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ON A NONLINEAR ROBIN PROBLEM WITH AN ABSORPTION
TERM ON THE BOUNDARY AND L' DATA

FRANCESCO DELLA PIETRA, FRANCESCANTONIO OLIVA, AND SERGIO SEGURA DE LEON

ABSTRACT. We deal with existence and uniqueness of nonnegative solutions to

—Au= f(x) in Q,
@—i—)\( ) _ 9@ n 0
£ Tju= =250 ,

where 7 > 0 and f, A and g are nonnegative integrable functions. The set  C RV (N >
2) is open and bounded with smooth boundary and v denotes its unit outward normal
vector.

More generally, we handle equations driven by monotone operators of p-Laplacian type
jointly with nonlinear boundary conditions. We prove existence of an entropy solution
and check that this solution is unique under natural assumptions. Among other features,
we study the regularizing effect given to the solution by both the absorption and the
nonlinear boundary term.
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1. INTRODUCTION

In this paper we analyze existence and uniqueness of nonnegative solutions to the follow-
ing model problem

—Au = f(x) in €,

1.1
%Jr)\(:p)uzw on 012, (1)
ov un

where n > 0 and f, A and g are nonnegative functions which can be even merely integrable.
Here  denotes an open bounded subset of RY (N > 2) with smooth boundary while v
denotes its unit outward normal vector.

The main interest in problem (L)) relies on the boundary equation which contains a
blowing up term providing a nonlinear Robin boundary condition.

Up to our knowledge, problems as (L1 are essentially new to the literature. Singular
problems are extremely studied when the singularity is, let say, volumetric and a Dirichlet
boundary condition is imposed; this provides to the problem a singular feature.

Let us just cite some historical papers [7, [14] and also more recent papers [0 8, 18] which
investigate different aspects of this problem using various techniques.
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The literature concerning nonlinear boundary conditions is more limited and mainly
focused on u, + F(u) = 0 with F' nondecreasing and finite at the origin ([2, [3, [0} 19]).
Apart from these, in [16] the authors deal with a problem involving a function F' blowing
up at the origin in a concrete model case. Here it is proven existence and nonnexistence
results in presence of subcritical powers in both the interior and the boundary equation.
It is also worth to mention papers [11} 12] where the authors consider homogeneous Robin
boundary conditions jointly with singular terms even dependant on the gradient of the
solution itself when A is a positive constant. In particular they show existence of solutions
using variational methods and a sub and super-solution technique. Let also mention that,
if g = 0 and A is a positive constant, recent results can be found in [I]. Moreover, if n =0
and the principal operator is the p-Laplacian, one can also refer for instance to [9] where,
among other things, the asymptotic behaviour of the solutions as p — 17 is studied.

In this paper we first show existence of a weak solution to ((ILT]) when the data are regular
enough (see Theorem below). Here, through a suitable regularization process on the
data involved, we exploit a comparison argument as well as the classical Hopf Lemma in
order to deduce that the approximation sequence is bounded from below on 0f2. Roughly
speaking, this gives to the problem a non-singular feature which allows to easily pass to
the limit the approximation sequence. Let explicitly stress that we strongly need A to
be bounded and not null in the previous argument; in particular this permits to deduce
that the sub-solution to the approximation sequence given by (ZIT) is actually positive
on the boundary of the domain.

Let also mention that the regularizing effect given by the singular boundary term is
expressed by condition (2.2]) below. If > 0 we obtain finite energy solutions for a larger
class of data; for instance, if n > 1 we need g to be just an integrable function to have the
solution u € WH?(Q). This effect is due to the degeneration at infinity of the nonlinear
boundary term.

In the second part of the paper we deal with a generalization of problem (ILT]) given by

—div(a(z, Vu)) = f in
w>0 in Q, (1.2)
a(x,Vu) v+ Ao(u) = h(u)g on 09,

where a, o and h are suitable generalizations of the functions involved in (L)) satisfying
assumptions (3.2)),3), B4), (H), B.8) and B1) below. Finally A and g are merely
nonnegative integrable functions on 99 as well as 0 < f € L(Q).

As it is clear problem ([L2)) is non-variational and here the approximation process is
strongly needed to show the existence of entropy solutions (see Definition 3.8 below).

In this case we need a totally different strategy with respect to the one of Theorem
indeed we can not show that the approximation sequence is bounded from below on 02
since, among other things, A is actually unbounded. Here we take advantage of suitable
test functions to control the nonlinear (and possibly singular) boundary term.

Let finally stress that Theorem below shows that the entropy solution to (L2) is
unique under natural monotonicity assumptions on the involved functions.

The plan of the paper is the following: in Section [2] we deal with existence of a weak
solution to (IL1]). In Section [8 we prove existence and uniqueness of entropy solutions to
a generalization of (L2) and we finally prove the uniqueness theorem.

