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NONLOCAL-INTERACTION VORTICES

MARGHERITA SOLCI*

Abstract. We consider sequences of quadratic non-local functionals, depending on a small
parameter €, that approximate the Dirichlet integral by a well-known result by Bourgain, Brezis and
Mironescu. Similarly to what is done for core-radius approximations to vortex energies in the case
of the Dirichlet integral, we further scale such energies by |loge|~! and restrict them to S'-valued
functions. We introduce a notion of convergence of functions to integral currents with respect to
which such energies are equi-coercive, and show the convergence to a vortex energy, similarly to the
limit behaviour of Ginzburg-Landau energies at the vortex scaling.

Key words. nonlocal energies, topological singularities, discrete approximations, I"-convergence

MSC codes. 49J45, 35Q56, 7T4A70, 46E39

1. Introduction. In their seminal paper [9], Bourgain, Brezis and Mironescu
have shown, among many other results, that sequences of nonlocal energies depending
on a vanishing parameter ¢ approximate Sobolev seminorms. In particular if €2 is an
open subset of R? and p is an integrable positive kernel with compact support, their
result implies that the I'-limit of energies of the form

1

BBM _ |z —yl . 2
(1.1) FPPM ) = s | o(F ) u(e) — u(y) P dedy,

defined on functions u € L] (£2), is an explicit constant depending only on p and

the dimension d times the Dirichlet integral. For a general variational approach to
convolution-type energies modeled on functionals (1.1) we refer to [4]. Note that we
may rewrite such type of functionals in the form

1 2= I Ju(z) = u(y)P
(1:2) FEmt) = 5 [ () M ey

up to considering the kernel p(|¢])|£|? instead of p in (1.1), which is a notation closer
to that of [9].

Functionals such as those considered above, and more in general functionals of
nonlocal type, have recently been used to study a number of variational problems,
where the role of gradient terms is played by either finite differences, or fractional
seminorms, or nonlocal gradients. This has been used to give non-local approxima-
tion of elastic energies or sharp-interface theories often using a singular-perturbation
approach (see e.g. [3, 7, 10, 11, 16, 18]). Our objective is to extend the use of nonlocal
energies in order to treat models with topological singularities such as those arising in
the asymptotic analysis of Ginzburg-Landau energies [8, 19]. To that end, we consider
an open domain Q C R? with d > 2 and sequences of nonlocal-interaction energies

defined for vector functions u € Li _(Q; R?) with |u(x)| = 1 almost everywhere as

1 lz -yl 2
1.3 F. == — dxdy.
(1.3) (u) 2] Tog | stzp< . )\u(x) u(y)|® dedy

In light of the Bourgain, Brezis and Mironescu result, heuristically this can be regarded
as a singular perturbation of Dirichlet energies with the constraint |u| = 1. This
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2 M. SOLCI

approach can be compared with the so-called core-radius approach to topological
singularities (see [8, 6]), in which case one considers scaled Dirichlet integrals on a
domain where we have removed from 2 a number of small balls close to possible
singularities. In our case it is not necessary to remove such small balls since no
regularity on u is needed. We will show that energies F. are approximated as ¢ — 0
by a vortex energy defined on (7 times) integral (d — 2)-currents, as in the case of
Ginzburg-Landau functionals [2, 8, 14, 15, 19]. A similar approximation of vortex
energies has been shown in [5] using lattice energies, proving a connection with the
so-called XY model. In a sense energies (1.3) are a formal continuous version of those
lattice energies, with a major difference; that is, that in (1.3) we do not assume any
regularity on the functions u, while lattice energies are essentially defined on piecewise-
affine functions, with restrictions due to the lattice structure. As a consequence, we
have more flexibility in the use of functionals (1.3) in dimension d > 3 (see [5, Section
4.3.2] for a discussion on technical issues in the lattice case).

A loose explanation of our asymptotic result can be given as follows. For ease of
notation we consider the case d = 2, in which case integral (d — 2)-currents in ) are
measures of the form

N
(1.4) W= WZdiéwi, d; € Z and x; € Q,

and we take Q R? in order to simplify changes of variables. Using the change of
variables £ = *—¥ we rewrite the energies as

(1.5) / 2 ”("5“(% / e+ <€) — u(w)? d)

The inner integral can be analyzed by discretization. In the case £ = |{|e; we can
estimate

1 2
g L (e ) — )P

1 / )

=— lu(z + &) — u(x)|® dx

e?[loge| gzz lel(k+[0.1])
o _lgP Z‘ / (u(w + ) — u(x)) da|
~ ogel Zo 1€ Jejgikti0.112)

5 c£)2
—u,’
|log g] kZZz‘ ke e

where

1
st = / u(x) du.
F e Leeroe

Repeating the same argument for £ = |£]es and taking into account double counting,
we can use the discrete energies Xg(ug’g) in the lower bound, with

1. X.( o
(16) < |10g5| Z| Vi ’

(i,9)

where v: eZ? — R?, v; = v(ei), and (i,j) denotes summation of nearest neighbours
in Z2. An analog estimate holds for arbitrary ¢ upon using suitable discretization
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on rotated lattices. In [5] the analysis of energies of form (1.6) when v; € S! has
been carried out, showing their equi-coerciveness with respect to the flat convergence
of the Jacobians of interpolations, implying that the limit energies are defined on
vortex measures. In the heuristic argument just illustrated the results of [5] cannot
directly be applied, since the averages ui’f in general do not lie in S'. Furthermore,
in principle the limit measure p might depend on £. In order to overcome these
structural complexities, a Compactness Lemma will ensure that indeed the discrete
functions u%¢ do converge, up to subsequences, in the same sense as that obtained in
[5] to a vortex measure independent of £. This result will allow to give a definition of
convergence of u. to u even though the functions u. themselves may be not weakly
differentiable. Note that the compactness result will be proved using the fact that
the piecewise-affine interpolation of u*¢ can be seen as an average of piecewise-affine
interpolation of S'-valued maps to almost all of which we may apply a compactness
argument.

