proof. L]

Proof of Proposition 6.1. By Theorem 4.2 there are functions u; € SBV(Q2; o; ZN) such
that u; converges to u strongly in L'(€2; RY) and

limsup/ ojW([uj]/oj,vj)del < E&T[u,Q].
j—o00 Juj ne

From % |b| < y(b,n) we infer that u; is bounded in BV(2; R"). We apply Lemma 6.3
to u; with n; := 1/j and obtain a polyhedral map z; € SBV(2; 0, Z") such that

|Dz;|(R2) < 5[Du;|(2) = Cs,  Tlimsup |[zj —u;ll 1) =0,

j—o0
for some Cyx > 0 and
limsup/ o; ¥ ([zj]/0}. v]-)dJé’1 < E§"[u, Q).
j—o0 sz. ne
Since z; is polyhedral, there are finitely many segments [aj, by] such that
Dz; = (zf —z) @ np ' L [ap. by, (6.11)
h

where for simplicity we do not indicate the index j on the traces, the normal, and the
points.
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Let f; :=|z;|. Then f; € BV(R2; [0, 00)) with | Df;|(2) < |Dz;|(2) < Cs. Possibly
increasing Cy we can assume 2¢* > |Ju| Loo(@)- By the coarea formula,

00 2k+1
hI@ = [ H G = md =Y [ s > i<
0 keZ 2k
(we use the short notation 0. { f; > ¢} for Q N d«{x € Q: fj(x) > t}, where 0, denotes the
essential boundary). For fixed § > 0, for any j we choose k; € NN(Cy,Cy + Ci /6 + 1)

such that
2k j +1

HLOlf; > 1)) dt <6
and then pick M; € (2K/, 2K/ +1) such that
2K 1@ f; > M;)) <6. (6.12)
We now define 2; : Q — o;ZV by

Zj(x) = {Zj(x) ifﬁ-(x? =M
0 otherwise.
From z; — u pointwise almost everywhere and M; > 26 > |lu| Loo(@) we deduce that
2; — u pointwise almost everywhere. It is easy to check that Z; € BV(Q;0;Z") (indeed,
Jgj C sz), and that
IZillLoc@) < M; < Cs

(where Cy := 22+tC«+Cx/8) Fyrther, by (6.12)

IDZ|(Q) < |Dz;|(Q) + M; H#' (3 f; > M;})
< |Dz|(Q) +25 < C* +26. (6.13)

Therefore Z; converges to u weakly in BV (£2; RM).
It remains to estimate the energy. The natural bound

BV 9 < B[00+ [ 0¥ ()/07.v) d H'
0x{fj>M;

does not give the stated result since we do not assume linear control on ¥ from above
(indeed, in the specific application of interest here ¥ is quadratic in the first argument,
as is apparent from (2.6)). Therefore we need another construction, to separate big jumps
into many small jumps, which corresponds to the fact that the relaxed energy . has
linear growth in the first argument. We shall use the fact that the assumption (b, n) <
(1 +cln—n'DY(b,n’) forall b € ZN and n,n’ € S' clearly implies that there exists a
constant ¢ > 0 such that

V(b,n) <¢éb| forallb e [-1,11YN NZY andalln € S. (6.14)
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Mp, + ppln

Fig. 2. Sketch of the construction in Proposition 6.1. Left panel: construction of the triangles around
the segments on which Z; jumps. Right panel: separation of one “large” jump into many smaller
jumps.

Recalling (6.11) we see that

Dz =Y "G =) @np L [ap. by, (6.15)
h

where the segments are the same as in (6.11), and 22‘ = Z;:— if |Z;:—| < M; and O otherwise,
and correspondingly for Z,". The segments for which both traces are unchanged, or both
new traces are zero, need not be treated. The critical set is

H:={h:0=§;[#Z;andf;j#O}U{h:Ozii;éz;andfij750}.
As in the computation in (6.13), we obtain

> 1D |(lan. ba)) < My (0 f; > M;}) < 26.
heH

For these segments we need to separate the jump into many smaller jumps. For any 7 € H
we let my, := (ap + by)/2 be the midpoint of [ay, by], and choose py, € (0, |by, — ap|) such
that the triangles 7" := conv(ay, by, my, + pany) are, apart from the vertices, all disjoint
and their total area is less than 27/ (see Figure 2). This is possible since there are finitely
many segments.

