This is the Accepted Manuscript of “Elliptic equations involving the 1-
Laplacian and a total variation term with LY:*°-data” by Marta Latorre
and Sergio Segura de Ledn.

Atti Accad. Naz. Lincei Cl. Sci. Fis. Mat. Natur. 28 (2017), no. 4, pp.
817-859

DOI 10.4171/RLM/787



Elliptic equations involving the 1-Laplacian and a
total variation term with L*°—data

MARTA LATORRE AND SERGIO SEGURA DE LEON

M. LATORRE: DEPARTAMENT D’ANALISI MATEMATICA, UNIVERSITAT DE
VALENCIA, DR. MOLINER 50, 46100 BURJASSOT, SPAIN.

FE-mail address: marta.latorre@uv.es

S. SEGURA DE LEON: DEPARTAMENT D’ ANALISI MATEMATICA, UNIVERSITAT
DE VALENCIA, DR. MOLINER 50, 46100 BURJASSOT, SPAIN.

E-mail address: sergio.segura@uv.es (corresponding author)

Abstract

In this paper we study, in an open bounded set with Lipschitz
boundary, the Dirichlet problem for a nonlinear singular elliptic equa-
tion involving the 1-Laplacian and a total variation term, that is, the
inhomogeneous case of the equation appearing in the level set formu-
lation of the inverse mean curvature flow. Our aim is twofold. On the
one hand, we consider data belonging to the Marcinkiewicz space with
a critical exponent, which leads to unbounded solutions. So, we have
to begin introducing the suitable notion of unbounded solution to this
problem. Moreover, examples of explicit solutions are shown. On the
other hand, this equation allows us to deal with many related problems
having a different gradient term which depend on a function g (see (1)
below). It is known that the total variation term induces a regularizing
effect on existence, uniqueness and regularity. We focus on analyzing
whether those features remain true when general gradient terms are
taken. Roughly speaking, the bigger g, the better the properties of the
solution.

1 Introduction

In the present paper we deal with the Dirichlet problem for equations in-
volving the 1-Laplacian and a total variation term:
D
—div (ﬁ) +g(u)|Du| = f(z) in Q,
u=20 on 0f2,

(1)

where @ C RV is a bounded open set with Lipschitz boundary 9, g(s)
stands for a continuous nonnegative function defined for s > 0 and f is a
nonnegative function belonging to the Marcinkiewicz space LY:>°(Q).



A related class of elliptic problems involving the p-Laplacian operator
(defined in WHP(Q) by Ayu = div (|[Vu[P~?Vu), where p > 1) with a gra-
dient term has been widely studied. We recall the seminal paper [27] for a
gradient term of exponent p — 1 and the systematic study of equations hav-
ing a gradient term with natural growth initiated by Boccardo, Murat and
Puel (see [12, 13, 14]). The variational approach searches for solutions in the
Sobolev space Wol’p(Q) and considers data belonging to its dual W=7 (Q).

(In the setting of Lebesgue spaces, data are naturally taken in Lﬁ (Q)
as a consequence of the Sobolev embedding.)

We point out that the natural space to look for a solution to problem (1)
should be the Sobolev space T/VO1 1(Q) and the space of data, from a varia-
tional point of view, should be its dual W~1%°(Q). The Sobolev embedding
Theorem and duality arguments lead to consider as the right function space
of data the space LV (2) (among the Lebesgue spaces) and LY*°(Q) (among
the Lorentz spaces). Evidences that the norm of LY:>°(Q) is suitable enough
to deal with this kind of problems can be found in [16, 29]. As far as the en-
ergy space is concerned, we cannot search for solutions in I/VO1 ’I(Q), which is
not reflexive, and we have to extend our setting to the larger space BV (Q),
the space of all functions of bounded variation. Therefore, our framework
is the following: given a nonnegative f € L¥'°°(Q), find u € BV (Q) that
solves problem (1) in an appropriate sense which will be introduced below
(see Definition 4.1).

Two important cases of problem (1) have already been studied. When
Du

g(s) = 0 we obtain just the 1-Laplacian operator: —div <W) There
is a big amount of literature on this equation in recent years, starting in
[25]. Other papers dealing with this equation are [7, 10, 16, 19, 26, 29].
The interest in studying such a case came from an optimal design problem
in the theory of torsion and related geometrical problems (see [25]) and
from the variational approach to image restoration (see [7] and also [8] for
a review on the development of variational models in image processing).
The suitable concept of solution to handle the Dirichlet problem for this

kind of equations was introduced in [7]. In this paper, a meaning for the
Du

quotient W (involving Radon measures) is given through a vector field
u

z € L= (S RY) satisfying ||z]|co < 1 and (z, Du) = |Du| as measures. This

vector field also gives sense to the boundary condition in a weak sense. The

meaning of all expressions in which appear vector fields relies on the theory

of L>°—divergence-measure fields (see [9] and [17]).
D
On the other hand, when ¢g(s) = 1, we get —div (ﬁ) + | Dul, which
u
occurs in the level set formulation of the inverse mean curvature flow (see
[22], related developments can be found in [23, 31, 32]). The framework

of these papers, however, is different since 2 is unbounded. Furthermore,



the concept of solution is based on the minimization of certain functional
and does not coincide with which has been considered in the previous case.
This operator has also been studied in a bounded domain in [28], where it
is proved the existence and uniqueness of a bounded solution for a datum
regular enough.

It is worth noting that, contrary to what happens in the p—Laplacian
setting with p > 1, features of solutions to problem (1) with g(s) = 0 are
very different to those with g(s) = 1. Indeed, the presence of the gradient
term has a strong regularizing effect because in the first case the following
facts hold:

(i) Existence of BV —solutions is only guaranteed for data small enough,
for large data solutions become infinity in a set of positive measure.

(ii) There is no uniqueness at all: given a solution u, we also obtain that
h(u) is a solution, for every smooth increasing function h.

Whereas, in the second case, the properties are:
(i) There is always a solution, even in the case where the datum is large.
(ii) An uniqueness result holds.

Regarding regularity of solutions, even an equation related to the case g(s) =
0 like w — div (%) = f(z) (for which existence and uniqueness hold) has
solutions with jump part. On the contrary, solutions to problem (1) with

g(s) = 1 have no jump part. Moreover, solutions to u — div <|g—“u|> = f(z)
satisfy the boundary condition only in a weak sense (and in general, u|sq #
0), while if g(s) = 1, then the boundary condition holds in the trace sense,
that is, the value is attained pointwise on the boundary.

We point out that the situation concerning existence is rather similar to

that shown in studying problem

—Au+ |Vul> = A— inQ,
|z (2)
u=0 on 0,

in domains satisfying 0 € 2, since the presence of the quadratic gradient
term induces a regularizing effect (see [3] and [1], see also Remark 5.4 below).
Indeed, existence of a positive solution to (2) can be proved for all A > 0,
while if the gradient term does not appear, solutions can be expected only
for A small enough, due to Hardy’s inequality.

Our purpose is to study the role of the function g on the above features
satisfied by the solutions. Roughly speaking, we see that the bigger g,
the better the properties of the solution. The standard case occurs when



g(s) > m > 0 for all s > 0 and the situation degenerates as soon as g(s)
touch the s—axis.

We begin by considering the case g(s) = 1 for all s > 0. To get an idea
of the difficulties one finds, let us recall previous works on this subject. As
mentioned, this problem was already handled in [28] for data f € L%(Q),
with ¢ > N. This condition is somewhat artificial and was taken in this way
due to the necessity of obtaining bounded solutions. This necessity derives
from the use of the theory of L>*°—divergence—measure fields. It was initiated
in [9], where a sense is provided with the dot product (z, Du), where z €
L>(Q; RY) satisfies that divz is a Radon measure and u € BV (Q) N L>(Q)
is a continuous function. In a different way, it was later developed in [17]
for a -possibly discontinuous- function u € BV (2) N L*>°(£2) (see also [15, 30]
for a point of view closest to that of [9]). Since we must expect unbounded
solutions starting from the most natural space of data LY:*°(Q), the first
result we need is to give sense to the dot product (z, Du) when u € BV (Q)
can be unbounded. This was achieved in [2], but we include it for the sake
of completeness.

Endowed with this tool, in the first part of this paper, we prove an
existence and uniqueness result for problem (1) in the particular case g(s) =
1. The second part is fully devoted to our main concern, that is, to search
for the properties that solutions to problem (1) satisfy for different functions
g. For better understanding, we summarize the results we will see in the
table 1 below.

