THE 1-LAPLACIAN ELLIPTIC EQUATION WITH
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ABSTRACT. In this paper we study existence of solutions to the 1-Laplacian
elliptic equation with inhomogeneous Robin boundary conditions. It is also
analyzed from the point of view of the Euler-Lagrange equation of a lower
semicontinuous functional. We see the equivalence between the solutions of
the elliptic problem and the minimizers of the functional.

1. INTRODUCTION

In this paper, we are concerned with the following Robin problem:

- div<gz|) —0, in Q,
Au + [%’ I/} =g, on 01},

where A > 0. Here and in what follows, Q2 will denote an open bounded subset of
RY with smooth boundary 0. So there exists v, a unit outward normal vector
field defined at H~ ~1-almost every point of 992, where H~ ! denotes the (N —1)-
dimensional Hausdorff measure. As far as the datum g is concerned, it belongs to
L?(09).

Boundary value problems for this type of elliptic equations has been studied by
several authors. The homogeneous Neumann problem was tackled in [3] (where
the correct concept of solution is introduced giving sense to ‘g—u“l) and also in [2],
where the authors deal with a nonlinear boundary condition: —lg—z‘ -v € B(u).
For inhomogeneous Neumann boundary conditions we refer to [12]. On the other
hand, several papers have dealt with Dirichlet boundary conditions either with a
nontrivial right hand side (see [4], [8], [9], [13], [14] and the book [5]), or studying
its connection with functions of least gradient [11]. However, up to our knowledge,
this is the first time that nonhomogeneous Robin boundary conditions for the 1-
Laplacian are studied. When one compares this problem with the previous ones
there are important differences.

In this kind of problems, a mayor difficulty appears to make sense the bound-
ary condition, which need not be achieved (see Example 2.5). From a variational
approach we would like to minimize the functional defined by

I[u] :/Q|Du|+/m (gu2—g) dHN
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Keeping in mind that this functional is not lower semi-continuous with respect to
the L'(Q))-convergence, we have to consider its semicontinuous envelope as given
by (2.12) below.

From the viewpoint of the equation, we need to truncate the expression appearing

in the boundary condition due to the condition || [Ig—z, V]|loo < 1. Indeed, we replace

Au — g with Ty (Au — g), where the truncature operator is defined by
Ty(r) :== [k — (k — |r|) "] sign (), reR, k>0.

Our strategy to obtain existence of a solution to (1.1) is to take the limit as

p \( 1 of solutions to the following problems
(19) —div(|Vul[P~2Vu) =0, in Q,
’ —|VulP~? [Vu,v| =Ti(Au — g), on 09,

Our main result states that the functions u, converge pointwise to a measurable
function u that is a solution to our problem.

Theorem 1.1. For every g € L?(99) there exists a weak solution (in the sense of
Definition 2.3, see Section 2) to (1.1) that can be obtained taking the limit asp \, 1
of a sequence of solutions u, to (1.2).

In Section 2, we prove this main Theorem and then we relate the solutions to
problem (1.1) with the minimizers of the lower semicontinuous functional defined
by (2.12). The last section is concerned with the corresponding results that holds
true in the limiting problem.

2. AN ELLIPTIC PROBLEM WITH ROBIN BOUNDARY CONDITIONS

This Section is devoted to the study of problem (1.1). We study approximating
problems involving the p—Laplacian, introduce our concept of solution, prove the
existence result and relate the solutions with the minimizers of the corresponding
functional.

2.1. Approximating problems. As was mentioned in the introduction, to ap-
proximate the problem (1.1) we consider the following ones:

(2.3) —div(|Vu|P~2Vu) =0, in Q,
. —|VulP~? [Vu,v] = Ti(\u — g), on 052,
with 1 <p < 2.

Definition 2.1. We say that u € WHP(Q) is a weak solution to (2.3) if it holds
(24) / VulP~?Vu - Ve dx +/ Ti(Au—g)pdH¥ 1 =0
@ o9

for every ¢ € WLP(Q).

Given g € L?(052), there exists a Borel function I'y : 92 x R — R such that
for all z € 99, the function r — I'y(z,r) is convex and Lipschitz continuous with
Lipschitz constant less or equal to 1 and satisfying

(2.5) Oy Lg(z,r) =Ti(Ar — g(x)).
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Note that the function I'y(z, r) can be defined explicitly as
2

ry(er) = 1 (o0 - g - L),

2
where
s if [t <1
(2.6) o) =4 2 it <
[t —1 i [ > 1.
Therefore
A 2
%frg if [Mr—g|<1
Lo(z,r) =
o) ‘r—g—i—w if |Ar—g|l>1.
A 2\ 2\

Theorem 2.2. For every g € L?(09) there exists a unique weak solution to (2.3).
Proof. Consider in W1P(Q) the functional defined by

'—1 w(z)|P dx z, u(x N-1
Ip<u>.—p/9|v (@) d +/mrg<, (2)) dHN 1.

