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Introduction

In this notes we treat the problem of the description of variational limits of discrete
lattice systems. Consider a fixed reference open set Q C RV, and given € > 0 the
reference lattice eZ” . We consider energies defined on the discrete functions i — u;
for {i € ZV :ic € Q}, of the general form

E.({u;}) = Z Z we Uitk — Ui),

where the sum is performed for k¥ € Z" and on indices i € Z" such that ic € Q
and (i + k)e € Q. If we picture the lattice eZ™ N as the reference configuration
of a set of material points interacting through some forces, and u; represents the
displacement of the i-th point, then 1/* can be thought as the energy density of the
interaction of points with distance ke in the reference lattice. Note that the only
assumption we make is that wf depends on {u;} through the differences u; 1 —u;
It is usually more convenient to make change in the notation and set

¢l(2) = e Npl(jez);

In such a way we write

BE.({u}) = ZZEN k(uz+k_uz),

to highlight the dependence of E. on ‘discrete difference quotients’.
Our goal is to describe the behaviour of problems of the form

min{ ({u;}) — ZE uifi o {u;} =¢on 89}



(and similar), where the boundary conditions are given appropriately, and to show
that for a quite general class of energies these problems have a limit continuous
counterpart. Here {f;} represents the external forces. More general problems can
be also examined. To make this asymptotic analysis precise, we use the notation
and methods of De Giorgi’s I'-convergence (see [3], [8]). We will show that, under
some growth conditions of superlinear growth and upon suitably identifying the
discrete functions {u;} with some interpolations, the free energies E. ‘T'-converge’
to a limit energy F. In the simplest case, the limit functional F' is defined on a
Sobolev space and takes the form

F(u)z/ﬂw(Vu) dzx.

This usually follows from the ‘superlinear growth’ of some interactions. As a con-
sequence we obtain that minimizers of the problem above are ‘very close’ to min-
imizers of a classical problem of the Calculus of Variations

min{/OL(w(Vu) — fu)dz: u=¢on 8(2}.

If the growth conditions of superlinear growth fail the identification is more com-
plex and the limit problem involves energies defined on functions of bounded vari-
ation with a bulk and surface part (i.e., in the terminology of De Giorgi the limit
problem is a ‘free-discontinuity problem’). In the notation of the SBV spaces of
Ambrosio and De Giorgi (see [1]) the limit functional will be in this case of the
form

_ * N-1
F(u)—/ﬂw(Vu) dx—l—/s(u) glu™ —uT ) dHY T,

and the limit problem must be changed accordingly.

The energy densities ¢ and g can be explicitly identified by a series of op-
erations on the functions ¥, which follow some general ‘principles’. In order to
describe those principles, we start with the one-dimensional case and the limit is
defined on a Sobolev space.

1. Nearest-neighbour superlinear interaction: a convexification principle. The
case when only nearest-neighbour interactions are taken into account (i.e., ¥ = 0
if k # 1) and at least one of the interactions is uniformly of superlinear type the
limit energy density is given by the limit of the convex envelopes of the functions
©L(2), which exists up to subsequences.

If the limit is defined on a subspace of BV then we have the appearance of
the interfacial energy.

2. Nearest-neighbour (sub)linear interactions: a separation of scales principle.
Still in the case when only nearest-neighbour interactions are taken into account,
if all interactions are uniformly of at most linear type then an interfacial energy



appears, whose energy density g can be computed by examining the behaviour of
the (subadditive envelopes of the) scaled energy densities ol (cz)/e.

When more interactions are taken into account we have to describe their
mutual interference.

3. Long-range interactions: a clustering principle. The description of the limit
energy gets more complex when not only nearest-neighbour interactions come into
play. In the case when interactions up to a fixed order K are taken into account
(i.e., ¥ = 0 if |j| > K), the main idea is to show that (upon some controllable
errors) we can find a lattice spacing 7 (possibly much larger than ¢) such that F.
is ‘equivalent’ (as I'-convergence is concerned) to a nearest-neighbour interaction
energy on a lattice of step size 7, of the form

B({us}) = 3w, (1),

and to which then the recipe above can be applied.

The crucial points are the computation of @, and the choice of the scaling 7.
In the case of next-to-nearest neighbours this computation is particularly simple,
as it consists in choosing 7 = 2¢ and in ‘integrating out the contribution of first
neighbours’: in formula,

_ 1 .
o (2) = ¢2(2) + 5 min{pz(21) + 92 (20) : 21 + 20 = 22}

In a sense this is a formula of relazation type. If K > 2 then the formula giving
1, resembles more a homogenization formula, and we have to choose 7, = K\,
with K, large. In this case the reasoning that leads from E, to E, is that the
overall behaviour of a system of interacting point will behave as clusters of large
arrays of neighbouring points interacting through their ‘extremities’.

4. Unbounded-range interactions: non local terms. When the number of inter-
action orders we consider is not bounded the description becomes more complex.
In particular, additional non-local terms may appear in F' through some type of
(possibly noninear) Dirichlet form.

We will show how all these principles carry also to higher dimension (to some
extent) upon suitably modifying the representation formulas in the spirit of the
homogenization of free-discontinuity problems in nonlinear elasticity.
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Chapter 1

Introduction

1.1 Limits of discrete problems

We face the description of variational limits of discrete problems (for the sake
of brevity in a one-dimensional setting). Given n € N and points z' = i\,
(A, = L/n is the lattice spacing, which plays the role of the small parameter ¢)
we consider energies of the general form

n n—j

Ep({u:}) :ZZ Antd (M)

TL

If we picture the set {z]'} as the reference configuration of an array of material
points interacting through some forces, and u; represents the displacement of
the i-th point, then ¥ can be thought as the energy density of the interaction
of points with distance j\, (j lattice spacings) in the reference lattice. Note
that the only assumption we make is that ¢ depends on {u;} through the
differences u;4; —u;, but we find it more convenient to highlight its dependence
on ‘discrete difference quotients’. For a quite general class of energies it is
possible to describe the behaviour of problems of the form

mln{En({uz}) — zn: )\nuifi DU = UQ, Up = UL}
=0

(and similar), and to show that these problems have a limit continuous coun-
terpart. Here {f;} represents the external forces and Uy, Uy, are the boundary
conditions at the endpoints of the interval (0, L). More general statement and
different problems can be also obtained. Under some growth conditions, mini-
mizers of the problem above are ‘very close’ to minimizers of a classical problem
of the Calculus of Variations

min{ /O L(w(u/) — fu)dt: w(0) = Up, u(L) = UL}.
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The energy densities 1 can be explicitly identified by a series of operations on
the functions 7. The case when only nearest-neighbour interactions are taken
into account,

E,({ui}) = Z Antn (uz—i_;\n ) )

is particularly simple. In this case, the limit energy density is given by the limit
of the convex envelopes of the functions 1, (z), which exists up to subsequences.
The description of the limit energy gets more complex when not only nearest-
neighbour interactions come into play. In the case when interactions up to a
fixed order K are taken into account:

K n—j

En({u;}) = Z Z At (uiﬂ . i)

j=1 =0

(or, equivalently, ¥4 = 0 if j > K), the main idea is to show that (upon some
controllable errors) we can find a lattice spacing 7,, (possibly much larger than
An) such that E, is ‘equivalent’ to a nearest-neighbour interaction energy on a
lattice of step size 7, of the form

{U/'L} Z %@n (U,H_l )

and to which then the recipe above can be applied. The crucial points are
the computation of v,, and the choice of the scaling 1,. In the case of next-
to-nearest neighbours this computation is particularly simple, as it consists in
choosing 7, = 2\, and in ‘integrating out the contribution of first neighbours’:
in formula,

Tu(2) = Y2(2) + 5 min{yh(er) + Y (m2) 21 2 = 22},

If K > 2 then the formula giving 1),, resembles more a homogenization process,
and we have to choose 1, = K,\, with K, large. In this case the reasoning
that leads from E,, to E,, is that the overall behaviour of a system of interacting
point will behave as clusters of large arrays of neighbouring points interacting
through their ‘extremities’.

1.2 I'-convergence

The questions risen above can be placed in a variational framework. The general
problem amounts to studying the asymptotic behaviour of a family of minimum
problems depending on a parameter; in an abstract notation,

min{F.(u) : v e X.}. (1.1)
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An answer to this problem is provided by substituting such a family by an
‘effective problem’ (not depending on ¢)

min{F(u) : u € X}, (1.2)

which captures the relevant behaviour of minimizers. This notion of ‘conver-
gence of problems’ must be sensible, as it must include cases where the limit
problem is set on a space X completely different from all X, and even when X
is the same it may be very different from pointwise convergence. Furthermore,
it must not rely on any a priori ansatz on the asymptotic form of minimizers,
and it should in a sense itself suggest the precise meaning of this asymptotic
question, as this could not be supplied by problems (1.1).

T’-convergence is a convergence on functionals which loosely speaking amounts
to requiring the convergence of minimizers of problems (1.1) and of their contin-
uous perturbations. The fact that this convergence is given in terms of conver-
gence of minimizers assures precisely that the limit ‘theory’ can be considered
as an effective theory, whose solutions capture the important properties of the
theories at level e. We now derive the desired definition of convergence for func-
tionals from the requirements that it implies the convergence of minimizers and
minimum values (under suitable assumptions), that it is stable under contin-
uous perturbations, and that it is given in local terms (i.e., we can also speak
of convergence ‘at one point’). For the sake of simplicity, from here onwards
all our problems will be set on metric spaces, so that the topology is described
by just using sequences.  The starting point will be the examination of the
so-called direct methods of the calculus of variations. The idea is very simple:
in order to prove the existence of a minimizer of a problem of the form

min{F(u) : u € X}, (1.3)

we examine the behaviour of a minimizing sequence; i.e., a sequence (@;) such
that
lim; F(w;) = inf{F(u) : ue X}, (1.4)

which clearly always exists.

Such a sequence, in general might lead nowhere. The first thing to check is
then that we may find a converging minimizing sequence. This property may
be at times checked by hand, but it is often more convenient to check that an
arbitrary minimizing sequence lies in a compact subset K of X (i.e., since X
is metric, that for any sequence (u;) in K we can extract a subsequence (u;,)
converging to some v € K). This property is clearly stronger than requiring that
there exists one converging minimizing sequence, but its verification often may
rely on a number of characterization of compact sets in different spaces. In its
turn this compactness requirement can be directly made on the functional F' by
asking that it be coercive; i.e., that for all ¢ its sub-level sets {F' < ¢t} = {u € X :
F(u) < t} are pre-compact (this means that for fixed ¢ there exists a compact
set K containing {F < t}, or, equivalently, in terms of sequences, that for all
sequences (u;) with sup; F'(u;) < +oo there exists a converging subsequence).
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Again, this is an even stronger requirement, but it may be derived directly
from the form of the functional F' and not from special properties of minimizing
sequences. Once some compactness properties of a minimizing sequence are
established, we may extract a (minimizing) subsequence, that we still denote by
(T;), converging to some .
At this stage, the point @ is a candidate to be a minimizer of F'; we have to
prove that indeed
F(@)=inf{F(u): u e X}. (1.5)

One inequality is trivial, since u can be used as a test function in (1.5) to
obtain an upper inequality for inf F

inf{F(u): ve X} < F(u). (1.6)

To obtain a lower inequality we have to link the value at @ to those computed
at u;, to obtain the right inequality

F(@) < lim; F(T;) = inf{F(u) : ue X}. (1.7)

Since we do not want to rely on special properties of @ or of the approximating
sequence (u;), but instead we would like to isolate properties of the functional
F, we require that for all v € X and for all sequences (u;) tending to u we have
the inequality

F(u) <liminf; F(u;). (1.8)

This property is called the lower semicontinuity of F. It is much stronger
than requiring (1.7), but it is much stabler under perturbations, and it may
be interpreted as a structure condition on F and often derived from general
considerations.

At this point we have not only proven that F' admits a minimum, but we
have also found a minimizer @ by following a minimizing sequence. We may
condensate the reasoning above in the following formula

coerciveness + lower semicontinuity =  existence of minimizers, (1.9)

which summarizes the direct methods of the calculus of variations. It is worth
noticing that the coerciveness of I is easier to verify if we have many converging
sequences, while the lower semicontinuity of F' is more easily satisfied if we have
few converging sequences. These two opposite requirements will result in a
balanced choice of the metric on X, which is in general not given a priory, but
in a sense forms a part of the problem.