Table 1
Function g(S) Existence Uniqueness Regularity
1 1 No jump part(l)
>~ For every datum Yes
O<m< S 1) (1) )
Better summability
vanishes at some points
g g ¢ Ll([o OOD For every datum( ) Yes(g) No jump part(g)
Y
g vanishes at infinity For every datum(4), with (4) (4)
1 (5) Yes No jump part
g ¢ L ([0, OOD another concept of solution
S Ll 0 oo For data small enou, h(6’7) Yes(7) No jum art(7)
g ) g J P P
( ) (9) With jump part(lo)
g vanishes on an interval For data small enough No (1 1)
No boundary condition




(1) Theorem 6.4 and Theorem 6.5 (2) Proposition 6.6 (3) Theorem 7.1 (4) Theorem 7.3
(5) Definition 7.2 and Example 7.4 (6) Example 8.4 (7) Theorem 8.1 (8) Remark 8.5

(9) Remark 8.5 and Remark 8.7 (10) Example 8.8 (11) Example 8.6

The plan of this paper is the following. Section 2 is dedicated to prelim-
inaries, we introduce our notation and some properties of the spaces BV (2)
and LV>°(Q). In Section 3 we generalize the theory of L>°-divergence-
measure fields to take pairings (z, Du) of a certain vector field z and any
u € BV(Q). This theory is applied in Section 4 to extend the result of
existence and uniqueness of [28] to LV'>°(Q)-data. In Section 5 we show
explicit radial examples of solutions. Section 6 is devoted to study the stan-
dard cases of problem (1), those where g(s) is bounded from below by a
positive constant. A non standard case is shown in Section 7 with g¢(s)
touching the s—axis; in this case we need to change our definition of solution
since solutions no longer belong to BV (2). Finally, in Section 8 we deal
with really odd cases for which the considered properties are not necessarily
satisfied.
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2 Preliminaries

In this Section we will introduce some notation and auxiliary results which
will be used throughout this paper. In what follows, we will consider N > 2,
and HV~1(E) will denote the (N — 1)-dimensional Hausdorff measure of a
set E and |E| its Lebesgue measure.

In this paper, Q will always denote an open subset of RY with Lipschitz
boundary. Thus, an outward normal unit vector v(x) is defined for H¥ 1
almost every x € 9€2. We will make use of the usual Lebesgue and Sobolev
spaces, denoted by L%(2) and WO1 P(Q), respectively.

We recall that for a Radon measure p in €2 and a Borel set A C 2 the
measure pl_ A is defined by (ulL_A)(B) = u(AN B) for any Borel set B C €.
If a measure p is such that u = ul_ A for a certain Borel set A, the measure
1 is said to be concentrated on A.



The truncation function will be use throughout this paper. Given k > 0,
it is defined by
Ty (s) = min{Js|, k} sign (s) (3)

for all s € R. Moreover, we define another auxiliary real function by
Gr(s) = (s — Ti(s)) sign (s). (4)

2.1 The energy space

The space of all functions of finite variation, that is the space of those
u € LY(Q) whose distributional gradient is a Radon measure with finite
total variation, is denoted by BV (£2). This is the natural energy space to
study the problems we are interested in. It is endowed with the norm defined

by
Jull = / | dz + / Dul,
Q Q

for any u € BV (Q2). An equivalent norm, which we will use in the sequel, is

given by
[ull By (o) :/ |l dHNlJr/ | D .
0N QO

For every u € BV (Q), the Radon measure Du is decomposed into its
absolutely continuous and singular parts with respect to the Lebesgue mea-
sure: Du = D*u+ D*u. We denote by S, the set of all « € €2 such that x is
not a Lebesgue point of u, that is, x € Q\S, if there exists @(x) such that

. 1 / _
lim ——— u(y) —a(x)|dy =0.
8 1B, ()] o, ) )

We say that x € Q) is an approzrimate jump point of w if there exist two real
numbers u*(x) > u~(z) and v, (x) € SV~ such that

. 1 /
lim ———— uy) — u™(2)|dy =0,
10 | By (z,vu(2))| JB} (@ u(a))

. 1 B
o 1By (@ va(@))] o ooy ") T @ =0
where
B (x,vu(x)) = {y € By(z) : (y—z,vu(z)) >0}
and

B, (x,vu(2)) ={y € By(z) : {y —x,vu(x)) <0}.

We denote by J, the set of all approximate jump points of u. By the
Federer—Vol’pert Theorem [6, Theorem 3.78], we know that S, is count-
ably HN~1-rectifiable and H"~!(S,\J,) = 0. Moreover, Dul_J, = (u® —



u” ), HN 1L J,. Using S, and .J,,, we may split D*u in two parts: the jump
part D7u and the Cantor part D defined by

Dy = D*ul_J, and D = D*ul (Q\S,).

Then, we have

Diu = (ut —u ) HN L, .
Moreover, if z € J,,, then v, (x) = %(m) and ‘B—Z‘ is the Radon-Nikodym
derivative of Du with respect to its total variation |Dul.

The precise representative u* : Q\(S,\Ju) — R of u is defined as equal
to u on 2\S, and equal to # on Jy. It is well known (see for instance
[6, Corollary 3.80]) that if p is a symmetric mollifier, then the mollified
functions u x pe pointwise converges to u* in its domain.

A compactness result in BV () will be used several times in what fol-
lows. It states that every sequence that is bounded in BV (€2) has a subse-
quence which strongly converges in L'(Q) to a certain u € BV (£2) and the
subsequence of gradients x—weakly converges to Du in the sense of measures.

To pass to the limit we will often apply that some functionals defined on
BV (Q) are lower semicontinuous with respect to the convergence in L().

The most important are the functionals defined by

u+—>/Q|Du (5)

and
uH/ yDu|+/ fuf dHV L (6)
Q o
In the same way, it yields that each ¢ € C}(Q) with ¢ > 0 defines a
functional
U / o |Dul,
Q

which is lower semicontinuous in L!((2).

Finally, we recall that the notion of trace can be extended to any u €
BV (Q) and this fact allows us to interpret it as the boundary values of u
and to write u} aq- Moreover, it holds that the trace is a linear bounded
operator BV (Q) — L'(09) which is onto.

For further information on functions of bounded variation, we refer to

[6, 20, 33].

2.2 The data space

Given a measurable function u : 2 — R, we denote by p,, the distribution
function of w: the function p,, : [0, +00[— [0, +00[ defined by

pu(t) = {z € Q: |Ju(z)| >t}, t>0.



For 1 < ¢ < oo, the space L?*°(Q2), known as Marcinkiewicz or weak-
Lebesgue space, is the space of Lebesgue measurable functions u : 2 — R
such that

s = sup t(6)/7 < +0. (7)

The relationship with Lebesgue spaces is given by the following inclusions
LY(Q) — LT°(Q) — LT¢(Q),

for suitable ¢ > 0. We point out that expression (7) defines a quasi-norm
which is not a norm in L2°°(€2). (For a suitable norm in this space see (10),
(11) and (12) below).

Some properties of Lorentz spaces L% (Q) (with 1 < ¢ < co) must be
applied throughout this paper. To begin with, we define the decreasing
rearrangement of u as the function u* :]0, |Q|] — R given by

u*(s) = sup{t > 0 : py(t) > s}, s €]0,|9]],

(the main properties of rearrangements can be found in [11, 24, 33]). In
terms of u*, the quasi-norm (7) becomes

[ulg = sup {s/%u*(s)} . (8)

We say that a measurable function u : Q — R belongs to L%!(€) if

1 [ 10 &, . ds
Hmmqmqu My (5) % (9)

S

is finite. This expression defines a norm (see [11, Theorem 5.13]). The
classical paper where these spaces are systematically studied is [24] (see also
[11, 33]). Some important properties of Lorentz spaces are:

1. L%1(Q) is a Banach space endowed with the norm defined by (9).
2. Simple functions are dense in L%!(Q).
3. The norm (9) is absolutely continuous.

Concerning duality, the Marcinkiewicz space Lq/"’o(Q) is the dual space
of L®1(Q). Indeed, it follows from a Hardy-Littlewood inequality that if
f e L9®(Q) and u € L9 (Q), then fu € L'(Q) and a Holder type inequality
holds:

fudzx| < oof*(s)u*(s)dsz Oosl/rI’f*(s)sl/qu*(s)@
| [yl < [ / :

0
< q[flyllull Lo (qy -



Thus,
) Jo fu dx‘

1w e LPY(Q)\{0} (10)
ull Lo (o)

T{[PEp—
defines a norm in the Marcinkiewicz space and || f|| ¢ () < ¢[f]g holds.
Taking into account that if £ C {2 is a measurable set of positive measure

1
and u = |E| ¢xg, then |ul/ze1) = 1 and also applying the density of
simple functions, we deduce that

1 -
HfHLq/,oo(Q) :sup{‘/gfudm‘ :u=|E| axg, with |E]| >0}
:sup{]E\_l/q/ |f|dz : |E| >0}. (11)
E

This implies [f]g < [|f]| .0 (> S0 that, the quasi-norm [-]y is equivalent

to the norm || - ||Lq’7oo(Q)' It also yields
||f||qu7°°(Q) = Sl>118 {Sl/q/f**(s)}, (12)
*k 1 ° *
where f**(s) = B f(o)do.