Choose now one & € H, and assume for definiteness that Z,” = 0. Since |2;[ | < M;
there are L, < M;/o; and o € oj(ZN N[=1,1]¥), with [ = 1,..., Ly, such that 2; =
Zlehl a;.Forl =0,..., Ly we define the triangles

I +1
Th .= by,
i conv(ah nmp + Int lphnh)

and v; : Q@ — 0;Z" by setting v; = Z§/=1 ays on each Tlh \ Tlh_l, and v; = Z; outside
the union of the triangles. Then [v;] € o; (ZY N [—1, 1]¥) on each of the closed triangles
T", v; = 2; on the outer boundary of T”, and |Dv;|(T") < clay — bh||2,‘l|r -2, =
c|DZj|(lap, bp]). Therefore, recalling (6.14),
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Eo;, @ < BN, 90+ 3 f 0¥ oy v)die'
heH

< EY;.9) + Z/ el
heH
= Eyl[z.Q+c ) |va|(Th>
heH
< Eglz;. Q1+ ¢ ) IDZ|(lan. ba)) < Egllz;. Q] + ¢8.
heH

The same computation also shows that v; is bounded in BV. Since |{v; # Z;}| <27/ we
obtain v; — u pointwise almost everywhere. ]

7. Upper bound

The upper bound is obtained by an explicit but involved construction that combines sev-
eral rescaling steps. Due to the incompatibility of the two constraints of being BV with
values in a scaled copy of ZV and being in H!/2 we cannot use density and separate the
two scales. Instead we need to use a joint construction, which depends on both scales.

We start from the sequence constructed in Section 6, which takes values in
SBV(Q; 0 ZN) for a scale o and converges slowly to 0 with respect to &. The key step
is the construction in the following lemma.

Lemma 7.1. Let Q@ CC Q' be two bounded Lipschitz domains. Let 0 > 0, v €
SBV(Q'; 6 ZN)NL®(Q';6ZN) polyhedral, a € (0, 1/2) and p > 0 with 3p* <
dist(RQ, 0Q'). Then for any & > 0 there are w, € L>(2;RY) and ¢ € B such that

We
< [[vllee (o).

11’1(1/8) Lo°(Q) @

w

E < p*|Dv|(R),

In(1/¢) L1(Q) PP

and
. Ee[wg, ] / 1 4731, 112/3
limsup ————— < oy ([v]/a,n)dH" + f(p)(|Dv|(RX)) V|| 7o
maup (LT < [ ov@lomdH! + DU Il g

t ] T ek = o) () — vk o) dydx,
2 Ja\B,(x)
where vgo : Q — RY is defined by

1
£ () = / o(x + %L1y dt. a1
0

and f(p) = 0as p — 0. The function f depends on " and o, but not on v.
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The proof will be given at the end of this section. The main point is to replicate each
interface o In(1/¢) times, and then mollify on a scale ¢. This modifies the function only
on a small set, of area proportional to o In(1/¢), which ensures that the nonlinear term
e~ 1| dist(ug, ZV)|3 vanishes in the limit, for an appropriate scaling of o. Since the sep-
aration between the interfaces is much larger than the scale of the mollification, their
interaction is small. For each interface, the energy is estimated by an explicit computation
in Lemma 7.3. Care must be taken in undoing the several relaxation steps, both at the
line-tension and at the continuous scale, and in several truncation steps in order to esti-
mate the various error terms. For this construction in the upper bound we fix a mollifier
@1 € CX(By) and set g3 := A 2¢1 (Ax).

Proposition 7.2. Let Q@ C R? be a bounded connected Lipschitz domain, and let E[-, Q2]

be defined as in (2.1), with W and T which satisfy (2.2)—(2.4). Let u € BV(Q; RY) N

H'Y2(Q:RN). For any & > 0 there is us € L2(2;RN) with ug/In(1/€) — u in L? and
Eug, Q]

We recall that Fy was defined in (2.10).

Proof. We start by reducing to the case that u is smooth and defined on a domain Q’
larger than 2.

To see this, observe that since €2 is Lipschitz there are an open set w with 02 C w and
a bilipschitz map ® : @ —  such that ®(x) = x for x € IQ and P(QL N w) = w \ Q.
We define i : Q@ Uw — RY by reflection:

R u in 2,
U=
uod inw)Q.

Then &t € BV(Q U w; RY) N HY2(Q U w; RY) with | D7|(0R2) = 0. We fix § > 0 and
let Q5 := {x : dist(x, Q) < §}, so that

limsup [Du[(R25) = |Du|(Q) = [Du|(R)
§—>0
and

lim sup [ﬁ]H‘/2(§23) = [ﬁ]Hl/Z(Q) = [M]H1/2(Q).
§—0

In particular,

limsup Fo[u, Q5] = Folu, Q] = Folu, Q.
§—0

Now for sufficiently small § define us := @5 * 11 € C*°(Qs:RY), with @5 the mollification

kernel. Since Fjy is convex, we have

limsup Folus, 2s] < limsup Fo[i, Q5] = Folu, 2]

§—0 §—0

and ug — u in L2(Q;RY).
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Therefore in the rest of the proof we assume that u € C*®(Q’; R¥Y) is given, with
Q cc Q' and Q' Lipschitz. We shall show that for any n > 0 and any & > 0 there is
we € L?(2;RY) such that w,/In(1/¢) — u in L2(Q; RY) and

lim sup E.[we, Q] < Folu, Q'] + . (7.3)

