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Preface

The research group ‘Homogenization Techniques and Asymptotic Methods
for Problems with Multiple Scales’, co-ordinated by Valeria Chiado Piat and
funded by INdAAM-GNAMPA (Istituto Nazionale di Alta Matematica-Gruppo
Nazionale per I’Analisi Matematica, la Probabilita e le loro Applicazioni), op-
erated from 2001 to 2005, involving in its activities a number of young Italian
mathematicians, mainly interested in problems in the Calculus of Variations
and Partial Differential Equations. One of the initiatives of that group has
been the organization of a number of schools. Those in the years 2001-2003,
whose lecture notes are gathered in this book, had been devoted to problems
with oscillations and concentrations, while the schools in the years 2004-2005
covered a range of topics of Applied Mathematics.

The first school in Turin, 17-21 September 2001, bearing the name of the
research group and devoted to problems with multiple scales, was partially
disrupted by the events of September 11 of that year, one speaker, Gilles
Francfort, finding himself grounded in Los Angeles, and two other speakers,
Andrey Piatnitski and Gregory Chechkin, slowed down in their car trip to
Italy by the tightening of the borders around the European Community. The
two remaining speakers managed however to enlarge their courses to cover
some extra material, encouraged by the receptive audience. The course of
Andrea Braides was devoted to the description of the behaviour of variational
problems on lattices as the lattice spacing tends to zero, and the various multi-
scale behaviours that may be obtained from this process; that of Anneliese
Defranceschi to energies with competing bulk and surface interactions. The
extra lectures are not included in these notes, but some of them constitute
part of the material in the book ‘I'-convergence for Beginners’ (Oxford U.P.,
2002) by Braides. The course of Francfort, on H-measures, was later recovered
in a ‘Part IT’ of the School held at TAC in Rome, December 3-5, 2001, together
with a contribution of Roberto Peirone on homogenization on fractals. Here
we also include the text of the two courses of Piatnitski and Chechkin, while
the lecture notes of the course by Francfort have appeared as a chapter of the
book ‘Variational Problems in Materials Science’, Birkh&user, 2006.



VI Preface

The second part of the present notes covers the content of the subsequent
school on ‘Concentration Phenomena for Variational Problems’ held at the
Department of Mathematics of the University of Rome ‘La Sapienza’, Sep-
tember 1-5, 2003 (co-organized by A. Braides, which explains why he appears
both as an editor and as a contributor). Scope of the School was to present
different problems in the Calculus of Variations depending on a small para-
meter €, that exhibit a dramatic ‘change of type’ as this parameter tends to 0,
that is best described by the ‘concentration’ of some quantity at some lower-
dimensional set. The courses of Sylvia Serfaty and Didier Smets treat the case
of Ginzburg-Landau energies. In a two-dimensional setting it is known that
the concentration of Jacobians of minimizers at points can be interpreted as
the arising of ‘vortices’. A novel method envisaged by Sandier and Serfaty
shows how the limit motion of these vortices can be described by making use
of I'-convergence. On the other hand, Smets’s course focuses on the informa-
tion that can be obtained by looking at the fine behaviour of solutions of the
Allen-Cahn equations, and concerns the motion in any dimension. The use of
I'-convergence as a way to describe the concentration of maximizers of prob-
lems with sub-critical growth is also the subject of the third course by Adriana
Garroni. Here the concentrating quantity is not a Jacobian (the problem is
scalar), but a suitable scaling of the square of the gradient of the maximizer,
that converges as a measure to a sum of Dirac masses. This phenomenon has
been previously described by means of the Concentration-Compactness alter-
native, and this ‘version’ by I'-convergence gives a new interpretation of the
results.

The course of Sylvia Serfaty, originally programmed for this school, had to
be postponed to a subsequent spin-off ‘School on Geometric Evolution Prob-
lems’ held at the Department of Mathematics of the University of Rome ‘Tor
Vergata’, January 26-28, 2004 (with the same organizing team, and an ad-
ditional course by Giovanni Bellettini) but is considered essentially part of
the September 2003 School, and that is why it is included here. Other two
courses, whose notes are not presented here, were held at the School by Gio-
vanni Alberti and Halil Mete Soner. The course of Soner followed the notes of
a previous school and can be found in his Lecture Notes ‘Variational and dy-
namic problems for the Ginzburg-Landau functional. Mathematical aspects
of evolving interfaces’ (Lecture Notes in Math. 1812, Springer, 2003, 177—
233). Alberti’s presentation is partly covered by his review paper ‘A varia-
tional convergence result for Ginzburg-Landau functionals in any dimension’
(Boll. Un. Mat Ital. 4 (2001), 289-310). As a final acknowledgement, it must
be mentioned that these schools had been additionally jointly sponsored by
the Rome and Milan Units of the National Project ‘Calculus of Variations’.

Rome and Turin, Andrea Braides
February 2006 Valeria Chiado Piat
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Part 1

Problems with multiple scales



From discrete systems to continuous
variational problems: an introduction

Andrea Braides! and Maria Stella Gelli2

! Dipartimento di Matematica, Universita di Roma “Tor Vergata”

via della ricerca scientifica, 1, 00133 Roma, Italy

e-mail: braides@mat.uniromaZ.it, hitp://www.mat.uniroma2.it/ " braides
Dipartimento di Matematica “L. Tonelli”, Universita di Pisa

Largo B. Pontecorvo, 5, Pisa, Italy

e-mail: gelli@dm.unipi.it

Introduction

These lecture notes cover the content of a course given by the first author at
the School Homogenization Techniques and Asymptotic Methods for Problems
with Multiple Scales in Turin, 17-21 September 2001, and previously delivered
at SISSA, Trieste, jointly by both authors in a slightly enlarged version. In
them, we treat the problem of the description of variational limits of discrete
problems in a one-dimensional setting. Even though this is a simplified setting,
the results that we are going to illustrate contain many of the features that we
may encounter in a higher-dimensional framework. After this course had been
held a number of papers have appeared, among which a general compactness
theorem for variational limits of discrete systems in any dimension by Ali-
candro and Cicalese [3], accurate estimates on pointwise limits for classes of
lattice systems by Blanc, Le Bris and Lions and applications to atomistic com-
putations [10, 11, 34], an interesting analysis of the Cauchy-Born hypothesis
by Friesecke and Theil [32], applications to higher-dimensional homogeniza-
tion of networks by Braides and Francfort [19], to percolation problems by
Braides and Piatnitski [25], to anti-phase boundaries in spin systems [1], thin
discrete objects [2], etc. Not only those applications have not made the present
notes obsolete, but on the contrary they have more motivated them as a nec-
essary introduction to understand the non-trivial effects of the ‘microscopic’
dimension.

Given n € N we consider energies of the general form

{uz Z

j=11i=0

n—j

At (L] )
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defined on (n+1)-tuples {u; }. We may view {u;} as a discrete function defined
on a lattice covering a fixed interval [0, L] by introducing points z' = i\,
(A = L/n is the lattice spacing). If we picture the set {1} as the reference
configuration of an array of material points interacting through some forces,
and let u; represent the displacement of the i-th point, then 1/ 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 17 depends on {u;} through the differences U;tj — Ui, but we find it more
convenient to highlight its dependence on the ‘discrete difference quotients’

Uj4j5 — Ug
JAn

One must not be distracted from this notation and should note the generality
of the approach.
Our goal is to describe the behaviour of problems of the form

min{En({ui}) — Zuifi :ug = Uy, up = UL}
i=0

(and similar), and to show that for a quite general class of energies these prob-
lems have a limit continuous counterpart. Here {f;} represents the external
forces and Uy, Uy, are the boundary conditions at the endpoints of the interval
(0, L). More general statements and different problems can be also obtained.
To make this asymptotic analysis precise, we use the notation and methods of
I'-convergence, for which we refer to the book by A. Braides I'-Convergence
for Beginners (a more complete theoretical introduction can be found in the
book by G. Dal Maso An Introduction to I'-convergence). We will show that,
upon suitably identifying discrete functions {u;} with suitable (possibly dis-
continuous) interpolations, the free energies E,, ‘I'-converge’ to a limit energy
F. As a consequence we obtain that minimizers of the problem above are ‘very
close’ to minimizers of

min{F(u) - /OL fudt: u(0) =Uy, u(L) = UL}.

The energies F' can be explicitly identified by a series of operations on the
functions 7. In order to give an idea of how F can be described, we first
consider the case when only nearest-neighbour interactions are taken into
account:

n

By ({ui}) = nzlxnwn(“”;‘“i).
=0

In this case, the limit functional F' can be described by introducing for each
n a ‘threshold’ T;, such that T, — 400 and \,T,, — 0, and defining a limit
bulk energy density
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f(2) = lim (convex envelope of 9, (z)),

and a limit interfacial energy density

g(z) = lim (subadditive envelope of )\nd:)n (/\i)),
n

n

- _ {dJn(Z) if |2] < T, Jn(z) _ {1/Jn(z) it 2] > T,

z
¥n(2) 400 otherwise, 400 otherwise.

Note the crucial separation of scales argument: essentially, the limit behaviour
of 1, (2) defines the bulk energy density, while A, ¥, (z/A,) determines the
interfacial energy. The limit F' is defined (up to passing to its lower semicon-
tinuity envelope) on piecewise-Sobolev functions as

F(u) = Ndt+ > g(u u(t—)),

(O’L) S(u)

where S(u) denotes the set of discontinuity points of u. Hence, we have a limit
energy with two competing contributions of a bulk part and of an interfacial
energy. In this form we can recover fracture and softening phenomena.

The description of the limit energy gets more complex when not only
nearest-neighbour interactions come into play. We first examine the case when
interactions up to a fixed order K are taken into account:

n—j

K (i — s
Eatfnh) = 23 A (55 )

j=11i=0

(or, equivalently, 1) = 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 A,) such that E, is ‘equivalent’ (as I'-convergence is concerned) to a
nearest-neighbour interaction energy on a lattice of step size 7, of the form

Bo(fus}) Z - (Uz-i—l )

and to which then the recipe above can be applied.

The crucial points here are the computation of t,, and the choice of the
scaling 7,,. In the case of next-to-nearest neighbours this computation is par-
ticularly simple, as it consists in choosing 7, = 2\, and in ‘integrating out
the contribution of first neighbours’: in formula,

Tal2) = Y2(2) + 5 min{uh (1) + ¥h(22) £ 20 + 2 = 22},
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In a sense this is a formula of relaxation type. If K > 2 then the formula
giving 1, resembles more a homogenization formula, and we have to choose
N = Ky, with K, large. In this case the reasoning that leads from F,, to
E,, is that the overall behaviour of a system of interacting points will behave
as clusters of large arrays of neighbouring points interacting through their
‘extremities’.

When the number of interaction orders we consider is not bounded the
description becomes more complex. In particular, additional non-local terms
may appear in F'.

Note that first order I'-limits may not capture completely the behaviour of
minimizers for variational problems as above. Additional information, as phase
transitions, boundary layer effects and multiple cracking, may be extracted
from the study of higher-order I'-limits.

1 Discrete problems with limit energies defined on
Sobolev spaces

1.1 Discrete functionals

We will consider the limit of energies defined on one-dimensional discrete
systems of n points as n tends to +o00. 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==,  at=LL=i\, i=01,....n (1)
n

K2

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

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

K
E(u) = Z F (i — uq). (2)

j=11

<.

I
=3

Note that F can be viewed simply as a function E : R™ — [0, +0o0].

An interpretation with a physical flavour of the energy F is as the internal
interaction energy of a chain of n+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;; —u; in the reference configuration. If K = 1 then
each point interacts with its nearest neighbour only, while if X = n then each
pair of points interacts.
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Remark 1. From elementary calculus we have that E is lower semicontinuous
if each f7 is lower semicontinuous, and that F is coercive on bounded sets of

A, (0,L).

1.2 Equivalent energies on Sobolev functions

We will describe the limit as n — 400 of sequences (E,,) with E,, : A,,(0,L) —
[0, 4+00] of the general form

En(u) = . fo Wiy — wi). (3)

Since each functional FE,, is defined on a different space, the first step is
to identify each A4,(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

Ui — Ui—1

N, (S — xz’—l) if s € (17,'_1, IZ) (4)

a(s) = uj—1 +
In this case, A, (0, L) is identified with those continuous u € W11(0, L) (ac-
tually, in W1°°(0, L)) such that u is affine on each interval (z;_1,x;). Note

moreover that we have
~/ U; — Uj—1

i =L 5
= (5)
on (x;—1,x;). If no confusion is possible, we will simply write u in place of @,,.

It is convenient to rewrite the dependence of the energy densities in (3)
with respect to difference quotients rather than the differences u;1; —u;. We
then write

n N—

Falw) =303 A (), (6)

j=11i

<

Il
o

where 1
Ui(2) = = F(An2).

With the identification of v with @, F,, may be viewed as an integral functional
defined on W11(0, L). In fact, for fixed j € {0,..., K —1}, k € {0,...,n—1}
and 4 such that ¢ < k < i+ j we have

1 i—k+j—1 1 i—k+j—1

Uiy — U Uk pmt1 — U _

O I = R Y e
.]/\n J m=i—k An J m=i—k

for all x € (a3, 2}, ), so that
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u ) 7,+] 1 $k+1 ' i—k+j—1
A W( i+ ’ / Z ﬂ'(x—l—m)\n)) dz.
'] m=1—k
We then get
n—j JI=1 L—(—1-DAn Jj—1-1
i Wity — Us 1 o1 ~
At (7) _: / Wi (f, @z + k)\n))dx.
ZZ:% JAn J ; n, J k;l
and the equality
Ey(u) = Fp(a), (7)
where
Knj 11 L—(j—1-D)X Jl—l
> /M w( > V@t k) )de
F,(v) = { =11=0 n k=—1
ifveA,(0,L)
+00 otherwise.

(8)

Note that in the particular case K, = 1 we have (set 1, = 1})

n

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

otherwise.

Definition 1 (Convergence of discrete functions and energies). With
the identifications above we will say that wu, converges to u (respectively,
in L', in measure, in W11, etc.) if @, converge to u (respectively, in L!, in
measure, weakly in W11, etc.), and we will say that E,, I'-converges to F
(respectively, with respect to the convergence in L', in measure, weakly in
Wbt etc.) if F,, I'-converges to F (respectively, with respect to the conver-
gence in L', in measure, weakly in W11, etc.). We refer to [14] for the notation
and main definitions of I'-convergence.

1.3 Convex energies

We first treat the case when the energies 17 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.

For simplicity we suppose that the energy densities do not depend on n;
i.e.,

vy, =7
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Nearest-neighbour interactions

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

n—1
Ey(u) = ; )‘nd}(%) (10)
The integral counterpart of F,, is given by
L
Fo(v) = /0 (' )dx if v e A,(0,L) (11)
400 otherwise.

Note that F;, depends on n only through its domain A,,(0, L).
The following result states that as n approaches co the identification of
FE,, with its continuous analogue is complete.

Theorem 1. Let ¢ : R — [0, +00) be convex and let E, be given by (10).
(i) The I'-limit of E,, with respect to the weak convergence in W11(0, L)
s given by F defined by

F(u) = /(O)L) P(u') dx. (12)

(i) If
¥()

= +o0 (13)

then the I'-limit of E, with respect to the convergence in L*(0, L) is given by
F defined by

/ : 1,1
Fu) = o) Y')de ifue WH(0,L) (14)

400 otherwise
on LY(0,L).

Proof. (i) The functional F' defines a weakly lower semicontinuous functional
on WH1(0, L) and clearly F,, > F'; hence also we have I'-lim inf; F;(u) > F(u).
Conversely, fixed u € WH(0,L) let u, € A,(0,L) be such that u,(z?) =
u(z}). By convexity we have

x

[ vtz v ([ i) (MDY,

n x n
K K3

hence, summing up,

L
/O ') dt > Ep(uy).
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This shows that (u,) is a recovery sequence for F.

(ii) If (13) holds then the sequence (E,,) is equi-coercive on bounded sets
of L'(0, L) with respect to the weak convergence in W1(0, L), from which
the thesis is easily deduced. 0O

Long-range interactions

Let now K € N be fixed. The energies E,, take the form

;

j=11i=0

n—j

>\nW (M) (15)

Theorem 2. Let ¢’ : R — [0,4+00) be convex and let E, be given by (15).
Let o' satisfy
¥i(2)

2] —oco  |2]

= +00 (16)

then the I'-limit of E,, with respect to the convergence in L'(0, L) is given by
F defined by

/ : 1,1
Fa) = o Yu')de ifue WH(0,L) a7)

400 otherwise

on LY(0,L), where
K
=) . (18)
j=1

Proof. Note that (E,) is equi-coercive on bounded set of L1(0,L) as in the
proof of Theorem 1. Then it suffices to check the I'-limit on W11(0, L).
To prove the I'-liminf inequality let u,, — u weakly in W11(0, L). Then,
for every j € {0,...,K} and [ € {0,...,7 — 1}, also the convex combination
_ LI
ult == " iz + kM)

J k=-—1

converge weakly to u in VVli)cl(O, L). By (7) then we have, for all fixed 5 > 0,

K Jj—1

1 L-n )
lim inf B, (u) > lirr%infz ; Z/ ﬁl((ufll)’)dx
—1 ) 1= /n

K j—1 L—
> Z L lim inf Y ((uj’l)’)da:



From discrete systems to continuous energies 11

The liminf inequality follows by the arbitrariness of 7.
Again, fixed v € WH1(0,L) let u, € A,(0,L) be such that u,(z?) =
u(z?). By Jensen’s inequality,

K nj . 1 il K nJ 1 L
j=1 i=0 JAn Jap i=1i=0 J Jap
K 1n—j mh] K L
=Yy [ e <y [ wiwa
j=1 J i=0 7z j=1 0

which implies the limsup inequality. O

1.4 Non-convex energies with superlinear growth

We now investigate the effects of the lack of convexity, always in the framework
of limits defined on Sobolev spaces. Again we suppose that the energy densities
do not depend on n; i.e.,

vy, =,

but are not necessarily convex.

Nearest-neighbour interactions

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

Theorem 3. Let v : R — [0,4+00) be a Borel function satisfying (13). Let
E,, be given by (10); then the I'-limit of E,, with respect to the convergence in
LY(0,L) is given by F defined by

“()dr if ue W-(0,L
Flu) = (o,mw (u)dz if ue WHH(0,L) 19)

400 otherwise
on LY(0,L).

Proof. The I'-liminf inequality immediately follows as in the proof of Theo-
rem 1(i).

As for the limsup inequality, first note that if u € WH(0, L) and ¢(u') =
Y»**(u') a.e. then we may simply take w, as in the proof of Theorem 1(i), so
that for such u we have I'-lim,, E, (u) = F(u). If ¢ is lower semicontinuous
and v is affine with w’ = z, let 21,20 € R and A € [0,1] be such that

z=Az1+ (1= Nza,  P(21) =¥ (21),9¥(22) = ¥ (22)

and
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P*(2) = A(21) + (1 = A)p(22).
Then there exists u; weakly converging to u such that u € {z1,22} and

F(u) = lim; F(u;). By the lower semicontinuity of the I'-limsup we then have

I'-limsup E, (u) < liminf I'-limsup E,, (u;) = liminf F(u;) = F(u),
n J n J

as desired. If 1) is not lower semicontinuous then suitable z; ; and 2 ; must
be chosen such that u; weakly converges to u, u; € {z1,5,22;} and F(u) =
limj F(uj)

To conclude the proof it remains to suitably approximate any function
u € W1(0, L) by some its affine interpolations (u;) and remark that by the
convexity of F' we have F(u) = limg F(ug). O

Next-to-nearest neighbour interactions

In the non-convex setting, the case K = 2 offers an interesting way of de-
scribing 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 4. Let 1!, 4? : R — [0, 4+00) be Borel functions such that
1
lim v ()

and let En(u) : A,(0,L) — [0,4+00) be given by

) = ! () e S (M) e

Let 9 : R — [0, +00) be defined by

= +o00, (20)

1,
¥(z) = ¢*(2) + 3 inf{p! (z1) + 91 (22)) : 21 + 22 = 22}
. 1

= 1nf{¢2(z) + 5(1/11(2'1) + Y (2) 21+ 20 = Qz}, (22)

and let ~
Y=y (23)

Then the I'-limit of E,, with respect to the convergence in L*(0, L) is given by
F defined by

/ - 1,1
Flu) = o) Y )de ifue WhHi(0,L) (24)

+00 otherwise

on L(0,L).
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Remark 2. (i) The growth conditions on 2 can be weakened, by requiring
that 92 : R — R and

—ay! <P <o+l
provided that we still have
¥(2)

|z]— o0 |Z‘

:+oo

(i) If ! is convex then ¥ = ! + 2. If also 12 is convex then we recover
a particular case of Theorem 2.

Proof. Let u € A, (0, L). We have, regrouping the terms in the summation,

EZ/*(wz(mii gt (e ()

7 even

- (e () e (5))
7 odd
+)\2l1b1<%_/\7:"*1) + %W(m/\_nuo)
1| S () - S ()
i even i odd
> 3| S (M) ()
@ even i 'odd

1, (Paln/2] (1+2[n—1/2])An
([ vaas | (i) di), (25)

2\Jo An
where 1y, respectively, with k£ = 1,2, are the continuous piecewise-affine func-
tions such that

i o Wit2 T W
b 2\,

for 4, respectively, even or odd.

Let now w, — u in L'(0,L) and sup,, E,(u,) < +oo; then u, — u in
WH(0,L). Let ug,, be defined as in (26); as in the proof of Theorem 2, we
deduce ug,, — u as n — 400, for k = 1, 2. For every fixed n > 0 by (25) we

obtain
| O R
n) > = hmlnf/ w(ulyn)dt+hn£lmf/ Y(uy,) dt
n n

on (w7, xi'o) (26)

hm inf £, (u

n

L—n
/ B dt,
n

N}

Y
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and the liminf inequality follows by the arbitrariness of n > 0.
Now we prove the limsup inequality. By arguing as in the proof of The-
orem 3, note that it suffices to treat the case when 1) is lower semicontinu-

ous, u(z) = zz and ¥(z) = ¢(z). With fixed n > 0 let 21, z2 be such that
21+ 29 = 2z and

P2() 4 500 + 97 (2) < 6(2) 4

We define the recovery sequence u,, as

n zxd if 4 is even
un (i) =9 . s
z2(t — DAp + 21\, if 4 is odd.
We then have

n—1 n—2

Un (2711) — un(a}) Un (2715) — un(a})

D )+ D0 dmw? (S )

i=0 n i=0 n

IN

§<w1<zl> + 0! (22)) + LiP(2) < Li(2) = Lip(2) = F(w)

as desired. O

Remark 3 (Multiple-scale effects). The formula defining 1) highlights a double-
scale effect. The operation of inf-convolution highlights oscillations on the scale
An, while the convexification of i acts at a much larger scale.

Long-range interactions

We consider now the case of a general K > 1. In this case the effective energy
density will be given by a homogenization formula. We suppose for the sake
of simplicity that ¢/ : R — [0, +00) are lower semicontinuous and there exists
p > 1 such that

UHz) Zeo(l2lP = 1), 97 (2) < (1 +[2fP). (27)

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

SRS i+ j) — (i
Un(z) = min{ = ; ; w (U(Zﬂj())

w:{0,...,N} >R, u(i):ziforigKoriZNfK}. (28)

Proposition 1. For all z € R there exists the limit ¢(z) = limy ¥y (2).
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Proof. With fixed z € R, let N,M € N with M > N, and let uy be a
minimizer for ¥ (z). We define ups : {0,..., M} — R as follows:

wni (i) = un(i—IN)+INz ifIN<i<(+1N(0<I<H 1)
P2 otherwise.

Then we can estimate

S 1 ilMZJwJ(uM z—i—]j)—uM())
j=11i=0
1 S un (i +j) — un(i)
<Nj_1§¢’( ; )
1 & 5 M — [M/NIN +k—j
(2K — )i (
+= J; I (2 +; i W (2)
2K & L N+K K
<9 Wz Z¢J
j=1 =1
< one) +e( B + fo)(l +lP). (29)

Taking first the limsup in M and then the liminf in N we deduce that
lim sup ¢ps(z) < liminf ey (2)
M N
as desired. O

Remark 4. The following properties can be easily proved:
(i) co(|2[” — 1) < 91(2) < 9(2) < e(1+ [2P);
(ii) 1 is lower semicontinuous;
(iii) v is convex;
(iv) for all N € N we have 1(z) < ¢n(z) + 5 (1 + [2]P).

We can state the convergence theorem.

Theorem 5. Let 17 be as above and let E,, be defined by (15). Then the I'-
limit of E, with respect to the convergence in L*(0, L) is given by F defined
by
' )dr if ue WHP(0, L)
F(u) =< Jo,n) (30)

+00 otherwise

on LY(0, L), where 9 is given by Proposition 1.
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Proof. We begin by establishing the liminf inequality. Let u,, — u in L'(0, L)
be such that sup,, E,(uy) < +00. Note that this implies that

L
sup/ [ul, [P dt < 400,
n Jo
so that indeed u,, — u weakly in W1P(0,L) and hence also u, — u in

L>=(0,L).
For all k € {0,...,N — 1} let

B, (k) = / [P dt.
T (k4 NI—2K) X (k4 N1H2K)X,)N(0,L)
We have
N-1 L
b, (k) < 2K/ |ul, [P dt < c,
k=0 0

so that, upon choosing a subsequence if necessary, there exists k£ such that

C
< —.

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
> / |ul|P dt. (31)
=0 7 (N1=2K)X\p,(NI+2K)X,)N(0,L)

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

Uvjzv 0) = u,(0)
(WY =, on (z7,z},), NI+ K <i<N(l+1)-K-1
(oY = Un(NLAN = K)M\) —un (NL+ E)Nn) -
" (N —2K)\, sl
on (NI, (N1 + K)X\,) U (NI +1) — K)Xp, N(L+ 1)N,).

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

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

vﬁ{l:{(),...7N}—>R

defined by
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N (. 1 N -
Uni() = 3=vp ((IN +9)An)

is a test function for the minimum problem defining ¥y (z2,), and that

K N(4+1)—j N
n ( z+]) vn (’I}?)
; ZZNZ )\an( ']An )
K N(+1)—j : Y N (s
Yy Anw’( nl((z-l-];) vn,z(l))Z NAn (). (32)
j=1 =Nl

Note moreover that, by Holder’s inequality, we have
2K /p 2K
N/ / / /
< () T oy + 2 ,
/(O L |(/Un ) un| = ||un||L (0,L) + N_ZKHunHLI(O,L)

so that, since u,(0) = v (0) we have a uniform bound

C
[0 = tnllLe(0,) < N (33)
We have that
M—-1 K N(+1)-K—j n n
U (28 ) — U (]
PRUSES Db SHD SRS (o ey
0 j=1 i=NI+K JAn
MliN(H—gK_] .(UN(IT‘JF ) - UN(xﬂ)>
_ >\an n % ‘j. n 7
I=0 j=1 =NI+K JAn
M-1 K N(l+1 ( ) UN(xn)
SXy s (D)
1=0 j=1 =Nl n
M—-1 K NI+K ) UN(J)T-L)
>3 (P 21 )
1=0 j=1 i=Nl JAn
M K Ni—j N(.n N(.n
_ZZ Z )\nw](”n (xiJrj?*vn (‘rz))
I=1j=1i=NI-K—j JAn
M—-1 K N(+1)—j N "
v (T v¥ (]
_. Z )\n,(/)]< n( 1—‘,—]?)\ n( 1)) Iyll_ITQL
=0 j=1 =Nl JAn
M-1 K
> YD N NG - I - 12, (34)
1=0 j=1

the last estimate being given by (32).
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n’ g
Let i < NI+ K <1+ j; by the growth conditions on 17 and the convexity of
z — |z|P we have

We give an estimate of the term I}; the term I?2 can be dealt with similarly.

o (viv(x?ﬂ) — viv(w?))
JAn
oN (2P, ) — ol (2h) p Rt oN (2 ) — ol (a) p
< 1 n i+7 n ) ) < (1 - n +1 n 7 )
<e(1r i se(l+5 2 X
1
< c(1+K|z£LVl\P+—/ w17 dt)
’ n J((NI=2K)An,(NI+2K)X,)N(0,L)
We then deduce by (31) and the fact that
2" < (1 + 4w (2))
that
M—-1 K NI+K
1< Mme(1+ on(atl) + 5 [ a7 )
=0 ; i:Z:Nl An J((NFE) A (NIH2K) M)
e o M
<vtw ; NAnthn (231) (35)
Plugging this estimate and the analogue for I2 into (34) we get
e\ ) c
Ep(u) > (1 - N) > Nowtbn (=) — - (36)
1=0
By Remark 4(iv) we have
N () Zw() = (14 [7) = (1= 2 )o(z) - <
- N - N N

From (36) we then have

M—-1
E,(un) 2(1 - %) ; N (=Y,) - %

Now, note that the piecewise-affine functions u2 defined by
un(0) and (uh) =z on (NIAy, N(I+1)A,)

are weakly precompact in W1?(0, L), so that we may suppose that uY — uY
Then by Theorem 1 we have
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M—-1

hmlanN)\nz/J nl)—hmlnf/ ((u dt>/ P((u t, (37)

so that
li f E,(un 1 - = dt — —
im’ inf £, (u,) > / P((uv)) N
By (33) and the uniform convergence of u,, to u we have
N c
[u™ = ullo,0) < - (38)

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

(') dt
f To prove the limsup inequality it suffices to deal with the case u(z) = zz
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 vV a minimum point for the problem
defining ¢ (z) and define

(7)) = vV (i — NI)A, + 2N, if NI<i<N({+1).
We then have

K
lim sup E,, (uy) < ¢¥n(z N Z
N.

and the thesis follows by the arbitrariness of O

1.5 A general convergence theorem

By slightly modifying the proof of Theorem 5 we can easily state a general
I'-convergence result, allowing a dependence also on n for the energy densities.

Theorem 6. Let K > 1. Let ¢) : R — [0,+00) be lower semicontinuous
functions and let p > 1 exist such that

Un(2) Z o2l =1),  ¥(2) S (1 +]2P). (39)

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

1 K
Una(z) = min{ = >

7j=1 =0

N—j

¢( z+3 ())

w:{0,...,N} = R, u(i)==zi fori <K 0ri2N—K}.(40)

Suppose that ¢ : R — [0, 4+00) exists such that
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U(z) = lij{’n lim ¢y, (2) forall z€e R (41)
(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—j

- Z /\nW (M) (42)

j=111=0 n

Then the I'-limit of E,, with respect to the convergence in L*(0, L) is given by
F defined by

/ - 1,
Flu) = /(O}L) Y')dx ifue WHP(0,L)

+00 otherwise

(43)

on LY(0,L).

Proof. Let u,, — u in L'(0, L). We can repeat the proof for the liminf inequal-
ity for Theorem 5, substituting ¢’ by ¥ and ¥n by ¥n.,. We then deduce
as in (37)—(38) that

L
liminf E,, (u,) > (1 - i liminf/ Unn (W) ) dt — —

177/% dt—N

where ¢ = lim,, ¢}7,, and the thesis by letting N — +o0.

To prove the limsup inequality it suffices to deal with the case u(z) = zz
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 NV € N, consider 21 ,, 22, and 7, € [0, 1] such that

T\Zn(z) = nan,n(Zl,n) + (1 - nvz)wN,n(zQ,n)y Z = Mnz1n + (1 - nn)z2,n~

Let v{\fn and vé\fn be minimum points for the problem defining ¥y, (21,,) and
YN n(22,n), respectively. For the sake of simplicity assume that there exists m
such that mNmn, € N for all n. Define

o, (i = NDA, + zmNIN,  if mNI<i<mNl+mNn,
up(z) = < vd n( — Nl —mNn,)A, + zmNl+ z1 ym N Ay
if mNl+mNn, <i<mN(l+1).

By the growth conditions on 17 it is easily seen that (zj,,) are equibounded
and that

sup{v,i\fn(i) — 2zt 1€4{0,...,N},n € N} < 400,
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so that u, converges to zx uniformly. We then have

limsup E, (u,) < Llimsup ¥y, (2)
n

n

and the thesis follows by the arbitrariness of N. 0O

1.6 Convergence of minimum problems

We first give a general convergence theorem, and subsequently state a finer
theorem for next-to-nearest neighbour interactions.

Limit minimum problems on the continuum

From Theorem 6 we immediately deduce the following theorem.

Theorem 7. Let E, and F be given by Theorem 6, let f € L'(0,L) and
d > 0. Then the minimum values

my, = min{En(u) + /OL fudt: u(0) =0, uw(L) = d} (44)

converge to

m = min{F(u) + /OL Fudt: u(0) =0, u(L) = d}, (45)

and from each sequence of minimizers of (44) we can extract a subsequence
converging to a minimizer of (45).

Proof. Since the sequence of functionals (F,) 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 € WP(0, L) such that u(0) = 0 and u(L) = d and for
all ¢ > 0 there exists a sequence u, such that u,(0) = 0, u,(L) = d and
lim sup,, By, (u,) < F(u) + €.

Let v, — w in L*°(0,L) be such that lim, E,(v,) = F(u). With fixed
n>0and N € N let K,, € N be such that

n

lim K, \, = L.
o N

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

1/(KnAn) on (I = 1) KpAn, IKpA)
NV =L —1/(Kphn)  on ((n— LK) A, (n — 1Ky + Kn)An)
0 otherwise.
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Let

ulNt = oMy, + (1 — N ).
We have

n+KAn L
B < Bofu) e[ @ wyder [ e par)
0 L=n—KX,
+c(/ |ul, [P dt
1=1) Ky —K)An, (1K +K)An)N(0,L)

+

/ ol P dt
(n—1Kp—K)An,(n—1Kp+ K +K)An)N(0,L)

L
+/ |vn u\p)
0

< By (un) + c(/oznu + | |P) dt + /L (1+ W\P)dt)

L—2n

+c( / o, [P dt)
(((I=2)n/N,((1+1)n/N)U(L—(I+1)n/N,L—(1-2)n/N))N(0,L)

e llon =l o r)

for n large enough. Since

N
/ " de
1=1 Y ((1=2)n/N,((1+1)n/N)V(L—=(+1)n/N,L—=(1=2)n/N)N(0,L)

L
< 2/ (1+ v, |P)dt <c,
0

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

E,(uN) < B, (vn) + c(/:n(l + [/ |P) dt + /L 1+ W\P)dt)

L—2n
c NP »
N Cﬁ”“ﬂ — tllz~o,1)
Setting u,, = uY"!» we then have
2n L ¢
limsup E,, (u,) < F(u) + c(/ (1 + |[u|P) dt +/ (14 [u'|P) dt) + —,
n 0 L—2n N

and the desired inequality by the arbitrariness of n and N. O
Next-to-nearest interactions: phase transitions and boundary
layers

If the function ¢ giving the limit energy density in Theorem 6 is not strictly
convex, converging sequences of minimizers of problems of the type (44) may
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converge to particular minimizers of (45). This happens in the case of next-
to-nearest interactions, where the formula giving 1) is of particular help.

We examine the case when 1 in (22) is not convex and of minimum prob-
lems (44) 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) =0}, (46)
and to suppose
(H1) we have o R
min ) = (1) = ¢(-1). (47)

For the sake of simplicity we make the additional assumptions
(H2) we have

P(z) > 0if [2] # 1; (48)

(H3) there exist unique 27, 23 and 27, z; such that

P+ (V) ) ) =ming, o =2
We set

M* = {(Zf'_,z;_), (Z;,Zi"_)}, M~ = {(21_7Z2_)’ (z2_721_)} (49)
M = MtUM™. (50)

(H4) we have 2}~ # z; foralld, j € {1,2}

(H5) all functions are C*.

Under hypotheses (H1)-(H2) Theorem 6 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) : «(0) =0, u(L)=0}. (51)

The effect of the non validity of hypotheses (H3)—(H5) is explained in Remark
6.

The key idea is that it is energetically convenient for discrete minimizer
to remain close to the two states minimizing @Z), 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 2 (Minimal energy configurations). Let z = (21, 22) € M; we
define u® : Z — R by

0= [+ (- [ o

(z7') = u*()An (53)

and uZ : \yZ — R by
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Definition 3 (Crease and boundary-layer energies). Let v : Z — R.
The right-hand side boundary layer energy of v is

By(v) = I%II.lefN mln{Z(wz(w> + ot (u(i + 1) — u(i)) — minz/;)

cu: NU{0} = R, u(i) =v(7) ifiZN},
The left-hand side boundary layer energy of v is

B_(v) = inf min{E:(w2 (—u(z) —uli - 2)> + Yt (u(i) —u(i — 1)) — minl/?)

NeN i< 2
cu: —NU{0} = R, u(i) =v(3) if i < —N},

Let v* : Z — R. The transition energy between v~ and v is

N : 2 u(i+2)7u(i)) 1/, (s VY s ~>
Clv=,v") = I&fg&mln{%(d) (—2 + (u(i + 1) — u(i))— min

cu:Z— R, ¢F e Ru(i)=vE() +cFif +i> N}.

Remark 5. Condition (H4) implies that C'(u® ,u# ) > 0 and C(u® ,u® ) > 0
if z* € M*.

We can now describe the behaviour of minimizing sequences for (44). A
more general statement can be found in [16].

Theorem 8. Suppose that (H1)—(H5) hold. We then have:
(Case n even) The minimizers (uy,) of (44) for n even converge, up to
subsequences, to one of the functions

—(L—-2z) fL/2<z<L.

_ K fo<axz<L/2 _
e P ifL/2<z<L, (@)

{—x if0<x<L/2

D= min{B+(uz+) + O u* )+ B_(u* ),
By(u* )+ Cu* u* )+B_(u* ): zt e M", 27 e M }.

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

D =B (v )+C* u* )+ B_(u*) (54)

and
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Ep(un) = DA + 0(An). (55)

(Case nodd) In the case n odd the same conclusions hold, upon substituting
terms of the form

7zt

By(u® )+ C(u ,u®" ) + B_(u®")

by terms of the form

)+ Cu* u*") + B_(u*F),

zE

B+ (U
where we have set (z1,22) = (22,21).

Proof. We only deal with the case n even, as the case n odd is dealt with
similarly.

Let u, be a minimizer for (44). We may assume that w, converge in
WLP(0, L) and uniformly. By comparison with E,, () we have

Epn(up) < Lmin 4 chy,. (56)

We can consider the scaled energies

E}(u) = = (Bn(u) = Lmin). (57)
Note that we have
P = 5 (o ()
(0 () ot (15 )) )
() e () i

From (56) and (58) we deduce that

n

; ( 0 (un(mﬁzz);l Un (2 ))

+% (wl (un(x?+2)>\nun($?+1)) + 1/)1 (un(x7+1)>\n u"(le))) — min 1;) <e.

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

2 (“n (x?+22))\n U (27') )

+% (¢1<un(x?+2))\—nun(ff?+1)> ot (un(x?+1))\; Un (2] )» < min® +1n
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then
sup I, (1) < +o0.

Let € = €(n) be defined so that if

9 (2E2) 45 (91 0 () —~mind <

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

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

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

’ (un(x?-H) — up(z}) “n(m?-&-Z) — u”(x?-ﬁ-l)

— <
\, : \, ) Z’—g

and
n

un (27') — un (27 1) un(2iyy) —un(@i)y

‘( M ’ A ) —Z
Hence, there exist a finite number of indices 0 =iy < i3 <ia < -+ <in, =70
such that for all j = 1,..., N, there exists z7 € M such that for all ¢ €
{Z.j,1 —+ ]., e ,ij — 1} we have

<e

’(un(m?—kl) — un(27) un(ai,) — un(x?+1)> | <.

A ’ A J

Let {jo,j1,---,Jm, } be the maximal subset of {ig,i1,...,in, } defined by the
requirement that if 2}, € M* then 2 +1 € 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 7 — =z € [0,L] and 27 = z. By the arbitrariness of 7 we deduce
that lim, u, = u, and wu is characterized by u(0) = u(L) = L and v’ = £1
on (zy_1,%k), the sign determined by whether z;, € M™ or z, € M™. Let
yo =0<y; <--- <yny = L be distinct ordered points such that {y;} = {xx}
(the set of indices may be different if 2y = xj1 for some k). Choose indices
ki,...,kn such that Ty, — (Yj—1 +y;)/2. Let z; be the limit of 27 related to
the interval (y;,y;+1). We then have, for a suitable continuous w : [0, +00) —
[0, +00),

k1—2

§ (ot
+% (wl (un(xﬁz))\_nun(x?ﬂ)) ol <un(x?+1))\; u"(x?)» - minz/;)

> By (u™) —w(e),
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k:.:j? (wQ (un(x}‘+22)); un(x?)>
+% (w1 (un($?+2))\_nun(x?+1)) + ot (“n(ﬁﬂ)}\; up (77) )) _ min 1;)

> C(u®,u®+') —w(e) forall j € {1,...,N — 1},

o (Un(TPio) — un ()
lzzk;, <w < +22)‘n )
+% (¢1 (un(x?+2)):l%(x?+l)) 4ot (un(xﬁl))\; Un(x?))) B minz/;)

> 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 that if u # . then liminf, E!(u,) > D.

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

D =By (u* )+ Clu” u* )+ B_(u”),

with zt = (2],25), 2= = (21,2, ), the other cases being dealt with in the
same way. Let n > 0 be fixed and let N € N, v;,v_,v : Z — R be such that

vy (i) = u* (4) fori >N,  v_(i) =u* (i) for i < —N,
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We then set
(v4(3) — v4(0)) A\ ifi<N
ws (21) — v (0) A, + 2L (a7 — ) if N<i<Z-N
a(al) = Qvli= 3 ) - & 2 _N<i<Z4N
uf (an_) —v—(0) A, + 222 —al'_y) 24+ N<i<n—-N
v_(n—1) —v_(0))\, ifn—N<i<n,
where N
g (%)An — 5 + 04 (0)A,
" (2 —2N)A,
L (A b O,
! (5 —2N)A

Note that lim,, z! = lim,, 22 = 0. Using (H5
ity. O

~

we easily get the desired inequal-

Remark 6. 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 z € 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 +1; more precisely, it suffices
to suppose that } 3

im ¥(z) — miny —0. (59)
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 8 suggests the corresponding I'-limit result for E}.
The details in a much more general setting can be found in [16].
1.7 More examples

In this section we examine some situations when some of the hypotheses con-
sidered hitherto are relaxed. Namely,
(i) (weak nearest-neighbour interactions) when the condition

¥n(2) > col|zP = 1)
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does not hold. In this case, the limit energy may be defined on a set of vector
functions (multi-phase limit);

(ii) (very-long-range interactions) when the energy F,, takes into account
interactions up to the order K,, with K,, — +o00. In this case, the limit energy
may be non-local;

(iii) (non spatially homogeneous interactions) when the interaction be-
tween u; and u;4; may depend also on 7. In this case a homogenization process
may take place.

For the sake of presentation we will explicitly treat only the case of
quadratic energies, of the form

K, n—j i (Uit — U 2
E,(u) = Z Anpy, (T) ) (60)
j=11i=0 "

WithpZ;i>Oand1§Kn§n.

Remark 7. In the case when pl' = p, K,, = K and p' > 0 then the I'-limit
in Theorem 2 of E,, is given by

L K
F(u) = p/ |u'|? dt, where p = ij
0 =
The same conclusion holds if pf;* = p/, K, =n, p' >0, and p=>°2 p’.

Weak nearest-neighbour interactions: multi-phase limits

We only treat the case of next-to-nearest neighbour interactions with weak
nearest-neighbour interactions; i.e., in (60) we take K,, = 2, p>* = ¢y, and
pLt = a, with

— = C1.

The energies we consider take the form

Bu) = e 30 (B2 )L S (B Y
i=0 " i=0 "

For all n u,, € A, (0, L), we consider u, e, Uno : {0,...,[n/2]} — R, defined
by
Une(1) = un(2iN,), Un,o(?) = un((2¢ + 1)\,)
(for simplicity, un(z}) = un(L) if ¢ > n), which take into account the values

of u,, on even and odd points, respectively. Note that the energy E, (u,) can
be identified with an energy E,, (un e, Un,o) defined by
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[n/2]—1

B (tnertino) =2 An(un,c(z‘ +21))\ - un,c(z‘))2
=0 n
[n/2]—1 Un ot + 1) — Upo(7) 2
=& (=)
[n/2]—
+ Z A an(“’“’ )/\n“ne(Z))2
[n/2 Un,o(1) — Upe(i +1)\2

We say that the sequence (un) converges (in L*(0,L)) to u to the pair
(te, Uo) if the piecewise-affine interpolates @y, e, iy, o defined by

a Une(i + 1) — Upe(?)

o= et on (a2, 2%+2),

o Uno(i 1) —uno(i) 2, 2i+2

un,o - on ( n7 n )ﬂ
2\

respectively, converge to (ue,u,), respectively. We then have the following
result.

Theorem 9. The energies E,, I'-converge with respect to the convergence of
Up t0 (Ue,Uo), to the functional

1 L 1 L L
702/ |u;|2dt+702/ |ug|2dt+cl/ [t — uo|? dt
2" Jo 2" Jo 0

if e, uo € HY(0, L)

+00 otherwise.

F(te, uo) =

If ¢1 = 400 the formula above is understood to mean that F(ue,u,) = +00 if
Ue F U, SO that, having set u = ue = u, we recover for F the form

L
2 . 1
Flu) = 02/0 |u'|*dt ifue H(0,L)
+00 otherwise.

Proof. Tt suffices to treat the case a, = clkfl with ¢; < 400, as all the others
are easily obtained from that by a comparison argument. To obtain the liminf
inequality, it suffices to use Theorem 1 for the first two terms in (62) and note
that each of the last two terms converges to

1 L
701/ [ue — uo|? dt,
2 Jo

as the convergence of Ty, e, Un.o t0 (Ue, Uo), respectively, is uniform.
The limsup inequality is obtained by direct computations on piecewise-
affine functions, and then reasoning by density as usual. O
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Very-long interactions: non-local limits

For all n € N let p,, : A\pyZ — [0, +00). We consider the following form of the
discrete energies

B = Y el —y (MUY (63)

rT—y
z,yE€A,ZN[0,L]
Ty

defined for v : \,Z — R. Note that we may assume that p,, is an even function,
upon replacing pn,(z) by pn(2) = (1/2)(pn(2) + pn(—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,(A,) > 0;

(H2) (local uniform summability of py,) for all T > 0 we have

sup Z () < +00.
" 2eX,ZN(0,T)

Remark 8. Note that (H2) can be rephrased as a local uniform integrability
property for A, p, on R2: for all T > 0

sup Z Anpn (T —y) < +o0.
" ayenz
z#y,|z|ly|<T

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

Hn = Z )‘npn(x - y)é(z,y)

T,YEAL L, THY

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

ZEALZ

locally converge weakly in R to a Radon measure (3y. These two limit measures
are linked by the relation

1
A) = —/ AgldBo(s), 64
to(A) \/§R| |dBo(s) (64)
where |Ag| is the Lebesgue measure of the set

Ag={t € R: (s(e1 — eq) +t(er +e2))/V2 € A}.

If (H1) holds then we have the orthogonal decomposition
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Bo = B1 + c16o, (65)
for some ¢; > 0 and a Radon measure 8y on R. We also denote
1= ol (R2\ A) (66)

(the restriction of uo to R%\ A), where A = {(z,2) : 2 € R}. By the decom-
position above, we have

1
o =+ —2617'[1 LA,

V2

where H! stands for the 1-dimensional Hausdorff measure.
The main result of this section is the following.

Theorem 10 (Compactness and representation). If conditions (H1) and
(H2) hold, then there exist a subsequence (not relabeled), a Radon measure
on R? and a constant ¢c; > 0 such that the energies E, I'-converge to the
energy F defined on L1(0, L) by

=y
+00 otherwise,

F(u) = . /(O,L) e /(O,L)2< ) du(z,y) if ue WH(0,L)

(67)
wit respect to convergence in measure and L*(0, L), where the measure u and
c1 are given by (66) and (65), respectively.

Proof. Upon passing to a subsequence we may assume that the measures p,
in Remark 8 converge to 9. Then, u and ¢; given by (66) and (65) are well
defined. 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*(0, L) be such
that sup,, E,(u,) < 4o0o0. By hypothesis (H1), the sequence u, converges
weakly in W12((0, L).

With fixed m € N, we have the equality

Up () — U, 2
E,(u,) = Z pn(:cfy)/\n(M>
Z,yEAZN[0,L] y
lz—y|<1/m, x#y

+ pn(w—y)kn(iu”(m) _u”(y))Q

r—y
z,yEX,ZN[0,L]
lz—y|>1/m

=t I (un) + I (un). (68)

We now estimate these two terms separately.
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We first note that there exist positive «,, converging to 0 such that

[an/An]

1
m2 Y pa(Ank) e — —.
k=1

Let (a,b) C (0,L). For all N € N and for n large enough we then have

D) > Y Apale—y) (Mf

=Yy
z,yEAZN(a,b)
lz—y|<an, z#y

N [an/Aq]

> Z Z Z )\npn()\nk)<w)2

i=1 k=1 zyeX,ZN(yi—1,y:)
lz—y|=Ank

N [D‘n/)‘n]
>0 Y P (MM 0)E )

=1 k=1 Yi —Yi—1

as n — 00, where we have set

we have used the fact that u, — u uniformly and the convexity of z — z2.

This shows that

liminf I} (u,) > (01 - l) / |u'|? dt.
(a,b)

n m

From this inequality we obtain that

1
liminf I} (u,) > (61 - *) / |u'[? dt.
n m (0,L)

As for the second term, for all n > 0 let A, = {(z,y) € R? : |z —y| > n}.
Note that the convergence

un (@) —un(y)  ulx) - uly)
T —Yy r—y

is uniform on (0,L)?\ 4A,, so that, by the weak convergence of p, we have

_ 2
lim inf 12 (u,,) 2/ (M> du(z,y).
" (0,L)2\ A1/ r=y

By summing up all these inequalities and letting m — +oo we eventually
get



34 Andrea Braides and Maria Stella Gelli

/2 dt + /(0 L)Q(M)Qdm,y).

r—=y

liminf E,, (u,) > cl/

(0,1)

To prove the limsup inequality it suffices to show it for piecewise-affine
functions, since this set is strongly dense in the space of piecewise W12 func-
tions. In this case it suffices to take u,, = u. 0O

Homogenization

We only treat the case of nearest-neighbour interactions; i.e., in (60) we take
K, =1 and pL* = p; with i — p; defining a M-periodic function Z — R:
Pi+M = Pi-

The energies we consider take the form

n—1 Uis1 — U 2
(3 K3
_ ;:O: Anpi(iAn ) : (69)

Theorem 11. The energies E,, I'-converge to the energy defined by
L
- 2 : 1
,0/ u'?dt ifue HY0,L
R (0.1)
400 otherwise,

where
a3y
1 Pi
Proof. Note that

p= mm{MZpl 221_1}

i=1

so that
M

0z :mln{MZpl Zzz—z}

i=1
We then immediately have

n—1 Uit [n/M]— UM(.+1) —Upgin 2
(MY =TS anp(te
200 2 .

which gives the liminf inequality.
The limsup inequality for the function u(x) = zz is obtained by choosing
u,, defined by

‘1
Un (x) :ﬁz)\nZ—. |
o Pk
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1.8 Energies depending on second-difference quotients

We consider the case of energies

n—1
i=1 n

with f convex and such that ¢;(|z|P — 1) < f(2) < (14 |2|P) (p > 1).
In this case we identify the discrete function u with a function in W27 (0, L).
Given the values u;_1, u;, u;+1 we define the function w on the interval

" = (mlL—lJ’_m:L SL’?+1+$;L) = (gj’ﬂfﬁ 'J;”+>\7n)
T 9 ’ 9 - 7 27 [ 2

(ie{l,....n—1}) by

n n
U + U1 | U — U1 (t O )

u(t) =

2 An 2
Uit1 — 2U; + U1 ( Cord + x?)Q (71)
2)2 2
Note that
o Wit1 — 2u; + ui—1 on I
A2 ’
n
and
u(fc;ﬁ +x?) Ut U u/(lefl JFSU?) U~ U
2 o 2 2 T\

(33? + x?+1> _ Uig1 + u; u,(x? + a:?ﬂ) _ Uil — U
2 2 ’ 2 An '

Finally, we set

u(t):u1+uo+u1—uo(t_)\n)

2 An 2
on (0,\,/2) and
Up + Up—1 Up — Un—1 )\n
t) = thf—O
u(t) 5 ( 2

on (L — (A\,/2),L). In this way u € C'(0, L) and u"” is piecewise constant, so
that u € W2P(0, L) (actually, u € W2°°(0, L)). Moreover,

L
Ep(u) = /0 F") dt. (72)

We have the following result.
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Theorem 12. With the identification above, the energies E, I'-converge as
n — +o0o to the functional

" . 2.p
Py = Jo f@W"dt ifue W=P0,L)

+00 otherwise

with respect to the convergence in L1(0, L) and weak in W2P(0, L).

Proof. Let u, — u in L'(0, L) and sup,, E,(u,) < +oc0. Then we have

L
sup(/ (Jun| + \u;”p)dt) < 400.
n o

By interpolation, we deduce that sup,, ||un||w2r(,1) < +00; hence u, — u
weakly in u € W2P(0, L). In particular u! — u" in L?(0, L), so that

F(u) = (u") dt < lim inf (u) dt = liminf E, (u,).
(0,0) " (0,0) "
If u € C?%(]0, L)) then, upon choosing (u,); = u(z?) we have u, — u and
En(un) = f” +o(1)) dt,
(0,0)

so that lim,, E,,(u,) = F(u). For a general u € W2?(0, L) it suffices to use an
approximation argument. 0

2 Limit energies on discontinuous functions: two
examples

In this chapter we begin dealing with energy density which do not satisfy a
growth condition of polynomial type. We explicitly treat two model situations.

2.1 The Blake-Zisserman model

A finite-difference scheme proposed by Blake-Zisserman to treat signal recon-
struction problems takes into account (beside other terms of ‘lower order’)
energies defined on discrete functions of the form

B, (u) = Z Mt (). (73)
with
Un(z) = min{zz, )\i}, (74)

n
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for some o > 0. An interesting interpretation of the energy density 1, can be
given also as relative to the energy between two neighbours in an array of ma-
terial points connected by springs. In this case the springs are quadratic until
a threshold, after which they bear no response to traction (broken springs).

Note that the energies above do not fit in the framework of the previous
chapter, as they do not satisfy a growth condition of order p from below. Note
moreover that no interesting result can be obtained by taking into account
the convexifications * as they are trivially 0.

In this section we will treat the limit of energies modeled on E, above.
We first define the proper convergence under which such energies are equi-
coercive.

Coerciveness conditions

We examine the coerciveness conditions for sequences of (piecewise-affine
interpolations of) functions (u,) such that

sup B, (u,) < +oo. (75)

For such a sequence, denote by
I"={ie{l,....,n}: |us(al) —un(al 1) > ar,} (76)
the set of indices such that
Pn(u') # (u)? on (27, z7), (77)

and by

S =J Gy al) (78)

ieln
the union of the corresponding intervals.
Note that we have

Fo(uy) = / (ul)? dt + o ("), (79)
(0,L)\Sn
so that by (75) we deduce that
1
sup#(I™) < - sup E,(up) < +o0. (80)

Upon extracting a subsequence, we may assume then that
#(I")=N for all n € N, (81)

with N independent of n. Let t{j, ..., t}%_; be points in [0, L] such that fj = 0,
., =L, 7, <t" and
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{tFr:i=1,...,N+1} =\, I")U{0,L}. (82)
Upon further extracting a subsequence we may suppose that
ti — t; €10, L] for all 4. (83)
Denote the set of these limit points by
S={t;:i=0,...,N+1}.

Let n > 0 be fixed; then for n large enough we have

So= U (5 = (0,20) € S+ (=m,m). (84)

iel™

Hence, from (79) and (83) we deduce that

lim sup (ul)? dt

n /(O,L)\(S+(—nm))

< sup/ (ul)? dt < sup By, (uy,) < +oo. (85)
(0,L)\Sn n

n

We deduce that for every n > 0 u,, € WH2((0,L) \ (S + (—n,n))) and, if for
every i =0,..., N we have

lim inf (ess—inf{|un ()] st € (t +mth — n)}) < +o0, (86)

then (u,) is weakly precompact in Wh2(t1 + n,t7, —n) by Poincaré’s in-
equality. Let u be its limit defined separately on each (¢} 4+ n,t},; —n). By
the arbitrariness of 77 we have that u can be defined on (0, L) \ S, and hence
a.e. on (0, L). By this construction u € Wli’cp(((), L)\ S). Moreover, by (85) we
deduce that for all n > 0

(u')?dt < liminf

/ / ()2 dt < sup En(un), (87)
(0,L)\(S+(=n,m)) " (0,L)\(S+(=n,m)) n

which gives a bound independent of 7, so that by the arbitrariness of n > 0
we deduce that u € WP((0,L)\ S).
We now introduce the following notation.

Definition 4. The space P-W'?(0, L) of piecewise-Sobolev functionson (0, L)
is defined as the set of functions u € L' (0, L) such that a finite set S C (0, L)
exists such that u € WHP((0,L) \ S). The minimal such set S is called the
set of discontinuity points or jump set of u and denoted by S(u). For such u
we regard the derivative u’ € LP(0, L) as defined a.e. and coinciding with its
usual definition outside S.

We then have the following compactness result.
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Theorem 13. Let (uy,) be a sequence of functions such that sup,, Fp(u,) <
+oo and such that (u,) is bounded in measure. Then there exists a function
u € P-W12(0, L) such that u,, — u in measure. Moreover there exists a finite
set S such that u, — u weakly in WP((0,L)\ S).

loc

Proof. The proof is contained in (76)—(87) above, once we remark that bound-
edness in measure implies (86). O

Limit energies for nearest-neighbour interactions

From the reasonings above we easily deduce a first convergence result.

Theorem 14. Let E,, be given by (73)—(74). Then E,, converge with respect
to the convergence in measure and in L*(0,L) to the energy

L
/ W/ 2dt + a#(S(w) ifue P-WY2(0,L)
0

F(u) = (88)

+00 otherwise
in L'(0,L).

Proof. Let u, — u in measure. Then by (79)—(87) it remains to show that
#(S(u)) < liminf, #(I™). This follows immediately from the facts that
S(u) C S, and that, in the notation of (79)—(87), #(S) < N = lim,, #(I").

As for the limsup inequality, it suffices to remark that if we take u, =
u € P-W1°(0, L) then for n large E,(u,) < F(u). For a general u we may
proceed by density. 0O

From the lower semicontinuity properties of I'-limits we immediately have
the following corollary.

Corollary 1. The functional F' in (88) is lower semicontinuous with respect
to the convergence in measure and in L*(0,L).

Remark 9. In Theorem 14 we can also consider the weak*-convergence of u,,.

Equivalent energies on the continuum

The first difference that meets the eye in Theorem 14 from the theory devel-
oped for energy densities with polynomial growth is that we have two different
parts of the energy densities v, that give rise to a bulk and a jump energy,
respectively. In particular we cannot simply substitute the difference quo-
tient by a derivative, or the function 1, by its convexification. A counterpart
of E, on the continuum is immediately obtained if we consider a different
identification, other than the piecewise-affine one, for a discrete functions
w:{af,..., 2} — R: using the notation



40 Andrea Braides and Maria Stella Gelli

I"(u) ={ie{l,....,n}: |u(z}) —u(zi )| > arn} (89)
we may extend u to the whole (0, L) by setting

Uj—1

v # I ) TS o) £ 1700
n
ult) =y ifal | <ax<al, (u)
u; if «r — % <z <zl iel(u).

(90)
Note that such extension of u belongs to P-W12(0, L),
An .
Sw) = {af = S rie ")}, (91)
and we have the identification
E,(u) = F(u). (92)

In this sense, F' is the continuous counterpart of each E,,.

Limit energies for long-range interactions

We now investigate the limit of superpositions of energies of the form (73).
Let (p;) and (a;) be given sequences of non-negative numbers. We suppose
that if a;jp; = 0 then a; = p; = 0. We define the energy densities

vi() = minf ;2% | (93)
and the energies
n n—j
Uz+] Uy
S g (M (94)
j=1i=0 ( An )

Theorem 15. Suppose that

p1 > 0, ap > 0. (95)
Let p,a € (0, +00] be defined by
p=> pi a=>» joj (96)
j=1 j=1

Then the energies E, I'-converge with respect to the convergence in measure
and in L1(0,L) to the functional F given by

L
Flu) = p/o |u'|2dt + a#(S(v)) ifu€ P-WY2(0,L)

+00 otherwise

(97)

in LY(0, L), where it is understood that if &« = +oo then F(u) = +oo if
S(u) # 0, and that if p = +oo then F(u) = +oo if v’ # 0 a.e.



From discrete systems to continuous energies 41

Proof. Preliminarily note that by (95) we have that the I'-limit (exists and)
is +oo outside P-W12(0, L).
With fixed K € N consider for n > K the energies

K n—j
K j Wity — Wi
— A, J( ) 98
0=Y (" )
so that
B} (u) < En(u). (99)
Forall j=1,..., Kand k=0,...,5—1 let
[n/5]—2 Uy ( +1) — Upri
EIH( A J( 1) ”), 100
= 2 n (100)
so that

—1

K
u) > > B (101)

j=1k=0

<.

Note that proceeding as in the proof of Theorem 14 by interpreting EZF as
an energy on the lattice j\,Z + k),, we easily get that EJ* I'-converge as
n — +oo to the functional F7 (independent of k) given by

L
’;—1/ WP b+ a; #(S())  if ue P-WI2(0,L)
0

Fi(u) = (102)

+00 otherwise.
We then immediately get the following liminf inequality: if w, — w then
liminf £, (u,) > liminf Eff(un)
n n

j—1

v

im inf BJ* (u,)

v

K
Z 1
Jj=1k=

K K . K
Z - Z/O WP+ Y o #(S(w)

The desired inequality is obtained by letting K — 400, and using the
Monotone Convergence Theorem.

Let now u € P-W12(0, L) be such that F(u) < +oc. Consider first the
case a < 400, p < +00. By a density argument it suffices to consider the case
u € P-WH*°(0, L). In this case we can choose u,, = u, and note that

o0
hmsupE Up) < Z] hmF](un) +ec Z (p]||u/||io +jaj#(5(u))>.
Jj=1 j=K+1
In the case when a = +o0 it suffices to compare with the convex case as
Yl (2) < pjz%. When p = +oo F is finite only on piecewise-constant u, for
which we take u, = v and the computation is straightforward. O
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Boundary-value problems

In contrast to what happened to functionals with limits defined on Sobolev
spaces, the coerciveness conditions at our disposal do not guarantee that mini-
mizers satisfying some boundary conditions converge to a minimizer satisfying
the same boundary condition. We have thus to relax the notion of boundary
values.

We consider boundary-value problems given in two ways.

(I) Interaction at the boundary: we fix two values Uy and Uy, and add
to the energy E,, the constraint u(0) = Uy, u(L) = Ur;

(IT) Interaction through the boundary: we fix ¢ : R — R and add to
FE,, the ‘boundary-value term’

n+K, —1 n n
u(ady;) — o)
j=1 i=max{—j,—Kpn} JAn
n+K, min{n+jn+K,}

S S (A at)y

1=n+1

which corresponds to setting u = ¢ outside [0, L] and to considering the energy
of this extension on an enlarged interval with an addition of a ‘layer’ of size
K, )\, on both sides of the interval.

We first treat the case (II). For the sake of simplicity we consider the case
when p; = 0 for j > K, and we choose K, = K. In this case our energy
FE,, + B,, can be written as

K n
~ _ j ui+j — U
B =32 A () (103)
with the constraint
u; = o) forie {-K,...,—1}U{n+1,....,n+ K} (104)

Theorem 16. Let ¢ : R — R be a continuous function. Let E,, be given by
(103)—(104). Then E,, I'- converges to the functional F given by

L
) p [ WP d+ ad(fe € 0.0): uat) £ ua-))
Flu)=4{ ifue pwi2o,ry (109

400 otherwise,

where
K K
pP= E Pjs Q= E aj,
=1 =1

and we have set
u(0—) =¢(0),  u(L+)= (L) (106)
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Proof. Let E,(v,(—L,2L)) be defined by

K 2n—j

E,(v,(~L,20))=>_ Y Aw;(%)

j=li=—n

the choice of the interval (—L,2L) has been done only for convenience of
notation; indeed any open interval containing [0, L] would do. By the previ-
ous results E, (-, (—L,2L)) I'-converges to the functional F(-,(—L,2L)) with
domain P-W12(—L,2L) and defined there by

2L

F(o, (~L,2L)) = p / WP+ (S(0)).

Let u, — u in measure on (0, L). Let v,, be defined by

6(0)  ifi<0
vnp(zf) = un(2?) f0<i<n
o(L) ifi >n,

and similarly define also v. Note that v, — v in measure on (—L,2L). We
then have

limninf En(up) = linhinf E, (v, (—L,2L))
> F(v,(—L,2L)) = F(u).
To obtain the limsup inequality it suffices to take u, = u. O
In the case (I) we treat arbitrarily long-range interactions.
Theorem 17. Let E,, be given by (94) and let E,, be given by

En(u) _ {En(u) if u(0) = Uy and uw(L) = Ug

) (107)
+00 otherwise.

Then E,, T'- converges to the functional F given by

L
o / 2 dt + 0 (S(u)) + ao#({z € {0, L} : u(z+) £ u(z—)})
if u € P-WH2(0, L)

400 otherwise,

F(u) =

(108)

o0 (o] o0
p=ij, a=zj0<j, ao:Z% (109)
j=1 Jj=1 J=1

and we have set

where

w(0-) =Us,  w(l+)=Uy. (110)
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Proof. We begin with the case j = 1 and with a boundary condition on only
one side (e.g. at 0). Consider the functional

EO (u) - En(u) if ’U,(O) = UQ
O otherwise.

As in the proof of Theorem 16 we can write
Ep(u) = Bn(v, (=L, L)),

where

U(xn):{Uo ifi <0

’ w(z?) f0<i<n
and .
Ujt+1 — U
Eu(v,(-L,L) = Y AM/}}](%).

If w,, — u we then obtain

L
limninfEn(un) > p1 /0 [u'|? dt + cy#(S(u)) + a1 (1 — xo(uw(0+) — Up)).

The limsup inequality is immediately obtained by taking u,, = u.

In the same way we treat the boundary condition at L and the boundary
conditions at both sides.

With fixed K can repeat the same reasoning as above for all j € {1,..., K}
such that a;p; # 0 (otherwise the limit is trivial) and obtain that the I'-limit
of

n—j
B - § R () =T
n ") i=0 "

400 otherwise

as n — 400 is given by

L
pj/o /2 dt + o (S () + a; (1 — xo(u(0+) — Up)).

Symmetrically we can treat the case u,, = Up. The case of boundary condition
on both sides gives that the I'-limit of

n—j
i Uity — Ui . _ o
Eg’L"j(u) _ ; )xnwa(T) if u(0) = Up and u,, = UL,

+00 otherwise

is
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L
pj/ /2 dt + joy #(S(u))
0
+a;(1 = xo(u(0+) = Uo)) + a;(1 — xo(u(L—) — Ur)).

Summing up these considerations we obtain that for all K
~ L
I'-liminf E,, > pK/ |u'|? dt
" 0
+a #(S(u) + ag #({z € {0, L} : u(z+) # u(z-)}),

where pf = Zszl pj, o = Z]K:ljaj and off = Zszl a;. The liminf in-
equality is obtained by taking the supremum in K.
The upper inequality is obtained by taking w, = u. 0O

Remark 10. Note that we may have o = 400 but ag < 400, in which case F
is finite only on W12(0, L) but may be finite also on functions not matching
the boundary conditions.

Homogenization

We only treat the case of nearest-neighbour interactions. Let ¢ — p; and
i — «; define M-periodic functions Z — R:

Pit M = Pi, QM = Oy for all 3.

The energies we consider take the form
n-! Wi — Ui\ 2

Theorem 18. The energies E,, I'-converge to the energy defined by

L

I ') dt +a#(S(u) ifue P-WH2(0,L

Py 17 [ W@ as@) i (0.1)
400 otherwise,

where

Moy
ﬁ:M(Z ) , a:miinai.

- Pi

Proof. By following the proof of Theorem 11 we immediately obtain the liminf
inequality.