We now turn our attention to the problem not of proving the existence of
a minimum for a single problem but of describing the behaviour of a family of
minimum problems depending on a parameter. In order to simplify the notation
we deal with the case of a sequence of problems

inf{F;(u): ve X,} (1.10)

depending on a discrete parameter j € N; the case of a family depending on a
continuous parameter € introduces only a little extra complexity in the notation.
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As j increases we would like these problems to be approximated by a ‘limit
theory’ described by a problem of the form

min{F(u) : u € X}. (1.11)

In order to make this notion of ‘convergence’ precise we try to follow closely the
direct approach outlined above. In this case we start by examining a minimizing
sequence for the family Fj; i.e., a sequence (u;) such that

lim, (Fj(uj) —inf{F;(u): ue Xj}) =0, (1.12)

and try to follow this sequence.
In many problems the space X; indeed varies with j, so that now we have to
face a preliminary problem of defining the convergence of a sequence of functions
which belong to different spaces. This is usually done by choosing X large
enough so that it contains the domain of the candidate limit and all X;. We
can always consider all functionals F}; as defined on this space X by identifying

them with the functionals
~ { F j (’U,) fue X j

B =135 itue x\ X, (1.13)

This type of identification is customary in dealing with minimum problems and
is very useful to include constraints directly in the functional. We may therefore
suppose that all X; = X. If one is not used to dealing with functionals which
take the value 400, one may regard this as a technical tool; if the limit functional
is not finite on the whole X it will always be possible to restrict it to its domain
domF ={ue X: F(u) < +oo}.

As in the case of a minimizing sequence for a single problem, it is necessary
to find a converging minimizing (sub)sequence. In general it will be possible to
find a minimizing sequence lying in a compact set of X as before, or prove that
the functional themselves satisfy an equi-coerciveness property: for all ¢ there
exists a compact K; such that for all j we have {F; <t} C K.

If a compactness property as above is satisfied, then from the sequence (u,)
we can therefore extract a converging subsequence (@j;, ). In this presentation
we may suppose that the whole sequence (@;) converges to some @ (this is a
technical point that will be made clear in the next section).

First, we want to obtain an upper bound for the limit behaviour of the se-
quence of minima, of the form

lim sup; inf{Fj(u) : ve€ X} <inf{F(u): ue X} < F(u). (1.14)

The second inequality is trivially true; the first inequality means that for all
u € X we have
lim sup; inf{F}(v) : v e X} < F(u). (1.15)

This is a requirement of global type; we can ‘localize’ it in the neighbourhood
of the point u by requiring a stronger condition: that for all § > 0 we have

lim sup; inf{F}(v) : d(u,v) <0} < F(u). (1.16)
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By the arbitrariness of 6 we can rephrase this condition as a condition on se-
quences converging to u as:
(limsup inequality) for all uw € X there exists a sequence (u;) converging to
u such that
lim sup; Fj(u;) < F(u). (1.17)

This condition can be considered as a local version of (1.14); it clearly implies
all conditions above and (1.14) in particular.

Next, we want to obtain a lower bound for the limit behaviour of the sequence
of minima of the form

As we do not want to rely on particular properties of minimizers we regard u as
an arbitrary point in X and (@;) as any converging sequence; hence, condition
(1.18) can be deduced from the more general requirement:
(liminf inequality) for all w € X and for all sequences (u;) converging to u
we have
F(u) <liminf;F;(u;). (1.19)

This condition is the analog of the lower semicontinuity hypothesis in the case
of a single functional.

From the considerations above, if we can find a functional F' such that the
liminf and limsup inequalities are satisfied and if we have a converging sequence
of minimizers, from (1.18) and (1.14) we deduce the chain of inequalities

lim sup; inf{Fj(u) : v € X} <inf{F(u): ve X} < F(n)
<liminf;F;(u;) = liminf; inf{ Fj(u) : we X}.  (1.20)

As the last term is clearly not greater than the first, all inequalities are indeed
equalities; i.e., we deduce that

(i) (existence) the limit problem min{F(u): v € X} admits a solution,

(ii) (convergence of minimum values) the sequence of infima inf{F;(u) : u €
X} converges to this minimum value,

(ii) (convergence of minimizers) up to subsequences, the minimizing sequence
for (F}) converges to a minimizer of F' on X.

Therefore, if we define the I'-convergence of (F}) to F' as the requirement that
the limsup and the liminf inequalities above both hold, then we may summarize
the considerations above in the formula

equi-coerciveness + [-convergence = convergence of minimum problems.
(1.21)
As in the case of the application of the direct methods, a crucial role will be
played by the type of metric we choose on X. In this case, again, it will be a
matter of balance between the convenience of a stronger notion of convergence,
that will make the liminf inequality easier to verify, and a weaker one, which
would be more convenient both to satisfy an equi-coerciveness condition and to
find sequences satisfying the limsup inequality.



Chapter 2

A quick guide to
|'-convergence

This chapter is a quick summary of the main properties of I'-convergence.
We recall the definition of I'-convergence, and make some first remarks.

Definition 2.1 (T'-convergence) We say that a sequence f; : X — R I-
converges in X to foo : X — R if for all x € X we have

(1) (liminf inequality) for every sequence (z;) converging to
foo(z) < liminf; f;(x;); (2.1)
(ii) (lim sup inequality) there exists a sequence (x;) converging to x such that

foo(®) > limsup; f;(w;). (2.2)

The function foo is called the T-limit of (f;), and we write foo = I'-lim; f;.

Pointwise definition The definition above can be also given at a fixed point
x € X : we say that (f;) T'-converges at © to the value foo(z) if (i), (ii) above hold;
in this case we write foo (z) = I-lim; f;(x). In this notation, f; I'-converges to
foo if and only if foo(z) =T-lim; f;(z) at all x € X.

If we want to highlight the role of the metric, we can add the dependence on
the distance d, and write I'(d)-lim;, I'(d)-convergence, and so on.

Remark 2.2 (I'-convergence as an equality of upper and lower bounds)
The liminf inequality (i) can be rewritten as

foo(z) < inf{liminf; f;(z;) : x; — x}.
Trivially, we always have
inf{liminf; f;(x;) : ; — 2} < inf{limsup, f;(z;) : ©; — =},

7
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and, if (T;) is a recovery sequence for (ii) we have

inf{limsup; fj(z;) : x; — 2} <limsup f;(7;) < feo(2),
j

so that (i) and (ii) imply that we have
Joo(z) = min{lim inf; f; (z;) : 2; — z} = min{limsup; f;(v;) : ¥; — x} (2.3)

(and actually both minima are obtained as limits along a recovery sequence).
It is important to keep in mind this characterization as many properties of the
T-limit will be easily explained from it.

It is sometimes convenient to state the equality in (2.3) as an equality of
infima:

Joo(x) = inf{liminf; f;(x;) : z; — 2z} = inf{limsup, f;(v;) : ; — z}. (2.4)

This equality is indeed equivalent to the definition of I'-limit; i.e., the I'-limit
exists if and only if the two infima in (2.4) are equal. This characterization
will be important in that in this way the existence of the I-limit (which not
always exists) is expressed as the equality of two quantities which are always
defined, and which can (and will) be studied separately. The first quantity can
be thought as a lower bound for the I'-limit, the second as an upper bound.

By (2.4) we obtain in particular that the T-limit, if it exists, is unique.

Remark 2.3 (Different ways of writing the limsup inequality) Note that
if (z;) satisfies the limsup inequality, then by (2.1) we have

Joo(z) < liminf; f;(x;) < limsup, fj(z;) < foo(®),

so that indeed foo(x) = lim; f;(x;); hence, (ii) can be substituted by

(ii)" (emistence of a recovery sequence) there exists a sequence (x;) converging
to x such that

foo () = limy f (). (2.5)

On the other hand, sometimes it is more convenient to prove (ii) with a small
error and then deduce its validity by an approximation argument; i.e., (ii) can
be replaced by

(i1)" (approximate limsup inequality) for all € > 0 there exists a sequence
(x;) converging to z such that

Joo(x) > limsup; f;(z;) — e. (2.6)

In the following (and in the literature) all conditions (ii), (ii)" and (ii)” are
equally referred to as the limsup inequality or as the existence of a recovery
sequence.



Remark 2.4 (Stability under continuous perturbations) An important prop-
erty of I'-convergence is its stability under continuous perturbations: if (f;) I'-
converges to fs and g : X — [—00, +0] is a d-continuous function then (f;+g)
I’-converges to foo +g. This is an immediate consequence of the definition, since

if (i) holds then for all z € X and z; — = we get

foo () + g(x) < liminf; f5(x;) + lim;jg(z;) = liminf; (f; (z5) + g(z;)),
while if (ii)" above holds then we get
fool@) + g(@) = lim f; (2;) + lim;g(x;) = lim; (f;(x;) + g(x;)),
and (z;) is a recovery sequence also for fo + g.

Remark 2.5 (I'-limit of a constant sequence) Consider the simplest case
fj = f for all j € N. In this case it will be easily seen that (f;) I-converges.
By the liminf inequality, the limit f, must satisfy

foo(z) <liminf; f(z;)

for all z and x; — . If f is not lower semicontinuous then there exists  and
a sequence T; — T such that

liminf; f(Z;) < f(Z);

hence, in particular foo(Z) # f(%). This shows that T'-convergence does not
satisfy the requirement that a constant sequence f; = f converges to f (if f
is not lower semicontinuous). We will see however that this holds true in the
family of lower semicontinuous functions (see Remark 2.7 below).

Remark 2.6 (Dependence on the metric) The choice of the metric on X
is clearly a fundamental step in problems involving I'-limits. In general, even
when two distances d and d’ are comparable; i.e.,

lim;d'(zj,z) =0 = lim;d(z;,z) = 0, (2.7)

the existence of the I'-limit in one metric does not imply the existence of the
I-limit in the second (see the examples in the next section). However, in this
situation, if both I'-limits exist then we have

F(d)—hm] fj S F(d/)-hmj fj .

This is clear for example from the characterization (2.3) since the set of con-
verging sequences for d is larger that that for d’.

Remark 2.7 (Comparison with pointwise and uniform limits) Asa very
particular case, we can consider the metric d’ of the discrete topology (where the
only converging sequences are constant sequences). In this case the T-limit coin-
cides with the pointwise limit. If d is any other metric then (2.7) holds trivially,
so that we obtain

L(d)-lim; f; < lim; f;



10 CHAPTER 2. A QUICK GUIDE TO I'-CONVERGENCE

as a particular case of the previous remark.

If f; converge uniformly to a f on an open set U (in particular if f; = f)
and f is l.s.c. then we have also that f; I'-converge to f. Indeed, the limsup
inequality is obtained by the constant sequence, while the liminf inequality is
immediately verified once we remark that if x; — x € U then x; € U for j large
enough, so that liminf; f;(x;) = lim;(f;(z;) — f(z;)) + liminf; f(z;) > f(z).

2.1 Some examples on the real line

In this section we will compute some simple I'-limits of functions defined on the
real line (equipped with the usual euclidean distance), and we will also make
some comparisons with the pointwise convergence (which can be thought of as
a T-limit with respect to the discrete metric, as explained in Remark 2.7).

The computations in these examples will be quite straightforward, but nev-
ertheless will allow us to highlight the different roles of the limsup and liminf
inequalities. The first inequality is more constructive, as it amounts to finding
the optimal approximating sequence for a fixed target point x, while the second
one is more technical, and amounts to proving that the bound given by the
recovery sequence is indeed optimal.

Example 2.8 We have seen that a constant sequence f; = f I'-converges to f
if and only if f is lower semicontinuous; hence, if f is not l.s.c. the pointwise
limit and the I'-limit are different. Now we construct an example where these
two limits differ even if the pointwise limit is lower semicontinuous. Take f;(t) =

fi1(jt), where fi(t) = V2te= (=172 op

+1 ift=4+1
t) = {
h(t) 0 otherwise.

Then f; — 0 pointwise, but I'-lim; f; = f, where

(0 ift#£0
f(t>_{—1 ift=0.

Indeed, the sequence f; converges locally uniformly (and hence also I'-converges)
to 0 in R\ {0}, while clearly the optimal sequence for z = 0 is x; = —1/j, for
which f;(xz;) = —1. In this case the pointwise and I-limits both exist and are
different at one point.

Example 2.9 Take f;(t) = —f1(jt), where fi is as in the previous example.
Clearly, the I'-limit remains unchanged. This shows that in general

[-lim(—f;) # —T- 11;.“1 fis

[-lm(f; +g;) # I~ lim f; +I'-lim g;

(taking in the example g; = —f;) even if all functions are continuous.
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Example 2.10 The pointwise and I'-limits may exist and be different at every
point. Take f; = g;, where
0 ift&Qortz%,withkjEZandnE{l,...,j},
g;(t) =
—1 otherwise.

We then have f; — 0 pointwise, but I'-lim; f; = —1 The liminf inequality is
trivial, and the limsup inequality is easily obtained by remarking that {g; = —1}
is dense for all j € N.

Example 2.11 There may be no pointwise converging subsequence of (f;) but
the I'-lim; f; may exist all the same. Take for example f;(t) = —cos(jt). In this
case I'-lim; f; = —1. Again, the liminf inequality is trivial, while the limsup
inequality is easily obtained by taking for example z; = [jz/27]27/j ([t] the
integer part of t).

