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The scientist does not study nature because it is useful; he studies it
because he delights in it, and he delights in it because it is beautiful.
I mean that profounder beauty which comes from the harmonious
order of the parts, and which a pure intelligence can grasp.

Henri Poincaré (1854-1912)
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Summary

Object of this thesis is the study of convex first—order variational functionals F with linear growth
in the gradient variable, coupled with a non-linear integral term with respect to a (possibly signed)
Radon measure on given bounded domains of R”. After achieving a generalized parametric lower semi-
continuity result, we provide necessary and sufficient conditions for the existence of minimizers of F in
the space of functions of bounded variation (BV), discussing (counter)examples and borderline cases
for the assumptions. A first step in the existence theory consists of approaching semicontinuity of the
(anisotropic) total variation problem with measures in continuation to the parametric outcome of [92],
further exploiting lifting of functions to extend the result to a broader class of integrals. The transition
from the standard total variation integral to possibly non—even anisotropies with measures is addressed
by the choice of a suitable signed isoperimetric condition defined on sets of finite perimeter — also equiv-
alently reformulated on multiple subclasses of BV functions. More importantly, we make use of coarea
and layer—cake arguments to move from the parametric formulation with (anisotropic) perimeter to
(anisotropic) variations with measures. This method represents the foundation of our global existence
theory, and it is subsequently employed to achieve a more general existence result. In parallel, we
determine the dual maximization problem corresponding to F set in the class of divergence-measure
vector fields. The outcome of duality enables us to reformulate optimality relations for solutions of the
two problems in terms of a refined version of Anzellotti’s pairing [7] between maximizing fields of as-
signed divergence measure and distributional derivatives of minimizers of F. By introducing a suitable
notion of solution to the Euler-Lagrange equation associated to JF, we then recover the usual meaning
of necessary — and, under convexity, also sufficient — condition for minimizers of F, demonstrating that
our BV formulation provides a natural extension of the Sobolev model in the sense of L!-relaxation.

Zusammenfassung

Thema dieser Dissertation ist die Untersuchung konvexer Variationsfunktionale erster Ordnung F
mit linearem Wachstum in der Gradientenvariable, gekoppelt mit einem nichtlinearen Integralterm
beziiglich eines (moglicherweise signierten) Radon—Mafes auf einem gegebenen beschréankten Gebiet
in R". Nach dem Erreichen eines verallgemeinerten parametrischen Resultats zur Unterhalbstetigkeit
geben wir notwendige und hinreichende Bedingungen fiir die Existenz von Minimierern von F im Raum
der Funktionen von beschriankter Variation (BV) an und diskutieren (Gegen—)Beispiele und Grenzfille
fiir die Annahmen. Ein erster Schritt in der Existenztheorie besteht darin, sich der Unterhalbstetigkeit
des (anisotropen) Variationsproblems mit Mafen anzunéhern, in Anlehnung an das parametrische Re-
sultat von [92], und dann ein "Lifting" von Funktionen zu nutzen, um das Ergebnis auf eine weitere
Klasse von Integralen auszuweiten. Der Ubergang vom Variationsintegral zu moglicherweise nicht—
geraden Anisotropien mit Mafken wird durch die Wahl einer geeigneten signierten isoperimetrischen
Bedingung behandelt, die auf Mengen von endlichem Perimeter definiert ist und &dquivalent fiir mehrere
Klassen von BV—Funktionen umformuliert wird. Wir verwenden die Koflichen— und die Layer—Cake—
Formel, um von der parametrischen Formulierung mit (anisotropem) Perimeter zu (anisotropen) Varia-
tionen mit Mafen iiberzugehen. Diese Methode bildet die Grundlage unserer globalen Existenztheorie
und wird anschliefend verwendet, um ein allgemeineres Existenzresultat zu erzielen. Parallel dazu
bestimmen wir das duale Maximierungsproblem, das F in der Klasse der Divergenz—Maf—Vektorfelder
entspricht. Das Dualitdtsresultat ermoglicht es uns, die Optimalitdtsbeziehungen fiir Losungen der
beiden Probleme mit Hilfe einer verfeinerten Version von Anzellottis Paarung [7] zwischen maximieren-
den Feldern mit gegebenem Mals als Divergenz und Mafableitungen von Minimierern von F neu zu
formulieren. Durch die Einfiihrung eines geeigneten Losungsbegriffs fiir die mit F verbundene Euler—
Lagrange—Gleichung gewinnen wir dann die {ibliche Form der notwendigen — und unter Konvexitit auch
hinreichenden — Bedingung fiir Minimierer von F zuriick und zeigen, dass unsere BV-Formulierung
eine sinnvolle Erweiterung des Sobolev-Modells im Sinn einer L!-Relaxierung darstellt.
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Chapter 1

Introduction

In this thesis, we treat minimization problems for first-order variational functionals of the kind
Py [u] = / (@, Vo(x)) dz + / w* () dp(z) (1.0.1)
Q Q

among functions w in the Sobolev space WH1(Q2) under the Dirichlet condition on traces w = wug
a.e. on 0N, for some prescribed datum wy € L'(9Q;H"'). The boundary condition in question
motivates our choice of working with bounded Lipschitz domains © in R", n € N. In (1.0.1), we
consider an integrand f = f(x,£): Q x R® — R convex with linear growth in the gradient variable —
that is, a|¢] < f(=z,€) < B(|¢| 4+ 1) for positive constants a, § — whereas p is a finite Radon measure
on ) vanishing on H" ! negligible sets. Our primary scope is establishing necessary and sufficient
conditions for the existence of variational minima for a suitable reformulation of the functional F,,,
defined now in the space of functions of bounded variation BV in 2. In fact, we observe that equation
(1.0.1) results well-posed for functions w e.g. in C'(Q), as well as for integrable functions with weak
gradient Vw € L' (€2, R™) - this latter case being meaningful provided we take into account the precise
representative w* in the measure integral. In a further step, the established theory of Giaquinta—
Modica—Soucek [57] for functionals on measures, in combination with some more subtle selection of
function representatives in the measure term, allows for a meaningful extension of (1.0.1) from W}L’Ol(Q)
to BV(Q), which in view of its (weak—*) compactness represents the natural functional space to achieve
minima. As a matter of fact, we will primarily work with the functional

Flw] = f(.,Dw")(Q) — / whdp— ~|—/ w” dpy,
Q Q
suitably extending F,,, to all w € BV(2) and with notation discussed in the following Section 1.1.

Examples of first-order convex integrals. Concerning the first term in (1.0.1), the most prominent
case is the (non—parametric) area functional

A(w, Q) ::/Q\/l—i—IVw(m)P dz,

obtained from the area integrand R™ 3> £ — f(£) := /1 4 [£]?2. Such a denomination arises from the
fact that, at least for continuously differentiable functions w, the value A(w, Q) is the surface area of
the graph of w on 2. Minimizers of such functional alone (or, more precisely, the surface determined by
their graph) are called minimal surfaces, and they represent hyper-surfaces in R"*! with zero mean—
curvature at every point. It is then straightforward to bring up simple variants of the area—functional

such as
/ Ve + |Vw(x)]? dz
Q

1



2 Chapter 1. Introduction

with some constant ¢ € (0, 00), as well as more elaborate ones as the following — originating respectively
the Finsler and the Riemannian area integral — by setting

f@=ve+e@? and  f(2,8) =V +g2(£)

defined in function of a continuous Finsler metric ¢ € C(ﬁ X R”) or a Riemannian metric g on Q,
respectively. The limit case ¢ = 0 reduces in the examples above to the corresponding homogeneous
version

TV (w, ) ::/Q]Vw(x)\d$, TV, (w,Q) ::/ng(x,Vw(x))dx, and /Q\/QJC(Vw(x),Vw(x))dx

for w € WH(Q). The first in the last series is the linear—growth functional is obtained for f(£) = [¢]
Euclidean norm on R™ and takes the name of total variation (TV) integral, since it computes the total
variation of the w on 2. The TV can be regarded as limit case of the p—Dirichlet energy functional

Eplw] == /Q |\Vw(z)P dz, for p € (1,00)

defined for w € WHP(Q). Integrals of the form of &, will not be included in our treatment, being
the integrand f,(&) := [£|P only of p-growth in R". However, it is worth mentioning in our context,
since a standard approach to the degenerate case consists of treating first the p—energy functional
in the reflexive, separable space W1?(€2), and then sending p N\, 1 in the hope of preserving certain
properties for TV minimizers in WH!(Q). In our work, the generalization of TV to the anisotropic
total variation integral TV, plays a central role, together with its parametric counterpart represented
by the anisotropic perimeter of a set. In fact, on the one hand, the presence of ¢ allows to cover
multiple natural phenomena not direction—invariant in the gradient variable, as for instance in image
restoration and edge detection [47, 72, 30]; on the other hand, the positive homogeneity of ¢(z,.)
comes with the advantage of preserving coarea—type results, thereby ensuring a direct connection
to the parametric problem. We shall see later on that the possibly inhomogeneous functional F,,
associated to f can be expressed in terms of the anisotropic variation of the corresponding recession
function f: Q x R™ — [0,00), and that our minimization strategy for (1.0.1) essentially relies on the
reduction to a problem defined on an appropriate derived function of f°.

Literature overview and motivation: From semicontinuity to existence results. We first
focus on the existence of BV—minima for convex functionals with linear—growth satisfying a (weak)
boundary condition — temporarily neglecting the presence of a measure. In the work [57| from the
late 1970s, the authors proved the existence of minima under continuity and coercivity assumptions
for f. The reasoning proceeds via direct method of calculus of variations, after verifying that BV—
coercivity is preserved for the extension to BV(€) of the functional w — [, f(., Vw) determined by
its L(Q)-relaxation, whereas the missing ingredient of lower semicontinuity (in short, LSC) follows
from the crucial result of Reshetnyak for functionals on measures; see the later Sections 2.6 and 2.7.
At this point, the authors themselves point out how the existence statement can be easily extended to
the variant

inf/ [f(z, Vw(z)) + g(z, w(z))] dz (1.0.2)
Q

w

defined among functions with trace w = ug on 0S2, whenever g is Carathéodory and it satisfies a bound
of the kind

/Q 9@, w(x)) do

with constants C' € [0,1), ' € R and « as in the growth condition on f. If the term w — [, g(.,w) is
L!(€Q)-lower semicontinuous, then a minimizer of (1.0.2) always exists since (1.0.3) guarantees coerciv-
ity, whereas semicontinuity of the joint integral follows from the LSC of the two terms separately. The

<I'+ aC’/ |Vw(z)| dz for all w € W(l]’l(Q) (1.0.3)
Q



generality of the paper [57] is remarkable, especially considered that at that time the vast majority
of the mathematical community was rather invested in the specific study of the prescribed mean cur-
vature problem (PMC), with the generalization from minimal surfaces to surfaces of prescribed mean
curvature being marked by the additional presence of a function H: €2 — R. Notice that this latter
corresponds in our notation to a specific choice in (1.0.1), namely where f is the area integrand and
selecting only absolutely continuous measures p := HL™. In the range of a couple of years, the works
of Bombieri-Giusti [20], Giaquinta [56], and Giusti [58] dealt with solvability conditions for the PMC
problem for surfaces of prescribed mean curvature expressed by an L"—integrable function H on €Q:

min/Q (\/W-FH(]J)UJ(Z’)) dz (1.0.4)

w

possibly imposing a (weak) boundary condition w = ug on 9. In the framework of [77] and [59],
this is further extended by allowing H = H(x,t) for t € R, which consequently requires a suitable
reformulation of the measure term as a double integral. In order to approach the standard version
(1.0.4), one needs to introduce an extra bound for H in € in terms of P(A) perimeter of A C R™ in
the sense of De Giorgi:

< CP(A) for all measurable A C 2. (IC)

/AH(:c)da:

In the years, it has become praxis to name the expression above isoperimetric condition (IC) (or linear
isoperimetric inequality) for H with constant C' € [0,00), because it follows from the isoperimetric
inequality at least in the original case H € L™(€2). The bound in (IC) is well-known to be necessary
and sufficient to existence of minima of (1.0.4) in the space BV(€2), under the determinant assumption
C < 1. Interestingly, in the present work, we show that this is preserved for a large class of integrands
with linear growth under the IC for very general measures 1 (Result 2). To achieve this, we first need
to reformulate the functional on BV and in terms of more general Radon measures on 2 — that is,
measures possibly admitting a singular part for g with respect to £". Specifically, in the measure term
in (1.0.1) we integrate specific representatives of functions which are actually well-defined p-a.e. in
Q; on the other hand, the representative w* of w € WL(Q) (as well as wT, w™ in case w € BV(Q2))
cannot capture the behaviour of w on sets of codimension higher than one (see Section 2.2), hence if
the measure p is too fine the integral term is ill-posed. For this reason, we will always assume for our
measures the vanishing condition:

For Borel ZC Q, H"YZ)=0 = |u|(Z)=0.

We also record that an LP-lower semicontinuity theory for functionals including measures in such
generality was developed by Carriero-Leaci—Pascali [27, 28, 29| and Pallara [82] under p—growth con-
ditions. However, in our setting with p = 1 this is not sufficient to prove the existence of minima
because of a lack of compactness in W!(Q). Subsequent examinations on existence in the measure
case and for linear—growth integrals were carried out in [97] for the area functional under a stronger
IC for non—negative measures, as well as in the works [35, 36|, these latter however rather focusing on
weak solutions to the mean curvature equation in the viscosity sense. In recent times, the independent
works of [92] and [67] adopted a similar set of assumptions to approach L!-semicontinuity for the area
functional. Nevertheless, whereas in the paper of Schmidt [92] the analysis is fully parametric along the
lines of Massari’s results [70], in [67] Leonardi and Comi deal with the reformulation of the prescribed
mean curvature problem originally in the form of

/Q 1+ |Vw(z)]? dz +/Qw*(:c) dp (1.0.5)

3



4 Chapter 1. Introduction

and suitably extended to BV. It was precisely the promising results mentioned above driving our
motivation in the study of such variational problems with measures, and indeed the present dissertation
aims to establish an existence theory which incorporates the findings of both papers in a broader
framework. In doing this, we will partially rely on either quoting or rearranging proofs contained in
our papers [51, 52].

Isoperimetric conditions. We now aim to a generalization of the condition in (IC) to measures
in 2, thereby achieving the new IC

|u(A)| < CP(A) for all measurable A C 2 (1.0.6)

for some C' € [0,00). A more rigorous expression of (1.0.6) will appear later on, and we preliminary
record that it admits multiple interesting reformulations, which will be object of our study as well. In
particular, the parametric version of the IC as introduced above — that is, the IC on sets of the kind
of (1.0.6) — is equivalent to certain non—parametric formulations on suitable spaces of functions on €;
compare with the results in Chapter 3. Equivalent conditions for (IC) in the non—negative measure
framework were already studied by Meyers and Ziemer [76, 98] with the scope of achieving Poincaré’s
inequality in BV. However, in contrast to our result, the authors there allowed for adjustments of
the constants C' in the reformulations, whereas we are able to maintain the same bound in all of the
statements. Though our objective is minimizing the non—parametric functional (1.0.1), the equivalent
versions of the IC turn particularly usual insofar as a frequent shift to the parametric setting will be
employed at convenience in the treatment of our problem. Measures satisfying (IC) are sometimes
referred to as Guy—David measures, and — in view of their reformulation in terms of BV functions —
they identify elements of the dual of BV(€2). Conditions of the form (IC) have been vastly employed
in the literature in relation to the area functional (1.0.5), compare with [48, 95, 58]. The justification
behind this usage becomes clear when reasoning as follows: If restricting to regular — for instance,
twice—continuously differentiable — solutions u to the associated Euler—Lagrange equation

div <w> = inQ, (PMC)

V1+ |Vwl?

known as prescribed mean curvature measure (PMC) equation, we can integrate by parts on smooth
domains A € € of finite perimeter and inward normal vector v4 to A to get the necessary condition

VU'I/A d
84 /14 |Vul?

under the assumption |u|(0A) = 0; see, for instance, the result of [31, Theorem 2.2] for divergence—
measure vector fields. Hence, it is necessary that (1.0.6) holds for C' < 1. Furthermore, we shall see
that condition (1.0.6) is even sufficient to the existence of minimizers for (PMC), this latter provided
the constant C' is strictly smaller than one. The equation in (PMC) can be physically interpreted as
modelling capillarity, so that a solution function w identifies the position of a membrane (represented
by the graph of u) at equilibrium while subjected to a force determined by u. In the interesting case
of measures concentrated on sets of codimension one, such a model admits applications in the study
of water striders or thin insects resting on the water surface.

n—1

[n(A)] =

g/ A" = |D14[(Q) = P(A)
0A

When approaching the broader case of (1.0.1) in the class of functionals for f: Q x R® — R with
linear growth, we can still hope to determine necessary conditions introducing an upper bound for the
measure — this time in terms of a possibly anisotropic perimeter defined according to the recession
function f°°. Indeed, in a completely analogous fashion to our computation for the area functional, it
is possible to deduce an anisotropic variant of the IC (1.0.6) from the Euler-Lagrange equation

div[Vef(-,Vw)] =p in Q, (EL)

4



to which we add the boundary condition w = ug for the traces on 9€2. We will later show that these two
equations together preserve the role of necessary and sufficient condition to the existence of minimizers

of F.

A complementary PDE perspective. In parallel to the minimization problem for the BV—extension
of Fy,, we also concentrate on solving the elliptic PDE with measure (EL) under boundary condition
ug, where f, u, and ug are defined as above. Our interest is driven by the fact that (EL) represents
— at least for differentiable £ — f(z,&) and (weakly) differentiable w — the Euler-Lagrange equation
corresponding to (1.0.1). Nevertheless, we shall see that our assumptions are not limited, for instance,
to differentiable integrands f. In fact, for the precise expression of (EL) one should replace V¢ f( -, Vw)
with the set 0¢f(-,Vw) C R", denoting by O¢f the subdifferential of f with respect to the second
variable €. Yet another more prominent generalization of (EL) concerns its correct formulation in terms
of arbitrary functions with derivative measure, i.e., passing from w € Wi (Q) to w € BV(€2). To this
aim, we introduce a Borel field o: @ — R™ and impose the condition div(c) = p on the distributional
divergence of o in 2. Then, we identify o with an element of the subdifferential 0¢ f( -, Vw) pointwise
almost everywhere. As we shall see, this will lead to the reformulation of o € 0¢ f(-, Vw) given by

o€ L>®(Q,R") and f(,Vw)+ f*(.,0) =0 -Vw ae. in Q.

The last equality is defined in terms of the (possibly infinite) convex conjugate function f*(z,£*) :=
supgegn (£ - & — f(x,§)) of f with respect to the gradient variable, defined for all x €  and §* € R™.
For instance, one may verify that in the case of the total variation integrand f(£) := |¢]|, solving the

1-Laplace equation

div Vw =H in Q2 with Vw # 0 a.e. in
[Vl

corresponds to requiring the existence of a divergence—measure vector field ¢ such that
o-Vw = |Vw| ae.in Q, l|o||pee@rny <1 and div(o) = .

Specifically, we notice that the first bound determines o = Vw/|Vw| wherever Vw # 0, and a fortiori
|o| = 1 almost everywhere on {Vw # 0}. Alternatively, starting from the prescribed mean curvature
equation (PMC) and computing the conjugate of f, we obtain

o -Vw=+/1+|Vw]2 = /102 ae inQ, oL (rny < 1 and div(o) = p.

To extend this approach to any function w € BV(Q), we consider an operator between o and now
the full derivative Dw, so that we can extend the scalar product in a suitable way. Such a pairing
[o, Dw] was introduced by Anzellotti in 7] — see also [10]- to generalize the intuition of Kohn-Temam
[64] of a measure pairing between bounded admissible stresses o and displacement fields w, where the
two functions are extremals of a pair of dual convex variational problems arising in Hencky’s elasto—
plasticity theory. Anzellotti proved that such a pairing represents a Radon measure and that it verifies
an extended Gauss—Green formula in BV, and the pairing was related in the follow—up work [12] to
minimization problems for linear—growth integrals with additional terms in H € L"(Q). Starting from
its physical original setting, the theory of Anzellotti has then found various applications in multiple
aspects of mathematical analysis. In our context and concerning the minimal gradient problem, we
record the contributions of Mercaldo—Segura de Leén—Trombetti |73, 74|, who came up with the notion
of renormalized solution u, of the p-Laplace equation

div(|[VwP™>Vw) = H in Q

for H € L'(€) and defined for w € W5?(2), p € (1,00). Moreover, the authors have showed that
the pointwise limit u of w, computed for p ~\, 1 determines a specific BV solution of the 1-Laplace
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equation

div (,g:ﬁ') —H inQ forallwe Wy (Q) with Vw # 0 a.e. in Q.
Within this framework, solutions are defined in terms of the pairing of Anzellotti computed for trun-
cated vector fields. More recent applications of the pairing in connection to variational functionals with
linear growth include, among others, the contributions of [15, 87, 83, 71, 79, 80, 89, 38, 55, 63, 67].
Even solutions to the parabolic problems of mean curvature flow and (anisotropic) total variation flow
can be expressed as functions of Anzellotti’s pairing, as done for instance in [4, 5, 16, 6, 78, 1].

Furthermore, it is well-known that (EL) in the distributional sense determines a necessary condi-
tion to minimization of the functional (1.0.1) within the Sobolev space Wi, (), and we record that
by convexity of f(x,.) it is even sufficient. However, such a procedure cannot be straightforwardly
extended to the BV case, and we want to do so employing the latter pairing. A possible approach in
this direction was presented by Anzellotti himself in [11], and it involves explicit computations of first
variation formulas — for linear—growth integrands but no measure — in a suitable class of admissible
test functions. Nonetheless, we believe that an explicit verification of such a first variation condition
is rather challenging, since the equality should be tested for all admissible functions. Our method
proceeds instead along the lines of [67], relying on the introduction of a notion of BV—weak solution
to (EL) on the basis of certain extremality relations between functional minima and bounded vector
fields with divergence equal to the given measure pu. Such results are achieved by rephrasing the
minimization problem for (1.0.1) via Fenchel’s duality into a maximization problem among suitable
divergence—measure fields. To this aim, we shall work with suitable generalizations of Anzellotti’s
pairing which are a better fit for our framework, and which enable a full recovery of the original link
between variational and differential formulation.

In the remainder of Chapter 1, we provide an overview of the mathematical objects considered in
the dissertation, introducing the precise set of assumptions and highlighting the main original results
of each section.

1.1 Linear-growth functionals with no measure

We work in an open bounded set 2 C R™ with Lipschitz boundary, and we assign a function wug in
WHEL(R™) whose trace on 95 represents our (weak) Dirichlet boundary datum. Next, we state the core
set of assumptions on the integrand f defining the leading term of the functional. Notice that the
following Assumption 1.1 is set on the full domain R™ x R", whereas for our minimization purposes it
would be enough to have the properties listed below just for (z,£) € Q x R™. However, in the sequel
to this work, we will often make use of extended integrals defined on some larger set containing the
closure of €2, so that we find it convenient to introduce our hypotheses directly on the whole space
R”. Alternatively, one might require Assumption 1.1 on € x R™ only, and at need extend first to
fro: (QUUL,) x R™ — [0,00) on Uy, neighborhood of 2y € 99, to finally achieve a global extension
of f via partitions of unity. A more detailed explanation is postponed to Remark 2.64 in the next
chapter. Similarly, the choice of introducing the Dirichlet datum wuq directly as an element of W (R™)
— instead of working, for instance, with boundary traces on 02 — enables us to avoid the passage to
Sobolev extensions on neighborhoods of the boundary.

Assumption 1.1 (admissible integrands). We consider lower semicontinuous Borel functions f: R™ x
R™ — [0, 00) with f = f(x,&) such that:

(i) The restriction £ — f(x,&) is convex for every z € R";

(ii) There exists a € (0,00) such that f(z,§) > alé| for all z, £ € R™;
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(iii) There exists 8 € [a, 00) such that f(x,&) < B(|¢] + 1) for all z, £ € R™.

Whenever needed, we will also impose the continuity assumption on f with respect to both variables,
and/or full continuity of the recession function f*° of f, defined as f>(x,&) := lim;_,o+ tf(x,&/t) for
(xz,£) € R™ x R™; a more rigorous explanation is postponed to Section 2.6.1.

We point out that condition (ii) is set to achieve coercivity of the corresponding integral in BV (Q),
whereas (iii) establishes a linear control from above on the growth in the gradient variable. Altogether,
assumptions (ii)—(iii) guarantee well-posedness of the first—order functional with null measure

= / f(z,Vw(z)) de  for all w € Wlljol(Q). (1.1.1)
Q

For lower semicontinuous, convex, p—coercive functionals of order 1 defined in the space W}L’Op(Q) with
p € (1,00), the existence of minimizers follows from (weak) semicontinuity by the direct method.
However, as already mentioned, a lack of compactness prevents a straightforward application to the
limit case p = 1. For this reason, we suitably extend the functional (1.1.1) to the (weakly— compact)
space BV(§2) achieving

S
f(. Do) ( / f(,Vw) dx—l—/ £ ( dd|gs |> d|DSw|+/aQ (., (w—up)vg) dH™ ! (1.1.2)
for all w € BV(Q), where w"0 is the extension by ug on the complement of §2. The introduction of the
positively 1-homogeneous recession function f> enables us to generalize (1.1.1) to functions w with
non—null singular part of the derivative measure D*w. It is evident that the expression above reduces
to FJ, on the Dirichlet class W (). In regard to the minimization problem for (1.1.2), we record that
the previous (strong) boundary condition w = ug on 952 is here replaced by the presence of a non—
negative boundary term | a0l (., (w—ug)rg) dH" !, which introduces an anisotropic penalization
linear in the distance of w from wy. Moreover, from [57] we know that the expression (1.1.2) represents
the L!(Q)-relaxation of FQ | that is the functional defined as

ug?

F% [w] := inf {lign inf/ f(x, Vwg(x)) dz : Wzliol(Q) S wp — win Ll(Q)} for w € BV(Q).
— 00 Q

Then, FY, is the largest L!-lower semicontinuous functional below FO, u, on the Dirichlet class Wuo Q)
— that is, the LSC enwvelope of F . Consequently, if F?LO itself is LSC on its space of definition, we

achieve even equality — that means, F, = FJ on W}L;)l(Q). Under our specific assumptions on f, the
fundamental contribute of Reshetnyak’s Theorem 2.67 determines semicontinuity of (1.1.2) with respect
to the L*(Q)-topology, hence FO [w] is larger or equal than the value of the functional (1.1.2) evaluated
on each w € BV(Q), and existence of BV-minima for w — f(., Dw"0) () follows from the assumption
(ii) and the direct method. Furthermore, in case the integrands are even continuous, an approximation
result via sequences with fixed boundary datum wug together with a version of Reshetnyak’s continuity
theorem yields exactly equality, whence a full characterization of relaxation for functionals with linear

growth. We refer directly to [57] for further details.

1.2 Linear-growth functionals with measures. Assumptions and main
results

Clearly, the existence results mentioned above are still in place if we consider a functional defined on
BV(£2) given by the sum of our previous w + f(.,Dw*®) () as in (1.1.2) and the measure term

BV(Q) > w+— /QH(az)w(a:) dz, (1.2.1)

7
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which from the embedding BV(Q) < L (Q) = L™ (Q) is well-defined and weak— continuous in
BV whenever H € L"(Q2). Therefore, as observed in [57], the sum functional preserves our required
semicontinuity; further examples of measure terms which are LSC per se were extensively investigated
in the literature. In this regard, the innovative aspect of our treatment — as well as in the works [92, 67]
— consists of considering as measure—dependent term the functional

BV(Q)>w — /w_ dpy —/w+ dp— (1.2.2)
Q Q

with representatives w¥ taking the upper/lower value of w on the jump points, and where .+ are
non—negative finite Radon measures on €2 vanishing on sets of Hausdorff dimension smaller or equal
than n — 1 and satisfying g = puy — p_ in Q. Clearly, when restricting to WH1(€2), we can replace w®
with the precise representative w* in both integrals. Notice that, whenever p4+ has a non—null density
H € L'(Q) with respect to £L", we recover precisely the integral (1.2.1). To ensure that both terms
above are well-posed, we need to impose the following assumption.

Assumption 1.2 (admissible measures). For non-negative Radon measures py and p— on 2, we
suppose g4 (Z) = 0 for every H"'-negligible Borel set Z C €2, and that

/ wh dus < oo for every non—negative w € BV(Q2).
Q

With Assumption 1.2 in place, our complete functional on BV is well-defined and composed of a
LSC term in f together with a (possibly non—semicontinuous) measure integrand term (1.2.2). There-
fore, we cannot reason as in the examples mentioned above, but we rather aim to establish semicon-
tinuity of the full functional via a compensation effect between the two terms arising from a suitable
IC depending on the recession function and its mirrored version f>(z,&) = f*(x, —¢§). Explicitly, we
shall set

—CPx(A) < p_(AY) — ps (A7) < p_(A") — py(A') < CPy=(A) for measurable A € Q, (1.2.3)

with some constant C' € [0,00) — and we record that in the following C' will be at most equal to one.
Here, A' and A™ denote respectively the measure-theoretic interior and closure of A, corresponding in
the parametric setting to level sets of the function representatives w™, w™. We shall see in Chapter 3
that requiring (1.2.3) corresponds to the validity of a joint so—called f*—IC for (u—, u+) and a f°-IC
on {) with constant C.

Below we state our main result on semicontinuity.

Result 1 (lower semicontinuity). We let up € WHH(R™), an open bounded Lipschitz 2 in R™, and j+
admissible measures on Q. We consider a continuous function f: R™ x R™ — [0,00) admissible in the
sense of Assumption 1.1 and furthermore satisfying:

(H1) The recession function f*° is continuous on R™ x R™;
(H2) There exists M € R such that f(x,£) > f>(x,&) — M holds for all (x,§) € R™ x R™.

Then, if (1.2.3) holds with constant C = 1, the functional F: BV(Q) — R defined as

Fluw] = f(.,Dw") (@) — /

whdu_ +/ w-dug  for allw € BV() (1.2.4)
Q Q

is lower semicontinuous in BV () with respect to convergence in L().



1.2. Linear—growth functionals with measures. Assumptions and statement of main results 9

In reference to the assumptions of Result 1, we point out that the choice of (H1) is quite standard,
whereas the additional condition (H2) is rather a technical assumption motivated by our proof strategy.
Indeed, the presence of (H2) allows us to achieve convexity of some auxiliary functional defined in
dimension n + 1, as further elaborated in the next Section 1.3 and then in more detail in Chapter 5;
compare also with [52, Remark 4.9].

From Result 1 and coercivity, we deduce by direct method the claimed existence result.

Result 2 (existence). Under the hypotheses of Result 1 and assuming that (1.2.3) holds for some
C €10,1), the functional F admits at least a minimizer in BV (§2).

Here, the strict upper bound for the constant C' in (1.2.3) is fundamental to guarantee coercivity
and therefore to ensure existence. Nevertheless, theoretically it could be possible to look for functional
minimizers in the borderline case C' = 1 without resorting to the direct method. This will be investi-
gated after the proof of Result 1 in the last section of Chapter 5, and we shall see that under the IC
with C' = 1 the answer to existence is positive only for homogeneous integrals with bounded wyg.

In a wholly analogous manner to the measure-null case (1.1.2), the LSC Result 1 yields the trivial
inequality between the L!(Q)-relaxation Fye of Fy, and the functional F:

Flw] < Frafw] := inf {th;n inf/ f(, Vwy) dz +/ wi dp: Wi,ol(Q) S wp — win Ll(Q)}
—00 (9} QO

for every w in BV(£2). Actually, we are even able to identify F with the L!(Q)-relaxed functional of

the combined integral

Fuo[w]:/ﬂf(.,Vw) dx—l—/ﬂw*d,u for w € WLL(©),

where the remaining equality follows from a suitable area—strict approximating result. We shall see
that such an approximating sequence can only be expected provided that the measures p4+ not only
satisfy (1.2.3), but they are even mutually singular on §) — meaning, their supports are disjoint in 2.

Result 3 (recovery sequences with prescribed boundary values and consistency). We set a datum
ug € WHL(R™), an open bounded Lipschitz Q@ C R™ and a continuous integrand f as in Assumption
1.1 such that (H1) holds. We suppose that ps are mutually singular admissible measures on ). Then,

for any w € BV(Q), there is a sequence (wy,) in W (Q) achieving

Flw] = lim Fy[wg], (1.2.5)
k—o0

and with extensions w0 := wlq + uO]IU\ﬁ, w0 = wilg + uo]lU\ﬁ, respectively of w, wyg to some

open bounded domain U 3 Q, such that

wg " —— w" area-strictly in BV(U) .
k—o0

Furthermore, recalling that ]:‘Wi,ol(g) = Fy,, from (1.2.5) it is Bi\}l(g)]: < W}EEQ) Fy, < kl;nolo Fuolwi] =

Flw], whence passing to the infimum for w in BV(Q2) we deduce the equality

inf F= inf F,,. (1.2.6)

BV(Q) W ()

If additionally (1.2.3) is in place with C' = 1, the functional definition of (1.2.4) is consistent with
the extension by lower semicontinuity of the Sobolev functional ¥, that is F = Fpe on BV(£2).

The proof of Result 3 is postponed to Section 6.2.1.
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1.3 Lower semicontinuity from homogeneous to general functionals

We now briefly mention some intermediate steps in the proof of the semicontinuity Result 1. Our
starting point is achieving LSC for the subcase of (1.2.4) where the leading term is given by the
anisotropic total variation functional, which, taking into account the measure integrand, is

Plw] = |Dw|,(€2) + /BQ o( -, (w—ug)rg) dH" 1 +/

w” dpy — / whtdp_  forw e BV(Q) (1.3.1)
Q Q

under admissibility assumptions for p+ and defined for some anisotropy ¢: QxR™ — [0, 00) — namely, a
Borel function ¢ positively 1-homogeneous in its second argument. To prove that the functional (1.3.1)
is semicontinuous under a suitable IC with constant C' € [0, 1], we first obtain lower semicontinuity for
the (parametric) anisotropic perimeter functional

Po(A) 4+ pup (AY) — p_(A")  for measurable A C R

on sequences of Borel sets (locally) convergent in measure. This is achieved by an adaptation of
the good exterior approximation result in [92, Lemma 4.4] to our measures py and to anisotropic
perimeters. The crucial point lies then in transferring the result to the non—parametric problem via
successive applications of the anisotropic coarea result

Duwl, (U) = /Oo P, ({w>t},0)dt for all w € BV(D)

—00

for U C R™ open, combined with layer—cake formulas for the representatives w® of functions w in
BV(U):

/Uw_dy:/ooou({w>t}lﬂU)dt and /Uw+dy:/0°o,,({w>t}+m])dt_

We refer respectively to the semicontinuity Theorems 4.5 and 4.8 in Chapter 4 for rigorous statements
and their corresponding proofs. Then, once the homogeneous case is sorted out, we investigate LSC of
the functional F in its most general form. The reasoning behind this is twofold.

e On the one hand, we rely on the simple realization that the area of the graph of a differentiable
function w over a domain €2 C R™ coincides with the integral of the norm of the normal vector
(Vw(x),—1) at every point (x,w(z)), which in turn is the total variation of the function xo+w(x)
on the cylinder-type domain (zg,z) € (0,1) x Q =: Q4. In formulas, we write

A(w, Q) :/S2~/1+ Vo@)E dz = |(1, V)| (Q)

Keeping this basic case in mind, we can associate to any integrand f: R™ x R" — R under
Assumption 1.1 a specific choice of anisotropy ¢ in R™! that is now 1-homogeneous in the
joint variable (§p,&) in R x R™. Here, we additionally insert an extra variable xyp € R to jus-
tify integration on the product domain €2,. We briefly mention that the real variables xg, &
are introduced to enable the lifting argument mentioned, therefore constructing a homogeneous
integrand ¢ = o((xo, ), (&0, &)) on Qg x R™F1 starting from our original function f = f(z,¢)
defined on 2 x R™. The additional assumptions (H1) and (H2) play here a determinant role, as
they enable for such ¢ to satisfy all hypotheses of the semicontinuity Theorem 2.78. Simultane-
ously, we introduce the extended measure p := £ ® p defined on Q, and then work with a
restricted class of BV functions on € composed of elements of the form wy(xo, x) := xo + w(x)
for w € BV(Q2). A more extensive analysis is postponed to Chapter 5.

10
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e Besides, we want to identify the correct isoperimetric conditions to guarantee solutions of the
(possibly inhomogeneous) functional F. To fix the ideas, we consider once again the area inte-
grand f(§) = /14 [£]? in R™. As already mentioned, integrating by parts the corresponding
Euler-Lagrange equation (PMC) we get the bound |u(A)| < P(A) for all A € € regular of fi-
nite perimeter. Nonetheless, one may check that the same procedure applied to the 1-Laplace
equation

div (|§w|> =p in Q for Vw # 0 a.e.
w

yields exactly the same condition, being Vw/|Vw| a unit vector field. This suggests that the IC
takes into account only the homogenized part of f, namely the recession function f°°. Obviously,
in case the integrand is already homogeneous, the function involved in the IC will be f itself. By
doing so, we can link our semicontinuity problem in f to our previous LSC result for anisotropic
functionals (1.3.1), with a given anisotropy ¢ on R™*1.

Whereas the LSC and coercivity results remain unaltered in passing from homogeneous to general
linear—growth integrands, concerning the existence of minima in the limit case of the IC, we observe a
different behaviour. In fact, when (1.2.3) holds for C' = 1 (meaning, no smaller constant does satisfy
the condition), we distinguish the following cases:

o If ug ¢ L>°(R"™), in general existence of minima fails. The counterexample 5.15 shows that the
infimum might not be achieved already for homogeneous functionals.

e For boundary data ug € L°°(R™), the functional F admits BV-minima only for f = f* + ¢,
for some ¢ € R (where clearly the presence of a constant does not affect the behaviour of F).
Essentially, this only happens when we reduce to the homogeneous case (1.3.1). Such a conclusion
arises from a truncation argument, and Example 5.16 shows that this is not expected to hold for
arbitrary functionals.

This covers up the totality of admissible cases for existence, since an IC with (minimal) constant
strictly larger than one determines not only loss of coercivity, but even unboundedness from below of
the functional F.

1.4 Duality theory for linear-growth functionals with measures

Given the minimization problem (1.0.1), we then focus on determining its dual reformulation following
the theory of convex duality (or Fenchel’s duality) as extensively discussed in the monograph [44].
The procedure is standard in convex analysis in finite—-dimensional spaces, it involves mathematical
objects such as the convex conjugate f* of a function f and the relation between the two functions as
expressed in Fenchel’s inequality. The scope of such a theory is to obtain a maximization problem in a
class of divergence—measure vector fields, which admits solutions and is equivalent to the original one
— namely, so that the values of extremals are preserved. This way, we can relate solutions of the two
variational problems in order to determine some optimality conditions.

We anticipate that, under the usual admissibility assumptions on mutually singular p+ and letting
1= p4 — p—, the primal variational problem

inf F= inf (f(-ij“O)(Q)—/

BV(Q) weBV(Q) Q

whdp_ + /Q w™ d,u+> (P)

admits as a corresponding dual problem

. _ * * k
UEL‘i’L}g,R") </Q[J Vug — f*(.,0)] dac—l—/(zuodu) (P*)

div(o)=p

11
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for f* convex conjugate function of f with respect to the gradient variable. A major advantage is that
the dual problem always admits maxima, regardless of the existence of minima for F — considering
any element to be a maximizer in case the supremum is —oo. This happens because the term o +—
Jo [*(xz,0(x)) da is always LSC, whereas the remaining integral term depending on Vug is continuous,
hence o +— fQ o - Vug — f*(.,0) results upper semicontinuous. Moreover, we anticipate that the linear
growth assumption on f determines f*(.,0) = co almost everywhere on §2 whenever ||o|[1e @ rn) > 0,
so the dual problem (P*) is reduced to maximization on a bounded domain in L*°(, R™).

One way to achieve the equivalence of the two problems (P), (P*) is making use of the vast abstract
duality theory developed by Ekeland-Temam [44, Chapter III, IV and V| and thus working on the dual
space of finite Radon measures on 2. Nevertheless, this approach is rather involved, as there is no
explicit expression for the involved space [RM(£2, R™)]*. And at the same time, abstract duality relies
on an articulated measurable selection argument to explicitly compute the conjugate functional of the
term in f; compare with [44, Chapter IX, Section 2.1|. For such reasons, we rather follow a different
approach, determining first the dual of the minimization problem in qujol, and then justifying the
passage to BV via the equality of infima in Result 3. Even concerning duality in the space Wi’ol,
we prefer to employ a step—wise regularization technique instead of the abstract theory. In detail,
assuming in any case convexity of the integrand f = f(x,¢) in £, the procedure is the following.

STEP 1. We first prove a duality formula in W}L’OQ for £ — f(z,&) differentiable with quadratic growth
and Wh2-coercive (Theorem 8.25);

STEP 2. Then (Theorem 8.28) we pass to the dual formulation in Wq}t’ol for £ — f(z,€) differentiable
under linear—growth exploiting coercive approximations of f;

STEP 3. Finally, we achieve the Wy," duality for any convex & — f (z,€&) with linear growth (Theorem
8.29) via appropriate sequences of differentiable approximants.

Our main accomplishment in this context combines the existence Result 2 with the consistency
Result 3 to achieve the subsequent statement.

Result 4 (duality formula in BV). We fiz ug € WHL(R?), Q C R™ bounded with Lipschitz boundary,
and pt admissible measures on €1 which identify the Jordan decomposition of the measure p on ).
Then, for any continuous integrand f: R™ x R™ — [0,00) admissible as in Assumption 1.1(H1), we
have the coincidence
(P)= inf F,, =(P*) € [—00,00)
Wap ()

and the dual problem (P*) always admits mazimizers (possibly with value —o0). Furthermore, if the
condition (1.2.3) holds for C € [0,1) in Q and the additional assumption (H2) is verified, then both

mfimum and supremum of the primal and dual problem are attained.

As a corollary of the duality formula, we will see that maximizing vector fields o of problem (P*)
coincide with subgradients of f evaluated on gradients of some minimizers of (P), provided these latter
exist.

Result 5 (optimality conditions in BV). Under the assumptions of Result 4, we let u € BV(Q) and
o € L*(Q,R"™) with div(c) = u. Then, u is a solution of (P) and o is a solution of (P*) if and only
if both of the following hold:

(a) o(x) € Ocf(x,Vu(z)) for L-a.e. x € Q; and
(b) [o,Duls, = f>° (.,D%u) + f (., (u — ug)vo) K" LIQ as measures on Q2.

Moreover, under differentiability of f(x,.) on R™ for a.e. x € Q and assuming the existence of a
minimum of (P), the solution o of the dual problem (P*) is unique up to L™-negligible sets.

12
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We believe that a brief comment on Result 5 is in order. For u € BV(£2), we recall that the writing
Du = VuLl™ + D®u identifies the Radon-Nikodym decomposition of Du. The symbol [o, Du],, in
(b) denotes an up—to—the-boundary variant of the Anzellotti pairing between functions and measures,
which takes into account the weak Dirichlet boundary condition and is a finite Radon measure on
R™ with singular part [o, DU]]ZO with respect to L™; see Chapter 7. We additionally remark that the
relation in (a) can be expressed in terms of the convex conjugate function of the integrand f and
inverting the roles of v and ¢ by an application of the conjugate operator, that is

(a) Vu € Og« f*(x,0(x)) for LM ae. x e Q.

Applying the properties of the pairing, we shall see that yet another reformulation of (a) in terms of
the absolutely continuous part of [o, Du]y, is

(@") (o-Vu)L" = [o,Du]i, = (f(., Vu) + f*(.,0))L" on Q.

We stress that no joint isoperimetric condition is assumed for Result 5; nevertheless, we shall see
(Proposition 5.1) that, in absence of (1.2.3) for C' € [0, 1], the functional F becomes unbounded from
below, hence no minimizers u exist — and even the class of weak solutions of (EL) introduced next
would be empty.

Taking the last result 5 into account, we can finally present a meaningful notion of solution to the
formal Euler-Lagrange equation (EL), as expressed in the next Definition 1.

Definition 1 (weak solution of Euler-Lagrange for linear-growth integrals with measures). We consi-
der a continuous function f: R™ x R™ — [0,00) admissible as in Assumption 1.1(H1). Given an
open set 2 bounded and Lipschitz in R™ and measures u+ admissible on €2 representing the Jordan
decomposition of u on €2, we say that a function v € BV() is a weak solution of

div[Vef(-,Vw)] = p in Q (EL)

under the Dirichlet boundary condition ug € WL(R") if there exists a vector field o € L*®°(Q,R")
satisfying div(o) = p as distributions on 2 and

[o, Duluy, = f(., DT*)LQ + f*(.,,0)L"LQ as finite measures on Q.

With such a notion at hand, we will prove that (EL) maintains its original meaning of both
necessary and sufficient condition to determine functional minimizers in Wi’ol(Q), that would be our
later Proposition 8.32.

1.5 Thesis structure

We have so far presented the general purpose and enunciated the most prominent results of this
dissertation. Below we provide a comprehensive and more detailed list of contents and the thesis plan.

e In Chapter 2 we fix our notation and recap some essential results in geometric measure theory
and convex analysis. Specifically, we discuss functions of bounded variation (BV), sets of finite
perimeter, and useful slicing properties of rectifiable sets. Then, we introduce functionals of
measures and corresponding (semi)continuity properties, as well as the essential assumptions on
anisotropies, which pave the way to our semicontinuity theory in the homogeneous case. We
also recall properties of truncations of BV functions, in addition to some approximation results
for later usage. At the same time, a strong emphasis is given to the notion of representatives
of functions and to sets of assigned density. These will play a determinant role in the correct
formulation of our minimization problem in BV.

13
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We then dive into the original contributions, which are exposed separately and ordered in two large
Parts, with focus respectively on the primal minimization problem and on its dual reformulation.

e A common ground for both Part [ and Part II is the presence of admissible measures as intro-
duced in Definition 3.3. In Chapter 3, we partially reprise notions from [92] and [67] to provide
a rigorous definition of isoperimetric conditions (ICs) for pairs of non-negative Radon measures
admissible in the previous sense, and we illustrate our assumptions with the help of examples.
Then we prove an equivalence result (Theorem 3.11) between parametric and non-parametric
formulations of the ICs. Moreover, since the intuitive generalization of (1.0.1) into (1.2.4) is
obtained when considering our measure components p identifying the decomposition of pu, in
Theorem 3.16 we provide equivalent conditions to ICs in the specific case of mutually singular
pairs of measures.

PART 1

e Chapter 4 deals with semicontinuity and existence theory for minima of anisotropic functionals
(whose prototype is the TV functional) depending on measures under the IC (1.2.3) with con-
stant C' < 1 and as formally introduced in Chapter 3. We will first address semicontinuity for
the parametric reformulation in (1.3.1). In detail, Lemma 4.4 of Section 4.2 determines a set
which nicely approximates sequences of sets of finite perimeter converging in measure; we then
employ the latter Lemma and a weaker form of IC to achieve lower semicontinuity of anisotropic
perimeters with measures. Finally, Section 4.3 exploits the statement of Theorem 4.5 to prove
semicontinuity of the (non—parametric) functional d (Theorem 4.8) via the passage to auxiliary
functionals defined on the full space BV(R™).

e The lower semicontinuity results for the homogeneous case are then generalized in Chapter
5 to the wide class of integrals with linear growth convex in the gradient as introduced in
Assumption 1.1. This is achieved by interpreting inhomogeneous functionals as a particular
case of a homogeneous one in dimension n + 1, up to summing some terms which do not affect
semicontinuity. Employing the statements of the previous chapter rephrased in terms of an extra
lifting variable and similarly extending admissibility of measures as well as the ICs, we are now in
the conditions of proving Result 1. Moreover, in Section 5.1 we demonstrate that the value C' =1
determines a threshold for coercivity and boundedness from below of the functional, and joining
these considerations together we conclude the validity of Result 2 for C' < 1. The last Section
5.3 takes into account the limit case of the IC, where we compare existence results between the
homogeneous and the most general case.

e The scope of Chapter 6 it twofold. On the one hand, assuming mutual singularity of p4,
we prove the existence of recovery sequences in Wh! for the full BV-functional in (1.2.4). If
one allows for functions of arbitrary trace on the boundary, Theorem 6.2 follows easily from
a truncation argument — and we even find smooth approximants. The analysis differs when
prescribing a boundary trace ug for the recovery sequence, and some more machinery (including
multiple applications of area—strict approximations) is required to obtain the convergence (1.2.5)
in Result 3. In such a case, via the above—mentioned semicontinuity Result 1, we conclude that
even the equality between infima (1.2.6) holds. In the last Section 6.4, we adapt the theory
of semicontinuity to achieve the liminf-inequality for the I'-limit F of sequences of functionals
with varying measures. An analogous I'-convergence result (Proposition 6.6) for sequences of
functionals extended via different boundary values is a straightforward consequence of the strict
convergence of traces.

14



1.5. Thesis structure 15

PART II

e The second half of the work encloses the theory of convex duality stated for our minimization
problem in Part I. To express the minima—maxima optimality relations in BV for our problem,
we rely on a specific Radon measure depending on a given L*®—vector field and (the derivative
measure of) a BV function. Such a measure was introduced by Gabriele Anzellotti in [7] for
continuous BV functions and divergence vector fields, later on reprised and expressed in broader
generality by [32, 33|, and finally extended to an up-to-the-boundary variant in [15, 87, 89].
In Chapter 7, we provide an adaptation to our framework of the up—to—the boundary pairing
by selecting appropriate BV representatives. This latter version of Anzellotti’s pairing turns
out to be extremely useful when treating boundary problems of the kind considered in Part I
Finally, we extend the set of known properties to the new pairing; in detail, we record a recovery
sequences result consistent with our choice of representatives (Proposition 7.10), the boundary
trace result of Proposition 7.13 which extends the statements in |7, 87|, and lastly a control on
the measure in terms of conjugate and polars of arbitrary functions.

e The explicit formulation of the dual maximization problem (P*) of (P) is achieved in Chapter
8 (Section 8.2) via a step—wise approximation procedure. To do so, first of all in Section 8.1 we
recap some preliminaries on convex conjugate functions, images of subdifferentials, and infimal
convolution. Then, specializing to our case f = f(z,&), we determine two kinds of approximants
for f (via Moreau regularization or W'2-coercive sequences) and their related features. We
finally combine the duality results with properties of the pairing treated in Chapter 7 to link
the solutions of the primal and dual problem, expressing extremality conditions in terms of the
pairing itself; with these latter, we achieve Results 4 and 5. Furthermore, going back to the
notion of weak solution introduced in Definition 1 to the equation (EL), in Proposition 8.32 this
is demonstrated to characterize BV minimizers for the corresponding functional F. In the final
sections of the dissertation, we focus on specific conditions to guarantee uniqueness and enunciate
some supplementary regularity results for solutions of (P*) and (P).

15



Chapter 2

Preliminaries

In the n—dimensional Euclidean space R™, n € N, we consider Lebesgue—measurable subsets A and
we denote with |A| their n—dimensional volume. To express the coincidence of sets or functions up to
Lebesgue—negligible sets, we say that equality holds almost everywhere (in short, a.e.). We employ
the writing B, (x) to indicate the open ball centered at point € R™ of radius r € (0,00); for z = 0,
we just refer to B,. We recall that w,, := |By]| is the volume of the unit ball in R", whose topological
boundary OBj is the (n — 1)-sphere S"~!. For any k € [0,n], we denote with H* the k-dimensional
Hausdorff measure on R™. With the usual notation Int(A4), A (or, whenever convenient, cl(A)) we
refer respectively to the topological interior and closure of the set A C R™ with respect to the norm
topology, and 14 is the characteristic function of A. For p € [1,00] and X C R", we indicate with
LP(X), WFP(X), and C¥(X) respectively the (real valued) Lebesgue space of p-integrable functions,
the Sobolev space of k—times weakly differentiable functions in L?(X), and the space of k—times con-
tinuously differentiable functions on X — each with its corresponding local version obtained adding the
subscript loc. For functions with compact support, we use the subscript ¢, whereas for the closure of
functions with compact support in a given space we add the subscript 0.

For a locally compact subset X of R™, B(X) is the Borel o—algebra of X — that is, the smallest
o—algebra generated by the open sets of X. A non-negative (Borel) measure p on X is a o—additive
set function p: B(X) — [0,00] such that u(@) = 0, and we implicitly understand all measures p to
be completed to the larger o—algebra of p—measurable sets in the spirit of [3, Definition 1.40]. A
non—negative measure p is finite provided p(X) < oo, and it is Radon in case u is just locally finite —
i.e. u(B) < oo for all B € B(X) relatively compact in X. The space of equivalence classes of functions
f on X such that |f|P is pu—integrable is denoted by LP(X; i), omitting the second argument in case
p = L™ Two non—negative measures 1, pz on X are mutually singular (written py L po) if there
exists A € B(X) such that p1(A4) = pa(X \ A) = 0. For m € N, an R"™—valued (Borel) measure is
a o—additive mapping v: B(X) — R™ such that v(0) = 0. We say that v is vector-valued whenever
m > 1, whereas v is a signed measure if m = 1. For a v—measurable set A C X, the restriction of v to
Ais vLA(B) := v(AN B). A set function v defined on the relatively compact Borel sets of X with
values in R™ is a Radon measure on X, written v € RMjoc(X,R™), if () = 0 and v is o—additive.
For any R"—valued measure v on X, we define its total variation |v| as the (non—negative) measure

|v|(B) := sup {Z lv(B;)|: B= U B; B; € B(X) pairwise disjoint } for every B € B(X),
ieN ieN

which clearly enjoys |v|(B) > |v(B)| for any B Borel. If v Radon measure is defined on the whole B(X)

and satisfies |v|(X) < oo, we say that v is a finite Radon measure on X. Assigned m € N, the space of all

R™-valued finite Radon measures on X is RM(X,R™) := {r € RMjo.(X,R™) : |v|(X) < oo}, endowed
with the norm |[v||[ga(x,rm) = [v[(X). From now on, we omit the target space when working with

16



2.1. Fundamentals of measure theory 17

signed Radon measures, and we refer to RMj4¢)(X) in place of RM,¢) (X, R). The support of an R™—
valued measure v is defined as supp(v) :=cl({x € X : |v|(U) > 0 for all U neighborhood of = in X}).
For a signed measure v on X, we introduce its positive (respectively, negative) part vy := (|v| 4+ v)/2
(or resp. v_ := (|v| —v)/2). We refer to the writing v = vy — v_ as the Jordan decomposition of
v. Mutual singularity between measures is extended to vector—valued measures v, v5, and we shall
say that v is singular to vy if the corresponding total variation measures are mutually singular, and
in such a case we record |1 + va| = |v1| + |v2|. A measure v is concentrated on the set B € B(X) if
lv[(X \ B) =0.

Given a non—negative, o—finite measure p and any R™—valued measure v, we say that v is absolutely
continuous with respect to p (and write v < p) if for every B Borel such that p(B) = 0, then
|v|(B) = 0. In the definition of absolute continuity, we set the o—finiteness assumption on p to render
the definition consistent with the statement of Radon—Nikodym’s Theorem 2.1 and with the Lebesgue
decomposition Theorem 2.2. For instance, regardless of the fact that #*(A) = 0 for some k < n and
measurable A C R™ implies L"(A) = 0, yet we do not formally say that the measure £ is absolutely
continuous with respect to H* — being this latter measure not o—finite on R™. Measures such as in the
last example will play a prominent role in the present work.

2.1 Fundamentals of measure theory

We begin with the following fundamental measure—theoretic result in the formulations of [90, Satz
2.45], [46, Theorem 1.30], and |3, Theorem 1.28].

Theorem 2.1 (Radon—Nikodym). Given a non—negative, o—finite measure p on X and an R™-valued
measure v on X absolutely continuous with respect to u, there exists a p—measurable function f: X —
R™ uniquely defined p—a.e. in X and such that

V(B):/de,u for all B € B(X),

written v = fu. If p € RM(j60) (X, R™), then f € L%loc)(X, R™; ).

We refer to v as basis measure and to f as the Radon-Nikodym density of v with respect to
i, and we will denote f via the formal ratio dv/du. Closely related to Theorem 2.1 is the following
measure decomposition result (see e.g. [90, Satz 2.46], [46, Theorem 1.31], [3, Theorem 1.28]).

Theorem 2.2 (Lebesgue decomposition). Let p be a non—negative, o—finite measure on X and v an
R™—valued measure on X. Then there exists a unique pair of R™-valued measures (v*,v*) on X such
that v =v* 4+ v°, v* < u and v° L pu.

The measure v is called the absolutely continuous part of v with respect to u, whereas v* is
its singular part. Applying Theorem 2.1 to the absolutely continuous part of v, so that v* < u, we
can write v* = fu for the Radon-Nikodym density f = dv®/du. Overall, we obtain the unique writing

v=fp+p
As a corollary of the two theorems above and recalling that any measure is absolutely continuous
with respect to its total variation, we obtain the following.

Corollary 2.3 (polar decomposition). If u is an R™-valued measure on X, there exists a unique
function f: X — R™ such that:

e |f| =1 holds |u|—-almost everywhere on X; and
o = flul.

17



18 Chapter 2. Preliminaries

We record that the space RM (X, R™) endowed with the total variation measure as norm is a Banach
space; nevertheless, when working with Radon measures, the norm (or strong) convergence is usually
too restrictive. For this reason, we rather employ two kinds of weaker convergences — namely, weak—x
and (different kinds of) strict convergence — in the space of finite Radon measures, which heavily rely
on the characterization of RM (X, R"™) as dual space. In fact, Riesz’ representation theorem states that
RM(X,R™) is isometrically isomorph to the dual space of Co(X,R™) (the latter being defined as the
completion of C.(X,R™) with respect to the supremum norm) via the identification of any measure
€ RM(X,R™) with the functional fX @ - dp defined on all p: X — R™ continuous and vanishing at
infinity; see, for instance, [3, Theorem 1.54].

From now on, we will replace a generic locally compact X C R" with U open in R".

Definition 2.4 (weak—* convergence in RM). For U open in R", we say that a sequence (u)r in
RM(U,R™) converges weakly—* to . € RM(U,R™) for m € N, and write pj, — g, if (jug)p weakx
converges to u as a linear functional on Cy(U,R™), namely if

lim [ @ -dug = / p-dp  for all ¢ € Co(U,R™).
U

k—00 U

Similarly, for (ug)g, g in RMjec (U, R™) we define local weak—+ convergence employing the Riesz’ duality

with the space Cc(U, R™). Moreover, we intend convergence of (ug)i to p weakly— in RM (U, R™) as

the convergence fﬁga ~d g ﬁ fﬁgp -dp for every ¢ € Co(U,R™) — this latter replaced by C.(U,R™)
— 00

in case of weak— convergence in RMj, (U, R™).

Notice that the identification of RM(U, R™) with the dual space [Co(U, R™)]* yields by the Theorem
of Banach—Alaoglu the following crucial compactness result.

Proposition 2.5 (weak— compactness in RM). Any sequence (ug)r in RM(U,R™) bounded in norm
(i.e. such that supyey |k (U) < 00) admits a weak—* convergent subsequence to some p € RM(U,R™).

Moreover, the following useful properties hold.

Proposition 2.6 (semicontinuity of total variation respect to weak— convergence in RM). If ()
s a sequence of R™—valued Radon measures on the open U C R™ with puj converging weakly— to some
p in RM(U,R™) as k — oo, then we have:

(i) (lower semicontinuity). Any open set A C U is such that likm inf |pr|(A) > |p|(A);
—00

(i1) (upper semicontinuity). If m =1 and all py, are non—negative, any compact set K in U satisfies
lim sup 1, (K) < p(K).

k—o0

Another type of convergence for Radon measures is the stronger notion of W—strict convergence.

Definition 2.7 (U-strict convergence for measures). Let U be locally compact in R?, ¥ € LY(U)
non—negative. We say that the sequence of measures (ug)r in RM(U,R™) converges W-strictly to
some g in RM(U, R™) provided gy, = p in RM(U,R™) as k — oo, and assumed that for the sequence
of (m + 1)—valued measures (VL", ) it holds |(WL™, ux)|(U) — [(VL™, 1)|(U) as k — oo. Similarly,
U—strict convergence of (ug)r to p in RM (U, Rm) indicates a weak—x convergence in RM (U, Rm)
combined with [(¥L", )| (TU) — (VL™ )| (U) as k — oo.

We record that reasoning via subsequences one may argue that any sequence (ug)r converging U—
strictly to p in RM(U, R™) is such that the total variation measure is such that [(WL™, )| = [(VL", )|
weakly— in RM(U) for k — oo. Specifically, in such a case Proposition 2.6 holds for the non—negative
measures |(VL", ug)|, |(PL™, u)| in place of g and p, respectively.

18



2.1. Fundamentals of measure theory 19

The cases ¥ =0 and ¥ =1 in U (the latter only meaningful for U of finite measure) in Definition
2.7 are of remarkable importance, and the corresponding convergences take the name of strict and
area-strict convergence of Radon measures, respectively. We notice that, under strict convergence,
the second requirement in Definition 2.7 reduces to |ug|(U) — |p|(U) for & — co. We shall see from a
later result by Reshetnyak (Corollary 2.69) that area—strict convergence induces not only weak—x, but
also strict convergence in RM, whereas the reverse implication in general is not true. In turn, strict
convergence is stronger than weak-+ convergence, but the inverse implication fails already in dimension
one, as presented next.

Example 2.8 (weak—* convergence does not imply strict convergence in RM). We assume U := (a, b),
for —o0o <'a < 0 < b < oo and we consider the measures p := 0 in U, pg, := 915 — dp for any k € N,
observing that u € RM(U) for k large enough. Then, the sequence (py)r converges to p weakly—+ in
RM(U), since fixed any ¢ € Cy(U) the continuity of ¢ in 0 returns

k—o0

[t = [ odip— ) = o1/ - ¢(0) 0.
Q Q

Nevertheless, we cannot expect strict convergence in RM(U) because the mutual singularity of the Dirac
measures concentrated on two distinct points yields |ux| = d;; + o for every k, hence | |(U) — 2 for
k — oo, whereas clearly |u|(U) = 0.

The following statement tells us that, under W—strict convergence, the limsup inequality in Propo-
sition 2.6 can be extended to any closed (not necessarily compact) set.

Proposition 2.9. If (ux)r converges ¥—strictly to p in RM(U,R™) as k — oo, then:

(1) (upper semicontinuity). For any closed set C C U, it is limsup [(¥L", ug)|(C) < [(TL™, u)|(C).

k—o0

Proof. Recalling that the W-strict convergence induces weak—* convergence |(WL™, )| = [(WL™, )|
in RM(U) for k — oo, the thesis follows straightforwardly from Proposition 2.6(i) applied to the open
set UNC® and by [(TL", up)|[(U) — |[(LL™, w)|(U) as for k — oo by hypothesis. O

The following result provides an equivalent condition to W—strict convergence of Radon measures.