Once a compactness result is achieved, we compute the I'-limit with respect to the
convergence above. Proceeding in the heuristic argument, we can use Fatou’s Lemma
to give a lower bound as

lmint 7. (uc) = [ p(€DIER timipt X (u”)ds.
where the factor 4 comes from the fact that &, —¢, €+, and —¢+ are all taken into
account in the definition of X.. The asymptotic analysis in [5] ensures that X, I'-
converge to 4w Y. |d;| (d; being the coefficients of the limit vortex measure yu related
to u.), when the discrete functions are S'-valued. If this were true also for u*¢ then
we would conclude that

limint F.uc) = 7 [ plelelas 3 1di

Again, as in the compactness argument, this can be proven using the fact that the
piecewise-affine interpolation of u®¢ can be seen as an average of piecewise-affine
interpolation of S'-valued maps. The optimality of the lower bound can be then
shown by a direct computation. It is worth mentioning that, while recovery sequences
in the case of Ginzburg-Landau energies use a smoothening argument, and the discrete
approach uses suitable interpolations of the function %, whose singularity gives a
simple vortex in 0, in our case this function can be directly used as a recovery sequence.

In the paper all results are proven for energies (1.3) in the general d-dimensional
case, in which the limit is defined on currents of the form pu = wM, where M is a

(d — 2)-integral current. The form of the I'-limit is then

2
FGw = 22111 [ pliehieP

with || M| the mass of the current in Q. Note that [|M|| = )", |d;| in the 2-dimensional
case.

The plan of the paper is as follows. In Section 2 we introduce the necessary
notions about currents, in order to define the space of integral currents in which we
frame our asymptotic analysis. In the same section, after recalling the results obtained
in [5] for the XY model, we give the main definition of convergence of functions to
integral currents via the flat convergence of the Jacobians of the interpolation of the
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averages, and we finally state our main compactness and I'-convergence result. In
Section 3 we prove the key compactness lemma, which states the equi-coerciveness of
energies F. with respect to the convergence of the averages introduced in the previous
section. The proof of the I'-convergence part of the main theorem is given in Section
4, subdivided into the proof of the lower and upper bounds.

2. Preliminaries and statement of the main result. In the paper we will
consider problems in R? with d > 2, even if some of the notions and results presented
in this preliminary sections are interesting also in dimension 1.

The scalar product in R? is denoted by (-,-), the elements of the standard basis
are denoted by e,, for n € {1,...,d}. The Lebesgue measure in R? is denoted by £
H* denotes the k-dimensional Hausdorff measure. The letter C' will denote a generic
positive constant independent of fixed parameters, whose value may vary from line to
line.

2.1. Currents. We will use some terminology, notions and results from the
theory of currents. Here we only recall some basic definitions, referring e.g. to the
monographs [12, 13, 20] for the general theory, and to the ample treatment in the
works [1, 2, 14, 15] for a very detailed description of their applications to variational
problems of Ginzburg-Landau type. In general, in our presentation we borrow the
notation from [20, Chapter 6]. Since we will not directly use fine properties of currents,
we only introduce the concepts that will be needed to state the relevant compactness
results, and refer to the cited works for complete results and references.

Let Q C R? be an open bounded set with £4(9Q) = 0. For h € {1,...,d}, an
h-form w of class C*° with compact support in Qis w = Y ¢adx;, A---Adx;, , where
the sum is taken over o = (iy,...,4,) multi-index such that 1 <43 < --- < ip < d
and each ¢, belongs to C°(£2); that is, the space of smooth functions with compact
support in 2. The symbol A denotes the external product. A O-form of class C'*°
with compact support in € is simply a function w € C(§2). For any h € {0,...,d},
the space of h-dimensional currents is identified with the dual space of the space of
the h-forms of class C*° with compact support in 2. The restriction of a current T’
to an open set U C § is the current 7' L U acting as T' on h-forms in C°(U); that
is, (T'L U)[w] = T'[w] for any w h-form in CZ°(U).

Following Stokes’ Theorem, the boundary of an h-current T is an (h — 1)-current
denoted by 0T and defined by setting 07 [w] = T'[dw] for every (h — 1)-form of class
C* with compact support in €2, dw being the differential of w. We say that an h-
dimensional current 7" is a boundary if there exists a (h + 1)-dimensional current M
such that T'= 0M. Moreover, we say that a current 7' is a boundary locally in Q if
the restriction 7L U is a boundary for any U CC Q.

A current T is said to have (locally) finite mass if it can be represented as a
(locally) bounded Borel measure. In this case, the mass ||T'|| of the current T is
defined as |T|(€2), where |T'| is the variation of the measure. If U is an open subset of
), the mass of T in U is defined as ||T||(U) = |T|(U).

In the sequel, we will use the class of integral currents. To briefly introduce this
class, we need to recall some preliminary notions. A set M C € is h-rectifiable if it
can be covered by a countable union of h-dimensional surfaces of class C*', up to a
H"-negligible set. To define an orientation of such a set, we recall that an h-vector

visv =73 _aqa€; N---Ae;, with a = (iy,...,i,) multi-index as above and a, € R.
An h-covector is given in the corresponding way, by considering the canonical basis
of the dual space of R? instead of {e1,...,eq}. Note that an h-form w is then a map

from € to the set the h-covectors. An h-vector v is simple if it can be expressed as the
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external product of h vectors in R?; that is, v = v1 A+ - - Avy, v, € R An orientation
of an h-rectifiable set M is a H"-measurable map 7y, defined in M and valued in the
space of h-vectors such that for H"-almost every = mpr(z) = 71,(x) A -+ A T8 () is
a simple h-vector such that {7}, (z)} is an orthonormal basis for the tangent space
to M at x. The notation {(-,-)) denotes the duality product between h-covectors and

h-vectors in R%. A h-current T is rectifiable if it can be represented as

(2.1) Tlw] = /M (@) {w(@), Tar () dH" ()

for any smooth h-form w with compact support, with M an h-rectifiable set, 7p; an
orientation of M and o is locally summable with respect to the measure H" L M
and it is integer-valued. The function o is called a multiplicity. Note that (2.1)
corresponds to say that T can be represented as the measure oy H" L M associated
to the density function o7y € Ll (H" L M). In this case, |T|| = [, |o(x)|dH" (z);
that is, the mass of T is the measure of M counted with respect to the multiplicity. A
current 7' is an integral current if both T and 0T are rectifiable. Note that a rectifiable
current 7' which is a boundary is an integral current, since 0T = 0. Such a current
will be called an integral boundary.