1
e—o (In(1/g))?
Since 7 is arbitrary, taking a diagonal subsequence will conclude the proof of (7.2).
It remains to prove (7.3). Let o; € (0, 1) be such that o; | 0 as j — 0. By Propo-
sition 6.1 (which can be applied thanks to Lemma 6.4) there are polyhedral functions
v; € SBV(Q';0;Z") such that v; converges to u strongly in L!(Q/; RY),

timsup [ oyl Yoy m) d T < Pl 21+ 1,
j—o00 v N’
and Cp, := sup ||vj [|Leo(@) + |Dv;|(R’) < co. We recall that since u is smooth, in partic-
ularu € L®(Q;RY) and Fe[u, Q'] = E5T[u, Q'] (see Theorems 2.1 and 4.2).
Since v; is polyhedral, by Lemma 7.1 for & := 1/3, and ¢ and p small enough, there
are functions w,{’p e L2(Q:RY) and vectors g € B such that

Js
We
< vjllzee@) < Cys (7.4)
In(1/¢€) || oo () JEe @ =
We o /
- = p“[Dv|(R2),
In(1/¢) L1(Q)
and
lim sup ;Es[wj’p,ﬁ]
es0  (In(1/g))? ¢

< / o )/ogn) I+ FE(IDU QN 012 g,

/ / P = 0% (0 =05 () - 0% (6) = v () dy dox,
Q\B)(x)

where vf’ = j)g, is an average of v; in direction {; at a scale set by p as defined

in (7.1). Further, from (7.4),

Jso ] 14
lim sup H e  _ < llv; —ulpr @) + hmsup —vj
e—»0 || In(1/¢) L@ In(1/¢) L1(Q)
< llv; —ullL1(@) + %D [(2")
< llvj —ulli@) + Chp®.
We now take j — oo, and extract a subsequence such that {;, — (o and
1 . 1 .
lim limsup ————— E [w/***, Q] = limsup limsup ———— E [w/"?, Q].
k=00 &0 (ln(l/g))z oe jooo &0 (ln(l/g))z e
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By dominated convergence, (v ,-)if;, — u§g° pointwise and hence in L?(2; R"Y) and

1
limsuplimsup ———F
e a0 (n(1/€))?

+ [ / I — )5 () — b () - (e () — ulee () dy dix.
Q JQ\Bp(x)

ewl?, Q) < Ferlu, 2T+ 1+ C; f(p)

As p — 0 we see that, since u € C®(Q; RV), we have uf,go — uin L*(Q;R¥) and in
H'Y2(Q;RN) and therefore

lim sup lim sup lim sup [wi*, Q]

1
——F
p—0 j—>o0 &0 (ln(l/e))2 °

< Frlu, QT+ 1+ /Q o L = y)u(x) —u(y)) - (u(x) —u(y)) dy dx
/X 4
= Fo[u, Q1+ 1
with .
J-p
. . . We
lim sup lim sup lim sup —u =
p—0 j—o0 &0 In(1/¢) L2(RQ)
Taking a diagonal sequence concludes the proof of (7.3). ]

It remains to show the detailed construction of the functions w,{ *# given in Lemma 7.1.
First we recall that the unrelaxed line-tension energy for polyhedral interfaces can be
obtained with a direct computation starting from the nonlocal energy.

Lemma 7.3. Let Q CC Q' be two bounded open sets, v € SBV(QY'; ZN) polyhedral, and
assume that T obeys (2.3) and (2.4). Let ¢, € C°(B;) be a mollifier and ¢ < dist(Q2, 92').
Then wg := @¢ * v obeys

) 1
lim sup

e In(1/¢) /m [(x = y)(we(x) — we(y)) - (we(x) — we(y)) dx dy

<[ w@ma
JyNQ’
where V is as in (2.6).

Proof. See [33, Section 6]. [

Proof of Lemma 7.1. We choose " such that Q CC Q" CcC Q/, p* < dist(2, IQ"),
and p* < dist(Q2”,92'), and for ¢ € B; € R? and L > 0 we define the functions vi :
Q" — 27N by

¢ LL] 1 j

v (x) := —v|x+p*=C).

R, (3 +022)

Note that vi € SBV(Q"; 27ZN') has jump set which is obtained by | L] copies of the jump
set of v, translated in the direction of ¢, and that || vi Loy < lvllLeo@r.



S. Conti, A. Garroni, S. Miiller 2510

We set L, := o In(1/¢). For ¢ < dist(2, 9R2") we define
= ln(]/s)vigs x @, and W, := v Lk Qe

(if & > dist(2, 0R2”) we can set w, = 0), and the vectors ¢, € El will be chosen below.