In order to construct a recovery sequence for the I'-limsup, let u €
P-W12(0, L) and define v(t) = u(0+) + fot u/(s) ds. Let v, be a recovery se-
quence for the I'-limit in Theorem 11 computed at v. Let k € {0,..., M —1}
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be such that @ = ay. Then for all t € S(u) let j,(t) = k mod M be such that
|27 (1) — t| < MAy. Then the functions

(@) =)+ S () — u(t-))
teS(u): jn(t)<i

define a recovery sequence for u. O

Non-local limits

For all n € N let p,, : jZ — [0,+00). We consider the long-range discrete
energies of Blake-Zisserman type

Ew= Y pule—yw, (U200 (112)
wy@zf; [0,L]

defined for u : A\,Z — R, where
W, (z) = min{\, 22, 1}.
We make the same assumptions on (p,) as in Section 1.7.

Theorem 19. If conditions (H1) and (H2) in Section 1.7 hold, then there exist
a subsequence (not relabelled), a Radon measure p on R?, a constant ¢; > 0
and an even subadditive and lower semicontinuous function ¢ : R — [0, +00]
such that the energies E,, I'-converge to the energy F defined on L(0, L) by

“ /(O,L) [/ dt + > () +/ )Z(M)Qdu(ac,y)

F(u) o o Y
u) =
if u is piecewise W12 on [0, L]
400 otherwise,

(113)
where S(u) denotes the set of discontinuity points for u and [u](t) = u(t+) —
u(t—) is the jump of w at t. The measure p and c1 are given by (66) and
(65), respectively, and the function ¢ is given by the discrete phase-transition
energy density formula

©(z) = liminf inf limmin{ Z on(An(f — k))Wn(M> :

m——+oo |w\<\z\ n
J,k€EZL, jF#k
—2/mA, <5,k<2/mAy,

. o 1 , o 1
u.Z—>R,u(])—OZf]<—m—)\n, u(j)—wzfj>m)\n} (114)

for z e R.
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Remark 11. (i) Since ¢ is subadditive, and it is also non decreasing on [0, +00)
and even, we have that either it is finite everywhere or ¢(z) = 400 for all
z # 0. In the latter case jumps are prohibited and the domain of F' is indeed
Wh2(0, L).

(ii) We will show below that the function ¢ may be not constant, in con-
trast with the case when p,(2) = p(z/\,) for a fixed p.

Proof. With fixed m,n € N the minimum value in (114) defines an even
function of w which is non-decreasing on [0, +00); hence, by Helly’s Theo-
rem there exists a sequence (not relabeled) {\,} such that these minimum
values converge for all w and for all m. Hence, we can assume, upon passing
to this subsequence {A,}, that the function ¢ is well defined. Upon passing to
a further subsequence we may also assume that the measures p, in Remark
8 converge to . Then, p and ¢; given by (66) and (65) are well defined as
well. Hence, it suffices to prove the representation for the I'-limit along this
sequence, since the subadditivity and lower semicontinuity of ¢ are necessary
conditions for the lower semicontinuity of F.

We begin by proving the liminf inequality. Let u,, — u in L*(0, L) be such
that sup,, En(un) < +00. By hypothesis (H1), if we set

S ={x € MNZ: |u(x+ \p) —u(x)]® > 1/\,},

then #S" is equibounded, and, upon extracting a subsequence, we can sup-
pose that S = {2z : j = 1,...,N} with N independent of n z7 < 23 <
. <zl and 2} — t; for all j. Set S = {t;} C [a,b]. If {z7; },...,{z},,} are
the sequences converging to t € S then u,(zl}; ) — u(t—) and u, (2}, +
An) — wu(t+). Furthermore, the sequence w, converges locally weakly in
Wh2((0,L) \ S).

Foralln > 0let S, = {t e R: dist(¢,5) < n}; set also A, = {(z,y) €
R?: |z —y| > n}. Note that the convergence

(o) —unly) _ ulx) —uly)
T—Yy T—y

as n — oo is uniform on (0, L)%\ (SZU A,).
With fixed m € N, we have the inequality

Ep(uy) > > pu(z — )T, (M)

=y
,YEAZN[0,L]INS s /1,
lz—y|<4/m, z#y

+ Z pn(x_y)%(w)

r—y
x»y€A7zZO[01L]\S4/m
|lz—y|<4/m, z#y
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+ % pn(m_ym(w)

r—=y
z,yEX, ZN[0,L]
|lz—y|>4/m

= I () + 12 () + I3 (). (115)

The terms I2(u,) and I3(u,) can be dealt with as in Section 1.7. We now
deal with I} (u,,). We first note that

HISESS S pule g (22 0) (1)

T=Y
te€S(u) 2,y €XnZN[t—(2/m),t+(2/m))]
TFy

We use the notation introduced above for the sets S™ and S: let t; € S(u) with
corresponding sequences {7, },...,{z},,} converging to ¢;. We can suppose,
up to a translation and reflection argument, that [u](¢;) > 0, that

max{un(z) : x € \yZ, t; — (2/m) <z <zh, } =0
and that
min{u, () : © € A\Z, 2y, + Ay <o <t;+(2/m)} = 2y,
with z, — [u](¢;). We then have

> o (T — )&, (M)

r—y
T,YEARZN[t; —(2/m),t;+(2/m)]
Ay

> min{ Z on(x — y)@n(w) :

T —y
T,yEAZN[t;—(2/m),t;4(2/m)]
TF#Y

U(.’IJ}\L/[I) = u"(x?/h% U("I"’Xh + )\n) = un(x%g + )\n)}

> min{ Z pn(x — y)Wn(M) :

r—y
z,YyEARZN[t; —(2/m),t;+(2/m)]
THY

v(z) =0if & <2l , v(x) =z, if © > 2}y, +)\n}

> min{ Z pn(x — y)Wn(M) :

r—y
T, yEXLZN[E;—(2/m),t;+(2/m)]
T#y

2 1 1 2
u(x):()iftj—ggxgtj—%, v(x):zniftj+E§w§tj+a}

= min{ Z on(An(g — k))@n(w) :

MG —k
7,k€ZN[—2/(mAy),2/(mAy)] (J )
ik
2
) =0if — <j<-— ) = 2, if <j< }.11
v() =0if —— -sis mAn,v(J) ey i s (117)
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Note that we have used the fact that ¥, in non decreasing on (0, +00) so
that our functionals decrease by truncation (namely, when we substitute v by
(vV0)Azy,). By taking (114) into account and summing up for t; € S(u), we
obtain

lim inf I; (un) > > e(ul(t) +o(1) (118)
teS(u)

as m — +o00.
By summing up this inequality to those obtained in Section 1.7 and letting
m — +oo we eventually get

L 2
o u(z) —u
liminf F,, (u,) > c1/ |u'|? dt + Z o([u]) +/ (M> du(z,y).
n 0 S(u) (0,L)2 r—y
We now prove the limsup inequality. It suffices to show it for piecewise-
affine functions, since this set is strongly dense in the space of piecewise W12
functions. We explicitly treat the case when (0, L) is replaced by (—1,1) and

t if ¢
u(t):{a ift <0

Ot+z ift>0

only, as the general case easily follows by repeating the construction we pro-
pose locally in the neighbourhood of each point in S(u). It is not restrictive to
suppose that z > 0, by a reflection argument, and that ¢(z) < 400, otherwise
there is nothing to prove.

Let n > 0, let m € N with 0 < 1/m < n and let z — (1/m) < z, < z be
such that

. . . u(j) —ulk
w(z) > hénmm{ Z on(An(j — k))&, (M>
,Y€L,—2/(mA,)<5,k<2/(mAn)

. e 1 , e 1

u:Z—-R, u(j)=0if 5 < T u(j) = zm if j > m/\n}—n. (119)
Then there exist functions v]* : A,Z — R such that v]*(xz) = 0 for z < —1/m,
o (x) =z for & > T, 0 < 0™ < 2, and

. vy () —vp' (Y
hTan Z oz —y) ¥, (%) < p(2) + 1.
T, YEN, L Y
—(2/m)<=z,y<(2/m)

We set
u(t+(2/m)) ift<—-2/m
upt(t) = ¢ ™ (t) if =2/m <t<2/m
u(t—(2/m)) ift>2/m.
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Note that u™ — u™ in L*((—1,1) \ [-1/m,1/m]) as n — oo, where

u(t+(2/m)) ift<—-2/m

0 if =2/m < —-1/m
z if1/m<t<2/m
u(t—(2/m)) ift>2/m.

We can then easily estimate

lim sup E, (u;")

m _am
< limsup Z pn(z —y) &, (M)
n r—Yy
T,YEAL,xFY
—2/m<w,y<2/m

1 m _.m
+ limsup / pulx —y) —, (M)dun
(0.L)*\ Az, A

n n r—=y

+lim sup Z pnl@ — 1) @n(w)
r—y
z,yEXZN[0,L], z,y<—1/m, |[z—y|<2/m
: up' () — up' (y)
1 (@ — Wn( n n )
+lim sup > pn(z = y) p—

z,yEAZN[0,L], z,y>1/m, |z—y|<2/m

m _.m 2
< <p(z)+77+/ (M) d,u—&-cl/ [u'|? dt + o(1)
(0,L)2 rT—Y (0,L)

as m — +o00. Note that we have used the fact that by (64) the limit measure
w does not charge 9(0, L)?. By choosing m = m(\,) with m(\,) — +oc as
(An)

n — o0, and setting u,, = un' we obtain the desired inequality. 0O

In the following examples for simplicity we drop the hypothesis that p,, is
even.

Ezample 1. The function ¢ is not always constant. As an example, take

1 if z=MA,
on(2) = VA, if 2 = A [1/V ]
0 otherwise.

Then it can be easily seen that the minimum for the problem defining ¢ is
achieved on the function v = 2x(g,4c), which gives

©(z) = min{1 + 22,2}
Note that in this case the I'-limit is

/ W2 di+ Y ollu)),
©.L) S(u)

which is local, but not with ¢ constant.
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Ezxample 2. If we take

1 if 2=\,
pn(2) = 4V A, if 2= N [1/VA]
0 otherwise

then by using the (discretization of ) v = 2x(0,400) as a test function we deduce
the estimate
©(z) < min{1 4 42%,5}.

Since the right hand side is not subadditive, which is a necessary condition
for lower semicontinuity, we deduce that the minimum in the definition of ¢
is obtained by using more than one ‘discontinuity’.

Remark 12. By the density of the sums of Dirac deltas in the space of Radon
measures on the real line, in the limit functional we may obtain any measure
u satisfying the invariance property

WA) = p(A+t(er + e2))
for all Borel set A and ¢ € R.

Remark 13. In the formula defining ¢ we cannot substitute the limit of mini-
mum problems on [—2/(m\,),2/(mA\,)] by a transition problem on the whole
discrete line. In fact, if we take

1 ifax=X,orx=M\,[1/\,

() = | o
0 otherwise,

then the two results are different.

Ezample 3. By again taking p, as in the previous remark, we check that in

this case p = (1/v2)H'L (ry Ur_y), where r; = {x —y = i}.

2.2 Second-difference interactions

We may consider the same energies as in (73) but depending on second-
difference quotients; i.e., of the form

n—1

i1 — 2u; i

Ey(u) = Anwn(u“ ; tu 1), (120)
i=1 n

with v, as in (74).

To understand the effect of the non-convexity threshold in v,,, first consider
the case of a jump: u; = 0 for i < iy and u; = z # 0 for i > ig. Then we have
(for n large)
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At (uH_l—Qui—&—ui_l) _Ja ifi=idgori=1i9+1
e A2 0 otherwise,

so that F,(u) = 2«. If instead we have a crease; e.g., u; = 0 for i < ig and
u; = e (i —ip) ¢ # 0 for ¢ > i, then we have

Uit1 —2ui—|—ui_1) _Ja ifi=i
A2 0 otherwise,

Auton

so that F,(u) = 2a. Mixing the arguments of Theorems 12 and 14 we obtain
the following result (see [15]).

Theorem 20 (jumps and crease limit energies). Let E,, be defined above.
Then the domain of the I'-limit F is the space of (possibly discontinuous)
piecewise-W22 functions, on which it takes the form

L
F(u):/o (2 dt + 204(S(u)) + a(S(') \ S(u)).

Note that the factor 2 in front of the ‘jump energy’ may be justified by
relaxation arguments, as a jump point can be approximated by two ‘crease
points’ (see [12] for the conditions for the lower-semicontinuity of this type of
energies).

2.3 Lennard-Jones potentials

We now consider a function J : R — R U {400} modeling inter-atomic inter-
actions, with the properties

(i) J(2) = +o0o if 2 < 0;

(ii) J is smooth on (0, +00);

(i) lim, ¢ J(2) = 4o0.

(iv) J is strictly convex on (0,T);

(v) J is strictly concave on (T, +00);

(vi) lim,— 400 J(2) = 0.
Our assumptions are modeled on

ki ko
J2)="1 2% (121)
for z > 0 All these conditions can be relaxed, and we refer to the general
treatment in the next chapter for weaker assumptions.
Note that hypotheses (ii)—(vi) imply that there exists a unique minimum
point, which we denote by M € (0,7T), and that minJ < 0.
The energy we will consider are, with fixed K > 1,
K u u
_ i+g T Y
Ep(u) = ZZA,J(T) (122)
j=11i=0
Note the scaling in the argument of J; in terms of the general form considered
in the previous chapter, we have ¢? (z) = J(jz).
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Coerciveness conditions

Note that E,,(u) is finite only if w is strictly increasing; hence, we can use the
strong compactness properties of increasing functions. In particular, if (u,)
is a sequence of functions locally equi-bounded on (0, L) then there exists a
subsequence converging in L (0,L), and if all functions are equi-bounded
(e.g., if they satisfy some fixed boundary conditions) then there exists a sub-
sequence converging in L'(0, L) (actually, in LP(0, L) for all p < o). Note
moreover that, by Helly’s Theorem, upon passing to a further subsequence we
can obtain convergence everywhere on (0, L).

Nearest-neighbour interactions

We begin by treating the case K = 1; i.e.,
- Uiy — Uj—

It is easily seen that the I'-limit is finite on all increasing functions. However,
deferring the general treatment to the next chapter, we characterize the limit
only on P-WhHt(0, L).

Theorem 21. The energies E, I'-converge on P-WYH1(0, L) with respect to
the L'(0, L) convergence, to the functional F defined by

Py = 4 o Y )dt  if u(t+) > u(t—) on S(u) (124)

+00 otherwise
on P-W11(0, L), where

J(2) ifz<M

v = J7() = {minJ if 2> M.

is the convexr envelope of J.

Note that the condition u(t+) > u(t—) on S(u) translates the fact that F'
must be finite only on increasing functions.

Proof. Note preliminarily that F' will be finite only on increasing functions so
that we need to identify it only on functions u satisfying u(t+) > u(t—) on
S(u).

Recall that the functional

U w(u')dt
(a,b)
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is lower semicontinuous on W1 (a, b) with respect to the L*(a, b) convergence.
Let u € P-WH1(0, L) and write

N
(0, L)\ S(u U Yk—1:Yk); (125)

where 0 = yg < -+ < yny = L. Let u,, — uwin L'(0,L) and E,(u,) < +oo for
all n. Then we have

N
Z/ l’yk) (W) dt < Zlimﬂinf/ W(ul) dt

k=1 (Yk—1,Yk)
< liminf P(ul,)dt < lim inf/ J(ul) dt =liminf E, (uy,).
n (O,L) n (0 L) n

Conversely, let u € P-W11(0, L) with u(t+) > u(t—) on S(u), and let
u, = u. Then it is easily seen that

lim E,, (uy,) = / J(u')dt,
" (0,L)

so that

I- limsup E,(u) < / J(u') dt.
(0,1)

Now, using the notation (125), let (u%); converge to u weakly in W' (yx_1, yx)
(and hence also uniformly) and satlsfy

lim J((u;?)’)dt:/ Y(u') dt.
7 S (yr-1,yk) (Yk—1,Yk)

Note that for j sufficiently large the function u; defined by

Uj = Uk on (Yx—1, Yx)

satisfies u;j(t4+) > wu;(t—) on S(u;) = S(u) and u; — w in L'(0, L), so that,
by the lower semicontinuity of the I'-limsup we have

I'-limsup F,,(u) < liminf I'-limsup E,, (u;) < lim,inf/ J(u}) dt
n J n J (0 L)

J

N
2l
N

u)dt = F(u),
Z/yk e =F

and the proof is concluded. 0O
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Higher-order behaviour of nearest-neighbour interactions

Note that minimum problems involving the limit functional F' present a com-
pletely different behaviour depending on whether the (trivial) convexification
of J is taken into account or not. Consider for example the simple minimum
problem

m = mm{F(u) cu(0) = 0, w(L) = h}, (126)

with h > 0. Then we have:

(compression) if h < ML then the minimum m = L J(h/L) is achieved
only by the linear function w(z) = hz/L. Note that the minimizer has no
jump;

(tension) if h > ML then the minimum m = L minJ is achieved by all
functions u € P-WH1(0, L) such that v’ > M a.e. Note in particular that we
can exhibit minimizers with an arbitrary number of jumps.

In this second case, hence, very little information on the behaviour of the
minimizers of

My = min{En(u) cu(0) = 0, w(L) = h} (127)

can be drawn from the study of the corresponding problem (126) for the
I-limit.
To improve this description, we note now that minimizers of m,, also min-
imize
E,(u) — L minJ
An '
The choice of the scaling ), is suggested by the fact that, choosing w, = ,
where @ € P-W11(0, L) is any function with v/ = M a.e. we have E,,(t,) <
L min J+c),. We are then lead to studying the I'-limit of the scaled functions

ml) = min{ u(0) =0, u(L) = h} (128)

E,(u) — L minJ

ED () = =

(129)

Theorem 22. The functionals E,(LU I'-converge with respect to the L*(0, L)
convergence to the functional F(Y) given by

—minJ#(S(u)) if u € P-WH(0, L), u(t+) > u(t—) on S(u)
FO(u) = and v =M a.e.
+o0 otherwise
(130)
on L'(0,L) .

Proof. Again, note preliminarily that F' will be finite only on increasing func-
tions so that we need to identify it only on functions w satisfying u(t+) >

u(t—) on S(u).
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The liminf inequality will be obtained by comparison. Let sup,, Ey, (uy) <
+o00 and u, — u in L'(0,L). Let v, (2}) = u,(2}) — Mz}. Note that v, —
v =u— Mx, and that

— a(afy)
T

b

En(un) = En(v,) = Z)\nwn(vn(ﬁ)
i=1

where ¢, (2) = 3= (J(2+ M) —min J). Note that ¢, — 400 if 2 # 0, and that

min J

lim ¥,(z) = — .

z—+00 An

With fixed k € N let EX be defined by

Ef (w) = i)\n min{k(vn($?) ;:"(x?1))27 %(minJ B %)}

By the results of the previous chapter E~ff I'-converge to F'X defined by
1
B k;/ /2 dt + (minJ — S)#(S(w)) it w € P-WL2(0, L)
F2 (w) = (0,L)

k

+o0o otherwise.

Now, note that for n large enough we have E,, > Eé{ , so that

lim inf B, (u,) = lim inf E,,(v,) > liminf EX (v,,) > F¥(v).

It will then be sufficient to consider the case v € P-W12(0, L); that is, u €
P-W12(0, L). In this case we get

liminf B, (u,) > k/

/ . 1
o M2 dt + (min ] — ) #(S(u).

By the arbitrariness of k we get the desired inequality.

The limsup inequality is easily obtained. Indeed, if u € P-W1>(0, L) is
increasing and v’ = M a.e. we can take u, = u, in which case F,(u,) =
LminJ — min JA, +o(\,). O

Convergence of minimum problems

From the results of the previous section we can easily derive a description of
the limiting behaviour of minimizers of minimum problems (127).

Proposition 2. Let h > ML; then from every sequence of minimizers of
problems (127) we can extract a subsequence converging in L*(0, L) to an in-
creasing function u € P-W1°°(0, L) such thatu' = M a.e. in (0, L) and, after
setting u(0—) = 0 and u(L+) = h, u has only one jump in [0, L]. Moreover
we have the estimate my, = L minJ — X\, min J + o(\,) as n — +oo.
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Proof. By the coerciveness conditions on FE,, we can suppose that, upon ex-

tracting a subsequence, the minimizers of m,, converge in L'(0, L). We inter-

pret those minimizers also as minimizers of m% ), Hence, upon relaxing the

boundary conditions, the limit function u solves the problem
m® = —minJ min{#(S(v)) : u € P-WH*(0, L),
v =M ae.,u(0—)=0,u(L+) = h}.

where S(u) is interpreted as a subset of [0, L]. The solution of this problem is

clearly a function satisfying the thesis of the theorem, and m) = —min J.
From the convergence of minima (m, — L minJ)/\, = m) - m® =

—min J we complete the proof. 0O

Long-range interactions

By taking into account the methods of Sections 1.4 and 1.4 and the proof of
Theorem 21 we have the following result.

Theorem 23. Let K > 2 and let E,, be defined by

K n—j

Ep(u) = ZZA,J(IL“)\;”) (131)

j=1i=0

The energies E,, I'-converge on P-W11(0, L) with respect to the L' (0, L) con-
vergence, to the functional F defined by

Py = o ') dt  if u(t+) > u(t—) on S(u) (132)
+00 otherwise

on P-W11(0, L), where ¢ : R — RU {+o00} is the convex function given by

K N—j

W(z) = lij{[nmin{% SN Juli + ) - uli)

j=1 i=0

w:{0,...,N} =R, u(i)=zi fori < K om’ZN—K}. (133)

Furthermore, if K = 2 then the function v is also defined as 1 = J**, where
- 1

J(z) = J(22) + 3 min{J(z1) + J(22) : 21 + 22 = 2z}. (134)

Proof. The proof follows by using the arguments of Theorems 21, 4 and 5,
with ¥4 (2) = J(j2), after noting that ¢ defined above is convex and bounded
at +oo. 0O

Remark 14. The function ¢ satisfies the same assumptions as J upon replacing
(vi) with lim,_,1 o 9(2) = C < 0, but it can be seen that J in general does
not satisfy (iv); 4.e., is not of convex/concave form.
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2.4 Renormalization-group approach

A renormalization-group argument suggests a different scaling for Lennard-
Jones potentials. In the simplest case of nearest-neighbour interactions, we
are led to consider the functionals

n

En(u) = Z(J(M n \/2“17:‘1) . J(M)).

i=1

If J”(M) > 0 then the arguments for the first- and second-order I"-limit above
can be used simultaneously, to show the I'-convergence to an energy whose
domain are piecewise-H! functions with only increasing jumps, of the form

F(u) = ﬁ/o |u'|? dt + a#(S(u)), ut >u" on S(u),

where 20 = J"(M) and o = —J(M). This result can be extended to long-
range interactions with a formula for « that takes into account boundary-layer
effects on the two sides of the jump (see [24]).

3 General convergence results

In order to state and prove general results for the convergence of discrete
schemes we will have to describe the I'-limits of discrete energies in spaces
of functions of bounded variation. We briefly recall some of their properties,
referring to [8] for a complete introduction.

3.1 Functions of bounded variation

We recall that the space BV (a,b) of functions of bounded variation on (a,b)
is defined as the space of functions u € L!(a, b) whose distributional derivative
Du is a signed Borel measure. For each such u there exists f € L!(a,b), a
(at most countable) set S(u) C (a,b), a sequence of real numbers (at)es(u)
with >, |a;| < 400 and a non-atomic measure D.u singular with respect
to the Lebesgue measure such that the equality of measures Du = f L +
Ztes(u) a0 + D.u holds. It can be easily seen that for such functions the left
hand-side and right hand-side approzimate limits u=(t), u™(t) exist at every
point, and that S(u) = {t € R: u™(t) #u™(t)} and a; = wt(t) —u™ () =:
[u](t). We will write & = f, which is an approximate gradient of u. D.u is
called the Cantor part of Du. A sequence u; converges weakly to u in BV (a, b)
if u; — w in L'(a,b) and sup; | Du;|(a,b) < +oc0.

The space SBV (a,b) of special functions of bounded variation is defined as
the space of functions u € BV (a,b) such that D.u = 0; i.e., whose distribu-
tional derivative Du can be written as Du = @ L1+ 37, ¢ g, (u™ (t) —u™ (t))d¢.
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This notation describes a particular case of a SBV-functions space as intro-
duced by De Giorgi and Ambrosio [30]. We will mainly deal with functionals
whose natural domain is that of piecewise-W 1P functions, which is a partic-
ular sub-class of SBV (a,b) corresponding to the conditions @ € LP(a,b) and
#(S(u)) < 400, but we nevertheless use the more general SBV notation for
future reference and for further generalization to higher dimensions (see [7]).
For an introduction to BV and SBV functions we refer to the book by Ambro-
sio, Fusco and Pallara [8], while approximation methods for free-discontinuity
problems are discussed by Braides [13].

A class of energies on SBV (a,b) are those of the form

flaydt+ Y glu® () —u™ (1)),
(@b) S(u)
with f,g : R — [0, 4+00]. Lower semicontinuity conditions on F imply that f
is lower semicontinuous and convex and g is lower semicontinuous and subad-
ditive; i.e., g(x+vy) < g(x)+g(y). The latter can be interpreted as a condition
penalizing fracture fragmentation, whereas convexity penalizes oscillations. If
g is not lower semicontinuous and subadditive then we may consider its lower
semicontinuous and subadditive envelope; i.e., the greatest lower semicontin-
uous and subadditive function not greater than g, that we denote by sub™g.
For a discussion on the role of this condition for the lower semicontinuity of
F we refer to [13] Section 2.2 or [14]. Energies in BV must satisfy further
compatibility conditions between f and g (see e.g. Theorem 24 below and the
subsequent remark).

The following theorem is an easy corollary of [5] Theorem 6.3 and will be
widely used in the next section.

Theorem 24. For alln € N let f,,gn : R — [0, +00] be lower semicontinuous
functions. Let o > 0 exists such that
(1) fn is convezx and

a(lz] = 1) < fu(2) for every z € R,
(2) gn is subadditive and
a(lz] = 1) < gn(z) for every z € R.

and suppose that f,g: R — [0,+o0] exist such that ['-lim,, f,, = f on R and
I'-lim, g, = g on R\ {0}. For notation’s convenience we set g(0) = 0. Let
H,, : BV(a,b) — [0, +00] be defined as

b
fn(@) dz + n([u])  if ue SBV(a,b)
Ho(u) = / %g

+00 otherwise.
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Then H,, I'-converge with respect to the weak topology of BV (a,b) to the
functional H : BV (a,b) — [0,4+00) defined by

!
H(u) := / f(@)dx + o Dut(a,b) + 0~ Deu™ (a,b) + Z ([u])
0 S(u)

(recall that D.u® denote the positive/negative part of the Cantor measure

D.u), where B

f(z) = mf{f(21) + ¢"(22) 1 2 = 21 + 22},

g(z) :=nf{f*(21) + g(22) : 2 = 21 + 22},
t

0= i T 0= (), i o= 70

for all z € R.

Remark 15. Note that if we take g, = g and f, = f we recover the well-
known compatibility hypothesis f* = ¢° for weakly lower semicontinuous
functionals on BV (a,b).

If f(0) = 0 then it can be easily seen that f = (f A ¢°)** and § =
sub™ (f* Ag).

3.2 Nearest-neighbour interactions

For future reference, we state and prove the convergence results allowing for
a more general dependence on the underlying lattice than in the previous
chapters, at the expense of a slightly more complex notation.

We begin by identifying the functions defined on a lattice with a subset of
measurable functions. Consider an open interval (a,b) of R and two sequences
(An), (an) of positive real numbers with a, € [a,a + A,) and A, — 0. For
n€Nleta <zl <...<al» <bbe the partition of (a,b) induced by the
intersection of (a,b) with the set a,, + \,Z. We define A, (a,b) the set of the
restrictions to (a,b) of functions constant on each [a + kA,,a + (K + 1)A,),
k € Z. A function u € A, (a,b) will be identified by N,, + 1 real numbers

0 N,
Cpy---,Cp™ such that

' ifx e a2t i=1,...,N, -1

n? n

o if z € (a,2) (135)

n
nif o € [zl D).

For n € N let ¢, : R — [0,400] be a given Borel function and define
E, : L'(a,b) — [0, +00] as

Nn—1 i+1 i
w(zhtl) — u(xl,
B (u) = 2 Antln ( : ))\n : )> 7€ Au(ad) (136)
i=1
+00 otherwise in L'(a,b).

The following sections contain the description of the asymptotic behaviour of
FE, as n — +o0.
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Potentials with local superlinear growth

We first treat the case when the potentials ¢ satisfy locally a growth condi-
tion of order p > 1. This is the case of non-convex potentials introduced by
Blake and Zisserman and of the scaled Lennard-Jones potentials which justify
Griffith theory of fracture as a first-order effect.

Theorem 25. For alln € N let Tf € R exist with

imTE = +00,  lim\, T =0, (137)

n

and such that, if we define fn,gn : R — [0,400] as

n(2)  if T, <z<TfF
fulz) = ) I (138)
+00 if ze R\ [T, T.F]
z
A | — z € R\ NI, N\ ToF
i = {0 (5) 3 | (139)
400 otherwise
the following conditions are satisfied: there exists p > 1 such that
fu(z) > |27 VzeR (140)
gn(z) > ¢ >0 Vz#0 (141)
and, moreover, there exist f,g: R — [0, +00], such that
I'-lim f7* = f on R, (142)
n
I'-limsub™ g, =g on R. (143)

Then, (Ey)y I'-converges to F' with respect to the convergence in measure on
L'(a,b), where

b
fu)dt + ([u](2)) u € SBV(a,b)
F(u) = /a tesz(u)g

+oo otherwise in L'(a,b).

Remark 16. Note that hypotheses (142) and (143) are not restrictive upon
passing to a subsequence by a compactness argument. This remark also holds
for Theorems 26 and 27. Moreover, if f is finite everywhere then I'-convergence
in (142) can be replaced by pointwise convergence.

Proof. For simplicity of notation we deal with the case T, = —T, =: T}, the
general case following by simple modifications. Without loss of generality we
may assume
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sup inf f,(2) < +o0; (144)
n z€ER

otherwise we trivially have f = +o0o and consequently F' = +o0.

With fixed u € L'(a,b) and a sequence (u,,) C A,(a,b) such that u, — u
in measure and sup,, Ey,(u,) < +o0o0. Up to a subsequence, we can suppose
in addition that wu, converges to u pointwise a.e. We now construct for each
n € N a function v,, € SBV (a,b) and a free-discontinuity energy such that v,
still converges to u and we can use that energy to give a lower estimate for
E,(uy). Set

i1y _ i
I, :— {ie{l,...,Nn—l}: Un (@ )A Un () >Tn} (145)
and
() if 2 € (a,2))
N (cnt —ch) i i pitly 14
vla)i= de + ety e, g n (40)
Up () x elsewhere in (a, b).

We have that, for ¢ > 0 fixed,

{z : Jon(2) — un(z)| > €}
C{a € an, 2 ), i ¢ In, Jun(@)) = un(y)] > e} U (a,2,).  (147)
Since, for i ¢ I, we have |u, (i) — uy(2?)] < ATy, then {x : |v,(z) —
un(x)| > €} consists at most of the interval (a, z}) if n is large enough. Hence,
the sequence (v, ), converges to u in measure and pointwise a.e. Moreover, by
(141)
c#I, < En(un) < M, (148)

with M = sup,, B, (u,). By the equiboundedness of #1,,, we can suppose that
S(vy) = {81 }ic1, tends to a finite set. For the local nature of the arguments
in the following reasoning, we can also assume that .S consists of only one point
xo € (a,b).

Now, consider the sequence (wy,), defined by

on(a) + / o () dt if 2 < a0
wn(z) = @) (149)
vp(a) + bn(t)dt+ Y [oal(t) if 2> 0.
(a,2) €S (vn)

Note that wp(a) = wvp(a), Wy = Un, S(wn) = {zxo} and [w,](zg) =
>tes(u[Unl(t). Such a sequence still converges to u a.e. Indeed, since xo

is the limit point of the sets S(v,), for any n > 0 fixed we can find ng(n) € N
such that for any n > ng(n) and for any i € I, |zo — 25! < 7. Hence,
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by construction, for any n > ng(n) and for any = € (a,b) \ [zo — 1,20 + 7],
wy (x) = v, (), that is, the two sequences (v,,) and (w,,) have the same point-
wise limit. Since w, = ¥, on (a,b), by (140) we have that ||y || rr(ap) < M.
Then, using Poincaré’s inequality on each interval, it can be easily seen that
(wy)y is equibounded in WP ((a, b)\ {xo}). Since it also converges to u point-
wise a.e., by using a compactness argument, we get that « € W1P((a,b)\{zo})
and, up to subsequences,

W, — 4 weakly in LP(a,b).

Moreover, since for any two points a < z1 < xg < T2 < b we have

Wn(22) = wn (1) + /I2 W dt + [wn] (o)

Z1

u(ze) = u(xy) + /w2 wdt + [u)(zg),

1
taking points x1, 22 in which w, converges to u and passing to the limit as
n — 400, we have

[wn](w0) — [u(x0)- (150)

We can now rewrite our functionals in terms of v,,:

En(un) = Z A (0n) + Z gn([vn](mi{i_l))

i¢r, i€l
b

- / Fa(On)dt+ > ga([oa](®)).
a teS(vn)

From (148) we also have

b
Buun) 2 [ fulin)desubgn( 3 [0n](0)

teS(vn)

b
> / T2 (b)) dt + sub™ gy, ([wn](z0))

as n — +oo. Passing to the liminf as n — +o0, using (150) we have
b
liminf E,, (u,) > lim inf/ for (wy) dt + lim inf sub ™ g, (Jwn](20))

b
Z/f@ﬁ+MW%D

as desired.

We now turn our attention to the construction of recovery sequences for
the I'-limsup. We may assume in what follows that inf.cr f.(2) = f(0).
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Step 1 We first prove the limsup inequality for u affine on (a, b). Set £ = ;
we can assume, upon a slight translation argument, that f(£) = lim,, f*(¢).
Then, for each n in N we can find &,¢2 € R, ¢, € [0, 1] such that

Van

tnfu(&h) + (1 —tn) fa(&2) < f27(€) +0(1) (151)
€] < ¢ = c(€).

Note that in the last inequality the choice of the constant ¢ can be chosen
independent of n thanks to (140) and (144). It can be easily seen that it is
not restrictive to make the following assumptions on &/:

E>&  fal&) < fal€), (Erl+1E2DV M < L. (152)

We define a piecewise-affine function v, € L!'(a,b) with the following prop-
erties:

Un(x) = ’U,(LE) on (avm;L /Un‘ [xil’z';':,—l) = /Ufz € {gf}ugi}u

and v!, is defined recursively by

=g
. A\ i ) ,
pitl Up if 2 % < vp(an) + Y0 A0 VA — u(x:z+1) <V,
n j=1

€l +€2 — vl otherwise.

(153)
Since 0 < v, — u < /A, by definition, (v,), converges to u uniformly, and
hence in measure and, moreover,

Bri=#{i€{0,...,N.}: v, =&} >t,N,. (154)

Indeed, from (151), (152) and (153) we deduce

A, (1 (€ = ) + (1 - (€& — ) < Y

= 71L( 11L - g)/\n + (Nn - ﬂ}z)(&i - f)/\na

< vn(zy™) = ulzy™)

so that
(ﬂ’l’ll - tnNn)(f}a - 5721) > 0.
Now, consider the sequence (u,) C A, (a,b) defined by

Up () = vo(ah) for i = 1,..., N, un(a) = vp(a) and u, (b) = v, (b).

Since (147) still holds with u,, v, as above, it can be easily checked that (),
converges to u in measure. Hence, recalling (151), (152) and (154),



From discrete systems to continuous energies 65

< taAnNofa () + (1 = t) Nodn fa(&7)
< NoAn (f77(€) +0(1) < (b—a) fr"(§) +o(1).

Taking the limsup as n — +o00 we get
limsup By (un) < F(€)(b— a) = F(u).
n

The same construction as above works also in the case of a piecewise-affine
function: let [a,b] = Ula;,b;] with a1 = a, b; = a;41 and @ constant on
each (a;,b;), then it suffices to repeat the procedure above on each (a;, b;) to
provide functions v} in A, (a;,b;) such that

o p—y in measure
" | (aj,b;)
pitl

. o b,
lim sup Z Antn (v%( n ))\7 U%(wn)> S/ f(@) dx.

" i wie(ag,by)} "

With j fixed define v/ := max{z!, € (a;,b;)}. Then, the recovery sequence
Uy, is defined in (a;, b;) as

un () = v}, (x) = > (5 (h + An) = vh(uh).
£<j

Since u(x) + —V;\” < vl (x) < u(z) + A by construction, and |u(y’ + \,) —
u(y’)| < eAn, we have that u,, — u in measure and

vl (i) — ol (2
E’ﬂ(un) = Z Z )‘nwn< n( T ) n( n)) +Cfn(0)An-

— An
J Al €(ay,b5)}

By a density argument we can extend the result to functions in WP (a, b).

Step 2 Let u be of the form zx(,, ) with g(z) < +oo and let z, be a
recovery sequence for g(z) = I'-lim,, sub™ g, (u). The sequence sub™ g, (2,) is
bounded, hence, by (141), upon possibly considering a suitable subsequence,
there exists an integer N not depending on n such that

N N
sub™ gy, (2z,) = sup inf {Zgn(zz) : Zzi — Zn| < 5} .
€ i=1 i=1
Hence, for all n we can find N points {z},..., 2"} such that

N N
lignz 2l =2 and 1171;112971(2%) = g(2). (155)
i=1 i=1
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Let i, € {1,..., N, } be the index such that zg € [ir, zi»T1) and, for n large,
define w,, as in (135) with

0 if1 <1,
‘ > (¢) ifin<i<in+N
ch =< j<(i—in) (156)
N .
S () iti> i, +N.
j=1

Clearly (wy,), — u in measure and

Ep(w) ZM% () Zgn —a) fu(0);

the estimate follows from (155) by passing to the limit as n — +oo.
Step 3 Let u € SBV (a,b) be such that F(u) < +oo, then

T
u:v—l—wwithv(x):/ adt+ ¢ and w(z Z%ijb)

For j = 1,...m let w) be defined as in Step 2 with jumps in U {IZ—H" ’}Z:j1

and let v, be a recovery sequence for v such that it is constant on each
. m
% in.,j 1 .
[zn", zn"" + Ay Nj). The sequence u,, = v, + Y w’ converges in measure to
Jj=1
u and

limsup £, (uy,) = lim sup( (vn) + Z E,(w ) F() + F(w) = F(u),
" j+1

as desired. O

Corollary 2. Let ¢, : R — [0,400] satisfy the hypotheses of Theorem 25.
Assume that, in addition, for alln € N, f, = f** on [T,;,T.F] and g, =
sub” g, on R\ [\,T,7 , A\ TiF]. Then, for any u € L (a,b), E,(u) I'-converges
to F(u) with respect to the strong topology of L(a,b).

Proof. Tt suffices to produce a recovery sequence converging strongly in
L'(a,b). Note that in Step 1, by the convexity of f,, we can choose £} =
€2 =¢, in (151). Then v, = u and u,, turns out to be the piecewise-constant
interpolation of u at points {x%}. It is easy to check that w, — u strongly
in L'(a,b). It remains to show that also for functions of the form zx(z, s it
is possible to exhibit a sequence that converges strongly in L'(a,b). To this
end it suffices to note that in Step 2, since g, = sub™ g, locally on R\ {0},
we can find a sequence (z,) such that (155) is replaced by lim, z, = z and
lim,, g, (z,) = g(z). Hence, the sequence w,, defined by (156) converges to u
strongly in L'(a,b) and it is a recovery sequence. O
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Remark 17. Note that the hypotheses of the previous corollary are satisfied
if 4, is convex and lower semicontinuous on [T}, T.F] and concave and lower
semicontinuous on (—oo, T, ] and [T}, +00)

Potentials with linear growth
In this section we will consider energy potentials ,, such that
Un(2) > alz] = 1) VzeR (157)

for some o > 0. For this kind of energies we can still prove a convergence result
to a free-discontinuity energy, whose volume and surface densities are obtained
by a suitable interaction of the limit functions f, g of the two ‘regularized’
scalings of 1/,,. Note that in the following statement the sequences T.F are
arbitrary.

Theorem 26. Let 1, : R — [0, +o0] satisfy (157). For alln € N let T € R
satisfy properties (137) and let fn,gn : R — [0,+00] be defined as in (138).
Assume that f,g: R — [0,400] exist such that

I'-lim " = f on R, (158)

I'-limsub™ g, = g on R\ {0}. (159)

For notation’s convenience we set g(0) = 0. Then, (Fy,)n I'-converges to F
with respect to the convergence in L'(a,b) and the convergence in measure,
where

b
/ Faydo+ 3" g([u)) + 1 Dui (a,5) + 1 Du; (a,b)

F(u) S(u)
if u € BV(a,b)

400 otherwise,

f(z) == mf{f(z1) + ¢°(22) : 21 + 22 = 2},
9(z) = nf{f*(21) + g(22) : 21 + 22 = 2},
e = (1) and c_y == F(—1).
Remark 18. Thanks to (157) the theorem can be restated also with respect to

the weak convergence in BV (a,b). Indeed, sequences converging in measure
along which the functionals E,, are equibounded are weakly compact in BV'.

Proof. Again we deal with the case T} = —T,; =: T,,, the general case being
achieved by slight modifications. Let u,,u € L'(a,b) be such that u,, — u in
measure and E,(u,) < c¢. Analogously to the proof of Theorem 25, we will
estimate E,(u,) by a free-discontinuity energy computed on a sequence v,



68 Andrea Braides and Maria Stella Gelli

converging to u weakly in BV (a,b). Let I,, and v, be defined as in (145) and
(146), respectively. Note that v,, — w in measure and that v,, has equibounded
total variation on (a,b). Indeed, by hypothesis (157) we have

N,—1

n . 1
Duy|(a,b) n (@YY — oy, (28] < =B, (uy :
| Dvy|(a, b) E | ( U(n)l_a (un) +c

From this inequality we easily get that u € BV (a, b), in particular the I"-liminf
is finite only on BV (a,b).

Up to passing to a subsequence we may assume that v, converges to u
weakly in BV (a, b); moreover, by construction we have

Bulun) 2 [ £ de+ Y sub~gn((on)
@ S(vn

Hence, it suffices to apply Theorem 24 to the functionals on the left hand side
to get the I'-liminf inequality.

To obtain the converse inequality it suffices to provide a sequence v,, con-
verging to u in L'(a,b) such that

limsup E,, (v,) < Fi(u / fla dt—i—z

n S(w)

when u € SBV (a,b). The general estimate will be then obtained by relax-
ation (i.e. by taking f, = f and g, = g in Theorem 24). By a standard
approximation argument it is sufficient to prove this inequality in the sim-
pler cases of u linear and of u with a single jump. Let u(t) = &t; we may
assume that f(£) < 4o0o. Moreover, we may assume in what follows that
inf,er fr(2) = fn(0). Then we can find £}, £2 such that the analogue of (151)
holds. In this case, |£1],|£2] are not necessarily equibounded; nevertheless we
have by definition |£}[,[£2| < T, since f(£) < +o0. Thus we can construct the
functions v, as in the proof of the I'-limsup-inequality of Theorem 25, up to a
slight modification. Indeed, if we replace v/, with A, T}, in (151) and (153), all
those inequalities still hold. In particular we have that |u(z) — v, (z)] < AT
n (a,b). Thus v, is a recovery sequence converging to u in L*(a, b)

As for the case of u = X (w0,b) with g(z) < +o00, let zn = Efwl z;, be such
that g(z) = lim, Zl " gn(2}). Note that since lim, Zz L2l =
(157) into account, we may assume that Zz 7 (25)T < ¢|z| and the same for
the negative terms. We may assume also that |27 | > A, T, for any 7. Hence,
by arguing separately on the positive and negative part of (%), we easily get
that

= z, by taking

cl|
M, < ——-.
= AT

Finally we can construct a sequence of functions w,, defined as in (156) where
we replace N with M,,. By taking (160) into account we easily get

(160)
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| |z
o s wa(@) # u(@)H < MMy < T

n

Then w,, — u in L*(a,b) and, by construction,

limsup E, (w,) = g(z) = Fi1(u).
n
The desired upper estimate follows then by standard arguments. O

Potentials of Lennard-Jones type

We now treat the case of potentials with non-symmetric growth conditions,
which still ensure weak-BV compactness of sequences with equibounded ener-
gies. These conditions are satisfied for example by Lennard-Jones potentials.

Theorem 27. Let 1, : R — [0, +0o0] satisfy
Ya(2) > (J2|P = 1) for all z < 0. (161)
for some p > 1. For alln € N let T,, € R satisfy
li7rln T, = 400, li7rln AT, =0, (162)

and let fn,gn : R — [0,+00] be defined by

f() = {wn(z) < T, (163)

+oo z>Tf

z .
gu(z) = 0" <A> 7= e (164)

+00 otherwise.

Assume that there exist f,g: R — [0,400] such that

I-lim f* = f on R, (165)
I'-limsub™ g, =g on R\ {0}. (166)

For notation’s convenience we set g(0) = 0. Then, (Ey)n I'-converges to F
with respect to the convergence in Llloc(a7 b) and the convergence in measure,
where

b
/ f(w) dx + Z g([u]) + oDut (a,b) if u € BVipe(a,b) Dou==0

u S(u)
F(u) and [u] >0 on S(u)

+00 otherwise in L(a,b).

where f and § are defined as in Theorem 26 and o := f  (1).



70 Andrea Braides and Maria Stella Gelli

Proof. Let u, — u in measure and be such that F,,(u,) < ¢, and assume that
u, — u also pointwise. Set

Li={ic{l,....N.}: up(z) —u,(2h) > N\ T},

and let v, be the sequence of functions defined as in (146) with this choice of
I,,. Note that v,, — w in measure. By taking hypothesis (161) into account we
have the following estimate on the negative part of the (classical) derivative
of v,

/ab [(0n) Pt < > )\n((un(xi;rl) - un(x;))*)p . B, (un) .

b An «

Hence, with fixed § > 0 and with fixed 21,22 points in (a,a + 6), (b — 4,b),
respectively, in which v,, converges pointwise to u, we get

b—4 b
/ (o)t dt + Z [vn]| < Jvp(z2) — v (z1)] +/ (0 dt.

+o S(vn)N(a+6,b—3)

It follows that v, is bounded in BVj,c(a,b). Since v, — w in measure we get
that v, converges in BVioc(a,b) to u and hence u € BVjsc(a,b). With fixed
n > 0, consider

iz = ()" () +nlzl,  gi(2) = sub”gn(z) +1l2l.
For every ¢ € (0, (b — a)/2) we have
b—6

By (un) +ne(0) = Sl (0n) dit + Z 97 ([vn]),
atd S(vn)N(at8,b—5)

where ¢(d) = sup,, |Dv,|(a + 0,b — §). We can apply Theorem 24 and obtain
for every n and ¢

lim inf E,, (u,) 4+ ne(d)
b—¢

> fydt+ (WDt @+ 6b-0)+ > g([ul).
a+d S(u)N(a+8,b—06)

By letting n — 0 and subsequently 6 — 0 we obtain the desired inequality.
The construction of a recovery sequence for the I'-limsup follows the same
procedure as in the proof of Theorem 26. O

Examples

Ezample 4. (i) (Blake-Zisserman model) The typical example of a sequence of
functions which satisfy the hypotheses of Theorem 25 (and indeed of Corollary
2) is given (fixed (\,) converging to 0 and C > 0) by
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Yn(z) =

with p =2, T, = /C/n,
fulz) = { < VO

400 otherwise,

(Anz2) A C),

==

ﬂ@:/hﬁﬁ+c#ﬂm)

on SBV (a,b)
(ii) Theorem 25 allows also to treat asymmetric cases. As an example, let

(2 {;((Anzﬂ) AC) ifz>0

22 if 2 <0.

In this case the I'-limit (with respect to both the convergence in measure and
L' convergence) is given by

b
Flu) = / |u|? dt + C#(S(u))  if u € SBV (a,b) and ut > u~ on S(u)
+00 otherwise.

Note that
C if 2>0
g(z) =40 ifz=0
+oo if2<0

forbids negative jumps.

(iii) (Lennard-Jones type potentials) Let ¢ : R — [0,400] be a lower
semicontinuous function and satisfy ¢(z) = 0 if and only if 2 = 0, ¥(z) >
af|z[P —1) for z < 0 and lim,_, 4+ 9(2) = C. Let 1, = ¢ for all n. Then we
can apply Theorem 27 and obtain f = ¢** and

g(z){o if2>0

+oo if 2 < 0.

Note that f(z) =0if z > 0.
(iv) (scaled Lennard-Jones type potentials) Let ¢ be as in the previous
example, and choose

Yn() = 3-(2).

n

Then we can apply Theorem 25 with
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f(z):{o if2=0

400 otherwise,

and g as in Example (i) above. In this case the limit energy F' is finite only
on piecewise-constant functions with a finite number of positive jumps. On
such functions F(u) = C#(S(u)).

We now give an example which illustrates the effect of the operation of
the subadditive envelope.

Ezample 5. If we take
1
2 C1)\2
Yulz) = 22 A (An + (12, = 1)?)

with A, converging to 0, then we obtain f(z) = 2% and

52
g(z) =sub™ (1 +2%) = min{kJr 7 k= 1,2,...}.

A remark on second-neighbour interactions

Consider functionals of the form

i+1

Bu(w) = YA (—”(x” )A; u(wn) ) £ 2007 (—”(:”3722) . G ). (167)

If both sequences of functions (¢¢), satisfy conditions of Corollary 2 and
some additional growth conditions from above, then it can be seen that the
conclusions of Theorem 25 hold with

f(2) = tim (}(2) + 202() )

and . -

=timd (v (57) + 49 (55,))
This means that E, can be decomposed as the sum of three ‘nearest-neighbour
type’ functionals, with underlying lattices A\, Z, 2A\,Z and \,,(2Z + 1), respec-
tively, whose I'-convergence can be studied separately. We now show that a

similar conclusion does not hold if we remove the convexity /concavity hypoth-
esis on 7.

Ezample 6. Let (\,) be a sequence of positive numbers converging to 0, and
let M > 2 be fixed. Let E,, be given by (167) with

() = 22 if |z] < 1/vVEkX,
ni# = ﬁngk(k)\nz) if 2] > 1/v/kAn
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M if|2] <8 1 e <1
1\ _ 2.\ _
92 = {1 >89 {M if |2] > 1.

Neither ¢° is subadditive and we have
) 2 if|z] <8 . 1 if|e <1
b 1 _ b 2 _
sub”g'(2) {1 o >s P9 {2 if |2 > 1.

We can view FE,, as the sum of a first-neighbour interaction functional and two
second-neighbour interaction functionals, to whom we can apply separately
Theorem 25, obtaining the limit functionals

b
F'(u) = / || dt + Z sub™g'([u])
“ S(u)
for the first, and
b
F?(u) = / || dt + Z sub™ g% ([u])
“ S(u)

for each of the second ones. We will show that the I'-limit of E,, is strictly
greater than F'(u) + 2F?(u) at some u € SBV (a,b).

Let u be given simply by u = x4, with to € (a,b). In this case F'(u) +
2F?%(u) = 4. Suppose that there exist u,, € A, (a,b) converging to u and such
that limsup,, £, (u,) < 4. In this case it can be easily seen that for n large
enough there must exist ¢,, such that

Up (27) — up (271 > 4, Uy (2T =y, (2) < —4,
but
[ty (2771 =, (27 72)] < 1, [t (27 T2) =y, (22T < 1.
This implies that
Up (27) — up (2 72) > 3, Uy (27 T2) =, (2) < =3,

so that limsup,, Fy, (u,) > 2M, which gives a contradiction.

3.3 Long-range interactions

We conclude this chapter with a general statement whose proof can be ob-
tained by carefully using the arguments of Section 1.4 and of the previous
sections in this chapter. We use the notation of Chapter 1.
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Let K € N be fixed. For all n € N and j € {1,...,K} let ¢} : R —
(—00, +00] be given Borel functions bounded below. Define E,, : L'(0,L) —
[0, +00] as

K n-j i+j i
() — u(x ))
Ao (A0 ZME) ) e 40, L
Er(u) ; Pt v ( JAn ©.L) (168)
+00 otherwise in L(0, L).

We will describe the asymptotic behaviour of E,, as n — +oo when the
energy densities are potentials of Lennard-Jones type. More precisely, we will
make the following assumptions.

(H1) (growth conditions) There exists a convex function ¥ : R — [0, +00]
and p > 1 such that

and there exist constants c}, c? > 0 such that

¢j(#(2) = 1) < ) (2) < ¢f max{¥(2),|2[}

for all z € R.

Remark 19. Hypothesis (H1) is designed to cover the case of Lennard-Jones
potentials (and potential of the same shape. Another case included in hy-
potheses (H1) is when all functions satisfy a uniform growth condition of
order p > 1; i.e.,

(J21F = 1) < 95(2) < el2]P +1)

for all j and n.

Before stating our main result, we have to introduce the counterpart of
the energy densities f, and g, in the previous section for the case K > 1. The
idea is roughly speaking to consider clusters of N subsequent points (N large)
and define an average discrete energy for each of those clusters, so that the
energy F, may be approximately regarded as a 'nearest neighbour interaction
energy’ acting between such clusters, to which the above description applies.

We fix a sequence (N,,) of natural numbers with the property

Nn

lim N,, = 400, lim — = 0. (169)
n n.on
We define
1 e w(i+ ) —u(i)
= mind — Y et SV L GV R
U (2) mm{Nn;;wn( 7 ) w:{0,...,Np,} =R,

u(:c):z:zrif:c:O,...,K,anK,...,Nn}. (170)
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By using the energies 1,, we will regard a system of N,, neighbouring points
as a single interaction between the two extremal ones, up to a little error
which is negligible as N,, — +o00. We can now state our convergence result,
whose thesis is exactly the same as that of Theorem 27 upon replacing A, by
€n = NpAn.

Theorem 28. Let 1) satisfy (H1) and let (E,) be given by (168). Let 1, be
given by (170) and let €, = NpAy,. For allm € N let T,, € R be defined as in
(162), and let fy, gn : R — [0, +00] be defined by

£ = {wn<z> Z<T, an

+00 z>1T,

z
n¥n |\ — J > nTn
iy = [ (3) o> (172)
+00 otherwise.
Assume that there exist f,g: R — [0,400] such that
I-lim f* = f on R, (173)
I'-limsub™ g, =g on R\ {0}. (174)

Note that this assumption is always satisfied, upon extracting a subsequence.
Then, (Ey)n I'-converges to F with respect to the convergence in Li (0, L)
and the convergence in measure, where

/ fw) dx + Zg([u}) +oDuf(0,L) ifu € BVioc(0,L) Deu™ =0

F _ S(u)
(u) and [u] > 0 on S(u)

400 otherwise in L'(0,L).
where f and G are defined by (for notational convenience we set g(0) = 0)
f(z) = mf{f(z21) +¢°(22) : 21 + 20 = 2},

g(z) == 1inf{f>(21) + g(22) : 21 + 22 = 2},
and o == (1).
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1 Introduction

Several physical phenomena in phase transitions, fracture mechanics, image
segmentation may be formulated by a variational model; this implies the
study of the existence of equilibria, and hence of the existence of minimiz-
ers, for the related energy functional. This will be done by using the so called
direct method of the Calculus of Variations based on lower semicontinuity
and coerciveness of the energy functional. It is clear that more general lower
semicontinuous results allow to consider more general variational models, and
when the lower semicontinuity is not available, the characterization of the as-
sociated relaxed functional allows to understand the behaviour of minimizing
sequences of the functional we started with.

In these lectures we will present some lower semicontinuity and relaxation
results for functionals of the form

u) = u) dx ut . u v n—1
Fu) /Qf(V>d +/Smg< ™ ) dH (1)

where u is a “smooth” function outside a (n — 1)-dimensional discontinuity
set S, on which the traces u™ and v~ and the normal v are well defined. Our
main goal will be

(i) the search for (necessary and) sufficient conditions on f and g which will
guarantee lower semicontinuity of the functional F' in some natural func-
tion space;

(ii) the study of the relaxed energy, and the identification of the relaxed func-
tional in some integral form, when the lower semicontinuity of F' fails.

Minimum problems associated to (1) are named, after De Giorgi, “free
discontinuity problems” since together with a standard volume part we have
a surface energy term, concentrated on (n—1)-dimensional sets. An important
feature of these problems lies in the fact that the support of the surface energy
is not fixed a priori, and is usually an unknown of the problem.
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Let us mention just two of the principal examples of variational problems
that can be described in this setting.

Let us consider an elastic body which under the action of force fields or
subjected to boundary displacements may fracture in some (a priori unknown)
region. Here £2 C R™ is a bounded open domain (n = 3 in the applications) and
represents the reference configuration of the body, and u : 2 — R” stands for
the displacement field. The corresponding energy functional is of the form (1):
f(Vu) is the bulk energy density relative to the elastic deformation outside
the fracture, whereas g(u*,u ™, v) is the surface energy density on the fracture
Su (necessary to produce the crack).

In the framework of Griffith’s materials, the energy necessary to the pro-
duction of the crack is proportional to the crack surface, that is, g(u™,u=,v) =
a; in this case (1) becomes of the special form

F(u) = /Qf(Vu) dx + aH" (S, N 7).

Different models have been proposed to allow an interaction between the two
sides of the crack opening; this can be done by considering, in the isotropic
case, functionals like

u) = ) dx ut —u” n—1
F(u) /wa )d +/Smg<| ) dH

with g(t) — 0 as t — 0 (Barenblatt’s theory).

A second important example of functional of the form (1) is the leading
part of the weak formulation in SBV of the Mumford-Shah functional for the
segmentation problem given by

G(u) = / |Vul|? de 4+ «H™ 1 (S, N 2) + 5/ (u— g)*de.
2\S. ?

As above {2 is a bounded open set in R™, o and /3 are fixed positive parameters,
and g € L*°(£2). When n = 2 and g represents the 2-dimensional image given
by a camera, then the minimization problem associated to G corresponds to
the search for a “smoothed” approximated image u outside the set of contours

Sy

For a detailed discussion of the previous functional and other examples of
variational problems that can be formulated and studied in this setting we
refer to the book by [13], Section 4 and Section 6.

Let us briefly describe the functional framework we have to consider in
order to define in a correct way the functional (1). The natural function space
of weakly differentiable functions allowing the presence of discontinuity sets
is the space BV (£2;R¥) of functions of bounded variation. For every u €
BV((Z;R’“) the quantities Sy, u™, u™,... involved in our above description
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(see Sections 4 and 7) are well defined. Moreover, the measure Du can be
decomposed as

Du=Vul" 4 (ut —uw ) @vH" 'S, + Dou,

where Vu denotes the density of the absolutely continuous part of Du with
respect to the Lebesgue measure, (ut —u~) @ vH" ! L S, is the Hausdorff
part (jump part) and D.u is the so called Cantor part of Du, concentrated on
a L™ negligible set and such that (D.u)(B) = 0 whenever H" !(B) < +oc.
We denote by SBV (§2;R¥) the class of special functions of bounded variation,
i.e., u belongs to SBV(£2;R*) if u € BV (£2;R¥) and D.u = 0. This latter
space is the right environment to define the functional (1). However, there are
significant cases (e.g., if g(a, b, v) behaves like a multiple of |a — b|, for a close
to b) where the domain of the relaxed functional is larger than SBV (see, for
the 1-dimensional case Theorem 13, for then n-dimensional case Theorem 17,
Theorem 21 and Theorem 25).

Let us come now to the plan of these lectures. In the first part (correspond-
ing to Sections 2-4) we recall the basic notation and give the main ingredients
we will use afterwards, such as lower semicontinuity, the direct method of the
Calculus of Variations and relaxation, as well as the notion and properties of
functions of (special) bounded variation.

Then we state some suitable versions of general lower semicontinuity the-
orems and prove relaxation results for functionals of type (1) in dimension
1. These will be subsequently extended to higher dimension as well as for
vector-valued functions.

Finally, let us point out that in the 1-dimensional case the relaxation
results can be proved ’by hand’ whereas in the higher dimensional case one
has to use fine properties of BV functions as the co-area formula. Since such
formula is not available for vector-valued BV -functions, we have to proceed in
a completely different and more technical manner in order to proof the main
relaxation theorem of Section 7 (see also Section 8).

2 Lower semicontinuity - The direct method of the
Calculus of Variations

The direct method of the Calculus of Variations can be summarized in the
equation

’Lower Semicontinuity + Coerciveness => Existence of minimizers‘

meaning that, in order to obtain the existence of minimizers for a certain
functional, it is sufficient to find a suitable topology in which a compact set



82 Anneliese Defranceschi

can be found where a minimizing sequence lies (coerciveness), and at the same
time the functional under consideration is lower semicontinuous.

In this section we recall briefly the notions of lower semicontinuity and
coerciveness, and state the direct method of the Calculus of Variations (for
more details and proofs we refer to the books [33],[27],[23]).

Let X be a metric space, and let R = R U {—o0, +00}. Let F: X — R be
a function; we use the notation {F <t} = {x € X : F(x) < t}. The level sets
{F < t}, {F > t}, {F >t} are defined in a similar way.

Lower semicontinuity

Definition 1. A function F : X — R is said to be (sequentially) lower semi-
continuous (l.s.c. for short) at z, if

S
F(z) < lim inf F(z)

for every sequence (xy) converging to x, or in other words

F(z) = min{lgm_ii_nf F(xp) :zp — x}.

We will say that F' is lower semicontinuous (on X) if it is lower semicon-
tinuous at all x € X.

Remark 1. (i) If F and G are l.s.c. at x, then so is F' + G.

(ii) Let {F; : i € I} be an arbitrary family of L.s.c. functions. Then F(z) =
sup F;(z) is Ls.c.
iel

(iii) If F = 1 is the characteristic function of the set E (see (6)) then F
is L.s.c. if and only if E is open.

Coerciveness condition

Definition 2. We say that a subset K of X is (sequentially) compact if every
sequence in K has a subsequence which converges to a point of K, i.e.,

V(zp) C K Jre K, 3(xp,) :xn, — .

Definition 3. A function F : X — R is (sequentially) coercive if {F <t} is
compact in X for every t € R, i.e., the closure of {F < t} is compact in X
for every t € R.

We are now in a position to describe Tonelli’s direct method for proving
existence results in the Calculus of Variations.

Let F: X — R be a function. A minimum point (or minimizer) for F in
X is a point z € X such that F(z) < F(y) for every y € X, i.e.,

F(z) = inf F(y).
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A minimizing sequence for F in X is a sequence (z,) in X such that

S FW) =l Flan)

Direct method - (Weierstrass theorem)
Theorem 1. Let F : X — R be coercive and lower semicontinuous. Then

(i) F has a minimum point in X.

(i) If (zp) is a minimizing sequence of F' in X, and x is the limit of a
subsequence of (xp,), then x is a minimum point of F in X.

(i) If F' is not identically +oo, then every minimizing sequence for F has a
convergent subsequence.

3 Relaxation

Let F : X — R be a coercive functional, but not lower semicontinuous. In
general we can not say that F' has a minimum point on X.

Therefore we study the notion of relaxation, which allows to describe
the minimizing sequences of functionals that are not lower semicontinuous
in terms of minimum points of suitable lower semicontinuous functionals; in
other words, we associate to F a functional denoted by F, which admits a
minimum on X and has the following properties:

. . F — . f F .
(i) min F(z) = inf F(z); B
(ii) the minimum points for F' are the limits of minimizing sequences of F,

and every minimizing sequence of F' has a subsequence which converges
to a minimum point of F.

Definition 4. Let ' : X — R. The lower semicontinuous envelope (or relaxed
function) F of F, denoted also by sc™F, is the greatest lower semicontinuous
function less than or equal to F, i.e., for every x € X

F(x) =sup{G(z): G: X - R, G is Ls.c., G < F}. (2)
By Remark 1 (ii) we have that (2) gives a lower semicontinuous function.

Let us point out that the function F can be characterized in terms of sequences
as follows: for every x € X

F(z) = mln{l}:mmfF(xh) DX — a:}

——+00
= min{hli)rfoo F(zp) : xp — x,and 3 hli)gr_loo F(zp)}. (3)

We consider now the connection between the minimum problem mi)r(l F(x)
re

and the relaxed problem Hli)I(l F(x). In particular, the following theorem de-
re

scribes the behaviour of the minimizing sequences of F' in terms of the mini-
mizers of F.
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Theorem 2. Let F : X — R be coercive. Then the following properties hold:

(i) F is coercive and lower semicontinuous;
(ii) F has a minimum point in X ;
oo . F — . f F .
(iti) min F(z) = inf F(z); B
(iv) the minimum points for F are exactly all the limits of minimizing se-
quences of F.

Remark 2. For functionals of the form
F(u) = / f(z,u, Vu) dz (4)
I}

defined on some Sobolev space WP (£2) (p > 1) the direct method introduced
in Section 2 is useless whenever the integrand function f has linear growth of
the type

2] < flz,u,2) < c(1+|z]). (5)

Indeed, even if f satisfies all assumptions of the lower semicontinuity theorems,
the coerciveness condition fails because the sets

U Lp : u| dx
{ue Wwhr(92) /Q|V|d <t}

are not sequentially relatively compact on WHP(£2) endowed with its weak
topology or with the strong LP-topology.

For this reason it is convenient to consider a space larger than WP (§2) in
order to define functionals with linear growth in the gradient. This space will
be the space BV ({2) of functions with bounded variation.

Working with the space BV (£2), from (5) it follows that every minimizing
sequence (up) of F' will be bounded in BV (§2) and converges therefore, up
to a subsequence, in L' to a BV function u (using a compactness theorem
on BV (£2)). It is then natural to extend the functional F' by relaxation with
respect to the L!-topology to BV (£2) (for the relaxed functional F' we have
then lower semicontinuity and coerciveness!). The main problem is then to
find a representation formula for F. This problem has been studied by many
mathematicians.

The aim of these lectures (see Sections 5-8) is to show how to tackle with
the problem of representation of F, when F has not only the volume part
(i.e., is not only of the form (4)), but has also a surface energy term in its
natural setting of BV functions.
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4 Preliminaries. Functions of bounded variation and
special functions of bounded variation

4.1 Notation

Let us collect here briefly some notation used frequently in the following sec-
tions. If some notation is used only “locally” we will it introduce near to its
use.

Let n,k € N be fixed. We shall denote by I an open interval of R, and by
2 a (bounded) open subset of R™. Let us denote by A({2) (resp. B({2)) the
family of the open (resp. Borel) subsets of 2. We shall use standard notations
for the Sobolev and Lebesgue spaces WP (§2;R¥) and LP(£2; R¥). When k = 1,
we shall drop the target space R in the notation, and write just WP (£2),
LP(£2), and so one. In particular we will denote by ||u||, the LP-norm of a
function w in LP(£2).

The Lebesgue measure and the (n — 1)-dimensional Hausdorff measure
in R™ will be denoted by L™ and H"~!, respectively. We shall use also the
notation |E| for L™ (FE), the Lebesgue measure of a measurable set £ C R™,
and # for H°, the counting measure.

Let us point out that | - | will be used also to denote the usual euclidean
norm on R™ or the total variation of a measure (see below). The correct
interpretation will be clear from the context or will be explained otherwise.
We will denote by (-, ) the usual scalar product on R™.

Let X be a set, and F C X ; we define the characteristic function of E as

lifze E
1E<Z)_{Oifz€X\E, ()
and the indicator function of E as
0 ifzek
XE(z)_{+ooifz€X\E. @

If N > 1is an integer, then ¢ : RN — [0, +o0] is positively homogeneous of
degree one if p(A\E) = A\g(€) for every A > 0 and for every & € RV,

Let f : RV — [0,40c] be a convex function. We define the recession
function f> of f as

(e = tim 1)

JUS) N
dm for every £ € R™. (8)

It is well known (see [43] that this limit exists, and that f°° is a Borel function,
which is convex and positively homogeneous of degree one. If f(0) = 0, then
() < (&) for every & € RY. Indeed, by the convexity assumption of f we
get for £ € RY and ¢ >0

F© = F(5 + - 00) < e
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and by passing to the limit as t — +o0 we get f(§) < f>(£).