Example 2.12 The sequence f; may be converging pointwise, but may not I'-
converge. Take for example f; = (—1)7g; with g; the function of Example 2.10.
In this case f; — 0 pointwise, but the I'-lim; f; does not exist at any point.

2.2 The many definitions of I'-convergence

In this section we state different equivalent definitions of I'-convergence, which
will be useful in different contexts. Some of the different ways to state the
limsup inequality have been already pinpointed above. Before this overview we
recall the definition of compact set.

Definition 2.13 By a compact subset of X we mean a sequentially compact
set K C X; i.e., such that all sequences in K admit a subsequence converging
to some point in K. In formula,

V(z;) CK 3z € K, I(xj,): xj, — .

A set K C X is called precompact if its closure is compact; i.e., all sequences
in K admit a converging subsequence (but its limit may also be outside K ). In
formula,

V(z;) € K 3(zj,): z, converges in X.

Topological definitions Sometimes, it is useful to have the definition of I'-
limit directly expressed in terms of the topology of X, and not only through the
convergence of sequences. In this case it is easily seen that we can rewrite the
equality in (2.4)

foo(z) = sup liminf; inf f;(y) = sup limsup; inf f;(y). (2.8)
UeN (z) yey UeN (z) yeU

This definition makes sense in any topological space and in the case of arbitrary
topological spaces (in particular if X is not metric) is taken as the definition of
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I-convergence (while Definition 2.1 above is called sequential T'-convergence).
However, we will always be able to stick to metric spaces. A suggestive obser-
vation is that equivalently to (2.8), we may also write
foo(x) = sup sup inf inf f;(y) = sup inf sup inf f;(y); (2.9)
- UeN(z) keN i2kyel ! UeN (z) FEN j>p y€U ’

in this way, I'-limits may be interpreted as compositions of the ‘elementary
operators’ of the type inf/sup.

Note that in (2.8) we can substitute N'(x) by a suitable family of neighbour-
hoods generating the topology of X; e.g., in the metric case a family of open
balls with center in x. For example we can require equivalently that

foolz) = sggliminfj inf{f;(y) : d(y, z) < 1/n}
= sup limsup; inf{f;(y) : d(y,z) < 1/n}
neN
or
foo(x) = supliminf; inf{f;(y) : d(y,z) <}

>0
= suplimsup; inf{ f;(y) : d(y,») < J}.
>0

A definition in terms of the convergence of minima I'-convergence is
designed so that it implies the convergence of ‘compact’ minimum problems. In
turn, starting from the topological definition above, a definition of I'-convergence
can be expressed in terms of the asymptotic behaviour of (local) minimum
problems: from the second equality in (2.8) we have

igf Joo 2 lim sup; igf fi (2.10)

for all open sets U, while requiring that

i?(ffoo < sup{lim inf; igffj : UDK, U open} (2.11)

for all compact sets K implies the first equality in (2.8) by choosing K = {z}.

Finally, starting from (2.10), back to the case of metric spaces, we can sub-
stitute the problems on balls by unconstrained problems, where we penalize the
distance from the point . For example, if all f; are non negative, we have that
an equivalent definition is that for some p > 0

foo(z) = supliminf; inf {f;(y) + Ad(z,y)"}
A>0 yeXx

= suplimsup; inf {f;(y) + Ad(z,y)"} (2.12)
A>0 yeX

for all x € X. Note that in this case the I'-convergence is determined by looking
at a family of particular problems, which sometimes can be solved easily.

We can explicitly state the equivalence of all the definitions above in the
following theorem.



2.3. CONVERGENCE OF MINIMA 13

Theorem 2.14 Let fj, foo : X — [—00,+00]. Then the following conditions
are equivalent:

(1) foo =T-lim; f; in X as in Definition 2.1;

(ii) for every x € X (2.3) holds;

(iii) the liminf inequality in Definition 2.1(1) and the approximate limsup
inequality (ii)"” hold;

(iv) for every x € X (2.4) holds;

(v) for every x € X (2.8) holds;

(vi) inequality (2.10) holds for all open sets U and inequality (2.11) holds for
all compact sets K.

Furthermore, if f;(x) > —c(1 4+ d(x, zo)P) for some p >0 and zo € X, then
each of the conditions above is equivalent to

(vii) we have (2.12) for all x € X.

The proof of the equivalence of (i)—(vi) is essentially contained in the con-
siderations made hitherto and details are left to the reader; point (vii) will be
analysed in Proposition 2.23.

Note that the asymmetry of Definition 2.1 is reflected in the different roles
of the sup and inf operators in the equivalent conditions above. Of course, this
comes from the fact that I'-convergence is designed to study minimum problems
(and not maximum problems!).

2.3 Convergence of minima

We first observe that some requirements on the behaviour of sequences of the
form (f;(z;)) give some information on the behaviour of minimum problems.

Proposition 2.15 Let f;, f : X — [—00, +00] be functions. Then we have
(i) if Definition 2.1(1) is satisfied for all x € X then we have

i?(f foo < liminf; i?(f fi

for all compact sets K C X;
(ii) if Definition 2.1(ii) is satisfied for all x € X then we have

iBf Joo > limsup; iBf fi
for all open sets U C X.

Proof (i) Let (Z;) be such that liminf;infy f; = liminf; f;(Z;). After ex-
tracting a subsequence we obtain (Z;,) such that

1imkfjk (f]k) = lim infj lﬁf fja
. = - j"jk ifj = Jk
and z;, =T € K. Ifx]—{f i £ gy for all £, then
i?(ffoo < fo(T) < liminf; f;(z;)

lim infy, f;, (z;,.) = limy, f;, (Z5,,) = liminf; i?(f £ (2.13)

A
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as required.
(ii) With fixed § > 0, let x € U be such that fo(z) < infy foo + 0. Then,
if (z;) is a recovery sequence for x we have

ir[}f Joo + 0 > foo(w) > limsup, fj(x;) > lim sup; igf fis (2.14)
and the thesis follows by the arbitrariness of §. O

Definition 2.16 A function f : X — R is_coercive if for all t € R the set
{f <t} is precompact. A function f: X — R is mildly coercive if there exists
a non-empty compact set K C X such that infx f = infg f.

Remark 2.17 If f is coercive then it is mildly coercive. In fact, if f is not
identically oo (in which case we take K as any compact subset of X), then
there exists t € R such that {f <t} is not empty, and we take K as the closure
of {f <t} in X. An example of a non-coercive, mildly coercive function is given
by any periodic function f : R™ — R.

An intermediate condition between coerciveness and mild coerciveness is
the requirement that there exists ¢ € R such that {f < ¢} is not empty and
precompact.

We immediately obtain the required convergence result as follows.

Theorem 2.18 Let (X,d) be a metric space, let (f;) be a sequence of equi-
mildly coercive functions on X, and let foo = I'-lim; f;; then

Hrrggnfoo = lim; igl(ffj. (2.15)

Moreover, if (z;) is a precompact sequence such that lim; f;(x;) = lim; infx f;,
then every limit of a subsequence of (x;) is a minimum point for fuo.

Proof The proof follows immediately from Proposition 2.15. In fact, if T is
as in the proof of Proposition 2.15(1) (in particular we can take T = limy x;, if
(x,) is a converging subsequence such that limy, f;(z;, ) = lim; inf x f;) then by
(2.13) and (2.14) with U = X, and by the equi-mild coerciveness we get

igl(f foo < i?(f foo < foo(T) < liminf; i?(f fi

= liminf; igl(f Jj <limsup; igl(f fi < igl(f foo-
As the first and last terms coincide, we easily get the thesis. O

Remark 2.19 (I'-convergence as a choice criterion) Ifin the theorem above
all functions f; admit a minimizer x; then, up to subsequences, x; converge to a
minimum point of fo,. The converse is clearly not true: we may have minimizers
of foo which are not limits of minimizers of f;. A trivial example is f;(t) = %tQ
on the real line. This situation is not exceptional; on the contrary: we may
often view some functional as a I'-limit of some particular perturbations, and

single out from its minima those chosen as limits of minimizers.
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2.4 Upper and lower I'-limits
Condition (iv) in Theorem 2.14 justifies the following definition.
Definition 2.20 Let f; : X — R and let z € X. The quantity
Iiminf; f; (z) = inf{liminf; f; (z;) : z; — x} (2.16)
is called the T-lower limit of the sequence (f;) at x. The quantity
[-limsup; fj(x) = inf{lim sup, f;(z;) : =; — =} (2.17)
is called the T-upper limit of the sequence (f;) at x. If we have the equality
[-liminf; f;(z) = A = T-limsup, f; () (2.18)
for some X\ € [—o0, +00], then we write
A =T-lim; f; (x), (2.19)

and we say that A is the T-limit of the sequence (f;) at x. Again, if we need to
highlight the dependence on the metric d we may add it in the notation.

Remark 2.21 Clearly, the I'-lower limit and the I'-upper limit exist at every
point z € X. Definition 2.20 is in agreement with Definition 2.1, and we can
say that a sequence (f;) I-converges to foo if and only if for fixed z € X the
I-limit exists and we have A\ = foo(z) in (2.19).

Remark 2.22 It can be easily checked, as we did for the I'-limit, that we have

F-liminf; fj(z) = min{liminf;f;(z;):z; — z}

= sup liminf; inf f;(y), (2.20)
UeN (x) yel

[-limsup; fj(x) = min{limsup,f;(z;) : z; — =}

= sup limsup; inf f;(y) (2.21)
UeN (z) yel

The reader is encouraged to fill the details of the proof of this statement.

We also have the following characterization of upper and lower I'-limits,
which proves in particular the last statement of Theorem 2.14.

Proposition 2.23 Let f; : X — [—00, +00] be a sequence of functions satisfy-
ing fj(z) > —c(1 +d(x, z0)?) for some p >0 and xg € X; then we have

I-lim inf; f;(z) = sup lim inf; 1g)f({f] (y) + Ad(z,y)P}, (2.22)
A>0 y

[-limsup; f;(x) = sup limsup; inf {f;(y) + Ad(x,y)"} (2.23)
A>0 yeX

forallx e X.



16 CHAPTER 2. A QUICK GUIDE TO I'-CONVERGENCE

2.5 Lower semicontinuity and I'-limits

The notion of I'-convergence does not have the property that a constant sequence
fj = f converges to its constant term f. Conversely, this property is true for
lower semicontinuous functions. Moreover, on the family of lower semicontinu-
ous functions, I'-convergence enjoys more interesting and useful properties.

2.5.1 Lower semicontinuity of I'-limits

Proposition 2.24 The T'-upper and lower limits of a sequence (f;) are d-lower
semicontinuous functions.

Remark 2.25 (Proof of the limsup inequality by density) The lower semi-
continuity of the I'-limsup in the proposition above is sometimes useful for the
estimate of T-limits as follows. Let d’ be a distance on X inducing a topol-
ogy which is not weaker than that induced by d; i.e., d'(xzj,x) — 0 implies
d(zj,z) — 0. Suppose D is a dense subset of X for d’ and that we have
[-limsup, fj(x) < f(z) on D, where f is a function which is continuos with
respect to d. Then we have I'-limsup; f; < f on X. In fact, if d'(z;, ) — 0 and
x; € D then

IN

1in}€inf (F-lim sup; f; (xk))
< liminf f(z3) = f(2).

[-lim sup, f; ()

A

2.5.2 The lower-semicontinuous envelope

If f is not lower semicontinuous, it is sometimes interesting to compute the
lower semicontinuous envelope of f.

Definition 2.26 Let f : X — R be a function. Its lower-semicontinuous en-
velope scf is the greatest lower-semicontinuous function mot greater than f,
i.e. for every x € X

scf(x) =sup{g(x): g Ls.c., g < f}. (2.24)

Note that scf is l.s.c. as the supremum of a family of l.s.c. functions.
Moreover, if f1 < fo then scfi; < scfs.

Proposition 2.27 We have scf(z) = I'-lim; f(z) = liminf,_., f(y).
Proposition 2.28 We have

I'-liminf f; = I'-lim inf sc f}, I'-limsup f; = I'-lim supsc f;. (2.25)
J J j j
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2.5.3 The direct method

Combined lower semicontinuity and coerciveness ensure the existence of mini-
mum points, as specified by the following version of a well-known theorem.

Theorem 2.29 (Weierstrass’ Theorem) If f: X — R is mildly coercive, then
there exists the minimum value min{scf(x) : x € X}, and it equals the infimum
inf{f(x) : @ € X}. Moreover, the minimum points for scf are exactly all the
limits of converging sequences (x;) such that lim; f(z;) = infx f.

