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Abstract

In this paper we consider the XY (N-dimensional possibly anisotropic)
spin type model and, by comparison with a Ginzburg-Landau type func-
tional, we perform a variational analysis in the limit when the number of
particles diverges. In particular we show how the appearance of vortex-like
singularities can be described by properly scaling the energy of the system
through a I'-convergence procedure. We also address the problem in the case
of long range interactions and solve it in 2-dimensions.

1 Introduction

Phase transitions are a striking feature of many natural phenomena. They are
characterized by a strong dependence of macroscopic properties of physical sys-
tems on external parameters such as temperature or pressure. At a microscopic
scale they can be seen as a result of non-linear cooperative phenomena leading to
long-range order. Working inside this framework, we aim at giving a variational
description of some features which are peculiar of those phase-transition phenom-
ena which occur without breaking the symmetry of the system (e.g. those taking
place in films of superfluid helium, superconducting materials as well as in certain
magnetic or liquid-crystal systems). This type of phase transition has been first
studied in the seminal papers by Berezinskii [8], Kosterlitz [19] and Kosterlitz and
Thouless [20] concerning the so-called two-dimensional XY model. This model
turns out to be the easiest model that contains all the interesting features of this
class of phase transitions. It is constructed on the two dimensional square lattice
Z? whose points i are occupied by a spin confined to a plane u(i) € S*. For a given
configuration, the energy of the system is

Flu) = - 3 uli)u(j), (L1)

n.n.

where n.n. means that the summation is taken over all nearest neighbors; i.e.
those sites 4, j such that |i — j| equals the lattice spacing. Loosely speaking the
scenario that the Berezinskii-Kosterlitz-Thouless theory proposes is that the phase



transition phenomenon is mediated by the formation of topological defects or vor-
tices. Above some critical temperature T, this vortices behave like ’topological
charges’ that remain unbounded and make the system disordered, while below
T. they bound together in pairs which become the relevant degrees of freedom
of the system. We are interested in this low-temperature regime where the cost
of small fluctuations of the spin field around the uniform ground state is usually
conveniently calculated by coarse-graining on a scale much larger than the lat-
tice spacing. The energy of the resulting model is known as the Ginzburg-Landau
energy.

In the present paper we prove that the coarse-graining procedure of the XY
model in the thermodynamic limit can be made rigorous and that it leads to a
Ginzburg-Landau (GL) energy in the regime in which the so called GL coherence
length (here denoted by ¢) is extremely small (¢ — 0). In this case the GL energy
can be conveniently written as

Gelw) = 5 [ IVul + (1= a2 (1.2)

The analysis of the energy in (1.2), and in particular the appearance of vortex-like
singularities associated to energy concentration phenomena, has been successfully
addressed by many authors both from the PDE and the calculus of variations
point of view (see e.g. [1], [9], [15], [16], [17]). To this end, since, to leading term,

the cost of a vortex singularity is of order |loge|, the right energy scaling to be
G (u)

[logel”
the concentration of the energy has been provided by Jerrard in [15] where it has
been shown that the relevant tool to track energy concentration is the asymptotic
analysis of the Jacobians of sequences u. equibounded in energy. The variational
Ge (u)
[loge]
[16] and by Alberti, Baldo e Orlandi in [1] in the general N-dimensional case.

taken into account is

In this regime the key idea to address the problem of

analysis of the asymptotics of has been performed by Jerrard and Soner in

By relating the XY model to the GL model we may explain some geomet-
ric and topological properties of the spin-field singularities appearing in the XY
system in the thermodynamic limit by means of the same variational techniques
successfully exploited to study the GL functional. In this way we aim at interpret-
ing some of the results contained in the huge physical literature on the XY model
(and variations) (see e.g. [21], [24] and references therein) from the point of view
of calculus of variations.

To set up the general N-dimensional problem in the framework of discrete-to-
continuum variational limits (see for example [3], [4], [5], [10]) we scale the energy
in (1.1) to a fixed domain Q@ C RY. Taking into account the interactions between
nearest-neighbors on the lattice eZ” N Q (the lattice spacing ¢ will go to zero in
the continuum limit), the scaled energy reads:

F.(u) =— ZsNu(si) -u(ej).



Upon identifying the functions u : eZY N Q — S with proper piecewise-constant
interpolations, the energies can be considered as being defined on L>°(Q) and can
be described by a I'-limit (see [10] and [12] for basic definitions and properties)
in that framework as € goes to 0. The bulk scaling we have chosen for F. renders
its T-limit trivially the constant value —|Q2|, the only constraint being |u| < 1.
Such a limit is the same even in the case of Ising-type models (v € {—1,+1})
and summarizes the fact that any configuration of spins u. can slightly differ from
the uniform one on a mesoscopic scale without changing the asymptotic energy.
Such a poor description of the ground states can be improved by considering other
scalings. In particular we can select sequences that realize the minimum value with
a sharper precision; i.e.

F.(us) = min F, + O(k.)

where k. — 0 as e — 0. In the Ising case it has been proven ([3]) that the relevant
scaling is k. = e. This scaling yields to a selection criterion of minimal-interface
type, in the sense that, on such sequences u., the limit is an interfacial-type energy
reflecting the symmetries of the underlying lattice structure. In the present case
we show that no interface-type selection can be obtained by a surface scaling (see
Example 4.1) and focus on a different scaling, namely k. = £2|log ¢|, which implies
a selection criterion of topological nature. The sequence of scaled functionals we
consider is the following:

F.(u) — min F, B 1 ) )
e2|loge] ~ |loge] ;(1 u(ed) - uleg)

1 2
~ 2|loge] 7;5

By associating to any given spin field u the function v = A(u) defined as a contin-
uous piecewise-affine interpolation of u on the cells of the lattice (see (4.19)), we
have

E.(u) =

u(ei) — u(eg) ‘2
€

1
E ~—_— 2, 1.
{0~ g0 [V (13)

Once we prove a key lemma (see Lemma 4.4) which asserts that the singular term
in the Ginzburg-Landau energy is controlled by E.(u), that is

1 2 2
S —1)2 < CE.(u),
o L0~ 1 < CE.(w)

we recognize in the right hand side of (1.3) the leading term of ﬁéé?l This argu-

ment suggests an analogy between the two models and leads us to describe the
formation of vortex-like singularities, associated to a sequence u. equibounded in
energy, through the convergence in a ‘suitable sense’ of the Jacobians J(v.) of
ve = A(ug). Here J(v.) is meant as the 2-form dv} A dv?, dvl being the differential




> N
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Figure 1: Discrete vortices: optimizing sequences for M = ¢,, (+1 charged vortex)
(left) and M = —¢,, (—1 charged vortex) (right).

of the i-th component of v.. A key result to describe the structure of the vortices
is the following compactness result:

Compactness. Let (u.) be a sequence of functions such that E.(u.) < C and
let v. = A(u.). Then we can extract a subsequence (not relabeled) such that
Fqo(xJ(ve) — M) — 0, where M is an (N — 2)-dimensional integral boundary in
Q.

In the previous statement we have denoted by xJ(v:) the (N — 2)-current,
that is a L! map on Q valued in (N — 2)-vectors, obtained from J(v.) by the
standard identification x of k-covectors with (N — k)-vectors. For any current T'
Fq(T) denotes its flat norm (see definition (2.6)) and the limit current M is a
(N — 2)-dimensional boundary in the sense that, loosely speaking, it is supported
on a (N —2)-dimensional rectifiable set which is also a boundary. This set represents
the set of the vortex-type singularities of the spin field u. as € goes to zero.

The energy-concentration phenomenon on the set of singularities is described
by the following I'-convergence result which we state explicitly since it does not
rigorously fit the usual formulation of that convergence:

Lower bound inequality - Let (u.) be a sequence of functions such that Fg (*J (v )—
wM) — 0, where M is an (N — 2)-dimensional integral boundary in €. Then

liminf E. (u.) > || M||;
£

Upper bound inequality - Let M be an (N — 2)-dimensional integral boundary
in Q. Then there exists a sequence (u.) such that Fo(xJ(v.) — 7M) — 0 and

lim B, (u.) = || M]|. (1.4)



To better explain the previous results consider the case N = 2. In this case
the limit current M is a finite sum of Dirac masses, that is M = > ;_; dpdq,,
where n € N, x, € Q) represent the centers of the vortices and dy € Z are the
winding numbers of the spin field around each x; and are also called charges of
the topological singularity. In Figure 1 we have displayed two types of discrete
vortices, that is the microscopic configurations of the spin fields leading, in the
continuum limit, to M = 46,, and M = —dg,.