Proposition 2.10 (characterization of W—strict convergence). Let (ug)i, p be R™—valued finite Radon
measures on the open set U C R™ and a non-negative U € LY(U). Then (ux)r converges W—strictly to
w in RM(U,R™) if and only if:

(i) The sequence (ug)y converges weakly— in RM(U,R™) to u as k — oo; and

(ii) It holds klim Jred| (WL, )| = [i; 0 d|(RL™, )| for all bounded functions ¢ € C(U).
—00

We refer the reader to |3, Proposition 1.80] for the proof of the necessary condition in Proposi-
tion 2.10; the sufficient one comes straightforward by taking ¢ = 1 on U, hence [(VL", ux)|(U) —
|(WL™, w)|(U) for k — oo, which together with (i) induces W—strict convergence.

Specifically, if the measures ug, ¢ are non—negative on U, condition (ii) applied to ¥ = 0 reads:
k—o00

/ pdur — | pdp  for all bounded ¢ € C(U),
U U

valid in particular for all ¢ € Cy(U), therefore that in this case (ii) alone induces weak—* convergence
i — g in RM(U) as k — co. We deduce the following characterization of strict convergence.

19



20 Chapter 2. Preliminaries

Corollary 2.11. For a sequence (pg)r of non-negative Radon measures on open U C R™, and given
some p € RM(U) non—negative, we have

pp —— i strictly in U = <— hm (pduk = / edp  for all bounded p € C(U).
k—o0 k—o00 U
For further usage, we also record that Corollary 2.11 determines an extension property for sequences
of strictly—converging, non—negative measures on open sets.

Corollary 2.12 (strict convergence is preserved by trivial extensions). We assume that (ug)i and p
are finite non—negative Radon measures on U C R™ and we introduce the trivially extension measures
fr, @ on R™ defined as Ji()(S) = pa) (S N Q) for all Borel sets S in R™. Then, if i — p strictly in
RM(U) as k — oo, the extensions satisfy iy — @ strictly in RM(R"™) for k — oo.

Proof. From Corollary 2.11 it suffices to show that

lim odiy = / edp  for all ¢ € C(R™) bounded .
k—o0 Rn n

This is easily obtained, since any function ¢ in the class above is such that its restriction ¢/, is
continuous and bounded in U, hence by u(U¢) = fi3(U¢) = 0 for all k and the characterization of strict
convergence i — p in RM(U) we read

lim [ odpg = hm/‘ﬂdﬂk:/QOdM:/ pdm,
k—oo Jpn k—oo Jur U n
as required, whence the strict convergence of the extensions is proved. O

As a side note, we emphasize that the extension result of Corollary 2.12 does not apply to weakly—x
convergence only, as exemplified next.

Example 2.13 (weak—* convergence is not preserved). Fix an open interval U := (a, b) for —0o < a <
b < oo and the sequence of Dirac measures iy := do41/4 on U. Choosing any test function ¢ € Co(U),
it is

lim / edpr = lim ¢(a+1/k) =0 :/ edu,

k—o0 U k—o0 U

for the null measure y = 0 on U, hence p, — p weakly— in RM(U) as k — oo. Nevertheless, supposing
that the extended sequence converges weakly—k in the space of finite Radon measures in R, assigned
the smooth cut—off function @ with 1y < @ < 1y for U’ := (a — 1,b + 1), weak—* convergence of
extensions would induce

R k—oo JR k—o0

which is absurd. The issue lies in the fact that the sequence of Dirac measures concentrates closer
and closer to the boundary of U, but since {a} ¢ U, the limit measure will be constantly null on U.
Actually, one easily verifies that the sequence of extensions (fg)x converges (weakly— and strictly) to
the measure J, in RM(R).

We now recall the elementary relation between the measure of superlevel sets of integrable functions
and their integral, known as the measure—theoretic statement of Chebyschev’s inequality; see, for
instance, (85, Section 4.3].

Lemma 2.14 (Chebyshev’s inequality). Given a non—negative measure v on an open set U in R™ and
a function u € LY(U;v), for any t > 0 it holds

v({z e U: |u(z)]>t}) /|u )| dv(x
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2.2. Functions of bounded variation 21

Next, we quote the standard layer—cake formula enabling the rewriting of measure integrals as
integration on the real line of measure of superlevel sets; we refer, for instance, to [86, Theorem 8.16].

Theorem 2.15 (layer—cake formula). We assume U is an open set in R™. If v is a non—negative
measure on U that is o—finite and u: U — [0,00) is v—measurable, then for any Borel set B C U we
have

/(Hou)du:/ooe’(t)u({u>t}ﬁB)dt
B 0

for any non—decreasing function 0: [0,00) — [0,00) absolutely continuous on [0,T] for every T < oo
and such that 6(0) = 0. In particular, letting 6(t) := t we deduce

/Budyz/oooy({u>t}ﬂB)dt. (2.1.1)

2.2 Functions of bounded variation

From now on, U will always denote an open subset of R™; when distinctly discussing the bounded
Lipschitz case, we will write € instead. At this point, we need to introduce the space of functions
of bounded variation on U in terms of distributional gradients, then we will list some fundamental
properties following mostly [3, Chapter 3|. For our scopes, it suffices to restrict to real-valued BV
functions.

Definition 2.16 (BV functions). A function u € L%IOC)(U) is (locally) of bounded variation in U —
written u € BV (1o (U) — if its distributional derivative is a R™-valued (resp. locally finite) Radon
measure on U, i.e. if there exists Du € RMjo0) (U, R") such that

/ udiv(go)dx:—/ ¢ -dDu for all p € C°(U,R").
U U

Clearly, all functions in WH(U) belong to the space BV(U), and any Sobolev function u has
distributional derivative Du which reduces to VuL™; for the absolutely continuous part Vu of Du we
will omit the symbol £™ unless required by the context. A mollification argument proves the validity
of the constancy theorem even for functions in BV, namely every u € BVy,.(U) with total derivative
Du = 0 is almost everywhere constant in each connected component of U.

1

Definition 2.17 (variation). For a function v € Ly,

(U) the variation of u in W € U open is
TV (u, W) := sup {/ udiv(p)dz: ¢ € CE(W,R"), |p| <1 a.e. in W} :
w

A function u € LY(U) is in BV(U) if and only if its total variation TV (u,U) in U is finite. In
such a case, we have |Du|(.) = TV(u,.) as variation measure associated to Du, and — with some abuse
of notation — we refer to |Du|(B) as the total variation of v on Borel B C U. Another equivalent
writing for TV (u, B) is [ [Dul.

A crucial property of the variation is its lower semicontinuity (LSC).

Proposition 2.18 (lower semicontinuity of TV). For (ug)k, u € LL (U) such that ugL™ N
weakly— in RMoc(U) for k — oo, it is

TV(u,U) < likm inf TV (ug, U).
—00
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Introducing the norm ||u|[gy () := [|ul| 1) +[Du|(U) on BV(U), this latter is a Banach space with
respect to the norm (or strong) convergence; moreover, it can be proved that BV(Q) for Q Lipschitz
is continuously embedded into the Lebesgue space on © with Sobolev exponent 1* :=n/(n — 1) =n/
(under the convention 1* = oo whenever n = 1), whereas for p € [1, 1*) the embedding BV (Q2) — LP(Q)
is even compact.

Although it is necessary to introduce a norm topology on BV, in analogy to the behaviour of the
space RM the notion of norm—convergence in BV is too strong in the majority of cases. For this reason,
we introduce some weaker types of convergence based on analogous definitions of weak convergence
of measures — recalling that the distributional derivative of a function of bounded variation is a finite
measure.

Definition 2.19 (weak convergences in BV). Given (ug); and u in BV(U), we say that (uy), converges:

e weakly  to u in BV(U), and we write up — u, if uz£" = uL" in RM(U) and Duy = Du in
RM(U,R™) for k — oo;

e U-strictly to u in BV(U) for some ¥ € LY(U) non-negative, if u, — wu strongly in L!(U)
and the sequence of derivative measures converges W—strictly in RM(U, R"™), this latter meaning
Duy, = Du weakly—+ in RM(U,R") and |(W£", Dug)|(U) — |(WL",Du)|(U) for k — oco. Just
like in the measure case, we speak of strict convergence of (ug)r to v if ¥ =0 and of area—strict
convergence for ¥ =1 in U with finite measure.

Applying the definition of weak— convergence in BV, from Proposition 2.18 we read the following
semicontinuity result.

Corollary 2.20 (lower semicontinuity of TV with respect to weak— convergence in BV). For u €
BV (U) and a sequence (ug)r in BV(U) such that uy converges to u weakly— in BV(U) as k — oo, we
have
|Du|(U) < liminf |Dug|(U).
k—o00

Proposition 2.21. Any weak— converging sequence in BV(U) is bounded.

Proof. If (ug)g, u € BV(U) with ux = u in BV(U), we know that both (ujL") and the corresponding
sequence of derivatives converge as finite Radon measures on U. By the characterization of RM(U)
as dual space, from the weak % convergence uiL" — ul™ as k — oo we deduce that the linear
functionals Fy: Co(U) — R, Fply] = fU upe dx, are such that for any ¢ the sequence (Fg[¢])k
is bounded. Applying the theorem of Banach—Steinhaus, we achieve even boundedness of (Fy)y in
[Co(U)]*, meaning supy, |[urL"||jco@) = supy [[urL"||rm@) < oo. In an analogous way, exploiting
Duy, = Du in RM(U,R") for k — oo, we may also conclude that (Duy)g is bounded in RM(U, R™).
Finally, we compute

sup |[ug||gv(y < sup [|ugl[r1 @y + sup [|Dug||[ravwrne) = sup |[ugL™||[raw) + sup |[Dug||[rawrny < o0
keN keN keN keN keN

This implies our claimed boundedness in BV (U). O

As mentioned in Chapter 1, the main reason for extending variational functionals with linear
growth is that their natural space of definition Wh! is not a relatively compact space, namely, there
exist sequences bounded in norm with no converging subsequence. Instead, we retrieve such a property
on the larger space BV.

Theorem 2.22 (compactness in BV). Assume U C R"™ is an open set. Then every bounded sequence
in BV(U) admits a weakly— converging subsequence in BV(U). If we are in an open, bounded, and
Lipschitz Q C R", then the weak—x converging subsequence achieves even strong convergence in L(£2).
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2.2. Functions of bounded variation 23

Notice that the last theorem provides roughly an inverse statement to Proposition 2.21, and its
validity sets the basis to the so—called direct method in the calculus of variations (see later Theorem
2.47). This latter is employed to show the existence of minimizers for variational problems in BV,
and in our framework it will be largely applied; see, for instance, Chapter 5. The second half of
the statement in Theorem 2.22 can be achieved as a combination of Banach—Alaoglu and Rellich
compactness theorem.

Next we record the following result on BV extensions of functions outside Lipschitz domains, joining
the statements in |3, Theorems 3.87 and 3.88] and |3, Corollary 3.89).

Theorem 2.23 (boundary traces and extension of BV functions). Let 2 be an open bounded subset of
R™ with Lipschitz boundary and v € BV(Q). Then, for H" 1-a.e. x € 9 there exists Toqu(x) € R
such that

r—0

lim r_”/ |u(y) — Toqu(x)|dy = 0.
QNBy(z)

The boundary trace function Toqu is in L (0Q; H" 1) and the boundary trace operator u — Taqu is
bounded and continuous with respect to strict convergence in BV(Q), explicitly

lim | Toqur — Tou| dH" ™t =0 for all (ug), u € BV(Q) s.t. up, — u strictly in BV(£).
0N

k—o0

Moreover, for any given v € BV(U\Q) for open U 3 Q, we introduce the function w defined as

u, in §;
w = _
v, mU\Q.
Then, w € BV(U) with derivative measure

Dw = Du+ (Thtu — Toav)veH" 'L +Dv  on U (2.2.1)

for vq generalized inner normal vector to ). Here we denote with Tglggu (resp. Tgaw) the boundary

trace function of u (resp. v) on 0S), each calculated as average limit of integrals on half-balls with
orientation determined by vq (resp. by its opposite).

We refer to TiSu (resp. T&%v) as the inner (resp. outer) boundary trace on 9 of the function w
with respect to 2. Whenever clear from the context, the trace symbol will be omitted. We additionally
record that according to [54, Theorem 1.II] the boundary trace operator is surjective on W11(Q),
meaning that for any given H"~!-integrable function ¢ on € there exists a function in W!(Q) with
trace 1.

With the aim of addressing variational problems under some generalized boundary conditions, we
will often deal with the following extension case. Assume that the function ug € WH1(R?) is assigned
and consider the extension of v € BV(2) via ug outside {2 as

HUO = U]lQ + ’LLQ]an\ﬁ € BV(Rn)

with boundary traces u, ug € L1 (9Q; H"~!) with respect to Q. Exploiting the decomposition (2.2.1)
of the derivative of u"? and passing to the total variation, it follows

DT | = |DulLQ + |u — uo|H" ' LON + [Dug|L (R™\ Q)  as measures on R".

Observe that, for these purposes, it would be enough to require ug to be defined on an arbitrary open
set (bounded, to enable area—strict convergence) contained in the complement of €. Nevertheless, our
necessity of evaluating the datum wug on €2 will become evident in Chapter 6.

To simplify notation, we find it convenient to introduce the following notion of generalized Dirichlet
class.
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24 Chapter 2. Preliminaries

Definition 2.24 (class BV, (ﬁ) and convergences). We assume U is an open set in R" and we let
ug € WHL(R™). We define the class

BV, (U) == {u € BV(U): u" :=uly + uglgmy € BV(R")}

and consider a non-negative function ¥ € L'(U). For (uy); and uin BV, (U), we say that the sequence

(ug)r converges weakly— to u in BV, (U) provided the extensions satisfy wg"0 X quo weakly—« on
BV(R") as k — oo. The sequence converges ¥—strictly in BV, (U) if the convergence uip"0 — w0 is

B strict in BV(R"™), where ¥ extends ¥ to zero outside Q.

Notice that in the definition of ¥—convergence in BV,,, (U) one may equivalently require ug"0 — w0
strictly with respect to any non—negative extension of ¥ integrable on the whole R™ (in place of the
trivial extension by 0). From Theorem 2.23, it is clearly BV, (€2) = BV(Q) whenever U = Q is bounded
with Lipschitz boundary. Moreover, we highlight that from the a.e.—coincidence w0 = @' = wuyg
outside Q for all & € N, the interesting requirement of convergences in BV, (ﬁ) is the sequence
behaviour precisely up to the boundary of 2. Since all our results are stated on Lipschitz domains,
we see how the notion of BV, (ﬁ) is here essentially introduced to address convergences of sequences
avoiding repetitive references to extensions in the statements. In fact, the next proposition enables us
to achieve weak— convergence of the extended sequences starting from a convergence in Lipschitz ).

Proposition 2.25. We fir ug € WHL(R™), Q bounded Lipschitz in R™ and consider (uy)x, u in BV(£2).
(i) If (u)k converges to u weakly—+ in BV(Q) as k — oo, then it also converges weakly— in BV, (Q).

(i1) Consider a function U € L>(Q) such that essinfq W > 0. If (ug)x converges W—strictly to u in
BV() as k — oo, then the convergence holds even W—strictly in BV, (Q).

Proof. We first prove the statement (i). By Proposition 2.21 and the assumed convergence, we find
that s := sup [|ug|[pv(q) < oo. Then, applying the decomposition of derivative measures and the
boundedness of the trace operator in Theorem 2.23, we write

sup D" | (R™) < sup [Dug () + sup |[ug, — uol|p1a0pn-1) + Dug| (2°)
keN keN keN

< (C+ 1)8 + C||u0||w1,1(g) + |DUD|(§C) ,

for some C' € (0,00). Hence, the sequence (u;")y is bounded in BV(R™), and via Theorem 2.22
plus uniqueness of the weak limit we infer that a subsequence must converge to some w € BV(R")
weakly— in BV(R™), and in particular the restriction on € yields (in case, passing to another non—
relabelled subsequence) the strong convergence u, — w in L'(Q) as k — oco. At the same time,
wp LML Q5 = w0 L7 Q° I w L Q°, implying w = ug a.e. on the complement of €, and altogether
upto s o weakly— in BV(R"), up to subsequences. Moreover, the weak— convergence " X qguo
in RM(IR™) holds for the whole sequence, otherwise we can find (u, ), subsequence and ¢ € Co(R™) such
that L1 = limy_, oo fR” Pug,"° dz # fR” pu*o dz. Nevertheless, by assumption the sequence (up L")y is
bounded in RM(€2) — and therefore also is its subsequence (u,),. Then, boundedness of (ug,), induces
(by weak— compactness in RM) weak— convergence of yet another subsequence to @"°, which is a
contradiction; we then proved w0 L™ = 7“0 L™ weakly— in RM(R") as k — co. We now claim that
the whole sequence (u;"0); shall converge to w“0 in BV(R™). Indeed, if this is not the case, it shall
hold D0 7 DT weakly—+ in RM(R™, R™). Therefore, there must be some subsequence (ug,)e and
some @ € Co(R™,R™) with Lg := limy_, fRn @ - dDug, "0 # fR" @ - dDu". Still, the sequence (ug,"),
is bounded, and it determines as above yet another subsequence of (u,); converging to w"° weakly—
in BV(R"™), in particular Ly = fR" @ - dDu"0, which is absurd. Then, according to Definition 2.24 we
have proved weak—* convergence of (uy)x to u in BV, ().

24



2.2. Functions of bounded variation 25

To achieve (ii) instead, we recall that W-strict convergence in some BV(U) includes strong con-
vergence in L'(U) and weak * convergence of the derivatives Duy — Du in RM(U,R"), thus taking
into account (ii) it is left to prove that ’(@OL", Do) ’(R”) — ‘(@OC", Do) ’(R”) as k — oo, for 7’
extension of ¥ to zero outside 2. We employ (2.2.1) to write

(@0/3”, Dug"0) = (UL", Duy) L Q + (EOE”, Duy, ") L9 + (0, Vug) L™ L Q°
= (VL™ Dug) LQ 4 (ug — ug)H" 1 LOQ + VupL"LQ°  as measures on R".

Besides, U-strict convergence in BV (Q) yields via the W-variant of Reshetnyak’s continuity theorem
(expressed in [15, Theorem 3.10] and applied to (Dug)r and Du) the strict convergence of (ug)x to u
in BV(Q); see also the comments subsequent to Corollary 2.69. Then, the strict convergence of the
trace operator determines

lim \(@%”,Dujuo)\(ﬂza") = lim [(WL", Du)|(2) + lim / g, — uo| AH" ™! + |[Vuol[L1 (0e)
k—o0 k—o0 k—oo [0

— |(wL", Du)|(Q) + /d = ol 41 4 [Vl o
= \(\IIC”,DHUO)\(R”).

We read out that the sequence (uwg"0); converges U-strictly to the extension of u by wy in BV(R™),
and this verifies the claimed W-strict convergence in BV, (). O

We now consider measurable sets A in R™ and introduce measure—theoretic counterparts of the
topological interior, exterior, and boundary of A. Fixed any 6 € [0, 1], we say that 2 € R™ is a point
of density 0 for A if the following limit exists:

- Br(z) N A]

=g =%

and we denote with A? the set of points of density equals to 6 for A. For the limit case § = 1 we talk
about measure-theoretic interior A' of A, whereas A" is the measure-theoretic exterior set of
A, and the measure-theoretic (or essential) boundary 0, A of A is the set of points in R™ of density
neither 0 nor 1 — and we record 9,A C 0A. The complement of AY is called measure-theoretic

closure AT of A. Notice that measure-theoretic exterior and interior exchange when passing to the
complement, that is (A°)* = (A!)° and (A)¢ = (A°)L.

Remark 2.26. For a measurable set A C R™ and open U C R", we have AT NU C (ANU)*" and
APNU C (ANU)? for any density 6 € [0, 1].

Relying on the concept of density, we can introduce special representatives of a measurable function
u: U — R defined on an open set U in R™. In fact, for any ¢ € R we introduce the notation
E; := {u > t} for the t-superlevel set of u in U, and one may verify that the family (E;"); is decreasing
with respect to t, thus for any x € U it exists the approximate upper limit

ut(z):=sup{t €eR: z € E}

of u at point x. Similarly, being (E}); decreasing in t, we can set the approximate lower limit of
our function at point = as
u(z) :=sup{t €R: z € Etl} )

Heuristically, if u jumps, we can identify u™ as the function attaining the upper of the two values,
while u~ attains the lower one. It also holds (—u)* = —uT, and the estimate u~ + v~ < (u +v)” <
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26 Chapter 2. Preliminaries

(u+v)T < ut +oT is valid in U for any pair of measurable u, v. The average of upper and lower
approximate limit is the precise representative u*(z) := (u™(z) + u~ (2))/2 of u at point z € U;
with such a representative we even achieve equality in the estimates above, meaning u* +v* = (u+wv)*.
For a measurable A C R™, it holds (14)" =14+ and (14)” = 1 41.

1
loc

Following now [3, Section 3.6|, we consider a function u € L .(U) and say that € U is a Lebesgue

point of w if there exists some u(z) € R such that

lim uw(y) —u(z)|dy =0,
i ] uly) @)

whereas the points « in U for which such property does not hold are the approximate discontinuity
points of u, and for these latter we write z € S,. It can be proved that almost every z € U is a
Lebesgue point (that is, £"(S,) = 0), and that u is a Borel function on U \ S,, a.e.—coincident with w.
An approximate discontinuity point x € S, is an approximate jump point for u (written z € J,,) if
there exists a unit vector v, (z) € S™! and two distinct real values ag, b, such that

lim lu(y) — az|dy = lim lu(y) — bz|dy =0,
r—0 B,—f(;t) r—0 B; (2)

with average integrals computed on the half-balls

By (z) == {y € Br(2): (y—2) vu(z) 20}

The triplet (ag, by, v (x)) is uniquely determined up to a permutation of the first two elements and up
to a change of sign in v,(z). Furthermore, for our u € L{ (U) all functions u™ = u~ = u* = U agree
on Lebesgue points, whereas for z € J, we record u™(r) = max {a,,b,} and v~ (z) = min{a,,b,}.
Further regularity assumptions on u determine coincidence of all representatives on progressively larger
sets in the domain, as presented in the following theorem. For a proof of the full statement, we refer
to [3, Theorem 3.78|; the treatment of rectifiable sets mentioned in Theorem 2.27 is postponed to the

later Section 2.4.

Theorem 2.27 (Federer—Vol'pert). For open U C R"™ and u € BV(U), the approzimate discontinuity
set S, is countably H" 1 -rectifiable, H" (S, \ Ju) = 0, and it holds Dul.J, = (u* —u" ), H* 1L,
for the orientation v, € S"~! determined on the set of approzimate jump points as above.

Consequently, for any BV function u all representatives u*, u~, u® coincide H" '-a.e. outside
Ju. In case u € WHH(U), then H"1(S,) = 0 and thus the representatives are all equal up to H" !~
negligible subsets of U.

We highlight that an alternative definition of approximate upper and lower limit consists of directly
selecting the larger among a, and b, as upper limit v (z), and the remaining value as lower one u ™ (z)
(compare with [3, Definition 3.67]). However, our choice of introducing u® as supremum level in density
points of superlevel sets as done in [48, Section 2.9] stems from the necessity of having everywhere
defined representatives on the domain of u (even regardless of the function integrability assumption),
which turns out to be useful for our later results.

Exploiting the #"~!characterization of upper and lower approximate limits as jump values of BV
functions, and decomposing J, = (Ju; NJu_ )W (Juy \ Ju_ )W (Ju_ \ Ju, ) for us positive/negative part
of u € BV up to Hausdorff-negligible sets, we obtain the decomposition lemma.
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2.2. Functions of bounded variation 27

Lemma 2.28. For any u € BV(U) on open U C R", we have:
(i) vt = (up)t — (u_)~  holding H" ' -a.e. in U;
(i) v~ = (uy)” — (u)t  holding H* ' -a.e. in U.
Lemma 2.29. For a non-negative, o—finite measure p on R™ wvanishing on H" ' -negligible sets,
assigned u € BV(R"™), it is
{ut >t} ={u> t}*t and {u >t} ={u> Y p-a.e. on R", for a.e. t €R.

Proof. From the definition of u*, we find that the chain of inclusions {u® >t} C {u > t}* C {ut >t}
holds H" '-a.e. in R” and for all t € R. Moreover,

p({u = t}) —p({u’ > t}) = p({u” 2 ]\ {u" > t}) = p({u” =t}).

At the same time, o finiteness of p determines p ({u™ =t}) = 0 for all but countably many ¢. Alto-
gether, we deduce that {u* >t} and {u > t}* agree g—a.e. on R”. An analogous reasoning applied to
{u= >t} C{u>t}' C {u" >t} yields the second half of the statement. O

Recalling that BV functions admit finite Radon measures as derivatives, we can apply Theorem
2.2 to the derivative Du of any u € BV(U) with basis measure L™ to derive the decomposition

Du = D% + D*u = Vul" + D*u  for all u € BV(U),

where Vu = dD%u/dL"™ is the Radon-Nikodym density of the absolutely continuous part of the deriva-
tive respect to L£L". The singular part of Du, in turn, admits a decomposition into a jump part
DJu := D%ul_J, and a diffuse part of D%u with respect to £", that is the Cantor part of u defined
as Du := D*ul (U \ S,). We record that D°u and D’/u determine mutually singular measures on U.
Moreover, the sum D% := D% + D is known as diffuse part of the derivative. The space SBV(U)
of special functions of bounded variation includes all v € BV(U) with D = 0. On the contrary, any
function v € BV(U) such that Du = D¢ is called a Cantor function.

We now quote the Poincaré’s inequality on Sobolev spaces with trace zero on the boundary, see
for instance [68, Theorem 13.19]: If @ C R™ is an open and bounded set and p € [1,00), then there
exists a constant C)p € (0,00) depending on 2, n and p only such that

wl|to) < Cpl|VwllLr@prny  for all w € WoP(Q).
Consequently, for any datum ug € WHP(Q) one computes

vaHiP(Q’RTL) 2 CprHeva(Q) - APHU’OH{JNLP(Q) for all w € Wzljf(Q) (2:2.2)

for suitable constants (Z, Ap € (0,00).

Similar to this, even for BV functions defined on nice enough domains, we find a uniform upper
bound by the L' norm of the function in terms of its total variation. There exist various formulations
of the following Poincaré’s inequality, here we state the sharp result obtained by Miranda in [77,
Proposition 2| for functions of arbitrary traces. For an equivalent and straightforward proof, we refer
to [51, Theorem 2.10].

Theorem 2.30 (Poincaré’s inequality in BV). For an open, bounded Lipschitz Q@ C R"™ and any
w € BV(Q), it holds

il < o (errm) n /a ol dH"-l) (2.23)

(19 fwn) /™.

where vy, := %

27



28 Chapter 2. Preliminaries

Henceforth, we will mainly apply (2.2.3) in the form:
lwl[Bv() < 7n/Dw’|(Q)  for all w € BV(Q) (2.2.4)

with constant 4, := 7, + 1 and for wW" extension of w to zero outside €.

2.3 Sets of finite perimeter

Next, we focus on a special class of functions in BV, namely on characteristic functions of the so—called
sets of finite perimeter — also named Caccioppoli sets. Such a notion was introduced by the Neapolitan
mathematician Renato Caccioppoli already in 1927 for the bidimensional case [24], later improved and
extended by the same author to higher dimensions as discussed in the talk [25] at the UMI Congress
of 1951. The topic sparked the interest of the mathematical community since the 1950s, starting from
the foundational works of Ennio de Giorgi [39, 40] and Herbert Federer with Wendell Fleming [49].

Definition 2.31 (sets of finite perimeter). A measurable set £ C R" is of locally finite perimeter in
U open if 15 € BV, (U). If additionally |D1g|(U) < oo, we say that E is of finite perimeter in U,
and we write P(E,U) := |D1g|(U) for the perimeter of E in U.

For |E NU| < oo, the characteristic function 1z is in L!(U), hence E is of finite perimeter in U
if and only if 15 € BV(U). It is obviously P(E°,U) = P(E,U) and P(E,U) < P(E,U’) for open
U’ O U, however the function P(.,U) is not increasing with respect to set inclusion. For sets F of
finite perimeter in U = R", we will shortly write P(E) in place of P(E,R™). A basilar property of
perimeter inherited from the lower semicontinuity of TV with respect to the Lllocftopology is expressed
in the following.

Proposition 2.32 (lower semicontinuity of perimeter). The perimeter in U is lower semicontinuous
with respect to local convergence in measure, i.e.

P(E,U) < liminf P(Ey,U) whenever 1g, — 1g in Ll (U).
k—ro0 k—o0

Yet another fundamental result in the theory of sets of finite perimeter is the (Euclidean) isoperi-
metric inequality, which establishes a relation between perimeter and volume of measurable sets in R™.
In particular, the estimate (2.3.1) achieved by De Giorgi [41] confirms the intuitive conjecture that
n—dimensional balls are the unique (up to Lebesgue—negligible sets) geometric objects in the space R"
achieving maximal volume under prescribed perimeter value.

Theorem 2.33 (isoperimetric inequality). For a measurable set E in R™ with 0 < |E| < oo, it is
1/n n=1
nw,/"|E| " < P(E), (2.3.1)
with equality holding if and only if |EAB,(z)| = 0 for some x € R” and r = (|E|/wy)"/".

For a proof, we refer to |69, Section 14.2] or directly to [41]|. If E of locally finite perimeter in the
open set U C R", following [3, Definition 3.54] we define the reduced boundary 0*F of E as the
collection of x € R™ such that:

1. The point z is in the support of D1g, i.e. |D1g|(B,(x)) = P(E,B,(x)) > 0 for all r > 0;

2. There exists vg(x) := lim DLo(Br(z) iy R and

r—0 IP1E|(Br(z))

3. It holds |vg(x)| = 1.
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2.3. Sets of finite perimeter 29

If so, we say that vg(z) € S*~! is the generalized inner normal to E at point 2 € 9*E. Then,
the Lebesgue-Besicovitch derivation theorem |3, Theorem 2.22| yields the existence of a generalized
normal vg for |D1g|-a.e. points of the support of D1y in U; moreover, it holds D1p = vg|D1g| as
measures in U with the |D1g|-a.e. defined density dD1g/d|D1g| = vEg.

We now state a partial statement for the fundamental structure theorem by De Giorgi, claiming
that reduced boundaries have the geometrical structure of generalized hypersurfaces; check out, for
instance, |69, Theorem 15.9] or |3, Theorem 3.59].

Theorem 2.34 (De Giorgi, partial statement). If E is a set of locally finite perimeter in an open set
U CR", then DIgl U = vgH" 1L (UNIE) as measures, and thus |D1g|L.U = H* 1L (U NI'E).

It follows that for 15 € BVi,.(U) it holds P(E, B) = H" (B N J*E) for any B Borel subset of U.
Furthermore, Federer’s theorem (see [3, Theorem 3.61] or |69, Theorem 16.2]) asserts that sets of locally
finite perimeter have density equal to either 0, 1/2 or 1 on H" ! a.e. point, and that essential and
reduced boundary differ at most on an H" '-negligible set. More precisely, every E of finite perimeter
in U is such that *ENU C EY?2NU Co,ENU CIENU and H* Y0, ENU) = H* 1 (O*ENU).

We recall that by Rademacher’s theorem every Lipschitz function u: U — R on open U C R” is

differentiable almost everywhere on U; we refer for example to [69, Theorem 7.8]. In such cases, the
fundamental coarea theorem holds.

Lemma 2.35. For any function u: U — R defined on open U C R™, we introduce the superlevel sets
E; :={u >t} fort € R. Then, if u is continuous in U, we have OE; = {u =t} for a.e. t € R.

Proof. Let us fix t € R and consider first an element z € 9F;. If u(x) > t, then by continuity
there exists some £ > 0 such that Bz(x) C {u > t}, so Bz(z) N {u <t} = 0, against the definition of
topological boundary of {u > t}. Flipping all inequalities, we would achieve another contradiction by
assuming u(x) < t. It must then be z € {u = t}.

We now take x € U such that u(z) = t for some ¢, whereas x ¢ JF;. Then, it is Bz(z)N{u >t} =0
for some value € > 0, hence u(y) < u(x) =t for all y € U such that |z —y| < &, meaning z is a point of
local maximum for u with value ¢. However, any real-valued function can only attain (local) maxima
in countably many points — see below — thus x € {u =t} \ OE; can happen only for countably many
t’s. This proves that the remaining inclusion {u =t} C OE; holds for almost every real ¢, as required.

To check the claim, for every x € U we set d, :=sup{d > 0: u(y) < u(x) for all y € Bs(z) C U},
that is the radius of the largest ball in U where x attains the maximum of u. We record that §, = 0 if
and only if z is not a point of local maximum. Then, if 2, and 3 are two points of maximum such that
f(za) # f(xp), one has |zo —x5| > 60,5 := min {d,,, 8z, } > 0, which yields Bs, 5/2(xa)NBs, ,/2(x) =
(). However, this is only feasible if the ball centres are countably many in U, and we conclude that
there are at most countably many values of local maxima for u. O

We now present the main coarea result as stated in [69, Theorem 18.1].

Theorem 2.36 (coarea formula for Lipschitz functions). For a Lipschitz function u: U — R defined
on the open set U in R™, the sets E; have locally finite perimeter in U for a.e. t € R, their topological
boundary satisfies OFE; O O'E, for a.e. t € R,

w1 (8Et \ G*Et) =0 foraeteR,

and it holds

/ |Vu| dz = / P(E;, B) dt = / H* Y Bn{u=t})dt forall BC U Borel. (2.3.2)
B —00

—0o0
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For further usage, we additionally mention an extended version of coarea, see [46, Theorem 3.11]
or [3, Remark 2.94].

Corollary 2.37. For a Lipschitz function u: U — R and a bounded Borel g: U — R, the coarea
formula (2.3.2) can be generalized to

/UQ!Vu\ de = /Z </Ug(y)d!D]lEt](y)> dt = /Z (/Um{u:t}g(y) dHn1(y)> a

An analogous result holds even for arbitrary BV functions, compare with [3, Theorem 3.40] and
[46, Theorem 5.9].

Theorem 2.38 (Fleming-Rishel coarea formula). For u € BV(U), the superlevel sets E; are of finite
perimeter in U for a.e. t € R, and for any B C U Borel it is

Du(B):/OO Dilg,(B) dt, ]Du\(B):/OO D1, |(B) dt:/oo P(E;, B) dt.

—00 —00 —00

Proposition 2.39. For open U C R™, u € BV(U), and any E C R with L} (E) = 0, we have:
(i) The absolutely continuous part Vu of Du vanishes a.e. on u™'(E);
(ii) The Cantor part D°u of Du vanishes on u~'(E).

We now quote the chain rule for functions of bounded variation in |3, Theorem 3.99], incidentally
observing that such a result is not preserved for vector—valued BV functions.

Theorem 2.40 (chain rule in BV). We assume w € BV(U) for open U C R", and we let f: R - R
be a Lipschitz function. Furthermore, in case |U| = oo we additionally suppose f(0) = 0. Then the
composition f ow is in BV(U) and one has

D(f ow) = f/(w)Vul® + (f(u®) = f(u™)) M L3y + f/(@DCu.

2.4 Rectifiability and slicing properties of Hausdorff measures

For the notation in this section we follow [3, Section 2.9] and set n € N, k € [0,n] N N.
Definition 2.41 (rectifiable sets). Consider an H*measurable E C R". We say that:
e E is countably k-rectifiable, if E C |J;cy fi(R¥) for Lipschitz mappings f; : R¥ — R™;

e E is countably H*rectifiable, if HF (E \ Uien fi(]Rk)) = ( for again countably many Lipschitz
functions f; : R¥ — R";

e E is H¥rectifiable, if E is countably H* rectifiable and H*(E) < oo.

Conversely, we shall say that a Borel set £ C R™ is purely H*—unrectifiable if H*(E N F) = 0 for
any countably H*-rectifiable set F. Moreover, any Borel set E such that H*(E) < oo admits an

HF—a.e. unique decomposition E = E"J E* where E" is purely HFE—unrectifiable and E" is countably
HE-rectifiable.

Remark 2.42. We recall that the theorem of Federer—Vol'pert 2.27 guarantees countable H" !
rectifiability for the discontinuity set S, whenever u € BV(U) for open U C R™. At the same time,
taking into account H" (S, \ J,) = 0, we read out that even the jump set J, of u is countably
H"~ L rectifiable.
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We enunciate a useful slicing property for Hausdorff rectifiable sets, which was originally proved in
[48, Theorem 3.2.23|.

Theorem 2.43 (product structure on products of rectifiable sets). We assume m, n € N. If W is a
countably h-rectifiable Borel set in R™ (with h € [0,m] NN) and Z is a countably H* -rectifiable Borel
subset of R™ (with k € [0,n] NN), then W x Z is a countably H"T* —rectifiable subset of R™ x R™ and
it holds

HMFFL(W x Z2) = (H'LW) @ (HFL Z) as measures on R™ x R™.

We point out that the assumption on Z cannot be weakened to just countable H*rectifiability,
otherwise the product structure of Theorem 2.43 would be violated; for a counterexample see [48,
2.10.29]. We are especially interested in the setting h =m =1, k =n—1, and W = R. In such a case,
Theorem 2.43 and Fubini’s theorem yield:

Corollary 2.44 (product structure on products of rectifiable sets in codimension 1). Any countably
H" L rectifiable Borel set Z C R™ is such that H" | (R x Z) = L' @ (H" 'L Z) as measures on R"*1,
and for h: R x Z — [0,00) Borel it holds

/ h(zo, z) dH" (xo, x) = / / h(xo,z) dH" Y(x)dxg  for any Borel set B C R.
BxZ BJz

We refer to [52, Lemma 2.16] for an alternative proof of Corollary 2.44 which does not rely on the
general structure result. Another useful lemma asserting that almost every slice of an n—negligible set
in R™*! is negligible with respect to the Hausdorff measure of dimension n — 1 is stated below, and it
is reprised from our work [52, Lemma 2.17].

Lemma 2.45 (slicing negligible sets). Any H"-negligible set Z C R"*1 is such that the slice
w02 ={x €R": (x9,2) € Z}

is H" ! -negligible for a.e. o € R.

2.5 T'-convergence of functionals on BV

We introduce the following notions according to the treatment of I'-convergence in [37] and [21]|. The
results are here presented already targeted to our framework, meaning that our formulation refers
directly to the space BV.

Definition 2.46 ((equi-)coercivity). We consider functionals (Fy)x, F: BV(U) — R.

e The functional F' is coercive (or, more appropriately, sequentially coercive) on BV (U) if for every
t € R the weak—x closure of {F <t} is sequentially compact in BV(U) with respect to the
weak—# convergence; that is, for every ¢ and every (ug)r C {F < t}, there is a (non relabelled)
subsequence and a limit v € BV(U) such that uj, — u weakly— in BV(U) as k — cc.

e The sequence (F)x is equi—coercive on BV(U) if for every ¢ € R there exists a sequentially
compact set K; in BV(U) with respect to the weak— topology such that {Fj <t} C K, for
every k € N.

Observe that if F: BV(U) — R is weak—* lower semicontinuous in BV(U), then every sublevel set
is weakly—* closed, and thus F' is coercive if and only if {F' <t} is sequentially weakly— compact for
every t € R. Next, we recall the fundamental direct method for proving existence results in BV.
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Theorem 2.47 (BV direct method in the calculus of variations). If F: BV(U) — R is coercive and
weakly— lower semicontinuous in BV (U), then F' has a minimum point. If U = § is an open, bounded
Lipschitz domain, the same conclusion is attained for F coercive and L'(Q)-lower semicontinuous.

Proof. In case F' = oo, every point attains the minimum; so we assume F # oo and thus we find a
sequence (ug) in BV(U) such that

lim Flug] = inf F=m<oo,
k—o00 BV(U)

hence up to subsequences (uy); € {F < to} for some tq € R. Applying coercivity, uj, — u weakly—* to
some u € BV(U) as k — 00, hence by weak— LSC of F' we conclude:

m = lim inf Flug] > Flu],
k—oc0

that is w minimizes F' in BV(U).

In the case U = , coercivity yields boundedness of (ug) in BV(€2), and thus arguing via Theorem
2.22 we obtain even strong convergence in L!(Q) to some u € BV(Q2). The existence result follows
then in the same way employing L!-semicontinuity of F'. O

The following useful characterization of equi—coercivity reprises [37, Proposition 7.7].

Proposition 2.48 (characterization of equifcoercivityi) . The sequence (Fy) is equi—coercive on BV (U)
if and only if there exists a functional ¥: BV(U) — R such that Fy, > ¥ on BV(U) for all k, with ¥
coercive and weakly— lower semicontinuous in BV (U).

Proof (only sufficient condition to equi—coercivity). If such a U exists, then for every k € N and every
teRitis {Fp <t} C{¥ <t} =: K, with all K; weakly— closed in BV(U) by characterization of
lower semicontinuity, and Ky sequentially compact in BV (U) with respect to weak— convergence from
the coercivity assumption on W. Hence the sequence (Fy) is equi—coercive. O

We now introduce the definition of I'-convergence for a sequence (Fy); defined on BV(Q2) on a
bounded and Lipschitz set Q C R™. We restrict the analysis to such domains since our final scope is
determining properties of I'-limits for functionals defined on BV (2).

Definition 2.49 (I'-convergence of functionals on BV). We say that a sequence Fj: BV(Q2) — R of
functionals I'-converges to the functional F': BV(Q) — R in BV(Q) if for all w € BV(2) the following
two conditions hold.

(i) (liminf inequality). For every sequence (wy)x in BV(€) converging to w in L'(€), it is
liminf Fj[wg] > Flw];
k—o00
(ii) (existence of a recovery sequence). There exists some (wy)x in BV(£2) converging to w in L(Q)

such that
lim Filwg] = Flw].

k—ro0
If both (i) and (ii) are achieved, we call F' the I'-limit of the sequence (F}y )y, and write F' = I'—limy F},.

Notice that another equivalent definition of I'-convergence is obtained imposing the requirement (i)
together with:
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(ii’) (limsup inequality). There exists a sequence (wy)r in BV(Q) converging to w in L!(Q) satisfying

lim sup Fj[wg] < Flw].

k—o00

Remark 2.50. We observe that if the limsup inequality (ii’) holds for some (Fy)g, F, then for every
w € BV(Q) it is limsupy,_, o, (infpy(q) Fir) < limsupy_, ., Fi[wi] < Flw], hence passing to the infimum

limsup( inf Fk> < inf F. (2.5.1)
k—oo  \BV(Q) BV(Q)

Definition 2.51. For a sequence of functionals (F}); defined on BV(2), we say that (ug)r in BV(£2)
is a minimizing sequence if limg_, o Fj[ug] = limg_, o0 (infBV(Q) Fk)

The following result deals with the convergence of minimal values for sequences of equi—coercive
functionals. We refer to [21, Theorem 1.21|, [22, Theorem 2.10], or [37, Theorem 7.8| for a proof in
general topological or metric spaces.

Theorem 2.52 (fundamental theorem of I'-convergence). If (Fy)x is an equi—coercive sequence of
functionals on BV(Q) and F :=I'=lim; Fy,, then F' admits minimum in BV(Q) and

min F' = lim < inf Fk>

BV(Q) k—o0 \BV(Q)
Furthermore, BV -minimizing sequences for F), are such that their L*(Q)-limit of subsequences attains
the minimum of F.

Proof. Asusual, we assume F' # oo — otherwise the result is trivial. Let (ug)x be a minimizing sequence
for (Fy)r in BV(Q). Bringing in Proposition 2.48, we determine a coercive, weakly— LSC ¥ such that
Fy, > W for every k, hence

hg_)s;p Uluy] < leFSO Fylug] = klingo <B{2£2) Fk> =:m < 00,
where finiteness of m follows from (2.5.1) since F' is not identically infinity. Then, up to a relabelling
of the indices we can assume the existence of some real value ¢y such that (ug)g is contained in the
weakly—x sequentially compact set {U < to} =: K;,. Via the compactness Theorem 2.22, we conclude
that (ug)r converges (again up to subsequences) to some u € BV(€) with respect to the L!(Q)-
topology. The liminf inequality (i) then yields infgy(q) F' < F[u] < m, whereas from (ii) and applying
(2.5.1) it also holds m < infpy () F'. Altogether, we deduce the minimization property for u and the
convergence of the infima my, := infgy(q) F to the minimum m. O

2.6 Functionals on measures

The following notion of functionals depending on measures was introduced by Goffman—Serrin [62] to
generalize the definition of the total variation functional G[v] := |v|(.) for a Radon measure v. We
first illustrate the abstract theory of functionals G' on measures, and later we specialize our treatment
to derivative measures of a BV function.

For m € N, we say that the function g: R™ — R is positively 1-homogeneous if g(t&) = tg(§)
for all ¢t € [0,00) and all £ € R™. For future usage, we also recall that every g: R” — R positively
1-homogeneous and convex satisfies the subadditivity property

9 +7) <g(€) +9(r) forallg,reR”, (2.6.1)
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since g(§ +71)/2 = g((E +7)/2) < g(&/2) + g(7/2). A straightforward consequence of (2.6.1) is the
reverse triangle inequality estimate

9(€) —g(r)=9g((—7)+7)—g(r) <g({ —7) forall{,7 € R". (2.6.2)

If U is an open set in R"” and ¢g: U x R™ — [0,00) is a Borel function positively 1-homogeneous in
the second variable, then we introduce the following functional on measure:

Gv|(U) = /Ug ( 2:) dp for v € RMyoc (U, R™), (2.6.3)

for any choice of non—negative measure p in RMj,.(U) such that v < . Observe that if i is any other
non-negative Radon measure on U such that v < p, then p, 1, v < p+ o and thus the Theorem of
Radon—Nikodym determines

dv = dv dp dv dp
dp+p) dp dp+p) dp dp+p)
where the densities dv/du, dv/dp are defined respectively pu, fi—a.e. on U. Then, by positive homo-
geneity of g and via the rewriting in (2.6.4) we compute

dv - dv du dv du N
Ve a2 Y [ )
/Ug< d(u+u)) et 1) GV A ) T de der )
dv dp / ( dl/) du N
= bw— | ———=dp + | —7——=d
/Ug( du) dp+p " ) A ™
dv du -
= o7 | 7 =dp+
/Ug< du) d(p + 1) e+ )

dv
= g\ d:ua
/U < du)

since the density function du/d(p + j1) is non—negative (u + i1)—a.e. on U. Symmetrically, exploiting
the second equality in (2.6.4) and that d/d(u + 1) is non—negative (u + 1)—a.e., it is also:

dv N dv du dv du N
glow7—=|dut+np =/g<.,A-A>d,u+/g<.,A-A>du
/U < d(u+u)) ( ) U dp d(p+R) U dp d(p+R)
dv dp / ( dI/) dp N
= oy TTX 7Ad + oy TTX 7,\(:].
/Ug< du) A+ "SI\ ap) dp
dv dpi .
=(gl,—=|———=dp+u
/U < du) d(p + 1) ( )

o (G)

We conclude that all three integrals agree, and thus the definition of G[v] is well-posed.

(u+p)-ae onU, (2.6.4)

Remark 2.53. We observe that for any pair of measure vy, vo € RMjo.(U, R™) mutually singular on
U and assigned v := v1 + v, the functional G[v] can be decomposed into the sum of G[v1] and G[vs]
as measures on U, that means

G[v](B) = G[n](B) + G[e](B) for all Borel sets B C U .

In fact, taking as basis measure the total variation |v| = |v1| + |ve|, it certainly is v, v1, v < |v| on
any B, thus we write

o) = foo (7)1 = o ()bt o () v

and we conclude by noticing that cﬁ; = dd|Z" holds |v;|-a.e. on B for i =1,2.
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Actually, for specific convex functionals on measures G we can even achieve a characterization of
the measures allowing a further decomposition of G. To this aim, with some abuse of notation we
introduce the notion of a strictly convex norm g on the vector space X — and we shall say that X is a
strictly convexr space when equipped with such a norm.

Definition 2.54 (strictly convex norm). If X is a vector space over R, we say that the positively
1-homogeneous mapping F': X — [0,00) is a strictly convex norm on X if F' is convex, F(x) > 0 for
all  # 0, and F' satisfies the strict convexity condition:

(SC) For distinct =, y € X such that F(z) = F(y) = 1, we have F(Az 4+ (1 — A\)y) < 1 for every
A€ (0,1).

The requirement in (SC) determines that balls with respect to F' — that is, all sets of the kind
F~L([0,7r]) = {x € X : F(x) <r}— are strictly convex in X. Notice that strictly convex norms are not
strictly convex functions, since by positive homogeneity they are affine on half-lines. The easiest ex-
amples of strictly convex norms on the Euclidean space are the p-norms g(z) := |z|, = (321, |2i|P)V/?
for x € R™ (n > 1) whenever p € (1,00), whereas the limit cases p = 1 and p = oo — where
|Z|oo = max;—1,.p |z;| — lose strict convexity.

Alternatively, one might introduce strictly convex norms employing the equivalent reformulation

of (SC) given by:
(SC") For z, y € X with « # 0 such that F(z) + F(y) = F(z +y), it is y = yx for some v € [0, 00).

We point out that the reverse implication in (SC’) is always verified, since if y = v with v non—
negative, the positive homogeneity of F' yields F(x +vy) = F((1+v)x) = (1 +)F(z) = F(z) + F(y).
Proving the equivalence (SC) <= (SC’) is standard, and we stress that such a proof does not employ
the usual assumption for norms of (full) homogeneity of F'.

Proposition 2.55. We consider an open U in R™ and a mapping g: U x R™ — [0,00) such that
& — g(x,€) is a strictly convex norm on R™ for all x € U. Then, for arbitrary measures vy, vy in

RMioc (U, R™), we have
Glv1 + 2] = G[v1] + G| as measures on U <= va =11+,
where v: U — [0,00) and v € RMjoc(U,R™) with v L vy on U.

Proof. Suppose first that Gv1 + 1»](B) = Glv1|(B) + Glv2](B) for every B C U Borel. We compute
the functionals on measures according to (2.6.3), choosing as basis measure p := |v1| + |va|:

Gl)(B) + G2 (B) :/B (g < ‘Z;)w < ‘Z’Z)) Ay :/Bg ( d(”ldj;””) djt = Glvr + 1](B).

By arbitrariness of B, the two quantities above are equal if and only if the integrands agree yu—a.e. on
U, that is

g (w ZJ(@) tg <x i”:(x)) —y <:c ‘3’2(@ + if(@) for jr-ace. € U (2.6.5)

We now distinguish two cases. On the points z € U where d%(:n) = 0, the equality in (2.6.5) is always

d
verified since g(z,0) = 0. Otherwise, i.e. in case %4 (z) # 0, we can apply the strict convexity norm

du
assumption on g restricted to the second variable in the form of (SC’) with vectors dd—”ﬂl(a:), %—’ﬁ(:{:) e R"
to obtain %(m) = 'y(x)%(:v) for p—a.e. x and for y(x) > 0. Since v; and 5 are absolutely continuous
with respect to p, we derive vy = %u = 7%u = ~v1 on supp(ry1). Outside the support of v we
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don’t have any restriction on vo, so we can summarize the two cases by arguing the existence of some
measure v € RMjo.(U, R™) whose support is contained in the complement of supp(r1) — hence v and
v1 are mutually singular on U — and such that we have v, = yv; + v on U, as claimed.

If vice versa v1 € RMjoe(U,R™) and v = yv;1 + v with non—negative v varying on U and measures
v 1 v, we easily check that for B C U Borel it holds

Glual(B) = Gl +01(8) = () + | ¢ ( M) a(ll)

=G[u}<B>+/ng<.,jZ1|) dl|

from an application of Remark 2.53, whence we deduce

Gl l(B) + Glual(B) = GI(B) + [ (149 g ( dﬁ|) |

_ d((y + D)
= G[V](B) + /BQ <-» d(W+1HV1|)> d(|y + 1[z1])

= G[(1+v)n1](B) + Glv|(B) = G[v1 + 1»|(B).

This completes the proof of the reverse implication and thus of the equivalence of our two conditions.

O

Through the procedure introduced in (2.6.3), we have seen how to define functionals for homoge-
neous integrands in the second variable. However, we would like to work with functionals on measures
— also including inhomogeneous integrands. The following generalised definition serves this purpose
well.

Definition 2.56 (functionals from measures). For open U C R™, we assume that g: U x R x R" —
[0,00) is Borel and positively 1-homogeneous in R x R™, and we set the functional

dc™ dv
n = ———y — for all M ™.
G[(L™,v)](U) /Ug <, i ’du> dp for all v € RMo. (U, R"™)

Consistently with the results above, here y is any non—negative measure in RMjo.(U) with (L™, v) < u;
for example, we could assign p := L™ + |v/|.

Once again, Theorem 2.1 applied to the (n+1)-valued measure (L™, v) and homogeneity of g in the
joint variable yield well-posedness of G[(L™,v)] for any v. Notice that for integrands g independent
of the second variable, we reduce to the case of (2.6.3). We are particularly interested in applying
Definition 2.56 to the case where v is the derivative measures of some BV function, i.e. considering
the functional G[Dw](U) := G[(L",Dw)](U) for w € BVi,.(U). Explicitly, we achieve

cpul(v) = |

< dL™ dDw
g\ -
U

a, d'u) d/L for all w € BVIOC(U) (266)

defined for any non-negative y € RMjo(U) such that (£", Dw) < p.

2.6.1 Functionals with linear growth

We have mentioned in Chapter 1 that our interest lies in first—order functionals of integrands f with
linear growth. In such generality, Definition 2.56 cannot be applied straightforwardly to our f, since
this latter might not be homogeneous in the gradient variable. To overcome such an issue, in [57] the
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authors presented an adjusted definition of functionals on measures for linear growth integrands, which
now depend on two auxiliary functions, the perspective and recession function.

Unless otherwise specified, we consider arbitrary open domains U C R™ and functions f: U x R™ —
R of linear growth convex in the second entry.

Definition 2.57 (linear growth). We say that a function f: U x R™ — R has linear growth in U
(meant in the second variable) if there exist constants «, 5 € [0,00) such that

alg] < f(z,8) < p(JEl+1) forall (,§) e U x R"™. (2.6.7)

Definition 2.58 (perspective and recession function). We assume f: U x R” — R to be convex in
the second variable and with linear growth for some constants «, 5. The recession function of f is

f°: U xR" — [0,00) defined as
[2(z,8) = lim tf <x, f) for all (z,&) €e U x R",
t—0+ t
whereas the perspective (or homogenized) function of f is f: U x [0,00) x R® — R such that
f(z,t,8) =tf (a:, f) for t € (0,00) and  f(x,0,&) := f(x,€).

For any given x € U, the perspective function f(z,.) represents an extension of f(z,.) to the
positive half-space [0,00) x R™ in dimension n + 1. Specifically, it is the extended function of f(z,.)
which is positively 1-homogeneous on the half-space and satisfying both conditions

fG.L)=f and f(,0,)=f>.

We remark that it is the convexity of £ — f(z, &) to guarantee the existence of the limit in the definition
of f*°. For more general functions f (specifically, such that f(z,.) is continuous but not convex) with
linear growth, a double limit notion is required in order to define the recession function; namely, one

may set )
f°(z, &) = liminf tf (x’, 5) for all (z,£) € U x (R™\ {0}) . (2.6.8)

(2',8") = (2,8) t

t—0t
In our framework, the single limit for ¢ ™\, 0 for fixed z, £ suffices, since our necessary assumptions
for the minimization problem with functional (1.2.4) always include convexity of the integrand in the
gradient variable. This will become clearer while proving the next proposition, where some basic
properties of the recession and perspective function are listed. A detailed proof can be found in [52,
Lemma 2.8].

Proposition 2.59 (properties of f and f*). For f as in Definition 2.58, all of the following hold:
(i) The function & — f*(x,&) is conver and positively 1-homogeneous in R™, with
ale| < f2(2,€) < BI¢|  for all (v,6) € U x R™. (2.6.9)
(ii) The function (t,&) — f(z,t,€) is convex and positively 1-homogeneous in [0,00) x R™, and

alé| < flx,t,8) < Bt +1€])  for all (x,t,€) € U x [0,00) x R™.

(iii) If f is lower semicontinuous, then f and f are lower semicontinuous as well. If both f and f>
are continuous, then f is continuous.
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Remark 2.60. We record that the lower bound in (2.6.7) — that is, the coercivity assumption (ii) for
f in Assumption 1.1 — is not strictly necessary to determine existence of (convex) f*° and f; in fact,
by replacing this condition only with boundedness from below

f(z,6) > 1 forall (z,§) e U x R"

for a non—negative constant c;, the result of Proposition 2.59 is still valid with 0 < f*(z,&) < BJ¢|
holding in place of (2.6.9). Such a weaker growth condition will be employed in the duality Section
8.2.

From the convexity assumption, we easily obtain the following variant of the triangular inequality
for f and f°.

Proposition 2.61. For f as in Definition 2.58, we have
f(x, &) — flx,7) < [z, —71) forall xe€U, all§,7€R", (2.6.10)
and consequently f(x,&) < f>(x,&) + f(x,0) for all (z,£) € U x R™.

Proof. For every x € U and &, 7 in R™, convexity of f implies

§ZT>+(1_t)f<x’lT—t> for all t € (0,1),

f@ﬁ%:ﬂ%@—fﬂw?<ﬁ<m

and sending ¢ to 0 we obtain just as claimed

f(z,&) < lim tf (ac, §ET> + lim (1—¢)f (ac, 1T—t> = >z, & — 1) + f(z,7).

t—0t t—0t

O

Moreover, the convexity of f allows us to determine even a generalized supporting hyperplane
inequality for the recession function.

Lemma 2.62. Any f as in Definition 2.58 achieves
+Vef(x,§) v < fx,2v) forallz €U allv € R" and a.e. § € R™.

Proof. We recall that the convexity of f in the second entry yields, via Rademacher’s theorem, the
existence of the standard gradient { — V¢ f(x, &) for every fixed x € U. We exploit then the supporting
hyperplane inequality f(z,z) > f(x,§) + Vef(x,§) - (2=€) for z := { £ v together with the estimate
flx, & tv) < f(xz,€) + f(x,£v) of the previous Proposition 2.61 to achieve the claim. O]

As mentioned at the beginning of the section, homogeneity of the perspective function in the joint
variable (t,§) € [0,00) x R™ enables us to extend the definition of functionals on derivative measures
(2.6.6) to f whenever f has linear growth.

Proposition 2.63. We assume that the Borel function f: U xXR"™ — R is convez in the second variable
and has linear growth. Then the functional

ﬂwmﬂ=/f0ﬁi$:

> dp  for v € RMio. (U, R™)
U

is well-posed according to Definition 2.56, for any choice of p € RMjoc(U) non—negative with (L™, v) <
woon U. Furthermore, it holds

f(.,z/)(U)_/Uf<.,§Z:> d£"+/Uf°° ((ﬁ\) dv?|, (2.6.11)

where v*, v° denote respectively the absolutely continuous and singular part of v with respect to L™.
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Proof. The integral f(.,v)(U) is well-posed in view of positive 1-homogeneity of the perspective
function (¢,£) — f(z,t,&) from Proposition 2.59(ii). To prove (2.6.11), we consider the measure
p = |(L" v)| and we exploit Remark 2.53 via the Lebesgue decomposition v = v® + v*; so that we
can write (£",v) = (L",v?*) + (0,v*) with mutually singular addends. From the definition of f* and
f, we then compute

< ( dL™ dv dv
s @ = [ 7 (G Y+ [ (0.9 ) ae
= dv n = dv? s
= [ 7 (on i )aens [ 7 (0 gt )
dy n o0 dL S
= Jor (i) e [ (i) v

setting p1 := L™ and pg := |*®|, therefore the decomposition formula (2.6.11) is verified.
O

More specifically, for any integrand as in Proposition 2.63 and any w € BV, (U), the formula
above applied to Lebesgue decomposition of Dw becomes

- dL™ dDw oo dD%w s
f(, Dw)(U) ::/Uf<"dDw’du> d,u:/Uf(.,Vw)da:—i—/Uf (’d]D5w|> d|D%w|.

It is left to provide a generalized meaning to our Dirichlet condition ug in BV, and, to do so, we
make strong use of the boundary trace and extension Theorem 2.23. We then focus on Borel functions
f: U xR"™ — R convex in the second variable and with linear growth in U, where U 3 Q and € is
a bounded Lipschitz domain. Following the pivotal work [57|, for any w € BV({) and any datum
ug € WHL(R™), we work with the BV extension W% := wlq + uolpng (such that the restriction
w"|,; is in BV(U)) and with the functional
f(,Dw*)(U)

= f(,Dw)( )+ [ £, (w—up)rg) dH" 1 + f(.,Vug)dz  for all w € BV(Q).
89 U\Q
Remark 2.64 (on an alternative extension procedure). In our later applications of the theory so far
presented, we will usually set the domain U := R"™ and thus consider extensions of any w € BV(Q)
via the given function ug on the whole complement of 2. As a consequence, to write the functional
f(., Dw"0)(R™) it is required for the integrand to be defined on all R™ xR™. As already mentioned at the
beginning of Section 1.1, to do so it suffices to start with some lower semicontinuous f defined on Q x R"
and there satisfying Assumptions (i)—(iii). Then, by Lipschitzianity of the domain, for any xy € 9 we
can find a radius ro and a bi-Lipschitz invertible mapping ®4,: By, (z0) = B1, @5, = (®L,..., %),
such that @, (B, (z0) N9N) = By N{z, = 0} and ®,,(B,,(x0) N Q) = BN {z, > 0} with B; unit ball
in R centered at the origin. We then set the function fy(2,€) := f(Pp(Pay(x) — PL (2)en),§) =
f(@H®L (z),..., 00 (x),0),¢) forallz € By, (20)NQ° and all ¢ € R™, in order to extend f constantly
along the direction given by the image of e, = (0,...,0,1) € R” via (I);()l' Then, since the function
behaviour on the { variable remains unaltered, fy, still satisfies properties (i)-(iii). Furthermore,
applying continuity of ®,,, ;0 , and the assumed lower semicontinuity of f on 092 x R"™, we deduce
that f;, is even lower semicontinuous on (BTO (20) N QY ) x R™. Considering now a partition of unity
{pi},; via continuous functions p;: B, (x;) — [0, 1] for suitable z; € 0€2 such that 0Q NU = 02 setting

U :=J,;Br,(x;), we let

R a f(x,f), if x Eﬁ
f(xaf) = {Eszl(x,g)pz(x)’ iwaﬁcﬁU.
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for all (z,£) € (QUU) x R". Then, £ — f(:ﬂ, €) is still convex in view of the convexity of each fy,(z,.),
the fact that p; are non-negative, and since for any x it is pj(x) = 0 for all but a finite number of
indices j. The linear growth conditions (ii)—(iii) for f on (QUU) x R™ follow from the analogous
properties of f, f;,, and from boundedness of all p;’s. In an analogous way, one may verify that ]?
inherits lower semicontinuity from the component functions f and f;,’s — also exploiting continuity of
pi. Proceeding with further extensions of f(w, €) for x outside of the (again Lipschitz) domain Q U,
by subsequent iterations of the construction above we will lastly achieve an extension of f defined on
the whole R™ and which is admissible in the sense of Assumption 3.3.