On the other hand, we recall that Sobolev’s inequality can be improved
in the context of Lorentz spaces (see [4]): the continuous embedding

Wl’l N
o () = L¥-1(Q) (13)
holds. The best constant in this embedding will be denoted as

lull |

() 1,1
Sy = _ W (Q\{0} 5. 14
v { e W @)\o)) (1)
Its value is known:
1N
SN = Mz +1) — (15)
N7 ‘]\]011\7/1\77

where Cy denotes the measure of the unit ball in RY. (We explicitly point
out that this is the value for the best constant having in mind the norm
in the Lorentz space as defined in (9).) Furthermore, by an approximation
argument, this inclusion may be extended to BV—functions with the same
best constant Sy (see, for instance, [33]):

BV(Q) — L¥11(Q). (16)

10



It is worth remarking that the supremum in (14) is attained in BV ().

As a consequence of this embedding, given f € L™V>(Q) and u € BV (Q),
it yields fu € L'(2). This fact will be essential in what follows.

Another fact concerning Lorentz spaces and duality is in order. We will
denote by W~14'(Q) the dual space of W&’q(ﬂ), 1 < ¢ < co. Here we recall
just that the norm in W~=1°°(Q) is given by

H,u,HWq,oo(Q) = sup {| < p,u >W*11°°(Q),W01‘1(Q) ‘ : /Q\Vu]da: < 1} )
(17)

N
Since the norm in L¥-1"1(Q) is absolutely continuous, it follows that C§°(Q2)

is dense in L%’I(Q). A duality argument shows that LY:>°(Q) < W~1>(Q)
and, having in mind (10) and (14), we obtain: if f € L™°°(€), then

[Nl L. () = sup s u e Wit (2)\{0}
‘fode‘ Jo |Vu| da

11 1
. : k] Q > e ‘
JolVelde Tul o, "M (@0} ¢ = S 1 w1

= sup
(©2)
Therefore,

1
[fllw-1000) < —x I fllzvee () s (18)
Ncy

for every f € LN>°(Q). (For a related equality in a ball, see [29, Remark
3.3]).

3 Extending Anzellotti’s theory

In this section we will study some properties involving divergence—measure
vector fields and functions of bounded variation. Our aim is to extend the
Anzellotti theory.

Following [17] we define DM () as the space of all vector fields z €
L>®(Q;RY) whose divergence in the sense of distributions is a Radon mea-
sure with finite total variation, i.e., z € DM®>(Q) if and only if divz is a
Radon measure belonging to W ~=1%°(Q).

The theory of L*>°—divergence—measure vector fields is due to G. Anzel-
lotti [9] and, independently, to G.—Q. Chen and H. Frid [17]. In spite of
their different points of view, both approaches introduce the normal trace
of a vector field through the boundary and establish the same generalized
Gauss—Green formula. Both two also define the pairing (z, Du) as a Radon
measure where z € DM™(Q)) and u is a certain BV —function. However,

11



they differ in handling this concept. While in [9] it is only considered con-
tinuous functions belonging to BV (2) N L*>°(€2) and the inequality

|(z, Du)| < [z co| Dl (19)

is proved for those functions; in [17], general u € BV (2) N L>(§2) are con-
sidered but it is only shown that the Radon measure (z, Du) is absolutely
continuous with respect to |Du|. In the present paper we need that the in-
equality (19) holds for every u € BV () and every z € DM (Q) satisfying
a certain condition (see Corollary 3.5 below). That is why the way by which
the pairings (z, Du) are obtained will be essential in our work. This is the
reason for extending the Anzellotti approach in this Section.

We finally point out that the theory of divergence-measure fields has
been extended later (see [18] and [34]).

We begin by recalling a result proved in [17].

Proposition 3.1. For every z € DM*(Q), the measure p = divz is abso-
lutely continuous with respect to HN =1, that is, || < HN 1.

Consider now p = divz with z € DM () and let u € BV (Q2); then the
precise representative u* of u is equal HN"1-a.e. to a Borel function; that
is, to lim._,¢ pe * u, where (p.) is a symmetric mollifier. Then, it is deduced
from the previous Proposition that u* is equal y—a.e. to a Borel function.

So, given u € BV (), its precise representative u* is always py—measurable.
Moreover, u € BV (2) N L>®(Q2) implies u € L>®(, u) € LY(Q, ).

3.1 Preservation of the norm

We point out that every divz, with z € DM (), defines a functional on
1,1
Wy () by

<diVZ,U>W,1,OO(Q)’W01,1(Q) = —/Qz -Vudzx. (20)

To express this functional in terms of an integral with respect to the mea-
sure u = divz, we need the following Meyers—Serrin type theorem (see [6,
Theorem 3.9] for its extension to BV —functions).

Proposition 3.2. Let p = divz, with z € DM™>(Q). For every u €
BV (Q)NL*>®(Q) there exists a sequence (uy), in WHH(Q)NC®(Q)NL>(Q)
such that

(1) up — u*  in LY(Q, p).

(2) Jo |Vug|dz — |Dul(Q).

(3) unlon = uloq for alln € N.

(4) Jup(2)| < ||ulloo |pu|-a-e. for alln € N.

12



Moreover, if u € WHH(Q)NL>®(Q), then one may find u, satisfying, instead
of (2), the condition
(2)) Uy — u in WH(Q).

—/Z'Vgodx—/gpd,u,
Q Q

holds for every ¢ € C§°(Q2), it is easy to obtain this equality for every
Wol’l(ﬂ) NC>(Q). Given u € Wol’l(Q) N L>°(Q) and applying Proposition
3.2, we may find a sequence (uy)p in Wol’l(Q) N C*(Q) satisfying (1) and
(27). Letting n go to infinity, it follows from

—/Z‘Vundx—/undu

Q Q

—/Z-Vudw:/u*d,u
Q Q

<divz,u>W_17m(Q)7W&,1(Q):/Qu* du

Since

for every n € N, that

and so

holds for every u € I/VO1 () N L>(Q). Then the norm of this functional is
given by

[ —— sup{)/gu* du‘ e W Q) NIX(Q), with [[ullyra gy < 1} .

where ||ul| ;11 = [, [Vu|dz. We have seen that y = divz can be extended
0

from Wol’l(Q) to BV (2) N L*>°(€2). Next, we will prove that this extension
can be given as an integral with respect to p and it preserves the norm. To
this end, the following Lemma, stated in [9], will be applied.

Lemma 3.3. For every u € BV (Q2) —so that u}aQ € L' (09Q)-, there exists
a sequence (wy), in WHL(Q) N C(Q) such that

(1) wnlao = ulaq -

(4) wo(z) =0 if dist(z,00) > L.

(5) wp(x) =0  forall xef.

13



Moreover, if w € BV (2) N L>®(Q), then w, € L*(Q) and ||wpllco <
Hu‘aﬂHoo for alln € N.

Theorem 3.4. Let z € DM™(Q) and denote p = divz. Then, the func-
tional given by (20) can be extended to BV (2) N L*°(Q) as an integral with
respect to . and its norm satisfies

[l 100 (0) = sup{’ /Qu* du‘ D u € BV(Q) N LX(Q), with |lullpyq) < 1} ,

where ||ull gy () = /8Q lul dHN !+ /Q | Dul.

PROOF. Since we already know that BV (Q)NL>(12) is a subset of L1 (€2, i),
all we have to prove is

[ ] < ey (1Dl @) + [ pulan¥ ). e

Q o9

for all w € BV(2) N L*°(€2). This inequality will be proved in two steps.
Step 1: Assume first that u € WH1(Q) N L*°(Q). Consider the sequence

(wn)n in WHLQ) N C(Q) of the above Lemma. Hence, w, € L>(2) and
lwalloo < Jlu] yolloo for all m € N. Then it yields

| [ =) di = [ a0y smgy ] < Dy [ (90T

o1
< HM‘W1a°°(Q)(/Q|Vu’d:C+/89|u’d’HN L E)‘

It follows that
‘/u*d,u‘ < ‘/(u*—w,ﬁ)du‘%—’/w;du‘
Q Q Q

Ll )
< ||M||W_1,oo(m(/9|vu| d:n~|—/m lu| dHY 1*%) +’/andu‘. (22)

Since the sequence (wy,), tends pointwise to 0 and it is uniformly bounded
in L*°(Q), by Lebesgue’s Theorem,

lim [ w;du=0.

n—oo Q

Now, taking the limit in (22) we obtain (21).
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Step 2: In the general case, we apply Proposition 3.2 and find a sequence
Uy, in WHLQ) N C*(Q) N L>°(Q) such that

(1) wf —u*  in LY(Q,pu).
(2) Jo |Vug|dz — |Dul(Q).
(3) unlon = ulgn for all n € N.

(4) |un(z)| < ||ulloo |ul-a.e. for all n € N.

Then, it follows from

)/u;;du( < |yu||W_1,oo(Q)</ \vun\dx+/ Jul dHN—l) for all n € N
Q Q oN
that (21) holds. m

Corollary 3.5. Let z € DM*>(Q) satisfy divz = v+ f for a certain Radon
measure v and a certain f € LN>°(Q). If either v > 0 or v < 0, then
w=divz can be extended to BV () and

[l =100 () = sup{)/gu* du‘ : u € BV(Q), |Du|() +/m lu| dHN ! < 1} .

Moreover, BV (Q) — L'(Q, ).