An integral polyhedral h-current in R? is a finite sum of h-currents in R? asso-
ciated, as in (2.1), to h-dimensional simplices in R¢ with constant orientations and
corresponding integer-valued multiplicities. Polyhedral integral currents in € are de-
fined by restriction.

In the following we will be mainly interested in currents which are boundaries,
and we will use properties of the flat norm Fqo(T) of a h-current 7" in . The flat
norm is defined by setting

Fo(T) = inf{||S]| : S (h + 1)-current in Q such that S = T'},

where the infimum is 4oc0 if the current T is not a boundary. The convergence with
respect to this norm will be used in our results. In particular, in the proof of the
lim sup inequality we will use a density result for integral polyhedral boundaries with
respect to the convergence induced by the flat norm. We will state this density result
where needed (see Proposition 4.1).

Another notion which will be used to define the convergence of sequences of
functions is the identification of the Jacobian of a function u = (uy,u;) € Wh2(Q;R?),
defined in an open domain of R?, d > 2, with a (d—2)-current. Indeed, the Jacobian Ju
is the 2-form given by Ju = duj Adus, where du; = 2421 Dju;dz; is the differential of
the i-th component of u. Following [2] (see also [15]), we identify vectors and covectors
in R? by using the operator x, which maps an h-covector w in the (d — h)-vector xw
determined by the identity (W', *w)) = (W' Aw,e1 A---Aeq)) for every (d— h)-covector
W’ in R, Hence, Ju can be identified with the (d — 2)-current xJu given by

*Ju[w] = /Q((w ANJu,er A+ Neg))de

for every (d—2)-form w of class C°(2), where e; A- - - A ey is the standard orientation
of Q). Note that since the 2-form Ju is a differential, then *Ju is a boundary.

The first technical tool is the following lemma concerning the behaviour of Jaco-
bians interpreted as (d — 2)-currents. Note that in the case of functions defined on
subsets of R? the convergence of the Jacobians could be directly stated in terms of
weak derivatives.
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LEMMA 2.1 (a criterion for equivalent flat-converging sequences [5, Lemma 1]).
Let U be a bounded open set in R® with d > 2 and let {u.} and {v.} be two sequences
belonging to WH2(U,R?). If there exists a constant C > 0 such that

(i) / lue — ve|?dx < Ce?|loge|;
U

(ii) / |Vu. — Vo> de < C|loge|;
U
then lim Fy (*J (ue) — xJ(v:)) = 0.
e—0
2.2. Discrete energies. We will use a compactness and a convergence result
for discrete energies defined on Z2.

Let © be a bounded open Lipschitz set in R?. For u: QN eZ* — S and U open
subset of 2 we define

. _ 1 d—2 2
(2.2) X (u;U) = Tog 2] %s lui — u;?,

where u; = u(ei), and (7, j) denote summation over nearest neighbours in U; i.e., on
indices 7, j € Z? such that €i,cj € U and |i — j| = 1. If U = § then we simply write
X:(u). For such functions u we define a piecewise-affine interpolation A.(u) related
to the scaling of a 1-periodic subdivision of R¢ into simplices whose restriction to
the unit cube are d! simplices, each of which has d edges coinciding with the edges
of the cube. The existence of such a decomposition, known as Kuhn decomposition,
is ensured by the Sperner Lemma (see [17]). Note that these interpolations are well
defined on each U CC  for € small.

We have the following compactness result with respect to the convergence induced
by the flat norm on the Jacobians of interpolations [5, Theorem 3].

LEMMA 2.2 (coerciveness of discrete energies). Let {u°} be a family of discrete
functions such that sup, X.(u®) < +oo; then, there exist a subsequence €; and an
integral (d — 2)-current M which is an integral boundary such that

(2.3) im Fy(«JAg, (u) —p) =0

J—+oo
for allU CC Q open sets, where p = wM. In particular, if d = 2 there exist N € N,
20 €Q, and dg € Z for £ € {1,...,N} such that p is an atomic measure given by

N
w=r Z dibq, .
(=1

The previous lemma justifies a notion of convergence of discrete functions u* to
an integral d—2-current M, which will be sometimes used in the sequel, as the validity
of

(2.4) lim Fy(xJA(u®) — ) =0
e—0

for all U CC Q2 open sets, where = wM.

With respect to this convergence we have the following result, which is a particular
case of [5, Theorem 3|. In the case d = 2 this is also a particular case of [5, Theorem
5], obtained, in the notation therein, taking ¢ = 2 if |{| = 1 and ¢ = 0 otherwise.
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THEOREM 2.3. The sequence {X.} T'-converges with respect to convergence (2.4)
to the functional ® defined on integral (d — 2)-currents which are integral boundaries

as
(M) = 4| M|,

where || M| is the mass of the current M. In particular, if d = 2, then M = Zé\; deds,
and

N
(M) =4 |dyl.
(=1

2.3. A notion of convergence for averages. Let  C R¢ be a bounded open
Lipschitz domain. For each u € L{ (Q;R?) and € > 0 we define a discretization
I.(u): eZ¢ — R? as follows

(2.5) L (u)(ei) = = / u(z) dr,

where Q! = &i + [0, 1]%.

We consider a 1-periodic triangulation of R? with vertices in Z¢ such that its re-
striction to the unit cube is given by d! simplices, each of which has d edges coinciding
with the edges of the cube (the Kuhn decomposition of the cube, see e.g. [17, Lemma
1]). This triangulation corresponds to a family of piecewise-affine functions {\x}rcza
with A\x: R? — [0,1] and such that A (k) = 1, the support of A is the union of the
elements of the triangulation containing k and ), ;4 Ax(z) = 1 for all z. Given a
discrete function v: eZ¢ — R?, we define a piecewise-affine interpolation by setting

(2.6) A()@) = 3 Ak(g)v(gm.

kezd

Note that if the dimension d is equal to 2, then the Kuhn decomposition is simply
the subdivision of each square in two triangles, which will make the proofs easier to
follow in that case.

We now introduce a notion of convergence of functions to integral currents. It
involves the use the notion of Jacobian (of interpolations) for functions which in
general are not weakly differentiable. Its use will be justified by a compactness result
(see Theorem 2.6 (i) in the next section).

DEFINITION 2.4 (Convergence). Let {u.} be a sequence in L (Q;R?) and let
w=nM, where M is an integral (d — 2)-current. The sequence {u.} converges to u

if for every U CC Q we have
lim Fy(xJ(Ac(Ic(ue))) — pu) =0,
e—=0

where Fy is the flat norm in U and *xJ is the Jacobian current.