2.7 Reshetnyak’s theorems

In his seminal paper [83|, Reshetnyak proved a (semi)continuity result (Theorem 2.65) for positively
1-homogeneous functionals on measures for (semi)continuous integrands under assumptions of weak—
« convergence of Radon measures (respectively, strict convergence, for the continuity case); see [83,
Theorems 2 and 3|. Such statements can be preserved when considering convex (semi)continuous
functionals defined on integrals with linear growth, see Corollary 2.66. In our specific case of the
Dirichlet boundary problem in BV, we would also like to extend semicontinuity of the functional up to
the boundary of a Lipschitz domain 2 C R™. In such a framework, it is common to assume £"(92) = 0,
and thus the occurrence of weak— convergence in RMj, (ﬁ, ]R”) will satisfy our purpose.
For the proofs of the results below we refer, for instance, to [3, Theorems 2.38 and 2.39).

Theorem 2.65 (Reshetnyak semicontinuity; homogeneous version). We consider a lower semicontin-
uous function h: UxR™ — [0, 00) which is positively 1-homogeneous and convex in the second variable,
and measures (Vg )k, v in RMioe(U,R™). If (vg)r converges to v locally weakly— in RMoc(U, R™), then

duy, dv
lim inf H U):=liminf [ A{.,— |dp> [ h|.,— ) du =: H[y](U).
im inf Hl[(U) lkrggol/U <’du) u_/U <,dﬂ> p=:H[|(U)

Theorem 2.65 can be straightforwardly generalized to possibly non—homogeneous functions, with
an application to the (convex, positively 1-homogeneous and LSC) perspective function of (¢,&) —
h(z,t,&) presented in Section 2.6.1, and exploiting the convergence of measures (L"), (£",v) in
RM,. (U, R™"1) in place of just vy, v.

Corollary 2.66 (Reshetnyak semicontinuity; non-homogeneous version). For any lower semicontin-
uous function h: U x R™ — [0,00) convez in the second variable, and any (vg)r in RMec(U,R™)
converging to v locally weakly—* in RMo.(U, R™), we have

liminf/h .7£,% duz/h .,g,g du,
k—oo Ji dp * dp U dup “dp
where h: U x [0,00) x R" — [0,00) is the perspective function of h as introduced in Definition 2.58.

If additionally L"(OU) = 0 and the measures converge weakly—* in RMye (U, R”), the result can be
extended up to the boundary of U, that is liminfy_o H{vg](U) > H[Y](U).

For a sketch of proof of the last part of the statement, we refer the reader to [15, Appendix B].
Restricting now to derivative measures of BV functions and assuming U = (), we can reformulate the
two results above as follows.

Theorem 2.67 (Reshetnyak semicontinuity for admissible functionals). For Q@ C R™ open bounded
Lipschitz, ug € WHH(R™), and assigned a function f: R™ x R* — R as in Assumption 1.1, it holds

= ( dL™ dDwy - ( dL" dDw Ep—
y—— dyp > w—y—— | dp = f(.,,Dw")(Q
P T an= [ 7 (WSS ) dn = D) @

lim inf f(., Dw"?)(Q) = lim inf /
Q

k—o00 k—oo Jo
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on sequences (wy,)y, in BV(Q) converging to w in L1(Q). In other words, by summing the common term
in Q° we achieve:
liminf f(., Dwg"°)(U) > f(.,Dw")(U),
k—ro0

for any open and bounded set U 3 Q2 and for (wi),, w in BV(Q) converging in L*(Q) to w.

Proof. We suppose liminfy_, f(., Dwp"0)(U) < oo, thus making use of the lower bound in the growth
condition it is supyey |[DwE“|(U) < oo. Since clearly wg“0 — w0 in L1(U) as k — oo, Theorem 2.22
determines a subsequence! (not relabelled) and v € BV (U) such that wz% = v weakly * in BV(U)
as k — oo, but the previous convergence in L!(U) yields by uniqueness of the limit v = w"° a.e. in
U. Specifically, we proved Dw;% = Dw"o weakly—* in RM(U,R") for k — oo, and an application of
Corollary 2.66 yields the thesis. O

We now pass to continuity theorems for integral functionals, where in particular the semicontinuity
assumption of A in the LSC theorems above is replaced by full continuity, whereas convexity in the
second variable is no longer required. However, the continuity result comes with the prize of a stronger
assumption — that is, (area—)strict convergence of measures.

Theorem 2.68 (Reshetnyak continuity; homogeneous version). We consider a continuous mapping
h: U x R™ — [0,00) which is positively 1-homogeneous in the second variable and such that h(z,§) <
Bl&| for some B € [0,00). If for the measures (vg)g, v in RM(U,R"™) it is v, — v strictly in RM(U,R")
as k — oo, then

dyy, dv
lim H U)= 1 h{.,— | du= [ h(. — | du=H[]|U).
tim 83 0) = fim [ (L) du= [0 (L 5) dn=HRIO)
Even in the continuity case, the passage to a formulation for non-homogeneous integrands requires
positive 1-homogeneity in the joint variable (¢, ) € [0, 00) x R™ and the extension to (n+1)-dimensional

measures. The additional finiteness assumption on the domain is necessary to consider area—strict
convergence of BV functions.

Corollary 2.69 (Reshetnyak continuity; non-homogeneous version). For U C R"™ open with finite
measure, we assume h: UXR™ — [0,00) to be continuous with h(x,&) < B(|]|+1), and such that (2.6.8)
exists as a limit. Then, if (vg)k, v in RM(U,R") are such that v, — v area—strictly in RM(U,R™) as

k — oo, we have

lim [ h .,g,% du:/h .,g,% du .

k—oo Ju dp * du U dp " dp
If additionally L"(OU) = 0 and the measures converge area—strictly in RM (U, ]R”), the result can be
extended up to the boundary of U, yielding limy_, H[vg] (U) = H[v] (U)

An application of Corollary 2.69 to the isotropy (&) := |£] yields |vg|(U) — |v|(U), hence we
deduce strict convergence of (1) to v from the area—strict convergence of measures. Actually, one
could formulate variants of Reshetnyak’s continuity theorem by replacing the assumption of area—strict
convergence on domains with finite measure with any W—strict convergence in open U C R", provided
for ¥ € LY(U) is locally bounded and such that essinfyy ¥ > 0, and imposing the refined growth
condition |h(z,&)| < ¥(x) + S|&] on h: U x R™ — R. The latter continuity result was proved in [15,
Theorem 3.10].

We are finally able to state continuity for our integrand f as a straightforward result of Corollary
2.69. Observe that to apply this latter to the perspective function f, continuity of f*° is required

! Actually, the procedure described reaches at first semicontinuity only on the selected subsequence of (wg)k. Then,
arguing as usual by contradiction and yet again passing to converging subsequences, one may check that the result of
Theorem 2.70 is achieved for the full sequence (wy ).
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as well — compare with Proposition 2.59(iii). Therefore, the continuity assumption on f only is not
enough to guarantee the validity of Theorem 2.70, and this justifies the further assumption (H1).

Theorem 2.70 (Reshetnyak continuity for admissible functionals). For  C R™ open bounded and
Lipschitz, ug € WHHR™), and the function f: R® x R® — R as in Assumption 1.1 such that f and
f°° are continuous, it holds

— —( dL"™ dDwyg —( dL" dDw —
li L DwRp*) () = 1 —y —— = Y ————— = f(.,Dw")(Q2
i (Do) @) = g [ (L an= [ 7 (LSS ) = (D) @

for sequences (wy)y in BV () converging to w area—strictly in BV (). Consequently, it is even
lim f(., Dw™)(U) = f(., Do) (U),
k—ro0

for any open and bounded set U 3 Q. In case f is positively 1-homogeneous in the second variable, the
continuity result holds even under strict convergence wi, — w in BV(Q).

Moreover, from the same reasoning following Corollary 2.69 applied now to derivative measures,
Theorem 2.70 employed for f(£) = f*(§) := |€| yields strict convergence in BV (U) from area-strict
convergence in BV(U). Then, the result of Theorem 2.70 achieved up to the boundary of € is justified
by Proposition 2.25. In fact, this latter applied to ¥ = 1 reads out that area—strict convergence of
(wk)k to w in BV(€2) determines area-strict convergence in BV, (Q), and specifically Dwg“ — Dw"o
area—strictly in RM (ﬁ, R”). Finally, the last part of the statement of Corollary 2.69 enables us to
reach €2 in the functional convergence.

We additionally record that the full continuity of the integrand f in Theorem 2.70 could be weakened
to continuity of f(z,.) for Lebesgue a.e. x € Q, provided that the generalized definition of recession
function as in (2.6.8) is considered. In any case, one would still need to impose continuity of the
perspective function f on Q x {0} x R™. For a more detailed treatment, we refer to [65, Theorem 4]
and its variant |15, Theorem 3.10] in possibly unbounded domains.

2.8 Anisotropies and anisotropic variations

In our formulation, an anisotropy on R™ is any non-negative Borel function ¢: R x R” — [0, 00) such
that & — ¢(x, &) is positively 1-homogeneous on R™. Any ¢ admits the mirrored anisotropy ¢ defined
as

o(z,€) == p(x,—=E) for all z,£ € R™.

Clearly, ¢ is still an anisotropy in R™ and we have ¢ = ¢ provided ¢ is even in the second variable,
whereas the relation ¢ = ¢ always holds. In analogy with the total variation of functions, one introduces
the notion of variation in terms of a given anisotropy. In the same way, anisotropic variations of
characteristic functions provide a generalization to perimeter measures.

Definition 2.71 (anisotropic TV). Assume ¢ is an anisotropy on R™. Given an open U C R" and a
Borel set B C U, the yp-anisotropic total variation (TV,) on B of the function w € BV, (U) is
given by

TV, (w, B) := |Dw|,(B) := /Bap(.,uw)d|Dw| (2.8.1)
for the Radon—-Nikodym density v, := dDw/d|Dw|.

Note that (2.8.1) is consistent with our definition of functionals on measures as introduced in
(2.6.3) for homogeneous integrands. The TV, provides a natural extension of the standard total
variation functional, which is retrieved for the isotropy ¢o(§) := |£]. For functions w € Wllo’i(U )
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2.8. Anisotropies and anisotropic variations 43

we can equivalently write [ 5 ¢(., Vw) dz when referring to TV, (w, B). Applying the decomposition
Dw = VwL" + D/w + Dw for the derivative of any w € BVi,.(U), Remark 2.53 yields the rewriting

dDJw . dDcw
TV, (w, B :/ . Vw dx—i—/ <.,,>dD]w —i—/ <., )dDCw

= [D w|(B) + [D/w|y(B) + [Dwl,(B) .

We point out that the mirrored anisotropy ¢ of ¢ determines the mirrored total variation TV as
TVgz(w, B) = / ¢ (., =) d|Dw| = |D(—w)|,(B)  for all w € BVioc(U).
B

Definition 2.72 (anisotropic perimeter). For an anisotropy ¢ and a set E C R™ of locally finite
perimeter in open U C R", the p-anisotropic perimeter of £ in B C U is

Po(B.B) = [D1el(B) = [ ¢(.ve)dDLs]. (2:582)

Here, vg is the |D1g|-a.e. defined generalized inner normal vector on the reduced boundary 0FE of
FE as introduced in Section 2.3. We remark that for sets of just local finite perimeter, the integrand
in (2.8.2) might be infinite. In case U = R", consistently with the isotropic case, we neglect the last
entry when computing P, (E,R"™).

Observe that, in view of De Giorgi’s Theorem 2.34, the p—perimeter can be equivalently expressed
as Py(E, B) = [pop (., vE) dH" 1. Moreover, being the generalized normal of the complement of

FE such that D1 D1
Ec E
dDLn| ~ apiy ~ /& IPlel=[Dlefae.,

the mirrored anisotropic perimeter satisfies P5(E, B) = P, (E°, B).

VEe @

The following statement is proved in [51, Lemma 2.20] and it extends to anisotropic perimeters
the (isotropic) estimate in |92, Lemma 2.9], which takes into account representatives of intersection
sets. We underline that its validity will be crucial in order to verify semicontinuity for the anisotropic
perimeter coupled with a measure, as — for instance — in the latter Theorem 4.5.

Lemma 2.73. We consider an open set U C R™ and an anisotropy ¢ such that p(x,&) < p|&| for all
z,& € R™ and some 5 € [0,00). Then, for sets A,R,S C R"™ with P(A,U)+P(R,U)+P(S,U) < oo,
there hold

P,(ANR,U) < P,(A, R'NU)+P,(R, AT NU) and P,(A\S,U) <P,(A4,S°NU)+P5(S,ATnU),

where the conditions H" 1 (O*ANI*RNU) =0 and H* H(9*ANI*S NU) = 0 respectively determine
equality.

If there exists some I' € [0,00) such that ¢ < T'pg everywhere, for any Borel set B C U we can
estimate from above TV (w, B), < T [ |vw| d|Dw| = I'|Dw|(B) recalling that Im(r,,) € S"!, and
similarly in the case of a lower bound. Therefore, we obtained:

Proposition 2.74. If the anisotropy o satisfies the linear—growth condition

alé] < oz, §) < BlE| for all z,§ € R” (2.8.3)
for some 0 < a < 8 < 00, then for any open set U C R™ and any w € BV (U) we have

a|/Dw| < |Dwl, < f|Dw|  as measures on U .
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Any ¢ satisfying (2.8.3) is said to be comparable to the Euclidean norm. In particular, from
Proposition 2.74 we deduce that in such a case any set of (locally) finite perimeter in U is a set of
(locally) finite ¢—perimeter in U, and vice versa.

Remark 2.75. If ¢ is comparable to the Euclidean norm, then for any given function w € BV 1,¢)(U)
the mapping TV (w,.), is a non-negative (locally) finite Radon measure on U. The same applies to
the ¢-—perimeter measure P, (E,.) := |[D1g|,(.) on U for any set E of (locally) finite perimeter in U.

Proposition 2.76 (subadditivity of TV, with respect to functions). For any anisotropy ¢ in R™
convex in the last n variables, and for any u, v € BV (U) on open U C R™, it holds

|D(u+v)|, < |Du|, + |Dv|, as measures on U . (2.8.4)

Proof. Assigned any Borel set B C U, we may take p := |Du| + |Dv| as basis measure and directly
compute

dDu  dDw dDu dDv
D(u+v)|,(B :/ (.,+ >d,u§/ (.,)du+/ (.,)d
ID(u+ v)|(B) P T RaCrm RACEmAL
exploiting convexity of ¢. Since both Du, Dv <« p, the last two integrals yield the right—hand side of
(2.8.4). O

Lemma 2.77. If ¢ is an anisotropy on the open set U C R™ and w € BV (U), then the p—variation
enjoys the following decomposition

|Dw|, = [Dwy|, + [Dw_|5 as measures on U .

We observe that the chain rule Theorem 2.40 guarantees for any function w of (locally) bounded
variation that the positive part wy := max {w,0} and negative part w_ := —min{w,0} are still of
(locally) bounded variation. In case the two functions in Proposition 2.76 are the positive and (the
opposite of the) negative part of some BV function w, the subadditivity property (2.8.4) holds as
equality — even without convexity of £ — ¢(z,£). This can be heuristically justified considering that
the derivative measures Dwy are mutually singular on some large part of U (that is, outside the set of
jump points J,, where a change of sign of w occurs), and hence here the decomposition of Remark 2.53
applies. For a complete proof of Lemma 2.77 we refer to [51, Lemma 2.15]. An alternative, convexity—
based proof can be achieved by strict approximation whenever ¢ is everywhere continuous and convex
in £, and such assumptions would be compatible with our admissible class of integrands. Nevertheless,
we prefer stating the decomposition result of Lemma 2.77 in the most general set of hypotheses.

A fundamental property of the anisotropic variation for convex anisotropies is its lower semiconti-
nuity with respect to weak— convergence in BV, as expressed in the following result in consequence
of Reshetnyak’s Theorem 2.65.

Theorem 2.78 (Reshetnyak semicontinuity for anisotropies). We consider a lower semicontinuous
anisotropy ¢: R™ x R™ — [0, 00) with £ — ¢(x,&) convex for every x € R"™. Given (ug)k, v in BV(U)
for open U C R™, we assume that either:

(a) (ug)r converges to u weakly— in BV(U) as k — oo; or
(b) (ug) converges to u in LY (U) with ¢(z,€) > al€| for all (z,€) € R™ x R™ and some a € [0, 00).
Then we have

1ikm inf |Dug|,(U) > |Dul,(U) . (2.8.5)
—00
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Proof. Under assumption (a), we can directly apply Theorem 2.65 to the sequence of derivative mea-
sures (Duy )y converging to Du weakly—+ in RM(U,R™) to achieve (2.8.5). Suppose now (b) holds. If
the minimum limit in (2.8.5) is infinite, the result follows trivially. Otherwise, the lower bound on ¢
yields

lim inf [Dug|(U) < liminf [Dug|,(U) < oo,
k—ro0 k—ro0

hence supyey |Dug|(U) < oo up to passage to subsequences, and at the same time the L'(U)-
convergence implies supyep |[uk/|r1 () < 0o up to relabelling. An application of Theorem 2.22 yields a
(non-relabelled) subsequence and a weak—x limit v € BV(U) for the sequence (uy);. By uniqueness of
the LY(U)-limit we deduce v = u a.e. on U, as well as

/ Y- dDv= lim [ ¢ -dDup=— lim [ div(¢)u, de = —/
U k—o00 U k—o0

U

div(¢)u dox = / ¢ - dDu,
U

U

holding for any test function 1) € C°(U, R™). Hence Dv = Du as Radon measures on U, and uy — u
weakly— in BV(U). The claimed lower semicontinuity follows now by reduction to the previous
condition (a). O

Expectedly, a continuity result for anisotropic variations can be achieved provided we assume full
continuity of the integrand and a stronger convergence in BV. Analogously to the corresponding
Reshetnyak’s result, Theorem 2.79 applies regardless of the convexity of .

Theorem 2.79 (Reshetnyak continuity for anisotropies). We take an open set U C R™ and a con-
tinuous anisotropy ¢: R™ x R™ — [0,00) such that p(x,§) < B|¢| for all (x,£) € R™ x R™ for some
B € [0,00). Then, for any (ug)r and u in BV(U) such that (ug)r converges to u strictly in BV(U) as
k — oo, we have

Jim [Dugl, (U) = [Dul (U). (2.8.6)

Moreover, if U = Q bounded Lipschitz, the extensions (w5 ), T via any ug € WHL(R™) satisfy
lim |Du;“|,(Q) = |Du"|, () . 2.8.7
ki{go| Uk, |<p( ) |Du |g0( ) ( )
Proof. The first part is a direct consequence of Theorem 2.68 applied to the measures (Duy )y converging
strictly to Du in RM(U, R"™). In case U = 2, we recall that by Theorem 2.23 it is (u;"0)g, u“0 € BV(R"),

and the second limit follows from (2.8.6) in R" by cancellation of the common (finite) term on the
complement of €2. O

For simplicity, we assign the following name to sequences satisfying condition (2.8.6) or (2.8.7).

Definition 2.80 (y-strict convergence). Assume ¢ is an anisotropy on R™ and U is open therein. We
say that:

(i) The sequence (uy)x in BV(U) converges g-strictly in BV(U) to u, if up — w in LY(U) and
|Dug|o(U) = |Dul|,(U) as k — oo;

(ii) For ug € WHL(R™) and (ug)g, u € BVy, (U), the sequence (uy )y converges g-strictly in BV, (U)
to u, if the sequence of extensions w0 converges p-strictly on BV(R") to w°.

Clearly, for continuous anisotropies ¢ under the growth bound ¢(.,¢) < BJ¢|, Theorem 2.79 yields

up, — u strictly in BV(Q) = T u -strictly in BV, (ﬁ) .
—00

k—o00
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Another essential property of the total variation measure of a BV function is its reformulation as
the integral in R of the perimeter of superlevel sets — meaning, the Fleming—Rishel Coarea Theorem
2.38. We now show that a generalized version of the coarea formula holds for the TV, as well. We
first prove a preliminary result on inner normals in the reduced boundary for superlevel sets of BV
functions.

Lemma 2.81. Given v € BV(U), we consider the superlevel sets Ey := {x € U : u(z) >t} for a.e.
t € R. Then the generalized normal vector to 0" Ey coincides with the Radon—Nikodym density of Du
with respect to its total variation up to H" ' -negligible sets, that is

vy =vg, H" '-a.e onUNIEy, forae tcR. (2.8.8)

Proof. Exploiting the result

[aava= [ ([ g<y>ernEtr<y>) a-[" ( [ W) a8

of Corollary 2.37 for a Lipschitz function u: U — R and Borel g: U — R bounded, we then generalize
(2.8.9) to arbitrary u € BV(U) — for instance, employing the approximation Theorem 2.103. In a
similar way, by Theorem 2.34 we compute

[e-avu= [~ ([ ct-avtn) = [~ ([ G ) W) a

for any bounded Borel vector field G: U — R™ and w € BV(U). In particular, letting g := G - v,
bounded, a combination of the last two formulas yields

/ Z < /U ) dH"l(y)) dt = / Z < /U o, W) vE) deM@)) dt.

Assuming now G := (n o u)y for some n € C.(R) and ¢ in a countable and dense set C in C.(U,R"),
for a Borel representative of G we write

o= [ (/. o) - () — v () )

—00

- / ) i) (/Uma*Et ¥(y) - (uly) — v, (y))dH”_l(y)> dt,

—00

where we applied
u(y) =t for H" '-ae. y c UNI'Ey, for ae. t €R.

By the fundamental lemma of the calculus of variations, we obtain
/ Y- (vy —vg,)dH" 1 =0 forally €C, for ae. t €R.
UNo'Ey

The density of C in C.(U,R™) and another application of the fundamental lemma yield (2.8.8). O
We are finally ready to state our anisotropic coarea theorem.

Theorem 2.82 (anisotropic Fleming—Rishel coarea formula). For an anisotropy ¢ on R™ such that
o(x, &) < BlE] for all (x,€) € R™ x R™ for some 8 € [0,00), u € BV(U) and any Borel set B C U, it is

]Du\w(B):/OO D1, |,(B) dt:/OO P,(E, B) dt. (2.8.10)

— 00 —00
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Proof. From the a.e.—equality (2.8.8) and applying (2.8.9) to the measurable function g := ¢(.,1,) <
Blvu| = B and thus bounded, we directly employ the definition of p—variation, ¢-perimeter and De
Giorgi’s Theorem 2.34 to compute

Dul(B) = / (- va)d[Du] = / / (- va) dH" 1 dt = / / (v dH L dt
B —oo J BNO*E} —oo J BNO*E}
:/ P%(EtaB)dta

proving the statement. O

2.8.1 Polar functions

We introduce the notion of polar function, representing a sort of dual function to the original one.

Definition 2.83 (polar function). For any g: R™ — [0, 00) such that g(§) > 0 = ¢(0) for all £ # 0,
the polar function ¢°: R™ — [0, 0] of g is defined as

o &
&) 56118&3{3{0} g(§)’

and the polar inequality follows

€€ <g°(€)9(6)  forall £,6" R, (2.8.11)

The analysis of equality cases in (2.8.11) is of special importance, being related to the notion of
subdifferential of g and thus to minimization properties, see the following Section 2.9.2. We observe
that the Cauchy—Schwarz’ inequality in R™ yields for the isotropic variation ¢g := |.| the coincidence
w5 = wo. If g is also positively 1-homogeneous on R", we refer to (2.8.11) as anisotropic Cauchy-
Schwarz’ inequality for g.

Any polar ¢° is a non—negative, positively 1-homogeneous function by definition, and lower semi-
continuity follows from being the supremum of affine functions. Observe that ¢°(£*) > 0 for all £* # 0
with ¢°(0) = 0, moreover ¢° is always convex since for any ¢t € (0,1) and any £*, £** € R™ we have

o * - Kok §*§ o g**g _ o[ % - O [ k%
g+ (1 —-1)&™) <t (geﬂzgg{o} g<£)> +(1-1) <€€H§g{>{o} G ) tg° (&) + (1 —1)g°(£™).

Accordingly, ¢° is everywhere continuous, and Rademacher’s Theorem states that ¢° is differentiable
a.e. with non—zero gradient in R™. In the following, we list some properties of polars holding according
to the original function.

Proposition 2.84. We consider g: R™ — [0,00) such that g(§) > 0 = g(0) for all £ # 0.

(i) If g is positively 1-homogeneous, then

9°(&") = gsequ -6 forall& eR", withKy:={£eR": g(§) <1} = g_l([O, 1]);

(ii) If there is o € [0,00) such that g(€) > al€| for all € € R™, then g°(€*) < a™L|¢*| for all £&* € R™
and Ky C By /q;

(iii) If there is B € [0,00) such that g(€) < BI€| for all € € R™, then g°(£*) > B~ for all €% € R™,
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(iv) If g is continuous, then the set K, is closed in R™. Assuming additionally g(§) > o|€| for all €,
then Ky is even compact, and thus if g is positively 1-homogeneous we have:

for all £ € R™ there exists € € Ky s.t. ¢°(£") =& - €.

Proof. The supremum reformulation in (i) follows directly from homogeneity. To check the upper
bound in (ii), we apply the Cauchy-Schwarz’ inequality to §* € R™: ¢°(£*) < supg % < |&*|/ e
— with inverted inequalities for (iii). Moreover, if £ € K, the coercivity bound straightforwardly
determines |£] < g(§)/a < 1/a. Finally, to verify (iv) we exploit (i) and (ii), noticing that for any £*
assigned the continuous function £ — £ - £* admits maximum in K. O

Consider now a mapping ¢g: R" x R" — [0,00) with ¢ = g(z,£), and its polar function respect to
&. The following result guarantees continuity not only of £ — ¢°(z, &) but of ¢° in the joint variables

(,8).

Proposition 2.85. Given a continuous function g: R™ x R™ — [0,00) with & — g(x,§) positively
1-homogeneous and satisfying g(x, &) > alé| in R™ x R™, then the polar function g°: R™ x R™ — [0, 00)
defined with respect to the second variable is still continuous on R™ x R™.

Proof. We consider a sequence (z,&;) converging to (z,£*) in R™ x R™. By (iv), for every £ € N
there is & € R™ such that g(wk, &) < 1 and ¢°(zy, &) = & - &. Moreover, a|&k| < g(2k, &) < 1
determines supycn ‘ﬁiﬂ < 1/a, hence up to subsequences (&) converges to some £ € R?, and thanks
to the continuity of g we have g(m,g) < 1. From this, we conclude

Jim g (wy, §) = lim & - & =€ €< g% (@, ).

Assume now ¢ is any vector in R™ such that g(x,) < 1. By defining the sequence of elements
& =&/ max {g(xg, &), 1}, we have g(zk, &) < 1 for all k and & — £ in R™ as k — oo. Then

&&= Jim & &, = lim ¢°(y, &) > lim & - & =€ €
—00 k—o0 k—o0
hence £* - € = ¢°(x, £*), therefore we determined continuity of ¢°. O

Notice that from Proposition 2.85 we infer that polars of continuous, coercive anisotropies on R"
are still continuous anisotropies on R™.

2.9 Fundamentals of convex analysis

In this section, we recap some basic notions of convex analysis which will play a fundamental role in our
dual formulation of the problem in Chapter 8. We start from the definition of the conjugate function
as in [84] or [44]. To fix the notation, we consider X to be a (real) topological vector space and X* its
topological dual space. Endowing X (resp. X*) with the topology of weak convergence over X* (resp.
X), we obtain a locally convex Hausdorff space. We employ the notation z* - z to indicate the duality
pairing between = € X and the element z* € X™.

2.9.1 Convex conjugate functions

For a generalized function F': X — R, the effective domain is the set dom(F) := {z € X: F(x) < oo}
and dom(F) is convex in X provided F is a convex function.
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Definition 2.86. Assigned F: X — R, the convex conjugate function of F is the generalized
function F*: X* — R defined as

F*(z*) :=sup (2" - o — F(x)) forallz*e X*.
zeX

We observe that F™* is the pointwise supremum on the family of affine functions z* — x* -z — F(x)
of X*, and therefore F'* is convex and lower semicontinuous on X*. Additionally, the conjugate dual
function enjoys —F'(0) < F(z*) < oo for all z* € X*. Moreover, if F' = 400, we have F* = Foo, and
we say that the generalized functions +o00 are conjugate to each other.

Definition 2.87. A function F': X — (—o0, o0] is said to be proper if F' # oc.

In particular, proper functions F' on X admit conjugate functions satisfying F*: X* — (—o0, o0].
If F is proper, the immediate estimate

r -2t < F*(2*)+ F(z) forallze X, 2" € X* (2.9.1)

is called Fenchel’s inequality for F'.

The operation of conjugate can be iterated arbitrarily many times, and we are primarily interested
in the bi—conjugate function F** := (F*)* of F', which on reflexive spaces X is computed as

F*(z)= sup (" -2 — F*(z*)) forallze X
r*eX*

exploiting the canonical isometric isomorphism X ~ X**. If F* is proper, the bi—conjugate function
of F represents the lower—semicontinuous convex envelope (or LSC convex hull) of F, namely F** is
the largest lower semicontinuous convex function below or equal to F'; see, for instance, [44, Chapter
I, Proposition 4.1|. Clearly, F** = F on X if and only if F' is convex and LSC. In case the space X
is also finite-dimensional, convexity of F' yields continuity, and the bi—duality operator is the identity
precisely on the class of convex functions on X. We now list some immediate properties of conjugate
functions.

Proposition 2.88. For any pair of functions F, G: X — R and a normed space X, we record:
o If F <G in X, then F* > G* in X*.
o [f G = \F for some X € (0,00), then G* = AF*(./)).

e For any p € (0,00) with Holder conjugate exponent p', the convex conjugate function of F :=
|15 /p is F* = |.|% /D

In a normed space X, the conjugate function of the norm |.|x can easily be calculated from the
inequality of Cauchy—Schwarz as follows. Denoted with F': X — R the norm function F(z) := |z|x in
X, then the conjugate function F* of F' is

F*(x*):{’ 1 |33 |X =4

oo, otherwise.
In fact, given z* € X* with |z*|x+ < 1, by Cauchy—Schwarz it is

0= — inf |z|(Jz*|+ 1) < F*(z*) < sup |z|(]z*] = 1) = 0.
reX reX
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If |z*| > 1 instead, we know there exists some T € X with |Z| < 1 and satisfying |z*| = T - 2*. Then,
the estimate (2.9.1) applied to the sequence (k) yields

F*(z*) > (kz) - o — F(kZ) = k(]2*| — |z|) > k(|2*| - 1) forall k€ N,
and taking the supremum in k& we conclude F*(z*) = oc.

Our scope is now generalizing the last consideration achieved for the isotropy o = |.| to the class
of positively 1-homogeneous functions. For further employment, we will directly work in the Euclidean
setting, specifically X = R™ for given n € N, and we will consider as integrands f = f(x,£) Borel
functions on R™ x R™ convex in the second variable and with linear growth in R™. In such a case, we
record that the convex conjugate function of £ — f(x,&) is defined as

52,8 = sup (&~ f(x,€) forallz, & eR".
£eR™

From the results of Section 2.6.1, we know that f induces a recession function f°°: R" x R" — [0, c0)
which is an anisotropy with respect to the second variable, and in particular for all z € R™ it holds

. 0, if (f*°)°(z,&*) < 1;
<Pﬁ@@ﬂ={ |
oo, otherwise.
Hence, the only feasible values for conjugates of f*°(x, .) (actually, for conjugates of any 1-homogeneous
function in ) are zero and infinity, with this latter value achieved everywhere on the complement of
the closed polar unit ball K (fec)o := {§ € R": (f*°)°(x,£) < 1} in R™ centered in the origin.

Proposition 2.89. For open U C R", we assume that f: U XxR™ — R is convex in the second variable
and with linear growth. Fized x € U, for the convex conjugate function of & — f(x,£) evaluated at
point £ € R™ we have:

(i) If f*(x,&") < oo, then (f*°)°(x,&*) < 1, where the latter is the polar function computed for the
restriction § — f(x,§);

(i) Supposed (f>°)°(x,&") <1, then (f>)*(x,£*) = 0;

(iii) If (H2) holds and (f*°)°(x,&*) < 1, then the conjugate function evaluated at (z,£*) is finite and
satisfies —f(z,0) < f*(,6%) < M.

Proof. To verify (i), we suppose that (f*°)°(z,£*) > 1 and we claim that f*(x,£*) = oco. In fact,
convexity of f*°(x.,) yields continuity in £ of f*°(z,£), and the bound in (2.6.9) induces compactness
of the set {¢ € R": f(z,£) < 1}. Hence, by definition of polar in the second variable, there is £ such
that f°(z,€) < 1 fulfilling £*- & = (f*)°(z,£*) > 1. We can thus apply Proposition 2.61 and estimate
from below

f*(xag*) > sup (5* g_foo(x7£)) —Cx > k(f* g_foo(x7g)) —Cg > k(g* 'g_ 1) —Cx

¢eRn

for all £k € N and setting ¢, := f(x,0) € R. A passage to the supremum in k yields the claimed
fr(@,8) = .

The assertion in (ii) is immediately achieved since the assumption (f*°)°(z,£*) < 1 determines
& €< o, €) for all £ € R, and via homogeneity of f*° we find 0 = — f*°(z,0) < (f*°)*(z,&") =
Supgegn (- € — f(x,€)) <0, hence (f*)*(z,£*) = 0 as claimed.
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We take now z, £* such that (f°°)°(z,£*) < 1 and suppose f(z,.) > f>(z,.) — M for some M € R.
Via (ii), we write

F€) < sup (€6 = (@) + M = (f%)" (@67 + M =M,

which implies our statement (iii) and completes the proof. O]

We record that Proposition 2.89 yields for every x the inclusion
dom(f*(z,.)) C Ky (fooyo -

Furthermore, from (iii), the two sets agree if f also satisfies supgcgn [f*(2,§) — f(2,§)] < 00 — recalling
that supremum of f(x,&) — f*°(x,€) is in any case finite (and bounded by f(z,0)) in consequence of
Proposition 2.61.

Remark 2.90. For the prototypical case of the area integrand f(§) = /1 + |£|? with corresponding
recession function f*°(§) = (f*°)°(£) = ||, one may verify as in [44, Chapter V, Lemma 1.1] that

/1 |ex|2 if £* Bi
f*(g*):{ 1 |§ ‘7 16 € By;

0, otherwise .

2.9.2 Subdifferentiability

The notion of subdifferential (respectively subgradient) is useful in order to generalize the notion of
differentiability (resp. gradient) to mappings which pointwise do not admit two-sided directional
derivatives — for instance, convex functions have one—sided directional derivatives at any point, even
when differentiability fails. A subgradient then identifies all possible directions of supporting hyper-
planes to the supergraph of the assigned function at a given point. We shall see that such a general
tool admits multiple applications in connection with function extremals.

Definition 2.91. Given a generalized function F: X — R and a value z € X, we say that an
element z* in the dual space X™* is a subgradient of F' at point x — and consequently, that F' is
subdifferentiable at point z — if

Flz)+az" - (z—2)<F(z) forallze X.

The set of all subgradients z* of F' at point z is the subdifferential 0F (z) C X*. We denote with
Im(F') the collection of all subgradients of F', that is

Im(F) := | J 0F ().

rzeX

A direct consequence of Definition 2.91 is the identification of minimal points of F' in terms of the

subdifferential:
0€0F(x) <= F(r)=minF(y).
yeX

When considering convex functions, the definition of subdifferentiability extends the notion of Gateau
differentiability (in the following shortly referred to as differentiability). Clearly, in our case of interest
X = R" with the Euclidean norm, functions F' which are differentiable at x € R admit standard
gradient VF(x) as unique subgradient of F' at x, and thus the subdifferential of F' at x is the singleton
OF (z) = {VF(z)}. The result is expressed in the next Proposition 2.92 and is quoted from [44,
Chapter I, Proposition 5.3].
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Proposition 2.92. Let F: X — R be a convex function and x € X. If F is differentiable in x with
differential F'(x), then OF (x) = {F'(z)}. Conversely, for x € X such that F is finite and continuous
in x with subdifferential of F at x being a singleton, then F differentiable in x with OF (z) = {F'(z)}.

Notice that in general the subdifferential 0F (x) at any point x € X is always a closed and convex set
(since by definition z* is a subgradient if and only if z* satisfies an infinite system of linear inequalities),
nevertheless F(z) might be empty for some z. For instance, if on X = R™ we consider the convex
conjugate function f* of the area integral on R™ as in Remark 2.90; then clearly f* is (sub)differentiable
on the unit ball, but 9f*(¢*) = 0 if |£*| > 1 — regardless of the finiteness of f* on dB;. Nevertheless,
in the case of a function F everywhere finite, convexity of F' determines F (z) # () for all z; compare
with the subsequent Proposition 8.4.

In analogy to what happens in the hyperplane inequality for differentiable functions, the subdiffer-
entiability condition holds with a strict inequality in the case of strictly convex functions.

Remark 2.93. Assume C' is a convex domain in X. Then, if for every x € C' it is OF(x) # () and for
every z* € OF(z) it holds

Fl)+a2" - (z—2) < F(2) forall ze C\{z} (2.9.2)
with some F: X — R, then F' is strictly convex in C. Vice versa, every function F': X — R strictly

convex in C' is such that F' satisfies the subgradient inequality (2.9.2) in the strict sense for any
z* € OF (x) and any = € C.

Proof. Assume first x € C, and that (2.9.2) is valid for all z € C with z # x. Then, for t € (0,1) we
set uy :=tx + (1 —t)z € C. We apply the strict inequality in (2.9.2) twice to any element uf € OF (u;)
to compute

(1—t)F(z)+tF(z) > (1 —t)F(ut) + (1 — t)uy - (2 — ug) + tF (uy) + tuf - (. — uy)
=Flu)+ (1 —-t)t(z—2)+t(l —t)(x — z) = F(u),
which by arbitrariness of x and z yields strict convexity of F' in C.

We assume now F' to be strictly convex in C' and some z € C, z* € 0F(z). For any z # z in C, we
have u := (x4 2)/2 € C with u # x, thus exploiting strict convexity and the definition of subgradient,
it follows

F(z)+ F(z2) > 2F(u) > 2F(z) + 22" - (u —z) = 2F(z) + 2* - (z — ),
hence (2.9.2) is verified. O

We now want to investigate the equality cases of Fenchel’s inequality (2.9.1), and we shall establish
a relation between points of the dual space achieving the equality and elements in the subdifferential.

Proposition 2.94 (characterization of subdifferential). Let F: X — R be proper and fix x € X,
x* € X*. Then we have

F(z)+ F*(z") =22 <= 2% e dF(x), (2.9.3)

meaning that Fenchel’s inequality (2.9.1) holds as an equality precisely on subgradients x* of F at x.
Specifically, from the equality above we read Im(OF) C dom(F™).

Proof. The result follows by straightforward computations via definition of the convex conjugate func-
tion of F' at z*, namely

¥ x—F(zx)=F' (") <= 22— F(z)>2"-2—F(z) forallze X
< Fz)+a2" (z—2)<F(z) forallze X <= 2" € 9F(z).
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Observe that the assumption F' # oo in Proposition 2.94 prevents us from having F*(y*) =
—oo for some y* € X*, avoiding indeterminate forms of the kind oo — oo when computing F'(z) +
F*(x*). Another useful property of strictly convex functions arising from (2.9.3) is that in such a case
subdifferentials are pairwise disjoint.

Corollary 2.95. Any strictly convez function F: X — R is such that OF (x1) N OF (x2) = 0 for all
x1 # x9 in X.

Proof. Suppose by contradiction that there exists distinct values x1, o € X and an element z* in
OF (x1) N OF(z2). An application of the equality (2.9.3) yields then z* - 21 — F(z1) = F*(z*) =
x* - x9 — F(x2), hence rearranging F'(z1) = F(x2) +2* - (x1 — x2), but this contradicts strict convexity
of F' according to Remark 2.93. O

Remark 2.96. For a proper, lower semicontinuous and convex function F': X — (—o00,00] on X
reflexive, we have

¥ € OF (v) <= x € OF*(z").

The equivalence above follows from (2.9.3) applied to F' and F*, while observing that under our
assumptions it is F** = F. Moreover, the condition F' #Z —oo implies properness of F*. In fact, if by
contradiction F* = oo, then from definition of bi—conjugate we would have

F(z) = (F*)*(z) = sup (z" -2 — F*(2*)) = —oc0 forallz e X,
TreX*

which is absurd.

Coming back shortly to our theory of polar functions, we record that elements reaching equality in
the anisotropic Cauchy—Schwarz’ inequality (2.8.11) are in relation to points in the subdifferential of
the polar function, as expressed in the next lemma.

Lemma 2.97 (equality cases in anisotropic Cauchy-Schwarz). Suppose g: R™ — [0,00) is positively
1-homogeneous and such that g(§) > 0 for all £ € R™\ {0}. For every given £* € R™ \ {0}, the points
¢ € R™ achieving the equality in the anisotropic Cauchy—-Schwarz’ inequality (2.8.11) are characterized
by £ € g(£)0g°(&*). In particular, if € # 0 we have

1€ g(9g9°(¢7)) -

In case g is differentiable at point £*, we deduce that g(Vg°(§*)) = 1 holds for every differentiability
point £ € R™ of ¢° and thus for a.e. £* € R™.

Proof. We fix £* € R™ \ {0} and notice that £ € R™ achieves equality in (2.8.11) if and only if &*
minimizes the function 7* — G[7*] := ¢(£)¢°(7*) — 7*- £ on R™. This is in turn, equivalent to requiring
that

0 € 0G[g"] = g(£)0g°(&7) — ¢,
which holds if and only if £ € ¢(£)g°(£*). Assuming then £ € R™ \ {0}, even g(£) # 0 and thus from
homogeneity we conclude 1 = g(£/g(&)) € g(9g°(£¥)). O

2.9.3 Approximate subdifferentials

We already know that the polar function F* of F': X — R satisfies the Fenchel’s inequality F*(z*) +
F(x) —x-z* > 0, with equality attained if and only if 2* € X* is a subgradient for F' at point = € X.
Nevertheless, such a minimum is not always achieved; therefore, it is useful to work with the concept
of approximate subdifferentials, which weakens the requirement for standard subdifferentials to the
extent that only an upper bound for the above expression is assumed.
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Definition 2.98 (approximate subdifferential). For some ¢ € (0, 00), the collection of elements z* in
X* such that
0<F*(a")+F(z)—xz-2"<e¢

for some mapping F': X — R and some element z € X is called the e-subdifferential of F at z, and
x* is an e—subgradient of F' at x, written x* € 0. F(x).

As for the usual subdifferential, for every x and any e, the approximate subdifferential 9. F(x) is

a closed and convex subset of X*. We observe that the sequence (0.F(z)). is non-increasing in X*

with respect to the parameter ¢, and furthermore 0F(z) = (.5 0-F (). In case X is reflexive and

F: X — (—o0, 0] is proper convex and lower semicontinuous, then F** = F', and for every ¢ € (0, c0),
r € X, and z* € X*, we have

¥ € OF.(z) < x € 0-F*(a"), (2.9.4)

which extends the relation in Remark 2.96 to approximate subdifferentials.

We now state the major result on approximate subdifferentials as in [44, Chapter I, Theorem 6.2].
This expresses one of the forms of Ekeland’s variational principle [43, Theorem 1.1].

Theorem 2.99. In a Banach space X, we consider a mapping F: X — R that is convex, lower
semicontinuous, and not constantly oo on X. Then, in correspondence of v € X and x* € 0.F(x)
for some € € (0,00), there exist xe € X and x} € X* such that

|z — ze|x < Ve, |z* — x| x+ < Ve, and xl € OF (x¢).

2.10 Truncations

Given an open set U C R™ and a positive constant M, for every w: U — R we introduce the function
wM = max {min{w, M}, —M}. (2.10.1)

We call wM the truncation (or truncated function) of w at level M. The most relevant properties of
truncations of BV functions are listed below.

Lemma 2.100 (properties of truncations). Let w € BV(U) for open U CR™, M € (0,00). Then:
(i) It is wM € BV(U)NL>®(U).
(ii) If p: R™ x R™ — [0,00) is an anisotropy, the TV, is additive on truncations in the sense
Dw|, = [Dw™|, + |D(w —w™)|, as measures on U .

In particular, |Dw™| < |Dw| as measures on U.

(iii) The sequence (wM)ys converges to w (as well as (wM)+ — w4) in BV(U) as M — oc.

(iv) If ¢ is an anisotropy on R™ such that p(x,&) < Bl¢] for all (z,§) € R™ x R™ with € [0,00),
then w™ — w p-strictly in BV(U) for M — co.

+

(v) We have the H" ' -a.e. convergences of the representatives (w™)* — w* on U for M — cc.

Proof. (i) We start by noticing that the functions ¢ — min{t, M } and ¢ — max{t, —M} are Lipschitz
in R and vanishing in zero. Hence, the chain rule Theorem 2.40 guarantees that the composition with
any BV function w on U is still of bounded variation, namely w™ € BV(U). Moreover, from (2.10.1)
it is evidently |w? | < M almost everywhere, and the result follows.
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(ii) We assume first that w € BV (U) is non-negative; then for any M > 0 there hold w — w™ =
(w— M), and wM = M — (w—M)_ a.e. in U. From the additivity of the ¢-variation in Lemma 2.77,
we write

ID(w — wM)‘w + ‘DwMLp = D(w — M)1[p + [D(M — (w = M)-)l,
= [D(w = M)+ + [D(w = M)_|g = [D(w = M)|, = [Dwl,,
as claimed. If w € BV(U) is now of arbitrary sign, we exploit the result above for wi and employ
(w—w")y =wy — (we)™ and (we)M = (wWM)4 a.e. on U. Again by additivity, we conclude
[Dwly = [Dw|y + Dw-|z = [D(wy — (wi))]p + [D(wi)M], + [D(w- — (w_)")[5 + [D(w-)"|5
= D((w — w™) )l + D) 4]y + ID((w = w) )|z + D)3
= [D(w — w™)[, + [Dw|,
as required. Exploiting now the decomposition above for the isotropy g := |.| in R”, it is easily
computed that the derivative measures satisfy |Dw? | < |Dw| in U.

(iii) Tt is straightforward to verify the L!(U)-convergence of (w™)y; to w as M — oo, thus lower
semicontinuity of the total variation and the result of (ii) yield

IDw|(U) < liminf [Dw™|(U) < |Dw|(U),
M—o0

whence the strict convergence is verified. Finally, by (ii) applied to ¢g, we deduce strong convergence
from strict convergence. The same applies to the truncation of the positive and negative parts (wi)M .

(iv) From the growth condition and (iii), it is 0 < |D(w — w™)|,(U) < B|D(w — wM)|(U) — 0 as
M — oo, thus p—convergence follows applying (ii).

(v) For each = € U such that w* (x) is finite, the conclusion is immediate from (w™)*(z) = w*(z)
for all M > |w*(x)]. O

Furthermore, approximate upper and lower limits of truncations induce the following decomposition
result.

Lemma 2.101. Ifw: U — [0,00) is a non—negative measurable function on open U C R™ and M is
any positive constant, the following decomposition formulas hold:

(1) Itiswt = (w—w")T + (M)t inU; and

(ii) It is w™ = (w — wM)™ + (W)~ in U.
Proposition 2.102. Fiz a function w € BV(U) and a non—negative Borel measure v on U vanishing
on H" ' —negligible subsets. If wt € LY(U;v) and M > 0, then it is also (wM)* € LY(U;v).

Proof. We prove it first for the upper approximate limit of w®. If w is non-negative in U, we bring
in the decomposition in Lemma 2.101(i) and that w™ < w everywhere to write

OS/(wM)+d1/:/w+du—/(w—wM)+dy§/w+dy<oo,
U U U U

so (w™)T is integrable in U with respect to v. For functions w of arbitrary sign, it is (w
(w") )+ — (w™)_)~ H" ' a.e. on U via Lemma 2.28(i), hence

/U () dv = /U (™)) = (M) dv < / (™)) + (™M) )] dv

U

< [ (@t avs [ (@t an

U

= [y avs [ (o,

U

) My+
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employing the v-a.e. equality ((w+)™)* = ((w™)+)*. Applying the previous step to the non-negative
functions w., we have obtained that (w™)* € L'(U;v). To prove the remaining claim for the lower
limit, it suffices to repeat the computations above — this time employing Lemmas 2.101(ii) and 2.28(ii),
respectively. O

2.11 Some useful approximation and convergence results

We now collect some convergence theorems holding for BV functions. The first approximation result
quoted represents a BV counterpart of the theorem of Meyers—Serrin in the Sobolev space (see |75]),
and was originally proved by Anzellotti and Giaquinta in [13, Theorem 1]. An alternative proof can
be found in |60, Theorem 1.17].

Theorem 2.103 (Anzellotti-Giaquinta approximation). For an open set U C R™ and any function
u € BV(U), there exists a sequence (uy)y in C(U) N WLLU) converging strictly in BV (U) to u.

We observe that the sequence in Theorem 2.103 does not necessarily converge strongly (i.e. in
norm) in BV, differently from the result of Meyers-Serrin’s theorem in WH1(U).

In the following we analyze H" !-a.e. properties of strictly convergent sequences in BV. We refer
to [66, Theorem 3.2] for a proof of Theorem 2.104; analogous results for strongly converging sequences
in Wh1 are largely discussed in the classical work of Federer and Ziemer [50, Sections 4 and 10].

Theorem 2.104 (pointwise convergence of BV functions). Let U C R™ be an open set. Consider a
sequence (ug)x in BV(U) and a function uw € BV(U) such that (ug), converges strictly in BV(U) to u.
Then, there exists a subsequence (uy,)¢ such that

u”(z) < liminf uy (z) < limsupu; (z) < u'(z) for H" ' ae. 2 € U.
f—o0 ¢ {—00 ¢

In particular, if w € WHL(U) this yields that the pointwise convergence of the precise representatives
u, — u* holds H" ' a.e. in U for £ — .

We are now interested in (area-)strict approximations of BV functions which are extended by a given
boundary datum ug € WH1(R™) — namely in the convergence formally introduced in Definition 2.24 for
the class BV,,,. To do so, some boundary regularity is needed. Specifically, for the sake of our following
treatment, it would be enough to rely on the classical result [18, Lemma B.2|, since our extension
domains will ultimately be Lipschitz. Nevertheless, we here state the area—strict approximation result
in the broader framework of [91, Theorem 1.2].

Theorem 2.105 (area—strict approximation with prescribed boundary datum). We suppose @ C R"
is an open bounded set with P(Q) = H" 1(92) < oo. Then, for every ug € WH(R™) assigned and
every u € BV, (Q), there exists a sequence (uy)r in ug|y, + C2(Q) such that (up)x converges to u
area—strictly in BV, (ﬁ)

In turn, Theorem 2.105 relies on the following approximation on sets with finite perimeter, compare
with |91, Proposition 4.1].

Proposition 2.106 (interior approximation). For an open bounded set 2 in R™ with P(Q) = H"~1(09Q)
finite and w € BV(R™) N L*°(R"), there exists a sequence of open sets ()i such that f € €,
P(Q) < oo forall k € N, |Q\ Q| < 1/k for all k, and the inner traces of u on the boundary satisfy

. 1 .
/ T, (u)| dH" ' < z +/ T8 (w)| A" for allk € N,
0*Qy 0N
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It is sometimes useful to produce one-sided (monotone) approximating sequences. For instance,
in [26, Theorem 3.3] the authors considered bounded domains €2 in R™ and functions v € BV (), and
determined Sobolev area—strict approximations from above (or, by a change of sign, from below) to w.
The aim of the next result is to generalize such a procedure to possibly unbounded domains U with
respect to strict convergence, and we shall do so employing localizations of U in appropriate balls. For
the case of functions with compact support, we follow the cut—off procedure of [92, Lemma 2.21].

Proposition 2.107 (one-sided strict and area—strict approximation). We consider an open set U C R™
and a function u € BV(U). Then there exists a sequence (uy)y in WHH(U) with uy > ug, > u a.e. in
U for all k and such that (ug)r converges to u strictly in BV(U). Analogously, there exists (vg) in
WLYTU) converging strictly to w in BV(U) and such that vy < vy < u a.e. in U for all k. In case U
is bounded, the approximating sequences (ug)k, (vi)r converge to u even area—strictly in BV(U). For
functions u with compact support in U, we may even take uj € W(l]’l(U) and vy € Wé’l(U), respectively.

Proof. For U bounded, the claimed (area—)strict approximating sequence is precisely the one in |26,
Theorem 3.3]. We consider then an arbitrary open set U, and we want to achieve one-sided strict
convergence. We fix u; € WH(U) such that u; > w a.e. in U and such that u; — u is bounded away
from zero a.e. in U N B, for each r > 0. Moreover, for each k it is possible to select a radius Ry > 0
achieving HulHLl(U\BRkﬁ‘H“HLl(U\BRk) < %, |Dus|(U\Bg,) < £, as well as ||T<e9)](3tRku1|’L1(U08BR,€;H”*1)+
HTgl]ng”HLl(UOBBR,C;H”*) < 1, and we fix g > 0 such that u; —u > &, on U N Bg,. Then we apply

[26, Theorem 3.3] to each uy := ulynpg, + ul]lU\BRk € BV(U) restricted to U N Br,4+1 and find a

sequence (w)y in WHH(U N Bg, 11) so that (wf), converges to the just introduced function wuy, strictly

in BV(U N Bg,+1) as £ — oo, and that fulfils wf, > uy > u a.e. in U N Bg, 11 for all £. We extend w},
to u; on U \ Bg, 11 and we consider min{w§, u1} € WL1(U), which agrees with u; on U \ Bg,. Then,
our choice of sequences determines

1
. . YA _ — _
Jim flmin{wy, w1} —ulluiw) = luk—ulliw) = llu—ullii@gg,) < lulvesg,) Hleliwsa,) <5

and |{w} > u1} N Bpr,| < {wl —up > e} < é”wi — U@y — 0 by Lemma 2.14. Tt follows that
for the finite measure |Du;| we must have |Duy|({wf > u1} NBg,) — 0 for £ — co. All in all, recalling
that [Dwt|(U NBg,) < |Dwi|(U N Br,+1) pE |Dug|(U N Bg,+1) < |Dug|(U), we infer

limsup |D min{wy, u; } | U)

{—00

< limsup [|Dwi|(U N Bg,) + [Dui|({wj, > w1} NBg,)] + |Dut|(U \ Br,)

{—00

< [Dug|(U) + [Dus|(U \ Bry,,)
= |Du|(U N Bg,) + ||T%)§Rkul - TgllnguHLl(UﬂaBRk;H"*l) + 2|Duy |(U \ Bg,)

3

Setting uy, := min{wyg,,u;} € WHL(U) with suitably large ¢; and for k > 2, the last computation
guarantees that (uy)x still converges to u strictly in BV(U), with clearly u; > ug > w a.e. in U. This

completes the proof for the main (ug); case, whereas the (vg) case follows from the previous one by
a change of sign.

If now u has compact support in U, we modify the sequences above by multiplying with a function
n € C°(U) such that Tgpp) < 1 < 1. Then the resulting sequence (nug)r (respectively, (nuy)x) is

such that every function has zero trace on the boundary of U — actually, they are even in Wé’l(U ) —

o7
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and from |[|ug |11 (n\supp(u)) < 1/k for k large enough we deduce nuy — nu = u in LY(U) as well as

i sup [D (e ) (1) < [Vl lim s |l 0\ auppo) + limsp (5o (1) < [Dul(D).
—00 —00

k—o0

We have therefore proved strict convergence for the sequence (nug)x to u, and the same for (nug)g,
which completes the proof of our statement. O

o8



Chapter 3

Isoperimetric conditions

Consider the minimization problem

inf ., Dw') (Q —/w+d_+/wd P
Lt (#om)@ - [t s [ o au (P)
for f: Q x R® — R with linear growth. In order to justify the appropriate measure assumptions on
i := p4+ — p— on the measure term, we consider the Euler—Lagrange equation corresponding to the full
functional, which under suitable differentiability assumptions on w: 2 — R and f reads

div[Vef(-,Vw)] =p on Q (EL)

for all w € Wy, () such that the left-hand side is well-posed. Notice that the writing in (EL) is
a simplification, since our admissible integrand f = f(z,&) might not be everywhere differentiable
in R™, but only a.e. in light of convexity of the restriction £ — f(x,&) and Rademacher’s theorem.
Expressively, in the specific case f = f*°, positive 1-homogeneity yields that the subset Q x {0} of
Q x R" is composed of singular points for f. In general, assuming that (EL) holds for some function
u, we employ integration by parts for divergence—measure vector fields and the convexity estimate
+Vef(,€) v < f(,xv) for all v, z € R” from Lemma 2.62 to write

:F/ ¢du = i/ Vef(., V) - Vi da < / o>, £Ve) dz for all ¥ € C°(Q) . (3.0.1)
Q Q Q

We observe that, if in place of test functions we integrate by parts (EL) on characteristic functions of
a C! domain A € Q, we obtain the analogous parametric version

{—M(A) < P (4)

H(A) < P (4) (3.0.2)

of (3.0.1). The latter bounds provide a necessary condition on the measure p to the existence of
minimizers of (P). We shall say that (3.0.2) represents the limit (or borderline) case (i.e. with unit
constant) of the fundamental isoperimetric condition assumption for the pair (u—, 4 ) with anisotropy
f°° and the pair (u4,p—) with the mirrored anisotropy f"\o/o; a rigorous formulation is expressed in
the next Definition 3.1. The denomination of limit IC for (3.0.2) — or, equivalently, for (3.0.1) — is
motivated by the fact that the value C' = 1 in the inequalities —CP yo (4) < p(A) < CP?;(A) results
to be an upper bound to ensure both coercivity and semicontinuity.

Throughout the rest of this chapter, we will consider anisotropies ¢ on R™ as introduced in Section
2.8. The following definitions and results are stated for quite a general class of non—negative Radon
measures vy, Vo, however the reader shall bear in mind that our final aim is applying such theory to
the recession function f* in place of ¢, as well as to uz instead of vy ;.

99



60 Chapter 3. Isoperimetric conditions

Definition 3.1 (anisotropic IC). Assume ¢: R™ x R" — [0,00) is an anisotropy. We say that a
pair (vq,v2) of finite, non-negative Radon measures on open U C R"™ satisfies the p-anisotropic
isoperimetric condition (shortly, the ¢—IC) in U with constant C' € [0, c0) if it holds

V1(AT) — 1a(AY) < CP,(A) for all measurable A € U . (3.0.3)
For a single non-negative measure v, the ¢p-IC is satisfied whenever (3.0.3) holds for (v,0).

In case ¢ = g is the standard Euclidean norm in R", we speak of isotropic (or standard) IC.
We quote the following result proved in |92, Theorem 7.5 and Lemma 7.2] and establishing equivalent
conditions to the isotropic IC for a single measure.

Lemma 3.2 (characterization of isotropic IC for (v,0)). For a finite, non-negative Radon measure v
on the open set U C R"™, the following are equivalent:

(i) v satisfies the isotropic IC with constant C, that is v(AT) < CP(A) for all measurable A € U;
(ii) It is v(A') < CP(A) for all measurable A € U,

(ili) It holds v(Z) = 0 on every H" '-negligible Borel set Z C U and [, |w*|dv < C||Vw||p1pgn
for all w e W(l)’l(U).

Definition 3.3 (admissible measures). We say that a finite, non—negative Radon measure v on open
U C R" is admissible if v satisfies the isotropic IC for some constant C' € [0, c0).

Notice that the admissibility condition for measures might be alternatively posed assuming the
—1C holds for some anisotropy ¢ comparable to the Euclidean norm on R" — since the value of the
constant C' in Definition 3.3 is irrelevant. Furthermore, we record that on suitable domains U = (),
the admissibility condition in Definition 3.3 is equivalent to requiring that the measure v is an element
of the dual space of BV(Q2). For instance, this is the case of bounded Lipschitz domains 2, where
it follows from Poincaré’s Theorem 2.30 taking into account [98, Lemma 5.10.4], and our functional
reformulation of the IC expressed in the later Theorem 3.11.

The two results below express some immediate consequences of Lemma 3.2.

Corollary 3.4 (continuity properties of measure integrals in qujol). Let v be an admissible measure
on an open set U C R™ and assume ug € WHL(R™). For any u € Wy, (U) there exists a sequence of
functions (ug)g such that ug € ug|, +CZ(U) for all k, ug converging to u in WLL(TU) as k — oo, and

lim u’édu:/ u*dv.
U U

k—o0

Proof. Foru € Wy (U), by density we find a sequence (vy,)y, in C2°(U) converging to u—ug in W (U).
Then the sequence of functions uy, := UO‘U + vg, is in the right class and ui — v in WI’I(U) as k — oo
by definition. Moreover, by admissibility of v, Lemma 3.2(iii) determines

/U(uk —u)*dv

for some non—negative constant C. The thesis is then reached by applying strong convergence in
Wi, O

< / |(ug —w)*[dv < C[|Vug — V|l grey  for every k € N
U

The notion of admissibility in our framework is motivated by the following result, which, however,
requires some regularity assumption for the domain as it relies on the strict approximation of Theorem
2.105.
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Proposition 3.5 (characterization of admissible measures). Consider a non-negative finite Radon
measure v on a bounded Lipschitz set Q) in R™. Then, v is admissible if and only if they hold:

(C1) v(Z) =0 for every H" ' -negligible Borel set Z C Q; and

(C2) The mapping BV(Q) > w — [, wT dv is well-defined in R and it holds | [, w" dv| < oo for every
w € BV(9).

Recalling that representatives of BV functions are not affected by a change of values on negligible
sets for H"~!, the hypothesis (C1) guarantees that our integrals fQ w® dv are at least well-posed.
Moreover, we observe that the choice of representatives in (C2) is irrelevant, with passage to the lower
approximate limit w™ justified by w™ = —(—w)* for w € BV(Q2). We infer that (C1)—(C2) represent
the weakest assumptions on p+ such that the full functional F is well-defined.

Provided (C1) holds, yet another reformulation of (C2) is:
(C3) wt € LY v)  for every w € BV(R),

where as above w™ could be replaced by any representative of w. The equivalence of (C2) and (C3) is
motivated by the v—a.e. estimate |w™| = [(wy)T — (w_)7| < (w )t + (w_)” < (wy)t + (w_)T from
Lemma 2.28, hence applying (C2) in the form [,(w+)"dv < oo we deduce [, jwt|dr < oco.

Remark 3.6. Comparing Definition 3.3 and the Assumption 1.2 in Chapter 1 for an admissible
measure, it follows by Lemma 3.2 that the two notions coincide in our case of interest U = (2.

Proof of Proposition 3.5. We assume that v satisfies (C1)—(C2) and we want to prove that v is ad-
missible. Suppose by contradiction that v does not satisfy the IC in € for any C' € [0, 00), and apply
the equivalent condition in Lemma 3.2(ii) to v. Then, there is a sequence of sets (Ax); with Ay € Q,
P(Aj) > 0, and such that

v(A}) > kP(Ay)  forall k€ N. (3.0.4)

From (3.0.4) and finiteness of v, we find some index k € N such that P(A;) < 1forall k > k. If n =1,
we already reached a contradiction since any A € R of positive perimeter satisfies P(A) > 2. Suppose
now n > 2. For any k, we let oy, := 1/(k?P(A)) and consider w := > 72 ala,. The isoperimetric
inequality (2.3.1) implies

| Al p(Ak)l/(n—l) 1 _
14 dr = <ecp <cp—s foralk>k,
/Qak A, AT kQP(Ak) <c 12 <c 2 or a

with ¢, := (n"w,)~ =Y. Thus, w is well-defined with lwllLi@) = >ne1 Jq arla, dz < oo. More-
over, for its derivative measure, we compute

o o0 1
IDw|(2) <) apDla, (9 ZakP (A) =) 5 <
k=1 k=1 k=1

hence w € BV(Q). Finally, taking into account that wt > w™ > 3%, ax(1a,)”, by Lemma 2.28 and
applying (3.0.4) we get

2 kP(Ay) =1
+ } : § k) _ E —
/ dV> Oék/ ]lAk dv = OékVAk m— E—OO,
which yields a contradiction with (C2). We conclude that v is an admissible measure on €.
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Suppose now v that is admissible in the sense of Definition 3.3. From Lemma 3.2(iii) we read that
the condition (C1) is already in place, together with the estimate

/Q jw*|dv < C||Vwlpiqrny for all w e Wy'(Q).