PrRoOOF. Consider u € BV(f?), denote uy = max{u,0} and, for every
k > 0, apply the previous result to Tj(u4) (recall (3)). Then

| [ Tty ] < s oy (10T @)+ [ Tiuan™)

< Dl (1Dl + [ wr a1 (23)
0N

On the other hand, observe that u* is a v—measurable function, so that we
obtain

/Q T(uy )" dps = /Q Ti(us)* dv + / Ty (g () f () da

Q

for every k > 0. We may apply Levi’s Theorem and Lebesgue’s Theorem to
deduce

lim Ti(ug)® duz/(u+)*du
k—+co Jo Q
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and

lim [ Tl (2)f(z) dz = /Q wp (2)f () da

k—4o00 QO
Thus,

tim [ T d = [ ()" du
k——+oco Q Q

Now, taking the limit when k goes to co in (23), it yields

[ du] < by (1Dusl@) + [ wrd). 21
Q o0

Assume, in order to be concrete, that v > 0. Since

Ly an = [ @@ ds,

we already have that (u4)* is u~—integrable. Hence, as a consequence of

(24), we deduce that (uy)* is pt—integrable as well and then, (ui)* pu—
integrable too.

Since we may prove a similar inequality to u— = max{—wu,0}, adding
both inequalities we deduce that u* is u—integrable and that

‘/Qu* d,u’ < HMHW*LOO(Q)(LDUKQ) + /8Q |u]d’HN*1>

holds true. m

3.2 A Green’s formula

Let z € DM*(Q) and let u € BV (). Assume that divz = v + f, with v a
Radon measure satisfying either v > 0 or v < 0, and f € LY¥>°(Q). In the
spirit of [9], we define the following distribution on Q. For every ¢ € C5°(Q),
we write

((Z,Du),cp)——/Qu*godu—/guz-Vgod:L‘, (25)

where p = divz. Note that the previous subsection implies that every term
in the above definition has sense. We next prove that this distribution is
actually a Radon measure having finite total variation.

Proposition 3.6. Let z and u be as above. The distribution (z, Du) defined
previously satisfies

[{(z, Du), )| < ||<pHooHZ|Loo(U)/U|DUI (26)

for all open set U C Q and for all p € C§°(U).
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Proor. If U C Q is an open set and ¢ € C3°(U), then it was proved in
[30] that

[((z, DT (u)), p)| < |‘P||OO||Z||L°°(U)/U‘DTI€(U)| < ||30|OOHZHL°°(U)/U|DU’
(27)
holds for every k£ > 0. On the other hand,

(2 DTi(u)), @) = — /Q Tho () djs — /Q Ti(wz - Ve de.

We may let k — oo in each term on the right hand side, due to u* € L'(£, )
and u € L'(Q2). Therefore,

lim ((z, DTy (u)), ) = ((z, Du), @),

k—o00

and so (27) implies (26). m

Corollary 3.7. The distribution (z, Du) is a Radon measure. It and its
total variation |(z, Du)| are absolutely continuous with respect to the measure

|Du| and
/ (2, Du)| < / (2, Du)| < |l2 oy / Dul
B B B

holds for all Borel sets B and for all open sets U such that B C U C ().

On the other hand, for every z € DM™>(), a weak trace on 92 of the
normal component of z is defined in [9] and denoted by [z, v].

Proposition 3.8. Let z and u be as above. With the above definitions, the
following Green formula holds

/Qu*du+/Q(Z,Du) :/aQ[z,V]u dHN L, (28)

where p = div z.

PROOF. Applying the Green formula proved in [30], we obtain

/Q T(u)" du + /Q (2, DT () = /8 [nrTiw Y (29)

for every k > 0. Note that the same argument appearing in the proof of the
previous Proposition leads to

lim [ (z, DTi(u)) = /(Z,Du).

k—o0 Q QO

We may take limits in the other terms since u* € LY(Q, ) and u € L*(99).
Hence, letting k go to oo in (29), we get (28). m
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Proposition 3.9. Let z € DM™(Q) with ||z||cc < 1 and let u € BV (Q).
Then (z, Du) = |Du| as measures if and only if (z, DTy (u)) = |DTy(u)| as
measures for all k > 0.

ProoF. We first assume (z, Du) = |Dul and so (recall (4))

|Du| = (z,Du) = (z, DT(u)) + (z, DGk (u))
< [DTk(u)| + |DGr(u)| = |Dul.

Then, the inequality becomes equality and so (z, DTy (u)) = |DTk(u)| as
measures.

Conversely, we assume (z, DT;(u)) = |DTy(u)| for all & > 0. For each
v € C§°(Q), we use the same argument which appears in Proposition 3.6 to
obtain:

lim ((z, DTy, (u)), ) = {(z, Du), ¢)

k—o00

lim / o | DT (u)| = / o |Dul.
k—o0 Q Q

So, using the hypothesis, we conclude ((z, Du),p) = [, ¢ |Du| for every
p € C°(Q), that is, (z, Du) = |Du| as measures. B

and

3.3 The chain rule

We point out that there is a chain rule for BV —functions, the more general
formula is due to L. Ambrosio and G. Dal Maso (see [6, Theorem 3.101],
see also [6, Theorem 3.96]). In our framework, it states that if v € BV ()
satisfies D/v = 0 and u = G(v), where G is a Lipschitz—continuous real
function, then v € BV () and

Du = G'(v)|Dv].

We cannot directly apply this result in our context since G’ need not be
bounded. Hence, the following slight generalization is needed.

Theorem 3.10. Let v € BV (2) such that DIv = 0 and let g be a continuous
and unbounded real function with g(s) > m > 0 for all s > 0. We define

Assuming that v = G(v) € LY(Q), it holds that uw € BV (Q) if and only if

g(v)*|Dv| is a finite measure and in that case |Du| = g(v)*|Dv| as measures.

18



PrOOF. Let ¢ € C§°(2) with ¢ > 0. We apply the chain rule to get the
next equality:

/ o |Dul = / 2 9(Ti(v))* | Dv| = / 2 9(0)* |Dul.
{v<k} {v<k} {v<k}

Now, using the monotone convergence theorem, we take limits when k£ — oo

and it holds
[ eul= [ oot ipel.
Q Q

and if one integral is finite, the other is finite too. Finally, we generalize this
equality to every ¢ € C3°(€2) and the result is proved. m

4 Solutions for LY:*—data

This section is devoted to solve problem

. Du .
—div <M> + |Du| = f(x) in Q, (30)
u=20 on 09,

for nonnegative data f € LY>°(2). We begin by introducing the notion of
solution to this problem.

Definition 4.1. Let f € L™N°°(Q) with f > 0. We say that u € BV (Q)
satisfying D’u = 0 is a weak solution of problem (30) if there exists z €
DM™>(Q) with ||z|| <1 such that

—divz + |Du| = f in D'(Q),

(z, Du) = |Du| as measures in €,

and

U‘QQ:O'

Remark 4.2. We explicitly remark that any solution to problem (30) sat-
isfies
—div (e*“z) =e Vf

in the sense of distributions (see [28, Remark 3.4)).

Theorem 4.3. There is a unique nonnegative weak solution of problem (30).

PROOF. The proof will be divided in several steps.

Step 1: Approximating problems.
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The function f is in LY:°°(Q) so, there exists a sequence {f,}°°; in
L>(Q) such that f,, converges to f in L'(£).
In [28] it is proved that there exists u, € BV () N L>=(Q), with DJu,, = 0

and u, > 0, which is a solution to problem

. Duy B :
—div <|Dun|> + |Duy| = fn(zx) in Q, (31)

Up =0 on Of).

That is, there exists a vector field z, in DM*(Q) such that

—divz, + |Du,| = f, in D'(Q), (32)
(Zn, Duy,) = |Duy,| as measures in ), (33)

and
Un| 0 = 0. (34)

On account of Remark 4.2, it also holds
—div (e ""z,) = e " f, in D'(Q). (35)

Step 2: BV —estimate.
Taking the function test % in problem (31), we get

1 1 N B Tk(un)
k/Q<zn,DTk<un>>+k/QTk(un> Du| —/ankdwé/gfnd:ESC,

where C' does not depend on n. Since (zy, Du,) = |Duy|, it follows from
Proposition 3.9 that (z,,, DTy (uy)) = | DTk (uy)|, which is nonnegative. Thus

1
/Tk(un)*|Dun| <c.
k Ja

Then, letting £ — 0 in the inequality above we arrive at

/ |Duy| < C'.
Q

Therefore, u, is bounded in BV (Q2) and, up to a subsequence, u, — u in
LY(Q) and Du,, converges to Du xweakly as measures when n — oo.

Step 3: Vector field.
Now, we want to find a vector field z € DM>(Q) with ||z]s < 1 such
that
—divz + |Du| < f in D'(Q).