Remark 2.5. If v°: eZ? — S' is such that the sum X.(v°) defined in (1.6) is
equibounded, then Lemma 2.2 implies that, up to subsequences, there exists p as
above such that

lim Fys (7 (Ae(67))) — 1) = 0

for every U CC 2. In our case, we cannot directly use that result since the discrete
functions I.(u.) are not S!-valued.
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2.4. The main result. We are now in the position to state our main result of
compactness and I'-convergence, which will be proved in the following sections.

THEOREM 2.6 (Compactness and I'-convergence). Let p: [0, +00) — [0, 4+00) be
a fized kernel with compact support such that

@) [, pleDIel do <+
(b) p(t) > po > 0 in a neighbourhood of 0.

Let Q C RY be an open Lipschitz bounded domain, and let F.: L*(€;S') — [0, +o0]
for all € > 0 be defined by

1 |z —yl 2
FE = — 3
(u) 7oz 7] Jora p( . ) lu(z) — u(y)|” dedy

Then, we have the following results.

(i) (equi-coerciveness of F.) If {u.} is a sequence such that F.(u.) is equibounded,
then, up to subsequences, there exists an integral (d—2)-current M which is an integral
boundary such that {u.} converges to p = wM in the sense of Definition 2.4.

(ii) (lower bound) If {u.} converges to p = wM in the sense of Definition 2.4, then

2T

(2.7 liminf F.(uc) > C,||M||, where C,= = [ p(|&])|£]* dE.
e—0 d R4

(iii) (upper bound) For every integral (d—2)-current M which is an integral boundary,
there exists a sequence {u.} converging to u = wM in the sense of Definition 2.4 such
that

lim F,(u.) = C,|| M|

e—0

Ttems (ii) and (iii) in Theorem 2.6 state that the sequence {F.} I'-converges with
respect to the convergence in Definition 2.4 to the functional

21

P = CylMll. where €, =25 [ ol ds.

with domain D(F) = {u =7M : M integral (d — 2)-current, M boundary}.

3. The compactness result. In this section we prove item (i) of Theorem 2.6;
that is, the key compactness result with respect to the convergence of the Jacobian
currents of interpolations of discrete averages of functions with bounded energies
defined in Definition 2.4. This is the analog of Lemma 2.2 in which instead the
Jacobian currents of interpolations of discrete functions are taken into account. That
lemma cannot directly be applied to discrete averages since the latter do not take
values in S'. We will use the fact that it can nevertheless be applied to discretizations
defined on translated lattices for almost all translations.

In order to prove the equi-coerciveness of the family {F.} defined in (1.3), by
scaling and comparison it is sufficient to treat the case

1
- ed*2]loge| Joxa

r—y

CEVRN A v (=) lu(@) = u(y)? dady

with u € L1(£2; 81). For future reference, we restate the compactness result as follows.
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LeEMMA 3.1 (Compactness). Let  C R? be a bounded open Lipschitz domain
and let {u:.} be a sequence such that F.(uc) is equibounded, where F. is defined by
(3.1). Then, up to subsequences, there exists an integral (d — 2)-current M such that
{uc} converges to p = M in the sense of Definition 2.4.

Proof. We first consider the two-dimensional case, in which a simplified notation
makes proofs clearer.

Let u € L'(©;S') and let U CC Q be an open set. For € small enough, using a
triangular argument we obtain

m /U ’u(x + %el) — u(x)

<;/ /‘u(m—i—fe)—u(x—i—fe +E§)
~ e?|loge| Jioap2 Ju 2! 2712

—l—u(:ﬂ + %el + %f) - u(x)rdac dg

<L/ /(‘u(ﬂc+§e)—u(x+ie —&-Ef)r
~ e2|loge| Jioa2 Ju 2! 2712

%el + gf) — u(z)r) dx d¢

32 / / 9
< Ju(e + n) — u(e) dedy
e?|loge] [0,1]2 JU+¢[0,1]2

32 -y 9
< s [ e (2Dt

= 32F.(u),
and hence for all u € L*(; S!) and U CC Q we get

2
‘dx

+’u<z+

1 2
(3.2) m/U\u(x—i—ael)—u(xﬂ dx
2 € 2
< __Z _ e
= loge] /U ‘u(m—l—ael) u(m—l— 261)‘ dx

+ g J, 1+ 5) —u@)|
e2|loge] qu 21 ue

< CF.(u)

dzx

for € small enough.
Let {u.} be such that sup, Fr(u.) < +00. For U CC Q and € > 0, we set

T.U)=T. ={k € 7% : ek + [-2¢,2¢]* CC Q, ek + [—¢,e]>NU # 0}.

Upon using in (3.2) any set containing {z € Q : dist(x,U) < 21/2¢}, which we may
suppose to be compactly contained in 2, in the place of U, we get the estimate

1

. >
(3.3) C F.(ue) [log 7]

S ueletee) —w@P e
= e

1
= Tog ] Z/[ . |ue(ek 4 ez + ee1) — u(ek + €2)|? dz
kez. V10,1

1
= /[0 T8 7] Z |ue(ek 4 2 4 ge1) — ue(ek + £2)|* dz
; keT.
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for € small enough. The same argument can be also used with e2 in the place of
e1. Now, we define a family of discrete functions u®?%: eZ? — S' given by up” =
u®*(ek) = u.(ek + €z), after extending u. to R? by setting u. = 0 outside 2 for
convenience. It follows that

(3.4) X (u®*U)dz < C Fo(ue),
[0,1]2

where for v: eZ. — S we have set

. — 1 AN ) |2
KelU) = [ioggy 2 Iled —vlei)
]

4,J€Le

We first outline the arguments of the rest of the proof. In order to prove the
claim we will use Lemma 2.2 to obtain that, up to subsequences, the sequence of
piecewise-affine functions {A.(u®?)} converges to a measure p® of the form

N.
pr=my  did,:
(=1
in the sense that
(3.5) lin(1) Fy(xJ(A:(u™?)) — p®) =0,
e—

and at the same time (in order to have a common subsequence) we apply Lemma 2.1
to deduce that, up to subsequences, the sequence {u.} converges to one of such p?.
Note that as a consequence we prove that such p* are in fact almost all independent
of z.