We first pass to the inequality for functions of arbitrary boundary trace by strict approximation. In
fact, given w € WH1(Q), thanks to Theorem 2.105 we find a sequence (wy)y in W(l)’l(Q) converging
to w (area—strictly and thus) strictly in BVq (ﬁ) Then, Theorem 2.104 yields pointwise H" -a.e.
convergence of a subsequence w,’gl — w* as £ — 0o, and Fatou’s lemma implies

‘/ w* dv
0

which is precisely our claim for arbitrary Sobolev functions. To achieve the generalization to BV, we
exploit (3.0.5) and the fact that any w € BV(2) admits Sobolev functions w1, ws € WH1(£2) such that
wi < w” < wh < wj holds H" 1-a.e. on Q. Therefore

—oo</wfdyg/w+dyg/w§dl/<oo,
Q Q Q

and even the remaining condition (C2) is proved. O

< / |w*|dv < liminf [ |w,|dv < Climsup ||[Vwg,||L1ore) < 00, (3.0.5)
Q l—oo [ ’

—00

Proposition 3.7 (one-sided continuity for measure integrals). Consider a non-negative Radon mea-
sure v on open U C R™, v(Z) = 0 for every H" ' -negligible Borel set Z C U and wt € LY(U;v) for
every w € BV(U).

e If a sequence (ug)g in WHH(U) converges to u € BV(U) strictly in BV(U) with uy > uj, > u a.e.
in U for all k, there exists a subsequence (uy,)e satisfying

lim [ uy, dv = / utdv. (3.0.6)

£—00 U ] U

o Symmetrically, if (v) in WHH(U) converges to u € BV(U) strictly in BV(U) with vi < vp < u
a.e. in U for all k, then there exists a subsequence (vy,)¢ such that

lim [ vp, dv = / u dv.
{— o0 U U

Proof. The second point can be deduced from the first one simply by applying (3.0.6) to —vy in place
of ug, —u in place of u and employing the equality —(—u)™ = u~. In order to prove (3.0.6), we
exploit that the chain of inequalities u; > ui > u holding L£L™—a.e. is still valid for the representatives,
meaning u} > uj > u’ H"1-a.e. Additionally, by Theorem 2.104 there exists a subsequence such that
limy_y s uze = ut H" l-ae. in U, and this by hypothesis is preserved v-a.e. in U. Furthermore (as
mentioned in Proposition 3.5), our assumption on v guarantees also u},u" € L1(U;v). We conclude
applying dominated convergence theorem to the sequence (uj, ), to obtain (3.0.6). O

Lemma 3.8 (continuity of v—integrals along truncations). Suppose v is a non-negative Radon measure
on an open set U C R™, v(Z) = 0 for every H" ' -negligible Borel set Z C U and w* € LY (U;v) for
every w € BV(U). Then, for every w € BV (U) it holds

lim (wM)+dV:/ wt dv and lim (wM)_dV:/w_ dv. (3.0.7)
M—o0 Ji7 U M=o [y U

62
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Proof. We recall that by Lemma 2.100(v) the pointwise convergence (w?)* — w¥* for M — oo
holds first H" !-a.e., and by assumption on v even v-a.e. on U. If w is non-negative, truncations
satisfy 0 < wMr < wM2 for My < My, thus (3.0.7) is achieved by monotone convergence theorem.
For w of any sign, we reason with the H" !-a.e. (and v-a.e.) decompositions w* = (w;)* — (w_)F,
(wM)* = ((w™) 1 )* = (w"))F = ((wy)™)* — ((w_)™)T of Lemma 2.28, and finally applying (3.0.7)
to w4 separately to get the general statement. O

3.1 Characterization of anisotropic 1Cs for arbitrary pairs of mea-
sures

In the last section, we have seen that the admissibility conditions (C1)—(C2) on the single measures
v1, o suffice to guarantee

w / w™ dvg — / wtdv;  well-posed and finite for all w € BV(Q).
Q Q

However, bearing in mind the minimization problem (P-hom), we additionally want to impose the
necessary condition of the ¢—IC in the form of (3.0.3) for a constant small enough. We preliminary
observe the following: If surely admissibility of 14 only — that means, on (v, 0) according to Definition
3.3 — determines in light of v5 > 0 the validity of the (¢p—)IC for the pair (v1,r2) and same constant,
the reverse implication does not hold in general, i.e. imposing the (¢p—)IC to the separate component
measures is in general stronger. Actually, the following counterexample illustrates that the two notions
of IC (the fully signed and the one for a single measure) may differ due to the subtraction of the terms
in the joint IC.

Example 3.9 (a non-trivial signed IC). For 6 € (0, 1], consider the measures v; := (1+6/2)H'|_ 0By
and vg := OH'1 OB; on R2. Then both (v1,15) and (vs,11) satisfy the isotropic IC with constant 1 in
R2, whereas v; alone does not, since for instance 4 (B2+) = 47 4 207 > P(Bay).

Another difference with the condition of admissibility for measure v; only lies in the fact that
for the IC for pairs, we cannot expect reformulations of the kind of Proposition 3.5. Specifically,
regardless of the validity of the general IC (3.0.3) for the pair of finite Radon measures (v1,v2), the
single integrals in 11, v, might diverge — determining loss of the conditions w* € L(€;v1)NLY(Q; 1) for
some w € BV(Q). Example 3.10 illustrates this pathological case, underlining the necessity of setting
(even under joint IC) the admissibility condition for 4 and p— to guarantee that both measure terms
in F are well-defined.

Example 3.10 (a signed IC without integrability on W'!). For i € N and n = 2, consider the circles
Si = OBy in R?, and the measures vy := H'L (Uply Sak—1) and vo == H'L (Up2; So). Then
both (v1,12) and (v, 1) satisfy the isotropic IC in R? with constant 1, but the (continuous) function
v € WHY(R?) defined as v(z) == (|z|~%/2 — 1), for z € R? satisfies Jg2 v* dry 2 = o0, since we compute

[e.e]

/ v dy = Z/S% 1 |—1/2_1)d7-[1(;c)— (2]{2—2).7'[ Sgk 1 471'2 2]{: 1 o0,

=2

W

[e.9]

" _ 2k—1
/R?U dZ/QIZ/S (\:U| 172 _q ZQk—l SZk Z 2k2 -
k=1" 22k

=1

The verification of the ICs for the measures in Examples 3.9 and 3.10 can be done exploiting the
useful reformulation of the (signed) IC expressed in the subsequent Proposition 3.14, which specifically
relies on computing distributional divergences of suitable associated vector fields. For this reason, we
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64 Chapter 3. Isoperimetric conditions

postpone the full verification of the isoperimetric condition mentioned in Example 3.9 to our later
Section 3.2, whereas for the analogous and yet more involved computations concerning Example 3.10
we directly refer to [51, Section 5]. It is worth observing that the method above (for a continuous,
convex in the second entry anisotropy ¢) can only be employed in case the component measures v /2
are mutually singular, otherwise the condition on the divergence is only necessary to the IC; indeed,
we anticipate that the equivalence stated in Theorem 3.16 only applies to Jordan decompositions of
the difference measure vy — vy.

We now want to pass from the functional (i.e. non—parametric) definition of the ¢-IC to a para-
metric rewriting — namely, bounding measure via the anisotropic perimeter computed on roughly the
same set.

Theorem 3.11 (characterizations of anisotropic ICs). Assume ¢: R™ x R™ — [0,00) is a continuous
anisotropy comparable to the Euclidean norm and fix a constant C' € [0,00). For a pair of admissible
measures vy, vy on open bounded Lipschitz Q) in R™, the following are equivalent:

(1a) The pair (v1,v2) satisfies the —IC in Q with constant C — that is,

v1(AT) —1(AY) < OPL(A)  for all measurable A € Q.

(1b) The pair (v1,v2) satisfies

(AT NQ) —1(A'NQ) < CPL(A)  for all measurable A C Q.

(2a) We have
/v+ dvy — / v dry < C <|DU|¢(Q) +/ (p(',UVQ)dHn_1>
Q Q G19)

for all non—negative v € BV(Q).

In addition, each of the properties above implies the subsequent condition:

(2b) It holds
/ v d(v —1n) < C’/ (-, Vu)dz (3.1.1)
Q Q

for all non—negative v € Wé’l(Q).

We point out that from (2b) we cannot get back to any of the conditions above, since (2b) is
expressed for Sobolev functions, and as such it only takes into account the difference measure 11 — 5 in
the integral. In order to get the backwards implication and recover the specific choice of representatives
in either (1a), (1b), or (2a), the additional mutual singularity assumption v; L v is essential. This case
will be considered separately in Section 3.2. Furthermore, we observe that the continuity assumption
on  is necessary to apply our version of Reshetnyak’s Theorem 2.79 and reach the boundary of €2 in
the proof (la) = (1b) below.

Proof. We first verify that (la) implies (1b). We consider a measurable A C Q, thus (la) and the
lower bound on ¢ yield that, without loss of generality, we can restrict to sets A of finite perimeter.
We apply Proposition 2.106 to the function 14 € BV() to find an sequence (€) of open sets such
that Qp € Q, P(Qk) < oo for all k, Q —  in measure as k — oo, and

. . 1
/ | T8, (La)| dH" ! < / I T56(La)| dH™ "+~ forallkeN.
0% o0 k
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3.1. Characterization of anisotropic ICs for arbitrary pairs of measures 65

Since it holds ey (AN Q)T = At NQ and Upey (AN Q)" = A1 NQ, for the sets Ay == ANQy, € Q
we have
v (A4)) = (AT NQ) and va(A}) = (AT N Q) as k — 00. (3.1.2)

Moreover, we can apply the BV decomposition formula (2.2.1), Q' = © and the result of Federer
H 100\ 0*Q) = 0 to get

D14, =DIsL ()" + T8, (La)vo,H" 'LO*Q,,  DIa=DIoLQ+TE (M) oM '1L09Q.

For every k, we then deduce

P(Ay) = DLy, [(R") = DL (%)) + /8 [T L]
*Q

< |D14|(Q) +/ | The 4] dH" ' + % = [DL4|(R") + % =P(A) + %
o0
This inequality, together with the lower semicontinuity of the perimeter, implies P(Ax) — P(A), and
from A; — A in measure even 1,4, — 14 strictly in BV(R™). With the help of Theorem 2.79, it is
also P,(AN Q) = P,(A) for k — oo. The conclusion (1b) follows then from a combination of the
assumption (la) applied to each set A, the perimeter convergence, and the measure convergence of
(3.1.2).

We prove now that (1b) implies (2a). For 0 < v € BV(f2), we consider the extension 2’ € BV(R")
of v by zero, and the trivial measure extensions of vq, 5 by zero outside 2. Then the layer—cake
formula (2.1.1) in combination with Lemma 2.29 yields

/Qv+du1 = /Qv—dVQ - /OOO i ({7 > 11 Q) = ("> 1) ne) | a.

From the assumption (1b) to each set {v¥ >t} C Q for a.e. t > 0 and by the ¢—coarea formula (2.8.10)
for 2 it is then

/v*dyl _/vdVQ < 0/ P, ({#° > 1}) dt = C[De°| (R")
Q Q 0
_c (\Dvmm # [ ot om) d%) |
o0

which establishes (2a).

The deduction of (1a) from (2a) is easily obtained by reduction to characteristic functions, that is,
to 14 € BV(Q) for measurable A € , recalling that (14)" =14+ and (14)” =1 41.

The first three conditions result in being equivalent, whereas (2b) follows straightforwardly from
(2a) by restricting to functions in W!(Q) with zero boundary trace and employing the homogeneity
condition ¢(z,0) = 0 for all x € R™. This completes our proof. O

Clearly, any anisotropy ¢ as in Theorem 3.11 is such that its mirrored function ¢ still satisfies
the same assumptions, and we denote with (1a), (1b), (2a), and (2b) respectively the statements of
Theorem 3.11 applied to ¢ in place of .

With the aim of establishing necessary conditions to minimizers of (P-hom), we now record some
equivalences holding specifically for the joint pair of ICs — namely the ¢—IC on (u1, p2) together with
the mirrored @-IC on the inverted pair (ug,p1). Obviously, if ¢ is even then @ = ¢, and we can
directly insert the absolute value in each of the estimates below.

Proposition 3.12 (characterization of joint anisotropic ICs). Under the same set of assumptions of
Theorem 3.11, they are equivalent:
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66 Chapter 3. Isoperimetric conditions

(la+1a) The pair (v1,1v2) satisfies the ¢-IC with constant C and the pair (v2,v1) satisfies the p—IC
with constant C'; that is,

—CPz(A) <1 (AY) —1a(AT) <11 (AT) —1n(AY) < CPL(A)  for all measurable A € Q.

(2a+2a) We have
/W dvy — / vo dy <C (\Dv\w(ﬁ) +/ so(‘,vm)dH”1> for allv € BV(Q). (3.1.3)
Q Q o0

Remark 3.13. Before approaching the proof of Proposition 3.12, it is worth noticing that any admis-
sible measure v on {2 is such that not only (v, 0) satisfies the isotropic IC with some C' € [0, c0), but
trivially even (0,v) satisfies the isotropic IC (for every constant). Then, the reformulation of (2a-+2a)
for ¢ = o guarantees the validity of

/ vt dv < C <\Du\(9) +/ |v] d?-l"1> for all v € BV(Q)
Q o0

for any v admissible on €.

Proof of Proposition 3.12. From a double application of Theorem 3.11, we already know that (la+1a)
is equivalent to both

/v+ duy —/U_ duy SC(\DULP(Q)—F/ Lp(-,vyg)dHn_l) and
Q Q o0
—/U_ d1/1+/v+ duvy §C<|DU|¢(Q)+/ @(-,vyg)d’i—ln_1>

) Q o9

for all 0 < v € BV(£2). Given now v € BV(Q) of arbitrary sign, we employ the first inequality in the
latter estimate to its positive part vy and the second one to v_. Summing them up, we deduce

/Q ot dig - /Q v dvy = /Q ()" = (v)") vy — /Q ()™ = (0 )+) dvs
< [P0, (R?) + DT 5(R") = DT, (R™),

for the extensions by zero and taking into account the decompositions in Lemmas 2.28 and 2.77. Hence,
(3.1.3) applies to BV functions on € of any sign.

The remaining implication (2a+2a) == (la+1a) follows as in Theorem 3.11 by restriction to
characteristic functions, namely for measurable A € 2 assume P(A) < oo and by applying the function
estimate first to x4 first, and then to —xa. O

With the previous results at hand, we next express the link between a ¢-IC with constant C for
two pairs of admissible measures and existence of a suitable divergence-measure field whose divergence
is the measure difference and such that Im(°(., o)) is almost everywhere contained in the ball centered
in the origin and of radius C'. The rewriting in (3) turns out to be particularly useful in validating
isoperimetric conditions for mutually singular measures; compare with the computations in Section 3.2
for Examples 3.9 and 3.17.

Proposition 3.14. For the anisotropy ¢: R" x R™ — [0,00) in Theorem 3.11 we further assume
convezity of & — p(x, &) for all x € R™. Then, for a pair of non-negative, admissible measures (v1,v2)
on the Lipschitz set Q@ CR™ and any constant C € [0,00), the following are equivalent:
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3.1. Characterization of anisotropic ICs for arbitrary pairs of measures 67

(2b+2b) We have
—C/ , V) dx</v d(v1 — 19) <C/ -, Vo) dzx
Q
for all v e Wy (Q).
(3) There ezists a vector field o € L>®(Q,R"™) with ¢°(z,0(x)) < C for L"—a.e. x € Q and satisfying

div(c) = vy — 11 as distributions on ).

The validity of (2b+25) is equivalent to verifying that (2b+25) itself holds on non-—negative func-
tions in Wé’l(Q) only (this is easily achieved passing to positive and negative parts of an arbitrary
function in Wél(Q)) Altogether, from Theorem 3.11, Proposition 3.12, and this latter Proposition
3.14, we infer that for ¢ convex the double isoperimetric condition (la-+1a) — or its equivalent (2a-2a)
— implies (3).

Proof. Suppose first that (3) holds. It suffices to prove (2b+2b) for non-negative functions in W(l)’l(Q).
To do so, we consider a vector field o € L*(Q,R™) such that ¢°(.,0) < C a.e. in Q and with
div(c) = vo — 11 on Q. From definition of polar function ¢°, we have

O'(l’) 5 < (100(1'70-(‘%)) : QO(SL’,E) < C(,O($,£) for all z € Qa §€ Rn?
and by change of sign in &
—Cp(x,§) <o(z) £ <Cop(x,§) forallz € Q, £ € R". (3.1.4)

Integrating by parts on  and exploiting (3.1.4), we arrive at
—C’/ , Vo)da < / vd(vy —1a) < C/ -, Vv)dz  for all non—negative v € C°(12) .
Q

We extend the estimate above to non—negative Sobolev functions with zero trace on 02 with the help
of Corollary 3.4, which can be applied to both the admissible measures v, vo taken singularly. In fact,
concerning the convergence of the yp-variational terms in (3.1.1), we recall that the sequence coming
from Corollary 3.4 converges strongly in W11(Q), hence even o-strictly. The proof of (2b-+2b) is then
complete.

Vice versa, we assume the validity of (2b+25) and introduce the class
W= {Vv : ve Wy (Q)} CLY(Q,R).

We consider the linear functional F on W as
F[W] =F[Vv] := —/Qv*d(uz—ul) = /Qv* dvy — /Qv* dvs foral W =VveW.
Let now L,: L'(Q,R™) — R be defined through
= C’/ng(~,W)dx for all W € L}(Q,R™).

The role of convexity of £ — ¢(x,&) is then decisive to guarantee via (2.6.1) the sublinearity of I, in
L!(Q,R™). The assumption (3.1.1) also ensures F < I, on W. Additionally, F is bounded on W from

F[W]| < Cmax{/ (-, Vu) dx,/ o(-, Vo) dm} <CBIW|rirny forall W=VveW,
Q Q
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68 Chapter 3. Isoperimetric conditions

where 8 > 0 is the upper constant in the linear—growth assumption for ¢. Thanks to the Hahn-Banach
theorem, we can then extend F to a functional F defined on the whole space L!(£2, R™) with same dual
norm and such that F < I, is preserved on all LY(Q,R"). From Riesz’ representation theorem, we
find a vector field o € L>(Q,R") with [|oLe = [[Fllp1) = [[F|lw« < CB and FW] = [, 0 - W dz
whenever W € L1(Q,R"). In particular, restricting to W we get

/ v*d(re—11) = F[Vo] = / o-Vuvdx for all v € Wé’l(ﬂ).
Q Q

Thus, we have verified div(c) = vo — 1 as distributions. It is left to check that ¢°(z,o(x)) < C holds
for a.e. x € Q. Observe that we have

/U'de:F[W]SIW[W]:C’/go(',W) dz for all W € L}(Q,R").
Q Q

Specifically, setting W = ¢ with arbitrary 0 < ¢ € C(Q2) and £ € R", the homogeneity of ¢
determines

/ (0-6=Co(-,6)pdz <0  forall 0<yeCXQ).
Q

Hence, the fundamental lemma of the calculus of variations gives for every £ € R™ a negligible set
Ne € Q with o(z) - £ < Cp(x,§) for x € Q\ N, from which

sup U(x)'gg(] fora:eQ\UNg.
ecqm\{o} (7€) B

Then, by density of Q™ in R™ and continuity of ¢ in the second variable we arrive at

(. o)) = o(z)-§
@ (@, 0(@)) geﬂig{)w} o(x, &)

<C for:cEQ\UNg.
geqQn

Since UgeQn N¢ is still £L"negligible, the claimed estimate for ¢° holds, and consequently (3) is verified.
O

3.2 Characterization of anisotropic ICs for pairs of mutually singular
measures

We complete the analysis of our isoperimetric condition by considering IC for measures with disjoint
supports.

Proposition 3.15 (approximation of measure integrals under mutual singularity). Assume v, vy are
non-negative Radon measures on U open in R", vy /5(Z) = 0 for every H" ! —negligible Borel set Z C U
and wt € LY (U; 1) NLY(U; o) for every w € BV(U). Suppose additionally vy L vo. Then, for every
u € BV(U) there is a sequence (wg)g in WY (U) such that (wy,)y. converges to u strictly in BV (U) with

lim wi dyy = / utdyy  and lim wy dvy = / uw dusg . (3.2.1)
U U U U

k—00 k—o0

If w has even compact support in U, we may additionally obtain (wg) in Wé’l(U). In case U is
bounded, the convergence of (wy)i to u holds even strictly in area.

Additionally, introducing the measure v := vo — v and the Borel partition of 1 into disjoint Uy, U_
such that vo = vL.Uy and v1 = —vL U_, we have

/ wipdv —— [ (v 1y, +utly )dv, (3.2.2)
U

k—o00 U
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3.2. Characterization of anisotropic ICs for pairs of mutually singular measures 69

as well as

wi(z) = u (z)ly, (2) + v (z)ly_(z)  for |v|-ae.z €U. (3.2.3)
Proof. For u € BV(U), we employ Proposition 2.107 followed by Proposition 3.7 with measures v, v
and passing to suitable subsequences. This yields a sequence (ug), in WH(U) which converges to u
strictly in BV(U) (with area—strict convergence in case U is bounded) with uy > u a.e. in U for all
¢ € N and with

lim [ uydyyjy = / ut dvyg, (3.2.4)
L—o0 U U

as well as a sequence (v), in WH1(U) (area—)strictly converging to u in BV(U), vy < u a.e. in U for

all £ € N and

lim [ vydvyp = / u dryyg. (3.2.5)
U U

L— o0

We want to build the sequence (wy)r as a sequence of interpolated functions between uy, and vy,
with a suitable cut—off functions 7. The decisive point lies in the assumption s 1 v1, which yields
U = P UM for some Borel sets P, M such that v5(M) = v1(P) = 0. We notice that here P represents
our Uy in the statement (and M = U_), where we here prefer the shorter notation P, M. Then, the
function ut — u~ is such that |u™ —u~| < |u|*, hence by assumption u* —u~ € L} (U;v1) N LY (U; ve).
The absolute continuity of the Lebesgue integral implies that for every k& € N there is some d; > 0 such
that for any Borel set £ C U with vy 5(E) < 4y, then Jput —u™) dvyjp < % Moreover, finiteness
of the measures and the decomposition of U guarantee that for some compact set Kp.p C P it is
vo(U \ Ki,p) < 0k, and analogously the compact Ki,pr € M can be chosen large enough such that
v1(U \ Ki:ar) < 6. Therefore it follows

1 1
/ (uF —u7)dy < — and / (um —u")d < —. (3.2.6)
U\Kk;P k U\Kk,M k

From dist(Ky.p, Kg.ar) > 0, in correspondence to each k we can consider a cut—off functions nx € CL(U)
with n =1 on Kj;p and n, = 0 on Kj,p and 0 < 7, < 1in U. From the convergences of (u;), and
(ve)e to u it is even up — vy — w in LY(U) for £ — oo, and by Proposition 2.10 the (area-)strict
convergence is invariant by multiplication with bounded functions € C(U), in the sense that

iim [ nl(£7Dug)| = [ gal(£".Dw)),
U U

£—00

and analogously for the complement cut—off function 1 — n with sequence v, (reducing to strict con-
vergence in case |U| = co). At this point, we pass to an increasing subsequence (¢j) such that

1
e, — vl @y IV llee uryy < o
1
k )
(3.2.7)

il (€. Due ) () < el (€7, Du) (U) + T . (1 = mi)| (£, Do ) [(U) < (1 ) (£, Du) (V) +
/U(Uzk —ut)dyyp < % and /U(u_ —wy ) dvy g < %

for all k € N. Setting the function wy, := ngug, + (1 —nx)vy, € WHL(U) for every k € N, we first rewrite

/ wy, dvy = / up, dvy — / (1= me)(ug, —vy,) dvr,
U U U
/ wy, dvg = / vy, dvg +/ nw(ug, — vg, ) dva.

U U U
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70 Chapter 3. Isoperimetric conditions

Applying the v1-a.e. and vp-a.e. inequalities v; < ut < uy, M = 1 on Ky, and g = 0 on Ky, p, with
the help of (3.2.6) and (3.2.7) we estimate

o</(1—nk)(u;fk—vzk)du1 </ (u+—u_)d1/1—|—/
U U\Kk; M

U
0< / nk(uzk — vzk)dyz < / (ut —u)drg + / (u}fk —u)dr + / (u™ — vzk)dyg <
U U\Kp.p U U

I

(ug, — ut)dyy + / (u” =y )dv <
U

3
k
3
i
A passage to the limit in (3.2.8) via the preceding (3.2.4), (3.2.5) yields precisely (3.2.1). Rearranging

the terms, we obtain that even (3.2.2) is in place.

We now check that (wy)p converges to u (area—)strictly in BV(U). The convergence in L(U) is
straightforward, and by semicontinuity this implies even

1i]££f|(5", Duwy,)|(U) > [(£",Du) |(U).

To obtain the reverse inequality, we decompose the gradient of each wy as Vwy = (ug, — ve, )V +
Nk Vg, + (1-— nk)Vwk and from the estimates on the variation we obtain

(£, Dwg) |(U) < el (£, Dug, )|(U) + (1 = mi) [ (£, Dug ) [(U) + [[ue, — vl @y [V llue @ ,zny

= el (€7, Du) [(U) + (1~ )| (£, Du) (V) +

= |(£n,Du)|(U)+% for all k € N.

Passing to the maximum limit as £k — oo, we have verified the remaining inequality, whence the
(area—)strict convergence.

The claim for v with compact support in U follows from selecting the intermediate approximations
up and vy in W(l)’l(U) as in Proposition 2.107, and by noticing that the sequence (wy)r preserves the
zero boundary values of its components.

To prove the remaining pointwise convergence, we observe that the concentration of the measure
lv| yields

/ lwp — (u 1y, +utly )| dv] = / lwy —uT| dvy —l—/ |lwp —u"|drp forallkeN. (3.2.9)
U U U

With the help of the estimates above, we compute separately

/ |wy, — utdy < / lwy, — u;k| diy —l—/ |u’gk —ut|dn
U U U
= [ (L=m)(up, —vp,)dvr+ [ (up, —u™)dry < T + %
U U
as well as
/ lwp, —u™ | drg < / lwy — vy, | dve +/ lvg, —u™ | dug
U U U
* * — * 4
= / nk(uy, — vg, ) dve —i—/(u — vy, )dre < -
U U k
A substitution into (3.2.9) and a passage to the limit yields wf — v~ 1y, +ut1y_ in LY(U;|v|) for

k — oo. Possibly passing to a subsequence, we read exactly the |v|-a.e. pointwise convergence in
equation (3.2.3) and therefore we complete the proof. O
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Theorem 3.16 (characterizations of anisotropic IC; singular version). Assume ¢: R™ x R™ — [0, 00)
18 an anisotropy comparable to the Fuclidean norm. We have the following:

1. For two non-negative Radon measures vy, vo on Q such that wt € LY (Q; 1) NLY(Q; 1) for every
w € BV(Q), if v1 and vy are mutually singular, then (la+1a) implies the vanishing condition
(C1) for both vy, vy — that is, v1 and ve are in fact admissible measures on Q.

2. Assume that o is also continuous. If v1 and vo are two admissible measures on Q with v1 L 1o,
then (la), (1b), (2a), (2b) are all equivalent (and holding with same constant). Furthermore,
if ¢ is convez in the second variable, any of the joint conditions (1a+13), (2a-+23), (2b+2b) is
equivalent to (3).

Before proving the Theorem, we record that under the assumption (1) one can actually check that
each one of the conditions (la+1a), (2a+2a), (2b+2b), (3) yields that vy, vo vanish on Hausdorff-
negligible sets; compare with [51, Theorem 4.6] and [31, Proposition 3.1]. Therefore, the mutual
singularity assumption on the measures allows us to heuristically split up the conditions on the signed
measure v := o — v into two ICs (with arbitrary constants) for vy, vo separately, thus falling into the
case of Lemma 3.2.

Proof of (1). Assume Z C € is an H" -negligible Borel set. The mutual singularity of vy, vo yields
the existence of a decomposition 2 = P M into Borel sets with vo(M) = v1(P) = 0. We check first
that (1a) — i.e. the upper inequality in (la+1a) — implies (C1) for v;. Our claim is

vi(K)=0 for every compact K C ZNM . (3.2.10)

In fact, for any € > 0 there is an open set O with K C O € Q and 1»(0) < e. From a covering
argument (see e.g. [92, Lemma 2.7]) we deduce from H"1(K) = 0 the existence of an open set A with
K C Ac O and P(A) <e. We exploit (1a) for such A and the upper bound for ¢ to write

v1(AT) —1n(AY) < OP,(A) < CBP(A) < Ope.

Moreover, from v5(A!) < 15(0) < & we deduce even v1(K) < v1(AT) < e(CB + 1), which by arbitrari-
ness of € yields (3.2.10). Inner regularity of v; determines then v;(Z) = 0 as required.

Symmetrically, an analogous argument based on the left—hand side inequality in (1a+1a) yields vo(K) =
0 for every compact K C Z N P, and again (C1) for 15 follows from the inner regularity.

Proof of (2). Consider first the set of equivalences. With the contribution of Theorem 3.11, it is
enough to show that — for instance — (2b) implies (1a). Consider then a measurable set A € €, for
which we suppose without loss of generality P(A) < oo — otherwise even P,(A) = oo, and the thesis
is trivially verified. We employ Proposition 3.15 for the function 14 € BV(€Q) compactly supported in
2 to determine a sequence (wy )y in Wé’l(ﬂ), wy, — 14 strictly in BV(Q) with

k—o00

lim [ wjdy = / (14)Tdvy = v1(AT) and / wy, dvg = /(]lA) dg = 1y(Al).
Q Q Q Q

Moreover, by Theorem 2.79 and continuity of the integrand ¢, the convergence is also ¢—strict and
thus in particular

lim [ (., V) = [DILafa(9).

k—oo J

Bringing in the assumption (2b) spelled out for each wy € W(l)’l(Q) and letting k& — oo, from the
convergences above we obtain

VI(AY) = 1a(A) < ODLAL(Q) = CP,(A),
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72 Chapter 3. Isoperimetric conditions

which is exactly (1a).

Concerning the last part of the statement, we record that the equivalences of (la+1a), (2a+2a),
(2b+2b) follow from the previous step with the passage to the p—perimeter (resp. p—variation) and the
exchange of the roles of v1, v5. Assuming now the convexity of £ +— o(z,&) for all z € R™, Proposition
3.14 guarantees that (3) holds if and only if (2b+2b) is fulfilled, thus our proof is complete. O

As mentioned in Section 3.1, we now illustrate the power of Theorem 3.16 in the verification of
isoperimetric conditions for mutually singular, admissible component measures. We start from a very
simple case of a non—negative measure satisfying the IC with C' = 1.

Example 3.17. In R?, we consider the function H(z) := 1/|x| for € R?\ {(0,0)} and the measure

v := HL? Then, v satisfies exactly the limit isotropic IC in R%. In fact, we can work with the
associated vector field o(z) := z/|z| for = # 0 and compute

div(m/|az|) = (2|:L'|2 — l’% — l’%)/|3§'|3 =1/|z|=H(z) forallx e R? \ {(0,0)},
hence div(c) = v as measures in R?, and clearly ||o||eom2,r2) = 1. Hence, via Theorem 3.16(2) we

deduce that v satisfies the ¢o—IC with constant 1 (and no smaller constant is allowed). Alternatively,
one could check via definition that v(AT) < P(A) for all A € R? measurable. Actually, we claim that:

1
/ ] dz <P(A) for all meas. A € R?, with equality iff [AABg| = 0 for some ball Bp. (3.2.11)
AT

In fact, for any bounded set A we can find some R > 0 such that |A| = |Bg|. Then |A\ Bg| =
|A| = |[ANBg| = |Br| — |[ANBg| = |Br \ A] and therefore

1 1 1 1 1
/d:n:/ d:n—{—/ dxﬁ/ dm+/ — dz
A |7l AnBp 7] A\Bp 7] AnBp 17| ABg B
1 1 1
:/ dm+/ dzz/ — dx,
AnBg 17| Bp\A R By 17|

which verifies our statement (3.2.11).

Similarly, one can check the validity of the isoperimetric conditions mentioned in Example 3.9.

Proof of Example 3.9. To verify the isotropic IC, we define

0 for x € By
o(x) = —9# for x € Bo \ By
2# for z ¢ By

and compute ||o]|f,co(r2 g2y = max ¢ 0, fesssup ﬁ, Qesssupﬁ = max {0,6,1} = 1, thus o is a unit
1<]a]<2 2] >2

vector field. We claim that div(c) = v — vy as distributions on R2. In fact, the field is continuously
differentiable in R? \ (0B; U dBg), with
div(x/|x\2) = (Jz|* — 227 — 223)/|z|* =0 for all z € R\ {(0,0)}. (3.2.12)
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3.2. Characterization of anisotropic ICs for pairs of mutually singular measures 73

We now consider a test function ¢ € C(R?); exploiting (3.2.12) in combination with the standard
integration by parts formula — e.g., (3.30) in [3]- we obtain

div(o)(¥)

:—/ o-Viy dx
R2

:9/]32\B1|33|2'V1/)(x) dx—2/B§|:E2-V¢(x) dx

=0 B, div <1/)(1‘)‘|2> daf;—2/Bg div <¢(:U)|x‘2> dx

_ Y 1 €T - VBe T 1 x

0 o PO o @@ 42 [ 0t ) 04 ()

_ 2 am (e A

=, " (|xr>d”” ’ an"( R 2 [ @ g
0By 7] 0B, |95| 0B, 7|

= (1 + Z) YHILOBy — OYH L OBy = v1 () — va()) .

Therefore, the field o introduced satisfies |(¢)°(c)| = |o| < 1 a.e. in R? for our integrand g := |.|,
and the distributional equality div(c) = v3 — v1 on R%. Since v; L vs, an application of Theorem
3.16(2) yields the claimed isotropic ICs for both (v1,12) and (v2, 1) with constant 1. O

Another apparently surprising property of the isoperimetric condition for the pair (vq,v2) in the
case of mutual singularity is the invariance with respect to the choice of representatives.

Proposition 3.18 (anisotropic IC with any representatives). In case v1 L vy and ¢ is a continuous
anisotropy in R™, then (la) (or any of its reformulations from Theorem 3.16(2)) is equivalent to

v1(A®) — (A7) < CPL(A)  for all measurable A € 2, (3.2.13)
for any choice of representatives A\, O € {1, +}.
Proof. Since A' C AT for any A € ) measurable, we always have
v1(A2) — 1n(AP) < v (AT) —n(AY)  forall A, Oe {1,4}.

Thus, from (la) we deduce (3.2.13). Vice versa, we assume (3.2.13) and claim that the function
formulation (2b) holds. Consider first a non-negative test function v € C(9) and extend it to v°
with zero values on the complement of 2. We can reprise the reasoning already in Theorem 3.11,
arguing via layer—cake formula and Lemma 2.29, to obtain

/de(ul — 1) = /QvAdvl - /QUDdVQ = /000 (1/1 ({@0 >4 N Q) — ({@0 > t}H ﬂQ)) dt.

The hypothesis (3.2.13) applied to superlevel sets {2° > t} € Q for a.e. t > 0 with the anisotropic
coarea formula then yields

/ d(ry —1n) < C’/ o ({0 >t}) dt = C’/ ., Vv) dr  for all non-negative v € CZ°(Q).
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74 Chapter 3. Isoperimetric conditions

To obtain the Sobolev estimate, we reason by density of C2°(2) in W(l)’l(Q). To treat the convergence
of right—hand side, we employ Reshetnyak’s continuity Theorem 2.79, whereas for the measure integrals
we observe that

/Qv* vt — ) — /kad(yl )

whenever v, — v in VV(l)’1 (Q), by admissibility of measures v1, v5 (and thus, by the IC with respectively
constants C1, Cy) and exploiting Lemma 3.2(iii). We have then proved that (2b) holds for any non—
negative v € Wé’l(Q), and finally we get back to the set formulation in (la) applying Theorem
3.16(2). O

S / |(’U—’U]€)*‘d<V1+l/2) S (Cl—i—CQ)HV’Uk—VUHLl(QRn) ?) 0
QO 00
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Part 1

Primal problem



Chapter 4

Lower semicontinuity of anisotropic total
variation problems with measure

In this first chapter of Part I, we focus on the issue of minimizing anisotropic versions of the total
variation problem with measure. Specifically, assigned an anisotropy ¢: R™ x R™ — [0, 00) and non—
negative measures 4 on open 2 C R™, we want to determine suitable conditions so that the problem

inf Dw*°|,(Q —/w+d —l—/w‘d ) P-hom
weBV(Q) (' () 0 H o Het ( )
admits minima for given ug. We refer to this latter as (P-hom), since it can be regarded as the
minimization problem (P) restricted to 1-homogeneous integrands f = f>° = ¢. We recall that as
usual €2 is an open bounded subset of R” with Lipschitz boundary, ug € WH(R™), and w"0 is the
BV-extension of w to ug outside 2. Whenever convenient, we will make use of the functional rewriting

B[] = [Dwl, () + /8 o (wma)g) "+ /

w dpy — / wh dp_
Q Q

= |Dw"|,(Q) —I—/Qw_ dps — /Qw+ dpu—  for all w € BV(Q), (4.0.1)

so that (P-hom) can be reformulated as infgy(q) ®. Inour setting, u+ are non—negative Radon measures
on ) which heuristically do not read what happens on too small sets in R™. More rigorously, we shall
impose that pt vanish on A C Q with Hausdorff dimension strictly smaller than n — 1 (the same
condition already encountered in Chapter 3), meaning that sets of codimension higher than 1 are
negligible for py. This includes, for instance, prototypical measures of the kind:

e WL Q, for non—negative h € LY(Q);

o fH" LS, for a (non negative) function f € L'(S;H" 1) and S C Q is H"~ ' measurable with
0 < H"Y(S) < co. We point out that S needs not to be countably H" !-rectifiable, and in
principle even purely H"~!-unrectifiable sets S are admissible;

e Any non-negative finite Radon measure concentrated on subsets of Q of (fractal) Hausdorff
dimension strictly between n — 1 and n.

e Any finite combination of the previous ones.

Moreover, in order to consider (P-hom) we want to impose the additional integrability assumptions
Jo lwtldpg < oo, [ wtldu— < oo for all w € BV(Q), and the admissibility condition expressed in
Definition 3.3 will serve exactly to this scope. Clearly, in case both p; and p_ have no singular part
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76 Chapter 4. Lower semicontinuity of anisotropic total variation problems with measure

with respect to £ in the Radon-Nikodym decomposition, the measure terms in (P-hom) reduce to
fQ whduy = fQ wha dx for some non-negative hy € L1(Q), and here the choice of the BV represen-
tative of w is irrelevant since already for w € L(Q) it is w™ = w™ = w* outside of the £" negligible
discontinuity set Sy,.

Specifically, the aim of this chapter is to achieve semicontinuity of the functional ® under suitable
isoperimetric conditions. This is obtained reasoning first via the parametric semicontinuity result of
Theorem 4.5, and then exploiting a nice extension property for measures in Lemma 4.6. We postpone
the treatment of the existence of minimizers for </I\>, which will be directly addressed in the enlarged
framework of Chapter 5.

4.1 Choice of representatives in relation to semicontinuity

To show by the direct method that & admits minima, we need both coercivity and L'-lower semi-
continuity (LSC) of the full functional in BV. In order to consider the appropriate assumptions on

, we momentarily discard the measure term — that is, we assume p = p— = 0. For the remaining
functional ®°[w] := TV, [w™] (Q) we may employ Reshetnyak’s semicontinuity Theorem 2.78 to some
open U D Q and sequences w(k)“() = w(k)]lg + uo]lR"\ﬁ to claim

likm inf ®[wy] > ®°[w]  for all (wg)k, w € BV(Q) s.t. wy, — w in L'(Q),
—00

provided ¢ is lower semicontinuous, ¢(x,.) convex and coercive in R™. Such a class of anisotropies
makes our functional ® semicontinuous at least in the basilar null-measure case, and thus the assump-
tions above represent our minimal set of hypotheses on ¢.

Concerning the measure integral in (P-hom) instead, we now want to motivate the choice of ap-
proximate lower limit w™ for the integral term with positive sign, and approximate upper limit w™
for the opposite sign integral, with regard to lower semicontinuity. Indeed, we consider one—sided,
monotone non-negative approximations (wg)rx € W5H1(Q) of a non-negative w € BV(£2) and claim:

(i) If (wg)x converges p-strictly to w in BV(Q) from below (implying w} < w” holds pi—a.e. in Q
for A € {—,+} and all k € N), it is

lim ®°fwy] = ®°[w] and liminf (/Q wy, d,u+> < /QwA dpy

k—o00 k—o00
In view of this, assuming that u_ = 0, the best representative to hope for lower semicontinuity
of the full functional ® is obtained when A = —. Actually, we record that a combination of

Theorems 2.79 and 2.104 induces (for some subsequence) the H" !-a.e. pointwise convergence
w;ge — w™ in Q as £ — oo, thus arguing via monotone convergence theorem we achieve even

lim (/ w};du+) :/w_dp,Jr.
k—o00 Q Q

(ii) Vice versa, for sequences (wy); converging to w ¢-strictly in BV(Q2) from above — thus in par-
ticular wy, > w? pr—a.e. in € for all £ — we find

lim ®°wy,] = ®°(w] and  liminf (—/ wr, d,u> < —/ w™ dp_
Q Q

k—00 k—o00
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4.1. Choice of representatives in relation to semicontinuity 7

hence this time for g4+ = 0 the minimal difference in the measure term is achieved when A = +.
Yet again, the p—strict convergence assumption determines (via Theorems 2.79 and 2.104 and
monotone convergence) existence of the limit

lim (—/w,ﬁdu) :—/w+du.
k—o0 QO Q

From (i) and (ii), we read that & achieves continuity on suitable (p—)strictly converging sequences;
compare with Result 3. Nevertheless, we point out that we are interested in the joint semicontinuity
of the functional ® — meaning that the measure term does not need to be LSC on its own — and we
prove the global LSC result by imposing assumptions which induce a balancing effect between the lower
semicontinuous anisotropic TV term and the integrals in p. To this scope, we shall consider arbitrary
sequences in BV(Q) converging with respect to the strong topology in L!.

The reasoning above intuitively explains the selection of BV representatives in the definition of
® — which is also valid for the possibly inhomogeneous functional F, up to passing to area—strictly
converging sequences. Next, we provide a rigorous justification of the necessity of w® in the measure
term; we do so by first considering functionals F) defined taking into account Borel combinations of
the extremal values w™ in the measure term, and then excluding any other combination when looking
for semicontinuity.

Consider the original functional in the Dirichlet class defined by ug € WH1(R™):

F, [w] ::/Qf(.,Vw) d:z:—i—/ﬂw*d,u for w € W, (Q).

We are interested in a BV-reformulation of F,,, which extends it in a lower semicontinuous way with
respect to convergences in L'~ namely, we look for its L!(2)-relaxation. In principle, any convex
combination of the representatives w™, w™ of an arbitrary function w € BV () guarantees at least the
extension condition. This motivates the introduction of the A—-representative of w, defined as

w = wt + (1 - Nw™ (4.1.1)

for a given Borel function A: © — [0, 1], and we observe that the A-representative always reduces to the
precise one in the case of Sobolev functions — that is, w* = w* H" '-a.e. on Q whenever w € WH1(Q).
The formulation above was elaborated in [67] to investigate the prescribed mean curvature case, and
it allows us to consider the family of functionals

Falw] == f(.,Dw*)(Q) +/Qw)‘ dp  for w € BV(Q),

each satisfying the fundamental prerequisite ) = F,,, on Wi;}(Q). Nevertheless, we shall now see that
there is a unique function \ associated to p for which lower semicontinuity of the full functional F) is
admissible, and such mapping coincides with the choice A = A\, := 1_ for the Jordan decomposition
of the measure p into its positive part py and negative part p— with @ = QL UQ_ and pus L Q- =
p—L Q4 = 0. Then, the measure integral in F) reduces to our usual term

/w)‘“du:/(]lg_w++]lg+w)d,u:/wdu+—/w+du_,
Q Q Q Q

and consequently F) = F. We infer that the only suitable candidate for semicontinuity among all F),
is precisely the functional F introduced in (1.2.4), which justifies our intuitive choice of representatives
expressed in (i)—(ii).

7



78 Chapter 4. Lower semicontinuity of anisotropic total variation problems with measure

Lemma 4.1. For a pair of admissible measures 1 on open S, we set p:=puy —p—. If pp L p—, for

any w € BV(Q) we have
/w)‘du > / w dy, (4.1.2)
Q Q

with equality holding if and only if AN(x) = A\u(x) for |u|-a.e. v € Jy.

For the proof of Lemma 4.1, we refer to [67, Lemma 4.2|. From this result applied for every BV
function, we deduce the necessity of setting the representative A = A, in the relaxation of I, .

Proposition 4.2 (failure of LSC for general F)). We fix the open bounded and Lipschitz set Q@ C R™,
some function ug € WHL(R™) and ps admissible measures on Q. We consider f: R™ x R — [0, 00)
admissible as in Assumption 1.1 and such that f and f°° are continuous. Moreover, we assume
that |u| > fH"LLS for some strictly positive function f € LY(S;H"™ ') with S C Q such that
0 < H"Y(S) < o0 and S is H" ' -rectifiable. Then, for any choice of Borel A such that \ # Ay up
to H" Lt -negligible sets in S, the functional Fy is not lower semicontinuous in BV (Q) with respect to
LY(Q) (or weak—*) convergence in BV(Q).

Proof. Assigned w € BV(Q), we let (wy), be the sequence in WH1(Q) obtained by Proposition 3.15
with measures p4, that means (wy); converges to w area-strictly in BV(§2) with

lim [ wpdpu— = / whdp_ and / widpy = / w” dpg .
k—oo Ju U U U

From the area-strict convergence and Theorem 2.70, we find f(.,Dwz*)(2) — f(.,Dw*)(Q) for
k — oo. Altogether, w;, — w in L'(Q) (and weakly—* in BV(Q)) as k — oo, whereas exploiting the
bound in (4.1.2) and F) = F(y,) on WHL(€), we also obtain

klim Falwg] = Fy,[w] < Falw]  for all Borel A s.t. [p|(Jw N{X# Au}) > 0. (4.1.3)
—00

This contradicts lower semicontinuity of the functional Fy, unless J, N{\ # \,} is |p| negligible for
all w € BV(Q). Selecting then a BV function @ such that Jg D S, by H" ! rectifiability of Jg it is
H" 1 (J3NS) =0, and consequently

W (Ja NN £ ML) > FH (Jan{AN£ A3 NS) = FHH N # AL = /Sm# }fd”H"‘l >0,

where the last inequality holds as equality if and only if H" ' ({\ # A,} NS) = 0. Therefore, if
{\ # A\,} is not H" '-negligible in S, we conclude that there exist functions w € BV(£2) such that
1| (Juw N {X # Au}) > 0, hence (4.1.3) determines the claimed loss of semicontinuity for F.

0

Observe that for measures pu4 such that |u| is of dimension strictly larger than n — 1 (that means,
|11|(A) = 0 for all measurable A C R™ such that 0 < H""1(A) < 00), all representatives agree |u|-a.e.
as a consequence of Theorem 2.27. Then, all functionals Fy, F),, and the original functional with
precise representative coincide, so that all semicontinuity and existence results apply to F) as well and
for any choice of A — and we notice that, in this case, the measure term fQ u? dp is even continuous.
For this reason, to violate LSC of some F) we need to restrict to our interesting case of measures on
R™ of dimension exactly n — 1.
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4.2. Parametric semicontinuity 79

4.2 Parametric semicontinuity

We first introduce a weaker notion of isoperimetric condition for measures, which will turn out to be
useful in the treatment of semicontinuity for the parametric problem — that is, LSC of the p—perimeter
coupled with measure terms. Notice that the isotropic versions of Definition 4.3, Lemma 4.4, and
Theorem 4.5 were originally established in [92]. Concerning our good approximation Lemma 4.4, we
emphasize that the statement in [92, Lemma 4.4] already established an analogous result (even though
limited to the isotropic case) for non—negative measures v on R" under the vanishing condition (C1).
The main difference between [92, Lemma 4.4] and our case lies in the presence there of a slightly
weaker version of the technical assumption (4.2.3) — which is nevertheless only required for sets with
volume less than some small threshold value 6 = §(¢). Anyway, in Lemma 4.4 below, the validity of
(4.2.3) follows by finiteness of v, therefore once this is verified, we can directly rely on the previous
good approximation result.

Definition 4.3 (small-volume ¢—anisotropic IC). Assume ¢: R” x R" — [0,00) is an anisotropy.
A pair (v1,19) of finite non—negative Radon measures on open U C R" satisfies the small-volume
p-anisotropic isoperimetric condition in U with constant C' € [0, 00) if, for every € > 0, there
exists § > 0 such that

v1(AT) — 1p(AY) < OP,(A) + ¢ for all measurable A € U with |A| < §. (4.2.1)

We say that a single measure v satisfies the small-volume ¢-IC in € if (4.2.1) holds for (v,0). As for
the IC, we call isotropic small-volume IC the corresponding condition holding for ¢ = ¢g.

The scope of this section is to achieve LSC for the functional A — Py, (A) + py(AY) — p_(AT) on
the o—algebra of Borel sets A in R™, and where we implicitly consider the trivial extension by zero of
the measures p4 to all R™. Such a functional represents the parametric counterpart of 215, which can be
verified by employing layer—cake and anisotropic coarea formulas. The first step towards semicontinuity
is the construction of a Borel set of measure arbitrarily close to the measure of the limit of a converging
sequence of sets, while having perimeter arbitrarily small in each approximating set for large indices.

Lemma 4.4 (good exterior approximation). Let v be a finite non-negative Radon measure on R™ with
v(Z) = 0 for every H" ' -negligible Z C R™, © an anisotropy on R"™ such that o(z,&) < B|¢| for all
(x,&) € R* x R™ with f € [0,00), fit € > 0. Then, for any sequence (14, ) in BV(R™) converging in
LY(R™) to 14 € BV(R") there exists a Borel set S C R™ with 15 € BV(R") satisfying

AT CInt(S), v(S)<v(A*)+3e, and lim inf Py,(S, A) < fe. (4.2.2)

— 00

Moreover, if A is bounded, the set S can be chosen bounded too.

Proof. Assigned € > 0, we can build—up on the result of [92, Lemma 4.4|, provided that we prove
v(AT) < M.P(A)+e¢ for all measurable A € R" (4.2.3)

for some M. € [0,00). Observe that (4.2.3) does not represent a small-volume IC for v on R" with
d = 00, since our constant M, is dependent on the choice of €. Assuming by contradiction that (4.2.3)
is false, for each ¢ € N there exists a measurable set 4, € R™ with v(A)) > (?P(A¢) + . In particular

v(R"™)
72
for all £ € N. We employ the definition of BV—capacity Cap; of any F C R" as

P(Ay) <

and v(Af) > ¢

Cap,(E) := inf {/ |Vau| dz : w € WHY(R™), u > 1 a.e. on U, U open neighborhood of E}
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80 Chapter 4. Lower semicontinuity of anisotropic total variation problems with measure

as in [26, Definition 2.1]. It is well-known that Cap; is an outer measure on R" and satisfies
Cap,(E) = inf {P(H) : H C R" measurable, |H| < oo, EC H"}.
Then, for the set
oo o0
E=U4
k=1/{(=k
we have

v(E) = lim y< U A+> > hmmfy(/ﬁ)

k—o0 —k
At the same time, we compute
o o o0
Cap,(E) < Cap1< U A;) Z Cap; (A Z (Ag) < v(R") ZZ‘Q
(=k (=k =k

for all £ € N, and by finiteness of v we deduce Cap;(E) = 0. Since Cap; has the same negligible sets
of H"~! (see for instance [46, Theorem 5.12]), we deduce that even v(E) = 0. This is in contradiction
with the preceding estimate, thus (4.2.3) is valid. We apply then [92, Lemma 4.4] to find the set S
with 1g € BV(R") satisfying the first two conditions in (4.2.2), as well as

liminf P(S, A]) <e.
k—00

Finally, the passage to the anisotropic perimeter P (S, A,‘:) in the last estimate is justified by the
upper bound on ¢. This completes the verification of (4.2.2).

In case A € R", the construction of |92, Lemma 4.4] allows us to assume that even S is bounded
in R™, which concludes our proof. O

We are now ready to prove the claimed parametric semicontinuity.

Theorem 4.5 (LSC of anisotropic parametric functional with measures). We assume that p: R™ x
R™ — [0, 00) is a lower semicontinuous anisotropy comparable to the Fuclidean norm, with & — ¢(x,§)
convez for every x € R™. Consider finite non—negative Radon measures vi, vo on R™ wvanishing on
H" L negligible sets. If the pair (v1,vs) satisfies the small-volume ©—IC in R™ with constant 1 and
(va,v1) satisfies the small-volume @—IC in R™ with constant 1, then

lim inf [Py, (Ag) + vo(AL) — v (A5)] > Py(A) + va(AY) — vy (AT) (4.2.4)

k—o0

whenever Ay and A are measurable in R™ and Ay converges locally in measure to A.

Proof. Case 1 (bounded domain). Assume first that there is a ball B, such that [ J,—; Ax € B, (and then
also A € B,). Up to passage to subsequences, we suppose it exists limy_,o0 [Py (Ag)+12(A})—11(Af)] <
oo, and from finiteness of v; and the upper bound on ¢ we deduce P(A) < limsup;_,., P(4x) < o0

In particular, we have 14,,14 € BV(R") for k > 1 with 14, converging in L}(R") to 14. We fix
an arbitrary € > 0 and apply Lemma 4.4 to measure vy with mirrored anisotropy @ to find a Borel,
bounded set S with 1g € BV(R") and a subsequence of (Ag)x such that

AT CInt(S), v (S) <vi(Ah) + 3, klirn P5(S, Af) < e,
—00

assuming [ is the upper constant in the growth bound for ¢. Furthermore, another application of
Lemma 4.4 to vy for ¢ on the complements B, \ Ay, B, \ A determines a second bounded Borel set
S’ C R"™ with 1g» € BV(R") and yet another subsequence such that

(BAA)T CInt(s), 1) <ra(B\ A +3,  lim P(S', (B, \ An)t) < Be.
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4.2. Parametric semicontinuity 81

We define the complement R := B, \ S’ of S, which in view of Ay U A € B,, 9B, C Int(S’), and
R € B, satisfies 1z € BV(R"),

RCA",  w(Int(R)) > ra(A") — 3¢, Jim P (R, (A5)T) < Be.
— 00

Then, the additivity of the measures vy 5, D14, |, and the inclusion R C Int(S) yield

P@(Ak) = (Ak,IIlt( ) \E) +P (Ak,Int(S)C) + P@( E,R) R
(Ak \ Int(S ) — ug(( ) N Int(R)) + 19 (Int(R)) ,
(4 S) — (49" NR) +n(S).

I/\ I\/

We combine the inequalities above by computing
Jim. [Pu(Ay) + 10(A}) — 1 (4] > lim inf P,, (Ag,Int(S) \ R)
+liminf [Pg,(Ak, Int(S)°) + v (AL \ Int(S)) — 1 (A \?)}
+liminf [P [ 5(AS, R) — va((A)T N Int(R)) + vy ((AZ)! mﬁ)}
+ v (Int(R)) —u1(S5). (4.2.5)

We now estimate each term in &.2.5) separately. For the first one, we apply Reshetnyak’s Theorem
2.78(b) to the open set Int(S) \ R and the inclusions R C A! C AT C Int(S) to obtain

liminf P, (Ar, Int(S) \ B) > Py (4, Int(S) \ B) = Py(4, A\ A1) = P(4). (4.2.6)

For the second term, we first record that since AT C S we get |Ax\S| < |AR\A| < |AxAA], hence
the convergence in measure implies limg_,o, [Ax\S| = 0. We exploit then the small-volume ¢-IC for
(v1,v2) and Ak \ S for k > 1, together with A, \ S C (Ax\S)T, (4, \ S)' C A} \Int(S), SO C Int(S)°
and Lemma 2.73 to deduce
v (A5 \S) — v (A; \Int(S)) < v1((Ak \ 9)T) — 1((Ax \ 9)') < Pyu(Ax\ S) +¢
< Py(Ay, S°) +P3(S, Af) + ¢
PLP(Ak‘? Int(S)C) + P@(S, AZF) +¢€

for £ > 1. Rearranging and passing to the limit, it is then

liminf [Py (Ay, Int(S)°) + 1o (A} \ Int(S)) — 11 (45 \ )] > — kli_)rgo P5(S, Af)—e> —(B+1)e. (4.2.7)

k—o00

Analogously, we estimate the third addendum in (4.2.5) via the small-volume ¢-IC for (v, 1) applied
to Aj N R again for k> 1:

va((A5) NIn(R)) — 11 (A5 NR) < (A5 N R)Y) — mi (AL N R)') < Pa(A5 N R) +e
< P(Af, BY) + P3(R, (45)") +¢

< Pp(AL, R) + P3(R, (A7) +¢
for £ > 1, and consequently

lim inf [Pa(A5, R) — 1o ((A5) T NInt(R)) + 1 ((A5)' NR)] > — Jim Py (R, (A5)T) —e > —(B+1)e.
(4.2.8)
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For the last terms in (4.2.5), we recall that by choice of R and S it is
vo(Int(R)) > va2(A') —3e  and 1 (S) < (AT) +3¢. (4.2.9)
From the estimates in (4.2.5)-(4.2.9), we conclude that

lim [Py(Ay) +v2(A;) = 1(A])] > Py(A) + 1a(A") — 1 (A") — 2(B+4)e,

k—o0

which by arbitrariness of € proves the claimed semicontinuity (4.2.4).

Case 2 (general unbounded domain). Without loss of generality, we suppose that it exists finite
limy o0 [Py(Ak)+r2(A})—r1(Af)], and therefore even P(Ag) + P(A) < oo for k> 1. Then, by the
isoperimetric inequality, it is either |A| < oo or |A¢| < oo.

o If |[A| < o0, given € > 0 there exists a ball large enough such that |A\ B,| < e, P(A,(B,)°) < ¢
and v1((B)°) < e, r2((By)¢) < € because of the finiteness assumption. Then, local convergence
of A, to A implies |A; N (By41 \ By)| < e for k> 1, and according to

r+1
/ /Hn_l(x4]1c N 8B@) do < ’Ak N (Br+1 \BT)‘ <e€

we can select a radius gy, € [r,7 + 1] such that H"~1(A}NIB,,) < ¢ for k large enough. Employing
Lemma 2.73, this implies

Po(Ar NBy,) < Py(Ag, (ng)Jr) + P (By,, A}c) < Py(Ag) + 5?‘”_1(/111@ NOBy,) < Py(Ar) + Be

for £ > 1, and — passing to a subsequence — we can assume that the sequence of radii (o)
converges to ¢ € [r,r+1]. At this point, Ay N B,, C B,41 converges to AN B, in measure,
and we apply the result (4.2.4) obtained in the bounded case to such a sequence and, after some
minor adjustments, write

liminf [Py, (A N By, ) + v2(A}) — v1(Af NB,)] > Pu(A,B,) + (A’ NB,) — 1 (A1).

k—o0
By choice of r and g, gathering the estimates above we compute
I/l(A; NB,) > yl(Az) —v1((B,)°) > I/l(AZr) —e fork>1,

1(
I/2(A1 NB,) > 7/2(14.1) —wa((By)°) > I/Q(Al) — £,
Po(A,By) = Py(A) = Pyu(4, (B)°) =2 Pu(A) — BP(A, (B;)°) 2 Py(A) — Be.

Thus, we can pass to

liminf [Py (Ay) + v2(AL) — v1(A)] + (B + 1)e > Pu(A) + va(AY) — vi(AT) — (B + 1)e

k—o0

and by arbitrariness of e this latter yields (4.2.4).
e If instead |A°| < oo, we exploit the equalities (A°)* = (A)S, (AT)¢ = (A°)! to rewrite
Pu(A) + vo(A") — v (A7) = P3(A®) + v1 ((A)") — v2((A9)T) + ¢,

where the finite value ¢ := vo(R™) —v1 (R™) does not affect semicontinuity. Reprising the previous
step with Aj and A in place of Aj and A, with ¢ in place of ¢, and with the roles of v, and 14
just exchanged (notice that the recombination matches with our ICs), we complete the deduction
of (4.2.4) even in this last setting. O
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4.2. Parametric semicontinuity 83

We conclude this section by adapting the reasoning in [92, Lemma 7.3] to determine an equivalent
formulation for the small-volume IC where we extend the measures to the full space by zero. This useful
consideration will enable us in Section 4.3 to use the parametric result of Theorem 4.5 for the extended
measures fir on all R” and thus obtain lower semicontinuity for the non—parametric functional.

Lemma 4.6 (small-volume IC for extensions). We consider an anisotropy ¢ on R™ comparable with
the Fuclidean norm with constants o, 5 > 0, and we assume that vy, vo are finite, non—negative Radon
measures on the open set U C R™ with extensions 1, U3 defined as Uy 5(S) = vy/9(S N U) for Borel
S CR"™ Fiz C €[0,00). Then they are equivalent:

(i) The pair (v1,v2) satisfies the small-volume @—IC in U with constant C
(ii) For every e > 0, there exists 6 > 0 such that

T1(AT) —73(AY) < CP,(A,U) +¢ for all measurable A € R™ with |A| < §. (4.2.10)

In other words, Lemma 4.6 tells us the following: If (v1,14) satisfies the small-volume ¢—IC in U
for some C' € [0, 00), then (77, 72) satisfies the small-volume ¢-IC in R™ with same constant C.