All the previous results are contained in Theorem 4.2 (see also Remark 4.3)
which can be considered as the discrete analogue of Theorem 1.1 in [2]. In this
sense, the Ginzburg-Landau energy can be seen as the continuous counterpart of
the XY energy within the logarithmic scaling regime. We point out that the limit
energy in (1.4) does not reflect the underlying geometry of the lattice. This is
explained by the fact that the parallel between the XY and the GL model carries
on to the characteristic length scale where energy concentrates that is much larger
than the lattice spacing ¢.

We remark that the result described above in the two-dimensional case has
a number of elements in common with the result obtained by Ponsiglione [22]
about the discrete-to-continuum passage in modeling the elastic properties, in
the framework of anti-planar linear elasticity, of vertical screw dislocations in a
cylindrical crystal. The analogy between the two problems was already known, at
least formally, since the pioneering paper by Kosterlitz and Thouless [20]. Indeed
it will be proved in a forthcoming paper [6] that the I'-convergence theorems,
independently proved for the two models, can be obtained one from the other
rigorously.

Starting from the previous analysis, we have also addressed the problem of the
variational description of the continuum limit of the XY model in the anisotropic
and in the long-range case. In the first case nearest-neighbors interactions between
spins in points ¢ and j of the lattice are differently weighed according to the
direction of the vector i — j. In Theorem 4.7 we prove the analogue of Theorem
4.2 pointing out how the geometry of the vortex type configurations is affected by
the anisotropy of the model.

The long range case, which is the case when the interactions between all
the spins are taken into account, is much harder. In Theorem 4.8 we prove a I'-
convergence result asserting that, in 2-dimensions, the limit energy is still of the
form (1.4). The set of hypotheses we make is quite general and includes the case in
which the interactions satisfy a decay assumption and are isotropic (see Remark
4.9). The general N-dimensional problem is open. In Theorem 4.11 we provide an
N-dimensional version of the result stated in Theorem 4.8 by assuming a more
technical hypothesis on the interactions. In the proof of these results, besides the
argument exploited in proving Theorem 4.2, a key ingredient is the idea, well
known to people working in statistical mechanics, and here used in a variational
form, of decoupling the order parameter on weakly interacting systems.

Finally we underline that many challenging problems remain open in this



framework. Among them we mention the variational description of the XY model
in presence of an external magnetic field, the study of the vortex interaction energy
or even the dynamic of vortices (see [23] and references therein for the theory
developed in the Ginzburg-Landau case). Many of the ideas contained in this
paper will be useful to address some of the previous problems.

The paper is organized as follows:
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2 Notation and preliminary results

In what follows © ¢ RY will be a bounded open set with £V (9Q) = 0. We define
as A(Q) the class of all open bounded subsets of Q. For all B € RY we define
Z.(B) =:{i € Z" : i € B}. We will also make use of the notation |- | to denote
the euclidean norm. Given A, B € RV (A e MPN and B € MN*F respectively)
we will denote as A - B the scalar product in RY (the row times column product,
respectively). For any & = (£1,&;) € R? we denote by &1 = (—¢&,,£;) the vector
perpendicular to £&. We denote by S! and B? the unit sphere and the unit ball in
R2, respectively.



2.1 Currents

We recall here some basic definitions about currents and forms (for more details we
refer to [13], [14]). For every h = 0,1,..., N, an h-form on § is a map from € into
the space of h-covectors /\h(RN ) while an h-current a map from 2 into the space
of h-vectors A\, (R"). By the standard duality between vectors and covectors, the
space Dy () of h-currents is identified with the dual of the space D"(Q) of all
smooth h-forms with compact support in . The boundary of an h-current is the
h — 1-current defined by the identity 97T [w] = T[dw] for every w € D"~1(Q) where
dw is the differential of w. We call boundary any current which is also a boundary.
Moreover we say that a current 7T is a boundary locally in Q if the restriction
T|q is a boundary for any ' CC Q. A current T is said to have (locally) finite
mass when it can be represented as a (locally) bounded Borel measure valued in
A, (RY). In this case we denote by |T| the variation of the measure 7' and by
7| = |T|(£2) the mass of T. The restriction of T to a set E will be denoted by
T| E as for measures.

A set M in € is h-rectifiable if it can be covered, up to a H"-negligible set,
by countably many h-surfaces of class C''. An orientation of M is a map which
associates to H"-a.e. x € M a simple unitary h-vector which spans Tan(M, )
which is the tangent space to M at z defined in a measure theoretic sense. For
every given M h-rectifiable set, 7ps orientation and oy € L, (H"| M), we define
the current

Th] = /M ot (@ - Tag )M, (2.5)

We call o5 the multiplicity of T and observe that, in this case, |T|| = [, [oar|dH".
A current T of the type (2.5) is said to be rectifiable if o) is integer-valued and
it is said to be integral if both T and 9T are rectifiable. A sum of finitely many h-
currents associated, as in of (2.5), to h-dimensional simplices in R" , endowed with
constant orientations and constant real (integral) multiplicities is a real (integral)
polyhedral current in R . Polyhedral currents in Q are defined by restriction.

For any given linear map L : RY — R™ and 8 € \"(R™), then L#3 €
A'(RY) is defined by (L#3) - (v; A ... Awvp) = B+ (Lvy A ... A Luy) for every
simple vector v1 A ... Awy. Given an open set ' € RY and amap f: Q — Q' we
define the pull-back of an h-form w on ' according to f to be the h—form f#w
on € defined by f#w(x) = (Df(z))*w(f(x)) for every x. The push-forward of an
h-current T on (2 is the h-current fxT on Q' defined by fuT[w] = T[f#w]. We
observe that if T is associated to (M, Tar, o) as in (2.5), then fuT is the current
associated to (M’, 7z, 0n/) where M = f(M), oar(y) is the sum of opr(x) for
all z € f~1(y) computed taking the orientation into account. In the rest of the
paper, given an N X N matrix A, we will make use of the shorter notation AxT
to denote the push forward of T' according to f(z) = Ax.

We define the flat norm of a current T € Dy, (Q) as

Fo(T) := inf{||S], 5 € Dy1(Q) T = 85} (2.6)



where the infimum is taken to be +oo if T is not a boundary. Here we recall
an approximation result for integral boundaries by polyhedral boundaries with
respect to the flat norm (see Proposition 8.6 [2]).

Proposition 2.1 Let Q be a bounded Lipschitz domain in RY, and let T be an
integral boundary in Q with dimension h < N and finite mass. Then there exists a
sequence of polyhedral boundaries T, in RN with multiplicity 1 and |T,|(09) = 0,
such that Fo(T,|Q2—T) — 0 and |T,|Q| — || T

As a simple consequence of the previous result we also state a local version of it
which holds without requiring any regularity on Q.

Proposition 2.2 Let Q be a bounded domain in RY, and let T be an integral
boundary locally in Q with dimension h < N and finite mass in Q. Then there exists
a sequence of polyhedral boundaries T, in RY with multiplicity 1 and spt(T,,) CC
Q, such that Fo/ (T,,|Y —T) — 0 for any Q' CC Q and ||T,,[Q]] — ||T].

2.2 Jacobian of Sobolev maps as currents

For every u € W'2(Q; R?) we define the Jacobian of u = (u1,us) as the 2-form
defined as
Ju := duy A dusg,

where du; = Zj Dju;dx;. Since
1
Ju = §d(u1du2 — uaduy ), (2.7)

and the last term makes sense as a distribution even if u € L°NW1(Q; R?), (2.7)
can be taken as a definition of Jacobian in this case. We can regard the Jacobian
as a N — 2-current using the identification between forms and currents defined
below. Given an h-form w € L} (), xw is the N — h-current on  defined by

loc
*xww'] = / (W Aw) - W € DVNTMQ),
Q

where 7o = e; A ... A ey is the standard orientation of €. Since
O(xw) = (DN " % (dw), (2.8)

by (2.7) we have that xJu is a boundary. Moreover xJ is a continuous operator
from W11 (€; R?) into the space of (N — 2)-dimensional boundaries endowed with
the flat norm.