If $ : RN — [0, +00] is a Borel function, then we denote by ¢** the convex
and lower semicontinuous envelope of ¢, i.e., the greatest convex and lower
semicontinuous function less than or equal to ¢ (see, for instance, [36]). If ¢
is finite and continuous then the following equality holds

N+1 N+1 N+1

¢ () =imf{ > Nd(&): X =0,> Ni=1,) &=¢}
=1 1=1 =1

for every £ € RV,

Let 6 : R — [0, +o00[ be a subadditive function, i.e., (z+y) < 8(x)+6(y)
for every x, y € R. Assume 6(0) = 0. We can define the function ° : R —
[0,+00] (see, for instance, [15]) by

0°(z) = lim b(t2) = sup b(t2) .
t—ot ¢ t>0 t

(9)

The function 6° is convex, subadditive, and positively homogeneous of degree
one (it follows that 6°(z) = 26°(1), where 0°(1) is the slope (from the right-
0(tz)

>

hand side) of @ in 0). Moreover, §° > 0 (it follows easily by 8°(z) = sup
>0

0(1z)).

The letters ¢, ¢/, ..., cq,... will denote always a strictly positive constant,
whose value may vary from line to line, and is always independent of the
parameters of the problems considered each time.

4.2 Measure spaces

Let us recall first the main definitions of measure theory and collect the main
results we will use later.

Definition 5. A function p : B(2) — RY is a (vector) measure on 2 if
w(0) =0 and if it is countably additive; i.e.,

B=|JB: BinB;=0 ifi#j = pu(B)=>_ u(Bi).
1€EN 1€N

The set of such measures will be denoted by M(£2;RYN). If no confusion may
arise, we denote by p; (i =1,...,N) the components of .

We say that a measure is a scalar measure if N = 1, and that it is a
positive measure if it takes values in [0,4o00]. The sets of scalar and positive
measures will be denoted by M(£2) and My (§2), respectively.

A function p : B.(2) — RN (B.(2)= family of Borel subsets of 2 with
compact closure) is a Radon measure on 2 if u|p(qoy is a measure on £2
for all 2 ccC 2. As above, we will speak of scalar and of positive Radon
measures.
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If w € M(£2), LP(82, ;RN is the space of RN -valued p-summable func-
tions with respect to u on 2 (when p = L™ we omit it; see above).

If p € M(£;RY) and B € B(R2), we define (u L B)(A) = n(BnN A) for
A € B(2). We have that u L B € M(2;RY).

If p € M(2;RYN) for all B € B(£2) we define the total variation of u on
B by

|u|(B) = sup{z |u(B;)| : B = U B; , B; pairwise disjoint} .
i€N ieN
The set function |u| is a positive finite measure on 2 (see [13], Theorem 1.6).
The support of u € M(2;RN) is defined as
sptu = {x € 2 :|u|(By(z)) >0 VB,(z) C £2}.

Definition 6. Let u € M (2) and X\ € M(2;RN). We say that X is ab-
solutely continuous with respect to p (and we write A < ) if |A\|(B) =0 for
every B € B(£2) with u(B) = 0.

We say that X is singular with respect to u if there exists a set E € B({2)
such that u(E) =0 and |[M|(B) = 0 for all B € B(£2) such that BNE = (we
say that X\ is concentrated on E).

Remark 3. 1If f € LY(92,1;RY) and p € M(£2) then we define the measure
fue M(2;RY) by

fu(B)= [ fau.
B
We have that fu < |u|. Moreover |fu| = |f]|ul-

Theorem 3 (Radon-Nikodym). If A € M(£2;RN) and u € M, (£2), then
there exists a function f € LY(2,1;RN) and a measure s, singular with
respect to u, such that

A=fu+As, with f(z) = ph%l+ m for p-a.e. x € £2.
- L (x

This will be called the Radon-Nikodym decomposition of A with respect to u,
and the function f (given by the Besicovitch derivation theorem (see [13]))

dA
the Radon-Nikodym derivative of \ with respect to u, and denoted by e
m

Remark 4. From the previous theorem we get the following results:

(a) If A < p, then A = f u for some f € L1 (2, ;RY);
(b) Since A < |A| there exists v € L'(£2,|A[; RY) such that

A=v|A].

Since |A| = [V|A]| = |v||A\] we get that |v] =1 |A]-a.e. on {2
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Let us consider the space Co(£2;RY) of all continuous functions from 2
into RY which vanish on the boundary; that is, ¢ € Co(§2;RY) if Ve > 0 there
exists a compact set K. C {2 such that |¢| < € on £2\ K.. By Riesz’s theorem
we get M(£;RY) = Co(2;RYN) with the duality (i, ¢) = [, ¢ du so that

() = sup{/Q du: € Co(2RY), e <1}

The usual weak* topology on M (£2;RY) is defined as the weakest topology

on M(§2;RY) for which the maps u ¢ dp are continuous for every
0

¢ € Co(2;RN).

4.3 Functions of bounded variation

We begin this section with the most common definition of BV (£2), based on
the existence of a measure distributional derivative.

Definition 7. Let u € L'(§2). We say that u is a function of bounded vari-
ation on 2 if its distributional derivative is a measure, i.e., there exists
€ M(£2;R™) such that

0
/u¢m:—/¢@i Vo € CL(0).
o Ox; o}
We denote = (g1, ..., ptn) = Du and its components by D,;u. The vector
space of all functions of bounded variation in {2 is denoted by BV (2). Recall
that C}(£2) denotes the space of C'! functions with compact support in §2.

Note. The Sobolev space Wh1(2) C BV(£2); indeed, for any u € Whi($2)
the distributional derivative is given by VuL", and |Du|(2) = [, |Vu|dx.
The inclusion is strict: there exist functions v € BV ({2) such that Du is
singular with respect to L" (for instance, the Heaviside function 1 10,
whose distributional derivative is the Dirac measure dy).

One of the main advantages of the BV space is that it includes, unlike
Sobolev spaces, characteristic functions of sufficiently regular sets, and more
generally, piecewise smooth functions.

The following approximation result is useful since it often enables to re-
strict the proofs to smooth functions.

Theorem 4. [Approzimation by smooth functions] Let uw € BV((2). Then
there exists a sequence (up) C C°°(£2) such that up, — u in L'(2) and
[ Dun|(£2) — |Dul(£2).

Theorem 5. The following statements are equivalent:

(i) we BV (2);
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(ii) u € L'(£2) and the total variation of u on §2
V(u,2) = sup{/ udivgdz : g € CLH2;R™), |9l < 1}
17}

s finite;
(i) there exists a sequence of functions (up) in C°(£2) such that up, — u in

LY(2) and limsup/ |Vup| de < +o0.
h—+oo JN

Note. It turns out that V(u,§2) = |Dul|(§2); motivated by this fact, also
| Du|(£2) will be sometimes called the variation of u in 2.

Note. BV (£2) endowed with the norm ||u||py = ||ull1 + |Du|(£2) is a Banach
space.

Definition 8. Let u,up € BV (£2). We say that (up) weakly* converges in
BV () to u if (up) converges to u in L*(§2) and (Duy,) weakly* converges to
Du in §2, i.e.,

lim / qSDuh:/ ¢ Du Vo € Co(£2).
h—4o0 0 0

A simple criterion for weak* convergence is stated in the following propo-
sition.

Proposition 1. Let (up) C BV(£2). Then (up) weakly* converges to w in
BV () if and only if (up) converges to u in L*(£2) and (up) is bounded in
BV ().

Remark 5. If up, — u in L1(£2), then |Du|(£2) < 1}3m+inf |Duy|(£2).

As stated in Section 3 (Remark 2) the following compactness theorem
for BV functions is very useful in connection with variational problems with
linear growth in the gradient. Since the Sobolev space W'! has no a similar
compactness property this provides also a justification for the introduction of
BV spaces in the Calculus of Variations (besides the necessity to handle in
certain problems with possibly discontinuous functions).

Theorem 6 (Compactness in BV). If (uy) C BV (§2) and sup ||un|py <
heN

+00, then there exists a subsequence of (up) converging in L (£2) to some
u € BV (92).

If 2 is an open set with compact Lipschitz boundary we can say that the
subsequence weakly* converges to u.
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4.4 Sets of finite perimeter

Definition 9. We say that a set E C R™ is a set of finite perimeter in {2 if
1 € BV(0); that is, if

sup{/ divgdz: g € CLHULR™), |9l < 1} < +o0.
E

This quantity |D1g|(£2) is called the perimeter of E in 2.

Remark 6. If E C R™ and OF is piecewise C!, then |D1g|(£2) = H* 1(OE N
2). If E is of finite perimeter in 2 and C' C §2 satisfies H"~1(C) = 0, then
|Dxe|(C) =0.

Let E be a set of finite perimeter in (2. The De Giorgi’s reduced boundary
of F, denoted by 0*FE, is defined by

9*E = {x € spt|D1g|: 3 lim D1g(By()) . v(z) € "1,
p

25 1D1p(B, (@)
The function v : 9*E — S™ 1 is called the interior normalto E (S"~! denotes
the unit sphere in R™).

A set S C R™ is rectifiable if there exists a countable family (I7;) of graphs
of Lipschitz functions of (n — 1) variables such that H"~!(S\ U2, I;) = 0.

Theorem 7 (De Giorgi’s Rectifiability Theorem). Let E be a set of
finite perimeter in (2. Then

(i) O*E is rectifiable;
(ii) |D1g|(B) = H" 1(0*E N B). In particular, H""1(0*E) < +o0;
(iii) D1g = vH" ' L 9*E.

Theorem 8 (Co-area formula for BV functions). If u € BV ({2), then
the sets {u >t} are of finite perimeter for a.e. t € R and

+oo
|Du|(£2) = H" Y0 {u>t}N2)dt. (10)
Note that this formula holds for all open sets A C (2 in place of {2, and
since both sides define finite measures, we have
+oo
|Du|(B) = H" Y0 {u >t} N B)dt

—0o0

for all Borel sets B C {2, by regularity.
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4.5 Structure of BV functions. Approximate discontinuity points
and approximate jump points

Definition 10. Let u € L{ (£2) and x € 2. We say that u has approximate

loc

limit at = if there exists z € R such that

1
lim 7/ lu(y) — z|dy =0.
p—0t |By(z)| B, (x)

The set S, where this property fails is called approximate discontinuity set
of u. z is uniquely determined for any point x € 2\ S, and is called the
approximate limit of u at x and denoted by u(x).

If E is a set of finite perimeter, we get
O'ENN=5,Nn1%0.
If v € S"~1, we split any ball B,(z) into the two halves

Bf (2,v) = {y € B,(x) : {y — 2,v) > 0}

B (z,v) ={y € By(z) : (y — x,v) <0}.

Definition 11. Let u € L{ (£2) and x € 2. We say that x is an approximate
jump point at u if there exist a,b € R, and v € 8"~ such that a # b and

1

lim ———— u(y) —aldy =0,
8 TBF ] Jig o TN

1
lim _7/ lu(y) —bldy =0.
p—0% [By (2, V)| /B (@)

The set of approximate jump points (or jump set) of u is denoted by Jy,.

The triplet (a,b,v) which turns out to be uniquely determined up to a
permutation of @ and b and a change of sign of v, is denoted by (u*(z),u™ (z),
vy(x)). On 2\ S, we set ut =u~ =u.

Let u € BV(£2). By the Radon-Nikodym theorem (Theorem 3) we set
Du = Dyu + Dgu, where D,u is the absolutely continuous part of Du with
respect to the Lebesgue measure and Dgu is the singular part of Du with
respect to L™. If Dju = Dul_ S, is the jump part of Du and D.u = Dgul (£2\
S.) is the Cantor part of u we can then write

Du=D,u+ Dju+ D.u.
We have that |D.u|(B) = 0 for all Borel sets B such that H"~(B) < +oco.

Theorem 9 (Structure of BV-functions). Let uw € BV ({2). Then
(i) the set S, is rectifiable and H"~1(S, \ J,) = 0.
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(i) Moreover,

dD,u
Dyu =

YT e

=Vul"

Dju = (ut —u )y, H" 1 L J,

and v, () gives the approzimate normal direction to J, for H" 1 a.e.
x € Jy, (Vu denotes the density of Dyu with respect to L™). Finally, we
have

] [uly) = ula) = (Vu(z)y =), _
S B o o= vt

for a.e. x € 2 (approximate differentiability of u a.e. on £2).

Note: Since for every u € BV(§2) we have H" (S, \ J,) = 0, we will
“identify” S, and J,.

4.6 Special functions of bounded variation

The space SBV({2) can be defined as the space of the functions u € BV (£2)
such that D.u = 0. We have then

Du=VL"+ u"—u )y,H 'LS,.

It turns out that SBV({2) contains the bounded “piecewise” Sobolev func-
tions. More precisely, if (2 is bounded, K is a closed subset of R™ with
H" Y (KNN) < +ooand u € L>®(2) with u € WH(2\ K) then u € SBV(£2)
and H"~1(S, \ K) = 0.

For a thorough treatment of BV functions we refer to [13], [19].

4.7 BV (SBV) functions in one dimension

If w € BV (a,b) then it can be easily seen that there exists a constant ¢ such
that

u(x) = ¢+ Du(a, x)
by differentiating both sides of this equality in the sense of distributions.
Moreover, the right-hand side and the left-hand side limits

1 [tth

u(t+) = hEIg1+ E/t u(s) ds u(t+) =u*
1/t

u(t—) = Jm /t_h u(s) ds u(t—) =u~

exist at all ¢ € [a,b] and ¢ € ]a,b], respectively. Finally, u(t+) = u(t—) if
[Dul({t}) = 0.
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If M(I) is the space of all Radon measures on I with bounded total varia-
tion and given ¢y € [a,b] and ug € R (see above) there is a 1—1 correspondence
between M (1) and the subspace {u € BV (I) : u(to+) = uo} given by p — w,,

where
" uo — p(]t, to]) otherwise.

In treating functions in BV (I) (for instance, in Section 5) we define sometimes
functions in BV(I) by simply describing their measure derivative and the
value u(to+) at some point ¢y € [a,b| (or equivalently u(tp—)) at some point
to € ]a, b]

The space SBV (I) reduces to the set of functions u in BV (I) such that
their measure first derivative, denoted in this case by 1, is of the form

o0
U= g dt + 1 = i dt + Y ardy,

k=1
o]

where t;, € I, ai € R, Z |ak| < 400, and d; is the Dirac measure at t. We
k=1

get ap = u(ti+) — u(ty—).
Moreover, we will often express integration on S, as a summation: for
example

/ (1) — u ()] (1) = / fu(t+) — u(t—)| d(t) =
SN2

Su.N2

= 3 Jult) —ult-)l.

teS,Ne2

5 Lower semicontinuity and relaxation in one dimension

5.1 A characterization of l.s.c. for functionals defined on SBV (I).
Relaxation on BV (I)

Lower semicontinuity conditions for general functionals defined on SBV take
a complex form, due to the possible interaction of the Lebesgue part and the
jump part. In this section we state a simplified version of a more general lower
semicontinuity theorem in dimension one (see [19], Thm. 2.6).

Theorem 10 (Characterization of l.s.c. for functionals defined on
SBV(I)). Let f : R — [0,+00[ be conver and

. f|(z|) = +00 (i.e., f is superlinear at 0o). (11)
z|—4o0 |2
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Let 0 : R x R — [0,+00[ satisfy infd > 0. Let I C R be a bounded open
interval. Then the functional F' : BV (£2) — [0, +00]

ra -4 flug) dt + t;u O(u(t+),u(t—)) if ue SBV(I), 12)
+00 ifue BV(I)\ SBV(I)

is lower semicontinuous with respect to the BV —w* convergence in BV (I) if
and only if 8 is lower semicontinuous and 0 is subadditive, i.e.,

O(x,y) <0(x,2)+0(z,y) Vr,y,z € R. (13)

Remark 7. Condition (11) can be substituted by the following one: there exists
¢(2)

a convex function ¢ : R — [0, +oo[ with lim = =400 and f(2) > ¢(z)

|z]|—+o00 |Z‘

for every z € R.

Remark 8. By the superlinear assumption (11) and the convexity of f we get
easily that
F(2) = |2l — e (14)

for some suitable constant ¢ > 0. If 6(z,y) > a|z — y| for a > 0, z,y € R,
then the above lower semicontinuity result in BV — w* is equivalent to lower
semicontinuity of F with respect to the L!-convergence in BV (I). Indeed,
under the above assumptions we get that

F(u) z [a|(I) =,

for some suitable constant ¢/ (by Theorem 6, this estimate implies that L!
convergent sequences converge, up to a subsequence, weakly* in BV (I)).

Remark 9. Let us consider the special case of § when

0(z,y) = p(r —y)

with ¢ : R — [0, 400[. Then @ is subadditive, i.e., satisfies (13) if and only if

plet+y) <pl@)+ely)  Yr,ycR. (15)
If o satisfies (15) we will again say that it is subadditive.
Examples:
(i) Let ¢ : [0, 4+o00[ — [0, +00[ be concave. Then it is subadditive.
(ii) It can be easily shown that the functions |sinz|, arctan |z|, min{|z|,1}
define subadditive functions.

(iii) Let ¢ : [0, 4+00[— [0, 4+o00[ be concave and non-decreasing. Then ¢(z) =
©(]z]) is subadditive on R.
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Guided by the semicontinuity result above we can now state a relaxation
result on SBV(I) (see [21], Prop. 5.4). We shall focus our attention on the
behaviour of the jump-part energy.

Theorem 11 (Relaxation in SBV(I) - no interaction of bulk and
jump-part energy densities). Let f : R — [0,+00[ be a convex function,
f(0) =0 and

|22 —c < f(2) <1+ |2]?) Vz € R. (16)

Let 0 : R x R — [0,+00[ be a Borel function satisfying
infd > 0, O(z,y) > | —yl. (17)
Let F : BV(I) — [0,4+00] be the functional defined by

/f(ua)dt+ " 0(u(t+),ult-)) if ue SBV(I), #(5.) < +oo,
F(u) = I tes,
+00 otherwise on BV (I).
(18)
The relaved functional with respect to the L*(I)-topology, denoted by F, can
then be written as

Flia)dt + Y subO(u(t+), u(t-)) if u € SBV(I), #(S.) < +o0,
I
+00 e otherwise on BV (I),

Flu) =

- (19)
where sub 0 is the greatest lower semicontinuous and subadditive function less
than or equal to 0 (see (20), (21) and Proposition 3 below).

Note. We can substitute |z|? in the growth condition f(z) > |z]? — ¢
with any convex function growing more than linearly at infinity, with minor
modifications in the proof.

Remark 10. Let F denote the relaxed functional of F with respect to the L!-
topology on BV (I). Then F(u) < +oco only for functions u € SBV (I) with
#(S,) < +oo. Indeed, let u € BV (I) such that F(u) < +o0. By definition of
relaxation, there exists a sequence (up,) C BV (I) such that (up) converges to
win L' and F(u) = hlir+n F(up) < +00. By our assumptions on f and 6 we

get up, € SBV(I),#(Su,) < ¢, ||lunllBv < ¢, ||(un)allr2 < ¢. The compactness
and the lower semicontinuity theorem on SBV (I) (see Proposition 2) ensures
that w € SBV(I) and #(S,) < +o0.

Remark 11. By our assumptions on f and 6 (note f has superlinear growth
at infinity, and inf @ > 0) the relaxation process does not create interaction
between the bulk energy and the jump-part energy density. Furthermore, by
(16) and (17) we have F(u) > |4|(I) — ¢’ : hence it is equivalent to consider
sequences converging with respect to the L'(I)-topology or with respect to
the BV — w* topology.
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Remark 12. A generalization to higher dimension of this result (under some
further technical assumptions) can be found in [20], Prop. 7.1.

Before we start with the proof of Theorem 11 we state a compactness and
lower semicontinuity result on SBV(I). Moreover we give some attention to
the notion of sub# and state some of its properties (useful for the proof of
Theorem 11). Their proofs and some examples will be given in the Appendix
A.

Proposition 2. (Compactness and lower semicontinuity theorem in
SBV(I)) Let (up) be a sequence in SBV (I) such that

|unllBv <c, [(@n)allze < c, #(Su,) < c.
Then (possibly passing to a subsequence) there exists u € SBV (I) such that
up, = uwin BV —w*, and (iup)e — g in L*(I).

Moreover, #(S,) < lhimJirnf#(Suh). Furthermore, if  : R x R — R is lower

semicontinuous and subadditive (i.e., 0 satisfies 13), then

Z O(u(t+),u(t—)) < liminf O(up(t+), un(t—)) .

h
teS, T s,

A proof of this result can be found in [21], Prop. 5.1. A more general SBV
compactness theorem can be found in [19] (see also [8] and references therein,
and [3]).

Definition: The subadditive envelope sub @ of ¢ : R x R — R is the greatest
subadditive function less than or equal to ¢.
It is easy to check that sub¢ € RU {—oo} is given by the formula

sub ¢(z,y) = inf{z O(Th, To—1) 1 To =Y, T =x,m=1,2,...} . (20)
k=1

Definition: Given a function ¢ : R x R — [0, 4o00[ we define the function
sub¢g: R x R — [0, +o00[ by setting

Sub (2, y) = sub(sc~#)(x,y) (21)
where sc™ ¢ is the lower semicontinuous envelope of ¢ (see Definition 4).
Proposition 3. Let ¢ : R x R — [0, 400[ be a function such that
inf¢p >0, d(x,y) > |x —y| Vz,y eR.

Then
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(i) mfGbe) >0 and Sub(z.y) > |z —y| Ve R;
(ii) sub ¢ is the greatest lower semicontinuous and subadditive function less
than or equal to ¢.

Proof of Theorem 11. Without loss of generality let us fix here I = ]0,1[. Let
H : BV(I) — [0,400] be the functional on the right-hand side of (19), i.e.,

Hu) = /If(ua) dt + tezsu sub @(u(t+),u(t—)) if w € SBV(I),#(S,) < 400,
+00 otherwise on BV (I).

We have to show that F(u)= (relaxed functional of F with respect to the
L'-topology)= H(u) for every u € BV (I).

Step 1. H(u) < F(u) for every u € BV(I). Since we have H(u) < F(u)
for all u € BV(I), it is enough to show that H is L'-lower semicontinuous
on BV(I). Let u € BV(I) and let (u;) converge to u in L'(I) such that

hlirf H(up) < +o0o. Hence we can suppose (up) C SBV(I). Since f(z) >

2|2 — ¢, and subf(z,y) > |z — y| we get then
[(@n)alle < c and lurllBy < c.

Let us remark that infsub# > 0, and hence we have also

H
#(Su N < 20 o
inf sub @

By applying Proposition 2 we get u € SBV(I), #(S, NI) < +oo and

t;:u sub 0(u(t+),u(t—)) < ggilgtesu}l sub 0(up (t4), up (t—)) . (22)

Furthermore we can suppose (i), — (), in L*(I). Our assumptions on f
then imply (see [33], Ex. 1.22, Ex. 1.23)

[ stiayar < timing [ g(Gin)a)ar. (23)
I I

— 400
By (22) and (23) we get H(u) < hlirf H(up,).
Step 2. H(u) > F(u) for every u € BV(I). By Remark 10 it is enough to
prove the above inequality for uw € SBV (I) with #(S,) < +o0o. We have now
to show that for every u € SBV(I) with #(S,) < +oo we can build up a
recovery sequence (up) such that

up —u in L*(I)

and
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H(u) > liminf F(up,) .
h—4o00

We can study the case of a single jump without losing in generality. We can
suppose u € SBV(I) and

s = (u(tot) — u(to—))ds,

for some ty € I. By the definition of sub#@, for every h € N there exist real
numbers al,al, ..., a’](,h and bl bE .. b?vh such that we have

1 1 1
b = ulto=) < 7, lak, —ultot)| < 550 Wh-all< o (24)

for every j =1,..., Ny and

Sub O(u(to+), ulto—)) + = > 3 6(al, b1 (25)

>

By our assumptions (17) on 6, the inequality (25) implies that

Nh § C
and
Np,
D laj —bj <e.
=0

We can suppose that N, = N independent of h € N. Let us fix M € N such

that
1 1

M,to-i-ﬂ[ c I.

Jto —

1 N
For every h > M N (so that U ﬁ) we define u, € SBV (I) by setting

N
up(04) = u(04) and 4 = wi(t)dt + Z(a? — b?ﬁ(m—%) ,
j=0 ’

where
T1q (1) it <ty — —
a 01 M
Uq () + 7240 (bh — u(to—) if to—q7 St<to—
N—-j+1
(b — ah_,)h it tg— =2 <yand
wh(t): N—@
t<tg——=> 1<j<N
1
g (t) + M (u(to+) —al) if to <t <to+ g7
1
g (1) if t>to+ —

M
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N
(obviously wy, € LY(I'\ Sy, ) and | (1) s| = Z |a? - b?| < 400). Remark that
j=0
up(t) = u(t) outside Jtg — =7, to + 5[ for every h. Moreover, tg — & — ¢, as
h tends to +oo and (wy,) converges to i, on ]t — 37, to + 37 We then have

up, — uw in LY(I)

Fw) = [ ftan)a)de+ [ flin)a) dt+
I\[to— 77 to+37] lto— 37 to+ 7 [

+ D Oun(t+), un(t-))

tESu;L

N
/ f@ e+ [ Flwn)dt+ 3 0(a?, b))
I\[to— 77 to+ 7] Jto— 47 -to+ 37| j=0

IN

/ F((i)a) dt + / f(wn) di+
I\[to— 77 :to+ 7] Jto— a7 to+ar [

+sub f(u(to+), u(to—)) + + .
(26)
Now

to—% to
/]to—A},tOJWl,[f(wh)dt:/t f(ua+5(h))dt+/ f(e'(R)) dt+

L to— N
071 0™ R

to+4r
+/ flig +€"(h))dt,

to
where e(h), €’(h) and €”(h) are functions which vanish as h tends to +oo
(recall (24)); by continuity we get

lim Fuwn) dt = / F(ia) dt.
h—+o0 lto— 27 ,to+ 27 [ Jto— 27 to+ 37 |
Hence, by passing to the limit in (26) we get
lim sup Fuy) < / Flita) dt + 505 0(u(to+), ulte—)) = H(u).
h—4o00 I

It is clear that in the same way we can treat the general case of more then
one jump. 0O

Remark 13. Let us note that in the previous proof Step 1 (that is H < F) has
been proved using a lower semicontinuity result in SBV(I) (see Proposition
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2) whereas Step 2 (that is H > F) has been shown building up a “recovering”
sequence. As we will see, this scheme will be used more in general as far as the
first step is concerned, while for Step 2 we have in general (see Section 7 and
comments in Section 8) to proceed in a completely different, more technical
manner.

5.2 A sufficient condition for l.s.c. for functionals defined on
SBYV (I). Relaxation in BV (I)

Let us state the following semicontinuity theorem for a functional F' like (12)
where the assumption on 6 to satisfy inf 6 > 0 is dropped, but a condition of
superlinearity at the origin is added (see [5]; see also [19]). Subsequently we
will prove a relaxation result when possibly inf6 = 0 and no superlinearity
condition at the origin is assumed.

Theorem 12 (Lower semicontinuity - superlinear growth conditions
for the bulk and jump-part energy densities). Let f : R — [0, +o0] be
convex and

f(z)

‘ ‘hm T = +00 (i.e., [ is superlinear at co). (27)
zZ|—4o0 z

Let 6 : R — [0, +00] be lower semicontinuous and subadditive (see (15) and

0
Qi |(Z|) = +00 (i.e., 0 is superlinear at 0). (28)
z|— z
Let I C R be a bounded open interval. Then the functional F : BV (I) —
[0, +00] defined by

Flu) = /If(ua)dt + tezsju O(u(t+) —u(t—)) ifue SBV(I),
oo if u € BV(I)\ SBV(I)
(29)

is BV —w* lower semicontinuous on BV (I).

Remark 14. Let us note that the hypotheses on f and 6 imply that f(z) >
|z| — ¢, and 6(z) > |z| — ¢’ for some suitable non-negative constants ¢ and ¢'.
Since in general ¢ # 0, we get

F(u) > [al(I) — ¢#(Se N ) — ¢ (30)

For functionals satisfying (30) it is in general not equivalent to consider se-
quences converging with respect to the L'-topology or with respect to the
BV — w* topology (u € BV (I) or u € SBV(I) does not imply #(S, N1I) <
+ool).
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Remark 15. We can take for example 0(z) = +/|z|, z € R; more in general,
every function 0(z) = ¢(]z]), z € R with ¢ : [0, +00[ — [0, +00[ concave, non-

decreasing and lim M
z—0t 2

Remark 9 Example (iii)). In particular, 8(z) = ¢ € R can be considered. In the
higher dimensional case this result can be found in [5]. A lower semicontinuity
result with respect to the L!-topology for functionals of the form (29) with
0 =0(t,z) =1+a(t)|z|, and a : I — R strictly positive and continuous, can
be found in [30].

= +o0 satisfies the hypotheses of Theorem 12 (see

Note: The function 6(x,y) = |x — y| does not fit the assumptions of Theorem
10 (indeed inff = 0) as well as the function §(z) = |z| does not satisfies
hypothesis (28) of Theorem 12.

The following theorem deals then with the “linear” case, and no superlin-
earity conditions for f are required.

Theorem 13 (Relaxation in BV (I) - “linear” growth case: interaction
between bulk and jump-part energy densities). Let f : R — [0, +o0[
be convex such that f(0) = 0, and let I C R be a bounded open interval. Let
F:BV(I) — [0,400] be the functional defined by

F(u) = /If(“a)d” > Jult+) —u(t=)| if ue SBV(I),

teSy
+o0 otherwise on BV (I).

(31)

The relaved functional with respect to the L'(I)-topology, denoted by F, can
be written as

Flu) = / Fliia) dt + / ?m(@—;) il weBV(), (32

where F(z) = (f(2)A|z])** for every z € R and F (2) is its recession function.

Remark 16. Note that the right-hand side of (32) is defined on the whole
BV (I). Recall that s

] denotes the Radon-Nikodym derivative of 1 with re-
Us

spect to |is| and that we use the notation /h(m) |iis| instead of / h(z) d|ts].
I I

Remark 17. Let us point out that the energy densities which appear in the
integral representation (32) take into account simultaneously both the bulk
energy density f(z) as well as the jump-part energy density 6(z) = |z|.

If we take now f and 6 as in Theorem 13 we have immediately 8°(2) = 0(z)
(see (9). Moreover (see (83))

F(2) = (f(z) N0°(2))™
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and e L
[ (z) =sub (f*(2) A0(2)).

We will notice briefly the competition between the functions f and € in order
to find a “right energy balance”: the function f will be preferred with respect
to the function 6 if § has a fast growth for small z (that is, regularity will be
preferred instead of small jumps); on the other hand, if the function f grows
more than linearly at infinity the function 6 should be selected (that is, fast
growth of the functions will be replaced by jumps).

Example 1. Take f(z) = 2% ; we get easily that

o= {7, <

|z — 1 otherwise,

and

?oo(z): lim ()

t——+400 t

= [2].

In order to prove Theorem 13 we shall need the following results (stated
here for our convenience in dimension 1) about relaxation in BV and W11,
due to Goffman and Serrin, and Buttazzo and Dal Maso, respectively.

Theorem 14. ([39]) Let V : R — [0, +0oo[ be a convex function such that
0<V(z) <c(l+]7]).

Let E: BV(I) — [0,400] be the functional defined by

B /IV(ua)dt ifuc WD),
+00 if u € BV(I)\ Wh(I).

Then the relaxed functional of E with respect to the L'-topology is given by

B(u) :/V(ua)dt+/V°°( s Y L) (33)

1 I [ihs
for every u € BV (I).
Theorem 15. ([28]) Let V : R — [0, +oo[ be a Borel function such that
)z —e2a <V(z) <e(l+|z]).
Let E: WH(I) — [0, 4+00] be the functional defined by

Viig)dt if ue CHI) N WE(T),
B~ | [V fuecimnwii
+o0 otherwise on WH(I).
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Then the relaxed functional of E with respect to the L'-topology is given by
E(u) = /V**(ua)dt (34)
I

for every u € WH(I).

Proof of Theorem 18 (see [30], Theorem 3.1, and [21], Section 4). Let H :
BV(I) — [0,400] be the functional on the right-hand side of (32), i.e

:/If(ua)dwr/]?w('z;) |t .

We have to show that F(u)= (relaxed functional of F' with respect to the
L'-topology)=H (u) for every u € BV (I).

Step 1. H(u) < F(u) for every u € BV (I). Let us note that f(z) = (f(z
|z])** < |z| for all z € R. Hence we can apply Theorem 14 with V(2) = f{(
hence H (u) is lower semicontinuous with respect to the L'-topology on BV
(by definition of relaxation). Now it is enough to show that H(u) < F(u) fo
every u € BV(I): clearly

f(2)=(f)Al)*" < f(z) VzeR.
( 2y

Furthermore, f - (z) = lim m — = |z| and hence
t——+o0 t—>+oo t

/17 Tasl Ius|_/\| s —/I|as|=|as|(1).

i) < > fu(t+) — u(t-)| if u e SBV(I),
SRR v on BV (I)\ SBV(I)

we may conclude that H(u) < F(u) for every u € BV(I). By definition of
relaxation we get then H < F on BV (I).

Step 2. H(u) > F(u) for every u € BV (I). It is enough to show that

) A
2);
(I)

Since

/f(ua)dt it u e C1(I) N WD),

I (35)
+00 otherwise on Wh1(T),

where f(2) = f(z)A |z|. Indeed, by Theorem 15 with V(z) = f(2) (recall that

by our assumptions we have c|z| — ¢’ < f(z) for suitable positive constants ¢
and ¢’) we get

F(u) < /If(ua) dt  for every u € WHi(I). (36)
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Since clearly

Flw < /If(ua)dt if u e W(I),
Yoo if u e BV(I)\ Wh(I),

by applying again Theorem 14 with V(z) = f(z) we get finally

F(u) < H(u) Yu € BV (I).

To conclude the proof of Step 2 it remains therefore to prove (35).
Let u € CH(I)NWhHI(I) : let us set

I, = {t €l f(ua(t)) > Wa(t)u’

(recall that 1, coincides with the classical derivative of u in C'). We approxi-
mate u on I, with piecewise constant functions, thus replacing quick growth of
u by a sequence of jumps. The set I, is open, hence, considering its connected
components, it can be split in an at most countable union of open intervals

of I: -
L=J1.
=1

We construct a sequence (ug)g as follows: fixed h € N we subdivide every
interval I! in a finite number of contiguous subintervals of length less than
1/h :

ni h

n=Unt <

<E.

Set all = inf IE" for m < n;j and @, = supI’. Let us consider now for

every k € N the set (J¥_, I! and let us set

i=1"u
k Min , k 4
SN w(apn(t) ifte | I,
UZ(t) _ i=1 m=1 i=1 .
u(t) ifter\|JI.

i=1

Let us take now h = h(k) such that h(k) — +o00 as k — 400 and

1
Juff —ullprry < Z (integral sum of Cauchy)

and set, by definition, uy = uz(k). Clearly ug, € SBV (I) and we get
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k  Ti,h(k)

Pl = [ S(Gna)di YD S eyl — u(ait )

i=1 m=1

k Mink) (k)

. am+l .
<[ fded S [ i

n U Ii i=1 m=1
i=1

g

k .
nJI
=1

Flia)dt +/I g dt .

Since f(tg) dt < +00, passing to the limit as k — +oo (by the continuity
NI
from above) we get

lim sup F'(uy) < f
k—-+oco I\I,

(ta(8)) dt + / i (1)) dt < / Flia(t)) dt

hence

e : 1 1,1
P < /If(ua(t))dt if e (1) N WD),
+00 otherwise on W (),
that is, (35) holds. O

Remark 18. With the same arguments of the proof of Theorem 13 we can
prove that if we substitute in the definition of the functional F' the term
Yres, lu(t+) —u(t=)| with v 7, ¢ |u(t+) — u(t—)|, where v is a positive
constant, then the relaxation of F has the same expression with f(2) = (f(2)A
VIz)

Corollary 1. Let f be as in Theorem 13. Let Fy : BV (I) — [0,+00] be the
functional defined by

/f(ua)dt + Z |u(t+) —u(t—)| if u e SBV(I),#(S, NI) < 400,
Fo(u) = § /1 teS,
+00 otherwise on BV (I).
(37)
Then the relazed functional Fy of Fy with respect to the L'-topology coincides
with F given in (32), i.e., we can take minimizing sequences for F with a
finite number of jumps.

Proof. Let (up) C SBV(I) such that up, — u in L'(I) and F(u) =

hlim F(up), with F the relaxed functional of F with respect to the L!-
— 400

topology. We can write the measure
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o0
Up = (Up)q dt + Z CLZ(StZ
k=1

with " = " |a}| < +oo. Fixed h € N, let N}, € N be such that
k=1

Ny, 1
> lakl - 8" < 7
k=1

Then there exists a function v, € SBV(I) such that

Np
on = (n)adt +Y apdy  and |lup —vnfleo < f-
k=1
We have v, — w in L(I) and lim F(v,) = lim F(up) = F(u). O

li
h—+4o00 h— 400
Remark 19.

(i) A relaxation result with respect to the L!(I)-topology for functionals of
the form

Flu) = / Flia) dt +#(S0) + [al(I)  on BV(D),

Glu) = / Flita) dt + #(S0) + / a(t) ] on BV(I)

can be found in [30].

(ii) Other lower semicontinuity and relaxation results on BV (I;R™), m > 1
(for the BV — w* convergence) for functionals of the form (29) can be
found in [15], [16] (see Section 8). Let us notice that they treat also the
case where f = f(t,2z) and 6 = 0(t, 2).

6 Lower semicontinuity and relaxation in higher
dimension

The lower semicontinuity and relaxation theorems of the previous section can
be generalized in many ways to the higher dimensional case. Let us state
first a simple result of lower semicontinuity for functionals having superlinear
growth of the bulk and surface energy densities (see [19], Cor. 2.15, [5] ). Let
n > 1.

Theorem 16 (Lower semicontinuity for functionals defined on
SBV(£2) - superlinear growth of the bulk and surface energy
densities). Let f : R™ — [0, +oo] be conver and
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f(2)

— =400 (i.e., f is superlinear at co). (38)
|z| =400 |Z|

Let 0 : R xR — [0,+00[ be a lower semicontinuous, symmetric subadditive
function, i.e., 0 is lower semicontinuous and

0(z,w) = 0(w, 2) <O(w,y) + 0(y, 2) Yw,y,z € R. (39)

Let ¢ : [0,+00[— [0,400] be a function such that 0(z,w) > ¥ (]z — wl|) for
every z,w € R and

v(z)

= 400 (implies 0 is superlinear at 0). (40)
lz|—0+ 2

Let §2 be a bounded open subset of R™. Then the functional

+ .- n—1
Flu) = /Qf(Vu)dx—i—/SmQH(u ,u_)dH if u e SBV(£2),

+00 on BV (2)\ SBV(£2)
(41)
is BV —w* lower semicontinuous on BV (§2). If, in addition, 0(z,w) > c|z—w|
for every z ,w € R, then F is lower semicontinuous on BV (£2) with respect
to the L'-topology.

Ezample 2. (i) We can take 0(z,w) = /|z — w| (in this case ¥(s) = /s for

s > 0) and the functional in (41) becomes of the form

F(u) — /Qf(Vu) d.%'-i—/sunn \/den—l ifue SBV(Q),

+oo otherwise on BV (£2).

(ii) Also 6(z,w) =1 (or any other constant) can be considered in Theorem

16. In this case we have

f(Vu)dx + H* (S, N N2) if u € SBV(0),
F(u) = 7]
+o0 otherwise on BV (£2).

In this context let us emphasize that lower semicontinuity results for function-
als modeled on the image segmentation functionals introduced by Mumford
and Shah

F(u) = / |Vu|2dx+cl/ lu — g|* dx 4+ coH" (S, N 2)
o 7
for uw € SBV(2) with H"1(S, N N2) < +o0c and Vu € L?(2;R"), are due to

[4],[5] (in this case, the “grey function” g, with 0 < g < 1, represents the input
picture, and 5, is expected to detect the relevant contours of the objects in
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the picture). Let us point out that the term ¢1 [, [u — g|* da is trivially lower
semicontinuous by the Fatou lemma, and can therefore be neglected in the
study of the semicontinuity of F'.

(iii) In the context of Example ii) Braides and Chiado Piat ([20]) proved some
relaxation results for functionals of the form

G(u):/ f(Vu)d:z:+cl/ |ufg\pd9:+cQ/ O(uT,u")dH !,
o) o) 8.n$2

with u € SBV (), H"1(S,NN2) < 400 and Vu € LP(£2;R™). In addition to
some regularity assumptions on f and 6 (which is also increasing) they assume
that f has p-growth, i.e., «|¢|P < f(&) < B(1+ [£|P), for some p > 1,a,8 >0
and a < 0(z,y) < B(1+ |z —y|) for all z,y € R.

Let us now present a relaxation result for functionals which cannot be
handled by Theorem 16 since in particular a condition like (40) fails. This
result is the n-dimensional version of Theorem 13. In this case, the lower
bound for the relaxed functional will be obtained as in the 1-dimensional case
while for the upper bound we must use fine properties of the BV functions
(in particular, we will use the co-area formula for BV functions to construct
the “recovery”-sequence (see [21], Theorem 3.1).

Theorem 17 (Relaxation in BV ({2) - “linear” growth case: interac-
tion between bulk and surface energy densities). Let f : R"” — [0, +00]
be a lower semicontinuous and convex function, and f(0) = 0. Furthermore,
assume that the set

K={zeR": f(z) <|z|} (42)

is bounded. Let 2 be a bounded open subset of R™. Let F': BV (£2) — [0, 400]
be the functional defined by

/ f(Vu)dx —|—/ lut —u”|dH" ! if u € SBV(R2),
F(u) = [0’ SN0
+oo otherwise on BV (2).
- (43)
The relazed functional with respect to the L'(§2)-topology, denoted by F, can
be written for w € BV (£2) as

P = [ Fvwdr+ [ 7 (550 D

:/Qf(vu)der/Q\Dsul,

where (2) = (f(2) A|z|)** for every z € R™ and [ is its recession function.

(44)
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sU

|Dsul
D,u with respect to its total variation, and that we write / h(z) | Dsu| instead

Q
of / h(z) d|Dsul.
2

Remember that

is the Radon-Nikodym derivative of the measure

Remark 20. The above theorem can be extended to the vector-valued case
under the same hypotheses on f. Moreover, this result can be obtained easily
as a corollary of a more general relaxation result proved by Braides and Coscia
([22]) and treated in Section 7 (see Corollary 2).

Remark 21. Let us remark that, once f # +o0, it is not restrictive to suppose
that f(0) = 0. In fact, otherwise we could consider the function fi(z) =

f(z + 20) = f(20), where f(z) = min f.

Notice also that we have f~ (z) = |z| : indeed, it is easy to see that there
exists R > 0 such that

K C Bg(0) and |z| - R< f(2) <|z|. (45)
By (45) we get then immediately f~ (z) = . 115_11 = |z|. Since [ (2) =
D,
|z|, we get immediately the last equality in (44) since ‘ D u| ‘ =1 |Dsul—a.e.
U

on {2.

Remark 22. Let us underline that assumption (42) implies that the L!(2)-
relaxed functional of F' coincides with the BV — w*-relaxed functional of F
(if £2 has a compact Lipschitz boundary). Indeed, let us denote by Fpy -
the relaxed functional of F' with respect to the BV — w* topology. Clearly
we have Fgy_,+ > F. On the other hand, let (uz) C BV (£2) such that (uy)
converges to u in L'(£2) and F(u) = hlir_irrl F(up) < +oo. For every h € N

consider 2, = {z € 2 : Vup(z) € K} = {z € 2: f(Vup(x)) < |Vup(z)|}
and set 2}, = 2\ £2,. We get then

| Dup,| :/ \Vuh(;l:)|dx—|—/ |Vuh(x)|d:c+/ |u;:—u;|danl
O o ete;

< R|(2| +/ f(Vuh(x))da?+/ luf —uy | dH™
2,

SuN§2

<R|2|+c.

(Remember that for every z € {2} we have |Vup(x)| < R; moreover, we have
supposed that limp, F'(up,) exists finite). Passing possibly to a subsequence we
obtain that up, — u BV — w* and therefore Fpy _q«(u) < limhinf F(up) =

F(u).
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Let us state now in dimension n > 1 the relaxation theorems by Goffman
and Serrin and by Buttazzo and Dal Maso, respectively, used in Section 5 for
n=1.

Theorem 18. ([39]) Let V : R — [0, +00] be a convex function such that
0<V(z) <c(1+]z]).
Let E : BV(£2) — [0,4+00] be the functional defined by

/ V(Vu)dx if u € WH(9),

E(u) = Q
+00 if u € BV(2)\ Whi(90).

Then the relazation of E with respect to the L'-topology is given for any
u € BV (£2) by

E(u):/QV(vu)dH/ V°°<|g st

|) [Dsul . (46)

Theorem 19. ([28]) Let V : R™ — [0, +o0[ be a Borel function such that
)z —e2a <V(z) <e(l+|2]).
Let E: WH1(02) — [0, +oc] be the functional defined by

/ V(Vu)dz if u € CH(2) VL),

E(u) = 2
+00 if u e Whi(2)\ C1(02).

Then the relazed functional of E with respect to the L'-topology is given by

F(u) = / v (V) da (47)
0

for every u € Wh1(£).

Proof of Theorem 17. Let H : BV (£2) — [0,400] be the functional on the
right-hand side of (44), i.e

ooDu
fVudx—l—/f D,u.
=], (D) 1P

We have to show that F(u)= (relaxed functional of F with respect to the
L' (02)-topology)= H (u) for every u € BV (£2).

Step 1. H(u) < F(u) for every u € BV (£2). Let us note that f(z) = (f(z) A
|z])** < |z|] Vz € R™. We can apply Theorem 18 with V(z) = f(z); hence
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H (u) is lower semicontinuous with respect to the L'(£2)-topology on BV (£2).
Since f(z) < |z| Vz € R" and f~ (z) = |2| we have immediately that

Doul(2) < /s J,2|u+7u7\dH”71 if w e SBV(£2),
s = W
+o0 on BV (2)\ SBV(12)

and hence H(u) < F(u) for every u € BV ({2). By definition of relaxation we
get then H < F on BV(£2).

Step 2. H(u) > F(u) for every u € BV (£2). It is enough to show that

Flu) < /Qf(Vu)dxifueC (2)NWh(92),

F( (48)

+00 otherwise on W11(£2),
where

f(z)if z € K,

|z| otherwise.

For =1 n 11 = {
Indeed, by Theorem 19 [28] we get then (by taking V(z) = f(z))
F(u) < / f(Vu) dw for every u € WhH($2).
2

Since clearly

(u) < /Qf(Vu) dz if ue Wh(9),
+o0 otherwise on BV ({2),

o

by applying Theorem 18 ([39]) (with V(2) = f(z)) we get finally

F(u) < H(u) Yu € BV (£2).

To conclude the proof of Step 2 it remains therefore to prove (48). Let us
consider a function u € C*(2) N WH1(§2) (hence, in particular, u € C*(£2) N
BV (£2)). Let us consider the set

Q' ={reN:Vulx)e K} ={x e 2: f(Vu(z)) < |Vu(z)|}.

Let us recall that if z € 2/, then |Vu(z)] < R (since K C Br(0)). For every
€ > 0 we take an open set of finite perimeter 2. C 2’ such that
|2\ 2] <el

! it suffices to consider for example the set 2. = {x € 2’ : dist(x,02) > n} for
n = n(e) > 0 small enough. Remember that dist(-,842') is a Lipschitz function
and that {u > t} is a set of finite perimeter for a.e. t € R whenever w is Lipschitz.
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We construct a sequence (uy) piecewise constant on A, = £2\ 2, as follows:
by the co-area formula (10) for any fixed h € N we have
%
|Duf(A:) =) H N0 {u>t}nA)dt.
k

kEZ" h

1
By the mean value theorem there exists sZ € ] [ such that

Ea

) B

SHM N0 u > s} 0 AL) s/ H* N0 {u>t}NA)dt.  (49)
k

h

We can then define

k h h
uh:{hon §k71<u§8k}ﬂAE,keZ, (50)
u on f2..

Let us show that u, € SBV(£2) :

1
/ luf — uy, |dH" 1 = / —dH"! +/ luf —u;, |dH™
Sy, N0 Su, NAc h (0% 2:)NN2

1 — * 1 n— *
< ZEH" 4G {u>sﬁ}ﬂAs)+EH L(0"2:) N N)

keZ
k+1

< Z " H”’l(a*{u>t}ﬂAE)dt+lH”’1((6*(2€)ﬂQ)
E h

1
_ H" 0" {u> ) N A di + 5 H"((9°2:) N )

— 00

=/ |vu|dx+1H”—1((a*Qg)mQ)
A h

1
< |Vu|dz +eR+ — H"1((0*2.) N 2) < +o0.
Q\Q/ h
(51)
Recall that (2. has finite perimeter, hence H" 1((9*2.) N £2) is finite (see
Theorem 7). We can then estimate (using (51))

F(uh) = /Q f(Vuh) dx -I—/ |UZ _ u;| danl

N2

= / f(Vu)dx + luf —uy | dH™
2. Suy, N2 .
< [ f(Vu) d:c+/ |Vu|dr +eR+ —H" 1 ((0°02.) N 02).
Q/ Q\Q/ h
Since up, — u in L*°(§2) we obtain

F(u) <liminf F(uy) < | f(Vu)dr + / |Vu|dx + R
h o o\
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for any € > 0. By the arbitrariness of ¢ we conclude that for every u €
CH(02) N WL1(02) we have

Fu) < /Q F(Vuydz,  with J(2) = f(2) A 2],

and (48) follows. O

7 Lower semicontinuity and relaxation in higher
dimension and for vector-valued functions

Let us start with some notation and definitions not given previously. We shall
denote by MF*™ the space of k x n matrices (k rows, n columns) and by
MFX™ the subset of MF*™ of all matrices with rank less than or equal to one.
We shall identify M**" with R*". If o € R* and b € R", the tensor product
a®b e M’fxn is the matrix whose entries are a;b; with ¢ = 1,...,k, and
j =1,...,n. Conversely, if a matrix £ has rank one, there are two vectors
a € RF and b € R™ such that £ = a ®b. If A C R*¥ and b € R”, we set
A®b={a®b:aec A} C M¥*" Remark that |a ® b| = |a||b| (the norms are
taken in the proper spaces).

Definition 12. (see [40, 41, 31, 32, 23]) We say that a continuous function
@ : MFX" — [0, 4-00[ is quasiconvex if

Alp(€) < /A (€ + Vu(z)) da (52)

for every & € MF*" A bounded open subset of R™ and u € C}(A;R¥).

This property is a well-known necessary and sufficient condition for the
lower semicontinuity of multiple integrals in Sobolev spaces (see [1], [31])
playing the same role of the convexity in the case of scalar functions (condition
(52) is equivalent to convexity in the case k = 1). Let us recall that if we
allow the function u to be vector-valued, i.e., v € W'P(£2;RF), then the
convexity hypothesis turns out to be sufficient, but too strong to be necessary

for F(u) = / f(Vu) dx to be weakly lower semicontinuous on W1P(§2; RF).
7}

Remark 23. Every quasiconvex function ¢ : M**™ — [0, +oo[ is rank-one
convez, i.e., o satisfies

PAE+ (1= X)n) < Ap(&) + (1 — Ne(n)

for every £, n € M?X" such that rank(¢ —n) < 1, and every A € [0,1] (see
[31], [32], [23]). V. Sverédk shows in [45] that the converse is not true.
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Before we start with a lower semicontinuity result on SBV ({2;RF) for
functionals of the form

u) = u) dx ut —u v n—l1
F(u) /Qf(V )d +/gmg< vu)dH L (53)

let us introduce here briefly the space BV (£2;R*) and SBV (£2;R¥). All the
notions and properties (like S, approximate limit, approximate differential,
rectifiability of S, ,...) which can be extended naturally from k =1 to k > 1
will be omitted (see, for example, [13]).

We say that u € L(£2; R¥) belongs to BV (£2;R¥) if for any i € {1,...,k}
and j € {1,...,n} there is a measure y with finite total variation in 2 such

that 9

/ w099 g 7/ pdul Yo e CH).
0 O 2

We denote by Du the MF*"-valued measure whose components are the ug,

and by |Du| its total variation. Also for a function u € BV (§2;R¥) we have

the Lebesgue decomposition

Du= Dyu+ Dyu=VuL"™ + Dsu,

where we denote by Vu the density of the absolutely continuous part of Du
with respect to the Lebesgue measure. The singular part of Du with respect to
the Lebesgue measure can be further decomposed into two mutually singular
measures as

D= u"—u)@v,H" 'S, + D.u,

where (ut —u~) ® v, H*~! L S, is the Hausdorff part and D.u the Cantor

D . o .
D u| the Radon-Nikodym derivative of Dsu with

sU
respect to its total variation. We say that u € SBV (£2;R¥) if u € BV (2;R¥)
and D.u = 0.

part of Du. We indicate by

Theorem 20 (Lower semicontinuity for functionals on SBV (£2;R¥)).
Let f : MFX™ — [0, 4o00[ be quasiconvex, and satisfy a growth condition of
order p > 1, i.e.,

2P < f(z) Se(L+]2P) V2 e M. (54)
Let g : MF*" — [0, +o0[ be of the form
g(s,v) = 0(|s|)¢(v) Vs eRF, Vv e R® (55)

satisfying
g(s,v) 2 ¢ >0, (56)
with 0 : 10, +o00[— ]0,+00[ concave, non decreasing, and ¢ : R™ — [0, 4o00[

convez, even, positively 1-homogeneous. Let {2 be an open subset of R™. Then
the functional defined in (53), i.e.,
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F(u) = /Qf(Vu)dx—l—/S Qg(qu —u,v,)dH" !
s

o7l
is Ly,

(£2; R¥)-lower semicontinuous on SBV (£2;RF).
The proof of this result can be found in [7].

Remark 24 (Relazation on SBV (£2;RF) - the superlinear growth case). No-
tice that a corresponding relaxation result has been obtained by Fonseca and
Francfort in [37]: they study the relaxation with respect to the L!(£2;R¥)-
topology in SBV (§2;R*) of the functional

/ f(Vu)de +AXH" (S, N2)  A>0 (57)
2

(note: g(s,v) = \), where f has p-growth (p > 1) and satisfies a local Lip-
schitz condition. The relaxed functional related to (57) is defined only on
SBV(§2;R*) and has the form

/ Qf(Vu)dr + \H" (S, NN),
2

where Q) f is the quasiconvexification of f given by
Qs = me( [ i€+ Vu@)deue OH2 R}
0

Let us note that if f : M**™ — R is a locally bounded Borel function, then
Qf =sup{ep: M R ¢ quasiconvex, ¢ < f}

is the quasiconvex envelope of f.
Without assuming any local Lipschitz condition on f in (57) a completely
analogous result has been proved in [20].

Remark 25 (Relaxation on SBV (£2;R¥) - the linear growth case: interaction
between bulk and surface energy densities). In [14], Barroso, Bouchitte, But-
tazzo and Fonseca proved a relaxation result for (53) (the integrand func-
tions f and g possibly depending also on the z-variable) with respect to
the L'-convergence in the space SBV(§2;R¥), where they assumed that f
is quasiconvex, and has linear growth, and that g(-, v) grows also linearly, i.e.,
] < f(6) < C(1+ [€]), and efn] < gln,v) < Cul] (when g = 0, ie., the
relaxation of quasiconvex functionals in BV (§2; R¥) for integrands f(z,u, Vu)
has been performed by Fonseca and Miiller (see [38])). This result extends
“partially” the paper by [17] since they are working with linear growth as-
sumptions on f or g, but they had to make an isotropy assumption on f and
g (the result of this paper will be stated in Section 8).
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In the remaining part of this section we will present a relaxation result in
BV (£2; R¥) with respect to the L!-topology of the functional

= uw) dx um —u” v, n—1
F(U)—/Qf(V )d +/Smg<< tuT) @) dHY,

obtained by Braides and Coscia in [22] under very mild assumptions on f and
under the assumption that g is positively 1-homogeneous.

The main motivation to present the proof of this relaxation result lies in
the desire to show an often used scheme of proof followed in this context (see
Remark 13) forced by the fact that for vector-valued functions no co-area
formula is available.

We will state the theorem with a stricter assumption on g as that given in
the original paper. In other words, instead of requiring g locally bounded on
rank-one matrices (i.e., on M¥*™) one gets the same relaxation result under
the hypothesis that there exist n linearly independent vectors vy, ...,v, in
S™~1 such that g is locally bounded on R* ® v, for allm =1,...,n.

Theorem 21 (Relaxation in BV ({2;R¥) - no growth assumptions on
the bulk energy and the surface energy densities: interaction of the
two energy densities by relaxation). Let f : MF*" — [0,4+00] be a
positive Borel function such that f(0) # +oo; let g : M]fxn — [0,+00[ be a
positively 1-homogeneous Borel function, locally bounded on M’fxn. Let 2 be
a bounded open subset of R™. Let F : BV (§2;R¥) — [0, +o00] be the functional
defined by

+ _ . v n—1 ; .k
Flu) = Af(Vu)der/&mg((u uw”) @) dH" ! if u € SBV (£2;RF)

+o00 otherwise.
(58)
Then the relazed functional with respect to the L'(§2;R¥)-topology is given by
— oo Dstt
F(u) = / o(Vu) dw +/ o™ ( ) |Dsul (59)
0 n | Dsul

for every u € BV (£2;RF), where the function ¢ : MFX"™ — [0, +o00[ is given
by

(&) = sup{t(€) : ¥ quasiconver, s < f on MM > < g on My*"} (60)
and satisfies 0 < p(€) < (1 + |£]) for every & € MFX™,

Remark 26. If we suppose in addition that f is convex, and g is rank-one
convex on R* ®@ v for every v € S ! (ie, gha®@v+ (1 - ANb®v) <
Ma®v)+ (1 - Ngb®v),Ya,b € R¥ X € [0,1],r € S*71), then F is
convex on SBV (£2;R¥), and we get that also the relaxed functional ' must
be convex, and hence also the integrand ¢. Then we have the formula

©(&) = sup{¥ (&) : ¢ convex, ¥ < f on MFEx7 > < g on Mllﬁxn}.
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In the scalar case (k = 1) we get as a corollary of Theorem 21 a general-
ization of the relaxation theorem 17, where ¢(2) = (f(2) A |2|)** (in this case
we supposed f(0) =0.)

Corollary 2. Let k = 1. Under the hypotheses of Theorem 21, ¢ satisfies the
formula

o(z) = (fA(f(0)+9)*"(2) VzeR".

Proof. Let ¥ be a convex function such that ¢ < f and ¥ < g on R". In
particular ¢(0) < f(0), and we get then that

v <f0)+g. (61)

Indeed, for 0 < ¢t <1, z € R™, using the convexity of

$(z) = 0(t2) < B(3) +w(0) < H(Z) + £(0).
By passing to the limit as t — 0, we get ¥(z) < ¥>°(z) + f(0) < g(2) + f(0)
proving (61). By Remark 26 we conclude that

¢(z) = sup{t(2) : ¢ convex, ¢y < fA(f(0) +g)} = (f A (f(0) +9))"(2)
as desired. 0O

Remark 27. Let H : BV (£2;RF) — [0,+00[ be the functional on the right-
hand side of (59), i.e.,

H(u) = /Qcp(Vu) da:+/sumn gooo(m) | Dsul

with ¢ given by (60). We have to show that F(u)=(relaxed functional of F
with respect to the L!(2; R¥)-topology)= H(u) for every u € BV (£2;R¥).

Analogously to the other proofs of relaxation we will show that H < F
and H > F. While the proof of the lower bound (i.e., H < F) is completely
analogous to the previous ones (based on a semicontinuity result for H and
the inequality H < F' which can be proved using the definition of ¢ in (60)),
the proof of the upper bound (i.e., F < H) will be completely different and
we have to work hard:

7.1: we will first establish that under the very weak hypotheses on f and
g the relaxed functional F has linear growth, and hence, is finite on the
whole BV (£2; R¥)

7.2: then we will prove by a measure theoretical approach and a localization
technique that the study of the relaxed functional at a fixed u can be
reduced to the study of a regular Borel measure on {2 ;
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7.3: this fact allows us to use some integral representation arguments of
Buttazzo and Dal Maso and to write the restriction of F to W1 (£2;R¥)
as an integral;

7.4: the use of a relaxation result of Ambrosio and Dal Maso together with the
formula (60) and some suitable estimates on the above integrand functions
will finally give F' < H on BV (£2;RF).

Let us state in the sequel the integral representation theorem for func-
tionals defined on Sobolev spaces we will use. Moreover let us recall a lower
semicontinuity and relaxation theorem for quasiconvex integrals on the space
of vector-valued BV -functions (this last result is a generalization to quasi-
convex functions of the result by Goffman and Serrin used in Section 5 and
Section 6).

Theorem 22 (Integral representation theorem on Sobolev spaces).
(see [28]) Let F : WH(02;RF) x A(82) — [0, 400 be a functional satisfying
for every u,v € WH1(£2; R¥) and for every A € A(£2) the following properties:
(i) (linear growth) |F(u, A)| < c(|A] +/ |[Vu(z)|dx);

A
(i) (locality) F(u,A) = F(v, A) whenever u=v on A;

(i) (semicontinuity) F(-, A) is Whl-sequentially lower semicontinuous;
(iv) (translation invariance) F(u+b) = F(u, A) for every constant vector
be Rk,

(v) F(u,-) is the restriction to A(£2) of a regular Borel measure.

Then there exists a Carathéodory function ¥ : 2 x MF*™ — [0, +oo, quasi-
convex in the second variable for a.e. x € {2, such that the integral represen-
tation

F(u,A) = / Y(z, Vu(z)) de
A
holds for every u € WHL(£2;R*) and for every A € A(£2).

Theorem 23 (Semicontinuity on BV (£2;R¥) - Relaxation). (see [12])
Let ¢ : MFX™ — [0, 400 be a quasiconver function satisfying

0< () <c(l+e)  vEeM™ ™. (62)
Let F : BV(2;R*) — [0, +00] be the functional defined by

Fw = [ e(vuo)det [ o= 1Dl (63)

Then

(i) F is L1 (£2;R¥)-lower semicontinuous on BV (£2;R¥);
(ii) F = F + Xwi1(orr), i-e., F coincides with the relazation of its restric-
tion to the Sobolev space WL 1(£2; R¥).
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Remark 28. Note that in order to have a good definition of F in (59) and of F
in (63) we have to extend the notion of > to ¢ quasiconvex. This quantity

p(t8)
t

convex in rank-one directions. In general, the above limit does not exist for
all £ € MF*™ (see [42]). A more recent result by Alberti (see [2]) assures that

is well-defined by . liin if rank(§) < 1, since quasiconvex functions are
—T 00

the matrix Tw is of rank 1 |Dgul-a.e., and hence F and F in (59) and in

(63) respectively, are well defined.

7.1 Upper bound for the relaxed functional

We start by giving an upper bound for the relaxed functional F. We shall
consider the functional G : BV (£2;R*) — [0, +00] defined as

[ svuyds s [ gl ) s anet
2 SN2
G(u) = if u e SBV(2;R¥) and H"~1(S, N N2) < 400,

+0o0 otherwise on BV (§2;R¥).
(64)
Clearly, F' < G. Obviously an upper bound of G = (relaxed functional of G
with respect to the L'-topology in BV) will do as well.

Proposition 4 (linear growth). We have

G(u) < ¢(1+ |Dul(£2)) Yu € BV (2;R¥).
Proof. Since g is locally bounded on M]fxn we set

M =sup{gla®@v):ac S* ' ve s} < +oo. (65)

Step 1: k = 1. In this case ¢ is defined on the whole R” = R ® R". Let us
consider u € BV (£2) N C1(£2). Let us fix h € N. By the co-area formula (10)
we have ,
%
Dul(2)=>" [ H"'(0{u>t}nQ)dt.
jez’ %
Hence, by the mean value theorem, for every j € Z we can find

j+1
— |

she} T

J

ST

such that

i+l
1 h
SHH O u> s n0) < [ HYHO u > N Q) dt,

g
R
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so that )
> Eanl(a*{u > 5" N ) < |Dul(2). (66)
JEZL
Let us now construct the sequence (up) in SBV (£2) as follows:
up(x) = % on {s" | <u<sh}. (67)

It is clear that for every h € N we have Vuy,(x) = 0 for a.e. z € £,
Su, N2 = U(@*{u > 8?} ng),
JEL

and
1 .
Duyp, = Dgup, = Z EZ/%H"‘1 L o*{u > s?} Ny,
jez

where yi; is defined by
Dl{u>8?} = l/g[{n_1 L 8*{u > S;L} .
Hence we obtain

Fu) = /Q F(Vun(2)) da + /S o((ut — u) ® vy, ) dH

N2
—soie+ Y |

1 .
g(=11) dH" !
jez *{u>s;‘}ﬂ(l h

< fO)2+3 %MH””(@*{U > N0
JEZL
< f(0)[92] + M|Dul(£2) .

We have made use of the positive homogeneity of g, of (65) and (66). Remark
also that by (66) for every h € N we get

H" (S, NN) = ZH”_l(@*{u > s?} N 2) < h|Du|(2) < +oo;
jEL
hence
g |
Dunl(@) = [ Juf |4 = LHY (S, 0.2) < [Dul(9)
uhﬂ

and G(up) = F(up) (note that we have proved H"~!(S,, N2) < +00). Since
(up) converges to u in L™ (£2), by the definition of G we conclude that

G(u) = liminf G(up) < f(0)|92] + M|Dul(£2).
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For a general u € BV ({2) it suffices to recall that there exists a sequence (vp,)
in C>°(£2) N BV () such that v, — u in L1(£2) and

Du|(2)= 1 D )= 1 V| dz.
Dul(@) = Tim_Donl(2) = Tim_ [ [Von|da

By the lower semicontinuity of G we get

G(u) < lhlglggé(vh) < hEIfoo(f(O)|QHM|DUh|(Q)) = f(0)|£2|4+M|Dul|(12).

Step 2: k£ > 2. We can proceed “componentwise”: given a function u =
(u(ry, .- u)) € CH(£2;R¥) N BV (£2; RF) we apply the same procedure as in
Step 1 to every h € N, j € Z and i = 1,...,k (for more details see [22],
Proposition 3.1). We obtain then by approximation

G(u) < f(0)[92] + VEM|Dul(%2)
for every u € BV (£2;R¥). O

Remark 29. Let us point out that in Step 1 of the previous proof we have
shown that fixed u € BV (£2)NC*(£2) there exists a sequence (up,) C SBV (£2)
such that up, — u in L>(§2), Vuy, = 0 a.e. on 2, H" (S, N §2) < +oo, and
| Dup|(£2) < |Du|(£2). By using the density of C1(£2) N BV (£2) in BV (£2) and
a diagonalization argument we can then assert that for every u € BV({2)
there exists a sequence (uj) C SBV(£2) such that up, — u in L*(£2), with
Vuy, =0 a.e. on 2, H*1(S,, N 2) < 400, and hli)rfoo | Duy|($2) = |Dul(£2).

7.2 De Giorgi-Letta criterion to prove measure properties of the
relaxed functional

Our goal is to apply to the “localized version” of the functional G the integral
representation theorem 22. The main difficulty is now to prove hypothesis (v)
of Theorem 22 for G(u, -). To this end we will use the following theorem by De
Giorgi and Letta, which provides a sufficient condition to obtain a (regular)

Borel measure starting with a (regular) increasing set function defined only
on A(0).

Theorem 24 (De Giorgi and Letta criterion). (see [35]) Let p: A(£2) —
[0,+00] be a positive set function defined on A(£2). Assume

(i) u®) =0, u(A) <u(B) f ACB (uisan increasing set function);

(i) W(AUB) < u(A)+u(B) YA,Be€ A(2) (n is subadditive);

(1ii)u(ANB) > u(A)+u(B) VYA,Be€ A(2) with ANB=0 (uis super-
additive on disjoint sets);

() u(A) =sup{p(B) : BCC A,B € A(f2)} (1 is regular).
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Then the extension u to B(§2) given by

u(B) =inf{u(A): Aec A(£2),B C A} (68)
is a positive (regular) Borel measure.