Proof. By definition of extended measures, considering sets A € U only, we immediately read (ii) =
(i). We assume then the small-volume ¢-IC for (v1,12) in U and we claim that (4.2.10) holds. If
d: R™ — [0,00] is the function d(x) := dist(z, U®) for € R™, we know that d is Lipschitz continuous
in R™ with Lipschitz constant 1 and thus by Rademacher’s theorem it is |[Vd| < 1 a.e. on R™. Clearly,
the open sets {d < t} are non-increasing as t decreases to 0 with J,.o{d < t} = U, hence by
finiteness of 77 we obtain 171({d < t}) m) 171(UC) = 0. Therefore, given arbitrary € > 0 we find a

to > 0 satisfying

rm({d<to}) < %

We let now ¢’ > 0 be such the small-volume ¢-IC for (v1,15) with constant C holds in U with ¢/3
and ¢, and we set 6 := min {¢’, tog} Considering then a measurable A € R™ with |A| < ¢ and
P,(A,U) < oo (otherwise, the estimate is trivial), from the lower bound on ¢ we deduce that A is of
finite perimeter in U. Applying Theorem 2.36 we infer

/ H' (AT N{d=t}) dt</ H'"H(ATN{d=1t}) dt = /|Vd|dx<|A<3

pC
Thus, there exists some ¢ € (0,tp) such that
. _ 1 flo_ £
" 1(A+ﬂ{d:t})§t0/0 (AT A=) dt < oo (4.2.11)
and we compute
(AT <At n{d>#)) +m({d<t}) <m(Atn{d>T}) +m({d <to}). (4.2.12)

We cut A away from the boundary of U by letting F := AN {d > f} € U and from Remark 2.26 we
have AT N {d >t} C E* € U. At this point we make use of the small-volume ¢-IC for (v1,15) in U
for the set |E| < |A| < ¢" and of (4.2.12) to get

FI(A%) - 7a(A") < TE(A 0 {d > 7)) +7r({d < 1o}) — ()

2 (4.2.13)
W () () + S < CPy(B) + E

IN
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84 Chapter 4. Lower semicontinuity of anisotropic total variation problems with measure

To estimate the anisotropic perimeter we exploit Lemma 2.73, the upper bound for ¢ and (4.2.11),
and find

P,(E) =P, (E, o(A{d>T nU) +P,({d >}, AT ND)

Py
P,(A,U)+ BP({d> 1}, A™)
Py
Py

IN I/\

o(AU)+BH" (AT N {d=1})
3
3C

IN

(A U) + (4.2.14)

The combination of (4.2.13) with (4.2.14) yields the required (4.2.10) and completes the proof. O

4.3 Non-parametric semicontinuity

From the result of Theorem 4.5 in the parametric setting, one may wonder if a weak assumption as
the small-volume IC for the pairs (u—, p4) and (p4, p—) suffices to obtain semicontinuity for the non—
parametric functional F as well. The answer is nevertheless negative, as illustrated in the following
counterexample.

Example 4.7 (failure of non—parametric LSC without limit IC). For n > 2, let (Ag)r be any se-
quence of measurable sets such that Ay € 2, with pairwise-disjoint closures and P(Ay) > 0 such that

o> P(Ag) < oo (for instance, Ay balls with P(A;) = §/k? where § > 0 small enough). Then,
the measure p_ = 2H" 'L (Upl, 9*Ax) does not satisfy the (isotropic) IC in Q with constant 1,
as p—(A)) = 2H"1(9*4)) = 2P(4;) > P(Ay) for all k € N. Additionally, introducing the se-
quence uy, := 14, /P(Ag) in BV(Q2), and bringing in the isoperimetric inequality (2.3.1), we compute

lugllii) = [Ax[P(Ax)™! < const(n)P (Ar)Y =1 hence uy, converges in L'(2) to zero as k — oo.
Setting then py =0, up := 0, and the 1sotropy © = o := |.|, lower semicontinuity of  fails along such
sequence since Bluy] = |Duyg|(0 — Jqui du— = [P(Ar)—2H""1(0%Ay)] /P(Ag) = —1 for all k € N,

whereas ®[0] = 0. Neverthelebs we record that by [92, Theorem 8.2] the double perimeter measure p_
satisfies the small-volume (isotropic) IC in R™ — and thus, on Q — with constant precisely 1.

In the next step, we want to prove Result 1 restricted to homogeneous integrals; that is, achieving
the following Theorem 4.8. To do so, Example 4.7 indicates the need for stronger assumptions compared
to parametric semicontinuity. In any case, we record that Theorem 4.5 represents a decisive ingredient
in the proof of the non—parametric LSC.

Theorem 4.8 (LSC of anisotropic TV functional with measures). We fix an open bounded Lipschitz
set Q C R™, admissible measures ji+ on Q, and ug € WHH(R™). For an anisotropy ¢: R" xR™ — [0, o0)
comparable to the Fuclidean norm we assume:

(a) ¢ is continuous; and
(b) the restriction & — @(x,§) is convex for all x € R™.

Then, supposed that the pair (u—, py) satisfies the p-IC in Q with constant 1 and (u4,p—) the o
I1C in Q with constant 1, the anisotropic total variation functional ® introduced in (4.0.1) is lower
semicontinuous in BV (Q) with respect to convergence in L().

We postpone the proof of Theorem 4.8 to the very end of this section. Preliminary to this is the
introduction of an auxiliary functional defined extending ® on R", and the same for its mirrored version
with inverted roles of the measure components.
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4.3. Non—parametric semicontinuity 85

Definition 4.9 (auxiliary functionals). For an anisotropy ¢ on R™ and given admissible measures pi+
on open bounded Lipschitz 2 C R"™, we define

D[w] := [Dwl|,(R"™) —i—/ w™ dpy — / wtdp_  and
Q Q

Plw] := |Dw|z(R™) +/ w-dp— — / whdpuy ,
) )

for w € BV(R").
We now observe that our main functional ® enjoys the following decomposition.

Remark 4.10. We consider ug € W11 (R"), an anisotropy ¢ on R", and p+ admissible measures on
Q. We have

Blw] = B [(@"™)4] + [(W™)_] — |Dugl,(R*\ Q)  for all w € BV(Q),

with w" = wlq + uO]an\ﬁ € BV(R"). In fact, we apply the decomposition for TV, in Lemma 2.77
to write

IDw"|,(Q) = [Dw"[,(R") — [Dugl, (R™ \ Q)
= [D(@") 4|y (R") + [D(@")_|5(R"™) — [Dug|, (R™ \ ©2).

We can additionally exploit the H" '-a.e. (and thus, u+—a.e.) equalities w* = (wy)* — (w_)~ and
w™ = (wy)” — (w_)" of Lemma 2.28 together with wy = w4 on  to rewrite

o au= [ wtan = [ @0 ane= [ @) dur 1@ due = [ (@)1 d

The claim follows just by rearranging the terms according to the definitions of (5, ®, and P.

Working now with truncated functions w* := max {min{w, M}, =M} of some w € BV(R"), we

will initially prove L'-semicontinuity for ®, ® on suitable sequences in BV(R"), and lastly we will
merge the partial results to show LSC of the functional ®.

Lemma 4.11. If the anisotropy ¢ satisfies ¢(x,§) < BIE] for all (z,£) € R" xR"™ and some 3 € [0, 00),
then the functionals ®, ® are continuous on truncations, that is: For any w € BV(R™) and any positive
constant M , it results

lim ®[wM] =Pw] and lim O[wM] = dw)].
M—o00 M—o00

Proof. The statement follows from the convergence of each term separately. In fact, for the anisotropic
TV we employ Lemma 2.100(iv) to get [Dw™|,(R™) — |Dw|,(R") for M — oo (and analogous for
the mirrored anisotropy ¢, satisfying the same bound @(z,.) < f|.|), whereas the convergence of the
measure terms is justified by Lemma 3.8. O

Lemma 4.12. We suppose pt are admissible measures on ) and ¢ is an anisotropy in R™ such that
alé] < p(z,8) < B¢l for all (2,£) € R" x R™, (4.3.1)

with constants 0 < a < < oo, moreover for ¢ we assume (a)—(b). We let (u—, py) satisfy the p—IC
in Q with constant 1, and fix a non-negative function ug € WHL(R™). Then, for all constant M > 0
and all non-negative w € BV(R™) such that w = ug L"—a.e. in Q°, it holds

O[w] > [wM] + ey with ey = a||[Vug — VUOMHLI(QCJRTL) — BHUO_UOMHLl(aQ;’H’nfl) . (432
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86 Chapter 4. Lower semicontinuity of anisotropic total variation problems with measure

As a consequence of the convergence of up™ to ug in W (R™) in Lemma 2.100(iii), and of strict
continuity of the trace Theorem 2.23, the estimate (4.3.2) yields ¢y — 0 as M — co.

The continuity assumption (a) for ¢ is necessary to pass from the formulation of p—IC for (p—_, p4)
on sets (according to Definition 3.1) to ¢—IC on functions exploiting Theorem 3.11. Nevertheless, if
an alternative definition of anisotropic IC according to (2a) would be given instead, the sole lower
semicontinuity and convexity of ¢(z,.) would suffice to achieve Lemma 4.12 and its corollaries —
including the semicontinuity result of Theorem 4.8.

Proof. We fix a level M > 0 and w as in the statement. The ¢-IC in the form of (2a) applied to
w—wM >0 with C =1 reads

~ [ w=wy du [ =0 ds = D (- @) - [ (w0 ) e
Q Q [o}9)

Then, with the help of Lemmas 2.100(ii) and 2.101 we estimate the difference

Bluw] — Blw™] = [D(w — w)|,(R") + /

My— M
[ (=) du+—/9(w—w ) du

> DG = ) EN ) = [ (- =) g)

> D~ uM) B\ D)~ [Dlw — w09 — [ o (-0 —w) ) an.

Moreover, the convexity of ¢ in the second variable yields

D(w — w)|,(09) > /

g0(~,(w—wM)l/Q) d’H"_l—/ cp(-,(uo—u[)M)VQ) dH 1
o0

o0

by an application of (2.6.2). Recalling that w = ug outside Q, we obtain
Blu] = B0 > Do — (a0) R AT = [ (- (w0 = ug™) ) a7
Q

and thus employing (4.3.1) we have verified the validity of (4.3.2) with appropriate constant c¢p;. [

At this point, we can prove the claimed lower semicontinuity for the auxiliary functionals ® and P.
In this regard, we mention that the double (strong) IC could be replaced in the following Proposition
4.14 by the weaker condition:

(u—, py) satisfy the o—IC in Q with constant 1; and
(4, p—) satisfy the small-volume ¢—1C in Q with constant 1,

with inverted assumptions on ¢, pt for the subsequent Proposition 4.15. In fact, we shall see in the
proof that the first condition is necessary to apply the truncation argument in Lemma 4.12, whereas
the parametric result 4.5 only requires the small-volume IC with constant 1 on R™ and for both
pairs of measures, thus arguing via Lemma 4.6 this is achieved under the small-volume IC on 2 only.
Nevertheless, since ultimately the double (strong) IC is required to obtain LSC of the full functional
EI;, we prefer not to distinguish the cases and use directly the formulation in Proposition 4.14.

We now demonstrate via Lemma 4.12 that truncations for sufficiently high levels — namely, above
the L norm of the outer datum — achieve small values of the functional ®.
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4.3. Non—parametric semicontinuity 87

Corollary 4.13. For an anisotropy o as in Lemma 4.12 and admissible measures puy on §2, we assume
that (p—, py) satisfies the o—IC in Q with constant 1, and that (p—, py) satisfies the g—IC in Q with
constant 1. If ug € L°(R") N WHL(R™), then we obtain

~

O[w] > ®[w™]  for all w € BV(Q) and all M > ||ug|| oo @n) -

Proof. We fix an arbitrary w € BV(€2). Choosing a level M > |[lug||peomny > [|(20)+|l100mn), We
record upM = up, as well as (W) )M = ((ww)M) L= (Wuo ) 4 everywhere. From Lemma 4.12

[(@W")4] > 5[(w7Muo)+] because of (ug)+ = (ug.)™ > 0. Another
w')_ and (@, p4, u—) in place of (¢, u—, py) yields the symmetrical

applied to (w"0),, we read ®
application of Lemma 4. 12 to (
result ®[(w)_] > & [( ) |. We complete the reasoning summing up the previous estimates with

the help of Remark 4.10. OJ

Proposition 4.14 (LSC of ® on non-negative functions with given value outside Q). We assume
that ¢ is an anisotropy as in Lemma 4.12. Let py be admissible measures on Q such that (u—, )
satisfies the o—IC in Q with constant 1 and (py,p—) the p—IC in Q with constant 1, moreover fix a
non-negative ug € WHH(R™). Then, it holds

lim inf ®[wy] > ®[w]
k—ro00

for every (wy)g, w in BV(R™) such that w, — w in LY(R™), supposed wy, w > 0 a.e. in Q and
w = w = ug a.e. in Q° for all k.

Proof. Let (wg)k, w as in the statement and M > 0, so that up to subsequences it is wy — w pointwise
a.e. in R™. Employing the usual notation fir for the extended measures on R™ and Lemma 2.29, we
write

{(wiHt >t} = {w) > t}+ and {(wp!)” >t} = {w) > t}l fiz-a.e inR", for L' ae t>0.

By Lemma 4.12, the anisotropic coarea formula of Theorem 2.82, and a layer—cake argument for wk >0

we find

Blwy] > D[wp!] + car = ear + Dwp |, (R™) +/Rn (wp') ™ dir - /R (wi)" dp—
—en +/0°O [P, (fut > 1)) + 7 ({wd > ") 7= ({0l > 1)) a

From the control wi < M it is ,uT( {w,]f\/[ > t}+) < Toan (t)p— () for all k, with the function
Lo, a1 (€2) € L1((0,00)), thus all integrands in the last term are uniformly bounded from below by
a summable function. This justifies the application of Fatou’s lemma, hence

lim inf ®[wy,] > e + /OOO lim inf [Rp ({wd" > t}) + % ({w% > t}1> e ({w{y > t}+)} dt

k—o0 k—o0

We notice now that given wliw = wM outside €, the pointwise convergence w,]c\/[ — wM for k — oo

determines convergence in measure of AZ, M= {w% > t} to Af, = {wM > t} for k — oo, whenever
t > 0 is such that [{w™ = t}| = 0. Since this latter is valid for £'-a.e. t > 0, we are in the
conditions of applying our preceding parametric semicontinuity. Via Lemma 4.6, we deduce validity
of the corresponding small-volume ICs for the extended measures fix on R”, therefore bringing in
Theorem 4.5 we find

lim inf ®fwy] > CM+/OOO[P¢ (o > 1}) + 7 ({w > }') == ({w > }7)] dt = Bl +enr.

k—o0

At last, we send M — oo employing Lemma 4.11 and recalling that the sequence (cpr)p in Lemma
4.12 decreases to zero as M diverges. This verifies our claim. O
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88 Chapter 4. Lower semicontinuity of anisotropic total variation problems with measure

Proposition 4.15 (semicontinuity of ® on non—negative functions with given value outside Q). Under
the same assumptions of Proposition 4.14, it also holds

lim inf ®wy] > ®[w],

k—o0

on sequences (wy)g i BV(R™) such that wy, — w in L1(R™) with wg, w > 0 a.e. in Q and wy, = w = ug
a.e. in Q° for all k.

Proof. The thesis follows from Proposition 4.14 by exchanging the role of ¢ with ¢ and switching u+
— note that the p— and @—1C vary accordingly. O

We are finally in the position of proving semicontinuity of ® by joining the partial results on @, 3.

Proof of Theorem 4.8. Consider a sequence (wy) in BV(Q) such that wy — w in LY(Q) with limit
function w € BV(f2). Then the sequence of extended functions wi* is in BV(R"™) and such that
(Wkuo)i — (ﬁ“o)jE in LY(R"). In view of (m“o)i, (ﬁ“o)jE > 0 and (w*k“o)jE = (@“0)jE = (up)+
outside €2, Propositions 4.14 and 4.15 yield

it F[(),] > B[(@*),]  and it () ] > $[@)_]
Rearranging the terms according to Remark 4.10, we arrive at

lim inf ®[wy,] > ®[w)
k—o0

which is the claimed lower semicontinuity of 3. O

88



Chapter 5

Minimization of linear-growth functionals
with measure terms

We now want to prove Result 2, that means investigating the existence of minimizers for the linear—
growth functional with measures

Fluw) = f(, Dw"0) (@) - /

wh dyp_ +/ w dpg for all w € BV(Q),
Q Q

defined under Assumptions 1.1 for the integrand f and for suitable admissible measures u+ on Lipschitz
Q). We recall that the leading term w — f (.,D@“O)(ﬁ) is set as functional on the measure Dw"°
according to (1.1.2) and in terms of the recession function f* of f and according to Section 2.6. As
already mentioned in Chapter 1, our main goal is to prove coercivity and lower semicontinuity of F
(that is, Result 1) to apply the direct method.

5.1 Coercivity

Next we shall see that an isoperimetric condition of the type introduced in Chapter 3 for the pairs of
measures [y, p— in € is necessary and sufficient to gain coercivity of the non—parametric functional
F, provided the constant C' strictly smaller than one (with necessary condition valid up to the limit
case C' = 1). This outcome is in line with our expectations, as it matches the classical results for
linear—growth functionals with a measure term of the type HL" for H integrable in 2.

We begin by showing that, in the absence of the joint f*°-IC and f\O/OfIC with constant 1, one loses
not only coercivity, but even boundedness from below of the functional. Consequently, the existence
of BV—minimizers for F is completely ruled out.

Proposition 5.1 (necessity of limit IC for coercivity). We consider ug € WHH(R™), puy admissible
measures on 0 and a Borel integrand f: R™ x R™ — [0,00) with linear growth and convex restriction
& f(x,€) for all x € Q. If F is bounded from below on BV (Q), then (u_, uy) satisfies the f>-IC in
Q with constant 1 and (py, p—) satisfies the foo-IC in Q with constant 1.

Proof. We prove the thesis by passing to its contra—positive formulation. Suppose first that F is
bounded from below whereas the f>°-IC in € for (u_, pu4) is violated. We can thus find some measur-
able set A € (2 such that

Proo(A) < po(AT) — py(AY).

Then, the sequence of elements uy := k14 € BV(Q) for k € N is such that each wuy has zero boundary
trace on 02, and it admits as derivative the decomposition Duy = Vug + D%up = kD1 4. For any given
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90 Chapter 5. Minimization of linear-growth functionals with measure terms

k, we estimate

dD1
’U,k /f dx’—i—k‘/foo i, A dD]lA|+/ foo(',—uOVQ)dHn_l
dIDL 4| 0

/k( )*du+/ﬂk(ﬂf1)‘du+

/ f(+,0) dz + kP feo (A) + / ﬁ:o( Suprg) AH™ T — ku_ (AT) 4+ kpy (A1)
o0N
<k (Ppoo(A) — p(AY) + py (AY) + BIQ + Blluo| |1 o030n-1)

with B being the upper bound in the linear growth of f. Therefore, sending k — oo we obtain

limy 00 Flug] = —o0, against boundedness from below.
If instead it is the f>-IC in Q for (f4, 1—) to be violated for some (possibly different) A € €, it
is the sequence (—k1 4) to determine a contradiction. O

We now check that the ICs above with constant strictly smaller than 1 guarantee coercivity.

Proposition 5.2 (sufficiency of ICs with C' < 1 for coercivity). We take ug € WHHR™), py admissible
measures on §, f: R™ x R™ — [0,00) Borel with linear growth, f(x,.) convex in R™ for all x € Q and
[ continuous. We additionally assume that at least one of the following conditions is satisfied:

(1) There is a constant M € R such that f(z,£) > f>(z,£) — M holds for all (z,§) € Q& x R™;
(2) The integrand f is continuous on R™ x R™.

Fiz a constant C € [0,1). If (u—, py) satisfies the f>°-IC in Q with constant C' and (p4, p—) satisfies
the ]?Eo,_]c on ) with constant C, then the functional F is coercive on BV(Q). If instead the ICs hold
for C exactly 1 and the assumption (1) is in place, then F is bounded from below — but not necessarily
BV —coercive.

Proof. For C' < 1, we claim coercivity in the sense
Flw] > Tw|lgy@) — L for all w € BV(Q), for some I € Rt LeR.

For any w € BV(Q), Proposition 3.12 with the continuous anisotropy f°° in place of ¢ and the assumed
isoperimetric conditions yield

/ wh dp— — / w duy <C <\Dw\foo((2) +/ >, wrg) d?—[”_1> . (5.1.1)
Q Q [2}9]

Supposed first that (1) is in place, we employ (5.1.1) together with the and convexity of f*°(x.,) from
Proposition 2.59(i) to obtain

Ful = [Pl (@) = MI2]+ [ (. (w=ugp) an~! — |

whdp_ + / w™ dpg
Q Q

>(1-0) <|D’U)|foo(Q) +/ [ (L, wrq) d?—[”1> — M|Q| —/ (. urg) dH™ L.
o0 oN
Making use of the growth condition with positive bounds «, 3, via (2.6.9) a fortiori it holds

Flu] > a1 - 0) <|Dw\<ﬂ> i /a ul d%"l) M1 — Blluol It o

> a(1 = O)|Jwllsvie)/¥n — M[Q| = Blluol|L1 9021
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5.1. Coercivity 91

by an application of Poincaré’s inequality (2.2.4). This completes our coercivity claim whenever C' is
smaller than one. Inserting C' = 1 in the last estimate, we verify the existence of a lower bound for F.

Alternatively, if (2) applies, we claim that
f(x,&) > Cuf(x,§) — M for all (z,€) € R" x R" (5.1.2)

for every C, € (C,1) and some corresponding M € R, and then coercivity would follow from the same
reasoning as above. In fact, continuity of both f and f* is inherited by the perspective function f
(see Lemma 2.59(ii)), and specifically for any given z € R™ the function (,¢) +— f(z,t,¢) is uniformly
continuous in the compact set K := {(¢,£) € [0,00) x R" : t 4 || < 1}. We can thus determine an
increasing function w: [0,00) — [0, 00) with w(0) = 0 = lim;_,q+ w(t) such that

‘f <x§> e <m§>‘ - }f(x’t’g);f(x’o’g)‘ < ”ff) for all # € R", (t,€) € K with ¢ #0.

For any z € R™, we define the vector 7, := (1, 2)/(1 + |2|) and observe 7, € K. We infer
|f(z,2) — fC(z,2)] <@(|z])(1+ |z]) for all (z,z) € R" x R" (5.1.3)

for a radial function @ decreasing to zero as |z| — oo. Let now R > 0 be such that for some
c€(0,(1-C)a) it is w(|z]) < cforall |z]| > R. From (5.1.3) and the linear growth assumption, we
read out

[z, 2) = flz,2) < c+clz| < e+ cf®(x, 2)/a  forall (z,z) € R" x B°,

so that rearranging the terms and setting C, := 1 — ¢/a € (C, 1) we obtain f(z,2) > C.f*(z,2) — ¢
for all (z,z) € R® x By . If instead |z| < R, we directly compute f(z,z) — C,f®(x,2) > —BC.|z| >
—BCLR. Altogether, letting for instance M := max {c, BC. R}, we have verified the validity of (5.1.2).
Analogously to the case (1), we can exploit the ICs and (5.1.2) to achieve

]-"[w] > (C* — C) <|Dw|foo (Q) -+ / foo (,7’ZUI/Q) d?—[nl) _ M‘Q| _ / foo (" U()VQ) danfl
oN o0
for all w € BV(Q), and coercivity in BV is once again a direct consequence of Poincaré’s inequality. [J

Observe that to enable boundedness of F from below in the limit case of the ICs we cannot be
dispensed from condition (1), as illustrated in the following counterexample.

Example 5.3. In the Euclidean plane, we set Q := By C R?, the integrand f(¢) := |[£] +1 —/|€] + 1
and measures jq = 0, p_ = HL? Q with H(z) = |z#|~!. Then we have f*(¢) = |¢], and clearly
f&) =&l =1-+/[¢]| +1 — —oo as || = oco. Werecord that in [51, Section 5| we proved that p_ satisfies
(exactly) the limit IC. Setting the sequence of stretched truncations vy, := k? max{min{wy, 1},0} of
the functions wy,(z) := 1—k(|z|-1), it is vx € BV(Q) with supp(vx) = B4/, and one may compute
Dug|(Q) = 7w(2k*+k) = [, vedu—. Therefore, selecting the zero boundary datum wug := 0, the
corresponding functional achieves Flvy] = [, [1—/[Vvg[+1] dz = 7[1-VE3+1] (3 +5) for all k. It
is then limy_, F[vg] = —o0, and since f, pg fulfil all the remaining assumptions in Proposition 5.2
but (1) — included the alternative (2) — this confirms the necessity of (1) to boundedness of F from
below.
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92 Chapter 5. Minimization of linear-growth functionals with measure terms

5.2 Lower semicontinuity

5.2.1 Functional reformulation with extra variable

The reasoning to prove the LSC Result 1 in the general case of integrands f not 1-homogeneous
is based on Theorem 4.8 and on a suitable reformulation of the problem. To follow the reasoning
behind this latter, consider for instance the area functional f(z) := /1+|z]? for 2 € R", with
the recession function given by the norm f°°(z) = |z| and perspective function f(¢,2) = |(¢, z)| for
(t,2) € [0,00) x R™. We observe that the (possibly even infinite) area of the surface graph determined
by the differentiable w: U — R on open U C R™ corresponds to the total variation of the function w
defined as wy(zg, x) := xo + w(zx) for g € (0,1) and x € U, that is

A(w,U)z/ V14 |Vwl|? dx:/ |Vwe| = TV (wg, (0,1) x U).
U (0

1) xU

The same principle applies to arbitrary functionals with linear growth and passing to BV functions:
Denoting by Uy the generalized cylinder in R x R™ given by (0,1) x U, we claim that the following
holds

f(,Dw)(U) = \Dwo\f(Uo) for all w € BV(U),

where the latter integral is well-posed on wy, since f is positively 1-homogeneous on (¢, z) € [0, 00) xR™.
Actually, the right-hand side does not involve exactly f but the auxiliary anisotropy ¢ generated from
f as in Definition 5.4. The rigorous statement of the formula above will be made explicit in the later
Proposition 5.9 directly for Lipschitz domains.

In a similar way, for admissible measures pu1+ on U we extend the measure integrals fU wt du= to
appropriate integrals on R™"*1 of the lifted function w¢ and corresponding upper/lower approximate
limits, computed with respect to the product measures po, := L1 (0,1) ® . Nevertheless, to apply
the definition of anisotropic variation on arbitrary open sets U of R"*! and arbitrary BV functions on
U, we need our anisotropy to be defined on the full space R"*!. To overcome the issue, we introduce
a function ¢ which essentially corresponds to the even extension of f to the half-space (—oo,0) x R™;
see Definition 5.4 below. With this at hand, we are finally able to transfer properties holding for the
homogeneous functional ® (this time, on R™*!) associated to the general case of F — including, for
instance, semicontinuity.

Definition 5.4. Assume f: R"™ x R™ — [0, 00) is Borel with linear growth, and that f(x,.) is convex
in R” for all x € R™. We introduce the auxiliary function ¢: (R x R™) x (R x R™) — [0, 00) defined as

o(xo,z,£0,€) = f(x,[],&)  for all (z0,2),(£,&) € R x R™.

Notice that ¢ is in fact independent of the value of x¢p € R, and such an extra variable is set as a
placeholder to ensure that ¢ is well-defined on the whole R"*! x R"*! — in accordance with the theory
of anisotropies in dimension n + 1. We now list some useful properties:

o It is p(xg,x,£1,§) = f(x,€) for all zp € R and z,§ € R™, specifically ¢(zg, z,£1,0) = f(z,0);
(,O(l‘(), x, £1, _5) = f(xa _f);
p(w0,2,0,6) = f<(x,€) and p(zo,2,0, &) = f*(z,€);

The mapping ¢ is constant in the variable £ whenever f is positively 1-homogeneous in &, and
in such a case ¢(z0,z, 0, &) = f(z,€) = f*(2,);

If f and f°° are continuous, from Proposition 2.59 we deduce continuity of ¢ on the full space.
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5.2. Lower semicontinuity 93

Remark 5.5. It is plain to see that the conclusions of Results 1 and 2 are not affected by adding
constants to the integrand f in the functional F. For this reason, in this section, we find it convenient
to work with the following adjusted assumptions:

(LIN’) There exist 0 < a < 8 < oo such that ay/1+ |£]2 < f(z,€) < By/1+ [€]? for all (z,€) in
R” x R™.
(H2') Tt is f(x,&) > f>°(x,&) for all z, £ € R™.

Under the new assumptions (LIN')—(H2'), it is easily verified that the function ¢ represents an
anisotropy in R"*+1.

Proposition 5.6. Let f, ¢ be as in Definition 5.4 and such that (LIN') applies. Then ¢ is an
anisotropy on R™ ! in the joint variable (&y,€), @ comparable to the norm in R with

al (&, 8)| < p(z0,2,£0,8) < V2B|(&0. )| for all (zo, ), (,€) €R x R™. (5.2.1)
Moreover, if [ also satisfies (H2'), then (£0,&) — w(x0,2,&0,€) is convex with

90($0>$7£0>£) > foo(xag) fOT all ($0aw)’ (50)6) eRxR".

Proof. Positive homogeneity of ¢ in (&p, &) is a direct consequence of Proposition 2.59(ii). We want to
show that (5.2.1) holds. In fact, for & = 0 it is evidently o(zg, z,0,€&) = f>(z,€) < Bl¢| < V28|(0,€)|,
and same for the lower bound ¢(zg, z,0,&) = f*(z,€) > a|f| = a|(0,§)|. For & # 0, again the linear—
growth assumption on f yields ¢(z0,7,,€) = |60l - f (2, &) < Blol + [¢]) < V2BI(&o,€)], and at
the same time, p(xo,z,&0,§) > a(|éo| + [€]) > @|(&o, §)|, therefore (5.2.1) is verified.

We assume now (H2') and claim convexity of ¢ with respect to the last two entries. Trivially,
if f = f° everywhere, then ¢(zg,z,&,§) = f(x,§) and convexity follows. We then assume that f
is not 1-homogeneous. Proposition 2.59(ii) guarantees that ¢(zo,x,.,.) = f(z,.,.) is convex on the
half-space [0,00) x R™, and by evenness of ¢ in €0, p(z0,7,.,.) is convex on (—o0,0) x R™ as well. We
fix now (zg,z) € R x R™ and we assume that &y,& € R\ {0} are such that sgn(&p) = —sgn(&). We
suppose by contradiction the existence of some A € (0,1) and some vectors &, 2 € R™ such that

(,0(5(]0,1(],570,5) > X(P(l’o,l‘,go,f) + (1 - X)@(x()a .’L',EE),E) ’ (522)

where we set the convex combinations &= Ao+ (1 — X)f/g) and £ := A\ + (1 — X)é\, and without loss
of generality we may assume & = 0. We compute employing the hypothesis (H2') and convexity of

£z, .):
£ (x,€) = p(0,2,0,€) > X f(x, [&], &) + (1 = N F (=, |&l, €)
o N (€
= Méolf <$, |€0|> + (1= N[l f (% \5)!)
> N (@, €) + (1 — N f(,€)
> f®(z,§),

which is absurd. We conclude that there is no convex combination such that (5.2.2) holds true, namely
(&0, &) — w(x0,x,&0,€) is convex on R x R™. Finally, convexity of ¢ in the last two variables induces

) —S0y s Ly ) + sy TG0y
[e(@,8) = ¢(x0,,0,§) = cp(ﬂ:o,x, (&)25) + ( %) £)> < P (20, 2,60, 8) ch(xo 7 60:)
= SD(:EO: x, éOa E)
exploiting the evenness of p(xg,x,.,£), and the claimed inequality is demonstrated. O
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94 Chapter 5. Minimization of linear-growth functionals with measure terms

We fix the following notation.

Definition 5.7 (extended functions and measures). We consider an open bounded Lipschitz set €2 in
R™ and the generalized cylinder Q0 := (0,1) x £ in R**1. We associate to any w: 2 — R the function
we: Qo — R defined as

we(xo, ) = xo +w(x) forall zg € (0,1), z € Q.
Moreover, in correspondence to any measure v on 2, we introduce the following
Vo 1= o L(0,]))®@v.

Assuming now that w € BV(Q), it is easy to check that wy, € BV(Qq) with (n + 1)-valued
derivative measure Dwy = £ ® (L™, Dw) on €2,. We record that since v is a finite measure vanishing
on H" ! negligible sets, an application of Fubini’s theorem yields

1
/ (wo)id’/o = / (/ o da:o) dv + / wrdy = @ + / wrdy  forallw e BV(©2). (5.2.3)
Qo Q 0 Q 2 Q

Notice that if v € RM(2), then v belongs to RM(£2y).

Remark 5.8. Assume that (vg); is a sequence of of finite non—negative Radon measures on 2 such
that v, — v weakly—* in RM(Q) as k — oo to some v € RM(f2). Then the sequence (vj )y converges
to vy weakly— in RM(£y) for & — oo. If the convergence of (), is strict, then the extensions (v )k
converge even strictly in RM(Qy).

Proof. We let ¢ € Cy(£2y) and employ the theorem of Fubini to decompose

/Qowduo — /01 </Q¢(x0,x) dV(x)> day (5.2.4)

observing that the restriction Q > x +— ¥ (zg,z) is in Co(Q) for all fixed zg € (0,1) — and clearly
an analogous decomposition holds for each measure vy,. Then, weak—* convergence of the original
measures induces by duality the bound supy, [|vk||jco@)+ = supk |[Vkllrm@) = Subgen [V£(2) =: ¢ <
oo (compare with the proof of Proposition 2.21), and at the same time we also find the pointwise
convergence

Jr(xo) == /Qw(a:g, ) dyg — /QT/1<3707 Jdv =: f(zg) forall zp € (0,1).

Moreover, we observe that the control |fx(wo)| < [[¢(w0,)|[Lee(q) - k() < cl[th(wo, )L () = 9(z0)

holds uniformly in k, with fol g(wo) dro < c|[th]|reo(q,) < 00. We are thus in the conditions of applying
dominated convergence theorem, so that taking into account (5.2.4) the claimed weak— convergence
Vko Xy follows.

If we further assume that v, — v strictly, by definition of extensions it is precisely

vio(Qo) = L1((0,1)) - va(Q) —— v(Q) = v6(Q),

k—o00

which yields strict convergence in RM(€2). O

We turn now to the claimed rewriting of the functional f (DWO) in terms of our anisotropy .
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5.2. Lower semicontinuity 95

Proposition 5.9. For a Borel integrand f: R™ x R™ — [0,00) convex in the second entry, we assume
(LIN') and (H2'). Then, for any w € BV(Q) and any ug € WHL(R™) we have

|Dwg|o(Q0) = f(.,Dw)(Q)  and (5.2.5)

/ ¢ (-, (wo—uop)va, ) dH™ = 2>, (w—ug)rg) dH™ 1 + 2/ f(,0)|lw—up| dz, (5.2.6)
8 Q

o0N

where the notation wy—ugq refers to the boundary traces on 0€).
Proof. To verify (5.2.5), we consider the decomposition of the derivative measure Dw¢ = Vwe L +

Déwy = (L' @ L™, L1 @ VwL™) + (0, L' @ Dw) of wy on Q. Recalling that ¢(zg, x,0,£) = f(z, &)
for all z, £ € R™ and all zg € (0,1), we write

00 dDS . s le S
dDSwQ >

= 90 T 7w T € 71- dDSw T 7,%

/(0,1)x9 <( 0,) d\DSw<>|( 0,2) | d[D*ws|(zo, )

dD%wy )
= ol - d|D%wg| . 5.2.7
oo () e 527

For the absolutely continuous term instead, we apply ¢(1,z,1,§) = f(x,€) for all z, £ € R™ and
Fubini’s theorem to get

/ F (V) de=£1((0,1)) / o (L, 1, Vu(r)) do
Q (9]
= / o (w0, 2), Vas (w0, 7)) d(L} © L7)(o, )
(0,1)x9

= / @ (-, V) dL™. (5.2.8)
Qo

Then, (5.2.5) is obtained summing up (5.2.7) and (5.2.8) as follows:

B dDwy, il / dD%wy s
Duslo(@) = [ ¢ (- gpy ) aiPwol = [ o Vue) arsts [ o (- 0 ) apug

e [ )or

Dw) ().

Consider now the boundary term and decompose 9Qy = ([0,1] x 992) U ({0,1} x Q) in R x R™, with
inward normal vector vq, to {1, satisfying

va, (2o, ) = (0,v0(2))L01)xa0 + (1,0) Loy xa + (=1,0)Lyxq, (5.2.9)

where for each vector the first component is real-valued and the second entry is R"—valued. Moreover,
the difference of traces clearly attains we(zo, x) — uog (20, ) = w(zr) —ug(x) for H"-a.e. (xg, x) € 0.
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96 Chapter 5. Minimization of linear-growth functionals with measure terms

Altogether, being ¢ independent of the value of its first entry, we compute
/ o( -, (wo—uog)va,) dH"
a9
[ lan (w(o)-u(a) - (0,v0(0) K (a0, )
[0,1]x0%2
[ plan, (o) -un(a)) - (1,0)) 4K a0, 2)
{0} xQ2
[ plann, (w(o)-un(a) - (~1,0) K" (w0, 2)
{1} xQ2
= [ a0, (wle) w0 va(e) 4 ao,2)
[0,1]x0%2
+ [ 0,2, 0(0)u0(),0) do+ [ (1,3, u0() - 0(2).0) da
Q Q
:/ 1z, (w(z)—uo(z))va(x)) dH" (xo, x) + 2/ f(,0) | w—ug| dz.
[0,1]x 09 Q
Bringing in Corollary 2.44 applied to the countably H" !-rectifiable set S = 99, it is
[ el twg—o ) 4 = £(0,1) [ 2w aH 42 [ 0)wuo] da
89 a9 Q

This returns precisely our claim (5.2.6) and completes the proof of the statement. OJ

5.2.2 Isoperimetric conditions with extra variable
Lemma 5.10. For Q C R" and Qq defined as above and given any w € BV(§), the restriction
w(xg,.) is in BV(Q) for a.e. xy € (0,1) and it holds

w(zg, ) (z) = wr(zg,2)  for H 1 -ae € Q.

If f and ¢ are as Definition 5.4 with f, f°° continuous under (LIN")~(H2'), we also have

1
/\wa(xo,.)\foo(g)dxog\wa(m) and (5.2.10)
0

1
/ ( fm(.,w(xo,.)l/g)dﬂn_l> dxog/ o(wrg, ) dH™ . (5.2.11)
0 a0 G100

For a complete proof, we refer to [52, Lemma A.2|. In the following we just record that continuity
of the integrand f is necessary to pass from the result of (5.2.10) and (5.2.11) on Sobolev functions to
BV, exploiting the strict approximation result of Theorem 2.103 and Reshetnyak’s continuity Theorem
2.79 for our auxiliary ¢. We now verify that the admissibility of a measure v on 2 is inherited by the
extended measure v on the domain .

Lemma 5.11. If v is an admissible measure on §2, then vy is still an admissible measure on ¢ and
vice versa.

Proof. We assume first that v is admissible on 2. Exploiting the characterization in Proposition 3.5,
we claim both

vo(Z)=0 for every H"-negligible Borel set Z C 0, and (5.2.12)
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/ w duy
Qo

Then, considering a Borel Z C Q with H"(Z) = 0 and employing Lemma 2.45, we assert that almost
every slice 4, Z = {x € Q: (z9,7) € Z} is Borel in Q and satisfies H"1(;,Z) = 0. The admissibility
of v on Q implies v(;,Z) = 0 for a.e. 29 € (0,1). From Fubini’s theorem for vy, we find

< 00 for all w € BV(Qy). (5.2.13)

1
vo(Z) = (L1(0,1) @ v)(Z) = /0 V(g Z)dzg =0,

from which we read (5.2.12).

To achieve (5.2.13), we observe that it suffices proving that for non-negative w € BV(€y), and
then extending to functions of any sign exploiting the v—a.e. writing w* = (wy)™ — (w_)~ from
Lemma 2.28 and via the previous (5.2.12). We recall now that from admissibility of v, any w € BV(2)
is such that wt € L'(Q;v). Therefore, Lemma 5.10 and the admissibility of v guarantees that the
integrals [, w(xo,.)" (z)dv(z), [ w" (zo,z)dv(z) agree, and that w(xo,.) € BV(Q) for a.e. 29 € (0,1).
Therefore, Theorem 3.11(2a) applied to (v,0) guarantees the existence of some C' € [0, 00) satisfying

/ w' (zg,2)dv(z) < C <|Dzw(:x0, J(9) +/ |w(zo,.)| dH”_1> for a.e. xp€(0,1). (5.2.14)
Q o0

We now integrate (5.2.14) for z¢ € (0,1) using Fubini’s theorem, (5.2.10) and (5.2.11) for the total
variation to conclude

1
/ wh dyy = / </ w' (zo,.) dv) deog < C (!Dw<>|(ﬂ<>) +/ ]wdd?—[") < 00,
Qo o \Ja a9

where we recall that wy € BV(€y), thus its trace is H"-integrable on the boundary of the Lipschitz
domain €.

Conversely, we assume the product measure v, = £11 (0, 1)®v to be admissible on €, and we take
any Borel Z C 2 such that H"~(Z) = 0. Then, the set (0,1) x Z C € is Borel and Corollary 2.44
yields H™((0,1) x Z) = L£((0,1)) - H"1(Z) = 0, hence the admissibility condition on v, guarantees
0 = vy((0,1) x Z) = L£Y((0,1)) - v(Z2) = v(Z) as required. We let now w € BV() be non—negative
and construct the function w(zg, z) := w(x) defined for zp € (0,1) and = € Q. Then, @ is in BV(Qy)
non-negative, @ (zo,.) = @W(zo,.)* = w holds H" ! a.e. for a.e. zg € (0,1) by Lemma 5.10, and
therefore from Proposition 3.5 for v in 2, we know

/Qw+ dv = £1((0, 1))-/Qw+(x) dv(z) = /01 </Q &+ (20, ) du(w)) dzg = /QO & dvy < 00, (5.2.15)

hence again the characterization in Proposition 3.5 determines admissibility of v on €. Ul

Keeping in mind our ultimate goal of applying the semicontinuity Theorem 4.8 in dimension n + 1
to approach LSC of the full functional F on R", we would like to preserve not just admissibility of the
single component measures i, , but even the ICs for (u—_, p1y) on Q when passing to i on €. This
is actually true, as demonstrated in the following proposition.

Proposition 5.12 (anisotropic ICs with extra variable). We consider f, its corresponding mapping ¢
as in Definition 5.4, and admissible measures vy, vo on ). Moreover, we assume continuity of f and
1°°, together with (LIN")—(H2'). Assigned C € [0,00), the following hold:

(i) If the pair (v1,1v2) satisfies the f-IC in Q with constant C, then also (v1¢,v2¢) satisfies the
p-1C in Qy with constant C.
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98 Chapter 5. Minimization of linear-growth functionals with measure terms

(i) If the pair (v2,11) satisfies the fo-IC in Q with constant C, then also (v2g,v1¢) satisfies the
o-1C in Qy with same C.

Proof. It suffices to prove the first point, since (ii) can be obtained by (i) replacing (v1,va, f*°, @)
with (1/2, V1, fgo, cﬁ) Observe that Lemma 5.11 guarantees admissibility of both vy, 12, separately on
Q. It is then possible to employ the ICs characterization in Theorem 3.11 for (v, 12) and (v1¢, v2g),
respectively. Therefore, (i) results once we verify for instance that

/ wt diyg —/ w” dvay < C [|Dwl|, () —l—/ o(-,wrg,) dH™ | for all w € BV(y), w > 0.
Q Qo 8%

(5.2.16)
Assume that w is a non—negative function in BV(€,). Arguing via Lemma 5.10, almost every restriction
Q> z — w(zp, x) is non-negative and belongs to in BV(2), hence Theorem 3.11 for (v1,2) in © and
integrand f°° yields

/Qer(CL'o,.)dvl —/Qw(aro,.)dyg <C (]Dw o, .)| foo (2 / 100, w(zg, v )d?—l"1>

for a.e. zyp € (0,1). With the aid of the estimates (5.2.10)—(5.2.11) and once again via Fubini, we reach

1
/ w+dV1<>—/ w™ dygoz/ (/ w (zo,-)dvy — /w_(xo, )dl/g) dzo
Q Q 0o \Ja
< C/ <|Dw 20, )| poo (Q / (- w(xg, v )d’H”_1> dzg

<C (\Dwmm) + [ etouma,) dH”) -

This achieves the claim (5.2.16), and the ¢-IC in (i) follows. O

We observe that in general the implication of Proposition 5.12 cannot be inverted — that is, ¢—1Cs
on extensions do not imply f°°—ICs for the original pairs of measures. In fact, the equivalence holds
for specific cases of integrands f only — for example, the translated area f(&) := /1 + || — 1 or any
homogeneous integrand.

Proposition 5.13. Each of the implications in (i), (ii) in Proposition 5.12 can be inverted provided
f(x,0) =0 for a.e. x € Q.

Proof. We assume that the ¢-IC holds for (v, v2¢) in Q¢ with constant C', and fix a non-negative
w in BV(Q). We introduce the function w(zg,z) := w(z) for (xo,z) € (0,1) x €, observing that
w € BV(Q) with dDw(z, x)/d|Dw|(xg, ) = (0,dDw(z)/d|Dw|(x)) for |Dw|-a.e. (zg,z) € Q. We
can then exploit Fubini as in (5.2.15) in combination with Theorem 3.11(2a) on €2 to compute

/w+dul—/wdyg—/ ﬁ?+d1/1<>—/ W dugg
Q Q Q Q
C (\D@\w(ﬁo) —|—/ go(-,@ygo)dH") . (5.2.17)
89

Explicitly, by definition of ¢ we have

Dl @o)=f o (Lo fps ) WD) =[5 (. G5 ) ADue) = Dul~(),
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whereas for the boundary term we observe that 9, = ([0,1] x 9Q) U ({0} x Q) U ({1} x Q) with
inner normal v, to 9€2, decomposed as in (5.2.9). It is then

/ go(.,@ygo)dH":/w(O,x,w( 0)dL™(z /f 0)|w| dz,
{0} xQ Q
/ 30(.,@90)(1%":/@(1,95,— (2),0) dL" (z /f 0)|w] dz
{1}xQ Q

as well as

/ (. v, ) dH" = / (1, 2,0, Dro(z)) dH (@0, )
[0,1]x 0% [0,1]xO
- / 1 (@ w(z)a(x)) dH (zo, )
[0,1] x5
(., wrg) dH™ 1
19}

bringing in Corollary 2.44. Overall, the expression in (5.2.17) becomes

/w+du1—/w_dy2§0<]Dw]foo / (., wrg)dH™™ 1+2/f 0)|w| dx)
Q Q

and this latter implies the f>°-IC for (v1,12) on £ again by Theorem 3.11(2a), supposed f(.,0) =0
holds on €. ]
5.2.3 Proof of the lower semicontinuity Result 1

Exploiting the latter reformulations, we can finally approach the semicontinuity theorem in our most
general setting. We record that by collecting (5.2.3)—(5.2.6) we can rewrite our target functional as

Flw] = ®fwe] — 2/9f(.,0)|w—u0] dz — “(29) for all w € BV(Q), (5.2.18)

Here we consider the measure p := py — p— and @, Q¢, wy and py,, as introduced in Section 5.2.1.

Proof of Result 1. Assume that (ug)x is a sequence in BV(Q) converging in L'(Q2) to u € BV(Q) as
k — oo. We observe first that the linear—growth condition on f determines 0 < f(x,0) < g for all
x € 2, hence in particular

‘/ f(x,0)|uk—u0|dx—/f(x,0)|u—u0|dx
Q Q

< / f(z,0)|ur — uldz < Bl[ug, — uo|lp1() — 0.
Q k—0
Moreover, the lifted functions

ug(zo, ) == w0 +u(x), uky(wo, ) :=x0+ug(z) for (zo,x) € (0,1) x Q=:Qy

are in BV(Qq) and satisfy ugy, — ug in L1(Qg) for & — oo. We make use of the rewriting of
F in (5.2.18) via the functional ®: BV(Qy) — R restricted to the class of functions wy and with
continuous anisotropic integrand o: R x R"*1 — [0, 00), noticing that ¢ is convex in (£, ) in view
of Proposition 5.6. We recall that the f*—IC with constant 1 for (u—, u+) on €2 and the fZOfIC with
constant 1 for (4, p—) on £ (which jointly take the form of (1.2.3)) yield via Proposition 5.12 the
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100 Chapter 5. Minimization of linear-growth functionals with measure terms

@-IC for (p—, pyq) as well as the @-IC for (44, p—y) in Q¢, both again with constant 1. We are

thus in the conditions of applying Theorem 4.8 to the functional ® on our bounded Lipschitz set €2
in R"™! — where we assign any boundary datum in WH1(R"*1) with trace ugq on Q¢ — to conclude

~ Q
lim inf Fluy] = lim inf ®uge] — 2 lim / f(,0)Jug—uo| do — nls)
k—o0 k—o00 k—oo J 2
~ Q
> Bluy) — 2/ £ 0)|u—ug| da — “(2) — Flu],
Q
and the claimed lower semicontinuity follows. O

5.3 Existence of minimizers and analysis of the limit case for the IC

As announced, semicontinuity and coercivity build up to the existence of BV minima, provided the
ICs are fulfilled for constants strictly smaller than 1.

Proof of Result 2. We consider a minimizing sequence (uy)g for F in BV(Q2). The assumption C' < 1
for the ICs guarantees via Proposition 5.2 the BV—coercivity of the functional F, and from this we
deduce boundedness of a subsequence of (ug), in BV(2). We employ the compactness Theorem 2.22 to
determine a function v € BV(Q) such that (up to relabelling) up — u in L'(Q) as k — oo. Ultimately,
the semicontinuity Result 1 yields

inf  Flw] = liminf Flug] > Flu],
weBV(Q) k—o00

and from this we read minimality of u for F. OJ

We stress that if the joint f°°, ng—IC (1.2.3) holds for some constant strictly larger than 1 only,
there is no hope to minimize F — being the functional unbounded from below according to Proposition
5.1. Moreover, the loss of coercivity under ICs with constant exactly 1 prevents us from achieving
existence via the direct method. Nevertheless, in the borderline case we could still hope to minimize
F bypassing coercivity — but still relying on the LSC Result 1, valid even for C = 1. To answer this
open question, in what follows we analyze existence in the so—called limit (or borderline) case of the
IC, that is, assuming as smallest constant C' precisely 1. In doing so, we shall distinguish between
homogeneous integrands f = f°° and general cases. Namely, for anisotropic integrands we will use
the findings in Chapter 4 to demonstrate that truncations of minimizing sequences are still minimizing
when the datum uyg is a.e. bounded, and consequently the compactness machinery enables us to achieve
minimizers. Interestingly, the presence of minima is not guaranteed in case ug ¢ L, as well as for
general non—homogeneous functionals (now regardless of the boundedness of ug). This is illustrated
by Example 5.15 and Example 5.16, respectively.

Theorem 5.14 (existence in the limit IC; homogeneous case). We assume ug € WH(R™) N L>(R™)
and that f : R™ x R" — [0,00) is an anisotropy comparable to the Euclidean norm and such that:

(a) f is continuous; and
(b) The restriction & — f(x,&) is convez for all x € R™.

If admissible measures i on 2 are such that (u—, py) satisfies the f-I1C in Q2 with (precisely) constant
C =1 and (p4,pu—) satisfies the f-IC in Q with constant 1, then the functional F admits at least a
minimizer in BV(Q).

Observe that as an assumption we require positive 1-homogeneity of f(z,.) on R™ for every z, thus
in particular f agrees with its recession function.
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5.3. Existence of minimizers and analysis of the limit case for the IC 101

Proof. To begin with, we fix a level M > |lug||pcc(rn). Arguing via Corollary 4.13 exploiting the

convexity assumption and replacing ® with F , we get

FlwM] < Flw] for all w € BV(Q).

Once again we assume that (ug)r is a minimizing sequence for F in BV(Q). Then, (u{y )k is still a

minimizing sequence for F, and from Huﬁ/[HLOO(Q) < M we have the uniform bound | fQ (u]k\/[)i dp+| <
Mps (). Then — possibly passing to a subsequence — from finiteness of p4 we infer

supf(DWo)(ﬁ) — M|p|(92) < Sup]:[uéw] < 00,
keN keN

setting |u| :== p4 + p— on Q. Employing the coercivity bound f(z,&) > «|] for some a > 0, we further
estimate from below the variation:

00 > sup f(DWuo)(ﬁ) > a(‘Dufy‘(Q) +/ ‘u{y‘ dH™ ! — / [uol dH”1>
keN o0 o0

—0. _
= a|Du]kW |(Q) - aHUOHLI(aﬂ;Hn—l) .

Poincaré’s inequality (2.2.4) implies then boundedness of (up! ), in BV(2), and by exactly the same

reasoning as in Result 2 the L1 (Q)-limit ups € BV(£2) of a suitable subsequence of (u}/) is a minimizer
of F. 0

Nevertheless, some issues arise when taking a Dirichlet datum whose trace is not bounded on 0f).
For a proof of Example 5.15 we refer to our work [51, Section 5.3].

Example 5.15 (failure of existence in the limit IC and unbounded datum; homogeneous case). For
n = 2, we consider the domain 2 := {x € By : 29 > —1} and any uy € WH1(R?) extending uo(z) :=
(Jz|]—1)" with € B3\ Q, a € (0,1/2). Assume py := 0 and p_ := HL? on Q with H(x) := |z|7!
for z € 2\ {(0,0)}. Then p_ satisfies the isotropic IC in R? — and thus in § — exactly with constant 1
(compare with Example 3.17), yet the functional F with isotropic integrand f(£) := |£| does not admit
minimizers in BV(£2).

Proof of Example 5.15. We claim that the infimum of the functional F is never achieved. Preliminary
to computations, we observe that the radially-symmetric function ug has a pole in (0,—1) € 952, and
that from definition of H a candidate minimizer v € BV(Q) for F would be radially symmetric and
forced to increase on circles with smaller and smaller radius r \, 1, until reaching v = oo on By,
which however contradicts the requirement u € L'(£2). In detail, our assumption on « guarantees that
ug € WH(B3 \ Q), and replacing up with any radially symmetric extension that is in W (R?), we
may rewrite

Flu] = D] (82) = [Duol () - [ “- da [ 200 4
— |Dw“°|(]R2) _/ U}(CL‘)

Rz |7|

uo

dz + const(uo, 2) .

We then rather work with the equivalent functional F defined on BV(R?) restricted to the class of
functions which agree with (an extension of) ug outside €2, that is, computing

I[:= inf Fluw].
weBV(R?)
w=ug on °
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102 Chapter 5. Minimization of linear-growth functionals with measure terms

I

Figure: The domain  of Example 5.15 (in orange). When considering the functional F extended to
all R?, we choose a minimizing sequence (uy), composed of truncations of ug at level k* on the portion
of the ball of radius 1+ 1/k contained in 2. Outside the violet domain B3 \ €, uy, coincides with any
Sobolev extension of ug.

Define the sequence of truncated functions

Uk<m) _ Kk~ for z € B1+1/k nQ
up(z) for z € R?\ (Byy1/, N,

for which by symmetry of ug the superlevel sets {uj >t} are balls centered in the origin and some
radius r(t) whenever t € (0,k%) — and in detail 7(t) = 1 + ¢t~/ when t € (2=, k%). Then, each u,
belongs to BV (R?) and agrees with ug outside . We then evaluate the modified functional applying
the coarea and layer—cake formulas:

_ ke 1 o 1
Flug] :/0 <P(Br(t)) _/BW) Tl dx) dt+/ka (P({Uk > t}) —/{Mt}le d:c) dt
o0 1
:/ka (P({uk zt})—/{Uth}m d:p) dt

< /OOP({uk > 1) dt

a

= |Duk|(B1+1/k)
= [Duo|(By1/k \ Q) + [Dug|(Big1/, N 0Q)  forall k €N,

where the equality P(B,.)) = Js © ﬁ for a.e. t is justified by limit IC in the form of (3.2.11). Therefore,
by integrability of ug it is lim sup_,o, Flux] < 0, and hence I < 0. At the same time, for an arbitrary
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5.3. Existence of minimizers and analysis of the limit case for the IC 103

w in the class introduced above, we have

Flw] = |Dw| ({w > 0}) + [Dw| {w < 0}) _/ w(r) e _/{ w(z) "

{w>0y || w<o} |zl
w(z)

> Du| ({w > 0}) - / d

{w>0} ||

= 1
:ul (PG@;Zt})—lA;Zﬂ‘m|dx> dt >0,

(thus I = 0) and both inequalities are equalities if and only if for a.e. ¢ > 0 there exists some R; > 0
such that | {w >t} ABg,| = 0. Specifically, being w = ug on Q° by assumption, it is {w >t} N Q° =
{up >t} NQ° = By ;-1/a NQ° for ae. t > 27 This yields that the only possibility is R; = r(t) =
1+t Y for t > 2% thus letting ¢ — 0o we would have {w = oo} = B; up to negligible sets, which
contradicts w € BV(R?). By this latter, we have verified that 7 does not admit minima in BV(2). O

Concerning the case C' = 1 of the IC again, an adaptation to the area integral of the counterexample
above enables us to rule out the existence of minimizers even for bounded data wug, provided the
integrand f is not homogeneous.

Example 5.16 (failure of existence in the limit IC; inhomogeneous case). In the bidimensional space,
we take Q := By C R? py =0, p_ := HL? with H(z) := |z|~! for € Q\ {(0,0)}. Then, for the
area integrand f(§) := /1 + |£]? and datum ug := 0, the corresponding functional F has no minimum
in BV(9Q).

We point out that the counterexample to existence of BV minima with the IC with constant 1
can be achieved for any anisotropic area integral of the kind (&) := /1 + ¢(&)?, where ¢ is a convex
anisotropy such that (&) > 0 for all ¢ € R?\{(0,0)}. In such a case, the domain 2 to be considered for
Example 5.16 would be the % °—unit ball {$° < 1} in R?, and the measure p_ := ($°)~'£2. Further
details on this can be found in [52, Example 3.7].

Proof of Example 5.16. In view of Example 3.17, we know that u_ satisfies the isotropic IC in R? with
constant exactly 1. We then exploit the IC-reformulation for functions w € BV(Q) in Remark 3.13 to
achieve

Flu] ::/Q 1—|—|Dw\2—|—/m|w]d?-[l—/ﬂw(x) dz > Dwy(9)+/m|w\dﬁl—/gw(x) dz > 0.

|| |z

The sequence of radially decreasing functions ug(z) := k(1 — |z|), x € Q, determines a minimizing
sequence for the functional. In fact, uy € Wé’l(Q) with |Vug| = k for every k, and one computes

f[uk]:/g\/mdx—k/gl_’x‘ d.x:ﬂ(\/m+k)—k/1dx:7r(m_k)

|z] o ||

i T 0
k4 VI+ k2 Eooo

Overall, we have Bi\?(g) ) F =0 < Flw] for all w € BV(Q2), and thus our counterexample is verified. O
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Chapter 6

Recovery sequences and F—Convergence

The first half of this chapter is devoted to showing that there exist W}L’Ol—recovery sequences for the
functional F — that is, to prove Result 3. We observe that, under suitable ICs for the pairs of
admissible measures (g, p#+) mutually singular on €, our Result 3 determines consistency of our
BV-reformulation

BV(Q) 3 w — Fyup)lw] = (., DT™)(Q) — /

whdp_ +/ w™ dpg
Q Q

in relation to the original functional
Wi,Ol(Q) S w = Fy,w] = / f(., Vw) dz + / w* d(pg — p_)
Q Q

in the sense that F expresses the Ll-relaxation on BV(Q) of F,,. We want to stress that a major
difference of Result 3 in comparison to the semicontinuity Result 1 lies in the necessary singularity
assumption gy L p_. This hypothesis is not entirely unexpected, in fact if the supports of u
intersect on some portion of 2, then the measure term [, w*d(pug — p—) for w € WHH(Q) will be
subjected to a partial cancellation effect because Sobolev functions enjoy the H" !-a.e. coincidence of
all representatives — which by admissibility holds also u+—a.e. Such a phenomenon does not apply for
the term [, w™ dpy — [, wh dp— whenever w € BV(Q2) \ Wh1(Q). The following example illustrates
the necessity of the mutual singularity assumption for the component measures to enable consistency.

Example 6.1 (failure of recovery sequence with prescribed boundary values for iy £ p_). We consider
the open unit ball  := By in R? and the isotropy f(£) = f(¢) := |£|. We fix a Dirichlet boundary
datum ug € WH(R?) with trace ug(x1,z2) := sgn(z) for all (z1,22) € 99, and admissible measures
pt = H'LH in Q, for H := {0} x (—=1,1). Then, both pairs (u_,pus+) and (py,pu—) satisfy the
(isotropic) IC in 2 with constant C' = 1/2, since from [92, Proposition A.2| given any measurable
A € Q we write

Ho(AY) = p (AL < p(AF) S P(A)/2 and iy (A%) — po(AY) < g (A7) < P(A)/2,
confirming our ICs. At the same time, however, Result 3 fails since it is
min Flw]=0<4< inf Fy fw].

weBV(Q) wWEW ) (Q)
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6.1. Recovery sequences with no boundary condition 105

T2
up(x) = —1 ug(z) =1

H = supp(pi+)

Figure: The domain of Example 6.1.

In fact, we estimate the functional F,,, on Wi’ol from below via

1 \/1—x2
Fuo[w] = TV, [w](£2) > a—w dz = / / ’ 6—w(:€1,x2) dzy | dzo
o 01 1 \J—y/1=a2 02

o I e R e

1

:/_ll[sgn< 1—m%>—sgn<— 1—x§>]dx2

1
— / 2dxg =4 forall w e Wibl(Q).
1

Allowing for jumps on the measure support instead, we would have

Fuufu] = D) (@) — [ (0 —w?)dp = 0wl @)= [ ()
X(—1,
= [Dw"|(Q)—|Dw|(H) > 0 for all w € BV(Q),

with equality Fy,[uo] = 0 achieved for the function wg € BV(Q) \ WH1(2) defined as wg(x1,z2) =
sgn(z) for all (z1,z9) € Q.

6.1 Recovery sequences with no boundary condition

To approach our recovery sequence result, we first present an approximation theorem via smooth
functions with arbitrary boundary trace — which again strongly relies on the mutual singularity of the
component measures and on the results of Chapter 3. Before diving into the proof of Theorem 6.2, we
record that the assumption p4 L pu— is here unavoidable. In contrast, the coercivity condition (ii) of
Assumption 1.1 for f in the statement of Theorem 6.2 is not essential, being Reshetnyak’s continuity
Theorem 2.70 still valid when replacing (ii) with just a lower bound f(z,&) > ¢; for some ¢; € R.

Theorem 6.2 (smooth recovery sequence with no boundary condition). We assume that a Borel
function f: R™ x R™ — [0,00) is convex in the second entry, has linear growth, and is such that
f, £ are continuous. We let ug € WHHR™) and fir admissible measures u+ on bounded Lipschitz
Q C R” such that py L p— and p := py — p—. Then, for any w € BV(Q) there is some (wg) in
€% () N WHL(Q) N L°(Q) such that all of the following hold.