Proof The theorem is a particular case of Theorem 2.18. The only thing to
notice is that if T is a minimum point for scf, we can find a sequence (z,)

converging to T such that lim; f(z;) =scf(Z) = infx f. O

Remark 2.30 The previous theorem gives, of course, that if f is l.s.c. and
mildly coercive then the problem miny f has a solution.

The application of Theorem 2.29, and in particular of the remark above, to
prove the existence of solutions of minimum problems is usually referred to as
the ‘direct method’ of the calculus of variations.

2.6 More properties of I'-limits

From the definitions of I'-convergence we immediately obtain the following prop-
erties.

Remark 2.31 If (f;,) is a subsequence of (f;) then
I-liminf; f; < I-liminfy £, , I-limsupy, fj, < I-limsup; f;.

In particular, if foo = I'-lim; f; exists then for every increasing sequence of
integers (jr) foo = I-limy fj,.

Remark 2.32 If g is a continuous function then fo, +¢ = I-lim;(f; 4+ g); more
in general, if g; — ¢ uniformly, and g is continuous then fo+¢g = I-lim;(f;+g;).
In particular, if f; — f uniformly on an open set U, then

I-lim; f; = scf (2.26)
onU.

Remark 2.33 If f; — f pointwise then I-limsup; f; < f, and hence, also
I-limsup; f; <scf.
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2.6.1 [I'-limits of monotone sequences

We can state some simple but important cases when the I'-limit does exist, and
it is easily computed.

Remark 2.34 (i) If fj41 < f; for all j € N, then
[-lim; f; = sc(inf; f;) = sc(lim; f;). (2.27)

In fact as f; — infy fi pointwise, by Remark 2.33 we have I'-limsup, f; <
sc(infy fi), while the other inequality comes trivially from the inequality sc(infy, fi) <

infy, fr < fj;
(ii) if f; < fj41 for all j € N, then

I-limy f; = sup; scf; = lim; scfy; (2.28)
in particular if f; is L.s.c. for every j € N, then

In fact, since scf; — sup,, scfi pointwise,
I-limsup, f; = I'-limsup;scf; < supy scf

by Remark 2.33. On the other hand scf;, < f; for all j > k so that the converse
inequality easily follows.

Remark 2.35 By Remark 2.34(ii), if f; is a equi-mildly coercive non-decreasing
sequence of l.s.c. functions then sup; minx f; = miny sup; f;.

2.6.2 Compactness of I'-convergence

Proposition 2.36 Let (X, d) be a separable metric space, and for all j € N let
fj : X — R be a function. Then there is an increasing sequence of integers (ji)
such that the T-limy, f;, (z) exists for all z € X.

Remark 2.37 If (X,d) is not separable, then Proposition 2.36 fails. As an
example, we can take X = {—1,1}N equipped with the discrete topology. X is
metrizable, and I'-convergence on X is equivalent to pointwise convergence. We
take the sequence f; : X — {—1,1} defined by f;(x) = z; if x = (zo, x1, .. .).
If (f;,) is a subsequence of (f;) and we define x by z;, = (=1)*, and z; = 1
if j & {jx : k € N}, then the limit limy f;, (x) does not exist. Hence no
subsequence of (f;) I'-converges.

2.6.3 Stability of I'-convergence by subsequences

Proposition 2.38 We have I'-lim; f; = f- if and only if for every subsequence
(fjx) there exists a further subsequence which I'-converges to foo.
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2.7 TI'-limits indexed by a continuous parameter

In applications, our energies will often depend on a continuous parameter £ > 0,
so that we will have a family of functions f. : X — R. It is necessary then to
make precise the definition of I'-limit in this case, as follows.

Definition 2.39 We say that f. T'-converges to fo if for all sequences (e;)
converging to 0 we have I'-lim; f., = fo.

Remark 2.40 It can be easily checked that all the characterizations and prop-
erties of the I'-limits, as well as the definitions of I'- upper and lower limits, can
be still obtained in this case with the due changes. We usually prefer to stick
to sequences, as in the proof it is more convenient to extract subsequences.

2.8 Development by ['-convergence

As already remarked, the process of I'-limit enatails a choice in the minimizers
of the limit problem by minimizers of the approximating ones. In the case that
this ‘choice’ is still not unique, we may proceed further to a ‘I-limit of higher
order’.

Theorem 2.41 (development by I'-convergence) . Let f- : X — R be a
family of d-equi-coercive functions and let fO = T'(d)-lim. o f.. Let m. = inf f.
and m® = min f°. Suppose that for some o > 0 there exists the T'-limit
fe="T(d)-lim =——, (2.30)
and that the sequence f& = (f-—mP)/e® is d'-equi-coercive for a metric d’ which
is not weaker than d. Define m® = min f* and suppose that m® # 4oco; then

we have that
me = m°® +e*m® + o(e*) (2.31)

and from all sequences (xe) such that fo(xe) — me = 0(e%) (in particular this
holds for minimizers) there exists a subsequence converging in (X,d') to a point
x which minimizes both f° and f'.

Proof The proof is a simple refinement of that of Theorem 2.18. Since we

have 0

m® = lim min f& = lim Me — M

e—0 e—0 e«

we deduce immediately (2.31). Let (x.) be such that f.(z:) = me + o(e®).
By the equi-coerciveness of f& we can assume that x. converges to some z in
(X, d") and hence also in (X, d), upon extracting a subsequence. By Theorem
2.18 applied to f. = is a minimizer of f°. From (2.31) we get that min f& =
(me —mP)/e® = f¥(z.) + o(1), so that we can also apply Theorem 2.18 to f&

and obtain that x is a minimizer of f*. O
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2.9 TI'-development with respect a family of data

We may refine the notion of development by I'-convergence when our problems
depend also on some data (which we denote by the letter d). Suppose that
functionals as above are given, a set D of data, and spaces X¢ that form a
partition of the space X.. We say that the family f. has a development fO+e® f*
with respect to the family D, if there exists a partition X§ of X, and functionals
19, % each defined on X§ such that

fo=T1- lim & f9=f"on X9 (2.32)

and, having set

fod(u) = M for u € X2, (2.33)
we have
fo=T1- 1ignf;”d, f&=f*on XJ. (2.34)
In particular this implies that, upon setting
me(d) = min{f-(u) : u € X0}, (2.35)
m°(d) = min{ f°(u) : u € X3}, (2.36)
m®(d) = min{ f*(u) : u € X9}, (2.37)
we obtain that for all d € D
me(d) = m°(d) + e*m®(d) 4 o(e®). (2.38)

Example 2.42 Take f.(u) = [;(W(u) + €2|v/|?)dt, X. = HY(I), where
W(u) = (u?—1)2, X4 = {u e HY(I) : fudt = d} and D = R. In this case we
have

fo(u) = /IW**(u) dt, X = L(1).

Take o = 1; if —1 < d <1 then
fi() = e#(s@)dr, X3 ={ue BV {-11}) :][udt = d
I

with ¢ = f_ll 24/ W (s)ds; if |d| > 1 then

f;(u):{o ifu=d a.e.

400 otherwise.
Definition 2.43 The previous definition suggests an equivalence relation among
Jamilies of functionals based on development by I'-convergence: we say that two
families (fe) and (f.) are equivalent up to order o with respect to the data D if
they have the same development in the sense as above. Note that this definition
does not require that f. and f. be defined on the same space.



Chapter 3

Discrete systems in Sobolev
spaces

We will consider the limit of energies defined on one-dimensional discrete sys-
tems of n points as n tends to +oco. In order to define a limit energy on a
continuum we parameterize these points as a subset of a single interval (0, L).
Set

A==,  al=-L=i\,, i=0,1,....,n (3.1)
n

We denote I,, = {«f,..., 2} and by A,,(0, L) the set of functions u : I, — R.
If n is fixed and v € A,,(0, L) we equivalently denote

u; = u(z}).

Given K € N with 1 < K < n and functions f7/ : R — [0, +00], with j =
1,..., K, we will consider the related functional E : A, (0, L) — [0, +o0] given
by
K n—j
E(u) = Z Z f (Wi — ). (3.2)

j=114=0

Note that E can be viewed simply as a function E : R" — [0, +00].

An interpretation with a physical flavour of the energy E is as the internal
interaction energy of a chain of n 4+ 1 material points each one interacting with
its K-nearest neighbours, under the assumption that the interaction energy
densities depend only on the order j of the interaction and on the distance
between the two points u;1; — u; in the reference configuration. If K =1 then
each point interacts with its nearest neighbour only, while if K = n then each
pair of points interacts.

Remark 3.1 From elementary calculus we have that F is lower semicontinuous
if each f7 is lower semicontinuous, and that E is coercive on bounded sets of

An (0, L).

21
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We will describe the limit as n — +o0o of sequences (F,,) with E,, : A,(0,L) —
[0, +00] of the general form

En(u) = 2 . frJL(UJHJ — i), (3.3)

and show that it provides an energy defined on a Sobolev space. We use standard
notation for Sobolev and Lebesgue spaces. The letter ¢ denotes a generic strictly
positive constant.

Since each functional E,, is defined on a different space, the first step is to
identify each A, (0, L) with a subspace of a common space of functions defined on
(0, L). In order to identify each discrete function with a continuous counterpart,
we extend u by @ : (0, L) — R as the piecewise-affine function defined by

— Uj—1

(s) = ui—1 + = )\n

(5 — xi—l) if s e (J?i_l, J?i). (34)
In this case, A, (0, L) is identified with those continuous u € W(0, L) (ac-
tually, in W1°°(0, L)) such that u is affine on each interval (z;_1,z;). Note
moreover that we have

~/ Ui — Uj—1

on (x;—1,x;). If no confusion is possible, we will simply write u in place of @.
As we will treat limit functionals defined on Sobolev spaces, it is conve-

nient to rewrite the dependence of the energy densities in (4.14) with respect to
difference quotients rather than the differences u;4; — u;. We then write

K, n—j

=3 T (B, 59

7j=111=0
where )
Vi) = 5 A2,

With the identification of u with @, F,, may be viewed as an integral functional
defined on W'1(0, L) by the equality

E,(u) = F,(a), (3.7)
where
K, j—1 L—(j—1=DX, j—1-1
1 -1
—/ 6 (5 2 otk
Fy(v) = { I=11=0 7 Jinn y—

if v e A,(0,L)

+00 otherwise.
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Note that in the particular case K, = 1 we have (set 1, = L)

L
(v) = /0 (v )dz  if v e A, (0, L)

F, (3.9)

400 otherwise.

Definition 3.2 (Convergence of discrete functions and energies) With the
identifications above we will say that w,, converges to u (respectively, in L', in
measure, in Wl etc.) if @, converge to u (respectively, in L!, in measure,
weakly in W1 etc.), and we will say that FE, I'-converges to F (respectively,
with respect to the convergence in L!, in measure, weakly in W11 etc.) if
F,, T-converges to F (respectively, with respect to the convergence in L', in
measure, weakly in W1, etc.); i.e., if for all u
(i) (liminf inequality) F(u) < liminf,, F},(uy) for all u,, converging to u;
(ii) (limsup inequality) there exists u,, converging to u such that lim sup,, Fy,(u) <
We recall that since our functionals will always be equi-coercive then I'-
convergence entails the desired convergence of minimum problems.

We will often use the following simple I'-convergence result.

Theorem 3.3 Let v, be locally equi-bounded conver functions and let v =
lim,, 1,,. Then the functionals defined on W'(0, L) by

/OL p(u') dt

I'-converge with respect to the weak convergence in W(0, L) to the functional

defined on W1(0, L) by
L
/ P(u') dt.
0

3.1 Convex energies

First we briefly recall the case when the energies 1 are convex. We will see
that in the case of nearest neighbours, the limit is obtained by simply replacing
sums by integrals, while in the case of long-range interactions a superposition
principle holds.

3.1.1 Nearest-neighbour interactions: an identification prin-
ciple

We start by considering the case K = 1, so that the functionals F,, are given
by

En(u) =§M%(@). (3.10)

i=0 m
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The integral counterpart of E,, is given by

L
(v) = /0 Y (v )dz  if v € A, (0, L)

F, (3.11)

400 otherwise.

The following result states that as n approaches co the identification of E,, with
its continuous analog is complete.

Theorem 3.4 Let ¢, : R — [0,4+00) be convex and locally equi-bounded. Let
E, be given by (3.10)and let ¥ = lim, v, (note that it is not restrictive to
suppose that such limit exists upon extraction a subsequence).

(i) The T-limit of E,, with respect to the weak convergence in WH1(0, L) is
given by F defined by

F(u) = /(O,L) P(u') dx. (3.12)
(i) If
m Y& (3.13)

|z]—o00 |Z|

then the T-limit of E,, with respect to the convergence in L'(0, L) is given by F
defined by

(W)dx ifue WH(0,L)
F(U,) = (0,L) (3.14)
+00 otherwise

on L1(0,L).

This theorem can be seen as a particular case of many results. However,
since its proof is particularly simple we include it for the reader’s convenience.