We remark that v € 0Z" almost everywhere implies vfj €z AozVN = w17 E)Z a.e.,

therefore we (x) € Z¥ for any x at distance at least & from J, &= . Since Jy is a finite union

Leg

of segments, and dist(wg, ZV) < N1/2 everywhere, we have

. 1 f ) N
limsup ——— [ dist“(w,, Z" ) dx
o e(n(1/e)2 Jo o

. |Le] N |{x € Q : dist(x, J, N Q') < &}
< lim =
=0 e(In(1/¢))?

We write the long-range elastic energy as a bilinear form, B]’j R: L?*(Q:RY)2 5 R,
where

B plu.u') = [ / P& — () - u(y)) - @' () ' () dy dox.,
Q JQ\B)(x)

and choose a sequence ¢; — 0, &; > 0, such that

lim BLR(wgl , Wg;) = limsup BLR(ws, We). (7.5)
i—>00 e—0
After extracting a further subsequence, we can additionally assume that {;; — ¢ for some
¢ € Bj. This defines the vector ¢ in the statement (in terms of the vectors {, chosen
below). We now show that
We, —> véo strongly in L2(2; RY). (7.6)

1
To see this, we first observe that since || W, ||Loo(@) < [|[V||Loo(@s) and ”Ugo”Loo(Q) <

[|[v]| oo it suffices to prove convergence in L' ($2; RY). We write

. be; te; 8,
We; — vgo = @, * (ng’i — V& ) + ¢ * (Voo — vgo) + (s, * vgo — vgo)

and estimate the three terms separately. Convergence of the last one is immediate. Per-
forming an explicit computation one can show that

¢,
lvsd’ = viollLiin < A7 DVI@)IEe, — .
which implies ||@g; * (vf,gi - vgo)||L1(Q) < ||U§Zi - ngHLl(Q//) — 0. Analogously, from

ésl &; Pa |_ SJ

e;
vy, —ved lLier =< —IDUI(Q ) + IQ”I 7 IVl
&

and lim; oo Lg; = 00 we obtain ||, * (vQ’ — vii;f)nLl(Q) — 0. This concludes the
proof of (7.6).
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By continuity of BY 7 r» (7.5) and (7.6) imply

lim sup BLR (W, W) = hm BLR(wgl We,;) = BL'OR (voo, oo)
e—>0
The short-range elastic energy can be correspondingly written, for a Borel set E C R?, as
the bilinear form BgR (.-, E): L*(E; ]RN)2 — R, where

Bigu.u' E) = /E fEmB (x)F(x—y)(u(X) —u(y)) - (' (x) —u'()) dy dx.

This term will lead us to the choice of {,. We are interested in showing that for any ¢ there
is a choice of ¢ € By which permits control of the quantity

[Le]
B g (g, g, Q) = Z BY (Tjgv *gos,Tj;,v * g, Q)
JJj'=1

where Tf is the translation operator, (Tf f)(x) == f(x + j¢p*/Le). The separation
introduced by the translations is on a length scale much larger than ¢, but still infinitesi-
mal (the choice of ¢, below shall implicitly ensure that it is not too small), therefore it is
appropriate to treat the diagonal (j = j’) terms separately. Using translation invariance
we can see that the diagonal contribution is

[Le]
dla
Bsg(©) = 75 ) BSe(T{v* e Tfv e Q)
& j—l
[Le] [Lelo 1 _1
< 12 = Bor (Ve vk, Q) = Leln(l/s)BgR(a V*@g, 0 vk, Q)

and in particular that the latter expression does not depend on the choice of ¢. Since
o lveSB V(; N ) is polyhedral and " > 0 pointwise, recalling Lemma 7.3, we obtain

hmsudeag(E) / oy ([v]/o,n)dH' forany € Bj.
JyNQ/

The off-diagonal contributions reduce to

B0 = 7z Y B(Tv e Tfo s 90.2)
& j#J

< — iz ZB R * e, T, T 0% e, Q7).
EJEN

We average over all possible choices of the shifts ¢. Precisely, we compute, using linearity
of B g g in the second argument,

Ag = / BER ()¢ (0) dt < / 23 Bl 0o 01 (OTF v % 0. Q") dE
B & j#i

= BgR(v * (p87 V * 905’ Q//)5
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with

V() = / =Y e

& j#J

By a change of variables we obtain V' = & % v, where

L
o) = L2 Z /)2% (J—j’x)’

& j#j

and then
A < BSp(v % @, @ % v % @, Q7).