(i) The sequence (wy) converges strictly in area to w in BV(Q) as k — co. As a consequence, for
any open bounded U 3 €, the extensions w0, (W) are such that wg"® — wW"° area—strictly in

BV(U) as k — oo;
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106 Chapter 6. Recovery sequences and I'-convergence

(ii) We have Jim f(., Dwp"0) () = f(., Dw™)(Q);
—00
(iii) The measure integrals satisfy klim Jowrdp = klim Jowidp = [qw™ duy — [qwT du—.
—00 —00
Furthermore, from (i)—(iii) we read the convergence klim Flwg] = Flw], and thus
—00

inf F= inf F. (6.1.1)
BV(Q) WL1(Q)
Proof. Assigned the function w € BV (£2), we fix a positive level M. Exploiting the mutual singularity
of puy, Proposition 3.15 with measures p_ instead of v; and py in place of 1o determines a sequence
(wjar); in WEHH(Q) converging to w™ area—strictly in BV(Q2) and with

tim [ ()" du= [ @) dy = [ @) de (6.1.2)

J—00 [¢)

Notice that since |w™| < M almost everywhere, without loss of generality, we may also assume that
wjm € L>(Q) for every j € N. We then apply Reshetnyak’s result in the form of Theorem 2.70 to the
extension by ug of (wjs); in €, and then again to extensions of the sequence (w™ )y, (recalling that
truncations enjoy w™ — w strongly in BV(Q) as M — oo from Lemma 2.100(iii)) to write

lim (hm f(,DWUO)(Q)> — lim f(.DoM"™) (@) = £(, DT") (%)

M—o0 \ j—o00 M—o0

Employing (6.1.2) and the continuity result of Lemma 3.8, parallelly we get

lim <1im /(wj,M)*dM> :/w_d;ur—/w‘”'dy.
M—o0 \ j—o0 [¢) Q Q

Then, the sequence (wy)y, of functions Wy := wj, i for jj, large enough is such that w, € WH(Q) N
L>°(Q) for every k, wy — w strictly in area in BV(Q) for £ — oo, and all items (i), (ii), and (iii) are
verified for the sequence (wy)g.

We now extend the thesis to smooth functions with the help of Meyers—Serrin’s theorem in [75]. In
fact, we approximate each wy, via a sequence (vjk); in C(Q)N WL (Q) converging strongly as j — oo
— where again boundedness of every wy guarantees that we can assume (v;;); € L*°(). Then, the
convergence of the main terms .lim f(.,Dv; ) () = f(., Dwg)(€2) follows from Theorem 2.70, and by

J o

convergence of traces also lim faﬂ 10, (vjp—uo)va) dH"™ 1= =/ st (Wp—uo)vg) dH™ ! for any
]*}OO

fixed k. Additionally, we record that the admissibility assumption for 4 together with Remark 3.13

for both (p4+,0) determines
‘/vj,kdu—/@*du‘ < ]/(vj,k—@>*du+ +‘/<vj,k—@>*du_'
Q Q Q Q

< <C+ + C_) <‘D(Uj’k - @)’(Q) —i—é ‘UJ E— wk] dH"™ 1) —0

]‘)OO

for some constants Cy € [0, 00) and exploiting the essential assumption of strong convergence. Finally,
we once again pass to a suitable subsequence (j), such that the sequence wy, := vj, 1 is precisely the
one in the statement.

Lastly, the existence of such a recovery sequence (wy)y for every w € BV(Q) implies m(g ).7: <
BV

W}I}EQ)}— < klim Flwg] = Flw], and the passage to the infimum in v € BV(Q) yields exactly (6.1.1).
) — 00
O
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6.2. Recovery sequences with prescribed boundary values 107

6.2 Recovery sequences with prescribed boundary values

To prove Result 3, we first reduce to approximations of Sobolev functions attaining boundary value
ug in L°(R™), and then we extend by density to arbitrary ug (i.e. not necessarily bounded) via strict
approximation (Proposition 3.15) to reach arbitrary BV functions. Whenever useful, we will here use
the notation F,, in place of F to stress the dependence on the boundary datum wuyg.

Theorem 6.3 (recovery sequences in W' under bounded datum). We consider ug € WHHR"™) N
L>®(R™) and Q bounded Lipschitz in R™. We let f: R™ x R™ — [0,00) be Borel, convex in the second
entry, with linear growth (possibly even dropping the coercivity condition (ii) in Assumption 1.1) and
such that f, f> are continuous. Then, every w € WHL(Q) admits some (v,)i in Wey () satisfying
each of the following:

(i) The sequence (vg)i converges area—strictly in BV, (Q) to w as k — oo;
(ii) It is lim f(.,Dug)(Q) = f(., Dw*0)(€);
k—ro00
(iii) For any admissible measure v on ), one has klggo Jovidr = [qw*dv.

From (1)—(iii) applied to our usual measures py, we deduce the convergence klim Fuo[vk] = Fuow].
—00

Proof. We work with truncations w™ of any 3551gned function w at level M. We first select levels

M > ||lug|lgeo(mny, and recall that this ensures WM = (@M for any u € BV(Q). Employing

Theorem 2.105, we approximate w™ via a sequence (ug)y in Wy () such that (ug), converges to w™

area-strictly in BV, () as £ — oco. We now claim that the sequence of truncations u)! € qujol(Q)
preserves the convergence, that is ué‘/f — wM area-strictly in BV, (ﬁ) for £ — oo. Indeed, assuming
U 3 Q is open and bounded in R™, one inequality in the convergence of the derivative measures
follows from the L!(U)-convergence of the extensions, coupled with the semicontinuity Theorem 2.67
for (&) = \/1+ [£]2. On the other hand, it is |[VuM|£" < |[Vu|£" and |D*u™| < |D%u| as measures
on {2 for any v € BV(2), therefore in particular

A[WO](U) < limsupA[WO]( = lim sup </ 1+ ‘VuZ | dx + ‘DS >

{—00 £—00
< lim sup (/ 1+ |[Vago 2 do + |DSW|(Q))
L—o0 U

uo

= lim Af*)(U) = ApM)(U)

whence area—strict convergence. We fall thus into the conditions of Theorem 2.70, which yields
lim f(., Dug™)(Q) = f(.,DwM ") (Q2) (6.2.1)
£—00

and as a consequence of the strong convergence in Lemma 2.100(iii) it even applies

lim f(.,DwM ") (Q) = f(.,Dau")(9Q). (6.2.2)

M—o0

Concerning the measure integrals instead, we make use of the H" ' -a.e. convergence (ué” )* — (w

in Q of Theorem 2.104 as £ — oo, of the assumption (C1) for v and of the uniform bound ||u)’[[1,(q) <
M in £ to infer by dominated convergence that

M)*

i MY qy = w) dv . 2.
lim Q(ug)dy—/ﬂ( ) d (6.2.3)

L—o0
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108 Chapter 6. Recovery sequences and I'-convergence

Sending now M to infinity, Lemma 3.8 applied to the measure v induces

lim (wM)*dy—/w* dv. (6.2.4)
M—oo Jq Q

We finally combine the convergences above by selecting a sequence of levels (My), with M >
[|1o||r,00 (mny for all k, limg_,oo My, = 00, and defining

v = (ug, )M € Wil(Q),

where for each k we set ¢; large enough to have area-strict convergence of vy to w in BV, (ﬁ) for
k — oo, that is our (i). Finally, from (6.2.1), (6.2.2) in the specific case of vy we deduce (ii), whereas
(6.2.3) and (6.2.4) together build up (iii). O

We next record a useful approximation when treating unbounded boundary data.

Lemma 6.4 (varying the boundary values). We take f: R™ x R™ — [0,00) Borel, convexr in the
second entry and with linear growth (alternatively, just imposing the upper bound f(z,&) < B(]€|+1)).
Moreover, we assume that the functions ug, (uor)r are in WLHR™) and ugr — up in WHHR™) as
k — oo. For the open, bounded and Lipschitz set Q in R™, we fix a sequence of functions zp € qumlk Q)

for k € N. Then, there exists a sequence (ug)y, in Wiy (Q) such that ug—z, — 0 in WH(Q) for k — oo
— and consequently also (g™ — Z'0*), converges to 0 in WHH(R™) — and at the same time satisfying

klggo</Qf<-,vuk)dx—/Qf(-,v,zk)dx> 0. (6.2.5)

Moreover, for any admissible measure v on ) we also have

lim (/u;;dl/—/z};dy) =0. (6.2.6)
k—o0 QO Q

Proof. Introducing the functions wuy := 2 — ug + ug for every k, it is uy € W}L’OI(Q) for all k, and
the convergence of (ug )i induces strong convergence of (ug—zx)x to 0 in WH1(Q). Then, the strict
continuity of Theorem 2.23 yields the W1 (R"™)—convergence of ("0 —25"“0* ) to 0.

To achieve (6.2.5), we make use of the pointwise convexity estimate (2.6.10) and of the linear—
growth assumption to deduce f(., Vug) — f(.,, Vwi) < f(., Vug — Vwy) < B|Vu — Vwy| a.e. in Q
for every k € N, so up — zx — 0 in WH1(Q) determines

liisip</Qf(-,Vuk)d$—/Qf(-,Vzk)dzc>SO.

An exchange of the roles of uy and z; above yields the opposite inequality, and (6.2.5) results.

To verify the last convergence for admissible v, we exploit Remark 3.13 with both %(ug—z) in
WH1(Q) and find some C € [0, 00) such that

/uZdu—/deu SC(/ \V(uk—zk)]dx—i—/ ]uo,k—uo\d”H"_l>
Q Q Q [2)9]

= C||V (uox — uo)|lL1rn) + Clluok — uollrra0mn—1) 5
where by Theorem 2.23 the right—hand side decreases to zero as k — oo. Then, the proof of (6.2.6)
and consequently of the full statement is complete. O
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6.2.1 Proof of the consistency Result 3

We finally turn to the main recovery sequence result with the prescribed boundary datum wug.

Proof of Result 3. Assume w € BV(£2). To prove (1.2.5), we claim that specifically it holds

lim f(.,Dw)(Q) = f(.,Dw")(Q), (6.2.7)
k—o0
lim [ wipdyp— :/w+ dp— and lim w,ﬁdpur:/w_ dpy (6.2.8)
k—oo J Q k—oo J Q

for some (wg)y, in Wey (€) such that wy, — w area-strictly in BV, (Q) as k — oo.

Step 1. We consider first ug € L>°(R™). We exploit the essential assumption g4 L p— to apply
Theorem 6.2 and obtain a sequence (ug); in WH(Q) converging to w area-strictly in BV(Q) with
limy_yo0 f (-, D) () = f(.,Dw")(Q) and

lim u",;du_:/w"'du_, lim /u’};du+:/w_ dpy .
k—o0 O Q k—o0 Q 9}

Being ug bounded, we may apply Theorem 6.3 to each uy and obtain a sequence (v), in Wl (Q) with

vi — wuy, area—strictly in BV, (ﬁ) for £ — oo,

lim f(., Dug)(Q) = f(., Dup") (),

l—00

lim [ (vp)*du_ = /Quz dp— and /Q(v,é)* dpy = /Quz dpy .

L—o0 (e}

The claim is therefore reached by passing to a subsequence for wy := Uik € W}L’OI(Q) with £ large
enough, observing that w, — w area-strictly in BV, (ﬁ) for k — oo with the sequence verifying
(6.2.7), (6.2.8).

Step 2. We assume now ug € WH1(R") and determine via density a sequence (ug)x in WHH(R™)N
L°°(R™) with ugj — up in WH1(R™) as k — oo. Exploiting the result of Step 1 for each datum ug x, we
find some (w}), in qumlk (Q) with wf, — w area-strictly in BV, (©2) for £ — oo, Zlij& f(,Dwh)(Q) =

f(., Dwo+)(€2), and zlim Jowh)*dpse = [wFdus. We pass once again to a sequence (zj) in
—00

Wiolk(Q) defined by zj := wi‘“ € qujozl’k (Q) with ¢, suitably large, then we record: Z;"o* converges to
w" area—strictly in BV(U) for k — oo for any U 3 Q bounded,

klim f(,Dz)(Q) = f(.,Dw*)(Q), and (6.2.9)
—00
lim [ z;dps = / wT dps . (6.2.10)
k—oo J Q

Finally, an application of Lemma 6.4 for the measures p+ and (z;);, yields a sequence (wy,)g in W, (Q)
with wp—z; — 0 in WH1(Q), w0 — z%0k — 0 (strongly) in BV(U), and such that

k—o00

lim (/wz dps —/zz dui) =0. (6.2.12)
k—o0 QO Q

The combination of (6.2.9) and (6.2.11) implies (6.2.7), while joining (6.2.10) and (6.2.12) together we
get (6.2.8).

lim <f(.,Dwk)(Q) —f(.,Dzk)(Q)> =0, (6.2.11)
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110 Chapter 6. Recovery sequences and I'-convergence

A rearrangement of the terms determines Fy,[w] = limy o0 Fuo[wg], thus the claimed equality
(1.2.5) follows.

Moreover, if we assume the f°-IC in Q with constant 1 for the pair (u—, p4) and the symmetric
j?’/OfIC in Q with constant 1 for (4, p—), the functional F results lower semicontinuous by Result 1
respect to the L1(Q)-topology. Then, the definition of relaxed functional of F,,, yields

Frel[w] := inf { li]gicgf Fuolug): Wllt’ol(Q) S up — win LI(Q)} > Flw] for all w € BV(Q).

Conversely, we can approximate any w € BV(Q) via a recovery sequence (wy), in W, (), so that
bringing into play (1.2.5) we have

Fuolw] = klim Fuolwg] > Freaw]  for all w € BV(Q).
—00
In conclusion, F(,,) = Fre on BV(Q) and the Result 3 is verified. O

As a matter of fact, one may check that the sequence (wg)r in the statement of Result 3 also
satisfies the pointwise convergence of representatives

wy, ——w Lo, +w 1o, |pl-ae in(,
k—o0

where as usual |u| = py + p— and Q4 is the corresponding Hahn’s decomposition of 2. The statement
follows from the pointwise convergence of all sequences involved in the proofs of Theorem 6.2 and
Theorem 6.3, which in turn relies strongly on the vanishing condition for p+ imposed in Assumption
1.2.

Corollary 6.5 (convexity). We assume the same set of hypotheses of Result 3 and we additionally
suppose that (u_, p) satisfies the f>°—IC in Q with constant 1 and (pu4, p—) satisfies the f°—-IC in 2
with constant 1. Then the functional F is conver on BV (2).

Proof. We record that F = F,, on Wi (Q), with the functional F,, evidently convex on its space of
definition — being the sum of a convex term and a linear one. Assume now A € (0, 1), v and v € BV(Q2)
with corresponding area—strict approximations (ug)g, (vgk)x from Result 3. Clearly, the sequence of
functions wy := My, + (1 — A)v, € Wy (€2) converges to w := Mu+ (1 — A)v in LY(Q) for k — oo. From
convexity in Wh! and the semicontinuity Result 1, we directly compute

Flw] < liminf Flwg] = lminf Fy, [wg] < Aliminf Fy, [ug]4+(1=X) lim inf Fy, [vg] = AF[u]+(1—-X)Fv],
k—ro0 k—oc0 k—ro0 k—ro0

where we applied (1.2.5) to both (uy) and (vg)k. The functional F results then to be convex on BV(Q2),
as required. O

6.3 I'-convergence of linear-growth functionals when varying the
boundary values

We fix two admissible measures p4 and let our generalized Dirichlet datum vary in the sequence (uq )k
in WH(R™). In what follows, the functional dependence on p := p; — p— and the boundary datum is
stressed out by the writings Fly, Fliy ,, : BV(€2) — R. We recall that it is

Fh [w] == f(.,Dw"o*)(Q) — / whdp_ —i—/ w” dpg for all w € BV(Q).
Q Q

U0,k

Specifically, scope of this section is extending the lower semicontinuity Result 1 together with Result 3
to prove I'-convergence of the sequence of functionals .7-"507,6 according to Definition 2.49. To this aim,
we shall impose for the sequence of boundary data at least strict convergence near 9€). Our primary

outcome is stated in the following.
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Proposition 6.6 (I'-convergence of ]:50,19)' We consider a continuous Borel integrand f: R™ x R —
[0,00) admissible as in Assumption 1.1 with (H1)~(H2). On the open, bounded and Lipschitz domain
Q C R", we take mutually singular, admissible measures 4 such that (u—, py) satisfies the f>-IC in
Q with constant 1, and (py, p—) satisfies the fAO/O—]C in Q with constant 1. If the sequence (ug i)y is in
WLHR™) and the sequence of traces of ugy converges to the trace of ug in L (9% H 1) as k — oo,
then we have Fly = T—limpFl, , in L'(Q).

Proof. We need to verify both the liminf inequality (i) and the recovery sequence statement (ii). To
prove (i), we suppose that a sequence (wy,);, in BV(Q) converges in L!(2) to some BV function w. We
notice that each element F; , differs from the functional 7, on the boundary term solely, that is

Fh o lw] = Fh[w] + 120, (w —uok)va) dH1 — > (w—wug)rg)dH™ ! forall ke N,
’ [2)9] [2)9]

and we set Zy := Fly , [wi] — Flio[wy] for assigned k. If 8> 0 is the upper bound in the linear-growth
of f, via convexity and the estimates in (2.6.1), (2.6.2) applied to f in the second entry, we observe
that | f°(.,&) — f>(.,7)] < B|§ — 7] for all &, 7 € R™. Therefore, the convergence of traces implies

= | [ 72— ) a1 =7 = ) e
0N o0
< Bluok — UOHLI(@Q;anl) k—>—oo> 0. (6.3.1)
Then, with the help of semicontinuity Result 1, we conclude

liminf F*  [wy] = liminf ¥ [wy] + lim T > F*[w],
k—o0 0.k k—o00 0 k—o0

which yields the required estimate in (i).

The verification of the remaining condition (ii) is easily done by fixing any function w € BV(Q)
and the constant sequence wy := w for all k. Then, employing the notation above and the previous
estimate (6.3.1), we have

klggo fﬁo,k[wk] = klg{)lo fﬁoyk[w] = Fl [w] + kli_)rroloIk = Fl [w].
We have finally achieved the ['-convergence result. O

With I'-convergence at hand, the next natural step is proving the convergence of infima according
to Theorem 2.52.

Proposition 6.7. We take Borel f as in Assumption 1.1(H1)—(H2), us admissible measures on open
bounded Lipschitz Q@ C R™ such that (u—, uy) satisfies the f*°-IC in Q with constant C € [0,1) and

(ft, pi—) satisfies the fo°—IC on Q with same constant. Moreover, we consider ug, (uo )k i1 WLL(RP)
with ug — ug in LY 0 H™1) as k — oo in the sense of traces. Then, the sequence of functionals
fﬁo,k is equi-coercive in L1(€2).

Proof. From Proposition 2.48, it suffices to determine an L!(2)-lower semicontinuous and coercive
functional ¥: BV(Q2) — R with F,, > ¥ for all k. As in Proposition 5.2(2), we apply the ICs and
the linear—growth condition with constants «, 5 to write

Fylol 2 alt =€) (1Dul @)+ [ jula ) = 310l = Blluoall onses
> a(l = O)||wllgv()/Fn — M|Q| - 52115 w0,k L1 @020 -1)
S

=: Ylw] forall w e BV(Q), (6.3.2)
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112 Chapter 6. Recovery sequences and I'-convergence

via an application of Poincaré’s inequality (2.2.4). Here, supyep ||uo k||r1 a0n-1) is finite in view of
the L'-convergence of the traces (uo,k)k- Our functional W is visibly coercive in BV(§2); moreover, if
(wy,)x, is a sequence in BV(2) converging to w with respect to the L!(£2)-norm convergence, then via
lower semicontinuity of the variation, it is

likminf [willBv@) = lim [weL™[(2) + lim inf [Dw|[(Q) > [wL"[(2) + [Dw|(Q) = ||w||Bv)
—00 k—o0 k—o0

so ¥ is even lower semicontinuous, and the claimed equi-coercivity of F; , is verified. O

We continue our analysis by proving that minimizing sequences for .7-"507,6 satisfy by equi—coercivity
an L!(Q)-compactness result.

Corollary 6.8. We assume the same set of hypotheses as in Proposition 6.7, additionally imposing
continuity of f. For any fized k € N, we suppose that each up, € BV(Q2) minimizes the corresponding
functional Fiy, . — that is Fly, [ux] = mingy o) Fly,, where we know a minimum exists in view of
Result 2. Then, (ug)r admits an L1 (2)-converging subsequence to some u € BV(Q).

Proof. First of all, we observe that the strict convergence assumption on (ug)x yields

Fi 0] = / f(.,0) dz+ fgo(.,uo,k) dH" ! < BIQ|+ Bsup [[wo kL1 (a0pn-1) < oo forall k € N.
’ Q 0N keN

Then, for a sequence (ug)y as in the statement and making use of (6.3.2), we write

oo >sup FE [0 Zsup<min FH > =sup F¥ [ur] > sup Ulug] .
kEN uo’k[ ] keN \BV(Q)~ “OF keN uo’k[ ] keN ]
Ultimately, the coercivity of ¥ and Theorem 2.22 induce the existence of a suitable subsequence

converging in L!(Q) to some limit u € BV(12), as claimed. O]

At this point, we record that the I'-convergence of Proposition 6.6 combined with equi—coerciveness
of Proposition 6.7 determines via Theorem 2.52 convergence of the infimal values to the minimum value
of the I'-limit F};,. Note that the constant C in the isoperimetric conditions must be strictly smaller
than 1 to enforce equi—coerciveness. At the same time, by imposing continuity of the integrand, we
argue via Result 2 that ]-'{fo and all the functionals .7-'507,c attain a BV minimum. Altogether, we have
obtained the following result.

Corollary 6.9 (convergence of minima of ]-"50’,9). Under the hypotheses of Proposition 6.6 and addi-
tionally assuming that the constant for the ICs is C' € [0, 1), we have

— ugl o strictly.
Q k—o00 ‘Q y

(6.3.3)
Moreover, any sequence (uy)y in BV(Q) of minimizers in the sense F, ,[ux] = mingy(q) Fiy, con-
verges up to subsequences in L1(Q) to some u € BV(Q) minimizing Fl,.

. . . 1,1 /mn
Breig) Fh = kh—>nc}o (Br{fl%g) ‘7:50,1@> for all ug, (uo k) € W (R"™), ug

We record that the existence of a converging subsequence for (ug)y in the statement follows from
Corollary 6.8, whereas the minimizing property of the limit u is a consequence of (6.3.3).
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6.4. T'-convergence when varying the measures 113

6.4 TI'-convergence of linear-growth functionals when varying the
measures

As usual, we work on open, bounded, and Lipschitz sets €2 in R™. Our principal result is Theorem
6.11, stating I'-convergence of the functionals Fi* to Fi, for sequences of Radon measures (uy)i
converging strictly to some Radon measure p on Q. Here, the pairs ((ug)s, (1x)+), (p, pt) satisfy
the f>°— (or fgof, respectively) isoperimetric condition in  with constant C' = 1. We observe that the
assumptions to be set in Theorem 6.11 for the measures py, (at least for k large enough) are indeed the
same required to show the semicontinuity Result 1 for the functional FJ;,. What’s more, to prove the
liminf inequality of the I'-convergence we actually rely on a generalized version of the good exterior
approximation result in Lemma 4.4, and we then base our analysis in a similar way to our previous
proof of (first parametric, then non-parametric) semicontinuity. Whenever possible, we conveniently
avoid repetitions of the analogous steps encountered in Chapter 4 in the corresponding proofs, rather
highlighting just the steps where the presence of sequences (1 )k plays a distinctive role. In the proof of
the I'—convergence, the limsup estimate (ii’) — or rather, its variant (ii) — is obtained by a combination
of a method for recovery sequences adapted from [67] with the assumed strict convergence of measures.

It is worth noting that, whereas the limsup inequality does not require other assumptions than
the admissibility of mutually singular measures, the validity of the isoperimetric condition for g
with £ > 1 is unavoidable to obtain the liminf inequality. This is evident from the fact that lower
semicontinuity fails already for the single functional F}, if u does not satisfy the f>°-IC with constant
1, as already illustrated in Example 4.7. Furthermore, we claim that our choice of measure convergence
is sharp. In fact, Example 6.10 shows that strict convergence of p to u is necessary to Theorem 6.14,
since there exist sequences of measure converging (only) weakly— in RM(Q2) which violate the liminf
inequality for the corresponding sequence of functionals.

Example 6.10 (failure of liminf inequality for F5* under weak—* convergence only). For n = 1, let
Q be the open real interval (a,b), for a <0 <1 <b, f(&£) := [¢], up := 0, and consider the sequence of
functions uy: Q — [0, 1] with

1, a<z<0;
up(e) == q1—kr, 0<z<y;
0, 1<z <b.

It is easy to check that up — u := 140y in L}(Q) for k — oo, with uj, € BV() for every k, and that
Duy, = —kL'(0, 1), Du = D1, ) on € — thus [Du|(Q) = [(1 —0)H"L {0}| = 1. Considering the Dirac
delta measures (u1x)+ := 61/, (x)— := 6o for any k, we let uy := (ur)+ — (px)—. Then, we already
know from Example 2.8 that (ug)r converges to u := 0 weakly— but not strictly in RM(Q) as k — oo.
We compute now

Fhklug) = |Duk|(Q)—|—/ |uk|d7-[0—/ukd50+/ukd51/k
o0 Q Q

:/ ‘ —k]dﬁl—i—]uk(a)\—i-\uk(b)\—/ukd5o+/ukd61/k

(0,1/k) Q Q
=14+1—ug(0)+up(l/k) =1, forall keN.

Consider the measures p+ := 0; for the limit functional with g =0 it is

Fhfu) = ul(@) + [ fuldwt = [t dps+ [ w dpe =1 u(o)] + Ju(b)] -0 =2,
0N Q Q

whence limy_yoo Fif[ug] = 1 < 2 = Fl[u], against the liminf requirement of I'-convergence. We
observe that, alternatively, any choice of p := d,, for 29 € Q\ {0} would work, since the component
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114 Chapter 6. Recovery sequences and I'-convergence

measures are still non—negative, finite on 2 with zero difference, and such that the measure terms in
Fhi[u] still cancel out because of continuity of the limit function u in z.

Next we state the main I'—convergence result for the sequence F}*

Theorem 6.11 (I'-convergence of Fh¥). We consider ug € WH(R™) and a continuous integrand f
under Assumption 1.1(H1)—(H2). Furthermore, we assume that pui and (ug )i are admissible measures
on the open, bounded, Lipschitz domain 2 C R"™ such that:

e The measures p4 and p— are mutually singular on €Q;

o The pairs (fuk_, i) satisfy the f>-IC in Q with constant 1 for k> 1 and (pgy, pr_) satisfy
the f°—-IC in Q with constant 1 for k> 1; and

o The sequences (ug)+ converge respectively to ps strictly in RM(Q) for k — oo.

Then, the T'-convergence Fly, = I'—limiFL* holds, under the usual convention p := p, — p_ and
pk = (pk)+ — (pk)— for all k € N.

The statement of Theorem 6.11 will be achieved by combining a recovery sequence argument
(Theorem 6.13) with the minimum limit result of Theorem 6.14.

6.4.1 Limsup inequality

Lemma 6.12. We take ug € WH(R™), Q bounded Lipschitz set in R™, and any Borel function f: R™ x
R™ — R convex in the second variable with linear growth. Then, for w € C(Q) N BV () NL*(Q) and
admissible measures 4, (ux)+ on Q such that (ug)+ converges to pt strictly in RM() as k — oo, it
18

lim FLk[w] = Ff [w].

k—ro00

Proof. For any fixed k € N, we note that the integral terms in f cancel out in the difference Fi*[w] —
Fliy[w]. Moreover, continuity of w allows us to identify all representatives in the measure integrals,
thus we directly compute

| Fk [w] ]—%/wdw) Awﬂwh+/wmu—4ww+
Sl/wdu_— wd(pg)— ‘ ’/wduk +—/wdu
Q Q

with the last convergences justified by the characterization of strict convergence in Proposition 2.10
applied with ¢ := 0 and measures (ug)+, g+ on . O

— 0,
k—o0

We now employ Lemma 6.12 together with the smooth approximation result of Theorem 6.2 with
arbitrary ug in WH(R") to deduce the recovery sequence property (ii) for F4*. Observe that for the
validity of Theorem 6.13 it is not necessary to assume the f>°—IC for the measures pi or p — differently
from the liminf inequality result stated in Theorem 6.14. On the other hand, the mutual singularity
assumption for the component measures of u is required to establish the recovery sequence in Theorem
6.2.

Theorem 6.13 (existence of a recovery sequence for Fit). With Assumption 1.1(H1) for f continuous,
and assigned ug € WHL(R™), we consider admissible measures ji+, (px)+ on open bounded Lipschitz
in R™. We further assume py L p— on Q. If (ug)+ — py strictly as Radon measures on 2 as k — oo,
then every w € BV() admits a sequence (wy,)y, in BV(Q) such that wy — w in LY(Q) and satisfying

T FL ] = F ]

114



6.4. T'-convergence when varying the measures 115

Proof. We fix w € BV(£2). From the recovery sequence Theorem 6.2, in correspondence to w there is
a sequence (vg)g, which in particular belongs to C(Q) NBV(£2) NL>®(Q), (vg), converges to w in L1(£2)
as £ — oo, and additionally
lim Fl [ve] = Fl [w]. (6.4.1)
{—00

We then exploit the strict convergence of measures and apply Lemma 6.12 to each vy to write

lim Fik[ve] = Fli[ve] forall €N,

k—o00
specifically in correspondence to any £ there exists some my, € N such that

i | 1 ;
| Fh v [j]\gz for all k > my, j e {1,...,¢}, (6.4.2)

and without loss of generality we may take (my), increasing in ¢ and such that m; — oo for £ — co.
We now define the sequence (wy)y for wy, := vy, whenever my, < k < my, 41 for £ € N. Then, it is

clearly ||wg —wl|i1(q) = |[ve, — w|[L1(@) — 0 as k — oo. Moreover, for any given k and for ¢}, € N such
that my, < k <my, 11, we can apply (6.4.1) and find

1
‘_7:;% _ ‘ ‘]:uk Vo) — Fh [veg ‘ + ‘ veg] — FL [w]| < o + ‘fﬁo[wk] - Fh [wH )

Letting k — oo, with the help of (6.4.2) we obtain

hmsup‘]:“’C ]—Fqﬁ‘o[w” <0,
k—o0
and the sequence (wy) realizes (ii) of Definition 2.49, therefore our thesis results. O

6.4.2 Liminf inequality

We turn now to the more involved proof of (i) for the sequence (F¥)x. To achieve the desired estimate

lim inf FiF[ug] > Fli [u]  for every u, (ug) in BV(Q) such that uy — u in LY(Q), (6.4.3)

k—o0

we provide an adaptation of the techniques employed to semicontinuity with fixed measure — that
would be our preceding Result 1. Our goal is to determine the following.

Theorem 6.14 (liminf inequality for F/*). Suppose the integrand f satisfies Assumption 1.1(H1)-
(H2) with f continuous on R™, ug € WHL(R™), with admissible measures ji+, (ug)+ on the bounded
Lipschitz Q C R"™ such that:

o The pairs (p_, p.) satisfy the f-IC in Q with constant 1 for k> 1,
o The pairs (p, pi_) satisfy the fovofIC' in Q with constant 1 for k> 1; and
o (up)+x — pat strictly in RM(QQ) for k — oo.

Then, (6.4.3) holds true.

Before reaching the generality of Theorem 6.14, we first need to rephrase our parametric semiconti-
nuity Theorem 4.5 to allow for a joint convergence of both sets and measures. In the following Theorem
6.15, those computations in common with our previous LSC result are omitted, and we rather focus
on the steps where the additional presence of (v; ) is decisive.
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Theorem 6.15 (liminf inequality for anisotropic parametric functionals with sequences of measures).
Consider a lower semicontinuous anisotropy ¢: R™ x R™ — [0,00) comparable to the Fuclidean norm
with £ — ¢(x,§) convex for every x € R™, and finite non-negative Radon measures vy, va, (V1k)k,
(vai)k on R™ vanishing on H" ' -negligible sets. If the pairs (vy j, va ) satisfy the small-volume p-IC
in R™ with constant 1 and (va,v1 1) satisfies the small-volume —IC in R™ with constant 1 for k> 1,
then we have

liminf [Py (Ag) + vok(Ag) — vik(A7)] = Pu(A) + v2(AY) — 11 (AT) (6.4.4)

k—o0
whenever Ay and A are measurable in R™, Ay converging locally in measure to A, and at least one of

the following applies:

. * * .
(a) The set A is bounded and we have the weak— convergences vy — vi and vo) — v in R™ as
k — o0; or

(b) The convergence of (v1 )i to 11 and the convergence of (Vo) to Vo are strict in R™ for k — oo.

Proof. Possibly passing to a subsequence, we suppose the existence of the limit

lim [Py (Ag)+var(Ag)—vik(Af)] < oo,

k—o00

otherwise (6.4.4) is trivial. Since all measures v, j are finite, from the upper bound on ¢ we get even
lim supy,_, o, P(Ax) < oo, thus also P(A) < co. We now distinguish two cases according to the different
assumptions (a) or (b).

Case (a). From |[A|4+P(A)+limsup,_,. P(A) < 0o, we deduce that 1 4,,14 € BV(R") for k> 1
with 14, — 14 in L1(R™). Fixed € > 0, we repeat the procedure of Theorem 4.5 to find the bounded
Borel sets S, S’ coming from Lemma 4.4 and R := B, \ S’ satisfying all the same estimates. We can
then adjust the reference proof and write

VQJC(A]];.) > vy (A,lg \ Int(S)) — yg,k((A%)"‘ N Int(R)) + o (Int(R)) ,
vie(A) < vip(AF\S) — vk ((A5)' N R) + 12, (S)

for k large enough. Altogether, we find
lim [Py(Ag) + vor(A}) — vip(A)] > likm inf P, (Ag, Int(S) \ R)
—00

k—o00

+ lim inf [Rp (Ak, Int(S)C) + v (A/ylf \ Int(S)) — V1 (AZ \?)}

k—o00
+ likrginf [P@(AE,E) — Vg’k((Ai)+ N Int(R)) + 1/17].6((142)1 N E)]
+liminf [, (In6(R)) = 14 (S) |

We now analyze the behavior of the single terms. The first addend is independent of the measure,
therefore the same result of Theorem 4.5 applies, so that

liminf P, (Ay, Int(S) \ B) > P(4). (6.4.5)

The second term can be estimated by the convergence in measure limy_,o |Ax\S| = 0 and via the
small-volume p-IC for (v x,v2%) to A \ S for k> 1, yielding

Vl,k(A;: \g) - V2,k- (A;lC \Int(S)) S Vl,k((Ak \ S)Jr) - Vg’k((Ak \ S)l) S P¢(Ak \ S) +e
< Py(Ay, S°) +P3(S, Af) + ¢
< Pu(Ag,Int(9)°) + P5(S, Af) +e  for k> 1,
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where we employed Lemma 2.73 and A} \ S C (4 \ 9)F, (A \ 9)' C A} \ Int(S), S° C Int(S)°.
Passing then to the limits, it is

liminf [Py (Ay, Int(S))+ro s (A} \Int(S)) —v1 5 (A5 \S)] > —kli_g)lo P5(S, Af)—e > —(B+1)e. (6.4.6)

k—o0
For the third term, an application of the small-volume ¢-IC for (v, v1 1) to Aj N R again for k> 1
implies
VQ’]{;((AZ.)+ N Int(R)) — VLk((Az)l N R) < k(AL N R)T) — vy ((A5 N R)l) <PALNR)+¢
< Pa(AR, RY) + Pa(R, (A7) T) +¢
< Py(AL, R) + Pa(R, (A5)7) +e,

and therefore

lim inf [Pa(A5, R) — 1o ((A5) T NInt(R)) + v1,((45)' NR)| > — Jim P3(R, (A45)") —e > —(B+1)e.
(6.4.7)

Lastly, we recall that our selection of the sets is such that
vo(Int(R)) > vo(A') — 3¢ and vi(S) < (Ah) + 3e. (6.4.8)

Employing then lower semicontinuity for the sequence (v 1) converging to v, weakly— in RM(R™), by
(6.4.8) it is
liminf vy j, (Int(R)) > 2 (Int(R)) > vo(A') — 3¢.

k—o0

Analogously, the weak—* convergence of v ; to v; on R" applied to S compact (see Proposition 2.6(ii))
together with (6.4.8) induces

lim sup vy 4, (?) <1 (?) < 1/1(A1) + 3e.

k—o0

In sum, we have obtained
li}gn inf [VM (Int(R)) — v1k (g)} > vy(AY) — v (AT) — 6e. (6.4.9)
—00

It is left to collect the estimates in (6.4.5)—(6.4.9) to conclude that

lim [Po(Ay) + v2x(AL) — 1 k(AF)] = Po(A) + va(AL) — 14 (AT) = 2(B+4)z,

k—o0

and the claim (6.4.4) follows by arbitrariness of €.

Case (b). Assume now A is any measurable set in R”. From P(A) < oo for and the isoperimetric
inequality, it is either |A| < oo or |A¢| < oo.

(b1l) Supposed first |A| < co and assigned € > 0, we let r € (0, 00) be large enough for having
|A\ B,| <e, P(A,B;) < e, vi1(B;) <e, and p(By) < e.

Repeating the same steps of Theorem 4.5, we find |AxN(B,+1\B;)| < efor k> 1, g, 0 € [r, 7 + 1]
such that g, — 0 as k — oo, H" 1 (ALNOB,,) < € for all k and thus Py, (AxNB,,) < Pu(Ax)+Be
for £ > 1. We exploit now the result of Case (a) for the sequence Ay N B, C B, with
A N By, — ANB,, so that after some manipulations and via Remark 2.26 we get

liminf [Py, (A N By, ) + vak(A}) — vi k(A NB,)] > Pu(A,B,) + 1a(A'NB,) — v (AT).

k—o00
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118 Chapter 6. Recovery sequences and I'-convergence

Besides, the (strict and thus) weak— convergence for (v j), guarantees by Proposition 2.6 the
validity of v1(Bf) > limsupy_, ., 1,5(Bf), hence in correspondence to € it is

v k(A NB) > v k(A =11k (BE) > v 1 (AD) =11 (BS) —e > vy k(A ) —2¢ for k> 1, (6.4.10)

and we record vo(A'NB,) > vo(Al) —15(BS) > vo(Al) —e. Therefore, by Lemma 2.73 we achieve
limn inf [Po(Ag) + vok(Ay) — k(A7) + (28 + 1)e
> lim inf [Py (Ak N By,) + vak(AL) — vi(AF NB,)]
> P,(A,B,) +12(A' NB,) — v (A1)
> Py(A) +va(AY) — 1 (AT) = (B + 1)e,

and again arbitrariness of ¢ yields (6.4.4).

(b2) If |A°| < oo, for any k € N, we pass to the complements and thus rephrase the functional as
Po(Ar) + v (A) = vin(AF) = Po(AR) + via((A7)1) — v ((AD)T) + Ci

with Cf = 15 ,(R") — v1 x(R") converging to C := 1»(R") — v1(R") as k — oo in view of
strict convergence. Exploiting (6.4.4) for the sequence of sets (Af) converging to A° in measure,
inserting ¢ in place of ¢ and exchanging the roles of vy ; and vy, we find

liminf [Py (Ag) + vok(A}) — v1k(A7)] > liminf [Po(A5) + v1 k(A9 — vk ((A5) )]

k—o0 k—o0

i

> Pp(A°) + 11((A)Y) — (A9 ) + C
Py (A) + 1a(A) — 11 (AT).

With this latter, the statement (6.4.4) is verified even under assumption (b). O

Concerning the assumptions in the latter Theorem 6.15, we want to stress that strict convergence of
both sequences of measures can be weakened to just weak—« convergence in R™ for the only component
vo k. In fact — for A of finite measure — the proof of (6.4.9) in the bounded case (a), as well as the
verification of (6.4.10) in the unbounded case (b1) just rely on the properties of weak—* convergence. If
|A| = oo instead, we observe that the sequence (Cy)y in the proof of (b2) by superadditivity it suffices to
have just the inequality liminf,_,oc Cy = liminfj,_ o v 1 (R™) —limg_oo 1 £ (R™) > 12(R™) — 11 (R") =
C, which holds if vy, — 11 strictly and vy, X 1y weakly— in R™. Nevertheless, bearing in mind
our successive goal of Lemma 6.16, the liminf-inequality for both ®"* and its symmetrical P s only
achieved under strict convergence of both components i .

At this stage, to approach the non—parametric result corresponding to (6.4.4), we reprise the
decomposition introduced in Section 4.3 for the anisotropic functional @ﬁo in BV(Q) via the auxiliary
functionals ®", ®* defined on the full space BV(R") instead. Then, fixing an anisotropy ¢ on R™ and
a pair of non—negative admissible measures p4+ on €2, we recall Remark 4.10:

EI\)ZO [w] = Eu[(@uo)—&-] + E‘M[(@uo)—] - \DuOLP(R" \ﬁ) for all w € BV(Q),

where we set p = gy — p—, W = wlq + uo]an\ﬁ extension of w, and ", P BV(R") — R with

' fu] = Duly(®") + [ 0y~ |

whdu_, ®*w] = |Dw|z(R™) +/ w-dp— — / whdpy
Q Q Q

for all w € BV(R"™).
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Lemma 6.16 (liminf inequality for ®", ®* on non—negative functions with given value outside Q). If
the anisotropy ¢ on R™ is comparable to the Fuclidean norm and under (a)—(b), we consider sequences
of admissible measures (pixy )i, (p_)k on Q and p—, py also admissible on 0 such that:

o The pairs (p_, pi) satisfy the p—IC in Q with constant 1 for k> 1;
o The pairs (p,, pi_) satisfy the o—IC in Q with constant 1 for k> 1; and
e The convergence o — p+ is strict in RM(Q) for k — oco.

Then, given a non—negative datum uy € WH1(R™), we have

liminf @ [wy,] > ®"[w] and  liminf & [wy,] > O [w)], (6.4.11)
k—o0 k—o0

for every (wi)g, w in BV(R™) such that wy — w in LY(R™) with wy,w > 0 a.e. in Q and wy = w = ug
a.e. i Q° for all k.

Proof. Before approaching the proof, we observe that the estimate for ®* can be obtained from the
liminf inequality for the functional & by an exchange of the roles of Wk, p+, and ¢ with ¢. It
suffices then to prove the first inequality in (6.4.11), and we shall do so by a slight adaptation of
Proposition 4.14. Indeed, for (wg)r and w as in the statement and implicitly passing to the usual
measure extensions of pui, pugy to all R?, for any fixed level M > 0, by Lemma 2.29 it is

{(w,iw)Jr >t} = {w,i\/[ > t}+ and {(w,]y)* >t} = {w,i\/[ > t}l pr4+— and pr-ae. in R”

and for a.e. ¢ > 0. Then, for any k£ € N we employ Lemma 4.12, the anisotropic coarea formula and
layer—cake decomposition to write

J— J— n - +
@M[wk]zéuk[w%]—FcM:cM—i-\Dw,i\ﬂw(R)+/R (urh) duk+—/R (uph) " dpug—

=cy + /OOO[P@ ({w{y > t})+ k4 ({w,ﬂ” > t}l)— ke ({w% > t}+>} dt,

and we record that cps is independent on the choice of measures and infinitesimal for M — oo.
Moreover, from 0 < w) < M and by p,_(Q) — p—(Q) for k — oo, it is pp_({w) > t}+) <
]l(O,M)(t)Mk_(Q) < ]l(O,M)(t)(N—(Q) +1) for & > 1, with ]l((],M)(,u_(Q) +1) € Ll((0,00)). With the
help of Fatou’s lemma, we compute

liminf@mC [wi] > enr + /000 lim inf {Pw ({w,]g\/[ > t}) + fl ({wly > t}1> . ({wljﬂ\/l > t}+>} dt.

k—o0 k—o0
The a.e.—pointwise convergence of (a subsequence of) w,]CV[ — wM as k — oo and the condition wM =
wM outside Q imply that the superlevel sets Al = {w,i‘/f > t} converge in measure to A}, =

{wM >t} for k — oo whenever ¢ > 0 satisfies [{w? = t}| = 0 — and this latter applies for a.e.
t > 0. Now the decisive strict convergence assumption ppy — p+ in € is inherited by the sequence
of extended measures from Corollary 2.12. Therefore, since the extensions of p;y converge to those
of py strictly in R™, we are in the conditions of applying the parametric result of Theorem 6.15(b) to
deduce

liknl}%gfﬁuk [wi] > em —&-/OOO[P(;, ({w™>t}) + ,u+<{wM> t}1>— ,u_({wM> t}+>} dt = cpr + " [w™].

To complete the statement, it is just left to M — oo recalling that c¢py — 0 and applying the convergence
in Lemma 4.11. O
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120 Chapter 6. Recovery sequences and I'-convergence

The results so far obtained are collected in the following statement, which then represents the
homogeneous version of our claimed Theorem 6.14.

Theorem 6.17 (liminf inequality for anisotropic total variation functional with measures). Adopting
the same set of assumptions on @, p+, pry of Lemma 6.16, for any ug € WHL(R™) we have

likrgiorgf @ﬁg [wg] > </I\>’{fo [w]  for every w, (wy)y in BV(Q) such that wy, — w in L'(Q).

Proof. We consider a sequence (wy) converging to w as in the statement. In analogy to the proof of
Theorem 4.8, the latter Lemma 6.16 applied to both sequences of positive and negative parts of the
functions as in the statement and extended to R" yields

lim inf O™ [(@")] = Bu[(@")4]  and - liminf OP[(@™0)-] = B,[(@")-]
—00 —00
Our thesis follows by summing up the terms with the help of Remark 4.10. O

Finally, we approach the proof of Theorem 6.14 for general linear—growth integrands f analogously
to what was done in the semicontinuity Result 1. Clearly, the latter represents the subcase of Theorem
6.14 occurring when we restrict to pgy = pt for all £ € N.

Proof of Theorem 6.14. We assume that the sequence (wy), € BV(Q) converges in L'() to some w
in BV(€), and we introduce the corresponding functions wg, wi, € BV(Q¢) as well as the measures
o5 kg € RM(€) as from Definition 5.7. We recall that Lemma 5.11 establishes admissibility on
Q4 of the new measures. Consider now the anisotropy ¢ on R"*! corresponding to f as in Definition
5.4. Similarly to our considerations in Remark 5.5, the statement of Theorem 6.14 is preserved under
vertical translations of the integrand f, thus without loss of generality we may apply Proposition 5.12
and claim that the ¢-IC holds in €2y with constant 1 for (/‘k—o’”“o) and all £ > 1, as well as the
¢-1C with constant 1 in Q¢ for (pkq,pk—,) for k> 1. With such a notation, the formulation in
(5.2.18) in our framework becomes

Fh[w] = @530 [wo] — 2/ f(,0)lw—ug| dz — 'U(QQ) ,
Q

~ 0
Fhkwy] = @Zgg [wie] — Q/Qf(.,0)|wk—u0] dz — ’uk;) for all k € N.

Furthermore, by Remark 5.8 the convergences puy,  — pi4 and pp_, — p— are strict in BV (Qy) for

k — 00, and this allows an application of Theorem 6.17 to our anisotropic functional @ﬁg » in dimension
n + 1. Altogether, we achieved

~ Q
lilgg}f]:ﬁ; [wy] = h&g Do [wie) — lei_{r;o /Q f(,0)|wg—up| dz — “(2)
5 p(&)
> 48, o) =2 | £ 0) ol do = H52 = Ay ful.
which establishes the liminf inequality (i) for Fp. O

As already done in Section 6.3 for the I'-convergence of the functionals with respect to a variation
of the boundary datum, we would like to apply the general result of Theorem 2.52 to the functionals
Fhi* and deduce convergence of infima.
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Corollary 6.18 (convergence of minima of F1,*). Under the hypotheses of Theorem 6.11 and supposing
that the mentioned ICs hold with constant C' € [0,1), we have

min F! = lim ( min Fi* |. (6.4.12)
BV(Q) " koo \BV(Q)

Moreover, if (ug)r € BV(Q) is a sequence of minimizers (that is, Fuy [ug] = mingy o) Fuys for every
k), then there exists u € BV(Q) such that up to subsequences up — u in LY(Q) as k — oo, with u
achieving the minimum of Fly,. Furthermore, the combination of (6.4.12) with the consistency Result
3 delivers

inf Fi = min F* = lim < min f“’“) = lim ( inf fﬁf) .

wLi(Q) BV(Q) k—oo \BV(Q) k—o0 \WL1(Q)

Proof. From Theorem 6.11, we know that Ff, = I'—limgF.*. Therefore, (6.4.12) follows straightfor-
wardly from the abstract Theorem 2.52, provided the equi—coercivity of (Fi*) is verified. To do so,
we repeat the steps of Proposition 6.7 employing the IC for the pairs (g, ptx4) for k large enough and
determining the L' (Q)-lower semicontinuous, BV-coercive functional ¥[w] := a(1—C)||w||gyq)/Fn —
M|Q| — Bsupgen l|uokl|n @apn-1) defined for all w € BV(Q) and such that ¥ < Fi¥ for all k> 1.
From Proposition 2.48, we then read equi—coercivity of the sequence. Moreover, the control ¥ < F/k
implies that any minimizing sequence (ug)g is bounded in BV(2), so by compactness we argue the
existence of an L!(Q)-limit u € BV(Q), and our claim (6.4.12) follows from Theorem 2.52. O
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Chapter 7

Generalized Anzellotti pairings

For an arbitrary open set U in R", we recall that the Riesz—Markov representation theorem states
that any finite Radon measure on U is also a distribution via the inclusion C°(U) C Cy(U); see for
instance |3, Theorem 1.54], [46, Theorem 1.38]. Moreover, any o € L{ (U, R") induces a distributional
divergence div(c) on U defined via

div(o) () :== —/UO' -V dz  forall v € C(U).

o0

= (U,R™), by a density argument we can even set

In case 0 € L
div(o)(y) :== klim div(o)(vg) = — klim / oV doe = —/ o-Vi dz
— 00 — 00 U U

for all ¢ € Wé’l(U) and for any sequence () in C°(U) converging in WH(U) to ¢. If it is certainly
true that every element of RM(U) represents a distribution on U, the converse does not apply — that
means, not all vector fields ¢ on U admit distributional divergence as a finite Radon measure. To this
aim, we introduce the following classes of bounded divergence-measure fields on U as

DMoe(U,R"™) := {0 € Lix.(U,R™): div(o) is a signed Radon measure on U} and
DM(U,R") :={o € L>*(U,R"): div(c) € RM(U)}.

Observe that for n =1 it is DM(U) = BV(U). An interesting property of the elements of DM,
is that their divergence vanishes on sets negligible with respect to Hausdorff measures of codimension
one.

Proposition 7.1 (absolute continuity of divergence—measures). Any o € DMio.(U,R") is such that

|div(e)|(A) =0  for all Borel sets A C U such that H" *(A) =0.

For the original statement and proof of Proposition 7.1, we refer the reader to [31, Proposition
3.1]. Clearly, the result implies that the positive and negative parts of div(c) in the sense of the
Radon—Nikodym decomposition still enjoy the same absolute continuity property.

Next, we introduce different types of pairing between L*° divergence—measure vector fields and
(derivatives of) functions of bounded variation, where the features of the pairings are crucially influ-
enced by the choice of BV representatives.
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7.1. Inner pairing 123

7.1 Inner pairing

We first present a version of the inner pairing defined according to the precise representative u* of a
BV function v on an open U in R™. This corresponds to the original pairing introduced by Gabriele
Anzellotti in [7], which is in turn inspired by a pairing between admissible stresses and strains adopted
in plasticity theory for a given subclass of functions of bounded deformation on the three-dimensional
space; see [64, 9, 10]. Furthermore, Anzellotti verified that the pairing is a Radon measure in U
absolutely continuous with respect to |Du| (see later Theorem 7.5, directly stated for our subsequent
inner pairing) and proved the normal trace with the integration by parts formula of Theorem 7.3.

Definition 7.2 (Anzellotti pairing). We consider a function v € BV(U) and a vector field o in
DM(U,R™) with distributional divergence on U given by div(¢) and such that u* € LY(U;|div(eo)]).
The (standard, inner) Anzellotti pairing is the distribution [o, Du]* on U defined as

[o,Du]* := div(uo) — u*div(o),

thus explicitly

lo Dl () =~ [

uo - Voo do —/ Yu*d(div(e)) for all ¢ € CZ(U). (7.1.1)
U U

The bilinearity of the standard pairing [o, Du]* is inherited from the linearity of the precise rep-
resentative u* of v € BV(U) and of distributional divergences. Moreover, if we restrict to Sobolev
functions v € WH1(U) — so that yu € W[l)’l(U) for all test functions ¥ — we can compute

fo. Dul" () = - [

ua-Vzbdx—i—/a-V(wu) dm—/wa-Vudas for all ¢ € C°(U),
U U U

namely, the pairing of Anzellotti reduces to the scalar product of ¢ and the gradient of u in R"™:
[o,Du]* = (o - Vu)L" LU  for all u € WHY(U).

We record that in its first appearances of |7, Definition 1.4] the pairing was introduced for the following
different combinations of entries:

(a) w € BV(U)NLY (U) and o € LP(U,R") with div(c) € LP(U), for any choice of 1 <p < n; or
(b) w e BV(U)NL=(U)NCU) and o € DM(U, R™).

The possibilities above guarantee that [o, Du]]* always exists finite, without requiring the integrability
condition u* € LY(U;|div(o)|) — and actually, in both options (a)-(b) there is no need to consider
representatives of u. Later on, Chen—Frid proposed a slightly improved version of the pairing respect
getting rid of the continuity assumption in (b) and introducing the precise representative u* — but still
keeping the boundedness assumption on u to enforce integrability. In fact, the authors observed in [31,
Proposition 3.1] (our previous Proposition 7.1) that the divergence of a field o in DM (U, R™) vanishes
H" La.e. in U, hence representatives of BV functions can be integrated respect to divergences of such
o in the second term of (7.1.1).

Another interesting result of the pairing is the possibility to recover an integration by parts formula,
written by means of a weakly defined trace on the boundary of the normal component of o as presented
in [8]. The following statement follows from slightly adapting and combining |7, Theorems 1.2 and
1.9].

Theorem 7.3 (normal trace for the standard inner pairing). We assume that € is open, bounded, and
Lipschitz in R™. For any o € DM(Y), there exists a unique normal trace o}, € L>®(0Q; H" 1) such
that:
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124 Chapter 7. Generalized Anzellotti pairings

o oi(x) =o(x)-v(z) for all z € O, provided o € C! (ﬁ, R”); and

i HU:LHLOO(BQ;H"*) < HUHLOO(Q,Rn)-

Moreover, given u € BV (Q) such that u* € LY(Q; |div(a)|), one has
[o, Du]*(Q) = / ofudH ! — / w* d(div(e)), (7.1.2)
o0 Q

where in the boundary term we mean u to be the H" ' ~defined boundary trace Toou on 0.

In particular, the integration by parts formula (7.1.2) evaluated on Sobolev functions reads:
/ o-Vudr = / ofudH " — / w*d(div(e)) for all u € WHL(U).
Q a0 Q

We now mention a refined version of the pairing where we replace u* with different BV represen-
tatives of u, intending to apply the pairing to pairs of solutions of our problems (P), (P*). Analogous
adaptations were already the object of study, for instance, of [87, 88, 89]. Specifically, our representative
is defined according to the Jordan decomposition of div(c) achieved by div(c) L U_ = div(co)_L U} =
0, where U = U, WU_. We record that in general one could set a pairing [o, Du]* for any A — meaning,
for an arbitrary Borel representative u* := AT 4 (1 — A)u™ (see Section 4.1) of u € BV(2). This
is in fact the framework introduced in [33|. However, the decision of working expressively with the
representative A = Agj,(,) in our case is motivated by the fact that no other Borel function determines
lower semicontinuity of the corresponding functional Fy. The connection with our variational problem
will become evident in Section 8.3.

Definition 7.4 (inner pairing). Assume u € BV(U), 0 € DM(U,R"™) with distributional divergence
decomposed into div(c) = div(c), — div(c)_ on U. Moreover, we take u* € L1(U;|div(c)|). Then,
the inner pairing of o, Du with representative Ay () is

[o, Du] = [o, Du] v := div(uo) — u @ div(o)
= div(uo) + utdiv(o)_ —u"div(o),,

with [o, Du] well-defined as a distribution on U. Employing the notation of (4.1.1) in Section 4.1 for
u, we recall that Agiy(o) := Ly_. Explicitly, we have

[o, Du](v) = /Uua Vi dz —I—/ Yut d(div(o /wu d(div(o)4) forallyp € C°(U).

Observe that Proposition 7.1 combined with the vanishing assumption (C3) for div(c)s guaran-
tees that the integrals [, Yut d(div(c)s) exist finite for any choice of the test function v, hence
well-posedness of [o, Du] follows. In the future employment of the pairing for div(¢) (with Jordan de-
composition given by div(o)+ admissible measures on Lipschitz domains 2 as in Chapter 8), the result
of Proposition 3.5 ensures that the condition u* € L(€;div(c)y) N LY(Q;div(c)y) is automatically
satisfied for any choice of u € BV(Q).

In contrast to the standard pairing of Definition 7.2, the inner pairing just introduced is not bilinear.
In fact, it only applies the positive 1-homogeneity property [to, Du] = t[o, Du] = [o,D(tu)] for all

€ [0,00). Moreover, if we restrict to functions u € WH(U), the equality ut = v~ = u* holds in U
up to H" '-negligible sets, and by Proposition 7.1 this is preserved div(c)+-a.e. Therefore, the inner
pairing reduces to the Anzellotti pairing of in Definition 7.2, that is

[o,Du] = [o,Du]* = (o - Vu)L"LU  for all u € WHH(U). (7.1.3)
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We now list some elementary properties of the inner pairing, starting from Theorem 7.5. An
analogous result to (7.1.4) for the standard pairing [o, Du]]* defined for u under assumptions (a) or
(b) is already to be found in Anzellotti’s seminal work |7, Theorem 1.5 and Corollary 1.6], whereas for
a proof in terms of arbitrary Borel representatives u* we refer to a synthesis of [33, Propositions 4.4
and 4.7] with [32, Theorems 3.3 and 4.12|. A valuable finding of [32] (not present in the original work
[7]) is the characterization of the singular part of the A—pairing, which we quote in Theorem 7.7. In
detail, we will distinguish within the measure [o, Du]® between a jump part and a Cantor part, and
then express their respective properties.

Theorem 7.5 (inner pairing as measure and decomposition). In the setting of Definition 7.4, the
inner pairing [o, Du] represents a finite signed Radon measure on U. Moreover, [o,Du] is absolutely
continuous with respect to Du and precisely it satisfies

o, Du]| < ||o|r0gmy/Dul  as measures on U . (7.1.4)

Being [o,Du] € RM(U), we can consider its Radon—Nikodym decomposition with respect to L™. Specif-
ically, the absolutely continuous part is explicitly determined by

[o, Du]* = ([o, Du]*)* = (o - Vu)L™ on U . (7.1.5)

We now want to further decompose [o, Du]® in analogy to the decomposition of distributional
derivatives of BV functions. In fact, the upper bound achieved in (7.1.4) proves absolute continuity
of o, Du] with respect to |Du| — which is also inherited by the singular parts [o, Du]® < |D®ul|. This
enables us, via Theorem 2.1, to introduce the following definition.

Definition 7.6 (decomposition of singular part of the inner pairing). For u, o as in Definition 7.4, we
define jump part of the inner pairing [o, Du] the measure defined by

- d[o,Du]®, .
HO’, DU]]J = W‘DJ’I”
and symmetrically its Cantor part will be
d[o, Du]®
[0, Du]® :== W\DCM ;

for dfo, Du]®/d|D*u| Radon-Nikodym density of the inner pairing with respect to D%u.

Following again [33], we can then characterize jump and Cantor part of the pairing in terms of the
inner /outer normal traces Tr¢(o,J,,), Tré(o,J,) € L®(Ju; H" 1) of 0 € DM(Q,R™) on the jump set
Ju of u with respect to the orientation given by the direction of jump v, — reprising the definitions
introduced in [2, Section 3]. We observe that such a definition is well-posed, since the jump set J,, is
countably H" !-rectifiable in R” in view of Theorem 2.27.

Theorem 7.7. For u and o as above, the components of the singular part of the pairing satisfy:
e [o,Du]’ = ([, Du]*) + (u™ — u™)|div(o)|L Jy /2
= (Tr*(0,Ju) Ly + Tr' (o, Jy) Ly, ) (ut —u” )H 1L T,
= (Tr*(0,Ju)1y_ + Tr'(o, Ju) 1y, )| DIul,

o [o,Du]¢ = ([o, Du]*)¢, and by (7.1.4) the Cantor part [o,Du]® is concentrated on the support of
D¢u.
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126 Chapter 7. Generalized Anzellotti pairings

o Moreover, if the approzimate discontinuity set Sy of o is such that |Du|(Sy) = 0 (we record
that from o € L (U,R") C LL _(U,R") it is L"(Sy) = 0, so the condition above is equivalent
to requiring |D%|(Sy) = 0), then the diffuse part of the pairing can be expressed as [o, Du]? =
o - D%, where & is the approzimate limit of o.

Note that applying (7.1.3) together with (7.1.5) we obtain
[o,Du] = (¢ - Vu)L"LU and [o,Du]®* =0 for all w € WH1(U).

The next remark states that the pairing reduces to the product measure of field and derivative
measure if we restrict to continuous divergence-measure fields, see for instance |33, Remark 4.10].

Remark 7.8 (inner pairing for continuos vector fields). For ¢ € DM(U,R™) N C(U,R™) and any
u € BV(U) such that u* € LY(U; |div(0)]), we have

[o,Du] =0 -Du as measures on U .

7.2 Up-to-the-boundary pairing

Our next goal is adapting the notions of [87, Definition 3.2|, [88, Definition 3.2|, and [15, Definition
5.1] to introduce an extended version of the inner pairing [o, Du]]. Such up—to-the-boundary pairing
[o, Du]y, will represent a distribution on the whole space R™ taking into account the extension of
u by a given datum vy € WHL(R?), while preserving positive 1-homogeneity of o + [o, Duj,,. In
accordance to the extension result of Theorem 2.23, to guarantee that Du"o is well-defined and finite
we shall impose some additional regularity of the domain, working as in the previous chapters with
open bounded Lipschitz subsets 2 of R™. The rest of Chapter 7 is devoted to listing or proving various
properties of the up—to—the-boundary pairing, most of which are adapted from the corresponding
results valid for the inner pairing. We point out that the introduction of a new pairing [o, Du]y, is
meant to mirror the Dirichlet boundary condition ug in the main functional in (1.2.4), as explicated
in the following Chapter 8.

Definition 7.9 (up-to-the-boundary pairing). We assign a datum ug € WH1(R?), u € BV(Q) and
o € DM(Q,R") with ug|,, u® € LY(Q;|div(o)]). We introduce the up-to-the-boundary pairing
[o, Du]y, defined through

[0, Dul, == div((u — ug)o) — (u—up)~ div(e), + (u—ug)™ div(e)_ + (o - Vug)L"LQ

as a distribution on R", where we consider the extensions (u — up)o := (u — up)olg + 0 - Ipmg and

div(o)(A) :=div(c)(AN Q) for any A C R™ Borel. Explicitly, it is
[, Dully, () (7.2.1)
= — /Q(u —ug)o - Vo dz — /Qz/J(u —up)” d(div(o)4) +/Q1/J(u —up) T d(div(o)-) +/Q Yo - Vug dx

for all ¢ € CZ(R™).

