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Abstract

In this thesis, we discuss the regularizing effects that the gradient term present on the left side of
the equation and the singular term on the right side of the equation have on the solutions of elliptic
differential equations with homogeneous Dirichlet boundary condition, which involve 1-Laplacian
type operators with minimally regular data, specifically in L.

Our main objective is to establish the conditions for the solutions to be of finite energy, that is,
functions of bounded variation, and to be non-trivial. Furthermore, we also verify whether they

have additional properties, such as being bounded and zero jump part of the derivative.

Keywords: Nonlinear elliptic equations; 1-Laplacian; p-Laplacian; Natural growth gradient
terms; Regularizing effects; L'-data; Singular problems; Transparent media equation; Prescribed

mean curvature; Torsion problem.
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Chapter 1

Introduction

The 1-Laplacian operator and its associated partial differential equations with lower order terms
are the central subject of this thesis. Specifically, we investigate the regularizing effects that arise
from the interplay between a gradient term on the left hand side of the equation and a singular
term on the right hand side (we will specify what we mean by ’singular’ later). The main point of
this research is the combined effect of these factors on the solutions’ properties, such as existence,
finiteness and regularity.

Our primary motivation for studying this operator comes from its profound relevance across
diverse areas of physical science and applied mathematics. It has been widely observed that various
fundamental phenomena are governed by differential equations whose principal operator is the 1-

Laplacian. These applications include:
e Torsion problems [84, 85|,
e Image restoration and filtering [25, 101, 115],
e The level set formulation of the inverse mean curvature flow |79, 102, 103],
e The study of the Riemann-Penrose inequality in general relativity [82].

We present a brief illustration of some of these applications.
The application of the 1-Laplacian in image processing comes from [114]. The goal of this model
is to recover a clean image, u, from a corrupted version, ug, where the corruption ug = u + 7 is due

to noise 1. The recovery process involves minimizing the Total Variation functional defined as
J(u) = |Dul(52),

subject to constraints on the noise (zero mean and fixed standard deviation). This approach, which
corresponds to L' minimization, is preferred to the more conventional L? minimization (used by the
standard Laplacian), because it allows the recovered image functions to have jumps. This property
is essential in image analysis as it allows the better preservation and description of sharp edges.
Another significant application where the 1-Laplace operator arises is the Inverse Mean Curva-
ture Flow.
IMCF constitutes a one-parameter family of hypersurfaces I';y € RY, where t > 0. Its evolution

is defined such that the normal velocity V,,(¢) at any given time ¢ is equal to the inverse of its mean




Chapter 1. Introduction

curvature H(t). If the flow is parameterized as T'y := F(I'g,t), the kinematic description of the
Inverse Mean Curvature Flow requires looking for a map F : T'g x [0, 7] — RY that satisfies:

(?91;:;1’ >0, (1.1)
where v denotes the unit outward normal vector to I';.

The IMCF was originally introduced as an analytical tool for proving significant conjectures in
the field of black hole theory, such as the Penrose Inequality, which ensures that the total mass of
spacetime containing black holes with event horizons of total area A must be at least /A(167)~1.
In [82], the authors proposed a level set formulation for the IMCF (1.1), defining a weak notion
of solution through an energy minimizing principle. This approach ensures that the generalized
Inverse Mean Curvature Flow exists for all time. Utilizing this result, they subsequently provided
a proof of the Penrose inequality for the specific case involving a single black hole.

The level set formulation proposed in [82] proceeds as follows: the flow is assumed to be repre-

sented by the level sets of a function u : R — R such that
I't =0E;, E;:= {m e RN . u(x) < t}.
In areas where the function u is smooth and the gradient is non-trivial, the geometric equation (1.1)

. Vu '\

Consequently, the study of the flow (1.1) gives rise to the following elliptic partial differential

is equivalent to the equation:

equation:

div <|§Z|> = |Vu| in

u=0 on 01},

where Q = RV \ E.
Just to give an idea, in this thesis we deal with existence and regularity properties of solutions
to problems as
—Aju+ g(u)|Du| = h(u)f in £,
u=>0 in €, (1.2)
u=20 on 0f),

here, O ¢ RY (with N > 2) is a bounded domain with a Lipschitz boundary. The operator

Aju is the standard 1-Laplacian, defined as div <|1D)Z\> The functions g,h : [0,00) — [0, 0]
are continuous, potentially exhibiting blow-up behavior near the origin (the singularity mentioned
earlier), and f € L*(Q) is a nonnegative function.

Section 1.4 offers a brief but complete presentation of the key results, the proofs of which are
then detailed in this thesis.

We begin by providing a necessary historical and mathematical background for the 1-Laplacian
operator, formally denoted as A;. We must first establish the nature of this operator and the

specific complications it introduces.
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1.1. 1-Laplacian operator, an historical overview

1.1 1-Laplacian operator, an historical overview

In this Section, we provide an overview of the study of the problem

—Aju=f in{,
u=20 on 0f),

(1.3)

where f belongs to a suitable Lebesgue space, which will be specified subsequently.
The primary mathematical challenges in dealing with this equation arise from several key diffi-

culties:

e Interpretation of the 1-Laplacian operator: defining the precise meaning of the 1-Laplacian,
which formally involves the quotient of a measure over its total variation. As we will see later,

the solutions naturally live in the space of functions of bounded variation, BV (€2).

e Boundary Condition Formulation: the Dirichlet boundary condition, © = 0 on 9f2, could
not be assumed pointwise in the standard sense for BV solutions, necessitating a weaker

formulation.

e Uniqueness: the homogeneity of the operator itself creates significant challenges to establishing

the uniqueness of solutions.

1.1.1 The torsion problem

Before directly addressing problem

—Aju=1 in Q,
u=20 on 0f),

(1.4)

a natural initial question arises: to study the behavior of the solutions to its most direct approxi-

mations. These approximations are defined by the p-Laplacian problems:

—Apup =1 in Q,
up =0 on 0,

(1.5)

where Aju, = div (|Vup\p_2Vup) is the standard p-Laplacian operator for 1 < p < oco. The
classical approach for investigating the 1-Laplacian problem is precisely to consider the case where
p > 1 and analyze the asymptotic behavior of the approximating solutions u, as p converges to 1.

The problem in equation (1.5) is known as the torsion problem due to its role in modeling
the mechanical phenomenon of a cylindrical bar with a constant cross-section  C R? subjected
to torsion. In this physical context, the unknown function u represents the warping function.
Crucially, the size of the gradient, |Vu|, corresponds to the stress within the bar, and the term
|Vu|P~! characterizes the shear strain energy (for a detailed discussion we refer to [88, 111, 112]).

The problem (1.5) is derived as the Euler-Lagrange equations associated with the following

)= [ 1vep— [ o (16)

Francesco Balducci 3

functional:




1.1. 1-Laplacian operator, an historical overview

For 1 < p < oo, the above functional is well-defined, strictly convex, and coercive on the Sobolev
space WO1 ?(Q)), and thus admits a unique minimizer.

However, if we try to write it for p = 1 and minimize it over the space T/VO1 ’I(Q), this is not
possible, because we do not have sufficient compactness properties.

The study of such functionals is therefore carried out in a larger space known as the space
of functions of bounded variation, denoted as BV () (for more details on functions of bounded
variation, see Subsection 2.3.3). When we extend the previous functional to BV -functions, it takes

the following relaxed form:

Ji(v) := |Dv|(Q) + /69 lo| dHN L — /Qv; (1.7)

the boundary term is added to the functional because of the weak interpretation of the boundary
condition.

We highlight that this functional, while convex, is notably non-regular (i.e., not differentiable
in the usual sense).
Furthermore, the functional includes a boundary term, |, 90 v dHN=1, because the trace operator
in the BV (Q2) space possesses only weak continuity properties (this topic is fully developed in [4,
p.180]).

As a consequence of the coarea formula, an equivalent formulation of the functional in the BV

case is provided by

Ti(v) = /0 T (P - () dt,

where 0 < v € BV (Q), Q :={z € Q : v(x) > t} is the superlevel set of the function v corresponding
to the level ¢, V(€;) denotes the N-dimensional volume of §; and, finally, P (£;) denotes the
perimeter of the set € with respect to RY.

Recalling the isoperimetric inequality, we ensure that
N1 L
V(Qt) N Nu}]]\\; < P (Qt) R
where wy is the volume of the ball By(0) C RY. Consequently, this directly implies that
P(Qt) - V(Qt) > 07

if the domain Q, or o, is sufficiently small, the only minimum of the functional (1.7) is the trivial
function. This observation suggests that u,, the minimizer of the functional (1.6), converges to
u; =0,asp— 1T,

On the other hand, for domains 2 with sufficiently large volume, such as the ball Q = Br(0) C R?
with R > 2, choosing the function v = cygq yields the expression:

Ji(v) = ¢(2nR) — ¢(nR?) = crR(2 — R).

Consequently, J1(v) < 0. Significantly, the functional is not bounded from below, since J;(v) —
—0o0 as ¢ — 00, this leads to conjecture that u, — 0o, as p tends to 1%.
Kawohl formalizes and demonstrates the preceding statements in [84|. The focus of the author’s

analysis is the case of the ball Br(0).
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1.1. 1-Laplacian operator, an historical overview

Since the domain Q = Bp(0) exhibits radial symmetry, the unique solution wu, will also be
radially symmetric.

For the specific Dirichlet problem (1.5), the explicit radial solution is given by

st (B (5))

By taking the limit as p — 17, we observe the following asymptotic behavior for the solutions

Up:
e If the ball radius is small (R < N), the solution degenerates to zero;
e If the ball radius is large (R > N), the solution blows up.

For further details on these results, we refer the reader to [84, Theorem 7, Corollary §|.
The results clearly suggest that the asymptotic behavior of the p-Laplacian solutions u, as
p — 11 is dependent on the size of the domain in relation to the space dimension R¥.

Indeed, this is strongly related to the Cheeger minimization problem, defined as

Its value specifically determines the critical point for the solutions’ asymptotic behavior.
Certainly, we know that for bounded domains 2 with a Lipschitz boundary, the limiting behavior

of the L® norm is characterized by the constant h(2):

) 0 if h(02) > 1,
lim {|up|| poe () = _ (1.8)
p—1 oo if h(Q2) < 1.
This result is established because the following equality holds, as proven, for instance, in [39]:
. 1-p _ T 1-p
Tim [yl ) = () = lim fuplify (1.9)

In fact, in the case of a ball of radius R, the Cheeger constant is equal to h(Bgr(0)) = %, hence
(1.8) and (1.9) generalize the Kawohl results’ in the general context of a bounded domain with
Lipschitz boundary.

Regarding the case where h(§2) = 1, in [84] the author demonstrates that for the case of the ball
By (0) and an annulus in R?, the approximants u,, converge to 0. The case of an annulus in RN is

treated in [39], where the authors prove the same behavior.

1.1.2 Asymptotic behavior for a generic f € L™>°(Q)
In [43], the authors deal with the asymptotic behavior for u,, when the data is a function f € LY (Q)
or LN:>°(Q), namely solution to the problem
—Apu, = f in Q,
up, =0 on 0f2.

(1.10)

Francesco Balducci 5



1.1. 1-Laplacian operator, an historical overview

As we know, this problem is the Euler-Lagrange equation of the subsequent functional

Noto) == [ 1wur= [ po

which is strictly convex and coercive in I/VO1 P(Q). Tt is also well-known that this problem admits a
unique solution, which is the minimum of the functional.

A key distinction between this work and Kawohl’s [84] lies in the conditions for the existence of
solutions. While in Kawohl’s paper, where the problem is studied with f = 1, the behavior of the
solution (whether it goes to zero or explodes) depends on the size of the domain, here the solution’s
explosion depends on the size of the norm of f.

The reason for requiring this smallness condition on the norm of f is motivated by a heuristic

argument involving the relaxed functional associated with problem (1.3), which is

Ni(v) = |Dv|(Q)+/aQ ]v|d7—[N1—/va,

from which the following estimate can be deduced:

(2.6)
DvQ-i—/ vd'HNl—/vz DUQ—I—/ | dHN T — v|| N~
| Dv[(£2) BQ‘ | Qf | Dv[(£2) asz’ | £l vl ||LN111(Q)

(2.7)
> (1= Al @S1) vl svio):

This calculation implies that if [| f[| v gy < S;!, the right hand side tends to infinity as vl By () —
00, where &7 is the constant defined in Theorem 2.25.

A similar computation can be carried out for f € LY:>°(Q) (defined in subsection 2.3.5) through
the application of inequalities (2.18) and (2.19), instead of (2.6) and (2.7), respectively.

We stress the optimality of L™V (Q) for solutions within the BV framework. As detailed in
Section 1.2, the condition to obtain solutions in Wol’p(Q) for the p-Laplacian requires f € L%(Q2)
with ¢ > %. The convergence of this exponent to N as p — 17 suggests LV (Q) as the
expected critical space.

Moreover, the known boundedness result for p-Laplacian solutions when ¢ > % suggests that
f € LY () should lead to bounded 1-Laplacian solutions. In the following discussion, we show that

our observations actually provide more information.
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1.1. 1-Laplacian operator, an historical overview

p— 17

1 (p*) N N
P

Figure 1.1: Asymptotic behavior

The authors analyze the radial case, specifically by studying the problem in a ball Br(0). In

the case of problem (1.10), the solution is explicitly known (for more details see [120]); in fact, it is

1 wy RY p(p—1) i1
up(z) := pp/ §®-1D?N-p / f*(o)do ds,
Nﬁw;vw*” wy ||V

where f* is the Schwarz symmetrization of f (for more details (2.17)).

given by

Based on this explicit solution, we can state that the solution family w, satisfies the uniform
convergence:

lim w, =0 uniformly in Br(0),
p—1+

provided the smallness condition on the data is satisfied: ||f|| .~ (p,0)) < St

The result holds true even for data f belongs to the Lorentz space L™°°(Q). In this case,
the same convergence to zero is obtained, under the condition || f|| v ) < S;!, where S is the
corresponding optimal constant defined in (2.19). For a detailed proof of these statements, we refer
the reader to [43, Theorem 3.1, Theorem 3.3|.

It is important to emphasize that the smallness condition || |z, q) < g ! is optimal.

In fact, we discuss the specific case where the norm equals the critical value. Consider f (x) =

AU'V‘ D with A > 0. We know that ||f]| neeq) = ANV — 1)wN, where ;' = (N — 1)wN- It is

easily seen that the solution of (1.10) is given by

up(z) = (R — |z|) )\ﬁ, for all p > 1.
We can therefore conclude that the solution’s limit is

0 A<,
ui(z) == R—|z| ifA=1,

00 it A > 1.

This example shows that the assumption on the smallness of the norm of f is optimal.

The article of Mercaldo, Segura de Leon, and Trombetti [99] provides a significant contribution;
it addresses the asymptotic behavior of the solutions u, of (1.10) as p — 17 without constraints on
the norm of f in the context of a ball Br(0), thereby completing the results presented in [43].

We can summarize the main achievement by stating that

lim u,(x) =00 fora.e. z € B, (0),
p—1t

0< lim uy(z) < R—|z| forae z€ B,,(0)\ B, (0),

p—1t

Francesco Balducci 7



1.1. 1-Laplacian operator, an historical overview

and

lim wuy(z) =0 fora.e. z € Br(0)\ B,(0),
p—1t

where 1,75 depends on || f|[ 1~ (q), for more details see [99, Theorem 3.1].

1.1.3 Notion of solution for Aju

The other significant contribution of [99] is the establishment of the appropriate concept of solution.
The authors were influenced by the ideas presented in [5, 11, 21, 62, 63|, which uses the Anzellotti’s
pairing to define a solution. This pairing, introduced independently by Anzellotti in [13] and Chen-
Frid in [42], allows one to give meaning to the product of a bounded vector field with a measure.
This new tool, when the vector field is C! and, instead of considering a measure, we consider the
gradient of a C'! function, simplifies to a scalar product. The core idea in [5] is to express the quotient
Du|Du|™!, using a bounded vector field with divergence measure. The authors considered a vector
field z € DM () (the space of bounded vector fields with measure divergence, see subsection
2.5.1) such that its divergence equals the given data f in a distributional sense, while satisfying the
condition (z, Du) = |Dul in the sense of measures.

This requirement is intuitively correct. If the solution u were more regular, say u € VVO1 ’I(Q), it
would be straightforward to see that this condition implies z = ‘B—Z‘.

Moreover, it is standard for this type of problem to provide the boundary condition u(sgn(u) +
[z,v]) = 0 HV"l-a.e. on 09, which means that either the function u is zero on the boundary, or
the trace of z reaches the maximum or minimum possible slope. For this purpose, we employ the

definition of solution presented in [99, Definition 4.1].

Definition 1.1. Let consider f € LN>°(Q). A function u € BV () is a solution to (1.3), if there
exists a vector field 2 € DM (Q) with ||z|| o yv < 1, such that

—divz=f inD(Q), (1.11)
(z, Du) = |Du| as measures in 2, (1.12)

and
[z,v] € sgn(—u) HY -a.e. on Q. (1.13)

The authors present the existence result for solutions to problem (1.3) in the case where the
data f € W~1°°(Q), which is the dual space of Wol’l(Q). This choice of space is motivated by the
fact that problem (1.10) always admits a solution when f € W_l’ﬁ(ﬂ) for 1 < p < N, and all
such dual spaces are, in turn, continuously embedded within the aforementioned space W=1:>°(Q).

As previously discussed, the function u that is a candidate for being the solution to problem
(1.3) must be identified as the limit of the solutions w, to the approximating problem (1.10). We
therefore generalize the behavior of uy, to the case of a bounded domain 2 with a Lipschitz boundary,
following the results established in [99, Theorem 4.1]:

o If [ fllw-100) < 1, then u, converges to 0 a.e. in Q as p tends to 17 in LI(Q), for every
1<qg< 5.

o If || fllw—1.00() = 1, then, up to subsequence, u;, converges to a function u € BV () in LI(€2),
for every 1 < ¢ < %

Francesco Balducci 8



1.1. 1-Laplacian operator, an historical overview

o If ||f||W—1,oo(Q) > 1, then

lim Vu,| = oo
Tim [ [V, = o,

and there is not any u € BV () which is the *-weak limit of w,,.

Furthermore, we know that Definition 1.1 necessitates the presence of a measure-divergence vector
field z € DM (Q) to give meaning to the weak quotient %, which is established as detailed below
(for the proof see [99, Proposition 4.1])

|V, P2V, — z in LI(Q)Y for all 1 < ¢ < oo,
which satisfies properties (1.11) and

2]l Loy = | fllw-1.000).
At this point we could state the main existence result to the problem (1.3) (see [99, Theorem 4.2]).
Theorem 1.2. Let us consider u, solution to the problem (1.10).

L If [ fllw-ree() < 1, then, as p goes to 17, u,, converges to u = 0 solution to the problem (1.3)

in the sense of Definition 1.1.

2. If [|[fllw-1.00(2) > 1, then there is not solution to the problem (1.3) in the sense of Definition
1.1.

It is important to highlight that, in the case [|f|[y-1.0(q) = 1, then, u, converges to some
function u € BV (€2). However, the authors are unable to show that w is a solution to the problem
(1.3) in the sense of the Definition 1.1.

Having defined the notion of solution and established the existence result, we now present some
examples to demonstrate the lack of uniqueness for equation (1.3).

We consider problem (1.4) defined on the domain By () C RY. In this specific scenario, all
functions of the form Ayq with A > 0, are minimizers of the functional (1.7). For a more detailed
discussion, we refer the reader to [84, Corollary §].

Another example that highlights the lack of uniqueness for problem (1.3) can be seen in the case
where the solution w is sufficiently regular, specifically in VVO1 ’I(Q). In this case, all functions of the

form ®(u), where ® is a non-decreasing Lipschitz function, are also solutions to problem (1.3).

1.1.4 Variational approach

In this subsection, we want to discuss the variational approach to problem (1.3). We will not follow
this solution method for the 1-Laplacian problems addressed in this thesis, but we discuss it here
for completeness.

We recall that the relaxed functional associated with problem (1.3) with f € L¥(Q) has the

following form:

N(v) :=|Dv|(Q) + /89 lo| dHN L — /va, for v € BV (Q). (1.14)

Francesco Balducci 9



1.2. Regularizing effect of gradient term

As previously mentioned, the main difficulty in studying this functional lies in the fact that it
is not differentiable in the usual sense.

In the work [86, Theorem 3.2|, the authors demonstrate that the functional (1.14) admits a
minimum, provided the hypothesis || f|| v ) < S ! holds. The authors also successfully establish
the Euler-Lagrange equations associated with the minimum of the functional (1.14).

Specifically, in [86, Corollary 4.9], it is shown that for a minimum u of the functional (1.14),
there exists a vector field z € L>(Q)V satisfying:

|2l @y <1, divz e LV(Q), \Du|(Q)+/ |u|d7—lN1—/udivz. (1.15)
o0 Q
where [|z]| oo () = 1 if u # 0, such that:

—divz=f ae. in Q. (1.16)

Thanks to this result, we are able to assert that the minimum wu of the functional (1.14) is a
solution to (1.3) in the sense of Definition (1.1).

It is easy to see that (1.11) coincides with (1.16).

Applying the Gauss-Green formula (2.35) to the right hand side of the integral equality (1.15),

we can observe that:
yDu|(Q)+/ |u|dHN_1:/(z,Du)—/ ulz, v] dHN L, (1.17)
o0 Q o0

Thanks to property (2.31), we know that (z, Du) < |Dul| as measures in €, and we also affirm that
ul[z,v] < |u| on 09, applying (2.29). Consequently, substituting these two inequalities into (1.17)
yields (1.13).

Since (1.13) holds, equation (1.17) becomes:

[ o= [ |l

This equality, combined with the fact that (z, Du) < |Du| as measures in €, allows us to assert

(1.12).

1.2 Regularizing effect of gradient term

The other pivotal part of this thesis deals with the regularizing effects on the solution due to the
presence of the gradient term on the left hand side of the equation.

Before discussing the regularizing effects that the gradient term produces in the context of the
1-Laplacian operator, we will first examine the scenario involving the p-Laplacian, with p > 1. This
approach is justified by the fact that, as we established in the previous section, the solutions to

problems involving the 1-Laplacian can be obtained as a limit of solutions to p-Laplacian problems.

1.2.1 Existence and regularity of solutions for p-Laplacian operator problems

To better understand the regularizing effects, this section begins with an analysis of the regularity

of solutions in the specific case where the model equation (1.2) lacks the gradient term and h = 1.
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1.2. Regularizing effect of gradient term

The simplest instance of our problem is the Poisson equation with a homogeneous Dirichlet
boundary condition:
—Au=f in{,
u =0 on 0f).

(1.18)

Using classical results from the theory of the Calculus of Variations, we know that if f € H~1(Q),
a solution exists in the Sobolev space H}(£2). This is often referred to as a finite energy solution
due to its belonging to the associated Sobolev space.

In [118], Stampacchia looked for solutions to problem as in (1.18) under a weaker regularity
assumption, i.e. f € L'(2). He demonstrated in this case that, the solution u no longer belongs
to H}(R2), exhibiting reduced regularity itself. In this more general setting, the solution lives in
VVO1 1(Q) with ¢ < % and it is known solution by duality.

Subsequently, the preceding problem was extended and studied in a more general case, namely

involving the p-Laplacian operator, with 1 < p < N. This general problem is formulated as:

—Apu=f inQ,
u=20 on 0f).

(1.19)

Now we state the combined existence and regularity result for the solutions to problem (1.19)

in a single unified Theorem.

Theorem 1.3. Let us consider f € L1(Q)), with ¢ > 1. Then, there exists a measurable function u
solution to the problem (1.19) such that |Vul[P=2Vu € LL ()Y and satisfying

loc

/ VulP2Vu - Vo = / feo  forall p € C(Q),
Q Q
and
1ifg>5 and 1 <p < N, then u € Wy () N L®(Q),
2. ifﬁ <g< % and1 <p <N, thenuEWé’p(Q)ﬂLr(Q), with r = Yae—1)

N—gp 7’

1 (p—1)Ngq

8. ifg=1land2— & <p <N, thenu e W, "1 (Q),
N(p—1) N(p—1)
4 1< q< gk thenu e L NP (Q) and |Vu| € L N1 Q).

For the specific proofs of the previous points, we refer the reader to the literature as indicated:
for point (1.), see [31, Theorem 1|; for point (2.), see [31, Theorem 5]; for point (3.), see [27, Theorem
3]; and finally, for point (4.), refer to [22, 26].

For a more comprehensive treatment of this topic, the reader should also examine the following
articles: [51, 52, 95, 104].

Historically, the regularizing effect due to the presence of the gradient term in the context of
the p-Laplacian operator was studied by various mathematicians, including Boccardo, Murat, Puel,
Bensoussan, Gallouét, Giachetti, Dall’Aglio, Orsina and their collaborators. Specifically, the results
we will discuss in this subsection are based on the following articles [22, 23, 28, 29, 32, 34, 35, 53, 61].
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In these papers, the authors focused on looking for solutions to the following model problem:

—div (a(z,u, Vu)) + H(z,u,Vu) = f in Q,
u=>0 on 0f),

(1.20)

where Q ¢ RY, with N > 2, is a bounded domain with a Lipschitz boundary, 1 < p < N and f
is a Lebesgue-integrable function. The function a : Q@ x R x RY — R¥ is a Carathéodory function
satisfying the classical Leray-Lions assumptions, i.e., there exist o, 5 > 0 and 1 < p < N such that,
for almost every x € Q, for every s € R and every &, & € RY:

a(z,s,€) - & > al¢fP, (1.21)
la(z, s,€)| < B (b(x) + [s|P" +|€P7Y),  with b e Li-T(9), (1.22)
(a($, $,€) — a(x,s,f’)) (E=¢) > 0; (1.23)

let us recall that, by (1.21), one has a(z,s,0) =0, for any s € R and for a.e. x € Q.
Furthermore, H : Q x R x RN — R is a Carathéodory function such that verifies the following
assumptions for a.e. x € Q and for every (s,£) € R x RV

H(z,s,&)s >0, (1.24)

and
|H(x,5,6)| < g(s)(hi(z) +|£[P) hy € LY(RQ), g: R — [0,00) is continuous. (1.25)

A pivotal contribution by Boccardo, Murat, Puel, and their collaborators established that the
presence of the gradient term on the left hand side of the equation, guarantees that the solutions
belong to the expected Sobolev space, WO1 P(£2), thus ensuring the existence of finite energy solutions.

In |23, 33, 35, 61], they show that, under the previous assumptions on the functions a, H and
f e L) with ¢ > %, there exists a function u € Wol’p(Q) N L*°(£2) which is a weakly solution to
the problem (1.20).

When the data f exhibits lower summability than the preceding result, an additional constraint

on the gradient is required, specifically:
Iy, L>0: H(z,s,&)sgn(s) >~v|¢|P for every s such that |s| > L. (1.26)

Let us state the existence result for the most general case (see [30, Theorem 1.1]).

Theorem 1.4. Leta : QxRxRYN — RN be a Carathéodory map satisfying the standard Leray—Lions
conditions (1.21)-(1.23), H : Q@ x R x RY — R a Carathéodory function which verifies conditions
(1.24), (1.25) and (1.26). Finally, let assume f € L'(€2).

Then, there exists a solution u € Wol’p(Q) to problem (1.20) such that

/ a(x,u, Vu) - V<p+/H:UuVu /fgo fm"alhpeW’p(Q)ﬂLoo(Q)
Q

We want to emphasize that problem (1.20) is of significant importance and it has been widely

studied due to its variational origin. This connection becomes clear if we consider the following
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1.2. Regularizing effect of gradient term

functional L : VVO1 P(Q) — R defined as

o) = [ ey [ o

with 1 < p < N and ® : R — R being a differentiable function. The Euler-Lagrange equation

associated with the critical u of the previous functional is:
/ ®(u)|VulP>Vu - Vi +/ O (u)|VulPp = / fe forall ¢ € C°(92).
Q Q Q
It is readily seen that the simplest case of problem (1.20), namely

—Apu+ |VulP = f in Q,
u=20 on 0},

(1.27)

represents the straightforward version of this more general variational problem. While (1.20) itself
is no longer purely variational in structure, its deep connection to the minimization of the functional
L highlights its significance and motivates its study.

We stress that Theorem 1.4 also holds for problems of type (1.27) and their more general
version featuring a gradient term g(u)|Vu|P, where g is a continuous and other suitable assumptions,
nonnegative function, with a data 0 < f, because in this context, condition (1.26) is, in a certain
sense, satisfied.

Finally, we conclude this subsection by noting that the demonstration of the preceding results
is made possible by a crucial Lemma, namely [35, Lemma 5|. The solutions to the aforementioned
problem are found via approximation, and it is demonstrated that the gradients of the solutions to
the approximate problem converge a.e. in €) to the gradient of the limit function, which serves as

the candidate solution for the original problem.

1.2.2 Regularizing effect of gradient term in the contest of 1-Laplacian operator

In this subsection, we aim to investigate the regularizing effects of the first-order gradient term on
the solutions to the differential equation involving the 1-Laplacian operator. Specifically, we are

considering the following problem:

—Ayu+ |[Dul = f in ),
u=20 on 01,

(1.28)

where f is a nonnegative, Lebesgue integrable function, f € LI(Q), with ¢ > 1; the summability
assumption on f will be examined in detail within this section.

For (1.28), we mainly refer to [90, 91, 98], which addressed the cases ¢ > N, ¢ = N, and ¢ =1,
respectively.

Also in the case of problem (1.28), to find a candidate solution, one starts from the most natural
approximating problem, namely (1.27), and then passes to the limit as p — 17.

The main difficulty in this context lies in the fact that the solution u lives in BV (2), and thus its

gradient is a measure. To be able to pass to the limit, what is used is a sort of change of variables
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that allows us to, in a sense, reduce the problem to (1.28) without the gradient term (for more
details, see [98, Theorem 3.5]).

Already in the seminal contribution [98|, we can observe the significant effects of the gradient
term: specifically, the solution is always of finite energy, that is, the solution belongs to the space
BV (Q), regardless of the regularity of f. This contrasts with the corresponding equation lacking
the gradient term and presents a perfect analogy with the case of the p-Laplacian operator, which
was described in the previous subsection. Furthermore, it is important that the jump set derivative
of the solution is zero and the boundary condition is attained pointwise; namely, v = 0 HY " l-a.e.
on 0f).

At this point, we could explain the Definition of solution for problem (1.28), as provided in [91,
Definition 3.1|; this definition necessitates the employment of the truncation function given in (2.1)
for the well-posedness of the Anzellotti pairing (for more details, see Subsection 2.5.1), since the

solution to problem (1.28) is not necessarily bounded.

Definition 1.5. Let us consider 0 < f € LY(Q)). A nonnegative function u € BV () with D/u = 0
is a weak solution to the problem (1.28) if there exists a vector field z € DM™(Q) with ||z feo(qyn <
1 such that

—divz +|Du| = f inD'(Q), (1.29)

(z, DTy (u)) = |DTy(u)| for a.e. k>0, as measures in €2, (1.30)

and
wu=0 for HN"'—a.ex € 0.

It is important to emphasize that the solution to problem (1.28) is also the minimum of a
functional, i.e. a solution in the sense of [82]. Indeed, let us assume u be a solution to problem (1.28)
in the sense of Definition 1.5. Then, there exists a vector field z € DM (Q) with [[2[[ ey < 1
such that it verifies (1.29) and (1.30).

We define the following functional:

Eu(v) == /Q |Dv| 4+ v*|Du| — fo,

for functions v € BV (Q) N L>(N) satisfying D/v = 0 and v = 0 HV"l-a.e. on 9€; v* is the precise
representative (see Definition 2.28).

It is straightforward to observe that this functional is nonnegative for every v in the described
set and that it vanishes when choosing v = u. For further details, refer to [98, Remark 3.2].

Moreover, in the specific case where || f|ly-1,00(q) < 1, we highlight a result that contrasts from
the standard p-Laplacian scenario.

In [90, Proposition 4.4], the authors demonstrated that if u is a solution to problem (1.28) in the
sense of Definition 1.5, then the solution is trivial if and only if f € W ~1°°(Q) with [ fllw-100() < 1.

The existence of trivial solutions even with non-trivial f is characteristic of problems involv-
ing the 1-Laplacian operator. We must highlight the difference between the preceding conclusion
and the results of Theorem 1.2. For problem (1.3), it has been established that data satisfying
[ fllw-1.00() < 1 necessitates a trivial solution, whereas no BV -solution exists when || f|yy—1.00 () >
1. The most critical scenario naturally arises when || f||y—1,0() = 1; in this case, non-trivial so-

lutions may be obtained for certain data, although the trivial solution is present. However, this
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expected distinction does not hold in our setting, i.e. problem (1.28): when || f|ly-1,00c(q) = 1, only
trivial solutions are provided.

We summarize as follows the main results on the regularity in Lebesgue spaces of the solution
u to problem (1.28) with datum 0 < f € L9(f2), where ¢ > 1.

o If ¢ > N, then u € L>®(9).
o If =N, then u € L"(Q2) with 1 <r < c0.
e [f1<g<N, thenueL%(Q).

A final regularizing effect, due to the gradient term, is evident in the uniqueness property. Unlike
problem (1.3), whose non-uniqueness was established in earlier sections, the solution u to problem

(1.28) in the sense of Definition 1.5 is proven to be unique in |91, Corollary 3.6].

1.3 The regularizing singular term

Parallel to the regularizing effect arising from the presence of a gradient term in elliptic differential
equations, this thesis also examines the influence of another regularizing effect: a singular term that
explodes at the origin on the right hand side of the equation; we explain below what we mean by
‘singular’.

As we did with the gradient term, we begin by analyzing the behavior of the p-Laplacian operator

before discussing the 1-Laplacian case.

1.3.1 The case p >1

Let us introduce the model singular problem, which will be the central object of analysis in this

section

—Apu = Ea in Q,
uv (1.31)
u=20 on 011,

where Q € RY is a bounded Lipschitz domain with N > 2, 1 <p < N,y >0, and 0 < f is in a
suitable Lebesgue space.
The problem is singular as the boundary condition v = 0 on 0f) forces the right hand side of

the equation, u%, to explode near the boundary. It is important to note that even if we choose a
regular data f, we may not obtain classical solutions, not even in C*(Q).

One of the initial difficulties in dealing with this type of problem is providing a suitable definition
of solution, since the integrability of the right hand side is not guaranteed, even with regular f.
However, when the data f is irregular, we observe very significant regularizing effects on the solution,
which is the primary mathematical motivation for their study.

For instance, by simply considering v = 1 and an irregular data f € L'(f), one can formally
use the solution w itself as a test function. This method yields estimates in VVO1 P(Q)), which is
unexpected in the non-singular case (y = 0).

Beyond its theoretical importance, this type of singular equation arises in several concrete prob-
lems, such as signal transmission [106], the study of non-Newtonian fluids like pseudo-plastic fluids

[105], and various models of boundary layer [121].
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We begin the analysis of problem (1.31) in the context of the Laplacian operator, corresponding
to the case p = 2.

The initial studies on problem (1.31) focused on smooth terms, specifically f € C7(2) with
0 < n < 1. The very first work in this area is [66].

A more systematic treatment is provided in [47, 119]. In these papers, the authors demonstrated
that for v > 0, if f is Holder continuous and bounded away from zero on €2, a unique classical solution
exists, i.e. u € C?(2) N C(Q). The solution is typically found by desingularizing the problem and
employing the method of sub- and supersolutions.

Subsequently, in [92], the authors showed that, under the same regularity and positivity condi-
tions on f, the solution u loses C* regularity at the boundary (i.e., u € C*(Q))if v > 1. Furthermore,
they established the existence of a finite energy solution (i.e., u € Hg(9)) if and only if v < 3 (for
further details, see also [60, 78]). In the context of a general C! non-increasing function h reproduc-
ing the behavior of s77, additional works include |87, 124], in addition to the initial contributions
[47, 119].

Later, research has focused on the case of non-smooth, nonnegative data, specifically 0 < f €
L1(Q) with ¢ > 1. The first work to address this more general context is [36], where the authors

proved the following existence and regularity results for p = 2:

elf v < 1andgq = W]\M, then u € H(Q); instead if 1 < ¢ < W]\M, then
Ng(y+1)

u e WhH =a= (Q).

o If y=1and ¢ =1, then u € H}(Q).

e Ify>1andg=1, then u € H. (). In this case, the boundary condition is only assumed

in a weak sense, requiring that vz € H ().

We note that for v > 1, infinite energy solutions also exist, even for smooth data, as demonstrated
in [92].

Other papers, such as |68, 69, 108], address the existence and uniqueness of finite energy solutions
in the scenario where f € L%(Q) and the singular term is a continuous function h which verifies
(1.37).

The existence of finite energy solutions established in [92] was subsequently extended in [108].
Specifically, the authors showed that a unique solution u € H} () exists with f € L9(Q), with
q>1ifandonlyif1<7<3—%.

For a more complete discussion of this problem, we refer the reader to [109].

Now we address the case 1 < p < N. For the scenario involving smooth data f, the existence of
a finite energy solution, i.e., u € VVO1 P(Q), was demonstrated in [117], provided that the singularity

exponent satisfies the condition:
2p—1

p—1~

(1.32)

In the more general case 0 < f € L(2) with ¢ > 1, a distributional solution u € VV;?(Q) exists
such that:

max(l,'y_lﬂ’
u p

) e W, ().

Consequently, if v > 1, only a power of the solution possesses finite energy (for more details, see

[56, 57]). This result is consistent with the conclusions established for the Laplacian case (p = 2)
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in [36]. We wish to emphasize that, as in the Laplacian setting, the solution to the p-Laplacian
problem loses its finite energy property if v > 1.

In this context as well, the solutions are derived from the approximating problem obtained by
desingularizing the singular term. Difficulties arise when trying to pass the singular term to the
limit. To overcome these, one typically shows that the solutions of the approximating problem are

uniformly bounded from below on compact subsets of the domain 2.

1.3.2 The case p=1

In this section, we focus on the study of the following problem:

—Aju = i in Q,
u’ (1.33)
u=20 on 011,

with v > 0, and 0 < f € LNV (Q).

Let us present the notion of a solution as established in [15].

Definition 1.6. Let 0 < f € LY (Q) and v > 0. A nonnegative function u € BV () N L>®(Q) is
a solution to problem (1.33) if % € LL () and there exists a vector field = € DM™(QQ) satisfying

loc

2| Loy < 1 such that:
—divz = i,y in D' (),

u
(z, Du) = |Du| as measures in 2, (1.34)

and

u([z,v] +1) =0 for HN t-a.e. z € 0Q. (1.35)

In particular, in [15, Theorem 3.5| for a positive datum f € LY (), the authors show the
existence of a unique solution wu in the sense of Definition 1.6.

This stated result is consistent with the established conclusions for p > 1. In fact, recalling
(1.32); as p — 17, it suggests that one might expect a global BV solution to (1.33) for any v > 0,
at least for a non-degenerate bounded datum and a smooth domain.

This result is achieved by virtue of the asymptotic behavior of s™7 at infinity and the summability
of f hence, the type of singularity of s~ does not influence the solution’s regularity; because,
problem (1.33) always admits a finite energy solution independent of the value of v under appropriate
summability assumptions. This constitutes a sharp difference from singular p-Laplacian problems.

We underline that [15, Theorem 3.5] extends the Lazer-McKenna threshold (1.32) (previously
known only for smooth data) to the p =1 case.

It is further possible to generalize the preceding discussion for problem (1.33) to the more general

problem:

—Aju=h(u)f inQ,
u=20 on 0,

(1.36)

Francesco Balducci 17



1.3. The regularizing singular term

where h : [0,00) — [0, 00] is a continuous function satisfying the following conditions:

Iy >0,c1,81 >0:h(s) < % for all s < sy, (1.37)
s
and
h(o0) :=limsup h(s) < oo. (1.38)
S— 00

We summarize the existence result of a finite energy solution in this generalized context with
0 < fe L), with ¢ > 1, as follows (for comprehensive details, see [15, Theorem 5.9]).

e ¢=Nand ||f| v < (S1h(c0))™!;
o g= W and limsup,_, . h(s)s? < oo for some 0 < v < 1;
e ¢ =1 and limsup,_, h(s)s < oo.

We also note that the case ¢ < N is of particular interest since the solutions always have finite
energy despite being generally unbounded.

In particular, we highlight that for the 1-Laplacian, there is no functional difference between
what have traditionally been classified as mild (v < 1) and strong (v > 1) singularities. On the
other hand, it also highlights the influence of the behavior of h at infinity on the solution’s regularity,
delivering sharp conditions for which a BV (Q) solution exists even for f belonging to L!().

For problems of the type (1.36) as well, the solution strategy used is to start from the corre-
sponding problem with the p-Laplacian operator and then pass to the limit as p — 17. Obviously,
the main difficulty is taking the limit to the singular term. Contrary to the case p > 1, we cannot
construct a lower barrier (see Subsection 1.3.1). What one does in these cases is to show that the
singular term is uniformly bounded with respect to p on every set w € ().

A significant difference arises when comparing the 1-Laplacian with the p-Laplacian operator:
specifically, in the definition of the solution for the case where f > 0, it becomes necessary to
introduce the characteristic function X,y The notion of a solution in this context is formally

stated as follows:

Definition 1.7. Let 0 < f € LY(Q) and h be a continuous function which satisfies (1.37) and
(1.38). A nonnegative function u € BV (§2) N L>(Q) is a solution to the problem (1.36) if X{u>0} €
BVioe(Q2), h(u)f € Ly, (Q) and if there exists a vector field z € DM, (Q) with ||z]| oo (oyv < 1 such
that verifies

~X{usoy divz = h(u)f in D'(Q), (1.39)

(1.34) and (1.35).

It is important to underline that, one can demonstrate that
(2, DX{u>0}) = |DX{u>0y| as measures in (.
Consequently, employing Anzellotti’s theory, we have the identity:

—(div 2) X{y=0y = — div (2Xqus0}) + (2, DX{us0y)  in D'(Q).
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Substituting this into (1.39), the equation can then be recast as:

—div (ZX{u>0}) + ’DX{u>0}‘ =h(u)f in D’(Q),

which means the operator simplifies to the sum of a term in divergence form and an additional term
|DX{u>0y|- This additional term is a measure concentrated on the non-trivial reduced boundary
0*{u > 0}, or equivalently, on the reduced boundary 9*{u = 0}.

We emphasize that a solution defined in the sense of Definition 1.7 is also admissible as a solution
under Definition 1.6, provided that f > 0 almost everywhere in 2. Specifically, since h(u)f is locally
integrable (and recalling our assumption that h(0) = c0), it follows that u > 0 almost everywhere

in ©, and thus equation (1.39) becomes:
—divz =h(u)f inD'(Q).

For further information concerning problem (1.33), the reader is referred to [58, 59, 89].

1.4 Main results

The primary objective of this thesis is to investigate the interplay between the regularizing effects
on the solution to problem (1.2) induced by a gradient term on the left hand side of the equation
and a singular term on the right hand side, specifically in the presence of a data f belonging merely
to LY(Q).

In Chapter 3, we will analyze this problem in two distinct contexts: both the well-studied case
p > 1 and the critical case p = 1, we highlight that in this second case we obtain non-trivial
solutions, thanks to the presence of the singular term h.

We prove in Theorem 3.3 and Theorem 3.12 the existence of finite energy solutions, i.e. they
live in Wol’p(Q) if p>1and in BV(Q) if p = 1, respectively.

We deal with the case p > 1 separately because it is new and interesting intrinsically. In the
case p = 1, we note that the solution always lives in BV () even though the datum f is only in
L'(2). Furthermore, we also establish other regularizing effects, specifically that the jump part of
the derivative is zero and the boundary datum is attained pointwise at the boundary.

Subsequently, in Chapter 3, we also analyze problem (1.2) in the case where the gradient term
is singular, i.e., of the form g(u)|Du| with g(s) ~ s and # > 0 and 0 < f € L (Q). This case not
only extends the previous result but also extends what is known for the p-Laplacian with 1 < p < N.

For the case p = 2, the problem was studied by [16], showing that a sufficient condition for
the existence of a solution is # < 2. Subsequently, in [122], the authors extended this to the more
general p-Laplacian case, proving the existence of a solution if 6 < p.

In our case, the 1-Laplacian, what we assert is that a finite energy solution exists without any
smallness condition on the norm of f if § < 1. If there is also a singular term on the right hand
side of the equation (1.2), h(s) ~ s~7 with v > 0, the existence condition is generalized, requiring
7460 < 1. We therefore note an interplay between the two exponents (for more details, see Theorem
3.27 and Remark 3.28).

Also in this scenario, we find non-trivial, finite-energy solutions which satisfy the boundary data

pointwise and exhibit a zero jump derivative.
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In Chapter 4, we study the regularizing effects of the gradient term in another context: the
Mean Curvature operator, for more details about it, we refer to Section 4.1 where it is introduced
rigorously.

In this chapter, we study the existence of solutions to problem

D
v <\/1_|_‘U7Du|2> +g(u)\/1+|Du|2:f in Q,

u=20 on 01,

where g : [0,00) — [0,00) is a continuous and bounded function and 0 < f € L*(Q).

The presence of the gradient term has regularizing effects on the solution which is always of
finite energy, D7u = 0 and the datum is attained pointwise at the boundary, effects already known
to us in the context of the 1-Laplacian operator. The only sufficient condition for the existence of
the solution is to require that f > ¢(0), since if f does not satisfy this condition, we are unable to
prove the non-negativity of the solution and thus its existence (for more details, we refer to Remark
4.9).

In Chapter 5, we address another differential problem, specifically the Transparent Media equa-
tion (for an exhaustive introduction to this subject, the reader is referred to Section 5.1).

We are therefore interested in the existence of solutions to the problem:

D
—div (umwzo =f inQ,

u =0 on 0f2,

(1.40)

where m > 0 and f is in a suitable Lebesgue space.

In Chapter 5, we study what happens if f € LY:*°(Q) is changing-sign. Theorem 5.27 asserts
that a solution exists independently of the size of || f|[1~..(q) and is always bounded. However,
we are unable to prove that u itself lives in BV (), but only that its truncations do, meaning the
solution w lives in TBV (Q2) (see Section 2.3.4 for the introduction to this space). We are also able
to demonstrate that if f # 0, then the solution must also be non-trivial. This effect is new in
the context of the 1-Laplacian, as we have exhaustively discussed in previous sections that trivial
solutions exist even in the presence of non-trivial data.