We fix p € (2, 00) and denote by ¢ := p/(p — 1) the dual exponent. Then

C
Aoz [ i [ 10 e 00 e s 42
X |(ge * @+ v)(x) — (e ¥ Dxv)(x + z)|dx dz

f c v —vt+2)lr@n [(P*v)() = (Pxv)(- + 2)ll ey dz.
B, |z|>71/P |z|!/P ||

with Q7 := {x : dist(x, Q") < ¢}. We estimate, for small z,

O =vC+ D@y .,y e v +2)|
H 2 =2 el [ E

< 2P 1||u||LOO(Q,)|Dv|(S2’)
and
[(®* v)() = (P *V)( + 2l La@p
2|

< | ®@llLa®2)| DV](R).
so that, with pr ‘Z|2+l/pdz < ¢p'/?, we conclude
1
As < o7 V] L o I DVIQ) TP 1@ o go).

Finally, recalling that p > 2,

I.L8J I_LgJ . 2/q
1 L 1/ oy d—1
”(D”L‘I(RZ) <2L, E 2 || P (_sx) <cL; —2(—) P 207G
=/ I JllLa®2) o7\ Le
[Lel

< cLl —2/q Z JZ/p Za/p < CL;—2/4L;—2/1710—2¢1/11 = cp—Za/p.
i=1
Therefore A, < cp—20)/p ||v||i{>%(9,)(|Dv|(Q’))1+l/1’ We finally choose p = 3, and &,
so that it is as good as on average, in the sense that Bgp*({;) < A, and conclude the
proof. ]
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8. Lower bound

In this section we prove the lower bound. The idea is that the limit is given by two terms,
arising from short-range and long-range contributions to the nonlocal interaction, respec-
tively. Indeed, one key idea in the proof of Proposition 8.1 is to localize the limiting energy
and view it as a measure on  x 2 C R*. One then shows that this measure can be written
as the sum of two mutually singular terms, one supported on the diagonal and one sup-
ported outside the diagonal (see Figure 3). The lower bound arises from estimating these
two terms separately. In the estimate of the diagonal term, which is local in the limit, we
build upon techniques obtained for a different scaling in [18]; see Proposition 8.2 below.
One important step is to iteratively mollify the functions along the sequence and to show
that on most scales the mollification does not reduce the BV norm significantly, which
implies that the functions are approximately one-dimensional at that scale. The proof is
done by showing that one can choose a scale that contains, up to higher-order terms, as
much energy as the average scale, and that at the same time it has a small loss of BV norm;
see (8.17) and (8.18) below.

Proposition 8.1. Under the assumptions of Theorem 2.1, for any u € BV(Q2; RY) and
any sequences &; — 0 and u; € L*(Q;RN) with u; /In(1/&;) — u in L2(Q;RN) one
has

Folu. 9] < liminf 21

e in(1/en)? 6D

where Fy was defined in (2.10).

The proof is based on the following local lower bound, which relates the short-range
part of the energy to Fis.

Proposition 8.2. Under the assumptions of Theorem 2.1, for any u € BV(Q2; RY) and
any sequences g; — 0 and u; € L*(Q;RN) with u; /In(1/g;) — u in L>(;RY), and
any open set w C 2, one has

L Egui, 0]
Feiflu, @] < liminf 2————=,
self[t, 0] < imin (In(1/¢;))?

where Fgf was defined in (2.11).

We postpone the proof of Proposition 8.2, and first show that it implies Proposi-
tion 8.1.

Proof of Proposition 8.1. We can assume that the liminf in (8.1) is finite and, after pass-
ing to a subsequence, that it is a limit. By Proposition 5.1 we can assume that u €
BV(Q:RY) n HY2(Q; RN).

We start by localizing the energy. We denote by A := {(x, x) : x € R2} C R* the
diagonal set in R# and by P : R* — R2, P(x1,X2, y1,y2) := (X1, X2), the projection on
the first two components. For any Borel set £ C 2 x € we define
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1 2 N 2
cwei(In(1/g;))? /P(EmA) dist™(u: (x), 27) d L7(x)
ui (x) —ui(y) ui(x) —u;(y)

—}—/;EF(x—y) In(1/¢;) ’ In(1/¢;)

where ¢y is the constant entering (2.2), so that u; (Q x Q) <(In(1/&;)) "> E, [ui, Q]. We
observe that ©; is a Radon measure, and after extracting a further subsequence we can
assume that p; converges weakly in the space of measures to some measure w, which
implies (A x A) < lim;_ o i (A x A) for any open set A € 2. To conclude it suffices
to prove that

wi(E) :=

d£4(x, y),

Folu, Q] < (2 x Q). (8.2)

In order to treat the long-range part of the interaction we define a measure prg on
Q x Q by

Mr(E) := [E T(x = y) () —u)) - @) —u(y) dL(x, )

for any Borel set £ C Q x Q. Since u € HV2(Q;RN), we have i r(2xQ) < oo.
Since I'(x — y)£ - £ > 0 for any £ € RY and (x, y) € Q x , and (possibly extract-
ing a further subsequence) (u; (x) — u;(y))/In(1/¢;) converges pointwise to u(x) — u(y)
for £*-almost every (x, y), by Fatou’s lemma we obtain

pir(E) < liminf 4; (E)
1—>00

for any Borel set E € Q x Q and in particular ;LLR(B,(4)(x)) < ;L(Bg)(x)) if r <R
and Bg) (x) C Q x Q, where Br(4) (x) is the four-dimensional ball of radius r centered at
x € R*. Since g is absolutely continuous with respect to £4, we conclude