Proposition 7.10 (continuity property for the up-to-the-boundary pairing). Assume ug € W1 (R™)
and o € DM(Q,R™) such that wt € L1(Q;|div(c)|) for every w € BV(Q). Then, for u € BV(Q) and
any sequence (wy,)y, in WH(Q) satisfying the conditions:

(i) wr — u in LY(Q) as k — oo; and

(i) w} — u® pointwise div(c)x—a.e. in Q as k — oo,
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7.2. Up-to—the-boundary pairing 127

we have convergence of the up—to—the—boundary pairing in the distributional sense, that is

Jim [0, Dulug () = [o, Dulug(9)  for all § € CF(RT). (7.2.2)

Remark 7.11. Notice that for instance the approximating sequence (wg)y in the statement of Propo-
sition 7.10 can be chosen as the one in Proposition 3.15 (where v1, vo represent the mutually singular
measures div(o)), or as the one in Result 3 (now with 4 = div(o)+, see details in Section 6.2.1). We
record that in this latter case the sequence achieves even the boundary value ug in the strong sense,
meaning the condition limy_,o [, wj d(div(c))s = [, w* d(div(c)s is satisfied specifically for some
(wp)k in Wi (Q) converging to w even area-strictly in BV, (Q).

Proof of Proposition 7.10. Fixed a test function ¢ € C°(R"™), we first claim that it holds

lim /¢wk (div(o /wu d(div(o /¢u+d div(e)-). (7.2.3)

k—o00

In fact, the convergences w; — u~ pointwise div(c)y-a.e. for £ — oo, and w; — wu~ pointwise
div(o)_—a.e. in Q are preserved when multiplying by . Fixing any truncation level M > 0, the
div(o)5-a.e. comvergences (w)™)" = (Yw) WM = (s — ()™ = (Guy)M = (Gu)M)*
are respectively in place on . In view of the uniform bound |(yw})M (z)| < M for all £ € N and for
div(o)x—a.e. z € Q, we may apply the dominated convergence theorem to achieve

im [ (wup) ddiv(o)-) = / (ut)M d(div(e)-),

l—00

fim [ (i) d(div(o) ) = / (u")M d(div(e)s)

{—00
We now record that both measures div(o)4 satisfy the assumptions Lemma 3.8 — because of Proposition

7.1 and given that (C3) for |div(o)| holds by assumption. We can therefore pass to the limit as M
diverges, yielding respectively

]\}iinoo (YuHM d(div(e /¢u+d div(o)-),
N}igloo (Yu™ )M d(div(o /wu d(div(o)4) .

Finally, by selection of a suitable sequence of levels (M) such that limy_, o My = oo and choosing for
every k the function wy, := (wgk)Mk with ¢, large enough, by summing up term by term in the estimates
above we verify the claimed convergence (7.2.3). Moreover, exploiting assumption (i) it clearly holds
limy o0 [o(wr — uo)o - Vip dz = [o(u — ug)o - Vi) dz. The thesis (7.2.2) is then promptly achieved
via the distributional definition of the pairing in (7.2.1). O

Lemma 7.12 (convergence of up—to-the-boundary pairing on truncations). Assigned u, ug, o as in
Definition 7.9, for any level M € (0,00) we find

lim [o, DuM] a (¥) = [0, Dulu, (¥)  for all o € C(R™).

M—o0 0
Proof. Given M positive and g/, ut € LY(Q;|div(o)|), we record that by Proposition 2.102 it is
(udh)*, (WM)* € LY(Q;|div(o)|), hence the pairing [o, DuM]]uéu is well-posed. Then, for any 1 in
C2°(R™) we compute

[o, DuM] 2 () ——/Q(uM—uo )o - Ve d:r—/w —udY~ d(div(o)y)
/w —ud)yT d(div(o) /wa Vu dz,
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128 Chapter 7. Generalized Anzellotti pairings

with the first and last term converging respectively to — [, (u—ug)o- Vi and [, 1o - Vug in view of the
strong convergences uM — w, Uo — up in BV(Q) as M — oo from Lemma 2.100(iii). Furthermore,
Lemma 2.100(v) yields the #"~!-a.e. pointwise convergences of the representatives (w*)* — w* on
Q for M — oo, which via Proposition 7.1 are preserved div(c)i—a.e. in Q. It follows that

Y(uM —ud)E = p)F — ) = Yut —pul = Y(u—ug)*  |div(e)| a.e. in Q.

In addition, from Lemma 2.100(v) we read the div(c)+-a.e. inequalities |(w™)*| < |w*| on Q for
any w € BV(Q) and any M. Thus, we have [¢p(u™ — ud)*| < || - |(M)E] + |[¢] - [(ud))*] <
]| Lo (@ rmy (JuF] + [ug]) = gF, with g= € L1(; |div(o)]), therefore our assumptions on the distribu-
tional divergence holds. Finally, we employ the dominated convergence theorem to conclude that

lim /¢(uM—u0 d(div(o /¢; u —up)* d(div(o)z),

M—oo Jq

and this completes the proof. O

We have seen that the inner pairing reduces to the scalar product on Sobolev functions. We now
prove the analogous version for the up—to—the-boundary pairing on Lipschitz domains, at the same
time extending the normal trace result of Theorem 7.3.

Proposition 7.13 (up-to-the boundary pairing on Sobolev functions). We assume ug € W1 (R™)
and that o € DM(Q,R™) such that ug|, € L'(;]div(o)]).

(i) (statement with prescribed boundary values). For every function u € Wi, () such that u* belongs
to LY(Q; |div(a)]), it holds [o, Duly, = (o - Vu)L™ L Q as measures on R™ — or equivalently

[o, Dully, (¥ / Yo -Vudx  forallp € CP(R™).

(ii) (statement with arbitrary traces). In correspondence to o, there exists a unique normal trace
ok € L°(0Q; H™ 1) with
llon e a2 1) < | l[Lee (,rm) (7.2.4)
and such that for every u € WH1(Q) with u* € LY(Q; |div(e)|) we have

[o, Duly, = (6 - Vu)L"LQ + (u — ug)ol, H''LOQ  as measures on R™,

which means (omitting the boundary trace symbol in the last integral) that

[0, Dty (4 / vo-Vudet [ wlu—uw)i T forally € CE®Y. (725)

We clarify that the normal trace o in (i) is the same function introduced in [7], and satisfying the
integration by parts formula (7.1.2) for the Anzellotti pairing.

Proof. The result of (i) follows once we verify (ii). We assume u € W1(Q) so that u* € L*(Q; |div(o)|),
and we prove that (7.2.5) is satisfied. From [87, Lemma 3.3 we know that a normal trace for o with
upper bound (7.2.4) and satisfying (7.2.5) exists whenever u, ug|, € Wh(Q) NL>(Q). We observe
that in the Sobolev case, the pairing introduced in Definition 7.9 and the one in [87, Definition 3.2]
agree, as a consequence of the H" '-a.e. equalities u™ = v~ = v* on Q for u in W', Assigned a
positive level M, we can thus apply the result of [87, Lemma 3.3] to u™, u}!|, € WH1(Q) N L>®(Q)

: 0 lo
and write

[o, Du™M], M / Yo - VuM dz + Y(uM —ud)or dH™ for all ¥ € CO(R™).
oN
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7.2. Up-to—the-boundary pairing 129

Being uM — u, u}! — ug strongly in WH1(Q) as M — oo, Theorem 2.23 and o}, € L>®°(9Q; H" 1)
determine

lim [o, Du™] () = / Yo - Vu dz + Y(u —up)or dH™ L for all p € CX(RY).  (7.2.6)
M—o0 0 Q 90

Joining the result of Proposition 7.13 with (7.2.6), we obtain the claimed global statement (7.2.5) even
for unbounded functions wu. O

Proposition 7.14 (up-to-the-boundary pairing as measure). For any choice of u, ug and o as in
Definition 7.9, o such that w* € LY(Q;|div(c)|) for every w € BV(R), the pairing [o, Duly, is a finite
signed Radon measure on R™ supported in ) with

|[o, DuJuy — (u —ug)oy, H*1L0Q < o ||reo(@rny [DulLQ as measures on R™. (7.2.7)
Moreover, o, Duly, is absolutely continuous with respect to Du“0|_Q, and it holds
o, Dullug | < |o]|pooreny DU LQ  as measures on R" (7.2.8)
for the extension ©w"0 := ulq + uo]an\ﬁ.

Proof. We prove first that (7.2.7) holds in the distributional sense, namely

[o, Du]ly, (¥ / Y(u—ug)or dH" !

< Jlo] Loz /Wd|Du\ for all ¥ € C(R™). (7.2.9)

In fact, from Proposition 3.15 applied to div(o)_ in place of v; and div(o)4 in place of ve, we can find
some sequence (wy,)y in WH1(Q) strictly converging to u in BV(Q) and such that, given the Hahn’s
decomposition of € into Q4 it is wy — v~ Lo, +uTlg_ pointwise |div(o)|-a.e. in Q as k — oo, and
Jowid(div(o)) = [o(u 1o, +utlg_)d(div(c)) as k — oo. Restricting the pointwise convergence
to 4, we find w; — u~ pointwise div(c)—a.e. in Q4 (and thus in Q) for & — oo, and symmetrically
restricting to Q_ it is wj — u~ pointwise div(o)_—a.e. in Q_ (thus in Q). We can then rely on the
result of Proposition 7.10 to obtain that [o, Dwg]ly, (¥) — [o, Du]w, (%) as k — co. On the other hand,
we exploit the strict convergence assumption and Proposition 2.10 to argue

limsup/Q@/JJ-Vwk dz < ||U|’Loo(Q,Rn)/g;|¢’d|Du.

k—o0

Employing now strict continuity of traces and the rewriting in Proposition 7.13(ii), we compute with
the help of the convergences above

L[] = [o, Duly, (¢ / Y(u—ug)os dH" T = hm ([[U,Dwk]]uo / Y(wg — up)oy, dH"™ 1)

k—o0

= lim /¢0 Vuwyg

IN

lellum(osen | 1oldDl. (7.2.10)
By arbitrariness of ¢ € C2°(R™), we can apply (7.2.10) to —¢ to get

T[] = T 1=9] < llollu oy [ 91diDul,
Altogether, we found |[°[¢]] < [|o]|recrn) [ [¢]d|Dul for all ¢ € C(R™), which completes the

proof of (7.2.9). Then, via the theorems of Hahn-Banach and Riesz-Markov, the last estimate deter-
mines that [o, Du],, is a finite signed Radon measure on R" satisfying (7.2.7).
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130 Chapter 7. Generalized Anzellotti pairings

Additionally, Proposition 7.13(ii) states that |[o7; |[1.ec(a0;2n-1) < ||0]|Lc(@,rn), thus even the bound

(7.2.8) follows. To show that supp ([o, Dufu,) € Q, we take a test function 1 € C2°(R™) with support
contained in Q°; then, ¢ = 0 and V4 = 0 on €, and checking via the explicit writing (7.2.1) we achieve

-~

[o, Dully, (v) = 0. With this latter, the statement is entirely proved. O

Remark 7.15. For any u, up and o as in Definition 7.9, the up—to—the-boundary measure [o, Du],,
evaluated on the whole space R" takes the value of

[, Dully (R™) = [, Dy () = /

Q

o-Vug — /Q(u —up)” d(div(e)4) + /Q(u —ug) T d(div(e)_).

Proof. Considering the test function on R" given by a cut—off function LZ such that 1 < LZ < 1y
for open U 3 Q, then clearly v = 1 on ) with vanishing gradient on 2. Applying the distributional
definition in (7.2.1), we write

[, Dully, (QD = /Qa -Vug — /Q(u —up)” d(div(e)4) + / (u — up) " d(div(e)_).

Q

On the other hand, reading [o, Duf,, as Radon measure concentrated on Q as from Proposition 7.14,
for the same test function v one has

o, Duy, (@ :/ TZ)\d[[O', Dujy, = /(b\d[[o*, Du]y, +/ 77$d[[0, DuJy,
Rn Q R\
= / dJo, Du]y, = [o, Dujy, (ﬁ) .
Q
The final result follows by comparing the two equations. O

We now show that the upper bound in Proposition 7.14 determines that the up—to—the-boundary
pairing restricted to 02 coincides with the trace boundary integral of u — wug.

Corollary 7.16 (up-to-the-boundary-pairing on the boundary). For u, ug, o as in Definition 7.9,
we have

[o, Dullyy L 0Q = [o, Dulf, L OQ = (u — ug)as, H* 1L ONQ. (7.2.11)
Proof. We consider the measure bound (7.2.7) restricted to 052, which yields both
+[o, Dufu, L O F (u — ug)o, H*1LOQ < l|o||r.00 (,rn) (IDu| Q) LI = 0.

Therefore, we deduce that (u — ug)o); H" 1 < [o, Duly, < (u — ug)oj, H™ ! must hold as an equality
of measures on Jf2, implying (7.2.11). O

Furthermore, when restricting the new pairing to the interior of its support, we recover precisely
the previous inner pairing [o, Du].

Remark 7.17 (inner and up-to-the boundary pairing agree on ). We consider vy € WH(R"),
u € BV(Q) and o € DM(Q,R") such that ug|,, u® € L1(;|div(o)|). Then it holds

[o,Du]] = [o,Duly, L2 as measures on 2.
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Proof. It is enough to show that the pairings agree as distributions on €. Let then ¢ € C2°(Q2) and
consider the trivial extension EO = 9Plog+0-Igng € C2°(R™). Recalling that [o, Du]y, is supported
on Q and that Eo‘ﬁ = 1) on €, we employ (7.2.1) for @0 to compute

o Duluy(¥) = [0 Dy (@) = = [ (1= o)+ ¥ da— [ ddiv(o)) + [ vt d(div(o)-)
Q Q Q
+/ Yo - Vug de + / Yug d(div(o))
Q Q
— [0, Du](¥) + / oo - Vi da + / o - Vo da + / s d(div(o))
Q Q Q
We now observe that ¢ug € W(l)’l(Q), hence the definition of distributional divergence of o yields

/Qdma d(div(o)) = —/QO’ -V(¢ug) doe = —/Quoa -V do — /Ql/Ja - Vug dz,

and by substitution in the previous chain of equalities we obtain [o, Du],,(¢) = [o,Du](v), so the
thesis follows. O

In the subsequent Propositions 7.18 and 7.20, we state other upper bounds for the new pairing. In
detail, the goal of our first Proposition 7.18 is to extend the control (7.2.8) on the pairing to anisotropic
bounds.

Proposition 7.18 (upper bound in terms of polar functions). We consider a continuous anisotropy
@ on R™ with linear growth, i.e. «l¢| < @(x,§) < BIE| for some o, 5 € (0,00). Moreover, we let
up € WHHR™), u € BV(2) and 0 € DM(2,R™) such that allw € BV() satisfy w* € LY(Q;|div(a)]).
Then, recalling the writing |Du"0|,LQ = [Dul,l Q+ ¢(., (u—ug)v)H" L OQ, the following estimate
holds:

[o, Dufuy < |[€°(.,0)||Loe () DT],LQ  as measures on R™. (7.2.12)

Proof. We first argue that the polar function ¢°(z,.) of p(x,.) is well-defined for all = € € since the
linear—growth assumption on ¢ induces ¢(z,§) > 0 = ¢(x,0) for all (x,&) € R™ x (R™\ {0}). Consider
then a non-negative test function ¢ € C°(R™). We exploit the recovery sequence argument in the
proof of Result 3 to suitably approximate u via a sequence (wg)y in qujol(Q). Then, a combination of
Proposition 7.10 with the reduction to the pairing on Sobolev functions (wyg); with trace ug on 0f2 as
in Proposition 7.13(i), determines

[o, Duly, (v) = klim o, Dwg]lu, (¥) = klim Yo - Vwyg dz.
—00 —00 JO

Via the polar inequality £ - £* < ¢°(z,&)p(z,£*), we can thus argue that
[o, Dy (1) < liggf/52¢¢°(,7a)¢(., V) de < [1°(, o)l n]giogf/gw(., Vug) de. (7.2.13)

On the other hand, strict convergence of (wg)r to u in BV, (ﬁ) induces by Theorem 2.79 the ¢
strict convergence of (wg)r to uw in BV, (ﬁ) With these latter ingredients at hand, we can employ
Proposition 2.10 with strict convergence of the non-negative measures v, := |Dwi"|,, v := |Du"|,
on R" and for our (continuous, bounded) . Simplifying the common terms in the integrals, we obtain

k—o0

fim [ b Vu)de = [ paiDulo+ [ vl =),
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132 Chapter 7. Generalized Anzellotti pairings

Recalling now our previous result (7.2.13), we conclude that

[o, Dullu, () < [10°(-, 0)|ILee (o) (/de]DuLp + /(99 Yo, (u— uo)l/Q)dH”1> (7.2.14)

for all non—negative ¢ € C°(R™), which establishes our thesis (7.2.12). O

We observe that the generalizations from an upper bound in terms of the ¢p—variation (as in
Proposition 7.14) to any ¢-variation of the type considered in the latter Proposition 7.18 come with
a drawback. In fact, in general, the non—evenness of ¢ in the second entry prevents us from achieving
exactly the opposite control from below in the following (7.2.12). We additionally observe that by
reprising the proof of (7.2.12) — this time working with non—positive functions — one obtains

—lo, DuJluy () < l° (- ) llree () (/de!DU\géJr /89 bo(, (u— UO)VQ>dHn_l)

for all ¢ € C°(R™), ¢» > 0. Then, for anisotropies ¢ such that the restriction £ — ¢(z, &) is even in
R™, summing up with (7.2.14) on positive and negative parts of test functions, we get the p—anisotropic
version

|[o, Duug | < 119°(-; 0)[Loe 0y DT L O

of (7.2.8), which however does not hold for arbitrary anisotropies ¢.

Remark 7.19. Exploiting the decomposition Theorem 7.7 and Remark 7.17, the upper bound for the
pairing expressed in Proposition 7.18 ensures that

[o.Dul’ = (Tr(0, Ju)La_ + Tr'(0, Ju) Lo, )|Dul < [|¢°(.,0)||Loe (o) [DPul,  on ©
for the jump part of the pairing, whereas the Cantor part enjoys

[, Du® <l (. 0)l|Lee ([P ul,  on Q.

A more general bound for the pairing as in Proposition 7.18 can be achieved also in terms of
non-homogeneous functions f = f(x, ) with linear growth, and it reads out

[0, Dulluy < 11£°(.,0)||ree () f (., D) LQ as measures on R" |

holding provided it is f(x,&) > 0 = f(x,0) for all (z,&) € R™ x (R™\ {0}) with f, f*° continuous
everywhere and convex in the second entry. In fact, the polar inequality (2.8.11) still applies to this
setting, and the proof of Proposition 7.18 can be adjusted to area—strict converging sequences exploiting
the inhomogeneous version of Reshetnyak’s theorem, as mentioned in the following.

Proposition 7.20 (upper bound in terms of conjugate functions). We consider a continuous function
f:R" x R™® = [0,00) admissible as in Assumption 1.1(H1), and ug € WHH(R™). We take u € BV(Q)
and a vector field 0 € DM(Q,R™) such that wt € L1 (;|div(o)|) for all w € BV(Q). Then it holds

[o, Dulu, < f(,DU)LQ+ f*(.,0)L"LQ  as measures on R" (7.2.15)
with inequality trivially satisfied in case f*(.,0) = oo on a set of positive measure in €.

Observe that from Proposition 7.20 we can deduce the previous result of Proposition 7.18. In fact,
assuming that & — f(x,&) is positively 1-homogeneous, by Proposition 2.89 the conjugate f*(.,0)
is a.e—finite if and only if [[f°(.,0)||r() < 1 — and in such a case it is even f*(.,0) = 0 almost
everywhere. Then, the bound in (7.2.15) is trivial if we take a field o such that [|f°(.,0)|| (@) > 1.
Otherwise, by homogeneity of f, f° and of the pairing in the first entry, without loss of generality we
may assume precisely ||f°(.,0)||r(q) = 1, hence (7.2.12) follows.
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7.2. Up-to—the-boundary pairing 133

Proof of Proposition 7.20. We slightly adapt the result of Proposition 7.18 to the possibly inhomo-
geneous framework. Since the measure [o, Du],, is supported in the closure of €, to get (7.2.15) it
suffices to prove

[o, Duly, (¥ / P df(.,Du"e) / v f*( dz  for all non—negative ¢ € C°(U),  (7.2.16)

for any open bounded set U © Q. Then, letting a non-negative ¢ € C2°(U), we employ area—strict
approximation of u via (wy), in Wey () as in Result 3. Arguing as in Proposition 7.18 and via
Fenchel’s inequality & - &* < f(x, &) + f*(x,£") for all z,&,&* € R™, we get

[o, Dufy, (v) = lim wa Vuwy dz < hmmf/ Y (f(., Vwg) + f*(.,0)) dz

k—o0

—hmlnf (/ Yf(., Vwg) dl‘) /wf dx . (7.2.17)

Recall that the convergence wy — u for k& — oo is strict in area on BV, (ﬁ), so by Reshetnyak’s
Theorem 2.70 it holds limy_,« f(., Dwg“)(U) = f(.,Du“0)(U), whereas the semicontinuity Theorem
2.67 yields

liminf f(., Dwg"°)(A) > f(.,Du"°)(A) for all A C U open.

k—o0

We are thus in the conditions of applying [3, Proposition 1.80| to the non—negative Radon measures
f(., Dwg ) LU, f(.,Du"0)_U and the function v, hence

klgrolo wa(.,Vwk)d:):—/def(.,Du“O).

In conclusion, using (7.2.17) we derive the claimed (7.2.16), which induces the corresponding inequality
between measures. O
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Chapter 8

Duality theory for linear-growth
functionals with measures

As usual, we set a bounded Lipschitz domain 2 C R” and a datum uy € WHL(R™). For suitable
measures g+ admissible on € as in Definition 3.3, the BV (£2)-minimization problem for the functional
F of (1.2.4) reads out

weg{f@) <f(.,Dw )(Q) /Qw dp— + /Qw du+> . (P)
We are now concerned with a dual reformulation of the (primal) problem (P) in the sense of convex
analysis; for further details on dual formulations, we refer to the monograph [44]. In general, duals of
first-order variational problems in proper integrand f: Q x R” — R are formulated in terms of the
convex conjugate function of f with respect to the second entry, which according to Section 2.9 is the
function f*: Q x R — R U {oo} given by

F€) 5= sup (€€ [(@.8))  forall (2,6) €0 xR".

Then, the convex dual problem of (P) represents a maximization problem in some dual function space,
and it is characterized by the condition of attaining the same extremal value of (P). The aim of the
present section is to determine the appropriate dual variational problem for the functional infgy(q) F,
and therefore obtain Result 4. Specifically, under mutual singularity of p4, we claim that our dual
formulation is expressed by

sup (/ [0 Vuy— f*(.,0)]dx —i—/ ug d,u,) . (P*)
seL®(QR™) \JQ Q
div(o)=p

Here, the supremum is taken among bounded divergence—measure fields o € DM (2, R™) with diver-
gence equals to the measure p := 4 — p—; in short, (P*) is a maximization problem in the class

DM, (Q,R") := {o € L™(Q,R"): div(s) = p as measures on Q}.

Such a duality formula represents a meaningful extension of previous results, in particular of [15]
(in the case of linear—growth integrands without measures) and of [67] (for the area problem with
signed admissible measures). We shall see in the following that the relation between the primal and
dual problems can be straightforwardly expressed in terms of the pairings introduced in Chapter 7.
Similar strategies are employed in [89] to treat dual obstacle problems for TV and area, as well as in
the study of (super)solutions to the corresponding 1-Laplace and minimal surface equation in [87].
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The standard approach to convex duality relies on the abstract theory enunciated in full generality
in [44, Chapter 3|. Although the universality of such a method would enable us to tackle problem (P)
as well, here we adopted a step—wise approximation procedure (via coercive integrands with quadratic
growth) to determine the dual of the original minimization problem infwibl Fuo, and then we make

use of the Result 3 to achieve that (P*) is also the dual of infgy F. We believe that the advantage
of our approach privileges a better understanding of the maximization problem at each step; instead,
working with abstract theory in the full space BV(£2) would lead to more involved computations to
determine the appropriate dual spaces — and this becomes increasingly complex given the generality of
our admissible integrands f. We additionally highlight that to obtain duality formulas in the Sobolev
spaces, any pairs py of admissible measures on () are allowed, whereas the additional condition of
mutual singularity is imposed only at a later point, namely when applying Result 3.

The closest literature results to the statements of our Chapter 8 are to be found in the dual
formulation (and consequent optimality conditions) addressed in [15, Theorems 1.1 and 2.2 — where,
however, the assumption u = 0 determines a major difference to our treatment. Indeed, the reference
deals with the BV-relaxation of first-order variational problems of the kind

inf )/Uf(.,Vw) dz

weW L (URN

where U is an open — possibly even unbounded — set in R”, and the mapping w: U — RY is N-valued
for N € N given. Here, the authors consider integrands f: U x R¥® — R convex in RY and under the
more general linear—growth assumption

f(2,€)] < () +l¢]  for all (z,6) € U x RY™,

supposing ¥ € L'(U) is non-negative and 3 € [0,00). The technique in [15] has some analogies with
ours, insofar as it does not employ the abstract duality theory. Nevertheless, in there the approach
to duality is based on the construction of approximative solutions for the dual problem via Ekeland’s
variational principle [43].

Remark 8.1. It is of common knowledge that one inequality between (P) and (P*) is straightforward.
In fact, we record that the Fenchel’s inequality for f(z,.) yields £*-& < f(z, &)+ f*(z,£*) for all x € Q,
£, & € R™. Then, for any w € Wi’ol () and any o € DM, (©2,R™), by the definition of distributional

divergence applied to w — ug € Wé’l(Q) it is easy to verify that

/Qf(.,vqu)dﬁ/ﬂ(w—uo)*dﬂz/va.adx—/f*(.,a)dx+/ﬂ(w—uo)*d(div(a))

Q
:/Vu) o dx — f*(,a)dm—/a-V(w—uo) dx
Q Q Q
:/U-Vuo de — [ f*(.,0)dx, (8.0.1)
Q Q

and we notice that f*(.,0) = oo somewhere in  is also allowed. Then, it is straightforward to estimate

(P)= inf </ f (., Vw) d:r—i—/ w* du) > sup </ [0 Vuy— f*(.,0)]dx —i—/ uSdu) .
weWy ()\JQ Q c€DM, (QR?) \JQ Q

It is thus left to check the validity of the remaining inequality to conclude that (P*) is actually in
duality with (P).
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Chapter 8. Duality theory for linear-growth functionals with measures

Our procedure for convex duality consists of the following steps:

e We first approach duality in the class W}L’f(Q) under convexity and differentiability assumptions
for an integrand f of quadratic growth and W'2-coercive (Theorem 8.25).

We then get rid of the coercivity assumption by approximating the integrand via a sequence of
Wh2-coercive functions fi(z,&) == f(x,€) + |€|?/2 with (e}), decreasing to zero as k — oo.
This way, in Theorem 8.26 we are able to determine the dual problem for differentiable integrands
with at most quadratic growth, where we still maximize among vector fields in a suitable subclass
of elements in L2(2, R™).

Employing the result above, in Theorem 8.28 we then extend to minimization in Wi’ol(ﬂ) under
the same differentiability assumptions, now considering measures in the dual of BV as our usual
and integrands with linear growth. The dual problem is obtained by maximizing the same
quantity as in Theorems 8.25 and 8.26, this time among vector fields in DM (Q, R™) with assigned
measure divergence.

Finally, in Theorem 8.29 we reach the generality of Result 4 for admissible integrand f, reasoning
by approximations via Moreau envelopes f*(z,¢) := inf«crn (f(2,7%) + [€* — 7%|?/2¢;). Here,
the differentiability property of f* enables us to reduce to the previous step and then, sending
k — oo, we recover the problem for f.

The diagram below summarizes the procedure just described. We point out that the same final
result of Theorem 8.29 could be alternatively achieved by removing the assumptions of differentiability
first, and coercivity at last; in such a case, the usage of the sequences (fi)r, (f¥)r would also be
inverted. In conclusion, we record that the techniques employed in each step — namely, the functional
approximation via p-growth functionals for p \, 1, as well as the Moreau—Yosida regularization of
integrands — are well-known and employed in a large variety of fields. Nevertheless, this approach is,
to our knowledge, novel in the context of duality for convex functionals with linear growth, already in
the null-measure case.

f convex convex
differentiable
coercive Theorem 8.25
quadratic
growth fr coergive,

quadratiic growth

linear growth | Theorem 8.26
and duality
in W2

linear growth | Theorem 8.28 | Theorem 8.29

and duality E s —
in Wbl f7 differentiablg, linear growth

136



8.1. Preliminaries to convex duality 137

Clearly, the choice of the quadratic growth in the preliminary Theorems 8.25 and 8.26 is not a
must, as any dual reformulation in a separable space WP(Q) for p € (1,00) would lead to the same
outcome when passing to the linear case p = 1. However, the advantage of p = 2 consists in working
in a Hilbert space: This prevents us from introducing yet another dual space in the preparatory dual
problem and in the consequent duality of the Moreau approximations f* in terms of the previously
introduced fj; see the discussion following Lemma 8.20.

8.1 Preliminaries to convex duality

In correspondence to a generalized function g: R™ — R, we consider the greatest lower semicontinuous
function majorized by g, that is, the function whose epigraph is the closure in R®*! of the epigraph of
g. We call such function the closure (or lower semicontinuous hull) cl(g) of g, and it is

cl(g)(zo) = liminf g(z) for all zyp € R™.
T—T0
We say that g is closed if cl(g) = g, and this happens if and only if g is lower semicontinuous on R".
The next result corresponds to [84, Theorem 12.2] and it establishes a connection between closure and
convex conjugates of functions. We record that in contrast to the reference, we also assume properness
for the sake of consistency with our definition of closure; compare with the argumentation at the
beginning of [84, Section 7.

Theorem 8.2. For a proper convexr function g: R™ — R, we have g* = cl(g)* and g** = cl(g).

We now introduce the notion of relative interior of a set, which provides a suitable extension of the
concept of topological interior and which turns out to be especially useful when dealing with lower—
dimensional geometrical objects. To do so, we first recall that the affine hull of a set S C R" is the
smallest affine set containing S, namely

aH(S) = {ZAZ% :wiES,)\iER,Z)\Z‘—l}.

Definition 8.3 (relative interior of a set). For any given S C R", the relative interior ri(S) of S is
the interior of S relative to its affine hull, that is

ri(S) := {z € R": B.(x)Naff(S) C S for some ¢ > 0}.

It is naturally ri(S) D Int(S), whereas for n—dimensional sets S in R™ we have aff(S) = R"™ and
the two notions of interior coincide.

Proposition 8.4. Any proper, convez function g: R"™ — R is such that the relative interior ri(dom(g))
is non empty, and dg(x) # 0 for any x € ri(dom(g)). Specifically, every convex function g: R™ — R is
everywhere subdifferentiable.

Proof. The convexity of g yields in turn convexity of dom(g) in R”, and since g is proper, we have
dom(g) # 0. From [84, Theorem 6.2], even ri(dom(g)) is convex and non—empty. We can thus consider
a point z € ri(dom(g)), and the conclusion on dg(z) follows from [42, Theorem 2.79|. Specifically, if
g is everywhere finite we have ri(dom(g)) = dom(g) = R", thus dg(x) # 0 for all x € R™, hence g it
subdifferentiable at every point. O

Proposition 8.5. The convex conjugate function g* of a proper, convex function g: R® — R is still
proper and convex.
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138 Chapter 8. Duality theory for linear-growth functionals with measures

Proof. Since the convexity of g* follows from the definition, we focus on the proof of properness. From
g # oo we know that it is ¢*(£*) € (—o0, 00| for all £* € R"™. Moreover, employing Proposition 8.4
there exists = € ri(dom(g)) and &* € dg(x). By the definition of subdifferential, we write

§8—g) <& -x—g(x) foral§eR",

and passing to the supremum in { we deduce ¢*(£*) = £ - & — g(x). Moreover, by x € dom(g), it holds
g(x) # +o00 and this yields g*(£*) € R, showing that ¢g* is a proper function as well. O

To achieve the result below for the image of subdifferential of a strictly convex function, we elaborate
by adapting the proof of [15, Proposition 3.7].

Proposition 8.6. For any strictly convez function g: R™ — R, the set Im(dg) is open and convex in
R™. Moreover, it holds g* € C*(Im(dg)).

Proof. To prove that Im(dg) is open in R™, we assume & € dg(&o) for some & € R™ and determine a
neighborhood of &y entirely enclosed in Im(dg). We claim that there exist positive ¢ and a real constant
M such that

g(&) =& - > ¢l — M forall £ € R". (8.1.1)

If this latter is verified, then for all £* € B.(&) the distance is d(£*) := [€* — £5| < &, and thus we have

he«(€) == g(§) =& - €= (9(§) =& - &) +&- (69 — &) = (e —d(§7)) ] =M —— o0,

|§|—o0

therefore the continuous function h¢+ admits global minimum E in some closed ball of radius large

~ o~ ~

enough. Explicitly, we obtain g(§) + &* - (£ — &) < g(€§) for all £, hence £* € dg(£) and openness of
Im(0g) follows.

To prove now the estimate in (8.1.1), we first assume that g is a non—negative function vanishing

in the origin and set & = 0, & = 0. Then, for £ € (B1)¢ we write A := [£|7! € (0,1] and we apply
convexity to infer g(A) < Ag(€) + (1 — N)g(0) = Ag(§). Specifically, strict convexity of g determines
¢ :=infgp, g > 0, so that g(&) > g(A§)/A > €[¢| for all £ € (B;)¢. In the unit ball instead, we consider
elfl —e =¢€(l¢l—1) <0< g(&) for |£] < 1. All in all, we proved g > ¢(|.| — 1) in R™, thus (8.1.1)
results holding in this specific case.
To extend the lower bound to any strictly convex g and any o, & € 99(&), we exploit that for the
auxiliary function & — g(&) := g(& + &) — g(&) — & - € it is g(0) = 0 < g(§) for all £ (since & is a
subdifferential of g at &), and the minimization property implies 0 € 9¢(0). Applying thus (8.1.1) to
g with &5 = 0, we compute

9(&) = &0 - & = G(€ = &o) +9(80) — &0 - &0 = €l€] — (eléol — 9(€0) + &0 - So)  for all £ € R™.

In sum, we have obtained precisely the claimed (8.1.1) even in the most general case.

We now address convexity of Im(9dg) in R™ again relying on (8.1.1). Assigned a pair of vectors 7,
& in Im(0g) and their linear combination £* := A + (1 — M\)&5 with A € [0, 1], for any & € R™ we
distinguish two cases:

o If £ (& — &%) > 0, the inequality in (8.1.1) applied to &} (with corresponding constants €1, M)
yields he«(§) = (9(§) — &1 - &) + & (§ — &) = erf€] — M.

e Otherwise, from the definition of £*, it is (1 — X\){ - (& — &) =& - (& — &) < 0, hence it follows
(& —&) =X (& — &) > 0. As above, exploiting now the estimate in (8.1.1) for &5, €2, Mo,
we deduce he-(§) > e2/€] — M.

138
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The conclusion is the validity of he« (&) > €[§| — M for all { € R”, with some € > 0, M € R. Reprising
then the same reasoning in the openness proof, we conclude that the linear combination £* is an element
of Im(0g) and therefore this latter set is convex.

We now prove the differentiability statement for the conjugate function. By the definition of convex
conjugate itself and Proposition 8.5, the function ¢g*: R” — (—o00,00] is convex with dom(g*) # 0,
hence g* is continuous on Int(dom(g*)) and consequently on Im(dg) = Int(Im(dg)) C Int(dom(g*)).
We consider any &* € Im(dg) — thus £* € Jg(&) for some & € R™ — and by Remark 2.96 we find
§ € 0g*(£*). Actually, we claim that dg*(£*) = {{} — otherwise we would have another element
€ € 9g*(€*)\{¢}, and once again Remark 2.96 determines £* € 9g(£)Ndg(&) = 0, with the last equality
following from the strict convexity making use of Corollary 2.95. Hence, £ is the only subgradient of
g* at point £* and exploiting Proposition 2.92 we infer differentiability of ¢* in &* with £ = Vg(&*).
By arbitrariness of £* in the open set Im(dg) and by ¢* € C(Im(dg)), we find that ¢g* is continuous
and differentiable in Im(dg). Recalling that convex, differentiable functions have continuous gradient
on their domain, we may conclude the thesis. O

We now present a result on the strict convexity of the convex conjugate function following from the
differentiability of the function. We record that such property can only hold on convex sets contained
in the effective domain — being the value of the conjugate function everywhere infinity outside the
domain. Notice that no convexity of the primal function is needed for this purpose.

Proposition 8.7. We assume g: R™ — R to be everywhere differentiable. Then the convex conjugate
function g* is strictly convex on each convez set contained in Im(dg).

Proof. Let C' be a convex set in Im(dg) and recall that Proposition 2.94 ensures finiteness of g* on
C. Since conjugates are always convex, we assume by contradiction the existence of a distinct pair of
elements £, &5 in C such that g* is affine on the line segment connecting £J and &5. In correspondence to
the midpoint £* := (£ +&3)/2 € C, there is some { € R™ such that £* € dg(&), and the differentiability
assumption forces £* = Vg(§). Proposition 2.94 then yields

0=g(€) +9°(6) ~ € €= 5(s(0) + 4°(€) — €1 -€) + 5 (9(6) + 9°(€) & -©).

where each addend is non-negative by the definition of conjugate. It is then g(§) + ¢*(§) =&/ - € for
i = 1,2, meaning {&],£5} C 9g(§) = £*, which is impossible for £ # &5. We have then proved the
strict convexity of g* in C. Ul

We observe that for differentiable functions g such that the set Im(g) is convex in R” (e.g. assum-
ing g strictly convex everywhere, compare with Proposition 8.6), strict convexity of ¢* in the latter
Proposition 8.7 can be extended to the whole Im(dg).

From Proposition 2.94, we already know the inclusion Im(dg) C dom(g*) to hold for any g: R™ — R.
In addition to this, one may prove that — under strict convexity and linear growth — even a stronger
statement holds (Proposition 8.9). To achieve the preliminary Lemma 8.8, we will make use of the
e—subdifferentiability approximation result from Section 2.9.3.

Lemma 8.8. Any conver g: R™ — R is such that dom(g*) C Im(dyg).

Proof. Assigned an element £* € dom(g*), we have 0 < he«(€) = ¢*(&*) + g(§) — & - € < oo for all
¢ € R”, with infeepn he+(£) = 0 by the definition of conjugate function. Then, for every k& € N there
exists some &, € R™ such that 0 < hex (&) < 1/k, hence we have £* € 9y, g(&). We apply (2.9.4) to
the finite, convex (and thus in particular LSC) function g to deduce that in correspondence to each
k € N it holds § € 9y, g*(£*). Taking into account Theorem 2.99, for each k we find E;; e R,
& € dg* (&) with [€* — &| < 1/Vk. Tt follows that £ = limy_o & with cach & € g(&), thus
(E;;)k C Im(0g). This yields the claim £* € Im(9g). O
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140 Chapter 8. Duality theory for linear-growth functionals with measures

Proposition 8.9. Let f: R" x R™ — [0, 00) satisfy Assumption 1.1 with strict convezity of f(x,.) for
all x € R™. Then we have Im(0¢ f(x,.)) = Int(dom(f*(x.,))) for all x € R™. If Assumption (H2) is
also in place, we obtain Im(0¢ f(x,.)) = {{ € R™ = (f*°)°(x,&) < 1}.

Proof. We fix x € R". The inclusion Im(0¢f(z,.)) € dom(f*(x.,)) follows from the equality case
in Fenchel’s inequality, thus exploiting openness of the image of subdifferentials for strictly convex
functions in Proposition 8.6, it applies Im(0¢ f(x,.)) = Int(Im(0¢ f(x,.))) € Int(dom(f*(z.,))). On
the other hand, Lemma 8.8 yields dom(f*(z,.)) C Im(0¢ f(x,.)), and the thesis is achieved passing to
interiors.

If we furthermore assume (H2), from Proposition 2.89 it is

Ko (pooye :={€ € R": (f7)°(z,§) < 1} = dom(f*(z,.))

and by continuity of the polar function £ — (f°°)°(z, &) one has

It (K, (j=)e) = {€ € B+ (/%)°(x,€) < 1} = Int(dom(f*(z,.),

thus, we conclude exploiting equality in the general case. O

Lemma 8.10 (bound on gradients of convex functions with p-growth). We assume that g: R" — R
18 a convexr mapping such that

9 < By +[€))P for all § € R” (8.1.2)

holds with p € [1,00) and some B,y € [0,00). Then, there exists a constant 3" = B'(8,~,p) € (0,00)
such that

9(8) =g < B'(y+ gl +|r)P7HE =7 forall &7 €R™.
For a proof we refer the reader to [61, Lemma 5.2| or [34, Proposition 2.32].

Remark 8.11. From the last bound we deduce that, if f satisfies the p—growth condition (8.1.2), then
for any £ € R™ it is
2 €dg(€) = || < By + 20t (8.1.3)

Indeed, for z* = 0 the inequality is trivially satisfied. Otherwise, by the definition of z* subgradient
for g at &, we have

oo 9EttT) —g(§)
= t

<BIr|(y €+t +|E)PTT forall T € R all t € (0,00).

Specifically, setting 7 := 2*/|z*| and then sending ¢ to 0 we argue

,Z*

p—1
+E0 — By + 20t

|2*| < B'liminf (v + €+ ¢

t—0+ |2
Remark 8.12. We record that the results above in the case of convex functions g of linear growth
yield Lipschitz continuity of g with Lipschitz constant ', as well as the boundedness of the image of
subdifferentials:

Im(dg) := | 99(¢) C By .

£eRn
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8.1.1 Infimal convolution

We introduce the operator of infimal (or inf-)convolution acting on two — or in general, on a finite
number of — functions; interestingly, the inf-convolution applied to convex functions turns out to be
in duality with the operation of sum between convex conjugates. The terminology originates from the
fact that, when only two component functions are considered, the argument of the infimum in the
inf-convolution is analogous to the one involved in the standard integral convolution.

Definition 8.13 (inf-convolution). For any pair of proper functions fi, fo: R® — R, the infimal
convolution (or inf-convolution) of fi and f is the function f10fs: R® — R defined on z € R™ by

(H0f2)(2) = nf (fi(y) + fo(z —y)) € [-00, 0]

=i
yeR
Notice that fi[fs # oo, with the properness assumption on both components preventing indeter-
minate forms oo — oco. If fy, fo are also convex, then even f1[1fy is convex, but it might not be proper
as the infimum could be —oo.

The definition of inf-convolution can be easily extended to a finite number N € N of proper
functionals f1, fa,..., fnv on R™ as follows: if z € R", we let

(A0fO. .. Ofy)(z) == inf {fi(z1) + fa(z2) + -+ fn(on): 2 €R™, 21 + 22 + - + 2N = 2}

The following dual property is very useful when dealing with extrema of convex functions. For a
full proof we refer to [84, Theorem 16.4] or [42, Theorem 2.107].

Theorem 8.14 (inf-convolution and conjugate). We consider proper functions fi,..., fn: R® — R.

(1) Itis (AOfRO...OfN) = fi+ f5 + -+ fx and the resulting function is proper if and only if
My dom(f7) £ 0.

(ii) Ifall f1,..., fn are convex and (), dom(f;) # 0, then we have (cl(f1) + cl(f2) + -+ cl(fn)) =
A(fOfO. . .Of).

If specifically (N ri(dom(f;)) # 0, we can remove the closure in the last formula and get
(it fot-+fy)" = O£0...0OfF.

Proof. For simplicity of notation, we only prove the result for N = 2, with an identical procedure for
any finite number N of component functions. To show (i), we fix z* € R™ and explicitly compute

(i0f2)*(2*) = sup (¢ -z — (A0f)(x)) = sup |a* -2 — inf  fi(z1) + fo(z2)
ver” veRn nael

=sup sup (2" -2 — fi(z1) — fa(x2))
TER™ x1,x2€R™
r1+ro=x

= sup (%21 — fi(xy) + 2" 29 — fo(xe))

z1,r2ER"
= fi(@®) + fo(@").
Moreover, since conjugates of proper functions are always bounded from below, f; + f5 is proper if
and only if dom(f; + f5) = dom(f;) Ndom(f3) is not empty.
We turn now to the proof of (ii) assuming convexity of f; and f2, which induces via Proposition

8.5 properness of the respective conjugate functions ff, f5. We can thus apply (i) to such conjugates
and write

(f10£2)" = (f1)" + (f2)" = cl(f1) + cl(f2)
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142 Chapter 8. Duality theory for linear-growth functionals with measures

where we applied cl(f) = f** for f proper and convex. Passing again to the conjugates, via Theorem
8.2 we conclude

(el(f1) +cl(f2)" = (fi0f2)™ = cl(f10f2)

where the latter equality holds provided f{Uf5 is proper and convex. This condition is, in fact, verified,
since the assumption dom(f1) N dom(f2) # 0 determines by cl(f;) < f; the following

dom(fi™ + f3*) = dom(f1™) N dom(f3") = dom(cl(f1)) N dom(cl(f2)) # 0,

and from the result of the preceding (i) applied to f/ in place of f;, the inf-convolution f;Of5 is
proper, and we have demonstrated (ii).

If we furthermore assume that the relative interiors of fi; and fo intersect, we can apply [84,
Theorem 9.3] to write cl(f1 + f2) = cl(f1) + cl(f2), and the previous equality becomes

(fi 4 fo)" = (cl(f1 + f2))" = cl(f1Of3)

in view of (cl(f))* = f* from Theorem 8.2. Moreover, if ri(dom(f1)) Nri(dom(f2)) # 0, one can also
verify lower semicontinuity of f{UfJ, hence it coincides with its closure and the equality results. [J

1St

8.1.2 Recap on weak lower semicontinuity for 0-order and -order integrals

We now quote the crucial weak semicontinuity result for convex functionals of zero and first order. In
the one-dimensional case, the results below date back to Leonida Tonelli’s work [96] in the 1920s, later
on refined by James Serrin and extended to multiple variables in [93, Theorem 11].

Theorem 8.15 (weak LP-LSC of convex functionals ¢ = g(z,y)). Let M\,N € N and p € [1,00].
Assume U C RY is open and g: U x RM — R U {co} is a Borel function such that g(z,.) is lower

semicontinuous and convex in RM for LN —a.e. x € U. Moreover, suppose there exist a € LYU) and
be LY (URM) such that

g(x, &) > alx)+b(z)- & for all ¢ € RM and for a.e. x € U. (8.1.4)
Then the functional

LP(U,RM) 5 w / g(.,,w) dx
U

is weakly lower semicontinuous in LP(U, RM) (or weak— LSC in case p = oo, under the convention
1/o0 = 0). If additionally |U| < oo, we attain weak lower semicontinuity in LI(U,RM) for all ¢ > p.

For a proof of Theorem 8.15 we refer for instance to [34, Theorem 3.20| or [53, Theorem 6.54].
Furthermore, we point out that any g(zx.,): RM 5 RU {oo} proper and convex satisfies some version
of (8.1.4), as the next result shows.

Proposition 8.16. For any proper, convex function g: RM — RU{oo} there exist a € R and b € RM
such that
g(&)>a+b-& forall £ €RM.

Proof. We employ Proposition 8.4 to find an element 7 € ri(dom(g)) € R and a subgradient £* in
0g(7). Then, by the definition of subdifferentials

9(&) = (9(r) —=€" 1)+ &€ forall ¢ eRY,

and by finiteness of ¢g(7) is finite we conclude the statement. O
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More precisely, in the case of integrands with p—growth on bounded domains, the last considerations
imply the validity of the weak lower semicontinuity result expressed in Theorem 8.15.

Corollary 8.17. We consider an open set U C RN with |U| < co. Let g: U x RM — R be a Borel
function with g(x,.) convexr in RM for LN -a.e. x € U, and assume that g has p-growth in & in the
sense

l9(z,8)| < B(y + |E])P for a.e. z € U and every & € RM

for constants B,y € [0,00) and p € [1,00). Then, the bound in (8.1.4) is always satisfied even with the
functions a, b € L=(U).

Proof. From our convexity assumption, we know that the subdifferential O¢g(x,§) is non-empty for
a.e. © € U (Proposition 8.4). In particular, assigned a vector 7; € O¢g(x,0), we have

9(w,&) > g(2,0) +7; - £ > PP + 77 - € forall ¢ e RY,

exploiting the p-growth condition. Moreover, from (8.1.3) it applies |7| < B/v?~!, hence 7} is in every
Lebesgue space, hence we have verified (8.1.4) for uniformly bounded coefficients. O

An immediate consequence of Theorem 8.15 is the W1 P—semicontinuity of first-order functionals,
obtained by setting there M :=n x N.

Corollary 8.18 (weak W!P-LSC of convex functionals g = g(z, 2)). Under the assumptions of The-
orem 8.15 with M :=n x N, n € N, the functional

WP (U, RN 5w / g(., Vw) dz
U

is lower semicontinuous with respect to weak convergence in WHP(U, RxN ) (respectively, weak— LSC
for p = 00). On domains of finite measure, the functional is even weakly LSC in W14 (U, ]R”XN) for
all ¢ > p.

8.1.3 Moreau envelope and regularization

Given an arbitrary mapping f: R™ x R™ — R, we fix the notation
a < f(z,8) <co(1+1§]) foralzgeR” (8.1.5)

with some constant c¢;, ca € [0,00). Observe that the bound in (8.1.5) is weaker than our usual linear-
growth assumption (2.6.7) insofar as the coercivity control on f may fail. For f as above, we introduce
a sequence of non—negative values () such that g5 N\, 0, and for each k € N we consider the function

fr(x, &) == f(x,8) +€k]§\2/2 for all z,£ € R™.

From now on, we will work with the convex conjugate function of f; with respect to the second variable,
that is

fi(x, &) :=sup (§- & — fr(x,&)) forall z,& € R".
EER™

Moreover, we recall that the operation of conjugates inverts inequalities, thus f}(z,&*) < f*(x, &) for
all (z,£*) € R" x R™ and for every k € N. In the next Proposition 8.19, we verify that f; defines a
weakly lower semicontinuous functional in each LP(U) for any open, bounded set U C R™.

Proposition 8.19 (weak LP-LSC of functionals on conjugates). For Borel f: R" x R" — [0, 00),
we assume (8.1.5). Then the functional w — [; f*(.,w) dz and each w — [; fi(.,w) dz defined on

bounded U C R™ are weak lower semicontinuous in LP(U,R™) for any p € [1,00) (and weak— LSC in
L (U, R™)).
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144 Chapter 8. Duality theory for linear-growth functionals with measures

Proof. Fix k € N. We know that conjugate functions are Borel with £* — f*(x,£%), & — fi(x,£%)
lower semicontinuous and convex for any given € U. Furthermore, (8.1.4) is valid for both f* and
fr, since

f*(maf*) = fl;k(x7§*) >0- ﬁ* - fk(x70> - _f(xaé) > —cy=—c2+0- g* forallz e U.
Being ¢y € LY(U), the claimed weak(—#) lower semicontinuity follows from Theorem 8.15. O

Lemma 8.20 (pointwise convergence of Moreau envelope). We suppose that g: R™ — R is a proper,
convex function such that g(0) € R. For k € N, we let (ex)r be a decreasing sequence converging to 0
for k — oo and set gi(€) := g(&) + ep|€|?/2 for € € R™. Then, for any & € R™ we obtain pointwise
convergence of the conjugates gi(£*) — ¢*(£*) as k — oo.

Proof. We first record that Proposition 8.4 ensures that the relative interior ri(dom(g)) is not empty.
We define the function py, := ex|.|2/2 on R™, noticing that by Proposition 2.88 the convex conjugate of
pr is given by p; = |.|?/2ex. Then, exploiting Theorem 8.14(ii) for the set ri(dom(g)) Nri(dom(py)) =
ri(dom(g)), we compute

GE) = g+ m)(€) = (0" D) = il (9G4l —rF) (319
T*ER™ 2€k

for any given £* € R". Since g is proper with g(0) € R, we have ¢*(7*) = sup,cpn (2 - 7 — g(2)) >
—g(0) for all 7* € R"™, so inf g* > —oo. Moreover, Proposition 8.5 yields g* # oo, hence inf g* € R.
We also record that g, > g determines via Proposition 2.88 that g* > g; for all £ € N, and therefore
g*(£*) > limsupy_,, g5(§¥) is trivial for any £* € R"™. To prove the remaining inequality, we fix
& e R If g*(¢*) = inf ¢g*, then by (8.1.6) it holds ¢g*(£*) > ¢;(£*) > inf g* for every k, and clearly the
equality is preserved passing to the limit. We now assume that ¢g*(£*) — inf ¢* > 0. For any positive
M and any k € N, we consider the constant Cy := [26x,M]"/? € (0,00) and the corresponding ball
By = B¢, in R", where B, — () in measure as k — oo. Then it is

1
g*(7‘*)—i——28 |§*—7‘*|2 >g"(t")+ M for all TF € £ + By,
k

whereas lower semicontinuity of g* yields
koo <T*€1'51}‘+Bkg (7 )> 430 <’T*€1§I}+Bk‘g y )> 2"

Taking into account (8.1.6), we obtain
1
(%) > min{ M 4+  inf *(r*), inf () + — € — 7|2
€ zmin {0+t ') int (07074 e =

> min {M +infg¢*, inf g*(T*)} for all k € N.
T*€£*+Bk
Hence, sending k — oo we deduce

9" (&%) > limsup g5 (") > liminf (min {M +infg*,£in]f3 g*})

k—o0 k—o0

> min {M +inf g%, ¢*(§")} = mpre- . (8.1.7)

In case g*(£*) = oo, we obtain mps ¢« = M+inf g* < oo, therefore oo > limsupy,_,, g5(£*) > M+inf g*,
and the pointwise convergence follows by arbitrariness of M. If instead ¢*(£*) < oo, we can set
M := g*(¢*) —inf g* € (0,00), so that mps e+ = g*(£*), and from (8.1.7) we read our thesis. O
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8.1. Preliminaries to convex duality 145

The function obtained in (8.1.6) as convex conjugate of each

gk () = g(&) +exlé]?/2  forall§ e R"

approximating g is of distinctive importance in convex analysis, and it is called Moreau envelope ¢*
of g with parameter ;. This function represents a specific type of infimal convolution, where one of
the components in Definition 8.13 is always fixed and equal to (a positive multiple of) the Euclidean
norm squared. The Moreau envelope was introduced in [81], and it can be defined on any Hilbert space
H; nevertheless, for our actual purposes, it suffices to consider H = R™. We observe that our preceding
Lemma 8.20 establishes pointwise convergence of the sequence of Moreau envelopes ¢* to the convex
conjugate function of g, that is

* : * * 1 * * *

O =0© = it (50 + 518 - TF) o a7,
T*ER" 2ep k—o0

Definition 8.21 (Moreau envelope). We assume that g: R® — R is a proper function and A € (0, 0o)

is a given parameter. The Moreau envelope (or Moreau—Yosida reqularization) of g with parameter A
is the function g*: R" — R U {—oco} defined for z € R" as

1
A . 2
:= inf + —|z— .
9'(z) = inf <g(y) 5317 vl )
Example 8.22. The Moreau envelope with parameter A of the norm function g(z) := |z| for z € R"
is given by the Huber function

2|2 /2; z| < A
Py [P FE
|z — A/2; |z > X.

In fact, given z € R™ our function y — h.(y) := g(y) + 55|z — y|* is continuous and convex in R" with
h.(y) — oo for |y| — oo, hence it admits minima in a ball large enough. We recall that y is a minimum
of h, if and only if 0 € dh.(y). For y # 0, h, is even differentiable with Vh,(y) = y/|y| + (y — 2)/A,
thus its critical points ¥ € R™\ {0} satisfy z = (A+|y|)y/|y| (hence |[g| = |z| — A > 0), meaning they are
all points having same direction of z and at distance X\. Then, we compute h, () = (]z| = \) + A\/2 =
|z| — A/2, provided |z| > A. For y = 0 instead, we compute 0h,(0) = {v+ (y —z)/A: v € E}‘yzo =
{v—2/X: v € By}, thus the minimality condition is achieved if |z|/\ < 1, and in such a case it would
be h(0) = |z|2/2). The claim is then proved.

One of the advantages of working with Moreau’s envelopes is that they improve regularity for the
minimization problem in ¢, while at the same time preserving minimality. In fact, it can be easily
checked that ¢ and ¢* attain the same infima, as

1 1
inf ¢*(z) = inf inf —|z—y[?) = inf inf —|z—y>| = inf
Jnf g°(2) = Infinf <g(y) +oyle vl ) nf, (9(1/) + Inf o~le—yl Inf g(z)
for any choice of A. Further, the Moreau envelope of a convex and lower semicontinuous function g is
always continuously differentiable — even when no further regularity of g is assumed. Such property
is stated in the next fundamental result due to Moreau [81, Proposition 7d]; compare also with [23,
Lemme 2.1] and [94, Chapter IV, Proposition 1.8] for a self-contained proof in the Hilbert setting.

Theorem 8.23 (Moreau). For any proper, convex and lower semicontinuous function g: R™ — R and
any parameter A € (0,00), the Moreau envelope g is convex, lower semicontinuous and differentiable
on R™. Moreover, for any z € R", the infimum in the definition of g*(z) is attained on 7§ € R™ if and
only if z € §+ Nog(7).
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146 Chapter 8. Duality theory for linear-growth functionals with measures

In the following, we will denote with ¢* the Moreau envelope of g with corresponding parameter
€k, building a decreasing sequence of non—negative real parameters as k — oco. For convex functions g
with linear growth, the convergence of the Moreau envelope ¢* to g as k — oo holds not just pointwise
as shown in Lemma 8.20, but the limit is in fact uniform. In detail, we can determine an upper bound
for the difference between the original function g and each regularization g*.

Proposition 8.24. If g: R™ — R is conver with linear growth |g(&)| < B(y + [£]) for all £ € R,
with B,y € [0,00), and given a sequence (ex)i decreasing to zero as k — oo, we consider the Moreau
envelope of g of parameter ey, i.e. the function

#© = inf, (ar) 4 gl — ) for e R,

Then, there is a constant ¢ € (0,00) achieving the uniform bound

0<g)—g"€) <c-e, forall & € R" and for all k € N,

Proof. The inequality g* < g follows by definition. For the remaining bound, we fix £ € R™ and recall
that Lemma 8.10 for p = 1 implies Lipschitz continuity of g with Lipschitz constant 3’. To be precise,
it holds ¢g(§) — g(§ — 1) < p'|7]| for all 7 € R™. We obtain

(€)= inf (g(é—f) n Q;\TF) > g(€) + inf (2;\712 —mﬂ).

TER"™ TER™

It is then straightforward to compute the minimum of the radial function h(p) := p?/2ex — B'p in
[0,00), which is achieved for p = B'e;, determining h(8'ex) = —(8')%c1/2. Altogether, by setting
c:= ()?/2, we have proved the remaining inequality. O]

8.2 Convex duality

With the preliminaries in Section 8.1 at hand, we are now able to approach the preparatory duality
results. As explained at the beginning of the chapter, we are going to treat first the standard case of
duality for convex, coercive, and differentiable integrands with a measure. We implicitly assume that
) is our usual open, bounded, Lipschitz domain in R".

Theorem 8.25 (convex duality formula in W2 under coercivity and differentiability). We consider
a datum ug € WH2(R™) and a (possibly signed) Radon measure i on 0 vanishing on H" ! -negligible
sets, p satisfying

‘/ w* d,u' < C|IVwllreprny  for allw € Wé’Q(Q) (8.2.1)
Q

for some constant C € [0,00). Moreover, we suppose that ug|, € LY(Q; |u|). We fir a Borel integrand
[ R"xR"™ = [0,00), f = f(x,§) convex and differentiable in £ for a.e. given x € R™, and we assume
the existence of c1, ca € [0,00) such that

alél? < f(@,8) < cx(1+[¢])*  for allz,§ €R™.

Then, we obtain the duality formula:

min (/ f(,Vw) dx—i—/w*du): max (/ [J-Vuo—f*(.,a)]dx—i—/uédu). (8.2.2)
wew 2 () \JQ 0 ceL2(Q,R") \Jo Q

div(o)=p

Moreover, there exists a unique mazimizer @ of the dual problem.
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We notice that the assumptions on u determine well-posedness of the measure term fQ w* du,
moreover for all w € Wi2(€2) it is

[ du] < \ [ - UO)*du’ + [ Juil dlul < €11 (0 = o)z + ol sy < -

This, combined with the growth assumption on f, determines the finiteness of [, f (., Vw) dz+ [, w* du
in Wi’OQ(Q). We can now proceed with proving the first duality result.

Proof of Theorem 8.25. In a completely analogous manner to (8.0.1), integrating by parts on W(l]’2(Q)
we verify that the inequality ">" in (8.2.2) is trivially satisfied. To address the reverse inequality, we
first claim that the primal problem in (8.2.2) admits a minimum in W,;>(Q). We start by noticing that
convexity of f(x,.) and the quadratic growth assumption determine via Corollaries 8.17 and 8.18 weak
lower semicontinuity of w — [, f (., Vw) dz in WH2(€2). Moreover, the condition (8.2.1) yields that
the linear functional w — [, w* dyu is bounded in W[l)’2(Q) with p an element of the dual (Wé’Q(Q))*,
and the functional w — [, w* du is weakly continuous on Wé’Z(Q). Then, if (wp)g, w are in W2 (Q)
and wp — w weakly as k — oo in W12(Q), it suffices to apply the continuity result to wy — ug,
w— ug € Wé’Q(Q) and simplify the common terms in view of |fQ ug dp| < oo. Altogether, the joint

functional is weakly LSC on Wi?(€). Furthermore, we observe that BV coercivity follows from (2.2.2)
together with Young’s inequality in the variant ab < ca?/2 + b?/2¢ for a, b > 0 and all € > 0, since

[ rvu+ [ wran

= [ v+ [ =) et [ e

> 1|Vl [f 2 gy — ClIV (w0 = wo)l[L2rm) — oL @)
> (e1 = Ce/2)||Vwl|f2iqpny — C/28 = Cl[VauollL2arm) — ol @)
> Cyer — Ce/2)|[wl[frziy—A2(er — Ce/2) ol fyre(q) —C/2e— C|[Vuo|lLzo,mm) — [luollLi @iju)
for all w € W2(2) .

Then, letting € € (0,2¢;/C) we achieve coercivity in W}L’OQ. By direct method we can then argue the
existence of some W minimizer for w — [, f(., Vw) + [, w* dp in the class Wa2(Q), and we set the
vector field 7: @ — R"™ such that 7(z) := V¢ f(z, Vw(x)) for a.e. € 2. We now show that & achieves
the maximum in the dual problem. From the minimality of w, the necessary condition of the Euler—
Lagrange equation in W}jOQ yields div(7) = p. To verify that @ belongs to L2(£2, R"), we simply apply
Lemma 8.10 with p = 2 to £ — f(z,£). We thus find a constant ¢y’ > 0 such that

/ 17)? da :/ Ve f(, Vo)? dz < (cz')Q/(l + 2|Vw|)? da
Q Q Q
= (c2")?[10 + 4|V |L1 (@ rm) + 4 VB [F2 (g )] < 00
We furthermore recall that Proposition 2.94 induces
o(z) - Vu(z) = f(z,Vo(z)) + f*(z,5(x)) fora.e x€Q. (8.2.3)

Finally, integration by parts on w — ug € W[l)’2(Q) yields

/Qf(.,Vw)dx—i—/Q(w—uo)*d,u—/QVw-adx—/Qf*(.,a)d:r—i—/g(w—uo)*d(div(a))

By PRy
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148 Chapter 8. Duality theory for linear-growth functionals with measures

hence & must attain the maximum of the problem on the right-hand side, which concludes the proof
of (8.2.4).