It is straightforward that this functional is strictly convex. In regards to lower
semicontinuity with respect to the weak convergence, it is a consequence of the
compactness of the trace embedding (see [16, Theorem 6.2]).

As far as coerciveness is concerned, observe that

1
¢(t)2|t|—§, VieR,
and so

T 2
Cyfe(e) = o) ~ 62| = g7 = 5 = o) = Sloto)l 3 - 53

Therefore, we have that I, is bigger (up to a constant) than the functional given

by
1
J[u]:f/ |Vu|p+/ lu| dHN .
P Ja o0

Now, by the generalized Poincaré inequality (see [19]) and the Trace Theorem (see
1/p
[16]), we have that (/ |Vu|p) +/ lu| dHN ! defines a norm on W'P(Q),

g(z)

Q Q
equivalent to the usual one. Thus, it follows that J is coercive, and consequently I,
is so. Hence (by standard arguments) it has a unique minimum in W*?(Q), which
is the unique weak solution to (2.3). H

2.2. Definition of solution. Let us state precisely what is our definition of a
solution to (1.1). This concept of solution was introduced in [3] (see also the book
[5]). Here we only adapt this definition to the appearance of Robin boundary
conditions.

Since we study equations in which the 1-Laplacian occurs, our natural energy
space is the space of bounded variation functions in €, that is functions u € L (£2)
such that its distributional gradient Du is a bounded Radon measure with finite
total variation |Du|. We will denote it by BV (). For background in functions of
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bounded variation, we refer to [1]. We also need to recall some definitions introduced
by Anzellotti in [6] (see also [5]) and the Green formula he derives there. Let

Xn(Q) ={z e L*(Q,R"Y) : div(z) € LN(Q)}.
If z € Xny(Q) and w € BV (Q2), we define (z, Dw) : C§°(2) — R by the formula

(2. Dw)0) =~ |

wgodiv(z)dm—/wz-Vgodx.
Q

Q

The distribution (z, Dw) is actually a Radon measure with finite total varia-
tion. The measures (z, Dw), |(z, Dw)| are absolutely continuous with respect to
the measure |[Dw| and

] / <z,Dw>\s [ 16.00) < alls~o [ 1Dul
B B B

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

In [6], a weak trace on 99 of the normal component of z € Xy () is defined.
More precisely, it is proved that there exists a linear operator v : Xn(2) — L% (09)
such that

17(2) oo < [|2[loo
and
v(z)(x) = z(z) -v(z) forall x € 9Q if ze€ CH(Q,RY).
We shall denote ~(z)(x) by [z,v](z). Moreover, the following Green’s formula,

relating the function [z,v] and the measure (z, Dw), for z € Xx(2) and w €
BV (), is established

(2.7) / w div (z) dz + / (z, Dw) :/ [z, v]w dH™ L.
Q Q oQ
We are now ready to introduce our concept of solution.

Definition 2.3. Given g € L%*(92), we say that u € BV (Q) N L?(0Q) is a weak
solution to (1.1) if there exists a vector field z € L>(Q;RY) satisfying

(2.8) Izl < 1,

(2.9) div(z) =0, in D'(Q),

(2.10) (z, Du) = |Dul,

(2.11) —lz,v]=T1(Au—g), HN " a.e. on O0.

REMARK 2.4. The truncation of the boundary condition (2.11) might seem an
arbitrary condition and give the feeling that does not define “the right solution” to
the Robin problem. Evidences that our definition provides the correct solution are:

(1) The Robin problem for our equation is the Euler-Lagrange equation asso-
ciated to the minimization of the functional

I[u] :/Q|Du|+/m (%u2—g) dHN

This functional is not lower semicontinuous with respect to the L!(Q)-
convergence; its lower semicontinuous envelope is the functional given by

(2.12) I(u) == /Q | Du| + /BQ Dy(z,u(x))dHN L.
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Since 0,T'y(x,r) = Th(Ar — g(x)), hence the corresponding Euler-Lagrange
equation should involve the boundary condition —[z,v| = T} (Au — g).

(2) The boundary condition Au + [z, ] = Ah becomes u = h as A tends to co.
Likewise, —[z,v] = T1(A(u—h)) becomes —[z, v] = sign (u— h) when X\ goes
to oo. This condition —[z, ] = sign (u — h) is the one used to study the
Dirichlet problem for the 1-Laplacian.

Another evidence of the need of truncate the boundary condition can be found in
Remark 2.7 and Proposition 2.13.

We see in the next example that the boundary condition need not be achieved.