Ur(E) < w(E) for any Borel set E C Q2 x Q. (8.3)

We now deal with the short-range part of the energy, which concentrates on the diag-

onal set. We define the measure
dDu
A= D
g(d a2

so that Fye[u, E] = A(E) for any Borel set E C Q (we recall that Fys has been defined
in (2.11)). Since u € BV(2; RY), we have A(Q) < oo. Let > 0. For each x €  there
are arbitrarily small r > 0 such that B,,(x) C @, 2r < n, u(d(Br(x) x Br(x))) = 0 and
A(0B,(x)) = 0. By Vitali’s covering theorem we can find countably many such balls,
denoted by (B;);en, so that they are pairwise disjoint, have centers in €2, and there exists
a Borel set Ny, € Q x Q such that

@xQ)NACNU|J(B; x Bj) with u(Ne) = A(PNx) =0
J
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RQ

QxQ

Q

Q R?

Fig. 3. Sketch of the set (2 x Q) N A. The set 2 is covered (up to a null set) by finitely many
balls B;, and (€2 x ) N A is correspondingly covered (up to a null set) by the products B; x B;.

(see Figure 3), we recall that P : R* — R? denotes projection onto the first two com-
ponents. By Proposition 8.2 applied with @ = Bj, and using u(d(B; x B;)) = 0, we
have

A(B]) < /L(Bj X Bj). (8.4)

Then, with A, := {(x,y) € RZx R? : [x — y| < 21},
Q) =D A(Bj) <Y w(Bj x By) < pu((Q x Q)N Ay).
jeN jeN
Since this holds for any n > 0, and ©(2 x Q) < oo, we conclude
AMQ) < w(Q x Q) N A).
Recalling (8.3) and puir < £*, we obtain ur((2 x ) N A) = 0 and

Folu, Q] = A(Q) + pir(€2 x Q) = A(Q) + pr((2 x ) \ A)
Sp((@xQ)NA)+ p((2x2)\A) = pn(2 x Q).

This concludes the proof of (8.2) and therefore of the proposition. ]

It remains to prove the local lower bound stated in Proposition 8.2. The proof uses
a result from [18] that the nonlocal energy of almost-one-dimensional BV phase fields
controls the line-tension energy of a similar field, which we recall in Proposition 8.3. We
start by fixing a mollifier gg € C2°(B;; [0, 00)) with fBl @odx = 1and ¢ > 1 on By,
and scaling it to @y (x) := 22" (2"x). We remark that the index 4 in ¢, denotes the
exponent, at variance with the usage in the previous part of this paper, and recall the
definition of the truncated energy in (5.2).
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Proposition 8.3 ([18, Proposition 7.1]). Let @ CC Q2 be two bounded open sets, u €
WUHQ:RN), M > 1, h,t € N witht >3, £ € (0,1). Assume dist(w, 0Q) > 27"+1,
Then there is w = Wy ¢ s, m € BV (w; ZN) such that

(ln 2) Wrel([w]a U) d]fl

JuwNw

C .
= (14 £ 2D Ej . 2+ =2 st ZY) v

+ 245 Dul() = DG+ gl @) + 51522 59)
and
e = wle1w) < 775752724 + Cor ldistat. Z) |11
+ Cu 27" 23 (|Du(Q) — D * ) |(@) . (8.6)

Here A := max {|Du|(RQ), E;
constant Cpy also on M .

h4t (U 1} The constant ¢ may depend on N and T', and the

We remark that the statement of Proposition 7.1 in [18] contains the unnecessary
assumption that both sets are Lipschitz. The proof is based on covering @ with squares
contained in €2 and performing a separate estimate on each square, in particular it never
uses this assumption.

We finally prove the lower bound in Proposition 8.2. The following argument is a
modification of [18, Proposition 8.1]. It is here used only in the case where w is a ball.

Proof of Proposition 8.2. It suffices to prove the estimate in the case w = 2 (otherwise
we restrict all functions to w, and then relabel w as €2). We can also assume that the
right-hand side is finite, and extract a subsequence such that the liminf is a limit. We fix
@ CC Q and prove that

6, [ul ’ Q]
(In(1/&:))*
Taking the supremum over all such ® will conclude the proof.