The sequence {z,}22, is bounded in L*>(Q;RY) then, there exists z €
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L>®(;RY) such that z, — z *weakly in L>(;RY). In addition, since
[2nloe < 1 we gt zfloc < 1.
Using ¢ € C3°(2) with ¢ > 0 as a function test in (31), we arrive at

/zn-Vapdx+/<p|Dun|—/fngodx,
Q Q Q

and when we take n — oo, using (5) it becomes

/z-Vgod:U+/gp|Du|§/fg0d:n.
Q Q Q

—divz + |Du| < f in D(Q)

Therefore,

and —divz is a Radon measure. In addition, since —divz, = f, — |Duy|
holds for every n € N, the sequence —divz, is bounded in the space of
measures and, due to —div z,, converges to —div z, we deduce that —divz is
a Radon measure with finite total variation.

On the other hand, multiply (35) by e "¢, with ¢ € C§°(£2), then Green’s
formula provides us

/e_“"zn -Vodr = / fne “rodx,
Q Q

and letting n go to oo we get

/e“z~chdx = / fe tpdx.
Q Q

—div(e "z) = fe ", inD'(Q). (36)

Namely,

Step 4: Diu = 0.

In this step, we are adapting an argument used in [21], which relies on
[5, Proposition 3.4] and [15, Lemma 5.6] (see also [2, Proposition 2]). A
previous result is needed, namely, inequality (39) bellow. To prove (39), we
begin by recalling

—div (e ""z,) = e " f, inD'(Q),

since uy, is the solution to problem (31). Using that u, = Gi(upn) + Tk (un),
we can write

—div (e7"z,) = —e~ O diy (e7 Tk )y, ) 4 (e7")* | DGy (un)]
and so
e Tl £, = —div(e7Te(n)g,,) + (e ())*| DGy (un)|

(37)
= —div(e Tkn)g) + e *| DGy (un)] .
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Applying first the chain rule and then [28, Proposition 2.3], we have

| De™ )| = (&) ¥ DTy (uy,) |
= (e ()Y (g, DT} (uyn)) = (e W)z, DTy (uy)). (38)

Let ¢ € C§°(€2) with ¢ > 0, due to (38) and (37), we get

/ | De )| = (e~ T+n) g, DT (un)), o)
Q
= —/ Tio(up) @ div (e Te(Un)g, ) — / Tio(un) e ) 2 . Voo da
Q Q
= / Tk(un) 2 eiTk(un)fn dw—/ keik(p |DGk(un)‘_/ Tk(un) eka(un) Zn’VSO dx .
Q Q Q

That is,

k
/ o | DeTelun)| 4 & / 0| DG(un)|
Q € Q

= /QTk(un)goe_T’“(“") fndx — /QT;C(un)e_T’“(“") zp - Vodx.

Now, we can take limits when n goes to oo, and applying the lower semi-
continuity of the total variation, we arrive to the next inequality:

k
| #1004 % [ oD
Q e* Jo
§/QTk(u)goe_T"'(“)fdx—/QTk(u)e_T’“(“)ngodx.

Finally, letting £ — oo it holds that

/@\D@“]S/ugoe“fdw—/ue“z-Vgod:c—((e“z,Du),@.
Q Q Q

Therefore,
|De™"| < (e "z, Du) (39)

as measures in 2.
On the other hand, we already know that

div(ue “z) = (e "z, Du) + udiv (e “z),

as measures and now we are considering the restriction on the set J,. Since,
by (36) we have
udiv (e z) = —ue “f € L'(Q)
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and |J,| = 0, it follows that the measure u div (e~"z) vanishes on J,, so that
div(ue “z)LJ, = (e "z, Du)L J, > |De "|LJ, .

Applying [21, Lemma 2.3 and Lemma 2.4], the following manipulations can
be performed on J,:

div(ue "z) = [ue "z, 1v,]T — [ue "z, 1]
( ) [ ul T = u) (40)
= ut[e ¥z, )t —u"[e vz, 1] .

Moreover, we also deduce that, on J,,,

div (e™"z) = [e "z, 1" — [e "2, 1]
and, due to

div (e7“z) € L'(Q) and |J,| =0,
it follows that [e~"z, 1|t = [e ¥z, v,)”. We will write this common value

as [e "z, 1v,]. With this notation, (40) becomes

div(ue ¥z) = (ut —u)le "z, vy
= (ut —u")e ¥ 7,14
< (ut—u)e "

Thus, we have seen that
(ut — u7)67“+’HN71 LJy > |De L, = (e — 67"+)/HN71 LJy,.

Hence, for HV~1-almost all € J,,, we may use the Mean Value Theorem
to get

(u(z)™ — 1L(:U)_)(£_“($)+ > e @) _ emul@)’ = (u(z)t — u(z))e @

with u(z)” < w(x) < u(x)™. Therefore, it yields u(z)™ = u(z)~. Since this
argument holds for HV~'-almost every point x € J,,, we get

Diu=0.

Step 5: w is a solution to problem (30).

To finish the proof, it remains to check that u satisfies the three condi-
tions of the definition of solution. The previous step will be essential in this
checking. Indeed, it allows us to perform the following calculations:

fe = —div(e "z) = —(z,D(e™™)*) — (e *)*divz
< |De|+ fet — ()| Dul
= fe ™.
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Therefore, the inequality becomes equality and so
—divz + [Du| = f in D(Q). (41)

To prove that (z, Du) = |Du| as measures in €2, we just take into account
(39), [28, Proposition 2.3] and the chain rule to get

[D(e™)| < (e7"2, Du) = (™) (2, Du) < (e7")"|Du| = [D(e™")[,

from where the equality (e™%)*(z, Du) = (e~*)*|Du| as measures follows.
We conclude that (z, Du) = |Dul| as measures.

Now, we will prove that u(z) = 0 for HY~!-almost all z € Q. To do that,
we use the test function Tj(u,) in problem (31), so that

/Q(zn,DTk(un))+/Q(Tk(un))*|pun| :/Qka(un)d:n.

Defining the auxiliary function J; by

2

s $2 it 0<s<k,
Jk(S)Z/O Tk(a)da:{ ljs—ﬁ b
7] )

we obtain
/ DT ()] + / (T (ot) | dHY 1 4 / D ()| + / [T (o) N1
Q oN Q o0
:/ka(un)dx.
Q

Taking into account that Ji(u,) — Ji(u) in L'(Q), we let n — oo and
applying the lower semicontinuity of functional (6) we arrive at

/Q DTy ()| + /B T @i+ /Q D) + /a (] 4!

g/Qka(u)de/qudx.

Letting now & — oo we obtain

2 2
/Du|+/ |u|d7-[N_1—|—/ ’D(u))—l—/ ud”HN_lg/fudx.
Q o0 Q 2 o0 2 Q

On the other hand, Green’s formula implies

/fudx——/u*divz—i—/ u*[Du\—/ |Du]—/ u[z,u}d’HN—l—i—/ u*|Dul .
Q Q Q Q o0 Q

Then

2
/ (Ju| + u[z, v]) dHN L +/ Y anN-1 <o
a0 o0 2
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and for that, v = 0 in 0.
Now, using the same argument which is used in [28] we prove that there is
a unique solution to our problem. m

Proposition 4.4. The solution u to problem (30) is trivial if and only if
the function f is such that || f|lw-1.00(0) < 1.

PROOF.  Assume first that ||f|y-1.00(q) < 1 and let u € BV(Q2) be the
solution to problem (30). Using the test function Tj(u) in that problem we
obtain

/Q(Z,DT;C(U))Jr/QTk(u)*\DM:/Qka(u)dxg/qud:U. (42)

Now, taking into account that [, Tj(u)*|Du| > 0, it yields

/Q(Z,DTJC(U))Z/Q|DT,€(U)|S/qudx.

Finally, letting & — oo in (42) and using Hélder and Sobolev’s inequalities
we arrive at

/|Du\+/u*|Du| S/fudxg ‘f”w—l,oo/ | D g/ | Du .
Q Q Q Q Q

Then, [, u*|Du| = 0 and thus, v* = 0 in Q and we conclude u(z) = 0 for
almost every x € €.
Now, we suppose that

Ilhw-sosiy =sup{ [ oo s [ [Dolde =1 e wit@)} > 1,
that is, there exists ¢ € Wol’l(Q) such that

/\Vw\dx—l and /¢fdx>1.
Q Q

Finally, we use v as a test function in (30), so we get

/Q@ZJDu|:/Q@Z)fda:—/gz~v¢d$>/Q|VLZJ|d1‘—/Qz-V1,Z)d:EZO.

Therefore, |Du| # 0 and so u # 0 in 2. m

Remark 4.5. This phenomenon of trivial solutions for non—trivial data is
usual in problems involving the 1-Laplacian. It is worth comparing the
above result with [29, Theorem 4.1] (see also [30, Theorem 4.2]), where the
Dirichlet problem for the equation —div (%) = f(z) is studied. Indeed,
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for such a problem it is seen that a datum satisfying || f[|yp—1.00 () < 1 implies
a trivial solution, while no BV-solution can exist for ||f[lw-1.@) > 1.
Obviously, the most interesting case is when || f||yy-1.00(q) = 1; then non—
trivial solutions can be found for some data but the trivial solution always
exists. In our case, this dichotomy does not hold: for || f[|yy-1.00() = 1, only
trivial solutions exist.