As a first step, in order to compare u®* and A.(I.(u.)) we introduce the following
auxiliary functions. For any z € [0, 1]? we consider the piecewise-affine function which
interpolates on the values of u. on the lattice ez + ¢Z?; that is, the values of u®*. We
set

ui(2) = A )@ —e2) = 3 M T Juelelh+2)) = 30 (=i
kez? kez?

Note that if (3.5) holds then {u?} still converges to the same p*, in the sense that
(3.6) lim Py (3] () — i*) = 0.

z

In order to apply Lemma 2.1, we have to estimate the L2-norm of A (I (u.)) —u?

and of its gradient. To this end, we note that
(3.7

for x €ez+ck+e@Q~

£z &2 ez &2
‘“k+e1 Uy ‘2+‘uk+62 Uy ’2

3 9

|V (2)|* =

£,z £,z
u — U
‘ ktertes kter for z€ez+ek+eQt,

9 U LW
k+ei1tez k+ez
- +

3
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where k € Z. we have set Q= = {(z1,72) € [0,1]? : 21 +22 < 1} and QT = [0,1]2\ Q.
By (3.3) and (3.7) we get

1 2
_ z dx d
/[0,1]z|loge|/ [Vue(@))" de dz

</ Z (ussk—&—sz—l—eel)—us(sk—&—gz)‘
[0,1]2 |log€|

3
+

uc(ek + ez + cea) — uc(ek +€2) ’2> &
€

< CF.(ue).

Similarly, noting that by Jensen’s inequality we have
/ ue (z +ee1) — U€($)|2 dx > 52|(IE(U€))(5k +cer) — (IE(UE))(EIC)‘Q
(k+[0,1]?)
for k € Z., we deduce that

1 2
(3.8) e /U VAL (L (u))(2)]2 dz < CF.(u.),

In particular it follows that

1

(3.9)
|log | [0,1]2

/ VA (I.(u.)) — VuZ|*drdz < C F.(u.).

As for the L%mnorm of A.(I.(u.)) — uZ, we start by estimating u? — u.. We have

(8.10) /H / [u (2) — ue () do dz
/ / ’ Z)(us(s(kJrz))—us(x))fdxdz
[0,1]2

kez?

< [ ] (et + ) v
[0,1]2 Ukezz

//01 hez? _EEZ> Us(E(k—l—z))—uE(x)‘dedm
<y; /J /0 112 peze 552) ug(s(k—i—z))—ug(m)‘ dzdx
<J§/ 52/ (el [ey) = ue() * dy da
<*/ () e () — uea) 2 dy d

= 052|10g5\F€(u8).

In this inequality, we used the fact that only an equibounded number of A\ is different
from 0 at fixed x and that A\, < 1.
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Recalling (2.5) and (2.6), we can write

AL@)@ = Y 0(D) 5 [ s

kez? Qs

T
= Ae(—)uc(ez+¢ek)dz = / uZ(x +ez) dz.
/[0,1]2 Z (5) (0,1]2

kez?

Hence, proceeding with estimates as in (3.10),

2
dx

(3.11) /U|AE(IE(UE))(1‘)—UE(CC)| da:—/U‘/[O’l]Q(uj(z%—sz)—ue(x))dz
</ /H U (@ + £2) — u.(a) 2 dz da
< Ce?|loge| F-(ue).

In particular, this estimate and (3.10) imply that
1 z
(312) m /[0,1]2 /U |A5(IE(U5(I))) — ’LLE({E)|2 drdz S CFE(Us)

By estimates (3.4), (3.9) and (3.12), applying Fatou’s Lemma, we deduce that for
almost all z € [0, 1]

(313) liminf (XE(UE»Z;UHm /U A (I (ue (2)) — ()2 da

E—

1
— A (I (ue)) — Vui (z)|*d .
+|10g5|/U\V (I (ue)) — VuZ(x)] x) < 400

Recalling Lemma 2.2, for almost all z € [0,1]? there exists a subsequence €; = ¢;(2)
and a measure p* such that u®°* — p* and

ggzliggﬂ/(]Aa(lg(ugj(l‘)))—ugj(l,)|2dx

1
|log ;|

+ / VA, (I, (ue,)) — Vg, (z)*dx < C.
U

By Lemma 2.1 we obtain that

(3.14) lim Fy(J (A, (I, (uz,))) — p) = 0;

j—4o0
that is, {u.,} converges to x* in the sense of Definition 2.4.

The proof in the general case Q C R? is exactly the same as in the 2-dimensional
case, with the difference that all triangular arguments must be repeated d times, a
factor £9=2 appears in the definition of the discrete functional X, and we have to use
the properties of the Kuhn triangulation in the computation of the gradient of uZ,
generalizing (3.7). We omit the details since they only result in a heavier notation. O

Remark 3.2 (Independence from the discretization). We now remark that Defi-
nition 2.4 is in fact independent from the choice of the discretization. We make this
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statement precise in the case d = 2, the general case following with minor modifica-
tions.
For a fixed £ = (£1,&) € R?\ {0} we consider the lattice Zg = 7& ® ZE+, where

¢t = (&, &) and the convergence of a sequence {u.} obtained by a discretization
on this lattice. Namely, for each u € Lj,.(2; R?) and & > 0 we define I¢(u): eZ7 — R?
as follows

(3.15) IE(u) (k) = Vél% /Q o (o)

where Q5¢ = ek +eQ%, k € Z? and Q¢ = [0,1)¢ + [0, 1)¢+.

Then, we consider a fixed triangulation of R? with vertices in Zg and the corre-
sponding family of piecewise-affine functions {/\i}kezg with /\i: R? — [0, 1] and such
that )\i(k) = 1, the support of )\i is the union of the elements of the triangulation
containing k and Zkezg Ar(z) =1 for all z. Given a discrete function v: £Z§ — R2,

following (2.6) we define a piecewise-affine interpolation by setting

(3.16) Aw) @)= Y )\i(g)v(sk).