1.1. Notation and preliminaries. For the entire paper €2 is an open bounded set of

RY (N > 2) with regular boundary.
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For a given function v we denote by v* = max(v,0) and by v~ = — min(v,0). Moreover
Xe denotes the characteristic function of a set E. For a fixed & > 0, we define the
truncation function 7}, : R — R as

Ty (s) :=max(—k, min(s, k)).

We will also use the functions

1 s <9,
26 —
Vs(s) == ‘%S § < s <20, (1.3)
0 s > 20,
and

0 s < 't,
s—1t

Gre(s) = - t<s<t+e, (1.4)
1 s>t+e.

Fixed a nonnegative A € Lot () (not identically null), we consider in W?(2) the norm

defined by

Hv”’;\m = /Q |VolP + /BQ AoPdHN ve WP Q).

This norm turns out to be equivalent in W?(Q) to the usual norm (see [I7, Section 2.7]).
As a consequence, classical embeddings that hold for WP(Q) can be translated to this
norm.

Let also recall the following well known trace inequality (see [I7, Theorem 4.2]). There
exists C' > 0 such that:

- <C : Vo € WP(Q). 1.5
HUHL%(QQ) < Cllollwre), Yo (2) (1.5)
It is worth mentioning that the previous immersion is also compact in L1(09) if ¢ < (N]\f—f)p
P

(see [I7, Theorem 6.1]).

For any 0 < r < oo, by M"(2) we denote the usual Marcinkiewicz (or weak Lebesgue)
space of index 7, which is the space of functions f such that [{|f]| > t}| < Ct™7, for any
t > 0. Let only recall that, if |Q] < oo, L"(2) € M"(2) C L™ =(2), for any ¢ > 0. For
an overview to these spaces we refer to [13].

If no otherwise specified, we will denote by C' several positive constants whose value may
change from line to line and, sometimes, on the same line. These values will only depend
on the data but they will never depend on the indexes of the sequences we will introduce.
Finally we underline that, if no ambiguity occurs, we will often use the following notation
for the Lebesgue integral of a function f

/ﬂ = /ﬂ f(x) da.
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2. THE CASE WITH REGULAR DATA

In this section, under the assumption of 2 bounded open set with C'! boundary, we prove
existence of solution to the following model problem

—Au=f in €,
u>0 in Q, (2.1)
@ + Au = A 011,
v u’
where n > 0 and f € L%(Q), A € L>®(09) (not identically null) and g € L"(99) are
nonnegative and
2(N —-1)
= 1. 2.2
T ) (22)

The main interesting fact in this section is that, under the above assumptions and through
classical tools, the solution is far away from zero on 0€2. Roughly speaking, this means
that problem (2.1)) is non-singular.

Let us firstly precise what we mean by a weak solution.

Definition 2.1. A function v € H'(2) is a weak solution to [2.1)) if gu™ € L'(9Q) and

if it satisfies
/Vu -V —|—/ NupdHN 1 = / f<p+/ %dHNfl, (2.3)
Q o0 Q an u"

for all ¢ € HY(Q) N L>(99).
Let us state the existence result for this section.

Theorem 2.2. Let 0 < f € L%(Q), let 0 < X e L*(092) be not identically null and let
0 < g€ L(092) with r satisfying [22)). Then there exists a weak solution to (2.1]).

Remark 2.3. Let us stress that the previous existence result concerns nonnegative so-
lutions. Anyway simple basic examples show that, in general, changing sign solutions
exist as shown in Example [T below. Roughly speaking, here we are formally dealing with
existence of solutions to

—Au=f in €2,
% u=-2""on 011,
v |u|m

which are nonnegative. Let us also underline that the study of problems as in (2.1]) where
f, g are not necessarily positive is the object of a forthcoming paper. Obviously, in this
case, nonnegative solutions are not always expected to exist.

Example 1. Let B;(0) be the unit ball in R? and let us consider the following problem
—Au=0 in B(0)

9 (2.4)
8_Z + Au = % on 0B (0)
In what follows, we use polar coordinates 0 < r < 1 and —7 < 0 < 7. If we fix the
nonnegative functions

with 0 < a < 1 and



which give A\ € L'(9B;(0)) while g € L>(0B;(0)) Then it is simple to convince that
u(r,0) = rsind is a solution to (2.4]).

Let observe that w vanishes on the boundary at # = 0 and § = 7. At 6§ = 0, function
A exhibits a singularity. However, at § = 7, the weight A is bounded. Moreover, when
a = 0, A is bounded but both zeros remain.

2.1. Approximation scheme and proof of the existence result. In order to prove
the above theorem, we work by approximation through the following problems

—Au, = f, in €2,

%ZZ 0 , in €2, (2.5)
— 4+ Ay, = ——— on 09,

o ('

where f,, := T,,(f) and g, := T,,(g). We first show the existence of a weak solution to
([Z.5), namely a function u,, € H'(Q) satisfying

/Vun-VgoJr/ My pdHN ! :/fngoJr/ %d?—ﬂv_l, (2.6)
Q 0 Q 0 (|“n| + E)

for all p € H'(Q).