Proof (i) By Theorem 3.3 we have I'-liminf; F;(u) > F'(u). Conversely, fixed
u € WHe°(0, L) let u,, € A, (0, L) be such that u,(z') = u(z?). By convexity
we have

/:r“ V() dt > Anw(i /:r“ o dt) = AW(M);

n 7 n
hence, summing up, letting n — 400 and using the pointwise convergence of
P to Y, we get

n

L L
/ (u') dt = 1im/ P (u') dt > limsup B, (uy,).
0 " Jo

By a density argument we recover the same inequality on the whole W1(0, L).

(ii) If (3.13) holds then the sequence (E,,) is equi-coercive on bounded sets
of L'(0, L) with respect to the weak convergence in W'1(0, L), from which the
thesis is easily deduced. O



3.2. NON-CONVEX ENERGIES 25

3.1.2 Long-range interactions: a superposition principle

Let now K € N be fixed. The energies F,, take the form
K n—j s —
E,(u) = ZZAW%(%)' (3.15)
j=1 =0 "

In this case F, can be seen as the superposition of K nearest-neighbour
functionals to which we can apply the result above. The theorem below can be
easily proven and is a particular case of the results in thye sequel.

Theorem 3.5 Let 1) : R — [0,400) be convex and locally equi-bounded. Let
E,, be given by (3.15) and for all j let I = lim,, 13 (note that it is not restrictive
to suppose that such limit exists upon extraction a subsequence). Let ¥ satisfy

vl(2)

|z]—o00 |Z|

=400 (3.16)
then the T-limit of E,, with respect to the convergence in L'(0, L) is given by F
defined by

' . 1,1
Flu) = o) (u)dr ifue W-(0,L) (3.17)

+00 otherwise
on L'(0, L), where

K
=Y v (3.18)
j=1

3.2 Non-convex energies

We now investigate the effects of the lack of convexity.

3.2.1 Nearest-neighbour interactions: a convexification prin-
ciple

In the case K = 1 the only effect of the passage from the discrete setting to the
continuum is a convexification of the integrand.

Theorem 3.6 Let ¢, : R — [0,+00) be locally equi-bounded Borel functions
satisfying (3.13), and suppose that ¢» = lim, x*. Let E, be given by (3.10);
then the T-limit of E,, with respect to the convergence in L'(0, L) is given by F
defined by

/ . 1,1
F(u) =3 Jo,r) (W)dw ifucW-(0.L) (3.19)

400 otherwise
on LY(0,L). In particular if 1, = @ then 1 = @**

Proof The proof is a particular case of the results in the sequel. |
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3.2.2 Next-to-nearest neighbour interactions: non-convex
relaxation

In the non-convex setting, the case K = 2 offers an interesting way of describing
the two-level interactions between first and second neighbours. Such description
is more difficult in the case K > 3. Essentially, the way the limit continuum
theory is obtained is by first integrating-out the contribution due to nearest
neighbours by means of an inf-convolution procedure and then by applying the
previous results to the resulting functional.

Theorem 3.7 Let 1., 92 : R — [0,+00) be locally equi-bounded Borel func-
tions such that )
Yn(2)

|z]—o00 |Z|

= +o00, (3.20)

uniformly in n, and let E,(u) : A,(0,L) — [0, +00) be given by

By (u) ZSAW;(W%;% +§Anwg(%) (3.21)

=0

Let 9, : R — [0, 4+00) be defined by

Inz) = GA()+ 3 int(YA() + Yh(m2)) s 22 = 22)

= Y2+ S (e) +Uh() 2 2 = 2], (3.22)

and suppose that B
P = lima, . (3.23)
n
Then the T-limit of E, with respect to the convergence in L*(0, L) is given by
F defined by

/ . 1,1
F(u) = q Jo.,r) (W)dw ifucW-(0.L) (3.24)

+00 otherwise
on L'(0,L).
Remark 3.8 (i) The growth conditions on ¥2 can be weakened, by requiring

that 2 : R — R and
—c1ty, < Yh < el 41y

provided that we still have
¥(z2)

lim ——= = +o0.
|z]—o00 |Z|

(ii) If ) is convex then ), = b + 2. If also 92 is convex then we recover
a particular case of Theorem 3.5.
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Proof Let u € A,(0,L). We have, regrouping the terms in the summation,
n

B = 5 M(A(BE) o () ()

i ev

S (i (M) e () (M)

i odd
An 1 [ Un — Up—1 1 4 /u1 —uo
(=) ran ()
1 [ = Uigo — Uj = Uiy — Uy
> = I\ (M) I\ (M)
> Z At (=) + Z Authn (=55
i even i’(:dd
1= Uito — Uj = Uit — Uj
> - 2\ *M( 142 z) 2\ *M( 142 z)
i even i odd
1 2Xn[n/2] _ , (14+2[n=1/2D)Xn _ ,
- 5(f ayars [ i (ay) dt). (3.25)
0 n

where 1y, respectively, with & = 1,2, are the continuous piecewise-affine func-

tions such that
Uit — Uj
ay, = B on (z, 7, 5) (3.26)
2\
for i, respectively, even or odd.
Let now u, — wu in L'(0,L) and sup,, E,(u,) < +oo0; then w, — u in
W0, L). Let uy, be defined as in (3.26); we then deduce that ug , — u as
n — o0, for k = 1,2. For every fixed n > 0 by (3.25) we obtain

1 L—n _ L—n
1in%infEn(un) > 5 lim inf/ Uy (uy ) dt + 1in}Linf/
n

n n
L—n
/ W) dt
n

by Theorem 3.3, and the liminf inequality follows by the arbitrariness of n > 0.

Now we prove the limsup inequality. By an easy relaxation argument, it
suffices to treat the case when 1), is lower semicontinuous, u(r) = zz and
Y(2) = lim, ¥, (z). With fixed n > 0 let 27, 25 be such that 2] + 22 = 2z and

0y () dt)

Y

UA() + SWAGH) +UA(R) < 9+

for all n sufficiently large. We define the recovery sequence u,, as

o if 7 1s even

@ =120
Ul =N 20— DA, + 2P\, if 4 is odd.
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We then have

En(u,) = nz_:l)\nw;(un(ﬂvﬁl))\; Un (T ) Z )\nwn( z+2) un(x?))

=0 n

L
< SWn(e) +Un(E) + Lyi(2) < Lip(z) + L = F(u) + Ln,
and the limsup inequality follows by the arbitrariness of 7. O

Remark 3.9 (Multiple-scale effects) The formula defining ¢ highlights a
double-scale effect. The operation of inf-convolution highlights oscillations on
the scale \,,, while the convexification of 1 acts at a much larger scale.

3.2.3 Long-range interactions: a ‘clustering’ principle

We consider now the case of a general K > 1. In this case the effective energy
density will be given by a homogenization formula. As the statement of the
general result (which is postponed to the next section) will be quite complex,
we begin by treating the case of energy densities independent of n. We suppose
for the sake of simplicity that ¢/ : R — [0, +00) are lower semicontinuous and
there exists p > 1 such that

V) Zeo(l2lP = 1), W (2) S (1 +]2fP). (3.27)

forallj =1,..., K. Before stating the convergence result we define some energy
densities.
Let N € N. We define ¢y : R — [0, +00) as follows:

K N—j
Un(z) = min{%é%w](%)

u:{0,...,N} - R, u(i)zziforiSKorizN—K}(.S.ZS)

Proposition 3.10 For all z € R there exists the limit ¢¥(z) = limy ¥y (2).

Proof With fixed z € R, let N,M € N with M > N, and let uy be a
minimizer for ¥y (z). We define ups : {0,..., M} — R as follows:

une(i) = {uN(z—lNH—lNz fIN<i<(+1)N(0<I<M_1)
21 otherwise.

Then we can estimate

1 & N up (e + un (2
Ym(z) < }:1 Eo W( e ]3 e ))
N—j . . .

1 Z wj(uN(H‘J)—UN(Z))

< N -
j=1 i=0 J
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K K
+122K e +ZM M/N]N+K J i)

Jj=1 j=1

K N+K &

< S )+ LK S
< o) +e(Ge + TR g e, (3.29)

Taking first the limsup in M and then the liminfin N we deduce that
lim sup ¥y (2) < liminf ¢y (z)
M N

as desired O

Remark 3.11 (i) co(|2]P — 1) < ¥'(2) < ¥(2) < (1 + |2|P);
(ii) v is lower semicontinuous;
(iii) ¢ is convex;
(iv) for all N € N we have ¥(2) < ¥n(2) + 7 (1 + |2]P).

We can state the convergence theorem.

Theorem 3.12 Let ¢’ be as above and let E,, be defined by (3.15). Then the
T-limit of E,, with respect to the convergence in L'(0, L) is given by F defined
by

! - 1,
F(u) = (O,L)w(U)dx e W0, L) (3.30)

400 otherwise
on L'(0, L), where 1 is given by Proposition 3.10.

Proof We begin by establishing the liminf inequality. Let u,, — u in L*(0, L)
be such that sup,, Ey,(uy,) < +00. Note that this implies that

L
sup/ Jun, [P dt < 400,
n Jo

so that indeed u,, — u weakly in W?(0, L) and hence also u,, — u in L>(0, L).
For all k € {0,...,N — 1} let
D, (k) =

/ |ul, P dt.
1eN Y (F+NI=2K)An,(k+NI+2K)X,)N(0,L)

We have
N-1

L
D, (k) < 2K/ lun [P dt < c,
k=0 0
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so that, upon choosing a subsequence if necessary, there exists k£ such that

Cc
< —.

For the sake of notational simplicity we will suppose that this holds with k& = 0,
and also that n = M N with M € N, so that the inequality above reads
M-1 c
/ lul, [P dt < —. (3.31)
= J((NI=2K) A (NI+2K) A0 )(0,1) N

We may always suppose so, upon first reasoning in slightly smaller intervals
than (0, ) and then let those intervals invade (0, L).
Let v be the piecewise-affine function defined on (0, L) such that

vy (0) = un(0)
(WNY =, on (z,xi,), NI+ K<i<N(+1)-K -1
(W) = Un(NL+ N — K)\,) — un(NL+ K)A\y) _. N
" (N — 2K)\, mat
on (Nid,, (NI+ K)A\) U (NI +1)— K —1)A,, NI+ 1)\,).

The construction of v deserves some words of explanation. The function vY is

constructed on each interval (NI, (N 4+ 1)A,,) as equal to the function u,, (up
to an additive constant) in the middle interval ((NI+ K)A,, (N(I+1) = K)A,),
and as the affine function of slope zrjy ; in the remaining two intervals. Note that
the construction implies that the function

vi\{l:{o,...,N}HR
defined by
v (1) = 3= (LN +8)An)

is a test function for the minimum problem defining ¢y (z,]:[ 1), and that

K N(+1)—j N
n ( z-',—]) Uy, (J??)
Ant?
]z:l zzl:\/'l ( " )
K N—j . N\ N ([
- ¥ Anwj( ol +.7;) vn,z(l))z Nxn (). (3.32)
j=1 =0

Moreover, note that, by Holder’s inequality, we have
2K \1-1/p 2K
N/ / / /
| dt < (—L) , ot ,
S ey =< (G0 o + gl
so that, since u,(0) = vY (0) we have a uniform bound

c
||U1]’Lv — Un|lLoe(o,) < N (3.33)
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We have that

g
L

N(+1)-K—j ; un(x?+j) _ ’U,n(ﬂﬁf)

R )
i=NI+K JAn

N(+1)-K—j N

K
K ol (z? ) — oN (2
= XY X (D)
K
>

i=NI+K

N(l+1)—j N(xn ) — UN(J?"

;N )\nwj(vn H];j)\n n z))

Y
]~
=
>
3
<
=
S
5

1 (3.34)
the last estimate being given by (3.32).
We give an estimate of the term I}}; the term I2 can be dealt with similarly.

Let i < NI+ K < i+ j; by the growth conditions on ¢’ and the convexity of
z — |z|P we have

W' (Ur]:[(xznﬂ') - Uév(xi ))

JAn
¢ s vmaj;; sat)p
< ( zj: J’71c+1 UN(JTE) p)
k=i
<

c(1+K|z£¥z|p+ = / |7 i
’ An J(NI=2K) A, (NI42K) AR )N(0, 1)

By (3.31) and the fact that |z|? < ¢(1 4 ¥n(2)), we deduce that

I < A c(1+¢N( l)+—/ ! |pdt)
" 1=0 ]zz:l 121\” o A ((Nl—2K)X\p,(NI+2K)Xy,) "
c c M—-1
< N + N N)\an(Zr]Xl)- (3.35)
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Plugging this estimate and the analog for I2 into (3.34) we get

M-1
C C
En(uyn) > (1 -~ N) ?:O Nty (=) = - (3.36)

By Remark 3.11(iv) we have

Un(2) 2 9() = (1) = (1- 2 )u) — -
From (3.36) we then have
M—-1
By (un (1 ~ —) N, ~ % (3.37)

1=0
Now, note that the piecewise-affine functions u2 defined by

uN (0) = u,(0) and (WY = ZTJXZ on (Nid,, N(I+ 1)\,)

n

are weakly precompact in W!?(0, L), so that we may suppose that uﬁ[ — .