Finally, in the case where 0 < f € LY (Q), we also study the singular problem

D
—div <um|DZ’> =h(u)f inQ,

u=20 on 012,
where h : [0,00) — [0, 00) is a continuous function such that

Iy >0,c1,81 >0: h(s) < % for all s < sq,
s

and
30 < g <m,h(c0),s2 >0: h(s) < h(co)s?, forall s > so.
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1.4. Main results

If0<g<morifg=mand |f|~neq) < ((m+1)h(cc)S1) and for every v > 0, there exists a
solution u to the problem (1.40), as stated in Theorem 5.3. We highlight that the condition in the
case ¢ = m generalize what happen in the contest of 1-Laplacian operator. Another regularizing
effect is the not necessity to provide a different notion of solution when f > 0 (for more details, see
Remarks 5.2 and 5.4).

Finally, in the second part of Chapter 5, we study what happens if the datum f € L'(£2). The
main difficulty lies in the fact that the vector field used for the solution’s definition is unbounded
since it contains the function wu itself, which is not guaranteed to be bounded.

Therefore, it is necessary to introduce a new tool that generalizes the Anzellotti pairing to the
case of unbounded vector fields. To this end, we have utilized the generalization studied in [44] and
summarized in subsection 2.5.2.

The challenge with unbounded vector fields arises from the fact that, in general, one cannot
prove that their trace on the boundary is a function; it is often only guaranteed to be a distribution.
However, as we will see, in our specific case, we were able to provide a proof that the vector field
has a trace in L'(09) (for more details, see Section 5.1 and subsection 2.5.2).

The important difference from the standard 1-Laplacian operator is that the solutions u found
for problem (1.40) with 0 < f € L'(f) are always finite a.e. in €, which is not the case for the
1-Laplacian (see [100]).
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Chapter 2

Basic tools

In this Chapter, we introduce the main notations and fundamental tools that will be employed

throughout the work, along with the functional spaces and their properties.

2.1 Notation and principal tools

We denote by RY the N-dimensional Euclidean space. £V represents the N-dimensional Lebesgue
measure, while HV~! denotes the (N — 1)-dimensional Hausdorff measure. Furthermore, we will

commonly write |E| instead of £V (E) to indicate the Lebesgue measure of a set E.

The symbol Q ¢ RY will stand for a bounded domain whose boundary 92 is Lipschitz continuous.
In particular, this implies the existence of an outer unit normal vector v(z) for HV t-a.e. x € 9.
We refer to B,(z) as the ball centered at x € RY with radius p > 0.

The symbol C.(2) denotes the space of continuous functions with compact support in €2, while
Cp(2) is the space of continuous and bounded functions.

Ck(Q), with k € N\ {0}, for the space of C* functions whose support is compactly contained in .
Instead, C§(Q) represents the space of functions ¢ of class C*¥ such that ¢ = 0 on the boundary
0R). Finally, B(Q2) is the set of Borel measurable functions and with B(; [0, 1]) the Borel functions
with range in [0, 1].

From now on, we shall denote by f(z)* = max{f(z),0} and f(z)” = —min{f(x),0} the positive

and negative parts, respectively, of a measurable function f(x).

We now introduce the truncation functions which will prove useful in the following proofs. Given

—o00 < a < b < oo, the function TC’Z :R — R is defined as follows

a if s <a,
Ti(s):=<s ifa<s< b, (2.1)
b if s > b,

in the particular case where —a = b, we shall denote the function Tﬁb :R — R by the name T5,.
Instead, Gp : R — R is
Gp(s) := s — Tp(s).
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2.2. Radon measure

Moreover, for fixed j,e > 0, we define the function ;. : R — R as the one satisfying the following
property

1 if 5 < 7,
hje(s) == ”% if j<s<j+e, (2.2)
0 if s>j+e.

In the particular case when j = ¢, we shall denote h;. by V..
Finally, we introduce the function S ; : R — R, which is defined as 1 — h;., that is

0 s <7,
Sei(s)=qL j<s<j+te, (2.3)
1 s> 3+e,

in the particular case where € = j, we shall simply denote the function by S..

Subsequently, let us recall a basics algebraic inequality we will systematically use throughout the
paper. For a,b > 0, then it holds

ab < V1+a2—+/1-b2 (2.4)

To ensure clarity and prevent any possible ambiguity, we shall employ the following convention:

Af:ly@m%

instead the Hausdorff measure will always be made explicit.

Unless otherwise specified, we shall use the symbol C to denote positive constants whose values can
change from line to line and occasionally within the same line. These constants depend only on
the given data of the problem and remain independent of the indices of the sequences considered
throughout the analysis. Moreover, for the sake of simplicity, we will do not relabel extracted

compact subsequences whenever no risk of confusion occurs.

2.2 Radon measure

We denote by M(Q) the space of Radon measures on €2, that is, the set of real-valued, additive, and
regular set functions defined on the o-algebra of Borel subsets of 2. The Borel o-algebra, denoted
by 05(£2), is the smallest o-algebra containing all open subsets of 2.

Analogously to the notation introduced for integrals with respect to the Lebesgue measure, we shall

adopt the following notation for integrals with respect to a Radon measure as well
[ gui= [ san
Q Q

We state a first decomposition result for Radon measures.
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2.2. Radon measure

Theorem 2.1. (Hahn decomposition Theorem) Let us consider a measure p € M(). Then, there

exist two nonnegative measures ut, u= € M(Q) such that
p=pt—p,
and for every E € og(Q2), there exist measurable sets EY, E~ € op(Q) satisfying
p(E)=wENEY), p (E)=pENE).

Furthermore, we refer to u and pu~ as the positive and negative part of the measure pu, respectively.

It is possible to endow the space M () with a norm, known as the total variation, which is

defined as follows
||| == ] (€2) := sup {Z ()] = {4}, is a finite Borel partition of Q} .
i=1

Equipped with this norm, the space M(2) becomes a Banach space.

The next result provides an alternative characterization of Radon measures, a result due to Riesz.

Theorem 2.2. (Riesz representation Theorem) The space M(2) of Radon measures is the dual of
the space C¢(Q2), endowed with the topology induced by uniform convergence.

Remark 2.3. Thanks to Theorem 2.2, we can provide an alternative characterization of the total

variation of a measure | € M(Q),
(@) i=sun { [ ous o € Cl@). pllmioy <1

In the following, we present some definitions and properties of the Radon measures, which will

prove useful in the subsequent analysis.

Definition 2.4. Given a Radon measure p € M(Q), we say that it is concentrated on a Borel set
A € o5(Q) if, for every B € op(Q2), it holds that

u(B) = u(AN B).

In this case, we shall use the following notation: ulL A.
Definition 2.5. Consider u, \ € M(). We say that p is absolutely continuous with respect to A,
if
AMB)=0 = u(B)=0.
In symbols, we shall write p < A.

Definition 2.6. Let pu, A € M(Q). We say that p and X\ are orthogonal, denoted by p L X, if there
exists a set A € og() such that

w(A)=0 and A= A_A.
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We now present the most important decomposition theorem for a measure.
Theorem 2.7. (Radon-Nikodym Theorem) Let us consider u,A\ € M(S). Then, there exist two

unique measures i1, 2 € M(Q) such that

po=p1+p2 with pp <A pg LA

At this point, we introduce two notions of convergence for Radon measures.

Definition 2.8. Let p, € M(Q) a sequence of Radon measure and p € M(Q).
We say that p, converges in the narrow topology of measure to p € M(), in symbols iy, o, if

lim /Qwun = /Qwu for all ¢ € Cy(92).

n—o0

Instead, pu, *-weakly converges to pu, in symbols p, — p, if

n—oo

lim [ ou, = / op for all p € C.(92).
Q Q

Remark 2.9. We observe that convergence in the narrow topology of measures implies *x-weak

convergence, whereas the converse does not hold in general.

We conclude this Section on Radon measures by introducing the local version of this space,
which we shall denote by Mj..(€2). This space consists of Radon measures with locally finite total
variation.

For more details on Radon measure, we refer to [80].

2.3 Basic function spaces

2.3.1 Lebesgue spaces

We now introduce Lebesgue spaces (for more details see [38]). Given 1 < p < oo, we denote by
LP(Q) the space of equivalence classes (up to almost everywhere equality) of Lebesgue measurable
functions v : 2 — R such that

1
P
vl L) = (/ Iv\p> <oo, ifl1<p< oo,
0

0] oo () := esssup [v] = inf {M >0 : [v(z)| < M ae. in Q} <oo, if p=ooc.
Q

Lebesgue spaces have their respective local counterparts. Consequently, for a fixed 1 < p < oo, we
denote by LI (€) the space of measurable functions whose restrictions to every compact subset w

of Q belong to LP(w).

Before stating the main convergence results, we provide two important inequalities. Given a,b € R,

€ >0, and 1 < p < oo, the generalized Young inequality asserts that

1 |alP . p—1  _»
ab| < 1 =Ly e (2.5)
el p P
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2.3. Basic function spaces

Taking 1 < p < oo and functions f € LP(2) and g € L%(Q)7 Hélder inequality states that

/Q 1Fal < 1l gl

p
LP-1(Q)’

as a consequence, we observe that fg € L1(f).

At this stage, we can recall the main convergence results, which will prove useful in the subsequent

analysis.

Lemma 2.10. (Fatou Lemma) Let us take fy : 2 — [0,00) a sequence of measurable functions such

that f,, — f a.e.in Q. Then, it has
/f<hm1nf/fn
n—oo

Theorem 2.11. (Monotone Convergence Theorem) Let fp, : @ — [0,00) be an increasing sequence
of functions such that fr, = f a.e. in Q. Then

s [ = |5

Theorem 2.12. (Vitali Theorem) Let 1 < p < oo and f, € LP(2) a sequence of functions such
that f, — f a.e. in Q. If

fim sup [ 15, =0
|E|—0% neN
then, f € LP(Q) and f, — [ strongly in LP ().

Theorem 2.13. (Lebesque Theorem) Let p € M(Q2), 1 < p < oo and f, € LP(Q, ) a sequence of
function such that converges p-a.e. to f. If there exists g € LP(Q; p) such that | fn(x)| < g(x) p-a.e.
x € Q and for alln € N, then f € LP(Q, u) and f, — f strongly in LP(Q; u).

Theorem 2.14. (Dunford-Pettis Theorem) Let us consider yu € M() a nonnegative Radon mea-

sure, fn € L'(Q; 1) be a sequence of functions satisfying the following conditions

HfTZHLl(Q;,u,) < Ca

for some constant C > 0, and

lim sup/ | frul e =0.
F=00 neN {21}

Then, there exists a subsequence, which we shall continue to denote by fn, and a function f €
LY (2 1) such that
fo— f weakly in L'(% ).

Theorem 2.15. (Egorov Theorem) Let us consider pn € M(Q2) a nonnegative Radon measure,
fn Q@ = R a sequence of p-measurable functions; which converges p-a.e. in £ to a measurable

function f:Q — R. Then, for every € > 0, there exists a set E. C Q) such that p(E:;) < € and

Jim {| fr = fllzoe\2) = O-
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The following result is a well-known consequence of Egorov’s Theorem 2.15. We state it for

further reference.

Lemma 2.16. Let us consider (Q, u) a measurable space with u a nonnegative finite measure. If
fn € LY(Q, 1) defines a sequence such that f, — f weakly in L*(Q, p) and g, € L'(Q, u) defines

another one such that g, — g p-a.e. in Q and it is uniformly bounded, that is,
|gn| <C,

where C > 0 is a constant independent of n € N, then it holds

Jgp = lim /fngnﬂ'
/S] n—00 Q

Proposition 2.17. Let 1 < p < oo, f, € LP(Q) a sequence of function such that f, — f strongly
in LP(Q) and g, € Lp%l(Q) a sequence such that g, — g weakly in LP%(Q), then

lim /fngn:/fg.

In particular, the same result holds in the case p = 1 and p%l = 00, replacing weak convergence

with x-weak convergence in L>(Q).

2.3.2 Sobolev spaces
We now discuss Sobolev spaces and their most important properties.
Let fix p > 1, the Sobolev space W1P(€) is the functional space defined by

WhP(Q) := {v e LP(Q) : Vv e L)V},

where Vv is the distributional gradient.

Equipped with the norm

[vllwre) = IvllLr) + IVl Le@)v
this space is a Banach space.

We recall that H'(Q) denotes the space W12(Q2). In particular, the space W1P(Q) is reflexive for
1 < p < oo and separable for 1 < p < co. Moreover, H'(€2) is a Hilbert space.

Let us define the Sobolev space

WP(6) = C@) e,

We conclude this Section by outlining the main properties of Sobolev spaces.

Theorem 2.18. (Poincaré inequality)Let 1 < p < co. Then, there exists a constant C(N,p,2) > 0,
such that for every v € Wol’p(Q), it holds

vl e () < C(N,p, IV Loyn-
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In particular, |[Vv| o)~ is an equivalent norm on Wol’p(Q).

Theorem 2.19. (Sobolev inequality) Let 1 < p < N. Then, there exists S(p, N) > 0 such that for
every v € Wol’p(Q), it holds

ol g, o < SN el
Theorem 2.20. (Sobolev Theorem) Let 1 < p < oo and 92 is of C' class. Then
1 ifp < N WW2(Q) < L¥5(Q),
2. ifp=N WlP(Q) — LI(Q), for every q > p,
8. ifp>N WhP(Q) — C(Q),
are continuous embeddings.
Theorem 2.21. (Rellich-Kondrachov Theorem) Let 1 < p < oo and 99 is of C' class. Then
1 ifp< N WhP(Q) — LUQ) for every 1 < q < 3L,
2. ifp=N WLP(Q) — LI(Q), for every 1 < q < o0,
8. ifp>N WhP(Q) — C(Q),

are compact embeddings.
Moreover, the result also holds for the space Wol’p(ﬂ) without any reqularity assumptions on the

boundary.

For a more detailed discussion of Sobolev spaces, we refer the reader to [126].

2.3.3 Functions of bounded variation

We now recall some fundamental properties about functions of bounded variation. For a more

comprehensive treatment of the topic, we refer the reader, for instance, to [4, 126]

We denote by BV () the space of functions of bounded variation, which consists of all functions
v € L'(Q) whose distributional gradient Dv is a finite Radon measure with values in RV, In

summary,

BV(Q):={ve L'(Q) : Dve M(Q)"},
where the total variation of Duv is given by the quantity
|Dv|(€2) := sup {/Qv divd : & € CHQ)Y, [P oo ()~ < 1} )
The space BV (2), endowed with the norm
vl Bvo) = llvliL@) + [Dv|(52),

is a Banach space.
Thanks to [4, Theorem 3.87|, we know that every function v € BV (Q2) admits a trace v € L'(9).

Therefore, we shall use the following equivalent norm:

lollBv (@) = llvllLron) + [Dv[(9).
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There also exists a local version of the previously introduced space, which we shall refer to as
BWioe(Q). It consists of all functions v € L{ () such that Dv € Mo ()N,

loc

We now discuss theorems of convergence for sequences of functions of bounded variation.

Definition 2.22. Let us give a sequence vy, € BV (Q) and a function v € BV (Q).

We say that v, strictly converges in BV (Q) to v if v, — v strongly in L'(Q) and Dv, = Dv in the
narrow topology of measures.

Instead v, *-weakly converges in BV (Q) to v if v, — v strongly in L'() and Dv, = Dv *-weakly

in measures.

Remark 2.23. As a consequence of Remark 2.9, strict convergence in BV () implies x-weak con-
vergence in BV (), while the converse is not true (for further details, see [4, Definition 3.14]).
Moreover, if v, — v strictly, then v, — v HN"1-a.e. in Q (see [4, Corollary 3.80]).

Remark 2.24. Since it will be necessary for future proofs, let us recall that BV (2) N L*>(Q) is

closed under multiplication (for more details, see [4, Remark 3.10]).

We now present the compactness result for functions of bounded variation (see [4, Proposition

3.23)).

Theorem 2.25. The embeddings BV (2) < LP(Q) for 1 <p < % are compact. The embedding

BV(Q) — L%(Q) is continuous, and Sy > 0 denotes the optimal constant for this embedding,
that is, for every v € BV (Q), we have
ol 7 g < Stlelsvic (2.7
In particular, given a sequence v, € BV (Q) uniformly bounded in || - || gy (q), there exists a function
v € BV(Q) such that v, — v strongly in LP(Q) for every 1 < p < %, and Dv, — Dv x-weakly

as measures in .

The following result shows that a function of bounded variation is finite HV"!-a.e. (see [126,
Theorem 5.14.4]).

Theorem 2.26. Let v € BV (Q), then it holds

1
Iim —— ulxr) = u(xp),
P B @o)] S ey 1 T )

for HN"1-a.e. 2y € Q.

We now address the precise representative v* of a function v € BV (Q2) and its properties. To
this end, we begin by introducing some preliminary notions which, although well-defined for general

Llloc—functions, are presented here due to their central role in the analysis of BV -functions.

Definition 2.27. Given v € BV (Q). Given x € 2, we say that x is a Lebesque point if there exists

o(z) eR
1
lim ——— v(y) — ov(z)|dy = 0.
8 B @] oy )
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Furthermore, we refer to L, as the set of Lebesgue points of the function v, instead S, := Q\ L,
represents the set of points where an approrimate limit of the function v does not exist.
A point x € Q is said to be a jump point of the function v if there exists a unit vector v(x) and two

distinct values v¢(x),v'(x) € R such that the following condition holds:

1
lim — [o(y) —v°(z) dy =0,
p—0t | Bg ()| /e
. 1 ;
lim ———— lv(y) —v'(x) dy =0,

=0+ | B(2)] J i)
where
Bi(z) :={y € By(x) : (y —x)-v(x) >0},
By(z) := {y € By(x) : (y — ) - v(zx) <0}.
We denote the set of jump points of v by Jy,. It is known that J, is a subset of the approximate
discontinuity set S, of v.
We are now in a position to provide the definition of the precise representative.

Definition 2.28. Let v € BV (Q2). We define the precise representative v* : Q\ (S, \ Jy) — R as
the function such that
o(x) if v € Q\ Sy,

M@ e g,

v (x) =

Remark 2.29. As shown in [4, Proposition 3.69], if v € BV (Q), then HN~(S, \ J,) = 0. Conse-
quently, the precise representative v* is well-defined for HN '-a.e. x € Q.

Moreover, J, is a H™N'-rectifiable set as stated in [{, Theorem 3.78]; hence, there exists a unit
vector v,(x), referred to as the orientation, defined for HN1-a.e. x € J,.

Finally, let p. be a sequence of standard mollifiers and let v € BV (Q). Then v p. — v* HN 1-a.e.
inx € Q (for further details, see [4, Corollary 3.80]).

Given a function v € BV (Q2), we can decompose its distributional derivative Dv using Radon—Nikodym
Theorem 2.7. Specifically, we have
Dv = D%y + D?%v,

where D% < LN (the absolutely continuous part with respect to the Lebesgue measure), and
Dv L L (the singular part).
The singular part D*v can itself be further decomposed by the Radon-Nikodym Theorem 2.7 as

D*v = DVv + D,

where Div < HN~1 is the jump part and D is the Cantor part.

In summary, we obtain the following decomposition:
Dv = D% + D%v = D* + D’v + D.

Furthermore, we denote by Dv = D% + D¢v.
We emphasize that when D/v = 0, or equivalently when HV~!(J,) = 0, and we are integrating
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with respect to a measure absolutely continuous with respect to H¥ 1, we will simply write v in
place of v* without ambiguity.
We identify DBV () with the space of functions v € BV (Q2) such that Dv = 0.

We now provide an important lower semicontinuity result (see |4, Proposition 3.6]).

Proposition 2.30. Let us consider a sequence v, € BV (Q) such that v, — v strongly in L'()
with v € BV (Q). Then, they hold

/ |Dv|p < lirginf/ |Duple  for all 0 < ¢ € CH(Q), (2.8)
Q n=ee Ja

and
/ vdHN_1+/ Dl gliminf/ Und”HN_1+/ Dul. (2.9)
0 Q n—=oo  J50 Q

We conclude this brief excursus on functions of bounded variation by providing a result con-
cerning the chain rule. Before stating it, we introduce the following notation. Let 5 : R — R be
a Lebesgue measurable function and let v € BVjy.(2). We define the function S(v)” : @ — R as
follows:

m f;e(g) B(s)ds if x € Jy,
B(v(x)) otherwise.

B(o)#(a) = (2.10)

Here is the differentiation result that we will use in the subsequent proofs (see [4, Theorem 3.69,
3.99)).

Theorem 2.31. Let v € BV (Q) and ® : R — R a Lipschitz function. Then w := ®(v) € BV ()
and
Dw = &' (v)*# Dv, (2.11)

in particular, if x € Jy, then x € Jy, if and only if ®(v®) # ®(v'), and in this case
(we(x),wi(x), vy(7)) = (@(v°(2)), (v (2)), vy () for every x € J,, (2.12)

where vy, (x) denotes the orientation of J,,, while v,(x) represents the orientation of J,.
Moreover, if v € DBV (), then it holds

Dw = ®(v)' Dv. (2.13)

Let us recall this type of chain rule formula, which extends the classical one, stated in Theorem
2.31. For the proof of this result, see |70, Lemma 2.4, Remark 2.5].

Lemma 2.32. Let us consider a nonnegative function w € DBV () and let g : [0,00) — (0, 00] be
a continuous function finite outside s = 0. Suppose that v = T'(u) € BV (), where I'(s) = g(s).
Then, g(u)X{uso01|Dul € Mioc(§2) and it holds

X{u>0} | Dv| = g(u)x{us0}| Du| as measures in Q. (2.14)
Remark 2.33. In the particular case I'(0) = 0, then (2.14) becomes

|Dov| = g(u)X{u>0}|Du| as measures in §).
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If u > 0 also, then the previous formula simply reduce to

|Dv| = g(u)|Du| as measures in €.

2.3.4 TBV-functions

We define the following functional space, which generalizes the concept of functions of bounded

variation.
TBV(Q):={veB(Q): F(v"),F(v") € BV(Q), for all a > 0, F € W"*([0, 00), [a,00))} .
It is possible to redefine the previous space in an equivalent way.

TBV () := {v € B(Q) : TP(wh), TP (v™) € BV(Q), forall 0 < a < b << oo} .

Remark 2.34. As a direct consequence of the coarea formula (see [4, Theorem 3.40]), the superlevel
and sublevel sets {v > a} and {v < —a} have finite perimeter for a.e. a > 0, assuming v € TBV ().
Consequently, the characteristic functions X{q<y<p} aNd X{—p<v<—a} lie in BV (Q) for a.e. 0 <a <
b < oo.

For this class of functions, one can provide a definition of trace on the boundary 9. We will
first present this notion in the case of a nonnegative function v € TBV(Q2) (this result is proven in

[72, Lemma 5.1]), and then extend it to the more general setting.

Lemma 2.35. Let 0 < v € TBV(Q). Then, there exists a nonnegative function v € L' (9S2) such
that )

lim —————— lu(y) —v(x)|dy =0 for HN t-a.e. x € 09.

p—0+ |20 By(2)| Jans,(2)

Moreover, it holds
v (x) = lim (T2(0)z)  for HY -ae. x € 09,

a—07T
b—oo

and

FY =F@)  forall F € WH°([0,00), [a,b]), for all 0 < a < b < co.

In the case v € TBV (), the functions v* and v~ admit a trace in the sense of the previous
lemma. We therefore provide the following definition, which will be useful for defining the notion

of trace for a general T'BV -function.

Definition 2.36. Let us consider v € TBV(Q). We call
{@")® >0} = {v>0}n09,

and
{(v)? >0} :={v <0} N
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The following result establishes an important relationship between the two sets previously de-
fined (see [20, Lemma 2.4]).

Lemma 2.37. Let v € TBV(QY). Then
HY (0D >0} {(v)? >0}) =0.

Proof. We begin by noting that (v)? is well defined H"!-a.e. on 9. Let xq € 99 be such that
(vH)%(20) > 0. By Lemma 2.35, there exist constants cg, ag > 0 such that

(T2 (v(20)))? > ¢y forall0 <a<ay and 0<a<b< oo (2.15)

Since v € TBV (), it follows that the function v, :== T?(v) + T~ (v) € BV (1) for a fixed 0 < a <

b < oco. Therefore, we have
()% + (o) = (uF +7)® = (maxfey, v, D = max{(vH)®, ()%} HYLae.  (210)
Since v} = T?(v) — a, inequality (2.15) implies that
(v (20)) = (T2 (v(z0)) — @) = (T2 (v(20)))? —a > co —a forall 0 < a < ap.

Hence, (v} (x0))? > 0 for all 0 < a < min{ag,co}. As a consequence, equation (2.16) implies that
(v7 ) (o) = 0 for all such a. Therefore,

(v (o) = (TP (v )(z0) — a)® = (TP (v )(20)) ! —a=0 for all 0 < a < min{ag, co}.
Since the previous argument does not depend on the choice of b > 0, we can conclude

(v7) o) = tim (T2(07)(0)” = 0.
b—o0

This completes the proof. O
At this point, we introduce the concepts of approximate limit and approximate jump. These

notions can be defined for a general function in B(£2), but for expository purposes, we present them

in this subsection.
Definition 2.38. Let v € B(f2). The approximate upper and lower limits of v at a point x are

defined as the following quantities, respectively:

vY(z) := inf{t € RU{—~o00,00} : 1i161+ pN|{v>t}n B,(z)| = 0},
p—

v"(z) = sup{t € RU {—00,00} : 111(1)1+ pV|{v <t} N B,(2)| = 0},
p—

in particular, we emphasize that v¥,v" : Q — R U {—o00, 00}.
If vV(x) = v"(x), we refer to this common value as the approzimate weak limit of v at x.

Sy denotes the following set
Shi={zeQ:v\(z)<v'(2)}.
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Remark 2.39. It can be proved that S}, is a Lebesgue negligible set.
In the particular case where v € Li. (Q), we have S} C S,

Definition 2.40. Let v € B(2). We say that a point x € Q is an approzimate weak jump point of v
if there exists a unit vector v € RN such that, denoting by Ht and H~ the half-spaces determined
by v i.e.

H  ={yeQ: (y—2)-vi(z) >0} H ={yeQ: (y—x) vi(z) <0},

the approximate weak limit of the restriction of v to HT is vV (x), and the approzimate weak limit
of the restriction of v to H™ is v\ ().
J denotes the set of all approzimate weak jump points of v. For every x € J, the associated unit

vector is uniquely determined and is denoted by v} (x).

Remark 2.41. Ifv € L'(), it can be shown (see [4, Definition 4.30] and the subsequent discussion)

that ‘ ‘
Jy CJE vV (x) = max{v®(z),v'(z)}, v"(x) = min{v®(z),v"(z)},

vy(z) = £wy(x), for all x € J,.

v

We are now in a position to state a fundamental result for functions in 7BV (€2), which charac-

terizes the sets introduced earlier (see [4, Theorem 4.34]).

Lemma 2.42. Let a nonnegative function v € TBV (). Then, they hold
1..55 = Uq 0+ Sti(v) and
b—o0

Ve = T (T @), @) = T (7)) (@),
b—o0 b—o0

2. S is countably HN ~L-rectifiable and HN~1(S}\ J;) = 0.

We end this discussion on T'BV-functions by emphasizing that, as in the case of functions of

bounded variation, we introduce the space of T' BV -functions with no jump part in the derivative

DTBV(Q):={veTBV(Q) : HN1(S:) =0}.

2.3.5 Marcinkiewicz and Lorentz spaces

We turn our attention to Marcinkiewicz spaces and present their principal properties.
Let v : 2 — R be a measurable function. We define the distribution function of v as the function

oy 2 [0,00) — [0, 00) given by

po(s) = {z € Q2 fo(z)] > s}
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Fix 0 < p < oco. We define the Marcinkiewicz space, also known as the weak Lebesgue space

LP>°(Q2), as the set of measurable functions v : 2 — R satisfying the following property:

q

VA

C
iy =t {€ >0 o) < 5 <o

It is worth noting, with some care, that for 1 < ¢ < oo, this does not induce a true norm on

L%*°(Q). Instead, it defines a quasi-norm.

We now turn to Lorentz spaces, recalling that Marcinkiewicz spaces represent a particular case.
To this end, we define the decreasing rearrangement of a measurable function v :  — R as the

function v* : (0,|€2|] — [0, 00) given by
v*(t) :=sup{s >0 : p,(s) > t}. (2.17)

Fix 1 < p,q < co. The Lorentz space LP?(Q)) consists of all measurable functions v : @ — R such
that the following quantity

1
T Per())edh) s 1< p<oo, 1< g < oo,
vl zra(q) = 1,

supyq 17 v (t) 1<p<oo,qg=o00,

is finite; in particular, we emphasize that this quantity defines a norm and that LPP(Q2) = LP(Q).

We proceed to state several properties of Lorentz spaces, which will prove useful in the following
Chapters.

Proposition 2.43. Let us consider 1 < ¢ < p < s < 0o, then it holds
L(Q) C IPY(Q) € LP9(Q) € LP(Q) € LP*(Q) C LP>(Q) c LY(Q).

Proposition 2.44. (Holder inequality for Lorentz spaces) Let 1 < p1,ps < oo and 1 < q1,q2 < 00
such that p% + p% = q% + q% =1 and f € LP91(Q), g € LP>%(Q). Then fg € L*(Q) and there exists
a positive constant C > 0 such that

1f9llr) < CllfllLorar )llgllLraaz () (2.18)

Theorem 2.45. (Sobolev inequality for Lorentz spaces) There exists a positive constant S1 > 0 such
that for every v € WOI’I(Q), it holds

[ Sil[Voll - (2.19)

N1 (@)

For further information, the reader is referred to the following references [55, Appendix| and [2].

Francesco Balducci 35



2.4. The mean curvature operator and its associated properties

2.4 The mean curvature operator and its associated properties

Given v € BV(R) it is possible to define the Area type Radon measure associated to v as

N
0p; .
V1+ |Du2(U) :zsup{/ goNH—/vZai,%ecg(Q), lp| <1, for allz:l,...,N—i—l},
U U =1 O

(2.20)

for any open set U C RY. Let us underline that the notation
/ V14 |Dvl?,
Q

stands for the total variation of the RV *!-valued measure which formally represents (ﬁN , DU). In

fact, if v is a smooth function, then

\(ﬁN,w)y(Q):L\hpr,

which is the area of the graph of v.

Recall that, according to the Lebesgue decomposition Theorem, a Radon measure can be uniquely
expressed as the sum of two mutually singular measures: one that is absolutely continuous with
respect to the Lebesgue measure £V, and another that is singular with respect to £V . In fact, we

can decompose the measure defined in (2.20) as

V1+|Dv2 = /14 |Dw|? LN + |D%), (2.21)

recalling that D% denotes the absolutely continuous part of Dv with respect to £V, and D%v

represents the singular part (see [14, Definition 2.1]).

Let us present a classical result concerning the lower semi-continuity of the area functional; for
further details, refer to |14, Fact 3.4].

Lemma 2.46. Let us consider v,,v € BV (Q) such that v, — v strongly in L*(Q2). Then it holds

/\/1+]Dv]290+/ lv| dHN ! §liminf/ \/1+]Dvn]2g0+/ loaledHN ™Y (2.22)
Q Gl0) oo Ja Gl0)

for all 0 < p € CY(Q), and we observe that (2.22) holds for p = 1, and that

/ V14 |Dv2p < lirginf/ V14 |Dup2p  for all 0 < ¢ € CHQ). (2.23)
Q n—oee Ja

We also state the following weak lower semi-continuity property:

Lemma 2.47. Let us consider ® : R — R a nonnegative bounded continuous function. Consider
the functional J : L' (2) x LY(2) — (—o0,c] such that

- 1—[2)2®(v) if|z| <1 LN-a.e. x €9,
P B VESECONEE
00 otherwise.
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Then, the functional J is simultaneously lower semi-continuous with respect to the weak convergence

in LY(Q) in the first variable and the strong convergence in L*(Q) in the second variable.

Proof. First we check the lower semi-continuity with respect to the first variable. We fix v € L!(Q)
and consider the following functional I : L1(Q) — (—o0, o] such that

I(w) = _fQ I —|wP®(v) if |w| <1 LN-ae z €,

00 otherwise,

which is lower semi-continuous with respect to the weak convergence in L'(f2), as a simple conse-

quence of [38, Corollary 3.9].

Now we take z,,z € LY(Q) with |z,],|z|] < 1 £N-a.e. x € Q such that z, — z weakly in L'(Q)
and v, € L'(Q) such that v, — v strongly in L'(2), as an application of Lebesgue dominated

convergence Theorem 2.13, we can assert

lim /Q V1—1z)% (®(v,) — ®(v)) =0, (2.24)

n—oo

hence
liminf—/ V1—|z,2®(vy) zlirginf/ V1= 1]z ? (®(v) — (vy,)) — / 1 —|z,[2®(v)
Q n=ee Ja Q

n—o0
(2.24)
> [ V=T,
Q

where in the last inequality we use the lower semi-continuity of the functional I with respect to the

weakly convergence in L'(§); the proof is completed. O
We finally present a refined semi-continuity result for area-type functionals. Before doing that,
let us first recall the following definition (for more details see [14, Fact 4.1]).

Definition 2.48. Let us consider g : [0,00) — [0,00) a continuous and bounded function and
v € BV(QQ). We define the following measure as follows

ot (@)
/g(v)#\/1+|Dv\2 ::/g(v) 1+|V“v|2+/ g(v)]DCvH—/ / g(s)dsdHN ™1, (2.25)
B B B BnJy, Jv—(z)

for all Borel sets B C €.

Remark 2.49. We point out that the well-posedness of the measure defined in (2.25) is ensured by
property (2.10).

Lemma 2.50. Let g : [0,00) — [0,00) be a continuous function, 0 < p € CY(Q) and let us consider
the functionals N, M : BV (Q) — R defined by

N(v) = /Q g(0)*v/T+ D,

and

M (v) ::/ F(v)dHN_1+/g(v)#\/1+|Dv|2,
o0 Q
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where I' : R — R is such that 5
I'(s) ::/ g(o)do. (2.26)
0

Then, N, M are lower semi-continuous in BV (Q) with respect to the L*())-strong convergence.

Proof. We first establish the lower semi-continuity of the functional N with respect to the strong
convergence in L(Q).
This result follows by [67, Theorem 1] in fact the function f: Q x R x RY — [0, 00) defined by

f(@,5,p) = g(s)V/1+ [pl*e(x),
satisfies the following conditions:
1. f is continuous and nonnegative,
2. f(z,s,p) is convex in RY for every (z,s) € Q x R,

3. f(x,s,p) = 00 as |p| = oo, for every (z,s) € Q x R,

4 [ 91+ PPVl < supi pyem 9(s) /1 + PPVl Lo (0[], for any open Q' € Q and H
compact set in R x RY.

In order to prove the lower semi-continuity of M we repeat the argument of [14, Fact 3.4]. We begin
by noting that the lower semi-continuity of M without the boundary term follows as a consequence
of the previous result by choosing ¢ = 1.

Now we choose B C RY a ball such that Q C B, in particular, in this case f : R x RN — [0, 00) is

defined as follows
f(s,p) == g(s)V/1+ [p?,

which does not depend on the variable z € €2, hence it is not necessary to extend the definition of
f over B
At this point, we take b € WH1(B) such that h = 0 HV t-a.e. 2 € 9Q. After, for all v € BV (Q),

we define

v v(z) ifzeQ,
o) h(z) ifze B\Q, (220)

and for all v € BV (Q) one has
/ g(®)"\/1+ |Dv]2 = M(v) +/ _g(h)\/1+ |Dh|2. (2.28)
B B\Q

As we have already established the weak lower semi-continuity of the functional N with respect to
the strong convergence in L' we consider u,, — u strongly in L!(€) and we extend u,, and u outside

Q as in (2.27). Therefore, @, — @ strongly in L!(B) and we can apply the result on N to conclude
that

liminf [ g(@,)"\/1+ |Da,|? >/ )#\/1+ | Duf2.

n—oo

This inequality along with (2.28) implies the weak lower semi-continuity of M with respect to strong

convergence in L(Q). O

Francesco Balducci 38



2.5. Pairing between measure-divergence vector field and distributional gradient

2.5 Pairing between measure-divergence vector field and distribu-

tional gradient

2.5.1 Anzelotti-Chen-Frid pairing

We present the theory of the pairing developed by Anzellotti in [13] and further extended by Chen
and Frid in [42].

We introduce the space of vector fields with divergence measure, denoted as DM (Q),
DM™(Q) :={z € L®(Q)" : dive € M(Q)},
and its local counterpart

DM (Q) == {z € L¥(Q)N : divz € Mee(2)}.

For every vector field z € DM (), there exists a generalized trace on 052 of its normal component.
More precisely, there exists a linear operator [-,v] : DM (Q) — L*>°(99) such that

12, V]l Lo a0) < N2l oo (yn (2.29)
Moreover, if z € C1(Q)", then

[z,v](z) = z(x) - v(z) for all x € IN.

In addition, according to |42, Proposition 3.1|, the divergence div z is absolutely continuous with
respect to the Hausdorff measure HN 1.

Definition 2.51. Let us take z € DMZ.(Q) and v € BVioe(Q) such that v* € LL (9, |divz|). The

loc loc

distribution (z, Dv) : C2°(2) — R such that

(2, v) o) =~ |

v pdivz — / vz -V, (2.30)
Q Q

1s well defined and is referred to as the pairing between a divergence-measure bounded vector field

and a BV -function, or more simply, as Anzellotti’s pairing.

Remark 2.52. We would like to point out that the definition of the pairing was first introduced by
Anczellotti in [13, Definition 1.4/, in the case where z € DM™>(Q) and v € BV (Q)NL>®(Q)NCO(R).

Subsequently, several authors have worked on extending his results; see, for instance, [41, 48].

Moreover, we observe that

' / <z,pv>¢' < ol lellimcay [ 1Dv] (2.31)
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for every open set A € 2 and every test function ¢ € C}(A). This estimate allows us to conclude

that the pairing (z, Dv) is absolutely continuous with respect to the total variation measure |Dv|.

In what follows, we shall denote by 6(z, Dv,z) the Radon—Nikodym derivative of (z, Dv) with

respect to |Dv|. In short, we write
(z, Dv) = 0(z, Dv,z) | Dv|. (2.32)

We now present an important property concerning the function introduced above (see [13, Propo-
sition 2.8|, [91, Proposition 2.7] and [48, Proposition 4.5 (iii)]).

Lemma 2.53. Let us consider z € DMis.(2), v € BWVoc(Q2) N LS

loc

(Q) and ® : R — R a nonde-

creasing locally Lipschitz function. Then,
0(z,D®(v),z) =0 (z,Dv,z) for |DP(v)|-a.e. x € Q. (2.33)

Remark 2.54. The preceding Lemma was stated because the following consequence will be used in

the subsequent proofs. If it holds
(z, Dv) = |Dv| as measures in €2,

then, it yields
(2, DP(v)) = |DP(v)| as measures in Q.

We recall the following property, which extends the Leibniz rule to our setting (see [13, Theorem
1.5] and [42, Theorem 3.2]).

Lemma 2.55. Let z € DM (Q) and v € BVioc(2) N LiS.(2). Then, it holds
(z, Dv) = div(vz) —v*divz as measures in §. (2.34)

moreover, vz € DMis.(Q).

At this stage, we recall the Gauss—Green formula in this generalized setting (see [13, Theorem
1.9] and [41, Theorem 5.3, Lemma 5.4]).

Theorem 2.56. Let us take z € DM () and v € BV () N L>®(Q). Then, they hold

/Q(Z,Dv)+/ﬂv* divz:/891)[z,u] dHN L, (2.35)

and

[vz,v] = vlz,v]  for HN t-a.e. x € 0Q. (2.36)

Remark 2.57. In the more general case, namely when z € DMy, (Q) and v € BV (2) N L™(Q),
we can only establish the following inequality (see [59, Proposition 2.7])

vz, V]| < [vaql 2]l Lo () HN L a.e. on ON. (2.37)
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Let us also present the following technical result (fore more details see [48, Theorem 3.3 (i)]).

Lemma 2.58. Let us consider z € DMy, (Q) and v € BV (2) N LiS.(2). Then it holds

(z, Dv)* = z - D%.

We state the following property (see [98, Proposition 2.3] and [72, Lemma 2.6]).

Lemma 2.59. Let consider z € DM>(Q) and u,v € DBV (Q) N L>®(Q). Then,
(uz, Dv) = u(z, Dv) as measures in €2, (2.38)

and
(z, D(uv)) = u(z, Dv) + v(z, Du) = (uz, Dv) 4+ (vz, Du) as measures in §). (2.39)

We now state a property of the pairing that will be useful in several forthcoming proofs.

Lemma 2.60. Let z € DM () and let v € BV () such that DIv = 0 which satisfy
(z, DTy (v)) = |DTi(v)| as measures in 2, for every k > 0.
Moreover, let us consider g : R — R a bounded, increasing and Lipschitz function. Then

(z,Dg(u)) = |Dg(u)| as measures in €.

We also recall a useful result, namely that one can define the normal trace [z, vs]T of a vector
field 2 € DM2.(2) on an oriented C! hypersurface ¥ C by setting

[z, vs]F = [z, v+, (2.40)

where QF € Q are open sets with C! boundaries such that ¥ C 9QF and the outer unit normal
vo+ coincides with +vy. It can be shown that the definition in (2.40) is independent of the specific
choice of QF, except possibly on a set of HN ~I-measure zero.

Moreover, according to [3, Proposition 3.4], the following identity holds:
divzL Y = ([z,vs]" — [z,v] ) HVTILE. (2.41)

Through localization arguments, this definition can be naturally extended to oriented, countably
HN "L rectifiable sets X, allowing the generalization of (2.41) as expressed in the following result
(see [72, Lemma 2.4] and [48, Corollary 3.2]).

Lemma 2.61. Let 2 € DM2.(Q) and let X C Q be an oriented, countably HYN~'-rectifiable set.
Then
divzeL Y = ([z,v5]" — [z,vs] ) HYTILE. (2.42)

As a consequence of Theorem 2.56, we obtain the following identity (see [72, Lemma 2.5] and
[48, Corollary 3.2]).
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Lemma 2.62. Let v € BVjoo(Q2) N LY

loc

(Q) and z € DM (). Then

=

[vz, vy 2,0 HY teace. on J,. (2.43)
Now we give an important property of the space DT BV (). The next result is proven, for

a =1, in [72, Lemma 5.3] and in [20, Lemma 2.11].

Lemma 2.63. Let 0 < v € DTBV(2) N L>®(Q) and z € DM™>(Q). Then zX{y>a}s 2X{a<v<b} €
DM™>(Q) for almost every 0 < a < b < oo and

a

(z,D(Tg(v))o‘) = (zx{a<v<b}, D(Tb(v))o‘) fora.e. 0 <a<b<oo and for alla>0. (2.44)

Proof. We begin by proving the case b = oco.
Let us define To(v) := (T2°(v))" — a®. Since D (T3°(v))* = DT4(v), and noting that Xy~ €
BV (Q) N L>*(R) for almost every a > 0, we obtain the following chain of equalities:

(ZX{’U>CL}7 D(Tt(z)o(v))a) = (ZX{v>a}7 DTG(U))

2.34) . = ol .
(2:34) div (Ta(v)zx{wa}) — To(v) le(ZX{v>a})

= div (TQ(U)Z) - Ta(v) diV(ZX{v>a})

(2:34) div (Ta(v)z) —To(v)divz — Ty (v)(z, DX{v>a})

= div (T(v)z) — Tq(v) divz
(234 (2, D(T°(v))*) as measures in Q.
In the last step, we have also used the fact that (z, Dx{y>q1) < |[DX{p>ayl, and that Ty(v) = 0
X{v>atl-a.e. in €, due to the assumption H"~ = 0. We now proceed to prove the genera
DX {v>a} in ©, d h ion HN71(Sy) = 0. Wi d h 1
case 0 < a < b < oo.
We observe that
Tb(s) = T (T(s)) = Ty(T°(s)) fol all s > 0. (2.45)

Hence, we get

(2.45) -
(ZX{a<v<b}7DTch(v)> = (ZX{v>a}X{v<b}>DTb (Ta (U)))

= (Zxqv<p}, DT (v)) as measures in €,

where Z = 2X{y5q} and T'(v) = Ty(T5°(v)) — b.
At this point observing that T'(v) = T(U)X{v<b}, repeating the same arguments of the previous step,

we have

(zx{a<v<b},DT£(v)> (2:39) (E, DT(v)) —T(v) (E, DX{K,,}) = (?, DT(v)) as measures in (),

in the last equality, we used the fact that (E, DX{v<b}) is absolutely continuous with respect to
‘DX{v<b}|7 and that T'(v) = 0 for |DX{U<b}‘-a.e., recalling that HV~1(S¥) = 0. As a consequence,
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we can affirm

(zx{a<v<b},DT£(v)) = (ZX{UM},DT(;’O (Tb(v))) (2.45) (z,DTé’(U)) as measures in 2.

Thus, the proof is completed. O

At this point in the Section, we establish the following result, which refines [107, Lemma 2.4].
It is a regularity statement for a vector field z € DMGS.(2) (see [18, Lemma 2.8]).

Lemma 2.64. Let us consider 0 < f € LL (Q), p € M(Q) a measure absolutely continuous with

loc

respect to HN ™1 and let us take z € DMES(Q) such that

—divz+pu=f as measures in §. (2.46)

Then, it has
divz € M(Q). (2.47)

Proof. We begin by proving the extension of the test function space associated with (2.46) to
Whi(Q).

Let v € Wol’l(Q) N C°(Q) N L>®(£) be a nonnegative function. Consider a sequence ¢, € C}(Q) of
nonnegative functions such that ¢,, — v strongly in WO1 1(Q) Using ¢, as a test function in (2.46),

/Z-V%Jr/cpnu:/fson-
Q Q Q

Our goal is to pass to the limit in this equation as n — oo.

we derive the identity

Regarding the first term on the right hand side, the convergence follows directly from the bound-
edness of z in L>(2)" and the strong convergence of ¢, to v in Wol’l(Q).