Lemma 2.4. Let 0 < f € LY(Q), let 0 < X\ € L*>®(9Q) not identically null and let
0<ge LY 09Q). Then there exists a nonnegative weak solution u, to (Z3).

Proof. In order to show the existence of a solution to (2.3 let us consider

—Aw = f, in €,

ow Gn (2.7)
— + = —"— 09,

By + Aw (|v| n %)n on

where v € L?(99). The existence of a solution w € H'(Q2) to (Z7) follows, for example,
from the classical results contained in [I5]; moreover it is simply to deduce that w is
actually nonnegative and, from a classical argument by Stampacchia, it is also bounded.
In order to deduce the existence of a solution u, to (Z3) we aim to show that the
application T : L*(9Q) + L*(09) such that T'(v) = w}m admits a fixed point. Hence
it will be sufficient to show that T is invariant, compact and continuous to apply the
Schauder fixed point Theorem in order to conclude the proof.

We start by proving that 7' is invariant; to this end let us take w as a test function in
the weak formulation in (2.7)) deducing that (recall f,, g, < n)

/|Vw|2+/ Mw?dHN §n/w+n”+1/ wdHN .
Q o9 Q o9

Now observe that on the left hand side our norm appears, while on the right hand side
we may apply Young’s inequality with weights (1, C,), (€2, C:,) (where €1,5 > 0 to be
chosen) which leads to

ol < ner [ wtbnrtie, [ waHS ol + o™ Y 069,
Q o9
Then applying (L3]) one simply gets

lwll3 2 < nerCrllwl3 o + 0™ exCollwll3 5 + CeynlQ + Con™ HY ™ (09),

where we also used that || - ||x2 and || - ||g1(q) are equivalent norms. Then fixing &,

satisfying n" e Ch < % and &; such that ne;C < i, one deduces that
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lwliz < Cn

where (), is a positive constant which depends on n but it is independent on w. Applying
again (7)), we obtain that a ball in L?(9Q) (let’s say of radius R,,) is invariant for 7.

Moreover, since C), does not depend on w, the compactness of the trace embedding and
the above argument show that T'(A) is compact for any A subset of the ball of radius R,
contained in L?(92).

For the continuity we let vy € L?(9Q) which converges to v in L*(0€) as k — oo and we
consider T'(vg) = w’f}aﬂ that is wy, satisfies

—Awg = f, in €,

dwy In (2.8)
v + )\w = V7 on 8(2

v T (o] + 2)”

Reasoning as for the proof of the invariance, one deduces that wy is bounded in H'(2)
with respect to k. This is sufficient to pass to the limit any term in the weak formulation
of (2.8) using weak convergence in H'(§2) and strong convergence in L%(09) of wy, to a
function w as k — oo.

As already mentioned above, we are now able to deduce from the Schauder fixed point
Theorem that there exists a solution u, to (2.H). It follows by taking u, that w, > 0
almost everywhere in 2. This concludes the proof. 0

Remark 2.5. Let us just underline that, instead of finding the fixed point, one could
have proven Lemma [2.4] by minimizing the following functional

1 1 1
I(u) = 5/ |Vu|2+§/ )\qu’HN_l—/ fnu—/ gn log <E +u+) dHN Y, uw e HY(Q).
Q a0 Q a0

Let us now show that the sequence u,, is nondecreasing in n.

Lemma 2.6. Under the assumptions of Lemma[2.4) let u, be a solution to (Z5]). Then
the sequence wu,, is nondecreasing with respect to n. Moreover there exists ¢ > 0 such that

U (z) >¢>0 for HN™! almost every x € 9Q and for any n € N, (2.9)

Proof. Let us take (u,—u,1)" as a test function in the difference of the weak formulations
solved, respectively, by u, and by u,,;. Then one yields to

/ [Vt — i) 2+ / A (g = 1)) dHN T < / (Fa = Fosr) (ttn = tni1)*
Q oN

Q

In In+1 4 N—1
+ - Uy — Uy, dH" 7,
/., (m I la + T)) (tn = tnsa)

which implies that

/ |V (= tpgr) | +/ A ((un - un+1)+)2 dH T <
Q onN

1 1
Gn+1 - (un - un+1)+dHN_1 S 0.
/aQ ((un + )" (Ung + nﬁ)’?)

Equation (ZI0) gives that ||(u, — tps1)T|la2 = 0 which means that w,,; > u, HN!
almost everywhere on 0f) and almost everywhere in €.
6
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To prove (2.9) let us observe that it follows from classical results that there exists v €
C1(92) nonnegative solution to

—Av=f; in €2,

2.11
%+||)\||Looagv—0 on 0f. (211)

A contradiction argument, using the Hopf Lemma [20, Theorem 2|, shows that v > 0 in
Q). Moreover, analogously to the monotonicity’s proof of u,, in n, one can show that

u, > v for V! almost every z € 99 and for any n € N.
Since v is continuous and strictly positive on 92 this shows that

1

Up >V > Halsiznv = ¢ for HV! almost every z € 99 and for any n € N.