In section 4.3 we will make use of the following lemma.

Lemma 2.3 Let U C RY be a bounded open set and let u. and v, be two sequences
belonging to W42(U,R?). If there exists a constant C > 0 such that

(3) / lue —ve|* do < Ce?|loge], (i) / |Vu, — Vo |? do < C|loge],
U U



then Fy(*J (us) —xJ(ve)) — 0.

PROOF. Observe that for u. = (ul,u?) and v. = (v}, v2?), it holds

e Ye gr-e

*J(uz) — *xJ(ve) = xJ (e —ve) +xJ(ul — vl v2) +xJ (v} u? —v?) (2.9)

gr e
where, for f = (f!, f?), we have used the notation xJ(f) or xJ(f!, f?) to denote
its Jacobian. By triangular inequality, from (2.9) if follows

Fy(xJ(ue) —*xJ(ve)) < FyxJ(u. — va)) + Fy(xJ(ul — v}, v?))

+Fy(xJ (v}, u? —v?)). (2.10)
Let now g. = (g2, g2) be one of the functions u. — v, (ul—vl,v?) or (v}, u2 —
v?). Since Jg. = d(gldg?), by (2.8) and the definition of the flat norm we get that

1 092
9e ox;

Fy(xJge) < | * (gdg?)[|(U <Z /

Then, thanks to Holder inequality, by hypotheses (i) and (ii), we get that

Fu(xJg.) < C ( / |ge|2>); ( / |Vga|2>); < Celloge]. (2.11)

Hence, the conclusion follows from (2.10) and (2.11). O

2.3 Ginzburg-Landau type energies

Here we recall the main result of [2] about the variational convergence of Ginzburg-
Landau type energies (see also [16]). For & > 0 set

_ 1 Loz b 12(0y. R2
Gu(u) = \1ogg|/9(2w“‘ b)) dr owe WAQRY),  (212)

where W is a continuous function which vanishes on S, it is strictly positive
elsewhere and it satisfies

> 0.

liminf ——~—~ >0 liminf
-1 (1 —y[)? lyl—oo [yl

Theorem 2.4 Let Q be a bounded Lipschitz domain in RY . The following state-
ments hold.

(i) Compactness and lower-bound inequality. Let (u.) be a sequence of functions
such that Ge(ue) < C. Then we can extract a subsequence (not relabeled) such
that Fo(xJ(us) — mM) — 0 where M is an (N — 2)-dimensional integral
boundary locally in Q). Moreover

lim inf G (u.) > || M]]. (2.13)



(ii) Upper bound inequality. Let M be an (N —2)-dimensional integral boundary
locally in Q, there exists a sequence (ue) such that Fo(xJ(ue) —7M) — 0
and

lim G, (u.) = || M. (2.14)

Remark 2.5 Let A be an invertible N x N matriz. If in (2.12) we replace |Vu|? by
|Vu-A|? then, by a change of variables, it can be easily shown that the same results
stated in Theorem 2.4 hold with |detA|||(A~Y)xM]|| in place of | M]|| in (2.13) and

(2.14).

3 XY model: bulk scaling

In this section we introduce and study the asymptotics of a class of bulk scaled en-
ergies governing the XY model in the general N-dimensional, anisotropic, possibly
long range case.

Given ¢ > 0 and {cf}¢ a family of positive constants labeled with ¢ € ZV
and such that EE ¢ < 400, we introduce the energy

F.(u)=— Z eV =Du(ed) - uley)
i,j€24ic (Q)

where u : eZ¥ N Q — S'. It is convenient to rewrite this energy regrouping the
interactions in the same direction as follows

F.(u) = — Z Z eN et u(ei) - u(ei + €).
¢eZ” i, i+¢€l(Q)
Let
C.() :={u: RN — S :u(z) =u(ei) Vz € {e(i + Q)} N}, (3.15)
where
N
= [07 1) .
Then any function u : eZ” NQ — R? can be identified with its piecewise interpo-
lation belonging to C.(2).

Then we may regard F. as defined on C.(£2) and extend it on all L>=(Q; R?)
by setting F. : L®°(Q;R?) — RU {+oc}

- Z c* Z eNu(ed) - u(ei +e€) if u € C(Q)
Fe(u) = ceZ™ i, iteeZ. () (3.16)

+00 otherwise.

10



Theorem 3.1 Let F. : L®°(Q;R?) — R U {+00} be defined as in (3.16), then
F. T-converges with respect to the w*-topology of L>®(;R?) to the functional
F: L®(Q;R?) = RU {+00} defined as

—|QI>> ¢t ifu e L2(Q; B?)
F(u) = 5
+00 otherwise.

PROOF. If u, € C.(Q) and u. — u weakly in L>=(€; R?), then u € L>°(Q; B?).
Thus the I-limit is finite only on L*(£; B?). The lower bound inequality is
straightforward since

Fo(u)>— > eNg{i i+ €€ 2.} — -] Y o
ecZ” ecZ”

In order to provide the upper bound inequality, it suffices, by density, to exhibit
an optimizing sequences u. when the target function u is piecewise-constant. We
will show how to construct u. when u is constant; the construction can be easily
repeated for piecewise-constant u on each set where it is constant.

Let then u = ug, with uy € B2. Thus there exist u;, uz € S* and t € [0, 1]
such that ug = tu; + (1 — t)ug. Choose a mesoscopic scale § = §(¢) with ¢ <<
6 << 1 and let

e (ei) = w1 if 0 < ei; < ¢ modulo &
€ Tl ue ift < eip <1 modulo

(41 is the first component of i € Z™). Then u. — u weakly in L>°(€2; R?). Moreover
a simple computation show that for any ¢ € Z¥

. . . . €
lim > eNu(ei) - ueei + =€) = |9 (_1+C\g|g% g) — Q.
i, i+6€Zi. ()

We then get the conclusion by summing over £ € Z"Y and taking into account that
D¢ e < 00 O

4 An higher order description: vortex like singu-
larities

In what follows, in order to study non trivial asymptotic properties of energies
of the form (3.16), we will address the problem of finding a relevant scaling of

the energies as in the framework of development by I'—convergence (see [11]), and
perform an asymptotic analysis in that regime.

11



4.1 Isotropic nearest-neighbors XY model

Let us specialize the energies defined in (3.16) to the case of isotropic nearest-
neighbors XY model that is when

ng{l ifé=ex, k=1,...,N
0 otherwise.
Then the energy becomes

— > Nu(ed) -ulef) ueC(NQ)

i,i€4-(Q)
F(w) = ji—jl=1
400 otherwise.

Let
me = min F.(u) = —|Q] 4+ o(1),

and, given a family of positive numbers J. converging to 0 as € — 0, we consider
the scaled energies

FE - £
E% (u) := Fe(w) —me .
de
Observe that, since m, = — > eV, we have that, for u € C. (),
i,5€24 ()
ji—l=1

i,j€Z4. ()
li—j]=1

Note that, despite of Ising type models considered in [3] where the scaling 6. = ¢
gives rise to interfacial surface energies in the limit, here this phenomenon does
not occur for any d. such that lim._,g g—g = +4o00 as the following example shows.

Example 4.1 Suppose for simplicity that 0 € Q. Given a,b € S, let

_ a lfJ?lSO
“(””)_{b if 21 >0

where ;1 is the first component of z € RY. Then we can construct u. — u in L'

such that E% (u.) — 0. In fact, let 6,6, € [0,27) be such that a = (cosf,,sinf,),
b = (cosBy,sinby), and set

0.(t) == (0 — 0,)(1 — ) + 0y,

€

12



f
¢
€
f
f
\ Y
- \
0e > ¢

Figure 2: The spin filed u. in Example 4.1: the mesoscopic relaxation prevents the
formation of domains.

where 1. = o(¢) is a scale to be determined a posteriori. Let, then, u. € Ce(2) be
defined as

a if il < 0,
ue(et) = { (cosB(gir),sinf(gir)) if iy € (0,7.],
b if 49 > Ne.-
Then, an easy computation gives that

2
E% (u.) ~ [1—cos — (0, —6,) ) 1 ~ =
- () ( cos = b>)55 <

Hence, it suffices to choose 7. such that — 0.