To prove (8.7) we choose a Lipschitz set Q' such that ® CC Q' CC Q and fix § > 0.
By Proposition 5.2, for i sufficiently large there are k; € N with

Fyeflu, @] < 11m1nf 8.7

g M7 <ok < gl8, (8.8)

which implies (1 — §) In(1/&;) < k; In2, and a function vy, 5 € BV(S'; Z™) such that
lim [lvog, 5 = willpiy < lim C27%/2(In(1/£;))"/* = 0 (8.9)
1—>00 1—>00

and, with (5.3),

Ee,— [M,' , Q]

|
a=ap o e = O

k4

1 13
liminf — Y  Effvr. 5,921 < (In2)?
pate h§=0 7 VK6, ] < (In2)
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With (5.4) we see that there is As > 0 such that
1 & 1
- E E;[vk.g,Q/]—F—|ka.5|(Q/)§A5 foralli € N. (8.11)
kl h:() 1> kl 1>

For simplicity in the following we write k for k;, and lim infy _, o, for liminf; .

One important idea in the proof is to define an iterated mollification of the function
Vg5 using a family of length scales ranging from 1 to 2%, We use scales separated by a
factor 2™, in order to apply Proposition 8.3 between each pair of consecutive scales. The
key idea is that each mollification step eliminates the structure present in the function on
a certain length scale, as measured by the BV norm. Since we have a BV bound on the
original function, and a large number of mollification steps, most of them will result in a
very small reduction of the BV norm, which means that on many scales the function will
have an essentially one-dimensional structure. To make this precise, we fix m > 3 and
define for i € N the sets Q, := {x € R? : By>x(x) C '}, so that

dist(2),, 0Qp4m) > dist(Q2p, 9Q") — dist(Qpym. 02)) > 217" (8.12)
We then define for 1 € N the function zj, € L(2; RY) (implicitly depending also on k,
8, and m) by
Vk,§ if h >k,
Zp =
Zh+m * @ otherwise,

where ¢y, is the mollifier that enters Proposition 8.3.
One key estimate, which is obtained by summing the m telescoping series and using
(8.11), s

k k+m m—1
Y UDzhm|(Qntm) = 1Dzl @] = D Dzl (Qn) = Y [Dzl(Rm)
h=0 h=k+1 h=0
<m|Dvgs|(R') < kmAs. (8.13)

By the properties of the mollification we also obtain, for i < k,

1zh = Zh+m ”Ll(Qh) = 1Zhtm * o0 — Zh+m||L1(Qh)
<27 Dzpy | (Qham) < 27| Dugs|(Q) < k27" 45,

and therefore

o0
Iz = veslii@u < D 1zZhtjm — ZneG+nmlLi (e, < 2k27" As. (8.14)
Jj=0

Since v 5 € ZV a.e., this implies

Idist(zp. Z¥) |11 (q,) < 2k27" A45. (8.15)
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We next show that convexity and translation invariance of the nonlocal energy imply that
mollification decreases the energy. Indeed, the map v — E}[v, Q] is a quadratic and
nonnegative map from L2(Q2j,; R%) to R, and therefore convex. Let u (x) := u(x — z),
so that (u * ¢p)(x) = f]R" on(z)uz(x) dz. By Jensen’s inequality,

EStison @ < [ on)ES s, )
By translation invariance, and monotonicity of E; in the second argument, using (8.12)
we have Ef[u;, Qp] = Ef[u, Qp —z] < Ef[u, Qp4m]. Therefore
EXlux¢p, Q) < EX[u, Qpym] foranys € Nandu € L?(Qp4m: RY),
and therefore, iterating this inequality,
E[zn. Q4] = E[vks. Q]
for any s and /. In particular,

E}T-H [Zh+mv Qh+m] =< E}t+t[vk,87 Q/] (816)

At this point we choose ¢ € (0,1/4) and t € N with m > ¢t > 3. Since we shall take
the limit k — oo first, we can assume that k > m/¢. We now choose a good value for
h € (¢k,k — k) N N. Specifically, let

1 k
J = {h € Gk k=) NN = Ejy [ @] > (1450 3 EXfues, sz']},
j=0

H = & @k = 00 N D2 @) — D) > 7 ).

One easily verifies that
1+5¢

#J
k

<1
and, recalling (8.13),
1
#H - <k.
¢

We assume ¢ < 1/20, which implies 1/(1 4+ 5¢) < 1 — 4¢, and obtain, since (k > m > 3,

#] +#H < - k §+k§§(1—2§)k—3.