U

Let us explicitly underline that in the previous proof the fact that X is bounded and not
identically null plays an essential role.

Let us show some a priori estimates on u,, with respect to n.
Lemma 2.7. Let 0 < f € LJ\%—%(Q), 0 < X e L®(09) not identically null and 0 < g €

L7(09Q) with r satisfying 22)). Let u,, be a solution to ([Z3) then u, is bounded in H'(£2)
with respect to n.

Proof. Let us take u,, as a test function in (2.6]), obtaining

/Q|Vun|2+/m)\u dHN ! /fnun /m (g"f"l)ndHN—l. (2.12)

n

For the first term on the right-hand of (212), it follows from the Hélder and Sobolev
inequalities that

[ o <10, g ol ) < ST, g Nl (213)

where S, is the best constant in the Sobolev inequality for functions in H*(2). For the
second term in the right-hand of (2.12]) we observe that, if > 1, one can simply estimate

as
gnln N—1 Hg”Ll(aQ)
It gy I9Nziee) 9.14
[ et < (2.14)

Otherwise if n < 1 it follows from the Holder inequality and from the choice of r that

Gnlln N
I N < g o
/ag (1 + 1)1 9|0 llu ||L(1 "

which, applying (L3, gives

gnUn
/-————ﬂﬂ1<wwumwwm (2.15)
00 (Un + 5)

where ¢ does not depend on n. Therefore, gathering (2.13) and (Z14)) in ([Z.12]), one gets
that for n > 1 it holds

= llgllzrooluall sy
TTI(aQ) L N=2 (8Q)

9]0

Juall3 < eSllFIl, 22t =

Otherwise, if n < 1, one uses (2.I5) in place of (2I4) in order to deduce that
7
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s < eSallf1, g, g o

1—
+ cllgll ooy l[unll g, -

Recalling that ||| 2 and ||-[| 41 (o) are equivalent norms and applying the Young inequality
one simply deduces that u, is bounded in H'(Q) with respect to n. U

We are ready to prove Theorem [2.2]

Proof of Theorem[2.2. Let u, be a solution to (Z.5]) whose existence is guaranteed from
Lemma24l Then it follows from Lemma 27 that u,, is bounded in H'(Q) with respect to
n. Moreover, classical embedding results give that u, (up to not relabeled subsequences)
converges to a function u in L9(2) for any ¢ < 22 and in L'(09) for any ¢ < 2%\[:21) as
n — oo. This is sufficient to pass to the limit the first and the second term of (2.6]). The
third term simply passes to the limit in n. For the fourth term we apply the Lebesgue

Theorem since

9n <9 7
(up+ L)1 — &
HN! almost everywhere on 9. This concludes the proof.

0

Remark 2.8. Let us stress once again that in the current section we heavily used that
A € L®(09) and that is not identically null. Indeed, these facts allowed to exploit the
maximum principle deducing that the approximating solutions are bounded away from
zero on the boundary of Q. In some sense, if A is bounded, problem (Z1]) seems to be
non-singular. On the other hand, in the next section, under more general assumptions
this procedure can not be carried over and we need to control the singularity through the
use of suitable test functions.

3. L'-DATA AND ENTROPY SOLUTIONS

In this section let Q be an open bounded set of RY (N > 2) with Lipschitz boundary.
Here we generalize the results obtained for (Z1]) in the previous section to the following
more general problem:

—div(a(z, Vu)) = f in

u>0 in €, (3.1)

a(x,Vu) v+ Ao(u) = h(u)g on 09,

where a(z,€) : @ x RY — R" is a Carathéodory function such that:

a(xz,&) - &> alf]P  for some o > 0, (3.2)
la(z, )| < B(z(z) + [€]P~")  for some B> 0 and 0 < z € Li1(9), (3.3)
(a(w,&) = a(w,&)) - (£ =¢) >0, (3.4)
for 1 < p < N, for almost every x in € and for every ¢ # ¢ in RY. Here 0 < f € L}(Q)

and 0 < X\ € LY(99Q) is not identically null in Q. Finally 0 < g € L'(99). Here the
function A is continuous on (0,00) which is finite outside the origin and it can blow up
at zero satisfying the following growth condition:

Idn>0,¢1,51>0: h(s)gc—j7 if s <. (3.5)
s
8



In what follows we denote as h(0) := liH(l) h(s) which exists. Moreover we require that
S—

limsup A(s) < oo. (3.6)

5§—00

Finally the function o is continuous and such that:
o(s) > s~ if s > 0 and ¢(0) = 0. (3.7)

Remark 3.1. Under the above assumptions we are not in position to reason as in Section
2} in particular we can not deduce the existence of subsolution as (2.11]) for the approxi-
mating sequence which is bounded from below by a positive constant at the boundary of
Q.