52
Nede
In the sequel of the paper we will focus on the scaling J. = 2| loge|. With
such a scaling, non topologically trivial ground states will appear in the continuum
limit.

Let E. : L®(Q;R?) — R U {+00} be defined by

1
|log €| Z eN72(1 —u(ei) - u(eg)) if ue C(Q)
Fe = /\iije-\zsl(m (4.17)
i—j|=
+oo otherwise.

Note that, for any u € C:(Q2), we have

1
E = — N
=(u) 2| loge| Z c
i,j€lic()
li—jl=1

u(ei) — u(ej) ’2

13



N
1
fz > NIDgru(ei)? (4.18)
[log el k=1"cZ.():

e(i+Q)e Q

For any u € C.(Q), let us define v = A(u) a piecewise affine interpolation of
u on the cells of the lattice as follows: let {p1,pa,...,pn1} be the set of the N!
permutations of {1,2,..., N} and let {T*,T2,..., TN'} be a partition of the unit
cube into N-dimensional simplices defined by

Tk .— {(p e [O,]_]N P Ty, (1) > Tpp(2) > ... 2> xpk(N)}v ke {1,2, .. ,N'}
Then v = A(u) is defined as

N -1
v(x) = u(ei) + ZD:p'j(l)u (5 (z + Z ep(l)>> (Tp) — €ip)), © € (i + TH)(4.19)
=1 m=1

One can easily show that

%(l’) = DZlu(ei), z€e(i+ P),
where
P={z: 0<x <1, 2y—1<ux, <z, I #£m}. (4.20)
Thus, from (4.18), we easily deduce that, for ¢ small enough,
E.(u) > 2|13g5|/9 |Vo|? da, (4.21)
where
Q. == {x e Q: dist(z,00) > VNe}. (4.22)

By the previous estimate and Lemma 4.4 below, we infer that
Ee(u) = Fe(v),

where Fy is a Ginzburg-Landau energy of the form (2.12), whose limiting behavior
is described in Theorem 2.4. Actually, the following theorem, which is the main
result of the paper, yields that E. and F. are asymptotically equivalent.

Theorem 4.2 The following statements hold:

(i) Compactness and lower-bound inequality. Let (ucs) be a sequence of func-
tions such that FE.(u.) < C and let v. = A(uc) be defined by (4.19). Then
we can extract a subsequence (not relabeled) such that, for any Q' CC Q,
Fo (xJ(ve) — M |q/) — 0, where M is an (N — 2)-dimensional integral
boundary locally in Q. Moreover

liminf E, (ue) > 7| M]|.
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(i) Upper bound inequality. Let M be an (N — 2)-dimensional integral bound-
ary locally in Q. There exists a sequence (ug) such that, for any Q' CC Q,
Fo (xJ(ve) —mM|q) — 0 and

lim E. (u.) = | M]. (4.23)

Remark 4.3 In the case €2 is a bounded Lipschitz domain, we can prove that the
compactness and approximation result stated in Theorem 4.2 holds with respect to
the convergence in the flat norm Fq (and not only Fg/ for any ' CC Q). In fact
let us set Z.(Q) := {i € Z" : (i +[-1,1]N)NQ # 0} and, for any u : eZ. — S*,
set

—= 1 . .
Eo(u) = [ogz] | e%:(m (1 —u(ei) - u(ej))-

li—jl=1

Then, thanks to the Lipschitz regularity of 2, for any v € C.() it is possible to
define a suitable extension @ : €Z. — S' such that

E.(u) < C(Q,N)E.(u). (4.24)

Note that the piecewise affine function T = A(w@), constructed as in (4.19), is well
defined in all the set €.

Then, by (4.24), it can be easily proved that if u. and M are as in Theorem 4.2
(i), then the family of piecewise affine functions . = A(@.), T. being the extension
of u. defined as above, satisfy (up to subsequences): Fqo(xJ(v:) — 7tM) — 0. In
particular this implies that M is a N — 2 integral boundary in 2. Moreover given
any N — 2 integral boundary M in €, the optimizing sequence u. satisfying (4.23)
can be chosen in such a way that Fq(xJ(v.) — 7M) — 0.

Eventually, we underline that the limit boundary M does not depend on the
type of extension of u. chosen, in the sense that if @, is any other extension of u.
satisfying (4.24) and 9. = A(4.), then Fq(xJ(v.) — xJ (7)) — 0.

In the next Lemma we show that, for any u € C.(f2) the penalization term of
the Ginzburg-Landau energy of its affine interpolation can be controlled by E.(u).

Lemma 4.4 Let u € C.(Q) and let v = A(u) be given by (4.19). Then
1 2 2
—1)*dx < CE
2| loge] /§2£(|,U )2 dx < < (u),

where . is defined in (4.22).

PROOF. The Lemma is proved if we show that Vi € Z.(Q) such that e(i+[0, 1)) C
Q and for all k € {1,2,..., N}, we get

-1
Dsl’k(l>u (g (7, + Z epkﬂ)))
m=1

15
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N
sup (v —1)* < CZ g2, (4.25)
=1

zee(i+TF)




In fact, if (4.25) hold true, we get

1 2 2
—_— —1)°d
e2|loge| /Qa(hj )" de

< 2_12
< 62|1Og8@2/€ (o — 1)? d

i+TK)

2 2
€2|10g€|;zs sup (ol 1)

LEa(i-‘er)

IN

2

-1
< epk(l) .
< g L o (=1 o))
C W |ulei) = u(e)

< — 2 =CE.(u). 4.26
—  2|loge| Z c € (v) ( )

i,jedi. ()

ji—il=1

We now prove (4.25). Fix i € Z.(Q2) such that (i + [0,1]V) € Q and k €
{1,2,..., N}, and set

l
ar=ule(i+ Y ep))
m=1

Then, for z € £(i + T*) we can write

N
(@) = a1+ Y (s — al)(% Q).

=1

Then, since |oy| =1 and | — 4| < 1, we easily get that

N
(v(z) Z |41 — o)

O

Proof of Theorem 4.2 (i) (Compactness and lower-bound inequality)

Let u. be such that E.(u.) < C, and let ,, CC 2 be a sequence of Lipschitz open
sets such that Q, " Q as n — +oo. Then, by Lemma 4.4 and (4.21), we have
that, for any t > 0 and n € N

1 t
1 E.(u.) > ——— |2 — 2 —1)2 d. 4.2
(1+1) (u)_2|10g€/9n|v1]| dot G [ (ol -1Pdn @2

n

Then, by Theorem 2.4 we deduce that, for all n we can extract a subsequence (not
relabeled) and find a integral boundary M,,, such that Fqo_(xJ(v.) — 7M,,) — 0.

16



Note that if n’ > n then M,/ |q,= M,. Letting n — 400, by a diagonaliza-
tion argument we can extract a further subsequence such that we have that
Fq, (xJ(ve)—mM) — 0 for all n € N, where M is such that M|, = M,,. Moreover,
by (4.27) and Theorem 2.4 (i), we get

7r
liminf F.(u.) > ——|M|(Qy,).
imint B (u.) > - |M|(2)
Eventually, by letting n — oo and ¢ — 0, we obtain the conclusion.
O

In the proof of the upper bound inequality we will make use of the following
technical lemma (see [2] Lemma 8.3).