ExXaMPLE 2.5. Let  be a halfmoon—shaped set, whose boundary consists of a con-
cave zone and a convex one. In order to be more concrete, take Q = (R2\ By (0, 0))N
B1(0,1). Then, 9Q = AU B, where

A::BQﬂaBl(O,O):{(m,y)eR2 : :1;2—|-y2:1’ _

2 2
and
1
B :=00N0B(0,1) = {(x,y) ER? : 2P+ (y—1)2=1,y> 2}.

Consider the vector field z(x,y) = — (ij,Ly)Q Observe that [z,v] = 1 on A and,

€L Y

2,2

— 1

owing to y = 1242-;,2 on B, [z,v] = —%W =-zon B. Fix A > 1 and take

the boundary datum ¢ defined by
A it (r,y)eA
g(@,y) = _
[z, V] if (z,y) € B.

Then, it is easy to check that u = 0 is a weak solution of problem (1.1) according
to Definition 2.3. Nevertheless, we have

M+ [z,v]=1#4A=g on A.

2.3. Proof of the existence result. In this subsection we prove our main result
for the elliptic problem (1.1).

Proof of Theorem 1.1. Consider u, the unique solution to (2.3); taking Au, as test
function in (2.4), we get

0= )\/ |Vuy, P —|—/ Ty (Mup — g)(Auy — g) dHN 1 —|—/ Ty (Muy — g)gdHN !
Q 0 o0

and this implies

(2.13) )\/ |Vup|p+/ Ty (\up — )My — g) dHN 1 g/ lg| dHN L.
Q oN o0

Since
|Aup — g <Ti(Aup — g)(Aup —g) + 1,
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we deduce
/ | My | dHN g/ |g|d’HN—1+/ |y, — g| dHN !
00 o0 00
< [ lolan [ T, - 9) (0w, - g) a4 Y 09),
00 00
Going back to (2.13), it yields

[V [ o <ot [ jglant ).
Q o0 o

Thus, (up), is bounded in BV (2) and so we may find u € BV (Q2) satisfying, up to
subsequences,

(2.14) Vu, = Du *—weakly in the sense of measures;
(2.15) up = u  a.e. in Q;
(2.16) up, — u strongly in L"(2) for 1 <r < N1

Moreover, working as in [3] (see also the proof of [4, Proposition 3] and of [13,
Proposition 4.1]), we can prove that there exists z € L>(€2; RY) such that ||z|le < 1
and

(2.17) |Vu,|P~?Vu, =z, weakly in LY(2) Vg < oco.
Now take ¢ € C§°(Q) as test function in (2.4) to get

/ |V, [P~2Vu, - Vo = 0.
Q

Letting p go to 1, we obtain (2.9).
To prove (2.10), consider ¢ € C§°(£2), with ¢ > 0, and take pu, as test function
n (2.4). Then

/ Up|Vup\p72Vup Vo +/ [Vuy|Pe =0,
Q Q

To deal with the second term, we apply Young’s inequality and the lower semi-
continuity of the total variation, while the limit in the first one follows from using
(2.16) and (2.17); so that, we deduce

(2.18) /uz~Vg0+/ |Dulp <0.
Q Q
On the other hand, divz = 0 implies that

/uz-Vap—i—/(z,Du)ap:O,
Q Q

from here and (2.18) we obtain that

[ pue < [ @.Due

holds for all ¢ € C§°(?), with ¢ > 0. Hence, |Du| < (z, Du) as measures. The
reverse inequality follows from being z a vector field with ||z||~ < 1.
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To finish the existence part of the proof, we only have to see (2.11). For w €
Whee (), taking w — uy, as test function in (2.4), we have

/Q V[P =2V, - V(w — up,) + /ag T (Aup — g)(w — up) = 0.

Having in mind (2.5), we arrive to

[ v+ [Ty
Q o0

§/|Vup|p_2Vup-Vw+/ Ty(z,w(z)) dHN L.
Q 00

Then, by Young’s inequality we obtain that

p/ |Vup|+/ Ly(z,upy(w)) dHN 1
Q o9

<(p-1)9 —|—/ |V, |P~2Vu, - Vw —|—/ Ly(z,w(z)) dHN L.
o0

Now, by a result of Modica [15, Proposition 1.2] we know that the functional

/|Du\+/ T, (o, u()) dHN 1

is lower semi-continuous with respect to the L!(£2)-convergence, hence having in
mind (2.16) and (2.17), we may let p go to 1 and obtain

(2.19) /£2|Du|+/(99Fg(x,u(x))dHN_1 §/Qz-Vw—l—/aQFg(x,w(x))d’HN_l.