Moreover, besides the unboundedness of A, we also require ¢ and A to be functions where
no monotonicity is assumed. Finally f and g are merely integrable functions. All the
arguments above force us to employ a different technique to pass to the limit in the
approximation sequence.

As we will see, since we also deal with uniqueness of solutions under some restrictive
hypotheses, the entropy setting better adapts with L!-data. Firstly we precisely set what
we mean by entropy solution for problem (3.I]) and, after that, we make some comments
on the notion of solution.

Definition 3.2. A measurable function v which is almost everywhere finite in 2 and
such that Ty(u) € WP(Q) for all k > 0 is an entropy solution to (1)) if a(x, VT (u)) €

Lp_fl(Q)N, Ao (u), h(u)g € L*(09Q) and it holds

/ a(z, Vu) - VI, (u —v) + / Ao ()T (u — v)dHN
Q o0 (38)
= / fT(u—v) + / h(w)gTe(u — v)dHN
Q o0

for all v € WP(Q) N L>(Q) and all k > 0.

Remark 3.3. Let us clarify the meaning of Vu since we do not necessarily deal with
functions in WhH(Q).
It is classical nowadays that from Lemma 2.1 of [4] there exists a unique measurable
function v such that

VT(u) = VX {jun|<k}
for almost every = € Q and for every k > 0. Moreover it is shown that u € Wh1(Q) if
and only if v € L'(Q2) and v = Vu in the usual distributional sense.
This motivates the choice of referring to the above cited function v when dealing to the
gradient of a function u having only its truncations in a Sobolev space.

Remark 3.4. Let us stress that the first term on the left-hand of (3.8)) is finite. Indeed,
VT (u — v) is different from zero only on {|u — v| < k} where |u| < ||v||pe@) +k =: M.
Hence, since Ty (u) € W#(Q), we deduce a(z, VT (u)) € L1 (Q)N and VT, (Ths(u) —
v) € LP(Q)N. Clearly, it is simple to convince that also all the other terms are well defined.
Moreover, let us explicitly underline that it is easy to see that a solution u € WhP(Q)
satisfying a formulation analogous to (23] is also an entropy solution. Conversely, any
entropy solution u belonging to W?(Q) is also a solution in the sense of [2.3) if f €

Lo K5 ().

Hence we state the existence result to (3.1]).
9



Theorem 3.5. Let a satisfy 3.2), B3) and B4). Let 0 < f € LY(Q), let 0 < X €
LY (99Q) not identically null and let 0 < g € L*(9Q). Finally let h satisfy [3.5) and ([3.6).

N(p—1)

Then there exists a nonnegative entropy solution u to [B1)) such that u € M N=» (Q),
N-D(p—1) N(p—1)
N-1 (Q)

u€e M N (0Q) and |Vu| € M
Under some restrictive assumptions we show that there is at most one entropy solution
to (B.).

Theorem 3.6. Let a satisfy B2), B3) and BA) and let \,g > 0 HN' almost ev-
erywhere on 0N). Finally assume that o(s) is increasing and h(s) is nonincreasing with
respect to s. Then there is at most one entropy solution to (B.1]).

3.1. Approximation scheme and a priori estimates. Once again we work by ap-
proximation through the following scheme:

—div(a(z, Vu,)) = f in €,

a(x,Vuy) - v+ \on(uy) = hp(uy)g,  on 05,
where f, = T,(f), \n := T(N), 00(s) := Ty (0(5)), hn(s) := Tu(h(S)), gn := Tn(g). We
start proving the existence of a solution w,, to (8.9).

Lemma 3.7. Let a satisfy (3.2), B.3) and B.4). Let 0 < f € LY(Q), 0 < X\ € LY(9N)
not identically null and let 0 < g € L'(0R). Let h satisfy [B.5) and [B.6) and finally let
o satisfy B.1). Then there exists a nonnegative weak solution u, € H'(Q) N L®(Q) to

(3.9)

Proof. Let us provide a very brief idea of the proof.
The existence of w € WP(£2) nonnegative solution to

—div(a(z, Vw)) = f, in Q,
a(x, Vw) - v+ A\on(Jw|) = hn(|v])gn  on 09,

where v € LP(09) follows from [15]. Then a very similar reasoning to the one of Lemma
2.4 gives that the application 7" : LP(02) — LP(0N2) such that T'(v) = w‘ag has a fixed
point. The main difference, apart from the estimates in which one heavily uses (B.2),
lies in the continuity request; if wk‘m = T'(vg) and vy, converges to v in LP(0€2), in this
case one has also to show that Vwy converges almost everywhere to some Vw in ) to
pass to the limit the principal operator in order to have that w‘ a0 = T'(v). Since f, is
independent of k and h,,(|v|)g, < n?® one can reason as in Lemma 3.9 below in order to

deduce the desired convergence. Then the continuity part is analogous to the one proven
in Lemma 2.4l O

Let us now show some a priori estimates for u,, in n.