Lemma 4.5 Let S € RY be a bounded set contained in a finite union of Lipschitz
surfaces of codimension h, and for every t > 0, denote by Sy the t-neighborhood of
S. There ezists a finite constant C (depending on S) such that LN (S;) < Ct" for
every t > 0 and

dx C
/St (dist(x, )P < W 7pt for every p < h and t > 0.
Proof of Theorem 4.2 (ii) (Upper bound inequality)
For reader’s convenience we divide the proof in three steps.

step 1. We first consider the case when M = 7 HN 2| where M =
{r € Q: 2y =29 =0} and 7 is any constant orientation of M. The function
uw:RY — S, given by

u(z) = ~FLT2) (4.28)

b
Va2 + 23

is such that xJu = w M, up to a change of the orientation. Moreover u € VVlloc1 (RN; S1)
and one can easily check that

1 1
im ——— |Vul?dr = lim —— -
= |loge| Ja\p. = [logel Jo\p, #1 + 3
= TH" (M) =x||M|, (4.29)

where D, = {z € Q: /2% + 22 < €}. By Lemma 6.1 there exists y. € (0,1)"
such that, set u.(z) = TY u(z), the function v, = A(u.) converges to u strongly in
WL RN, R™) which implies that Fo(%.J(v.) — *J(u)) — 0. Moreover, as in the

proof of Lemma 6.1, we may suppose that, for all k € {1,2,...,N} and i € Z",

D¢y, (i) = 01 é?Tuk(E(i + ye + teg)) dt. Indeed in this case one could have chosen
as optimizing sequence

we(ei) = {u(52> if (i1,72) # (0,0)

Uug otherwise,

17



for some ug € S'. We have preferred the previous construction as it works also in
the most general case (see step 3). Let us consider ¢ € ZY such that i; V iy > 3
in order that, for any & € {1,2} and for all ¢ € (0, 1) it holds that dist(ei + ey. +
tex, M) > e. We have that, by Jensen’s inequality,

2

2

1
DS ()P = / OU (i 4 e+ ten)) dt (4.30)
0 axk

1 2
/O

ou

— dt
8.7;‘k

IN

(e(i + e + tex))

2

ou 2 il ou, Ju 2
= Txk(x) +/0 (‘axk(f(l +ye +ter))| — BTck(m) dt,
for any x € (i + [0,1)"). By an explicit calculation we get
ou | C
v ( ai ) @) <~ =7
= (@ + a3}
Hence, by (4.30), we have
|Deku(€i)‘2 < %(x) ’ L
’ © |0m (af +a3)%
Thus
ou 2 C
N e -\ 12
eV |DZu(ed)|” < / — ()| + ———=Fdx
il\;>3 ) il\;>1 ci+Q) | 9Tk (23 4 23)*
/ Ou )2 dx + Ce / LI
— (= x ———dx
o\D. | 0%k a\p. (a3 +23)?

By the previous estimate, observing that the energy accounting for the interaction
at a distance of order € from the singularity is negligible in the limit, we get

E (ue) < |Vul? dz 4 o(1)

~ [loge| Jo\p.
and then the conclusion follows by (4.29).

step 2. Let now M = 7Ao/HN 2| oy where M = AN with A any (N — 2)-
dimensional affine space in RY. Then there exists an isometry T : RY — RV
such that A = T{z; = x3 = 0}. Then the function u’ = u o T~! where u is given
by (4.28), is such that xJu? = M. Moreover uT € VVlloc1 (RY;S1) and (4.29) holds
with «”" in place of u and

D, ={z € Q:dist(x,A) < e}

18



Let u. = T%uT as in step 1. Observing that now, for all k € {1,2,..., N},

2
Ik (dist(x, A))?

estimate (4.30) for u” yields to

T

1
Z €N|D:kuT(Ei)‘2 < / ZL@) dr + Ce / ﬁdx‘

z 3

i:dist(ei,A)>(vVN+2)e Q\D. k VD, ( IS'L(X7 ))2

The conclusion follows as before.
step 3 In the general case, by Proposition 2.2, we may reduce to prove the
upper bound inequality for M a polyhedral boundary such that spt(M) CC Q.
Let L be a (N —1)-dimensional polyhedral current such that 9L = M. Then there
exists @ : @ — S, a finite union S of (N — 3)-dimensional simplices in RY which
contains all N — 3-dimensional faces of L and §, A > 0 such that
(i) @€ W (R™,S") and xJi = wM;

C

(i) @ is locally Lipschitz in R \ (S U M) and there exists p < 3 such that
|Du| = O(1/dist(x, M)) + O(1/(dist(x, S))P); (4.31)

(iii) for every (N — 2)-dimensional face F' of OL,

7

for x € U(F,0,7) N, (4.32)

u(x) = Ed

where U(F,d,7) := {z € RY : dist(x,F) < (6 A \/117> dist(x, OF)}.
Let uc(z) = TYu(zx) as in step 1 and 2. The claim follows if we prove that

lim sup F. (ue) < || M]].
e

To this aim we localize our energies as follows. For any V € R”Y we set, for all

u € C:(92),

1 u(ei) — u(eh) |
E.(w,V) = vzl e 4.33
V) = g Y N[ (4.33)
i,j€L.(V)
li—j|=1

For any nn > 0 and D C R, we define D" = {z € Q : dist(x,D) < n}. Let U be
an open set of RY such that

MuScUc |J UFsy)UST,
FedL
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then
Es(ua) < Ee(u67Sn) + Z Es(uaa U(F7 J, 77)) + E€(UE7Q \ U)
FeoL

In what follows, by the arbitrariness of 7, we get the conclusion if we prove that
(1) limsup, E-(uz, S7) < O(1),
(2) Tim sup, Ex (u., 2\ U) =0,
(3) limsup, Y pegp, Le(ue, U(F, 6,n)) < || M]|.

(1) For i € Z.(S") such that dist(¢i,S UM) > (v/N + 2)e, we have that, for any

ke{l,2,...,N} and s € (0,1), dist(e(i + ye + sex),S UM) > e. Then, by (4.1),
we get

1 ~
P
N DE . (e0) 2 geN/ 2% i+ e + sen)) 2 ds
0 al'k;
1 1

1
< N
< Ce /0 (dist(e(i + ye + sex),S))?P + (dist(e(i + ye + sex), M))? ds
1 1
< dzx. 4.34
SO oo @) (@t o 43

Then for n € N large enough, by Lemma 4.5,
E.(ue,S") < E-(ue, S"N (SUM)"22) 4 E_(u., 87\ (S U M)™)
<o(1l)+ ! + !
0
- [loge| Jsn\ (sunne (dist(x,S))?P  (dist(x, M))?
< o(1) + C[|MI|(S™),

dz

from which we deduce (1).
(2) is straightforward since @ is locally Lipschitz in R \ U, from which we
get
C

[Tog<]’

E (u,Q\U) <
(3) follows easily since, for any F' € JL, by step 2

limsup E. (ue, U(F,d,n)) < 7| M||(F).

g

O

Remark 4.6 (Antiferromagnetic XY model) Let us consider the antiferro-
magnetic XY model. In this case the energy is F.(u) = —F.(u) with F. given by
(3.16). The opposite sign in the interaction energy now favors oppositely directed
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Figure 3: Antiferromagnetic case. Vortex type 2-dimensional singularities: +1
charged vortex. In black and grey the two interpenetrating ferromagnetic vortices.

nearest neighboring spins in the volume scaling. This case can be reduced to the
previous ferromagnetic one by using the variables

w(ed) = (—1)rH i),

In this way F.(u) = F.(w) and it is possible to perform the whole analysis we have
done so far by using this new variable. In particular we can get some information
on the geometry of the vortex type singularities of the antiferromagnetic scaled
model. As an example we observe that the configuration of the spin field for a
ferromagnetic vortex in the variable w is associated to a spin field in the original
variable u which can be described as the superposition of two oppositely directed
vortices on two interpenetrating double spaced sublattices (see Fig 4.1).

4.2 Anisotropic nearest-neighbors XY model

In this section we consider the anisotropic nearest-neighbors XY model in which
the interactions in different directions are differently weighed, that is in formula
(3.16) c* =0if £ # ey, for all k =1,..., N. Then the energy becomes

N
o - Z c* Z eNu(ei) - u(ei +eey,) if u € C.(Q)
B (u) = k=1 4 itereZi.(Q)

+00 otherwise.