Then by Theorem 3.4 we have

M-1
hmlnf Z N ( nl) = hmlnf/ »((u,)) dt >/ ¥((u (3.38)
so that
hmme (up) > 1 - = / (™)) dt — N (3.39)
By (3.33) and the uniform convergence of u,, to u we have
c
[u™ = ul| oo,y < ¥ (3.40)

By letting N — 400 we then obtain the thesis by the lower semicontinuity of

[

To prove the limsup inequality it suffices to deal with the case u(z) = zx
since from this construction we easily obtain a recovery sequence for piecewise-
affine functions and then reason by density. To exhibit a recovery sequence for
such u it suffices to fix N € N, consider v"¥ a minimum point for the problem
defining ¢ (2) and define

un(x) = o™ (i — ND)A, + 2NIN, ifNI<i<N(I+1).
We then have
lim sup B, (u,) < Ly (2 Zw]

and the thesis follows by the arbitrariness of V. O
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3.2.4 The general convergence theorem

By slightly modifying the proof of Theorem 3.12 we can easily state a general
T'-convergence result, allowing a dependence also on n for the energy densities.

Theorem 3.13 Let K > 1. Let ¢} : R — [0,400) be lower semicontinuous
functions and let p > 1 exists such that

Un(2) Z col2P = 1), ¥(2) S ¢i(1+[2). (3.41)

forall je{l,...,K} and n € N. For all N,n € N let Y, : R — [0, 4+00) be
defined by

K N—j L
Ura(z) = min{ T WL(M)
j=1 i=0
u:{0,...,N} - R, u(i)ZZiforiSKoriZN—K(}3-42)

Suppose that ¢ : R — [0, +00) exists such that

U(z) = 111{[11115111#?\2"(2') forallze R (3.43)

(note that this is not restrictive upon passing to a subsequence of n and N ). Let
E,, be defined on A, (0, L) by

n—

<.

K
j=11=0

At (“*Ji) (3.44)

Then the T-limit of E, with respect to the convergence in L' (0, L) is given by
F defined by

! - 1,
Flu) = o) Yu')dx ifue WHP(0, L) (3.45)

+00 otherwise

on L1(0,L).

Proof Let u, — uin L*(0,L). We can repeat the proof for the liminf inequal-
ity for Theorem 3.12, substituting 1/ by 97 and ¢n by ¥n,,. We then deduce
as in (3.38)-(3.39) that

1in%infEn(un) > (1—%)hmlnf/ YN (U, ))dt—ﬁ

1——/¢N dt—N

where ¢y = lim,, ¢}, and the thesis by letting N' — +oo0.

Y
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To prove the limsup inequality it suffices to deal with the case u(z) = zx
since from this construction we easily obtain a recovery sequence for piecewise-
affine functions and then reason by density. To exhibit a recovery sequence for
such w it suffices to fix N € N, consider 2 p, 22, and 0, € [0, 1] such that

w?\/iin(z) = nan,n(Zl,n) + (1 - nn)wN,n (ZQ,n); Z=Mnz1n + (1 - nn)ZQ,n-

Let vf{n, vé\{n be minimum points for the problem defining ¥ n (21,n), ¥n,n(22,1),
respectively. For the sake of simplicity assume that there exists m such that
mNn, € N for all n. Define

v{vn(z — N, +zmNIlN, if mNl<i<mNl+mNn,

ol (i = NU—mNn) Ay + 2mNL+ 21,mNnu A
if mNl+mNn, <i<mN({+1).

By the growth conditions on 97 it is easily seen that (2x,,) are equi bounded
and that
sup{v,]gfn(i) — 2zt 1€{0,...,N},n € N} < +o0,

so that u, converges to zx uniformly. We then have

limsup Ey,(un,) < Llimsupyy,(2)
n

n

and the thesis follows by the arbitrariness of V. O

3.2.5 Convergence of minimum problems

From Theorem 3.13 we immediately deduce the following theorem.

Theorem 3.14 Let E,, and F be given by Theorem 3.13, let f € L*(0, L) and
d > 0. Then the minimum values

mn=IMn{EAu}+[ffudt:um):O,ML):d} (3.46)

converge to

L

mzquw+Afwmu@=qwm=@, (3.47)

and from each sequence of minimizers of (3.46) we can extract a subsequence
converging to a minimizer of (3.47).

Proof Since the sequence of functionals (E,) is equi-coercive, it suffices to
show that the boundary conditions do not change the form of the I'-limit;
i.e., that for all u € W'P(0,L) such that w(0) = 0 and u(L) = d and for
all € > 0 there exists a sequence u, such that u,(0) = 0, u,(L) = d and
limsup,, B (un) < F(u) + €.
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Let v, — w in L>°(0, L) be such that lim,, £, (v,) = F(u). With fixed n > 0

and N € N let K,, € N be such that

lim K, A = %

For all [ € {1,...,N} let ¢2'' : [0, L] — [0,1] be the piecewise-affine function
defined by ¢X/(0) = 0,

, 1/(KnAn)  on (I = D) KpAn, LK, A,)
mE = { —1/(KpAn)  on ((n— 1K), (n— 1K, + Kp)An)

0 otherwise.
Let
un = g ton + (1= o u.
We have
N+K An L
E, (YY) < En(un)+c(/ (L+ |u'[7) dt+/ (1+ [u'?) dt)
0 L-—n—KA,
+c / lul, |7 dt
((I=1) K —K)An, (1K n +K) Xy )N(0,L)
+ / ), |P dt
((n—I1K, K))\ﬂ,(n 1K+ Kn+K)A)N(0,L)
L
—I—/ —u|p)
0
2n L
< En(un)+c(/ (14 []?) dt+/ 1+ o/ 7))
0 L—2n

—l—c(/ |v],|P dt)
((=2)n/N,((i+1)n/N)U(L—(I+1)n/N,L—(I-2)n/N))N(0,L)
P
ez lvn = ullieo )
for n large enough. Since
N
/ e
1=1 Y ((1=2)n/N,((I+1)n/N)U(L—(I+1)n/N,L—(I-2)n/N)N(0,L)

L
< 2/ (1 + vy lP)dt <c,
0

for all n there exists l, € {1,..., N} such that

2n L
E, (™) < Ey(va) +c(/0 (L+ [u/|7) dt+/L ) )
—2n
c NP p
+N + C_Up ||’Un — U’”L*(O,L)
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Setting u,, = u)"'" we then have

L

2n
lim sup E, (u,,) SF(uH—c(/ (1+|u’|p)dt+/ (1+|u’|p)dt)+%,
0

n L—2n

and the desired inequality by the arbitrariness of n and V. O

3.3 Infinite-range interactions

We now treat an example where interactions at all length must be taken into
account, giving in the limit a non-local term (Dirichlet form). In order to
highlight this effect, isolating it from all non-convex behaviour we will treta the
quadratic case only. For the sake of simplicity we replace A, by a continuous
parameter €.

For all € > 0 let p. : €Z — [0,+00). With fixed a bouded open interval
(a,b), consider the discrete energies

u(z) —u 2
S eplo—y) (UM (3.48)
r—=y
z,y€eZN(a,b)
z#y
defined for u : eZ — R. Note that we may assume that p. is an even function,
upon replacing p:(2) by p:(2) = (1/2)(pe(2) + pe(—2)). We will tacitly make
this simplifying assumption in the sequel.
We will consider the following hypotheses on p.:
(H1) (equi-coerciveness of nearest-neighbour interactions) inf. p.(€) > 0;
(H2) (local uniform summability of pe) for all T > 0 we have

sup Z pe(T) < +o00.
c r€eZn(0,T)

Remark 3.15 Note that (H2) can be rephrased as a local uniform integrability
property for ep. on R?: for all T' > 0

sup Z epe(z —y) < 4o0.
© T,yceZ
z#y, |z, |y|<T

As a consequence, if (H2) holds then, up to a subsequence, we can assume that
the Radon measures

He = Z EPe (37 - y)é(x,y)
x,y€eZ, z#y

(0. denotes the Dirac mass at z) locally converge weakly in R? to a Radon
measure Lo, and that the Radon measures

Ae = Z pe(2)0

z€eZ
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locally converge weakly in R to a Radon measure Ag. These two limit measures
are linked by the relation

no(d) = = [ 1A Jra(s), (3.49)
where |A;| is the Lebesgue measure of the set
As={t e R: (s(e; —ex) +t(e; +e))/V2 € A}
If (H1) holds then we have the orthogonal decomposition
Ao = A1 + 160, (3.50)
for some ¢; > 0 and a Radon measure A\; on R. We also denote
p=pol (R*\A) (3.51)

(the restriction of yg to R?\ A, where A = {(x, ) : € R}. By the decompo-
sition above, we have

1
o =+ —201')'(1 LA,

7%

where H' stands for the 1-dimensional Hausdorff measure.

Each function u : ¢Z — R will be identified, upon slightly abusing notation,

with its extension to a function u € L (R) which is continuous on R and

affine on each interval (ie, (i + 1)e). We denote by A, the set of such functions.
The energy (3.48) is extended to an equivalent functional defined on L!(a, b) by
setting

Z epe(r —y) (M)Q ifue A,

Fe(u) = z,y€eZN(a,b), z#y r=y (352)
+00 otherwise.

We will investigate the I-limit of F.

Theorem 3.16 (Compactness and representation) If conditions (H1) and
(H2) hold, then there exist a subsequence (not relabelled) of {e} converging to
0, a Radon measure p on R? and a constant c; > 0 such that the energies F.
I'-converge to the energy F defined on L'(a,b) by

2 u(@) — uly)\?
1 /(%b) ' |? dt + /(%W( pr” ) du(z,y)
Fu) = if u € Wh2a, b) (3.53)

400 otherwise,

where the measure p and ¢y are given by (3.51) and (3.50), respectively.
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Remark 3.17 By taking (3.49) into account, we can also write (3.53) in the

o c1/|u|2dt+// (t+ ) — u(t))2 dA(s) dt, (3.54)

with A = v/2s%\; and \; given by (3.50).

Proof Upon passing to a subsequence we may also assume that the measures
te in Remark 3.15 converge to ug. Then, pu and ¢; given by (3.51) and (3.50)
are well defined as well. Hence, it suffices to prove the representation for the
I'-limit along this sequence.

We begin by proving the liminf inequality. Let u. — u in L!(a, b) be such
that sup, F.(u.) < +00. By hypothesis (H1) the sequence u. converges weakly
in W%2(a,b). Note moreover that for all n > 0 the convergence

we(@) —uely)  ulx) —u(y)
-y -y

as € — 0 is uniform on (a,b)?\ A,), where A, = {(z,y) € R? : |z —y| > n}.
With fixed m € N, we have the inequality

Fo(us) > > pe(x_y)g(wf

r—=y
z,y€eZN(a,b)
|o—y|<4/m, sy

Ue () — ue(y)\2

D AR CS )
z,y€eZN(a,b)
lz—y|>4/m

= I} (ue) + I2(ue). (3.55)

We now estimate these two terms separately.
As for the first term, there exist positive a. converging to 0 as € — 0 such
that

[ae /€] 1
1ign2 kzl pe(ek) > e — p—

Let (a’,b") C (a,b). For all N € N and ¢ small enough we then have

S pela—ye( MWy’

r—y
z,yceZn(a’,b")
lz—y|<ae, z#y

Z eplch) (U(x) —u(y) )2

rT—y
=1 k=1 z,yceZn(yi—1,yi)
|z—y|=ek

L

%
[]=
[\
B
o
>~
O,
—~
<
|
S
—
)
—~~
&y
~—
/N
—~~
<
N
~—

u(yi_l))QJrO(l)

Yi —Yi—1
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as ¢ — 0, where we have set

yi=a'+ (b =),

we have used the fact that u. — u uniformly and the convexity of z — 22. The
same reasoning applied to a set I C (a, b) which can be written as a finite union
of open intervals shows that

1
liminf I} (u.) > (01 - —) / |u')? dt.
€ m I
From this inequality and the arbitrariness of I, we easily obtain that
. . 1 1 72
liminf I (us) > (01 - —) |u'|* dt.
‘ M7 J(a.b)

As for the second term, it suffices to remark that for all n > 0

(202 )Y _ (1) )

r—=y r—=y

uniformly on (a,b)? \ A, as € — 0, so that, by the weak convergence of p. we

have )
(M) du(z, y).