Since #((¢k, k — Ck) N N) > (1 — 2¢0)k — 2, this implies that we can choose & €
(¢k,k — k) NN\ (J U H). This value will be fixed for the rest of the argument (depend-
ing on the other parameters) and satisfies, recalling (8.16),

k

1
Ep zhims Qnam) < Ej,lvks. Q1< (1 + 5?)% Z E}[vis. Q] (8.17)
=0

m
IDzpym|(Rpgm) — Dzl (25) < ?As- (8.18)
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We apply Proposition 8.3 to zj.y,,, for some M > 1 chosen below, on the sets 2, CC
Q}+m. and denote the result by w = wk 5 m.¢, 3. We obtain

(In2) / V(] v) d 36"

PR Cu
5 (1 + é‘ + 62 t)Eh+t [Zh+m7 S-Zh-l-ﬂ’l] + é. 2h+t”d1St(zh+m’ Z )”LI(QI’H—m)
CM

2 AL (D2l (Qnem) = D2l @D + 4 — 524, (8.19)

and

Izham — wlLiq,) < 272 Ay 4 Cyrlldist(zm ZV) L1 (24

A4U2
+ Cyu 27" A2 (D 2o | (Qhgm) — Dz | (203, (8.20)

where Ay = max {|Dzp4m|(Qn+m), E;, [Zh+m, R2h+m]}. Using (8.17), the condition
|Dzpym|(Rp4m) < |Dvg s|(R2’) and then (8.11), we obtain

k
Ax < |Dugs|(Q) + Z F[ok.s, Q] < 2k As. (8.21)

Then (8.20) becomes, using (8.15) and (8.18),

Izh+m — w1, = — 272 g 4 Cprk 27 A

AJUZ
+ C 27"k Asm P13, (8.22)

We recall that @ C 2, for sufficiently large k, since we chose & > k¢. From (8.19), (8.17),
(8.15), and (8.18),

In2

k Wrel([w] l)) d‘;gl
JwNd

<(+¢4c2” f)(1+5§) ZE (V.5 Q]—i— : M phttn=h=m 4

CMZIAS/G( e 14 )1/6

t/2
% kM1/22 Ay (8.23)

We notice that this expression does not depend any more explicitly on the choice of 7,
since 2 ttp—h—m — pt—m,

We set uk := kl%w, where W = Wk s m ¢, m 18 the function constructed in Proposi-
tion 8.3, so that the relaxed line-tension functional E-T™ defined in (4.5) reads

1
LT,rel k ~1_ 1
Ekmy” 0] = m/l " Yre((w], V) dH .
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Then (8.23), together with (8.11) and (8.21) yields, for sufficiently large k,

k
1 C
LT,rel k ~ * ’ —t M ~f—
Ey gm0 = K2(In2)? ]_EZO: Ef vk Q1+ (cC+c27) A5 + = 2 " As

Cy . 56 M /e 2
+ Tz’AB (k—é_Ag) Ml/z 2112 4. (8.24)
Correspondingly, from (8.22) a similar procedure leads to
1
- < 2—h+t/2A +C 2~ h— mA
Hklnz h+m L) M1/2 s+ Cum 8
+ Cy 27"k Agm B3, (8.25)

By (8.24) and (8.11) we obtain lim supy _, o, E} )ik, 2 [4¥. @] < 0. Recalling the inequal-

ity E(ET’rel < ELT and the compactness statement in Theorem 4.2, there are di € RY such
that, after extracting a subsequence, u* — dj converges as k — oo to some u®"H-M
in L'(&;RY). Taking the limit k — oo, and recalling Theorem 4.2 and (8.10), we obtain

8, [u17 Q]

1
ELT 8,m,t,M’ N < li nf 2—t A
o [u w]—(1—5)2 imin (in(1/¢ ))2+(C§+c )As
Cm t—m t/2
+T2 As + M1/22 As. (8.26)
At the same time by (8.25) we have
1
li - < — 272 g 4 Cpp27h T 4.
s PIPT R L&) Ml/z + M s
By (8.14) we have
1 1 5
T Zhtm — 775 Vk$ <C27" ™A,
“klnz k2 L)
and therefore
1
li k__ < 2—h+t/2A C2hmA.
oo | W2 ) = Ml/z o '
With (8.9), and going back to the notation where the index i is explicit, we obtain
1
li ki _ X < 2—h+t/2A +C zhmA’
imsup|ul” — | = 37 W2 s

so that (8.8) gives

limsup|u
i—>00

n(1/e) "

K, 1
A : < —
L&) M1/2

+ Cy27""™ A5 + ¢8 limsup

i—>00

Li@)

1
n(1/e)
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and since u; /In(1/&;) — u and uki — y¥m6M i [2(0),

c —h—
M — 1y < M1/22 W2 A + Cru 27" As + c8llull L1 p)-
The argument is then concluded by recalling (8.26) and taking a suitable diagonal sub-
sequence. Indeed, as &, m, {, M and ¢ were arbitrary, and since ybmt.M
semicontinuity of Fyy, taking first m — oo, then { — 0, then M — oo, then t — oo, and
finally § — 0, we conclude that

— u, by lower

R R . Ee[ui, Q)
Fioit = ELT < liminf 2"
‘elf[u()’w] 0 [M,(U] — IIIE&I (ln(l/gi))z

This finishes the proof of (8.7) and therefore of the proposition. ]
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