To study the summability of the solution to problem (30), we need the
following technical result which will also be useful in Sections 6 and 7.

Lemma 4.6. Let u € BV (Q) with D/u = 0 and let z be a vector field

with ||z]|sc < 1 and divz = p+ f, where p is a positive measure. If G is

an increasing and C* function and lim G(s) = oo, then, (z, Du) = |Dul
§—00

implies (z, DG(u)) = |DG(u)|.
PROOF. Since (z,Du) = |Du|, we have (z, DT} (u)) = |DTy(u)| for all

positive k. Using [28, Proposition 2.2] we get (z, DG(T(u))) = |DG(Tx(u))|
for all k > 0. Now, since G(T},(u)) = T k) G(u) and l;m G(s) = oo we apply

Proposition 3.9 to arrive at (z, DG(u)) = |DG(u)|. =

Proposition 4.7. If u is the solution to problem (30), then u™ € BV ()
for all n € N. Consequently, u € L1(Q) for all 1 < g < c0.

PrROOF. We will prove the result by induction. If u is the solution of
problem (30), then choosing the solution itself as test function in problem

(30), we get
/\Du!—l—/u*]Du\:/fudx.
Q Q Q

Since the first integral is positive, we have that «*|Du| is a finite measure.
Thus, by Theorem 3.10 we know that u? € BV (Q) and 2u* |Du| = |Du?|.
Now, set n € N and assume that v € BV (§2). Taking the test function u"

in (30), it yields
/(z,Du")—i—/ (u™)"|Dul :/fu"d:):.
Q Q Q

By Lemma 4.6 we have (z, Du") = [Du"| > 0, then the integral [, (u")*\Du|
is bounded and consequently u"*! € BV () by Theorem (3.10). m

Remark 4.8. If f € L™(Q) for m > N, then the solution to problem (30)
belongs to L>°(Q) (see [28]).
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5 Radial solutions

In this section we will show some radial solutions in 2 = Br(0) with R > 0
for particular data in L¥>*°(9). In [28, Section 4], some examples of bounded
solutions for data f € L1(Q2), with ¢ > N, can be found. In Example 5.1 we
show bounded solutions for f € L™°°(Q)\ LY (Q), while in Example 5.3 we
show unbounded solutions. Therefore, unbounded solutions really occur.

Throughout this section, we will take u(xz) = h(|z|) with h(r) > 0,
h(R) = 0 and h/(r) < 0. To deal with the examples, we will consider two
zones. If h/(r) < 0, we know that z(z) = @—jj' = _I%I’ so that —divz(x) =
]\\fw_ll' In the other case, h/(r) = 0 and then, the solution is constant and
we only have to determine the radial vector field z(z) = &(|x|) z, so that
divz(z) = & (|z])|z| + N&(Jz|). The continuity of the vector field is always
searched, otherwise it would has a jump and as a consequence, the measure
divz would have a singular part concentrated on a surface of the form |z| =
0, and measure |Du| would also have that singular part. Hence, it would
induce jumps on the solution.

Example 5.1.

Du N-1 A
—div () +|Duj=——— + = in  Bg(0),
| Dul E

u=20 on 0Bg(0),
with 0 < ¢ <1 and A > 0.

First, we assume that u is constant in a ring: h/(r) = 0 for all p; <r <
p2, and we consider the vector field z(z) = x {(|z|). Then, denoting r = ||,
the equation yields
N—-1 A

r +7’7q’

—(rg'(r) + N¢(r)) =
which is equivalent to
—(TN E(r)) = (N —1) pN=2 AN

Therefore, solving the equation we get the vector field

A
z(x) = —x|z|7! - 7_(]:1: 2|7+ Cz|z| ™, p1 <|z| < p2, (43)

N

for some constant C'. We next see under what conditions we can find a value
for this constant satisfying ||z||cc < 1. To this end, we will distinguished
three cases.
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1. Assuming that 0 < p; < p2 < R (and that z is continuous), if |x| = p1,
then

—z|z|™t =~z - zla| ™ + Cala| ™,

N—q
and it implies ﬁx ||~ = Cx|z|~N. Thus, we deduce that C' =

ﬁ piv_q. The same argument leads to C' = ﬁ pév_q when |z| = ps.
Therefore, p; = p2 and we have got a contradiction.

2. If we assume 0 < p; < ps = R, then we may argue as above and find

C= ﬁpiqu. Substituting in (43), we get

A _
x|z + 7in I ||~V

z(z) = —x|z|7! - N ¢

N —
Thus, condition ||z||s < 1 yields
A

CO e L RS

1
+ N—q
Nevertheless, this fact does not hold since 1+ﬁ Tl_q—ﬁpi\[—q =N >
1 for r > py.

3. If we assume 0 = p; < pa < R, then z € L®(;RY) implies C' = 0.
So (43) becomes

z(z) = —x 27! - x|z~

N —
and it follows from ||z]/o < 1 that ﬁl‘ |z| ¢ vanishes. Hence, A =0

and a contradiction is obtained.

In any case we get a contradiction, so that A/(r) = 0 cannot hold on ]p1, pa|.

Hence, we take z(z) = —“;—l. Then, the equation becomes
A
! —
_h (T) - rd )

and the solution satisfying the boundary condition is given by

A
= (R —|z['79).
u(w) = T2 (R = faf ')

Remark 5.2. We may perform similar computations to those of the previ-
ous example to study problem

Du N -1

—div <) + |Du| = ————+ A in  Bg(0),
| Dul ||
u=20 on 0Bgr(0),

with A > 0. Then the solution is given by u(z) = A(R — r), with associated
vector field z(z) = —

m.
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Example 5.3. Consider 0 < p < R.
—div (%) + |Du| = ‘gXBP(O)(:U) in  Bgr(0),
u=0 on 0Bg(0),
with A > 0.
Two cases according to the value of A will be distinguished:
e Case 0 < A< N —1.

Assuming h/(r) < 0 for any 0 < r < R, the vector field is given by z(x) =
—liz—' and the equation becomes

N -1
T

A
—h'(r) = ;X}o,p[(T‘) :

When p < R, we have to distinguish two zones: where p < r < R in which
we get h/(r) = (N — 1)/r, and where 0 < r < p in which we arrive at
R'(r) = (N —1— X)/r. Both expressions are nonnegative and so they are
in contradiction with our hypothesis. We arrive at the same contradiction
when p = R. Therefore, h'(r) = 0 holds for all 0 < r < R and it follows
h(r) = 0 for all 0 < r < R due to the boundary condition. To obtain the
field z(x) = &(|z|) * we have to consider the equation

—(rNE(r) = AriTEX g () -

If 0 < r < p we get the field £(r) = —\/(N — 1)7~1 + Cr=" but since we
ask [|z]cc < 1, then C = 0. On the other hand, if p < r < R we arrive
at £(r) = —Cr~N. In order to determine the value of C, we demand the
continuity of ¢ and then the field becomes

A
AR if 0<r<p,
N —1 ||
Z<m): )\pr1 T
N—l]w\N if p<r<R

o Case N > N — 1.

In the region 0 < r < p, we may argue as in the above example and have a
contradiction when h'(r) = 0. So I/(r) < 0 and the solution is given, up to

constants, by

w(z) = (N —1—\)log <‘1|)
p
with the vector field z(z) = —z/|z|. On the other hand, if p < r < R, we
have a contradiction when h/(r) < 0, wherewith the solution is u(z) = 0 and
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the vector field is given by £(r) = —Cr~. Since we have ||z|l« = 1 when
0 < r < p, in order to preserve the continuity we require

1=lz(p)|=Cp~"p.

Therefore, the vector field becomes z(x) = —p¥ _lﬁ and the solution is

given by

11— l=ly
u(z) = (N -1 )\)log(p) ¥f0§r§p,
0 ifp<r<R.

Remark 5.4. An important particular case of the previous example is the
problem

Du 1
—div <) + |Du| = A\:— in Bg(0),
| Dul ]

u=20 on 0Bgr(0),

(44)

with A > 0. We have seen that the solution is given by

(2) 0 when 0 < AN -1,
u(zr) =
(N—l—/\)log(%) when A > N —1.

Problem (44) can be seen as the limit case of problems with a Hardy—type
potential, namely,

p—1
—div (|Vu|p_2Vu) + |VulP = )\17167 in  Bg(0),

u=70 on 0Bg(0),

Problems with Hardy—type potential received much attention in recent years.
We point out that in [3] has been studied problem (44) with p = 2 showing
the regularizing effect produced by the gradient term as absorption.

6 Changing the unknown: More general gradient

terms

From now on, we will generalize problem (30) adding a continuous function
g : [0,00[— R in the gradient term:

. Dv .
—div <\Dv]) + g(v) |Dv| = f(x) in Q, (45)
v=20 on ON.

In this section, this problem will be studied for a function g that will result
in standard cases.
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The existence and uniqueness of solutions to problem (45) depend on the
properties of the function g, and the definition of solution to a problem may
depend of the case we are studying. In any case, we have to give a sense to
g(v)|Dv|, since the meaning of that term depends on the representative of
g(v) we are actually considering. First of all, we will assume that a solution
satisfies D/v = 0 and then we will take g(v) as the precise representative
g(v)* = g(v*), which is integrable with respect to the measure |Dv|.