Let w € BV(Q), applying results from [6] and [7], we know that there exists a
sequence (wy,) C W1°°(Q) such that

w, = w in LY(Q),

/|an(x)|dm—>/ | Dw|,
Q Q
/Z-andw%/(z,Dw).
Q Q

In particular we have that w,, strictly converges to w in BV (). Then, we have
w, — w in L1(9Q) (see [1]) and therefore, from the continuity of the function

r— Iy(x,r) and the inequality T'g(z,r) < |r — g(w |, we also obtain
lim [Ty wn(a) dHN ! = / T, (r, w(z)) dHN .
o0

Then, taking w,, as test functions in (2.19) and letting n — oo we get

N-—1 N—-1
(2.20) /Q|Du|+/mrg(x,u<x))d7{ g/@(z,pww/mrg(x,w(x))dﬂ

for every w € BV (Q).
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From the above inequality, having in mind (2.9) and (2.10), and applying Green’s
formula, for every w € BV (), we have

(2.21) — /BQ[Z, V](w — u) dHN !
N-1 _ [y (z,u(z dHN L
</6 Fg(x,w(x))d’H /(9 g( 5 ( ))

Due to the trace embedding, (2.21) holds for every w € L' (9Q). Given w € L(99)
and 0 < ¢ € L>(09), taking u + % (w — u) as test function in (2.21) we get

¥ N-1
- —u)d
| ) —E = wan

g/ Fg(x,u—i-i(w—u))d’HN_l—/ Ty(z,u(z))dHN*
o9 p+1 20

and, by the convexity of the function r — I'g(x,7),

4 N-1 ' N-1
[ - < [ L (@) < Ty ()] Y

which implies

/ ¢ ([Ly(z,w(@)) = Tylw,u(@))] + [z, v](w — u)) dH¥ 1 >0
a0
for every 0 < ¢ € L*>(99), from where we finally obtain

—[z,v] € 0,Ty(z,u(z)) = Ty (Mu(z) — g(x)) HY'-ae. on I
and so (2.11) holds true. W

Proposition 2.6. Let g € L*(99) and u € BV (Q).
u is a solution to (1.1) if and only if u minimizes the functional given by

L(u) ::/Q\Du|+/aQFg(a:,u(x))dHN_1.

Proof. Assume, first that u is a solution to (1.1). Then there exists a vector field z
satisfying (2.8-2.11). Since divz = 0, for every v € BV (Q), it yields

/Q(z, D(u—v)) = /m(u — o)z, ] dHV 1

Applying (2.10) on the left hand side and (2.11) on the right hand side, it leads to

/|Du| (z, Dv) = / (u— )Ty (Mu — g) dHN L.

Taking into account that Tj(Au — g) belongs to the subdifferential 0,I'y(x, u(z)),
we deduce that

Ty (Au(z) — g(2))(v(z) — u(z)) <Ty(z,v(2)) — Ty(2,u(z)).
So
/ |Du| — (z, Dv) < / Ly(z,v(z)) — Ty, u(x)) dHN .
Q o9

from where it is straightforward to derive I (u) < I;(v).
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To see the converse, assume now that v minimizes I;. If v denotes the solution

to (1.1) we have found in the proof of Theorem 1.1, then there exists a vector field
z satisfying (2.8-2.11). Arguing as above, we obtain

= v x,v(x N-1
hw= [ Ip |+/mrg( o(x)) dH
N—-1
S/Q(Z,Du)—i-/gmfg(z,u(z))dﬂ
< [1Dul+ [ Tywu@)an = n).
Q o0

Since I (v) > I (u) holds, it follows that the above inequalities becomes equalities.
Hence, [, (z, Du) = [, |Du| and, by ||z||o < 1, we conclude that (z, Du) = |Dul as
measures.

On the other hand, thanks to Green’s formula, it also follows that

(2.22) —/m(v—u)[z,u] N Z/Q(Z,D(u—v))
:/Q|Du|—/Q|DU|:/mrg(x,v(x))—Fg(x,u(x))dHN—l.

Having in mind that v is the solution found in the proof of Theorem 1.1, we use
(2.21) to get

(2.23) — /69[2, vj(w —v)dHN 7t < /as) Ty (z,w(z)) — Ty(z,v(z)) dHV 1,

for every w € BV (). Adding (2.22) and (2.23), it yields

7/ [z, V] (w — u) dHN ! < / Ty(z,w(z)) — Ty(z,u(x)) dHN T,
o9

[219]

for every w € BV (Q). Following next the argument of the proof of Theorem 1.1
after (2.21), we conclude that —[z,v] = Ty(\u —g) HN1-a.e. on 9.
Therefore, u is a solution to (1.1) in the sense of Definition 2.3. ®

REMARK 2.7. It is worth trying to pass to the limit in the approximating problems

—div(|Vu,|P72Vu,) =0, in Q;
(2.24) ’
—|Vup P72 [Vup, v] = Ay, — g, on 0% ;

when p — 1. Taking u,, as test function, it yields

(2.25) /\vu,,|P+/ Auf,dHN—lz/ gu, dHN 1
Q o0 o0

which implies

1/2 1/2
A/ up dHN T < (/ gzd”HN1> (/ ugdHN1> .
o o o
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It leads to an L2(99)—estimate that, jointly with the BV () obtained as in the proof
of Theorem 1.1, provide h € L?(99), u € BV (Q) and z € L>(Q; RY) satisfying
u, — h  weakly in L*(0Q);
Vu, — Du *-weakly in the sense of measures;

U, = u a.e. in Q;

N
up — u strongly in L"(2) for 1 <r < N_1'
|Vup,|P~2Vu, — z strongly in LI(Q;RY) for 1 < ¢ < oco.