We further notice that the necessary and sufficient condition for some maximizer o € L2(Q,R")
with div(e) = p is that o(z) € 0 f(x, Vw(x)) for a.e. z € 2, since otherwise (8.2.3) fails and the
inequality between primal and dual problem is strict. Moreover, the differentiability assumption on f
in & determines O¢ f(., V) = {V f(., Vw)} almost everywhere in Q, therefore (8.2.3) is achieved as an
equality for the only vector field @, hence uniqueness of solutions for the dual problem. O

Theorem 8.26 (convex duality formula in W2 under differentiability). Assume that ug € WH2(R™)
and that p is a (possibly signed) Radon measure on Q0 vanishing on H" ' -negligible sets of @ and
satisfying (8.2.1), ugl, € LY |u|). Then, for any Borel integrand f: R™ x R™ — [0, 00) conver and
differentiable in the second variable & for a.e. x € R™, f satisfying the linear—growth condition (8.1.5),
we have

inf </f(.,Vw) da +/ w*d,tL) — </ [0+ Vg — f*(,0)] da +/ uSdu). (8.2.4)
weWL () \J/Q Q cel2(QR") \Jo Q
div(e)=p
We preliminarily observe that the linear-growth assumption (8.1.5) is suitable to our purposes,
since any w € We () is such that [[Vwl|p 1 orny < |Q’1/2va||L2(Q7Rn), hence

alQ] < / f(,Vw) dz <] + CQ‘Q|1/2vaHL2(Q7Rn) <oo forallwe W}L’OQ(Q),
Q

therefore, the control on the measure term given by (8.2.1) yields finiteness of the joint functional.

Proof of Theorem 8.26. As usual, the inequality ">"in (8.2.4) is trivial. To address the other inequal-
ity, we introduce the bounded, positive, decreasing sequence (ex)x such that e \, 0 as k — co. We
generate W12-coercive approximations (fi) of f by letting

fu(@,8) = f(z,€) +exlé|*/2  forall 2,¢ € R”

for any given k € N. Clearly, it is fi(z,£) > ¢1 + €x/€|?/2, so the sequence (f3) is WH2(Q)-coercive,
while preserving convexity and differentiability in £&. Then, an application of Theorem 8.25 to each

£ fi(z,§) yields

min </ £ (V) dx+/w*du> ~ max </[J.Vuo—f,:§(.,a)]d:v+/ufﬁdu) .
weWL2(Q) \Ja Q oel?(QR") \Ja Q

div(o)=p

(8.2.5)

If we now verify the following estimates (A) and (B), the remaining inequality "<" in (8.2.4) follows,
and the duality formula for the functional in f is proved.

inf (/f (., Vw) dz +/ (w —wup)* du) <liminf min (/ﬂ€ (., Vw) dz +/ (w— uo)*du> (A)
weW () \JQ Q k=00 wewyZ(@)\JQ Q

sup (/ o-Vug dz — / (., 0) dm) >limsup max </ [0 Vug — f,’:(.,a)]dx> . (B)
o€L2(Q,R™) \JQ Q k—oo o€L2(QR") \Jq

div(o)=p div(o)=p

Proof of (A). We recall that for any w € Wh2(Q) it is
£k
/ka (. V) dz = /Qf(.,Vw) dz + LTy pny —— /Qf(.,vw) Az

148



8.2. Convex duality 149

If for k € N we consider a minimum wy, € Wi2(Q) of the primal problem with integrand f;,, we directly
get the claimed inequality (A) via

inf </ f(,Vw)+ / (w— uo)*du> = inf lim (/ fr (., Vw) + /( - uo)*du>
weW,; () \JQ Q weWL2(q) k—o0
< hm mf </ fk Vwk /(U)k - uo)* du)
= liminf min / fr (., Vw)+/ (w —up)* dp).
k=oo \wewyZ(Q) /o Q

Assume now that each o, is a maximizer of the dual problem corresponding to fi. Before ap-
proaching the proof of (B), we need to ensure the following.

Claim. The sequence (o) is bounded in L?(£2,R™). Looking back at the proof of Theorem 8.25, we
know that fixed k € N it is o}, := V¢ fi(., Vwy) for some wy minimum of the primal problem in fj.
This yields o € L2(£2, R") with div(o},) = p and

/ak-Vuo dx—/f,j(.,ak)dx— max </J-Vuo dx—/f,j(.,a)dx).
Q Q og;i(f)LR") Q Q
iv(o)=p

Explicitly, we have o, = V¢ f(., Vwy) + € Vwy, almost everywhere in 2, and assumed that ¢, is the
positive constant arising from Lemma 8.10 applied to & — f(z, &) (thus, ¢, is employed in place of 3),
our growth assumption on f determines |V¢f(z, Vwg(x))| < max{ci, ¢y} =: ¢3 for a.e. 2 € , hence
we estimate from above

lok? < 2|Vef(., V)| + 267 | Vwg|* < 2¢5 + 267| Vg L™ae. on Q,

from which it follows
2 2 2 2
sup ||og|[{2grn) < 263 + 25up eg|[Vw[f2 g pn) -
keN keN

If we show that the sequence of minimizers (exwy ) is bounded in L%(2, R™), then our claim is proved.
To this aim, we fix k € N and compute recalling that wjy, minimizes Wap () 3 w — Jo f (. Vw) dz +

oy (w — ug)* dr and exploiting (8.2.1) for wy, — ug € Wy (Q):
€k 2
5 IVwkllf2o ey < /ka(-avwk) — 1|9
< / fr(., Vug) + / (up — wg)* dp — 1|9
Q Q
€k
S /Qf(y vuO) + EHVUOH%P(Q,R”) + C||VUO - vwkHLz(Qan) — Cl|Q‘
€k
< / f(, Vug) + *HVUOHé arn) + ClIVuol[L2@rn) + Cl[Vwg||2 gy — c1]€
(C + CQ)HVUOHL2 (2,Rn™) + c2 + HVUOHLQ Q,R?) + CvakHLQ QR?) — 01|Q‘

Setting C = (C + c2)|[Vuolr2(rny + c2 — 1|2, multiplying by 2ej, and finally with the help of
Young’s inequality, we obtain

E]%vakH%Q(QJRn) < 2e,C + ngVUOHiQ(Q’Rn) + 2C€k||vwk||L2(Q7Rn)
< 2e,C + €} |[Vuo|[F2(q gy + €2l Vgl [F2 (g pmy /2 + 4C2,
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150 Chapter 8. Duality theory for linear-growth functionals with measures

that is &7 ||Vwy| ]52(Q,Rn)/2 < 26,C + o ]Vu0|\i2(Q’Rn) +4C?, with the upper bound converging to the

constant 402 as k — 0o. Substituting in (8.2), we have verified boundedness of the sequence (o).

Proof of (B). From the L?(£2, R")-boundedness of (o) and via the theorem of Banach-Alaoglu,
we infer the existence of a (non relabelled) subsequence and of a weak limit & € L?(2, R") such that
o — 6 weakly in L2(Q,R") as k — oo. Then, it still holds div(7) = p as distributions (in particular,
div(@) is a Radon measure) on €2, since for every ¢ € C2°(€2) weak convergence determines

iv(e
/wd (div(e /0 Vi doe = — hm o -V doe = hm Y d(div(og)) /wd,u

Q Q
We now claim that

hmlnf/fk ,OF) dx>/f (8.2.6)

In fact, Proposition 8.19 guarantees weak lower semicontinuity in L?(£2, R") of each fjfk, specifically

hmmf/f , Ok dx>/f dx forall j e N.

At the same time, being (e,)) decreasing in k, the sequence of convex conjugates (f;}) is increasing in
k, and Lemma 8.20 applied to f(x,.) proper and convex implies the pointwise convergence f;(z,£*)
[ (x,&*) as k — oo, with the uniform lower bound

fi(x, &) > —fulx,0) = —f(2,0) > —¢; e LY(Q)  forallk € N

coming from the assumption (8.1.5). We apply thus the monotone convergence theorem to deduce
hm fk T)dx = / f*(.,7)dz  for every T € L*(Q,R"). (8.2.7)

On the other hand, assuming that the indices j, k € N are such that j < k, from semicontinuity we
read

liminf/f,:(.,ak d$>hm1nf/fj ,Ok) d:c>/fj
Q

k—o00

and sending j — oo we deduce the stated (8.2.6) in view of the limit in (8.2.7). Altogether, collecting
the results above, we find

/[U-Vuo - f*(.,7)] de > hm oy - Vug dr + limsup (—/ frl,ox) dx>
Q Q

k—oo Jo k—o0

= limsup/ [k - Vug — fr(.,01)] dz
Q

k—o0
= limsup max </ [0 Vug — fi(.,0)] dx) , (8.2.8)
k—o0 U€L2((§)2 R™) \Ja
div(o)=p

and since @ is an admissible field passing to the supremum in (8.2.8) on o € L2(Q, R") with divergence
p we conclude that (B) holds.

With the help of (A), (B) we can finally then send k& — oo in (8.2.5) and obtain

/[o.vuo_f*(.,o)] do>  inf </f(.,Vw) dx+/ (w—uo)*du>,
Q weWy5 () \J/Q Q

which yields the final statement (8.2.4). Furthermore, from the latter inequality, we even read that &
achieves the maximum of the dual problem. O
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8.2. Convex duality 151

We now want to extend our duality formula from the W2-setting of Theorem 8.26 to the required
space Wh!. To do so, the next approximation result for the infimum of the functional F = Fj; on
W1 comes in handy.

Lemma 8.27 (convergence of infima for sequences in W' with arbitrary boundary values). Consider
admissible measures py on Q and a Borel f: R™ x R™ — [0,00) under the linear—growth condition
(8.1.5) and such that § — f(x,&) is convez for a.e. x € R™. Then, the following holds:

inf Fi = lim ( inf FH¥ ) for all ug, (ug k)r € WI’I(Q), U,k k—) ug in WI’I(Q).
—00

U,k
Wi () k=00 \ Wyy  (Q)

Proof. Let ug € Wh1(Q) and a sequence (ugj) converging to ug in Wh1(2). We fix an arbitrary

v E Wé’l(Q) and an element 7 in the (non-empty) set ¢ f(z, Vo(x) + Vug(z)) for € Q. Then, the
subgradient inequality determines

/Qf(.,V(v +up)) de < /Qf(.,V(v +ugr)) do +/Q7';f - (Vug — Vug i) do

< /Qf(, V(’U + U()jk)) dz + max {61,6/2} HVUQ — VUOJC ‘Ll(QRn)

for all K € N, where we make use of the gradient bound in Lemma 8.10 in terms of the adjusted
constant ¢, > 0. For the measure term instead, we exploit the admissibility condition in the form of
Remark 3.13 for py with respective constants Cy € [0,00) and write

[ o ) ey = o)
< /Q(U +uo k) d(pg — p-) + (Co + C) [|[Vuo — Vug kllLiorny + w0 — vokl | @amem-—1)]

again valid for every k. Then, the sequence of elements

Cy = (max {c1,cy} + Cy 4+ C-) (|[Vuo — Vug i

L) + w0 — vokllL(90Hn-1))

is such that Cy — 0 as kK — oo because of strong convergence. Therefore, passing to the infimum for
NS Wé’l(Q) we conclude

inf Fl <liminf ( inf FI+ Ck> =liminf inf /.
W

Wl () hmoo \ Wit (@ koo Wi ()

The reverse inequality is obtained by switching the roles of ug and ug j, thus our claim is proved. [

Theorem 8.28 (convex duality formula in Wh! under differentiability). We take ug € WHH(R") and
px admissible measures on  with p := py — p—. Then, the duality formula holds:

inf (/ f (., Vw) dz +/ w* du) = sup </ [0-Vuy— f*(.,0)]dx +/ ug du) (8.2.9)
weW (@) \JQ 0 c€DM,(QR?) \JQ Q

for any Borel f: R™ x R" — [0,00) convex and differentiable in the second variable £ for a.e. x € R,
with f satisfying the linear—growth condition (8.1.5). Furthermore, if the common value in (8.2.9) is
larger than —oo, then the dual problem admits a solution.

151



152 Chapter 8. Duality theory for linear-growth functionals with measures

We would like to emphasize that under the assumptions above, it is allowed for the infimum

I:= inf </ f (., Vw) dz +/ w* d,u)
weW . (Q) \JQ Q

in (8.2.9) to achieve the value —oo. Nevertheless, when later imposing the f*—isoperimetric conditions
with constant 1 for the pairs of measures, from Proposition 5.2 we are safe that I > —oo (at least in
the standard case of assumptions (H1)-(H2)). Then, from the statement of Theorem 8.28 we deduce
even the existence of maximizers for the corresponding dual problem.

In comparison to the statements of the Wh2-duality formulas in Theorem 8.25 and Theorem 8.26,
it is worth noticing that the assumption v, € LY(€2;|p|) drops out, since it is automatically implied
by the admissibility of the component measures p+; compare with Proposition 3.5. At the same time,
if p4 are admissible on © as in the statement above, then p fulfils (8.2.1), since exploiting the rewriting
of Remark 3.13 with respective constants Cy we find

/ w” du‘ < (Cy + C)|IVuwllui@rn) < (Cr +C)IQ 2| Vullizpm  for all w e Wy ().
0

Proof of Theorem 8.28. From integration by parts, the infimum I is always larger than or equal to the
supremum on the class of admissible vector fields. We focus now on the reverse inequality in (8.2.9),
noticing that this is always satisfied in case I = —oco. We assume then I > —oo and we distinguish two
cases according to the integrability of the datum wug.

Step 1. We suppose first ug € WH2(R™). Exploiting the result of Theorem 8.26 in W2(Q) with
(strong) Dirichlet condition ug, we find

I< inf o (/Qf(.,Vw) dz +/Qw du) < /Q[U-Vuo — f*(.,9)] da:+/Qu0d,u, (8.2.10)

1,2
wGWuo

with @ the weak limit in L2(2,R") of the sequence (o) of maximizers of the dual problem in fy.
Then, our thesis is achieved once we verify that & € L>(, R™).

We suppose by contradiction that esssup,cq |[(z)| > c2. The growth assumption (8.1.5) for the
integrand f together with Lemma 2.59(i) and Proposition 2.84(iii) would then imply

esssup (f*)°(x,a(z)) > esssup [a(z)|/ca > 1,
z€Q z€Q

hence by Proposition 2.89(i) even [, f*(.,o) dz = oo, and consequently from the result of (8.2.10) we
read

—oo<I§/[U-Vuo—f*(.,a)] dx—{—/u(’;d,u:—oo,
Q Q

which is impossible. Therefore, it is necessary for @ to be almost everywhere bounded by the constant
c2, and in particular 7 € L*(Q,R") as claimed. Since we already proved in Theorem 8.26 that
div(d) = p, from (8.2.10) we conclude the validity of (8.2.9) and the existence of a maximum under
Wh2-data.

Step 2. We suppose now that ug is in WH1(R™) (but not necessarily in WH2(R")) and we ap-
proximate the restriction of ug to  via a sequence (ug ), in WH2(Q), with vy — ug |, strongly in
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8.2. Convex duality 153

WLL(Q). We are thus in the conditions of applying Lemma 8.27 and the results of Step 1 to each uq
and therefore get

—o00o <I= lim inf /f(.,Vw) dx+/w*du
k—o0 W}l’ol,k @ Ja Q

= lim (/ ok - Vuor — (., 01)] da —i—/(uo,k)* d,u> (8.2.11)
k—o0 Q Q

with o € L>°(Q, R") maximizer of the dual problem in L?(Q, R") for datum ug and k large. We

notice that I > —oo induces iani‘ol,k(Q) fQ f (., Vw) dz+ fQ w* dp > —oo for k large enough, thus the

existence of some maximizer oy is guaranteed by Step 1 whenever k > 1. Explicitly, we have proved
that supyen ||ok||ro@rn) < c2, s0 the theorem of Banach-Alaoglu yields the existence of a vector field
o € L*°(Q,R") which is the weak—« limit in L°°(£2, R™) of a non-relabelled subsequence of (o), and
we record that by lower semicontinuity of the dual norm it is still |[7]|f,(rn) < c2.

We now argue that such & achieves the equality in (8.2.9). Clearly, since div(oy) = p for all k,
weak— convergence in L>° implies div(c) = p as measures on ). Furthermore, one may check in a
similar flavour to the procedure of Theorem 8.26 (exploiting this time the weak— semicontinuity in
L>°(2,R™) for each conjugate f; according to Proposition 8.19) the validity of

liminf/ f (., ox) de > liminf/ il ox) do > / (o) dz, (8.2.12)
k—oo JQ k—oo  JQ Q
recalling that f < f* a.e. in Q and for every j € N. The convergence
lim o - Vugy do = / 7 - Vug dx (8.2.13)
k—oo J Q

is justified by the L>°(Q2, R™) weak— convergence of o to & as a consequence of

/ (Jk : VUO’k -0 - VUO) dz
Q

< Nowl ez |1V (o — o)l [ o) + \ /Q (0x - %) - Vug da

< ||V (uok — uo)llrrrny +

/(Uk —7) - Vugdx
Q

— 0.
k—o00

Lastly, the admissibility requirement for p4 and p— enables via Remark 3.13 the computation of the
following limit

lim sup
k—o0

/Q(uo,k — uo)*du‘g (Cy + C_)limsup (HV(UO — UO’R)HLI(QJRTL) + ||up — U()’kHLl(aQ;anl)): 0.

k—o0

Combining the estimates (8.2.11)—(8.2.13), we complete the statement by writing

I < lim </ﬂ[ak-Vu07k—f*(.,ak)] dx+/g(u0,k)*du> < /Q[O"VU()—f*(.,O')] dx—l—/ﬂu{;d,u,

k—o00

and being @ in the right class of competitors, this latter estimate closes the proof of (8.2.9) for general
data up in WH(Q). O

The final step consists of getting rid of the differentiability assumption; this is obtained by exploiting
the convex conjugate function of the approximating sequence fj considered above, namely the Moreau
regularization f* of f with parameter .
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154 Chapter 8. Duality theory for linear-growth functionals with measures

Theorem 8.29 (general convex duality formula in WhY). We fix ug € WHL(R™), uy admissible
measures on ) and we set = py — pu—. Then, the duality formula

inf </ f(,Vw) dz +/ w* d,u) = sup </ [0-Vuy— f*(.,0)]dx +/ up d,u> (8.2.14)
weW ) (Q) \JQ Q c€DM, (Q,R") \JQ Q

holds for any f: R™ x R"™ — [0,00) Borel, convex in the second variable § for a.e. x € R™ and under
(8.1.5).  Furthermore, if the common wvalue is larger than —oo, then the supremum in (8.2.14) is
achieved.

We preliminarily observe that the additional assumption infw}l,g @) F > —oc is guaranteed, for

instance, if (H1) holds and p4 satisfy the appropriate ICs with constant C' € (0,1) in £ under
continuity of f (or alternatively if C' is exactly 1, provided that both (H1), (H2) are in place). In fact,
in such cases, we can apply the boundedness from below in Proposition 5.2 and the trivial inequality
infgy F < infwibl Fu,-

Proof. We set the value

I:= inf </ f(,Vw) dz + / w* du) € [0, 0)
weWy, (2) \JQ 0

and as usual we integrate by parts to have I > ([ylo - Vug — f*(.,0)]dz + [ ufdp) for all fields
o € L>*(Q,R") with div(c) = p, so we can directly address the non-trivial inequality. We introduce a
decreasing sequence e, \, 0 for k — oo and the Moreau envelope f* of f with constant e;, with respect
to the second variable only, namely

r(x,6) = iann <f(CC,T) + 2;\5— T\2> for (z,£) € @ x R"™.

Then, each f* still satisfies (8.1.5), since ¢; < inf,cpn f(x,2) < f¥(z,&) < f(x,€) < ca(1 4 |€]), and
Theorem 8.23 ensures convexity and differentiability of f*(z,.) for almost every point z in Q. We
exploit the previous duality result of Theorem 8.28 applied to each f* while letting

1" .=  inf (/ (., Vw) d$—|—/ufk du) <I
wew (2) \JQ Q

for every k € N and recalling the inequality (f*)* > f*, thus it is

lim sup I¥ = lim sup sup </0-Vu0 d:v—{—/uédu—/(fk)*(.,a)dw)
Q Q Q

k—o0 k—oo o€DM,(Q,R?)

< sup (/U-Vuoda:—l—/ufjd,u,—/f*(.,a)dx).
DM, (QR") \JQ Q Q

If we prove that I¥ — I as k — oo, we achieve the thesis (8.2.14). Taking into account Proposition
8.24, there exists a uniform constant ¢ € (0,00) such that f(z,£) < f*(x,€) + ¢ - ¢y, for all k € N and
(z,€) € Q x R". Thus, integration on € yields I¥ <1< I¥ 4 ¢ £;|9], and sending k — oo we infer the
existence of the limit I.

We claim now that if I > —oo, there exists a maximizer o for the problem obtained by convex
duality. Since the sequence of infima (Ix); converges to I, it shall be Iy > —oo for k > 1 as well.
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8.3. Weak solutions of generalized Euler-Lagrange equations 155

Via the result of the preceding Theorem 8.28 applied to f* for every k large enough, this yields the
existence of a dual vector field o}, € DM, (2, R"™) such that

Cco<TF=  sup (/Q[U-Vuo—(fk)*(.,a)]dx+/9u8du>

c€DM,(Q,R™)

:/[Uk-Vuo—(fk)*(.,ak)] da +/ ut dy (8.2.15)
Q Q

for k large enough. We can then repeat the same strategy of Theorem 8.28 for each integrand f* (with
linear growth given by the same constants c1, ¢z of f) to find supjey |[ok||r @ rn) < c2, hence up to
subsequences oy, — & weakly—* in L°(€, R") and div(7) = g on Q. Then, the conjugate function f*
induces weak—* lower semicontinuity of the corresponding functional in L*°(Q2,R™) as in Proposition
8.19, and from this

k—o0 k—o0

liminf/Q(fk)*(.,ak) dz > liminf/gf*(.,ak) dz > /Qf*(.,a) dz.

In conclusion, passing to the limit as £ — oo in (8.2.15) we deduce

Coo <T= lim (/ [ak-Vuo—(fk)*(.,ak)}dx> +/ u{';duS/[J-Vuo—f*(.,a)]d:):—l—/ .
k=00 \Jo Q Q Q

This verifies the duality estimate (8.2.14) and yields simultaneously maximality of & for the dual

problem. O

Combining the theorems above, we have demonstrated the main duality result in BV.

Proof of Result 4. The equality between (P) and (P*) is a plain consequence of the duality expressed
in Theorem 8.29, and we pass to infima in BV via the consistency equality (1.2.6) of Result 3 for
mutually singular measures py. Lastly, we record that a maximum for (P*) is attained whenever the
common value is not —oo.

If additionally (p—, py) verifies the f*°-IC with constant C € [0,1) and (u4,u—) the fo-1C with
constant C' for on §2, Result 2 guarantees the existence of a minimum for the primal problem, and thus
Theorem 8.29 asserts existence of a maximal vector field for the dual problem, as claimed. O

8.3 Weak solutions of generalized Euler-Lagrange equations

From the duality Result 4, we can finally deduce the characterization of optimal pairs of minimizers-
maximizers for the dual problems (P), (P*). Such optimality conditions will be expressed in terms of
the up-to-the-boundary pairing of Section 7.2 with boundary datum our assigned ug € W!(R"), and
with entries respective a maximizer o of (P*) and the derivative measure Du of a minimizer u for the
primal problem (P).

Corollary 8.30. We assume all hypotheses of Result 4 for ug, Q, pu+, and f. Assigned a pair of
functions (u,0) € BV(Q2) x DM,,(2,R"), then they are equivalent:

(i) The function w minimizes (P) and the function o mazimizes (P*).

(ii) It holds [o,Du]u, = f(.,Du“)LQ + f*(.,0)L"LQ as measures on R™, with the usual notation

4o =yl + uolan\ﬁ.
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156 Chapter 8. Duality theory for linear-growth functionals with measures

In particular, restricting to the interior of €2 with the help of Remark 7.17, we read that a
minimizing-maximizing pair (u, o) for (P)—(P*) satisfies the duality formula for the inner pairing

[o,Du] = f(.,Du) + f*(.,0)L" as measures on (.

Furthermore, the finiteness of the measure [o,Du],, on R™ — or equivalently, on its support Q —
induces f*(.,0) < oo almost everywhere in €2 for any maximizer o. In turn, this latter is equivalent
via Proposition 2.89(i) to requiring the condition [[(f*°)°(.,)|[r,(0) < 1 on any maximizer o of (P*).

Proof of Corollary 8.30. Rearranging the terms in the duality Result 4, u attains the minimum of (P)
and o the maximum of (P*) if and only if

/Q[" Vo — f*(,0)] de = f(., Da") (Q) —/

Q

(1 — o) d(div(0)_) + / (1 — ug)~ d(div(e)),

Q

and we notice that this latter implicitly yields f*(.,0) < oo Lebesgue a.e. on . We now exploit
Remark 7.15 to rewrite the equality as

[, Du]u, (ﬁ) = f(.,Dﬂ”O)(ﬁ) +/Qf*(.,a) dzx .

Then, all measure components above are finite on €, and manipulating via subadditivity we obtain
that the condition in (i) holds if and only if

0 = ([o, Duu, — £(,Du") = f*(,0)£") () < Y (0. Duu, — £(,Du™) = f*(.,0)L™) (B)

BeB

for every Borel partition B of €. Recalling Proposition 7.20, the right-hand side of the estimate above
is always less or equal to zero on any B. Thus, equality is satisfied if and only if the measure in the
last term is null, that is, whenever [o, Duly, = f(.,Du®)L Q+ f*(.,0)L" 2 as Radon measures, and
the corollary follows. O

Via the decomposition of our pairing [o, DuJ,, into absolutely continuous and singular parts with
respect to the Lebesgue measure, we obtain the optimality conditions in the required form of Result 5.

Proof of Result 5. Fixu € BV(Q) and 0 € DM ,(©,R"). Considering the up-to-the-boundary pairing
[o, Du]y,, we can first reduce to the inner pairing on € via Remark 7.17, and then decompose this

latter into sum of an absolutely continuous [o, Du]® and a singular part [o, Du]® with respect to L.
Then, with the help of (7.1.5) and (7.2.11), we find

[o,Duly, = ([o,Duu, L Q)" = (0 - Vu)L".

Moreover, taking into account the Radon—Nikodym decomposition of the measure defined by f with
respect to Du"0, we have

f(, D) LQ = f(.,Du)*LQ+ f(.,Du")*LQ
= f(, V)L LQ+ o, D%u)LQ+ £ (., (u — ug)vg) H" 1 LINQ.

Comparing the absolutely continuous and singular parts in the last two writings, with the help of
Corollary 8.30, we deduce that (u, o) is a minimizing—maximizing pair if and only if they hold

(@") (o-Vu)L" = (f(.,,Vu)+ f*(.,,0))L™" on Q; and
(b) [o,Duls, = f(, D5u)LQ+ f (., (u— ug)va) H" L.
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8.3. Weak solutions of generalized Euler-Lagrange equations 157

We observe that (a’) determines the equality case of Fenchel’s inequality for the conjugate of f in the
second entry, thus by Proposition 2.94 the condition in (a’) is equivalent to setting o € J¢ f(., Vu)
almost everywhere in €2, and the optimality conditions are proved.

Assume now f(x,.) is differentiable in R"™ for a.e. z € 2, meaning that the subdifferential of f(z,.)
is single—valued at each point and it coincides with the standard gradient. Then, if o1, o9 are two
maximizers of (P*) and v € BV(Q) is a minimum of (P), we must have o1(x), o2(x) € 0t f(x, Vu(z)) =
{Vef(z,Vu(x))} for a.e. x in ©, meaning oy = o9 and the (a.e.~)uniqueness is proved. This concludes
the proof of Result 5. OJ

Remark 8.31. We point out that setting the condition (a) obtained in Result 5 — or its equivalent (a’)
— is exactly the same as requiring Vu € g« f*(., o) almost everywhere in Q. In fact, our admissibility
conditions on f allow for an application of Remark 2.96 to the restriction £ — f(x, &) for almost every
x € .

We recall that in general the pairing [o, Du],, is a signed measure for any o, u fixed. Nevertheless,
(b) yields that at least the singular part of the pairing is non-negative when evaluated on a pair of
solutions of (P) and (P*), respectively. For the absolutely continuous part of the pairing, instead,
we cannot exclude a change of sign — as the first term f(., Vu)L" is always non-negative by our
assumptions on f, but the polar function f*(.,0) is allowed to be negative on possibly large sets.

To conclude our claims expressed in Chapter 1, we are left to show well-posedness of Definition
1 of weak solutions to the generalized Euler-Lagrange equation for the functional F — that is, we
claim that being solutions of (EL) according to Definition 1 is a necessary and sufficient condition to
BV-minimality of the corresponding functional F.

Proposition 8.32 (weak solutions are functional minimizers). Under all assumptions of Definition 1,
u € BV(Q) minimizes F if and only if u is a weak solution of (EL) with boundary value ug.

Proof. We assume first that u attains the minimum in (1.2.4), and argue via Result 4 the existence
of some @ € DM, (2, R") achieving the maximum of (P*). Thus, Corollary 8.30 yields the equality
between measures [&, Du],, = f(., Du“)_Q + f*(.,7)L" on Q, so u is a weak solution of (EL) with
generalized boundary datum wug.

Assuming conversely that u € BV(£2) is a weak solution as in Definition 1, we consider any vector
field 7 € L>°(2,R") with div(7)+ = ps. Keeping in mind Remark 7.15, we compute

Flu] = £(, D7) (Q) _/Q
:[[a,Du]]uO(Q)—/Qf*(.,a)dx—/gu+du_+/gudu+
~ [ Vuo = £ + [ wan

< sup /J-Vu — (.o +/u*d = inf F
oEDM,, (QR™) Q[ 0 (o) q 0 a BV(Q)

whdp_ + / u” dpg
Q

where in the last equality we applied the duality formula of Result 4. Altogether, we deduce minimality
of u for the functional F, so that the equivalence follows. O

8.3.1 Extremality relations for area and TV problem with measure

We now consider the prototypical integrands of area f(§) := /1 + |£|? and total variation f() := |¢]
to explicit the behaviour of minimizers u of (P) and corresponding vector fields o maximizing the
dual problem (P*) in these two cases. We observe that such extremality relations have been partially
established already in [44| for minimal surfaces, being later on generalized in [87, 89, 67].
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158 Chapter 8. Duality theory for linear-growth functionals with measures

Example 8.33 (optimality relations for area problem with measure). The area is the standard example
of a strictly convex, everywhere differentiable function f = f(£) with gradient Vf(§) = £//1 + [£|?
and polar function as expressed in Remark 2.90. Given u € BV(£2), Result 5 ensures that u is a weak
solution of the prescribed mean curvature measure equation

( vw ) |
V[—m—— ) =p inQ
V1+[Vuw|?

with datum ug € WH1(R™) if and only if there is a vector field o € L°°(Q, R") such that div(c) = u in
Q, with o uniquely defined Lebesgue almost everywhere on 2 as 0 = Vu/4/1 4 |Vu|?, and generalized
pairing satisfying

[o,Du]®* = |D%u| on Q@ and  (u—ug)o} = |u —ug| H" 'a.e. on OQ (8.3.1)

for the normal trace o} € L°°(92; H"!) of o obtained in Proposition 7.13. Notice that the differen-
tiability of the integrand (and hence, strict convexity of its polar) reflects on the £"—a.e. uniqueness
of the associated vector field . Specific to this case is the geometric meaning of ¢ as projection on
the R™ plane of the normal vector v, := (Vu,—1)/y/1+ |Vu|? € R” x R to the surface graph of u on
its regular points. Furthermore, we observe that o - Vu > 0 almost everywhere, and |o| /1 whenever
|Vu| approaches infinity, whereas ||o|[1,(qrn) < 1 for solutions u with gradient bounded everywhere
(compare with the following Proposition 8.38). In any case, in order not to violate Vu € L!(Q,R"),
the set of points on which o is unitary has to be negligible in Q — that is, £L"({x € Q : |o(z)| = 1}) = 0.
Regarding the normal trace o, we recall that by Proposition 7.13(ii) applied to the area functional we
also have [[o7||1,@0n—1) < ||0]|Le(@rn) < 1, thus, taking into account the optimality condition on
the boundary, we achieve |u—ug| = (u—wug)o}, < |o%|- |u—ug| < [u—uo| H" 1-a.e. on 9. Altogether,
on the portion of 92 where u does not agree with the value ug, the normal trace o}, of o takes only
the values +1 up to H" ' -negligible sets, depending on the respective sign of u — ug, namely:

e oi=1H"1ae on {z € :ulx)>u(zr)};
e 0f=—1H"1ae on{recdQ :ulx) <ug(z)}; and
e oi(z) € [~1,1] on H" -a.e. point z € IQ where u(z) = ug(z).

Then, if v € BV(Q) is any other solution of (PMC), we shall see in Proposition 8.35 that strict
convexity induces Vv = Vu a.e. in , and the optimality condition on the boundary applied to v
yields |v — uo|H" ' LIQ = [o, D] LD = (v —ug)o H" P LIQ = (v — ug)H" ' L(OQ N {u > uo}) +
(up — v)H" (02N {u < up}) + (v —w)yH" 1L (OQ N {u = up}). From this latter, repeating the same
analysis with the roles of u and v inverted, we deduce the H"!-a.e. coincidence {u > up} = {v > ug}
on 99, meaning that for #"~!-almost every = € 9 all minimizers of the area integrand have trace
lying either entirely above or entirely below the trace up(x), with equality potentially admitted.

We also observe that the £"—a.e. vinculum on its divergence div(Vu/y/1+ |Vul?) = div(ry,) = p
is to be meant as generalized formulation of the prescribed mean curvature of the graph of u, to which
we reduce for an absolutely continue measure p and regular u. Further properties of w in relation to o
are described in the next Section 8.5.

Focusing on the unidimensional case, the condition div(c) = pu is satisfied by any 0 € DM() =
BV(Q) such that o(z) = p((—o0,x) N Q) + ¢, for some ¢ € R and all z € Q. From the a.e. vinculum
o(x) = u'(x)/y/1+ u/'(x)?, we read out that o is oriented as the (absolutely continuous part of the)
derivative of u — meaning ¢ > 0 where u is increasing and vice versa — thus if u increases in a
neighborhood of a point z¢ € 09, the trace fulfils o} (xg) > 0, hence u(zg) > ug(zg). Notably, the
necessary conditions on the trace above yield that on almost every boundary point zg € 0€) such that
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u(xo) # up(xo) we necessarily have |07 (xg)| = 1 and |[u/(xg)| — oo for (zx)x € Q converging to g, so
the absolutely continuous part of the gradient of solutions blows up in proximity to the boundary —
with appropriate sign consistent with sgn(u(zg) —uo(zo)). Another peculiarity of the prescribed mean
curvature problem in dimension one is expressed in [67, Theorem 8.1] as a consequence of the explicit
(and unique up to translations) solution o of div(c) = p in R. In fact, if the domain is a bounded
interval Q := (a,b) and u is an admissible measure non-negative in some Borel set U C €2, then the
relation o(z) = p((a,x)) + ¢ implies that o and ' are non—decreasing in U, thus the extremality
relations yield Du = 0 in U. So, all minimizers u belong to W(U) and are here convex (therefore,
local Lipschitz continuous). Obviously, the opposite assumption x> 0 in U would imply concavity of
u instead.

Example 8.34 (optimality relations for TV problem with measure). Minimizers for the total variation
with measure p enjoy, as expected, worse regularity properties in comparison to the area case, in
consequence of the loss of differentiability and strict convexity — and clearly the same applies to any
anisotropic variant f(§) = ¢(£). Indeed, if we consider the standard isotropic integrand f(§) := ||,
the heuristic Euler-Lagrange equation (EL) reads out

div(%) =u in Q,

and our duality theory yields that, provided a solution u € BV(Q) of (P) exists, we cannot expect
uniqueness of maximizers, since every vector field o € DM, (Q,R") such that o is a.e. defined by
Vu/|Vu| on {Vu # 0} and || <1 a.e. on Q (in particular, a.e. on {Vu = 0}) is admissible. Geomet-
rically, we are now considering normal vectors o to level sets {u = ¢} for any ¢t € R, wherever these are
defined. Notice that for the singular part of [o, Du],, the same conditions (8.3.1) of area hold, as the
two integrands share the same recession function.

Specifically, in dimension n = 1, the equality o(z)u/(x) = |u/(x)| determines o > 0 for u strictly
increasing and vice versa, while any direction of o is allowed on the points where the absolutely
continuous part of the derivative vanishes. Moreover, even if the measure has a constant sign, we
cannot conclude that minimizers of the total variation functional with measure are continuous, nor
can we exclude the presence of a Cantor part in their derivative; compare with the area case above.
The reason lies in the fact that the set {x € Q : |o(z)| = 1} is here always non-negligible, unless w is
piecewise constant in 2.

8.4 An excursus on the uniqueness of dual solutions

We have seen that Result 5 implies uniqueness of the dual vector field o solution of (P*) for integrands
f=f(z,&: R" xR" — [0, 00) satisfying Assumption 1.1(H1)—(H2) and additionally supposing

(Ul) & f(x,§) is differentiable in R™ for a.e. x € Q0.

We find such an assumption (Ul) convenient to verify, as it only involves the primal function f.
Nevertheless, for the purpose of uniqueness of o, it would suffice to impose the hypothesis

(U2) & f*(x,€) is strictly convex in dom(f*(z.,)) for a.e. z € Q2

in place of (U1). In fact, supposing that (U2) holds and given o1, oo € L*°(€, R™) with same divergence
div(o1) = p = div(og), with both vector fields achieving the maximum M of (P*), we introduce the
set X = {x € Q: o1(z) # o2(x)} and the combination o := (o1 + 02)/2, which surely preserves
the condition o € DM, (2, R™). Moreover, since o1, o2 maximize (P*), it shall be o1(x), oa(x) €
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dom(f*(x.,)) for a.e. x € Q. Then, recalling o1 = 09 = o a.e. on 2\ X, supposed L"(X) > 0 we

compute
M/uSduz/a-Vuo/ (., o)
Q Q (Q\D)UE
/Ul.Vuo—/f*(.,al)— f*(.,a)]
Q s s

[ vu- [ 7o) - Q\gf*(.,a)] v [

by linearity of the first term and strict convexity of the conjugate function in the second entry. The
contradiction determines that 3 is Lebesgue negligible, therefore, the uniqueness of the dual vector field
is achieved. Observe that this procedure does not impose further assumptions on y, and indeed (U2)
is often assumed in the framework of classical convex duality — that is, for convex variational integrals
without measures, see e.g. [44, Theorem 3.1, Chapter V|. Nevertheless, it might not be straightforward
to verify an assumption on the dual function, such as (U2), and our preference falls rather on (Ul) —
as previously illustrated.

>1
2

1
2

We recall that a standard condition leading to uniqueness common in the literature, is the stronger
(U3) & f(x,&) is differentiable and strictly convex in R™ for a.e. x € Q,

where again we want to impose Assumption 1.1(H1) and continuity of f (and clearly (U3) implies our
condition (U1)). This is for instance the setting of Bildhauer and Fuchs [19, 17] and [18, Chapter 2|,
however there only limited to z—independent integrands f = f(§). In detail, in [19] the authors assume
an additional order of continuous differentiability and a specific bound on the Hessian of f to prove
existence of a dual solution as weak limit for € — 0 of e—coercive approximations of the dual problem —
as a side note, we record that the strategy to achieve such solutions is similar to our proof of Theorem
8.26. In second place, uniqueness of the weak limit o is proved in the follow—up paper [17] exploiting
that:

e Differentiability of f(x,.) yields strict convexity of f*(x,.) on every convex set in Im(0¢ f(z,.)),
applying Proposition 8.7 to g, (§) := f(x,§) for every z € Q;

e Strict convexity of f(z,.) determines convexity of the whole Im(0¢ f(z,.)); compare with Propo-
sition 8.6.

Coming back to our assumed (Ul), we record that Proposition 8.7 induces strict convexity of
& — f*(x,£") on every convex domain in Im(0¢f(x,.)). Moreover, it can be proved that for our
lower semicontinuous function & — f(x,&) the set E, := Int(Im(0¢f(z,.))) is convex in R" for a.e.
in Q — see e.g. [15, Proposition 3.7] — hence (Ul) yields strict convexity of f*(z,.) in E,. Thus, if
the assigned integrand f is such that all dual solutions o € DM, (2,R") satisfy o(x) € E, for a.e.
z € §, uniqueness of maximizers follows from strict convexity by assuming that o1, o9 are solutions
of (P*) (and from Result 5 both o1(x), o2(x) belong to the convex set Im(0¢ f(z,.)) for a.e. z € Q).
Reprising then the exact same reasoning above for the linear combination o := (01 + 02)/2, we can
again conclude that o(z) € Im(0¢ f(x,.)), and thus strict convexity of f*(z,o(x)) forces uniqueness.

8.5 Further properties of weak solutions and extremal divergence-
measure vector fields

From the extremality relations obtained in Section 8.3, we are able to extrapolate information on the
regularity of BV—minimizers for problem (P) in relation to different assumptions on the associated dual

160



8.5. Further properties of weak solutions and extremal divergence—measure vector fields 161

solutions of (P*) and vice versa. Our first observation is a straightforward consequence of the upper
bound for the pairing in terms of polar functions, expressing a first connection between regularity of
solutions and the L°°—norm of corresponding vector fields. Explicitly, a notable consequence of the
strict convexity of the integrand is that the absolutely continuous part of the derivative of minimizers
is uniquely determined.

Proposition 8.35 (uniqueness of gradient for strictly convex integrands). For bounded open Lipschitz
Q in R"™ and any ug € WH(R™), we assume that f: R" xR — [0, 00) is continuous under Assumption
1.1(H1) and that p+ are mutually singular, admissible measures on Q). We consider any two minimizers
u, v € BV(Q) of (P). Then, if f(z,.) is strictly convex in R™ for all x € Q, it holds Vu = Vv almost
everywhere in ).

Proof. Fixed z € Q, we argue via strict convexity and Proposition 8.6 that f*(z,.) € C'(Im(9¢ f(z,.))),
in particular Og- f*(x,£*) = { Ve f*(x,£")} for all £ € Im(0¢ f(x,.)). The presence of minimizers for
(P) yields by Results 4 and 5 the existence of o € L>*(Q,R"), div(s) = py — p— in Q and with
o(z) € Im(O¢f(z,.)) for a.e. € . Hence, from the minimality of both u and v, the optimality
relation (a’) implies Vu(z), Vu(z) € Og f*(x,0(z)) = {Vef*(z,0(x))} for almost every z € €,
yielding a.e.—uniqueness of the gradients. O

The result of Proposition 8.35 is achieved straightforwardly in the standard case of strictly convex
integrands with linear growth and p = 0 — even without involving the dual formulation, via strict
convexity of the integrand w — [, f(., Vw) dz on BV(Q). Nevertheless, once we allow the presence
of arbitrary measures pu4+ under some IC, the direct reasoning to achieve uniqueness of the gradients
fails since the measure term w — [o, w) dp := [, w™ dpy — [ wh dpu_ is not convex in BV(€2) (unless
 is of dimension strictly larger than n — 1).

We additionally point out that in general — that is, for f with linear growth and u # 0 — we
cannot exclude the presence of a singular part of the derivative of minimizers, even under continuity
assumptions on o, as there could be verticalizations of the gradient which do not contradict continuity
of the field. Nevertheless, by setting appropriate additional assumptions on the dual field — for example,
o not reaching the boundary of the unit ball with respect to the polar function of f>° — we can achieve
Sobolev solutions of the primal problem (see Proposition 8.36), or Lipschitz solutions (in Proposition
8.38). Analogous results for divergencefree vector fields can be found in [15], where the authors assume
continuity of o and o(x) € Int(Im(J¢ f(z,.))). In connection to this, we recall that Int(Im(0¢ f(z,.)))
can be replaced with Im(0¢f(x,.)) in case f is strictly convex in the second variable; then, joining
together Propositions 2.89(i) and 2.94, one has

o(x) € Int(Im(Je f(x,.))) € Int(dom(f™(z,.))) € Int({£ € R™ : (f*)*(2,£) < 1})
={£eR": (f*)°(x,8) <1},

and the connection with our assumption becomes evident. Nevertheless, in presence of a measure term
as in our treatment, we don’t expect the validity of the (in)equalities in [15, Theorem 5.2, Lemma 5.6]
to be preserved, and since these latter play there a fundamental role to get regularity results in [15,
Section 2.4], we rather privilege a different approach.

Proposition 8.36 (W'! regularity). Given ug € WHY(R") and a bounded Lipschitz Q in R™, we
consider the minimization problem (P) with continuous integrand f as in Assumption 1.1(H1) and
with mutually singular, admissible measures pt on Q. If o € DM, (2, R™) solves the dual problem
(P*) with [[(f*)°(., 0)l|Le () < 1, then any minimizer u of (P) is in Wi (Q). Furthermore, assuming
strict convexity of f(x.,) for all x in connected 2, the solution of (P) is unique up to additive constants
— that is, any minimizer v € BV(Q) is such that v =u+ ¢ L™"~a.e. in Q for some ¢ € R.
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162 Chapter 8. Duality theory for linear-growth functionals with measures

Proof. Let u € BV(Q) be a minimizer of (P). Employing Proposition 7.18 for the recession function,
we write

[o, Dulluy < [1(£%)°( 0)l[ree () £ (., DE") LA,

thus, the restriction to the singular part of both measures the extremality relation (b) delivers
f( D) LQ = [o, Duly, < [I(£%°)°(, 0)llLee (@) f(, D) LQ < f(, DT™)LQ

whenever the measure f°°(.,D*u%) is not identically zero on Q. Recalling that the linear—growth
assumption determines a|D*w"0| < fo°(., D%u%) < S|D%u"0| as measures, to avoid a contradiction it
shall hold D%u = 0 in €, as well as the H" '-a.e. equality u — ug = 0 for the traces on 9, and the
claimed regularity follows.

If additionally f(x,.) is everywhere strictly convex, from of Proposition 8.35 we know that any
two minimizers u, v have the same absolutely continuous part of the derivative measure, and by u,
v € WH1(Q) and the constancy theorem we conclude that v — u is almost everywhere constant. O

The last result for functional minimizers u can be further improved to Lipschitz continuity if we
have stronger information on the essential bound of the polar of f*° evaluated on a solution of the dual
problem. In detail, the behaviour of f* on such a solution determines whether the gradient of u might
blow up to infinity or not. We first recall the following standard result for the Sobolev space W1°°.

Theorem 8.37 (characterization of WH*). Let Q C R™ be an open and bounded set with Lipschitz
boundary and a function w: Q — R. Then w is Lipschitz continuous on  if and only if w € WH(Q).

The equivalence above is meant for the continuous representative of w. A proof of Theorem 8.37 is
contained, for instance, in [45, Theorem 4, Section 5.8.2|, where the characterization is first proved for
) = R™ under compact support of w, and then the result is generalized to regular bounded domains
via the Sobolev extension operator. Notice that Theorem 4 in [45] is stated for C! domains just for
consistency with the extension result [45, Theorem 1, Section 5.4|, but actually both theorems are
preserved under the sole Lipschitz regularity of the boundary.

Proposition 8.38 (sufficient condition to Lipschitzianity of minimizers). For Q bounded Lipschitz
and connected in R™, we consider a function ug € WEHR™) and we let f: R™ x R* — [0,00) be
a continuous admissible integrand according to Assumption 1.1(H1)—-(H2). Furthermore, we consider
mutually singular, admissible measures pt on 2, and a divergence-measure field o € DM, (Q2,R")
mazimizing (P*). If |[(f*)°(;,0)|[Lee() < 1, then any minimizer u of F is Lipschitz continuous
in Q with H" '-a.e. equality of the traces u = ug on 0. Assume that L € (0,1) is such that
11(f>°)°(;; 0)|lLee() < L. Then, in case it holds Lf*(.,0/L) = f*(.,0) almost everywhere on Q and ug
s constant on 0L), all solutions u are even constant up to the boundary of Q. Otherwise, no minimizer
U exists.

Before turning to the proof, we record that the claimed Lipschitzianity of u implies uniform conti-
nuity on €2, and thus it is possible to extend u to Q by continuity. Then, if the claimed equality for
the traces holds, we conclude that ug shall be continuous on 0f2.

Moreover, if for the admissible measures p+ we impose our usual hypotheses of f*—IC for (u—, py)
and f>-IC for (45 p—) in Q, both with constant L € [0,1) such that |[(f*)°(.,0)| ) < L, then
Result 2 guarantees the existence of minima for F. At the same time, we record that the presence of
the ICs for mutually singular component measures is equivalent via Theorem 3.16 to the statement:

it exists 7 € L>(Q,R"), div(r) =p, and (f°)°(z,7(x)) <L forae z €.

Nevertheless, we carefully observe that the vector field 7 € DM, (2, R™) above does not represent in
general a maximizer o of the dual problem — for which we do know (f°°)°(.,0) < 1 to hold almost
everywhere, but not necessarily (f°°)°(x,7(x)) < L.
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Proof of Proposition 8.38. Without loss of generality, we may suppose that the constant M in Assump-
tion (H2) is larger or equal than zero, since if f > f°° — M holds for some negative M, we can always
replace it with 0. Assuming that the pair (u,0) € BV(2) x DM (2, R") is minimizing-maximizing
for our problems in duality, Corollary 8.30 establishes [o, Du],, = f(.,Du") + f*(.,0)L"™ as measures
on §, and therefore it must be f*(.,0) < oo almost everywhere — in detail via Proposition 2.89 even
(f*)°(.,0) < Tae on . Wefix L € (0,1) such that [[(f*)°(., 0)||pe(q) < L. From the upper bound
in Proposition 7.20 and positive homogeneity of the pairing in the first entry, we can write

(f(.,Du") + f*(.,0)L™) /L = [o,Du]y,/L < f(.,Du") + f*(.,0/L)L™  as measures on 2,
hence rearranging the terms

Lf*('7J/L) — f*(.,O')
1-L

f(,Du*)LQ < LrQ (8.5.1)
for any L € (0,1). Denoting by Vu the absolutely continuous part of Du, we apply the estimate
(.6 >¢€ - Vu— f(.,,Vu) a.e. in Q for all £* € R", with equality achieved by £* = o in view of the
optimality condition in the form of (a’’). It follows that
Lf*(.,a/L)— f*(. 1
M, = LI ’”{_)L o) L (Lo Vu/L~ Lf(,Vu) ~0 - Vu+ f(, Vu)
= f(.,Vu) > a|Vul,

holding almost everywhere on €2, hence the measure MpL" Q is absolutely continuous and non—
negative on (2. Moreover, under the assumption ||(f*°)°(.,0)||L(q) < L, the measure MyL" is even
Radon on €, since from (f*°)°(.,0) < L < 1 we deduce via Proposition 2.89(iii) and the 1-homogeneity
of the polar function both f*(.,0/L) < M and f*(.,0) > —f(.,0) > —f3. Therefore, we have

1 LM+
Mp < —— su Lf*(,7/0L)— f*(.,7) < ——
I RS R I

() (m)<L

cLY(Q).

In conclusion, from (8.5.1) we obtain a|Du"| < f(.,Du") < MpL™ as inequality between finite
measures on 2.

We now distinguish the following cases:

o If M L™ = 0 on , the last estimate implies Dz = 0 on £, hence u is constant in © with
u = ug as traces on 0f2, which is only admissible if the datum wugy was constant on the whole
boundary.

e If instead the measure M ;L™ is non—negative but not everywhere zero on €2, passing to the
Lebesgue decomposition the chain of inequalities above yields D*u“ = 0 on € (in particular,
u = ug as traces on JN) and thus Du = VuLl™ on €. At the same time, for the absolutely
continuous part of the gradient, it shall hold

LM
[Vu| < Mp/a < a(l——i_LB) <oo a.. onf).

Exploiting Theorem 8.37, we conclude that u has a Lipschitz continuous representative on € as
claimed.
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We point out that in general we cannot rule out the case My L" = 0 in (), as the values of My, vary
depending on our choice of f and o. However, in the homogeneous case f = f° it is for sure My =0
almost everywhere on ) for every L € (0,1), since Proposition 2.89(ii) applied to the anisotropy f
determines f*(.,0/L) = f*(.,0) = 0 a.e. on Q) for any o € L>(Q,R") satisfying f°(.,0/L) <1 — and
this implies a fortiori even f°(.,0) < 1. Altogether, we have reached the following conclusion: If a dual
solution o € DM,,(©2, R") under homogeneous integrand satisfies ||(f*°)°(., )| o) < L for some
L € (0,1), then only constant solutions of the primal problem are allowed. Conversely, the necessary
condition [[(f*°)°(.,0)|[r,c (@) < 1 determines that in presence of a non-constant minimizer of (P) for
f = f° we have precisely ||(f*°)°(.,0)||L(@) = 1. In fact, one can even prove a local formulation
of the last result, namely in the homogeneous case we cannot expect to find maximizers of the dual
problem with L norm of the polar strictly smaller than 1 on any subset of 2 with positive measure,
unless the associated solution of the primal problem is here constant.

Proposition 8.39. On open bounded Lipschitz Q C R", we take ug € WHH(R™), a continuous integrand
f:R" x R™ — [0,00) positively 1-homogeneous and convex in & with linear growth for constants 0 <
a < B < oo. Let puy be admissible measures on Q with puy L p—. If (u,0) is a minimizing—mazimizing
pair of solutions for (P) and (P*) respectively, then o € DM, (2, R") is such that f°(.,0) =1 almost
everywhere outside the critical set K := {x € Q: Vu(z) = 0}.

Proof. For u, o as in the statement, the optimality condition in Corollary 8.30 and finiteness of the
up—to—the-boundary pairing determine f*(.,0) < co a.e. on €2, so necessarily f°(.,0) < 1 a.e. in  (via
Proposition 2.89(i)). Then, we assume [Q\ K| > 0, L € (0,1], and f°(.,0) = L on a measurable set S
of positive measure on the complement of K in ). Recalling that as usual homogeneity of f implies
f*(.,0/L) =0a.e.on S and f*(.,0) =0 even a.e. on €2, via Proposition 7.20 and again Corollary 8.30
it is

f(.,Du"*)/L = [o,Du]y,/L = [o/L,Du]y, < f(.,Du") + f*(.,0/L)L" = f(.,Du"") on S,
and since in particular S N 9Q = (), the linear—growth assumption determines
0<a(l—-L)Dul <(1—-L)f(.,Du) <0 as measures on S,

and restricting to the absolutely continuous part we find (1 — L) [ |Vu| = 0. However, since Vu # 0
a.e. on S, to reach equality the only possibility is having L = 1, and the arbitrariness of S implies
f°(.,0)=1a.e. on Q\ K as claimed. O

We now get a uniqueness result for solutions of the primal problem — provided the IC is satisfied
with a constant strictly smaller than 1. If such an assumption is weakened to the only limit IC in
Q, we expect a loss of uniqueness, since solutions allow to be shifted vertically on © (away from the
boundary to satisfy the trace requirement) while still preserving the minimal value of F.

Proposition 8.40 (uniqueness of Sobolev minimizers for strictly convex integrands). We assume the
domain Q to be connected, ug € WHH(R?) and f: R® x R® — [0,00) continuous, strictly convex in
the second variable and such that Assumption 1.1(H1) is in place. Furthermore, we consider mutually
singular, admissible measures py on Q such that (u—, p4) satisfies the f°-IC in Q and (4, u—) the
F-IC in  both with constant C € [0,1). Ifu € WYL(Q) achieves the minimum of (P) andv € BV(Q)
is another minimizer such that u = v holds H" ' ~a.e. on 0%, then v = u holds L™ —a.e. on .

Proof. By Proposition 8.35 and strict convexity of the integrand, it is Vu = Vv almost everywhere
on Q, thus v(z) = u(x) + c¢(x) for a.e. x € Q for some ¢ € BV(2) such that D% = 0, D%¢ = D%v
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as measures in §). Moreover, the equality of traces determines Tr(c) = 0 H" '-a.e. on 9. The
minimality of v and v, combined with the H" !-a.e. equality v¥ = u* + ¢*, yields

O—}"[v]—}"[u]—f(.,Dfu)(Q)—/erd,u_—i—/Qvdu+—f(.,Du)(Q)—/Qu*d,u

Q

= /(f(.,Vv) — f(.,Vu)) dz + f*(.,D*v)() _/
Q Q
=@ - [

Q

ctdu_ + / ¢ dug
Q

ctdu_ + / ¢ dug, (8.5.2)
Q

where we applied D*u = 0, Vu = Vv a.e. and u — ug = v — ug as traces on 0{2. We then exploit the
characterization of the joint ICs in the form of (3.1.3) with our given constant C' to the function ¢ with
null trace to get

[ e due = [ ¢ duy < CrEDO@) = CFF( D).
Q Q
A substitution into (8.5.2) determines

(1-0)f>(,D%)(22) <0,

which by C' < 1 proves D°c = 0 on 2. Since by the definition of ¢ it is also D% = 0 on 2, from the
constancy theorem in BV and the null trace condition we find ¢ = 0 on €. In sum, we have achieved
the expected equality v = u + ¢ = u valid almost everywhere on 2. O

Observe that, without assuming D*u = 0 or u = v as traces on 952 in Proposition 8.40, the equality
(8.5.2) in general might not be reached. Our last statement exploits homogeneity — and specifically,
strict convexity of sublevel sets of the function f*°(z,.) — to determine a relation between the singular
part of derivatives of two minimizers of F. We notice that Proposition 8.41 applies in particular to
both area and total variation.

Proposition 8.41 (sign invariance of the singular part). For ug € WH(R™) and a bounded Lipschitz
domain Q C R™, we consider two minimizers u, v € BV(Q) of F for a continuous integrand f under
Assumption 1.1(H1) and with mutually singular, admissible measures py on Q. We additionally assume
that u is such that py(J,) = 0, and that & — f°(x,€) is a strictly convexr norm on R™ for all x € Q
according to Definition 2.54. Then, either u € WH1(Q) or there exists non—negative v: Q — [0, 00)
and a measure v € RM(2, R™) singular to D*u and to L™ such that D*v = vD*u + v on Q.

Proof. 1f we let p:= p4 — p—, from the optimality relation (b) in Result 5 on the interior of € applied
to any solution o in DM, (£2,R") of the dual problem (P*), we know [o,Du]®* = [o,Du]; LQ =
f°° (., D%u) L, and similarly for v. We now record that the assumption on u implies 4 ({u~ < u™})
< px(Jy) = 0, so the representatives of u agree pi—almost everywhere on Q2. Hence, summing up the
inner pairings recalling that div(c) = p, we directly compute

[o, Du] + [o, Dv] = div(uo) + div(ve) + (u* +v7)(div(e))- — (u* +v7)(div(e))+
= div((u+v)o) + (u+v) p- — (u+0)"py
= [o,D(u + v)].

Exploiting the upper bound on the pairing in Proposition 7.20 and taking into account its singular
parts only, we achieve

(., D%u) + [ (.,,D%) = [o,Du]’ + [o, Dv]® = ([, Du] + [o, Dv])* = [o, D(u + v)]?
< (., D*(u+v))
< [ (,Dfu) + £ (, D%)

165



166 Chapter 8. Duality theory for linear-growth functionals with measures

as measures on {2, where the last step follows from convexity of f*°(z,.). We then deduce the equality
between measures f° (., D%u) + f°° (.,D%v) = f°(.,D*(u+ v)) on 2, therefore by Proposition 2.55
it is either D*u = 0, or D%v = yD%u + v for a non—negative function v on  and some measure
v € RM(Q,R") singular to D*u on €. O

Proposition 8.41 tells us that the jump direction of solutions of (P) is preserved, namely that
any two solutions u, v jump either both upwards or downwards on the set J, NJ,. The result above
applies for instance to the area integrand f(§) := /1 + |£]?, whose recession function f*°(§) = |¢] is
strictly convex as morm in R™. In such a case, the strict convexity of the function f also yields via
Proposition 8.35 coincidence of the absolutely continuous parts of the gradient for solutions. Then, if
u € BV(Q2) \ WH1(Q) is a pt—a.e. continuous minimizer of the functional

BV(Q)SwH/\/l—HVu}P dx+/ w—uo\d”y‘-{"_l—/w+du_+/w_du+,
Q o9 Q Q

any other minimizer v is such that its derivative measure can be decomposed into mutually singular
parts as Dv = Vu +yD%u + v.

We have already established in Proposition 2.59 that convexity in the second entry of f under
linear growth yields convexity in the same variable of the corresponding recession function. A follow—
up question could be the following: Does strict convexity of f*°(x,.) as a norm follow from strict
convexity of f(z,.) and/or vice versa? If yes, we could unify the statements of Propositions 8.35 and
8.41 in the hope of extrapolating information on absolutely continuous and singular parts of pairs of
minimizers of F at the same time. Unfortunately, in general, the answer to both questions is negative.

In fact, the following Proposition 8.42 can be applied to norm functions g not strictly convex to find
counterexamples to the first assertion above, already valid for z—independent functions. The statement
below is quoted from [14, Proposition 3.1] and slightly simplified for our purposes.

Proposition 8.42. For any 1-homogeneous, convex function g: R"™ — [0,00), there exists a smooth,
strictly convex function f: R™ — [0,00) such that:

o f has linear growth, i.e. || < f(&§) < B(1+[£) for all € € R™, with positive constants «, 3;
e g is the recession function of f, meaning g(§) = lim;_,o+ tf(&/t) for & € R™.

On the other hand, an easy counterexample shows the presence of strictly convex (as norm) recession
functions which do not stem from a strictly convex integrand — since we cannot exclude the presence
of flat traits for f on bounded domains, which will be neglected in the calculation of f°.

Example 8.43. We consider any positive L and the map fr: R"™ — [0, 00) defined via

0, if [§] < L;
|¢€] — L, otherwise.

fr(§) = {

Then, fr is not 1-homogeneous — but fr, is manifestly convex (not strictly convex) in R™. Still, for ¢
small enough we compute

LLEM) = 16l = tL — €] = F(6).

hence, its recession function is a strictly convex norm.

Nevertheless, we point out that from the results of Section 2.9 it is possible to relate at least
strict convexity of the polar (f*°)°(z,.) to strict convexity (on the effective domain) of the conjugate
function of f. In fact, we recall that under strict convexity of f(x,.) the set dom(f*(z,.)) is at least

166



8.5. Further properties of weak solutions and extremal divergence—measure vector fields 167

convex in R” for every x — this latter follows from combining Propositions 8.6 and 8.9 together. When
additionally imposing (H2), Proposition 2.89 guarantees that the equality between sets Kz, (foo)e =
{£eR": (f)°(x,&) <1} =dom(f*(z,.)) holds for all z. Getting back now to our Example 8.43, we
can compute the conjugate function of f; as

f1(&) = maX{Sup §-& L+ sup (- & - |€|)} = maX{Llé*\; L+ |Zu>pL €10E™ = 1)},

l§I<L €]>L

hence for [¢*| < 1itis fF(£*) = L, while for |£*| > 1 we have f}(£*) = co. In conclusion, dom(f}) = By
is strictly convex in R™. At the same time, we observe that {(ff°)° <1} = {f° <1} = By, which it
is consistent with our f7° being a strictly convex norm.
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