Lemma 3.8. Under the assumptions of Lemma[3.7 let u,, be a solution to (B.9). Then
it holds:

/ A0 (U )dHY 1 < / fn +/ P (1) gdHY 1 VE > 0. (3.10)
{un>t} {un>t} {un>t}

1)) (N=D(p=1)

It holds that X\,0,(uy,) is bounded in L' (O2), u,, is bounded in M (Q) and M~ ~-r (09)

and |Vu,| is bounded in M (Q) with respect to n. Moreover hy,(uy)g, is bounded in
LY(99Q) with respect to n. In particular it holds

T3 () ey < C3, (3.11)
10



for some positive constant C' which does not depend on n.

Proof. Let t,e > 0 and let us take ¢ (uy,) (¢1c is defined in (L)) as a test function in
the weak formulation of (3.9) yielding to (recall (3:2))

o / VunlP ) (1) + / M (10) . (1) AN
2 | o0 (3.12)

N-1
< /an¢t,e(un)+/89 hn(un)gn¢t,e(un)d7'[ .

Since ¢, . is nondecreasing, it is different from zero only on {u, > t} one gets
| dwotwonctwi < [ e [ (g
0 {un>t} {un>t}

and (B.I0) is obtained by an application of the Fatou Lemma as ¢ — 01. Let also
highlight that the right hand of (8.12) is bounded by a constant which is independent of

n:
/ fn+/ hn(un)gnd'}'-[N*1 < / f+ sup h(s)/ gd’}'—[N*1 = ¢(t).
{un>t} {un>t} Q sE(t,00) 0N

This implies

/ A0 () dHY ™ = / A0 () AHN 71 4 / A0 (1, ) dHN
o {un<1}

{un>1}

< max cr(s)/ MHN T+ (1)
o0N

s€[0,1]

so that \,0(u,) is bounded in L'(9€) with respect to n.
Now we focus on the Sobolev estimate for u,. Let us take Ty(u,) — k as a test function
in the weak formulation of (3.9) yielding to

& / VT (u,)]P + / M0 (1) (Th (uy) — K)dHN ™ <0,
Q o0
which means that
k
a

J

where C' does not depend on n since \,0,(u,) is bounded in L'(99) with respect to n.
Then we have shown that

/ |V T (un) P —i—/ A0 (Un) Ty (uy,) < Ck, Yk > 0.
Q o9

Thus, recalling ([B.7) and that A, > Ay, the previous implies that for any & > 0 (811
holds since || - ||z, , and || - [[w1r(q) are equivalent.

/ A0 (un)dHN ™Y < Ck,
o0

It follows from classical arguments that w,, is bounded in M = (©) and |Vu,| is bounded

(p—1)
in M N (Q) with respect to n (see for instance [4]).

N-1)(p—1)

Here we briefly sketch the boundedness in M e (0€2). It follows from (B.IT]) and
(LH) that

RN ({ € 00wy > BT < (| Ti(un) | v
L N=»

11

< Ok,
(6%)



which implies that
HY ({2 € 09t u, > k}) < — ¢

N-1)(p—1)
N-p
(N-1)(p—1)

namely u,, is bounded in M~ ~¥-» (0€2) with respect to n.

Now we show that h,(u,)g, is bounded in L'(9€) with respect to n. Let us take Vs(u,)
(Vs is defined in (L3])) as a test function in the weak formulation of (3.9). This takes to

/a(:p,Vun) - Vu, Vi (uy,) +/ M () Vs () dHN 1
Q o9

:/fn%(un)+/ P () G Vs (1 ) dAHY L
Q o0

Now recalling that f,, > 0, VJ(s) < 0 and that (3.2]) holds, the previous implies

/ o (11 ) g d MY < / o (1) gV (1) AN
{ungé} o0

< / Mt Vi ()M < C
o0

since \,0,(u,) is bounded in L'(9€2). This concludes the proof. O

3.2. Convergence results. This subsection is devoted to the proof of the convergence
results concerning u,, which are needed to prove Theorem

Lemma 3.9. Under the assumptions of Lemma [3.7 let u,, be a solution to (3.9). Then
u, converges (up to a subsequence) almost everywhere in Q@ and HN=' almost everywhere
in 02 as n — oo to a function u which is almost everywhere finite in 0 and on 0S).
Moreover Ao, (uy,) and hy,(u,)gn converge in L*(9Q) respectively to Ao(u) and h(u)g as
n — 00.

Finally Ty (u,) converges to Ty(u) strongly in WHP(Q2) as n — oo and for every k > 0.