Arguing as in the previous section the significant scaled energy becomes

N
1
o ozl Z c* Z eN72(1 — u(ei) - u(ei +eey)) if u € C.(Q)
E®(u) = { |loge| T et ) (4.35)
+00 otherwise.
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Theorem 4.7 Letc® >0 forallk =1,...,N and set B = diag(v/cc1,...,\/ceN).
Then the following statements hold:

(i) Compactness and lower-bound inequality. Let (u.) be a sequence of func-
tions such that E¢"(u.) < C and let v. = A(u.) be defined by (4.19). Then
we can extract a subsequence (not relabeled) such that, for any Q' CC Q,
Fo (xJ(ve) — M |q/) — 0, where M is an (N — 2)-dimensional integral
boundary locally in Q). Moreover

lim inf B, (ue) > det(B)x|| B, M]|.

(i) Upper bound inequality. Let M be an (N — 2)-dimensional integral bound-
ary locally in Q, there exists a sequence (ug) such that, for any Q' CC Q,
Fo (xJ(ve) —mM|q) — 0 and

lim E. (uc) = det(B)w| By ' M||.

PROOF. (Compactness and lower-bound inequality) We first note that, for any
u € C(9), we have

N
1
Eo(u) > ——> ¢ > N|Du(ei)’.
2| log €] =
= ieZi.(Q):

e(i+Q)C Q

Thus by the definition of v, = A(u.) we easily deduce that, for € small enough,

1
E.(u) > — -B|*d 4.
)2 g [ 19w BR e (4.36)
where
Q. :={z e Q: dist(z,00) > VNe}.

Hence, by (4.36) and Remark 2.5, we prove (i) arguing as in the proof of Theorem
4.2.

(Upper-bound inequality) Since the proof relies on the same argument used in
that of Theorem 4.2 (ii), here we only highlight the main differences by exhibiting
the optimizing sequence in the case M = Tp(HN 72| oy where M =V NQ with V
any (N — 2)-dimensional affine space in R". Let us set & = u” where u” is the
function introduced in step 2 of the proof of Theorem 4.2 and T': RY — RY is the
isometry such that B=}(V) = T{x; = 2 = 0}. We remind that xJ (@) = ’/TB;;lM
and easily infer that

1
|log el

/ Vil de — x| B; M],
B-1(2\D.)
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Figure 4: Deformation of the geometry of the singularity by anisotropy for a 2-
dimensional +1 charged vortex: circular symmetry in the isotropic ¢®* = c®? case
(left), elliptical symmetry in the anisotropic ¢t > ¢°2 case (right).

where D, = {z € Q : dist(x, V) < €}. Setting u = %o B! one can easily verify
that *J(u) = #M and, by a change of variable, that
1
— [Vu- B> dz— det(B)r|| B, M]|.
[loge| Jop.

Let u. = TY<u as in Lemma 6.1. Arguing as in the step 2 of the proof of Theorem
4.2 we have

E (ue) |Vu- B|* dz + o(e)

S -
|log €| Q\D,

from which the conclusion follows. O

4.3 Long range XY model

In this section we will focus on the long range XY model that is the case in which
all interactions are taken into account. We will mainly deal with the 2—dimensional
case and then discuss the extension of the results to higher dimensions. By scaling
the energy in (3.16) as in the previous cases, we obtain

1
ir(y _ ) Tloge] Z ¢t Z N1 —ulei) - ulei +€€))  if u € C.(N)
5 (U) - ggZN i,i+§6ZE(Q)

400 otherwise.

It is convenient to regard the energies above in terms of different quotients. For
u € C.(Q) we set
~u(ei + &€) — u(ei)

el¢]
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and rewrite the energy as
- 1
EV(w) = 50— > [{PEE(w) (4.37)
2|log ¢ 7
13

where
Ef(u) = Z EN‘Dgu(si)’2
ii+ecli.(Q)

4.3.1 The 2-dimensional case

In the following theorem we prove the analogue of Theorem 4.2 in the 2-dimensional
case under the main assumption that ¢& = c¢ " which implies the isotropic behavior
of the energies in the limit.

Theorem 4.8 Let N =2 and let {c*}¢ be a family of non negative constants such
that € = &, ¢® > 0 and deZQ |€2¢5 < +o00. The following statements hold:

(i) Compactness and lower-bound inequality. Let (u.) be a sequence of func-
tions such that E"(u.) < C and let v. = A(u.) be defined by (4.19). Then
we can extract a subsequence (not relabeled) such that, for any Q' CC Q,
Fo (xJ(ve) —mM|q) — 0, where M is of the form

N
M =" dibs,, (4.38)
k=1

for some N € N | d € Z and xy, € ). Moreover

liminf BV (uz) > = 37 (¢ M. (4.39)
€ 2 7
e

(ii) Upper bound inequality. Let M be of the form (4.38). Then there exists a
sequence (ug) such that, for any Q' cC Q, Fo/(xJ(v:) — M |q) — 0 and
: Ir _ E 2 £
lim 1207 (2) = 7 3 [€Pes|a ).
¢eZ?

Remark 4.9 The condition ¢ = ¢ is in particular implied by a more natural
condition widely exploited in the physical literature of the the long range XY-
model, namely that ¢¢ = ¢(|¢]).
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Proof of Theorem 4.8 (i) (Compactness and lower-bound inequality)
Since ¢°* > 0, the compactness is straightforward consequence of Theorem 4.2.
Given ¢ € Z?%, we may partition Z? as follows:

13K
2’ = J(zn+ 26 @ 2EY) (4.40)
h=1

with 2z, € {z€Z?: 0<z-£<|f], 0< z-&F < [€]}. Then for u € C. we may
write

l¢|?
E(u) =) €8 (u)
h=1
with
ghw = Y & [Dbulei)|’
iitecZS" ()
where

ZEMNQ) = {i € 2y + ZEDZET : ci € Q.

For all h € {1,...,[£]?} and u € C.(R), let us introduce v*" = A% (u) a
piecewise affine interpolation of u on the cells of the lattice zj, + Z& ® Z&EL. To this
end, for all £ € R?, we set

T, = {zeR’: 0<z-¢ <z <},
Tg“ = {zeR?*: 0<z-£<z- et <e),
Qe = TgUTgr.

Then, for i € zj, + Z& ® ZEL, v5" = ASP(u) is defined as

05 (2) = ulei Sulei x—i-i éLui J;—i~§
(0) = ulei) + DEu(ei) (@ = i) 1) + DS utei+ 26) (o —20) - i )
forx € e(1 + 1T} ), and

gL

V& (x) = u(ei) + DE ulei) ((a: — &i) ) + Dfu(ei + et t) ((x i) - 5)

€] i§

for x € e(i + Tg‘) Note that

&.h

825 () = Dtu(ei), z€e(i+P),
&h .

%(z) = DY u(ei), we€e(i+ Per)
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where

Pe = {2eR*: —[¢|<(@-O—l¢<(x-&5) < (z-& < ¢},
P = {2eR%: —|¢<(z-&)—[¢] <(z-8& < (z-&F) < ¢}

Note that v¢'! = v.. Then, as in the proof of Theorem 4.2, we have that, for e
small enough,

oveh ?

9¢

et
o+

1
rT= 0
2| logel[¢[?

1
Sf’h(u) >

2
€ ~ 2|loge| Jos ‘

/g |Vt |? da(4.41)
QE

where
Qf = {2z € Q: dist(x,00) > V2|¢|e}.