1im€ian€2(u€) > / pra—"

(a,0)2\A4/m
By summing up all these inequalities and letting m — 400 we eventually
get

liminf F.(us) > cl/ [u'|? dt
© (a,b)

r—=y

The limsup inequality for smooth functions easily follows by comparing with
the pointwise limit, once we remark that by (3.49) the limit measure p does not
charge 9(a, b)?. The proof is concluded by a density argument. O
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Chapter 4

Discrete systems and
free-discontinuity problems

We now consider dyscrete systems leading to minimization problems for func-
tionals whose natural domains are sets of functions which admit a finite number
of discontinuities. The set of these discontinuities will be an unknown of the
problems, and for this reason the latter will be called ‘free-discontinuity prob-
lems’.

4.1 Piecewise-Sobolev functions

To have a precise statement of free-discontinuity problems, it will be useful to
define some spaces of piecewise weakly-differentiable functions.

Definition 4.1 We say that a function u : (a,b) — R is piecewise constant on
(a,b) if there exist points a =tg < t1 < --- <ty < tns1 = b such that

u(t) is constant a.e. on (t;i—1,t;) foralli=1,...,N + 1. (4.1)

The subspace of L>°(a,b) of all such u is denoted by PC(a,b). If u € PC(a,d)
we define S(u) as the minimal set {t1,...,tn} C (a,b) such that (4.1) holds.

At all points t € (a,b) we define the values u(t+) and u(t—) as the values
taken a.e. by u on (t,t+¢€) and (t — ,t), respectively, for e small enough, or,
equivalently,

u(t+) = lim * /f w(s)ds,  u(t—) = lim * / " u(s)ds.

e=0+¢ Ji ¢

In the same way we define u(a+) and u(b—). We finally define the functions
ut :[a,b) = R and u™ : (a,b] — R as u™(t) = u(tt).

41
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Definition 4.2 Let 1 < p < +oco. We define the space P-W'P(a, b) of piecewise-
WP functions on the bounded interval (a,b) as the direct sum

P-Wl’p(a, b) = WLp(a, b) + PC(a, b), (42)

i.e. u € P-WYP(a,b) if and only if v € WYP(a,b) and w € PC(a,b) exist
such that u = v +w. Note that W*P(a,b) N PC(a,b) equals the set of constant
functions, so that u and v are uniquely determined up to an additive constant.
The function u inherits the notation valid for v and w; namely, we define the
jump set of u and the weak derivative of u as

S(u) = S(w) and u =, (4.3)
respectively. Moreover, the left and right-hand side values of u are defined by
uF(z) = v(z) + wt (x). (4.4)

Remark 4.3 Clearly, u € P-WP(a,b) if and only if there exist a = to <
t1 < ... <ty = bsuch that u € WH'P(¢;_q,¢t;) for all i = 1,...,N. With
this definition S(u) is interpreted as the minimal of such sets of points, and
u € L?(a,b) is defined piecewise on (a,b)\ S(u).

4.2 Some model problems

Even though the treatment of minimization problems for functionals defined
on P-W!'P(a,b) with p > 1 will be easily dealt with by combining the results
that we have already proved for functionals defined on Sobolev functions and on
piecewise-constant functions we illustrate their importance with two examples.

4.2.1 Signal reconstruction: the Mumford-Shah functional

As for functionals defined on piecewise-constant functions a model for signal
reconstruction can be proposed using piecewise-Sobolev functions. Mumford
and Shah proposed a model which can be translated in dimension one in the
following: Given a datum g (the distorted signal) recover the original piecewise-
smooth signal u by solving the problem

min{cl/ |u’|2dt—|—02#(5’(u))+03/ lu—g|*dt : u e P-W%(a, b)} (4.5)
(a,b)

(a,b)

The parameters cy, ca, c3 are tuning parameters. A large ¢, penalizes high gra-
dients, a large co forbids the introduction of too many discontinuity points, and
cs controls the distance of u to g.

4.2.2 Fracture mechanics: the Griffith functional

A simple approach to some problems in the mechanics of brittle solids is that
proposed by Griffith, which can be stated more or less like this: Each time
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a crack is created, an energy is spent proportional to the area of the fracture
site. We consider as an example that of a brittle elastic bar subject to a forced
displacement at its ends, so that volume integrals become line integrals and
surface discontinuities turn into jumps. In this case, if g denotes the external
body forces acting on the bar, the deformation u of the bar at equilibrium will
solve the following problem:

min (') dt + ME(S(u)) — / qu dt
(a,b) (a,b)
: u(a) = uq, w(b) =up, v >u" on S(u)} (4.6)

on the space of functions u € P-W'P(a,b), for some p > 1. The function f
represents the elastic response of the bar in the unfractured region, while the
condition u* > u~ derives from the inpenetrability of matter.

4.3 Functionals on piecewise-Sobolev functions

We consider energies on P-W1P(a,b) of the form

F(u) = fu)dt + Z I(ut —u). (4.7)

(a,b) S(u)

Lower-semicontinuity and coerciveness properties for such functionals will easily
follow from the corresponding properties on W'?(a, b) and PC(a, b).

Theorem 4.4 Letp > 1.
(i) (Coerciveness) If (u;) is a sequence in P-W1P(a,b) such that

su'p(/(a’b) |[uj|P dt + #(S(u]))) < 400 (4.8)

J

and for all open sets I C (a,b) we have liminf;inf;|u;| < 400, then there
exists a subsequence of (uj) (not relabeled) converging in measure to some u €
P-W'P(a,b). Moreover, we can write uj = v; + w; with v; € W'P(a,b) and
w; € PC(a,b), with v; weakly converging in WP(a,b) and w; converging in
measure.

(ii) (Lower semicontinuity) If f : R — [0 4 oc0] is a convex and lower semi-
continuous function, and if ¥ : R — [0+ 00] is a subadditive and lower semicon-
tinuous function then the functional F defined in (4.7) is lower semicontinuous
on P-W'P(a,b) with respect to convergence in measure along sequences (u;)
satisfying (4.8).

Proof (i) Let v; € W'P(a,b) be defined by

w@=£%@w
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Since v;(a) = 0 for all j, the sequence (v;) is bounded in W' (a, b) by Poincare
inequality, and hence we can extract a weakly converging subsequence (that
we still denote by (v;)) that weakly converges to some v in W?(a,b). Now,
set w; = u; —v; € PC(a,b). Since v; — v in L*(a,b), upon extracting a
subsequence, (w;) converges in measure to some w € PC(a,b). The sequence
(uj) satisfies the required properties with v = v + w.

(ii) Let (u;) satisfy (4.8) and u; — w in measure. Then by (i) we can write
u; = vj +w; with v; € WHP(a,b) and w; € PC(a,b), w; — w weakly in
WHP(a,b) and v; — v € PC(a,b) in measure. We then get

F(u) = F(v) + F(w) < liminf F(v;) + liminf F'(w;) < liminf F'(u,)
j j j

as desired. 0
Corollary 4.5 Let f,9: R — [0,400] be functions satisfying
clzl? < f(2) and c <¥(z) (4.9)

for all z € R, then the functional F defined in (4.7) is lower semicontinuous on
P-WYP(a,b) with respect to convergence in measure if and only if f is conver
and lower semicontinuous and ¥ is subadditive and lower semicontinuous.

Proof Let F be lower semicontinuous. Then also its restrictions to W1(a, b)
and to PC(a,b) are lower semicontinuous; hence, we deduce that f is convex
and lower semicontinuous and 9 is subadditive and lower semicontinuous. The
converse is a immediate consequence of Theorem 4.4. O

4.4 Examples of existence results

As examples of an application of the lower semicontinuity theorems on the
space P-W!P(a,b) we prove the existence of solutions for the problems outlined
in Section 4.2.

Example 4.6 (Existence in Image Reconstruction problems) We use the no-
tation of Section 4.2.1. Let g € L?(a,b) and let (u;) be a minimizing sequence
for the problem

m= inf{F(u) + 63/

lu—g|*dt: ue P-W"?(a, b)}, (4.10)
(a,b)

where

F(u) zcl/ . |u'|? dt + co#t(S(u)).

By taking u = 0 as a test function, we get that m < f(a b |g|? dt. Moreover,

we immediately get that (u;) is bounded in L?(a, b); hence, it satisfies the hy-
potheses of Theorem 4.4(i). We can thus suppose that u; — u € P-W1?(a,b)
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in measure and a.e., so that by Theorem 4.4(ii) (with p = 2, f(2) = |2|? and
9(z) =1) F(u) < liminf; F(u;), and by Fatou’s Lemma

[ u—gl < timint [ ;- g
(a,b) J (a,b)

so that w is a minimum point for (4.10).

Example 4.7 (Existence in Fracture Mechanics problems) We use the notation
of Section 4.2.2. In this case we may have to specify the boundary conditions
better, as S(u) may tend to a or b; i.e, the elastic bar may break at its ends.
The minimization problem with relaxed boundary condition takes the form

m= inf{F(u)—/(a’b) gu dt+9(u(a+) —uq) +9(up—u(b=)) : u € P-WP(a, b)},

(4.11)
where

F(u)= [ flu)dt+ Y ot —u),

(a,b) S(u)

f is some convex function, which we suppose satisfies f(z) > |z|P — ¢, and ¢ is
defined by
400 ifz<0
Hz) = { 0 ifz=0
1 if z> 0.

Note that 9 takes care of the inpenetrability condition, which needs not be
repeated in the statement of the minimum problem in the form (4.11).

We deal with the case up > ug, and suppose f(0) = 0 and A = 1. We may
use u = (uq + up)/2 as a test function, obtaining

m < F(u) + 9(u(a+t) — ua) + 0(up — u(b—)) = w(“” 3 “) =2

Let (uj) be a minimizing sequence for (4.11). We set u; = v; + w; with v; €
WbP(a,b), w; € PC(a,b) and v;(a) = 0. By the Poincare inequality and the
continuous imbedding of WP (a, b) into L>°(a, b) we obtain that

[VjllLe (@) < ellVillLe(a,e)- (4.12)
Note that the condition uj > uj implies that wj is increasing, so that

wjllLee (a,p) < |tal 4 |up| + cl[V}]|Lr (a,0)- (4.13)

From the condition

f(u;-)dt—l—Zﬂ(uj—uj_)—/ gu; dt <c

(a,b) S(u) (a,b)
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we then get in particular

/ 5|7 dt — / gu; dt — / gqw; dt < c,
(a,b) (ab) (a,b)

from which we deduce by (4.12)-(4.13)

| 1wl = elisllan = lhwsllimion < ¢
a

)

and, from the inequalities above, eventually

/ [vi|P dt < c.
(a,b)

Hence, we may assume that v; weakly converge in W!?(a,b), and by (4.13) we
obtain that (w,) is a bounded sequence in L*°(a,b). Hence (u;) satisfies the
assumptions of Theorem 4.4(i), so that we may assume that it converges to u
in measure. Moreover, we may assume that w; converges a.e. and in Li(a,b),
so that we get that v is a minimum point for (4.11) by using Theorem 4.4(ii).

4.5 Discrete systems with (sub)linear growth

We now study discrete systems with integrands satisfying a growth condition of
the form

P(z) < C(1+ |z]);

in particular we will deal with integrands of strictly-sublinear growth. It is clear
that convexification arguments in this case cannot apply since they would give
trivial results (the convex envelope of such functions is constant). In this case a
further principle of separation of scales applies. We will describe it through
a series of simple examples.

4.5.1 Discretization of the Mumford Shah functional
A simple case of functionals E,, E, : Ay (a,b) — [0, 4+00] of the form

En(u) = i: A f (i — wi—1). (4.14)
=1
is obtained by taking
n(2) = % min{ A 22, 1} = %w(xnz%. (4.15)
Note that we have
lim g5, (2) = 22, ngmnwn(%)z 1 (4.16)

for all z € R and for all z # 0, respectively.
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Theorem 4.8 If v, are as above then the functionals E, T'-converge to the
functional

b
w= [ e+ #(S(w) (4.17)
on P-W12(a,b).

Proof Note that

o= [ 1R st
If sup,, E(un) < +oo and u, — u then 4, — wu in measure so that u €
P-W'2(a,b) and
lim inf E,, (u,) = lim inf F}, (4, ) = lim inf F(a,) > F(u)
n n

n

by Theorem 4.4.
Vice versa, a recovery sequence for a function in P-W2(a,b) is easily ob-
tained by taking w,(x;) = u(z;) on I,. O

Remark 4.9 The same proof as above shows that if we take

)\% min{\,cz?, a} if2>0

Yn(z) = (4.18)
)\% min{\,cz?, 3} if 2 <0,
then the limit is
b
u) = c/ |u/|? dt + a#t({t € S(u) : [u] > 0}) + B#({t € S(u) : [u] < 0})

(4.19)
on P-Wh2(a,b).