As for the second term, we can pass to the limit by applying the Lebesgue Theorem 2.13. Indeed,
©n — v p-a.e., owing to the fact that u € M(Q) is absolutely continuous with respect to HY =1,
and the strong convergence in VVO1 1(Q) implies pointwise convergence up to a subsequence.

On the right hand side, applying Fatou Lemma 2.10 yields the inequality
/fvg/z-Vv—&—/vu. (2.48)
Q Q Q

Let us consider a function o € WH(Q) N CY(Q) N L>=(2). According to a result due to Gagliardo
(see [13, Lemma 5.5]), one can construct a sequence w, € W1(Q) N C%(Q) N L>(Q) satisfying the
following properties:

w, =0 on 082,

|wnll oo @) < 10l Lo (902) (2.49)
1
/ |Vw,| g/ pdHN T+ =,
Q o0 n

wy, — 0 a.e. in (.

and
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Using the function |0 —wy,|, which belongs to Wol’l(Q) NCY(Q)NL>®(R), as a test function in (2.48),

we obtain the following relation

/f]f)—wnlg/z~V\6—wn\+/l1~)—wnm
Q Q Q

(2.49) ) )

el ( [wil+ [ ww) 2l 5 e

(2.49) ~ ~ N—1 1 ~

el / V| + / 3+ 1) ol e e,
Q o n

Letting n — oo, and applying Fatou Lemma 2.10, we obtain the following result.

[ 7o < el ([ 1900+ [ 5010} & 2@l (e (2.50)
Q Q oN

By setting & = 1 in (2.50), it follows that f € L'(€). Consequently, this leads to the conclusion in
(2.47). O

Remark 2.65. An immediate implication of Lemma 2.6/ is that the class of admissible test func-
tions for equation (2.46) can be extend to include BV (2) N L*°(Q) (for more details see [90]).
This extension can be justified by a standard density argument, yielding the validity of the following
identity

N— * 3 0o
/Q(Z,Dv)—/(mv[z,u]d’}-( 1—1—/91} u—/va for allv e BV(2) N L*™°(Q). (2.51)

We conclude this Section by presenting the following notion of pairing measures, as introduced
in [98]. Let z € DM, (€2), and let §: R — R be a locally Lipschitz continuous function. Suppose
that v € BV(Q) satisfies B(v) € BWVoe(2) N LS. (£2). We then define the distribution

(z, Dﬁ(v)#) LO®(Q) - R

by the formula

<<z Dpj(v) /ﬁ godlvz—/ﬁ z- V. (2.52)

This pairing defines a Radon measure, as shown for instance in [98, Lemma 2.5], and it is absolutely

continuous with respect to HV~1. Moreover, the following estimate holds:

| pste ' [ 108601 < lallman [ D5 (2.53)

for every Borel set U and for any open set A such that U C A € ). We emphasize that in this
general context, the following property holds

(z, DB(v)¥)* = z- D*B(v). (2.54)

We now state a regularity result for vector fields z € DML, ().
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2.5. Pairing between measure-divergence vector field and distributional gradient

Lemma 2.66. Let o and 8 be two locally Lipschitz increasing functions on R. Let z € DMy, (Q)
such that [|z]| oo )y < 1, w,a(w) € BWoc (), B(w) € BVioe(2) N Ly (), and X € Ll ().
Moreover assume that

—divz + |[Da(w)| <X in D'(Q), (2.55)

and
(z, Dﬁ(w)#) = |DB(w)| as measures in §. (2.56)

Then Diw = 0.

Proof. Given that B(w) € BWoc(2), Remark 2.29 ensures that the set Sg,) is (locally) count-
ably HNl-rectifiable. Consequently, there exist countable regular hypersurfaces & such that

HA (Sp \UZ1 &) = 0.

Due to the monotonicity of 3, the conclusion follows once we establish that |DS(w)|(&;) = 0 for
every i € N.

Therefore, by applying Lemma 2.62, it follows that

(2, DB(w)¥)

(2:34) —B(w)* div z + div(B(w)z)

G2 12 U (B(w) ™ = Bw)#) + [z, 1] (B(w)* — B(w)")
< |B(w)* — Bw)~| on &,

(2.57)

with equality holding if and only if [z, v]* = [z, 7] = sgn (B(w)T — B(w)~) HV'-a.e. on &;.
At this point, we note that

[DB(w)] = [B(w)" = B(w)~| ong,

combining this with (2.56), we obtain equality in (2.57), thus leading to
[2,v]T = [2,v]” =sgn(B(w)t — B(w)”) on &. (2.58)

Noting that a(w) and S(w) exhibit the same jump set, we combine (2.55), (2.41) and (2.58) to
conclude that
la(w)" = a(w)"| = [Da(w)| = 0 on &,

which allows us to assert that
|Da(w)| =0 on &,

moreover, since « is strictly monotone, this yields that Diw = 0. O

2.5.2 Pairing with unbounded vector field

To achieve our goal, it is necessary to present the concept of pairing in the setting of an unbounded
vector field z. To this end, we follow the generalization of this tool introduced in [44]; in our specific

case, we will adapt the notions already seen to the following vector fields

DMP(Q) := {zELP(Q)N cdive e M(Q)}, for1<p<oo.
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2.5. Pairing between measure-divergence vector field and distributional gradient

Let us begin by providing the concept of A-representative of a Borel function. Given v € B(£2) and
A € B(Q;0,1]), we define the A-representative v* : Q — R as follows

/

(1= Ax))v"(z) + Mz)vY(z) ifxeQ\ Z,
o0 if z € Z, and A(z) > 1,
v Mz) = @) >3
0 if 2 € Z, and \(z) = 3,
—00 if x € Z, and \(z) < 1,
where Z, ;= {x € Q : vY(z) =0 and v"(r)=—oc} and v",v" are the function introduced in

Definition 2.38. In particular, when A = 1 and A = 0, we have v!' :=vY and v" := v. Moreover, if
v € LY(Q) then Z, C S, \ J, and if v € L*°(Q), then Z, = (), which implies that, whatever X is,

Mx) =v(x) for LN-ae zeQ,

because |S;| = 0.

In the case v € BV(£2), we obtain H¥N1(Z,) < HN71(S, \ J,) = 0, as stated in subsection 2.3.3.
As a consequence, if A(z) = % on J,, then v*(z) = v*(z) for every z € Q\ (S, \ J,) (for more
details, we refer to [44, p.11]).

Given z € DMY(Q) and X € B(£2;]0,1]), let us consider the following set
XPNQ) = {v € B(Q) : vt € LY(Q, |2]) N LY(9, | divzy)},

we underline that X**(£2) is not a vector space since the A-representative of the sum is not the sum
of A-representatives ( see [44, Remark 7.5|).

We provide the definition of pairing in this generalized context, as given in [44, Definition 3.1].

Definition 2.67. Let z € DMY(Q). If A € B(Q;[0,1]) and v € X*X(Q), then the distribution
(z,Dv)y: C(Q2) - R

((z,Dv),y , ) ::—/v)‘tpdivz—/vz-ch,
Q Q

is well defined. (We stress that v = v for LN -almost all x € Q, so that we may write just v in the

second integral.)

It is important to emphasize that for a function v € X**(€), the derivative Dv is not, in general,

a Radon measure, but it is always well-defined as a distribution of order 1.

Remark 2.68. In the particular case where v € WH1(Q) N L>®(Q), we will have (for more details
see [44, Proposition 3.15 (i)])
(z,Dv), = z- Vo LN,

Drawing an analogy with the classical theory of functions of bounded variation, we present a
version of BV -type classes defined in terms of the variation induced by this generalized A-pairing
(see [44, Definition 3.3]).
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2.5. Pairing between measure-divergence vector field and distributional gradient

Definition 2.69. Let us give z € DMY(Q) and X € B(;]0,1]), we define the set
BV Q) = {v e X*NQ) : (2, Dv)y € M(Q)} .

Also, BV**(€) is not a vector space; for further details, we refer to [44, Remark 3.4].
To extend Lemma 2.55 to this new context, we present the following result (see |44, Proposition
3.5)).

Lemma 2.70. Let z € DMY(Q) and let X € B(Q;[0,1]). Then v € BV>MNQ) if and only if
v € X*NQ) and div (vz) € M(Q). Moreover, we get

(z,Dv)y = —v divz +div (vz)  as measures in Q. (2.59)

The next result is a special case of the previous ones. It is worth stating here, since we will use
it in what follows (see [44, Proposition 3.19)]).

Proposition 2.71. Let us take = € DM (Q) such that |divz| < LY. Then X**(Q) does not
depend on A. In other words, for every X € B(;[0,1]), it holds

X#AQ) = X%(Q) = {veB(Q) : ve L' (Q]z]) N LY, |dive|)},

and if v € X*(Q), then the distribution (z, Dv) : C2°(2) — R given by

(2. D0) o) = -

vpdivz — / vz - Vo, (2.60)
Q Q

1s well defined. Moreover, it follows
BV*AQ) = BV*(Q) = {v € X*(Q) : (2,Dv) € M(Q)},
and, for every v € BV*(Q), we have
(z,Dv), = (2,Dv) = —vdivz +div (vz) as measures in . (2.61)

We recall that when z € DM>(Q), A € B(2;[0,1]), and v € BV*)Q)NL>®(Q), the generalized
pairing (z, Dv), satisfies the following property:

(2, Dv)| < HN 7,

as stated in [44, Proposition 3.14(ii)].

However, this property cannot be extended to the more general context. Indeed, in [44,
Proposition 3.15(ii)], the authors demonstrate that if z € DMP(Q) with p > &5 and v €
BV*MNQ) N L>(Q), then

|(z, Dv)A|(B) =0 for all sets B C © which are o-finite with respect to W

N
N-1>

continuous with respect to any measure of the type H%, a > 0, because the singularities of div z

Conversely, if 1 < p < then it cannot generally be shown that the A-pairing is absolutely
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2.5. Pairing between measure-divergence vector field and distributional gradient

can be arbitrary (for further details, see [44, Remark 3.17]).

This property has an important consequence concerning the notion of the trace of a vector
field z € DMP(Q), with 1 < p < %, which a priori can only be a distribution. As can be
seen in [44, p.15], given w € Q with a regular boundary (for such sets, x., € BV**(Q), for every
A € B(£2;1]0,1]); for more details, see [44, Section 7|), we can generalize the concepts of the interior

and exterior traces, respectively, as follows:
(z,Dxw)o and (z,Dxw)i-

But since (z, Dxy)o and (z, Dxw)1 are not, in general, absolutely continuous with respect to
any measure, and in particular not with respect to HN _1, we cannot repeat the same arguments as
in [49, Proposition 4.7|, where the authors prove that if z € DM>(Q), then [z,1,]" and [z, v,]”
are, respectively, the densities of the measures (z, Dx,,)o and (z, Dx,)1 with respect to the measure
| DX
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Chapter 3

Existence and regularity of solutions for
nonlinear elliptic equations involving
competing gradient, singular and

Ll-terms

3.1 Introduction to the problem

This Chapter propose to investigate the following boundary value problem:

—Apu+ g(u)|VulP = h(u)f in Q,
u>0 in Q, (3.1)
u=0 on 0f,

where 1 < p < N. Here, Q C RN for N > 2, is an open and bounded domain with a Lipschitz
boundary. The operator Apu is the standard p-Laplacian. Furthermore, g is a positive and contin-
uous function defined on [0,00) (possibly blow-up at the origin), while A is a continuous function
on [0, 00) which is allowed to blow-up at the origin, but it remains bounded at infinity. Especially,
this framework covers the analysis of continuous, bounded, and non-monotone functions for both g
and h. Finally, f is a nonnegative function which belongs to a suitable Lebesgue space.
Our primary objective is to establish the existence of finite energy solutions to the problem (3.1),
specifically, this means looking for solutions u € Wol’p(Q) when p > 1 and u € BV () when p = 1.
In the first part of this Chapter, we always consider a function g that is bounded near the origin.
We are particularly interested in exploring the interplay between the first-order absorption term
involving g and the zero-order, possibly singular nonlinearity h, all in the presence of a merely
integrable datum f. A key focus will be the regularizing effect, in terms of Sobolev regularity,
provided by the lower-order terms on the solutions of this kind of problems. In particular, we will
describe the conditions on the data g, h, and f necessary to obtain nontribyl solutions in BV (2).
It is essential to stress that obtaining such a result is not possible when dealing with merely
integrable data if ¢ = 0, as proven in [89]. In that case, the existence of solutions is hypothesized

only for more regular data, and even then, often requires a suitable smallness condition on the norm
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3.1. Introduction to the problem

([58, 59]), a constraint that is not imposed here.

The standard methodology for resolving 1-Laplace type problems, like the one under consid-
eration, involves an approximation scheme using p-Laplace problems where p > 1. Our method
will follow this approach; however, we emphasize that the case p > 1 is new and significant innde-
pendently. Consequently, Section 3.2 is devoted to establishing, as a preparatory but fully general
theory, the existence and weak regularity of solutions for problems like the one posed.

The latter part of this Chapter is dedicated to the scenario where the function g exhibits a
blow-up near the origin and 0 < f € LY (Q).

Our focus will be to investigate the interplay between the first-order, possibly singular absorption
term involving g and the zero-order, possibly singular nonlinearity h, specifically in presence of a
data term f € LV(2). A crucial aspect of this investigation is the "competition" or "game" between
the respective explosion rates of g and h at the origin.

The problem, as represented by (3.1), has been previously addressed for the Laplacian operator
(i.e., p = 2) in [16], where g(s) ~ s~ with @ > 0 near 0 and h = 1. The condition for the existence
of finite energy solutions was established as 6 < 2. Subsequently, this result was generalized to the
p-Laplacian case under the restriction 6 < p, as demonstrated in [122].

% near the origin,

Our specific aim is to generalize the existence condition on 6, when g(s) ~ s~
by introducing a singular zero-order term h(s) ~ s~7 with v > 0 on the right hand side, all within
the challenging context of the 1-Laplacian operator.

We derive some conditions for § and + which significantly generalize those found in the prior
literature [16, 122]. Specifically, we require 0 < 6 < 1 to ensure the integrability of the function
g near the origin and require the constraint # + v < 1. Crucially, our methodology achieves the
existence of a finite energy solution u € BV () without any smallness assumption on the norm
1] LN(Q)- (For further details regarding the analytical significance of these hypotheses, we refer the
reader to Remark 3.28).

The structure of the Chapter is as follows:

e Section 3.2: We investigate the Dirichlet problem where the principal operator is the p-
Laplacian with p > 1. This study is of independent interest and provides the groundwork for

the main analysis.

e Section 3.3: This is the core Section, where the limit case p = 1 with a bounded g near 0 is

rigorously investigated.

e Section 3.4: We provide further insights on how the results can be extended in various di-
rections, including the case of nonnegative data and the scenario where the nonlinearity g

potentially blows-up at infinity.

e Section 3.5: We analyze the scenario where the function g blows up near the origin and
0< feLNQ).

e Section 3.6: We establish the existence result for the case of a nonnegative f.

The results developed throughout this Chapter are all based on [19, 38|.
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3.2 The framework of Leray-Lions operators in the case p > 1

As previously noted, this Section is devoted, not as a preliminary step, to establishing the existence
theory and basic regularity properties of solutions to problems of the form (3.1), where the principal

part is given by Leray—-Lions type nonlinear operators.

We examine the following boundary value problem:

—div(a(z,u, Vu)) + g(u)|VulP = h(u)f in Q,
u=>0 in Q, (3.2)
u=0 on 0f),

where Q € R is a bounded open domain (no additional regularity assumptions on 92 are required),
and the function a : Q x R x RV — RY is a Carathéodory map fulfilling the standard LerayLions
conditions (1.21)-(1.23).

The function g : [0, 00) — [0, 00) is assumed to be continuous and satisfies the lower bound

liminf g(s) > 0. (3.3)

S5—00
In addition, the function A : [0, 00) — [0, o0] is continuous with ~(0) > 0 and has singular behavior

near the origin:

30 <~ <1, ¢1,51 > 0 such that h(s) < % for all s < sq, (3.4)
s

together with the boundedness condition
h € Cy([9,00)) for every 6 > 0. (3.5)
We establish the following quantities, which will also be instrumental in the forthcoming proofs

hi(00) = s[:p )h(s) < 00,
s€|k,00

we highlight that this quantity defined is finite as a consequence of (3.5).
We emphasize that the classical model with constant coefficients, i.e., g = h = 1, is included in this
framework. Indeed, the choice v = 0 is admissible, and the function g is not required to vanish at

Zero.
Regarding the data, we assume that f € L!'(Q) and that it is nonnegative.

We now define the concept of a distributional solution for the problem (3.2).

Definition 3.1. Let us fit 1 < p < N, then a nonnegative u € Wol’p(Q) is a distributional solution
to (3.2) if a(w,u, Vu) € LL ()N, g(u)|Vul|P, h(u)f € LL (Q) and if the following condition holds

loc

/ a(z,u,Vu) - Vo + / g(u)|Vul|Pp = / h(u)fo, for all o € CHS). (3.6)
Q Q Q

Remark 3.2. It is important to highlight that each term involved in the weak formulation given in
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3.2. The framework of Leray-Lions operators in the case p > 1

Definition 3.1 is properly defined. In particular, due to the fact that the Carathéodory function a
fulfills conditions (1.21)-(1.23), we have a(z,u, Vu) € LP%(Q)N, since u € Wol’p(Q).

We are now in a position to present the principal result of this Section.

Theorem 3.3. Let a satisfy (1.21)-(1.23) with 1 < p < N. Let g satisfy (3.3) and let h satisfy
(3.4) and (3.5). Finally let f € L*(Q) be nonnegative. Then there exists a solution u to (3.2) in the
sense of Definition 3.1 such that g(u)|VulP € L1(£2).

Remark 3.4. We emphasize that the assumptions (1.21)-(1.23) on the function a correspond to
the classical conditions defining a Leray—Lions type operator. The assumption (3.3) on the behavior
of g at infinity is required in order to derive estimates in Wol’p(Q) (see Lemma 3.6). Finally, the
assumptions (3.4) and (3.5) on the function h are necessary to ensure that the solution belongs
globally to Wol’p(Q) (see Section 3.1 for more details).

3.2.1 Approach by approximation

To establish Theorem 3.3, we adopt an approximation approach. Specifically, we demonstrate the

existence of a nonnegative solution to the following problem.

—div(a(z, up, Vuy)) + gn(un)|Vup [P = hyp(un) frn  in Q,
Up =0 on 0f),

(3.7)

where
min{n, g(0)} if s <O,

PO ) itsso,

fn:=To(f) and h,, := T,,(h) with n € N\ {0}.

The argument follows a classical approach, and we provide only a brief outline here for com-

pleteness.

Lemma 3.5. Let a satisfy (1.21)-(1.23) with 1 < p < N, then there exists a nonnegative u,, €
Wol’p(Q) N L>® () which satisfies

/ a(z, up, V) - Vi —l—/ gn(un)|Vu, [P = / b (up) frp,  for all ¢ € Wol’p(Q) NL>®(Q). (3.8)
Q Q Q

Proof. Proving the existence of a solution to problem (3.7) is a straightforward application of [35,
Theorem 1]. It is easy to verify that the Carathéodory function a satisfies the assumptions required
by the cited Theorem.

Moreover, we define the function H : Q x R x RV — R by

H{(x,s,8) := gn(8)[€]" = hn([5]) fn,

which satisfies the growth condition

|H(x,s,8)| <nlé|P +n? forall (z,5,6) € QxR xR,
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Therefore, applying the theorem, it yields the existence of a function u, € VVO1 P(Q) N L>(Q).

To conclude, we demonstrate that u, is nonnegative. To this end, consider the test function ¢ =
—u, e tn I/VO1 P(Q) N L*>®(Q), where t > 0 will be specified later. Thanks to this choice into the

weak formulation leads to

—/ a(x, up, Vuy,) - Vu, e~ n +/ ta(x, up, V) - Vuy, u, et
Q Q

_/ Gn ()| Vun [Py e = _/ ha([tn]) faty e < 0.
0 Q

Invoking assumption (1.21), we infer
a/ |V, [Pe~tun +/ |V |Pu, e (at — gn(uy)) < 0.
Q Q

Therefore, by selecting ¢ > 7, we guarantee that both integrals are nonnegative, which forces u,, =0
almost everywhere in ). In other words, u, > 0 a.e. in €0, completing the proof. O
3.2.2 Foundational estimates for existence analysis

This Section is devoted to gathering all the necessary estimates that allow us to establish the

existence of a limit function w arising from the sequence w,, solution to the problem (3.7).

Lemma 3.6. Let a satisfy (1.21)-(1.23) with 1 < p < N, let u,, be a nonnegative solution to problem
(3.7). Then uy, is bounded in Wol’p(Q) with respect to n. Moreover g, (uy)|Vun|P is bounded in L' (£2)

and, for every open w € Q, hy,(un) fn is bounded in L'(w) with respect to n.

Proof. We begin by establishing that the sequence u,, is uniformly bounded in the space I/VO1 P(Q).
Let us begin by noting that, as a consequence of condition (3.3), one can find a constant k > 0 such
that g(s) > n > 0 for every s > k, with 7 being a fixed positive constant.

We then select the truncation T3(uy,) € VVO1 P(Q)NL>(Q) as a test function in (3.8), which enables

us to derive the following estimate:

AM%%NW»VQWM+A%WMWMWWW=AfWMh%mm

which implies that

/ a(z, Up, Vi) - Vu, + / In(un) | Vg [Pu, + k‘/ n(un) | Vg, |P
{un<k} {un<k} {un>k}

glwgﬂmw@n%+k/ () fr-

{un>s1}

Without loss of generality, we may assume that n > n; then, taking into account that g, (u,) > 7

on the set {u, > k}, and by assumptions (1.21) and (3.4), we obtain the following estimate

a/ B |Vun|p+kn/ | Vugl? gcl/ u}l”fn—i-khsl(oo)/ fn-
{un<k} {un>k} {un<si} {un>s1}
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From the previous it follows
memkmA]v%ws(qéﬂ+kmxmoumﬂmp (3.9)

namely u,, is bounded in WO1 P(Q) with respect to n since v < 1.

We now turn our attention to proving that g, (u,)|Vu,[P is uniformly bounded in L'(Q) with
respect to n € N. We choose T (uy,) € W&’p(Q) N L>®(£) as a test function in (3.8), obtaining

/a(a;,un,Vun)'VTl(un)+/gn(un)|Vun|pT1(un) :/hn(un)fnTl(un),
Q Q Q
which, by invoking (1.21) and (3.4), results in

/ g (1) | Vit ? < 1 / Wt b (50) / I
{un>1} {U7L<51} {u">51} (310)
< (e1517 4 hay (59)) I s o

Moreover one can observe that

(ersl™ + Fhoy (00)) 1 lrcey
/ g ) VP < s (s /| =) max g(s) . (3.11)
{un<1}

€[0,1] s€[0,1] min{a, kn}
It then derives from (3.10) and (3.11) that gy, (uy,)|Vu,|P is uniformly bounded in L' (£2) with respect
to n.

We finally show that h(u,)f is uniformly bounded with respect to n € N in L!(w) for every
w € .
Let us consider 0 < ¢ € C}(2) such that ¢ = 1 in w as a test function in (3.8), obtaining

[ mntwt < [ hatwdtug = [ afeu V) Vot [ g Vol

Thanks to Hoélder inequality (2.6), we have

t@%mmv%mwwmmmyé%WMN%WSQ

where C > 0 is independent of n, due to the estimate established in the previous step.

Again applying Holder inequality (2.6), we get

| a0, 90 - D < IVl lato, o, Tl ) < C
recalling that the sequence |a(z, uy, Vuy,)| is uniformly bounded in norm || - HL 21 (@) with respect
to n due to (1.22) and (3.9).
This allows us to conclude that the sequence hy,(uy,) f, is uniformly bounded in L!(w) with respect

to m, which completes the proof. O
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The proofs for the following Lemmas utilize the function

o(s) = se” (p>0)
which is characterized by the property:

»

, forallseR, n,u>0,p> )
4n?

N3

19} (8) = plpp(s)] > (3.12)
The following lemma establishes the existence of a limiting function for the sequence u, as

n — 00, and demonstrates that each truncation of w,, converges strongly in I/VO1 P(Q).

Lemma 3.7. Let the function a satisfy assumptions (1.21)—(1.23) with 1 < p < N, and let u,
denote a nonnegative solution to the approximate problem (3.7). Then, up to a subsequence, there
exists a nonnegative function u € Wol’p(ﬂ) such that w, — u almost everywhere in £ as n — oco.
Furthermore, for every k > 0, the truncations Ty (uy) converge strongly to Ty (u) in Wol’p(Q) up to
subsequence.

In addition, it holds that g(u)|VulP € LY(Q) and h(u)f € L ().

loc

Proof. The existence of a nonnegative limit function u can be derived by a standard compactness
argument, namely Theorem 2.21, provided that Lemma 3.6 holds. Moreover, the same Lemma
ensures that the sequence hy, (uy,) f, is uniformly bounded in L'(w) for every compact subset w &€ €.

Consequently, by applying Fatou Lemma 2.10 as n — 0o, one obtains that h(u)f € L (Q).

loc

We now aim to prove that Ty (uy,) — Tj(u) strongly in VVO1 P(Q), as n tends to infinity, for every
k > 0. To this end, we shall apply [35, Lemma 5]. Therefore, it suffices to show that

lim [ (a(z, Tp(un), VIk(un)) — a(z, Tip(un), VIk(w))) - (VIk(un) — VIg(u)) = 0. (3.13)

n—oo Q

To show this convergence, we re-adapt a classical idea of [23].

We proceed by employing ¢, (wp i) € I/VO1 P(Q)NL>(Q) as a test function in the weak formulation
(3.8), where ¢, denotes the function introduced previously, satisfying condition (3.12). The quantity

Wy i 1s defined as
Wn k= T (un) — Tk(u).

Substituting into the formulation leads to:

/a(:c,un,Vun)‘Vwmkgo'p(wn,k)—i—/gn(un)]Vun]pgop(wn’k):/hn(un)fnapp(wn,k). (3.14)
Q Q Q

We begin by analyzing the first integral on the left hand side of the previous equation. To this
end, we split the domain of integration into the sets {u,, < k} and {u, > k}, which yields

/ a(, Un, V) - vwn,k@;(wn,k) - / a(T, Un, V) - VTk(u)Qpi)(wn,k)

(1.22)
S Aa@Jﬂw%Vﬂwm%Vwm%@mw

—5/{ o (b(x) + [unl?" + [Van[P~1) [V Tk ()]0, (wn )]
Un, >
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where in the previous step we used that VT (u,) =0 on {u, > k}.
Putting the preceding inequality into equation (3.14), we obtain

/gla(:E»Tk(un)» VTk(Un)> : vwn,k@;(wn,k) + /an(un)|vun|p@p(wn,k)

S/ ha(un) frspp(wn i) + B (b(@) + [un[P~" + [Vun[P~) [V Tk (u) ||, (wip)
Q {un>k}

Since |VT(w)|X{u, >k} converges strongly to zero in LP((2) as n — oo, and the quantity

B (b(z) + [un P~ + [Vu,[P7!) is bounded in Lp%l(Q) due to the uniform boundedness of wu, in
Wol’p(Q), while [¢),(wn k)| — 0 strongly in LP(£2) as n — oo, thanks to the strong convergence of
Ty (uy) to T(u) in LP(Q) for any fixed k > 0, it follows that the last term on the right hand side of
the previous inequality vanishes as n — oo.

As a consequence,

/ a(x, Ty (un), VIg(uy)) - an,kgo;,(wn’k)
@ (3.15)

< _/an(un)|vun|p§0p(wn,k) “‘/th(un)fn@p(wn,k) + On,

where o, is a quantity that tends to 0 as n — oo.

We now note that the first term on the right hand side of (3.15) satisfies the following estimate

(1) [Vt [P 0 (w0 1) — / (1) [Vt P (10, 1)
{un>k}

_/ Qn(un)‘vun‘pwp(wn,k) = _/
< —/ Gn (un) [Vun [P pp(wn k)
{un<k}

<[ )V Pleen,
{un<k}
since @,(wy, ) > 0 on {u, > k}. Moreover, it can be inferred that

- /Q (1) [Vt 0 (100 ) < / (1) [Vt Pl (0 )|

{un<k}
(121) max,c o 4 9 (s
: Ek]() /Q a(w, Ti(un), VTi(n) - VTi(ttn) [0 (wn 1) -

Since the sequence a(z, T (un), VI (uy)) is bounded in L5 1 ()N, and VT (u)|@,(wn k)| converges
strongly to zero in LP(Q)N as n — oo, it follows that

lim [ a(x, Ti(un), VIE(up)) - VT (uw)|ep(wnk)| = 0.

n—oo 0

As a consequence, one obtains

- /Q (1) [Vt P 0 (10 1)

Jo” " (3.16)
géﬂwgAm%nw@vnwm%wﬂww—HWM%Wmﬂ+%

(%

Francesco Balducci 56



3.2. The framework of Leray-Lions operators in the case p > 1

where, we recall that o,, — 0 as n — oo.
Putting (3.16) into (3.15), one derives

/Qa(fCaTk(un)v VT (un)) - V(Ti(un) = Tie(u)) @), (wn i)

< maXse[o,k] g(s)
- o

+/th(un)fn@p(wn,k) + 0op.

/Qa(:c,Tk(un), VT (un)) - V(T (un) = Tr(w))|@p(wn k)|

« 2a

X X 2
This, by applying (3.12) with n =1, u = maXee0) 9(5) 44 p= (w) , leads to

/ a2, T (), VT (1)) - V(T (1) — To(u)) < 2 / () fn2 (0 1) + O (3.17)
Q Q

We point out that it follows from (1.22) and from the weak convergence of u,, in VVO1 P(Q) then, it
holds
lim [ a(z, Tip(un), VIg(w)) - V(Tk(un) — Ti(u)) = 0.

n—oo Q

Then, by subtracting this quantity from both sides of (3.17), one infers that

/Q(a(l‘, Ty (un), VIi(un)) = a(@, Ti(un), VIi(w))) - V(Ti (un) — Ti(u))

< Q/th(un)fngpp(wn,k) + op.

At this stage, in order to prove (3.13), it remains to show that the integral on the right hand side
of the previous inequality tends to zero, as n — oo, for every fixed k > 0.

The analysis is carried out by distinguishing the following cases.

In the case where h(0) < oo, the passage to the limit is justified by the convergence of f,, in L'(€2),

together with the x-weak convergence of ¢,(wy 1) to zero in L*().

We now address the second case, namely when h(0) = co. Let us fix 0 < § < s;. Then, one obtains

/Q o) fop (W) < 1 / I () + hs(00) /{ e (19)

{un<s} Un

The second term on the right hand side of (3.18) tends to 0 as n — oo, given that f,, converges in
LY(€2), while ¢, (wy, k) converges x-weakly to 0 in L>°(Q) as n — oo.

For the first term in (3.18), one proceeds by reasoning as follows

C1/ f*:%’p(wn,k) < Cl/ 5 e,
{unS(S} Un {Un§6}

By applying Lebesgue Theorem 2.13, since v < 1, we can conclude that (here we may assume § < 1)

lim cl/ Sy Pk — 01/ ST f < cl/ f.
e Jua<s} {u<o} {u<o}

It has already been established that h(u)f € L{ (2). This implies that {u = 0} C {f = 0}, up to

loc
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a set of Lebesgue measure zero, which leads to

lim f= / f=0.
6=0% J{uss) {u=0}

This enables us to deduce (3.13) for all £ > 0. Consequently, it is sufficient to apply [35, Lemma

5], which leads to the conclusion that

Ti(upn) = Ty (u) strongly in I/Vol’p(Q)7 for every k > 0.

This also implies that Vu, converges almost everywhere in 2 to Vu as n — oo. Furthermore,
since Lemma 3.7 ensures that g, (uy,)|Vu,|P is bounded in L(£2) with respect to n, applying Fatou
Lemma 2.10 as n — oo yields that g(u)|VulP € L1().

This completes the proof. O

Remark 3.8. An important consequence of the previous Lemma is that a(z,u,, Vuy,) strongly
converges to a(z,u, Vu) in Lﬁ(Q)N. To establish this, it suffices to apply Vitali Theorem 2.12.
Indeed, one easily observes that a(x,un, Vu,) — a(x,u, Vu) a.e. in Q, since the a.e. of Vu, —
Vu follows from the strong convergence of Tx(u,) — Tx(u) in Wol’p(Q). Moreover, the sequence
a(x, un, Vuy) is bounded in the norm of Lﬁ(Q)N, due to (1.22) and the uniform bound of the
sequence uy, in the || - HWO1,p(Q)—n0rm with respect to n, as stated in Lemma 3.6.

As a result, using Holder inequality (2.6), one concludes that the sequence a(x,un, Vuy,) is equi-

integrable.

3.2.3 Existence result for p > 1: detailed proof

At this stage, we are in a position to establish the principal existence result of this Section, namely
Theorem 3.3.

Proof of Theorem 3.3. Consider the sequence u,, of solutions to problem (3.7), whose existence is
ensured by Lemma 3.5. In addition, Lemma 3.7 ensures the existence of a nonnegative function
u € VVO1 P(Q) such that, up to a subsequence, u,, converges almost everywhere in § to u as n — oo.
The same Lemma further establishes that g(u)|Vu|P € L'(Q) and h(u)f € LL ().

To complete the proof, it remains to verify that u satisfies (3.6); that is, it must be shown that

the limit as n — oo can be taken in the weak formulation

/ a(x, un, Vuy) - Vo + / gn(un)|VunPo = / Bty fip  for all o € CH(R). (3.19)
Q Q Q

We begin by taking the limit of the first integral on the left hand side of equality (3.19); this is a
straightforward application of Remark 3.8, where we have shown that a(x, up, Vu,) — a(z,u, Vu)
strongly in Lﬁ(Q)N.

For the second term on the left hand side of (3.19), we apply Vitali Theorem 2.12. It is easy to

observe, thanks to Lemma 3.7, that ¢, (un)|Vu, [P — g(u)|VulP almost everywhere in . It remains
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only to show the equi-integrability.
Let us use Sy (un) € W(}’p(ﬂ) N L>(2) with k,n > 0 as a test function in (3.8) results in

/Q a(2, tn, Vitn) - Vi) o (11n) + /Q (1) [Vt S,y e 10) = /Q Bt o S (1),

Eliminating the first integral on the left hand side as it is nonnegative due to (1.21), we obtain

[ 80 Ve 8,0(00) < (o) [

{un>k}

By letting n — 0™ and applying Fatou Lemma 2.10, we derive

/ (1) | Vi ]? < Bi(0) / ;.

Having verified the assumptions of Vitali Theorem 2.12, we apply it and conclude that

In(Un) | Vun|P — g(u)|VulP strongly converges in L'(Q) as n — oo. (3.20)

The argument is completed by passing to the limit in the right hand side of (3.19) for any
test function ¢ € CL(2) with ¢ > 0, since the case of a test function with arbitrary sign follows
analogously.

In the case h(0) < oo, this convergence is immediate as a consequence of Lebesgue Theorem 2.13.

Therefore, we may assume without loss of generality that h(0) = occ.

We fix a value 6 > 0 such that ¢ does not belong to the set {n : lu =n| > 0}, and proceed by
splitting the integral on the right hand side as follow

/th(un>fn90 = /{un<5} B (un) frp + Aun>5} P (un) frip- (3.21)

Firstly, we show that
lim lim Sup/ b (un,) fre = 0. (3.22)

6—0t nooo

We select Vs(uy)p € Wol’p(Q) N L>®(R), where 0 < ¢ € CH(Q), as a test function in (3.8), from

which we infer

/Q (@, 1, Vi) - V (Vi (un)p) + /

(1) | Vit PV 1) 0 = / B (1) foVis (1)
Q Q

Consequently, dropping the nonpositive term, we have

/ hn(un)fnSOS/hn(un)fn%(un)wg/a(xaunavun)v¢%(un)+/ gn(un)|vun|pV6(un)§0'
{un<é} Q Q Q

We are now in a position to take the limsup as n — oo in the previous inequality. For the first
term on the right hand side, this follows from Remark 3.8 combined with the bound V5 < 1. For
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the second term, one refers to (3.20), established in the preceding step. Hence, it follows that

limsup/ B (un) frp < / a(x,u, Vu) - VoVs(u) —I—/ g(u)|VulPVs(u)ep. (3.23)
n—00  J{u,<é} Q Q
We now let § — 07 in (3.23), and due to Lebesgue Theorem 2.13, we conclude that

lim limsup/ I (un) fnp < / a(z,u, Vu) - Vo +/ g(u)|VulPe =0,
=0t n—oo {un<6} {u=0} {u=0}

since u € Wol’p(Q) and a(z,0,0) =0 for all z €  (recall Vu =0 a.e. on {u = 0}).

We now turn our attention to the second term on the right hand side of (3.21). To pass to the

limit, we wish to use Lebesgue Theorem 2.13. Therefore, we observe the following estimate

hn(un)fn¢X{un>5} < h(;(OO)f(,O € Ll(Q)

Since Ay (Un) fnpX {un>sy — h(w)foXx{u>sy almost everywhere, which is a straightforward conse-
quence of the continuity of h and the strong convergence of u,, — u in LP(£2) as shown in Lemma

3.7, we can pass to the limit in n, obtaining

lim hn(un) frp = / h(u)fe,
=0 JLu,>8} {u>8}
given that |[{u =0} = 0.
Moreover, as h(u)f € Li (£2), one can take § — 0T
lim lim hon,(un,) frp :/ h(u)fo = / h(u) fe, (3.24)
6201 N0 J oy, >5} {u>0} Q

where the final equality arises from the inclusion {u = 0} C {f = 0} up to a set of zero Lebesgue
measure, due to the local integrability of h(u)f.

Finally, note that (3.22) and (3.24) enable us to take the limit as n — oo and § — 07 in (3.21),
thereby concluding the proof. O

Remark 3.9. In Theorem 3.3, we proved the existence of a distributional solution u € Wol’p(Q) sat-
isfying g(u)|Vul|P € LY(Q). Within this framework, it is worth emphasizing that the set of admissible
test functions in (3.6) can be extended to the space Wol’p(Q) N L>(9).

To proceed, let us fix any function 0 < v € Wol’p(Q) N L>®(Q). Then, there exists a sequence
on € CHQ) such that v, — v strongly in W&’p(ﬂ) as n — oo. Moreover, let p, be a standard
mollifier. For sufficiently small n > 0, we define 1y, := py * min{v, @, }, which clearly belongs
to CL(). Therefore, 1y, is an admissible test function for problem (3.2), and we are justified in

employing it.
/a(az,u, Vu) - Vi p —I—/g(u)|Vu|7”1/1n777 = / h(w) finy- (3.25)
Q Q Q

Let us recall that 1y, — 1, = min{yn, v} strongly in WIP(Q) and *-weakly in L>(Q) as n — 0.
Given that a(x,u, Vu) € Lﬁ(Q)N, g(w)|VulP € LY(Q), and h(u)f € L (), then we pass to the

loc
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limit as n — 07 in (3.25), yielding:

/Qa(yc,u,Vu)~V¢n+/gg(u)Vu|p¢n:/gh(u)fwn. (3.26)

Observe that 1, — v strongly in WHP(Q) and x-weakly in L>®(2) as n — oo. Therefore, we
pass to the limit as n — oo in the first two terms of (3.26).
For the right hand side of (3.26), we proceed as follows. First, we note that an application of Fatou

Lemma 2.10 with respect to the index n yields

n—oo

/Qh(u)fv§liminf/gh(u)fwn:/Qa(ac,u,Vu)-Vv—i—/gg(u)|Vu|pv,

whose right hand side is finite. Since h(u)fv € LY(Q), we may then apply Lebesque Theorem 2.13

to conclude that
lim [ h(u)fi, = / h(u)fo.

Thus, the desired result holds. The case of a test function v with arbitrary sign can be treated in a
standard manner, and we have shown that the solution u to problem (3.2), established in Theorem

3.8, satisfies the extended formulation.
/ a(x,u, Vu) - Vo + / g(u)|Vu|Pv = / h(u)fv  for allv € Wol’p(Q) N L>(9).
Q Q Q

3.3 Setting and existence result for the limit case p =1

In this Section, we focus on the limiting case p = 1. Specifically, our goal is to establish the existence

of nonnegative solutions to the following Dirichlet boundary value problem

—Aju+ g(u)|Du| = h(u)f in £,

(3.27)
u=0 on 0f),

where, @ ¢ RV, N > 2 is a bounded domain with Lipschitz boundary, the datum 0 < f € L'(f),
and the function g : [0, 00) — [0, 00) is positive, bounded, and continuous, satisfying condition (3.3).
The function A : [0,00) — [0, 0] is continuous and may exhibit singular behavior, with h(0) # 0; it

remains finite away from the origin and fulfills assumptions (3.4) and (3.5).

We now clarify the intended notion of solution to problem (3.27).

Definition 3.10. Let 0 < f € L'(Q). A nonnegative u € BV () is a solution of problem (3.27) if
Diu =0, g(u) € L (2, |Du|) and h(u)f € LL (Q) and if there exists a vector field 2 € DMZ.(Q),

loc loc

with ||| peoyv < 1 satisfying
—divz + g(u)|Du| = h(u)f in D'(Q), (3.28)

(2, DTy (u)) = |DT)(u)| as measures in Q2 for any k > 0, (3.29)

and
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u(x) =0 for HN-a.e. x € 99. (3.30)

Remark 3.11. We briefly comment on Definition 3.10. Equation (3.29) expresses, in a weak sense,
the role played by the vector field z as the singular quotient %. Consequently, both (3.28) and
(3.29) explain the weak formulation of the first term appearing in (3.27).

In addition, the boundary condition is expressed by (3.30), which is linked to the presence of
the function g. It is well known that, in the case g = 0, solutions to Dirichlet problems involving
the 1-Laplacian generally do not satisfy the boundary condition in the classical pointwise sense. In
such settings, a weaker formulation involving the normal trace [z,v] is typically employed (see, for
instance, [5, 12, 58)).

We conclude by explicitly noting that if h(0) = oo, the local integrability of h(u)f in Li ()
implies that {u = 0} C {f = 0}. Therefore, in this setting, since f > 0, it necessarily follows that
u > 0.

We introduce the following function, which will play a central role in the subsequent analysis

Ly(s) = [ a¥(0) do

In addition, we denote I'(s) := I'1(s). It is worth explicitly noting that, due to the boundedness of
g, the function I'(s) is Lipschitz continuous and meets the requirements of Theorem 2.31. A brief

discussion of the scenario in which g may be unbounded at infinity is presented in Section 3.4.2.

We are now in a position to present the principal result of this Section.

Theorem 3.12. Let g be positive, bounded and satisfying (3.3) and let h satisfy (3.4) and (3.5).
Finally let 0 < f € L}(Q).

Then there exists a solution to problem (3.27) in the sense of Definition 3.10. Moreover, g(u) €
LY(Q, |Dul) and z € DM>(Q).

Remark 3.13. We wish to emphasize the importance of the assumptions imposed on the function
g. In particular, the boundedness and strict positivity of g are crucial in order to guarantee that
its primitive is a Lipschitz continuous function, which in turn allows us to apply the chain rule.
The condition on the positivity of g at infinity (3.3) is instead required to obtain suitable a priori
estimates necessary for establishing the ezxistence of a solution u (see (3.36)).

As for the assumptions (3.4) and (3.5) on the function h, they are essential to ensure that
the solution u belongs globally to BV (), and they are consistent with the existence theory on the
reqularity of solutions to equations involving the 1-Laplacian operator (see Chapter 1 for further
details).

With similar arguments to those in [98, Remark 3.4], it leads to the following result.

Proposition 3.14. Let u be a solution of the problem (3.27) in the sense of Definition 3.10, then

—div(ze ™) = h(u)fe 7™ in D'(Q). (3.31)
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Proof. Since z € DM™>() and identity (3.29) holds, we are allowed to apply to Lemma 2.60,
thereby obtaining

0 (z, D(1 - e_F(“)),:L') =1 |D1—eTW)lae. inQ,

where, we recall that 6 (z, D(1 — e T(w), z) is the Radon-Nikodym derivative of (z, D(1 — e_F(“)))
with respect to |D(1 — e T'®)|, as defined in (2.32).

Therefore
(z,D(1 —e ™)) = D1 — e '™)| as Radon measures in €. (3.32)
Observing that the jump part D7u vanishes, we deduce that
—div (efr(“)z) =div((1 — e T™)z) — div 2
(234 (5 D0 = e T0)) 4 (1= e divz - div

G2 D1 — e TW)| — ¢ TW giy »

@I3L28) T W) g ()| Du) — T (—h(u) f + g(w)| Dul)

= " h(u)f,
i.e. it obtains (3.31). O

3.3.1 Approximation procedure and derivation of a limit solution

The proof of Theorem 3.12 will be developed by means of a sequence of auxiliary lemmas. To this

end, we begin by introducing the following approximation framework:

—Apup + g(up) | Vup|P = h(u,) f  in Q,
u, =0 on 0f2.

(3.33)

The existence of a function u, € WO1 P(Q), interpreted in the sense of Definition 3.1, has been
established in Theorem 3.3. It is worth emphasizing that, as we are considering the solution con-

structed therein, Remark 3.9 applies namely, the admissible class of test functions may be extended
to Wy (Q) N L>(Q).

We begin by deriving uniform estimates for u, as p > 1 approaches 1*. For clarity and without
loss of generality, throughout this Section the expression uniformly bounded with respect to p will

be understood as the existence of a constant pg > 1 such that the bounds hold for all p € (1, pg].

Lemma 3.15. Let g be positive, bounded and satisfying (3.3), let h satisfy (3.4) and (3.5) and let
0 < fe LYQ). Let uy, be the solution to (3.33) obtained in Theorem 3.3. Then u, and T'p(uy)
are uniformly bounded with respect to p in BV (2). Moreover there exists u € BV () such that w,
converges to u (up to a subsequence) in L1(Q) for every 1 < q < % and Vu, converges to Du
x-weakly as measures. Finally, T'(u) € BV(Q) and h(u)f € LL ().

Proof. We begin by establishing a uniform estimate for the functions w,, in the || - | gy (o) norm, for
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all p € (1,po].