For a proof of the above theorem we refer also to [33], Theorem 14.23, [13],
Theorem 1.53, [23], Theorem 10.2.

Let us finally recall the Fleming-Rishel co-area formula. Let u be a Lip-
schitz function; then for every v € BV ({2) we have

“+o0
/U|Vu|dx=/ / TaH™" dt (69)
9] —00 “{u>t}Ne

(Vu is the a.e. gradient of u, and ¥ denotes the approximate limit of v).

Let us localize the functional G introduced by (64). We consider G(u, A) :
BV (£2;R*) x A(£2) — [0, +00] given by

[ ru@yde+ [ gt~y @w)ann

A SunA

G(u,A) = if u € SBV(£2;R*) and H"~(S, N 2) < +o0,
+0o0 otherwise on BV (§2;R¥).

(70)
Obviously, G(u, £2) = G(u). We define also

G(u,A) = inf{lngirnf G(up, A) s up, — u in L' (A;R*),up € BV (2;RF)}.

Localizing the proof of Proposition 4 we get the linear growth condition

G(u, A) < c(|A] + [Dul(4)) (71)
for every u € BV (£2;R¥), and for every A € A(£2).

Proposition 5. For every u € BV (£2;R¥) the set function G(u,-) is (the
restriction to A(£2) of) a regular Borel measure on 2.

Proof.

Step 1. It is immediate to show that G(u,-) is a positive, increasing set
function.

Step 2. G(u, ) is regular; i.e., for every open set A C {2, we have
G(u, A) = sup{G(u, A") : A" open, A" CC A}. (72)

Indeed, since G(u,-) is an increasing function, the inequality “ > 7 in (72) is
trivial. Let us now prove the opposite inequality. Fixed a compact set K in
A, let us define
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1
6= §dist(8A,K) dg (x) = dist(z, K)

and
By ={x € A:dg(z) <t} witht e ]0,]
B=Bs={z€ A:dg(z) <d}.

Note that for a.e. t € ]0,d[, B; is a set of finite perimeter. By definition
of relaxation, there exist two sequences (up,), (vy) € SBV(£2;R¥) such that
H" (S, NN2) < +oo, H"71(S,, N 2) < +o0, and

up — U in L'(B;R¥)
vp —u  in LY(A\ K;RFY)

and

G(ua B) = hl{{r&-loo G(uhvB) G(U,A\K) = hEI—iI-loo G(’U}”A\K) .

Since we have H"~1(S,, N 2)+ H""1(S,, N 2) < +oo, we get that
H" (S, N0*B;) + H"*(S,, N90*B;) =0 (73)

for a.e. t € ]0,d[ (for a proof see Appendix B). We can apply the Fleming-
Rishel co-area formula (69) with v = |up, — vp| and u(z) = di(x) (recall that
|[Vdg (z)] =1 a.e.); we get

s
/ |up, — vp| dz = / / |y, (x) — op ()| dH™ ™ () dt 2
B\K 0 * By

By the mean value theorem (see 3 below), for every h € N we can choose
tp € 10,9[ such that (73) holds, By, is a set of finite perimeter, and

~ - 1
/ i — | dH™ ! < g/ lup — vn| e (74)
9* By B\K

Let us now construct a “suitable” sequence wy, in order to estimate G(u, A).
We can define the sequence (wy,) in L'(£2;R¥) by setting

up, in By,
wp =
Uh in 2 \ Bth

(It is convenient to make a “cut” between minimizing sequences! Since By,
is a set of finite perimeter we have in particular H"~1(9*B,) = 0, hence

2 The functions u, and vy, are the approximate limits of u, and vy, respectively.
They exist H" *-a.e. on §* By since (73) holds.

3 Let f € L'(a,b); then L"({t € Ja,b[: f(t) < 725 [ f(s)ds}) > 0.
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L™(0*By,) = 0. Therefore wy, is defined a.e. on £2). Note that for every h we

have
wy, € SBV(12;RF), H" (S, NN2) < +oco.

Moreover on A we have
Vwy = V’U,h]_Bth =+ VvhlA\Bth R
and the Hausdorff part of the measure Dwy, is given by

(U‘Z - u}:) ® Vuthil L Suh, n Bth+
+(v =) @ v, HP LS, N (AN By, )+
Jr(ﬂh — 5}1) ® Vo*B,, Hr 1L 8*Bth ,

where vp-p,, denotes the normal to 0" By, pointing inwards By, (by (73) we
do not have jumps for wy, on 9* By, ). We then obtain (using (65), the positive
1-homogeneity of g and (74))

G(wh7 A) = G(U}}“ Bth) + G<wh’ A\Eth>

< G(uh,B)+G(vh,A\K)+/ g((w,‘f—w,?)@ua*gth)danl
0" B,, ’

SG(uh7B)+G(vh,A\K)+M/ lwi —w, | dH™ 1
9* By,

< G(uh,B)+G(vh,A\K)+M/ i, — | dH1
0*B,,

< G(up, B) + G(vp, A\ K) + IZI/B\K lun —Uh|dHn71.

Since wy, — u in L'(A;R¥) and (up, —v) — 0 in LY (B \ K;R¥), we have, by
taking the limit as h — 400,

G(u, A) < liminf G(wp, A) < G(u, B) + G(u, A\ K) .

h— 400
By (71) we have then
G(u,A) < G(u, B) + c(JA\ K| + |Du|(A\ K)).

Since the last term in this inequality can be taken arbitrarily small, and
B cC A, we get the desired equality in (72).

Step 3. We shall prove that G(u, -) is a subadditive set function on A(£2). By
the regularity of G(u,-) (Step 2) it is sufficient to prove that

G(u,A) < G(u, Ay) + G(u, As)

for every open set A CC Ay U Ay, with Ay and Ay in A(£2). This inequality
can be proved by arguing as in Step 2, choosing K = A\ Ay and
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1
B={zxeR":dk(z) < §dist(K,A \ A1)}

For a detailed proof see Appendix C.

Step 4. G(u, ) is a superadditive on A({2). This comes out easily.
By Step 1-Step 4 we get, applying Theorem 24 by De Giorgi and Letta, the
statement of Proposition 5. O

7.3 Integral representation

Proposition 6. There exists a quasiconvex function v : MF*" — [0, 4+o0|
such that

Clu, A) = /A W(Vu(e)) de (75)

for every A € A(22) and u € WH(2;RF). Furthermore, the function 1 satis-

fies
0< () <ec(l+fE])  vEe M. (76)

Proof. We want to apply the integral representation theorem 22. The linear
growth condition for G(u,-) is shown in (71). The locality property follows
from the definition of G, while the lower semicontinuity condition is satisfied
since G(-, A) is L'-lower semicontinuous. Finally, it is easy to check that G
satisfies

Glu+z,A)=G(u,A) Vu € WEH2;RF), A e A(R),z e RF,

and so does G. Finally, by Proposition 5 we have condition (v) for G(u,-).
Therefore, there exists a quasiconvex function 1 : £ x M¥*" — [0, +-00[ such
that

é(u,A):/Aw(x,Vu(x))dm

for every u € WH1(£2; R¥) and for every A € A(2).

In order to prove that 1) does not depend on x, we observe that by the
definition of G and G, if we compute G on the linear function u¢(x) = &z
with £ € MF*™, we obtain

Y(z,§)de= [ P(z,§)dz
B; B2

on any pair of congruent balls By,Bs C (2. This equality implies that
Y(x, &) = ¥(y,&) at every pair of Lebesgue points of the function (-, ¢).
If we choose a dense sequence (£,) C MFX™ using the continuity of 1 (x, -) we
get the existence of a set N C 2 with |[N| = 0, and such that

P(2,8) = ¥(y,¢)
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for every & € M**™ and for every =,y € §2\ N. Hence it is not restrictive to
suppose

P(z,8) = ¢(E)

and we get (75). The inequalities in (76) follow from the integral representation
(75), using (71) and the positivity of G. O

7.4 Proof of the main theorem

Before we conclude with the proof of the relaxation theorem 21 let us give
some estimates of the function v obtained above.

Proposition 7. Let ¥ be the function of Proposition 6. Then
D(E) < f(6)  vEeMFT, (77)

and
P*X(a®v)<gla®v) Va € R* Wy e "1, (78)

Note. By the homogeneity of 1> and g we get immediately (78) for all rank-
one matrices.

Proof. Let u(z) = £z for a fixed & € MF*™. Then, by (75)

[21(€) = G(éx, 2) < G(&x, 2) = |2/ f(E),

which proves (77).
As for (78) let us fix a € R¥ and v € S"~!. For every t > 0, we can
consider the linear function

ut(x) = talz, v,

so that we have Du; = ta ® v. We can approximate u; in L'(£2; R¥) with a
sequence (ul) in SBV (£2; R¥) defined by

ul(z) = %ta [h(z,v)]

which has jumps of size 1/h in the direction a, along hyperplanes orthogonal
to v at a regular distance of 1/h, and Vul = 0 a.e. ([s] is the integer part of
s). Let @, be any cube contained in §2 with an edge parallel to v ; so we get

1
()" = (W) ) @vpH' 'L S NQy, = +ta® vH" 'L S, NQ, .

We have then (using the homogeneity of g)
G}, Q) = f(0)|Qu] + g(Fta® v)H" (S, N Q,)

< F0)lQu| +tg(a®v)|Qul.
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Hence we obtain

1
Qv

< f(0) +tgla®v).

! lim inf G(ul’, Q,)

Y(ta@v) = i, it

é(uta Qu) S

Dividing by t, and letting ¢ — 400, we obtain
P*a@v)<gla®v),

which is inequality (78). O

Proof of the relaxation theorem 21.
Let H : BV (£2;R*) — [0,400] be the functional on the right-hand side of
(59), i.e.,

D.u
|Dsul

H(u) = /Q o (Vu()) dz + /Q o (2 Do), (79)

where the function ¢ : M¥*™ — [0, +00] is given by

©(&) = sup{e(€) : ¥ quasiconvex, 1 < f on MF*™ > < g on MF*"} .

Step 1. H < F on BV (2;R¥).
By the definition of ¢ we get immediately that

0< @) <f(E)  VEeM™ ™,
moreover, it is easy to see that
P> <g on MEx"
Therefore H < F on BV (£2;R¥). If we show that H is L'-lower semicon-
tinuous on BV (£2;RF) we get H < F on BV(§2;R*). We will apply the
semicontinuity theorem 23 by Ambrosio and Dal Maso; we have to prove that
0< @) <e(l+¢])  vEeM™ .

It suffices to show that

P€) <c(l+gl)  vEe M

for every quasiconvex function ¢ such that ¢ < f on M**" and ¢>* < g on
M]fxn. Let us fix such a ¢. Since ¢ is quasiconvex, it is rank-one convex, which
implies that for every & € M**" q € R* b € R" the function

t— @£ +ta®b) is convex on R.

In particular we get (using a truncation argument) that
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P +a®b) <P(§) + 9™ (a®b). (80)

Since every & € M**" can be decomposed as & = Z am ® ey, for suitable
m=1

am € R* ((e;,) stands for the standard basis of R™), we get by applying

repeatedly (80)

n n—1
o) = ¢(Z am ® em) = ¢(Z am ® €m + an ® €y)
m=1 m=1
n—1 n
< ¢(Z am @ em) + 0™ (an ® ep) < ¢(0) + Z &> (am @ em)
m=1 m=1
<)+ D glam @em) < FO)+M Y Jam @en| <c(1+€]),
m=1 m=1

where M is defined by (65). Finally, ¢ is quasiconvex and satisfies (62) and
we conclude that H is L!-lower semicontinuous on BV (£2;R¥).
Step 2. H > F on BV (2;R¥).

By the definition of F, by applying the relaxation result in Theorem 23
we get for every u € BV (2;RF)

J— J— = DS
Flu)<G< G+ xwi(ome) = /(Z¢(V“(x)) dx + /Qwoo(‘D Z|

)|Dsu|.

Applying Proposition 7 and the definition of ¢ in (60) we have that ¢ < ¢
and we get
D.u

ﬂ@séwwmmM+A¢%wﬁﬂmmmw

for u € BV(;RF). O
Additional remarks

Remark 30. If f is positively 1-homogeneous, then p is positively 1-homogeneous.
In fact, it is immediate to check that ¢ is a quasiconvex function such that
W < f on MFX™ and > < g on M’fxn if and only if for every fixed A > 0

such is the function ¢(§) = %1/)()\5). We then obtain

©(&) = sup{e(€) : ¥ quasiconvex, positively 1-homogeneous, 1) < f on MF*"
¥>® < g on MM}

= sup{¢(¢) : ¢ quasiconvex, positively 1-homogeneous, ¥ < f A g on MF*"}

(since 1 = 1> for 1 positively 1-homogeneous; we have extended g = +oo
on MF>*™\ MA*™). Anyhow, Miiller has shown in [42] that quasiconvexity and
positive 1-homogeneity does not imply convexity.
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Remark 31. Partitions. Let us consider the case

0 if&€=0,
(&) { 400 otherwise .

Then the functional F' < +oc only on functions in the space SBV (£2; R¥) with
Vu = 0 a.e. These functions can be identified with “partitions of {2 in sets of
finite perimeter” (see [9], [10], [29] ). Every such function can be expressed as

U = E Cj]-Ej 5
JEN

where ¢; € R¥, and (Ej;) is a partition of 2 in sets of finite perimeter. The
functional can then be written in the form

1 —
ra=3 5 | ol =) ewm) A, (s
i,jEN (0*E;NO*E;)NL2

where v; is the interior normal to E;, and 0* E; denotes the reduced boundary
of F;. Since f is positively 1-homogeneous, by the previous remark, the relaxed
functional F' is given by

F(u) = /Q o(Vu) da:+/(l<p(|lD)ZZ|) | Dgul

with
©(&) = sup{¥(&) : ¥ quasiconvex, positively 1-homogeneous, 1) < g on I\\/Jllfxn}

(¢ = ¢ since g is positively 1-homogeneous). Note that if in particular g is
quasiconvex then the functional (81) defined on partitions is lower semicon-
tinuous with respect to the L'-convergence.

8 Relaxation in higher dimension (isotropy assumptions)

In this section we state a relaxation result for functionals defined on SBV({2)
with a more general surface energy density as the functionals defined in (43)
but with isotropy assumptions on the bulk energy term.

Before we state the relaxation result by [17] let us introduce the notion
of inf-convolution. Let f1, fa : R — [0,+00] be proper (that is, fi(z) < 400
for at least on x) convex functions, then the inf-convolution of fi and fo is
defined as

(f1 V f2)(2) = inf{ fi(2) + fo(z — ) : 2 € R} (82)
and it turns out to be a convex function (see [43]). Moreover, one can prove

that if f; and fo are non-negative convex functions on R, with f;(0) = 0 and
f2 positively homogeneous of degree 1, then



130 Anneliese Defranceschi

(f1V)(z)=(firf2)™(2).

Moreover, if f is convex, f(0) = 0, and 6 is subadditive, positive and 6(0) = 0,

then
[Vfe=f fVel =(fve)=

F°V 0 =sub (f> A 0) (83)

(f*V0)°=f>Ve®=(fVe)=.

Theorem 25 (Relaxation in BV ({2) - Isotropy assumptions: interac-
tion between bulk and interfacial energy densities). Let f : R —
[0,+00] be a convex function with f(0) = 0; let g : R — [0,+00] be lower
semicontinuous with g(0) = 0, locally bounded and such that the map t — g(|t|)
is subadditive, i.e., g([t1 +ta]) < g([t1]) + g(|ta]) for every t1,t2 € R. Let 2
be a bounded open subset of R™. Let F' : BV (§2) — [0, +00] be defined by

u T 'LLJF—U? n—1 if u
| [ 9o [ gt —uty an e spv(@),

u

+oo otherwise on BV (£2).

Then the relaxed functional of F with respect to the BV — w™* topology on
BV (£2) can be written as

F(u) :/ f1(|Vu|)dx+cl/ | Dgul +/ g(jut —u~|)dH" !,
Q 2\ QNS

u

where

fi=1Vg" (= A"))

g1 =9V [ c=f2(1) (=97(1)).
Remark 32. Let us point out that the proof of this result follows an analogous
scheme as seen in Section 7 for the proof of Theorem 21. The estimate of the
lower bound of the relaxed functional uses a lower semicontinuity theorem
proved previously in the paper quoted above. The upper bound is obtained
by using a measure theoretical approach as in Theorem 21, the relaxation
result in Theorem 17 and a representation theorem on partitions (see [9]).

Remark 33. The authors suppose 0 < min{f>°(1),¢%(1)} < +o0. Let us note
that in the case min{f*°(1),¢°(1)} = +oo, we get f1 = f, g1 = g, c1 =
+00, and then F = F. This lower semicontinuity theorem is a result proven
by [5], see Theorem 12 of these lecture notes. On the other hand, if 0 =
min{ f>°(1),¢"(1)} then F = 0.

Applications

By applying the above theorem it follows immediately by easy calculations
that with

f) =t g(t) = 1t*,
we get that for
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(a)l<p<+ocand 0<g<1
F(u) :/ \Vu|pdx+/ lut —u~|2dH™ !
2 S.N2
(b)p=landg=1
F(u) :/ |Vu|dx+/ lut —u~|dH"
2 S.N2

are BV — w* lower semicontinuous functionals on SBV(£2). Furthermore, if

(c)p>landg=1

4k if |¢] <pT7
= (|¢IP A€ = » 1
£1(8) = (lgl” A le) {|g|_<p_1>p1p o
91(§) = [¢] c1=1,
(dp=land0<g<1
f1(§) = €]
_ )l if [§]<1 B
91(5)—{|£|q it ¢ > 1 c=1.

For further applications see [26].

Remark 34. (see [26]) Some interesting examples do not fall into the known
framework. Consider for instance a bulk energy density f(z) with growth p > 1
(as in the case of linear elasticity, where p = 2) and a fracture energy density
g of the form
1 if (s,v) >0
g(s,v) =4 +oo if (s,v) <0
Y(s) if {s,v) =0,
where v is a function with linear growth. The term 1 describes the energy
necessary to produce a normal detachment according to the Griffith model, the
term 400 is to avoid the interpenetration of the two sides of the fracture, and
the term 7(s) takes into account the tangential sliding. It would be interesting
to compute the relaxed functional associated to the model above, and to see
if the formulas for f; and g; obtained in Theorem 25 still hold.
Let us mention that in [24] we consider the case when also normal detach-
ments are forbidden (i.e., g = +o0 if (s,v) # 0), taking
Bls| .
1 — if(s,v) =0
F(2) = S1eP (@) + altr(2), g(s,v) =4 V2

400 otherwise,
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where eP(2) is the deviator of the symmetric part of z defined by eP(z) =

t
t
z —; S MI . We obtained the relaxed integrands
n

F(2) = (P (2)) + altr(2)” gls,v) = p=(P(s®v)),

where ¢ is the conjugate function on the set of all symmetric matrices with
null trace of the function

h(o) = {%02 if Aar(0) — Am(0) < VB,

+o0o  otherwise

being Ay (0), A (o) the maximum and minimum eigenvalue, respectively, of
.

In this setting let us also quote the paper by [25] on relaxation of elastic
energies with free discontinuities and constraint on the strain.

Finally I will mention the paper by [18], where the authors introduce a
new method for the identification of the integral representation of functionals
defined on BV (§2;R¥) x A(£2). Some relaxation results in SBV (£2;RF) are
recovered in the case where bulk and surface energies are present.

9 Appendix

9.1 Appendix A: Lower semicontinuous envelope

Subadditive envelope

Definition. The subadditive envelope suby of ¢ : R — R is the greatest
subadditive function less than or equal ¢.
It is easy to see that

sub p(z) = inf{Zcp(xk) : Zxk =z,m=1,2,..}.
k=1 k=1

Definition. sub p(z) = sub (sc™¢)(x) for every = € R.
Note. If ¢ : R xR — R and ¢ : R — R such that ¢(z,y) = ¢(r — y) then
sub ¢(z,y) = subp(z —y).

Al. If ¢ : R — R is convex (hence continuous), then subg = sub can be
computed more easily:

sub(x) = inf{kjap(%) tk=1,2,...}.

This follows immediately by the convexity inequality k;cp(%) < Z§=1 o(y;),

whenever y = Z?:l Yj-
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A2.If ¢ : R — R is subadditive and locally bounded, then it grows less than
linearly at infinity. Indeed, for every y € R we have by subadditivity

B oy _ Yy
o) = o+ D ) < O+ e ()

where [s] is the integer part of s. Since M = sup |p(z)| < 400 we get
|z|<1

oy) MO +1y]) VyeR.

A3. Let ¢ : R — R be defined by p(x) = 1+ 22. By A2 we get that ¢ is not
subadditive. Since ¢ is convex, by Al we have

2
sub ¢(z) = min{k + T k=1,2,...}.
A4. Let ¢ : R — R be defined by ¢(x) = (2|x] — 1) V 1. Since ¢ is convex and
even, by Al we get that sub ¢ is even and continuous and in [0, +oo[ we

have
1 ifz <1
subo(x) = ¢ k+2(x — k) ifkgxgk;—&—% k=1,2,...
kE+1 fk+3i<z<k+1 k=12,..

In this case we have .
2] < sube(z) < fzf + 5

for [z| > 1. We have sub p(z) = |z|for z = +1,+2,..., suby(z) = |z]+3
forx = i% , i% ,-..,and hence sub ¢ is not asymptotic to a linear function

as r — £oo.
A5. Let ¢ : R — R be defined by ¢(z) = |x — 1|. By Al we have

subo(x) =min{lz — k| : k=1,2,...}

ie.,
11—z ifz<1

b =
sub() {dist(x,N) ifr>1.

In this case we have that the limit lirf sub p(z) does not exist.
T— 100

Proof of Proposition 3.

(i) Let A =inf¢ > 0. Then X < ¢(z,y) for every z,y € R. By the definition
of sc”¢ (= greatest lower semicontinuous function less than or equal ¢, see
Definition 4) we get A < (sc”¢)(x,y) < ¢(x,y) for all x,y € R. Therefore,
N = inf(sc™¢) > A > 0. Being ¢(z,y) = X a subadditive function less than
or equal ¢(z,y) for every x,y € R, by definition of subadditive envelope we
get
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0 <\ <sub(sc™¢)(x,y) = subg(z,y) < é(x,y)

for every x,y € R. Hence infsub¢ > 0. From ¢(x,y) > |x — y| for every
z,y € R it follows that |z — y| < (sc¢™¢)(z,y) < ¢(x,y) for all z,y € R. Since
Y(x,y) = |x — y| is subadditive, by definition of subadditive envelope we get

|z —y| <subo(z,y) < plx,y)  Va,yeR.

(i) Let us prove that sub ¢ is lower semicontinuous. Fixed x,y € R and two
sequences r; — x, Yy — ¥y such that there exists the limit . lim sub¢(zh,yn),
——+o00

we have to prove that

sub ¢(z,y) < , im sub ¢(zn, yn) -

By definition for every h € N there exist zl ... ,xﬁlh such that z! = s,
:cfnh = xp, and

mhp

S (s ) e k1) < bz + -

k=1

By the condition inf(sc™¢) > 0 we have that the sequence (my) is bounded.
Hence we can suppose mj, = m, independent of h. The condition (sc™¢)(z,y) >

|z — y| implies that all sequences (z{}) ..., (z%, ) are bounded. Again we can
suppose then that xg — I ,I{L —T1,... ,xfn — &, forsome zg,x1,..., T,y €

R. Of course, ¢y = y, and x,, = x. By semicontinuity of sc™¢ we get

(sc™ @) (xg, xp—1) < lim inf(sc_qﬁ)(xZ’mZA) ,

h—+oco

and hence we get

(sc™ @) (zp, 2R—1) < ZETEE(SC_QS)(%’%*)
k=1 =
< i 300 ek o) <l S o)

By definition this shows that
ﬁqﬁ(ﬂ?,y) < th_P ﬁﬁs(fhayh) :

Suppose now that there exists ¢! : R x R — R lower semicontinuous and
subadditive such that ¢! < ¢. We get then immediately that ¢! < sc™¢ < ¢
(by definition of sc~¢). Furthermore, being ¢! subadditive

@' <sub(sc” ) < ¢.

This proves (ii). O
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9.2 Appendix B: Proof of (73)
Let us show that for every h € N, the set t € ]0,4[ that does not satisfy
H" (S, N0*B;) =0

is at most countable. Let T}, = {t € 10,6[: H"~*(S,, N0*B;) > +}. We claim
that T}, is finite. Indeed, if T}, is countable we get

H"(Sy, N02) > H" (| Su, n0*By) = > H" (S, N0"By)

teTh teTy,

ZZ%:"FOO.

teTh

Therefore T}, has to be finite (since H"1(S,, N{2) < 400 holds). We conclude
that
T ={te]0,0[: H" " (Su, NO*By) >0} = | T,
h

is at most countable. 0O

9.3 Appendix C: Proof of Step 3 in Proposition 67
Let us show that for every Ay, Ay € A(f2)
G(u,A) < G(u, Ay) + G(u, As)

for every open set A CC A; U As. B
It is not restrictive to suppose G(u,A;) < +00,i = 1,2. Fixed A CC
Ay U Ay, let us choose the compact set K = A\ A, and set

5 = Ldist(K, A\ Ay)

B, ={zx e R": dist(x, K) < t} forte ]0,d] B=DB;s.

Note that for a.e. ¢ € ]0,d[, B; is a set of finite perimeter. Let us consider
the minimizing sequences (u}) C SBV(§;RF, u} — u in L'(A;;R*) with
H"‘l(Su;L N {2) < o0 and

G(u, A;) = hEIJIrlOOG(uZ,Ai) i=1,2.

Since we have H"‘l(Su/;- N §2) < +o0, we get
H" 1 (8,: N2NJ*By) =0 (84)

for a.e. t € ]0,0[ (see Appendix B). By the Fleming-Rishel co-area formula
and the mean value theorem, for every h € N, we can choose ¢, € ]0,d[ such
that (84) holds, By, is a set of finite perimeter, and
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~ - 1
[ -t <5 [ el - dlde, (55)
9% By, NA A

where U}, are the approximate limits of u} (they exist H"~!-a.e. on 8* By, by
(84)).

Let us define the sequence

up on 2N By,
wn =
" ui on 2\ By,.

Then wy, € SBV (£2;R*), H" (S, N 2) < +o0, and wy, — u in L'(A;RF).
Moreover, on A we have

th = VU}L lAthh + VU% ]'A\Bt,h
and the Hausdorff part of the measure Dwy, is given by

((up)™ = (up)") @ vt H"1 L Syt N AN By, +
+ ((uh)* = (up)7) @2 H" 1L Sp2 N (A\ By, )+
+ (U — W3) @ vgep, H" 1L 0*By, NA,

where vg-p, ~is normal to 0* By, pointing inwards By, . Then (using the pos-
itive 1-homogeneity of G, (65) and (85))
G(wha A) < G(ullw AN Bth) + G(u%’ A \ Bth)+

+ 9((ay, —3) @ vo-p,, ) dH"
9* By, NA )

A
By taking the limit as h — 400, we get

G(u, A) < liminf G(wp, A) < G(u, A1) + G(u, As).

h—-+oco

as desired. 0O
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1 Introduction

The purpose of these notes is to introduce the theory of the convergence,
and specially, to discuss the I'-convergence, of Dirichlet forms on fractals. A
Dirichlet form is a sort of “energy”, in some sense it is a generalization of
the Dirichlet integral u — [ |grad u|? defined for u in open regions in R”".
The investigation of Dirichlet forms on fractals began in connection with the
construction of a Brownian motion on fractals. It is also closely related to the
construction of a Laplacian or in other words to the definition of harmonic
functions on a fractal. In some sense, on fractals, the notions of Dirichlet
forms, Brownian motion, and harmonic functions are, in fact, three different
points of view of the same notion. In these Notes I will discuss the notion of
a Dirichlet form, as well as that of a harmonic function, as we will need it in
connection with some properties of Dirichlet forms. On the contrary, I will not
discuss the notion of a Brownian motion. The class of fractals which I discuss
here is that of finitely ramified fractals. More or less we are in the following
situation. We are given finitely many similarities in R¥ with v > 1, which we
denote by 1, ..., Y. Suppose they are contractions, i.e., their factors r, ..., 7y
are < 1. Then, there exists a unique nonempty compact K in R” such that

k
K = |J ¢i(K) (see [4]). We will say that such a set K is the fractal generated
i=1

by the set of similarities. The finite ramification means, more or less, that
different copies ¥;(K) of K can have at most finitely many (in general at most
one) common points. This class of fractals includes for example the Gasket,
but not the Carpet. The construction of a Dirichlet form on fractals that are
not finitely ramified is much more complicated and will be not discussed in
these Notes. A finitely ramified fractal can also be seen as the closure of the
union of an increasing sequence of finite sets VO, .. V(™ . In defining a
Dirichlet form on the fractal, we meet the problem that usually, K has an
empty interior, hence we cannot define the gradient on it, at least in the usual
sense. So, we construct a Dirichlet form on K, by taking the limit of discrete
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Dirichlet forms on V(™). A nontrivial point in this construction is the existence
of such a limit form. However, if the initial form F on V(% is an eigenvector
of a particular nonlinear minimization operator, also called renormalization,
in our terms if F is an eigenform, then we can define a sequence of discrete
Dirichlet forms Ei , that are in some sense the sum of the copies of E on the
n-cells, suitably renormalized. Now, for every function v defined on K, the
sequence E(En)(v) is increasing and thus has a limit which we will denote by

E(EOO)(U). Such a limit form turns out to be a Dirichlet form on K. Sections
2 to 4 are introductory and recall the construction and the main properties
of a Dirichlet form on finitely ramified fractals. For the general theory of
Dirichlet forms the reader can refer to [2]. The construction of Dirichlet forms
on finitely ramified fractals is described for example in [1], [8], which specially
stress the probabilistic point of view, and in [6] which instead deals with
Dirichlet forms and Laplacian, in a very general class of fractals, called p.c.f.
self-similar sets, introduced by J. Kigami in [5]. The approach followed here is,
in some sense, similar to that in [6], but, in order to simplify the presentation,
I have preferred not to give the general definition of Dirichlet form, but only
to discuss a particular kind of Dirichlet form. An even more similar approach
to that presented here can be found in [20]. I have preferred to start, in
Section 2, with a specific example, the Sierpinski Gasket, as, in my opinion it
allows us to better understand the problem of the construction of a Dirichlet
form in a simple case. In Section 3, I first give a general definition of finitely
ramified fractals, and then I discuss in such a class the construction of a
Dirichlet form. While in the case of Gasket, by symmetry, we explicitly found
an eigenform, in the general case of finitely ramified fractals, the existence of
an eigenform is a nontrivial problem, and there are finitely ramified fractals
having no eigenforms. However, the class of finitely ramified fractals having
at least an eigenform includes several important examples of finitely ramified
fractals, in particular, the nested fractals introduced by T. Lindstrgm [9], and
we will only restrict our considerations to such a class of fractals. Section 4 is
devoted to the investigation of the properties of the renormalization operator
and of the related notion of the harmonic extension. The actual aim of these
Notes, i.e., the convergence of Dirichlet forms on finitely ramified fractals, is
described in Sections 5 and 6. While Sections 1 to 4 mainly describe known
results by other authors, Sections 5 and 6 mainly treat results of the author,
specially in [16]. When F is not an eigenform we cannot use the same process
as for the eigenforms to construct a Dirichlet form starting with E, since the
corresponding sequence of discrete forms is no longer increasing. It could be
proved that nevertheless, the discrete forms pointwise converge to a Dirichlet
form defined on K, but the proof is more complicated (see [17]), and will be
not discussed here. I will discuss, instead, the I'-convergence of the sequence of
discrete forms. I will show that in fact E(i ) I'-converges to the Dirichlet form

on K associated to an eigenform E. We will obtain E~ as the limit of a sequence
of forms E(,) on V() defined as M}*(F) where M, is the renormalization
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operator divided by the eigenvalue p. The convergence of M7 (E) is the most
delicate point in the proof of I'-convergence. It is, in some sense, a problem
of convergence of the iterated of a map that it is known to have a fixed point.
In the present case, the fixed point is the eigenform. In Section 5, I discuss
the I'-convergence on the Gasket. Due to the symmetry of the Gasket, the
proof of the convergence of M{*(E) is much simpler than in the general case.
There are many different proofs of this result in the case of the Gasket. The
proof presented here is probably not the simplest, but suggests the way of
proceeding in the general case. Then, following an argument due to S. Kozlov
[7], we deduce the I'-convergence result. In Section 6, following [16], I prove
the convergence of M7 (E) in the general case. I restrict, in fact, the class of
fractals in order to simplify the argument, avoiding some technical difficulties.
At the end of the section, I merely hint the idea in the most general case. The
class of fractals considered in the actual proof in Section 6, however, includes
most of the usual fractals, thus it is sufficiently general for many purposes. The
idea of the proof consists in proving that, with respect to Hilbert’s projective
metric, the iterated MJ*(E) get closer and closer. Note that in general M
is not a contraction and in fact can have different fixed points. Once the
convergence of M{L(E) is proved, the I'-convergence result follows as in the
case of the Gasket. As these Notes are not intended for specialists in fractals,
I have tried to highlight the general ideas rather than the details. So, in
some cases, for example for the notion of finitely ramified fractals, I have not
used the most general definitions. For the same reason, I have preferred to
give proofs which are not necessarily the shortest, but which require no non
usually known results, like as the general theory of Hilbert’s projective metric,
in order to make these Notes as self-contained as possible.

I now fix some notation for the following. When we are in R", we will
denote by d the euclidean distance, and unless specified otherwise, we will
denote by || || the euclidean norm. Sometimes, we will use R4 where A is a
set. In such a case, of course, on R“, we put the norm and the metric, obtained
by identifying R4 with R™ where M = #A. If f is a map from a set X into
itself, we will denote by f™ the n'f-iterated of f, i.e., the composition of n
maps equal to f. If X is a topological space, we will denote by C'(X) the set of
the continuous functions from X into R. If A is a subset of a euclidean space,
we will denote by coA the convex hull of A.

2 Construction of an energy on the Gasket

The first step in our work consists in constructing an “energy” on the frac-
tals. Energy here, means an analog of the Dirichlet integral, u +— f |grad u|?,
on fractals. Probably, the reader has at least a rough idea of the notion of
fractal. It is in some sense, a set that contains copies of itself, on arbitrarily
small scales. In this section, in order to make these notions clear, I prefer
to describe a specific example of fractal, the (Sierpinski) Gasket. In the next
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section I will give a precise notion of a fractal (or self-similar set). The Gas-
ket, roughly speaking, can be constructed like the Cantor set, but starting
from a triangle, instead of from a segment-line. More precisely, start with an
equilateral triangle T', whose vertices are denoted by Pi, P», Ps, and consider
the three rotation-free similarities 1;, i = 1,2,3, in R?, that are contractions
with factor § and have P; as fixed points, in formula ¢;(z) = P; + 3 (z — P;).
Then the (Sierpinski) Gasket is the set K defined by

3 &)

Ko=T, Kpp1 = |Jvi(EK,), K

i=1 n=0

I
D)
2

in other words, we split the initial triangle T into four similar triangles and
remove the central one. Then, we remove the central triangle in each of the
three remaining triangles. Then, we repeat the same process on each of the
nine remaining triangles, and so on. In Figure 1, we depict Ky, K7 and K.

A
AA

A A

AAAA

Pl P3
19} P13
Fig. 1. The Sierpinski Gasket
In the previous construction, we can fix the vertices, e.g., P = (0,0),
Py = (3, \/75), P; =(1,0), in order to define a precise triangle. Put now

V=vVO={P PP}, Vi, i =i i (VD)

for i1, ...,4n, = 1,2,3, where v;, . ;, is an abbreviation for v;, o...0; , and

n

put
3 oo
v — U Vi, V) = U {ON
i1yenyin=1 n=0
The sets V;, .. ;, are called n-cells and are, in some sense, small copies of

VO more precisely, the copies of V(9 at the n'” step. They can, of course,
also be interpreted as the sets of the vertices of the triangles ¢, ;, (T'), which
are copies of T' at the n'* step. More generally, put Aiy iy =iy, (A) for
every A C R2. T will call 4;, . an (n*" A) copy. Clearly, we have

cyln
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Now, we want to define an “energy” on K. In this section, I will give no
precise meaning to the word energy, and I will define it in the next section,
when I treat the case of general fractals. Roughly speaking, we have to define
an object that in some sense resembles the Dirichlet integral. However as the
Gasket has an empty interior, it is not possible to define the gradient on it.
The way of constructing an energy is based on a finite-difference scheme that
I will now illustrate. Since it is easy to see that V(™ C V(*+1) and, as we will
see in the following, K is the closure of V(°) the idea consists in defining an
energy first on V(©) next on V(") as the sum of the copies of it on all n-cells,
and finally on all of K, taking a sort of limit. More precisely, let

Ew) = Y (uP;)—uP;))
1<51<52<3
for all u : V(®© — R. Note that E(u) > 0, and the equality holds if and only
if w is constant on V(©), This is a trivial but crucial remark. Let

So(E)=E

3
Sa(B)Yv)= Y E(wouy..:) forveR"" n>1,

We can also write

Su(E)v) = (0(Q) —v(@))* forveRV™" n>1

where the sum is extended over all pairs (Q,Q’) € V(™ x V() which are
close in the sense that they lie in a common n-cell. Now, we would like to
define an energy £ for functions defined on K as the limit of S,,(E), but some
difficulties arise. First, this limit may not exist; moreover, it is 0 for too many
functions, for example it is 0 on all the linear functions; we on the contrary
require that it is 0 only for the constant functions. We are so lead to introduce
a renormalization factor p, i.e., we take the limit of X S,, (E). This is a natural
device in the sense that in classical cases, such as e.g., the Dirichlet integral we
have to introduce a renormalization factor. In the present case, however, the
value of p is not much expected. As we will see later, we have, in fact, p = %
In order to find the value of p, we now introduce a minimization operator.
Namely, for u : RV - R, let

M (E)(u) = inf{Sn(E)(v) : v € L(n,u)} Yue R (2)

where L(n,u) = {v € RV™ : v =uon V(01}. We will see in the following
that the infimum in (2) is in fact a minimum. In terms of potential theory,
M, (E) is the trace of S,(F) on V), For the moment let us study only M;.
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Put Pia = 1 (P2) = 2 (Py1), P13 = ¢1(Ps) = ¥3(P1), Pag = ¥2(Ps3) = ¢3(P).
We thus have

S1(E)(v) = (v(P1) — v(P12))* + (v(P1) — v(P13))* + (v(Pr2) — v(P13))?

+(0(Py) — v(P12))* 4 (v(Pa) — v(Pa3))? + (v(Pr2) — v(Pa3))?
+(v(Ps) — v(P13))* + (v(P3) — v(Pas))® + (v(Pi3) — v(Pa3))?
and M7 (E)(u) is the infimum of

(w(Py) —2)* + (u(Pr) — y)* + (v — y)?
+(u(Py) — 2)* + (u(P2) — 2)* + (x — 2)?
+(u(Ps) —y)* + (u(Ps) — 2)° + (y — 2)°

for z,y,z € R. As the function to minimize is convex, it attains its minimum
at the points at which its gradient is 0. Hence, (z,y, z) is a minimum point if
and only if

de =y + z+u(Py) + u(Ps)
dy =z + 2+ u(Pr) + u(Ps) (3)
dz=x+y+u(P)+u(Ps)

A simple calculation yields

5
V= 5

5

We will denote by H(y,z)(u) : V) — R the so obtained solution of (3),
i.e., the unique function v € L£(1,u) such that M;(E)(u) = S1(E)(v). By
substituting the value of v = H(y,g)(u), we get

3
M (B)w) = 3 B(u),
thus M;(FE) is a multiple of E. Is this a lucky case or not? To answer this
question, observe that H ;) is linear, so M1 (E)(u) is quadratic in u, in other
words it is a linear combination of terms of the form u(P;)? and of terms of
the form u(P;, )u(P},). Moreover, since, clearly Hy,g)(u+c) = H(i,p)(u) +c,
we can replace u(P;) by u(P;) — u(Pr), and thus we have that
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My (E)(u) =
a(u(Py) = u(Pr))? + b(u(P3) — u(Pr))? + d(u(Ps) — u(P1))(u(Ps) — u(Fy));
now, by the well-known formula af = % a? + 3% — (a — B)?) with a =
u(Py) — u(Py), 8 =u(Ps) — u(Py), we have

My(B)(u) = a (u(Py) = u(P1))? + V' (u(Py) — u(P1))* + d'(u(P2) — u(Py))?

for some a’, b, d’ and by the symmetry of the Gasket we must have o’ = b = d’
(T here do not prove completely the last assertion, but a formal proof of it due
to symmetry can be easily given). In conclusion, there is a natural reason for
which M;(F) is a multiple of E, and the previous calculation can be used to
the only aim of evaluating the factor % Note that, by the definition of M; (E),
we have

S1(E)(v) > My(E)(v)

for every v : V(1) — R where we identify a function v : V() — R with its
restriction on V() and we will do similarly in other cases. Hence, putting

p= % we have

S1(E M, (E
(B)) | MAEYW) _ e So(B)0) W
P P P
Suppose now v : V() — R. We are going to prove that, more generally, the

sequence M is increasing in n, thus it has a limit, which will be the
energy on K. To see this, note that

3
Z E(vo wil,...,in,in+1))

i1emin=1 1 ipi1=1
1 3 1
=— —S1(E)(vot, i,
= Z(p H(B)(wot,...i,))
1 3 1
prn. Z E(Uowil,...,in)zpfnSn(E)(v).

i1,00yin=1

In the above inequality we have used (4). Now put

1 n
p—nSn(E)(v) for v € RV ), E(Eoo) (v) = nlirr;o E(i)(v) for v € R¥.

By (v) =

We have thus constructed an energy on K. Note that of course E(ZOO) (v) can

amount to co. An unexpected fact is that the linear nonconstant functions



146 Roberto Peirone

have infinite energy. In fact, let v : K — R be linear (or more generally
affine). We easily get that E(v oy, . ;) = (3)"E(v), hence S,(E)(v) =
(2)"E(v), and E(i)(v) = (2)"E(v). It follows that E({o)(v) = +o0 unless
E(v) =0, i.e., v is constant. Thus the set of the functions with finite energy is
in some sense completely different from that in the case of a region in R". So,
one could even suspect that E(io ) is identically +o0. In the rest of this section
we prove that this is not so. More precisely, we will prove the following two
properties of E(io).

a) E(io )

b) The set of v € C(K) such that E¥

(00)

(v) = 0 if and only if v is constant on K.
(v) < 400 is dense in C(K).

In order to prove a), we need a Lemma.

Lemma 1. Ifv: V(" — R and EE)(v) =0, then v is constant on V(™).

(n

3
Proof. By the definition of V™), we have V{"+1) = | J 4;(V (™) for all m € N,
=1

Moreover, ¥; (V™) N4h; (V™) D 4y (V) n4p;(V(O)) #£ g. Thus, if n > 0 and
v is nonconstant on V", it is also nonconstant on 1;(V(™~1) or in other
words, vo1); is nonconstant on V(=1 for some i = 1,2, 3, and by a recursive
argument, v 0 9;, 4, .. ;. is nonconstant on V() for some 11,89, ey b = 1,2, 3.
Hence by the definition of E(;,, we have E,(v) > 0. O

Theorem 1. Ifv € C(K) and E(io)(v) =0, then v is constant on K.

Proof. We deduce from the hypothesis, Ea)(v) = 0 for each n € N, hence v

is constant on V() by Lemma 1. As K = V() v is constant on K. 0O

We are now going to prove b). To do this, it is useful to consider the
notion of the harmonic extension on V). Given u : V(®) — R we know that
the function v := H(1,z)(u) can be characterized as the unique solution of
the system (3) where v(Pi2) = z,v(Pi3) = y,v(Pes) = 2. Such a function
v is called the harmonic extension of u on V1), Note that (3) says that the
value of v at a point Q of V(1) \ V() is the mean value of the values at the
points of V(1) close to Q; this is an analogous property to the mean property
of harmonic functions in regions in R™. Another analogy is that harmonic
functions also are a sort of minimum of the Dirichlet integral. Note that we

have
B (H;p)(u) = B(u) (5)

We will use the harmonic extension to construct a function v defined on all
K, by extending harmonically u on V(1) next applying this process on every
1-cell to obtain a function defined on V), next applying the same process on
every 2-cell and so on. However, in order to know that in this way we have
in fact defined a continuous function, we have to prove that the oscillation on
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n-cells tends to 0. The harmonic extension satisfies the following maximum
principle:

(
Lemma 2. For every u € RV " we have

minu < Hy,p)(u)(Q) <maxu VQ € v\ v©

v (0) ’ v (0)
(weak mazimum principle). Moreover, the inequalities are strict unless u is
constant (strong maximum principle).

Proof. Tt suffices to prove the first inequality, the proof of the second being
analogous. Put v = H(y,g)(u). If v does not attain its minimum at any point
of VI \ V(O then we have minv = v(Q) = u(Q) > minu for some Q €
V(©  and the first inequality is trivial. Suppose, on the contrary, there exists
Q € VO \ VO at which v attains its minimum. By virtue of (3), since
v(P) > v(Q) =: m for each point P close to @, we have in fact v(P) = v(Q)
for each point P close to Q. In particular, v(P) = m for all P € V() \ V(0),
thus we can repeat the same argument at all P € V(1 \V(O). But every point
of V(@ is close to some point in VI \ V) Thus, v = m on VY, in particular,
since v = u on V) 4 is constant. O

We will now prove as a simple consequence of the maximum principle, that
the oscillation of the harmonic extension of w on every 1-cell is estimated by
a constant times the oscillation of u on V(. Let

S:={ueR""” :u(P)=0,|u=1}. (6)

and, given a function f from a nonempty set A to R let

Oscaf = sup |f(z) — f(y)|=supf —inf f.
T, y€A A A
Corollary 1. There exists v €]0,1[ such that for all u : VO — R we have

5?12)3 Oscy, (H(1;5) (1)) < v Oscy o (u).

Proof. Suppose u € Rv(m, u nonconstant. Then, by the strong maximum

principle, for every i = 1,2,3 and for every P € V() we have m(ior)lu <
1%

H1.py(u)(¢;(P)) < maxu and the inequalities are strict if P # P;. Hence,
1%
at least one of the two inequalities is strict for every P € V() and

Oscy, (H(1;p) (1)) < Oscy o (u) for i = 1,2,3. Thus, putting

sup Oscy, (H(1;p)(u))
i=1,2,3

Oscy o) (w)

a(u) =

we have a(u) < 1. Since « is continuous it has a maximum v < 1 on S. Since
a(u+ ¢) = a(u) for every ¢ € R, and « is positively 0-homogeneous, we have

)
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a(u) = a(m) <4

(0
for every nonconstant u € RV, O

Given a function u : V(© — R, as hinted above, we want to extend it
to a function v on V() in the following way. Put v = u on V(9 then we
define v recursively on y(n+1) \ vV for n > 0. For n = 0, v is the harmonic
extension of u on V(). More generally, suppose v is already defined on V(™)

3
and extend v on V("1 Note that V"D = (J ;. (VD). So, we

i1,..in=1

define v separately on every ¥, . ; (V). Let

eyl

U<wi1,m,in+1(P)) = H(l;E) (v Owil,m,in) (’L/Jin+1 (P)) (7)

VP e VO, Vi, .. iy =1,2,3, in other words, v o Vissing: = Hl;E(v o
Uiy .. in) o, , on VO The right-hand side makes sense, as we have already
defined v on V(™. In some sense, by identifying a function on w;, . ; (V1)
with a function on V(). (7) defines v on vy, ;. (V) as the harmonic ex-
tension of the restriction of v on v, ;. (V(O)). The problem in defining v on
V(1) by (7), is that we could suspect that a point ) can be represented as
a point of V("*1) in different ways, for example

Q = ¢i1,---7in+1 (P) = %"1,...,1" (P/)a (8)

n+1

and that the definition of v(Q) via (7) can depend on such a representation. We
are now going to prove that this is not the case, so that (7) actually defines a
function v. The geometrical reason for this is that we see that different (n"T)
copies can have as common points only their vertices, so that the points @ in
V(+D\ V(") can be represented in only one way as in (8). Such an argument
can be considered as sufficiently persuasive. However, I will give a formal
proof. We have to prove that if (8) holds then

Hapy(voti,,.i,) (i, (P)) = Hap) (vo i, i) (¢i2,+1 P). (9

If (i1, ...,4n) = (#}, ..., 4),) then, as every map 1); is one-to-one, we must have

by (8), vi,.,(P) = %;H(P’), thus (9) holds. Suppose now (i1, ...,%,) #

(#},...,1)). Then, it suffices to prove that

cey Uy

'(/Jir,b+1 (P)awi/TLJrl(Pl) € V(O)a (10)

so that by definition of harmonic extension, we have

Hepy(vo . i) (Wi, (P)) = U(wil,.“,in (Vinis (P)))
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=v(Q) = Hu,my(vo vy, i) (¥, (P))
and (9) holds. In order to prove (10), we need the following lemma.

Lemma 3. Suppose (i1, ...,in) # (i, ...,1,,). Then,

T;

Lyeees

in NV Lr o ir S Vig i NV ir

Proof. By the definition of v;, we have 1;(T) N by (T) C 1 (V(©) N apyr (V)
if 4,4’ = 1,2,3, ¢ # ¢'. Thus, if 4,, # i,,, and 4; = 4] for all [ < m, in view of

m>

the trivial fact that every v; maps T into itself, we have

Vi (L) NV iz i (T) Sy, (T) Napyr (T') C P, (VOYN 1/}i;n(V(0))-

Clearly, every 1; maps T\ V() into itself, hence so does Wipi1,enrin - 16 follows
that

77Z)im+1,---,in (T) N V(O) - ¢i7n+17~--,in(v(0))

hence, using also the fact that every 1; is one-to-one,

Viprooniin (1) Vi1 ir (T) C i (T) Ny, (V)

C iy, (VO

The same argument is valid for 4, ...,4
proved the lemma. O

' in place of iy,...,4,, thus we have

Now, since we have supposed (i1, ...,i,) # (i],...,4,), and the maps v,
are one-to-one, in view of (8) and Lemma 3, (10) follows at once, and thus
(7) defines a function on V(). We now want to prove that v is uniformly
continuous on V() and hence it can be extended continuously on K. We
will get this by proving that the oscillation of v on the n-cells tends to 0 as
n tends to co. Let us give the following definition. For f : V() — R, define
Osc,f = sup Oscy ) f. We have

i1,in=1,2,3 Lo

Lemma 4. Osc ,,(v) - 0.
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Proof. By (7) and Corollary 1, we have

Oscy;, (v) <7Oscv;, (V)

forallm € N, 4y, ..., 4,41 = 1,2, 3, thus, for all iy, ...,7, = 1,2,3 we have

,,,,, int1

Oscy;, .. (v) <9"Oscy o) (u).

Now, if P € Vz(loo)z, we have P = i, i, ins1,....in (Q) for some Q € v

and ip41, ..., 45 = 1,2,3. Thus, using (7) again and the maximum principle, a
recursive argument yields

min v < v(P) < max v

i1,-00n i15ein

and thus

Oscy ) (v) < Oscy,, ;. (v) <" Oscyo (u).

. L REEES) n
i1,..0in

Since this holds for every i1, ...,7,, we have proved the lemma. 0O
Corollary 2. v is uniformly continuous on V().

Proof. Let € > 0 be given. Let n be such that Osc,(v) < §. Since

vcve cr,

using Lemma 3 we get that for every i1, ..., 4n, @, ..., 4, = 1,2, 3, either Vz(loo)

have nonempty intersection, or Tj, .. ;
;

jin and Ty are disjoint,
1 n n

and so, they being compact, they have a positive minimum distance. Let
0 > 0 be less than the minimum of the distance of disjoint 73, . ;, and

Ty .- I P, P' ¢ V(*®) and d(P, P') < 6, we have P € Vz(loc)zn, P e Vigoo)

i’
R

. ., y . (c0) (00)
for some iy, ..., i, 47, ...,4, and there exists @ € V; 77, NV, . Hence,

i K

0(P) — v(Q)] < £ and [v(P') — v(Q)| < £, thus [u(P) — v(P")| <. O

We will call the continuous extension on K of v defined by (7), the har-
monic extension of u on K, and we will denote it by H(;g)(u). I explicitly
state the following lemma which is implicit in the proof of Lemma 4.

Lemma 5. For every u : V(®© — R we have
minu < H(o;py(u) < maxu.
Proof. Put v = H(,p)(u). By (7) and the maximum principle we have

min v< min v< max v< max v
Vig,oin Vit i Vit ipga Vig,oovin
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so that, by a recursive argument we get

minu = minv < mm v < max v < maxv = maxu,
7ZO) IZ0O) Vigsooin Vigsooin V() V()

hence, minu < v(P) < maxu, for every P € V(%) thus by continuity for
every Pe K. O

The use of the harmonic extension is illustrated in the following theorem.
Theorem 2. For every u € RV(O), we have
E{y(Ho;) (1) = E(u) .

Proof. Put Hoo;p)(u) =: v. Using also (5), we get

1
E(En+1>(”)zﬁ_ Z E(voti, i)

1 & G
:W Z ( Z H(lE U°¢n, ,zn) win+l))

B15enyin =1 7fn+171

1 3
= > Ei(Ham (o, i)

i1, in=1

for all n € N, thus E(Zn)(H(OO;E)(u)) = FE(u) foralln e N. O

Note that by Theorem 2 we see that H ., g)(u) minimizes E(EOO) among

the functions defined on K which amount to « on V(). We need the following
simple lemma.

Lemma 6. We have

Proof. We have V() = U wll’ i, (V=) Tt now suffices to observe

that K = V() and that wih_“’in are continuous. O
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Given a continuous function v on K, we can now construct for every m €
N, a function denoted by vy, g, defined on K, which is in some sense the
harmonic extension of the restriction of v on V(™). Namely, for every P € K,
put

V(m; ) (Vin..osims (P)) = Hioo;m) (v 0 iy i )(P).

Thanks to Lemma 3, such a definition is correct, and the function v(,,, gy is
continuous, its restriction on every Kj, . ;. being continuous and the sets
K, ...i,, being closed subsets of K covering K. Moreover, using an argument
like that in Theorem 2, we have

so that v(,,p) has finite energy. We are going to prove that v(,,;p) — v
uniformly. In fact, for every Q@ € K let iy,....,4, = 1,2,3, P € K be such
that @ = 4, ..i,(P). By the definition of v(,,p) and Lemma 5, we have
V) (Q),v(Q) € [K inf v, sup w]. Since

1
i1 yerin < (5)”diamK, (11)

(we have in fact the equality in (11)) and v is uniformly continuous, it follows
that v(,,z) — v uniformly, as claimed. In conclusion,
n—oo

Theorem 3. The set of functions with finite energy is dense in C(K). O

3 Dirichlet forms on finitely ramified fractals

In this section we extend the construction described in the previous section
from the case of the Gasket to the case of more general fractals. First, I
describe other examples of fractals. The Vicsek set can be constructed analo-
gously to the Gasket, by putting Ky to be a square, Py, Py, P53, P, its vertices,
5
and P its centre, and ¢;(z) = P; + 3 (z — P;), and K,11 = |J ¢i(K,), then
i=1
using (1). The Sierpinski Carpet is also constructed starting from a square
K, then splitting it into nine small squares of edge %, and considering the
eight similarities carrying it into the small squares but the central one. The
(Lindstrgm) Snowflake is obtained from a hexagon, and seven similarities, six
of them having for fixed points the vertices of the hexagon, and the other
one the centre of the hexagon. The tree-like Gasket is similar to the Gasket,
but two of the three small triangles are disjoint. I finally also recall the cel-
ebrated Cantor set, where the initial set Ky is a segment-line, and there are
two similarities having the end points of Ky for fixed points and of factor %
What could be a general definition of fractal? In all previous cases the set in
R” is obtained using an initial set and finitely many contractive (i.e, having a
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factor < 1) similarities. By a slightly deeper investigation we realize that the
initial set is not essential in this construction, as, for example in the case of
the Gasket, we can start with V() instead of with 7. In Figures 2 and 3, we
describe the previous fractals, by depicting K.

-~ L

¢
Fig. 2. The Vicsek set and the Sierpinski Carpet

Q)¢ Py Py o P Py Ps Py

Fig. 3. The Snowflake and the tree-like Gasket

What is the relationship between the similarities and the fractal ob-
tained? The answer is: if 91, ..., 9, are the similarities, then K is the unique

k
nonempty compact subset of R” such that K = |J ¢;(K). In order to
i=1

realize such a construction, we need some preliminary considerations. Fix
v = 1,2,3,... in the following, and let I be the set of nonempty compact
subsets of R¥. We equip K with the so-called Hausdorff distance, namely
dp(Ch1,Cs) = sup{d(m7C2) cx € Ch,d(y,Ch) 1y € C’z}. Such a distance in
some sense measures how much close are two sets. It is easy to prove that it
is in fact a metric on K. We now prove that it is complete.

Theorem 4. (K,dy) is complete.
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Proof. Suppose C), is a Cauchy sequence in X, and prove that it has a
limit. There exists a subsequence of C,, that we will call D,, such that
dy(Dy,, Dypyq) < 2% for all n. We will prove that D, has a limit and this
suffices to conclude the proof. Let

D:{xER”: dx, € D, with x = lim a:n}

n—oo

We will prove that D is nonempty and compact and that D = lim D,. In

n—oo

order to achieve this, observe that for all n = 1,2, 3, ... we have

Ve e D, dy e D :d(z,y) (12)

Sﬁa

VnV:reDElxneDn:d(x,xn)gzin. (13)

In order to prove (12), note that by the definition of dg, there exists a sequence

(21, ooy Ty, -..) so that © = z,, and for all m = 1,2,3,..., x,, € D,, and

AT, Tmy1) < 2% Then z,, is a Cauchy sequence and its limit y belongs

to D. Clearly, by the triangular inequality, d(z,, zmy) < 2,1%1 for all m > n,
hence d(z,y) < 5.

Let us now prove (13). Let € D, y,,, € D,,, with z = "}gnoo Ym, and let

m > n be such that d(z,ym,) < 2% As above we find z,, € D,, such that
d(Zn,Ym) < 527, and (13) follows at once. From (12) we see, in particular,
that D is nonempty. Since D,, are bounded, in view of (13), so is D. In order

to prove that D is closed, suppose z,, € D and £ = lim z,, and prove that
n—oo

z € D. Using (13) we find y,, € D, : d(yn, zpn) < % Hence, = lim y,, and

x € D. From (12) and (13) it immediately follows that D = lim D,. O

n—oo

Suppose now 1; are contractive similarities in R”, for ¢« = 1,...,k, with
factors r; €]0, 1], i.e. we have

[[Wi(z) — i) = rillz —yl| Va,y eRY.
Let @ : K — K be defined as

k
o(C) = [ Ji(C).
i=1
We are searching for a fixed point of @. We have the following

Theorem 5. @ is a contraction of (K,dy), hence it has a unique fized point
K, and moreover, ®"(A) — K for every A € K.
n—0o0

Proof. Let r = maxr;. Then, clearly, for every A, B € K and for every i =
1, ...,k we have dg (¢;(A),¥;(B)) < r dy(A, B). From the definition of dy it
easily follows that @ is a contraction with factor r. O
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In some important particular cases, we can also give a better character-
ization of " (A). For example, if T' € K is such that ¢(T) C T, we easily
see by recursion that ¢"(7T') is a decreasing sequence of sets. It follows that

N ¢"(T) = K. In the case of the Gasket if T is the triangle, we see that
n=0

o0
o"(T) = K,, defined as in (1), thus we find again K = () T},. On the other

n=0
hand, if we denote by F' the set of the fixed points of ¥; if 9 AV C F, we
see that V' C &(V), thus (V) =: V(" is an increasing sequence, and we

easily get |J V(™) = K. I stated this in the case of the Gasket. However, in
n=0

general, we do not require that V' is the set of the fixed points of all ¥; but
of some ;. This remark is important for the following. We will say that the
set K as in Theorem 5 is the fractal (or self-similar set) generated by the set
U = {y; :i=1,...k} of contractive similarities. Note that a fractal can be
generated by different sets of similarities. However, for the following we fix
a set K as above with the associated similarities 1, ..., ¢, and call P; the
fixed point of ¢; for i = 1,....,k, and put F = {P; : i = 1,...,k}. We have so
explained what we mean by fractal. The next problem is how to construct an
energy on it. We will do that by imitating the construction on the Gasket.
However, as we will see, that kind of construction is not possible on every
fractal, but we have in fact to require some additional hypotheses. Before an-
alyzing what properties we need, we are going to give a more precise notion
of the so far vague word energy. We require of course that an energy is a
functional defined on C'(K') which is nonnegative, quadratic, and which takes
the value 0 on the constant functions. It also appears to be natural to assume
that it takes the value 0 only on constant functions and that it is finite on a
dense set of continuous functions. Moreover, it seems to be natural to require
a property of compatibility with the fractal structure. The need of giving a
notion of energy generalizing the Dirichlet integral has lead to the notion of
Dirichlet form. Usually, a Dirichlet form is defined on an L? space. Here, in
order to avoid problems related to the construction of measures on the fractal,
I prefer to define it on C(K), although this is, in some sense, less natural.

Definition 1. We say that a functional £ is a good Dirichlet form if it satis-
fies the following properties

a) € is a quadratic form from C(K) to [0,4+00] in the sense that there
exists a linear subspace Z of C(K) such that £(v) < 400 if and only if v € Z,
and there exists £+ Z x Z — R bilinear and symmetric such that

E() = E(v,v) >0

forallv e Z.
b) E(vA1)V0) <E(w) YveC(K) (Markov property).
¢) € is lower semicontinuous (with respect to the L™ topology).
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d) Ev+c)=Ew) Yve CK),VeeR, (thus, £ is 0 on all constant
functions).

e) € is irreducible, i.e., E(v) = 0= v constant.

f) There exists a set H C C(K) such that H is dense in C(K) with respect
to the L™ topology, and E(v) < +oo for every v € H.

g)3p>0:5(v):;§5(vom)

Properties a), b), ¢) characterize the Dirichlet forms, d), e), f) are in some
sense properties of regularity of a Dirichlet form, and g) is the self-similarity
property. The functional E(Eoo) constructed on the Gasket in Section 2 is a
good Dirichlet form. Indeed, a) is trivial, b) easily follows from the analogous
property of the function (z,y) — (z —y)? (ie. if s(t) = (¢t A1) V 0, then
(s(x) —s(y))? < (x —y)?); ¢) follows from the fact that E({o) is the sup of the
continuous functionals E(En X d) is trivial, e) and f) have been proved in Section
2, and g) can be easily proved with p = % on the base of the definition of E(Zn).

We are now trying to imitate the construction of E(io) on a general fractal.
To do this, we have to restrict the class of fractals considered, requiring that
analogous properties to those used in the construction on the Gasket hold
in our fractals. Here, in order to simplify the presentation, we will not try
to define the widest class of fractals suitable for these considerations, but we
will restrict ourselves to consider a class of fractals which is at the same time
simpler to define and sufficient to include the most usual cases. In the case of
Gasket, we used the fact that ¢;(T'\ V) C T\ V. Such a property was crucial
in the construction of the harmonic extension on K of a function defined in
V', which in turn allowed us to prove property f) of Def. 1. Also, we implicitly
used the fact that the points P; are different from each other, and that the
points ;(P;) are not in V(©) unless i = j. So, we are lead to require the
following property which includes the previous two:

Definition 2. We say that K has the (strong) nesting property if P;, # Pj,
when j, # jo, and there exists a set V. =V C F,V = {P,..., Py}, 2 <
N < k, so that, putting T = coV, we have ¥;(T) C T and ;(z) ¢ VO if
x € T\ {P;}, and in addition

Vi(T) N apr (T) = (V) N (V) if i =1, . ki # 4 (14)

Note that we used (14) in Lemma 3. In the case of the Gasket, V and T'
are as in Section 2. In the absence of the nesting property, we cannot even
conclude that Eio is finite for some nonconstant function. It follows that
P (T\V©®) € T\ VO, forall i =1,...,k. Note that the nesting property
implies in particular that every n-cell contains at most one point of V() for
n > 0. In addition,

Ph:wi(Pj)7 h,jzl,,N,Zzl,,ki’L:j:h
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This means that every P, € V(© belongs to precisely one 1-cell, i.e.,
Vi(:= (V). The phrase strong nesting property is more appropriate, as
usually nesting property has a weaker meaning, and properly is a weaker
version of (14), but in the following we conventionally omit the word strongly.
In some sense, in Def. 2, (14) is the most characterizing property, in which
it distinguishes the most usual fractals. In fact, the Vicsek set, the tree-like
Gasket and the Snowflake have the nesting property, but the Carpet has not,
as (14) does not hold. In our examples we have N = k = 3 in the Gasket
and in the tree-like Gasket, N = 4, k = 5 in the Vicsek set, N =6, k =7
in the Snowflake, so that we can in fact have N < k. Another property we
have to require is suggested by the Cantor set. There, if we try to imitate the
definition of M;(F) we obtain 0, as, for every function defined on V', which in
this case is the set of the end-points of the segment-line, it can be extended
on V) to a function which is constant on each 1-cell. The reason is that
the Cantor set is too much disconnected, not so in a topological sense but in
the combinatorial sense that the 1-cells are disjoint. In order to give a precise
notion of connectedness, we recall the following definitions about graphs.

A graph is a pair (V,W) where V is a nonempty set and W is a subset
of the set of the subsets of V' having precisely two elements. The elements of
W will be called the edges of the graph. We will say that P,QQ € V are close
(in (V,W)) if {P,Q} is an edge. We will say that P,Q € V are connected (in
(V,W)) if there exist n = 1, 2..., Py, ..., P, € V such that P, = P, P, = @Q, and
{P;,Piy1} € W fori=1,....,n—1. In such a case, we will say that (P, ..., P,)
is a path that connects P and @ (in (V,W)) and has length n. We will say
that (V,W) is connected, if any two points in V are connected. When V' is
clear from the context we can identify the graph with W, and say for example
that W is connected.

Now define A;, . i, =i, 4, (A) for A C K and 41, ..., 4, = 1, ..., k, where

k
iy ..., is an abbreviation for v;, o...01); , and put v — U Viins

11,0 =1

V(®) = |J V™ as in the case of Gasket. We explicitly note that

n=0
vO cym cyle c kg c T,

and V(™ is increasing with respect to n. Then we say that our fractal is
connected if the following graph is connected: G; = (V1) W) where W is the
set of {¢2(le)7¢z(sz)} with 7 = 1,...,]€, jl,jg = 1,...,N, j1 7& jg. In other
words, we require that for every P,Q € V(1 there exists a finite sequence
Pi, ..., P, of points in V(1) such that, P = P;, Q = P,,, and for every r =
1,....m —1, P, P.y1 belong to some 1-cell, or also, that any two points in
V) can be connected by a path in V(1) whose edges are contained in some
1-cell (depending on the edge). It can be easily verified that the Vicsek set,
the tree-like Gasket and the Snowflake are connected. We will say that a
fractal is (strongly) finitely ramified if both it has the nesting property and it
is connected. As for the nesting property, we will omit the word strongly for



158 Roberto Peirone

sake of simplicity, although, the usual definition of finitely ramified fractals is
more general.