2
kel

The key argument of Lemma 3.1 is the comparison of the functions u? with u, as
in (3.10), and is obtained thanks to (3.2). We can repeat the arguments leading to
(3.2) with ¢ in the place of e;, up to changing the constants, as follows. For fixed ¢
and z € [0,1]2, for i € Z? we set

(3.17) uf’z’f = u* (i) = ue(e21€ + e298t + €ir & + cint™h),

and let u>¢ denote the corresponding piecewise-affine interpolation from the lattice
ez1€ + ezl + eZg. Note that ufz§ are defined for i € Z2, so that they differ form
uZ¢ by the linear transformation carrying Z? in Zg, up to a small translation. Then
we obtain the estimates analogous to (3.8) and (3.11) with AS(7%(u.)) in the place of
Ac(I-(u)), and we can conclude that

1
3.18 Xe(u*S5 Uz ) dz + 7/ / AS(IE (ue(2))) — w2 (2)]? do dz
( ) [0,1]2 ( ,5) 2| loge| 0.1]2 U| (L2 (ue(2))) ()]

P / / VAT (ue) — V(@) ? de dz < C(€]) Fa(ue),
|log | (0,12 JU

where Us , = {z € R? : €21 + €296 + L(§)z € U} and L(§) is the linear map such

that L(&)(e1) = & and L(€)(ea) = &+
As a result, concluding as in the proof of the proposition, we obtain a subsequence
g; = ¢;(&) and a measure p(§) such that

(3.19) lim Fy (xJ (AL, (I, (uc,))) — p(€)) = 0

Jj—+o0
for all U cC Q. Note that if u(f) = 7 évzl d§5w§, then the sequence {uf-*¢}
£
converges to 7y é\[:l d§5L_1(I£)-
4

Now, we can apply Lemma 2.2 to A% (If (uc,)) and A, (I, (uc;)) with the esti-
mate on the gradients given by (3.8), while the second assumption can be obtained
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from (3.11) by a triangular argument. Hence, the sequence {u.} converges up to
subsequences to the measure p(§) in the sense of Definition 2.4, showing that the
convergence indeed depends only on u. and not on the discretization chosen. Indeed,
if the sequence u. converges to p in the sense of Definition 2.4, then u., converges to
w, implying p = p(€). This allows to remark that, if in Definition 2.4 we require that
(3.19) holds for all U CC §2, we obtain a definition of convergence which is equivalent
to Definition 2.4.

4. Proof of the I'-convergence result. We can now prove the I'-convergence
result. We recall that p: [0,4+00) — [0,+00) is a fixed kernel with compact support
such that [, p(|¢])|€|* dz < +o0. Moreover, we suppose that p is larger than a strictly
positive constant in a neighbourhood of 0; then, upon scaling, it is not restrictive to
suppose that

(4.1) P > POX[-1,1)45

so that we can directly apply the compactness result of Lemma 3.1. We also recall
that Q C R? is an open Lipschitz bounded domain, and F.: L'(£2; S*) — [0, +o0] is
defined by

_ 1 lz -y 2
Fs(u)—m QXQP( e )\u(m) u(y)|” dady.

The proof of the lower bound uses a discretization approach, rewriting the energies
as integrals on R? x [0, 1]¢ of lattice energies parameterized on the integration variable,
which can be analyzed separately, while a direct computation is used for the upper
bound.

Proof of Theorem 2.6 (ii) (lower bound). In order to point out and clarify the key
steps of the proof, we first deal with the case d = 2.

(a) The case d = 2. In this case, we can consider an integral O-current of the form
M = 22:1 d¢dy,. Let u. converge to u = mM in the sense of Definition 2.4. Let
U CcC €. In analogy with the definition of the family of indices Z., we set

TEU) = I8 = {k € Z% : ek +4eQ® CC Q, ek +2:Q° N U # 0},

where @5 is the square centered at 0 with edges £ and £+. We have

@2 R = [ o) (g [ oelo+ 20— ue(o) de) de

1 ) .
2|10g5|/]R2 p(IENIE] (/[0’1]2 Z |uc(e851€ + 826~ + ek + €£)

keTt

(€516 + esat + k)2 ds) de

1 i ]
+m/ﬂ{2 P(|€|)|f|2(/[071]2 Z |uc(e51€ + 896" + ek +e€T)

keIt

v

—ue(e51€ + es96L + k)| ds) dg
1 / 2 / 1 €,8,€ €,5,£12
so—— | PUEDIE = ui™t —ui™ P ds ) d€
2|10g€| R2 (‘ |)| | ( [0,1]2 2 ;ﬁ)l J | )

> g [LetebieP(f | Xetwrsuzogas)ag

Y
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where for i € Z?2 the value uS"** is defined as in (3.17) and
USe ={r €R? res1€ +espét + L(€)(x) € U},

L(¢) being the linear map such that L(¢)(ey) = ¢ and L(€)(ez) = &+
We now introduce a parameter n > 0 and write

(1~ (o) + ()
1 €,8,§.
25 ., PUEDEE / . <1—n>(X (w5 )

52|10g5| [ 1A uco)) — e @) da
+cn|1 /|VA ~(ue)) — Vi (z )|2d9c>dsd§,

Fe(ue) =

where Uy is any open set contained in the intersection of the sets U, for s € [0, 1)?

and ¢ small enough, u¢ denotes the corresponding piecewise-affine interpolation from
the lattice £51€ + es26+ + sZg as in Remark 3.2 and C), is a positive constant.
By applying Fatou’s Lemma we note that for almost all £ and s the limit

1
— Tim ;i €,s,§. RS 2
L(€.9) = liminf (X (4500 + Cy s [ 1AL e(w) — w2 (o) da
1
vioest [V A00)) Tz (o) o)
|logel Ju

is finite. Hence we can find a sequence ¢; (depending on ¢ and s) such that

L&) = i (e, (67500 + Co gy [ 1A, U (e () — @) e

J—+oo
+C 7/ VA (I (ug, —Vuf:’_5 2)|? dx
n\log€j| ‘ J( J( J)) ]( )| )

and equals the liminf above. By Remark 3.2 we deduce that uf>*¢ converges to

N

UE) =7y dedL1() (s
=1

so that
> e,s,ﬁ, >
L, 5) 2 liminf X, (u™ "% Ug) = 4m > ldel
{t:x,€U}

since we may assume that L= (&)(z¢) € Uk.
We can then proceed in the application of Fatou’s Lemma to deduce that

it P () > (1 =) [ o, PUEDIEPdET ST ]

{:x,cU}

and finally, using the arbitrariness of  and U, that

N
limnf £ (u.) > / AIEDIERdE T3 i
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which is the desired lower bound.