We recall that, as condition (3.3) holds, there exists a constant k > 0 such that g(s) > 7 > 0
for all s € [k, 00), for some positive constant 7.

Accordingly, we employ 1% (up,) € WO1 P(Q) N L*°(Q) as a test function in the weak formulation
of problem (3.33) (see also Remark 3.9), leading to:

/ Vatp [P~ 2 V- VT (1) + / (1) [ Vatp [PT (1) = / h(up) FTx(up). (3.34)
Q Q Q

For the first integral on the left hand side of (3.34), we observe that

/Q VP2V, - VIE(up) = /{ <E}\vupyp. (3.35)
Up<

In the second integral on the left hand side of (3.34), thanks to the choice of k > 0, we can assert
that

o / |Vl < / (1) |Vt [P T (1), (3.36)
{up>k} Q

where we drop the nonnegative integral on the set {u, < k}.
For the right hand side of (3.34), using the properties (3.4) and (3.5) of the function h, we obtain

o, B
[ 1) £ Tgta) < (s} + B (0F) 120 (3.37)

Putting together (3.35), (3.36) and (3.37), it yields
min{1, iy} /Q [Vl < (15t + by (0)F) [l - (3.38)

As a consequence of (3.38), combined with the use of Young inequality (2.5), we deduce that

1 _ _
Lvul <2 [ 19 + 210l < ——s (sl + b () 1200y + 19,
min{1, kn}
which implies that the sequence u, is uniformly bounded in BV (€2) with respect to p, as the right
hand side of the previous estimate does not depend on p, and each wu, vanishes on the boundary
o09.

Consequently, by virtue of Theorem 2.25, there exists a function v € BV () such that, up to
subsequence, u, converges strongly in L4(Q) for every 1 < ¢ < %, almost everywhere in €2, and

Vu, converges to Du in the sense of measures, *-weakly, as p — 1.

In order to establish that I',(uy) is uniformly bounded in BV (€2), it is enough to follow analogous

arguments as those used in (3.10) and (3.11), from which we deduce

/ 9(up) [Vl < C, (3.39)
Q
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where C > 0 denotes a constant not depending on p, and applying Young inequality (2.5), we obtain

1 1 p—1
[ 9Tt = [ gVl < [ gl VuP+ Pt <c ol (340)
Q Q pJao p
note, in particular, that by invoking the weak lower semi-continuity property in (2.9), it follows
that I'(u) € BV (Q).

We now turn our attention to proving the local integrability of h(u)f. To this end, we select a

nonnegative test function ¢ € C1(£2) in the weak formulation of (3.33), which leads to
/Qh(up)ﬂp = / |V, P2V, - Vi +/ g(up)|Vup|Pe

2) -1
P [+ [ 1900+ [ atw)Ture

Since the right hand side of (3.41) is bounded uniformly in p, due to (3.38) and (3.39), it follows
that h(up)f is locally bounded in L'(2) with respect to p.

Finally, due to Fatou Lemma 2.10 as p — 17, we deduce that h(u)f € L{
the proof.

(3.41)

(€2). This completes

loc

O

The following Lemma establishes the existence of a vector field z that arises as the weak limit
of |[Vup|P~2Vu, as p — 1T.

Lemma 3.16. Let g be positive, bounded and satisfying (3.3), let h satisfy (3.4) and (3.5) and let
0< fe Ll(Q). Moreover, let u be the function found in Lemma 3.15. Then there exists a vector
field z € DM () with [|2]| oo (yv < 1, such that

ze T e DM>®(Q), (3.42)
—div (ze_r(“)) = h(u)fe "™ in D'(Q), (3.43)

and
—divz + |[DU(u)| < h(u)f in D'(Q). (3.44)

Proof. We begin by establishing the existence of a vector field z € L>®(Q)V. Let u, denote the
solution to (3.33) provided by Theorem 3.3. Then, as a consequence of estimate (3.38) and an

application of Holder inequality (2.6), one obtains that for any 1 < ¢ <51 , the following holds:

a(p—1)
(p=1) (p=1) (p—1)
/“vup|p2vup}q:/‘vup|q(pDS(/ |v“pp) ' |Q|1 o chpp ‘Q|17‘1Pp - (3.45)
Q Q Q

Consequently, the sequence |Vu,|P~2Vu, is uniformly bounded in L9(2)" with respect to p, and
therefore, for every ¢ < oo, there exists z, € L4(Q)" such that |Vu,[P~2Vu, — 2, weakly in LI(Q)V

as p — 11. Moreover, by the lower semi-continuity property in (3.45) with respect to p, it follows
that
1
2]l Loy < 19]7, Vg < oo,

and hence, taking the limit as ¢ — oo, we deduce that z € L>(Q)" with 2] oo (@yv < 1.
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We now proceed to verify identity (3.43). To this end, we employ the test function e Tun)y e
W, P(Q) N L®(R) in the weak formulation of (3.33), where 0 < ¢ € C}(€2). This leads to

/ ’VUp|P*2Vup . Vgoe*F(up) = / h(up)fefl‘(up)(p'
@ Q

It is permissible to pass to the limit on the left hand side of the previous identity, as e 1 (%) |Vuy P2V,
converges weakly to e 1"z in Li(Q)N for every 1 < ¢ < oo as p — 1. This yields

lim / |Vup’p_2vup . V@e_r(up) - / z-Vo e—F(u).
Q Q

p—1+

Regarding the right hand side, we distinguish two scenarios: if the function h is finite at zero, then
the limit passage is immediate. Therefore, without loss of generality, we may restrict to the case

h(0) = oco. We begin by splitting the integral as follows:
[ntuse ™o = [ huge s [ b T, (a0
Q {up<é} {up>d}

where 0 € {n: [{u =n}| > 0} which is at most a countable set.

We begin by observing that, for the first term on the right hand side of (3.46), we consider the
test function Vs(up)e )y € Wol’p(Q) N L>(Q), with 0 < ¢ € CL(2), in the weak formulation of
(3.33). This yields

/|Vupp‘/g(up)e—l“(up)¢_/g(up)|vup|pv5(up)e—l“(up)

& Q

+/ ‘VUp‘p*QV'LLp . V(pV(g(up)e*F(up) +/Q(Up)|vup‘p‘/5(up)€F(up)gp _ / h(up)fV(;(up)e*F(“P)%
Q Q 0

dropping the nonpositive term, it implies
[ b e < [ b Vatug)e T < [ (9072 Vieba(aug)e T,
{“p§5} Q Q

An application of Lebesgue Theorem 2.13 allows us to justify the passage to the limit, yielding

lim limsup

/ h(uy) fe ) < / z- Ve T =) (3.47)
0207 poit J{up<s}

{u=0}

because, it is worth noting that, as a consequence of Lemma 3.15, the function h(u)f belongs
to LL (). In view of the fact that h(0) = oo and f > 0, we deduce that u > 0 almost everywhere

loc
in Q.

Now we analyze the second integral of (3.46). Furthermore, since

X{up>53h(up) fe 7)o < hs(00) f € LY(Q),

and

X(ussyh(w) fe T Mp < h(u) fo € LH(Q),
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an application of Lebesgue Theorem 2.13, performed twice, allows us to conclude that

i i h —T(up) , — li h —I'(w) u;O/h —T'(w) . 3.48
e R A

Combining (3.48) with (3.47), we derive that

lim h( e () / h(u (3.49)

p—1t

which proves (3.43) .

Since h(u)fe 1™ >0, it follows from Lemma 2.64 with o = 0, that ze T(*) € DM>(Q); that
is, (3.42) holds.

We conclude by establishing (3.44) taking limit as p — 17 in (3.6) with 0 < ¢ € CL(Q).
Recalling (3.40), we observe that, up to a subsequence, I',(u,) converges almost everywhere to I'(u)
asp — 17, and

/ |DT(u)|p < liminf/ VI (up)Pe <C,
Q p—1t Jo

by invoking the weak lower semi-continuity (2.8) (and once more employing Young inequality (2.5)
as previously done in (3.40)). It is worth noting that the constant C is independent of p, in view of
(3.38).

The argument for the right hand side of (3.6) follows analogously to that employed in the proof
of (3.49). In particular, for 6 < 1, one obtains that

lim hmsup/ (up)f < lim limsup —— 1 - / h(up)f F(up) —0.
{up<6} T Jup<o)

0% 1+ d=0T 51+ €

This, in turn, allows to the passage to the limit as p — 17 in (3.6),

[=ve [1Drwle < [ hwse, (3.50)
Q Q Q
We further observe that (3.50) implies z € DM (€2). This completes the argument. O

3.3.2 Characterization of the vector field z and boundary condition
For the subsequent two lemmas, we introduce the function defined by

Fy(s) = /0 (Ti(0)9(0))* do, (3.51)

where we set T'(s) := 'y (s).
The forthcoming result elucidates the role played by the vector field z.

Lemma 3.17. Let g be positive, bounded and satisfying (3.3), let h satisfy (3.4) and (3.5) and let
0 < f e LY Q). Moreover, let u be the function found in Lemma 3.15 and let z be the vector field
found in Lemma 3.16. Then, it holds (3.28) and z € DM ().
Finally, it also holds

Diu =0, (3.52)
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and (3.29).

Proof. We emphasize that, in this context, it is necessary to employ the new pairing defined in
(2.52), applied to 5(s) = —e~* and v = I'(u).

One has (4
# 3.4 #
(e_r(“)> IDT(u)| < (e—F<u>>h(u)f+(e—F<u>) div »

G139 _ div (efr(“)z) + (efr(u))# div z

@239 (z D[(_e—r(u))#D (3.53)
(2.53)

< |D(=e7T))|
(2.11)

#
= (e7T@) " |pr()l,
which shows that each of the inequalities in (3.53) in fact holds as an equality.

Moreover,

(= Dl(=e")#]) = |D(=e ")),

Recalling (3.44), we note that Lemma 2.66 can be invoked with the choices a(s) = s, B(s) = —e™*,
and w = I'(u), leading to the conclusion that |D/T'(u)| = 0. Moreover, since I is increasing, this
also yields (3.52).

Since we have proven (3.52), it follows, from the chain of equalities in (3.53), that
e T (—divz +|DI(w)]) = e T™h(u)f in D'(Q).

AsT(u) € BV(Q) (see Lemma 3.15) and is finite £~ ~!-almost everywhere, as stated in Theorem
2.26, it holds that e T > 0 HN~1-almost everywhere in . Consequently, we obtain the reverse
inequality of (3.44), namely

—divz + |DT(u)| = h(u)f in D'(Q),

which, upon applying (2.13), yields (3.28).

As (3.28) holds, by exploiting Lemma 2.64, we can conclude that z € DM (), hence, recalling
Remark 2.65, we can extend the class of the test function of (3.28) to BV (£2) N L*>°(Q).

It remains to prove (3.29); we select Tj(up)p € Wol’p(Q) N L>®(Q) with 0 < ¢ € CH(Q) as a test

function in the weak formulation of (3.33), which leads to
L IvnPe+ [ 902V VeTitu) + [ [9E @)l = [ b Tw)e, (354

where T, is defined in (3.51).
Note that employing Young inequality (2.5) yields

~ ! P B S e
/Q VT4l + /Q VEsup)le < - /Q VT P+ /Q IVE () + 2 /Q o (3.55)
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Hence gathering (3.55) into (3.54) yields to

/Q VT ()l + /Q VT ()]0

2p — 1
< /Q h(up) T ()0 — /Q [Vupl” ™V - VoTr(up) + (%) /Q v

(3.56)

Therefore, we may take the liminf as p — 17 in (3.56) by invoking weak lower semi-continuity (2.8)
on the left hand side. For the first term on the right hand side, Lebesgue Theorem 2.13 applies
since (0 < 51 < k)

h(up) [T (up) < 16" 7 fX{u, <oy + khs(00) f X {u,>s1 € L' (),

which is strongly compact in L'(£2) with respect to p. The second term on the right converges as
p — 17 as a consequence of the fact that |Vu,|[P~2Vu, — 2z *-weakly in L°°(Q)" as proven in

Lemma 3.16, whereas the third term vanishes in this limit. Consequently, we obtain

/Q DT () + /Q DF(u)]p < /Q h(w) f Ti(u)p — /Q - VTi(u)

20— [ divap+ [ IDF@le [ 2 Vel
0 Q @

220 /Q (2, DT (u))p + /Q DE(u)l,

where we also utilized the fact that (3.52), by writing T} (u)|DT'(u)| as |DI'(u)|. In particular, this

implies
/ DT (u)]p < / (2, DTy (w))e.
Q Q

and since the converse inequality is straightforward thanks to (2.31), this establishes (3.29).
Thus the proof is completed. O

Remark 3.18. We explicitly point out that the assumption of positivity on g is essential in order to
ensure that I' is an increasing function. It is also worth noting that Theorem 3.12 holds, even when

g is merely nonnegative, provided that I' remains a well-defined and monotone increasing function.
We conclude by addressing the boundary condition.

Lemma 3.19. Let g be positive, bounded and satisfying (3.3), let h satisfy (3.4) and (3.5) and let
0 < f € LY Q). Moreover, let u be the function found in Lemma 3.15 and let z be the vector field
found in Lemma 3.16. Then (3.30) holds.

Proof. Let w, denote the solution to (3.33) provided by Theorem 3.3. We then choose Tj(u,) €
Wol’p(Q) N L>®(2) as a test function in (3.33), which yields

/Q VT ()P + /Q Ty (1) g 1) |Vt P = /Q () f To(up)-

Concerning the right hand side, it is once more evident that (k > ¢)

h(up) fT(up) < 677 FXquy<sy + khs(00) fX{u,>5) € L' ().

Francesco Balducci 69



3.4. Complementary results and remarks

This allows to apply Lebesgue Theorem 2.13 to the right hand side. Consequently, we pass to the
liminf as p — 17 in the preceding expression. On the left hand side, this is justified by invoking
the weak lower semi-continuity property (2.8), following an application of Young’s inequality (2.5),
and taking into account that w, vanishes on the boundary of 2.

This proves that

/Q]DTk(u)—i—/aQTk(u) d%N1+/Q|Df(u)\+/mf(u) dHN 1 S/ﬂh(u)ka(u), (3.57)

where T is defined in (3.51).
Reasoning on the right hand side of (3.57), we get

(3:28) _ u) div z [(u
/ﬂh(u)ka(u) = /QTk( )d +/Q\DP( )|
(2.51) - P
5 /Q (2, DT}(u)) — /a [Tulw)z.) dHV /Q DT ()| (3.58)
(3:29) — u)z, v h [(u).
- /Q|DTk(u)| /QQ[T;C( )z, v] dHY 1+/Q|DF( )|

Putting (3.58) into (3.57), one obtains

/ ([T (w)z, v] + Ti(w)) dHN 1 + / Plu) N1 <0,
o0N o)

given that |[Tj(u)z, v]| < Ti(u) on 99 (see also (2.36)), it follows that I'(u), and hence u, vanishes
identically on 9. This completes the proof.
O

As a consequence of the preceding results, we are now in a position to establish Theorem 3.12.

Proof of Theorem 3.12. The proof follows naturally from the preceding developments. In Lemma
3.15, we established the existence of a nonnegative function u € BV (Q2) such that I'(u) € BV (Q),

and moreover, we showed that h(u)f € Ll (). In addition, Lemma 3.16 ensures the existence

of a vector field z € L>(Q)N with 2] Loy < 1 and Lemma 3.17 ensures that 2 € DM™(Q).
Furthermore, Lemma 3.17 shows (3.28) and (3.29), and we also prove that D7u = 0. This regularity
property of u implies that g(u) € L'(f,|Du|). Finally, Lemma 3.19 establishes the boundary
condition (3.30), thereby completing the proof. O

3.4 Complementary results and remarks

3.4.1 Analysis in the presence of a nonnegative datum f

Until this point, we have assumed that the datum f is strictly positive. We now turn to the case in

which f is merely nonnegative; that is, we consider

—Aju+ g(u)|Du| = h(u)f in Q,
u=0 on 01,

(3.59)
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where f € L'(Q) is a nonnegative function, and the functions h and g are as previously defined.

We emphasize that the extension of Theorem 3.12 to the case where h(0) < oo and f is non-
negative is immediate, as the proof coincides essentially with the one already provided. Therefore,

without loss of generality, we shall assume in what follows that h(0) = oc.

As will be shown, the existence of a solution can be achieved through certain technical mod-
ifications, both in the formulation of the notion of solution to (3.59), which requires a precise
interpretation, and in the proof, which constitutes an appropriate adaptation of the argument used
in Theorem 3.12.

Let us explain the concept of solution to problem (3.59).

Definition 3.20. A nonnegative u € BV (Q) is a solution to (3.59) if X{y>03 € BVioc(€), D/u = 0,
g(u) € L (9 |Dul), h(u) f € LL (), and if there exists = € DMSS.(Q) with 12| oo (yv < 1 such
that

— Xfus0y divz + g(u)[Du| = h(u) f in D'(Q), (3.60)
(2, DTy (u)) = |DTi(u)|  as measures in 2 for any k > 0, (3.61)
u(x) =0 for HN-a.e. x € 99. (3.62)

Remark 3.21. [t is clear that the main difference with respect to Definition 3.10 lies in the inclusion

of the characteristic function x(y>o} n (3.60). This modification is natural, since in the present

1

1oc(82), as was

setting we can no longer deduce the strict positivity of u from the condition h(u)f € L

possible in Remark 3.11.
The existence result relevant to this Section is now stated.

Theorem 3.22. Let g be positive, bounded and satisfying (3.3) and let h satisfy (3.4) and (3.5)
with h(0) = oco. Finally let 0 < f € LY(Q). Then there exists a solution to (3.59) in the sense of
Definition 3.20.

Sketch of the proof. In what follows, we focus our attention on the essential differences with respect
to the proof of Theorem 3.12. We consider a sequence of functions u, € VVO1 P(Q), which solve the

approximating problems described in (3.33), whose existence has been guaranteed by Theorem 3.3.

To begin with, we note that Lemma 3.15 continues to hold in the present framework. As a
consequence, there exists a nonnegative limit function u € BV (), associated with the sequence u,
as p — 17, such that g(u) € LY(€2, |Dul) and h(u)f € LL ().

Moreover, by repeating the initial steps in the proof of Lemma 3.16, one establishes the existence
of a bounded vector field z, with ||z]| o (gyn < 1, for which [V, |P~?Vu, — z weakly in L9(Q)" for
every q < o0.

It is also important to underline that the sequence —Apu, = h(up)f — g(up)|Vu,|P is bounded in

the space of Radon measures as p — 17. This in turn implies that 2 € DM (Q).

loc

We now aim to verify both the vanishing of the jump part, D/u = 0, and the distributional
identity given in (3.60).

Francesco Balducci 71



3.4. Complementary results and remarks

Let 0 < ¢ € CL(Q) and consider the test function (1 — Vs(uy))p € Wol’p(Q) NL>®(£2) in the weak
formulation of (3.33), we get

LAW%V2WWV¢U%WWAVWWV%V¢

(3.63)
+[gwmw%wu—W@Mw=AM%VG—WWMw

To prove one direction of the inequality (3.60), we pass to the limit as p — 17 and § — 0T in (3.63).

As for the first integral on the left hand side of (3.63), we recall that |Vu,[P~2Vu, — z weakly
in L9(Q)N for every q < oo, while (1 — Vi(up)) = X{u>0} strongly in L'(), since u, — u almost
everywhere in ). As a result, we obtain:

lim  lim / ‘Vup|p_2 Vg, - Vo (1= Vs(up)) = /QZ - VOX{u>0- (3.64)

§—0t p—1t Jo

Regarding the second integral on the left hand side of (3.63), we observe that

—/QV(;’(up)\Vup\p@:/Q}Vg(up)‘ ’V“p’pSOZ/Q‘VVJ(Up)‘p%
where
Vs(s) == V};(s)%.

By applying Young inequality (2.5) together with the lower semi-continuity property (2.8), we

deduce:

e e ~ p—1 ~ p
/Q!DX{u>o}\<PSlg&gflgigfé‘v‘/é(up)‘w—p Q@“gg(l)g“gg;gfp/ ‘VVa’(up)‘ .
(3.65)

In order to pass to the limit in the third integral on the left hand side of (3.63), we introduce

the following function:
N S 1
mww;ﬁwwu—medt

As before, we apply Young inequality (2.5) and the lower semi-continuity property (2.8), from

which we deduce

. ) P
/Q‘DFOJ(U)’@<1%g(1)2f12§12f/ ‘DI’(;p up / 90<1{;r351+1f1ﬁ}13f/ ‘Df&p(up)‘ ©.
(3.66)
In particular, we observe that
Fuals) = [ oo dt= [ alo)ar
and therefore, (3.66) becomes
/|DF( ) < liminfli f/ (Df ( )‘p (3.67)
IPr el < it | [PPapt)|” o |

As a consequence, we observe that x(y>0} € BVioc($2).

Francesco Balducci 72



3.4. Complementary results and remarks

Finally, we examine the right hand side of (3.63). Taking to the limit is straightforward and it is

equivalent to
h(up) f (1= Vs(up)) ¢ < hs(00) fo € L),

and
h(u)f (1= Vs(u)) ¢ < h(u)fe € L'(9),
hence, we get
tim Tim, [ Bu)f (1= Vitun)) o = [ )0y (3.68)

§—0t p—11 Jo

Putting together (3.64), (3.65), (3.67) and (3.68), it yields

which implies zx >0y € DM ().

Moreover, as ||z g (g)x < 1in €2, one has

) 231 (2.34) .
- le(ZX{u>o}) + ‘DX{u>0}‘ > —div (ZX{u>0}) + (=, DX{u>o}) = T X{u>0} div z,

which, gathered into (3.69), gives

—X{usoy divz + [DI'(u)| < h(u)f in D'(9). (3.70)
Let us stress that (3.69) gives that z € DMs. () (recall (2.34)).
We now proceed to establish the reverse inequality. Let now 0 < ¢ € C}(Q), and consider e~ T (#r)g

as a test function in the weak formulation of (3.33), we get

/ VP2V, - Vipe T) = / h(uy) fe ),
Q Q

The convergence of the first term follows from Lebesgue Theorem 2.13, together with the fact that
|V, P2V, — 2z x-weak in L>(Q)V.

As for the second term, we proceed by splitting the integral into two separate parts

/ h(up) fe T = / h(up) fe™ 0 + / h(up) fe g,
Q {up>d}

{UPSCS}

with 6 & {n : |{u = n}| > 0} which is at most a countable set and 0 < € C(Q).
The first quantity passes to the limit as p — 17 and after as § — 0T applying twice Lebesgue

Theorem 2.13, thus we gain

i lm [ b fe T = [ hfe T = [ by,
Q

6=0" p—=1F J o, >6} {u>0}

where the last equality is guaranteed by the fact that h(u)f € LL (), hence {u = 0} C {f = 0}.

Instead for the second integral, it holds

0< / h(up)fe_r("p)gp for every p > 1,6 > 0.
{up<s}

Francesco Balducci 73



3.4. Complementary results and remarks

Therefore, we conclude that
—div <ze*F(“)) > h(u)fe "™ in D'(Q). (3.71)

It follows that

(3.70) .
(e TMNY#IDr ()| < e "™h(u) fXpusoy + (67F(u))#><f{<u>0} gz

(3.71) ‘ e s s ‘

< —Xusoydiv (ze I )) + (e7X( ))#X{u>0} div z

(2.52) —I'(u

= Xjusoy (2 D= (3.72)
(2.53)

< X?u>0}|D6_F(u)|

211)

=" Xusoy (e )| DL (u)]
< (e ") # DT (u))].
This proves that
Niusop (5 D= TONF) = XG0, ‘De’r(u)’ . (3.73)

At this point, similarly to the proof of Lemma 3.17, we aim to apply a straightforward adaptation
of Lemma 2.66. Indeed, since X?u>0} > 0 HN"l-almost everywhere on Jr(u), the reasoning still
holds. Consequently, by combining (3.70) with (3.73), one concludes that D’u = 0.

In particular, we observe that the inequalities in (3.72) have all become equalities. Therefore,
recalling that e 1) > 0 #N~1-almost everywhere in €, since I'(v) € BV (Q) is finite HV '-a.e. as
stated in Theorem 2.26, we may establish that:

~X{us0y div 2 + [DT(u)| = h(u) fx{us0; in D'(Q). (3.74)

By repeating the same arguments as in Lemma 3.15, we obtain that h(u)f € L{ (), and
therefore {u = 0} C {f = 0}, which implies

h(w) f X{u>0} = h(u)f.
Making use of this observation, we deduce from (3.74) the property (3.60).

In order to establish (3.61), we require the following identity
~ T (W)X us0y div 2 + Tpo(w) [ DT (u)| = h(u) fTk(u) in D'(Q) for any k > 0. (3.75)

This can be obtained by employing T} (u) * p. as a test function in (3.60), where p. denotes the
standard mollifier. Then, by taking the limit as ¢ — 07, a straightforward application of Lebesgue
Theorem 2.13 yields the desired result. In particular, this means that Ty (u) € L'(€, div 2).

We observe that Tk(u)x’{‘u>0} = Ti(u) divz-a.e., since we have shown that D/u = 0. Conse-
quently, by the definition of precise representative and trace, it follows that Ty (u) = 0 on 9%, hence
(3.75) becomes

~Ty(uw) div z + Ty (w)| DT (u)| = h(u) fTi(u) in D'(Q) for any k > 0. (3.76)
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By repeating the same arguments as in Lemma 3.17 and making use of equation (3.76), we arrive

at (3.61).

Finally, we prove (3.62). The proof proceeds as Lemma 3.19, making use of (3.76) and (2.37)
in place of (2.36). This completes the proof.
OJ

3.4.2 On the case of nonnegative g possibly diverging at infinity

In Section 3.3, we focus our analysis on positive and bounded functions g, as this assumption was

essential for applying Theorem 2.31, which yields

| DT (u)| = g(u)|Dul.

However, it is possible to suitably adapt Definition 3.10 in order to establish the existence of a
solution in a weaker sense. We now proceed to explicitly define this notion of solution, where, given

the preceding considerations, it is no longer necessary to require that Diu = 0.

Definition 3.23. Let 0 < f € L'(Q). A nonnegative u € BV (Q) is a solution to (3.59) if I'(u) €
BViee(Q), h(u)f € Li (Q), and if there exists a vector field z € DMS.(Q), with 2] ooy <1

loc loc
satisfying
—divz + |DT(u)| = h(u)f in D'(), (3.77)

(2, DTy (u)) = |DT)(u)| as measures in Q2 for any k > 0,

and

u(x) =0 for HY '-a.e. x € 9.

We now state the following result concerning the case of a nonnegative function g that may

become unbounded at infinity.

Theorem 3.24. Let g satisfy (3.3) and let h satisfy (3.4)-(3.5). Finally let 0 < f € LY(Q). Then
there exists a solution u € BV (Q2) to problem (3.59) in the sense of Definition 3.23. Moreover, if g

is positive, then Diu = 0.

Proof. The proof follows the same lines as that of Theorem 3.12, without the application of Theorem
2.31, which is not required to derive (3.77). O

3.5 The case of singular gradient term with 0 < f € LYV (Q)

This Section is devoted to establishing the existence of solutions to

—Aju+ g(u)|Du| = h(u)f in £,
u=0 on 0f,

(3.78)

where Q ¢ RV, with N > 2, is an open, bounded domain with Lipschitz boundary, and Aju :=
div (‘g—;ﬁ) denotes the 1-Laplacian operator. We begin by analyzing the case in which f € LY ()

and satisfies f > 0 almost everywhere.
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Assume that g : [0,00) — (0, 00] is continuous and verifies
0<0<1,e2,8>0:g(s) < C—Z for all s < s9, (3.79)
s

and (3.3). Furthermore we assume that h : [0,00) — [0, 00] is a continuous with ~(0) > 0, moreover

we require (3.4) and
h,g € CP([,00)),¥s > 0. (3.80)

Furthermore we introduce the function I' : R — R

[(s) := /08 g(o)do. (3.81)

We set the following quantities which are also useful in the next proofs

gr(00) := sup g(s),
s€[k,00)

hi(0o) == sup h(s) and h(oco) :=limsuph(s) < oo,

s€lk,00) §—00
which are finite as a consequence of (3.80).

We emphasize that the classical setting g, h = 1 is covered by the assumptions above, since the

parameters v and 6 are allowed to vanish.

Next, we define more rigorously what is meant by a distributional solution of problem (3.78).

Definition 3.25. Let 0 < f € LN(Q). A nonnegative function u € BV () is said to be a distribu-
tional solution to (3.78) if it satisfies DIu = 0, g(u) € L (2, |Dul), and h(u)f € L .(Q), and if
there exists a vector field z € DMS, (Q) with ||z|| eo(ynv < 1, such that

—divz + g(u)|Du| = h(u)f in D'(Q), (3.82)
(2, DTy (u)) = |DTy(u)| as measures in 2, for any k > 0, (3.83)

and
u(x) =0 for HYNL-a.e. x € 00, (3.84)

Remark 3.26. Let us now provide a brief discussion of Definition 3.25. To begin with, identities
(3.82) and (3.83) describe, in a weak sense, the role played by the vector field z as the singular

: Du
quotient TDu[-

Moreover, (3.84) emphasizes that the boundary condition is imposed in a pointwise sense. This
formulation is related to the presence of the gradient term and will be further analyzed in the sub-
sequent Sections. It is by now well understood that solutions to Dirichlet problems involving the
1-Laplacian typically fail to satisfy the boundary condition in the classical pointwise sense when

g = 0; see, for example, [58, 90, 107]. In such instances, the more relazed condition

Francesco Balducci 76



3.5. The case of singular gradient term with 0 < f € LN (Q)

u([z,v] +sgn(u)) =0 HY lae on 0

1s usually adopted. This alternative requirement essentially states that either the trace of u vanishes

at the boundary, or the weak normal trace of the vector field z reaches the minimal admissible slope.

Finally, we point out that if h(0) = oo, then the condition h(u)f € Li (Q) necessarily implies

loc

{u=0} C{f =0}. Hence, under the assumption f >0, one concludes that u > 0.
We are now ready to formulate the principal theorem of this Section.

Theorem 3.27. Let g be positive and satisfy (3.79), (3.3) and (3.80), let h satisfy (3.4) and (3.80)
such that 0 <0 <1,0<y<1,and0+v<1landlet0O< f € LN(Q). Then there exists a solution
to problem (3.78) in the sense of Definition 3.25 such that g(u) € LY(Q, |Dul).

Moreover if || fl[ v o) < (S1h(00))™t, then u € L*(R).

Remark 3.28. We briefly comment on the assertions made in Theorem 3.27.

To begin with, the condition (3.3) is necessary to ensure the existence of the function u (see
Lemma 3.29 for further details).

We point out that the assumption on the exponent 6 is essential for the integrability of g. On
the other hand, the requirement involving v is natural to guarantee that solutions belong globally to
BV (Q). Moreover, in the case v > 1, it has been recently shown that, under the same assumptions
on the size of the norm of f, the solution belongs to BV (2) N L>(§2) (see [15]). Additionally, the
conditions 0+~ < 1 and f € L™ (Q) play a crucial role in ensuring that T'(u) € BV () (see Lemma
3.29), where T is defined in (3.81).

It is also worth emphasizing that the positivity of g is crucial for I' to be increasing, which is a
key hypothesis to establish DIu = 0.

Finally, if || fllov@) < (S1h(00))™L, one can prove that u € L>®(Q)) by a Stampacchia-type
iteration. As a consequence, by choosing k > |lul| (), the equality (3.83) simplifies to

(z, Du) = |Du| as measures in ).

3.5.1 Approximation scheme and existence of a limit function

We construct a solution to problem (3.78) by an approximation approach. Specifically, we consider

—Arup + gn(un)‘Dun‘ = h(un)f in (2,
Up =0 on 0f),

(3.85)

where g, (s) := T,,(g(s)) for any s € [0,00), n € N.

According to Theorem 3.12, there exists a solution to (3.85), namely a vector field z, € DM ()
satisfying ||z, [/ Lec(yv < 1, and a nonnegative function u, € BV (£2) such that Diuy, =0, gn(uy) €
LY(Q, |Duy)), and h(u,)f € Li .(Q), with the properties that

loc

—div 2, + gn(un)|Duy| = h(uy)f  in D'(Q), (3.86)

(2n, DT (un)) = | DTy (un)| as measures in 2, for any k& > 0, (3.87)
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and

un(2) = 0 for HY 1 —ae. z € 0. (3.88)

Now we estimate u,, and I';,(u,) in BV (Q2), where, for every n € N, I';, : R — R is such that

L= |  gn(o) do.

Lemma 3.29. Let g be positive and satisfying (3.79), (3.3) and (3.80). Let h satisfy (3.4) and
(3.80) such that 0 <9 <1,0<y<1land 0+~ <1, and let 0 < f € LN(Q). Finally let u, be a
solution to (3.85).

Then uy, T'y(uy) are uniformly bounded with respect to n in BV (), i.e. the following estimates

hold
unllBv (@) < C1, (3.89)

and
1T (un)l BV () < Cay (3.90)

where Cy 2 are positive constants independent of n, and h(uy,)f is uniformly bounded with respect to
n € N in L'(w), for every w € Q.
Moreover if || fll Ly ) < (S1h(00)) 7L, then u, is uniformly bounded in L>°(S2).

Proof. We begin by demonstrating that the sequence wu, is uniformly bounded in BV () with
respect to n € N. Without loss of generality, we may assume s; = so = 5 and ¢; = ¢o = ¢, where

the constants sy, s2, ¢1, c2 were introduced in (3.79) and (3.4).

We select Ty (uy,) € BV () N L>°(Q2) as a test function in (3.86) with k£ > 0 sufficiently large such
that

0<n< inf ,
n 561[2700)9(8)

which is a consequence of (3.3). We underline that Tj(u,) is an admissible choice due to the

justification provided in Remark 2.65, we get

—/ﬂdivznTk(un)—i—/ﬂDFn(un)|Tk(un) :/th(un)ka(un). (3.91)

To begin with, we observe that

2.35),(3.88) (3.87) (2.13)

—/ div 2o T (un) &2 / (2ny DT () 2 / DT (un)| 2 / \Dun|,  (3.92)
Q Q Q {un <k}

this is justified by the nonnegativity of w,,.

Regarding the integral on the right hand side of (3.91), we infer the following

(3.80)

(34) C
/Qh(un)ka(un) S/{ CA,funJr/{unN}h(un)f < (@77 4 hs(00) [ fllLrey,  (3.93)

up <3} Un

where we emphasize that the right hand side represents a constant that does not depend on n € N.
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Putting together (3.92) and (3.93) in (3.91), we gain

/ | Dy, | +/ 9n(un)|Duy|uy, +/ 9n(un)|Duy| < C.
{uﬂék} {unsk"} {U7L>k'}

At this stage, recalling our choice of £ > 0 and discarding the second integral since it is nonnegative,

min{lm}/ \Dum/ Du| | <.
{un<k} {un>k}

hence, we have proven (3.89).

we obtain

We now aim to establish that I';,(u,,) remains uniformly bounded in BV (2) independently of n € N.
First of all, we state that

(zn, DTy (T (un))) = | DT (Tk(uy))| as measures in €2, (3.94)

as a consequence of Lemma 2.53.
Next, we consider I'y,(Tx (uy,)) € BV () N L>®(Q2), with k£ >3, as a test function in equation (3.86).
This choice is justified by Remark 2.65. We begin by showing that

(2.35),(3.88)

_ / div 2n T (T () 2K / (2, DT (Ti(un))) 2V / | DT (T (un)). (3.95)
Q Q Q

Therefore, putting (3.95) into (3.86) and employing I'y,(T% (uy,)) as a test function, we obtain

DT T(wn))| < | A (T ()
Q Q

EQ

1-6—
g T s o,

(2.7) g2gl—0—

<

()

< ﬁ“f“Ll(Q) + S1hz(00) gs(00) |lun By @) I Il v )
(3.89)
< Clflle~ o)

where in the second line we have used (3.79), (3.4), (3.80) and Hoélder inequality (2.6).

We emphasize that the above integral is uniformly bounded with respect to n € N and k£ > 3, due
to the assumptions 0 < v < 1,0 < 0 < 1, and § + v < 1. Consequently, by applying (2.8), it is
possible to pass to the limit as k — oo, leading to

/Q DT (un)] < Clfll v -

therefore we get (3.90) (recall that u, = 0HN"1—a.e. on 9Q which is guaranteed in (3.88)).

We now aim to prove that h(u,)f remains uniformly bounded in L'(w) for any open subset w € €,

independently of n € N. To this end, we select a nonnegative function ¢ € C}(Q) such that ¢ = 1
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on w, and employ it as a test function in (3.86). Then, in light of estimate (3.90), we deduce that

/ h(un)f < /Q h(un) fio < /Q S /Q DL (im0 < IVl gy + ClLA v el ey,
(3.96)
where we also used that ||z | o)y < 1.

Finally, we proceed to establish that the sequence u,, is uniformly bounded in L () with respect
to n. It is important to emphasize that the smallness condition imposed on the norm || f{|z~q)
plays a crucial role in obtaining this estimate.

We consider the function Gy (7T, (uy,)) € BV () N L>(Q), as a test function in (3.86). This choice
is admissible in light of Remark 2.65, and it yields the following identity:

(2.6)
[ o DGT ) < [ Bn)fGulua) < hao0) [l |Gutun), sy 0 (397)
Q Q ()
where we also used (2.35) and (3.88).
Given that G} is a nondecreasing function, we can infer, by applying Lemma 2.53, that:
(2zn, DGi(T(uy))) = |DGr(T(un))| as measures in €. (3.98)

Putting (3.98) into (3.97), we obtain:

)

Du,| = DGr(Tr(un))| < hy(oco Grlu)
[ 1l = [ IDGUE )] < i s @ Galun s,

where Theorem 2.31 has been employed, taking into account that both G and T, are Lipschitz
continuous and D7u,, = 0. Then, by invoking Lebesgue Theorem 2.13 together with Theorem 2.25,

we let » — oo and obtain:

STGK I,y g < Mo L@y |G,

Assuming that || f[| L~ )S1h(00) < 1, it is possible to choose a sufficiently large k € N such that
St = 1 fll v ey hip(00) > € > 0,
for a constant C that does not depend on n € N. Consequently, we deduce:

<0

- )

1G(un)l

N
LN-1I (Q)
which means that

[tnll Loy < K.
where k > 0 is a constant independent of n € N. O

Corollary 3.30. Under the assumptions of Lemma 3.29, there exists a nonnegative w € BV ()
such that u, converges to u (up to subsequence) in L1(Y) for every q < % and Duy, converges to

Du *—weakly as measures.
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Moreover T'(u) € BV (Q) and I',,(uy,) converges to I'(u) (up to subsequence) in L4(S) for every
q < 25 and DT, (uy) converges to DI'(u) *—weakly as measures.
Finally if | fll v @) < (Sih(c0))™!, then u is also bounded.

Proof. The existence of the function u is a direct consequence of the estimates in (3.89) combined
with Theorem 2.25. Similarly, the existence of I'(u) follows from the bounds in (3.90). Finally, the
uniform bound in the || - || (@) norm is obtained by exploiting the lower semi-continuity of the

norm.

O

3.5.2 Identification of the vector field z
Now we show the existence of the vector field z.

Lemma 3.31. Under the assumptions of Lemma 3.29, it holds h(u)f € Li () and there exists
z € DMiS.(2) such that
—div (zefr(u)) = h(u)fe "™ in D'(Q), (3.99)

and
—divz + |DT(u)| < h(u)f in D'(Q), (3.100)
Moreover u > 0 a.e. in Q and Diu = 0.

Proof. We note that h(u)f € Li () readily follows from (3.96) by an application of Fatou Lemma
2.10.

We begin by considering the sequence z, € DM (), the vector fields corresponding to the

Duy,
[Dup |

role of . Recall that each z, is uniformly bounded in L>(Q)", since [2nll ooy < 1.

This uniform bound is sufficient to extract, up to a subsequence, a limit vector field z € L>(Q)V

such that z, converges to z *-weakly in L>(Q)" as n — oco. In particular, by the weak lower semi-

continuity of the norm, we obtain

2| ooy < 1.
We now turn our attention to (3.99). As a consequence of Proposition 3.14, we obtain that
—div (zne*W“n)) = h(uy) fe T in D/ (Q), (3.101)

accordingly, identity (3.99) follows by passing to the limit as n — oo in (3.101).
We select a nonnegative test function ¢ € C}(Q) in (3.101); concerning the left hand side, we obtain:

lim | z, Ve Tnlun) = / z- Ve T, (3.102)
this follows directly from the fact that z, — z s-weakly in L®(Q)V, while e Tn(un) — ¢=T(®)
strongly in L'(£2), by virtue of Lebesgue Theorem 2.13.
It remains to be established that

lim | h(up)fe g = / h(u) fe "W, (3.103)
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We distinguish between two scenarios: if h is finite at the origin, the passage to the limit
follows directly from Lebesgue Theorem 2.13. Therefore, without loss of generality, we assume that
h(0) = oo.

We proceed by splitting the integral in the following way:

[ ntunre ™= [ b fe T [ e, (3.104)
Q {unS(S} {uﬂ>5}

where 0 & {n : [{u =mn}| > 0} which is at most a countable set.

We emphasize that u > 0 almost everywhere in 2, due to the fact that h(0) = oo and h(u)f €
Ll

loc

(€©2). Consequently, the inclusion {u = 0} C {f = 0} holds, and since f > 0 almost everywhere,
the set {u = 0} must be Lebesgue negligible.

By applying Lebesgue Theorem 2.13 twice to the second term on the right hand side of (3.104), we
deduce that

Y ~Tn(un) , — s ~D(u) , u>0 ~I(u)
Jom i [ ) g = i [ e 2 [ h e, (3105
since
X{un =5y (un) fe T o < hg(00) f € L),
and
X{ussyh(u) fe "o < h(u) fo € LH(Q).
Now we prove
lim lim sup / h(uy) fe Tl =0, (3.106)
6—0t nooco {un<6}

which yields (3.103) in virtue of (3.105).

We consider the function Vi(u,)e )y € BV(Q) N L®(Q), where 0 < ¢ € CH(Q), as a test
function in (3.86). This is an admissible choice since both e I7(#n) and Vs(u,) belong to BV (Q) N
L>(Q), and the space BV (2) N L*°(Q2) is closed under multiplication, as stated in Remark 2.24.
We obtain

/(zn’D%(un))e—Fn(un)go+/ (Zn’De—Fn(un)) V;S(Un)SO‘F/ vasoe_rn(un)%(un)
Q Q Q

(3.107)
+/gn(un)‘Dun‘e_rn(un)%(un)@:/h(un)fe_rn(un)vé(un)%
Q Q

where we also use the pairing’s properties (2.35), (2.39) and the condition on the boundary (3.88).
We emphasize that for any solution u,, to problem (3.85), obtained through Theorem 3.12, one has,
by Lemma 3.17, the identity

(Zna D <—e_r"(u”)>) = [De Tn(un)]  ag measures in €.

As a straightforward consequence of the preceding identity and the condition D7u,, = 0, we deduce
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that
/(zn De™ F"(u”))% /|DF wn) e T Vs () . (3.108)
Q

Furthermore, combining (3.87) with the condition D’u,, = 0, we obtain

[ o DV 0 = [ Vi) Gz D)) 0 = [ Vi) DTastu) o0 < 0,
(3.109)

where we also use Theorem 2.31 and (2.35).

Substituting (3.108) and (3.109) into (3.107), we deduce

/ h(un) fe T < / an - Vipe Vi (uy).
{un <8} Q

By virtue of the *-weak convergence z, — z in L>(Q)" and applying Lebesgue Theorem 2.13, it
follows that

lim hmsup/ h(uy)fe Tnn) o < lim hmsup/ 2n-Vipe T g (y,,) §/ 2 Ve T®) uz” 0,
{un<8} Q {u=0}

=0T n—ooo 0—0T n—ooo

which demonstrates (3.106). Furthermore, by combining (3.102) and (3.103), we deduce (3.99).

We now proceed to prove (3.100); this follows by passing to the limit as n — oo in (3.86). We begin
by examining the left hand side: the first integral converges due to the x-weak convergence of the

vector fields z,. For the second integral, we have

/\DF e < hmmf/ |DT, (un) |,  for all 0 < ¢ € CH(Q),

n—oo

which holds by virtue of Lemmas 3.29.
Concerning the right hand side, we proceed in a manner analogous to the argument employed in
the proof of (3.103), indeed we have that (6 < 1)

1
lim limsup/ h(up)fe < lim lim sup —— e / h(uy,) feTnlun) o = 0, (3.110)
{un <8} {un <8}

=0 n—oo =0 nooco €

this concludes the proof of (3.100).
As consequence of (3.100), it gives that z € DM ().

Finally, we establish that D’u = 0. We emphasize that the jump sets coincide, i.e., Jrw) = Ju,

since I' is monotone increasing due to the positivity of g. In particular, by employing the pairing
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defined in (2.52) with 8(s) = —e™® and v = I'(u), we deduce that

#
(e*(“)) DI ()|
(3.100)
< e~ ”)h e F”)> div z

(329 le( —T'(w) ( F") div z

20 < ( (u)) > (3.111)
<o ()
— (eiF(“ ># |DT'(u)| as measures in €2,

where the final identity follows directly from Theorem 2.31.

Therefore, the previous implies

<z, D (—e_r(“)>#> = ‘D (—e_r(“)ﬂ as measures in ).

As a direct consequence of the preceding identity, we infer that D/T'(u) = 0 by applying Lemma 2.66
with a(s) = s, f(s) = —e™%, w = I'(u), and using (3.100). In particular, since I' is an increasing
function, owing to the positivity of g, we also conclude that Du = 0. This concludes the proof.

O

3.5.3 Proof of the main existence theorem

We proceed to establish Theorem 3.27 as a direct consequence of the preceding Lemmas.

Proof of Theorem 3.27. Consider the sequence uy,, a solution to problem (3.85) as established in
Theorem 3.12. By Corollary 3.30, there exists a function u € BV (Q2) such that, up to a subsequence,
uy, converges to u almost everywhere in 2 as n — oco. Furthermore, Lemma 3.31 guarantees that
h(u)f € L .(2) and that the jump part satisfies D/u = 0. Additionally, the same Lemma ensures
the existence of a vector field z € DMS, (Q) with [|2]| oo (yv < 1.