We will construct a good Dirichlet form on our fractal, which from now
on will be always assumed to be finitely ramified. At first glance, in the con-
struction in Section 2 we used other properties of the Gasket. For example,
in the proof of the maximum principle, we used the fact, that every point in
VA VO s close to a point close to a fixed point in V(). However, this tells
in other words that a point in V() \ V(© and a point in V(© are connected
in G; by a path of length < 3, and the connectedness can well replace this
assumption. A more serious difficulty is that, when we proved that M;(FE)
is a multiple of E we heavily used the very strong symmetry of the Gas-
ket, for example in the Snowflake there is no reason that the coefficients of
(u(P) — u(P;))? and of (u(P) — u(P3))? are the same, as P, and P, are
connected in V(Y in an essentially different way from P; and Ps. In order
to avoid such a problem, we will consider more general quadratic forms on
V(O Suppose K is a finitely ramified fractal with similarities 1, ..., 1. We
define D to be the set of functionals from RV into R satisfying the following
property:

there exist ¢;, j, (E)(= ¢j,.5,) > 0 (j1 # jo) with ¢j, j, = ¢j,;, such that

Buy= Y ¢ pnu(P)—ulPy))’ (15)

1<j1<j2 <N

for all u: V(O — R. _

Moreover, we define D to be the set of those E € D which are irreducible,
i.e., E(u) = 0 if and only if u is constant. Concerning the previous definitions,
we are only interested in D. However, in some cases, we will also need to
consider the set D which has for example the advantage that it is in some
sense a closed set. The difference with respect to the case of the Gasket is
that in this case we consider forms with possibly different coefficients. Now,
we define S, (E) and M, (F) as in Section 2, with the obvious variant that the
indices in the sum in the definition of S, (E) vary from 1 to k instead of from
1 to 3. In order to imitate the construction in Section 2, we need an E € D
such that there exists p > 0 with M;(F) = pE, in other words, we have to
prove the existence of an eigenvector for the operator Mj : D — 25, which as
we will see, is in general, nonlinear. Before discussing this problem, however,
we need a more detailed analysis of the previous notions. For example, I have
not proved that M; maps in fact D into D. First of all, we note that the
coefficients of E are unique (this enables us to use the notation c¢;, ;,(E)).
This is a consequence of the following remark.

Remark 1. Given ji1,j2 = 1,..., N, j1 # jo, let uj, j,, vj, j, be the functions in
RV that take the value 0 at every P different from P;,, P;,, and such that

1

gy o (Pjy) = gy 5, (Pjy) = 05,5, (Pjy) = 1, vy 3, (Pj,) = —1.
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Then, if E is defined as in (15) (not necessarily c;, j, > 0), we must have
i1 o = 2 (E(vjy j,) — E(uj, j,)), as can be easily verified.

We now want to prove that M; maps in fact D into D. In the case of
Gasket, we evaluated precisely M7(E). We did this by solving explicitly the
system in (3). Clearly, this is not possible in the general case. However, it is
not necessary to solve explicitly such a kind of system, but it is sufficient to
prove that it has a unique solution. For in such a case it depends linearly on
u and we can proceed as in Section 2. We need some further considerations
on graphs in V(1.

Remark 2. It is easy to see that the irreducibility condition for E € D amounts
to the fact that the graph on V() whose edges are the sets {P;,, P;,} such
that ¢;, j, > 0, is connected. We will denote such a graph by G(E). Note that,
roughly speaking, the irreducibility condition amounts to the fact that there
are not too many coefficients equal to 0. For example, if N = 3, this means
that at most one of the coefficients ¢y 2,¢1,3,¢2,3 is 0.

Fix E € D. We call G(E) the graph in V(1) whose edges are the sets
of the form {’(/Ji(le)awi(sz)} with i = 1, ...,k, jl,jg = 1,...,N, jl 7é jg and
¢jy,j» > 0. We say that two points @ and @’ in V() close (resp. E-close) if they
are close in Gy (resp. in G1(E)). So, two distinct points are close if they lie in
the same cell. We say that @ and @’ are connected (resp. E-connected) if they
are connected in Gy (resp. in Gy (F)), i.e., if there exists a path (Q1,...,Qm)
with Q1,...,Qm € VW, m > 1, and Q; = Q, Q,, = @', and Q; and Q; 1,
close (resp. E-close). In such a case we say that the path connects (resp. E-
connects) @ to Q'. We say that Q and Q' are strongly connected (resp. strongly
E-connected), and that the path strongly connects (resp. strongly E-connects)
Q to Q', if we can also assume Qs, ..., Q1 ¢ V. Note however, that by
our assumptions any two points in V@ are connected.

Remark 3. 1t easily follows from Remark 2 that any two points that lie in the
same 1-cell V; are E-connected by a path (Q1, ..., @) with Qp, € V; for each
h. Tt follows that, if 4 > N, so that V; contains no points of V(%) then any
two points in V; are strongly E-connected. If, instead, ¢« < N, so that P; is the
unique point in V() NV;, then any point in V; is strongly E-connected to P;.

Lemma 7. Every point Q € VY is strongly E-connected with some point of
V),

Proof. Fix Q' € V(. Since the fractal is connected, there exist Q1, ..., Qm €
V) such that Q, = Q, Q,, = Q' and for every h = 1,...,m—1, Q;, and Qp 41
are close. Thus, by Remark 3, Qp and Qp+1 are E-connected, and therefore
Q and Q' are E-connected. In a path (Q1, ..., Ql) E-connecting Q and Q’, let
Q" be the first element Q, € V(. Then Q and Q" are strongly E-connected.
O
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Note that, unlike the case of the Gasket, in general we cannot conclude
that @ is strongly E-connected with any point of V(). For example in the
tree-like Gasket, if ¢j, j, = 0 the point P; is not strongly E-connected with
P5. As in Section 2, we define L(n,u) = {v € RV™ v =uon V(O}. We can
characterize the minimum point of M;(E) in £(1,u) like in Section 2.

Lemma 8. If u € RV"” | then a function v € L(1,u) satisfies M1(E)(u) =
S1(E)(v) if and only if

> i (v(P) —v(i(Py)) =0, vPeVIN\VO  (6)
where the sum s extended over all @ = 1,...,k, j1,52 = 1,...,N such that
J1 #]2 and P = wz(le) O

Lemma 9. Supposeu € RV” andv € L(1,u) satisfies M1 (E)(u) = S1(E)(v).
Suppose P € V) \ V(O and v(P) = maxv or v(P) = minv. Then, we have
v(Q) = v(P) whenever Q € V(Y is strongly E-connected to P.

Proof. Suppose for example v(P) = maxv =: M. It follows from the hy-
pothesis that v(P’") = v(P) if P’ is E-close to P, as, in the contrary case,
the left-hand side in (16) would be strictly positive. Now, let (Q1,...,Qm)
be a path strongly E-connecting P to Q. By recursion, v(Q,) = M for all
r=1,...,m, and in particular, v(Q) = M. O

Proposition 1. Ifu € RV"” and v € L(1,u) satisfies My (E)(u) = S1(E)(v),
then v satisfies the mazimum principle: for every P € V(1)

minu < v(P) < maxu.

V(0 V()
Proof. We prove for example the second inequality. Suppose that v(P) =

maxv =: M for some P € V) \ V(. Using Lemma 7 and Lemma 9, we
conclude that v(Q)(= u(Q)) = M for some Q € V(. Thus, M < maxu. 0O

Theorem 6. For every u € RV there exists a unique v € L(1,u) satisfying
M, (E)(u) = S1(E)(v), which we will denote by H g (u).

Proof. Clearly, given v : V(Y — R, v € £(1,u) and satisfies M;(E)(u) =
S1(E)(v), if and only if v satisfies the equations in (16) and, in addition, the
equations v(P) = u(P) for P € V(©). Thus, we have a linear system with
#V ) equations and #V 1) unknowns v(P), P € V(1) Therefore, we have to
prove that the corresponding homogeneous system has no nontrivial solutions.
But the homogeneous system is the system corresponding to u = 0. By the
maximum principle, the unique solution to such a system is the function v = 0.
O

Clearly, H ;) has the following properties:
a) H1;p) is linear, thus continuous.

b) H,py(u+c) = Hy;p)(u) +c for all u € RV and ¢ € R.
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Remark 4. The strong maximum principle in general does not hold. For ex-
ample, in the tree-like Gasket if E is the form defined before Lemma 8, and
u(P1) = u(Py) = 0, then Hy,p)(u) = 0 on the 1-cell V;.

We need a further lemma.
Lemma 10. Ifv: V(™ — R and S, (E)(v) = 0, then v is constant on V().

Proof. We imitate the proof of Lemma 1. Observe that for every m € N, if
v: V) R has a constant value ¢; on every 1;(V(™), i = 1,..., k, then
v is constant on V("*1) Indeed, in particular, v = ¢; on the 1-cell V;. Since
the fractal is connected, ¢; is independent of i, say ¢; = ¢ for each ¢, and

k
since V) = (J 4;(V™), v = ¢ on V™1 as claimed. Tt follows that, if
i=1

v is nonconstant on V("), then v oy, 4, .. ;. is nonconstant on V() for some
11,19, -y in = 1, .., k, thus S, (E)(v) > 0. O

Theorem 7. M, (E) € D.

Proof. By an argument similar to that in Section 2, M;(FE) has a representa-
tion as in (15) for suitable coefficients ¢}, ; (= ¢}, ), j1,d2 = 1,..., N, j1 # jo.
It remains to prove

a) My (E) is irreducible.

b) c}l;jQ = 0.
Let us prove a). We have M;(E)(u) = S1(E)(H1;g)(u)). If u is nonconstant,
so is H1,p)(u). Hence, in view of Lemma 10, M;(E)(u) > 0. Let us prove
b) Let j17j2 = 1,...,]\77 jl # jg, and Ujq,525 V1,52 be as in Remark 1, and
let w = H(1,5)(v), j,). Since |w| € L(1,u;, ;,), by the definition of M;(E) we
have

My (E)(uj, 5,) < S1(E)(Jw]) < S1(E)(w) = Mi(E)(v),.5) , (17)

the second inequality being an immediate consequence of the formula
(la] = [b)? < (a = 0)*. (18)
Now, b) follows from Remark 1. O

Next, we discuss the problem whether there exist E € D and p > 0 such
that M;(FE) = pE. In such a case we say that E is an eigenform and p is its
eigenvalue. In many fractals an eigenform exists.

Put E to be that form having all coefficients equal to 1.

We have seen that in the Gasket E is an eigenform. Although the Vicsek set
is less symmetric than the Gasket, it is not difficult to see that its symmetry
properties are sufficient to guarantee that E is an eigenform (in some sense
the kind of connection of two different points P, P’ € V(© through V() is
independent of P, P’). In the tree-like Gasket a direct calculations shows that
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every form F € D with c1,3 = 0 is an eigenform with eigenvalue % In fact, let
a = c1,2, b = cy 3. In the definition of M; we minimize the functional

a(u(Pr)—)*+a(u(Pe)—x)* +b(u(Ps) ~y)* +b(u(Py) ~y)* +b(z —z)* +a(t—y)*,

where, v being the function to minimize, we put Pia = ¢1(P2) = 2(Py),
Poz = 3(P) = 2(Ps), Py = 1(13), P5 = ¢3(P1), v = v(Pr12), y = v(Pa3),
z =v(Py), t = v(Ps). Clearly, for the minimum v we must have x = z, y = t,
and we have to minimize separately the functions a(u(P;) —z)%+a(u(Py) —x)?
with respect to @ and b(u(P3) —y)? +b(u(P,) — y)? with respect to y. Clearly,
the result is

Sau(Py) — u(P2))? + Sbu(Ps) —u(P2))? = L E(u).

For the Snowflake the problem is more complicated. Here, and in general, the
map M, considered as a map from the coefficients of E to the coefficients of
M (E), is a rational function. This, as the solution H(y,z)(u) of system (16)
is given by the quotients of two determinants which are polynomial functions
of the coefficients of E, and My (E)(u) = S1(E)(Hq;g)(u)). So, we cannot
expect that M is linear, and when ad hoc arguments such as symmetry do
not work, the problem of the existence of an eigenform is not trivial. A result
of Lindstrgm [9], states that in every nested fractal there exists an eigenform.
A nested fractal is defined to be a fractal having properties similar to that of
finite ramification, and further the following additional symmetry property:

If ji,jo = 1,...,N, j1 # jo, then the symmetry ¢; ;, with respect to
Wi, o = {2 : |z — Pi,|| = ||z — P}, ||}, maps n-cells to n-cells for n > 0 and
any n-cell containing elements on both sides of W, ;, is mapped to itself.

See [9] for the precise definition. It is easy to see that the Gasket, the Vicsek
set, and the Snowflake are nested, and the tree-like Gasket is not nested. In
particular, on the Snowflake there exists an eigenform. It is not difficult to
see that not all fractals have an eigenform. A rather general criterion for the
existence of an eigenform also valid for non-nested fractals was given by C.
Sabot in his doctoral thesis (1995) (cf. [18]). Improvements of the results of
Sabot were given in [13].

From now on, we assume that in our fractal there exists an eigenform, and
E will denote a fixed eigenform.

It is not difficult to see that p < 1 (see [18]). We can now repeat for £ the
same construction as that for E on the Gasket and use the same definitions
of EA(EH), and of harmonic extension H z)(u). We get

Theorem 8. For everyv: K — R, EA’(En) (v) is increasing with respect to n. If

we put E(Zc)o)(v) = nh_)rr;@ EA’(% (v), then E(E()o) is a good Dirichlet form on K.
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Proof. We imitate the proof in Section 2. We have to modify slightly the
proof of Corollary 1. When there, we stated that the number ~ is less than
1, we used the strong maximum principle, which, as seen in Remark 4, is no
longer valid in this situation. However, a little modification of that argument,
using substantially the maximum principle, is still valid. We have to prove
that Oscy, (v) < Oscy (o (1), whenever u is a nonconstant function from V(%)
to R and v = H(l;E‘) (u), and 7 = 1,...,k. To this aim, using the maximum
principle, it is sufficient to prove that v cannot attain in the same 1-cell
V; both its maximum and its minimum on V(). Suppose on the contrary,
maxv = v(¢;(P},)), minv = v(¢;(P},)), j1,j2 = 1,..., N. In view of Remark
3, either ¢ > N and 9;(P},) and ¢;(P;,) are strongly FE-connected, or i < N
and ;(P;,) and ;(P;,) are both strongly E-connected to P;. By Lemma 9,
in the former case v(v;(P},)) = v(¥i(P;,)), in the latter case v(¢;(P},)) =
v(P;) = v(1:(P),)). Hence, maxv = minwv, and v, thus u, is constant, a
contradiction. 0O

Note that any positive multiple of an eigenform is an eigenform as well.
So, a natural question is: is the eigenform unique up to a multiplicative con-
stant? The answer is yes in several cases, but not always. The first example of
nonuniqueness was given by V.Metz in [10], where it was proved that in the
Vicsek set, there are infinitely many eigenforms not multiple of each other. A
simpler (but less symmetric) example is the tree-like Gasket (see [16]), as we
previously saw. We are now going to prove that, independently of the unique-
ness, the eigenvalue p does not depend on the eigenform, thus it is related to
the fractal, and it can be called the renormalization factor of the fractal. We
need some preparatory considerations.

Lemma 11. For any E, E' € D the ratio

_ P

A(u)

has positive minimum, which I will denote by A_(E, E'), and maximum, which

I will denote by A\ (E, E") on the set of nonconstant u € RV?. They are also,
respectively, the minimum and the mazimum of A on the set S, defined in (6).

Proof. Since A(u) = A(%) for every nonconstant u € RV it suffices

to observe that A is continuous, thus it has a maximum and a minimum on
S. O
Remark 5. We clearly have
A (E,E"YE<FE <)\ (E,E"E
for every E,E' € D.
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We now state some simple properties of S,, and M,, which we will use in
the following without explicit mention.

a) Sp(aF) = aSy(E), M, (aFE) = aM,(E),

b) E<E' = S,(E) < Sp(F), Mp,(F) < M,(E'),

where E, E' € 15, a > 0. By the expression F < F’ we mean F(u) < E'(u)
for all uw € RV and similarly for S, (E) and M, (F). Note that F < E’ does
not amount to le;j2(E) < leyjz(El) for every j17j2 =1, "'7N7 .jl 7& ]27 for
example, if N =3 and 6172(E/) = 01,3(E/) = 3, 02,3(E/) = 0, and 6172(E) =
c1,3(E) = ca3(F) = 1, using the simple inequality (a+b)? < 2a*+2b%, we have
E < E’. We remark that in the previous considerations we did not require
that the forms are eigenforms.

Lemma 12. If E and E’ are eigenforms in 13, then they have the same eigen-
value.

Proof. Suppose M1(E) = pE and M;(E’) = p'E’ and prove that p = p/. In
fact, we have aE < E' < bE for some a,b > 0, by Remark 5. Using a) and
b), we get M{*(E) = p"E, M{"(E') = p'"F’, and ap"E < p'"E' < bp"E, for
every n € N. Hence, if p # p/, we have that either £ or E’ is identically 0,
contrary to the assumption E,E' € D. 0O

4 Main properties of renormalization and harmonic
extension

In previous sections, we studied the convergence of Ei when FE is an eigen-
form. We now want to study the corresponding problem when E is any element
of D. The first remark is that, as we know that the eigenvalue p is independent
of the eigenform, we can well define

Sn(E)
pn

X
) =

for any E € D. We are now going to study the following problem: Is the
sequence E(i ) convergent in this more general case? In this case, unlike the

case of an eigenform there is no reason that the sequence E(En ) is increasing.

So, the answer is less simple. In order to attack the problem, we need a more
careful investigation of the renormalization operator M, (E) and of the har-
monic extension on V(™ that, so far, we merely hinted. This is what we will
do in this section. We will prove in particular that M, ., (E) = M,,(M,(E)).
This will turn out to be a consequence of the nesting property, as, in order to
minimize the sum of the copies of E on the (n + m)-cells, we can minimize
for fixed values on V(™) independently on the different n-cells as they only
overlap at points in V™) and then minimize the sum of such minima among
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the possible values on V(™. The statement of Theorem 9 is thus, in some
sense intuitive. However, I will give a complete proof of it. In order to do this,
we need two Lemmas. We will use the notation H(,, n;g) for Hp.ar, (£))-

Lemma 13. Suppose (i1, ...,in) # (i}, ...,i,,). Then,

1ot =

Proof. Note that K C T, hence K;, . ;.
the proof is exactly the same as that in Lemma 3. O

in

OKZ/I i g Tih“

yeenyih

ﬂTle;L Then,
Lemma 14. Suppose n € N. Suppose P = i, ;,(Q) = i i (Q) with

W1y ooy by By ey 1, = 1,0k and Q, Q" € K, and (i1, ..., in, Q) # (i}, ..., 1, Q).
Then, Q,Q" € V),

Proof. We have (i1,...,in) # (#},...,4,,), as in the contrary case, Q = Q’.
Hence, by Lemma 13, Q,Q' ¢ V(®©. 0O

Theorem 9.

i) For everyn € N and E € D and u € RV the inf in the definition of
M, (E) is in fact a minimum. It is unique and we will denote it by H . p)(u).
Moreover, M, (E) € D.

i1) For every n,m € N and E € D and u € RV(O), on VO we have

Hpymi ) (W) © Wiy i = Hins ) (Hm,ni ) (W) © Wi i) © Vi st
i11) For every n,m € N and E € 15, we have
Mn+7n(E) = M’m(Mn(E)) .

Proof. Suppose i) holds for n and m (for all E and w), and prove that the
function 7 : V("t™) — R defined by

E<wi1,...,im (Q)) = H(n,E) (H(m,n;E) (u) © wi1,-~7im)(Q)
for Q € V™ iy, .. iy =1, ..., k, satisfies
veLn+mu), Spym(E)(v) > My (My(E))(u) Yo € L(n+m,u), (19)

and the equality holds if and only if v = 7. Since we already know that i) holds
for n = 1, a recursive argument then yields i), ii) and iii). First, note that
the definition of v is correct, i.e., it does not depend on the representation of
PeVmtm ag P = 0 (Q) wWith 4y, .yip, = 1,..,k, Q € VW If P €
V() then P = Yir,...ir (Q') for some i, ..., = 1,...k, Q" € V(O Thus,
either (i, ...,im, Q) = (i}, ...,7,,,@Q"), then Q@ = Q' € VO or (i1, ...,im, Q) #
(i}, ...yi',Q"), and using Lemma 14 we have Q@ € V() again. Hence, the
definition of T gives D(P) = H(yy n;p)(u)(P). If, on the contrary, P ¢ ym),
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in view of Lemma 14 the above representation of P is unique. Next, we prove
that 7 € L(n + m,u). We just proved that ¥ amounts to H,, ,,p)(u) on
V(™) D V(O which in turn amounts to u on V(). Finally, if v € £(n +m,u),
we have

k

St (BE) () = zk: ( > E(vowh,...,imowimﬂ,.i.,mﬂ,))

1yentm =1 Gy, tmgn=1

i1yeeeyim=1 i1yeeeyim=1
= S (M (E)) (v ) = My (Mo (E)) ().

Moreover, the first inequality is in fact an equality if and only if

VO Wiy i = Hins ) (Vv om) © Vi i)
on V) for all iy,...,iym = 1,...,k, the second is an equality if and only if
Vjyom) = Hy n;p) (w), if and only if
VO Yiy, i = Himnym) (W) 0 Yiy i

on VO for all iy, ..., 4., = 1,..., k. Hence, the equality holds in (19) if and only
ifo=19. O

Corollary 3. We have M,, = M{*. O

Now, for every E € D, we put M, (E) = Eqy = MZ,(LE). When F is
an eigenform then M, (E) = p"E, so that E,y = E. We easily deduce from
Theorem 9 that

Elnim) = (E(n)) (m)

for all E € D and n,m € N, thus ]\:/;fn = M{L. Clearly, E € D is an eigenform
if and only if it is a fixed point of M;. In order to investigate the convergence
of E(Z;L ) we need some information on the convergence of E(,). We will prove

in fact that the sequence E(En ) is I'-convergent to E%O where E is the limit

of E(,). The proof of the convergence of E(,) is the real problem in the proof
of I'-convergence of Ei ) when F is not an eigenform. Clearly, when E is an
eigenform, E(,) = E — FE. In order to prove the convergence of E,), it will

n—oo

be useful to study the behaviour of H,.y(u) on the single n-cells, in other
words, to study H(,;g)(u) o, 4, In this connection, another consequence
of Theorem 9 is that we can split the map u +— H(,,g)(u) 0 ¥;, ... i, into the
composition of maps like u +— Hq,p)(u) 01;. We need thus a reformulation of
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H1,p)(u) 01p; which represents it as a function of u. So, define T}, : RV -

(0)
RV by

Tip(u) = He1,m)(u) o 9

for every ¢ = 1,...,k; E € 15; u € RV, Put also Time = Tim,(p)- In
the previous definitions, we omit E when is clear from the context, and in
such a case, we write T;,T; . The following properties can be easily verified.
We have already discussed some of them in terms of properties of the map
u— He, gy (u).
Proposition 2. Let u € ]RV(O),E € D. We have

i) T; is linear.

it) T;(u + ¢) = T;(u) + ¢ if ¢ is constant.

i11) T;(w)(P;) = u(P;) foralli=1,...,N.

iU) Ti;aE:Ti;E zfa>0 (]

Note that thanks to iii), for i = 1,..., N, T; maps the space

Hi = {'LL c RV(O) : ’U,(B) = O}
into itself, and by ii) T} is completely determined by its values on IT; ~ RN 1,
Thus, T; can be considered as a linear operator from RV 1 into itself. Another
trivial remark is that, by iv), we have T} a7, (g) = Ti k- Putting n = 1 in
Theorem 9 ii), a simple recursive argument on m yields

Lemma 15. Let u € RV([)), E €D. Then

H(nE() 1/)717 in _nnvoonn,flvlO”.OTihn_l(u) on V(O)7

in particular, if E is an eigenform, we have

H("yE)( ) 1/121 ..... iy — Tz o Tln L0 0 TZ.1 (’LL) on V(O).D

Corollary 4. Let E € D, u € ]RV(O), Qe V™. Then

<H < .
minu < H,g) (u)(Q) < maxu

Proof. We have m(ior)lu < Tip(u) < max u for every ¢ = 1,..., k. We conclude
1% 1%

by a recursive argument. O

So far, I discussed about the convergence of sequences in 5, but I did not
specify by what a sense I mean the convergence. It will be better to consider,
a priori, the convergence on D instead of on D, as D is closed. We can define a
norm || || on the linear space generated by D as ||F|| = sup |E(u)|. Note that

u€S

if ||E|| = 0, then as F is 2- homogeneous and satisfies F(u) = E(u — u(Py)),
it follows E(u) =0 for all u € RV, so that [| || is in fact a norm. We have:
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Lemma 16. Given E,,, E € D, the following properties are equivalent
a) E, — E pointwise,
n—oo

b) E,, — E uniformly on the compact subsets of RV(O),
n—oo

¢) E, — FE in the norm || ||,

d) le,jQ(Eﬂ) njgo le,jz(E) forall j1,52 =1,...,N, j1 % J2-
Proof. Clearly, we have d) = b) = a). Also, a) = d) by Remark 1.
Since the set & is compact, we have b) = c¢). Finally, as F(u) = |lu —
u(P1)||2E(”Z+E§3H> for every nonconstant u € RV, ¢) = a). O

So, the convergence in D (a fortiori in 15) will be meant to be in one of
the four equivalent formulations in Lemma 16. Also, we will consider on D
and on D the topology induced by such a convergence. In this way the main
functions we defined on D are continuous.

Lemma 17. We have _

i) The map from D x RV
continuous.

i) The map from D x RV to R defined by (E,u) — Mi(E)(u) is con-
tinuous. _ _

i11) M, is continuous from D to D.

@ to RV defined by (E,u) — Hq,gy(u), is

) Ay and A_ are continuous from D x D to ]0, +oc].

Proof. Prove i). Suppose Ep, E € 75, Up, U € RV(O), E;, " E, up U and
— 00 — 00
prove that

Hq,g,)(un) e Hpy(u). (20)

By the maximum principle we have m(ir)l up < Hpyg,)(up) < max up, . Thus,
v ’ v

the functions H(y,g,)(us) are uniformly bounded and if (20) does not hold,
we have

Hup,,)(un,) — v

l—o00
with v # H(y,g)(u), for some strictly increasing sequence of naturals h;. Thus,
v satisfies (16), and v = H(y,g)(u), contrary to our assumption. ii) easily
follows from i), in view of the formula M;(E)(u) = S1(E)(H1,5)(w)). iii) is
an immediate consequence of ii) and of the formula M,,(FE) = M7 (E). We now

prove iv). Suppose Ej, P E, E} " E’. Given a nonconstant v € RV 0), let
—00 —00

o« = E(u) and let h € N be such that Ej(u) > & for h > h. By simple
calculations, for every h > h and u € S we get
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< 2| B} () E(u) — En(u)E' ()]

(07

Eh(u) E(u)

‘ Ej(u) _ E'(w) ’

2
< S (B Bw = BIl + 1Bl 1B, — E'l[) — 0,

so that iv) easily follows. O

Corollary 5. If E,E' € D and Euy — E', then E' is an eigenform.

Proof. Since E' = lim (J\;[l)n(E)7 and M is continuous, then E’ is a fixed

n—oo

point of M,. O

Lemma 17 and Corollary 5 will be used without mention in the following.
Another equivalent way of expressing the convergence in D is given by the
following corollary.

Corollary 6. Given E,,E € 75, then E, — E <— M.(E,E,) — 1.

n—oo

Proof. Part “if” follows from Remark 5. Part “only if” follows from Lemma
17iv. O

In some sense, the functions A4 provide a way of measuring how much far

two different E, £’ € D are. We are so lead to give the following definition.
Given E,E' € D let

ME,E') =In(A,(E, E")) — In(A_(E, E")).

A is a particular case of Hilbert’s projective metric. For the theory of
Hilbert’s projective metric see for example [15]. We have in fact, as can be
easily verified, that A is a semimetric on 25, in the sense that it has all prop-
erties of a metric but the property that the distance is 0 only if the two
elements are the same. More precisely, we have A\(E, E’) = 0 if and only if
E' is a (positive) multiple of E. In particular, F € D is an eigenform if and
only if A(E, E(1)) = 0. Also, we clearly have A(aF,bE’') = A(E, E') for every
a,b > 0. Thus, X induces a metric on the projective space pr(ﬁ) generated by
15, that is the space of equivalence classes on 25, mod the relation that iden-
tifies E to aF for a > 0, £ € D. I will now describe some simple properties
of X\. While the previous results, in Sections 1 to 4 can be found (possibly
in a slightly different form) in textbooks on this topic, for example [6], the
following properties of A can be found in at least one among [12], [16], [1§]
(cf. also [11]). T here follow [16].

Lemma 18. Given E,E' € D we have
i) A (M (E), My (E') = A_(Eqry, Elyy) = A (E, EY)
ii) A+ (My(B), My(B')) = Ay (Eqay, Ely) < A4 (. BY)
i) MM (B), My(B')) = M(Eqy, Bfy) < A(B, B').
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Proof. In i), ii), iii), the equalities are trivial, so we have to prove the inequal-
ities. By Remark 5 we have A_(E, E')M;1(E) < M1(E") < Ay (E,E")M(E),
hence,

My (E") (u) /
A(E,E) < <\ (B, E')
My(E)(u)
for every nonconstant v € RV, and i) and ii) follow at once, and iii) is an
immediate consequence of i) and ii). O

Now, since E(1) is a multiple of M;(E) for E ¢ 5, in view of Lemma
18, the map M is a weak contraction on pr(ﬁ) with respect to A. This fact
suggests that a way for proving that the iterated M, =M 1 converges could be
to try to prove that the above considered map is in fact a strong contraction.
Unfortunately, this is not true in general, as we saw that we can have two
different normalized eigenforms, which correspond to two different (on pr(D))
fixed points of M;. However, we can modify such an argument in this way: In
order to prove that the sequence E(,) tends to some eigenform E, since the
distance A between E and E(,) is decreasing in view of the previous lemma,
we can try to prove that it is not eventually constant, so that we can hope
that it tends to 0. We will use this argument on the Gasket in next section. We
are thus lead to investigate the cases in which in Lemma 18 iii) we have the
equality. For the moment, however, let us discuss some simple consequences
of Lemma 18. Given an eigenform E and real numbers a,b with b > a > 0,
let us put

Uab,B

- {Eeﬁ:aEgEng}(:{Eeﬁ:agA_(E,E),A+(E,E) gb})

and write U, for Ui Since F is an eigenform and thus E’(l) = F, it
immediately follows from Lemma 18 that M, maps U, into itself. Thus if
E € U,yp, then every E(,) lies in U, 3. Note that every £ € D belongs to Uy,
if, for example a = )\,(EA’, E), b= A+(E, E). Moreover, U, is (sequentially)
compact. We have in fact:

Lemma 19. Every sequence in U,y has a subsequence convergent to some
element of Uqp.

Proof. Let E, be a sequence in U, ;. Because of Remark 1, the coefficients
¢j1,j»(En) are estimated by & E(vj, ;,). Thus, E,, has a subsequence convergent
to some functional E and we immediately see that £ € D. Moreover, we

clearly have aE < E < bE. Thus, if u € RV is nonconstant we have
E(u) > aE(u) > 0, so that E' € D. Moreover, E € U, . O
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Corollary 7. For every E € D there exists a strictly increasing sequence of
naturals n, and E' € D such that E,,) P E'. O
— 00

The problem is thus to prove that all the sequence FE(,) converges to
the same limit E’. The use of U, is the point in which we need the existence
of an eigenform. Lemma 19, in fact, states that in some sense the sequence
E(,) is bounded with respect to A. Another consequence of Lemma 18 is
the following.

Corollary 8. Given E,E' € D, put
Ain = A (B, E') = As(Ey, Egn)) An =M (E,E') = /\(E(n),EEn)) .

Then
i) Ay .n is decreasing and A_ ,, is increasing, thus A, is decreasing
i) If we set Ax = lim Ay, we have 0 < A_ < Ap < +o0.
n—oo

Proof. Since E,11) = (En))a1), 1) is an immediate consequence of Lemma
18, putting there (E(,)) in place of £ and (Eén)) in place of E’. For ii), note
that 0 < A_ o <A, <Ay < Apo<+oo. O

Corollary 9. If E,FE' € D and E' is an eigenform and E(nh)h—> E’ for

some strictly increasing sequence of naturals ny, then E,y — E'.
n—oo

Proof. By Corollary 6, A+ (E', E(,,)) P 1. On the other hand, since Ezn) =
E', there exists lim Ai(E', E,)) = 1. By Corollary 6 again, E(,) — E'.
D n—oo n—oo

We have just seen that A, < Ay and A_,, > A_ . In order to know
whether the operator M,, contracts the distance A for some n, we need to
know when such inequalities are in fact equalities. To this aim, we study the
set of functions in RV(O), which are in some sense extrema for the ratio %

For E,E' € D put

(A* =)A* (B, E') = {u e RV : E'(u) = Ao (E, E')E(u)} .

By definition such sets include the constant functions. Since in some cases we
need to use only nonconstant functions, put (A* =)A*(E, E’) to be the set
of the functions in A*(FE, E") which are not constant. Put also

(A" =)ATMNE, B') = AF (Mo (E), Mo (E")( = AF (B, B(,,)))) ,

(A5 =)ATMNE, B') = A% (Mo (E), Ma(E")( = A* (B, B,))) -
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Proposition 3. Let E, E' € D. Then
i) AT is closed.
i) u € AY = cjutcy € AT Vep,c €R.
iii) E' is a multiple of E <= ATNA~ #g.
w) A £ ¢.

Note that, if Ay , = Ay, then
AEMEE) = {u e RV - My (E') (1) = As oM, (E)(u)} .
Now, we can state the following result.

Lemma 20. Let E and E' and Ay ,, be as in Corollary 8. If we have Ay ,, =
A+ 0, then for every u € A&™ we have

Hpopy (W) 0 iy i = Henopry (W) 0 iy, € AF
foralliy,....i,=1,.. k.
Proof. Let u € A™™. Then

My (E')(u) = Sn(E) (Hen:r)(u)) =

k k
Z E/(H(n;E')(u)Owih---,in) > Z )‘—,OE(H(R E'( ) wll, 1 )
(ARTERD) inzl il ,,,, ’anl

= A—,OSn(E) (H(n;E’)(u)) > )\—,OMn(E)(u) = Mn(E/)(u)
so that the two inequalities are in fact equalities. From the fact that the first
inequality is an equality we deduce H g (u) oy, .., € A7, and from the
fact that the second inequality is an equahty we deduce H ) (W) oy, i, =
Hnpry(w) oy, ., , for all iy, ..., i, = 1,..., k. We have proved the Lemma for
the case where + is —. We can proceed blmllarly in the case where £ is +. 0O

Corollary 10. In the same hypotheses as in Lemma 20, for every m with
0 <m <n we have

)\:t,n = )\:t,m = )\:E,O = )\:t,n—m(Mm(E)a Mm(El)) = )\:E,O(Mm(E); Mm(E/)) 5
(21)
and for every u € AT"

H(n—m,m;E) (u) © ¢i1,...,in,m - H(n m,m;E") ( ) 1/%1 E Ai’m (22)
foralliy,....ipn_m=1,.... k.

Proof. From Corollary 8, (21) follows at once. Thus, (22) follows from Lemma
20 and the fact that

w € AF (M- (Mon(E)), My (Mon(E) ). 0
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Note that the first equality in (22) for every i1, ...,0n—m = 1, ..., k, simply
amounts to H,_p ;) () = H(y—pm m; ey (u). Roughly speaking, whenever
we have Ay, = Ai, every function u € A® "™ produces, via its harmonic
extension, functions in A*™ for all m < n, at every (n—m)-cell, in particular,
for m = 0, functions in AT, at every n-cell.

Remark 6. Note that, given E,E' € 5, if )\(E(n),Eén)) = ME, E') then
At (Eeny, EEn)) =M (E,E").

5 Homogenization on the Gasket

In this section we assume that the fractal is the Gasket. We first prove that for
every F € D, the sequence E(,) converges, then we prove that the sequence
E(En) is I'-convergent. We call this phenomenon homogenization. Analogous
convergence results also hold for general fractals, but I prefer first to illustrate
the process in the Gasket, because the proof is more natural and so can be
better understood. A typical property of the Gasket (and of other, but not of
all, fractals), is that the limit form of E,) is a multiple of E. The proof of
the convergence of E,) on the Gasket presented in this section has not been
published, but the idea is sketched in the introduction of [16]. The proof in
general fractals presented in Section 6 follows more or less the approach of [16].
In Section 4 we studied what happens if )‘i(E(n)vEEn)) = M (E,E') in the

general case F, E’' € D. Put now E = E, so that Eqmy = E, and put E in place
of E'. Since E is an eigenform, then (22) yields H, w5 (W) o Yiy, i €
AT ™ if 4y € AT Hence, in view of Lemma 15, we get

Proposition 4. If £ € D and A (E, Ewy) = M (E, E) andu € A*(E, Ewmy),
then T7"-(u) € A*(E, E) for everyi=1,2,3.

Let T; := T, in the rest of this section. The plan of the proof of the
convergence of FE(,) is more or less the following. First, we will prove that

if such a convergence does not take place for some E € D, then we have
A+ (E, E(,)) = A+(E, E) for some E € D; next, we will use Prop. 4 to deduce

that AT and A~ contain some eigenvectors of T}, obtained as a limit of "
and, finally we will prove that these eigenvectors are the same, so that by
Prop. 3, E is a multiple of F, and thus E(,) = E. In order to prove the first

step, I will use the following notation. By Corollary 8, A(E, E(,,)) is decreasing
in n, so that A(E, E(,)) < A(E, E) for each n. I will say that E € D approaches
E if X(E,E(,)) < M(E, E) for some, thus for sufficiently large, n. I will say
that E goes to E if E(,) tends, as n — 0o, to a multiple of E. Then

Lemma 21. If every £ € D which is not a multiple of E approaches E, then
every & € D goes to E.
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Proof. Let E € D. By Corollary 7 there exist a strictly increasing sequence of
naturals nj, and £’ € D such that E,,) P E'. For every m € N we have
— 00

/\(Ea EEm)) = A(E7 hILII;o(E(n’L))(m)) - )\(E, hILH;O E(m-i—nh))

= lim )\(E, E(m—&-nh)) = lim )\(E, E(n)),

h— o0
the last equality depending on the fact that the last limit exists. Thus, E'’ does
not approach E and by hypothesis, E’ = aF for some positive a, in particular
it is an eigenform. By Corollary 9, E,,y — E'. O
n—oo

In order to investigate the convergence of 77, I first introduce the problem
by some preliminary considerations. If v € RV we identify uw with a vector
of R? by putting u = (u(P1),u(P2),u(Ps)). By this identification, T} is a
linear operator from R? into itself. Suppose for example j = 3. Then T3 maps
R? x {0} into itself. We have T3(x,y,0) = (H(I’E)(x,y,O)(z/J3(Pi))i:172,3)

= (2z + Ly, 1z + 2y,0) (see solution of (3)). Hence, putting e; = (1,0,0),
€2 = (07 130)7 €3 = (07071)7 we get T3(61) = (%a %70)a T3(€2) = (%v %30) The
really important point in these formulas is that

Ts(e1) = (a,b,0),T3(e2) = (b,a,0) with a,b>0. (23)

This can be deduced by the symmetry of P, and P; and by the strong max-
imum principle, with no explicit calculations. On the base of the form of T3
we see that T3 maps the positive cone D3 := {v € R3 : v; > 0,05 > 0,03 =
0,v # (0,0,0)} into the cone D} := {v € R3 : v; > 0,v3 > 0,v3 = 0}. Sup-
pose now that A(E, E(,)) = A(E, E), and take u,, € A*(E, E(,))- Suppose
for example it attains its minimum at Ps. By Prop. 3 ii), we can and do as-
sume u,(P3) = 0, so that u, € D3. We have w,, := T3 (u,) € A%, Clearly
w, — 0, but for our considerations it is specially interesting to know what

is tﬁe ﬁomit of the normalized vector v,, := HZ—;H (if it exists). Since T3 in some
sense has the effect of mixing the first two components in a symmetric way,
we can expect that v, — %
on n, this cannot be sTiLm;oly proved on the base on the convergence of the
iterated, but we need a sort of uniform convergence. We now come to give the

precise statement of the convergence of T}". Let

(1,1,0); however, since the point u, depends

D;={veR®: v >0forl#juv;=0v%#(0,00)},

D ={veR®: v >0forl#jv;=0,}.
Let v = (0,@,@)7 Vo = (@,0,@&, vy = (§7§,0) Let /1/—;?1(’0) =
"y max v; .
% when T} (v) # 0. Let g(v) = o where the maximum and the
minimum are taken over i = 1,2,3 with i # }, when v € D’. Then
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Lemma 22. We have @(DJ) — T;, in the sense that

n—oo

sup (q(Tj"(v))) — 1.

veD; n—o0

Proof. We suppose for example j = 3, the other cases being analogous. Define
functions ¢1,¢2 on Df by ¢1(v) = =, q2(v) = oL, Thus

q = max{qi,q2} .

Note that g1, g2, and thus ¢, are continuous with values in ]0, +oo[ . By (23)
we have for v € Dj

a(T)) = 303 200) +1
24+ tv2 qi(v) +2

and a similar formula holds for g2 (75(v)). In other words, for i = 1,2, we have
¢i(T3(v)) = f(qi(v)) where

2t +1

="

Note that f satisfies
a) f(1) = 1.
b) f is strictly increasing on 0, +ool.
c) f(t) <t for every ¢t > 1.
We deduce ¢(T5(v)) = f(q(v)). Also, for every t > 1,

i) — 1. (24)

n—oo

Moreover, the convergence in (24) is uniform on every interval of the form [1, ]
with ¢ > 1, since, by b) we have 1 < f™(¢t) < f™(c) for ¢t € [1,¢]. Now, ¢ has a
maximum M > 1 on T5(Ds3) as g is continuous and positively 0-homogeneous,
and the set of unit vectors in Ds, so its image via T3, is compact. Since

q(T3(v)) = f"(q(v)), we have

sup ¢(T%(v)) — 1.0

vED3 n—0o0
ggrollary 11. Given a strictly increasing sequence ny of naturals, and vy, €
17" (Dj), we have vy, T2
Proof. Let for example j = 3. By Lemma 22 we have ¢(vy,) e 1.Ifwis a

limit point of vy, then w € Dj, as, in the contrary case, a subsequence of q(uvy)
tends to +o0o. Hence, by continuity, ¢(w) = 1, which implies w = 3. Since U3
is the unique limit point of vy, then vy, P v3. O

— 00

Theorem 10. Every E € D goes to E.
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Proof. By Lemma 21 it suffices to prove that given E € D that does not
approach E, then F is a multiple of E. Take u,, € At (E, E(y)). Clearly, there
exists a strictly increasing sequence of naturals ny such that all u,, attain
their minima at the same point P; and their maxima at the same point
Pj,, with ji; # j2 . By Prop. 3 ii we also have wy,, = up, — upn,(P},) €
AY(E,E,,)), wh, = tn, (Pj;) — un, € A*(E, E,,)). Moreover, wy, € Dj,,
w,, € Dj,. Thus, v,, := @(wnh) € AT by Prop. 4, and by Corollary

Th

11, vy, hjo)o@“ hence 7;, € A*. By proceeding in a similar way, v}, =
T (wy,) € AT, and vy, T2 U0 € A*. By the same argument there exist
J1,J3, With ji # j5 such that v, 7;, € A~. Since we have only three points

in V(©) there exists v; € At N A~ and, by Prop. 3 iii, E is a multiple of E.
0

Remark 7. The argument in the proof of Theorem 10 heavily relies on the fact
that N = 3. Aiming to possible extension of the proof to more general fractals,
it could be useful to observe that a modification of that argument does not
use N = 3, but uses the strong symmetry of the Gasket, which implies in
particular that v; is symmetric with respect to the components different from
j. We saw in proof of Theorem 10 that there exists j(= j5(0)) = 1,2,3 such
that 7; € AT(E, E). On the other hand, clearly, E,, does not approach E, so
that we can apply the same argument to E(,) and there exists j(n) = 1,2,3
such that v;.,) € AT(E, E(,)). We can now repeat the previous argument.
Let nj be a strictly increasing sequence of rﬁaiurals and let j = 1,2, 3 be such
that j(np) = j for all h. Then, by Prop. 4, le”” (ﬁ;) € A", and, since v; € Dy,
by Corollary 11

T (v7) — T € AT,

J h—o0

On the other hand, for j # j, U5 = (1,1,1) — \/56; € D; N A", hence

jvj"ml (175) h:;o ij € 14+ .
In conclusion, v; € At for every j, and by the same argument, v; € A~ for
every j, so that AT N A~ # g.

Corollary 12. Every eigenform is a multiple of E.

Proof. 1t suffices to observe, that if £ € D is an eigenform, then £ =
E@ny — ak, for some a > 0. O

Theorem 10 is interesting in itself. However, we will use it as a starting
point to prove the I'-convergence of E(En). Let now E € Dand E = lim E(,).

n—oo

We are going to prove that E(ZOO) =I'(X-) 1iIJ1r1 E(En), where X = R with
n— 100
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the metric L>. Note that, since E is an eigenform, E(ic ) is defined. The
argument of the proof of I'-convergence is due to S. Kozlov [7], who proved the
I'-convergence on the Gasket for forms F having two of the three coefficients
equal, with respect to a topology which is different from L°°, and induces a
sort of Sobolev space on the Gasket. In any case the proof of [7] also works
for general fractals once we know that the sequence E(,) is convergent. In
these Notes, I follow an approach similar to that in [17], where, in fact, the
problem is treated by a slightly more general point of view in the sense that
the I'-convergence with respect to different topologies is investigated there.

Recall that, given a sequence of functionals F;, from a metric space X
with values in R U {400} U {—o0}, F,, are said to be I'(X —)-convergent to a
functional F' if for every x € X

i) there exist x,, — x such that F,(z,) — F(x).

n—-+4oo n—-+oo

ii) For every x,, — « we have liminf F,(x,,) > F(x).
n—-+4oo n—-+4oo
In order to obtain the I'-convergence result, for every m,n € Nwithn > m
and for every v : V(™) — R, we define V(n,m) : K — R to be the n-harmonic

extension with respect to E (or to E, which is the same as F is a multiple of
E) of 9 : V(™ — R defined by

5(¢zlzn(P)) =Hpmp)y (Vo Yiy i) ©Winir,in(P), P€ v,

The definition of v is correct by the same argument as in Section 2, via Lemma
3. Then, we define v(,) = v(,,[z]). We have

Lemma 23. For every v € C(K), v,y — v with respect to L>.
n—oo

Proof. For every @ € K let iq,...,7, = 1,...,k, P € K be such that Q =
Vi, ,...in, (P). Then, by the definition of harmonic extension,

U(n) (Q) = VU(n) (wil,...,in (P)) = H(oo,E) (77 o wn,zn)(P)

and by Lemma 5 we have

V) (@) € [mind oy, i, maxT o iy, ]

Moreover, by Corollary 4 we get

V) (Q) € {1‘51(101)11) o %‘1,..4,1'[%] , MAXV O wil,...,i[%]} .

In conclusion,

(@), v(Q) €[ min v, max v,

gy Ky

hence [v(,)(Q) —v(Q)] < max wv— min v, and by the uniform conti-

ieing Kiy,.., iz

nuity of v on K and (11), v,y — v uniformly. 0O



178 Roberto Peirone
Lemma 24. For every v € C(K) we have
x b >
By (0m)) = (Bin-3)) {2 (v) < B (v) -
Proof. We first observe that

k
Su(B)wm) = D Su-rm)(E)vm) © Vir..igsy)

i1y =1
Sn—[%](E)(U(n) © ¢i1,...,i[%]) = Sn—[%](E) (H(n—[%],E)(v o 1/%1,...,1'[%])) =

My 3)(E) (0 iy, igg)) < Snez)(E) (0o ¥y im)) s

k
Su(E)(v) = ) Sn—131(E)(0 0 iy . igy,) -

i1, =1
It follows that

Sn(E)(v(n)) = Sig) (Mn-(3)(E)) (v) < Sn(E)(v).
By dividing by p™ we get the Lemma. O
Theorem 11. We have

I'(X—) lim EY, =E”

where X = C(K) with the metric L.
Proof. By Corollary 6, for every € > 0 we have
(1-e)E < By < (1+e)E (25)

for sufficiently large n. Now, given v € X, by Lemma 23 v,y — v in X.
Also, by Lemma 24 and (25),

) ) nbH nPH
By (vm)) = (En—13)) {2 (v) € [(1 = ©)Efy)y(v), (1 + &)y (v)]

for sufficiently large n, so that E(i) (vny) — E(EOO) (v). It remains to prove

that given v,, — v in X, then

n—-+oo

lim inf E(En) (vp) > E(AEO)(U) )

n—-+oo
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and it is clearly sufficient to show that for every m € N

lim nf Ejy(va) > B, (v). (26)
By Lemma 24 and (25) and since E(En) is increasing, if 0 < ¢ < 1, for sufficiently
large n we have

E(L:L)(vn) 2 (E(n—[%]))ﬁg])(vn) > (1- 5)E(E[g])(vn) > (1- g)E(Zr:n) (Un) -

Since v, Y and E(fn) is continuous from X to R, we get

n—-10oo

lim inf E(En) (vp) > (1 — ) liminf Egn)(vn) =(1- 5)E(§n)(v) .

n—-+oo n—-+o0o

Since this holds for any € €]0, 1], (26) follows. O

6 Homogenization on general fractals

In this section we will extend the results of Section 5 to arbitrary finitely
ramified fractals. The difficulty in imitating the proof in Section 5 consists
in extending Theorem 10. Note however, that in general, we cannot expect
that E(,) tends to a multiple of a fixed eigenform, as in such a case, we could
prove as in Corollary 12, that the eigenform is unique up to a multiplicative
constant, and this is no longer true in the general case. We remark that if
N =2, then for every F € D, we have

E(u) = c(u(Py) — u(Pg))27 M (E)(u) = ¢ (u(P) — u(Pg))2

for some ¢, ¢’ > 0. Hence, E is in any case an eigenform, and the convergence of
E(,) takes trivially place. Thus, we can assume N > 3. What properties of the
Gasket have we used in the proof of the convergence of E(,)? We essentially
used either N = 3 or the very strong symmetry of the Gasket. If the fractal is
less symmetric, one could prove an analog of Lemma 22, but the limit vector
is not symmetric with respect to the components different from j. Hence such
a vector does not attain its maximum at all P € VO, P +# P;, and the proof
in Remark 7 does not work. Since in the present case, we want to prove the
convergence of E,) to an eigenform that, in case of nonuniqueness, may well
depend on E, and we cannot guess what eigenform is the limit, we will not
try to prove that )\(E,E(n)) tends to 0 for some specific eigenform E. We
will instead try to prove that A\, := A(E(n), E(n41)) tends to 0. Note that
E(nt+1) = (E1))(n), so that we can use Corollary 8 and Corollary 10 with Eq)
in place of E’. In particular, A, is decreasing. We say that F is A-contracting if
we have A\, < Ag for some, thus for sufficiently large, n. We have the following
analog to Lemma 21.
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Lemma 25. If every E € D that is not an_eigenform is A-contracting, then
for every E € D there exists an eigenform E such that E,y — E.
n—oo

Proof. Let E € D. By Corollary 7 there exists a strictly increasing sequence
of naturals ny,, and E” € D such that E,,) P E'. For every m € N we have
— 00

ME{mys Elyny1y) = A0 (Eny)) ), Hm (B mt1)) =

A( lim E(m-i—nh)v hh—{go E(m-‘rl-‘rnh)) = hh—{go A(E(m-i-nh)a E(m—i—l—i—nh))

h—o00

= lim )\(E(n),E(nJrl)) .

n—oo

Thus E’ is not A-contracting, and by hypothesis it is an eigenform. By Corol-
lary 9, then E,y — E'. O
n—oo

Actually, in the argument of the proof of convergence on the Gasket, when
we stated that a and b in (23) are positive, we also used the strong maximum
principle. The strong maximum principle, in fact, will play an important role
also in the argument in this section. This will lead us to restrict the class of
fractals. The convergence result can be proved for all finitely ramified fractals,
using a variant of the strong maximum principle, but the proof is considerably
more technical and will be omitted. I will hint the idea at the end of this
section. We saw in Prop. 1 and Remark 4 that H(y,g)(u) satisfies the maximum

principle, but in general not the strong maximum principle when F € D. We
will now see that, if

Cjr,g2(E) >0 Vj1,j2 : 1 # ja, (27)
then H(y.p)(u) even satisfies the strong maximum principle. Note that, if

E € D satisfies (27), then E-close amounts to close and E-connected amounts
to connected.

Proposition 5. Suppose that E € D and (27) holds. Suppose u : V© — R,
and v = H(l;E)(u) attains its mazximum or its minimum at a point Q of
VN VO, Then u is constant on V(9.

Proof. We first prove that any point Q € V1) \ V() is strongly E-connected
to any point Q" € V(. The proof of Lemma 7 shows that there exists
a path (Q1,...,Qm) E-connecting @ to @Q'. We will prove that if such a
path has minimum length among the paths E-connecting @ and ', then
Q2, .. Q1 ¢ V. Suppose on the contrary Q; =P, € VO with 1 <7 < m.
As Vj, is the unique 1-cell containing Py, then Q;_,, Q;; € V). Hence the path
(Q1, .+, Q;_1,Q741,-+s @m) E-connects @ and @’ and has length m — 1, which
contradicts our assumption. Now, from Lemma 9, if v attains its maximum
or its minimum at @, then u = v =v(Q) on V®. 0O
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We cannot apply directly Prop. 5 to prove the convergence of E(,), as E
does not necessarily satisfy (27), but we will now see that a relatively mild
condition on the fractal implies that every M;(F) satisfies (27). We first give
a sufficient condition on E in order that M (FE) satisfy (27). It can be easily
proved that it is also a necessary condition.

Lemma 26. Suppose that E € D and every two points in V(O are strongly
E-connected. Then My (E) satisfies (27).

Proof. The proof is a variant of that of b) in Theorem 7. Let j1, ja2, Uj, js, Vjy ja>
w be as in Theorem 7. It suffices to prove that My (E)(vj, j,) > M1(E)(ujy j,),
hence that in (17) at least one of the two inequalities is strict. If the second
one is not strict, we have E(|w|o ;) = E(wo ;) for all i = 1,..., k, and thus
w cannot attain opposite signs at two E-close points, as the inequality in (18)
is strict when a and b have opposite signs. Let now (Q1,...,@Q.,) be a path
strongly E-connecting Pj, to P;,. Here m > 2 as P;, and P}, cannot lie in the
same 1-cell. Since w(Q1) = w(Pj,) = v;,,5,(Pj,) =1 and w(Qn,) = w(P},) =
Vi, ja (Pj,) = —1, there exists h = 2,...,m — 1 such that w(Qp) = 0. As |w|
does not satisfy Lemma 9 with P = Qp, then |w| # H,g)(u;, j,), and the
first inequality in (17) is strict. O

We now require that the fractal has a strong connectedness property. The
argument in proof of Prop. 5 shows that any two points in V() are strongly
connected. We require a slightly stronger condition. We say that the fractal
is strongly connected if for every Q,Q’ € V(© there exist Q1,...,Qm € VIV
such that Q1 = Q, Q.,, = Q' and, for every h = 1,...,m — 1 there exists
i(h) = 1,....k such that Qn,Qny1 € Vi), and in addition, i(h) > N for
h = 2,...,m — 2. Note that the last condition means that all cells but the
first and the last contain no points of V(9. It is easy to see that the Gasket,
the Vicsek set and the Snowflake are strongly connected, while the tree-like
Gasket is not.

Proposition 6. Suppose the fractal is strongly connected and E € Mi(D).
Then E satisfies (27). Thus H(1;p)(u) satisfies the strong mazimum principle
for every u € RV,

Proof. Let E = My(E"), E' € D. We will prove that every two points in V(9
are strongly E’-connected. The proof imitates that of Lemma 7. Fix P;,, P}, €
VO, Let (Q1, ..., @) be a path as in definition of strongly connected fractal.
For any h = 1,...,m — 1, the points @ and Q41 are E’-connected by a
path which remains in Vj), in particular, for h = 2,...,m — 2, it remains in
VWA VO, Since Qy € Vj, (the unique 1-cell containing P}, ), by Remark 3
Q2 is strongly E’-connected to Pj,. For the same reason, Q,,_1 is strongly
E’-connected to Pj,. In conclusion, we have found a path that strongly E’-
connects P;, and Pj,. 0O
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From now on, unless specified otherwise, we will assume that the fractal is
strongly connected.

We will write any u € RV as (u(P1),...,u(Py)). In this way, u will be
identified to a vector in RV. We will denote by ey, ...,enx the vectors of the
canonical basis in RY.

Corollary 13. Suppose E € Ml(ﬁ) Then for everyi=1,...k, j=1,...,.N
we have
=1 ifi=j=h
Ti:p(en)(Pj) { =0 ifi=j#h
€]0, 1] ifi#7.

Proof. We have Ty, (en)(Pj) = H1,p)(en)(¥s(P))). If i # j we have ¥;(P)) €
VW VO thus the conclusion follows from the strong maximum principle.
If ¢ = j the results is trivial. O

In the previous section, in order to prove the convergence of E(,), we were
lead, in view of Lemma 21, to investigate the implications of the equality
A+ (E, E(n)) = A+ (E, E). In the present case, in order to prove the convergence
of E(y), in view of Lemma 25, we have to investigate the implications of the
equality A(E, E1)) = M E), Ent1)). Therefore, instead of using a version of
Corollary 10 in the case in which E is an eigenform, we will use a version of
Corollary 10 in the case E’ = E(;y. However, also in the present case, it will
be sufficient to consider the case i; = ... = i,,. We have

Lemma 27. Suppose E € D. Let At = At(En), Engr)) for all n. If we
have Ay, = At 0, then for all m with 0 < m < n we have Ay, = Ay o and
qu S Ai’n(E, E(l))

Timo- 0Tin1(t)=Tims10-0Tin(u) € AX™(E, Eqy).

Proof. Tt suffices to put E' = E(y), i1 = - = ip, = ¢ in Corollary 10, and to
use Lemma 15, taking into account the definition of H,_p, m;p). O

We need an analog of Lemma 22 suitable for Lemma 27. Roughly speak-
ing, we want to prove that the normalization of the composition of m linear
operators, under suitable conditions, contracts the positive cone to a unique
vector, which in this case may well be nonsymmetric. However, there is a more
relevant difference with the case of Section 5, i.e., as suggested by Lemma 27
we need to consider the case where the operators are different. I will give a
general theorem for operators in RM and then I will apply this to our case.
Let M > 2 be fixed for the following (in case M = 1, Theorem 12 is trivially
satisfied with w = 1). We define

D={veRM:vy;>0Vi=1,..,M,v#0},
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D'={veRM:v;>0Vi=1,.,M}.

Let also D={ve D:|||=1}, D' ={ve D : ||| =1}. Let A be the set
of linear operators 7' : R — RM that map D into D’ or equivalently such
that T(e;) € D' for all i = 1,..., M. Let N : RM \ {0} — RM be defined as
Nw) = ot~ We will now introduce on D’ a semimetric that we implicitly
used in the proof of Lemma 22 with M = 2, and is standard in the Perron-
Frobenius Theory. Given u,v € D’ put

Vi

V; .
Nelwo) = Jpax e A-lwo) = i,

N (u,v) = In(Ny (u,v)) = In(A\_(u,v)) .

The definition of A resembles that of A on 15, and in fact it is another case
of Hilbert’s projective metric. It satisfies the same properties as A: we have
N (u,v) = 0 if and only if v is a multiple of u, X' (aw,bv) = N (u,v) for every
a,b > 0. Thus, N induces a metric on the projective space pr(D’) generated
by D’, that is the space of equivalence classes on D’, mod the relation that
identifies v to av for a > 0, v € D’. In particular, on D’, it induces a metric,
which we denote by A as well. It is not difficult to see that such a metric
is equivalent to the euclidean one, in the sense that they generate the same
topology. However, as we will not use that statement, I will not discuss it. We
instead will use a weaker form in Theorem 12. We will denote the diameter
of a subset A of D" with respect to X’ by diamA. The use of X’ is illustrated
by the following lemma.

Lemma 28. If u,v € D' and T € A, then we have N (T(u), T(v)) < N (u,v)
and the inequality is strict unless X' (u,v) = 0.

Proof. For all i =1,..., M, we have

Qi,5Vj

S
o
M=

M=

Qg5 Uj

<.
Il
—

where a; j = (T'(e;)), > 0. We have a; jv; < N, (u,v)a; juj and, if N (u,v) # 0,
i.e., v is not a multiple of u, the inequality is strict for at least one j. Thus
;gz; < N, (u,v) for every i = 1,..., M. Hence, X (T'(u),T(v)) < N, (u,v) and
similarly, A (T'(u),T'(v)) > N_(u,v), thus N (T(u),T(v)) < N (u,v), and the
inequality is strict if X (u,v) #0. O

The following theorem is specially interesting in the case in which the op-
erators coincide. This is a form of the well-known Perron-Frobenius Theorem.
For information on the Perron-Frobenius theory see for example [19].
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Theorem 12. Let A" be a compact subset of A. Let Ty, ..., Ty, ... be a sequence
of operators in A'. Then there exists w € D' such that

N(Tyo..0T,(D)) — w

n—oo

n—oo

in the sense that sup {||w —v||:veN(Tyo..0 Tn(D))} — 0.
Proof. For every T € Alet T = N oT. Then, we have

N(Tl 0..0 Tn(D)> =Tyo..0 Tn(b) VneN.

Thus, putting Tmyn = Tm 0...0 Tn when m < n, we have to prove that there
exists w € D’ such that

sup{Hw—vH v € Tln(ﬁ)} — 0. (28)

Let a : D x A" — D’ be defined as a(v,T) = T(v). Tt is continuous, hence
B :=Ima is a compact subset of D', thus, M :=diam(B) < +oco. We have
T,.(D) C B C D. It follows

BDOT11(D)2Ti2(D)D..2Tin(D)D ... (29)

We will prove that
diam(T} (D)) — 0. (30)

For every n > 0let F), = {(u,v) € BxB : N'(u,v) > n}andlet §: A’xF, = R
be defined as

B(T,u,v) = N (u,v) = N(T(u), T(v)).

Since A’ x F), is compact, § has a minimum m,, on it which, by Lemma 28, is
positive. We will now prove that, given n = 1,2, 3, ... such that M —nm,, <n,
we have

diamT ,, 11 (D) < 7. (31)

As 7 is arbitrary, this implies (30). Let u,v € D. As Tpy1(u), Thi1(v) € B,
we have

N (g1 (u), Togr (v) < M

Now, if N(Tpnpi1(t), Tmni1(v)) < 71 for some m < n + 1, by Lemma
28 we have N (T1,11(u),Tinp1(v)) < 7. In the contrary case, we have
(Tmmﬂ(u), Tm7n+1('l/)) € F, for all m < n+1. Hence, in view of the definition
of m,, by a recursive argument we get A’(T17n+1(u), Tl,n_’_l('l})) <M —nmy, <
7, and N(Ty i1 (u), Tiny1(v)) < 7 again. Thus, we have proved (31), hence
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also (30). Since by (29) Ty ,,(D) is a decreasing sequence of nonempty compact

subsets of B, then there exists w € (] T1.,(D), and, by (30) we have
1

n=

sup { X (w,v) :v € T1n(D)} — 0.
n—oo
On the other hand, since A’ generates on the euclidean compact set B a
topology weaker than the euclidean one, X\ is equivalent to the euclidean
metric. Hence, we get (28), and the theorem is proved. O

Corollary 14. Under the hypotheses of Theorem 12, given a strictly increas-
ing sequence ny of naturals and vy, € D we have

N(Tio...0T,, (v)) .

Corollary 15. Let i = 1,...,k be fized, let E € D and let D = {v cRVY .
v(P;) =0,v(Py) >0 Vi #£i,v# O}. Then for everym = 1,2, ..., there exists
Wy, € RV such that, for every strictly increasing sequence ny, of naturals and
for every v, € D, we have

N (T 00 Toy (00) —
h— o0

Proof. As previously seen, the operators T; ,, can be identified to linear opera-
tors from RY ! into itself, as they map the (N —1)-dimensional linear space II;
into itself. By this identification, D corresponds to the previously defined D,
with IV —1 in place of M. Given a,b > 0 such that % € Uyp, forallm > 1 we
have By = Mi((£)m-1)) € Mi(Uap), hence Tim = Tin,., € Tint, (U, )
By Lemma 19 and Lemma 17, the set Tj 5/, (v, ,) is compact, and by Corollary
13 it is contained in A. We can now use Corollary 14. O

We are now ready to prove the main theorem in this section.

Theorem 13. For ecvery E € D there exists an eigenform E € D such that
Epy — E.
n—oo

Proof. By Lemma 25 it suffices to prove that, given any non A-contracting
E € D, then F is an eigenform. For every natural n let u, € A“"”(E, Eqy).
Let nj, be a strictly increasing sequence of naturals and let ¢ = 1,..., N be
such that minu,, = uy, (F;) for all h € N. We can assume that u,, (P;) =0,
so that u,, € D where D is defined as in Corollary 15. Since E is not -
contracting, by Remark 6, A+ (E(), Ent1)) = A+ (E, E1)) and we can apply
Lemma 27, hence

Um,n;, = N(T‘i,m,nhfl(unh,)) :N(E,m+1,nh (unh)) S A+’m(E7E(1)) (32)
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for all m > 1, where T} ,,, », denotes 75 p, 0 -+ 0T}, when m < n. Thus, using
Corollary 15, there exists w,, € RV such that Um,ny, — Wm = Wyt 8S

h — +o0. Hence, there exists a unit vector w € RV such that w,y, = w for
all m > 1. It follows from (32) that w € A™"™(E, E(y)) for all m > 1, so that
Emt1)(w) = Ay By (w), where we put Ay = Ay (FE, E(1)), hence

E(m) (w) = )\TﬁlE(l) (w)7

for all m > 1. By the same argument, there exists w’ € A~ (E, E(1y) such
that

By (w') = X" By (w')

for all m > 1. But we know that for some a,b > 0 we have E,,) € U for all
naturals m. Thus,

By (w) < bE(w) = bE(w) g((g?) < LE(u(w),

g((;",)). This is possible only if A_ = Ay, i.e., only if E is an

where L = %
eigenform. 0O

We can now prove a ['-convergence result in the exactly same way as in
Section 5. Namely,

Theorem 14. Let E € D. We have

I'(X—) lim EZ, =E*

R By = Bioo)

where E = nh—>n<’>lo Eny and X = C(K) with the metric L>. O

As we previously saw, Theorem 13 holds, even if the fractal is not strongly
connected. I now sketch the idea of the proof in this case. The problem is
that, as previously hinted, the strong maximum principle does not hold. So,
we cannot use Theorem 12 to deduce Corollary 15. However, we can prove
the following variant of Theorem 12. For every B C {1,..., N}, let

HIp={veRY:v;=0 Vi¢B},
DB:{UEHB:viEO ViEB,U;&O},
Dp={vellg:v;>0 Vie B}.

Theorem 15. Suppose T4, .., Ty, ..., Tso are linear maps from RN to RN, and
there exists B C {1, ..., N} such that

i) T, maps IIg into itself for every n € NU {oo}

it) T, maps Dp into Dz U {0} for every n € NU {oo}
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i11) There exists a strictly increasing sequence of indices ny, such that
T,, — T, and DpNKerT,, = Dp N KerTy for every h € N.

h—o00
Then there exists v € D’ such that, for every strictly increasing sequence

of naturals ny, for every vy, € D' we have N'(Ty o ...o T, (vp)) " T .
1— 00

In other words, the condition that T,, maps D into D’ is replaced by the
condition that T,, maps D into D’ U {0}, and the part of D mapped into 0
is constant on a suitable compact set containing a subsequence. Theorem 15
fits in the situation of fractals which are not strongly connected. In fact, the
positivity of T; ;g (e;)(Pj) is related to the graph G(E,)). Here we identify
V() with {1,..., N}, and accordingly we interpret ITg, Dp, D% . Usually,
G(E(n)) can change at any step, and it need not satisfy the hypotheses of
Theorem 15 if we do not require some additional hypothesis. However, this is
the case if E is not A-contracting. More precisely, we have:

Lemma 29. There exists ng > 1 such that, if h > ny +ny +ng, £ € 15,
u € fli’h(E, Eqy) with A+ n(E, Eq1y) = AL (E, E(1)), then there exist m with
0<m < ng, ityeim = 1,0k, j=1,..,N, BCVO\{P} a=1,-1,
such that
i) a(Hmvh_m(u) opiy i — c) € D" where ¢ = Hyy pp—m (W) 05,4 (P;).
it) T, =T} yntn,, satisfies i) and ii) of Theorem 15.