(b) The general case. In the d-dimensional case we cannot simply take into account
orthogonal bases of the form {¢,&%}. In order to repeat the argument in the 2-
dimensional case using the lower estimate for the discrete functionals X., we will
consider the space of the orthonormal bases in R? and use them to parameterize the
interpolations, generalizing the role of ¢ and ¢ in the 2-dimensional computations.
To this end, we define the space

V ={v=(vi,...,vq) : v; € S*! such that (v;,v;) =0 for i # j},

whose Hausdorff dimension @ is denoted by k4. Moreover, for any v € S9! and
ne{l,...,d} we set

Vy={v=0n,...,vq) €V v, =v}.
The Hausdorff dimension of V' is kg — (d — 1) and we have

Hr (V)

(43) de (d— 1)(‘/75’) — W

Note that in fact the space V is the orthogonal group O(d) C GL(d); that is, the
group of the orthogonal d x d matrices, and each V¥ corresponds to the orthogonal
group O(d — 1) acting on the orthogonal complement of v.

Now, let M be an integral (d — 2)-current, and let the sequence {u.} converge to
u = mM in the sense of Definition 2.4. Let U CC . In analogy with the previous
case, for t > 0 and 7 € V we set

IPWU) =17 = {k € Z&, : ek + 4:Q” cC Q, ek +2:Q7 NU # 0},
where Z% = Ztvy @- - -®Ztv, and Q\ﬁ is the square centered at 0 with edges {tv;}9_,.

Again note that {tvy,...,tvy} plays the same role as {£, £*} in the 2-dimensional case.
As in (4.2), by using (4.3) we have

1 2
(@4) Fwe) = [ oD (e || fnelo +0) = wela) o) e
Y e d—1 _ e v) — ue(z)|? de dH (v
= [ oo [ e [ e+ et) — )P a0

:/-‘roop(ttd 1/ ZfHd 15(1 1)/ 1
o ga1 d HEa(V v €2|loge]

luc (2 + etv) — ue(x)|? de dHF= 4D (7,)) dH (v) dt
Q

Hd I(Sd 1) /+oop(t)td1/ 1
~d Hba(V ) 0 v €| loge]

/ Z 1o (2 + £tvn) — e ()2 da dHF (7) dt
Qn:l

where 7, = (V1, -+, Vn—1,Vni1,---,va) € (S171)41 parameterizes an element of V"
by not considering the n-th component v. Now, proceeding as in the 2-dimensional
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case, we subdivide Q in cubes corresponding to indices in Z!”, obtaining

d
1 2
ol o 25l €6 o e

d

> td/ Z us( Ztszug + ety + sk) — us( Ztszw + sk) ’ ds
(0,1} |log£\ keTtv =1 —1
1 1 R -
— td - ;,s,tu _ s_,a,tu Qd
/[01]d |10g52<.z.:>u1 “ I ds
, i

4d
> = X (uo>", U ) ds,

2 [O’Hd

where, for fixed t >0, 7€ V s € [0,1]¢ and i € Z¢, the value uf’s’m is defined by

(45) U = (e _u4:§)ww+f§jmw)

and the set U¢

s,tv

is given by
d
Usiw = {x €R?: EZtSel/e +tL(u)(z) € U},
=1

with L(7) the linear map such that L(7)(e;) = vy for any £ € {1,...,d}. Hence, from
(4.4) we get the estimate

Hdl‘sdl oo 2d—1 sstu £ kq(—
(4.6) Fo(ue) > SdH (V) t)t o 1]dX( s Us ) ds dt dH™ (D).

Note moreover that, as in Remark 3.2, the functions u** converge to the pull-back
of the limit measure p with respect to tL(7), so that

) > 4mt2=7|| M.

s,tv

lim inf X, (u®*"; US
e—0
Now we can conclude the proof of the lower inequality, obtaining
+oo
[ e es ot et ) )
L PEDIgPdg M1(v),

2

d de
2

d

lim inf F (ue)
e—0

| \/

by exactly following the steps in the 2-dimensional case. 0

Proof of Theorem 2.6 (iii) (upper bound). We subdivide the proof in two cases,
by treating first the case of a single vortex of multiplicity 1.

(a) Upper bound for a single vortex of degree 1. We first deal with the case d = 2,
whose computations are then used in the general case.

It is not restrictive to fix p = mdy and Q = Bg. In this case, we set v(z) = 1oy for
x # 0, and we simply take u.(x) = v(z) as a recovery sequence.
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Let r. > 0 be such that 2¢ < r. << 1. Note that, since |uc(z) — us(y)| < 2, then

s [ 6D [ ot o) P drag < 00
€2|1Og€| Blp . Ue € € = €2|10g€|7
so that we get
1
4.7 7/ ue(x + €€) — us(x)|? de d
4D Sioga [, PUED [, Tuelet€) —ueta) do de
CT2

p(\so/B o +e0) — v drde +

~ 2|loge] e2|loge|’

Let & € B; be fixed. Note that for © € Bg \ B,, the value u.(z + &) = ‘iiig‘ is

well defined. Hence, we have

2
/ |v(x+5£)—v(x)|2dx=/ z+ee —i‘ dx
Br\B,, Bp\B,. T +e€| |z

- 2] (0.8 LEF . 08y,
Q/BR\B Ifc+E€|(\/H2 R P L
ol P L meP | e

Ci
/BR\B |x+€£\( EEE \I3)

LIEP LlmeP €
B c—)d
/BR\B EEA T ||3> v

/ o(lEf _LHenOP U 8P | ey,
Br\Br,

x> 2 |[? |z[?

<(+3)
()
005 Gl )
()
(1+3)

€ R |
=(1+—)2n (52\§|2/ —dr+063/ —2d7“)
Te re 2r r T

1 1 1
214121 - 3o+ 1
(E €] 2|10gr5 log R| + Ce (Ts R))

3
< (1 + ri) <|§|27r62\ logre| + 277Ci—) + Ce?|log R|,
€ €

where as usual C' denotes a positive constant independent of €,z and £ and R. It
follows that

1 r+e€ T |2
i [ [ [ - 2 e
Tiogel Jo "D Jonis, et el Tal
2

|log 7| / 9 e |logr.| € € |log R|
< d C’— C C .
= |loge|  Jp, plEDIEl” de + - |loge] i <|10g5\r6 + |log e|r2 * |10g6|>

If we choose r. such that

2

r € log r
im——"—=1im— =0 and lim gE:1,
e—0¢e2|loge| =07, e—0 loge
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for example r. = elog |logel, then, recalling (4.7),

limsup€2|1log€|/31 p(|§|)/BR e (5 + 2€) — ()2 du de

e—0
) 1 x + €€ x |2
< limsup ——— p(|€ / —— — —| dxd¢
c0  €2|logel Jp, (I&h Br\B,, | lT+e€&l ||

T 2
< /B PleDlel .

concluding the proof of the upper bound.