To conclude the proof, it remains to verify that v and z satisfy conditions (3.82), (3.83), (3.84), as
well as g(u) € L'(,|Dul). Let us begin with the proof of (3.82). In expression (3.111), all the

inequalities are in fact equalities. As a result, we deduce that
e T (—divz +|Dl(uw)]) = e "@h(u)f in D'(Q),

recalling that e 7' > 0 for HV~1-almost every z € €, as a consequence of Theorem 2.26, since
['(u) € BV (Q), as established in Corollary 3.30— we can infer that

—divz + |DT(u)| = h(u)f in D'(Q). (3.112)
Applying Lemma 2.32, we deduce that

X{us0} | DT (u)| = g(u)xqus0y|Du| as measures in ,
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then, invoking Lemma 3.31 together with Remark 2.33, we conclude that
|DT'(u)| = g(u)|Du| as measures in {2, (3.113)

which implies that g(u) € L1(€,|Dul).
Putting together (3.112) and (3.113), we can conclude that holds (3.82). We highlight that z €
DM™>(Q) since it holds Lemma 2.64.

We now turn to the proof of (3.83). To this end, we employ Tk (u,)p € BV (2) N L>°(Q) as a test
function in (3.86), where 0 < € C}(Q). This choice is justified by Remark 2.65, which guarantees
its admissibility. We obtain

/Q DT (un) o + /Q 2 - V() + /Q n (1) Dt Ti (1) 0 = /Q W(un) [Ti(un)p,  (3.114)

where we use (2.34) and (3.87).
In order to achieve our aim, we pass to the limit as n — oo in (3.114).
We define

S
Lh(s) == /0 Ti(0) gn(o)do.

Accordingly, the first and third integrals on the left hand side of (3.114) converge as n — oo by
virtue of property 2.8 (we emphasize that Ty (uy) — Ty (u) and T, (u,) — T'(u) strongly in L'(Q), as
established in Corollary 3.30). As for the second integral, the convergence as n — oo follows from
the x-weak convergence z, — z in L*(Q)" (see Lemma 3.31) combined with the strong convergence
Ty (un) — Ti(u) in LY(Q), again due to Corollary 3.30.

Finally, the right hand side can be treated analogously to the argument employed in the proof of
(3.103); in particular, we exploit the fact that § < 1

lim_lim sup / h(un) fTi(up)e < k lim limsup / hup) fo 20 0.

0—=0T n—oo -0t n—ooco

Hence, (3.114) becomes
/Q DTy(w)lo + /Q © VTi(u) + /Q 9(u)| DulTi(u)p < /Q h(u) fTx(w)e, (3.115)

where we employ the identity |DI'(u)| = g(u)Tk(u)|Du| in the sense of measures on Q, which
follows from Remark 2.33, together with the facts that |{u = 0}| = 0 and D/u = 0.

Recalling Remark 2.65, the class of test functions admissible in (3.82) can be extended to BV () N
L>(Q). Therefore, starting from (3.115), we may infer that

[ ipTwle < = [ 2 veni - [ Twpdiv="2 [ ¢onw)e,

which means
| DTy (u)| < (2, DTk (u)) as measures in €, for any k£ > 0,
and, being the reverse inequality tribyl, this proves (3.83).

It remains to prove (3.84), and to this end we adapt the arguments developed in Lemma 3.19. Fix
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k > 0, and consider Ty (u,) € BV (Q2) N L>(£2) as a test function in (3.86). By virtue of (2.51) and
(3.87), we obtain

/Q DT ()| + /Q n (1) Dt Ti (1) = /Q () f T (o).

Now, we take the limit as n — oo in the previous expression. The left hand side converges due to
the property (2.9), since by (3.88), T'n(u,) = 0 HN'-almost everywhere on 9. As for the right
hand side, we apply Lebesgue Theorem (2.13), having observed that

R(un) fTe(un) < clsi_vf + hy(c0)kf € LY(Q),

hence, we get

N— r N— =
/aﬂTk(u)dH 1+/Q|DTk(u)|+/mF(u)’H 1—|—/Q|DF(u)| S/Qh(u)ka(u).

At this point, by repeating the same arguments as in Lemma 3.19, we can conclude property (3.84).

Finally if || fl[z~v ) < (S1h(00))~t, from Corollary 3.30, we can deduce that u € L®(f2). This
concludes the proof. O

3.6 The scenario of a nonnegative term in LY ()

We now extend the analysis to the case of a nonnegative datum f € LY (). To this end, we consider

—Aju+ g(u)|Du| = h(u)f in Q,

(3.116)
u=0 on 01,

with g, h satisfying (3.79) - (3.80); in particular we assume that h(0) = oo.

Given that the solution may fail to be positive in this case, the concept of solution requires a suitable

modification.

Definition 3.32. Let 0 < f € LN(Q). A nonnegative u € BV(Q) is a solution to the problem
(3.116) if X{us0} € BVioc(Q), DVu = 0, x(us019(u) € LL (Q,|Dul), h(u)f € LL (), and there
exists z € DMS (Q) with [|2]| ey < 1 such that

—X[us0y iV 2 + X{us0y9(w)|Dul = h(u) f  in D'(Q), (3.117)
(z, DTi(u)) = |DTk(w)| as measures in Q, for any k > 0, (3.118)

and
u(z) =0 for HN1—a.e. in Q. (3.119)

Remark 3.33. We emphasize the principal difference with respect to Definition 3.25, namely the
inclusion of the characteristic function xg,~oy n (3.117). This modification is necessary since one

cannot infer that u > 0 almost everywhere in  merely from the integrability condition h(u)f €
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L (Q), due to the fact that the set {f = 0} may have positive Lebesque measure (see Remark

3.21).

Theorem 3.34. Let g be positive and satisfying (3.79), (3.3) and (3.80). Let h satisfy (3.4) and
(3.80) such that 0 <0 <1,0<~y<landf+~vy<1landlet0< f € LN(Q). Then there exists a
solution to the problem (3.116) in the sense of Definition 3.32.

Moreover if || f|l v (q) < (S1h(c0))™!, then u € L*®(%).

Proof. We limit ourselves to pointing out the key differences with respect to the proof of Theorem

3.27, in particular we use similar arguments of Theorem 3.22

We start by describing the approximation we will use in the following Sections.

—Ajup + g(up)|Dup| = h(uy) frn  in
Uy =0 on 052,

(3.120)

where f,(z) := max{2, f(z)} for all z € Q. By virtue of Theorem 3.27, there exist a vector field
2z, € DMS.(Q) and a positive function u,, € BV (Q) satisfying Du,, = 0, g(un) € LY(, |Du,l),
and h(u,)fn € Li (), such that

loc

—div 2, + g(upn)|Duy| = h(uyp) fr,  in D'(Q),

(2n, DTk (up)) = |DT(uy)| as measures in Q and for any k& > 0,

and
up, =0 HYN'—ae. on 9.

We begin by establishing (3.117). The same reasoning as in Lemma 3.29 and Corollary 3.30 can be
applied, since, by virtue of Remark 2.65, the space of admissible test functions may be extended to
BV (Q) N L>®().

After, we take limit as n tends to infinity in the equation (3.99), which is
—div <zne*F(u")) = h(un) fre ") in D'(Q).

The convergence of the first term follows from the application of Lebesgue Theorem 2.13. As for

the second term, we proceed by splitting the integral into two separate contributions

/ h(un) fue™ o = / B(un) fre™ )0 + / () fae™ ),
with § € {n : |{u =n}| > 0} which is at most a countable set and 0 < p € C}(Q).
The first term converges by applications of Lebesgue Theorem 2.13, first as n — oo and then as

J — 0. Consequently, we obtain

lim lim h(up) fre ") :/
§=0F N300 Jfy, > 5} {u>0}

h(u) fe TWe = / h(u) fe "W, (3.121)
Q

where the last equality is guaranteed by the fact that h(u)f € Li (Q), hence {u = 0} C {f = 0}.

loc
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Instead for the second integral, it holds
0< / h(uy) fre "W for every n € N,§ > 0. (3.122)
{un <8}

Therefore, by combining (3.121) and (3.122), we deduce

—div (zefr(“)) > h(u)fe "™ as measures in €.

We now consider the test function (1 — Vs(uy,)) ¢ € BV(2) N L*(), where 0 < ¢ € C1(Q), in
(3.120), which leads to

/Q 2V (1= Vi(uun))+ /Q (20 D(1 = Vs(un))) o+ /Q DT ()] (1 — V() 0 = /Q B(tn) fo (1 — Vi(un)) 0.

where we want to pass to limit as n tends to infinity and ¢ tends to 0.
The first integral on the left hand side converges as n — oo due to the x-weak convergence z, — z
in L>=(Q)Y and the strong convergence 1 — Vs(u,) — X{u>0} In L'(2) by Lebesgue Theorem 2.13.

Consequently, we obtain

lim lim [ 2z, -Ve(1—Vs(u,)) = / 2 VX {u>0}- (3.123)
Q

5—0+ n—oo Jq
For the second integral on the left hand side, we recall that
(zn, D(1 = V5(uyn))) = (2n, D(1 — V5(Tos5(uy)))) as measures in €2,
using Lemma 2.53 we get
(2n, D(1 = V5(T25(un)))) = |D (1 = V5(Tos(un)))| = [D(1 = Vs(un))l,

therefore applying twice property (2.8), we can affirm

n—oo

/ |DX {uso0yle < liminf lim inf/ |ID(1 — Vs(un))|e, (3.124)
Q §—0t Q

which implies that x{y~0} € BVioc(£2) because uy, are uniformly bounded in BV (2) with respect to
n € N. We now focus on the third integral on the left hand side. To begin, we define the function

A

I's : [0,00) — [0,00) as follows:

hence using twice property (2.8), it yields

/ |DI(u)|¢ < liminf lim inf / |DLs ()|, (3.125)
Q d—0 n—oo Q

because we highlight that

/Og(t)X(o,oo)(t)dt—/O g(t)dt.
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Finally, the integral on the right hand side converges in the limit by virtue of Lebesgue Theorem
2.13, yielding the relation

lim Gim | ) fu (1= Vs(un)) o = /Q h(w) fo. (3.126)

d—0+ n—oo Q

where we recall that h(u)f € Li () and {u = 0} C {f = 0}.

loc

Combining (3.123), (3.124), (3.125), and (3.126), we deduce that
—div (X{u>0y2) + | DX{us0y| + [DT(w)| < h(u)f in D'(Q). (3.127)
Since [|2][ oo (yn < 1, We observe that
. . (2.34) . (2.31) ) oy
Xuz0y divz =7 —div (Xqus0)2) + (2, Dxqus0y) < —div (Xqus012) + [Dxqusyl  in D'(Q),

(3.128)
as a consequence putting (3.128) into (3.127), we can affirm that

Xfusoy divz + [DL(u)] < h(u)f i D'(€).

We now demonstrate that D/u = 0 repeating the same arguments of Theorem 3.22.
From this point onward, we replicate step-by-step the same reasoning as in Theorem 3.27, with
the formulas (3.11) adapted to include X;EU>0}; hence, the following holds

~X[us0y divz + [DI(u)| = h(u)f  in D'(9),

thus applying Lemma 2.32 we deduce (3.117).

In conclusion, we note that (3.118) and (3.119) are obtained by arguments analogous to those in

Theorem 3.27 and Theorem 3.22, thereby completing the proof. O
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Chapter 4

Global BV -solutions for nonlinear mean
curvature equations with first order

natural growth terms

4.1 Introduction to Mean Curvature operator

This Chapter focuses on a specific type of differential equation: the prescribed mean curvature

equation with a gradient term, given by:

D
v (JJW) —I—g(u)\/ 1+ |Du|2 = f in Q,

u=20 on 0,

(4.1)

where Q C RY is an open bounded domain with a Lipschitz boundary (with N > 2), g : [0,00) —
[0,00) is a continuous and bounded function, and 0 < f € L1(Q).
We recall that when ¢ = 0 and f = 0, the problem (4.1) becomes to the well-known minimal

surface equation:

) Du
div (W) =0. (4.2)

This problem is so called because, for a regular function u, the differential operator calculates the
mean curvature of the graph of u at every point (z,u(x)). Due to this property, the operator is
referred to as the non-parametric mean curvature operator.

The existence and uniqueness of classical solutions to the associated Dirichlet problem for (4.2)
have been addressed in [37, 75, 77, 83, 123] and references therein, typically under the assumption
that the boundary data is regular and €) is mean convex, i.e. the boundary 02 has nonnegative
mean curvature.

Elliptic equations involving the (non-parametric) mean curvature operator, such as the pre-
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4.1. Introduction to Mean Curvature operator

scribed mean curvature equation:

. Du _ ;
—d <\/1 + \Duy2> =/ ome (4.3)

u=20 in 011,

with f being constant or non-constant, have been studied in [65, 73, 75, 76, 116|, to present a
non-exhaustive list.
Prescribed mean curvature equations like (4.3) are formally derived as the Euler-Lagrange equa-

tions of the following relaxed functional:

_ N-1
Aw) ._/Q 1+|Dv|2+/m|v|d”ﬂ /va, (4.4)

which involves the area functional.
To solve problems of the type (4.3), it is natural to assume a smallness condition on the datum
f. Indeed, if we formally integrate equation (4.3) over a regular subdomain w € 2 and apply the

divergence theorem, we obtain the following condition:

/f‘ B Du
w ow \/1+|Du]2

where P(w) denotes the perimeter of w and v, is the outer unit normal vector, as mentioned in

< Plw), (4.5)

-y, ds

subsection 1.1.1.

Assuming a smallness condition on the norm of f to guarantee the existence of a solution is
typical for functionals with natural growth, such as those involving the 1-Laplace operator (for
further details, see Section 1.1).

In the case where f = A, condition (4.5) can be rewritten as:

PWw)
V(w)’

where V(w) is the N-dimensional volume of w, i.e., V(w) = |w| (for more details, see the notation

Al < (4.6)

in subsection 1.1.1). As stated in subsection 1.1.1, the best positive constant that satisfies (4.6) is
the Cheeger constant of 2, which we denote by h((2).

The solvability of a problem with constant prescribed mean curvature has been shown to be
connected to the mean curvature of 9 in the work of Serrin [116] (see also |24, 74, 75| and references

therein), where a strong mean convexity assumption on 0f2 is required, namely:
IA| < (N —-1)K(y) forall y € 09,

where K(y) is the mean curvature of 9.
In [73], the author proved the existence of a unique solution in the space of functions of bounded

variation (in the variational sense) if f is measurable and there exists g > 0 such that for every

|1
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This condition is known as the non-extremal condition.

In [75], it is shown that || f|[ v @) < ST is a more general condition than (4.7). Furthermore,
in [71], this second condition is shown to be sharp for obtaining bounded solutions of (4.3).

Moreover, in [96], under condition (4.7), the authors established necessary and sufficient condi-
tions for the functional (4.4) to admit a minimum point.

For more details on what happens when equality holds in (4.5), we refer to [93] and the references
therein.

Problems of the type (4.3) are also discussed in the context of Mean Curvature Measures in the
works [50, 93, 125].

Problem (4.3) with datum f € L™>°(Q) and a singular term was studied in [71]. The same

problem but including a regularizing zero-order term, specifically:

D

u=0 on 05,

where ¢ is a continuous function such that lim,, 1 g(s) = oo and g(s)s > 0 for s € R, was
investigated in [110].

Equations like (4.3) arise in various fields of physics, such as combustible gas dynamics [97],
surface capillary problems like pendant liquid drops [45, 46, 64, 65|, and the design of water-walking
devices [81].

We are interested in studying the regularizing effects introduced by the gradient term, which in
this context takes the form W . This term naturally arises if we consider the functional:

/ vy/1+ |Dvl|?,
Q

whose Euler-Lagrange equations, in a certain sense, provide the weak formulation of problem (4.1).

Instead of the variational approach, we will find solutions by regularizing the problem using the
p-Laplace operator. We will look for the solution u as the limit of the approximating solutions u,
as p — 17 of problem (4.17).

The presence of the gradient term \/m in the mean curvature context yields regularizing
effects similar to those that the term |Du| produces with the 1-Laplace operator. Specifically, the
solutions always have finite energy (i.e., they belong to BV (Q2)), and the boundary condition is
attained pointwise on the boundary (i.e., u = 0 H¥ " l-a.e. on 90).

Furthermore, the solution exhibits the same regularity in Lebesgue spaces known for the 1-
Laplace operator (see Corollary 4.5).

However, solutions to this problem exist and are nonnegative under the additional hypothesis
f > ¢(0) (for more details, see Remark 4.9 and 4.4).

At this point, we summarize the content of this Chapter.

e Section 4.2: we introduce the problem, provide the definition of a solution, and state the main

results.

e Section 4.3: we prove the existence of a solution for the approximating problem (4.17).
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e Section 4.4: we provide several estimates for the solutions of the approximating problem (4.17)

and establish the existence of the candidate solution.

e Section 4.5: we show the existence of the vector field z, which, together with the function u,

satisfies the conditions of Definition 4.1.

4.2 The case with a bounded, continuous and nonnegative g

In this Section, we look for solutions to the following problem

—div (\/HDIUTIQ) +g(u)y/1+|Dul2=f in,

(4.8)
u =20 on 0,
where g : [0,00) — [0, 00) is a continuous and bounded function which satisfies
lisrg(ifolfg(s) > 0. (4.9)
Moreover we let f € L'(Q) such that
f(z) > g(0) ae. zel (4.10)

The reason for imposing this condition on f is crucial to ensure the nonnegativity of the solution;
for further details, we refer to the proof of Theorem 4.8 and Remarks 4.4, 4.9 below.
Also observe that as (4.9) is in force we may assume without loosing generality that there exists
ko > 0 such that
min g(s) > 0. (4.11)

s€lko,00)
Let us introduce the definition of solution to problem (4.8).

Definition 4.1. Let g : [0,00) — [0,00) be a continuous and bounded function and f € LY(Q)
verifying (4.10). A nonnegative function u € BV (Q) is solution to (4.8) if D'u = 0 and there exists
a vector field z € DM (Q) with ||2]| ooy < 1 such that

—divz + g(u)\/1+ |Dul2 = f in D'(Q), (4.12)

(z,Du) = \/1+ |Dul?2 — /1 —|2]2  as measures in Q, (4.13)

and

u=0 for HV - ae x € Q. (4.14)

Remark 4.2. Let us give some further insights on Definition 4.1. Firstly, we underline that (4.13)

Du
\/14|Du|?’

gives the correct interpretation of the weak quotient m fact if u is smooth and z =

Vu

V14V’

then one has
[Vul?

V14 [Vul?’
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which, after simple calculations, is the right hand side of (4.13).
Moreover, also recalling Lemma 2.58 and (2.21), one has that (4.13) is equivalent to require that
both

z- D% = +/1+ |Dwul? — /1 — |22, (4.15)

and
(z, Du)® = |D%ul. (4.16)

In particular, when equation (4.15) is satisfied, the vector field z is uniquely determined by

D%
1+ [Deuf?

This is in contrast to other flux-limited diffusion operators, such as the 1-Laplacian or those modeling

transparent media, where the vector field may not be uniquely defined (see for examples [18-20, 59,
72, 91, 99)).

Let us finally focus on (4.14). Similarly to the case of the 1-Laplacian operator, due to the presence
of a gradient term, the boundary datum is assumed pointwise H ~'-a.e. on the boundary 0Q (for
more details, see [18, 19, 70, 90, 98]). This is in sharp contrast with other equations where the
boundary datum is assumed in a weaker sense (e.g., [20, 59, 71, 99, 110, 113]).

The main result of this Section is the following:

Theorem 4.3. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9)
and f € LY(Q) verifying (4.10). Then there exists a nonnegative function u € BV () solution to
the problem (4.8) in the sense of Definition 4.1.

Remark 4.4. The condition (4.10) is essential to ensure the nonnegativity of solutions. Observe
that the problem admits a trivial solution when f = g(0), which follows from the specific structure
of the vector field z and the gradient term g(u)+/1+ |Dul?.

We emphasize the coercivity type condition (4.9), which plays a crucial role in establishing im-
proved reqularity estimate (4.21) even in case of L'-data. This reqularizing effect is classical in case
of p-Laplacian with p > 1 ([23, 35]) and, as proven in [18, 19/, for p = 1. For further details see
also Remark 4.9.

We also have the following regularity result:

Corollary 4.5. Let u € BV () be a solution to the problem (4.8) in the sense of Definition 4.1.
If the source term f € Li(Q) for some ¢ > N or f € L™N°°(Q) with [fllLvee () < S1. Then,
u € L*(Q).

Remark 4.6. Let us stress that the condition imposed on | f|| .oy, ensuring that the solution
belongs to the space L>(RY), is consistent with what has been proven in [18, 90, 98].

Additionally, the criteria for establishing a bounded solution for problem (4.8) are in agreement
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with the results of [110], since the solutions to the problem

—div _ Du =f nQ,
V14 |Dul?

u=20 on 0L,

are supersolutions of (4.8).

4.3 Approximation scheme and proof of the main result

In order to prove Theorem 4.3, let us consider the following approximation scheme

\V4
v <up> —(p— DApup + g(up)\/1+ |Vup|? = f, inQ,

V14| Vuyl? (4.17)
up =0 on 01,
with p > 1, g : R — R such that
~ g(0) if s <0,
g9(s) := . (4.18)
g(s) ifs>0,

Apuy, is the usual p-Laplacian operator and f, = T' e (f) where T' 2 (s) is the truncation function
pP— p—
defined in (2.1).

Here is the Definition of solution for problem (4.17):

Definition 4.7. Let f € L'(Q) and p > 1. A function u € Wol’p(Q) N L>(Q) is a solution to the
problem (4.17), if it holds

-Vu+ (p— 1)/ |V, [P~2Vu, - Vv
Q

/ Vuy,
o V1 VP (4.19)

+/Qg(u,,)\/1 + |Vup|?v = /prv for all v e WyP(2) N L®(9).

Though quite standard, in order to be self-contained, we prove the existence result for problem
(4.17).

Theorem 4.8. Let f € L'(2), g : [0,00) — [0, 00) be a continuous and bounded function and p > 1.
Then there exists a function u, € Wol’p(Q) N L>(Q) which is a solution to the problem (4.17) in the
sense of Definition 4.7.

Moreover, if f € L'(Q) verifying (4.10), then u, is a nonnegative function.

Proof. For every p > 1, the existence of a solution wu, € VVO1 P(Q) N L>®(Q) follows directly from 35,
Theorem 1]; let us verify the hypotheses of this Theorem.

Let a : RN — RN such that ¢ — |€]P~2¢ + —=~— has the following properties

V1+HER
L a(€)-€ > |¢lp, for all € € RY,

2. la(&)] < €L+ 1, for all £ € RV,
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3. (a(€) — al€")) (€ — €7) > 0, for all €, €" € RV, with € # £°.
Instead, H : @ x R x RN — R such that (z, s,&) — G(s)y/1 + [€]2 — f»(x) has the following property

(25 p
1. |H(x,s,§)] S 9l oo (m) (\/§+ \/i% + ﬂ%) Sy, for all (2,5,€) € @ x R x RN,
Thus, all the hypothesis are satisfied, hence we show the existence result.
Now we show that if f verifies (4.10), then wu, is nonnegative. We take fu;e_r(up) as a test

function in (4.19), where u, = u,f — v, and I is the function defined in (2.26), we get

Va2 2
/ | U | F(up)+ | p‘ ) F(up)_’_(p_l)/g‘vup‘peF(UP)

g
\/m o VItV
(p—1) /Q |Vup Py () 00) — /Q )1+ Vg 2y e 70 = / )

(4.20)
Now, we observe that
W%P ~ —T'(uyp) /~ - -T
Ur) — up)\/ 1+ |Vup|2u; e )
1+‘vup’2 pg ) Qg( p) | p| D
_ L D(u,) (4.18) _ _I'u
= —/g(up)upe Plup) 2 —/g(O)upe Tup)
Q Q
Dropping the positive terms in (4.20) and recalling that f verifies (4.10), it yields
-1 [ [Fu e <o
Q
which implies that u, =0 LN-ae. x €. O

Remark 4.9. It is crucial to emphasize that condition (4.10) is essential for ensuring the nonneg-
atiwity of the solution to problem (4.17).
In fact, in the case where f < g(0), it is not guaranteed that the solution is nonnegative. For

example, if g is non-decreasing, taking u; as a test function in (4.19) yields

|Vu+|2 -
[ s -0 9+ [ st/ 1+ kg = [ g

We observe that the first integral on the left hand side of the previous equality is nonnegative. By
adding — [, g(O)u; to both sides, we obtain

=1 [ 1967+ [ (@) =900 /14 Vel < [ (1= g0 <0

as a consequence of the fact that the term [, (g(ul) — g(0)) \/1 4 [Vup[?uf is nonnegative, because

g is nondecreasing, we can assert that
p=1) [ IVaP <o,
Q

which means that u;,r =0 LN-a.e. z € Q and this conclude the proof.
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4.4 A priori estimates and existence of a limit function

Now we show that w, are uniformly bounded in BV (§2) with respect to p. Let us stress here that,

as u,p is shown to be nonnegative, from here on we simply denote g in (4.17) by g.

Lemma 4.10. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9)
and f € LY(Q) verifying (4.10). Let us consider u, solution to the problem (4.17). Then u, and
I'(up) are uniformly bounded in BV (Q), i.e.

£l 21 () + €]
< 4.21
||uP”BV(Q) = min{l,minse[ko,m) g(S)}’ ( )
and
IT(up)lBv o) < 1fllr @) (4.22)

Proof. We start by proving equation (4.22). Let us choose % € Wol’p(Q) N L>®(Q) as a test
function in (4.17) with & > 0 where T}, is the truncation function defined in (2.1); we get

|VTk<up)’2 _ W u U M_ T (up)
/Qk 1+\VTk(up)|2+(p 1)/Q A +/Qg( p)\/m A /pr o (4.23)

Observing that the first and the second integral on the left hand side of (4.23) are nonnegative, one

has Ti(uy)
Llu
| st Vel <l

and, by Fatou Lemma 2.10, we may let k& to 0 and gain
[ 9T @) < 1l

since u, > 0 LNV-a.e. x € Q. Recalling that u, = 0 for HY ~L-almost every x € 99, as u, € Wol’p(ﬂ),
this establishes (4.22). Now we show (4.21). We choose T, (u,) € Wy P(Q)NL>(Q) as a test function

in (4.17), we have

|VT1€0(UP)| _ ) |P U U Up) = U
et 00 [ VTP + [ o)1 FPTi() = [T, (020

Thanks to (4.11) and dropping the second term of (4.24), one gets

/ VT4 (up)| + min _g(s) / Vep] < 1711y + 192,
Q ) ’Ltp>k30

s€[ko,00

recalling that u, = 0 HV 1 a.e. 2 € 9Q, we can deduce (4.21). O

Now we may infer the existence of a limit function u which is the candidate to be the solution
to (4.8) in the sense of Definition 4.1. We have the following:

Corollary 4.11. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9),
f € LY(Q) verifying (4.10) and u, solution to the problem (4.17). Then there exists a nonnegative

Francesco Balducci 97



4.5. Existence and role of the vector field z and boundary datum

function w € BV (Q) such that v, — u strongly in L1(Q) for 1 < g < 1* and Vu, — Du *-
weakly as measures. In addition, I'(u,) converges strongly to I'(w) in L1(2), for 1 < ¢ < 1* and

VI'(up) = DI'(u) *-weakly as measures.

Proof. In Lemma 4.10, we proved that u,, solution to problem (4.17), is uniformly bounded in the
|l - IBv(n) norm. Therefore, by the compact embedding in the context of BV-functions, we can
deduce the existence of a nonnegative function u € BV () such that u, — u strongly in L?(2) for
every 1 < ¢ < 1%, in particular u, — v a.e. in €, and Vu, — Du *-weakly as measures.

For the second part of the Corollary, namely the convergence of I'(u,,), we repeat the same arguments
as in the previous case. We recall that, by uniqueness of the limit, the limit of I'(u,) must coincide
with I'(w). This concludes the proof. O

4.5 Existence and role of the vector field z and boundary datum

In the following two lemmas we show the existence of the vector field z € DM*(Q) and how it
Du

VIHDuf?’

Lemma 4.12. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9),
f € LY(Q) verifying (4.10) and uy, solution to the problem (4.17). Then there exists a vector field
z € DM5.(Q2) with ||z|| peoqyn < 1 such that satisfies

plays the role of the quotient

—divz + g(u)?\/1+ |[Dul2 < f inD'(Q). (4.25)

Proof. We begin by establishing the existence of the vector field z. First of all we note that

— i

‘ Vuy,

V14 [ Vu,|?

hence there exists a vector field z € L>(Q)" such that

Vu
hm/p. :/z- , forall ¢ e LY(Q)V, 4.26
Jim [ = [ A (1.26)
in addition thanks to the weak lower semi-continuity of || - || ()~ We can affirm that

2| ooy < 1.

Now we show that z is a vector field such that div z is a locally bounded Radon measure and satisfies

(4.25).
We choose 0 < ¢ € C1(£2) as a test function in (4.17), we get

ity / -2 / /
———2 Yo+ (p—-1) | [Vup|P2Vu, - Vo + [ glup)y/1+ |Vuy|2p = (427
/Q TveE (p—1) Q| p] p- Ve Qg( p)mw e (4.27)

Initially, we analyze the first integral on the left hand side of the previous equality. By (4.26) we

have

z- V. (4.28)

lim /Vup \V4 _/
=1t Ja /14 |Vu,|? 4 Q
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4.5. Existence and role of the vector field z and boundary datum

For the second term on the left hand side of (4.27), assuming without loosing generality that
1 < p <2, we note

\<p—1> [ 19072V Vel <o =1 [ [Vl

L1y |9l +o-ne-p) [ 1767

a2 F ey + 12 o
-1l p-DE-p) [ Vo7,
min {1, MiN e ) 00) g(s)} Q

as a consequence, we can affirm that
lim (p — 1)/ IV, P2V, - Vi = 0. (4.29)
p—)l 0

Regarding the third term on the left hand side of equation (4.27), we recall that, as established in

Corollary 4.11, the sequence u, converges to u strongly in L1(2). As a consequence of Lemma 2.50,

# 2 SN 2
/Q o)/ T+ DuPip < limint /Q gup)y/1+ [V 2. (4.30)

Finally, by Lebesgue Theorem 2.13 on the right hand side of (4.27) one gets

we have

lim / fop = / fe. (4.31)
=1t Jo Q
Putting together (4.28), (4.29), (4.30) and (4.31) into (4.27), it yields (4.25) and this concludes the
proof. O

We now establish an inequality in the sense of measures, which will be instrumental in the proof
of the validity of (4.12).

Lemma 4.13. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9),
f € LY(Q) verifying (4.10) and u, solution to the problem (4.17). Then, it holds

V1= [22g(w)e "™ — div (efr(“)z> > fe "W i D'(Q). (4.32)
In particular, one has
—divz 4 g(w)*\/1+|Dul2=f inD(Q). (4.33)

Proof. Our initial objective is to show inequality (4.32). Initially, we choose e 1'(#»)¢p € VVO1 P)n
L>(Q) with 0 < ¢ € C}(Q) as a test function in (4.17), we obtain

|Vup’2 _F(UP)QO—F/ LV
o VLT v o \/1+\Vup|2

+(p1)/ IVuplp_2VUp-Vsoe‘F(“P)+/g( ») 1+|Vup|26 () /fe ()
Q Q

pe T _ (1) / Yy [Pg(u,)e ")

(4.34)
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4.5. Existence and role of the vector field z and boundary datum

For the first term on the left hand side of the previous equality, we note that
CVwl® ~T(up) / _
0 (up)e” My = 1+ [Vuy|2e T )
T va |2 up) P = 9(up)\ /1 + [V @

(4.35)
/ U ’vupp up
) 1+ ]Vup|2

Since the third integral on the left hand side of (4.34) is nonpositive, as a consequence putting
(4.35) in (4.34), it yields

p
\/ 1+ |Vu |2 o +/1+ Wupl2 (4.36)

—1/\Vup]p Vuy, - Ve~ “Pg0>/fe (up)

Our aim is to take the limit as p goes to 17 in (4.36). For this, we use Lemma 2.47 with ®(s) =
g(s)e~T() for the first integral on the left hand side, (4.26) and Corollary 4.11 for the second one,
(4.29) for the third one, and finally using Lebesgue’s Theorem 2.13 for the right hand side. As a
result, we obtain (4.32).

Finally, we show (4.33); we observe that

# (4.25) #
(e‘r(“)) g(w)*\/1+ |Duf® < e_F(“)er(e_F(“)) div 2

(4.32)

#
< e TWg(u)\/1— |22 — div (e_r(“)z) + (e_r(")) divz (4.37)
. #
(2:52)6_F(“)g(u) 1—12]2+ <z, D (—e_r(“)) > ,
where in the last step (2.52) is used with 3(s) = —e~1(*). Thanks to (4.25), we know that div z €
DM;S.(£2), due to Radon-Nikodym Theorem we can decompose <z, D (—e*F(“))#> as follow

(20 (=) ) = (n (=) ) s (20 (e T0) )

For the absolutely continuous part with respect to the Lebesgue measure, we can affirm that

<Z,D (—e_r(“))#> 25 ), . pa (— —F(U))

(Qél)efr(“)g(u)z - D% (4.38)

(24)

< e TWg(u) (VI+IDwP — V1= [2F).

Instead for the singular part, we have

#\° (2:53) -
(z,D(—e—W) ) < |D(—e Ty CLY (")) |D%ul. (4.39)
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Putting together (4.38) and (4.39), it gives

(2.0 (-e1@)") e T gt) (VIFTDRE - VI=TE) + (e @gtw)” 107
< (e g(w) " (VITTDWE — VI~ 2P +|D%l) (4.40)

IO (o1 g())* (VT (DU~ VI~ ).

as a consequence, (4.37) becomes

(e*F(“)>#g(u)# 1+ |Dul? <e "™ f 4 (efr(“)># div z

#
<o) o) 1_12\2+(z,p(_ef<u>) )

(4.40) #
< e T Wg(u) 1= TP + (e g(w) ) (VI+[DuP - VI-]2P)

= <67F(“)g(u)># V' 1+ |Du|?
= ()7 g* T+ P,

where the last equality is a consequence of (2.10). Therefore we note that all the inequalities are

equalities, hence we gain
- (e_F(“))# divz + (e_r(“)># gw) /14 |Dul2=eTWf in D'(Q), (4.41)

and

(z,D (—e_r(“)>#> = (e_r(u)g(u)># \/m_ 6‘”%@)@- (4.42)

Since u € BV () as stated in Corollary 4.11, Theorem 2.26 guarantees that (e*F(“))# >0 HNL
a.e. x € . Consequently, (4.41) yields (4.33), which proves that z € DM () and this completes
the proof. O

In the next Lemma, we prove a key regularity result for the function v € BV(£2) found in
Corollary 4.11.

Lemma 4.14. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9),
f € LY(Q) verifying (4.10) and uy, solution to the problem (4.17). Then the limit function u €
BV (Q), obtained in Corollary 4.11 is such that

D’y =0. (4.43)

Moreover, it holds (4.12).

Proof. Tt is a quite standard re-adaptation of [72, Lemma 5.9] and Lemma 2.66, but for completeness

we illustrate the main steps.

Since —e T ¢ BV (), as a consequence of Remark 2.29, S__ rq) is a countably HN~Lrectifiable
set, hence there exist regular hypersurfaces &; such that HV 1 (S_ et \ Uiy fi) =0.
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Through Lemma 2.61, we can assert

Jr

divz = [z,v]" —[z,v]” on ¢,

where [z,v]", [2,v]” are the traces of the normal components of z over &; as defined, for instance,

in (2.40).
Therefore, using (2.43), one has

<z, D (_er<u>)#> 22 _ (—e )" ivz 4 div (—e T0:)
(o) = (=m0 ) (@) = (—et) )
S (o) (o))
( ))

on 52
(4.44)
By applying equation (4.42), we deduce

(z,D (_e—F<u>>#)s @4 (e—rw)g(u))# |D*ul

(2.11) < <_e_p(u))+ - (_e_p(u))> (4.45)
)

(222) ((_e—f‘(u)Jr) _ (_e—F(u)f)
combining equations (4.44) and (4.45), we obtain
(e = (=e7m)
o1+ “T(w)* T\ - rw)\" ()~
=[z,v] <—e ) - (—e ) + [z, V] (—e ) - (—e ) on &;.

As a consequence of Lagrange Theorem, we have

()t ()

since —e™* is an increasing function. Recalling that |[z,v]¥| < 1, we ensure that

[z,V]T = [2,v]” =sgn (<76_F(“)+> - <76_F(“)_>> on &;. (4.46)

Substituting (4.46) into (4.12) and invoking (2.21), we obtain

(")) [Diu=F =0 oné.

which implies that |D7e~T(®| = 0, recalling that e~ ") is a decreasing function, we can deduce
(4.43).
Finally, combining (4.43) with (4.33), we conclude (4.12). Thus, the proof is completed. O
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Remark 4.15. Let us underline that applying [90, Theorem 3.4], we can extend the space of test
functions of (4.12) to BV (2) N L*™(Q2), obtaining

/ (z, Dv) / o[z, v dHN T + / g(u)y/1+ |Dul?v = / fv  forallve BV(Q2)NL>(Q).
Q o0 Q Q

(4.47)
where it is used (2.35).

Lemma 4.16. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9),
f € LY(Q) verifying (4.10) and u, solution to the problem (4.17). Then, it holds (4.13).

Proof. To establish (4.13), we must first derive the following fundamental identity:

(2, DTy (u)) = \/1+ |DTk(u)|?> — /1 — |2¥[*? for a.e. k > 0, as measures in €, (4.48)

where zF = X {u<k}-

By virtue of equations (2.21) and (2.4), we readily observe the inequality

(z, DTy (u)) < /1 + |DT(w)]2 — /1 — |22 < /1 + |DT)(u)]2 — /1 — |2F|2, (4.49)

valid for all £ > 0, in the sense of measures in €.

To establish the reverse inequality, let us fix & > 0 and consider the test function Ty (up)p, where
0 < ¢ € CL(2). Substituting this into equation (4.19), we obtain

VT (up)|? VTi(up) - Vi
2 + 2Tk( P)
1+ [V (up)| Q /14 [VTi(up)|
+-1) / VT (up) P+ (p— 1) / [Vup P2V, - VoTi(up) (4.50)

"‘/Qg( ) 1+’vup|2Tk Up /prk Up

To reach our objective, we take the limit as p — 17 in (4.50).

Considering the first integral in (4.50), we rewrite it as

VT ()| / / / VT (up) [?
1+ |VTk(up)|?
/ V1 [V (up 27 IVTktu)Pe T V()2
Using (2.23) and Corollary 4.11, the first integral converges, while for the second integral it follows
from Lemma 2.47 with ®(s) = 1 that it holds

| VIF DI < tmint [ /1 DT P
Q p—1t Jq

and, for almost every k& > 0, that

VT (up)|?
_ 1 k2o <1 f— 1_’—7’
/Q\/ + [2F|%p 1m1n /\/ T+ VT up)|2@

Francesco Balducci 103



4.5. Existence and role of the vector field z and boundary datum

The second integral of (4.50) takes limit by (4.28), instead we drop the third integral because is
nonnegative.
For the fourth integral in (4.50), by (4.29), we obtain

lim (p — 1)/ V[P~ 2V, - VT (u,) = 0.
Q

p—1t

For the fifth integral on the left hand side of (4.50), Lemma 2.50 ensures the convergence, while

the right hand side follows from Lebesgue Theorem 2.13. Hence, we arrive at

/ 1+ | DTy (u)|?¢ — /\/1—!Z’“|290+/Z VT (u / u)\/1+ |Dul?Ty(u %0</ka

Recalling (4.47), we deduce

| VIEIDTGPe - [ (1=l < [ 0T e (451)

Combining (4.49) and (4.51), we establish (4.48).
Finally, by applying the reasoning in [110, Remark 4.2|, we conclude the proof of (4.13). O

Finally we check how the function u provided in Corollary 4.11 attains the prescribed boundary
data on 0f).

Lemma 4.17. Let g : [0,00) — [0,00) be a continuous and bounded function which satisfies (4.9),
f € LYQ) verifying (4.10) and u, solution to the problem (4.17). Then, for the limit function
u € BV (Q), obtained in Corollary 4.11, (4.14) holds.

Proof. We take Tj(u,) € Wol’p(Q) N L>®(Q) with & > 0 fixed as a test function in (4.19). By

disregarding the nonnegative term, we obtain

|VTk up 9
[t [ a1+ TP i) < [ i) (4.52)

Noting that

(VT (up)]? / VT (up)|?
14 |VTk(up)]? — P
f, Jroatee = o ) T V()P
and adding to the left hand side

/ T (up)dHY 1+ [ Op(uy)dHN 1 =0,
o0 o0

since u, € Wol’p(Q) and O : R — R is the following function

O(s) == /OSQ(U)Tk(U) do.
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4.5. Existence and role of the vector field z and boundary datum

As a consequence, equation (4.52) becomes

VTku)|2

Ty (uy)dHN 7L + /,/1 VT (uy)|? / p

+ O (u d?—lN_1+/gu A/ 1+ |V, |2Th(u §/fTu )
k( p) 0 ( p) | p‘ k( p) 0 p k( p)

o

(4.53)

We now proceed to take the limit as p tends to 17 in equation (4.53). In order to do that we

highlight some facts we need to use:

1. Ty (up) converges x-weakly in BV () to Tj(u) as p tends to 1 for every k > 0 because u,
converges *-weakly in BV () to u as p tends to 11, as prove in Corollary 4.11.

2. X{up<k} = X{u<k} Strongly in LY(Q), for a.e. k> 0, because u, — u LN-a.e. z € Q.

[V T (up)|? up|?
3. \/1 1+\Vka Zp m= \/1 1+|Vu T Va2 Xup<k}s hence mx{%<k} 2P x-weakly in L(Q)V,
for a.e. k> 0.

Consequently, for the first and second integrals on the left hand side of (4.53), we apply (2.22); for
the third, we utilize Lemma 2.47 with ®(s) = 1; for the fourth and fifth, we employ Lemma 2.50;
and for the right hand side, we use Lebesgue’s Theorem 2.13. This yields the following inequality

| nwan =+ [ VIFIDREP - [ i
+ @k(u)dHN_l+/g(u)\/1+|Du2Tk(u)g/ka(u)
o0 Q Q

Thanks to (4.13) and Remark 4.15, we gain

/ T (u) dHN 1 + / Ti(w)[z, V] dHY L+ [ Op(u)dHY ! <0,
o0 o0 o0

recalling that [|2[| e (v < 1, we can affirm

@k(u) <0
o0

which implies that Oy (u) = 0 HN"l-a.e. 2 € 9Q. Consequently, u = 0 HV"1-a.e. on 09, thereby
concluding the proof. O

Now we are able to demonstrate Theorem 4.3.

Proof of Theorem 4.3. This proof follows from the preceding results. In Corollary 4.11 and Lemma
4.14, we show the existence of a limit function u € BV () such that D/u = 0. Then, in Lemmas
4.12, 4.13 and 4.14, we establish the existence of a vector field z € DM () with ||z|| e ()v < 1,
which satisfies equation (4.12). Furthermore, in Lemma 4.16, we prove equation (4.13). Finally, in
Lemma 4.17, we exhibit how the solution takes the prescribed boundary condition, i.e., equation
(4.14). This concludes the proof. O

We proceed to establish Corollary 4.5.
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Proof of Corollary 4.5. We begin by making use of the fact that z € DM (), which allows us to
use test functions from the space BV (2)NL>(Q2) in equation (4.12). We therefore choose G (T} (u))
with 0 < k& < r as our test function in (4.12). Applying the Gauss-Green formula (2.35), we obtain

[ .DGUT @) + [ g/ THDUPGHT ) = | FGu(T, ), (4.54)
Q Q Q

where we recall property (4.14).
Recalling that G}, is a Lipschitz function and DJu = 0, therefore, as an application of Lemma
2.53, we have
(2, DGH(T, () 28 (2, DG (T, (w)), 2) | DGL(T, ()]

CL9 (2, DTy (w), 2) GL(T,(w)) | DT, (u)| (4.55)

22 (2, DT, (w)) Gy (T (w).

By repeating the same arguments as in [110, Remark 4.2|, we can assert that

(z, DTy (u)) = \/1+ |[DT,(u)]2 — /1 —|2"]2 as measures in Q, (4.56)

where 2" := 2x{u<r}. At this stage, putting together (4.55) and (4.56), in (4.54), it holds
/ GL(T, () /1 + DT (w)]? +/ W)/ + [ DuPGu(T,

:/Qka( /G’ V122

Dropping the second integral on the left hand side because is nonnegative, we get

/|DGk(Tr(u))|(2%3)/G§C( )/1+ DT, (u |2</ka /G’ (4.57)
Q Q

Now, we take limit as r tends to infinity in (4.57), the left hand side passes to limit by property
(2.9), while the right hand side through Lebesgue Theorem 2.13, hence we deduce the following

inequality

[ DG < [ 6w + |4 (4.58)
Q Q

where Ay := {u > k}.
We begin by establishing the result for the case f € L1(Q2) with ¢ > N. For the right hand side
of (4.58), due to Holder inequality (2.6), we get

a—N
[ 564 < Wl Getll 2y g < W IG vl Ak T (459)
Q
Putting (4.59) in (4.58) and using Sobolev embedding (2.7), it has

a—N
(ST = 1 a1 4l 50 ) Gk (W)l a- (o < 14k (4.60)
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For k > 0 sufficiently large, we can affirm

_ =N 1__
(ST = 1 llzacey 14715 ) = 5807,

hence, (4.60) becomes
G (W) 1+ () < 251[Ak], for all k > k.

Taking h > k > k and recalling that Aj, C Ay, it has

281 A \ "
Ay < [ Z2HER)
|h|_<h_k

Using [118, Lemma 4.1] with 9(s) = [{u, — k > s}|, we can assert that there exists a a nonnegative
constant
d:=2VT184(0)~  such that v(d) =0,

which implies that
lull o) < T+ 2V S1(O)F < F+ 2V s |0v.