Of course, we here identify RV with RN , and, by this identification,
v(Pj) corresponds to v;. In other words, while in the case of strong maxi-
mum principle we can start with a function v € D, which is mapped into
D' by one operator T ,,, in the present case i) states that we have to use m
operators before mapping u into D’. After doing this, on the base of ii), we
are able to apply Theorem 15. We have, in fact, still to verify iii) of Theo-
rem 15, which however follows from a compactness argument. In fact, such a
compactness argument holds for £’ in place of E where E’ is a suitable limit
point of E,,), namely a limit point for which the graph G(E’) has the minimal
number of elements. Lemma 29 plays in this more general case the role that
Corollary 13 played in the case of strongly connected fractals. The proof of
Theorem 15 is a not too complicated variant of the proof of Theorem 12. On
the contrary, the proof of Lemma 29 is the most delicate step in the proof of
convergence of F(,). At this moment, I do not know any simplification of that
proof. Using Theorem 15 and Lemma 29 it is possible to prove again Theo-
rem 13, and consequently, Theorem 14. In the proof of Theorem 13, however,
there are some additional technical points with respect to the case of strongly
connected fractals. Complete details can be found in [16], Section 4. There,
Theorem 13 was proved in the more general setting of combinatorial fractal
structures. The idea of investigating combinatorial fractal structures, firstly
considered in [3], is motivated by the fact that S, (E), M,,(E) and so on only
depend on the graph G;(E) and not on the geometry of the fractal. Theorem
13 was proved in [16] in its full generality, i.e., fractal structures having an
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eigenform. For previous proofs in particular cases, see for example [7] and
[11], Example 8.8 and references therein for the case of Gasket, [12] for nested
fractals with coefficients only depending on the distance; in [14] the result in
strongly symmetric fractals (e.g., the Gasket) was announced without proof.
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Introduction

The main goal of these lectures is to show the effect which one can discover
studying problems in perforated domains. In different situations the effective
behavior of such domains is described by the homogenized equation involv-
ing a “term etrange” (additional nontrivial potential). First this effect was
studied in [21]. The proofs in [21] are complicated but the authors considered
the nonperiodic general case. They used the method of potentials for solving
boundary value problems. The notion of “term etrange” was introduced in
the famous paper [13], where the authors considered the periodic case and
suggested an elegant proof of the homogenization result. Now one can find
different papers where other methods were used for studying such problems.
See for instance [6], [7], [8] [14], [26], [27], [31].

We want to present two main types of such situations. The first one is
connected with the investigation of a boundary value problem in perforated
domain with low concentration of holes and Dirichlet boundary conditions on
the holes; in the second situation we study a boundary value problem in a
perforated domain with Fourier boundary conditions posed on the boundary
of the holes. We study the problem in the second case assuming that either
the coefficients in the boundary condition on the perforation, are small or the
mean values of the coefficients are small (see also [6]).

At present, there is a rich collection of results on asymptotic analysis
of problems in perforated domains, among them the homogenization results
obtained for periodic, almost-periodic, and random structures. A detailed bib-
liography can be found, for example, in [11], [17], [19], [20], [21], [25], [30]. In
particular, the problems involving Fourier—type boundary conditions at the
boundary of the holes, were studied in [5], [7], [8] [10], [16], [27], [28], [31], [32]
and [33].

In the special case, when the problems under consideration are dissipative
(which is ensured by proper signs of the coefficients in the boundary condi-
tions), the weak convergence of solutions was investigated in [14], [15], [16].
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Applying the method of compensated compactness [12], [22] and the two-
scale convergence method [1], [24] (see also [23], where the method of two-scale
convergence was adapted for perforated domains), one can obtain a homog-
enized problem and prove the convergence of the solutions of the original
problem towards the solution of the homogenized problem. However, these
methods do not allow to estimate the rate of convergence. In the paper we
use the Bakhvalov technique of asymptotic expansions [2], [3] (see also [4])
which, while requires an additional regularity of solutions, makes it possible
to construct correctors and obtain error estimates. We show how it works in
the second part of this material.

For simplicity in the second section we assume that the perforation is pe-
riodic and does not intersect the outer boundary of the domain. However, the
approach used in the second part could be applied to the structures with more
general microscopic geometry, for instance, to domains with locally periodic
perforation.

A special attention will be paid to the coerciveness of operators associated
with the boundary value problems studied; it turns out that it is a nontrivial
issue. It will be shown that it is sufficient to verify the coerciveness of the
limit operator (see for details [6] and [29]).

1 Appearence of a “term etrange”. Dirichlet problems in
domains with low concentration of holes

1.1 Basic notation and setting of the problem

Suppose that 2 is a domain in R with smooth boundary, Q = {z : |z] <1}
is the unit ball in R” centered in the origin. Denote

2 =02\ |J (£°Q+2e2),

2623

i.e. £2¢ is a domain with holes of radius €3 periodically situated with period
2¢e (see Figure 1).
Consider the following boundary value problems:

{ Aue = f(x) in e,

u. € HY(29), M)

(A+pu=flx) n £ @
u € Hl(“Q)a H = _%7
An interesting effect in this case is connected with the small deviation of

solution wu. from the solution u for sufficiently small parameter ¢, i.e. Prob-
lem (2) is the homogenized problem for the original problem (1). Note that
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Fig. 1. Perforated domain

the main symbol of the operator of the homogenized problem has the same
form as the main symbol of the operator of the original problem. In addition
it should be noted that in the equation of the homogenized problem we have
the “potential” (“term etrange”).

1.2 The homogenization theorem

In this section we formulate and prove the basic Theorem. Denote by w. the
following 2e-periodic in x function

0, if x € U 3Q + 2ez),
z€323
w(z) = 1, if zelR \zgs (eQ + 2ez), 3)
G-
s it we | (eQ\EPQ + 2e2).
(g - 673) Z€Z3

Theorem 1. For solutions u. and u to problems (1) and (2) respectively the
following estimates

llue — wsu”Hl(QE) < Cg”f“ca(ﬁ)a ||u5 - UHLQ(QE) < CEHf”ca(ﬁ)

are valid, where w.(x) is defined in (3) and C,a = const > 0, C' does not
depend on € and f(x).

Proof. Using the explicit formula (3) for w. one can check that if £ — 0, then
||’U‘)E - 1||L2(.QE) - Oa

[Vwe || £y(2e) — 0

and the following estimates

lwe = 1|0 < Cre?, (4)
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IVwel| L,y < Cae (5)

hold true, where C; and Cs do not depend on . Moreover, using the standard
definition of the norm in the space H~1(£2°) and formula (3), one can prove
that for any smooth function u the estimate

I(Awe = pulls o) < Caclul o, (6)

is valid, where the constant C3 > 0 is independent of € and u € H'(£2).
Using the integral identities for Problems (1) and (2), we estimate the
following integral:

/v W) Ve das)

- /vusvw da — /qu5V¢dx . /wsVqude‘
Qs Qs Qs

= /fw dr — /quevw dx — /Vqu/J dz — /(u)6 - DH)VuVipde ‘

(¢ (9]

< / Fo d:c‘ + ‘/uvwevw dm—l—/um/}dx’—f— ‘/ .~ 1)Vuve dw‘
2\ne e Q

=1 + I + Is.

It is easy to see that
I < Cuell fll go @ 1l 11 (29)-

Integrating by parts, keeping in mind inequalities (5), (6) and the following
Schauder estimate (see for instance, [18]) for the solution to Problem (2):

”uHcaJrz(ﬁ) < CSHf”ca(ﬁ),

where a > 0,C5 > 0 are constants and C5 > 0 does not depend on f(z), one
can estimate I as follows:

Ir < Csell fll o @ 191 11 (20 -

By (4) we obtain
I3 < Crel| fll go @ 10l 0 (20

and finally

| / — 0.0V de| < Ciell fll o 9112 ™)
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Substituting ¥ = u. — weu in (7) and using the Friedrichs inequality

/dex < Cg/|V1/)|2d:1c7
QE QE
we get the first inequality of the Theorem.

The second inequality of Theorem 1 is a consequence of the first one if we
keep in mind the definition of w,.. Now we complete the proof of the Theorem.

2 Homogenization problems in perforated domain with
oscillating Fourier boundary conditions

2.1 Basic notation

Let {2 be a bounded domain in Rd, d > 2, with a smooth boundary. Consider
the sets

1 1
JE = {j e Z : dist (e,00) > eVd}, = = {¢| —5<&<5 = 1,...,d}.
Here = is the periodicity cell. Given F(§), a Z-periodic smooth function, such
that

F(g)’f685 >const >0, F(0)=-1, VeF#£0 as ¢e2\{0},

we define .
Qi ={zee(E+)) |F(7) =0}

and consider a periodically perforated domain

=0 Q.

jee

Here and everywhere below, =-periodicity means 1-periodicity with re-
spect to &1,...,&4.

Thus, the boundary 9£2¢ consists of df2 and the boundary of inclusions
Se C £2, S. = (092°) N (2. Let us denote by Q = {§|—% < ¢ < %, j=
1,...,d, F(§) <0} the inclusion (hole), by S = {¢| F(¢) = 0} the boundary of
@, and by v the internal unit normal to S in the extended coordinates £. Note
that in this section we have more general micro-inhomogeneous structure.
Here @ is not a ball.

In what follows the summation over repeated indices is assumed.

Consider the following boundary value problem:

Lo = 2 (wy(2)35) = f@) i 27,
Bu tp(2)us +eg(2)ue = g(2) on S, ®
u: =0 on 042,
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Oue .__ Oue € € _ (,,€ €\ 3 s
where = := ak; o Vi and v* = (vf,...v5) is the unit inner normal to the

boundary of the inclusions. We assume that all the functions ay;(§), p(€),
q(§) and g(§) are =-periodic, the matrix (ax;) is symmetric, and positively
defined, that is

man < agingn; < /12772 for any vector 7,

where 0 < k1 < ko < 00.
We suppose that

<p&)>, =<g(6)> =0, (9)
where <->¢ :zsf-da.
For a domain G let H'(G) be the Sobolev space formed by all functions

in L?(G) whose gradients belong to L?(G). Let us denote by H'(2¢,02)
the closure in H'(£2¢) of the set of smooth functions vanishing on 9£2. Let

Hy'(25,09) be the dual space to H'(£25,082) with respect to the L?(£2°)
inner product. We denote by A : H'(0°,092) — Hy '(£2°,042) the operator

associated with (8).
2.2 Formal asymptotic analysis of the problem

We search for the solution to (8) in the standard form [4]
us(w) ~ uo(@) + eur (,€) + Fun(w, ) + .y =7, (10)

where the functions u;(z,£) are assumed to be Z-periodic with respect to .
We will use the following notation (see [4])

0 O (, dp(z,
~Lapp(,€) 1= 5 - (akj(g) 908(;5)> ’ %(;: £)
J «

Substituting (10) in (8) and collecting the terms of order e~! in the equation
and of order €° in the boundary condition on S (the highest order terms) we
arrive at the following auxiliary problem:

= ay; (€ )a%(z; I

1

Eggul + E@CUO =0 in E\Q, (11)
Tk o p(E)uo = g(&) on 8.

The associated integral identity takes the form

Ouy Ov Oug Ov B
/ akjaffjafgkdwa / akjaxjagkdf‘i‘/p(g)UOU do = /9(5)” do, (12)

=\Q =\Q 5 5
where v € H}.(2\Q). Integral identity (12) suggests to look for the function
up(z,€) in the form
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3u0 (ZC) )

s (.€) = L(E) + M(©un(z) + Ni() ="

(13)

Substituting the latter expression in (12) and collecting corresponding terms
lead us to the following problems for functions N;(§), M (&), and L(§):

ON; Ov ov
/ g e T / i et = 0 (14)
2\Q E\Q

or, equivalently,

{ Lee (Ni(€) +&)=0 in 5\Q,

%:aki(f)yk on S,
where 1 =1,...,d,;
oM Ov
/ s 5. agkd§+/ (©)v do = 0; (15)
2\Q 5
OL Ov
/ akj 7 8§kd§ /g(ﬁ)v do. (16)
2\Q S

It is easy to verify that (9) is the solvability condition for problems (15) and
(16). Note that the functions L(§), M (), and N;(§) are defined up to an
additive constant that can be fixed by the following normalization condition:

<L> =< M> =< N;> =0 Vi=1,...,d,
2\Q 2\Q Z\Q

which is assumed to be fulfilled later on.
Similarly, collecting the terms of order £° in the equation and of order &*
in the boundary condition on S leads to the following problem for us(x, £):

T2+ G A p(€ur+q(€ug=0 on S "

{ﬁggﬂz + ngul + ,ngul + Lozug = —f in E\Q,
a’}/g

We need the following result.
Lemma 1. The functions M(§) and Ny (&) satisfy

82‘;(? (: \/Q i g M e - / PNy do) =

Proof. Substituting N;(£) as a test function in (15) gives

/ OM ON;

kj D8, 06 ——d¢ + / &)N; do = 0.

2\Q
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Substituting M (&) as a test function in (14) gives
ON; OM oM
Ty 2 de = 0.
[ s g+ [ g de=o
Z\Q 2\Q

Since the matrix (a;;) is symmetric, we get
Qkj o df / PN, do.
| g
E\Q

The lemma is proved. 0O
The weak formulation of problem (17) reads

Ouy O Ouy 0
/ ak;j 322 8; d€ + / Qkj aul 8; f—!—/ (&ugv da—|—u0(x)/q(§)v do
E\Q 2\Q S S

OM . Oug
- I e 280 ( . ) vd 2\QIf =0
/ ks agjv faxk / Yige af] +ak)v 5 3 +| \Q|f
2\Q 2\Q
for any v € H__.(£2¢). Now, in order to obtain the desired homogenized equa-
per

tion, we write down the solvability condition for problem (17). By applying
the above lemma, this equation can be rewritten as follows:

s 30 o) [ ) o+ [ pie M) o)

ki 0z 0x;
S S
— 12\QIf () + / 9(E)M(€) do, (18)
S
where o
o= [ (O TG + anle)) e
E\Q

Finally, the homogenized problem reads

k
J 6$ka$]

N < (o) + o) = [2\QU@ 1 i 2
up(z) =0 on 012,

where
m = — <pM>, l:=<pL>, = — <gM>,.

Let A : H'(£2,00) — H~(£2,81) be the operator associated with the limit
problem (19).
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Remark 1. The coerciveness of the limit problem (19) is a delicate question
since the constant m, as we will see later, is always positive. In particular, the
coerciveness of (19) is provided by the inequality

m— <g>¢ < Ao,

2

where \q is the first eigenvalue of the differential operator —a. in the

o aij szax]
Sobolev space H'(£2,9(2).

2.3 Main estimates and results

In this section we obtain upper and lower bounds for the coefficient m in (19)
and then formulate the main statement of the paper.
We begin by considering an auxiliary spectral problem of the Steklov type

0 00 . =
afk<akj(£)8§j> =0 in Z\Q,

%:TG on S,

0(¢) is E-periodic in ¢, <0>, =0,

(20)

where 7" is a spectral parameter. The first eigenvalue 77 of problem (20) can
be found from the variational principle

Tlmf{<(z V) e B (2 o), <> =0},

Ou Ov
where a(u,v) := ap; ——=—dE.
)= [ oyt 5 de
2\Q
The following lemma provides us with estimates of the coefficient m in the
homogenized problem (19).

Lemma 2. The constant m is positive. Moreover, it satisfies the estimates

<p*>g <p*>
< — . 21
e app) T T @1)

Remark 2. Note that the equalities in (21) are only attained if p(§) happens
to be the first eigenfunction in (20), i.e. the eigenfunction that corresponds to
the eigenvalue 717.

Proof. Substituting M (&) as a test function in (15) we have

/ oM oM

Qkj o 7€, 06 —d¢+ / &M do = 0.

2\Q
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Thus,

oM OM
= — <pM>, = {apj— — 0
m <p >S <ak] afj a§k>E\Q > 9

if M # 0. Note that M =0 if p = 0.

Consider a variational problem

inf _ H(y)= inf _{a(,d) +2 <py>}. (22)

YeH) . (5) - WeHL,(5)
It follows from (15) that M (§) provides the infimum in (22). Therefore,

— inf {a(z/}, P) + 2 <p1/)>5}

WEH],(2)

=—a(M, M) +2 <pM>; = — <pM>, =m.
Substituting ¥ = —tp in the functional H (), we get

H(—tp) = t*a(p,p) — 2t <p*>.

To locate the minimum of H(—tp) in ¢, we solve the equation 0 = H/(—tgp) =
2tpa(p,p) — 2 <p2>S. This gives

<p?>
tO = i S7
a(p, p)
and, hence,
2 2 2
H(—top) = (<p2>s) _ 9 (<p2>s) _ (<p2>5)
a(p,p) a(p,p) a(p,p)

This completes the proof of the first inequality in (21).
Similarly, locating the minimum of H(—tp) in ¢ for an arbitrary function
©, we get

2
(<pp>g)
H(—tgp)= —~—"778)
(Ztog) a(ep, )
Since )
< >
N (23)

peHL (2) a(p, @)

and the function ¢ = M brings the supremum in (23), then for an arbitrary
© we have

2
(<pe>)
a(p, )
It follows from (23) that
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1 nf alp, ) o f alp,p) N
m  peHL, (2)\{0} (<pg0>s)2 T opeHl (N0}, <P?>y <pP>,  <pP>y
<<p>S:O
Finally,
<p?>
< s
m < Tl 5

where 77 is the first eigenvalue of the spectral problem (20). This proves the
second inequality in (21). The lemma is proved. O

Remark 3. To give a simple explanation of the positiveness of the coefficient
m arising in the homogenized problem (19), we consider the operator associ-
ated with the following modification of (8): ¢ = 0 and instead of the Dirichlet
boundary condition on the exterior boundary 0f2 the Neumann boundary
condition is stated. In this case —m is the first eigenvalue of the operator as-
sociated with the respective homogenized problem. In view of the convergence
of the spectrum, the first eigenvalue of the operator introduced above is close
to —m for sufficiently small €. The substitution of a constant function in the
variational principle for the first eigenvalue of this operator gives zero. Thus,
for any e the said eigenvalue is negative and so is —m.

The following theorem gives an O(1/€) estimate of the discrepancy between
a solution to (8) and two leading terms of expansion (10), in the Sobolev space
H'.

Theorem 2. Let f(z) € CY(£2), and suppose that p(§), q(€), and g(&) are
E-periodic C* functions. Furthermore, assume that

m < Ao+ <¢>g, (24)

where \g is defined in Remark 1. Then for all sufficiently small e > 0 problem
(8) has a unique solution uc(x) and the following estimate holds

||uo +Eeu; — UEHHI(QE) < Kl\ﬁ (25)

with a constant Ky > 0 independent of €. Here ug is the solution to (19) and
uy s defined by (13) with functions L(€), M(§) and N;(§) constructed in (14),
(15), and (16) respectively.

2.4 Auxiliary results

This section is devoted to various technical results used in further analysis.
The first two statements can be found in [5] and [9] and are formulated here
for the sake of completeness. Their proof is omitted. Other lemmas can be
found in [6].
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Lemma 3. If

Zn ‘/<q> d¢ — / (2,€) do =0, (26)

ENw

then the following estimate holds

= I/ <qeguls )dx,{_:/q(x’g)u(x)v(x) ds (27)
= Se
< Coellull mrae) vl #1(0)-

for any u(z),v(z) € HY(§2°) with constant Cy independent of .

The next lemma allows us to neglect the right hand-side of (8) in the layer
I := {x € 2 : dist (z,00) < ev/d} without worsening the estimate (25).

Lemma 4. Let y. be the solution to

Leye = —h*(z) in (¢,
Bys +p( )Ye + 5(](%)3/6 = g(%) on S, (28)
—O on 012,

where he(x) = f(x) in II. and O in the remaining part of 2. Then
Yell1(oe) < Cse. (29)

Let Ao be the first eigenvalue of the homogenized operator (it is defined
in Remark 1). The statement below characterizes the coerciveness property
of the limit problem.

Lemma 5. If m < Ao+ <gq>g then problem (19) is coercive.

Proof. The variational principle for the first eigenvalue of the operator A leads
to the following relation

. ~ . . Ov Ov
1Orif (—Av,v) () = 1Orif / ”875613 + (<q>s — m) vide
vEH(12), veEH"(£2),
vl Ly 2y=1 [lv]l Ly (2)=1
_ Ov Ov
= inf / ”81}8 dx+(<q> —m)—)\o+<q> —m.
veH (), b
vl Ly (2)=1
Thus R
<7A’U,’U)L ) = 04 ||v||L2(Q)7 C4 > O,

that completes the proof. O
The next lemma can be considered as a modified version of Lemma 3. The
functions u(§) and v(&) in its formulation are not assumed to be periodic.
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Lemma 6. If <p>, =0 then
’/P(Ou(ﬁ)v(ﬁ) dU‘ < Cs (IVul| o2y 0] o (z) + ull o3I VOl Ly(=)) (30)
5

for any u(§),v(&) € HY(Z). Here Cs is a constant independent of €.

Proof. Since <p>, = 0, the problem
AP(€) =0 in E\Q,

ov ov _
a—n—p(g) on S, 67_0 on 0=
has a unique solution up to an additive constant.

Let us multiply the first equation in (31) by u(§)v(§) where u(§),v(€) €
H'(Z), and integrate it over Z\Q. Integration by parts on the left hand-side
gives

(31)

| [9©u©0© ao| = | [ Acr@ut@rnte) d~ [ ple)u(e)ece) do

5 2\Q s

<| [ (V). Ve e d (32
2\Q
S 05 (HVUHLz(E)“UHLQ(E) + Hu”Lz(E)HVUHLz(E)) .

The lemma is proved. 0O

The next lemma shows that the bilinear form associated with problem (8)
is coercive uniformly in e. In particular, this proves that (8) is well-posed for
sufficiently small €.

Lemma 7. The coerciveness of the homogenized problem (19) implies the co-
erciveness of the original problem (8) for all sufficiently small €.

Proof. First, we show that

/p(g)zﬁ(x) ds < oz/ Vul? dr 4~ /u2 do (33)
Pl

Se £2e

for any o > 0. Indeed, by Lemma 6 we get

2 « 2 € 2
| [0 do] < 20 Tl lullas) <Co(E [ 1VuPde+Z [ de).
s = =

Now rewriting the latter inequality in the coordinates x = ££ and summing
up over all the periodicity cells inside {2 we obtain (33).
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The next step is to verify that there exists a sufficiently large A indepen-
dent of € such that the operator associated with the boundary value problem
Loue + Au, = —f(x) in £2°,
%+p(%>uE+EQ(%)UE =9(§) on S, (34)
u. =0 on 0Of2

is coercive for any € > 0.
It follows from Lemma 3 that

x, Ov Ov T, 5 T, 5 9
/alk(s)axk 8xiclac—l—/p(s)v ds—!—e/q(g)v ds+//1v dz

0e Se Se £02¢

2 k190 0y = (Cra+ OVl oy + (< = £ 4 4) ol
(35)
By taking a sufficiently small « and, then, a sufficiently large A, we establish
the positive definiteness of the bilinear form on the right hand-side of (35)
and, therefore, the coerciveness.
Consider the following spectral problems

(A°+A-1) 7 ul = pful, (36)

(g—i—/b 1)71 ub = (37)

where A° is the operator associated with the initial problem (8) and A is the
operator associated with the homogenized problem (19).
Taking into account the coerciveness shown above, it is easy to verify that

—~ —1
the operators (A +A-1)"" and (A +A- 1) satisfy conditions C1-C4 of
Theorem 1.9 from [25, Chapter III]. In particular, Theorem 1.9 implies that
15 — po as € — 0. Let us denote by Aj and Ao the first eigenvalues of the
operators A° and A respectively. Then

1 1
0=—A+——=X=-A+— as € — 0.
Ho Ho

Thus, the positive definiteness of A implies the positive definiteness of A®
for all sufficiently small €. The lemma is proved. 0O

Remark 4. The analogous approach can be found in [29] (Lemma 3) and, for
instance, the coercivity of Problem (34) follows from the results of this paper.
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2.5 Justification of asymptotics
Proof of Theorem 2. To estimate the H'-norm of the remainder
lluo + eur — uel| g1 (00

let us substitute the expression z.(z, E) = up(z) + eui (z, E) — ue(z) in (8).
5 5

This gives

T

L. (zg(a:, g)) = éﬁ@cuo(aj)‘é:£ + Leug(x) + 6£mu1(x,£)‘

—z

€

1
—|—£§IU1({E,§)’ . + ﬁxful(xvg)‘ = + g£§§u1(m7f)‘ o - £€u5($)~ (38)

¢=2 g=: =2

Taking into account the relations

‘Cfful(zvf) = 7;651‘71/0(1')7 Esus(x) = 7f(:17)7

9 0 0 o
~Lerun(2.6) = 5 (O8N ) + 3 (0O T4 N0)).
B Oug(x) OM (&) D?*up(x) ONR(E)
_£z§u1($7 f) = Qij (5) 8:61 85] + Qij (5) aJCZ al'k 8§j ) (39)
and
_ - .
Qi 8:01208(5: — <g>guo(z) + mug(x) = |E\Q|f(x) —1 in 2,  (40)

one can rewrite (38) in the domain 2¢ as follows

L. (2@ D)) = Lo @], + 3¢ (aij@)a’gjfj”M(f)) |

0 0?ug(z)
e (O T2 N©) |,

Aug () OM () 9?ug(z) ONi(E)

—25 L. 41
+ouy () =g P e L e e |, Lewe) ()
1 Pup(r) (<g>g—m) l
RERERREDD ELE A =

Similarly, we have on S.

_ Ouc() n Oug () n eaul(x,f) n Ouy(z,§)

oy 0z 0z 07, le== Ove le=2

Oz (z, %)

) e
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— p(g)us(m) + f—:q(g)us(x) - g(g) + 8?7(:) e au;(yi = ’5:””

IL(E) OM(§) Auo () ONi(£)
+ 0ve ‘£:§+u0() O0ve ‘g:§+ Ox; Oy ‘g:g'

Now multiplying (41) by v(x) and integrating over £2° we get

—/EE (zg(a:, §)> v(z)dx = —s/[,mul(x,f)‘{:Ev(x) dx
0e 0= c

+ [ e (0% @) | _vte)do
4
[ (oot
¥ Q/ O s IIRICLE
+/ “i(¢) gi“%(fﬁi a@@f@!g_v@) dar = / Loug(a)o(a)de  (42)
|mw|/ Jaxkaxj ) d= +|H |/ <>y —m) uo(v) () dz

ne

On the other hand, the Green formula allows to rewrite the left hand-side of

(42) as follows

—/Ee (zg(m, dx—/ R ds—/VzEVv( )dx

e

= /p(g)ua(m)v(x) d8+€/Q(§)us(‘r)v(m) dS—/g(g)v(x) ds

Ss Ss SE

Aug(x) o(z) d8+8/8u1(x,5)

0z 07z ’szi
Sg Se

OL(§) OM(§) | Oug(z) ON;i(§)
+/(375 (o) e * oz;  Ove )’5—

v(x) ds

€

(43)
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- / Vze(z, g) Vo(z) dz
e

From (42) and (43) we derive

[ verte Ve e = [ )usto)vie) ds+e [ o )ucte)vie) ds
Se

0e S.

—/g(%)v(m) ds + / Ouo(x) v(z) ds+e¢ M v(z) ds
Se Se Se

e 0 ‘f=§

OL(§) OM(§) | Ouo(x) ON; (&)
-I-/ (875 + uo(x) e + ri O )’5_1 v(z) ds (44)

- [ 5 (250%55200) | _vtedo
I ’

_/;;_ (aij(é)gzogi Nk(g)) '5:3”(”3) e
e

- [t 2 2 L_,

&ug(x) ONK(€
_/a (O 5 e afj @) ds +/cu0
82’11,0
|Hﬂw|/ 8:%635] (z) do — |5ﬁw| / (<q>g —m) ug(x)v(x) dx
ne

l
+W /’U(I) dx
e

In view of the obvious relation

0 0?ug(z) 0 0 OPuo()
9%, (aij(@ OO Nk(£)> 'g—z ~ow (a” © Oz ;0 Nk(g)‘f—ﬁ)

0 0ug ()
o <aij(€) Oz 0z Nk(£)> '§=:7

we have after integration by parts,

9/5 322- (%‘(5) gzoa(iif\fk(f))‘ v(z) dx (45)

v(z dx—|—€//.3mu1 x §)‘ v(z) dx




206 Gregory A. Chechkin

+/ 63& < (5)815(;(j )M(f)> L:%U(m) dr = 5S (‘%13(7‘20‘5?0

€

Using (44) and the boundary condition in (11) one can obtain, after simple
rearrangements, the following inequality

| / Veulz, 2) Vola) dr + / () +2a(D)) 2ol 2y o) s
J

Se

<l / a(Eyur(a, D) o(a) ds + / P, 5 o) ds|
S Se

+‘5/q(§)u0(aj) v(x) ds — ﬁ/ <g>guo(7) v(7) dx‘
3. e

s/ﬁmul(x,f)‘ _v(x)dx

+

i (16)

e
e

4 / (&g; D) Juolc) 8Né(7z’§>\5_§> o) ds|

+‘/ (x) ds—|— /muo ‘
ﬂw|/ da:f/ (g)v(z) ds‘

] [ (25 Gt o) - a9 g Ol

|Eﬂw| 8xk8xj Ox; Oz, 85] ‘5=§U(x)

+£5U0($)v(l‘)) dr| = Il + IQ + .[3 + I4 + I5 + I6 + I7.

It remains to estimate all the terms on the right hand side. We begin with I5.
According to Lemma 3,

I, = ‘e/q(g)uo(x) v(x) ds — ﬁ/ <g>guo(7) v(z) dv
Se 2

S Cg g HUOHHI(QE)H’UHHI(QE).

By means of the same arguments as those in the proof of Lemma 3 (see [5]
and [9]) it is easy to show that

Is < Cs Ve [vllaies), Is < Co Ve [vlluiaey,  Ir < Cio Ve vl (o0
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Clearly, the terms I; and I3 admit the following bounds

|| + 13| < Criel|v]| g (oe)-

The identity I, = 0 follows from properties of the functions N;(§), i = 1,...,d.
Substituting v = ug +eu1 —u. in (46) and taking into account all the previous
estimates we arrive at (20). The theorem is proved. O
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Introduction

We study homogenization problem for a random non stationary parabolic
second order equation of the form

1 =z

%us(x,t) — div <a<§, ;)Vug(x,t)> + 2%, é)ue(x,t) @, ()

with a small positive parameter £. This model equation describes various
processes in a medium with spatial microstructure whose characteristics are
rapidly changing functions of time.

Throughout this article we assume that the spatial microstructure is peri-
odic and that the characteristics of this microstructure are random stationary
rapidly oscillating processes.

The presence in the equation of a large zero order term, linear or nonlinear,
leads to rather unusual asymptotic behaviour of a solution of (1), as € tends
to zero. We will show that almost sure (a.s.) homogenization result in general
fails to hold and that a weaker averaging result takes place. Namely, under
certain mixing conditions, a solution of (1) converges in law in a suitable
functional space to a solution of a homogenized stochastic partial differential
equation (SPDE).

Our aim is to justify this convergence and to investigate the properties of
the limit SPDE.

The presence of a large factor in the lower order terms of the equation
is natural when studying long term behaviour of solutions. We illustrate this
with the following example. Many applications deal with parabolic operator
of the form

s s) = div (a(y, s)Vu(y, s)) +eg(y, s)v(y, 5),
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with a small potential £g(y, s), here € characterizes the range of oscillation
of the potential. In order to study the behaviour of solutions at large time
s ~ 72, one can make the diffusive change of variables z = ey, t = £%s. In
the new coordinates the equation reads

0 . x t 4, t
prik div <a(€,€2)Vv> +e 9(2,8—2)1},

it is similar to the equation (1).

First rigorous homogenization results for random elliptic and parabolic op-
erators in divergence form were obtained in the works [5], [10]. After that this
topic has been studied by many mathematicians, now it is well presented in
the existing literature. However, some important problems in the field remain
open.

It is known that, in contrast with periodic case, the presence of lower
order terms in the equation with random coefficients might change crucially
the effective behaviour of solutions.

In this work we consider an intermediate case of equations with lower
order terms whose coefficients are periodic in spatial variables and random in
time. Averaging problems for these equations with diffusive driving process
were studied in [2] in linear case, and in [12] in nonlinear case. The convection
diffusion problem of this type with a generic stationary driving process having
good mixing properties, have been considered in [6].

1. The setup

This section is devoted to homogenization of equations of the form
0 t 1 t
&us(x,t) = div (a(z, 82)Vu5(x,t)> + gg(g, ?)ue(x,t) + flz,t), (2)

with generic random stationary in time and periodic in spatial variables coef-
ficients. For this equation we consider a Cauchy problem in R™ x (0,7 with
the initial condition

u®(z,0) = up(x). (3)

Here and later on we assume that ug € L*>(R") and f € L*((0,T) x R™).

Remark 1. The Cauchy problem has been chosen for the sake of definiteness.
Initial boundary problems with Dirichlet or Neumann conditions can be stud-
ied in a similar way.

Problem (2)—(3) will be investigated under the following assumptions on
the coefficients.

H1.The coefficients a;;(y, s) and g(y, s) are [0, 1]" periodic in y.
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H2. The functions a;;(y,s) and g(y,s) are stationary random functions of
s defined on a probability space (£2,F,P), with values in the space
of periodic functions of y. We assume that a;;(y,s) = a;;(y,s,w) and
9(y,s) = g(y, s,w) are measurable with respect to the o-algebra B(T™) x
B(—00,+00) x F, where the symbol B stands for the Borel o-algebra.
For simplicity we assume that (2 is equipped with a random dynamical
system T; and that

aij(y,s,w) = dij(yaTSw)7 g(y?57w) = g(yaTsw)7 (4)

where @;;(y,w) and §(y,w) are given random function with values in
Loo(T™).
Let us recall that T; is a group of measurable transformations 73 : 2 —
{2 such that
- T91T92 = T91+327 Ty = Idv
- T, preserves measure P for any s € R, i.e. P(T5(G)) = P(G) for any
geF,
- Ts(w) is a measurable map from (2 xR, F x B) to (§2, F), where B stands
for a Borel o-algebra.

H3. Uniform ellipticity:

aij(y, 7)G¢ = AP, A >0,

la;(y, )| <A g(y,s) < A1

for all y, 7 and ¢ € R™.
H4.Centering condition. The average of g(z, s) is equal to zero that is

E / g(z,8)dz=0 (5)
[0,1]"
for all s € R.

In order to formulate one more assumption we first recall the definition of
mixing coefficients.

Let & be a stationary random process defined on a probability space
(2, F,P), and denote F<; = 0{&, s <t} and F>; = o{&s, s > t}.

The function x(7) defined by

K(y) = sup [P(E0)P(Es) — P(E1 N By,
E1€F<t, B2€F > (44+)

is called strong mixing coefficient of the process £.. Notice that since €. is
stationary, x(7) does not depend on t.
The function ¢(7) defined by

P(E; N E»)

e(y) = sup P(Ey) — :
Ey € Fei, By € Fx(t4+) P(E2)

P(Es) # 0
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is called the uniform mizing coefficient of €..
The function p(v) defined by

E((n — En1)(n2 — Ena))

p(y) = sup
e VEn; Enj

m € L*(2,F<;,P), n2 € L*(2, F> (1), P).

is called the mazimum correlation coefficient of &..

We now consider o-algebras F<; and F>;, generated by the coefficients
a(y,t),g(y,t) of operator (2), and impose the following condition on the cor-
responding mixing coefficients

H5.At least one of the following conditions holds true.

O/de < o0, 0/<p(v)dv < o0, O//J(v)dv < o0

Remark 2. Condition H4 can be assumed without loss of generality. Indeed,
the relation (5) can be achieved by means of the following factorization of
unknown function in (2)

a (z,t) = exp(< g > /e)u(z, t),

with
<g>=E / 9(z,8)dz.
[0,1]™

If < g ># 0, then the homogenization takes place on the background of
exponential growth or decay of the solution.

Under conditions H1-H3 problem (2)-(3) is well posed for each € > 0.

Lemma 1. Let H1-H3 be fulfilled. Then for each € > 0 problem (2)-(3) has
a unique solution u® € L*(0,T; HY(R™))NC(0,T; L*(R™)) for allw € §2. This
solution defines a measurable mapping

u : (02, F) — (L*(0,T; H'(R™)) N C(0,T; L*(R™)), B).
The estimate holds

[ lleqo,mysz2m@ny) + Ul L20,7); 52 (7))
< Ce)(IIf]

Proof. The existence and the uniqueness of a solution as well as a priori
estimate (6) are standard. The measurability is the consequence of the fact
that u® depends continuously on the data of the problem. O

(6)

L2(0,T;H-1(Rn) + ||UOHL2(RH)).
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2. Factorization of the equation

It is convenient to represent g(y, s) as a sum
- def
g(y.t) =<g> ) +ay.t), <g>()= / 9(z,t)dz,
[071]"'

and to introduce a new unknown function v¢ = v¢(z,t) as follows

W (2, 1) = v°(z, t) exp C_ /Ot <g> (;)ds> , (7)

It is straightforward to check that v satisfies the equation

0 . L x i R 1z t., .
oY (z,t) =div (a(g, E—Q)Vv (x,t)) + gg(g, E—Q)v (z,1t)

f(x,t) exp (—i /Ot <g> (;)dS) : (8)

v (x,0) = ugp(x).

This problem will be studied in the following sections. In the remaining part
of this section we deal with the exponential factor in (7).

Lemma 2. Suppose that at least one of the conditions H5 holds. Then the

process
t
1 S
G= [<o>(5)as (9)
0

satisfies functional Central Limit Theorem (invariance principle) with zero
mean and the diffusion given by

02:2/E<g>(0)<g>(s)ds. (10)
0

That is the process {(f} converges in law in the space C[0,00) to the process
{oW;}, where Wy is a standard Brownian motion.

The proof of this statement can be found for instance in [9], Chapter 9.
As a consequence of the lemma we obtain the convergence

exp (i /01t <g> (;)ds> £, exp(oWs) (11)

in the space C[0, 00).
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3. A priori estimates for the factorized equation

In this section we derive a priori estimates for a solution of problem (8) and
of more general Cauchy problem of the form

%ze(x,t) = div (a(z, ;)Vf@,t)) + %Q(g, 8%)ze(ac,t) +h(z,t), (12)

2°(z,0) = zo(x),

which involves a nontrivial right hand side.

Proposition 1. A solution z¢ of problem (12) admits an estimate

12l 2= 0. 1:22@m)) + 12°| 20 i )y < Clll20]l L2y + 1PNl 220,132 ))
(13)
with a constant C which does not depend on €.

Proof. By construction the function g(y, s) has zero average in variable y for

all s and w. Therefore, the equation AQ = § is solvable in the space of periodic

functions. Denote § = V, Q. Since ||§||r= < oo, we have |§(y, s)| < C.
Clearly, ¢(y, s) satisfies the relation divyG(y,s) = g(y, s). In coordinates

x = ey, t = €25 it reads
ediveg®(z,t) = §°(x,1); (14)

Here and afterwards for a generic function F(y, s) we use the notation

z t 0 0 t
0 0
%Fe(xvt) - %F(E,S) S:E%

Multiplying the equation (12) by 2¢ and integrating the resulting relation over
the set R™ x (0,7) gives

| Ewopa- [ Gwra
== /Ot / aije(x, 7)V2(x,7) - V2 (z, 7)dzdr +

et /Ot/n Ge(z, 1) (2 (x, 7)) 2dxdT + /Ot/n 25(z, T)W(z, T)dxdT.

Considering (14), after multiple integration by parts we get
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[ i [ [ oo vston) v
B /L( (z )de+/t/n 25(x, )G (2, 7) - V25 (2, 7)dxdr +

0
X
+ /0 t / 2 (e, )b, 7)dadr, (16)

Denote the right hand side here by R¢(t). For each 7 > 0 we have

| R (t)] g/ (z0(z))%dx 4+ ~~ / /n (z,7)G(x, 7)|*dxdT

—&—W/ / |V25(x,7)| dmd7+/ 125G )l e
¢
< / (zo(x))de—i—C'y_l// |z‘€(:r,7')|2dmd7+'y// V25 (z, 7)|*dedr
n 0 n

It remains to combine this bound Wlth 16) The desired estimate (13) now
follows from Gronwall lemma. 0O

h(-, 7)1 (mmydT

4. Auxiliary problems

Passage to the limit in problem (8) requires introducing a number of auxil-
iary functions usually called correctors. These correctors will be defined as
solutions of auxiliary parabolic equations. This section is devoted to those
auxiliary problems and their properties

Denote A = a -5 (Y, ) - and consider in a cylinder T" x X (—00, +00) the
following two equatlonb

0 , 7]
Y i _ J 7
85 X (y? 5) AX (y7 S) 891 al] (y7 5) (17)

Gy, 5) ~ AG(y,5) = (19) (19)

Proposition 2. Equations (17) and (18) have stationary solutions in the
space L>°(—o0, +00; C(T™))NLE (—o0, +00; HL(T™)). Each of these solutions
is unique up to a (random) additive constant. The estimates

Xl L2 (v, N 415 (Tm)y < C, IG |l 2(n, N1 (T7y) < C, (19)

hold uniformly in N € R. Moreover, the constant C' is deterministic and only
depends on A in H3.
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Proof. Let us show that (17) has a stationary solution. To this end we consider
the following Cauchy problem

9 . , B)
axiv(y,S) — Axy(y,s) = %aij(yas)l[N,N+1)(3)a (y,s) € T" x (N, +00)

Xn(y, N) = 0.

, (20)
For s < N we set x’\ (y,s) = 0. By the Nash estimates (see [8]), the function
Xy is continuous and satisfies the upper bound

XN Nl Loe (=00, N4+1]xTn) < €1(7).

Since the right hand side in (20) is equal to zero for all s > N + 1, by the
maximum principle the last estimate is valid for all s:

XN | 2o (00, 400y xTm) < €1 (7).
We want to show that ng (y, s) decays exponentially as (s — N) — oo.

Lemma 3. There are nonrandom independent of N constants ca(N\) > 0 and
c3(A) > 0 such that

XN (4, 9)] < ez exp(—cs(s — N)) (21)

Proof of the lemma. Notice that
[t iy =0 (22

for each s € R. Indeed, integrating the equation (17) on the cylinder (s, s2) x
T", one has [r, XN (¥,51)dy = [, XN (Y, s2)dy. Then (22) follows from the
equality Xg\,(y, N)=0.

By the Poincaré inequality, considering (22) and H3, we get for each s

7] 0
[ st 9) 5 0:5) 59y > (23)

>\t / VX (y, 8)Pdy > cax™ / Xk (v, 9)dy.
']I‘n

n

Now we multiply (17) by x’ (y,s) and integrate the resulting relation on
the cylinder (T™ x (s1,s2). This gives

s2
XN (s 82) 1720y = XN G 80122 (m) < —04/\_1/ XN (s 8) 2 rnyds (24)

S1

for all s; and sy such that N + 1 < s; < s5. This implies the bound
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XK ()1 Z2(pny < 2 exp(—es(s — (N + 1))
(T™)

It is also clear that the function ||x% (-, s)[/2. (1n) is monotone on the interval
(N 4 1,00). To complete the proof of the lemma it remains to apply once
again the Nash inequality. O

We define a vector function x(y,s) by

+oo

o) = Y k(9 (25)

N=—0o0

By construction and in view of the last Lemma, x’(y, s) solves the equation
(17) and satisfies the estimate (19). We want to show that x’(y, s) is station-
ary. The fact that any finite dimensional distribution of this random function
is invariant with respect to all integer shifts easily follows from the stationarity
of ai; (-, s).

Taking in the above procedure an arbitrary rational step size ¢ instead of 1,
we construct a solution of equation (17) whose finite dimensional distributions
are invariant with respect to any shift of the form kq with integer k. It is easy
to check that this new solution coincides with x’(y, s). Thus, by arbitrariness
of ¢, the finite dimensional distributions of x?(y, s) are invariant with respect
to any rational shift. Now the stationarity of x?(y,s) follows by continuity
arguments.

The uniqueness of a stationary solution up to a (random) additive constant
follows from Lemma 3. Indeed, if we assume the existence of two distinct
stationary solutions with zero average, then their difference vanishes as s —
00. This contradicts the stationarity. 0O

We impose the following normalization conditions for x*(y, s) and G(y, s):

/ ¥ (4, 8)dy = 0, / Gy, s)dy = 0 (26)
Tn T

This makes the choice of the corresponding additive constants unique.
We set

Xk(yaw) = Xk(yvovw)v G(y,w) = G(y,O,w).

Since x*(y,s) and G(y,s) are continuous in s, the functions ¥* and G are
well defined. By definition a;;(y, s + 7,w) = a;;(y, s, Trw). Therefore, consid-
ering the uniqueness of solution of problem (17), we have x*(y,s + 7,w) =
xX*(y, s, T-w). In particular,

Xy, 5,0) = X (.0, Tow) = X*(y, Tow).
Similarly,

Gy, s,w) = G(y,0, Tw) = G(y, Tow). o
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5. Homogenization of the factorized equation

We begin by considering the equation (2) in the particular case f = 0. Our aim
is to show that in this case factorized problem (8) admits a.s. homogenization.

Theorem 1. Let f = 0. Then under our standing assumptions a solution v¢
of problem (8) converges a.s., ase — 0, in the space L°(0,T; L?(R")) towards
a solution of the following Cauchy problem

v2(x,0) = ug(z). (27)

The homogenized equation has constant coefficients defined by

aij = E/aik(yys)(% + %xj(y, s))dy, (28)

b= [ (309N (0:9) + a5 -Gl 9) o (29)
Tn

G=FE / 34, 5)G(y, s)dy. (30)
Tn

Proof. Assume for a while that uy € C§°. Then a solution v° of problem (27)
is a C'*° function which vanishes at infinity, as well as its partial derivatives,
faster than any negative power of (1 + |z|). We then substitute the following
ansatz . ;

- _ 0 x 0 x 0

0 (z,t) = v (x,t) + sx(g, 6—2) - Vo' + EG(E’ 6—2)1)
in the equation (8). Considering (17) and (18), after straightforward rearrange-
ments we get

T

%(T/E(x,t) — v (z,t)) — div <a(€, E%)V(f)s(x,t) - UE(CE,t)))

1 >z t., . .
Lo Dy n - @)
0, 10 Lzt 0 o, 10 ,x t g t.0 0 |
= — _— _ — ) — 7—G7 — _— ) — —
o’ +585X (5’52)6‘ku +53$ (5’52)U tex (5’52)3t8xkv

r t. 0% 4 190 z t, 9 o 1_ax t ,
Uty @)ay Y TG 2

r t. 0
o, Ly L0 gy L
te (5752) Y a”(E’EQ 0z;0x;

k(fi)ao x t, 0

e’ e?

g Tt 9? 0
— % —a;i (=, = = v
Oxy, ”(5 52)0%)( (5 €2’ 0z, 0z
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0 x t, Lot 2, x t, px t o3 0
Oy; (a”<s’ 82)X (5’ 52)) azkaxj“ ga”<€’ 52)X (s’ 52)8xkawi8zjv
i t, 0 o, 190 x t, 0 ,x t, g
X b S T M S Nl o G
g(gagz)x (S’EQ)axk,U €ayia’](€ 52)3%‘ (E 62)1}

z t 0 ,x t 0 0 x t x t 0
—aij(Z, 5) 7G5, 5) 70" — 5 (a5, 5)G(Z, 5) ) 5 —°
aj(e’sz)ﬁyi <5’52)5'ij dy; (aj<€’€2) <€’€2)) ﬁxjv

x t r t. 0* 4 _xt x t.

—en( @) ey, IR0 )

0 x t 2, x t, 0
o’ "9 D anant W 35X 0 2o,

aiyi ee ee ) 01,0z, e e’ g2’ Oxy,

s et bl - 2 (Lo b))

92 SGE S et (E )T+ eG(E o
—eais (2, SN ) gt — ol RO ) o

Substituting the right hand side of the equation (27) in place of %vo gives

%(@E(w,t) —v°(z,t)) — div (a(i, %)V(@E(%t) - va(x,t)))

—?(ga?)@s(%t)—Ue(xat))
~{as - o 5 - anE S ) (s E e ) )
g+ {h =i e ) - D et L)
- g (e D) o+ {e -t el e
+€Xk(§,€%)%aixkvo+56'(f,%)%vo
—eas(E B g = can(L 20 g

Denote the right hand side of the last formula by R§. Since the expressions in
the figure brackets are periodic in spatial variables and have zero average for
any ¢, they can be represented as in (14):
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{&z’j - aij(y, s) — aie(y, 5)%)@(% s)

- o (akj@,s)xi(y,s))} = divykr,i5(3 8)
{zz» — 500500 (0:5) = 3 (0:5) -Gl
- aiyz (aij (ya S)G(’% S))} = divy'%Q,i(y7 S)

{G = 3.9)G(y,5) } = divyrs(y, )
where the functions k1,4j(y, s), k2,i(y,s) and k3(y, s) are periodic in y and
satisfy the estimates
61,65l L2((s,s41)x1) < Oy 82,1l L2((s,541)x17) < O |83l L2((s,541)x17) < C,
uniformly in s € R. Then R takes the form
2

Tz 1 T 1 z 1
RS = ediv,yky z]( )63718%” +£d1vxngz( )83311} +5d1vxn3( '3 —)°
g t. 0 0 x t.0 0
- =)= G-, =)= 31
rot(C g gt + G S (31)
t z t ok z ¢t ¢ t, 9
v,

(5 X @ graman, o 0 290 2 anan
Due to the properties of v° this implies the estimate
| R3] 2 ((0,7); -1 )y < C.
Therefore, by Proposition 1
10° = v | L2(0,m);m ®n)) < Cey [[0° = 0% Lo 0, 1)522Rm)) < CE. (32)
Combining the latter estimate with an evident bound
|95 — 0°|| oo (n x (0,7)) < Ce

we obtain the desired statement for all smooth ug with compact support.

In order to prove this result for general ug € L?(R™) we introduce a family
of functions u) € C§°(R™) such that |[u} — uo| r2@n) < 8. If we denote v*< a
solution of problem (8) with initial condition ug, then according to Proposition
1 the estimate

0% = v% || oo 0,7 L2(Rn)) < C6

holds. Evidently, we have ||v>°—v HLoo(O’T;LQ(Rn)) < (4. As was proved above,
v%¢ converges, as € — 0, to v>0 in L>(0,T; L?(R™)). Therefore,

limS(l)lp lv® — 'UOHLOO(O’T;LZ(Rn)) < Co.
E—>

Since § is an arbitrary positive number, the result follows. 0O
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Remark 3. In the proof of Theorem 1 we did not use the mixing conditions
HS5, but only the ergodicity of the dynamical system T. The statement of this
theorem remains valid for any ergodic dynamical system Ts without mixing
assumptions.

In particular, we obtain the following result.

Corollary 1. Let the coefficients of problem (2)-(3) be periodic in spatial vari-
ables and stationary ergodic in time, and suppose the uniform ellipticity con-

ditions H3. Assume, furthermore, that [ g(y,s)dy = 0 for all s € R a.s.
Tn

Then problem (2)-(3) admits a.s. homogenization and the limit operator is a

non random parabolic operator with constant coefficients given by (28)-(30).

It should be noted that the methods developed in the proof of Theorem 1
apply to the equation (12) with a right hand side h(z,t) € L?((0,T) x R™).
The following result holds true.

Theorem 2. Let h(z,t) € L*((0,T) x R™) and z € L?*(R™). Then a solu-
tion of problem (12) converges a.s., as € — 0, in the space L*(0,T; H'(R™))
towards a solution of problem

%zo(x,t) = div (aVz"(z,t)) + b-V20(x,t) + G20z, t) + h(z, t),

22(x,0) = z(x), (33)
with constant non random coefficients given by (28)—(30).

We proceed by studying problem (8) with non trivial right hand side. We

denote .
1
Cf:f/ <g> (%)ds.
€ Jo €

and introduce V¢(z,t) to be a solution to the following Cauchy problem in
R™ x (0,T)

%Ve(x,t) =div (aVV*®(z,t)) + b- VVE(z,t) + G’VE(x,t) + flx,t)exp(—¢;),

VE(2,0) = uo(a), (34)

with coefficients defined in (28)—(30). It is convenient to represent a solution
v° of problem (8) as a sum v = V4 (v — V¢). We will show that (v¢ — V®)
tends to zero in probability, as ¢ — 0, in the norm of L?((0,7) x R"), while
V¢ converges in law in L2((0,7) x R™) to a solution of Cauchy problem

%’Uo(l‘,ﬁ) = div (aVo°(z,t)) + b- Voo (x,t) + Gl (z,t) + f(x,t) exp(—o W),

v2(x,0) = ug(z), (35)

with o given by (10). Notice that this equation has a random right hand side.
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Proposition 3. The L?((0,T) x R™) norm of the difference (v¢ — V¢) tends
to zero in probability as € — 0.

Proof. By Lemma 2 the process (§ converges in law in C(0,7), as ¢ — 0,
towards oW;. Therefore, a random function f(z,t)(f converges in law in
L2((0,T) x R™) to of(x,t)W;. By the Prokhorov theorem this implies that
for any § > 0 there is a compact set K% C L?((0,T) x R™) such that
P{f(z,t)¢; ¢ K°} < §. Consider a finite d-net in K°, for which we use the
notation {h;}, j =1,2,..., N(9), and denote 25(z,t) and z? (z,t) respectively
solutions of problem (12) and (33) with right hand side h;(z,t) and initial
condition ug(z).
By Theorem 1 for any ¢ > 0 there exists €9(d) > 0 such that

)
max P{]|25 — Z?||L2 >0} < N

Let &; be the following events
& =12 (2. )¢ = hy(@,t)l[z2 < o}

By construction P (£2\ ij:(f) &j) < 6. Considering the estimate (13) and
similar estimate for the homogenized problem, we conclude that for all w € &;
the inequality holds

IVE = vllpz < VE =22 + 127 — 251l + 125 — 0%z
<200 + ||z;) — 252,
with a constant C' that depends neither on € nor on w. Thus

P{|[VE — 7|12 > (2C + 1)6}

N(6) N(6)
<P\ | &)+ D P& n (Ve —1fll2 > (2C +1)5) }
j=1 j=1
N () N(9) s
0 _ 2| e — =26
5+;P{||zj 25 >6}§6+;N(6) 26

This implies the required convergence in probability. O

Proposition 4. The function V¢ converges in law, as ¢ — 0, in L*((0,T) x
R™) towards a solution v° of problem (35).

Proof. Notice that a solution of problem (33) as a functional of the right hand
side defines a continuous mapping from L?((0,7)xR") to L?((0,T); H*(R™))N
L*(0,T; L*(R™)). Then the convergence in law of the right hand side in (33)
implies the convergence in law, in the corresponding functional space, of V¢,
and the desired statement follows. O
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We summarize the above assertions in the following theorem.

Theorem 3. Under conditions H1-H5 the solution of factorized problem (8)
converges in law, as € — 0, in the strong topology of the space L*((0,T) x
L?3(R™)) towards a solution of problem (35) whose coefficients are given by

(28)~(30).

Proof. This statement is a consequence of Propositions 3 and 4. O

6. Homogenization of the original equation

We now turn to the homogenization of the original problem (2)—(3).
Notice first that the random process

(exp(¢7), exp(=¢7))
converges in law in (C[0,T])? to the process
(exp(a W), exp(—aWh)),

where ¢(f and o are defined in (9) and(10) respectively.
The asymptotic behaviour of a solution to problem (2)—(3) is described by
the following

Theorem 4. Let conditions H1-H5 be fulfilled. Then, as e — 0, a solution u®
of problem (2)—(3) converges in law in the strong topology of L*(R™ x (0,T))
to a solution of the following stochastic partial differential equation

Pi_ g o0

.o gu b,
@i 8:1028% + o

di = ( ox;

n ga) dt + oudW, + f(z,t), (36)

(z,0) = ug(x),
with § = G + 302 and a;;, by and G given by (28)-(30); o is defined in (10).

According to [3] problem (36) is well posed and has a unique solution.
Hence, the limit law is well defined.

Remark 4. If fT,L 9(z,8)dz = 0 for almost all s then o is equal to zero and the
limit problem (36)is deterministic. As was already mentioned, in this case u°
converges a.s.

Proof (Theorem 4). The solution u® of problem (2)—(3) can be written as a
sum

ut(a,t) = (v (2, 1) = V(1)) exp(C7) + V= (2, 1) exp((y),

where v¢ and V¢ satisfies (8) and (34) respectively, and (§ is defined in (9).
By Proposition 3, the factor (v¢(z,t) — V¢(x,t)) in the first term on the right
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hand side converges in probability to zero in L?(R™ x (0,T)) norm. Since by
Lemma 2 the function ¢§ converges in law in the space C[0,T], the product
(v¥(x,t) — VE(z,t))e(¢F) tends to zero in probability in L2(R™ x (0,T)).

The function V¢ as an element of L?(R" x (0,T)), depends continuously on
the trajectories of the process ¢¢ in the topology of C(0,T), so does the prod-
uct Ve(z,t) exp(¢f). Therefore, convergence in law of the process (¢ towards
oW. implies convergence in law of the expression V¢ exp((®) to the function
19 exp(aW.), where v is a solution to problem (35).

It remain to show that v° exp(cW. solves the homogenized equation (36).
To this end we denote @ = v° exp(cW.) and

. o2 ~ 0 N
A=da;j———— +b;— + G,
i 8:52895] + 8;51 +
and consider for arbitrary ¢(z) € C§°(R™) the inner product (4(t), ) taken
in L?(R™). This expression defines a diffusion process in R. Applying Ito’s
formula to this process gives

d<ﬂ’ 90) = eXp(UWt)d(UO (t)’ <P) + U(UO (t)? 90) eXp(UWt)th

J%"Q(vo(t), @) exp(oWy)dt = exp(oWy) (Av°(t), p)dt

(f(z,1), ) exp(oWy) exp(—oWy)dt + o (a(t), p)dW; + %02(11(15), p)dt

= (Aa(t), @)dt + %az(ﬂ(t), o)dt + (f(z,t), o)dt + o(a(t), p)dWr.

Considering also an evident relation 4(0) = uo we conclude that @ is a solution
of problem (36). According to [3] this problem has a unique solution, thus the
limit law is uniquely defined. O

In the end of this section we formulate similar results for initial boundary
problems. Given a Lipschitz domain ¢ C R™, consider in the cylinder @ x
(0,T) a Dirichlet initial boundary problem of the form

%ue(x,t) = div (a(i, ;)Vue(x,t)> + %g(g, 5%)us(az:,t) + f(z,t), (37)

u®(z,t) =0 on 9Q x (0,7T), u(z,0) = up(x),

where ug € L?(Q) and f € L*(Q x (0,T)). Under assumption H3 for each
€ > 0 the existence and the uniqueness of a solution of this problem in the
space L2((0,T); H(Q)) N C((0,T); L*(Q)) are well known, see, for instance,
[8].

The statement below can be justified in the same way as that for the case
of Cauchy problem. We omit its proof.
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Theorem 5. Let conditions H1-H5 be fulfilled. Then, as € — 0, a solution
u® of problem (37) converges in law in the strong topology of L?(Q x (0,T))
to a solution of the limit (homogenized) stochastic partial differential equation
which has the form

. 0% ~ ou .
(a”m—kblaixz +gu>dt+0uth+f($at), (38)

w(x,t) =0 on 0Q x (0,T), a(x,0) = up(x).

All the coefficients of this equation are the same as in Theorem 4.

du =

Similar results hold true for Neumann and Fourier initial boundary prob-
lems.

7. Equations with diffusion driving process

In this section we consider an important particular case of a diffusion finite
dimensional driving process in (1). Then problem (2)—(3) reads

%m(x,t) — div (a(g,gﬁ)vuf(x,t)) + %g(gﬁﬁ)ua(x,t) + f(z,t), (39)
u®(z,0) = ug(x);

here and afterwards &, is a stationary diffusion process with values in R?. We
denote the generator of this process by L:

62

L= ka(y)w

+ B(y) - Vy.

The advantages of operators with diffusion driving processes are
- the coefficients of homogenized problem can be found in terms of solutions
of non random elliptic auxiliary problems;
- sufficient conditions for mixing properties required in H5 can be formulated
explicitly in terms of the coefficients of generator L.

We suppose the following conditions to hold

A1l. The coefficients a(z,y), g(z,y) and ¢(y) are uniformly bounded as well
as their derivatives: there exists C' > 0 such that for all (z,y) € T" x R?

laij (2, y)| + [Vzaij (2, )| + | Vyai(2,9)] < C
9(2,9)| + [V29(2,9)| +[Vya(z,y)| S
for all (z,y) € T® x R? and for all 1 <i,5 <n, 1 < k,l < d; the symbols V,

and V, stand for the gradients with respect to z and y respectively.
The vector function B and its derivatives satisfy polynomial growth condition:
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[B(y)| + IVB(y)| < CA+ [y

for some p > 0 and C > 0.
A2. Matrices a;; and gy, are uniformly positive definite: there is A > 0 such
that

M < aij(z,y)ziz;, V2 € R",
My PP < @rom (2, 9)yk4m » ¥y € RE.

A3. There exist constants a > —1, R > 0 and C' > 0 such that

b(:& 4 < —Cly|® forall y € {y : |y| > R}.

A4. Centering condition: Ef{t 9(z,&5)dz = 0.

As was proved in [11], under conditions A1-A3 the process & has a unique
invariant measure in R¢ whose density solves the problem

L*p =0, /p(y)dy =1
Rd

the notation L£* is used for the adjoint operator. Moreover, for any N > 0
there is Cn > 0 such that

ply) < Cn(1+[y)~N.

It was also shown in the same work that the strong mixing coefficient of a
stationary version of the diffusion process £ possesses the property H4.
Denote L2(T" x R?) the weighted L? space with the norm

1 (2|2 = / / P22, 9)p(y)dydz,
Tn Rd

and
H(T" x RY) = {f € L2(T" x RY) : |V.f| + |V, f| € L3(T" x R%)}.

Also we will use the notation A = div,a(z,y)V.. The proof of following two
technical statements can be found in [2].

Lemma 4. Let f € L%(T” x R?), and suppose that
[f(z9)| <C A +]yl)P V(z,y) € T" x R?
for some C > 0 and p € R and that [ [ f(z,y)p(y)dydz = 0. Then the

T Rd
equation
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(A+L)u(z,y) = f(zy)

has a solution in the space of functions of polynomial growth in y:
uz,y)| < C(L+[y))P*" ¥(zy) € T" x R?

This solution is unique up to an additive constant.
If, in addition, there is N > 0 such that for all ny, no € N with ny +ns < N
we have
021 0,2 f(2,9)] < C(L+[y)? V(z,y) € T" x R,
then
|02 Oy2u(z,y)| < C(1+ |yPTh) V(z,y) € T" x R%

Proposition 5. For anyt >0, 4 >0, v > 0 and B > 0 the relation holds
lim E(Supeﬁ|fs/8~,|“) —0.
e—0 SSt

We proceed with averaging procedure. As above we represent g(z,&) as
the sum g(z,&) =< g > (&) + G(2, &) with < g > (&) = [, 9(2,&5)dz. In
order to construct the limit operator we need two correctors which are defined
as solutions of the following auxiliary equations

0
By Lemma 4 these equations have solutions in H/} (T™ x R?) of polynomial

growth in y.
The main result of this section is

Theorem 6. Under assumptions A1-A4 the solution u® of problem (39) con-
verges in law, as € — 0, in the space L?((0,T) x R™) to a solution u° of the
following stochastic PDE

du®(z,t) = (div(quO(ac7 t)) — bVul (z, ) gu’ (z, t))dt + ou®(x, t)dWy,

UO(I,O) = ug,

where

i= / / a(z,y)(Id + Vox(2,9))p(y)dzdy,

T™ Rd

b= //(g(z,y)x(z,y) +a(z,y)V.G(z,y))p(y)dzdy,
T7 Rd
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§= / / 9(2, )Gz, y)ply)dzdy + 2o?, (42)

2
Tn Rd
7 = [2w)( [ v,66 ) - ([ v,660a)a,
Rd Tn Tn

and Wy is a standard 1D Wiener process.

Proof. Since all the conditions of Theorem 4 are fulfilled, we need not prove
the convergence of solutions of problem (39) to a solution of a limit stochastic
PDE but only the fact that the effective coefficients given by (42) coincide
with those defined in Theorem 4.

First we show that the corresponding diffusion coefficients o are identical.
The validity of the Central Limit Theorem for stationary processes of the
form F(&,), F € LY(RY), with diffusion &, satisfying condition A3, have been
justified in [11]. In particular, it has been proved that for the process < g(&;) >
the corresponding variance o is given by the formula

7 = [ 2a)VG() - VG )olu)dy,
Rd
where G is a solution to the equation LG(y) =< g > (y). Since operator £
applied to a function F(z,y) commutes with taking the average of F in z, we
obtain V < g > (y) =V [}, G(z,y)dz, and the desired coincidence follows.

We proceed with the other coefficients. For any ¢ € C*(0,T;C5(R"))
consider the auxiliary process

He(t) = (p,v%) + (X" - Vg, v7) +£(G%, p);

here and afterwards for a generic function F' = F(z,y) we use the notation
Fe(z,t) = F(Z,&/)e2); (+,-) stands for the inner product in L?(R™). Applying
Tto’s formula to H(t) gives

dH® = {(a5;04,0,,0,0%) + € 1(0:,a5;0,,0,v%) hdt
+eTH (G, v )dt + (VyGZ o + Vx5 0,0, 0%) - VB,
+{eTHEX Vi, %) + (5 Ve, 07) + (Bugp, o)
+e ATV, %) + e(x*0, Vg, v°)
+(02,(a5;Xk) O, Oy p + 05,02, X502, Oy 0, )
+e(afX*VV Vi, v%) 4+ e L (LG p,v°) + (GZg°p, v°)
+eTH(AGE 9, %) + (9:, (a5;G%) D, 0, 0%) + (5,02, G0y 0, 0°)

+e(a®*G*VVp, UE)}dt.

Taking into account the equations (40), (41) we get
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dH® = {{(afjaxﬁwm %) + (02, (a5 X1) Oy Oy, 0 + 05502, X3, 0, Oy 9, V%)
+(9°XVp,v7) + (GTg ¢, v%) + (O, v7)
(02, (056N, 0, 0°) + (05,0-, G0, 0, 07) ot (43)
(VyGEo + Vyx;02,0,0°%) - V@edBy, + edR° (1),

where B; is a standard n-dimensional Brownian motion, and R® satisfies the
estimate
Esup |R°(t)] < C.
t<T
This estimate follows from Proposition 1.
For the stochastic term on the right hand side of (43) we have

Lemma 5. The bound holds

lim E sup
e=0 <

j (VyGCs)ees)

+V,xie (-, 8)0, (-, s),v‘g(-7s)) V& (5)dB,| = 0.

Proof. Since [, Vyx(z,y)dz =0 and [, V,G(z,y)dz = 0, we have

E sup
t<T

[ (FuG 90609 + D510 6,9).07(8)) - VaF G)aB

t

/ (75518), 00, (o507, 9))

=cEsup
t<T

2,
T (48). 0, (B )07 (1) ) -V (4B
where J(z,y) and J?(z,y) are periodic in z functions such that

div,J' (z,) = V,G(z,y), div,J?(z,y) = Vyx(z,y).

The statement of the lemma now follows from (1) and the Burkholder-Davis-
Gundy inequality. O

To complete the proof of the theorem we notice that by virtue of (1) and
the Birkhoff theorem

lim Esup|(¢(,t),v°(-,t)) — (¢(-,0),up) — /(8S¢(~7s)7v5(-,s))ds
0

e=0  4<T

—/ ({aijamawj<p(-, s)+ BVgo(-, s) + Go(-, s)} L, (s, s)) ds‘ =0,
0
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where the coefficients @, b have been defined in Theorem 6 and

G~ [ [ aen)Gpty)azdy. 0

T" Rd
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Problems with concentration



I'-convergence for concentration problems
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1 Introduction

In these notes we will consider a large class of variational problems in which
a concentration phenomenon occurs. This is a typical phenomenon in prob-
lems with scaling invariance as, for instance, semilinear problems involving
the critical Sobolev exponent. More precisely we will study the asymptotic
behaviour of problems of the form

SE(0) := sup {52* / F(u)dx : / |Vul|?dz < ?, u=0on 5‘(2} , (1)
7 2

when ¢ — 0%, where (2 is a bounded domain of R*, n > 3, and F is a
nonnegative upper-semicontinuous function bounded from above by c|t|2*7
with 2* = % being the critical Sobolev exponent.