6.1 Bounded g

In this subsection, let g be a continuous and bounded function such that
there exists m > 0 with g(s) > m for all s > 0. We define the function

With this notation, the term g(v)|Dv| in the equation means |[DG(v)].

Definition 6.1. We say that a function v is a weak solution to problem
(45) with g defined as above, if v € BV (Q) with D’v = 0 and there exists a
field z € DM(Q) with ||z||cc <1 such that

—divz + g(v)*|Dv| = f in  D'(Q),

(z,Dv) = |Dv| as measures in €,

and

U‘BQZO'

Theorem 6.2. Let u be the solution to problem (30). Assume that g is a
continuous nonnegative function such that 0 < m < g(s) for all s > 0 and
let w= G(v). Then, v is a solution to problem (45).

PROOF. Since the function wu is the solution of problem (30), there exists
a vector field z € DM (Q) such that

—divz + |Du| = f in D'(Q), (46)

(z, Du) = |Du| as measures in ),

and

“‘8920'

By the properties of g, the function G is increasing and the derivative of G~!

is bounded. Then, we apply the chain rule to get v = G~!(u) € BV (2). We
also deduce D7v = 0 and

V]po =G (W)]pq =0.
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Moreover, it holds by Lemma 4.6:
(z, Dv) = |Dv| as measures in {).

Finally, making the substitution v = G(v) in (46) and applying the chain
rule we get
—divz 4 g(v)*|Dv| = f in D'(Q).

Corollary 6.3. Ifv is a solution to problem (45) with g continuous, bounded
and such that g(s) > m > 0 for all s > 0, then, u = G(v) is the solution to
problem (30).

PrROOF. Applying the same argument which is used in Theorem 6.2 and
keeping it in mind that ¢ is bounded and G is increasing, the result is proved.
]

Theorem 6.4. There ezists a unique nonnegative solution to problem (45)
with g continuous, bounded and such that g(s) > m > 0 for all s > 0.

PROOF. Assuming there are two solutions v; and vy of problem (45), by
the Corollary 6.3, G(v1) and G(v2) are solutions to problem (30). Thus,
G(v1) = G(vy) and since G is injective we get v1 = v9. R

6.2 Unbounded g

In this subsection we will prove an existence and uniqueness result to prob-
lem (45) assuming g(s) > m > 0 be an unbounded function.

Theorem 6.5. There is a unique solution to problem (45) with g continuous
and such that g(s) > m >0 for all s > 0.

PrROOF. First of all, we consider the approximate problem

. Dv .
—dw(,DU:‘)+Tk<g<vk>>|ka|=f<m> w0 g

v =0 on O9.

By Theorem 6.4, it has a unique solution. Then, there exists vy, € BV ()
with DJvy, = 0 and also a vector field z; € DM () such that ||z < 1
and

—divzg, + Ti(g(vg))*|Dog| = f in D'(Q),

(z, Dvg) = |Dvg| as measures,
and

vk‘ =0 MV lae indQ.
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First, we take the test function % in problem (47) and we get

1 < I (vg)* B Th(vk)
h/Q(zk,DTh(vk))—i—/QTk(g(vk)) h]ka_/Qf s dxg/ﬂfd:c.

Keeping in mind that the first integral is positive (by Lemma 4.6), we can
take limits in the second integral when h — 0 and so we obtain

/ Ti(g(0))"| Dy | < / fde. (48)
Q Q

Since T} (g(vg)) is bigger than m, it yields

m/]kalg/fdx.
Q Q

Therefore, vy is bounded in BV () and there exists v € BV (Q2) such that,
up to subsequences, vy — v in L' () and a.e.. Moreover, Dvy — Dv *—weak
as measures when k — oco.

To prove Div = 0 we use the same argument which appears in Theorem
4.3, so we get D’G(v) = 0 and then we deduce that D/v = 0. On the other
hand, we define the function

Fy(s) := /OS Tx(g(0))do .

Using (48) and the chain rule we have the next inequality:

/Q|DFk(Uk)|§/Qfde‘-

which implies that the sequence Fj(vg) is bounded in BV (§2) and converges
in L1(Q2) to G(v). Now, denoting uy = Fi(vx) and u = G(v) we get that uy
converges to u in L'(Q) and

/Q\Duk|é/ﬂfd$~

Therefore, it is true that u € BV (). Moreover, keeping in mind Theorem
3.10, we get |Du| = g(v)*|Dv| as well.
By Corollary 6.3, u; is the solution to

Duk
—di —_— D = i Q
iv (!Duk> + |Dug| = f(x) in ,
up =0 on Of).

The same argument used in the proof of Theorem 4.3 works for determining
that w is the solution to

D
—div <|DZ) + |Du| = f(x) in Q,

u=~0 on 9.

33



Finally, since g(s) > m > 0 for all s > 0 and applying Theorem 6.2, we
deduce that v is the solution to problem (45). m

Proposition 6.6. The solution v to problem (45) satisfies v € L4(Q) for
all 1 < g < oo.

PROOF. The proof follows the argument of the proof of Proposition 4.7,
on account of g(s) >m >0 forall s > 0. m

7 A non standard case: g touches the axis

In this section we assume that g is a continuous, bounded and non integrable
function with g(s) > 0 for almost every s > 0. In this case, G is increasing
but (G~!) may be unbounded.

First, we analyze the case when there exist m, o > 0 such that g(s) >
m > 0 for all s > o. Observe that this condition resembles Condition (1.7)
in [1].

Theorem 7.1. Let g be as above. Then, there exists a solution to problem

(45).
PROOF. Let v, be the solution to the approximating problem
. Dv 1 .
—div (‘sz ) + (g(vn) + n> |Du,| = f in Q,
vp =0 on 09,

with the associated vector field z,. Using the test function M i

that problem we get

n

{Un>0'} k {Un>0'}

and taking limits when k& — 07 it yields

/ g(vp)*| Dy, | < / fdx.
{vn>a} {vn>0}

Since there exist m > 0 such that g(s) > m for all s > o, then, the previous
inequality becomes:

| pulzo [ par. (49)
{'Un >0'} m Jq

Now, we use the test function T, (v,) in the same problem, so we get

Aégﬁmﬂgéfnw“ﬂgaéf“- (50)
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Finally, with (49) and (50) we have

1
/|Dvn|§<a+>/fd:1: foralln € N,
Q mj Ja

that is, the sequence (vy,), is bounded in BV () and this implies that, up
to subsequences, there exists v € BV (Q) with v, — v in L}(Q) and a.e. as
well as Dv,, — Dv *—weak in the sense of measures. We conclude the proof
using arguments of Theorem 4.3. m

For a general function g we have to change the definition of solution. We
will show in Example 7.4 that Definition 6.1 does not really work.

Definition 7.2. Let g be a continuous, bounded and non integrable function
with g(s) > 0 for almost every s > 0. We say that a function v is a weak
solution to problem (45) if v(x) < oo a.e. in Q, G(v) € BV (Q) with
DIG(v) =0 and there exists a field z € DM™(Q) with ||z]|ec < 1 such that

—divz + g(v)*|Dv| = f in  D'(Q),

(z, DG(v)) = |DG(v)|  as measures in €2,

and
”‘aﬂ =0,

where the function G is defined by

Theorem 7.3. Assume that the function g is continuous, bounded and non
integrable with g(s) > 0 for almost every s > 0. Then, there exists a unique
solution to problem (45) in the sense of Definition 7.2.

PrROOF. The approximating problem

caiv (2 )+ (st + 1) Dul=f0) w0

vp =0 on 0f,

has a unique solution for every n € N because of Theorem 6.4. That is,
there exists a vector field z, € DM (Q) with ||z,|w < 1 and a function
vp, € BV(Q) with D7v, = 0 and such that

—divz, + (g(vn) + ?12>* |Dvy| = f in D(Q), (52)

(zn, DGy (vy)) = |DGp(vy)| as measures in -
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and

”n‘asz:(]’

where we denote

We will show that the limit of the sequence (vy,),, is the solution to problem

(45). First of all, we take the test function % in problem (51) and we
arrive at

p [ ) DG < [ fao

for every k. Now, letting kK — 0 and using Fatou’s Theorem we get

/ IDG(vn)] < / fdz.
{vn#0} Q

In addition, since D7v, = 0 it follows that Dv, = 0 almost everywhere in

{vn, = 0}. Thus,
/ Do) < / fdz,
Q (9]

and so G, (vy,) is bounded in BV (§2). This implies that, up to subsequences,
there exist w such that G, (v,) — w in L}(Q) and a.e., and also DGy, (vy,) —
Duw *—weak in the sense of measures. We denote v = G~!(w), which is finite
a.e..