Now we show the result when f € LY>°(Q) with [ fll vy < S;. For the right hand side of
(4.58), we obtain

(2.18) (2.19) .
/Qka(U) < ey @llGe(u)llipia@)y < 1fllvee @Sl Gr(w)l By (e)- (4.61)
At this point putting (4.61) in (4.58) and dropping nonnegative terms, one gets

G (W)l Bv(e) < Il voo@SIGKW) | By () + Ak,

recalling that it holds (4.14), hence using that || f||1v.c0(q) < S; ! and classical Sobolev embedding

(2.7), it gets
S| Ag|

1= S| fllpvooo)

Repeating the same arguments as in the previous step, we give

1Gr(w)|| L1 () <

2N | AoV S, - 2V QN Sy
L=&i[lfllvee@) — 1= Sillfllvee(e)

|l oo () <

Y

thus the proof is completed. O
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Chapter 5

Analysis of the existence and regularity
of solutions for nonlinear elliptic
equations with Transparent Media

operator

5.1 Introduction to the transparent media operator

We consider the Dirichlet boundary value problem defined as:
D
—div <um’DZ‘> —f mQ,
u =0 on 012,

(5.1)

where Q ¢ RY (N > 2) is a bounded domain with a Lipschitz boundary, the exponent satisfies
m > (0 and f in a suitable Lebesgue space.

The class of problems defined by (5.1) is closely related to the well-studied case where m = 0,
which corresponds to the 1-Laplacian operator (1.3).

Problems similar to (5.1) but involving a zero-order absorption term, such as

u — div <umDu> =f inQ,
| Dul (5.2)
u=20 on 0f),

have been investigated in [72] for 0 < f € L*>(Q) (regardless of the size of f). This study was
motivated by the associated resolvent equation of the evolution problem.

Furthermore, problems of the type (5.1) (and (5.2)) are central to the study of the nonlinear
heat equation in transparent media (m > 1). The main operator is the formal limit of the porous

medium relativistic operator

odiv [ul"Vu , m>1,
Vu? 4+ 0% Vul?
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5.1. Introduction to the transparent media operator

as the kinematic viscosity o tends to infinity [8, 72].
A significant mathematical motivation arises from the work in [17], where the authors highlighted
that the differential operator in (5.1) is the formal limit as p — 11 of the operator in the porous

medium equation in the pseudo-linear regime. Specifically, for u > 0, one has

Du

m
Ajur—1 = div [ " ——
P ( | Dul

) , as p— 1T,
for any m > 0.

Finally, a connection exists between (5.1) and certain 1-Laplace type problems featuring natural
growth in the lower-order term. A formal computation for a smooth, nonnegative function u shows

that the equation

. m Du '\ 0 [ uMuy,
v <“ \Du|> =2, < Dul )

is formally equivalent to
[Du| | f
um
Therefore, the equation under investigation represents a critical case within the family of singular
elliptic equations involving the 1-Laplace operator and natural growth gradient terms previously

studied in 70|, where the authors considered problems characterized by

with 0 <0 <1 and m > 0.

The main goal of this work is to study the existence and qualitative properties of solutions to
problem (5.1) under minimal assumptions on the data. Of particular interest is the investigation of
the regularizing effects provided by the nonlinear coefficient u™, especially in comparison with the
standard 1-Laplacian case.

We will demonstrate the existence of a bounded non-trivial solution to (5.1) for any f € LYV>(€),
regardless of the size of the norm || f||;~.00 (). This result stands in sharp contrast to the previous
conclusions for the 1-Laplacian in [43, 84, 99|.

The lack of constraints on the size of the data for existence is a direct consequence of the
absorption character of the lower-order term. In fact, even for the m = 0 case [54, 107, 110], the
existence of a bounded solution to (5.2) can be proven without requiring any smallness hypothesis
on f € LM>°(Q). While this result is sharp, bounded solutions for slightly more general data
felLN °(Q) are generally not expected unless specific smallness assumptions are required on
11l oo (-

While many established results depend on the presence of suitable lower-order absorption terms
to achieve existence and improved regularity [58, 72, 89, 107, 110], our work only make use of the

effect of the coefficient u™ to avoid any requirement for smallness assumptions on the data. Fur-
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thermore, by employing a strategy inspired by [72], we prove that solutions of (5.1) (or appropriate
truncations) are globally in BV(€) and, significantly, do not exhibit a jump part. This lack of
a jump part is a characteristic feature often observed in solutions to 1-Laplacian problems that
include first-order terms with natural growth [10, 19, 54, 70].

Through a truncation argument, we introduce a suitable and precise notion of solution to prob-
lem (5.1) that holds without any sign assumption on the data f € L>°(Q) (in contrast to [72]).
This solution concept is founded on the entropy notion initially introduced for general flux-saturated
operators [6, 7, 9, 40|. Using this framework, we prove the existence of a non-trivial solution without
a jump part under minimal hypotheses. Due to the nature of the equation, we also address the
technically noteworthy issue of defining the sets {u > 0} N 9Q and {u < 0} NN for functions that
may not possess a classical trace (see Definition 2.36).

We will first investigate the case of a nonnegative data term f € L™V () within a more general

context, namely, the following problem:

D
—div (um|DZ|> =h(u)f in Q,

u=0 on 0f),

(5.4)

where h : [0,00) — [0, 00] is a continuous function that may exhibit a singularity (blow up) at zero
with rate h(s) ~ s~7 for 4 > 0 and may grow at infinity with rate h(s) ~ s? for ¢ > 0.

The main result we will demonstrate is the existence of a solution regardless of the choice of 7,
but subject to certain conditions on the exponent g relative to m. Furthermore, in the critical case
where ¢ = m, conditions on the norm of f are necessary to guarantee the existence and boundedness
of the solution u (for further details, see Remark 5.4).

An important difference from the 1-Laplacian operator context is that, due to the presence of
the term u™ in the principal operator, we do not require a different definition of solution for the
case f > 0. For further details, we refer to Remark 5.2 and Remark 5.4.

For the first part of the Chapter, our general proof strategy is summarized as follows: we

construct a sequence u. in Hi(Q) of solutions to the auxiliary regularized problem:

. m Vu
—div (\ug\ |Vu£|
gle

us =0 on 011,

+ aVu€> = he(fuc))f in (5.5)

where [€]. = \/€]? + €2 and h.(|s]) = T=(h(]s])).

Further, we establish that the sequence u. is uniformly bounded in L*°(2) and that the sequence
lue|™*! is uniformly bounded in BV (£2) with respect to ¢.

Making use of the compact embedding of BV () into L"(2) for all 1 <r < %, we extract a
subsequence that converges to a limit function u in L7(2) for all 1 <7 < 2~ (m + 1).

Finally, we pass to the limit in the approximate problem (5.5) to demonstrate that u is a solution
of (5.1) in the appropriate generalized sense (see Definition 5.25).

As stated, our results are a significant contribution to the field, as they establish the existence
of a non-trivial, finite solution without any constraint on the size of || f||;~.cc (), when h = 1.

This first part of the Chapter is based on [20].
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In the second part of this Chapter, we will analyze problem (5.1) in the case where 0 < f €
LY(9).

The main difficulty in this case lies in the fact that the vector field z, which is used in the
definition of the solution (see Definition 5.40), is not bounded, as it itself contains the solution wu,
which is generally unbounded when f € L1().

Consequently, to overcome this issue, we rely on the theory of pairing with unbounded vector
fields, which is thoroughly discussed, for instance, in [44] and summarized in subsection 2.5.2,
highlighting only the relevant aspects for our purpose.

In this context, the main difficulty arises from the fact that our vector field z generally possesses
a notion of trace only as a distribution and not as a function (for more details, see the last part of
subsection 2.5.2).

As shown in Lemma 5.13, the notion of the trace of z on a hypersurface is used to prove that
u € DTBV(Q). Therefore, in the more general case, we proceed by truncating the field using the
characteristic function X y,<x}, with & > 0. By demonstrating that zx(,<zy € DM™(Q) in Lemma
5.51, this field has a trace as a bounded function on regular hypersurfaces. This, in turn, allows us
to prove that u € DT BV (£2) even in this generalized context (for further details, see the proof of
Lemma 5.54).

Regarding the trace on the boundary, we will show in Lemma 5.59 that z admits a trace in
L'(892), defined as the limit of the traces [zx(u<k}, V] as k — oo.

Finally, we highlight an important difference with the problem

—Aju=f in (),
u=0 on 012,

with 0 < f € L(Q) studied in [100]. For problem (5.1), we prove that the solution u is finite almost
everywhere in €2, in contrast to what happens in the context of the 1-Laplacian operator.

The remainder of the Chapter is organized as follows:

e Section 5.2: We introduce our notion of solution to problem (5.4) and, for clarity of exposition,

state our main result initially for the case of a nonnegative data f € LY (Q).

e Section 5.3: We prove Theorem 5.3, in the case of a function h bounded near the origin, which
explodes at infinity, by passing to the limit in (5.5) to establish the existence of a solution for

a nonnegative f.

e Section 5.4: We complete the proof of the main existence result, i.e. Theorem 5.3, in the most

general case.

e Section 5.5: This Section contains a technical extension of the previous results to the case of
a sign-changing data f in L'°°(Q), with h = 1.

e Section 5.6: To illustrate the practical implications of our results, we construct develop explicit
examples, including the solution to the torsion problem associated with the transparent media

equation.

e Section 5.7: We give the notion of a solution and the main result for the case 0 < f € LY(Q).
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e Section 5.8: We provide the proof of the existence of a solution.

e Section 5.9: We present several summability results in Lebesgue spaces depending on the

summability of the datum f.

5.2 Introduction to problem

Let consider the following problem

[Dul
u=20 on 0,

— div (um&> =h(u)f nQ, (5.6)

where 0 C RY with N > 2 is a bounded domain with Lipschitz boundary, m >0, 0 < f € LY(Q)

and h : [0,00) — [0, 00] is a continuous function such that

Iy >0,c1,81 >0: h(s) < % for all s < sq, (5.7)
5

and
30 < g <m,h(c0),s2 >0: h(s) < h(co)s?, for all s > so. (5.8)

We stress that the classical case, defined by h = 1, is covered by the established assumptions, as ~
and ¢ may be zero. Furthermore, the scenario where the function exhibits a null initial condition,
specifically h(0) = 0, is equally consistent with the preceding hypotheses.

Let us explain the notion of solution for this type of problem.

Definition 5.1. Let 0 < f € LN(Q), m > 0 and h : [0,00) — [0,00] be a continuous function
satisfying (5.7) and (5.8). A nonnegative function uw € DT BV (Q)NL> () such that u™t € BV (Q)
is a solution to the problem (5.6), if there exists a vector field w € L>®(Q)N with Wl ooy <1
and z == u"w € DM™>(Q) such that

—divz = h(u)f inD(Q), (5.9)
(2, DT°(u)) = :}Fl |DT§°(u)mH| as measures in ), for a.e. a > 0, (5.10)
m
and
[z,v] = — (uQ)m HNa.e. on QN {u > 0}. (5.11)

Remark 5.2. We now clarify the sense of Definition 5.1. In particular, identity (5.10) reveals the
interpretation of the vector field w as the singular quotient %, and analogously, it shows how the
field z acts as um% in a weak formulation. It is important to emphasize that (5.10) is equivalent
to

(2, DT°(u)) = T°(w)™|DT.°(u)|  as measures, for almost every a > 0,

as a consequence of the chain rule (2.13), which is applicable due to the fact that w € DT BV ().

Furthermore, we point out that since u does not belong to BV up to the boundary of 1, it is

natural to ask whether condition (5.11) is properly defined. Nonetheless, we recall that Lemma 2.35,
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5.3. Existence result for nonnegative h bounded near 0

together with Definition 2.36 and Lemma 2.37, guarantees the existence of a trace for functions in
TBV () and thus provides a rigorous interpretation of the set {u > 0} N O.

Finally, we emphasize that, in contrast to what occurs in the case of the 1-Laplacian (see Remarks
3.21, 3.33 and [58]), we do not introduce a different notion of solution when the function h blows
up at zero and f > 0, as opposed to the case f > 0. This is due to the fact that the vector field z, in
our framework, is intrinsically defined in terms of the function uw. As a result, there is no need to
include the characteristic function x>0y in the definition of solution (for further details, see the
final part of the proof of Lemma 5.20).

Now we state the main result of this Section.

Theorem 5.3. Assume m > 0, let h : [0,00) — [0,00] a continuous function such that satisfies
(5.7) and (5.8) Let 0 < f € LN(Q). Suppose either 0 < q < m, or ¢ = m and [ fllLv @) <
((m +1)h(c0)S1) ™", Then exists a nonnegative function u which is a solution to the problem (5.6)
in the sense of Definition 5.1.

Moreover, if h(0) # 0 and f # 0, then u is not trivial.

Remark 5.4. We point out that, in the case h = 1, unlike the case of the 1-Laplacian (see, for
instance, [43, 99]), a solution in the sense of Definition 5.1 cannot be identically zero whenever
f#0 and h(0) # 0, since z = uw and equation (5.9) is satisfied.

Furthermore, in the case 0 < q < m we stress that the existence of a non-trivial bounded solution
is established without imposing any smallness conditions on | f||p~ ), in clear contrast with the
0-homogeneous case, namely when m = 0.

On the other hand, in the case ¢ = m, a smallness condition on the norm of f, namely || f|| L~ o) <
((m +1)h(00)S1) ", is required both to guarantee the existence of a solution and to ensure its bound-
edness. Interestingly, this condition generalizes the well-known one associated with the 1-Laplacian
operator. Indeed, it is straightforward to verify that, as m — 0%, we recover the same restriction.
Finally, in the case where we consider the model problem, that is, when the right hand side of
equation (5.6) is given by ulf, we immediately observe that the zero function is a solution of the

equation, due to the intrinsic definition of the vector field z.

5.3 [Existence result for nonnegative i bounded near 0

We begin by examining a simplified version of problem (5.6), where h € CP([0,4]), for every § > 0
and satisfying (5.8). Our analysis proceeds by first examining the case where the function h is
bounded at the origin. Subsequently, we address the more generic scenario in which h exhibits a
singularity at the origin. This sequencing is motivated by the fact that the solutions derived from
this initial context will serve as the limiting case for the solutions obtained within the more generic

framework.
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5.3.1 Existence result for the s-problem

Let introduce the following approximating problem

: Vue > .
—div |« —eAue = h(u in €,
< ® Vel : clwe)f (5.12)
us =0 on 0},
where h.(s) := T1 (h(s)) and for every £ we define | - |- : RY — [0, 00) such that
€le == ve2 + (&2,
specifically the previous function has the following property
€7 _ N
€| > |&| —e, forany & € R™. (5.13)

Initially, let us present the existence result for problem (5.12).

Lemma 5.5. Let m > 0, let f € H-Y(Q) and let h be a nonnegative function such that h €
CP([0,46]), for every § > 0, satisfying (5.8). Then, for every e > 0, there exists u. € HE(Q)NL> (L)
which is weak solution to the problem (5.12), i.e. it holds

/Q|u€|m’vvi’f -Vv+5/QVuE-Vv:/Qh€(\uE\)fv for all v € HA(Q). (5.14)
g€

Moreover, if f >0, then ue > 0. Furthermore, if h(0) # 0 and f # 0, then u: # 0.

Proof. The proof of this Lemma follows by directly adapting the argument in |72, Lemma 3.1].
However, for the sake of completeness, we briefly outline the key steps. Let > 0 and consider the

corresponding truncated problem

— div (Ay(tey, Vuey)) = he(uey|) f - in Q,

(5.15)
u =0 on 082,
where the map A, : R x RY — RY is given by the definition
Ay (s,€) = Tl/n(\s\)m’é + & for any (s,€) € R x RY. (5.16)
3

Problem (5.15) admits a solution, as ensured by [94]. This conclusion relies on the characteristics
of the operator introduced in (5.16) and of the right hand side of (5.15), namely:

e Boundedness
[Ay(s,€)| < C+elé| for any (5,€) € R x RV,

where C > 0 is a constant depending on €, n and m.

e Monotonicity

(Ay(s,&1) — Ay(s,8)) - (& — &) >0 for any (s,&) € R x RY, with i = 1,2 and & # &,
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5.3. Existence result for nonnegative h bounded near 0

which follows from the convexity of the associated Lagrangian £ given by

L(s,€) =Ty py(Is])"/(|€]? +€2) + 3]6\2 for any (s,£) € R x RY.

e Coercivity
Ay(s,8) - € > l¢]* for any (s,€) € R x RY.

Moreover, the the right hand side enjoys the following property:

f

he(luey)) f < Z € L*(Q), for any (z,s) € Q x R.

We underline that a solution has been obtained, denoted by . ,, which explicitly depends on the
parameters ¢ and 7. In particular, by selecting Gg(ue,) € H}(S) as a test function in the weak

formulation of problem (5.15), we obtain:

. /Q VG (e < /ﬂ e (e n]) f G (ttcn)-

By employing Stampacchia truncation technique (refer to [118]), we obtain

[tenllLoo (@) < C,

where C > 0 is a constant that does not depend on 7. As a consequence, choosing 1 < é, it follows
that T (Juey|) = [uey]-

Hence, the function w.,, which we shall henceforth denote simply by w., solves problem (5.12) in
the weak sense described in (5.14).

Moreover, if f > 0 almost everywhere, one can employ u; € H}(2) as a test function in (5.14).

Disregarding the nonpositive term, this leads to

—e [V [ heudpuz >0
Q Q
which implies u. > 0. This concludes the proof. O

5.3.2 From uniform bounds to the limit function

We now derive some useful bounds for the function u., which henceforth denotes the solution to
problem (5.12), as established in Lemma 5.5.

In the next result, we present a collection of a priori estimates for u., which guarantee the existence
of a limiting function u as € — 07. For the sake of completeness, we formulate these estimates in
the slightly more general setting of a data f € LP(Q), where

- Nm+ N
D:

= <N hit 0 < g < m. 5.17

Nm—Nqgt+q+1 -0 Wmbi=da=m (5.17)
We note that the exponent of integrability depends on both the behavior of h at infinity and the
presence of the u™ term in the operator. These factors allow us to extend the function space where

the estimates can be performed.
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5.3. Existence result for nonnegative h bounded near 0

Lemma 5.6. Let m > 0, a nonnegative function h such that h € CP([0,6]), for every 6 > 0 and
satisfying (5.8).

IfO<qg<mand 0 < f € LP(Q) or if ¢ = m and 0 < f € LN(Q) with [fllLv ) <
((m+1)h(<)S1) ™", then there exist £,Cz > 0 where Cz is a constant independent of € > 0, such
that, for every 0 < e <€, they hold

uell ey < Cs, (5.18)
L N-T (Q)
and
m+1 < 1 EM  »m+1 0 h(s h i q+1
lus" By Q) < (m+ )<m+1C€ +m+1\ ks +S€S[13P (Sl sz + h(o) | fllLr@)Ce
(5.19)

where

p if0<gqg<m,
=

N ifg=m
which means that u™ ' is uniformly bounded in BV (Q) for all 0 < & < &.

Proof. First, we take u. as a test function in (5.12), from which it follows that

/Q ’VUE\Q / V| = / (ue) fue. (5.20)

Then, employing (5.13) and taking into account the nonnegativity of the second integral on the left

hand side, we deduce

1 / 1 (2.6)
—— [ [Vul"| < 5/ ut + sup h(s)|[fllLr(ays2 + h()| fllLr(ollu Hq m , (521
m+1 Jq ‘ Q : 5€[0,s2] ) Lre)ited ¢ Jrl)N(Q)

where we decompose the integral on the right hand side of (5.20) according to the sets {u. < s}
and {us > sa}.

We now apply Holder inequality (2.6) and Young inequality (2.5) to estimate the right hand side of
(5.21). This leads to the following estimate:

1 Em Nim
+1 +1
g L

(5.22)

+ sup h(S)HfHLl(Q)Serh( )Hf”LP(Q Huqu<m+1)N
s€[0,s2] )

At this point, we use Sobolev inequality (2.7) for the left hand side of (5.22), we get

-1
8 m+ gm m—+1
e | (mmN — 7 lluell

mA LT R ) T 1T )

+ sup h(s)||fllLr@)s2 + h(oo)|| fll Lo HUqu(mH)N
s€[0,s2] L - (Q)
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5.3. Existence result for nonnegative h bounded near 0

Now we consider the case 0 < ¢ < m. By applying Young inequality (2.5) once more, we derive

St )
Ju EHm(erl)N H e!mfnﬂ)w
+ sup h(3)||f||L1(Q)82
s€[0,s2]
1 m+1 mt1 ) +
m+tl ¢
w9 () A+ reo T

where n > 0 is a positive constant that will be fixed later.

Hence, by choosing € > 0 and 1 > 0 such that

81_1 gm L Ztiq—i—l

= - = > 1,
m+1 m+1 (o0)n m+1
then for every 0 < € < €, we can affirm that
el e < IO 4 sup B g2+ () (1) e m My g
u m S N sup LY(Q S92 0 —
€ L( N it ) n m+ 1
At this point putting
_ 1 m+1 ma1 ﬁ
I N+m m—q Mm, —
Coi— Q"% + sup h h - ,
: (m I s @ s he) (3) T G )

we deduce (5.18).
Moreover, combining the preceding estimate with (5.22), we deduce that
in BV (2), satisfying

m+1 g uniformly bounded

gEm

m+1° m+ s€0,s2]

[ gy ) < (m+1) ( i+ —— |Q| V4 sup h(s )||f||L1(Q)82+h(00)||f||LE(Q)CgH>7
for all 0 < e < &, which is (5.19).

We now turn our attention to the case ¢ = m; (5.22) becomes

1 eEm
—— [ VUl < e[|
m+1 / ¢ m+1 (mt)
¢ @ (5.23)

+ sup h(s)[lf ]l @)s2 + h(o0) | fll v (o HusHm<m+1>N
s€[0,s2] L N-T (Q)

As a consequence of Sobolev embedding (2.7), one has

m+1 em || | m+1 N+m
5

—||U
m+ 1 N(m-}il)( ) —m+ 1 (m-o—liN (Q)

+ sup h(5)||f||L1(Q)52+h( oo) [ fll Q)||u5||m(m+1)N
s€[0,s2] )

Making use of the key assumption [|fllp vy < ((m + 1)h(c0)S;) ™!, we deduce that there exists
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g > 0 sufficiently small such that

S—l
m:_l—mng—h(OO)”fHLN(Q)>O for every 0 < e < g,
hence, we derive
St em - € Nt
. m+1 < 1 o _h 0 m ) b ]
el < (g g~ MM ) (m+ (95 s 1)l
Putting
1 . 1
Sy em £ Nim e
= = - - h Q h
c: ((m - ) e <m+ 190+ s <s>||f||L1<msz>> ,

we can conclude (5.18).

Finally, gathering the previous estimate in (5.23), we obtain (5.19) and this concludes the proof. [

Now we prove the existence of a nonnegative limit function v € TBV (§2) which is our candidate
to be the solution to problem (5.6) with k € C2([0,4d]), for every § > 0 and which satisfying (5.8).

Corollary 5.7. Let m > 0, a nonnegative function h such that h € Cy ([0,4)), for every § > 0 and
satisfying (5.8) and 0 < f € LN (Q). Let u. solution to the problem (5.12).

If0 < g <morqg=muwiith |fllxg < (m+ 1)h(c0)S81) ™, then there exists a nonnegative
u € TBV(Q) such that u™*1 converges to w™ 1 (up to subsequence) in LI(Q) for every ¢ <
and Du™ ! converges to Du™T! x-weakly as measures as € tends to zero.

Moreover, if h(0) # 0 and f # 0, then u # 0.

Proof. Invoking Lemma 5.6 together with the compact embedding BV (Q2) — L"(£2) for r < %
stated in Theorem 2.25, we deduce the existence of a function v € BV () such that

u™ ! — v strongly in L"(Q), 1<r< (5.24)

N-1’
u™ ! — v almost everywhere in €, (5.25)

and
Du™ —~ Dy x-weakly in M(Q).

From Theorem 5.5, we have u. > 0 for every € > 0, and hence v > 0. Consequently, we may define

Due to (5.25), we infer

us — u almost everywhere in (. (5.26)

From (5.24) and Lebesgue Dominated Convergence Theorem 2.13, it follows that

(m+1)N

ue — u strongly in L4(Q2), for all 1 < ¢ < N
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and, in particular

N(m+1)

ue' (N —Dm’

£

— u"™  strongly in LI(Q), for all 1 < ¢ < (5.27)

It should be noted that u does not necessarily belong to BV (2). However, since the map s — AT
is Lipschitz on (a, 00) for every a > 0, we may invoke Theorem 2.31 to conclude that u € TBV (Q).
Thus the proof is completed. O

Lemma 5.8. Let m > 0, a nonnegative function h such that h € CP([0,6]), for every § > 0 and
satisfying (5.8), 0 < f € LN(Q) and let u be the function provided in Corollary 5.7.
If 0 < g < m, then it holds

[ull Lo (@) < ko, (5.28)

where )
5166” — (g + Dh(o0)Sill fllpy ks > 1 and ko > s2.

Instead, if ¢ =m and || f|| v () < ((m + 1)h(00)S1)~", then it holds
[ull Lo () < s2. (5.29)

Proof. Let us take Gp(us) with k > s5 as a test function in (5.12), yielding to

m|VGk(u€)|2 _
[ G e [ VGl = [ neoputsGitu).

Using (5.13), Holder inequality (2.6) and dropping the second integral on the left hand side of the

previous equality, we get

)

N+m
/uamIVGk(ue)l <ellulxap |l ooy [Age N + h(00)| fll v ) ludGr(ue) | a
Q LmN=T) () LN-1()

where Ay := {u. > k}.

Applying Sobolev embedding (2.7) on the right hand side of the previous inequality, we derive

N+m
/U?\VG’k(ue)\ < elluxa .l mny [ Ape[ TN A h(0)|[ fll v @) S1llV (uEGrlue) [ oy
[¢) [ m(N-1) (Q)

(5.30)
In particular, in Ay .
(mA LN (m+ DN mN41 (DN mNgd (m+1)N
ue N = (T (ue) + Grlue)) N1 <2 N-T k N-T +2N-1 Gp(u) N1 |
hence,
m(N—1) m(N—1)
7(”}\;*1;1\7 (m+1)N mN+1 _ (m+1)N mN41 (m41N \ mIDN
ue XA.c < |2 nN-Tk N1 ‘Ak,s‘ 4+ 2'N-1 Gk(ue) N—1
Q Q (5.31)

m2N+m m(N—1) m2N+m +1 Ll
< R g Ay | 1 2B
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Therefore, by substituting (5.31) into (5.30), we obtain

. m2Ntm . m(N—1) N+m m2N4m el e _Ntm
Qus VG (ue)| <e2m+DN k |Ak,5| (m+1)N ’Ak76|(m+l)N + 2 DN |G (ue) ”L%(Q) ‘Ak76’(m+l>N

+h() | fll Ly @SV (ulGi(ue)) ([ L1y~ -

(5.32)
We emphasize that it is possible to express:
19 Gl = [ (a2 G Vo] + V()
< [ (@Gl + w2V Gl (5.33)

=(q+ 1)/ ud| VG (ue)|.
Q
Consequently, upon substituting (5.33) into (5.32) , we may conclude that

N+m
(m+1)N

m2N+m m2N4m 1 _m_
/ ul'| VG (ue)| <e20mFDN K™ Ay o 4+ €2 T DN (|G (ue) ™™ [Ape
Q Q)

LN-T(

+h(00) [ vy Si(a + 1) /Q Wl VG (ue)].

Making use of Young inequality (2.5), we have

Em 'm2N+m
9 m+DN || m+1
T2 G

m2N+m
[ 9G] (42 = o Dhl)Sul v aut) <=2B50% k7 g+
k,e

QTQNS;VVL | ‘N+m
—+ m+ 4 N
m—+ 1 ke

Thanks to Sobolev embedding (2.7), we get
m2N+m
[ 9G] (= siem2 w2 — (g4 DS vyt
Ak €
2 (5.34)
<o BT (hm A |+ ——— | Ay
€ ke ma 1 k,e .

Let us first analyze the case ¢ < m, choosing € > 0 sufficiently small, for every 0 < ¢ < g, it holds

m2N+m 1
1 —851em2 DN > >

by virtue of the estimates established in Lemma 5.6, we deduce that the measure of the superlevel
sets A is uniformly bounded with respect to € and they are nonincreasing functions with respect

to k > 0. Accordingly, we may conclude that
Lo q 7m2N+m+1 m
VG (ue) SUs (g + Dh(c0)S1| fllpn@ud | < 20N L™ [Ay | .
Ak,s
Then there certainly exists a constant kg > so such that

1 m
§k0 — (g + 1)h(00)51”fHLN(Q)kg >1
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as a consequence, for every k > kg, it holds
km
(357 = (g + DS pvaph)

m2N+m m2N+m
/ VG(ue)| < 2 mnv A < 2008 24, |,
Ak' €

At this stage, we employ the Sobolev inequality, and by choosing h > k > kg, we arrive at
1 Eey
1
|Ah,€|§N(82(m+1N+2S> |Ak€|N T,
(h—k)~N—T
where we recall that A, C Ay and G(us) > h — k on the set Ay ., for each h > k > ky.
By employing the Stampacchia method described in [118|, we conclude the following estimate

m2N+m
e || ooy < ko + €2 DN TN G 1O1% 5.35
@

which implies (5.28), when we take limit as e — 0.

On the other hand, in the case ¢ = m, it is crucial to exploit the smallness assumption on the
norm of f, namely || f[|Lv @) < ((m+ 1)h(c0)S;) "t Therefore, there exists € > 0 such that for
every 0 < € < g, it holds

m2N+m

1 —S1em2 30N — (m + 1)h(00)S1| fll v ) > 0,

as a consequence (5.34) becomes

'm2N m m

€2 (m+;)_N' (km + #—&-1 |Ak’€|N$)

[ WG < ~ '
Ape fm (1 — S1em2 TR (m o+ 1)h(00)S1]| f”LN(Q))

Thanks to Lemma 5.6, we know that the measure of the sets Ay, . is uniformly bounded. Therefore,

we can rewrite the previous step as follows

m N+m
22 (mrn)N tlpm

| WG < 2
Ake k™ <1 — S1em2 m+N — (m + 1)h(00)$1”f||LN(Q)>

We repeat the same arguments as in the previous case; therefore, for every h > k > sy (we

emphasize that the only constraint on k is that k > s3), we reach the following inequality:

m N+m+1 N-—1

1 £2 (m+1)N N
|Ap | < Si |Ap | F-T.

m2N+m

X
BBV \ 1= 81em2658 — (m + 1)h(o0)S11 | 1 )

A further application of the Stampacchia method yields the following estimate

m2 N+
e2 (m+1)x+1+N

1
el Lo (@) < 82 + e S|, (5.36)

1 —S1em2 DN — (m + 1)h(OO)SIHfHLN(Q)
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Taking limit as ¢ — 07, we get (5.29) and this concludes the proof. O

Remark 5.9. The assumption m > 0 plays a central role in the proof of Lemma 5.8; if m = 0, one

would instead require the classical smallness condition on | f|| L~ ), as is natural (for more details,
see [99]).

When h = 1, observe that as m — 0%, provided

Sillfllevg) <1,

inequality (5.29) collapses to the classical triviality result w = 0, in agreement with [43].

5.3.3 Existence of the vector field 2 and its role

Subsequently, we establish the existence of a vector field z € DM () and explain its interpretation
as the singular quotient u" %. Henceforth, we shall denote by u the function established in
Corollary 5.7.

Lemma 5.10. Assume m > 0, and let h be a nonnegative function such that h € Cy([0,6]) for every
§ > 0, satisfying condition (5.8). Let 0 < f € L™N(Q). Suppose either 0 < q < m, or ¢ = m and
1 £llLv ) < ((m+ 1)h(00)S81) ™ . Let u be the function provided by Corollary 5.7. Then, there exists
a vector field w € L>®(Q)N, with |wl| ooy < 1, such that the vector field z := u™w € DM™>(R)
satisfies identity (5.9).

Proof. To begin, let u. be the solution of problem (5.12). We introduce the vector field w, := \VVTUQE’
which satisfies the following property:

|ws‘ <1,

as a result of the *-weak compactness of L>®(2)", we deduce the existence of a vector field w €
L>®(Q)N such that

lim [ we- -y = / w1 for all ¥ € L'(Q)Y, and 1w ooy < 1. (5.37)
e—=0t Jo QO
We now intend to pass to the limit as e — 07 in (5.14), using a test function ¢ € C1(Q). On the

one hand, we observe that

lim [ wl'w.-Ve= / u™w - Ve for all € CL(Q),
e—=0t Jo Q

indeed, by virtue of Corollary 5.7, we know that u™ — u™ strongly in L'(f2), and we have just
established that w. — w *-weakly in L>(Q)". Accordingly, from this point onward, we define
z = u"w.

On the other hand, we want to show

lim 5/ Vu. - Ve = 0. (5.38)
Q

e—0t
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To begin with, observe that by choosing ¢ = . as a test function in (5.14), discarding a nonnegative

term, and applying Holder inequality (2.6), one obtains

5/ Vu|? < / he(ue) fue < [[uell Lo () sup () flloi) <C, forall0 <e <1, (5.39)
Q Q

s€[0, [|uell oo ()

since||ue || o () 18 uniformly bounded in ¢ (see (5.35) and (5.36)). As a result, by applying once
more Holder inequality (2.6), we deduce that

(5.40)

which implies (5.38).

Finally the right hand side of (5.14) pass to limit as € to 0" as a consequence of Lebesgue Theorem
2.13 because h € CP([0, ||ul| o (q)]) and ue — u a.e. in Q as stated in (5.26). This shows the validity
of (5.9) which also implies that u # 0 if f # 0 or h(0) # 0 (see also Remark 5.9). This proves the
result. O

Remark 5.11. Building on Remark 2.65, the space of test functions can be extended to BV (2) N
L>(Q), yielding

/ (z, Dv) — / vz, ] dHN T = / h(u)fv, for allv e BV (Q2) N L>¥(R). (5.41)
Q o0 Q

Now we establish a first inequality in (5.10).

Lemma 5.12. Assume m > 0, and let h be a nonnegative function such that h € C([0,d]) for
every & > 0, satisfying condition (5.8). Let 0 < f € LN(Q). Suppose either 0 < ¢ < m, or ¢ =m
and || fllpvqy < ((m+ 1)h(00)S1)~ ", Let u be the function provided by Corollary 5.7 and let z be
the vector field defined in Lemma 5.10. Then

1
ﬁ]DTaoo(u)””H < (z,DT;°(u)) as measures for all a > 0. (5.42)
m
Proof. Let us be the solution to (5.12), and consider T:°(u:)¢ as a test function in (5.14), with

0 < p € CL(£2). This leads to the following identity:

VT2 (ue)l|? / Vu, / /
ul' o+ [ ul VT (ue) +¢e | Vue -V (T°(u = [ he(ue) fT°(us)ep.
[ G e+ [ S Vet + ¢ [ Ve (T ) = [ el T

Observe that
: / Ve - V(T2 (ue)p) = ¢ / Vue2(T2) (ue)p + € / Vie - VT (ue) > e / Vi - Vo T (ue),
Q Q Q Q

which gives

/ng”wa-VTjo(ug) go—i—/gu?wa-Vgngo(ug)—i-E/QVug-VgoTC‘Lx’(ug) S/Qha(ug)fT;o(ug)go. (5.43)
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Now we notice that

lim 5/ Vue - Vo T:°(u:) =0, (5.44)
Q

e—0t+

which can be proven in the same way as in (5.40), given that T5°(u.) is uniformly bounded in
L>(Q) by Lemma 5.8.

We now proceed to show that

lim [ wl'w.-VoT;°(u:) = / z- VT (u). (5.45)
Q

e—=0t Jo

We note that by Lebesgue Dominated Convergence Theorem 2.13, together with (5.25) and Lemma
5.8, it follows that
u T (ue) — u™ T (u)  strongly in L'(Q).

This convergence, in combination with (5.37) and the uniform bound [[we|| e ()v < 1, leads to

ulw. VT (us) — 2 - Vo T (u) = (T2 (u)ull — T (w™)w. - Vo
+ T (u)u™(we — w) - Vo — 0 in LH(Q).

This proves (5.45).

Moreover, expressing VT 2°(ue) in terms of Vu. and employing estimate (5.13), we obtain

/Q UM, - VT (1) o > /Q W V| (T (ue)p — € /Q U™ (T2 (). (5.46)

Finally, the right hand side of (5.43) converges in the limit by Lebesgue Dominated Convergence
Theorem 2.13, since h € C} ([0, [Jul| Lo ()]), ue — u almost everywhere in 2, and T5°(ue) — T5°(u)
strongly in L'(f2), as established in Corollary 5.7.

Replacing (5.44), (5.45), and (5.46) into (5.43), and taking into account the reasoning outlined
above, we arrive at

lim sup (/ u?|vua|(T§O)/(Ua)§0—5/
Q

e—0t Q

U?(Ti")’(ue)sﬁ> + [ 2 verz < [ mostEe. G

We proceed by evaluating the terms appearing in (5.47). In light of (5.27), it is evident that

lim 5/ ul (T (ue)p = lim 5/ ul'p =0, (5.48)
Q {ue>a}

e—0t e—0t

Moreover, evaluating the gradient of 7:.°(u.) leads to

[Ty e = — [ 9@ ) e, (5.49)

Substituting (5.48) and (5.49) into (5.47), and applying (2.8), we consequently obtain

1 00 m 0 50
M/Q\D(Ta (u) +1)|<p—|—/Qz.VgoTa (u) g/ﬂh(u)fTa (u)ep.
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Subsequently, by employing (5.9) and (2.30), we obtain

1
—— [ |DT®(u)™ ! </ DTy
1 [ IPTE@ e < [ (DT W)

thereby completing the proof. O

In the following Lemma, we establish a significant regularity property for the nonnegative func-

tion w.

Lemma 5.13. Assume m > 0, and let h be a nonnegative function such that h € C2([0,4]) for
every & > 0, satisfying condition (5.8). Let 0 < f € LN(Q). Suppose either 0 < q < m, or g =m
and || fllpv oy < ((m+ 1)h(00)S1)~". Let u be the function provided by Corollary 5.7 and let z be
the vector field defined in Lemma 5.10. Then it holds

u € DTBV ().

Proof. We adopt the approach of [72, Lemma 5.9]; to facilitate the exposition, we divide the proof

into several steps.

Step 1. We begin with some preliminary observations. First, we note that by Corollary 5.7, we
have u € TBV (Q2) N L*>(§2), which enables us to conclude that, for any fixed a > 0, both T°(u)
and T°(u)™*! lie in BV (Q) N L>(Q).

According to Theorem 2.31, we have the equality Jreo(y) = Jroo(yym+1, and furthermore, the
measure-theoretic normals satisfy vreo(y) = Vrso(uym on Jreo(y,) for almost every a > 0, given that
m > 0.

In essence, we aim to demonstrate that HN~! (JTgc(u)mH) = 0, which consequently implies
HY (T3 0) = 0.

This result will follow, in light of Lemma 2.42, once we establish that H~N ! (S;j) =0.

Step 2. Let z denote the vector field constructed in Lemma 5.10. From the same Lemma, we
know that equation (5.9) is satisfied, which in particular yields that divz € L!(2). Therefore, by
applying Lemma 2.61, we deduce that

0 =divzl Jyeo(y) = ([z, VTgo(u)]+ - [, I/Tgo(u)]_> %N_II_JTaoo(u). (5.50)

Hence

[ZvyTéx’(u)] = [Z,VTaoo(u)]Jr = [Z,Z/T;o(u)] HN_l-a.e. on JTgo(u) (551)

Step 3. We assert that wx(,sq) € DM™(Q) for almost every a > 0. Since z € DM (), this

follows from Lemma 2.55, given that

WX {u>a} =W " ZX{u>a}s

and ™" X {usq} € BV(Q) N L>*(Q), due to the fact that u € TBV(Q2) N L>°(€2).

Hence, we obtain, for almost every a > 0, that

|[2: vrso ()] Xgusa}] AL ’(Tgo(u)m)i [wX{u>a}7VTa°°(u)]i‘
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which implies that , for almost every a > 0,

| [2: 1o ()] X{uma}| < min {(T W)™t (T (w)™) "} HY 'ae. on Jo0 (u)- (5.52)

Step 4. Along the jump set Jre(y), the following inequality holds:

1 oo il (5.42) -
m‘D T (uw)™ < (2, DT (u)) L Jroo ()
CE (oo (u) div 2 + div (T2 (1)2)) L Jroe () (5.53)
C2 div (T2 () 2) L oo )

Therefore, applying Theorem 2.31 and considering the expression given in (5.51), we deduce
that

a

1 o0 m + [e.9] m - -
m‘(Ta ()™ )" = (T3 (w)™ ) ‘%N L)

(5.53)
S div (Tg’o(u)z)l_JTgo(u)

B (2 CO By A O EA sy I 2 ey

2.43 _ — _
( = : (,Taoo(u)Jr [Z7VT(‘I’°(U)]+ - Taoo<u) [Zal/Taoo(u)] )HN lI—JTgo(u)

P2 ()~ T () [ e ) sy HY T L

(5-52) 0o (, \+ 00 — : 00 (, \m\+ 00 [, \m\— N-1
< ‘Ta (u) -1, (u) ‘mln{(Ta (u) ) )(Ta (u) ) }H I—JT(LOO(U)

Consequently, since 1(s) = s™ is strictly monotone, it follows that
0=HN"1 (JTgo(u)) =nN-! (STgo(u)) for almost every a > 0,

which, in light of Lemma 2.42, leads to the conclusion that H~N~1(S¥) = 0. This completes the
proof. O

We now demonstrate that the inequality (5.42) established in Lemma 5.12 is, in fact, an equality.

Lemma 5.14. Assume m > 0, and let h be a nonnegative function such that h € CP([0,8]) for
every & > 0, satisfying condition (5.8). Let 0 < f € LN(Q). Suppose either 0 < q¢ < m, or ¢ =m
and || fllpv oy < ((m+ 1)h(00)S1)~ ", Let u be the function provided by Corollary 5.7 and let z be
the vector field defined in Lemma 5.10. Then, (5.10) holds.

Proof. The proof is a straightforward adaptation of [72, Lemma 5.10]; however, for the reader’s

convenience, we provide the full argument here.
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One has
1 00 m+1 (5.42) e
Loy S e pre(w)
(2.44) -
= (ZX{u>a}7DTa (u))
(2.38) 00 m 00
= Ta (u) (wX{u>a}aDTa (U)) (554)
(2.31)
< T7°(w)" DT (u)]
(2.13)

1
= m|DTf(U)m+1’a

where, in the final identity, we employed the regularity of w, which lies in DT BV (2). Accordingly,
we conclude that (5.10) is satisfied. This concludes the proof. O

Remark 5.15. Observe that, as a consequence of (5.54), one also derives
(Wx{usa}, DT3°(u)) = | DT (u)|  in D'(2), for almost every a > 0,
which may serve as an equivalent formulation of (5.10) in Definition 5.1.

5.3.4 The boundary condition

In this Section, we demonstrate that u fulfills the boundary condition in the weak sense described by
(5.11). The central technical tool is the following Lemma, which provides a step-by-step adaptation
of the argument used to establish formula (4.15) in [72, Lemma 4.5]. We include the details here

for completeness.

Lemma 5.16. Assume m > 0, and let h be a nonnegative function such that h € C([0,d]) for
every & > 0, satisfying condition (5.8). Let 0 < f € LN(Q). Suppose either 0 < q < m, or ¢ =m
and || fllpv oy < ((m+ 1)h(00)S1)~ . Let u be the function provided by Corollary 5.7 and let z be
the vector field defined in Lemma 5.10. Let 3 > 0, then

T (u) B+ gm(B+1)
B+1  B+1

g (amﬁ TEw

5 5 > [z,v] HN-a.ein 09, (5.55)

for almost every a > 0. In particular [z,v] < 0.

Proof. Let u. denote the solutions to (5.12), and consider the function <%§')mﬁ — %) @, with
0 < ¢ € C(), as a test function in (5.14). This leads to the following identity:

00 mp mp3
/ uznwa . v <TCL (US) _ a > SO
Q

g g
my, T32(ue)™ amﬁ) _ (Té"’(ua)mﬂ _ amﬁ)
—i—/ﬂu6 We V(p( 3 3 —i—ozg—/ﬂha(ua)f 5 5 ©, (5.56)
where (1) 5
o . T((l)o Ue " o a™ 00 mpB—1 o0 2
Qe .—s/QVua ch( 3 3 > —i—ms/QTa (ue) VT (ue)|“p.

Francesco Balducci 127



5.3. Existence result for nonnegative h bounded near 0

We aim to pass to the limit as e — 0" in (5.56). To begin with, let us recall that u™w, — u™w = z
s-weakly in L°(Q)Y and (%f)mﬁ - %) — (W - “7;6) strongly in L!(£2). Hence, it has

: m, T2 (u)™? am5> <T°°( w™ amﬂ>
R J e e Ve < 8 5 /QZ Vel 5 g ) B
and i [ (s (T;;O(ua)mﬂ B amﬂ) B / h(w) f (T;O(u)mﬂ B amﬁ) (5.58)
5—)0+ Q S S ﬁ 5 L)0 - Q /8 /8 ()07 .

this second limit is justified by Lebesgue Dominated Convergence Theorem 2.13, since h € C§([0, ||u|| Lo ()])
and u. — u almost everywhere in (2, as stated in (5.26).

We emphasize that, following analogous reasoning as in (5.40), the first integral involving o, van-

ishes in the limit as ¢ — 0T, due to the uniform boundedness of u., as established in Lemma 5.8.
Furthermore, the second integral is nonnegative.