If F is a smooth function the maximizers of (1) satisfy the following semi-
linear equation

—Au=M\f(u) in £2,
u =0 on 02,

where f = F' and the Lagrange multiplier \. tends to +oo when ¢ — 07.

The, by now, classical approach for this type of semilinear problems is the
concentration-compactness alternative due to P.L. Lions [21]. For the case of
smooth F with critical growth (e.g. F/(t) = [t|*") he proved that the sequence
of maximizers either concentrates at a single point (in a sense that will be
clear in Section 2) or is compact in H}(£2). In particular in the case 2 # R"
one can exclude compactness and deduce that only concentration is allowed.

As a particular case of problem (1) with, possibly, non smooth (or degen-
erate) I, we can also obtain interesting free boundary problems as the plasma
problem or the Bernoulli free boundary problem (see for instance [16], [14] and
[9]). The latter can be consider as the weak Euler-Lagrange equation of the
following variational problem
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SY = sup {5_2*\A| : AC 2, cap(4,2) < 52} ,

where cap(4, 2) denotes the harmonic capacity of the set A. The critical
case, corresponding to the choice F(t) = [t|*", and the Bernoulli problem will
be described in details in Section 2 and can be considered as two “extreme”
particular cases for problem (1).

In order to deal with the general problem (1), the concentration-compact-
ness alternative has been generalized by Flucher and Miller in [13]. Again one
deduce concentration for the sequence of maximizers (or almost maximizers).

In this notes we propose a different method to deduce concentration and,
more in general, to study the asymptotic behaviour of problem (1).

We will use the notion of I'-convergence which is the natural convergence
for functionals in order to deduce convergence of extrema.

The idea of I'-convergence is to substitute a sequence of functionals {F.}
by an effective I'-limit functional F which captures the relevant features of
the sequence {F.}. In particular, sequences of (almost) maximizers converge
to maximum points of F. Therefore, in terms of I'-convergence, we study the
asymptotic behaviour of the functional

Folu) =% /QF(EU) dx ,

with the constraint [, [Vu[?dz < 1 and u € Hg(12).

Analyzing the I'-limit F we describe the asymptotic behaviour of F,(u.)
along all weakly converging sequences and we also deduce concentration.

The approach of I'-convergence for this kind of concentration phenomena
is recent and has been successfully used also in the study of Ginzburg-Landau
problem by Alberti, Baldo and Orlandi [1]. A delicate point, in general for I'-
convergence and here in particular, is the choice of the topology which should
be strong enough in order to assure convergence of maxima and weak enough
in order to detect concentration.

A second natural question for this type of concentration results is whether
it is possible to characterize the concentration point, in particular whether its
position can be influenced by the shape of the domain.

A crucial role in the identification of the concentration point is played
by the Green’s function for the Dirichlet problem with the Laplacian. More
precisely we will see that the maximizing sequences concentrates at the har-
monic centers of {2 (the minima of the Robin function; i.e., the diagonal of
the regular part of the Green’s function).

2 Two classical examples

We introduce the problem starting with two examples: the Sobolev inequality
and the harmonic capacity.
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2.1 Sobolev inequality

Let us fix a domain 2 C R", with n > 3. We know that the Sobolev space
H{(£2) is embedded continuously in LP(£2) for every p < 2* = -2 j.e., there
exists a constant Cp({2), depending on p and {2, such that

/Q\u|pd:r < C,(0) (/Q|Vu|2das)g @)

for every u € HJ(£2). The embedding is also compact for p < 2*. It is well
known that for p = 2* (the so-called critical case) the embedding is not
compact.

There is a large number of interesting and difficult analytical and geomet-
rical problems involving the critical growth and many interesting phenomena
arise from this lack of compactness.

Let us consider first the Sobolev inequality in R"

*

/ lu|> dz < S* (/R |Vu|2dx) ) Yu € Cg°(R™). (3)

Inequality (3) holds true for all functions in the Deny space D2(R")

obtained as the closure of C§°(R™) with respect to the topology induced by
the L? norm of the gradient (D2(R") = C§° (R")Hvu”ﬂ) and S* is the best

Sobolev constant.

Question 1 Is S* achieved? In other words, does there exist a function u €
D12(R™) such that (3) holds with equality?

In the case of R™ the answer is yes. This problem has been solved by Talenti
in ’76 ([23]), and all the possible solutions have been completely characterized.
Namely, all the solutions of the following variational problem

/ u|? da
SR . uwe DY3(RM)

o*

T
(oo 17)
or equivalently

S* = max{/ lu*’ dz : ue DY*(R"™) and /

S* = max ,

Vul? < 1} Y

n

have been characterized.
Indeed, one can consider the Euler-Lagrange equation of (4) and, by a
rearrangement argument, prove that
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1
u(x) = ——m8M8M, 5
S @ ?

is a solution. Here the constant c is a renormalization which gives

/ |Vug [2de = 1.
RTL

All other solutions can be obtained by scaling and translating uq. Indeed,
both the Dirichlet integral on R and the L?" norm are invariant under the
following dilations and translations:

u(gg):g—%ul (x—y) for 0 >0 and y € R".

g

9%

Namely [Vu(z)|? = o7"|Vu (£2) |2 and |u(z)]?” = o "|uy (£Y)
thus, by a change of variables,

/|Vu|2dx:/ \Vuy|?dx and /\u|2*dx:/ luq |* da .
R" R" R R"

Let us consider now the case 2 # R", for instance consider the case {2
bounded. In this case HE(§2) = D%?(§2) and the Sobolev inequality reads

, and

o*

/Q uf? dz < §*(2) </Q |Vu|2dx) T Vue HMQ). 6)

Remark 1. Again by a scaling argument one can see that the best Sobolev
constant does not depend on the domain; i.e.,

S*(2)= 5" VR2CR".
Question 2 Is S* achieved in {27

The answer in this case is no. In fact, otherwise, we would find solutions
for (4) with compact support and hence not of the form (5). Thus an other
question arise naturally.

Question 3 What we can expect from an optimal sequence; i.e., a sequence
ue € Hi(£2) such that

/ luc|? da
2 —=S5"+0(1)? (7)

()
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We may have a rather precise idea of the situation through the following
example: take the sequence v, such that v.(|z|) = e~ 2% ui(%) and 2 = Bg
(Br denotes the ball centered in the origin of radius R). Clearly we have

lim/ |UE(|x|)|2*dx:nm/ a2 dz = S*
e—0 Br e—0 B.r

In particular we get that the sequence |v.|?>  converges to S*&y (6o denotes
the Dirac mass at zero) weakly* in the sense of measure. It is then easy to
see that u.(z) = (ve(|z|) — ve(R))4 € Hi(£2) satisfies (7). Moreover also u,

concentrates all the energy at zero; ie., |uc|? = S§*6p and |Vu.|? = 8.

The scaling invariance of the problem is responsible for this phenom-
enon of concentration and in general for the lack of compactness in the
embedding theorem. This lack of compactness can be very well described,
and this has been done by P.L. Lions ([21]) by means of the concentration-
compactness principle. Generally speaking, it consists in the analysis of the
possible ways a bounded sequence of measures can loose compactness. In
the special case of the Sobolev embedding theorem he proves in particular
the following Concentration-compactness alternative.

We fix a sequence u. € DV2(£2), with ||Vuc||z2 < 1. Up to a subsequence
there exists a function ug € D%?(£2) such that
ue =g in L¥ (2) and Vu. — Vug in L*(2);

b

ie., ue — uoin D1’2(@. We may also assume that there exist two measures
w vt e M(£2) := (C(£2)), such that

luc|* dz = v* in M(R2) and |Vuc|?de = p* in M(02).}

In order to study the possible lack of compactness for u. the idea of P.L.
Lions is to characterize the measures v* in terms of p*.

Remark 2. Note that if v* = |ug|? dz then we have compactness in L?" for
ue, while if we also know that u* = |Vug|?dz we conclude strong convergence
of u. in DV2(92).

In general, by the lower semi-continuity of the norm, we get
> |Vug|* da .
Thus we can isolate the atoms of u*, {z;}ics, and rewrite p* as follows

! Recall: we say that a sequence of measures p. — g in M(£2) if and only if

lim gpd,uez/godu Ve C(9).

e—0 o) o)
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p* = |Vuo|*dx + Zuzfsxi + (8)
ict

where p; denotes the positive weight of the atom z; and g is the non-atomic
part of u* — |[Vug|?dz.

Remark 3. Note that i in general may also contain a part which is absolutely
continuous with respect to the Lebesgue measure.

Lemma 1 ([21]) Let ue,ug € D"2(£2) be such that [, |Vuc|> <1, ue — ug
in DY2(0), |uc|? de = v* and |Vue|?de = p* in M(2) for some measures
w* and v*. Assume p* be decomposed as in (8); then

1. there exist non-negative constants v} such that
i) v* = |ug|* dx + Z Vi 0y, ;
icJ
i) |ue —uol? da = Z vy, in M(Q);
icJ
1)) < vr < §* (/QLZ)%2 forallie J.

2. (Alternative) If v*(£2) = S* and p*(2) = 1; i.e., uc is an optimal sequence
for the Sobolev embedding, then one of the two following situations is
possible
a) Concentration: there exists xo € §2 such that p* = 8., and v* = S*0y,;
b) Compactness: v* = |ug|? dz.

Note that in the alternative b), by the optimality of u. we also get u* =
|Vug|?dr and hence u. — ug in DV2($2).

Remark /.

1. In the case 2 # R™, by the fact that the Sobolev constant is never
achieved in {2, we deduce that only alternative a) is possible; i.e., con-
centration occurs.

2. Part 1 of Lemma 1 is obtained by a fine use of the Sobolev inequality.
In particular note that ii) states that the only way a bounded sequence
in DY2(£2) can loose compactness in L? (£2) is by concentration (so an
oscillating bounded sequence for which the gradients weak converge but
do not concentrate, is always strongly convergent in L? (£2)).

2.2 Capacity and isoperimetric inequality for the capacity

We now introduce the notion of harmonic capacity for which we will see that
a similar concentration phenomenon arises.
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Definition 2 (Capacity) Given 2 C R™ and an open set A C {2, the capacity
of A with respect to §2 is the following set function

cap(A4, 2) —inf{/ \Vaul|?dz : w>1ae in A, uc H&(Q)} .9
7

Note that the constraint v > 1 a.e. in A in the definition of the capacity
is convex and strongly closed in H}(§2) and hence it is closed in the weak
topology. So that there exists a unique minimum point for problem (9). It is
called the capacitary potential of A with respect to {2.

Remark 5.

1. By a truncation argument we can show that the capacitary potential u4
satisfies ugy = 1 a.e. in A.

2. The capacitary potential is also a weak solution of the following Euler-
Lagrange equation

—Au=0 in 2\ A
u=1 on 0A (10)
u=0 on 0f2.

The capacity theory is a classical tool in potential theory. In the variational
approach it is the natural object when studying problems in the Sobolev space
H}(£2). Tt is involved in regularity results for elliptic problems, fine behaviour
of Sobolev functions, etc. (for a very nice review of this subject see Frehse
17)).

In general it is not very easy to compute explicitly the capacity of a set.
Let us consider the easiest case: two concentric balls.

Ezample 1. Fix 0 < 7 < R and compute the capacity of B, with respect to
Bpgr. From now on we will denote by

Tn . 1
R A |l

the fundamental singularity of the Laplacian A in R™, n > 3, and then
K(|xz — y|) will be the fundamental solution with singularity at y. In par-
ticular K (]z|) is harmonic outside zero. Moreover K (|z|) — K(R) = 0 on 0Bgr
K(|lz)—K(R)
K(r)-K(R)
B, with respect to Bpg is given by

and = 1 on 0B,. Thus we have that the capacitary potential of

_ [ E(e]) - K(R)
u(x) _mm{K(T)K(R)’l} .

Then, using the fact that —AK(|z|) = dy in the sense of distributions, we get



240 Adriana Garroni

1
cap(B,, Bg) = Vuzd:czif VKVudx
o(Br ) = [ VuPde = e [
_ 1
- K(r)-K(R)’
Similarly, we obtain
n 1
cap(B;,R") = K@)

The notion of capacity can be extended to any subset E of {2 as follows
cap(E, 2) = inf{cap(4,12) : A open, ADE}.

Proposition 3 Let A and B be two given subsets of 2. The following prop-
erties hold.

1. (Monotonicity) If A C B then
cap(4, 2) < cap(B, 2);
2. (Subadditivity)
cap(AU B, 2) < cap(A, 2) + cap(B, 2);
3. (Scaling property) For any p > 0 we have
cap(pA, pf2) = p"~2cap(A, 2) ;
4. If B is open and A C B C {2, then

1 1 1
>
cap(4,2) = cap(4, B) ' cap(B, 2)

and equality holds if and only if B is a superlevel of the capacitary potential
ua of Ain £2.

The above properties can be easily deduced from the definition of the
capacity and making use of the capacitary potentials.

Note that in particular the capacity is an external measure, but in general
it is not additive (it can be proved that it is a measure only on the class of
zero capacity sets).

The “equivalent” of the Sobolev inequality in the case of the capacity is
the so-called isoperimetric inequality for the capacity: there exists a constant
SV (£2) such that

1A < SV (2) (cap(A, 2))T ¥V AC Q. (11)

Question 4 Is this constant SV (£2) achieved by a non-trivial set A? In other
words: there exists a subset A of (2 with cap(4, 2) > 0, such that equality
holds in (11)7
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If 2 = R the answer is again yes. In fact we can also compute it explicitly.
It is given by

SV .= SV(R") =max {|A4] : cap(4,R") <1} .

It easy to see, by a symmetrization argument, that the maximum is achieved
on balls; i.e. A = Bg. Imposing the constraint cap(Bgr, R™) = 1 the radius
R can be computed explicitly and hence the constant SY turns out to be the
following

SV = w2, (12)
where v, = K(1) and w,, = |By|.

Remark 6. Note that, thanks to the scaling property of the capacity (see
Proposition 3, 4)), the equality in the isoperimetric inequality (11) is achieved
for all balls. Indeed, if R is such that cap(Bg, R") = 1 and |Bg| = SV, then

IB,r| = p"|Br| = SV p" = SV (cap(pBr, R™)) "2 .

In the case 2 # R" the answer is no. The constant SV is not achieved
by a non trivial set A for a reason which is similar to the one we saw in the
Sobolev embedding case. Indeed also in this case it can be seen, using the
scaling property of the capacity, that

SV(2)=-8Y v .
Moreover whenever cap(R™ \ £2,R™) # 0 and cap(4, 2) # 0, it can be seen,
by using the maximum principle, that

cap(A4, 2) > cap(4,R")

and then, for any such A, the equality in (11) is not possible.
Thus also in this case we may wonder which is the behaviour of an optimal
sequence; i.e., a sequence of sets A, such that

Al =SV 1+ 0(1). 13
AL,y o oW (19

So, as above, to have an idea let us construct an optimal sequence by choosing
A; = B,_, with 7. — 0. Then, for any R > 0,

(eap(ides )72 = (can(B,.. )77 = ()" (contB. )

Now it can be proved that

R
hH(l) Ca'p(BRa 7‘9) = Cap(BR7Rn) )

g
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thus, if we choose R such that |Br| = SV, we clearly have that the sequence
satisfies (13).

Notice that the balls B, shrink to the origin. Again we have a concen-
tration phenomenon for the capacitary potentials similar to the case of the
Sobolev embedding.

More in general a way to construct an optimal sequence for (11) is to
consider the following variational problem

SV(2)=e7% max {|A| : cap(4,2)=¢"}, (14)
where the factor e=2°
volume.

is the right scaling passing from the capacity to the

3 The general problem

We are now in a position to introduce a very general class of problems which
includes and unifies the two examples shown above as two extreme case of the
same phenomenon.

3.1 Variational formulation

We will consider the following family of variational problem depending on a
small parameter € > 0

SE () sz*sup{/n F(u)dx : u € D“(0), /Q|Vu|2dx < 52}, (15)

with the following assumptions:

i) 0<F(t) <clt]* for every t € R;
i) F # 0 and upper semi-continuous.

To simplify the exposition we also assume

iii) there exist the following two limits

With this formulation we recover the two examples seen before.
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Ezamples.

1.

2.

If F(t) = [t|*, then (15) gives the Sobolev embedding problem and
SE(2) = 8* for every 2 C R™.

We are allowed to choose F' discontinuous, then we recover the case of the
capacity taking F of the form

F(t){o ift<1

1 ift > 1.

We claim that, with this choice of F', problem (15) coincides with (14);
i.e.,

v = su U ) 1,2 ul?dz 2
SV () = p{|{ > 1) we D' @), [ [V Se} (16)

Clearly
SY(2) > sup{|{u > 1} : we DY3(), / |Vul*dz < 52} ;
Q

indeed any u € DV2(2) satisfying fQ |Vu|?dz < 2 is a good competitor
for the computation of the capacity of the set A = {u > 1} and gives
cap(A,2) < [,|Vul’dz < 2. On the other hand, if A is an open set
such that cap(A, 2) < ¢% and uy4 is the capacitary potential of A, then
AC{ua > 1} and [, [Vual?da = cap(A, 2) < €2; hence we get (16).
If F € C! we can compute the Euler-Lagrange equation and we have

—Au = A f(u) in 2
u=20 on 042,

where f = F’ and A, is the Lagrange multiplier (one can show that
Ae R 5*ﬁ).

In general the non-differentiability of F' allows for free boundary prob-
lems. The easiest example is again the case of the capacity, whose Euler-
Lagrange equation is the so-called Bernoulli free boundary problem: look
for an open set A and a function u which is the weak solution of

Au=0 in 2\ A

u=1 on 0A
u=~0 on 012
ou

5 = Qe on 0A,

where g. goes to infinity as ¢ — 0 and play the role of the Lagrange
multiplier. Another classical example covered by the problem is the so-
called plasma problem (see e.g. [16]).
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3.2 Generalized Sobolev inequality

Let us see first some general facts related to the scaling properties of our
problem. Denote by ST := SF(R"); i.e.,

SF:sup{/n F(u)dx : ue DY3(R™), /

Lemma 4 1. SF(02) < ST for every e > 0 and for every 2 C R™;
2. The following Generalized Sobolev Inequality holds

|Vu|*dr < 1} .1

n

P

/ F(u)dx < S* (/ |Vu|2dx> i Y u € DY(0);
2 2

3. 8F > F,5*.

Remark 7. The above lemma is based on the following scaling argument: if
u € D2(£2) and s > 0, define

u’(z) = u <§) € DY2(s02).

Then we have

/ F(us)dx:s”/F(u)d:U and / \Vus|2dx:s”*2/ |Vul|? de .
582 2 582 9]

=2
In particular if we choose s = ||Vul|;2* then we also obtain [, [Vu®[*dz = 1.
Taking u® as a competitor for (17), one get the generalized Sobolev inequality.

By a cut-off argument the following result can be also proved.
Proposition 5 lim. oS = SF.

The proof of Lemma 4 and Proposition 5 can be found in [13].

3.3 Concentration

From now on we will consider only the case of {2 bounded and we will write
H}(£2) instead of D12(£2). Nevertheless most of the result we will present in
this lectures have been obtained for general domains, possibly unbounded.

We are interested in the asymptotic behaviour of maximizing sequences
for problem (15); i.e., sequences u. such that

e / Fu.)de = ST + o(1), (18)
(%}

and, possibly, in saying something about their optimal profile.

The case of F € C1(R) has been studied by P.L. Lions [21] as an ap-
plication of the concentration-compactness principle. The general case has
been considered by M. Flucher and S. Miiller in ’99 [13] (see also the book of
Flucher [10] and the references therein), still in the spirit of to concentration-
compactness.



I'-convergence for concentration problems 245

Theorem 6 ([13], Theorem 3) Let u. be a mazwimizing sequence (i.e. satisfy-
ing (18)), then there exists xg € {2 such that :

i) The sequence u. concentrates at xo in the following sense

2 2
'VELQA X5, and ‘”i;‘* S SFs,, in M(); (19)
ii) Suppose that ST > max{F,, Fs,}. Then we identify the optimal profile for

the mazimizing sequences. Namely there exists a sequence x. converging to
xo such that the sequence we(x) := ue(ze —&-E%x) is compact in DV2(R")
and every cluster point w is a solution for S¥'; i.e., it is a maximum for
problem (17).

Remark 8. Let us spend a few words about the condition in part ii) of the
theorem. This is a natural condition for those who are familiar with the
concentration-compactness approach. It guarantees the existence of a ground
state and no concentration of optimal sequences for problem (17). In partic-
ular it gives a precise rate of concentration for maximizing sequences of the
scaled problem S (we will see that this condition can be slightly relaxed).

It is actually easy to see that ST > max{Fy, F..} is always true. It is
enough to take an optimal function for $*, e.g. w1, and define

. n xr
u®(x) =s 2*u (—) .
(x) (5
Then from the generalized Sobolev inequality we obtain S¥ > FyS* and
S > F, S* taking the limit as s — oo and s — 0 respectively. The idea is
that the strict inequality, in applying the concentration-compactness principle
to the sequence w,, is sufficient to rule out vanishing and concentration.

We will see a proof of the concentration result (part i) of Theorem 6) in
terms of the variational convergence introduced by De Giorgi in *75 ([8]), the
I'-convergence.

3.4 I't-convergence

We are considering maximum problems, so the natural variational convergence
is I'""-convergence. Since in the literature it is mainly I"~-convergence, the
suitable convergence for minimum problems, that is used, we recall quickly
the definition and the main properties of I'T-convergence.

In what follows X will be a metric space and 7 will denote its topology.

Definition 7 Let F. : X — R, with R = RU{oo}, be a family of functionals.
We say that the sequence F. I't-converges to the functional F : X — R with
respect to T,

PRI

if the following two properties are satisfied



246 Adriana Garroni
i) for every sequence r. — x we have that

lim sup Fe(z.) < F(x);

e—0
.. . T
it) for every x € X, there exists a sequence x., such that x. — x and

lim i(I)lf Fe(ze) > F(z);
E—

We usually refer to condition i) as the I'"-limsup inequality and to condition
ii) as the existence of a recovery sequence.

The idea of I'T-convergence is that the functional F describes the main
features of the sequence F in terms of maxima; i.e., it gives the best (maximal)
behaviour of the sequences F.(x.) along maximizing sequences z..

Remark 9.

1. The I'"-limit F is upper-semicontinuous with respect to 7.
2. If the topology 7 is separable, then I't-convergence is compact.
3. If there exists a compact set K C X such that

sup F.(z) = sup F.(z),
reX zeK
then
a) lim._gsup,cx Fe(x) = sup,¢c x F(r) = maxzecx F(x);
b) given a maximizing sequence; i.e., any sequence z. such that

lim F.(x.) = lim sup F.(z),
e—0 e=0gex

any cluster point x of z. is a maximum point for F.

A rigorous and complete treatment of the I'”-convergence for the case
of minimum problems, whose definition is perfectly symmetric to the one we
gave for I't| can be found for instance in [7] or [4].

3.5 The concentration result in terms of I't-convergence

It is convenient to modify the functional, rescaling the functions by e and
define

5_2*/ F(eu)dx if [ |Vul*dz <1
Q 10 . (20)
0 otherwise in L2 (£2).

Fe(u) =

The idea is to consider the functionals F. and find a suitable topology and
a limit functional in order to capture the behaviour stated in Theorem 6 by
Flucher and Miiller.
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Main requirements:

1) Choose a space X, to which possibly extend the functional F., rich enough
to give information on the maxima;

2) Find a topology which is compact on X in order to get convergence of
maxima.

In order to clarify our future choice let us go back to the approach of P.L.
Lions. Let u. be a sequence satisfying [, [Vuc|?dz < 1. Define p. = [Vu.|*da
and try to describe the limit of e=2" F(cu.)dx in terms of the limit of ..
Since [, |Vue|?dz < 1, we can always assume that u. converges weakly in
H(£2) to some function u and that p. converges weakly* in M(£2) to some
measure fi.

As above we may decompose p as follows

p=|VulPde + > b, + 71, (21)
e

where u; denotes the positive weight of the atom z; and g is the non-atomic
part of yu — |Vu|?dz, and define

ve = e 2 Fleu.) dx .
By the generalized Sobolev inequality we have
Vs(Q) < SF,UE(Q)

and thus we have that up to a subsequence v. converges weakly* in M(§2) to
some measure v. On the other hand by Lemma 1 we know that

v = |ue)? de 2 v = |ul? dx + ZV;‘(SM ;
ieJ
so that by assumption i) on F' we get

v<cv*. (22)

This implies that there exists a function g € L!(§2) and non-negative numbers
v; such that

v=g(z)dx + Z Vilg, - (23)
icJ

Then it is clear that, in order to describe the behaviour of e=2 F(cu.) dx
the weak limit in H}(£2) of u. is not enough, but we need also to take into
account “how” it converges weakly, which is detected by the weak® limit of
the measures p.. This suggests the choice of the space X (f2) as

X(02) C Hy(2) x M(Q)
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and precisely, in view of the constraint [, |Vu|*dz < 1, we will choose
X(2) ={(u,p) € HY(£2) x M(2) : p > |Vul’dz, u(2) <1}. (24)

Consequently the topology 7 will be chosen such that

ue = u inw— L¥ ()

pe = p i M(92). (%)

(usa/‘s) 5 (u,,u) — {

Remark 10.

1. With this choice of the topology the space X ({2) is metric and separable.

2. It is possible to show that all the pairs (u, p) € X ({2) can be obtained as
a limit with respect to 7 of pairs of the form (u, |Vuc|?).

3. The topology 7 is compact in X (£2), then the I"*-convergence of func-
tionals in this space implies the convergence of maxima.

Now that we have set the right space we have to extend our functional to
X (£2) and this is done, by a little abuse of notation, in the natural way as
follows

5*2*/ F(eu)dx ifu:/ |Vul?dz,
Felup) = ? ? (26)

0 otherwise in X (£2).

Then we look for a functional F which is the I'"-limit of F. in X (£2). Clearly
this I"T-limit has to take into account both, the absolutely continuous part of
v and its atomic part.

Theorem 8 ([2], Theorem 3.1) There exists a functional F : X(£2) — R
which is the I'"-limit of F. in X(2) and it is given by

Flup) = Fo [ " do+ 573 (n) (21)

icJ
Remark 11. By the I't-convergence result we immediately deduce the con-

centration result. Indeed, as already observed, we have that

sup  Fo(u,p) =S —  max  Flu,p);
(u,p)EX (£2) (1) € (u,m)€X (£2) (u: 1)

and hence, since by Proposition 5 we have that SI' — ST we get S =
maxy, ,)ex(2) F (4, ). On the other hand by the Sobolev inequality, Lemma 4

and the convexity of the function |¢| T we get
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Flup) = Fy / l? dz+ 573 (ui) ¥
2 ieJ

*

(Sobolev inequality) < F,8* </ Vu2dx> N +SF Z(“’)% (28)
2 i€J

(/Q |Vu|2dx) T, Z(uﬁ]

iceJ
< STu() < st

(S*Fp<ST) < gF

Since the Sobolev constant is not attained in (2 the first inequality is strict
unless v = 0 and the third inequality is strict unless p = d,, for some xg € (2.
In other words

_ qoF _ _
Flu,p) =S —)rg(afggf = (us ) = (0,0z,) ,

which correspond to the concentration of the maximizing sequence at xg.

Proof (Theorem 8). We give a detailed proof of the I'-limsup inequality
(condition i) of Definition 7); i.e. we will prove that for every sequence

(te, pre) - (u, p) then
lim sup Fe (ue, pe) < F(u, p) - (29)

e—0

We can assume (ug, pie) = (ue, |Vue|?) otherwise the proof is trivial. We al-
ready know that in this case

Felterie) =ve(@) =¥ Flewydo— [ gdo s 3 vi=v(@. (30)

i€

We will give the prove in several steps.

Step 1. (Localization of the generalized Sobolev inequality) For every 6 > 0
there erists a constant k(0) > 0 such that if 0 < r < R with 5 < k(6), then
for every xg € 2

/ F(u)dx < S* (/ |Vul|?dz + 5/ |Vu|2d:r> (31)
B-,-((Eo) BR(QJ) .Q

for every uw € H}(2).
In order to see this step let define the function

log |xg — x| —log R 1
logr —log R '

of(a) = max |

This function (the n-capacitary potential of the ball B, with respect to Bg)
has the following property
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/ VB |"dz — 0 as T o.

Moreover it is a cut-off function between B, (x¢) and Br(x); i.e., oF(z) =1
in B,.(7o) and pf(z) =0 in R™\ Br(zo).

Now by Holder’s inequality and the Sobolev inequality, for any 8 > 0 and
for any u € H}(£2), we get

/ V(o) 2
Br(zo)

1
< (1 + ) / VR |2 u?dx + (1 + ,6’)/ |Vu|?dz
B Br(zo) Br(zo)

n—2

1 n . 2
< (1 + ) / |Vl |"dx / |u|®" da
B Br(zo) Br(z0)

+(1+ ﬂ)/ |Vul|?da

Br(zo)

1 D
< / |Vul*dz + | B+ (1 + > S* / |V |"da / |Vul|?dz .
Br(z0) B Br(xo) o

Now if 8 < §/2 and the ratio between r and R is small enough we get

/ |V(¢5U)I2dl’§/ IVUI2daz+5/ |Vu|?dz.
Br(zo) Br(wo) n

Then the conclusion follows applying the Generalized Sobolev inequality to
the function pfu.
Step 2. We now prove that

vi < S (ui) ¥ (32)
For any ¢ > 0, for any atom x; € 2, with i € J, and § < k() we
may apply the localization of the generalized Sobolev inequality (31) to the

functions eu. and recalling that [, |Vue|?dr < 1 we get

e / F(eug)dr < ST (/ |V, |*dz + 5) .
By(w;) Br(wi)

Taking the limit as ¢ — 0 we have

V(B (2:)) < ST (u(Br(x:) +6) 7,

thus the conclusion follows taking the limit as » — 0, by the arbitrariness of
R and 4.
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Step 3. We finally prove that

g < Folu|*. (33)

Here the idea in that large values of u. do not contribute to the absolutely
continuous part of v.
Fix an open subset U of {2 and § > 0. Let t5 > 0 be such that

F(t) < (Fo+ 0t |t| <ts. (34)

Since U is open we have that v(U) < liminf. ¢ [, £=2"F(eu.) dz and that
v*(U) > limsup,_q [;; |uc|?" da; hence, we get

e—0

/ gdr <v(U) < liminf/ e 2 F(eus) da
U U

< limsup/ e 2 F(eu.) da
UN{leuc|<ts}

e—0

+lim sup/ e 2 F(eu.) da
Un{leuc|>ts}

e—0

< (Fo+0)v*(U) + climsup/ luc|? dz (35)
Un{|euc|>ts5}

e—0

where for the last inequality we used (34) and the growth condition for F.
Now, by Lemma 1 and the fact that cu. converges to zero in measure we
obtain

lim sup/ luc|? da
e—0 Un{|eu:|>ts}

< 2% limsup / lu|? dx +/ lue — u)? da
e—0 Un{|eu|>ts} U

=27 limsup/ lue —ul? do = Z v
U

€0 z;€U
This together with (35) implies
gda < Folu[* dz + Y " (Fo + 2% ¢)v; s,
icJ
which gives (33). Then the prove of the I'*-limsup inequality is completed.

As for the prove of the existence of a recovery sequence we just sketch it
and we refer to [2] for the details. The main steps are the following:

Step I. In the case (u, p) = (u, |Vu|?+ 1), any sequence such that (u., |Vue|?)
converges to (u,|Vu|? + f1) in the 7 topology will do the job. Indeed, by
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Lemma 1, we know that u. converges strongly in L2~ to u, and this, together
with the upper semi-continuity of F' and the definition of Fj, implies that

liminf/ 672*F(8U5)d3«"2/ FO|U|2*d33-
0 2

e—0

Step II. By a localization argument we prove that the I"*-limit exists in every
pair (0,d,), with € 2, and coincides with S = F(0,d,). In particular this
implies the existence of the recovery sequence for such class of pairs.

Step III. All the pairs of the form (0, ;. ; 1i0,, ), with 2; € {2, are obtained
by scaling the recovery sequences for the single atoms in a small ball around
the atoms.

Step I'V. The general case is recovered by a density lemma which permits to
glue the different contributions described above.

4 Identification of the concentration point

The next natural question, that we will address in this section, is the following;:
is there a special point of {2 which is “preferred” for the concentration? For
instance, if problem (15) has a maximum for any &, does the shape of the
domain {2 influence the concentration of the sequence of maxima?

If we look at the example of the capacity it is clear that in order to maxi-
mize the volume for fixed capacity the optimal set has to stay “far” from the
boundary. This “far” has to be understood in the sense of potential theory.
The object that will play a crucial role to make this concept precise is the
Green’s function for the Dirichlet problem in 2 with the Laplacian.

Example 2. Let us briefly explicitly show that in the case of the Volume
functional (see problem (14)), with 2 = Bpg(0), the concentration of opti-
mal sets is at the origin. Indeed let us denote by p. the radius such that
cap(B,.(0), Br(0)) = £? and assume that A, is a set for which the maximum
for SY(Bgr(0)) is achieved. Let u. be its capacitary potential and u? be its
radial symmetrization. In particular we have that u? is the potential of the
set
Al ={ul > 1}.

Moreover by symmetrization we also know that

/ IV Pda g/ Vu|2dz = cap(A., Br(0)) = &2
Br(0) Br(0)

and the inequality is strict unless u. is itself radial. Thus if A. # B,_(0) and
denoting by p* the radius of A%, then we have
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cap(B,:(0), Br(0)) < &2,

and hence pf < p., which contradicts the maximality of A.. In conclusion,
recalling that cap(B,_(0), Br(0)) = m, we proved that the optimal
sets are given by

By, (0) = {K(|z]) - K(R) > £}, (36)
and hence they concentrate at the origin.

In the example above we wrote the optimal sets in the form (36) in order
to underline the fact that they are given by super-level sets of the Green’s
function of —A in Bgr(0) and with singularity at the origin. In fact in this
case the Green’s function is given by

G0 (@) = K(jz|) - K(R).

We will soon see that this is a general fact; we can construct optimal sets
for problem SY (£2) using the super-level sets of the Green’s function in 2
and this is related with the remarkable fact that the rescaled potentials of
concentrating sets converges to the Green’s function.

4.1 The Green’s function and the Robin function

Let us recall the definition and the main properties of the Green’s function.
Assume {2 be a bounded set with regular boundary (e.g. satisfying the prop-
erty of the external ball or, more precisely, regular in the sense of Wiener).

Definition 9 The Green’s function Gy (x) for the Dirichlet problem, with the
Laplace operator in the domain 2 and singularity xg, is the function satisfying

GZ € HY(2\ By(20)) "WIP(2)  Vp>0 and ¥p< ——

n—1

and it is a solution in the sense of distribution of the following problem

—AGY = in (2
{ G3 =z, in (37)

Gy =0 on 0f2.

The Green’s function depends on 2 through its regular part. Actually we
can rewrite it as

G?Zo(x) = K(|lz — z]) — Ho(zo, ), (38)

where K (|- —xq]) is the fundamental solution and Hg,(zo, -), the regular part,
is the solution in the sense of H' of the following Dirichlet problem

{—AHQ(:UO,-):0 in 2 (39)

Gy (z) = K(|lz — xo]) if x € 042.
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In order to make the ansatz suggested by Example 2 more precise let us
fix zp € £2 and let us consider the set A. = {G{y > ¢~?}. First we compute
cap(A., £2). Since Gy is harmonic in 2\ {zo} and it is zero on the boundary
of (2, the potential u. of A, is given by

u. =¢e? (G Ne™?) € W™ (9).
Then

cap(4Ae, 2) :/ \Vue|?dx = 54/ VG 2dx
Q 2\ Ac

=e' | VGEV(GY Ne™?)dr = €2
Q

i.e., A. is a good competitor for problem SY (£2). Let us see now heuristically
how the volume of the set A. depends on z. Note that A, = {y € 2 :
K(|lzg — y|) — Ho(wo,y) > € 2} is contained in a small ball centered in z.
Indeed Hg(xg,-) is harmonic, and hence bounded, and K (|zg — -|) is radial
around z. Moreover, by the uniform continuity of Hq(zg,-) we get that

Hg(z0,y) = Ho(zo,20) +0(1) as |zg—y| —0. (40)
Then we can rewrite

As = {’Yn‘xO - y|2in > 572 + H($0,y)}

_ {mo—y| < [ﬂﬁg(l’oy)}}

D . .
_{mo yl < [1+52(H(x0,x0)+0(1))] }

n
T —

This, recalling that SV = w, v, implies that

. 1 7
AE :SV2
el = 5 | 7o)

= 5V [1 - e2H (20, 20) + 0(62)] .

n—2
Remark 12. In the computation above, the quantity which determines the
volume of A., when x( varies in {2 is the regular part of the Green’s function,
more precisely Hp(xg, ).
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Definition 10 The diagonal of the reqular part of the Green’s function is
called the Robin function of 2; i.e.,

To(z) == Ho(x,x) .
We call the harmonic radius of §2 at x, the positive number po(x) such that

K(po(z)) = ta(z) .

The points of 2 where T(x) attains its minimum (the maxima for po(x)) are
called the harmonic centers of (2.

Remark 13. The computation that we did before shows that among all the
super-level sets of the Green’s function, with given capacity, the biggest are
those corresponding to the singularity in the harmonic centers of {2; and hence
which concentrates at this points.

In the case of a ball Bg = Br(0) the Robin function and the harmonic
radius can be computed explicitly and they are given by

‘$|2 2—n

R_f and pp,(x) =R

|z

TBr (J,‘) ="Tn R

Hence 7p, attains its minimum at the origin and tends to infinity when z
approaches the boundary.

Note that in general the harmonic radius of a domain {2 at a point x is
the radius of the ball whose corresponding Robin function evaluated at the
origin agrees with 7o ().

Remark 14.

1. In general, if the boundary of 2 is regular then the Robin function 7¢(z)
tends to infinity as = approaches the boundary. Indeed in this case the
regular part of the Green’s function, Hy(x, ), attains the boundary con-
dition continuously. We will see that we can extend all these notions to
the case of general domains (possibly irregular) and that in some cases
this property may be false.

2. In the case of the ball the harmonic center is unique and coincides with
the center of the ball. It has been proved by Cardaliaguet and Tahraoni
[6] that for any bounded convex domain there exists only one harmonic
center.

3. The role of the Green’s function for similar problems involving the criti-
cal Sobolev exponent was first conjectured by Brezis and Pelletier [5]. In
particular the conjecture says that the solutions of the following problem

—Au = uP! in 2
u=0 on 0?2 (41)
u>0 in £2,
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with p < 2%, concentrate at critical points of the Robin function of (2 as
p — 2*. Namely the points x,, where a solution u, of problem (41) attains
the maximum, converge to a critical point of 7¢(x). This conjecture has
been then proved by Rey [22] and Han [18] independently. Later, Flucher
and Wei [15] proved that the variational solutions; i.e., the maximizers of

/ |u|Pdx
2]

Sp(£2) = sup = u€ Hy(2) u#05y ,

(/Q Vu|2dx>2

concentrate at the harmonic center of (2.

In view of the example of the capacity, we expect for our general variational
problem S(£2) a result similar to that described in Remark 14 (3).

We know that for any maximizing sequence u., namely F.(u.) = S (2)+
o(1), there exist a subsequence (still denoted by wu.) and a point zg € 2 such
that u. concentrates at xo. On the other hand for any zy € 2 we can construct
a maximizing sequence which concentrates at xg.

Now the question is the following: if we look at maximizing sequences
which converge faster, is the concentration point determined by the shape
of the domain 27 This problem has been considered in [11] by means of an
asymptotic expansion of the energy. The same result can be stated in terms
of I'-convergence (see [2]). In the latter approach a way to select among
maximizing sequences is to consider a first order expansion in I"*-convergence
(a sort of Taylor expansion in I'T-convergence).

4.2 Asymptotic expansion in I't-convergence

Assume that a sequence of functionals F., defined in a metric space X, I i—
converges with respect to the topology 7 to some functional F : X — R.
Suppose now that, following an ansatz, we know that

sup Fe = max F + O(\;)
X X

for some A. = o(1). We then consider the following functional
F. —max F
IR S

Fla) = —

If the I't-limit F! of F! exists, then it clearly will be finite at most on the
maxima of F. Furthermore under the usual compactness condition for the

topology, we deduce that

sup Fe — m)%xf

lim sup 7 = li X

_ 1
Bim s lim o fm)f?xf , (42)
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which gives an asymptotic expansion for the suprema of F.; i.e.,

sup F. = max F + A\ max F' + o(\.). (43)
X X X

In addition we have that any maximizing sequence . for F.; i.e., such that

.7-"51(1:5) = sup.?’:s1 +o(1),
X

converges, up to a subsequence, to a maximum of F!. In particular such a
maximizing sequence will also satisfy

Fe(xe) = s;p Fe+o(Ne). (44)

In this sense the first order I'*-limit selects, among all maximizing sequences
for F., those which converge faster.

4.3 The result

In our case the scaling suggested by the computation for the super-level set of
the Green’s function is A, = 2. Thus our next goal is to compute the I"-limit
of the following functionals

}—s(uau) 7SF

FH(u,p) = =

(45)

In order to obtain a non trivial limit for F! we have to assume an additional
condition. Indeed we cannot aspect in general a precise rate of convergence
of maximizing sequences. For instance in the critical case F(t) = [t|>", we
may have optimal sequences converging to S* with any rate. We then need an
assumption which forbids this scaling invariance effect. As we already briefly
mentioned a sufficient condition is given by

ST > max{Fy, Fs } S*. (46)

Under this condition we know that there exists a ground state w for S¥. The
qualitative behaviour of such a solution has been stated by Flucher and Miiller
in [12]. Among other things they prove that there exists a point o € R™ and a
ball Br,(xo) such that w is radial around z( outside this ball. More precisely
they find a constant W, such that

w(z) = Woo K (|2 — 20]) (1 + o(r™2)) Va : r=|x—x9| > Ro; (47)

in other words w is asymptotically proportional to the fundamental solution.
The constant W, is given by

s 201 [ Plu)
we =gt | K(al) ™
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Set now wys, > 0 such that

2 = 72(71_ D) inf 4 limin 7F(wk(x)) T
Weo 1= = o f{lkﬁoof o K] d }, (48)

where the infimum is taken among radial maximizing sequences for S¥. By
using the concentration compactness principle it is shown in [11] that condition
(46) implies

0 < Weo < +00. (49)

We now are ready to state the theorem on the identification of the con-
centration point in terms of I'"-convergence.

Theorem 11 ([11] and [2]) Under condition (46) we have that there exists
the I't-limit F* of FL defined by (45) in the space X (£2) = H3(2) x M(02)
and it is given by
n
n—2

St Woo TQ(J;O) if (uvﬂ) = (075930)
Flu,p) =

—00 otherwise.

As a consequence of this I'T-convergence result we can deduce the result
of concentration for sequences of almost mazximizers; i.e., satisfying

e /Q Flew.)dz = ST(02) + o(c2). (50)

Theorem 12 Under condition (46), all sequences of almost maximizers, in

the sense of (50), up to a subsequence, concentrate at a harmonic center of
0.

Proof. Theorem 11 implies that the sequence uc, being a maximizing sequence
for F1, up to a subsequence, must concentrate at a point xo € {2 which satisfies

1 _ 1
F (0,510)—%353? (u, 1)

and this implies that 7 (z¢) = ming, 7o; hence we deduce the concentration
at a harmonic center of (2.

In order to obtain the result above, condition (46) can be relaxed assum-
ing directly condition (49). More details about the importance of condition
(49) can be found in [11]. Here we will consider in detail only the proof of
Theorem 11 in the case of the Volume problem in (14). In this case we already
saw that the solution for SV is given by

w(z) = K(|lz[) AT,

and hence wy, = 1.
In the following we will prove Theorem 11 in the capacity case. Namely
we will prove



I'-convergence for concentration problems 259

(i) (Existence of the recovery sequence) For every zy € {2 there exists a
sequence of sets A. which concentrates at zo such that cap(A., £2) = &2

and . v
. et A =S
lim inf ;‘ >G5V
e—0 g2 n —

n

279(960)

(ii) (I"*-limsup inequality) For every sequence of sets A. which concentrates
at some o and satisfies cap(Ae, £2) < €2, we have
e?

A -8V
lim sup —52| <-sv
e—0 3 n —

n

27’9(3:0) .

Here with concentration of the sets A, at xp, we mean

|Vue [ R

£2

5:170 bl

where u. denotes the capacitary potential of A., or equivalently the pair
(ue/e, |Vue|?/e?) converges to (0,d,,) in the topology of X (£2).

Proof (i). The existence of the recovery sequence essentially has been already
proved when we computed the volume of the super-level sets of the Green’s
function. Thus the recovery sequence is given by A. = {Gfy > 72} and we
have

|A| > ¥ 5V <1 _n 27-9(950)62 + 0(62)> .

The proof of the I't-limsup inequality is based on an asymptotic formula

for the capacity of the small sets. The crucial lemma is the following.

Lemma 13 Let zg € §2 and let Ac be a sequence of subsets of £2, with |Ac| >
0, such that

|vu€|2 N 5
cap(Ac, 2) o
where ue is the corresponding capacitary potential, then
lim inf ! + ! > 10o(x0) (51)
imin To(xg) .
e—=0 cap(4:,R")  cap(A., 2) — 230

Remark 15. The assumption of concentration for the sets A. given in the
lemma above can be given in the following weaker form

XA. =
= N 6
A %

(which is actually what we need for the proof of the theorem in the general
case).

A complete proof of Lemma 13 can be found in [11], Lemma 16. Let us see
now how we obtain the proof of the I'"-limsup inequality using the lemma.
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Proof. (ii) Without loss of generality we may assume that A, satisfies

lim sup S2PA= ) _

e—0 €2

Otherwise the sequence A. will not be a maximizing sequence and the I'*-
limsup would be trivially satisfied. Then we can apply Lemma 13. By sym-
metrization we have

1
AN\ ™
A= 1B = A wien p. = ()
Wn
and hence
R - L (AT (AT
ca’ = = — _— =
Piie K(pe) Tn Wn SV

Thus Lemma 13 implies

n—2

(&Z') . eiz > ro(z0) + (1) .

Then

|Ae| v =5 - To(T o 2
= = [1+ (ra(wo) +o(1))e2) 72 -0 <1 n g Talro) Fell)e ) ’

which gives the I't-limisup inequality.

In the proof of the identification of concentration points for the case of the
Volume Functional, Lemma 13 plays a crucial role. It measures the contribu-
tion of the boundary of {2 in the computation of the capacity with respect to
2. We will not give the proof of Theorem 11 in the general case. The proof
of the I't-limsup inequality uses similar ideas, but it requires a fine analysis
of the asymptotic behaviour of a maximizing sequence and the corresponding
super-level sets. We just give a few hints for the construction of the recovery
sequence for the general case. This indeed gives us the occasion to recall a re-
arrangement technique which is one of the main tools to get lower bounds for
this kind of problems. This is the classical technique of harmonic transplan-
tation. Introduced by Hersch in ’69 (][20]) it provides information somehow
complementary to the information obtained by radial rearrangement.

4.4 Harmonic transplantation

Definition 14 Denote by G% the Green’s function of the ball B = Bgr(0)
with singularity at 0. Given an arbitrary radial function
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U : BR(O) — R
we can write it as

U= $o G% ’
for a suitable real function p. Now fix xg € {2. The harmonic transplantation
of U from (Bgr(0),0) to (£2,x0) is the function
u=poGy : N2 —R.

Theorem 15 The harmonic transplantation u of U from (Br(0),0) to (£2,z0)
satisfies

1. The Dirichlet integral is preserved; i.e.,

/|Vu\2dm:/ |VU|?dx;
2 Br(0)

2. If R = p(xg) is the harmonic radius of xq in {2, then

/Q Flu)dz > /B L F

for every non-negative function F;

3. If U. is a sequence of radial functions, with U. = ¢. o G%, which concen-
trate at 0 in the sense that VU, |? 2 80, then the corresponding harmonic
transplantation u. = ¢ o Gy from (Bg,0) to (£2,z0) are concentrates at
Zo-

Proof. Part 1 is a consequence of the co-area formula. Indeed, by using Gy At
as test function in problem (37) and integrating by parts, it can be easily seen
that

/ IVGY|dH" ' =1 Vt>0 V2.
{Gr_‘rcz():t}

Then, using the level sets of the Green’s function and recalling that u = poGYy
and U = p o G%, we can write

/ Vulds = / 10 (G2) PV G 2 da
(] (9]
+0o0 +oo
- / &P / VG| dH L di = / ()Pt
0 {G =t} 0

independently of 2.

Part 2 is a consequence of the following Mean Value Inequality: Fix xy €
R", t > 0 and p > 0; then among all 2 such that xo € 2 and p = po(xo) the
following quantity

/ : 2
X
a{GQO >t} | G?O|
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is minimal for 2 = B,(x¢). This fact can be proved using the isoperimetric
inequality on the level sets of the Green’s’ function and the properties of the
harmonic radius (see [3] for a detailed proof). Using this result we then have

+oo
/F(u) dx:/ F(cp(t))/ %dxdtz/ Fu) da.
n 0 H{G P>t} |VGQ \ B

p(zg)

As we said harmonic transplantation is the basic tool in order to construct
a recovery sequence in the general case. To understand how to make use of
this tool, let us briefly show the main lines in the construction. Suppose that
we are able to construct a recovery sequence in the special case 2 = Br(0)
with concentration at the center; namely suppose that we have a sequence
U. : Bgr(0) — R of radial functions which concentrates at the origin, with
fBR |VU.|?dx = 1 and satisfying

e? / F(eU.)dx — ST
Br(0) n

lim inf = > — 5 weeTn,(0). (52)

Now given 2 C R", g € 2 and fix R = pp(xo) the harmonic radius of 2
at xg, by harmonic transplantation we get a sequence u. : {2 — R, which
concentrates at xq, such that

/ \Vu|?dr = 1,
e

and from the form of the Robin function for a ball, the definition of the
harmonic radius and (52) satisfies

5’2*/ F(eu.)dx — ST 8_2*/ F(eU.)dx — S¥
2 Br(0)

lim inf > liminf
e—0 52 e—0 52
n
> _n — 2wOOTBR(O)
n
= —mwooK(P(l"O))
= ﬁ zwoorg(xo) :

hence (ue, |Vu|?) is a recovery sequence for (0, &, ).

Remark 16. The case {2 = Bg(0), with concentration in the center can be done
by hand, taking into account that the solution w for ST is radial and behaves
as the fundamental solution at co. Then one can construct U, truncating w
and scaling it (see [11] for details).
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5 Irregular domains

In this last section we will briefly consider the case of domains {2 with possibly
irregular boundary. In order to deal with this case we should be able to define
the Robin function and the harmonic radius up to the boundary for possibly
irregular domains. Indeed if the domain is irregular in general one can not
aspect the harmonic center being attained at an interior point (see Example 3).

With the following example we exhibit a domain whose harmonic center
is at the boundary.

Ezample 3. Let 29 = B1(0) and let 7, be the corresponding Robin func-
tion. The harmonic center for {2y is 0 and 7q, is strictly convex. The idea
is to construct two symmetric sequences of small balls centered in the points
(%, 0,...,0) and (—2%, 0,...,0) respectively with radii which go to zero, in a
way that the set obtained from {2 by subtracting a finite number of symmetric
pairs of balls has its unique harmonic center in the origin.

Q O 002000 O O

Fig. 1. The set 2, = 20\ (Ul (B,,(z]) U B, (x})))

Let us denote by zF = (£:,0,...,0), n € IN and let £; > 0 be such that

n on s

0 < &1 < ming)\ g, (0)72, — Ming, 7o, Fix 0 < a < 1/2, let p; > 0 and
1 1

denote 21 = 29\ (B,, (z7)UB,, (z7)). It is easy to check that 7, converges
uniformly to 7g,, as p1 tends to zero, in 2o\ (Bpo (z)u Bpa(z7)) and the
same is true for the derivatives. Thus we can choose p; small enough such that
T, is strictly convex on 2y \ (Bpe (27) U By (27)), Bpe ()N B%(xf) =0
and we have

T0y(2) < 70, (1) S To, (@) + 5 V@ € 2\ (By, (af) U By, (a1)).

This implies that the harmonic center of {2; is unique, and arguing by sym-
metry, we conclude that it is in the origin.
By induction we can construct a sequences {p,, }, such that the sets §2,, =

20\ (U, (B,,(z) UB,,(z;))) have a unique harmonic center at the origin.
In particular dist(0,9£2,) — 0 as n — oo.
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Question: what happens in domains with irregular boundary? Can we still
prove a concentration result like Theorem 4.37

Note that all the techniques we used in the previous section make use of
the fact that the concentration point is an interior point for {2. Nevertheless
the answer to the second question is yes, in order to state and prove the con-
centration result we need a good definition of the Robin function for irregular
domains up to the boundary. This can be done in three steps.

Step 1. For any zg € {2 we can define the regular part of the Green’s function
Hg(z0,-) as the solution in the sense of Perron-Wiener-Brelot of the following
Dirichlet problem

AyHg(zo,y) =0 in £2,
(53)
Hg(z0,y) = K(|zo — y|) on 962

i.e., Ho(xg, ) is the infimum of all superharmonic functions u such that

lim infu(z) > K(|zo — yl)

zE€Q2

for every y € 012 (see [19]). Note that K(|Jxg — -|) is an admissible boundary
condition in order to get a unique solution for problem (53).

Step 2. We may extend H(zo,-) to the boundary of {2 as follows

f[g(xo,yo) = liminf H(z,y) .
Yy—y
yef(l)

Step 3. We now can define the Robin function up to the boundary as

T0(xo) = Ho(xo, x0) -

With the definition above of 7, we can state and prove Theorem 4.3 for
any domain, possibly irregular.

Remark 17. One could be tempted to define the Robin function up to the
boundary simply taking the lower semi-continuous extension of 7o(x) =
Hp(x,xz) with x € £2. In dimension n > 5 one can construct an example
which shows that the two procedures do not give the same function; i.e., the
Robin function defined by Step 3 can be strictly smaller at the boundary than
its lower semi-continuous extension from (2.

The definition of 7 permits also to show that it satisfies the following
properties.
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Proposition 16 a) 7 is lower semi-continuous in §2;

b) For any p > 0 and any xo € 2 we denote by 7, the Robin function corre-
sponding to the domain 2U B,(x). Then we have that T, converges increas-
mgly to 7o as p — 0.

Remark 18. Note that property b) in the proposition above is essential to
extend the result to arbitrary domains. The idea is that it permits to consider
a boundary point of {2 as an interior point for a slightly perturbed domain
and hence use the same techniques used in the regular case. Indeed first it
can be shown that with this definition of 7¢, harmonic transplantation works
up to the boundary. Second, it permits to extend Lemma 13 for sets which
concentrates at points zp of the boundary where 7 (z9) < oco. In fact the
lemma does not require regularity, but it require xy to be an interior point.
Then it can be applied to the set £2U B,(z¢) and gives

1 1

lim inf > .
iy cap(4:,R") i cap(Ae, 2U B,(x0)) — (o)

By the fact that cap(A., 2U B,(x¢)) < cap(A., £2) and the previous proposi-

tion we get
1 1

lim inf
gy cap(Ax,R") * cap(A4., 2

) > 1q(x0) .-

Remark 19. Proposition 16 shows that 7¢, (2) constructed in Example 3 con-
verges to the Robin function 7¢_ (x) for the set

Qoo = -QO \ (U?il(Bﬁi (Z‘j) U sz('rz_))) P

for every x € (2. In particular, since {7, } is an increasing sequence, 0 is
the harmonic center of {2, and by construction belongs to the boundary of
0.
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Summary. We present in parallel an abstract method of I'-convergence of gradient
flows, designed to pass to the limit in PDEs which are steepest-descent for function-
als which have an asymptotic I'-limit energy; together with the application to the
Ginzburg-Landau energy. We give schematic proofs of the I'-convergence results for
Ginzburg-Landau and of the derivation of the dynamical law of vortices through the
abstract method.

1 Introduction

1.1 Presentation of the Ginzburg-Landau model

The Ginzburg-Landau energy was introduced by Ginzburg and Landau in the
50s as a model for superconductivity. It was first a phenomenological theory,
but it was later derived (in a certain limit) from the microscopic (quantic)
theory of Bardeen-Cooper-Schrieffer. It is now a widely accepted model, which
has earned its inventors the Physics Nobel Prize (to Ginzburg, Abrikosov, and
in 2003 Ginzburg). Another motivation is the modelling of superfluidity (a
phenomenon very close to superfluidity, both mathematically and physically,
with a joint Nobel Prize for Legett in 2003) and of Bose-Einstein condensates
in rotation (Bose-Einstein condensates were predicted by Bose and Einstein
in the early 20th century, and only first realized experimentally in the 90’s
(it was worth another Nobel Prize...). All these physical phenomena have in
common the appearance of topological vortices, which are the main object of
our study.

Superconductors have this striking feature that “they repel an applied
magnetic field” (this is called the Meissner effect). This is true at least when
the intensity of the applied field hey is not too large; when it becomes larger
than a first critical field H,,, then the first vortices appear and the magnetic
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field penetrates through them; when the applied field is further raised, there
are more and more vortices, until superconductivity is totally destroyed and
the magnetic field completely penetrates the sample. For further reference, we
refer to the physics literature, e.g. [24, 7].

The samples are 3D, however, we will consider only the 2D model for sim-
plicity (it already contains most of the important features). The 2D Ginzburg-
Landau energy in non-dimensional form is

Ge(u, A) = }/ |V aul? + [curl A — hey|* + % (1- \u|2)2. (1)
2 0 2e

Here {2 denotes a smooth bounded and simply connected domain correspond-
ing to the cross-section of the sample (assuming everything is translation-
invariant in the third direction). The function u : 2 — C is called the order
parameter, |u(x)|?> < 1 indicates the local (normalized) density of supercon-
ducting electrons (the “Cooper pairs”). Where |u(x)| ~ 1 it is the supercon-
ducting phase, where |u(z)| ~ 0, it is the normal phase. This order parameter
is coupled, in a gauge-invariant fashion, to a magnetic potential A : 2 — R?,
and the function h = curl A = 0, A; — 01 A5 is the induced magnetic field in
the sample. The real parameter hoy is the intensity of the external applied
magnetic field.

The parameter 1/¢ is called the Ginzburg-Landau parameter, it is a di-
mensionless parameter depending on the material (ratio of two characteristic
lengths). When 1/ is large enough, we are in the category of “type-1I” su-
perconductors, when € — 0, they are sometimes called “extreme type-I1I” (or
this is also called the “London limit”). This is the asymptotic regime we will
be interested in.

Vortices

Vortices are objects centered at zeros of the order parameter u which carry
a nonzero topological degree. Typically, around a vortex centered at a point
70, u “looks like” u = pe'¥ with p(x¢) =0 and p = f(@) where f(0) =0
and f tends to 1 as 7 — +00, i.e. its characteristic core size is ¢, and

1 Op

— | == =dcZ
2 | Ot

is an integer, called the degree of the vortex. For example ¢ = df where 6
is the polar angle centered at x( yields a vortex of degree d. We have the
important relation

curl Vo = 27 Z didg,

where the a;’s are the centers of the vortices and the d; their degrees.
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Simplified model (no magnetic coupling)

A simplified model consists in taking A = 0 and hex = 0, then the energy
reduces to

&wzldwﬁﬁ“w) @)

2 2e2

with still u : 2 — C. Critical points of this energy are solutions of
u 2
—Au= 51— ful). (3)

The first main study of this functional was done by Bethuel-Brezis-Hélein in
the book [2]. Since then, a large literature on it has developed. In these notes,
for simplicity, we will focus only on this energy (2), however all our results
can be extended to the case of (1).

For more reference on (1), and results on its minimizers, their vortices,
critical fields, ete, we refer to the monograph [20] and the references therein.
In what follows we will often be a little imprecise in the statements for the
sake of simplicity, however exact and rigorous corresponding statements can
easily be found in the references.

1.2 Gamma-convergence

Let us now present the totally independent concept of I'-convergence. It was
introduced by De Giorgi in the 70s, it served to unify various notions of
variational convergence.

The idea is dimension-reduction: when there is a small parameter ¢ — 0,
reduce the minimization of some original functionals E. to that of a limiting
energy F', defined on a lower-dimensional space.

A celebrated example of I'-convergence was the case of the energy of the
“gradient theory of phase-transitions” studied in the 80’s by Modica and Mor-
tola (see also Sternberg):

Ms(u):s/Q|Vu|2+§/Q(1—u2)2 u:2—R (4)

that is the same as (2) but for real-valued functions. It was established that if
for a family u., M. (u:) < C, then, up to extraction of a subsequence, u. — ug
in BV (£2) (the space of functions of bounded variation), with ug valued in
{1,-1} and

3 8 4 4
M. L% per 7 = 3 per (0fuo = 1}) = 5 [ 1Duol = 5 ol v

where v (typically a codimension 1 object), is the interface between {uy = 1}
and {up = —1}.
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A trick that was used was to write a? + b > 2ab (with equality if a = b)
hence

1 3
5/ |Vu8|2+f/(1—u§)2 22/|Vu5||1—u§| 22/ ‘v <u—“)‘
Q €Ja Q 3
and thus passing to the limit,

lim ME(U&‘) >

e—0

per 1.

w| oo

Conversely, given an interface v (a curve if 2 C R?), one can construct u.
such that M, (u.) — $per(7). This necessitates to paste transversally to y the
optimal profile such that a = b above i.e. \/2|Vu| = % |1 — u?|, that is

x
ue (21, x2) ~ tanh (—1>
€
where z; is the coordinate in the direction normal to ~.

Definition 17 (I'-convergence) A family of functionals E. (defined on
M. ) T'-converges to a functional F (defined on N) if

1. If E.(us) < C then up to extraction of a subsequence, ue Sue N, and

s
for every u. = u € N we have

lim E.(us) > F(u)

e—0

2. For every u € N, there exists u. € M, Sy € N such that
@)Ee(us) < F(u)
E—

The sense of convergence S is to be specified beforehand. It can be a weak or
strong convergence of u., it can also be a convergence of a nonlinear function
of ..

In the case of the functional M., one should take wu. A Y = Us — Ug in
L'(£2) with Dug = §H""*|y where v denotes a codimension one rectifiable
current, and H the Hausdorff measure.

I'-convergence thus requires two conditions: a lower bound, usually ob-
tained via abstract arguments (together with a compactness result), and an
upper bound, usually obtained via explicit constructions.

Proposition 1 If E. I'-converges to F' and u. minimizes E. with E.(ucs) <

) S, o
C, then, up to extraction ue = u and u minimizes F.

Proof. By 1) of the definition, after extraction, u. Ay and lim__, o Ee(ues) >
F(u). Let us assume that there exists ug € AN such that F(ug) < F(u), then
< F(U()) <

by 2) of the definition, there exists v. such that lim. .o E.(v.)
F(u) < lim__,, Ec(uc). Thus for ¢ small enough, we find E.(v.) < Eg(ue
contradicting the minimality of u.. Hence v must minimize F.

~—
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In other words “minimizers converge to minimizers”. Minimizing M. de-
fined over H'(§2, R) for example reduces to minimizing F(y) = per(v) defined
over finite-perimeter sets. It thus achieves a dimension-reduction (since the set
of finite-perimeter objects has, somewhat, a lower dimension than H!(§2, R)).
In general, not much more can be said. For example u. local minimizer of F.

does not imply us. — u local minimizer; or u. critical point of E. does not

imply u. A4 critical point of F. It is easy to construct finite-dimensional
counter-examples.

1.3 I'-convergence of Ginzburg-Landau
Energy lower bound

To obtain a lower bound (and thus a I'-convergence result) for the Ginzburg-
Landau functional (2) is more difficult than for M. (the a? + b*> > 2ab trick
doesn’t work).

Let us present (formally) some essential ingredients of the analysis of [2].
What is the cost of a radial vortex of degree d of the form f (g) €' 497 First,
formally

1 1 d? Rd R
7/ |Vu|227/ |f\2—2rdrd9:7rd2/ T rdlog ™ (5)
2 /B 2 JRofelze T T e T €

where we have assumed that f is close to 1 for || > €. In fact this bound is
optimal, at least in the case d = +1 as can be seen: if u € S', u = €', and

[Vu| = [V, so
2
)dr

I

or

vz [
- Vul* > ~
2 RZ|$|ZE| "=32). o,
R 2
= %/5 ((/a B, gf) 271rr> (G

1 472 (R ar 1
- = 2 — rlog —
— 2 27 r ge

€

valid for any degree +1 vortex (not necessarily radial). Vortices of degree > 1
cost more energy than several vortices of degree 1 and are in fact unstable.
The cost of f (g) imposes the length scale e, and costs only O(1), which is
negligible compared to log é

If u. has vortices at points af,--- , a5, of degrees dy,--- ,d,, one expects
that

Eo(u) > <Z dz-) tog .

%
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In fact, this estimate has been made rigorous under certain conditions in [2],
and more generally with the “ball construction method” of Sandier/Jerrard
(see [17, 11, 20]).

How to trace the vortices? The easiest way is to use the current (iu, Vu)
(or the “superconducting current” (iu, V qu) for the case with magnetic field)
where (., .) denotes the scalar product in C as identified with R?, i.e. (iu, Vu) =
(u x Oyu,u x Gau) with x the vector product in R2. Writing u = pe’? we have
(at least formally)

(iu, V) = 2V

and since p is close to 1 on length scales €, the quantity

curl (iu, Vu) = curl (p* V) =~ curl Vi = 27 Z diba, (6)

K2

can be used to trace the vortices.
This is also called the Jacobian determinant if written (with differential
1

forms) Ju = %d(iu,du) = 3(idu,du) = uy, X ug,. The approximation is

justified as a limit as € — O:

Theorem 1 (see [13, 20]) Assume E.(u) < C|loge|, then there exists a
family of disjoint closed balls B; = B(a;,r;) with |log e|72 < > 7 < o(1) as
e — 0, such that

1
{|u| < 2} C U;B; (the B;’s cover the zeroes of u.)

]./ 2 ( Z'Ti )
- Vul*>m di| [ log =-—-C d; = deg (u,dB; 7
5 UiBl_l | zi:| | SATA ( ) (7)

lcurl (iue, Vue) — QWZdZ‘ 5%”(08”(0))* <o(l) as £—0 (8)

Combining the upper bound E.(u) < Cllog ¢| and the lower bound (7), we
deduce that >, |d;| < C for a constant C' independent of ¢ and thus the
number of vortices of nonzero degree remains bounded independently of e.
Thus, if u. is a family of such configurations, once the af’s are found, we
may extract a subsequence such that ZZ didaf — Zi d;0q, in the weak sense
of measures. These fixed points aq,--- ,a, are the limiting vortices. We will
sometimes write u = (a;, d;) for the limiting points+degrees configurations in
(2 xZ)™.
Then the I'-convergence result can simply be written

Ec(ue) <
log of =

Theorem 2 1) Assume u. is such that C, then up to extraction

ue > u = (a;,d;) in the sense curl {iu., Vu.) — 2’/TZdi 0g; = 2J

i=1

and
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lim |d;| = ||.J

lim |1Og €| z:: | = [I71]

2) Conversely given any (a;,d;) € (2 x Z)", there exists u. such that
Tim. o fiscs) <730, |dil = [|7]].

g €l

This result is not very interesting since it reduces minimizing F. to minimizing
the number of points!... It is mostly interesting in higher dimensions. Then,
in 3D for example, vortices are not points but vortex-lines, and the Jacobian
Ju, = %d(iug, due) can be seen as a current carried by the vortex-line, con-
verging to a 7 times integer-multiplicity dimension 1 rectifiable current (i.e.
line) J and

E.
[log €]

AN IJ]| = length of line (or surface...)

is the lower bound of I'-convergence (see [13] and Section 3.1). Thus, I'-
convergence reduces to minimizing the length of the line, leading to straight
lines, a nontrivial problem. In higher dimensions, it leads to codimension 2
minimal currents similarly to M. (see [16, 3]).

In fact, in order for the problem to become interesting in 2D, we need to
impose some boundary conditions, for example u. = g 92 with degg # 0 so
that there have to be vortices, and to look at the next order of the energy in
the expansion. This rather arbitrary boundary requirement is in contrast with
the case of the full functional (1), for which the natural boundary condition
is Neumann, and vortices appear due to the applied magnetic field.