Now, the lower semicontinuity of the Total Variation and the L?-norm turn (2.25)
in

(2.26) /|Du|+/ A2 dHN ! g/ ghdHN 1.
Q o0 oN

One may further continue as in the proof of Theorem 1.1, and so seeing that divz =
0 and (z, Du) = |Du| as measures. Moreover, if we take v € WH1(Q) N L2(0Q) as
test function in (2.24) and then let p go to 1, we obtain

/Z~V11:—/ (M — g)vdHN L.
Q o

Hence, Green’s formula implies
/ [z, v]v 4+ (A — g)vdHN "1 =0
oQ

for all v € L2(99). It follows the identity —[z,v] = Ah — g H¥ ~'-a.e. on 9.
Therefore, the function Ah — g here plays the same role that T (Au — g) in
Definition 2.3. We will next see that these functions coincide. The proof will be
split into two steps.
Step 1: We will see that

(2.27) /an ulz, v] dHN ! + /BQ T, (u) dHN !

S/ w[z,u]d?—lN_1+/ (éw2—9w>d7{N—1,
o9 o0 \2

holds for every w € W2(Q). To this end, fix w € W12(Q) and take u, —w as test
function in (2.24). Then Young’s inequality yields

/Q|Vup|p + /{m()\uz — gup) dHN !
=/ |V, [P~2Vu, - Vw—l—/ w(Auy, — g) dHN 1
Q o9

S/ |Vup|p_2Vup-Vw+é/ uﬁd”HN_l—&—/ (éw2—9w> dHN L.
Q 2 Joa o0 \2

Simplifying, we obtain

A
/ IV, [P + / (5u2 = guy ) an™
Q o 2

A
< / |V, [P~2Vu, - Vw +/ <—w2 - gw) dHN L.
Q o0 \2
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It follows that

/|Vup|p+/ Pg(“p)dHN_l
Q o

1/ p—1 / Ao N-1
< - Vu,lP + ——|Q] + (fu —gu)d?—[
s vl 2=l [ (G- g,

-1 A
< / |Vup|p_2Vup-Vw+L|Q\ +/ (7w2—9w> dHN T
0 P o0 \2

Applying the lower—semicontinuity on the left hand side, we deduce

A
/|Du\—|—/ Fg(u)dHN_lg/z-Vw—i—/ (§w2—gw> dHN
Q o9 Q o9

and, due to the identity (z, Du) = |Dul, Green’s formula implies (2.27).

11

Step 2:  Consider now a sequence (wy), in W12(Q) such that wn|89 — h

strongly in L?(9Q) and apply Step 1. It follows from

/u[z,y]dHN_1+/ T, (u) dHN !
[2:9) o0

< / wlz, v] dHN ! +/ (éwz - gwn) dHN T
o0 o0 \2

for all n € N, that

/ ulz, v] dHN +/ Ly(u)dHN 1
o0

o2

g/ h[z,y]d?-tN’lJr/ (éhz—gh) dHN 1.
o0 o0 N2

Taking into account (2.6), it becomes

2
/ g, ) dHY T+ 2 [ g — g)amN T — 1/ 9 N1
a0 A Jaa AJoq 2

< [ hlz,v]dHN ! +/
a0 iy}
Performing easy manipulations, it yields

2
S — g) dHN L — / Iy

/ (M — g)[z, v] dHN 1 +
o9 o0 2

o

A2h2 — 2\gh

S/ ()\h—g)[z,u]d"HN_l—l—/ e aHN .
o9 20 2

Having in mind —[z,v] = Ah — g, it follows that

/ (A — g)[z, v] dHN 1 + dp(Mu — g) dHN L
o o0

A2R% — 20gh + ¢
< —/ (Ah—g)2dHN-1+/ INEG” gy
o0 o0 2

—_ 7/ (Ah’ig)z dHN71 _ 7/ [Z’V]2 df}_[N*l
oQ o

2 2

(%/ﬁ - gh) dHN L



12 JOSE M. MAZON, JULIO D. ROSSI, AND SERGIO SEGURA DE LEON

and so
[z, v]?

(2.28) /89 (()\u —9)z,v] + p(Au —g) + T) dHNt <0.