Hence, by combining (5.57) and (5.58), and by passing to the limit as e — 0% in (5.56), we obtain

oo mp mp
limsup/ ul'we - V ( w ()™ _a ) 7
e—=0t JQ B B

T ) (L ey
—I—/Qz w( : . S/Qh(u)f : e (5.59)
In light of Remark 5.11, we deduce
Tt amﬂ) a1 ( [<T:°<u>mﬁ ) amﬂ) D
Jores (5= )¢ [ (2o [ (F - ) e
(TR amﬂ) Not (239 (TOO( W W)
/89 < 5 5 oz, v] dH = /Qz Ve 5 5 (5.60)
DT°°<>’"6> _ <T5°<u>mﬁ B amﬁ) No1
+/Q (z, 5 % /89 5 5 olz,v] dHY T

By inserting (5.60) into (5.59), we obtain

o0 mp mp
limsup/ ul'we - V ( o ()™ _a ) ®
e—0t JQ p B

(P (5

It now remains to evaluate the limit on the left hand side of the preceding inequality. Given that

' TOO(UE)m’B_ mﬂ) ‘vua|2 00 mfB—1
[ ew (F pmm [ (T (e T3 (e

(5.61)

(5.13) B T2 (ug)™P+D  gmB+1)
> We o € € T € mbly, = 5 = . -
et [ Dl (T () T2 w+/ﬂv( -S|
(5.62)
where

we = —em / W (T2 () T2 ()™ .
Q

We observe that w. converges to zero as ¢ — 07, due to (5.27) and the uniform bound stated in
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Lemma 5.8. By applying the weak lower semi-continuity property (cf. (2.9)) in (5.62), combined
with (5.61), we deduce that

00 ()M (B+1) m(B+1) 00 ()M (B+1) m(B+1)
/ D Ta (U) _ a © +/ Ta (u) _ a ()OdHNil
Q B+1 B+1 o9 B+1 B+1 (5.63)
T (u)m5> / (amﬂ T (u)mﬂ ) Nt .
< 2, D2~~~ + e z,v] dH .
/Q ( B T oo \ 7B B elzv]
We now remark that
Too(u)mﬁ) (2.44) < Too(u)mﬁ>
s Do )2 (ayiem, DEA L
( E Mezeh 578
2.38 T2°(u)™8
O3 o (yym (wX{u>a}, D%))
(2:32) 100/ \m T2 (u)™8 T2 (u)™?
=1, (u) g (wX{u>a}7D(5)7$> ‘D(B)‘ (564)
(233) o0 vm o T2 (u)™?
= Ta (u) 0 (wX{u>a}7 DTa (u)a iL’) D(ﬁ)‘
= D( 51 i1 in D'(Q2),
where in the final line, we exploited the fact that 0 (wxysa, DT2°(u),z) =1 for D%W‘—almost

every x € Q (cf. Remark 5.15), noting also that ’DM

to |DTS°(u)|.

By inserting (5.64) into (5.63), and invoking the arbitrariness of ¢, we conclude the proof of (5.55).
O

is absolutely continuous with respect

Lemma 5.17. Assume m > 0, and let h be a nonnegative function such that h € C'E([O,é]) for
every 6 > 0, satisfying condition (5.8). Let 0 < f € LN(Q). Suppose either 0 < ¢ < m, or ¢ =m
and || fllLv gy < ((m+ 1)h(00)S1) ™ . Let u be the function provided by Corollary 5.7 and let z be
the vector field defined in Lemma 5.10. Then it holds (5.11).

Proof. As a consequence of Lemma 5.16, taking into account that [z,] < 0, we deduce that, for

almost every a > 0 and for every g > 0, the following holds:

[2, V]
T5e (u)™

(72 (uwyma™® = T3 (™)

T3 (u)za [z, V]
< m(B+1) _ oo ym(B+1)) =P gy N-1 o :
< <a T.°(u) > oo (u)m H a.e. on )
Hence, we get
p < 2, V] HNL-ae. on 90N {u > 0}.

B+1~ Tx(u)m
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Passing to the limits as @ — 0" and 8 — oo in the preceding inequality, we deduce that
(W)™ < —[z,v] HNl-ae. on AN {u > 0}. (5.65)

We now establish the reverse inequality. It is known that Xxj,sq) € BV(Q) and wx(usq} €
DM™>(Q) for almost every a > 0. Consequently, by virtue of (2.36) and the identity 2x{y>a} =
T30 (1) ™M wX {y>q) in €2, together with the bound ||w||fe @y~ < 1, we deduce that

12, VX fusay] < Too (w)™ HN L a.e. on 9N and for almost all a > 0. (5.66)

Taking limit as a tends to 0T in (5.66) and recalling that x(,sq3 = 1in {u > 03NN for a sufficiently

small, we have
[z, v]] < (@™ HN-ae on {u > 0} NoQ.

As a consequence of (5.65), we can affirm that (5.11) holds and this is the desired result. O

Finally, we establish Theorem 5.3 in the case of a nonnegative function h € CP([0,4]) which
satisfying (5.8).

Proof of Theorem 5.3. As previously mentioned, the proof of Theorem 5.3 follows from the fore-
going results. Corollary 5.7 together with Lemma 5.8 and Lemma 5.13 ensures the existence of a
nonnegative limit function u € DT BV (2)NL>(§2). Moreover, Lemma 5.10 guarantees the existence
of a limit vector field w € L>®(Q)V satisfying |w|| ooy < 1. Defining z := u™w € DM™>(Q),
it follows from Lemma 5.10 that z satisfies (5.9). The validity of (5.10) is established in Lemma
5.14, and Lemma 5.17 confirms that the boundary condition (5.11) is fulfilled. This completes the
proof. O

5.4 The general case

In this Section, we establish Theorem 5.3 in the general case, that is, when h satisfies the conditions
(5.7) and (5.8) with v > 0.

5.4.1 Uniform bounds for the approximate solution

Let us consider the following approximation scheme

Duy, :
—div (u? |Dzn|> = hp(un)f in Q,

Up =0 on 0f2,

(5.67)

with h,, := T),(h) for every n € N.

In the previous Section, we already proved Theorem 5.3 in the case where h is bounded near 0, then
for every n € N, there exists a nonnegative function u,, € DTBV () N L>®(Q) with v+ € BV (Q)
and a vector field w, € L>®(Q)N with [wn |l (@)v < 1 such that z, = ug'w, € DM>(L2), which
satisfy the properties (5.9), (5.10), and (5.11).
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m—+1

m+L where wy, is solution to problem (5.67), is uniformly

We begin by proving that the sequence u
bounded in BV (2) and in other opportune Lebesgue spaces. The idea of the proof is inspired by

[15].

Lemma 5.18. Assume m > 0, and let h be a nonnegative continuous function such that satisfies
conditions (5.7) and (5.8). Let 0 < f € L™ (). Suppose either 0 < q < m, or ¢ = m and
1 fllzv ) < ((m+ 1)h(00)S1) ™ . Let uy be the solution to the problem (5.67). Then there exists a
constant C > 0 independent of n € N, such that the following estimates hold

lug | By @) <C, (5.68)
lunll ey < (S1C)7H, (5.69)
L N-T ()
and
[unll o) < C. (5.70)

Proof. We begin by demonstrating the estimate given in (5.70). It is readily observable from Lemma
5.8 that the uniform norm estimate for the function u,, applicable to both the ¢ < m and ¢ = m
cases, is independent of the choice of n € N. This estimate is dependent solely upon the asymptotic
behavior of the function h at infinity. Consequently, we can assert the existence of a constant C > 0,

independent of n € N, which satisfies relation (5.70).

We aim to show (5.68), let us begin by fixing 0 < a < [lun[/z>(q) and by choosing v, :=

T7°(un) — [|[unllLe () as a test function in (5.67), which is an admissible choice as stated in Remark

5.11. We then obtain
—/ vndivzn:/hn(un)fvn <0,
Q Q

by employing (2.35), we are led to the following expression

/(zn,Dvn)—/ T2 () [z, v] AHY 1 < —/ et o 2 2 ] AHN
Q o0 o0

[ e ape
o0

< a7t oy 1Y (09)

(5.70)

.70
< RN 60).
Recalling that Dv,, = DTS°(u, ), using (5.10) and the property T5°(uy,)™ < —[zp, v] which is proven

in Lemma 5.17, we deduce

# </ TGOO(un>m+1 d/HNfl +/ |DTaOO<Un)m+1‘> < CerLHNfl (89)
m+ 1 99 Q

In Corollary 5.7, we proved that u™*! € BV (£2); hence, by applying (2.9) for a — 0T, we can assert

that
1

L < / wmH Nl / |Dunm+1|> < emHYN -1 (o),
m+1 \Jaq 0

which is (5.68).
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Finally, estimate (5.69) is a straightforward consequence of (5.68) and Sobolev embedding (2.7),
and this concludes the proof. O

In the next result, we provide the existence of a nonnegative function u which is our candidate

solution.

Corollary 5.19. Assume m > 0, and let h be a nonnegative continuous function such that satisfies
conditions (5.7) and (5.8). Let 0 < f € LN(Q). Suppose either 0 < g < m, or ¢ = m and
1 fllLv ) < ((m+ 1)h(c0)S1) L. Let uy, be the solution to the problem (5.67). Then there exists a
nonnegative function u € TBV () N L>(Q) such that u"*1 converges to u™*! strongly in L"(Q)

for every 1 <r < % and Du™ ! converges x-weakly in the sense of measures to Du™*!.

Moreover, if h(0) # 0 and f # 0, then u # 0.

Proof. The proof is analogous to that of Corollary 5.7, having established Lemma 5.18. O

5.4.2 On the existence of the vector field z

Here, we establish the existence of a vector field w € L>(Q)" and we clarify its role as the singular
quotient ‘B—Z‘. From this point forward, the function provided in Corollary 5.19 will be denoted by

u.

Lemma 5.20. Assume m > 0, and let h be a nonnegative continuous function such that satisfies
conditions (5.7) and (5.8). Let 0 < f € LN(Q). Suppose either 0 < ¢ < m, or ¢ = m and
1 £llLv ) < ((m+ h(00)S81) " . Let u be the function provided in Corollary (5.19).

Then there exists a vector field w € L>(Q)N with [wll poon < 1 such that z := u™w € DM>(Q)
which satisfies (5.9).

Proof. To begin with, we recall that for the problem (5.67), for every n € N, there exists a vector
field w, € L>=(2)" such that

[wn | poe () < 1.

Hence, by the *-weak compactness of L>(Q)", there exists a vector field w € L*°(Q)" such that
wp = w #weakly in L)Y and  |w| ey < 1. (5.71)

Our goal is to pass to the limit as n — oo in the following equality

/ up'wy, - Vi = / ho(un) fo  for every o € CH(Q), (5.72)
Q Q

in order to achieve (5.9).

For the integral on the right hand side, we fix an open set w € 2 and take a function 0 < ¢ €
CL(Q) such that ¢ = 1 on w. Thus, we have

o (un) f < th(“n)f‘»o = Qun wp - Vi < ||un||Loo(Q)||vSDHL1(Q) < C”VQDHLl(Q)a

where we recall that C > 0 is a constant independent of n € N. Therefore, we can assert that

Ry (uy)f is uniformly bounded in L'(w) with respect to n € N, for every w € Q, and, by virtue of
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Fatou Lemma 2.10, we deduce that h(u)f € LL ().
Hence, making use of the *-weak convergence (5.71) and the strong convergence u™ — u™ in L(Q)

established in Corollary 5.19, we can conclude that

/Q W -V > /Q h(u) fe. (5.73)

Now, we aim to show the reverse inequality. To this end, we select the function Ss(72°(uy) — a)e,
with 6 > 0, where S; is the function defined in (2.3) 0 < ¢ € C(Q2) and 0 < a < [Jun| =) as a
test function in (5.67). This yields

_ / (T2 (un) — a)ep div 2 — / o (1) £S5 (T (1) — @) (5.74)
Q Q

For the integral on the left hand side of (5.74), we observe that

- / S5(T2° (un)—a)pdiv 2, 2" / (20, DS5(T° (un)—a) Jp+ / uwy VipSs(T5° (un)—a). (5.75)
Q Q Q

In particular, we can assure that

(2ns DSS (T () — @)) “220(2, S5(T2 (un) — @), 2)| DS5(T2 () — a)

L0 (2, T2 () — a, 2) YT () — )| DT () — a1
2 G2 (wn) — @)0(20, T (1), ) [ DTS ()| (5.76)
C22) G (T2° (wn) — @) (20, DT (un))

(5.10) oy /1o 1
= T n) —

| DT ()™

By gathering (5.75) into (5.74) and using the conclusion drawn in (5.76), namely that the quantity

(2n, DSs(T2°(uyn) — a)) is nonnegative, we obtain

[ VST ) — a) < [ haun) 15525 (n) — a)p (5.77)
Q Q

Now, we take the limit as n — oo; for the integral on the left hand side, we employ the *weak
convergence of w, — w and the strong L'-convergence of Ss(T>°(uy,) — a) — Ss(T2>°(u) — a). For

the integral on the right hand side, we apply Lebesgue Theorem 2.13, since it satisfies

b () £S5 (T5° (un) — a) < sup, h(s)fe € L'(9),
s€la,

where C > 0 is the constant provided in (5.70). As a consequence, (5.77) becomes

/ o VS (T () — a) < / h(u) £S5(T2(u) — a)e,
[9]

Q

where we define z := u™w.
Furthermore, we take the limit as § — 0%. For the integral on the left hand side, we apply Lebesgue
Dominated Convergence Theorem 2.13 since S5(T3°(u) — a) = X{1o0(u)>a} Strongly in LY(Q). For
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the integral on the right hand side, we observe that
h(u)f S5(T5°(u) — a)p < h(u) fo € LH(<),

which yields
/ s Vo< [ hwfe
{T°(u)>a} Q

At this step, we pass to the limit as a — 0". For the integral on the left hand side, we apply the
Lebesgue Dominated Convergence Theorem 2.13, since S5(T°°(u) — a) converges strongly in L(Q)

to the characteristic function x{rec(u)>q}- For the integral on the right hand side, we note that
h(u)f S5(T5°(u) — a)p < h(u) fo € LH(<),

thus we obtain

/{ R /Q h(u) fi.

Recalling that z = v™w, and hence [ {u=0} u™w - Vi = 0, from the previous inequality we deduce
that

/ z-Vp < / h(u)fe. (5.78)
Q Q
Combining (5.73) and (5.78), we deduce (5.9), which concludes the proof. O

In the following Lemma, we establish a crucial measure-theoretic inequality, which plays a
fundamental role in concluding that u € DT BV ().

Lemma 5.21. Assume m > 0, and let h be a nonnegative continuous function such that satisfies
conditions (5.7) and (5.8). Let 0 < f € LN(Q). Suppose either 0 < g < m, or ¢ = m and
[ fllLv ) < ((m+ 1)h(00)S1)~ . Let u be the function provided in Corollary (5.19) and z be the
vector field defined in Lemma 5.20.

Then for a.e. a > 0, it holds the following inequality

DT < (e, DT W),

Proof. Recalling Remark 5.11, we are allowed to choose (T:°(u,) — a) ¢ as a test function in (5.67),
with a > 0 and 0 < ¢ € CL(); we get

/ (20 D (T2 (un) — ) 0 + / 2 Vi (T (un) — a)
Q Q
230 _ /Q (T2 () — a) v 2, = /Q o (1) f (T2 (1) — ) .

Then, we observe that
(2n, D (T5°(un) — a)) = (20, DI (un)) (5.79)

as a straightforward application of Lemma 2.53.
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Owing to Corollary 5.19, we have

1

(5.10)
L Iy

_ < .
1 /Q |IDT°(u)™ e < hnrgloréf lim inf ; (2n, DT°(un)) ¢

n—o0
(5.80)

On the other hand, by exploiting the x-weak convergence of w, — w, together with the strong

m

convergence in LY(Q) of T>(u,) —a — T°(u) — a and u — u™, we infer

lim [ w)wy, - Vo (T°(uy) —a) = / uw - Vo (T°(u) —a). (5.81)

Finally, noting that

h () f (T2 (un) — a) o < sup h(s) fCp € L'(Q),
s€[a,C]

where C > 0 is a constant independent of n € N, provided in Lemma 5.20, we can thus apply

Lebesgue Theorem 2.13 and conclude that

lim [ B () f (T2 () — ) 0 = / h(u)f (T(u) — a) . (5.82)

Putting together (5.79), (5.80), (5.81), and (5.82), we deduce

1 0o m ) i
m—i—l/Q‘DTa (u) +1|¢+/Qz-Vg0(Ta (u)—a)g/gh(u)f(Ta (u) — a) .

Recalling the Definition of the Anzellotti pairing given in (2.30) and applying once more Lemma

2.53, we can assert that

1

- DT> m—+1 </ DT
7 [P e < [ pTEw)

and this concludes the proof. O

We now establish an important regularity result for the function v € TBV () and for the
pairing (z, DT°(u)).

Lemma 5.22. Assume m > 0, and let h be a nonnegative continuous function such that satisfies
conditions (5.7) and (5.8). Let 0 < f € LN(Q). Suppose either 0 < ¢ < m, or ¢ = m and
[ fllLv ) < ((m+ 1h(c00)S1)~ . Let u be the function provided in Corollary (5.19) and z be the
vector field defined in Lemma 5.20. Then uw € DT BV ().

Moreover, it holds (5.10).

Proof. Tt’s a straightforward adaptation of Lemmas 5.13 and 5.14. OJ

5.4.3 Boundary value condition

In this last Lemma, we show how the data is assumed on the boundary 9f).

Remark 5.23. In virtue of Lemma 2.6/ with o = 0, we can assert that h(u)f € L*(Q). As
a consequence of Remark 2.65, the space of test functions can be extended to BV (2) N L*>°(Q).
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Therefore, by applying (2.35), we obtain

/Q(z,Dv) - /mv[z,u] = /Qh(u)fv, for allv e BV(Q) N L*(Q).

Lemma 5.24. Assume m > 0, and let h be a nonnegative continuous function such that satisfies
conditions (5.7) and (5.8). Let 0 < f € LN(Q). Suppose either 0 < g < m, or ¢ = m and
1 fllLv ) < ((m+ 1h(c00)S1)~ . Let u be the function provided in Corollary (5.19) and z be the
vector field defined in Lemma 5.20. Then (5.11) holds.

Proof. We begin by proving that the following inequality holds
[z,v] < — (uﬂ)m HN L a.e. on 9Q N {u > 0}. (5.83)
)m,B

We take (%

T (un)™ o™ o (TEE)™ o
/Q<D< B 5 ))“fgz" W( 3 /3)
_ Tgo(un)mﬁ . amﬁ) N—-1 _ (Tgo(un)mﬁ _ amﬁ)
/89 ( 5 g ) el vl diT = /Qh"(“”)f 3 5 )%

For the third integral on the left hand side, by Lemma 5.16 (see also [20, Lemma 5.8| for further

details), we know that T.°(u,)™ < —[z, v]. Hence, we obtain

00 m(B+1) 00 m,mp 00 mp mp3
/m (Ta (anul vn (“”ﬁ) a ><pd7-lN1 g/m:r;"’(un)m <T“ (Z”) - “5 )cdeNl

_ T (un)™ amﬁ) N-1

- %) ¢ with 0 < ¢ € C1(Q) as test function in (5.9), using Remark 5.11, we

have

(5.84)

(5.85)
by substituting (5.85) into (5.84), it follows that
T°(up)™  a™8 >> / (TOO Up)™ amﬁ>
Zn, D | =2 — + | z,-V —
/Q < < E 5))7 )
T (u)™ 4 Ny T (un)™ T (up)™a™ Ny
+/ 4 wdH :/hnunf a 0+ / e pdHY T
oo B+1 Q (tn) g 09
(5.86)
With the aid of Lemma 2.53 and (5.10), we can conclude that
1 / ’ . m(ﬁ+1)‘ / < <T£°(un)m5 am5>>
— D (T;7(un = Zn, D — ,
i1 [ pazEem ey )e = [ W _22))e
due to (2.8), it holds
b </ T2 (u)™ P+ gy N1 +/ ‘DT;O m(B+1) ‘gp)
B+1 \Jaa Q0
(5.87)

1
<limint T (u,,)™B+D) dHN—1+/ ‘DToo ,8+1‘ >
_gggBJrl(/ma(U) i | [PTa" (un ¢

For the second integral on the left hand side of (5.86), we recall that w,, — w *-weakly in L>(Q)",
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u™ — u™ strongly in L'(€), and (Lo(“”)mﬁ _ ﬂ) N (Lo(g)mﬁ _

result, we deduce

. . T;o(un)mﬂ - amﬁ) B . <T§o(u)mﬂ B amﬂ)
nlgréo an ch( 3 3 —/Qz Ve 5 5 ) (5.88)

As for the first integral on the right hand side of (5.86), we observe that

a;f) strongly in L!(Q). As a

1
< < sup h(s) fC™p € L'(9),

Taoo(un)mﬁ amﬁ
ﬁ [a,C]
s€la,

h”(“”)f< BB

where C > 0 is the constant provided in (5.70), which is independent of n € N; applying Lebesgue
Theorem 2.13, we get

For the second integral on the right hand side of (5.86), we employ (5.70) and observe that

o0 mmp (5.70) mf
/ T (un)™a™ | gyv—1 2 / L _empdpNt. (5.90)
o0 p oo B

Finally, by combining (5.87), (5.88), (5.89), and (5.90) into (5.86), we obtain

1 00 m(B+1) N-1 / oo m(B+1)
5+1</ T°(u) pdH + Q‘DTa ‘gp

Too mp mp3 T mf
—|—/ng0< () _a‘ >§/h(u)f(a u) _ >(p+/ 7cm dHNl
0 g B Q 8
(5.91)
Recalling that the space of test functions can be extended to BV (Q2) N L*°(Q) as stated in Remark

5.23, we deduce

[ (B8 [ v (T )
:/Q <z D (TW(g)mﬁ - a;ﬁ)) Y /8Q (Tg’o(g)mﬁ - a;5> o] i 592
B+ / DT 0] /m (Tgo(ﬁu)mﬂ - a;w) plz,v] dHN T,

where, in the last equality, we apply Lemma 2.53 and (5.10). Substituting (5.92) into (5.91) yields

1 _ T°(uw)™  omP _ _
- T (u m(B+1) drHN 1« _/ < a . 2 v dHN 1 / 7Cm dHN 1’
/3+1/m“() 7 = J\ B g ) e oo B 7

which implies

00 mp mf mf
! T (u)™B+D) < — (Ta (W™ _a > [z,v] + %Cm HNLae x €00 (5.93)

B+1° B B

Taking the limit as a tends to 0% (we emphasize that u and its powers admit a trace on 9 thanks
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to Lemma 2.35) in (5.93), we obtain

B m(B+1)\Q mB\Q

—(u < —(u 2, V|,

S ) < e,

thus taking limit as 5 tends to infinity, we can show (5.83).

For the reverse inequality, we repeat the same arguments of Lemma 5.17 and this concludes the

proof. O
At this point, we can prove Theorem 5.3 in the most general case.

Proof of Theorem 5.3. The proof of Theorem 5.3 follows as a consequence of the previous results.
Thanks to Corollary 5.19, there exists a nonnegative function u € TBV (Q2)NL>(Q)), and by Lemma
5.20, there exists a vector field w € L>(Q)N with [wll poo(@)n < 1 such that z := u™w and (5.9)
holds. Moreover, by Lemma 5.22, we know that u € DT BV () and satisfies (5.10). Finally, Lemma
5.24 establishes (5.11), which concludes the proof. O

5.5 The problem under a sign-changing data f and h =1

In this Section, we consider the scenario where the data term f is a generic changing-sign function
in LY>°(Q) and h = 1. The proofs primarily constitute technical improvements of the concepts
introduced in preceding Sections. Consequently, our main focus here is to address the specific
analytical challenges presented by the lack of any sign assumption on f.

For m > 0 let us consider the following problem

Du
—div <|u|m> =f in Q,
| Dul (5.94)

u=2~0 on 0.

Let us determine how a solution should be intended in this case.

Definition 5.25. Let m > 0 and let f € LY>°(Q). A function w € DT BV (Q)NL>®(Q) is a solution
to (5.94), if there ewists a vector field w € L>®(Q)N such that |wl| ooy < 1, such that the vector
field z = |u|"w € DM™>(Q) satisfies

—divz=f inD'(Q), (5.95)

1
(2, DT°(u)) = ﬁ]DT(fo(u)mH\ as measures in ), for a.e. a >0, (5.96)

m

1
(2, DT=% (u)) = m|D|T:&(u)|m+1| as measures in 2, for a.e. a >0, (5.97)
[z,v] = —((wH)H™ HN1ae. on 00N {u> 0}, (5.98)

and

[z,v] = (w™)H™ HN-ae. on 0QN {u < 0}. (5.99)

Remark 5.26. We now highlight the key differences between the general case of a changing-sign

f € LN>°(Q) and the case where f is nonnegative. A primary observation is that since u may
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change sign, the related vector field is defined as z := |u|™w. Furthermore, equations (5.95), (5.96),
and (5.97) explicitly explain the role of this vector field z. Finally, identities (5.98) and (5.99)
clarify the manner in which the boundary data is assumed. It is worth noting that a nonnegative

function u satisfies the solution Definition 5.25 if and only if it satisfies the solution Definition 5.1.

The main result of this Section is the following.

Theorem 5.27. Let m > 0 and let f € LN>°(Q). Then there exists a solution u of problem (5.94)
in the sense of Definition 5.25. In particular, if f # 0, then u Z 0.

The proof of Theorem 5.27 is organized into several lemmas, emulating the pattern of the
previous Section. Since these arguments are largely technical adjustments of the proofs in Section
5.3, we outline the approach by focusing on the main divergences from the nonnegative data f €
N "°(Q) scenario. This process will again employ the approximation by solutions u. to problem

(5.15), as guaranteed by Lemma 5.5.

Lemma 5.28. Let m > 0 and let f € LP(Q) with p defined in (5.17). Let u. be the solution to
problem (5.15). Then, there exist €,Cz > 0, where Cz > 0 is a constant independent of € > 0, such
that for every 0 < € < g, they hold

luell minyy < Cs,
L N—1 (Q)

and
em

cmtl 4

m g Ntm
lluel™ My () < (m+1) (m+1 s L +Hf!Lﬁ<mC€>' (5.100)

In particular, the sequence |us|™*1 is uniformly bounded in BV () for any 0 < & < E.
Finally, if f € LN>°(Q), then the sequence u. is uniformly bounded in L>=(2),

luellLoo (@) < ko +Cs,  for all 0 < e <E, (5.101)

where )
2ko' = STl pwvee(y > 1.

_ 1
L _(81|’f’LNa°°(Q)>m
o=\ )

Proof. Estimates (5.100) and (5.101) follow as in the proof of Lemmas 5.6 and 5.8, recalling to
employ (2.19), instead of (2.7). O

where

At this point, we establish the almost everywhere limit u of the sequence u..

Corollary 5.29. Let m > 0, let f € LY>°(Q) and let u. be a sequence of solutions to problem
(5.15). There exists a function u € L*(Q2) such that

ue — u  strongly in L" (), for all 1 <r < 0o, almost everywhere in §Q.

Moreover, [u|™" € BV (Q).
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Proof. We first demonstrate the almost everywhere convergence of the sequence u.. Taking a > 0,

we select the function ¢ = T2°(u.) — a as a test function in equation (5.14), which yields the

]Vu5]2 /
ug|™ < T.°(ue) — a).
/Ma}| e < [ 1) o

The right hand side of the preceding inequality is bounded by a constant C > 0, a result directly

inequality:

arising from Holder inequality 2.6 and Lemma 5.28. To address the left hand side, we utilize the

estimate (5.13) and observe that the integration domain is reduced to the set {u. > a}. Therefore,

it holds ¢
[ vl <ol o
{ue>a} a

As a direct consequence, for any a > 0, the sequence of truncated gradients |V7Z°(u.)| has uniform
boundedness in L!(£2), with respect to . Moreover, Lemma 5.28 guarantees the uniform bound-
edness of T2>°(ue) in L*°() (and hence in L!'(Q)). This combination of properties establishes the
boundedness of T>°(u.) in the function space BV (). Invoking the compact embedding of BV (2)

into L'(£2), we infer the existence of a function v, € BV () such that, up to subsequence,
T(ue) = v in L'(Q)  and  T2°(u.) — v, a.e in Q for all a > 0. (5.102)

The analysis is now extended to cover the 'negative part’ of u.. This requires us to utilize the test

function ¢ = |T-% (us) + a|. Proceeding similarly, the following result is attained:

]VUEP / _
us|™ < ngo Ue ) + al.
/{ e = T ) e

and thus, as before

C
/ [Vue| < elQ + —-.
{ue<—a} a

We consequently establish that the sequence T—% (u.) is bounded in BV (€2). This boundedness,
combined with the compact embedding of BV (Q) < L(£2), guarantees the existence of a function
v_q € BV(Q) such that, up to subsequence,

T8 (ue) = v_g in LYNQ) and  T7%(uc) — v_q a.e in Q for all a > 0. (5.103)

We may use a diagonal argument to obtain a set Q c Q with |2\ S~2| = 0 and a sequence ¢; — 0
such that
T7°(ue, (7)) — va(z) for all z € Q and a > 0,

and

T3 (ue; (w)) = v_g(z) for all z € Q and a > 0.

Now we define the following sets

E={zecQ: there exists a > 0 such that v,(z) > a},
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and

F={zecQ: there exists a > 0 such that v_,(z) < —a}.

It is immediately evident that the intersection of the sets, £ N F, is empty. Furthermore, note that
if vg, (z) > ag for some ag > 0, the uniqueness of the limit necessitates that v,(x) = vg, () for all
0 < a < ag. On the other hand, we also observe that the sequence v, is non-decreasing with respect
to a. Consequently, the function

u(x) := lim v, (),
a—0

is well defined for all z € €.
We claim that u. — @ pointwise in . We assert that the sequence u. converges pointwise to w
within the set E:

ue — U pointwise in E.

This follows from the observation that for any = € E, we can find a9 > 0 and &, > 0 such that
T (us(x)) > ap whenever 0 < € < ;. Consequently, To°(us(x)) = ue(z) for all 0 < € < ;. The
claim is then established by combining (5.102) with the equality v4,(z) = @(z). We now employ a
similar argument for the set F. First, we note that if v_,,(z) < —ap holds for some ag > 0, the
uniqueness property of the limit assert that v_,(z) = v_q,(z) for all 0 < a < ag. Additionally, the
sequence v_, is non-decreasing with respect to a. Consequently, the function
u(z) = lim v_gq(z),
a—0

is well defined for all 2 € Q.

We assert the pointwise convergence of u. to u on the set F:
Ue — U pointwise in F.

The justification is as follows: for any z € F, we can select a9 > 0 and g, > 0 such that
T-(ue(x)) < —ap, for all 0 < € < ;. This implies T_%° (u-(x)) = us(z) over this range of
e. The convergence claim is then established by combining the result in (5.103) with the identity
V_go () = u(x). We finish by showing that

u: — 0 aein Q\ (EUF).

The proof proceeds by contradiction: we hypothesize that u does not converge to 0 a.e. in (NZ\(E UF).
This would mean that a set V C € \ (E'U F) of positive measure exists such that for all z € V,
the convergence to zero fails. Specifically, for each x € V, there exists g, and a sequence ¢; — 0
satisfying |uc, (z)| > €0, for all j. This condition requires = to be in £ U F', which is absurd. We

have thus demonstrated the a.e. convergence of u. in €2 to the function defined by

win F,
U= quin F,

0in Q\ EUF.
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This proves the result. O
Now we show the existence of the limit vector field w (and so z).

Lemma 5.30. Let m > 0, let f € LYN>°(Q) and let u be the function given by Corollary 5.29. There
exists a vector field w € L>®(Q)N with [wllpoo (v < 1, such that z := |u[™w € DM™(Q) satisfies
(5.95). Moreover if f # 0, then u # 0.

Proof. The proof is the same of Lemma 5.10. O

The subsequent lemmas clarify the significance of the vector field z and demonstrate that the

solution u possesses no jump part.

Lemma 5.31. Let m > 0 and let f € LN>°(Q). Let u be the function given by Corollary 5.29 and
z be the vector field defined in Lemma 5.30. We have

(2, DT°(u)) > 1 DT> (uw)™ | as measures in Q, for all a > 0, (5.104)
and .
(2, DT-% (u)) > 1 |D|T=2 ()| as measures in Q, for all a > 0. (5.105)
m

Proof. The proof of (5.104) is the same of (5.42). Let us show (5.105). We take ¢ € C}(Q) with
¢ > 0 and we choose T_% (u:)p as a test function in (5.14). We get

/ﬂ e P - VT2 () 0 + /Q e ™. - VT2 (ue) + ¢ /Q Vuie - V(T2 (1)) = /Q T2 (ue)p.

Arguing as in the proof of Lemma 5.12, we get

1
- DTfa m+1 . Tfa < Tfa .
— [ oo [ 2 veraw < [ e

Through the definition of pairing (2.30), using (5.95), we gain

1
——— [ |ID|T=% (w)|™ L p < / DT~ % .
g [Tt @t < [ eDr e
This proves the result. O

Our goal is to establish the equality in (5.104) and (5.105). To achieve this, we first need to

demonstrate that the function v has no jump part.

Lemma 5.32. Let m > 0 and let f € LN>°(Q). Let u be the function given by Corollary 5.29.
Then w € DT BV (2) N L>®(Q).

Proof. The proof that ut € DTBV(Q) follows exactly as in Lemma 5.13. We focus instead on
proving that v~ € DTBV(Q). Since Lemma 5.30 guarantees that the vector field z belongs to
DM™>(L2), we first assert that wx(y<_q) € DM™>(Q2) for almost every a > 0. This is a direct

consequence of Lemma 2.55, given the identity:

WX {u<—a} = ’u‘ _mZX{u<—a}
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and the fact that |[u|™™x{y<_q} is in BV(Q)NL>*(Q), because u € TBV (2)NL>(€2). Furthermore,
equation (5.95), established in Lemma 5.30, implies that the divergence div z belongs to LY:>°(€).
Additionally, by Theorem 2.31, we know that JT:& ) = J|T:§o(u)\M+1 and Vp—a () = Vip=a (u)jm O
the jump set Jp-a (@) for almost every a > 0, since m > 0. Employing Lemma 2.61 and the property

divz e LV ">°(Q2), we can replicate the calculations used in the proof of Lemma 5.13 to conclude:
N-1 N-1
0=H"" (Jpa ) = HY 7 (Spoa ) forace a>0.

This concludes the proof. O

We now verify that the inequalities (5.104) and (5.105) derived in Lemma 5.31 are, in fact,

equalities.

Corollary 5.33. Let m > 0 and let f € LN>°(Q). Let u be the function given by Corollary 5.29
and z be the vector field defined in Lemma 5.30. Then (5.96) and (5.97) hold.

Proof. This step is a direct application of [72, Lemma 5.10]; however, for the sake of completeness,

we will detail the approach here. The proof of (5.96) is the same of the proof of Lemma 5.14.
We focus on (5.97). It holds
1 a m (5105) —a (244) —a
TH’D|T—OO(U)‘ +1‘ < (Z7 DT—oo(u)) = (ZX{u<fa}7 DT—oo(U’))
(2.38),,_q m —a
= ‘T—oo(u)| (wX{u<fa}7 DT—oo(u))
231) Y
< T2 ()™ DTS (u)|
(213) 1
 om+1

(
| DITZ% ()™,

where in the last equality, we used that v € DT BV (). This shows (5.97) and it complete the
proof. O

Remark 5.34. As in our previous Section, we conclude that relations (5.96) and (5.97) are equiv-

alent to the following formulation:
(wx{u>a},DT(f°(u)) = |DT.;°(u)| as measures in 2, for a.e. a > 0,

and
(WX{u<—ay, DT-5%(u)) = |DIT=%(u)||  as measures in Q, for a.e. a >0,
i Definition 5.25.

We now proceed to analyze the behavior of the solution u on the boundary 9. Our starting

point is the extension of Lemma 5.16 to the present scenario.

Lemma 5.35. Let m > 0 and let f € LN>°(Q). Let u be the function given by Corollary 5.29 and
z be the vector field defined in Lemma 5.30. Then, for every g > 0

< <amq IS (“)mq> [2,0], (5.106)

q q

T (u)™atl)  gmiat1)

q+1 qg+1
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for a.e. a >0, and HN1-a.e. on 00N {u > 0}. In particular, [z,v] <0 HN"1-a.e. on 00N {u >

0}, and
_T—a m(q+1) m(g+1) _p-a mq mgq
(T ) amed| gy 5.10)
q+1 q+1 q q

for a.e. a >0, and HN1-a.e. on 00N {u < 0}. In particular, [z,v] >0 HN"1-a.e. on 00N {u <

0}.

Proof. The proof for (5.106) is the same of (5.55). To obtain (5.107), we select the test function

a%:q - w o, where 0 < ¢ € C1(Q), in the weak formulation (5.14). The desired result

then follows by applying the same reasoning detailed in the proof of Lemma 5.16. O

Lemma 5.36. Let m > 0 and let f € LN>°(Q). Let u be the function given by Corollary 5.29 and
z be the vector field defined in Lemma 5.30. Then, (5.98) and (5.99) hold.

Proof. The establishment of (5.98) is achieved through the same methodology as (5.11). Our current
objective is to prove (5.99). Utilizing the result from (5.107), we obtain, for almost every a > 0 and
forall ¢ >0

T e g < (ST )™ - 0 [z

_ ((_T—a (u))m(qH) _ (_T—a (u))mamq> 2, V]

—00 —0o0 W
—-TZ5 (uw)>a
< ((—T_—go(u))m(“” - am(q+1)> (_T[”(]u))m HY " Lae. on 9Q N {u < 0}.

As a consequence, we gain

q [z,y]
qg+1 = (—T_“ (u))m

—00

HV L ae. on 99N {u < 0}.

Taking limits as g tends to oo and a to 0 in the previous inequality , it follows that
(uw)H™ < [z,v] HVLae. on 90N {u < 0}. (5.108)
On the other hand, similarly to (5.66), we know that for almost every a > 0
112, VX {uc—a}| < (—T:oao(u))m HNLae. on 99N {u < 0}.
Letting @ — 0" and using the fact that X{u<—a} = 1 in 92N {u < 0} for a sufficiently small, we get
[z, V]| < (™))™ for all z € I N {u < 0}
Taking this together with (5.108), we conclude that

[z,v] = ((w™)®)™ in 0Q N {u < 0}.

This proves the result. O
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Finally, we prove Theorem 5.27.

Proof of Theorem 5.27. The proof of Theorem 5.27 is an immediate consequence of the preceding
results.

Specifically, the existence of a solution u € DT BV (2) N L*°(Q2), was established in Corollary
5.29 and Lemma 5.32. Furthermore, Lemma 5.30 demonstrates the existence of a vector field
w € LX(Q)N, satisfying |wl| oy < 1, such that 2z = [u[™w € DM™>(() satisfies equation
(5.95). The essential equalities, (5.96) and (5.97), were subsequently proven in Corollary 5.33.

Finally, Lemma 5.36 verifies that the boundary condition is satisfied by u in the sense of relations
(5.98) and (5.99). This completes the proof. O

5.6 Some explicit examples and remarks

In this Section, we develop several example solutions for problem (5.6). Regarding the first instance,

we require the following definition.

Definition 5.37. We say that a bounded conver set E of class CY1 is calibrable if there exists a
vector field &€ € L¥(RN)N such that €]l Loe@myy <1, (§, DxE) = [DxE| as measures and

—divé = A\gxg in D'(RY)

for some constant A\g. In this case, A\p = Pel;z(lE) and [§,v] = —1 HN=1q.e in OF, see [58].

This property of a bounded, convex set F is fully characterized by [1, Theorem 9]. Specifically,
FE is calibrable if and only if

Per(E)
El

(N = DIHE| ~@r) < Ap=

where Hg denotes the mean curvature of 0F.

1
Example 5.38. Assuming Q) is a calibrable set, we will establish that the function u = (%) "

is a solution of (5.6) as per Definition 5.1. Utilizing the vector field restriction w = £|q, where £ is
defined in Definition 5.37, yields:

1
Consequently, the function u = ( Pe‘il('m) ™ solves
—div(u"w) =1 in D'(Q) and  [u™w,v] = u™w,v] = —u™ HY"! —a.e on 9.

Moreover, using (2.35) with z = u™w, we get

oz = - [ 1w+ [ 1w ae

o0
= T ()| + T5° (u) (—u™) Per(2)

1
———|D(T>°(w)™ )| for all a > 0.

— T°(u) (9] — u"Per() = 0 = ——
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We have thus established that u is a solution to the torsion problem associated with the nonlinear

transparent media

D
—div <umDZ|> =1 nQ,

u=20 on 01,

in the sense of Definition 5.1.

We now present an example using smooth, non-constant radial solutions to demonstrate the lack

m _Du

|Du|> and the sign of u.

of mutual influence between the sign of the operator — div (u

Example 5.39. Let Br be the ball of radius R centered at the origin. For 6 > 0, we define
1
u(w) = = <R9 - W) .

We proceed to show that the function — div (um%> is not of a fixed sign in the interior of {1, even

under the conditions that u > 0 and Au < 0. Indeed, a direct computation immediately shows that:

N -1

|z

flx|f-1 Q)02
]Vu\—( ’Ix|’9 ), —Au = |R|9 (N+0-2) — Aju=

Consequently, using (5.3)

. m Vu _ m—1 9‘$|G_1 m(N_ 1)
i (i) = = (B )+

m—1
_u 6 T 6
= R9]:B|(R u(N —1) —mb|z|”)
m—1
_u O/nr 1\ _ 110/
i (R (N —1) — |2]°(N 1+m9)).

Thus, we have that the problem

—div <um]§Z\> =u™1f(z) in Bg,

u=20 on 0BR,
with

ON—1)— |2I(N —1+m
fay = B 1) }ge‘@(\N L+ mb).

admits a smooth radial solution. In particular, when m =0 = R =1, u solves

) Vu ) N -1
—div | u = — N :=f.
( [Vl ||

The function u is observed to be both positive and concave. Although — div (u%) belongs to the

space LN'>°(By), its sign is not constant, exhibiting negativity near the boundary of By.
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5.7 Statement of main result with data in L'(Q)

Our aim is to study the following Dirichlet problem for the relativistic transparent media operator
Du
—div|{u"—— ) = in
“(vip) =7 me
u =0 on 052,

(5.109)

where m > 0 and 0 < f € L'(Q). Let us introduce the notion of solution to problem (5.109).

Definition 5.40. Let m > 0 and 0 < f € L'Y(Q). A nonnegative u € DTBV () satisfying
u™ € L%’OO(Q), Ty(u)™t € BV(Q) for a.e. b> 0 is solution to problem (5.109) if there exists a
vector field w € L>®(Q)N with |wl| ooy < 1 such that z := u™w belongs to DM (Q) and it has
a weak trace [z,v] € LY(0N), and the following conditions hold

—divz = f as distributions in (Q, (5.110)
1
(z, DTf(u)) =1 ’DTé’(u)mH‘ for a.e. 0 < a <b< oo, as measures in €2, (5.111)
m

and
[z,0] = —(uH)™ HYL on dQ N {u > 0}. (5.112)
Remark 5.41. Let us take a moment to offer some explanation regarding Definition 5.40. Equation
(5.110) indicates how the vector field w acts as a weak interpretation of the quotient ‘B—Z‘, while z

reflects the expression umulg—zl, This relationship is further explained by the subsequent identity

(5.111).

Moreover, we emphasize the significance of specifying that the vector field z € DM (Q) possesses
a weak trace [z,v] € LY(09Q). Indeed, in the case that the vector field is unbounded, one can only
guarantee that its trace exists as a well-defined distribution (for further details, see [44]). It is also
possible to define a notion of trace for functions uw € DT BV (Q2), as shown in Lemma 2.35.

Thanks to these considerations, the boundary condition (5.112) is well-posed for HN"1-a.e. x € ON.
As a consequence, the trace (u?)™ € L' (09).

Now we state the main result of this paper.

Theorem 5.42. Let m > 0 and 0 < f € LY(Q). Then, there erists a nonnegative function
u € DT BV (Q2) which is a solution to the problem (5.109) in the sense of Definition 5.40.

Remark 5.43. We highlight the key fact that, in the case m > 0, the solution obtained is finite
LN -a.e., as established in Remark 5.47. This stands in sharp contrast to what occurs in the case of

the 1-Laplacian operator (i.e., the case m = 0), where such a finite value is not generally guaranteed
(see, for instance, [100]).
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5.8 Proof of main result

5.8.1 Approximating problems and main estimates

We present the following approximation scheme to address our problem

—div | u’ =fn inQ,
( IDun|> (5.113)
0

on 0f2,

with f,, = T,,(f) (T(s) is the truncation function defined in (2.1)).

In Theorem 5.3, it is proven that, for every fixed n € N, there exists a nonnegative solution
u, € DTBV () N L>=(Q) such that «™*! € BV(Q), and an associated vector field w,, € L>(Q)N
with [[wy||pee(yv <1 and 2z, := up'w, € DM™(Q), which satisfy the following conditions

—divz, = f, as distributions in (2, (5.114)

1
(zn, DTé’(un)) =1 ’DTLI;(un)mJrl for a.e. 0 < a < b < oo, as measures in €2, (5.115)

and
(20, v] = —(uH)™  HNL-ae. on QN {u, > 0}. (5.116)

n

Remark 5.44. Having in mind Green’s formula (2.35) and Remark 5.23 with h = 1, it holds

/(zn,Dq/)) —/ Yz, V] dHN L = / futp for allyp € BV (Q) N L>®(Q), (5.117)
Q o0 Q
which is the weak formulation of problem (5.113).

Initially, we present some estimates on u, that ensure the existence of a limit function w, which

serves as our candidate to solution.

Lemma 5.45. Let m >0 and 0 < f € LY(Q). Let us consider u,, solution to the problem (5.113).
Then for a.e. b > 0, they hold

15 (un)™ By () < (m+ D) fllLr e b, (5.118)

and

< ((m+ DS o) ¥ (5.119)

n

[un

LNI\ll’OO(Q

Proof. We begin by proving (5.118). We choose T?(u,) with 0 < a < b < oo as a test function in
(5.117), we gain

/Q (on: DT () - /BQ T3 (utn) [z, V] AR = /Q FaT2 ). (5.120)

We recall the reader that Lemma 5.36 provided the relation T2 (u,)™ < —[zn,v]. So, by this fact
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and (5.115), (5.120) becomes

1
/ ‘DT” un)m+1‘+ / To(u,)™ L anN -1 < / FuTP (),
Q

which implies that
T2 (un) ™ vy < (m+ 1)1 fllpi(o) b

We observe that the right hand side is independent of @ > 0. Thanks to the fact that u™ ™! € BV (Q),
taking the limit as a tends to 07, we derive (5.118).