The two-dimensional computations can be used to treat the d-dimensional case
when we have M = 6y x H% 2 on a product Q = Br X w with w € R*2. In this
case we take u.(x) = ue(x1,x2) as defined in the case d = 2. As in that case, the
asymptotic behaviour of F;(u.) can be reduced to a computation involving v(z1,x2),
where v(z) = x/|z|. For each £ € R? the computation above gives

€
[ s - v de < (14 S )1 e P+ 1€ ea) e ogr
Br\B-. Te
9 EN/E
+Ce (1 + *) (7 + |logR|),
TE TE
so that, still following the computations above, we get

lim sup F (u:) < £92(w)r /B PUEDE, €)? + (€, e2) ?) de.

e—0

Noting that

| sthieenpae= [ plehieenfae = [ oebiet e

we deduce that

(18)  TolmsuwFa(n) £ C2@)7 [ plelel d = Colml,
e—0 By

where C), is defined as in (2.7).

(b) The general case. We consider a (d — 2)-dimensional current M such that the
support of M is compactly contained in 2 and is a polyhedral boundary; that is,
there exists a (d — 1)-dimensional polyhedral current L such that 0L = M. Then, we
can repeat the arguments for a single vortex up to considering in the place of v(z) = Tal
a function which plays the same role around each vortex. Indeed, by [2, Theorem 9.6]
(see also [5, Proof of Theorem 3]) there exist a map @:  — S! and a finite union S
of (d — 3)-dimensional simplices which contains all the (d — 3)-dimensional faces of L,

and 4§,y > 0 such that
(i) @ € W,oH (Q; 1) and «Ji = M;

(ii) @ is locally Lipschitz in  \ (S U M) and there exists p < 3 such that

(4.9) |Du(z)| = 0<m> + O(m)5
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(iii) for every (d — 2)-dimensional face F' of M, setting

U(F,8,7) = {x € O : dist(z, F) < min {5, L} dist(x,aF)},

Vit

then

(4.10) i(z) = — for x € U(F,J,7),

where we have identified the (d — 2)-dimensional affine space containing F' with R9~2
and written € R? as a pair (2/,2") € R? x R?"2 omitting the dependence on F
(see [2, Section 4.1]).

In order to treat each singularity separately, we localize our energies as follows.
For all V' C 2, we set

V) — 1 |z —yl 2
FE(%V)_W vap< . )\u(:c)—u(y)| dxdy.

Now, we take u.(x) = 4(z) for any € > 0. We can subdivide the computation
of F.(ue) into a computation “close” to M; that is, in each set U(F,J, ), which will
give the main contribution, and in the rest, which will be small. Indeed, for each F',
by (4.10) we can reduce to the computations above for a single vortex, obtaining

(4.11) limsup F; (us; U(F, 6,7)) < C,||M||(F).
e—0

Now we have to prove that the contribution in the rest of the domain is negligible.
To that end, we introduce the notation

D" = {z € Q:dist(x,D) <n}

for each n > 0 and D C Q. With fixed > 0, let U = U(n) be an open set of R? such
that
MuScUccS"ulJU(F,6,7),
F

where the union is taken over all (d — 2)-dimensional faces of M. We first note that,
since @ is Lipschitz in Q\ U, we have

(4.12) limsup F.(us; Q\ U) = 0.
e—0

Then, we consider the neighbourhood of the (d— 3)-dimensional part of the boundary,
showing that

(4.13) limsup F.(us; S™) = O(n)
e—0
as 7 — 0. This estimate can be achieved by estimating separately interactions close

to S (in a neighbourhood of order €) and in the remaining of the set. To that end,
let T' > 2 be such that spt(p) C Br; since |us(z) — u:(y)| < 2, we have

C

. . n 2Te < .
(4.14) Pl §T0 (S UMPT) < o
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As for §7\ (S U M)(T+1e e have the estimate
F.(ug; 87\ (S U M)T+De)

1 1
= p(l€ =iz + e€) — a(x)|* dx dé
|loge| /g, (1D ST\ (SUM)(T+1)e 62‘ ( ) (@)l
1 -
< p(I€]) /\Du(as+t€£)\2|§|2dtdazd§
|log €| Br 51\ (SUM)(T+De Jo
1 1 ~
< / plleDler / / \Dit(w)? duw dit de
|logel /B, 0 Jsn\(sum)e
1

p(1€1)[EN? dg |Dii())? da.
| loge /BT ST\ (SUM)e

Now, by using estimate (4.9) we get

(4.15) F.(ue; 8"\ (S U M)T+De)
C 1 1
< _
= |logel Jsm (sume <dist(x,S)2P + dist(:n,M)z) dx
< ClIM||(S)

(see [5, Lemma 3]). By (4.14) and (4.15) we obtain (4.13).
By gathering estimates (4.11), (4.12) and (4.13), we can conclude that

e—0 e—=0

lim sup F. (u ) < limsup (ZFs(us; U(F,8,7)) + Fe(ue; Q\ U) + Fx(ue; 52”))
F

< Cpl[M ]+ O(n).

By the arbitrariness of n > 0, the claim is achieved.
Finally, we can remove the hypothesis on M by using the following density result
(see e.g. [5, Proposition 2] and [1, 2]).

PROPOSITION 4.1 (density of polyhedral boundaries with multiplicity 1). Let
Q be a bounded domain in R?, and let T be an integral boundary locally in Q with
dimension h < d and ||T|| < 4o00. Then, there exists a sequence {T,} of polyhedral
boundaries in R% with multiplicity 1 and spt(T,,) CC Q such that nll)ﬂr_loo Fu(T,-T) =

0 for any U CC Q and lim ||T,|| = ||T]-
n—-+o0o

Using this proposition, we can construct a recovery sequence by a diagonal argument,
concluding the proof. O
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