To see that the integrand in (2.28) is nonnegative, we will distinguish two cases.
1) Case |Au — g| < 1: Then

()\u—g)[z,y] + (Au;g)2 + [Z72V}2 _ ()‘u_g;— [zvlj])z >0.

2) Case |Au — g| > 1: In this case, we have

229) (= g)lmr] + hu—g| - 5+ 220
Qu-gt i) (gl -1
2 2
_ (Du—gl+signQu—g)lz,1))*  (Ppu—gl-1)*_
2 2 -

due to the inequality sign (A\u — g)[z,v] > —1.

Hence, we deduce from (2.28) that its integrand vanishes, that is,
(2, V]
2
It is straightforward that if [Au — g| < 1, then

=0, HN "1 ae. on 90.

(M — g)[z,v] + ¢p(Au — g) +

A —g=—[z,v]=Ah—g.

On the other hand, if |A\u — g| > 1, then (2.29) implies sign (Au — g)[z,v] = —1, so
that sign (Au — g) = —[z,v] = Ah — g.
Therefore, the equality Th (Au — g) = Ah — g is proved.

2.4. Remarks on uniqueness. It is easy to see that, in general, uniqueness for
the Robin problem does not hold.

ExXAMPLE 2.8. Consider €2 :=]0, 1], A = 1 and g such that g(0) = —1 and g(1) = 2.
Then, any increasing function « in |0, 1[ such that «(0) = 0 and u(1) =1 is a weak
solution with associated vector field z = 1.

REMARK 2.9. We explicitly point out that, even though the solution need not be
unique, the same vector field z can be used for all possible solution and, moreover,
the weak trace [z, v] is univocally determined on the boundary. As a consequence,
given a solution u, the function T} (Au—g) is univocally determined on the boundary.

In fact, let uq,us be two weak solutions. Then there exist two bounded vector
fields z1,zo satisfying (2.8-2.11). Thus, multiplying the equation (2.9) for z; by
(u1 — us2) and applying Green’s formula, we have,

/(ZMD(u1 ) +/ Ty it — g) (11 — ug) dAHN 1 = 0.
Q o0
Similarly, we obtain

/(227D(uz —uq)) +/ Ty(\ug — g)(ug —uy) dHYN "1 =0.
Q a0
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Therefore, adding the two equalities, we get
(230) / (21 — Zy, D(U1 — ’LLQ))
Q

+ / [T1(>\’LL1 — g) - Tl(/\’u,g — g)] (’U,l — UQ) d’HNil =0.
o0
Now,
(2.31) (z1 — z2, D(u1 — u2)) = |Duq| + |Dus| — (21, Dus) — (22, Duy) > 0,

since (z1, Dus) < |Dug| and (z2, Duy) < |Duq|. On the other hand, the function
given by s+ T1(As — g(x)) is nondecreasing, so that

(2.32) [Tl ()\ul — g) — T1 ()\UQ — g)] (u1 — UQ) Z 0.

Hence, the two terms in (2.30) have to vanish. Consequently, it follows from (2.31)
that (z1 — 22, D(u; —ug)) = 0 and so (z1, Dug) = |Dus| and (z2, Duy) = |Duy|, as
measures. Furthermore, it follows from (2.32) that [T} (Auy — g) — T3 (Aug — g)] (u1 —
us) = 0 and then Ty (A\uy — g) = Ty (Aug — g) HV "1-a.e. on 9. So we deduce that
Ti(g — Muy) = [2z2,v] and Ty (g — Aug) = [z1,v] HV 1-a.e. on 9.

In summary, we may check that w; is a solution using the vector field z; and,
reciprocally, that us is a solution using the vector field z;, and we have seen that
[z1,v] = [22,v] = Th(Aur — g) = Th(Aug — g) as well.

Example 2.8 strongly relies on the 1-dimensional setting. Actually, it is a con-
sequence of the non-uniqueness of the Dirichlet problem for 1-harmonic functions.
This phenomenon also explain the nonuniqueness of the Robin problem in higher
dimensions. We next turn to show the connections between the Robin and the
Dirichlet problems for the 1-Laplacian.

The Dirichlet problem for the 1-Laplacian is

. ( Du :
dlv<|Du|) =0, inQ;
u=nh, on 0f);

(2.33)

where h € L'(99) and the concept of solution is the following:

Definition 2.10. We will say that uw € BV (Q) is a solution to problem (2.33) if
there exists a vector field z € L= (Q;RY), with ||z|| < 1, satisfying

(2.34) —div (z) =0, in D'(Q);
(2.35) (z, Du) = |Dul,
(2.36) [z,v] € sign(h —u), HN L a.e. on O0.

In [11] we study existence and uniqueness for problem (2.33). We now see the
1-dimensional setting in the spirit of Example 2.8.