4.6 Fracture as a phase transition

We now deal with the case of functionals E,, with ¢, (z) = J(z/\,); i.e

_ gAnJ(iw —

Let J : R — [0, +00] satisfy the following conditions: J = 400 on (—00,0], J is
continuous on [0, +00), there exists C' > 1 such that J is convex on (0, C] with
minimum in 1 and concave on [C, +00), and there exists the limit J(+oc0) € R.

Theorem 4.10 Under the hypotheses above the functionals defined on A, (a,b)
by E, I'-converge to the functional F defined by

mszwﬂww
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on P-Whl(a,b), with f(z) = J(z A1), and the functionals
B () = 3 (Bo(w) ~ minF))

‘3
I'-converge to the functional E) given by

(J(+00) = J(1)) #(S(w)) if u is piecewise affine on (a,b)
EW(u) = w =1 andut >u" on S(u)

+00 otherwise
on P-Wh(a,b). This functional is the first-order T'-limit of (E,).

Proof The existence of the ‘zero-order’ I'-limit F' and its representation follow
immediately by a comparison argument since F' < FE,, for all n.
Note that min ' = J(1) = minJ so that we can suppose that

£ = (o (25) - )

We check now the first-order I'-limit. We first give an estimate from below by
comparison. Let v > 0 be given such that

J(1) +~(z — 1) < J(2) for 2 <1,
J(1) 4+ min{y(z — 1)%, J(+00) — v} < J(z) for z > 1.
We then have
" u(x;) — u(ri—1)
(1) > ) el
BN (u) > ;wn( o)
whenever n is large enough and 1), is given by (4.18), where a = J(+00) — v —
J(1), and ¢ and 8 are arbitrary.
Upon changing variables and considering v(t) = wu(t) — ¢, we can apply
Remark 4.9 to estimate from below the I'-limit by

b
F(u) = c/ |u' — 112 dt + (J(+00) — v — J(1))#({t € S(u) : [u] > 0})
+B#({t € S(u) : [u] < 0}). (4.20)

Since ¢, B and 7y are arbitrary positive numbers we obtain the desired estimate
from below.

To complete the proof it suffices to exhibit a recovery sequence for such a
u. Let u, be defined simply by u,(z;) = u(z;). It suffices to consider the case
of a single jump: S(u) = {xo}, with u(zo+) = 2, u(zo—) = 0. In this case we
trivially have
lim B (u,) = 11511(.]()\1) - J(1)) = J(+o0) — J(1),

‘3

n

and the proof is concluded. |



Chapter 5

Discrete systems leading to
phase transitions

If the function v giving the limit energy density in Theorem 3.13 is not strictly
convex, converging sequences of minimizers of problems of the type (3.46) may
converge to particular minimizers of (3.47). This happens in the case of next-
to-nearest interactions, where the formula giving v is of particular help.

5.1 Equivalence with phase transitions

We consider next-to-nearest-neighbour energies of the form

n—1

n—2
Palw =3 Mt () + )3 WP () 6
and ¢ : R — [0, +00) defined by
Ue) = )+ () + ¥ () 21+ = 22)

= w2 @) @A) TN e) =2} (52)

We show that for some type of second-neighbour interactions the energies
E,, are equivalent (in the sense of Definition 2.43) to functionals of the form

L
Fo(u) = / (W) + e A2 [u[2) di + e
0
with respect to Dirichlet boundary data. From Theorem 3.7 we may take
W = 1.

In the following section we characterize c¢; and cs, that are given the interpre-
tation of the effect of surface tension and boundary layers, respectively.
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5.2 Study of minimum problems

We examine the case when ¢ in (3.22) is not convex and of minimum problems
(3.46) with f = 0. Upon some change of coordinates it is not restrictive to
examine problems of the form

my, = min{E,(u) : u(0) =0, u(L) = d}, (5.3)

. We will treat in detail only the case d = 0. We may also suppose
(H1) we have

mind = (1) = H(~1). (5.4)
For the sake of simplicity we make the additional assumptions
(H2) we have

P(z) > 0if |z] # 1; (5.5)
(H3) there exist unique 2", 2 and 2], z, such that

P+ 5 (WD) 0 D))= mind, o = 42,

We set

M* = {(Zii_a Z;_)a (Z;_a Zi‘r)}a M~ = {(Zl_a ZQ_)a (ZQ_a Zl_)} (5'6)
M = MtTuM~. (5.7)

(H4) we have 2 # z; forall i,j € {1,2};

(H5) all functions are C'!.

Under hypotheses (H1)-(H2) Theorem 3.13 simply gives that m,, — 0 and
that the limits u of minimizers satisfy |u/| < 1 a.e. We will see that indeed they
are ‘extremal’ solutions to the problem

min{F(u) : u(0) =0, u(L) =0}. (5.8)

The effect of the non validity of hypotheses (H3)—(H5) is explained in Remark
5.5.

The key idea is that it is energetically convenient for discrete minimizer
to remain close to the two states minimizing ¢, and that every time we have
a transition from one of the two minimal configurations to the other a fixed
amount of energy is spent (independent of n). To exactly quantify this fact we
introduce some functions and quantities.

Definition 5.1 (Minimal energy configurations) Let z = (z1,22) € M;
we define u? : Z — R by

(i) = [%}zg +(i- [%Dzl (5.9)

and uZ : \yZ — R by
uy (7)) = u*(i)An (5.10)
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Definition 5.2 (Crease and boundary-layer energies) Let v : Z — R.
The right-hand side boundary layer energy of v is

Bi(v) = J\lfrelfN mln{Z(wQ(W) + ot (u(i 4+ 1) — u(@)) — minlﬁ)
i>0

u:NU{0} = R, u(i) = v(i) ifz’ZN},

The left-hand side boundary layer energy of v is

NeN 2

B_(v) = inf min{;(wQ (M) + o (i) — u(i — 1)) — mimﬁ)
1_0: w: —NU{0} — R, u(i) = (i) if i < _N},
Let v* : Z — R. The transition energy between v~ and vt is
Cv™vt) = nf min{;(wQ(W) + 4 (u(i + 1) — u(i)) — min)

u:Z— R, & e Ru(i) = vE() + ¢F i iiZN}.

Remark 5.3 Condition (H4) implies that

if 25 € M*.
We can now describe the behaviour of minimizing sequences for (3.46).

Theorem 5.4 Suppose that (H1)-(H5) hold. We then have:
(Case n even) The minimizers (u,) of (3.46) for n even converge, up to
subsequences, to one of the functions

_ = ifo<xz<L/2 _ [ -z ifo<xz<L/2
u+(x)_{L—x ifL/2<x<L, _(x)_{—(L—x) ifL/2<x<L"

D = min{B+(uz+)+C’(uz+,uz_)+B_(uz_),
By(u® )+ Cu* u* )+ B_(u*): zt e M*t, z= e M }.

If (un) converges (up to subsequences) to Uy then there exist z+ € M™T, and
z~ € M~ such that

D =B, )+C* u* )+ B_(u*) (5.11)

and
E,(up) = DX, + o(\y). (5.12)
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(Case n odd) In the case n odd the same conclusions hold, upon substituting
terms of the form

By (") + Cu= u*" ) + B_(u*")

by terms of the form

+ +
B+ (U'z ) + C(uz aU’Z¥) + B_ (uz¥),

where we have set (21, 22) = (22, 21).
Proof We only deal with the case n even, as the case n odd is dealt with
similarly.

Let w, be a minimizer for (3.46). We may assume that w, converge in
W1P(0, L) and uniformly. By comparison with E,, () we have

En(un) < Lming + chy,. (5.13)

We can consider the scaled energies

El(u) = —(E,(u) — Lmind). (5.14)
Note that we have
o = S ()
() 4 (S51) )
+%(w1(“";7:"‘1) + ! ( nuo)) — min. (5.15)
From (5.13) and (5.15) we deduce that

12 — un(z})
S (o (el Zaleh)

Tho) — un (2} ;) 1 (Un(}) — un () .
(o (e ety (D)) ) <

TL n

M

=0

l\3|’—‘

We infer that for every n > 0 we have that if we denote by I,,(n) the set of
indices ¢ such that

e (un($?+2) — up(27) )

2\,
_|_l (wl (un(xf+2))\— un(xf+1)) 4ot (un(xf+1))\— un(ﬂ??))) < minlﬁ +n

2

then
sup I, () < +00.
n
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Let € = &(n) be defined so that if

P (2E2) 45 (01 ) + 01 () —mind <

then
dist ((z1, 22), M) < e(n).

Choose 1 > 0 so that
2¢(n) <min{|z" —z7|, z" e MT, 2= e M }.

We then deduce that if i — 1,4 & I,,(n) then there exists z € M such that

‘(un(x?-i-l) - un(x?) un(x?“) - U'n(x?-i-l)) _ z‘ <
An ’ An -
‘(un(ﬂ%) - 'U'n(xi—l), un(xi—i-l) - un(xi )) _gl<e
An An
Hence, there exist a finite number of indices 0 =ip < i1 <2 < --- <in, =n

such that for all j = 1,..., N, there exists z7 € M such that for all i €
{ij—1+1,...,4; — 1} we have

<e.

K%w%xmwmgmwmQ%@%b_g

Let {jo,j1,---,Jm,} be the maximal subset of {ig,%1,...,in,} defined by the
requirement that if 27 € M* then zi 41 € MT. Note that in this case we
deduce that E,(u,) > ¢M,, so that M, are equi-bounded. Upon choosing a
subsequence we may then suppose M,, = M independent of n, and also that
r7 — =z € [0,L] and z} = z. By the arbitrariness of n we deduce that
lim,, u, = wu, and u is characterized by «(0) = w(L) = L and v/ = +1 on
(xg_1, ), the sign determined by whether z; € M™T or z, € M*. Let yo =
0,%1,...,yn = L be distinct ordered points such that {y;} = {xr} (the set of
indices may be different if x; = xpy1 for some k). Choose indices k1, ..., kn
such that z}; — (yj—1 +y;)/2. Let z; be the limit of zJ, related to the interval

(Yj,Yj+1). We then have, for a suitable continuous w : [0, +00) — [0, +00),

g o (Un(To) — un(x})
> ()
1 Un (2 o) — Un(Tfy ) 1 Un (T} 1) — un(z}) L
g (vt (PR L) gt (PR ) in)
> Bi(u™) —w(e)
k,
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1 Un (2 o) — Un(Tfy ) 1 Un (27 1) — un(x}) .
g (0 (PR g (SRR min)

C(u*,u?+) —w(e) forall j € {1,...,N — 1},

Y

k

17 un(x?“) - U’n(‘xzn-i-l) 1 un(xzn-',-l) - 'U'n(x?) .

3 )+ )) - mind)
> B_(u*)—w(e).

By the arbitrariness of € and the definition of D we easily get lim inf,, E} (u,,) >

D, and by Remark 5.3 that if u # u+ then liminf,, E!(u,) > D.

It remains to show that limsup, E}(u,) < D; i.e., for every fixed n > 0
to exhibit a sequence %, such that 1, (0) = u,(L) = 0 and limsup,, B} (@,) <
D + ¢n. Suppose that

D=By(u* )+ Cu” ,u® )+ B_(u”),

with zt = (2], 23), 2~ = (2], 25 ), the other cases being dealt with in the same
way. Let n > 0 be fixed and let N € N, vy,v_,v:Z — R be such that

vi(i) =u® (i)  fori> N,
v_ (i) = u® (7) for i < —N,

u=" (1) fori < —N
’U(Z) = )

u? (1) fori > N

and
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We then set
(v (1) —v1(0) Ay ifi<N

if24N<i<n—N

(v_(n—1) —v_(0))\, ifn—N <i<n,
where .
PR C L R
" (%2 —2N)\,
(DMt o O
: (3 -2,

Note that lim,, 2z} = lim,, 22 = 0. Using (H5) we easily get the desired inequality.

(]
Remark 5.5 From the proof above it can be easily seen that hypotheses (H3)—
(H5) may be relaxed at the expense of a heavier notation and some changes in
the results. Clearly, if (H3) does not hold then the sets of minimal pairs M,
M~ are larger, and the definition of D must be changed accordingly, possibly
taking into account also more than one transition.

If hypothesis (H4) does not hold then C(u* ,u® ) = C(u® ,u* ) = 0 for
some zt € M*, z=— € M~. In this case the energetic analysis of E} is not
sufficient to characterize the minimizers, as we have no control on the number
of transitions between v’ =1 and v’ = —1.

Condition (H5) has been used to construct the recovery sequence (). It
can be relaxed to assuming that ¢ is smooth at 41; more precisely, it suffices
to suppose that

im Y(z) —miny _ 0. (5.16)
z—+1 |z F 1|
If this condition does not hold the value D is given by a more complex formula,
where we take into account also the values at 0 of the solutions of the boundary
layer terms.
The proof of Theorem 5.4 easily yields the corresponding I'-limit result for
E}. We leave the details to the reader.
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