In what follows, we apply the same argument used in Theorem 4.3 with
minor modifications, hence we just sketch it. We get z, — z *—weakly in
L>*(Q) with ||z||loc < 1 and —divz is a Radon measure with finite total
variation. Moreover, using the test function e~V with p € C§(Q) in
problem (51) and letting n go to oo, it leads —div (e"¢(")z) = e=C() f in the
sense of distributions. The next step is to show, with the same argument
used in Theorem 4.3, that D’G(v) = 0 and deduce D’v = 0. Then is easy
to obtain

—divz+ |[DG(v)| = f in D'(Q)

in the sense of distributions and
(z, DG(v)) = [DG(v)|

as measures. Moreover, we take Tj(Gy(vy,)) in (51) to arrive at G(v)‘(99 =0
and then, we also get

v\m:o.

The uniqueness can be proved as in [28]. m

To remark the necessity to have a new definition to the concept of solu-
tion, we show in the next example that the solution to (45) when g is such
that lim g(s) =0 is not in BV (2).

5—00
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Example 7.4. The solution to problem

Do 1 A
v () o (53)
v=20 on 08,
is not in BV () for X big enough.
First, we will solve the related problem
Du A
—div | ——— | +|Du| = — in  Q,
() 100 = (54)
u=20 on 09,

and then, using the inverse function of

S
G(s) :/0 1iadazlog(1+s)
we will get the solution v.

Due to Example 5.3 we know that, for A > N — 1, the solution to problem
(54) is given by u(x) = (N — 1 — X)log(|z|/R) with the associated field
z(z) = —x/|z|. Moreover, the inverse of function G is given by G~1(s) =
e® — 1. Therefore, the solution to (53) is given by

o(z) = G L(u()) = ('g) A

when A\ > N —1. Nevertheless, v is not in BV (Q2) when N < A/2+1 because
A-N+1 |N—2—)\

in that case, |Du| = WM

is not integrable.

8 0Odd cases

In this last section we will show some cases where the properties of the
function g does not provide uniqueness, existence or regularity of solutions
to problem (45).

8.1 First case

First of all, we suppose the function ¢ is integrable. With that condition
about g, it is the function f who determines the existence or absence of
solution.

Theorem 8.1. Let f € LN>°(Q) with f > 0 and we consider problem (45)
with g € L([0,00[). Then,

(i) if || fllwr—ee(q) < 1, the trivial solution holds;
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(i) if | fllwr.—oo ) > eG() " does not exist any solution;
with G(0o) = sup{G(t) : s €]0,00[}.

PRrROOF. The first point is deduced following the proof of Proposition 4.4.
On the other hand, let ¢ € Wol’l(Q), we use —div (e=¢z) = e~ GO f to

get
e_G(OO)/f|<p|d:n§/e_G(“)f|<p|d:U:/e_G(“)z-V|g0\ dxﬁ/ IVo|dz.
Q Q Q Q

Then, if || f][yy—1.00 () > e%() | cannot exist any solution to problem (45). m
Remark 8.2. Since we have shown in (18) that

[ fllw=1.0000) < SNIfllrvee ) s
Theorem 8.1 implies the following fact:
@) I ([ fllpnee ) < Sy', the trivial solution holds.

Remark 8.3. One may wonder what happens when 1 < || f|ly-1.0q) <
¢%(*) " Consider the approximate solutions v, to problem (51) and let w
satisfy G(v,) — w. Then w € [0, G(c0)]. In particular, if w € [0, G(c0)][, the
function v = G~1(w) is finite a.e. in Q and is the solution to problem (45).
However, w can be equal to G(c0) in a set of positive measure and so v is

infinite in the same set. We conclude that v, in this case, is not solution.

Example 8.4. Problem
D 1 N -1
—div< v)+ V= ———+ A in  Bg(0),

D
LEJAREE: |xr
v=20 on 0Bg(0),

(55)

has not radial solutions when A is large enough.

Assuming there exists a radial solution u(z) = h(|z|) with h: [0, R] - R
is such that h(r) > 0, h(R) = 0 and h'(r) < 0, we will get a contradiction.
First, we suppose that h'(r) = 0 for py < r < py and, reasoning as in
Example 5.1, we get a contradiction. Therefore, we only can have h'(r) < 0
for all 0 < r < R. In this case, we know that the vector field is given by

z(xz) = —z/|z| and the equation becomes
—g(h(r)M'(r) = A,
which is equivalent to (G(h(r))’ = —A. Then, the solution is given by

G(h(r)) = MR —r).
On the other hand, we know that G(s) € [0, 5[ because

S S 1
(s) /0 g(o)do /0 [ g2 %o = arctans
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Thus, we have a radial solution if A < % When \ = %, we also obtain a

radial solution, which is given by

u(z) = tan (AR — 1)) .

8.2 Second case

Now, we will take the function g : [0,00[— R such that g(s) = 0 when
s €[0,4] and g(s) > 0 for all s > ¢. We assume g & L*(]0, oo[) as well.

Remark 8.5. With g defined as above, there is not uniqueness of solutions.
On the one hand, if || f[| L300 () < Sy' and u € BV(Q) satisfies u’ag =0,
then the function Tg( ) is a solutlon to problem (45). Thus, there is not
uniqueness in any way.
On the other hand, if || f|| ~.ec(q) > Syt we define

h(s) =g(s+¥)
and let w be a solution to problem
. Dw :
w=70 on 0L,

with associated field z. Therefore, v(x) = w(z) + £ is a solution to problem
(45) with the same vector field z.

Moreover, let ¢ : [0, 4+ 1] — [¢,£ + 1] be an increasing and bijective
C'-function such that ¢/(¢ + 1) = 1. Then we consider

_ Y (s)gy(s)) if 0<s< /{41,
h(s)_{g(s) if (+1<s,

and let w be a solution to problem (56) with h defined as above. Therefore,
the function

is a solution to (45), as we can see as follows. It is straightforward that the
equation holds in D’'(2) and U}BQ = 0. We only have to see that (z, DG(v)) =
|DG(v)| as measures in Q. If 0 < s </ + 1 we get

H(s) = / o) do = / ¥(0)g((0)) do = /Ow(s)gw)da:c:(w(s)u

Hl+1)=Gy(l+1)=G(+1),
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and for s > ¢+ 1 we have

S S

h(o)do =G+ 1)+ /ng(a) do = G(s).

H(s)=H((+1) +/

l+1

Therefore, DG(v(x)) = DH(w(x)) and we conclude (z, DG(v)) = |DG(v)|

as measures in €.

Example 8.6. The solution to problem

. Du N .
—div <M> + g(u)|Du| = 2l in Q) (57)
u=20 on 08,
with
|0 if s<a,
g(s)—{ s—a if a<s,
for a > 0 does not vanish on Of).
We define
s 0 if 0<s<a,
G(s) = o)do = 2
(5) /og() g+i—a8 if a<s
2 2
It is easy to prove that
u(w) = h(lal) = h(r) = G~ (~log (%))
with z = & is such that (z, Du) = |Du| as measures in Q and —divz +

g(w)*|Du| = & in D'(2). However,

h(R) =G H0)=1.
Although the boundary condition is not true, the solution achieves the
boundary weakly (see [7]), that is

r T

[z,v] = —1 = — sign (u).

EE

8.3 Third case

Finally, let 0 < a < b, we will take g a function with g(s) = 0 when
s € [a,b] and g(s) > 0 for all s < a and s > b. Moreover we assume that
g ¢ L([0,00]).
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Remark 8.7. We will use a similar argument to the previous one to show
that there is not uniqueness of solution to problem (45) with function g
defined as above.

Let v : [0,b] — [0,a] be an increasing and bijective C'-function. Now,

we define
_ [ (s)g((s)) i 0<s<b,
h(s)_{ g(s) ’ if b<s.

If w is a solution to problem (56), then, we have that

[ Y(w(z) if 0<w(x) <b,
v(z) = { w(z) if b<w(x),

is a solution to the original problem (45) because the equation holds in D’ ()
and also w‘ag = 0. In addition, for 0 < s < b we have

S S 711(5)
H(s) = /0 h(o) do = /O ' (0)g(p(0)) do = /0 9(0) do = G(1(s)).
H(b) =

= G(4(b) = G(a) = G(b)

and for s > b we get

Therefore, we have proved the remaining condition: (z, DG(v)) = |DG(v)|
as measures in 2.

Example 8.8. Problem

Du N
—div [ — ) + g(u)|Du| = — mn
() +otw1ul = (58)
u=20 on  0f,
with
a—s if s<a,
g(s) =4 0 if a<s<b,
s—b if b<s,
where 0 < a < b, has a discontinuous solution.
We define
T—Fas if 0<s<a,
S a2
G(s) = [ glo)dr =4 & i a<s<b,
0
a2+ b2 §2 .
5 —i—;—bs if b<s



We will prove that the radial function

u(w) = h|a]) = G (— tog @))

is a solution to problem (58) pointing out that, since G™! is discontinuous,
the solution u is discontinuous too.
We get the radial solution

and since we take

it is easy to prove

(z, Du) = |Du| in D'(Q),

N
—divz + g(u)*|Du| = -— as measures in 2,

||
and also
h(R) =G 10)=0
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