Proof. 1t follows from Lemma that u, is bounded in M %(Q) with respect to n
and Ty (u,) is bounded in W1?(Q) for any k > 0, then u,, converges (up to not relabeled
subsequences) almost everywhere to a function u such that Ty (u) € W'P(Q) and u is
almost everywhere finite in 2. Moreover, by a suitable compactness argument (in n) for

Ty (uy,) on 09, u,, converges (up to a subsequence) H¥~! almost everywhere to u in 9.
(N=1)(p=1)
The function u is H¥"!—a.e. finite on 99 since u, is bounded in M ~-» (092) as

proven in Lemma 3.8

Now observe that (B.10) implies that A, 0,(u,) is equiintegrable and it converges to Ao (u)
in L'(0Q) as n — oo.

Now let us show that h,(u,)g, converges in L'(9Q) to h(u)g as n — oo. If h(0) < oo
then this is obvious; hence, without loss of generality, we assume that h(0) = co. Firstly
observe that h(u)g € L'(99); indeed it follows from the weak formulation of (3.9) that

/ P (t1) g d ™1 S/ Aoy () dHN T < C,
o0

o9
thanks to Lemma Then an application of the Fatou Lemma gives h(u)g € L*(9S2)
which also means

{u=0} C {g =0} if h(0) = o0, (3.13)

up to a set of zero HV~! measure set.
12



Now let us take Vs(u,) as a test function in the weak formulation of (3.9) yielding to

/ P (1) gudHN < / o (1) Vi (1) AH ™ < / M 1) V(1) dHN 1,
{un <6} 89 89

where we dropped a non-positive term. Now one can simply take n — oo and § — 07,
obtaining that

lim lim sup /
since o(0) = 0.
Now consider 6 & {t : [{u =t}| > 0}, which is admissible since it is a countable set, and
split the singular term as

/ P () gndHY 71 = / P () g dHY
00

{Unfé}

halwn)nd¥ < [ AoVt ¥ =0, 31y
{u=0}

(3.15)
+ / o () gndHY L.
{un>8}

For the first term of (B.I5) it holds (3.14) as n — oo and § — 0.
For the second term in the right-hand of the previous one can apply the Lebesgue Theorem
since

hn(un)an{unzé} < sup h(S)g € Ll(aQ)v
$€(8,00)

yielding to
lim P (1) gndHY 1 = / h(u)gdHN .
=0 Jiu,>6} {u>6}
Then, since h(u)g € L*(99), one can apply once again the Lebesgue Theorem in order
to get
lim lim P () gndHY 1 = / h(u)gdHN 1,
6—0F n=00 Jr, S} a0
thanks to (B.I3]). Since h,(u,)g, is nonnegative, this is sufficient to deduce that it con-
verges to h(u)g in L'(0R) as n — oo.

Now we prove that Tj(u,) converges to Ti(u) strongly in W'P(Q) as n — oo and for
every k > 0. Let us take (Tj(un) — Tk(u))Vi(un) (I > k) as a test function in the weak
formulation of (8.9) yielding to

/Q(a(% VTi(un)) = a(z, VTi(u))) - V(Ti(un) = Ti(u))

- /{k< <21} a(x, V) - V(Ti(un) — Ti(u)) Vi(un)

1
+ - / a(x, Vuy,) - Vi, (Ti(u,) — Tk (u))
! {l<un<2l}

+/mamm—nwmmm+/hmw%mMM4mmmwwm“1
Q o0

—Agmmm@mm—nmmwmwﬂ1—/vamwwWﬂmm—ﬂw>

= (A)+ (B)+ (C)+ (D) + (F) + (F). .



For (A) one has
(A) < / a2, V) Vi (1) VT (0)] X o

Now let underline that |a(z, Vu,)|Vi(u,) is bounded in Lﬁ(Q) with respect to n and
that VT, (u)|X{u, >k} converges to zero in LP(€2) as n — oo then one has

limsup(A) <0.

n—o0

In order to estimate (B) we take ¢;;(u,) as a test function in the weak formulation of
B9), yielding to

%/Q(I(l‘, vun) ' vun S /angbl,l(un) + /aQ hn(un)gn¢l,l(un)dHN_1a

which simply goes to zero as n — oo and | — oo since both f,, and h,(u,)g, converges
in L'(Q) and in L'(09) respectively as n — oo. Hence one gets that

lim limsup(B) = 0.

=00 psoo

Moreover one simply has that

lim (C) = lim (D) = lim (F) =0

n—oo n—oo n—o0

since f, converges in L*(€2), and both hy, (ty,)gn, A0 (u,) converge in L(92) with respect
ton. Finally it follows from the weak convergence of T, (u,,) to Ty (u) asn — oo in WP(Q)

that
lim (F)=0.

n—oo

Therefore we have proven that

lim sup / (alz, V() — alz, VTi(w))) - V(Ti(un) — Ti(u)) =0,

n—o0

which allows to reason as in the proof of Lemma 5 of [5] in order to conclude the proof. O

3.3. Existence of an entropy solution. This section is devoted to the passage to the
limit in weak formulation of the approximation scheme (3.9).