Given u, be such that E (u.) < C, we now verify that, for every U cC Q, € € Z?
and h € {1,2,...,[¢]?}, Fy(xJ(v&") — xJ(v:)) — 0. To this end we show that the
sequences vg’h and v, satisfy the hypotheses of Lemma 2.3. Let U’ be such that
U ccU cc. By (4.41) we have that

1
Toge] /U, VoS |2 + |V |* de < C. (4.42)
Set we = v&" — v, it holds
/ |Vw.|? dz < C|logel. (4.43)
U/

Moreover, since w.(ei) = 0 for all i € 2z, + Z& @ ZE+, we have that, for every
x € €1+ Qe

1
we(x) = / Vwe(ei + t(x —ei)) - (x —ei) dt
0
by which we get that
1
lw. (z)* < / |Vw, (i + t(x —ei)) - (x — €i)|? dt. (4.44)
0

Set to = ﬁ With given x € ei+¢Qg, if t < to, we have that t|z—ei| < tev/2]€] <
€ which implies, by the construction of the piecewise affine interpolations, that
Vwe(ei + t(x — €i)) - (x — 1) is constant on (0,%p). Then the following estimate

holds true

/1 |Vw, (gi + t(x —ei)) - (x —ei)|? dt < 2/t1 |Vw, (gi + t(x —€i)) - (x — ei)|? dt.
0 el
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Integrating (4.44) over €i + £Q¢ and using the previous estimate, we get

1
/ oo ()2 der < 052|g|2/ / V. (i + t(x — i) 2 da dt.
eiteQe %J eiteQe

By the change of variables y = ei 4+ t(z — €i) we have the following estimate

2 Ce*[¢? 2 21412 2
|we ()" do < — [Vwe(y)|” dy < Ce7|¢] [Vwe|” da.
ei+eQe 0 ei+eQie eiteQe

Finally, summing over i € (zh +ZED Z§J-) NU, by (4.43) we get

/ . |2 dz < 3 / . |2 dz < 062/ V. |? dz < C22|log |,
v ic(ntZeaZesynu ST v

Thus we may apply Lemma 2.3 and get, by the compactness result, that there exists
a subsequence (not relabeled) such that, for every U CC Q Fy(xJ (v&")—mM) — 0
forall ¢ € Z% and h € {1,2,...,|¢|?} where M is of the form (4.38). Then by (4.41)
and by arguing as in the proof of the lower bound inequality in Theorem 4.2, we
obtain the lower bound inequality

€12

D IEPeE D liminf £ (u)
3 h=1

D IEPeE| M.
3

lim inf B! (u.)

\%

Y

O

In the following proof the construction of the optimizing sequence is the same
as in the isotropic nearest-neighbors case. Here we only provide the main estimates
of the energy in order to obtain the upper bound.

Proof of Theorem 4.8 (ii) (Upper bound inequality)
For any given A € A(Q) we localize the energies defining

B (u, A) = > [¢PEE (u, A)
ceZ?
where
A=Y E[Dulei)
ii+¢edi.(A)

Assume for simplicity of notation that, by translation, 0 € Q. Let M = {0} and
M = g, the general case being easily deduced by arguing as in the proof of
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Theorem 4.2. Let u(z) = 77 and let ue(x) = TY u(x) be as in step 1 of the proof
of Theorem 4.2 (ii). Let €i, (i + &) € B(0,4¢||). Since |Du(ei)| < % we have
that

C

[loge|
Let €i, (i + &) € Q\ B(0,4¢|¢]). As in (4.30), for every & € Z?, we have:

E8 (u, B(0, 5el¢])) <

Su(ed)|? u 4 1 u(x) - € — |Vu(ei + et€) - £
DS < 1l V(o) - € + g5 [ (Vu(w) € = [Vu(ei-+et6) %) at

I3

and

v (1vu-¢?) )] < Cp'jg',

Thus, by the two previous estimates, we get

1 1
Z |DSu(ei)|? < ie? / |Vu(z) - € dx + Cel€] / wdm
i,i+£€ 2 (Q\B(0,4¢]¢))) Q\B(0,¢) Q\B(0,¢]¢])
1
72/ Vu(z) - €2 dz+ C.
€12 JorB(o,e)
Since
r 26565 (u, B 4.4
) < QUOgE'Z\acss(u, (0, 5[¢]) (4.45)

2|10g€‘ Z|&|2 € (u, 2\ B(0,42[¢]),

by the previous estimates we get that

C Z
l?" < 2 5
+ § |§|2 ‘5

2 ¢ 2 ¢
|log5| Z efe+3 Z el 2|10g€\

By the finiteness of >, |§|2cf7 passing to the limit as € — 0 and recalling that

(85(u Q\ B(0,¢)) +€5 (u, 2\ B(0,¢)))

|Vu(z)|* de.
Q\B(0,¢)

1
lim —— |Vu(z)|? de ==,
2|logel JorB(0,e)

we get the conclusion .
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4.3.2 Generalization to higher dimensions

In this section we discuss the long range problem in any dimension. We will state
the analogue of Theorem 4.8 under an N-dimensional condition which extends
the assumption ¢f = ¢&". The main drawback of this hypothesis is that it turns
out to be more abstract and in particular not implied by the physical relevant
condition ¢ = ¢(|¢]) in dimensions higher than 2 (an exception is provided by the
case N = 2% as we point out in Remark 4.10 below).

To detail this point we need some more definitions. Let {B; : [ € N} be a
countable family of orthogonal bases in RY of vectors belonging to Z~ such that

zV =B, #{l: {eB} <+ VEeZV. (4.46)
l

In particular such a family is provided by {B; : [ € N} ={B¢: £ € ZN} where,
for any ¢ € ZVV B¢ denotes an orthogonal base of RY such that ¢ € B¢ andn € yA
and |n| > [¢] for all n € Be. It can be easily proved that such a family exists and
satisfies (4.46).

We can then rewrite the energies in (4.37) as follows

1
lr _ ~ o&
Ea (u) = 2‘ 10g6| E E Cﬁgzs (u)a

I &eB;
where
tlE
Ce = .
#{leN: £ € B}
The main hypothesis we make here is the following N-dimensional discrete isotropy
condition:

vneZN, 1eN3¢: ¢ =&, Yne B (4.47)

Note that, if N = 2, (4.47) turns out to be the 2-dimensional condition ¢® = &
under the choice

Be ={¢,¢).

Remark 4.10 In dimension N = 2¥ to any ¢ € ZV it is possible to associate
N — 1 vectors & € ZV, i € {1,2,...,N — 1}, such that || = |¢| and that
Be = {£,&¢,... &5} is an orthogonal base in RY. By choosing such a Be,

condition (4.47) turns out to be & = & = ... = N1 and again includes the
case c& = c([¢]).

The following result holds true:

Theorem 4.11 Let {c*}¢ be a family of non negative constants satisfying hypoth-
esis (4.47) and such that c¢® > 0 for alli € {1,2,...,N} and ZfezN |€|%ct < +oo0.
The following statements hold:
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(i) Compactness and lower-bound inequality. Let (u:) be a sequence of func-
tions such that E(u.) < C and let v. = A(u.) be defined by (4.19). Then
we can extract a subsequence (not relabeled) such that, for any Q' CC Q,
Fo (xJ(ve) — mM|q) — 0, where M is an (N — 2)-dimensional integral
boundary locally in Q. Moreover

P ™ 2 £
lim inf E (ue) > XZ:N €125 || M. (4.48)
e

(i) Upper bound inequality. Let M be an (N — 2)-dimensional integral bound-
ary locally in Q, there exists a sequence (uc) such that, for any Q' CC Q,
Fo (xJ(ve) — nM|o/) — 0 and

. ™
lim Ee (ue) = N Z [€12E| M.
ceZ™

The proof of this result is more technical than that of Theorem 4.8 but relies on
the same arguments. Here we prefer to omit the details and focus on the key ideas
of the proof.

Sketch of the proof of Theorem 4.11. The compactness result is straight-
forward as in the 2-dimensional case. To get the lower bound inequality we will
single out the contribution to the energy due to the interactions along the di-
rections of each base of the family {B; : [ € N}. Let us fix [ € N and let
By = {€',€2,...,¢N}. Then we may partition Z" as

[T, 1€l N
z"= |J (a+ @zgﬂ') (4.49)

h=1

with z,, € {z€ ZV : 0<z-¢& < |¢7], j=1,2,...,N}. By the hypothesis (4.47),
it is possible to rewrite the energy as

lr _ 1 l
Ee (U) - 2‘10g€| zl:clgs(u)

where

N
Ew= > > &'W

h=1

accounts for the energy of the interactions in the directions of B; and where

)

Eg’h(u) = Z eV ’ngu(si) ’

LiteieZP" (@)
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is the energy of the interactions in the direction ¢’ of the points of the lattice

N
2" Q) = {iezm+ @2 cieq).

i=1

Let u. be such that E!"(u.) < C. Proceeding as in the 2-dimensional case, we
may define the piecewise affine interpolations v’" of u. on the cell of the lattice

2n + @jvzl Z¢&) and get

N

. 1
Y &M (u) > — / |Vobh % da, (4.50)
j=1 2|10g5|Hj:1 &7 Jor

for all Q' CC Q. Moreover, by applying Lemma 2.3 we have, by the compactness
result, that there exists a subsequence (not relabeled) such that, for every Q' CC Q
Fo/ (xJ(vbh) — M) — 0 for all I € N and h € {1,2,.. '7H§v:1 |€7|} where M is
an N — 2-dimensional integral boundary locally in €. The lower bound inequality
follows as in the proof of Theorem 4.8.