Renormalized energy

Let us return to lower bounds in order to look for the next order term in the
energy (still with formal arguments). Cutting out holes U;B(a;, p) of fixed
size p around the limiting vortices a;, we may assume that |u| ~ 1 in 2\ U;
Bla;,p) = £2,, and that u = €', with ¢ a real-valued function, not single-
valued though (i.e. only defined modulo 27). Minimizing the energy outside
of the holes amounts to solving

. 1
min = |Vul?.
u:Qp—>Sl 2 2,
u=g on 02

deg(u,0B(as,p))=d;

This is a harmonic map problem, whose solution is given in terms of ¢ by

Ap =0 in 2,
g—f given on 0f?
faB(az p) a7 = 2md;.

and in terms of the harmonic conjugate @ such that Vo = V1@, by
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AD =0 in 2,
87@
on

@
9B(ai,p) I

As p — 0, @ behaves like the solution of

{ A(P() =27 Zz di(Sai [0

=0 given or @y =0 on 92 for Neumann b.c.

on

given on 92 or ¢ =0 on 92 for Neumann b.c.

Introducing the Green’s kernel associated to 2 (with the right bound-
ary condition), which has a log |z — y| type singularity, and its regular part
S(z,y) = 27G(z,y) — log |z — y|, we have

Do(z) = 27erjG(a:,aj).

J

With this relation, [, [V®|* is infinite but would write formally like
/ |VQ50|2 = —27‘(‘26&@0(&1‘) = —47TQZdide(CLi,aj).
2 i 0.

Now we wish to estimate %fnp |Vp|? = %f% |V®|? and it is approximately
equal to

1

1
5/ |V4'>0|22ﬁ2dflog;+Wd(a1,~-,an)Jro(l) asp—0 (9)
2, 2

where

Wa(ay, - ,an) = —WZdidj log |a; — a;| — WZ S(ai,a;). (10)
i#j iJ

The function W was called the renormalized energy in [2]. It contains the
(logarithmic) interaction energy between the vortices: we see that vortices
with degrees of same sign repel each other while vortices with degrees of
opposite signs attract. The d? log% term corresponds to the self-interaction,
or cost of the vortex of core of size p, it is what replaces the infinite term in
the formal calculation.

Now (9) is a good estimate for the optimal energy outside of the holes,
while the energy in holes of size p was estimated through (5). Combining these
estimates, we are led to the major result of [2]:

Theorem 3 ([2]) Assume E.(u.) < C|log ¢| and u. = g on 082, with deg
g # 0. Then, up to extraction,
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curl (iue, Vue) — 27 Z did,, d,€Z

i=1

and

. 1
Es(us)ZWZ|di|logg+Wd(a1,~~-7an)+0(1) as €—0

i=1

So for a given degree d > 0 on the boundary, in order to minimize the energy,
one needs to choose d vortices of degree +1, and then to minimize the remain-
ing interaction term W which is independent of € and governs the locations
of the limiting vortices.

From now on, we will reduce to the case d; = +1 and will use

Theorem 4 1. Assume E.-(u.) < Cllog €| and u. = g on 02 or %= =0
on 012, then, up to extraction,

curl (iue, Vue) — 27 Z didg,
i=1

and if Vi, d; = +1,

lim E. (u.) - 7nllog €| > Walar,--- ,a,).

e—0

2. For all (a;,d;), d; = %1, there exists u. such that

@)Ee(ug) —mn|log ] < Wa(ag, - ,an).
e—

Phrased this way, it is a result of I'-convergence of E. — mnllog €|, and
the I'-limit, Wy is nontrivial. We thus reduce minimizing E. to minimizing
W4 which is a finite-dimensional problem (interaction of point charges). Thus
we see why it is interesting to study this asymptotic limit € — 0 because the
vortices become point-like and the problem reduces to a finite-dimensional
one.

2 The abstract result for I'-convergence of gradient-flows

2.1 The abstract situation

Let E. be again a family of functionals defined on M. (see [19] for an idea
of what kind of space M, should be...) and F be a functional defined on N/
such that E. I'-converges to F' for the sense of convergence S (in the sense
of Definition 1). If we consider a solution of the gradient-flow (or steepest
descent) of E. on M. i.e.
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Oue = —VE:(ue),

does u.(t) N u(t) for some u(t) and more importantly, does u(t) satisfy Oyu =
—VF(u)? An example with a positive answer is that of the functional M,
whose L? gradient-flow is the Allen-Cahn equation

c’)tu:Aqug%(lf Jul?) (11)

We saw that M. = F = Sper (7). In fact it is true that solutions of the Allen-
Cahn equation converge to interfaces which evolve according to the gradient
flow of that perimeter functional F', which is mean-curvature flow. This result
is a delicate one, which has been proved with PDE methods (see [8, 6, 9, 10]).

Let us point out that the answer is in general negative without further
assumptions. Indeed, a necessary condition is that critical points of E. should
converge to critical points of F, but we already mentioned that when F.
I'-converges to F', this is not necessarily true.

We are searching for

- an abstract result
- an energy-based method
- new extra conditions for convergence to occur.
Observe that these have to involve the C* (or tangent) structure of the energy
landscape, i.e. be conditions on the derivatives of the energy and not only of
the energies themselves (otherwise it is easy to perturb the energy by a small
perturbation in C° which adds new critical points which do not converge to
critical points).

We have been sloppy until now, by writing dyu. = —VE.(u.) and calling
this the gradient-flow of E.. Since we are in infinite dimensions (in general),
we need to specify what we mean by gradient, i.e. gradient with respect to
which structure. There are many possible choices, each leading to a different
gradient-flow. For example, the Allen-Cahn equation (11) above is the gradient
flow for M, for the L? structure. We could consider other structures, such
as the gradient-flow with respect to the H~! structure, it is then a totally
different dynamics, called the Cahn-Hilliard equation. So, when looking for a
result of convergence, we need to specify what the structure for the limiting
flow should be (recall that the limiting flow is not taken in the same space,

ues € M. SueN # M..) Another element that should come into play is
possible time-rescalings as we pass to the limit € — 0.

2.2 The result

For simplicity we will reduce to the following case: E. is family of C' func-
tionals defined over M, an open subset of a Banach space B continuously
embedded into a Hilbert space X, (or of an affine space associated to a Ba-

nach). We assume F. L, F, with F a C' functional defined over A/, open
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set of a finite-dimensional vector space B’ embedded into a finite-dimensional
Hilbert space Y.

Definition 18 E. I'-converges along the trajectory u.(t) (t € [0,T)) in the
sense S to F if there exists u(t) € N and a subsequence (still denoted u.)

such that ¥t € [0,T), uc(t) A u(t) and

Vt € [0,T) lim E.(uc(t)) > F(u(t)).
e—0
Definition 19 If dE.(u), differential of E. at u, is linear continuous on X,
it is uniquely represented by a vector in X, denote it by Vx_E.(u) (gradient
for the structure X, ), characterized by

Vo € Xe Ee(u+t¢) = dE.(u) - ¢ = (Vx_Ec(u), ¢)x. .

dt =0
If this gradient does not exist, we use the convention ||V x_E:(u)||x, = +0o0

For example, for the dynamics of Ginzburg-Landau, we wish to study the
equation
8tu

log ]

u+5—2(1— lu|?). (12)

Let us see how to fit into the previous framework. E. is defined on H*(£2,C),
we take B = H'(£2,C) C L?(£2) and we define the X, structure by

2
I = oy 1P = g Mo

i.e. a rescaled version of L?. Then B embeds continuously into X, and the
gradient for the structure X, is

Vi, Ee(u) = —flog e (4u+ (1~ [u?))

Indeed

E u)¢:/¢ —Au—%(1—|u|2)>
|log 5|/ |log€| Au+ (1—|u| ))):W’VXEEs(u»XE.

Then the PDE (12) is indeed exactly 0iu = —Vx_E.(u) i.e. the gradient-
flow for the structure X,.
Recall that if a solution of

8157-’45 = _vaEs(us)a (13)

is smooth enough, we have
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<8tu6a atuE>X5 = _<VX€Es(ue)a atuE>X5
= —O1E¢(uc (1))

T
/O 10pue%. dt = Ex (ue(0)) — Be(ue(T)).

Definition 20 A solution of the gradient-flow for E. with respect to the struc-
ture X. on [0,T) is a map u. € H'([0,T), X.) such that

Oue = =Vx_Ec(uc) € Xe for a.e. t €[0,T).

Such a solution is conservative if Vt € [0,T)

Ec(uc(0)) = Ee(uc(t)) :/0 10eus(5)II%. ds

(this is true if ue is smooth enough). If u. is such a family of solutions on
[0,T) and E. I'-converges to F along u.(t) (in the sense of Definition 2), we
define the energy-excess D(t) by Dc(t) = E:(u:(t)) — F(u(t)) > o(1) and

D(t) = Tim D. (1) > 0.

A family of solutions of the gradient flow is said to be well-prepared initially
if D(0) = 0.

Recall that F' is always a lower bound for F.. Also, it is always possible
to have well-prepared initial data from assertion 2) (the construction part) of
the I'-convergence definition, Definition 1.

We define similarly the gradient-flow for F' for the structure Y. We can
now state the abstract result.

Theorem 5 ([19]) Let E. and F be C' functionals over M and N respec-

tively, E. L, F, and let u. be a family of conservative solutions of the flow
of E
Opue = —Vx_E:(us) on [0,T) (14)

with ue(0) N ug, along which E. I'-converges to F' in the sense of Definition

2.
Assume moreover that 1) and either 2) or 2°) below are satisfied:

1) (lower bound) For a subsequence such that u.(t) LN u(t), we have u €
HY((0,T),Y) and Vs € [0,T)
i [0l ()t > [ ol ar. (15)
e—0J0 0
2) For any t €[0,T)

lim IVx. Ee(ue(t) 1%, = IVy F(u(t)]3. (16)
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2') (construction) If u. A u, for any V €Y, any v defined in a neighborhood

of 0 satisfying
v(0) =u
Btv(O) =V

there exists v-(t) such that ve(0) = u.
lim [0z (0)[1%, < [0 (0)15 = VI3

Jim —- % B.(v.) > d

= _ﬁ\t:OF(v) = —<VYF(’U,), V>y

c—0 dt|t=0

Then if D(0) =0 (i.e. the solution is well-prepared initially) we have D(t) =
0Vt e [0,T), all inequalities above are equalities and ¥Vt € [0,T), u.(t) N u(t)

where
Ou = —VyF(u)
u(0) = ug

i.e. u is a solution of the gradient flow for F for the structure Y.

2.3 Interpretation

This theorem means that under conditions 1) and 2), or 1) and 2’) (since 27)
implies 2)), solutions of the gradient flow of E. for the structure X, converge
to solutions of limiting gradient-flow (for the structure Y') if well-prepared.
Let us make a few additional comments:

1. The limiting structure Y is somehow embedded in the conditions 1) and
2). The time rescalings are embedded in X..

2. In general we expect 1) and 2) to be satisfied for any u. S wor ue(t) N
u(t) not necessarily solutions (here we required it only for solutions)

3. 1) and 2) do provide the extra C! order conditions on I'-convergence. 2)
in particular implies that critical points converge to critical points.

4. The difficulty is not in proving this theorem but in proving that in specific
cases the conditions hold.

2.4 Idea of the proof

Let us see how 1) and 2) imply the result. We assume

Orue = _VXEEa(UE)
S S
tim o [0l dt > [ 10l

0 0
lim, o [[Vx. Ee(ue) %, = [Vy F(u)l3

u(0) X ug,  lim E.(us(0)) = F(uo)
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Then, for all ¢ < T we may write

Ee(ue(0)) — Ee(uc(t)) = _/O (Vx. Ec(ue(s)), Opuc(s)) x. ds

1 t
5 [ 19x Bl + ol ds
0

vV

1 t
3 | 19y Pl ds = ot1)
t

; —(Vy F(u(s)), 0su(s))y ds —o(1)  (17)

(u(0)) = F(u(t)) — o(1)

Y

o

hence

F(u(0)) = F(u(t)) < Ec(uc(0)) = Ec(uc(t)) + o(1)
But by well-preparedness E.(u.(0)) = F(u(0)) + o(1) thus
<

Ee(ue(t)) < F(u(t)) + o(1).

But, E. —— F implies lim__,, Ee(ues(t)) > F(u(t)) therefore we must have
equality everywhere and in particular equality in (17), that is

3 | IV @I + ol ds = [y Fu(). )y

t
/ |Vy F(u) 4 0pul|3- ds = 0.
0

Hence, we conclude that yu = —Vy F(u), Vt.

The idea is thus to show that the energy decreases at least of the amount
expected (i.e. the amount of decrease of F'), on the other hand it cannot
decrease more because of the I'-convergence, hence it decreases exactly of the
amount expected, all along the trajectory.

Proof of 2’) = 2) (2’) is a constructive proof of 2)). Observe that here u.
does not depend on time.
For every V € Y we may pick v(¢) such that

{gt(gzo) - t‘bf

i.e. pick a tangent curve to V at u. We assume there exists (we can construct)
ve(t) such that

0e(0) = ug
lim. g (|90 (0)[1%, < VI3
himg_,o _%‘t:OEE<’UE) > _%H:OF(U) = _<va<u)’V>Y
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that is a curve v.(t) along which the energy decreases of at least the desired
amount. Then, choosing V' = —Vy F(u), we have

<_VX5EE(UE)78tUE>X5 = EE(UE) > _<VYF(U)7V>Y = ”VYF(U)H2Y

dt =0
thus

IVy F()lli- < (=Vx. Be(ue), 0ve(0))) x.
< IV x. Ee(ue)llx. [|0rve (0)]]x.
< IVx B (ue) [ x. ([V]ly + o(1))

Recalling that V = —Vy F'(u), we conclude that
IVx. B (ue) || x. = [IVy F(u)lly +o(1).

The idea was to rely on the fact that steepest descent is characterized as
the evolution which maximizes the energy-decrease for a given ||0,uc|*. We
compare it to a test-evolution obtained by “pushing” wu. in the direction V'
(and in fact choose the steepest descent direction V' = —VF(u)), i.e. find a
curve v(t) and “lift it” to a curve v. that pushes u. in direction —Vy F(u)
with a decrease of energy of at least the expected one, and a cost [|9;v. |
which is at most the expected one. We can in fact achieve this in such a way
that dyuc(0) depends linearly on V. In “pedantic” terms, we show that there
exists a linear embedding

. : TN — T, M
V — 0 (0)

which is an “almost-isometry” in the sense:

HII(l) IZ-V)|Ix. = |V]ly and 111%I§VXEE€(uE) = Vy F(u).
£e— .

2.5 Application to Ginzburg-Landau

In order to retrieve the dynamical law for vortices, we need to prove that
conditions 1) and 2’) of Theorem 5 can be proved for Ginzburg-Landau. As
seen in Theorem 4, we need to consider the energies

1 1
F.(u) = E:(u) — mnllog €| = 3 / |Vul? + @(1 — [u*)* — mn|loge| (18)

and F = W (the renormalized energy) so that F. L, F. The structures we
need are

9 1

- Il 11220

~ Jloge]
N = 2™\diagonals (19)

1
115 = — 1 ey (20)
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and a prescribed number of vortices of a priori fixed degrees +1. Apply-
ing Theorem 5, we retrieve the dynamical law (first established by Lin and
Jerrard-Soner) that the vortices flow according to a rescaled gradient-flow of

the renormalized energy:

Theorem 6 ([15, 12, 19]) Let u. be a family of solutions of

atu -
log e|

u 2
Au—l—?(l— |u|?)

with either
us =g on 902

%20 on 02

such that .
curl (iue, Vue)(0) — 27‘(2 didgo ase—0
i=1
with af distinct points in 2, d; = +1, and
E.(u.)(0) — mnllog e] < Wa(a?) + o(1).

Then there exists T* > 0 such that Vt € [0,T%),
curl (iu, Vu)(t) — 27 Z didq, (1)
i=1

as € — 0, with
dai

dt

= —% Vin(a1(t)7 s 7an(t))

a;(0) = af

(22)

where T is the minimum of the collision time and exit time (from 2) of the

vortices under this law. Moreover D(t) =0 for every t < T*.

Thus, as expected, vortices move along the gradient flow for their interaction
W, and this reduces the PDE to a finite dimensional evolution (a system of
ODE’s). Thus result was obtained in [15, 12] (also in [23] for a certain regime
with magnetic field), but with PDE methods, it is reproven in [19] with the

I'-convergence energetic method exposed here.

2.6 Remarks

1. The result holds as long as the number of vortices remains the initial
one (so that the limiting configuration v = (a1, - ,a,) belongs to the
same space N). It ceases to apply when there are vortex-collisions or
some vortex exits the domain under the law (22), even though these can

happen. Then a further analysis is required, see Section 4.1 below.
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2. Under the same hypotheses, if u. is a solution of the time-rescaled gradient
flow Due = —A.Vx. E-(ue) with D(0) = 0 then if Ao < 1, ue(t) = ug, Vt
i.e. there is no motion; while if Ac > 1, u.(¢) N u,Vt with Vy F(u) =0
i.e. there is instantaneous motion to a critical point. Thus, we see that
the structure X, and the relation 1) in Theorem 5 contain the right time-
rescaling to see finite-time motion in the limit. For Ginzburg-Landau with-
out magnetic field, it is necessary to accelerate the time by a |log €| factor
in order to see motion of the vortices (this is due to the fact that the
renormalized energy W which drives the motion is a lower order term in
the energy).

3. We can weaken conditions 1) and 2) to

lim ||atug||2 / |0,ull? — O(D(®))
Jim ||vXE<uE>||X > |VF()|l2 — O(D(1))

e—0

where D(t) is the energy-excess, and handle the terms in D(¢) in the proof
via a Gronwall’s lemma (finally obtaining that D(¢) = 0 if D(0) = 0).

4. The method should and can be extended to infinite-dimensional limiting
spaces and to the case where the Hilbert structures X, and Y (in particular
Y) depend on the point, such as Y, = L2, forming a sort of Hilbert man-
ifold structure. It is thus interesting to see how, through I'-convergence,
the structures underlying the gradient-flows can become “curved” at the
limit, even though they are not curved originally at the € level, and also
become possibly nonsmooth and nondifferentiable. In fact we can write
down an analogue abstract result using the theory of “minimizing move-
ments” of De Giorgi formalized by Ambrosio-Gigli-Savare [1], a notion of
gradient flows on structures which are not differentiable but simply metric
structures.

5. The method works for Ginzburg-Landau with or without magnetic field
as long as the number of vortices remains bounded. It is more difficult
to apply it to other models such as Allen-Cahn, or 3D Ginzburg-Landau,
because what misses is a more precise result and understanding on the
profile of the defect during the dynamics. For example, for Allen-Cahn,
we need to know that the energy-density remains proportional to the
length of the underlying limiting curve during the dynamics (which is
true a posteriori). It is also an open problem to apply it when the number
of vortices is unbounded as € — 0.
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3 Proof of the additional conditions for
Ginzburg-Landau

3.1 A product-estimate for Ginzburg-Landau

The relation 1) which relates the velocity of underlying vortices to dyues can
be read

1 t
L 1Oy ds > WZ/ dy as? ds (23)
i 0

im

=0 |log €| [0,t]x 2
assuming curl (iu, Vue)(t) — 273", didg, (), as € — 0, Vt. This turns out
to hold as a general relation, without asking the configurations to solve any
particular equation. It is related to the topological nature of the vortices.

It can be embedded into the more general class of results of lower-bounds
for Ginzburg-Landau functionals. The setting is now {2 a bounded domain of
R" (n > 2) (we will need n = 3) and still E.(u) = 5 [,, [Vul? + 55 (1 — [ul?)2.
We define the “current” ju associated to u as the l-form ju = (iu,du) =
> i (tu, O u)dxy,. Then the Jacobian Ju is the 2-form

1, 1.,
Ju = id(ju) = §d<zu,du>

It can be identified to an (n — 2)-dimensional current through

Ju(p) = %/Ju/\qﬁd:v

for ¢ an (n—2)-form. This current corresponds to the vorticity lines in 3D. For
example if u = €'* with singular set 7 straight line parallel to the z axis and
a degree D around 7, then Ju = wD(dx A dy) |7 i.e. given test vector-fields
X and Y,

X1Ys — X2Y1)

Ju(X,Y)ZDAw( 5

The total variation of Ju is then |Ju| = 7| D|H!(7), multiple of the length of
the line.

Theorem 7 ([18]) Let u. be a family of H(£2,C) such that
E.(u:) < Cllog €|
then up to extraction, V@ > 0, Ju, — J in (Cg”@(ﬁ))*, with £ an (n — 2)-

dimensional rectifiable integer-multiplicity current (see [13]) and for every
XY continuous compactly supported vector fields, we have

1
lim /\X-VuEP/ YV >
o [log €] ? n

/Q J(X, Y)’ . (24)
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As a first corollary, in 2D, taking X = e;,Y = es an orthonormal basis, we

find
1
lim —— O1u.|? Oyug|? > d;
iy e 2 <l

2
This estimate implies the estimate lim__ m Jo Wi;' > 7y, |d;| but is

sharper. It implies in particular that if 1 [, [Vuc[* < 73, |d;|[log €| and
d; = £1, then

VX, lim L
% Tlog <]

[ 190X = 2 3 X )P (25)

i.e. there is isotropy in the repartition of the energy along different directions.
In 3D, taking X 1 Y and maximizing the right-hand side of (24) over
|X|,[Y| <1 we find

1 2
i —— [ Tl > 10,
—ollogel Jo 2

an estimate that was previously proved in [13].

Remark: Our result extends to higher energies E.(u.) < N.|loge| with N,
unbounded, in that case we just need to rescale by N, and replace J by the
limit of JT“;

3.2 Idea of the proof

The method consists in reducing to two dimensions. By using partitions of
unity, we can assume that X and Y are locally constant. We may then work
in an open set U where X and Y are constant. If they are not parallel, they
define a planar direction (if they are then J(X,Y) = 0 and there is nothing
to prove). We then slice U into planes parallel to that plane. Assume X = e;
and Y = ey orthonormal vectors. In each plane we have the known 2D lower
bounds of the type

1
5/1 U|Vu5|227rZ|di||1og €|
planen

where d; is the degree of the boundary of the balls, constructed with the ball-
construction method (see [17, 11, 20]). This is possible as long as there is a
good bound on the energy on that planar slice, and the number of balls can
be unbounded.

The main trick is to observe that this is true for any metric in the plane,
and use the metric \dz + %dy7 leading to

1

A
S Ovuc | + f/ Opuc]? > 757 |di] | log e
27 planenU : 2 planenU : Z
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Integrating with respect to the slices yields

1 A
—/ |vu5-X\2+—/ |Vu, - Y| > /J(X,Y) log .

Optimizing with respect to A, we conclude that

1
himi/ \qu-XF/ |Vue - Y| > /J(X,Y)‘
o |log ¢| Ju U U

and we may finish by adding these estimates thanks to the partitions of unity.

3.3 Application to the dynamics

In order to deduce a result for the dynamics in 2D, the idea is to use this
theorem in dimension n = 3 with 2 coordinates corresponding to space coor-
dinates and 1 coordinate corresponding to the time coordinate (this can be
done in any dimension, but we restrict to 2D here for the sake of simplicity).
The vortex-lines in 3D are then the trajectories in time of the vortex-points
in 2D, and clearly the length of these lines is somehow related to the velocity
of these points. Splitting the coordinates, we write

ju = (iu, Ou) dt + (iu, dspace u)
2
1
J’LLE = Z ‘/; dt N\ d.’L’i + idspace <’LU, dSpaC€u>
=1
V. ﬂz"ﬂ'zdidai(t)

Theorem 8 ([18]) Let u.(t,x) be defined over [0,T] x 2 (2 C R™, here
n=2) and such that

Vt B (uc(t)) < C|log €|

/[OT] Q|8tu5|2 < Cllog €|
T %

then
pe = pin (CE)*, pe L=(0,T),C0(2)*), = ﬂZdi Oay(t)

VeV, V € L>([0,T],C(£2)%)

with
dipp+div V =0.
Moreover, VX € C2([0,T] x 2,R"), and f € C2([0,T] x £2),

1
fim / |X-Vu€\2/ Plopu.]? > / VX
—o |log €[ \| Jio,rx2 [0,7]x 2 0,T]x 2
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In 2D, the vector V' = (Vi, V2) really is ), di(0¢a;)dq, ), such that

o <7TZ d; 5ai(t)> +divV =0

Corollary 1 If in addition d; = £1 and Vt, 5 [, |[Vue|* < 7 (3, |ds]) |log €|
(14 0(1)), then for all intervals [t1,t2) on which the a;’s remain distinct, we

have .
1 2
lim —— o =y [ o
i “h

=0 [log €| O2%[ty,ta]

This is the desired estimate 1) in Theorem 5. To prove this corollary, recall
that from (25), if E.(u.) ~ 7n|log &| then m Jo | X -Vu > ~ 7y, | X (a)?
and optimizing over X and f gives the L? bound on V.

3.4 Proof of the construction 2’)

We wish to prove that 2’) holds for Ginzburg-Landau so that we deduce 2)
fe. if us = u then lim__, [|Vx. B-(uc)||x. > VW (u)]ly.

Observe that this is a static result. We thus assume that curl (iue, Vu.) —
21y, didq,, where u = ((a1,d1), -+ ,(an,dy)) and may consider disjoint
balls B(a;, p) of fixed radius p. If ||Vx, E(u.)||x. — +oo there is nothing
to prove. If |[Vx, F.(u:)||lx. = O(1) then we can prove that D. = o(1)
where D, = E.(u.) — mnllog €| — W(u) is the “energy-excess”. The proof
of this result (see [22, 21]) relies on the fact that ||Vx_ F:(u)||x. < C means
Jo|Au+ % (1- |u|2)|2 < og e = o(1) and one can take advantage of the
fact that u. is thus an “almost-solution”.

Once this is proved, we may deduce

1
f/ |Vuc|* = nllog e| + O(1)
2 B(ai,p)
5 Vil + 55 (= PP < Do =ot)  (20)
2 2\U; B(aq,p) 2e? B
1
7/ V. — iu.V*@|° < D. = o(1) (27)
2 Jo\uiB(aip)

where
Ad = 27‘(‘2 didy, in 2
i

with the appropriate boundary conditions. The rough idea is that V., ~
V+&, outside of the vortex balls. Through these relations, everything is well-
controlled outside the balls and inside the balls we shall only perform a pure
translation.
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Given V = (V4,...,V,), we want to push each a; in the direction V;. For
that purpose, define y;(xz) = = + tV; in each B;, and extend it in a smooth
way outside of the B;’s into a family of smooth diffeomorphisms that keep 02
fixed and are independent of . Choosing the deformation

ve(x,t) = ue(x; " (2))

does the job of pushing the vortices a; along the direction V;. However it is
not enough, and we need to add a phase correction ;:

ve (xe(w), £) = ue () () (28)

so that for every ¢, the phase of v, is approximately the optimal one, that is
the harmonic conjugate of

AD; = 27TZdi 6ai(t) a;(t) = a; +tV;.

It is possible to construct v single-valued, independent of €, so that
V4idy + Vipy = VE (D0 xy)

We will now check that the v, constructed this way works. First,

Vi-V
[log 5|/ 9rve* ( |10g €| Z/ | el +o(1)
:WZ|W|2+01

because x; achieves a translation of vector V; in the B;’s while the contri-
bution outside of the B;’s is negligible; and from the relation (25). The first
requirement for 2’) is thus fulfilled. Let us check the second requirement, i.e.
the energy-decrease rate, by evaluating %I —oFe (ve(t)). With a change of
variables,

E. (v.(1) = / Vol + 55 (1= Joel?)?
3 / ODXt 1 V(ve o Xt)| + % (1 — |u|2)2> |Jac x¢l-

Now, recall that y; is a translation in U; B; hence |Jac x¢| = cst there, while
outside of U; B; there is almost no energy, hence

d 2
N E t 1 Wy J 1).
dt|t=0 e(ve(t) dt‘t 0/ ’ v u € )| | Jac xt| + o(1)

Next, we expand V (u. ™) as Vu.e™t + iu.Vy, expand the squares, and
apply %l +—o- The crucial fact is that the terms which get differentiated do not
depend on e. For the other terms, we use (27), so that there remains
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d d
—  E.(v-(t)) = — Dy ') Vte,-vie
dt\t:o (U ( )) ‘/\(Z\UiBi (dt|t:0 Xi ) 0 ’

d

+ / — Vi - Vi,
o\u;B; dt|t=0

qa

dt |t=

/9\ . \DX;I(VLGPO +V¢t)|2\Jac xt| +o(1)
U; B;

1
+§|V¢0\2 O|JGC xe| +o(1)

_d 1
dt)i=02

But observing that v, was constructed in such a way that V+&, + Vi, =
V+(®; o x¢), and doing a change of variables again, we find

d d 1

—  E.(v(t)=— = V&, |? 1

oo Pelve(t) dtlt_OQ/muiBﬁ 2 + (1)
d

= %ﬁ:OWd(al(t)’ Ce ,an(t)) + 0(1)

i.e. the desired result.

4 Extensions of the method

4.1 Collisions

When there are some positive as well as some negative vortices, the limit-
ing dynamics (22) induces collisions between vortices of opposite signs which
attract each other. One expects that those vortices annihilate and the dynam-
ics continues with the remaining ones. This has been treated recently in the
papers [4, 5, 21].

One of the things done in [21] was to extend the method presented here to
treat the case of collisions. If two vortices of opposite degrees get at a distance
lc = o(1) of each other, then it is possible to rescale space in order to have
two vortices at distance 1. As long as |logl.| < |log €| the same method we
presented above carries through, i.e. we can prove the analogues of conditions
1) and 2), and yields that the dynamics continues with the same type of law
(22) but in space-time rescaled coordinates.

When vortices become too close to apply this, we focused on evaluating
energy dissipation rates, through the study of the perturbed Ginzburg-Landau
equation

Au + éu(l —|ul®*)=f. in, (29)

with Dirichlet or Neumann boundary data, where f. is given in L?(£2) (re-
call the instantaneous energy-dissipation rate in the dynamics is exactly
[log €|||f5||2L2(_Q)). We prove that the energy-excess (still meaning the differ-
ence between E. —mn|log €| and the renormalized energy W of the underlying
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vortices) is essentially controlled by C||f||7.. We then show that when u
solves (29) and has vortices which become very close, forming what we call
an “unbalanced cluster” in the sense that >, d? # (), d;)? in the cluster (see
[21] for a precise definition), then the lower bound

C C
) .
[ fellZ2(2) = min (12|log el” 1210g? l) .

holds. In particular, when vortices get close to each other, say two vortices
of opposite degrees for example, then they form an unbalanced cluster of
vortices at scale | = their distance, and the relation (30) gives a large energy-
dissipation rate (scaling like 1/1?). This serves to show that such a situation
cannot persist for a long time and we are able to prove that the vortices collide
and disappear in time CI% + o(1), with all energy-excess dissipating in that
time. Thus after this time o(1), the configuration is again “well-prepared”
and Theorem 6 can be applied again, yielding the dynamical law with the
remaining vortices, until the next collision, etc...

4.2 Second order questions - stability issues

We extended the “I'-convergence” method to second order in order to treat
stability questions for this 2D Ginzburg-Landau equation. Here is the abstract
result, pushing the method of condition 2’) to second order. The setting is as
in Section II.1. By stable critical point, we mean nonnegative Hessian.

Theorem 9 ([22]) Let u. be a family of critical points of E. with u. —°
u € N, such that the following holds: for any V € B', we can find v.(t) € M
defined in a neighborhood of t = 0, such that 0yv-(0) depends on'V in a linear
and one-to-one manner, and

v(0) = u(0) (31)
lim._ %‘t:OEE(vE (t)) = %It:OF(u +tV) =dF(u).V (32)
lim. o 7 o Be (v=(1)) = 7 ,_oF(u+ V) = Qu)(V). (33)

Then

- if (81)-(32) are satisfied, then u is a critical point of F

- if (31)-(32)-(33) are satisfied, then if u. are stable critical points of Ee, u
is a stable critical point of F. More generally, denoting by n} the dimension
(possibly infinite) of the space spanned by eigenvectors of D?E.(u.) associ-
ated to positive eigenvalues, and nt the dimension of the space spanned by
eigenvectors of D?F(u) associated to positive eigenvalues (resp. nZ and n~
for negative eigenvalues); for e small enough we have

nj2n+ ng, >
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Thus, we reobtain that critical points converge to critical points of the limiting
energy F' (proved in [2] for Ginzburg-Landau), but in addition we obtain that
under certain conditions, stability/instability of the critical point also passes
to the limit. The previous result (Theorem 1), was an analysis of the C*
structure of the energy landscape, thus suited to give convergence of gradient-
flow and critical points; while this is the C? analysis of the energy landscape
around a critical point.

For the Ginzburg-Landau energy, the construction done in Section 3.4 can
be pushed to second order, yielding condition (33). Thus we deduce the corre-
sponding theorem for solutions of (3), (see [22]). An interesting application is
for Neumann boundary condition, for which it is known that the correspond-
ing renormalized energy W has no stable critical point. Hence from Theorem
9 there can be no stable critical points of E. with vortices (in contrast with
the case of G. with nonzero applied magnetic field).

Theorem 10 ([22]) Let u. be a family of nonconstant solutions of

—Au = %(1— |ul?) in 2
% =0 on 082

(on £2 C R? simply connected) such that E.(u.) < C|log ¢l; then, for ¢ small
enough, u. is unstable.

This is an extension of a result of Jimbo and Sternberg [14] for convex domains.
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The great majority of the material will be taken from [3, 4, 5], but we
tried to adopt a more explanatory viewpoint. Some new material is also pre-
sented, mainly in Section 4. By no mean we wish to discuss the whole history
of the analysis of the Ginzburg-Landau equations here; for this purpose the
interested reader is highly encouraged to consult the references in [2, 3, 5].

There are actually many equations which are called the Ginzburg-Landau
equations; some have a physical motivation, others don’t. Nevertheless, they
all have some common mathematical features, and for this reason we will
restrict our analysis in these notes to the simplest mathematical case: the
static Ginzburg-Landau equation without magnetic field (which is also the
less physical!), but in dimension N > 3. The brief discussion of the time
dependent (parabolic and Schrodinger) equations, which was the object of
the last lecture, is not covered in these notes.

1 Introduction
Let {2 be a bounded smooth domain in RV, N > 3, and 0 < € < 1 be given.
A function u. : £2 — C is said to satisfy the Ginzburg-Landau equation (GL).
on {2 if

1 2
(GL). —Au, = 8—2%(1 — uel®) on 2.

We do not prescribe any boundary condition here since we will only discuss
results which are local in nature.
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To the Ginzburg-Landau equation is associated an energy density

IVl (P
2 4e? ’

ee(ue)
and a total energy
E (ue) = / ee(ue).
2

In the sequel, we assume that we are given a sequence ¢ — 0 and a corre-
sponding sequence of solutions u. of (GL). on (2. The main assumption that
we will make in some places (see [2] for the motivation) is

(Ho) Ec(us) < Mollogel,

where My is some fixed constant not depending on €.
Under this assumption, the renormalized energy densities

ee(ue)
u =
e (ue) llog €|
are uniformly bounded in L!(£2), and we may assume, passing possibly to a
subsequence, that
e (Ue) — s as measures

for some non-negative Radon measure p, on (2.

The measure u, is called the energy defect measure or energy
concentration measure, and the primary goal of these notes is
to present some PDE tools for (GL). that lead to qualitative
and quantitative properties of ..

In Section 2, after discussing briefly the scaling properties of (GL),, we in-
troduce the monotonicity formula: a simple tool which already allows to obtain
important information concerning . Section 3 is devoted to the clearing-out
theorem and to its numerous consequences. The proof of this theorem is too
long to be covered in a lecture, and is therefore omitted. Instead, we will
concentrate on its consequences concerning p,. In section 4, we present some
(sometimes new) material concerning pointwise estimates, potential estimates,
..., which will enter into play in Section 5. In this last section, we gather all the
information already obtained concerning pi., and derive some of its regularity
properties as well as a curvature equation.

2 The monotonicity formula

2.1 Scaling properties

One of the most important properties of (GL). is its scaling property. Let
0<R< % and € = eR. If u, is a solution of (GL). on {2 and = € (2, then the
rescaled function
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y—x
R )
is a solution of (GL). on 2z = R(f2 — z). Notice also that

ve(y) = ue(

E.(ve, 2g) = RN 2E_(u., 02). (1)
The following definition is motivated by this last equality.

Definition 21 Let x € 2 and v > 0 such that B(x,r) C (2. The rescaled
energy of u. in B(x,r) is defined by

~ 1
E (uc,x,7) = N2 /B( )es(ue)-

Coming back to (1), we therefore obtain the identity

EE(’UE,LE,T’R) :EE(UE,I,T’). (2)

2.2 The monotonicity formula

We first start with the following identity:

Lemma 1 (Pohozaev identity) If u. is a solution of (GL). on B(x,r),
then

N -2 N
Vo 2+ 2 1— 2\2
2 L(m,r) | u8| + 4e2 B(m,r)( |u€| )

:/ [T\V-ru€|2 1| due
OB(z,r) 2 2

on
Proof. Integrating by parts, we obtain

2 (3)

/ —Au(y)(y — x) - Vue(y) dy :/ Vue -V ((y—x) - Vue)
B(z,r) B(z,r)

(4)
— / A RTAES
OB(z,r)
Notice that
1 2 2
Vu. -V ((y — ) Vu.) = §V (IVucl?) - (y — ) + [Vuc .
Therefore, integrating by parts once more leads to
N -2
/ —Auc(y)(y — ) - Vue(y) dy = — T/ |Vue|?
B(z,r) B(z,r) (5)

1
+*/ 7’|Vu5|27/ 7|Opuc|?.
2 OB (z,r) 0B(z,r)
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On the other hand,

1 1 — |ue|?)?
[ wu-wPio-o-vu= [ v (S5 60

1— 2)\2 1— 2\2
IRy (S o .
B(z,r) 4e O0B(=,r) de

Since u. satisfies (GL)., we obtain the desired result combining (5) and (6).

We are now in position to prove the following proposition, which possesses
many consequences, as we will see.

Proposition 22 (Monotonicity formula) Assume u. is a solution of (GL)

in B(z, R), then

d - 1 S| (1 — |uc)?)?
Z\(E - LRl )
d?”( s(us’x,r)) rN=2 /83(9:77‘) - rN=1 /B(Lr) 2¢?

for0<r < R.

Ou,
on

Proof. First one has,

d / |Vue|? 1 o9
—(Ee(ue, z,7)) = +— 1 — |ue
dr ( ( )) oB(x,r) 2 4e? oB(x,r) ( | | )

|VTU5|2 1 aus 2 1 272
= et 4z — (1—
AB(H&,T) 2 + 2| 0n + 482( fuel®)
Hence,
d -~
(B ey, 7))
N-2 1 Vw2 1 [0uc|® (1 — |uc?)?
= _7EE (58] b a |l Ta - i a5
N_l (u * r) * ’I"JV—2 AB($7T) 2 * 2| 0n + 452

|Vu5|2 N —2 / 99
1—
TN 1 Bew) 2 + de2 N1 B(m,r)( |uel®)

|VTU5‘2 1 811,5
+rN2/E,er) 2 +2 on

1 2\2
+@(1—|Us| )

N -2 N
Ve [ a- |u5|2>2]>

B(x r) B(x,r)

+—/ (1 fucfy
262N S )

+ ! / M_Fl due ’
rN—2 9B (z,r) 2 2| 0n

1 242
+@(1*|Us|) .
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Using Lemma 1, we obtain

L 1 |VTUE|2 1|0ue
~(E = 22
d?"( E(Us;x?r)) |faN2 /83(%7’) 2 21 on
1 |VTU€‘2 1 8U5 2 1 %)?
|Vyue* 1 — (1 — |ue
N . l/aB(xm) 5 + 5 | an + 462( lue|”)

B 1/ (“)u52+ 1/ (1 — |ue[?)2
V=2 OB(z,r) rN-1 B(z,r) 2e2 7

on
which yields the result.

S|

2\2
+ (- ) ]

2.3 Consequences for .,

In this section, we will already derive two important consequences of the
monotonicity formula. The first one can be directly translated into a property
of the defect measure u,. Let us first recall or set some general definitions
about densities of measures.

Definition 23 Let v be a non-negative Radon measure in RN . For m € N,
the m-dimensional lower density of v at the point x is defined by
(B(z,r))

Oy,m (v, z) = liminf Y

r—0  wWyrm™

where w,, denotes the volume of the unit ball B™. Similarly, the m-dimensional
upper density O, (vt x) is given by

B
Oy, (v,z) = limsup w
r—0 W™

When both quantities coincide, v admits a m-dimensional density O, (v, z) at
the point x, defined as the common value.

Proposition 24 Let K C {2 be any compact set and assume that (Hy) holds.
Then, there exists a constant C(K) depending only on K such that

On_a(ps,x) < C(K)My forallz € K. (7)
Proof. Let x € K and R = dist(z, 812). For r < R, we have by the monotonic-
ity formula:
1 1
ﬂ/ ee(ue) < ﬁ/ ee(ue) < dist(K,002)* N My|loge|.
T B(ar) R B(z,R)

Dividing by [loge| and letting € go to zero we obtain

pe(B(z, 7)) _ dist(K,002)%~N

< M.
wn_orN—2 WN_2

The conclusion follows taking the limsup as r goes to zero.
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Remark 1. 1) Notice that the constant appearing in the previous proposition
diverges as K approaches the boundary of 2. This is unavoidable since we
have not imposed any condition on the boundary of 2. ii) It also immediately
follows from the monotonicity formula that the lower and upper N —2 densities
coincide, i.e. that p, has a N — 2 dimensional density everywhere in {2. We
will come back to this later, when dealing with regularity properties.

Comment. Geometrically speaking, the bounds on the N — 2 dimensional
density of . shows that this measure cannot be concentrated on objects
of lower dimension than N — 2. For example, for N = 3 the measure .,
cannot charge a point (as it is the case in dimension 2 [2]). There is still a
wide variety of objects ranging between the dimensions N — 2 and N; our
subsequent analysis will restrict the possible situations much more!

The next consequence of the monotonicity formula, which we will derive
now, deals with estimates on the potential part of the energy. It is a new
estimate, which we will use in a crucial way in Section 4. For later convenience,
we now fix the notation for the potential and define

(1= Juc?)?’

Velue) = 4e2

Proposition 25 Assume that u. solves (GL). on §2. Let x € 2 and 0 <
Ry < Ry such that B(x, Ry) C (2. There exists r(x) € (Ro, R1) such that

1 Ee(usaval) /
Ve(ue) < log | = ec(ues). (8
/B(a:ﬂ'(a:)) (1e) log(R1/Ro) (Ee(uavaO)) B(z,r(z)) (ue). (8)

Proof. Define f(r) = E.(uc,z,7) and g(r) = 7>~V fB(x ny Ve(ue). It follows
from the monotonicity formula that

1
r

%f(r)z g(r)  forallr € (Ro, Ry). (9)

Let F and G be defined by the change of variable f(r) = F(log(r)) and
g(r) = G(log(r)). Inequality (9) is transported into the inequality

%F(s) > G(s) for all s € (log(Ry),log(Ry)).

It suffices then to infer the next ODE lemma and the conclusion follows.

Lemma 2 Let F' and G be absolutely continuous non-negative functions on
the interval [a,b] C R. Assume that F' > G a.e. on [a,b], then there exists

¢ € (a,b) such that
G(c) < ﬁlog (?Eg) F(c).
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Proof. Let A = 32-log (?83) If G(s) > AF(s) everywhere in (a,b), and

since by assumption F’ > G, we obtain F’ > \F so that

% (exp(—=As)F(s)) >0 on (a,b).

Integrating the previous inequality on (a,b) we are led to
F(b) > exp(=A(a — b)) F(a) = F(b),
a contradiction.

Comment. A particularly useful choice of Ry and R; in Proposition 25 is
given by Ry = ¢“ and R; = £” for some 0 < < a < 1. Indeed, for this
choice we have log(Ri/Ro) =~ |loge|, and assuming that E.(u.,z,e*) and
E.(ue,z,€”%) are of the same order we deduce from (8) that the potential
energy on B(z,r(x)) is [log €| times smaller than the total energy on the same

ball.

3 Regularity theorems for (GL).

3.1 Bochner, small energy regularity and clearing-out

A major difficulty in proving regularity theorems for (GL). stems from the
factor e~2 which appears in the equation. A key ingredient in this viewpoint
is given by the following Bochner identity:

Proposition 26 (Bochner’s identity) If u. satisfies (GL)., then the en-
ergy density e. = e.(u.) verifies

1- |u5|2

2
—Ae. = —|D%u.| — |Auc|* + = |V |> — 6—2|u5\2\V|u6||2,

so that in particular
—Ae. < Ce2. (10)

Proof. We have, since u,. verifies (GL).,

|Vu5|2 2. 12 ’ 212
—-A — )= —A(Vue) - Vue — |D*ue|* = =V(V.(ue)) - Vue — |D*u,|

and
—A (Ve(ue)) = =V(V (1)) - Ve = V. (ue) Aue = =V (V. (ue)) - Vue — | Auc|?.

Bochner’s identity follows by addition.
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Note that (10) is not far from saying that e. is subharmonic, in which
case regularity estimates would follow very easily. The following theorem is
an important consequence of the Bochner identity, it was first proved by R.
Schoen for harmonic maps (see [8, 6] for proofs in a very similar context).

Theorem 27 (Small energy regularity) Let v. be a solution of (GL). on
the ball B(R) for some R > 0. There exists a constant o > 0, depending only
on N such that if R > /¢ and if

5 e <
N9 €e\Ve) = Y0,
RN—2 B(R)

then

C
sup  ee(ve)(x S—/ e (Ve 11
e (ve)(@) < 7y e (ve) (11)

where the constant C' depends only on N.

In general, an estimate like (11) does not hold everywhere for solutions
of (GL)., in particular not in the so called ”vorticity set” where |u.| < 1/2.
The following theorem will therefore play a central role (see [3] for the proof,
which uses the monotonicity formula in a crucial way):

Theorem 28 (Clearing-out) Let 0 < 0 < % be given. There exist a con-
stant g > 0 depending only on o and N such that if u. verifies (GL): on
B(R), R> /¢ and if

5 [ eclue) < mloge]
BN_2 €e\Ue) = To|lOg €|,
RN-2 B(R)E €

then

R
luel > 1—0o on B(§)

In the next proposition, we prove that away from the vorticity set an
estimate like (11) holds.

Proposition 29 Let u. be a solution of (GL). on B(R) such that u. verifies
assumption (Hy). There exist a constant 0 < o < % depending only on N such
that if R > \/e and if

lueg| >1—0o on B(R),

then

C
sup ec(ue)(x g—/ ee(ue),
L eaua) < g [ eclu)

where the constant C' depends only on My and N.
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Proof. Using the scaling properties of (GL),, we may assume without loss of
generality that R = 1. Since by assumption |u.| > 1— 0 > 1 on B(1), there
is some real-value function ¢. defined on B(1) such that

e = pe exp(ipe) in B(1), (12)

where p. = |uc|. Changing u. possibly by a constant phase, we may impose
the additional condition

1
[ L= (13)
|1B()| Jsa)

We split as previously the estimates for the phase ¢. and for the modulus
pe, and we begin with the phase. Inserting (12) into (GL). we are led to the
elliptic equation

—div(peVe:) =0  in B(1). (14)

In contrast with the equation for the modulus which we will tackle later, (14)
has the advantage that the explicit dependence on ¢ has been removed. We
will handle (14) as a linear equation for the function ¢., p. being considered
as a coefficient. In the sequel, we write ¢ = . and p = p. when this is not
misleading. In order to avoid boundary conditions, we consider the truncated
function ¢ defined by ¢ = ¢ x, where x is a smooth cut-off function such that

4 5
x=1on B(g) and x =0 on ]RN\B(E).
The function ¢ then verifies the equation
—div(pV@) = div(p®pVx) + p*Vx - Ve  in B(1). (15)

Moreover, by construction

supp(p) C B(§)~

Since by assumption p is close to 1, it is natural to treat the l.h.s. of (15) as
a perturbation of the Laplace operator, and to rewrite (15) as follows

—Ap =div((p* — 1)V@) + div(p?pVx) + p*Vx - Vi in B(1).
We introduce the function ¢y defined on B(1) as the solution of

{ —Apo = div(p*¢Vx) +p°Vx Ve in B(1),

wo= 0 on 0B(1). (16)

In particular, since y =1 on B(%)7 we have

—Apy =0 in B(%) (17)
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We set o1 = @ — g, i.e.
© =0+ ¢1.

We will show that ¢; is essentially a perturbation term.
At this stage, we divide the estimates into several steps. We start with
linear estimates for ¢g.

Step 1: Estimates for ¢g. We claim that

/B . e5<ua>] (18)

/B . eg<u€>] , (19)

where 2* = =5 is the Sobolev exponent in dimension N.

||V¢O||i2*(3(1)) <Cy

and

IV @0l (p(3/ay) < Co

Proof. The first estimate follows from the linear theory for the Laplace op-
erator, whereas the second follows from the first one and the fact that ¢q is
harmonic on B(4/5).

Step 2: The equation for ¢;. The function ¢; verifies the elliptic problem

—Apy = div((p* — 1)V) in B(1), (20)
p1=0 on 0B(1).
It is convenient to rewrite equation (20) as
—Apy = div((p® — 1)V1) + div (o), (21)

where we have set go = (p?—1)Vy. Using (18), we obtain, for any 2 < ¢ < 2*,
the estimate for gg

2(2*—q)

— q
e e (ue) - (22)

2% —¢g
=
2%q
2% —q

*

o*

HQOH%q(B(l)) < C(Mylloge|) =

Indeed,

2%
/ Ip* — 1|9 Vpol|? < (/ |V800|2*> (/ lp* -1
B(1) B(1) B(1)

q
7 202"-q) P2 =12\ °
< (C 2 oF LA
< Cllec(ue)l7.e </B(1) 12 ;

and the conclusion follows.
We now estimate ¢q from (21) through a fixed point argument.
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Step 3: The fixed point argument. Equation (21) may be rewritten as
01 = T(div((p* — 1)V1)) + T (div go),

which is of the form
(Id—A)p1=0b
where 7 = A=l A is the linear operator v — 7 (div((p? — 1)Vw)) and
b = T(div go). Consider the Banach space X, = W,9(B(1)). It follows from
the linear theory for 7 that A : X, — X, is linear continuous and that
IAllzix,) < C(@I1 = pllLe(B))-
In particular, we may fix o > 0 such that
1

C@I = plr=ma) < Cl@o < 3.

With this choice of o, we deduce that I — A is invertible on X, and

le1llx, < Clbllx,- (23)
Finally, by (22) we obtain

«
2(2* 142" —q
( 7+

. 2(2"—q)
16l x, = 17 (div go)lx, < Cligolle < Ce™ = [lec(ue)ll 1

The following estimate for ; then follows from (23)

2*%—q 2(2%—q) 1
IVerllazay < C (Mollogel) T e o)l Fu gy (24)

We now combine the estimates for ¢y and .

Step 4: Improved integrability of V@. Combining (18) and (24) we
obtain i
HVSBHLL?(B(l)) < C(q,Mo)Hes(Us)||z1(B(l)), (25)

where C(g, My) depends only on ¢ and M.

Comment. Since ¢ > 2, the previous estimate presents a substantial im-
provement over the corresponding inequality with ¢ replaced by 2, which fol-
lows directly from (Hy). This improvement is crucial in order to prove the
smallness of both the modulus and potential terms in the energy, which we
derive now.

Step 5: Estimates for the modulus and potential terms.
The function p satisfies the equation

1— 2
—Ap+ p|Vel* = p(eigp)- (26)
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Since x =1 on B(2), we have ¢ = @ on B(%). Let ¢ be a non-negative cut-off
function such that £ =1 on B(2) and & = 0 outside B(3). Multiplying (26)
by (1 — p?)¢ and integrating by parts we obtain

1— 2\2 ~
| oooveber [ 0o [ wpvea-de [ p-pIvere
B(1) B(1) € B(1) B(1)

Hence, since p > 1 on B(1) we obtain

/ |Vp2+vs<us>sc*e</ |Vp|2> (/ wue))
B(3/4) B(1) B(1)
+c(/ ww) (/ <1—,o2>fz>
B(%) B(%)

so that using (25) we finally infer that
2
Lo (9P v < come [ e
B(3/4) B(1)
for some o > 0 [here we have fixed 2 < ¢ < 2*].
To summarize, we have proved at this stage that
ec(ue) < [Veol® + 7, (28)

for some r. > 0 which verifies

/ r. < C(Mo)a"‘/ ec(ue), (29)
B(3/4) B(1)

for some small o > 0 depending only on N. Therefore, we set

Step 6: Proof of Proposition 29 completed.

We are going to apply Theorem 27 to a suitably scaled version of u,.

Let /e <1g < %, to be determined later, set € = % and let xg € B(1/2)
be fixed. Consider the map v, defined on B(1) by

ve(t) = ue (”” ;f")

so that ue(zo) = v.(0). By scaling, we have

1
/ ce(v) = s / ee(u2). (30)
B(1) 7o B(=zo,m0)

Note in particular, since rg < %, that B(zg,ro) C B(3/4), and we may apply

the decomposition (28) to assert that
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[ etu) < measBlanro)) Vool [ n
B(xzo,70) B(3/4)
< Cr e meay + COME e 12 a0ay-

Hence, going back to (30)
/( )ee(ve) < Crillec(ue)ll sy + C(Mo)rg ™ Ne®|lec(ue) iy (31)
B(1

Therefore, we choose

ro = lnf {1’ (2C||66(UE)HL1(B(1)) )é} )
8 70

Note in particular that T(Q)_N diverges at most as |log 5|¥. Hence, for ¢
sufficiently small,

C(M0>T(%7N5a e (ue)llLr(B1)) < %-

On the other hand, by construction,

20
R

Applying Theorem 27 to v, for R = 1, we therefore deduce that

chz(A)T§||es(Us)HL1(A) <

%Q%NW=@@M®SCLMQW)

< C(Mo)rglles(ue)ll say) + C(Mo)rg ™ e lec(ue) 1)),
so that for e sufficiently small
celuc)(ao) < C(Mo) [ ecfuo)
B(1)
and the proof is complete.
Combining Theorem 27 with Proposition 29 we derive

Theorem 30 Assume that ue is a solution of (GL). on B(xz,R) and that
(Hy) holds. There exist a constant y depending only on N and My such that

if R> /e and if
=),
SN2 ee(us) < mlloge|
RN-2 B(R)
then c R
eguag—/ ee(ue on B(—),
(1) < g [, s (1)

where C' depends only on N and M.
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3.2 Consequences for u,

We are now in position to obtain much more information on the concentration
measure u,. Recall that we already know that the N — 2 dimensional density
of p, is locally bounded.

Proposition 31 There exists n > 0 such that for every x € (2,
either On_a(ptx, ) > 1 or On_a(px,x) = 0.
Moreover,
if  On—2(fs,x) =0 then O (s, ) < +00.

Proof. Define n = ;. Assume that x € (2 is such that On_o(u«, ) < 7.
By definition, there exists R > 0 (which we can assume small enough so that
B(z,R) C {2) such that
ps(B(z, R))
wyRN—2

Hence, for every e sufficiently small

<n.

1 /
— ee(us) < mllogel.
RN=2 B(z,R)

Applying Theorem 30 we obtain

1

ee(ue) < C(MO)R—N /B( o ec(ue) < C’(MO)R*2m|10g€\

on B(z, R/4). In particular, for any r < R/4
pe(B(z, 7)) < vV R
and the conclusion follows taking the limsup as r goes to zero.
In view of the previous proposition, we introduce the concentration set

Y, ={x e st On_o(p,z) >0}.

Proposition 32 The concentration set X, is closed in {2 and of locally finite
HN=2 Hausdorff measure.

Proof. Since by the previous proposition
Y, ={x e st On_a(p,z) >n},

its closedness follows from the upper semi-continuity of the density. Now, let
K C 2 be any compact subset and set §y = dist(K,942). Fix § < dp/2 and
consider a standard (say parallepipedic) covering of RV such that
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RY C UjerB(zj,0), and B(mi,g)ﬂB(xj,g) ={) for i # j.
Set

Is = {i s.t. B(z:,0)N 3, # 0} .
For i € I5, there exists some y; € X, N B(x;,9). Hence, by Proposition 31,

1+ (B(yi, 6) > nwyd> N,

and in particular
ps (B2, (20)) > nuno> . (32)

On the other hand, since the balls B(z;, g) are disjoints, the balls B(z;, 20)
cover at most C times RY, where C is a constant depending only on N.
Therefore,

> na(B(wi,26)) < C M. (33)
icls

Combining (32) and (33) we obtain
15 < C Moo,

Since by definition, HN~2(X,) < Climsup;_,(#5)0™ ~2, the conclusion fol-
lows.

We may now state and prove our main structure and regularity theorem
concerning the measure u, and its concentration set X,,. We first recall some
the notion of rectifiability.

Definition 33 A set X' C RY is said to be m-rectifiable (0 < m < N) if
H™ almost all of X can be covered by the union of countably many Lipschitz
images of B™.

A Radon measure v on RN is said to be m-rectifiable if there exist an
m-rectifiable set X and a nonnegative density function h € L (RN H™|_X)
such that

v="h(-)H™LX.

Theorem 34 (Structure and regularity) The set X, is (N —2)-rectifiable
and the measure p, can be exactly decomposed as

e = g(VHN + 0.()VHN 2L 5,

where g € LS (£2) and the density function O, € LS (2, HN2L_X,).

loc loc

Proof. The rectifiability of X, follows from the lower bound on the density
given in Proposition 31 and Preiss regularity theorem [7].
Since X, is closed,

Mo = Mo L(-Q\Eu) + LEM-
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By propositions 31 and 32, u. LY, is absolutely continuous with respect to
HN=2L_Y,, and of (locally) finite H™ 2 measure. We therefore infer from
the Radon-Nikodym theorem that

pe X, =0, (JHN 2L X,

where 6, is the Radon-Nikodym derivative.
In the same way, we obtain

pa L (2\ Z) = g(-)HN>
and the proof is complete.

Remark 2. Notice that working a little more the proof of Proposition 29, we
could state that actually g(.) = |[V®|?(.) for some harmonic function ® defined
on {2.

4 Potential and modulus estimates

The energy e. consists of two parts: the kinetic one, |[Vu.|?/2, and the poten-
tial one, V. (uc). The kinetic energy arises from variations in both the phase
and the modulus of u.. In this section, we will prove that under assumption
(Hyp) only the gradient of the phase contributes to ., the modulus and po-
tential parts remaining uniformly bounded. More precisely, we will prove the
following theorems (which are new in dimension N > 3):

Theorem 35 Let u. be a solution of (GL): on §2 such that assumption (Hp)
is verified. For any K C {2 compact, there exist a constant C(K, My) depend-
g only on K and My such that

/ Ve(ue) < C(K, My).
K

and

Theorem 36 Let u. be a solution of (GL): on §2 such that assumption (Hy)
is verified. For any K C §2 compact, there exist a constant C(K, My) depend-
ing only on K and My such that

/ Vel 2 < C(K, My).
K

In the proofs of Theorems 35 and 36 we will need the following easy point-
wise estimates, whose proofs are based on the maximum principle.
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Lemma 3 Let u. be a solution of (GL): on 2 = B(R), R > \/e. There exist
a constant C' such that

82

< —_.
el (z) < 1+ C(dist(ac, 012)

Moreover, if |uc| > % on B(R), then

2
g
[ue] > 1= C 45 = CE Ve ()

on B(R/2), where us = pe exp(ige).

Proof of Theorem 35. Let K C §2 be given and ¢ = dist(K, 912). We decompose
K in two parts K3 and K», where

K, = {sc e K st. dist(z,{|Ju| <1-0}) < E%}

and Ko = K\ K;. If x € Ky, we infer from Proposition 25 that there exists
r(z) € (¢15,6/2) such that

6/2
Ve(u) <~ tog Ee(ue,z,0/2) eo(us).  (34)
1 £
B(z,r(z)) |log ] E (uc,x,e76) B(z,r(z))

On the other hand, by monotonicity and assumption (Hy) we have

E.(uc,x,6/2) < C5?~N Mo|loge|, (35)

and since x € K1, we also have
E.(ue,x,e7) > Crpollogel. (36)
Indeed, to obtain the last inequality observe that by assumption there exists

# € {|uc| < 1—0)} such that |z —Z| < £%. Therefore, applying the clearing-out
theorem at the point &, we obtain

L1
- £16 ~

2—N
B.(ue,,6%) > ( ) Be(ue, &7 —<¥) 2 Dloge]

ool

1
g6 —¢&

for € sufficiently small.
Combining (34),(35) and (36) we are led to

My, K
[ v CMo, K) [ et (37)
Blzr(2)) logel  JB(@ )

From the open covering {B(z,7(7))},cx, of K1, we may extract a Besi-
covitch sub-covering, so that by addition we finally deduce that
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C(My, K)

Vo(ue) <
K e(te) llog €|

[ ectue) < Cx. ). (38)
[0

We are left with the estimate on Ks. Let x € K5 and set R = £5. We
deduce from Proposition 29 that

_1
Vel T oo (B, ry2)) < C(K)Moe™ 7|logel.
Hence, it follows from Lemma 3 that on B(z, R/4),
1— C(K)(1+ Mylloge|)e® < |ue| <1+ C(K)e.

In particular
‘/E(U,g) S C(K, Mo)E in KQ,

so that the conclusion follows by integration. O

Proof of Theorem 36. Let K C {2 be given and let x be a cut-off function
supported in {2 such that x =1 on K. Define v. = xu.. Then,

—Av, = 5%us(l — |ue?)x — ue Ax — 2Vu, - Vyx = f-.
Note that in view of Theorem 35,
£l 20y < C(K, Mo)e™".
By elliptic regularity theory, we therefore deduce that
[vellzr2(2) < C(K, My)e™".
On the other hand, since |v.| < C(K), by the Gagliardo-Nirenberg inequality
190 sy < IoellFra o 1ol 2
we infer from the previous estimate that
Vel sy < C(K, Mo)e™ 2. (39)
The modulus p = |uc| verifies the equation
— A+ 20l = 20— ) (40)

Multiplying (40) by (1 — p?)x and integrating by parts we obtain
[ I9EE <2 [ 0= v
K (9]
<2 [ =PIVl +2 [ (- )Vl
2 (9]

< Vo2 (/ v€<u5>) s (/ vg<u5>)
suppx suppx

< C(K, My),
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where we have used Theorem 35 and (39). Finally,

[owe =5 [ veE+g [ a-eer
<o)+ e ([ viw) ([ wult)’

é C(Kv MO))

and the proof is complete. O

5 X, is a minimal surface

5.1 Classical and weak notions of mean curvature

Let X be a smooth compact manifold of dimension k, and vy : X — RY (N >
k) a smooth embedding, so that X° = 44(X) is a smooth k-dimensional sub-
manifold of RY. The mean curvature vector at the point z of X° is the vector
of the orthogonal space (7,,X°)* given by

N—k k oo N—
HEO(QL’) = — Z Z(TJ 87’ ve Z leT 201/ a’ (41)
a=1 \j=1 a=1

1 Vka)

PIREEY)

where (71, ..., 7 ) is an orthonormal moving frame on 7, X, (v is an
orthonormal moving frame on (7, X°)*, and divy, 50 denotes the tangential
divergence at the point . The integral formulation of (41) is given by

/ divy, goXdH* = — [ Hgo - X dH*, (42)
50 X0
for all X € C*(RN,RY). The vectors Hxo(-) are uniquely determined by
(42), and in particular the definition in (41) does not depend on the choice of
orthonormal frames.

Assume now that X is only rectifiable. Then for H*-a.e. z € X, there
exist a unique tangent space 7,% belonging to the Grassmanian G . The

distributional first variation of v is the vector-valued distribution dv defined
by

sv(X) = / divy, »Xdv  for all X € C3°(RN,RY). (43)
)

In case |[0v] is a measure absolutely continuous with respect to v, we say that
v has a first variation and we may write

ov = Hv,

where H is the Radon-Nikodym derivative of dv with respect to v. In this
case, formula (43) becomes
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/ divy, »Xdv = —/ H- Xdv. (44)
X X

Remark 3. Notice that in the smooth case, this notion coincides with the de-
finition (41), in view of (42). Notice also that the component of H which
is orthogonal to T, X is independent of the density ©. However, if @ is non
constant, then H may have a tangential part.

5.2 Deriving the curvature equation

Let X € D(£2,RY) be a smooth vector field. We have

/Qes(ug)divxz_/nveg(us).x

1 ] (45)
_ (1 2, L2y ]
== [ 3V + 50— ) 20V - X,
Ou. Ou, OX* 0%u. Ou, aua 0%u,
Xl
/QZZJ: dx; Ox; ax] / Z dx;0x; Ox; 8xi &tz )
ou
el X 46
/VuE XAu, — /Zaxl oz, (46)

—/ qu-XAuE—/ (v - x
2 (9] 2

Since u, is a solution of (GL)., we deduce from (45) and (46) that
/ Oue Ous\ 0X°
\1og€| % ~ dz; Ox; ) Ox;

1 2y _
|10g<€|/ (Vu. - X <Au5 E—us(l — Jue| )) =0. (47)

In view of the last formula, we will analyze the weak limit of the stress-

energy tensor
o, — <Id_ Ws@%) d..
e (ue)

Clearly, |a.| < CNpu,, and we may assume that

e — o = A iy,

where A is an N x N symmetric matrix. Since the symmetric matrix Vu.®Vu,
is non-negative, we have
A< Id. (48)
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On the other hand,
Tr(ec(ue) Id — Vue @ Vue) = (N — 2)ec (ue) + 2V (ue).

Therefore, since the trace is a linear operation, passing to the limit we obtain,
using Theorem 35,
Tr(A) = (N —2). (49)
Passing to the limit in (47), and using the decomposition in Theorem 34
(see also Remark 2, we obtain

ox Vo2 0D, 0D, OX
PULSPTNIS ) . 0.
/Q o s L5) + /Q < 305 G e ) G =0 60

On the other hand, ®, is harmonic,
—AD, = 0. (51)

Multiplying (51) by X - V®,., we obtain

Vo2 0%, 0%\ X'
/_Q ( 2 61] 81‘1‘ 8xj 8xj dv =0. (52)

Combining (50) and (52) we have therefore proved
Lemma 4 For every X € C°(02,RY),

/Aijaid(uipzp):o. (53)
o 0

Zj

Recall that we already know that X, is rectifiable. Comparing (53) with
(44), it is tempting to prove that the matrix A corresponds to the orthogonal
projection P onto the tangent space 1, %,.

Lemma 5 We have

A(x)

/ Vx(y) dHN_2(y)] =0  forHN e xz€ X, (54)
T.5,

and for all x € C°(2,R).

Proof. Let x € X, be such that T, exists and such that = is a Lebesgue
point for ©, (with respect to H¥~2) and for A (with respect to p.L_Y),). For
r > 0, consider the vector field X, ;(y) = x(*¥)e;. Inserting X,.; into (53)
and letting » — 0, we obtain the desired result.

A straightforward consequence is

Corollary 37 For x as in Lemma 5,

(T 2,)" C Ker A(z).
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With a little more elementary linear algebra, we further deduce

Corollary 38 For x as in Lemma 5, A = P is the orthogonal projection onto
the tangent space T, %,,.

Proof. By (48), A < Id, and therefore all the eigenvalues A1,...,Axy of A
are less or equal to 1. By (49), Tr(4) > N — 2, so that Zfil Ai > N —2.
On the other hand, by Corollary 37, A has at least two eigenvalues, say \;
and Ag, equal to zero. Therefore, A; = 1 for ¢ = 3,..., N. In particular A is

an orthogonal projection on an (N-2)-dimensional space. Since Ker A(x) D
(T, %,)*, and since dim(7T,X,) = N — 2, the conclusion follows.

Combining the previous arguments, we have finally proved

Theorem 39 The measure . LX), has a first variation and
5(/}4* LE;L) = 0,

i.e. (Xu,0y) is a stationary varifold.
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