Proof of Theorem[3.4. Let u, be a solution to ([3.9). Then it follows from Lemma[3.9 that
u,, converges (up to a subsequence) almost everywhere in  and H¥ ! almost everywhere
on 99 to u as n — oo. Moreover u is almost everywhere finite and T (u) € WP(Q).

Let us firstly observe that a(z, VT, (u)) € Li-1(Q)N since Ty(u) € WP(Q) and thanks
to (B3). Let us also note that it follows from Lemma 3.9 that Ao (u), h(u)g € L'(9).

Let us prove ([B.8). We take Ty(u, —v) as a test function in the weak formulation of (3.9])
where v € WP(Q) N L>=(Q). Then one obtains

/ a(x, Vuy,) - VI (u, —v) + / M0 () T (1, — 0)dHN 1
“ o6 (3.16)

= / foTi(u, —v) + / P (1)) G T (1, — 0)dHN
Q a0 "



and we want to pass to the limit (3.16) as n — oo . For the first term on the left hand
side one can write

/Qa(:v, Vuy,) - VT (u, —v) = / a(x,Vuy,) - Vu,

{lun—v|<k}

— / a(x,Vuy,) - Vo.
{lun—v|<k}

Let firstly observe that in the previous integrals one has that u, < ||v|[ze@) + k =: M.
Then, since it follows from Lemma 39 that T}, (u,) converges strongly to Ty (u) in WhP(£2)
as n — oo for any k > 0, one has that a(x, VI (u,)) converges strongly to a(z, VI (u))
in L71(Q)Y as n — oo. This is sufficient to deduce that

lim [ a(z,Vu,) - VTi(u, —v) = / a(xz,Vu) - Vu
o Ja {lu—v|<k}
— / a(x,Vu) - Vo
{lu—v|<k}

= / a(z, Vu) - VI, (u —v).
Q

Moreover Lemma 3.9 also gives that A0, (uy,), hy(t,)g, converge in L'(982) to Ao (u) and
h(u)g as n — oo. This is sufficient to take n — oo in the second and in the fourth term
of (B16). The first term on the right-hand simply passes to the limit as n — oo. This
concludes the proof.

0

3.4. Proof of the uniqueness result. In this section we prove Theorem

Proof of Theorem[3.4. Let u; and us be entropy solutions to problem (B and let us
take v = T, (u2) in the entropy formulation corresponding to u; and v = T,,(u;) in that
of us. Adding up both identities, it leads to

/ a(z, Vuy) - V(ug — T (uz))
{lur —Tm (u2)|<k}

+/ a(x, Vug) - V(ug — T, (uq))
{lua—Tm (u1)|<k}

+/ Ao (ug) Ti(uy — T () ) dHY 1 + /an Ao (ug) Ty (ug — T (g ) )dHN ! (3.17)

[2/9]
= ) F(T(ur — T (u2)) + Ti(uz — Thn(u)))

+ /ag R(wy)gTh(wy — Ty (ug))dHY 1 + /aQ h(ug)gTh(ug — T (up))dHY

We let m — oo in (B.17).
For the first two terms of (8.I7) one can reason as in Theorem 5.1 of [4], deducing that
its liminf as m — oo is bigger than

/ (a(z, Vur) — a(z, Vus)) - V(ug — us).
{lur—uz|<k}

15



It is easy to handle the other terms thanks to Lebesgue’s Theorem. Indeed,

lim Ao (u)) Ty (g — T (ug))dHY 1 + / Ao (o) Ty (g — T (ug))dHN
m=o0 Jaqn oN (318)

= /an Ao (u1) = o(ug)) Ti(uy — up)dHN "1 >0

since ¢ is an increasing function. Moreover,

m—o0

lim ) F(Ti(uy — T (uz)) + Tho(us — Tn(ur))) =0
and

lim h(uy)gTr(uy — Tp(ug))dHN 1 + / h(ug)gTr(uy — Ty (ur))dHN !

Mmoo Joq i9)
_ / g (k(ur) — k(us)) Te(uy — ua)dHY— < 0
o0
since k is nonincreasing. Therefore, identity (B3.17) becomes

/ (a(z, Vuy)—a(z, Vu2))~V(u1—u2)—|-/ Ao (ur)—o(u2)) Ty (ur—us)dHY 1 < 0.
{lur—uz|<k} a0

Now the proof concludes by observing that it follows from ([B4]) and (BI8]) that both
terms of the previous are zero. This means that Vu; = Vuy almost everywhere in ).
Moreover the previous implies that Au; = Aug HY ! almost everywhere on 92 since o(s)
is increasing in s.

Then one has that, for all & > 0, ||T;(u1) — Tk (u2)||xp = 0 and we conclude that uy; = uy
almost everywhere in Q and H"~! almost everywhere on 9. U
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