We now turn to demonstrate the estimates (5.119). Applying Sobolev’s embedding (2.7) to (5.118),
it yields

N

L
[{un > b}pMHI= /yTb W)™ < (S (m A+ D)l 8) T

Setting hm = b and noting that {ug? > h} ={un > h%}, we obtain

N
1l Lre)) ¥

(Si(m+1)
LT

{un' > h}| <
which implies (5.119) and this concludes the proof. O

In the next result we prove the existence of a nonnegative function w which is our candidate to

solution.

Corollary 5.46. Let m > 0 and 0 < f € LY(Q). Let us consider u, solution to the problem
(5.113). Then there exists a nonnegative measurable function u such that u)' — u™ strongly in
LI(Q) for every 1 < q < 25 and TP (up) — TE(u) strongly in LY(Q) for every 1 < ¢ < oo and
DT?(uy,) — DT?(u) *-weakly as measures, for a.e. 0 < a < b < oo.

Proof. Initially, we show the existence of a nonnegative measurable function u. By (5.118) and the
compact properties of BV (Q), i.e. Theorem 2.25, for a.e. b > 0 there exists g£n+1 € BV (Q) such
that

N
Tp(un)™™ — g™t strongly in L9(Q2) for every 1 < ¢ < N1 and a.e. (5.121)

Now we define a function u : 2 — R such that

g(z) if x € {gp(x) < b}, for some b > 0,

T it g Uolae) < by

We underline that the function u is well-defined, as for each = € Q, the value of u(x) is independent
of the choice of b. In fact, by choosing 0 < ¢ < d < oo, we have T, (u,(x)) = Ty(un(z)) for every
z € {u, < c}. Consequently,

gd($)m+l (5-1:21) lim Td(un(x))mﬂ — lim TC('LLn<$))m+1 (5.1:21)

gc(x)m—i-l.
n—00 n—00

We stress that u is a Lebesgue measurable function, since it is the pointwise limit of measurable

functions.
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It follows from (5.121) and the definition of u that
Tb(up) — T2(u) strongly in L() for every 1 < ¢ < oo, (5.122)
for a.e. 0 < a < b < oo. Recalling Theorem 2.25, we can also assure that
DT?(u,) — DT’(u) +weakly as measures in Q, for a.e. 0 < a < b < oco.
Moreover, as a consequence of (5.121), we have

m

uprt —u™  ae x € Q. (5.123)

S3

It just remains to check that

m

m
U, —> U

strongly in LI($2) for every 1 < ¢ <

: 124
N1 (5.124)

First notice that, owing to (5.119), the sequence u" is bounded in L?(2) for every 1 < ¢ < %
Thus, Holder’s inequality (2.6) implies that u; is equi-integrable. Invoking Vitali Theorem 2.12,
we deduce that

u™ — u™  strongly in L*(Q). (5.125)

Finally, given 1 < ¢ < &5, choose r € (g, 527). Since u™ is bounded in L"(2) and (5.125) holds,

it follows from the interpolation inequality that
upt — u™  strongly in LY(Q),

as required. O

Remark 5.47. From (5.119) and (5.123), we can state that

us 1) < (S DI le) ™

EMN—T

which implies that v € L%’OO(Q), and consequently,
H{u = oo} = 0. (5.126)

5.8.2 [Existence of the vector fields and condition (5.110)

In the following results, we demonstrate the existence of a vector field w € L ()" which will play

Du

the role of the quotient Dul

Lemma 5.48. Let m > 0 and 0 < f € LY(Q). Let u, be a solution to the problem (5.113) having
the associated vector field w,. Then, there exists a vector field w € L®(Q)N with [wl ooy <1
such that z := u™w satisfies (5.110).

Moreover, z € DMY(Q) and div z is absolutely continuous with respect to L.
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Proof. To show the existence of the vector field w, let us consider the sequence of vector field wy,.
Since [|wp || feo@)v < 1, there exists a vector field w € L= ()N such that w, — w *weakly in
L>®(Q)N and so [wl| peo@v < 1. Set z 1= umw € L%’OO(Q)N. Thanks to (5.124), we can assert
that

zn — 2z weakly in LI(Q)Y, for every 1 < ¢ < (5.127)

N-1
Now, we prove (5.110), choosing 0 < ¢ € C(£) as a test function in (5.114), we get

/an-sz/ansO-

Letting n go to infinity, the left hand side passes to limit by (5.127), while the right hand side passes
due to Lebesgue’s Theorem 2.13, so we get (5.110) and this concludes the proof. OJ

5.8.3 A first inequality in condition (5.111)

To establish equation (5.111), we begin by proving an inequality that serves as its preliminary form.

Lemma 5.49. Let m > 0 and 0 < f € LY(Q). Let u, be a solution to the problem (5.113) with
associated vector field w,. Then, for a.e. 0 < a < b < oo, the distribution (z, DTé’(u)) 1s a Radon
measure which satisfies

1

1 ‘DTg(u)erl‘ < (z,DTé’(u)) as measures in €. (5.128)
m

Proof. Let us begin by choosing T?(u,)p € BV () N L>®(Q), with 0 < a < b < oo and 0 < ¢ €
CL(Q), as a test function in (5.117). Then we have

/Q (o DT ) ¢ +/Qz” VT (un) = /anTfi(un)so- (5.129)

Our goal is letting n go to infinity in (5.129). For the first integral on the left hand side using (2.8)
and (5.122), we gain

1

DTb m+1‘
— [ [prir e

< liminf
n—oo m + 1

/ ’DTg(un)m“’ ) 5.115) liminf/ (zn,DTé’(un)) ¢. (5.130)
Q Q

n—o0

For the second integral on the left hand side of (5.129), we use (5.127) and (5.122), we can assert

/ 2- VTP (u) = lim [ z,- VTP (uy,). (5.131)
Q

n—oo 0

Finally, for the right hand side we apply Lebesgue Theorem 2.13 and we prove

[ srbwe =t [ 1) (5.132)
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Putting together (5.130), (5.131) and (5.132), it yields
1
e L e [ 2 eria) < [ 1w
m+1 /g Q Q

recalling that T?(u) € X*(Q), we can affirm

1
- DTb m~+1 </( DTb )
= [z e < [ (=070w) ¢,

where (z, DT?(u)) is a well defined distribution as stated in (2.60).
We observe that (z, DT? (u)) is a nonnegative distribution and, therefore, a measure. Note that we

can assure that T0(u) € BV*(£2). Consequently, the proof is complete. O

5.8.4 Function u belongs to DT BV ()

This subsection is devoted to verify that HN=1(.J,) = 0. The proof of this fact is complicated since
z is no longer a bounded vector filed. Thus, we have to work with the approximate fields z,.

m+1)

We begin by proving that the pairing (z,,, DTy (uy,) defines a nonnegative measure for every

n € N and for a.e. b > 0.

Lemma 5.50. Let m > 0 and 0 < f € LY(Q). For each n € N, let us consider a solution w, to
problem (5.113) with vector field w,,. Then, for a.e. b > 0,

(20, DTy(un)™ ™) is a nonnegative measure. (5.133)

Proof. Let us take 0 < a < b < 0o and T2 (u,)" 1 € BV(Q)NL¥() as a test function in (5.117),
with 0 < ¢ € CL(Q2), we have

/(zn,DTj(un)m+1)<p+/zn-vcpTg(un)m+1:/fnTg(un)m“cp, (5.134)
Q Q Q

so to achieve our goal, we need to take limits as a tends to 0" in the previous equality.
We may write the first integral on left hand side of (5.134), as

(zn, DTg(un)m“) 232 <zn DT (uy)™ !, 1‘) ‘DTf(un)m“‘

2 m + )T ()™ 0 (20, DT ()™, 2) DT ()]

= (m+ DT2(wn)™ 0 (20, DT2 (), ) DT (un)|
(5.135)
2+ )T ()™ (20, DT (un))

5.115
OV )™ | DT ()|

(213) m+1 ’ b 2m+1’
= D1 :
2 1 a(un)

where in third line we used Lemma 2.53.
2m+1

We point out that the function s — s m+1 is Lipschitz and that «”*1 € BV (), we apply Theorem
2.31 to deduce that Tp(u,)>™ ! € BV(Q) N L>®(Q). Taking the limit as a tends to 0% and using
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(2.8), we obtain

m+1
2m+1

+1
DTy ()2 ¢ < liminf — / | DTS ()21
[ DT <tmipe L [ Db,

(5.135) liminf/ (zn,DTé’(un)m"‘l) ©.
Q

a—0

(5.136)

For the second integral on left hand side and the integral on right hand side of (5.134), we use
Lebesgue’s Theorem 2.13. Gathering these limits with (5.136), we arrive at

m—+1
2m+1

/ ‘DTb(Un)2m+1| 2 S _/ Zn * VQDTb(un)m—i_l +/ fnTb(un)m—‘rl@
Q Q Q

(220)/ (Zn,DTb(Un)m+1) o,
Q

which implies (5.133) and we conclude the proof. O

Now we present some properties of the measure (z, DTé’ (u)) and the generalized pairing (z, Dx (u> k})
with & > 0.

Lemma 5.51. Let m >0 and 0 < f € L*(Q). Let us consider u, a solution to the problem (5.113)
with vector field wy. Then for a.e. k > 0, we have

(2, DX {u>ky) € M(Q), (5.137)

this measure is nonnegative and satisfies

/(zuDX{u>k’}) < / B
Q {u>k}

Moreover,
fim [ o Dx(uo0)f = [ (5 Dxpusip)e (5.138)

n—oo Q

for every ¢ € CH(Q).
In addition, for a.e. 0 < a <b < oo and k >0, it holds

20 2, € DM™(Q), (5.139)

where 20 := ZX{a<u<b} NG 2k = ZX{u<k}-

Proof. We initially observe that, for a.e. 0 < a < b < oo and for a.e. k > 0,

X{a<u<b}s X{u<k}s X{u>k} € BV(Q))

as established in Remark 2.34.

The next step is to show (5.137). We recall that z € DMY(Q) and divz € L'(Q); therefore,
thanks to Proposition 2.71, it is readily seen that x(,>r) € X?#(Q). As a consequence, the pairing
(z, DX{u>k}) is a well-defined distribution for a.e. k > 0.

We now proceed to prove that X~z € BV*(Q), for a.e. k> 0. To demonstrate this property, we
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adopt a strategy inspired by the proof in [100, Theorem 4.1|. Let us fix b > 0, consider 0 < j < b™*!
and set vy, 1= Ty(un)™ L. Next take hj.(vn)e € BV (Q)NL®(Q) as a test function in (5.117), where
hjc is the function defined in (2.2) and 0 < ¢ € C1(Q), it gives

/Q(ZmDhj,e(”n)) ¥ = _/an : VSDhj,e(”n) +/anhj76(vn)90-

Firstly, we take the limit as n tends to infinity, for the first integral on the right hand side we use
(5.127) and (5.122), while for the second integral we use Lebesgue’s Theorem 2.13, so we get

lim (2n, Dhje(vn)) @ = /z Vhje(v /fhjs
n—oo [0 Q

As ¢ tends to 07, we get
hj’&«(’l)) — X{v<j} €. T S Q,

for almost all j € (0,6™*!). Putting k := L, it implies
hje(v) = Xqu<k)y ae. €L,

for almost all k£ € (0,b) and, due to the arbitrariness of b, for almost all £ > 0. Employing Lebesgue’s

Theorem 2.13, we assert

lim lim [ (z,,Dhj(v,)) ¢ = — /Q 2 VX {u<k}y + /Q X qu<kyps

e—0+ n—oo Q

and, having in mind (5.110) and (2.60), we gain

— lim lim (Zn,Dhj,e(Un))sO:/Q(Z;DX{u>k}) P. (5.140)

e—0t+ n—oo 0

We point out that the above argument also leads to

— lim (zn,Dhj,e(vn))np:/Q(zn,DX{un>k}) ®. (5.141)

e—=0t Jo

Now we choose T (v, — T}j(vy,)) as test function in (5.117), obtaining

/Q 2y DT (v — Tj(va)))
(235)/5 T: (vn = Tj(vn)) [2n, v] dH T + /fn (on = Tj(vn))

< / T (v — T (vn) (u™)® dHN_l—I—s/ f
o0 {on>35}

<e / f
{Un>j}

dropping a nonpositive term.

(5.142)
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On the other hand, recalling that u, € DT BV (Q), for every n € N, we notice that

— (20 Dhj e (02)) %220 (20, D (—hy - (v0)) , 7) | Dhj o (02)

= —h; .(vn) (2, Dvp, ) | Dvy| (5.143)
(2.32)
= h] e(vn) (Z’m Dvn) )

where in the second equality we used Lemma 2.53. Hence, we deduce that

' | G D))

(5.143)

[ et ><zn,Dvn>so'

(5. 33)
< Nollzm / |1, (0n)] (20 Dn)

2.13) [l Loo Q)
o [Pl /Q (20, DT (vq — Tj(vn))

||<PHL<>°(Q)/ I
{'Un>j}

Several consequences can be inferring from this inequality. First, applying (5.140), (5.144) we get

(5.144)

(5.142)

] [ e Dxgen) w' <lelimiay [ 5 < lelm@l Al (5.145)
Q {u>k}

which means that (z, Dx{yu>k}) is a distribution of rank zero, i.e. it is a Radon measure for a.e.
k > 0. Therefore, X{u>k}, X{u<k} € BV*(Q) and from Lemma 2.70, it holds

(, DX{ugk}) = —X{u<k} div z + div 2, g X{u<k}[ +divzg as measures in (2, (5.146)

hence z, € DM™(R). Since z, € DM™>(Q), it follows that divz; < HV~!. Consequently, we

deduce that the measure

(2 Dxgusiy) = — (2, Dxqusry) < HV (5.147)

Moreover, the measure (Z7DX{u>k}) is nonnegative for a.e. k > 0, as it arises as the limit of the

measures —h’; _(vn)(2n, Dvy), which are themselves nonnegative, as demonstrated in Lemma 5.50.

Going back to (5.145), we also have

/ (2, DX{usky) = sup {/ (2, DXqusky) ¢ - 0< 9 € Co(2),0< p < 1} / f, (5.148)
Q Q {u>k}

On account of (5.141), it also follows from (5.144) that

’/ (20, DX{up>k}) 90‘ < H<PHLOO(Q)/
Q {u>

Francesco Balducci 155



5.8. Proof of main result

for all ¢ € C1(£2). Hence, (zn, DX{un>k}) is a nonnegative measure and

/ (2. DX, o13) < / £ <l
Q {u>k}

holds for every n € N.

The next step is to demonstrate that 22 € DM>(Q) for almost every 0 < a < b < oo. Fix
0 < a < b < k. From the previous step, we know that z; € DM>(Q), furthermore, based on the
discussion in Remark 2.34, we also have X (,<u<py € BV (Q2) N L>(€2), hence applying Lemma 2.55

then directly yields (5.139), which concludes the proof.

It remains to check (5.138). This fact is straightforward from the definition of pairing and the
convergences f, — f strongly in L'(Q) and X{un>k} = X{u>k} strongly in any L?(Q) for almost all
k> 0. O

Remark 5.52. For the measures (zaDX{u>k}); we deduce from (5.148) that

lim [ (2, Dxgusk) =0, (5.149)

k—oo J

from where we easily obtain

lim (27 DX{u>k}) =0 for every p € Cl(ﬁ) .

k—oco Jo

To see (5.149), just take the limit as k tends to infinity in (5.148), this limit exists because f € L'(Q)
and w is a.e. finite, due to (5.126).

The following Lemma establishes a fundamental inequality which plays a key role in proving
that our solution u belongs to the space DT BV ().

Lemma 5.53. Let m >0 and 0 < f € L*(Q). Let us consider u, a solution to the problem (5.113)
with associated vector field w,. Then, for a.e. 0 < a < b < oo, for a.e. k > b it holds

1 *
p—— )DTCIZ(U)mH‘ < (Zk,DTL?(UJ)) + (b — Ty (u) ) (2, DX{usty) (5.150)
as measures in §2.
Proof. Recall that in subsection 5.8.1, we stated that for every n € N, the vector field z, =
up'wy, belongs to DM™(€2). Moreover, for a.e. k > 0, the function x(,,<xy € BV (2) N L¥().
Consequently, Lemma 2.55 allows us to deduce that z,x{u,<x} € DM>(Q). Then, using the
Definition of the pairing operator (see (2.30)), and choosing any 0 < ¢ € C}(£2), we obtain

/ (ZnX{ungk}vDTcg(un)> ®+ / Tg(un)zn V= _/ div (ZnX{ungk}) ©- (5'151)
Q {un<k} Q

Our goal is to pass to the limit as n — oo in the previous identity. We begin by observing that,
since zpX {u,<k} € DM>(Q) and Tb(u,) € DTBV(Q), we have

(an{ungk}v DTé’(un)> = <2nX{un§k}X{a<un<b}7 DTf(un)> as measures in ).
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It follows from the inequalities k > b > a that znX{u,<k}X{a<un<b} = ZnX{a<un<b}, and thus the

previous identity yields

1 (2.8) 1
m+1/g‘ P e < minf = | DT ()™ |
(5.115) . . b
— 11nH—l>1(>%f/Q <znx{a<un<b},DTa (un)> © (5.152)

n—oo

=lim inf ZnX{u, ,DTCIL’ Uyn) ) ©.
Q( (i DT ()

As for the second integral on the left hand side of (5.151), we know by Corollary 5.46 that u]" — u™
strongly in L' (), therefore, for almost every k > 0, we have X{un<k} — X{u<k} strongly in L(Q),
for every 1 < ¢ < oco. Thus, taking into account (5.127), we obtain

/ TP(u)z -V = lim T (un) 2y - Vep. (5.153)
{u<k}

Concerning the right hand side of (5.151), we get

— lim | div (znX{u,<k}) Tb(uy)

n—oo 0
i T div 2, T2 (un)p — / (2, DX{un<hy) T (un)p
n—00 {ungk} Q -
(5.1:14) lim / fnTclL)(un)(p _/ (Z”’DX{un<k}) Tg(u")go’
n—00 {un<k} Q -
We recall that (zn, DX{ungk}) =— (zn, Dx{un>k}) is absolutely continuous with respect to ‘DX{unSk}l

(by (2.31)) which is concentrated on the set {u,, = k}, so that

— lim div (ZnX{ungk}) Té’(un)go

n—o0 o)

= lim /anX{un<k}T£(un)90+b/Q(ZnaDX{un>k:})90 (5.154)

n—oo

Z/QfX{ugk}Tf(u)soﬂLb/Q(Z,DX{u>k})90,

as a consequence of Lebesgue’s Theorem 2.13 and Lemma 5.51.

Furthermore, using (5.146), equation (5.154) implies

_ nll_)rgo A div (ZnX{ungk}) Tf(un)ap
:/QfX{ugkz}T(s(u)SD"‘/Qb(ZaDX{u>k})<P
Z/QfX{ugk}Tf(u)sﬁ—/QTf(u)* (Z7DX{u§k})90+/Q (b—Tf(U)*) (2, DXgusk}) ¥

(5.146) _ / div szfl’(u)*ap —|—/ (b — Tfl’(u)*> (Z,DX{u>k:}) P.
Q Q

(5.155)
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Combining (5.152), (5.153) and (5.155), the identity (5.151) becomes

m+1/‘ ‘Wr e a(W)z - Ve
< —/ divsz(i’(u)*gD—l-/ (b—Té’(u)*) (z,DX{u>k})SD
Q Q

recalling the Definition of pairing by Anzellotti (2.30), we derive (5.150) and this concludes the
proof. O

Our next result is the main one in this subsection since it shows that HY=1(.J,) = 0.

Lemma 5.54. Let us consider u the function provided in Corollary 5.46. Then, for a.e. 0 < a <
b < o0, it holds

HY 1 (Trp) = 0.
As a consequence, HN~1(J,) = 0.

Proof. The proof is an adaptation of [72, Lemma 5.9] and Lemma 5.13 to our setting.
Let us fix 0 < a < b < 0o, from Theorem 2.31 we have

Trow) = Irswm

owing to m > 0. Moreover, on this set the corresponding orientations coincide: v,y = Vrb(yym+1.
Recalling that Jrs ) is a countably HN L rectifiable set, there exist regular hypersurfaces &; (i € I,
I countable) such that

(JTb U 5,) =0.
i€l

In order to show HN_I(JTS(U)) =0, we fix i € I and see that T°(u)* = T’(u)~ on &. We stress
that we may assume that & € Q since if we prove T°(u)™ = T?(u)~ on each set & N {z € Q :
dist(z,00) > €}, then we are done. Thus, we may consider a regular open set w; € €2 such that
& C Ow;. For a.e. k> b, using fxqu<ky € L'(2), (5.146) and (2.42), we get

(2, Dxgusit) L& = (FXqu<ky + (2, Dxusiy) ) L&
= —divz L& (5.156)

= (_[zk> Vfi]+ + [Zk‘? V&]_) HN_ll—fia
from which we derive

[Zkﬂyii}_,HN_ll—Ei = [zk>V§¢]+HN_1I—§i + (zaDX{u>k:}) L&- (5.157)
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On the other hand, we perform the following calculations

1
1 [PTe e

(5.150)

< ((zk DTb(u)) + (b - T}j(u)*) (z,DX{u>k})) 3
( TV (u) dlvzk—l—dlv< ()zk)+(b—Tg(u)*) (Z,Dx{u>k})>l_§i
“2( (u)* 2, v )+ TH()" (2, v ™+ (T2 ()2, v | — (T2 (), v ] ) MY L g
+(b ) (2, DX (usiy) L&
( T (u)* [z, ve, ] * +Tf(U)*[2k7V&]_+Tf(U)+[2kaV&]+—Tf(U)_[%V&]_) HY g
(b=

+(b— *) (2, DX {usky) Li-

(5.158)
Hence, on the hyperplane &;, having in mind (5.156), the inequality (5.158) becomes

‘DTb m+1 ‘ I—gz

m—|—1
<(b—T(w)7) (2 Dxgusiy) L& + (T ) s ve, [ THY L g
=(b = T2(w)™) (5 DXqusiy) L& + (Te) ™ = T2w)™ ) [ok vl Xy BV LG
P2 TE(u)") (2 Dxpusiy) L& + (TZ; (4)7) (kX acucy Ve THY LG (5:159)
~( ) (2 DxXusiy) L&+ (o) = T8)7) (X qacuery ve FHY LG
CL b~ Th(u)™) (2, Dxpusiy) L&

- (sz<u>+ = T2w)) (T2)™) o gacucn vl THY T LG

Our next step is to check that [wx qcu<s} veg,]T < 1. Observe that, as a consequence of Lemmas
2.55, 5.48 and 5.51, we obtain wX(scu<py € DM (Q) and [[wx{ecu<p}llLe@n < 1. Thus, we
deduce from (5.159) that indeed [wx(q<u<p},Ve,]™ < 1 and so it results

m+1 (DTb m+1)|_g < (b T ()™ )(z,DX{u>k})l_§i+(Tf(u)+—Tf(u)‘) <Tf(u)m>+’}-lN_1l_§i.

The passage to the limit when k goes to infinity is justified by the convergence property (5.149).
Applying Theorem 2.31, we then obtain

| (zhyr) " - (Tf@)ﬂ”l)‘\ < (Tt 7)) (o) (5.160)

m—+ 1

HN-Lae. on&.

We now repeat the same reasoning as in the previous step, this time we write (5.157) as

[Zkvyﬁi]+%N_ll—gi = [Z/f»’/&]_HN_ll—gi - (ZaDX{u>k}) L&
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We now deduce that

%ﬂ (Tg(u)m+l)+ _ <T§(u)m+l)_‘ < (Té’(u)* _ Tf;(u)*) (Tg(u)m> UV g on &,

Combining this, with equation (5.160), this implies

o | (T = (a2 | < (22 - o) win { (zhm)

m+1

HN~Lae. on&.
We arrive at a contradiction with the Mean Value Theorem, since the function s — s, with m > 0,

is increasing. Hence we obtain
0=HN"! (JTC?(U)) =Nt (S’Tg(u)) fora.e. 0 <a <b < oo,
and, by Lemma 2.42, HV~1(S*) = 0. Hence, it follows from J, C J¥ C S} that
HN(J,) =0,
and this concludes the proof. O

5.8.5 Condition (5.111)

In subsection 5.8.3 we have seen one of the inequalities of condition (5.111). Once we get that u
has not jump part, this subsection is devoted to check the opposite inequality.
We first prove an important property of the pairing (z,DTé’(u)o‘) for « > 0, which will be

instrumental in establishing the forthcoming results.

Lemma 5.55. Let m > 0 and 0 < f € LY(Q). Consider that uy, is a solution to the problem (5.113)
and wy, its associated vector field. Then for a.e. 0 < a < b < oo and for every a > 0, it holds

(z,DTé’(u)O‘> = (zg,DTf(u)o‘) as measures in §. (5.161)

Proof. As illustrated in [72, Lemma 5.3] and Lemma 2.63, given 0 < a < b < oo and k& > 0, and
choosing T?(u) € DTBV(Q) N L>(Q) and z, € DM™(Q) (which holds a.e.), we have

<zk,DT£(u)a) = (ZkX{a<u<b}a DTCIL’(U)O‘> as measures in €. (5.162)

Now we want let & go to infinity in (5.162).
For the pairing on right hand side, we note that for & > b, it holds

b
ZkX{a<u<b} = ZX{a<u<b} = Zq-

Therefore,

lim A (Zk:X{a<u<b}a DTf(u)O‘> Y= /Q (zg, DTé’(u)a) @, for all p € CH(Q). (5.163)

k—00
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We turn to deal with the pairing on the left hand side of equation (5.162). For every 0 < ¢ € C}(Q),

we observe

| (enmi) ¢ 2~ [ T edive, - [ g VeTiw®
Q Q Q
2.61 .
261) _ /QTg(U)aSOX{ugk} div z
/Tf(u)a (Z»DX{ugk})SO/ 2 VT (u)® (5.164)
Q {u<k}
| mtre- [ everie
{u<k} {usk}

4 /Q T2 ) (2, Dxguory) @

(5.110)

We point out that
/QT(i)(u)a (Za DX{uSk:}) 907/QTCIL)(U)Q (Z¢ DX{u>k}) 14

are well defined integrals, because T2 (u)® € BV(Q) N L>=(2) and (5.147) holds. By Remark 5.47

and Lebesgue’s Theorem, we obtain

klim o (u)p / z- VTP (u) / FT2 (u) / 2 - VTP (u)®
—00
{u<k} {u<k} . (5.165)
(28 z, DT ®.
gASZHOY
It only remains to prove that
lim [ T2(u)* (2, Dx{usky) ¢ = 0. (5.166)

k—oo J

and this fact is a consequence of Remark 5.52. Going back to (5.164) and putting together (5.165)

and (5.166), it yields
lim (zk, DTf(u)O‘> Y= / (z, DTf(u)o‘> ©.
k—oo Jq Q

This fact and (5.163) gives (5.161), and so the proof is complete. O
Remark 5.56. From (5.161) for every open set A @ Q and every p € CL(A), it gives

2.31)

(= 072w )| = (D) )] S el [ DT

which implies that
(z, DTCIZ(U)) is absolutely continuous with respect to |DT?(u))|.

Now we are able to show that inequality (5.128) is actually an equality.

Lemma 5.57. Let us consider u the function provided in Corollary 5.46 and z € L%’OO(Q)N the
vector field provided in Lemma 5.48. Then, it holds (5.111).

Proof. 1t is a straightforward adaptation of [72, Lemma 5.10] and Lemma 5.14. We begin by
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considering inequality (5.128):

wX{a<u<b}7 DT ( ))

( )" (wX{a<u<b}7DT( )) o100

(=
(5160 (bDTb )
(

(2.31)
< To(u)™ | DTy (u)]
(2.13) 1

)DTb m+1
m+1

in particular, in the last equality, we used the fact that u € DT BV (), as shown in Lemma 5.54.
Thus we get (5.111) and this concludes the proof. O

Remark 5.58. We emphasize that from (5.167), one can derive an equivalent formulation of equa-
tion (5.111), which is

—— ’DT” m+1’ = (zZ,DTg(u)) as measures in €2, for a.e. 0 < a < b < .
m

Thanks to (5.167), we are able to provide the following equivalent formulation of (5.111)

(wx{a<u<b}, DT ) ‘DTb ’ as measure in ), for a.e. 0 < a < b < 0.

5.8.6 Condition on the boundary

Before dealing with the boundary condition, have to establish a regularity result, namely that the
trace of z on 99 is a function in L' (09).

Lemma 5.59. Let m > 0 and 0 < f € LY(Q). Let us consider u, a solution to problem (5.113),
the associated vector field w, and z the vector field provided in Lemma 5.48. Then,

[z,v] € L'(09).

Moreover, the following Gauss-Green formula holds

[ 0T — [ T an = = [ i (5.168)
Q 0N Q
for all a > 0 and a.e. 0 < a < b < o0o; and

[2, VX {u<ky = [z, V] for HN "L ge. 2 € 0Q, for a.e. k> 0. (5.169)

Proof. We start by proving that the vector field z obtained in Lemma 5.48 admits a trace in L'(99).
This trace will be obtained as the limit of the traces [z, ], where we recall that z, is the vector field
founded in Theorem 5.3. To establish the result, we shall make use of the Dunford-Pettis Theorem
2.14.
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As pointed out in Lemma 5.16, the normal trace [z,,v] is a nonpositive bounded function. We are
showing the uniform bound of the sequence [z, v] in || - [|1(aq). To this end, we apply Green’s
formula (2.35) to get

(20 VIl L1(00) = —/ [2n, V]dHN ! = / fo <Nl - (5.170)
onN Q
Now we show the equi-integrability condition. To get it, we take X {ym~pm) € BV (Q)NL>(Q) with

k >0 as a test function in (5.117), recalling that (2, Dx{,>k}) is a nonnegative measure as stated

in Remark 5.52, and so we obtain

0 < lim sup/ (um)® Nt
k=00 neN J {um >km}no

(5.116)
< I n, D - s gt [ 2, V] AHN T
=< [Jim sup </ (2n, DX {up>k}) /89X{un>k y[2n, V]dH >
(23
1 X —
kggoilég/ ToX{un>ky =0,

since 0 < f € L'(2) and it holds (5.126). Hence there exists 0 < g € L'(99) such that
[2n,v] = g weakly in L}(99). (5.171)

The next step is to prove that g is, in the weak sense, the trace of z on 0€2. Let us choose a
nonnegative ¢ € CH(Q) N C() as a test function in (5.117) and let us take limit as n tends to

/ in -V — / lem, V] ARV = / fop.
Q o0 Q

We apply property (5.127) for the first integral, the weak convergence (5.171) to the second integral

infinity. It yields

and Lebesgue Theorem’s 2.13 to the third integral. It gives
/ z- Vo — / egdHN 1 = / feo. (5.172)
Q onN Q

[Zvy] =9,

Thus, we may rewrite g as

so that [z,v] € L'(09Q). Note that [z,v] is nonpositive since it is the weak limit of nonpositive
functions. In addition, it follows from (5.170) that

iz Yl omy = — /Q 2] MY < e

To establish Gauss-Green formula (5.168), we prove that [z,v] is the limit as k — oo of [z, V],
the trace of the vector field z; which belongs to DM™>(Q) for a.e. k > 0 (see Lemma 5.51). We
are showing that [z, 7] is uniformly bounded in L!(9f2) with respect to k > 0. For a.e. k > 0,
we can affirm that xy,,<xy € BV(2) N L>(Q), by applying Lemma 2.55. So, we deduce that
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ZnX{un<k} € DM>(Q) and, as a consequence of Gauss-Green formula (2.35), it holds

/ 2n - Vo — / lenX{un<k}s V] ANt = —/ div (an{ungk}) @, forall0<¢eCiQ).
{un<k} BY) Q
(5.173)
Our objective is to let n go to infinity in the previous equality.
As for the first integral on the left hand side of (5.173), we exploit the convergence (5.127) and the
strong convergence X {u, <k} —* X{u<k} in any L"(2), for 1 <r < oo. Then we obtain

/ z-Vyp = lim Zn - V. (5.174)
{u<k} 7700 S {un <k}

Instead, for the second integral on the left hand side of (5.173), we recall that [2nX{(u, <k}, V] =
X{un<k}|?n, V], as a consequence of property (2.36). Therefore, by applying Lemma 2.16, we deduce

n—oo

/ X{uzkyelz, v] dHY ™ = lim X {un <k} Plzn, V] AHN
e} 09 (5.175)
= lim len X fun<k}s V] dHN -t

Finally, we are analyzing the integral on the right hand side of (5.173). A Remark is in order.

Despite Lemma 5.51, we still do not know that

lim (zn, DX{un>k}) p= /Q (Z, DX{u>k}) ©,

n—oo 0

holds, since ¢ does not vanish on the boundary (see Remark 5.60 below). We compute fQ div (znx {ungk}) %)

in another way, we have,

—lim [ div (20X qu,<t)) @

n—oo 0

—/QfX{u<k}80+nlggo/Q(ZmDX{un>k})<P

/lezw /Q(z Xpoi) @+ I [ (o DXusi) ¢

(2.34),(5.114)

(5.176)

Recalling (5.173), gathering (5.174), (5.175) and (5.176), it yields

/ z- V@—/ X{u<kyPlz, v] dHN
{u<k} 0N

Q Q Q

n—oo
Appealing again to (2.35), it follows that
/ ©lzk, V] AN = / X{u<k}®[2; V] duN-! +/ (Z,DX{u>k}) @ — lim (vaDX{un>k}) ®.
o0 o9 Q Q

n—oo
(5.177)

Recalling that (z,DX{u>k}) , (ZnaDX{un>k}) are nonnegative measures while [z, v| and [z,v] are
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nonpositive functions, we may disregard a nonpositive term on the right hand side to arrive at

n—oo

—/ ol v]dHN ! < —/ X{u<kyelz, VARt + lim [ (20, DX{u,>k}) ©-
o9 o0 Q

As an application of (5.170), (5.144), we obtain

- /6990[%’/] AHN T <20l l@llze@n)  for every 0 < ¢ € CH(Q).
We derive that
IT25> Yl L1 oy < 201 f L (@)
Moreover, we observe that for almost every h > k > 0, the following property holds:

(2.36

)
|[Zk7y]| = HZkX{uSh}JVH = ‘X{ugk}[zhay]‘ < thvl/”a

because zp = u™wxyu<xy- This implies that |[zy,7]| is a nondecreasing sequence. Due to Beppo
Levi’s Theorem 2.11, there exists a function {z,v} € L'(99Q) such that

[z, v] = {z,v} strongly in L}(99). (5.178)

Now, we show that {z, v} = [z, ] HV "l-a.e. on 9. Let ¢ € CH(Q)NC(Y). By the Gauss-Green

formula (2.35), we have

/zk -V —/ olze, V] dHN L = —/ div 2z, (5.179)
Q a0

Q

we want to take limit as kK — oo in the previous equality.

In the first integral on the left hand side of (5.179), we use Lebesgue’s Theorem 2.13 because u is
finite a.e. in Q as stated in Remark 5.47. For the second integral on the left hand side of (5.179)
we use (5.178). On the right hand side, we note that

) 2.59 .
—/ div z ( = ) —/ div z¢p — / (ZvDX{ugk}) ¥
Q {u<k} Q

5.110
= )/ f90+/ (2, DX{usk}) -
{u<k} Q

In particular, thanks to Lebesgue Theorem 2.13, we infer

k—oo J k—o0

Z/Qfso,

— lim div zx = lim f<,0+/ (Z,DX{u>k}) 12
{u<k} Q

because (5.126) and (5.149) hold.
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Therefore, gathering together all the previous arguments, we obtain

2 Vo— | olz,vy dHN 1= | fo,
Q o0 Q

As a consequence of (5.172), it implies that

/ o{z,v}dHN L = / @lz, V] dHN L for every p € C(09),
o0 o0
which means that {z,v} = [z,v] HV!-a.e. on 9. In particular, it holds

[z, v] = [z,v] strongly in L' (99). (5.180)

At this stage, we are in a position to prove the validity of the Gauss—Green formula (5.168). Let

us fix 0 < a < b< oo and a > 0, and let us take £ > b. As a consequence of Lemma 5.55, we have

/g}(z,DTé’(u)“) :/ﬂ<zk,DTé’(u)°‘>

= lim (zk, DTf(u)o‘)

k—o0 JO
235 im To(u)? [z, v] AHN 7L — / div z, T (u)®
k—oo Jo0 Q
:/ TP (u)®[z, v] dHN L — / div z TP (u)?,
o0 Q

where in the last equality we use (5.180) and the identity

div z, = X{u<k} divz + (Z, DX{ugk})

jointly with (5.149). This implies (5.168).
Finally, we prove (5.169). Let us take ¢ € C(9Q), h > k > 0 and recalling that 2 = zxX{u<n}

we get
/ olen ) dAHY T = Tm [ olarxqueny v] AN
o0

h—oo Jo0
2.36) .. _
"2 i [ oxpucn on, ] a1

h—o0 /g

5.180 _
( = )/ @X{ugk}[% V] dHN 1
l9)

Since for every ¢ € C(09), it follows that

/ ol ] AHN 1 = / X query Lz, 7] ARV,
o0 o0

we deduce (5.169). This completes the proof. O
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Remark 5.60. We explicitly stress that identities (5.169) along with (5.177) leads to

lim [ (zn, DX{u,>k}) @ = /Q (2, DXqusky) @, for all ¢ € C'(9Q).

n—oo Q

In particular, we get
lim ; (Zn7DX{un>k}) = /Q (z,DX{u>k}).

n—oo

The next result is an inequality that proves be useful in establishing the boundary condition.

Lemma 5.61. Let m > 0 and 0 < f € LY(Q). Consider u, is a solution to problem (5.113) with
associated vector field wy,. Then, for a.e. 0 < a < b < oo and for every q > 0, it holds
Té)(u>m(q+1) Tb(u)mq

) <-4 . [z,v] for HN 1-a.e. x € O9. (5.181)

Proof. Tt is an adaptation of Lemma 5.16, however, for the sake of completeness, we outline the key
details.

Let us fix ¢ > 0 and let us take Wg@ € BV (Q)NL>®(Q) with 0 < ¢ € C1(Q) as a test function
in (5.117), obtaining

1 1
/ - (zm DTf(un)mq> v+ / Tg(un)qun -V
Q4 q.Jq

/ Tg(un)mj@[z V] d%N—lz/f L(un)mqu
2/ q 7 Q q

(5.182)

We want to take the limit as n tends to infinity in this equation, but before we will perform some
calculations. For the first integral on the left hand side of (5.182), we note that

g o DTiny )6 2 [ 0 (0, DTy, ) | DTy
(2é3)/ 19 (zn,DTf(un),ﬂf) DT (u,)™|p
Q4
(@3)/ 0 (Zn, DTg(un)7x> Ty (u)™ " DT (un) |
Q

. (5.183)
) [t (20, DT )
Q

5.115) M _
( - )m+ 1 QTé’(un)mq 1 ‘DTf(un)mH‘ 14
(213) 1 ) b m( +1)‘

= — DT g .

Regarding the third integral on the left hand side of (5.182), we employ T2 (u,)™ < —[zn, V] for a.e.
0<a<b<ooand for H¥ l-ae. x € 9Q (by Lemma 5.17) and deduce that

1
= [ ST e, ) Y
o0 4
1
> / T2 (1 )™ TP ()™ o dHN 1 (5.184)
a0 4

1
> 7T£ wn) ™It o g N1,
> /qu () ™0+
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Putting together (5.183) and (5.184) in (5.182), it yields

e / ’DTb )™t )gp—i— / T ()™ 2, - Vi
1 TP (uy,)™

- Tb m(g+1) , gy N -1 </ Zal\Tn)

+q+1 2 (up) odH < an .

(5.185)

Next we take the limit as n tends to infinity. For the first and the third integral on the left hand
side of (5.185) we use (2.9) recalling that (5.125) holds. On the other hand, for the second integral
on the left hand side of (5.185) we use properties (5.127) and (5.122). Finally for the integral on
the right hand side we use Lebesgue’s Theorem 2.13. Hence we get

1
q+1/ pri ]+ L [ 1tz v
u)™

+q_+_71 Té)( ) (q+1)g0dHN 1</f a ®.

Using (5.168), we obtain
1
q 1 / ’DTb m(q-‘,—l)’ © p 1 Tb(u)m(Q+1)(pd? !N—l

<o [ (zozwr)e- o [ el
qa.Ja q .Jo0

Recalling Lemma 5.55 and repeating the same arguments of (5.183), we get

1
= | (= DTt /‘ m(a+1)] o,
q/g( o)™ (P q+1 v

Therefore (5.186) becomes

(5.186)

1 1
- TO ()™t p qyN-1 < _ =
g+ 1 Jaq o) v T g

[ bl an
o0N
which implies (5.181) and this concludes the proof. O

The boundary condition (5.112) now easily follows from Lemma 5.61.

Lemma 5.62. Let m > 0 and 0 < f € L' (Q). Let us consider u, a solution to problem (5.113)
with associated vector field wy,. Then, it holds (5.112).

Proof. Tt is an adaptation of Lemma 5.17, but for the sake of completeness we underline the main
steps. We fix 0 < a < b < oo such that (5.129) holds.
Dividing both sides of (5.181) by T?(u)™, we obtain

LTf(U)m < —[z,v] for HN lae z €09,
q+1

hence, letting ¢ go to infinity, it yields

TP (u)™ < —[z,v] for HV tae. z € 0Q.

Francesco Balducci 168



5.9. Regularity results

Since it holds for almost all 0 < a < b < oo, taking the limit as a tends to 0 and b tends to infinity,
we get
(uﬂ)m < —[z,v] for HN lae. 2 € 00N {u > 0}. (5.187)

This implies that (u)™ € L(99), because (uf*)™ is nonnegative.
Let us show the reverse inequality. To this end, fix again 0 < a < b < oo, recalling that
20, WX {acu<py € DM™(Q), it follows that

) (2.36)
szy]X{a<u<b}‘ (5239) ’[227V” S Tclt)(u)ma

Letting a go to 0T and b to infinity in 92 N {u > 0} for a good choice of a and b, we have
I[z,v]] < (uﬂ)m for HN -ae. x € 9Q N {u > 0}. (5.188)

Putting together (5.187) and (5.188), we obtain (5.112) and this concludes the proof. O
We are now in a position to prove our main result.

End of proof of Theorem 5.42. The proof follows as a direct consequence of the preceding results.
In Corollary 5.46, we establish the existence of a Lebesgue measurable, nonnegative function u
such that, for almost every 0 < a < b < oo, the truncated function 72(u) belongs to BV (f2). In
particular, as noted in Remark 5.47, we get that u(z) < oo for almost every z € €.

Moreover, Lemma 5.54 ensures that w € DT BV (2), providing further insight into its regularity.
In addition, Lemma 5.48 guarantees the existence of a vector field w € L>(Q)" with [wll oo v <
1, from which we define z := v™w € L'(Q)N. This construction yields the fundamental identity
(5.110), implying that z € DM (Q).

Furthermore, Lemma 5.57 establishes the validity of (5.111). Finally, Lemma 5.59 ensures that
[z,v] € L1(09), while Lemma 5.62 shows the boundary condition (5.112), thereby completing the
proof. O

5.9 Regularity results

We finish this work by studying the summability of the solution that occurs when the datum is
between the Lebesgue spaces L!(92) (our setting) and LV () (the framework of [20]). This regularity

result is consistent with the findings presented in [20].

Theorem 5.63. Let m > 0 and 0 < f € LP(Q), with 1 < p < N. Then the solution u to problem
(5.113) we have found in Theorem 5.42 satisfies

Np
u™ e LN=7(Q). (5.189)
Moreover, if p > ]\J[\EZE)’ then it holds
u™ e BV(Q). (5.190)
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Proof. Let wu, be an approximate solution with associated vector field w,. We choose T2°(uy),

with @ > 0, as a test function in problem (5.113), & > 0 to be determined. This yields

| DT = [ T a7 = [T

Applying Lemma 2.63 and Hoélder’s inequality (2.6), we obtain

(0}

00 at+m 00 a o} a
T ) " v < [ BT < Wl 1T ) (5190
where we recall that 0 < T2°(uy,)™ < —[2p, V], as shown in Lemma 5.17.
Next, Sobolev’s embedding (2.7) implies
a -1 00 a+m 00 a
R L I A L L R (5.192)
We now select o > 0 such that
p (p — 1)mN
= = . N
(a—i—m)N_l ap—l = « N (5.193)
Substituting this choice into (5.192), we deduce
W p(N - 1)
mNp Np p —
T2°(upn) V= < — . 194
([ m=@)®5) ™ < B d sl (5,100

As a consequence of Corollary 5.46, we can pass to the limit first as n — oo and then as a — 0T,

thus obtaining

p(N —1)

m 1
[u™] ~ < msﬂ\f“m(ﬂ),

LN5 (Q)
which establishes the validity of (5.189).

To finish the proof, we now verify property (5.190). Having in mind the usual embeddings satisfy

by Lebesgue spaces, we may assume p = ]\]I\%ﬁ) This choice of p implies « = 1 in (5.193). We
deduce from (5.191) that
+1 p(N - 1)
175° (un)™ " By () < ml\f\lm(mIITf(un)IIL%(Q)- (5.195)

Since -ty = %L_?, it follows from (5.194) that the right hand side of (5.195) is bounded. The lower

semicontinuity of the BV -norm allows us to take the limit as n goes to infinity, it results
HT(fO(U)mHHBV(Q) <cC

for all a > 0. Hence u™! € BV(Q) and we are done. O

Remark 5.64. We point out that, letting p go to 1T in (5.189), we obtain the Lebesque space
N N

LN-1(Q) instead of the Marcinkiewicz space LN-1"°(Q)) (see Remark 5.47). In this way, we “almost”

get the actual reqularity for u™. This is a usual feature when studying elliptic equations with L'

(or measure) data: the expected Lebesque space is not attained and instead the solution lies in
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the corresponding Marcinkiewicz space (see, for instance, [118] for the linear setting or [28] in a
nonlinear case). In the other extreme case, we have that when p tends to N, we arrive at u™ €
L>(Q), which is the summability proven in Lemma 5.8.

On the other hand, the parameter p = %Zﬁ) 18 exactly that found in Lemma 5.6 to have a

BV -estimate.
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