REMARK 2.11. Given an open interval Ja,b[ and a, € R, if o < 3, then every
nondecreasing function u :Ja, b[— R satisfying u(a) = o and u(b) = 8 is a solution
to problem

(2.37) —(ﬁj)/ =0, in Ja, b,
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To check it, just consider as associated vector field z = 1. Analogously, if a > £,
then every nonincreasing function u : ]a,b[— R satisfying u(a) = « and u(b) =
is a solution to problem (2.37), taking z = —1 as associated vector field. On the
other hand, uniqueness holds when o = 8 since the unique solution to (2.37) is the

constant function: just integrate by parts to get fab || = f: zu' = 0.

One might think that the above examples are specific of monotone functions and
they do not occur in higher dimensions. Nevertheless, this is not so as we next see.
To do that we first study the relation between the Robin and the Dirichlet problems.
We need to show that, as we have seen in Remark 2.9 for the Robin problem, the
same vector field z can be used for all possible solutions of the Dirichlet problem
(2.33).

REMARK 2.12. Assume that u;, ¢ = 1,2, are solutions to problem (2.33) with
associated vector fields z;. Then arguing as in Remark 2.9, we obtain

(2.38) /Q(z1 — 22, D(u1 — ug)) — /m(ul — ug)[z1 — 72, V] dH" 1 = 0

The first term is nonnegative, as we already check. With respect to the second one,
observe that

— (u1 — ug)[z1 — 29,V]
= (h—u1)[z1,v] + (h — ug)[z2,v] — (h — ug)[z1,v] = (h — u1)[22, V]
= |h —ui| + |h —u2| — (h — u2)[z1,v] — (h — uy)[z2,v] > 0.

Hence, the two terms in (2.38) vanish. The first term implies (z;, Du;j) = |Du;],
while the second yields |h — ;| = (h — u;)[z;, v]. The desired fact follows.

Proposition 2.13. Let g,h € L?(09Q) and u € BV ().

(i) If u is a solution to the Robin problem (1.1), then w is a solution to the
Dirichlet problem

D
—diV(ﬁ) =0, in €,
1
u:X(gf[ZaV]), on aQa
where z is any vector field associated with the solution u.
(ii) If w is a solution to the Dirichlet problem (2.33) and z is a vector field
associated with this solution, then u is a solution of the Robin problem (1.1)

for g = Ah —[z,V].

(2.39)

Proof. (i): Let u be a solution to (1.1). Then, by Remark 2.9, the weak trace [z, V]
is independent of the vector field z. Thus, ¢ is univocally determined, so that we

1
may define h = " [Ty (Au — g) + g] on 99. It follows from (2.11) that

—[z, V] =Ti(Qu—g) = h—g, HY 'ae ondf.
We must consider three cases:

(1) |[Au—g| < 1: Here we deduce u = h
(2) Au —g > 1: We have that A\h — g = 1 < Au — g, so that u > h and
[z,v] = —1. Thus, [z,v] =sign (h — u).
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(3) Mu—g < —1: We now have u < h and [z,v] = 1, and so [z, v] = sign (h —u)
as well.
In any case, we have proved that [z,v] € sign (h — u), wherewith v is a solution
to (2.39).
(ii): Let u be a solution to the Dirichlet problem (2.33) and z a vector field asso-
ciated with the solution u. Take g := Ah + [z,v]. It follows from the definition of
solution that
[z,v] € sign (h —u) .
Three cases must be considered:
(1) w > h: Then [z,v] = =1 and so 1 = \h — g < A — g. Hence, —[z,v] =
T1 ()\u — g).
(2) u < h: Here [z,v] = 1, so that we also deduce —[z,v] = T1(Au — g).
(3) uw=h: Since A\u—g = Ah—g = —[z,v], it follows that —[z,v] = T1 (Au—g).
We have obtained, in any case, that —[z,v] = T1(Au — g) and so u is a solution
to (1.1). m

An example of non—uniqueness of the Dirichlet problem in higher dimensions is
considered in [11]. We now modify it to show that uniqueness also fails for the
Robin problem (1.1). For the sake of simplicity, we will choose A = 1.

EXAMPLE 2.14. Let Q = {(x,y) € R? : 22 + y? < 1} and consider the boundary
datum g : {(z,y) € R?: 2% + y*> = 1} — R defined by

2 -y + 14z, ifm>§;

2 2 3 V2.

-y +1—a, ifz<—%;

(2.40) gl@y) =9 , °, S
et oyt =1l-y, ify >
2 2 ; V2
-y =14y, ify<-—%.