The upper bound inequality is obtained by the same recovery sequence of the
isotropic nearest-neighbors case. More precisely let M be a polyhedral boundary
such that spt(M) CcC Q and let @ and v, = TY= (@) as in step 3 of the proof of
Theorem 4.2 (i7). Then by the orthogonality of each base B; one can show that

1

Elue) € o——
(1e) 2|log¢| Q\D.

|Vu|? dz + o(e)
where D. is a suitable e-neighborhood of M. Then passing to the limit one obtain
limsup & (u.) < || M]||.

€

The conclusion follows by summing over [ and observing that
o= 3 Ele
; N
13

|
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5 Appendix A: an alternative proof in the 2-d case

Here we restate the convergence result of Theorem 4.2 in the 2-dimensional case
and provide a different proof of the upper bound inequality using only discrete
estimates.

Theorem 5.1 The following statements hold:

(i) Compactness and lower-bound inequality. Let (u:) be a sequence of func-
tions such that E.(u.) < C and let v. = A(uc) be defined by (4.19). Then
we can extract a subsequence (not relabeled) such that, for any Q' CC Q,
Fo (xJ(ve) — mM|q) — 0, where M = Y ,_, didy, for some n € N,
dr, € Z and xj, € Q. Moreover

lim inf B, (u) > 7| M| =7 |di]. (5.1)
k=1

(ii) Upper bound inequality. Let M = >"7'_, didy, . Then there exists a sequence
(ue) such that, for any ' CC Q, Fo (xJ(v.) —7M|q) — 0 and

lim B (uz) = ml| M| = T ldi|.
k=1

Proof of Theorem 5.1 (ii) (Upper bound inequality)
step 1. Let 29 € Q and p = d,,. For simplicity we may assume that zo = (0,0)
Then u(z) = 77 is such that *J(u) = M. Let u, € C.(2) be defined by

i = {u(sz’) if i # (0,0)

U otherwise,

for some ug € S*. Observe that v. = A(u.) — u strongly in W5 (Q; R?) and then
*J(v:) — M in the flat norm. In fact, by a simple calculation, one can prove that,
for any 6 > 0, Vv, — Vu uniformly in Q \ Bs and

/ |[Vue|de < C |Vu| dz.
Bs

Bs

Let us consider i € Z* such that 4,5 > 0. We have that, by Jensen’s inequality,

2 2

u(e(i + e1)) — u(et)
€

= /1 Vu(e(i+ter)) eq dt (5.2)
0

Vu(e(i +ter)) - e1]” dt = dt < .
| vttt af o= [t e 2

IA
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Analogously

it

= i

u(e(i + e2)) — u(ei) 2
€

(5.3)

Then, by the previous inequality and the radial symmetry of u, we have that

2 L&
Ea ) < . 5
(ue) < |log €| 222%4—13
11=112=

where d, = [M} +1. Since d. = O(1), by Lemma 6.2 it holds

€
d d
1 N — 1 T

we get
limsup E. (u:) < 7.

1S3

step 2. Let M = Y §,,. Then u(z) = [] =2, where the product is given by
k=1 k=1

o=z’

the identification of R? with C, is such that «J(u) = M. Then the optimizing
sequence is given by

i :{u(ei) ifei £z, ke{l1,2,...,n}

€ UuQ otherwise,

for some ug € S1. In fact, set uy(z) = Ii:ii\’ one can easily prove the following
estimate
|Vu|? < |Vup|? + |V H ug|? + 2|V ||V H |
k£h k£h
for all h € {1,2,...,n}. Note that |Vug| is bounded in Q\ B(zy,r) for any r > 0.
Estimating the contribution of u. to the energy around each xj and using (5.2),
(5.3), we get

N | c L
F.(u.) < S (1+ ——).
e = Toge| 1‘12::11'2:1 24143 |loge] 1'12::1 1; NGER:

Hence, we conclude that

lim E. (u.) = mn = w|| M.

n
step 3. In the general case M = ) did,, one can reduce to the previous step
k=1

n dy
by a diagonalization argument. In fact, the function u(z) = ] (|i:£ﬁ\) is such
k=1
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that *J(u) = M. Then, given x}* € B(zy, %), the sequence

- THT(E )

converges to u strongly in W' (Q; R?) and thus xJ(u,,) — M in the flat norm.
The conclusion follows observing that xJ(u,,) is as in step 2. O

6 Appendix B: technical lemmas

For any y € [0,1]" and € > 0, we denote by T, the operator which maps u :
R" - R™in Tyu: R" — R™ defined as

Teu(z) = uley + ¢ [g ),

where, for all z = (21, 22,...,2n) € RY, [2] = ([21],[22], - -, [2n]), [2i] being the
integer part of z;. Note that Tju is constant on each cell of the lattice eZ" and
thus can be identified with a discrete function mapping eZ" into R™.

The following approximation result has been used in the proof of the up-
per bound inequality in Theorems We state it here in a more general form than

needed because we think it could be useful for other applications in the discrete
to continuum framework.

Lemma 6.1 Letu. — u in Wloc (RN R™). Then, for any compact set K of RN,
there holds

lim HA(T;’U,E) — UHV[/I.I(K) dy =0,
¢ Jo,~

where A(T;u.) is the piecewise affine interpolation of Tju. defined in (4.19).

PrROOF. By Lemma 2.11 in [7], we get

lim 1Ty ue — ullpr(x) dy = 0.
° Jon

Noting that in each cell of the lattice eZ" A(T;ue) is a convex combination of the
values of T u. in the nodes of the cell itself, we easily infer that

lim ||A(T,5UE) — u||L1(K) dy =0.
c Jon

Set vy (z) = A(Tjuc(z)), the Lemma is proved if we show that

lim Vg — V|11 (k) dy = 0.
¢ Jpaw
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Let us observe that

€ _ 3 . N
Ty ue(x) = uc(ey + €i), Vo ee(i+1[0,1)7)

and that
(;12(:5): ua(gy—l—ei—l—als)—ug(sy—i-ai)’ Vree(it P,
where P is defined as in (4.20). Then, for almost every y € [0, 1]V
81}
3501 8 l | + ctey) dt.

Let K cc K' cc K" cc RN be fixed. By using Fubini’s Theorem and the

change of variables z =y +i +te; — £ we get, for € small enough,

a I3
/ dy/ vy _ Ou dx
oy Jr [0z Om
< / dy / dvy _ Ou dx
O N R Or;  Ox
1
= / dy ), / df”/ Oue (y v it eter) — L) dt
oDy T o e 0 | 0m Oy
1
S Y Y B
N ei+P 0 (0,1)N Oz ox;
i€l NK'
< / dx/ ZUE(EZﬂLﬂU)*giu(x) dz
i+ P, — N T T
(TN e R (—1,2) l 1
ou ou
< dZ/ €z + —(z)| dx
/(1 2)N K" 3531( @) - axl( )
Oue ou ou
< dr +C / S (z) — ——(z)| dz
/ 12)N/ " axl ) ox l( ) K axl (9331( )

The conclusion follows letting € go to 0 thanks to the uniform continuity of the
translation operator for strongly converging families in L!. O

The equality stated in the following lemma is obtained by a simple compu-
tation.

Lemma 6.2 Let (d.). be a family of positive integer numbers such that d. = O(L).
Then the following equality holds:

de e
|log6 Z: 21’%4—13 T2
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