At the points satisfying |z| = |y| = ?, function ¢ is not defined, it can take any

value.
Now define another function h : {(z,y) € R?: 22 +y?> =1} - R by

22—y + 1, if |z > g;
h(l‘, y) = 9 9 NG
vt —y =1, if [y > 5.
In [11] it has been proved that those functions given by
2%, iffal > R,y <
n@y) =4 A, iflal <2yl <2
—27, if | < 2, Jy| >
with =1 < A < 1, are solutions to the Dirichlet problem (2.39). Actually, there
exists a unique vector field that satisfies all the requirements. This vector field is
such that
T, if x> %57
—x, ifz< —% ;

[z, V](z,y) =
—y, ify> L

v, ify<—@.
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Since Ah — g = —[z,v] holds on 90, we may invoke Proposition 2.13, to conclude
that functions uy are solutions to the Robin problem with datum (2.40).

In [17] and [18], functions of least gradient are studied. Under some smoothing
assumptions on the boundary, a general theory of existence and uniqueness is proved
for continuous data. This theory was completed in [11] by showing that functions of
least gradient are the solutions to the Dirichlet problem for the 1-Laplacian. As a
consequence of these results and Proposition 2.13 we may state a uniqueness result
for our Robin problem.

Corollary 2.15. Let ) be a bounded Lipschitz domain satisfying a uniform exterior
ball condition. Assume also that for every x € 0S) there exists € > 0 such that for
every set of finite perimeter A CC Be(x),

HY 1 (09) <HN L O(QU A)).

Take g € L*(0R2). Let u € BV (Q) be a solution to the Robin problem (1.1) with
associated vector field z. If h := }(g — [z,v]) is continuous on 0K, then u is the
unique solution to the Robin problem (1.1).

3. THE LIMITING CASE: THE NEUMANN PROBLEM

The inhomogeneous Neumann problem for the 1-Laplacian is problem (1.1) with
A =0, that is:

. (D .
(3.41) _ng(wz') oo
[m, V:| =g, on 0,

This problem was studied in [12] where it is shown that the approximate solutions
involving the p—Laplacian converge to a solution only when the datum is small
enough. On the contrary, we have seen here that there is no need of assumptions
on the size of the datum to obtain a solution in the case of the Robin problem. As
always, the presence of the term Au on the boundary plays a regularizing role.

In this Section we study both the Neumann problem for the 1-Laplacian and
the corresponding minimization problem. We explicitly prove that both problems
are solvable only for small data. To specify how small must be the datum, we start
by introducing a norm in L>°(9€2). This norm, which turns to be equivalent to the
usual one || - ||z (aq), is defined by

/ gw dHN !
lgll« = sup { +22 s w e WHHQ)\{0}, / wdHN 1 =0
o9

/ V|
Q

Proposition 3.1. For each g € L (99Q) the following conditions are equivalent.
(1) There exists a minimum of the functional defined in BV () by

Io(u):/Q|Du|—/89ug.

(2) llgll« < 1.
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Proof. Assume first that ||g]|l« < 1. Then, by [12, Theorem 4.4], there exists u
which is a solution to problem (3.41). Thus, there is a vector field z € L>(; RY)
such that ||z||cc < 1, divz =0, (z, Du) = |Dul as measures and [z,v] = g on 9.

For every v € BV (1), we obtain

/Q(Z,D(u —v)) = /asz(u — )z, v] dHV ! = /aﬂ(“ _ )gar .

/Q|Du|—/Q(Z,Dv)z/aQ(u—v)gdHN_l,

and so Io(u) < Ip(v).
Assume now that ||g||« > 1, say ||g|]|« > 1+ € for certain ¢ > 0. By the definition
of the norm || - ||, there exists w € W(Q)\{0} such that [,,wdHN~" =0 and

/ gwdHN ! >(1+e)/ |[Vw|dx .
o0 Q

Then Iy(w) < —€ [, |Vw|dz. Taking u = Mw with M > 0, it yields

Thus,

Ip(u) < fMe/ |Vw|dx ,
Q
wherewith inf Ip(u) = —co. ®

Proposition 3.2. For each g € L (09Q) the following conditions are equivalent.

(1) There exists a solution to problem (3.41).
(2) llgll« < 1.

Proof. Tt ||g|l« < 1 it is already proved in [12, Theorem 4.4] that there exists a
solution to problem (3.41).

Conversely, if there exist u € BV (Q) and z € L>(; RY) satisfying ||z < 1,
divz = 0, (z,Du) = |Du| as measures and [z,v] = g on 0§2. Then, for every
w € WHH(Q)\{0} such that [y, wdH" "1 =0, we have

/ gwdHNfl:/z~Vw§/|Vw|.
19) Q Q

Hence, g« <1. =

Proposition 3.3. Let g € L>(0N) satisfy ||g|l« <1 and let w € BV (). Then the
following assertions are equivalent.

(1) u minimizes functional I.

(2) w is solution to problem (3.41).

Proof. The implication (1) = (2) can be seen simplifying the argument of the
second part of Proposition 2.6.
On the other hand, (2) = (1) is included in Proposition 3.1. ®
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